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Through the analysis of X-ray crystallographic information and previous SAR studies, a novel series of
protein kinase B (PKB/AKT) inhibitors was developed. The compounds showed nanomolar inhibition of
AKT1 and were selective against cyclin-dependent kinase 2 (CDK2).

© 2011 Elsevier Ltd. All rights reserved.

AKT belongs to the serine/threonine family of kinases and has
been the subject of intense anti-cancer research due to its critical
role as a regulator of cell growth, differentiation and survival, pro-
tein synthesis and metabolism.! AKT is part of a metabolic path-
way that is frequently disregulated in a wide variety of cancers
through an upstream loss of function mutation in PTEN, or a gain
of function mutation in PI3K2 AKT has three major isoforms
(AKT1/PKBa, AKT2/PKBB and AKT3/PKBy) that share >85% homol-
ogy in the kinase domain. AKT1 is the most widely expressed
and activated isoform in tumor cells, and knock-out mice display
normal life span phenotype.®> We report herein our efforts thus
far to identify kinase-specific modulators of the AKT-pathway.

Initial internal efforts focused on a series of compounds that con-
tained the thiadiazole/thiazole cores shown in Figure 1.47 These
series exhibited excellent potency against AKT1® and PKA enzymes;
however had only a 10-17 fold selectivity over CDK2. CDK2 is a
serine/threonine kinase that regulates cell cycle transition and cell
proliferation,” and as such activity on this kinase was deemed
undesirable. In addition PKA is highly homologous to AKT1 in the
kinase domain and it was anticipated that selectivity against PKA
would translate into a highly selective AKT1 inhibitor. Hence our
goal was to improve kinase selectivity while maintaining a
favorable off-target profile in a new series of AKT1 inhibitors.

Thus began a search for an analogue that would retain potency
and address kinase selectivity. With a plethora of structural infor-
mation at hand,'® we decided to move away from the scaffold
employed by the previous series and to incorporate rational design
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with previous SAR knowledge. The crystal structure of thiadiazole
1 in Figure 2 (residue numbering is based on PKA) is bound to a tri-
ple-mutant construct of PKA’s kinase domain, that mimics the ATP
binding pocket of AKT, and the key interactions are highlighted.!!
Analysis of this structure suggested that replacement of the thiadi-
azole with an amide should conserve the Ala123/Glu121 contact,
the amine side chain interactions with Asp184 and Asn171, and
the Met173 floor residue contact.

The amide isostere molecule 3 (Fig. 3) retained weak activity for
AKT. The drop in potency could be explained by the failure of the
amide to fully capitalize on the Lys72 hydrogen bond interaction
made by the thiadiazoles/thiazoles. This result however encour-
aged further paring down of the structure.

It was clear from the crystal structure of 1 that several key resi-
dues were being engaged in three distinct areas of the enzyme
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Figure 1. Thiadiazole/thiazole series of AKT1 inhibitors. Data reported as the
mean * SD where n > 3.
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Figure 2. Thiadiazole 1 bound to AKT (PKA triple mutant).
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Figure 3. Replacement of heterocyclic core. Data reported as the mean + SD where
n=3.
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Figure 4. Rationally designed AKT1 inhibitor. Data reported as the mean*SD
where n > 3.

pocket and that there was a fourth, as yet unutilized space in the Phe-
54 region that could be explored. Therefore it was decided to forego
the Met173 floor residue interaction, that in previous series had not
imparted significant PKA or CDK2 selectivity, and move away from
the ‘U-shaped’ motif, to incorporate a phenyl ring in the Phe-54 area.

The racemic compound 4 shown (Fig. 4) was initially synthe-
sized based on modeling data that indicated this structure would
successfully access the Ala 123/Glu 121 region as well as the
Phe-54 region of the protein (see Fig. 5 for a model of a similar
structure). The secondary amine was made as literature precedent
suggested that this was well tolerated.' All of these changes trans-
lated into a compound that was surprisingly active on AKT1 and
PKA; however, the attractive qualities of this molecule were its
structural simplicity and CDK2 selectivity.

With this encouraging result in hand, we investigated the Phe-
54 region of the protein to try and improve potency and PKA selec-
tivity with a number of substituted aryl groups (Table 1). Space did
not appear to be limited in this region (5 and 9), and a range of sub-
stitution was well tolerated on the phenyl ring (10, 11, 13, and 15).
The CDK2 selectivity remained high throughout these changes,
however no selectivity over PKA could be achieved through varia-
tion in this region of the molecule.

In the next series of molecules we kept the 3,4-dichloro phenyl
group constant and turned our attention to modifying the region of
the molecule that binds Ala 123/Glu 121. Although this had been
previously optimized for the ‘U-shaped’ thiazoles and thiadiazoles,
it was considered that there may have been a slight shift of the
molecule in the binding pocket and that this area should be thor-
oughly re-examined. It had been shown previously that certain
groups in this region could impart some PKA selectivity,” and with
this in mind a range of heterocyclic bicycles were investigated as
shown in Table 2.

It became evident that the 6,6-bicycles imparted the most po-
tency and that of these the isoquinoline was the most active. Selec-
tivity was achieved over PKA with benzoxazolone 19, however at
the expense of AKT1 activity. Further attempts to increase selectiv-
ity for AKT1 within the active isoquinoline moiety (22-25) were
unsuccessful. A strategically placed fluorine (24) and methoxy
(22) were well tolerated but failed to offer any significant selectiv-
ity for AKT1 over PKA. All of these compounds retained significant
selectivity over CDK2.

Finally, the amine portion of the molecule was examined. Fig-
ure 5 shows the binding mode of the amide containing the 3-piper-
idine ring as predicted by modeling. From this representation it
was expected that variation of the amine moiety would be well tol-
erated due to the many polar residues in this region of the enzyme.
The piperidine nitrogen of 27 could engage Glu127/Glu170 as sug-
gested, however the Asp184/Asn171 polar region is also accessible
from this scaffold.

Not only did it seem plausible that favorable contacts could
arise from various orientations of the amine it also seemed possi-
ble to reach the floor of the enzyme. Given that AKT1 contains a
methionine (Met173) in this region, whereas PKA contains a leu-
cine in the same position (Leu173), it was thought that by extend-
ing a larger group into this region we could exploit this subtle
difference. Table 3 summarizes the efforts in this area.

As predicted, variation of the ring size was well tolerated with the
4, 5 and 6-membered rings (26-29) being equi-potent. Compound
30 demonstrates that the polar amine group is indeed essential for
potent activity and compounds 31 and 32 make the case for retain-
ing the fully saturated ring and basic amine functionality. Substitu-
tion of the piperidine nitrogen (33, 34, 35 and 36) was reasonably
well tolerated, indeed the methyl substituted azetidine 36 was
equi-potent, but failed to enhance selectivity for AKT1 over PKA.
The CDK2 selectivity remained above 50-fold for all of these changes,
however there was an increase in CDK2 binding activity moving
from the 3- to the 4-piperidine (26 and 27), and with the smaller ring
size (R,S-29 and 36).! The synthesis of R,S-29 is shown in Scheme 1.

The potent affinity for AKT1 and selectivity against CDK2 of
these compounds, as well as their ease of synthesis, makes them
attractive targets. With regard to the in vivo stability of these com-
pounds, the high in vivo clearance would require improvement to
be of therapeutic use (Table 4).2

! The higher CDK2 selectivity achieved with the 3-piperidine ring might be
attributed to the amine binding the Glu 127/170 polar region (as is proposed in the
model of 27 in Fig. 5) as opposed to the adjacent Asp184 and Asn171 residues.

2 The discrepancy between the in vitro stability and in vivo clearance was not
investigated, but the compounds showed high efflux ratios and metabolism by non
P450 enzymes was not ruled out by any in vitro assays.
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Figure 5. Model of amide 27 in AKT pocket.

Table 1 R
Phe-54 region SAR
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Cmpd. Aryl Group AKT1 ICso (M) PKA? ICso (UM) CDK2? ICs0 (1M)
5 0.40£0.02 026 >25
NN
6 H{L} 1.57 +0.06 1.07 >25

1.51+£0.26
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2.68 £0.20 0.16 >25
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0.200.01 0.22 >25
Cl
10 0.08 +0.01 0.16 >25
\\N
1 1‘{©\u 0.07 +.003 0.03 >25
Cl
12 R{@/ 0.19 £ 0.02 0.13 25
Cl
13 H{©: 0.04 +0.004 0.04 >25
F
14 H{@\C. 0.12+0.003 0.10 >25
Cl
Cl
15 11<@[ 0.04 £0.02 0.05 >25
Cl
N\ Cl
16 H{(;[ 0.14+0.01 0.23 >25
Cl

Data reported on the racemates as the mean + SD where n > 3 except (a) tested once.
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Table 2 cl
Ala 123/Glu 121 Region SAR cl
o
RAN
H NH
Cmpd. Linker Binder AKT1 ICsp (UM) PKA? ICso (LM)

17 @Q}H 0.04 +0.02 0.05
N
18 o:(h‘ji)}ﬁ1 0.35+0.02 115
H

O
19 o= ]@Eﬂ 0.46 £ 0.04 137

N
H
20 N\; 0.25+0.10 029
H
21° N 0.33£0.01 0.85
N
22 N/ 0.039 £ 0.01 0.03
S OMe
a =z
23 ! 6.85 0.67
X Ph(p-OMe)
E
24 Z 0.02 +0.003 0.09
N

Cl
25 Z 0.14 +0.007 0.14
N

Data reported on the racemates as the mean + SD where n>3 except (a) tested once (b) single enantiomer.

Table 3
Amine SAR
Cl
Cl
(0]
7 N
N H
Cmpd. Amine AKT1 ICs0 (LM) PKAa ICso (LM) CDK2? ICs0 (UM)
26" 0.04 +0.02 0.05 15.6+2.7
NH
27° 'H{(j 0.02 +0.0009 0.02 21
N
28 AJ{I\/,} 0.03 0.01 >25
H
(R)-29" -‘J{D 0.007 +0.007 0.01 0.69
NH
5)-29'3 0.11+0.05 0.03 9.8
(I
NH
30%P f{O 5.80 >25 >25
31 SN 12.65 % 1.45 341 >25
2
N
32° | N 20.44 +1.06 >25 >25
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Table 3 (continued)
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Cmpd. Amine AKT1 ICs0 (UM) PKAa ICso (UM) CDK2? ICs0 (UM)
330 2.14 201 »25

N\)\
34° 024 039 >25

N

CFs

35 \/©/ 2304023 0.98 >25

N
36 fﬁ:\ 0.007 £ 0.003 001 036

NMe

Data reported on the single enantiomer as the mean + SD where n>3 except (a) tested once (b) racemic (c) cis diastereomers only (d) mixture of

four diastereomers.
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Scheme 1. Synthesis of 29. Reagents and conditions: (a) activated Zn, 1,2-dibromoethane, THF, 65 °C; CuCN, LiCl, 3,4-dichlorobenzoyl chloride, —10 °C to rt, quant,'4; (b)
NH40Ac, NaCNBH,4, MeOH, 75 °C, 70%, (c) HATU, Hung's base, isoquiniline-6-carboxylic acid, DMF, rt, (d) HCl, MeOH, rt, 20% over 2 steps.

Table 4
Selected in vivo and in vitro data

Cmpd. Structure AKT1 PKA? CDK2? p-Pras40? RLM? HLM? In Vivo Rat CL?
(ICs0 uM) (ICs0 pM) (ICso M) (ICso M) (% turnover) (% turnover) (L/h/kg)
cl
cl
(R)-29 0o 0.007 £ 0.007 0.01 0.68 0.24 334 109 104
o N
N~ A NH
cl
cl
24 0o 0.02 +0.003 0.03 >25 0.39 15.9 10 3.5
F N N
N~ H NH
Data reported as the mean + SD where n > 3 except (a) tested once.
In conclusion a novel series of structurally simple amides has 2. (a) Hennessy, B. T.; Smith, D. L.; Ram, P. T.; Lu, Y.; Mills, G. B. Nat. Rev. Drug

been developed through consideration of previously learned SAR
and structure based design. The compounds display excellent po-
tency on AKT1 and PKA and selectivity against CDK2.
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