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A new series of IGF-1R inhibitors related to hydantoins were identified from a lead originating from HTS.
Their noncompetitive property as well as their slow binding characteristics provided a series of com-
pounds with unique selectivity and excellent cellular activities.

© 2011 Elsevier Ltd. All rights reserved.

The IGF-1R (Insulin like Growth Factor 1 Receptor) tyrosine ki-
nase is the main receptor involved in the transduction of growth
metabolic signals® of IGF-1 (Insulin Growth Factor 1). Several lines
of evidence link this growth factor and receptor to the emergence
and proliferation of various tumors.? During the course of a pro-
gramme aimed at finding inhibitors of IGF-1R? we initiated a high
throughput screening (HTS) for compounds with affinity for this
receptor. The initial lead identified was an azaindole 1 that was
optimized and previously described.*
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The present communication describes a chemically unrelated
and new series that originated from HTS and was expeditiously
optimized by our combinatorial chemistry group.

IGF-1R is widely expressed in cells that have undergone onco-
genic transformation. IGF-1, the canonical growth factor of IGF-
1R, induces receptor autophosphorylation on Tyr1131, Tyr1135
and Tyr1136 in the activation loop of the cytoplasmic domain.’
IGF-1R inhibitors were identified in an autophosphorylation-HTRF
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ICso = 0.5 uM (Table 1)
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assay® with a nonphosphorylated recombinant GST-IGF-1R
(aa882-1367) protein. This led to the identification of a hit 2
belonging to a hydantoin chemical series.

As 2 was generated in a full combinatorial library, hundreds of ana-
logues were available to establish the initial SAR. The key struc-
tural features are as follows: The oxidation state of the sulfur
was not essential to the activity as the sulfone 2, displayed the
same activity as the thioether 4, both only about 5-fold more active
than the corresponding sulfoxide 3. On the other hand, the activity
was totally lost when replacing the trifluoromethyl group by a
methyl group as in 5. The methyl on the hydantoin was important
for the activity as shown by the loss of activity of unsubstituted 6
but both enantiomers 2 and 7 displayed about the same level of
activity, as the analog incorporating two methyl groups 8 (Table 1).
Larger alkyl or polar groups in this position all resulted in loss of
activity (data not shown).

On the other hand, there was very little flexibility on the 4-qui-
nolyl group in the southern part of the molecule (Table 2). It could
be replaced by a 4-pyridyl group with only a 3-fold loss in activity.
All other replacements like 3- and 2-pyridyls (compounds 10 and
11), 3-quinolyl (12), 4-imidazolyl (13), 4-piperidyl (14), phenyl

Table 1
SAR around 2: variations of R!, R% R® and n
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Compd R! R? R3 Chirality n HTRF (uM)
2 CF3 Me H S 2 0,5
3 CF;3 Me H S 1 2,52
4 CF3 Me H S 0 0,41
5 CH; Me H S 2 >100
6 CF3 H H - 2 54
7 CF3 Me H R 2 03
8 CF3 Me Me — 2 0,46
Table 2

SAR around 2: replacement of the 4-quinolyl group

E
o) F

N\
O=g” >

o N%o
>
R
_ o é O L
\N \N // NS 7 N\ / AN
9 10

2 11 12
0.5 uM 1.6 uM 79.7 pM  >100 pM >100 uM
NN\ = =
\\N N \N / \N
0 o
13 14 15 16 17
>100 uM >100 uM >100 M >100 M >100 uM

Table 3
Evaluation of 1 in IGF-1-related assays

IGF-1R (HTRF) IGF-1R (ELISA) IGF-1-induced proliferation
(M) (1M) (M)
1 0.055 0.145 1.6
2 0.5 0.6 03
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Figure 1. (a) Inhibition of IGF-1R by 2 as a function of ATP concentration; (b)
Dixon-plot analysis of the above curves.

(15) were much less active as well as the oxides of the 4-pyridyl
and 4-quinolyl derivatives (16 and 17).

Compound 2 was evaluated against a panel of 23 kinases
(a combination of Serine/Threonine and Tyrosine proteins)’ and
found inactive on all of them except the highly homologous IRK
(Insulin Receptor Kinase) with an ICsg of 0.3 puM.

As 2 showed high permeability in a model of intestinal absorp-
tion (TC7 cells)® along with good metabolic stability in hepatic
mouse and human microsomes (83% and 82% compound remain-
ing after 15 min, respectively), it was engaged in a PK experiment.
The absolute bioavailability following oral administration to the fe-
male Balb/c mouse at a dose level of 10 mg/kg was found to be in
excess of 100% (i.e., dose 1 mg/kg). Systemic exposure to 2 was
good after oral dosage at 10 mg/kg (AUCy_.. = 13234 h ng/ml and
CPmax = 1491 ng/ml) with evident levels up to 24 h. The compound
was not an inhibitor of CYP3A4, 1A2, 2D6 and 2C19 (ICso’s >15 pM)
and a slight inhibitor of CYP2C9 (ICso = 0.7 uM). The solubility of 2
was rather low (9.9-13 pg/ml). These properties prompted us to
engage in an optimization programme with the objectives of
improving the solubility and optimizing the potency on the target
to low nanomolar cellular potency.

Compound 2 was evaluated in a cellular IGF-1 phosphorylation
assay (ELISA) and in an IGF-1-dependant cell proliferation assay
(MEF).® The antiproliferative activity of 2 was in fact quite striking
compared to that of our initial azaindole lead 1.* While 1 displayed
a 30- and 80-fold lower potency than enzymatic activity, 2 was
more potent in the antiproliferative assay than in the enzymatic
assay (0.3 vs 0.5 uM) (Table 3).
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Figure 2. Overlay of IGF-1R kinase domain 3P (green) and OP (cyan), respectively, in
complex with AMPPNP (nonhydrolysable form of ATP) (grey) and 2 (orange). The
activation loop conformations are different. It is DFG-out for the complex with 2.

This result, along with the high selectivity of this compound
motivated us to elucidate the mechanism of action of 2 with IGF-
1R versus ATP. The reactions were done using the same HTRF pro-
tocol as before and using three concentrations of ATP (80, 120, and
160 uM). Compound 2 showed mixed uncompetitive/noncompeti-
tive type kinetics with respect to ATP (Fig. 1a and b).

The noncompetitive kinetics might explain the good selectivity
of this compound. These observations also suggested a novel bind-
ing mode with the kinase. We had hypothesized from the impor-
tance of nitrogen position on the activity (see Table 2) that the
quinolyl nitrogen was involved in the hinge binding with the ki-
nase, but we had no structural information. Several compounds
from our azaindole series had been co-crystallized in the 2P (bis-
phosphorylated form) of IGF-1R. However, this form as well as
the 3P phosphorylated active form of IGF-1R exposed to 2 (co-crys-
tallization and soaking) did not allow us to obtain measurable crys-
tals. The success came from the nonphosphorylated (inactive form)
of IGF-1R. (Fig. 2).

This structure confirmed that the quinolyl nitrogen was inter-
acting with the hinge binding region of the kinase.!? In addition,
it also pointed to a DFG-out binding with the kinase.!" This confor-
mation of the protein is characterized by a large change of position
and orientation of the DFG motif found at the beginning of the acti-
vation loop in most kinases. Whereas the phenylalanine side chain
in the DFG-in conformation occupies a volume outside of the active
site, in the DFG-out conformation it lies close to the location of the
ribose pocket. In the process it allows access to a secondary pocket
at the back of the active site. Part of 2 binds in that secondary
pocket.

One rational way to enhance affinity of 2 for the kinase was to
reinforce the hinge interaction by adding an H-bond donor in the
close vicinity of the H-bond acceptor as to be able to obtain the
classical two-pronged interaction. One of our objectives being also
the optimization of the solubility, it appeared to us that this prop-
erties could also be favourably impacted by the addition of polar
groups on this aromatic ring.

From the previous SAR studies, it was decided to start from
compound 18 incorporating the simplest features required for
the activity, namely a trifluoromethyl thioether, a nonchiral
dimethylhydantoin backbone and a pyridine as hinge interaction
motif (this was also in turn more potent than the corresponding
quinoline 19 on this particular scaffold).

N/ \
N N
18 19

As hypothesized the compounds possessing an NH in 2-position of
the hinge binding nitrogen, like the amino pyridine 43 and its acetyl
derivative 42 indeed displayed an improved activity, whereas bulk-
ier groups in this position tended to impede the hinge contact (com-
pounds 20-23).

The small amino substituents of 40, 42, 43 also led to marked
increase in solubility (Table 4). An additional amine in 6-position
of the pyridine to further enhance the hinge binding did not lead
to improved activity (data not shown).

The best compounds 18, 40-43 were evaluated in the cellular
IGF-1 phosphorylation assay and IGF-1-dependant cell prolifera-
tion assay.” The results are outlined in Table 5. 42 turned out to
be extremely potent in the proliferation assay, once again much
more potent than anticipated from its inhibitory potency on IGF-1R.

The X-ray structure of 2 bound to IGF-1R along with its non-
competitive behavior strongly suggested that this series of inhib-
itors was stabilizing an inactive form of the kinase, therefore it
was anticipated that they should behave as slow binding inhib-
itors.'? An experiment was set up to verify this assumption. The
apparent inhibitory potency of the hydantoin 42, the azaindole 1
and staurosporine (a pan-kinase inhibitor) was monitored as a
function of preincubation time between rec-IGF-1R and com-
pound (max. of 2 h for enzyme stability). Only for the hydantoin
42 did we observe that the apparent ICsg value was clearly
dependent on the preincubation time with an almost 300-fold
decrease over an hour of time. This behavior was later shown
to be common to all compounds belonging to this series albeit
the extent of ICso lowering differed from one compound to the
other (data not shown). This time-dependent kinetic was clearly
correlated to a better cellular activity (Table 6).

The compounds from combinatorial libraries (compounds 2-17)
were synthesized on solid phase as shown in Scheme 1.!® Fmoc pro-
tected Rink resin A was deprotected in a mixture of 20% piperidine/
DMF and capped by a Fmoc protected amino acid in the presence of
diisopropylaminecarbodiimide and hydroxybenzotriazole. The
immobilized Fmoc amino acid B was then deprotected and reacted
with aldehydes in a mixture of THF/triethyl orthoformate to afford
the corresponding Schiff base that upon reduction, using sodium
cyanoborohydride, provided the amines C. Isocyanates (commer-
cially available or prepared from the corresponding amines by reac-
tion with phosgene) were condensed with the resulting amine to
give the respective ureas D. Final cleavage from the solid support
(95% TFA/water) directly provided the hydantoins E as their salts.

The compounds from the optimization program (18-43) were
obtained as depicted in Schemes 2-5.'* The synthesis of a first
set of hydantoins was performed analogously as on solid phase:
the unsubstituted hydantoin 44 was obtained starting from 4-tri-
fluoromethylthiophenyl isocyanate and methyl o-aminoisobuty-
rate. From there, condensation with various 2-substituted
4-bromomethylpyridines'® afforded compounds 18, 24, 29, 30,
35 and 38 (Scheme 2).
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SAR from pyridine substitution
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Compd R Sol (pg/ml)* IGF-1R HTRF (nM)
18 H <0.02 264
20 1-Piperidyl <0.024 >10000
21 4-Morpholinyl 0.037 >10000
22 1-(4-Me-Piperaziny 0.159 >10000
23 1-Piperazinyl <0.024 >10000
24 CN <0.021 >10000
25 COOH 0.142 >10000
26 NHSO,Me <0.025 4706
27 NMe, <0.022 4501
28 CONH, ND 2950
29 F 0.032 2897
30 OEt ND 1851
31 NH-cyclohexyl <0.025 1241
32 NHCH,PhOMe <0.027 1089
33 NHPh <0.025 1061
34 NHBn <0.026 1052
35 Cl <0.022 995
36 NHCOOtBu ND 784
37 CONHMe <0.023 703
38 Et <0.022 574
39 NHiPr <0.023 453
40 NHMe 0.075 202
41 NHEt <0.022 154
42 NHAc 0.035 98
43 NH, 0.113 92

# Nephelometric solubility.

Table 5

Evaluation of 18 and 40-43 in IGF-1-related assays

Compd IGF-1R (HTRF) IGF-1R (ELISA) IGF-1-induced
10 min (nM) (nM) proliferation (nM)
18 264 117 282
40 202 43 312
41 154 47 104
42 98 7 8
43 92 34 97
Table 6
Activity as a function of preincubation time
Preincubation ICso’s (M)
time (min) Staurosporine 1 42
IGF-1R in vitro (HTRF, nM) 0 1132 39 1975
5 1325 34 175
10 1701 34 87
30 1533 33 28
60 1646 35 7
IGF-1R in cell (ELISA, nM) 60 - 180 7
IGF-1R-dep proliferation - - 439 8
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Scheme 1. Reagents and conditions: (a) 20% piperidine, DMF; (b) FmocAA(OH)
(AA = S-Ala (compounds 2-5 and 9-17), R-Ala (compd 7), Gly (compd 6) or Me-Ala
(compd 8), Diisopropylcarbodiimide (DIC), HOBt, DMF; (c) R*CHO, HC(OEt)s, THF;
NaBH3CN; (d) R4-N=C=0, DCM; (e) TFA, H,0.
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Scheme 4. Reagents and conditions. (a) TFA/DCM; (b) 26 MeSO,Cl/Py; 36 (BOC),0/
tBuOH/rt; 42 Ac,0/80 °C.

From the 2-chloropyridine hydantoin 35 a series of amines were
prepared by direct displacement (Scheme 3).

Trifloracetic acid deprotection of the 2-(p-methoxybenzylami-
nopyridine hydantoin 32 afforded the free amine which could then
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Scheme 5. Reagents and conditions: (a) HCI 5 N, reflux; (b) MeNH,, EDCI, HOBT,
DCM; (c) H2S04, 40 °C.

be acylated or sulfonylated to afford compounds 26, 36 and 42
(Scheme 4).

Finally a series of hydantoins could be obtained from the 2-cya-
nopyridine hydantoin derivative 24 after hydrolysis to the corre-
sponding carboxylic acid 25 followed by amide formation with
methylamine to afford 37. Alternatively it could be directly hydro-
lyzed to the primary amide 28 (Scheme 5).

A lead from HTS was optimized and characterized as a noncom-
petitive slow binding inhibitor of IGF-1R. To our knowledge, this is
the first reported IGF-1R DFG-out kinase inhibitor. The potential
advantages of these types of inhibitors both in terms of selectiv-
ity'® and sustained effects!” (in vitro and in vivo) could be quite
considerable. In addition slow kinetics often leads to extended tar-
get occupancy and improved therapeutic responses. The optimiza-
tion of this series bears promises for the treatment of IGF-related
malignancies.
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