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Abstract—A series of 2-acylaminothiophene-3-carboxamides has been identified which exhibit potent inhibitory activity against the
FLT3 tyrosine kinase. Compound 44 inhibits the isolated enzyme (ICsy = 0.027 uM) and blocks the proliferation of MV4-11 cells
(ICs9 = 0.41 uM). Structure—activity relationship studies within this series are described in the context of a proposed binding model

within the ATP binding site of the enzyme.
© 2006 Elsevier Ltd. All rights reserved.

Acute myeloid leukemia (AML) is the most common
form of adult leukemia and comprises approximately
20% of childhood leukemias.! Current treatment for
AML typically involves treatment with general cytotoxic
agents such as Cytarabine (Ara-C) and Daunorubicin to
induce remission of disease. Induction therapy is fol-
lowed by a variety of post-induction treatments ranging
from high dose Cytarabine to bone marrow transplant.?
Such aggressive therapies are often poorly tolerated by
elderly patients. Additionally, since less than 20% of
diagnosed AML patients survive more than 4 years,
improved treatment paradigms are needed.

Activating mutations of the class III receptor tyrosine
kinase FLT3 have been detected in approximately 30%
of patients with acute myelogenous leukemia and a
small number of patients with acute lymphoblastic leu-
kemia or myelodysplastic syndrome.3 Patients with such
FLT3 mutations have a poor prognosis, with decreased
remission times and disease free survival.* Furthermore,
>90% of blasts from AML patients express either wild-
type or mutant FLT3.° This suggests that inhibition of
FLT3 may be of significant therapeutic benefit for
AML patients.
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Figure 1. FLT3 inhibitors in clinical development.

Reported FLT3 inhibitors under advanced clinical
development include the staurosporine structural ana-
logues, lestaurinib and midostaurin, the quinazoline,
tandutinib, and others.® These exhibit varying degrees
of non-selectivity, particularly toward other receptor
tyrosine kinases, and as such, may present undesirable
side-effect profiles. Thus, the need still exists for further
development of potent and selective FLT3 inhibitors

(Fig. 1).

During the course of our screening efforts to discover
FLT3 inhibitors derived from alternative chemotypes,
we identified a class of 2-acylaminothiophene-3-carbox-
amides that exhibited potent inhibitory activities. Some
compounds of this class had been reported to potentially
inhibit a range of kinases in an earlier published patent
application; however, no data were provided to support
these claims, nor was FLT3 among the potentially
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affected kinases cited.” A more recent application cites
inhibition of a broad panel of kinases (including
FLT3) by various compounds within this class; howev-
er, data are presented for only a single inhibitory con-
centration (10 uM).® Herein, we report on initial
structure—activity relationships for this series with the
goal of mapping out a general binding motif for the
inhibitory interaction with FLT3.” This information
may serve in the development of FLT3 inhibitors exhib-
iting greater potencies and selectivity.

A survey of simple 2-acylaminothiophene-3-carboxa-
mides (Table 1) revealed a minimal tolerance for steric
bulk at the carbon adjacent to the carbonyl of the sec-
ondary amide and a preference for sp> hybridization at
this center. Thus, while acetamido and propionamido
analogues 1 and 2, respectively, inhibited FLT3 at
low-micromolar levels, larger alkyl amides resulted in re-
duced activities. Of particular interest are the contrast-
ing activities of the pseudo sp” isopropylcarboxamide
3 and cyclopropylcarboxamide 4; the former exhibiting
greatly diminished activity. Cyclohexylcarboxamide 5
was inactive at a concentration of 10 uM; however, its
aromatic counterpart, 6 and 2-furoylamide 7, exhibited
significantly enhanced activities (ICso = 0.36, 0.17 uM,
respectively).!? Pyridine carboxamides (8-10) exhibited
a range of inhibitory potencies against the isolated en-
zyme with p->o0->m-isomer (10>8>9), an order
which may reflect important electronic ring effects as op-
posed to specific electrostatic interactions with the
enzyme.

Substituent effects were evaluated on benzoylamide 6
(Table 2). Both steric and electronic factors affected
activity in this series. Small substituents (methyl, 11;
methoxyl, 12) at the 4-position afforded increased
FLT3 enzyme inhibition. Somewhat larger substituents
were tolerated (halo, 13, 14; acetyl, 15; ¢-butyl, 16),

Table 1. FLT3 inhibitory activities for 2-acylaminothiophene-3-carb-

oxamides 1-10
O
S >R
C@QNH 1-10
O

HoN
Compound R FLT3 inhibition MV4-11 proliferation
ICs" (M) 1Cs” (uM)

1 Methyl 2.0 (£0.21)

2 Ethyl 2.1 (£0.92)

3 i-Propyl >10

4 c-Propyl 1.3 (£0.37) 1.2

5 c-Hexyl >10

6 Phenyl 0.36 (£0.07) >10

7 Furan-2-yl 0.17 (£0.05) 1.5

8 Pyridin-2-yl 0.64 (£0.10) 0.35

9 Pyridin-3-yl 1.1 (£0.41) 2.0
10 Pyridin-4-yl 0.11 (£0.05) 2.1

#Values are means of three experiments, standard deviation is given in
parentheses.

® All dose-response data are calculated from an average of three rep-
licates per dose.

Table 2. FLT3 inhibitory activities for 2-phenacylaminothiophene-3-

carboxamides 11-29
o = /R
S
%Nw
O 6,11-29

HoN
Compound R FLT3 inhibition MV4-11
I1Cso" (LM) proliferation
ICsob (M)
6 H 0.36 (£0.07) >10
11 4-Me 0.052 (£0.01) 0.45
12 4-OMe 0.12 (£0.03) 1.3
13 4-Cl 0.31 (£0.05) 1.4
14 4-Br 0.31 (£0.13) 1.5
15 4-Ac 0.59 (£0.18) 1.8
16 4-1-Bu 0.63 (£0.09) 1.6
17 4-Ph >10
18 4-OPh >10
19 3-Me 0.14 (£0.03) 3.2
20 3-OMe 0.11 (£0.06) 1.5
21 3-Cl 0.63 (£0.10) 22
22 2-Me 3.0
23 2-OMe >10
24 2-Cl >10
25 3,4-Di-OMe 0.042 (£0.03) 0.34
26 3,4-Methylenedioxy 0.14 (%£0.01) 0.89
27 3,5-Di-OMe 1.7 (£0.62) >10
28 3,4,5-Tri-OMe >10
29 3,4-Di-Me 0.54 (£0.40) 0.71

#Values are means of three experiments, standard deviation is given in
parentheses.

® All dose-response data are calculated from an average of three
replicates per dose.

but with increasing size activity dropped precipitously
(phenyl, 17; phenoxyl, 18). Similar effects on substitu-
tion of the 3-position were observed, with methyl and
methoxyl substituents providing increased activity (19,
20; ICs50s=0.14 and 0.11 uM, respectively). Ortho
substitution was uniformly detrimental to activity, likely
due to induced conformational effects away from
co-planarity.

Interestingly, while enhanced inhibitory activity was ob-
tained with 3,4-dimethoxybenzoylamide 25 (ICsy=
0.042 uM), 3.4,5-trimethoxybenzoylamide 28 was
devoid of activity.

The introduction of spacer atoms between the aryl ring
and carbonyl carbon was also investigated (Table 3).
The results are consistent with a requirement of coplan-
arity between these two groups. Thus, saturated
homologues showed greatly reduced inhibitory activities
compared with vinyl analogues. Again, methoxyl
substitution was beneficial, particularly in the case of
3,4-dimethoxycinnamoyl analogue 39.

Structure—activity relationships of the bicyclic thio-
phene-3-carboxamide core were also investigated
(Table 4). Deletion of the fused cyclohexyl methylenes
(42) resulted in a 50-fold reduction in FLT3 inhibitory
activity, much of which could be recovered by
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Table 3. FLT3 inhibitory activities for homologated 2-acylaminothiophene-3-carboxamides 30-41

o A
S X
| )—NH

HoN O 30-41
Compound X Ar FLT3 inhibition ICs¢" (uM) MV4-11 proliferation ICs,® (uM)
30 —CH»- Ph 3.2 (£1.1) >10
31 -CH,-O- Ph >10
32 -CH,-S- Ph >10 3.8
33 -CH,-O- 4-MeOPh ~10
34 -CH,-CH»— Ph 3.6 (£0.76)
35 -CH,-CH,— 4-MeOPh >10
36 -CH=CH- Ph 0.25 (£0.02) 0.53
37 ~CH=CH- 4-MeOPh 0.25 (+0.06) 1.8
38 -CH=CH- 4-i-PrPh 0.49 (£0.17) 2.7
39 ~CH=CH- 3,4-Di-OMe 0.13 (+0.04) 2.0
40 ~CH=CH- Furan-2-yl 0.56 (+0.06) 0.48
41 ~CH=CH- 5-Methylfuran-2-yl 1.0 (£0.23) 10

#Values are means of three experiments, standard deviation is given in parentheses.
® All dose-response data are calculated from an average of three replicates per dose.

Table 4. Effects of thiophene substitution upon FLT3 inhibitory
activities for 2-phenacylaminothiophene-3-carboxamides 42-46

OMe
RS (0]
‘ S NH OMe
Y
R4
H,N O  25,42-46
Compound R* R® FLTS3 inhibition MV4-11 proliferation
ICso" (M) ICsob (uM)
42 H, H 2.1 (£1.3) 2.4
43 Me, Me  0.14 (£0.10) 0.33
44 —(CH,)s— 0.027 (£0.01) 0.41
25 —(CHz)s— 0.042 (£0.03) 0.34
45 —(CHy)s— 6.9 (£2.9)
46 —(CHy)s— >100
#Values are means of three experiments, standard deviation is given in
parentheses.

® All dose—response data are calculated from an average of three rep-
licates per dose.

incorporation of methyl groups at R* and R (43). With-
in the series of fused alkylene ring homologues, activity
was inversely correlated with ring size, with optimal
activity residing with cyclopentyl-fused thiophene 44.

In order to evaluate the functional activities within this
series, those inhibitors with approximate sub-micromolar
1C5¢s were assayed for antiproliferative effects on MV4-11
cells (a human acute myelogenous leukemia cell line
expressing a constitutively activated mutant FLT3).!!
With only a few exceptions, activities between the two as-
says were well correlated. Thus, effective anti-prolifera-
tive concentrations (ICses) were roughly 10-fold less
than corresponding inhibitory concentrations in the iso-
lated enzyme assay. Notable exceptions to this general
correlation were 2-pyridinylcarboxamide 8, dim-
ethylbenzoylamide 29, cinnamoylamide 36, furylacryla-
mide 40, and 4,5-dimethylthiophene analogue 43, each

of which exhibited greater anti-proliferative effects than
would have been anticipated from their FLT3 inhibitory
activities. This could be the result of enhanced cell perme-
abilities of these analogues; alternatively, it is possible
that additional anti-proliferative mechanisms were
involved in these cases.

In order to assess kinase selectivity, compound 25 was
tested against a standard panel of kinases (Table 5).
At a concentration of 3 uM, only the human Abl-related
gene kinase Arg(h) was inhibited at a level approaching
50%.

Table 5. Kinase selectivity screen for compound 25

Kinase % Inh*
Abl(h) 21
AMPK(r) —4
Arg(h) 49
AxI(h) —-10
Bmzx(h) 9
BTK(h) 14
CDK2/cyclinA(h) —-22
CDK7/cyclinH/MAT1(h) -1
CHK1(h) -7
c-RAF(h) -1
EphB2(h) —11
Fes(h) —12
Fyn(h) 33
GSK38(h) -2
JNK3(h) -6
Lyn(h) 21
Met(h) 13
PKCp(h) 3
PKD2(h) -7
Rskl1(h) 3
TrkB(h) 39
Fes(h) —12

#Compound 25 was tested at single concentration of 3 pM; ATP
concentration was 10puM. Values are averages of duplicate
experiments.
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The low level of inhibition of TrkB in this assay is also
noteworthy, given the reported potent inhibitory activity
of lestaurtinib against Trk isoenzymes A-C
(IC50 ~ 4 nM).12

To help rationalize the aforementioned structure-activi-
ty relationships and drive future syntheses, a homology
model of the FLT3 kinase domain was constructed and
compound docking studies were carried out. The kinase
domain of FGF receptor 1 (pdb Accession No. 2FGI)
was chosen as the template for FLT3 homology model-
ing because of the high homology and identity (66% and
50%, respectively) between the two enzymes.

Multiple conformations of representative compounds
from this series were generated, each with an internal
hydrogen bond between the primary amide CO and
the secondary amide NH fixed in place (Fig. 2).' The
conformers were then subjected to rigid body docking
in order to determine a low-energy binding mode. (In
these studies, we assume that the intramolecular hydro-
gen bond is retained upon enzyme binding.) Figure 2
illustrates a common low-energy binding mode, which
correlates well with the SARs observed for this series
(compound 25). The figure shows a cut-away of the
active site between the N- and C-terminal lobes of the
kinase. The compounds are oriented so that the primary
amide engages in a hydrogen bonding interaction with
the backbone carbonyl of glutamate 692—the so-called
‘hinge region’ of receptor tyrosine kinases. The second-
ary amide projects its carboxylate-derived substituent
into a narrow cleft underneath phenylalanine 691 (in
the region of ATP binding). This is consistent with a
preference for aromatic or extended aromatic (vinylaryl)
systems that could participate in m-interactions with Phe
691 while at the same time avoiding steric clashes in this
narrow region. This binding mode also illustrates the
preference for (1) co-planarity of secondary amide
substituents and (2) a free primary amide capable of
hydrogen bonding to the hinge region of the backbone.

Figure 2. Cut-away illustration of the active site between the N- and
C-terminal lobes (magenta). Predicted low-energy binding mode of
compound 25 (cyan). Intra-molecular (red dash) and inter-molecular
(blue dash) hydrogen bonds are shown. Only ligand polar hydrogens
are shown.

GLU 692

Figure 3. Cut-away illustration of the active site with superimpositions
of low-energy binding modes for lestaurtinib (yellow) and compound
25 (cyan). Hydrogen bonds between the hinge region of the backbone
and lestaurtinib are shown in green; that with compound 25 is shown
in blue. Only polar hydrogens are shown.

We were interested in comparing this hypothetical bind-
ing mode with one that might be predicted for the FLT3
inhibitor, lestaurtinib. Docking lestaurtinib into FLT3
(Fig. 3) revealed a preferred orientation similar to many
binding modes of staurosporine-like compounds found
in kinase co-crystal structures (e.g., pdb Accession
Nos. 1AQ1, 1BYG, and INVQ). Lestaurtinib binds in
a typical bi-dentate fashion to the protein backbone
(Glu 692, Tyr 693), whereas the acylaminothiophene-
carboxamides bind with a mono-dentate interaction
(Glu 692 only). However, the relative positions of the
molecules within the active site are very similar. Both
chemotypes are structurally quite flat and occupy the
same plane within the active site. As shown in Figure
3, the ring systems of both molecules overlap significant-
ly; however, the methoxyl substituents of the benzamide
allow for further extension into the binding region than
is accessed by lestaurtinib’s unsubstituted indolocarbaz-
ole core. Such substitution may confer a different kinase
selectivity profile on this chemotype than is observed
with staurosporine-based molecules. Finally, this mod-
eled overlap highlights potential regions where future
synthetic plans might be directed to afford FLT3 inhib-
itors with greater potencies and enhanced clinical
effectiveness.
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Correlations between proton NMR chemical shifts and
calculated proton magnetic shielding tensors (via DFT
calculations at the B3LYP, 6-311+G[2d,p] level of theory)
support the existence of this internal hydrogen bond for
compounds within this class. This is manifested primarily
by extensive deshielding of the secondary amide NH
(6 ~ 13 ppm in DMSO-dy).
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