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/Abstract: A series of 12 analogues of the Cer transfer pro-
tein (CERT) antagonist HPA-12 with long aliphatic chains
were prepared as their (1R,3S)-syn and (1R,3R)-anti stereoiso-
mers from pivotal chiral oxoamino acids. The enantioselec-
tive access to these intermediates as well as their ensuing
transformation relied on a practical crystallization-induced
asymmetric transformation (CIAT) process. Sonogashira cou-
pling followed by triple bond reduction and thiophene ring
hydrodesulfurization (HDS) into the corresponding alkane
moieties was then implemented to complete the synthetic
routes delivering the targeted HPA-12 analogues in concise
4- to 6-step reaction sequences. Ten compounds were evalu-
ated regarding their ability to bind to the CERT START

N

domain by using the recently developed time-resolved FRET-
based homogeneous (HTR-FRET) binding assay. The intro-
duction of a lipophilic appendage on the phenyl moiety led
to an overall 10- to 1000-fold enhancement of the protein
binding, with the highest effect being observed for a n-hexyl
residue in the meta position. The importance of the phenyl
ring for the activity was indicated by the reduced potency of
the 3-deoxyphytoceramide aliphatic analogues. The 1,3-syn
stereoisomers were systematically more potent than their
1,3-anti analogues. In silico studies were used to rationalized
these trends, leading to a model of protein recognition co-
herent with the stronger binding of (1R,35)-syn HPAs.

/

Introduction

Ceramides (Cer) are a wide family of key sphingolipids (SLs)
formed by a sphingosine linked to a fatty acid through an
amide bond. The sphingoid base can be of two main types (p-
erythro-sphingosine or p-ribo-phytosphingosine), whereas
other species such as dihydrosphingosine- and 6-hydroxy-
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sphinganine-based ceramides are also synthesized by human
tissues." On the other hand, the acyl moiety sometimes found
to be unsaturated and/or hydroxylated is mostly a saturated
C,,—Cy aliphatic chain (Figure 1). Cer are bioactive lipids that
act as crucial mediators involved in the regulation of various
cellular responses such as inflammation, cell migration, au-
tophagy, differentiation, senescence, cell proliferation, and
apoptosis.*® Cer contribute to signal transduction cascades in
affecting the lateral partition of membrane proteins through
the dynamic assembly of lipid microdomains into signaling
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Figure 1. Sphingolipid metabolism and biosynthesis Scheme including the
CERT protein.
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platforms. They also act as second messengers in activating di-
verse intracellular kinases or phosphatases.

Cer are generated from palmitoyl-CoA and serine through
a de novo biosynthetic pathway (Figure 1). Viewed as a meta-
bolic hub, the resulting Cer are in equilibrium with ceramide-1-
phosphate (C1P), glucosylceramide (GlcCer), sphingomyelin
(SM), and sphingosine (Sph). Due to their rapid turnover, Cer
homeostasis thus requires a fine balance between the synthe-
sis and the degradation of these SLs. Alternatively, the Sph re-
sulting from the hydrolysis of Cer can be phosphorylated into
sphingosine-1-phosphate (S1P) that in turn may be irreversibly
cleaved upon the action of a lyase.

To progress along the different synthetic or degradative
pathways, the amphiphilic Cer have to be transported from
one subcellular compartment to another. In particular, the de
novo generated Cer in the endoplasmic reticulum (ER) are
transferred to the Golgi apparatus to be transformed into SM
(Figure 1) thanks to a Cer transfer protein (CERT), delivering its
substrate to SM synthase in an energy-dependent manner.”

CERT protein is a cytoplasmic 68 kDa member of the START
domain-containing protein family.”! It is constituted of different
domains and motifs, all important for its ER-to-Golgi ceramide
trafficking function® Among them, the steroidogenic acute
regulatory protein (StAR)-related lipid transfer (START) domain
holds a crucial role.” It is found at the carboxy-terminal
region, and specifically recognizes and transfers the natural p-
erythro isomer of Cer.

The CERT protein is emerging as a key player in several
pathological processes. An increased CERT expression was ob-
served in several drug-resistant cancer cell lines that could be
re-sensitized to chemotherapeutic agents through genetic or
pharmacological CERT inhibition.®® CERT was shown to bind
to serum amyloid P-component and to be present in brain
amyloid plaques from Alzheimer disease patients."” Inhibition
of CERT through its phosphorylation by protein kinase D nega-
tively regulates hepatitis C virus secretion."'? Finally, recruit-
ment of CERT from host cells was demonstrated to be involved
in the rerouting of SM toward parasitophorous vacuoles in the
course of the development of obligate intracellular bacteria
Chlamydia Trachomatis.*'¥ These different studies suggest
that pharmacological inhibition of CERT could represent an in-
novative strategy in diverse therapeutic contexts.

HPAs (namely N-(3-hydroxy-1-hydroxy-methyl-3-phenyl-pro-
pyl)alkanamides as highlighted in Figure 2) represent the only
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Figure 2. HPAs and HPA-12 structures.
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class of CERT inhibitors reported to date. In 2001, Hanada and
Kobayashi described HPA-12 (1, Figure 2), a derivative embed-
ding a dodecanamide moiety, as a new inhibitor of intracellular
Cer trafficking."™'® This precursory report was followed by the
discovery by Hanada of the unique CERT protein-associated
Cer transfer machinery."”’ HPA-12 was subsequently recognized
as a protein antagonist. It specifically inhibits the CERT-mediat-
ed intracellular redistribution of fluorescent Cer analogues and
the intermembrane Cer transport in a radioactivity-based cell-
free assay system.”

HPA12 is now the benchmark CERT protein-targeting cellular
inhibitor of de novo SM biosynthesis in various domains. It
was used, for instance, to sensitize drug-resistant cancer cells
lines overexpressing CERT to paclitaxel-induced apoptosis® or
to attenuate the CERT-controlled hepatitis C virus activity
through blockage of the virion production.™”

Despite its widespread use, HPA-12 has led to only limited
structure-activity relationship studies. Whereas the presence of
both free hydroxyl groups proved necessary, the introduction
of a secondary alcohol at the C-2 position of HPA-12 was not
found to be beneficial for the cellular activity. Acyl chains com-
prised between C11 and C15 led to comparable inhibitory po-
tency in a cell-based assay, whereas the presence of shorter or
longer alkanamide fragments either diminished or suppressed
the activity."® Early on, the configuration of the two stereocen-
ters was shown to strongly affect the cellular inhibitory activity,
the most potent of the four stereocisomers being initially recog-
nized as the (1R3R) isomer.” Crystal structures of a series of
(1R,3R)-HPAs with C13 to C16 acyl chains in complex with the
CERT protein START domain were reported, indicating a recog-
nition mode very similar to that of Cer, the natural cargo
lipid."® The configuration of the most active HPA-12 stereoiso-
mer was, however, revised later on as (1R,3S),%*" thus leaving
open the issue of its exact mode of binding to the CERT pro-
tein. Overall, the surprising scarcity of data on structure-activi-
ty relationships might be correlated, to some extent, to the
lack of sufficiently flexible synthetic access to the HPA core
structure.

No less than nine different synthetic routes to HPA-12 have
been described to date, essentially focusing on the most active
stereoisomer. Kobayashi’s original synthetic work was based on
an asymmetric Mannich-type reaction that led to important
methodological achievements between 2001 and 2004.'>'2
In 2004, the preparation of the (1R,3R)-stereoisomer, based on
the initial Kobayashi’s assignment, was also reported from a [3-
sulfonamido unsaturated sulfoxide.” Seven years later, the re-
vision of configuration from (1R3R) to (1R,35),%*” led to
a regain of interest for HPA-12. (S)-Wynberg lactone, L-serine-
derived Garner’s aldehyde and aspartic acid were independent-
ly used as chiral pool-issued precursors.”® Lately, diastereo-
and enantiocontrolled syntheses of HPA-12 through the asym-
metric Ru-catalyzed N-demethylative rearrangement of isoxa-
zolidines were successively described.” The synthesis of the
enantiomeric (15,3R)- and diastereoisomeric (1R,3R)-HPA-12
were also reported.

In 2011, we described the first unified access to all stereoiso-
mers of HPAs based on a crystallization-induced asymmetric
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transformation (CIAT) technology using 1-phenylethylamine as
a readily accessible chiral inductor.”” This work led to the re-
assignment of the configuration of the most potent stereoiso-
mer of HPA-12, subsequently confirmed by Kobayashi.?*?" Re-
cently, this practical stereodivergent route, which also proved
useful for the synthesis of several new analogues, was applied
to the first stereocontrolled preparation of the four stereoiso-
mers of HPA-12 on a multigram scale.””

Optimization of HPA derivatives as CERT inhibitors and, a for-
tiori, identification of new antagonist chemotypes, have also
been hampered by the lack of practical tools allowing the sys-
tematic binding evaluation of large series of ligands.”® In line
with our precursory study on the identification of the SM bio-
synthesis inhibitor jaspine B as a potential CERT antagonist,””
we recently described the first time-resolved FRET-based ho-
mogeneous (HTR-FRET) binding assay for the CERT START
domain that proved amenable to high throughput screening
(HTS).BY This in vitro protocol also allowed us to quantify the
ligand-protein binding through the determination of ECs,
values.

Given the emerging importance of the CERT-dependent SM
biosynthesis inhibition in several pathological contexts, there is
a growing interest for readily accessible CERT antagonists of
optimized potency. It is indeed worthy of note that, almost 15
years after the initial report of HPA-12, no report has yet been
made of a more efficient analogue. The synthetic, computa-
tional and biological tools we recently developed appeared
ideally suited to address this issue. We present here a detailed
report of the asymmetric preparation and the in-depth in
vitro/in silico study of the binding of a series of HPA-12 ana-
logues to the CERT START domain.

Results and Discussion
Chemistry

Several key structural features of the HPA backbone can be
identified for pharmacological optimization. Among them, the
potentially labile amide group may be the object of relevant
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alterations. We focused our study on the modification of the
lipophilic portion of the HPA backbone. The influence of the
phenyl ring decoration or its replacement has hardly been ex-
plored so far. Opportunities offered by such modifications are
illustrated by the development of several families of related ce-
ramide analogues embedding a benzene ring as a surrogate to
the lipophilic chain of the sphingoid backbone. Replacement
of the p-nitro substituent present on the phenyl group of the
acid ceramidase inhibitor B-13 (Scheme 1) by a primary amine
resulted in a significant enhancement of Cer-mediated apopto-
sis induction.®" In the P-drug series, a class of GCS inhibitors,
the introduction of an ethylenedioxy unit onto the phenyl ring
led to a dramatic increase in inhibitory activity.?? This modifi-
cation resulted in the development of Eliglustat (Scheme 1),
which is commercialized by Genzyme for the treatment of
Gaucher disease. In a preliminary set of experiments, we thus
evaluated the CERT START domain recognition of several previ-
ously prepared (1R,3S)-syn-HPA-12 analogues using the FLINT
binding assay we developed.”” Replacement of the phenyl
ring by a cyclohexyl residue did not noticeably alter the dis-
placement of ceramide, whereas a tert-butyl moiety or cyclo-
hexyl residue led to a strong diminution.*” On the other hand,
the introduction of a methoxy group in the para position sig-
nificantly increased the level of protein binding.®¥ These first
observations thus prompted us to explore the impact of aro-
matic ring substitution further. In particular, we envisioned that
this strategy could be advantageously exploited to introduce
an aliphatic appendage (14, Scheme 1), likely to develop addi-
tional lipophilic interactions within the binding pocket. Inspec-
tion of the crystal co-structure of the CERT SART domain in
complex with Cer or diacylglycerol derivatives indeed shows
a conserved lipidic path along the cavity walls that could be
exploited in this endeavor.®”

To evaluate the impact of the rigid aromatic moiety within
the skeleton, 3-deoxyphytoceramide analogues resulting from
the formal deletion of the phenyl ring of HPAs were also envi-
sioned (15, Scheme 1). Incorporation of rigid aromatic rings
into the sphingosine aliphatic backbone of Cer and derivatives
thereof was reported on several occasions. Bittman described

OH
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Scheme 1. Representative structures of conformationally constrained sphingosine and ceramide analogues and our target products 14a,b and 15a,b in both

anti and syn forms.
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a Cer analogue with the double bond of the sphingoid base as
part of the phenyl (or pyridyl) moiety (7 and 8, Scheme 1),59
whereas Reissig reported the corresponding Cer-1-phosphate
derivative (9, Scheme 1).2”" Delgado also published the solid
phase synthesis of related phenyl ether-containing truncated
Cer analogues (6, Scheme 1).5¥ No biological activities were as-
sociated to these derivatives. On the other hand, Park de-
scribed pharmacologically relevant modifications of the sphin-
gosine backbone in a series of analogues of the immuno-
stimulatory  a-galactosylphytoceramide  KRN7000 (10-12,
Scheme 1).°? The combined presence of a pyrazolo moiety
and a phenyl ring in a specific position of the lipophilic chain
of the Cer backbone of 12 led to a significantly enhanced ac-
tivity in an autoimmune animal model. The development of
FTY720, which culminated in the commercialization by Novar-
tis of the immunosuppressant drug Fingolimod (13, Scheme 1),
also fully illustrates the critical gain of a phenyl ring judiciously
located along the aliphatic chain of the sphingosine backbone
of sphingolipid-inspired lead structures.*”

The overall strategy employed here to access the HPA-12 an-
alogues 14a,b and 15a,b is depicted in Scheme 2. One of the
central features of our approach is the use of alkyne and/or
thiophene moieties to facilitate the branching of the lipophilic
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Scheme 2. Stereodivergent approach to the starting trans- and cis-bromo-
substituted 2-aminobutanolides 17 A-C and 18 A-C as the key intermediates
of the synthesis of the target products 14a,b and 15a,b.

appendage and in turn serve as an aliphatic fragment surro-
gate. The stereocontrolled entry to the HPA scaffold relied on
a practical crystallization-induced asymmetric transformation
(CIAT) leading to bromoarene-containing 2-aminobutanolides.
Sonogashira coupling followed by triple bond reduction and
thiophene ring hydrodesulfurization (HDS) into the corre-
sponding alkane moieties was then implemented to complete
the synthetic routes delivering the targeted HPA-12 analogues
in concise 4- to 6-step reaction sequences.
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Key to the preparation of these HPA-12 analogues was thus
the straightforward access to the stereoisomerically pure m- or
p-bromophenyl- and 5-bromothiophene-2-yl-substitued oxoa-
mino-acids 16 A-C, secured from readily available starting ma-
terials through an efficient CIAT process”” (Scheme 2). The
stereodivergent conversion of the oxoamino-acids 16 A-C into
the trans- or cis-2-amino-butanolides 17 A-C and 18A-C, re-
spectively, was in turn realized on gram-scale.

Worthy of note, the syn-hydroxyaminoacids required for the
N,N-dicyclohexylcarbodiimide (DCC)-mediated cyclization into
the (1R,3S)-trans lactones 17 A-C**? were obtained through the
highly stereoselective (diastereomeric ratio (d.r.) >97:3) MnCl,-
catalyzed ketone reduction of the appropriate oxoamino-acids
16 A-C with sodium borohydride (Scheme 3)."* In contrast, the

HN—

Ph
0
y BrO\‘.. o
COOH 7RG
O HN_ .« HN—

o~

18A-C

Scheme 3. Sequence for the synthesis of 17 A-C and 18 A-C. Reagents and
conditions: a) 1) NaBH,/cat. MnCl,-4H,O, MeOH 0-5°C, d.r. 97:3; 2) DCC, TEA,
THF, RT, d.r. 97:3, overall yield for 17 A 67 %, for 17 B 48 %, and for 17 C 63 %;
b) 1) NaBH,, MeOH RT, d.r. 2:1; 2) 8 m HCl, 60°C, CIAT, d.r. 98:2, overall yield
for 18 A 70%, for 18 B 66% and for 18C 71 %.

(1R,3R)-cis diastereoisomers 18 A-C were selectively prepared
in a two-step one-pot procedure starting with the non-stereo-
selective sodium borohydride reduction of oxoamino-acids
16 A-C (d.r.=2:1) followed by an acid-catalyzed lactonization
(8m HCI, 40°C, 24 h; Scheme 3) under epimerizing condi-
tions.*'¥ The brominated aminobutanolides 17 A-C and 18 A-
C were finally isolated by flash chromatography in high diaste-
reomeric purity (d.r.>99:1 in all cases).

A Pd°-catalyzed Sonogashira cross-coupling™ reaction fol-
lowed by the saturation of the alkynyl moiety was envisioned
as a flexible strategy for the introduction of the aliphatic ap-
pendage of the targeted HPA-12 derivatives. The literature pre-
dominantly reports the use of an alkynyl unit as a precursor of
the olefin moiety of various linear®' and constrained® ceram-
ide analogues as well as a-galactosyl™” derivatives. The partial
reduction of an alkynyl fragment into an E-alkenyl unit was
also used in the synthesis of the GlcCer synthase inhibitor
PDMP¥® and analogues thereof, as well as that of sphingadie-
nines and diverse aromatic ceramide analogues.*” The intro-
duction of an alkynyl unit as an alkyl fragment surrogate was,
however, only scarcely exploited in the field of lipid synthesis.
It was for instance used in the preparation of the anhydrophy-
tosphingosine jaspine B (pachastrissamine) and analogues
thereof, a series of cytotoxic inhibitors of the SM biosynthe-

SiS.[SO]
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After an extensive screening of experimental conditions by
varying the catalyst ([PdCl,(Ph;P),], [Pd(PhsP),]), the solvent
(THF, DMF, triethylamine (TEA)), the ratio of the reagents and
the reaction temperature (Table 1), the best reaction conditions
for the Sonogashira coupling™ were the use of 3 equivalents
of alkyne, 5mol% of tetrakis-(triphenyl-phosphine)palladium
([Pd(Ph,P),] along with 10 mol% of Cul as catalysts and Et;N
(12 mL per T mmol of lactone reactant) heated at reflux. The
tertiary amine was opportunely employed as both the base
and the solvent. Under these optimized conditions, the reac-
tion proved effective for either aromatic or aliphatic alkyne
partners and, except in the ‘Bu-substituted series C, all Sonoga-
shira coupling products trans-19 A-C and cis-20 A-C were iso-
lated in fair to good yields (Table 1). In the case of 3,3-dime-
thylbut-1-yne (R='Bu, entry 3, Table 1), because of the low
boiling point of the alkyne (b.p. 37-38°C), the yields ranged
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from 30% up to 55%, independently of the halide used (series
A or B) and despite variations of the experimental conditions,
including notably an increase of the reaction temperature.

Having in hand the required enantiopure lactones trans-
19A-C and cis-20 A-C embedding the alkynyl and thiophenyl
moieties as masked aliphatic fragments, we were in a position
to complete the preparation of the targeted HPA-12 analogues
14a,b(A-C), 15ab(A-C) through the implementation of
straightforward 3-step reaction sequences starting with the lac-
tone reductive opening.?”

We first addressed the benzenic series A and B (Scheme 4).
The reduction of lactones trans-19 A,B and cis-20 A,B under op-
timized reaction conditions (10 equiv NaBH,, EtOH, RT, 2-7 h)
delivered the expected amino diols 19 A-C and 20A-C with
high yields of the isolated product (58-80%) (Scheme 4). Inter-
estingly, no trace of the intermediate lactol was ever detected

Table 1. Sonogashira coupling reaction applied to the synthesis of 5-(alkynylaryl)-2-amino butanolides trans-19A-C and their diastereoisomers
cis-20 A-C.”!
HN : ':
Ph HN/\Ph
. o Alkyne (3 equiv) R \\ o
o —0 [Pd(Ph3P)a] (0.05 equiv), =0
Cul (0.1 equiv), EtsN, T
trans-17A-C i ) trans-19A-C
or O = Benzene or Thiophene ‘ or
cis-18A-C cis-20A-C
Entry Product R group T[°C1® Yield of trans-19 A-C [%] Yield of cis-20 A-C [%]
19A 19B 19C 20A 20B 20C
1 a CgHyy 90 83 72 72 85 86 77
2 b C4H, 50 69 42 83 67 70 62
3 [4 ‘Bu RT 60 51 69 30 31 55
4 d Ph 920 82 71 75 85 70 68
5 e PMP 70 72 86 68 79 83 56
[a] The reaction was monitored by TLC using a mixture of hexane and EtOAc as the eluent. [b] Yields of the isolated product after flash chromatography
purification on silica gel column using the mixture of hexane and EtOAc as the eluent.

1. Hy, Pd(OH), (20 wt %), AcOH

trans-19A-C NaBH, (10 equiv) ©~ "OH (2 equiv), MeOH, 40 °C, 2-48 h 7
or = = =
cis-20A-C  CtoH: mt 2-7 h, Ol HN\_/ 2. X (1.2 equiv), THF, rt,17-48 h, R OH HN R OH HN
yields 58-80% anti-21A-C = yields 52-84% (in 2 steps) o 2
syn-22A-C Ph anti-14a,b(A,B) O syn-14a,b(AB) O

(a) R= CgHy7, b) R= C,4Hy)

(A and B series; X=C11Hz3CO,Su)
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84%, d.r. > 99:1
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Scheme 4. Sequence for the synthesis of HPA-12 analogues anti-14a,b(A,B) and syn-14a,b(A,B) containing substituted alkyl chain on the benzene ring.
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in the final reaction mixture. Furthermore, the transformation
proceeded without erosion of the stereoisomeric purity of the
starting trans- or cis-lactones. The relative configuration of the
obtained N-alkyl aminobutanediols was determined from the
'H NMR analysis of trans-21A,B and cis-22A,B (coupling con-
stant analysis) based on our earlier findings regarding HPA-12
diastereomers® as well as other later studies using the same
protocol 24>

The hydrogenolysis of N-benzylamines trans-21A,B and cis-
22 A,B then proceeded smoothly with concomitant hydrogena-
tion of the triple bond under catalytic reaction conditions
(1 atm, H, (balloon), 20 mol % [Pd(OH),]/C, 2 equiv AcOH, 40°C,
MeOH) to provide the corresponding saturated aminodiols. In-
terestingly this process is accelerated by the addition of two
equivalents of glacial acetic acid, which also improved the dia-
stereoisomeric purity of the isolated products (d.r.>95:5)
(Scheme 4).

The final N-acylation step was then carried out in a one-pot
sequence without isolation of the primary amines. The use of
anti-21a,b(A,B) and syn-21a,b(A,B), respectively, with succini-
mide dodecanoate X (1.2 equiv) under neutral conditions (THF)
smoothly provided the expected dodecanamides anti-
14a,b(AB) and their diastereoisomers syn-14a,b(A,B). The tar-
geted HPA-12 analogues were isolated after purification by
chromatography in 52-84% yields over two steps and with
d.r.>99:1 (Scheme 4).

We then addressed the series C embedding a thiophene
moiety (Scheme 5). As mentioned earlier, this heterocycle may
be advantageously introduced as a masked n-butyl fragment
thanks to the well-established reductive desulfurization proto-
col. The potential of this approach is illustrated in the litera-
turel® with examples in different fields of organic chemistry in-
cluding stereoselective total synthesis.”® Our plan was to con-
vert directly the ethynylthiophene fragment into a linear 6-car-
bone aliphatic unit in a single operation. Interestingly, to our
knowledge, no precedent for such a reductive process, com-
bining the hydrogenation of an alkyne unit and the HDS of
a thiophene ring, has so far been described in literature. Only
rare reports of the reduction of a substituted vinylthiophene
into the corresponding n-hexyl fragment were found.®”
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The substituted ethynylthiophene anti-21Ca, selected as
a model substrate, was subjected to Raney-Ni, a common re-
agent for reductive desulfurization.®™ Ethynylthiophene
(T mmol) was treated with activated Raney-Ni (5 wt equiv) in
anhydrous methanol (4 mL) under 1 atmosphere of hydrogen.
After stirring at room temperature for 24 h, purification by
flash chromatography delivered the reaction product with
72% yield. Gratifyingly, the latter was identified as the aliphatic
aminodiol anti-23a resulting from the concomitant reduction
of the carbon-carbon triple bond and the reductive desulfuri-
zation of the thiophene ring. The same protocol was success-
fully applied to substituted ethynylthiophene derivatives anti-
21Cb, syn-22Ca, and syn-22 Cb. The expected aliphatic amino-
diols anti-23 b, syn-24a, and syn-24b were isolated with 73 %,
51%, and 62 % yields, respectively.

Finally, the aminodiols anti-23a,b and syn-24a,b were con-
verted into the targeted 3-deoxyphytoceramides by using the
one-pot N-debenzylation/N-acylation sequence developed ear-
lier. The expected dodecanamides anti-15a,b and syn-15a,b
isolated in 53-72% vyields over two steps, were obtained with
high stereochemical purity (Scheme 5).

With the aim of shortening the reaction sequence starting
from the substituted ethynylthiophene anti-21Ca,b and syn-
22Ca,b, we envisioned to combine the three consecutive re-
ductive transformations in a single operation, that is, the satu-
ration of the alkyne fragment, the hydrodesulfurization of the
thiophene nucleus and the hydrogenolysis of the N-benzyl
group. Compound syn-22 Ca was considered as a relevant sub-
strate. It embeds indeed a masked C18 skeleton as the natural-
ly occurring phytosphingosine. This ethynylthiophene deriva-
tive was treated under prolonged reductive desulfurization
conditions before proceeding to the N-acylation reaction in
the same reaction vessel. This one-pot sequence delivered the
expected 3-deoxyphytoceramide syn-15a in 36% yield
(Scheme 6). Interestingly, the yield of this one-pot sequence
compares favorably with that of the corresponding stepwise
process (36% vs. 30.6% as in Scheme 5) for an otherwise com-
parable reaction time (60 h vs. 48 h).

The present synthetic approach thus provided a concise and
modular access to enantiopure 3-deoxyphytoceramide deriva-

g R . 1. Hy, Pd(OH); (20 wt %), ACOH R 5
S > . OH Ha, Raney-Ni WOH (2 equiv), MeOH, 40 °C, 6-48 h H OH
: —2 7 OH HN OH HN
OHHN__~ 'V'iggfs"sgs_?zg‘o/h 7 2 X (1.2 equiv), THF, 1t, 24-48 h M
snfEoie Ph y ° anti-23a.b Ph yields 53-72% (for 2 steps) anti-15a.b 0
syn-22C syn-24a,b syn-15a,b

[ a) R= CgHy7, b) R= C4H, ]

[ C series, X=C41H3CO,Su ]

AN 0

OH HN\H/\/\/\/\/\/

anti-15a, 59%, d.r. > 99:1 0

syn-15a, 60%, d.r. > 99:1 0

OH

OH HNW

anti-15b, 53%, d.r.>99:1 O

ANANANAANNANAN0H

6H Hlil\ﬂ/\/\/\/\/\/

syn-15b, 60%, d.r. >99:1 O

Scheme 5. Sequence for the synthesis of the target products anti-15a,b and syn-15a,b as 3-deoxyphytoceramide analogues.
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v " OH
OHHN._~
syn-22Ca E’h
a) Hp Raney-Ni,
MeOH, rt, 60 h,
b) X (1.2 equiv),
THF, rt, 72 h

ANANNSNNNNANAN0H

(:)H HN\H/\/VVW

syn-15a [e)

Yield 36%
(in 2 steps)

Scheme 6. One-pot synthesis of C,5 3-deoxyceramide syn-15a from alkyne
syn-22 Ca through the tandem reduction/debenzylation/acylation.

tives embedding different lipophilic tails. Interestingly, this par-
ticular sphingolipid backbone was advantageously exploited in
the development of deoxygenated analogues of the a-galacto-
syl-ceramide KRN7000, a potent immunomodulator.”® The im-
portance of the 3-deoxyphytoceramide C18 skeleton as a rele-
vant platform to develop new immunosuppressor agents thus
further highlights the potential of our synthetic route.

Protein binding experiments

With the targeted HPA-12 derivatives in hand, we were in a po-
sition to evaluate their protein recognition capacities. We pre-
viously reported the first use of an HTR-FRET CERT START
domain binding assay to quantify the relative protein interac-
tion of the four HPA-12 stereoisomers.””’ The derivative of re-
vised (1R,3S)-syn configuration proved to be the more affine,
with an ECg, of 4 pum. In addition, both the 1R and 3S configu-
rations were found to contribute equally to the extent of pro-
tein recognition, epimerization of either of these two stereo-
centers leading to a five- to six-fold increase in EC;, for both
corresponding (15,35)- and (1R,3R)-anti derivatives.

Ten of the prepared HPA-12 analogues were subjected to
the same binding assay. As can be seen from the ECs, values
reported in Table 2, the introduction of a lipophilic fragment
into the HPA-12 backbone gave rise to a 10- to 1000-fold en-
hancement in protein binding. The impact of the aliphatic sub-
stituent on the phenyl ring can be finely analyzed within the
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(1R,3S)-syn series. A meta-positioned lipophilic appendage led
to a stronger recognition as compared to the para-substituted
series (syn-14Ab vs. syn-14Bb, syn-14Aa vs. syn-14Ba). For a de-
fined position, the protein recognition was also dependent on
the alkyl chain length, with the lowest ECs, being observed, in-
terestingly, for the hexyl-substituted analogues rather than for
their decyl counterparts (syn-14Aa vs. syn-14Ab, syn-14Ba vs.
syn-14Bb). Notably, the analogue syn-14Aa displayed an ECg,
1.49 nm, that is, three orders of magnitude lower than the
HPA-12 itself. Overall, these trends were qualitatively conserved
in the (1R,3R)-anti series with less pronounced gaps in protein
binding between the different analogues.

The 15 series of 3-deoxyphytoceramide derivatives, lacking
the phenyl ring, also gave rise to potent protein binding. We
previously identified C,,-D-ribo-phytoceramide as the best
CERT START domain ligand in our FLINT experiments and an
ECs, of 140 nm was found in our HTR-FRET assay (unpublished
results). The activity of its 3-deoxy analogue, syn-15a, could
not be evaluated because of its limited solubility. Truncated
derivatives bearing a 14-carbon-long sphingosine backbone,
however, gave rise to substantial protein binding with an ECs,
of 63.2 nm for the (1R,3R) stereoisomer syn-15b (Table 2). The
significantly lower binding of this derivative compared to that
of its phenyl ring embedding analogue syn-14 Ab clearly dem-
onstrate the benefit of the aliphatic chain rigidification on pro-
tein recognition.

In concordance with our previous observations on the
parent HPA-12 series, a strong influence of the configuration at
C-3 on the protein binding was observed throughout this
study. The 1,3-syn stereoisomers were systematically more
active than their 1,3-anti congeners with a difference in ECs, of
at least one order of magnitude. Interestingly, this gap in activ-
ity between the syn and the anti-sterecisomers is more pro-
nounced that the five-fold ratio recorded with the original
HPA-12 (ECso 4 um vs. 22 pum) and the largest difference in ECs,
was recorded for the most active compound 14Ab (1.49 nm vs.
123 nm) embedding a phenyl ring meta-substituted by an n-
hexyl residue.

To further assess the biological potential of the most potent
compound syn-14Ab, its effect on cell viability was evaluated
in primary human fibroblast and compared to that of HPA-12
itself. In concordance with previous report,'® the latter did not
display any cytotoxicity at a concentration up to 10 um. Most

Table 2. EC, (nm) of CERT START domain protein binding for the pre- interestingly, under the same conditions, the 1000 times more
pared HPA analogues as determined by HTR-FRET assay. active analogue syn-14 Ab did not affect neither the cell viabili-
ty of non-proliferative cells (see also the Supporting Informa-
Compound ECs, [nM] :
tion).
syn-HPA-12 4100
anti-HPA-12 22500
syn-14Aa 324 Molecular modeling analysis
anti-14Aa 674
syn-14Ab 1.49 Crystallographic structures of the CERT START domain co-crys-
anti-14Ab 123 tallized with (1R,3R)-HPAs of various acyl chain length have
syn-14Ba 41.8 b 4.9 showi imilarity b h
anti-14Ba 728 een reported,"’” showing a strong similarity between the rec-
syn-14Bb 84.9 ognition mode of the inhibitor and that of the natural cargo
anti-14Bb 317 lipid p-erythro-ceramide.”™ We previously developed a dock-
Sy’;fﬁ: ?i’; ing®” method allowing the fine reproduction of the crystallo-
anti- . .
graphic co-structure of the protein and (1R,3R)-HPA-13 (Root-
Chem. Eur. J. 2016, 22, 6676 — 6686 www.chemeurj.org 6682 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Mean-Square Deviation (RMSD) of 0.79).*? This in silico ap-
proach was also used to explore the possible modes of protein
binding of the other HPA stereoisomers, including the most
active (1R,3S) syn-derivative. This docking protocol was applied
in the context of the present study in an attempt to rationalize
the influence of the structural modifications of the HPA-12 ana-
logues on their enhanced CERT SART domain protein binding.

We first focused on the less active anti-derivatives allowing
a direct comparison with the experimental crystallographic
data reported for the (1R,3R)-HPAs. Figure 3shows the reported
X-ray co-structure between (1R,3R)-HPA-13 (in gray) and the
CERT START domain in superimposition with the calculated
complexes between the protein and the different anti-ana-
logues evaluated (anti-14 Aa, anti-14 Ab, anti-14Ba, anti-14Bb,

Figure 3. Superimposition of the docked poses of lowest energy of the anti-
HPA analogues (14Aa (cream), 14Ab (salmon), 14Ba (blue), 14Bb (purple),
15Ab (pink)) with the reported (1R,3R)-HPA-13 crystallographic structure
(gray). The orientation and protein surface (orange) clipping are chosen to
show the placement of the polar heads of the lipids at the bottom of the
binding site cavity.

anti-15Ab). In these minimized docked structures, the amide
acyl chain follows a defined lipophilic path along the binding
cavity wall distinct from the curved disposition seen in the X-
ray co-structure. The orientation of the phenyl ring plane be-
tween HPA-13 and its para-substituted analogues shows a rota-
tion of about 90° for the most active meta-substituted deriva-
tives. Noteworthy, on the other hand, the polar head confor-
mation of the ligand is highly conserved. Figure 4A, showing
the published X-ray co-structure of (1R,3R)-HPA-13 (in gray)
and the CERT START domain in superimposition with a repre-
sentative calculated complex of the anti-analogue of highest
activity, anti-14 Ab (see the Supporting Information for a repre-
sentation of the three complexes of lowest energy), clearly il-
lustrates these trends. A closer analysis of the protein-ligand
interactions (Figure 4B) suggests that the polar head of anti-
14 Ab develops a hydrogen bond network similar to that ob-
served for the co-crystallized HPA-13 involving Glu446 (with
the amide NH), Tyr553 (with the amide CO), GIn467 (with the
primary OH) and Asn504 (with the secondary OH).
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Figure 4. A) Superimposition of the docked pose of lowest energy of the
HPA analogues anti-14Ab (pink) with the reported (1R,3R)-HPA-13 crystallo-
graphic structure (gray). B) Calculated hydrogen bond network in the
docked pose with CERT START domain for anti-14Ab.

We then focused on the more active syn-configured series.
Figure 5Ashows a representative calculated complex of the
most potent derivative syn-14Ab (see the Supporting Informa-
tion for a representation of the three complexes of lowest
energy) superimposed with that of its analogue anti-14Ab
considered above (Figure 4).

Figure 5. A) Superimposition of the docked poses of lowest energy of the
HPA analogues anti-14Ab (salmon) and syn-14Ab (blue); B) Calculated hy-
drogen bond network in the docked pose with CERT START domain for syn-
14Ab.

The meta-substituted phenyl ring plane is found to adopt
the same twisted orientation (as compared to that of the origi-
nal HPAs) in both syn- and anti-isomers, also driving the lipo-
philic chains along similar paths inside the binding cavity. In
contrast, whereas the amide and primary alcohol fragments of
the polar head present comparable spatial arrangements, the
3S secondary hydroxyl groups of syn isomer now points in a di-
rection opposite to that of the 3R secondary alcohol of the dia-
stereoisomer anti-14Ab. This logically affects the hydrogen
bond pattern developed by the polar head of the ligands in
the more active syn series. As shown in Figure 5B, whereas the
amide portion still binds to Glu446 (by the amide NH) and Tyr
553 (by the amide CO), the interaction of the secondary OH
with Asn504 is not available anymore. In place, a strong hydro-
gen bond network is apparent involving both hydroxyl groups,
now pointing in the same direction as Glu446, GIn467, and Tyr
482 residues. Interestingly, this trend is observed throughout
the entire syn series. The superimposition of the energetically
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minimized complexes of the six analogues (syn-14Aa, syn-
14Ab, syn-14Ba, syn-14Bb, syn-15a, and syn-15b) with the
CERT START domain notably illustrates the conserved arrange-
ment of the two hydroxyl groups (Figure 6). Also, the twist in
phenyl ring plane orientation now affects both the meta- and
para-substituted derivatives, being more pronounced for the
analogues embedding a shorter aliphatic appendage.

Figure 6. Superimposition of the docked poses of lowest energy of the syn-
HPA analogues (syn-14Aa (purple), syn-14Ab (blue), syn-14Ba (dark green),
syn-14Bb (pale yellow), syn-15a (pink), and syn-15b (pale green)).

Regarding the docking of the aliphatic series 15, it is worthy
of note that the C18 backbone of syn-15a, which could not be
experimentally evaluated due to its reduced solubility, is found
to be pointing in a direction similar to that of the sphingolipid
skeleton of the natural p-erythro-ceramide in its X-ray crystallo-
graphic co-structure with the CERT START domain. As noted
earlier, the aliphatic derivative syn-15b is a truncated 3-deoxy
analogue of the C,,-p-ribo-phytoceramide tested in an earlier
study. Both derivatives lead to a similar calculated complex of
lowest energy, as can be seen in Figure 7. The phytoceramide,
however, appears to develop a hydrogen bond between the G,

Figure 7. Superimposition of the docked poses of lowest energy of the HPA
analogue syn-15b (pale green) and C12-p-ribo-phytoceramide (gray).

Chem. Eur. J. 2016, 22, 6676 — 6686 www.chemeurj.org

6684

CHEMISTRY

A European Journal

Full Paper

hydroxyl group and Asn504 that is absent in its 3-deoxy ana-
logues. The more than twofold stronger protein binding of
syn-15b compared to that of the phytoceramide derivative
(ECs, of 63.2 vs. 140 nm) thus suggests a limited contribution
of this specific interaction to the overall protein binding of the
ligand.

Altogether, the coherence of the protein interaction trends
observed for each stereosiomeric series of these original HPA
analogues allows to delineate unprecedented structure-activi-
ty relationships. A shorter aliphatic chain length and a meta
branching position, both found to influence the protein bind-
ing favorably, also correlate with a more pronounced rotation
in the ring plane orientation (as compared to the X-ray struc-
ture of (1R3R)-anti-HPAs) in the calculated complexes of
lowest energy. Most importantly, the significant gain in protein
recognition associated with the 3R to 3S inversion of configu-
ration of the HPA secondary alcohol would result from the es-
tablishment of a strongly stabilizing hydrogen bond network
between both hydroxyl groups and Glu446, GIn467, and Tyr
482 residues. This would occur despite the loss of interaction
with Asn504, known to be key to the binding of the p-erythro-
ceramide natural ligand and also retained in the X-ray co-struc-
ture of (1R,3R)-anti-HPAs.

Conclusion

Access to a small library of HPA-12 analogues 14 and 15 was
secured in four to six synthetic steps. The improved efficiency
of our expedient crystallization-induced asymmetric transfor-
mation (CIAT) was both illustrated by the practical preparation
of the enantio- and diastereoisomerically pure oxoamino-acid
intermediates 16 A-C materials and by their subsequent trans-
formation. The CIAT-based synthesis of trans- and cis-bromo-
phenyl and 5-bromo-thiophene-2-yl substituted 2-amino-buta-
nolides followed by Sonogashira coupling with appropriate ali-
phatic alkynes resulted in the formation of the array of aryle-
thynyl 2-amino-butanolides trans-19 A-C and syn-20A-C as
key synthetic platforms.

In the benzenic series (A and B), the lactone reduction fol-
lowed by the one-pot amine N-debenzylation/alkyne reduc-
tion/N-acylation sequence afforded the targeted anti and syn
aliphatic chain-substituted HPA-12 analogues 14a,b(A,B) in
high stereoisomeric purity (d.r.>99:1). The conciseness of this
approach allowed a straightforward multigram access to these
unique HPA-12 derivatives.

Application of this strategy to ethynylthiophene series (C) re-
sulted, after concomitant alkyne hydrogenation/thiophene hy-
drodesulfurization and one-pot N-debenzylation/N-acylation, in
a convenient enantioselective access to versatile 3-deoxyphy-
toceramide derivatives. Also, the 3-deoxyphyto-sphingosine
core of these derivatives was found in the 3-deoxyanalogues
of the potent immunomodulator a-galactosyl-phytoceramide
(KRN7000). Along this line, a more concise and efficient ap-
proach to the 3-deoxyphytoceramide syn-15a bearing the nat-
urally occurring 18-carbon chain was developed thanks to
a one-pot procedure combining four different synthetic opera-
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tions, that is, the alkyne reduction, the HDS process, the N-de-
benzylation, and the N-acylation.

Ten of the prepared HPA analogues were evaluated regard-
ing their ability to bind to the CERT START domain using the
recently developed HTR-FRET assay. The introduction of a lipo-
philic appendage on the phenyl moiety led to a 10- to 1000-
fold enhancement of the protein binding compared to the cor-
responding unsubstituted HPA-12. The most favorable effect
was recorded for the n-hexyl chain (vs. n-decyl) in the meta (vs.
para) position. Data for the corresponding C14 aliphatic conge-
ners also evidenced a beneficial influence on the protein rec-
ognition of the rigidification of the lipophilic appendage pro-
vided by the embedded aromatic ring. The 1,3-syn compounds
were also systematically more potent than their corresponding
1,3-anti stereoisomers, in coherence with what was observed
for the plain HPA-12. The gap in protein affinity was, however,
more pronounced than in the original series, ranging from one
to two orders of magnitude for the most active compounds.
Docking experiments to the CERT START domain were carried
out to gain insights into the rationalization of these structure—
activity trends. According to calculated complexes of mini-
mized energy, the long aliphatic tail of the sphingolipid-like
backbone would orientate the overall arrangement of the lipo-
philic portions of the molecules. A favorable binding factor as-
sociated with the introduction of an aliphatic appendage
might also lie in the induced twisted orientation of the phenyl
ring plane as compared to what is found in the HPAs co-crystal
structures. Most importantly, the epimerization of the 3R into
the most active series of 3S stereoisomers would reshape the
network of hydrogen bonds around the polar head of the
ligand in a substantially distinct way from that of the natural
cargo lipid p-erythro-ceramide. Altogether, it can be suggested
that the additional aliphatic appendage, beyond the obvious
gain in lipophilic interactions, would drive the ligands to adopt
a restricted set of favorable bound conformations, reflected in
both the overall affinity enhancement observed in the two dia-
stereoisomeric series and the higher increase in binding effi-
ciency of the syn stereoisomers over the corresponding anti
derivatives. Importantly, this in silico study allowed for the first
time to propose a model of protein recognition of the most
active (1R,35)-syn HPAs.

In delineating unprecedented structure-activity trends in
the HPA series, this precursory study paves the way for the rea-
soned development of CERT antagonists with optimized inhibi-
tory potency. Given the emerging importance of this ceramide
transfer protein in various pathological contexts, the design of
better inhibitors of the CERT-dependent SM biosynthesis is of
great promise. Work along this line is currently underway in
our laboratories, and the results will be published soon in
a full account.
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