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5-(1H-Benzimidazol-1-yl)-3-alkoxy-2-thiophenecarbonitriles as
potent, selective, inhibitors of IKK-e kinase
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Abstract—The identification and hit-to-lead exploration of a novel, potent and selective series of substituted benzimidazole–thio-
phene carbonitrile inhibitors of IKK-e kinase is described. Compound 12e was identified with an IKK-e enzyme potency of
pIC50 7.4, and has a highly encouraging wider selectivity profile, including selectivity within the IKK kinase family.
� 2006 Elsevier Ltd. All rights reserved.
Protein kinases catalyse the transfer of the c-phosphate
from ATP to the side-chain hydroxyl group of tyrosine,
serine or threonine residues of proteins involved in the
regulation of diverse cellular functions. Aberrant kinase
activity is implicated in many diseases and makes this
target class attractive for the pharmaceutical industry.1

The IjB (IKK) family of kinases represents an area of
intense research, most of which has centred on inhibi-
tion of IKK-b or the complex formed between the ki-
nases IKK-a and IKK-b and the regulatory sub-unit
NEMO (also known as IKK-1, IKK-2 and IKK-c,
respectively).2 IKK-e (also known as IKK-3, inducible
IKK or IKK-i) was initially identified as an LPS-in-
duced transcript from a macrophage cell-clone and later
as part of a PMA-inducible IjB kinase complex, differ-
ent from the classical IKK-a/b/NEMO complex.3,4 It
was shown to be predominantly expressed in cells and
tissues of the immune system (peripheral blood leuko-
cytes, thymus and spleen) and constitutively expressed
in human rheumatoid arthritis, osteoarthritis and nor-
mal synovium.5 Several observations suggest that
IKK-e might be involved in the regulation of transcrip-
tion factors, such as NF-jB, IRF3 and C/EBP, all of
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which are known to be involved in the regulation of
pro-inflammatory cytokines.3,6–11 Inhibition of IKK-e
has been less widely explored than inhibition of IKK-b
or the classical IKK-a/b/NEMO complex. Potent inhib-
itors of IKK-e with selectivity within the IKK family
will therefore be valuable in further clarifying the roles,
and defining the therapeutic value, of this kinase target.

As part of a hit identification exercise, benzimidazole 1
was identified as a moderately potent inhibitor of
IKK-e, pIC50 5.4 (Fig. 1).12 Extensive in-house kinase
cross-screening is routine within GSK, and substantial
selectivity data were readily available for 1. Analysis
of these data revealed a moderate selectivity profile, with
inhibition of Polo-like kinase 1 (PLK1, pIC50 6.9) being
one of the most significant off-target activities. The
PLK1 activity was not surprising, as 1 and analogues
originated from in-house medicinal chemistry efforts tar-
geted at this kinase. PLK1 has the potential to interfere
with several stages of mitosis and therefore presents an
intervention opportunity in the oncology arena.13
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Figure 1. Initial hit compound 1.
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Table 1. IKK-e and PLK1 inhibition of compounds 2–5
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Compound R1 IKK-b pIC50 IKK-e pIC50 PLK1 pIC50

2 CONH2 <4.8 <4.8 6.9

3 CN <4.8 5.3 6.2

4 CONH2 <4.8 <4.8 6.6

5 CN <4.8 6.1 <5.0
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Scheme 1. Reagents and condition: (a) (F3CCO)2O, pyridine, CH2Cl2,

�10 �C.
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Identification of 1 and the availability of analogues from
the PLK1 drug development effort prompted further
screening of members of the series to gain a clearer pic-
ture of the IKK-e structure–activity relationships and
the wider kinase selectivity profile. From this exercise
it became apparent, as illustrated by the two pairs of
molecules in Table 1, Compounds 2–5, that replacement
of the amide moiety by a nitrile group was detrimental
to the PLK1 activity, but beneficial to the inhibitory ef-
fect upon IKK-e.14 Furthermore, compounds 2–5 were
observed to be inactive against IKK-b.15

Encouraged by these early indications of selectivity,
especially in the case of 5, we sought to obtain a li-
gand-bound crystal structure to clarify the binding
mode and aid our understanding of the origins of the
selectivity. Although IKK-e crystallography was not
available, amide 6 showed modest CDK-2 inhibitory
potency (pIC50 5.8). It was possible to soak this com-
pound into crystals of CDK-2/cyclin A to obtain a struc-
ture of the complex.16 The CDK-2 structure acted as a
surrogate for IKK-e and provided valuable information
which could be translated, with knowledge of the amino
acid differences in the ATP-binding sites, to aid our
understanding of the binding mode in the target kinase.
As illustrated in Figure 2, the structure shows that the
characteristic hydrogen-bond from the Leu83 residue
in the hinge region of the CDK-2 ATP-binding site is
Figure 2. X-ray structure of compound 6 complexed with CDK-2/

cyclin A.
accepted by N3 of the benzimidazole ring. The dime-
thoxy subsituents at the 5 and 6 positions of the benz-
imidazole ring point towards solvent at the edge of the
ATP site. The benzimidazole also makes hydrophobic
contacts with Ala31 and Leu134. The thiophene ring lies
alongside the gatekeeper Phe80. An internal hydrogen-
bond between the carboxamide NH2 and the ether oxy-
gen orientates the ether-linked R2 benzyl group (see
Scheme 1) so that its plane lies perpendicular to the
plane of the benzimidazole ring. The ortho-Cl atom
makes hydrophobic contacts with Val18 and Gly11 on
the N-terminal lobe. The opposite edge of the phenyl
ring is in the region of the backbone carbonyl of
Gln131 in the C-terminal lobe, although it makes no
specific interactions. The primary carboxamide substitu-
ent on the thiophene ring points towards the back pock-
et of the active site, where it makes a direct hydrogen-
bond with Glu51 via the NH2. However, the carbonyl
of the carboxamide lacks any hydrogen-bonding partner
protein atom or visible water.
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It is believed that the binding mode of this series in
IKK-e is similar to that seen in CDK-2, and that N3
of the benzimidazole also forms a hydrogen-bond to
the hinge region (Cys89 in IKK-e). Comparison of the
sequences of IKK-e and PLK1 in the context of the
CDK-2 structure provides an explanation for the selec-
tivity differences between amide and nitrile analogues
in these kinases. A model of compound 12a docked into
a homology model of IKK-e is illustrated in Figure 3.17
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Figure 3. Compound 12a docked into the homology model of IKK-e.
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Table 2 shows some of the aligned residues in the ATP-
binding sites of CDK-2, IKK-e, PLK1 and MK2. Espe-
cially relevant is the unusual histidine (His105) buried
deep in the back of the ATP site of PLK1. It is much
more common in protein kinases to find aliphatic resi-
dues at the equivalent position, for example Leu55 in
CDK2 and Leu59 in IKK-e. MK2, whose X-ray struc-
ture has been solved, has an analogous histidine
(His108) at the same position as His105 in PLK1. The
crystal structure of staurosporine bound to MK2 shows
a water molecule buried at the back of the ATP site that
appears to be hydrogen-bonded to both His108 and
Glu104.18 Since both residues are conserved in PLK1,
we believe that a similar situation exists, and that in cer-
tain ligand-bound situations a water molecule can
bridge between His105 and Glu101 at the back of the
ATP site. It is striking that even carboxylic acids can
be tolerated in the position of the amide in PLK1
(e.g., compound 7), presumably because the ionisable
histidine provides a counter to the charge.

Replacement of the PLK1 His105 with leucine in both
CDK-2 and IKK-e means that the hydrogen-bonding
potential of a water at the same position cannot be sat-
isfied. Burial of water in this location in IKK-e would
therefore be expected to be less favourable than in
PLK1, and so compounds that bind with a hydrogen-
bond to this water are less potent. In contrast, com-
Table 2. ATP site comparison between human CDK-2, IKK-e, PLK1

and MK2

CDK-2 IKK-e PLK1 MK2

ILE10 LEU15 LEU59 LEU70

VAL18 VAL23 CYS67 VAL78

ALA31 ALA36 ALA80 ALA91

LEU55 LEU59 HIS105 HIS108

VAL64 VAL68 VAL114 VAL118

PHE80 MET86 LEU130 MET138

LEU83 CYS89 CYS133 LEU141

GLN131 GLY139 GLY180 GLU190

LEU134 MET142 PHE183 LEU193

ALA144 THR156 GLY193 THR206
pounds such as 5, where the amide is replaced by nitrile,
lose much of their potential to hydrogen-bond to any
buried water, and so are less potent against PLK1. It
is believed that in the ATP-binding site of IKK-e they
displace any buried water and the cyano group fills the
lipophilic cavity left behind.

A chemistry effort was initiated, with the aim of expand-
ing the SAR, enhancing the IKK-e potency and improv-
ing the selectivity profile. Two approaches were pursued
in parallel; first, selections of available molecules with
amide substitution on the thiophene were dehydrated
to the corresponding nitrile, using trifluoroacetic anhy-
dride in dichloromethane (Scheme 1). The precursor
amides were prepared by routes previously reported.19

Alternatively, the nitrile moiety was installed at an early
stage in the synthesis via the dehydration of 3-hydroxy-
2-thiophenecarboxamide 8, itself formed by the conju-
gate addition/cyclisation of 2-mercaptoacetamide onto
methyl 2-propiolate (Scheme 2). With nitrile 9 in hand,
installation of the benzimidazole portion was achieved
via reaction with sulfuryl chloride and displacement of
the intermediate chloride under conditions reported by
Corral.20 O-Alkylation under standard conditions then
furnished target compounds 12.

Key data are summarized below in Table 3. In most
cases, R2 O-substitution was found to be beneficial to
the IKK-e activity, when compared to the unsubstituted
hydroxy compound 12g. O-Benzyl substitution appears
to be generally more favourable than O-alkyl (compare
12a to 5, 12f, 12h and 12j). Within the benzyl series, a
significant preference for ortho-substitution on the phen-
yl ring is apparent, as illustrated by comparison of sulf-
ones 12e and 3. a-Branching of the benzyl chain in 12d
and 12l is observed to be unfavourable (the (S)-enantio-
mers of 12d and 12l were not prepared), with a 10-fold
drop in potency observed between 12a and 12d. This is
interpreted to mean that there is a precise steric require-
ment which requires both ortho substitution on the ring
and the absence of an a-branch to position the benzylic
phenyl ring in a suitable position.
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Scheme 2. Reagents and conditions: (a) NaOMe, MeOH, 0 �C; (b)
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Table 3. IKK-e inhibition values

Compound R2 R3 R4 IKK-e pIC50

3 –CH2(4-SO2MePh) OMe OMe 5.3

5 (±)–CH2(2-Tetrahydrofuranyl) H H 6.1

12a –CH2(2-CF3Ph) OMe OMe 6.6

12b –CH2(2-CF3Ph) OMe O(CH2)2-4-Morpholine 7.3

12c –CH2(2-CF3Ph) OMe O(CH2)3OH 7.6

12d (R)-CHMe(2-CF3Ph) OMe OMe 5.4

12e –CH2(2-SO2MePh) OMe OMe 7.4

12f –(CH2)2-4-Morpholine OMe OMe 5.8

12g H OMe OMe 5.6

12h –CH2-Cyclopropyl OMe OMe 5.5

12i –CH2Ph H H 6.0

12j –(CH2)2-1-Piperidine OMe OMe 5.3

12k –CH2(4-CONH2Ph) OMe OMe 4.9

12l (R)-CHMe(2-ClPh) OMe OMe 5.8

Table 4. Kinase inhibitory potencies of 12e (values in pIC50)

Alk-5 EGFR ErbB2 GSK-3 IKK-a IKK-b IKK-e Jnk-3 p38a p38b PLK1

<5.3 <5.0 <5.0 <4.8 <4.8 <4.8 7.4 <4.8 <4.8 <4.8 6.1
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In most cases, the R3 and R4 substituents are identical in
this initial exploration of the SAR. From the CDK-2
crystal structure, which shows R3 and R4 pointing to-
wards solvent, it was anticipated that modifications
incorporating solubilising groups to alter the physico-
chemical properties of the series would be well tolerated
in these positions. Comparison of 12b and 12c with 12a
shows that this is the case, and in fact longer chains give
an increase in IKK-e activity, perhaps because of lipo-
philic interactions with Leu15 and other residues around
the edge of the ATP site.

In addition to the highly encouraging IKK-e inhibitory
characteristics of the compounds, in-house cross-screen-
ing indicated that an excellent overall kinase selectivity
profile was maintained, a key finding being that all com-
pounds in Table 3 were essentially inactive (pIC50 < 4.8)
at IKK-a and IKK-b. Kinase data are summarized
above in Table 4 for 12e, which also has encouraging
developability characteristics; specifically good aqueous
solubility (60 lM) and inactivity (pIC50 < 4.3) against
the cytochrome P450 isozymes 1A2, 2D6, 2C9 and 3A4.

In summary, the 5-(1H-Benzimidazol-1-yl)-3-alkoxy-2-
thiophenecarbonitrile series represents a novel, potent
and selective class of IKK-e inhibitors. The most potent
compounds obtained are 12b,12c and 12e, with enzyme
inhibitory potencies of pIC50 7.3, 7.6 and 7.4, respective-
ly. The series has excellent selectivity against IKK-a and
IKK-b, and provides an opportunity to examine the
therapeutic role of IKK-e and further aid the under-
standing of the IKK family of kinases.
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