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The unmatched properties of the element fluorine are reflected in organic fluorine
compounds. The richness of modern fluorine chemistry allows for the regioselective
introduction of this element at virtually every position of a given molecule.[1, 2] Thus the
introduction of fluorine has been especially valuable in the process of drug discovery to fine
tune many different target and off-target related properties.[3–6] For example, fluorine has
been used to increase the binding affinity of small molecules to its target,[7] to tune the pKB
and logD,[8] to improve target selectivity,[9] to improve oral absorption and exposure,[10] to
prevent from metabolism[11] or to increase the antibacterial spectrum.[12] Not surprisingly,
an estimated 20% of all pharmaceuticals contain fluorine.[4] Additionally, 18F is often used
as a positron emission tomography (PET) active element to perform time and space resolved
distribution studies of drugs in animals and humans.[13, 14] Last but not least, 19F is very
useful in NMR of complex biological systems due to its high sensitivity and zero natural
background.[15] Herein, we report the systematic F-scanning of a scaffold derived from the
Ugi four-component reaction (Ugi-4CR) for the synthesis, optimization and biophysical
characterization of potent p53-Mdm2 antagonists.

The protein-protein interaction (PPI) of the transcription factor p53 and its negative
regulator Mdm2 has recently attracted great interest as a novel therapeutic concept to treat
cancer.[16] The antagonistic compound RG7112 (a nutlin-3 derivative) is currently
undergoing clinical trials, while several p53-Mdm2 antagonists are in preclinical
development. Due to the wealth of structural information available for the p53-Mdm2
interaction,[17, 18] a pharmacophore-based virtual screening platform ANCHOR. QUERY
was recently introduced for the rational design of small molecule antagonists.[19] Based on
this approach we described a number of unprecedented multicomponent reaction scaffolds,
which are able to efficiently disrupt the p53-Mdm2 interaction.[20, 21] A structurally
characterized p53-Mdm2 antagonist 1 showed a nice alignment with the three-finger
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pharmacophore model for Mdm2 antagonists,[22] in which key moieties fit into the Trp23,
Phe19 and Leu26 binding pockets.[23] Notably, the benzyl substituent of the small molecule
involves an stacking interaction with the imidazole ring of His96 (Figure 1).[22] In an
attempt to modulate the π-stacking interaction, all 19 isomers with different fluorine
substitution pattern possible for the benzyl position were synthesized (Scheme 1). Fluorine
substituted benzylamines 2b–t were obtained from commercial sources or prepared from the
corresponding benzylaldehydes by reductive amination.[24] MCR chemistry is efficient and
straightforward, and the compounds 6a–t were synthesized by the Ugi-4CR in good to
excellent yields (supporting information [SI]). The ester group of 6a–t was saponified to
give the corresponding acid compounds 7a–t, since 2-carboxylic acid of the indole ring is
known to improve the binding affinity with Mdm2.[20] By the nature of the Ugi reaction, all
products were formed as racemic mixtures and screened as such.

The binding constants (Ki) of the compounds 6 and 7 to Mdm2 were measured using our
recently described fluorescence polarisation assay (Table 1, SI Table 1).[25] As a reference
compound we used the well known nutlin-3a and the binding data well compare with
previously publised results.[21] The acid compounds 7 show overall improved potency
compared with the corresponding parent ethyl ester compounds 6. Interestingly, the Ki
values of compounds 7 with different fluorine substitution pattern varied by a factor of 44,
between 5.7 µM and 130 nM. The best compound 7m (Ki = 130 nM, molecular weight: 495
Da.) is amongst the most potent p53-Mdm2 antagonists known, which has comparable
affinity to the reference compound nutlin-3a (Ki = 40 nM, molecular weight: 581.5 Da.).
Compound 7m exhibits a binding efficiency index (BEI) of 13.9, which indicates a better
ligand efficiency than nutlin-3a (BEI = 12.7).[26] The aqueous solubility and calculated
lipophilicity of 7m is 0.85 mg/mL and cLogP = 3.69 (SI), which is superior compared to
nutlin-3a (0.1 mg/mL, cLogP = 5.17).

In order to better understand the structural basis of the interaction, 7e was co-crystallized
with Mdm2 and the X-ray structure was resolved (Figure 2, SI Table 2). As expected, the
small molecule binds into the p53 binding site of Mdm2. The 6-chloro-indol moiety aligns
well with the anchor residue Trp23 of p53 and forms a hydrogen bond to Leu54. The 3,4-
difluoro benzyl group mimics the Leu26 and the tert-butyl amide substituent derived from
the isocyanide component is deeply buried in the Phe19 pocket. The formyl substituent
points into the solvent space. Two amide oxygen atoms of 7e and the residues in the receptor
(His96 and Val93) form hydrogen bond bridges with surrounding water molecules (SI
Figure 1). The overall interactions, however, are mostly governed by hydrophobic contacts
involving the indol, 3,4-difluoro benzyl and tert-butyl substituent and its receptor amino
acids (SI Figures 2–6). Clearly, the 3,4-difluoro benzyl group is nicely aligned parallel with
the imidazole ring of His96 suggesting an attractive interaction. Short distances between the
atoms of two aromatic rings are between 3.4–3.9 Å (SI Figure 4). Compared to other
crystallographically characterized small molecule antagonists of the p53-Mdm2
interaction,[17, 18] the Leu26 binding site encloses the 3,4-difluoro benzyl group very tightly.

The enantiomers of 6e and 6m were efficiently separated by preparative supercritical fluid
chromatography (SFC), and transformed to the corresponding enantiomers of 7e and 7m,
respectively (SI). The enantiomer (+)-7e (Ki = 200 nM) is more potent than (−)-7e (Ki = 400
nM). Similarly, the enantiomer (+)-7m (Ki = 100 nM) is more potent than (−)-7m (Ki = 280
nM). Figure 3 shows a NMR heteronuclear single quantum coherence (HSQC) experiment
for (+)-7e and Mdm2. A strong binding, with KD of less than 1 µM, (and a slow chemical
exchange) of (+)-7e to Mdm2 is indicated by signals doubling.[27]

A key property of the C-F bond is the reversed polarization as compared to the C-H bond.
Thus, the pattern of fluorine substitutions on the benzene ring should be able to modulate the
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aromatic interaction between the small molecule and its protein receptor.[28] We have
investigated this effect using docking models derived from the co-crystal structure (Figure
2) by performing all possible fluorine substitution patterns in the benzyl group of
compounds 7b–t on a fixed receptor. All the refined docked small molecules show only
minor differences relative to the co-crystal structure. The models reveal that the C-H to C-F
substitution at the buried ortho-position leads to a highly repulsive dipole-dipole interaction
(Figure 4). In fact, the straightforward change in Coulomb energy due to the charge swap
indicated in Fig. 4 is about 4 kcal/mol. Not surprisingly, the fluorine in the buried ortho-
position does not rank well either in our models or in the experiments. Note that at least for
the subset of compounds with symmetric fluorine patterns there is no ambiguity on the
position of the fluorines in the docked models based on the cocrystal structure.

Given the strong electrostatic coupling between the two rings, we expected the inter-
molecular component of the electrostatic free energy to be the main determinant of binding
affinity. Indeed, as shown in Figure 5, the correlation coefficient between the computed
change in electrostatics and the experimentally determined affinity (pKi) yielded a strikingly
accurate R = 0.96 for compounds with symmetric fluorine substitutions. The analysis
correctly ranks compounds with the best and worst Ki values among the benzyl rings with
symmetric F-pattern. By itself, this result is quite impressive since most physically based
scoring functions do not recapitulate thermodynamic data.[29] The correlation of
electrostatics with pKi for the full set of compounds, including those with fluorine
substitutions that form asymmetric patterns, sharply drops to R = 0.58. An even lower
correlation (R = 0.22) is obtained using the full binding affinities calculated by the software
OpenEye Szybki, further emphasizing the key role of electrostatics in capturing changes in
Ki for the different ligands. Refining the ligand protonation states by considering pKa and
tautomer enumeration with the AM1-BCC charge model of OpenEye QuacPac version 1.3.1
do not change results.[30] The conspicuous over-prediction of the electrostatic component of
the binding free energy for asymmetric compounds is likely to reflect the specificities of the
internal energies for each rotamer of the benzyl ring. This effect is offset for symmetric
compounds, but it should significantly affect the free energy of the unbound asymmetric
ligands in ways that are ignored by the fixed ligand structures imposed by the Poisson-
Boltzmann calculations.

In summary, we have efficiently synthesized 20 derivatives of p53-Mdm2 antagonist 1 via a
one-pot Ugi-4CR including all possible fluorine substitutions on the benzyl group in order to
optimize aromatic interactions. A co-crystal structure of (S)-7e with Mdm2 reveals the
structural basis of the potent interaction. The introduction of fluorine substitutions on the
benzyl group can considerably improve the potency of p53-Mdm2 antagonists, due to the
electrostatic interaction between the small molecules and the receptor. Although limited in
scope, the computational analysis of docked configurations that are presumed to bind using
the same binding mode shows that the electrostatics of unique rigid structures can be
reasonably be accounted for by current methods, whereas assessing the free energy of an
unbound state with a variety of hard to evaluate internal states is quite detrimental to
empirical estimates of the free energy. Our findings underscore the in principal known but
often surprising effects, fluorine can exert on the biological activity of small molecules. Our
findings may also lead medicinal chemists successful in modulating molecular interactions
with other types of targets.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A co-crystal structure of p53-Mdm2 antagonist 1 reveals a parallel alignment between the
benzyl group of the Ugi scaffold and the imidazole ring of His96 (Mdm2), which seems
suitable for optimization of the π-π interaction.[22]
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Figure 2.
Stereo picture of compound (S)-7e (pink sticks) in Mdm2 (surface with cartoon secondary
structure and lines). His96, forming a π-stacking interaction with the 3,4-difluoro benzyl
group of (S)-7e is highlighted as blue sticks. The indol fragment of (S)-7e aligns well with
the anchor fragment Trp23 of p53 (green sticks, PDB ID: 1YCR; RMSD = 0.701 Å). The
indol NH of (S)-7e also forms the characteristic conserved hydrogen bond with the carbonyl
group of Leu54 (yellow dotted line).
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Figure 3.
Superposition of NMR HSQC spectra of 15N-labeled Mdm2 titrated against (+)-7e. The
spectrum of free Mdm2 is shown in red. The spectrum of (+)-7e-Mdm2 (intermediate ratio,
3:10, respectively) is shown in green, and the spectrum of (+)-7e-Mdm2 (final ratio, 1:1) is
shown in blue.
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Figure 4.
Dipole reversal by fluorine is the main determinant of binding affinity. Docking models
(yellow sticks) of (A) compound (S)-7m and (B) compound (S)-7j are minimized structures
of the superposition of the small molecules onto the ligand of the co-crystal shown in Fig. 2
with a fixed receptor. Arrows depict the dipole-dipole interaction between the His96.ε-
Val93.O hydrogen bond (blue sticks, red arrow) and the (A) C-H (blue arrow) and (B) C-F
(cyan arrow) dipoles that are attractive and repulsive, respectively. Also indicated are the
MMFF (Merck Molecular Force Field) partial charges.
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Figure 5.
Correlation between the calculated change in electrostatics and binding affinity (pKi) for
compounds (S)-7. Electrostatic calculations were performed using OpenEye Szybki 1.3.1
with a Poisson-Boltzmann solvation model and MMFF partial charges. Compounds with a
symmetric arrangement of fluorine atoms in the benzyl group correlate closely (R = 0.96) to
the calculated electrostatics. The remaining asymmetric compounds are more difficult to
characterize and reduce the overall correlation (R = 0.58). Following Table 1, letters indicate
the fluorine substitution pattern in the phenyl ring.
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Scheme 1.
Synthesis of p53-Mdm2 antagonists using the Ugi-4CR followed by saponification.
Conditions: (i) MeOH, r.t.; (ii) LiOH, EtOH/H2O (1:1), r.t..
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Table 1

Inhibition constants [µM] of compounds 6 and 7.

No. X Ki (6) [a] Ki (7) [a] cLogP (7) [b]

a H 1.5 1.8 3.26

b 4-F 2.2 0.45

3.40c 3-F 1.3 0.81

d 2-F 3 1.7

e 3,4-F 0.5 0.25

3.54

f 2,4-F 6 2.3

g 2,3-F 3 0.2

h 2,5-F 10 2.5

i 3,5-F 2.4 0.3

j 2,6-F 4.5 5.7

k 2,3,4-F 2.1 0.15

3.69

l 2,4,5-F 5 2.3

m 3,4,5-F 0.4 0.13

n 2,3,6-F 4.3 3.2

o 2,4,6-F 6.8 3.2

p 2,3,5-F 2.5 0.17

q 2,3,5,6-F 6.7 3

3.83r 2,3,4,6-F 5.8 3

s 2,3,4,5-F 7 0.7

t 2,3,4,5,6-F 5.8 1.8 3.97

Nutlin-3a 0.04 5.17

[a]
Measured by fluorescent polarization assay.

[b]
Calculated using Instant JChem 2.5.3 from ChemAxon.
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