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Abstract

Sphingosine kinase 1 (SphK1), the enzyme that peslihe bioactive sphingolipid
metabolite, sphingosine-1-phosphate, is a promisie molecular target for therapeutic
intervention in cancer and inflammatory diseasesview of its importance, the main

objective of this work was to find new and moregmtinhibitors for this enzyme possessing
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different structural scaffolds than those of theown inhibitors. Our theoretical and
experimental study has allowed us to identify twewnstructural scaffolds (three new
compounds), which could be used as starting strestdor the design and then the
development of new inhibitors of SphK1. Our studgswcarried out in different steps:
virtual screening, synthesis, bioassays and maecolodelling. From our results, we
propose a new dihydrobenbfipyrimido[5,4f]azepines and two alkyl{3-/4-[1-hydroxy-2-
(4-arylpiperazin-1-yl)ethyllphenyl}carbamates astial structures for the development of
new inhibitors. In addition, our molecular modejjirstudy using QTAIM calculations,
allowed us to describe in detail the molecularraxtg&ons that stabilize the different Ligand-
Receptor complexes. Such analyses indicate thatc#i®nic head of the different
compounds must be refined in order to obtain arease in the binding affinity of these
ligands.

Keywords: sphingosine kinase 1 inhibitors, virtual screenirgynthesis, bioassays,

molecular modelling.

1. Introduction

Sphingosine-1-phosphate (S1P) is a bioactive sphpid metabolite that regulates many
physiological functions [1-3]; however, it also haspathological role in autoimmune
dysfunction, inflammation, cancer and many othesedses [4—6]. S1P is generated
intracellularly by the action of two sphingosin@&ses (SphKs) named SphK1 and SphK2,
which catalyze the ATP-dependent phosphorylatiospiingosine on its primary hydroxyl
group.

It has been demonstrated that S1P levels and Smhxgiession and/or activity are
increased in distinct cancer types, including stlichors of the breast, colon, lung, ovary,

stomach, uterus, kidney, liver, and melanoma andeurfkemia, among others [7-9].
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Moreover, upregulation of SphK1 has been associatgt tumor angiogenesis and
lymphangiogenesis [10-13] and correlates with gmognosis in cancer patients [14,15].
Indeed, substantial evidence indicates that phaslogical or molecular inhibition of
SphK1 has anti-cancer effects [11,16—25]. Thus, dear that SphK1 is a promising novel
molecular target for therapeutic intervention in@& and inflammatory diseases [26,27].

The first crystal structure of SphK1 was reporte@013 [28]. More recently two SphK1-
co-crystal structures (4L02 and 4V24) with potamhilbitory compounds have also been
published [29,30]. These structures provide usgtfuictural information on the interactions
of ligands at the active site of SphK1.

Previously, various compounds have been reportéd mvhibitory activity on SphK1
[29,31-37]. The structural scaffolding of the blesdbwn compounds is shown kgure 1,
with their respective references. Among these cam@s, compound SLP7111228 has been
recently reported [37]. Recently, the crystal sinue of SphK1 with PF-543, the most potent
and selective SphK1 inhibitor, was also revealéy3g]. While numerous non-specific and
several isozyme-specific inhibitors of SphK1 haeeip studied, considering the important
role of this enzyme in inflammatory processes egldb cancer [38—41], an important task is
to develop new and more potent SphK1 inhibitorsetlasn different structural scaffolds
than those of the known inhibitors. Thus, the maljective of this work is to obtain new
SphK1 inhibitors having a different structural lzaian the well-known inhibitors. In the
first step of our study, which was based on thestatystructures of SphK1 alone [28] and
complexed with an inhibitor [29,30], we have cadr@ut virtual screening that allowed us to
identify potential new inhibitors. Next, we syntim=sl and tested the inhibitory activity of
these novel compounds, and finally, we conductemkecular modelling study that allowed

us to understand interactions at the molecularl ldhat stabilize the formation of different



Ligand-Receptor (L-R) complexesSigure 2 shows in schematic form the various steps that

have been carried out in this study.

OH
OH o "\ NH,
cl i-cl
mw (V/J\/@)LD
HI N
“Me 1 Ny NH
S
1l

SK1-I SKI- VPC96091
Ki (uM), SphK1: 10 Ki (uM), SphK1: 17 Ki (uM), SphK1: 0.130
Ref [31] Ref [32] Ref [33]

S e

Compound 51 RB-005
ICso (pM) SphK1:0.058 IC50 (uM), SphK1:3.6
Ref [34] Ref [35]

OH

Compound 82

ﬁ

Ki (pM) Sth1 0.0036 ICso (uM), SphK1: 0.02
Ref [36] Ref [29]
N—Q
I M '?—NH,
-Hel H
CgHi7
SLP7111228
Ki (uM), SphK1: 0.0048
Ref [37]

Figure 1. Main structural scaffolds previously reported fionibitors of SphK1.
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Figure 2. Flow chart showing the various steps and technigaesed out in our study. The
numbers inside the boxes indicate the number opoomds evaluated.



2. Results and Discussion
2.1. Structure-based virtual screening

Structure-Based Virtual Screening (SBVS) strategiely on the three dimensional
structure of a target and on the ability of dockahgporithms to predict the binding mode and
the binding affinities of different compounds obied from libraries [42]. The docking
process is usually divided into two major stepsstfithe correct placement of the ligand at
the protein binding-site; and then estimation efligand affinity by a scoring function [43].

Before undertaking the prospective Virtual ScregriMS) campaigns to search for novel
inhibitors of SphK1, we considered it prudent t@leate the performance of the docking
algorithm in retrieving known inhibitors of SphKitom a decoys library. There are two
treatments for constructing these libraries. In thest common approach a few active
compounds are seed in a larger database of randestdgted (and supposedly inactive)
molecules with similar physico-chemical properties dissimilar 2-D topologies. However,
in real medicinal chemistry pipelines, molecules aften congeneric as they come from
parallel synthesis and, consequently, are strubgureore similar to one another. It would
therefore be more reasonable to select decoys dingoto their similarity to the active
molecules [44]. We constructed the decoy libraryet@luate docking performance by
following this second approach. Since in this apphodecoys are more likely to be actives
than the randomly selected molecules, one need teure that they are truly inactive.
Therefore, their biological activities against tharget of interest must be known.
Accordingly, we have compiled a dataset of 54 commos from CHEMBL
(www.ebi.ac.uk/chembl/) [45] for which their expmentally measured dissociation
constants (Ki values) against SphK1 are known. ddrapounds were sorted from the most

actives to the marginally active ones accordinghir Ki values. The cutoff was set to



10000 nM, compounds above (below) this thresholtevilagged as active (inactive). The
chosen cutoff value ensures a balanced populatiantive / inactive compounds.

After screening the library with AutoDock Vina (ANina) [46] we constructed a
Receiver Operating Characteristic Curve (ROC) sesghe quality of the docking results
[44]. Then the ROC curve was constructed by plgttire True Positive Rate (or Sensitivity)
versus the False Positive Rate (or 1-Specificif¢ulated at intervals over the ordered list
of docking scores. The ROC is depicted kigure 3 for VS results on one of the
experimentally solved SphK1 protein conformers, @3v& chainA (see cross-docking
section below for details on protein conformers man In this graphic, the 45° diagonal
(gray line) represents a random classification & tlatabase with area under the curve
(AUC) for the random case of 0.5. Any model with AdC > 0.5 performs better than
random in discriminating the most active compouindsh less active ones. As observed in
the figure, the docking model performs very welthe classification of the dataset (AUC =

0.87). Similar results were obtained for the renmgjravailable SphK1 structures.
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Figure 3. Performance for the docking of the 54 known iitbils of SphK1 on the
conformer 3vzd_A chainB.



Figure 4a shows the best score pose for the 54 known irdnif SphK1 as docked in
the same protein conformer 3vzd_A_chainB. Whilerghis no structural information on
how these inhibitors actually bind to SphK1, théare the same structural scaffolds as the
four ligands in the solved structures and thereftiris assumed that they will bind also in
the same binding mode. As depicted in tigure 4, most of the inhibitors adopt the
characteristic J-shaped binding mode observedhi@rctystallographic ligands. However,
some outliers can be observed among the poses: coiinem do not enter entirely into the
J-shaped cavity overlapping with the ADP binding €ind some other ligands are turned
over, i.e. with their polar heads anchored at tbgon and the hydrophobic tail near the
entrance of the J-shaped cavity.

Therefore, although the AD Vina scoring functionrfpems well in discriminating
between more active and less active ligands, thhktyabf the docking algorithm in

retrieving the correct ligand poses is somewhatueit.



Figure 4. Binding modes of the 54 known inhibitors of Sphbdfore (a) and after (b) the
filtering out of the non-structure-like poses.

2.1.1. Cross-docking

Many studies have assessed the success rate odm®oq self-docking tests, whereby a
ligand is docked into the protein structure fromiackhit was extracted (native docking).
Cross-docking, or using a protein structure frornoanplex containing a different ligand,
provides a more realistic assessment of a dockmgram's ability to reproduce X-ray
results [47].

To evaluate the ability of the docking algorithmradrieve the correct poses of known
binders of SphK1, we performed a cross-dockingyemabf the crystallographic complexes
of SphK1 available to date. Currently, there awe f6phK1 crystal structures deposited in
the Protein Data Bank shownkigure 5a. In one, SphK1 was crystallized both in apo form

(code 3vzb, chain C) and in complex with a substsgihingosine-like lipid SQS (code



3vzb, chains A, B). In the remaining structureshiSp was solved in complex with a
moderate, non-isozyme-specific inhibitor SKI-II presence of ADP (3vzd) and without
ADP (code 3vzc) and complexed with two potent irtbiis, PF543 (code 4v24) and 1V2
(code 4102).

Four of the structures, 3vzb, 3vzd, 4102 and 4viapldyed both “A” and “B” alternative
conformations for some residues. Since none ofrés&lues with alternate conformations
were close to the substrate cavity, only conforamatiA” of those structures was kept.
Moreover, while SphK1 is monomeric (biological asbdy), the asymmetric unit in the
crystal structures contains from 2 to 5 moleculdsips) depending on the structure (see
Figure 5d). Since the asymmetric unit constitutes the sratltepetitive portion of the
crystal and due to the different stoichiometryha# thains within the same structure (i.e. apo
form, bound to ligand, bound to ligand + ADP, $égure 5a), structural differences can be
observed among the chains in a single crystaltstreicin 19 out of the 20 SphK1 chains or
conformers, there was a ligand bound to the sulstavity in the C-terminal domain.
Therefore, we performed cross-docking of the 18nds against the 20 conformations of
proteins from the five crystal structures.

For the naming of the different SphK1 conformers,adopted the following convention:
“PDB id_X_chainY”, where PDB id is the four digibde with which the 3D structure is
deposited in the Protein Data Bank; X the alterrcateformation (i.e: A, B, etc); and Y
corresponds to the protein chain (chain A, chaietB).

Previous to the cross-docking calculations, the ntweSphK1 conformers were
superimposed by their protein alpha carbons. Tleach ligand from each chain in the
crystal structures was cross-docked against ahefprotein conformers. After docking, the

RMSD was calculated between the experimental bgndnode of each ligand conformer



and its docked pose in each one of the twenty pratenformers. The binary heatmap in

Figure 5b summarizes the results of the cross-docking exysari.
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Figure 5. (a) Schematic representation of the 5 crystalkctires available for SphK1. This
scheme is intended to illustrate the number andngement of the chains within each
structure as well as the composition stoichiomefiryeach chain (ligand-bound/unbound,
ADP-bound/unbound states). In structures 3vzb, ald®4v24 the ligand binding sites from
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experiment. Top-ranked docking poses with a RMSD 2<with respect to the
crystallographic binding mode in each chain areiddeg in green. Red and yellow stars
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Figure 6. (a) Crystal structure of SphK1 bound to SQS (enge) superimposed to the apo
form of the enzyme (in cyan). (b) Crystal structofethe SQS bound SphK1 (in orange)
superimposed to the X-ray structure of the SKldubd enzyme (in green). SKI-1I atoms
are represented with spheres to highlight the csteindrance with V177 from the SQS-
bound protein conformer.

As can be seen, PF543 and 1V2 are docked in thmged experimental binding pose in
most of the protein conformers. On the other h&id;Il and SQS in general reproduces
the experimental pose only in its native conformemsl/or in a smaller subset of protein
conformers.

The poor performance of the cross-docking of SQ& &KI-Il into their non-native
conformers suggests that conformational changestntidce place in the enzyme that are
driven by the ligand characteristics (induced fieets). This is also evidenced by the fact
that none of the ligands dock well in the apo faifithe enzyme (molecule C from 3vzb).

Examination of the apo form (molecule C of 3vzbyealed a similarly shaped cavity
with a comparable entrance around the head grogprnparison with the holo enzyme, i.e.
the J-shaped cavity already exists in the apo fétowever, its solvent-accessible volume
decreased markedly on going from the apo to the fosm due to the inward movement of
helicesa7 ando8 (Figure 6d). As suggested by Wang et al [28], thé-a8 segment in
SphKs might act like a lipid gate that controls il@nd-out of lipid substrate and product.

The SQS-bound enzyme superimposed to the SKI-lrbpuwhich illustrates the
importance of the conformational changes of Sph&&hown inFigure 6b. As can be seen,
the “a7-08 gate” shows a slightly different conformationSKI-II-bound (green) and SQS-
bound conformers (orange). As a consequence ottimtrmational difference, when SKI-
Il is docked into the SQS-bound protein confornitecannot approach close enough to the

a8 helix to form the N-H---O H-bond with Thr196 besa Vall77 would be located too

close to the aminophenol ring of SKI-II leadingsteric hindrance. The inability of SKI-II
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to form that H-bond in the SQS-bound protein comier, which is present in the SKI-II-

bound native structure, might explain in part tle@mpperformance of the cross-docking of
SKI-Il. Thus, the conformational changes in thé-a8 segment, and the fact that the
docking performance is very sensitive to those ghanhighlight the necessity of employing

an ensemble of protein conformers in the virtuadsging campaigns against SphK1.

2.1.2. Ensemble docking

In ensemble docking, the ligand is docked againsumber of conformations of the
protein. The highest scoring binding mode is thelected from the ensemble of dockings
against all protein conformers. Accordingly, weesétd the highest scoring pose obtained
for each one of the 19 ligands, which are labelétl @ red star on the binary heat map in
Figure 5b. As can be seen in that figure, only in 8 of tBdigands (42 % of the cases) was
a correct pose (i.e. a pose with RMSD < 2A) setbtte the standard scoring function of
AD Vina [46]. Thus, it is evident that an ensemidecking campaign to find novel
inhibitors of SphK1 would likely fail if the “non Xay like” (i.e. the poses with RMSD >

2A) are not first filtered out from the ensemble.

2.1.3. Model to filter out the “non X-ray like”

Taking advantage of the structural information ke for SphK1, we trained a
classification model that was able to distinguisé tlocking “X-ray like” from the “non X-
ray like” according to a 2A RMSD cutoff, with ~ 86&ecuracy on the training sétigure
7a shows the form of the logistic regression hypathégX) where X andd are vectors
containing the independent variables (or featuees) the adjustable parameters of the
model, respectively. The model, once the paramewese adjusted, estimated the

probability (between 0 and 1) of the docking posmtp a crystal structure-like pose or a “X-
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ray like” pose, based on the ligand binding modesnf the experimentally resolved

structures of SphK1.
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Figure 7. Construction of the logistic regression modelctassify docking poses in
crystal structure-like / non crystal structure-likeses.

The features that fit the model were selected ftbm conformation-dependent terms
defined in the AD Vina scoring function. The comf@tion-dependent terms in the default
AD Vina scoring function consist of three steriente (gauss gauss and repulsion), a
hydrogen bond term, and a hydrophobic term [46].

To make the features independent of the ligand &aeh term was normalized by the
number of heavy atoms of the ligand or heavy atoomts (HAC) so that the model might

generalize to ligands other than the ones in Hiaitrg set.
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By plotting the size-independent AD Vina terms agaieach other, we found that the
hydrophobic term was irrelevant for discriminatibgtween “X-ray like” and “non X-ray
like”, so it was removed from the set of potenfedtures for the classification model. The
hydrophobic term accounts for the desolvation ggrdale to ligand binding. Since both “X-
ray like” and “non X-ray like” are quite buried mthe protein core (sdégure 4a), the
hydrophobic term does not differ appreciably betwdmth kinds of poses. From the
remaining four conformation-dependent terms, a et of features was constructed by
taking into account the physical meaning of thesms$ and the knowledge gained from the
experimentally solved structures of SphK1.

Figure 7a shows the new set of features constructed fronotlggnal AD Vina terms.
Thus, the three steric terms (previously normaliagdhe HAC) were added together in a
single term x based on the observation that these three tergeghier (i.e. the two gauss
attractive terms for dispersion and the repulsaren) roughly behave like the van der Walls
terms in force field based scoring functions (ilee 12-6 Lennard-Jones potential). The
combined steric term (¥ similarly to the van der Waals terms, might lemsidered as a
measure of the shape complementarity between dgaadiand the receptor binding cavity.
In addition to X, X, represents the AD Vina hydrogen bonding term némed by the
heavy atom count. Finally, alternative hydrogending term % was constructed. Unlikex
X3 discriminates between those interactions wherdigfamd acts as hydrogen bond donor
and as hydrogen bond acceptor. Thys;omputes the AD Vina hydrogen bonding function
for the interactions involving ligand donor atom$B) versus ligand acceptors atoms
(HBA), each one normalized by the total numberigand H-bond donor and acceptor
atoms of the ligand, respectively.

In Figure 7b, x; is plotted againstawith the “X-ray like” (< 2A RMSD) and “non X-ray

like” (> 2A RMSD) depicted with black crosses anellgw circles, respectively, and the
14



decision boundary between them is depicted in Blis decision boundary discriminates
between both kinds of poses with 69% accuracy.@nother hand, whersxs used to fit
the model instead of,XFigure 7¢), the resulting decision boundary performs mudieben
discriminating between crystal-structure like anon4trystal structure-like poses. This
improvement in the model performance is relatethéosimple observation that the ligands
in the experimentally solved structures act almmsatlusively as hydrogen bond donors
against the enzyme residues. This results in a heglg value of ¥ (and a very high
HBD/HBA ratio) in the crystal structure-like posasd a very low value ofsxallowing a
better discrimination between both kinds of poses.

Figure 7d depicts the J-shaped tunnel occupied by the ligatide enzyme binding site.
As can be seen, the borders of the J-shaped tamaetlefined mostly by hydrophobic
residues and also by a set of negatively chargeidues near the entrance of the tunnel,
including Asp81 and Asp178 among others. Thuspbkecular recognition event involves
shape complementarityetween the ligand and SphK1 which is evidencedhieyoverall
higher values of xin the crystal structure-like poses and at$@mrge complementarity
which is better recovered by.x

The yellow stars irFigure 5b show the highest scoring poses for each one ofL¢he
ligands after filtering out the “non X-ray like” t the trained logistic model. In 18 out of
the 19 ligands a crystal structure-like pose wakecsed that represented a clear
improvement as compared with the ensemble dockerfppnance without applying the

filter.

2.1.4. Model validation
In order to validate the trained classification mlodie applied it to the docked poses of

the 54 known inhibitors of SphK1 from CHEMBL datakato filter out the "non X-ray
15



like". Figure 4b shows the best scored poses for the protein coefoBvzd A chainB,
after applying the trained model. By visual inspattof Figure 4b, one can actually see
that most of the outlier poses were removed fromtést set after filtering out the non-

crystal structure-like poses.

2.1.5. Pre-selection of candidate compounds and tdts of the virtual screening

From the point of view of the structure, the compaaiselected for further testing should
bear some structural resemblance to the known dgjane. have a polar head and a
hydrophobic tail, as well as some conformationekifbility. Based on this, we selected a
group of 147 compounds including chalcones, aceioge protoberberines,
nitrosopyrimidines and carbamates among others.fihgerprints of these 147 compounds
were calculated using Open Babel [48], a chemixpéd system mainly used for converting
chemical file formats, and the results were congbaveh fingerprints obtained for the 54
compounds used previously to test the model. Tleosgpounds having a Tanimoto index
(Tc) [43] greater than 0.7 were discarded. Note tthe fingerprints are a way to encode the
structure of a molecule in order to compare it wother compounds; whereas the Tc is a
measure of the similarity between two structuregireg from 0 to 1. Based on the Tc index,
we selected 114 structurally diverse compounds hvpassess structural differences with

respect to the known binders from the test setifyursy their further study.

.2.2. Chemistry

Our model predicted sixteen different compoundgaential inhibitors of SphK1T@ble
1) that were testenh vitro for inhibition of recombinant SphK1. Synthesiscompound—
12, 14 and 15 have not been previously reported in the litegtuand thus their

characterization is now described (compournd® were reported only as moderate
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antimicrobial and/or antioxidant agents, but withtheir synthesis and analytical data [49-
51]). Synthesis and characterization of compouhd43 and 16 have been previously

reported [52-54].

Table 1 Structural features of compounds evaluated as Spfikitors.
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Compound2 was synthesized in two steps from syntheticallgilable 4-chloro-6,11-
dimethyl-6,11-dihydro-Bl-benzop]pyrimido[5,4{]azepine [52] by treatment with excess of
hydrazine monohydrate and subsequent condensdtitire wesulted hydrazinyl derivative
with p-chlorobenzaldehyde. Both the above precursor oifpoundl and compoun@ were
prepared following the general procedure shown dhese 1, which starts from the
corresponding 5-allyl-4,6-dichloropyrimidine thamffers aminolysis by reaction with a
substituted N-methylaniline to afford the corresponding 5-alyharylamino-4-
chloropyrimidine which under a strong acid mediavokes intramolecular Friedel-Crafts
cyclization to afford the corresponding 6,11—diloeH—benzob]pyrimido[5,4-f]azepine;

in the case of starting frommethoxyN-methylaniline, the demethylation of the methoxy
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group is observed in the cyclization step and sodedang the compoundl.

Cl R Cl = Cl
= a R'" b NZ
N™™ N7
)l\l\/(\/+ \@LN/_.. o — o
= = R™ 'N” °N
R™ "N” “Cl '1| R™ "N” °N /
R=H, Ph |
1 R =H, Ph
R'=H, OCH;

R'=H, OCH, (OH)
1 (R= Ph; R'= OH)

ReUity
/N’NH

2 (R=H; R'=H)

Scheme 1: Synthesis of 4-chloro-6,11-dimethyl-6,11-dihydrdvdroxy-2-phenyl-5i-
benzop]pyrimido[5,4flazepine, 1) (R=Ph; R=0OH) [49] and E)-4-(2-(4-
chlorobenzylidene)hydrazinyl)-6,11-dimethyl-6,1 tvygiro-3H-benzop]pyrimido[5,4-
flazepineg(2) (R = R = H).

Reagents and conditiona) DIPEA, EtOH, reflux, 48-72 h; b) GBO;H, 115-120 °C, 10-
20 min; c) NBNH,- H,O, EtOH, reflux, 24 h; djp-chlorobenzaldehyde, EtOH, AcOH (cat.)
reflux, 4 h.

Reaction of 3- or 4-aminoacetophenone and a saitaklyl chloroformiate gave alkyl (3-/4-
acetylphenyl)carbamat@&—6g which reacted with bromine in chloroform to yieltkyl [3-
/4-(bromoacetyl)phenyl]carbamat8b—6ly these compounds by treatment with differidnt
monosubstituted aryl(heteroaryl)piperazines pravidee corresponding alkyl {3-/4-[(4-
aryl(heteroaryl)piperazin-1-yl)acetyllphenyl}carbates 3c—6¢ Subsequent reduction of
keto group using NaBH provided target alkyl {3-/4-[1-hydroxy-2-(4-

aryl(heteroaryl)piperazin-1-yl)ethyl] phenyl}carbates3-6, seeScheme 2
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HN—\I HN—\l

3-6 3c-6¢
Scheme 2: Synthesis of alkyl {3-/4-[1-hydroxy-2-(4-arylpipezia-1-yl)ethyl]
phenyl}carbamate8—6 R%: 3-Me, 3-Bu, 4-Bu; R pyridine-2-yl, pyridine-4-yl, pyrimidine-
gg;gents and conditiona) CICOOR, pyridine, acetone, reflux 3h; b) BICHCk, ambient
temperature 3 h; cN-(hetero)arylpiperazine, TEA, THF, ambient tempeamt3 h; d)
NaBH,;, MeOH, reflux 3 h.
Studied 1-(3-{4-[(alkoxycarbonyl)amino]benzoyloxg+hydroxypropyl)-4-phenylpiperazin-
1-ium chlorides7-9 were prepared by multiple-step reaction describedscheme 3
Epoxides7a—9a and 13a (see below) were prepared from 4-aminobenzoic #wuidugh
reaction with methyl, ethyl, propyl and butyl chdformiates giving appropriate 4-
[(alkoxycarbonyl)amino]benzoic acids. Chloridestloése acids formed by thionyl chloride
treatment gave desired epoxidés—9aand 13a after reaction with 2,3-epoxypropan-1-ol
[53]. In the last step final compounds9 were prepared by a reaction of the epoxides with

1-(4-phenyl)piperazine and then converted to thdrdghloride salts using ethereal HCI to

enhance their solubility in water [55].
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OH NH
7-9 © Ta-9a, 13a

Scheme 3: Synthesis of studied 1-(3-{4-[(alkoxycarbonyl)amjbenzoyloxy}-2-
hydroxypropyl)-4-phenylpiperazin-1-ium chloridés9. R: Me, Et, Bu and P13a).

Reagents and conditiong) CICOOR, pyridine, acetone, reflux 3 h; b) S©QGbluene,
reflux; c) 2,3-epoxypropan-1-ol, THF, TEA, 0°C theambient temperature; d) 1-
phenylpiperazing; PrOH, reflux; e) HCI, BO, ambient temperature.
(1-Butylpiperidin-4-yl)methanaminelQb=110H and (1-propylpiperidin-4-yl)methanamine
(12b) were prepared according to the literature fropepdine-4-carboxamide by alkylation
followed by reduction [56,57]. The preparation afget productd0-12was conducted as
follows: the commercially available 4-aminophenasareated with alkyl chloroformates
(R' = Me, Bu) followed by epichlorohydrin addition give requisite methyl [4-(oxiran-2-
ylmethoxy)phenyl]carbamate 1Q0a=123 and butyl [4-(oxiran-2-
ylmethoxy)phenyl]lcarbamatel 1a) [58]. The carbamates were then coupled to prelou
prepared methanamines in MeOH at ambient temperallre prepared final products as

free bases were tranformed to target alkyl [4-@flkylpiperidin-4-yl)methyllJamino}-2-

hydroxypropoxy)phenyl]carbamate dimethanesulfonafes 2 seeScheme 4
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Scheme 4: Synthesis of studied alkyl [4-(3-{[(1-alkylpipemd4-yl)methyllJamino}-2-
hydroxypropoxy)phenyl]carbamate dimethanesulfonifes 2 R": Me, Bu; R: Pr, Bu.
Reagents and conditionsa) CICOOR, EtO, pyridine, ambient temperature; b) 2-
(chloromethyl)oxirane, EO, KOH, ambient temperature; c) alkylhalogenidgsLidLH 4;
e) MeOH, ambient temperature; f) €5O;H, acetone.
Synthesis of 2-hydroxy-3-[2-(4-methoxyphenoxy)e#mglino]propyl 4-
(propoxycarbonylamino)benzoate hydrochlorid®)(was described in Tengler et al. [53].
The first main intermediate, oxiran-2-ylmethyl ${époxycarbonyl)amino]benzoat&3g)
was synthesized according &¢heme 3 The epoxide ring was opened by addition of the
second main intermediate, 2-(4-methoxyphenoxy)ethmne (@3b) prepared by Gabriel
synthesis from 4-methoxyphenol via 1-(2-bromoethetynethoxybenzene and 2-[2-(4-
methoxyphenoxy)ethyl]H-isoindole-1,3(®)-dione, seeScheme 5 The higher aqueous-

soluble hydrochloride salt was prepared from thquaed base using ethereal HCI, as

described in Tengler et al. [53].
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Scheme 5: Synthesis of 2-hydroxy-3-[2-(4-methoxyphenoxy)ddmyino]propyl 4-
(propoxycarbonylamino)benzoate hydrochlorid8)(

Reagents and condition§3a seeScheme 3 a) 1,2-dibromoethane, NaOH; b) potassium
phtalimide, KI, DMF; ¢) NHNH.- H,O, EtOH; d)i-PrOH; e) HCI, EfO.

Final productl4 was prepared via multi-step synthesis as desciib&theme 6 Tosylate
intermediates  2-methoxyethyl 4-methylbenzenesuttonaand oxiran-2-ylmethyl 4-
methylbenzenesulfonate were prepared accordinget@uablished procedure by reaction of
4-methylbenzenesulfonyl chloride with 2-methoxyetbla and oxiran-2-ylmethanol,
respectively, in dichloromethane [59,60]. 2-(2,6¥ethoxyphenoxy)ethanamine was
prepared via Gabriel synthesis (s@eheme % from 2-[2-(2,6-dimethoxyphenoxy)ethyl]-
1H-isoindole-1,3(H)-dione in two-step synthesis starting from 2,6-glinoxyphenol that
gave 2-(2-bromoethoxy)-1,3-dimethoxybenzene witB-dibromoethane. Then the 2-(2-
bromoethoxy)-1,3-dimethoxybenzene was reacted wiatassium phthalimide [61]. The
main synthesis was carried out as described by &tamwa et al. [62]. 4-(2-
Methoxy)ethoxybenzoic acid4a) was prepared from ethyl 4-hydroxybenzoate viatiea
with 2-methoxyethyl 4-methylbenzenesulfonate antbwang hydrolysis of the ester. The
final product, fumarate sall{), was prepared from the potassium salt of adidthat gave
(oxiran-2-yl)methyl 4-(2-methoxyethoxy)benzoat&4lf) after reaction with oxiran-2-

ylmethyl 4-methylbenzenesulfonate. The oxirane rimgs then opened by 2-(2,6-
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dimethoxyphenoxy)ethanamine. The obtained basefimay converted to its fumarate salt

using ethereal solution of fumaric acid to enhatheesolubility of the compounds in water.

o
OH
o OCH;

oy
o 0 2 o
ab cd ef NP
OC,Hg = OH ——» 0 — - (0] N
@)L oHs oo /@)l\ e /@)L /¥0_7 e /@)L /\(SD?\HZ
HO 3O~ N0 0 H,CO
14

14a 14b

Scheme 6: Synthesis of target [2-(2,6-dimethoxyfenoxy)et{@dhydroxy-3-[4-(2-

methoxyethoxy)benzoyloxy]propyl} ammonium fumaréid).

Reagents and conditionst) 2-methoxyethyl 4-methylbenzenesulfonateC®s, acetone,
ambient temperature; b) NaOH, ii) HCI, CHCE; ¢) MeOH, i-PrOH, KOH; d) oxiran-2-
ylmethyl 4-methylbenzenesulfonate, DMF, 7 h, 70 °C;e) 2-(2,6-
dimethoxyphenoxy)ethanamineRPrOH, 1 h at 85 °C and for 72 h at ambient tempegaf)

fumaric acid, EO.

1-Chloro-2-methoxyethane by reaction with methyhy2roxybenzoate gave methyl 2-(2-
methoxyethoxy)benzoat&ja) that yielded acid 5b after hydrolysis. A reaction of the acid
with SOC}L provided 2-(2-methoxyethoxy)benzoyl chloride thaith (2S)-oxiran-2-
ylmethanol in the presence of 4-dimethylaminopyrdformed (R)-oxiran-2-ylmethyl 2-
(2-methoxyethoxy)benzoatdqc), a reaction of which witlert-butylamine resulted in the

formation of (R)-3-(tert-butylamino)-2-hydroxypropyl 2-(2-methoxyethoxy)lzeate that

was converted to final fumarate sif seeScheme 7

3

o) CH
e 0 /\/\*J(CH3
o
d\OCHsg"@U\OCHs @f‘\ Ld-. Y/ L‘fb o Cé)H Hz CHg o
OCH; ~_-OCH, ON
15a 15b 15¢ K/OCHS K/OCHE OH

o}

Scheme 7: Synthesis of target [2-(2,6-dimethoxyfenoxy)et{@dhydroxy-3-[4-(2-
methoxyethoxy)benzoyloxy]propyl} ammonium fumaréié).

Reagents and conditiona) 1-chloro-2-methoxyethane ,®O;, KI, DMF, reflux, 6h; b)i)
NaOH,ii) HCI, CHsCl; c) SOC}, toluene; d) (3)-oxiran-2-ylmethanol, DMAP, CkCl,; e)
tert-butylamine j-PrOH; f) fumaric acid, EgO.
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Target compound 6 was prepared by a multiple-step synthesis accgriirscheme 8 as
described in Tengler et al. [54]. Starting 4-butoetyzoic acid was transformed to acid
chloride that formed a suitable epoxide with 2,8gpropan-1-ol. The epoxide was opened
by reaction with tert-butylamine and gave t&rt-butylamino-2-hydroxypropyl 4-
butoxybenzoate. The obtained base was transformbgdrochloride sall6 with increased

water solubility using ethereal HCI [54].

CH
COOH 3
/@/ /@)LO/X/O cd /@)L /\%/\ + )<
H9C4O HgC4O 904

Scheme 8 Synthesis of 3ert-butylamino-2-hydroxypropyl 4-butoxybenzoate
hydrochloride 16).

Reagents and conditionsa) toluene, PG] b) 2,3-epoxypropan-1-ol, CBl,; c) tert-
butylamine,-PrOH; d) HCI, E£O.

2.3. Binding affinities for sphingosine kinase 1 (Bassays)
Putative SphK1 inhibitors were evaluated in 384kweigh-throughput format as

described [63].

inhibition

0 1 10 100 1000

[inhibitor] (LM)
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Figure 8. SphK1 percent inhibition versus concentration fdothe compounds 2, 3 and 4.

Only 3 of the 17 compounds predicted to be potemitabitors of SphK1 using virtual
screening showed activity as inhibitorBigure 8). One dihydrobenzb]pyrimido[5,4-
flazepine 2 and two alkyl {3-/4-[1-hydroxy-2-(4-arylpiperazityl)ethyl]
phenyl}carbamates3(and4) were the compounds possessing significant indmpiactivities
against SphK1; compouriihad relatively strong inhibitory activity with d@sy of 12 uM.
While this inhibition was only moderate, it was saered significant for exploratory pre-

screening.

2.4. Molecular modelling

In order to examine why these compounds were muedker inhibitors thaPF543 one
of the most potent SphK1 inhibitors reported so[3&,36], we next conducted a molecular
modelling study in which we simulated the molecufderactions of the active compounds
(2, 3 and4) with SphK1 to analyze the different molecularenaictions involved in the
complexes of the new compounds with SphK1.

The main objective was to assess the molecularaictiens that can stabilize and
destabilize the different ligand-receptor compleX®® also included compourRF543in
our molecular modelling study, which therefore ainol us to perform a comparative
analysis of the different activities displayed foese molecules in relation to their structural
differences.

The molecular modelling study was conducted indlaiferent stages. In the first step
we performed a docking analysis using the Autodmddgram [64]. In the second stage of
this study, we carried out molecular dynamics (Myulations using the AMBER software

package [65]. From the trajectories obtained with MD simulations, we performed an
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analysis per residue for the different compoundsalfy, to better understand the molecular
interactions involved in the different L-R complexea Quantum Theory of Atoms In
Molecules (QTAIM) study was carried out for the mospresentative structures of each
complex. In previous work, we have demonstratedrtimortance of these QTAIM studies
for understanding of the details of the differentl@cular interactions that stabilize or
destabilize the various complexes [66—70].

From docking studies (although they might be cogr®d exploratory and preliminary), it
was already possible to see significant differenoetsveenPF543 and some of the new
compounds reported here. HBF543 the docking studies suggest that it binds inviled-
known J-shaped pocket (polar head in the polar nbtige receptor and the hydrophobic tail
at the hydrophobic areaskigure 9a8). The same result was obtained for compo@nd
(Figure 9b). In contrast, the docking analysis of compouddand3 suggests that these
compounds can bind in two ways: the known J form @nan inverted form in which the
polar head interacts with the hydrophobic regiomhef acceptor and the hydrophobic tail is
located at the polar region of the binding pockegre 9b and 99. It is interesting to note
that compound, which possessed the strongest inhibitory effecoranthe compounds

obtained here, binds to the active site only ingrealled correct form, the sameRds543
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Figure 9. Spatial view of the different ligands bonded ie thiinding pocket of SphK1. The
blue and orange zones represent the cationic adbplyobic portions of the active site,
respectively. aPF543 (in green), b)PF543 (in green) superimposed on compouhdin
yellow). c) and d) compoun@(in magenta) bonded in the two different ways.

Interesting results were also obtained from theegwhr dynamics simulations. Analysis
per residue obtained from such simulations allowedo define the main interactions that
stabilize the different complexes among the sinnteat Figure 10). In general, the active

compounds studied here displayed their pharmacapportions in a closely related spatial

form to that displayed b}PF543[30] and other well-known inhibitors of SphK1 [28]2
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Consistent with previous experimental results [41/Z], our simulations indicate the
importance of the negatively charged D178, F1948.and F303 residues for binding of
these ligands to SphKFigure 10). Superposition of interactions for compour2idg and3
with those displayed byF543are shown irFigure 10a-c From this, it is evident that these
compounds bind in a similar manner R&-543 because they interact with essentially the
same amino acids. However, these interactions emerglly weaker than those shown for
PF543along the simulations. These results are in ageeemith the experimental data and

might explain, at least in part, the lower inhilyteffects of the compounds reported here
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Figure 10. Overimposed Histograms showing the interaction gaieer of compound
(orange),3 (violet) and4 (green) with the main amino acids involved in @amplex
formation. The histogram obtained for PF543 is shawlight blue for comparison.

It is important to note that we are particularlyerested in detecting and quantifying the
interactions that stabilize and destabilize thamiaiion of the inhibitor complexes with
SphK1. While these interactions are mostly rel#fiwveeak, it is clear that molecular
dynamics simulations are not accurate enough topeoen with affinities observed
experimentally.

Therefore, we decided to conduct a QTAIM study et better quantify the molecular
interactions obtained for the different complex@ge recently reported that the charge
density value at the bond critical poipi(ry)), which is a descriptor of the strength of the
different bonds, can be used to quantify the difioif a ligand to form a complex ligand-
receptor [67,70]. We have analyzed the complexesirdd for the three compounds
reported her@, 3and4 using this type of analysis and also included cammpld®F543 for
comparison. For the sake of brevity, we only disctige results obtained for compounds
PF543and2, but similar results data were obtained for conmas3 and4.

Figure 11 shows the sum of thgry) values corresponding to the interactions of thlamp
head (blue bars) and the hydrophobic tail (oranges)bobtained for compounds and
PF543 The sum of the(rp) values for all the interactions of one part of thhibitor (i.e.,
the polar head or hydrophobic tail) provides a mea®f the anchoring strength of each
moiety of the inhibitor to the binding pocket. Thigarly shows that the hydrophobic tail of
compound? binds to SphK1 with similar strength to that obserforPF543 However, the
anchoring through the polar head is much weakertHernew inhibitor than foPF543

which is more strongly anchored in the binding padkigure 11).
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The strength and weakness of the different moleciteractions might be better
appreciated irFigure 12 which shows a comparative analysis of the differateractions
per residue. It should be noted that the strongestaction for PF543 is with D178
(denoted by a red arrow). It seems that a highhseoved aspartic acid is important for the
binding of the ligands, indicating that the termhimarboxyl group may function as an
anchoring point for molecules possessing strongibitdny activity against SphK1
[28,71,72]. After 1.5 ns of MD simulations, thedigd has moved somewhat compared with
its initial position; however, the strong interactiwith D178 was maintained, supporting
the suggestion that this aspartate residue migidtifon as an anchoring point for this type
of ligands. This interaction is not present in camnpd2. From these results it appears that
introduction of structural changes to enhance ihisraction might lead to more active

inhibitors.

0.3

0.25

0.2

Q.
w015

0.1

0.05

PF543 2 PF543 2
HHead mTail

Figure 11.Charge density values for the total interactionthefpolar head (blue stacked
bars) and the hydrophobic portion (orange staclaed) forPF543and compoun@ at the
binding pocket. The repulsive short C-H---H-C cotstavere not included.
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Figure 12.Charge density values obtained for the total adtons ofPF543and compound
2, showing the different interacting amino acidse Btrong interaction d?F543with
Aspl178 is denoted with a red arrow. This interact®omissing in compounal

Figure 9b shows a spatial overlap of compour2isndPF543 This figure clearly shows
that the hydrophobic portions of both compoundsesugposed very well and fit perfectly
into the hydrophobic portion of the active site viéwer, it should be noted that compouhd
is shorter tharPF543 and therefore cannot interact with Asp178 (theratomic distance
between the polar he@dand Asp178 is about/).

We evaluated the different molecular interactiobsamed for the complexes in detail
using molecular graphs. We only discuss here theltee obtained for compound®¥-543
and?2 (Figure 13), but similar data were obtained for compoudAdsd3 (Figure S1 and S2
in supporting information). The molecular size leése complexes is large and therefore it is

not possible to visualize in detail the differemieractions that stabilize and destabilize such
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complexes and we focused on the different moleculi@ractions that take place in the
cationic head of the ligands. It must be remarked the molecular interactions observed at

the hydrophobic tails of all the ligands are vangikar in all the complexes studied here (not

examined).

Figure 13 a) Molecular graph of charge density obtainedtfi@e complex of SphK1 with
PF543(in violet). Yellow lines connecting the nucleeathe bond paths, and the small red
spheres on them are the bond critical points (BCIP)sMolecular graph obtained for the
complex of SphK1 with compouri(in gray).

Figure 13ashows the main interactions, A170, 1174, D178,F1268 and G342, which
stabilize the polar head &F543 complexed with SphK1. A bond critical point (BCé)d

the corresponding bond paths that connect the patéd amine group of PF543 with the
carboxylate group in D178 can be observed in theeoutar graph ofigure 13a The local
charge density valueplf) at this BCP is 0.0415 a.u. which is on the boigetween a
moderate to strong H-bond [73]. PF543 is also eedgdag D178 through another moderate

hydrogen bond ©H--O=CO pb = 0.0365 a.u.) and two weak-8--O=CO contacts)pb
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= 0.0129 a.u.). MoreoveRF543 also forms several intermolecular interactionshwit74,
most of them involving the primary alcohol of thehibitor. All together, the interactions
with 1174 contribute in 0.03880 a.u. of charge agn® the anchoring of PF543 at the
enzyme cavity. Residue A170 at the back wall of faghaped cavity also contribute
appreciably Ypb = 0.0217 a.u.) to the anchoring BF543 into the binding pocket (see
Figure 12). The benzene ring of F192 forms stacking intévast with the aromatic ring
from the polar head oPF543 While these interactions together only contribtdethe
anchoring ofPF543 with the strength of a weak hydrogen boigl§ = 0.0064 a.u.) they
seem to be critical for the proper positioningha# tnhibitor into the enzyme cavity.

Figure 13bdisplays the most relevant interactions obsereed¢dmpound. It should be
noted that this compound has less and weaker atiiena than those oPF543 Unlike
PF543 compound2 does not form any interaction with D178. Moreov€gmpound?2
virtually does not form interactions with residuesm helix a7 and from sheef14 that
conform the front and back walls of the entrancéhto SphK1 cavity, respectively. This is
because polar part of compouBds not big enough and so the anchoring is driventd
hydrophobic tail that tends to occupy the backhef 3-shaped cavity. This is highlighted in
the complex structure at the right of the decontmmsiprofile for this compound shown in
Figure 12 The polar head of compourzdis anchored at the enzyme cavity mainly due to
interactions with residues from hel®8 (F192, T193, T196) and9 (L268, M302, F306),
which are halfway between the entrance and theimodtf the J-shaped cavity.

In summary, our molecular modelling study clearhdicates thatPF543 provides
stronger molecular interactions with SphK1 than rile&v compounds reported here. These
results are in a complete agreement with the exyrial data and could at least partly

explain the significantly lower inhibitory effeatdserved for these compounds.
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3. Conclusion

This theoretical and experimental study has allowedto find two new structural
scaffolds (three new compounds), which could bel @sestarting structures for the design
and then the development of new inhibitors of SphKivas carried out in several steps:
virtual screening, synthesis, bioassays and maecuodelling and has allowed us to
propose compoungd as an excellent starting structure for the devalaqut of new SphK1
inhibitors. The dihydrobenzb]pyrimido[5,4{f]azepine motif represents a novel core for
SphK1 inhibitors and should find application to thesign and development of new
inhibitors of this enzyme. In future publicatiomsrh our group, we will detail the evolution
of this pharmacophore to new core structures wigaigr intrinsic potency.

On the other hand, although compourfdand 3 showed less activity as inhibitors,
considering that they have been obtained from @mamy screening, these compounds are
promising and also deserve to be further analyzedltarnatives initial structures. Another
interesting contribution of this work is the insigh to details of certain structural aspects
which are essential for understanding the formatafnthe complex ligand-SphK1
interactions.

On the basis of our molecular modelling resultsseéms that from the results already
obtained in the first steps, it is possible to obtaseful information and guidance for the
design of new inhibitors. It seems that those $times, in which it is possible to distinguish
more clearly the portion corresponding to the catidhead and the hydrophobic tail, are
more likely to be good ligands for the active sitehe SphK1. It is important to remark that
such information cannot be obtained using very @mpethods like the docking techniques
for example. To obtain more detailed information thiese molecular complexes, it is
necessary to use more specific techniques. Thursg G¥TAIM calculations enabled us to

describe the molecular interactions that stabiliee different L-R complexes and to draw
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conclusions regarding two aspects; on the one harekplain why these novel compounds
are significantly less potent SphK1 inhibitors thBR543 and on the other hand to

determine what portion of the compounds should l&@ged in order to increase their
affinity with the SphK1. From our results, it iseal that the cationic head group must be

enhanced in order to obtain an increased in theirgof these ligands.

4. Experimental Section
4.1. General

Commercially available compounds were used as vedgiunless stated otherwise.
Melting points were measured by a Barstead eldatrotal 9100 apparatus or a Kofler hot
plate apparatus HMK (Franz Kustner Nacht GK, Drasd&rmany) are uncorrected. TLC
was performed on silica gel 6Qsgkon aluminium plates (Merck, Darmstadt, Germany an
visualized with UV light (254 nm). Residues wererifsed by silica gel 60 (40-63 pum,
Merck 9385) column chromatographid NMR and *C NMR spectra were standardly
recorded at 25 °C with CDglImethanol-d or DMSOds as solvents on Bruker AC-300,
AC-400, AC-500 or Avance IIl 400 MHz FT-NMR speatneters (Bruker, Karlsruhe,
Germany). The carbon typology (C, CH, £6f CHs;) was deduced fromffC NMR DEPT
experiments, which along with the 2D experiment®SY, HSQC and HMBC correlations,
permitted the fully assignation of all carbons &ydrogens. Chemical shifts are relative to
the solvent peaks used as reference and reporteplarts per million (ppm), andlvalues in
Hz. High-resolution mass spectra (HRMS) were messusing a high-performance liquid
chromatograph Dionex UltiMafe3000 (Thermo Scientific, West Palm Beach, FL, USA)
coupled with a LTQ Orbitrap XL™ Hybrid lon Trap-Ontap Fourier Transform Mass

Spectrometer (Thermo Scientific) with injectiondntESI 1l in the positive or negative
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mode, or on a Waters Micromass AutoSpect NT (eadppith a direct inlet probe) by

electronic impact operating at 70 eV.

4.2. Chemistry

4.2.1. Synthesis of compound 2
(E)-4-(2-(4-chlorobenzylidene)hydrazinyl)-6,11-dimetil-6,11-dihydro-5H-
benzop]pyrimido[5,4- flazepine (2). Hydrazine monohydrate (0.15 mL, 3.0 mmol) was
added to a stirred solution of 4-chloro-6dihydro-8H-benzop]pyrimido[5,4f]lazepine
(100 mg, 0.39 mmol) [52] in ethanol (10 mL). Thextare was heated at reflux for 24 h,
and then ethanol and excess of hydrazine were rednomder reduced pressure. The solid
residue was washed with water (2x50 mL), and theeddand used without further
purification in the next step. To a solution of abointermediate 6,11-dimethyl-4-
hydrazinyl-6,11-dihydro-B-benzop]pyrimido[5,4f]azepine (99.6 mg, 0.39 mmol) in
ethanol (3 mL)p-chlorobenzaldehyde (68.3 mg, 0.49 mmol) and tvapslrof glacial acetic
acid were added. The mixture was heated at retiud th. The reaction mixture was cooled
to ambient temperature and the solvent was remaweér reduced pressure. The residue
was purified by silica gel column chromatographgx@ne/EtOAc 50:50) to afford the
hydrazine 1 as a white solid in yield 66%; m.p. > 150 ‘B.NMR (CDCk) ¢ 8.38 (s, 1H,
CH-2), 8.00 (br s, 1H, NH-4), 7.79 (br s, 1H, -N=CH.58 (d,J = 8.4 Hz, 2H, CH-2’ and
CH-6"), 7.31 (d,J = 8.4 Hz, 2H, CH-3' and CH-5’), 7.22-7.27 (m, 28H-7 and CH-9),
7.13-7.19 (m, 2H, CH-8 and CH-10), 3.67-3.75 (m, O#-6), 3.52 (s, 3H, C#11), 2.90
(dd,J = 15.6, 2.2 Hz, 1H, CK5), 2.68 (ddJ = 15.6, 11.2 Hz, 1H, C§5), 1.47 (dJ=7.0
Hz, 3H, CH-6). 3C NMR (CDCh) 6 160.2, 157.9, 154.5, 146.4, 141.4, 140.4, 132,48,
128.9, 128.2, 126.9, 124.9, 123.9, 122.2, 98.8,388.7, 32.4, 18.8. HRMS (EI, 70 eV):

C21H16CINs [M-2H] " calculated 375.125/z found 375.1242m/z.
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4.2.2. Synthesis of compounds 3—6

4.2.2.1. General procedure for the preparation of layl (3-/4-acetylphenyl)carbamates
(3a—6a)

A solution of an appropriate alkyl chloroformiat&/(mmol) in acetone (5 mL) was added
dropwise to a stirred solution of 3-aminoacetopmend5.00 g; 37 mmol) or 4-
aminoacetophenone (5.00 g; 37 mmol) and pyridin@ f8-; 37 mmol) in acetone (20 mL),
and then the mixture was heated to reflux for Jte solvent was removed at reduced
pressure, and the resulting solid was washed watieryvand recrystallized from EtOH.
4.2.2.1.1. Butyl (3-acetylphenyl)carbamaté3a). White solid, Yield 91%, m.p. 58-59 °C
[53-55 °C [74]."H NMR (DMSO-<dg) 5 0.92 (t, 3H, -CH, J = 6.2 Hz), 1.33-1.46 (m, 2H, -
CH,-), 1.54-1.64 (m, 2H, -CH), 2.54 (s, 3H, -Ch), 4.09 (t, 2H, -Ck+, J = 6.6 Hz), 7.42 (t,
1H, ArH, J = 7.9 Hz), 7.60 (d, 1H, ArH] = 7.7 Hz), 7.68 (d, 1H, ArH] = 7.7 Hz), 8.07 (s,
1H, ArH), 9.83 (s, 1H, NH)}*C NMR (DMSO4g) & 197.5, 153.6, 139.6, 137.4, 129.0,
122.6, 122.3, 117.3, 63.9, 30.5, 26.6, 18.5, 13.5.

4.2.2.1.2. Butyl (4-acetylphenyl)carbamaté4a). White solid, Yield 95%, m.p. 89-91 °C
[87-88.5 °C [74]*H NMR (DMSO-ds) & 0.92 (t, 3H, -CH, J = 7.3 Hz), 1.30-1.48 (m, 2H, -
CHy-), 1.55-1.69 (m, 2H, -CH), 2.51 (s, 3H, -Ch), 4.11 (t, 2H, -Ck+, J = 6.6 Hz), 7.60
(d, 2H, ArH, J=8.8 Hz), 7.91 (d, 2H, ArHJ=8.8 Hz), 10.05 (s, 1H, NH)"*C NMR
(DMSO-dg) 6 196.3, 153.4, 143.7, 130.9, 129.4, 117.2, 64.4,35H.2, 18.47, 13.5.
4.2.2.1.3. Methyl (3-acetylphenyl)carbamat¢5a=64. White solid, Yield 95%, m.p. 103-
104 °C.*H NMR (DMSO-<g) & 2.55 (s, 3H, -Ch), 3.69 (s, 3H, -OCH), 7.44 (t, 1H, ArH,
J=28.2 Hz), 7.61 (d, 1H, ArH] = 7.3 Hz), 7.71 (d, 1H, ArH] = 7.7 Hz), 8.06 (s, 1H, ArH),
9.87 (s, 1H, NH)*C NMR (DMSO4dg) & 197.5, 153.9, 139.5, 137.4, 129.0, 122.6, 122.4,

117.3, 51.5, 26.5.
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4.2.2.2. General procedure for the preparation of layl [3-/4-
(bromoacetyl)phenyl]carbamateg3b—6b)

Into a stirred solution of an appropriate alkyl/{43acetylphenyl)carbamate (36 mmol) in
chloroform (80 mL), a solution of bromine (1.9 n®6 mmol) in chloroform (10 mL) was
added dropwise and stirred for 3 h at ambient teatpee. The solvent was removed under
reduced pressure. Solid crude products were redligstd fromi-PrOH.

4.2.2.2.1. Butyl [3-(bromoacetyl)phenyl]carbamate(3b). White solid, Yield 85%, m.p.
80-86 °C.'H NMR (DMSO-ds) 5 0.92 (t, 3H, -CH, J = 7.3 Hz), 1.34-1.47 (m, 2H, -G},
1.54-1.64 (m, 2H, -CH), 4.10 (t, 2H, -Ch, J = 6.6 Hz), 4.88 (s, 2H, -GH), 7.46 (t, 1H,
ArH, J = 7.9 Hz), 7.65-7.77 (m, 2H, ArH), 8.10 (s, IHH)r 9.89 (s, 1H, NH)}*C NMR
(DMSO-dg) 6 191.4, 153.6, 139.8, 134.5, 129.2, 123.3, 12219,64, 63.9, 33.6, 30.4, 18.5,
13.4.

4.2.2.2.2. Butyl [4-(bromoacetyl)phenyl]carbamate4b). White solid, Yield 85%, m.p.
152-154 °CH NMR (DMSO-dg) § 0.92 (t, 3H, -CH, J = 7.3 Hz), 1.30-1.48 (m, 2H, -GH

), 1.56—1.70 (m, 2H, -CH), 4.12 (t, 2H, -Ch, J = 6.6 Hz), 4.84 (s, 2H, -CGH), 7.62 (d,
2H, ArH, J = 8.8 Hz), 7.96 (d, 2H, ArH] = 8.8 Hz), 10.13 (s, 1H, NH}*C NMR (DMSO-
ds) 6 190.1, 153.3, 144.4, 130.1, 127.8, 117.3, 64.24,30.4, 18.5, 13.5.

4.2.2.2.3. Methyl [3-(bromoacetyl)phenyl]carbamatg5b=6b). White solid, Yield 75%,
m.p. 99-103 °C*H NMR (DMSO-dg) & 3.68 (s, 3H, -Ch), 4.89 (s, 2H, -ChHt), 7.47 (t, 1H,
ArH, J = 8.1 Hz), 7.66—7.78 (m, 2H, ArH), 8.08 (s, IHH)r 9.92 (s, 1H, NH)}*C NMR
(DMSO-dg) 6 191.4, 153.9, 139.7, 134.5, 129.2, 123.3, 1229,4, 51.6, 33.6.

4.2.2.3. General procedure for preparation of alkyl {3-/4-[(4-arylpiperazin-1-
yl)acetyl]phenyl} carbamates(3c—-6c¢)

A solution of arylpiperazine (5.5 mmol) and trietdayiine (0.8 mL; 5.5 mmol) in anhydrous

THF (20 mL) was added dropwise to a stirred solutad an appropriate alkyl [3-/4-
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(bromoacetyl)phenyl]carbamate (5.5 mmol) in anhydrdHF (30 mL) , and the mixture
stirred for 3 h at ambient temperature. The solvevdre removed under reduced pressure,
and added chloroform (100 mL) and water. The oahiase was washed with additional
water, dried over anhydrous sodium sulfate andtheent removed under reduced pressure,
to give a solid crude product, which was recrystatl from acetone.

4.2.2.3.1. Butyl {3-[(4-(pyridine-4-yl)piperazin-1yl)acetyl]phenyl}carbamate (3c).
White solid, Yield 37%, m.p. 154-158 °CH NMR (DMSOdg) & 0.92 (t, 3H, -CH,
J=7.0 Hz), 1.29-1.47 (m, 2H, -GH, 1.54-1.67 (m, 2H, -CH), 2.50-2.75 (m, 4H, -CH),
3.20-3.40 (m, 4H, -CH), 3.88 (s, 2H, -Cht), 4.09 (t, 2H, -Ch, J = 6.6 Hz), 6.79-6.87 (m,
2H, ArH), 7.42 (t, 1H, ArHJ = 7.9 Hz), 7.63-7.82 (m, 2H, ArH), 8.13-8.16 (ntj,ArH),
8.32 (s, 1H, ArH), 9.85 (s, 1H, NH}*C NMR (DMSO4g) § 196.4, 154.5, 153.6, 149.6,
139.6, 136.4, 128.9, 122.7, 122.1, 117.3, 108.3,@&3.4, 52.0, 45.4, 30.5, 18.5, 13.5.
4.2.2.3.2. Butyl {4-[(4-(pyridine-4-yl)piperazin-lyl)acetyl]phenyl}carbamate (4c).
White solid, Yield 19%, m.p. 113-114 °GH NMR (DMSOds) & 0.91 (t, 3H, -CH,
J=7.3 Hz), 1.30-1.50 (m, 2H, -GH, 1.52-1.70 (m, 2H, -CH), 2.55-2.70 (m, 4H, -CH),
3.22-3.35 (m, 4H, -CH), 3.83 (s, 2H, -Cht), 4.10 (t, 2H, -CH, J = 6.6 Hz), 6.80 (d, 2H,
ArH, J = 6.6 Hz), 7.58 (d, 2H, ArH] = 8.8 Hz), 7.95 (d, 2H, ArH] = 8.8 Hz), 8.14 (d, 2H,
ArH, J = 6.2 Hz), 10.05 (s, 1H, NH}*C NMR (DMSO4ds) 5 195.2, 154.5, 153.3, 149.6,
143.8, 129.9, 129.4, 117.1, 108.3, 63.4, 63.2,,55604, 30.5, 18.5, 13.5.

4.2.2.3.3. Methyl {3-[(4-(pyridine-2-yl)piperazin-tyl)acetyl]phenyl}carbamate (5c).
White solid, Yield 89%, m.p. 130-133 °@&4 NMR (DMSO-dg) 5 2.58-2.62 (m, 4H, -CH),
3.47-3.51 (m, 4H, -CH), 3.68 (s, 3H, -Ch), 3.86 (s, 2H, -Cht), 6.62 (dd, 1H, ArH,] =
6.9,J = 5.0 Hz), 6.81 (d, 1H, ArH] = 8.1 Hz), 7.43 (t, 1H, ArH]) = 7.8 Hz), 7.51 (ddd, 1H,
ArH, J=8.7,0=7.1,J= 2.1 Hz), 7.66 (d, 1H, ArH] = 7.8 Hz), 7.71 (dd, 1H, ArHl = 6.9,

J = 5.0 Hz), 8.09-8.11 (m, 2H, ArH), 9.87 (s, 1H, NI'C NMR (DMSOd) & 159.1,
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154.0, 147.6, 145.4, 138.9, 137.5, 128.3, 120.8,811115.9, 112.9, 107.1, 69.9, 66.4, 52.9,
51.6, 44.7.

4.2.2.3.4. Methyl {3-[(4-(pyrimidine-2-yl)piperazin1l-yl)acetyl]phenyl}carbamate (60).
White solid, Yield 97%, m.p. 94-96 °¢H NMR (DMSO-ds) & 2.50-2.68 (m, 4H, -CH),
3.68 (s, 3H, -Ch), 3.72-3.77 (m, 4H, -CH), 3.87 (s, 2H, -Cht), 6.61 (t, 1H, ArHJ = 4.8
Hz), 7.43 (t, 1H, ArH,J = 8.1 Hz), 7.60-7.80 (m, 2H, ArH), 8.10 (s, 1H,H)r 8.34 (d, 2H,
ArH, J = 4.8 Hz), 9.84 (s, 1H, NH)*C NMR (DMSO4,) & 196.4, 161.1, 157.8, 153.9,
139.5, 136.4, 128.9, 122.7, 122.2, 117.3, 109.%,&2.3, 51.6, 43.1.

4.2.2.4. General procedure for preparation of alkyl {3-/4-[1-hydroxy-2-(4-
arylpiperazin-1-yl)ethyl] phenyl}carbamates (3—6)

Solid sodium borohydride (0.30 g; 8.0 mmol) waseatitch small portions to a solution of
the appropriate alkyl {3-/4-[(4-arylpiperazin-1-gbetyl]phenyl} carbamate (4.0 mmol) in
hot methanol (50 mL), and then the mixture wasusefti for 1h. The solvent was removed
under reduced pressure, and the residue was treateddistilled water (100 mL) and
chloroform (100 mL). The organic phase was wash&tl additional water, dried over
anhydrous sodium sulfate and solvent removed unelduced pressure to give a crude
product, which was recrystallized from acetone.

4.2.2.4.1. Butyl {3-[1-hydroxy-2-(4-(pyridine-4-ylpiperazin-1-
ylethyl]phenyl}carbamate (3). White solid, Yield 96%, m.p. 147-149 °CH NMR
(DMSO-dg) & 0.90 (t, 3H, -CH, J = 7.1 Hz), 1.26-1.45 (m, 2H, -GH, 1.52-1.66 (m, 2H, -
CH,-), 2.36-2.48 (m, 2H, -CHN), 2.48-2.59 (m, 4H, -CHd), 3.20-3.35 (m, 4H, -CH), 4.05

(t, 2H, -CH-, J = 6.6 Hz), 4.64-4.72 (m, 1H, -CH-), 5.09 (d, 1HH Q@ = 3.7 Hz), 6.77-6.85
(m, 2H, ArH), 6.96 (d, 1H, ArHJ = 7.7 Hz), 7.19 (t, 1H, ArHJ = 7.7 Hz), 7.31 (d, 1H,
ArH, J = 7.7 Hz), 7.50 (s, 1H, ArH), 8.12-8.15 (m, 2H,H)r 9.56 (s, 1H, NH)}*C NMR

(DMSO-dg) 6 154.5, 153.6, 149.7, 145.2, 138.1, 128.1, 1201®.8, 116.0, 108.2, 69.9,
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66.1, 63.7, 52.6, 45.2, 30.6, 18.5, 13.5. HR-MSo{ttap): G,H3:N4O3 [M+H]" calculated
399.2391m/z found 399.238%5n/z.

4.2.2.4.2. Butyl {4-[1-hydroxy-2-(4-(pyridine-4-ylpiperazin-1-
ylethyl]phenyl}carbamate (4). White solid, Yield 53%, m.p. 175-179 °CH NMR
(DMSO-dg) 5 0.90 (t, 3H, -CH, J = 7.3 Hz), 1.28-1.46 (m, 2H, -GH, 1.53-1.66 (m, 2H, -
CH,-), 2.35-2.55 (m, 2H, -CHN), 2.55-2.65 (m, 4H, -CH), 3.15-3.35 (m, 4H, -CH), 4.05
(t, 2H, -CH-, J = 6.6 Hz), 4.64-4.73 (m, 1H, -CH-), 5.00 (d, 1H4Q = 3.7 Hz), 6.79 (d,
2H, ArH, J = 6.3 Hz), 7.24 (d, 2H, ArH] = 8.8 Hz), 7.39 (d, 2H, ArH] = 8.8 Hz), 8.13 (d,
2H, ArH, J = 6.3 Hz), 9.55 (s, 1H, NH}*C NMR (DMSO4s) 5 154.5, 153.6, 149.7, 138.4,
137.8, 126.3, 117.9, 108.2, 69.9, 66.1, 63.7, 5564, 30.5, 18.5, 13.5. HR-MS (Orbitrap):
C2H31N4O3 [M+H] ™ calculated 399.239M/z found 399.2399n/z.

4.2.2.4.3. Methyl {3-[1-hydroxy-2-(4-(pyridine-2-y)piperazin-1-
ylethyl]phenyl}carbamate (5). White solid, Yield 69%, m.p. 174-177 °CH NMR
(DMSO-dg) 6 2.38-2.55 (m, 2H, -CHN), 2.55-2.58 (m, 4H, -CH), 3.44-3.48 (m, 4H, -CH

), 3.65 (s, 3H, -Ch), 4.68-4.72 (m, 1H, -CH-), 5.07 (d, 1H, OBi= 3.2 Hz), 6.62 (dd, 1H,
ArH, J=7.1,J= 5.3 Hz), 6.80 (d, 1H, ArH] = 8.7 Hz), 6.98 (d, 1H, ArH] = 7.8 Hz), 7.21
(t, 1H, ArH,J = 7.8 Hz), 7.34 (d, 1H, ArHJ = 8.2 Hz), 7.48 (s, 1H, ArH), 7.51 (ddd, 1H,
ArH, J=8.7,J=7.1,J = 2.1 Hz), 8.09-8.11 (m, 1H, ArH), 9.60 (s, 1H, NFC NMR
(DMSO-dg) 6 159.1, 154.0, 147.6, 145.4, 138.9, 137.5, 1288.2, 116.8, 115.9, 112.9,
107.1, 69.9, 66.4, 52.9, 51.6, 44.7. HR-MS (OrpiraCioH2sN4Os [M+H]" calculated
357.1921m/z found 357.193%n/z.

4.2.2.4.4. Methyl {3-[1-hydroxy-2-(4-(pyrimidine-2yl)piperazin-1-
yl)ethyl]phenyl}carbamate (6). White solid, Yield 55%, m.p. 157-159 °CH NMR
(DMSO-dg) 6 2.36-2.48 (m, 2H, -ChN), 2.50-2.60 (m, 4H, -CH), 3.64 (s, 3H, -Ch),

3.70-3.80 (M, 4H, -CH), 4.64-4.72 (m, 1H, -CH-), 5.07 (d, 1H, OBi= 3.7 Hz), 6.60 (t,
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1H, ArH, J = 4.8 Hz), 6.97 (d, 1H, ArH] = 7.3 Hz), 7.20 (t, 1H, ArH) = 7.7 Hz), 7.33 (d,
1H, ArH, J = 7.9 Hz), 7.50 (s, 1H, ArH), 8.30-8.40 (m, 2H,H 9.59 (s, 1H, NH).
13C NMR (DMSO4s) 5 161.2, 157.8, 153.9, 145.3, 138.8, 128.2, 1201.6,8, 116.0, 109.9,
69.8, 66.3, 52.9, 51.4, 43.3. HR-MS (Orbitrap)sHG4NsOs [M+H]" calculated 358.1874

m/z found 358.1894n/z.

4.2.3. Synthesis of compounds 7-9

4.2.3.1. General procedure for preparation of 1-(34-
[(alkoxycarbonyl)amino]benzoyloxy}-2-hydroxypropyl)-4-phenylpiperazin-1-ium

chlorides (7-9)

A mixture of epoxide§a—9a[53] (0.2 mol) and 1-(4-phenyl)piperazine (0.2 mali-PrOH
(150 mL) was heated at 80 °C for 4 h. The solveas$ ewvaporated under reduced pressure,
and the residing oil was dissolved i@t The solution of the base was converted to its
chloride salt by addition of ethereal HCI. The aensalt was collected by filtration and
recrystallized from-PrOH to give white crystals.

4.2.3.1.1. 1-(2-hydroxy-3-{4-[(methoxycarbonyl)amia]benzoyloxy}propyl)-4-
phenylpiperazin-1-ium chloride (7). Yield 62%,R;. 0.83 (acetone/toluene 3:1), m.p. 197-
200 °C.'"H-NMR (DMSO-de) 5 10.74 (s, 1H, -NH), 10.17 (s, 1H, -NH), 7.98 (d) = 8.7,

2H, ArH*®), 7.63 (d,*J=8.7, 2H, ArH®), 7.30-7.22 (m, 2H, ArH-},), 7.02-6.98 (m, 2H,
ArH-Npip), 6.89-6.82 (m, 1H, ArH-p,), 6.07 (s, 1H, -OH), 4.49-4.46 (m, 1H, -CH(OH)),
4.24-4.21 (m, 2H, -COOGCH), 3.83-3.56 (M, 4H, k}), 3,69 (s, 3H, -Ch), 3.38-3.11 (m,
6H, Hyp + -CHNip). °C-NMR (DMSO<ds) 5 165.1, 153.7, 149.5, 143.9, 130.6, 129.0,
122.9, 119.8, 117.3, 115.8, 66.0, 63.3, 58.2, 53118, 50.7, 45.2. HR-MS (Orbitrap):

Ca3H26N30s [M-H] ™ calculated 412.187m/z found 412.188%5n/z.
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4.2.3.1.2. 1-(3-{4-[(ethoxycarbonyl)amino]benzoylg¥-2-hydroxypropyl)-4-
phenylpiperazin-1-ium chloride (8). Yield 68%,R:. 0.86 (acetone/toluene 3:1), m.p. 192-
194 °C.*H-NMR (DMSO-dg) § 10.75 (s, 1H, -NH), 10.12 (s, 1H, -NH), 7.98 (d) = 8.6,
2H, ArH*®), 7.63 (d,*J = 8.6, 2H, ArH®), 7.30-7.22 (m, 2H, ArH-},), 7.02-6.98 (m, 2H,
ArH-Npip), 6.89-6.82 (m, 1H, ArH-p), 6.07 (s, 1H, -OH), 4.49-4.46 (m, 1H, -CH(OH)-),
4.23-4.10 (m, 4H, -COOCH + -CH,CHg), 3.83-3.61 (m, 4H, k}), 3.38-3.11 (m, 6H, kb,

+ -CHoNpip), 1,25 (t,%J = 7.1, 3H, -CH). ®*C-NMR (DMSO4dg) & 165.1, 153.3, 149.5,
144.0, 130.6, 129.0, 122.8, 119.8, 117.3, 115.8,®3.3, 60.5, 58.2, 52.1, 50.8, 45.2, 14.4.
HR-MS (Orbitrap): G4H2sN30s [M-H] ™ calculated 426.2034/z found 426.2042n/z.
4.2.3.1.3. 1-(3-{4-[(butoxycarbonyl)amino]benzoylo®-2-hydroxypropyl)-4-
phenylpiperazin-1-ium chloride (9). Yield 57%,R:. 0.92 (acetone/toluene 3:1), m.p. 178-
182 °C.*H-NMR (DMSO-dg) § 10.71 (s, 1H, -NH), 10.11 (s, 1H, -NH), 7.98 (d) = 8.6,
2H, ArH*®), 7.63 (d,*J = 8.6, 2H, ArH®), 7.30-7.22 (m, 2H, ArH-},), 7.02-6.98 (m, 2H,
ArH-Npip), 6.89-6.82 (m, 1H, ArH-p,), 6.07 (s, 1H, -OH), 4.51-4.43 (m, 1H, -CH(OH)-),
4.23-4.21 (m, 2H, -COOCH), 4,11 (t,J=6.5, 2H, -CH(CH,),CHs), 3.83-3.61 (m, 4H,
Hpip), 3.41-3.10 (M, 6H, kh + -CH:Nyip), 1.68-1.54 (m, 2H, -CHCH,CH,CH;), 1.47-1.29
(m, 2H, -(CH),CH,CHs), 0.91 (t,J = 7.2, 3H, -(CH)3CHs). *C-NMR (DMSOdg) & 165.1,
153.4, 149.5, 144.0, 130.6, 129.0, 122.8, 119.8,311115.8, 66.0, 63.3, 61.9, 58.2, 52.1,
50.8, 45.2, 30.4, 18.5, 13.5. HR-MS (Orbitrapystz.N3Os [M-H] ™ calculated 454.2347

m/z found 454.235%/z

4.2.4. Synthesis of compounds 10-12
4.2.4.1. General procedure for the syntheses of 12~
A solution of the corresponding (1-alkylpiperidiaggmethanamine10b-12b [56,57]

(12.60 mmol) in methanol (30 mL) was added dropvisea solution of the appropriate
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alkyl [4-(oxiran-2-ylmethoxy)phenyl]carbamai®a—12a[58] (9.00 mmol) in methanol (40
mL). The resulting mixture was left stirring for dwdays at ambient temperature and then
concentrated under reduced pressure. The respdwdases obtained as yellowish oils
were dissolved in acetone (10 mL) and treated wifolution of methanesulfonic acid (2
equiv.) in acetone (5 mL) by dropwise addition &0 The resulting mixtures were stirred
at ambient temperature overnight and then condextia vacuo to furnish dimesylat&8—
12 as solids that were recrystallized as describéube

42411 Methyl [4-(3-{[(1-butylpiperidin-4-yl)methyllamino}-2-
hydroxypropoxy)phenyljcarbamate  dimethanesulfonatg10). The compound was
prepared from methyl [4-(oxiran-2-ylmethoxy)phewcgibamate 10a=123 and (1-
butylpiperidin-4-yl)methanamine 10b=118H. Crystallization from-PrOH affordedlO as
white crystalline powder (1.10 g, overall yield $&ps): 33%), m.p. 94-97 °@&4 NMR
(DMSO-dg) 6 0.91 (1,234 = 7.3 Hz, 3H, CH(CHsCH;CH,CHy)), 1.20-1.75 (m, 6H, CH
(CHsCH,CH,CH, + piperiding), 1.88-2.09 (m, 3H, CH + GHpiperiding), 2.37 (s, 6H,
CHs; (2xCHsSQ)), 2.74-3.25 (m, 8H, CH (piperidine + CHNH,CH, +
CHsCH;CH,CH,NH)), 3.42-3.59 (m, 2H, CH (NH,CH,CH(OH))), 3.63 (s, 3H, CH
(CH;OCONH), 3.79-4.04 (m, 2H, CH (CH;CH(OH)CH,), 4.10-4.26 (m, 1H, CH
(CH.CH(OH)CHp)), 5.81 (d,"Jun = 3.5 Hz, 1H, OH), 6.89 (dJun = 9.0 Hz, 2H, CHom),
7.36 (d,"Jun = 9.0 Hz, 2H, CHom), 8.51 (br. s., 2H, NH(CH.NH,CH,)), 9.09 (br. s., 1H,
NH (piperiding), 9.43 (s, 1H, NHCH;OCONH). **C NMR (DMSO) § 13.4, 19.4, 25.2,
26.6, 30.4, 39.7, 49.9, 51.1, 51.40, 51.44, 554/7,670.0, 114.7, 119.8, 132.6, 153.7,
154.1. HR-MS (Orbitrap): §H3sNz04 [M+H] " calculated 394.2708\/z found
394.2701m/z

4.2.4.1.2 Butyl [4-(3-{[(1-butylpiperidin-4-yl)methyl]amino}-2-

hydroxypropoxy)phenylljcarbamate dimethanesulfonatg11l). The compound was
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prepared from butyl [4-(oxiran-2-ylmethoxy)phengibamate {18 and (1-butylpiperidin-
4-yl)methanamine 10b=110h. Crystallization from-PrOHi-Pr,O affordedllas white
crystalline powder (0.67 g, overall yield (2 step8F%), m.p. 108-110 °CH NMR
(DMSO-dg) § 0.91 (t,'Jyn = 7.3 Hz, 6H, CH (2xCH3CH,CH,CHy)), 1.14-1.73 (m, 10H,
CH, (2xCH3CH,CH,CH; + piperiding), 1.85-2.08 (m, 3H, CH + GHpiperiding), 2.37
(s, 6H, CH (2xCHs;SQ)), 2.76-3.26 (m, 8H, CH (piperidine + CHNH,CH, +
CHsCH,CH,CH,NH)), 3.43-3.60 (m, 2H, CH(NH,CH,CH(OH))), 3.84-3.99 (m, 2H, CH
(CH.CH(OH)CH,)), 4.05 (tJuu = 6.6 Hz, 2H, CH (CHsCH,CH,CH,0)), 4.09-4.26 (m,
1H, CH CH,CH(OH)CH)), 5.81 (d,"Jnn = 4.1 Hz, 2H, OH), 6.88 (dJun = 9.0 Hz, 2H,
CHarom), 7.37 (d,'3un = 9.0 Hz, 2H, Chom), 8.51 (br. s., 2H, Nk (CH,NH,CHy)), 9.09
(br. s., 1H, NH giperiding), 9.39 (s, 1H, NHCH;OCONH). **C NMR (DMSO«s) 5 13.4,
13.5, 18.6, 19.4, 25.2, 26.6, 30.4, 30.6, 39.79481.1, 51.4, 55.7, 63.7, 64.7, 70.0, 114.7,
119.7, 132.7, 153.6, 153.7.HR-MS  (Orbitrap);:N:O4 [M+H]" calculated
436.3175m/z found 436.3170n/z

42413 Methyl [4-(2-hydroxy-3-{[(1-propylpiperidin-4-
yl)methyllJamino}propoxy)phenyl]lcarbamate dimethanesilfonate (12). The compound
was prepared from methyl [4-(oxiran-2-ylmethoxy)phlgcarbamate 10a=129 and (1-
propylpiperidin-4-yl)methanamind 2b). Crystallization from MeOH/PrOH affordedl2 as
white crystalline powder (0.83 g, overall yield $&ps): 42%), m.p. 158-160 °t& NMR
(DMSO-dg) § 0.90 (t,"Jy= 7.3 Hz, 3H, CH (CHsCH,CHy)), 1.34-1.77 (m, 4H, CH
(CHsCH,CH;, + piperiding), 1.85-2.12 (m, 3H, CH + CHpiperiding), 2.39 (s, 6H, CHl
(2xCH3SQ)), 2.65-3.23 (m, 8H, CH(piperidine + CHNH,CH, + CH3;CH,CH,NH)),
3.35-3.55 (m, 2H, CH(NH,CH,CH(OH))), 3.63 (s, 3H, CH (CH;OCONH), 3.88-4.00
(m, 2H, CH (CH,CH(OH)CH,)), 4.17—-4.22 (m, 1H, CHQH,CH(OH)CH,)), 5.81 (br. s.,

2H, OH), 6.90 (d1Jhn = 6.0 Hz, 2H, Chlom), 7.37 (d,"Ju = 8.8 Hz, 2H, Clom), 8.53 (br.
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S., 1H, NH (CH)NH,CH)), 9.12 (br. s., 1H, NH piperiding), 9.44 (s, 1H, NH
(CH;OCONH). **C NMR (DMSO4s) 5 10.9, 16.8, 26.6, 30.4, 39.7, 49.9, 51.1, 51.4551
57.5, 64.8, 70.0, 114.7, 119.8, 132.6, 153.7, 154RMS

(Orbitrap): GeH3zaN304 [M+H] ™ calculated 380.2548\/z found 380.2544n/z

4.2.5. Synthesis of compound 14

4.2.5.1. 4-(2-Methoxy)ethoxybenzoic acid(148). A mixture of ethyl-4-hydroxybenzoate
(3.32 g, 0.02 mol), 2-methoxyethyl 4-methylbenzelfesate [59] (0.02 mol) and
potassium carbonate (0.06 mol) in acetone (25 m&3 heated at 70 °C for 8 h and then
stirred for 12 h at ambient temperature. The pittipn was then filtered and acetone was
evaporated. The residue was dissolved in EtOAcveashed with 2 M NaOH and water,
dried over anhydrous MgSQand then the solvent was evaporated. The crumupt was
heated for 2 h with 5 M NaOH (50 mL) at 100 °C. Treaction mixture was washed with
CH3Cl and neutralized with concentrated HCI. The r@sglwhite precipitate was collected
by filtration. Yield: 71%,R:: 0.67 (EtOAc), m.p. 148-151 °¢H-NMR (DMSO-dg) 5 12.63
(bs, 1H, COOH), 7.88 (dl = 8.9 Hz, 2H, Ar-H®), 7.01 (dJ = 8.9 Hz, 2H, Ar-H”), 4.18—
4.13 (m, 2H, ArOCH)), 3.69-3.64 (m, 2H, -C¥DCHs), 3.30 (s, 3H, -OCH. *C-NMR
(DMSO-dg) 6 166.8, 161.9, 131.2, 122.9, 114.2, 70.1, 67.11..58.

4.2.5.2. (Oxiran-2-yl)methyl 4-methoxyethoxybenzoate(14b). A mixture of acidl4a
(0.028 mol) in methanol (75 mL) and KOH (2.2 g,420mol) ini-PrOH (50 mL) was
stirred for 1 h at ambient temperature, and aftat,t-PrOH (175 mL) was added for the
final ratio MeOHIi-PrOH 1:3. The resulting white precipitate was ectiéd by filtration and
dried under low pressure. This potassium salt witbxiran-2-yl)methyl 4-
methylbenzensulfonate [60] (3.5 g, 0.015 mol) in B0 mL) was heated for 7 h at 70 °C.

The solvent was removed under reduced pressurethanesidue was dissolved in EtOAc
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and washed with water. The organic layer was doeer anhydrous MgSf) and solvent
removed under reduced pressure and a crude compwmasdpurified by column flash
chromatography. Yield: 699%%;: 0.60 (EtOAc/petroleum ether 1:¥H-NMR (DMSO-dg) &
7.92 (d,J = 8.9 Hz, 2H, Ar-H°), 7.07 (dJ = 8.9 Hz, 2H, Ar-H”), 4.60 (ddJ = 12.4, 2.7
Hz, 1H, COOCH), 4.20-4.16 (m, 2H, ArOCH), 4.04 (dd,J = 12.04, 6.4 Hz, 1H,
COOCH,), 3.69-3.65 (m, 2H, C#DCHg), 3.34-3.30 (m, 4H, -OCH+ CH-oxirane), 2.86—
2.81 (m, 1H, CH-oxirane), 2.72 (ddj = 5.0, 2.6 Hz, 1H, CHoxirane).**C-NMR (DMSO-
ds) 6 165.0, 162.5, 131.2, 121.5, 114.4, 70.1, 67.89,68.1, 48.9, 43.8.

4.2.5.3. [2-(2,6-Dimethoxyfenoxy)ethyl]{2-hydroxy-3-[4-(2-
methoxyethoxy)benzoyloxy]propyl} ammonium fumarate(14). Oxiranel4b (0.004 mol)
was added to the solution of the corresponding @kgethylamine (0.004 mol) inPrOH
(15 mL). The reaction mixture was heated at 80 6C1f h and stirred then for 72 h at
ambient temperature. Afterwards, the reaction métuas cooled for at least 48 h at —18
°C. The precipitate was filtered off and dissolwedt,O and transformed to its fumaric salt
by addition of an excess of a saturated solutidiumiaric acid in EO. This new precipitate
was filtered off and recrystallized frorPrOH, if necessary. Yield: 49%;: 0.49 (MeOH),
m.p. 118-121 °C*H-NMR (DMSO-ds) & 7.95 (d,%) = 8.6 Hz, 2H, Ar-H°), 7.04-7.01 (m,
3H, OAr-H*® + NAr-H%), 6.67 (d,J = 8.4 Hz, 2H, NAr-H?), 6.50 (s, 2H, fumarate), 4.22-
4.04 (m, 7H, -CHOAr + -COOCHCH- + -NH,"CH,CH,0-), 3.77 (s, 6H, ArOC}), 3.68-
3.67 (M, 2H, -CHCH,OAr), 3.31 (s, 3H, -OCH), 3.07-2.92 (m, 4H, -CHNH,"CH,-). **C-
NMR (DMSO-dg) 6 167.6, 165.3, 162.4, 153.1, 135.7, 134.9, 13124.Q, 121.9, 114.3,
105.4, 70.1, 69.9, 67.2, 66.5, 65.9, 58.2, 55.85,507.7. HR-MS (Orbitrap): £H33NOsp

[M-H] " calculated 506.204@\/z found 506.2044n/z.

4.2.6. Synthesis of compound 15
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4.2.6.1 Methyl 2-(2-methoxyethoxy)benzoatg15a). 1-chloro-2-methoxyethane (0.48 mol)
was added to the mixture of methyl 2-hydroxybenzd@t40 mol), KCO; (0.80 mol), KI
(0.04 mol) and DMF (150 ml). The mixture was hedtwd6 hours at 150 °C. The solution
was cooled and filtered, and the solvent was exapdrunder reduced pressure. The residue
was dissolved in CHEGland extracted with water and 10% NaOH. The orgph&se was
dried over anhydrous MgS@nd filtered, and the solvent was evaporated uneguced
pressure. Yield: 96%3: 0.78 (EtOAc/ petroleum ether 1:1).

4.2.6.2 2-(2-Methoxyethoxy)benzoic acid15h). Esterl5a (0.27 mol) was heated for one
hour with an excess of 10% NaOH (0.58 mol). Afteolang down to room temperature, the
reaction mixture was neutralized with HCI and estied into CHCJ. The organic phase was
dried over anhydrous MgSQand solvent removed under reduced pressure. Thae cru
product was purified by fractional vacuum distilbet Yield: 93%, R: 0.52
(acetone/petroleum ether 1:1), b.p. (3-6 torr) 170-°C.*H-NMR (DMSO-ds) § 10.94 (bs,
1H, -COOH), 8.18-8.13 (m, 1H, -H6), 7.59-7.51 (mh}, tH4), 7.18-7.04 (m, 2H, -H3 + -
H5), 4.39-4.35 (m, 2H, ArOCH), 3.83-3.79 (m, 2H, -C¥DMe), 3.46 (s,3H, -OMe)-*C-
NMR (DMSO-dg) 6 165.4, 157.4, 134.7, 133.6, 122.5, 118.7, 11323,69.3, 59.0.

4.2.6.3 (2R)-Oxiran-2-ylmethyl 2-(2-methoxyethoxy)benzoate (150. 2-(2-
methoxyethoxy)benzoyl chloride (0.028 mol) was aligsd in dry CHCIl, and was added to
the mixture of 4-dimethylaminopyridine (DMAP, 0.08®l), (S-(-)-glycidol (0.028 mol) in
anhydrous ChbLCl, (20 mL) under an inert atmosphere. The solutios stared at ambient
temperature for 3 h. The reaction mixture was fifeared and the filtrate washed with 10%
HCI. The organic layer was dried over anhydrous Mg&nd evaporated under reduced
pressure. The crude compound was purified by coltiasm chromatography. Yield: 88%,
R:: 0.63 (acetone/CiTl, 1:20),[¢]p -14.82.*H-NMR (DMSO-ds) 5 7.87-7.82 (m, 1H, -H6),

7.51-7.42 (m, 1H, -H4), 7.04-6.95 (m, 2H, -H3 + )HB,64-4.57 (m, 1H, -H7), 4.22-4.13
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(m, 3H, ArOCH + -H8), 3.84-3.79 (m, 2H, -CidMe), 3.46 (s, 3H, -OMe), 3.37-3.29 (m,
1H, -H9), 2.90-2.86 (m, 1H, -H10), 2.78-2.74 (m,,HH1). *C-NMR (DMSOde) & 165.9,
158.7, 133.62, 131.8, 120.65, 120.45, 114.0, 8B@, 65.11, 59.2, 49.5, 44.7.

4.2.6.4 (2R)-N-tert-butyl-2-hydroxy-3-{[2-(2-methoxyethoxy)benzoyl]oxypropan-1-
aminium hemifumarate (15). Epoxide15c (2.8 mmol) was dissolved inRPrOH, and an
excess ofert-butylamine was added to the solution. The mixtuas heated at 70 °C for 1.5
h, after that the reaction mixture was stirred rmbent temperature for 72 h. The solvent
was removed under reduced pressure, and the rgsutnines were converted to the
fumarate salts by dissolving the amine bases ithglether and mixing with a solution of
fumaric acid in diethylether. Crystalline produetere filtered and recrystallized from
PrOH. Yield: 57%,R: 0.43 (EtOAC/EfNH 10:1), [o]p 14.64, m.p. 123-125 °CH-NMR
(DMSO-dg) 6 7.74-7.69 (m, 1H, -H6), 7.57-7.48 (m, 1H, -H4N&7.14 (m, 1H, -H3), 7.07-
6.99 (m, 1H, -H5), 6.42 (s, 2H, CH=CHfumarate), 14205 (m, 5H, Ar-OCH +
COOCHCH(OH)-), 3.69-3.64 (m, 2H, -Ci®Me), 3.31 (s, 3H, -OMe), 3.06-2.75 (m, 2H, -
CHoNH-), 1,24 (s, 9H, -CH(CH)5). *C-NMR (DMSO4de) & 168.9, 165.4, 157.55, 135.4,
133.4, 130.8, 120.4, 120.3, 114.0, 70.2, 68.2,,68b45, 58.3, 54.3, 44.2, 25.65. HR-MS

(Orbitrap): GiH3:NOg [M-H] " calculated 440.192@/z found 440.1934n/z

4.3. SphK1 inhibition assays

Putative inhibitors were evaluated with fluoreseergphK assays in 384-well plate
format as described [63]. Briefly, compounds weissalved in DMSO and initially
screened at 650 uM; those showing inhibition weirgher characterized to obtain 1C50s.
Assays contained 100 nM recombinant SphK1, 30 mig-HCI [pH 7.4], 0.05% Triton X-
100, 150 mM NaCl, 10% glycerol, 0.05% triton X-1@0d 1% DMSO. All reactions were

prepared as master mixes, dispensed into 384-wslpmpylene plates (Greiner Bio-One,
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Frickenhausen, Germany), and allowed to pre-eqatéat 37 °C for 10 min. Reactions
were initiated with 20X ATP-Mg (20 mM ATP, 200 mMdZI2, 900 mM Tris-HCI, pH

7.4), and were followed in a TECAN Infinite M100@drescence plate reader (Mannedorf,
Switzerland) at 37 °C. Excitation wavelength waé &5 and emission wavelength was 584

nm with a 5 nm band-pass. All data were analyzé@iguRrism (GraphPad, La Jolla, USA).

4.4. Molecular modelling
4.4.1. Virtual Screening

Receptor preparation and docking setup were caaugdvith AutoDock Tools [64]. All
operations involving format conversion, filteringnd manipulation of ligand molecules
(including ligand preparation for docking) werefoemed with OpenBabel [48].

Docking calculations were all performed with AutclloVina [46]. ROC curves were
constructed by using the ROCR package [75] fronofRvaire [76]. The logistic regression
model to filter out the "non X-ray like" poses frotine ensemble of docking poses was
constructed within Octave scientific programmingissnment [77].

4.4.2. Molecular Docking

AutoDock4 [64] was used to dock each compound ® SphK1 active site using a
Lamarckian genetic algorithm with pseudo-Solis &vets local search [78]. The following
parameters were used:. the initial population oélttigands was constituted by 150
individuals; the maximum number of generations sas to 2.7 x 1b The maximum
number of energy evaluations was 25.0 X. Fbr each docking job, 100 conformations
were generated. All other run parameters were miaed at their default setting. The
resulting docked conformations were clustered fatoilies by considering the backbone
rmsd. The lowest docking-energy conformation wasismered the most favorable

orientation [79].
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4.4.3. MD simulations

The complex geometries from docking were soakedbixes of explicit water using the
TIP3P model [80] and subjected to MD simulationl KID simulations were performed
with the Amber software package [65] using periobmundary conditions and cubic
simulation cells. The particle mesh Ewald methoMEy [81] was applied using a grid
spacing of 1.2 A, a spline interpolation order afrtl a real space direct sum cutoff of 10 A.
The SHAKE algorithm was applied allowing for anegtation time step of 2 fs. MD
simulations were carried out at 310 K temperatiiteee MD simulations of 50 ns were
conducted for each system under different stanelgcity distribution functions; thus, in
total 150 ns were simulated for each complex. Tl ensemble was employed using
Berendsen coupling to a baro/thermostat (targetspre 1 atm, relaxation time 0.1 ps). Post
MD analysis was carried out with program PTRAJ.
4.4.4. Quantum calculations setup

Reduced 3D model systems including the tested camgpand the interacting residues
from Sphkl binding pocket were constructed from kh@ simulation. In this work, we
identified the binding site residues of the receptay using the free energy decomposition
approach (MM/GBSA). The side chains of the bindsitg residues that contributed with a
|AG| higher than 1.0 kcal/mol in the per residue gnetrecomposition together with each
inhibitor were included in the reduced model.
4.4.5. Atomsin Molecules Theory

The reduced models were used as input for quanheury of atoms in molecules
(QTAIM) analysis [82], which was performed with thelp of Multiwfn software [83]. The
wave function used as input for these calculatisese computed with the Gaussian 09

package [84] by employing the B3LYP functional wdlspersion correction (B3LYP-D)
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and 6-31G(d) as basis set. The empirical dispeorection for the B3LYP functional was
applied by invoking the 10p 3/124=3 keyword in Gsiaa 09. This type of calculations
have been used in recent works because it ensuregsanable compromise between the
wave function quality required to obtain reliablalues of the derivatives @i(r) and the

computer power available, due to the extensioh®flystem in study [85,86].

4.5. Additional materials
FITC-annexin and propidium iodide staining solutimere from BD Bioscience (San

Jose, CA). Unless stated, all other reagents wene Sigma-Aldrich.
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New information about the molecular interactions that stabilize the different ligand-receptor
complexes in this molecular target.

Key role about the interaction with D178 to produce the inhibitory effect



