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Structural revision of the Mcl-1 inhibitor MIM1. Synthesis and
biological studies on ovarian cancer cells with evaluation of

designed analogues

Hippolyte Paysant'?®, Siham Hedir"?"®, Frédéric Justaud?, Louis Bastien Weiswald¥?, Assaad Nasr El
Dine34, Ali Soulieman®#*, Ali Hachem?, Nicolas Elie®, Emilie Brotin»>°, Christophe Denoyelle?>,

Jérdme Bignon’, Fanny Roussi’, Marie Jouanne®, Olivier Tasseau?, Thierry Roisnel3, Anne Sophie

Voisin-Chiret®, René Grée?", Nicolas Levoin®” and Laurent Poulain’?*

Abstract: in the cancer research area, the development of new and potent inhibitors of anti-apoptotic proteins is a very

active and promising topic. The small molecule MIM1 has been reported earlier as one of the first selective inhibitors of the

anti-apoptotic protein Mcl-1. In the present paper we first revised the structure of this molecule, based on extensive

physicochemical analyses. Then, we designed and synthetized a focused library of analogues for the corrected structure of

MIM1. Next, these molecules were submitted to a panel of in cellulo biological studies, allowing the identification of dual

Bcl-x./Mcl-1 inhibitors, as well as selective Mcl-1 inhibitors. These results have been complemented by Fluorescence

Polarization Assays with Mcl-1 protein. Preliminary Structure-Activity Relationships were discussed and extensive molecular

modelling studies allowed us to propose a rationale for the biological activity of this series of new inhibitors, in particular

for the selectivity of inhibition of Mcl-1 versus Bcl-x..
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Despite advances in the field of anticancer strategies over
the last decade, cancer malignancies remain responsible for 10
million deaths each year worldwide (WHO). Overcoming
resistance of cancer cells to conventional treatment is a major
challenge in oncology, and innovative strategies are required
for this purpose.!

Since apoptotic cell death deregulations are frequently
involved both in carcinogenesis and chemoresistance, the
development of innovative pro-apoptotic strategies has been
the subject of numerous excellent studies within the last
decade. One of the most exciting fields of investigations
concerns the inhibition of expression, or activity, of anti-
apoptotic proteins of the Bcl-2 family, particularly Bcl-x,, Bcl-2
and Mcl-1.

Bcl-2 family members share homology in their conserved
Bcl-2 homology domains (BH1 to BH4), and belong to both anti-
apoptotic and pro-apoptotic proteins. Pro-apoptotic pore-
formers proteins (Bax, Bak) include BH1 to BH3 domains, while
BH3-only pro-apoptotic proteins (Bim, Bid, Bad, Puma, Noxa,
Hrk etc.) conserve only the BH3 domain. Anti-apoptotic proteins
(Bcl-2, Bcl-xi, Mcl-1, Bcl-w, Al and Bfl-1) contain the BH1 to BH4
domains. In response to death signals, the BH3-only proteins



are activated (expression, localisation or conformational
changes) and antagonise the function of anti-apoptotic proteins
through the interaction of the a-helix of their BH3 domain with
the hydrophobic groove of anti-apoptotic proteins. This
interaction leads to the release of the multidomain members
Bax and Bak from their anti-apoptotic trapper and to their
subsequent pro-apoptotic activity. Some BH3-only proteins,
such as Bim or Puma, are able to directly activate Bax and Bak,
thus leading to apoptosis, provided that activated Bax and Bak
are not sequestered by anti-apoptotic proteins.2
Anti-apoptotic Bcl-2 family proteins are overexpressed in
human cancers? and are frequently associated with resistance
to conventional chemotherapies, as well as targeted therapies.*
The oncological scientific community thus focused its attention
on these possible targets in order to identify selective
pharmacological inhibitors.> © For this purpose, one approach is
to mimic the BH3 domain of the pro-apoptotic proteins, such
molecules being thus called “BH3-mimetics”. Numerous studies
have shown that inhibition of the expression, or activity, of
these targets can lead to apoptotic cell death in cancer cells,’?
as well as to sensitise them to various anti-tumor agents.10-15
Clinical trials have been performed within the last decade
with  BH3  mimetics directed against Bcl-x. (ABT-
263/Navitoclax),’® Bcl-2 (ABT-199/Venetoclax)l” and more
recently Mcl-1 (MIK665/564315, AMG176, AZD5991),18 leading
to the approval of Venetoclax by the Food and Drug
Administration (FDA) for cancer treatment of patients with
chronic lymphocytic leukemia and acute myeloid leukemia.?® In
these trials, BH3-mimetics were mainly used as single agents in
hematological malignancies. However multiple preclinical
studies, including ours, also showed that they could be
interestingly combined together,20-22 as well as with other
antitumor agents such as conventional chemotherapeutic
agents!? or targeted therapies in solid tumors.23-26 Mcl-1-
directed therapeutic strategies are particularly promising since
MCL1 is within one of the most frequently amplified
chromosomal regions in human cancers making it a high priority
therapeutic target.2” Despite their high target affinities, Mcl-1
inhibitors are generally ineffective as a single agent in most
tumors, except those of hematological origin.28-31 This led to
phase 1 clinical trials of several compounds [S64315 (Servier),
AMG176 (Amgen) and AZD5991 (AstraZeneca)] currently
underway for hematological malignancies.’® Among Mcl-1
inhibitors, MIM1 (Mcl-1 Inhibitor Molecule 1) (Fig. 1) was
identified from a broad screening of more than 70,000 small
molecules to find those that could displace a fluorescently
labeled Mcl-1 SAHBA (stabilised a-helix of Bcl-2 domain)32 from
the BH3-binding domain of Mcl-133 and not displace a
fluorescently labelled Bad-BH3 peptide from the BH3-binding
domain of Bcl-x,. Despite a modest Mcl-1 inhibitor activity with
ICso value of 4.8 uM, MIM1 was the first small molecule to
exhibit selectivity for Mcl-1 over Bcl-x.. However, several
questions remain. Especially, later studies have indicated that
the effects of MIM1 could be cell-line dependent.34 Moreover,
the first SARs provided evidence of specific binding, but did not
identify the structural elements of MIM1 that are actually
responsible for the observed inhibition.3> However, cells devoid
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of the intrinsic apoptosis machinery were unaffected by MIM1,
suggesting its cell activity is on-target. Given the modest activity
of MIM1, it is envisaged that a Structure—Activity Relationship
(SAR) campaign is
optimization.36

We started a program around the structure of MIM1 in

presently underway toward its

order to design new and more potent analogues. Indeed, MIM1
caught our attention because we had already performed several
studies on polyphenol-type derivatives as inhibitors of the anti-
apoptotic protein Bcl-x..37-41 During this study, we realised that
the proposed MIM1 structure was not correct. Therefore, we
performed extensive NMR, X-Ray crystallography and various
physicochemical analyses to revise the structure of the MIM1
molecule from 1 to 2 (Fig. 1).
N—{

S/\S/Me
Q/%N_
NoON= OH Q N-N_
OH HCI gz

1 HO OH
OH 2

MIM1 revised structure

Me\%\S

OH

MIM1 structure
proposed in literature (ref. 33)

Fig.1 Structures of already published MIM1 1 and revised
structure 2.

We then designed and synthesised a targeted library of
selected new analogues of 2. These molecules were subjected
to appropriate biological studies, examining the pro-apoptotic
activity of these molecules in addition to Bcl-x, or Mcl-1
inhibition, using intact cells to overcome the problems of
cellular penetration of the molecules (IGROV1-R10 cell line).
These cells have been previously described as dependent on
these two anti-apoptotic proteins for their survival, and
therefore allow identification and discrimination between Bcl-
X inhibitors, Mcl-1 inhibitors and dual inhibitors. These studies
provided us with preliminary information about the SAR in
these series and allowed us to identify two hit molecules, for
which Mcl-1 binding affinity was confirmed by fluorescence
polarization assay [FPA]. Finally, the SAR obtained with these
new MIM1 analogues were rationalised through extensive
molecular modelling studies.

Results

1.  Revision of the chemical structure of MIM1

Since we observed some unexpected results in the
physicochemical data of MIM1, we decided to reconsider the
synthesis and the structure of this molecule. The literature
indicates that the reaction of thiosemicarbazides with a-
halogeno ketones has been extensively studied.*244 A careful
analysis of corresponding data shows that two types of
heterocycles were obtained and the heterocyclisation process
strongly depends on the the starting
thiosemicarbazides, as shown in Scheme 1. In a first step, the

structure of



sulphur atom in molecules 3/3’ displaces the bromide from 4 to
afford sulfonium ion intermediates 5/5’. For these compounds,
two forms are possible, 5a/5’a and 5b/5’b, and for each of them
the intramolecular cyclisation by a nitrogen atom, followed by
water and HBr elimination, will lead to a different structure: a
thiazol-3(2H)-yl)imino core 6/6’ if the nitrogen atom of the
hydrazone group is concerned by the cyclisation (pathway 1) or
a [2(3H)-thiazolylidenelhydrazone 7/7’ if the terminal nitrogen
atom is involved (pathway 2).
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Scheme 1 Two possible pathways for the condensation of
thiosemicarbazides with a-halogenoketones

Careful analysis of literature data indicates that the pathway
1 is observed for molecules 3a in which the amino groups have
Ra2=H, alkyl or aryl, and also when R is COAr or COCH,Ar to give

compound-types 6.45-53
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Scheme 2 Synthesis of MIM1 by reaction of the pyrogallol-
derived-imino-thiosemicarbazide 8 with a-chloroacetone 9.

However when an imino-thiosemicarbazide, such as 3’a, is
involved as starting material, the pathway 2 (through 5’b), is
favoured affording compound-types 7’. Alternatively, it is
possible to start the reaction from 3”’a, the tautomeric form of
3’a with a conjugated diazadienyl thiol structure, leading also to
7’_54762

The synthesis of compound 1 has been reported by L. D.
Walensky et al. using this classical method by the reaction of the
pyrogallol-containing imino-thiosemicarbazide 8 with chloroacetone
9 (Scheme 2).33

The structure 1 proposed by L. D. Walensky et al. for MIM1,
with a thiazol-3(2H)-yl)imino core, implies that the first pathway
was involved in that case, while the second pathway leading to
the isomeric molecule 2 is occurring in previous literature
examples. Therefore, it became important to establish
unambiguously the structure of MIM1. The synthesis of this
molecule was repeated, following the literature procedure and
we obtained a compound with identical physical properties,
including NMR data which were matching very well with those
reported by L. D. Walensky et al.3® Then, extensive 2D NMR
experiments were performed, under appropriate conditions
(see experimental section and Supplementary Information: Sl)
to assign unambiguously all protons and carbon signals of this
molecule. Most significant were the NOESY experiments: they
showed very clearly strong correlations between the protons of
the methyl group and the CH and CH, groups of the cyclohexyl
unit (see copies of spectra in Sl). Such data are clearly
incompatible with molecule 1 having a thiazol-3(2H)-yl)imino
core, since in that case these groups are in 1,3 position. On the
contrary, these two groups are vicinal in the (thiazol-2(3H)-
ylidene)hydrazineylidene)-type structure 2 and therefore in
proper position for strong NOE’s correlations. Despite many
attempts, it was not possible to obtain crystals of 2 suitable for
X-Ray diffraction studies. Therefore, we prepared various
analogues and when we performed the same synthesis starting
from imino-thiosemicarbazide 10 bearing three methoxy
groups, we obtained a compound 11, similar to 2 with
replacement of the phenols by three methoxy groups. The data
of 11 were matching perfectly with the structure and in
particular, NMR studies gave again strong NOE correlations
between the methyl group and the CH and CH, groups of the
cyclohexyl unit. Further, molecule 11 was analysed by X-Ray
diffraction and the crystallographic data confirmed the (thiazol-
2(3H)-ylidene)hydrazineylidene)-type structure, as indicated in
scheme 3, figure 2 and SI. By the same route, we prepared two
other derivatives lacking the pyrogallol unit, molecules 14a and
14b which could be analysed also by X-Ray diffraction (Scheme
3, Fig 2 and SI) and both of these molecules have also the same
(thiazol-2(3H)-ylidene)hydrazineylidene) basic type of structure
and the same stereochemistry at the C=N exocyclic double
bond. Interestingly, all these molecules are isolated as HBr or
HCI salts, a point which is often missed in previous papers on
this type of molecules and which should result in
underestimation of ICso values.

J. Name., 2013, 00, 1-3 | 3
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11 : 88% vyield ; (i) 12 (1.0 mmol), 13a (or 13b) (2.0 mmol) in ethanol/chloroform
(7:3) (20 ml) refluxed for 6h 14a : 78% yield and 14b : 77% vyield.

Scheme 3 Synthesis of compounds 11, 14a and 14b with
structures established by X-Ray analysis

Therefore, the structure of MIM1 must be revised from a
thiazol-3(2H)-yl)imino-type molecule (as in 1) to a (thiazol-

2(3H)-ylidene)hydrazineylidene)-type derivative (as in 2)
containing a HCl molecule (Fig. 2).
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activity of the compounds, e.g. SAR, orthogonal assays and
dose-response data (Ki).®* For these R; and Rs groups, we
selected two families of substituents, either phenyl/pyridyl
groups or benzyl and pyridymethyl groups. The preparation of
these thirteen analogues is described in Scheme 4. The starting
thioureas 21 were obtained in a classical manner by reaction of
hydrazine hydrate on the corresponding isothiocyanates.®567 By
reaction with aldehyde 18, they gave the imino-thiosemicarbazides
intermediates 22a-22g in good yields (Table 1).

s
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(i) 21 (1.0 mmol), 18 (1.0 mmol) in methanol (15 ml) refluxed for 6h.
The yields are given in Table 1 ; (ii) 22 (1.0 mmol), 4 (2.0 mmol)

in ethanol/chloroform (7:3) (20 ml) refluxed for 6h.

The yields are given in Table 2.

Scheme 4 Synthesis of imino-thiosemicarbazides 22 and
selected target molecules 23-35.

Table 1 Synthesis of the imino-thiosemicarbazides 22

Fig. 2 Revised structure of MIM1 from 1 to 2 with key structural
data, plus the structure of 11, 14a and 14b by X-Ray
crystallographic analysis.

2. Design and synthesis of new MIM1 analogues

Molecular modelling studies, NMR experiments and
mutagenesis data indicated that the pyrogallol part of the
MIM1 molecule 2 plays a key role to anchor those compounds
onto the Mcl-1 protein.33 Therefore, this part was kept in our
studies and we designed a series of analogues to explore the
possible effect of the R: and Rs groups on the action of
corresponding molecules on the anti-apoptotic proteins Mcl-1
and Bcl-x.. We kept in mind that this scaffold, as MIM1 itself,
bears several substructural features related to frequent hitters
or PAINS.%3 However, the results and data presented in the
following sections will dispel any concerns about the actual
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Entry R1 Product (Yield %)
1 Ph- 22a (82%)
2 PhCH2- 22b (77%)
3 4Et-Ph- 22c (76%)
4 4CI-PhCH»- 22d (73%)
5 4Et-PhCH»- 22e (68%)
6 3py- 22f (74%)
7 3Py-CH»- 22g (78%)

Table 2 Synthesis of the targeted MIM1 analogues 23-35

Entry R1 Rs3 Product (Yield %)
1 Ph- PhCH,- 23 (49%)
2 3Py-CH,- 4py- 24 (72%)
3 Ph- 4Py- 25 (52%)
4 PhCH»- PhCH,- 26 (55%)
5 PhCH.- Ph- 27 (51%)
6 PhCH.- 4CI-PhCHa- 28 (81%)
7 4C|-PhCH»- Ph- 29 (55%)
8 4Et-PhCH»- Ph- 30 (50%)
9 4Et-Ph Ph- 31 (57%)
10 3Py-CH.- Ph- 32 (53%)
11 3Py- Ph- 33 (53%)
12 PhCH.- 3Py- 34 (76%)
13 PhCH.- 4py- 35 (74%)
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Then reaction of these intermediates with various a-halogeno-
ketones 4 afforded in fair to good yields (Table 2) the target
molecules 23-35.

3. Biological studies

3.1 MIM1 derivatives in vitro screening.
3.1.1 Screening models.

The biological activity of these molecules has been evaluated in
a cell line previously described?? (IGROV1-R10) as depending on both
Bcl-x, and Mcl-1 for its survival. Indeed, whereas neither Bcl-x, nor
Mcl-1 inhibition leads to cell death, their concomitant inhibition
induces a massive apoptotic cell death. We thus inhibited either Bcl-
x. or Mcl-1 using specific pharmacological inhibitors (ABT-737 for Bcl-
x. and S63845 for Mcl-1) and exposed these cells to the new
molecules. The use of this model allows the distinction between Mcl-
1 inhibitors, Bcl-x, inhibitors or dual inhibitors, although our
screening results are only indicatives.

3.1.2 MIM1 exerts a modest activity on IGROV1-R10 cell lines.

We first evaluated the effect of MIM1 (compound 2) on our
model, alone or in combination with pharmacological inhibitors
(ABT-737 for Bcl-x., S63845 for Mcl-1)(Fig. 3). A preliminary study
allowed to identify the optimal concentration of each molecule, the
association of 5 uM ABT-737 and 1 uM S63845 inducing a massive
cell death in IGROV1-R10 whereas neither of these molecules
induced cell death when used separately (SI Fig. 5). As expected, 10
UM MIM1 (2) did not exert any effect as a single agent. However, the
association of 10 uM MIM1 (2) with the inhibition of Mcl-1 or Bcl-x,
showed a little activity on our cell line. A modest number of detached
cells and few condensed or fragmented nuclei were observed,
despite the fact that many sub-G1 events were observable in DNA
content histograms, probably more indicative of the presence of
small debris than of massive cell death. At 25 uM, a dual effect seems
to occur, that could reflect off-target effects as well as dual specificity
for the two targets.

To evaluate the efficiency of MIM1 analogues, same experiments
than described above were performed and western blot evaluating

DMSO

caspase 3 cleavage was added to our experimental pipeline in order
to classify and to quantify effect of each molecule on apoptosis
induction based on their activity or selectivity to Mcl-1, Bcl-x, or both.
Moreover, a Python script was executed on DAPI staining to quantify
nuclei aspects and evaluate the effect on apoptosis induction. Most
of the MIM1 derivatives tested present an improved activity as
compared to MIM1 (2) since their activity was optimal at 10 uM, a
focus on the most representative molecules is presented below.
Some of the compounds appeared as completely inactive, even in
presence of ABT-737 or S63845. For instance, this is the case of the
compound 25. As an evidence there was no apoptotic induction by
these compounds as shown by the low fragmented/total nuclei ratio
and the absence of caspase 3 cleavage (Fig. 5 & Fig. 6, grey frame). In
addition, no sub-G1 peak is observed under such conditions. Other
compounds appeared as dual Bcl-x,/Mcl-1 inhibitors. Among them,
compound 27 appeared as the most potent one, as shown by the
strong cell detachment, the high proportion of condensed or
fragmented nuclei (and by the high proportion of events in the sub-
G1 fraction on DNA content histograms, Fig. 4, blue frame). Caspase
3 cleavage reveal a more potent activity in combination with either
ABT-737 or S63845 as compared to MIM1 (2) (Fig. 6, blue frame).
However, none of them was active as single agent, showing that they
were not able to completely inhibit both Bcl-x, and Mcl-1 and that
they require another pharmacological agent targeting one of the two
proteins to induce cell death.

Interestingly, other compounds appeared as more specific Mcl-1
inhibitors. As an example, IGROV1-R10 cells exposed to compound
34 in combination with ABT-737, but not with S63845, underwent
extensive apoptosis as shown by massive cell detachment and
shrinkage, appearance of strong sub-G1 peaks (76.3% and 78.8%
respectively) (Fig. 4 orange frame) and numerous nuclear
condensations and fragmentations (Fig. 4 & Fig. 5, orange frame).
The compound 34 appeared as the most specific and potent Mcl-1
inhibitor of this series.

ABT-737
5pM

$63845

MIM 1 |
10uM

SubG1
44,2%

MIM1 | .
25|1M i ’.:‘ .v:w:

SubG1

62,0% M 60,7%
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Fig. 3 Effect of MIM1 (2) on apoptosis in IGROV1-R10 ovarian cancer cell line after Bcl-x, or Mcl-1 pharmacological inhibition. Cellular

morphology, DNA content and nuclear morphology were assessed in IGROV1-R10 cells exposed to 10 uM or 25 uM MIM1 (2) for 24h in
combination with either ABT-737 (at 5 uM) to inhibit Bcl-x, or S63845 (at 1uM) to inhibit Mcl-1.
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Fig. 4 Effect of MIM1 (2) and analogues in combination with Bcl-x. or Mcl-1 inhibitors on apoptosis in IGROV1-R10 ovarian cancer
cell line. Cells were exposed to 10 or 25 uM MIM1 (2) or analogues for 24h alone (left panel), in combination with 5 uM ABT-737
(middle panel), or 1 uM S63845 (right panel). Effects on cellular morphology, on DNA content, on nuclear morphology were
assessed.
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Fig. 5 Effect of MIM1 (2) and analogues in combination with Bcl-x,. or Mcl-1 inhibitors on IGROV1-R10 ovarian cancer cell line nuclei.
Cells were exposed to 10 uM or 25 uM MIM1 (2) or analogues for 24h as single agent, in combination with 5 uM ABT-737, or 1 uM
S63845. Effects on nuclear shrinkage and fragmentation were quantified using an automated algorithm.
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Fig. 6 Effect of MIM1 (2) and analogues in combination with Bcl-x. or Mcl-1 inhibitors on apoptosis in IGROV1-R10 ovarian cancer
cell line. Cells were exposed to 10 uM MIM1 (2) or analogues for 24h as single agent, in combination with 5 uM ABT-737, or 1 uM
S63845. Effects on caspase 3 cleavage were assessed. Percentages represent the ratio of cleaved caspase 3 to the full-length form.
Quantification are only indicated below conditions that show a cleaved form high enough to be quantified.

3.2 Fluorescence polarization assays.

In order to demonstrate the capacity of the MIM1 analogues
to directly interact with Mcl-1 and to disrupt protein-protein
interactions, we measured the binding affinity of our
compounds to Mcl-1 in vitro by using fluorescence polarization
assays (FPA). Briefly, this competition assay investigated the
ability of the potential inhibitor to displace a fluorescent-
labelled BH3 peptide (we used 5-FAM-Bid) from binding Mcl-1,
Bcl-x. and Bcl-2. By using an unlabelled Mcl-1 BH3 peptide (we
used BIM-WT) as positive reference, we determined an ICsg
(inhibitor concentration at which 50% of labelled peptide is
displaced) for several representative compounds (See S| Table
1) and this was converted into a binding dissociation constant
(Ki) according to the formula described by Nikolovska-Coleska
et al.®® (more details in experimental section).

Binding affinities are presented in Table 3. As expected, dual
inhibitors (compound 27) as well as Mcl-1 specific inhibitors
(compound 34) showed the capacity to efficiently disrupt Mcl-
1/5-FAM-Bid interaction in a similar manner (1 pM<Ki<5 uM),
suggesting that biological activities are related to an “on-target”
effect. In contrast, compound 25 displayed low affinity (Ki>40
UM) in the same experimental conditions.
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Table 3. Binding affinities of MIM1 (2) and some MIM1 analogues 3.3 SARstudies
with Mcl-1.

From a structural point of view, our analogues can be classified into

Entry  Compound Ri Rs Mcl-12Ki (WM)  four series, depending upon the nature of substituents R; and Rs
1 2 c-hex- Me- 2.6¢ linked to the cyclic nitrogen atom and to the vicinal carbon on the
: ;3 P:Chl:lz- iiy_' 4;'94 heterocycle (Fig. 7). For instance, in the series 1 two phenyl/benzyl
a 30 AEt-PhCH,- Ph- 45 groups were added while the series 2 had only benzyl substituents.
5 31 4Et-Ph Ph- 35 Then the series 3 has aryl and pyridyl groups, while the series 4 has
6 32 3Py-CH,- Ph- 4.9 combinations of one phenyl or pyridyl substituent with one benzyl or
7 34 PhCHa- 3Py- 4.1 pyridylmethyl group. The key biological results are summarised in
8 35 PhCH- 4Py- 1.1 Figure 7, indicating in a schematic manner the activity and selectivity

aKi values were measured in duplicate; Prevised MIM1; <Ki value is  of these molecules on both Mcl-1 and Bcl-x, anti-apoptotic proteins.
comparable to others found in the literature.33

Series 3 Series 1 Series 4
Compound 23 : Compound 27 Compound 29
| I ~
| ‘> cl (\_j)
Compound 25 ! \—f? .

T

Ny

HBr |
HEr
HO H
HO H H

oH

Compound 24 ?j/

Compound 31

Series 2
Compound 28 Compound 26

=

/| 51 Moderate / Potent Mcl-1 inhibitor
/ BEEES Moderate / Potent Bel-x, inhibitor

Fig. 7 Schematic analysis of the biological activity in MIM1 series.
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From these data it appears clearly that, even if some active
compounds were identified in the other series, the series 4 is
the most interesting. Indeed, it has the most potent
compounds, both in terms of dual inhibitors (27, 29 and 30) as
well as for selective Mcl-1 inhibitors (34 and 35). It includes also
an inactive molecule (24). Therefore, we focused on this family
of analogues to discuss the SAR of corresponding molecules.

4  SARin the light of molecular modelling studies

In the original work, experimental data (NMR as well as
mutagenesis) showed that M231 and L235 of Mcl-1 belonged to
the binding site of MIM1. In addition, docking experiment
suggested that V253, D256 and R263 could also be involved in
ligand recognition. We reproduced well the proposed binding
mode using the initial proposed structure of MIM1 (1). Using
the same docking parameters, the binding mode of the revised
MIM1 (2) did not change greatly (Fig. 8A).

Fig. 8 (A) (up) Superposition of proposed binding mode of the
initial MIM1 structure 1 in Mcl-1 (thin bonds with carbon atoms
in green), and the revised formula 2 (thick bonds with atoms
carbon in grey). (B) (down) Proposed binding mode of 30 in Mcl-
1.

The triphenol is still engaged in hydrogen bonds with
D256/R263, the thiazole is still in the middle of the crevice,
sandwiched between M231 and V253, and the cyclohexyl group
forms van der Waals interactions with F228 and the alkyl chains
of T266. As the previously supposed structure, the revised
MIM1 (2) is still too distant for a direct interaction with L235 (10
A). However, this residue should be important to restrict the
conformational freedom of the neighbouring M231, which
explains its involvement in ligand affinity.

In Mcl-1, the novel derivatives we synthesised in this study
show a similar binding mode to MIM1 (2). The main difference
is that the addition of a second bulky group caused a flip of the
ligand in the binding site. The new phenyl group in position 3 or
4 of the thiazole opens the cavity located underneath M231.
The cycle is buried around F270, V249 and L267, within a cavity
that extends up to L186, L290, L246 and 1294. Only alkyl amino
acids are present here, and the strong hydrophobicity of the
cavity explains the preference for hydrophobic substituents of
the thiazole.

For example, the ethyl-benzyl in position 3 of 30 is
swallowed in the deep cavity, packed with F270 and resulting in
ni-stacking, while the phenyl in position 4 shows extensive van
der Waals interactions with an open pocket bordered by M231
and V249, facing R263/D256 (Fig. 8B). Surprisingly, a more polar
group is tolerated on the thiazole position 3 of 32. In fact, the
flexibility of M231 allows again a flip of the ligand in order to
bury the most hydrophobic part. Consequently, the pyridine is
expelled and becomes solvent-exposed. Hence docking of 32
suggests an engulfment of the 4-phenyl in the deep cavity, while
the pyridine in position 3 occupies this time the open pocket
(Fig. 9A). Although the pyridine cannot find here a residue to
form direct hydrogen bond with, a water-bridged interaction
might link it to M231 or F228 amide backbone. If the pyridine is
on the position 4 (35), a small sliding of the ligand permits
engulfment of the 3-benzyl in the deep cavity, while the
pyridine in position 4 occupies the open pocket (Fig. 9B).
However, if the ligand bears two hydrophilic groups, the affinity
drops (24). In that case, either the second pyridine is expelled
from the deep cavity, or it occupies it, but at the cost of the high
desolvation energy of a pyridine. Since there is no hydrogen
bond possibility with the protein here, the desolvation cost
associated with the binding of pyridine is prohibitive (the
desolvation energy is 0.9 kcal/mol for a benzene, 4.7 kcal/mol
for a pyridine).6?



Fig. 9 (A) (up) Proposed binding mode of 32 in Mcl-1. (B) (down)
Superimposition of 32 (thin bonds with carbon atoms in green),
and 35 (thick bonds with atoms carbon in grey) in Mcl-1.

For Bcl-x,, docking and computational studies suggested that 30
is bounded in a cavity surrounded by R139, D133, Y101, L108 and
V126 (For details, see Sl). The triphenol forms extensive hydrogen
bonds with ionic pairs R139/D133 and/or R132/E129 (Sl Fig. 7A). The
thiazole is above V126, while the phenyl interacts with L108, V126
and L112, overhangs by Q111. The ethyl-benzyl is buried in the deep
cavity, interacting with F146, L108, A104, Y101 and F97. As already
observed for Mcl-1, the ligand is able to flip in the binding site in
order to minimise the solvent exposition of most hydrophobic parts.
Hence the most enclosed cavity binds either position 3 of the thiazole
(30), or position 4 (32, Sl Fig. 7B).

However, the pronounced curvature of Bcl-x, crevice renders it
more hydrophobic than Mcl-1 (Fig. 10). This topological property
forces ligands to be more desolvated than for Mcl-1, and hydrophilic
groups, such as pyridines, are more penalised within Bcl-x. binding

site. This was confirmed by molecular dynamics, showing that 35 is
more solvated in Mcl-1 binding site than is Bcl-x,, (SI Fig. 8) and
explaining why 35 is selective for Mcl-1 in spite of a similar binding
mode in both proteins.

Discussion

Biological results obtained on IGROV1-R10 ovarian cancer cell
line showed that MIM1 (2) does not display a strong cytotoxic activity
on these cells as compared to the previously published results
obtained on cell death in MCL-1-dependent leukemia cells.33
Nevertheless, when used at 10 uM, MIM1 (2) associated with Bcl-x.
or Mcl-1 pharmacological inhibitors was able to induce a small
amount of sub-G1 events. However, the observed effect at 10 uM is
mainly cytostatic and only a modest apoptotic cell death level was
detected when 25 uM MIM1 (2) was associated with ABT-737 as well
as with S63845. In agreement with a previous study that showed that
MIMZ1 (2) failed to induce apoptosis in two Mcl-1-dependent non-
small cell lung carcinoma cell lines,?* MIM1 (2) did not exert any
cytotoxic activity even at the higher concentration used (25 pM) in
A2780 ovarian cancer cells (data not shown), previously described as
highly dependent on Mcl-1 for their survival. It should be noticed that
in A2780 cancer cells, Mcl-1 expression level is very high and that our
previous studies showed that a higher amount of siRNA and or
pharmacological inhibitors are required to lead to efficient Mcl-1
inhibition and subsequent cell death.22 Otherwise, such a relative
resistance of ovarian cancer cells as compared to other cancer cell
types to anticancer agents is commonly admitted.

In a drug design approach, some chemical modifications of MIM1
structure led to a complete loss of activity (compounds 24 and 25).
This was observed when a polar group such as pyridine was present
instead of a benzyl substituent, without inner flexibility of the ligand
to allow a readjustment in the binding site.

Interestingly, MIM1 chemical modifications also led to molecules
showing an increased activity as compared to MIM1 (2). Compounds
34 and 35 were the most potent and specific Mcl-1 inhibitors,
resulting from a perfect fit of the benzyl in the strongly hydrophobic
cavity. A massive apoptotic cell death was induced by these
molecules (from 5 uM) in combination with ABT-737, whereas MIM1
(2) did not exert any effect in these conditions. FPA results are
globally in adequacy with all these biological observations identifying
consistent binding affinities.



Fig. 10 Compound 35 docked onto Mcl-1 (left) and Bcl-x, (right). One can observe that the pyridine is much more solvent-exposed

in the former.

Conclusions

In summary, after revision of the structure of MIM1 to
compound 2, we have prepared a chemical library of designed
analogues of the corrected molecule. Detailed biological studies
using IGROV1-R10 ovarian chemoresistant cell line allowed us to
discover derivatives which are more potent Mcl-1 inhibitors, as
shown by their capacity to induce cell death in combination to BxI-x,
inhibitors in our model. Substitution of the aromatic group by a
pyridine conferred a high selectivity for Mcl-1 vs. Bxl-x,, especially
when this pyridine is in position 4 of the thiazole.

In cellulo results are globally consistent with the capacity of the
compounds to bind to Mcl-1 and to inhibit its ability to sequester its
pro-apoptotic partner, as determined by the FPA binding assays. All
these data gave us a preliminary SAR for the most attractive new
MIM1 analogues able to inhibit Mcl-1. Extensive computational
studies allowed us to propose a rationale to this SAR, highlighting the
role of the polyphenol moiety to anchor these molecules to the
binding site and the position of the aromatic/benzyl groups inside
the hydrophobic pocket. Regarding the selectivity between Mcl-1
and Bcl-x,, we found that the global shape of the grooves (more open
in Mcl-1 and narrower for Bcl-x.) appears to play an important role,
especially when inhibitors contained polar groups. In the latter case,
desolvation processes drove the selectivity of inhibitors towards
anti-apoptotic proteins.

EXPERIMENTAL PROCEDURES

Chemical synthesis and analysis

General informations: NMR spectra were performed on a
Bruker AVANCE 300, AVANCE 400 or Bruker AVANCE 500 ('H at

400, 300 MHz or 500 MHz; 13C at 75 MHz, 101 or 126 MHz).
Solvent peaks were used as reference values with CDCl3 at 7.26
ppm for 1TH NMR and 77.16 ppm for 13C NMR, with MeOD at 4.78
and 3.31 ppm for 'H NMR and 49.00 ppm for 13C NMR, with
DMSO-ds at 2.50 and 3.33 ppm for *H NMR and 39.52 ppm for
13C NMR, and with DMF-d7 at 8.03, 2.92 and 2.75 ppm for H
NMR and 163.15, 24.89 and 29.76 ppm for 13C NMR. Chemical
shifts & are given in ppm, and the following abbreviations are
used: singlet (s), broad singlet (bs), doublet (d), doublet of
doublet (dd), doublet of doublet of doublet (ddd), triplet (t),
triplet of doublet (td), quadruplet (q), doublet of quadruplet
(dg), and multiplet (m). Non Uniform Sampling (NUS)
acquisition methods for multidimensional NMR within topspin
were run to complete conventional measurements, which is
uniformly sampled (US). The goal of NUS is to improve spectral
resolution obtained in a given amount of measurement time to
get a full set of 13C peaks when conventional 2D experiments fail
to. (HSQC, HMBC were respectively ran with 25 and 50% of
NUS).

All analogues of MIM1 compounds synthesised are
hydrobromide or hydrochloride salts and melting point
measured in °C were related to decomposition process. Above
a critical concentration [product] > 30 mg/mL in DMSO-ds
solutions degradation occurred with time. At first without
explanation, we discovered later on that DMSO-ds reacted with
hydrobromide salts to form a strong reagent which react at the
H-ethylenic position of the cycle. This observation was also
reported in 2015 as a new method for bromination of olefins.??
Furthermore, hydrobromides salts were completely dissolved
with 1 to 4 drops of D0 added in MeOD-d, before 1H and 13C
NMR analyses of MIM1 analogues compounds.

IR spectra were recorded on a Perkin Elmer (Spectrum 2)
apparatus using a Universal ATR Sampling Accessory and
spectra were analysed with spectragryph 1,2,4 version. High
resolution mass spectra were recorded in the Centre Régional
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de Mesures Physiques de I’Ouest, Rennes (CRMPO), on a Maxis
4G. Microanalyses were performed at CRMPO Rennes on a
Thermo-Finigan Flash EA 1112 CHNS/O analyzer. Melting points
were determined with uncertainty of £+ 2 °C using a KOFLER
BENCH. Reaction courses and product mixtures were routinely
monitored by TLC on silica gel (precoated F254 Merck plates),
and compounds were visualised under a UVP Mineralight UVGL-
58 lamp (254 nm) and with p-anisaldehyde/A. Column
chromatography was performed using silica gel 60 (40-63 mm,
230-400 mesh). Solvents were used as received from
commercial sources. Reagents were purchased from Sigma-
Aldrich, Alfa Aesar and Acros. All corresponding products
showed 'H, and 3C NMR spectra in agreement with the
assigned structures.

The purity of the samples subjected to biological testing has been
established by HPLC analysis and all corresponding molecules had
purities >95%. For these analyses, the compounds were solubilised
in MeOH/H,0 solution and filtered through 0.45 mm nylon syringe
filters prior to injecting a 10 uL aliquot to the HPLC-DAD device. The
HPLC analyses were performed on a Prominence Shimadzu HPLC
system (Marne La Vallée, France) equipped with a Kinetex C;3 HPLC
column (100 x 4.6 mm, 2.6 um, 6A, Phenomenex), thermostated at
40°C and including an autosampler (SIL-20AHT), a binary gradient
pumping system (LC-20ADSP-PUMP) and a diode array detector
(SPD-M20A), with analysis at 365nm. For elution a gradient system
was applied using A (water) and B (acetonitrile). The following
gradient was applied at a flow rate of 1 ml/min: initial: 20% B to 100%
B in linear mode during 20min, then from 100% B to 10% B in linear
mode during 20 min, and finally 10% B during 30 min.

General procedure for
intermediate [21]

The appropriate isothiocyanate (15.0 mmol) in 15 ml
methanol and hydrazine hydrate (90.0 mmol) in 15 ml methanol
were mixed and the resulting solution was stirred for one hour.
The powder product, the thiosemicarbazide formed was
filtered, washed with water, methanol and dried in vacuo. The
product was pure enough, based on 'H NMR analyses, to be
used in the next step without further purification. For all known
compounds (21a to 21d and 21f-21g), their physical and
spectral data agreed with the literature.”% 72

the synthesis of thiosemicarbazide

Hydrazinecarbothioamide, N-[(4-ethylphenyl)methyl] (21e)
The reaction was performed with 1-ethyl-4-isothiocyanato
methyl-benzene (990 mg, 5.59 mmol) and hydrazine hydrate
(1.05 ml, 33.54 mmol), according to the general procedure. The
product 21e was obtained as colorless powder (1.03 g, 88%
yield). Mp = 152 °C. 'H NMR (300 MHz, DMSO-dg): 6 8.70 (s, 1H),
8.20 (bs, 1H); 7.22 (d, 2H,J =8.0 Hz), 7.13 (d, 2H, J = 8.0 Hz), 4.67
(d, 2H, J = 6.0 Hz), 4,42 (s, 2H); 2.56 (q, 2H, J = 7.6 Hz), 1.16 (t,
3H, J = 7.6 Hz). 13C NMR (75 MHz, DMSO-dg): 6 181.5, 142.1,
136.7,127.3 (2C), 127.2 (2C), 45.9, 27.7, 15.6. HRMS (ESI): calcd
for CioHisN3SNa: [M + Nal]*: m/z 232.08789. Found: m/z
232.0880 (0 ppm).

General procedure for the synthesis of intermediates [22]

A methanolic (20 ml) solution of thiosemicarbazide (1.0
mmol) was added to a solution of 2,3,4-trihydroxybenzaldehyde
(18) (1.0 mmol) in 15 ml methanol and the reaction mixture was
refluxed for 6 h. The product formed was filtered, washed with
methanol and dried in vacuo.

Hydrazinecarbothioamide, 2-[(2,3,4-trihydroxy-phenyl)
methylene]-N-phenyl (22a)

The reaction was performed with 4-phenylthiosemicarbazide
(21a) (344 mg, 2.06 mmol) and 2,3,4-Trihydroxy-benzaldehyde
(18) (317 mg, 2.06 mmol), according to the general procedure.
The product 22a was obtained as yellow solid (537 mg, 82%
yield). Mp = 196 °C. (litt 206°C).72 1H NMR (300 MHz, DMSO-ds):
5 8.66 (s, 1H), 7.59 — 7.18 (m, 5H), 6.98 (d, J = 8.4 Hz, 1H), 6.47
(d, J=8.5Hz, 1H). 13C NMR (75 MHz, DMSO-dg): 6 175.2, 148.5,
146.8, 142.4, 139.2, 132.8, 128.1, 125.4, 125.0, 118.6, 112.5,
107.8.

Hydrazinecarbothioamide, 2-[(2,3,4-trihydrox-phenyl methyl
ene] N-[(phenyl)methyl] (22b)

The reaction was performed with hydrazinecarbothioamide, N-
[(phenyl)methyl] (21e) (258 mg, 1.42 mmol) and 2,3,4-
Trihydroxy-benzaldehyde (18) (220 mg, 1.42 mmol), according
to the general procedure. The product 22b was obtained as
yellow solid (348 mg, 77% yield). Mp = 212 °C. *H NMR (300
MHz, DMSO-dg): 6 11.32 (s, 1H), 9.58 (s, 1H), 8.60 (bs, 3H), 8.27
(s, 1H), 7.33-7.22 (m, 5H), 7.15 (d, 1H, J = 8.3 Hz), 6.34 (d, 1H, J
=8.3 Hz), 4.81 (d, 2H, J = 3.5 Hz).13C NMR (75 MHz, DMSO-ds): 6
177.0, 148.3, 146.6, 142.2, 139.6, 132.8, 128.2 (2C), 127.3 (2C),
126.7, 118.3, 112.6, 107.7, 48.7. HRMS (ESI): calcd for
CisH1sN3OsSNa: [M + Na]*: m/z 340.07318. Found: m/z
340.0732 (0 ppm).

Hydrazinecarbothioamide, 2-[(2,3,4-trihydroxy-phenyl) methy
lene]-N-(4-ethylphenyl) (22c)

The reaction was performed with hydrazinecarbothioamide, N-
(4-ethylphenyl) (21c) (268 mg, 1.37 mmol) and 2,3,4-
Trihydroxy-benzaldehyde (18) (212 mg, 1.37 mmol), according
to the general procedure. The product 22c was obtained as
yellow solid (346 mg, 76% yield). Mp = 204 °C. 1H NMR (300
MHz, Methanol-d4): 6 8.19 (s, 1H), 7.44 (d, 2H, J = 8.4 Hz), 7.19
(d, 2H,J =8.4 Hz), 6.95 (d, 1H, J = 8.6 Hz), 6.43 (d, 1H, J = 8.6 Hz),
2.64(q, 2H,J =7.6 Hz), 1.23 (t, 3H, J = 7.6 Hz). 13C NMR (75 MHz,
Methanol-d4): § 177.5, 150.0, 147.8, 147.4, 143.3, 137.9, 134.1,
128.9 (2C), 126.5 (2C), 122.1, 113.1, 109.1, 29.4, 16.1. HRMS
(ESI): calcd for CieH17N303SNa: [M + Nal+: m/z 354.12223.
Found: m/z 354.1223 (0 ppm).

Hydrazinecarbothioamide, 2-[(2,3,4-trihydroxy-phenyl) methy
lene]-N-[(4-chlorophenyl)methyl]) (22d)

The reaction was performed with hydrazinecarbothioamide, N-
[(4-chlorophenyl)methyl] (21d) (267 mg, 1.24 mmol) and 2,3,4-
trihydroxy-benzaldehyde (18) (191 mg, 1.24 mmol), according
to the general procedure. The product 22d was obtained as
yellow solid (318 mg, 73% vyield). Mp = 202 °C. 'H NMR (300
MHz, DMSO-ds): 8 11.36 (s, 1H), 8.87 (t, 1H, J = 6.0 Hz), 8.27 (s,
1H), 7.39-7.33 (m, 4H), 7.17 (d, 1H, J = 8.6 Hz), 6.34 (d, 1H, J =
8.6 Hz), 4.78 (d, 2H, J = 6.2 Hz). 13C NMR (75 MHz, DMSO-d¢) &



176.9, 148.3, 146.6, 142.1, 138.7, 132.7, 131.2, 129.1 (2C),
128.1 (2C), 118.2, 112.6, 107.7, 45.9. HRMS (ESI): calcd for
C1sH14CIN3O3SNa: [M + Nal*: m/z 374.03421. Found: m/z
374.0344 (0 ppm).

Hydrazinecarbothioamide, 2-[(2,3,4-trihydroxy-phenyl) methy
lene]-N-[(4-ethylphenyl)methyl] (22¢e)

The reaction was performed with hydrazinecarbothioamide, N-
[(4-ethylphenyl)methyl] (21e) (276 mg, 1.32 mmol) and 2,3,4-
Trihydroxy-benzaldehyde (18) (203 mg, 1.32 mmol), according
to the general procedure. The product 22e was obtained as
yellow solid (309 mg, 68% yield). Mp = 196 °C. *H NMR (300
MHz, DMSO-dg): & 11.29 (s, 1H, NH), 9.58 (br, 1H, OH), 8,99 (1H,
OH), 8.87 (t, 1H, J = 6.0 Hz, NH), 8.44 (br, 1H, OH), 8.27 (s, 1H,
Himine), 7.23 (d, J = 8.6 Hz, 2Har), 7.17-7.13 (d, 3H, J = 8.6 Hz,
2Har + HAr), 6.34 (d, 1H, J = 8.6 Hz), 4.78 (d, 2H, J = 6.2 Hz), 2.56
(g, 2H, J = 8.0 Hz, CH2), 1.14 (t, 2H, J = 8.0 Hz, CHs). 3C NMR (75
MHz, DMSO-dg): & 176.8, 148.3, 146.5, 142.3, 142.0, 136.9,
132.8, 131.2, 127.6 (2C), 127.4 (2C), 118.2, 112.6, 107.7, 45.9.
HRMS (ESI): calcd for C17H19N303SNa: [M + Na]*: m/z 368.10448.
Found: m/z 368.1047 (1 ppm).

Hydrazinecarbothioamide, 2-[(2,3,4-trihydroxy-phenyl) methy
lene]-N-(3-pyridinyl) (22f)

The reaction was performed with hydrazinecarbothioamide, N-
3-pyridyl (21a) (320 mg, 1.90 mmol) and 2,3,4-trihydroxy-
benzaldehyde (18) (293 mg, 1.90 mmol), according to the
general procedure. The product 22f was obtained as yellow
solid (428 mg, 74% yield). Mp = 250 °C. 'H NMR (300 MHz,
DMSO-dg) 6 11.78 (s, 1H), 10.07 (s, 1H), 9.66 (bs, 1H), 9.07 (bs,
1H), 8.69 (s, 1H), 8.53 (bs, 1H), 8.39 (s, 1H), 8.36 (d, 1H, J =4.3
Hz), 7.99 (d, 1H, J = 8.2 Hz), 7.39 (dd, 1H, J = 8.0 Hz, J = 4.7 Hz),
7.33(d, 1H,/=8.0Hz), 6.38 (d, 1H, J = 8.6 Hz). 13C NMR (75 MHz,
DMSO-de): & 175.7, 148.6, 146.8, 146.7, 145.6, 143.1, 136.1,
132.9, 132.8, 122.8, 118.6, 112.4, 107.8. HRMS (ESI): calcd for
C13H12N403SNa: [M + Nal*: m/z 327.05223. Found: m/z
327.0523 (0 ppm).

Hydrazinecarbothioamide, 2-[(2,3,4-trihydroxy-phenyl) methy
lene]-N-[(3-pyridinyl)methyl] (22g)

The reaction was performed with hydrazinecarbothioamide, N-
(3-pyridinylmethyl) (21g) (218 mg, 1.12 mmol) and 2,3,4-
trihydroxy-benzaldehyde (18) (184 mg, 1.12 mmol), according
to the general procedure. The product 22g was obtained as
yellow solid (281 mg, 78% yield). Mp = 246 °C. *H NMR (300
MHz, DMSO-dg): & 10.41 (s, 1H), 8.63 (s, 1H), 8.03 (s, 1H), 7.94
(t, 1H, J = 6.0 Hz), 7.57-7.45 (m, 3H), 7.29 (s, 1H), 6.79-6.75 (m,
1H), 6.36 (dd, 1H, J = 7.3 Hz, J = 4.8 Hz), 6.19 (d, 1H, J = 8.6 Hz),
5.36 (d, 1H, J = 8.6 Hz), 3.84 (d, 2H, J = 6.1 Hz). 13C NMR (75 MHz,
DMSO-dg): 6 176.9, 148.8; 148.3, 147.9, 146.6, 142.2, 135.2,
135.2,132.8,123.5,118.2,112.6, 107.7, 44.3. HRMS (ESI): calcd
for Ci4H14N4O3SNa: [M + Nal]*: m/z 341.06843. Found: m/z
341.0684 (0 ppm).

General procedure for the synthesis of final products [23-35]

A mixture of the appropriate thiosemicarbazide (22a-22g)
(1.0 mmol) and a-halogenoketone (2.0 mmol) in ethanol-
chloroform (7:3) mixture (20 ml) was refluxed for 6 h. Then, the

mixture was concentrated to % of its volume with precipitation
of the product. After cooling at 0°C the filtrate was discarded
by canula and the remained precipitate washed several times
with cold methanol and diethyl ether using canula filtration
between each wash. Then, the powder was dried under vacuum
to give the desired product.

4-((E)-(((2)-4-benzyl-3-phenylthiazol-2(3H)-ylidene)hydrazine
ylidene)methyl)benzene-1,2,3-triol, hydrobromide (23)

The reaction was performed with 22a (219 mg, 0.72 mmol) and
1-bromo-3-phenyl-propan-2-one (305 mg, 1.45 mmol)
according to the general procedure. The product 23 was
obtained as solid (175 mg, 49% yield), crystallised from acetone.
Mp = 242 °C. 'H NMR (300 MHz, DMSO-dg): 8.37 (s, 1H), 7.53-
7.46 (m, 3H), 7.36-7.33 (m, 2H), 7.22-7.18 (m, 3H), 6.92 (dd, 2H,
J=7.2,2.6Hz), 6.84 (d, 1H, J = 8.6 Hz), 5.51 (s, 1H), 6.39 (d, 1H,
J=8.5Hz), 3.61 (s, 2H). *H NMR (300 MHz, DMSO-ds): & 8.37 (s,
1H), 7.55 - 7.46 (m, 3H), 7.41—7.30 (m, 2H), 7.23 — 7.15 (m, 3H),
6.97 — 6.89 (m, 1H), 6.85 (d, J = 8.5 Hz,1H), 6.51(s, 1H), 6.39 (d,
J = 8.5 Hz, 1H), 3.61(s, 2H). 3C NMR (126 MHz, DMSO-ds) &
168.2, 152.0, 149.3, 147.7, 140.7, 135.7, 134.4, 132.8, 130.3,
130.0, 128.7, 128.7, 128.5, 126.9, 119.0, 111.5, 108.2, 103.2,
33.7. (30.9 acetone impurity). HRMS (ESI): calcd for
Cx3H19N3O3SNa: [M + Na]*: m/z 440.10393. Found: m/z
440.1037 (0 ppm). HPLC analysis, compound 23: tg = 15.3 min;
purity: 99.4 %.

4-((E)-(((2)-4-(pyridin-4-yl)-3-(pyridin-4-ylmethyl)thiazol-
2(3H)-ylidene)hydrazineylidene)methyl)benzene-1,2,3-triol,
hydrobromide (24)

The reaction was performed with 22f (79 mg, 0.25 mmol, 1.0
equiv.) and 4-(bromoacetyl)pyridine hydrobromide (70 mg,
0.25 mmol, 1.0 equiv.) in a 2:1 mixture of ethanol/chloroform
at 75°C for 12 hours. Purification was done according to the
general procedure. The product 36 was obtained as an orange
solid (90 mg, 72 % vyield). Mp = 240 °C. 'H NMR (300 MHz,
Methanol-d, + 1 drop of D,0) & 8.84 (m, 4H or 4H+1H), 8.48 (dt,
J=8.1,1.6 Hz, 1H), 8.10 (t, J = 7.0 Hz, 1H), 7.94 (d, J = 6.0 Hz,
2H), 7.87 (s, 1H), 7.08 (s, 1H), 6.73 (d, J = 8.5 Hz, 1H), 6.45 (d, J =
8.5 Hz, 1H), 5.38 (s, 2H). 13C NMR (75 MHz, Methanol-ds) &
167.3, 157.0, 147.9, 147.2, 145.3, 144.5, 142.7, 141.3, 140.4,
136.5, 136.0, 131.8, 127.5, 124.7, 123.2, 111.8, 110.9, 107.8,
78.0. HRMS (ESI): calcd for Cy;Hi7NsOsSNa: [M +Nal*: m/z
442.09443. Found: m/z 442.0938 (1 ppm). HPLC analysis,
compound 24: tg = 9.7 min; purity: 99.6 %.

4-((E)-(((2)-3-phenyl-4-(pyridin-4-yl)thiazol-2(3H)-ylidene)
hydrazineylidene)methyl)benzene-1,2,3-triol,hydrobromide
(25)

The reaction was performed with 22a (184 mg, 0.61 mmol) and
2-bromo-1-pyridin-4-yl-ethanone (241 mg, 1.22 mmol)
according to the general procedure. The product 25 was
obtained as solid (155 mg, 52% yield), crystallised from ethanol.
Mp = 256 °C. IH NMR (300 MHz, DMSO-ds) & 8.79 (d, J = 6.6 Hz,
2H), 8.33 (s, 1H), 7.69 (d, J = 6.6 Hz, 2H), 7.55 (s, 1H), 7.51 — 7.34
(m, 5H), 6.78 (d, J = 8.5 Hz, 1H), 6.38 (d, J = 8.5 Hz, 1H). 13C NMR
(75 MHz, DMSO-ds) 6 166.1, 156.2, 149.0, 147.6, 145.5, 141.8,
136.3, 135.5, 132.5, 129.6(2C), 128.9, 128.3(C2), 124.5, 121.5,
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112.1(2C), 111.2, 107.9. HRMS (ESI): calcd for C21H16N4O3SNa:
[M + Na]*: m/z 427.08408. Found: m/z 427.0843 (0 ppm). HPLC
analysis, compound 25: tg = 17.8 min; purity: 99.0 %.
4-((E)-(((2)-3,4-dibenzylthiazol-2(3H)-ylidene)
hydrazineylidene)methyl)benzene-1,2,3-triol,hydrobromide
(26)

The reaction was performed with 22b (162 mg, 0.51 mmol) and
1-bromo-3-phenyl-propan-2-one (215 mg, 1.02 mmol)
according to the general procedure. The product 26 was
obtained as solid (145 mg, 55% yield), crystallised from acetone.
Mp =232 °C. IH NMR (400 MHz, DMSO-ds): 6 8.36 (s, 1H), 7.39
—7.23 (m, 6H), 7.22 = 7.15 (m, 4H), 6.79 (d, J = 8.5 Hz, 1H), 6.37
(d,J=8.5Hz, 1H), 6.12 (s, 1H), 5.14 (s, 2H), 3.80 (s, 2H). 13C NMR
(126 MHz, DMSO-de): 6 167.2, 153.4, 148.5,147.4,139.7,136.1,
135.9, 132.5, 128.8, 128.7, 128.6, 127.3, 126.9, 126.1, 120.6,
111.3, 107.7, 99.5, 47.3, 33.1. HRMS (ESI): calcd for
Ca4H21N303SNa: [M + Nal*: m/z 454.12013. Found: m/z
454.1199 (0 ppm). HPLC analysis, compound 26: tg = 20.9 min;
purity: 95.0 %.

4-((E)-(((2)-3-benzyl-4-phenylthiazol-2(3H)-ylidene)
hydrazineylidene)methyl)benzene-1,2,3-triol,hydrobromide
(27)

The reaction was performed with 22b (208 mg, 0.66 mmol) and
2-bromo-1-phenyl-ethanone (260 mg, 1.31 mmol) according to
the general procedure. The product 27 was obtained as solid
(170 mg, 51% vyield), crystallised from acetone. Mp =229 °C. 1H
NMR (300 MHz, DMSO-ds) & 8.41(s, 1H), 7.46-7.33 (m, 5H), 7.29-
7.21 (m, 3H), 7.00 (d, 2d, /= 8.2 Hz), 6.82 (d, 1H, / = 8.6 Hz), 6.64
(s, 1H), 6.39 (d, 1H, J = 8.5 Hz), 5.10 (s, 2H). 'H NMR (300 MHz,
Methanol-ds): & 8.56 (s, 1H), 7.57 — 7.48 (m, 1H), 7.47 — 7.41 (m,
3H), 7.39 = 7.29 (m, 6H), 7.06 (d, J = 8.7 Hz, 1H), 7.03 (d, J= 1.1
Hz, 1H), 7.03 — 6.97 (m, 2H), 6.48 (d, J = 8.6 Hz, 1H), 5.31 (s, 2H).
13C NMR (75 MHz, Methanol-d.): & 168.0, 152.3, 150.0, 147.6,
143.1, 133.6, 132.6, 130.2, 129.4, 128.8, 128.6, 128.4, 127.9,
125.7, 120.3, 110.8, 107.9, 106.0, 50.1, 48.4, 48.2, 47.9, 47.6,
47.3,47.0,46.7. HRMS (ESI): calcd for C23H19N303SNa: [M + Na]*:
m/z 440.10448. Found: m/z 440.1048 (0 ppm). HPLC analysis,
compound 27: tg = 20.5 min; purity: 99.4 %.

4-((E)-(((2)-3-benzyl-4-(4-chlorobenzyl)thiazol-2(3H)-ylidene)
hydrazineylidene)methyl)benzene-1,2,3-triol,hydrobromide
(28)

The reaction was performed with 22b (205 mg, 0.64 mmol) and
1-bromo-3-(4-chlorophenyl)-propan-2-one (288 mg, 1.29
mmol) according to the general procedure. The product 28 was
obtained as solid (276 mg, 81% yield), crystallised from acetone.
Mp =228 °C. 'H NMR (300 MHz, DMSO-ds) 6 8.39 (s, 1H), 7.38 —
7.26 (m, 5H), 7.26 — 7.19 (m, 2H), 7.17 — 7.12 (m, 2H), 6.81 (d, J
=8.5 Hz, 1H), 6.38 (d, J = 8.5 Hz, 1H), 6,19 (s, 1H), 5.16 (s, 2H),
3.83 (s, 2H). 13C NMR (75 MHz, DMSO-dg) & 167.8, 153.5, 149.1,
147.9, 140.1, 136.2, 135.4, 133.0, 132.1, 131.1, 129.2, 129.0,
127.8,126.6,120.7,111.8, 108.3, 101.0, 48.1, 32.9. HRMS (ESI):
caled for Ca4H2035CIN3OsS: [M + H]*: m/z 466.0992. Found: m/z
466.0992 (0 ppm). HPLC analysis, compound 28: tg = 16.4 min;
purity: 98.5 %.

4-((E)-(((2)-3-(4-chlorophenyl)-4-phenylthiazol-2(3H)-ylidene)
hydrazineylidene)methyl)benzene-1,2,3-triol,hydrobromide
(29)

The reaction was performed with 22d (234 mg, 0.66 mmol) and
2-bromo-1-phenyl-ethanone (264 mg, 1.33 mmol) according to
the general procedure. The product 29 was obtained as solid
(198 mg, 55% yield), crystallised from acetone. Mp =228 °C. 'H
NMR (300 MHz, DMSO-dg): & 8.34 (s, 1H), 7.45-7.39 (m, 3H),
7.36-7.31 (m, 4H), 7.01 (d, 1H, J = 8.4 Hz), 6.78 (d, 1H, J = 8.5 Hz),
6.54 (s, 1H), 6.38 (d, 1H, J = 8.4 Hz, 5.03 (s, 2H). 'H NMR (300
MHz, Methanol-d, + 1 drop of D,0): 6 8.58 (s, 1H), 7.53 (d, J =
7.3 Hz, 1H), 7.46 (t, J = 7.5 Hz, 2H), 7.35 (d, J = 7.7 Hz, 4H), 7.06
(d, J = 8.7 Hz, 1H), 7.01 (s, 2H), 6.99 (s, 1H), 6.49 (d, J = 8.6 Hz,
1H), 5.28 (s, 2H). 13C NMR (75 MHz, Methanol-d; + 1 drop of
D,0): 6 167.8, 152.6, 150.2, 147.6, 142.9, 133.9, 132.7, 132.2,
130.4, 129.6, 128.8(2C), 128.7(2C), 128.2, 127.6 (2C), 120.8,
110.6, 108.1, 106.7, 49.8. HRMS (ESI): calcd for
C23H18CIN3OsSNa: [M + Nal]*: m/z 474.06551. Found: m/z
474.0656 (0 ppm). HPLC analysis, compound 29: tg = 16.3 min;
purity: 99.1 %.

4-((E)-(((2)-3-(4-ethylbenzyl)-4-phenylthiazol-2(3H)-ylidene)
hydrazineylidene)methyl)benzene-1,2,3-triol, hydrobromide
(30)

The reaction was performed with 22e (175 mg, 0.51 mmol) and
2-bromo-1-phenyl-ethanone (200 mg, 1.01 mmol) according to
the general procedure. The product 30 was obtained as solid
(135 mg, 50% vyield), crystallised from acetone. Mp = 234 °C. 1H
NMR (300 MHz, DMSO-ds) & 8.36 (s, 1H), 7.48-7.40 (m, 3H),
7.38-7.36 (m, 2H), 7.09 (d, 2H, J = 8.1 Hz), 6.80-6.77 (m, 1H),
6.56-6.53 (m, 1H), 6.38 (d, 1H, J = 8.4 Hz), 5.03 (s, 2H), 2.52 (q,
2H, J = 7.6 Hz), 1.12 (s, 3H, J = 7.4 Hz). 'H NMR (500 MHz,
Methanol-ds + 1 drop of D,0) 6 8.50 (s, 1H), 7.40 (m, 4H), 7.38 —
7.34 (m, 1H), 7.32 —7.24 (m, 4H), 7.20 (s, 1H), 7.02 (d, J = 8.8 Hz,
1H), 6.48 (d, J = 8.8 Hz, 1H), 2.73 (q, J = 7.7 Hz, 2H), 1.27 (t, J =
7.7 Hz, 3H). 3C NMR (126 MHz, Methanol-d;+ 1 drop of D,0): &
169.8, 154.1, 151.4, 149.3, 148.8, 144.7, 134.0, 131.1(2C),
131.0, 130.8(2C), 129.7, 129.5(2C), 129.3(2C), 121.8, 112.1,
109.4, 107.8, 29.5, 15.7. HRMS (ESI): calcd for CsH23N303SNa:
[M + Na]*: m/z 468.13578. Found: m/z 468.1356 (0 ppm). HPLC
analysis, compound 30: tg = 21.6 min; purity: 98.2 %.

4-((E)-(((2)-3-(4-ethylphenyl)-4-phenylthiazol-2(3H)-ylidene)
hydrazineylidene)methyl)benzene-1,2,3-triol, hydrobromide (31)
The reaction was performed with 22¢ (203 mg, 0.61 mmol) and
2-Bromo-1-phenyl-ethanone (242 mg, 1.22 mmol) according to
the general procedure. The product 31 was obtained as solid
(177 mg, 57% yield), crystallised from ethanol. Mp =230 °C. 'H
NMR (500 MHz, Methanol-da): & 8.50 (d, J = 2.7 Hz, 1H), 7.40 (d,
J = 2.6 Hz, 4H), 7.36 (dd, J = 11.6, 5.4 Hz, 1H), 7.33 — 7.26 (m,
4H), 7.19 (s, 1H), 7.02 (d, J = 8.8 Hz, 1H), 6.46 (d, J = 8.8 Hz, 1H),
2.73 (qd, J = 7.3, 2.1 Hz, 2H), 1.27 (t, J = 7.3, 3H). 13C NMR (126
MHz, Methanol-ds) 6 167.7, 152.0, 149.3, 147.2, 146.8, 142.6,
131.9, 129.0 (2C), 128.9, 128.7(2C), 127.6(2C), 127.4, 127.2(2C),
119.7, 110.0, 107.3, 105.7, 27.4, 13.6. HRMS (ESI): calcd for
Ca4H21N303SNa: [M + Na]*: m/z 454.12013. Found: m/z
454.1201 (0 ppm). HPLC analysis, compound 31: tg = 20.8 min;
purity: 96.6 %.



4-((E)-(((2)-4-phenyl-3-(pyridin-3-ylmethyl)thiazol-2(3H)-
ylidene)hydrazineylidene)methyl)benzene-1,2,3-triol,
hydrobromide (32)

The reaction was performed with 22g (182 mg, 0.57 mmol) and
2-bromo-1-phenyl-ethanone (226 mg, 1.14 mmol) according to
the general procedure. The product 32 was obtained as solid
(150 mg, 53% vyield), crystallised from ethanol. Mp = 258 °C. *H
NMR (300 MHz, DMSO-dg): & 8.81 (d, 1H,J=5.2 Hz), 8.68 (d, 1H,
J=1.5Hz),8.31 (s, 1H), 8.23 (d, 1H, J = 8.3Hz), 7.98 (dd, 1H, J =
8.1, 5.7 Hz), 7.49-7.44 (m, 3H), 7.41-7.37 (m, 2H), 6.75 (d, 1H, J
= 8.6 Hz), 6.56 (s, 1H), 6.38 (d, 1H, J = 8.4 Hz), 5.16 (s, 2H). IH
NMR (300 MHz, Methanol-ds + 1 drop of D,0): 6 8.80 (d, J =5.7
Hz, 1H), 8.68 (d, J = 2.0 Hz, 1H), 8.44 (s, 1H), 8.39 (d, J = 8.2 Hz,
1H), 8.07 (dd, J = 8.2, 5.8 Hz, 1H), 7.46 — 7.39 (m, 2H), 6.85 (d, J
= 8.6 Hz, 1H), 6.60 (s, 1H), 6.47 (d, J = 8.5 Hz, 1H), 5.39 (s, 2H).
13C NMR (75 MHz, Methanol-d, + 1 drop of D,0): 168.8, 156.3,
151.4, 149.3, 146.7, 142.2, 141.9, 138.2, 134.0, 131.6, 130.8
(2C), 130.5 (2C), 130.3, 129.6, 128.8 123.6, 112.0, 109.3, 103.9,
47.7. HRMS (ESI): calcd for CyHi1sN4OsSNa: [M + Nal*: m/z
441.09973. Found: m/z 441.0999 (0 ppm). HPLC analysis,
compound 32: tg = 12.1 min; purity: 96.0 %.

4-((E)-(((2)-4-phenyl-3-(pyridin-3-yl)thiazol-2(3H)-ylidene)
hydrazineylidene)methyl)benzene-1,2,3-triol, hydrobromide (33)
The reaction was performed with 22f (225 mg, 0.74 mmol) and
2-bromo-1-phenyl-ethanone (293 mg, 1.48 mmol) according to
the general procedure. The product 33 was obtained as solid
(191 mg, 53% vyield), crystallised from acetone. Mp = 252 °C. 1H
NMR (500 MHz, Methanol-da): § 9.09 (d, J = 2.3 Hz, 1H), 8.81 (d,
J=5.6 Hz, 1H), 8.45 (ddd, J = 8.5, 2.3, 1.3 Hz, 1H), 8.35 (s, 1H),
8.02 (dd, J = 8.5, 5.6 Hz, 1H), 7.44 — 7.35 (m, 3H), 7.33 = 7.27 (m,
2H), 6.82 (d, J = 8.6 Hz, 1H), 6.80 (s, 1H), 6.47 (d, J = 8.6 Hz, 1H).
13C NMR (126 MHz, Methanol-d,): 6 167.4, 157.7, 150.2, 148.6,
145.2, 143.9, 142.8, 140.1, 137.2, 133.3, 130.3, 129.9, 129.8,
129.6, 127.8, 123.0, 111.9, 108.5, 104.4. HRMS (ESI): calcd for
C21H16N4O3SNa: [M + Nal*: m/z 427.08408. Found: m/z
427.0841 (0 ppm). HPLC analysis, compound 33: tg = 11.5 min;
purity : 96.9 %.

4-((E)-(((2)-3-benzyl-4-(pyridin-3-yl)thiazol-2(3H)-
ylidene)hydrazineylidene)methyl) benzene-1,2,3-triol (34)
The reaction was performed with 22b (158 mg, 0.5 mmol) and
3-(bromoacetyl)pyridine hydrobromide (281 mg, 1.0 mmol)
according to the general procedure. The product 34 was
obtained as orange solid (189 mg, 76% yield). Mp = 218 °C. 'H
NMR (300 MHz, Methanol-ds + 1 drop of D,0): 6 8.84 (d, J =5.8
Hz, 1H), 8.71 (s, 1H), 8.41 (s, 1H), 8.37 (dt, J = 8.2, 1.7 Hz, 1H),
7.99 (dd, J = 8.1, 5.7 Hz, 1H), 7.30 (m, 3H), 7.03 (dd, J = 7.4, 2.0
Hz, 2H), 6.88(s, 1H), 6.83 (d, J = 8.6 Hz, 1H), 6.48 (d, J = 8.5 Hz,
1H), 5.24 (s, 2H). 13C NMR (75 MHz, Methanol-d, + 1 drop of
D,0): 6 167.8, 155.1, 148.7, 147.4, 144.9, 143.2, 142.5, 135.3,
134.8, 132.3, 129.7, 128.8, 127.8, 126.8, 126.2, 122.0, 111.5,
107.6, 106.6, 49.3. HRMS (ESI): calcd for C22H1gN4O3SNa: [M +
Nal]*: m/z 441.09973. Found: m/z 441.0994 (0 ppm). HPLC
analysis, compound 34: tg = 12.2 min; purity: 98.7 %.

4-((E)-(((2)-3-benzyl-4-(pyridin-4-yl)thiazol-2(3H)-
ylidene)hydrazineylidene)methyl) benzene-1,2,3-triol (35)

The reaction was performed with 22b (158 mg, 0.5 mmol) and
4-(bromoacetyl)pyridine hydrobromide (281 mg, 1.0 mmol)
according to the general procedure. The product 35 was
obtained as orange solid (184 mg, 74% yield). Mp = 186 °C. 1H
NMR (300 MHz, DMSO-dg): 6 11.01 (s, 1H), 8.89 (d, J = 6.1 Hz,
2H), 8.41 (s, 1H), 7.92 (d, J = 6.4 Hz, 2H), 7.26 (m, 3H), 7.15 (s,
1H), 7.09 — 7.02 (m, 2H), 6.81 (d, J = 8.5 Hz, 1H), 6.40 (d, J = 8.5
Hz, 1H), 5.21 (s, 2H). 13C NMR (75 MHz, DMSO-ds): 6 166.8,
156.1, 149.2, 148.0, 144.6, 137.2, 136.6, 133.0, 129.2, 128.0,
127.0, 125.1, 122.1, 111.8, 108.3, 49.3. HRMS (ESI): calcd for
C22H18NsO3SNa: [M + Nal*: m/z 441.09973 Found: m/z 441.0991
(0 ppm). HPLC analysis, compound 35: tg = 12.3 min; purity: 97.0
%.

MIM1 (compound 2) Studies
General comments on NMR experiments for MIM1 and analogues

MIM1 (2) is a hydrochloride and not a neutral compound as
previously reported. Extensive studies, under different
conditions, have been required in order to obtain complete 1D
and 2D NMR data for these molecules, as described here. For
instance, one proton of the cyclohexyl moiety was hidden by the
residual peaks of DMSO-ds and this peak has been well
established by 2D correlation COSY experiment at 343 K.
Secondly, direct 13C NMR experiment could not give the full set
of 13C peaks. In DMSO-ds, dynamic effects and slow relaxation
processes appeared to be connected to the observed broad and
large peaks in 13C and H spectra. Furthermore, in the case of 1H
spectrum such dynamic effects are responsible for the
completely change of the spectrum when concentration
increased by a factor 4 (25 mg/mL) but with a reversible issue
upon dilution, this different limitation tends to limit direct 13C
NMR experiment and to be completed by 2D NMR ones. Then,
to sort out such difficulties 2D correlation experiments at
variable temperatures from 313 to 343 K have been tuned to
release the dynamic effects observed, permit relaxation process
to occur and then allow to have access to all carbon NMR peaks
(HSQC, HMBC experiment at 343 K). Finally, 13C experiment in
DMSO-dswere run at 343 K and give the full set of data. In Sl are
presented one example of such effect seen on 'H NMR spectra
(Fig. 1) and relevant spectra. Nevertheless, after overpassing
those difficulties compound 2 was characterised in DMSO-ds.
Then, we tested DMF-d; and MeOH-d, as two others deuterated
solvents. Unfortunately, the first one presents equivalent
dynamic effects like those observed with DMSO-ds and for the
second one, compound 2 as hydrochloride was not soluble,
even with drops of D,0 added, in opposition of the
hydrobromides analogues.

Synthesis of MIM1: 4-((E)-(((2)-3-cyclohexyl-4-methylthiazol-2(3H)-
lidene)hydrazineylidene) methyl)benzene-1,2,3-triol,
hydrochloride (2)

Compound 2 and intermediates were prepared according to the
procedure described by Cohen and Walenski,33 and yielded a
colorless powder in 85 % yield. Mp = 200°C, (Litt: unknown).
Microanalysis: Anal. Found: C, 53.16; H, 5.69; N 10.87; S, 8.35
Calcd for C17H22N305CIS: C, 53.19; H, 5.78; N, 10.95; S, 8.35. FT-
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IR (Powder) vmax/cm™ 3138, 2927, 2856, 2816, 2758, 1625,
1568, 1516, 1336, 1265, 976, 809. 'H NMR (500 MHz, 300K,
DMSO-de) 6 8.42 (s, 1H), 6.80 (d, J = 8.5 Hz, 1H), 6.40 (d, / = 8.4
Hz, 1H), 6.11 (s, 1H), 4.12 (m, 1H), 2.23 (s, 3H), 1.90 — 1.80 (m,
3H), 1.78 — 1.70 (m, 2H), 1.66 (d, J = 13.0 Hz, 1H), 1.40 (qt, J =
13.0, 3.6 Hz, 2H), 1.30 — 1.17 (m, 1H). (one proton at 2.5 ppm is
hidden by the residual DMSO solvent and observed by COSY
correlation). 13C NMR (126 MHz NUS sampling, DMSO at 343 K)
6 167.5, 153.2, 149.0, 148.0, 137.8, 133.2, 121.0, 112.3, 108.4,
98.4, 58.5, 29.2, 26.1, 25.2, 15.9. HRMS (ESI): calcd for
C17H22N303S: [M + H]*: m/z 348.13819, Found: m/z 348.1377 (0
ppm). HPLC analysis, compound 2: tg = 15.0 min; purity: 98.3 %.
Noesy NMR experiment performed at 500 MHz in DMSO-ds
shows spatial proximity between methyl and cyclohexyl groups,
imine proton and H aromatics ones, methyl and ethylenic
proton, and proton of cyclohexyl group hidden by residual
DMSO and others protons of cyclohexyl group. 2D Cosy NMR
experiment done at 500 MHz in DMSO-ds shows correlation
between hidden proton by residual DMSO solvent peak and
others from cyclohexyl group. 2D HSQC and HMBC NMR
experiments at 343K completed carbons peaks not seen directly
by 13C NMR experiment neither at 273K or 343 K.

Synthesis and analyses of compound 11

In order to confirm the structure 2 for MIM1 and to
determine its stereochemistry the 2,3,4-trimethoxy analogue
(11) was synthesised with the same general procedure in place
of 2,3,4-trihydroxy one.

(2)-3-cyclohexyl-4-methyl-2-(((E)-2,3,4-trimethoxybenzylid
ene)hydrazineylidene)-2,3-dihydrothiazole, hydrochloride
(11)

Compound 11 was prepared by the same general procedure
as mentioned above, starting from trimethoxy benzaldehyde. It
was obtained as a colorless powder in 88 % yield. Compound 11
was subjected also to 'H and *3C NMR analysis which confirmed
previous results. In the same way as for MIM1 (2), NMR
experiments show slow processes upon
temperature variation (cf. Sl, Fig. 1). Noesy experiment done at
spectrum at 353 K proved spatial correlation between methyl
and cyclohexyl groups without ambiguity, below this
temperature a weak signal could be distinguished after rising
the temperature.

Mp = 152°C. Microanalysis: Anal. Found: C, 55.70; H, 6.47; N
9.78; S, 7.35. Calcd for CoH2gN30sCIS. (% HzO)Z C, 55.75; H, 6.50;
N, 9.75; S, 7.43. IR (powder) vmax/cmt 3311, 2935, 2859, 2500,
1589, 1570, 1498, 1440, 1410, 1295, 1100, 1082, 866, 809, 749.
1H NMR (400 MHz, DMF-d at 343K): 6§ 9.07 (s, 1H), 7.66 (d, J =
8.8 Hz, 1H), 6.97 (d, J = 8.8 Hz, 1H), 6.52 (s, 1H), 4.79 (s, 1H), 3.96
(s, 3H), 3.95 (s, 4H), 3.87 (s, 3H), 2.43 (s, 4H), 2.01 — 1.80 (m, 5H),
1.68 (d,J=12.8 Hz, 3H), 1.44 — 1.21 (m, 1H). (one proton hidden
by the methyl group). *H NMR (500 MHz, CDCls): 6 15.50 (s, 1H),
9.47 (s, 1H), 7.56 (d, J = 8.8 Hz, 1H), 6.71 (d, J = 8.8 Hz, 1H), 6.30
(s, 1H), 5.41 (s, 1H), 4.00 (s, 3H), 3.91 (s, 3H), 3.88 (s, 3H), 2.47
(s, 3H), 2.08 (s, 3H), 1.96 (s, 2H), 1.91 (s, 2H), 1.80 (d, J = 13.5 Hz,
1H), 1.28 (s, 2H). 13C NMR (126 MHz NUS sampling, CDCls, 300 K)
6 169.2, 156.3, 154.1, 149.7, 142.2, 139.2, 122.2, 120.1, 107.7,
106.0, 62.1, 61.5, 60.9, 56.1, 31.1, 25.3, 25.0, 17.3. HRMS (ESI):

relaxations

calcd for CyoH2gN303S: [M + H]*: m/z 390.18514. Found: m/z
390.1849 (1 ppm). HPLC analysis, compound 11: tg = 18.5 min;
purity: 95.9 %.

Single crystal structures suitable for X-ray analysis were
grown by slow diffusion layer/layer of pentane into a solution
of compound 11 in chloroform at 20°C. The details of X-Ray
structural analysis of 11 have been deposited at CDDC with the
number 2006656.

Synthesis and analyses of compound 14a and 14b

Compounds 14a and 14b were synthesised with the same
general procedure as mentioned in 7.1.3, starting respectively
with 4-methoxybenzaldehyde and tolylaldehyde.

(4-Methoxy-benzylidene)-(4-phenyl-2-phenylimino-thiazol-3-
yl)-amine (14a)

The product 14a was obtained as white crystals (268 mg, 78%
yield). Mp = 227°C. RMN H (methanol-d4, 300 MHz): 8.29 (s,
1H), 7.74-7.71 (m, 2H), 7.59-7.55 (m, 3H), 7.54-7.49 (m, 2H),
7.30-7.23 (m, 5H), 7.05-7.00 (m, 3H), 3.86 (s, 3H). RMN 13C
(Methanol-ds, 75 MHz): 170.9, 164.2, 153.5, 144.5, 135.4,
132.5, 131.8 (2C), 131.1, 130.9 (4C), 129.7, 129.6 (2C), 129.5
(2C), 126.6, 115.6 (2C), 108.7, 56.1. HRMS (ESI): calcd for
C3H19N3OSNa: [M + Na]*: m/z 408.11465. Found: m/z 408.1167
(5 ppm).

Single crystal structures suitable for X-ray analysis were
grown by slow evaporation of a solution of compound 14a in
acetone at 20°C. The details of X-Ray structural analysis of 14a
have been deposited at CDDC with the number 2006657.

(4-Methyl-benzylidene)-(4-phenyl-2-phenylimino-thiazol-3-yl)-
amine (14b)

The product 14b was obtained as yellow crystals (237 mg, 77%
yield). Mp = 223 °C. RMN 'H (Methanol-ds, 300 MHz): 8.74 (s,
1H), 7.66 (dt, 2H, J = 8.3 Hz, J = 1.8 Hz), 7.59-7.54 (m, 3H), 7.53-
7.49(m, 2H), 7.38-7.29 (m, 4H), 7.28 (s, 1H), 7.27-2.25 (m, 3H),
2.39 (3H). RMN 13C (Methanol-ds, 75 MHz): 171.1, 153.9, 144.6,
143.8, 135.0, 132.6, 131.8 (2C), 131.4, 131.1, 130.9 (2C), 130.8
(2C), 129.6 (3C), 129.5, 129.1, 109.0, 21.7. HRMS (ESI): calcd for
C3H20N3S: [M + H]*: m/z 370.13779. Found: m/z 370.1375 (1
ppm). Single crystal structures suitable for X-ray analysis were
grown by slow evaporation of a solution of compound 14b in
acetone at 20°C. The details of X-Ray structural analysis of 14b
have been deposited at CDDC with the number 2006655.

Flexible docking

Compounds were docked with a flexible docking protocol in
order to consider both ligand and protein flexibility, using
ChiFlex, LibDock and CDocker, as implemented in Discovery
Studio v17.1 (Biovia, Dassault Systemes, San Diego, CA). The
coordinates of crystallised proteins were PDB:3KJ0O73 and
PDB:3SPF,”4 for Mcl-1 and Bcl-x, respectively. The site sphere
was set to 18 A around co-crystallised ligands. 100 hot spots
were considered for docking, and simulated annealing was used
to refine the complexes, with 2000 heating steps at 700 K
followed by 5000 cooling steps at 300 K. Protein conformers



were obtained by 38° minimum side chain angle rotations. 73
protein conformers were generated with Mcl-1 and 55 for Bcl-
XL.

MCSS

Multiple Copy Simultaneous Search (MCSS)7> was carried
out on a 18 A sphere encompassing co-crystallised ligand. 8000
fragment replicas were initially placed in the receptor cavities,
and poses were optimised by 10,000 steps of Powel
minimization, following 8000 steps of steepest descent, using
CHARMmMm force-field. Binding free energy was calculated using
a molecular mechanics Poisson-Boltzmann with a non-polar
surface area implicit solvent model (MM-PBSA), as described
with MM-GBSA.7¢

Molecular dynamics

The modelled complexes (Mcl-1/35 or Bcl-x./35) were
inserted in a water box of 76 x 58 x 61 A consisting of 8756 water
molecules and 2 chloride ions to equilibrate the system, 62 x 57
x 57 A consisting of 6667 water molecules and 6 sodium ions,
respectively for Mcl-1 and Bcl-x, in explicit periodic boundary
conditions. Optimization of the solvent molecules was
performed by 6000 steps of steepest descent energy
minimization, keeping the inhibitor/protein complex frozen.
Then the ensemble was again subjected to energy minimization
(5000 steps of steepest descent then adopted Newton
Raphson), heating (200 ps from 50 to 300 K), and equilibration
(200 ps at 300 K). The production (3 independent runs of 100
ns) was performed using NAMD v2.9 in NPT conditions, with a
timestep of 2 fs at 300 K. The non-bond pairlist distance was set
to 14 A, the cut off to 12 A and a switching distance of 10 A. A
multiple time stepping integration was used, with a mollified
impulse method (MOLLY). A Langevin dynamics was used for
the temperature control, and a Langevin piston for the pressure
control. All hydrogen-atoms bonds were kept rigid (SHAKE), and
the SETTLE algorithm was used for water molecules.

FPA assay

Carboxy-fluorescein labelled peptide (5-FAM-
EDIIRNIARHLAQVGDSMDR-NH3) and Bim-WT peptide (H-Ahx-
DMRPEIWIAQELRRIGDEFNAYYAR-OH) were purchased from
GENEPEP and used without further purification. Mcl-1 (172-
327) was produced in collaboration with Biomolecules
laboratory of Pierre and Marie Curie University.”” FPA
measurements were carried out in 96-well, black, flat-bottom
plates (Greiner Bio-One) using the Bioteck microplate reader
Synergy 2. All assays were conducted in assay buffer containing
20 mM NazHPO4 (pH 7.4), 50 mM NaCl, 2 uM EDTA, 0.05%
Pluronic F-68.78 For ICsp determination, compounds were
diluted in DMSO in a 8-point, serial dilution scheme, added to
assay plates and were incubated with 100 nM Mcl-1 for two
hours. Then, to measure inhibition of Mcl-1/FAM-Bid
interaction, 15 nM 5-FAM-Bid peptide was added and plates
were incubated for two hours at room temperature. For each
experiment, a negative control containing Mcl-1 and 5-FAM-Bid

peptide (equivalent to 0% inhibition), and a positive control
containing Mcl-1, 5-FAM-Bid peptide, and 10 pM Bim-WT
peptide (equivalent to 100% inhibition), were included on each
assay plate. Each point was duplicated and each experiment
was performed in two biological replicates. The change in
polarization was measured and used to calculate an ICsg
(inhibitor concentration at which 50% of bound peptide is
displaced), by fitting the inhibition data using GraphPad Prism 6
software to a sigmoidal, 4PL, X is log(concentration). This was
converted into a binding dissociation constant (Ki) according to
the formula described by Nikolovska-Coleska et al.¢8

Cell culture and treatment

IGROV1-R10 cell line was established as described previously”®
from the IGROV1 cell line, itself kindly provided by Dr. Jean
Bénard (Institut Gustave Roussy, Paris, France). They were
grown in RPMI1640 (Gibco) medium supplemented with 2 mM
Glutamax™, 25 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), 10% decomplemented FBS
(Fetal Bovine Serum) (Gibco) and 33 mM sodium bicarbonate
(Gibco) and were maintained in a 5% CO; humidified
atmosphere at 37 °C. Ovarian cancer cell lines were certified
mycoplasma-free thank to a MycoAlert test. Cells were seeded
in 25 cm?2 flasks 24 hours before their treatment and exposed
to MIM1 or analogue molecules as single agents or in
combination with ABT-737 or S63845 for 24 hours at the
indicated concentrations.

Nuclei staining by DAPI

After treatment, both detached and adherent cells were
pooled after trypsinization, applied to a polylysine-coated glass
slide by cytocentrifugation and fixed with a solution of
ethanol/chloroform/acetic acid (6:3:1). The preparations were
then incubated for 15min at room temperature with 1ug/ml
DAPI solution (Boehringer Mannheim-Roche, Mannheim,
Germany), washed in distilled water, mounted under a coverslip
in Mowiol (Calbiochem) and analysed under a fluorescence
microscope (BX51, Olympus, Rungis, France).

On each image a deep-learning-based method of 2D nucleus
detection was applied [Uwe Schmidt, Martin Weigert, Coleman
Broaddus, and Gene Myers. Cell Detection with Star-convex
Polygons. International Conference on Medical Image
Computing and Computer-Assisted Intervention [MICCAI,
Granada, Spain, September 2018] with a python program. A size
filter was used to class intact nuclei and fragmented nuclei.
Then, a closing morphological operator was applied to regroup
the clusters of small fragments. Each cluster was counted as one
fragmented nuclei.

DNA content analysis by flow cytometry

Adherent and floating cells were pooled, washed with 1X
PBS and fixed with ethanol 70°. Before flow cytometry analysis,
cells were centrifuged at 2000 rpm for 5 min and incubated for
30 min at 37°C in PBS to allow the release of low-molecular
weight DNA (characteristic of apoptotic cells). Cell pellets were
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stained with propidium iodide (Pl) using the DNA Prep Coulter
Reagent Kit (Beckman-Coulter, Villepinte France). Samples were
thereafter analysed using a Gallios flow cytometer (Beckman
Coulter) and cell cycle distribution was determined using Kaluza
acquisition software (Beckman Coulter).

Western blot analyses

Cells were rinsed with ice-cold PBS, suspended in a lysis buffer
[RIPA : NaCl 150mM, Tris (pH 8) 50mM, Triton X100 1%, PMSF 4mM,
EDTA 5mM, NaF 10mM, NaPPi 10mM, Na30V4 1mM, aprotinin
0.5uL/mL and 4.6 mL ultra-pure water] and incubated on ice for
30min. Lysates were collected after centrifugation (13200g, 10 min,
4°C) and protein concentrations were determined using the Bradford
assay (Bio-Rad, Hercules, USA). 25ug of protein were separated by
SDS-PAGE on a 4-15% gradient polyacrylamide gel (Invitrogen,
Hybond-PVDF
membranes (Amersham, Orsay, France). After blocking non-specific
binding sites for 1 hour at RT by 5% (w/v) non-fat dry milk in TBS with
0.1% (v/v) Tween20 (T-TBS), the membranes were incubated
overnight at 4°C with the following rabbit monoclonal antibody:
PARP, caspase-3 (Cell Signaling Technology, Ozyme, Saint-Quentin-
en-Yvelines, France) or mouse monoclonal antibody: actin (EMD,

Cergy-Pontoise, France) and transferred to

Millipore, France). Membranes were then washed with T-TBS and
incubated for 1 hour with the appropriate horseradish peroxidase-
conjugated anti-rabbit (Cell Signaling Technology, France) or anti-
mouse (Amersham, Orsay, France) secondary antibodies. Revelation
was done using a luminescent Image Analyzer (GE Healthcare, Orsay,
France). Quantification was performed with the ImageQuantTL
software (version 7.0).
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