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The discovery of potent, selective, and orally bioavailable
hNK1 antagonists derived from pyrrolidine
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Abstract—SAR studies on amides, ureas, and vinylogous amides derived from pyrrolidine led to the discovery of several potent
hNK1 antagonists. One particular vinylogous amide (45b) had excellent potency, selectivity, pharmacokinetic profile, and functional
activity in vivo. An in vivo rhesus macaque brain receptor occupancy PET study for compound 45b revealed an estimated
Occ90 � 300 ng/ml.
� 2007 Elsevier Ltd. All rights reserved.
Interest in the agonist neuropeptide substance P (SP)
began in 19311 when the 11-amino acid peptide was first
isolated from extracts of horse intestines and brains, and
its pharmacological action demonstrated by stimulating
atropine resistant contraction of rabbit ileum. It was
several years more before other functions of SP in mam-
malian biochemistry became known and the existence of
a G protein-coupled receptor, the neurokinin-1 (NK1)
receptor, was established.2 SP is purportedly involved
in a number of biochemical pathways which include
the transmission of the sensation of pain and an over-
expression of SP has been implicated in several medical
conditions: emesis, CNS disorders, and urinary inconti-
nence.3 Consequently, this sparked interest in finding
neurokinin antagonists for medicinal use. The first dis-
closure of a selective small molecule NK1 antagonist oc-
curred in 19914 and since then potent clinical candidates
based on several different scaffolds have been discov-
ered.5 There is currently one drug for use in man which
works through blockade of the human NK1 (hNK1)
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receptor available in the medicinal formulary: aprepit-
ant6 [Emend� (1)]. Emend� was approved for use in
conjunction with cancer treatment drugs to alleviate
chemotherapy-induced nausea and vomiting7 (CINV)
in 2003 and for post-operative nausea and vomiting
(PONV) in 2006.

We wish to describe our initial synthetic work and new
structure–activity relationships (SAR) on a scaffold
based on a simple pyrrolidine ether 3. Some work in a
cyclopentane series, such as 2, related to the pyrrolidine
described below was disclosed recently.8 We have
extended that previous work to investigate the effect of
incorporation of the nitrogen into the five-membered
cyclic system, but still b to the phenyl, and which offers
a different orientation of substituents (Fig. 1).

The pyrrolidine compounds initially used in our studies9

were synthesized as shown in Scheme 1. An epoxidation
of Boc-protected D3,4 pyrroline 4 with mCPBA gave the
expected meso-epoxide 5 and then a copper(I) iodide
assisted ring opening of epoxide 5 with phenylmagnesium
bromide afforded a racemic mixture of the pyrrolidine
alcohols 6a. The racemic mixture was resolved into alco-
hols 7a and 13a by HPLC on a Chiralpak-AD column.
Both of these alcohol enantiomers, separately, were
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Figure 1. Evolution of SAR studies from aprepitant and the biological data for compounds 1 and 2.

Scheme 1. Reagents and conditions: (a) mCPBA, CH2Cl2, �78 �C to rt; (b) PhMgBr or 4-F-C6H4MgBr, CuI, THF, 0 �C; (c) imidate 19, heptane-

(CH2Cl)2, �30 �C to rt; (d) TFA, anisole, CH2Cl2, rt; (e) AcCl, NEt3, CH2Cl2, rt.
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taken through the following reaction sequence described
here for alcohol 7a. Reaction of the homochiral alcohol
7a with (S)-imidate10 19 gave a 1:3 mixture of epimeric
ethers (8a) and subsequent treatment with TFA
removed the Boc-protecting group to reveal the amines
9a. The 1:3 mixture of pyrrolidines 9a was reacted with
acetyl chloride and the two epimeric amides 10a thus
obtained were resolved into the homochiral amides
11a and 12a by HPLC on a Chiralcel-OD column:
amide 12a having the (R)-ether being the major isomer
as expected.10 Similarly, the amides 17a and 18a in
homochiral form were obtained from the pyrrolidine
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alcohol 13a. The corresponding 4-fluorophenyl analogs
17b and 18b were synthesized using 4-fluorophenylmag-
nesium bromide in a similar reaction and separation
sequence as shown in Scheme 1.

Since the major isomer, 18a, derived from 14a was the
most active (see below), in later work (Scheme 2) the
major isomers in the epimeric mixture of ethers (14a
and 14b) were separated by HPLC using a Chiralpak-
AD column and the Boc-protecting group was then re-
moved using TFA. These two resulting pyrrolidines
20a and 20b served as starting materials for the prepara-
tion of various simple derivatives on the pyrrolidine
nitrogen.

Reaction of the pyrrolidines 20a and 20b with acid chlo-
rides or acids and EDC led to the formation of pyrroli-
dine amides 21a and 21b, and with isocyanates or
carbamoyl chlorides, or phosgene and amine, to afford
ureas 22a and 22b. Some cyclic vinylogous amides (23
and 24) were synthesized (Scheme 3) by reacting the
pyrrolidines 20a and 20b with cyclic 1,3-diketones and
a catalytic amount of acid. The vinylogous amides with
heteroatoms incorporated within the ring as in 25 were
made similarly from tetronic acid or from N-methyltet-
ramic acid. Methylation or hydroxylation of vinylogous
amide 23 was achieved by treatment with base and then
reaction with methyl iodide or with Vedejs’s reagent11

MoOPH (Scheme 3). The products derived from kinetic
Scheme 2. Reagents and conditions: (a) RCOCl, NEt3, CH2Cl2, 0 �C to rt; (b

0 �C to rt; (d) R1R2NCOCl, NEt3, CH2Cl2, rt; (e) COCl2 in toluene 0 �C, th

Scheme 3. Reagents and conditions: (a) cyclopentane-1,3-dione or 2-meth

methyltetramic acid, TsOH, toluene, 80 �C; (c) LiHMDS (0.95 equiv), THF,

(1.1 equiv), THF �78 �C then MeI (R2 = Me) or MoOPH (R2 = OH).
deprotonation were obtained using LDA as the base,
while products from thermodynamic deprotonation
were obtained with LiHMDS.12

The hNK1 binding affinities for the pyrrolidine analogs
were determined by measuring the ability of the com-
pounds to displace [125I]-SP from the hNK1 receptor sta-
bly expressed in CHO cells.13,14 Using the hNK1 binding
assay results, the ranking in terms of potency of the iso-
mers 11a, 12a, 17a, and 18a was established, the most
potent being 18a (IC50 = 0.09 nM) then, in order of
activity 12a (IC50 = 32 nM), 17a (IC50 = 80 nM), and
11a (18% I at 100 nM). From these binding data and
work done in the cyclopentane series15 isomer 18a was
tentatively assigned as being derived from the (3R,4S)-
pyrrolidine, the carbon bearing the benzylic methyl
was (R) based on the mechanism10 of the etherification
reaction while the less potent epimer, 17a, was the
(3R,4S)-pyrrolidine with the (S)-chirality adjacent to
the benzylic ether oxygen. Consequently, 11a and 12a
were (3S,4R)-pyrrolidine derivatives. The major product
from the etherification, 12a, had the (R)-configuration
next to the oxygen, while the minor ether 11a had an
(S)-center. Later the tentative stereochemistry assign-
ment of 18a was confirmed through determining the rel-
ative stereochemistry of the three chiral centers in urea
28b (IC50 = 0.11 nM) (Fig. 2) in a single crystal X-ray
analysis.16 Since the benzylic carbon of the ether may
be reasonably assigned as (R) from the aforementioned
) RCO2H, EDC, HOBt, NEt3, CH2Cl2, rt; (c) RNCO, NEt3, CH2Cl2,

en R1R2NH, NEt3, CH2Cl2 rt.

ylcyclopentane-1,3-dione, TsOH, toluene, 80 �C; (b) tetronic or N-

HMPA, �78 �C then MeI (R2 = Me) or MoOPH (R2 = OH); (d) LDA
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reason,10 the absolute stereochemistry of the two
centers on the pyrrolidine ring can then be assigned as
(3R,4S).
Table 1. Synthesis and hNK1 binding and gerbil foot tapping assay data fo

NR
O

Ar

C

Me

Compounda R Preparation methodb

29be CHO

18af COMe b

18b COMe b

30b COEt b

31b COiPr b

32a COtBu b

33b
N

O
Ac

c

34bg

N
O

O

Me
c

35b
N

NO
Me

c

36b
O

H
N

OO c

a a refers to Ar = phenyl and b refers to Ar = 4-F-phenyl series.
b See Scheme 2 for preparation methods.
c See Ref. 13 and note 14.
d See Refs. 6, 17, and 18 for details.
e Compound 29b was prepared by heating pyrrolidine 20b in ethyl formate.
f ID50 = 0.6 mpk at 0 h; ID50 = 3.2 mpk at 24 h.
g ID50 = 0.6 mpk at 0 h; ID50 = 1.2 mpk at 24 h.
The corresponding 4-fluoro analogs 17b (IC50 = 40 nM)
and 18b (IC50 = 0.07 nM) had similar IC50 values to 17a
and 18a (see above) of the phenyl series in the hNK1

binding assay. In the gerbil foot tapping (GFT) assay
that has been previously described as an in vivo pharma-
codynamic model for CNS penetrant NK1 com-
pounds17,18 both amides 18a and 18b were efficacious.
The 4-fluoro analog 18b inhibited GFT 50% after 4 h
with a 2 mpk iv dose demonstrating that the amide
was brain penetrant after a short time interval: the phe-
nyl analog 18a had 98% inhibition at 24 h with a 6 mpk
iv dose. The phenyl analog 18a was titrated in the gerbil
and it had an ID50 = 0.6 mpk (iv) at t = 0 h and
ID50 = 3.2 mpk (iv) at 24 h. Encouraged by the GFT
data, the rat pharmacokinetic parameters of amide 18b
were determined and indicated good bioavailability
(F = 65%) and half-life (t1/2 = 5 h).

Having established potency in hNK1 receptor binding,
GFT efficacy, and bioavailability with amide 18b, other
simple amides and groups that had previously shown
in vivo activity in the cyclopentane series were prepared
and tested. All the amides (Table 1) had sub-nanomolar
hNK1 binding and two of the amides 31b and 32a inhib-
ited GFT � 50% at 24 h with a 6 mpk iv dose. Three of
the heterocyclic derived amides 33b, 34b, and 35b had
similar or better potencies at a lower dose with lactam
34b being the most effective with 100% inhibition at a
r pyrrolidine amide compounds

F3

CF3

hNK1
c IC50 (nM) GFTd

% I at 24 h iv dose mpk

0.24

0.09 98 6

0.07 26 6

0.09 0 6

0.15 43 6

0.18 45 6

0.07 50 3

0.12 100 3

0.12 45 3

0.34 13 3
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3 mpk iv dose and an ID50 = 1.2 mpk at 24 h and an
ID50 = 0.6 mpk at 0 h (iv). The amide compounds in
general still had weaker efficacy in the GFT assay at
24 h compared to previous structures 1 and 2 (see
Fig. 1).

A series of ureas (28b, 37b–41b) and a set of heterocyclic
derived ureas 42b–44b listed in Table 2 were assayed
and, like the amides, were all potent, sub-nanomolar
compounds in the hNK1 binding assay. Some of the ur-
eas had similar efficacy in the GFT assay to the amides
18a and 34b at 24 h (see Table 1 footnotes). Three of the
most potent ureas 28b, 39b, and 40b were titrated in the
gerbil, giving ID50 values in the range 0.8–3 mpk at 24 h.
The two ureas 39b and 40b inhibited GFT � 60% at a
dose of 1 mpk (iv) and 28b had an ID50 = 1.0 mpk at
t = 0 h. From these data it was inferred that the three ur-
eas 28b, 39b, and 40b were rapidly brain penetrant and
the compounds had reasonably long half-lives in gerbil.
Urea 28b also showed good bioavailability (F = 70%)
with a half-life (t1/2 = 1.25 h) in a rat PK study.

In attempting to broaden the SAR of polar substituents
on the pyrrolidine nitrogen, two vinylogous amides 45a
and 45b19 were prepared. Both the phenyl and 4-fluor-
ophenyl analogs were sub-nanomolar in hNK1 binding.
4-Fluorophenyl analog 45b (Table 3) distinguished itself
as being superior to the phenyl example 45a (and indeed
more active than all the other analogs described above)
in the GFT assay at both the t = 0 and 24 h time points.
The SAR around vinylogous amide 45b was explored by
strategically introducing methyl and hydroxyl groups
onto the cyclopentenyl ring. Methylation on the double
Table 2. Synthesis and hNK1 binding and gerbil foot tapping assay data fo

NR
O

Ar

C

Me

Compounda R Preparation methodb hNK1
c IC50

28b CONHMe c 0.11

37b CONMe2 d 0.38

38a N
O

O d 0.16

39b CONHEt c 0.10

40b CONHiPr c 0.06

41b CONHtBu c 0.14

42b N
N

O
Ac

e 0.30

43b N
N N

N

CF3

O
e 0.47

44b O
NNH

N e 0.58

nd, not determined at t = 0 and 24 h.
a a refers to Ar = phenyl and b refers to Ar = 4-F-phenyl series.
b See Scheme 2 for preparation methods.
c See Ref. 13 and note 14.
d See Refs. 6, 17, and 18 for details.
bond (46b) or at other positions around the five-mem-
bered ring (47b–49b) afforded compounds with potent
hNK1 binding, but all of these were less potent in the
GFT assay than 45b. The two epimeric hydroxylated
analogs 50b and 51b were both potent and more active
in the GFT assay than the methylated analogs, but were
still less potent than vinylogous amide 45b. Vinylogous
amides 52b and 53b derived from tetronic and N-meth-
yltetramic acid and the cyclohexenyl examples 54a and
55a were also sub-nanomolar in the hNK1 binding assay
but lacked significant efficacy in the GFT assay even at a
3 mpk iv dose at 24 h. The most efficacious vinylogous
amide in GFT remained the parent compound 45b.

Further evaluation of the properties of vinylogous
amide 45b (Fig. 3) showed that this antagonist was selec-
tive for the hNK1 receptor over the other known hNK2

and hNK3 sub-types.20 Promising PK parameters were
obtained in rat, dog, and rhesus measurements: 45b
was highly bioavailable and had reasonable half-lives
in all three animal species consistent with once-daily
dosing in man. Also, vinylogous amide 45b performed
well in two animal models of NK1 antagonism after oral
dosing. When compound 45b was dosed orally in the
GFT assay, it was efficacious at 1 h (ID50 = 0.9 mpk)
and 4 h (ID50 = 0.25 mpk). In a guinea pig separation
induced vocalization experiment21 an ID50 = 0.17 mg/
kg at 4 h (po) was obtained (Fig. 4). Vinylogous amide
45b was also evaluated in vivo in a rhesus positron emis-
sion tomography (PET) study22 to determine brain NK1

receptor occupancy after a 4-h iv infusion. This study
afforded an estimated 50% occupancy of NK1 receptors
(Occ50) at a plasma steady state concentration of 33 ng/
r pyrrolidine urea compounds

F3

CF3

(nM) GFTd % I at iv dose (ID50)

0 h 24 h

100% at 2 mpk (1.0 mpk) 77% at 6 mpk (3.0 mpk)

nd nd

40% at 1 mpk

61% at 1 mpk 93% 6 mpk (1.0 mpk)

64% at 1 mpk 86% at 6 mpk (0.8 mpk)

28% at 1 mpk 6% at 6 mpk

57% at 3 mpk

66% at 3 mpk

24% at 3 mpk



Table 3. Synthesis and hNK1 binding and gerbil foot tapping assay data for pyrrolidine vinylogous amide compounds

NR
O

Ar

CF3

CF3
Me

Compounda R Preparation methodb,c hNK1
d IC50 (nM) GFTe % I at iv dose (ID50)

0 h 24 h

45a O a 0.07 100% at 3 mpk (0.9 mpk) 100% at 3 mpk (1.1 mpk)

45b O a 0.11 100% at 1 mpk (0.1 mpk) 100% at 3 mpk (0.045 mpk)

46b
O

Me
a 0.13 67% at 3 mpk

47b
O

Me
diastereomer A

c 0.16 85% at 3 mpk

48b
O

Me
diastereomer B

c 0.09 2% at 3 mpk

49b
O

two diastereomer mix
Me d 0.11 79% at 3 mpk

50b
O

diastereomer A
HO c 0.22 100% at 3 mpk (0.5 mpk) 100% at 3 mpk (0.7 mpk)

51b
O

diastereomer B
HO c 0.30 100% at 3 mpk (1.1 mpk) 95% at 3 mpk (0.5 mpk)

52b
O

O b 0.16 67% at 3 mpk

53b N
O
Me

b 0.12 8% at 3 mpk

54a

O

Me
Me

a 0.18 12% at 3 mpk

55a
O

Me Me
a 0.13 5% at 3 mpk

a a refers to Ar = phenyl and b refers to Ar = 4-F-phenyl series.
b See Scheme 3 for preparation methods.
c Compounds 54a and 55a were obtained from the appropriate cyclohexa-1,3-diones and pyrrolidine 20a.
d See Ref. 13 and note 14.
e See Refs. 6, 17, and 18 for details.
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ml and a 90% occupancy (Occ90) at a concentration of
300 ng/ml (Fig. 5). Overall the vinylogous amide 45b
had excellent potency, selectivity, pharmacokinetic pro-
file, and functional activity in vivo.

Amide, urea, and a vinylogous amide derived from a
new pyrrolidine scaffold design were prepared as hNK1

receptor antagonists. The hNK1 binding results from
amides 11a, 12a, 17a, and 18a, and the X-ray structure
of urea 28a allowed the stereochemistry of the active ser-
ies to be identified. The active series of pyrrolidine
amides showed potent in vitro hNK1 binding, but most
were modestly or weakly active in vivo in the GFT func-
tional assay at 24 h—the exceptions were amides 18a
and 34b. A series of ureas was then prepared and evalu-
ated and these compounds were also sub-nanomolar in
hNK1 binding. The best three ureas 28b, 39b, and 40b
were comparable or were more potent in the GFT assay
at 24 h (iv) and slightly less potent at t = 0 h than the
amides 18a and 34b. These then led to preparation of
the vinylogous amide derivatives. These vinylogous
amides in both the phenyl and 4-fluorophenyl series



Binding assay results (in vitro)

hNK1 IC50 = 0.11 nM
hNK2 IC50 = 1730nM
hNK3 IC50 > 3000 nM

Gerbil data

0 h  100% at 1 mpk (iv)
0 h   titration ID50 = 0.1 mpk (iv)

24 h 100% at 3 mpk(iv)
24 h titration  ID50 = 0.045 mpk (iv)

1 h titration ID50 = 0.9 mpk (po)
4 h titration ID50 = 0.25 mpk (po)

Rat PK
Clp  = 19.6 mL/min/Kg
 Vd  = 6.2 L/Kg
 t1/2 = 3.6 h
  F  = 100%

Dog PK
Clp = 1mL/min/Kg
Vd = 1.6 L/Kg
t1/2 = 20 h
F   = 100%

Rhesus  PK
Clp = 4.5 mL/min/Kg
 Vd = 2.3 L/Kg
 t1/2 = 5.7 h
 F = 68%

45b
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Figure 3. Data summary for vinylogous amide 45b.

0.01 0.10 1.00
0

25

50

75

100

Veh

ID50 = 0.17 mg/kg

Dose (mg/kg p.o.)

%
 In

hi
bi

tio
n 

(c
.f.

 b
as

el
in

e)

Figure 4. Inhibition of separation induced vocalizations in guinea pig

pups for 45b at t = 4 h.

Plasma Steady State Concentration (ng/mL)
1 10 100 1000 10000

N
K-

1 
R

ec
ep

to
r O

cc
up

an
cy

 (%
)

0

20

40

60

80

100

Fit to 3 -parameter Hill equation
nH ~ 0.9

Figure 5. NK1 receptor occupancy in rhesus brain determined by PET

for compound 45b.

P. Lin et al. / Bioorg. Med. Chem. Lett. 17 (2007) 5191–5198 5197
were sub-nanomolar in binding but the parent 45b was
the most potent of all the analogs prepared in the gerbil
assay at t = 0 and 24 h (iv). This particular vinylogous
amide 45b was evaluated in rat, dog, and rhesus PK,
and was highly bioavailable with good half-lives in three
preclinical species. The efficacy of 45b in oral drug form
was evaluated in two efficacy models: the gerbil foot tap-
ping and guinea pig separation induced vocalization
assays. The NK1 receptor occupancy in the rhesus
macaque brain was also determined in a PET study indi-
cating plasma steady state concentrations of 45b of
Occ50 � 33 mg/ml and Occ90 � 300 mg/ml. From this
work a series of pyrrolidine ether hNK1 antagonists with
a unique vinylogous amide pharmacophore was identi-
fied that afforded excellent in vitro and in vivo activity.
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