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Class | phosphoinositide 3-kinases (PI3Ks), in particular RI3ave become attractive drug targets for

inflammatory and autoimmune diseases. Here,
thiazolidinediones as selective, ATP-competitive

we disclose a novel series of furan-2-ylmethylene
PF3kahibitors. Structure-based design and X-ray

crystallography of complexes formed by inhibitors bound to Bi3#entified key pharmacophore features

for potency and selectivity. An acidic NH group on
the furan-2-yl-phenyl part of the molecule play cruc

the thiazolidinedione moiety and a hydroxy group on
ial roles in binding to PI3K and contribute to class IB

PI3K selectivity. Compound6 (AS-252424), a potent and selective small-molecule RIBIKibitor emerging
from these efforts, was further profiled in three different cellular PI3K assays and shown to be selective for

class IB PI3K-mediated cellular effects. Oral admini
to a significant reduction of leukocyte recruitment.

stratio2@®Mm a mouse model of acute peritonitis led

Introduction

Phosphoinositide 3-kinases (PI3Ks) are pivotal kinases tha
participate as lipid, as well as protein, kinases in numerous
intracellular signaling pathways. Class | PI3Ks are subdivided
into class IA and class IB. Class IA PI3Ks contain pd&l10
p11Q3, and p110 as catalytic subunits, and these are activated
in tyrosine kinase receptor signaling. Class IB PI3Ks contain
only p11Q as a catalytic subunit, which is mostly activated by
seven-transmembrane G-protein-coupled receptors (GPCRs) v
its regulatory subunit p101 and G-protgip subunitst While
PI3Ka and PI3K3 are ubiquitously expressed, PIgl&nd PI3K)
expression is mainly restricted to the hematopoietic system. All
four catalytic subunits have been investigated by genetic
manipulation. PI3l& and PI3K3 knockout (KO) mice revealed
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early-stage lethality during embryonic developmehtyhile
mice lacking expression or activity of PI3Kand PI3K did
not exhibit any overt adverse phenotyp®I3Ky KO mice
showed reduced chemoattractant-induced neutrophil migration
to infection sites and respiratory bufs€ Furthermore, mast
cell degranulation was severely impaired in these genetically
modified mice? The aggregate of the genetic studies shows that
PI3Ky plays a crucial role in mediating leukocyte chemotaxis
as well as mast cell degranulation, making it a potentially
interesting target for autoimmune and inflammatory disetsgs.
At the same time, the genetic studies indicate that PI3K isoform
selectivity will be a crucial factor determining success or failure
of PI3K inhibitor programs on the way to the clinic.

Several PI3K inhibitors are already known, including natural

products such as staurosporine, quercetin, myricetin, and wort-

mannin!2 Another widely used inhibitor is LY294002,which
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Figure 1. Known PI3K inhibitors!213

was the first synthetic molecule known to inhibit class | PI3Ks
(see Figure 1). The poor biopharmaceutical properties and lack
of PI3K isoform selectivity of these first-generation inhibitors
have encouraged us, as well as others, to seeKPEelective
inhibitors with more appropriate profilé$.2%58 From a struc-
tural point of view, the PI3K inhibitors currently in the public
domain can be divided into two classes: derivatives of
LY2940020%31and nonrelated structures. All published structures
of inhibitors of the PI3K isoform do not appear to be
derivatives of LY294002 (see Figure 2).

This report discusses the discovery of a new chemical series
of potent and selective PI3Kinhibitors, culminating in the
development of compoun2b. The first two molecular genera-
tions of this series were presented receHtiyhis article will
describe the follow-up program, which had a primary aim to
improve PI3K class IB selectivity.

The identification of an initial set of furan-2-ylmethylidene
4-oxo-2-thiothiazolidine or 2,4-dioxothiazolidine (also referred
to in the text as rhodanine or thiazolidinedione (TZD), respec-
tively) PI3Ky inhibitors was achieved using a proprietary
substructure analysis method, as described previgaghhus,

a set of 59 000 compounds was selected from our corporate
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Figure 2. PI3Ky Inhibitors from patent literaturk 2958

Chart 1. Representative Active Compounds of Initial PI3iKligh-Throughput Screening
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PI3Ky: ICs = 0.92+0.25uM  PI3Ky: IC;,=3.6£04uM  PI3Ky: IC4 = 0.2 £ 0.05
PI3Kot: IC4, > 20 uM PI3Kot: IC4 = 0.6 £ 0.1 uM

Compound collection and tested in a high_throughput (HT) Chart 2.. Retrosynthetic Analysis Amenable to Parallel
PI3Ky enzyme inhibition assay. This led to the identification Synthesis
of several inhibitors, all of which exhibited only low-micromolar o} H
activity. Accordingly, the chemical structures of these com- >\'\N
pounds were subjected to discrete substructure andfyslsch
led to the identification of a generic substructure as being the R X
fragment that was most likely to be the basis of the observed LTS Knoevenagel
inhibitory activity. This substructure was subsequently used for /
in silico screening of commercial databases, which in turn led 1Suzuki
to the identification of a number of novel inhibitors whose
structures comprised thiazolidinedione or closely related motifs. lidinedione as structural motif are on the market as insulin-
Among these, furan-2-ylmethylidene 4-oxo-2-thiothiazolidines sensitizers. In consequence, we assessed the binding of our
were particularly prominent (Chart 1), exhibiting gvalues thiazolidinedione series in the early phase of our drug discovery
in the 0.9-5 uM range. program to various PPAR subtypes, (y, 6) . None of our
After identification of compoundl, already displaying inhibitors tested showed significant activity at concentrations
promising selectivity against PI3K a secondary focused as high as 1«M.
screening campaign involving rhodanine and thiazolidinedione ) )
derivatives was carried out to further investigate the strueture Results and Discussions
activity relationship (SAR). We noticed that rhodanine and  Chemistry. To gain quick access to a range of final molecules
thiazolidinedione derivatives bearing the same peripheral sub-for testing against h-PI3K a simplified parallel synthesis
stitution pattern were equipotent against Py3kvhich encour- strategy was developed consisting of an initial Suzuki cross-
aged us to base the synthetic medicinal chemistry programcoupling reaction followed by a Knoevenagel reaction, starting
exclusively on thiazolidinedione derivatives. The objectives were from the appropriate furan or thiophene boronic acid derivatives
to (i) increase potency against PIBK(ii) improve selectivity (Chart 2).
versus other PI3K isoforms, and ultimately, (iii) develop an In the first campaign, special emphasis was given to the
orally active molecule with an appropriate biopharmaceutical development of a general synthetic route that could be applied
profile. to a diverse set of aryl bromides. To cover the whole array of
We have previously shown that the thiazolidinedione core chemical reactivity, two distinct Suzuki coupling procedures
plays an important role in conferring binding affinity to PI3K.  were used, as described in procedure A of Scheife*i using
This report, together with another recent dhelescribes the  toluene/ethanol as solvents, potassium carbonate as base, and
SAR studies around the Western part, i.e., the heteroarylmeth-tetrakistriphenylphosphine palladium as catalyst, and in proce-
ylene moiety, of this class of inhibitors. Thiazolidinediones are dure B, using water as solvent, potassium carbonate as base,
well-established modulators of several biological targets, espe-and palladium acetate as catal{%t®
cially known as agonists of peroxisome proliferator-activated  To access quickly a large number of closely related structures,
receptors (PPARSF.37 Several drugs containing a thiazo- we did not optimize the Suzuki reaction for high yields and we
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Scheme 1.Parallel Synthesis of Furan-2-ylmethylene Thiazolidinedidnes

Br j\
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OHC X B(OH)2 + R1 —_— R1 X CHO —— X Y/
\ / | 0
X=$,0]
Intermediates Final Compounds
(1a - 41a) (1-41)

aReagents and conditions: (A) Pd(RRhK2COs;, toluene/EtOHA; (B) Pd(OAc), KoCOs, H20O; (C) thiazolidinedionep-ala, AcCOH,A.

Scheme 2.Synthesis of Furan-2-ylmethylene Thiazolidinediones via Protection and Deprotectiof Steps
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aReagents and conditions: (a) benzylbromideCRs;, THF, A, 68%; (b) furfuralboronic acid, Pd(PBk KCO;s, toluene/EtOH.A, 56%,; (c) BCh,
DCM, —30 °C, 66%; (d) thiazolidinediongj-ala, AcOH,A, 95%.

developed a short workup protocol consisting of a simple '20!¢ 1 Inhibition of h-PI3Ky and h-PI3ic:_Phenols

filtration through a silica gel pad. The resulting intermediate °>\\H
compoundsXa—41a), having average purities of 8®5%, were 5 s N
directly used for the next step without further purification. W \6 ) fo.
The Knoevenagel reaction was performed under acidic R/Q1 ©
conditions using 2,4-thiazolidinedione argdalanine?* The P2 \_/

advantages of these conditions were numerous: all starting compd™ R~ method  anal.data  PI3Ky ("M)®  PI3Ka (nM)°
materials were readily soluble; the reaction was quick and clean;

! R L. . H A a 20000 nd
the final insoluble compound was precipitated in the course of 2 2-OH A a 30+ 5 330+ 50
the reaction, yielding essentially pure final compound (purities 3 3-OH A a 290+50 1800+ 300
>90%). At this stage, the products were fully analyzed and 4 4-OH A a 380+£70 3600+ 700
characterized before entering the biological tests. @Method A: prepared according to Scheme 1, using conditions A.

3 b i - 04 C
In parallel, a second synthetic approach was deVelopeddAnaIytlcaldata. (a) NMR, LC/MS, mp, CHN, HPLE90%. ¢ All values

amenable to producing multigram quantities required for the

later-stage experiments in vivo, in which the yield of the cross- 4, interesting enzymatic selectivity profile, cellular activity was
coupling reaction was optimized from 5% to-560%. This assessed, as well as complete class | PI3K enzymatic selectivity
second approach was based on the protocol used for the paralledp|3Ka'ﬁ’%5), followed in some cases by pharmacological
synthesis approach (Scheme 1, conditions A), but with an gyg1uation in vivo.

intermediate protection/deprotection sequence of the phenolic Early on, we hypothesized that the phenol group was
hydroxy group, as shown in Scheme 2. important in conferring PI3K binding, based on an inspection

Intermediate26acould be accessed over three steps in 25% of some of the early compounds (suchlbsandlll ) and our
yield. The phenol group was first protected by a benzyl group previously gained insights into the binding mode of this type
and the resulting bromobenzyloxy derivatiécwas coupled  of inhibitors10.3435The first series of compounds was made to
to furfuralboronic acid using a palladium catalyst. Intermediate test this hypothesis and to probe how the position of the phenolic
26bwas then debenzylated with boron trichloride-&80 °C to hydroxyl group would affect the activity. The results, sum-
afford intermediate26a The improved yield of the Suzuki  marized in Table 1, confirmed the importance of the phenolic
reaction with protected phenols may be explained by the hydroxy group for PI3K inhibition { vs 2). Repositioning the
reduction of the organopalladium intermediate in the presence hydroxy group around the phenyl ring from position 2 to
of free phenols. The Knoevenagel reaction afforded compound positions 3 and 4 resulted in a 10-fold reduction of the activity.
26 in 95% yield with high purity (96%) requiring no further |nterestingly, the 10-fold selectivity for PI3Kversus PI3kK
purification. Compounds such a8 that progressed into invivo  was retained between the three regioisomers, encouraging us
experiments were transformed into the corresponding potassiumio consider substitutions in all three positions in the design of
salts using KOH in THF/water. a follow-up library.

Biological Activity. Inhibitory activity against PI3lk was Because it became apparent that the interaction of the hydroxy
determined by measuring the percentage of inhibition at 1 and group, probably via hydrogen bonding to an appropriate residue
10 uM compound concentration as a primary screen. Com- in the enzyme, is crucial for PI3Kinhibition, we decided to
pounds with percentage of inhibition values (% INH) higher explore substituents other than hydroxy to probe what effects
than 50% were progressed into full gCvalue determination  the hydrogen-bonding capacity, charge, polarity, and size of a
and, depending on their activity, tested against RI3t substituent would have on PI3K binding. The goal was to retain
determine the selectivity ratio. For selected inhibitors displaying or improve the inhibitory potency against PI3kand, at the

etermined in triplicate. 165 values in nM. nd: not determined.
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Table 2. Inhibition of h-PI3Ky: 2- and 3-Substituted Phenylfurans Table 3. Inhibition of h-PI3Ky and h-PI3Kx: Heteroaryl-Substituted
Furans
0
Y
N
S
¢}
RO /
\_/
compd X R methotl  anal. datd  PI3Ky (nM)° Compd R method ¢ anal.data’ PI3Ky+[nM]‘ PI3Ko [nM] ¢
5 O 2-OMe A a 44% INH
6 o 2l A a 20000 °
7 0 2F A a 1200k 330 1 < Ij/ A a 20000 20000
8 O 2-COH A a 4% INH o
9 O 2-COMe A a 2% INH
10 O 2-CH—COH A a 12% INH
1 O 3-CoH A a 4300+ 170 w Oy B a 840 + 140 nd
12 O 3-COMe A a 13500+ 1500 o
13 O 3-CH—COH A a 15% INH
14 O 2-NHAc A a 24% INH .
15 O  2-NH,—5-NO, A b 18% INH O
16 S 2-OH A a 27% INH 21 0 B a 20000 nd
17 O 3-OMe A a 2600k 470 ON
18 0O 3-NO A a 24% INH
aMethod A: prepared according to Scheme 1, condition® Analytical B
data: (a) NMR, LC/MS, mp, CHN, HPLG-90%; (b) LC/MS, HPLC 2 P A a 110:£20 185£40
>90%. ¢ All values determined in triplicate. Kgvalues in nM. % INH at
1 uM (INH = inhibition).
X
. . . . 23 I A 950310 63070
same time, to maximize the selectivity against the other PI3K N ‘
isoforms. The results are summarized in Table 2.
Replacement of the 2-hydroxy group with small, polar Ny
substituents with limited hydrogen-bond acceptor potential led | ~ A a 13%INH nd
to significant reduction in activity §—7). Repositioning the
methoxy group to position 3 did not lead to any improvement N
in terms of activity (7). Similarly, substitution with Iarger pplgr 25 | W A a 17%INH nd
or charged groups (as 8+10) caused a marked loss in activity.

The same set of substituents in position 3 produced compounds - —
a2 Method A: prepared according to Scheme 1, condition A. Method B:

with S.Im”arly low activities 0'1_1.3.)’ as did the !ntmduc“on prepared according to Scheme 1, conditior? Bnalytical data: (a) NMR,
of a nitro group at the same positiohd]. Interestingly, when LC/MS, mp, CHN, HPLC>90%; (b) LC/MS, HPLC>90%.¢ All values
the 2-hydroxy group was replaced by hydrogen-bond-donating determined in triplicate. 1§ values in nM. % INH at 1uM (INH =
(but not hydrogen-bond-accepting) NH groups at the same inhibition). nd: not determined.
position (L4, 15), no significant inhibition of PI3K activity oo o .
was observed at M. From the above data, we inferred that ~Steric hindrance and/or by a poor positioning of the heterocyclic
a small group capable of acting as a hydrogen-bond acceptornltrogen atom, preventing proper hydrogen bonding with the
and donor in position 2, and, to a lower extent, also in positions €NZyme.
3 and 4 is crucial for a strong interaction with the P{3Kinding Having thus established the importance of the 2-hydroxy
site. The importance of geometry and size is demonstrated bygroup for both potency and isoform selectivity, we set out to
the binding data of compourtts, where the central furan ring ~ €xplore the effects of additional substituents on those two key
is replaced by a thiophene, shifting the 2-hydroxy group away Parameters (see Table 4).
from its optimal position in the protein-binding pocket (see  The introduction of a second substituent was found to have
section Docking Studies and X-ray Crystallography). None of little influence on the inhibition of PI3IK (all ICs values in
the compounds shown in Table 5-18) exhibited any the range 2680 nM), with the only exception being the
inhibitory activity against P13k at concentrations up to 2(M. carboxylate group in position 5 (compouB6), which signifi-
Next, we explored a set of mono- and bicyclic heterocycles cantly reduced the activity. One explanation offered by the
containing oxygen or nitrogen atoms capable of functioning as inspection of the cocrystal structure argues that the carboxylate
a hydrogen-bond acceptor, the results of which are summarizedgroup is positioned close to the Lys890 side chain, with which
in Table 3. In the case of oxygen-containing heterocycles, both it can form an ionic interaction. This stabilization of the negative
piperonyl and furan derivative4 $—21) showed reduced activity ~ charge will increase the polarization of theelectron system
probably because of steric hindrance and/or suboptimal posi-and lower the electron density of the 2-hydroxy through the
tioning of the hydrogen-bond-accepting oxygen. On the other long-range resonance effect, thus reducing its effectiveness as
hand, the 2- and 3-pyridine analogu2& &nd23, respectively) a hydrogen-bond acceptor. Furthermore, because of the interac-
maintained activities in the same range as the respective phenotion between Lys890 and the carboxylad$, may slightly be
compoundsZ and 3, respectively), with a mere 3-fold loss in  shifted, potentially resulting in weaker binding (for more details,
ICso values (30 vs 110 nM; 290 vs 950 nM). Nonetheless, the consult section Docking Studies and X-ray Crystallography).
total lack of selectivity observed for both 2- and 3-pyridines In contrast to the potency against the Pj3isoform, the
suggests a special role of the hydroxy group in differential PI3Ky/a selectivity ratio was found to depend considerably on
binding to PI3Ky and PI3ka isoforms. However, introduction  the nature and the position of the second substituents, ranging
of larger pyridine analogues, such as 2-quinoline and 8-quinoline from 13-fold (for33) to 30-fold (for26). Among the compounds
(24 and25, respectively), was no longer tolerated by the enzyme. with markedly reduced activity against PI&8KICso > 1 uM)
The reduced activity may possibly be explained by increased are compounds35 and 36. It is interesting to note that,
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Table 4. Inhibition of h-PI3Ky and h-PI3kw: Substituted
2-Furan-2-ylphenols

anal.  PI3Ky PI3Ka
compd R methatl dat2  (nM)° (nM)e pK,d

2 4-H A a 30+ 5 330+ 50 9.5+ 0.1
26 4-F C a 33+ 10 935+ 150 8.4+ 0.1
27 4-OH B a 20+ 8 190+ 20 8.7+ 0.1
28 4-CO,Me B a 29+ 5 210+ 25 8.7+ 0.1
29 5-F B b 37+ 10 455+ 50 9.1+ 0.1
30 5-Cl B a 43+5 545+ 75 8.9+ 0.1
31 5-CN B a 40+ 10 220+ 40 7.3£0.1
32 5-OCK B a 56+ 20 600+ 40 8.7+£0.1
33 5-Me B a 39+ 6 500+ 70 9.7+ 0.1
34 5-OH B a 20+ 3 100+ 10 1¢
35 3-NO, B b 80+ 20 1250+ 250 6.6
36 5-COH B b 530+ 30 1350+ 150 8.6+0.1

aMethod A: prepared according to Scheme 1, condition A. Method B:
prepared according to Scheme 1, condition B. Method C: prepared
according to Scheme 2.QC/analytical data. (a) NMR, LC/MS, mp, CHN,
HPLC >90%. (b) LC/MS, HPLC >90%.°¢All values determined in
triplicate. 1Gso values in nM. % INH at M (INH = inhibition). nd: not
determinedd Experimental [, values.¢ Predicted [, values (ACD soft-
ware,version 7.0).

considering that Lys890 in PI3Kis replaced by neutral GIn859
in PI3Ka and hence has no possibility for ionic interaction of
the 5-carboxylate 136, the adverse effect of this group on the
hydrogen-bonding capability of 2-hydroxy is somewhat dimin-
ished, resulting in the lowest'y selectivity among all 2-hydroxy

analogues tested. Another compound showing reduced potenc

on PI3Ka (but constant activity against P13 is the 4-fluoro
derivative26. Detailed inspection reveals that the replacement
of the hydroxy group by a fluoro atom in either the 4- or the
5-position @7 vs 26; 34 vs 29) leads to reduced activity on
PI3Ka. A possible reason could be reduced fluorine hydration

of these solvent-exposed groups. However, while this effect is

less prominent for the more tightly binding PI3Kisoform
(roughly 2-fold), it leads to a 5-fold difference in binding to
the less optimal ATPbinding site of PI3Kx, resulting overall
in an increased PI3KPI3Ka selectivity.

In an attempt to rationalize the influence of additional

Journal of Medicinal Chemistry, 2006, Vol. 49, N&®8B3

Table 5. Inhibition of h-PI3Ky and h-PI3kx: Fluorine Substituted
2-Furan-2-ylphenols

anal. PI3Ky PI3Ka
compd X R methotl dat (nM)e (nM)e

26 O 2-OH, 4-F C a 3310 935+ 150
37 O 2-OMe, 4-F A a 11% INH nd
38 S 2-OH, 4-F A a 4% INH nd
39 O 4-OH, 2-F B a 260t 30 1000+ 70
40 O 2F,4-F A a 3800t 420 nd
41 O 2-OH, 3-F5-F B a 293 340+ 25

a2 Method A: prepared according to Scheme 1, condition A. Method B:
prepared according to Scheme 1, condition B. Method C: prepared
according to Scheme 2.QC/analytical data: (a) NMR, LC/MS, mp, CHN,
HPLC >90%. ¢ All values determined in triplicate. Kg values in nM. %

INH at 1 uM (INH = inhibition). nd: not determined.

as a hydrogen-bond donor and hydrogen-bond acceptor in the
present molecular context and/or that space is limited to
accommodate only a hydrogen group. Substitution of the
2-hydroxy group by fluorine produced a weak inhibit®,(1Cso
= 4 uM), with activity comparable to activities of other
compounds lacking the phenolic hydroxy group (see Table 2).
Switching the positions of the hydroxy group and the fluorine
atom resulted in a compound with similar activity9] as the
corresponding nonfluorinated analogdesee Table 1). Re-
placement of the 4-fluoro by a 3,5-difluoro substitution pattern
%compoundéZG and41) maintained the activity against PI3K

ut decreased the selectivity against Pd3K ogether with a
similar result obtained from the 5-fluoro analog2@(see Table
4), this indicates that the beneficial influence of the 4-fluoro
substituent on the isoform selectivity is probably not only due
to o-inductive effects but must depend on additional factors.
Of note, replacement of the central furan by a thiophene
produced an inactive compound8j, as previously seen for
compound® and16 (see Table 2 and section Docking Studies
and X-ray Crystallography).

In summary, the SAR information obtained from the com-

pounds presented here indicates that the 2-hydroxy group plays

substituents in the series of compounds shown in Table 4, wea crucial role in conferring PI3K binding and inhibition,

asked whether the inhibitory potency against Pt3€d/or the
PI3Ka/PI3Ky selectivity would depend on the acidity of the

probably through a bidentate HBA/HBD function, leading to
PI3Ky inhibitory activities in the range 30650 nM. Addition

phenolic hydroxy group, the underlying hypothesis being that of other substituents around the 2-hydroxyphenyl moiety has
with increasing acidity, the electron density on the oxygen atom no major influence on the inhibitory potency. However,
will decrease, hence weakening its hydrogen-bond-forming introduction of a fluorine atom specifically at the 4-position
capacity. The panel of 4- and 5-substituted 2-phenol derivativesleads to a notable increase in selectivity against 13K

presented in Table 4 covers &prange from 7 to 10 for the
phenolic hydroxy group. Although we could observe a weak
tentative correlation between PI3Knhibition (log ICsg) and
pK, values R2 = 0.6), no significant correlation was observed
for PI3Ka and hence the selectivity ratio.

Finally, a highly focused set of analogues of compo@ed

Modeling studies suggest that the fluorine atom at C-4 is located
in the proximity of a nonconserved area of the binding site,
where the nonpolar Ala885 (present in PI3Ks replaced by

the polar Ser606 (present in Pl&K This could account for

the increased isoform selectivity. Whether this hypothesis holds
up and hence enables medicinal chemists to design even more

was prepared, the results of which are summarized in Table 5.selective PI3K inhibitors in a rational way remains an open
Corroborating previous results, replacing the 2-hydroxy by question. An alternative hypothesis argues that the plasticity of
a methoxy group, while maintaining the fluorine in the 4-posi- the class IA and class IB PI3K isoforms is different, in which

tion (compound?), led to a significant reduction of the activity
against PI3K:. This confirms that the hydroxy group functions

a Abbreviations: ATP, adenosine triphosphate; HBD, hydrogen-bond
donor; HBA, hydrogen-bond acceptor; PKB, protein kinase B; SCF, stem
cell factor; MCP-1, monocyte chemotactic protein-1; CCR, chemokine
receptor; CSF-1, colony stimulating factor 1.

case the shape of the ATP-binding site would matter less than
flexibility and adaptability upon inhibitor binding. This would
render rational design of selective PI3Kinhibitors more
complex. Further work is required to shed more light on the
key molecular interactions between PI3Ks and small-molecule
inhibitors that determine isoform selectivity.
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Table 6. Class | PI3K Selectivity Profile for Compoun@$ and?2 in
Comparison with Wortmannin and LY294002

1Cxo (nM)a
PI3K o B y o
Wortmannin 1+ 0.2 10+ 2 5+1 9+ 2
LY294002 720+ 200 306+ 40 7260+ 2600 1330t 260
2 330450 20000 30:5 > 5000
26 940+ 150 20000 36t 10 20000

a All values determined at least in triplicate.

Table 7. Selectivity Profile of Compoun@6 against 80 Protein
Kinase$8

remaining remaining
enzymatic enzymatic
activity of 26 activity of 26
protein kinase (% of control)  protein kinase (% of control)
Abl(h) 92 MEK1(h) 96
AMPK(r) 90 MKK4(m) 85
Arg(m) 85 MKK6(h) 105
Aurora-A(h) 85 MKK73(h) 2 (>10uM®b)
AxI(h) 74 MSK1(h) 72
Blk(m) 70 p70S6K(h) 190
Bmx(h) 102 PAK2(h) 178
CaMKII(r) 97 PDGFRux(h) 85
CaMKIV(h) 111 PDGFR(h) 96
CDK1/cyclinB(h) 80 PDK1(h) 104
CDK2/cyclinA(h) 84 P13Ky(h) 5 (20 nM)
CDK2/cyclinE(h) 93 PKA(h) 89
CDK3/cyclinE(h) 117 PKB(h) 97
CDK5/p35(h) 83 PKB(h) 103
CDK®/cyclinD3(h) 89 PKB/(h) 96
CDK?7/cyclinH/MAT1(h) 77 PK@Q(h) 98
CHK1(h) 94 PK@II(h) 98
CHK2(h) 82 PKG(h) 107
CK1(y) 88 PKG(h) 109
CK2(h) 6 (20 nM) PKCe(h) 93
c-RAF(h) 99 PKG(h) 91
CSK(h) 103 PK@(h) 84
cSRC(h) 66 PK@(h) 98
Fes(h) 90 PK@(h) 102
FGFR3(h) 121 PKD2(h) 91
Flt3(h) 93 PRAK(h) 95
Fyn(h) 91 PRK2(h) 95
GSK3u(h) 66 ROCK-II(h) 90
GSK33(h) 84 Rsk1(h) 104
IGF-1R(h) 96 Rsk2(h) 86
IKK a(h) 82 Rsk3(h) 73
IKK S(h) 89 SAPK2a(h) 84
IR(h) 90 SAPK2b(h) 89
JINK1al(h) 97 SAPK3(h) 93
INK2a2(h) 97 SAPK4(h) 93
JNK3(h) 86 SGK(h) 98
Lck(h) 104 Syk(h) 93
Lyn(h) 101 TrkB(h) 98
MAPK1(h) 103 Yes(h) 99
MAPKAP—K2(h) 117 ZAP-70(h) 159

aProtein kinases were assayed with 4 of 26 in the presence of 10

uM of ATP. P ICs value on the enzyme.

Throughout the entire project, the PI3#RI3Ka selectivity
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of the other class IA PI3K members was only checked for a
few key compounds. As an illustration, Table 6 shows the entire
class | PI3K selectivity profile for compound® and 26,
emphasizing the excellent isoform selectivity of the latter
compound. In addition to the selectivity profile for PIgkis
class IA PI3Ks, another important feature of this class of
compounds was found to be their excellent selectivity profile
against a large set of unrelated protein kinases. As an example,
compound26 was screened against 80 different Ser/Thr and
Tyr kinases and shown not to significantly inhibit any of them
at 10uM except for casein kinase 2 (see Table 7).

Docking Studies and X-ray Crystallography. To better
understand the interactions of furan thiazolidinedione RI3K
inhibitors with the target protein, we determined the crystal-
lographic structure of complexes between P}3&nd several
representative ligands at resolutions between 2.7 and 2.9 A. The
unequivocal electron density at the ATP-binding site of the
protein clearly identified the binding mode of these furan
thiazolidinediones (Figure 3). In the case2f (Figures 3 and
4), the thiazolidinedione nitrogen, which is expected to be
deprotonated, forms a strong salt-bridge interaction with the
positively charged Lys833 side chain (2.5 A), which itself also
forms another salt bridge with the side chain of Asp964 (2.8
A). The 2-hydroxy group on the phenol ring acts as an important
hydrogen-bond acceptor by interacting with the backbone NH
of Valg82 (2.5 A), while the phenyl and furan rings form
hydrophobic interactions with several hydrophobic residues in
the active site.

The crystallographic structure of the complex between RI3K
and2 (Figure 5a) was used to carry out molecular modeling by
docking, minimization, and induced-fit docking, which provided
additional information concerning the interaction of analogues
from this series with PI3lK and rationalizing the structure
activity relationship.

As an example, we present here a model bdund to PI3kK,
which was generated via induced-fit docking (Figure 5b). This
protocol includes sampling of the conformation space of amino
acid side chains surrounding the bound inhibitor before redock-
ing of the inhibitor to the newly generated protein conformation.
Molecule 4 adopts the same binding mode 3sforming an
ionic interaction with Lys833 and a lipophilic interaction
between benzene and furan rings and the cavity lined by
hydrophobic residues Trp812, 1le831, 1le881, Met953, and
Phe961. However, the different position of the hydroxy group
prevents it from interacting with the buried Val882 backbone
NH. Instead, a hydrogen bond with the Ala885 carbonyl oxygen

was routinely monitored for all compounds, while the inhibition can be formed. Given that both groups are solvent-exposed, the

-

Figure 3. (a) Crystallographic structure of PI3Kwith the calculated surface electrostatic potential (positive charge shown in blue and negative
charge in red), showing the location and size of the binding si26o{b) Close-up of the structure of the active site and binding pock&éof
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Figure 5. Stereodiagram depicting the crystallographic structurg béund to the active site of human PIgKa) and stereodiagrams depicting
the active site of PI3IK with the optimized docked pose df(b) and16 (c).

stabilizing contribution of this interaction is reduced in com- Another example is the model of the thiophene analdtiie
parison with a hydrogen bond to Val882, resulting in a roughly bound to PI3K, which was generated by additional geometry
10-fold drop in potency relative ta. minimization of the docked structure (Figure 5c¢). Compound
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Table 8. Cellular Activity in Raw-264 Murine Macrophages

C5a-mediated PKB/Akt
phosphorylation in

compd PI3K (nM)2 Raw-264 macrophagesi)®
LY294002 7260+ 2600 10.0+ 0.5
26 30+ 10 0.23+ 0.08
2 30+5 0.81+0.25
22 110+ 20 3.65+1.75
27 20+ 8 3.49+ 0.09
29 37+10 1.71+0.38
41 29+ 3 1.39+ 0.26
28 29+5 0.72+0.25
32 56+ 20 0.88+ 0.04
33 39+ 6 1.06+ 0.45

a]Csp values on the isolated enzyrbfe.” All values determined at least
in triplicate.

16is almog 1 A longer along its phenol thiazolidinedione axis

Pomel et al.

100

C5a-induced PKB/Akt

50

(% of total)

phosphorylation

O LY 294002; IC5, = 10 pM
@® Cpd. 26;1C50 = 0.228 pM
T T

T
-9

T
-7 -6

Cpd -Log [M]
Figure 6. Inhibition of C5a-induced PKB/Akt phosphorylation. After
starvation and 30 min of pretreatment with the indicated concentrations
of 26 or LY294002, Raw-264 macrophages were activated with 50
nM of C5a for 5 min. PKB/Akt phosphorylation was determined using
a phospho-Ser-473 Akt specific antibody, and ELISA protocols, as

-8

and has a more linear shape than the corresponding furanejescribed in the section Biological Methods. The graph represents the

compound2. Compared to the binding mode 3f16is pivoted
around the phenol ring and moved toward the outside of the
binding pocket in order to retain the hydrogen bond between
2-hydroxy and Val882 NH. As a result, the thiazolidinedione
group is displacedp5 A and it forms weakened Coulomb
interactions within the phosphate-binding site. In addition, the
thiophene ring is also significantly displaced from the hydro-
phobic binding pocket, leading to suboptimal interactions. This
example illustrates how the increase in the molecular size when

going from furan to thiophene can have as a consequence a

drastic reduction in potency.

Cell-Signaling Effects.We further investigated the cellular
potency, selectivity, and functionality of our PI3Knhibitors,
using cellular assays previously descriB&¢h contrast to the
class IA PI3ka, PI3KS, and PI3K isoforms, class IB PI3IK
signals in response to the activation of;{rotein-coupled

mean= standard deviation of four independent experiments done in
triplicate.
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Figure 7. Lack of inhibition of SCF-induced PKB/Akt phosphorylation
in mast cells by26. After pretreatment with the indicated concentrations
of compound, primary mast cells derived from wild-type bone marrow

receptors (GPCRs), including chemokine receptors or receptorswere activated with SCF as described in the section Biological Methods,

for the chemoattractants fMLP or complement 5a (C5a), leading
to the generation of phosphatidylinositol-3,4,5-triphosphate
(PtdIns(3,4,5)F) and consequent phosphorylation of PKB/
Akt.545 On the basis of, we investigated the effect of our
compounds on C5a-mediated PKB/Akt phosphorylation in Raw-

and PKB/Akt phosphorylation was determined by FACS using phospho-
Ser-473 Akt specific antibodies: (closed symb@s) (open symbols)
PI3Ko selective referenc®.

PI3Ko (Figure 7, empty symbols). LY294002 abrogated
completely SCF-induced Akt phosphorylation at concentrations

264 murine macrophages. This assay was considered a primargs high as 20M.

cellular filter and allowed us to assess the potency of this
inhibitor class on inhibition of PI3K in cells. Compounds
inhibited C5a-mediated PKB/Akt phosphorylation in a concen-
tration-dependent manner with submicromolar or low-micro-
molar |G values (Table 8). As an illustration, Figure 6 shows
a dose response curve obtained for comp®fith comparison

to LY294002.

To validate the selective inhibition of PI3K as opposed to
unselective effects on PI3Kor PI3Ko/PI3KS activities at a
cellular level, we further selected the most potent and selective
inhibitors to compare their effects on cellular readouts specific
to PI3Ky, PI3KS, or PI3Ka/PI3KS signaling. As described,
class IA PI3Ks signal downstream of cytokine and growth factor
receptors. Activation of primary mast cells with SCF, the ligand
for the receptor tyrosine kinase c-kit, is mediated exclusively
by PI3Kd, and in mast cells isolated from plkdeoapoion
mutant mice, SCF-induced PKB/Akt phosphorylation is com-
pletely abrogated Encouragingly and in accordance with its
in vitro selectivity, compoun@6 had no effect on SCF-induced
phosphorylation of PKB/Akt in bone marrow derived mast cells,
even at concentrations as high asdd, confirming its lack of
activity on the PI3K isoform (Figure 7, full symbols). As a
control, we used a reference compound derived from a pyri-

To further assess the selectivity of those compounds for class
IB PI3Ky, we examined the capability &6 and 2 to inhibit
preferentially chemokine-induced (PI3Kmediated) but not
cytokine-induced (class IA PI3K-mediated) PKB/Akt phospho-
rylation in the human monocytic cell line THP.In those
cells, MCP-1, binding to the GPCR chemokine receptor CCR2,
strongly induced phosphorylation of PKB/Akt, which was
effectively inhibited by26 at IG5, values as low as 0.4M
(Figure 8). In contrast, induction of PKB/Akt phosphorylation
by colony stimulating factor (CSF-1), binding to the growth
factor receptor c-fms, was only blocked Bg at 1Cso values as
high as 4.7uM (Figure 8). These data are consistent with the
in vitro selectivity profile of this inhibitor class, and in particular
for compound26. None of the inhibitors tested showed any
effect on cell viability. LY294002, as an example of a
nonselective class | PI3K inhibitor, did not display, as expected,
any preferential inhibition in cells.

Cell-Functional Effects. Since chemokine-induced migration
of neutrophils, monocytes, and macrophages is, at least in part,
a PI3Ky-dependent mechanish;*"4° the effects of blocking
PI3Ky activity on MCP-1-induced chemotaxis in the THP-1
monocytic cell line and in primary mouse monocytes were
examined. Compoung6 inhibited MCP-1-mediated chemotaxis

midinones series as described previously that selectively inhibitsin wild-type primary monocytes in a concentration-dependent
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Table 9. Pharmacokinetic Parameters 26 after Single Dose of 10
mg/kg in Rats

CL AUC Crmax a2 A2
route (Lkg~th™1) (hngmLY) (hgmLD) (h) (L/kg)

iv 2.27 4401 11399 0.65 25.3
po 847 309 1

PKB/Akt
Phosphorylation

(% of total)

followed by monocytes/macrophages and lymphocytes, recruit-
ment of neutrophils was monitate4 h after thioglycollate
| | injection°
-8 7 6 -5 4 Oral administration o6 at 10 mg/kg resulted in moderate
Cpd. Log [M] reduction of neutrophil recruitment (35% 14%), almost
- = matching the result observed in PI3Kleficient micel® Given
0 Cpd. 26 MCP-1; 1C50= 0.40 uM the short oral half-life 0f26 (ty» f 1 h) and relative high
m Cpd. 26 CSF-1; IC5p= 4.73 pM clearance (2.25 L kg h™2), investigations at later time points
O LY294002 CSF-1; IC50= 1.01 pM (24—48 h) to assess macrophage and monoycyte recruitment
o LY294002 MCP-1; ICsp= 1.65 uM were not ung%rtaken (see Table t?). The mgdgst phg:jmac%kiqetic
Figure 8. Preferential inhibition of MCP-1- over CSF-1-induced PKP/ propertlt_as ! _not appear to € caused by rapid oxi ative
Algt phosphorylation in cells. After starvation and 20 min of pretreat- metabolism (microsomal metabolism aﬁer 1h: 16% (rat), 1.0%
ment with the indicated concentrations 28 (squares) or Ly294002  (human)). We suspect that the phenolic hydroxy group might
(circles), THP-1 monocytes were activated by MCP-1 (closed symbols) be subject to glucoronidation and hence that comp@éindight
or CSF-1 (open symbols) and PKB/Akt phosphorylation was monitored be cleared via nonoxidative metabolism. Current efforts are

by Western blot using phospho-Ser-473 and wild-type specific Akt focusing on generating analogues (including prodrugs) with
antibodies and quantified as described in the section Biological Methods. jore suitable pharmacokinetic profiles.

) 100 - @)

—
D

Conclusions

We have designed a new chemical series of potent PI3K
inhibitors. Through the use of X-ray crystallography and iterative
docking experiments, the key molecular features of this series
necessary for inhibitory activity against PI3gKhave been
identified to be the NH group of the thiazolidinedione core and
the 2-hydroxy group on the phenyl ring. Introduction of an
additional 4-fluoro substituent generated a key compo@ey (

1 0 Cpd.26; IC5 = 53 pM with increased selectivity ratio between Pi3nd the class
® LY 294002; IC59= 37 pM IA PI3K isoforms (, /3, 6) . Notably, the isoform selectivity

T T T l determined for compoun@6 at the enzymatic level could

-6 -5 -4 -3 subsequently be reproduced in cellular assays, where we show,

Cpd. log [M] for the first time, a compound inhibiting PI3K(but not PI3ka,

PI3Kg, and PI3K)) dependent pathways inside cells. Compound
26, when tested in a murine peritonitis model, produced a similar
decrease in leukocyte infiltration as previously observed with
PI3Ky-deficient mice.
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General Experimental Methods

Procedures.All chemicals were purchased from Fluka-Aldrich,
Buchs (CH), unless otherwise stated. Melting points were measured
with a Blchi melting point apparatus B-545 and are not corrected.
NMR spectra were recorded on a Bruker DPX 300 MHz spec-
trometer. Data were reported as follows: chemical shift ppm

T T using either residual DMSO (2.49 ppm) or CHCT.19 ppm) as
-6 -5 -4 -3 internal standards, multiplicity ¢s singlet, d= doublet, t= triplet,
Cpd. 26 Iog [M] g = quadruplet, m= multiplet), integration, and coupling constants
Figure 9. Blockade of MCP-1-induced monocyte chemotaxis. Graphs (J) in hertz. MS data were obtained using a Perkin-Elmer API 150
show inhibition curve of26 in comparison with LY294002. After ~ EX (APCI) mass spectrometer. The analytical HPLC was performed
starvation of THP-1 (a) or primary bone marrow derived monocytes USing an HPLC Waters Symmetry C8 50 mm4.6 mm column
(b) and pretreatment with inhibitor or DMSO, as indicated, chemotaxis With the following conditions: MeCN/ED, 0.09% TFA, 0% to
was induced with MCP-1 (168 M) as described in the section 100% (8 min), max plot 238400 nm. Elemental analyses were
Biological Methods. performed on an Erba Science 11108 CHN analyzer.
General Procedures for the Suzuki Reaction. Procedure A

manner with an 16 value of 52«M, as well as in the monocytic ~ T'he bromo derivative (100 mg, 1 equiv) was dissolved in a mixture

(% of total)
3

N
T

MCP-1-induced primary 5

monocyte migration

MCP-1 Inh. ICso = 53 uM

; 1 wi ; (7/3) of dry toluene and ethanol (10 mL) and purged with inert
cell I|n.e THP-1 with an I value of 53uM (Flgure o). argon gas for 10 min. Tetrakis(triphenylphosphine)palladium(0)
In Vivo Pharmacology. To evaluate the efficacy a6 to (0.05 equiv) was then added followed by the corresponding boronic

block leukocyte migration in vivo, it was tested in a mouse acid (1.1 equiv) ad a 2 Maqueous potassium carbonate solution
model of thioglycollate-induced peritonitis. Since neutrophils (3 equiv). The reaction mixture was refluxed for 12 h, then allowed
are the predominant cell type in the initial influx of leukocytes, to cool to room temperature The organic solvents were removed
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under vacuum, and the residue was taken up in ethyl acetate andHPLC: 98%,tr = 2.77 min)."H NMR (CDClz, 300 MHz)6 9.80
washed with water and brine. The organic phases were finally dried (m, 1H), 9.50 (s, 1H), 7.767.60 (m, 1H), 7.15 (d, 1H] = 3 Hz),

over magnesium sulfate and evaporated to dryness to give a crude6.85 (d, 1H,J = 3 Hz), 6.56-6.35 (m, 2H). MS (ES)mwz 207.2
compound that was purified through a silica gel pad using [M + H]", 205.3 [M— H]~. The intermediate aldehyd#6a can
dichloromethane as the eluent. The crude compounds were analyzedlso be synthesized in one step according to procedure A in 4%
by LC/MS and used in the next step without further purification. yield.

Procedure B.The corresponding bromo derivative (100 mg, 1 5-[5-(4-Fluoro-2-hydroxyphenyl)furan-2-ylmethylene]thiazo-
equiv), boronic acid (1.1 equiv), palladium(ll) acetate (0.1 equiv), lidine-2,4-dione (26). Compound26a (175 mg, 0.85 mmol, 1
and 2 M aqueous potassium carbonate (3 equiv) were stirred inequiv), f-alanine (151 mg, 1.7 mmol, 2 equiv), and 2,4-thiazo-
water (5 mL) at room temperature for 12 h under a nitrogen lidinedione (200 mg, 1.7 mmol, 2 equiv) were heated at 100
atmosphere. The reaction mixture was then neutralized by addingfor 1 h in acetic acid (3 mL). Water (0.5 mL) was added, and the
citric acid (10%) and extracted with ethyl acetate. The organic phaseresulting precipitate was filtered off to give 245 mg (95%) of the
was washed with water and brine and dried over magnesium sulfate.expected compound as a yellow solid. Treatment with 2 equiv of
It was then concentrated under vacuum to give the correspondingKOH (1 M) gave the desired bis-potassium salt as a red powder

crude compound that was purified through a silica gel pad with (HPLC: 96.20%fg = 3.44 min), mp>400°C.H NMR (DMSO-
dichloromethane as the eluent. The desired crude compound wadls) 6 7.38 (d, 1H,J = 9 Hz), 7.28 (d, 1HJ = 3 Hz), 7.02 (s, 1H),
analyzed by LC/MS and used in the next step without further 6.58 (d, 1HJ = 3 Hz), 5.78-5.73 (m, 2H). MS (ES)mz: 304.09

purification.

General Procedure for the Knoevenagel ReactionThe cor-
responding aldehyde (1 equivj-alanine (2 equiv), and 2,4-
thiazolidinedione (2 equiv) were heated at 2@for 1 h inglacial
acetic acid (2 mL). Upon completion of the reaction, the mixture

[M - H]7 Anal. (Cl4H6FK2NO4S) C, H, N.
5-[5-Phenyl)furan-2-ylmethylene]thiazolidine-2, 4-dione (1).
Aldehydelais commercially available from Aldrich. The Knoev-

enagel reaction was performed starting from 100 md.afThe
title compound (150 mg) was obtained in 95% yield following the

was cooled, the reaction was quenched with water, and the general procedure for the Knoevenagel reaction (HPLC: 99.9%,
precipitate was filtered off. The solid was washed with water and tg = 3.74 min), mp 262264 °C. 'H NMR (DMSO-ds) d 12.48
methanol and then finally dried with diethyl ether to give the desired (m, 1H), 7.82 (m, 2H), 7.65 (s, 1H), 7.53 (m, 2H), 7.41 (m, 1H),

compound in high purity X90%).

Preparation of 5-[5-(4-Fluoro-2-hydroxyphenyl)furan-2-yl-
methylene]thiazolidine-2,4-dione (26) According to Scheme 2.
2-Benzyloxy-1-bromo-4-fluorobenzene (26c)2-Bromo-5-fluo-
rophenol (1.16 mL, 10.47 mmol, 1 equiv) was dissolved in THF

7.28 (d, 1H,J = 3 Hz), 7.24 (d, 1HJ = 3 Hz). MS (ES),m/z
272.8 [M+ H]*, 270.16 [M— H]~. Anal. (Ci4HgNOsS) C, H, N.
5-[5-(2-Hydroxyphenyl)furan-2-ylmethylene]thiazolidine-2, 4-di-
one (2). Intermediate aldehydea (11 mg) was synthesized
according to procedure A in 10% yield. MS (E®)z 187.2 [M

(25 mL) in the presence of potassium carbonate (2.90 g, 20.94 — H]~. The title compound (6 mg) was obtained in 35% yield

mmol, 2 equiv). The reaction mixture was stirred at room
temperature for 10 min. Benzyl bromide (1.50 mL, 12.57 mmol,

following the general procedure for the Knoevenagel reaction
(HPLC: 91.97%,tg = 3.45 min), mp 296292 °C. 'H NMR

1.2 equiv) was added, and the reaction mixture was heated at 60(DMSO-dg) 6 12.50 (m, 1H), 9.80 (m, 1H), 7.70 (m, 1H), 7.60 (m,

°C for 12 h before the reaction was quenched with water (20 mL).

2H), 7.50 (s, 1H), 6.80 (m, 2H), 6.60 (d, 1Bi= 3 Hz). MS (ES),

Ethyl acetate was added, the desired compound was extracted, andvz: 288.1 [M + H]*, 286.10 [M— H] . Anal. (C.zHsNO,S) C,
organic phases were washed several times with an aqueousH, N.

potassium carbonate solution. The organic layer was dried over

5-[5-(3-Hydroxyphenyl)furan-2-ylmethylene]thiazolidine-2,4-

magnesium sulfate, evaporated under vacuum, and purified by flashdione (3). Intermediate aldehyd@a (15 mg) was synthesized

chromatography using cyclohexane as eluent. An amduhgaof

according to procedure A in 14% yield. MS (E®)z 187.2 [M

the expected compound (68%) was recovered as a white oil — H]~. The title compound (5 mg) was obtained in 22% yield

(HPLC: 95%;tr = 4.51 min)."H NMR (CDClz, 300 MHz)$ 7.52—
7.36 (m, 6H), 6.746.59 (m, 2H), 5.16 (m, 2H). MS (ESjwz
282.1 [M + H]*.
5-(2-Benzyloxy-4-fluorophenyl)furan-2-carbaldehyde (26b).
Compound26¢ (1.5 g, 5.34 mmol, 1 equiv) was dissolved in a
mixture (7/3) of dry toluene and ethanol (25 mL) and purged with

following the general procedure for the Knoevenagel reaction
(HPLC: 90.4%,tr = 3.32 min), mp 286281 °C. 'H NMR
(DMSO-dg) 6 12.45 (m, 1H), 9.80 (m, 1H), 7.63 (s, 1H), 7:31
7.20 (m, 5H), 6.80 (d, 1H) = 3 Hz). MS (ES)m/z. 288.7 [M+
H]*, 286.7 [M — H]~. Anal. (CiHoNO,S) C, H, N.
5-[5-(4-Hydroxyphenyl)furan-2-ylmethylene]thiazolidine-2, 4-di-

argon gas for 10 min. Tetrakis(triphenylphosphine)palladium(0) one (4). Intermediate aldehydela (11 mg) was synthesized
(590 mg, 0.53 mmol, 0.1 equiv) was then added followed by according to procedure A in 10% yield. MS (E®)z 187.2 [M

5-formyl-2-furanboronic acid (821 mg, 5.87 mmol, 1.1 equiv) and

— H]~. The title compound (12 mg) was obtained in 68% yield

a 2 M aqueous potassium carbonate solution (3 mL, 6 mmol). The following the general procedure for the Knoevenagel reaction

reaction mixture was refluxed fa4 h before being cooled. The

(HPLC: 96.5%,tx = 3.62 min), mp 269270 °C. H NMR

organic solvents were evaporated under vacuum, and the residu§DMSO-dg) 6 12.55 (m, 1H), 9.80 (m, 1H), 7.65 (d, 2H,= 9
was redissolved in ethyl acetate, washed with water and brine, andHz), 7.60 (s, 1H), 7.19 (d, 1H = 3 Hz), 7.05 (d, 1HJ = 3 Hz),
finally dried over magnesium sulfate. Ethyl acetate was evaporated6.90 (d, 2H,J = 9 Hz). MS (ES),m/z. 288.1 [M + H]*, 286.10
under vacuum to give a crude compound that was purified on a [M — H]~. Anal. (Ci4HgNO,S) C, H, N.

silica gel using cyclohexane/ethyl acetate (9/1) as eluent to give
880 mg of the expected compound (56%) as a white oil (HPLC:

94%,tr = 4.30 min).*H NMR (CDClz, 300 MHz)6 9.54 (s, 1H),
8.0-7.95 (m, 1H), 7.39-7.37 (m, 5H), 7.17 (d, 1HJ) = 3 Hz),
6.91 (d, 1H,J = 3 Hz), 6.78-6.70 (m, 2H). MS (ES)m/z. 297.3
[M + H]t, 295.3 [M— H]".
5-(4-Fluoro-2-hydroxyphenyl)furan-2-carbaldehyde (26a)Com-
pound26b (650 mg, 2.19 mmol, 1 equiv) was dissolved in DCM
(25 mL) under an inert atmosphere and cooled-#d °C. Boron
trichloride (1 M) (5.3 mL, 5.3 mmol, 2.4 equiv) was added slowly,
and the reaction mixture was left 70 °C for 30 min before the

5-[5-(2-Methoxyphenyl)furan-2-ylmethylene]thiazolidine-2,4-
dione (5). Intermediate aldehyd®a (20 mg) was synthesized
according to procedure A in 18% vyield. MS (E®)z 201.2 [M
— H]~. The title compound (12 mg) was obtained in 41% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 93.25%,tx = 3.74 min), mp 276272 °C. *H NMR
(DMSO-dg) 6 12.50 (m, 1H), 7.81 (d, 1H] = 3 Hz), 7.64 (s, 1H),
7.43-7.38 (m, 1H), 7.237.14 (m, 4H), 3.95 (s, 3H). MS (ES),
m/zz 302.3 [M+ H]*, m/z 300.3 [M— H]~. Anal. (G;sH11NO4S)
C, H, N.
5-[5-(2-Chlorophenyl)furan-2-ylmethylene]thiazolidine-2,4-di-

reaction was quenched slowly with water. The aqueous phase wasone (6).Aldehyde6ais commercially available from Aldrich. The
made neutral to pH 7 by addition of a saturated potassium carbonateKnoevenagel reaction was performed starting from 100 m@gof
solution. The organic phase was decanted, dried over magnesiunilhe title compound (134 mg) was obtained in 90% yield following

sulfate, and evaporated to give 300 mg (66%) of a yellow oil

the general procedure for the Knoevenagel reaction (HPLC: 99.3%,
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tr = 4.08 min), mp 268270 °C. 'H NMR (DMSO-dg) 6 12.53
(m, 1H), 7.92 (dd, 1HJ = 9, 3 Hz), 7.68 (s, 1H), 7.767.55 (m,
2H), 7.47 (m, 1H), 7.42 (d, 1Hl = 3 Hz), 7.27 (d, 1HJ = 3 Hz).
MS (ES),m/z. 306.10 [M+ H]*, 304.10 [M— H] . Anal. (C4Hs-
CINOsS) C, H, N.
5-[5-(2-Fluorophenyl)furan-2-ylmethylene]thiazolidine-2,4-di-
one (7). Intermediate aldehyd&a (53 mg) was synthesized
according to procedure A in 50% yield. MS (E®)z 191.2 [M
-+ H]*. The title compound (55 mg) was obtained in 69% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 96.2%,tg = 4.09 min), mp 246242 °C. 'H NMR
(DMSO-dg) 6 12.53 (m, 1H), 7.88 (m, 1H), 7.84 (s, 1H), 7.45 (m,
3H), 7.26 (d, 1H,J = 3 Hz), 7.12 (d, 1HJ = 3 Hz). MS (ES),
m/z. 288.2 [M — H]~. Anal. (Ci4HgFNG;S) C, H, N.
2-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yl]benzo-
ic Acid (8). Intermediate aldehyd8a (30 mg) was synthesized
according to procedure A in 27% yield. MS (E®)z 215.2 [M
— H]~. The title compound (14 mg) was obtained in 32% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 94.6%,tr = 2.20 min), mp 226222 °C. 'H NMR
(DMSO-dg) 6 13.20 (m, 1H), 12.46 (m, 1H), 7.75 (m, 2H), 7.65
(m, 1H), 7.63 (s, 1H), 7.53 (m,1H), 7.22 (d, 1Bi= 3 Hz), 7.01
(d, 1H,J = 3 Hz). MS (ES)mz 314.3 [M— H]~. Anal. (CisHo-
NOsS) C, H, N.
2-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yllbenzo-
ic Acid Methyl Ester (9). Intermediate aldehyd@a (12 mg) was
synthesized according to procedure A in 10% yield. MS (B#%,
231.2 [M+ H]". The title compound (6 mg) was obtained in 36%
yield following the general procedure for the Knoevenagel reaction
(HPLC: 93.0%,tr = 3.24 min), mp 196192 °C. 'H NMR
(DMSO-dg) 6 12.48 (m, 1H), 7.757.70 (m, 3H), 7.62 (s, 1H),
7.56 (m,1H), 7.22 (d, 1H] = 3 Hz), 7.02 (d, 1HJ = 3 Hz), 3.79
(s, 3H). MS (ES)/wz 330.3 [M+ H]*, 328.3 [M— H]~. Anal.
(C16H11NOsS) C, H, N.
2-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yl]phen-
ylacetic Acid (10). Intermediate aldehyddOa (43 mg) was
synthesized according to procedure A in 41% yield. MS (B%,
229.2 [M — H]~. The title compound (15 mg) was obtained in
25% vyield following the general procedure for the Knoevenagel
reaction (HPLC: 97.4%x = 2.70 min), mp 232234°C.H NMR
(DMSO-dg) 6 12.50 (m, 2H), 7.76 (d, 1H] = 9 Hz), 7.64 (s, 1H),
7.47-7.41 (m, 3H), 7.24 (d, 1HJ = 3 Hz), 6.99 (d, 1HJ = 3
Hz), 3.91 (s, 2H). MS (ES)yvz 328.3 [M— H] . Anal. (CieH11-
NOsS) C, H, N.
3-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yllbenzo-
ic Acid (11). Intermediate aldehyd&la (48 mg) was synthesized
according to procedure A in 45% yield. MS (E®)z 215.2 [M
— H]~. The title compound (31 mg) was obtained in 45% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 94%tr = 2.15 min), mp 358-360°C.H NMR (DMSO-
dg) 0 13.15 (m, 1H), 12.51 (m, 1H), 8.36 (m, 1H), 8.05 (m, 1H),
7.94 (m, 1H), 7.66 (m, 2H), 7.41 (d, 1d,= 3 Hz), 7.24 (d, 1H,
J =3 Hz). MS (ES),mz 314.3 [M — H]". Anal. (CsHgNOsS)
C, H, N.
3-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yllbenzo-
ic Acid Methyl Ester (12). Intermediate aldehydé&2a (12 mg)
was synthesized according to procedure A in 10% yield. MS (ES),
m/z. 231.2 [M+ H]™. The title compound (5 mg) was obtained in
26% vyield following the general procedure for the Knoevenagel
reaction (HPLC: 92.0%g = 3.31 min), mp 326-322°C.H NMR
(DMSO-dg) 6 12.50 (m, 1H), 8.33 (m, 1H), 8.03 (dd, 1H,= 9,
3 Hz), 7.88 (d, 1HJ = 9, 3 Hz), 7.64 (m, 1H), 7.26 (d, 1H,=
3 Hz), 7.15 (s, 1H), 6.80 (d, 1H,= 3 Hz), 3.91 (s, 3H). MS (ES),
m/z. 330.3 [M + H]*, 328.3 [M — H]~. Anal. (CigH11NOsS) C,
H, N.
3-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yl]phe-
nyl Acetic Acid (13). Intermediate aldehydé3a (33 mg) was
synthesized according to procedure A in 30% yield. MS (B#%,
229.2 [M — H]~. The title compound (17 mg) was obtained in
36% vyield following the general procedure for the Knoevenagel
reaction (HPLC: 94.3%g = 2.72 min), mp 216-212°C.H NMR
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(DMSO-dg) 0 12.60 (m, 2H), 7.72 (m, 2H), 7.64 (s, 1H), 7.47 (m,
1H), 7.31 (m, 1H), 7.27 (d, 1H} = 3 Hz), 7.26 (d, 1H) = 3 Hz),
3.67 (s, 2H). MS (ESyn/z: 328.3 [M— H]~. Anal. (CigH1:NOsS)
C, H, N.
N-[2-(5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yl)phe-
nyllacetamide (14). Intermediate aldehydd4a (72 mg) was
synthesized according to procedure A in 68% yield. MS (B#2,
230.2 [M + H]*. The title compound (49 mg) was obtained in
48% vyield following the general procedure for the Knoevenagel
reaction (HPLC: 93.5%g = 3.65 min), mp 253253°C. *H NMR
(DMSO-dg) 6 12.50 (m, 1H), 9.71 (m, 1H), 7.78 (m, 1H), 7.76 (s,
1H), 7.46-7.40 (m, 3H), 7.24 (d, 1H) = 3 Hz), 7.03 (d, 1HJ =
3 Hz), 2.08 (s, 3H). MS (ESyvz 329.3 [M+ H]*, 327.3 [M—
H]i. Anal. (Q5H12N204S) C, H, N.
5-[5-(2-Amino-5-nitrophenyl)furan-2-ylmethylene]thiazolidine-
2,4-dione (15)Intermediate aldehydEsa (11 mg) was synthesized
according to procedure A in 10% yield. MS (E®)z 233.2 [M
+ H]*. The title compound (1.5 mg) was obtained in 10% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 95.5%gr = 2.51 min). MS (ES)m/z. 332.3 [M+ H]*,
330.3 [M— H]".
5-[5-(2-Hydroxyphenyl)thiophen-2-ylmethylene]thiazolidine-
2,4-dione (16)Intermediate aldehydi6a (13 mg) was synthesized
according to procedure A in 10% yield. MS (E&)z 203.2 [M
— H]~. The title compound (8 mg) was obtained in 40% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 98%,tg = 3.29 min), mp 276-272°C.*H NMR (DMSO-
dg) 6 12.51 (m, 1H), 10.69 (m, 1H), 8.03 (s, 1H), 7-7B.75 (m,
2H), 7.64 (d, 1HJ = 3 Hz), 7.24-7.18 (m, 1H), 6.976.90 (m,
2H). MS (ES),m/zz 304.2 [M + H]*, 302.2 [M — H]~. Anal.
(C14H9INO5S,) C, H, N.
5-[5-(3-Methoxyphenyl)furan-2-ylmethylene]thiazolidine-2,4-
dione (17).Intermediate aldehyd&7a (21 mg) was synthesized
according to procedure A in 19% yield. MS (E®)z 201.2 [M
— H]~. The title compound (17 mg) was obtained in 55% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 99.78%,tr = 3.90 min), mp 246-243 °C. 'H NMR
(DMSO-dg) 6 12.50 (m, 1H), 7.65 (s, 1H), 7.467.35 (m, 4H),
7.23 (d, 1H,J = 3 Hz), 7.05 (d, 1HJ = 3 Hz), 3.84 (s, 3H). MS
(ES),m/z 302.2 [M+ H]*, 300.2 [M— H]~. Anal. (CisH11NO4S)

C, H, N.
5-[5-(3-Nitrophenyl)furan-2-ylmethylene]thiazolidine-2,4-di-
one (18).Intermediate aldehydé&8a (20 mg) was synthesized

according to procedure A in 20% yield. MS (E®)z 218.2 [M

+ H]*. The title compound (22 mg) was obtained in 75% yield

following the general procedure for the Knoevenagel reaction

(HPLC: 98.17%,tx = 3.85 min), mp 236-232 °C. 'H NMR

(DMSO-dg) 6 12.54 (m, 1H), 8.57 (m, 1H), 8.22 (m, 2H), 7.82 (m,

1H), 7.67 (s, 1H), 7.56 (d, 1H} = 3 Hz), 7.28 (d, 1HJ) = 3 Hz).

MS (ES),m/z. 315.3 [M — H]~. Anal. (CisHgN20sS) C, H, N.
5-(5-Benzo[1,3]dioxol-5-yl-furan-2-ylmethylene)thiazolidine-

2,4-dione (19)Intermediate aldehydEa (11 mg) was synthesized

according to procedure A in 10% yield. MS (E®){z: 217.2 [M

+ H]*. The title compound (5 mg) was obtained in 34% yield

following the general procedure for the Knoevenagel reaction

(HPLC: 98.9%f{r = 4.40min), mp 295-298°C. *H NMR (DMSO-

ds) 0 12.45 (m, 1H), 7.61 (s, 1H), 7.37 (m, 2H), 7.20 (d, 1H+

3 Hz), 7.16 (d, 1HJ = 3 Hz), 7.10 (d, 1HJ = 9 Hz), 6.11 (s,

2H). MS (ES),m/z 316.1 [M + H]*, 314.3 [M — H]~. Anal.

(C15HgNOsS) C, H, N.
5-[2,3]Bifuranyl-5-ylmethylenethiazolidine-2,4-dione (20).In-

termediate aldehyd@0a (43 mg) was synthesized according to

procedure B in 40% yield. MS (ESp/z: 163.2 [M+ H]*. The

title compound (38 mg) was obtained in 55% vyield following the

general procedure for the Knoevenagel reaction (HPLC: 96.2%,

tr = 4.53 min), mp 255257 °C. '"H NMR (DMSO-dg) 6 12.43

(m, 1H), 8.22 (m, 1H), 7.83 (m, 1H), 7.60 (s, 1H), 7.18 (d, TH,

= 3 Hz), 6.95 (d, 1HJ = 3 Hz), 6.91 (m, 1H). MS (ES)m'z

262.2 [M+ H]*, 260.2 [M — H]~. Anal. (Ci2H/NO4S) C, H, N.
5-(5-Nitro[2,2']bifuranyl-5-yImethylene)thiazolidine-2,4-di-

one (21).Intermediate aldehyd@la (42 mg) was synthesized
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according to procedure B in 40% yield. MS (E®)Yz 208.1 [M 207.1 [M+ H]*. The title compound (2 mg) was obtained in 5%
=+ H]*. The title compound (34 mg) was obtained in 55% yield yield following the general procedure for the Knoevenagel reaction
following the general procedure for the Knoevenagel reaction (HPLC: 98.2%r = 3.51 min). MS (ES)m/z 306.4 [M+ H]™,
(HPLC: 95.4%,tg = 4.83 min), mp 328330 °C. 'H NMR 304.4 [M— H]".

(DMSO-de) 6 12.59 (m, 1H), 7.87 (d, 1H] = 3 Hz), 7.67 (s, 1H), 5-[5-(2-Hydroxy-5-chlorophenyl)furan-2-ylmethylene]thiazo-
7.41 (d, 1HJ = 3 Hz), 7.28 (m, 2H). MS (ESyvz 307.2 [M+ lidine-2,4-dione (30). Intermediate aldehyd80a (42 mg) was
HI*. Anal. (Ci2HeN206S) C, H, N. synthesized according to procedure B in 40% yield. MS (B®);

5-(5-Pyridin-2-ylfuran-2-ylmethylene)thiazolidine-2,4-dione 221.5 [M — H]~. The title compound (27 mg) was obtained in
(22).Intermediate aldehydg2a(25 mg) was synthesized according  45% yield following the general procedure for the Knoevenagel
to procedure A in 23% yield. MS (ESjwz 174.1 [M + H]". reaction (HPLC: 97.2%g = 4.10min), mp 326-322°C.1H NMR
The title compound (20 mg) was obtained in 52% yield following (DMSO-dg) 6 12.50 (m, 1H), 10.84 (m, 1H), 7.66 (s, 1H), 7.63 (d,
the general procedure for the Knoevenagel reaction (HPLC: 1H,J = 3 Hz), 7.25 (m, 3H), 7.02 (d, 1H] = 3 Hz). MS (ES),
96.77%,tr = 3.69 min), mp 225-227°C. *H NMR (DMSO-s) 9 m/'z. 322.5 [M+ H]*, 320.5 [M — H]~. Anal. (C.4HsCINO,S) C,
12.50 (m, 1H), 8.70 (dd, 1HI = 6, 3 Hz), 8.10 (m, 1H), 7.90 (m, H, N.

1H), 7.65 (m, 1H), 7.27 (d, 1H] = 3 Hz), 7;10 (s, 1H), 6.80 (d, 3-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yl]-4-hy-
1H,J=3Hz). MS (ES)m/z 273.2[M+ H]", 271.2 [M— H]". droxybenzonitrile (31). Intermediate aldehydala (68 mg) was
Anal. (Ci3HsN20sS) C, H, N. synthesized according to procedure B in 65% yield. MS (E®),

5-(5-Pyridin-3-ylfuran-2-ylmethylene)thiazolidine-2,4-dione 212.1 [M — H]~. The title compound (33 mg) was obtained in
(23). Intermediate aldehyde3a(32 mg) was synthesized according 33y, yield following the general procedure for the Knoevenagel
to procedure A in 30% yield. MS (ESjz 174.1 [M + H]". reaction (HPLC: 95.7%g = 3.25 min), mp 317-320°C. 'H NMR
The title compound (20 mg) was obtained in 40% vyield following (DMSO-dg) 6 12.51 (m, 1H), 11.78 (m, 1H), 7.68 (m, 2H), 7.27
the general procedure for the Knoevenagel reaction (HPLC: 93.7%, (3 3H), 7.18 (m, 1H). MS (ES)vz 313.3 [M+ H]*, 311.3 [M
tr = 3.80 min), mp 332335 °C. 'H NMR (DMSO-ds) 6 12.52 — H]~. Anal. (CisHsN,0,S) C, H, N.
(m, 1H), 9.05 (d, 1H,) = 3 Hz), 8.58 (dd, 1H, = 6, 3 Hz), 8.16
(m, 1H), 7.67 (s, 1H), 7.56 (m, 1H), 7.44 (d, 18i= 3 Hz), 7.26
(d, 1H,J = 3 Hz). MS (ES)m/z 273.2 [M+ H]*, 271.2 [M—

5-[5-(2-Hydroxy-5-trifluoromethoxyphenyl)furan-2-ylmeth-
ylene]thiazolidine-2,4-dione (32)Intermediate aldehydg2a (20
i mg) was synthesized according to procedure B in 18% yield. MS
H]S. /-S\nal..(Cllngg;\lgcl)f38) C’2H’IN' thvlene)thiazolidine-2 4-di (ES), vz 271.2 [M — H]~. The title compound (20 mg) was
'(2'4Qul'nt° In- (;Y turarll(-j -hy 3154 yize) lazofl me-ﬂ,] -dr- 4 obtained in 71% yield following the general procedure for the
one (24). Intermediate aldehyd@4a (14 mg) was synthesize Knoevenagel reaction (HPLC: 95.9%,= 3.58 min), mp 304

according to procedure A in 13% yield. MS (E®)z 224.2 [M o~ 1

+ H]*. The title compound (6 mg) was obtained in 33% yield 30657 ((; 1l—||_|)Ng/lEg(([()leSF(L)]ia)Sélei.5702£1m(,mll—3|)|_,|)1(%.%g gjn’l}_';)’
following the general procedure for the Knoevenagel reaction _ \ . i T \ = A
(HPLC: 98%ts = 3.15 min), mp 302:305°C. 'H NMR (DMSO- (ciﬁszggN%fsg)Eg)sz?nS [M-+H]", 370.3 [M— H]". Anal.

ds) 6 12.56 (m, 1H), 8.55 (d, 1H] = 9 Hz), 8.05-7.98 (m, 3H), .
7.80 (m, 1H), 7.72 (s, 1H), 7.63 (m, 1H), 7.55 (d, LH= 3 Hz), 5-[5-(2-Hydroxy-5-methylphenyl)furan-2-ylmethylene]thiazo-

_ . i lidine-2,4-dione (33).Intermediate aldehyd&3a (52 mg) was
33|_:|L]£dAln|_;iJ (Ciglz(}\.lzl\ésss()Eg)ﬂVZNBZS.Z M+ H]", 321.2 [M synthesized according to procedure B in 50% yield. MS (E®),

201.2 [M — H]~. The title compound (31 mg) was obtained in
40% vyield following the general procedure for the Knoevenagel
reaction (HPLC: 97.9%g = 3.79 min), mp 275277°C.H NMR
(DMSO-dg) 6 12.45 (m, 1H), 10.25 (m, 1H), 7.65 (s, 1H), 7.52 (d,
1H,J = 3 Hz), 7.22 (d, 1HJ = 3 Hz), 7.17 (d, 1HJ = 3 Hz),
7.05 (dd, 1HJ =9, 3 Hz), 6.90 (d, 1HJ = 9 Hz), 2.30 (s, 3H).
MS (ES),m/zz 302.3 [M+ H]*, 300.3 [M— H]~. Anal. (CisH11-

5-(5-Quinolin-8-ylfuran-2-ylmethylene)thiazolidine-2,4-di-
one (25).Intermediate aldehyd@5a (12 mg) was synthesized
according to procedure A in 11% yield. MS (E®)z 224.2 [M
+ H]*. The title compound (5 mg) was obtained in 26% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 99%,tg = 3.28 min), mp 295-297°C. 'H NMR (DMSO-
ds) 0 12.50 (m, 1H), 9.05 (dd, 1H] = 6, 3 Hz), 8.48 (dd, 1H)

=0, 3 Hz), 8.27 (dd, 1HJ = 9, 1 Hz), 8.08 (d, 1H] = 6 Hz,),  NOsS) C, H. N. -

8.05 (m, 1H), 7.83 (m, 1H), 7.71(s, 1H), 7.65 (dd, 1H= 9, 6 5-[5-(2,5-Dihydroxyphenyl)furan-2-yimethylene]thiazolidine-

Hz), 7.31 (d, 1H,J = 6 Hz). MS (ES),mz 323.2 [M + H]", 2,4-dione (34)Intermediate aldehyd®&4a (36 mg) was synthesized

321.2 [M— H]~. Anal. (Ci1H1oN,05S) C, H, N. according to procedure B in 34% yield. MS (E&)z 205.2 [M
5-[5-(2,4-Dihydroxyphenyl)furan-2-ylmethylene]thiazolidine- + HJ". The title compound (10 mg) was obtained in 19% yield

2,4-dione (27)Intermediate aldehyd27a(34 mg) was synthesized ~ following the general procedure for the Knoevenagel reaction
according to procedure B in 32% yield. MS (E®&)z 205.2 [M (HPLC: 94.7%,tr = 2.95 min), mp 263265 °C. *H NMR

+ H]*. The title compound (26 mg) was obtained in 52% yield (DMSO-de) 6 12.42 (m, 1H), 9.78 (m, 1H), 9.17 (m, 1H), 7.63 (s,
following the general procedure for the Knoevenagel reaction 1H), 7.20 (m, 3H), 6.81 (d, 1H} = 3 Hz), 6.65 (d, 1H,) = 3 Hz).
(HPLC: 95.2%,tz = 3.05 min), mp 296300 °C. 'H NMR MS (ES),m'z: 304.3 [M+ H]*, 302.3 [M— H]". Anal. (CiaHo-
(DMSO-dg) 6 12.36 (m, 1H), 10.36 (m, 1H), 9.82 (m, 1H), 7.60 NOsS) C, H, N.

(s, 1H), 7.55 (d, 1HJ) = 9 Hz), 7.18 (d, 1H,) = 3 Hz), 6.98 (d, 5-[5-(2-Hydroxy-3-nitrophenyl)furan-2-ylmethylene]thiazoli-

1H, J = 3 Hz), 6.46 (m, 2H). MS (ES)z 304.3 [M + H]™, dine-2,4-dione (35).Intermediate aldehyd&5a (33 mg) was

302.3 [M — H]~. Anal. (Ci4HgNOsS) C, H, N. synthesized according to procedure B in 32% yield. MS (B®),
4-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yl]-3-hy- 234.1 [M+ H]". The title compound (9 mg) was obtained in 20%

droxybenzoic Acid Methyl Ester (28).Intermediate aldehyd28a yield following the general procedure for the Knoevenagel reaction

(11 mg) was synthesized according to procedure B in 10% yield. (HPLC: 97.1%/r = 3.51 min). MS (ES)m/z. 333.3 [M+ H]*,
MS (ES),m/z. 245.2 [M— H]~. The title compound (10 mg) was  331.3 [M— H]".
obtained in 62% yield following the general procedure for the 3-[5-(2,4-Dioxothiazolidin-5-ylidenemethyl)furan-2-yl]-4-hy-
Knoevenagel reaction (HPLC: 98.5%,= 3.22 min), mp 346 droxybenzoic Acid (36).Intermediate aldehyd@6a (50 mg) was
345°C. IH NMR (DMSO-dg) 6 12.49 (m, 1H), 10.94 (m, 1H), synthesized according to procedure B in 47% yield. MS (B®),
7.82 (d, 1H,J =9 Hz), 7.66 (s,1H), 7.60 (m, 2H), 7.33 (d, 1H, 231.2 [M — H]~. The title compound (54 mg) was obtained in
= 3 Hz), 7.24 (d, 1HJ = 3 Hz), 3.85 (s, 3H). MS (ES)Wz: 75% yield following the general procedure for the Knoevenagel
346.3 [M+ H]", 344.3 [M— H]~. Anal. (CgH11NOS) C, H, N. reaction (HPLC: 90.5%g = 3.52 min), mp 316-311°C.H NMR
5-[5-(5-Fluoro-2-hydroxyphenyl)furan-2-ylmethylene]thiazo- (DMSO-dg) 6 13.40 (m, 1H), 12.50 (m, 2H), 8.50 (m, 1H), 8.00
lidine-2,4-dione (29). Intermediate aldehyd@9a (21 mg) was (m, 1H), 7.70 (s, 1H), 7.53 (m, 1H), 7.29 (d, 18i= 3 Hz), 7.20
synthesized according to procedure B in 20% yield. MS (B®), (d, 1H,J = 3 Hz). MS (ES),m/z 332.1 [M— H]".
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5-[5-(4-Fluoro-2-methoxyphenyl)furan-2-ylmethylene]thiazo-
lidine-2,4-dione (37).Intermediate aldehyd&7a (12 mg) was
synthesized according to procedure A in 11% yield. MS (B%,
219.2 [M — H]~. The title compound (10 mg) was obtained in
55% vyield following the general procedure for the Knoevenagel
reaction (HPLC: 98.9%g = 3.74 min), mp 263-265°C.H NMR
(DMSO-dg) 0 12.46 (m, 1H), 7.84 (m, 1H), 7.64 (s, 1H), 7.22 (d,
1H, J = 3 Hz), 7.16-7.15 (m, 2H), 7.05 (m, 1H), 3.97 (s, 3H).
MS (ES),m/z 320.3 [M+ H]*, 318.3 [M— H]~. Anal. (CisH1¢-
FNO,S) C, H, N.

5-[5-(4-Fluoro-2-hydroxyphenyl)thiophen-2-ylmethylene]thi-
azolidine-2,4-dione (38)Intermediate aldehyd@8a (14 mg) was
synthesized according to procedure A in 9% yield. MS (B3,
221.5 [M — H]~. The title compound (10 mg) was obtained in
45% vyield following the general procedure for the Knoevenagel
reaction (HPLC: 95.1%r = 3.64 min), mp 256-251°C.H NMR
(DMSO-dg) 6 12.50 (m, 1H), 11.23 (m, 1H), 8.02 (s, 1H), 7.83
(m, 1H), 7.74 (d, 1HJ = 3 Hz), 7.64 (d, 1HJ = 3 Hz), 6.78-
6.74 (m, 2H). MS (ES)m/z 322.5 [M+ H]*, 320.5 [M— H]".
Anal. (Ci4HgFNGsS,) C, H, N.

5-[5-(2-Fluoro-4-hydroxyphenyl)furan-2-ylmethylene]thiazo-
lidine-2,4-dione (39). Intermediate aldehyd&9a (15 mg) was
synthesized according to procedure B in 13% yield. MS (B®),
205.2 [M — H]~. The title compound (5 mg) was obtained in 21%
yield following the general procedure for the Knoevenagel reaction
(HPLC: 94.9%{r = 3.46min), mp 298-300°C. 'H NMR (DMSO-
dg) 6 12.45 (m, 1H), 10.47 (m, 1H), 7.68 (m, 1H), 7.63 (s, 1H),
7.22 (d, 1HJ = 3 Hz), 6.91-6.83 (m, 2H), 6.77 (dd, 1H] = 15,
3 Hz). MS (ES),m/z 306.2 [M + H]*, 304.2 [M — H]~. Anal.
(C14HgFNO,S) C, H, N.

5-[5-(2,4-Difluorophenyl)furan-2-ylmethylene]thiazolidine-
2,4-dione (40)Intermediate aldehydé0a (68 mg) was synthesized
according to procedure A in 65% yield. MS (E®)z 209.2 [M
-+ H]*. The title compound (69 mg) was obtained in 69% yield
following the general procedure for the Knoevenagel reaction
(HPLC: 100%/g = 4.14 min), mp 287290°C.H NMR (DMSO-
ds) 6 12.52 (m, 1H), 7.90 (m, 1H), 7.67 (s, 1H), 7.50 (m, 1H),
7.35 (dd, 1HJ =9, 3 Hz), 7.26 (d, 1HJ = 3 Hz), 7.02 (d, 1H,
J=3Hz). MS (ES)m/z. 306.2 [M— H]~. Anal. (Ci4H/F2NO3S)
C, H, N.

5-[5-(3,5-Difluoro-2-hydroxyphenyl)furan-2-ylmethylene]thi-
azolidine-2,4-dione (41)Intermediate aldehydéla (7 mg) was
synthesized according to procedure B in 6% yield. MS (E%2;
223.2 [M— H]~. The title compound (5 mg) was obtained in 52%
yield following the general procedure for the Knoevenagel reaction
(HPLC: 95.2%,tx = 3.75 min), mp 319325 °C. 'H NMR
(DMSO-dg) 6 12.53 (m, 1H), 10.67 (m, 1H), 7.67 (s, 1H), 7.35
(m, 1H), 7.30 (d, 1HJ = 3 Hz), 7.27 (m, 1H), 7.24 (d, 1H] =
3 Hz). MS (ES),m/z 324.2 [M + H]*, 322.3 [M — H]". Anal.
(C14H7FNO,S) C, H, N.

Crystallization of PI3Ky and Soaking of Inhibitors. A
pVL1393-based vector expressing aa 14402 of human PI3IK,
in fusion with N-terminal 6x His-tag, kindly provided by R.
Williams (MRC, Cambridge, U.K.), was used for expression in TN5
cells. The protein was purified essentially as descriBg@l3Ky,
in 20 mM Tris-HCI, pH 7.2, 50 mM (NH),SO,, 1% betaine, 1%
ethylene glycol, 0.02% CHAPS, and 5 mM DTT, was crystallized
by sitting drop vapor diffusion. An amount of sL of protein
solution was mixed with %L of a solution containing 20622%
PEG 4000, 100 mM Tris-HCI, pH 7.2, and 200 mM (WESO,.
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M KCI before use. All titrations were performed under argon
atmosphere at 2% 0.5 °C. Typically, an amount of 2@L of 10

mM DMSO stock solution of test sample was dissolved in 15 mL
of 0.15 M KClI solutions containing 60, 50, 40, and 30 wt % MeOH
prior to titration. Standardized 0.5 M KOH was added to increase
the pH to 11.0, and the solutions were titrated with 0.5 M HCI to
pH 4. The pH change per titrant addition was limited to 0.15 pH
units. After each titrant addition, the pH was measured and the
UV spectrum was recorded from 200 to 500 nm. All experiments
were carried out in the presence of 0.25 mM potassium dihydrogen
phosphate. The data processing, including Yasi&ledlovsky
extrapolation to cosolvent zero, was carried out using pKauV
software (version 1.001, Sirius Ltd.).

Biological Methods. In Vitro PI3K y Lipid Kinase Assay. A
PI3Ky lipid kinase assay, based on the neomycin-coated scintillation
proximity assay (SPA) bead technology (Amersham), was per-
formed in 384-well plates using ATRAP]ATP and Ptdins (Sigma)
as substrates, as previously descriB&Ed Kinase assays for g
value determinations with P13 PI3K3, and PI3K) were carried
out, as previously describégl.

Cbha-Mediated PKB/Akt Phosphorylation in Macrophages.
After 3 h of starvation in serum-free medium, Raw-264 macro-
phages were pretreated with inhibitors or DMSO for 30 min and
stimulated for 5 min with 50 nM C5a (Sigma). We monitored PKB/
Akt phosphorylation using phospho-Ser-473 Akt specific antibody
(CST) and standard ELISA protocols.

MCP-1/CCL2 and CSF-1-Mediated PKB/Akt Phosphoryla-
tion in Monocytes. THP-1 monocytes, starved in serum-free
medium for 3 h, were pretreated with inhibitors or DMSO for 15
min and stimulated with 100 nM MCP-1/CCL2 (R&D) for 30 s or
50 ng/mL CSF-1 (Peprotec) for 5 min. PKB/Akt phosphorylation
was monitored using phospho-Ser-473 Akt specific antibody, as
previously describeéf

SCF-Induced PKB/Akt Phosphorylation in Mast Cells. Pri-
mary bone marrow cells were isolated from 4- to 8-week-old wild-
type mice as previously descrif@and derived to mast cells by
incubation with medium containing 20 ng/mL of stem cell factor
(SCF) (PeproTech, Switzerland) and 20 ng/mL of IL-3 (PeproTech,
Switzerland) for at least 4 weeks. Confirmation of the expression
of mast cell specific surface markers was done by FACS analysis
using antibodies against c-kit (cKit-PE mouse antibody, Pharmin-
gen). Cells were maintained in culture in the presence of SCF and
IL-3. To induce PKB/Akt phosphorylation, mast cells were
resuspended at 2.5 10 cells/mL and starved in medium
containing no SCF or IL-3 for 24 h. After preincubation with
compounds or 1% DMSO for 20 min, cells were activated with 20
ng/mL of SCF for 15 min at 37C, fixed in 1.5% paraformaldehyde
for 20 min, and permeabilized with 0.2% Triton X-100 for 10 min,
at room temperature. PKB/Akt phosphorylation was visualized using
phospho-Ser-473 specific Akt antibodies (Cell Signaling) and
standard FACS protocols.

Preparation of Mouse Bone Marrow Derived Monocytes
(BMDM) and in Vitro Chemotaxis. Bone marrow cells were
isolated, prepared, and stimulated, as previously desctiieor
in vitro chemotaxis, 105-day-derived BMDMs were suspended
in 1 mL of medium containing 0.5% BSA and inhibitors or DMSO
and applied to the upper chamber of a transwelin®d pore size,
COSTAR chemotaxis plate. An amount of 6@Q of medium

Crystals were harvested directly into a soaking solution consisting containing MCP-1/CCL2 and inhibitors or DMSO was added to

of 25% PEG 4000, 20 mM (NB,SO,, 100 mM Tris-HCI, pH 7.2,
10% (v/v) glycerol, and 2 mM of inhibitor and soaked for 24 h.
X-ray diffraction data were collected at 100 K at the X06SA

the lower chamber. Afte3 h of incubation at 37C and 5% CQ,
the number of cells in the lower chamber was quantified with a
Beckman Coulter AcT 5diffTM.

beamline at the Swiss Light Source and processed using MOSFLM  Computational Methods. Docking. For all modeling studies

and programs from the CCP4 pack&gé&he atomic models were
manually built using O and refined with CN%:53
pKa Measurements. Acid—base ionization constants were

we used the crystal structure of PIBKn complex with2. All
docking simulations were performed using the program Gfide.
The center and the size for for the docking grid box were selected

measured by UV spectroscopy using the GlpKa automatic titrator with respect to the cocrystallized ligand, and the default parameters
equipped with the DPAS module (Sirius Ldt, East Sussex, U.K.). were used. We performed flexible ligand docking using the SP level
The pH electrode was calibrated in the pH range-1.8.2 in 0.15 of accuracy and typically saved five docked poses per ligand for
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subsequent analysis. For docking of molecules containing the
2-hydroxy group, a hydrogen-bonding constraint to Val882 NH was
requested.
Minimization. Geometry minimization was carried out using
the program MacroModel from Schdimger, LLC, New York. In
a typical simulationa 5 A shell of completed residues around the
ligand was fully minimized using MMFFs and the default settings.
Induced-Fit Docking. The induced-fit docking protocol used is
based on docking by Glide and on side chain optimization by Prime
(Schrainger, LLC, New York). We used the default settings, which
sampled side chain conformation space of residuesma from
the ligand. Final complex structures were generated by Glide
redocking into newly generated protein conformers.
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