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a b s t r a c t

Depression is a serious illness that affects millions of patients. Current treatments are associated with a
number of undesirable side effects. Neurokinin 1 receptor (NK1R) antagonists have recently been shown
to potentiate the antidepressant effects of serotonin-selective reuptake inhibitors (SSRIs) in a number of
animal models. Herein we describe the optimization of a biaryl chemotype to provide a series of potent
dual NK1R antagonists/serotonin transporter (SERT) inhibitors. Through the choice of appropriate sub-
stituents, the SERT/NK1R ratio could be tuned to afford a range of target selectivity profiles. This effort
culminated in the identification of an analog that demonstrated oral bioavailability, favorable brain
uptake, and efficacy in the gerbil foot tap model. Ex vivo occupancy studies with compound 58 demon-
strated the ability to maintain NK1 receptor saturation (>88% occupancy) while titrating the desired level
of SERT occupancy (11–84%) via dose selection.

� 2015 Elsevier Ltd. All rights reserved.

Major depressive disorder is a serious and debilitating illness
that has a lifetime prevalence in the United States of >16%.1 It is
a leading cause of disability as measured by years lost to disability
and is the fourth leading contributor to the global burden of dis-
ease as measured by disability-adjusted life years.2 The treatment
of depression was revolutionized in 1988 with the approval of flu-
oxetine, the first serotonin-selective reuptake inhibitor (SSRI), in
the United States.3 Despite the improvements in safety and tolera-
bility made by the advent of this and other SSRIs, these agents have
been associated with a number of negative side effects, including
sexual dysfunction, weight gain, nausea, insomnia, and somno-
lence.3 As such, there remains a serious unmet medical need that
awaits the identification of new pharmacological approaches for
the treatment of depression.

Neurokinin 1 receptor (NK1R) antagonists were first reported to
have anti-depressant activity in clinical trials in 1998 by Kramer
and co-workers.4 In these trials, aprepitant (1) showed improve-
ment in symptoms of anxiety and depression that was comparable
to the well-established SSRI, paroxetine. Aprepitant was found to
be well-tolerated at all doses, with adverse events comparable to
those of placebo. For example, sexual side effects occurred in 26%

of study participants given paroxetine versus 3% given aprepitant.
Despite this early promising result, a subsequent dose-finding
study with aprepitant failed to show superior efficacy to placebo
and development for depression was discontinued.5

More recently, it has been suggested that NK1R antagonists
potentiate the antidepressant effects of SSRIs.6 For instance, it
has been shown that combination of sub-active doses of citalo-
pram or paroxetine with an inactive dose of NK1R antagonist
GR205171 reduces immobility of Swiss mice in the forced swim
test.7 A similar result was observed in our own labs using parox-
etine and aprepitant in the gerbil forced swim test.8 As a part of
our studies, ex vivo occupancy of both the NK1 receptor and the
serotonin transporter (SERT) was measured. It was found that by
maintaining high NK1 receptor occupancy, the SERT occupancy
could be reduced while retaining activity in the gerbil forced swim
test. This result offered the hope of delivering an antidepressant
with fewer side effects than with an SSRI alone.

It was in this context that we undertook the development of a
dual NK1R/SERT antagonist.9 From the occupancy experiments
described above, it appeared that high NK1 receptor occupancy
would allow us to reduce SERT occupancy and, theoretically, reduce
the potential for SSRI-related side effects. Our studies suggested a
SERT inhibition/NK1R antagonism IC50 ratio of approximately 10
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or greater would allow us to achieve the desired receptor/trans-
porter occupancy profile.

In an earlier paper,9b we reported that 2 was a potent dual NK1R
antagonist and SERT inhibitor. We sought to improve the NK1R
potency of this series (and consequently increase the SERT/NK1R
ratio) and focused our initial work around modification of the
bis-trifluoromethylphenyl ring. We were inspired in this
endeavor by the work of Ward and co-workers,10 who showed that
the 3,5-bistrifluoromethylphenyl of NK1R antagonists such as
aprepitant (1) could be replaced with a 2-methoxy-5-tetra-
zolylphenyl to afford compounds such as 3 (Fig. 1). Importantly,
this substitution gave dramatic improvements in both metabolic
stability and oral bioavailability. In a subsequent disclosure,11 it
was reported that substitution of C-5 of the tetrazole with small
alkyl groups was also well-tolerated to afford compounds 4 and
5. We sought to apply this modification to our series.

The first compound prepared in this endeavor was 6 (Table 1).
Although this analog retained nanomolar potency against both tar-
gets, we were disappointed to find that it was significantly less
potent than the parent bis-trifluoromethylphenyl derivative, 2.
Additionally, this analog was somewhat more potent against
SERT than NK1R, contrary to our desired profile (vide supra).
Given this result, we investigated the possibility of replacement
of the 2-methoxy substituent with the 3-trifluoromethyl group of
our earlier lead series. Unfortunately, compound 7 was less potent
than our earlier lead (2) and had an unfavorable SERT/NK1R ratio.
In earlier work,11 substitution of the tetrazole with a trifluo-
romethyl group gave maximum NK1R potency, however on our
substrate, just the opposite trend was observed with compound
8 having a still lower SERT/NK1R ratio. Our most favorable balance
of potency and ratio was realized with the C-linked tetrazole 10,
which had an NK1R antagonism and SERT inhibition ratio of �1.
Interestingly, the desmethyl tetrazole 9 and the isomeric N-
methyltetrazole 11 achieved a desirable potency for SERT inhibi-
tion but did not have sufficient potency for NK1R antagonism to
achieve the targeted potency profile.

Encouraged by the result with 10, we sought to more exten-
sively explore SAR around biaryl ring systems, focusing most of
our work on C-linked aryl and heteroaryl substituents. The results
of these studies are summarized in Table 2. In general, 6-mem-
bered aromatic systems gave the best combination of potency
and reasonable SERT/NK1R ratios. We were especially encouraged
by phenyl-containing 12, having single digit nanomolar potency
at both targets and 4-pyridyl 13, having single digit nanomolar
potency against NK1R and an ideal SERT/NK1R ratio (10). Smaller
heterocycles such as furan (15), thiazole (16), and those in
Table 1 tended to have lower NK1R potency and lower
SERT/NK1R ratios. Larger bicyclic aromatics (compounds 17 and
18) tended toward lower affinities at both targets and were not
pursued further.

Encouraged by these results, we expanded our understanding
around the SAR of 6-membered aryls through the preparation of
an extensive biaryl library using a combination of Suzuki and
Stille coupling approaches. The requisite precursors were prepared
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Figure 1. Structures of literature NK1R antagonists.

Table 1
SAR studies: in vitro potency of tetrazoles 6–11a,b

N
H

O

Compound R NK1R
IC50 (nM)

SERT IC50

(nM)
SERT/
NK1R
ratio

6 MeO N
N N

N
87 37 0.4

7 N
N N

N

F3C

180 70 0.4

8 N
N N

N

F3CF3C

700 57 0.08

9

N N
NN

H
F3C

200 8.6 0.04

10

N N
NN

F3C

65 50 0.8

11

N N
NN

F3C

36 9.6 0.3

a Binding assays performed by methods described in Ref. 8.
b All binding values represent a minimum of 2 replicates.
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