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Sphingosine analogues with a rigid triazole moiety in the aliphatic chain and systematic modifications in
the polar head and different degrees of fluorination at the terminus of the alkylic chain were synthesized
from a common alkynyl aziridine key synthon. This key synthon was obtained by enantioselective organo-
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catalyzed aziridination and it was subsequently ring opened in a regioselective manner in acidic medium.
Up to 16 sphingosine analogues were prepared in a straightforward manner. The in vitro activity of the
obtained products as SPHK1 and SPHK2 inhibitors was evaluated, displaying comparable activity to that of

rsc.li/obc DMS.

Introduction

Sphingosine kinase (SPHK) is a key regulator of the sphingo-
lipid rheostat (Scheme 1)," a dynamic balance between cera-
mide (Cer) and sphingosine 1-phosphate (S1P) that guides the
cell toward either an apoptotic or a survival process
(Scheme 1).>® SPHK catalyses the ATP-dependent phosphoryl-
ation of sphingosine (Sph) to generate S1P and exists in two
isoforms, SPHK1 and SPHK2.* The interest in SPHK inhibi-
tors® as potential drugs stems from the fact that SPHK1 is
usually up-regulated in several forms of cancer and that its
genetic ablation leads to the sensitization of cancer cells to
chemotherapeutic agents and its implication in several dis-
eases.®’ Similarly, different pieces of evidence support the role
of SPHK2 in cancer.®

There has been extensive focus on the development of
effective sphingosine kinase inhibitors (SKIs) in recent years
and the progress in this area has been recently reviewed.®’
Among the described SKIs derived from sphingolipids (Fig. 1),
the following SKIs stand out: safingol'® (saturated sphingosine
analog with the unnatural threo stereochemistry), N,N-di-
methylsphingosine (DMS),"* short-chain sphinganine (C12)
and 3-fluorosphingosine analogues,'? N-derivatized analogues
such as phenethyl isothiocyanate derivatives,”® guanidine
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analog LCL351,"* N-methylated SK1-1,'* the aromatic analogue
SG-12,'® enigmol (where the 1-OH of Sph has been shifted to
position 5),"” phytosphingosine,'® and FTY720," and its vinyl
phosphonate derivatives.>°

Quite recently, the structures of SPHK1 in complexes with
ADP, and some inhibitors®>" have been disclosed. The hydro-
philic head group of the sphingosine is situated at the cleft
between two N- and C-domains, leading to hydrogen-bond
interactions with Asp and Ser residues. The hydrophobic alkyl
chain is accommodated in a J-shaped tunnel, lined by the side
chains of mostly nonpolar residues.

Despite the wide array of compounds developed so far and
the recent breakthroughs®? in the structural and functional
characterization of SPHK, synthesis may provide new architec-
tures that help in gaining insight into the regulation of the
complex mechanism that governs SP1 metabolism. In this
context, the aim of this work is the syntheses of new lipidic
compounds as potential SKIs. The structures proposed for this
purpose retain the polar part of the parent compound,
sphingosine, maintaining the key aminodiol moiety. The head-
group will be attached to a triazole core, mimicking the trans
double bond present in sphingosine®® and allowing additional
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Scheme 1 Ceramide/sphingosine-1-phosphate rheostat.
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Fig. 1 SPHK inhibitors derived from sphingolipids.
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Fig. 2 Structural modifications of sphingosine proposed in this work.

interactions (Fig. 2). The triazole unit, in turn, will be
appended to a modified lipophilic end to enhance hydro-
phobic interactions with the pocket of SPHK1. Additional
SPHK1 affinity might be anticipated to be increased through
derivatization of the amino group.

Considering our experience in the field of the synthesis of
sphingoid bases,** and aiming to explore new methodologies
for obtaining sphingosine derivatives, we envisioned the syn-
thesis of the proposed analogues by a click reaction from a
common intermediate, obtained from an alkynyl aziridine
(Scheme 2).

Alkynyl aziridines are useful intermediates in many syn-
thetic processes and they have been synthesized through a
variety of protocols.>® For some of them the asymmetric
version has been reported. Thus, enantioenriched alkynylaziri-
dines have been prepared from chiral alkynylamino alcohols
by an intramolecular substitution reaction,?® by addition of
guanidium ylides to aldehydes,*” by catalyzed nitrene addition

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Retrosynthetic proposal: organocatalyzed aziridination and
the Corey—Fuchs reaction as the key steps.

to alkynyl olefins,*® and by catalyzed addition of carbenes to
imines.”® Yudin reported that alkynyl aziridines could be
obtained from alkynyl aldehydes by one-carbon homologation.*

Here we report that enantioenriched alkynylaziridines can
be accessed via a proline organocatalyzed aziridination reac-
tion of a,p-unsaturated aldehydes followed by a homologation
reaction (Scheme 2). Regioselective ring opening of this
common intermediate followed by triazole click chemistry
with the corresponding fatty alkyl azides furnishes a library of
sphingosine analogues bearing a triazole unit containing
oligofluorinated alkyl chains. This library may be extended by
selected derivatizations at the amino moiety.

Results and discussion

Starting a,f-unsaturated aldehyde substrate 2*" for the organo-
catalyzed aziridination reaction was first synthesized according
to the literature via monoprotection of diol 1 as the p-methoxy-
benzyl ether’® and subsequent Swern oxidation in a 56%
global yield (Scheme 3). The enantioselective organocatalytic
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Scheme 3 Synthesis of ethynyl aziridine 7 from diol 1.
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aziridination®® of the a,B-unsaturated aldehyde 2 with O-tosyl-N-
tert-butoxycarbonyl-hydroxylamine catalyzed by TMS-protected
diphenylprolinol (R)-3** provided the desired p-formyl aziridine
4a in a 70% yield with 20:1 dr and 99 ee%. The enantiomeric
excess was established via the formation of the corresponding
vinyl derivative via the Wittig reaction (see the ESIT).

With aldehyde 4a in hand, we set up one-carbon homologa-
tion to render the alkyne moiety. When aldehyde 4a was
treated under Corey-Fuchs conditions®® with CBr,, triphenyl-
phosphine and zinc dust in dichloromethane the corres-
ponding dibromoalkene 5 was obtained only in an 8% yield
(Scheme 3), the tribrominated alkene 6 being the main
product (70% yield). Product 6 might result from the bromide
ring opening of aziridine 4a.>°

Gratifyingly, both products, 5 and 6, when subjected to LDA
treatment led to the corresponding ethynylaziridine 7 via
metal-halogen exchange and ulterior o-elimination,®” and
from 6 through an additional ring closing process in the basic
media.

Ring opening of aziridine 7 with acetic acid at room tem-
perature followed by basic hydrolysis of the acetate group in 8
furnished the N-protected amino alcohol 9 in excellent yield
(Scheme 4). The observed regioselectivity can be rationalized
considering the selective nucleophilic attack at the propargylic
position (see ref. 25 for a general review dealing with the syn-
thesis and opening of alkynyl (and vinyl) aziridines). This
effect has also been described in the ring-opening reactions of
vinyloxirane and activated vinylaziridine derivatives.*®

In order to perform click triazole syntheses, azides 10a-d
were synthesized. 1-Azidododecane 10a was obtained quanti-
tatively from 1-bromododecane by treatment with sodium
azide in a 1:1 mixture of refluxing EtOH : H,O. Azide 10b was
synthesized from 9-bromononanal 11 via the Wittig reaction
with the corresponding trifluorinated phosphorus ylide and
ulterior bromide displacement with sodium azide (Scheme 5).
For practical reasons,*® azides 10c and 10d were synthesized
by the Wittig reaction with the corresponding azido aldehydes
13 and 14. All aldehydes were obtained from the respective
alcohols by Swern oxidation.

A copper catalysed cycloaddition reaction of azides 10a-d
with the alkyne 9 previously prepared afforded triazoles 15a-d
in yields ranging from 66% to 86% (Scheme 6). With these pro-
tected triazole-based sphingosine analogues in hand, the
corresponding modifications in the amine functionality were
carried out. Thus, the preparation of the non-fluorinated
N-monomethyl amine 18a was accomplished by reduction of
the carbamate group and ulterior p-methoxybenzyl ether de-
protection. Inverting the sequence of events, as was done for
the fluorinated analogues (see below), leads in this case to

Boc

U AcOH (0.05 M) .Boc K,CO. .Boc
N #, 24 h HN™  MeoH L
PMBO._. T .. PMBO_A_Z PMBO. _~_ 7
X 80 % 92%
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7 8 9

Scheme 4 Synthesis of intermediate 9 by aziridine ring opening.

7232 | Org. Biomol. Chem., 2018, 16, 7230-7235

View Article Online

Organic & Biomolecular Chemistry

EtOH / H,0 (1:1) N
Br\(")/ . NaN; - ey 3%
" 4 equiv reflux, 16h
quiv. 99% 10a
KHMDS
Toluene _ (125 equiv)
R, e e | T e,
reflux . ,
+ PPhs  ouernight 1.3 equiv. 20 min H o1
Br\M/g
Rf= CF 73% 5 O
Rf= CF,CF;  83% THF,
0°Ctort, 12h

Rf= CF,CF,CF3 91%

H
Nstn/go ﬂ
Rf A Br

13 n=7  THF,
14 n=6 0°Ctort, 12 Rf=CF; 74%
NaN;
EtOH / H,O

- reflux, 16h
Rf—/_>‘7‘—N3 -

n
10b Rf= CF5 n=8  87% (from 12)
10c Rf= CF,CF3 n=7  45% (from 13)

10d Rf= CF,CF,CF3 n=6  67% (from 14)

Scheme 5 Synthesis of azides 10a—d.

CuSO45H,0
Sodium Ascorbate
Hy 2 CH,Cl,-H,0 (3:1 POt NN
L 2Cl>-H,0 (3:1) : N-R
PMBO\/\‘// ——— "~ PMBO <N Ry
10a-d R4-N
OH - Rl OH
9 16a, Ry: CioHos 72 %

15b Ry: C14HpoCF3 66 %
15¢, Ry: C1oH1gCF2CF3 86 %
15d, Ry: CoHisCF,CF,CF5 81 %

Scheme 6 Azide—alkyne cycloaddition.

worse yields. For obtaining fluorinated N-methyl derivatives
18b-d an additional double bond reduction step was required.
This transformation was performed using 15b-d with Pd/C,
H,, with concomitant PMB hydrogenolysis, and the Boc group
was subsequently reduced (Scheme 7). Boc deprotection of
compounds 17b-d led to free amino analogues 19b-d. Non-
fluorinated aminodiol 19a, in turn, can be directly obtained
from the non-olefinated compound 15a by simultaneous Boc
and PMB deprotection with TFA.

N,N-Dimethyl derivatives 20a-d were synthesized from
19a-d by reductive amination with p-formaldehyde
(Scheme 7). The synthesis of N-guanidine sphingosines was
accomplished by reaction of amines 19a-d with N,N'’-di-Boc-
1H-pyrazole-1-carboxiamidine to afford N-Boc derivatives
21a-d, followed by deprotection with a 1:1 mixture of TFA/
CH,ClL,.

Although purification of guanidine derivatives was per-
formed under basic conditions, and despite that an ulterior
treatment with aqueous NaOH had been carried out, com-
pounds 22b-d were obtained as the trifluoroacetate salts.

The half maximal inhibitory concentration (ICs,) of each
compound was determined using an in vitro time-resolved
fluorescence energy transfer (TR-FRET) analysis (Table 1 and
Fig. 1 and 2 of the ESIf). This experiment was performed inde-
pendently for each kinase and dimethyl sphingosine was used
as a reference.

None of the compounds showed a higher inhibitory activity
than the reference DMS, but two of them showed an ICs, value

This journal is © The Royal Society of Chemistry 2018
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Scheme 7 Last steps and N-derivatization for the syntheses of target
triazole analogues.

close to DMS. Thus, the non-fluorinated guanidine derivative
22a showed an ICs, = 7.9 uM for SPHK2 and the pentafluoro
N-monomethyl compound 18c showed an ICsq = 30.0 pM for
SPHK1. However, these activities were not selective and these
compounds showed also inhibitory activity against the other
kinase.

More interestingly, some compounds actually showed
modest but selective inhibitory activity for SPHK2 (free amino
trifluoromethyl and heptafluoro compounds 19b and 19d as
well as N,N-dimethylamino fluorinated derivatives 20b, 20c
and 20d). As a general trend, the family of compounds consti-
tuted of heptafluoroderivatives (18d, 19d, 20d and 22d)
showed a good and selective inhibitory activity against SPHK2,
the N,N-dimethyl derivative 22d being the best compound in
this series in terms of activity/selectivity.

The presence of polyfluorinated alkyl fragments in a com-
pound is known to affect the lipophilicity and conformational
rigidity of the parent molecule along with other effects.*® In
our case, the terminal heptafluoropropyl unit can confer a

This journal is © The Royal Society of Chemistry 2018
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Table 1 ICso values of compounds 18a-d, 19a-d, 20a—-d, and 22a-d
and the reference, DMS, for each sphingosine kinase

SNHON=N NH, N=N
HO. _~ N‘R1 HO. ~ N Ry
OH OH
18a Ry: CroHps 19a Ry: CoHps

18b Ry: Cq4Hp,CF3
18¢ Ry: CioHaoCF2CF3
18d Ry: CoH4gCF,CF,CF3

19b Ry: C11HCF3
19¢ Ry: C1oHaoCF,CF3
19d Ry: CoH4gCF,CF,CF3

NH
SNTON=N HZN*NH N=N
HO\/%/N_R1 HO. _~ ANR
OH OH
20a Ry: CyoHos 22a Rq: CqoHps

20b Ry: C11HzCF3
20c Ry: CygHzoCF,CF3
20d Ry: CoHygCF,CFoCF3

22b Ry: C11HpCF3
22¢, Ry: C1gHp0CF,CF3
20d Ry: CoHygCF,CF,CF3

\N/
A Ci3Hy;  N,N-dimethylsphingosine
HO\/Y\/ 13H27 ([;’MSP) g
OH
Inhibitor SPHK1 SPHK2 Inhibitor SPHK1 SPHK2
18a 61.5 22.9 20a 110.2 22.2
18b 48.9 41.9 20b — 56.8
18¢ 30.0 39.5 20c¢ — 70.8
18d 51.6 10.7 20d — 15.6
19a 97.1 25.6 22a 41.9 7.9
19b — 40.5 22b — —
19¢ — — 22¢ 51.1 19.1
19d — 28.5 22d 60.0 18.1
DMS 27.3 3.8

Values are expressed as concentrations (uM), and no value (“—”)
means low or no inhibitory activity detected.

lower conformational mobility to this family of sphingolipid
analogues, which might make a proper fitting of the alkylic
chain into the J-shaped tunnel of SPHK1 difficult. This fact
could explain the observed selective inhibitory activity against
SPHK2 if the cavity of this kinase was straighter than that of
SPHK 1. However, the crystal structure of SPHK2 has not been
elucidated yet, so this hypothesis cannot be confirmed.
Nonetheless, these results postulate heptafluoro-derivatization
as a starting point for future SPHK2 selective inhibitors.

Conclusions

In summary, we have reported an efficient method for obtain-
ing enantioenriched alkynylaziridines by a proline organocata-
lyzed aziridination reaction of o,f-unsaturated aldehydes fol-
lowed by a homologation reaction. This approach has allowed
easy access to a library of 16 sphingosine analogues bearing a
common triazole motif, including systematic modifications at
the amino moiety and a different degree of fluorination at the
end of the alkyl chain. The products obtained showed compar-
able in vitro activity to that of DMS as SPHK1 and SPHK2
inhibitors, although the family constituted of a heptafluoro
tail exhibits selective inhibitory activity towards SPHK2, postu-
lating this derivatization as a starting point for future SPHK2
selective inhibitors.

Org. Biomol. Chem., 2018, 16, 7230-7235 | 7233
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