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Investigations of a biaryl ether scaffold identified tetrahydronaphthalene Raf inhibitors with good in vivo
activity; however these compounds had affinity toward the hERG potassium channel. Herein we describe
our work to eliminate this hERG activity via alteration of the substituents on the benzoic amide function-
ality. The resulting compounds have improved selectivity against the hERG channel, good pharmacoki-
netic properties and potently inhibit the Raf pathway in vivo.

� 2016 Elsevier Ltd. All rights reserved.
Raf, a serine/threonine protein kinase, is an integral part of
the MAP kinase signaling pathway and is a component of the
Raf-MEK-ERK signaling cascade.1 Understanding the complex and
intricate role of Raf pathway signaling in cancer is the continuing
aim of intensive research.2 One component of this pathway, the
Raf isoform B-Raf, has a high rate of activating mutation in mela-
noma (50–70%) and other cancers, including papillary thyroid
(49%), colorectal (�15%), and ovarian (�30%).3,4 The V600E activat-
ing mutation is most common and significantly increases basal
level activity of the enzyme.5 Suppression of B-Raf (V600E) activity
in human melanoma cells leads to a down-regulation of the MAP
kinase signaling pathway and apoptosis,2,6 and recently, selective
B-Raf inhibitors have shown significant antitumor activity in
patients with B-Raf-mutant melanoma.7 Thus, inhibition of
mutated B-Raf could prove to be a useful therapeutic strategy
against melanoma as well as a number of other cancers.

We recently reported the discovery and evolution of a novel
series of tetrahydronaphthalenes as potent inhibitors for Raf, typi-
fied by compound 1 (Fig. 1).8 However, this compound inhibits
hERG ion channel activity (IC50 = 6.3 lM)9 at concentrations near
those required for effects on the Raf pathway. The blockade of
hERG channels has been cited as a major factor in the drug-induced
alteration of cardiac ventricular repolarization that results in
prolongation of QT interval.10 Since QT prolongation is believed
to increase the risk of cardiac arrhythmia, including torsades de
points (TdP), possibly resulting in sudden death, further optimiza-
tion of this series was focused on reducing the hERG channel
activity while retaining the desirable Raf activity.

There have been several ligand-based quantitative structure–
activity relationships (QSAR) and pharmacophore models built
using structurally diverse compounds known to bind and block
the hERG channels.14 These models clearly suggest that lipophilic
amines are often hERG binders. As we focused on reducing the
hERG activity of our molecules, we concentrated our efforts on
modification of the benzylic amine moiety present in 1. Compound
1 has excellent pharmacokinetic (PK) properties and inhibits the
growth of B-Raf mutant tumor xenografts in mice.8 While we were
interested in modifying the hERG activity of this compound, we
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Table 1
Biological activity of tetrahydronaphthalene analogs

N

HN

O
H
N

O
CF3

R

O

Ra V600E B-Raf IC50
b,c

(nM)
pERK IC50

b,d

(nM)
hERG IC50

b,e

(lM)

1 N 2.7 ± 0.4 48 ± 26 6.3 ± 1.1

2 H 3.1 487 >11.1

3
H
N 2.2 ± 0.5 45 ± 12 10 ± 7.1

4
H
N 1.9 ± 0.2 56 ± 25 5.6 ± 3.0

5
H2N

2.9 274 6.6 ± 3.1

6
H2N 2.1 ± 0.5 56 ± 30 7.4 ± 2.0

7
H2N 1.8 ± 0.2 67 ± 19 3.1 ± 1.2

8
H2N OH 1.7 207 ± 59 13.8 ± 3.6

9
NH

HO 2.2 854 4.9 ± 1.1

10 N
O OH

4.0 254 >100

11

N
HN 2.0 ± 0.5 38 ± 12 >33

12

HN
N 9.5 121 ± 39 >33

13

NHN
2.9 ± 0.6 55 ± 64 >11.1

14 N
N

2.1 ± 0.2 123 ± 53 >100

15

N
N 1.5 74 ± 38 >11.1

16
NN

2.1 ± 0.8 34 ± 17 >100

a All compounds were isolated as either the HCl or bis-HCl salt except compound
10, which was isolated as free base.11

b Standard deviations are reported for NP 3. Otherwise IC50 values are mean
values of two determinations.

c Raf enzyme activity was determined using a Flash Plate Assay.12
d Cellular Raf pathway activity was determined with a whole cell ELISA assay

utilizing a humanmelanoma cell line (A375) possessing the mutation BRaf V600E.13
e hERG activity was determined with the PredictorTM hERG assay (Invitrogen).9
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Figure 2. hERG percent inhibition at 11.1 lM and Raf activity.9

Table 2
Pharmacokinetic properties of compounds 1 and 16a

Compound 1 Compound 16

Clp (L/h/kg) 0.23 ± 0.01 0.08 ± 0.00
Vss (L/kg) 0.75 ± 0.10 0.41 ± 0.05
po AUC (lM h) 98.6 ± 37.5 125.7 ± 3.5
po% F 100 54

a Pharmacokinetic experiments were performed by dosing either intravenously
(1 mg/kg) or orally (10 mg/kg) in male SD rats.17 Plasma clearance (Clp); Steady-
state volume of distribution (Vss); Area under the curve for oral administration
(po AUC); Oral bioavailability (po% F).
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were also keen to maintain its excellent physicochemical and PK
properties and its in vivo activity. Earlier work established that
substitution at the 5 position of the benzoic amide was important
for cellular potency and the unsubstituted compound 2 (Table 1) is
significantly less active in our cell-based pathway assay. To
measure the cellular activity of our compounds, we monitored
the inhibition of the downstream marker, pERK, rather than the
direct marker of Raf activity, pMEK. We found that inhibition of
pERK and pMEK correlated well for a small handful of compounds
(data not shown) and that the pERK assay was more robust for
screening large numbers of compounds. We also noted that while
our compounds in general potently inhibited the enzymatic Raf
activity, inhibition of the cellular activity was more variable.
Although we have not rigorously confirmed this, our observations
indicate poor compound solubility and permeability15 as possible
explanations for the lack of cellular activity.

Efforts to alter hERG activity in bioactive molecules have been
well documented and we took a cue from the literature in our
initial efforts. Attempts to modify the pKa of our compounds by
modifying the amine’s alkyl substituents had no effect on either
hERG activity or B-Raf enzyme potency (compounds 3–5).
Attempts to alter the electron density of the benzyl ring itself, by
adding electron-withdrawing substituents to the phenyl ring did
not alter hERG activity but did decrease Raf enzyme potency (data
not shown). Increasing the steric bulk around the basic nitrogen
had no effect on hERG activity (compounds 6 and 7). The addition
of additional polar functionality near the basic site has been shown
in some cases to reduce hERG activity,16 however in our case the
introduction of an alcohol moiety offered little benefit with respect
to hERG and led to a decrease in cellular potency (compounds 8
and 9), most likely due to decreased cellular permeability.

These relatively extensive explorations of the benzyl amine
moiety led us to conclude that the structure–activity relationships
for hERG activity and the Raf activity were closely linked as we
were only able to reduce hERG activity in this series when we
added functionality that also reduced Raf inhibition in cells.
We were fortunate however in that many types of substitution
are tolerated at this position on the phenyl ring and therefore we
expanded our search for benzyl amine replacements to include
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Figure 3. PK/PD study of compound 16 following a 33 mg/kg oral dose.18
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heterocycles. We initially hoped that we would be able to identify
a heterocycle that would also maintain the good physicochemical
properties of this series. Saturated heterocycles, such as pyrro-
lidine and piperidine at the 5 position provided some of our most
potent Raf inhibitors, but also were very potent against hERG (data
not shown), while the substituted morpholine 10 showed better
selectivity versus hERG with poor cellular activity. We were
pleased to find that many different 5- and 6-member aromatic
heterocycles are well tolerated at this position. Imidazole and
pyrazole in particular showed promise with respect to Raf potency
(compounds 11, 12, and 13); hERG activity for these compounds
Figure 4. Inhibition of subcutaneous A375M xeno
decreased significantly. We next explored the effect of alkylation
on these heterocycles and found the optimal combination of cellu-
lar Raf inhibition with minimal hERG activity in compound 16. The
limited solubility of these compounds affected our ability to deter-
mine an exact IC50 in the hERG assay however we were able to
compare the hERG percent inhibition at the lower concentration
as shown in Figure 2.

Our attempts to modify the hERG potency of our Raf inhibitors
led us a few conclusions. First, the basic amine substituent of the
benzamide moiety in compound 1 is responsible for the hERG
activity of this compound and attempts to modify this substituent
while maintaining its basic and solubilizing nature did not lead to
improved hERG selectivity. The SAR for the Raf and hERG activities
track closely for the basic amine substituted analogs. Substitution
of benzyl amine with a heterocycle led to more selective com-
pounds and further substitution of these heterocycles provided
an optimal combination of Raf activity with hERG selectivity indi-
cating that both reduction of basicity and addition of steric bulk
were required to achieve the desired selective compound.

Compound 16 has good cellular potency without any hERG
activity at 11.1 lM. We were pleased also to find that despite its
poor solubility, it maintains good PK properties in rodents as
shown in Table 2.

Compound 16 was found to have pharmacodynamic (PD) and
antitumor activity in vivo. As shown in Figure 3, strong inhibition
of the Raf pathway is observed following a 33 mg/kg oral dose. Fur-
thermore, twice daily dosing for 21 days at 33 mg/kg induces par-
tial regressions of an A375M tumor xenograft with significant
tumor growth reduction at lower daily doses. These doses are well
tolerated by the mice, and no indication of toxicity or weight loss
as compared to vehicle treated animals was observed (Fig. 4).

Our synthetic exploration of this series required the preparation
of a number of benzoic acid derivatives which were then coupled
to amino tetralin 178 as illustrated in Scheme 1.11

The syntheses of the required benzoic acid derivatives are sum-
marized in Schemes 2 and 3. Scheme 2 details the preparation of
benzoic acids derived from aldehyde 20, which can be prepared
in two steps from benzoic acid 18. One-step reductive amination
followed by a deprotection/protection sequence allowed access
to a number of benzylamines including ethylamine 22, and the
substituted morpholino-benzoate used to prepare compound 10.
The primary benzylamine 24 was accessible through Raney�-Ni-
mediated reduction of the aldoxime derived from 20. Aryl
grafts in immunocompromised mice by 16.19
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imidazoles can be accessed through aldehyde 20 by a Van Leusen
reaction.20

Scheme 3 illustrates the elaboration of bromide 19 into addi-
tional benzoates. A sequence involving a modified Suzuki reac-
tion,21 Sharpless dihydroxylation and Mitsunobu reaction
allowed access to amino-alcohol 30. Suzuki coupling provided
pyrazole 31 and similar conditions provided access to additional
heteroaryl benzoates required for the synthesis of compounds 13,
15 and 16 (see Table 1). Grignard reaction of 19 and benzhydry-
lazetidin-3-one led to azetidine 33.

In summary, our focus in this study was the improvement of
hERG selectivity in the series characterized by lead compound 1.
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Modification of the benzyl amine-containing portion of the mole-
cule provided analogs with reduced hERG channel activity, leading
to optimized derivative 16. Furthermore, compound 16 was found
to exhibit good pharmacokinetic properties to display strong inhi-
bition of the Raf pathway in vivo and to potently inhibit tumor
growth in mice.
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