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Starting from compound 1, a potent PI3Ka inhibitor having poor general kinase selectivity, we used struc-
tural data and modelling to identify key exploitable differences between PI3Ka and the other kinases.
This approach led us to design chemical modifications of the central pyrazole, which solved the poor
kinase selectivity seen as a strong liability for the initial compound 1. Amongst the modifications
explored, a 1,3,4-triazole ring (as in compound 4) as a replacement of the initial pyrazole provided good
potency against PI3Ka, with excellent kinase selectivity.

� 2015 Elsevier Ltd. All rights reserved.
Signalling pathways mediated by the phosphatidylinositol 3-ki-
nase (PI3K) family play a central role in a number of cell processes
including proliferation and survival. Deregulation of these path-
ways is a causative factor of a wide spectrum of human cancers
and other diseases.1 The most studied and understood class of
these lipid kinases is the Class I PI3K, which is sub-divided into
Class Ia and Class Ib enzymes on the basis of their regulatory part-
ners and mechanism of regulation.2 Class Ia enzymes consist of
three distinct catalytic subunits (p110a, p110b and p110d, respec-
tively, for the PI3Ka,b and d isoforms) which dimerise with regula-
tory subunits (such as p85a). Class Ia PI3K enzymes are generally
activated in response to growth factor stimulation of receptor tyr-
osine kinases, via interaction of the regulatory subunit SH2
domains with specific phospho-tyrosine residues of the activated
receptor or adaptor proteins. Both p110a and p110b are widely
expressed across cell types and tissues, whereas p110d expression
is more restricted to leucocyte populations and some epithelial
cells. Achieving selectivity for PI3Ka versus PI3Kb might therefore
improve tolerability when compared with pan-PI3K inhibitors.

There is now considerable evidence indicating that Class Ia PI3K
enzymes contribute to tumourigenesis in a wide variety of human
cancers, either directly or indirectly.3 In particular, the PIK3CA
gene, which encodes the p110a catalytic subunit of PI3Ka, is
widely implicated in tumourigenesis. Activating point mutations,
found predominantly in the helical or catalytic domains of
p110a, increase the PI3K kinase activity of the holoenzyme and
can transform cells. These activating mutations occur at significant
frequencies across a wide range of tumour types, particularly as
somatically occurring mutations.4 Tumour-related mutations in
p85a have also been identified in cancers such as those of the
ovary and colon.5 Furthermore, the p110a subunit is amplified in
some tumours such as those of the ovary6 and cervix.7

Early studies, both pre-clinical and clinical, exploring the phys-
iological and pathological roles of the PI3K enzymes, have largely
used agents with limited kinase selectivity, either encompassing
diverse kinase families, or restricted to the PI3K related kinase
(PIKK) family, or selective for the PI3K Class I family. These have
demonstrated limited clinical utility to date, often limited by their
toxicity.8 Hence, there is a need for more isoform-selective PI3K
inhibitors to provide useful therapeutic agents with the potential
to deliver an improved therapeutic margin over these initial clini-
cal agents.9

In this Letter, starting from a fairly promiscuous pan kinase
early lead compound, we report the identification of inhibitors that
are both selective for the PI3Ka over the PI3Kb isoform and with a
much improved general kinase selectivity. Selectivity among the
PI3K isoforms was routinely measured with enzyme assays and
the a/b selectivity was also monitored in cell assays (inhibition
of AKT phosphorylation at Thr308 in human breast ductal
carcinoma BT474 cells, that contain a PIK3CA gene mutation
increasing their dependency on PI3Ka, and at Ser473 in breast
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Scheme 1. General synthesis of compounds 1–7. Reagents and conditions: (a) 1-
bromopyrrolidine-2,5-dione, DMF, 40 �C, 1 h, 72%; (b) (PPh3)4Pd, (Me3Sn)2, toluene,
110 �C, 2 h, 54%; (c) HCl, isopropanol, 75 �C, 2 h or TFA, rt, 1 h, 62–98%; (d) NEt3,
Me2NCH2C(@O)Cl, DMF or CH2Cl2, rt, 2 h or NEt3, Me2NCH2CO2H, TBTU, CH2Cl2, rt,
overnight, 47–91%.
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adenocarcinoma MDA-MB-468 cells, that have lost the PTEN gene
increasing their dependency on PI3Kb, providing measurements of
PI3Ka and PI3Kb inhibition, respectively).10 Kinase promiscuity
was routinely measured using several kinase enzyme assays
against VEGF-R2 (KDR), Aurora B, FGFR1, GSK3b, but since potency
for all of these kinases correlated with KDR then, for simplicity,
only the KDR enzyme results are reported in this Letter.

Our primary goal was to develop a PI3K inhibitor selective for
PI3Ka versus PI3Kb. During the lead generation effort of this pro-
ject, we identified a benzotriazole aminopyrazine series showing
some degree of selectivity for PI3Ka versus PI3Kb, exemplified by
compound 1 (Fig. 1). However, this compound had activity against
additional kinases (13 additional kinases with >80% inhibition at
1 lM out of 76 kinases in the ‘Dundee University protein kinase’
panel, see Fig. 3) and this lack of selectivity was confirmed in our
internal kinase assays. We anticipated that the identity of some
of those anti-targets (e.g., KDR, Aurora B, FGFR1, GSK3b) and their
known pharmacological effects might lead to an unacceptable
safety profile. Therefore it was considered mandatory to remove
the pan-kinase inhibition liability if this chemical series was to
progress further.

Detailed structural analysis and docking were carried out in
order to identify key exploitable differences between PI3Ka and
the anti-targets we did not want to inhibit. Docking of compound
1 in the publicly available crystal structure11 of PI3Ka (Fig. 2a) was
performed manually, on the basis of the binding mode of aminopy-
razine derivatives observed in several in-house kinase crystal
structures (unpublished results). Further refinement of the model
was carried out, taking into account the particular environment
of the PI3Ka ATP binding site and the SAR data available in our ser-
ies. In particular, we considered that the sp2 nitrogen of the pyra-
zole ring in compound 1 (labelled N3 thereafter) plays a key role in
PI3Ka potency, but also in a/b selectivity. Indeed, in our model, it is
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Figure 1. Structure of compound 1 and its biolog

Figure 2. (a) Docking of 1 in PI3Ka. Protein residues are in green sticks representation,
region through an H-bond donor/acceptor network (orange dotted lines). A putative H
Docking of 1 in GSK3b, based on previous structures of aminopyrazines in GSK3b.13 The
van der Waals spheres. The distance between one of the backbone carbonyl and the close
few representative anti-target kinases with PI3Ka, focused on the hinge and P loop regi
located at an H-bond distance from the Gln859 residue, which is
unique to the PI3Ka isoform. The equivalent residue in PI3Kb is
an aspartic acid (Asp861), which is unsuitable to interact favour-
ably with N3. During the course of this work, another group
reported that hydrogen bond interactions with the Gln859 side
chain is the structural determinant for PI3Ka selectivity in their
aminothiazole series, leading to the identification of NVP-BYL719,
a selective PI3Ka inhibitor.12

Similar docking of compound 1 was performed in a few anti-
targets whose experimental 3D structure was available. In
PI3Kα   enz IC50 : 0.016 μM

PI3Kβ   enz IC50 :     0.9 μM

KDR      enz IC50 : 0.029 μM

PI3Kα cell IC50 :   0.058 μM

PI3Kβ cell IC50 :        13 μM

ical activity against PI3K and KDR enzymes.

compound 1 in green capped sticks. The aminopyrazine moiety binds to the hinge
-bond between the pyrazole N3 and the unique Gln859 residue is illustrated. (b)
two backbone carbonyl groups pointing towards the binding site are highlighted in
st pyrazole carbon is significantly shorter than in PI3Ka. (c) Sequence alignment of a
ons.
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Scheme 2. Detailed synthesis of each five-membered heteroaryl. (a) 9, (PPh3)2PdCl2, CsF, isopropanol, reflux, 4 h, 82%; (b) 9, (PPh3)2PdCl2, CsF, methanol, 140 �C, microwave,
45 min, 63%; (c) HCl, isopropanol, 75 �C, 1 h, 94%; (d) tripotassium phosphate, DMA, 80 �C, 2 days, 38%; (e) 1,2,3-triazole, NaH, DMF, 60 �C, 5 days, 29%; (f) BuLi, THF, �78 �C
then Bu3SnCl, 70%; (g) 9, (PPh3)2PdCl2, LiCl, DME, 150 �C, 0.5 h, 31%; (h) triethyloxonium hexafluorophosphate, CH2Cl2, rt, overnight, 95%; (i) formohydrazide, dioxane, 40–
80 �C overnight, 86%; (j) NaOH then benzyltrimethylammonium tribromide, CH2Cl2, 79%; (k) diazomethyltrimethylsilane, toluene/methanol, rt, 47%; (l) 10, (PPh3)2PdCl2, LiCl,
4-methyl-2-pentanol, 130 �C, 5 h, 91%; (m) NaH, DMF then MeI, rt, overnight, 83%; (n) (PPh3)2PdCl2, CsF, methanol, 110 �C, microwave, 25 min, 73%; (o) PtO2, ethanol, rt, 3 h,
51%; (p) 10, (PPh3)2PdCl2, LiCl, DME, 140 �C, microwave, 60 min, 71%; (q) 10, (PPh3)2PdCl2, LiCl, methanol, 130 �C, microwave, 35 min, 61%; (r) (PPh3)2PdCl2, CsF, methanol,
130 �C, microwave, 40 min, 64%; (s) Pd, formic acid, DMF, 70 �C, 2 h, 63%; (t) (Boc)2O, NEt3, CH2Cl2, 0–25 �C, 85%; (u) LDA, Me2CH2CH2NMe2, then Bu3SnCl, �70 to 0 �C, THF,
43%; (v) 9, (PPh3)2PdCl2, LiCl, DME, 150 �C, 0.5 h, 65%.
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Table 1
Properties of compounds 1–7
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Figure 3. Heat map showing the inhibitory activity of compounds 1 and 4 against a panel of 76 kinases (‘Dundee University protein kinase’ panel) at 1 lM. The percentage of
inhibition is coloured from green (0%) to yellow (60%) and red (90%).
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particular, docking of 1 in the publicly available crystal struc-
tures13 of GSK3b highlighted useful differences (Fig. 2b), including
two regions that might be exploited to gain selectivity.

Firstly, the hinge region: most of the anti-targets have a shorter
hinge sequence and some have two backbone carbonyls facing the
pyrazole ring of 1 (highlighted with red balls in Fig. 2b). This is
exemplified in GSK3b which bears a proline residue in this region
(Fig. 2c). By contrast, in PI3Ka there is only one carbonyl pointing
towards the pyrazole and at a longer distance than that observed in
GSK3b (Fig. 2a and b). One of the ideas considered was the intro-
duction of a nitrogen atom on the pyrazole ring to create an elec-
tronic repulsion with the two carbonyls in the anti-targets.

Secondly, the backpocket also shows some differences with a
longer P loop carrying more lipophilic hindered residues in the
anti-targets (Fig. 2c). Another idea considered was adding sub-
stituents on the benzotriazole moiety in order to create steric
clashes with the anti-targets.
From the different ideas we explored, we did not see any benefit
regarding kinase selectivity with the different substituted benzo-
triazoles. However, replacing the pyrazole ring was advantageous
and is the main focus of this Letter. During our work modifying
the pyrazole ring, we assessed the hypothesis of the key role
played by the N3 nitrogen, in particular replacing the N3 nitrogen
with a CH in some examples as a confirmation of our docking
hypothesis.

Compounds 1–7 were made according to Schemes 1 and 2.14

Syntheses were unique to each five-membered heteroaryl, but all
syntheses used the common aminopyrazine intermediates 9 or
10. Bromide 9 was made from the previously described synthon
815 and the stannane 10 was made from 9 by palladium catalysed
stannylation. All syntheses also had a Boc protected piperidine and
shared the same last two steps: Boc group was removed under
acidic conditions (TFA or HCl) and then the piperidine amide was
installed via an amide coupling from the carboxylic acid or by



Figure 4. Docking of compound 4 in PI3Ka (left) and GSK3b (right). The different areas highlighted illustrate hypotheses for the PI3Ka selectivity of 4 versus other kinases.

Figure 5. Molecular surface of PI3Ka and GSK3b inhibitor binding site coloured by hydrogen bond potential (red: strong acceptor; blue: strong donor; magenta: OH group;
yellow: sulfur; grey: lipophilic).
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acylation with the acid chloride analogue to yield compounds 1–7
in good yields.

The Boc piperidines 1b, 2c, 3d, 4f, 5d, 6c and 7d were prepared
according to Scheme 2. We trialed numerous strategies which, for
the most part, are interchangeable. It should be noted that,
although quite a few reactions in this scheme produced mixtures
of regioisomers, all regioisomers were separated by standard chro-
matographic techniques. The desired regioisomer was always the
major compound formed and, for clarity, it is the only one reported
on the scheme. Whereas the 1,4-disubstituted pyrazole 1b was
accessible by a Suzuki–Miyaura cross coupling from the known
boronic ester 1a,16 little precedent existed for the other rings in
the literature. Routes to these rings are described below. The 1,3-
disubstituted pyrazole 2b was also prepared by Suzuki–Miyaura
coupling but the piperidine was installed after via a mesylate dis-
placement to provide 2c in acceptable yield. Our first attempts at
preparing the boronic acid pinacol esters (Bpin) of 1,2,3- and
1,3,4-triazoles were not conclusive for stability or reactivity rea-
sons.17 Consequently, we were forced to adopt the environmen-
tally less friendly Stille coupling using the stable stannanes 3c
and 10. Starting from mesylate 3a, displacement by 1,2,3-triazole
under basic conditions followed by a stannylation gave 3c, which
coupled well with bromide 9 to deliver 3d. The 1,3,4-triazole
example 4 was the only ring to be formed by cyclisation due to
issues in preparing a C-5 boronic acid or stannane derivative for
which there are very few references.18 The primary amide 4a
was transformed to imidate 4b19 and cyclised to 4c with formohy-
drazide. A bromination–methylation sequence gave the major
regioisomer 4e, which was coupled with stannane 10 to form 4f.
Regioisomer 5 could have been delivered as a secondary product
of this sequence. However another sequence from symmetrical
di-bromotriazole reagent 5a was preferred. Methylation of 5a
and Suzuki–Miyaura coupling, followed by reduction of the double
bond using platinum on carbon, provided the side chain regio-iso-
mer 5c. Stille coupling with stannane 10 finally afforded 5d. To
access 6c, we carried out the regioselective Stille coupling of 3,5-di-
bromo-1-methylimidazole 6a to afford 6b in good yield.20 The sub-
sequent Suzuki–Miyaura coupling worked well. However,
hydrogenation of the piperidine double bond routinely required a
stoichiometric quantity of palladium on charcoal to give 6c, pre-
sumably due to catalyst poisoning by the aminopyrazine fragment.
Finally, Boc protection from commercially available 7a afforded 7b,
which, after deprotonation, was converted to the stannane 7c.
Coupling with 9 afforded 7d in good yield.

A first encouraging result was observed with the pyrazole iso-
mer compound 2 and the 1,2,3-triazole compound 3 (Table 1).
Both rings maintained potency against PI3Ka but lost 10-fold
potency against KDR compared to compound 1. However, more
than another order of magnitude increase in selectivity was
achieved with the 1,2,4-triazole analogue 4, with an IC50 of only
9 lM against KDR. A significant reduction of logD7.4 was measured
for this ring. The position of the methyl was critical to maintain
potency against PI3Ka, as shown by the 10-fold decrease of
PI3Ka enzyme potency between compounds 4 and 5. Indeed, in
our docking model, the methyl in compound 5 clashed with
Gln859 in PI3Ka. Imidazole 6 also lost some potency against
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PI3Ka compared to 4, as a consequence of replacing N3 by a CH.
Interestingly, 6 was poorly active against KDR. Pyrazole 7 con-
firmed the importance of N3 for good potency against PI3Ka, but
the selectivity versus KDR was lost as a consequence of not having
a nitrogen atom at A1. The PI3Ka cell data confirmed the PI3Ka
potency ranking seen at the enzyme level for compounds 1–7.

Looking at N1, N3 and logD7.4 separately, it was not straightfor-
ward to fully rationalise the results. In particular, the difference of
activity against KDR between the two triazole isomers 3 and 4 was
not anticipated to be so significant. In order to assess our initial
hypothesis, pKb values were calculated for N1 and N3 when present
in the molecules.21 A pKb value represents the ability of a heteroa-
tom (H-bond acceptor) to form a hydrogen bond with an H-bond
donor (X-H). We noticed that the pKb of N1 was inversely corre-
lated with KDR potency (the higher the pKb, the better the selectiv-
ity), whilst the pKb of N3 was somewhat correlated to PI3Ka
potency. A N1 pKb greater than 2 appeared necessary in order to
reduce activity against KDR to a micromolar level. This might be
why triazoles 3 and 4 had such different potency against KDR.
On the other hand, if N3 pKb was high, interaction with Gln859
would be strong and potency against PI3Ka might increase. With
this hypothesis in mind, we compared the imidazole 6 and the
pyrazole 7. 7, having the strongest N3 pKb, was the most active
on PI3Ka, but did not show selectivity versus KDR, due to the
absence of any strong H-bond acceptor at A1. On the other hand,
6, having the strongest N1 pKb, displayed excellent selectivity ver-
sus KDR (similar to 4) but only modest potency against PI3Ka, due
to the absence of any strong H-bond acceptor at A3.

More rings were explored during our programme but none
afforded a better kinase selectivity and potency against PI3Ka than
the 1,2,4-triazole exemplified by compound 4. The significant pro-
gress achieved in kinase selectivity between pyrazole 1 and tria-
zole 4 is pictured in the kinase heatmap, Figure 3. Whilst 1 had
13 undesired kinase hits with >80% inhibition at 1 lM, 4 only hits
moderately (�60%) 3 kinases: RIPK2, DYRK1A and GSK3b.22

While the goal of adding a nitrogen to the pyrazole ring was to
induce an electronic repulsion with the anti-targets (area 1 on
Fig. 4), we cannot discount the additional impact of other struc-
tural factors on kinase selectivity. In particular the methyl group
on the 1,3,4-triazole in compound 4 may have an unfavouring
effect on KDR, because the flexible methionine (Met922) in
PI3Ka is replaced with a highly conserved more rigid leucine in
the anti-targets, Leu188 for GSK3b (area 2 on Fig. 4). Moreover, a
conformational analysis showed that this same methyl forces the
benzotriazole moiety to twist by 30�, which may induce a clash
with a conserved valine (Val70 for GSK3b) in the P loop of the
anti-targets, whereas such a negative interaction is unlikely with
the more distant proline (Pro778) in PI3KPI3Ka (area 3). Another
noticeable difference between the PI3Ks and the protein kinase
family is the presence of a tryptophan residue (Trp780) in the
upper lobe of the ATP binding site. This tryptophane might help
the triazole to fit into PI3Ka by ‘closing’ the upper loop with a
strong face to edge interaction, absent in the anti-targets (area
4). Finally the polarity of the inhibitor binding site varies from
one kinase to another. The more hydrophilic 1,3,4-triazole may
be better tolerated in PI3Ka than in the less polar anti-targets bind-
ing cavity (Fig. 5).

In conclusion, starting from compound 1, a potent PI3Ka inhibi-
tor having poor general kinase selectivity, we used structural data
and modelling to identify key exploitable differences between
PI3Ka and the anti-targets. Chemical modifications of the central
pyrazole improved dramatically the kinase selectivity that was
seen as a significant liability for the initial compound 1. In partic-
ular, a 1,3,4-triazole ring (as in compound 4) as a replacement of
the initial pyrazole provided good potency against PI3Ka, with
excellent kinase selectivity. Further optimisation of compound 4
will be reported in due course.
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