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In a previous communication we reported on the discovery of aminopyridine 1 as a potent, selective and
orally active S1P1 receptor agonist. More detailed studies revealed that this compound is phototoxic
in vitro. As a result of efforts aiming at eliminating this undesired property, a series of alkoxy substituted
pyridine derivatives was discovered. The photo irritancy factor (PIF) of these alkoxy pyridines was
significantly lower than the one of aminopyridine 1 and most compounds were not phototoxic. Focused
SAR studies showed, that 2-, 3-, and 4-pyridine derivatives delivered highly potent S1P1 receptor ago-
nists. While the 2-pyridines were clearly more selective against S1PR3, the corresponding 3- or 4-
pyridine analogues showed significantly longer oral half-lives and as a consequence longer pharmaco-
logical duration of action after oral administration. One of the best compounds, cyclopentoxy-pyridine
45b lacked phototoxicity, showed EC50 values of 0.7 and 140 nM on S1PR1 and S1PR3, respectively,
and maximally reduced the blood lymphocyte count for at least 24 h after oral administration of 10 mg/
kg to Wistar rats.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Sphingosine-1-phosphate (S1P) is a lysophospholipid affecting
fundamental cellular processes including cell survival, differentia-
tion, proliferation or migration [1e4]. In the cell, S1P is produced
from the lipid component ceramide. Ceramidase cleaves ceramides
to give sphingosine which is phosphorylated by one of two
sphingosine kinases to form S1P. Lipid phosphate phosphatase and
other phosphatases can hydrolyze S1P back to sphingosine and
thus inactivate it. S1P may also be cleaved irreversibly by S1P lyase
to hexadecanal and aminoethanol phosphate making it unavailable
for reactivation by sphingosine kinases. S1P is transported out of
the cell to convey its biological activity in an autocrine or paracrine
fashion. Extracellular S1P exerts its activity by signalling through
five G-protein coupled receptors (S1PR1e5). S1P concentrations
greatly vary depending on the body compartment. For instance,
while S1P is stored in erythrocytes, endothelial cells, and plasma
lipoproteins, and its concentrations are high in plasma (up to nearly
olli).

served.
1 mM) and in lymph but low in tissue [1,5,6]. As maintenance of this
concentration gradient is fundamental to the biological function of
S1P, its synthesis, degradation, transport and storage are tightly
regulated [7e11].

While the physiological effects of S1PeS1P receptor signalling
have been studied in many organs and tissues [1] including the
nervous system [12,13], the lung [14,15], the cardiovascular system
[7,16e18] bone tissue [19], and haematopoietic and immune cells
[20e23], the observation that lymphocytes exposed to a synthetic
S1P1 receptor agonist are sequestered to lymphoid organs, removed
from circulation and are thus unable to aberrantly cause tissue
damage [24e26] is of particular interest. This novel mechanism of
immunomodulation [26e28] holds great promise in the fields of
transplantation and autoimmune diseases [29]. Today, fingolimod
(Gilenya®), a prodrug of a non-selective S1P receptor agonist, is a
successfully used approved therapy to treat relapsing multiple
sclerosis [30e34]. In addition, clinical use of S1P1 receptor agonists
in other autoimmune diseases is being evaluated [35e40].

Detailed mechanistic studies suggest that synthetic S1P1 re-
ceptor agonists in fact act as functional antagonists [41e45]. Rapid
and sustained internalization of the S1P1 receptor upon stimulation
abolishes the lymphocyte's ability to sense and migrate along the
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S1P gradient it needs to follow in order to exit the lymph node. In
view of this mode of action, it was postulated that also S1P1 re-
ceptor antagonists are able to sequester lymphocytes to lymph
nodes. However, this hypothesis was proven only recently [46e50].
On the other hand, it was recently demonstrated that disturbing the
S1P gradient by blocking the activity of S1P lyase with a synthetic
inhibitor can lead to lymphocyte sequestration too [51]. How S1PR1
antagonists and S1P lyase inhibitors compare to S1PR1 agonists
with respect to clinical efficacy and safety is of great interest and
results of on-going and future studies are eagerly awaited [5,52,53].

Our interest to identify novel S1P receptor agonists is based on
the following observations: Experiments with S1PR1 receptor
knock-out mice [54,55] and S1PR1 selective agonists [44,56,57],
revealed that targeting S1PR1 is sufficient to cause lymphocyte
sequestration to lymphoid organs. Originally, S1P1 receptor
agonism-triggered lymphocyte sequestration [43,54,58] was pro-
posed as the driving mechanism for the efficacy of S1P receptor
agonists in experimental autoimmune encephalomyelitis (EAE)
models in rodents [59e61]. More recent studies suggested that
S1P1 receptor modulation on neurons and astrocytes also contrib-
utes to the efficacy in these multiple sclerosis models [31,62e64].
On the other hand, activation of S1P5 receptors on astrocytes may
enhance remyelination [65]. In contrast to these beneficial effects of
S1P1 and S1P5 receptor agonism, S1P3 receptor activation is asso-
ciated with heart rate reduction [58,66e68], vaso- and broncho-
constriction [66,69], blood pressure increase [70], and fibrosis [71]
in rodents and is thus deemed undesired. As a consequence, the
majority of the corresponding drug discovery programs [72e74],
including our own, focused on identifying potent S1P1 receptor
agonists with high selectivity against S1PR3 and variable degrees of
activity on S1PR5.

In a previous communication [75] we reported on the discovery
of amino-pyridine 1 as a potent and selective S1P1 receptor agonist
with high efficacy in reducing blood lymphocyte counts in the rat.
In more detailed studies involving a standardized Neutral Red
Uptake Phototoxicity Test using Balb/c 3T3 mouse fibroblasts (3T3
NRU) [76,77], the photo irritancy factor (PIF) of aminopyridine 1
was found to be >200, clearly flagging this compound as in vitro
phototoxic [78]. Testing of additional examples of our S1PR1 ago-
nists incorporating a pyridine head suggested that the phototox-
icity is an inherent property of the aminopyridine series. For
instance, while aminopyridines such as 1, 2 and 3 were clearly
phototoxic in vitro, dialkyl pyridine analogues such as compounds
4, 5 [75], and 6 [79] were devoid of this undesired property (Fig. 1).
Our discovery efforts therefore aimed at identifying novel S1P1
receptor agonists that combined the high affinity and selectivity for
S1PR1 and the favourable in vivo efficacy of the aminopyridine se-
ries [75] with the lack of the phototoxicity liability observed for the
dialkyl pyridine derivatives.

Health authority guidelines e.g. Refs. [80,81], recommend
in vitro photosafety assessment for compounds with a molar
extinction (ε) of >1000 L mol�1 cm�1 at wavelengths >290 nm. As
the phototoxic aminopyridines 1, 2, and 3 as well as the non-
phototoxic analogues 4, 5, and 6 fulfilled this criterion, measuring
the molar extinction at >290 nm offered no guidance for our me-
dicinal chemistry program. In a recent computational approach
described by Haranosono et al. [82], the energy difference between
the HOMO and LUMO (HOMOeLUMO gap, HLG) and the
maximum-conjugated p electron number (PENMC) were calcu-
lated to predict the compound's phototoxicity potential. However,
applying this in silico method to our pyridine derivatives, we were
not able to explain the clear difference between the measured PIF
values of the aminopyridine and the dialkyl pyridine series as both
series were clearly predicted to be phototoxic. Hence, while staying
pragmatic, we wondered whether replacing one of the two alkyl
groups in the dialkyl pyridine series by an alkoxy group would
again produce compounds with no phototoxicity liability. A first
alkoxy pyridine, the 2-methoxy-isonicotinic acid derivative 7a,
showed a PIF value of 0.9 in the 3T3 NRU phototoxicity test,
demonstrating that it is not phototoxic in vitro. Interestingly, during
the synthesis of 7awe also noted that aminopyridines such as 1, 2,
and 3 were strongly fluorescent under UV light (254 nm and
366 nm) when spotted on thin layer chromatography plates while
the dialkyl pyridine 4, 5, and 6 as well as the methoxy pyridine 7a
were devoid of this property. On this basis, we set out to explore the
alkoxy pyridines in more detail.

2. Results and discussion

2.1. Chemistry

The target compounds 7aek, 24aeg, 35a,b, and 45aed were
prepared in analogy to a previously reported pathway [75]. Thus, as
summarized in Scheme 1 the isonicotinic acids 12aek, the picolinic
acids 23aeg and 34a,b, and the nicotinic acids 44aedwere coupled
with N-hydroxy-benzamidine 8 or 9 and the resulting amidine
ester intermediates were cyclized to the desired oxadiazoles. In
case hydroxyamidine 8 was used, the desired polar side chain (R1)
was established in steps that followed the cyclization step (for
details see Supporting information).

Schemes 2e5 summarize the synthetic pathways that were
followed to obtain the various pyridine carboxylic acid derivatives
required for this study. In general, yields have not been optimized.
For details see Supporting information.

The synthesis of the 2,6-disubstituted isonicotinic acids 12aek
required to produce target compounds 7aek is illustrated in
Scheme 2. Reacting methyl or ethyl 6-chloro-2-
methoxyisonicotinate 10 with an alkylmagnesium halide under
Fürstner conditions [83,84] furnished the corresponding 6-alkyl-2-
methoxy-isonicotinates 11a, 11b, and 11d. Alternatively, 6-alkyl-2-
methoxy-isonicotinic acid esters 11c and 11e were prepared by
reacting methyl or ethyl 6-chloro-2-methoxyisonicotinate with the
appropriate cycloalkylzinc bromide under Negishi conditions
[85e87]. Methyl 2-methoxy-6-phenylisonicotinate 11f was ob-
tained by Pd(PPh3)4 catalyzed Suzuki coupling [87,88] of methyl 6-
chloro-2-methoxyisonicotinate with phenylboronic acid. The
desired isonicotinic acids 12aef were then obtained by cleavage of
the corresponding esters using concentrated aqueous HCl or
aqueous NaOH or LiOH.

On the other hand, reacting 2-chloro-6-methylisonicotinic acid
13 with isopropanol under basic conditions gave access to 2-
isopropoxy-6-methylisonicotinic acid 12g. As illustrated with iso-
nicotinic acids 12he12k, 2-alkoxy-6-alkylisonicotinic acids could
also be prepared by an alternative pathway giving access to iso-
nicotinic acids bearing alkyl substituents larger than a methyl
group. Thus, reacting 2,6-dichloroisonicotinic acid 14 with cyclo-
butanolate or cyclopentanolate furnished 2-chloro-6-
cyclobutoxyisonicotinic acid 15 or 2-chloro-6-
cyclopentoxyisonicotinic acid 16, respectively. Esterification using
TMSCl in isopropanol to give 17 and 18made the material ready for
the following Negishi coupling. Using either dimethylzinc or
diethylzinc afforded the corresponding 6-methyl or 6-ethyl-2-
cycloalkoxyisonicotinates 19, 20 and 21, 22, respectively. Saponifi-
cation furnished the desired isonicotinic acids 12hek.

The picolinic acids 23aeg required for the study of the corre-
sponding target compounds 24aeg were prepared in a similar
fashion as outlined in Scheme 3. Thus, Negishi coupling of methyl
6-chloro-4-methoxypicolinate 25 using pentan-3-yl zinc bromide
furnished 4-methoxy-6-(pentan-3-yl)picolinic acid as its 3-pentyl
ester (26) in moderate yield. As observed earlier [75], the



Fig. 1. Structures of the in vitro phototoxic aminopyridines 1, 2, and 3, and the non-phototoxic alkylpyridines 4, 5, and 6, and alkoxy pyridine 7a.

aReagents and conditions: (a) TBTU, DIPEA, DCM, or THF/DMF, rt, 1 h; or HOBt, 

EDC HCl, THF, rt, 18 h; (b) dioxane, 80-100 °C, 7-18 h, 19-80% (2 steps); (c) (R)-

glycidol, PPh3, DEAD, THF, rt, 18 h, 76-96%, or (R)-epichlorohydrin, isopropanol, 3 N 

NaOH, rt, 24 h, 35-85%; (d) 7 N NH3 in methanol, 60 °C, 18 h, 39%-quant.(crude); (e) 

glycolic acid, HOBt, DIPEA, EDC HCl, THF, rt, 2 h, 23-79%. For R' and R'' see 

Tables 1 to 4. 

Scheme 1. Assembling the central oxadiazole ring.a
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Pd(dppf)Cl2 catalyzed Negishi cross-coupling employing pentan-3-
yl zinc bromide not only led to the formation of the picolinic acid 3-
pentyl ester but also to isomerization of the 3-pentyl group
attached to the pyridine. Several groups have reported on the un-
desired b-hydride elimination of secondary alkylzinc reagents
leading to isomerized cross-coupling products and significant im-
provements have been achieved using further optimized catalysts,
e.g. Refs. [89e91]. However, as we were able to obtain sufficient
material of the desired pent-3-yl-picolinic acids 23a and 23d (from
31) for our studies despite the fact that the crude reaction products
contained substantial amounts of the corresponding pent-2-yl and
pent-1-yl picolinic acid derivatives, we did not embark on further
optimizations. b-Hydride elimination/b-migratory insertion [89]
may also occur in the case of the cyclopentyl zinc reagent but as
it has no consequence on the regioselectivity of the cross-coupling
reaction the corresponding cyclopentyl picolinic acids 23c and 23e
were obtained in good yield. On the other hand, Pd(PPh3)4-cata-
lyzed cross-coupling of ethyl 6-chloro-4-methoxypicolinate 27
with 2,4,6-tris(2-methylprop-1-en-1-yl)-1,3,5,2,4,6-
trioxatriborinane pyridine complex [92] furnished 4-methoxy-6-
(2-methylprop-1-en-1-yl)picolinate 28 which was hydrogenated
(29) and hydrolyzed to the desired picolinic acid 23b. 6-(Cyclo-
pentyloxy)-4-methylpicolinic acid 23f was obtained in good yield
by thermal displacement of the chlorine in 6-chloro-4-
methylpicolinic acid 32 with cyclopentanolate. To facilitate purifi-
cation, the crude product was temporarily transformed into its
methyl ester. Treating the isomeric 4-chloro-6-methylpicolinic acid
33 with cyclopentanolate furnished 4-(cyclopentyloxy)-6-
methylpicolinic acid 23g in moderate yield.

The preparation of the two 5-cyclopentyl-picolinic acids 34a



aReagents and conditions: (a) alkylmagnesium bromide or chloride, Fe(acac)3, THF, 

NMP, -75 °C 1 h, 0 °C-rt 1 h, 40-42% (R = isobutyl (11b)); (b) alkylzinc bromide or 

dialkylzinc, Pd(dppf)Cl2, dioxane, 75-80 °C, 4-48 h, 50-90% (R = 3-pentyl (11a)), 47% 

(R=cyclobutyl (11c)), 67% (R = cyclopentyl (11d), 44-69% (R = cyclohexyl (11e)); (c)

(R=Ph (11f)) PhB(OH)2, Pd(PPh3)4, DME, 2 M aq. K2CO3, 80 °C, 18 h, 38%; (d) 6-7 

M aq. HCl, 60-95 °C, 3-20 h, 51% (12c), 87-91% (12b), 96% - quant. (12d); (e) 3 M 

aq. NaOH, ethanol, 80°C, 2 h, 86% (12a); (f) 2 N aq. LiOH, THF, MeOH, or dioxane,

rt, 2-18 h, 78-86% (12e), quant. (12f), 84%-quant. (12h), 72-88% (12i), quant. (12j), 
97% (12k); (g) isopropanol, KOtBu, 80 °C, 72 h, 86% (12g); (h) cyclobutanol or 

cyclopentanol, NaH, dioxane, 80 °C, 24 h, 87%-quant. (crude) (15), quant.(crude)

(16); (i) isopropanol, TMSCl, 50 °C, 24 h, 50-88% (17), 53-70% (18); (j) Me2Zn (19, 

20) or Et2Zn (21, 22), Pd(dppf)Cl2; dioxane, 75 °C, 16-24 h, 61% (19), 50% (20), 79% 

(21), 95% (22). 

Scheme 2. Preparation of 2,6-disubstituted isonicotinic acids.a
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and 34b needed for the preparation of target compounds 35a and
35b, respectively, is summarized in Scheme 4. The synthesis of 5-
cyclopentyl-4-methoxypicolinic acid 34a started by O-alkylation
of 2,5-dibromopyridin-4-ol 36 using iodomethane in the presence
of K2CO3. Regioselective Suzuki reaction of the resulting 2,5-
dibromo-4-methoxy pyridine 37 using 2,4,6-trivinyl-1,3,5,2,4,6-
trioxatriborinane pyridine complex [92] delivered 5-bromo-4-
methoxy-2-vinylpyridine 38 in good yield. Oxidative cleavage of
the vinyl group using KMnO4 established the carboxylic acid
function which subsequently was converted into its methyl ester
(39). In a second Suzuki reaction employing cyclopenten-1-yl
boronic acid the carbon framework of the 5-substituent was
introduced (40). Hydrogenation of the cyclopentene substituent
(41) and ester cleavage afforded the desired picolinic acid 34a.
Several attempts to directly introduce the cyclopentane moiety via
a Negishi reaction failed and led to decomposition of the methyl 5-
bromo-4-methoxy picolinate. Commercial availability of 5-bromo-
6-methoxypicolinic acid allowed for rapid access to picolinic acid
34b. This time, Pd(dppf)Cl2 catalyzed Negishi coupling of the ethyl
5-bromo-6-methoxypicolinate 42 with cyclopentyl zinc bromide
afforded ethyl 5-cyclopentyl-6-methoxypicolinate 43 which upon
saponification furnished the desired picolinic acid 34b.

Finally, Scheme 5 illustrates the synthetic access to the 5,6-
disubstituted nicotinic acids 44aed used to prepare the target
compounds 45aed. Methyl 6-chloro-5-methoxynicotinate 46 was
efficiently converted into methyl 6-cyclopentyl-5-
methoxynicotinate 47 using cyclopentylmagnesium bromide un-
der Fürstner conditions [83,84]. Subsequent ester hydrolysis



aReagents and conditions: (a) pentan-3-ylzinc(II) bromide, Pd(dppf)Cl2, dioxane, 75

°C, 18 h, 15-20% (26), 21% (Me ester of 23d); (b) 2 M aq. LiOH, dioxane or 

methanol, rt to 75°C, 5-15 h, 98% (23a), 79 % (23c), quant. (23d), 88% (23e); (c) 

2,4,6-tris(2-methylprop-1-en-1-yl)-1,3,5,2,4,6-trioxatriborinane pyridine complex, 

Pd(PPh3)4, DME, 100 °C, 18 h, 78% (28); (d) H2, Pd/C, THF, rt, 15 h; quant. (29); (e) 

6 N aq. HCl, 65°C, 12 h, quant. (23b), 84%-quant. (23c); (f) cyclopentylzinc(II)

bromide, Pd(dppf)Cl2, dioxane, 75 °C, 18 h, 90% (Me ester of 23e), 50-80% (30); (g) 

(1) cyclopentanol, NaH, dioxane, 80°C, 24 h; (2) MeOH, TMSCl, 50 °C, 24 h; (3) 2 M 

aq. LiOH, MeOH, rt, 2 h, 84% (23g, 3 steps); (h) cyclopentanol, NaH, 80 °C, 24 h, 

35% (23g). 

Scheme 3. Preparation of 4,6-disubstituted picolinic acids.a

M.H. Bolli et al. / European Journal of Medicinal Chemistry 115 (2016) 326e341330
afforded the desired nicotinic acid 44a. The preparation of the
isomeric nicotinic acid 44c followed a similar pathway. Thus, ethyl
5-chloro-6-methoxynicotinate 51 was coupled with cyclopenten-
1-yl boronic acid to the corresponding 5-(cyclopent-1-en-1-yl)-6-
methoxynicotinate 52. Hydrogenation of the cyclopentene (53)
followed by saponification of the nicotinic acid ester gave the
desired 5-cyclopentyl-6-methoxynicotinic acid 44c.
In the case of the 6-cyclopentoxynicotinic acid 44b, the cyclo-

pentoxy group was introduced by reacting 5-bromo-6-hydroxy
nicotinate 48 with cyclopentanol under Mitsunobu conditions.
Pd(dppf)Cl2 catalyzed Negishi coupling of the resulting 5-bromo-6-
cyclopentoxynicotinate 49 with dimethylzinc and subsequent



aReagents and conditions: (a) MeI, K2CO3, DMF, 40 °C, 4 h, 35%; (b) 2,4,6-trivinyl-

1,3,5,2,4,6-trioxatriborinane pyridine, Pd(PPh3)4, PPh3, 2 M aq. K2CO3, dioxane, 

90 °C, 3 h, 70%; (c) (1) KMnO4, acetone, 0°C to rt, 16 h; (2) MeOH, H2SO4, 70°C, 20 

h, 53% (2 steps); (d) cyclopenten-1-ylboronic acid, Pd2(dba)3, tBu3P, Cs2CO3, 90 °C, 

24 h, 65%; (e) H2, Pd/C, MeOH, THF, 60 °C, 48 h, 97%; (f) 25% aq. HCl, 70°C, 16 h, 

92%; (g) cyclopentylzinc(II) bromide, Pd(dppf)Cl2, THF, 80 °C, 48 h, 31%; (h) MeOH, 

2 M aq. LiOH, rt, 2 h, 90%. 

Scheme 4. Preparation of 4,5- and 5,6-disubstituted picolinic acids.a
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saponification afforded the desired 6-cyclopentoxynicotinic acid
44b in good overall yield. Similarly, Mitsunobu reaction of methyl
5-hydroxy-6-iodonicotinate 54 with cyclopentanol, subsequent
Negishi reaction of 55 using dimethylzinc followed by ester hy-
drolysis furnished the isomeric 5-cyclopentyloxy-nicotinic acid
44d.
2.2. In vitro SAR discussion

First we explored the structure activity relationship (SAR) of 2-
alkoxy substituted 4-pyridines related to compound 7a. In a next
step we extended our studies to the corresponding 2-pyridines by
keeping the original meta-relationship between the alkoxy and the
alkyl substituent. We then also included 2-pyridine derivatives
wherein the alkoxy and the alkyl substituents were ortho to each
other. Finally, the SAR studies were completed with a set of pro-
totypical 3-pyridines. A selection of alkoxy substituted 4-, 2-, and 3-
pyridines shall illustrate the SAR of the three pyridine isomer series
with respect to their affinity for the S1P1 and S1P3 receptor, their
in vivo efficacy as well as phototoxicity. We focus our SAR discus-
sion on pyridine derivatives invariably incorporating the proto-
typical (S)-3-(3-ethyl-4-(2-hydroxy-3-(2-hydroxy-acetamido)
propoxy)-5-methylphenyl)-1,2,4-oxadiazole moiety as this pattern
usually combined high receptor affinity and in vivo efficacy
[75,93,94]. EC50-values were measured with a GTPgS binding assay
using membrane preparations of CHO cells expressing either the
human S1P1 or S1P3 receptor. Table 1 compiles a series of 4-
pyridine derivatives incorporating either a small alkoxy and a
large alkyl or a large alkoxy and a small alkyl substituent in position
2 and 6 of the pyridine, respectively. Both substitution patterns
gave highly potent S1PR1 agonists with comparable selectivities
against S1PR3. Specifically, the 2-methoxy-6-(3-pentyl)-pyridine
7a showed the same affinity for S1PR1 as the aminopyridine 1 and
was about three times less selective against S1PR3. Similarly, the
isobutyl and cyclobutyl derivatives 7b and 7c were highly potent
S1P1 receptor agonists. These two compounds showed a further
increased affinity for S1PR3. The cyclopentyl substituted pyridine
7d reproduced the affinity profile of the 3-pentyl analogue 7a. On
the other hand, the bulkier cyclohexyl and the phenyl substituted
pyridines 7e and 7f both significantly lost affinity for S1PR1 and
S1PR3. The three compounds 7g, 7h, and 7i incorporating a large
alkoxy substituent and a methyl group were equipotent on S1PR1
and slightly more selective against S1PR3 when compared to their
closest analogues 7b, 7c, and 7d, respectively. As illustrated with
compounds 7j and 7k increasing the size of the alkyl substituent
increased the affinity towards S1PR3.

Interestingly, when the methoxy-pyridines are compared to the
corresponding alkyl pyridine analogues [75], the methyl derivative
reproduced the affinity profile of the methoxy compound much
better than the apparently structurally closer ethyl analogue. This
general finding is illustrated with the three cyclopentyl-pyridines
7d, 7l and 7m. While the methoxy pyridine 7d and methyl pyri-
dine 7l have an almost identical affinity profile for S1PR1 and S1PR3,
the ethyl derivative 7m is clearly more potent on S1PR3.



aReagents and conditions: (a) cyclopentylmagnesium bromide, Fe(acac)3, THF, 0 °C, 

90 min, 71%, (b) 25% aq. HCl, 65 °C, 18 h, quant.; (c) cyclopentanol, PPh3, DEAD, 

THF, 0-20°C, 1 h, 64-90% (49), 90% (55); (d) Me2Zn, Pd(dppf)Cl2, dioxane, 70-80 °C,

3-16 h, 58% (50), 68% (56); (e) 2 M aq. LiOH, MeOH or EtOH, rt, 2-15 h, 88% (44b), 

quant. (44c), 83% (44d); (f) cyclopenten-1-yl boronic acid, Pd(dba)2, Cs2CO3, 

dioxane, 100 °C, 18 h, 27%; (g) 5 bar H2, Pd/C, THF, EtOH, 55 °C, 48 h, 78%. 

Scheme 5. Preparation of 5,6-disubstituted nicotinic acids.a
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We then turned our attention to 2-pyridine derivatives while
keeping the meta substitution pattern of the 4-pyridine series. A
few examples are listed in Table 2. As in the 4-pyridine series, a 3-
pentyl (24a), an isobutyl (24b), and a cyclopentyl (24c) substituent
attached to position 6 of the 2-pyridine led to highly potent S1PR1
agonists with EC50 values around 1 nM. However, when compared
to the 4-pyridine isomers 7a, 7b, and 7d, the corresponding 2-
pyridines 24a, 24b, and 24c, respectively, were clearly more se-
lective against S1PR3. As illustrated with compounds 24d and 24e
swapping the positions of the methoxy and the alkyl substituent
again delivered highly potent S1PR1 agonists. The 3-pentyl deriv-
ative 24d was equipotent on S1PR1 but less selective against S1PR3
when compared to its isomer 24a. Conversely, the 4-cyclopentyl
pyridine 24e was less potent on both S1PR1 and S1PR3 than its
isomer 24c. Attaching a large alkoxy substituent to position 6 and a
methyl group to position 4 (e.g. compound 24f) reproduced the
affinity profile of the 6-alkyl-4-methoxy-isomer 24c. Interestingly,
however, when the large alkoxy group was placed in position 4 and
the methyl group was attached to position 6 (e.g. compound 24g),
the compound clearly lost affinity for S1PR1. Two 2-pyridine de-
rivatives wherein the substituents are ortho to each other are listed
in Table 3. Interestingly, also this substitution pattern delivered
highly potent S1PR1 agonists and both the 4-methoxy (35a) and the
6-methoxy (35b) 5-cyclopentylpyridines showed EC50 values close
to 1 nM. The two 4,5-disubstituted pyridines 35a and 35b were
more potent on S1PR3 when compared to their 4,6-disubstituted
isomer 24c and 24e, respectively.

Triggered by the observation that not only 4,6- but also 4,5- and
5,6-disubstituted 2-pyridines gave highly potent S1PR1 agonists,
we extended our SAR studies to 5,6-disubstituted 3-pyridines. A
few prototypical 3-pyridine derivatives are compiled in Table 4. Not
unexpectedly, also the 3-pyridines delivered potent S1PR1 agonists.
The potency and selectivity profile of the 5-methoxy-6-
cyclopentyl-3-pyridine 45a was very similar to the one of the 2-
pyridine isomer 35a. Moving the oxygen from position 5 to 6 to
give the 6-cyclopentoxy-5-methyl-3-pyridine 45b had little effect
on the compound's affinity towards S1PR1 and S1PR3. Swapping the
position of the small and the large substituent in 45a and 45b to
give the 3-pyridines 45c and 45d significantly increased the com-
pounds' affinity for S1PR3. On the other hand, changing the position
of the oxygen in the two compounds incorporating the larger
substituent in position 5 (i.e. 45c and 45d) clearly affected the
compounds potency on S1PR1.

In summary, while all pyridine series delivered potent S1PR1



Table 1
SAR of 2,6-disubstituted pyridin-4-yl derivatives.

Compd R1 R2 EC50 [nM]a %LCb (plasma conc. [nM]) DAc [h] (oral half-life [h])

S1PR1 S1PR3 3 h 6 h 24 h 48 h 72 h 96 h 144 h

1 Me Diethyl-amino 0.6 350 �64 �64 �70 �62 72
7a OMe 3-Pentyl 0.4 96 �59 (750) �59 (470) �36 (46) bld (<3) 6 (9)
7b OMe Isobutyl 0.3 27 �57 �59 �66 �59 48
7c OMe Cyclobutyl 0.3 22 �56 �61 �61 bld 24
7d OMe Cyclopentyl 0.6 71 �62 (2050) �65 (1860) �70 (1070) �50 (68) �20 (12) 24 (18)
7e OMe Cyclohexyl 7.3 690 �58 �58 �72 �33 24
7f OMe Phenyl 28 1600
7g Isopropoxy Me 0.2 95 �66 �67 �74 �70 �28 96
7h Cyclobutoxy Me 0.3 110 �66 �62 �72 �62 �21 96
7i Cyclopentoxy Me 1.0 190 �69 (2200) �66 (2040) �74 (790) �43 (67) 24 (13)
7j Cyclobutoxy Et 1.1 55 �72 �75 �79 168
7k Cyclopentoxy Et 1.1 50 �64 �71 �76 bld 24
7le Cyclopentyl Me 0.2 47
7me Cyclopentyl Et 0.3 2.4

a EC50 values as determined in a GTPgS assay using membranes of CHO cells expressing either S1PR1 or S1PR3 [95]; EC50 values represent the geometric mean of at least
three independent measurements.

b %Lymphocyte count reduction at indicated time point post oral administration of 10 mg/kg of compound as compared to baseline values, plasma concentrations given in
brackets, limit of quantification ¼ 3 nM.

c DA [h] ¼ duration of maximal LC reduction as defined by the latest time point at which maximal LC reduction was observed.
d bl ¼ LC reached baseline value.
e Data from Ref. [75].

Table 2
SAR of 4,6-disubstituted pyridin-2-yl derivatives.

Compd R1 R2 EC50 [nM]a %LCb (plasma conc. [nM]) DAc [h] (oral half-life [h])

S1PR1 S1PR3 3 h 6 h 24 h

24a 3-Pentyl OMe 1.2 520
24b Isobutyl OMe 1.5 1400 �58 �66 �23 6
24c Cyclopentyl OMe 0.7 800 �58 �61 �30 6
24d OMe 3-Pentyl 1.1 180 �57 (410) �50 (240) 10 (12) <3d(4)
24e OMe Cyclopentyl 4.5 1500 �63 (1790) �75 (1300) 2 (100) 6 (5)
24f Cyclopentoxy Me 1.0 930 �51 (1610) �58 (890) 18 (39) 6 (4)
24g Me Cyclopentoxy 11 1400 �50 (1560) �36 (510) 33 (<9) <3d (<3)

a,b,cSee caption Table 1.
dMaximal LC reduction not reached.
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agonists, there are clear differences between the SAR of the indi-
vidual isomer series. For instance, while a cyclopentoxy substituent
gave highly potent compounds in the 4-pyridine series and when
placed position 6 in the 2-pyridine series, it clearly hampered the
affinity for S1PR1 in position 4 of the 2-pyridine. In addition, the
cyclopentyl substituted 4-pyridine 7d and the corresponding 3-
pyridine 45c both showed an EC50 value of about 1 nM on S1PR1,
while performing the same structural modification in going from
the cyclopentoxy substituted 4-pyridine 7i to the corresponding 3-
pyridine analogue 45d led to a clear loss in affinity for S1PR1. (Note
that for the first pair (7d, 45c), the nature of the pyridine remains
an ‘O-alkylated 2-pyridone’, while for the second pair (7i, 45d), the



Table 3
SAR of 4,5- and 5,6-di-substituted pyridin-2-yl derivatives.4

Compd X Y EC50 [nM]a %LCb (plasma conc. [nM]) DAc [h] (oral half-life [h])

S1PR1 S1PR3 3 h 6 h 24 h

35a N CH 0.6 210 �79 (2520) �86 (2020) �60 (71) 6 (4)
35b CH N 1.4 920 �70 (690) �78 (500) �23 (61) 6 (6)

a,b,cSee caption Table 1; additional time point: %LC(plasma conc.): 35a 72 h: back to baseline (<3 nM).

Table 4
SAR of 5,6-disubstituted pyridin-3-yl derivatives.5

Compd R1 R2 EC50 [nM]a %LCb (plasma conc. [nM]) DAc [h] (oral half-life [h])

S1PR1 S1PR3 3 h 6 h 24 h

45a Cyclopentyl OMe 0.3 71 �73 (2390) �82 (2950) �84 (970) 24 (11)
45b Cyclopentoxy Me 0.7 140 �76 (1140) �85 (960) �85 (510) 24 (16)
45c OMe Cyclopentyl 1.5 17
45d Me Cyclopentoxy 21 38

a,b,cSee caption Table 1; additional time points: %LC (plasma conc.): 45a 96 h: back to baseline (<10 nM); 45b 72 h: �32% (58 nM), 144 h: back to baseline (<3 nM).
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nature of the pyridine changes from an ‘O-alkylated 2-pyridone’ to
a ‘3-alkoxy-pyridine’.) Interestingly, in both cases the affinity for
S1PR3 increases by a factor of 4e5. These observations clearly
indicate that steric and electronic factors contribute to the ligand
receptor binding interaction.

2.3. In vivo efficacy assessment

For prototypical compounds (usually with an EC50 �10 nM on
S1PR1) the efficacy to reduce the peripheral blood lymphocyte
count (LC) was assessed in the rat. The compounds were adminis-
tered orally at a dose of 10 mg/kg to male Wistar rats and blood LC
was measured shortly before and 3, 6, and 24 h after compound
administration. For several compounds later sampling time points
were added to confirm complete recovery of the LC. Due to sig-
nificant inter-individual variability and the circadian rhythm of the
absolute number of circulating lymphocytes, a LC change of ±15%
was considered to be within baseline. On the other hand, a LC
reduction of �60% was interpreted as the maximal effect that is
achieved under the experimental conditions chosen [95]. The
duration of action (DA) was defined as the latest time point at
which maximal LC reduction was observed. For about half of the
compounds tested in vivo, plasma concentrations reached in the LC
experiment were measured and oral half-lives were calculated
based on these exposure data. Values for the measured LC and
plasma concentrations, and estimated DA and oral half-lives are
given in Tables 1e4. In line with what is reported for S1PR1 agonists
[24,25,44,54,58], our pyridine derivatives reduced the LC in a rapid
and reversible fashion. In general, compounds with an EC50 <5 nM
on S1PR1 showed in vivo efficacy.
All 4-pyridines tested in vivo showed a rapid onset of action and

the LC was maximally reduced at 3 h post administration already
(Table 1). In addition, these compounds showed a DA of at least
24 h. The cyclopentyl pyridine 7d and the cyclopentoxy pyridine 7i
showed micromolar plasma concentrations over 24 h, suggesting
that the 4-pyridines were well absorbed and slowly cleared. Oral
half-lifes of 7d and 7i were 13 and 18 h, respectively. The 3-pentyl
substituted pyridine 7a showed a DA of less than 24 h. In agreement
with earlier observations [75], and as demonstrated by the plasma
concentrations and the oral half-life the 3-pentyl pyridine 7a was
more rapidly cleared than its cyclopentyl analogue 7d. As a
consequence the LC already partially recovered at 24 h.

Interestingly, even though the 2-pyridines listed in Table 2
showed similar potencies when compared to the corresponding
4-pyridine analogues, they clearly displayed a different behaviour
in vivo. The duration of action of the 2-pyridines was consistently
shorter (e.g. compare 24b with 7b, 24c with 7d, 24g and 24f with
7i) and at a dose of 10 mg/kg none of the tested 2-pyridines pro-
duced a maximal LC reduction for 24 h. Plasma concentrations at
3 h were comparable to those reached with the corresponding 4-
pyridines but dropped much more rapidly at 6 and, in particular,
24 h (compare e.g. 24f and 24gwith 7i, and 24ewith 7d) translating
into rather short oral half-lifes of 3e5 h. The 4,5- and 5,6-
disubstituted 2-pyridines in Table 3 showed a very similar in vivo
behaviour. Also here, plasma concentrations were high at 3 h post
administration but dropped significantly at 24 h. With 4 and 6 h,
respectively, the oral half-life of compounds 35a and 35b was too
short to maintain maximal LC reduction over 24 h.
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On the other hand, the two 3-pyridines 45a and 45b (Table 4)
exhibited pharmacokinetic and pharmacodynamic profiles com-
parable to those of the corresponding 4 pyridines 7d and 7i,
respectively. Both compounds sustained rather high plasma con-
centrations over 24 h and as a consequence showed maximal LC
reduction for at least 24 h.

Hence, the PK and PD data suggest that the nature of the pyri-
dine isomer rather than the substitution pattern governs the
pharmacokinetic behaviour of the compound. The oral half life for
the 2-, 3-, and 4-pyridines was estimated to be 3e6 h, 11e16 h, and
13e18 h, respectively. Clearance and compound tissue distribution
(Vss) determine the half-life of a compound in vivo. To rationalize
the above PK observations, we predicted the Vss values for the
compounds tested in vivo using a rat physiology based pharmaco-
kinetic model using GastroPlus. The predicted values for Vss were
in the range of 0.8e1.5 L/kg for all three pyridine isomer classes
suggesting that the observed differences in half-life are largely
driven by differences in the clearance of the compounds.
2.4. In vitro phototoxicity assessment

As mentioned in the introduction, the observation that com-
pound 7a was not in vitro phototoxic (PIF ¼ 0.9) triggered a more
detailed investigation whether alkoxy substituted pyridine de-
rivatives would serve as potent and efficacious S1P1 receptor ago-
nists. As a first step to assess the phototoxic potential of these
compounds, UV spectra of prototypical representatives of each
pyridine isomer series were measured. While all compounds
showed an absorption maximum at around 254 nm, some showed
a second absorption maximum at wavelengths >290 nm. However,
as the molar extinction at wavelengths �290 nm of all compounds
e including 7a e were in a range (ε >1000) where the guidelines
[80,81] recommend a more detailed phototoxicity assessment, the
in vitro photo-irritancy factor (PIF) of these compounds was
determined using the Balb/c mouse 3T3 fibroblast neutral red up-
take assay [76,77]. Table 5 compiles the obtained PIF values and the
molar extinction coefficient at the absorbance maximum at
>290 nm. In case the UV spectrum showed no absorption
maximum at wavelengths >290 nm, the molar extinction at
290 nm is given.

Compared to aminopyridine 1, the PIF values of the alkoxy
pyridines listed in Table 5 are much smaller. In fact, we consider
compounds 7a, 7d, 24c, 24e, 24f, 24g, 35a, and 45b to be non-
phototoxic in vitro. In contrast, with a PIF value in the range of
Table 5
Photo-irritancy factor (PIF) values of prototypical compounds of each pyridine isomer se

Compound Molar extinction coefficient (ε) at lmax >290 nm (lmax [n

1 2000 (380)c

7a 2200 (310)
7d 4300 (311)
7i 18,100 (296)
24c 4600f

24e 3700 (313)
24f 12,500 (301)
24g 6300f

35a 11,800f

35b 18,800 (302)
45a 14,000 (302)
45b 23,700f

a As measured in the mouse 3T3 fibroblast neutral red uptake assay; for details see Su
b AUC of the UV spectra between 310 and 350 nm normalized to compound concentr
c Compound is fluorescent.
d AUC310e435 nm as absorption extends to 435 nm.
e Please note that compound 1 did not degrade in the course of the in vitro phototoxi
f No absorption maximum at wavelengths >290 nm, extinction at 290 nm given.
6.5e7.5 the pyridines 7i, 35b, and 45a showed clear sign of in vitro
phototoxicity. These three compounds showed strong light ab-
sorption at wavelengths >290 nm (ε >10 000). Despite showing a
similarly high extinction (ε >10 000) at the second lmax compounds
24f, 35a and 45bwere not phototoxic. Interestingly, for 35a and 45b
the second absorption maximum occurred at wavelengths below
290 nm. This observation prompted us to revisit the technical de-
tails of the 3T3 fibroblast phototoxicity assay. As recommended by
the guidelines, and due to the UVB sensitivity of the Balb/c 3T3 cell
line, the light filter used in the mouse 3T3 fibroblast phototoxicity
assay completely blocks light transmission at wavelengths
�300 nm. While some transmission occurs at 310 nm, significant
exposure is obtained above 320 nm only (for details see Supporting
information). We therefore calculated the area under the curve
(AUC) of the UV spectra between 310 and 350 nm (highest wave-
length at which light absorption was observed) normalized to the
compound concentration in mM. As shown by the results given in
Table 5, the normalized AUC values indeed correlate with the
compound's phototoxic potential. Compound 1 showing the high-
est PIF value also reached the highest AUC value (0.54). The three
phototoxic alkoxy pyridines 7i, 35b, and 45a had smaller AUC
values than 1 but scored highest when compared to the remaining,
non-phototoxic alkoxy pyridines. The threshold for the AUC to
observe in vitro phototoxicity appears to be around 0.10 OD nm/mM.
Whether this threshold is characteristic for the alkoxy-pyridine
series of the present study or could also be applied to other com-
pound series is not known and additional studies extending the
concept of integrating UV spectra to better predict in vitro photo-
toxicity of other compound classes are certainly warranted.

The above considerations clearly confirm that the UV absorption
correlates with the phototoxic potential of a compound. However, it
was much more difficult to establish a direct structure phototox-
icity relationship. By analyzing the UV spectra in more detail, a few
structural elements that affect the compound's UV spectrum and
hence its behaviour in the phototoxicity assay could be identified
and are discussed below. While all compounds showed a first ab-
sorption maximum between 249 and 264 nm, the 4-pyridines (7a,
7d, 7i), the 3-pyridines (45a, 45b) and the 2-pyridine (35b) bearing
the alkoxy substituent ortho to the pyridine nitrogen had a second
absorption maximum above 290 nm. In contrast, the 2-pyridines
wherein the alkoxy substituent is attached in para to the nitrogen
(24a (see Supporting information), 24c, 24g, 35a) show no second
absorption maximum. While the molar extinction at 290 nm of
these four 4-alkoxy-2-pyridines ranged from 4600 to 11800, their
ries.a

m]) AUC310e350 nm
b [OD nm/mM] PIF value

0.54d >200e

0.05 0.9
0.09 2.3
0.12 7.5
0 2.4
0.09 2.1
0.10 2.0
0 1.3
0.02 2.1
0.17 6.5
0.15 7.6
0.02 1.4

pporting information.
ation in mM.

city assay.
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AUC310e350nm value is small (0e0.02) and none of the compounds
was phototoxic in vitro. For the compounds showing a second ab-
sorptionmaximum >290 nm, the size of the alkyl group attached to
the oxygen appears to influence the compound's UV-absorption.
When a cyclopentyl rather than a methyl group was attached to
the oxygen the compound absorbed more UV light at wavelengths
>290 nm (compare e.g. 24e with 24f, and 7d with 7i). While UV
absorption of the 2-cyclopentyl-6-methoxy pyridine 7a is not suf-
ficient to induce in vitro phototoxicity, the one of the isomeric 2-
methyl-6-cyclopentoxy pyridine 7i is obviously strong enough to
trigger a clear phototoxicity signal. Unfortunately, a more detailed
correlation between structure and UV spectrum remained elusive
at this point.

In brief, the majority of the alkoxy pyridine isomers are not
phototoxic. In addition, the PIF value of those compounds that did
show in vitro phototoxicity is much lower compared to the one of
the aminopyridine 1. Furthermore, while the maximal extinction at
wavelengths �290 nm serves as an easy and rapidly available basis
for the decision whether the phototoxic potential of a compound
needs to be assessed in detail, the somewhat more sophisticated
concentration normalized integration of a compound's UV/VIS
spectrum may be more suitable to predict and rationalize the re-
sults of the in vitro phototoxicity assay.

3. Conclusions

In summary, starting from the phototoxic aminopyridine 1 we
identified a series of alkoxy substituted 2-, 3-, and 4-pyridine an-
alogues with no or a significantly reduced phototoxic potential.
While all three alkoxy pyridine isomer series showed similarly high
activity on the S1P1 receptor, their selectivity against the S1P3 re-
ceptor and their in vivo efficacy differed significantly. The 2-
pyridines were clearly more selective against S1PR3 when
compared to the corresponding 3- or 4-pyridine analogues (e.g.
compare 35a vs 45a, 24c and 24e vs 7d). Interestingly, despite
having a different substitution pattern at the pyridine ring, the
selectivity profile of the 3-pyridines was almost identical to the one
of the 4-pyridines (e.g. compare 45a vs 7d, 45b vs 7i). On the other
hand, the oral half-life and as a consequence the pharmacological
duration of action after oral administration of the 2-pyridines was
significantly shorter when compared to the corresponding 3- or 4-
pyridines. This indicates that the position of the pyridine nitrogen
relative to the oxadiazole rather than the position of the alkyl and
alkoxy substituents governs the pharmacokinetic behaviour of the
compound.With respect to their potency and selectivity profile and
their in vivo efficacy, the 2-pyridine 24c, the 3-pyridine 45b, and the
4-pyridine 7d are the best representatives of each pyridine isomer
series. None of these three compounds was phototoxic in the 3T3
mouse fibroblast neutral red uptake assay. Compound 45b, in
particular, incorporates an attractive combination of a long dura-
tion of action in vivo and a high selectivity against S1PR3. At this
point more detailed profiling and careful assessment of the
importance of the different properties of these compounds is
needed to judge their potential for human use.

4. Experimental section

4.1. Syntheses

All reagents and solvents were used as purchased from com-
mercial sources (SigmaeAldrich Switzerland, Lancaster Synthesis
GmbH, Germany, Acros Organics USA). Moisture sensitive reactions
were carried out under an argon atmosphere. Progress of the re-
actions was followed either by thin-layer chromatography (TLC)
analysis (Merck, 0.2 mm silica gel 60 F254 on glass plates) or by
LCeMS. LCeMS: Finnigan MSQ™ plus or MSQ™ surveyor (Dionex,
Switzerland), with HP 1100 Binary Pump and DAD (Agilent,
Switzerland), column: Zorbax SB-AQ, 5 mm, 120 Å, 4.6 � 50 mm
(Agilent), or (LCeMS*) Zorbax SB-AQ, 5 mm, 120 Å, 4.6 � 20 mm
(Agilent); gradient: 5e95% acetonitrile inwater containing 0.04% of
trifluoroacetic acid, within 1 min, flow: 4.5 mL/min; tR is given in
min. *denotes basic conditions: gradient: 5e95% acetonitrile in
water containing 0.04% of ammonium hydroxide, within 1 min,
flow: 4.5 mL/min. Purity of all target compounds was confirmed by
a second, independent LCeMS method (LCeMS**) on a Waters
Acquity UPLC system equipped with an ACQ-PDA detector, an ACQ-
ESL detector, and an ACQ-SQ detector; column: ACQUITY UPLC BEH
C18 1.7 mm, 2.1 � 50 mm; gradient: 2e98% acetonitrile containing
0.045% formic acid in water containing 0.05% formic acid over
1.8 min; flow 1.2 mL/min; 60 �C. According to the LCeMS analyses,
target compounds showed a purity >95% (UV at 211e214 nm).
Purity and identity were further corroborated by LC-HRMS:
Analytical pump: Waters Acquity Binary, Solvent Manager, MS:
SYNAPT G2 MS, source temperature: 150 �C, desolvation tempera-
ture: 400 �C, desolvation gas flow: 400 L/h; cone gas flow: 10 L/h,
extraction cone: 4 RF; lens: 0.1 V; sampling cone: 30;
capillary:1.5 kV; high resolution mode; gain: 1.0, MS function: 0.2 s
per scan, 120e1000 amu in full scan, centroid mode. Lock spray:
Leucine enkephalin 2 ng/mL (556.2771 Da) scan time 0.2 s with
interval of 10 s and average of 5 scans; DAD: Acquity UPLC PDA
Detector. Column: Acquity UPLC BEH C18 1.7 mm 2.1 � 50 mm from
Waters, thermostated in the Acquity UPLC Column Manager at
60 �C. Eluents: water þ0.05% formic acid; B: acetonitrile þ0.05%
formic acid. Gradient: 2e98% B over 3.0 min. Flow: 0.6 mL/min.
Detection: UV 214 nm and MS, tR is given in min; and by NMR
spectroscopy: (Bruker Avance II, 400 MHz UltraShield™, 400 MHz
(1H), 100 MHz (13C); or Bruker Avance III HD, Ascend 500 MHz (1H),
125 MHz (13C) magnet equipped with DCH cryoprobe), chemical
shifts are reported in parts per million (ppm) relative to tetrame-
thylsilane (TMS), and multiplicities are given as s (singlet),
d (doublet), t (triplet), q (quartet), quint (quintuplet), h (hextet),
hept (heptuplet) or m (multiplet), br ¼ broad, coupling constants
are given in Hz). Compounds were purified by either flash column
chromatography (CC) on silica gel 60 (Fluka SigmaeAldrich,
Switzerland), prep. TLC glass plates coated with silica gel 60 F254
(0.5mm), or by prep.HPLC (Waters XBridge™ Prep C18, 5 mm, OBD,
19 � 50 mm, or Waters X-terra™ RP18, 19 � 50 mm, 5 mm, gradient
of acetonitrile in water containing 0.4% of formic acid, flow 75 mL/
min), or by MPLC (Labomatic MD-80-100 pump, Linear UVIS-201
detector, column: 350 � 18 mm, Labogel-RP-18-5s-100, gradient:
10% methanol in water to 100% methanol). UV-spectra were ac-
quired on a Varian Cary 50 Scan UV/Vis Spectrometer with Varian
UV Scan Software Version 3.0 and CaryWin UV Kinetics Application
Software Version 3.0.
4.1.1. Preparation of pyridine carboxylic acid building blocks

4.1.1.1. 2-Methoxy-6-(pentan-3-yl)isonicotinic acid (12a)

(a) Under argon, Pd(dppf) (3.04 g, 4 mmol) was added to a so-
lution of 2-chloro-6-methoxy-isonicotinic acid methyl ester
(50 g, 0.248 mol) in THF (100 mL). A 0.5 M solution of 3-
pentylzincbromide in THF (550 mL) was added via drop-
ping funnel. Upon complete addition, the mixture was
heated to 85 �C for 18 h before it was cooled to rt. Water
(5 mL) was added and themixture is concentrated. The crude
product was purified by filtration over silica gel (350 g) using
heptane:EA 7:3 to give methyl 2-methoxy-6-(pentan-3-yl)-
isonicotinate 11a (53 g, 90%) as a pale yellow oil; LCeMS:
tR ¼ 0.99 min, [M þ 1]þ ¼ 238.32; 1H NMR (CDCl3): d 7.23 (s,
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1H), 7.12 (d, J ¼ 0.6 Hz, 1H), 3.96 (s, 3H), 3.95 (s, 3H),
2.48e2.56 (m, 1H), 1.64e1.82 (m, 4H), 0.79 (t, J ¼ 7.4 Hz, 6H).

(b) A solution of methyl 2-methoxy-6-(pentan-3-yl)iso-
nicotinate 11a (50 g, 211 mmol) in water (50 mL), 32% aq.
NaOH (50 mL) and ethanol (250 mL) was stirred at 80 �C for
2 h. The mixture was concentrated, diluted with water and
extracted with tert-butyl methyl ether (TBME). The aqueous
phasewas acidified by adding 25% aq. HCl and then extracted
twice with EA (2 � 400 mL). The organic extract was
concentrated and the residue was precipitated from water
(550 mL). The product was collected, dried under high vac-
uum to give the title compound (40.2 g, 86%) as a white
powder; LCeMS: tR ¼ 0.85 min, [M þ 1]þ ¼ 224.37; 1H NMR
(DMSO-d6): d 7.20 (s, 1H), 7.00 (s, 1H), 3.88 (s, 3H), 2.53e2.59
(m, 1H), 1.58e1.74 (m, 4H), 0.74 (t, J ¼ 7.2 Hz, 6H).
4.1.1.2. 2-Isobutyl-6-methoxyisonicotinic acid (12b)

(a) Under argon, to a solution of ethyl 2-chloro-6-
methoxyisonicotinate 10 (3.53 g, 16.4 mmol) in THF
(50 mL) was added Fe(acac)3 (636 mg, 1.80 mmol) followed
by NMP (2.27 g, 22.9 mmol). The mixture was cooled
to�75 �C before isobutylmagnesium chloride (13mL of a 2M
solution in THF) was added. The mixture was stirred
at �75 �C for 1 h, then at 0 �C for 1 h. The reaction was
quenched by carefully adding water (100 mL) and the
mixturewas extractedwith diethyl ether. The organic extract
was dried over MgSO4, filtered and concentrated. The crude
product was purified by CC on silica gel eluting with hepta-
ne:EA 9:1 to give ethyl 2-isobutyl-6-methoxyisonicotinate
11b (1.54 g, 40%) as a pale yellow oil; LCeMS:
tR ¼ 1.06 min, [M þ 1]þ ¼ 238.13.

(b) A solution of ethyl 2-isobutyl-6-methoxyisonicotinate 11b
(1.53 g, 6.45 mmol) in 25% aq. HCl (20 mL) was stirred at
70 �C for 5 h. The solvent was removed in vacuo and the
remaining residue was dried under HV to give the still water
containing hydrochloride salt of the title compound (1.45 g,
quant.) as a pale yellow solid; LCeMS: tR ¼ 0.87 min,
[Mþ 1]þ ¼ 210.09; 1H NMR (DMSO-d6): d 7.21 (s, 1H), 7.00 (s,
1H), 4.37 (s br, 2HþH2O), 3.87 (s, 3H), 2.58 (d, J¼ 7.1 Hz, 2H),
1.99e2.13 (m, 1H), 0.88 (d, J ¼ 6.7 Hz, 6H).
4.1.1.3. 6-Cyclopentoxy-5-methyl-nicotinic acid (44b)

(a) A suspension of 5-bromo-6-hydroxy nicotinic acid (5.00 g,
22.9 mmol) in ethanol (200 mL) and H2SO4 (0.5 mL) was
stirred at 90 �C for 18 h. The solid dissolves slowly. The
mixture was concentrated and the residue was dissolved in
EA and washed with water. The washing was extracted back
once with DCM. The combined organic extracts were dried
overMgSO4, filtered and concentrated to give ethyl 5-bromo-
6-hydroxy nicotinate 48 (5.13 g, 91%) as a pale yellow oil;
LCeMS: tR ¼ 0.72 min; [M þ 1]þ ¼ 245.87.

(b) To a solution of ethyl 5-bromo-6-hydroxy nicotinate 48
(5.10 g, 20.7 mmol) in THF (150 mL) triphenylphosphine
(8.16 g, 31.1 mmol) and cyclopentanol (2.14 g, 24.9 mmol)
was added. The mixture was cooled to 0 �C before diethyl
azodicarboxylate (14.2 mL, 40% solution in toluene) was
slowly added. Upon completion of the addition, the green
mixture was stirred at 10 �C for 30 min before it was diluted
with EA and washed with water and brine. The organic
extract was dried over MgSO4, filtered and concentrated. The
crude product was purified by CC on silica gel eluting with
heptane:EA 9:1 to give ethyl 5-bromo-6-(cyclopentyloxy)
nicotinate 49 (5.87 g, 90%) as a colourless oil; LCeMS:
tR ¼ 1.12 min; [M þ 1]þ ¼ 315.85.

(c) To a solution of ethyl 5-bromo-6-(cyclopentyloxy)nicotinate
49 (2.00 g, 6.37 mmol) in dioxane (100 mL) under argon,
Pd(dppf) (104mg, 0.127mmol) and dimethylzinc (6.5 mL of a
1.2 M solution in toluene) was added. The mixture was stir-
red at 80 �C for 3 h. The mixture was cooled to rt and the
reaction was quenched by adding water. The mixture was
extracted with EA. The organic extract was washed with
water, dried over MgSO4, filtered and concentrated. The
crude product was purified by CC on silica gel eluting with
heptane:EA 9:1 to give ethyl 6-(cyclopentyloxy)-5-
methylnicotinate 50 (920 mg, 58%) as a colourless oil;
LCeMS: tR ¼ 1.09 min; [M þ 1]þ ¼ 250.05.

(d) A solution of ethyl 6-(cyclopentyloxy)-5-methylnicotinate 50
(920 mg, 3.69 mmol) in ethanol (10 mL) and 1 M aq. NaOH
(2 mL) was stirred at rt for 2 h. The mixture was acidified by
adding 1 N aq. HCl (5 mL) and extracted twice with EA. The
combined organic extracts were dried over MgSO4, filtered,
concentrated and dried under high vacuum to give the title
compound (720 mg, 88%) as a white solid; LCeMS:
tR ¼ 0.92 min; [Mþ 1]þ ¼ 222.01; 1H NMR (CDCl3): d 8.78 (d,
J¼ 1.7 Hz, 1H), 8.01 (s br, 1H), 5.55e5.60 (m, 1H), 2.21 (s, 3H),
1.95e2.08 (m, 2H), 1.77e1.90 (m, 4H), 1.62e1.73 (m, 2H).

4.1.2. Method A: Preparation of target compounds starting from
hydroxy-amidine 9

4.1.2.1. N-[(S)-3-(2-Ethyl-4-{5-[2-(1-ethyl-propyl)-6-methoxy-pyr-
idin-4-yl]-1,2,4-oxadiazol-3-yl}-6-methyl-phenoxy)-2-hydroxy-pro-
pyl]-2-hydroxy-acetamide (7a). To a solution of 2-methoxy-6-
(pentan-3-yl)isonicotinic acid hydrochloride 12a (200 mg,
0.77 mmol) in DMF (3 mL) and THF (10 mL), DIPEA (200 mg,
1.54 mmol) followed by TBTU (272 mg, 0.847 mmol) was added.
The mixture was stirred at rt for 10 min before N-((S)-3-[2-ethyl-4-
(N-hydroxycarbamimidoyl)-6-methyl-phenoxy]-2-hydroxy-pro-
pyl)-2-hydroxy-acetamide 9 [75,96] (251 mg, 0.77 mmol) was
added. Stirring was continued for 30 min. The mixture was diluted
with EA (100 mL) and washed with brine. The organic extract was
concentrated and the residuewas dissolved in dioxane (50mL). The
mixturewas stirred at 100 �C for 2 h before it was concentrated. The
crude product was purified on prep. TLC plates using DCM:MeOH
10:1 to give the title compound (180 mg, 46%) as a colourless foam;
LCeMS**: tR ¼ 1.49 min, [M þ 1]þ ¼ 513.4; 1H NMR (CDCl3): d 7.88
(s, 1H), 7.86 (s, 1H), 7.43 (d, J ¼ 1.1 Hz, 1H), 7.31 (d, J ¼ 1.1 Hz, 1H),
7.09 (s br, 1H), 4.18e4.25 (m, 3H), 4.01 (s, 3H), 3.75e3.93 (m, 4H),
3.50e3.59 (m, 1H), 2.74 (q, J ¼ 7.5 Hz, 2H), 2.54e2.64 (m, 1H), 2.38
(s, 3H), 1.65e1.89 (m, 4H), 1.31 (t, J ¼ 7.5 Hz, 3H), 0.84 (t, J ¼ 7.4 Hz,
6H); 13C NMR (CDCl3): d 174.4, 173.4, 168.9, 165.1, 164.5, 157.3, 137.7,
133.4, 131.6, 128.4, 126.7, 122.6, 113.5, 106.1, 74.1, 70.2, 62.2, 53.7,
51.2, 42.3, 27.9, 22.9, 16.5, 14.8, 12.2; LC-HRMS: tR ¼ 1.58 min,
[M þ H]/z ¼ 513.2713 (C27H37N4O6), found ¼ 513.2711; UV(MeOH):
249(31800), 310(2200), ε290(1800).

4.1.2.2. N-((S)-3-{4-[5-(6-Cyclopentyl-4-methoxy-pyridin-2-yl)-
1,2,4-oxadiazol-3-yl]-2-ethyl-6-methyl-phenoxy}-2-hydroxy-pro-
pyl)-2-hydroxy-acetamide (24c). Method A, 57%, pale yellow resin;
LCeMS**: tR ¼ 1.28 min, [M þ 1]þ ¼ 511.3; 1H NMR (CDCl3): d 7.92
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(s, 1H), 7.91 (s, 1H), 7.69 (d, J ¼ 2.3 Hz, 1H), 7.03 (t br, J ¼ 5.6 Hz, 1H),
6.94 (d, J ¼ 2.3 Hz, 1H), 4.19e4.24 (m, 3H), 3.99 (s, 3H), 3.90 (dd,
J1 ¼ 4.7 Hz, J2 ¼ 9.6 Hz, 1H), 3.84 (dd, J1 ¼ 6.3 Hz, J2 ¼ 9.5 Hz, 1H),
3.80 (ddd, J1 ¼ 3.2 Hz, J2 ¼ 6.7 Hz, J3 ¼ 14.2 Hz, 1H), 3.49e3.56 (m,
1H), 3.32e3.40 (m, 1H), 2.74 (q, J ¼ 7.6 Hz, 2H), 2.38 (s, 3H),
2.16e2.24 (m, 2H), 1.71e1.93 (m, 6H), 1.32 (t, J ¼ 7.6 Hz, 3H); 13C
NMR (CDCl3): d 174.6, 172.6, 169.2, 168.8, 166.9, 157.2, 144.2, 137.6,
131.5,128.5,126.9,122.7,110.2,108.1, 74.0, 70.3, 62.3, 55.7, 48.1, 42.3,
33.8, 25.8, 23.0, 16.5, 14.9; LC-HRMS: tR ¼ 1.35 min, [M þ H]/
z ¼ 511.2556 (C27H35N4O6), found ¼ 511.2563; UV(MeOH):
255(27200), ε290(4600).

4.1.2.3. N-((S)-3-{4-[5-(6-Cyclopentyloxy-5-methyl-pyridin-3-yl)-
1,2,4-oxadiazol-3-yl]-2-ethyl-6-methyl-phenoxy}-2-hydroxy-pro-
pyl)-2-hydroxy-acetamide (45b). Method A, 25%, white solid
(42 mg); LCeMS**: tR ¼ 1.45 min, [M þ 1]þ ¼ 511.3; 1H NMR
(CDCl3): d 8.86 (d, J ¼ 2.3 Hz, 1H), 8.15 (d, J ¼ 2.3 Hz, 1H), 7.88 (d,
J ¼ 1.8 Hz, 1H), 7.86 (d, J ¼ 1.6 Hz, 1H), 6.96 (t br, J ¼ 5.0 Hz, 1H),
5.57e5.62 (m, 1H), 4.19e4.26 (m, 3H), 3.90 (dd, J1 ¼ 4.6 Hz,
J2 ¼ 9.5 Hz, 1H), 3.85 (dd, J1 ¼ 6.3 Hz, J2 ¼ 9.6 Hz, 1H), 3.81 (ddd,
J1 ¼ 3.1 Hz, J2 ¼ 6.7 Hz, J3 ¼ 14.0 Hz, 1H), 3.50e3.57 (m, 1H), 3.28 (s
br, 1H), 2.75 (q, J ¼ 7.5 Hz, 2H), 2.40 (s, 3H), 2.38 (s br, 1H), 2.27 (s,
3H),1.98e2.08 (m, 2H),1.80e1.91 (m, 4H), 1.64e1.74 (m, 2H), 1.32 (t,
J ¼ 7.6 Hz, 3H); 13C NMR (CDCl3): d 174.3, 172.4, 168.5, 164.6, 157.1,
145.0, 137.6, 137.2, 131.5, 128.4, 126.7, 123.0, 122.2, 113.6, 79.2, 74.0,
70.4, 62.3, 42.2, 33.0, 23.9, 23.0, 16.5, 15.9, 14.9; LC-HRMS:
tR ¼ 1.53 min, [M þ H]/z ¼ 511.2556 (C27H35N4O6),
found ¼ 511.2561; UV(MeOH): 264(29,100), 285(24,100),
ε290(23,700).

4.1.3. Method B: Preparation of target compounds starting from
hydroxy-amidine 8

4.1.3.1. N-((S)-3-{2-Ethyl-4-[5-(2-isobutyl-6-methoxy-pyridin-4-yl)-
1,2,4-oxadiazol-3-yl]-6-methyl-phenoxy}-2-hydroxy-propyl)-2-
hydroxy-acetamide (7b)

(a) A solution of 2-isobutyl-6-methoxyisonicotinic acid 12b
(1.45 g, 5.90 mmol) in DCM (50 mL) DIPEA (3.05 g,
23.6mmol) followed by TBTU (2.08 g, 6.49 mmol) was added.
The mixture was stirred at rt for 5 min before 3-ethyl-N,4-
dihydroxy-5-methylbenzimidamide 8 [93,96] (1.38 g,
7.08 mmol) dissolved in DMF (5 mL) was added. Stirring was
continued at rt for 1 h. The mixture was diluted with DCM
(100mL) and washed with sat. aq. NaHCO3 solution (100 mL)
and water (100 mL). The organic extract was dried over
MgSO4, filtered and concentrated. The residue was dissolved
in dioxane (50 mL) and the solution was stirred at 100 �C for
7 h. The mixture was concentrated and the crude product
was purified by CC on silica gel eluting with heptane:EA 4:1
to give 2-ethyl-4-(5-(2-isobutyl-6-methoxypyridin-4-yl)-
1,2,4-oxadiazol-3-yl)-6-methylphenol (1.38 g, 64%) as a pale
yellow solid; LCeMS: tR ¼ 1.18 min; [M þ 1]þ ¼ 368.17; 1H
NMR (DMSO-d6): d 7.68 (s, 2H), 7.65 (d, J¼ 2.3 Hz,1H), 7.12 (d,
J ¼ 2.3 Hz, 1H), 3.94 (s, 3H), 2.66 (q, J ¼ 7.3 Hz, 2H), 2.25 (s,
3H), 2.06e2.19 (m, 1H), 1.17 (t, J ¼ 7.3 Hz, 3H), 0.91 (d,
J ¼ 6.7 Hz, 6H).

(b) To a solution of 2-ethyl-4-(5-(2-isobutyl-6-methoxypyridin-
4-yl)-1,2,4-oxadiazol-3-yl)-6-methylphenol (100 mg,
272 mmol), PPh3 (107 mg, 408 mmol), (R)-glycidol (30 mg,
408 mmol) in THF (5 mL), DEAD (178 mg, 408 mmol, as 40%
solution in toluene) was added at 5 �C. The mixture was
stirred at rt for 3 h before another portion of (R)-glycidol
(30 mg, 408 mmol), PPh3 (107 mg, 408 mmol) and DEAD
(178 mg, 408 mmol, as 40% solution in toluene) was added.
Stirring was continued at rt for 18 h. The mixture was
concentrated and the crude product was purified on prep.
TLC plates using heptane:EA 7:3 to give (S)-3-(3-ethyl-5-
methyl-4-(oxiran-2-ylmethoxy)phenyl)-5-(2-isobutyl-6-
methoxypyridin-4-yl)-1,2,4-oxadiazole (88 mg, 76%) as a
colourless oil; LCeMS: tR ¼ 1.23 min; [M þ 1]þ ¼ 424.22.

(c) A solution of (S)-3-(3-ethyl-5-methyl-4-(oxiran-2-
ylmethoxy)phenyl)-5-(2-isobutyl-6-methoxypyridin-4-yl)-
1,2,4-oxadiazole (72 mg, 170 mmol) in 7 M NH3 in methanol
(5 mL) was stirred in a sealed vessel at 60 �C for 16 h. The
mixture was concentrated to give crude (S)-1-amino-3-(2-
ethyl-4-(5-(2-isobutyl-6-methoxypyridin-4-yl)-1,2,4-
oxadiazol-3-yl)-6-methylphenoxy)propan-2-ol (95 mg,
quant.) as a colourless oil; LCeMS: tR ¼ 0.92 min;
[M þ 1]þ ¼ 441.26.

(d) To a solution of the above (S)-1-amino-3-(2-ethyl-4-(5-(2-
isobutyl-6-methoxypyridin-4-yl)-1,2,4-oxadiazol-3-yl)-6-
methylphenoxy)propan-2-ol (95 mg, 170 mmol) in THF, HOBt
(32 mg, 237 mmol), glycolic acid (18 mg, 237 mmol), DIPEA
(42 mg, 323 mmol) and EDC HCl (46 mg, 237 mmol) was
added. The mixture was stirred at rt for 2 h before it was
diluted with EA and washed with sat. aq. NaHCO3 solution.
The organic extract was concentrated and the crude product
was purified on prep. TLC plates using DCM:methanol 10:1 to
give the title compound (62 mg, 73%) as a colourless foam;
LCeMS: tR ¼ 1.42 min, [M þ 1]þ ¼ 499.3; 1H NMR (CDCl3):
d 7.88 (d, J ¼ 1.8 Hz, 1H), 7.86 (d, J ¼ 1.7 Hz, 1H), 7.46 (d,
J ¼ 1.0 Hz, 1H), 7.33 (d, J ¼ 0.9 Hz, 1H), 7.04 (t, J ¼ 5.7 Hz, 1H),
4.19e4.25 (m, 3H), 4.03 (s, 3H), 3.90 (dd, J1 ¼ 4.6 Hz,
J2 ¼ 9.6 Hz, 1H), 3.85 (dd, J1 ¼ 6.2 Hz, J2 ¼ 9.5 Hz, 1H), 3.80
(ddd, J1 ¼ 3.4 Hz, J2 ¼ 6.7 Hz, J3 ¼ 14.2 Hz, 1H), 3.50e3.57 (m,
1H), 2.75 (q, J ¼ 7.5 Hz, 2H), 2.70 (d, J ¼ 7.2 Hz, 2H), 2.39 (s,
3H), 2.23 (hept, J ¼ 6.7 Hz, 1H), 1.32 (t, J¼ 7.5 Hz, 3H), 1.00 (d,
J ¼ 6.6 Hz, 6H); 13C NMR (CDCl3): d 174.2, 172.7, 168.9, 164.3,
161.5, 157.3, 137.7, 133.7, 131.7, 128.4, 126.7, 122.6, 113.8, 106.0,
74.0, 70.3, 62.3, 54.0, 47.0, 42.3, 28.8, 23.0, 22.5, 16.5, 14.9; LC-
HRMS: tR ¼ 1.50 min, [M þ H]/z ¼ 499.2556 (C26H35N4O6),
found ¼ 499.2560.
4.2. In vitro potency assessment

GTPgS binding assays were performed in 96 well polypropylene
microtiter plates in a final volume of 200 mL. Membrane prepara-
tions of CHO cells expressing recombinant human S1P1 or S1P3
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 mM GDP
(for S1PR1 or S1PR3, respectively), 2.5% DMSO and 50 pM 35S-
GTPgS. Test compounds were dissolved and diluted and pre-
incubated with the membranes, in the absence of 35S-GTPgS, in
150 mL assay buffer at room temperature for 30 min. After addition
of 50 mL of 35S-GTPgS 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, pre-wetted with ice-cold 50 mMHepes pH 7.4, 100 mMNaCl,
5 mM MgCl2, 0.4% fatty acid free BSA, using a Cell Harvester. The
filterplates were then washed with ice-cold 10 mM Na2HPO4/
NaH2PO4 (70%/30%, w/w) containing 0.1% fatty acid free BSA. Then
the plates were dried, sealed, 25 mL MicroScint20 was added, and
membrane-bound 35S-GTPgS was determined on the TopCount.
Specific 35S-GTPgS binding was determined by subtracting non-
specific binding (the signal obtained in the absence of agonist)
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from maximal binding (the signal obtained with 10 mM S1P). The
EC50 of a test compound is the concentration of a compound
inducing 50% of specific binding. Data (EC50) are given as geometric
means.

4.3. Non-GLP 3T3 neutral red uptake phototoxicity assay [76,77]

This test has a good predictability and identifies compounds
which act as phototoxic or as photoirritants in vivo after systemic or
topical application respectively. The 3T3 Neutral Red Uptake (NRU)
Phototoxicity assay is a 96-well cytotoxicity-based assay that uti-
lizes normal BALB/c 3T3 mouse fibroblasts to measure the
concentration-dependent reduction in neutral red (a vital dye)
uptake by the cells one day after treatmentwith the chemical either
in the presence or absence of a non-cytotoxic dose of UVA radiation.
Balb/c 3T3 cells, clone 31 (ECACC #86110401; C207 in BioToolBox)
were cultured overnight in 96-well microtiter plates with a density
of 1 � 104 cells/100 mL in Dulbecco's modified Eagle's medium
(DMEM, Invitrogen #21969) containing 10% new born calf serum
(NBCS, PAA #B15-102), 4 mM L-glutamine (Invitrogen #25030),
100 U/ml penicillin and 100 mg/mL streptomycin (Invitrogen
#15140). The next day, the medium is removed and the cells were
washedwith phosphate buffered saline containing CaCl2 andMgCl2
(PBSþþ) (Gibco by life technologies™, #14080). Duplicate 96-well
monolayers of 3T3 fibroblasts are exposed to eight different con-
centrations (0.05e100 mM in DMSO) of chemical with a pre-
incubation time of 1 h (at 37 �C, 5% CO2). One of the plates is
exposed to 4 J/cm2 UVA (1.7 mW/cm2 for 40 min) almost devoid of
UVB (0% transmission at 300 nm, 2.2% at 310 nm, 17.3% at 320 nm,
44.8% at 330 nm, 67.8% at 340 nm, 80% at 350 nm) using the UV-sun
simulator UVACUBE 400 equipped with a SOL500 lamp and an H1-
Filter (H1 Filter and frame: Cat. Number 4730, Dr. H€onle UV Tech-
nology) while the other plate is kept in the dark (-UVA). After UV
exposure, PBSþþ was replaced with culture medium and cell
viability is assessed after 24 h with plate-reader at 540 nm. The
Neutral Red Uptake (NRU) by cells exposed to the test chemical in
the presence of UVA exposure (þUVA) is compared to the NRU by
cells exposed to the test chemical in the absence of UVA exposure
(�UVA). Dose-response curves were constructed for each experi-
ment and the EC50 (þUVA) and EC50 (�UVA) values are calculated,
i.e. the effective concentration inhibiting cell viability by 50% of
untreated controls in the presence and absence of UVA exposure.
Chlorpromazine (SigmaeAldrich #C0982-5G) served as the posi-
tive control. A Photo Irritancy Factor (PIF) is then calculated as the
ratio of toxicity for each tested chemical with and without UVA
according to the formula PIF ¼ EC50 (�UVA)/EC50 (þUVA). In our
case, a PIF >2.5 was considered to be predictive for phototoxic
potential. EC50 values were calculated geometric means.

4.4. In vivo efficacy

In vivo efficacy of the target compounds was assessed by
measuring the circulating lymphocytes after oral administration of
10 mg/kg of a target compound to male Wistar rats (RccHan:WIST)
obtained from Harlan Laboratories (Venray, the Netherlands). 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 under isoflurane anaesthesia
by sublingual vein puncture before and 3, 6 and 24 h after drug
administration. Full blood was subjected to haematology using
Beckman Coulter Ac$T 5diff CP (Beckman Coulter International SA,
Nyon, Switzerland). All data are presented as mean of 6e8 animals.
For formulation, the compounds were dissolved in DMSO. This
solution was added to a stirred solution of succinylated gelatine
(7.5%) in water. The resulting milky suspension containing a final
concentration of 5% of DMSO was administered to the animals by
gavage.

4.5. Pharmacokinetics in the rat

Blood samples were obtained from the above in vivo efficacy
experiments in vials containing EDTA as anticoagulant and plasma
was prepared by centrifugation at 3000 g for 10 min at 4 �C. Plasma
samples were analyzed using liquid chromatography coupled to
mass spectrometry (LCeMS/MS) after protein precipitation. Phar-
macokinetic parameters were estimated with the Phoenix Win-
Nonlin 6.3 software package (Pharsight) using non-compartmental
analysis.

4.6. Physiology based pharmacokinetic modelling

Chemical structures were loaded into GastroPlus™ v. 7 (Simu-
lations Plus Inc.) and Vss was predicted using the PBPKPlus module,
using the default 250 g rat physiology, based on log D and plasma
protein binding and blood-to-plasma partitioning, predicted by the
ADMET predictor module.
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