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Akt is a serine/threonine kinase belonging to the AGC family of
kinases. Activation of Akt is responsible for multiple cellular events
including cell survival, energy metabolism, proliferation, and
growth. In an earlier letter, we identified potent dual Akt 1 and 2
inhibitors by incorporating solubilizing amines.1a However, these
inhibitors as well as other inhibitors discovered in our program
represented by 11b and 21a (Fig. 1) possess off-target binding affin-
ity to the Ikr potassium channel hERG (human Ether-a-go-go-Re-
lated Gene) with IC50s in the micromolar range. Affinity for the
hERG channel has the potential to alter cardiac repolarization
through prolongation of the QT interval,2 and alterations of the
QT interval could potentially trigger torsades de pointes, a life-
threatening ventricular tachyarrhythmia. Because of the potential
for cardiac death associated with QT prolongation, optimization
of the hERG binding window is a goal in the development of a drug.
This letter outlines our strategy to identify a cell-based potent dual
Akt 1 and 2 inhibitors devoid of hERG activity.

Earlier work at Merck Research Laboratories has shown that
minor heteroatom additions to aromatic rings can attenuate hERG
binding.3 Presumably these modifications work by decreasing the
lipophilicity of the aromatic ring, thus destabilizing p stacking
interactions with the hERG-binding environment.4 However, it
was not clear whether these changes in polarity would affect the
ll rights reserved.
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ability of our inhibitors to penetrate cells. Our strategy was to
incorporate a variety of polar group modifications to the B ring of
1 to address hERG binding and to evaluate their effects on cellular
potency.

The analogs for our strategy commenced with hydrazide forma-
tion 3 using carbonyl diimidazole and hydrazine illustrated in
Scheme 1. Heating hydrazide 4 with a variety of nitriles together
in the presence of sodium methoxide provided access to an assort-
ment of polar aromatic end groups as represented by 5. These com-
pounds were attached to subunit pyridone 61b by reductive
amination to afford 7.

As shown in Table 1, changes in polarity to the aromatic B ring
attenuated hERG-binding affinity. For example, significant
improvements were observed with pyrimidine 8, pyridone 9, and
amino pyridine 10. These compounds all displayed binding affinity
of IC50 = 10 lM or greater to hERG.5 In addition, these substitutions
were not detrimental to the overall intrinsic or cell-based potency
for Akt 1 and 2. Other heteroaromatic derivatives such as pyrazine
11 (hERG IC50 = 8.5 lM) achieved modest gains in attenuating
hERG binding, while no improvements were obtained with
2-methoxy pyridine 12 (hERG IC50 = 1220 nM). Gratifyingly, in all
instances the intrinsic and cell-based potencies were within 3-fold
of 1 while modifying hERG binding.

With hERG binding attentuated through heteroatom additions
to the aromatic B ring, we turned our attention to merging this
key finding with our strategy to enhance cell-based potency. Our
conception was that the potency optimized piperazines discovered
in the previous communication1a would confer cellular potency
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Scheme 1. Synthesis of pyridone analogs. Reagents and conditions. (a) Hydrazine, carbonyl diimidazole, CH2Cl2; (b) nitrile, 25% sodium methoxide in MeOH, 2-ethoxyet-
hanol, 100 �C; (c) TFA, CH2Cl2; (d) 6, sodium triacetoxyborohydride, DMF.
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Figure 1. Merck allosteric Akt inhibitors.
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whereas the polar aromatic end groups would impart favorable
hERG-binding properties on the pyridopyrimidine core (Fig. 2).

Toward that end, our strategy for optimizing both cell-based
potency and reducing hERG affinity was to systematically synthe-
size 12 combinations of the most potent piperazine subunits with
the least potent hERG-binding aromatic B rings in a matrix strat-
egy. This 4 � 3 matrix is detailed in Table 2. The piperazines chosen
for this optimization were methyl piperazine, hydroxylethyl piper-
azine, and dimethyl amino piperazine, whereas the aromatic B ring
subunits chosen were pyrimidine, amino pyridine, pyridone, and
pyridine N-oxide. The analogs were synthesized using the same
route as previously detailed.1a

Consistent with observations in Table 1, incorporation of the
polar heteroaromatic end groups in general attenuated hERG bind-
ing. Of the 12 compounds synthesized, compound 13 proved opti-
mal in terms of cell-based potency (cell Akt 1/2 IC50 = 25/40 nM)
and hERG binding (hERG IC50 > 10,000 nM). The hydroxy ethylpip-
erazine series (17–20) maintained low hERG-binding affinity;
however, the cellular potency diminished slightly against Akt 2.
On the other hand, the dimethyl amino piperazine series (21–24)
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Figure 2. Strategy for combining potency and reducing hERG affinity.
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Matrix SAR with solubilizing amines and polar end groups
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also had slightly diminished cell-based potency, but still possessed
low micromolar hERG binding affinity. The loss in cell-based po-
tency in Akt 2 for the ethylhydroxyl and dimethyl amino pipera-
zines might be due to large polarity increase in the molecule
when coupled to the aromatic B ring end groups. The methyl piper-
azine in combination with the pyrimidine end group appears to
contain the appropriate amount of polarity to decrease hERG bind-
ing, but do not affect the cellular activity of the molecule. This
strategy proved useful in optimizing the overall polarity for opti-
mal cell-based potency with decreased hERG binding affinity.

Based on the success of inserting heteroatoms into the B aro-
matic ring to reduce hERG activity, we also explored whether het-
eroatom insertion into the A ring can bring the same success.
Toward that end, our strategy was to construct a pyridine–pyra-
zine core as opposed to a pyrimidine–pyridine core (Fig. 3).

The synthesis of Akt inhibitors with a pyridine–pyrazine core
commenced with an ammonia displacement of chloride at the 2-
position of 2,6-dichloro-3-nitro-pyridine to provide 26. Reduction
of the nitro moiety with tin(II) chloride in ethyl acetate gener-
ated the diamine 27.6 Condensation of diamine 27 with bromo-
benzoin 28 afforded a 1:1 mixture of inseparable isomers 29.
With 29 in hand, the piperidine subunit 30,1b was attached to
the core by displacement with K2CO3 in dimethylformamide to
afford 31. Heating 31 with excess methylpiperazine in dioxane
followed by HPLC separation of the regioisomers provided 32
and 33 (Scheme 2).

From our previous work, it was anticipated that regioisomer 32
would possess the more desirable cell-based potency.1a As antici-
pated, the pyridine–pyrazine core from regioisomer 32 possesses
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Figure 3. Alternative core heterocycle.
a high level of cell-based potency against both Akt 1 and 2 (18/
92 nM) as well as attenuated hERG binding (9100 nM). In contrast,
the opposite regioisomer 33 suffered a loss in activity against Akt 1
and 2 (1408/827 nM) and did not attenuate hERG binding when
compared to 2.

Having established the low hERG-binding affinity for this scaf-
fold, we turned to our matrix strategy to further optimize potency
and hERG parameters using the same piperazines and similar het-
eroaromatic end groups as illustrated in Table 2 (Table 3). From
this optimization strategy, compound 36 was identified as pos-
sessing favorable hERG binding (IC50 hERG >10,000 nM) along
with high cellular potency (cell Akt 1 and 2 IC50: 13/48 nM). This
compound showed comparable activities to 13. The combination
of the N-(2-hydroxyethyl)piperazinyl and the 2-pyridinyl end
groups proved to be optimal. Interestingly, N-(2-hydroxyethyl)
piperazines 37 and 38 also had favorable hERG binding affinities,
but had only modest cellular Akt 2 activities. In contrast to the
pyrimidine-pyridine scaffold in Table 2, the polar pyrimidine
and 2-aminopyridine end groups rendered the molecules too po-
lar when coupled to the pyridine–pyrazine core. This drastic in-
crease in polarity was detrimental to the cellular activity.
Presumably, the pyridine–pyrazine core coupled with a pipera-
zine was polar enough to affect the hERG binding without the
added polarity of Table 1 end groups. When either the methyl
piperazine or the N,N-dimethyl amino piperazine was substituted
on the A ring, either a lack of cellular potency or increased hERG
binding was observed. Compounds 32 and 39 showed good cellu-
lar potency against Akt 1/2, but the attenuation of hERG binding
was modest when compared to 2. Similar to the results in Table
2, these data indicate that an overall balanced molecule polarity
was necessary for the optimal cell-based potency and hERG
attenuation.

In summary, a strategy to reduce hERG activity for dual Akt 1
and 2 allosteric inhibitors was outlined. Increasing the overall
polarity of the molecule through small heteroatom insertions into
aromatic rings proved successful. By coupling this key finding for
modulating hERG activity with our previous discovery of using
water solublizing piperazines for potency enhancement, inhibitors
13 and 36 were identified as low-nanomolar cell-based inhibitors
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Scheme 2. Synthesis of pyrido-pyrazine core. Reagents and conditions. (a) Ammonium hydroxide, EtOH, 100 �C; (b) Tin (II) Chloride, EtOAc; (c) 28, AcOH, 100 �C, (d)
potassium carbonate, 30, DMF; (e) methyl piperazine, dioxane, 100 �C.
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SAR on pyridine–pyrazine analogs
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against Akt 1 and 2 with greater than 10,000 nM binding against
hERG.
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