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1 General Introduction

1.1 The Halogen Bond

Large biomolecules such as proteins, DNA, and RNA interact with each other and with
smaller endogenous and exogenous ligand molecules. These interactions are essentially
driven by intermolecular attractive and repulsive forces. In contrast to the stronger
covalent, ionic and metallic bonds, these are relatively weaker non-covalent interactions
such as van der Waals forces, hydrogen bonds, π-effetcs and hydrophobic interactions,
or halogen bonds. A halogen bond (XB) is based on attractive interactions between an
electron donor (B) and an electron-deficient region of the halogen (X), the σ-hole, which
results from the anisotropic electron distribution of the halogen. [5] This is explained by
the circumstance that the three unshared electron pairs have an approximate 𝑠2𝑝2𝑥𝑝2𝑦𝑝1𝑧
configuration and form a belt of negative charge around the central region (Figure 1).
Appropriate halogens for XB are chlorine, bromine, and iodine with increasing size of

Figure 1: Structural formulas and electrostatic potential (ESP) isosurfaces of halobenzenes
(MP2/TZVPP). Negative ESP isosurfaces at an energy of −0.012 au are colored in dark blue
and at an energy of −0.006au in cyan. Positive ESP isosurfaces at 0.012au are colored
in red and at an energy of 0.006au in orange. The isosurfaces at 0.000au, indicating the
boundaries for the transition between negative and positive ESPs, are shown as gray
surfaces: (a) fluorobenzene, no σ-hole on the halogen; (b) chlorobenzene; (c) bromoben-
zene; (d) iodobenzene, increasing σ-hole (positive charge) on the halogen opposite the
R X bond, plus belt of negative electrostatic potential. All pictures were prepared with
MOLCAD. [1,2] Figure adopted from Wilcken et al. (2013). [3]

1



1 GENERAL INTRODUCTION

(a) Distance dependency. (b) Angle dependency.

Figure 2: Dependencies of the complex-formation energies ΔE (kJmol−1) of the backbone model
system N-methylacetamide and benzene (C6H6, black curve), chlorobenzene (C6H5Cl,
green curve), bromobenzene (C6H5Br, brown curve), or iodobenzene (C6H5I, purple
curve). (a) Distance-dependency: Characteristic distances for iodobenzene are shown
below, illustrating how different scaffold placements affect the complex-formation energy.
(b) σ-Hole angle dependency: Characteristic angles for iodobenzene illustrate how devia-
tions from optimal σ-hole angle impair complex formation energies. Structural depictions
were prepared with PyMOL. Figures were adopted and modified from Wilcken et al. (2012
and 2013). [3,4]

the σ-hole, while fluorine lacks a positively charged σ-hole. The XB interaction is strongly
directed along the C X···B axis, with the best interaction energies found at an C X···B angle
of 180◦ with a deviation of up to 30◦ and an X···B distance of 3–4 Å (Figure 2). [6,7]
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1.2 Halogens in Biologically Active Agents

Since halogens are rather atypical in biological macromolecules, the occurrence of
halogens as electron acceptors is mainly limited to the corresponding ligands. Electron
donors in proteins are typically the backbone carbonyl of the main chain [7–10] and oxygen
or nitrogen atoms of electron-rich side chains (e.g., aspartate, glutamate) [11], serine, histi-
dine [12], or sulfur in methionine [13]. Depending on the angle and distance, the complex
formation energies for XBs are in the range of 4–50kJmol−1. [3,6,9] For contextualization,
Wilcken et al. set up a computed model system with chlorobenzene, bromobenzene, and
iodobenzene in complex with the carbonyl oxygen of N-methylacetamide as a simulated
protein backbone (Figure 2a). The calculated complex formation energies were –8.2, –11.8,
and −18.8kJmol−1 (X O distance: 302, 304, and 312 pm), respectively. [6] As a comparison,
the hydrogen bond of an H2O dimer has an energy of about 17–21kJmol−1. [14] However,
it should be noted that the values from various sources are difficult to compare due to
different calculation methods. Halogen bonds are best described theoretically using high-
level quantum chemical methods such as coupled cluster (CCSD-(T)) and perturbation
theory (MP2) calculations involving basis sets such as completeness-optimized basis sets
(CBS) or karlsruhe basis sets (e.g., TZVPP). [15–17] Much larger molecular systems can be
studied with quantum mechanical/molecular mechanical (QM/MM) calculations or semiem-
pirical studies. [18–20] If necessary, the basis set superposition errors (BSSEs) can be corrected
using the procedure of Boys and Bernardi. [21] Besides the quality of geometry, the strength
of the halogen bond depends on the chemical environment and is therefore tuneable.
Substituent-mediated inductive and mesomeric effects, as well as scaffold effects, can influ-
ence the electron density at the halogen and thus the size and the shape of the σ-hole. [8]

Strong electron withdrawing groups (EWG) such as nitro, nitrile or fluorine substituents
withdraw electron density from the halogen, leading to potentially stronger halogen bonds.
Negative and positive charges have an even stronger effect. Negative charges in the system
can increase the electron density to such a degree that the σ-hole is marginalized, while
positive charges have a strong tuning effect. Besides halogen bonds, chalcogen bonds (ChB,
Ch = O, S, Se, Te) are another notable class of attractive interactions with nucleophiles that
are important in biological systems. [22,23] ChBs are also highly dependent on the angle and
distance. Unlike halogens, the concerned elements of group 16 of the periodic table usually
form two covalent bonds and have two σ-holes. In particular, ChB interactions of sulfur in
methionine side chains, [24] but also of selenomethionines [25] are known.

1.2 Halogens in Biologically Active Agents

A wide variety of natural and synthetically produced bioactive agents are known that
contain halogens. Halogenated natural products (NPs) have a broad range of biological
activity, e.g. against cancer, bacteria and fungi, and are consequently of interest for research
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Figure 3: Vancomycin contains two chlorine atoms and l-thyroxine (T4) contains four iodine atoms.

and an important source of potential medical agents. A chlorine-containing antibiotic
approved for treatment is for example vancomycin (Figure 3), a natural antibacterial
glycopeptide with activity against methicillin-resistant Staphylococcus aureus (MRSA). [27]

Other well-known examples are the tyrosine-based thyroid hormones triiodothyronine
(T3) and thyroxine (T4), produced and released by the thyroid gland (Figure 3 and 4). [28–30]

These iodine-containing hormones play an important role in the regulation of metabolism
in the human organism.

L17

3.29 Å

169.7°

Chain DChain B

L17

L109

L109

162.3°

3.35 Å

Figure 4: l-Thyroxine is complexed by concurrent binding to two β-sheets from different subunits
of transthyretin involving two halogen bonds (PDB ID: 1SN0). [26] The backbone oxygens
of two L109s are addressed by one iodine atom each.
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1.3 Halodifluoromethyl Moieties

Over 5000 halogenated NPs are described in the literature. [31,32] These NPs contain
mainly chlorine and bromine, while fluorine and iodine are less common. [33–35] The distri-
bution of halogens in approved medicinal products is divergent: In 2020, 16 FDA-approved
drugs out of 53 (30 %), including biopharmaceutical products, were halogen-containing
drugs, 13 contained flourine, one of them contained additionally bromine, another one
additionally chlorine and bromine. [36] Three others contained chlorine and/or bromine.
Fourteen approved drugs out of 50 (28 %) in 2021 were halogen-containing drugs, eight
contained fluorine, four contained chlorine and two contained a combination of the two
halogens. [37] None possessed iodine. Nevertheless, a significant proportion of all recently
approved drugs contain halogens, with fluorine predominating. The incorporation of
fluorine has the potential to improve metabolic stability, alter physicochemical properties,
and increase binding affinity. [38] This is based on the following properties of the fluorine
atom: the relatively small size of fluorine (van der Waals radius of 1.47Å), comparable to
hydrogen (van der Waals radius of 1.20Å), the strong electron-withdrawing property of
fluorine, the greater stability of the C F bond compared to the C H bond, and the greater
lipophilicity of fluorine compared to hydrogen. [38] The heavier halogens exhibit similar
proporties with the additional feature that they are more polarizable because of their seize
and they are capable of engaging in XB formation. [39,40] It is also worth mentioning the
halogen’s tendency of the van der Waals radii [41] and their electronegativity according to
Pauling (in parenthesis): Fluorine: 1.47Å (4.0), chlorine: 1.74Å (3.2), bromine: 1.85Å (3.0),
and iodine: 1.98Å (2.7). Therefore, halogens are an important tool for positively influ-
encing the properties of active ingredients.

1.3 Compounds containing Halodifluoromethyl Moieties

The synthesis and evalution of CF2X-bearing (X = Cl, Br, I) compounds with implication on
XB in drug design is a central component of the present work. Therefore, the preparation
of CF2X groups and their relevance and prevalence in the previous literature is elaborated
in the following sections. Fluorine-stabilized halogens (Cl, Br, I) attached to sp3-hybridized
C atoms exhibit different spatial behavior than aromatically bonded, highly directional
halogens. Shindo et al. investigated bromodifluoro- and chlorodifluoroacetamides for
theirs applicability as a warhead for covalently binding inhibitors. [42] Both had far too low
reactivity for use as warheads under physological conditions, but that in turn makes this
CF2X feature interesting for use as a Lewis base in XB. As shown in Figure 5 on the following
page, the absence (number of "linker atoms": LA = 0) or choice of different linkers (LA≥ 1)
correlating with different rotational degrees of freedom (number of "rotation axes": RA)
and geometries enables new potential and previously understudied protein-peptide and
protein-ligand interaction capabilities.
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Figure 5: Overview regarding possible CF2X-bearing structures with benzene as general scaffold
pattern. The abbreviation "LA" indicates the number of linker atoms and "RA" the rotatable
bond axes.

1.3.1 General Synthesis

A compound with CF2X (X = Cl, Br, I) group rarely represents the desired final product. In
organic synthesis the CF2X unit is an important building block for further synthesis steps
using the non-fluorine halogen as leaving group. The CF2X unit is especially a precursor for
trifluoromethyl (CF3), difluoromethyl (CF2H) and difluoromethylene (CF2) building blocks
or for 18F-labeling of trifluoromethylated (CF2

18F) compounds [43]. In general, besides
some reactions with CF2Cl- and CF2I-containing compounds as starting material, mainly
syntheses with CF2Br units are described resulting from the trade-off between stability and
reactivity of the halogenated substances. Consequently, most of the studies are focused on
the accessibility of the brominated analog. Scheme 1 on the next page lists some selected
examples of reaction mechanisms by which CF2Br is accessible.

Reaction (a) [44–47] describes the photo- or heat-induced radical bromination of a
CF2H group, for which in turn there are numerous methods to generate this difluoromethy-
lated functionality. [48] Suitable brominating agents include bromine and N-bromosuccin-
imide. Halogen exchange reaction (b) [49,50] by substitution of one fluorine atom of a
CF3 group into a bromine is a second possible route. In 2021, Dorian et al. presented an
iron-mediated halogen exchange reaction using boron tribromide as a brominating agent.
Starting from CF2Br-alkynes, Diels-Alder and other transformation reactions (c) [51–53] are
possible. Apart from the generation of phenyl derivatives, numerous heterocycles are
reported: benzoxazoles [54,55], 1,2,4-oxadiazoles [54], 1,3-imidazolines, 1,3-oxazolines [56,57],
and pyrazole [58] to mention some. CF2Br-alkynes themselves are prepared from ethynyl-
lithium derivatives with dibromodifluoromethane (CF2Br2) (d) [59,60] and other reagents [61].
In 2014, the group of Inoue described the bromodifluoromethylation (e) [62] of aromatic
Grignard reagents bearing electron-withdrawing groups (EWG) with CF2Br2. Example (f) [63]
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Scheme 1: Overview of selected synthesis methods described in the literature for the preparation
of organic compounds with CF2Br moiety.
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shows the chemical reaction of a presented study by Dilman and coworkers reported in
2013 using potassium bromodifluoroacetate (BrCF2CO2K) to prepare CF2Br moiety from
organozinc reagents via postulated difluorocarbene-mediated mechanism. Previously,
in 2013, the same research group demonstrated a similar reaction with the alternative
reagent (bromodifluoromethyl)trimethylsilane by treating the resulting reaction solution
with bromine to obtain CF2Br and with iodine to produce a CF2I group. [64] In 2016, Qing et al.

reported sodium bromodifluoromethanesulfinate [65,66] (BrCF2SO2Na) as a bromodifluoro-
methylating agent, as shown in (g) [67], and demonstrated the incorporation of CF2Br
via radical reaction mechanism using benzofuran, benzo[b]thiophene and 2H-chromen-
2-one derivatives as examples. Gouverneur and coworkers devised a method for the
synthesis of a CF2Br group via a radical decarboxylation halogenation as part of their
research on 18F-labeling of CF3 groups. First, a Barton ester is formed. [68] Photo- or heat-
induced, depending on whether the reaction takes place on a benzyl [69] or on an ether [43],
a radical adduct is generated in situ. With a suitable radical scavenger, in this case bromo-
trichloromethane (BrCCl3) as simultaneous solvent, the bromine derivative is subsequently
formed. The same research group described the preparation (i) [43] of thioether using
thiolates as starting material. Example (j) shows the nucleophilic substitution of CF2Br2

using benzimidazole, indazole [70] or pyrazole [71,72] under basic conditions forming an
N C bond. Method (k) [42,73–75] produces amides and can achieved from commercially avail-
able reagents like bromodifluoroacetic acid (BrF2CCO2H), bromodifluoroacetyl chloride
(BrF2CCOCl) or bromodifluoroacetic anhydride ((BrF2CCO)2O) with amines. Many more
syntheses leading to further diverse chemical structures are described in the literature.

1.3.2 Active Pharmaceutical Ingredients

Only a few active pharmaceutical ingredients (APIs) with CF2X moiety are described in
the literature. [73,74,76–80] As shown in Figure 6 on the facing page, the presented examples
are limitied to CF2Cl groups. Asciminib (Novartis) is an FDA-approved (2021) allosteric
inhibitor of ABL1 and is used to treat chronic myelogenous leukemia (CML) by inhibiting the
BCR-ABL fusion protein through binding to the myristoyl pocket of the kinase domain. [76,77]

The binding mode was elucidated by the crystal structure of the ABL1 kinase protein
(T334I_D382N) in complex with asciminib and nilotinib (PDB: 5MO4). In the structure, the
chlorine atom forms a halogen bond with the oxygen of the backbone of Leu448 at an
angle of 178.3◦ and a distance of 3.3Å (for more details, see Section 3.1.4.3). Padsevonil
(UCB Pharma) is a drug candidat in phase III (2019) with selective affinity for both presy-
naptic synaptic vesicle 2 (SV2) proteins and postsynaptic central benzodiazepine receptor
(cBZR) sites on the γ-aminobutyric acid (GABAA) receptor and intended as a therapeutic
agent for the treatment of epilepsy. [78] Compounds A and B from Figure 6 are inhibitors
of the vascular endothelial growth factor receptor (VEGFR) family, showing IC50 values of
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Figure 6: Active pharmaceutical ingredients containing CF2Cl moiety: Padsevonil (UCB Pharma)
is an inhibitor of SV2 and GABAA. Asciminib (Novartis) inhibits ABL1 and is used in the
treatment of CML by inhibiting the BCR-ABL fusion protein. A and B are active against
both VEGFR-1 and VEGFR-2.

96 nM and 63 nM, respectively, in cell-based ELISA assays for VEGFR-2. [79,80] In enzymatic
assay for VGEFR-1 and VGEFR-2, IC50 values ranged from 31 nM to 770 nM. The binding
modes of these three compounds are not described in the literature. Moreover, Xu et al.

synthesized and tested in 2011 antifungal active 1,2,4-triazole derivatives with CF2Cl acet-
amide moiety. In 2017, Truong et al. reported 2-acylaminocycloalkylthiophene-3-carboxylic
acid arylamides substituted with CF2X acetamides as inhibitors of the calcium-activated
chloride channel Transmembrane Protein 16A (TMEM16A). [74] These acetamides are acces-
sible by route (k) of Scheme 1 on page 7.

Of particular interest is the preparation of the required CF2Cl synthons. The synthesis of
the padsevonil building block is described in UCB Pharma’s patent application, as shown in
method (l) [81] of Scheme 2 on the following page. Starting from 4-(2,2-difluorovinyl)pyrrol-
idin-2-one, the reaction mixture is heated in concentrated hydrochloric acid, resulting in
addition of HCl to the difluorovinyl double bond and hydrolysis of the γ-lactam. Step 2 and 3,
treating with thionyl chloride and DIPEA, leads to ring closure again. A preparation protocol
of the CF2Br derivative in 62 % aqueous hydrobromic acid is also known. [82] The synthesis of
the asciminib synthon 4-(chlorodifluoromethoxy)aniline is described in several sources. [83]

The route (m) [84] starts by chlorination of the difluoromethoxy group of phthalimide-
protected 4-(difluoromethoxy)aniline with chlorine, followed by removal of the protecting
group with hydrazine hydrate. Another method (n) [85] descibes the direct fluorination of
(trichloromethoxy)benzene by hydrogen fluoride with the catalyst Fluorad FX-8 at high
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Scheme 2: Intermediate syntheses of padsevonil (l) and asciminib (m), (n), (o).

pressure, followed by nitration with HNO3 in para position and reduction of the nitro
group with H2/Raney-Ni. In 2008, the working group of Rozen established route (o) [86]. The
4-nitrophenol chlorothioformate was formed from 4-nitrophenol using thiophosgene and
NaOH as a base. Subsequently, 1-(chlorodifluoromethoxy)-4-nitrobenzene was prepared
with BrF3 as fluorinating agent. The authors didn’t reduce the nitro group of this deriva-
tive, but stated that the reduction of 1-(chlorodifluoromethoxy)-3-nitrobenzene could be
obtained by using NaSH in MeOH. However, the reduction of the 4-nitro derivative in
concern with H2/Raney-Ni has already been described in method (n).

1.3.3 Amino Acids and Peptides

Halogenated amino acids and peptides have been the subject of interest in recent
research. [87,88] Several reviews address the occurrence of natural halogenated amino acids
in microbial organisms, their bioactive features, or the potential of biomimetic engineering
in peptide-based drug development and self-assembly. While a wide range of chlorine-,
bromine- and iodine-substituted aromatic amino acids in nature are described, the known
aliphatic halogenated amino acids are essentially limited to chlorine derivatives due to
reactivity of the halogens in aliphatic compounds. In addition, numerous synthetically
accessible halogenated amino acids have been described in the literature. [89,90]
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Halogenation of amino acid side chains is an effective tool for modulating the binding
selectivity and increasing the binding affinity of peptides. [91] This modification also affects
the physicochemical properties of the peptides, such as catabolic stability, lipophilicity,
and membrane permeability, as mentioned in Section 1.2 on page 3. [92]

Peptides for therapeutic applications are often derived from natural sources or are
protein mimetics modified to improve properties such as stability and affinity. These
modifications include e.g. the use of d-amino acids instead of l-amino acids, modification
of the peptide backbone, attaching of lipids or polymers, protection of peptide termini,
bridging and cyclization to chemically constrained peptides, and incorporation of unnatural
building blocks, for instance halogenated amino acids. [93–95]

Thus, CF2X-modified examples of amino acids [96–100] and carbohydrates [101–105] are also
reported in the literature. Besides proteins, there are other biopolymers that consist of
monomeric units, e.g fatty acids, carbohydrates and nucleobases, which are covalently
bonded to form larger molecules or attached to proteins and peptides. As described in
Section 1.3.1 on page 6, in previous literature, the CF2Br group served as an intermediate
for CF2 building blocks. In this work, the synthesis routes for new CF2X-containing amino
acids and their application in drug design are described. Exemplary synthesis strategies of
CF2X-containing alanine and proline derivatives from previous literature are described
below (Scheme 3).

In 1998, Amii et al. presented a method for synthesizing 3-bromo-3,3-difluoroalanine
Schiff bases p-2 from gycine Schiff bases p-1 using commercially available CF2Br2. [96]

The starting material p-1 was treated with lithium 2,2,6,6-tetramethylpiperidide (LTMP)
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Scheme 3: Synthesis of CF2X-bearing alanine derivatives (X = Cl, Br).
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in THF at −78 ◦C followed by CF2Br2 yielding an enantiomer mixture of p-2-Et (84 %)
or p-2-Bn (61 %). Depending on the further use of the amino acid, it may be essen-
tial to obtain an enantiomerically pure substance. Katagiri et al. reported in 2001 an
efficient synthesis of optically pure 3-bromo-3,3-difluoroalanine derivatives employing
a chiral auxiliary strategy. [97] The diastereoselective nucleophilic alkylation of hydroxy-
pinanone glycinate Schiff base q-1 with CF2Br2 was optimized using different additives
and reaction conditions. The best yield of l-alanine derivatives was achieved with three
equivalents trimethylsilyl trifluoromethanesulfonate (TMSOTf) resulting in a mixture of
54 % (>98 % d.e.) q-2 with R = H and trimethylsilyl (TMS) group, but no side product q-3.
TMS and the auxiliary can be removed by treatment with 1 N aqueous hydrochloric acid.
A different approach is displayed in route (r) [106]: A basic protocol for the synthesis of
haloacetimidoyl iodides, followed by homologation reaction obtaining r-1 was published
by Watanabe and coworkers. [107,108] The authors described a catalytic asymmetric method
for hydrogenation of r-1 using hydrogen pressure, a catalytic amount of Pd(OCOCF3)2 and
(R)-BINAP in 2,2,2-trifluoroethanol to obtain the (R) enantiomer of r-2 with 69 % (81 % ee)
yield. Taking into account the optical purity of the asymmetric hydrogenation route, the
data indicate that the overall yield is comparable to the Suzuki method (q). However, the
enantiomeric purity is significantly lower.

In 2018, Tolmachova et al. disclosured a synthesis route (s) [100] obtaining trans-3-CF2X-
3-hydroxyprolines (X = Cl, Br), as shown in Scheme 4. Compounds s-1 [109,110] were reacted
with ethyl isocyanoacetate under basic conditions. The reaction gave an anti- and syn-
diastereomers mixture (9:1) of s-2-Cl and in case of s-2-Br only the anti derivatives. The
intermediates s-2 were treated with 6 N HCl, followed by hydroganation with hydrogen
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H
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H
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Scheme 4: Synthesis of CF2X-bearing proline derivatives (X = Cl, Br).
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and catalyst Pd/C to afford s-3-Cl and s-3-Br with 26 % and 40 % yields, respectively, over
two steps. The ester groups were hydrolyzed and the trans diastereomers s-4-Cl (73 %) and
s-4-Br (84 %) were isolated by crystallization from ethanol.
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2 Objective of the Thesis

The major objective of this thesis is the evaluation and the implementation of CF2X groups
(X = Cl, Br, I) as unconventional XB donors in medicinal chemistry and drug discovery.
The aim is to assess these moieties for their suitability as an additional tool for drug
development and optimization. Based on the spatial behavior of this chemical moiety and
its XB capability, we expect potential for promising molecular interactions with target
proteins. Substance analogs with CF2H moieties as potential HB donors and CF3 groups
as references are important comparators. The project is divided into three sections and
grouped into two parts: Part A, the study of CF2X-containing small molecules (Section 3.1
on page 17 and Section 3.2 on page 64), and Part B, the study of CF2Cl/CF2Br-bearing amino
acids and peptides (Section 3.3 on page 78).

Part A elaborates the syntheses of two sets of fragment series containing CF2X ether
and acetamide moieties (X = H, F, Cl, Br, I) to investigate their properties with respect to XB
using X-ray crystallography and in silico-aided methods. Another aspect is the stability of
these fragments. An enlarged series of fragments, which may be expanded into a library
in the future, is screened and studied at JNK1 and JNK3 by using biophysical methods
such as saturation transfer difference NMR, isothermal titration calorimetry, and protein
crystallization. In addition to library screening, a second strategy is evaluated to generate
XB hits from the decoration of ligands of the protein database crystal structures with a
CF2Br unit and to rotate this group to find suitable XB interactions. Based on these results,
further test fragments were synthesized and also tested against JNK1 and JNK3.

In Part B, the syntheses of amino acids with CF2X-bearing aryl and alkyl side chains
are elaborated. For this purpose, amino acids derived mainly from phenylalanine and
lysine are prepared, incorporated into MDM2- and MDM4-binding peptide sequences, and
evaluated by fluorescence polarization assays and computational methods.
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3 Results and Discussion

3.1 Principles and Applications of CF2X Moieties as Unconventional
Halogen Bond Donors in Medicinal Chemistry, Chemical Biology
and Drug Discovery

Parts of this Section 3.1 were published in:

S. Vaas, M. O. Zimmermann, D. Schollmeyer, J. Stahlecker, M. U. Engelhardt, J. Rheinganz,
B. Drotleff, M. Olfert, M. Lämmerhofer, M. Kramer, T. Stehle, F. M. Boeckler. Principles
and Applications of CF2X Moieties as Unconventional Halogen Bond Donors in Medicinal
Chemistry, Chemical Biology and Drug Discovery. J. Med. Chem. 2023, 66 (15), 10202–10225.
doi: 10.1021/acs.jmedchem.3c00634 [111]

Reprinted with permission from J. Med. Chem. 2023, 66 (15), 10202–10225. Copyright ©
2023 The Authors (CC BY-NC-ND 4.0). Published by American Chemical Society.

3.1.1 Abstract

From monitoring the PDB, we identified the allosteric BCR-ABL inhibitor asciminib as a
first example for halogen bonding (XB) through a CF2Cl group. As an orthogonal principle
to the established (hetero)aryl halides, we herein highlight the usefulness of CF2X (X = Cl,
Br, or I) moieties from a variety of perspectives. We establish synthesis pathways leading to
tool compounds bearing CF2X moieties attached to an ether or amide linker and study their
chemical and metabolic stability, their logP and solubility, as well as the role of XB in their
small molecular crystal structures. Employing QM techniques, we analyze the observed
interactions, provide insights into the conformational degrees of freedom, and highlight
flexibilities and preferences in the potential interaction space. To foster their use in molec-
ular design, we characterize their highly tuned XB donor capacities and its interaction
strength dependent on geometric parameters. Implementation of structurally diversified
CF2X acetamides as a subset into our halogen-enriched fragment library (HEFLib) and
biophysical evaluation by STD NMR and ITC, revealed a 1,3,4-thiadiazole pattern binding
to JNK1 and JNK3. The crystal structure of fragment 30 with JNK3 exhibits a highly inter-
esting binding mode, featuring an XB of CF2Br toward the P-loop, as well as chalcogen
bonds within 30 and toward the gate keeper methionine. Thus, we suggest that utilizing
unexplored chemical space combined with the chance to establish unconventional binding
modes, provides excellent opportunities for patentable chemotypes opening new avenues
for therapeutic intervention.
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3 RESULTS AND DISCUSSION

3.1.2 Introduction

Halogen bonds (XB) are highly directional interactions between the electropositive region
on the halogen (X = Cl, Br, I), the σ-hole, and a nucleophilic interaction partner (B), typically
an atom containing one or more nonbonding electron pairs, a π-system, or an anion. [112]

Aryl halides with an sp2-hybridized carbon-halogen (C(sp2) X) moiety or ethynyl halide
species (C(sp) X) form halogen bonds, which are well studied in organocatalysis [113–116],
crystal engineering [117–119], biological systems [120–122], and medicinal chemistry [3,123,124].

In comparison, the use of alkyl halides with an sp3-hybridized carbon-halogen
(C(sp3) X) moiety is often limited by their reactivity, when X can serve as a leaving group
for substitution, elimination, and radical reactions. It is also typically perceived that the
smaller the s-part of the hybridization, the weaker will be the potential strength of the
XB. [125] As a consequence, strong electron-withdrawing groups (EWGs) are required as
XB-tuning substituents modulating the electron density at the halogen atom and, thus,
improving the XB strength. Ideal EWGs will not only enhance the formation of XBs, but also
substantially diminish the reactivity as a prerequisite to utilize this chemistry in different
applications. From a design perspective, stabilized C(sp3) X moieties help to overcome
the limitations of in-plane XBs formed by (hetero)aryl halides and facilitate an orthogonal
spatial behavior.

One embodiment of such an ideal EWG is fluorine. Halodifluoromethyl (C(sp3)F2X)
groups are considered to be much less reactive than (C(sp3)H2X) groups, based on the strong
electron-withdrawing properties of both fluorine atoms and their shielding of the carbon
atom. In addition, fluorine atoms are small in size and weight, while being able to engage
in their own intermolecular contacts, such as orthogonal multipolar interactions. [126]

Numerous synthetic methods have been described in the literature as these CF2X groups
are suitable intermediates for the preparation of trifluoromethyl (CF3) [62,67,127], difluo-
romethyl (CF2H) [62] and difluoromethylene (CF2) [55,62,67,128] building blocks or for
18F-labeling of trifluoromethylated compounds [43,45,69,129,130]. α,ω-Dihalo-perfluorinated
alkanes or α-halo-perfluorinated alkanes have been widely used as XB tool compounds
for studies regarding anion recognition [117,131–134], catalysis and synthesis [135–142], crystal
engineering [143–150], host-guest complexes [151–155], materials [156–164], probes for molecular
recognition [165–169], self-assembly [170–176], and supramolecular architecture [177–183].

Still, their use to target biological systems in medicinal chemistry, chemical biology, and
drug discovery has been rather unexplored. Some halodifluoroacetamide ( NHCO CF2X)
containing agents have been reported with respect to their antifungal activity [73], as well as
compounds targeting the calcium-activated chloride channel Transmembrane Protein 16A
(TMEM16A) [74]. We recently reported halodifluoroacetamide-containing peptides that bind
to E3 ubiquitin-protein ligase MDM2 and MDM4, which are negative regulators of the p53
tumor suppressor (see Section 3.3 on page 78). [184] The epilepsy drug candidate (phase III,
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3.1 Principles and Applications of CF2X Moieties

2019) padsevonil with 2-chloro-2,2-difluoroethyl ( CH2 CF2Cl) moiety has selective affinity
for both presynaptic synaptic vesicle 2 (SV2) proteins and postsynaptic central benzodi-
azepine receptor (cBZR) sites on the γ-aminobutyric acid (GABAA) receptor. [78] Inhibitors
of Vascular Endothelial Growth Factor (VEGF) receptors with CF2Cl ether ( O CF2Cl)
group have been published [79,80], as well as asciminib, an FDA-approved (2021) allosteric
inhibitor of ABL1 kinase, targeting the fusion protein BCR-ABL in chronic myeloid leukemia
(CML) [76,77]. Except for the example of asciminib, so far, no structural evidence for a CF2X···B
interaction is present in the PDB. Interestingly, the existence of this particular halogen
bond was not even highlighted in the corresponding publication. [76]

To the best of our knowledge, CF2X groups are virtually absent from systematic methods
for the exploration of therapeutics beyond these examples. We previously developed our
Halogen-Enriched Fragment Library (HEFLib), which consists of about 200 halogenated
fragments, to explore the potential of XB in fragment-based approaches. [6,124,185] So far,
this library contains exclusively chlorine, bromine, or iodine bound to (hetero)aromatic
systems. As a tool for a more systematic exploration of protein binding environments
suitable for recognizing CF2X moieties, we have started to integrate CF2X-bearing fragments
in our HEFLibs approach, as outlined herein.

3.1.3 Study Design

The protein crystal structure of asciminib with ABL1 kinase mutant T334I_D382N (PDB ID:
5MO4), solved by Wylie et al., [76] revealed an XB interaction between the chlorine atom
of the CF2Cl ether group of asciminib (20c) and the backbone carbonyl oxygen of L448
with an almost ideal C(sp3) Cl···O angle of 178.3◦ and a Cl···O distance of 3.3Å deep in
the allosteric myristate binding pocket (Figure 7 on the following page). Based on this
structure, we calculated the XB complex formation energies of asciminib and other halogen-
substituted derivatives of asciminib at the MP2/TZVPP level of theory, as shown in Table 2
on page 21. The structure of N-methylacetamide, as a shortened XB acceptor in the
model system, was derived from the peptide bond of L448 in the protein crystal struc-
ture of the ABL1 kinase. All atoms of the CF2X moiety, as well as all hydrogen atoms
were optimized for 20a–e, while the scaffold of asciminib and the N-methylacetamide
was fixed. The complex formation energy of asciminib (20c) was −11.2kJmol−1 (3.3Å;
178.3◦) by using the original coordinates of the CF2Cl moiety. For reasons of compara-
bility, the CF2Cl group was relaxed like the modified CF2X systems, yielding a very similar
complex formation energy of−10.4kJmol−1 at the same distance of 3.3Å, but with a slightly
decreased σ-hole angle of 172.0◦. The halogen is almost in plane with the peptide bond
(dihedral angle δCα C O···Cl = 32.0◦) at a bond angle αC O···Cl of 124.7◦, which represents a
reasonably good interaction geometry (see the sphere in Figure 7 on the following page).
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3 RESULTS AND DISCUSSION

The best interaction geometries (about −15kJmol−1) can only be formed perpendicular to
the plane of the peptide bond. However, the hydrophobic residues A452, V487, and M491
prevent the formation of such an even more favorable interaction geometry.

The CF2Br-substituted ether 20d gave a complex formation energy of −15.4kJmol−1

(3.1Å) and the iodine derivative 20e showed−24.0kJmol−1 (2.9Å). For the heavier halogens,
a shortened interaction distance and an increased interaction strength was revealed,
while the σ-hole angle is always close to the optimum. Based on the inability to present
a σ-hole toward the backbone carbonyl oxygen (no XB), the CF3 ether 20b gave much
lower interaction energies (−1.6kJmol−1, 3.6Å). Due to the smaller size of the hydrogen
atom and the reduced length of its bond to the C(sp3) atom, the hydrogen bond (HB) of the
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Figure 7: XB interaction of asciminib (20c) targeting the backbone oxygen of L448 in the myristoyl
pocket of ABL1 (T334I_D382N) kinase (PDB ID: 5MO4). The sphere around the backbone
carbonyl illustrates by color gradient the direction-dependent interaction energies calcu-
lated from using the (chlorodifluoromethoxy)benzene fragment of asciminib at the
MP2/TZVPP level of theory. Structural derivatives (20a,b,d, and 20e) of asciminib (20c)
are presented herein.
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3.1 Principles and Applications of CF2X Moieties

Table 2: Calculated complex formation energies ΔE (MP2/TZVPP level in comparison to
MP2/QZVPP and M06-2X-D3/TZVPP), interaction distance X···O, and σ-hole angle C X···O
of asciminib (20c, CF2Cl) and analogs (20a,b,d,e, CF2X with X = H, F, Br, I) with
N-methylacetamide, derived from the peptide bond of L448 in the protein crystal structure
of ABL1 (T334I_D382N) kinase (PDB ID: 5MO4).

ΔE (kJmol−1)

Compound X
MP2/ MP2/ M06-2X-D3/

X···O (Å) C X···O (◦)TZVPP QZVPPb TZVPPb

20a H −7.3 −7.2 −7.7 3.8 155.1
20b F −1.6 −1.5 −1.5 3.6 144.9
Asciminib (5MO4)a Cl −11.2 −11.2 −10.5 3.3 178.3
Asciminib (20c) Cl −10.4 −10.4 −9.7 3.3 172.0
20d Br −15.4 −15.3 −14.9 3.1 174.6
20e I −24.0 −24.9 −24.4 2.9 175.1

a The CF2Cl moiety of asciminib was not optimized in this reference calculation.
b Single point calculation based on MP2/TZVPP geometry.

CF2H derivative 20a is weaker (7.3kJmol−1, 3.8Å) than any of the halogen bonds. Compar-
ison with larger basis sets (MP2/QZVPP) or DFT-methods recommendable for halogen
bonding (M06-2X-D3/TZVPP) was performed and is illustrated in Table 2. It shows rather
good consistency of the reported complex formation energies.

We have shown that all these compounds are synthetically accessible (see Section 3.1.4.3
on page 27). The backbone oxygen of L448 can be addressed by C(sp3)F2 X ethers with
significant XB contributions, while it cannot be targeted by an aromatic C(sp2) X based on
the asciminib scaffold. This finding strengthened our interest in investigating CF2X groups
with respect to the strength of their fluorine-tuned XB interactions and their unconventional
interaction geometries.

Figure 8: General molecular structures of Ph X and Ph Y CF2X (X = H, F, Cl, Br, I; Y = O, NHCO)
with dihedral angles (φ,ψ). The axis of rotation is defined as the middle of the three axes
forming the dihedral angle.
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3 RESULTS AND DISCUSSION

Besides halodifluoromethoxy moieties ( O CF2X), we have subsequently also extended
our studies of model systems to halodifluoroacetamide moieties ( NHCO CF2X). In contrast
to aryl halides, both Ph Y CF2X patterns (Y = O, NHCO) have two axes of rotation and
consequently two dihedral angles (φ, ψ), as illustrated in Figure 8 on the previous page.
However, the amide is an easily synthetically accessible linker, providing an elongated
distance between the CF2X function and the attached scaffold. Based on the resonance
effects of the amide bond, this linker behaves rigidly, not increasing the conformational
degrees of freedom, while providing complementary, asymmetric capabilities for molec-
ular interactions, e.g., HB donors or acceptors. The novel spatial interaction possibilities
of CF2X-bearing ether and amide molecules raise the question of their individual confor-
mational isomerism and dynamics, which we investigated using in silico conformational
analysis and comparative data analysis of small molecule crystal structures. Using compu-
tational and experimental methods, we evaluate further properties of CF2X moieties,
related to their applicability in medicinal chemistry, such as stability, solubility, electro-
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Figure 9: 1-(4-(Difluorohalomethoxy)phenyl)urea (6a–e) and N-(benzo[d][1,3]dioxol-5-yl)-2,2-
difluoro-2-haloacetamide (7a–e) derivatives for experimental studies.
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3.1 Principles and Applications of CF2X Moieties

static properties (Vmax), and their impact on XB strength. In the second pivotal part of this
study (Section 3.1.10 on page 54 ff.), we implemented CF2X-containing acetamides into a
halogen-enriched fragment library (HEFLib), which we assessed by biophysical screening
methods against c-Jun N-terminal kinases 1 and 3 (JNK1 and JNK3).

For our experimental studies using small molecule crystallization and conformational
analysis, we have designed two series of ether- and amide-containing molecules (Figure 9
on the preceding page) each with CF2X units (X = H, F, Cl, Br, I), of which the hydrogen
derivatives are enabled to form HBs and the chlorine, bromine, and iodine derivatives
are enabled to form XBs. In the case of CF2H, the fluorine atoms significantly increase the
polarization of the C H bond, leading to improved HB. [186] Herein, we do not focus on
HBs, but we will use it for the purpose of comparing it to XBs. It was important to choose
molecular patterns where all desired derivatives with X = H, F, Cl, Br, or I are syntheti-
cally accessible, solid compounds, and capable of forming crystals. As shown in Figure 9,
we synthesized CF2X ether fragments (6a–e) derived from the structure of the BCR-ABL
inhibitor asciminib. Depending on the starting compound, we obtained our desired urea
derivatives in up to five synthesis steps. To obtain a similar series of acetamides (7a–e), we
acetylated benzo[d][1,3]dioxol-5-amine with the appropriate reagents in one-step syntheses.
Apart from CF2X, both chemical patterns have comparable structural elements in different
arrangements: a central benzene ring, at least one phenolic ether and an amide substruc-
ture. None of the chemical functions is considered particularly reactive.

3.1.4 Chemistry

3.1.4.1 Test Fragments for Evaluation of CF2X Moieties

The required CF2H, CF3 and CF2Cl ether derivatives of 4-aniline (5a–c) and 4-nitrobenzene
were commercially available. Synthesis methods of CF2Cl [84–86] and CF2Br [43] ethers were
described in the literature. For CF2Br ether and its precursor syntheses, we adapted the
methods of Khotavivattana et al. (2015) and Zhou et al. (2016). [43,187] Regarding CF2I ether,
a new synthesis method had to be established as described below. To our knowledge, only
one synthesis method to obtain CF2I ether has been reported in the literature, but this
method was not practical for our applications. Guo et al. (2000) described the reaction
of nucleophiles such as alcoholates with difluorodiiodomethane (CF2I2) in DMF at room
temperature to their corresponding carbamates as major products and the formation of
CF2I ether moieties as a minor product with low yields of 0–15 %. [188] Moreover, CF2I2 is a
relatively expensive reagent.

Two methods to synthesize intermediate 3 were performed, as shown in Scheme 5
on the following page. The first approach required ethyl 2-bromo-2,2-difluoroacetate as
reagent forming an ester intermediate 2, followed by hydrolysis, all under basic conditions
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By-products of reaction (a):
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5d X = Br (83%)
5e X = I (not isolated)
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F F

4d X = Br (32%)
4e X = I (27%)

(c)

3

Scheme 5: Synthesis of phenylamine derivatives containing CF2X ether moiety. Reagents and condi-
tions: (a) Ethyl bromodifluoroacetate, K2CO3, DMF, argon atmosphere, rt, 13 h; (b) 6 M
aq. NaOH/Et2O (1:1), rt, 3 h, 15 % (2 steps); (c) (1) NaH, 1,4-dioxane, argon atmosphere, rt,
30 min; (2) potassium 2-bromo-2,2-difluoroacetate 1a, 1,4-dioxane, argon atmosphere,
80 ◦C, 20 h, 10 %; (d) X = Br: (1) (COCl)2, DMF (cat.), DCM, rt, 3 h; (2) DMAP, sodium-N-
hydroxy-2-thiopyridone, BrCCl3, argon atmosphere, 120 ◦C, 2 h, 32 %; (e) X = I: (1) (COCl)2,
DMF (cat.), DCM, rt, 3 h; (2) CHI3, DMAP, sodium-N-hydroxy-2-thiopyridone, toluene,
argon atmosphere, 120 ◦C, 2 h, 27 %; (f) SnCl2 · 2 H2O, aq. HCl, EtOH, argon atmosphere,
rt, 16 h.

(step (a) / (b)). [43] The synthesis route with potassium 2-bromo-2,2-difluoroacetate (1b) led
directly to intermediate 3 (step (c)). [187] Low yields were characteristic of these reactions
with 4-nitrophenol. The direct methoxy formation of 3 gave 10 % yield. The two-step
synthesis with the more elaborate workup of 3 via intermediate 2 gave 15 % yield. Inter-
estingly, during the first step (a), intermediates 4a (29 %) and 4d (5 %) were formed with
significant yields, relative to the major product 3, which was not described in literature.
Considering the yield of intermediate 4d from 3 (32 %), as well as time and material, it
was cheaper and easier to isolate 4d as a by-product from step (a). The reason for the
formation of 4a and 4d was probably the partial hydrolysis in the first step, followed by
decarboxylation, which was intercepted by hydrogen and bromine sources.

24



3.1 Principles and Applications of CF2X Moieties
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Scheme 6: Synthesis of phenylurea derivatives containing CF2X ether moiety. Reagents and condi-
tions: (a) KCN, 10 % acetic acid, rt, 3 h, 56–95%.

The syntheses of 4d and 4e from 3 were carried out via Barton decarboxylation
halogenation to form a Barton ester intermediate, which was decarboxylated in a subse-
quent step under heat by a radical mechanism. In the presence of a suitable reagent,
the radical was scavenged by a halogen source. For bromination reactions, the solvent
bromotrichloromethane (BrCCl3) also acted as a radical scavenger yielding 32 % of 4d
(step (d)). For the iodination reaction, the commercially unavailable analog iodotrichloro-
methane (ICCl3) was not an option. Instead, two equivalents of iodoform (CHI3) in toluene
were successfully established as an iodine source for CF2I ether synthesis with a yield
of 27 % for 4e (step (e)). The subsequent reduction reactions of the nitro group to the
amine functionality (5d,e) were carried out using SnCl2 under acidic conditions and argon
atmosphere (step (f)). Derivatives 5a–e were reacted in 10 % acetic acid with potassium
cyanide to give their corresponding urea derivatives 6a–e with yields ranging from 56 to
95 % (Scheme 6).

Acetamide ( NHCO CF2X) compounds 7a–d were obtained under basic conditions from
their halogenated acetic anhydrides, with yields of 69–78 % (step (a) in Scheme 7). Since
2,2-difluoro-2-iodoacetic anhydride was not commercially available, the iodine derivative
7e was prepared from potassium 2,2-difluoro-2-iodoacetate (1b) in a yield of 24 %, using
propanephosphonic acid anhydride (T3P) as a coupling agent (step (b)).

7a-d: (a)
7e: (b)O

O

NH2 O

O

H
N

7a X = H (71%)
7b X = F (74%)
7c X = Cl (69%)
7d X = Br (78%)
7e X = I (24%)

O
X

F F

Scheme 7: Synthesis of N-(benzo[d][1,3]dioxol-5-yl)acetamide derivatives. X1 = H, F, Cl, Br; X2 = I.
Reagents and conditions: (a) X1: (X1F2CCO)2O, NMM, THF, rt, 18 h, 69–78 %; (b) X2:
potassium 2,2-difluoro-2-iodoacetate 1b, T3P (≥50% solution in EtOAc), DIPEA in DMF,
rt, 5 h, 24 %.
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3 RESULTS AND DISCUSSION

Reagents potassium 2-bromo-2,2-difluoroacetate 1a (99 %) and potassium 2,2-difluoro-
2-iodoacetate 1b (80 %) used in the reactions (c) of Scheme 5 on page 24 and (b) of Scheme 7
on the preceding page were obtained from their corresponding ethyl esters by hydrolysis
with KOH.

H2N

SH (a)

9-E
H2N

S S

9 (49%)

NH2

H2N

S Br

F F

10 (b: 52%; c: 79%)

(b)

O2N

S S

8-E

NO2

O2N

Y Br

F F
(b)

(c)

18 Y = S (46%)
11 Y = SO2 (92%)

(d)

Scheme 8: Synthesis of thioether and sulfone derivatives containing CF2Br moiety. Reagents and
conditions: (a) DMSO, rt, 24 h, 49 %; (b) Na2HPO4, Na2S2O4, CF2Br2, DMF/H2O (5:1), rt, 18 h,
46–52%; (c) SnCl2 · 2 H2O, aq. HCl, EtOH, argon atmosphere, rt, 16 h, 79 %; (d) mCPBA,
DCM, rt, 18 h, 92 %.

Solely for our stability tests in Section 3.1.5 on page 31 ff., we synthesized sulfone and
thioether derivatives, as shown in Scheme 8. Bromodifluoromethyl sulfides ( S CF2Br) can
be prepared from their corresponding thiols according to the literature. [189,190] However,
this is subject to limitations with regard to further protic functionalities such as amines.
As shown in Scheme 8, bromodifluoromethylsulfane groups were prepared from their
corresponding disulfides. For this purpose, the appropriate thiols were first oxidized (9).
Then, sulphur dioxide radical anion precursor sodium dithionite produced the electrophilic
bromodifluoromethyl radical which was captured by disulfides (9, 1,2-bis(4-nitrophenyl)-
disulfane) obtaining bromodifluoromethyl sulfanes (8 and 10). [43,191] Intermediate 8 was
also oxidized to sulfone ( SO2 CF2Br) derivative 11. [190]

H2N

S Br

F F

10

N
H

Y Br

F F

12 Y= S (4%)
13 Y = SO2 (24%)

O

H2N

(a)

O2N

S Br

F F

11

(b)
O O

Scheme 9: Synthesis of 4-phenylurea derivatives. Y = S, SO2. Reagents and conditions: (a) KCN, 10 %
acetic acid, rt, 3 h; (b) (1) SnCl2 · 2 H2O, aq. HCl, EtOH, argon atmosphere, rt, 16 h; (2) KCN,
10 % acetic acid, rt, 3 h.
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3.1 Principles and Applications of CF2X Moieties

As shown in Scheme 9 on the facing page, thioether derivative 10 was reacted in 10 %
acetic acid with potassium cyanide to give its corresponding urea derivative 12 with
extremely low yield of 4 %. The two-step synthesis (reduction and urea formation) of
compound 13 from intermediate 11 gave a yield of 24 %.

3.1.4.2 Fragment Library

The assessment of the small fragment library presented in this work includes mostly
CF2X acetamides (Section 3.1.10 on page 54 ff.). All tested acetamide and non-acetamide
fragments are summarized in Table 11 on page 55. For amide synthesis, inexpensive and
diverse fragment structures were acquired. Two General Procedures D and I using acetic
anhydrides were established and applied depending on the solubility of the substance to
be reacted (Scheme 10; see also the General Procedures of Section 6.3.1 on page 137 and
page 139) except for CF2I-containing fragments, whose corresponding anhydride was not
commercially available. Due to different reactivities and omitted reaction optimization,
yields could vary. Acetamide fragments bearing CF2I moiety were prepared according to
General Procedure H from potassium 2,2-difluoro-2-iodo-acetate 1b using coupling reagent
T3P (see Section 6.3.1 on page 139).

(a) or (b) or (c)
R NH2 R

H
N CY2X

O

X = H, F, Cl, Br, I

Scheme 10: Synthesis of acetamides containing CF2X moiety. X1 = H, F, Cl, Br; X2 = I. Reagents and
conditions: (a) X1, General Procedure D: corresponding acetic anhydride, NMM, THF,
18 h, rt; (b) X1, General Procedure I: corresponding acetic anhydride, Et3N, DCM, 18 h,
rt; (c) X2, General Procedure H: 1b, T3P in EtOAc, DIPEA, DCM, argon atmosphere, rt,
1 h.

3.1.4.3 Asciminib Derivatives (20a–e)

Asciminib is a protein kinase inhibitor for the treatment of Philadelphia chromosome-
positive chronic myeloid leukemia (Ph+ CML) that was approved for medical use in the
United States in October 2021. [192] This agent is an antineoplastic drug from the new
class of STAMP inhibitors, the abbreviation for "Specifically Targeting the ABL Myristoyl
Pocket". [193] In wild-type ABL1, the myristoyl pocket is an allosteric binding site for the
myristoylated N-terminus, which is absent in the BCR-ABL fusion protein, leading to mis-
regulation with constitutive activity. Asciminib binds to this allosteric site with inhibitory
activity. [77]
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3.3 Å
178.3°

L448

Figure 10: Binding geometry of the O CF2Cl
moiety of ascminib (20c) in ABL1
kinase (T334I_D382N) in complex with
asciminib and nilotinib. PDB ID: 5MO4.

Table 3: Comparision between calcu-
lated complex formation
energies ΔE of 20a–e in PDB ID:
5MO4 with in silico halogen
substitution.

Compound X
ΔE

(kJmol−1)

20a H −7.3
20b F −1.6
20c Cl −10.4
20d Br −15.4
20e I −24.0

As described in Section 3.1.3 on page 19, the binding of asciminib involves a O CF2Cl
group that forms a halogen bond with the oxygen of the backbone of L448, depicted in
Figure 10 on the next page (PDB ID: 5MO4). [76] The angle of 178.3◦ formed in the crystal
structure is almost ideal. The chlorine-oxygen distance of 3.3Å is favorable in terms of
interaction distance, but still leaves space for the theoretical substitution of chlorine by
spatially larger atoms such as bromine and iodine. As shown in Table 3, calculations of
the XB complex formation energy ΔE at the MP2/TZVPP level of theory showed a value
of −10.4kJmol−1 for chlorine, a substitution by bromine −15.4kJmol−1 and a value of
−24.0kJmol−1 for iodine. Accordingly, the halogen bond appears to contribute significantly
to the binding of the molecule. An elaborated synthesis procedure (Scheme 11 on the next
page) for the preparation of brominated and iodinated asciminib derivatives, which might
have better affinities due to the higher strength of the halogen bond, is presented below.

The development and a four-step synthetic pathway of asciminib with an overall yield of
42.5 % were described by Schoepfer et al. in 2018. [77] To reduce the total number of required
synthesis steps, the synthesis sequence of the individual reaction steps was amended. Thus,
the amide coupling of 5a–e was not done in the first step, but in a later stage as illustrated
in Scheme 11 on the facing page. As a result, the number of synthesis steps could be
reduced from a total of 20 to as few as 13 steps. Intermediate 15 was prepared from
methyl 5-bromo-6-chloronicotinate (14) with (R)-pyrrolidin-3-ol hydrochloride via SNAr
reaction. Subsequent Suzuki coupling with 1-(tetrahydro-2H-pyran-2-yl)-5-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole provided 16a followed by ester hydrolysis
to afford the pivotal intermediate 17a. The fragments 5a–e were attached via coupling
reagents to obtain 18a–e, followed by a deprotection step with TFA to provide the desired
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3.1 Principles and Applications of CF2X Moieties

test compounds 20a–e. An alternative synthesis pathway (Method B) involved additional
protection of the alcohol group of 16a with THP to form 16b and subsequent hydrolysis to
obtain the pivotal intermediate 17b. Test compounds 20a–e were obtained by treating the
acid chloride of 17b with 5a–e and THP deprotection without isolating 19a–e separatly.

The comparison between the yields in the final reaction steps gave higher yields for
method B (acid chloride) compared to method A (coupling reagent EDCI) as shown in Table 4
on the next page. An exception was 20e, where method A gave the better yields. However,
it should be noted that the incoorperation reactions of CF2X ether moiety were mostly
performed only once. Furthermore, method B required an additional THP protection step.
The overall yield of 17a (Method A) starting from 15 was 76.5 %, while for 17b (Method B)
it was 65.7 %, which had an influence on the overall yield.
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Scheme 11: Synthesis of Asciminib derivatives. X = H, F, Cl, Br, I; R = H, THP. Reagents
and conditions: (a) (R)-Pyrrolidin-3-ol hydrochloride, DIPEA, i-PrOH, 70 ◦C, 14 h,
96 %; (b) 1-(tetrahydro-2H-pyran-2-yl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-pyrazole, K3PO4, Pd(PPh3)2Cl2, toluene, argon atmosphere, 95 ◦C, 36 h, 79 %; (c) DHP,
PTSA, DCM, 40 ◦C, 48 h, 88 %; (d) NaOH, MeOH/H2O (3:1), rt, 16–19 h, 77–97 %; (e-1/2) (1)
17b, DMF, (COCl)2, DCM, 0 ◦C to rt, 3 h; (2) 5a–e, Et3N, THF, 0 ◦C to rt, 16 h; (e-3) 19a–e,
TFA, DCM, 0 ◦C to rt, 3 h, 10–69 %; (f) 17a, 5a–e, EDCI ·HCl, HOBt ·H2O, DMAP, DIPEA,
THF, 45 ◦C, 48 h, 27–67 %; (g) 18a–e, TFA, DCM, 0 ◦C to rt, 4 h, 31–51 %;
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3 RESULTS AND DISCUSSION

Table 4: Comparision between yields of 5a–e incooperation and THP deprotection step to obtain
the final products 20a–e. X = H, F, Cl, Br, I and reactions (e)–(g) as shown in Scheme 11 on
the preceding page. Yields in %.

Method A Method B

Compound X (f) (g) (f) and (g) (e)

20a H 22.2 33.9 7.5 29.6
20b F 66.6 50.8 33.8 69.2
20c Cl 30.6 30.8 9.4 19.7
20d Br 26.8 51.3 13.7 39.4
20e I 30.5 43.1 13.1 10.3

As later described in Section 3.1.7 on page 40 and Section 5.3 on page 118, an attempt
was made to form small molecule crystals from 20a–e. However, the asciminib derivatives
precipitated as amorphous solids. All attempts to evaluate the derivatives 20a–e, particu-
larly asciminib (20c), for binding affinity and inhibitory properties failed. Among others,
the ADP-Glo Kinase Assay from Promega, the Kinase HotSpot Profiling Assay from Reaction
Biology, and the cell-based InCELL Pulse ABL1 Target Engagement Assay from Eurofins did
not provide useful measurement results. Whether this was due to the assay conditions, the
assay design not being optimized for the new allosteric binding mode, or inappropriate
ABL1 constructs could not be determined beyond doubt, but was attempted to be ruled
out in advance. However, despite the lack of evaluation capabilities in this instance, it has
been demonstrated that there are certainly practical applications for the O CF2X group.

O CF2Br and O CF2I moieties are synthetically accessible and can be incorporated into
active pharmaceutical agents.
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3.1 Principles and Applications of CF2X Moieties

3.1.5 Chemical and Metabolic Stability

Since the chemical and metabolic stability of a ligand is of particular importance in
drug discovery, we performed an initial evaluation of these unconventional CF2X-bearing
moieties using a glutathione (GSH) and microsomal stability assay (MSA) under aqueous
conditions (pH 7.4). A distinction always had to be made between reactions related to
the function under study and those occurring elsewhere in the molecule, as far as this
was possible. While glutathione nucleophilically substitutes reactive substances, micro-
somes essentially contain phase I enzymes, primarily cytochromes P450 (CYPs), catalyzing
monooxygenase reactions.
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Figure 11: Glutathione stability assay in 10 mM PBS buffer (pH 7.4) containing 10 % (v/v) ACN at 37 ◦C.
Each measurement was performed in triplicate. (a) Compounds 6a–e ( O CF2X).
(b) Compounds 7a–e ( NHCO CF2X).

A graphical representation of the chemical stability assay (GSH assay) is shown in
Figure 11. As summarized in Table 5, the stabilities in the GSH assay vary considerably.
With the exception of 6d,e, the half-life t1/2 of all compounds amounts to several days.

Table 5: Glutathione stability assay of compounds 6a–e and 7a–e measured at concentrations of
250 µM with 5mM GSH and 100 µM internal standard, at 37 ◦C in 10 mM PBS (pH 7.4)
containing 10 % (v/v) ACN. Each measurement was performed in triplicate.

Ether 6a–e Amide 7a–e

X 6 t1/2 (h) 7 t1/2 (h)

H a >1200 a >1200
F b >1200 b 130
Cl c >1200 c 260
Br d 5.3 d 280
I e 7.2 e 290
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Figure 12: Microsomal stability assay in 100 mM in potassium phosphate buffer (pH 7.4) at 37 ◦C.
X = H, F, Br, Cl, I. (a,c) Compounds 6a–e ( O CF2X). (b) Compounds 12 ( S CF2Br)
and 13 ( SO2 CF2Br). (d) Compounds 7a–e ( NHCO CF2X). (e) Metabolite m/z 153.1
of 6d,e corresponds to [M+H−OCF2X]. (f) Metabolite m/z 138.1 of 7a–e corresponds to
[M+H−COCF2X].
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3.1 Principles and Applications of CF2X Moieties

The half-lives t1/2 derived from curve fits of the obtained data of 6d and 6e are 5.3 and
7.2 hours, respectively. The resulting t1/2 values for amides 7b–e range from 130 to 290
hours, while all other compounds (6a–c and 7a) are even more stable, exceeding 1200 hours.
In particular, the HB donors 6a and 7a as well as the XB donors 6c and 7c–e are characterized
by GSH half-lives of at least 10 days.

In the MSA (Figure 12 on the preceding page), amides 7a–e showed a metabolite with
m/z = 138.1 in small amounts, corresponding to amide cleavage and a loss of the respec-
tive COCF2X group. While the thioether 12 with CF2Br moiety was rapidly degraded, the
analogous sulfone 13 was stable. Ethers 6a–c were stable in the MSA, whereas ethers
6d,e lost their CF2X group, which was accompanied by an increase in the corresponding
phenolic metabolite (m/z 153.1). Due to the structural similarity of 6d,e to acetaminophen
(paracetamol), a comparable meachnism involving reactive NAPQI-like intermediates is
possible (Scheme 12). [194] In the human organism, acetaminophen is inactivated mainly
by sulfation and glucuronidation. A small amount is N-hydroxylated by CYP3A4 / CYP2E1
and subsequently dehydrated to toxic N-acetyl-p-benzoquinone imine (NAPQI). The imine
is detoxified and inactivated by glutathione conjugation.
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Scheme 12: Acetaminphen (paracetamol) cytochrome P-450 metabolism pathway (phase I) and
glutathione conjugation (phase II). Observed metabolite m/z 153.1 in the microsomal
stability assay of 6d,e.
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3 RESULTS AND DISCUSSION

3.1.6 LogP and Solubility

As an indicator for the hydrophilicity / lipophilicity of a compound, the logP was calculated
using Schrödinger QikProp (Table 6). [195,196] The logP is defined as the logarithm of the
partition coefficient (ratio of organic-to-aqueous phase concentrations). Smaller or more
negative values highlight higher hydrophilicity, whereas larger values indicate a higher
lipophilicity. [197] This property is a key characteristic of drug molecules, affecting their
absorption, distribution, metabolism, and excretion. [198] Although it can be an indicator of
solubility, it is not the only criterion determining solubility.

Table 6: LogP values for model compounds, including 6a–e and 7a–e, calculated using Schrödinger
QikProp.

For our compounds, the logP values of 6c–e range from 1.301 to 1.471, with the respective
value increasing from Cl< Br< I. The logP values of 7c–e range from 2.169 to 2.315 following
a similar trend for the different halogens than before. We virtually generated all different
combinations of the phenylurea scaffold (substituted in position 4) in the upper part of
Table 6 or the benzo[d][1,3]dioxole scaffold (substituted in position 5) in the lower part
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3.1 Principles and Applications of CF2X Moieties

of Table 6 with the substituents being hydrogen or any of the halogens (F, Cl, Br, I) either
directly attached to the scaffold (as a representation of the arylhalides) or attached to
2,2-difluoroacetamide or difluoromethoxy as a linker. Independent of whether hydrogen
or any halogen is attached, the amides always gave lower logP values by 1.18 ± 0.08 for
the benzo[d][1,3]dioxoles and by 0.80 ± 0.03 for the phenylurea derivatives. Based on the
higher polarity of the amide linker and its capability to donate and accept hydrogen bonds,
this systematic difference is unsurprising.

We also compared the arylhalides with each linker and found that the amides very often
closely match the logP of the respective arylhalides (ΔlogP ∼ 0.08 ± 0.26) with 1-phenylurea
(ΔlogP ∼ 0.64) and 1-(4-fluorophenyl)urea (ΔlogP ∼ 0.43) being outliers. The ether linker
was always profoundly more lipophilic than the simple respective arylhalide. For the
phenylurea scaffold the difference was ΔlogP ∼ 0.55 ± 0.27, for the benzo[d][1,3]dioxole
scaffold, the difference was even larger with ΔlogP ∼ 1.26 ± 0.05.

For the amides, the change from hydrogen to fluorine increased the logP by 0.24 ± 0.01,
for the ether linker, by 0.15 ± 0.04. Halogen exchange from fluorine to chlorine produced
a stronger increase (0.29 ± 0.01 for the amides and 0.33 ± 0.06 for the ether linkers),
than exchange of chlorine to bromine (0.09 ± 0.04) or bromine to iodine (0.09 ± 0.02). In
summary, the lipophilicity of the compounds increases slightly from CF2H to CF3 to CF2Cl,
but then only marginally to CF2Br and CF2I. It should be noted that the statistical fit of the
logP (octanol/water) model in QikProp was reported to have a coefficient of determination
r2 = 0.93 and an RMSD = 0.50. Thus, there are certain statistical limitations of the model
and the interpretation of smaller effects discussed before should be taken with caution.

In addition, it appears reasonable that the model cannot properly recognize the aniso-
tropic nature of the electron distribution around chlorine, bromine, and iodine, as illus-
trated by the ESP plots in Figure 14 on page 37. (Alternative mapping of positive and
negative ESP onto the 0.001au contour of the electronic density can be found in Figure 14
on page 37.) The size of the positive potential (orange/red surfaces, oriented toward above
the aromatic ring in the ether model structures and oriented toward the right side away
from the plane in the amide model structures) increases from CF2Cl to CF2Br to CF2I,
while it is not visible in CF3. This positive potential (highlighted by green arrows) is the
"electrostatic embodiment" of the σ-hole, piercing though the negative electrostatic poten-
tial typically found equatorially around the halogen chlorine, bromine, and iodine. The
electron withdrawing effects of the geminal fluorine atoms foster the size and range of
the positive potentials. From this electrostatic visualization it is difficult to estimate, how
strong the influence of these electrostatic features will be on logP and solubility, however,
it is plausible that they could favor iodine over bromine over chlorine over fluorine.
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3 RESULTS AND DISCUSSION

Figure 13: ESP isosurface depictions of model compounds (2,2-difluoro-2-halomethoxybenzenes =
"ether" or 2,2-difluoro-2-halo-N-phenyl-acetamides = "amide") bearing different
functional moieties (CF3, CF2Cl, CF2Br, CF2I) calculated at the MP2/TZVPP level of theory.
Negative ESP isosurfaces at an energy of −0.01au are colored in dark blue and at an
energy of −0.005au in cyan. Positive ESP isosurfaces at +0.01au are colored in red
and at an energy of +0.005au in orange. The isosurfaces at 0.000au, indicating the
boundaries for the transition between negative and positive ESPs, are shown as gray
surfaces. Increasing positive potentials representing the σ-hole on the halogen opposite
the C X bond are visible from CF3 to CF2Cl to CF2Br to CF2I. They are highlighted by
increasing green arrows, while red crosses mark the position where CF3 lacks a similar
σ-hole. Structures are shown as balls and sticks. All pictures were prepared with
MOLCAD. [1,2]
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3.1 Principles and Applications of CF2X Moieties

Figure 14: Positive (pESP) and negative electrostatic potentials (nESP) of model compounds (2,2-
difluoro-2-halo-methoxybenzenes = "ether" or 2,2-difluoro-2-halo-N-phenyl-acetamides =
"amide") bearing different functional moieties (CF3, CF2Cl, CF2Br, CF2I) mapped onto the
0.001au contour of the electronic density obtained at the MP2/TZVPP level of theory.
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3 RESULTS AND DISCUSSION

To investigate this more deeply, we measured the kinetic solubility of 6a–e and 7a–e
with a turbidimetric assay in the concentration range of 0.43mM to 5mM in a buffer
(50mM HEPES, 100mM NaCl, pH 7.4) containing 5 % (v/v) DMSO to mimic typical assay
conditions. The occurrence of precipitates was monitored in a time-dependent manner
over approximately 1 hour by measuring light scattering between 600nm and 800nm
in a 96 well plate, freshly shaken before each measurement cycle. The concentration-
dependent absorption spectra for all compounds, measured at the beginning (3 minutes),
an intermediate cycle (25 minutes) and at the end (53 minutes) can be found in the litera-
ture. [111] The highest concentration up to which no scattering is observed is reported as
"minimal instant solubility" (MIS) based on the first measurement cycle and as "minimal
final solubility" (MFS) based on the last measurement cycle. These results were compared
to logS predictions also done by QikProp.

For the phenylurea scaffold bearing an ether linker, MIS and MFS were identical for 6a,
6d and 6c with values of 5mM, 5mM, and 4mM, respectively. CF3-bearing 6b had an MIS of
3.2mM and an MFS of 2.6mM, while the CF2I-bearing 6e had also an MIS of 3.2mM, but an
MFS of 2mM. For 6a (CF2H) and 6d (CF2Br) no evidence of precipitation was found at the
highest concentration tested. Thus, the actual solubility could be even significantly higher.
Predictions by QikProp suggest solubilities of about 46mM for 6a, 28mM for 6b, 10mM for
6c and 6d, and 8mM for 6e. Although the prediction is rather close to the measurement, the
more limited solubility of CF3 (6b) and the rather good solubility of the bromine derivative
(6d) are somewhat surprising.

For the benzo[d][1,3]dioxole scaffold (7a–e), for all compounds except 7e (CF2I) an MIS
value of 5mMwas determined. The same MFS of 5mMwas found for 7a, 7c, and 7d. For the
CF3 derivative 7b, the MFS decreased to 4mM. The CF2I derivative 7e had a slightly more
limited solubility of 3.2mM (MIS) and 2mM (MFS). QikProp predicted always a clearly
lower solubility than that for the ether compounds (6a–e). 7a was suggested to have a
7mM solubility. As the determined concentration of 5mM was the maximal concentration
available, the real solubility could be actually 7mM or higher. For 7b, a slightly reduced
solubility of 4mM was predicted and confirmed by the experimental assay. While the
solubility for 7c–e was predicted to be approximately the same (1.5 to 1.9mM), the reduced
solubility for chlorine (7c) and bromine (7d) cannot be confirmed by the experimental
values (5mM or higher). For the iodinated compound (7e) an MIS of 3.2mM and an MFS
of 2mM were found, thus, the prediction of 1.6mM is quite good. Based on the published
statistical parameters of the QikProp logS model (r2 = 0.91 and RMSE = 0.63 log units),
the prediction is reasonably well in line with the experiment. Still, it cannot be used to
differentiate small, but experimentally important differences. As a more general trend from
the turbidimetric assay, we find slightly reduced solubility of the CF2I-bearing compounds
6e and 7e. The results for the CF3 groups (6b/7b) were more heterogeneous. Overall,
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3.1 Principles and Applications of CF2X Moieties

the tool compounds exhibited solubilities, that still allow the usage of typical biophysical
fragment-screening techniques. As a consequence, we provide QikProp logP (o/w) and logS
predictions, as well as MIS and MFS values determined by experiment for all fragment-sized
compounds (21–31, 35, 38, 40–46) reported in a subsequent Table A1 on page 230.
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3.1.7 Small Molecule Crystals

We crystallized compounds 6a–e (CCDC IDs: 2248877, 2232102–2232105) and 7a–e (CCDC IDs:
2232106–2232110), which typically formed long, colorless needles or plates. The crystals
were grown as described in Section 5.3 on page 118 via vapor diffusion or solvent evapora-
tion. The crystal structure data sets are in Appendix A.7 on page 255. The crystallization
experiments of asciminib derivatives (20a–e) led to formation of amorphous solids.

3.1.7.1 CF2X Ether Moiety (6a–e)

As shown in Table 7, 6a–e constituted different crystal systems and space groups. Common
to all crystal structures 6a–e is their self-assembly in stacks mediated by parallel-displaced
π-π stacking of the aromatic rings, HB between the urea components (bidentate
O1···H1N/H2NB contacts), and nonpolar contacts between the hydrophobic ether groups,
with no solvent molecules in the crystal lattice (Figures A14–A18, A24 on page 255 ff.).
6a and 6b form both the symmetric orthorhombic space group P212121. Because of the
poor quality of 6a, this data set should be taken with caution, but the crystal structure
has essentially the same modification as 6b. The chlorine derivative 6c (P21/n) has a
much more complicated superstructure, reflected in the high number of single molecules
in the asymmetric monoclinic cell. 24 individual molecules arrange themselves in six
different conformations (molecules A–F), which differ only very slightly (Figure 15a on
the next page). A different self-assembly is presumably due to the larger van der Waals
radius of the halogen and the longer C Cl bond length (∼1.7Å) compared to C F (∼1.3Å),
which causes a change in self-assembly. The CF2Cl ether groups face each other with a

Table 7: Crystallographic data for 6a–e.

6a 6b 6c 6d 6e

X H F Cl Br I

crystal system ortho- ortho- monoclinic triclinic monoclinicrhombic rhombic
space group P212121 P212121 P21/n P1 P21/n
a (Å) 4.583 4.603 23.504 4.614 11.011
b (Å) 5.359 5.311 9.021 8.548 4.601
c (Å) 34.717 36.096 28.905 12.925 19.813
α (◦) 90.0 90.0 90.0 75.698 90.0
β (◦) 90.0 90.0 106.05 82.322 96.097
γ (◦) 90.0 90.0 90.0 77.166 90.0
cell volume (Å3) 852.80 882.43 5890.1 480.01 998.10
Z 4 4 24 2 4
cal. density (mgm−3) 1.575 1.657 1.601 1.945 2.183
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Figure 15: Crystal structures of 6c–e and 7c–e. (a) Crystal structure of 6c. Shown is the arrangement
of 2× 6 single molecules A–F (single molecules with Cl1A–F atom). View along the b axis.
(b–f) Overview of XB interactions between two single molecules: (b) Crystal structure
of 6d (Br1···(C7 O1), 3.32Å). (c) Crystal structure of 6e (I1···(C7 O1), 3.35Å). (d) Crystal
structure of 7c (molecule A, Cl1···O1, 3.01Å). (e) Crystal structure of 7d (molecule A,
Br1···O1, 3.01Å). (f) Crystal structure of 7e (I1···(C1-6), 3.80Å); view along the b axis.

variety of six different XB interaction geometries in molecules A to F (see Figure A26 and
Table A21 on pages 277–278): Distances between chlorine as an XB donor and fluorine as
an XB acceptor range from 3.14Å and 3.60Å with σ-hole angles between 142.2◦ and 166.5◦.
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Besides fluorine, also chlorine can act as an XB acceptor, however, only at much weaker
interaction geometries: Distances can be found at 3.524Å and 4.281Å, with σ-hole angles
of 145.5◦ and 140.6◦, respectively.

6d forms an asymmetric triclinic crystal system with space group P1 and 6e consti-
tutes a monoclinic space group P21/n. While in the crystals of 6a–c the polar urea and
nonpolar halogenated methoxy groups have no spatial contact with each other, the lattice
layers of 6d,e shift toward each other in an effort to form an XB, preserving the displaced
π-stacking (Figure A24c,d on page 275). Thus, the bromine and iodine atoms are involved
in XB interactions, in which the electron-rich π cloud of the urea carbonyl C O bond inter-
acts as an XB acceptor (Figure 15b,c on the previous page: Br1···(C7 O1), 3.32Å, 175.4◦;
I1···(C7 O1), 3.35Å, 176.9◦). Besides the modification change caused by XB, the differences
in self-assembly between 6d and 6e can be explained by the different magnitudes of the
van der Waals radii and C X distances (C Br, 1.95Å; C I, 2.15Å). For 6d,e, we calculated
the complex formation energies of the XB interactions between two single molecules of
the crystals and performed distance scans by varying the distance along the C8 X1 axes
(MP2/TZVPP), as shown in Figure 16. Previously we rotated the XB donor molecule of 6e
180◦ along its C8 I1 axis to reduce energy contributions of other molecular interactions.
The XB of 6d contributes −14.6kJmol−1, and 6e gives −22.8kJmol−1 (Table 9 on page 45).

Figure 16: Calculated complex formation energies ΔE in kJmol−1 determined using a distance scan
of 6d,e along their C8 X1 axes and 7a,c–e along their C9 H1/X1 axes. The XB donor
of 6e was rotated 180◦ along its C8 I1 axis to reduce energy contributions of other
molecular interactions. The distance scan for 7e includes a pair of two single molecules
with two mutual XB contacts, doubling the interaction energy at least. The distances
were varied with an increment of 0.1Å of each step, whereby x = 0.0Å corresponds to
the original HB/XB distance found in the individual crystal structures.
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3.1 Principles and Applications of CF2X Moieties

Both deviate only slightly from the calculated energy minimum. It is important to note that
we performed these calculations to support our analysis and interpretation of the interac-
tions found in the crystal structures, but not for purposes of systematically comparing the
interaction strength of the CF2X moieties.

3.1.7.2 CF2X Acetamide Moiety (7a–e)

Common characteristics of crystals 7a–e are parallel-displaced π-π stacking and HB between
amides (O3···H1N, ∼2.0Å; Figures A19–A23 and A25 on page 265 ff.). Various weaker CH
side contacts on the halogens are additionally present. No solvent molecules are integrated
in the crystal lattices. As shown in Table 8, 7a and 7b assemble into asymmetric crystal
systems with the triclinic space group P1 and monoclinic C2/c, respectively. The cell of 7a
contains two independent molecules (molecules A and B), each forming an HB between the
CF2H group and the amide oxygen of the other type of molecule (Figure 17 on the following
page: O3B···H9A, 2.89Å, −16.9kJmol−1; O3A···H9B, 3.33Å, −12.5kJmol−1). It should be
noted that these intermolecular interactions are likely dominated by the classical HBs
(H1NA···O3B, 1.99Å; H2NB···O3A, 2.96Å). Thus, the CF2H···O3A/B contact does not reach its
full potential (see the curve optimum for both contacts in Figure 16 on the preceding page).
In addition, neither the interaction partner of CF2Cl / CF2Br (O1 in the benzo[d][1,3]dioxole
substructure), nor the interaction partner of CF2I (delocalized π-system of the aromatic
ring) can be targeted by CF2H.

Table 8: Crystallographic data for 7a–e.

7a 7b 7c 7d 7e

X H F Cl Br I

crystal system triclinic monoclinic ortho- ortho- monoclinicrhombic rhombic
space group P1 C2/c Pna21 Pna21 P21/n
a (Å) 4.067 17.293 9.956 9.945 13.154
b (Å) 22.496 5.033 19.625 20.146 5.065
c (Å) 9.579 21.184 4.844 4.880 16.165
α (◦) 90.793 90.0 90.0 90.0 90.0
β (◦) 100.07 105.30 90.0 90.0 99.687
γ (◦) 89.197 90.0 90.0 90.0 90.0
cell volume (Å3) 862.62 1778.4 946.39 977.60 1061.6
Z 4 8 4 4 4
cal. density (mgm−3) 1.657 1.742 1.752 1.998 2.134
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O3A

H9B

3.33 Å

O3B

H9A
2.89 Å

Figure 17: HB interactions of CF2H groups in the crystal structure of 7a (O3B···H9A, 2.89Å; O3A···H9B,
3.33Å). View along the a axis.

The symmetric orthorhombic crystals (Pna21) of compounds 7c and 7d are isomorphic.
Interestingly, the amides are disordered, with two variants (molecules A and B) flipped by
180◦ with respect to each other, each having an occupancy of 50 % (Figures A21 and A22
on page 269 ff.). The partitioned occupancy indicates that both nonsymmetric variants of
the crystal molecules A and B are energetically equivalent. This also affects the respective
locations of the fluorine atoms F1 and F2, while the heavier halogens Cl1 and Br1 remain
largely fixed. The carbon atom C9, on the other hand, could not be meaningfully resolved
into two positions. Hence, the C9 Cl1 and C9 Br1 bond vectors, which are important
for forming the XB, have virtually the same orientation. Both structures are engaged in
XBs targeting O1 of the benzo[d][1,3]dioxole structure as an XB acceptor (Figure 15d,e on
page 41. Cl1···O1, 3.01Å, 170.8◦; Br1···O1, 3.01Å, 171.9◦).

Acetamide 7e forms an asymmetric monoclinic crystal system with the space group
P21/n and is the only crystal structure in which the heavier halogen is oriented toward
the delocalized π-electrons of the aromatic ring (Figure 15 on page 41: I1···C1-6(centroid),
3.80Å, 175.0◦). Comparison with the trifluoroacetamide 7b shows that enabling HB (7a)
and XB (7c–e) leads to very specific changes in the crystal lattice. As shown in Figure A25
on page 276, an HB network is maintained along the amides, and the individual molecules
in 7a,c,d alternately adopt a position more orthogonal to that of each other (Figure A25c–e).
In 7e, the lattice is rearranged so that two single molecules direct their iodine atom toward
each other’s parallel-aligned aromatic rings (Figure A25b). We performed a distance
scan analogous to that for 6d,e (Figure 16 on page 42). The XBs of 7c and 7d contribute
−11.7kJmol−1 and −14.1kJmol−1, respectively (Table 9 on the facing page). The mutual
iodine-π interactions of two single molecules of 7e yield a total energy ΔE of −51.3kJmol−1.
Artificially restricting this system to one XB only clarifies that only slightly less than half of
the interaction energy could be attributable to one XB contact. Unlike the XB-capable deriva-
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Table 9: Determined XB distances X···B, σ-hole angles C X···B and calculated complex formation
energies ΔE of 6d,e, 7c–e and asciminib (20c) (PDB ID: 5MO4).

XB donor XB acceptor X···B (Å) C X···B (◦) ΔE (kJmol−1)

6d Br1 (C7 O1)c 3.321 175.4 –14.6
6e I1 (C7 O1)c 3.348 176.9 –22.8
Asciminib (20c)a Cl O(L448)d 3.27 178.3 –11.2
7cb Cl1 O1 3.009(6) 170.8(3) –11.7
7db Br1 O1 3.014(6) 171.9(3) –14.1
7e I1 (C1-6)c 3.797 175 –51.3e

a Based on the PDB ID: 5MO4. [76]

b Isomorphic crystal structures.
c Represents the centroids of the XB acceptor.
d Backbone oxygen of L448 in ABL1 (T334I_D382N).
e ΔE of a pair of two single molecules with two mutual XB contacts.

tives, 7a cannot fully exploit the potential of HB because the ΔE minimum requires a closer
acceptor-donor contact, which is not realized in the crystal lattice. So far, the computational
efforts were intended to illustrate the importance of certain contacts observed in our small
molecule crystal structures. In subsequent paragraphs, we analyze the optimal conforma-
tions and interaction geometries that allow to harness the full potential of CF2X moieties
based on halogen bonding.
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3.1.8 Conformational Analysis

In the next step, we used conformational analysis (gasphase) to investigate whether
CF2X groups (X = H, Cl, Br, I) with ether or amide linker systems adopt preferred geome-
tries and whether these are consistent with our experimental data. For this purpose, we
used geometry-optimized model molecules (Figure 8 on page 21), which we rotated along
their rotatable binding axes in increments of 10◦ steps to determine the relative energy
changes ΔE in kJmol−1 from single point calculations. Because no optimizations were
conducted after each rotation step with the dihedral angles (φ, ψ) being constrained, the
resulting energies of geometries more distant to the starting point are typically higher
than after constrained relaxation. This can slightly underestimate the number of good to
excellent conformations and cause the plots to be not fully symmetric. As illustrated in
Figure 18a,b on the facing page, the potential energy surface profiles of the ethers are very
different compared to the amide. The red mark corresponds to the dihedral angles (φ, ψ)
of the initial geometry-optimized conformations and gray areas are regions with high
energy levels of ΔE > 100kJmol−1, which we assumed to be highly improbable geometries.
These disallowed surface areas (ΔE > 100kJmol−1) of ether functionalities with X = Cl,
Br, I vary from 25 to 27 % and equals 14 % for X = H. While there are only few areas of
very low conformational energies (dark blue in Figure 18a) for X = Cl, Br, I, these favored
conformational areas are significantly increased for CF2H. Thus, the XB donors will form
good interactions with acceptors in the binding site more selectively than the HB donor.
Likewise, the higher conformational restrictions of the XB donors are likely to give them
an entropic advantage.

Among the amide molecules (Figure 18b), the iodine derivative shows the highest
maximum of 67.2kJmol−1 relative to its geometry-optimized structure. It is evident that
the rotational barriers are significantly lower, and more conformational degrees of freedom
of the CF2X groups are possible, compared to the ether analogs (Figure 18a). The CF2H and
CF2X groups show plots that are more similar for the amide linker. However, the preferred
φ angle of CF2H is located approximately between 120◦ and 180◦ (and between −120◦ and
−180◦), whereas the preferred φ angle of CF2X is roughly 60◦ to 120◦ (or −60◦ to −120◦).

To illustrate the agreement between this theoretical evaluation and our small molecular
crystal structures, we annotated the plots with the experimentally determined conforma-
tions. Based on symmetry effects in these dihedral plots and alternatives to measure the
ψ angle due to the exact alignment of the 180◦ flipped phenyl ring, the same conformation
found in a crystal structure could be annotated for positive or negative values of φ. This is
illustrated for ether derivatives in Figure 18d and for amide derivatives in Figure 18e. The
structure of the energy minima for the spherical-octahedral form for the spherical form
of the X-ray diffraction of the OCF2X is shown as C1, C2, and C3 with the flipped versions
(ψ ± 180◦) depicted as transparent sticks. Based on the coplanarity of the amide and the
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Figure 18: Conformational Analysis. (a–e) Contour maps of potential energy surfaces (PESs) of
model molecules with general formula Ph Y CF2X (Y = O, NHCO) as a function of
dihedral angles φ and ψ in degree and ΔE in kJmol−1. Red mark: initial geometry-
optimized conformation. Black marks: conformations at other ΔE minima. Orange
marks: conformations found in the corresponding crystal structures of 6a,c–e and 7a,c–
e. Green mark: conformation of asciminib (20c) found in ABL1 protein (T334I_D382N),
PDB ID: 5MO4. [76] (a) PES contour maps of ethers ( O ), from top to down: X = H, Cl,
Br, or I. (b) PES contour maps of amides ( NHCO ), from top to down: X = H, Cl, Br, I.
(c) Detailed PES contour map of Ph O CF2Cl with geometries of 6d and asciminib (20c)
found in PDB ID: 5MO4. (d) Corresponding Ph O CF2Cl conformations of red and black
marks in PES contour map. (e) Corresponding Ph NHCO CF2Cl conformations of red
and black marks in PES contour map. Structures of the energy minima C1 C3 in (d) and
C4 C5 in (e) are shown as sticks. The flipped versions (ψ ± 180kJmol−1) are depicted
as transparent sticks.
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phenyl ring, for NHCOCF2X only two ψ angles, 0◦ and 180◦, can occur. The CX X bonds in
structures C4 and C5, representing the energy minima, are roughly orthogonal to the plane
of the π-system (φ ∼ ±90◦). The flipped versions (ψ ± 180◦) of C4 and C5 are again depicted
as transparent sticks. For simplicity reasons, we provide all annotations in Figures 18a–c on
the previous page in one quadrant (ether: φ = 0◦ to 180◦ andψ = −180◦ to 0◦; amide: φ = 0◦

to 180◦ and ψ = −90◦ to 90◦) representing several possible geometrically or energetically
equivalent crystal conformers.

Figure 18a–c on the preceding page also shows the geometric data of the small molecule
crystal structures (orange mark) and of asciminib in ABL1 protein crystal structure 5MO4
(green mark) as dihedral angles of the ether- or amide-linked CF2X group. The torsion angles
of the crystal data all coincide with the calculated data and are located in the dark blue
areas representing low energy values. Interestingly, two deviating features can be observed:
Molecule F in the crystal lattice of 6c (single molecule with Cl1F atom in Figure 15a
on page 41) is the only molecule showing an elongated conformation (φ = 179.3(9)◦;
ψ =−100(1)◦ corresponding to C3 in Figure 18d). This conformation is only a local minimum,
compared to the global minimum represented by C1. Second, induced by the formation of
an HB (Figure 17 on page 44), the torsion angles of 7a (molecule A:φ =±54(4)◦;ψ =±11.0(8)◦;
molecule B:φ = ±48(4)◦;ψ = ±17.4(8)◦) deviate significantly in theirφ angle from the calcu-
lated energy minima. In summary, the crystal structures of molecules bearing chlorine,
bromine, or iodine show excellent agreement with the PES minima (and their tolerances)
obtained from QM calculations of the ether and amide model systems.

The hitherto discussed potential energy plots clearly highlight that despite preferential
orientations of the halogens in CF2X groups, there is a significant degree of flexibility
allowing these halogens to form XBs to various acceptors in the binding site. In contrast to
the typically considered (hetero)arylhalide XB donors, CF2X groups allow for an orthogonal
binding vector strongly deviating from linearity and a far greater "allowed conformational
space". Thus, for CF2X groups, the calculation of XB strength should always be adjusted
by the relative conformational energy. As mentioned before, the distribution of confor-
mational energies in this "allowed space" versus the strength of XBs obtained from these
conformations can play an important role in the enthalpy/entropy compensation of ligand
binding.

As guidelines for the molecular design of such moieties, we have tried to visualize the
"XB interaction space" with close to optimal conformational energies. Figure 19 on the
next page illustrates the conformation-dependent orientation of the CX X bond axes as
elongated interaction vectors. Shown are the vectors of all determined geometries within
Δφ,Δψ = ±90◦ (rotated in increments of 10◦) and with ΔE equal to or less than 20kJmol−1 in
relation to the geometry-optimized minimum. From the graphics, it is evident that ethers
(Figure 19a) and amides (Figure 19b) are capable of addressing different, linker-specific
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3.1 Principles and Applications of CF2X Moieties

Figure 19: Visualization of the conformational flexibility of the CF2Br moiety attached to an ether
as linker (a,c) or an amide as linker (b,d). (a,b) Interaction vectors of 2.0Å length
are plotted in elongation of the CX X bond within the boundaries of Δφ,Δψ = ±90◦.
(c,d) Pseudointeraction points are depicted at a distance of 3.0Å to the halogen and
enclosed with a color-coded surface. Color coding of vectors and surfaces reflects a
gradient between the conformational energy of the geometry-optimized minimum
(ΔE = 0kJmol−1) and an enhanced conformational energy of ΔE = 20kJmol−1.

spatial segments representing the locations of potential XB acceptors in a protein binding
site. In case of the ether linker, the interaction vectors always lean toward the normal vector
of the aromatic ring, in case of the amide linker, the interaction vectors always project
away from the π-surface of the aromatic ring. Still, this "axial variation" is small for both
linkers, leading to rather slim segments that can be targeted, displayed as a color-coded
surface of pseudointeraction points at a distance of 3.0Å to the halogen in Figure 19c,d. In
comparison, the "equatorial variation" (with respect to the Car N or Car O bond) is much
larger for both linkers, yielding a substantial segment of potential interaction partners.
Within these boundaries, the size of the surface of potential interaction partners does not
differ quite significantly between the different linkers and the different halogens.
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3.1.9 Complex Formation Energies and Vmax

Since we have characterized the probable interaction space induced by suitable geometries
of ether or amide linkers, we further investigated the XB strength dependent on the halogen,
the type of linker, and the distance from the XB acceptor. We focused our theoretical view on
this moiety only on the halogen bond. Hence, it should be noted that, obviously, interactions
of the linker (HBs toward ether or amide), as well as interactions of the C F bonds, such as
orthogonal multipolar interactions, can strongly enhance the interaction energy of this
moiety with particular amino acids in the binding site. [126,199–201]

As a model system for comparing XB and HB strength, we have used N-methylacetamide
as a representative of the ubiquitously available backbone peptide bond. [4] We performed
distance scans between the HB/XB donors of our model molecules (as shown in Figure 8 on
page 21) and the oxygen of N-methylacetamide as the HB/XB acceptor (Figure 20 on page 52).
The distance was changed in increments of 0.1Å and the complex formation energies (ΔE)
were calculated as single points for each increment. The CX X···O angle was fixed to 180◦,
and the X···O C angle was fixed to 120◦. As shown in Table 10 on the facing page, the
results reveal highly tuned ΔE for ether and amide CF2X moieties with Cl (ΔE = −10.5 /
−10.1kJmol−1) < Br (ΔE = −13.7 / −14.3kJmol−1) < I (ΔE = −20.1 / −21.6kJmol−1). These
results are quite similar to the computational analysis of the experimental small molecule
crystal data already discussed (Table 9 on page 45).

Calculations were performed at the MP2/TZVPP level of theory as a standard. We
often find for XB interactions that MP2 energies without correction of the basis set super-
position error (BSSE) resemble benchmark calculations at the CCSD(T) level of theory
with a complete basis set extrapolation (CBS) more closely than MP2 energies with BSSE.
Still, MP2 is well known to overestimate the strength of interactions. Thus, in Table 10,
we additionally report MP2/TZVPP energies with BSSE, MP2/QZVPP energies, as well as
M06-2X/TZVPP energies with D3 dispersion correction. M06-2X has been shown to yield
excellent geometries and energies for the XB18 and XB51 halogen bonding benchmark
sets. [202]

As expected, the BSSE correction reduced the adduct formation energies (on average
by 21.6%). However, the consistency with the larger QZVPP basis set (+2.1% on average)
and, particularly, the comparison with the established M06-2X hybrid functional (−2.8%
on average) suggest that uncorrected MP2 values might only overestimate the adduct
formation energy slightly and are not unreasonable to use for further discussions.

The respective average complex formation energies of the CF2X amides and ethers are
increased by a factor of 1.60 for chlorine, 1.36 for bromine and 1.23 for iodine compared to
the corresponding unsubstituted halobenzenes. This reflects the substantial polarization
(tuning) effect by both fluorine atoms attached to the same sp3 carbon atom onto the
halogen X, as well as additional electron withdrawing effects from the linker oxygen or
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3 RESULTS AND DISCUSSION

amide. Tuning of XBs is very often represented by the increase of the σ-hole. [203–210] As
a useful descriptor of this improved anisotropic distribution of the electron density, the
maximal positive electrostatic potential Vmax, derived from plotting the ESP onto a specific
electron isodensity surface, is provided. While most literature data is based on ESPs plotted
onto an isodensity surface of 0.001 or 0.002au, we have previously established reasons,

a

b

Figure 20: Calculated complex formation energies ΔE in kJmol−1 determined using a distance scan
of model molecules with the general formula Ph Y R (Y = N/A, O, NHCO; R = CF2X)
along their CX X axes and the oxygen of N-methylacetamide as HB/XB acceptor. The
CX X···O angle is equal to 180◦ and the X···O C angle is equal to 120◦. The distances
were varied with an increment of 0.1Å of each step. (a) Distance of X···O. (b) Distance of
CX···O.
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3.1 Principles and Applications of CF2X Moieties

why we use an isodensity surface of 0.02 au. [8] From the data in Table 10 on page 51, it can
also be concluded that the Vmax values of the CF2X groups increase significantly by 7–22 %
compared to the corresponding halobenzenes. While the absolute changes in Vmax and
complex formation energies ΔE between Ph X and Ph O CF2X or Ph NHCO CF2X, do not
differ much for X = Cl, Br, or I, it should be noted that the strongest relative improvement
is consistently found for chlorine.

In the case of HB, the complex formation energy is increased by a factor of 1.39 for
the CF2H moiety with an amide linker and by a factor of 1.89 with an ether linker in
comparison with the dispersion-based interaction of benzene. However, the HB minima
are each about 0.8 to 0.9Å closer to the acceptor (Figure 20a), so that CF2X moieties can be
used to target more distant donors. This is even more pronounced based on the different
CX X bond lengths, when considering the CX···O distance (Figure 20b), instead of the
X···O distance (Figure 20a).
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3 RESULTS AND DISCUSSION

3.1.10 Fragment Library

3.1.10.1 Biophysical Fragment Screening on JNK1 and JNK3

To demonstrate the use of CF2X in targeting binding sites, we have synthesized a series of
fragments bearing R NHCO CF2X with diversified scaffolds (R = organic scaffold; X = Cl,
Br, I) as an addition to our HEFLibs concept. [6,211–214] The advantage of this fragment-
based strategy is its focus on only a few relevant key interactions. Using STD NMR and
ITC as primary and secondary biophysical screening techniques, respectively, we applied
this small library of CF2X-fragments to the c-Jun N-terminal kinases 1 and 3 (JNK1 and
JNK3). [24,215] Here we focused on halogenated acetamides, because their synthesis is much
simpler, faster, and cheaper, which facilitates the rapid establishment of a fragment library
enriched in CF2X acetamides. In addition, the higher polarity of the amide linker in
comparison to the ether linker, should be beneficial for the solubility of the resulting
fragments. A small variety of diverse building blocks with few non-hydrogen atoms was
purchased. Aside from aromatic amines with different aryl and heteroaryl scaffolds as
starting materials (7c–e, 23–32, 35–36, 38–40, and 42–45), our test library includes amides
prepared from acyclic primary (22) and cyclic secondary (41) alkyl amines. As acylation
of imidazole[1,2-a]pyridine was easily achieved, we also included 2-chloro-2,2-difluoro-1-
(imidazo[1,2-a]pyridin-3-yl)ethan-1-one (21) containing a carbonyl (R CO CF2Cl) instead
of an amide linker in our fragment library. The fragments 11 and 34 contain a sulfone
(R SO2 CF2Br).

Table 11 on the next page summarizes the results of the STD NMR screening and
ITC validation measurements. Initially, 22 fragments (7c–e, 11, 21–23, 26–29, and 34–
45) were tested for JNK3 binding by STD NMR. The CF2Cl-containing 1,3,4-thiadiazole
derivatives 23 and 29 were identified as hits and confirmed by ITC measurements as
micromolar binders with affinities of 240µM and 25µM, respectively. To study the halogen
influence on JNK3 binding, the matched molecular pairs of CF2Br (24, 30) and CF2I (25,
31) analogs were synthesized and added to our library. The unmodified educt of 29–31,
5-(pyridin-4-yl)-1,3,4-thiadiazol-2-amine (46), was evaluated as a reference compound.
For JNK1, all 23 listed fragments with the exception of 46 were screened by STD NMR,
followed by individual ITC validation.
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S
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Figure 21: ITC validated STD NMR screening hits 23–25, 29–31, 35 and 46.
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3.1 Principles and Applications of CF2X Moieties

The smaller 1,3,4-thiadiazole fragments 23–25 (12 heavy atoms) bound to JNK1 at
a Kd of 104–193µM and on average slightly worse to JNK3 with a Kd of 186–248µM.
The N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)acetamide derivatives 29–31 (18 heavy atoms)
bound with higher affinity in the low two-digit range to JNK1 (Kd = 10–20µM) and JNK3
(Kd = 13–23µM). Although the heavier fragments had a 10-fold higher affinity, they
exhibited a lower ligand efficiency (LE) due to the 50 % higher number of heavy atoms
(29–31: 0.36–0.39 versus 23–25: 0.42–0.46). In summary, the STD NMR signals of 23–25
indicated that the hydrogen atom of the thiadiazole ring is involved in protein binding.
However, substitution by a pyridine (29–31) increased the binding affinity by approxi-

Table 11: Biophysical measurements using STD NMR and ITC against JNK1 and JNK3. Red colored
dot ( ): no binding event or not detectable. Green colored dot ( ): detected binding
event. Molecular weight (MW) in gmol−1, HA is the number of heavy atoms, ITC is the
measured Kd in µM, and LE is the ligand efficiency as defined in equation 8 on page 123.

JNK1 JNK3

Entry X Spacer MW HA STD Kd (µM) LE STD Kd (µM) LE

7c Cl amide 249.6 16   >1000
7d Br amide 294.1 16  >1000  >1000
7e I amide 341.1 16   

11 Br sulfone 316.1 16   

21 Cl carbonyl 230.6 15  >1000  >1000
22 Cl amide 272.7 18   

23 Cl amide 213.6 12  186±00.3 0.44  243±03 0.42
24 Br amide 258.0 12  193±15.0 0.43 248±70 0.42
25 I amide 305.0 12  104±17.0 0.46 186±86 0.44
26 Cl amide 283.7 17   

27 Cl amide 237.6 15   

28 Cl amide 281.6 18   

29 Cl amide 290.7 18  020±02.0 0.37  023±04 0.36
30 Br amide 335.1 18  015±02.0 0.38 017±02 0.37
31 I amide 382.1 18  010±00.3 0.39 013±05 0.38
34 Br sulfone 292.1 13   

35 Br amide 257.1 12  >1000  >1000
36 Br amide 295.0 16   

38 Br amide 308.1 17   

39 Br amide 286.5 14   

40 Br amide 331.1 19   

41 Br amide 337.1 19   

42 Br amide 308.1 16   

43 Br amide 382.2 21   

44 Br amide 363.1 21   

45 Br amide 268.0 14   

46 N/A N/A 178.2 12 162±20 0.44
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3 RESULTS AND DISCUSSION

mately 10-fold. Interestingly, loss of the HB acceptor by exchange of the N3 atom in the
thiadiazole ring of 24 into a carbon atom, yielding a thiazole ring (35), was accompanied by
a significant reduction in affinity (Kd > 1000µM). The comparison of 29–31 to their educt
46 (Kd = 162µM) as a reference, showed that halodifluoroacetylation of the heteroaromatic
amine increased the affinity between 8-fold and 15-fold for JNK1.

The results clearly show that halodifluoroacetylation contributes to affinity enhance-
ment of 29–31, but it is not necessarily unambiguous to draw conclusions from these
matched molecular pairs about XB interactions. For both JNK1 and JNK3, a moderate
increase of affinity was measured for 23 (CF2Cl, Kd

JNK1 = 186µM; Kd
JNK3 = 243µM) ≈

24 (CF2Br, Kd
JNK1 = 193µM; Kd

JNK3 = 248µM) toward 25 (CF2I, Kd
JNK1 = 104µM;

Kd
JNK3 = 186µM). One-way ANOVA and Bonferroni’s post hoc test revealed that this

difference was only statistically significant between iodine (25) and both other halogens
(23: 𝑝 = 0.028; 24: 𝑝 = 0.015) for JNK1. A similar trend of affinities toward JNK1 and JNK3
was found for the extended 4-pyridine-substituted analogs: 29 (CF2Cl, Kd

JNK1 = 20µM;
Kd

JNK3 = 23µM) < 30 (CF2Br, Kd
JNK1 = 15µM; Kd

JNK3 = 17µM) < 31 (CF2I, Kd
JNK1 = 10µM;

Kd
JNK3 = 12µM). Again, we find only a proper statistical difference (𝑝 = 0.008) based on

a one-way ANOVA and Bonferroni’s post hoc test for chlorine (29) and iodine (31). All
relevant ITC runs, their parameters, and resulting Kd values can be found in the Appendix
(Table A2 and Figures A3–A7 on page 232 ff.). For optimal XBs, these differences could
be more pronounced, but steric restrictions in the binding site and increased conforma-
tional energies can diminish the size of the trend. To elucidate the structural basis for
the observed structure-activity relationship (SAR) and to clarify the role of the involved
interactions, we conducted crystallization experiments with JNK3.
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3.1 Principles and Applications of CF2X Moieties

3.1.10.2 Crystal Structure of JNK3 in Complex with Compound 30

The CF2Br acetamide derivatives 24 and 30 were soaked in JNK3 crystals by using a sitting-
drop procedure. Thus far, soaking approaches of fragment 24 could not displace AMP-PCP,
possibly due to the weaker affinity of 178µM, but a JNK3 crystal was obtained with ligand 30
(Kd = 17µM) bound in the ATP binding pocket, as shown in Figure 23 on page 59. The
JNK3 crystal structure was determined in space group P21212 (18) with two chains in the
asymmetric unit and a resolution of 1.86Å (Table 12). The chain B and its bound ligand 30
were insufficiently resolved and therefore the following analysis focuses on chain A.

Table 12: Crystallographic data collection and refinement statistics of JNK3 in complex with 30.

30

PDB ID 8BZP
Wavelength (Å) 0.92
Space Group P21212 (18)
Cell Dimensions

a,b,c (Å) 109.80, 155.38, 43.96
α,β,γ (◦) 90, 90, 90

Resolution Range (Å) 50–1.86 (1.97–1.86)
Redundancy 13.42 (13.62)
Completeness (%) 99.4 (99.9)
Mean I/σ (I) 13.95 (1.05)
Rmeas. (%) 11.4 (250.4)
CC1/2 (%) 99.9 (54.9)
Wilson B (Å2) 45.7

Resolution Included (Å) 46.84–1.86
Rwork/Rfree (%) 18.94 / 21.64
Bond RMSD (Å) 0.008
Angle RMSD (◦) 0.936
Ramachandran (%)

outliers, allowed, favored 0 / 1.67 / 98.33
Rotamer Outliers (%) 1.43
All-Atom Clashscore 2.47
Average B Factor

Overall (Å2) 46.2
Protein (Å2) 45.6
Ligand (Å2) 54.8
Water (Å2) 48.6
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Based on the electron density (see unbiased omit-map in Figure 23c), two conforma-
tions with different orientations of the CF2Br moiety (30-A and 30-B) were built with
50:50 occupancy. The 4-pyridinyl-1,3,4-thiadiazole substructure is placed almost identically
in both conformations, targeting the hinge region and gatekeeper M146 (Figure 23d). The
N4 atom of pyridine forms a strong HB with the backbone N H of M149 (d30-A,N···N = 2.9Å;
d30-B,N···N = 2.7Å), whereas the C7 H and C8 H of pyridine form weaker HBs with the
backbone oxygens of G147 (d30-A,C···O = 3.2Å; d30-B,C···O = 3.1Å) and M149 d30-A,C···O = 3.9Å;
d30-B,C···O = 3.6Å). Numerous C H···π contacts are formed with the top and bottom side
of the aromatic rings of the ligand. The gatekeeper M146 is engaged in a chalcogen
bond (ChB) with N3 of the thiadiazole ring system (d30-A,S···N = 3.6Å, α30-A,C S···N = 156.4◦;
d30-B,S···N = 3.5Å, α30-B,C S···N = 151.2◦). A second ChB interaction is intramolecularly located
between the sulfur atom of the thiadiazole and the oxygen atom of the amide (d30-A,S···N =
3.0Å, α30-A,C S···N = 153.8◦; d30-B,S···N = 3.0Å, α30-B,C S···N = 156.6◦). Intramolecular ChB of
this type have already been described in the literature. [216] Nagao et al. calculated an
ab initio geometry optimization at the HF/3-21G* level for a similar thiadiazole system
(Figure 22). [217] They obtained a relative energy difference of −36.6kJmol−1 for the closest
S···O contact of a 2,2,2-trifluoro-N-(1,3,4-thiadiazol-2-yl)acetamide derivative. This suggests
that the rotatability of the thiadiazole-amide bond is significantly constrained by the ChB
interaction and that a conformation with close S···O contact is typically preferred over the
180◦-flipped conformation. This is consistent with the observed electron density in our
crystal structure.

In conformation 30-B (ψ30-B = 107.4◦), the bromine forms an XB with the backbone
oxygen of G76 (d30-B,Br···O = 3.3Å, α30-B,C Br···O = 161.9◦) located in the P-loop of
JNK3 (Figure 23d on the next page). The side chain of K93 and the P-loop (G76 to S72) form
a cavity around the bromine atom (distances of approximately 3.7–4.1Å) and constrain the
bromine in its effort to adopt a more ideal σ-hole angle than 161.9◦. Simultaneously, the
protonated side chain amine of K93 is engaged in a fluorine interaction (d30-B,N···F = 2.8Å).
To elucidate the relevance of these interactions and compare both observed binding modes,
we conducted model calculations at the MP2/TZVPP level of theory. The protein backbone

NH

CF3O

NN

S
H
N CF3

ONN

S
ChB

180°0°

(a) Thiadiazole model of Nagao et al.
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φ ψ
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S
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R

(b) Torsion angles (φ, ψ)

Figure 22: Torsion of a thiadiazole model. (a) An ab initio geometry optimization at the
HF/3-21G* level for a thiadiazole model with ΔE = −36.6kJmol−1 at an angle of
180◦ relative to 0◦. Adopted from Nagao et al.

[217] (b) Torsion angle nomenclature:
φ= S–C–N–C and ψ= X–C–C–N.
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N-lobe

C-lobe

(a) 8BZP: JNK3 with fragment 30. (b) 8BZP: Binding site of JNK3.

(c) Unbiased omit-map.
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(d) Key interactions of 30-B.

Figure 23: JNK3 crystallized with fragment 30 in the ATP binding site (PDB ID: 8BZP). (a) Total view
of JNK3 (chain A) shown as gray cartoon in complex with 30. (b) Focused view of the ATP
binding site with two conformations of 30 (conformer 30-A shown with carbon atoms
in red and conformer 30-B with carbon atoms in beige). (c) The unbiased omit-map is
contoured in gray at 3σ. (d) The key interactions of conformation 30-B are highlighted
in detail. The fragment accepts a hydrogen bond (black dotted lines) from the backbone
N H of M149 localized in the hinge region and further two weaker hydrogen bonds (not
indicated) from the backbone carbonyls of E147 and M149 to the adjacent C H moieties
of the pyridine N. The 1,3,4-thiadiazole ring forms an intramolecular ChB (green dotted
lines) between its sulfur atom and the carbonyl oxygen of its amide. The nitrogen atom
N3, accepts a second ChB from the side chain of the gatekeeper M146 (green dotted lines).
30-B donates an XB (orange dotted lines) from its bromine atom toward the backbone
carbonyl of G76 and accepts an HB contact (black dotted line) from the protonated side
chain amine of K93 onto one of its fluorine atoms.
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between the Cα of Q75 and the Cα of I77 including the interaction partner G76 was repre-
sented as 2-acetamido-N-methylacetamide, as was the protein backbone of the beginning
P-loop between Cα of S72 and Cα of A74. The side chain of lysine K93 was capped to 1-propyl-
ammonium. Hydrogen atoms were added and optimized, while all other atoms were fixed
to the coordinates of the crystal structure. Despite the not ideal σ-hole angle, we observe a
good interaction energy for the XB of −12.3kJmol−1. The proximal P-loop (most likely G73)
yields a complex formation energy of −10.4kJmol−1 for the CF2Br moiety. As expected, the
charged HB between K93 and the fluorine atom exhibits the strongest complex formation
energy with −22.3kJmol−1.

The second conformation 30-A (ψ30-A = −64.7◦) is based on a CF2Br group, rotated
approximately by 170◦, orienting one fluorine atom in the described cavity and the bromine
atom facing toward the empty phosphate pocket (Figure 23c). Possible key interactions stabi-
lizing this binding mode could be HBs from the charged side chain of K93 to the electron-rich
belts around the fluorine and bromine atoms (d30-A,N···F = 3.4Å, d30-A,N···Br = 3.6Å). From
our model calculations, we have learned that the lysine contacts are slightly impaired with
−18.5kJmol−1 in comparison to conformation B. Likewise, the contacts to both stretches of
backbone adjacent to the P-loop, S72–A74 and Q75–I77, give reduced interaction energies
of −5.1kJmol−1 and −6.5kJmol−1, respectively. In addition, the conformational energy
of B is more advantageous than that of A (ΔE = 11.4kJmol−1). Overall, conformation A
shows surprisingly reasonable interaction energies, however, all calculations suggest that
conformation B (Figure 23d) should be the stronger binder. It should be noted that the side
chain of Q75 is not resolved in the crystal structure; however, it is possibly proximal to
the CF2X moiety in both conformations. Thus, an influence of this residue on the binding
mode in solution cannot be ruled out.

The protein crystal structure of JNK3 in complex with ligand 30 provides plausible expla-
nations for the SAR of 23–25, 29–31, 35, and 46 that were previously discussed. Compound 46
is not capable of forming the interactions of the halogenated acetamide group and binds
substantially weaker to JNK1 (Kd = 162µM). The inability to form a ChB due to the absence
of a suitable ChB donor atom (such as N3 in the thiadiazoles) most likely explains why
thiazole 35 (Kd > 1000µM) was not detectable in the ITC experiments and emphasizes the
importance of the ChB to the sulfur atom of gatekeeper M246 for the thiadiazole ligands.
Compounds 23–25 showed only a minor trend of decreasing Kd values in the series C ≈
Br > I (Kd = 243µM ≈ 248µM > 186µM), while 29–31 (Kd = 12–23µM) bound better by a
factor of approximately 10-fold to 15-fold. As stated before, the only significant difference
is found for the exchange of chlorine (29) into iodine (31). The anchoring of fragments
29–31 in the hinge region by the pyridine ring as a hinge-binding motif likely plays an
important role in the affinity boost compared to 23–25.
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As presented herein (Table 10 on page 51), the theoretically possible difference in inter-
action energy at an optimal XB geometry of each halogen shows that halogen exchange
from chlorine to bromine could improve the ΔE by approximately −4.2kJmol−1. Likewise,
halogen exchange from bromine to iodine could strengthen the interaction by approxi-
mately −7.3kJmol−1. Starting from a σ-hole angle αC Br···O of 161.9◦ between bromine and
the backbone oxygen of G76 located in the P-loop of JNK3, we astonishingly found that
the bulkier iodine (31) can be accommodated with improved affinity in comparison to
bromine (30). It remains speculative, whether some small degree of adaptability of the
P-loop is a necessary prerequisite for this observed structure-affinity relationship. This
example highlights that the heavier halogens will not necessarily always be the sweet spot
for forming XBs just based on their potential to exhibit enlarged σ-holes. For CF2X moieties,
the conformational strain, as well as strength and multitude of other interactions fixing
the binding mode and limiting the formation of an optimal geometry, can be quite influ-
ential. In some binding sites and modes, an iodine will rise to the full potential of its
possible XB strength. In other binding scenarios, an intermediately sized bromine or
smaller chlorine might be enabled to form optimal XB interactions.
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3.1.11 Conclusion

We have demonstrated that molecules containing C(sp3)F2X moieties (X = Cl, Br, I) attached
by linker systems such as ethers or amides are synthetically accessible, and that amide
derivatives are particularly suitable for fragment-based drug discovery, providing the
opportunity to identify highly interesting, unconventional XB-based binding modes in
biological targets.

Starting from a PDB analysis fostering our interest in CF2X derivatives based on the
crystal structure of Asciminib in ABL1 kinase [76], we have created a series of matched molec-
ular pairs for two different linker systems (6a–e and 7a–e). Using these tool compounds,
we studied their chemical and metabolic stability, as well as their physicochemical proper-
ties, particularly with respect to solubility and logP. The polarization between fluorine
and X = Cl, Br, or I and the role of the anisotropic electron distribution around X, as illus-
trated by ESP plots, certainly has an influence on stability and physicochemical properties.
QikProp has been shown to provide reasonable predictions for quite a few solubilites.
However, in some cases (22, 26, 29–31, 40, 44 and 45) solubility issues were predicted that
were fortunately not observed in the turbidimetric assay. In some cases, solubility issues
were predicted correctly (42 and 43). Thus, we recommend for compounds containing
CF2X moieties to always confirm predictions of solubility with experimental evidence
and to avoid taking solubility warnings as the main criterion to decide for or against the
synthesis (or procurement) of a compound.

In crystallization experiments with our tool compounds, we have shown that the self-
assembly of the CF2X derivatives in the crystalline solid-state is mainly driven by XBs
and influenced by the size of the halogen. CF2X ether and amide groups adopt preferred
geometries, capable of targeting potential XB acceptors that are not readily addressable
with C(sp2) X moieties of (hetero)aryl halides, and they tend to strive in our crystal struc-
tures for the optimal XB angle and distance, unlike our analogous HB donor CF2H (7a).
Using QM methods, we characterized the conformational flexibility of such CF2X ether
and amide functions, finding good agreement with the experimental data from our small
molecule crystals. We highlight clear conformational limitations, which are essential to
consider, when using these moieties in molecular design. In addition, we find a reasonable
degree of flexibility of these moieties to adapt to different XB acceptors in a binding site with
low conformational strain, particularly in comparison with C(sp2) X moieties. We further
characterized the potential XB strength of these CF2X donors in a distance-dependent
manner. Compared to the respective halobenzenes, we find that the XB interactions are
improved by approximately 3.5 to 4.5kJmol −1, based on the tuning effects of the fluorine
atoms and the linker functions.
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The CF2X structural motif is underrepresented in drug discovery and has hardly been
applied so far. Organic amines are readily available and suitable starting materials for
the facile preparation of a structurally diverse fragment library featuring CF2X amides.
We propose that unconventional or even rather unique binding modes could be explored
based on such libraries, which are hardly accessible from conventional chemical space,
allowing for the discovery of unclaimed, patentable chemotypes and the establishment of
added therapeutic opportunities.

To demonstrate the usefulness and good applicability of this concept, we screened
c-Jun N-terminal kinases 1 and 3 (JNK1 and JNK3), using STD NMR and validated hits
by ITC, revealing several hits in the micromolar range. Particularly the 5-(pyridin-4-yl)-
1,3,4-thiadiazole scaffold showed good binding to both kinases. The affinity of its bromine
derivative (30) to JNK3 and JNK1 was 17µM and 15µM, respectively. We determined the
crystal structure of 30 in complex with JNK3, elucidating that the CF2Br moiety interacts
with the P-loop in a unique way, which has not been reported so far. It can concomitantly
donate an XB with a distance of 3.3Å and a σ-hole angle of 161.9◦ toward the backbone
oxygen of G76 located in the P-loop, while accepting a hydrogen bond from the charged
side chain of K93 onto one of its fluorine atoms. Overall, the interactions in the binding site
are shifted from sites that traditionally receive most attention, such as the hinge and the
back pocket, toward the sugar / phosphate binding site of ATP. Only the pyridine substruc-
ture forms an HB with the hinge. Thus, fragment 30 has good optimization potential
by elaborating the hinge-binding motif and performing fragment growth and merging
approaches.

Future studies will focus on expanding the fragment library, as well as developing
further linker systems and other stable C(sp3) X structures. The steadily expanding library
will continue to be screened for additional binding fragments targeting therapeutically
relevant proteins. Found hits are subjected to lead optimization.
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3.2 Indazole-based Kinase Inhibitors Bearing CF2H or CF2X Methyl
Moieties

3.2.1 Protein Data Base Scan

A PDB decoration scan was developed to find ligands with novel halogen bonding modes.
The ligands were decorated with a CF2X methyl group and rotated along their Rar CCF2X

axis. In general, we decorated C atoms in aromatic systems with CF2Br units. The output
in its scope and quality of a PDB decoration scan is decisively dependent on the selected
parameters: σ-angle and distance between acceptor and donor atoms, tolorated level of
clashes between decorated units, ligands and proteins. Other parameters include stepsize
the rotation along the Car CCF2X axis. The runtime of the search depends mainly on the
latter parameter and the number of data to be checked.

H Br

F F

Figure 24: Exemplary substitution pattern leading to the decoration of a ligand with a CF2Br methyl
group.

An exemplary PDB decoration scan was performed with 538 UniProt IDs (all kinases,
MDM2, MDM4, HIV-1 protease and SARS-CoV-2 main protease) to find halogen bonding
acceptor heteroatoms in proteins (method is described in Section 5.7.10). During the
scanning 8975 files were checked, 80 474 positions for potential decorations were found
and 2804 postitions with a σ-hole angle ≥150◦ and a donor-acceptor distance between
2.5Å and 4.5Å were decorated. Five hits referring to incompletely resolved and therefore
not assigned to proteinogenic amino acids. The decorated CF2Br unit was rotated in 5 %
increments and the position closest to the 180◦ σ-angle was recorded.

Figure 25 on the next page shows the distribution of hits among amino acids and their
correlation with amino acid abundance in proteins divided into 1660 backbone heteroatom
hits and 1139 side chain hits. [218] Further breakdown into nitrogen and oxygen backbone
acceptor atoms can be found in the Appendix A.5 on page 242. From the graphs, it is
evident that the hit rate of backbone heteroatoms correlates with the abundance of amino
acids (ρ = 0.92). In the case of side chains, such a correlation is not entirely obvious (ρ =
0.57). The outlier glycine in Figure A11a on page 242 is noticeable. The hit rate of glycine is
three times higher than its relative abundance in proteins. The mere absence of a space-
occupying organic residue does not fully explain this. First, there is no similar correlation
between smaller side chain size and increased hit rate for the other amino acids. Second,
the heteroatoms of the backbone are unfavorably arranged for a halogen approaching
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3.2 Indazole-based Kinase Inhibitors

from the side of the nonexistent side chain. Rather, the lack of side chain allows glycine to
adopt more possible torsion angles, which increases the statistical hit probability.

       

 

 

 

 

 

  

  

  

  

  

  

  

                 

                 

               

 
 
  
 
  
 
  
  
  
  
 
  
  
 
  
 
 
  
 
 
 
  
 
 

                                    

       

                    

 

 

 

 

 

  

  

  

  

  

  

  

                    

                     

 
 
  
 
  
 
  
  
  
 
 
 
 
 
 
  
 
 

(a) Protein backbone.

             

 

 

 

 

 

  

  

  

  

  

  

  

  

  

  

                    

                 

 
 
  
 
  
 
  
  
  
  
 
  
  
 
  
 
 
  
 
 
 
  
 
 

                                    

            

 

 

 

 

 

  

  

  

  

  

  

  

  

  

  

 
 
  
 
  
 
  
  
  
 
 
 
 
 
 
  
 
 

                    

                     

(b) Protein side chain.

Figure 25: Correlation between targeted halogen bonding acceptor heteroatoms of protein
backbones with a σ-hole angle ≥150◦ and abundance of amino acids in proteins. Number
of targeted backbone amino acids n = 1660 (backbone N: n = 726 and backbone O: n = 934);
number of targeted protein side chains n = 1139 and sum of targeted acceptor atoms
n = 2799. (a) Comparison between halogen acceptor amino acids in protein backbone
and abundance in proteins (ρ = 0.92). (b) Comparison between halogen acceptor side
chains of amino acids and amino acid abundance in proteins. Abundance in proteins
normalized to 100 % (ρ = 0.57).
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3.2.2 Design and Development of Fragment Pattern Scaffold

The results presented in this scetion were obtained by performing a PDB scan of the entire
database with a CF2Br unit decoration of unsubstituted aromatic C atoms and a rotation
of 10◦ increments along the Car CCF2Br axis. The scan revealed numerous structures from
which promising ones were selected. Protein clashes, distances, angles, and spatial acces-
sibility of acceptor atoms were particularly important in the selection. Clashes within
the decorated ligand were of secondary importance if the structure in question could be
modified. An interesting clustering was observed for ligands in PDB crystal structures of
kinases containing an indazole or pyrazole scaffold. Examples are shown in Table 13 and
Figure 26.

Table 13: Selection of indazole- and pyrazole-based ligands found by PDB decoration scan.

Entry PDB ID Protein Acceptor Acceptor Distance σ-hole angle
AA atom X···O (Å) C X···O (◦)

(a) [219] 3ZLY MEK1 S194 O 2.92 177.7
(b) [220] 2VTA CDK2 Q131 O 3.41 165.2
(c) [221] 3FI3 JNK3 S193 O 3.44 172.4
(d) [222] 5D9L RSK2 E197 O 3.58 160.5
(e) [223] 3LFS CDK2 E12 O 2.87 164.0
(f) [224] 4WRS PIM1 D131 OD2 3.37 175.6
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Figure 26: CF2Br-decorated ligand structures described in Table 13. (a–f) PDB ID, protein, targeted
acceptor amino acid.
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3.2 Indazole-based Kinase Inhibitors

The decorated ligands of entries (a) to (d) (3ZLY, 2VTA, 3FI3, 5D9L) also have in common
that they all target the same backbone oxygen. This backbone oxygen is conserved in the
secondary structure of all kinases. The distances found vary from 2.92Å to 3.58Å and the
σ-hole angles range from 160.5◦ to 177.7◦, where 2.92Å and 177.7◦ of ligand in 3ZLY is a
nearly ideal geometry for halogen bonds. Note that these are not geometries of ligands
converged in optimization calculations. As shown in Figure 27, the C Br bonds of the
ligands in 3ZLY and 2VTA are approximately orthogonal to their aromatic plane, i.e., in
a more energetically favorable geometry. Furthermore, both ligands bind to the kinase
hinge region.

2.9 Å 

S194

(a) PDB ID: 3ZLY (MEK1)

3.4 Å 

Q131

(b) PDB ID: 2VTA (CDK2)

Figure 27: CF2Br-decorated ligands with an indazole scaffold and presumed halogen-bonding
interaction (orange dotted line) targeting a highly conserved backbone carbonyl oxygen
in kinases. (a) 5-Bromodifluoromethyl decorated 3-amino-1H-inzadzole-4-carbonitrile
targeting the backbone oxygen of S194 in MEK1. (b) 4-Bromodifluoromethyl decorated
1H-indazole targeting the backbone oxygen of Q131 in CDK2.

For the studies in this thesis, three scaffolds were derived from the findings to investigate
possible XB interactions of an attached CF2Br group in kinases, but also HB interactions
of a CF2H group. All three scaffold structures are shown in Figure 28 on the next page:
1H-indazol-3-amine, benzo[d]isoxazol-3-amine and imidazo[1,5-a]pyridin-3-amine. They
are fragment-sized molecules with 13 or 14 heavy atoms and a molecular weight between
183.1 and 263.0 gmol−1. In addition, these studies served to evaluate the PDB decoration
scan for its suitability as a tool for structural optimization and enhancement. The synthesis
and chemical accessibility of the aimed test compounds are discussed in Section 3.2.3
on page 69. The biophysical evaluation of the actually synthesized test compounds are
described in Section 3.2.4 on page 73.

67



3 RESULTS AND DISCUSSION

(a) 3ZLY, MEK1, S131

(b) 2VTA, CDK2, Q131

(c) 3FI3, JNK3, S193

(d) 5D9L, RSK2, E197

Pattern Structures

Model Molecules

PDB Decoration Scan

Protein Data Base

Figure 28: Workflow in the development of CF2X-decorated model molecules with X = H, F, Br as
ligands for hypothesis evaluation using JNK1 and JNK3 as target examples.
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3.2 Indazole-based Kinase Inhibitors

3.2.3 Synthesis of Kinase-binding Fragments based on PDB Scan

In this section, we discuss the synthesis pathway and challenges associated with the
accessibility of test compounds derived from a PDB scan (Section 3.2.2 on page 66). As
described in the introduction (Section 1.3.1 on page 6), numerous methods were described
to generate CF2Br moieties, but also CF2H moieties. One approach was their synthesis by
bromination of CF2H groups, which in turn could be prepared with fluorinating agents from
their corresponding aldehydes. This had the advantage that the hydrogen variants also
intended for testing were obtained as a preliminary stage. Trifluoromethylated compounds
were synthesized as test references.

51a Y = NH (80%)
52a Y = O (44%)

(b) or (c)(a)NC

F

CHO NC

F

CF2H
N
Y

H2N
CF2H

NC

F

CF3
N
Y

H2N
CF3(b) or (c)

51b Y = NH (66%)
52b Y = O (40%)

47 (88%)

Scheme 13: Synthesis of indazole (Y = NH) and benzisoxazole (Y = O) derivatives. Reagents and
conditions: (a) DAST, DCM, -10 ◦C to rt, argon atmosphere, 18 h; (b) N2H4, EtOH, 90 ◦C,
4 h; (c) AHA, t-BuOK, DMF, rt, 18 h.

As shown in Scheme 13 and Scheme 14 on the next page, 47 and 48 were synthe-
sized from their corresponding aldehydes with the fluorination agent diethylaminosulfur
trifluoride (DAST) yielding 88 % and 84 %. [225] In the next step, the ring closure reactions
were carried out first, since experiments showed that CF2Br groups did not withstand the
indazole cyclization reaction with hydrazine excess under reflux conditions. 2-Fluoro-
benzonitriles with CF2H und CF3 moieties, on the other hand, could be converted with
yields of 80 % for 51a and 66 % for 51b under the conditions mentioned. [226,227] The cycliza-
tion reactions to the benzisoxazoles were performed with acetohydroxamic acid (AHA)
under basic conditions at room temperature to give 52a and 52b with moderate yields of
44 % and 40 %, respectively. [228]
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(b)(a)N CHO N CF2H N CF2H

NN

H2N
CF2H

48 (84%)

N N

H
NO

O

N CF2H

H2N

49 (41%)

50a 53a (76%, 2 steps)

(c) (d)

NN

H2N
CF3N CF3

H2N

50b 53b (62%)

(d)

Scheme 14: Synthesis of imidazo[1,5-a]pyridin-3-amine derivatives. Reagents and conditions:
(a) DAST, DCM, -10 ◦C to rt, argon atmosphere, 18 h; (b) NaBH4, Boc2O, NiCl2 · 5 H2O,
MeOH, 0 ◦C to rt, 18 h; (c) TFA, DCM, rt, 24 h; (d) BrCN, Et3N, toluene, rt, 30 min.

The synthesis of imidazo[1,5-a]pyridin-3-amines require more reaction steps. First, a
reduction of 48 with sodium borohydride, di-tert-butyl dicarbonate and nickel(II) chloride
was carried out to obtain the Boc-protected amine 49. [229] Other reduction reactions tested,
e.g. with lithium aluminum hydride, did not lead to the desired amine. Subsequently, 50a
was obtained by acid-catalyzed deprotection with TFA, then the free amine was reacted
under basic conditions with bromocyanogen to give 76 % of the imidazo[1,5-a]pyridin-
3-amine 53a. [230] Purification of the intermediates was not required. The ring closure
reaction of CF3-bearing test compound 53b was performed starting from the commercially
available amine with a yield of 62 %.

The decisive bromination of the CF2H-bearing compounds 51a, 52a and 53a required
the protection of the free amines with a protecting group. Bromination experiments of
unprotected 51a and 52a did not lead to the desired products under different solvent
and reagent conditions at room temperature and under heat. In some solvents such
as benzene or tetrachloromethane, the reactants were even insoluble. Fmoc-protected
intermediates showed poor dissolution properties, while Boc-protected substances were
soluble in benzene and tetrachloromethane. The Boc-protected substances 54a, 55a and
56a were prepared with yields ranging from 81 % to 86 %, as shown in Scheme 15 on the
facing page.
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Scheme 15: Synthesis of imidazo[1,5-a]pyridin-3-amine derivatives. Dashed boxes: last syntheti-
cally accessible intermediates. Reagents and conditions: (a) Boc2O, DMAP, THF, argon
atmosphere, rt, 18 h, 81–86 %; (b) DBDMH, CCl4, 300 W sun lamp, rt, 4–10 d, 60 –66 %;
(c) different reagents and conditions, no desired product; (d) TFA, DCM, rt, 24 h, 89 %;
(e) different reagents and conditions, no desired product.

The best results for obtaining CF2Br-bearing 54d and 55d were achieved by bromination
of 54a and 55a with 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) in tetrachloromethane
under illumination with a 300 W sun lamp and at ambient temperature. Alternatively,
benzene could also be used as a solvent. For the bromination reaction, DBDMH was
preferable to the more common reagent N-bromosuccinimide (NBS) [44,47] because fewer by-
products and higher yields were obtained. After irradiation for 4 days, 54d could be isolated
with a yield of 66 % and 55d could be isolated after 10 days with a yield of 60 %. Bromination
of 56a was not successful under any condition. As shown in scheme 16, position 1 of the
imidazo[1,5-a]pyridine ring system showed high reactivity to bromination, while the CF2H
group was never converted to a CF2Br group even with an excess of brominating reagent
under different conditions. [231,232]

N CF2H
N

(Boc)2N

N CF2H
N

(Boc)2N(a)

Br
56a 57

Scheme 16: By-product 57. Reagents and conditions: (a) e.g., DBDMH, CCl4, reflux, 18 h.
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3 RESULTS AND DISCUSSION

The successfully brominated intermediate 54d and 55d had to be deprotected in the
final step. The benzisoxazole derivative 55d was deprotected with 4 M HCl in 1,4-dioxane,
obtaining test compound 52d with a yield of 89 %. In contrast, deprotection of the acid-
labile Boc protecting groups of 54d with TFA or HCl in different solvents at different
temperatures always led to non-specific degradation. In a deprotection experiment, 54d
was refluxed in aqueous HCl with two acid equivalents per Boc group, yielding up to 20 %
of the CF2Cl-bearing intermediate 51c. However, 51c was also not stable and decomposed
over time.

N
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CF2Br
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N

H2N
CF2 Br+N

N

N
CF2Br

O
O

O
O

O

O [HCl]
N
N
H

H2N
CF2ClHCl

54a

51c

Scheme 17: Presumed reaction mechanism resulting in 51c as by-product. First, elimination of a
bromine atom. Second, addition of a chlorine atom.

This led to the hypothesis shown in Scheme 17. Due to mesomeric effects, the bromine
atom was eliminated to form difluoromethylene and the chlorine atom was added. The fact
that 51c was not stable was probably also due to the elimination of chlorine, which was
slower than that of bromine. Company UCB Pharma (UCB Biopharma SRL, Belgium) filed a
patent in 2011 in which a homologous reaction was used to obtain a CF2Cl intermediate, as
shown in Scheme 18. [81] This is an intermediate step in the synthesis of the antiepileptic
drug padsevonil (Figure 6 on page 9).
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Scheme 18: Padesvonil intermediate synthesis.
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3.2.4 Biophysical Assessment

Compounds 51a, 52a and 53a with CF2H moiety as well as 51b, 52b and 53b with CF3 moiety
(Figure 29) were evaluated using STD NMR and ITC against JNK1 and JNK3, respectively.
The benzisoxazole with 52d CF2Br moiety was tested only using ITC. Since the chlorine- and
bromine-containing analogs with exception of 52d were not synthetically accessible, as
described in Section 3.2.3, only the compounds with CF2H and CF3 group were investigated.
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N
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CF2Br
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52c

Indazole Benzisoxazole Imidazo[1,5-a]pyridine

Figure 29: Test fragments: Indazole (51a,b), benzisoxazole (52a,b,d) and imidazo[1,5-a]pyridine
(53a,b) derivatives.

As shown in Table 14 on the next page, only the imidazo[1,5-a]pyridines 53a and
53b were detectable by STD NMR according to our positive criterion (signal three-times
larger than the background noise). No STD effect of hydrogen atoms was observed for all
fragments, except for the C-1 hydrogen atoms of 53a and 53b, which could be due to the fact
– based on the known literature [219,220] – that they bind to the hinge region with hydrogen
bonds (Figure A2 on page 231). Since the other derivatives do not have a C H moiety in
this position and N H is not visible in this NMR experiment, they inevitably remained
negative in STD NMR. All other aromatic 1H nuclei also did not exhibit a positive STD signal
(a signal intensity three times greater than the local noise in the difference spectrum).

Regardless of the STD NMR screening result, all fragments were measured by ITC against
JNK1 and JNK3. The benzisoxazoles 52a,b,d were confirmed as too weak or not binding.
Apparently, the oxygen atom in the ring system has an adverse impact on the binding.
A potential HB/XB cannot compensate for this. The positive STD signal of 53a and 53b
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Table 14: Biophysical measurements using STD NMR and ITC against JNK1 and JNK3. Red colored
dot ( ): no binding event or not detectable. Green colored dot ( ): detected binding
event. Molecular weight (MW) in gmol−1, HA is the number of heavy atoms, ITC is the
measured Kd in µM, and LE is the ligand efficiency as defined in equation 8 on page 123.

JNK1 JNK3

Compound X Spacer MW HA STD Kd (µM) LE STD Kd (µM) LE

51a H N/A 183.2 13  68±20 0.45  12 0.53
52a H N/A 184.1 13  >1000  >1000
53a H N/A 183.2 13  92±40 0.43  109 0.40
51b F N/A 201.2 14  61±13 0.42  100 0.43
52b F N/A 202.1 14  >1000  >1000
53b F N/A 201.2 14  80±24 0.41  >1000
52d Br N/A 263.0 14 >1000 >1000

already indicated that an HB donor could be essential in this position; and indazoles (51a,
51b) with N H moiety bound more strongly than imidazo[1,5-a]pyridines (53a, 53b) with
C H moiety.

In the case of JNK1, all CF2H-bearing indazole (51a) and imidazo[1,5-a]pyridine (53a)
derivatives bound in the same order of magnitude as their corresponding CF3 analogs
(51b) and 53b). The indazole fragment 51a bound at a Kd of 68µM and 51b at a Kd of 61µM,
while the imidazo[1,5-a]pyridine 53a had a Kd of 92µM and 53b a Kd of 80µM. Due to
the difference in the number of heavy atoms (HA), a slightly increase in ligand efficiency
(LE) of 5–7 % was detectable for CF2H (LE = 0.45 / 0.43) compared to CF3 (LE = 0.42 / 0.41)
derivatives.

For JNK3, more pronounced differences were observed between the CF2H and
CF3 variants. The CF2H indazole 51a bound at Kd of 12µM and the CF3 derivative 51b
gave a Kd of 100µM. This represented a 23 % increase in LE from 0.43 to 0.53 in favor of
51a. For the CF2H imidazo[1,5-a]pyridine 53a, a Kd of 109µM was determined, whereas the
CF3 analog 53b was not determinable due to weak binding. For further investigation of the
observed effect in JNK3, protein crystals were prepared in complex with 51a, as detailed
in the following Section 3.2.5.
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3.2 Indazole-based Kinase Inhibitors

3.2.5 Crystal Structure of JNK3 in Complex with Compound 51a

The CF2H indazole derivative 51a was soaked into JNK3 crystals obtained by a sitting-drop
procedure. The processing and refinement statistics are summarized in Table 15. The JNK3
crystal structure was solved in space group P21212 (18) with two chains in an asymmetric
unit and a resolution of 1.92Å. Parts of the activation loop (A-loop) (Chain A: position
214–215, 221–228; chain B: position 214–224), P-loop (Chain A / B: position 71–75), and
C-terminus of Chain B (position 376–382) were not solved. Ligand 51a bound in the ATP
binding site of chain A and chain B. The density of X-ray structural analysis permitted
the determination of two 180◦ flipped ligand molecules in each ATP binding site (50:50
occupancy; Chain A: 51a-A, 51a-B; chain B: 51a-C, 51a-D; see Figure 30a,b on page 76).

Table 15: Crystallographic data for JNK3 in complex with 51a.

51a

Wavelength 0.92
Space Group P21212 (18)
Cell Dimensions

a,b,c (Å) 110.07, 155.79, 43.83
α,β,γ (◦) 90, 90, 90

Resolution Range (Å) 50–1.92 (2.04–1.92)
Redundancy 8.06 (8.16)
Completeness (%) 99.9 (99.9)
Mean I/σ (I) 10.91 (1.08)
Rmeas (%) 12.3 (208.4)
CC1/2 (%) 99.8 (43.4)
Wilson B (Å2) 47.0

Resolution Included (Å) 46.97–1.92
Rwork/Rfree (%) 20.19 / 23.17
Bond RMSD (Å) 0.01
Angle RMSD (◦) 1.158
Ramachandran (%)

outliers, allowed, favored 0 / 1.82 / 98.18
Rotamer Outliers (%) 3.96
All-Atom Clashscore 2.36
Average B Factor

Overall (Å2) 45.51
Protein (Å2) 45.43
Ligand (Å2) 45.86
Water (Å2) 44.67
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All four modes bind to the hinge region, as shown in Figure 30c–f. Indazole 51a forms
HBs with the backbone NH of M149 and the oxygens of Q147 and M149 (HB distances
of 2.3–4.4Å). Serveral CH–π contacts surround the top and bottom side of the aromatic
system. The amine functions of 51a-A and 51a-C are on the solvent exposed side, whereas

(a) Chain A: 51a-A, 51a-B (b) Chain B: 51a-C, 51a-D

5.3 Å 

S193

(c) Chain A: 51a-A

6.0 Å 

S193

(d) Chain B: 51a-C

(e) Chain A: 51a-B

3.4 Å 

(f) Chain B: 51a-D

Figure 30: JNK3 crystallized with fragment 51a in the ATP binding site. (a,b) Two binding modes
were identified in chain A and B, respectively (Chain A: 51a-A (blue), 51a-B (orange);
chain B: 51a-C (blue), 51a-D (orange)). (c) CF2H group of 51a-A in chain A is facing the
backbone oxygen of S193 (CH···O: 5.3Å). (d) CF2H group of 51a-C in chain B is facing the
backbone oxygen of S193 (CH···O: 6.0Å). (e) CF2H group of 51a-B in chain A is without
a potential interaction partner. (f) CF2H group of 51a-D in chain B is facing a water
oxygen (CH···O: 3.4Å).
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ligands 51a-B and 51a-D are flipped around a 180◦ axis with the same amine deep in the
pocket. Analogously, the CF2H groups of 51a-B and 51a-D are located deeper in the binding
pocket. Further differences are found in the interaction partners of the CF2H moieties.
Modes 51a-A and 51a-C are involved in a long-distance HB (CH···OS193: 5.3Å / 6.0Å) with
the HB-tuned CF2H group targeting the intended backbone oxygen of S193, as proposed
in Section 3.2.2 on page 66. The spacing is sufficiently large for a halogen atom (X = Cl,
Br, I). As shown in Figure 30, the CF2H groups clearly align toward S193. For this cause,
a fluorine atom is inclined to the ring plane, respectively. Although the ΔE contribution
may seem negligible due to the distance, it appears to be present based on the directional
conformation. More obvious is the HB interaction of ligand mode 51a-D with a water
molecule (Figure 30f). The CF2 H bond is approximately in the plane of the aromatic
indazole ring to engage in this HB interaction at a distance of 3.4Å (CH···OH2O).

3.2.6 Conclusion

The ITC data and crystal structure show that a PDB decoration scan is a generally suitable
tool for identifying protein binding ligands with CF2X moieties (X = H, Cl, Br, I). We found
indazoles (51a,b) with CF2H moieties binding to JNK1 and JNK3, and derived from them
also binding imidazo[1,5-a]pyridine derivatives (53a,b). The preparation of the desired
indazoles 51d and imidazo[1,5-a]pyridine 53d with CF2Br groups (and indazole with CF2Cl
51c group) in this specific example failed due to synthetic accessibility. Molecular insta-
bility caused by mesomeric properties (indazole) and deficiency of the brominability of the
CF2H group (imidazo[1,5-a]pyridine) are possibly limiting factors. These are factors that
must be considered in future synthesis strategies. With protected aromatic NH function
or an oxygen atom instead, CF2Br-bearing indazoles (54d) and benzisoxalzoles (52d and
55d) are synthetically achievable, but lose their binding capability. Thus, a sterically
undemanding NH or CH function as HB donor is mandatory for binding in these chemical
pattern structures. Only JNK3 showed significantly better binding for CF2H-bearing
indazoles / imidazo[1,5-a]pyridines (Kd = 12µM/ 109µM) compared to those with CF3 group
(Kd = 100µM/>1000µM). This could be due to differences in the binding pocket, but would
need further investigation in the future.
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3.3 Synthesis of Amino Acids Bearing CF2X Moieties and Their Appli-
cation to p53-Derived Peptides Binding to MDM2/MDM4

Parts of this Section 3.3 were published in:

S. Vaas, M. O. Zimmermann, T. Klett, and F. M. Boeckler. Synthesis of Amino Acids Bearing
Halodifluoromethyl Moieties and Their Application to p53-Derived Peptides Binding to
Mdm2/Mdm4. Drug Des. Dev. Ther. 2023, 17, 1247–1274. doi: 10.2147/DDDT.S406703 [184]

Reprinted with permission from Drug Des. Dev. Ther. 2023, 17, 1247–1274. Copyright ©
2023 The Authors (CC BY-NC 3.0). This work is published and licensed by Dove Medical
Press Limited.

3.3.1 Abstract

Therapeutic peptides are a significant class of drugs in the treatment of a wide range of
diseases. To enhance their properties, such as stability or binding affinity, they are usually
chemically modified. This includes, among other techniques, cyclization of the peptide
chain by bridging, modifications to the backbone, and incorporation of unnatural amino
acids. One approach previously established, is the use of halogenated aromatic amino
acids. In principle, they are thereby enabled to form halogen bonds. In this study, we
focus on the R CF2X moiety (R = O, NHCO; X = Cl, Br) as an uncommon halogen bond
donor. These groups enable more spatial variability in protein-protein interactions. The
chosen approach via Fmoc-protected building blocks allows for the incorporation of these
modified amino acids in peptides using solid-phase peptide synthesis. We demonstrate
that a p53-derived peptide with Lys24Nle(εNHCOCF2X) against MDM4 has an improved
inhibition constant Ki compared to the unmodified peptide. The decreasing Ki value
with increasing size of halogens (F > Cl > Br) indicates a formation of a halogen bond.
By reducing the side chain length of Nle(εNHCOCF2X) to Abu(γNHCOCF2X) and through
quantum mechanical calculations, we suggest that the observed affinity enhancement
is related to halogen bond-induced intramolecular stabilization of the α-helical binding
mode of the peptide or a direct interaction with His54 in human MDM4. Therapeutic
peptides are a significant class of drugs in the treatment of a wide range of diseases. To
enhance their properties, such as stability or binding affinity, they are usually chemically
modified. This includes, among other techniques, cyclization of the peptide chain by
bridging, modifications to the backbone, and incorporation of unnatural amino acids.
One approach previously established, is the use of halogenated aromatic amino acids.
In principle, they are thereby enabled to form halogen bonds. In this study, we focus
on the R CF2X moiety (R = O, NHCO; X = Cl, Br) as an uncommon halogen bond donor.
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

These groups enable more spatial variability in protein-protein interactions. The chosen
approach via Fmoc-protected building blocks allows for the incorporation of these modified
amino acids in peptides using solid-phase peptide synthesis. We demonstrate that a p53-
derived peptide with Lys24Nle(εNHCOCF2X) against MDM4 has an improved inhibition
constant Ki compared to the unmodified peptide. The decreasing Ki value with increasing
size of halogens (F < Cl < Br) indicates a formation of a halogen bond. By reducing the side
chain length of Nle(εNHCOCF2X) to Abu(γNHCOCF2X) and through quantum mechanical
calculations, we suggest that the observed affinity enhancement is related to halogen
bond-induced intramolecular stabilization of the α-helical binding mode of the peptide or
a direct interaction with His54 in human MDM4.

3.3.2 Introduction

Halogenated amino acids and peptides have been the subject of interest in recent
research. [87,88,121,122,233–243] Several reviews address the occurrence of natural halogenated
amino acids in microbial organisms, bioactive features, e.g., in antimicrobial peptides,
or the potential of biomimetic engineering in peptide-based drug development and self-
assembly. While a wide range of chlorine-, bromine- and iodine-substituted aromatic amino
acids in nature are described, the known aliphatic halogenated amino acids are essentially
limited to chlorine derivatives due to reactivity of the halogens in aliphatic compounds. In
addition, numerous synthetically accessible amino acids have been described in the litera-
ture, in particular derivatives of the proteinogenic amino acids phenylalanine, tyrosine,
tryptophan, and histidine. [89,90]

Peptides for therapeutic applications are often derived from natural products or are
protein mimetics modified to improve properties such as stability or affinity. These modifi-
cations include the use of d-amino acids instead of l-amino acids, modification of the
peptide backbone, attaching of lipids or polymers, protection of peptide termini, bridging
and cyclization to chemically constrained peptides, and incorporation of unnatural building
blocks, for instance halogenated amino acids. [93,95,244]

Halogenation of amino acid side chains or drugs in general appears to be an effective
tool for modulating binding selectivity and increasing binding affinity. [91] This modification
affects also physicochemical properties of peptides, such as catabolic stability, lipophilicity,
and membrane permeability. [92] In addition, chlorine, bromine, and iodine are able to
engage in halogen bonding (XB). A halogen bond is a non-covalent bond based on attrac-
tive interactions between an electron donor (B) and an electron-deficient region of the
halogen (X), the σ-hole, which results from the anisotropic electron distribution of the
halogen. [5] This interaction is strongly directed along the C X···B axis, with the best inter-
action energies found at an angle of 180◦ with a deviation of up to 30◦ and an X···B distance
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3 RESULTS AND DISCUSSION

of about 3–4Å. [4,6] Electron donors in proteins are typically the backbone carbonyl of the
main chain [8–10] and oxygen or nitrogen atoms of electron-rich side chains (eg, aspartate,
glutamate), [11] serine, histidine, [12] or sulfur in methionine. [13]

As described, halogens bound to aromatic systems are particularly stable relative to
aliphatic compounds. In this work, instead of this conventional approach, we establish
amino acids with CF2Br ethers and CF2X acetamides (X = Cl, Br), where two electron-
withdrawing fluorine atoms are used to stabilize the C X bond. So far, amino acid-derived
compounds with sp3-hybridized CF2Br moiety have been described mainly as precursor
for the synthesis of difluoromethylene building blocks. [97,98] Applications of such moieties
to fragment-based drug discovery, their interactions in small molecule crystals and compu-
tational studies with respect to their use in molecular design are reported in Section 3.1 on
page 17.

First, we performed bottom-up synthesis of Fmoc-protected phenylalanine with a CF2Br
ether function in either meta or para position. In addition, we prepared the CF2X acetamides
by one-step syntheses from Fmoc-protected lysine and 2,4-diaminobutyric acid. Fmoc-
protection of the amine was necessary for its use in solid-phase peptide synthesis (SPPS).
For evaluation, the synthesized amino acids were incorporated into 12-mer p53-derived
peptides by automated SPPS.

The tumor suppressor protein p53 is an important oncologic target and is known to
be implicated in most of all human cancers. [245,246] Rescuing p53 mutations and targeting
the p53 regulatory network has been a focal point of our research. [6,7,201,213,247? –250] The
proteins MDM2 and MDM4 are negative regulators of p53, and their interaction is a common
model system for evaluating inhibition of protein-protein interactions (PPIs). [94] Both
proteins bind to the same sequence in the intrinsically disordered N-terminus of p53
with their structurally very similar N-terminal domains. [251,252] The surface region of
the binding site of MDM2 and MDM4 are small hydrophobic clefts [253,254] with limited
molecular interaction capabilities. The critical amino acids Phe19, Trp23 and Leu26 (p53
numbering) involved in the binding are found in almost every peptide sequence described
in literature. [255] Mutations of these amino acids lead to a drastic loss of binding affinity. [256]

These properties hinder the substitution of these three amino acids by other proteino-
genic and non-proteinogenic amino acids and complicate the introduction of new PPI
contacts that could lead to stronger interactions. Therefore, in our study, we consider the
enhancement of direct peptide-protein interactions, as well as the stabilization of the helix
formation of the p53 peptide by forming an intramolecular interaction.

This PPI model was used to evaluate our p53-derived sequences containing the CF2X-
bearing amino acids by determination of Ki values using a competitive fluorescence
polarization (FP) assay [257] with an N-terminal fluorescein-labeled high-affinity peptide as
probe. [248,255,258]
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

3.3.3 PDB Database Screening and Sequence Selection

Trying to rationalize possible applications of CF2X-bearing amino acid side chains in
PPI, we scanned HIV-1 protease, MDM2, and MDM4 Protein Data Bank (PDB) entries via
aromatic C atom decoration of phenylalanine and tyrosine using a PyMOL/Python script.
The attached substituents were rotated along its individual axes in five-degree steps. Hits
with suitable C X···B angle and X···B distance (B = N, O) were checked. Incidentally, the
search was limited to the entries of resolved crystal structures deposited in the PDB.

Two selected findings are shown in Figure 31. Figure 31a shows a peptide phenylala-
nine decorated with a CF2Br unit in para position in a CA-p2 substrate/HIV-1 protease
complex (PDB ID: 1A8K; peptide sequence: RVL-r-FEA-Ahx-NH2), [259] with a σ-hole angle
of 165.8 ◦C and a distance of 3.4Å to the Pro81 backbone oxygen. Another decoration
result was found in a PMI (N8A mutant)/MDM2 complex (PDB ID: 3LNZ; peptide sequence:
TSFAEYWALLSP) [256] as shown in Figure 31b, where a peptide tyrosine was decorated
in meta position. The CF2Br ether moiety intramolecularly targets a peptide threonine
with a C Br···O angle of 177.2◦ and an X···O distance of 3.0Å. Suitable peptide decorations
with direct interaction between peptide and MDM2/MDM4 were not found in contrast to
intramolecular side chain interactions, which may be due to the nature of the binding
pocket described in the introduction. Inspired by these results, the syntheses of halogenated

Pro81

3.4 Å
165.8°

(a) 1A8K, HIV-1 Protease

177.2°

3.0 Å

Thr1

(b) 3LNZ, MDM2

Figure 31: PDB decoration scan of aromatic amino acids in peptides. (a) CF2Br methyl unit
attached to a phenylalanine in para position targeting the backbone oxygen of Pro81
in a CA-p2 substrate/HIV-1 protease crystal structure (PDB ID: 1A8K). (b) CF2Br ether
moiety attached to a tyrosine in meta position intramolecularly targeting a peptide
threonine side chain in a 12-mer peptide inhibitor PMI (N8A mutant)/MDM2 crystal
structure (PDB ID: 3LNZ).
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Fmoc-protected phenylalanines were planned and performed as described. Due to chemical
stability considerations, the synthesis of amino acids with a catechol substructure (as shown
in Figure 31b) was omitted. In addition to the ether function, we also attempted to prepare
a thioether and sulfone isostere.

As a second approach, non-aromatic amino acids were synthesized by acetylation of
aminated alkyl side chains and their incorporation into the 17-28p53 wild-type sequence
(ETFSDLWKLLPE) mutating Lys24Nle(εNHCOR) and Lys24Abu(γNHCOR) (with R = CH3,
CF2H, CF3, CF2Cl and CF2Br). Due to the large number of degrees of freedom in the lysine side
chain, computational decoration scans of PDB structures were not considered appropriate
here. Besides the importance of being located in the sequence binding to MDM2/MDM4, the
p53 sequence interacts with mitochondrial E3 ubiquitin protein ligase 1 (MUL1) resulting in
ubiquitination of cytoplasmic p53 at Lys24 and subsequent proteasomal degradation. [260]

Acetylated lysine is no longer expected to cross-link interchain with the C-terminal glycine
of ubiquitin. Known mutation Lys24Arg in p53 abolishes ubiquitination by MUL1 and
the somatic mutation Lys24Asn is implicated in sporadic cancer. [261] Therefore, we were
interested in evaluating the p53 sequence by modifying the existing Lys24 via different
substituted acetyl groups.
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

3.3.4 Amino Acid Synthesis

3.3.4.1 Aromatic Amino Acids based on Phenylalanine with CF2Br Moiety

The amino acid precursors 71–75 containing CF2Br functionality were synthesized from
methylbenzene derivatives as shown in Scheme 19. A brominatable methyl unit was
mandatory to introduce the diethylacetamidomalonate function, which was subsequently
converted to the amino acid function.

(e)(d)R1 R1

R2

R1 = OH; R2 = H
R1 = H; R2 = OH

60 R1 = OCF2CO2H; R2 = H
61 R1 = H; R2 = OCF2CO2H

I
F F

O

O

F F
OH

O

R1

R2

62 R1 = CF2Br; R2 = H
63 R1 = OCF2Br; R2 = H
64 R1 = H; R2 = OCF2Br
65 R1 = SCF2Br; R2 = H

R2

SH(f)

(b)(a)

(c)

58 59

(h)
R1

R2

66 R1 = CF2Br; R2 = H
67 R1 = OCF2Br; R2 = H
68 R1 = H; R2 = OCF2Br
69 R1 = SCF2Br; R2 = H

Br

R1

O

O

O

O

O NH
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71 R1 = CF2Br; R2 = H
72 R1 = OCF2Br; R2 = H
73 R1 = H; R2 = OCF2Br
74 R1 = SCF2Br; R2 = H
75 R1 = SO2CF2Br; R2 = H

(g)

(i)

Scheme 19: Synthesis of 3-/4-methylbenzene derivatives containing CF2Br moiety as precursors for
amino acid synthesis. Reagents and conditions: (a) Ethyl bromodifluoroacetate, act.
Cu0, argon atmosphere, 60 ◦C, 26 h; (b) 1 M aq. K2CO3/MeOH (1:1), rt, 18 h; (c) (1) (COCl)2,
DMF (cat.), DCM, rt, 3 h; (2) DMAP, sodium-N-hydroxy-2-thiopyridone, BrCCl3, argon
atmosphere, 300 W sunlamp, rt, 20 h; (d) (1) NaH, 1,4-dioxane, argon atmosphere, rt,
30 min; (2) potassium 2-bromo-2,2-difluoroacetate 1a, 1,4-dioxane, argon atmosphere,
80 ◦C, 20 h; (e) (1) (COCl)2, DMF (cat.), DCM, rt, 3 h; (2) DMAP, sodium-N-hydroxy-2-
thiopyridone, BrCCl3, argon atmosphere, 120 ◦C, 2 h; (f) (1) NaH, DMF, rt, 0 ◦C; (2)
CF2Br2, DMF, 0 ◦C, 3 h; (g-1) NBS, ABCN, CCl4 or benzene, argon atmosphere, reflux, 8 h;
(g-2) diethylacetamidomalonate, K2CO3, KI, ACN, argon atmosphere, reflux, 18 h; (g-2)
mCPBA, DCM, rt, 18 h.
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Ethyl 2,2-difluoro-2-(p-tolyl)acetate (58) was synthesized by means of Ullmann coupling
using hydrochloric acid activated copper(0) as catalyst. [69,262] The obtained ester was
hydrolyzed under basic conditions to halogenate the free carboxylic acid (59) by Barton
decarboxylation. The Barton decarboxylation requires the in situ generation of a Barton
ester using acid chloride generated with oxalyl chloride and sodium-N-hydroxy-2-thio-
pyridone as reagent, [68] which is followed by a photoinduced radical decarboxylation.
With a suitable radical trapping agent such as BrCCl3, the introduction of a bromine is
possible, as performed in our case to obtain 62 with a yield of 41 %.

p-Cresol and m-Cresol were elaborated to give bromodifluoromethoxylated derivatives
using a reaction sequence with analogous intermediates. [43] The free carboxylic acids 60
and 61 were generated via nucleophilic substitution directly with the reagent potassium
bromodifluoroacetate (1a) under basic conditions bypassing ester hydrolysis. In contrast
to photolyzed Barton decarboxylation at methyl groups, this reaction with methoxy groups
requires higher temperatures around 120 ◦C for 2 h and provided slightly higher yields
with 51 % for 63 and 54 % for 64.

The synthesis of bromodifluoromethyl sulfone had the advantage that it was directly
obtained from the corresponding thiol in a one-step synthesis due to the higher nucle-
ophilicity of thiolates compared to alcoholates. In the first step, sodium hydride was used
to generate the thiolate, which was reacted with reagent CF2Br2 to obtain 65 with a yield of
63 %.

The CF2Br thioether moiety could be directly obtained from the corresponding thiol in
a one-step synthesis, due to the higher nucleophilicity of thiolates compared to alcoholates.
In the first step, sodium hydride was used to generate the thiolate, which was reacted with
reagent CF2Br2 to obtain 65 with a yield of 63 %. [43,189] The synthesized compounds with
CF2Br moieties (62–65) were all brominated at the methyl position and, without further
purification, converted to the amino acid precursors 71–74. [263] The yield of this two-step
synthesis varied from 45 % for 71 to 77 % for 74. In addition, 65 was oxidized with mCPBA
to the sulfone derivative 75 with a yield of 73 %. [189]

Synthesizing amino acid functionality while maintaining the CF2Br moiety was a partic-
ular challenge. Two possible routes to obtain Fmoc-protected amino acids are shown
in Scheme 20 on the next page. Route (a) presents a one-pot-synthesis under heat with
harsh acidic conditions leading to ester hydrolysis, amide hydrolysis and decarboxyla-
tion, followed by subsequent Fmoc-protection of amine functionality and chiral column
chromatography. The simplest reaction condition is refluxing in concentrated hydrochloric
acid. This and different modulations of temperature, reaction time, acids, acid concentra-
tions, organic solvents and organic solvent contents did not result in the desired products.
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Scheme 20: Two possible routes to obtain Fmoc-protected amino acids. Route (a) presents acidic
conditions and route (b) alkaline reaction conditions.

With bases such as NaOH, it is possible to generate amino acids according to route
(b) while retaining the acetamido and CF2Br2 moiety (Scheme 20). This was achieved for
72 and 73, while 71, 74 and 75 also degraded with this method (Scheme 21). In principle,
this method can be carried out in one step under heat, see 76 with a yield of 57 %. Alter-
natively, hydrolysis can be done first at room temperature under basic condition and
decarboxylation in a second step without base under heat.
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R1 = OCF2Br; R2 = H
R1 = H; R2 = OCF2Br

76 R1 = OCF2Br; R2 = H
77 R1 = H; R2 = OCF2Br

78 R1 = OCF2Br; R2 = H
79 R1 = H; R2 = OCF2Br

80 R1 = OCF2Br; R2 = H
81 R1 = H; R2 = OCF2Br

Scheme 21: Synthesis of Fmoc-protected amino acid derivatives containing CF2Br moiety. Reagents
and conditions: (a-1/2) 72, NaOH, MeOH/H2O (3:1), rt, 1 h, then 80 ◦C, 3 h; or: (a-1) 73,
NaOH, MeOH/H2O (3:1), rt, 4 h; (a-2) THF/H2O (3:1), 3 h, 70 ◦C; (b) 76, 0.1 M phosphate
buffer (pH 8), CoCl2, Amano Acylase, rt, 6 h; or: 77, 1 M aq. NaOH, pH 7.0–10, Amano
Acylase, rt, 4 h; (c) Fmoc-Cl, Na2CO3, 1,4-dioxane, rt, 4 h.
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The second method resulted in a higher yield of 93 % for the conversion of 73 to 77.
An additional advantage of this synthetic route (b) was that an enzymatic resolution of
enantiomers was performed in the following step, which eliminated the need for separation
via chiral column chromatography. Amano Acylase was used for acetamide cleavage of
only the l-enantiomers, while the d-enantiomers were left acetylated. The yields were 10 %
for 78 and 13 % for 79, although it should be noted that the maximum yield could only be
50 %. In order to use the amino acids in peptide synthesis, they were Fmoc-protected in
the final synthesis step (80 and 81).

3.3.4.2 Non-aromatic Amino Acids with CF2X Acetamide Moiety

Another method to obtain Fmoc-protected amino acids with CF2X moiety is to modify side
chains with amine function by coupling with derivatives of acetic anhydride or other acetic
acid-based reagents to their corresponding CF2X acetamides. The advantage is that the
desired products can be achieved in a one-step synthesis due to the commercial availability
of the reagents. Fmoc-l-Nle(εNHCOCH3)-OH (82a) and Fmoc-l-Nle(εNHCOCF3)-OH (82c)
are commercially available and applicable for solid-phase peptide synthesis.

82a-e (n=3)
83a-e (n=1)

(a)

FmocHN

NH2

OH

O
FmocHN

NH

O

By-product of 83a-e:

n=1,3

FmocHN

HN

OH

O

n=1,3

O

R

84

Scheme 22: Synthesis of Fmoc-protected l-norleucine (82a–e) and l-α-aminobutyric acid (83a–e)
derivatives containing acetamide moiety. R = CH3, CF2H, CF3, CF2Cl, CF2Br. Reagents
and conditions: (a) NMM, corresponding anhydride (RCO)2O, THF, argon atmosphere,
0 ◦C to rt, 2.5 h.

For the studies presented in this work, acetylated derivatives of Fmoc-protected
l-norleucine with a side chain of four methylene groups and Fmoc-protected l-α-amino-
butyric acid, a shorter variant with a side chain of two methylene groups, were synthesized
as shown in Scheme 22. All derivatives were synthesized in THF with NMM as base through
addition of the appropriate anhydride. Iodine derivatives were not synthesized because
difluoroiodoacetic anhydride was not commercially available. As Table 16 on the next
page shows, there were significant differences in the yields. In principle, the yields of
acetylated lysine analogs 82b,d,e were with >50 % higher than those of the shorter variants
83a–e with <50 % yield, which made this synthesis method more suitable for the lysine
derivatives.
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Table 16: Comparison between yields of Fmoc-protected Nle and Abu derivatives. Synthesis proce-
dures: see Section 6.3.7 on page 182.

Yields (%)

Compound R Nle (82) Abu (83) By-product (84)

a CH3 N/Aa 45.0 N/Ab

b CF2H 89.9 24.6 13.8
c CF3 N/Aa 21.6 64.4
d CF2Cl 55.7 23.3 29.9
e CF2Br 57.0 23.7 43.6

a Commercially available.
b Not detected.

Acetylation of l-α-aminobutyric acid instead tended to form the five-membered γ-lactam
(84), which was confirmed by mass spectroscopy and NMR. The obtained yields of the
by-product (14–64 %) were not consistent in relation to the halogenated main products
(20–25 %). Seven-membered ε-lactam by-products of 82a–e synthesis were not observed.
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3.3.5 Peptide Synthesis

3.3.5.1 Solid-Phase Peptide Synthesis

Solid-phase peptide synthesis (SPPS) was first described in 1962 by Bruce Merrifield, who
later received the Nobel Prize for this discovery. [264] All peptides synthesized in this thesis
were prepared using Fmoc method and SPPS, the most commonly used strategy for peptide
synthesis today. [265,266] A polyethylene glycol (PEG)-based Rink amide resin was applied
as the solid phase to provide C-terminal amides. Piperidine was used for Fmoc cleavage,
HBTU as coupling reagent, NMM as base, and acetic anhydride / 2,6-lutidine as capping
reagent after each cyclization coupling step. The peptides were treated with a solution of
tifluoroacetic acid (TFA), water, triisopropyl silane (TIPS) and phenol (about 90/4.5/4.5/1-
ratio) to remove all the side chains and to cleave the peptides from the resin (detailed
procedure see Section 6.2.1 on page 135).

Chromatographic reversed-phase purification did not reveal any significant difference
in the purity and yield of the peptides containing the CF2Br ether and CF2X amide moieties
compared to the peptides prepared entirely from standard Fmoc-protected amino acids.
Consequently, the modified amino acids can be exposed to strongly basic as well as strongly
acidic conditions without any loss of the CF2X group or other peptide degradation. Even
mild reducing agents such as TIPS, which acts as a hydride donor scavenger, do not appear
to have any adverse effects. [267] All synthesized peptide sequences with detected high-
resolution masses were listed in Table 18 on page 91 and Table 19 on page 92.

3.3.5.2 Peptide Cyclization: Optimization of Copper(I)-catalyzed Alkyne-Azide Cyclo-
addition Reaction

To investigate the properties of the peptide helicity due to a potential intramolecular
XB interaction, chemically constrained peptides were synthesized in addition to their
linear peptide analogs. The exact experimental strategy and background are outlined
in Section 3.3.7.3 on page 100. Numerous methodologies are described for generating
peptides chemically constrained. [244] The triazole stapling method was chosen because of
the commercial availability of amino acids and the bridging range provided (i and i+n).

A triazole stapeling method is demonstrated by Cantel et al. in 2008 through cycliza-
tion of l-norleucine(εN3) and l-propargylglcyine at position i and i+4, mimicking the
amide-stapled peptide inhibitor of parathyroid hormone-related peptide (PTHrP). [268]

Kawamoto et al. described in 2012 further triazole-stapled peptides synthesized by copper(I)-
catalyzed alkyne-azide cycloaddition (CuAAC) reaction. They used BCL9 α-helical peptides
as a model varying the length and the l- and d-enantiomers of concerning amino acides to
investigated helicity and protein binding affinity interaction with β-Catenin. [269]
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Scheme 23: Exemplary CuAAC reaction of a 10-mer test peptide.

A large number of experiments following the protocols of Cantel et al. and Kawa-
moto et al. did not lead to the desired result of a triazole-stapled peptide (Scheme 23).
Increased and decreased equivalent combinations of copper and reducing agent (sodium
ascorbate and TCEP) from 1 to 20 eq and varying solvent ratio of t-BuOH / H2O did not result
in triazole-stapled peptides, but in undefinable white precipitation over the reaction time.
In addition, the peptides showed very low solubility in this solvent mixture. The analysis
was complicated by the fact that reactant and product had the same molecular mass and
the retention shift of linear peptide to stapled peptide in analytical HPLC was not known
at the outset.

However, some basic changes in the reaction conditions resulted in the desired product
with negligible by-products according to HPLC. Acetonitrile is usually avoided for Cu(I)-
catalyzed reactions because acetonitrile can coordinate on Cu(I). On the other hand, the
peptides showed much higher solubility in ACN / H2O (2:1) mixture and this mixture
could be directly injected into the semi-preparative C18 column for purification (see
Section 6.1.3 on page 133) after the completion of the reaction. A different solvent mixture
alone, however, did not yet lead to the successful reaction. Additionally base (NaHCO3)
leading to pH≥ 7 and a commercially available ligand (TBTA) were added. In a 2004 study,
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Table 17: Comparision between literature protocol [269] from Kawamoto et al. (2012) and optimized
CuAAC procedure for the generation of triazole-stapled peptides.

Literature Optimization

Solvent t-BuOH / H2O (2:1) ACN / H2O (2:1)
Peptide TPV-18 (with Nle(εNHCOCH3)) 1mgmL−1 8mgmL−1

Precatalyst (Cu(II)SO4 · 5 H2O) 4.4 eq 1.0 eq
Reducing agent (sodium ascorbate) 4.4 eq 2.0 eq
Ligand (TBTA) - 1.0 eq
Base (NaHCO3) - 5.0 eq

Chan et al. described TBTA as a ligand that stabilized Cu(I), protected from dispropor-
tionation and increased the yield in a large number of copper(I)-catalyzed alkyne-azide
cycloadditions. [270] If these changes were taken into account and the triazole stapling
method was carried out under the conditions indicated in Table 17, the reaction was
completed within 30 minutes or less. The successful CuAAC reaction was confirmed by
NMR, as shown in Figure 32. Linear peptide had a propargyl hydrogen atom (TPV-18linear:
2.60ppm), while stapled peptide had a triazole hydrogen atom (TPV-18stapled: 7.59ppm).
The cyclized peptides had also a about two-minute shorter retention time compared to
their linear analogs.

Peptidestapled

Peptidelinear

Hpropargyl

(a) Propargyl-H.

Peptidestapled

Peptidelinear

Htriazole

(b) Triazole-H.

Figure 32: Linear vs. stapled peptide NMR control of TPV-18 (with Nle(εNHCOCH3)). (a) Propargyl
hydrogen atom in linear peptide. (b) Triazole hydrogen atom in peptide.
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Table 18: Peptide overview: Incooperated aromatic amino acids with different ether moiety based
on phenylalanine.
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3 RESULTS AND DISCUSSION

Table 19: Peptide overview: Incooperated non-aromatic amino acids with CF2X acetamide moiety.
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

3.3.5.3 Peptide Library

Table 18 on page 91 and Table 19 on the preceding page list all peptides studied in this thesis,
which were derived in Section 3.3.3 on page 81. All synthesized peptides were confirmed by
high-resolution mass spectroscopy (HR-MS). Tables 18 on page 91 contains peptides derived
from sequence H2N-TSFAEYWALLSP-CONH2

[256] whose Tyr6 (red) has been substituted by
modified phenylalanine-derived amino acids. The experimental results of these peptides
binding to MDM2 and MDM4 are discussed in Section 3.3.7.1 on page 96. All p53-derived
peptides are included in Table 19 on the preceding page, and their experimental data,
binding to MDM4 and CD spectroscopy findings, can be found from Section 3.3.7.2 on
page 98 onward. The modified amino acid of 17-28p53 (H2N-ETFSDLWKLLPE-CONH2) was
Lys24 (red) and in 17-26p53 (H2N-ETFSDLWKLL-CONH2) was additionally substituted Thr18
and Leu22 (green) for CuAAC cyclization.

3.3.6 Theoretical Basics of Biophysical Peptide Evaluation

3.3.6.1 Fluorescence Polarisation Assay

The fluorescence polarisation (FP) assay is a well-established method for studying peptide-
protein or protein-protein interactions (PPIs) and is suitable to high-throughput screening
applications. [271,272] By exciting a fluorophore with linearly polarized light, the polarization
of the emitted light is inversely proportional to the rate of molecular rotation. Since the
free fluorophore in solution has a high tumbling rate during the fluorescence lifetime,
the emitted light is largely depolarized. If a fluorescently labeled molecule, in this thesis
a peptide, binds to a protein, the tumbling rate of this complex is significantly reduced,
resulting in a higher polarization of the emitted light. Based on the different polarization
values of a molecule in its unbound and bound states, the ratio of bound and unbound
molecules can be derived from the observed polarization. Fluorescence polarization 𝑃 is
defined by Equation 1,

𝑃 =
𝐼∥ − 𝐼⊥
𝐼∥ + 𝐼⊥

(1)

where 𝐼∥ denotes the intensity of emitted light polarized parallel to the excitation light,
and 𝐼⊥ is the intensity of the emitted light polarized prependicular to the excitation light.
For fitting binding curves and displacement curves, the data are converted to anisotropy 𝐴
according to the following Equation 2:

𝐴 =
𝐼∥ − 𝐼⊥
𝐼∥ + 2𝐼⊥

=
2𝑃

3 − 𝑃 (2)
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3 RESULTS AND DISCUSSION

Using these converted data, equations are fitted to sigmoidal curves describing multiple
binding equilibria between the protein, the labeled probe, and a potential competitor.
The curves obtained can be used to determine the Kd value of labeled molecules. In this
work, N-terminal carboxyfluorescein-labeled peptide FAM-LTFEHYWAQLTS-CONH2 was
measured as a known high-affine MDM2/MDM4 fluorescent probe. [248] The concentration
of the probe in the competitive FP-assay with unlabeled test peptide should be as low as
possible and not higher than twice the probe Kd to avoid stoichiometric titrations. [272] The
protein concentration for the competitive assay is determined in the range of 50 % to 80 %,
the area of greatest magnitude of change, by direct titration of probe according to the
following Equation 3:

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛% = 1 − 𝐹𝑃 − 𝐹𝑃𝑚𝑖𝑛
𝐹𝑃𝑚𝑎𝑥 − 𝐹𝑃𝑚𝑖𝑛

(3)

In 2004, Nikolovska-Coleska et al. presented a modified Cheng-Prusoff equation, which
more accurately computes the Ki value for FP-based competitive binding assay condi-
tions. [257] This new Equation 4 is defined as:

𝐾𝑖 =
[𝐼]50

[𝐿]50
𝐾𝑑

+ [𝑃]0
𝐾𝑑

+ 1
(4)

Where Ki denotes the inhibition constant of an inhibitor to the protein, [𝐼]50 is the
concentration of the free inhibitor at 50 % inhibition, [𝐿]50 is the concentration of the
free labeled ligand at 50 % inhibition, [𝑃]0 is the concentration of the free protein at 0 %
inhibition, and Kd is the dissociation constant of the protein-ligand complex.

3.3.6.2 Circular Dichroism Spectroscopy

Local segments of proteins and peptides form a secondary structure: α-Helices and β-sheets
or adopt random coils. Peptides are usually arranged as α-helices or random coils. Using
circular dichroism (CD) spectroscopy, peptides can be analyzed for this secundary structure,
or more precisely: for the fraction between α-helix and random coil. When circularly
polarized light passes through an absorbing optically active medium such as peptides,
the speeds between right and left polarizations differ, as do their wavelengths and the
extent of their absorption. The difference between right and left polarization absorbtion is
circular dichroism and is measured as ellipticity θ. α-Helices have a minimum at 222nm
and 208nm, which are more distinct the larger the fraction of helices relative to other
structures. A conversion for ellipticity at 222nm normalized to peptide concentration and
length is given by the following Equation 5 on the next page:

94



3.3 Amino Acids and Peptides Bearing CF2X Moieties

[θ]222 =
θ222 ·𝑀
𝑐 · 𝑙 · 𝑛 (5)

Where [θ]222 denotes the mean residue weight ellipticity at 222 nm, θ222 is the measured
ellipticity at 222 nm, 𝑀 ist the molecular weight of peptide, 𝑐 is the peptide concentration,
𝑙 is the cell path length and 𝑛 is the number of amino acid residues in the peptide.

Assuming that the helix content of a peptide is linearly related to its mean residue
ellipticity as measured by CD at 222 nm, the maximum helix content is calculated according
to Luo and Baldwin (1997) by Equation 6: [273]

[θ]𝑚𝑎𝑥 =
−44000 + 250𝑇

1 − 𝑘
𝑛

(6)

Where [𝜃]𝑚𝑎𝑥 is the maximum helicity, 𝑇 is the temperature in ◦C, 𝑘 is a finite length
correction parameter with 𝑘 = 4 and 𝑛 is the number of amino acid residues in the peptide.
The relative amount of helicity is described by Equation 7:

𝐻𝑒𝑙𝑖𝑐𝑖𝑡 𝑦% =
[θ]222
[θ]𝑚𝑎𝑥

· 100 (7)
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3 RESULTS AND DISCUSSION

3.3.7 Biophysical Evaluation of Peptides with MDM2 and MDM4

3.3.7.1 Competitive FP-Assay of Peptides with CF2Br Ether Moiety

Prior to performing the competitive assays, direct titrations were carried out using 20nM
high-affinity probe FAM-LTFEHYWAQLTS-CONH2 to determine the working concentrations
of the proteins. For the competitive assay, a protein working concentration of 30nM was
determined for MDM2 and 60nM for MDM4, and the Kd values determined were 14.3 nM
and 38.2 nM, respectively. The test peptides were TPV-3 (CF2Br), TPV-4 (CF3), and TPV-5
(CH3) from Table 18 on page 91.
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Figure 33: (a–d) Relative fluorescence polarization (%) of competitive fluorescence polarization
assay for TPV-3, TPV-4 and TPV-5 with 20 nM fluorescence-labeled probe and 30 nM
MDM2 (Kd = 14.3 nM) or 60 nM MDM4 (Kd = 38.2 nM), measured in 5 % (v/v) or 10 % (v/v)
DMSO. Measurement series are shown as mean ± SD (each measuring point as quadru-
plicate; number of measurement series: n = 3).
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

As described in Section 3.3.3 on page 81, modification of the 12-mer peptide in MDM2
crystal structure 3LNZ with a CF2Br ether moiety was expected to result in intramolecular
XB bond with threonine side chain. This suggested that a peptide with the CF2Br ether
moiety should have a stabilizing effect on the helical secondary structure, and thus on the
overall bonding, compared to the CF3 ether variant. For comparison, a peptide containing
CH3 ether moiety was also measured.

As shown in Figure 33 on the facing page and Table 20, all tested peptides bound to
MDM2 and MDM4. Initially, a DMSO concentration of 5 % (v/v) was used. Very similar
values were obtained with Ki values ranging from 199nM to 258nM for MDM2 and slightly
better with 71nM to 82nM slightly better for MDM4. Due to the very moderate solubility of
the peptides, the measurements were repeated in 10 % (v/v) DMSO. As a result, all peptides
displaced the probe more effectively, but again, no significant differences between peptides
were observed in terms of inhibitory properties. The measured Ki values measured rang
from 171nM to 189nM for MDM2 and 55nM to 65nM for MDM4. Only at MDM2 TPV-3
displaced the probe better than TPV-4 (5 % (v/v) DMSO: 217nM vs. 258nM, and 10 % (v/v)
DMSO: 171nM vs. 189nM). Figure 33 on the facing page notably illustrates by the nearly
identical shape of the curve that all measured differences are not significant.

Table 20: Summary of competitive fluorescence polarization assay results of measured IC50 and
calculated Ki values (nM) for TPV-3, TPV-4 and TPV-5 with 20 nM fluorescence-labeled
probe and 30 nM MDM2 (Kd = 14.6 nM) or 60 nM MDM4 (Kd = 38.2 nM), measured in
5 % (v/v) or 10 % (v/v) DMSO. Values are shown as mean ± SD (each measuring point as
quadruplicate; number of measurement series: n = 3).

Phe6 MDM2 MDM4

DMSO Peptide (m-OR) IC50 (nM) Ki (nM) Ratio IC50 (nM) Ki (nM) Ratio

5 % TPV-3 CF2Br 736±15 217±4 1.00 258±9 82±3 1.00
TPV-4 CF3 809±28 258±8 1.19 237±7 75±3 0.91
TPV-5 CH3 676±24 199±7 0.92 221±7 71±3 0.87

10 % TPV-3 CF2Br 586±11 171±3 1.00 211±3 65±1 1.00
TPV-4 CF3 064±02 189±1 1.11 203±4 62±2 0.95
TPV-5 CH3 635±13 186±4 1.09 186±5 55±2 0.85

As shown in Figure 31b on page 81, we hypothesize that the putative XB interac-
tion occurs on the solvent exposed side of the peptide. This may have a detrimental
effect on peptide affinity. Experience with the solubilities of the modifications investi-
gated had shown that these decrease in aqueous environments in the following order:
CH3 > CF3 > CF2Br. Accordingly, the CF2Br moiety was disadvantageous compared to the
other two groups. Furthermore, the solubilizing hydroxy functionality contained in the
original tyrosine was removed. The binding mode could not be revealed since the growth
of MDM4/TPV-3 co-crystals were not successful.
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3 RESULTS AND DISCUSSION

3.3.7.2 Competitive FP-Assay of Peptides with CF2X Acetamide Moiety

This section is focused on the more decisive 17-28p53 peptide and its acetylated derivatives.
For the competitive assay with the 17- 28p53-derived peptides, a MDM4 working concentra-
tion of 30 nM was determined by direct titration using 20 nM high-affinity probe, and the
probe Kd determined was 11.5 nM.

Initially, peptides 17-28p53, TPV-6 to TPV-10 with modified Lys24Nle(εNHCOR) (R = CH3,
CF2H, CF3, CF2Cl, CF2Br; Table 19 on page 92) were measured by FP-displacement assay
with MDM4. As shown in Figure 34a and Table 21 on the facing page, significant inhibitory
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Figure 34: Relative fluorescence polarization (%) of competitive fluorescence polarization assay
for 17-28p53 and TPV-6 to TPV-16 with 20 nM fluorescence-labeled probe and 30 nM
MDM4 (Kd = 11.5 nM) in 5 % DMSO. Measurement series are shown as mean ± SD (each
measuring point as quadruplicate; number of measurement series: n = 3). (a) 17-28p53
with Lys and TPV-6 to TPV-10 with Nle derivatives in position 24. (b) TPV-11 with Dab
and TPV-12 to TPV-16 with Abu derivatives in position 24. (c) Normalized Ki values.
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

Table 21: Summary of competitive fluorescence polarization assay results of measured IC50 and
calculated Ki values (nM) for 17-28p53 and TPV-6 to TPV-16 with 20 nM fluorescence-labeled
probe and 30 nM MDM4 (Kd = 11.5 nM) in 5 % (v/v) DMSO. Values are shown as mean ± SD
(each measuring point as quadruplicate; number of measurement series: n = 3).

Peptide Xaa24 IC50 (nM) Ki (nM) Ratio
17-28p53 Lys 1173±39 307±10 1.00
TPV-6 Nle(εNHCOCH3) 1927±47 509±32 1.66
TPV-7 Nle(εNHCOCF2H) 1347±38 353±19 1.15
TPV-8 Nle(εNHCOCF3) 0779±24 202±09 0.66
TPV-9 Nle(εNHCOCF2Cl) 0440±08 112±05 0.37
TPV-10 Nle(εNHCOCF2Br) 0326±09 082±03 0.27
TPV-11 Dab 1897±48 500±30 1.63
TPV-12 Abu(γNHCOCH3) 1874±53 494±36 1.61
TPV-13 Abu(γNHCOCF2H) 2096±55 552±12 1.80
TPV-14 Abu(γNHCOCF3) 2447±70 647±34 2.11
TPV-15 Abu(γNHCOCF2Cl) 2176±65 577±47 1.88
TPV-16 Abu(γNHCOCF2Br) 1611±30 423±02 1.38

differences were observed. A Ki value of 307nM was measured for the wild-type sequence
of 17-28p53. In relation to this, acetylated lysine (TPV-6) had a 1.66-fold higher Ki value
at 509nM, and difluoroacetylated TPV-7 had a 1.15-fold higher Ki value at 353nM. For
TPV-8 (CF3), TPV-9 (CF2Cl), and TPV-10 (CF2Br), we observed an increase in inhibitory
properties, as we would expect from an XB interaction. TPV-8 had a Ki of 202nM, TPV-9
112nM and TPV-10 82nM. All peptides displaced the probe better than the 17-28p53 peptide,
the chlorine derivative by 3-fold and the bromine derivative by 4-fold. The difference was
quite remarkable, considering that of the 215 atoms or 111 heavy atoms (110 heavy atoms
in case of TPA-7) that constitute each of the peptides TPV-7 to TPV-10, only one halogen
atom was exchanged for another atom.

However, it was not yet possible to ascertain from the trend of the Ki whether an
halogen bond was involved. To understand the mode of binding more clearly, peptides
were tested which contained Lys24Dab and Lys24Abu(γNHCOR) derivatives with only two
methylene units in the side chain instead of four methylene units like Lys/Nle derivatives.
The measurements of corresponding peptides TPV-11 to TPV-16 are shown in Figure 34b
on the preceding page. All peptides displaced the probe with Ki 423nM to 647nM worse
than the 17-28p53 peptide, as listed in Table 21. From this, we deduced that the side chain
length was relevant for the interaction of the halogenated acetyl groups of TPV-8, TPV-9,
and TPV-10, which led them to show better inhibition than 17-28p53. Figure 34c on the
preceding page shows the normalized Ki values of all tested peptides relative to 17-28p53.
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3 RESULTS AND DISCUSSION

3.3.7.3 Helicity of Chemically Constrained Peptides

For the purpose of studying the helicity and the influence of acetylations in position 24 on
binding stabilization effects to MDM4, chemically-constrained peptides were prepared. The
individual amino acids first had to be considered and their significance for the interaction
with MDM4 elucidated. The sequence discussed is shown in Figure 35 and its side chains
are colored according to their function. The blue-colored possess high significance for
the binding-affinity to MDM4 and cannot be substituted without loss of bonding ability.
The orange-colored side chains were relevant to the binding hypothesis discussed in
Section 3.3.7.2 on page 98. The terminal black ones were left out of consideration, since
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(a) Structure of acetylated 17-28p53.

(b) 15-29p53/MDMX complex (PDB: 2Z5T).

Figure 35: (a,b) Consideration of the impact of individual amino acids in 17-28p53. Blue: high
significance; orange: important for hypothesis; green: less important or dispensable
and eligible for substitution; black: terminal amino acids not resolved in the crystal
structure.
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

they were not completely resolved in crystal structures. The remaining green side chains
were thus candidates for substitution by residues with ring closure capability obtaining
cyclized peptides.

There are numerous methods available from which to select. [244] Decisive for the choice
of stapling method is, among other aspects, the distance between the amino acids to be
bridged. The biorthogonal Huisgen Cu(I)-mediated 1,3-dipolar cycloaddition reaction was
selected using commercially available azido and alkynyl amino acids incorporated at
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Figure 36: CD spectra of 150 µM peptides in PBS (pH 7.4) at 20 ◦C. The spectra were averaged over
2 or 10 scans. The PBS-only basline was subtracted from each spectrum. The mean
residue weight ellipticity [θ] were determined using eq 11 on page 125 as described
in 5.5.4 on page 125. (a) 17-28p53 and its acetylated derivatives TPV-6 to TPV-10. Number
of scans n = 2. (b) TPV-11 containing amino acid Dab24 and its acetylated derivatives
TPV-12 to TPV-16. Number of scans n = 2. (c) 17-28p53, linear peptide TPV-17 and its
acetylated unconstrained derivatives TPV-18 to TPV-22. Number of scans n = 10. (d)
Triazole-stapled peptide TPV-17 and its acetylated triazole-stapled derivatives TPV-18 to
TPV-22. Number of scans n = 10.
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positions i and i+4, namely Thr18 and Leu22. Details of the optimized triazole stapling
synthesis were described in Section 3.3.5.2 on page 88. Moreover, due to proline’s helix-
breaking properties, Pro27 and Glu28 were truncated. In terms of binding, they are
dispensable according to the literature. [256]

Regrettably, both the linear and cyclized peptides TPV-17 to TPV-22 significantly forfeit
their ability to displace the probe. The concentration of the peptides could also not be
increased arbitrarily, since otherwise the intrinsic fluorescence of the peptides, especially
that of the bromine variant TPV-22, superimposed the actual measurement. This effect
could not be compensated by a weaker binding probe. However, this could be due to the
fact that the stapling modifications impaired binding, which was expected at least for the
linear peptides, or that the two truncated amino acids Pro27 and Glu28 contributed to the
binding to an appreciable extent.

CD spectra were recorded to investigate the effect of acetylation on helicity in solution,
as shown in Figure 36 on the previous page. As expected, the spectra of the unconstrained
peptides did not show helicity but rather reflected formation of random coils with a
minimum at about 200 nm and a maximum at about 220 nm (Figure 36 on the preceding
page). Deviating from this, 17-26p53 had no maximum. In contrast, the CD spectra of the
triazole-stapled peptides indicated helicity. Typical for helical structures are a minimum at
208 nm and at 222 nm. [273,274] In our case we observed a shift of local minimum from 222 nm
toward 215 nm for the peptides measured. This is not an uncommon effect, observed with
very short peptides. [275]

Using the Equations 11–13 described in Section 3.3.6.1 on page 93 with [θ]obs,215 instead
of [θ]222, values for helicity in the range of 22 % to 29 % were obtained (Table 22). Either
the basis of calculation from the literature was not adequate, or the measured values are
exclusively the cyclic portion while the rest was random-coil, or there was a more complex
equilibrium between full and partial helicity and non-helicity. The low helicity values
of the triazole-stapled 10-mer peptides did not correlate with the measured Ki values of
the 12-mer peptide analogues against MDM4 (Table 21 on page 99), and the deviations
between them were not significant enough to draw conclusions about the influence of

Table 22: Mean residue weight ellipticity [θ] (deg cm2 dmol−1) at λ = 215 and calculated helicity (%).

Peptide Xaa24 [θ]obs,215 Helicity (%)

TPV-17stapled Lys –6726 29
TPV-18stapled Nle(γNHCOCH3) –5875 25
TPV-19stapled Nle(γNHCOCF2H) –6059 26
TPV-20stapled Nle(γNHCOCF3) –6363 27
TPV-21stapled Nle(γNHCOCF2Cl) –5875 25
TPV-22stapled Nle(γNHCOCF2Br) –5053 22
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

the halogenated acetyl residues on the helicity in solution. Therefore, no conclusions
about the binding mode of the peptides to MDM4 could be drawn based on the CD spectra.
Measurement in complex with MDM4 was not practical because this protein itself has a
high helix content and the equilibrium between binding and nonbinding peptides would
have been difficult to determine. It is conceivable that the maximum helicity determined in
the literature and its linear correlation are not applicable in every situation. Also the shift
of the minima of the CD spectra from 222nm to 215nm is a deviation from the conventional
literature. In conclusion, if the acetylations of the peptides have a stabilizing effect on
secundary peptide structure, they were probably present only in helical form bound in
complex with MDM4.

3.3.7.4 Elucidation of the MDM4/TPV-10 Binding Mode

Crystal structures were necessary to elucidate the binding mode beyond doubt. In order
to obtain MDM4/TPV-10 co-crystals, we screened crystalization conditions using Crystal
Screening Kits from Jena Bioscience, Germany: JBScreen PACT++ HTS, JBScreen JCSG++
HTS and JBScreen Classic HTS II. However, no conditions could be found that result in the
formation of crystals.

We have attempted to approach a plausible binding hypothesis in silico via known
crystal structures deposited in the PDB, as we were not able to obtain a crystal structure of
the best binding peptide TPA-6 with MDM4. Only a few appropriate MDM4/p53-peptide
crystal structures were available. Deposited MDM4 crystal structures in complex with

(a) 2Z5T. (b) Modified 2Z5T.

Figure 37: MDM4/15-29p53 crystal structure (chain E and chain F of PDB ID: 2Z5T). [276] (a) A water
molecule is coordinated by the side chains of Ser20, Asp21, and Lys24. (b) Illustration of
modified Lys24Nle(εNHCOCF2Br) in 15-29p53 peptide.
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the p53 peptide were 3DAB and 3DAC (both human), [254] or structurally highly similar
2Z5S and 2Z5T (both danio rerio). [276] The crystal cells contain up to 4 MDM4/p53-peptide
pairs in which not all Lys24 of the peptide are fully resolved. In 2Z5T (chain F), Lys24 in
association with Ser20 and Asp21 forms a complex with a water molecule (Figure 37a on
the preceding page).

(a) Molecular interactions.

(b) Number of XB interactions.
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Figure 38: Statistical representation of the conformational analysis and subsequent geometry
optimization process. (a) Schematic representation of all XB interactions found between
the bromine atom and XB acceptors in 15-29p53 peptide and in MDM4 protein. (b) Number
of matches of the respective XB acceptors. (c) Dependencies of the XB (C Br···N/O)
angle (◦) to the XB (Br···N/O) distance (Å).
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3.3 Amino Acids and Peptides Bearing CF2X Moieties

As shown in Figure 37b on page 103, we modified Lys24 of the p53 peptide in 2Z5T and
in 3DAB, by attaching a CF2Br acetamide group. In a next step, we carried out a conforma-
tional analysis of the modified side chain to sufficiently cover the conformational space.
After sorting out conformers involving clashes with the surrounding crystal structure, we
performed a geometry optimization using TPSS-D3/def-SV(P). [277–280]

Asp21

(a) 2Z5T: 10 matches of interaction (d).

His51

(b) 2Z5T: 10 matches of interaction (k).

Asp21

(c) 3DAB: 20 matches of interaction (d).

His54

(d) 3DAB: 8 matches of interaction (k).

Figure 39: Final conformations after geometry optimization with Lys24Nle(εNHCOCF2Br) in
modified crystal structures of PDB IDs 2Z5T and 3DAB. [254,276] MDM4 protein in beige.
15-29p53 peptide in light blue. (a) 2Z5T: Ten XB matches (d) targeting intramolecularly
the Asp21 side chain of 15-29p53 peptide. (b) 2Z5T: Ten XB matches (k) targeting the His51
side chain of MDM4 protein. (c) 3DAB: 25 XB matches (d) targeting intramolecularly the
Asp21 side chain of 15-29p53 peptide. (d) 3DAB: Eight XB matches (k) targeting the His54
side chain of MDM4 protein.
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(a) 2Z5T: 10 matches of interaction (d). (b) 2Z5T: 10 matches of interaction (k).

(c) 3DAB: 20 matches of interaction (d). (d) 3DAB: 8 matches of interaction (k).

Figure 40: Final conformations after geometry optimization with Lys24Nle(εNHCOCF2Br) in
modified crystal structures of PDB IDs 2Z5T and 3DAB. MDM4 protein in beige. 15-29p53
peptide in light blue. SC: Side chain; BB: Backbone. (a) 2Z5T: 13 intramolecular XBs of
the peptide not targeting the side chain of Asp21. Four XBs directed toward Asp21-BB
(c) and four toward Lys24-BB (a) each have nearly identical geometry. (b) 2Z5T: Three
XBs aimed against the protein, but not targeting the side chain of His51. (c) 3DAB:
16 intramolecular XBs of the peptide not targeting the side chain of Asp21. Four XBs
directed toward Asp21-BB (c) and four toward Lys24-BB (a) each have nearly identical
geometry. (d) 3DAB: Five XBs aimed against the protein, but not targeting the side chain
of His54.

During optimization, heavy atoms of the peptide and protein backbone were kept
frozen. Out of the 247 converged structures of 2Z5T, 36 structures yielded a halogen bond
with a distance <4Å and an interaction angle >160◦ (Figure 39 on the preceding page
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and Table A7 on page 247). Only one of these halogen bonds already existed before the
optimization process. In the case of 3DAB, 304 structures converged, with 54 halogen
bonds using the thresholds as above (Figure 39 and Table A8). Further analysis of the
data revealed binding modes with additional interactions, such as 33 H···F contacts of the
fluorine atoms (<3.0Å, >150◦), 25 hydrogen bonds (HBs, <3.5Å, >150◦) of the amide O,
and five HBs of the amide NH (<3.5Å, >150◦, Table A9) for 2Z5T as well as 50 interactions of
fluorine atoms and three amide NH contacts in the case of 3DAB (Table A10). In some cases,
combinations of these interactions can occur in the same structure. For 2Z5T, we found
in 84 of the total 247 structures at least one intermolecular or intramolecular interaction
from the CF2Br acetamide group toward MDM4 or the peptide itself, respectively. For
3DAB, 100 of the total 304 structures exhibited such positive results (intramolecular or
intermolecular interactions). The remaining 163 (2Z5T) / 204 (3DAB) converged structures
mostly started at a great distance from potential interaction partners and consequently
found none during optimization. In summary, 49 % of the 184 positive results involve an
XB, 39 % involve contact with at least one of the two fluorine atoms, 11 % involve an HB
with the amide oxygen, and 4 % involve an HB with the amide NH.

We split the XBs into two groups as highlighted by color in Figure 38a on page 104: 23
(2Z5T) / 41 (3DAB) intramolecular XBs were found between the CF2Br and different XB
acceptors in the peptide and 13 (2Z5T) / 13 (3DAB) XBs targeting the protein. Within the
peptide, the bromine found six appropriate XB acceptors and five in MDM4. Interestingly,
the XB acceptor Asp21 side chain in p53 stand out with 35 matches and the histidine side
chain [His51 in zebrafish MDM4 (2Z5T) and His54 in human MDM4 (3DAB)] in MDM4 with
18 matches. Replacing the coordinated water molecule, the intramolecular XB aims at the
potentially negatively charged carboxylic acid of Asp21 and thereby would conceivably
stabilize helix formation (Figure 40a and 40c on the preceding page). Additional data from
CD spectra (Figure 36 on page 101) indicate that no increased helicity was observed in
solution and that this possible intramolecular binding would only be present if the peptide,
which is intrinsically disordered in solution, adopts a helical structure in the binding site of
MDM4. As shown in Figure 40b and 40d, the second proposed interaction possibility leading
to affinity enhancement is an XB with the unprotonated Nδ of the His51/54 side chain in
MDM4. In both proposals, the XB acceptor also aligns to the XB donor during optimization
process (Figure 39). In contrast to the intramolecular contact, the interactions to MDM4
have a more concerted character, which is due to the longer distance to be bridged. Both
described interactions are not or only with difficulty feasible using the shorter amino acid
derivatives with Lys24Abu(γNHCOR). Since the distance to MDM4 was very long (>9Å from
Cα) a direct interaction with His51/54 of MDM4 was rather excluded, but an intramolecular
contact with Asp21 is conceivable (>7Å from Cα). Less frequently found XB interactions,
which were labelled (a), (b), (c), (e), (f), (g), (h), (i), (j), and (l) in Figure 38 on page 104,
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(a) 2Z5T: MDM4/15-29p53 peptide.

(b) 3DAB: MDM4/15-29p53 peptide.

Figure 41: All amino acids within 12Å around Lys24 of 15-29p53 peptide chains are depicted as
sticks. Protein in beige, peptide in green. (a) Overview of chain E (MDM4) and chain F
(15-29p53 peptide) in 2Z5T. (b) Overview of chain C (MDM4) and chain D (15-29p53 peptide)
in 3DAB.

are depicted in Figure 40 on page 106 for comparison. In addition, all amino acids within
12Å distance around Lys24 of the 15-29p53 peptide chain are shown as a reference for
the putative interaction space in Figure 41 for zebrafish MDM4 (2Z5T) and human MDM4
(3DAB).
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3.3.8 Conclusion

In summary, we have established two approaches to synthesize Fmoc-protected amino acids
with a CF2X moiety for application in SPPS. First, bottom-up synthesis of phenylalanine-
derived 80 and 81 with a CF2Br ether moiety in para or meta position was conducted.
Then, we synthesized amino acids with an alkyl side chain (82 and 83) of variable length
((CH2)n, n =1,3) containing a terminal CF2X acetamide moiety (X = Cl, Br). Compared to the
7-step synthesis of ethers, the preparation of the acetamide derivatives from commercially
available amines is considerably simpler with only one synthesis step and provides rapid
generation of a wide range of building blocks for the SPPS.

The incorporation of Lys24Nle(εNHCOCF2X) into 17-28p53-derived peptides shows de-
creasing Ki values in the competitive FP-assay toward MDM4 in the order X = F > Cl > Br,
indicating an XB interaction. This trend is not observed in measurements with shorter
side chain Lys24Abu(γNHCOCF2X) derivatives. The Lys24Nle(εNHCOCF2Br) derivative
shows a 4-fold stronger inhibition constant compared to the unacetylated amine of Lys24.
Compared to the ether moiety, the amide increases the solubility significantly and enables
the formation of hydrogen bonds as HB donor and HB acceptor in addition to its XB donor
functionality. Cyclization experiments, CD spectra, and further in silico experiments using
published protein crystal structures indicate an intramolecular interaction occurring in
the MDM4-bound, helical state of the peptide. Herein, we found an XB interaction with
the carboxylic acid group of Asp21. Likewise, a direct intermolecular XB between the
unprotonated Nδ in His54 of human MDM4 and the CF2Cl or CF2Br moiety of the peptides
could explain the increase in affinity.

Future studies should focus on the design of further amino acids bearing CF2X moieties,
the identification of high-affinity peptide sequences containing these amino acids, and the
investigation of their mode-of-action regarding XB.
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Die in Arzneistoffen (engl. active pharmaceutical ingredients, APIs) enthaltenen Halogene
Chlor, Brom und Iod (X = Cl, Br, I) sind üblicherweise kovalent an sp2-hybridisierten, aroma-
tischen Systemen (C(sp2) X) gebunden. Alkyl-gebundene Chlor-, Brom- und Iodatome
(C(sp3) X) sind in der Regel nicht ausreichend chemisch stabil für Anwendungen in biolo-
gischen Systemen. Die vorliegende Dissertationsschrift beschäftigt sich nun mit der Analyse
und Anwendung von unkonventionellen Halogenbindungen (XB), deren C(sp3) X-Bindung
mittels zweier Fluorsubstituenten am Kohlenstoffatom (R CF2 X) stabilisiert wird, um
sie für Anwendungen in der Wirkstoffentwicklung nutzbar zu machen. In der Liter-
atur ist mit Asciminib ( O CF2Cl) bisher nur ein von der FDA zugelassener Wirkstoff
beschrieben. Wir versprechen uns von CF2X-Gruppen als zusätzliches Werkzeug in der
molekularen Optimierung von Wirkstoffkandidaten die Möglichkeiten zur Entdeckung
neuer und interessanter Proteinbindungsmodi. Analysiert wurden hierbei unter anderem
die synthetische Zugänglichkeit solcher Verbindungen, deren chemische und metabolische
Stabilität, physiko-chemische Eigenschaften wie Löslichkeiten, bevorzugte Konformationen
sowie mittels computer-gestützten Methoden Halogenbindungseigenschaften wie Vmax

und Komplexbildungsenergien ΔE. Praktisch angewandt wurden diese CF2X-Gruppen
durch Inkorporation in Fragment-Bibliotheken für Fragment-basierte Wirkstoffforschung
(engl. fragment-based drug discovery, FBDD) und in Fmoc-geschützten Aminosäuren zur
Festphasen-Peptidsynthese (engl. solid phase peptide synthesis, SPPS).

Diese Dissertationsschrift gliedert sich in drei thematisch abgrenzbare Teile (siehe
Abschnitt 3.1, 3.2 und 3.3), wobei sich die ersten beide Teile mit niedermolekularen Verbin-
dungen befassen und der dritte Teil Aminosäuren und Peptiden zum Thema hat.

Im ersten Teil (Abschnitt 3.1) werden Grundsätze und Anwendungen von CF2X-Eigen-
schaften als unkonventionelle Halogenbindungsdonoren in der medizinischen Chemie, der
chemischen Biologie und der Arzneimittelentdeckung eruiert. Hierzu wurden zunächst
zwei Serien an Modellmolekülen synthetisiert: 1-(4-(Difluorohalomethoxy)phenyl)urea

(6a–e) und N-(benzo[d][1,3]dioxol-5-yl)-2,2-difluoro-2-haloacetamide (7a–e) mit der allge-
meinen Formel R Y CF2X (R = organischer Rest; Y = Amid, Ether (Linker-System); X = H, F,
Cl, Br, I).

In Kristallisationsexperimenten mit unseren Modellverbindungen haben wir gezeigt,
dass die Selbstorganisation der CF2X-Derivate im kristallinen Festkörper hauptsächlich
von XBs angetrieben und von der Größe des Halogens beeinflusst wird. CF2X Ether- und
Amidgruppen nehmen bevorzugte Geometrien an, die in der Lage sind, potenzielle XB-
Akzeptoren anzusteuern, die mit C(sp2) X-Gruppen von (Hetero)arylhalogeniden nicht
ohne weiteres adressierbar sind. Darüber hinaus neigen sie in unseren Kristallstrukturen
dazu, nach dem optimalen XB-Winkel und -Abstand zu streben, anders als unser analoger
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HB-Donor CF2H (7a). Mithilfe von Methoden der Quantenmechanik (QM) haben wir die
Konformationsflexibilität solcher CF2X Ether- und Amidfunktionen charakterisiert und eine
gute Übereinstimmung mit den experimentellen Daten unserer kleinen Molekülkristalle
festgestellt. Hiebei zeigten sich eindeutige Konformationsbeschränkungen, die bei der
Verwendung dieser chemischen Funktionen im Moleküldesign unbedingt zu berücksich-
tigen sind. Darüber hinaus finden wir ein angemessenes Maß an Flexibilität dieser
chemischen Gruppen, um sich an verschiedene XB-Akzeptoren in einer Bindungsstelle
mit geringer konformationeller Belastung anzupassen, insbesondere im Vergleich zu
C(sp2) X-Strukturen. Wir haben die potentielle XB-Stärke dieser CF2X-Donoren in einer
abstandsabhängigen Weise weiter charakterisiert. Im Vergleich zu den entsprechenden
Halogen-Benzolen stellen wir fest, dass die XB-Wechselwirkungen durch die Tuning-Effekte
der Fluoratome und der Linkerfunktionen um etwa 3,5 bis 4.5kJmol −1 verbessert werden.

Das Strukturmotiv CF2X ist in der Arzneimittelforschung unterrepräsentiert und wurde
bisher kaum angewendet. Organische Amine sind leicht verfügbare und geeignete Aus-
gangsmaterialien für die einfache Herstellung einer strukturell vielfältigen Fragmentbib-
liothek mit CF2X Amiden. Wir schlagen vor, dass auf der Grundlage solcher Bibliotheken
unkonventionelle oder sogar einzigartige Bindungsmodi erforscht werden könnten, die im
konventionellen chemischen Raum kaum zugänglich sind, was die Entdeckung bisher nicht
genutzter, patentierbarer Chemotypen und die Schaffung zusätzlicher therapeutischer
Möglichkeiten erlauben würde.

Um die Nützlichkeit und gute Anwendbarkeit dieses Konzepts zu demonstrieren, haben
wir die c-Jun N-terminalen Kinasen 1 und 3 (JNK1 und JNK3) mittels STD-NMR unter-
sucht und die bindenden Fragmente mittels ITC validiert, wobei mehrere Treffer im
Bereich der mikromolekularen Affinität gefunden wurden. Insbesondere das 5-(Pyridin-
4-yl)-1,3,4-thiadiazol-Gerüst zeigte eine gute Bindung an beide Kinasen. Die Affinität
seines Bromderivats (30) zu JNK3 und JNK1 betrug 17µM bzw. 15µM. Wir haben die
Kristallstruktur von 30 im Komplex mit JNK3 bestimmt und dabei festgestellt, dass die
CF2Br Gruppe auf einzigartige Weise mit der P-Schleife (engl. P-loop) interagiert, was
bisher noch nicht berichtet wurde. Sie kann gleichzeitig eine XB mit einem Abstand von
3.3Å und einem σ-Loch-Winkel (engl. σ-hole angle) von 161.9◦ zum Rückgrat-Sauerstoff
von G76 im P-loop eingehen, während sie eine Wasserstoffbindung von der geladenen
Seitenkette von K93 an eines ihrer Fluoratome akzeptiert. Insgesamt verlagern sich die
Wechselwirkungen in der Bindungsstelle von Positionen, denen traditionell die meiste
Aufmerksamkeit gewidmet wird, wie dem Scharnier (engl. hinge region) und der hinteren
Tasche, zur Zucker- / Phosphat-Bindungsstelle von ATP. Nur die Pyridin-Substruktur bildet
eine HB mit der hinge region. Daher hat das Fragment 30 ein gutes Optimierungspoten-
zial durch die Ausarbeitung des hinge region-Bindungsmotivs und die Durchführung von
Fragmentwachstum und Fusionsansätzen.

112



Zukünftige Studien sollten sich auf die Erweiterung der Fragmentbibliothek sowie die
Entwicklung weiterer Linkersysteme und anderer stabiler C(sp3) X-Strukturen konzentri-
eren. Die sich ständig erweiternde Bibliothek könnte weiterhin nach zusätzlichen Bindungs-
fragmenten durchsucht werden, die auf therapeutisch relevante Proteine abzielen. Die
gefundenen Treffer können einer Leitstrukturoptimierung unterzogen werden.

Im zweiten Teil (Abschnitt 3.2) wurde ein PDB-Dekorations-Scan durchgeführt und als
zweckdienliches Instrument für die Suche nach vielversprechenden, potenziellen Halogen-
bindungen etabliert. Hierzu wurden aromatische Car H-Bindungen ohne Linker-Systeme
mit CF2Br-Gruppen substituiert und entlang ihrer Car CF2Br-Achse rotiert. Ergebnisse
ohne oder mit nur geringen Kollisionswerten und innerhalb definierter XB-Akzeptor- und
XB-Donor-Abständen und -Winkeln wurden erfasst und analysiert. Hierbei zeigte sich,
dass die Protein-Rückgrat addressierenden Treffer mit dem natürlichen Vorkommen der
Aminosäuren in Proteinen korrelieren, mit Ausnahme des Rückgrat-Sauertsoffatoms der
Aminosäure Glycin. Die erhöhte Trefferrate von Glycin kann mit der fehlenden Seitenkette
erklärt werden, was eine weniger gehinderte Addressierung des Rückgrats ermöglicht.

Anhand der gefunden Resultate wurde von uns ein in Position 5 CF2Br-dekoriertes
Indazol sowie davon abgeleitet ein Benzisoxazol und ein Imidazo[1,5-a]pyridin als Modell-
moleküle mit dem Ziel ausgewählt, ein Rückgrat-Sauerstoff in den Proteinkinasen JNK1
und JNK3 zu adressieren (CF2Br···OS193 in JNK3). Bei der Präparation zeigten sich unter-
schiedliche Grenzen der synthetischen Zugänglichkeit. Grundsätzlich ließen sich CF2Br-
tragende Indazole und Benzisoxazole herstellen. Im Gegensatz zu Benzisoxazol war das
finale Indazolprodukt jedoch nach der Entfernung von Boc-Schutzgruppen chemisch nicht
stabil. Imidazo[1,5-a]pyridin mit CF2Br-Gruppe war synthetisch nicht realisierbar, da die
C2FH nicht bromierbar war.

Die analogen Vergleichssubstanzen mit CF2H- und CF3-Gruppe wurden erfolgreich für
alle drei Verbindungsklassen hergestellt und an JNK1 und JNK3 mittels STD-NMR und ITC
getestet. Hierbei zeigte sich, dass Benzisoxazole keine ausreichend gute Bindungsaffinitäten
besitzen, um an die jeweiligen Proteine zu binden (ebenso wenig das CF2Br-tragende
Benzisoxazol). Mit einem Kd von 12µM bindet das CF2H-tragende Indazol von allen
Vergleichssubstanzen mit größter Affinität an JNK3. An JNK3 zeigten CF2H-tragende
Indazole / imidazo[1,5-a]pyridine (Kd = 12 µM/ 109µM) im Vergleich zu den Molekülen
mit CF3 Gruppe (Kd = 100µM/>1000µM) eine signifikant bessere Bindung. In der Protein-
kristallstruktur von JNK3 in Komplex mit der CF2H-Indazol-Verbindung 51a zeigte sich,
dass das Indazol, wie im PDB-Scan gefunden, an die hinge region der Kinase bindet. Die
CF2H-Gruppe ist in Richtung des S193-Sauerstoffatoms gerichtet und mit einem CH···O-
Abstand von 5.3 bis 6.0Å böte die Kristallstruktur, wie im ursprünglichen Design geplant,
genug Raum für ein Halogen.
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4 ZUSAMMENFASSUNG (GERMAN)

Im dritten Teil (Abschnitt 3.3) wurden Fmoc-geschützte Phenylalanin-, Lysin- und 2,4-
Diaminobuttersäure-Derivate hergestellt und in Peptidsequenzen integriert. Diese wurden
wurden anschließend mittels kompetitiven Fluoreszenzpolarisationsassays (FP-Assay) an
MDM2 und MDM4, wichtige Negativ-Regulatoren des Tumorsupressors p53, getestet. Die
Synthese von Phenylalanin-Derivaten mit CF2Br-Ethern in meta- und para-Position des
aromatischen Rings erfolgte ausgehend von den entsprechenden Kresol-Derivaten. Die
Syntheseroute beinhaltet zwei wichtige Schritte: Erstens, die Herstellung der OCF2Br-
Gruppe ausgehend von einer OCF2CO2H-Gruppe mittels einer radikalischen, decarboxy-
lierenden Halogenierungsreaktion. Und zweitens, die Synthese der Aminosäure-Funktion
an der Methylgruppe über ein Acetamidomalonsäure-diethylester-Intermediat.

Die Amin-Funktion der Fmoc-geschützten Lysin- und 2,4-Diaminobuttersäure-Seiten-
ketten wurden unter Bildung eines Amides in einer lediglich einstufigen Synthese acetyliert
(R NHCOCY2X; Y = H, X = H oder Y = F, X = H, F, Br, I).

Insbesondere die FP-Messungen mit acetylierten Lysin- und Diaminobuttersäure-Deri-
vaten (Nle- bzw. Abu-Derivate im Dreibuchstaben-Code) ergaben interessante Resultate:
Lys24Nle(εNHCOCF2X) in 17-28p53-abgeleiteten Peptiden zeigten bei Messungen an MDM4
eine für Halogenbindungen typische Abnahme des Ki-Wertes von X = F > Cl > Br (Ki =
202nM > 112nM > 82nM gegenüber Ki = 307nM beim 17-28p53-Wildtyp). Die um zwei CH2-
Einheiten kürzere Seitenkette der Lys24Abu(εNHCOCF2X)-Referenzpeptide zeigte keine
solch eindeutige Tendenz, was ein Indiz dafür ist, dass die kürzere Variante bei der Bindung
an MDM4 kein Akzeptoratom für die Halogenbindung findet.

Da wir keine Kristallstruktur erhielten, näherten wir uns mittels in silico-Methoden
einer möglichen Hypothese des Bindungsmodus der Peptide an MDM4. Hierzu wurden
zufällige Konformere der Seitenkette von Nle(εNHCOCF2Br) erzeugt und in die Position 24
der p53-Sequenz der bekannten MDM4-Proteinkristallstrukturen 2Z5T (Zebrafisch) und
3DAB (human) integriert. Anschließend wurden die jeweils erzeugten Sessions frei QM-
optimiert. Nach Auskonvergierung zeigten 49 % der gefundenen Interaktionen einen intra-
oder intermolekularen XB-Kontakt. Die Ergebnisse deuten auf das unprotonierte Nδ in
His51 (Zebrafisch) / His54 (human) als wahrscheinlichsten XB-Akzeptor in MDM4 hin. Die
weit zu überbrückende Distanz vom Cα zu diesem Akzeptoratom erklärt ebenso, warum
die Messungen der Diaminobuttersäure-Derivate mit kürzerer Seitenkette schlechtere
Ki-Werte ohne die für Halogenbindungen typische Tendenz ergaben, da der XB-Donor Nδ
nicht erreicht wird.

Zusammenfassend lässt sich sagen, dass die in dieser Dissertation durchgeführten
Studien gezeigt haben, dass CF2X-Gruppen ein nützliches zusätzliches Werkzeug beim
Design von Wirkstoff-Molekülen sein können. Die räumliche Struktur dieser Gruppe in
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Kombination mit verschiedenen Linker-System ermöglicht neue Interaktion mit Zielpro-
teinen, die einhergehenend mit verbesserten molekularen Eigenschaften zu höheren
Affinitäten führen können.
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5 Methods

5.1 Stability Assays

5.1.1 Glutathione Stability Assay

The glutathione stability assay was performed according to a modified protocol by
Keeley et al. (2019). [281] 225 µL of PBS buffer (pH 7.4), 12.5 µL of ACN, 250 µL of GSH solution
(10 mM in PBS buffer containing 10 % (v/v) ACN), and 6.25 µL of indoprofen or ketoprofen
(8 mM in ACN) as internal standard were added into an HPLC vial. The assay was started
by adding of fragment solution (20 mM in ACN) to give a final concentration of 250 µM
fragment, 5 mM GSH, and 100 µM internal standard in 500 µL of PBS containing
10 % (v/v) ACN. The final mixture was incubated at 37 ◦C and processed by injection of 5 µL
into an analytical HPLC after different time intervals.

Analytical HPLC was performed on an UltiMate 3000 HPLC system (Thermo Fisher
Scientific Inc, Waltham, MA, USA) equipped with a ReproSil-XR 120 C18 column (5 µm,
120Å, 4.6×150 mm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) and a flow rate
of 1mLmin−1 using eluent A1 (0.01 M potassium phosphat buffer, pH 2.3) and eluent B1
(MeOH). Eluent B1 increases linearly from 10 % to 85 % over 9 min, the gradient was
retained for 4 min at 85 % eluent B1, then back to the initial condition over 1 min and
retained for 4 min. The column temperature was kept at 25 ◦C. Absorption was detected
at 218 nm, 254 nm and 280 nm. Chromatograms were analyzed with Chromeleon v7.2.10
(Thermo Fisher Scientific Inc, Waltham, MA, USA).

The values of the area under the curve were determined by integrating the HPLC spectra
and normalized relative to the internal standard.

5.1.2 Microsomal Stability Assay

Samples were measured in triplicates and incubated at 37 ◦C. Each incubation had a
total volume of 600 µL: 540 µL of potassium phosphate buffer (100 mM, pH 7.4), 36 µL
of NADPH regenerating system (1.3 mM NADP+, 3.3 mM isocitrate, 0.4UmL−1 isocitrate
dehydrogenase, 3.3 mM MgCl2), 21 µL of microsomes pooled from human liver (10mgmL−1),
and 3 µL of substance standard solution (1mgmL−1 for targets, 0.1mgmL−1 for positive
controls). Testosterone, diclofenac, and propranolol were used as positive controls for
different cytochrome P450 enzymes and heat-inactivated microsomes (45 min, 60 ◦C) with
testosterone as negative control. In addition, a mixture of all substances and a blank
control of microsomes without substances were measured. Samples were taken at 0, 5, 15,
30, 45, 60, 120, and 300 min. For this purpose, 50 µL was quenched in 150 µL of ice-cold
MeOH. Samples were centrifuged and supernatants were analyzed using HPLC-MS.
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5 METHODS

The LC-MS system used and the parameters for the evaluation of the microsomal
stability assay are described in the Appendix A.1 on page 229.

5.2 Turbidimetric Solubility Assay

Turbidimetric solubility assay was performed in 50 mM HEPES (pH 7.4) and 100 mM NaCl at
25 ◦C. The 100 mM fragment stocks in DMSO were diluted by a factor of 4/5 in a 96-well plate.
By adding buffer, the assay was started. The final conditions were 200 µL and 5% (v/v) DMSO.
The measurement was done with the CLARIOstar (BMG Labtech, Ortenberg, Germany)
over approximately 1 h at 600–800 nm. Before each implemented kinetic cycle of 115 s, the
plate was shaken in double orbital at 300 rpm for 60 s.

5.3 Small Molecule Crystals

Small molecule crystals were grown by using vapor diffusion or solvent evaporation.
About 5 mg of 6a–e was placed in the inner tube and dissolved in 0.4 mL acetone. 2 mL
of chloroform as antisolvent was placed in the outer container, then the outer container
was sealed to induce the equilibration of the two liquids via vapor diffusion at room
temperature. About 5 mg of 7a–e was placed in an HPLC vial. 0.8 mL of n-hexane was
added as an antisolvent, and then DCM was added dropwise until the solid was dissolved.
The vial was sealed with a septum and evaporation was allowed through a cannula at room
temperature. All crystals were grown within 7 d. The crystals were analyzed using the
STOE IPDS 2T diffractometer (STOE & Cie GmbH, Darmstadt, Germany). The final crystal
structures are deposited in the CCDC database with the deposit numbers 2248877, and
2232102–2232110 (Appendix A.7.1 on page 255 ff.).

5.4 Expression and Purification of Proteins

5.4.1 Preparation of Buffers and Other Solutions

Buffers were calculated by using the buffer calculator tool from Rob J. Beynon, taking
into account the temperature correction and Debye-Hueckel correction for ionic strength
(http://phbuffers.org/BuffferCalc/Buffer.html). All buffers were sterile filtered using a
0.22 µm filter and stored at 4 ◦C. Reducing agents such as β-ME were added immediately
before use.

Kanamycin and ampicillin stocks were prepared at 100mgmL−1 in ddH2O and sterile
filtered using a 0.22 µm syringe filter. Chloramphenicol stocks were prepared at 34mgmL−1

in ethanol. All stock solutions were stored at −20 ◦C.
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5.4 Expression and Purification of Proteins

5.4.2 Media Preparation

The media components (Table 23) were dissolved in 1 L ddH2O, the pH was adjusted to 7.0,
and the media were autoclaved at 121 ◦C for 20 min. Media for plates were supplemented
with 1.5 g agar per 100 mL media solution before autoclaving.

Table 23: Recipes for media preparation.

Component LB-Medium (1 L) 2xYT-Medium (1 L)

tryptone 15 g 16 g
yeast extract 05 g 10 g
NaCl 10 g 05 g

5.4.3 SDS-PAGE

The loading buffer was prepared as a 5-fold stock solution (250 mM Bis-Tris at pH 6.8,
5 % (v/v) DTT, 30 % (v/v) glycerol, 10 % (v/v) SDS, 0.02 % (v/v) bromophenol blue). The
running buffer was also prepared as a 5-fold stock solution (52.3 g MOPS, 30.3 g Tris
base, 1.46 g EDTA, 12.5 ml 20 % (v/v) SDS). The SDS-PAGE gel consisted of the components
described in the following Table 24:

Table 24: Recipes for SDS-Page gel preparation.

Component Stacking gel Seperating gel

1.25mM Bis-Tris buffer 3.5x (pH 6.6) 11.4 mL 14.3 mL
Polyacrylamide 40 (29:1) 5.3 mL 16.7 mL
ddH2O 23.3 mL 19.0 mL
TEMED 30 µL 40 µL
APS (10 %) 150 µL 200 µL
bromophenol blue 2 mg

For protein monitoring, a 20 µL sample was taken and mixed with 5 µL sample buffer,
then heated to 95 ◦C for 2 min. The gel was loaded with 10 µL of denaturated protein
sample mix and Blue Prestained Protein Standard (Broad Range, 11–190 kDa; New England
BioLabs, Ipswich, MA, USA) was used as a molecular weight marker. The electrophoresis
was performed at 200 V and 100 mA. Finally, the gel was stained with InstantBlue™ solution
(Expedeon AG, Heidelberg, Germany) for at least 30 min, with two subsequent water wash
steps.
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5 METHODS

5.4.4 JNK1 and JNK3

JNK1 (2–364) and JNK3 (39–402): The pET24a_HLT_JNK3 construct was transformed into
BL21(DE3)pLysS cells (Novagen) or the pET24a_HLT_JNK1 construct was transformed into
BL21-CodonPlus-RIL cells (Agilent Technologies, Inc., Santa Clara, CA, USA) and incubated
at 37 ◦C overnight on LB medium plates with kanamycin (50µgmL−1) and chloramphenicol
(37µgmL−1). Cells were transferred with LB medium and the same antibiotics into a 9-fold
volume of the same media and grown to an OD600 = 1.0 at 37 ◦C and 180 rpm as a pre-culture.
Ten mL of this culture was used to inoculate 6 L of 2xYT containing the antibiotics. These
main cultures were grown at 37 ◦C and 200 rpm until an OD600 = 0.5, then the temper-
ature was reduced to 20 ◦C and IPTG was added to final concentration of 0.8 mM. The
expression lasted for 16–18 h. Cultures were centrifuged at 4 ◦C, 4000 rpm for 30 min in
a J6-MI centrifuge (Beckman-Coulter, Brea, CA, USA). The pellet was resuspended with
ice-cold lysis buffer (50 mM TRIS, 500 mM NaCl, 10 mM imidazole and 5 mMβ-ME, pH of 7.4).
After adding DNase and RNase, the suspension was lysed by sonication. The suspension
was centrifuged at 4 ◦C and 18 500 rpm for 1 h in an Avanti J-30-I (Beckman-Coulter, Brea,
CA, USA). The supernatant was sterile filtered (0.22 µM filter, rapid-FILTERMAX, TTP®,
Trasadingen, Switzerland) and loaded onto a Nickel-NTA column (HisTrap FF, GE Health-
care, Chicago, IL, USA) equilibrated with lysis buffer. The column was washed with 5 CV
of lysis buffer. The protein was eluted with 30 % elution buffer (50 mM TRIS, 500 mM
NaCl, 300 mM imidazole and 5 mM β-ME, pH of 7.4). His-tag was cleaved with 1mgmL−1

TEV protease per 10 mL protein sample while dialyzing with regenerated cellulose sleeve
(ZelluTrans/Roth, Dialysiermembran T1, MWCO = 3500 Da; Carl Roth, Karlsruhe, Germany)
in 5 L lysis buffer without imidazole overnight while stirring at 4 ◦C. The His-tag and
His-tagged TEV were removed using a subsequent nickel column run. After protein concen-
tration using a Vivaspin® Turbo 15 (MWCO = 30 kDa; Sartorius, Göttingen, Germany), the
protein was loaded onto a size-exclusion gel filtration column (HiLoad 26/60 Superdex 75
prep grade, GE Healthcare, Chicago, IL, USA) equilibrated with SEC buffer (50 mM HEPES,
100 mM NaCl, 2 mM MgCl2, pH of 7.0). The collected fractions were concentrated to approxi-
mately 50 µM, flash-frozen in liquid nitrogen and aliquots were stored at −80 ◦C. The purity
of the protein was monitored by SDS-PAGE after each purification step.

5.4.5 MDM2

MDM2 (2–125): Expression and purification were mainly adopted from the literature and
modified. [282] The pminiRSET/pRESTa/pGEX-2T_GST_MDM2 construct was transformed
into E. coli Rosetta BL21(DE3)pLysS cells (Novagen, Merck KGaA, Darmstadt, Germany)
and incubated at 37 ◦C overnight on LB medium plates with ampicillin (50µgmL−1) and
chloramphenicol (37µgmL−1). Cells were transferred with LB medium and the same
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5.4 Expression and Purification of Proteins

antibiotics into a 9-fold volume of the same media and grown to an OD600 = 1.0 at 37 ◦C and
180 rpm as a pre-culture. 20 mL of this culture was used to inoculate 4 L of 2xYT containing
the antibiotics. These main cultures were grown at 37 ◦C and 220 rpm until an OD600 = 0.4,
then the temperature was reduced to 25 ◦C and IPTG was added to final concentration of
0.5 mM. The expression lasted for 16 h. Cultures were centrifuged at 4 ◦C, 4000 rpm for
30 min in a J6-MI centrifuge (Beckman-Coulter, Brea, CA, USA). The pellet was resuspended
with ice-cold lysis buffer (50 mM TRIS, 500 mM NaCl, 5 mM DTT, 1 mM EDTA, 0.1 % (v/v)
Triton X-100, 50 µM PMSF, pH of 8.0). After adding DNase and RNase, the suspension was
lysed by sonication. The suspension was centrifuged at 4 ◦C and 18 500 rpm for 1 h in an
Avanti J-30-I (Beckman-Coulter, Brea, CA, USA). The supernatant was sterile filtered (0.22 µM
filter, rapid-FILTERMAX, TTP®, Trasadingen, Switzerland) and loaded onto a GST-affinity
column (GE XK 1, Amintra Glutathione Resin, Expedeon, Heidelberg, Germany) equilibrated
with elution buffer (50 mM TRIS, 500 mM NaCl, 5 mM DTT, 1 mM EDTA, pH of 8.0). The
column was washed with 5 CV of elution buffer. The protein was eluted with elution buffer
containing 10 mM reduced glutathione using a linear gradient elution from 0 % elution
buffer to 100 % in 15 min. The fractions were pooled and thrombin-digested at pH 8.0 and
4 ◦C (250 units high active thrombin per 40 mL) overnight. After protein concentration
using a Vivaspin® Turbo 15 (MWCO = 5 kDa; Sartorius, Göttingen, Germany), the protein
was loaded onto a size-exclusion gel filtration column (HiLoad 26/60 Superdex 75 prep
grade, GE Healthcare, Chicago, IL, USA) equilibrated with SEC buffer (5 mM TRIS, 50 mM
NaCl, 5 mM β-ME, pH of 8.0). The fractions collected were concentrated to approximately
60 µM, then 10 % (v/v) glycerol was added, the mixture was flash-frozen in liquid nitrogen
and aliquots were stored at −80 ◦C. The purity of the protein was monitored by SDS-PAGE
after each purification step. The protein mass was confirmed by ESI-MS and the protein
concentration was calculated via UV-spectroscopy using the molar extinction coefficient
10 430M−1 cm−1 at 280 nM from the ProtParam program on the EXPASY server.

5.4.6 MDM4

MDM4 (16–116, C17S): The Expression and purification were mainly adopted from the
literature and modified. [248,283] The pET24a(+)_HLT_MDM4 construct was transformed
into E. coli Rosetta BL 21 (DE3) pLysS cells (Novagen, Merck KGaA, Darmstadt, Germany)
and incubated at 37 ◦C overnight on LB medium plates with kanamycin (50µgmL−1) and
chloramphenicol (37µgmL−1). Cells were transferred with LB medium and the same
antibiotics into a 9-fold volume of the same media and grown to an OD600 = 1.0 at 37 ◦C
and 180 rpm as a pre-culture. Ten mL of this culture was used to inoculate 6 L of 2xYT
containing the antibiotics. These main cultures were grown at 37 ◦C and 220 rpm until
an OD600 = 0.6, then the temperature was reduced to 20 ◦C and IPTG was added to final
concentration of 1.0 mM. The expression lasted for 16 h. Cultures were centrifuged at 4 ◦C,
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4000 rpm for 30 min in a J6-MI centrifuge (Beckman-Coulter, Brea, CA, USA). The pellet was
resuspended with ice-cold lysis buffer (50 mM sodium phosphate, 300 mM NaCl, 10 mM
imidazole, 5 mM β-ME, pH of 8.0). After adding DNase and RNase, the suspension was lysed
by sonication. The suspension was centrifuged at 4 ◦C and 18 500 rpm for 1 h in an Avanti
J-30-I (Beckman-Coulter, Brea, CA, USA). The supernatant was sterile filtered (0.22 µM filter,
rapid-FILTERMAX, TTP®, Trasadingen, Switzerland) and loaded onto a Nickel-NTA column
(HisTrap FF, GE Healthcare, Chicago, IL, USA) equilibrated with lysis buffer. The column was
washed with 5 CV of lysis buffer. The Protein was eluted with elution buffer (50 mM sodium
phosphate, 300 mM NaCl, 250 mM imidazole, 5 mM β-ME, pH of 8.0) using a linear gradient
elution from 0 % elution buffer to 100 % in 15 min. His-tag were cleaved with 1mgmL−1

TEV protease per 5 mL protein sample while dialyzing with regenerated cellulose sleeve
(ZelluTrans/Roth, Dialysiermembran T1, MWCO = 3500 Da; Carl Roth, Karlsruhe, Germany)
in 5 L lysis buffer without imidazole overnight on stirrer at 4 ◦C. The His-tag and His-tagged
TEV were removed using a reverse nickel column run. After protein concentration using
a Vivaspin® Turbo 15 (MWCO = 5 kDa; Sartorius, Göttingen, Germany), the protein was
loaded onto a size-exclusion gel filtration column (HiLoad 26/60 Superdex 75 prep grade,
GE Healthcare, Chicago, IL, USA) equilibrated with SEC buffer (25 mM sodium phosphate,
150 KCl, 5 mM β-ME, pH of 7.2). The collected fractions were concentrated to approximately
50 µM, then 10 % (v/v) glycerol was added, the mixture was flash-frozen in liquid nitrogen
and aliquots were stored at −80 ◦C. The purity of the protein was monitored by SDS-PAGE
after each purification step. The protein mass was confirmed by ESI-MS and the protein
concentration was calculated via UV-spectroscopy using the molar extinction coefficient
7450M−1 cm−1 at 280 nM from the ProtParam program on the EXPASY server.

5.5 Biophysical Evaluation Methods

5.5.1 Saturation-Transfer Difference NMR Assay

JNK1 or JNK3 was buffer exchanged to 100 mM sodium phosphate, 250 mM NaCl, and
2 mM MgCl2 with a pH of 7.0 at 25 ◦C using a desalting column (HiPrepTM 26/10 Desalting;
Cytiva, Marlborough, MA, USA). The samples contained final concentrations of 20 µM
protein, 10 % (v/v) DMSO-d6, and 1 mM of the fragments. NMR spectra were acquired
with a Bruker Avance III HDX 700 spectrometer (Bruker Corporation, Billerica, MA, USA),
equipped with a 5 mm Prodigy TCI cryo probe head. 1H NMR experiment with 1 k scans and
water suppression through presaturation was performed. The STD experiments adapted
the pulse sequence published by Mayer et al.

[284,285] The on-resonance frequency, which
was determined from the 1H NMR spectra of the protein, was between 0.5–0.6 ppm. 40 ppm
was used as the off-resonance frequency. For an interleaved acquisition of the on- and
off-resonance, a pseudo-2D scheme was applied. The saturation was done by Gaussian
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pulses with a length of 50 ms and 60 dB of attenuation, done with an interpulse delay of 1 ms
leading to an excitation bandwidth of about 4 Hz. The screening was done with 16 scans
of on- and off-resonance scans each, with a 3 s saturation time. A 1H NMR experiment
was performed for each compound to act as a reference spectrum in the STD experiments.
NMR experiments were carried out at 25 ◦C. Spectra were processed and analyzed with
TopSpin v4.0.8 (Bruker Corporation, Billerica, MA, USA) and were reported as chemical
shifts (δ) in parts per million (ppm) relative to the solvent peak.

5.5.2 Isothermal Titration Calorimetry

JNK1 or JNK3 was buffer exchanged to 50 mM HEPES, 100 mM NaCl, 2 mM MgCl2, and 1 mM
TCEP with a pH of 7.4 at 25 ◦C using a desalting column (HiPrepTM 26/10 Desalting; Cytiva,
Marlborough, MA, USA). The protein solution was usually concentrated to 60–120 µM and
DMSO was added to a final concentration of 5 % (v/v). The fragments were dissolved in
DMSO to give a 300mM stock solution, which was further diluted with buffer and DMSO
to yield a 1.5–5 mM solution, also containing 5 % (v/v) DMSO. Depending on the binding
strenght the fragment concentrations varried. A MicroCal iTC200 instrument (Malvern
Panalytical Ltd, Malvern, UK) was used, with the measuring cell set at 25 ◦C, while the
cooling jacket was set at 15 ◦C. The measurement was performed by using a needle stirring
speed of 1000 rpm and a reference heat rate of 10µcal s−1. Experiments were aborted,
when the measuring cell was unable to reach a heat rate greater than 9.0µcal s−1 during
equilibration. After an initial delay of 120 s following a temperature equilibration, a first
injection of 0.5µL was done over 2 s. 19 injections of 2.0µL were performed over 4 s every
120 s. [286]

Based on the results of the ITC measurements, the ligand efficiency (LE) was calculated
using the following equation: [287,288]

𝐿𝐸 = −∆𝐺
𝐻𝐴

= −𝑙𝑜𝑔 (𝐾𝑑)
1.4
𝐻𝐴

(8)

5.5.3 Fluorescence Polarization Assay

Peptide stock solutions (800 µM) of fluorescence-labeled probe and test peptides were
prepared in DMSO and stored at −20 ◦C. The buffer of a thawed MDM2 or MDM4 protein
solution was exchanged using a desalting column (HiPrepTM 26/10 Desalting; Cytiva,
Marlborough, MA, USA). FP assay buffer (pH 7.2 at 25 ◦C) contained 25 mM potassium
phosphate, 150 mM ionic strenght (NaCl), 5 mM DTT. The protein was concentrated with
Vivaspin® Turbo 4 or 15 (MWCO = 5 kDa; Sartorius, Göttingen, Germany) at 4 ◦C and
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4000 rpm where appropriate. BSA (0.2mgmL−1) was added just before the FP measure-
ment. All FP experiments were performed using a CLARIOstar plate reader (emission filter:
530 nM, excitation filter: 482 nM, and dichroic mirror: 504 nM. BMG Labtech, Ortenberg,
Germany) with black non-binding polystyrene 96-well microplates (GBO, Frickenhausen,
Germany).

Kd values of the fluorescence probe (FAM-LTFEHYWAQLTS-CONH2) against MDM2
and MDM4 were determined by direct titration. 11-step serial dilutions of protein were
prepared in FP assay buffer. To obtain the final protein concentration with 5 % (v/v) DMSO,
190 µL of the dilutions were mixed in a 96-well plate with 5 µL DMSO and 5 µL of 800 nM
fluorescence-labeled probe (final concentration: 20 nM) in DMSO. A 12th measurement
point contained only DMSO instead of probe. Each protein concentration was measured
as quadruplicate. After 30 min incubation at 25 ◦C, measurements were taken 3 times at
10 min intervals and the results were averaged. This series of measurements was repeated
at least three times to determine reliable Kd values and protein concentrations in a range of
50–70 % of detected FP signal for competitive FP assay. It is recommended to re-determine
these values for each protein batch.

For the competitive FP assay, 11-step serial dilutions of test peptide were prepared
in DMSO. To obtain the final test peptide concentration with 5 % (v/v) DMSO, 5 µL of the
dilutions were mixed in a 96-well plate with 5 µL of 800 nM fluorescence-labeled probe
(final concentration: 20 nM) in DMSO and 190 µL protein solution (protein concentration
determined during direct titration experiment) in FP assay buffer. A 12th measurement
point contained only DMSO instead of test peptide. For experiments with 10 % (v/v) DMSO
instead of 5 % (v/v) DMSO, the protein solution was reduced to 180 µL and additional
10 µL DMSO was added. Each test peptide concentration of the competitive assay was
measured as quadruplicate and each series of measurements was repeated at least three
times analogous to direct titration to determine reliable [IC]50 values.

All normalized fluorescence polarization measurements were fitted with four param-
eter logistic regression (4PL) in OriginPro 2020 (OriginLab, Northampton, MA, USA) using
the following equation,

𝑦 =
𝐴1 − 𝐴2
1 +

(
𝑥
𝑥0

) 𝑝 + 𝐴2 (9)

where 𝐴1 is the minimum value and 𝐴2 is the maximum value that can be obtained,
𝑥0 is the point of inflection and p is the Hill’s slope of the curve. As reported previ-
ously (see Section 3.3.6.1 on page 93), the inhibition constant Ki was determined using
Equation 10 on the next page,
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𝐾𝑖 =
[𝐼]50(

[𝐿]50
𝐾𝑑

+ [𝑃]50
𝐾𝑑

+ 1
) (10)

where [𝐼]50 denotes the concentration of the free inhibitor at 50 % inhibition, [𝐿]50 is
the concentration of the free labeled ligand at 50 % inhibition, [𝑃]50 is the concentration of
the free protein at 0 % inhibition, and Kd is the dissociation constant of the protein-ligand
complex. [𝐼]50, [𝐿]50 and [𝑃]50 were determined as described in literature. [257]

5.5.4 Circular Dichroism Spectroscopy

CD measurements were performed on a Jasco J-720 (Jasco, Easton, MD, USA) at 20 ◦C using
a quartz flow cell with a 2 mm path length. Peptides were dissolved in PBS (pH 7.4) at a
concentration of 150 µM. Spectra were recorded at 50nmmin−1 with a bandwidth of 2 nm
and averaged over 2–10 scans. The PBS baseline was subtracted from each spectrum. As
reported previously (see Section 3.3.6.2 on page 94), the mean residue weight ellipticity [𝜃]
was calculated using the following equation,

[𝜃] =
𝜃 · 𝑀𝑛

𝑚
𝑉 · 𝑙 · 10 (11)

where 𝜃 is the measured ellipticity in mdeg, 𝑀 is the molar mass in gmol−1, 𝑛 is the
number of amino acid residues in the peptide, 𝑚 is the dissolved mass in g,𝑉 is the volume
of the solvent in cm3, and 𝑙 is the path length in cm. To determine the relative helicity, a
maximum helicity value is required, which can be calculated by the following Equation 12,

[𝜃]𝑚𝑎𝑥 =
−44000 + 250𝑇

1 − 𝑘
𝑛

(12)

where [𝜃]𝑚𝑎𝑥 is the maximum helicity, 𝑇 is the temperature in ◦C, 𝑘 is a finite length
correction parameter with 𝑘 = 4 and 𝑛 is the number of amino acid residues in the peptide.
The relative helicity in % was determined with the mean residue weight ellipticity [𝜃]obs,215

at wavelength λ= 215 nm calculated as described in Equation 11 and [𝜃]max using
Equation 13,

𝐻𝑒𝑙𝑖𝑐𝑖𝑡 𝑦% =
[𝜃]𝑜𝑏𝑠,215
[𝜃]𝑚𝑎𝑥

· 100 (13)
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5.6 Crystallization of JNK3

5.6.1 Crystallization and Soaking Procedure

Crystallization was performed as previously described. [24] JNK3 crystals were obtained
by the sitting drop vapor diffusion method in MRC Maxi 48-well plates (Swissci) with
200 µL reservoir. Protein in SEC buffer (50 mM HEPES, 100 mM NaCl, 2 mM MgCl2, 5 % (v/v)
glycerol, pH of 7.0) was thawed and concentrated to 7–9mgmL−1. The protein solution
was supplemented with 1 mM AMP-PCP, 0.4 mM Zwittergent 3-14 and 10 % (v/v) ethylene
glycol. The reservoir solution (100 mM BisTris with a pH of 6.0–6.5, 27 % (v/v) PEG-3350 and
200 mM NaCl) was added into the plate reservoir, and a 2 µL protein drop was mixed with
2 µL reservoir solution. Then, the plate was sealed. After one day, rectangular cuboidal
crystals grew and reached a sufficient size within one week. For cryo protection, the
previously described condition was supplemented with an additional 20 % (v/v) glycerol
and contained 5 mM fragment with no more than 5 % (v/v) DMSO. Fragments were soaked
for 24 h and then frozen in liquid nitrogen. Data were collected at the Swiss Light Source
in Switzerland at the Beamline Xo6SA (PXI).

5.6.2 Data Reduction and Refinement

Data reduction was performed using XDS (version Feb 5, 2021). [289] To obtain initial phases,
PDB 4X21, was used as a 937 search model for molecular replacement using PHASER [290]

as part of the CCP4 suit (v7.1) [291]. Multiple rounds of manual model building in COOT
(v0.9.5) [292] and refinement using PHENIX (v1.19.2) [293] were performed. AceDRG [294] was
used to create restraints for the compound 30. The final model is deposited with the
accession number 8BZP (Table 12 on page 57). Not deposited in the PDB is the crystal
structure JNK3 in complex with Fragment 51a (Table 15 on page 75).

5.7 Computational Methods

5.7.1 QPLogP and QPLogS calculations

LogS and logP values (denoted QPLogS and QPLogPo/w) were calculated using the QikProp
module of Schrodinger suite version 2021-1. [195] Molecules were protonated and prepro-
cessed using Schrodingers’ LigPrep module with default parameters. [196] All calculations
were then carried out using the default parameters and the normal processing mode of
QikProp.
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5.7.2 MP2 Geometry Optimizations and Single Point Calculations

Geometry optimizations and single point calculations were carried out using TURBOMOLE
7.4.1. [295] MP2 calculations were done in combination with the resolution of identity (RI)
technique and the frozen core approximation. [280,296–298] The frozen core orbitals were
defined using default settings by which all orbitals possessing energies below −3.0 au were
considered core orbitals. The SCF convergence criterion was increased to 10–8 hartree for
all calculations.

Throughout this study, we mainly used MP2-calculations combined with a triple-ζ basis
set (def2-TZVPP). [280] For comparison purposes, a quadruple-ζ basis set (def2-QZVPP) [299]

was used for selected interaction geometries. Furthermore, selected single points were
counterpoise corrected using the procedure of Boys and Bernardi [21] to correct for basis
set superposition errors (BSSE). Additional single point calculations were performed using
the hybrid functional M06-2X [300] in combination with Grimme’s dispersion correction
(D3) [277]. When necessary, hydrogen atoms were added before starting the optimization
using Protonate 3D in MOE 2018.0101. [301]

5.7.3 Sphercial Scan

The fragment (chlorodifluoromethoxy)benzene was derived from asciminib in the crystal
structure 5MO4. Hydrogen atoms were added using the Protonate3D feature of the MOE
at default settings. Next, the fragment was freely optimized using MP2/TZVPP. Using a
custom Python/PyMOL script, 500 evenly distributed points on a sphere with the radius
of 3.27Å (identical with the distance between the chlorine atom in asciminib and the
backbone oxygen of L448 in the crystal structure) were generated around the oxygen
of the MP2/TZVPP-optimized backbone model system N-methylacetamide. For each of
these points, a complex of (chlorodifluoromethoxy)benzene and N-methylacetamide was
generated using the following procedure: The fragment was translated by placing the
chlorine atom at the coordinates of this data point. Next, the fragment was rotated around
the coordinates of the chlorine atom to obtain an optimal σ-hole angle of 180◦ between the
fragment and the oxygen of N-methylacetamide. In a final step, the fragment was rotated
around its C Cl bond in steps of 60◦ to obtain six geometries per data point. In total, 3000
complexes were generated and single point calculations on the MP2/TZVPP level of theory
were performed. The six complex formation energies of each data point were averaged
and colored according to the supplied color scheme by using PyMOL.
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5.7.4 Potential Energy Surfaces

Model molecules with the general formula Ph Y CF2X (X = H, Cl, Br, I) were geometry-
optimized using the MP2/TZVPP-level of theory. Starting from these geometry-optimized
molecules, further geometries were generated by rotation along their rotatable axes (φ,ψ)
with an increment of 10◦ of each step. For each newly generated geometry single point
energies were calculated using MP2/TZVPP. Contour maps of potential energy surfaces
(PESs) with ΔE in kJmol−1 as a function of dihedral angles φ and ψ were generated for
amide (Y = NHCO) and ether (Y = O) derivatives, each with 1296 geometries (36 ×36). All
PES plots were generated using OriginPro 2020 (OriginLab, Northampton, MA, USA). [302]

5.7.5 Electrostatic Potential and Vmax Calculations

Molecules were geometry-optimized using the MP2/TZVPP-level of theory. For conformers
A and B of ligand 30, heavy atoms were kept frozen during optimization. Electrostatic
potentials and electron densities for all geometry-optimized molecules were calculated by
using MP2/TZVPP on a regular 3D-grid. The size of the 3D-grid was adapted to the size of the
respective molecule. Point density was kept uniform. The Vmax values were derived from
a similar 3D-grid calculation surrounding the halogen atom and extracted at an isodensity
level of 0.02au. The ESP isosurface depictions of the model compounds were prepared
with MOLCAD. [2,199] Negative ESP isosurfaces at an energy of −0.01au are colored in dark
blue and at an energy of −0.005au in cyan. Positive ESP isosurfaces at 0.01au are colored
in red and at an energy of 0.005au in orange. The isosurfaces at approximately 0.000au,
indicating the boundaries for the transition between negative and positive ESPs, are shown
as gray surfaces. Cyan, orange and gray surfaces were kept transparent and a clipping
plane was applied to all surfaces for better visibility.

5.7.6 Distance Scans

Molecules were optimized using the MP2/TZVPP-level of theory. For the evaluation of the
small molecule crystals, heavy atoms of the molecules were kept frozen during optimization.
Geometries shown in Figure 20 on page 52 were altered in steps of 0.1Å along the CX X
vectors of the respective halogen bond donating molecule. In the systematic approach, the
freely geometry-optimized model molecules (Ph X, Ph O CF2X, and Ph NHCO CF2X)
and N-methylacetamide were oriented toward each other using the same protocol to avoid
arbitrary differences: The CX X···O angle is equal to 180◦, the X···O C angle is equal to 120◦

(with X = H, Cl, Br, I), and the dihedral angle N C O···X is equal to 90◦. The distances were
varied with an increment of 0.1Å of each step. Distances X···O (X = H, Cl, Br, I) ranged from
1.5 to 5.0Å.
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5.7.7 Structural Depictions

Structural depictions of calculated molecules were prepared using PyMOL 2.3.3. [303] The
depictions of the small molecule crystal structures were prepared with Mercury
(v.2020.2.0). [304]

5.7.8 Interaction Vectors and Pseudo-Interaction Points

Data used for this visualization were taken from the potential energy surface scans
described above. Interaction vectors and pseudointeraction points were visualized using a
custom Python/PyMOL-script. Interaction vectors were generated using CYLINDER and
CONE objects and colored according to the provided energy scale. The direction of the
vector was taken from the respective CX X bond. Vector length was set to 2Å. Only vectors
within Δφ, Δψ = ±90◦ of the geometry-optimized molecule are shown. The energy threshold
was set to 20kJmol−1 with respect to the geometry-optimized minimum. Pseudointeraction
points were generated by elongation of the CX X vector by 3Å. Then, these points were
combined into one PyMOL object. The "vdw radius" of each point was altered to 0.2Å and
a surface was drawn. Surface quality was set to 3.

5.7.9 Conformational Energy Calculations

Hydrogen atoms were added to conformers A and B of compound 30 using the Protonate3D
feature of MOE 2018.0101 [301] and, subsequently, optimized using MP2/TZVPP. Heavy atoms
were kept frozen during optimization. The difference in the conformational energy was
derived from these optimized structures.

5.7.10 PDB Database Screening

Section 3.2.1: Ligands in 538 UNIProt IDs (all kinases, MDM2, MDM4, HIV-1 protease and
SARS-CoV-2 main protease) were analyzed for putative new halogen bonds. Aromatic
carbon positions of ligands were decorated with CF2Br groups. The attached substituents
were rotated along the rotatable bond in steps of 5◦. Severe clashes with the surroundings
were filtered out. Hits with a putative halogen bond angle of >150◦ and an interaction
distance of 2.5–4.5Å were saved as PSE files. This was done using a custom PyMOL/Python
script. The data was then evaluated manually.

Section 3.3.3: Peptides bound to HIV-1 protease, MDM2, and MDM4 were analyzed for
putative new halogen bonds. For this, aromatic carbon positions of peptide amino acids
were decorated with CF2Br or OCF2Br groups. The attached substituents were rotated along
all rotatable bonds in steps of 5◦. Severe clashes with the surroundings were filtered out.
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Hits with a putative halogen bond angle of >160◦ and an interaction distance of <4Å were
saved as PSE files. This was done using a custom PyMOL/Python script. The data was then
sighted manually.

5.7.11 Generation of Conformers

The side chain of Lys24 in chain P (starting at the Cα atom) in the crystal structure of
2Z5T was modified into the bromodifluoroacetylated variant and protonated using the
Protonate 3D feature of Molecular Operating Environment(MOE) 2018.0101 at default
settings. Then, a conformational search of this modified side chain was conducted using
the Conformational Search feature of MOE at default settings, resulting in 162 conformers.

5.7.12 Binding Site Representation

In two crystal structures (PDB IDs: 2Z5T and 3DAB), the surroundings of Lys24 were
carefully selected and used as an interaction site for the modified lysine. The interaction
site consists of:

Peptide residues in 2Z5T and 3DAB: Phe19 (C, O, Cα), Ser20 (full), Asp21 (full), Leu22
(side chain removed), Trp23 (full), Lys24 (full), Leu25 (N, Cα).

Protein residues in 2Z5T: Met50 (C, O, Cα), His51 (full), Tyr52 (side chain removed),
Leu53 (side chain removed), Gly54 (full), Gln55 (full), Tyr56 (side chain removed), Ile57
(side chain removed), Met58 (full), Val59 (N, Cα).

Protein residues in 3DAB: Met53 (C, O, Cα), His54 (full), Tyr55 (side chain removed),
Leu56 (side chain removed), Gly57 (full), Gln58 (full), Tyr59 (side chain removed), Ile60
(side chain removed), Met61 (full), Val62 (N, Cα).

Next, the interaction site representation was protonated using MOE and the Protonate
3D feature at default settings.

5.7.13 Generation of Interaction Site Variants Using the Conformers

Using a custom Python script, the interaction site representations were altered using
the previously generated conformers of the modified lysine side chain as follows: The
positions of the Cα and Cβ atoms of Lys24 were used to match the modified conformers,
thus replacing the natural side chain. For each conformer, 12 variations of the interaction
site were generated by rotating the modified side chain around the Cα and Cβ bond in
steps of 30 ° Next, generated interaction site variants resulting in severe clashes between
the modified lysine side chain and the remaining peptide residues or the protein were
removed. This resulted in 450 interaction site variants for 2Z5T and 420 for 3DAB.
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5.7.14 Quantum Mechanical Calculations

Optimization of the remaining interaction site variants was performed using TPSS-D3/def-
SV(P) [277–280] within TURBOMOLE 7.4.1. [295] Heavy atoms of the protein and peptide back-
bone were kept frozen during optimization. The convergence criterion was set to 10–6. Due
to the high atom number (115 heavy atoms, 108 hydrogen atoms), $scfdamp was altered
to: start=5.000 step=0.050 min=0.500. Multipole accelerated RI-J was activated ($marij). For
2Z5T, 247 converged structures were obtained and for 3DAB 304 structures.

5.8 Author Contributions

Prof. Dr. Frank M. Böckler envisioned the research. All experimental methods, data
analysis and reprocessing, unless otherwise stated below, were planned and performed by
Sebastian Vaas. Based on the preliminary work and ideas of Sebastian Vaas, the following
contributions were made by other participants.

Experimental part: Dr. Dieter Schollmeyer performed X-ray measurements and data
refinement of small molecule crystal structures. Sebastian Vaas performed the microsomal
stability assay and Dr. Bernhard Drotleff, Matthias Olfert and Prof. Dr. Michael Lämmer-
hofer conducted and analyzed the respective MS measurements. Sebastian Vaas prepared
and analyzed the STD NMR samples and Dr. Markus Kramer set up the STD NMR experi-
ments. Sebastian Vaas performed and analyzed the ITC experiments, Janosch Rheinganz
and Jason Stahlecker conducted supplemental ITC measurements. Janosch Rheinganz
conducted the turbidimetric solubility assay. Theresa Klett prepared MDM2 and MDM4 by
heterologous expression, Sebastian Vaas and Jason Stahlecker prepared JNK3, Sebastian
Vaas and Marcel Dammann prepared JNK1. Sebastian Vaas and Jason Stahlecker conducted
the JNK3 protein crystallization experiments. Prof. Dr. Thilo Stehle granted access to the
SLS beamline. Jason Stahlecker performed protein data reduction and structure refine-
ment.

Computational part: Dr. Markus O. Zimmermann performed all QM calculations with
respect to: observed interactions in small molecular crystals, conformational analysis,
potential interaction space, tuning, strength and geometry dependence of XB interac-
tions, electrostatic potentials of compounds and Vmax values. Dr. Markus O. Zimmermann
performed also the PDB decoration scans and all peptide-related in silico calculations.
Marc U. Engelhardt calculated logP / logS values and distance scans of 7a,c–e crystals.
Prof. Dr. Frank M. Böckler generated the ESP plots and analyzed the logP / logS and solubility
data in Section 3.1.6.
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6.1 General Chemical Methods

6.1.1 General Remarks

Chemicals were purchased from Abcr, Acros, Activate Scientific, Alfa Aesar, BLDpharm,
Carbolution, Fisher, Fluorochem, Iris Biotech, Sigma-Aldrich and used as received. Reactions
were monitored by thin-layer chromatography (TLC) carried out on Merck Kieselgel 60 F254
plates (Merck KGaA, Darmstadt, Germany) or by analytical HPLC. Purity of all synthesized
final test compounds and peptides was >95%, as determined by HPLC analysis, unless
otherwise stated.

6.1.2 Analytical HPLC

Analytical RP-HPLC was performed on an UltiMate 3000 HPLC system (Thermo Fisher
Scientific Inc, Waltham, MA, USA) equipped with a ReproSil-XR 120 C18 column (5 µm,
120 Å, 4.6×150 mm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) and a flow rate
of 1mLmin−1 using 0.01 M potassium phosphat buffer (pH 2.3) as eluent A1 and MeOH
as eluent B1. Absorptions were detected at 218 nm, 254 nm and 280 nm. Chromatograms
were analyzed with Chromeleon v7.2.10 (Thermo Fisher Scientific Inc, Waltham, MA, USA).

6.1.3 Semi-preparative HPLC

Semi-preparative purifications were performed on a PuriFlash 4250 system (Interchim,
Montluçon, France) equipped with a ReproSil-XR 120 C18 column (5 µm, 120 Å, 30× 250 mm,
Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) and a linear gradient elution with a
mobile phase composed of eluent A2 (99.9 % (v/v) H2O and 0.1 % (v/v) TFA) and eluent B2
(80 % (v/v) ACN, 19.9 % (v/v) H2O, and 0.1 % (v/v) TFA) at a flow rate of 30mLmin−1. Absorp-
tion was detected at 218 nm. Collected fractions were lyophilized.

6.1.4 Flash Column Chromatography

Purifications using reversed-phase column chromatography were carried out on a PuriFlash
4250 system (Interchim, Montluçon, France) equipped with a C18 column (puriFlash® C18-
HP 15 µm). Collected aqueous fractions were lyophilized. Silica gel column chromatography
was performed on a PuriFlash XS520Plus system (Interchim, Montluçon, France) with
silica gel 60 for column chromatography (particle size: 0.025–0.04 mm and 0.04–0.063 mm;
Machery-Nagel, Düren, Germany). Organic solvents were removed under reduced pressure.
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6.1.5 Mass Spectroscopy

Mass spectrometry measurements were performed on AmaZon SL (Bruker Corporation,
Billerica, MA, USA) using positive or negative electrospray ionization (ESI) or MSD 5977
(Agilent Technologies, Inc., Santa Clara, CA, USA) using electron ionization (EI) and high-
resolution mass spectrometry measurements were recorded on a maXis 4G (Bruker Corpo-
ration, Billerica, MA, USA) using positive electrospray ionization (HR-ESI-TOF) coupled
with an UltiMate 3000 HPLC system (Thermo Fisher Scientific Inc, Waltham, MA, USA).
GC-MS were performed with 5977B MSD / 8890 GC system (Agilent Technologies, Inc., Santa
Clara, CA, USA) using electron ionization (EI). Data were analyzed using Bruker Compass
DataAnalysis 4.4.

6.1.6 NMR Spectroscopy

NMR spectra were acquired primarily with a Bruker Avance III HDX 400 spectrometer,
but also with Bruker Avance III HD 300 XWB, Bruker Avance III HDX 600 and Bruker
Avance III HDX 700 spectrometers (Bruker Corporation, Billerica, MA, USA). 1H, 13C and
19F NMR spectra were reported as chemical shifts (δ) in parts per million (ppm) in relation to
tetramethylsilane (TMS) and were calibrated using the residual peak of the used solvent or,
in case of 19F NMR spectra, using the reference peak of C6F6 (163.0 ppm) or TFA (76.0 ppm).
Coupling constants (J) were reported in units of hertz (Hz). The following abbreviations
were used to describe multiplicities: s (singlet), d (doublet), q (quartet), m (multiplet) and
bs (broad singlet). NMR spectra were analyzed with MestReNova v5.3.1 (Mestrelab Research
S.L., Santiago de Compostela, Spain) or TopSpin v4.0.8 (Bruker Corporation, Billerica, MA,
USA).
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6.2 Peptide Synthesis

6.2.1 Solid-Phase Peptide Synthesis

All peptides were synthesized with free N-terminus and amidated C-terminus by SPPS
using the Fmoc strategy. The automated SPPS was carried out on a MultiSynTech Syro I
peptide synthesizer (Biotage). The peptide synthesis was performed on a 50 µM scale and
all reagents were dissolved in DMF. Rink amide resin (TentaGel® HL RAM, particle size:
75 µm, capacity: 0.38mmol g−1, Rapp Polymere, Tübingen, Germany) was used as solid
support and the following purchased Fmoc-protected standard amino acids were used
as building blocks for peptide synthesis: Fmoc-l-Ala-OH, Fmoc-l-Asp(Ot-Bu)-OH, Fmoc-
l-Glu(Ot-Bu)-OH, Fmoc-l-Leu-OH, Fmoc-l-Lys(Boc)-OH, Fmoc-l-Phe-OH, Fmoc-l-Pro-OH,
Fmoc-l-Ser(t-Bu)-OH, Fmoc-l-Thr(t-Bu)-OH, Fmoc-l-Trp(Boc)-OH, Fmoc-l-Tyr(t-Bu)-OH.

Purchased Fmoc-protected non-standard amino acid: Fmoc-l-Phe(m-OCH3)-OH, Fmoc-
l-Phe(m-OCF3)-OH, Fmoc-l-Dab(Boc)-OH, Fmoc-l-Nle(εNHCOCH3)-OH (82a), Fmoc-l-Nle-
(εNHCOCF3)-OH (82c), Fmoc-l-Nle(εN3)-OH, Fmoc-d-Pra-OH.

Synthesized Fmoc-protected non-standard amino acids: Fmoc-l-Phe(p-OCF2Br)-OH (80),
Fmoc-l-Phe(m-OCF2Br)-OH (81), Fmoc-l-Nle(εNHCOCF2H)-OH (82b), Fmoc-l-
Nle(εNHCOCF2Cl)-OH (82d), Fmoc-l-Nle(εNHCOCF2Br)-OH (82e), Fmoc-l-Abu(εNHCOCH3)-
OH (83a), Fmoc-l-Abu(εNHCOCF2H)-OH (83b), Fmoc-l-Abu(εNHCOCF3)-OH (83c), Fmoc-l-
Abu(εNHCOCF2Cl)-OH (83d), Fmoc-l-Abu(εNHCOCF3Br)-OH (83e) (synthesis procedures:
see Section 6.3.7 on page 182).

Each cycle included three reaction steps: coupling, capping, and deprotection of the
Fmoc protecting group. Each reactor was loaded with resin (132 mg, 1 eq) and swollen with
DMF. The first cycle started with an additional deprotection step. The coupling was done
with HBTU (4.4 eq) as coupling reagent, NMM (39 mM) as base and standard amino acid
(4.5 eq) for 40 min or with non-standard amino acid (1.5 eq) for 2 h, followed by capping
reaction with a solution of 5 % (v/v) acetic anhydrid and 6 % (v/v) lutidine for 15 min. The
Fmoc group was removed by 40 % (v/v) piperidine for 3 min. After each coupling, capping
and Fmoc deprotection, the resin was washed 6 times with DMF, and after synthesis,
resins were additionally washed several times with ethanol and DCM, then dried in vacuo.
Cleavage solution (670 mg phenol, 450 µL TIPS, 450 µL H2O in 9 mL TFA) was used to cleave
the acid-labile rink amide linker and the protecting groups of the amino acid side chains by
shaking for 2 h at room temperature. The resin was washed with DCM and the combined
fractions were concentrated in vacuo. The remaining peptide solution was precipitated
twice in Et2O at −80 ◦C and centrifuged for 15 min at 4000× g. The peptide was dissolved
in ACN and H2O, then lyophilized. The lyophilized crude peptide was purified using semi-
preparative HPLC (see Section 6.1.3 on page 133). The collected fractions were freeze-dried.
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The molecular masses were determined by HR-ESI mass spectrometry (Bruker maXis 4G,
Bruker Corporation, Billerica, MA, USA). The purity of all synthesized test peptides was
>95% as determined by analytical HPLC analysis (see Section 6.1.2 on page 133).

6.2.2 Triazole-Stapled Peptides: Peptide Cyclization via CuAAC

Peptide cyclization was performed using an optimized copper(I)-catalyzed alkyne-azide
cycloaddition protocol (Section 3.3.5.2 on page 88). Lyophilized linear peptide, CuSO4 · 5 H2O
(1 eq), TBTA (1 eq) and NaHCO3 (5 eq) were dissolved in ACN / H2O (2:1) resulting in a final
peptide concentration of 8mgmL−1. Sodium l-ascorbate (2 eq) dissolved in H2O (1–2 mL)
was added slowly. The reaction was shaken at room temperature and was completed
within 30 min as shown by analytical HPLC. Triazole-stapled peptides had retention times
approx. 2 min shorter then their linear precursor. The reaction mixture was purified by
direct injection into a semi-preparative HPLC. If necessary, the solution was filtered with
an RC syringe filter before injection.
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6.3 Synthesis Protocols

6.3.1 General Procedures

Deviations from the General Procedures are noted in the respective synthesis protocols.

General Procedure A (4d, 63 and 64)

To a solution of an appropriate carboxylic acid (5 mmol, 1 eq) in DCM (10 mL) was added a
catalytic amount of DMF (0.5 mmol, 0.1 eq) and oxalyl chloride (7.5 mmol, 2 M in DCM, 1.5 eq)
at 0 ◦C. The reaction mixture was stirred at room temperature for 3 h, then concentrated
in vacuo. The crude acyl chloride was added BrCCl3 (15 mL), DMAP (1.25 mmol, 0.25 eq)
and sodium-N-hydroxy-2-thiopyridone (6 mmol, 1.2 eq). The reaction mixture was refluxed
at 120 ◦C for 2 h under argon atmosphere, then concentrated in vacuo. The crude product
was purified by silica gel column chromatography.

General Procedure B (5d,e, 10, 13 and 37)

To a solution of an appropriate nitrobenzene (1 mmol, 1 eq) in EtOH (7 mL) was added
SnCl2 · 2 H2O (5 mmol, 5 eq) and conc. HCl (1 mL). The reaction mixture was stirred at
room temperature for 16 h under argon atmosphere. To the reaction mixture was added
sat. NaHCO3 (80 mL), then extracted with EtOAc (3×40 mL). The combined organic layers
were washed with brine, dried over Na2SO4, and concentrated in vacuo to provide the title
compound. The title compound can be used with and without purification by silica gel
column chromatography.

General Procedure C (18a–e)

To a solution of 17a (0.5 mmol, 1 eq) was added an appropriate amine (0.5 mmol, 1 eq
or 0.55 mmol, 1.1 eq), HOBt ·H2O (0.55 mmol, 1.1 eq), EDCI ·HCl (0.75 mmol, 1.5 eq), DMAP
(0.05 mmol, 0.1 eq) and DIPEA (2 mmol, 4 eq) in THF (5 mL). The mixture was stirred at
45 ◦C for 48 h. After cooling to room temperature, H2O (50 mL) was added and the mixture
was extracted with EtOAc (3×20 mL). The combined organic layers were washed with
brine, dried over Na2SO4 and concentrated in vacuo. The crude product was purified by
silica gel column chromatography.

General Procedure D (7a–d, 23, 24, 28, 29, 30, 32, 41, 42 and 45)

An appropriate aniline (5 mmol, 1 eq) was dissolved in dry THF (25 mL) and the solution
was cooled to 0 ◦C. After 10 min, NMM (5–11 mmol, 1.0–2.2 eq) followed by an appropriate
acetic anhydride (5.0–7.5 mmol, 1.0–1.5 eq) in dry THF (12 mL) were added to the solution.
The reaction mixture was allowed to warm up to room temperature overnight. The stirred
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reaction mixture was quenched with MeOH after 18 h and the solvent was removed under
reduced pressure. The crude product was dissolved in EtOAc (50 mL) and washed with
1 M HCl (3×30 mL), H2O (30 mL) and brine (30 mL). The organic phase was dried over
Na2SO4 and the solvent was removed in vacuo. The crude product was purified by silica
gel column chromatography or by reversed-phase chromatography.

General Procedure E (6a–e, 12, 13 and 38)

To a solution of an appropriate aniline (1 mmol, 1 eq) in 10 % acetic acid (12 mL) was added
potassium cyanate (5 mmol, 5 eq) at 0 ◦C, then the reaction mixture was stirred at room
temperature for 3 h. The reaction mixture was filtered off, washed with H2O and dried at
60 ◦C. The crude product was purified by silica gel column chromatography to provide the
title compound.

General Procedure F (20a–e)

An appropriate THP-protected asciminib derivative 18a–e (1 eq) was dissolved in dry DCM
and TFA (40 eq) was added at 0 ◦C. The reaction mixture was stirred at room temperature
for 4 h. After completion of the reaction, sat. aq. NaHCO3 and EtOAc were added and the
organic layer was washed three times with sat. aq. NaHCO3, once with brine and dried
over Na2SO4. The organic solvent was removed under reduced pressure and the crude
product was purified by silica gel column chromatography.

General Procedure G (20a–e)

To a solution of 17b (3 mmol, 1 eq) in dry DCM (15 mL) was added DMF (0.3 mmol, 0.1 eq)
and oxalyl chloride (2 M in DCM, 4.5 mmol, 1.5 eq) at 0 ◦C. After 15 min stirring at 0 ◦C, the
reaction mixture was stirred at room temperature for 3 h, then concentrated in vacuo.
Dry THF (20 mL) was added to the crude acyl chloride, followed by Et3N (9 mol, 3 eq) and
dropwise addition of an appropriate amine (3 mmol, 1 eq) at 0 ◦C. The reaction mixture
was stirred at room temperature for 16 h. After completion of the reaction, the solvent
was removed under reduced pressure to obtain the crude intermediate product 19a–e.
The residue was dissolved in DCM, then washed with 1 M HCl. The organic phase was
concentrated in vacuo to 5–10 mL, TFA (9.25 mL, 40 eq) was added and the mixture was
stirred at room temperature for another 3 h. The solvent was removed under reduced
pressure and the residue was dissolved in EtOAc (150 mL), washed with a sat. solution of
K2CO3 (2×50 mL) and brine (50 mL), dried over Na2SO4 and the solvent was evaporated
off under reduced pressure to give a residue which was purified by silica gel column
chromatography to afford the title compound.
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General Procedure H (25 and 31)

An appropriate aniline (5 mmol, 1 eq) and 1b (7.5 mmol, 1.5 eq) were suspended in dry DCM
(35 mL) under argon atmosphere and the mixture was cooled to 0 ◦C. After 10 min, T3P
(≥50 wt % solution in EtOAc, 7.5 mmol, 1.5 eq) and DIPEA (10 mmol, 2 eq) were added to the
suspension. The reaction mixture was stirred at room temperature for 1 h, then diluted
with H2O and extracted with CHCl3 (3×40 mL). The organic phase was washed with H2O
(3×30 mL) and brine (30 mL), dried over Na2SO4 and the solvent was removed in vacuo.
The crude product was purified by silica gel column chromatography or by reversed-phase
chromatography.

General Procedure I (26, 35, 39, 40, 43 and 44)

An appropriate aniline (5 mmol, 1 eq) was dissolved in dry DCM (25 mL) and the solution
was cooled to 0 ◦C. After 10 min, Et3N (5–11 mmol, 1.0–2.2 eq) followed by an appropriate
acetic anhydride (5.0–7.5 mmol, 1.0–1.5 eq) in dry DCM (12 mL) were added to the solution.
The reaction mixture was allowed to warm up to room temperature overnight. The stirred
reaction mixture was quenched with MeOH after 18 h and the solvent was removed under
reduced pressure. The crude product was dissolved in EtOAc (50 mL) and washed with
1 M HCl (3×30 mL), H2O (30 mL) and brine (30 mL). The organic phase was dried over
Na2SO4 and the solvent was removed in vacuo. The crude product was purified by silica
gel column chromatography or by reversed-phase chromatography.

General Procedure J (47 and 48)

A stirred solution of an appropriate aldehyde (10 mmol, 1 eq) in dry DCM (50 mL) was
cooled to −10 ◦C under argon atmosphere. DAST (12 mmol, 1.2 eq) was added dropwise.
The reaction mixture was allowed to warm up overnight. After 18 h, H2O was poured to the
reaction mixture. The organic phase was seperated and the aq. phase was extracted twice
with EtOAc. The combined organic phases were washed with brine, dried over Na2SO4 and
the solvent was removed in vacuo. The crude product was purified by silica gel column
chromatography.

General Procedure K (54d and 55d)

A suspension of an appropriate carboxylic acid (5 mmol, 1 eq) and DBDMH (5 mmol, 1 eq
or 15 mmol, 3 eq) in degassed CCl4 (100 mL) was stirred under argon atmosphere and
illuminated by a 300 W sun lamp for 3–10 d. The reaction was monitored via HPLC. After
completion of reaction, the mixture was filtered, diluted with DCM and then washed with
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20 % Na2S2O3 solution (80 mL) and brine. The organic layer was dried over Na2SO4 and
the solvent was removed in vacuo. The crude product was purified by silica gel column
chromatography.

General Procedure L (60 and 61)

An appropriate cresol (10 mmol, 1 eq) was dissolved in dry 1,4-dioxane (30 mL) under argon
atmosphere, then NaH (60 % dispersion in mineral oil; 11 mmol, 1.1 eq) was added. After
30 min stirring at room temperature, 1a (11 mmol, 1.1 eq) was added and the mixture was
stirred at 60 ◦C until no more cresol can be observed with TLC (approximately 5 to 6 h).
The reaction mixture was cooled down to room temperature, then Et2O was added and
the mixture was extracted three times with sat. NaHCO3. Et2O was added to the combined
aq. phases, then the biphasic mixture was acidified with conc. HCl at 0 ◦C to pH = 1. The
mixture was extracted three times with Et2O, the combined organic phases were washed
with brine and dried over Na2SO4. After removing the solvent, 1,4-dioxane is still present.
The purity was determined using 1H NMR and the crude product was used without further
purification for the next synthesis step.

General Procedure M (66–69)

In an oven dried two-necked flask, an appropriate methylbenzene (10 mmol, 1 eq) was
dissolved in dry benzene or CCl4 (30 mL) under argon atmosphere, then NBS (11 mmol,
1.1 eq) and ABCN (3 mmol, 0.3 eq) were added. The suspension was refluxed for 8 h. After-
wards, the mixture was cooled down to room temperature and the solid succinimide was
filtered off. The filtrate was concentrated in vacuo and the crude product was used without
purification for the next synthesis step.

General Procedure N (71, 72, 73 and 74)

The crude bromomethylbenzene from General Procedure M (10 mmol, 1 eq), diethyl-
acetamidomalonate (10 mmol, 1 eq), K2CO3 (20 mmol, 2 eq) and KI (10 mmol, 1 eq) were
dissolved in dry ACN (60 mL) under argon atmosphere. The suspension was refluxed for
18 h. After that, the mixture was cooled down to room temperature and filtered. The
solvent was removed in vacuo and the crude product was purified by silica gel column
chromatography.

General Procedure O (82b,d,e and 83a–e)

To a suspension of an appropriate Fmoc-protected amino acid (10 mmol, 1 eq) and NMM
(30 mmol, 3 eq) in dry THF (70 mL) were added dropwise the required anhydride (12 mmol,
1.2 eq) at 0 ◦C under argon atmosphere. The reaction mixture was stirred at 0 ◦C for 30 min,
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then additional anhydride was added dropwise at 0 ◦C until the suspension became a
clear solution without any precipitate and the resulting red-brown solution was stirred at
room temperature for 2 h. The reaction mixture was quenched by addition of MeOH and
concentrated under reduced pressure. The residue was dissolved in EtOAc and washed
twice with 10 % HCl, then with H2O and brine. The solvent was removed in vacuo and the
crude product was purified by reversed-phase column chromatography.
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6.3.2 Reagents

Potassium 2-bromo-2,2-difluoroacetate (1a)

KO

O

Br

F
F

Potassium hydroxide (31.4 g, 619 mmol, 1.0 eq) was dissolved in MeOH
(500 mL) at 0 ◦C, then ethyl bromodifluoroacetate (132 g, 650 mmol,
1.05 eq) was added. The mixture was allowed to warm up to room
temperature and stirred for 72 h. The solvent was removed in vacuo to

provide the title compound 1a (130 g, 98.6 %) as a white solid.

ESI-MS (m/z): [M−K]− 173.0 / 175.0 (1:1); 19F NMR (376 MHz, DMSO-d6): δ –47.77 (s, 2F).

Potassium 2,2-difluoro-2-iodo-acetate (1b)

KO

O

I

F
F

Potassium hydroxide (1.02 g, 18.2 mmol, 1.0 eq) was dissolved in MeOH
(18 mL) at 0 ◦C, then ethyl difluoroiodoacetate (5.0 g, 20 mmol, 1.1 eq)
was added. After stirring at 0 ◦C for 30 min, the mixture was warmed
to room temperature and stirred for 48 h. The solvent was removed

in vacuo to provide the title compound 1b (4.17 g, 80.2 %) as a yellow solid.

ESI-MS (m/z): [M−K]− 220.9; 19F NMR (376 MHz, DMSO-d6): δ –52.47 (s, 2F).
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6.3.3 Fragments with Ether and Acetamide Moiety

2,2-Difluoro-2-(4-nitrophenoxy)acetic acid (3)

O

F F
O2N

O

OH

Method A: To a suspension of K2CO3 (10.4 g, 75.0 mmol,
2.5 eq) in a solution of 4-nitrophenol (4.17 g, 30.0 mmol,
1.0 eq) in DMF (60 mL) was slowly added ethyl bromodiflu-
oroacetate (5.77 mL, 45.0 mmol, 1.58 g cm−3, 1.5 eq) at room
temperature. The reaction mixture was stirred at room

temperature for 13 h under argon atmosphere. The reaction mixture was poured on to H2O,
extracted with Et2O (3× 100 mL), dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by silica gel column chromatography (eluent: PE 40/60 / EtOAc 96:4)
to provide a mixture of intermediate product 2 and 4a (3.38 g) as a yellow oil and colorless
crystalline solid. As further side product, 4d (375 mg, 4.7 %; GC-MS (EI): [M]+ 266.9 / 268.9)
could be isolated as a yellow oil.

To a solution of 2 and 4a (3.38 g) in Et2O (13 mL) was added 6 M aq. NaOH (13 mL). The
reaction mixture was stirred at room temperature for 3 h before diluting with Et2O. The
reaction mixture was extracted with sat. NaHCO3 (3×60 mL). The combined aq. layers
were acidified to pH 1 and extracted with Et2O (3×60 mL), then the combined organic
phases were washed with brine, dried over Na2SO4 and concentrated in vacuo. Products
were purified by washing with n-pentane to provide the title compound 3 (1.05 g, 15.0 %)
as a pale-yellow crystalline solid.

From the first organic phase compound 4a could be isolated. After washing with brine,
drying over Na2SO4 and concentration in vacuo, the side product was purified by silica gel
column chromatography (eluent: PE 40/60 / EtOAc 96:4) to obtain 4a (1.63 g, 28.8 %; GC-MS
(EI; m/z): [M]+ 189.1) as a colorless crystalline solid.

Method B: To a solution/suspension of 4-nitrophenol (1.0 g, 7.19 mmol, 1.0 eq) in
1,4-dioxane under argon atmosphere was added NaH (60 % dispersion in mineral oil;
316 mg, 7.91 mmol, 1.1 eq) at room temperature and stirred for 30 min. 1a (1.68 g, 7.91 mmol,
1.1 eq) was added and the reaction mixture was stirred for 20 h at 80 ◦C. After comple-
tion, the reaction mixture turns from red to yellow/colorless. At room temperature EtOAc
was added and the mixture was extracted with sat. NaHCO3 (3×20 mL). To the combined
aq. layers were added EtOAc and the biphasic mixture was adjusted to pH 1 with HCl. The
mixture was extracted with EtOAc (3× 20 mL). The combined organic layers were washed
with brine, dried over Na2SO4 and concentrated in vacuo to provides the title compound 3
(185 mg, 9.5 %) as a pale-yellow crystalline solid.
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ESI-MS (m/z): [M−H]− 232.0; 1H NMR (400 MHz, DMSO-d6): δ 13.92 (bs, 1H), 8.35–8.27 (m,
2H), 7.49 (d, J = 9.2 Hz, 2H); 13C NMR (101 MHz, DMSO-d6): δ 160.0 (t, J = 38.2 Hz), 154.1, 145.0,
125.9, 121.3, 114.1 (t, J = 275.1 Hz); 19F NMR (376 MHz, DMSO-d6): δ –77.29 (s, 2F).

1-(Bromodifluoromethoxy)-4-nitrobenzene (4d)

O

O2N

Br

F
F

The title compound was prepared following General Proce-
dure A using 3 (109 mg, 0.468 mmol, 1.0 eq), DMF (3.6 µL,
0.047 mmol, 0.95 g cm−3, 0.1 eq) and oxalyl chloride (350 µL,
0.701 mmol, 2 M in DCM, 1.5 eq) in DCM (1.5 mL). After the

first reaction step and concentration of the reaction mixture, BrCCl3 (3 mL), DMAP (14.3 mg,
0.117 mmol, 0.25 eq) and sodium-N-hydroxy-2-thiopyridone (83.6 mg, 0.562 mmol, 1.2 eq)
were added for the second reaction step. The crude product was purified by silica gel
column chromatography (eluent: n-hexane / EtOAc 97:3) to provide the title compound 4d
(39.8 mg, 31.7 %) as a yellow oil.

GC-MS (EI) (m/z): [M]+ 266.9 / 268.9 (1:1); 1H NMR (400 MHz, CDCl3): δ 8.31–8.26 (m, 1H), 7.86–
7.81 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 136.2, 135.0, 124.3, 117.8, 114.2 (t, J = 329.0 Hz);
19F NMR (376 MHz, CDCl3): δ –23.10 (s, 2F).

1-(Difluoroiodomethoxy)-4-nitrobenzene (4e)

O

O2N

I

F
F

To a solution of 3 (975 mg, 4.18 mmol, 1.0 eq) in dry DCM
(6 mL) was added DMF (32.3 µL, 0.418 mmol, 0.95 g cm−3,
0.1 eq) and oxalyl chloride (3.14 mL, 2 M in DCM, 6.27 mmol,
1.5 eq) at 0 ◦C. The reaction mixture was stirred at room

temperature for 3 h, then concentrated in vacuo. Dry toluene (13.0 mL), CHI3 (3.29 g,
8.36 mmol, 2.0 eq), DMAP (127.7 mg, 1.05 mmol, 0.25 eq) and sodium-N-hydroxy-2-
thiopyridone (748.5 mg, 5.02 mmol, 1.2 eq) was added to the crude acyl chloride. The
reaction mixture was refluxed at 120 ◦C for 2 h under argon atmosphere, then concen-
trated in vacuo. The crude product was purified by silica gel column chromatography
(eluent: PE 40/60 / EtOAc 97:3) to provide the title compound 4e (357.8 mg, 27.2 %) as a
pale-yellow solid.

EI-MS (m/z): [M−I]+ 188.1, [M−OCF2I]+ 122.1; 1H NMR (400 MHz, CDCl3): δ 8.32 (m, 2H),
7.39 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 156.0, 146.0, 125.8, 121.8, 84.6 (t, J = 329.8 Hz);
19F NMR (376 MHz, CDCl3): δ –6.33 (s, 2F).
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4-(Bromodifluoromethoxy)aniline (5d)

O

H2N

Br

F
F

The title compound was prepared following General Proce-
dure B using 4d (380 mg, 1.42 mmol, 1.0 eq), SnCl2 · 2 H2O
(1.60 g, 7.09 mmol, 5.0 eq) in EtOH (7 mL) and conc. HCl
(1 mL). The crude product was purified by silica gel column

chromatography (eluent: PE 40/60 / EtOAc 75:25) to provide the title compound 5d (281 mg,
83.3 %) as a dark-brown oil.

ESI-MS (m/z): [M+H]+ 238.03 / 240.03 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 6.98–6.93 (m,
2H), 6.62–6.56 (m, 2H), 5.31 (s, 2H); 13C NMR (101 MHz, DMSO-d6): δ 148.1, 140.3 (t, J = 1.9 Hz),
122.1, 115.6 (t, J = 305.1 Hz), 114.1; 19F NMR (376 MHz, DMSO-d6): δ –16.00 (s, 2F).

4-(Difluoroiodomethoxy)aniline (5e)

O

H2N

I

F
F

The title compound was prepared following General Proce-
dure B using 4e (225.2 mg, 0.72 mmol, 1.0 eq), SnCl2 · 2 H2O
(806.5 mg, 3.57 mmol, 5.0 eq) in EtOH (7 mL) and conc. HCl
(1 mL) to provide the crude title compound (210.7 mg,

103.4 %) as yellow oil. The crude product 5e was used without further purification.

ESI-MS (m/z): [M+H]+ 286.13.

1-(4-(Difluoromethoxy)phenyl)urea (6a)

O

N
H

H

F
F

O

H2N

The title compound was prepared following General Proce-
dure E using 5a (390 mg, 2.45 mmol, 1.0 eq) and potassium
cyanate (994 mg, 12.25 mmol, 5.0 eq) in 10 % acetic acid
(20 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 94:6) to provide the

title compound 6a (789.9 mg, 79.7 %) as a white solid.

ESI-MS (m/z): [M+H]+ 203.35; 1H NMR (400 MHz, DMSO-d6): δ 8.59 (bs, 1H), 7.43 (m, 2H),
7.06 (d, J = 1.8 Hz, 2H), 7.05 (t, J = 74.6 Hz, 1H), 5.86 (bs, 2H); 13C NMR (101 MHz, DMSO-d6): δ
156.1, 144.8 (t, J = 3.1 Hz), 138.1, 119.7, 119.2, 119.0, 116.7 (t, J = 257.4 Hz); 19F NMR (376 MHz,
DMSO-d6 -162.59): δ –81.52 (d, J = 74.7 Hz, 2F).
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1-(4-(Trifluoromethoxy)phenyl)urea (6b)

O

N
H

F

F
F

O

H2N

The title compound was prepared following General Proce-
dure E using 5b (381.7 µL, 1.31 g cm−3, 2.16 mmol, 1.0 eq) and
potassium cyanate (874.0 mg, 10.77 mmol, 5.0 eq) in 10 %
acetic acid (15 mL). The crude product was purified by silica
gel column chromatography (eluent: DCM / MeOH 98:2) to

provide the title compound 6b (448.6 mg, 94.6 %) as a white solid.

ESI-MS (m/z): [M+H]+ 221.14; 1H NMR (400 MHz, DMSO-d6): δ 8.73 (bs, 1H), 7.50 (m, 2H),
7.20 (d, J = 8.2 Hz, 2H), 5.92 (bs, 2H); 13C NMR (101 MHz, DMSO-d6): δ 155.9, 142.1 (dd,
J = 3.5, 1.6 Hz), 139.9, 121.5, 120.2 (dd, J = 506.8, 258.1 Hz), 118.8; 19F NMR (376 MHz, DMSO-d6):
δ –57.25 (s, 2F).

1-(4-(Chlorodifluoromethoxy)phenyl)urea (6c)

O

N
H

Cl

F
F

O

H2N

The title compound was prepared following General Proce-
dure E using 5c (113.1 mg, 0.58 mmol, 1.0 eq) and potassium
cyanate (237.0 mg, 2.92 mmol, 5.0 eq) in 10 % acetic acid
(10 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 97:3) to provide the

title compound 6c (103.6 mg, 75.0 %) as a white solid.

ESI-MS (m/z): [M−H]− 235.28 / 237.28 (3:1); 1H NMR (400 MHz, DMSO-d6): δ 8.73 (bs, 1H),
7.49 (m, 2H), 7.20 (d, J = 9.1 Hz, 2H), 5.91 (bs, 2H); 13C NMR (101 MHz, DMSO-d6): δ 155.8,
143.2 (t, J = 1.9 Hz), 139.9, 125.1 (t, J = 286.4 Hz), 121.9, 118.7; 19F NMR (376 MHz, DMSO-d6):
δ –25.14 (s, 2F).

1-(4-(Bromoodifluoromethoxy)phenyl)urea (6d)

O

N
H

Br

F
F

O

H2N

The title compound was prepared following General Proce-
dure E using 5d (177.5 mg, 0.75 mmol, 1.0 eq) and potassium
cyanate (302.5 mg, 3.73 mmol, 5.0 eq) in 10 % acetic acid
(10 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 96:4) to provide the

title compound 6d (125.2 mg, 59.7 %) as a white solid.
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ESI-MS (m/z): [M−H]− 279.16 / 281.16 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.73 (bs, 1H),
7.50 (m, 2H), 7.18 (d, J = 9.0 Hz, 2H), 5.92 (bs, 2H); 13C NMR (101 MHz, DMSO-d6): δ 155.9,
143.9 (t, J = 1.9 Hz), 139.9, 121.7, 118.7, 115.0 (t, J = 306.1 Hz); 19F NMR (376 MHz, DMSO-d6):
δ –16.30 (s, 2F).

1-(4-(Difluoroiodomethoxy)phenyl)urea (6e)

O

N
H

I

F
F

O

H2N

The title compound was prepared following General Proce-
dure E using crude 5e (210.7 mg, 0.72 mmol, 1.0 eq) and potas-
sium cyanate (290.0 mg, 3.58 mmol, 5.0 eq) in 10 % acetic acid
(10 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 97:3) to provide the

title compound 6e (130.1 mg, 55.5 % over 2 steps) as a white solid.

ESI-MS (m/z): [M+H]+ 329.25; 1H NMR (400 MHz, DMSO-d6): δ 8.71 (bs, 1H), 7.48 (m, 2H), 7.11
(d, J = 9.0 Hz, 2H), 5.91 (bs, 2H); 13C NMR (101 MHz, DMSO-d6): δ 155.9, 145.4 (t, J = 2.2 Hz),
139.6, 121.7, 118.8, 89.4 (t, J = 324.6 Hz); 19F NMR (376 MHz, DMSO-d6): δ –8.26 (s, 2F).

N-(Benzo[d][1,3]dioxol-5-yl)-2,2-difluoroacetamide (7a)

H
N

O

H

F F

O

O

The title compound was prepared following General
Procedure D using benzo[d][1,3]dioxol-5-amine (411.4 mg,
3.0 mmol, 1.0 eq) and NMM (0.33 mL, 3.0 mmol, 1.0 eq) in
10 mL dry THF followed by addition of 2,2-difluoroacetic
anhydride (1.4 mL, 3.3 mmol, 1.1 eq) in 10 mL dry THF. The

crude product was purified by silica gel column chromatography (eluent: DCM / MeOH
98:2) to provide the title compound 7a (456.2 mg, 70.7 %).

ESI-MS (m/z): [M+Na]+ 237.98; 1H NMR (400 MHz, CDCl3): δ 7.87 (bs, 1H), 7.24 (d, J = 2.1 Hz,
1H), 6.88 (dd, J = 8.3, 2.2 Hz, 1H), 6.77 (d, J = 8.3 Hz, 1H), 6.00 (t, J = 54.4 Hz, 1H), 5.98 (s,
2H); 13C NMR (101 MHz, CDCl3): δ 160.3 (t, J = 24.3 Hz), 148.2, 145.6, 129.8, 113.9, 108.7 (t,
J = 254.0 Hz), 108.4, 103.0, 101.7; 19F NMR (376 MHz, CDCl3): δ –126.86 (dd, J = 54.4, 2.4 Hz,
2F).
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N-(Benzo[d][1,3]dioxol-5-yl)-2,2,2-trifluoroacetamide (7b)

H
N

O

F

F F

O

O

The title compound was prepared following General
Procedure D using benzo[d][1,3]dioxol-5-amine (500 mg,
3.65 mmol, 1.0 eq) and NMM (0.41 mL, 3.65 mmol, 1.0 eq) in
20 mL dry THF followed by addition of 2,2,2-trifluoroacetic
anhydride (1.11 mL, 4.01 mmol, 1.1 eq) in 15 mL dry THF. The

crude product was purified by silica gel column chromatography (eluent: DCM) to provide
the title compound 7b (626.5 mg, 73.7 %).

ESI-MS (m/z): [M+Na]+ 255.98; 1H NMR (400 MHz, CDCl3): δ 7.86 (s, 1H), 7.21 (d, J = 2.2 Hz,
1H), 6.88 (dd, J = 8.3, 2.2 Hz, 1H), 6.79 (d, J = 8.3 Hz, 1H), 5.99 (s, 2H); 13C NMR (101 MHz,
CDCl3): δ 154.9 (dd, J = 74.2, 36.9 Hz), 148.3, 146.1, 129.1, 115.9 (q, J = 288.5 Hz), 114.3, 108.5,
103.1, 101.9; 19F NMR (376 MHz, CDCl3): δ –76.94 (d, J = 1.0 Hz, 3F).

N-(Benzo[d][1,3]dioxol-5-yl)-2-chloro-2,2-difluoroacetamide (7c)

H
N

O

Cl

F F

O

O

The title compound was prepared following General
Procedure D using benzo[d][1,3]dioxol-5-amine (822.8 mg,
6.0 mmol, 1.0 eq) and NMM (0.66 mL, 6.0 mmol, 1.0 eq)
in 20 mL dry THF followed by addition of 2-chloro-2,2-
difluoroacetic anhydride (2.8 mL, 6.6 mmol, 1.1 eq) in 15 mL

dry THF. The crude product was purified by silica gel column chromatography (eluent:
DCM) to provide the title compound 7c (1.03 g, 69.0 %).

ESI-MS (m/z): [M−H]− 248.08; 1H NMR (400 MHz, CDCl3): δ 7.81 (bs, 1H), 7.22 (d, J = 2.2 Hz,
1H), 6.89 (dd, J = 8.3, 2.2 Hz, 1H), 6.79 (d, J = 8.3 Hz, 1H), 5.99 (s, 2H); 13C NMR (101 MHz,
CDCl3): δ 156.9 (t, J = 29.9 Hz), 148.3, 146.0, 129.4, 119.2 (t, J = 303.1 Hz), 114.2, 108.4, 103.1,
101.8; 19F NMR (376 MHz, CDCl3): δ –63.97 (s, 2F).

N-(Benzo[d][1,3]dioxol-5-yl)-2-bromo-2,2-difluoroacetamide (7d)

H
N

O

Br

F F

O

O

The title compound was prepared following General
Procedure D using benzo[d][1,3]dioxol-5-amine (822.8 mg,
6.0 mmol, 1.0 eq) and NMM (0.66 mL, 6.0 mmol, 1.0 eq)
in 20 mL dry THF followed by addition of 2-bromo-2,2-
difluoroacetic anhydride (3.6 mL, 6.6 mmol, 1.1 eq) in 15 mL

dry THF. The crude product was purified by silica gel column chromatography (eluent:
DCM) to provide the title compound 7d (1.38 g, 78.0 %).
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ESI-MS (m/z): [M−H]− 316.01 / 318.01; 1H NMR (400 MHz, CDCl3): δ 7.76 (bs, 1H), 7.22 (d,
J = 2.1 Hz, 1H), 6.89 (dd, J = 8.3, 2.1 Hz, 1H), 6.79 (d, J = 8.3 Hz, 1H), 5.99 (s, 2H); 13C NMR
(101 MHz, CDCl3): δ 157.5 (t, J = 27.8 Hz), 148.3, 145.9, 129.4, 114.1, 111.7 (t, J = 317.3 Hz),
108.4, 103.0, 101.8; 19F NMR (376 MHz, CDCl3): δ –60.47 (s, 2F).

N-(Benzo[d][1,3]dioxol-5-yl)-2,2-difluoro-2-iodoacetamide (7e)

H
N

O

I

F F

O

O

Method A: Benzo[d][1,3]dioxol-5-amine (274 mg, 2 mmol,
1 eq), 1b (520 mg, 2 mmol, 1 eq), EDCI (575 mg, 3 mmol,
1.5 eq), HOBt ·H2O (337 mg, 2.2 mmol, 1.1 eq), DMAP (25 mg,
0.2 mmol, 0.1 eq) and DIPEA (1.37 mL, 8 mmol, 0.76 g cm−3,
4 eq) were dissolved in dry THF (40 mL) under argon

atmosphere. The reaction mixture was stirred for 24 h. Afterwards, the reaction was
quenched with MeOH and the solvent was removed under reduced pressure. The crude
product was dissolved in EtOAc (50 mL) and washed with 1 M HCl (3× 30 mL), H2O (30 mL)
and Brine (30 mL). The organic phase was dried over Na2SO4 and the solvent was removed
in vacuo. The crude product was purified by silica gel column chromatography (eluent:
DCM) to provide the title compound 7e (136.4 mg, 20.0 %).

Method B: Benzo[d][1,3]dioxol-5-amine (500 mg, 3.65 mmol, 1.0 eq) and 1b (1.90 g,
7.29 mmol, 2 eq) were dissolved in dry DMF (10 mL) under argon atmosphere and the
mixture was cooled to 0 ◦C. After 10 min, T3P (≥50 wt % solution in EtOAc, 3,26 mL,
5.47 mmol, 1.5 eq) and DIPEA (1.91 mL, 10.9 mmol, 3 eq) were added to the solution. The
reaction mixture was stirred at room temperature for 5 h, then diluted with sat. NaHCO3

and extracted with EtOAc (3× 40 mL). The organic phase was washed with H2O (3× 30 mL)
and brine (30 mL), dried over Na2SO4 and the solvent was removed in vacuo. The crude
product was purified by silica gel column chromatography (eluent: DCM) to provide the
title compound 7e (296.9 mg, 23.9 %).

ESI-MS (m/z): [M+Na]+ 363.86; 1H NMR (400 MHz, CDCl3): δ 7.69 (bs, 1H), 7.23 (d, J = 2.1 Hz,
1H), 6.88 (dd, J = 8.4, 2.2 Hz, 1H), 6.79 (d, J = 8.3 Hz, 1H), 5.99 (s, 2H); 13C NMR (101 MHz, CDCl3):
δ 158.8 (t, J = 24.7 Hz), 148.3, 145.9, 129.4, 114.1, 108.5, 103.0, 101.8, 90.76 (t, J = 324.6 Hz);
19F NMR (376 MHz, CDCl3): δ –57.99 (d, J = 2.0 Hz, 2F).
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(Bromodifluoromethyl)(4-nitrophenyl)sulfane (8)

S

O2N

Br

F
F

To a solution of 1,2-bis(4-nitrophenyl)disulfane (3.08 g,
10.0 mmol, 1.0 eq) in DMF (200 mL) and H2O (10 mL) were
added Na2HPO4 (2.12 g, 15.0 mmol, 1.5 eq) and Na2S2O4

(82.5 % pure, 3.17 g, 15.0 mmol, 1.5 eq) dissolved in H2O
(40 mL) at 0 ◦C, then CF2Br2 (2.75 mL, 30.0 mmol, 2.31 g cm−3, 3.0 eq) was added. The reaction
mixture was allowed to warm up to room temperature and stirred for 18 h. H2O (400 mL)
was poured to the reaction mixture and extracted with EtOAc (3× 150 mL). The combined
organic phases were washed with H2O (100 mL) and brine (100 mL), dried over Na2SO4 and
the solvent was removed in vacuo. The crude product was purified by silica gel column
chromatography (eluent: DCM) and by reversed-phase column chromatography (C18,
eluent: H2O / ACN) to provide the title compound 8 (1.32 g, 46.4 %) as pale-yellow crystals.

EI-MS (m/z): [M+H]+ 283.0 / 285.0; 1H NMR (400 MHz, CDCl3): δ 8.31–8.23 (m, 2H), 7.86–7.78
(m, 2H); 13C NMR (101 MHz, CDCl3): δ 149.4, 136.4, 135.1, 124.5, 124.3, 117.9 (t,
J = 339.1 Hz); 19F NMR (376 MHz, CDCl3): δ –23.10 (s, 2F).

4,4’-Disulfanediyldianiline (9)

S
S

H2N

NH2

4-Aminothiophenol (626.0 mg, 5.00 mmol, 1.0 eq) and DMSO
(177.6 µL, 2.50 mmol, 0.5 eq) were stirred at room tempera-
ture for 24 h. After completion of the reaction, DMS was
removed in vacuo and EtOH (1.25 mL) was added to the
residue. The mixture was stirred at 0 ◦C for 30 min, then

the precipitate was filtered and washed with cold EtOH. The crude product 9 (304 mg,
49.0 %) was used without further purification.

ESI-MS (m/z): [M+H]+ 249.10; 1H NMR (400 MHz, DMSO-d6): δ 7.17–6.95 (m, 4H), 6.61–6.39
(m, 4H), 5.57–5.39 (bs, 4H); 13C NMR (101 MHz, DMSO-d6): δ 150.0, 134.4, 120.8, 114.2.
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4-((Bromodifluoromethyl)thio)aniline (10)

S

H2N

Br

F
F

Method A: To a solution of 4,4’-disulfanediyldianiline 9
(1.24 g, 5.0 mmol, 1.0 eq) in DMF (75 mL) and H2O (5 mL) were
added Na2HPO4 (1.06 g, 7.5 mmol, 1.5 eq) and Na2S2O4 (82.5 %
pure, 1.58 g, 7.5 mmol, 1.5 eq) dissolved in H2O (20 mL) at 0 ◦C,

then CF2Br2 (1.37 mL, 15.0 mmol, 2.31 g cm−3, 3.0 eq) was added. The reaction mixture was
allowed to warm up to room temperature and stirred for 18 h. H2O (200 mL) was poured to
the reaction mixture and extracted with EtOAc (3× 100 mL). The combined organic phases
were washed with H2O (100 mL) and brine (100 mL), dried over Na2SO4 and the solvent was
removed in vacuo. The crude product was purified by silica gel column chromatography
(eluent: n-hexane / EtOAc 80:20) to provide the title compound 10 (657 mg, 51.7 %) as a
pale-yellow solid.

Method B: The title compound was prepared following General Procedure B using 8
(150 mg, 0.528 mmol, 1.0 eq), SnCl2 · 2 H2O (596 g, 2.64 mmol, 5.0 eq) in EtOH (7 mL) and
conc. HCl (1 mL). The crude product was purified by silica gel column chromatography
(eluent: DCM / n-hexane 85:15) to provide the title compound 10 (106 mg, 79.3 %) as a
pale-yellow solid.

ESI-MS (m/z): [M+H]+ 253.93 / 255.93 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.44–7.38 (m,
2H), 6.69–6.63 (m, 2H), 3.95 (bs, 2H); 13C NMR (101 MHz, CDCl3): δ 149.4, 138.5, 120.5 (t,
J = 338.3 Hz), 115.4, 114.6; 19F NMR (376 MHz, CDCl3): δ –24.60 (s, 2F).

1-((Bromodifluoromethyl)sulfonyl)-4-nitrobenzene (11)

S

O2N

Br

F
F

O O

To a solution of 8 (100 mg, 0.352 mmol, 1.0 eq) in dry DCM
(5 mL) was added mCPBA (260 mg, 1.06 mmol, 3.0 eq) at 0 ◦C.
The reaction mixture was stirred at room temperature for
18 h, then the solvent was evaporated off in vacuo. The
residue was dissolved in EtOAc (40 mL), washed with 10 %

aq. NaOH (3×10 mL), brine (10 mL), dried over Na2SO4 and the solvent was concentrated
in vacuo. The crude product was purified by silica gel column chromatography (eluent:
n-hexane / EtOAc 95:5) to provide the title compound 11 (101.9 mg, 91.6 %) as a white
crystalline solid.

EI-MS (m/z): [M−CF2Br]+ 186.0, [CF2Br]+ 128.9 / 130.9 (1:1); 1H NMR (400 MHz, CDCl3): δ
8.53–8.44 (m, 2H), 8.30–8.21 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 152.5, 136.1, 133.0, 124.9,
124.5 (d, J = 84.4 Hz), 120.6 (t, J = 348.5 Hz); 19F NMR (376 MHz, CDCl3): δ –58.68 (s, 2F).
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6 SYNTHESIS

1-(4-((Bromodifluoromethyl)thio)phenyl)urea (12)

S

N
H

Br

F
F

H2N

O

The title compound was prepared following General Proce-
dure E using 10 (35.3 mg, 0.139 mmol, 1.0 eq) and potassium
cyanate (56.3 mg, 0.695 mmol, 5.0 eq) in 10 % acetic acid
(3 mL) to provide the title compound 12 (1.5 mg, 3.6 %) as
a white solid.

ESI-MS (m/z): [M+H]+ 296.82 / 298.81 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.92 (s, 1H),
7.60–7.48 (m, 4H), 6.03 (s, 2H); 13C NMR (101 MHz, DMSO-d6): 155.6, 143.9, 137.3, 119.7 (t,
J = 336.0 Hz), 118.2, 116.4; 19F NMR (376 MHz, DMSO-d6): δ –24.59 (s, 2F).

1-(4-((Bromodifluoromethyl)sulfonyl)phenyl)urea (13)

S

N
H

Br

F
F

H2N

O

O O

The title compound was prepared first following General
Procedure B using 8 (117.6 mg, 0.372 mmol, 1.0 eq),
SnCl2 · 2 H2O (420 mg, 1.86 mmol, 5.0 eq) in EtOH (8 mL) and
conc. HCl (1 mL). The crude product was used without further
purification for second reaction step following General Proce-

dure E using potassium cyanate (874.0 mg, 10.77 mmol, 50 eq) in 25 % acetic acid (12 mL).
The crude product was purified by silica gel column chromatography (eluent: DCM / MeOH
98:2) to provide the title compound 13 (28.9 mg, 23.6 %) as a resinous yellow solid.

ESI-MS (m/z): [M+H]+ 326.99 / 328.99 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 9.43 (s, 1H), 7.88
(d, J = 9.0 Hz, 2H), 7.83–7.74 (m, 2H), 6.27 (s, 2H); 13C NMR (101 MHz, DMSO-d6): δ 155.2,
148.8, 132.7, 120.6 (t, J = 345.0 Hz), 118.1, 117.7; 19F NMR (376 MHz, DMSO-d6): δ –60.54 (s,
2F).
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6.3.4 Asciminib Derivatives

Methyl (R)-5-bromo-6-(3-hydroxypyrrolidin-1-yl)nicotinate (15)

O

N N

OH

O
Br

DIPEA (2.78 mL, 16.0 mmol, 0.76 g cm−3, 4.0 eq) was added
to a solution of methyl 5-bromo-6-chloronicotinate (14)
(1.0 g, 3.99 mmol, 1.0 eq) and (R)-pyrrolidin-3-ol hydrochlo-
ride (641 mg, 5.19 mmol, 1.3 eq) in 25 mL isopropyl alcohol
and the reaction mixture was stirred at 70 ◦C for 14 h.
After cooling at room temperature, the solvent was evapo-

rated off under reduced pressure and the residue was dissolved in EtOAc. The organic
phase was washed with H2O and brine, dried over Na2SO4 and the solvent was concentrated
in vacuo. The crude product was purified by silica gel column chromatography (eluent:
PE 40/60 and EtOAc 50:50) to provide the title compound 15 (1.15 g, 96.0 %) as a yellow oil.

ESI-MS (m/z): [M+H]+ 301.27 / 303.27 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.55 (d, J = 1.9 Hz,
1H), 8.10 (d, J = 1.9 Hz, 1H), 4.99 (d, J = 3.3 Hz, 1H), 4.34 (bs, 1H), 3.89–3.82 (m, 2H), 3.79 (s, 3H),
3.75–3.69 (m, 2H), 3.58 (d, J = 11.7 Hz, 1H), 1.97–1.83 (m, 2H); 13C NMR (101 MHz, DMSO-d6):
δ 164.4, 156.5, 148.0, 142.7, 115.4, 101.1, 68.8, 58.5, 51.8, 48.1, 33.1.

Methyl 6-((R)-3-hydroxypyrrolidin-1-yl)-5-(1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-
5-yl)nicotinate (16a)

O

N N

N N

OH

O

THP

Preparation of 16a for Synthesis of 16b: A mixture
of 15 (5.60 g, 18.7 mmol, 1.0 eq), 1-(tetrahydro-2H-pyran-
2-yl)-1H-pyrazole-5-boronic acid pinacol ester (6.75 g,
24.3 mmol, 1.3 eq), K3PO4 (11.9 g, 56.0 mmol, 3.0 eq),
Pd(PPh3)2Cl2 (655 mg, 0.933 mmol, 0.05 eq) in toluene
(125 mL) was stirred at 95 ◦C for 16 h. Additional 1-(tetra-
hydro-2H-pyran-2-yl)-1H-pyrazole-5-boronic acid pinacol

ester (2.60 g, 9.33 mmol, 0.5 eq), K3PO4 (3.96 g, 18.7 mmol, 1.0 eq), Pd(PPh3)2Cl2 (131 mg,
0.187 mmol, 0.01 eq) were added and the reaction mixture was stirred for further 20 h at
95 ◦C. After cooling the mixture to room temperature, the solution was washed with H2O
(100 mL), 5 % NaHCO3 solution (100 mL), brine (100 mL) and the solvent was evaporated off
under reduced pressure. The crude product was purified by silica gel column chromatog-
raphy (eluent: PE 40/60 and EtOAc) to provide the title compound 16a (5.51 g, 79.3 %).
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6 SYNTHESIS

Preparation of 16a for Synthesis of 17a: A mixture of 15 (2.90 g, 9.67 mmol, 1.0 eq),
1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole-5-boronic acid pinacol ester (3.50 g, 12.6 mmol,
1.3 eq), K3PO4 (6.16 g, 29.0 mmol, 3.0 eq), Pd(PPh3)2Cl2 (339 mg, 0.483 mmol, 0.05 eq) in
toluene (55 mL) was stirred for 22 h at 95 ◦C. After cooling the mixture to room temper-
ature, the solution was washed with H2O (10 mL), 5 % NaHCO3 solution (10 mL) and the
solvent was evaporated off under reduced pressure to give a residue 16a which was used
without further purifications in the next step.

ESI-MS (m/z): [M+H]+ 373.40; 1H NMR (400 MHz, DMSO-d6): δ 8.70 (t, J = 2.1 Hz, 1H), 7.85
(br. s, 1H), 7.58 (d, J = 1.6 Hz, 1H), 6.36 (br. s, 1H), 5.04 (d, J = 8.7 Hz, 1H), 4.86 (dd, J = 17.9,
3.0 Hz, 1H), 4.24–4.11 (m, 1H), 3.94–3.74 (m, 1H), 3.78 (s, 3H), 3.49–3.06 (m, 5H), 2.37–2.20
(m, 1H), 1.93 (dd, J = 18.5, 14.9 Hz, 1H), 1.75 (ddd, J = 17.6, 15.0, 9.4 Hz, 3H), 1.63–1.38 (m,
3H); 13C NMR (101 MHz, DMSO-d6): δ 165.3 (d, J = 1.2 Hz), 157.5 (d, J = 4.2 Hz), 150.3, 141.0 (d,
J = 4.5 Hz), 140.2, 138.7, 112.8, 108.7, 107.8, 83.8, 68.6 (d, J = 23.4 Hz), 66.6, 55.7 (d, J = 169.1 Hz),
51.6, 46.6 (d, J = 40.7 Hz), 32.9 (d, J = 24.7 Hz), 28.9, 24.6, 22.1 (d, J = 7.2 Hz).

Methyl 5-(1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-5-yl)-6-((3R)-3-((tetrahydro-2H-
pyran-2-yl)oxy)pyrrolidin-1-yl)nicotinate (16b)

O

N N

N N

OTHP

O

THP

DHP (6.69 mL, 74.0 mmol, 5.0 eq) and PTSA·H2O (141 mg,
0.737 mmol, 0.05 eq) were added to a solution of 16a
(5.51 g, 14.8 mmol, 1.0 eq) in dry DCM (30 mL) and stirred
at 40 ◦C for 48 h. The reaction mixture was washed with
sat. NaHCO3 (10 mL), H2O (10 mL) and brine (10 mL), dried
over Na2SO4 and the solvent was concentrated in vacuo.
The crude product was purified by silica gel column

chromatography (eluent: PE 40/60 / EtOAc 50:50 to 40:60) to provide the title compound 16b
(5.95 g, 88.1 %) as a yellow foam.

ESI-MS (m/z): [M+H]+ 457.21; 1H NMR (700 MHz, DMSO-d6): δ 8.75–8.60 (m, 1H), 7.99–7.54
(m, 2H), 6.55–6.37 (m, 1H), 4.76–4.53 (m, 1H), 4.32–4.20 (m, 1H), 3.97–3.84 (m, 1H), 3.79 (s,
3H), 3.77–3.56 (m, 2H), 3.44–3.10 (m, 5H), 2.16–2.06 (m, 1H), 1.97–41.79 (m, 4H), 1.72–21.60
(m, 2H), 1.60–1.31 (m, 8H); 13C NMR (176 MHz, DMSO-d6): δ 165.4, 157.4, 149.0, 139.9, 129.7,
113.2, 113.1, 106.9, 97.1, 86.7, 83.8, 74.6, 66.8, 61.8, 55.0, 51.6, 47.1, 31.4, 30.5, 29.8, 24.9, 24.6,
22.0, 19.3.
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6-((R)-3-Hydroxypyrrolidin-1-yl)-5-(1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-5-yl)ni-
cotinic acid (17a)

O

N N

N N

OH

HO

THP

To a solution of crude 16a (9.67 mmol, 1.0 eq) in MeOH
(18 mL) was added NaOH (619 mg, 15.5 mmol, 1.6 eq)
in H2O (6 mL). The reaction mixture was stirred for
19 h at room temperature. The organic solvent was
removed under reduced pressure. The resulting aqueous
residue was diluted with brine (20 mL) and washed
with Et2O (2×20 mL). The combined organic layers were

reextracted once with H2O. The combined aqueous layers were cooled to 0 ◦C, Et2O (80 mL)
was added, the pH was adjusted with 10 % HCl to 4.0 – 4.5 and the aqueous phase was
extracted three times with Et2O. The three last extracted organic layers were combined,
dried over Na2SO4 and the solvent was removed in vacuo to provide the title compound 17a
(2.65 g, 76.5 % over 2 steps) as a pale-yellow foam.

ESI-MS (m/z): [M+H]+ 359.36; 1H NMR (400 MHz, CDCl3): δ 8.87–8.83 (m, 1H), 7.90 (s, 1H), 7.62
(d, J = 1.7 Hz, 1H), 6.83 (bs, 1H), 6.31 (s, 1H), 5.08–4.78 (m, 1H), 4.38 (s, 1H), 3.99 (dd, J = 38.6,
9.9 Hz, 1H), 3.60–3.13 (m, 5H), 2.56–2.27 (m, 1H), 2.06–1.42 (m, 8H); 13C NMR (101 MHz,
CDCl3): δ 170.3, 158.4, 152.1, 142.4, 140.8, 139.9, 113.5, 108.8, 108.2, 84.6, 70.6, 68.3, 57.0,
46.8, 33.6, 30.1, 24.9, 22.9.

5-(1-(Tetrahydro-2H-pyran-2-yl)-1H-pyrazol-5-yl)-6-((3R)-3-((tetrahydro-2H-pyran-2-
yl)oxy)pyrrolidin-1-yl)nicotinic acid (17b)

O

N N

N N

OTHP

HO

THP

To a solution of crude 16b (5.56 g, 12.2 mmol, 1.0 eq)
in MeOH (11 mL) was added NaOH (779 mg, 19.5 mmol,
1.6 eq) in H2O (7.5 mL). The reaction mixture was stirred
for 16 h at room temperature. The organic solvent was
removed under reduced pressure. The resulting aqueous
residue was diluted with brine (20 mL) and washed
with Et2O (2×20 mL). The combined organic layers were

reextracted with H2O (20 mL). The combined aqueous layers were cooled to 0 ◦C, Et2O
(80 mL) was added, the pH was adjusted with 10 % HCl to 4.0 – 4.5 and the aqueous phase
was extracted three times with Et2O. The three last extracted organic layers were combined,
washed with brine, dried over Na2SO4 and the solvent was removed in vacuo to provide
the title compound 17b (5.25 g, 97.4 %) as a white foam.
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ESI-MS (m/z): [M+H]+ 443.19; 1H NMR (700 MHz, DMSO-d6): δ 12.56 (s, 1H), 8.78–8.56 (m,
1H), 8.01–7.46 (m, 2H), 6.50–6.37 (m, 1H), 4.77–4.51 (m, 1H), 4.32–4.17 (m, 1H), 4.01–3.56 (m,
3H), 3.47–3.13 (m, 6H), 2.35–2.03 (m, 1H), 2.03–1.74 (m, 4H), 1.74–1.58 (m, 2H), 1.58–1.28 (m,
8H); 13C NMR (176 MHz, DMSO-d6): δ 166.5, 157.4, 149.18, 140.30, 129.7, 114.2, 113.1, 106.9,
97.1, 86.6, 83.8, 74.6, 66.8, 61.8, 55.0, 47.1, 31.4, 30.5, 29.8, 25.0, 24.6, 22.0, 19.2.

N-(4-(Difluoromethoxy)phenyl)-6-((R)-3-hydroxypyrrolidin-1-yl)-5-(1-(tetrahydro-2H-
pyran-2-yl)-1H-pyrazol-5-yl)nicotinamide (18a)

O

N N

N N

OH

N
H

OH

F
F

THP

The title compound was prepared following General
Procedure C using 17a (200.0 mg, 0.558 mmol, 1.0 eq),
5a (76.0 µL, 0.614 mmol, 1.29 g cm−3, 1.1 eq), HOBt ·H2O
(94.0 mg, 0.614 mmol, 1.1 eq), EDCI ·HCl (161 mg,
0.837 mmol, 1.5 eq), DMAP (6.8 mg, 0.056 mmol, 0.1 eq)
and DIPEA (389 µL, 2.23 mmol, 0.76 g cm−3, 4.0 eq) in
THF (6 mL). The crude product was purified by silica

gel column chromatography (eluent: DCM / MeOH 99:03 to 98:05) to provide the title
compound 18a (185.6 mg, 66.6 %) as a yellow solid.

ESI-MS (m/z): [M+H]+ 500.48; 1H NMR (400 MHz, DMSO-d6): δ 10.09 (s, 1H), 8.81 (t, J = 2.5 Hz,
1H), 8.02 (s, 1H), 7.78 (d, J = 8.8 Hz, 2H), 7.61 (d, J = 1.4 Hz, 1H), 7.16 (t, J = 74.3 Hz, 1H), 7.16
(d, J = 8.9 Hz, 2H), 6.41 (d, J = 14.1 Hz, 1H), 5.05 (s, 1H), 4.85 (dd, J = 6.2, 3.3 Hz, 1H), 4.19 (dd,
J = 7.1, 3.4 1Hz, 1H), 3.83 (dd, J = 34.4, 10.7 Hz, 1H), 3.51–3.37 (m, 1H), 3.40–3.06 (m, 4H), 2.30
(dt, J = 13.0, 6.8 Hz, 1H), 1.99–1.66 (m, 4H), 1.63–1.36 (m, 3H); 13C NMR (101 MHz, DMSO-d6):
δ 163.6, 157.0, 149.0, 146.4, 140.7, 139.8, 138.7, 136.6, 121.7, 121.6, 119.3, 116.5 (t, J = 257.6 Hz),
108.7, 108.5, 83.8, 68.7, 66.7, 56.6, 46.5, 33.0, 29.0, 24.6, 22.1; 19F NMR (376 MHz, DMSO-d6):
δ –81.46 (dd, J = 74.3, 1.7 Hz, 2F).

6-((R)-3-Hydroxypyrrolidin-1-yl)-5-(1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-5-yl)-N-(4-
(tri-fluoromethoxy)phenyl)nicotinamide (18b)
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The title compound was prepared following General
Procedure C using 17a (200.0 mg, 0.558 mmol, 1.0 eq),
5b (83.0 µL, 0.614 mmol, 1.31 g cm−3, 1.1 eq), HOBt ·H2O
(94.0 mg, 0.614 mmol, 1.1 eq), EDCI ·HCl (161 mg,
0.837 mmol, 1.5 eq), DMAP (6.8 mg, 0.056 mmol, 0.1 eq)
and DIPEA (389 µL, 2.23 mmol, 0.76 g cm−3, 4.0 eq) in
THF (6 mL). The crude product was purified by silica
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gel column chromatography (eluent: DCM / MeOH 99:03 to 98:05) to provide the title
compound 18b (134.3 mg, 46.5 %) as a yellow solid.

ESI-MS (m/z): [M+H]+ 518.47; 1H NMR (400 MHz, DMSO-d6): δ 10.19 (s, 1H), 8.92–8.78 (m,
1H), 8.03 (s, 1H), 7.86 (d, J = 8.8 Hz, 2H), 7.61 (d, J = 1.4 Hz, 1H), 7.33 (d, J = 8.7 Hz, 2H), 6.52–6.27
(m, 1H), 5.05 (bs, 1H), 4.92–4.77 (m, 1H), 4.20 (dd, J = 7.6, 3.7 Hz, 1H), 3.84 (dd, J = 32.8, 8.9 Hz,
1H), 3.56–3.04 (m, 5H), 2.40–2.19 (m, 1H), 2.02–1.62 (m, 4H), 1.62–1.28 (m, 3H); 13C NMR
(101 MHz, DMSO-d6): δ 164.2, 157.5, 149.6, 144.1, 141.1, 140.3, 139.1, 139.0, 122.0, 122.0,
121.9, 119.4, 109.1, 109.0, 84.3, 69.2, 67.2, 57.1, 46.9, 33.5, 29.5, 25.0, 22.6; 19F NMR (376 MHz,
DMSO-d6): δ –57.04 (s, 3F).

N-(4-(Chlorodifluoromethoxy)phenyl)-6-((R)-3-hydroxypyrrolidin-1-yl)-5-(1-(tetra-
hydro-2H-pyran-2-yl)-1H-pyrazol-5-yl)nicotinamide (18c)
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The title compound was prepared following General
Procedure C using 17a (200.0 mg, 0.558 mmol, 1.0 eq),
5c (118.8 mg, 0.614 mmol, 1.1 eq), HOBt ·H2O (94.0 mg,
0.614 mmol, 1.1 eq), EDCI ·HCl (161 mg, 0.837 mmol,
1.5 eq), DMAP (6.8 mg, 0.056 mmol, 0.1 eq) and DIPEA
(389 µL, 2.23 mmol, 0.76 g cm−3, 4.0 eq) in THF (6 mL).
The crude product was purified by silica gel column

chromatography (eluent: DCM / MeOH 99:03 to 98:05) to provide the title compound 18c
(91.3 mg, 30.6 %) as a yellow solid.

ESI-MS (m/z): [M+H]+ 534.17 / 536.16 (3:1); 1H NMR (400 MHz, CDCl3): δ 9.14 (s, 1H), 8.45
(s, 1H), 8.23 (s, 1H), 8.06 (d, J = 8.9 Hz, 2H), 8.00 (s, 1H), 7.60 (s, 2H), 6.68 (s, 1H), 5.41 (d,
J = 10.1 Hz, 1H), 4.77 (s, 1H), 4.48–4.24 (m,1H), 4.06–3.49 (m, 6H), 2.88–1.78 (m, 8H); 13C NMR
(101 MHz, CDCl3): δ 164.2, 157.7, 148.6, 146.4, 140.8, 140.7, 139.9, 137.0, 125.4 (t, J = 288.7 Hz,
1H), 122.4, 121.5, 121.5, 108.9, 108.7, 84.7, 70.5, 68.2, 57.1, 46.7, 33.7, 30.0, 24.9, 22.8; 19F NMR
(376 MHz, CDCl3): δ –25.67 (s, 2F).
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N-(4-(Bromodifluoromethoxy)phenyl)-6-((R)-3-hydroxypyrrolidin-1-yl)-5-(1-(tetra-
hydro-2H-pyran-2-yl)-1H-pyrazol-5-yl)nicotinamide (18d)
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The title compound was prepared following General
Procedure C using 17a (362.7 mg, 1.01 mmol, 1.0 eq), crude
5d (288.5 mg, 1.01 mmol, 1.0 eq), HOBt ·H2O (170.5 mg,
1.11 mmol, 1.1 eq), EDCI ·HCl (291 mg, 1.52 mmol, 1.5 eq),
DMAP (12.4 mg, 0.101 mmol, 0.1 eq) and DIPEA (705 µL,
4.05 mmol, 0.76 g cm−3, 4.0 eq) in THF (9 mL). The crude
product was purified by silica gel column chromatography

(eluent: DCM / MeOH 99:03 to 98:05) to provide the title compound 18d (157.0 mg, 26.8 %)
as a yellow solid.

ESI-MS (m/z): [M+H]+ 578.11 / 580.11 (1:1); 1H NMR (400 MHz, CDCl3): δ 8.74 (s, 1H), 8.15 (s,
1H), 7.84 (s, 1H), 7.67 (d, J = 9.0 Hz, 2H), 7.65–7.56 (m, 1H), 7.20 (d, J = 8.6 Hz, 2H), 6.28 (s, 1H),
5.06–4.79 (m, 1H), 4.37 (s, 1H), 3.97 (dd, J = 42.2, 9.9 Hz, 1H), 3.56–3.11 (m, 5H), 2.49–2.30 (m,
2H), 2.09–1.42 (m, 7H); 13C NMR (101 MHz, CDCl3): δ 164.2, 157.8, 148.7, 147.0, 140.8, 139.9,
139.8, 137.1, 122.2, 121.5, 121.4, 114.9 (t, J = 308.6 Hz), 108.9, 108.7, 84.7, 70.5, 68.2, 57.1, 46.7,
33.8, 30.0, 24.9, 22.8; 19F NMR (376 MHz, CDCl3): δ –15.72 (d, J = 3.1 Hz, 2F).

N-(4-(Difluoroiodomethoxy)phenyl)-6-((R)-3-hydroxypyrrolidin-1-yl)-5-(1-(tetrahydro-
2H-pyran-2-yl)-1H-pyrazol-5-yl)nicotinamide (18e)
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The title compound was prepared following General
Procedure C using 17a (90.3 mg, 0.252 mmol, 1.0 eq),
crude 5e (71.8 mg, 0.252 mmol, 1.0 eq), HOBt ·H2O (42.4 mg,
0.277 mmol, 1.1 eq), EDCI ·HCl (72.2 mg, 0.378 mmol,
1.5 eq), DMAP (3.1 mg, 0.025 mmol, 0.1 eq) and DIPEA
(176 µL, 1.01 mmol, 0.76 g cm−3, 4.0 eq) in THF (5 mL).
The crude product was purified by silica gel column

chromatography (eluent: DCM / MeOH 99:03 to 98:05) to provide the title compound 18e
(48.0 mg, 30.5 %) as a yellow solid.

ESI-MS (m/z): [M+H]+ 626.11; 1H NMR (400 MHz, CDCl3): δ 8.89–8.61 (m, 1H), 7.91–7.76 (m,
2H), 7.73–7.54 (m, 3H), 7.23–7.09 (m, 2H), 6.32 (s, 1H), 5.00 (dd, J = 20.9, 8.7 Hz, 1H), 4.39 (s,
1H), 4.01 (dd, J = 41.6, 11.0 Hz, 1H), 3.52–3.17 (m, 5H), 2.04–1.41 (m, 9H); 13C NMR (101 MHz,
CDCl3): δ 164.0, 157.8, 148.3, 147.5, 140.8, 139.9, 137.0, 135.9, 122.3, 121.8 (t, J = 50.6 Hz),
121.3, 120.6, 108.9, 108.8, 84.6, 70.6, 68.3, 57.0, 46.7, 33.9, 29.8, 24.9, 22.8; 19F NMR (376 MHz,
CDCl3): δ –3.46 (d, J = 4.0 Hz, 1H).
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(R)-N-(4-(Difluoromethoxy)phenyl)-6-(3-hydroxypyrrolidin-1-yl)-5-(1H-pyrazol-5-yl)-
nicotinamide (20a)
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Method A: The title compound was prepared following
General Procedure F using 18a (148.1 mg, 0.296 mmol,
1.0 eq) and TFA (914 µL, 11.9 mmol, 1.48 g cm−3, 40.0 eq) in
DCM (6.5 mL). The crude product was purified by silica gel
column chromatography (eluent: DCM / MeOH 99:01 to
98:05) to provide the title compound 20a (62.2 mg, 50.8 %)
as a white solid.

Method B: The title compound was prepared following General Procedure G using 17b
(500 mg, 1.13 mmol, 1.0 eq), DMF (7.8 µL, 0.113 mmol, 0.95 g cm−3, 0.1 eq), oxalyl chloride
(847 µL, 1.70 mmol, 2 M in DCM, 1.5 eq) in dry DCM (6 mL), 5a (140 µL, 1.13 mmol, 1.29 g cm−3,
1.0 eq), Et3N (470 µL, 3.39 mmol, 0.73 g cm−3, 3.0 eq) in dry THF (8 mL) and TFA (3.48 mL,
45.2 mmol, 1.48 g cm−3, 40 eq) in dry DCM (6 mL). The crude product was purified by silica
gel column chromatography (eluent: DCM / MeOH 99:01 to 98:05) to provide the title
compound 20a (325.0 mg, 69.2 %) as a white solid.

ESI-MS (m/z): [M+H]+ 416.11; HR-ESI-MS (m/z): [M+H]+theor. 416.15287, found 416.15341,
rel. Δm 1.30 ppm; 1H NMR (700 MHz, DMSO-d6): δ 13.02 (d, J = 130.5 Hz, 1H), 10.09 (s, 1H),
8.74 (s, 1H), 8.04 (s, 1H), 7.83–7.72 (m, 2H), 7.16 (s, 2H), 7.16 (t, J = 74.4 Hz, 1H), 6.38 (s, 1H),
4.85 (s, 1H), 4.20 (s, 1H), 3.44 (dt, J = 9.8, 7.4 Hz, 1H), 3.31–3.21 (m, 2H), 2.94 (d, J = 11.6 Hz, 1H),
1.86–1.80 (m, 1H), 1.76–1.70 (m, 1H); 13C NMR (176 MHz, DMSO-d6): δ 164.0, 157.2, 149.2,
147.6, 146.3, 138.8, 136.7, 128.9, 121.6, 119.3, 117.5, 116.5 (t, J = 257.5 Hz), 113.5, 106.1, 68.8,
57.4, 46.9, 33.0; 19F NMR (659 MHz, DMSO-d6): δ –81.87 (d, J = 74.4 Hz, 2F).

(R)-6-(3-Hydroxypyrrolidin-1-yl)-5-(1H-pyrazol-5-yl)-N-(4-(trifluoromethoxy)phen-
yl)nicotinamide (20b)
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Method A: The title compound was prepared following
General Procedure F using 18b (47.5 mg, 0.092 mmol,
1.0 eq) and TFA (283 µL, 3.67 mmol, 1.48 g cm−3, 40.0 eq) in
DCM (6.5 mL). The crude product was purified by silica gel
column chromatography (eluent: DCM / MeOH 99:01 to
98:06) to provide the title compound 20b (13.5 mg, 33.9 %)
as a white solid.

159



6 SYNTHESIS

Method B: The title compound was prepared following General Procedure G using 17b
(300 mg, 0.678 mmol, 1.0 eq), DMF (5.2 µL, 0.068 mmol, 0.95 g cm−3, 0.1 eq), oxalyl chloride
(509 µL, 1.02 mmol, 2 M in DCM, 1.5 eq) in dry DCM (4 mL), 5b (91.7 µL, 0.678 mmol,
1.31 g cm−3, 1.0 eq), Et3N (282 µL, 2.03 mmol, 0.73 g cm−3, 3.0 eq) in dry THF (6 mL) and
TFA (2.09 mL, 27.1 mmol, 1.48 g cm−3, 40 eq) in dry DCM (8 mL). The crude product was
purified by silica gel column chromatography (eluent: DCM / MeOH 99:01 to 98:06) to
provide the title compound 20b (86.9 mg, 29.6 %) as a white solid.

ESI-MS (m/z): [M+H]+ 434.10; HR-ESI-MS (m/z): [M+H]+theor. 434.14345, found 434.14412,
rel. Δm 1.54 ppm; 1H NMR (700 MHz, DMSO-d6): δ 13.02 (d, J = 131.9 Hz, 1H), 10.18 (s, 1H),
8.75 (d, J = 31.2 Hz, 1H), 8.04 (d, J = 15.3 Hz, 1H), 7.87 (d, J = 9.1 Hz, 2H), 7.68 (d, J = 194.6 Hz,
1H), 7.33 (d, J = 8.6 Hz, 2H), 6.38 (d, J = 17.3 Hz, 1H), 4.86 (d, J = 35.7 Hz, 1H), 4.20 (s, 1H), 3.44
(dd, J = 17.0, 9.4 Hz, 1H), 3.28 (d, J = 11.1 Hz, 2H), 2.95 (d, J = 11.7 Hz, 1H), 1.85–1.72 (m, 2H);
13C NMR (176 MHz, DMSO-d6): δ 164.2, 157.3, 149.2, 147.6, 143.6, 128.9, 121.5, 121.4, 120.9,
119.4, 117.3, 113.5, 108.9, 106.0, 68.8, 57.4, 46.9, 33.0; 19F NMR (659 MHz, DMSO-d6): δ –57.43
(s, 3F).

(R)-N-(4-(Chlorodifluoromethoxy)phenyl)-6-(3-hydroxypyrrolidin-1-yl)-5-(1H-pyrazol-
5-yl)-nicotinamide (20c)
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Method A: The title compound was prepared following
General Procedure F using 18c (60.0 mg, 0.112 mmol,
1.0 eq) and TFA (346 µL, 4.50 mmol, 1.48 g cm−3, 40.0 eq) in
DCM (2.5 mL). The crude product was purified by silica gel
column chromatography (eluent: DCM / MeOH 99:01 to
98:05) to provide the title compound 20c (15.5 mg, 30.8 %)
as a white solid.

Method B: The title compound was prepared following General Procedure G using 17b
(500 mg, 1.13 mmol, 1.0 eq), DMF (7.8 µL, 0.113 mmol, 0.95 g cm−3, 0.1 eq), oxalyl chloride
(847 µL, 1.70 mmol, 2 M in DCM, 1.5 eq) in dry DCM (6 mL), 5c (219 mg, 1.13 mmol, 1.0 eq),
Et3N (470 µL, 3.39 mmol, 0.73 g cm−3, 3.0 eq) in dry THF (8 mL) and TFA (3.48 mL, 45.2 mmol,
1.48 g cm−3, 40 eq) in dry DCM (6 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 99:01 to 98:05) to provide the title compound 20c
(99.9 mg, 19.7 %) as a white solid.
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ESI-MS (m/z): [M+H]+ 450.08 / 452.07 (3:1); HR-ESI-MS (m/z): [M+H]+theor. 450.11390, found
450.11470, rel. Δm 1.77 ppm; 1H NMR (700 MHz, DMSO-d6): δ 13.01 (d, J = 130.6 Hz, 1H),
10.19 (s, 1H), 8.76 (d, J = 31.8 Hz, 1H), 8.04 (d, J = 14.6 Hz, 1H), 7.87 (d, J = 9.0 Hz, 2H), 7.68
(d, J = 194.5 Hz, 1H), 7.32 (d, J = 8.6 Hz, 2H), 6.38 (d, J = 18.3 Hz, 1H), 4.85 (t, J = 19.0 Hz, 1H),
4.20 (s, 1H), 3.44 (dd, J = 17.0, 9.5 Hz, 1H), 3.27 (dd, J = 26.5, 15.5 Hz, 2H), 2.95 (d, J = 11.7 Hz,
1H), 1.89–1.78 (m, 1H), 1.73 (d, J = 3.2 Hz, 1H); 13C NMR (176 MHz, DMSO-d6): δ 164.2, 157.3,
149.2, 147.6, 144.7, 138.8, 138.7, 128.9, 125.0 (t, J = 286.8 Hz), 121.8, 121.4, 117.3, 113.5, 106.6,
106.0, 68.8, 57.4, 46.9 33.0; 19F NMR (659 MHz, DMSO-d6): δ –25.13 (s, 2F).

(R)-N-(4-(Bromodifluoromethoxy)phenyl)-6-(3-hydroxypyrrolidin-1-yl)-5-(1H-pyrazol-
5-yl)-nicotinamide (20d)
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Method A: The title compound was prepared following
General Procedure F using 18d (128.7 mg, 0.223 mmol,
1.0 eq) and TFA (686 µL, 8.90 mmol, 1.48 g cm−3, 40.0 eq) in
DCM (5.0 mL). The crude product was purified by silica gel
column chromatography (eluent: DCM / MeOH 99:01 to
98:05) to provide the title compound 20d (56.5 mg, 51.3 %)
as a white solid.

Method B: The title compound was prepared following General Procedure G using 17b
(1.34 g, 3.03 mmol, 1.0 eq), DMF (23.3 µL, 0.303 mmol, 0.95 g cm−3, 0.1 eq), oxalyl chloride
(2.27 mL, 4.54 mmol, 2 M in DCM, 1.5 eq) in dry DCM (15 mL), 5d (721 mg, 3.03 mmol,
1.0 eq), Et3N (1.26 mL, 9.08 mmol, 0.73 g cm−3, 3.0 eq) in dry THF (20 mL) and TFA (9.33 mL,
121 mmol, 1.48 g cm−3, 40 eq) in dry DCM (20 mL). The crude product was purified by silica
gel column chromatography (eluent: DCM / MeOH 99:01 to 98:05) to provide the title
compound 20d (589.8 mg, 39.4 %) as a white solid.

ESI-MS (m/z): [M+H]+ 494.05 / 496.05 (1:1); HR-ESI-MS (m/z): [M+H]+theor. 494.06381, found
494.06338, rel. Δm 0.86 ppm; 1H NMR (700 MHz, DMSO-d6): δ 13.02 (d, J = 130.2 Hz, 1H), 10.19
(s, 1H), 8.74 (s, 1H), 8.04 (s, 1H), 7.89–7.86 (m, 2H), 7.69 (d, J = 192.0 Hz, 1H), 7.31 (d, J = 8.8 Hz,
2H), 6.39 (s, 1H), 4.84 (s, 1H), 4.20 (s, 1H), 3.51-3.39 (m, 1H), 3.30 (dd, J = 26.7, 18.6 Hz, 2H), 2.95
(d, J = 11.7 Hz, 1H), 1.83 (dd, J = 8.3, 4.0 Hz, 1H), 1.74 (s, 1H); 13C NMR (176 MHz, DMSO-d6): δ
164.2, 157.2, 149.2, 147.6, 145.5, 138.8, 138.6, 128.9, 121.6, 121.4, 117.4, 114.8 (t, J = 306.5 Hz),
113.6, 106.6, 106.0, 68.8, 57.5, 46.9 33.0; 19F NMR (659 MHz, DMSO-d6): δ –16.39 (s, 2F).
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(R)-N-(4-(Difluoroiodomethoxy)phenyl)-6-(3-hydroxypyrrolidin-1-yl)-5-(1H-pyrazol-5-
yl)nicotinamide (20e)
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Method A: The title compound was prepared following
General Procedure F using 18e (41.0 mg, 0.066 mmol,
1.0 eq) and TFA (202 µL, 2.62 mmol, 1.48 g cm−3, 40.0 eq) in
DCM (1.5 mL). The crude product was purified by silica gel
column chromatography (eluent: DCM / MeOH 99:01 to
98:05) to provide the title compound 20e (15.3 mg, 43.1 %)
as a white solid.

Method B: The title compound was prepared following General Procedure G using 17b
(564 mg, 1.28 mmol, 1.0 eq), DMF (9.8 µL, 0.128 mmol, 0.95 g cm−3, 0.1 eq), oxalyl chloride
(956 µL, 1.91 mmol, 2 M in DCM, 1.5 eq) in dry DCM (6.5 mL), 5e (363 mg, 1.28 mmol, 1.0 eq),
Et3N (530 mL, 3.83 mmol, 0.73 g cm−3, 3.0 eq) in dry THF (8 mL) and TFA (3.93 mL, 51.0 mmol,
1.48 g cm−3, 40 eq) in dry DCM (8 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 99:01 to 98:05) to provide the title compound 20e
(78.0 mg, 10.3 %) as a white solid.

ESI-MS (m/z): [M+H]+ 542.03; HR-ESI-MS (m/z): [M+H]+theor. 542.04952, found 542.05050,
rel. Δm 1.81 ppm; 1H NMR (700 MHz, DMSO-d6): δ 13.03 (d, J = 134.8 Hz, 1H), 10.19 (s, 1H),
8.74 (s, 1H), 8.03 (s, 1H), 7.86 (d, J = 9.1 Hz, 2H), 7.68 (d, J = 191.4 Hz, 1H), 7.24 (d, J = 8.8 Hz,
2H), 6.39 (s, 1H), 4.84 (s, 1H), 4.20 (s, 1H), 3.44 (dd, J = 17.1, 9.9 Hz, 1H), 3.32–3.21 (m, 2H),
2.95 (d, J = 11.6 Hz, 1H), 1.89–1.78 (m, 1H), 1.73 (s, 1H); 13C NMR (176 MHz, DMSO-d6): δ
164.2, 157.2, 149.2, 147.5, 146.9, 138.8, 138.3, 128.9, 121.6, 121.3, 117.4, 113.6, 106.0, 89.0 (t,
J = 325.1 Hz), 68.8, 57.4, 46.9 33.0; 19F NMR (659 MHz, DMSO-d6): δ –8.52 (s, 2F).
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6.3.5 Fragment Library

2-Chloro-2,2-difluoro-1-(imidazo[1,2-a]pyridin-3-yl)ethan-1-one (21)

O

Cl

F FN

N

Imidazole[1,2-a]pyridine (1.0 g, 8.46 mmol, 1.0 eq) and 2-
chloro-2,2-difluoroacetic anhydride (3.90 mL, 27.9 mmol,
1.74 g cm−3, 3.3 eq) were dissolved in DCE (20 mL) under
argon atmosphere. The reaction mixture was refluxed for
48 h. Afterwards, the mixture was cooled down to room

temperature and concentrated under reduced pressure. The crude product was dissolved
in EtOAc (100 mL) and washed with 1 M HCl (3×50 mL), H2O (50 mL) and Brine (50 mL).
The organic phase was dried over Na2SO4 and the solvent was removed in vacuo. The
crude product was purified by silica gel column chromatography (eluent: DCM / MeOH
99:1) to provide the title compound 21 (1.89 g, 96.9 %).

ESI-MS (m/z): [M+H]+ 230.97 / 232.97 (3:1); 1H NMR (400 MHz, DMSO-d6): δ 9.51 (dt, J = 6.8,
1.1 Hz, 1H), 8.70 (t, J = 2.3 Hz, 1H), 8.02 (dt, J = 8.9, 1.1 Hz, 1H), 7.94–7.82 (m, 1H), 7.49 (td,
J = 6.9, 1.2 Hz, 1H); 13C NMR (101 MHz, DMSO-d6): δ 169.8 (t, J = 30.3 Hz), 160.0 (t, J = 30.9 Hz),
149.8, 146.7 (t, J = 6.3 Hz), 132.6, 129.1, 120.1 (t, J = 303.3 Hz), 117.9, 117.5; 19F NMR (376 MHz,
DMSO-d6): δ –60.45 (t, J = 2.0 Hz, 2F).

N-(2-(1H-Indol-3-yl)ethyl)-2-chloro-2,2-difluoroacetamide (22)

H
N

O

Cl

F F

HN

2-(1H-Indol-3-yl)ethan-1-amine (1 g, 6.24 mmol, 1.0 eq) was
dissolved in dry DCM (25 mL) and the solution was cooled
to 0 ◦C. After 10 min, pyridine (0.60 mL, 7.79 mmol, 1.2 eq)
followed by 2-chloro-2,2-difluoroacetic anhydride (1.74 mL,
12.5 mmol, 1.74 g cm−3, 1.2 eq) in dry DCM (20 mL) were

added to solution. The reaction mixture was allowed to warm up to room temperature
overnight. The stirred reaction mixture was quenched with MeOH after 18 h. The solvent
was removed under reduced pressure. The crude product was dissolved in EtOAc (100 mL)
and washed with 1 M HCl (3×50 mL), H2O (50 mL) and Brine (50 mL). The organic phase
was dried over Na2SO4 and the solvent was removed in vacuo. The crude product was
purified by silica gel column chromatography (eluent: n-hexane / EtOAc 80:20 to 65:35) to
provide the title compound 22 (1.16 g, 68.2 %).
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ESI-MS (m/z): [M+Na]+ 295.00 / 296.99 (3:1); 1H NMR (400 MHz, DMSO-d6): δ 10.84 (s, 1H),
9.38 (t, J = 5.3 Hz, 1H), 7.54 (d, J = 7.9 Hz, 1H), 7.34 (dt, J = 8.1, 0.8 Hz, 1H), 7.16 (d, J = 2.3 Hz,
1H), 7.07 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 6.99 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 3.45 (dd, J = 13.5,
7.2 Hz, 2H), 2.92 (t, J = 7.4 Hz, 2H); 13C NMR (101 MHz, DMSO-d6): δ 158.5 (t, J = 29.4 Hz), 136.2,
127.1, 122.8, 121.0, 119.2 (t, J = 302.6 Hz, 1H), 118.3, 118.1, 111.4, 111.0, 40.3, 24.2; 19F NMR
(376 MHz, DMSO-d6): δ –63.08 (s, 2F).

2-Chloro-2,2-difluoro-N-(1,3,4-thiadiazol-2-yl)acetamide (23)

H
N

O

Cl

F F

S

N N

The title compound was prepared following General Proce-
dure D using 1,3,4-thiadiazol-2-amine (607 mg, 6.0 mmol,
1 eq) and NMM (1.45 mL, 13.2 mmol, 0.92 g cm−3, 2.2 eq)
in 30 mL dry THF followed by addition of 2-chloro-2,2-
difluoroacetic anhydride (0.92 mL, 6.6 mmol, 1.74 g cm−3,

1.1 eq) in 15 mL dry THF. The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 99:1 to 90:10) to provide the title compound 23
(308.0 mg, 24.0 %).

ESI-MS (m/z): [M−H]− 211.99; 1H NMR (400 MHz, DMSO-d6): δ 9.18 (s, 1H); 13C NMR
(101 MHz, DMSO-d6): δ 168.5 (t, J = 50.8 Hz), 149.1, 143.3, 119.9 (t, J = 300.8 Hz); 19F NMR
(376 MHz, DMSO-d6): δ –62.65 (s, 2F).

2-Bromo-2,2-difluoro-N-(1,3,4-thiadiazol-2-yl)acetamide (24)

H
N

O

Br

F F

S

N N

The title compound was prepared following General Proce-
dure D using 1,3,4-thiadiazol-2-amine (607 mg, 6.0 mmol,
1 eq) and NMM (1.45 mL, 13.2 mmol, 0.92 g cm−3, 2.2 eq)
in 30 mL dry THF followed by addition of 2-bromo-2,2-
difluoroacetic anhydride (1.86 g, 7.2 mmol, 1.2 eq) in 15 mL

dry THF. The crude product was purified by silica gel column chromatography (eluent:
DCM / MeOH 99:1 to 90:10) to provide the title compound 24 (883.8 mg, 57.1 %).

ESI-MS (m/z): [M+H]+ 257.95 / 259.94 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 9.18 (s, 1H);
13C NMR (101 MHz, DMSO-d6): δ 165.9 (t, J = 24.4 Hz), 149.0, 143.5, 112.8 (t, J = 313.4 Hz);
19F NMR (376 MHz, DMSO-d6): δ –69.86 (s, 2F).
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2,2-Difluoro-2-iodo-N-(1,3,4-thiadiazol-2-yl)acetamide (25)

H
N

O

I

F F

S

N N

The title compound was prepared following General Proce-
dure H using 1,3,4-thiadiazol-2-amine (610 mg, 6.03 mmol,
1.0 eq), 1b (2.35 g, 9.05 mmol, 1.5 eq), T3P (≥50 wt % solution
in EtOAc, 5.38 mL, 9.05 mmol, 1.07 g cm−3, 1.5 eq) and DIPEA
(2.05 mL, 12.1 mmol, 0.76 g cm−3, 2 eq) in dry DCM (60 mL).

The crude product was purified by silica gel column chromatography (eluent: DCM / MeOH
99:1 to 90:10) to provide the title compound 25 (372.2 mg, 20.2 %).

ESI-MS (m/z): [M+H]+ 305.99; 1H NMR (400 MHz, DMSO-d6): δ 9.17 (s, 1H); 13C NMR
(101 MHz, DMSO-d6): δ 166.6, 149.0, 92.5 (t, J = 318.2 Hz); 19F NMR (376 MHz, DMSO-d6):
δ –60.41 (s, 2F).

Methyl 3-(2-chloro-2,2-difluoroacetamido)-4-methylthiophene-2-carboxylate (26)

H
N

O

Cl

F F

S

OO

The title compound was prepared following General
Procedure I using methyl 3-amino-4-methylthiophene-2-
carboxylate (1.0 g, 5.84 mmol, 1 eq) and Et3N (1.78 mL,
12.8 mmol, 0.73 g cm−3, 2.2 eq) in 30 mL dry DCM followed by
addition of 2-chloro-2,2-difluoroacetic anhydride (1.62 mL,

8.47 mmol, 1.74 g cm−3, 1.45 eq) in 15 mL dry DCM. The crude product was purified by silica
gel column chromatography (eluent: n-hexane / EtOAc 90:10 to 70:30) to provide the title
compound 26 (1.53 g, 92.2 %).

ESI-MS (m/z): [M+Na]+ 305.94 / 307.93 (3:1); 1H NMR (400 MHz, CDCl3): δ 9.65 (s, 1H), 7.21 (d,
J = 0.6 Hz, 1H), 3.90 (s, 3H), 2.24 (d, J = 0.9 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 163.5, 157.1
(t, J = 30.9 Hz), 139.4, 135.5, 128.4, 119.2, 119.0 (t, J = 303.1 Hz), 52.5, 15.6; 19F NMR (376 MHz,
CDCl3): δ –64.17 (s, 2F).

2-Chloro-N-(3,4-dihydroxyphenyl)-2,2-difluoroacetamide (27)

H
N

O

Cl

F F

HO

HO

A solution of 7c (483 mg, 1.94 mmol, 1 eq) in dry DCM (70 mL)
under argon atmosphere was cooled to 0 ◦C. After 10 min,
boron tribromide (1.47 g, 0.56 mL, 2.64 g cm−3, 3 eq) was
added slowly through a cooled-down syringe. The reaction
mixture was allowed to warm up to room temperature

overnight. The stirred reaction mixture was quenched with MeOH after 18 h and the
solvent was removed under reduced pressure. The crude product was purified by silica gel
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column chromatography (eluent: DCM / MeOH 99:1 to 90:10) and reversed-phase chromatog-
raphy (C18, eluent: H2O and ACN) to provide the title compound 27 (110 mg, 24 %).

ESI-MS (m/z): [M−H]− 234.04 / 236.05 (3:1); 1H NMR (400 MHz, DMSO-d6): δ 10.74 (s, 1H), 9.15
(s, 1H), 8.93 (s, 1H), 7.16 (d, J = 2.5 Hz, 1H), 6.90 (dd, J = 8.6, 2.5 Hz, 1H), 6.71 (d, J = 8.5 Hz, 1H);
13C NMR (101 MHz, DMSO-d6): δ 156.3 (t, J = 29.7 Hz), 145.1, 143.2, 128.1, 118.9 (t, J = 303.2 Hz),
115.3, 112.3, 109.3; 19F NMR (376 MHz, DMSO-d6): δ –62.74 (s, 2F).

Ethyl 5-(2-chloro-2,2-difluoroacetamido)-1-methyl-1H-pyrazole-4-carboxylate (28)

H
N

O

Cl

F F

NN

OO

The title compound was prepared following General Proce-
dure D using 5-amino-1-methyl-1H-pyrazole-4-carboxylate
(1.0 g, 5.91 mmol, 1 eq) and NMM (1.43 mL, 13.0 mmol,
0.92 g cm−3, 2.2 eq) in 30 mL dry THF followed by addition of
2-chloro-2,2-difluoroacetic anhydride (0.93 mL, 6.50 mmol,

1.74 g cm−3, 1.1 eq) in 15 mL dry THF. The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 99:1 to 90:10) to provide the title compound 28
(1.23 g, 73.9 %).

ESI-MS (m/z): [M+H]+ 282.02 / 284.01 (3:1); 1H NMR (400 MHz, DMSO-d6): δ 11.56 (s, 1H),
7.92 (s, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.70 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz,
DMSO-d6): δ 161.2, 157.9 (t, J = 31.4 Hz), 140.0, 135.2, 118.4 (t, J = 302.0 Hz), 108.5, 59.8, 35.8,
14.1; 19F NMR (376 MHz, DMSO-d6): δ –63.67 (s, 2F).

2-Chloro-2,2-difluoro-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)acetamide (29)

H
N

O

Cl

F F

NN

SN

The title compound was prepared following General
Procedure D using 5-(pyridin-4-yl)-1,3,4-thiadiazol-2-amine
(500 mg, 2.81 mmol, 1 eq) and NMM (0.68 mL, 6.17 mmol,
0.92 g cm−3, 2.2 eq) in 14 mL dry THF followed by addition of
2-chloro-2,2-difluoroacetic anhydride (0.47 mL, 3.37 mmol,

1.74 g cm−3, 1.2 eq) in 7 mL dry THF. The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 99:1 to 90:10) and reversed-phase chromatography
(C18, eluent: H2O and ACN) to provide the title compound 29 (462 mg, 56.6 %).

ESI-MS (m/z): [M+H]+ 291.09 / 293.09 (3:1); 1H NMR (400 MHz, DMSO-d6): δ 8.80 (d, J = 5.8 Hz,
2H), 8.03 (dd, J = 4.8, 1.5 Hz, 2H); 13C NMR (101 MHz, DMSO-d6): δ 169.0, 164.6 (t, J = 29.6 Hz),
157.4, 149.2, 138.5, 121.2, 120.0 (t, J = 300.9 Hz); 19F NMR (376 MHz, DMSO-d6): δ –62.35 (s,
2F).
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2-Bromo-2,2-difluoro-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)acetamide (30)

H
N

O

Br

F F

NN

SN

The title compound was prepared following General
Procedure D using 5-(pyridin-4-yl)-1,3,4-thiadiazol-2-amine
(407 mg, 2.28 mmol, 1 eq) and NMM (0.55 mL, 5.02 mmol,
0.92 g cm−3, 2.2 eq) in 12 mL dry THF followed by addition
of 2-bromo-2,2-difluoroacetic anhydride (908 mg, 2.74 mmol,

1.2 eq) in 6 mL dry THF. The crude product was purified by silica gel column chromatog-
raphy (eluent: DCM / MeOH 99:1 to 90:10) and reversed-phase chromatography (C18, eluent:
H2O and ACN) to provide the title compound 30 (484 mg, 63.2 %).

ESI-MS (m/z): [M+H]+ 335.07 / 337.07 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.80 (dd, J = 4.7,
1.6 Hz, 2H), 8.02 (dd, J = 4.7, 1.6 Hz, 2H); 13C NMR (101 MHz, DMSO-d6): δ 168.4, 165.2 (t,
J = 27.2 Hz), 157.6, 149.4, 138.2, 121.1, 112.9 (t, J = 313.5 Hz); 19F NMR (376 MHz, DMSO-d6): δ
–59.59 (s, 2F).

2,2-Difluoro-2-iodo-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)acetamide (31)

H
N

O

I

F F

NN

SN

The title compound was prepared following General
Procedure H using 5-(pyridin-4-yl)-1,3,4-thiadiazol-2-amine
(425 mg, 2.38 mmol, 1.0 eq), 1b (928 mg, 3.57 mmol, 1.5 eq),
T3P (≥50,wt % solution in EtOAc, 2.13 mL, 3.57 mmol,
1.07 g cm−3, 1.5 eq) and DIPEA (810 µL, 4.76,mmol,

0.76 g cm−3, 2 eq) in dry DCM (25 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 99:1 to 90:10) and reversed-phase chromatography
(C18, eluent: H2O / ACN) to provide the title compound 31 (184.6 mg, 20.3 %).

ESI-MS (m/z): [M+H]+ 383.04; 1H NMR (400 MHz, DMSO-d6): δ 8.78 (d, J = 5.9 Hz, 2H), 7.97
(dd, J = 4.6, 1.6 Hz, 2H); 13C NMR (101 MHz, DMSO-d6): δ 166.1 (t, J = 25.3 Hz), 166.0, 158.4,
150.1, 137.4, 120.9, 92.2 (t, J = 317.4 Hz); 19F NMR (376 MHz, DMSO-d6): δ –60.74 (s, 2F).
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2-Chloro-N-(1-(4-chlorophenyl)-4-cyano-1H-pyrazol-5-yl)-2,2-difluoroacetamide (32)

H
N

O

Cl

F F

N
N

N

Cl

The title compound was prepared following General Proce-
dure D using 5-amino-1-(4-chlorophenyl)-1H-pyrazole-4-
carbonitrile (498 mg, 2.28 mmol, 1 eq) and NMM (0.55 mL,
5.02 mmol, 0.92 g cm−3, 2.2 eq) in 15 mL dry THF followed by
addition of 2-chloro-2,2-difluoroacetic anhydride (0.53 mL,
3.82 mmol, 1.74 g cm−3, 1.6 eq) in 8 mL dry THF. The crude
product was purified by silica gel column chromatography

(eluent: DCM / MeOH 99:1) to provide the title compound 32 (271 mg, 35.9 %).

Remark: The substance was very difficult to purify due to its very poor solubility properties
and was only suitable as a test substance to a limited extent.

ESI-MS (m/z): [M−H]− 329.19 / 331.18 (3:1); 1H NMR (400 MHz, DMSO-d6): δ 13.86 (bs, 1H),
8.48 (d, J = 2.8 Hz, 1H), 8.05 (dd, J = 8.8, 1.5 Hz, 2H), 7.67 (d, J = 8.9 Hz, 2H); 19F NMR (376 MHz,
DMSO-d6): δ –57.73 (s, 2F).

2-((Bromodifluoromethyl)thio)-4-methylthiazole (33)

N

S

S Br

F F

To a solution of 4-methylthiazole-2-thiol (1.0 g, 7.62 mmol,
1.0 eq) in dry DMF (8 mL) was added NaH (60 % dispersion in
mineral oil; 457 mg, 11.4 mmol, 1.5 eq) at 0 ◦C. The reaction
mixture was stirred at room temperature for 1 h, then CF2Br2

was added at 0 ◦C and the mixture was stirred further 3 h at 0 ◦C. The remaining NaH was
quenched with H2O (200 mL) and the mixture was extracted with Et2O (3×80 mL). The
combined organic layers were washed with H2O (50 mL), brine (50 mL), dried over Na2SO4

and concentrated in vacuo. The crude product was purified by silica gel column chromatog-
raphy (eluent: DCM with 0.4 % MeOH) to provide the title compound 33 (1.48 g, 74.8 %) as a
yellow crystalline solid.

EI-MS (m/z): [M]+ 258.9 / 260.9 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.22 (dd, J = 1.8, 0.9 Hz, 1H),
2.52 (d, J = 0.9 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 155.9, 150.3, 122.0 (d, J = 6.4 Hz), 117.3
(t, J = 341.5 Hz), 17.4 (d, J = 8.9 Hz); 19F NMR (376 MHz, CDCl3): δ –23.82 (s, 2F).
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2-((Bromodifluoromethyl)sulfonyl)-4-methylthiazole (34)

N

S

S

O O

Br

F F

To a solution of 33 (951 mg, 3.66 mmol, 1.0 eq) in dry DCM
(15 mL) was added mCPBA (2.70 g, 11.0 mmol, 3.0 eq) at 0 ◦C.
The reaction mixture was stirred at room temperature for
22 h, then the solvent was removed in vacuo. The residue
was dissolved in EtOAc (100 mL), washed with sat. NaHCO3

(3×30 mL), brine (30 mL), dried over Na2SO4 and the solvent was concentrated in vacuo.
The crude product was purified by silica gel column chromatography (eluent: DCM with
0.2 % MeOH) to provide the title compound 34 (578 mg, 54.1 %) as a yellow oil.

ESI-MS (m/z): [M+H]+ 291.90 / 293.90 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.32 (d, J = 0.8 Hz,
1H), 2.55 (d, J = 0.8 Hz, 3H); 13C NMR (101 MHz, DMSO-d6): δ 157.7, 152.1, 129.5, 119.6 (t,
J = 345.8 Hz), 16.6; 19F NMR (376 MHz, DMSO-d6): δ –59.26 (s, 2F).

2-Bromo-2,2-difluoro-N-(thiazol-2-yl)acetamide (35)

O

H
NS

N

FF

Br

The title compound was prepared following General Proce-
dure I using 2-aminothiazole (500 mg, 4.99 mmol, 1 eq) and
Et3N (1.52 mL, 11.0 mmol, 0.73 g cm−3, 2.2 eq) in 25 mL dry
DCM followed by addition of 2-bromo-2,2-difluoroacetic

anhydride (1.82 g, 5.49 mmol, 1.1 eq) in 12 mL dry DCM. The crude product was purified
by silica gel column chromatography (eluent: DCM / MeOH 95:5) to provide the title
compound 35 (1.02 g, 79.5 %).

ESI-MS (m/z): [M+H]+ 256.89 / 258.89 (1:1); 1H NMR (400 MHz, CDCl3): δ 13.75 (bs, 1H),
7.56 (d, J = 4.1 Hz, 1H), 7.10 (d, J = 4.1 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 164.5, 162.1 (t,
J = 28.8 Hz), 132.4, 114.4, 111.8 (t, J = 314.8 Hz); 19F NMR (376 MHz, CDCl3): δ –61.29 (s, 2F).

2-Bromo-2,2-difluoro-N-(4-nitrophenyl)acetamide (36)

O

H
N

O2N

FF

Br

4-Nitroaniline (500 mg, 3.62 mmol, 1 eq) was dissolved in
dry DCM (15 mL) and the solution was cooled to 0 ◦C.
After 10 min, Et3N (1.10 mL, 7.96 mmol, 0.73 g cm−3, 2.2 eq)
followed by 2-bromo-2,2-difluoroacetic anhydride (1.32 g,
3.98 mmol, 1.1 eq) in dry DCM (8 mL) were added to the

solution. The reaction mixture was allowed to warm up to room temperature overnight.
The stirred reaction mixture was quenched with crushed ice and an off-white precipitate
was formed, which was filtered using vacuum-filtration. The residue was washed with H2O
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and dried at 60 ◦C. The crude product was purified by silica gel column chromatography
(eluent: DCM) to provide the title compound 36 (870 mg, 81.4 %).

ESI-MS (m/z): [M+H]+ 292.95 / 294.95 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 11.59 (s, 1H),
8.35–8.22 (m, 2H), 8.02–7.90 (m, 2H); 13C NMR (101 MHz, DMSO-d6): δ 158.8 (t, J = 28.6 Hz),
144.4, 143.2, 125.3, 121.4, 111.1 (t, J = 315.0 Hz); 19F NMR (376 MHz, DMSO-d6): δ –61.03 (s,
2F).

N-(4-Aminophenyl)-2-bromo-2,2-difluoroacetamide (37)

O

H
N

H2N

FF

Br

The title compound was prepared following General Proce-
dure B using 36 (200 mg, 0.678 mmol, 1.0 eq) and SnCl2 · 2 H2O
(765 mg, 3.39 mmol, 5.0 eq) in EtOH (7 mL) and conc. HCl
(1 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 95:05) to provide the

title compound 37 (134 mg, 74.5 %) as an orange solid.

ESI-MS (m/z): [M+H]+ 264.98 / 266.98 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 10.60 (s, 1H),
7.31–7.21 (m, 2H), 6.58–6.51 (m, 2H), 5.11 (s, 1H); 13C NMR (101 MHz, DMSO-d6): δ 157.1 (t,
J = 26.9 Hz), 146.6, 125.0, 122.5, 113.61, 111.7 (t, J = 315.7 Hz); 19F NMR (376 MHz, DMSO-d6):
δ –59.44 (s, 2F).

2-Bromo-2,2-difluoro-N-(4-ureidophenyl)acetamide (38)

H
N

O

Br

F F

N
H

H2N

O

The title compound was prepared following General Proce-
dure E using 37 (100 mg, 0.377 mmol, 1.0 eq) and potas-
sium cyanate (153 mg, 1.89 mmol, 5.0 eq) in 10 % acetic acid
(3 mL). The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 90:10 to 70:30) to

provide the title compound 38 (56.6 mg, 48.7 %) as a white solid.

ESI-MS (m/z): [M+H]+ 308.05 / 310.05 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 10.87 (s, 1H), 8.57
(s, 1H), 7.53–7.47 (m, 2H), 7.43–7.38 (m, 2H), 5.84 (s, 2H); 13C NMR (101 MHz, DMSO-d6): δ
158.3–156.9 (m, 1C), 155.9, 138.1, 129.8, 121.6, 117.9, 111.4 (t, J = 294.9 Hz); 19F NMR (376 MHz,
DMSO-d6): δ –59.87 (s, 2F).
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2-Bromo-N-(4-chloropyrimidin-2-yl)-2,2-difluoroacetamide (39)

N

N
H
NCl

O

Br

F F

The title compound was prepared following General Proce-
dure I using 4-chloropyrimidin-2-amine (300 mg, 2.3 mmol,
1 eq) and Et3N (485 µL, 3.5 mmol, 0.73 g cm−3, 1.5 eq) in 10 mL
dry DCM followed by addition of 2-bromo-2,2-difluoroacetic
anhydride (846 mg, 2.55 mmol, 1.1 eq). The crude product

was purified by silica gel column chromatography (eluent: DCM / MeOH 95:5 to 85:10) to
provide the title compound 39 (158 mg, 24.0 %).

ESI-MS (m/z): [M+H]+ 287.89; 1H NMR (400 MHz, DMSO-d6): δ 12.28 (s, 1H), 8.78 (d, J = 5.3 Hz,
1H), 7.57 (d, J = 5.3 Hz, 1H); 13C NMR (101 MHz, DMSO-d6): δ 160.6, 157.8–157.1, 156.4, 118.7,
110.4 (t, J = 315.4 Hz); 19F NMR (376 MHz, DMSO-d6): δ –61.76 (s, 2F).

N-(4-((1H-1,2,4-Triazol-1-yl)methyl)phenyl)-2-bromo-2,2-difluoroacetamide (40)

H
N

O

Br

F F

NN
N

The title compound was prepared following General
Procedure I using 4-((1H-1,2,4-triazol-1-yl)methyl)aniline
hydrochloride (500 mg, 2.37 mmol, 1 eq) and Et3N (1.32 g,
9 mmol, 0.73 g cm−3, 3.3 eq) in 20 mL dry DCM followed by
addition of 2-bromo-2,2-difluoroacetic anhydride (2.28 g,

6.87 mmol, 1.45 eq) in 15 mL dry DCM. The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 97:3 to 90:10, with 0.1 % TFA) to provide the title
compound 40 (632 mg, 92.2 %).

ESI-MS (m/z): [M+H]+ 330.97 / 332.96 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 11.08 (s, 1H),
8.65 (s, 1H), 7.98 (s, 1H), 7.69–7.58 (m, 2H), 7.32 (d, J = 8.6 Hz, 2H), 5.40 (s, 2H); 13C NMR
(101 MHz, DMSO-d6): δ 157.9 (t, J = 27.7 Hz), 151.7, 144.2, 136.2, 133.3, 128.6, 121.1, 111.1 (t,
J = 315.4 Hz), 51.6; 19F NMR (376 MHz, DMSO-d6): δ –63.08 (s, 2F).

2-Bromo-2,2-difluoro-1-(4-(furan-2-carbonyl)piperazin-1-yl)ethan-1-one (41)

N

O

Br

F FN

O

O

The title compound was prepared following General Proce-
dure D using furan-2-yl(piperazin-1-yl)methanone (1.08 g,
6.0 mmol, 1 eq) and NMM (1.45 mL, 13.2 mmol, 0.92 g cm−3,
2.2 eq) in 30 mL dry THF followed by addition of 2-bromo-2,2-
difluoroacetic anhydride (2.19 g, 6.6 mmol, 1.1 eq) in 15 mL

dry THF. The crude product was purified by silica gel column chromatography (eluent:
n-hexane / EtOAc 60:40) to provide the title compound 41 (1.93 g, 95.4 %).
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6 SYNTHESIS

ESI-MS (m/z): [M+H]+ 336.98 / 338.98 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 7.87 (dd, J = 1.8,
0.8 Hz, 1H), 7.06 (dd, J = 3.5, 0.8 Hz, 1H), 6.65–6.64 (m, 1H), 3.89–3.52 (m, 8H); 13C NMR
(101 MHz, DMSO-d6): δ 158.5, 157.3 (t, J = 26.3 Hz), 146.6, 145.0, 116.1, 111.4, 110.4 (t,
J = 311.9 Hz), 46.0, 43.2; 19F NMR (376 MHz, DMSO-d6): δ –55.60 (s, 2F).

N-(Benzo[c][1,2,5]thiadiazol-4-yl)-2-bromo-2,2-difluoroacetamide (42)

H
N

O

Br

F F

N S
N

The title compound was prepared following General Proce-
dure I using benzo[c][1,2,5]thiadiazol-4-amine (498 mg,
3.29 mmol, 1 eq) and Et3N (1.01 mL, 7.24 mmol, 0.73 g cm−3,
2.2 eq) in 15 mL dry DCM followed by addition of 2-bromo-2,2-
difluoroacetic anhydride (1.20 g, 3.62 mmol, 1.1 eq) in 8 mL

dry DCM. The crude product was purified by silica gel column chromatography (eluent:
n-hexane / EtOAc 95:5 to 85:15) to provide the title compound 42 (683 mg, 67.4 %).

ESI-MS (m/z): [M−H]− 306.07 / 308.06 (1:1); 1H NMR (400 MHz, CDCl3): δ 9.14 (s, 1H), 8.46 (d,
J = 7.4 Hz, 1H), 7.82 (dd, J = 8.9, 0.8 Hz, 1H), 7.66 (dd, J = 8.9, 7.5 Hz, 1H); 13C NMR (101 MHz,
CDCl3): δ 157.7 (t, J = 28.6 Hz), 154.8, 147.7, 130.7, 127.6, 118.2, 116.6, 111.2 (t, J = 316.6 Hz);
19F NMR (376 MHz, CDCl3): δ –60.72 (s, 2F).

Ethyl 2-(2-bromo-2,2-difluoroacetamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carb-
oxylate (43)

H
N

O

Br

F F

S

O
O

The title compound was prepared following General
Procedure I using ethyl 2-amino-4,5,6,7-tetrahydrobenzo[b]-
thiophene-3-carboxylate (500 mg, 2.22 mmol, 1 eq) and
Et3N (0.68 mL, 4.88 mmol, 0.73 g cm−3, 2.2 eq) in 15 mL dry
DCM followed by addition of 2-bromo-2,2-difluoroacetic

anhydride (810 mg, 2.44 mmol, 1.1 eq) in 8 mL dry DCM. The crude product was purified
by silica gel column chromatography (eluent: DCM) to provide the title compound 43
(635 mg, 74.8 %).

ESI-MS (m/z): [M+Na]+ 404.08 / 406.08 (1:1); 1H NMR (400 MHz, CDCl3): δ 12.22 (s, 1H), 4.37
(q, J = 7.1 Hz, 2H), 2.82–2.77 (m, 2H), 2.71–2.67 (m, 2H), 1.88–1.74 (m, 5H), 1.40 (t, J = 7.1 Hz,
3H); 13C NMR (101 MHz, CDCl3): δ 166.5, 156.4 (t, J = 29.0 Hz), 144.3, 132.1, 129.5, 114.8, 111.2
(t, J = 315.6 Hz), 61.3, 26.4, 24.6, 23.0, 22.8, 14.4; 19F NMR (376 MHz, CDCl3): δ –60.51 (s, 2F).
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2-Bromo-2,2-difluoro-N-(5-(4-nitrophenyl)-1,3,4-oxadiazol-2-yl)acetamide (44)

H
N

O

Br

F F

O2N
O

N N

The title compound was prepared following General
Procedure I using 5-(4-nitrophenyl)-1,3,4-oxadiazol-2-amine
(500 mg, 2.43 mmol, 1 eq) and Et3N (0.74 mL, 5.35 mmol,
0.73 g cm−3, 2.2 eq) in 15 mL dry DCM followed by addition
of 2-bromo-2,2-difluoroacetic anhydride (891 mg, 2.68 mmol,

1.1 eq) in 8 mL dry DCM. The crude product was purified by silica gel column chromatog-
raphy (eluent: DCM / MeOH 97:3 to 90:10) to provide the title compound 44 (837 mg, 94.9 %).

ESI-MS (m/z): [M−H]− 360.95 / 362.94 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.92 (s, 1H),
8.39–8.34 (m, 2H), 8.14–8.09 (m, 2H); 13C NMR (101 MHz, DMSO-d6): δ 167.9, 157.6, 148.4,
131.0, 126.7, 125.0, 116.5 (t, J = 318.0 Hz); 19F NMR (376 MHz, DMSO-d6): δ –54.79 (s, 2F).

2-Bromo-2,2-difluoro-N-(4-fluorophenyl)acetamide (45)

F

H
N

O

Br

F F

The title compound was prepared following General Proce-
dure D using 4-fluoroaniline (620 mg, 5.58 mmol, 1 eq) and
NMM (0.92 mL, 8.37 mmol, 0.92 g cm−3, 1.5 eq) in 20 mL
dry THF followed by addition of 2-bromo-2,2-difluoroacetic
anhydride (2.22 g, 6.70 mmol, 1.2 eq). The crude product was

purified by silica gel column chromatography (eluent: n-hexane / EtOAc 95:5 to 85:15) to
provide the title compound 45 (1.93 g, 92.5 %).

ESI-MS (m/z): [M+H]+ 265.95 / 267.95 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.85 (bs, 1H), 7.59–
7.50 (m, 2H), 7.15–7.05 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 160.6 (d, J = 246.5 Hz), 157.7 (t,
J = 27.8 Hz), 131.3, 122.6 (d, J = 8.3 Hz), 116.4 (d, J = 22.9 Hz), 111.5 (t, J = 316.8 Hz); 19F NMR
(376 MHz, CDCl3): δ –61.91 (d, J = 1.8 Hz, 2F), -116.19 (ddd, J = 14.4, 8.2, 4.6 Hz, 1F).
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6 SYNTHESIS

6.3.6 Indazole-based Kinase Inhibitors

5-(Difluoromethyl)-2-fluorobenzonitrile (47)

NC

F

CF2H

The title compound was prepared following General Proce-
dure J using 2-fluoro-5-formylbenzonitrile (3.0 g, 20.1 mmol,
1 eq) and DAST (3.2 mL, 24.1 mmol, 1.2 eq) in dry DCM
(100 mL). The crude product was purified by silica gel column

chromatography (eluent: n-hexane / EtOAc 98:2 to 80:20) to provide the title compound 47
(3.04 g, 88.3 %) as a white crystalline solid.

ES-MS (m/z): [M]+ 170.9; 1H NMR (300 MHz, CDCl3): δ 7.81–7.75 (m, 2H), 7.34 (td, J = 8.4,
0.6 Hz, 1H), 6.67 (t, J = 55.9 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 164.3 (dt, J = 263.1, 1.8 Hz),
132.6 (dt, J = 9.2, 5.8 Hz), 131.8 (td, J = 23.9, 3.8 Hz), 131.3 (td, J = 6.3, 0.8 Hz), 117.4 (d,
J = 20.4 Hz), 113.1, 112.8 (t, J = 240.7 Hz), 102.4 (d, J = 16.3 Hz); 19F NMR (282 MHz, CDCl3): δ
–104.05 (t, J = 3.1 Hz, 2F), -112.71 (d, J = 3.1 Hz, 1F).

5-(Difluoromethyl)picolinonitrile (48)

N
CF2H

N

The title compound was prepared following General Proce-
dure J using 5-formylpicolinonitrile (1.0 g, 7.57 mmol, 1 eq)
and DAST (1.2 mL, 9.09 mmol, 1.2 eq) in dry DCM (20 mL). The
crude product was purified by silica gel column chromatog-

raphy (eluent: n-hexane / EtOAc 85:15) to provide the title compound 47 (976.8 g, 83.7 %) as
a pale-yellow crystalline solid.

ESI-MS (m/z): [M+H]+ 155.03; 1H NMR (400 MHz, CDCl3): δ 8.87 (d, J = 0.8 Hz, 1H), 8.06–7.95
(m, 1H), 7.82 (dd, J = 8.0, 0.6 Hz, 1H), 6.78 (t, J = 55.2 Hz, 1H); 13C NMR (101 MHz, CDCl3):
δ 148.7 (t, J = 6.5 Hz), 136.1, 134.7 (t, J = 5.7 Hz), 133.2 (t, J = 23.5 Hz), 128.4, 116.6, 112.3 (t,
J = 241.5 Hz); 19F NMR (376 MHz, CDCl3): δ –115.56 (d, J = 55.2 Hz, 2F).

tert-Butyl ((5-(difluoromethyl)pyridin-2-yl)methyl)carbamate (49)

N
CF2H

H
NO

O

To a solution of 48 (3.95 g, 25.6 mmol, 1 eq), di-tert-butyl dicar-
bonate (11.2 g, 51.3 mmol, 2 eq) and NiCl2 · 5 H2O (610 mg,
2.56 mmol, 0.1 eq) in MeOH (100 mL) was added NaBH4

(6.79 g, 180 mmol, 7 eq) in portions over 30 min at 0 ◦C
(Caution: Gas formation!). The reaction mixture was stirred

at 0 ◦C for 30 min, then for 18 h at room temperature. Diethylenetriamine (5.51 mL,
51.3 mmol, 0.96 g cm−3, 2 eq) was added and the mixture was concentrated in vacuo. The
residue was dissolved in EtOAc and the organic phase was washed with sat. NaHCO3
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(2× 40 mL), brine (40 mL) and dried over Na2SO4. The solvent was removed under reduced
pressure. The crude product 49 (2.74 g, 41.4 %) was used without further purification for
the next synthesis step.

ESI-MS (m/z): [M+H]+ 259.05.

(5-(Difluoromethyl)pyridin-2-yl)methanamine (50a)

N
CF2H

H2N

To a solution of 49 (2.72 g, 10.5 mmol) in DCM (60 mL) was
added a solution of TFA (5 mL) and DCM (10 mL) at 0 ◦C.
The reaction mixture was stirred at 0 ◦C for 30 min, then
for 24 h at room temperature. H2O (200 mL) was poured to

the mixture at 0 ◦C, followed by addition of 10 % NaOH (80 mL). The biphasic mixture was
extracted with DCM (3×100 mL) and EtOAc (3×100 mL). The combined organic layers
were dried over Na2SO4 and the solvent was removed in vacuo. The crude product 50a
(1.06 g, 63.5 %) was used without further purification for the next synthesis step.

ESI-MS (m/z): [M+H]+ 159.07.

5-(Difluoromethyl)-1H-indazol-3-amine (51a)

N
N
H

H2N
CF2H

A solution of 47 (530 mg, 3.1 mmol, 1 eq) and hydrazine
hydrate (602 µL, 12.4 mmol, 4 eq) in EtOH (120 mL) was
refluxed at 90 ◦C for 4 h. After cooling down to room temper-
ature, the solvent was removed under reduced pressure. The
residue was dissolved in a biphasic mixture of EtOAc and

H2O. The organic phase was seperated and the aq. phase was extracted twice with ethyle
acetate. The combined organic phases were washed with brine, dried over Na2SO4 and
the solvent was removed in vacuo. The crude product was purified by silica gel column
chromatography (eluent: DCM / MeOH 80:20 to 0:100) to provide the title compound 51a
(456 mg, 80.4 %) as a pale-brown solid.

ESI-MS (m/z): [M+H]+ 184.2; 1H NMR (300 MHz, DMSO-d6): δ 11.66 (s, 1H), 7.96 (s, 1H),
7.40–7.31 (m, 2H), 7.03 (t, J = 56.4 Hz, 1H), 5.52 (s, 2H); 13C NMR (75 MHz, DMSO-d6): δ 150.4,
142.5, 123.9–123.8 (m), 123.8 (t, J = 234.5 Hz), 119.4 (t, J = 7.0 Hz), 116.5 (dt, J = 234.5 Hz), 113.8,
110.3; 19F NMR (282 MHz, DMSO-d6): δ –105.51 (s, 2F).
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6 SYNTHESIS

5-(Trifluoromethyl)-1H-indazol-3-amine (51b)

N
N
H

H2N
CF3

A solution of 2-fluoro-5-(trifluoromethyl)benzonitrile (1.0 mL,
1.83 g, 7.31 mmol, 1 eq) and hydrazine hydrate (1.42 mL,
29.3 mmol, 4 eq) in EtOH (50 mL) was refluxed at 90 ◦C for
3 h. After cooling down to room temperature, the solvent
was removed under reduced pressure. The crude product

was purified by silica gel column chromatography (eluent: n-hexane / EtOAc 95:05 to
0:100) and reversed-phase chromatography (C18, eluent: H2O and ACN) to provide the title
compound 51b (975 mg, 66.3 %) as a white solid.

ESI-MS (m/z): [M+H]+ 201.9; 1H NMR (400 MHz, DMSO-d6): δ 11.84 (s, 1H), 8.21–8.18 (m,
1H), 7.47 (dd, J = 8.8, 1.6 Hz, 1H), 7.39 (d, J = 8.8 Hz, 1H), 5.66 (s, 2H); 13C NMR (101 MHz,
DMSO-d6): δ 150.2, 142.1, 125.4 (q, J = 270.9 Hz), 122.3 (d, J = 2.8 Hz), 119.0 (d, J = 4.3 Hz), 117.9
(q, J = 31.6 Hz), 113.1, 110.3; 19F NMR (376 MHz, DMSO-d6): δ –58.99 (s, 3F).

5-(Chlorodifluoromethyl)-1H-indazol-3-amine (51c)

N
N
H

H2N
CF2Cl

By-product of 51d. Up to 20 % yield under reflux conditions
in conc. HCl from intermediate 54d, but unstable and not
feasible to isolate the pure title compound 51c.

ESI-MS (m/z): [M+H]+ 218.0 / 220.0 (3:1).

5-(Bromodifluoromethyl)-1H-indazol-3-amine (51d)

N
N
H

H2N
CF2Br

Synthetically not accessible from intermediate 54d.
Ut wisi enim ad minim veniam, quis nostrud exerci tation ullamcorper suscipit lobortis

nisl ut aliquip ex ea commodo consequat. Duis autem vel eum iriure dolor in hendrerit in
vulputate velit esse molestie consequat, vel illum dolore eu feugiat nulla facilisis at vero
eros et accumsan et iusto odio dignissim qui blandit praesent luptatum zzril delenit augue
duis dolore te feugait nulla facilisi.
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5-(Difluoromethyl)benzo[d]isoxazol-3-amine (52a)

N
O

H2N
CF2H

Acetohydroxamic acid (438.7 mg, 5.84 mmol, 1 eq) was added
to a suspension of 47 (1.0 g, 5.84 mmol, 1 eq) and t-BuOK
(655.7 mg, 5.84 mmol, 1 eq) in 10 mL dry DMF. After 18 h, the
reaction mixture was concentrated under reduced pressure.
The residue was dissolved in EtOAc, washed three times with

H2O and with brine. The organic phase was dried over Na2SO4 and the solvent was removed
in vacuo. The crude product was purified by silica gel column chromatography (eluent:
n-hexane / EtOAc 80:20 to 60:40) to provide the title compound 52a (471 mg, 43.8 %) as a
white crystalline solid.

ESI-MS (m/z): [M+H]+ 184.9; 1H NMR (300 MHz, DMSO-d6): δ 8.14 (s, 1H), 7.73–7.70 (m, 1H),
7.58 (dd, J = 8.7, 0.6 Hz, 1H), 7.15 (t, J = 56.0 Hz, 1H), 6.58 (s, 2H); 13C NMR (75 MHz, DMSO-d6):
δ 162.9 (t, J = 1.4 Hz), 158.7, 128.3 (t, J = 22.6 Hz), 127.7 (t, J = 5.8 Hz), 119.9 (t, J = 6.4 Hz), 117.1,
114.9 (t, J = 235.9 Hz), 110.0; 19F NMR (282 MHz, DMSO-d6): δ –107.91 (d, J = 56.3 Hz, 2F).

5-(Trifluoromethyl)benzo[d]isoxazol-3-amine (52b)

N
O

H2N
CF3

A solution of 2-fluoro-5-(trifluoromethyl)benzonitrile
(700.5 mg, 3.70 mmol, 1 eq) in dry DMF (3.5 mL) was added to
a suspension of N-Hydroxyacetamide (278.1 mg, 3.70 mmol,
1 eq) and t-BuOK (655.7 mg, 5.84 mmol, 1 eq) in 6.5 mL dry
DMF. After 18 h, the reaction mixture was concentrated

under reduced pressure. The crude product was purified by silica gel column chromatog-
raphy (eluent: n-hexane / EtOAc 90:10 to 50:50) to provide the title compound 52b (295.8 mg,
39.5 %) as a white solid.

ESI-MS (m/z): [M+H]+ 203.0; 1H NMR (400 MHz, DMSO-d6): δ 8.38–8.33 (m, 1H), 7.86 (dd,
J = 8.8, 1.5 Hz, 1H), 7.68 (d, J = 8.8 Hz, 1H), 6.67 (s, 2H); 13C NMR (101 MHz, DMSO-d6): δ 163.4,
158.6, 126.8 (d, J = 3.1 Hz), 124.4 (q, J = 271.8 Hz), 123.1 (q, J = 32.0 Hz), 120.2 (d, J = 4.1 Hz),
117.3, 110.7; 19F NMR (376 MHz, DMSO-d6): δ –59.82 (s, 3F).
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5-(Bromodifluoromethyl)benzo[d]isoxazol-3-amine (52d)

N
O

H2N
CF2Br

Intermediate 55d (100 mg, 0.299 mmol) was dissolved in a
solution of 4 M HCl in 1,4-dioxane (5 mL) at 0 ◦C. The reaction
mixture was stirred at 0 ◦C for 30 min, then for 24 h at room
temperature. H2O (12 mL) was poured to the mixture at
0 ◦C, followed by addition of sat. aq. NaHCO3 solution (until

pH > 8). The biphasic mixture was extracted with DCM (3× 10 mL). The combined organic
layers were dried over Na2SO4 and the solvent was removed in vacuo. The crude product
was purified by silica gel column chromatography (eluent: n-hexane / EtOAc 90:10 to 50:50)
to provide the title compound 52d (35.7 mg, 89.0 %) as a white solid.

ESI-MS (m/z): [M+H]+ 263.0 / 265.0 (1:1), [2M−Br]+ 445.1 / 447.1 (1:1); 1H NMR (300 MHz,
CDCl3): δ 7.86–7.82 (m, 2H), 7.68 (d, J = 9.4 Hz, 1H), 1.42 (s, 18H); 13C NMR (75 MHz, CDCl3): δ
164.8, 155.1, 149.3, 134.9 (t, J = 24.3 Hz), 126.9 (t, J = 4.5 Hz), 118.5, 111.5; 19F NMR (282 MHz,
CDCl3): δ –43.95 (d, 2F)

(6-(Difluoromethyl)imidazo[1,5-a]pyridin-3-amine (53a)

N
N

CF2H
H2N

To a solution of crude 50a (1.04 g, 6.58 mmol, 1 eq) in
dry toluene (50 mL) was added Et3N (1.10 mL, 7.90 mmol,
0.73 g cm−3, 1.2 eq), followed by dropwise addition of
cyanogen bromide (836 mg, 7.90 mmol, 1.2 eq) in toluene

(1.7 mL). The reaction mixture was stirred for 30 min at room temperature, then the solvent
was removed in vacuo. The residue was purified by reversed-phase chromatography
(eluent: H2O / ACN) to provide the title compound 53a (920 mg, 76.3 %) as a yellow solid.

ESI-MS (m/z): [M+H]+ 184.04; 1H NMR (400 MHz, DMSO-d6): δ 8.09 (d, J = 0.9 Hz, 1H), 7.34 (d,
J = 9.5 Hz, 1H), 6.94 (s, 1H), 6.87 (t, J = 55.3 Hz, 1H), 6.42 (dd, J = 9.5, 0.9 Hz, 1H), 6.08 (s, 2H);
13C NMR (101 MHz, DMSO-d6): δ 142.8, 125.0, 120.5 (t, J = 11.3 Hz), 119.3, 117.2 (t, J = 23.1 Hz),
115.9, 114.5 (t, J = 234.0 Hz), 110.7 (t, J = 3.3 Hz); 19F NMR (376 MHz, DMSO-d6): δ –110.76 (dd,
J = 55.3, 2.8 Hz, 2F).
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6-(Trifluoromethyl)imidazo[1,5-a]pyridin-3-amine (53b)

N
N

CF3
H2N

To a solution of (5-(trifluoromethyl)pyridin-2-yl)methan-
amine 50b (800 mg, 4.54 mmol, 1 eq) in dry toluene (40 mL)
was added Et3N (756 µL, 5.45 mmol, 0.73 g cm−3, 1.2 eq),
followed by dropwise addition of cyanogen bromide (577 mg,
5.45 mmol, 1.2 eq) in toluene (10 mL). The reaction mixture

was stirred for 36 h at room temperature, then the solvent was removed in vacuo. The
residue was purified by reversed-phase chromatography (eluent: H2O / ACN) to provide
the title compound 53b (563 mg, 61.6 %) as a yellow solid.

ESI-MS (m/z): [M+H]+ 202.02; 1H NMR (400 MHz, CDCl3): δ 7.90–7.83 (m, 1H), 7.33 (d,
J = 9.6 Hz, 1H), 7.12 (s, 1H), 6.55 (dd, J = 9.6, 1.3 Hz, 1H), 4.14 (bs, 2H); 13C NMR (101 MHz,
CDCl3): δ 140.3, 126.8, 123.8 (dd, J = 541.2, 270.6 Hz), 119.9, 119.3 (q, J = 6.3 Hz), 116.8, 116.1
(dd, J = 67.3, 33.7 Hz), 112.0; 19F NMR (376 MHz, CDCl3): δ –63.75 (s, 3F).

tert-Butyl 3-(bis(tert-butoxycarbonyl)amino)-5-(difluoromethyl)-1H-indazole-1-carb-
oxylate (54a)

N
N

(Boc)2N
CF2H

Boc

A solution of 51a (544.0 mg, 2.97 mmol, 1 eq), di-tert-
butyldicarbonate (2.14 g, 9.80 mmol, 3.3 eq) and DMAP
(18 mg, 0.149 mmol, 0.05 eq) in dry THF (50 mL) under argon
atmosphere was coold to 0 ◦C. Et3N (2.47 mL, 17.8 mmol, 6 eq)
was added dropwise. After 15 min, the reaction mixtures

was warmed up to room temperature and stirred for 18 h. The solvent was removed under
reduced pressure. The residue was dissolved in EtOAc and washed with 2 M HCl (2× 10 mL),
sat. NaHCO3 and Brine. The organic phase was dried over Na2SO4 and the solvent was
removed in vacuo. The crude product was purified by silica gel column chromatography
(eluent: n-hexane / EtOAc 95:05 to 70:30) to provide the title compound 54a (1.24 g, 86.1 %)
as a colorless foam.

ESI-MS (m/z): [M+Na]+ 506.6; 1H NMR (300 MHz, DMSO-d6): δ 8.25 (d, J = 8.8 Hz, 1H), 7.94
(s, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.21 (t, J = 55.7 Hz, 1H), 1.66 (s, 9H), 1.39 (s, 18H); 13C NMR
(75 MHz, DMSO-d6): δ 149.8, 147.8, 144.9, 140.8, 130.4 (t, J = 22.7 Hz), 126.8 (t, J = 4.7 Hz), 120.9,
118.2 (t, J = 7.2 Hz), 115.4, 114.6 (t, J = 235.9 Hz), 85.7, 83.9, 27.6, 27.3; 19F NMR (282 MHz,
DMSO-d6): δ –108.65 (s, 2F).
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tert-Butyl 3-(bis(tert-butoxycarbonyl)amino)-5-(bromodifluoromethyl)-1H-indazole-
1-carboxylate (54d)

N
N

(Boc)2N
CF2Br

Boc

The title compound was prepared following General Proce-
dure K using 54a (2.59 g, 5.36 mmol, 1 eq) and DBDMH
(1.53 g, 5.36 mmol, 1 eq) in degassed CCl4 (100 mL). The
reaction mixture was illuminated for 4 d. The crude product
was purified by silica gel column chromatography (eluent:

n-hexane / EtOAc 90:10 to 75:25) to provide the title compound 54d (2.00 g, 66.3 %) as a
pale-yellow foam.

ESI-MS (m/z): [M+Na]+ 583.9 / 585.9 (1:1); 1H NMR (300 MHz, DMSO-d6): δ 8.28 (d, J = 8.9 Hz,
1H), 8.10 (s, 1H), 7.96 (dd, J = 9.0, 1.5 Hz, 1H), 1.66 (s, 9H), 1.38 (s, 18H); 13C NMR (75 MHz,
DMSO-d6): δ 149.6, 147.7, 145.2, 140.7, 133.2 (t, J = 23.7 Hz), 125.8 (t, J = 4.6 Hz), 120.7, 116.6,
115.7, 114.5, 86.0, 83.9, 27.6, 27.3; 19F NMR (282 MHz, DMSO-d6): δ –42.95 (s, 2F).

tert-Butyl (tert-butoxycarbonyl)(5-(difluoromethyl)benzo[d]isoxazol-3-yl)carbamate
(55a)

CF2H

N
O

(Boc)2N

To a solution of 52a (1.71 g, 9.28 mmol, 1 eq), di-tert-
butyldicarbonate (4.45 g, 20.4 mmol, 2.2 eq) and DMAP
(113 mg, 0.928 mmol, 0.1 eq) in dry THF (50 mL) under argon
atmosphere was coold to 0 ◦C. Et3N (5.15 mL, 37.1 mmol,
4.4 eq) was added dropwise. After 15 min, the reaction

mixtures was warmed up to room temperature and stirred for 18 h. The solvent was
removed under reduced pressure. The residue was dissolved in EtOAc and washed with
2 M HCl (2× 25 mL), sat. NaHCO3 and Brine. The organic phase was dried over Na2SO4 and
the solvent was removed in vacuo. The crude product was purified by silica gel column
chromatography (eluent: n-hexane / EtOAc 98:02 to 80:20) to provide the title compound 55a
(2.90 g, 81.3 %) as a colorless foam.

ESI-MS (m/z): [M+Na]+ 406.8; 1H NMR (300 MHz, CDCl3): δ 7.74–7.66 (m, 3H), 6.78 (t,
J = 56.3 Hz, 1H), 1.42 (s, 18H); 13C NMR (75 MHz, CDCl3): δ 165.1, 154.9, 149.4, 118.9–118.8 (m,
2C), 131.1 (t, J = 23.0 Hz), 127.7 (t, J = 5.3 Hz), 114.2 (t, J = 239.7 Hz), 111.5, 84.9, 27.9; 19F NMR
(282 MHz, CDCl3): δ –110.50 (d, 2F).
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tert-Butyl (5-(bromodifluoromethyl)benzo[d]isoxazol-3-yl)(tert-butoxycarbonyl)car-
bamate (55d)

N
O

(Boc)2N
CF2Br

The title compound was prepared following General Proce-
dure K using 55a (2.90 g, 7.55 mmol, 1 eq) and DBDMH
(6.47 g, 22.6 mmol, 3 eq) in degassed CCl4 (100 mL). The
reaction mixture was illuminated for 10 d. The crude product
was purified by silica gel column chromatography (eluent:

n-hexane / EtOAc 98:2 to 80:20) to provide the title compound 55d (2.08 g, 59.6 %) as a pale-
yellow foam.

ESI-MS (m/z): [M+Na]+ 485.0 / 487.0 (1:1); 1H NMR (300 MHz, CDCl3): δ 7.86–7.82 (m, 2H),
7.68 (d, J = 9.4 Hz, 1H), 1.42 (s, 18H); 13C NMR (75 MHz, CDCl3): δ 164.8, 155.1, 149.3, 134.9 (t,
J = 24.3 Hz), 126.9 (t, J = 4.5 Hz), 118.5, 111.5, 85.1, 27.8; 19F NMR (282 MHz, CDCl3): δ –43.95
(d, 2F).

tert-Butyl (tert-butoxycarbonyl)(6-(difluoromethyl)imidazo[1,5-a]pyridin-3-yl)carba-
mate (56a)

N
N

CF2H
(Boc)2N

To a solution of 53a (760 mg, 4.15 mmol, 1 eq), di-tert-
butyldicarbonat (1.99 g, 9.13 mmol, 2.2 eq) and DMAP
(25.3 mg, 0.207 mmol, 0.05 eq) in dry THF (60 mL) under
argon atmosphere was coold to 0 ◦C. Et3N (2.30 mL,

16.6 mmol, 0.73 g cm−3, 4.0 eq) was added dropwise. After 15 min, the reaction mixtures
was warmed up to room temperature and stirred for 2.5 h. The solvent was removed under
reduced pressure. The residue was dissolved in EtOAc and washed with 2 M HCl (2× 25 mL),
sat. NaHCO3 and Brine. The organic phase was dried over Na2SO4 and the solvent was
removed in vacuo. The crude product was purified by silica gel column chromatography
(eluent: n-hexane / EtOAc 70:30) to provide the title compound 56a (1.35 g, 85.0 %) as a
colorless crystalline solid.

ESI-MS (m/z): [M+Na]+ 406.26; 1H NMR (400 MHz, CDCl3): δ 7.78 (s, 1H), 7.51 (d, J = 9.4 Hz,
1H), 7.46 (d, J = 0.7 Hz, 1H), 6.84 (dd, J = 9.5, 1.1 Hz, 1H), 6.61 (t, J = 55.7 Hz, 1H), 1.37 (s, 18H);
13C NMR (101 MHz, CDCl3): δ 149.9, 130.8, 129.5, 121.1 (t, J = 23.4 Hz), 119.6, 119.2, 118.6 (t,
J = 10.4 Hz), 115.6 (t, J = 3.8 Hz), 113.3 (t, J = 239.1 Hz), 84.5, 27.9; 19F NMR (376 MHz, CDCl3):
δ –113.90 (dd, J = 55.8, 2.2 Hz, 2F).

181



6 SYNTHESIS

6.3.7 Amino Acids

Ethyl 2,2-difluoro-2-(p-tolyl)acetate (58)

F F
O

O

To a solution of 1-iodo-4-methylbenzene (1.0 g, 4.59 mmol,
1 eq) and ethyl bromodifluoroacetate (647 µL, 5.05 mmol,
1.58 g cm−3, 1.1 eq) under argon atmosphere was added
activated Cu0 powder (874.4 mg, 13.76 mmol, 1 eq). The

reaction mixture was stirred at 60 ◦C for 26 h. The crude mixture was filtered through
a pad of diatomaceous earth and washed with Et2O. The organic layer was washed with
sat. NH4Cl (2× 30 mL) and brine (2× 30 mL), dried over Na2SO4 and the solvent was removed
in vacuo. The crude product was purified by silica gel column chromatography (eluent:
PE 40/60 / Et2O 98:02) to provide the title compound 58 (651.5 mg, 66.3 %) as a colorless oil.

Activation of copper powder: Cu0 powder (874.4 mg, 13.76 mmol, <425µm) was stirred in
aq. 6 M HCl (5 mL) for 10 min at room temperature. The solution was decanted and the
procedure was repeated with H2O (5 mL), MeOH (5 mL) and acetone (5 mL). Before use, the
Cu0 powder was dried under vacuum for 15 min.

EI-MS (m/z): [M]+ 214.01; 1H NMR (600 MHz, DMSO-d6): δ 7.47 (d, J = 8.2 Hz, 2H), 7.35 (d,
J = 7.9 Hz, 2H), 4.29 (q, J = 7.1 Hz, 2H), 2.35 (s, 3H), 1.21 (t, J = 7.9 Hz, 2H); 13C NMR (151 MHz,
CDCl3): δ 169.7 (t, J = 36.8 Hz), 142.0, 129.6, 129.1 (t, J = 25.7 Hz), 125.6, 113.3 (t, J = 252.1 Hz),
21.5; 19F NMR (565 MHz, CDCl3): δ –105.13 (s, 2F).

2,2-Difluoro-2-(p-tolyl)acetic acid (59)

F F
OH

O

To solution of 58 (5.18 g, 24 mmol, 1 eq) in MeOH (70 mL)
was added aq. 1 M K2CO3 (70 mL). The reaction mixture was
stirred at room temperature for 18 h. MeOH was removed
in vacuo, then the mixture was diluted with Et2O and the

biphasic mixture was extracted three times with sat. NaHCO3. The combined aq. layers
were cooled to 0 ◦C and Et2O was added. The biphasic mixture was acidified with conc.
HCl to pH = 1. After that, the mixture was extracted three times with Et2O, the combined
organic phases were washed with brine and dried over Na2SO4. The solvent was removed
in vacuo to obtain the title compound 59 (4.37 g, 97.1 %) as a white solid.

ESI-MS (m/z): [M−H]− 185.07; 1H NMR (600 MHz, CDCl3): δ 10.80 (s, 1H), 7.51 (d, J = 8.2 Hz,
2H), 7.27 (d, J = 8.0 Hz, 2H), 2.40 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 163.4 (t, J = 35.0 Hz),
141.5, 129.6, 129.1 (t, J = 25.5 Hz), 125.0 (t, J = 5.8 Hz), 113.6 (t, J = 250.4 Hz), 63.3, 20.8, 13.6;
19F NMR (565 MHz, CDCl3): δ –101.52 (s, 2F).
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2,2-Difluoro-2-(p-tolyloxy)acetic acid (60)

O

F F
OH

O

The title compound was prepared following General Proce-
dure L using p-cresol (500 mg, 4.62 mmol, 1.0 eq), NaH (60 %
dispersion in mineral oil; 203 mg, 5.09 mmol, 1.1 eq) and 1a
(1.08 g, 5.09 mmol, 1.1 eq) in dry 1,4-dioxane (15 mL). The title

compound 60 (882 mg, 94.3 %) was obtained as a yellow oil.

ESI-MS (m/z): [M−H]− 201.06; 1H NMR (600 MHz, DMSO-d6): δ 7.22 (d, J = 8.3 Hz, 2H), 7.10
(d, J = 8.4 Hz, 2H), 3.56 (1,4-dioxane), 2.29 (s, 3H); 13C NMR (151 MHz, DMSO-d6): δ 160.8 (t,
J = 39.6 Hz), 147.0, 135.9, 130.3, 121.2, 114.3 (t, J = 271.2 Hz), 66.4 (1,4-dioxane), 20.3; 19F NMR
(565 MHz, DMSO-d6): δ –76.60 (s, 2F).

2,2-Difluoro-2-(m-tolyloxy)acetic acid (61)

O

F F
OH

O

The title compound was prepared following General Proce-
dure L using m-cresol (20.0 g, 185 mmol, 1.0 eq), NaH (60 %
dispersion in mineral oil; 8.13 g, 203 mmol, 1.1 eq) and 1a
(43.3 g, 203 mmol, 1.1 eq) in dry 1,4-dioxane (700 mL). The

title compound 61 (31.1 g, 83.4 %) was obtained as a yellow oil.

ESI-MS (m/z): [M−H]− 200.85; 1H NMR (400 MHz, DMSO-d6): δ 7.31 (t, J = 7.8 Hz, 1H), 7.17–
7.08 (m, 1H), 7.05–7.01 (m, 2H), 2.32 (s, 3H); 13C NMR (101 MHz, DMSO-d6): δ 160.7 (t,
J = 39.5 Hz), 149.2, 139.9, 129.7, 127.1, 121.7, 118.1, 114.2 (t, J = 271.6 Hz), 20.8; 19F NMR
(376 MHz, DMSO-d6): δ –76.08 (s, 2F).

1-(Bromodifluoromethyl)-4-methylbenzene (62)

CF2Br

To a solution of 59 (418.5 mg, 2.25 mmol, 1.0 eq) in DCM
(2.8 mL) was added a catalytic amount of DMF (17.3 µL,
0.23 mmol, 0.95 g cm−3, 0.1 eq) and oxalyl chloride (1.70 mL,
3.37 mmol, 2 M in DCM, 1.5 eq) at 0 ◦C. The reaction mixture

was stirred at room temperature for 3 h, then concentrated in vacuo. The crude acyl
chloride was added degassed BrCCl3 (7 mL), DMAP (68.7 mg, 0.56 mmol, 0.25 eq) and sodium-
N-hydroxy-2-thiopyridone (402.2 mg, 2.70 mmol, 1.2 eq). The reaction mixture was stirred
under argon atmosphere and illuminated by a 300 W sun lamp for 20 h, then concentrated
in vacuo. The crude product was purified by silica gel column chromatography (eluent:
PE 40/60 / EtOAc 95:5) to provide the title compound 62 (201.9 mg, 40.6 %) as a colorless oil.
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6 SYNTHESIS

EI-MS (m/z): [M]+ 218.9 / 220.9 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.50 (d, J = 8.3 Hz, 2H), 7.25
(d, J = 7.9 Hz, 2H), 2.40 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 141.8, 135.7 (t, J = 23.5 Hz), 129.4,
124.4 (t, J = 5.1 Hz), 118.8 (t, J = 303.5 Hz), 21.5; 19F NMR (376 MHz, CDCl3): δ –42.57 (s, 2F).

1-(Bromodifluoromethoxy)-4-methylbenzene (63)

O
CF2Br

The title compound was prepared following General Proce-
dure A using 60 (18.7 g, 92.5 mmol, 1.0 eq), DMF (712 µL,
9.25 mmol, 0.95 g cm−3, 0.1 eq) and oxalyl chloride (69.4 mL,
138.7 mmol, 2 M in DCM, 1.5 eq) in DCM (115 mL). After the

first reaction step and concentration of the reaction mixture, BrCCl3 (260 mL), DMAP (2.82 g,
23.1 mmol, 0.25 eq) and sodium-N-hydroxy-2-thiopyridone (16.6 g, 111.0 mmol, 1.2 eq) were
added for the second reaction step. The crude product was purified by silica gel column
chromatography (eluent: n-hexane / EtOAc 97:3) to provide the title compound 63 (11.2 g,
51.1 %) as a yellow oil.

EI-MS (m/z): [M]+ 235.9 / 237.8 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.20 (d, J = 8.3 Hz, 2H), 7.13
(d, J = 8.7 Hz, 2H), 2.37 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 148.9 (t, J = 2.0 Hz), 137.0, 130.3,
121.3, 115.0 (t, J = 308.2 Hz), 21.0; 19F NMR (376 MHz, CDCl3): δ –15.33 (s, 2F).

1-(Bromodifluoromethoxy)-4-methylbenzene (64)

O
CF2Br

The title compound was prepared following General Proce-
dure A using 61 (30.0 g, 148.4 mmol, 1.0 eq), DMF (2.8 mL,
14.8 mmol, 0.95 g cm−3, 0.1 eq) and oxalyl chloride (111 mL,
222 mmol, 2 M in DCM, 1.5 eq) in DCM (115 mL). After the

first reaction step and concentration of the reaction mixture, BrCCl3 (490 mL), DMAP (4.5 g,
37.1 mmol, 0.25 eq) and sodium-N-hydroxy-2-thiopyridone (22.1 g, 148.4 mmol, 1.0 eq) were
added for the second reaction step. The crude product was purified by silica gel column
chromatography (eluent: n-hexane / EtOAc 99:1) to provide the title compound 64 (19.0 g,
53.9 %) as a yellow oil.

EI-MS (m/z): [M]+ 236.0 / 238.0 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.31–7.26 (m, 1H), 7.14 (d,
J = 7.5 Hz, 1H), 7.06 (d, J = 4.8 Hz, 1H), 2.40 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 151.0, 140.3,
129.5, 127.9, 122.1, 118.4, 114.7 (t, J = 308.4 Hz), 21.5; 19F NMR (376 MHz, CDCl3): δ –16.37 (s,
2F).
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(Bromodifluoromethyl)(p-tolyl)sulfane (65)

CF2Br
S

To a solution of 4-methylbenzenethiol (2.0 g, 16.1 mmol,
1.0 eq) in dry DMF (32 mL) was added NaH (60 % dispersion
in mineral oil; 966 mg, 24.2 mmol, 1.5 eq) at 0 ◦C. The reaction
mixture was stirred at room temperature for 30 min, then

CF2Br2 was added at 0 ◦C and the mixture was stirred further 3 h at 0 ◦C. The remaining NaH
was quenched with H2O (400 mL) and the mixture was extracted with EtOAc (3×100 mL).
The combined organic layers were washed with brine (100 mL), dried over Na2SO4 and
concentrated in vacuo. The crude product was purified by silica gel column chromatog-
raphy (eluent: PE 40/60 / Et2O 99:1) to provide the title compound 65 (2.55 g, 62.5 %) as a
colorless oil.

EI-MS (m/z): [M]+ 251.9 / 253.9 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.54 (d, J = 8.1 Hz, 2H), 7.24
(d, J = 7.9 Hz, 2H), 2.40 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 141.8, 136.6, 130.4, 123.9, 119.7
(t, J = 338.3 Hz), 21.6; 19F NMR (376 MHz, CDCl3): δ –22.34 (s, 2F).

1-(Bromodifluoromethyl)-4-(bromomethyl)benzene (66)

CF2Br

Br

The title compound was prepared following General Proce-
dure M using 62 (1.17 g, 5.30 mmol, 1.0 eq), NBS (1.04 g,
5.83 mmol, 1.1 eq) and ABCN (389 mg, 1.59 mmol, 0.3 eq)
in CCl4 (15 mL). The crude product 66 was used without
further purification for the next synthesis step of 71.

1-(Bromodifluoromethoxy)-4-(bromomethyl)benzene (67)

O
CF2Br

Br

The title compound was prepared following General Proce-
dure M using 63 (10.6 g, 44.8 mmol, 1.0 eq), NBS (8.76 g,
49.2 mmol, 1.1 eq) and ABCN (3.28 g, 13.4 mmol, 0.3 eq) in
CCl4 (125 mL). The crude product 67 was used without
further purification for the next synthesis step of 72.
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1-(Bromodifluoromethoxy)-3-(bromomethyl)benzene (68)

O
CF2BrBr

The title compound was prepared following General Proce-
dure M using 64 (2.00 g, 8.44 mmol, 1.0 eq), NBS (1.65 g,
9.28 mmol, 1.1 eq) and ABCN (619 mg, 2.53 mmol, 0.3 eq) in
benzene (25 mL). The crude product 68 was used without
further purification for the next synthesis step of 73.

(Bromodifluoromethyl)(4-(bromomethyl)phenyl)sulfane (69)

S
CF2Br

Br

The title compound was prepared following General Proce-
dure M using 65 (2.44 g, 9.63 mmol, 1.0 eq), NBS (1.88 g,
10.6 mmol, 1.1 eq) and ABCN (706 mg, 2.89 mmol, 0.3 eq)
in CCl4 (27 mL). The crude product 69 was used without
further purification for the next synthesis step of 74.

Diethyl 2-acetamido-2-(4-(bromodifluoromethyl)benzyl)malonate (71)

O

O

O

O

O
NH

CF2Br

The title compound was prepared following General Proce-
dure N using crude 66 (5.30 mmol, 1.0 eq), diethylacetamido-
malonate (1.15 g, 5.30 mmol, 1.0 eq), K2CO3 (1.47 g, 10.6 mmol,
2.0 eq) and KI (880 mg, 5.30 mmol, 1.0 eq) in ACN (30 mL). The
crude product was purified by silica gel column chromatog-
raphy (eluent: PE 40/60 / EtOAc 75:25) to provide the title
compound 71 (1.14 g, 49.1 % over 2 steps) as a white solid.

ESI-MS (m/z): [M+Na]+ 457.91 / 459.91 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.49 (d, J = 8.4 Hz,
2H), 7.09 (d, J = 8.3 Hz, 2H), 6.55 (s, 1H), 4.41–4.10 (m, 4H), 3.70 (s, 2H), 2.03 (s, 3H), 1.29 (t,
J = 7.1 Hz, 6H); 13C NMR (151 MHz, CDCl3): δ 169.4, 167.4, 139.2, 137.2 (t, J = 23.8 Hz), 130.2,
124.5 (t, J = 5.1 Hz), 118.4 (t, J = 303.6 Hz), 67.1, 63.0, 37.7, 23.2, 14.1; 19F NMR (565 MHz, CDCl3)
δ –43.15 (s, 2F).
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Diethyl 2-acetamido-2-(4-(bromodifluoromethoxy)benzyl)malonate (72)

O

O

O

O

O

O NH

CF2Br

The title compound was prepared following General Proce-
dure N using crude 67 (44.8 mmol, 1.0 eq), diethylacetamido-
malonate (9.72 g, 44.8 mmol, 1.0 eq), K2CO3 (12.4 g, 89.5 mmol,
2.0 eq) and KI (7.43 g, 44.8 mmol, 1.0 eq) in ACN (275 mL). The
crude product was purified by silica gel column chromatog-
raphy (eluent: PE 40/60 / EtOAc 75:25) to provide the title
compound 72 (8.58 g, 45.1 % over 2 steps) as a white solid.

ESI-MS (m/z): [M+Na]+ 473.92 / 475.91 (1:1); 1H NMR (600 MHz, CDCl3): δ 7.13 (d, J = 8.5 Hz,
2H), 7.04 (d, J = 8.6 Hz, 2H), 6.56 (s, 1H), 4.37–4.17 (m, 4H), 3.66 (s, 2H), 2.03 (s, 3H), 1.28 (t,
J = 7.1 Hz, 6H); 13C NMR (151 MHz, CDCl3): δ 169.3, 167.5, 150.1 (t, J = 1.7 Hz), 134.4, 131.3,
121.3, 114.6 (t, J = 308.9 Hz), 67.2, 62.9, 37.3, 23.2, 14.1; 19F NMR (565 MHz, CDCl3) δ –16.82 (s,
2F).

Diethyl 2-acetamido-2-(3-(bromodifluoromethoxy)benzyl)malonate (73)

O

O

O

O

O NH

O
CF2Br

The title compound was prepared following General Proce-
dure N using crude 68 (8.44 mmol, 1.0 eq), diethylacetamido-
malonate (1.83 g, 8.44 mmol, 1.0 eq), K2CO3 (2.33 g, 16.9 mmol,
2.0 eq) and KI (1.40 g, 8.44 mmol, 1.0 eq) in ACN (55 mL).
The crude product was purified by silica gel column
chromatography (eluent: PE 40/60 / EtOAc 75:25) to provide
the title compound 73 (2.15 g, 56.2 % over 2 steps) as a
pale-yellow solid.

ESI-MS (m/z): [M+Na]+ 473.96 / /475.95 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.30 (t, J = 7.9 Hz,
1H), 7.12 (ddd, J = 8.2, 2.2, 0.9 Hz, 1H), 6.97 (d, J = 7.7 Hz, 1H), 6.91 (s, 1H), 4.33-4.18 (m,
4H), 3.68 (s, 3H), 2.03 (s, 3H), 1.29 (t, J = 7.1 Hz, 6H); 13C NMR (101 MHz, CDCl3): δ 169.4,
167.4, 150.9, 137.7, 129.7, 128.7, 122.9, 120.3, 114.6 (t, J = 308.6 Hz), 67.2, 63.0, 37.6, 23.1, 14.1;
19F NMR (376 MHz, CDCl3) δ –15.30 (s, 2F).
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Diethyl 2-acetamido-2-(4-((bromodifluoromethyl)thio)benzyl)malonate (74)

S

O

O

O

O

O
NH

CF2Br

The title compound was prepared following General Proce-
dure N using crude 69 (9.63 mmol, 1.0 eq), diethylacetamido-
malonate (2.09 g, 9.63 mmol, 1.0 eq), K2CO3 (2.66 g, 19.2 mmol,
2.0 eq) and KI (1.60 g, 9.63 mmol, 1.0 eq) in ACN (55 mL).
The crude product was purified by silica gel column
chromatography (eluent: PE 40/60 / EtOAc 90:10) to provide
the title compound 74 (3.47 g, 76.9 % over 2 steps) as a
pale-yellow solid.

ESI-MS (m/z): [M+Na]+ 489.91 / 491.89 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 8.1 Hz,
2H), 7.07 (d, J = 8.2 Hz, 2H), 6.55 (s, 1H), 4.30–4.21 (m, 4H), 3.68 (s, 2H), 2.02 (s, 3H), 1.27 (t,
J = 7.1 Hz, 6H); 13C NMR (101 MHz, CDCl3): δ 169.3, 167.4, 139.0, 136.3, 131.1, 126.1, 119.2 (t,
J = 338.4 Hz), 67.1, 63.0, 37.7, 23.1, 14.1; 19F NMR (376 MHz, CDCl3): δ –23.42 (s, 2F).

Diethyl 2-acetamido-2-(4-((bromodifluoromethyl)sulfonyl)benzyl)malonate (75)

S

O

O

O

O

O
NH

CF2Br

O O

To a solution of 74 (200 mg, 0.427 mmol, 1.0 eq) in dry DCM
(5 mL) was added mCPBA (316 mg, 1.82 mmol, 3.0 eq) at 0 ◦C.
The reaction mixture was stirred at room temperature for
18 h, then additional mCBPA (160 mg, 0.92 mmol, 1.5 eq) and
dry DCM (2 mL) were added. After further 22 h of stirring,
the solvent was removed in vacuo. The residue was dissolved
in EtOAc (50 mL), washed with sat. NaHCO3 (3× 15 mL), brine

(15 mL), dried over Na2SO4 and the solvent was concentrated in vacuo. The crude product
was purified by reversed-phase chromatography (C18, eluent: H2O / ACN with 0.1 % TFA)
and the resulting fractions were freeze-dried to provide the title compound 75 (155.2 mg,
72.6 %) as a white solid.

ESI-MS (m/z): [M+H]+ 500.06 / 502.05 (1:1); 1H NMR (400 MHz, CDCl3): δ 7.92 (d, J = 8.4 Hz,
2H), 7.30 (d, J = 8.5 Hz, 2H), 6.56 (s, 1H), 4.40–4.17 (m, 4H), 3.81 (s, 2H), 2.04 (s, 3H), 1.29 (t,
J = 7.1 Hz, 6H); 13C NMR (101 MHz, CDCl3): δ 169.6, 167.1, 145.4, 131.4 (s, 2C), 129.0, 121.1 (t,
J = 348.7 Hz), 66.9, 63.3, 38.0, 23.2, 14.2; 19F NMR (376 MHz, CDCl3): δ –57.56 (s, 2F).
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2-Acetamido-3-(4-(bromodifluoromethoxy)phenyl)propanoic acid (76)

O

AcHN

CF2Br

OH

O

To a solution of 72 (808 mg, 1.79 mmol, 1.0 eq) in MeOH
(12 mL) and H2O (4 mL) was added NaOH (357 g, 8.93 mmol,
40.0 eq) at 0 ◦C. After 15 min, the reaction mixture stirred at
room temperature for 1 h, then at 80 ◦C for 3 h. MeOH was
removed in vacuo, then H2O and Et2O were added and the
biphasic mixture was acidified with HCl to pH = 3–5. After

that, the mixture was extracted three times with Et2O, the combined organic layers were
washed with brine, dried over Na2SO4 and the solvent was removed in vacuo. The crude
product was purified by silica gel column chromatography (eluent: DCM / MeOH 98:02 to
86:14 with 0.1 % TFA) to provide the title compound 76 (362.8 mg, 57.7 %) as a colorless solid.

ESI-MS (m/z): [M−H]− 349.94 / 351.93 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 7.88 (s, 1H), 7.33
(d, J = 8.3 Hz, 2H), 7.19 (d, J = 8.1 Hz, 2H), 4.33 (s, 1H), 3.12 (dd, J = 13.6, 4.2 Hz, 1H), 2.87 (dd,
J = 13.6, 8.5 Hz, 1H), 1.77 (s, 3H); 13C NMR (101 MHz, DMSO-d6): δ 174.6, 169.0, 148.6, 138.3,
130.9, 120.7, 114.4 (t, J = 306.9 Hz), 114.4 (t, J = 306.9 Hz), 54.5, 36.6, 22.6; 19F NMR (376 MHz,
DMSO-d6): δ –16.28 (s, 2F).

2-Acetamido-3-(3-(bromodifluoromethoxy)phenyl)propanoic acid (77)

O

OH

O
CF2Br

AcHN

To a solution of 73 (1.82 mg, 4.02 mmol, 1.0 eq) in MeOH
(45 mL) and H2O (15 mL) was added NaOH (357 g, 8.93 mmol,
40.0 eq) at 0 ◦C. After 15 min, the reaction mixture stirred at
room temperature for 4 h. MeOH was removed in vacuo, then
H2O and EtOAc were added and the biphasic mixture was
acidified at 0 ◦C with HCl to pH = 3–5. After that, the mixture

was extracted three times with EtOAc and the combined organic layers were washed with
brine. The solvent was removed in vacuo and the crude intermediate was dissolved in
THF (45 mL) and H2O (15 mL). After 3 h stirring at 70 ◦C, THF was removed in vacuo and
1 M HCl (40 mL) was added. The aq. phase was extracted three times with EtOAc. The
combined organic layers were washed with brine, dried over Na2SO4 and the solvent was
concentrated in vacuo to provide the title compound 77 (1.32 g, 93.3 %) as a pale-yellow solid.

ESI-MS (m/z): [M−H]− 349.99 / 351.99 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.22 (d, J = 8.2 Hz,
1H), 7.42 (t, J = 8.0 Hz, 1H), 7.28 (d, J = 7.8 Hz, 1H), 7.24–7.13 (m, 2H), 4.43 (ddd, J = 9.8,
8.3, 4.8 Hz, 1H), 3.12 (dd, J = 13.9, 4.8 Hz, 1H), 2.89 (dd, J = 13.9, 9.8 Hz, 1H), 1.77 (s, 3H);
13C NMR (101 MHz, DMSO-d6): δ 172.9, 169.2, 150.0, 140.4, 129.9, 128.2, 121.9, 119.2, 114.3 (t,
J = 307.0 Hz, 1H), 53.1, 36.3, 22.3; 19F NMR (376 MHz, DMSO-d6): δ –16.18 (d, 2F).
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(S)-2-Amino-3-(4-(bromodifluoromethoxy)phenyl)propanoic acid TFA salt (78)

O

OH
H2N TFA

O
CF2Br

A solution of 76 (1.59 g, 4.15 mmol) and CoCl2 (1.1 mL, 0.1 M)
in 0.1 M K2HPO4 / KH2PO4 buffer (220 mL) was adjusted to
pH 8. Amano Acylase (56.6 mg, ≥30 000U g−1, pH 8.0,2 50 ◦C
(optimum pH and temperature)) was added to the solution
and the reaction mixture was stirred for 6 h at room temper-
ature, then the mixture was shock-frozen and freeze-dried.

The lyophilized residue was suspended in EtOAc and H2O. The biphasic mixture was
adjusted to pH 1 by dropwise addition of conc. HCl at 0 ◦C. The aq. phase was washed three
times with EtOAc, the pH was adjusted to pH 5.6 with NaHCO3 and the aq. layer was freeze-
dried. The crude product was purified by reversed-phase chromatography (C18, eluent:
H2O / ACN with 0.1 % TFA) to provide the l-amino acid 78 (194.4 mg, 10.2 %) as a white solid.

HR-ESI-MS (m/z): [M+H]+theor. 309.98849, found 309.98871, rel. Δm 0.72 ppm; 1H NMR
(400 MHz, DMSO-d6): δ 7.40 (d, J = 8.6 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 4.09 (t, J = 6.4 Hz,
1H), 3.12 (qd, J = 14.3, 6.5 Hz, 2H); 13C NMR (101 MHz, DMSO-d6): δ 170.4, 149.3, 134.9, 131.4,
121.3, 114.3 (t, J = 307.2 Hz), 53.4, 35.3; 19F NMR (376 MHz, DMSO-d6): δ –16.07 (s, 2F).

(S)-2-Amino-3-(3-(bromodifluoromethoxy)phenyl)propanoic acid TFA salt (79)

O

OH

O
CF2Br

H2N TFA

A suspension of 77 in ddH2O (220 mL) was adjusted with
0.1 M NaOH to pH 10 until the reactant was completely
dissolved. Amano Acylase (220 mg, ≥30 000U g−1, pH 8.0,
50 ◦C (optimum pH and temperature)) was added to the
solution and the reaction mixture was stirred for 4 h at room

temperature. The pH was kept between 7 and 10 during the reaction. The mixture was
freeze-dried and the lyophilized product was purified by reversed-phase chromatography
(C18, eluent: H2O / ACN with 0.1 % TFA) to provide the l-amino acid 79 (172.2 mg, 13.0 %)
as a white solid.

HR-ESI-MS (m/z): [M+H]+theor. 309.98849, found 309.98824, rel. Δm 0.79 ppm; 1H NMR
(400 MHz, DMSO-d6): δ 7.46 (t, J = 7.8 Hz, 1H), 7.32 (d, J = 7.7 Hz, 1H), 7.24 (d, J = 9.1 Hz, 2H),
4.01 (t, J = 6.4 Hz, 1H), 3.14 (ddd, J = 21.1, 14.3, 6.4 Hz, 2H); 13C NMR (101 MHz, DMSO-d6): δ
170.0, 150.1, 138.4, 130.2, 128.7, 122.3, 119.7, 117.3, 114.2 (t, J = 307.3 Hz), 53.4, 35.6; 19F NMR
(376 MHz, DMSO-d6): δ –18.41 (s, 2F).
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(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-(bromodifluoromethoxy)-
phenyl)propanoic acid (80)

O

OH
FmocHN

O
CF2Br

To a solution of 78 (168 mg, 0.396 mmol, 1 eq) in 1,4-dioxane
(5 mL) was added at 0 ◦C a 10 % Na2CO3 solution (2 mL,
1.89 mmol, 5 eq), followed by Fmoc-Cl (105 mg, 0.405 mmol,
1.1 eq). After stirring 1 h at 0 ◦C, the reaction mixture was
stirred for 3 h at room temperature, then the mixture was
concentrated in vacuo. DCM and H2O were added to the

residue and the pH was adjusted at 0 ◦C with conc. HCl to pH 1–2. The biphasic mixture was
extracted three times with DCM. The combined organic layers were washed with brine,
dried over Na2SO4 and the solvent was removed in vacuo. The crude product was purified
by reversed-phase chromatography (C18, eluent: H2O / ACN with 0.1 % TFA) to provide the
title compound 81 (98.0 mg, 46.5 %) as a white solid.

HR-ESI-MS (m/z): [M−H]−theor. 530.04201, found 530.04280, rel. Δm 1.48 ppm; 1H NMR
(700 MHz, DMSO-d6): δ 12.80 (bs, 1H), 7.88 (d, J = 7.5 Hz, 2H), 7.78 (d, J = 8.6 Hz, 1H), 7.64 (t,
J = 6.9 Hz, 2H), 7.43–7.38 (m, 4H), 7.33–7.27 (m, 2H), 7.22 (d, J = 8.4 Hz, 2H), 4.24–4.12 (m, 4H),
3.12 (dd, J = 13.9, 4.3 Hz, 1H), 2.90 (dd, J = 13.8, 10.8 Hz, 1H); 13C NMR (176 MHz, DMSO-d6): δ
173.6, 156.4, 149.2, 144.2 (d, J = 6.5 Hz), 141.2 (d, J = 5.0 Hz), 138.0, 131.3, 128.1, 127.5, 125.7
(d, J = 7.4 Hz), 121.4, 120.6, 114.8 (t, J = 306.9 Hz), 66.1, 55.7, 47.0, 36.2; 19F NMR (659 MHz,
DMSO-d6): δ –15.92 (d, J = 7.7 Hz, 2F).

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(3-(bromodifluoromethoxy)-
phenyl)propanoic acid (81)

O

OH
FmocHN

O
CF2Br

To a solution of 79 (156 mg, 0.368 mmol, 1 eq) in 1,4-dioxane
(5 mL) was added at 0 ◦C a 10 % Na2CO3 solution (2 mL,
1.89 mmol, 5 eq), followed by Fmoc-Cl (105 mg, 0.405 mmol,
1.1 eq). The reaction mixture was stirred for 4 h at room
temperature. H2O was added and the mixture was washed

with Et2O, then EtOAc was added to the aq. layer and the pH was adjusted at 0 ◦C with conc.
HCl to pH 1–2. The biphasic mixture was extracted three times with EtOAc. The combined
organic layers were washed with brine, dried over Na2SO4 and the solvent was removed
in vacuo. The crude product was purified by reversed-phase chromatography (C18, eluent:
H2O / ACN with 0.1 % TFA) to provide the title compound 81 (176.2 mg, 89.9 %) as a white
solid.
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6 SYNTHESIS

HR-ESI-MS (m/z): [M+Na]+theor. 554.03851, found 554.03874, rel. Δm 0.41 ppm; 1H NMR
(700 MHz, DMSO-d6): δ 12.82 (bs, 1H), 7.88 (d, J = 7.6 Hz, 2H), 7.78 (d, J = 8.6 Hz, 1H), 7.63 (dd,
J = 8.9, 8.3 Hz, 2H), 7.45–7.36 (m, 3H), 7.35–7.23 (m, 4H), 7.19 (d, J = 8.1 Hz, 1H), 4.24–4.13
(m, 4H), 3.16 (dd, J = 13.8, 4.2 Hz, 1H), 2.93 (dd, J = 13.8, 10.9 Hz, 1H); 13C NMR (176 MHz,
DMSO-d6): δ 173.5, 156.4, 150.5, 144.2, 141.2, 141.1, 130.4, 128.8, 128.1, 127.5, 125.7 (d,
J = 11.9 Hz), 122.5, 120.6, 119.7, 114.8 (t, J = 307.1 Hz), 66.1, 55.6, 47.0, 36.4; 19F NMR (659 MHz,
DMSO-d6): δ –15.76 (s, 2F).

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-(2,2-difluoroacetyl)-l-lysine (82b)

O

OH
FmocHN

HN

O

CF2H

The title compound was prepared following General Proce-
dure O using Fmoc-l-Lys-OH (3.0 g, 8.14 mmol, 1 eq), NMM
(2.69 mL, 24.4 mmol, 0.92 g cm−3, 3 eq) and 2,2-difluoroacetic
anhydride (1.70 g, 9.77 mmol, 1.2 eq) in dry THF (60 mL). The
crude product was purified by reversed-phase chromatog-
raphy (eluent: H2O / ACN with 0.1 % TFA) to provide the title
compound 82b (3.27 g, 89.8 %) as a white solid.

ESI-MS (m/z): [M−H]− 445.19; 1H NMR (400 MHz, DMSO-d6): δ 8.78 (t, J = 5.3 Hz, 1H), 7.89
(d, J = 7.5 Hz, 2H), 7.73 (d, J = 7.4 Hz, 2H), 7.63 (d, J = 8.0 Hz, 1H), 7.42 (t, J = 7.3 Hz, 2H), 7.33
(td, J = 7.4, 0.8 Hz, 2H), 6.18 (t, J = 53.8 Hz, 1H), 4.29 (d, J = 6.6 Hz, 2H), 4.26–4.17 (m, 1H), 3.92
(td, J = 9.3, 4.7 Hz, 1H), 3.13 (dd, J = 13.0, 6.5 Hz, 2H), 1.81–1.54 (m, 2H), 1.53–1.20 (m, 4H);
13C NMR (101 MHz, DMSO-d6): δ 174.0, 162.1 (t, J = 25.0 Hz), 156.2, 143.9 (d, J = 4.2 Hz), 140.8,
127.7, 127.1, 125.3, 120.1, 108.6 (t, J = 246.7 Hz, 65.6, 53.8, 46.7, 38.3, 30.4, 28.2, 23.0; 19F NMR
(376 MHz, DMSO-d6): δ –125.68 (d, J = 53.8 Hz, 2F).

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-(2-chloro-2,2-difluoroacetyl)-l-lysine
(82d)

O

OH
FmocHN

HN

O

CF2Cl

The title compound was prepared following General Proce-
dure O using Fmoc-l-Lys-OH (3.0 g, 8.14 mmol, 1 eq), NMM
(2.69 mL, 24.4 mmol, 0.92 g cm−3, 3 eq) and 2-chloro-2,2-
difluoroacetic anhydride (2.37 g, 9.77 mmol, 1.2 eq) in dry
THF (60 mL). The crude product was purified by reversed-
phase chromatography (eluent: H2O / ACN with 0.1 % TFA)
to provide the title compound 82d (2.18 g, 55.7 %) as a
white solid.
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ESI-MS (m/z): [M+Na]+ 503.17; 1H NMR (400 MHz, DMSO-d6): δ 9.25 (t, J = 5.4 Hz, 1H), 7.89
(d, J = 7.5 Hz, 2H), 7.73 (d, J = 7.4 Hz, 2H), 7.63 (d, J = 8.0 Hz, 1H), 7.42 (t, J = 7.3 Hz, 2H), 7.33
(td, J = 7.4, 1.0 Hz, 2H), 4.39–4.27 (m, 2H), 4.27–4.15 (m, 1H), 3.92 (td, J = 9.4, 4.7 Hz, 1H), 3.17
(dd, J = 13.3, 6.3 Hz, 2H), 1.81–1.25 (m, 6H); 13C NMR (101 MHz, DMSO-d6): δ 174.0, 158.6 (t,
J = 29.4 Hz), 156.2, 143.8 (d, J = 4.9 Hz), 140.7, 127.7, 127.1, 125.3, 120.1, 119.1 (t, J = 302.6 Hz),
65.6, 53.7, 46.7, 39.2, 30.3, 27.9, 22.9; 19F NMR (376 MHz, DMSO-d6): δ –62.73 (s, 2F).

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-(2-bromo-2,2-difluoroacetyl)-l-lysine
(82e)

O

OH
FmocHN

HN

O

CF2Br

The title compound was prepared following General Proce-
dure O using Fmoc-l-Lys-OH (3.0 g, 8.14 mmol, 1 eq), NMM
(2.69 mL, 24.4 mmol, 0.92 g cm−3, 3 eq) and 2-bromo-2,2-
difluoroacetic anhydride (3.24 g, 9.77 mmol, 1.2 eq) in dry
THF (60 mL). The crude product was purified by reversed-
phase chromatography (eluent: H2O / ACN with 0.1 % TFA)
to provide the title compound 82e (2.44 g, 57.0 %) as a
white solid.

ESI-MS (m/z): [M+H]+ 523.10 / 525.10 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 9.18 (t, J = 5.5 Hz,
1H), 7.89 (d, J = 7.5 Hz, 2H), 7.73 (d, J = 7.4 Hz, 2H), 7.63 (d, J = 8.0 Hz, 1H), 7.42 (t, J = 7.5 Hz,
2H), 7.33 (td, J = 7.4, 1.0 Hz, 2H), 4.28 (dd, J = 9.9, 3.3 Hz, 2H), 4.25–4.18 (m, 1H), 3.92 (td, J = 9.4,
4.7 Hz, 1H), 3.16 (dd, J = 13.5, 6.3 Hz, 2H), 1.78–1.29 (m, 6H); 13C NMR (101 MHz, DMSO-d6): δ
173.9, 159.5 (t, J = 26.9 Hz), 156.2, 143.8 (d, J = 4.9 Hz), 143.8 (d, J = 4.9 Hz), 140.7, 127.6, 127.1,
125.3, 120.1, 111.9 (t, J = 315.1 Hz), 65.6, 53.7, 46.7, 39.1, 30.3, 27.9, 22.9; 19F NMR (376 MHz,
DMSO-d6): δ –59.92 (s, 2F).

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-acetamidobutanoic acid (83a)

HN

O

OH
FmocHN

O

The title compound was prepared following General Proce-
dure O using Fmoc-l-Dab-OH (1.0 g, 2.94 mmol, 1 eq), NMM
(970 µL, 8.82 mmol, 0.92 g cm−3, 3 eq) and acetic anhydride
(360 mg, 3.53 mmol, 1.2 eq) in dry THF (20 mL). The crude
product was purified by reversed-phase chromatography
(eluent: H2O / ACN with 0.1 % TFA) to provide the title
compound 83a (498.9 mg, 45.0 %) as a white solid.
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ESI-MS (m/z): [M−H]− 381.06; 1H NMR (400 MHz, DMSO-d6): δ 7.90 (d, J = 7.5 Hz, 2H), 7.78 (d,
J = 8.5 Hz, 1H), 7.71 (d, J = 7.4 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 7.34 (t, J = 7.1 Hz, 2H), 4.48–4.29
(m, 3H), 4.25 (t, J = 6.7 Hz, 1H), 3.73 (t, J = 10.0 Hz, 1H), 3.40 (td, J = 10.9, 7.0 Hz, 1H), 2.37 (s,
1H), 2.28–2.13 (m, 1H), 1.88 (dt, J = 22.5, 11.2 Hz, 1H); 13C NMR (101 MHz, DMSO-d6): δ 173.5,
170.2, 155.8, 143.8, 140.8, 127.6, 127.1, 125.1, 120.1, 65.7, 53.2, 46.6, 40.9, 24.4, 23.7.

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-(2,2-difluoroacetamido)butan-
oic acid (83b)

HN

O

OH
FmocHN

CF2H

O

The title compound was prepared following General
Procedure O using Fmoc-l-Dab-OH (1.0 g, 2.94 mmol,
1 eq), NMM (970 µL, 8.82 mmol, 0.92 g cm−3, 3 eq) and 2,2-
difluoroacetic anhydride (609 mg, 3.53 mmol, 1.2 eq) in dry
THF (20 mL). The crude product was purified by reversed-
phase chromatography (eluent: H2O / ACN with 0.1 % TFA)

to provide the title compound 83a (298.6 mg, 24.6 %) as a white solid.

ESI-MS (m/z): [M+Na]+ 441.07; 1H NMR (400 MHz, DMSO-d6): δ 12.63 (bs, 1H), 8.83 (t,
J = 5.2 Hz, 1H), 7.89 (d, J = 7.5 Hz, 2H), 7.73 (dd, J = 7.7, 4.6 Hz, 3H), 7.41 (dt, J = 7.5, 3.7 Hz,
2H), 7.38–7.28 (m, 2H), 6.19 (t, J = 53.7 Hz, 1H), 4.33–4.20 (m, 3H), 4.01 (td, J = 9.0, 4.7 Hz,
1H), 3.23 (dd, J = 12.9, 6.6 Hz, 2H), 1.98 (td, J = 12.8, 7.6 Hz, 1H), 1.86–1.73 (m, 1H); 13C NMR
(101 MHz, DMSO-d6): δ 173.6, 162.3 (t, J = 25.1 Hz), 156.2, 143.8, 140.7, 127.7, 127.1, 125.3
(d, J = 3.3 Hz), 120.1, 108.5 (t, J = 246.6 Hz, 65.7, 51.6, 46.7, 35.8, 30.0; 19F NMR (376 MHz,
DMSO-d6): δ –125.76 (d, J = 53.7 Hz, 2F).

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-(2,2,2-trifluoroacetamido)bu-
tanoic acid (83c)

HN

O

OH
FmocHN

CF3

O

The title compound was prepared following General Proce-
dure O using Fmoc-l-Dab-OH (1.0 g, 2.94 mmol, 1 eq), NMM
(970 µL, 8.82 mmol, 0.92 g cm−3, 3 eq) and 2,2,2-trifluoroacetic
anhydride (2.22 g, 10.6 mmol, 1.2 eq) in dry THF (60 mL). The
crude product was purified by reversed-phase chromatog-
raphy (eluent: H2O / ACN with 0.1 % TFA) to provide the title

compound 83c (273.0 mg, 21.6 %) as a white solid.
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ESI-MS (m/z): [M+Na]+ 459.05; 1H NMR (400 MHz, DMSO-d6): δ 12.73 (bs, 1H), 9.47 (t,
J = 5.2 Hz, 1H), 7.91 (d, J = 7.5 Hz, 2H), 7.75 (d, J = 6.7 Hz, 3H), 7.44 (t, J = 7.3 Hz, 2H), 7.35 (t,
J = 7.4 Hz, 2H), 4.36-4.19 (m, 3H), 4.03 (td, J = 9.4, 4.7 Hz, 1H), 3.30 (m, 2H), 2.10–1.97 (m, 1H),
1.92–1.77 (m, 1H); 13C NMR (101 MHz, DMSO-d6): δ 173.4, 156.8–155.6 (m, 2C) 143.8, 140.7,
127.6, 127.1, 125.3 (d, J = 4.4 Hz), 120.2-111.6 (m, 2C), 65.7, 51.5, 46.6, 36.4, 29.6; 19F NMR
(376 MHz, DMSO-d6): δ δ -74.76 (s, 3F).

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-(2-chloro-2,2-difluoroacetami-
do)butanoic acid (83d)

HN

O

OH
FmocHN

CF2Cl

O

The title compound was prepared following General Proce-
dure O using Fmoc-l-Dab-OH (1.0 g, 2.94 mmol, 1 eq), NMM
(970 µL, 8.82 mmol, 0.92 g cm−3, 3 eq) and 2-chloro-2,2-
difluoroacetic anhydride (2.57 g, 10.6 mmol, 1.2 eq) in dry
THF (60 mL). The crude product was purified by reversed-
phase chromatography (eluent: H2O / ACN with 0.1 % TFA)

to provide the title compound 83d (306.2 mg, 23.3 %) as a white solid.

ESI-MS (m/z): [M+Na]+ 475.03 / 477.02 (3:1); 1H NMR (400 MHz, DMSO-d6): δ 12.65 (bs, 1H),
9.29 (t, J = 5.3 Hz, 1H), 7.89 (d, J = 7.5 Hz, 2H), 7.72 (dd, J = 7.8, 3.7 Hz, 3H), 7.42 (t, J = 7.3 Hz,
2H), 7.38–7.28 (m, 2H), 4.33–4.18 (m, 3H), 4.01 (td, J = 9.4, 4.7 Hz, 1H), 3.27 (dd, J = 13.3, 7.3 Hz,
2H), 2.01 (qd, J = 7.7, 4.9 Hz, 1H), 1.88–1.74 (m, 1H); 13C NMR (101 MHz, DMSO-d6): δ 173.4,
158.7 (t, J = 29.5 Hz), 156.1, 143.8, 140.7, 127.7, 127.1, 125.3 (d, J = 4.3 Hz), 120.1, 119.0 (t,
J = 302.6 Hz), 65.7, 51.5, 46.6, 36.7, 29.7; 19F NMR (376 MHz, DMSO-d6): δ –62.72 (s, 2F).

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-(2-bromo-2,2-difluoroacetami-
do)butanoic acid (83e)

HN

O

OH
FmocHN

CF2Br

O

The title compound was prepared following General Proce-
dure O using Fmoc-l-Dab-OH (1.0 g, 2.94 mmol, 1 eq), NMM
(970 µL, 8.82 mmol, 0.92 g cm−3, 3.0 eq) and 2-bromo-2,2-
difluoroacetic anhydride (3.51 g, 10.6 mmol, 1.2 eq) in dry
THF (60 mL). The crude product was purified by reversed-
phase chromatography (eluent: H2O / ACN with 0.1 % TFA)

to provide the title compound 83e (341.7 mg, 23.7 %) as a white solid.
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ESI-MS (m/z): [M+Na]+ 518.97 / 520.97 (1:1); 1H NMR (400 MHz, DMSO-d6): δ 12.70 (s, 1H),
9.23 (t, J = 5.2 Hz, 1H), 7.89 (d, J = 7.5 Hz, 2H), 7.73 (dd, J = 7.7, 3.9 Hz, 3H), 7.42 (t, J = 7.2 Hz,
2H), 7.33 (ddd, J = 7.4, 4.4, 1.3 Hz, 2H), 4.37–4.15 (m, 4H), 4.01 (td, J = 8.9, 4.7 Hz, 1H), 3.26
(dd, J = 12.8, 6.4 Hz, 2H), 2.01 (td, J = 12.8, 7.5 Hz, 1H), 1.81 (tt, J = 10.1, 5.0 Hz, 1H); 13C NMR
(101 MHz, DMSO-d6): δ 173.5, 159.6 (t, J = 27.0 Hz), 156.1, 143.8, 140.7, 127.7, 127.1, 125.3
(d, J = 4.4 Hz), 120.1, 111.8 (t, J = 314.9 Hz), 65.7, 51.5, 46.6, 36.6, 29.7; 19F NMR (376 MHz,
DMSO-d6): δ –59.97 (s, 2F).

((9H-Fluoren-9-yl)methyl (S)-(2-oxopyrrolidin-3-yl)carbamate (84)

O
FmocHN

NH

By-product of 83a–e.

ESI-MS (m/z): [M+Na]+ 345.09; 1H NMR (400 MHz, DMSO-d6):
δ 7.89 (d, J = 7.5 Hz, 2H), 7.76 (s, 1H), 7.72 (d, J = 7.4 Hz, 2H),

7.57 (d, J = 8.7 Hz, 1H), 7.42 (t, J = 7.4 Hz, 2H), 7.33 (t, J = 7.4 Hz, 1H), 4.34–4.28 (m, 2H), 4.27–
4.20 (m, 1H), 4.07 (dd, J = 18.6, 9.2 Hz, 1H), 3.19–3.10 (m, 2H), 2.35–2.18 (m, 1H), 1.95–1.74
(m, 1H).; 13C NMR (101 MHz, DMSO-d6): 174.3, 156.1, 143.9, 140.8, 127.6, 127.1, 125.2, 120.1,
66.6, 51.2, 46.7, 37.8, 27.9.
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Murshudov. AceDRG: A stereochemical description generator for ligands. Acta

Crystallographica Section D: Structural Biology, 73(2):112–122, 2017. doi: 10.1107/
S2059798317000067.

[295] TURBOMOLE V7.4.1 2019, a development of University of Karlsruhe and
Forschungszentrum Karlsruhe GmbH, 1989–2007, TURBOMOLE GmbH; 2007. Avail-
able from http://www.turbomole.com. Accessed April 3, 2023.

[296] F. Weigend, M. Häser, H. Patzelt, and R. Ahlrichs. RI-MP2: Optimized auxiliary basis
sets and demonstration of efficiency. Chemical Physics Letters, 294(1-3):143–152,
1998. doi: 10.1016/S0009-2614(98)00862-8.

[297] C. Hättig. Optimization of auxiliary basis sets for RI-MP2 and RI-CC2 calculations:
Core–valence and quintuple-ζ basis sets for H to Ar and QZVPP basis sets for Li to Kr.
Physical Chemistry Chemical Physics, 7(1):59–66, 2005. doi: 10.1039/B415208E.

[298] M. Feyereisen and G. Fitzgerald. Use of approximate integrals in ab initio theory.
An application in mp2 energy calculations. Chemical Physics Letters, (208):359–363,
1993. doi: 10.1016/0009-2614(93)87156-W.

[299] F. Weigend, F. Furche, and R. Ahlrichs. Gaussian basis sets of quadruple zeta valence
quality for atoms H–Kr. The Journal of Chemical Physics, 119(24):12753–12762, 2003.
doi: 10.1063/1.1627293.

227



7 REFERENCES

[300] Y. Zhao and D. G. Truhlar. The M06 suite of density functionals for main group
thermochemistry, thermochemical kinetics, noncovalent interactions, excited states,
and transition elements: Two new functionals and systematic testing of four M06-
class functionals and 12 other functionals. Theoretical Chemistry Accounts, 120(1–3):
215–241, 2007. doi: 10.1007/s00214-007-0310-x.

[301] Molecular Operating Environment (MOE), 2018.0101 Chemical Computing Group
ULC, 1010 Sherbooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2023.

[302] OriginPro, Version 2020. OriginLab Corporation, Northampton, MA, USA.

[303] The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.

[304] C. F. Macrae, I. Sovago, S. J. Cottrell, P. T. A. Galek, P. McCabe, E. Pidcock, M. Platings,
G. P. Shields, J. S. Stevens, M. Towler, and P. A. Wood. Mercury 4.0: From visualization
to analysis, design and prediction. Journal of Applied Crystallography, 53(1):226–235,
2020. doi: 10.1107/S1600576719014092.

228



A Appendix

A.1 Evaluation of the Microsomal Stability Assay

HPLC-system:

Agilent 1290 Infinity series UHPLC system: thermostated column compartment, binary
pump (Agilent Technologies, Santa Clara, USA). PAL HTC-xt autosampler (CTC Analytics AG,
Zwingen, Switzerland).

Column (compounds 6a–e): Kinetex C18, 2.6 µm, 50× 2.1 mm; mobile phases: eluent A3:
H2O + 0.1 % FA; eluent B3: ACN + 0.1 % FA; flow rate: 0.35mLmin−1; gradient: 5 to 50 % B3
in 4 min, 50 to 98 % B3 in 0.1 min, 98 % B3 for 0.4 min, 98 to 5 % B3 in 0.1 min, 5 % B3 for
1.4 min; column temperature: 30 ◦C; injection volume: 5 µL.

Column (compounds 7a–d): Waters Acquity UPLC CSH C18, 1.7 µm, 100×2.1 mm;
mobile phases: eluent A4: H2O+ 0.1 % FA; eluent B4: ACN+ 0.1 % FA; flow rate: 0.5mLmin−1;
gradient: 20 to 100 % B4 in 5 min, 100 % B4 for 1.9 min, 100 to 20 % B4 in 0.1 min, 20 % B4
for 2 min; column temperature: 60 ◦C; injection volume: 5 µL.

MS-system:

Sciex TripleTOF 5600+ system with DuoSpray source (electrospray-ionization); Sciex
(Framingham, MA, USA).

MS-settings: Source gas 1: 50 psi, source gas 2: 40 psi, curtain gas: 30 psi, temperature:
600 ◦C, ion-spray voltage floating: 5500 V.

TOF-MS: accumulation time: 250 ms, scan range: m/z 30–1000, declustering potential:
80 V, collision energy: 5 V; IDA-experiments: accumulation time: 100 ms, declustering
potential: 80 V, collision energy: 15 V.

Data evaluation (software):

MetabolitePilot 1.5, Peakview 2.2, Multiquant 3.0.
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A.2 LogP and Solubility

Table A1: List of compounds with calculated or measured properties.

Entry X Structure
MW 

(g mol–1)
SMILES QPlogPo/w QPlogS

QPlogS
predicted 
solubility

(mM)

Tubidi-
metric 

MIS
(mM)

Tubidi-
metric 

MFS
(mM)

JNK1
STD 
NMR

JNK1
KD 

(µM)

JNK3
STD 
NMR

JNK3
KD 

(µM)

6a H 202.2 FC(OC1=CC=C(NC(N)=O)C=C1)(F)[H] 0.838 -1.334 46.34 5.0 5.0 N/A N/A N/A N/A

6b F 220.2 FC(OC1=CC=C(NC(N)=O)C=C1)(F)F 1.015 -1.55 28.18 3.2 2.6 N/A N/A N/A N/A

6c Cl 236.6 FC(OC1=CC=C(NC(N)=O)C=C1)(F)Cl 1.302 -1.984 10.38 4.0 4.0 N/A N/A N/A N/A

6d Br 281.1 FC(OC1=CC=C(NC(N)=O)C=C1)(F)Br 1.384 -1.987 10.30 5.0 5.0 N/A N/A N/A N/A

6e I 328.1 FC(OC1=CC=C(NC(N)=O)C=C1)(F)I 1.465 -2.109 7.78 3.2 2.0 N/A N/A N/A N/A

7a H 215.2 O=C(C(F)(F)[H])NC1=CC(OCO2)=C2C=C1 1.636 -2.18 6.61 5.0 5.0 N/A N/A N/A N/A

7b F 233.1 O=C(C(F)(F)F)NC1=CC(OCO2)=C2C=C1 1.882 -2.428 3.73 5.0 4.0 N/A N/A N/A N/A

7c Cl 249.6 O=C(C(F)(F)Cl)NC1=CC(OCO2)=C2C=C1 2.174 -2.822 1.51 5.0 5.0 + N/A + >1000

7d Br 294.1 O=C(C(F)(F)Br)NC1=CC(OCO2)=C2C=C1 2.249 -2.719 1.91 5.0 5.0 – >1000 + >1000

7e I 341.1 O=C(C(F)(F)I)NC1=CC(OCO2)=C2C=C1 2.318 -2.787 1.63 3.2 2.0 – N/A + N/A

14a Cl 230.6 O=C(C1=CN=C2N1C=CC=C2)C(F)(F)Cl 2.149 -2.389 4.08 4.0 4.0 – >1000 + >1000

15 Cl 272.7 O=C(C(F)(F)Cl)NCCC1=CNC2=C1C=CC=C2 2.823 -3.637 0.23 4.0 4.0 – N/A – N/A

16 Cl 213.6 O=C(C(F)(F)Cl)NC1=NN=CS1 1.118 -2.426 3.75 5.0 5.0 + 186 ±0.3 + 243 ± 3

17 Br 258.0 O=C(C(F)(F)Br)NC1=NN=CS1 1.222 -2.445 3.59 5.0 5.0 + 193 ± 15 N/A 248 ± 70

18 I 305.0 O=C(C(F)(F)I)NC1=NN=CS1 1.309 -2.55 2.82 5.0 5.0 + 104 ± 17 N/A 186 ± 86

19 Cl 283.7 O=C(C(F)(F)Cl)NC1=C(C(OC)=O)SC=C1C 2.943 -3.896 0.13 4.0 5.0 – N/A – N/A

20 Cl 237.6 O=C(C(F)(F)Cl)NC1=CC(O)=C(O)C=C1 1.201 -2.661 2.18 5.0 5.0 – N/A – N/A

21 Cl 281.6 O=C(C(F)(F)Cl)NC1=C(C(OCC)=O)C=NN1C 2.412 -3.651 0.22 5.0 5.0 – N/A – N/A

22 Cl 290.7 O=C(C(F)(F)Cl)NC1=NN=C(C2=CC=NC=C2)S1 1.856 -3.885 0.13 5.0 5.0 + 20 ± 3 + 23 ± 4

23 Br 335.1 O=C(C(F)(F)Br)NC1=NN=C(C2=CC=NC=C2)S1 1.946 -3.847 0.14 5.0 5.0 + 15 ± 2 N/A 17 ± 2

24 I 382.1 O=C(C(F)(F)I)NC1=NN=C(C2=CC=NC=C2)S1 2.033 -3.952 0.11 5.0 5.0 + 10 ± 0.3 N/A 13 ± 5

25 Br 257.1 O=C(NC1=NC=CS1)C(F)(Br)F 1.803 -2.674 2.12 5.0 5.0 + >1000 + >1000

28 Br 308.1 O=C(C(F)(F)Br)NC1=CC=C(NC(N)=O)C=C1 0.61 -2.238 5.78 5.0 5.0 – N/A – N/A

29 Br 331.1 O=C(C(F)(F)Br)NC1=CC=C(CN2C=NC=N2)C=C1 2.486 -3.799 0.16 5.0 5.0 – N/A – N/A

30 Br 337.1 O=C(C(F)(F)Br)N1CCN(C(C2=CC=CO2)=O)CC1 0.964 -1.274 53.21 5.0 5.0 – N/A – N/A

31 Br 308.1 O=C(C(F)(F)Br)NC1=CC=CC2=NSN=C21 2.141 -3.351 0.45 1.3 0.7 – N/A – N/A

32 Br 382.2 O=C(C(F)(F)Br)NC1=C(C(OCC)=O)C(CCCC2)=C2S1 4.242 -5.988 0.00 0.8 0.5 – N/A – N/A

33 Br 363.1 O=C(C(F)(F)Br)NC(O1)=NN=C1C(C=C2)=CC=C2[N+]([O-])=O 1.576 -3.97 0.11 5.0 5.0 – N/A + N/A

34 Br 268.0 FC1=CC=C(NC(C(F)(F)Br)=O)C=C1 2.886 -3.421 0.38 4.0 3.2 – N/A – N/A

35b N/A 178.2 NC1=NN=C(C2=CC=NC=C2)S1 0.476 -1.833 14.69 5.0 5.0 N/A 162 ± 20 N/A N/A
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A.3 STD NMR Spectra

A.3 STD NMR Spectra
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Figure A1: STD spectra (blue) and 1H NMR spectra (red). The arrows in the spectra highlight the
STD signal and the corresponding proton in the structure. JNK1 with fragment 23 (a),
24 (e), 25 (i), 29 (c), 30 (h), 31 (i), and 35 (f). JNK3 with fragment 23 (b), 29 (d), and 35 (g).

a

b

c

d

Figure A2: STD spectra (blue) and 1H NMR spectra (red). The arrows in the spectra highlight the
STD signal and the corresponding proton in the structure. JNK1 with fragment 53a (a)
and 53b (c). JNK3 with fragment 53a (b) and 53b (d)

.
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A.4 ITC Data

Table A2: Affinity fitting data for all ITC measurements of Section 3.1.10.

Protein Figure
Cmpd Cmpd Prot.

N N_SD Ka Ka_SD ΔH ΔH_SD ΔSNo. Conc. Conc.
(mM) (µM) (M−1) (M−1) (calmol−1) (calmol−1) (calmol−1K−1)

JNK1 A3a 23 5 80.92 1 0 5370 145 –1215 113.9 –23.7
JNK1 A3b 23 5 83.37 1 0 5390 98.6 –11070 85.15 –20.1
JNK1 A3c 24 5 76.93 1 0 5800 371 –11630 249.7 –21.8
JNK1 A3d 24 5 76.93 1 0 4910 416 –12760 385.5 –25.9
JNK1 A3e 24 5 83.37 1 0 4920 179 –12230 192.0 –24.1
JNK1 A3f 25 5 83.37 1 0 8250 266 –14550 140.3 –30.9
JNK1 A3g 25 5 80.92 1 0 11400 542 –12700 207.4 –24.0
JNK1 A4a 29 2 77.85 1 0 59700 7000 –6701 184.5 –0.624
JNK1 A4b 29 2 77.85 1 0 53900 4250 –7328 139.5 –2.93
JNK1 A4c 29 5 83.37 1 0 43100 3600 –8176 168.9 –6.22
JNK1 A4d 30 5 77.85 1 0 57600 5070 –6551 132.8 –0.185
JNK1 A4e 30 2 77.85 0.93 0.34 71800 7830 –8613 449.9 –6.67
JNK1 A4f 30 5 83.37 1.41 0.02 78500 5730 –5967 132.1 2.38
JNK1 A4g 31 5 80.92 0.89 0 105000 3750 –8979 66.5 –7.09
JNK1 A4h 31 2 77.85 0.99 0.02 99900 7280 –8327 221.8 –5.05
JNK1 A4i 31 5 83.27 1 0 95700 12300 –10910 284.0 –13.8
JNK3 A5a 23 5 89.60 1 0 4170 438 –5572 283.3 –2.12
JNK3 A5b 23 5 107.3 0.86 0.35 4070 729 –6158 2754 –4.14
JNK3 A5c 24 5 75.03 1 0 5620 486 –5213 208.7 –0.328
JNK3 A5d 24 5 107.3 1.07 0.42 3140 460 –5748 2486 –3.28
JNK3 A5e 25 2 75.03 0.59 0.14 18300 3720 –5046 1394 2.58
JNK3 A5f 25 5 107.3 0.31 0.19 4400 440 –23080 14990 –60.7
JNK3 A5g 25 5 95.00 0.25 0.27 3630 382 –34460 37830 –99.3
JNK3 A6a 29 5 158.75 1.29 0.03 44100 6300 –1143 39.2 17.4
JNK3 A6b 29 5 75.03 1.48 0.10 54200 14800 –2275 204.3 14.0
JNK3 A6c 29 5 89.88 0.84 0.08 34700 6150 –3593 411.5 8.72
JNK3 A6d 30 5 75.03 1 0 64900 7100 –3164 77.5 11.4
JNK3 A6e 30 5 89.88 1 0 58400 5140 –3574 68.14 9.82
JNK3 A6f 30 5 89.88 1 0.02 52500 4080 –3475 108.8 9.94
JNK3 A6g 31 1.5 75.03 0.76 0.11 52700 15200 –7156 1352 2.40
JNK3 A6h 31 1.5 89.88 0.90 0.02 82200 7638 –5364 139.0 4.50
JNK3 A6i 31 5 95.00 1.21 0.02 154000 21700 –3742 93.5 11.2
JNK1 A7a 461 5 77.85 1 0 7060 287 –7332 93.26 –6.98
JNK1 A7b 461 5 77.85 1 0 5490 445 –6444 242.0 -4.50

1 5-(Pyridin-4-yl)-1,3,4-thiadiazol-2-amine (46): Educt of compounds 29, 30 and 31.
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A.4 ITC Data

Figure A3: Thermograms of JNK1 with fragments 23 (a, b), 24 (c-e), and 25 (f, g).
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Figure A4: Thermograms of JNK1 with fragments 29 (a-c), 30 (d-f), and 31 (g-i).
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A.4 ITC Data

Figure A5: TThermograms of JNK3 with fragments 23 (a, b), 24 (c, d), and 25 (e-g).
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Figure A6: Thermograms of JNK3 with fragments 29 (a-c), 30 (d-f), and 31 (g-i).
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A.4 ITC Data

Figure A7: Thermograms of JNK1 with 5-(pyridin-4-yl)-1,3,4-thiadiazol-2-amine 46 (a, b); educt of
29, 30 and 31.
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Table A3: Affinity fitting data for all ITC measurements of Section 3.2.4.

Protein Figure
Cmpd Cmpd Prot.

N N_SD Ka Ka_SD ΔH ΔH_SD ΔSNo. Conc. Conc.
(mM) (µM) (M−1) (M−1) (calmol−1) (calmol−1) (calmol−1K−1)

JNK1 A8a 51a 5 76.93 0.59 0.05 17000 5740 –6203 2856 –1.45
JNK1 A8b 51a 5 95.19 1.59 0.08 19800 1680 –5449 355 1.39
JNK1 A8c 51a 5 92.62 0.87 0.09 10400 698 –10750 1200 –17.7
JNK1 A8d 53a 5 95.19 2.10 0.10 19000 2160 –3114 195.8 9.13
JNK1 A8e 53a 5 95.19 1.80 0.22 13200 2490 –3565 555.6 6.89
JNK1 A8f 53a 5 92.62 0.62 0.27 6840 1030 –1193 5620.1 –22.5
JNK1 A9a 51b 5 76.93 1.64 0.28 23200 6060 –3413 781.2 8.53
JNK1 A9b 51b 5 95.19 1.09 0.10 13600 1610 –6940 754.1 –4.36
JNK1 A9c 51b 5 92.62 1.02 0.09 15200 1440 –7073 740.9 –4.58
JNK1 A9d 53b 5 95.19 1.68 0.30 15400 4360 –3336 773.5 7.97
JNK1 A9e 53b 5 95.19 2.00 0.18 16100 2890 –2987 348.1 9.23
JNK1 A9f 53b 5 92.62 1.32 0.16 8740 994 –5986 1109 –2.04
JNK3 A10a 51a 1.5 89.60 0.59 0.05 85400 24400 –2104 220.7 15.5
JNK3 A10b 53a 5 93.74 1.60 0.20 9960 1860 –2135 323.2 11.1
JNK3 A10c 51b 5 158.75 0.70 0.15 9190 1980 –1881 460.5 11.8
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A.4 ITC Data

Figure A8: Thermograms of JNK1 with fragments 51a (a-c) and 53a (d-f).
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Figure A9: Thermograms of JNK1 with fragments 51b (a-c) and 53b (d-f).
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A.4 ITC Data

Figure A10: Thermograms of JNK3 with fragments 51a (a), 53a (b), and 51b (c).
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A.5 PDB Scan
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Figure A11: Correlation between targeted halogen bonding acceptor heteroatoms of protein
backbones and abundance of amino acids in proteins. Number of targeted backbone
amino acids n = 3017 (backbone N: n = 1357 and backbone O: n = 1662); number of
targeted protein side chains n = 1938 and sum of targeted acceptor atoms n = 4955.
(a) Comparison between halogen acceptor amino acids in protein backbone and
abundance in proteins (ρ = 0.92). (b) Comparison between halogen acceptor side
chains of amino acids and amino acid abundance in proteins. Abundance in proteins
normalized to 100 % (ρ = 0.57).
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(c) Protein backbone O.

Figure A12: Correlation between targeted halogen bonding acceptor heteroatoms of protein
backbones with a σ-hole angle ≥150◦ and abundance of amino acids in proteins.
Number of targeted backbone amino acids n = 1660 (backbone N: n = 726 and backbone
O: n = 934). (a) Comparison of the amino acid frequency of targeted protein backbone
N, targeted protein backbone O, and the abundance of amino acids in proteins. (b)
Comparison between halogen acceptor N in protein backbone and abundance in
proteins (ρ = 0.86). (c) Comparison between halogen acceptor O in protein backbone
and amino acid abundance in proteins (ρ = 0.88).
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A.6 Peptides bearing CF2X Moieties
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(a) MDM4 Titration Measurements.
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Figure A13: Exemplary MDM4 titrations towards 20 nM fluorescent probe to determine the
required protein concentration ranging from 60 % to 80 % of the fluorescence polar-
ization signal for the competitive fluorescence polarization assay experiments. The
determined protein concentration for the experiments around 75% of the signal: 30 nM
MDM4 protein.
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A.6 Peptides bearing CF2X Moieties

Table A4: Individual fluorescence polarization measurement data of TPV-3, TPV-4, TPV-5 with
MDM2 and MDM4 (Table 20 on page 97).

IC
50
±

SD
(n

M
)

K i
±

SD
(n

M
)

Pr
ot

ei
n

D
M

SO
Pe

pt
id

e
Xa

a6
1

2
3

M
ea

n
1

2
3

M
ea

n
Ra

tio

M
D

M
2

5
%

TP
V-

3
F(

m
-O

CF
2B

r)
74

1
±

25
75

2
±

51
71

7
±

57
73

6
±

15
21

8
22

2
21

1
21

7
±

4
1.

00
TP

V-
4

F(
m

-O
CF

3)
83

2
±

30
77

0
±

31
82

5
±

46
80

9
±

28
24

6
22

7
24

4
25

8
±

8
1.

19
TP

V-
5

F(
m

-O
CH

3)
67

6
±

23
64

6
±

06
70

6
±

15
67

6
±

24
19

9
19

0
20

8
19

9
±

7
0.

92
10

%
TP

V-
3

F(
m

-O
CF

2B
r)

59
8
±

18
57

2
±

12
58

7
±

16
58

6
±

11
17

5
16

7
17

2
17

1
±

3
0.

79
TP

V-
4

F(
m

-O
CF

3)
64

7
±

52
64

6
±

22
64

3
±

37
64

6
±

02
19

0
18

9
18

9
18

9
±

1
0.

87
TP

V-
5

F(
m

-O
CH

3)
61

9
±

12
63

5
±

05
65

1
±

19
63

5
±

13
18

1
18

6
19

1
18

6
±

4
0.

86
M

D
M

4
5

%
TP

V-
3

F(
m

-O
CF

2B
r)

24
9
±

04
27

0
±

03
25

4
±

07
25

8
±

09
07

9
08

7
08

1
08

2
±

3
1.

00
TP

V-
4

F(
m

-O
CF

3)
24

2
±

05
24

3
±

07
22

8
±

05
23

7
±

07
07

6
07

7
07

1
07

5
±

3
0.

91
TP

V-
5

F(
m

-O
CH

3)
23

3
±

09
21

8
±

07
23

5
±

07
22

9
±

07
07

3
06

7
07

4
07

1
±

3
0.

87
10

%
TP

V-
3

F(
m

-O
CF

2B
r)

20
7
±

06
21

3
±

08
21

1
±

04
21

1
±

03
06

3
06

6
06

5
06

5
±

1
0.

78
TP

V-
4

F(
m

-O
CF

3)
20

5
±

08
20

6
±

06
19

7
±

04
20

3
±

04
06

2
06

3
05

9
06

2
±

2
0.

75
TP

V-
5

F(
m

-O
CH

3)
19

1
±

04
17

9
±

13
18

9
±

18
18

6
±

05
05

7
05

3
05

6
05

5
±

2
0.

67

245



A APPENDIX

Table A5: Individual IC50 value determinations (Table 21 on page 99).

IC50 ± SD (nM)

Peptide Xaa24 1 2 3 Mean
17-28p53 Lys 1160±046 1136±60 1226±15 1173±39
TPV-6 Nle(εNHCOCH3) 1790±072 2084±67 1927±60 1927±47
TPV-7 Nle(εNHCOCF2H) 1439±074 1330±38 1270±27 1347±38
TPV-8 Nle(εNHCOCF3) 0794±029 0733±22 0811±29 0779±24
TPV-9 Nle(εNHCOCF2Cl) 0415±009 0444±08 0463±12 0440±08
TPV-10 Nle(εNHCOCF2Br) 0311±011 0337±08 0331±12 0326±09
TPV-11 Dab 1964±088 1999±42 1740±84 1897±48
TPV-12 Abu(γNHCOCH3) 2069±111 1799±71 1768±66 1874±53
TPV-13 Abu(γNHCOCF2H) 2034±081 2131±67 2126±98 2096±55
TPV-14 Abu(γNHCOCF3) 2627±101 2409±91 2325±86 2447±70
TPV-15 Abu(γNHCOCF2Cl) 2283±102 1946±82 2349±85 2176±65
TPV-16 Abu(γNHCOCF2Br) 1602±069 1622±66 1609±37 1611±30

Table A6: Individual Ki value calculations (Table 21 on page 99).

Ki ± SD (nM)

Peptide Xaa24 1 2 3 Mean ratio
17-28p53 Lys 303.0 297.0 321.0 307.0±10 1.00
TPV-6 Nle(εNHCOCH3) 471.0 549.0 507.0 509.0±32 1.66
TPV-7 Nle(εNHCOCF2H) 377.0 348.0 332.0 353.0±19 1.15
TPV-8 Nle(εNHCOCF3) 206.0 190.0 210.0 202.0±09 0.66
TPV-9 Nle(εNHCOCF2Cl) 105.0 113.0 118.0 112.0±05 0.37
TPV-10 Nle(εNHCOCF2Br) 077.6 084.5 082.9 081.7±03 0.27
TPV-11 Dab 517.0 526.0 457.0 500.0±30 1.63
TPV-12 Abu(γNHCOCH3) 545.0 473.0 465.0 494.0±36 1.61
TPV-13 Abu(γNHCOCF2H) 535.0 561.0 560.0 552.0±12 1.80
TPV-14 Abu(γNHCOCF3) 693.0 635.0 613.0 647.0±34 2.11
TPV-15 Abu(γNHCOCF2Cl) 601.0 512.0 619.0 577.0±47 1.88
TPV-16 Abu(γNHCOCF2Br) 421.0 426.0 422.0 423.0±02 1.38
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A.6 Peptides bearing CF2X Moieties

Table A7: XB results from geometry optimization using TPSS(D3)/SV(P) of p53 peptide with bromod-
ifluoroacetylated Lys24 side chain (PDB ID: 2Z5T). The parameters for a positive XB match
were a distance of <4Å and an angle of >160◦. Fused_92_red_240.pdb (#33) already
starts with the XB. Matches with concurrent interaction of at least one fluorine atom are
highlighted in blue. Matches with concurrent H···O(amide) contact are highlighted in
green.

# System
Distance Angle Peptide /

ID Atom
Atom and

(Å) (◦) Protein amino acid

1 fused_2_rot_300.pdb 3.00 164.16 peptide 98 O SC O of Ser20
2 fused_31_rot_300.pdb 3.01 163.38 peptide 98 O

3 fused_106_rot_180.pdb 2.93 161.68 peptide 105 O SC O of Asp21
4 fused_44_rot_330.pdb 2.72 171.82 peptide 105 O
5 fused_72_rot_300.pdb 2.91 162.24 peptide 105 O
6 fused_19_rot_0.pdb 2.67 176.64 peptide 106 O SC O of Asp21
7 fused_20_rot_180.pdb 3.00 169.64 peptide 106 O
8 fused_4_rot_210.pdb 2.64 173.25 peptide 106 O
9 fused_77_rot_300.pdb 2.97 164.83 peptide 106 O

10 fused_77_rot_330.pdb 2.97 164.72 peptide 106 O
11 fused_78_rot_240.pdb 2.71 179.15 peptide 106 O
12 fused_83_rot_270.pdb 3.15 161.62 peptide 106 O

13 fused_75_rot_240.pdb 3.37 171.65 peptide 130 N Prot N of Trp23

14 fused_103_rot_240.pdb 2.95 160.34 peptide 199 O BB O of Ser20
15 fused_37_rot_240.pdb 3.03 175.58 peptide 199 O

16 fused_12_rot_210.pdb 2.88 173.67 peptide 204 O BB O of Asp21
17 fused_12_rot_240.pdb 2.87 173.55 peptide 204 O
18 fused_1_rot_210.pdb 2.87 173.83 peptide 204 O
19 fused_1_rot_240.pdb 2.88 173.78 peptide 204 O

20 fused_101_rot_0.pdb 2.86 165.91 peptide 219 O BB O of Lys24
21 fused_101_rot_330.pdb 2.87 165.93 peptide 219 O
22 fused_94_rot_0.pdb 2.89 166.06 peptide 219 O
23 fused_99_rot_330.pdb 2.88 165.71 peptide 219 O

24 fused_112_rot_240.pdb 3.09 164.62 protein 27 N Unprot SC N of
25 fused_131_rot_240.pdb 2.85 167.36 protein 27 N His51
26 fused_31_rot_270.pdb 3.03 165.75 protein 27 N
27 fused_47_rot_240.pdb 2.97 170.58 protein 27 N
28 fused_57_rot_330.pdb 2.79 173.00 protein 27 N
29 fused_62_rot_240.pdb 2.80 166.68 protein 27 N

Continued on next page
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Table A7: Continued from previous page

# System Distance Angle Peptide / ID Atom Atom and
(Å) (◦) Protein amino acid

30 fused_66_rot_330.pdb 2.88 174.49 protein 27 N
31 fused_67_rot_240.pdb 2.89 172.65 protein 27 N
32 fused_75_rot_270.pdb 3.08 168.83 protein 27 N
33 fused_92_rot_240.pdb 2.82 174.29 protein 27 N

34 fused_77_rot_240.pdb 3.11 175.51 protein 52 O SC O of Gln55

35 fused_131_rot_300.pdb 2.86 171.26 protein 153 O BB O of His51

36 fused_159_rot_240.pdb 3.98 160.67 protein 170 N BB N of Gln55

Table A8: XB results from geometry optimization using TPSS(D3)/SV(P) of p53 peptide with bromodi-
fluoroacetylated Lys24 side chain (PDB ID: 3DAB). The parameters for a positive XB match
were a distance of <4Å and an angle of >160◦. Matches with concurrent interaction of
at least one fluorine atom are highlighted in blue. Matches with concurrent H···O(amide)
contact are highlighted in green.

# System
Distance Angle Peptide /

ID Atom
Atom and

(Å) (◦) Protein amino acid

1 fused_27_rot_210.pdb 2.72 170.45 peptide 84 O SC O of
2 fused_27_rot_330.pdb 2.70 161.25 peptide 84 O Asp21
3 fused_77_rot_180.pdb 2.72 170.09 peptide 84 O
4 fused_81_rot_180.pdb 2.86 163.21 peptide 84 O
5 fused_81_rot_210.pdb 2.86 163.22 peptide 84 O
6 fused_11_rot_270.pdb 2.69 176.68 peptide 85 O
7 fused_18_rot_270.pdb 2.72 173.10 peptide 85 O
8 fused_18_rot_300.pdb 2.71 173.24 peptide 85 O
9 fused_19_rot_0.pdb 2.68 175.62 peptide 85 O

10 fused_19_rot_330.pdb 2.68 175.63 peptide 85 O
11 fused_20_rot_180.pdb 2.69 170.88 peptide 85 O
12 fused_20_rot_210.pdb 2.69 170.92 peptide 85 O
13 fused_23_rot_210.pdb 2.89 169.36 peptide 85 O
14 fused_23_rot_240.pdb 2.90 167.52 peptide 85 O
15 fused_24_rot_330.pdb 2.74 170.05 peptide 85 O
16 fused_27_rot_0.pdb 2.74 161.10 peptide 85 O
17 fused_28_rot_180.pdb 2.72 175.89 peptide 85 O

Continued on next page
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# System Distance Angle Peptide / ID Atom Atom and
(Å) (◦) Protein amino acid

18 fused_28_rot_210.pdb 2.73 175.53 peptide 85 O
19 fused_33_rot_210.pdb 2.73 162.01 peptide 85 O
20 fused_3_rot_0.pdb 2.64 172.93 peptide 85 O
21 fused_4_rot_180.pdb 2.70 168.69 peptide 85 O
22 fused_77_rot_300.pdb 2.65 179.56 peptide 85 O
23 fused_77_rot_330.pdb 2.74 161.06 peptide 85 O
24 fused_78_rot_210.pdb 2.72 175.81 peptide 85 O
25 fused_78_rot_240.pdb 2.73 175.75 peptide 85 O

26 fused_26_rot_240.pdb 3.24 160.78 peptide 97 N SC N of Trp23

27 fused_103_rot_240.pdb 2.76 162.81 peptide 166 O BB O of Ser20

28 fused_135_rot_330.pdb 2.97 163.90 peptide 171 O BB O of Asp21
29 fused_1_rot_210.pdb 2.83 177.04 peptide 171 O
30 fused_1_rot_240.pdb 2.73 173.17 peptide 171 O
31 fused_1_rot_270.pdb 2.83 178.50 peptide 171 O
32 fused_1_rot_300.pdb 2.83 178.51 peptide 171 O
33 fused_68_rot_300.pdb 2.98 163.84 peptide 171 O
34 fused_70_rot_300.pdb 2.78 164.53 peptide 171 O
35 fused_82_rot_0.pdb 2.90 164.36 peptide 171 O
36 fused_97_rot_330.pdb 3.01 163.66 peptide 171 O

37 fused_101_rot_0.pdb 3.12 165.82 peptide 186 O BB O of Lys24
38 fused_101_rot_330.pdb 3.17 165.51 peptide 186 O
39 fused_90_rot_0.pdb 3.15 165.71 peptide 186 O
40 fused_94_rot_0.pdb 3.06 165.71 peptide 186 O
41 fused_99_rot_330.pdb 3.16 165.72 peptide 186 O

42 fused_14_rot_330.pdb 3.13 164.02 protein 27 N SC N of His54
43 fused_156_rot_240.pdb 2.82 169.21 protein 27 N
44 fused_31_rot_240.pdb 2.91 173.08 protein 27 N
45 fused_56_rot_240.pdb 2.94 170.21 protein 27 N
46 fused_66_rot_330.pdb 2.87 174.62 protein 27 N
47 fused_88_rot_270.pdb 2.91 171.40 protein 27 N
48 fused_8_rot_270.pdb 2.94 170.16 protein 27 N
49 fused_9_rot_240.pdb 3.22 161.77 protein 27 N

50 fused_112_rot_240.pdb 3.40 166.86 protein 45 N SC N of Gln58
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# System Distance Angle Peptide / ID Atom Atom and
(Å) (◦) Protein amino acid

51 fused_136_rot_330.pdb 3.03 174.28 protein 46 O SC O of Gln58
52 fused_9_rot_330.pdb 2.95 160.12 protein 46 O

53 fused_26_rot_270.pdb 3.91 161.09 protein 116 O BB O of Met53

54 fused_60_rot_270.pdb 3.04 168.03 protein 120 O BB O of His54

Table A9: Other acetyl amide interaction results from geometry optimization using TPSS(D3)/SV(P)
of p53 peptide with bromodifluoroacetylated Lys24 side chain (PDB ID: 2Z5T). Matches
with an XB-positive result are highlighted in yellow.

# System Peptide donor/acceptor Distance (Å) Angle (◦)

unpolar <3.0Å >150◦

1 fused_100_rot_210.pdb F 2.56 157.61
2 fused_103_rot_240.pdb F 2.29 158.30
3 fused_104_rot_240.pdb F 2.99 151.90
4 fused_104_rot_240.pdb F 2.50 158.72
5 fused_106_rot_210.pdb F 2.84 168.99
6 fused_125_rot_300.pdb F 2.85 158.92
7 fused_158_rot_0.pdb F 2.68 164.16
8 fused_15_rot_240.pdb F 2.86 154.06
9 fused_15_rot_270.pdb F 2.88 154.72

10 fused_16_rot_270.pdb F 2.86 151.71
11 fused_17_rot_300.pdb F 2.51 151.15
12 fused_1_rot_0.pdb F 2.50 166.98
13 fused_2_rot_300.pdb F 2.98 152.99
14 fused_30_rot_240.pdb F 2.75 153.82
15 fused_30_rot_270.pdb F 2.93 156.24
16 fused_31_rot_300.pdb F 2.39 158.15
17 fused_40_rot_330.pdb F 2.44 175.36
18 fused_59_rot_0.pdb F 2.74 155.40
19 fused_63_rot_330.pdb F 2.38 152.15
20 fused_73_rot_270.pdb F 2.76 153.44
21 fused_75_rot_270.pdb F 2.43 156.48

Continued on next page
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# System Peptide donor/acceptor Distance (Å) Angle (◦)

22 fused_7_rot_330.pdb F 2.74 162.97
23 fused_87_rot_0.pdb F 2.38 151.83
24 fused_87_rot_330.pdb F 2.38 151.64
25 fused_89_rot_210.pdb F 2.90 156.15
26 fused_92_rot_240.pdb F 2.30 170.07
27 fused_93_rot_240.pdb F 2.97 166.51
28 fused_93_rot_240.pdb F 2.56 157.75
29 fused_9_rot_330.pdb F 2.83 165.29

polar <3.0Å >150◦

1 used_106_rot_180.pdb F 2.03 162.49
2 fused_17_rot_210.pdb F 2.70 150.61
3 fused_90_rot_180.pdb F 1.98 163.97
4 fused_9_rot_210.pdb F 2.68 150.79

amide O <3.5Å >150◦

1 fused_125_rot_300.pdb O 1.93 168.35
2 fused_12_rot_0.pdb O 1.76 171.05
3 fused_131_rot_300.pdb O 1.89 172.27
4 fused_156_rot_180.pdb O 1.76 162.67
5 fused_156_rot_210.pdb O 1.75 174.46
6 fused_156_rot_240.pdb O 1.74 175.96
7 fused_15_rot_240.pdb O 1.78 171.45
8 fused_15_rot_270.pdb O 1.78 170.80
9 fused_161_rot_240.pdb O 1.85 170.88

10 fused_161_rot_270.pdb O 1.85 170.96
11 fused_19_rot_270.pdb O 1.90 172.88
12 fused_20_rot_180.pdb O 1.79 179.67
13 fused_20_rot_210.pdb O 1.88 161.94
14 fused_20_rot_240.pdb O 2.00 160.77
15 fused_21_rot_0.pdb O 1.70 174.79
16 fused_21_rot_330.pdb O 1.81 164.25
17 fused_23_rot_240.pdb O 1.90 172.20
18 fused_24_rot_240.pdb O 1.80 165.02
19 fused_27_rot_0.pdb O 1.74 179.59
20 fused_43_rot_240.pdb O 1.79 170.55
21 fused_44_rot_330.pdb O 1.71 168.76
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# System Peptide donor/acceptor Distance (Å) Angle (◦)

22 fused_69_rot_300.pdb O 1.78 167.79
23 fused_77_rot_300.pdb O 1.80 162.89
24 fused_77_rot_330.pdb O 1.78 162.15
25 fused_7_rot_0.pdb O 1.73 173.70

amide NH <3.5Å >150◦

1 fused_101_rot_300.pdb NH 2.06 152.64
2 fused_151_rot_240.pdb NH 1.92 152.76
3 fused_151_rot_270.pdb NH 1.97 155.42
4 fused_28_rot_210.pdb NH 2.06 152.89
5 fused_78_rot_270.pdb NH 2.06 152.71

Table A10: Other acetyl amide interaction results from geometry optimization using TPSS(D3)/SV(P)
of p53 peptide with bromodifluoroacetylated Lys24 side chain (PDB ID: 3DAB). Matches
with an XB-positive result are highlighted in yellow.

# System Peptide donor/acceptor Distance (Å) Angle (◦)

F <3.0Å >150◦

1 fused_100_rot_180.pdb F 2.48 156.11
2 fused_100_rot_180.pdb F 2.47 176.76
3 fused_101_rot_120.pdb F 2.92 163.38
4 fused_103_rot_240.pdb F 2.84 173.65
5 fused_10_rot_300.pdb F 2.82 158.22
6 fused_112_rot_240.pdb F 2.7 175.99
7 fused_123_rot_300.pdb F 2.7 161.74
8 fused_127_rot_330.pdb F 2.3 165.43
9 fused_12_rot_300.pdb F 2.58 155.29

10 fused_134_rot_240.pdb F 2.77 167.66
11 fused_136_rot_330.pdb F 2.76 156.2
12 fused_13_rot_300.pdb F 2.85 156.4
13 fused_152_rot_0.pdb F 2.31 166.12
14 fused_153_rot_0.pdb F 2.27 166.94
15 fused_153_rot_330.pdb F 2.28 167.62
16 fused_156_rot_180.pdb F 2.44 170.6
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# System Peptide donor/acceptor Distance (Å) Angle (◦)

17 fused_156_rot_210.pdb F 2.44 169.51
18 fused_158_rot_0.pdb F 2.69 160.86
19 fused_158_rot_330.pdb F 2.7 160.8
20 fused_161_rot_180.pdb F 2.41 160.7
21 fused_161_rot_270.pdb F 2.48 163.76
22 fused_17_rot_240.pdb F 2.82 159.97
23 fused_1_rot_0.pdb F 2.52 167.39
24 fused_1_rot_330.pdb F 2.5 171.2
25 fused_30_rot_240.pdb F 2.84 167.28
26 fused_30_rot_270.pdb F 2.84 165.06
27 fused_37_rot_210.pdb F 2.57 168.36
28 fused_43_rot_210.pdb F 2.58 153.98
29 fused_47_rot_270.pdb F 2.85 169.61
30 fused_51_rot_0.pdb F 2.31 177.37
31 fused_51_rot_300.pdb F 2.3 178.64
32 fused_51_rot_330.pdb F 2.32 177.04
33 fused_53_rot_240.pdb F 2.53 155.31
34 fused_53_rot_270.pdb F 2.45 166.08
35 fused_61_rot_330.pdb F 2.53 156.32
36 fused_63_rot_330.pdb F 2.74 153.93
37 fused_64_rot_240.pdb F 2.36 154.61
38 fused_72_rot_300.pdb F 2.67 156.04
39 fused_73_rot_240.pdb F 2.85 165.72
40 fused_73_rot_270.pdb F 2.81 172.34
41 fused_78_rot_180.pdb F 2.75 172.97
42 fused_79_rot_0.pdb F 2.43 153.64
43 fused_81_rot_180.pdb F 2.4 154.26
44 fused_81_rot_210.pdb F 2.4 154.26
45 fused_88_rot_330.pdb F 2.61 156.27
46 fused_89_rot_0.pdb F 2.57 163.07
47 fused_89_rot_210.pdb F 2.7 157.72
48 fused_89_rot_330.pdb F 2.58 172.3
49 fused_90_rot_120.pdb F 2.96 162.03
50 fused_93_rot_240.pdb F 2.85 156.38

amide NH <3.5Å >150◦

1 fused_119_rot_300.pdb NH 2.03 157.07

Continued on next page
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# System Peptide donor/acceptor Distance (Å) Angle (◦)

2 fused_28_rot_240.pdb NH 2.02 158.16
3 fused_78_rot_300.pdb NH 2.02 158.18
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A.7 Small Molecule Crystal Data

A.7.1 1-(4-(Difluoromethoxy)phenyl)urea (6a)

Figure A14: Data for 6a. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A11: Crystal and refinement data for 6a

Substance code SV153 (6a)
CCDC ID 2248877
Total formular C8H8F2N2O2

Molecular formula C8H8F2N2O2

Formula weight 202.16
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Orthorhombic
Space group, number P212121, (19)
Lattice constant a = 4.5833(5) Å

b = 5.3595(8) Å
c = 34.717(4) Å

Volume 852.80(19) Å3

Number of reflexes and 9126

Continued on next page

255



A APPENDIX

Table A11: Continued from previous page

Measuring range for lattice constants 2.35◦ ≤Θ≤ 28.34◦

Z 4
Density (calculated) 1.575mgm−3

Absorption coefficient 0.143mm−1

Method of absorption correction None
F(000) 416
Crystal size, shape and color 0.100 x 0.400 x 0.600 mm3,

colorless plate
Theta range of measurement 2.347 to 28.122◦

Index area −5≤ h≤ 6, −7≤ k≤ 7, −45≤ l≤ 45
Number of reflexes:

measured 4266
independent 1894 [Rint = 0.1182]
observed [I>2σ(I)] 1342

Completeness at Θmax = 25.2◦ 92.8 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 1894 / 0 / 128
Goodness of fit for F2 3.591
Final R values [I>2σ(I)] R1 = 0.2040, wR2 = 0.5013
R value (all data) R1 = 0.2394, wR2 = 0.5228
Absolute structure parameter 4.5(10)
Maximum and minimum of the diff. Map 1.037 and −1.008 eÅ−3

Remarks Crystals with poor quality, only
usable as synthesis evidence
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A.7.2 1-(4-(Trifluoromethoxy)phenyl)urea (6b)

Figure A15: Data for 6b. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A12: Crystal and refinement data for 6b

Substance code SV158 (6b)
CCDC ID 2232102
Total formular C8H7F3N2O2

Molecular formula C8H7F3N2O2

Formula weight 220.16
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Orthorhombic
Space group, number P212121, (19)
Lattice constant a = 4.6027(3) Å

b = 5.3114(4) Å
c = 36.096(4) Å

Volume 882.43(14) Å3

Number of reflexes and 8594
Measuring range for lattice constants 2.26◦ ≤Θ≤ 28.35◦

Continued on next page
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Z 4
Density (calculated) 1.657mgm−3

Absorption coefficient 0.161mm−1

Method of absorption correction Integration
Max. und min. transmission 0.9959 and 0.9619
F(000) 448
Crystal size, shape and color 0.020 x 0.150 x 0.450 mm3,

colorless needle
Theta range of measurement 3.386 to 27.977◦

Index area −5≤ h≤ 6, −6≤ k≤ 6, −46≤ l≤ 47
Number of reflexes:

measured 6240
independent 2078 [Rint = 0.0571]
observed [I>2σ(I)] 1431

Completeness at Θmax = 25.2◦ 99.8 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 2078 / 0 / 145
Goodness of fit for F2 1.109
Final R values [I>2σ(I)] R1 = 0.0963, wR2 = 0.2455
R value (all data) R1 = 0.1416, wR2 = 0.2795
Absolute structure parameter 3.3(10)
Maximum and minimum of the diff. Map 0.613 and −0.441 eÅ−3

Remarks NH’s localized and refined
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A.7.3 1-(4-(Chlorodifluoromethoxy)phenyl)urea (6c)

Figure A16: Data for 6c. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A13: Crystal and refinement data for 6c

Substance code SV155 (6c)
CCDC ID 2232103
Total formular C8H7ClF2N2O2

Molecular formula C8H7ClF2N2O2

Formula weight 236.61
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Monoclinic

Continued on next page
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Space group, number P21/n, (14)
Lattice constant a = 23.504(3) Å

b = 9.0214(6) Å; β = 106.046(8)◦

c = 28.905(3) Å
Volume 5890.1(10) Å3

Number of reflexes and 4451
Measuring range for lattice constants 2.47◦ ≤Θ≤ 28.46◦

Z 24
Density (calculated) 1.601mgm−3

Absorption coefficient 0.400mm−1

Method of absorption correction Integration
Max. und min. transmission 0.9702 and 0.8793
F(000) 2880
Crystal size, shape and color 0.060 x 0.260 x 0.900 mm3,

colorless needle
Theta range of measurement 2.374 to 28.143◦

Index area −30≤ h≤ 31, −11≤ k≤ 11, −38≤ l≤ 37
Number of reflexes:

measured 34022
independent 34022
observed [I>2σ(I)] 16632

Completeness at Θmax = 25.2◦ 93.7 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 34022 / 7 / 812
Goodness of fit for F2 1.873
Final R values [I>2σ(I)] R1 = 0.1884, wR2 = 0.4877
R value (all data) R1 = 0.2890, wR2 = 0.5531
Maximum and minimum of the diff. Map 3.470 and −1.224 eÅ−3

Remarks Structure contains 6 independent
molecules whose conformation differs
slightly. Crystals are twinned.
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A.7.4 1-(4-(Bromoodifluoromethoxy)phenyl)urea (6d)

Figure A17: Data for 6d. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A14: Crystal and refinement data for 6d

Substance code SV154 (6d)
CCDC ID 2232104
Total formular C8H7BrF2N2O2

Molecular formula C8H7BrF2N2O2

Formula weight 281.07
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Triclinic
Space group, number P1, (2)
Lattice constant a = 4.6143(4) Å; α = 75.698(7)◦

b = 8.5484(7) Å; β = 82.322(7)◦

c = 12.9250(12) Å; γ = 77.166(7)◦

Volume 480.01(8) Å3

Number of reflexes and 6677
Measuring range for lattice constants 2.51◦ ≤Θ≤ 28.44◦

Continued on next page
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Z 2
Density (calculated) 1.945mgm−3

Absorption coefficient 4.293mm−1

Method of absorption correction Integration
Max. und min. transmission 0.5917 and 0.3698
F(000) 276
Crystal size, shape and color 0.160 x 0.160 x 0.300 mm3,

colorless needle
Theta range of measurement 2.508 to 27.902◦

Index area −6≤ h≤ 6, −11≤ k≤ 11, −16≤ l≤ 16
Number of reflexes:

measured 4142
independent 2262 [Rint = 0.0321]
observed [I>2σ(I)] 2025

Completeness at Θmax = 25.2◦ 99.7 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 2262 / 3 / 147
Goodness of fit for F2 1.085
Final R values [I>2σ(I)] R1 = 0.0407, wR2 = 0.1074
R value (all data) R1 = 0.0471, wR2 = 0.1163
Maximum and minimum of the diff. Map 0.672 and −1.111 eÅ−3

Remarks NH’s localized and refined isotropically
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A.7.5 1-(4-(Difluoroiodomethoxy)phenyl)urea (6e)

Figure A18: Data for 6e. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A15: Crystal and refinement data for 6e

Substance code SV157 (6e)
CCDC ID 2232105
Total formular C8H7F2IN2O2

Molecular formula C8H7F2IN2O2

Formula weight 328.06
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Monoclinic
Space group, number P21/n, (14)
Lattice constant a = 11.0114(19) Å

b = 4.6009(5) Å; β = 96.097(14)◦

c = 19.813(3) Å
Volume 998.1(3) Å3

Number of reflexes and 11256
Measuring range for lattice constants 2.63◦ ≤Θ≤ 28.54◦

Continued on next page
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Z 4
Density (calculated) 2.183mgm−3

Absorption coefficient 3.220mm−1

Method of absorption correction Integration
Max. und min. transmission 0.8193 and 0.1617
F(000) 624
Crystal size, shape and color 0.050 x 0.360 x 1.120 mm3,

colorless plate
Theta range of measurement 3.444 to 27.925◦

Index area −14≤ h≤ 14, −6≤ k≤ 6, −25≤ l≤ 26
Number of reflexes:

measured 7031
independent 7031
observed [I>2σ(I)] 6682

Completeness at Θmax = 25.2◦ 98.3 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 7031 / 0 / 148
Goodness of fit for F2 1.135
Final R values [I>2σ(I)] R1 = 0.0400, wR2 = 0.1268
R value (all data) R1 = 0.0414, wR2 = 0.1295
Maximum and minimum of the diff. Map 0.911 and −1.117 eÅ−3

Remarks Crystals are twinned, NH’s localized
and refined isotropically
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A.7.6 N-(Benzo[d][1,3]dioxol-5-yl)-2,2-difluoroacetamide (7a)

Figure A19: Data for 7a. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A16: Crystal and refinement data for 7a

Substance code SV-5-1-019 (7a)
CCDC ID 2232106
Total formular C9H7F2NO3

Molecular formula C9H7F2NO3

Formula weight 215.16
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Triclinic
Space group, number P1, (2)
Lattice constant a = 4.0665(5) Å; α = 90.793(9)◦

b = 22.496(3) Å; β = 100.066(9)◦

c = 9.5787(10) Å; γ = 89.197(10)◦

Volume 862.62(18) Å3

Number of reflexes and 14 047
Measuring range for lattice constants 2.35◦ ≤Θ≤ 28.23◦

Continued on next page
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Z 4
Density (calculated) 1.657mgm−3

Absorption coefficient 0.152mm−1

Method of absorption correction Integration
Max. und min. transmission 0.9874 and 0.9635
F(000) 440
Crystal size, shape and color 0.090 x 0.150 x 0.290 mm3,

colorless needle
Theta range of measurement 2.717 to 27.498◦

Index area −4≤ h≤ 5, −29≤ k≤ 29, −12≤ l≤ 12
Number of reflexes:

measured 8111
independent 3858 [Rint = 0.0447]
observed [I>2σ(I)] 2668

Completeness at Θmax = 25.2◦ 97.1 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 3858 / 0 / 314
Goodness of fit for F2 1.047
Final R values [I>2σ(I)] R1 = 0.0905, wR2 = 0.2011
R value (all data) R1 = 0.1322, wR2 = 0.2342
Maximum and minimum of the diff. Map 0.435 and −0.428 eÅ−3

Remarks Crystals are twinned, structure contains
two independent molecules A and B,
but their geometry is identical.
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A.7.7 N-(Benzo[d][1,3]dioxol-5-yl)-2,2,2-trifluoroacetamide (7b)

Figure A20: Data for 7b. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes..

Table A17: Crystal and refinement data for 7b

Substance code SV-5-2-019 (7b)
CCDC ID 2232107
Total formular C4H2F3NO3

Molecular formula C4H2F3NO3

Formula weight 249.60
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Monoclinic
Space group, number C6/c, (15)
Lattice constant a = 17.2930(18) Å

b = 5.0327(3) Å; β = 105.299(8)◦

c = 21.184(2) Å
Volume 1778(3) Å3

Continued on next page
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Table A17: Continued from previous page

Number of reflexes and 11 514
Measuring range for lattice constants 3.54◦ ≤Θ≤ 28.41◦

Z 8
Density (calculated) 1.742mgm−3

Absorption coefficient 0.170mm−1

Method of absorption correction Integration
Max. und min. transmission 0.9904 and 0.9059
F(000) 944
Crystal size, shape and color 0.060 x 0.070 x 1.200 mm3,

colorless needle
Theta range of measurement 3.538 to 27.985◦

Index area −22≤ h≤ 22, −6≤ k≤ 6, −27≤ l≤ 27
Number of reflexes:

measured 7840
independent 2118 [Rint = 0.1150]
observed [I>2σ(I)] 1570

Completeness at Θmax = 25.2◦ 99.8 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 2118 / 80 / 168
Goodness of fit for F2 1.112
Final R values [I>2σ(I)] R1 = 0.0649, wR2 = 0.1566
R value (all data) R1 = 0.0944, wR2 = 0.1829
Maximum and minimum of the diff. Map 0.314 and −0.321 eÅ−3

Remarks H atoms localized and refined
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A.7 Small Molecule Crystal Data

A.7.8 N-(Benzo[d][1,3]dioxol-5-yl)-2-chloro-2,2-difluoroacetamide (7c)

Figure A21: Data for 7c. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A18: Crystal and refinement data for 7c

Substance code SV-5-3-019 (7c)
CCDC ID 2232108
Total formular C9H6ClF2NO3

Molecular formula C9H6ClF2NO3

Formula weight 249.60
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Orthorhombic
Space group, number Pna21, (33)
Lattice constant a = 9.9559(6) Å

b = 19.6251(17) Å
c = 4.8437(3) Å

Volume 946.39(12) Å3

Continued on next page
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Table A18: Continued from previous page

Number of reflexes and 15 039
Measuring range for lattice constants 2.29◦ ≤Θ≤ 28.38◦

Z 4
Density (calculated) 1.752mgm−3

Absorption coefficient 0.425mm−1

Method of absorption correction Integration
Max. und min. transmission 0.9875 and 0.8614
F(000) 504
Crystal size, shape and color 0.030 x 0.360 x 0.370 mm3,

colorless plate
Theta range of measurement 2.915 to 28.135◦

Index area −13≤ h≤ 13, −26≤ k≤ 25, −5≤ l≤ 6
Number of reflexes:

measured 6164
independent 2200 [Rint = 0.0528]
observed [I>2σ(I)] 1946

Completeness at Θmax = 25.2◦ 99.8 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 2200 / 80 / 184
Goodness of fit for F2 1.046
Final R values [I>2σ(I)] R1 = 0.0686, wR2 = 0.1737
R value (all data) R1 = 0.0787, wR2 = 0.1870
Maximum and minimum of the diff. Map 0.550 and −0.463 eÅ−3

Remarks NHCOCF2 is misordered (flip by 180◦)
isomorphic to the Br compound (7d)

270



A.7 Small Molecule Crystal Data

A.7.9 N-(Benzo[d][1,3]dioxol-5-yl)-2-bromo-2,2-difluoroacetamide (7d)

Figure A22: Data for 7d. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A19: Crystal and refinement data for 7d

Substance code SV-5-4-019 (7d)
CCDC ID 2232109
Total formular C6H6BrF2NO3

Molecular formula C6H6BrF2NO3

Formula weight 294.06
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Orthorhombic
Space group, number Pna21, (33)
Lattice constant a = 9.9445(6) Å

b = 20.1455(13) Å
c = 4.8798(4) Å

Volume 977.60(12) Å3

Continued on next page
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Table A19: Continued from previous page

Number of reflexes and 13 553
Measuring range for lattice constants 2.88◦ ≤Θ≤ 28.38◦

Z 4
Density (calculated) 1.998mgm−3

Absorption coefficient 4.226mm−1

Method of absorption correction Integration
Max. und min. transmission 0.9034 and 0.4367
F(000) 576
Crystal size, shape and color 0.020 x 0.150 x 0.270 mm3,

colorless plate
Theta range of measurement 2.878 to 28.042◦

Index area −12≤ h≤ 13, −26≤ k≤ 22, −6≤ l≤ 6
Number of reflexes:

measured 5908
independent 2349 [Rint = 0.0330]
observed [I>2σ(I)] 2055

Completeness at Θmax = 25.2◦ 99.8 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 2349 / 80 / 184
Goodness of fit for F2 1.077
Final R values [I>2σ(I)] R1 = 0.0505, wR2 = 0.1160
R value (all data) R1 = 0.0626, wR2 = 0.1274
Maximum and minimum of the diff. Map 0.556 and −0.634 eÅ−3

Remarks NHCOCF2 is misordered (flip by 180◦)
isomorphic to the Cl compound (7c)
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A.7 Small Molecule Crystal Data

A.7.10 N-(Benzo[d][1,3]dioxol-5-yl)-2,2-difluoro-2-iodoacetamide (7e)

Figure A23: Data for 7e. (a) ORTEP depicted at the 50 % probability level; (b) atom numbering;
(c) crystal cell with cell axes.

Table A20: Crystal and refinement data for 7e

Substance code SV-5-5-019 (7e)
CCDC ID 2232110
Total formular C4H2F2INO3

Molecular formula C4H2F2INO3

Formula weight 341.05
Temperature 120(2) K
Wavelength, type of radiation 0.71073 Å, MoKα
Diffractometer STOE IPDS 2T
Crystal system Monoclinic
Space group, number P21/n, (14)
Lattice constant a = 13.1540(7) Å

b = 5.0645(2) Å; β = 99.687(4)◦

c = 16.1653(8) Å
Volume 1061.55(9) Å3

Continued on next page
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Table A20: Continued from previous page

Number of reflexes and 7927
Measuring range for lattice constants 3.70◦ ≤Θ≤ 28.38◦

Z 4
Density (calculated) 2.134mgm−3

Absorption coefficient 3.036mm−1

Method of absorption correction Integration
Max. und min. transmission 0.7719 and 0.2661
F(000) 648
Crystal size, shape and color 0.090 x 0.130 x 0.730 mm3,

colorless needle
Theta range of measurement 3.703 to 27.906◦

Index area −17≤ h≤ 12, −6≤ k≤ 6, −21≤ l≤ 21
Number of reflexes:

measured 5008
independent 2512 [Rint = 0.0343]
observed [I>2σ(I)] 2168

Completeness at Θmax = 25.2◦ 99.1 %
Refinement method Full-matrix least-squares on F2

Reflexes / Restraints / Parameters 2512 / 0 / 163
Goodness of fit for F2 1.081
Final R values [I>2σ(I)] R1 = 0.0410, wR2 = 0.1012
R value (all data) R1 = 0.0490, wR2 = 0.1080
Maximum and minimum of the diff. Map 1.187 and −0.800 eÅ−3

Remarks H atoms localized and their position
refined
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A.7 Small Molecule Crystal Data

A.7.11 Hydrogen Bonds in Crystal Structures of 6b–e and 7a–e

O1

H1NB

H1N

H1NA

a

c d

b

Figure A24: Overview of HB interactions and parallel-displaced π-πstacking of 6b–e. Numbering of
all urea groups is analogous. (a) Crystal structure of 6b (H1N···O1, 2.16Å; H1NA···O1,
1.98Å; H1NB···O1, 2.18Å); view along b axis. (b) Crystal structure of 6c (NH···O,
2.0–2.3Å); view along a axis. (c) Crystal structure of 6d (H1N···O1, 2.19Å; H2NB···O1,
2.11Å). (d) Crystal structure of 6e (H1N···O1, 2.12Å; H1NB···O1, 2.09Å).
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e
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Figure A25: Overview of HB interactions. (a) Crystal structure of 7b (H1N···O3, 2.02Å). The viewing
angle of the right depiction is slightly tilted. (b) Crystal structure of 7e (H1N···O3,
2.04Å). The viewing angle of the right depiction is slightly tilted. (c) Crystal structure
of 7a (H1NA···O3B, 1.99Å; H2NB···O3A, 2.96Å). (d) Crystal structure of 7c (molecule A;
H1NA···O3A, 2.02Å). (e) Crystal structure of 7d (molecule A; H1NA···O3A, 2.04Å).
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A.7 Small Molecule Crystal Data

A.7.12 Halogen Bonds in Crystal Structure 6c

ba

d

f

c

e

Figure A26: All Cl···F and Cl···Cl contacts in crystal structure 6c. (a) Cl1A···Cl1B. (b) Cl1B···F2A.
(c) Cl1C···F2A. (d) Cl1D···F1D. (e) Cl1E···F1B. (f) Cl1F···Cl1C, Cl1F···F2B, Cl1F···F2E.
Angles C X···B and distances X···B are stated in Table A21 on the following page.
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Table A21: All Cl···F and Cl···Cl contacts in crystal structure 6c shown in Figure A26 on the
preceding page.

XB donor XB acceptor C X···B angle (◦) X···B distance (Å)

Cl1A Cl1B 140.6(5) 4.281(8)
Cl1B F2A 158.1(6) 3.59(1)
Cl1C F2B 166.2(6) 3.60(1)
Cl1D F1D 166.5(6) 3.35(1)
Cl1E F1B 158.1(6) 3.14(1)
Cl1F Cl1C 145.5(6) 3.524(9)
Cl1F F2B 146.8(6) 4.13(1)
Cl1F F2E 142.2(6) 3.48(1)
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