
pubs.acs.org/jmc Published on Web 05/06/2010 r 2010 American Chemical Society

4198 J. Med. Chem. 2010, 53, 4198–4211

DOI: 10.1021/jm100181s

2-Imino-thiazolidin-4-one Derivatives as Potent, Orally Active S1P1 Receptor Agonists
†

Martin H. Bolli,* Stefan Abele, Christoph Binkert, Roberto Bravo, Stephan Buchmann, Daniel Bur, John Gatfield,
Patrick Hess, Christopher Kohl, C�eline Mangold, Boris Mathys, Katalin Menyhart, Claus M€uller, Oliver Nayler,
Michael Scherz, Gunther Schmidt, Virginie Sippel, Beat Steiner, Daniel Strasser, Alexander Treiber, and Thomas Weller

Drug Discovery Chemistry, Actelion Pharmaceuticals Ltd., Gewerbestrasse 16, CH-4123 Allschwil, Switzerland

Received February 11, 2010

Sphingosine-1-phosphate (S1P) is a widespread lysophospholipid which displays a wealth of biologi-
cal effects. Extracellular S1P conveys its activity through five specific G-protein coupled receptors
numbered S1P1 through S1P5. Agonists of the S1P1 receptor block the egress of T-lymphocytes from
thymus and lymphoid organs and hold promise for the oral treatment of autoimmune disorders. Here,
we report on the discovery and detailed structure-activity relationships of a novel class of S1P1

receptor agonists based on the 2-imino-thiazolidin-4-one scaffold. Compound 8bo (ACT-128800)
emerged from this series and is a potent, selective, and orally active S1P1 receptor agonist selected for
clinical development. In the rat, maximal reduction of circulating lymphocytes was reached at a dose
of 3 mg/kg. The duration of lymphocyte sequestration was dose dependent. At a dose of 100 mg/kg,
the effect on lymphocyte counts was fully reversible within less than 36 h. Pharmacokinetic
investigation of 8bo in beagle dogs suggests that the compound is suitable for once daily dosing in
humans.

Introduction

Selective agonists of the sphingosine-1-phosphate-1 (S1P1)
receptor are of current therapeutic interest for their ability to
halt the exit of lymphocytes from lymph nodes and other
secondary lymphoid organs. This interruption of lymphocyte
migration, without affecting cell types of the innate immune
system (e.g., neutrophils ormacrophages), andwithout affect-
ing cellular reactivity of lymphocytes to antigen challenge,
promises a new immunomodulatory therapeutic principle for
a variety of autoimmune diseases.

Sphingosine-1-phosphate (S1P, Figure 1) is a lysophospho-
lipid that mediates a wealth of biological effects via extra-
cellular signaling through five distinct G-protein coupled
receptors, numbered S1P1 through S1P5.

1-6 While the S1P1,
S1P2, and S1P3 receptors are expressed ubiquitously, the S1P5
receptor, for instance, is mainly found in brain tissue, in
particular in oligodendrocytes. The S1P1 receptor couples
to GRi/o only, and downstream signaling has been reported
to be mediated by the rat sarcoma GTPase (Ras), mitogen-
activated protein kinases (MAPK), extracellular signal-regu-
lated kinases (ERK), phosphoinositide 3-kinases (PI3K), and
other pathways. The other S1P receptors are promiscuous
with respect to G-protein coupling and, in addition to
GRi/o, activate G12/13 and, in the case of S1P2 and S1P3,
also GRq.

S1P regulates many cellular functions by activating cell
surface S1P receptors: effects on cell survival, proliferation,
differentiation, apoptosis, adhesion, migration, and chemo-
taxis are all well-described.3,7-10 The actions of nonselective
S1P receptor agonists have been described in detail for several
tissues and organs such as the cardiovascular system,11-17 the
lung,18,19 the cells of the immune system,20-22 the nervous
system,23,24 and, most recently, bone tissue.25 The observed
effects include angiogenesis, endothelial barrier enhancement,
airway and blood vessel constriction, alveolar epithelial bar-
rier disruption, heart rate modulation, neurite extension, and
bone homeostasis. It has been proven difficult to unambiguo-
usly assign these responses to one or more of the possible S1P
receptor subtypes.

Attention has focused on selective S1P1 receptor agonists.
Selective S1P1 receptor agonists have therapeutic potential to
treat a variety of immune-mediated diseases such as multiple
sclerosis, psoriasis, rheumatoid arthritis, or graft versus host

Figure 1. Structure of sphingosine-1-phosphate (S1P), FTY720
(1), and p-FTY720 (p-1).
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disease. Many cells, in particular cells of the immune system,
are able to migrate along a gradient of S1P by means of the
S1P-S1P1 receptor signaling axis.3,26,27 S1P1 agonists inter-
rupt lymphocytemigration and recruitment to sites of inflam-
mation by sequestering the lymphocytes from blood circu-
lation to lymphoid organs. This became evident when it was
discovered that FTY720 (1, Figure 1), a compoundwhich has
long been known to sequester lymphocytes from circulating
blood to lymphoid tissue,28-31 is phosphorylated in vivo to
become a potent agonist (p-FTY720, p-1, Figure 1) at all S1P
receptors except for S1P2.

32-35 Experiments with S1P1 recep-
tor knockout mice36,37 as well as S1P1 selective agonists such
as compound1analogues38 or 5-(4-phenyl-5-(trifluoromethyl)-
thiophen-2-yl)-3-(3-(trifluoromethyl)phenyl)-1,2,4-oxadiazole
(SEW2871)39,40 have demonstrated that targeting S1P1 is suffi-
cient to cause lymphocyte sequestration to lymphoid organs.

To explain the lymphocyte sequestration observed with
compound 1 and other S1P agonists,39-41 two hypotheses
have been proposed. In the “functional antagonist” hypo-
thesis, the S1P concentration gradient42 that exists between
blood plasma and lymph was proposed as a driving force for
T-lymphocytes (in contrast to B-cells43) to exit the lymph
nodes and re-enter systemic circulation.44-46The activationof
the S1P1 receptor is thought to lead to receptor internalization
and thus desensitization of the cell toward an external S1P
gradient. The second hypothesis claims the tightening of the
lymphatic endothelial cell junctions as themain reason for the
lymphocytes’ inability to leave the lymphoid tissue.13,34,40,41,47,48

An intriguing characteristic of the immunomodulation
achieved with S1P1 agonists is the fact that lymphocytes,
although hindered in their ability to travel through the body,
survive and are still able to react to an intruding microbial
insult.30,49,50 Recent studies have shown that a low dose of
compound 1 may even enhance clearance of a chronic viral
infection.51

In clinical trials, compound 1 has shown great promise in
the treatment of multiple sclerosis patients.52-54 Results
obtained in preclinical experiments suggest that compound 1

slows down disease progression not only by blocking T cell
migration to the central nervous system but also by directly
affecting brain cells such as astrocytes and oligodendrocytes.
S1P mediated activation of astrocytes and glial cells may
trigger endogenous repair mechanisms and support survival
of neural cells.55-60

Activation of the S1P3 pathway has been reported to cause
heart rate reduction,61-64 vaso- and bronchoconstriction, and
pulmonary epithelial leakage.65 In the context of an immu-
nomodulating drug, agonistic activity on S1P3 is therefore
deemed undesirable.

An overwhelming number of patents claiming novel
selective S1P1 receptor agonists have been published in the
past few years, and in addition to compound 1, several
molecules, e.g. KRP203 (Kyorin, Novartis), BAF312
(Novartis), CS-0777 (Daiichi Sankyo), and Ono-4641 (Ono
Pharmaceutical Company), entered clinical trials.66 Here we
report on the discovery, synthesis, and detailed structure-
activity relationsphips of a novel class of S1P1 agonists which
led to the selection of a compound suitable for clinical
development.

High-throughput screening (HTS) of our in-house com-
pound collection identified several iminothiazolidinone deri-
vatives as S1P1 receptor agonists (Figure 2). Compound 2was
the most potent representative in this hit cluster and showed
anEC50 of 200 nMon S1P1 and of about 1 μMonS1P3. Thus,

the scaffold of compound 2 served as a starting point for
further optimization of this class.

Chemistry

Several synthetic routes give access to substituted 2-imino-
thiazolidin-4-ones.67-73 The cyclization of substituted thio-
ureaswith ahalo acetic acid derivative to form the correspond-
ing 2-imino-thiazolidin-4-one has been described almost one
and a half centuries ago,74-76 albeit the structure of the
isolated products was originally assigned, incorrectly, as
2-thiohydantoin. The correct constitution of the 2-imino-
thiazolidin-4-one, also known as pseudothiohydantoin, was
first proposed by Liebermann et al. in 1879.77,78 The discus-
sion on the tautomerism of this molecule continued for more
than a century.79 Today, commercial availability of a great
variety of aryl and alkyl isothiocyanates gives easy access to
thioureas and therefore makes the pathway in Scheme 1 very
attractive for a rapid assembly of a large array of substituted
2-imino-thiazolidin-4-one scaffolds. Thus, reacting an aryl or
alkyl isothiocyanate with a primary amine furnished the
corresponding thioureaderivative, whichwas directly cyclized
to the iminothiazolidinone by treating this intermediatewith a
bromoacetic acid ester in the presence of pyridine. It is well-
known that this synthetic route usually gives a mixture of
the two isomeric 2-imino-thiazolidin-4-ones of the general
structures A and B.76,67 The regioselectivity of the cycliza-
tion is not only influenced by the reaction conditions (e.g.,
solvent, reaction temperature, presence or absence of a
base)67,80 and the choice of the halo acetic acid derivative81-83

but also by the nature of the two substituents R1 and R2

of the thiourea intermediate. For example, it has been
reported that under thermodynamic control the more
electron withdrawing substituent of R1 and R2 usually ends
up at N2 of the 2-imino-4-thiazolidinone.84,85 The regio-
selectivity issue is further complicated by the fact that
2-alkylimino-3-(hetero)aryl-4-thiazolidinones, which form
under kinetic reaction control, isomerize to the correspond-
ing thermodynamically more stable 2-(hetero)aryl-3-alkyl-
4-thiazolidinones, for instance, when heated in alcoholic
solutions, in particular in the presence of acids.67,80 In
addition to these reports, we observed that steric effects

Figure 2. Structure of the high throughput screening hit.

Scheme 1. Synthesis of the 2-Imino-thiazolidin-4-one Scaffolda

a (a) R2-NH2, MeOH, rt, 1-4 h; (b) ClCH2COOMe, pyridine, rt,

16-24 h; or (a) R2-NH2, DCM, rt, 1-3 h; (b) BrCH2COBr, pyridine, rt,

1-18 h.
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also play an important role in this reaction. To illustrate
our observations, the regioselectivity of some cyclization
reactions carried out in the course of this study are compiled
in Table 1.

When R1 represents an unsubstituted or monosubstituted
phenyl ring (compound series a-d, f, and g inTable 1), amines
R2-NH2 branched at the R-position such as an isopropyl
amine (but also a tert-butyl, a cyclopropyl, or an N,N-
dimethylamino amine, see Experimental Section) furnished
the desired isomers 3a-d,f,g in good yields and gave only
small amounts of the isomers 4a-d,f,g. This is in strong
contrast to the case wherein R2 represents a straight alkyl
chain such as an n-propyl group. In this case, the cyclizationof
the corresponding thioureaswithmethyl chloroacetate almost
exclusively led to the formation of the undesired isomers
6a-d,f,g. Hence, the second step had to be modified in order
to reverse theproduct distribution in favorof isomers5a-d,f,g.
Work by Pihlaja et al.81-83 suggested to employ the more
reactive bromo acetyl bromide (Table 1, R=Br) instead of
methyl bromoacetate. This established the isomers 5a-d,f,g
as the major product regardless of the nature of R1 andR2. In
the case where R2 represents an isopropyl group, the regios-
electivity of the cyclization reaction using methyl bromoace-
tate was reduced for the two ortho-substituted phenyl groups
(series b and f) and even reversed in favor of isomer 4e in the
2,6-dimethylphenyl case (series e), indicating that steric effects
influence the regioselectivity of the cyclization step. In the
n-propyl series, the two ortho-substituted phenyl series e and f
showed a strong preference for scaffold B, i.e., compounds 6e
and 6f. Nevertheless, the use of bromoacetyl bromide in the
cyclization step for both the isopropyl as well as the n-propyl
series established the compounds 3b,e,f and 5b,e,f, respec-
tively, as the prevailing isomer. The series wherein R1 repre-
sents a 3-pyridyl residue (series h, Table 1) behaves very

similarly to the corresponding phenyl derivatives. Mechan-
istic considerations explaining these observations have been
discussed in detail by Pihlaja et al.81-83

The results obtained with the cyclohexyl (series i, Table 1)
can be rationalized following analogous reasoning. In the
series of 1-cyclohexyl-3-isopropyl thiourea, the two nitrogens
bearing the cyclohexyl group and the isopropyl group are
electronically and sterically similar, which results in an almost
1:1 distribution of the two cyclization products 3i and 4i.
In the case of the 1-cyclohexyl-3-n-propyl thiourea, the
n-propyl group is sterically less demanding and the cycliza-
tion therefore occurs in favor of the product 6iwhenmethyl
bromoacetate is used as the cyclization reagent. However,
when bromoacetyl bromide is employed, the comparable
electronic nature82 rather than the steric environment of
the thiourea nitrogens appears to dominate the outcome of
the cyclization reaction and an almost 1:1 mixture of the
two products 5i and 6i is obtained. In the benzyl series
(3-6j), similar arguments may explain the regioselectivity
of the cyclization reaction. The nitrogen bearing the benzyl
group is more reactive than the one bearing the isopropyl
group and reacts with the ester function of methyl bro-
moacetate to form isomer 3j. In the case of 1-benzyl-3-
n-propyl-urea, the two thiourea nitrogens display similar
reactivities and an almost 1:1 mixture of 5j and 6j is
obtained for both cyclization reagents.

In general, the 2-alkylimino-3-phenyl-thiazolidin-4-ones
3a-g and 5a-g can be separated from their isomeric 3-al-
kyl-2-phenylimino-thiazolidin-4-ones 4a-g and 6a-g, re-
spectively, by a simple acid-base extraction. Under acidic
conditions, the compounds 3a-g and 5a-g are extracted into
the aqueous phase while the corresponding isomers 4a-g and
6a-g remain in the organic phase (diethyl ether). Hence,
separation of the two phases separates the two isomers. The
acidic aqueous phase is basified to enable extraction of the
desired compounds 3a-g and 5a-g into diethyl ether or
dichloromethane. This behavior is reflected in the different
pKa values of compounds of scaffold A and B. For instance,
the experimentally determined pKa value for compound 3a is
4.1while it is clearly below2 for its isomer 4a. In the case of the
2,3-dialkyl or the alkyl-benzyl substituted 2-imino-4-thiazoli-
dinones, the extractive separation is not possible as both
isomers have similar pKa values. The separation is more
challenging and can be effected by preparative (HPLC)
chromatography. Analytically, the two isomers of structure
A andB can be separated easily under LC-MS conditions (see
Experimental Section),with isomerAoftenbeing clearlymore
polar than isomer B.

The 1H NMR chemical shift of the C1-protons of the
former primary alkyl-amine component is diagnostically use-
ful todistinguishbetween the two isomers.80For isomerA, the
R-protons of the 2-alkylimino-substituent appear in the range
of 2.7-3.5 ppm. The corresponding protons of the 3-alkyl-
substituent of isomer B are shifted toward the lower field by as
much as 1.3 ppm. This assignment is corroborated by hetero-
nuclear multiple bond correlation (HMBC) spectra85 that
were acquired for several pairs of isomer A and B. While in
isomer B the R-protons of the 3-alkyl-substituent clearly
coupled to both the carbons C2 and C4, the corresponding
R-protons of the 2-alkylimino substituent in isomer A only
showed coupling to C2 of the thiazolidinone scaffold (atom
numbering see Scheme 1).

The structure of the compounds 5a-g is further corrobo-
rated by an alternative synthesis. The pathway illustrated for

Table 1. Regioselectivity of the 2-Imino-thiazolidin-4-one Scaffold
Synthesisa

R2 isopropyl n-propyl

R OCH3 Br OCH3 Br
R1 x 3x:4x 3x:4x 5x:6x 5x:6x

phenyl a 11:1b 26:1 1:8 25:1

2-methyl-phenyl b 4:1 42:1k 1:10 41:1

3-methyl-phenyl c 13:1 63:1 1:8 34:1

4-methyl-phenyl d 18:1 54:1 1:7 28:1

2,6-dimethyl-phenyl e 1:13 j 18:1 1:100c 21:1d

2-chloro-phenyl f 3:1 47:1 1:24e 47:1

2-methoxy-phenyl g 10:1 49:1 1:6 22:1

3-pyridyl h 5:3 f 59:1 1:73 j 29:1j

cyclohexyl i 1:2g 1:1 1:100 2:1

benzyl j 100:1i 2:1h 2:1k 1:1k

aRegio-isomer ratios A:B as assessed by LC-MS run under acidic
conditions (Zorbax SB-AQ column, see Experimental Section) at 230
nm; the following ratios have also been determined by 1HNMRanalysis
of the crude reaction mixtures. b 10:1. c 1:42. d 15:1. e 1:19. f 5:3. g 1:2.
h 5:2. i 100:1. jRatio determined by 1H NMR only. kRatio determined
using LC-MS run under basic conditions (Zorbax Extend C18 column,
see Experimental Section).
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compound 5a in Scheme 286-88 establishes the structure of 5a
in an unambiguous fashion. In a first step, aniline is reacted
with chloroacetic acid chloride to furnish 2-chloro-N-phenyl-
acetamide 7. This compound is then treated with n-propyl-
isothiocyanate under basic conditions to presumably form
3-n-propyl-1-(2-chloro-acetyl)-1-phenyl-thiourea as an inter-
mediate which immediately cyclizes to the desired 2-propyl-
imino-3-phenyl-thiazolidin-4-one 5a in acceptable yields.
The product thus obtained is identical to the one isolated as
isomer A from the synthesis shown in Scheme 1. Finally, the
structural assignment, in particular the configuration of the
exocyclic double bond, was confirmed by X-ray analysis of
crystals of compound 5b. Interestingly, there are two
atropisomers89,90 present in the asymmetric unit of crystals
of 5b (Figure 3).

A wealth of conditions are known to effect the condensa-
tion of a 2-imino-4-thiazolidinone scaffold with an aliphatic
or aromatic aldehyde to furnish the corresponding 5-alkylidene-
or 5-arylidene 4-thiazolidinone.67,68 For this study, the con-
densation of substituted benzaldehydes was usually carried
out in acetic acid in the presence of sodium acetate at temper-
atures ranging from 60 to 110 �C. For compounds 8bf to 8bk

and 8bn to 8bp, the desired side chains at the 5-benzylidene-
moiety were introduced by either condensing the appro-
priately substituted benzaldehyde or by elaborating these
side chains in steps that followed the condensation reaction
(for details, see Experimental Section and Supporting Infor-
mation). Chromatographic behavior as well as 1H NMR
spectroscopic data of compounds 8 consistently showed the
presence of only one configurational isomer in the material
isolated from the condensation reaction (Scheme 3). The Z,Z
configuration of these products was confirmed by X-ray
analysis of crystals of compounds 2, 8e (see Supporting Infor-
mation), and 8g (Figure 4). The structure of all compounds 8
was therefore assigned to the Z,Z-isomer. Compounds bear-

ing anortho-substituted 3-phenyl-substituent (e.g.,8t, 8z, 8aa,
etc.), showed axial chirality due to hindered rotation around
N3-C1(phenyl) bond in accordance with a recent report by
Erol et al.89 In the case of 8bo (vide infra), the two atrop-
isomers were separated by means of HPLC using a chiral
stationary phase. A chloroform or methanol solution of the
pure atropisomers re-equilibrated to the original 1:1 mixture
within about one week at room temperature.

Structure-Activity Relationships in Vitro

The following SARs of the 2- and 3-substituent at the
iminothiazolidinone scaffold are illustrated with a series of
compounds incorporating a 3-chloro-4-hydroxy-benzylidene
substituent at position 5 of the iminothiazolidine scaffold, as
this pattern generally afforded more potent compounds (e.g.,
8a) than the 4-hydroxy-3-methoxy-benzylidene substituent
present in 2. The compounds compiled in Table 2 illustrate
the SAR of the 2-substitutent of the core thiazolidinone.
Starting from compound 8a, first attempts aimed at replacing
the hydrazone-type substructure by a presumably more be-
nign (alkyl)-iminemoiety.As illustrated by compound 8g, this
is indeed possible without loss of activity. In a second step, the
chain length at the exocyclic imine (N2) was investigated. At a
concentration of 10 μM, the compound lacking a substituent
at this nitrogen (8b) showed only residual activity on the S1P1
and S1P3 receptor. With respect to potency on S1P1, an
n-propyl (8e) or an isopropyl chain (8g) at the exocyclic imine
appear to be optimal. The potency optimum on the S1P3
receptor is shifted toward the more bulky sec-butyl (8h) and
tert-butyl (8i) chains. As a consequence, the S1P1/3 selectivity
observed for compounds 8e and 8g is reversed for 8h and 8i.
Cycloalkyl chains (as in 8j to 8m) did not bring any advantage
over straight or branched open chains.

Scheme 2. Alternative Synthesis of Scaffold 5aa

a (a) ClCOCH2Cl, DCM, Et3N,-78 to 20�C, 3h; (b) NaH, n-propyl-

NCS, rt, 4 h.

Figure 3. As determined by X-ray structure analysis, there are two
atropisomers of compound 5b in the asymmetric unit of single
crystals of the compound. Anisotropic thermal ellipsoids are drawn
at a 50% level. Hydrogen atoms have been omitted for reasons of
clarity. For details, see the Experimental Section and Supporting
Information.

Scheme 3a

a (a) 1-2 equiv substituted benzaldehyde, ethanol, piperidine, 80�C,
18 h; (b) 1-2 equiv substituted benzaldehyde, 2 equiv NaOAc, HOAc,

60-110�C, 3-24 h.

Figure 4. Molecular structure of compound 8g as determined by
X-ray structure analysis. Anisotropic thermal ellipsoids are drawn
at a 50% level. Hydrogen atoms have been omitted for clarity
reasons. For details, see the Experimental Section and Supporting
Information.
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To illustrate the SAR of the N3 substituent, a selection of
compounds, wherein the 2-isopropylimino and the 5-(3-
chloro-4-hydroxy-benzylidene) substituent of the core thiazol-
idinone are kept constant, is listed in Table 3. For the
following discussion, the iminothiazolidinone 8g featuring
an unsubstituted phenyl ring at N3 shall serve as a reference
compound. Compared to this reference, the isopropyl deri-
vative 8n shows almost identical potency on S1P1 and S1P3.
Interestingly, the allyl compound 8s displays an almost
identical affinity for S1P1 but is significantly less potent on
S1P3. The n-hexyl derivative 8o, on the other hand, is equally
potent on S1P3 but has a reduced affinity for the S1P1
receptor. Compound 8q featuring a six-atom chain incor-
porating an ester functionality has a similar affinity profile as
8o. However, if the ester function in 8q is hydrolyzed to give
the corresponding acid 8r, the affinity for both the S1P1 and
S1P3 receptor is lost. The compound with a cyclohexyl
substituent at N3 (8p) is clearly more potent on S1P1 and
S1P3 when compared to the phenyl analogue 8g. The com-
pounds 8t to 8ah illustrate the rather shallow SAR of the
substitution pattern at the N3-phenyl moiety. In general, one
or twomethyl groups, a chlorine, or chlorine combinedwith a
methyl group or a substituent in the 2- and/or 3-position of
the phenyl ring lead to potency profiles similar to the one of
the unsubstituted analogue 8g. Ethyl and methoxy groups
attached to the phenyl ring gave less potent compounds. The
selectivity for the S1P1 receptor is most pronounced for
compounds bearing a 2-substituent (e.g., 8t, 8aa, 8ae). This
selectivity is reduced for the corresponding 3-substituted
analogues (e.g., 8u, 8ab, 8af). Compounds bearing a 4-sub-
stituent are the least selective within a given series
and represent, although less potent, balanced dual S1P1/3
(e.g., 8v) or even slightly S1P3 selective (8ag) receptor

agonists. Replacing the phenyl substituent in 8g by a 3-pyr-
idine ring (compound 8ai) reduced the compound’s potency,
in particular on the S1P1 receptor. Similarly, moving the
phenyl ring further away from N3 as exemplified by the
benzyl (8aj), the phenethyl (8ak), and the 4-phenyl-butyl
(8al) derivatives significantly reduced the compound’s affi-
nity for the S1P1 receptor.

We then turned our attention to optimizing the benzylidene
substituent in position 5 of the core iminothiazolidinone. The
compounds compiled in Tables 4 and 5 illustrate that the S1P1
receptor is generally more susceptible to changes in the nature
and position of substituents at the 5-benzylidene moiety.
Compounds wherein R (Table 4) represents an alkyl (e.g.,
ethyl, isopropyl) or a cycloalkyl (e.g., cyclopropyl, cyclohexyl)
groupdidnot showany activity on the S1P1 receptor (datanot
shown). Compound 8am with an unsubstituted benzylidene
substituent at position 5 showed only weak activity on S1P1
and moderate activity on S1P3. For the following discussion,
the 4-hydroxy-3-chloro-benzylidene derivative 8g shall again
serve as a reference compound. Compounds 8an to 8aq

illustrate the effect of a 3-substituent next to the 4-hydroxy
group of the benzylidene moiety in 8g. A chloro or a methyl
substitutent clearly improve the compound’s potency on S1P1
and, in the case of the methyl group, also on S1P3. The

Table 2. SAR of the 2-Imino Substituenta

S1P1 S1P3

compd R EC50 [nM] σg EC50 [nM] σg

8a dimethylamino 62 1.36 140 1.35

8b hydrogen >10000 >10000

8c methyl 990 1.47 8810 1.20

8d ethyl 186 1.08 1229 1.20

8e n-propyl 67 1.64 189 1.29

8f n-butyl 112 1.21 264 1.31

8g isopropyl 47 1.35 120 1.23

8h (rac)-sec-butyl 102 1.36 59 1.18

8i tert-butyl 147 1.20 96 1.36

8j cyclopropyl 103 1.66 114 1.13

8k cyclobutyl 202 1.63 128 1.13

8l cyclopentyl 347 1.32 302 1.42

8m cyclohexyl 584 1.13 310 1.26
aEC50 values for compounds 8 as determined in aGTPγS assay using

membrane preparations of CHO cells overexpressing the human S1P1

and S1P3 receptor, respectively. Data are given as geometric mean and
geometric standard deviation (σg) of at least three independentmeasure-
ments.

Table 3. SAR of the 3-Substituenta

S1P1 S1P3

compd R EC50 [nM] σg EC50 [nM] σg

8n iso-propyl 58 1.32 162 1.11

8o n-hexyl 282 1.04 118 1.12

8p cyclohexyl 10 1.19 18 1.09

8q ethoxycarbonylethyl 479 1.15 125 1.19

8r carboxyethyl >10000 >10000

8s allyl 55 1.60 821 1.16

8g phenyl 47 1.35 120 1.23

8t 2-methyl-phenyl 34 1.43 139 1.45

8u 3-methyl-phenyl 110 1.22 200 1.31

8v 4-methyl-phenyl 78 2.01 88 1.56

8w 2,6-dimethyl-phenyl 154 1.33 307 1.18

8x 2,3-dimethyl-phenyl 72 1.15 350 1.60

8y 2,4-dimethyl-phenyl 179 1.26 458 1.36

8z 2-ethyl-phenyl 124 1.34 335 1.39

8aa 2-chloro-phenyl 54 1.49 425 2.10

8ab 3-chloro-phenyl 35 1.53 129 1.06

8ac 3-chloro-2-methyl-

phenyl

31 1.36 246 1.26

8ad 3-chloro-4-methyl-

phenyl

47 1.48 144 1.29

8ae 2-methoxy-phenyl 106 1.17 428 1.64

8af 3-methoxy-phenyl 259 1.45 514 1.08

8ag 4-methoxy-phenyl 251 1.59 127 1.13

8ah 2,4-dimethoxy-phenyl 875 1.73 525 1.26

8ai 3-pyridyl 356 2.05 228 1.03

8aj benzyl 630 1.30 674 1.12

8ak phenethyl 925 1.30 183 1.42

8al 4-phenyl-butyl 1815 1.08 212 1.13
aEC50 values for compounds 8 determined as described for Table 2.
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methoxy group in 8aq, however, reduces the compound’s
affinity for both S1P receptors.

As exemplified by the two compounds 8ar and 8as, repla-
cing the 4-hydroxy substituent of 8an and 8aq, respectively,
by a 4-methoxy group does not improve the compounds’
affinity for the two S1P receptors. In fact, the 3,4-dimethoxy-
phenyl derivative 8as is clearly less active on S1P3 when
compared to its 4-hydroxy-3-methoxy analogue 8aq. Repla-
cing the 4-hydroxy group in 8an by a 4-dimethylamino group
yields compound 8at, which shows an almost identical affi-
nity profile. A clear loss of affinity for the S1P1 receptor is
seen when the 4-hydroxy group in 8an is replaced by a
bromine atom (8au). Removing the 4-hydroxy substituent
in 8aq while keeping the 3-methoxy group to give compound
8av has no effect on S1P1 affinity but improves the com-
pound’s ability to activate the S1P3 receptor by about 1 order
of magnitude. In contrast to the 4-substituted series, convert-
ing the 3-methoxy group in 8av to a 3-hydroxy group (com-
pound 8aw) results in a significant loss of affinity for both
receptors. As shown with compound 8ax, the affinity can be
restored partially by adding a 4-methoxy substituent. Incor-
porating a 4-hydroxy substituent to compound 8aw, how-
ever, is detrimental for the compound’s S1P agonistic activity
(compound 8ay). As illustrated by the three compounds 8az,
8ba, and 8bb, a 2-substituent at the phenyl ring significantly
hampers the compound’s affinity for the S1P1 and S1P3
receptor.

A last group of compounds shall illustrate the SAR of a
number of polar chains that have been attached to the
5-benzylidene substituent. As compared to the phenol 8an,

the corresponding hydroxymethyl substituted derivative 8bc
is less potent on S1P1. Interestingly, the activity on S1P1 is
restored when the alcohol function is moved further away

Table 4. SAR of 5-Benzylidene Substituenta

S1P1 S1P3

compd R EC50 [nM] σg EC50 [nM] σg

8am phenyl 1237 1.23 317 1.02

8an 4-hydroxy-phenyl 122 1.52 95 1.09

8ao 4-hydroxy-3-fluoro-

phenyl

225 1.07 99 1.36

8g 4-hydroxy-3-chloro-

phenyl

47 1.35 120 1.23

8ap 4-hydroxy-3-methyl-

phenyl

37 1.46 50 1.49

8aq 4-hydroxy-3-methoxy-

phenyl

200 1.95 335 2.12

8ar 4-methoxy-phenyl 201 1.32 106 1.27

8as 3,4-dimethoxy-phenyl 224 1.17 1385 1.87

8at 4-dimethylamino-

phenyl

148 2.03 165 1.63

8au 4-bromo-phenyl 1038 1.09 136 1.76

8av 3-methoxy-phenyl 185 1.39 35 1.10

8aw 3-hydroxy-phenyl 752 1.55 103 1.02

8ax 3-hydroxy-4-methoxy-

phenyl

444 2.35 212 1.56

8ay 3,4-dihydroxy-phenyl >10000 >10000

8az 2-methyl-phenyl 6452 1.43 5791 1.49

8ba 2-chloro-phenyl >10000 2583 1.21

8bb 2-methoxy-phenyl >10000 6689 1.42
aEC50 values for compounds 8 determined as described for Table 2.

Table 5. SAR of the para-Substituent at the 5-Benzylidene Moietya

aEC50 values for compounds 8 determined as described for Table 2.

Table 6. EC50 Values of Compounds 8 Combining Optimized Substi-
tutentsa

aEC50 values for compounds 8 determined as described for Table 2.
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from the phenyl ring by either an alkyl (as in 8bd and 8be)
or an alkoxy linker (as in8bf and 8bg). In fact,when compared
to 8an, the hydroxy-propoxy substituent in 8bg even slightly
improves the compound’s affinity for the S1P1 receptor.
On the other hand, there is a weak trend for an increasing
chain length to steadily improve the compound’s affinity
for the S1P3 receptor.While the glycerol derivative 8bh shows
an affinity for the S1P1 receptor, which is comparable to the
one of the phenol 8an, its isomer 8bi is considerably less active
on both S1P receptors. Compound 8bj highlights the impor-
tance of the correct attachment point of a hydroxy-alkyl side
chain.

With respect to potency on the S1P1 receptor and selectiv-
ity against S1P3, the one-dimensional SAR studies discussed
above can be summarized as follows: at the exocyclic imine
nitrogen (N2), an isopropyl or an n-propyl chain appears to
be optimal (Table 2). At N3, a 2- and/or a 3-substituted
phenyl ring substituted with either a methyl group or a
chlorine atom gave best compounds (Table 3). A 3-chloro
or 3-methyl substituent in combination with an hydroxy, an
hydroxyalkyl, or a mono- or dihydroxyalkoxy group in
position 4 of the benzylidene moiety gave most attractive
examples (Tables 4 and 5).With these data at hand,we set out
to prepare an array of compounds wherein the substitution
patterns found to be optimal in these individual one-dimen-
sional SAR studies were combined. As illustrated by com-
pounds 8bl to 8bn (Table 6), combining these substituents
indeed led to compounds of superior potency on the S1P1
receptor.

Evaluation of in Vivo Efficacy

The potency of compounds 8g and 8bl to 8bn justified
evaluating these compounds in vivo. Hence, the number of
lymphocytes circulating in blood was measured just before, 3,
6, and 24 h after oral administration of the compound tomale
Wistar rats. Because of significant interindividual variability
and the circadian rhythm of the number of circulating lym-
phocytes, a compound showing relative changes in the range
of-20%toþ40%is considered inactive.On the other hand, a
lymphocyte count (LC) reduction in the range of -60 to
-75% represents the maximal effect to be observed under the
conditions of the experiment. Following these rules, com-
pounds 8g and 8bl are clearly inactive at an oral dose of
10 (Table 7) and 30 mg/kg (data not shown). Subsequent
pharmacokinetic (PK) experiments unravelled the reason for
the lack of oral efficacy of these compounds (Table 8). The
maximal plasma concentration (Cmax) after oral administra-
tion of 3 mg/kg of 8bl reached 8.1 ng/mL only. The clearance
of the compounddetermined in a corresponding iv experiment
was found to be close to total liver blood flow. These results
demonstrate that 8bl is not bioavailable. An almost identical
PK profile was seen for the related compound 8t. The high
clearance of 8t and 8bl found in the PK experiment was also
reflected in a high in vitro intrinsic clearance in rat hepato-
cytes. These results and the fact that phenols are well-known
substrates for conjugating enzymes (see e.g., refs 91-93)made
us speculate that the phenol function present in compound 8g
and 8bl (and 8t) is at least partially responsible for poor
bioavailability and hence the lack of in vivo efficacy. Indeed,
the compounds 8bf and 8bm (see Tables 5 and 6, respectively),
wherein the phenol functionwasmasked by a 2-hydroxy-ethyl
group, showed significantly lower in vitro intrinsic and in vivo
clearance values (Table 8). Both compounds gave reasonable
concentrations in plasma (see e.g. Cmax) and acceptable
bioavailabilities. As a consequence, compound 8bm showed
a significant reduction in circulating lymphocytes 3 and 6 h
after oral administration of 10mg/kg (Table 7). Because of its
almost 10 times lower potency on S1P1, compound 8bf

(Table 5) had to be dosed at 100 mg/kg in order to evoke a
comparable LC reduction (data not shown). As illustrated by
example 8bn, compounds incorporating a 2,3-dihydroxy-pro-
poxy side chain at the benzylidene moiety showed favorable
pharmacokinetic behavior too (Table 8). The racemate 8bn

maintained maximal LC reduction between 3 and 6 h after
oral administration of 10 mg/kg. In fact, from the array of

Table 7. Effect on Blood Lymphocyte Counts after Oral Administra-
tion of Selected Compounds 8a

lymphocyte counts

absolute [109 cells/L] relative [% of t = 0 h]

compd 0 h 3 h 6 h 24 h interpretation

vehicle 7.5( 0.2 3.5( 2 2( 3 15( 3

8g 6.9( 0.4 -16( 4 -15( 8 -9( 4 inactive

8bl 6.9( 0.5 29( 7 24( 7 40( 8 inactive

8bm 6.9( 0.4 -54( 4 -38 ( 5 28( 3 active

8bn 9.3( 0.4 -67( 3 -71( 1 19( 4 active

8bo 7.0( 0.4 -65( 4 -63( 3 -18( 8 active

8bp 7.9( 0.4 -64( 2 -55 ( 3 15( 7 active
aRelative blood lymphocyte count changes(SEM3, 6, and24 h after

oral administration of vehicle (n = 30) or 10 mg/kg of a compound 8

(n=6) tomaleWistar rats, as compared to absolute lymphocyte counts
before compound administration (t = 0 h).

Table 8. DMPK Data of Selected Compounds 8a

intrinsic clearance pharmacokinetic parameters

liver microsomes

[μL/min � mg protein]

hepatocytes

[μL/min � 106 cells]

compd rat dog human rat dog

F

[%]

Cmax (dose)

ng/mL (mg/kg)

t1/2
[h]

clearance

[mL/min/kg]

Vss

[L/kg]

8g 67 nd <4 nd nd nd nd nd nd nd

8t
b 158 nd 27 19.8 nd <1% 11 (10) 0.7 105 3.0

8bl 229 nd 7 nd nd <1% 8.1 (3) 0.2 92 1.1

8bfb 4 nd 4 12 nd 72 499 (10) 2.0 32 4.0

8bm 166 nd <4 nd nd 23 129 (3) 1.4 48 5.2

8bn
b 27 nd 4 9.1 nd 90 311 (10) 1.6 41 5.6

8bo 56 7 4 3.7 1.0 35 409 (3) 1.3 25 3.3

69c 1360 (3) c 10c 1.3c 0.9c

aAfter oral and intravenous administration of the compounds 8 to maleWistar rats (n=3) at 3 and 0.3 mg/kg, respectively. bOral dose 10 mg/kg, iv
dose 1 mg/kg. cAfter oral and intravenous administration to fed male beagle dogs (n = 3) at 3 mg/kg and 0.3 mg/kg, respectively. Vss volume of
distribution; nd not determined.
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2-imino-thiazolidin-4-ones prepared for this study, this com-
pound emerged as particularly interesting due to its high
affinity for the S1P1 receptor, its selectivity against S1P3,
and its in vivo efficacy. The individual enantiomers 8bo and
8bp are nearly equipotent in vitro (Table 6). However, the in
vivo efficacy, in particular the duration of action of the (R)-
enantiomer 8bo, appears to be slightly better than the one of
the (S)-enantiomer 8bp (Table 7). It was therefore decided to
study compound 8bo in more detail. First, the selectivity
profile of compound 8bowith respect to all five S1P receptors
was determined in a GTPγS as well as a 33P-S1P binding
assayusingmembranes of recombinant chinesehamster ovary
(CHO) or human embryonic kidney (HEK293) cells (for
details see Experimental Section and Supporting Informa-
tion). The results for compound 8bo as well as those for the
natural ligand S1P are compiled in Table 9. The binding assay
confirms that the natural ligand S1P binds very tightly to all
five S1P receptors. This is in clear contrast to the behavior of
compound 8bo, which shows a strong preference for the S1P1
receptor not only in binding but also in the GTPγS assay.
Compound 8bo binds less tightly to S1P1 than S1P but at the
same timeappears tobe themore potent agonist in theGTPγS
assay. In both theGTPγS and the binding assay, 8bo showsno
affinity for the S1P2 receptor. The absolute potency of 8bo on
S1P3 differs significantly in the two assays. As a consequence
the S1P1 selectivity is about 20- and almost 350-fold in the
GTPγS and the binding assay, respectively. The affinities for
the S1P4 and S1P5 receptor are in the μM and 100 nM range,
respectively. On S1P4, 8bo is not only less potent than S1P but
also significantly less efficacious. Even at 10 μM, 8bo shows
only 18% of the effect of S1P. A similar pattern is seen for the

S1P5 receptor. Although 8bo is a slightly more potent agonist
than S1P, it never reaches the efficacy of the natural ligand. In
conclusion, compound 8bo, in particular when compared to
S1P, is best described as a potent, selective, and fully effica-
cious S1P1 receptor agonist.

In vivo dose response experiments in male Wistar rats
clearly demonstrated that the maximal lymphocyte reduction
of-65 to-75% is reached with a dose of 3 mg/kg (Figure 5).
With increasing doses, the duration of action increased signi-
ficantly. While a dose of 3 mg/kg showed maximal LC
reduction for about 3 h, a dose of 100 mg/kg maintained a
maximal effect for about 24 h. Nevertheless, even at this high
dose, the LCs recovered completelywithin less than 36 h (data
not shown), demonstrating the rapid reversibility of the lym-
phocyte sequestration. More details on lymphocyte subtype
sequestrationaftermultiple dosing in rats have been presented
elsewhere.94 The pharmacokinetic behavior of compound 8bo
was also studied in male beagle dogs (Table 8). These studies
revealed a favorable bioavailability of 69%. The maximal
plasma concentration of 1360 ng/mL was reached between
4 and 8 h after oral administration of 3 mg/kg. The half-life of
compound 8bo was found to be around 10 h. A single oral
dose of 5 mg/kg caused maximal reduction of LC for at least
24 h in beagle dogs. Comparison of the in vitro intrinsic
clearance in rat, dog, and human liver microsomes as well as
hepatocytes (Table 8) indicates that the dog ismore suitable to
predict human PK properties. The in vivo efficacy data,
together with the pharmacokinetic profile, in particular in
the dog, suggested that 8bo is suitable for a once daily dosing
regimen in humans. This was confirmed in a single-ascending-
dose human study wherein compound 8bo showed good
exposure and a half-life of 22-33 h.95

Conclusion

In this account, we report on the discovery, preparation,
and characterization of a novel class of 2-imino-thiazolidin-4-
ones that serve as S1P1 receptor agonists. The factors that
influence the regioselectivity during the assembly of the
2-alkylimino-3-phenyl-thiazolidin-4-one scaffold are dis-
cussed. Detailed SAR studies led to the identification of the
potent, selective, and orally active S1P1 agonist 8bo. In
contrast to FTY720,32,34 8bo does not need to be phosphory-
lated in order to be active as an S1P1 receptor agonist.
Compound 8bo showed maximal reduction of circulating
lymphocytes at an oral dose of 3 mg/kg in Wistar rats. LCs
were reduced for about 24 h when an oral dose of 100 mg/kg
was administered. At this dose, lymphocyte sequestration was
fully reversible within 36 h, reflecting the rapid decrease in the
plasma concentration of 8bo. This indicates quick recovery of

Table 9. Potency of Compound 8bo and S1P on All Five Human S1P Receptors as Determined in a GTPγS, and 33P-S1P Binding Assaya

GTPγS EC50 [nM] binding IC50 [nM]

S1P1 S1P2 S1P3 S1P4 S1P5 S1P1 S1P2 S1P3 S1P4 S1P5

8bo 5.7b >10000 105 1108c 59.1d 6.0 >10000 2068 1956 142

1.2 1.3 1.2 1.9 1.4 1.2 1.5 1.2

n=5 n=3 n=5 n=2 n=4 n=8 n=4 n=3 n=4 n=7

S1P 25.3 43.9 0.7 164 121 0.1 0.7 0.2 2.9 0.2

1.1 1.2 1.3 1.2 1.2 1.1 1.1 1.1 1.1 1.1

n=5 n=3 n=5 n=2 n=4 n=4 n=4 n=4 n=4 n=4
aValues given as geometric means (first row), corresponding geometric standard deviation (second row), and number of independent experiments

(third row). bThe potency of 8bo on the S1P1 was slightly shifted to a lower value in this set of experiments, which is independent of the experiments
performed to establish the SAR (Table 6). cCompound 8bo acts as a partial agonist only, maximal activity of 8bo at 10 μM corresponds to 18% of the
effect induced by S1P. dMaximal effect at 10 μM reaches 42% of the effect of S1P.

Figure 5. Effect on lymphocyte counts in the blood 3, 6, 9, 12, 18,
and 24 h after oral administration of vehicle (0), and 3 (b), 10 (2),
30 (O) and 100 (9) mg/kg of 8bo to male Wistar rats.
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lymphocyte circulation upon discontinuation of 8bo. In addi-
tion, 8bo showed a favorable pharmacokinetic behavior in the
dog. Meanwhile, compound 8bo (ACT-128800) has under-
gone extensive toxicity testing and is now evaluated in clinical
trials. First results of the entry-into-humans study demon-
strate that the compound is suitable for once-a-day dosing.95

More details shall be communicated in due course.

Experimental Section

Chemistry. All reagents and solvents were used as purchased
from commercial sources (Sigma-Aldrich, Switzerland, Lan-
caster Synthesis GmbH, Germany, Acros Organics, USA).
Moisture sensitive reactions were carried out under an argon
atmosphere. Progress of the reactions was followed either by
thin-layer chromatography (TLC) analysis (Merck, 0.2 mm
silica gel 60 F254 on glass plates) or by LC-MS. LC-MS:
Finnigan MSQ plus or MSQ surveyor (Dionex, Switzerland)
with HP 1100 binary pump and DAD (Agilent, Switzerland);
column, Zorbax SB-AQ, 5 μm, 120 Å, 4.6 mm � 50 mm
(Agilent); gradient, 5-95% acetonitrile in water containing
0.04% of trifluoroacetic acid, within 1 min; flow, 4.5 mL/min;
tR is given inmin. Purity of the target compoundswas confirmed
on two additional columns: on a Zorbax Extend C18, 5 μm, 80
Å, 4.6 mm� 50mm (Agilent), eluting with a gradient of 5-95%
of acetonitrile in water containing 13 mM of NH3; and on a
Waters XBridge C18, OBD, 5 μm, 4.6 mm � 50 mm (Waters,
Switzerland), elutingwith a gradient of 5-95%of acetonitrile in
water containing 13 mM of NH3. According to these three
LC-MS analyses, all compounds showed a purity >95% (UV
at 230 nm), about half of the compounds showed a purity>98%.
Purity and identity was further confirmed by NMR spectro-
scopy and, for some compounds, by combustion analysis (perfor-
med by Solvias AG, Basel, Switzerland). Prep HPLC: Waters
XBridge Prep C18, 5 μm, OBD, 19 mm � 50 mm, gradient
of acetonitrile in water containing 0.4% of formic acid, flow
75 mL/min. Melting points were determined by differential
scanning calorimetry (DSC) using a DSC822e/400 instrument
and the HSS7 sensor from Mettler Toledo, Switzerland. The
sample was weighed in a 40 μL aluminum crucible which was
open (pierced pan) under a flow of 15 mL/min of nitrogen
during the experiment. The scan goes from 20 to 320 �C at a rate
of 5K/min. The peak temperature of themelting endothermwas
determined with the STARe software and was assigned to the
melting point. pKa values were determined with the GLpKa
instrument from Sirius (United Kingdom) using pH-metric
titrations with cosolvent; the cosolvent mixtures were water
with 30, 40, and 50% (w/w) of methanol, and the ionic strength
was adjusted with potassium chloride at a concentration of
0.15 M. The experimental temperature was 25 ( 1 �C. The
RefinementPro’s built-in Yasuda-Shedlovski extrapolation
technique at 0% methanol gave the pKa. NMR spectroscopy:
Bruker Avance II, 400 MHz UltraShield, 1H (400 MHz), 13C
(100 MHz), 19F (376 MHz) (Bruker, Switzerland); chemical
shifts are reported in parts per million (ppm) relative to tetra-
methylsilane (TMS), and multiplicities are given as s (singlet), d
(doublet), t (triplet), q (quartet), quint (quintuplet), h (hextet),
hept (heptuplet), orm (multiplet). For compounds 3a, 3b, 3h, 5a,
5b, 5i, 5j, 4a, 4b, 4h, 6a, 6b, 6i, and 6j, structural assignment was
corroborated by HMBC experiments, H-C correlations were
established by HSQC experiments. In the 1H and 13C NMR
spectra of compounds bearing an ortho substituent at the
3-phenyl ring of the 2-alkylimino-3-phenyl-thiazolidin-4-one
scaffolds, the signals of the 2-alkylimino substituent indicate
the presence of atropisomers (e.g., compounds 3b, 3q, 5b, 5f,
8t, 8y, 8bn, 8bo, 8bp). X-ray diffraction: To determine the
molecular structure of compounds 2, 5b, 8e and 8g, a crystal
of the corresponding compound was mounted on a Bruker
Nonius diffractometer equipped with a CCD detector and
reflections were measured using monochromatic Mo KR radia-

tion. The structure was solved by direct methods using SIR92,
and refinement was performed with CRYSTALS. Full matrix
least-squares refinement was performed with anisotropic tem-
perature factors for all atoms except hydrogen, which were
included at calculated positions with isotropic temperature
factors. Coordinates, anisotropic temperature factors, bond
lengths, and angles are deposited with the Cambridge Crystral-
lographic Data Centre. In vitro potency assessment: Data
(EC50) are given as geometric means (Xgeo) with geometric
standard deviation (σg). The upper and lower 95% confidence
limits are calculated as Xgeo � σg

2 and Xgeo/σg
2, respectively

(results not shown). GTPγS binding assays were performed in
96-well polypropylene microtiter plates in a final volume of
200 μL. Membrane preparations of CHO cells expressing re-
combinant rat, dog, or human S1P1, S1P2, S1P3, S1P4, or S1P5

receptors were used. Assay conditions were 20 mM Hepes,
pH 7.4, 100 mM NaCl, 5 mM MgCl2, 0.1% fatty acid free BSA,
1 or 3 μM GDP (for S1P1 or S1P3, respectively), 2.5% DMSO,
and 50 pM 35S-GTPγS. Test compounds were dissolved and
diluted and preincubated with the membranes, in the absence of
35S-GTPγS, in 150 μL assay buffer at room temperature for
30 min. After addition of 50 μL of 35S-GTPγS in assay buffer,
the reaction mixture was incubated for 1 h at room temperature.
The assay was terminated by filtration of the reaction mixture
through a Multiscreen GF/C plate (Filterplate from Millipore,
MAHFC1H60), prewetted with ice-cold 50 mM Hepes pH 7.4,
100 mM NaCl, 5 mM MgCl2, 0.4% fatty acid free BSA, using a
Cell Harvester from Packard Biosciences. The filterplates were
washed with ice-cold 10 mM Na2HPO4/NaH2PO4 (70%/30%)
and dried. The plates were sealed, 25 μLMicroScint20was added,
and membrane-bound 35S-GTPγS was determined on the Top-
Count (Packard Biosciences). Specific 35S-GTPγS binding
was determined by subtracting nonspecific binding (the signal
obtained in the absence of agonist) from maximal binding
(the signal obtained with 10 μM S1P). The EC50 of a test com-
pound is the concentration of a compound inducing 50%
of specific binding. Each compound was measured in three
independent assays to obtain an average EC50 from triplicate
measurements.

The in vivo efficacy of the compounds 8 was assessed by
measuring the circulating lymphocytes after oral administration
of 3-100 mg/kg of a compound 8 to normotensive male Wistar
rats. The animals were housed in climate-controlled conditions
with a 12 h light/dark cycle and had free access to normal rat
chow and drinking water. Blood was collected before and 3, 6,
and 24 h after drug administration. Full blood was subjected to
hematology using Beckman Coulter Ac 3T 5diff CP (Beckman
Coulter International SA, Nyon, Switzerland). All data are
presented as mean ( SEM. Statistical analyses were performed
by analysis of variance (ANOVA) using Statistica (StatSoft) and
the Student-Newman-Keuls procedure for multiple compar-
isons. The null hypothesis was rejected when p < 0.05. For
formulation, the compounds were dissolved in DMSO. This
solution was added to a stirred solution of gelatin (7.5%) in
water. The resulting milky suspension containing a final con-
centration of 5% of DMSO was administred to the animals by
gavage. A mixture of 95% of gelatin (7.5%) in water and 5% of
DMSO served as vehicle.

(Z)-2-Isopropylimino-3-phenyl-thiazolidin-4-one (3a) (MethodA).
To a solution of isopropylamine (1.31 g, 1.91 mL, 22.2 mmol) in
methanol (25 mL), phenyl isothiocyanate (3.00 g, 2.66 mL,
22.2 mmol) is added portionwise. The mixture which became
slightly warm (approximately 30 �C) was stirred at room
temperature for 3.5 h before bromoacetic acid methyl ester
(3.39 g, 2.04 mL, 22.2 mmol) followed by pyridine (2.63 g,
2.68 mL, 33.3 mmol) was added. Stirring of the colorless
reaction mixture was continued for 16 h. The resulting fine
suspension was diluted with 1 N aqHCl (100 mL) and extracted
with diethyl ether (150 mL). The separated organic phase
contains crude 4a. The pH of the aqueous phase was adjusted
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to pH 8 by adding satd aq NaHCO3 solution. The aqueous
phase was extracted with diethyl ether (4 �150 mL). The
combined organic extracts containing crude 3a were dried over
MgSO4, filtered, and concentrated. The remaining crystalline
solid was washed with heptane and dried under high vacuum to
give 3a as an off-white crystalline solid (4.60 g, 88%),mp 149 �C.
1H NMR (CDCl3): δ 1.14 (d, J=6.3 Hz, 6 H, H2b), 3.52 (hept,
J=6.0Hz, 1H,H2a), 3.98 (s, 2H,H5), 7.27-7.32 (m, 2H,H3b),
7.37-7.44 (m, 1 H, H3d), 7.45-7.52 (m, 2 H, H3c). 13C NMR
(CDCl3): δ 23.35 (C2b), 32.58 (C5), 53.86 (C2a), 128.03 (C3b),
128.41 (C3d), 128.97 (C3c), 135.30 (C3a), 149.30 (C2), 171.39
(C4). HMBC (CDCl3): H2afC2, C2b;H2bfC2, C2a;H3bf
C3a, C3d; H3c f C3a, C3d; H3d f C3a, C3b; H5 f C2, C4.
LC-LC-MS (ESþ): tR 0.59 min. m/z: 235 (M þ H). The organic
extract containing crude (Z)-3-isopropyl-2-phenylimino-thiazolidin-
4-one (4a) was concentrated and the crude byproduct was
purified by column chromatography on silica gel eluting with
heptane:ethyl acetate 3:1 to give pure 4a as a pale-yellow oil
(278 mg, 5%). 1H NMR (CDCl3): δ 1.55 (d, J=7.0 Hz, 6 H,
H3b), 3.75 (s, 2H,H5), 4.90 (hept, J=6.8Hz, 1H,H3a), 6.97 (d,
J=7.5 Hz, 2 H, H2b), 7.16 (t, J=7.5 Hz, 1 H, H2d), 7.37 (t,
J=7.5 Hz, 2 H, H2c). 13C NMR (CDCl3): δ 18.72 (C3b), 32.50
(C5), 48.04 (C3a), 120.92 (C2c), 124.48 (C2d), 129.10 (C2b),
148.36 (C2a), 154.14 (C2), 171.92 (C4). HMBC (CDCl3): H2bf
C2a, C2c, C2d; H2cfC2a, C2b, C2d; H2dfC2b, C2c; H3af
C2, C3b, C4; H3bf C3a; H5f C2, C4. LC-MS (ESþ): tR 0.98
min. m/z: 235 (M þ H) (Figure 6).

(Z)-2-Propylimino-3-phenyl-thiazolidin-4-one (5a) (Method

B). To a solution of phenylisothiocyanate (2.00 g, 14.8 mmol)
in dichloromethane (20 mL), n-propylamine (875 mg, 1.23 mL,
14.8 mmol) was added portionwise at 20 �C. The solution was
stirred at 20 �C for 15 min. The solution was cooled to 0 �C
before bromo-acetyl bromide (2.99 g, 1.29 mL, 14.8 mmol) was
added carefully such that the temperature did not rise above
5 �C. The reaction mixture was stirred at 0 �C for 15 min before
pyridine (2.40 g, 2.45 mL, 30.3 mmol) was added at 0 �C. The
mixture was stirred for another 15 min at 0 �C, then warmed to
20 �C and washed with water (10 mL). The aqueous layer is
extracted with dichloromethane (10 mL). The solvent of com-
bined organic extracts was evaporated under reduced pressure
to afford 5a (1.84 g, 53%) as an off-white solid, mp 138 �C. This
material was sufficiently pure (>90%) for further use in the
subsequent condensation step with substituted benzaldehydes.
1H NMR (CDCl3): δ 0.92 (t, J=7.3 Hz, 2 H, H2c), 1.61 (h, J=
7.0Hz, 2H,H2b), 3.28 (t, J=7.0Hz, 2H,H2a), 4.00 (s, 2H,H5),
7.28-7.32 (m, 2 H, H3b), 7.37-7.45 (m, 1 H, H3d), 7.47-7.53
(m, 2 H, H3c). 13C NMR (CDCl3): δ 11.86 (C2c), 23.57 (C2b),
32.56 (C5), 54.29 (C2a), 127.98 (C3b), 128.63 (C3d), 129.17
(C3c), 135.17 (C3a), 151.67 (C2), 171.37 (C4). HMBC (CDCl3):
H2afC2,C2b,C2c;H2bfC2a,C2c;H2cfC2a,C2b;H3bf
C3a, C3d; H3c f C3a, C3b; H3d f C3a, C3b; H5 f C2, C4.
LC-MS (ESþ): tR 0.60 min. m/z: 235 (M þ H) (Figure 7).

(Z)-3-Propyl-2-phenylimino-thiazolidin-4-one (6a). Method
A. From phenylisothiocyanate (34 mg, 0.25 mmol) and n-pro-
pylamine (15 mg, 0.25 mmol), colorless oil (50 mg, 85%) after
purification on prep TLC plates with heptane:ethyl acetate 4:1.
1H NMR (CDCl3): δ 1.00 (t, J=7.5 Hz, 3 H, H3c), 1.79 (h, J=
7.5Hz, 2H,H3b), 3.82 (s, 2H,H5), 3.85 (t, J=7.5Hz, 2H,H3a),

6.98 (d, J=7.3Hz, 2H, H2b), 7.16 (t, J=7.5Hz, 1H, H2d), 7.37
(t, J=7.8Hz, 2H,H2c). 13CNMR(CDCl3): δ 11.29 (C3c), 20.56
(C3b), 32.72 (C5), 44.75 (C3a), 120.96 (C2c), 124.57 (C2d),
129.25 (C2b), 148.17 (C2a), 154.38 (C2), 171.83 (C4). HMBC
(CDCl3): H2bfC2a, C2c, C2d; H2cf C2a, C2b, C2d; H2df
C2b, C2c; H3a f C2, C3b, C3c, C4; H3b f C3a, H3c; H3c f
C3a, C3b;H5fC2,C4. LC-MS (ESþ): tR 0.96min.m/z: 235 (M
þ H) (Figure 8).

(Z)-2-Propylimino-3-phenyl-thiazolidin-4-one (5a) (Method

C). A solution of aniline (20.4 g, 220 mmol) and triethylamine
(33.3 g, 330 mmol) in THF (750 mL) was cooled to -70 �C
before chloroacetyl chloride (24.8 g, 220 mmol) was added
slowly over a period of about 30 min with vigorous stirring.
The resulting suspension was warmed to room temperature,
diluted with water (400 mL), and extracted with ethyl acetate
(3 � 200 mL). The combined organic extracts were dried over
MgSO4, filtered, and concentrated. The remaining fine platelets
were washedwith diethyl ether:heptane 1:1 and dried under high
vacuum to give 2-chloro-N-phenyl-acetamide as fine pale-beige
platelets (30.3 g, 82%), mp 136 �C. 1HNMR (CDCl3): δ 4.19 (s,
2H), 7.19 (t, J=7.5Hz, 1H), 7.37 (t, J=7.5Hz, 2H), 7.56 (d, J=
8.0 Hz, 2 H), 8.34 (s br, 1 H). 13CNMR (CDCl3): δ 11.86, 23.57,
32.56, 54.29, 127.98, 128.63, 129.17, 135.17, 151.67, 171.37.
LC-MS (ESþ): tR 0.75 min. m/z: 170 (M þ H). To a solution
of 2-chloro-N-phenyl-acetamide (11.9 g, 70.0mmol) and n-propyl
isothiocyanate (7.07 g, 70.0 mmol) in DMF (200 mL), NaH
(1.83 g, 55% dispersion in mineral oil, 42 mmol) was added in
four portions every 20-30 min. Upon complete addition of
NaH, stirring of the resulting brown mixture was continued for
2.5 h at rt. The mixture was diluted with ethyl acetate (500 mL)
and extracted with 1 N aq HCl (2 � 200 mL). The combined
aqueous extracts were extracted with ethyl acetate (2 � 200 mL)
after their pH had been adjusted to pH 8 by adding satd aq
NaHCO3-solution. These second organic extracts were washed
with water (2 � 200 mL) and concentrated. The remaining solid
was suspended in diethyl ether/hexane, filtered, washed with
additional diethyl ether/hexane, and dried to give 5a (4.85 g,
30%) as a pale-yellow powder, mp 143.6 �C. Spectroscopic data
were identical to those of 5a prepared according to method B.

(Z,Z)-2-(Dimethyl-hydrazono)-5-(4-hydroxy-3-methoxy-

benzylidene)-3-phenyl-thiazolidin-4-one (2) (MethodD).Asolution
of (Z)-2-(dimethyl-hydrazono)-3-phenyl-thiazolidin-4-one 9a

(118 mg, 0.50 mmol) and vanilline (84 mg, 0.55 mmol) in ethanol
(2 mL) and piperidine (100 μL) was stirred at 80 �C for 18 h. The
mixture was cooled to room temperature, diluted with diethyl
ether (2 mL), and the precipitate that formed was collected,

Figure 6. Atom numbering of compounds 3a and 4a as used in the
HMBC assignment.

Figure 7. Atom numbering of compound 5a as used in the HMBC
assignment.

Figure 8. Atom numbering of compound 6a as used in the HMBC
assignment.
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washed with additional diethyl ether (2�10 mL), and dried under
high vacuum togive the title compound (150mg, 81%) as a yellow
powder, mp 195 �C. 1H NMR (CDCl3): δ 2.57 (s, 6 H), 4.00 (s, 3
H), 7.04 (d, J=8.3Hz, 1H), 7.08 (s, 1H), 7.23 (d, J=8.3Hz, 1H),
7.40-7.46 (m, 3 H), 7.49-7.56 (m, 2 H), 7.72 (s, 1 H). LC-MS
(ESþ): tR 0.96 min. m/z: 370 (M þ H). In another experiment
following the above procedure, compound 2 cocrystallized with 1
equiv of piperidine. For analytical data and X-ray crystallo-
graphic structure parameters of the piperidinium salt of 2, see
the Supporting Information.

(Z,Z)-5-(3-Chloro-4-hydroxy-benzylidene)-2-(dimethyl-hydra-
zono)-3-phenyl-thiazolidin-4-one (8a) (Method E). A solution of
(Z)-2-(dimethyl-hydrazono)-3-phenyl-thiazolidin-4-one 9a (235
mg, 1.00 mmol), 3-chloro-4-hydroxy-benzaldehyde (235 mg,
1.00 mmol), and sodium acetate (164 mg, 2.00 mmol) in acetic
acid (5 mL) is stirred at 85 �C for 18 h. The solution turned
yellow and a precipitate formed. The mixture was cooled to rt,
diluted with diethyl ether (150 mL), and washed with water (2�
100 mL), satd aq NaHCO3 solution (1� 100 mL), and water (2
� 50 mL). The organic extract was dried over MgSO4, filtered,
and concentrated. The remaining residue was suspended and
shortly refluxed in methanol (10 mL). The solid material was
collected, washed with methanol, and dried under high vacuum
to give the title compound as a bright-yellow powder (220 mg,
59%), mp >255 �C melting with decomposition. 1H NMR
(DMSO-d6): δ 2.45 (s, 6 H), 7.16 (d, J = 8.5 Hz, 1 H),
7.40-7.48 (m, 3 H), 7.48-7.57 (m, 3 H), 7.63 (s, 1 H), 7.68 (s,
1H), 11.02 (s br, 1H). LC-MS (ESþ): tR 1.00min.m/z: 374 (Mþ
H). Anal. (C18H16ClN3O2SCl): C, H, N, O, S, Cl.

(Z,Z)-5-(3-Chloro-4-hydroxy-benzylidene)-2-isopropylimino-

3-phenyl-thiazolidin-4-one (8g). Method E. The title compound
(1.13 g, 71%) was isolated as a beige to yellow powder from the
reaction mixture starting from 3a (1.00 g, 4.27 mmol) and
3-chloro-4-hydroxy-benzaldehyde (668 mg, 4.27 mmol); mp
268 �C. 1H NMR (DMSO-d6): δ 1.11 (d, J=6.0 Hz, 6 H), 3.56
(hept, J=5.8 Hz, 1 H), 7.15 (d, J=8.5 Hz, 1 H), 7.37 (d, J=7.5
Hz, 2H), 7.44 (d, J=7.3Hz, 1H), 7.51 (t, J=7.8Hz, 3H), 7.66 (s,
1 H), 7.69 (d, J=1.0 Hz, 1 H), 10.99 (s, 1 H). LC-MS (ESþ): tR
1.01 min. m/z: 373 (M þ H). Anal. (C19H17N2O2SCl): C, H, N,
O, S, Cl. A small sample was recrystallized from ethanol/DCM
to obtain crystals suitable for X-ray analysis, pale-yellow nee-
dles, mp 268 �C. X-ray crystallographic structure parameters:
Crystals of 8g (C19H17ClN2O2S, formula weight 372.87) formed
in the triclinic space group P1. A total of 29341 reflections was
measured at 173K.Molecules/unit cellZ=2, cell dimensions a=
9.2574(2) Å, b=9.8000(2) Å, c=10.6365(2) Å, R=99.1910(10)�,
β=99.6080(10)�, γ=108.6490(10)�; calculated density=1.41 g
cm-3. The final R factor of 0.031 was obtained for 4805
observed reflections (I > 3σ(I)); largest difference peak and
hole were 0.42 and -0.41 eÅ-3, respectively (CCDC771349).

(Z,Z)-5-(3-Chloro-4-hydroxy-benzylidene)-2-propylimino-3-

o-tolyl-thiazolidin-4-one (8bl). Method E. The title compound
(1.14mg, 69%) was isolated from the reactionmixture as a pale-
yellow crystalline solid starting from 5b (1.06 g, 4.27 mmol) and
3-chloro-4-hydroxy-benzaldehyde (668mg, 4.27mmol);mp200 �C.
1HNMR (DMSO-d6): δ 0.84 (t, J=7.3 Hz, 3 H), 1.46-1.57 (m,
2 H), 2.09 (s, 3 H), 3.24-3.37 (m, 2 H), 7.15 (d, J=8.5 Hz, 1 H),
7.25-7.28 (m, 1 H), 7.30-7.36 (m, 1 H), 7.36-7.40 (m, 2 H),
7.53 (dd, J=8.5, 2.0 Hz, 1 H), 7.67 (s, 1 H), 7.71 (d, J=2.3 Hz, 1
H), 11.01 (s, 1 H). LC-MS (ESþ): tR 1.03min.m/z: 387 (MþH).
Anal. (C20H19N2O2SCl): C, H, N, S, Cl.

(Z,Z)-5-[3-Chloro-4-(2-hydroxy-ethoxy)-benzylidene]-2-pro-
pylimino-3-o-tolyl-thiazolidin-4-one (8bm).Amixture of 3-chloro-
4-hydroxybenzaldehyde (10 g, 63.9mmol), K2CO3 (26.5 g, 191.6
mmol), and 2-bromoethyl acetate (26.7 g, 159.7 mmol) in ace-
tone (250 mL) was refluxed for 18 h before it was diluted with
diethyl ether (200mL) andwashedwithwater (3� 200mL). The
washings were extracted with diethyl ether (200 mL). The
combined organic extracts were dried over MgSO4 and concen-
trated. The remaining residue was purified by column chroma-

tography on silica gel eluting with heptane:ethyl acetate 1:1 to
afford 3-chloro-4-(2-acetoxy-ethoxy)-benzaldehyde (6.44 g,
42%) as colorless solid. 1H NMR (CDCl3): δ 2.12 (s, 3H),
4.35-4.31 (m, 2H), 4.53-4.49 (m, 2H), 7.03 (d, J=8.8 Hz,
1H), 7.75 (dd, J=1.8, 8.2 Hz, 1H), 7.91 (d, J=1.8 Hz, 1H), 9.85
(s, 1H). LC: tR 0.88min. The title compound (276mg, 80%)was
obtained as a pale-yellow foam after purification on prep. TLC
plates with heptane:EA 1:1 in analogy to compound 8bc starting
from 5b (200 mg, 0.81 mmol) and the above 3-chloro-4-(2-
acetoxy-ethoxy)-benzaldehyde (391 mg, 1.61 mmol). 1H NMR
(CDCl3): δ 0.94 (t, J=7.5Hz, 3H), 1.60-1.70 (m, 2H), 2.22 (s, 3
H), 3.34-3.48 (m, 2H), 4.05 (t br, J=4.3Hz, 2H), 4.24 (t, J=4.3
Hz, 2 H), 7.07 (d, J=8.5 Hz, 1 H), 7.21 (d, J=7.3 Hz, 1 H),
7.32-7.39 (m, 3H), 7.48 (dd, J=8.5, 2.3Hz, 1H), 7.65 (d, J=2.3
Hz, 1H), 7.69 (s, 1H). LC-MS (ESþ): tR 1.04min.m/z: 431 (Mþ
H). Anal. (C22H23N2O3SCl): C, H, N, O, S, Cl, ash <0.2%.

rac-(Z,Z)-5-[3-Chloro-4-(2,3-dihydroxy-propoxy)-benzylidene]-
2-propylimino-3-o-tolyl-thiazolidin-4-one (8bn). Method E. Start-
ing from 5b (450 mg, 1.81 mmol) and rac-4-(2,3-dihydroxy-
propoxy)-3-chloro-benzaldehyde (835 mg, 3.62 mmol), the title
compound (262 mg, 32%) was obtained as a white powder after
extractive workup and purification of the crude product on prep.
TLC plates with toluene:ethyl acetate 1:3. 1H NMR (CDCl3): δ
0.94 (t, J=7.3Hz, 3H), 1.60-1.70 (m,2H), 2.12 (t br, J=5.8Hz, 1
H), 2.21 (s, 3 H), 2.76 (d br, J=3.8Hz, 1 H), 3.34-3.48 (m, 2 H),
3.83-3.97 (m, 2 H), 4.17-4.27 (m, 3 H), 7.07 (d, J=8.5 Hz, 1 H),
7.21 (d, J=7.3Hz, 1 H), 7.31-7.39 (m, 3 H), 7.49 (dd, J=8.8, 1.8
Hz, 1 H), 7.64 (d, J=1.8Hz, 1H), 7.69 (s, 1 H). LC-MS (ESþ): tR
0.96 min.m/z: 461 (MþH). Anal. (C23H25N2O4SCl) H, N, S, Cl;
C: calcd 59.93, found 60.41.

(Z,Z)-5-[3-Chloro-4-((2R)-2,3-dihydroxy-propoxy)-benzylidene]-
2-propylimino-3-o-tolyl-thiazolidin-4-one (8bo). To a solution of
3-chloro-4-hydroxybenzaldehyde (4.21 g, 26.9 mmol) in degas-
sed toluene (100 mL), ((4S)-2,2-dimethyl-[1,3]dioxolan-4-yl)-
methanol (5.35 g, 40.5 mmol) and 1,10-(azodicarbonyl)dipiperi-
dide (13.63 g, 54 mmol) followed by tributylphosphine (10.93 g,
54 mmol) was added. The mixture became slightly warm and a
precipitate formed. The reaction mixture was diluted with
degassed toluene (500 mL) and was stirred at room temperature
for 2 h, then at 60 �C for further 18 h before it was washed with
1 N aq NaOH (3 � 150 mL) and water (150 mL). The organic
phase was collected, dried over MgSO4, filtered, and concen-
trated to leave a dark-brown oil which was purified by column
chromatography on silica gel eluting with hexane:ethyl acetate
4:1 to give 3-chloro-4-((4S)-2,2-dimethyl-[1,3]dioxolan-4-yl-
methoxy)-benzaldehyde (4.30 g, 59%) as a yellow oil. LC: tR
0.93 min. 1H NMR (CDCl3): δ 1.41 (s, 3H), 1.47 (s, 3H),
4.06-4.00 (m, 1H), 4.14-4.08 (m, 1H), 4.23-4.17 (m, 2H),
4.56-4.43 (m, 1H), 7.05 (d, J=8.2Hz, 1H), 7.74 (dd, J=1.8, 8.2
Hz, 1H), 7.89 (d, J=1.8 Hz, 1H), 9.82 (s, 1H). A solution
of 5b (1.98 g, 8.00 mmol), the above 3-chloro-4-((4S)-2,2-
dimethyl-[1,3]dioxolan-4-ylmethoxy)-benzaldehyde (4.32 g, 16.0
mmol) and anhydrous sodium acetate (1.31 g, 16.0 mmol) in
acetic acid (50 mL) was stirred at 110 �C for 4 h. Water (0.3 mL)
was added, and stirring was continued at 100 �C for 1 h before
the mixture was concentrated. The remaining residue was dis-
solved in ethyl acetate (250 mL), washed with satd aq NaHCO3

solution (250 mL) and water (2 � 150 mL), dried over MgSO4,
filtered, and again concentrated. Sodium methoxide (500 mg,
9.25 mmol) was added to a solution of the residue in methanol
(100 mL). The mixture was stirred at 40 �C for 30 min before it
was concentrated. The remaining residue was dissolved in ethyl
acetate (250mL) andwashed twicewithwater (2� 150mL). The
washings were extracted back with ethyl acetate (150 mL), and
the combined organic extracts were dried over MgSO4, filtered,
and concentrated. The crude product was purified by column
chromatography on silica gel eluting with heptane:ethyl acetate
1:4 to give the title compound (1.34 g, 37%) as a pale-yellow
foam. 1H NMR (CDCl3): δ 0.94 (t, J=7.3 Hz, 3 H), 1.58-1.70
(m, 2 H), 2.21 (s, 3 H), 3.32-3.48 (m, 2 H), 3.82-3.95 (m, 3 H),
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4.12-4.27 (m, 4 H), 7.07 (d, J=8.8 Hz, 1 H), 7.21 (d, J=7.0 Hz,
1 H), 7.31-7.39 (m, 3 H), 7.49 (dd, J=8.5, 2.0 Hz, 1 H), 7.64 (d,
J=2.0Hz, 1H), 7.69 (s, 1H). 13CNMR (CDCl3): δ 11.83, 17.68,
23.74, 55.42, 63.46, 69.85, 70.78, 133.48, 120.75, 123.71, 127.05,
128.25, 128.60, 129.43, 130.06, 131.13, 131.50, 134.42, 136.19,
146.98, 154.75, 166.12. LC-MS (ESþ): tR 0.96 min. m/z: 461 (M
þH).HPLC (ChiralPakAD-H, 4.6mm� 250mm, 0.8mL/min,
70% hexane in ethanol): tR 11.8 min. Anal. (C23H25N2O4SCl):
C, H, N, O, S, Cl.

(Z,Z)-5-[3-Chloro-4-((2S)-2,3-dihydroxy-propoxy)-benzylidene]-
2-propylimino-3-o-tolyl-thiazolidin-4-one (8bp). Starting from
3-chloro-4-hydroxybenzaldehyde (2.00 g, 12.8mmol) and ((4R)-
2,2-dimethyl-[1,3]dioxolan-4-yl)-methanol (2.53 g, 19.2 mmol),
3-chloro-4-((4R)-2,2-dimethyl-[1,3]dioxolan-4-ylmethoxy)-ben-
zaldehyde (1.95 g, 56%)was obtained as a brownish oil following
the procedure given above for its (S)-isomer. LC: tR 0.93 min.
1H NMR (CDCl3): δ 1.43 (s, 3 H), 1.49 (s, 3 H), 4.06 (dd, J=
8.5, 5.8 Hz, 1 H), 4.11-4.18 (m, 1 H), 4.20-4.26 (m, 2 H),
4.52-4.59 (m, 1H), 7.09 (d, J=8.5Hz, 1H), 7.78 (dd, J=8.5, 2.0
Hz, 1 H), 7.93 (d, J=2.0Hz, 1H), 9.88 (s, 1 H). Starting from 5b
(248 mg, 1.00 mmol) and the above 3-chloro-4-((4R)-2,2-di-
methyl-[1,3]dioxolan-4-ylmethoxy)-benzaldehyde (405mg, 1.50
mmol), the title compound (210 mg, 46%) was obtained as a
pale-yellow solid following the procedure given for compound
8bo. 1HNMR (CDCl3): δ 0.94 (t, J=7.4Hz, 3H), 1.59-1.72 (m,
2H), 2.21 (s, 3H), 2.31 (s br, 1H), 2.90 (s br, 1H), 3.34-3.48 (m,
2H), 3.80-3.95 (m, 2H), 4.15-4.25 (m, 3H), 7.06 (d, J=8.6Hz,
1 H), 7.21 (d, J=7.2 Hz, 1 H), 7.31-7.40 (m, 3 H), 7.48 (dd, J=
8.6, 2.1 Hz, 1 H), 7.63 (d, J=2.1 Hz, 1 H), 7.67 (s, 1 H). LC-MS
(ESþ): tR 0.96min,m/z: 461 (MþH).HPLC (ChiralPakAD-H,
4.6 mm� 250mm, 0.8 mL/min, 70%hexane in ethanol): tR 13.6
min. Anal. (C23H25N2O4SCl, 0.1H2O): C, H, N, O, S, Cl, ash
<0.2%.
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