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The evaluation of a series of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidines as inhibitors of the IGF-1R
(IGF-IR) receptor tyrosine kinase is reported. Examples demonstrate nanomolar potencies in in vitro
enzyme and mechanistic cellular assays as well as promising in vivo pharmacokinetics in rat.

� 2008 Elsevier Ltd. All rights reserved.
The IGF-1R signaling pathway is activated in many human can-
cers including prostate,1 colon,2 breast,3 and pancreas4 by overex-
pression of IGF-1R or its ligands IGF-1 and 2 and/or by decreased
levels of IGF binding proteins. Inhibition of IGF-1R signaling using
a variety of approaches (e.g., anti-IGF-1R antibodies, antisense, IGF
binding proteins, siRNA) has resulted in decreased proliferation
and survival of tumor cells in vitro and in vivo.5 Further, IGF-1R
activation has been associated with resistance to targeted agents
such as trastuzumab6 in breast cancer. Therefore, inhibition of
IGF-1R signaling may reverse resistance to targeted agents under
certain conditions. These observations have led to the development
of a number of potent small-molecule inhibitors of IGF-1R in
diverse chemical space.7 We report herein the investigation of a
series of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidines, whose syn-
theses have been described elsewhere,8 as potent inhibitors of the
IGF-1R receptor tyrosine kinase.

Pyrrolopyrimidine 1 was identified from a focused library con-
sisting of small molecules with known kinase inhibitory motifs. A
remarkable kinase selectivity profile was observed for 1, wherein
48 of 52 kinases screened in the initial panel showed IC50 values
ll rights reserved.

.

of >100 nM (50-fold selectivity relative to IGF-1R). However, in
addition to IGF-1R, pyrrolopyrimidine 1 also potently inhibited
JNK1, ALK, and IR, with IC50s of 12, 1.0, and 6.3 nM, respectively.
Figure 1. Model of IGF-1R (carbon atoms in grey) in complex with 1 (carbon atoms
in green). Intermolecular H-bond interactions are highlighted with yellow lines.

mailto:JBS26900@GSK.com
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl


470 S. D. Chamberlain et al. / Bioorg. Med. Chem. Lett. 19 (2009) 469–473
To provide a structure-based rationale for medicinal chemistry
efforts, a docking model of the IGF-1R kinase domain in complex
with 1 was constructed using available crystallographic data
(Fig. 1).9 Lead 1 forms three H-bond interactions at the hinge re-
gion, one with the backbone carbonyl of Glu1050 and the second
with the backbone amino group of Met1052. A third H-bond is also
highlighted between the C6 amino group and the backbone car-
bonyl of Met1052. The 2-aminobenzamide occupies the inner
hydrophobic region of the ATP-binding site with the phenyl mak-
ing van der Waals contact with Leu975, Gly976, Gln977 and
Val983. The carboxamide is directed toward Lys1003 (catalytic ly-
sine) and Asp1123 (of the DFG motif), but does not form an H-bond
interaction with either residue. Instead, the carboxamide forms an
intramolecular H-bond with the C4 amino group forming a pseu-
do-six membered ring. The C6 aniline occupies the outer hydro-
phobic region of the pocket where it makes van der Waals
contact with Leu975, Gly1055 and Met1112. The C20 methyl is di-
rected toward the hinge region where it interacts with Leu975,
Leu1051 and Thr1053. Lastly, the 1-propyl-tetrahydro-3-pyridinyl
lies outside the pocket and is thus solvent exposed.

Initial structural optimizations were focused on the C6 aniline,
wherein it was anticipated substitution at C20 in particular would
be crucial for efficient binding to IGF-1R because of both spatial
proximity to Leu1051 and influence on the C6 aniline N–H pKa.
As illustrated in Table 1, a C20 methoxy substituent proved optimal
(see 5 and 6). Bulkier alkoxy substituents (7) and strong electron
withdrawing substituents (4) were less potent in screening at both
the enzyme10 and cellular11 level (Table 1). Smaller substituents (2
and 3) gave reasonable enzyme potency but suffered from a re-
duced kinase selectivity profile.12 Simple fluorination at R4 (i.e., 5
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vs 6) had only minimal influence on inhibitor potency, but proved
important in reducing in vivo metabolism (vida infra).

Consistent with the model, tolerability to a wide variety of sub-
stituents was anticipated at C40 because of its orientation toward
solvent (Fig. 1), and removal of the unsaturated piperidine was
desirable from a safety perspective.13 Indeed, both saturated 3-
and 4-substituted piperidines (Table 1, 8 and 9) and 1,4-disubsti-
tuted piperazines (Table 1, 10 and 11) possess excellent potency
against IGF-1R. Additionally, the distal latent amine was not re-
quired, as morpholine-substituted 12 proved to be an exception-
ally potent inhibitor of IGF-1R. Initially, synthetic tractability and
promising pharmacokinetic properties (vida infra) led us to explore
the piperazine subseries exemplified by 10 and 11 more carefully.

Crystallographic confirmation of the binding mode for the
pyrrolopyrimidine series of IGF-1R inhibitors was achieved
through the use of an IR double mutant (C981S, D1132N). Given
that the sequence identity between IGF-1R and IR is roughly 85%
over their kinase binding domains and identical within the ATP-
binding cleft, IR was a reasonable surrogate for IGF-1R. A co-
crystal structure of our IR mutant in complex with 13 was
produced and is illustrated in Figure 2. The overall binding mode
for 13 was similar to that modeled for 1 in complex with IGF-1R.
Key intermolecular interactions included the H-bonding of 13 to
IR at the hinge region via the inhibitor’s pyrrolopyrimidine. Also,
as with our docking model, the H-bond interaction between the
C6 amino group and the backbone carbonyl of Met1079 was at a
non-ideal angle and distance. Interestingly, the carboxamide did
interact indirectly with Asp1150 through a water-mediated
interaction. Finally, the C20 methoxy was directed towards the
hinge region in similar fashion to the C20 methyl of 1, while
n average of P2 individual measurements)
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Table 2
N-methylation at N1 and N7 reduced potency against IGF-1R. (values represent an
average of P2 individual measurements)
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Figure 2. Co-crystal structure of IR Double Mutant (C981S, D1132N, carbon atoms
in grey) in complex with 13 (carbon atoms in green). Intermolecular H-bond
interactions are highlighted with yellow lines. Crystallographic data for this
structure has been deposited at PDB:3EKN.
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the C40 4-isopropyl-piperazinyl of 13 lay outside the pocket and
was solvent exposed.

The loss of IGF-1R activity resulting from alkylation of the hinge-
binding motif, as with 14 and 15 (Table 2), is consistent with our
crystallographic data and docking model. Direct methylation of the
pyrrole moiety (15) gave a 5000-fold drop in IGF-1R potency, as ex-
pected given the likely disruption of the H-bond interaction between
the backbone carbonyl of Glu1050 and the inhibitor deep within the
ATP-binding site. For 14, this was not the case. While substituting a
methyl on the C6 amino group would disrupt the H-bond interaction
between the backbone carbonyl of Met1052 and the inhibitor, this
substitution is adjacent to the protein–solvent interface where a
methyl might be accommodated. Given these observations, we ex-
Table 3
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pected a loss of enzyme activity for 14 compared to 13, but not to
the extent of that seen with 15. Indeed, this was the case; the IC50 va-
lue of 14 against IGF-1R was 50 nM, which was 25-fold lower than
the potency of 13 but 200-fold higher than that of 15.

Further structure–activity relationships about the C6 aniline
were systematically explored. In the context of an isopropyl piper-
azine, a variety of substituents were tolerated at C50 (see 13, 16–19,
Table 3). However, introduction of a 10,20,30,40-tetrasubstituted ani-
line via addition of a C30 substituent (20 and 21, Table 2) proved
less tolerated, especially in cellular estimates of IGF-1R potency.
Interestingly, within the 10,20,40,50-tetrasubstituted series, reversal
of the piperazine and methyl moieties (i.e., 18 vs 23) gave a loga-
rithmic drop in IGF-1R inhibition at both the enzyme and cellular
level. Removal of the methyl substituent at C40 (22) apparently al-
lowed a less constrained disposition of the piperazine ring, and as
such perhaps enjoyed a modest improvement in potency relative
to 23 as a result of an ionic interaction with Asp 1056.14 (See
Table 4).

In silico predictions15 with 5 and 24 suggested the C4 carbox-
amide-containing aniline could pose a metabolic liability, espe-
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Table 4
IGF-1R enzyme and phospho IGF-1R cellular IC50 results for 11, 13, 24–33. (values represent an average of P2 individual measurements)
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Table 5
In vivo rat DMPK properties for selected analogs (values represent the average of three animals)

Compound Dose (mg/kg) Cl (mL/min/kg) DNAUC (ng h/mL/mg/kg) Vss (L/kg) Cmax (ng/mL) %F

IV PO

24 1.7 10.5 142 35 19.5 69 37
13 2.1 9.2 51 156 18.5 184 65
27 2.3 10.7 46 117 11.0 200 37
28 4.2 13.6 64 114 17.0 152 45
29 2.0 10.6 32 277 22.3 418 83
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cially if unsubstituted at R2–R4. As such, it was of interest to sys-
tematically explore available fluorine substitutions. A number of
combinations of mono- and bis-fluorine substitution (11, 13, 25–
28) were well tolerated, giving potencies within 2- to 3-fold of
unsubstituted 24. Modification of the primary carboxamide was
in general less tolerated, with small alkyl (29 and 30) apparently
better accommodated than solubilizing groups exemplified by
31–34.

Consistent with our metabolic predictions, pharmacokinetic
measurements made in vivo demonstrated that fluorination about
the C(4) aniline proved fruitful in reducing IV clearance (compare
13, 27–28 with 24, Table 5) in rat. Moreover, simple substitution
of the primary carboxamide gave further reduction in IV clearance
and overall higher exposure and bioavailability (29, Table 5).

In conclusion, a series of 4,6-bis-anilino-1H-pyrrolo[2,3-d]
pyrimidines were demonstrated to be potent inhibitors of the
IGF-1R receptor tyrosine kinase. Crystallographic studies of the
hinge-binding motif have demonstrated the inhibition of IGF-1R
occurs via three-point contact of the pyrrolopyrimidine to the
IGF-1R kinase hinge. Modifications of the C6 aniline revealed a
C20 methoxy and C50 solubilizing group were optimal for inhibition
of IGF-1R, while systematic halogenation of the C4 aniline revealed
unsubstituted C4 anilines are a key metabolic liability in vivo. A
balance of in vitro enzyme and cellular potency16 and desirable
in vivo pharmacokinetic properties make 13 a tool for further
investigation of IGF-1R, and its further biological characterization
will be reported in due course.
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