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Migraine headache is a debilitating, chronic disease
affecting the lives of millions of people worldwide.1,2
Migraine is most prevalent in working age populations
(35-40 years old), and its economic impact in the United
States alone has been estimated in the billions of
dollars.3,4 Currently, the primary treatment for mi-
graine is Sumatriptan (1), a nonselective serotonergic
agent which binds with high affinity to both the 5-HT1D
and 5-HT1B receptors (Ki of 3.4 and 7.7 nM respec-
tively).5,6 Recent theories regarding the etiology of

migraine suggest that selective agonists at only the
5-HT1D site could be effective at ameliorating migraine
symptoms.7,8 Indeed, it has been proposed that the
5-HT1B properties of Sumatriptan are responsible for
its vasoconstrictive properties and associated cardio-
vascular side effects.9,10 Nearly all of the compounds
currently in development for treating migraine are
tryptamine derivatives which possess little or no selec-
tivity between the 5-HT1D and 5-HT1B sites.11 In this
Communication, we describe the first class of highly
selective, non-indole 5-HT1D agonists. One of these
compounds, (S)-(-)-10, is significantly more potent than
Sumatriptan in animal models of migraine yet devoid
of vasoconstrictive properties.
While exploring the structure-affinity relationships

in a series of isochroman-arylpiperazines targeting the
dopamine D4 receptor,12 we prepared the 6-carboxamide
analogue 7 shown in Scheme 1. Reaction of 4-bro-
mophenethyl alcohol 2 with ethyl 3,3-diethoxypropi-
onate in the presence of TiCl4 provided the isochroman
3. Hydrolysis of 3 to the carboxylic acid 4 and subse-
quent DECP coupling with 4-methoxyphenylpiperazine
provided the amide 5, which was reduced with borane

to give 6. Metal-halogen exchange of 6with t-BuLi and
subsequent quenching of the resulting aryl anion with
N-trimethylsilylisocyanate afforded the 6-carboxamide
7. When evaluated in a battery of CNS receptor binding
assays (Table 1), 7 was found to possess poor affinity
at the D4 site (Ki 1054 nM), in sharp contrast to the
unsubstituted isochroman analogue 8 (Ki 2.4 nM), a
selective dopamine D4 antagonist.12 However, amide 7
displayed unexpected affinity for the 5-HT1D receptor
(Ki 8.6 nM). Furthermore, 7 showed little affinity for
the 5-HT1B site, exhibiting at least a 100-fold preference
for 5-HT1D. Thus, it appeared that isochroman-6-
carboxamides such as 7 may represent a new, non-
tryptamine-based family of selective 5-HT1D agents.
The serendipitous finding of 5-HT1D selectivity within

the isochroman-6-carboxamide family prompted us to
prepare the enantiomers of 7. For this purpose, we
employed an enzymatic-based resolution procedure
similar to that previously described for the related D4
isochroman compounds.12 As illustrated in Scheme 2,
treatment of racemic bromo ester 3 with Amano P-30
lipase results in a highly selective hydrolysis of the (S)-
ester antipode to provide a readily separable mixture
of the carboxylic acid (S)-(-)-4 and the recovered ester
(R)-(+)-3 in yields of 86% and 91% and optical purities
of 99% and 96% ee, respectively.14 From these resolved
products were prepared the corresponding enantiomers
(S)-(-)-7 and (R)-(+)-7. As can be seen from Table 1,
binding affinity at the 5-HT1D receptor was exquisitely
sensitive to the stereochemical configuration of the
isochroman C-1 position, with the more potent isomer
being the (S)-(-)-7 compound. Interestingly, the other
serotonin and dopamine receptors evaluated showed
little dependence upon stereochemistry in their binding
affinities for these compounds.
The optically pure primary amide (S)-(-)-7 served as

a useful starting point for the preparation of a number
of secondary and tertiary amide derivatives. Treatment
of (S)-(-)-7 with di-tert-butyl dicarbonate generates the
bis-BOC derivative (S)-(-)-9 (Scheme 3), which can be
reacted with a variety of primary and secondary
amines.15 Use of methylamine in this reaction provides
theN-methyl analogue (S)-(-)-10 (PNU-109291), which
proved to be among the most potent and selective
5-HT1D compounds prepared to date, displaying a
5-HT1D Ki of 0.9 nM and an B/D ratio of over 5000. As
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Table 1. CNS Binding Affinities (Ki, nM) for Sumatriptan (1),
8, and Isochroman-6-carboxamidesa

compd 5-HT1D 5-HT1B 5-HT1A 5-HT2A D2 D4

1 2.0 6.4 341 376 >218 Ib
7 8.6 5862 2463 140 348 1054
8 6.7 7242 899 76 1431 2.4
(S)-(-)-7 3.8 3023 967 248 325 I
(R)-(+)-7 238 26021 >3356 220 386 I
(S)-(-)-10 0.9 5775 1092 168 241 >3704
(R)-(+)-10 298 150300 >3356 586 158 I

a Values for 5-HT1D and 5-HT1B were determined using mem-
branes prepared from cloned gorilla receptors expressed in cul-
tured HEK 293 cells (see ref 13). Cloned human receptors were
used for the 5-HT1A, 5-HT2A, D2, and D4 determinations (see
Supporting Information). b I ) inactive, defined as less than 50%
inhibition of test ligand binding at 10-6 M.
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with the primary amide 7, the (S)-(-)-10 isomer pos-
sessed far superior affinity for the 5-HT1D site relative
to the (R)-(+)-10 enantiomer. In addition to its affinity
at the 5-HT1D site, (S)-(-)-10 also possesses weak
affinity for the 5-HT2A (168 nM) and dopamine D2 (241
nM) sites. Finally, (S)-(-)-10was found inactive (<50%
inhibition of test ligand at 10-6 M) in a broad panel of
CNS receptors, including the 5-HT2C, 5-HT3, 5-HT4, and
5-HT uptake sites.

The discovery of the isochroman-6-carboxamide (S)-
(-)-10 as the first truly selective 5-HT1D ligand has
provided a valuable tool for the elucidation of the
pharmacological role played by the 5-HT1D receptor. We
have been able to demonstrate in vivo activity with (S)-
(-)-10 which we believe reflects the 5-HT1D agonist
properties of this unique compound and suggests ef-
ficacy for the treatment of migraine headache.16 In
addition, we have determined that (S)-(-)-10 does not

Scheme 1

Scheme 2

Scheme 3
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possess the vasoconstrictive activity which can be
demonstrated with Sumatriptan.
The guinea pig hypothermia assay has been described

as a simple in vivo assay for 5-HT1D agonists.17 The
hypothermic response is believed to reflect agonist
action within the CNS, since compounds with poor brain
penetration (e.g., Sumatriptan) are essentially inactive
after systemic administration. Given in Table 2 are the
results from this assay for Sumatriptan, (S)-(-)-7, and
(S)-(-)-10. Both of the isochroman amides exhibited
good hypothermic effects, indicating that these com-
pounds are agonists that readily cross the blood-brain
barrier. The excellent binding selectivity of both (S)-
(-)-7 and (S)-(-)-10 strongly suggests that this response
is being mediated by 5-HT1D receptors.18

The data presented in Tables 1 and 2 clearly indicate
that the isochroman-6-carboxamide (S)-(-)-10 is a selec-
tive and potent 5-HT1D agonist with good CNS penetra-
tion. Recent reports regarding the involvement of
5-HT1D receptors in meningeal pain prompted us to
examine the potential antimigraine activity of (S)-(-)-
10. Moskowitz has described a neurogenic inflamma-
tion model for migraine in which unilateral stimulation
of the trigeminal ganglia results in the colateral release
of permeability-enhancing autacoids (such as substance
P and CGRP) from the trigeminal nerve terminals
innervating meningeal blood vessels.19 The release of
these autacoids causes extravasation of plasma protein
from these dural vessels. Pretreatment of guinea pigs
with radiolabeled plasma protein (125I bovine serum
albumin) allows for quantification of the plasma ex-
travasation in the stimulated and unstimulated halves
of the dura and provides a means to measure the
efficacy with which compounds inhibit this neurogenic
inflammation. Moskowitz has shown that nonselective
5-HT1D/1B agonists such as Sumatriptan and dihydro-
ergotamine are effective at blocking plasma extravasa-
tion in this model.20,21 As shown in Figure 1, we have
demonstrated that (S)-(-)-10, in addition to being
5-HT1D selective, is also significantly more potent than
Sumatriptan in blocking neurogenic inflammation in the
guinea pig model of migraine. Nearly complete inhibi-
tion of plasma extravasation can be achieved in this
model using 1.0 µg/kg iv of (S)-(-)-10, whereas a dose
of 300 µg/kg iv of Sumatriptan is required for compa-
rable activity.22 The difference in potency between (S)-
(-)-10 and Sumatriptan in the neurogenic inflammation
assay is not predicted by their nearly equivalent 5-HT1D
binding affinities (0.9 and 2.0 nM, respectively). One
possible explanation for this difference recognizes the
superior brain penetration of (S)-(-)-10, allowing for

augmentation of the antiinflammatory effect by access-
ing centrally located 5-HT1D receptors.
It has been proposed that the 5-HT1B affinity of

Sumatriptan is responsible for its vasoconstrictive
properties and that a selective 5-HT1D agonist might be
an effective treatment for migraine without cardiovas-
cular side effects.9,10 We have investigated the effects
of Sumatriptan and (S)-(-)-10 in a cat model of carotid
resistance (Figure 2).23 Sumatriptan (0.01-1.0 mg/kg,
iv, n ) 5) produced a dose-related increase in carotid
resistance in the absence of a change in mean arterial
blood pressure. The maximum increase in resistance
was 286% of pretreatment. In contrast, (S)-(-)-10

Table 2. Guinea Pig Hypothermia

hypothermiaa

compd
dose

(µmol/kg, sc)
∆ °C at
30 min

∆ °C at
60 min

vehicle 0.06 ( 0.16 0.08 ( 0.19
sumatriptan (1) 25 -0.14 ( 0.13
(S)-(-)-7 50 -1.42 ( 0.14b -1.14 ( 0.18b
(S)-(-)-10 25 -0.80 ( 0.11b -0.54 ( 0.33
(S)-(-)-10 50 -1.84 ( 0.26b -2.34 ( 0.53c
(S)-(-)-10 100 -1.38 ( 0.09b -1.52 ( 0.07b

a The hypothermic response is presented as the difference in
°C from control (vehicle) and is expressed as mean ( SEM (n )
4-5). b P < 0.01 vs vehicle. c P < 0.05 vs vehicle.

Figure 1. Inhibition of guinea pig dural plasma extravasa-
tion: comparison of Sumatriptan and (S)-(-)-10. Values )
mean ratio of 125I albumin extravasation in the stimulated side
of the dura to that in the unstimulated side (( standard error)
for n ) 4-8 animals/group. P < 0.05 versus control.

Figure 2. Comparison of Sumatriptan and (S)-(-)-10 on
carotid artery resistance in the cat. Values ) mean increase
( standard error.
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(0.01-1.0 mg/kg, iv, n ) 5) failed to alter either carotid
resistance or mean arterial blood pressure. These data
confirm numerous previous studies which demonstrate
vasoconstrictor properties of Sumatriptan. The fact that
(S)-(-)-10 has no carotid constrictor effect supports the
notion that the vasoconstrictor properties of Sumatrip-
tan are mediated by its 5-HT1B agonist properties.
Furthermore, these data suggest that (S)-(-)-10 may be
free of the cardiovascular complications observed with
Sumatriptan.
We have discovered a class of isochroman-6-carboxa-

mides which possesses excellent affinity and selectivity
for the 5-HT1D receptor. One such compound, (S)-(-)-
10 (PNU-109291), is active as an agonist in the guinea
pig hypothermia model and potently blocks neurogenic
dural inflammation in the guinea pig model of migraine.
Furthermore, we have demonstrated a lack of vasocon-
strictive effects of (S)-(-)-10 in a rabbit model of blood
flow. When tested in the rat, (S)-(-)-10 displayed
excellent oral bioavailability (70 ( 20%, n ) 4).24 The
debate whether the antimigraine efficacy of the current
class of triptan drugs is due to neurogenic or vascular
mechanisms remains unresolved. The discovery of truly
selective 5-HT1D agonists such as (S)-(-)-10 should
provide a valuable tool for probing therapeutic ap-
proaches to the treatment of migraine. We believe that
the isochroman-6-carboxamides described herein rep-
resent a significant structural breakthrough in the
search for safe, new therapies for migraine headache.

Supporting Information Available: Experimental de-
tails for the preparation of all compounds and detailed
descriptions of the biological assays (22 pages). Ordering
information is given on any current masthead page.
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