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Abstract—A series of 3,4,6-substituted 2-quinolones has been synthesized and evaluated as inhibitors of the kinase domain of mac-
rophage colony-stimulating factor-1 receptor (FMS). The fully optimized compound, 4-(4-ethyl-phenyl)-3-(2-methyl-3H-imidazol-4-
yl)-2-quinolone-6-carbonitrile 21b, has an IC50 of 2.5 nM in an in vitro assay and 5.0 nM in a bone marrow-derived macrophage
cellular assay. Inhibition of FMS signaling in vivo was also demonstrated in a mouse pharmacodynamic model.
� 2008 Elsevier Ltd. All rights reserved.
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The macrophage colony-stimulating factor-1 receptor
(FMS) is the cell surface receptor for colony-stimulating
factor-1 (CSF-1), which controls growth and differentia-
tion of the monocyte/macrophage lineage.1 FMS is a
member of the type III receptor tyrosine kinases that
also includes FLT-3, PDGFR, and KIT. Macrophages
are thought to play an important role in several diseases,
including cancer and inflammation. For example, of the
several leukocyte lineages present in the rheumatoid
arthritis synovium, increased levels of macrophages best
correlate with disease severity and response to therapy.2

In addition, expression of FMS in breast cancer has
been linked to poor survivability and increased tumor
size, where presumably the receptor is involved in local
invasion and metastasis.3–5 Consequently there is signif-
icant interest in modulating the CSF-1 pathway and sev-
eral structural classes of small-molecule inhibitors of
FMS have been reported.6–11

We have recently published an X-ray crystal structure of
the FMS kinase domain in complex with two classes of
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inhibitors.11 In this paper we describe the synthesis and
optimization of one of these classes of compounds, the
2-quinolones, shown in Figure 1.

A high-throughput screen using Thermofluor� technol-
ogy12 produced quinolone 1, with an IC50 of 1 lM for
FMS. Initial chemistry efforts began by synthesizing
analogues with substitution in the 3- and 6-positions
of the quinolone. These compounds could be readily
prepared by condensation of 2-aminophenyl ketones 2
with a-substituted acetic acids in phosphorus oxychlo-
ride to give the corresponding 2-chloroquinolines 3 that
are subsequently hydrolyzed to the corresponding quin-
olones 4 in aqueous acetic acid according to the proce-
dures outlined in Scheme 1. The aminophenyl ketones
N
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O36
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Figure 1. Thermofluor� HTS screening hit.
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Table 1. FMS kinase activity of compounds 4a–m13
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Scheme 1. Reagents and conditions: (a) Phosphorus oxychloride, 105 �C; (b) 80% aqueous acetic acid, ammonium acetate, 110 �C.
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and acetic acids used were commercially available, with
the exception of the 5-cyano analogue of 2 that was pre-
pared from the 5-bromo compound by reaction with
CuCN in refluxing DMF. Initial SAR studies probed
substituent effects at the 3-position of the quinolone.
Ethyl, methyl, and isopropyl esters for R2 were found
to be equipotent, whereas activity diminished with more
sterically demanding esters. The direct 3-ethylamido
analogue (R2 = CONHEt) was inactive, as was the cor-
responding free carboxylic acid (data not shown). How-
ever, a variety of five-membered aromatic heterocycles
were identified as suitable replacements for the ethyl car-
boxylate (Table 1). Of these, 3-methylisoxazol-5-yl was
the most potent providing a 7-fold improvement over
the original hit compound (compare 4a to 1). More ba-
sic aromatic heterocycles such as imidazole 4k also affor-
ded a significant (5-fold) increase in potency relative to
1.

The importance of substitution at the 6-position of the
quinolone system was demonstrated in early series ana-
logues. A dramatic loss of activity (>50-fold) was ob-
served with the des-chloro analogue of 1; the 7- and 8-
positional isomers were also found to be inactive (data
not shown). Additional studies probing substituent ef-
fects at the 6-position were carried out on 3-isoxazol-
5-yl analogues (Table 1). In this case, chloro and cyano
groups (4a and 4b, respectively) imparted the highest
levels of activity.

The SAR of the central core of the quinolone scaffold
was examined next by preparing the 1,8-, 1,7-, 1,6-,
and 1,5-naphthyridin-2-one analogues (9a–d). The syn-
thesis of these compounds required aminopyridyl ke-
tones 5–8 that were synthesized according to the
procedures outlined in Scheme 2. Compounds 5–7 were
prepared according to the procedure of Turner14 by
ortho lithiation of 2-, 3-, and 4-(pivaloylamino)pyridines
followed by quenching with the Weinreb amide15 of ben-
zoic acid and acid-catalyzed removal of the pivaloyl
group. The 3-aminopyridyl-2-phenyl ketone 8 was pre-
pared by lithium-bromine exchange of 2-bromo-3-(piv-
aloylamino)pyridine followed by quenching with the
Weinreb amide and deprotection. The aminopyridyl ke-
tones 5–8 were then condensed with 3-methylisoxazole-
5-acetic acid according to the procedures in Scheme 1
to give compounds 9a–d.

The most potent compound was the 1,7-naphthyridin-2-
one 9b (Table 2), which was 5-fold less potent than the
analogous quinolone compound 4a. The 1,8-naphthyri-
din-2-one 9a also had some activity (IC50 = 1 lM), but,
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Scheme 3. Reagents and conditions: (a) Benzyl bromide, Na2CO3, DMF; (

triflic anhydride, DMF; (d) R3B(OH)2, Pd(PPh3)4, Na2CO3, toluene, ethano

Table 2. FMS kinase activity of napthyridones 9a–d
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Scheme 2. Reagents and conditions: (a) Pivaloyl chloride, NEt3,

DCM; (b) n-BuLi, THF, �78 �C, 3 h, then PhCONMeOMe; (c) 3 N

HCl, 100 �C; (d) t-BuLi, THF, �78 �C, 3 h, then PhCONMeOMe.
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in general, these compounds were less active and this
scaffold was not further investigated.

The synthetic route used to optimize the 4-substituent is
shown in Scheme 3. Since few aminophenylketones 2
were commercially available, an alternate synthetic
route to our earlier method (Scheme 1) was required.
Thus, 5-chloroisatoic anhydride 10 was first converted
to the dibenzyl-protected aminobenzoate 11, which
was then coupled to 3-methylisoxazole-5-acetic acid
using neat phosphorus oxychloride. Cyclization with
NaH, followed by reaction with triflic anhydride gave
the triflate 13. The triflate was then coupled to boronic
acids using a Suzuki–Miyaura reaction, followed by
benzyl deprotection with neat triflic acid to yield com-
pounds 14a–j.

The data in Table 3 show that only a modest 1.5-fold
improvement in potency over the unsubstituted phenyl
group was obtained with a 4-ethylphenyl group 14b or
with a cycloheptene ring 14g. With the former, ethyl
substitution appears to be optimal; methyl and isopro-
pyl substitution resulted in diminished activity. Within
the cycloalkene series, the cycloheptene 14g was more
potent than the cyclohexene 14f (>2-fold), and satura-
tion to the cyclohexane 14h further reduced activity.
We attempted to introduce polar functionality in this
portion of the molecule to improve the solubility and
potency of the series. Hydroxy and methoxy substitu-
ents (14d and 14e, respectively), while tolerated, afforded
no increase in inhibitory potency. Conversely, incorpo-
ration of a pyridyl ring (14i) significantly attenuated
activity.

In the course of these analogue studies, an X-ray co-
crystal structure of quinolone 4a bound to the FMS ki-
nase domain was obtained.11 Figure 2 shows compound
4a bound in the nucleotide-binding pocket of FMS in
the inactive form. Both the N-1 and O-2 of the quino-
lone ring, in the keto tautomeric form, make hydrogen
bonds with the backbone of the hinge residues Cys666
(2.90 Å) and Glu664 (3.32 Å). The hydrophobic phenyl
ring occupies the ribose-binding pocket, and the chloro-
aryl ring is located in the adenine pocket. The 3-methy-
lisoxazole is rotationally disordered. Two positions are
seen which differ by a 180-degree rotation of the bond
with the quinolone core. Specific interactions between
the 3-methylisoxazole and the protein are not observed.
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Table 3. FMS kinase activity of compounds 14a–j

N
H

Cl
R3

O

NO

Compound R3 IC50 (lM)

14a 0.11

14b 0.09

14c 0.20

14d 0.17

14e 0.14

14f 0.22

14g 0.09

14h 0.34

14i 2.1

14j 0.24

Figure 2. Crystal structure of 4a bound to the FMS kinase domain.

FMS residues within 5 Å of the quinolone are shown with gray

carbons and the quinolone is shown with green carbons. The green

dotted lines represent hydrogen bonds made by the quinolone core.

The black dotted line is a close contact between two oxygens in the

structure and predicted hydrogen bonds for the imidazoles 21a and

21b. (PDB Id: 2i0v).
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In light of this structural information, we re-visited
quinolone analogues substituted at the 3-position with
imidazole systems, as these generally tended to exhibit
improved solubility characteristics as compared with
their isoxazole counterparts. Specifically, we targeted
2-methylimidazole derivatives, since these were expected
to occupy the same spatial region as the 3-methylisoxaz-
ole system in this protein-binding mode.

The synthesis of the required 2-methylimidazole-5-acetic
acid 17 is shown in Scheme 4. 2-Methylimidazole was
protected with a SEM group, which directs the metalla-
tion with tert-butyl lithium to imidazole C-5. The anion
was quenched with N,N-dimethylformamide to yield the
aldehyde 16, which was subsequently homologated to
the acetic acid ethyl ester using methyl (methyl-
thio)methyl sulfoxide followed by ethanolic HCl.16 The
ester was then hydrolyzed to the acid using KOH to give
17. We then prepared aminoketones 20a,b to incorpo-
rate the optimized groups in the C-4 and C-6 positions
of the quinolone scaffold. This was accomplished from
the 4-chloro- or 4-cyano-2-iodoaniline by first protect-
ing the amino group as the amidine followed by forma-
tion of the Grignard reagent with isopropylmagnesium



Table 4. IC50 data for compounds 21a,b for cellular BMDM FMS

assay and for in vitro FMS, FLT-3, KIT, and PDGFR-b assays

Compound BMDM

(lM)

FMS

(lM)

FLT-3

(lM)

KIT

(lM)

PDGFR-b
(lM)

21a 0.028 0.0021 0.034 0.067 >1

21b 0.005 0.0025 0.047 0.170 >1

Table 5. Pharmacokinetic parameters for 21b in rat; 2 mg/kg IV and

10 mg/kg PO

Compound t1/2 (IV)

(min)

Cmax

(ng/ml)

VZ

(ml/kg)

Cl

(ml/min/kg)

F

(%)
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Figure 3. Pharmacodynamic activity of 21b at FMS. B6C3F1 mice

were dosed orally with 21b in 20% 2-hydroxypropyl-b-cyclodextrin and

6 h later given an iv injection containing 1.0 lg recombinant CSF-1.

Fifteen minutes later, the mice were euthanized and c-fos mRNA was

measured in spleen lysates.
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chloride according to the method of Knochel.17,18 The
magnesium species was then reacted with the Weinreb
amide of 4-ethylbenzoic acid followed by amidine
deprotection to give 20a,b. The aminophenylketones
20a,b were then coupled to the imidazole acetic acid
17 with phosphorus oxychloride in dichloromethane fol-
lowed by cyclization with piperidine in refluxing toluene.
Finally, SEM group removal was effected with 6 N HCl
in ethanol to give 21a,b.

The data in Table 4 show that introduction of a 2-
methyl group on the imidazole has a profound effect
on the activity of the series. In the enzymatic assay, both
compounds were in the 2 nM range and, in the cellular
assay that measures proliferation of bone marrow-de-
rived macrophages (BMDM)10 in response to CSF-1,
the cyano 21b was 5 nM, 5-fold better than the chloro
21a. It appears that the imidazole can make an addi-
tional hydrogen bond with the FMS kinase (see
Fig. 2). This may be the reason for the improved activity
of the imidazole compared to the isoxazole. There is no
clear structural explanation for the large gain in activity
with the addition of the methyl group.

The selectivity of 21a and 21b toward other kinases in
the type III receptor kinase family (FLT-3, KIT, and
PDGFR-b) was also evaluated (Table 4).13 Both com-
pounds showed excellent selectivity for FMS versus
PDGFR-b (>400-fold) and, versus KIT, good selectivity
was also achieved (70- and 30-fold for cyano and chloro
analogues 21b and 21a, respectively). Both compounds
exhibited modest selectivity for FMS versus FLT-3,
(15- to 20-fold).

The pharmacokinetic profile of compound 21b in the rat
shows that the compound has good oral bioavailability
at 56% (Table 5), although the rate of clearance was
high.

Having obtained suitable pharmacokinetics for in vivo
testing, compound 21b was evaluated in a mouse phar-
macodynamic model that is based on the ability of
CSF-1 to induce c-fos mRNA in macrophages.19 Fol-
lowing tail vein injection of CSF-1, c-fos mRNA in-
creased more than 10-fold in the spleen. The induction
was robust within 15 min but was transient, returning
to baseline by 30 min. Furthermore, this induced expres-
sion was shown to be dose-dependent and specific for
CSF-1 as it was blocked completely in mice pre-dosed
with anti-CSF-1 (data not shown). Figure 3 shows the
FMS inhibitory effect of an oral dose of 5, 20, and
50 mg/kg of 21b after 6 h. In the group treated with
50 mg/kg of 21b, c-fos mRNA expression was reduced
to control levels showing that FMS signaling is com-
pletely inhibited.

In conclusion, we have identified a novel and potent
class of FMS kinase inhibitors based on a quinolone
core. The compounds have good selectivity versus highly
homologous kinases and good oral bioavailability. Inhi-
bition of FMS signaling in vivo was also demonstrated
in a mouse pharmacodynamic model.
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