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Abstract—A series of novel 4,4-disubstituted cyclohexylamines as NK1 receptor antagonists is described: modifications to the amine
moiety retain NK1 receptor binding affinity whilst disrupting IKr affinity. # 2002 Elsevier Science Ltd. All rights reserved.

The mammalian tachykinin Substance P (SP) has been
implicated in numerous conditions1�3 including cystitis,
depression and cytotoxin-induced emesis. This wide
range of therapeutic indications has led to the develop-
ment of various potent antagonists3�5 of the receptor to
which SP preferentially binds, neurokinin-1 (NK1).

The lead compound 1 for the cyclohexyl series of NK1
receptor antagonists was identified during targeted
screening. In its favour were high affinity in the in vitro
NK1 receptor binding assay (hNK1 IC50 0.34 nM) and
high oral bioavailability (70% in rat). However, it was
poorly brain penetrant in vivo: a convenient in vivo
assay for CNS penetration is inhibition of the foot-tap-

ping exhibited by gerbils after central infusion of an
NK1 receptor-selective agonist (GR 73632).6 The inhi-
bition of foot-tapping after systemic administration of
the test compounds provides an indication of brain
penetration and central duration of action. Compound
1 was moderately active in this assay when administered
immediately following pre-treatment (ID50 1.9mg/kg iv)
but had short duration of action, giving only 15% inhi-
bition of foot-tapping at 3mg/kg iv after a 2 h pre-
treatment time. Another major issue was that it showed
very high affinity for the IKr channel (29 nM). Initial
work concentrated on optimizing the amide ‘linker’ to
provide improved central activity and duration of
action.7 The best combination of NK1 receptor binding
affinity (IC50 0.63 nM) and in vivo properties (ID50
1.8mg/kg iv after a 24 h pre-treatment) was obtained by
reversing the amide and introducing an a-methyl sub-
stituent to give compound 2. However, the IKr affinity
remained unacceptably high at 43 nM. This paper
describes how compound 2 was modified in order to
reduce binding to the IKr channel whilst retaining good
NK1 receptor binding affinity, brain penetration and
duration of action.

Modelling studies on compound 1 and the high affinity
IKr blocker dofetilide 38 (Fig. 1) provided the working
hypothesis that it is the amine portion of 1 which plays
a key role in binding to the IKr channel. It was hoped
that judicious modification of this moiety would reduce
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IKr affinity whilst retaining NK1 receptor binding affi-
nity. To this end, many analogues of 2 were made.

The standard procedure for preparation of analogues of
compound 2 was reductive amination of the cyclohex-
anone 47 with a range of secondary amines, giving mix-
tures of cis- and trans- isomers 5 (Scheme 1). In general,
the trans-isomers (isolated by chromatography if possi-
ble) showed higher affinity.7 Compound 5g was made
according to Scheme 2: reductive amination of the
ketoacid 6 with 1,4-dioxa-8-azaspiro[4.5]decane gave an
inseparable mixture of cis- and trans-isomers. The trans-
isomer could be selectively esterified with methanol,
allowing the insoluble cis-acid to be removed by filtra-
tion. Hydrolysis gave pure trans-acid 7 which was sub-
jected to a Curtius rearrangement to give the trans-
amine 8. This was then coupled with the acid chloride
derived from a-methyl-3,5-bis(trifluoromethyl)phenyl-
acetic acid to give 5g.

The in vitro NK1 and IKr binding results for a selection
of compounds 5a–h are shown in Table 1. In cases
where the compound was tested as a mixture, it was
assumed that most of the activity resides in the trans-

Figure 1. Overlay of 1 (black) with dofetilide 3 (grey).

Scheme 1. Reagents and conditions: (i) R1R2NH, NaCNBH3, ZnCl2,
MeOH (rt, 16 h) or R1R2NH, NaBH(OAc)3, DCE (rt, 16 h).

Scheme 2. (i) 1,4-Dioxa-8-azaspiro[4.5]decane, NaBH(OAc)3, DCE
(rt, 16 h); (ii) AcCl, MeOH (reflux, 24 h); (iii) separation of trans-ester
and cis-acid; (iv) HCl, water (reflux, 16 h); (v) diphenylpho-
sphorylazide, Et3N, toluene (90 �C, 1.5 h); (vi) (�)-3,5-
(CF3)2C6H3CH(Me)COCl, Et3N, DCM (rt, 16 h).

Table 1. NK1 and IKr activities for compounds 5a–h

Compd NR1R2 Stereochemistry hNK1
IC50 (nM)

a
hIKr

Ki (nM)
b

5a trans:cis 1:2.5 22�3 1900�230c

5b trans:cis 1:1.4 2.4�0.20 1200�180c

5c trans:cis 1:1 1.2�0.8 460�97c

5d trans:cis 9:1 0.33�0.09 260�120d

5e trans 0.85�0.21 1400�420c

5f trans 0.39�0.07 1200�360c

5g trans 1.6�0.4 4000�2200d

5h trans 0.30�0.10 1000�130d

aDisplacement of [125I]-labelled substance P from the cloned hNK1
receptor expressed in CHO cells. Data are mean�SD (n=3).9
bDisplacement of labelled MK-499 from the cloned channel expressed
in HEK cells. Data are mean�SD.10
cn=3.
dn=4.
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isomer. It can be seen that good NK1 receptor binding is
generally achieved, most compounds having an IC50
below 3 nM. However, there is great variability in IKr
affinity. Compound 5h has sub-nanomolar NK1 recep-
tor binding affinity and IKr affinity greater than 1 mM
but is poor in the gerbil foot-tapping assay, giving an
ID50 of 5.4mg/kg iv after a 24 h pre-treatment. This is
possibly due to the instability of the acetal group in vivo
and it was thought that replacement of one of the oxy-
gen atoms with carbon would make the compound less
metabolically labile. Accordingly, a series of spiroethers
was synthesized.

The synthesis of the spirocyclic amines is shown in
Scheme 3. Reaction of N-BOC-4-piperidone with the
anion of ethyl propiolate followed by reduction, cycli-
zation and deprotection afforded spiro-lactone 10.
Alkylation of the enolate derived from ester 13 with
allyl bromide followed by ozonolysis with reductive
work-up, cyclization and deprotection gave the isomeric
spiro-lactone 15. Reduction of the lactones 9 and 14 to
the diols 11 and 16 followed by cyclization under Mit-
sonobu conditions and amine deprotection gave the
spiro-tetrahydrofurans 12 and 17 respectively. Reduc-
tive amination using the four amines, followed by
separation of isomers, gave the trans-compounds 5i–l.

The in vitro NK1 and IKr binding results and the in vivo
gerbil foot-tapping results for compounds 5i–l are
shown in Table 2. It can be seen that both ethers but
only one lactone, 5l, have excellent NK1 receptor bind-
ing affinity. The ethers, 5i and 5j, were tested in the
gerbil foot-tapping assay and the results show that their
in vivo activities are better than that of the original lead

1 (15% inhibition at 3mg/kg iv after a 2 h pre-treatment
time) and comparable with that of compound 2. The
activity is maintained after 24 h, showing that duration
is improved compared to 5h. 5j is also active when
dosed orally (ID50 2.2mg/kg po following a 24 h pre-
treatment). Most importantly, the IKr affinities of all
four compounds have been markedly reduced compared
to the lead compound 2.

In an attempt to improve brain penetration even further
by increasing the lipophilicity, some alkylated analogues
were synthesized (Scheme 4). Reaction of the spiro-lac-
tones 9 and 14 with excess methyl Grignard reagent
gave the dimethyl compounds 18 and 20 which under-
went cyclization and deprotection in one step using tri-
fluoroacetic acid to give 19 and 21 (Scheme 4).
Reductive amination as in Scheme 1, followed by iso-
mer separation, gave the trans-compounds 5m and 5n.

Scheme 3. (i) nBuLi, ethyl propiolate, THF (�78 �C, 1 h); (ii) H2, Pd/
C, EtOH (rt, 45 psi, 1.5 h); (iii) pTsOH, toluene (reflux, 3 h); (iv) AcCl,
MeOH (0 �C to rt, 16 h); (v) DIBAL-H, DCM (�78 to 0 �C, 5 h); (vi)
PPh3, diethyl azodicarboxylate, THF (0

�C to rt, 16 h); (vii) KHMDS,
allyl bromide, THF (�78 �C, 1 h); (viii) O3, MeOH, DCM (�78 �C);
(ix) NaBH4, MeOH, DCM (�78 �C to rt, 3 h).

Table 2. NK1, IKr and gerbil activities for compounds 2 and 5h–l

Compd NR1R2 hNK1 IC50
(nM)a

hIKr Ki
(nM)e

Gerbil FT
ID50 (mg/kg iv)

i

t=0h t=2h t=24h

2 0.63�0.45b 43�30f 1.7 0.6 1.8

5h 0.30�0.10 1000�130g 5.4

5i 0.22�0.04c 730�150h 0.7 3.1

5j 0.34�0.10d 710�130f 1.4 1.1 1.6

5k 2.1�0.4c 400�110f

5l 0.42�0.09c 490�250f

aDisplacement of [125I]-labelled substance P from the cloned hNK1
receptor expressed in CHO cells. Data are mean�SD.9
bn=4.
cn=3.
dn=5.
eDisplacement of labelled MK-499 from the cloned channel expressed
in HEK cells. Data are mean�SD.10
fn=3.
gn=4.
hn=6.
iInhibition of GR 73632-induced foot-tapping in gerbils.6
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The in vitro and in vivo results for compounds 5m and
5n are shown in Table 3. Both compounds retain excel-
lent NK1 receptor binding affinity and the improvement
already seen in IKr affinity is maintained in 5m and
increased in 5n. Both compounds show good activity in
vivo following a 2 h pre-treatment and 5m maintains
this at 24 h, however duration of action is much reduced
in 5n which gave only 7.5% inhibition of foot-tapping
after a 24 h pre-treatment time. This is disappointing,
especially in light of its much reduced IKr affinity.

In conclusion, we have investigated substitution of the
amine portion of the lead compound 2 and found that a
wide range of large lipophilic amines is tolerated by the
NK1 receptor although the changes in IKr affinity are
unpredictable. Three compounds, 5i, 5j and 5m,
achieved the objectives of retaining NK1 receptor affi-
nity and in vivo activity while significantly reducing IKr
affinity.
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Table 3. NK1, IKr and gerbil activities for compounds 5m and 5n

Compd NR1R2 hNK1
IC50 (nM)

a
hIKr

Ki (nM)
b

Gerbil FT
ID50 (mg/kg iv)

e

t=2h t=24h

5m 0.35�0.15 950�170c 1.0 72% @ 3

5n 0.26�0.08 2200�1300d 1.1 7.5% @ 3

aDisplacement of [125I]-labelled substance P from the cloned hNK1
receptor expressed in CHO cells. Data are mean�SD (n=3).9
bDisplacement of labelled MK-499 from the cloned channel expressed
in HEK cells. Data are mean�SD.10
cn=4.
dn=3.
eInhibition of GR 73632-induced foot-tapping in gerbils.6

Scheme 4. (i) MeMgCl, THF (0 �C to rt, 16 h); (ii) TFA, DCM (rt,
16 h).
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