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A series of serotonin dimers of formula 4 in which two serotonin moeities are linked together
through their 5-hydroxyl residue has been prepared and evaluated as 5-HTig1p receptor
agonists. Binding experiments at cloned human 5-HTg, 5-HT1p, and 5-HT;4 receptors show
that all of these dimers are very potent ligands at 5-HTg/1p receptors with increased binding
selectivity vs the 5-HTa receptor when compared to serotonin. Studies of inhibition of the
forskolin-stimulated c-AMP formation mediated by the human 5-HT,g receptor (formerly the
5-HT1ps receptor) demonstrate that all of these serotonin dimers behave as full agonists. Among
them, the piperazide derivatives of bis-serotonin, 4g,j, were also identified as very potent
agonists in contracting the New Zealand white rabbit saphenous vein (pD, = 7.6 in each case
compared to 5.8 for sumatriptan). Results analysis supports the hypothesis that the important
increase in potency of the serotonin dimers can be attributed to the presence of two serotonin
pharmacophores in the same molecule, while the enhanced selectivity for 5-HTg/1p receptor

subtypes may be due to the position of the spacer attachment to serotonin.

The now well-recognized existence of multiple, struc-
turally, and functionally distinct receptors for a single
neurotransmitter or hormone has stimulated the search
for potent and selective receptor subtype ligands, in-
cluding full agonists or silent antagonists. Indeed, such
types of compounds are particularly useful as pharma-
cological tools to assess and furthermore better char-
acterize the physiological roles of each receptor subtype,
and moreover, their development can result in new,
more effective, and selective therapeutic agents with
fewer side effects since activation (with agonists) or
inactivation (with antagonists) of individual receptor
subtypes may function to affect specific actions closely
related to pathophysiological states. This applies par-
ticularly well to the case of the neurotransmitter sero-
tonin 2 (5-HT). 5-HT is involved in numerous physi-
ological (e.g., thermoregulation, hemodynamics, feeding,
sleeping) and pathophysiological (e.g., depression, hy-
pertension, migraine, anxiety) processes! and interacts
with various distinct membrane receptors. These re-
ceptors have been divided into at least seven classes:
5-HT,, 5-HT,, 5-HT3, 5-HT4, 5-HTs, 5-HTg, and 5-HT5.
The 5-HT; receptors have been further subdivided in
5-HT1a, 5-HT1g (previously 5-HT1pg), 5-HT1p (previously
5-HT1py), 5-HT1g, and 5-HT ¢ subtypes.?

The human 5-HT;g and 5-HT;p receptor subtypes
differ from each other on the basis of molecular biology
studies and recent pharmacological characterization.?
To date, functional distinction between 5-HT:g and
5-HT1p receptor subtypes is under extensive investiga-
tion, and their respective importance in mediating
vascular constriction and inhibiting neurogenic inflam-
mation (two mechanisms relevant to migraine pathol-

T Centre de Recherche Pierre Fabre.
# University of Montpellier 1 et II.
® Abstract published in Advance ACS Abstracts, November 15, 1996.

ogy) remains to be determined.* The introduction of the
5-HTig/p receptor agonist sumatriptan (1) for the acute
treatment of migraine® has stimulated a strong interest
and an extensive effort in the fields of chemical syn-
thesis, pharmacological characterization, and clinical
evaluation of new 5-HT1g/1p receptor agonists. Most of
the compounds reported to date (including sumatriptan,
zolmitriptan,® or rizatriptan?) are tryptamine deriva-
tives which differ from each other either by changes in
the nature of the 5-substituent or by changes at the
aminoethyl side-chain level, including conformationally
restricted analogs like naratriptan.® It is noteworthy
that most of these tryptamine derivatives reported as
5-HT1gnp receptor agonists have almost no affinity for
5-HT,, 5-HT3, or 5-HT,4 receptor subtypes but generally
recognize 5-HT1a binding sites with nonnegligible af-
finities. Thus, one of the most serious problems in
designing 5-HTig;sp receptor ligands is their lack of
selectivity relative to 5-HT;a receptors.

Among the different methods currently available for
medicinal chemists to design potent and selective recep-
tor subtype ligands, the so-called “bivalent ligand”
approach® appears very promising since many examples
of molecules including two pharmacophores in a single
ligand have been found to have enhanced activity and
selectivity over their respective monomer counterparts.
The field of opioid research has been successfully
investigated for that purpose since dimers of peptide
agonists derived from enkephalins® and dimers of
opioid alkaloid antagonists!! (derived from naltrexone
or S-naltrexamine) have been characterized as potent
opioid ligands (respectively agonists and antagonists)
having increased receptor subtype selectivity when
compared to their corresponding monomers. These
efforts culminated in the identification of norbinaltor-
phimine, a potent, selective «x-opiate receptor antagonist
that is widely employed in opioid research.11.12
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Figure 1.

Several other studies have also previously reported
that dimerization can result in an increase of potency/
selectivity and, interestingly enough, can also improve
resistance to degradation in the case of peptide agonists
or antagonists.13 In the field of monoamine neurotrans-
mitters, however, only a few examples of bivalent
ligands have been documented to date. These include
hexaprenalin4 (a S-adrenergic receptor agonist), dimers
derived from dopamine as potent nonselective D; and
D, receptor agonists,'® and bivalent indoles derived from
5-CT of formula 5 (Figure 1) exhibiting serotonergic
binding activity with 5-HTip versus 5-HT;4 selectivity
dependent on the spacer length.16

We have recently prepared and evaluated a new
series of 5-arylpiperazide derivatives of serotonin 3
which have been characterized as potent and selective
5-HTg;p receptor agonists.1”1® These results, taken
together with data recently reported by Glennon and
co-workers,1® suggest that 5-HTp/1p receptors possess
a deep binding pocket in the binding domain recognizing
the substituent attached in position 5 of the tryptamine
residue as in compounds 3 (Figure 1). This region of
bulk tolerance seems to discriminate between 5-HT1g/1p
and 5-HTia receptors and, therefore, represents an
interesting opportunity to introduce a linker between
two pharmacophoric tryptamine residues in order to
design selective and potent 5-HT;g/1p bivalent ligands.

In this paper, we wish to report the synthesis, binding
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a Reagents and conditions: (a) 6 (2 equiv), NaH (2.2 equiv),
DMF, KI (0.1 equiv), 25 °C, 0.5 h, then 8 (1 equiv), 80 °C,
overnight, 54%; (b) TFA (excess), toluene, 25 °C, 1.5 h, 49—-91%;
(c) piperazine (0.5 equiv), DMF, K,COs3 (2.5 equiv), KI (0.1 equiv),
90 °C, 48 h, 64%.

properties, and intrinsic activity at 5-HTigip and
5-HT;a receptors of the first examples of serotonin
dimers of formula 4 in which two serotonin moieties are
linked together through their 5-hydroxyl residue.

Chemistry

The serotonin dimers 4b—g,j (Table 1) have all been
prepared by condensation of the previously described!’
N-BOC serotonin derivative 6 with a bifunctional elec-
trophile (CI-X—CI, in which X corresponds to the
definition of X in Table 1) in refluxing methyl ethyl
ketone in the presence of K,CO3 and KI or in DMF in
the presence of Cs,CO3 (Scheme 1) followed by removal
of the BOC protecting group using trifluoroacetic acid
in toluene at room temperature.

Compounds 4a,i have been obtained from the known18
chloroethoxy derivative of N-BOC tryptamine 8 accord-
ing to Scheme 2. The bis-amides 4m,n have been
synthesized by condensation of the free diamines 9m
(1,3-diaminopropane) and 9n (4,4'-bis-piperidine) with
the 5-O-carboxymethyl derivative of N-BOC serotonin
107 according to Scheme 3. The unsymmetrical pip-
erazide derivative of bis-serotonin 4h has been obtained
by the condensation of the piperazide intermediate 11
(prepared from the acid 10 according to Scheme 3) with
the chloroethoxy derivative of tryptamine 8 (Scheme 2)
in the presence of K,CO3; and Kl in DMF (91% yield)
followed by removing the N-BOC protecting group with
TFA.

The amide 4k and the urea 41 have been obtained by
classical methods from the intermediary amine 12,
according to Scheme 4. The intermediate amine 12 is
easily prepared in two steps from N-BOC serotonin 6
which is first condensed with bromoacetonitrile in the
presence of potassium carbonate in methyl ethyl ketone
followed by reduction of the intermediate nitrile using
Pd on charcoal under an atmospheric pressure of
hydrogen. Finally the bis-sulfonamide 40 has been
obtained in three steps from N-BOC serotonin 6 by a
route very similar to that depicted in Scheme 5.

All compounds were purified by column chromatog-
raphy on silica gel. Subsequent treatment of the free
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a8 Reagents and conditions: (a) CICOOEt (1.9 equiv), NMM (1.5
equiv), CHCl,, —15 °C, 0.5 h, then 1,3-diaminopropane (9m) (0.5
equiv), —15 to 25 °C, 1 h, 64% or bis-piperidine 9n (0.5 equiv),
CH.Cl,/MeOH (1/1), PyBOP (1 equiv), iProNEt (2.75 equiv), 25°C,
6 h, 44%; (b) TFA (excess), toluene, 25 °C, 1.5 h, 57% and 29%j; (c)
CICOOEt (1.3 equiv), NMM (1.5 equiv), CH2Cl,, —15 °C, 0.5 h,
then N-benzylpiperazine (2.5 equiv), —15 to 25 °C, 1 h, 90%; (d)
H;, Pd/C, MeOH, 4 days, 77%.
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a Reagents and conditions: (a) 10 (1 equiv), CICOOEt (1.3 equiv),
NMM (1.5 equiv), CH2Cl,, —15 °C, 0.5 h, then 12 (1 equiv) —15 to
25 °C, 1 h; (b) TFA (excess), toluene, 25 °C, 1.5 h, 64—91%; (c)
triphosgene (1/6 equiv), CHCl,, EtsN (1 equiv), 0—25 °C, 1.5 h,
79%.
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a Reagents and conditions: (a) Br(CH2)sCN (1.8 equiv), MEK,
K2CO3 (2.5 equiv), KI (0.1 equiv), reflux, 28 h, 94%; (b) H,, Raney
Ni (cat.), THF, NH4OH, 25 °C, 36 h, 97%; (c) DCM, EtsN, 25 °C,
1 h, 80%; (d) TFA (excess), toluene, 25 °C, 73%.
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amines with HCI in dichloromethane afforded the
hydrochloride salts of the bis-serotonin derivatives 4
suitable for biological evaluation.

Biological Results and Discussion

The pharmacological properties of the serotonin dimers
4a—o0 reported in this paper have been compared to
serotonin itself and to sumatriptan at the cloned human
5-HTig, 5-HT1p, and 5-HT14 receptors, and their intrin-
sic activity has been assessed as their ability to inhibit
the forskolin-stimulated c-AMP formation mediated by
human 5-HT g receptors in CHO-K1 cells. The results
obtained are summarized in Table 1. In all cases
reported, serotonin dimers 4a—o bind to human cloned
5-HT,g and 5-HTp receptors with a higher affinity than
serotonin itself. Moreover, except for compounds 4a,e,
all dimers bind to both receptor subtypes with subna-
nomolar affinities. None of these dimers is able to
discriminate between 5-HT;g and 5-HT;p receptor sub-
types, but interestingly enough, large discrepancies can
be observed when comparing binding values between
5-HTigap and 5-HTia receptors. In that respect, the
affinities of most of the serotonin dimers for 5-HT 14 are
either very similar to serotonin itself or even less
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pronounced (see 4g for example). Thus, dimerization
of serotonin, as in compounds 4a—o, leads to binding
selectivity between 5-HTg/1p and 5-HT;a receptors. This
increase in selectivity when compared to serotonin is
mainly due to an increased affinity for the 5-HT1gnp
sites with either no change or a decrease at 5-HT 14 sites.
As for interaction with other 5-HT receptor subtypes,
Six representative examples of the serotonin dimers
(compounds 4b—g) were found to have almost no affinity
(ICsp > 1076 M) for 5-HT,, 5-HT3, and 5-HT, receptor
subtypes. Considering the intrinsic activity of the
dimers 4a—o0 at human 5-HTig receptors (previously
5-HT1ps receptors), it can be concluded that all of them
appear as potent agonists with ECsg values lower than
what has been found for serotonin. ECsy values of
compounds 4g,j were also measured at cloned human
5-HT;a receptors (inhibition of forskolin-stimulated
c-AMP formation?%) and found to be respectively 1000
and 280 nM (compared to 15 nM for serotonin). Thus,
compounds 4g,j, which appear as partial agonists at
5-HT;a receptors, show a large selectivity pattern when
comparing their agonist efficacies at human cloned
5-HT;g and 5-HT;a receptors. The superior agonist
potency of such types of dimers compared to that of
sumatriptan has been confirmed in the rabbit isolated
saphenous vein contraction model.?! This functional
model, traditionally used to characterize 5-HTignp
agonists, is particularly relevant in view of the recent
identification of a 5-HTipg receptor gene in rabbit
saphenous vein having an amino acid sequence 93%
homologous to the human 5-HTig receptor.??2 Thus,
compounds 4f (pD, = 7.8), 4g (pD2 = 7.6), and 4j (pD
= 7.6) were far more potent in contracting the rabbit
saphenous vein than sumatriptan (pD, = 5.8), reaching
maximum effects that do not statistically differ from
that observed with 5-HT.

Altogether, these results demonstrate that dimeriza-
tion of serotonin through the 5-OH position represents
a useful way to design potent (K; < 1 nM; ECsp ~1 nM)
and selective 5-HT;g/1p agonists. Comparing these data
(Kj and ECsg values) to those obtained for sumatriptan
in the same experimental conditions (Table 1) further
demonstrates the potential of serotonin dimers 4a—o
as new useful 5-HTg/1p receptor agonists.

In order to cancel out the effect of the spacer on the
high potency (at both the binding affinity and intrinsic
activity) of serotonin dimers reported in Table 1, some
5-O-substituted serotonin derivatives attached only to
the spacer, as found in compounds 4g,h,j, have been
prepared and evaluated in the same models as previ-
ously described. The results of this investigation (re-
ported in Table 2) show a dramatic influence of the
second serotonin pharmacophore especially when com-
paring the results obtained with compounds 13 and 4g
or 4h. However, recent investigations from our labora-
tory had previously demonstrated the importance of an
aromatic ring as the substituent in position 4 of the
piperazine ring!” in such types of derivatives. There-
fore, compounds 4g,h have also been compared to the
arylpiperazide derivative 14 (Table 2). Here again, the
same conclusion can be reached; serotonin dimers are
more potent 5-HTigsp ligands than the monomeric
derivatives (compare 4g,h with 14). Introduction of a
second serotonin pharmacophore to 14, as in compound
4j, leads again to an increase in binding affinity at
5-HT1g1p receptor subtypes. This comparative study
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Table 1. Comparison of Dimers 4a—o with Sumatriptan and 5-HT at Human 5-HTig, 5-HT1p, and 5-HT14 Receptors

Ki(nM)? ECso(nm)?
Compound X S-HT1p | 5-HT | 5-HT1A | S5-HTp
4a ——(CH,-CHy) — 1.0 2.5 14.3 4.0
4b —(CHy)g — 0.46 0.5 1.8 0.6
4c —CHZOCH,- 0.11 0.10 1.6 3.0
\
4d - 035 032 1 0.85
2
4e CH, 1.5 1.7 43 2.07
CH,-
[0) o
af N N 0.11 0.27 4.06 03
—CH,uON CH,-
o (o]
ag ) Ji§ 0.42 036 | 20 028
—CH, N%N CH,-
o]
4h 0.16 0.11 9.5 0.22
—(CH,)Z—N——/\N CH,-
4i T (CH), N N—(CH),— 0.35 0.26 9.5 0.19
o o
4 0.09 0.14 9.8 0.4
St
o]
4K .
\CH:\ﬁJLCHZ 018 0.16 22 044
(e}
4 . . . . .
\CHT\NJLH/\C“: 0.4 02 22 1.6
o) o
4m —C”}Lu/\/\u /chm- 0.3 03 8.6 0.09
o o
4n NP\ ~ A 027 | 022 | 40 0.26
40 —<°“z’e~"$°zS°z~H<°Hz)s— 0.45 0.38 1.66 0.10
S-HT 5.06 6.76 2.48 482
Sumatriptan 8.5 231 440 77

a Kj and ECsp values are given as the mean of two or three independent determinations, each performed in duplicate, typically with

individual values within £10—20% of the mean.

stresses the importance of having two pharmacophoric
units (serotonin) in the same molecule to optimize
binding and intrinsic activity at 5-HTig/1p sites.
Comparison of the results reported in this paper with
those previously described!® for conformationally re-
stricted 5-CT dimers of formula 5 (Figure 1) show that
in both cases, the bivalent ligand approach has allowed
the identification of more potent 5-HTig;1p ligands in
term of binding affinity (when compared to their respec-
tive monomer) and selectivity (especially vs 5-HTja

receptors). However, in the previous study,6 the spacer
length has been shown to be crucial for optimal binding
and selectivity: Several dimers bind poorly to 5-HT1p
sites and demonstrate a selectivity pattern in favor of
5-HT;a receptors. Results reported here differ drasti-
cally on that point of view since all dimers 4a—o (see
Table 1) are better 5-HT;g/1p receptor ligands than the
monomer (serotonin) and all of them show an increased
selectivity ratio in favor of 5-HTig/1p receptors. The
observation that all serotonin dimers (with the exception
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Table 2. Comparison of Binding Affinities (K; Values, nM) at
Human 5-HT1g1p and 5-HT14 Receptors of Monomers 13 and
14 and Dimers 4g—i

e NH,
R—N N/lk/o
/ l
N

Compound R3 5-HTpP |S-HT g? [5-HT 5D
13 - H >100 > 100 > 100

4g SER-CH,CO- 0.42 036 20

4h SER-CH)CHj- 0.16 0.11 9.5

14 cHacow—O— 1.7 33 134
4j SER'CH2C°NN‘©— 0.09 0.14 9.8

a SER stands for 5-O-substituted serotonin (cf. Table 1). P K;
values are given as the mean of two or three independant
determinations, each performed in duplicate, typically with indi-
vidual values within +£10—20% of the mean.

Table 3. Physical Properties of Compounds Listed in Table 1

mp2

no. (°C) formulaP anal.c
4a 270 C22H26N402'2HC|'1H20 C,H,N
4b 235  Cz6H34N402-2HCI-1H20 C,H,N,CI
4c 280  CzgH30N402-2HCI-0.8H,0 C,HN
4d 222 CpgH30N402-2HCI-0.5H,0 C,H,N,CI
4e 186 C28H30N402'2HC|‘0.5H20 C,H,N,C'
4f 250  C3oH332NeO4:2.4HCI-2.9H,0 C,H,N,CI
49 236  CzgH34NeO4-2HCI-3.4H,0 C,HN
4h 187  CygH3sNeO3-3.4HCI-1.3H,0 C,H,N,CI
4i 182  CugH3sNeO2:4HCI-2.1H,0 C,H,N

4j 195  CzsH39N704-3.5HCI-1.6H,0 C,H,N,CI
4k 168  Co4H29N503-2HCI-1.1H,0 C,HN

4] 140  Cys5H32NgO3-2HCI-1H,0 C,H,N,CI
4dm 260  Cz7H34NeO4-2HCI-1H,0 C,H,N,CI
4n 193  Cz4H4sNeO4-2.1HCI-3.4H,0 C,H,N,CI
40 140  CasHs6Ne06S2-2HCI-1.5H,0-0.3EtOH  C,H,N,ClI

a All compounds were crystallized from CH,CIl,/Et,0 or CHCI3/
Et,0. P Satisfactory 'H NMR were obtained for all compounds.
¢ The analyses are within +£0.4% of the theoretical values (com-
pound 4d did not agree with calculated values for Cl possibly due
to the accuracy of the method used).

of 4a,e) bind to 5-HT1g/1p With nearly the same affinity
(K; values between 0.1 and 0.5 nM) shows that the
compounds of our series appear to lack any dependence
between affinity and spacer length or flexibility. This
is particularly intriguing when very different linkers are
compared in these dimers as, for example, with com-
pounds 4k (short linker) and 40 (extended linker). It
is noteworthy that agonist potency of dimers 4a—o is
also spacer independent since all of them appear as
potent 5-HTigup agonists with similar ECsp values
(comparison with dimers of formula 5 can not be made
at that level since intrinsic activity of these compounds
has not been reported). Therefore, it can be speculated
that such dimers are able to activate 5-HT;g/1p receptors
by interactions at least at one agonist binding site,
interactions which are probably very similar for all of
them and probably closely related to the interaction
mode between serotonin and the receptor.

Several theories have been proposed to rationalize
bivalent ligand activity and selectivity. Among them,
two potential bridging mechanisms have been pro-
posed!! from the above-mentioned extensive studies of
bivalent ligands in the opioid receptors field. First, if
the spacer is of sufficient length, it may be possible for
both pharmacophores in a bivalent ligand to occupy
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distinct but very similar or identical neighboring rec-
ognition sites; a second possible mechanism involves the
bridging of the second pharmacophore of a bivalent
ligand to an adjacent accessory site which is unique to
the receptor system. These hypotheses can easily
explain selectivity of a bivalent ligand for a particular
receptor subtype, but under such circumstances, it is
reasonable that the bridging of neighboring sites by a
divalent ligand would be dependent on the nature
(length or flexibility) of the spacer. Such a situation has
been reported in many cases as, for example, in dimers
of opioid alkaloid antagonists,!* dimers of peptides
derived from enkephalins,’® and dimers of conforma-
tionally restricted 5-CT derivatives.’® However, this
hypothesis is unlikely to apply to the new series of
serotonin dimers reported in this paper. The large
diversity of spacer lengths reported here associated with
a very similar binding profile is not in favor of simul-
taneous binding of the serotonin dimers 4a—o at
neighboring receptor sites. However, as pointed out
previously by Portoghese,!! enhanced potency in binding
of bivalent ligands can proceed through a univalently
bound state, the unbound recognition unit being in the
locus of neighboring binding sites. This is equivalent
to a high local concentration of the free recognition unit
in the vicinity of the neighboring sites because it is
tethered to the bound pharmacophore. Assuming such
a hypothesis can be taken into consideration to explain
enhanced affinity for serotonin dimers 4a—o at 5-HTigip
receptors; it does, however, not explain the 5-HTig/1p
vs 5-HT1a enhanced selectivity found for these dimers,
especially when compared to serotonin. We and others
have recently shown!7.1° that 5-HTg/1p receptors toler-
ate a large variety of substituents at the tryptamine
5-position; for example, compounds of general formula
3 (Figure 1) with n values varying from 1 to 5 bind with
very good affinity (nanomolar range) to 5-HT1g/1p recep-
tor subtypes and show some interesting binding selec-
tivity vs 5-HT 14 receptors. These observations suggest
that a deep binding pocket is available in the binding
domain of 5-HTg1p receptors but not in the binding
domain of 5-HT1a receptors. This deep binding pocket
in 5-HT1p;1p receptors is able to accommodate a large
diversity of 5-O-substituents on serotonin and can
explain the selectivity found with the serotonin dimers
described in this study.

In summary, the enhanced potency observed with
dimers 4a—o at 5-HT1g/1p binding sites can be explained
by the dimeric structural feature of these derivatives,
but their enhanced selectivity (vs 5-HT;4) can better be
explained by the choice of the position on the serotonin
residue where the spacer has been attached. The
increased selectivity observed for all dimers 4a—o
compared to serotonin is due to the discriminative effect
of 5-O-substituents between 5-HTig1p and 5-HT14 bind-
ing sites. This hypothetical explanation can accom-
modate the discrepancies observed between the seroto-
nin dimers reported here and the above-mentioned
5-CT-derived types of dimers 5 (in which selectivity is
very dependent on the spacer length) since the latter
ones result from a dimerization at the level of the basic
nitrogen atom, and therefore, the spacers of these
derivatives can probably not occupy the deep binding
pocket we assume to be important for the selectivity
observed with compounds 4a—o or compounds of for-
mula 3.17
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Conclusions

The first synthesis of serotonin dimers and their
biological properties related to serotonin receptors has
been described. Binding affinity and intrinsic activity
of these dimers (compounds 4a—o0) at cloned human
5-HT1g1p and 5-HT1a receptor subtypes (and for some
of them at 5-HT,, 5-HT3, and 5-HT, subtypes) show that
dimerization of serotonin through the 5-OH residue
allows the identification of a new series of potent and
selective 5-HTig/1p agonists, for example, compounds
4g,J, which are much more potent agonists than
sumatriptan. Results analysis based on comparisons
with serotonin supports the hypothesis that the marked
increase in potency of the serotonin dimers 4a—o can
be attributed to the presence of two serotonin pharma-
cophores in the same molecule, while the enhanced
selectivity for 5-HT1g1p receptor subtypes may be due
to the choice of the position of the spacer attachment to
serotonin. Further work is in progress to extend these
hypotheses to the design of new bivalent ligands as
potent and selective 5-HT;g/1p agonists of therapeutic
interest.

Experimental Section

Melting points were recorded on a electrothermal 9200
apparatus and are uncorrected. *H NMR spectra were ob-
tained on a Bruker AC200 (200 MHz) instrument. IR spectra
were obtained on a Nicolet FT510P spectrometer. Mass
spectra were recorded on a Nermag R10-10B spectrometer.
Purification by chromatography refers to flash chromatography
on silica gel (0.04—0.063 mm supplied by S.D.S.) with the
eluent indicated applied at a pressure of 0.5 atm. Elemental
analyses for carbon, hydrogen, and nitrogen were determined
with a Fisons EA 1108/CHN instrument.

General Procedures for the Preparation of Com-
pounds 4b—g,j. General Method A: 2-[5-[[2-[[[3-(2-Ami-
noethyl)-1H-indol-5-ylJoxy]methyl]benzyl]oxy]-1H-indol-
3-yl]ethylamine (4e). This procedure was used for the
preparation of 4b,e—g,j. A mixture of N-BOC serotonin 6 (1.0
g, 3.62 mmol), o, a’-dichloro-o-xylene (317 mg, 1.81 mmol), and
Cs,CO3 (2.2 g, 7.24 mmol) in DMF (6.3 mL) was stirred at 70
°C overnight. The mixture was diluted with EtOAc and
filtered through Celite, and the filtrate was washed with H,O
and saturated aqueous NacCl, dried (Na;SO,), and concen-
trated. The crude product was purified by chromatography
(CH.Cl,/acetone, 10/1) to give the bis-O-alkylated product (820
mg, 69%). This intermediate (780 mg, 1.19 mmol) was treated
in toluene (45 mL) and, at 25 °C, by excess TFA (11 mL). After
1 h, the mixture was evaporated to dryness and coevaporated
(3x) with toluene to remove excess TFA. The crude residue
was purified by chromatography (CH,Cl./MeOH/NH,OH, 78/
19/3) to give 4e (388 mg, 72%) which, upon treatment with
HCI in Et,0, gave the hydrochloride salt: mp 186 °C; *H NMR
(DMSO-dg) 6 2.99 (br s, 8H, CH,), 5.26 (s, 4H, CH,0), 6.84
(dd, 2H,J = 2.2, 8.8 Hz, 6,6'-CH), 7.19—7.28 (m, 8H, Ar), 7.36
(dd, 2H, J = 3.4, 5.4 Hz, Ar), 7.59 (dd, 2H, J = 3.6, 5 Hz, Ar),
8.08 (br s, 6H, NH3*), 10.85 (s, 2H, NH). Anal. (CzsHa,-
CI;N40,°0.5H,0) C, H, N, CI.

General Method B: 2-[5-[[3-[[[3-(2-Aminoethyl)-1H-
indol-5-yl]Joxy]methyl]benzyl]oxy]-1H-indol-3-yl]ethyl-
amine (4d). This procedure was used for the preparation of
4c,d. A mixture of N-BOC serotonin 6 (1.0 g, 362 mmol), a,o'-
dichloro-m-xylene (317 mg, 1.81 mmol), K,CO; (1.25 g, 9.05
mmol), and KI (60 mg, 0.36 mmol) in MEK (25 mL) was
refluxed for 16 h. The mixture was diluted with CH,ClI,,
washed with H;O, dried (Na.SO,), and concentrated. The
crude product was purified by chromatography (CH.Cl./
acetone, 10/1) to give the bis-O-alkylated product (639 mg,
54%). This intermediate (620 mg, 0.94 mmol) was deprotected
under the conditions described for general method A to give
4d (320 mg, 75%) isolated as the hydrochloride salt: mp 222
°C; IH NMR (DMSO-ds) 6 2.99 (br s, 8H, CH,), 5.12 (s, 4H,
CH0), 6.81 (dd, 2H, J = 2.0, 8.8 Hz, 6,6'-CH), 7.19—7.27 (m,
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6H, Ar), 7.42 (s, 3H, Ar), 7.60 (s, 1H, Ar), 8.11 (br s, 6H, NHz™),
10.85 (s, 2H, NH). Anal. (C3sH3.CI;N40,:0.5H,0) C, H, N.

General Procedures for the Preparation of Com-
pounds 4m,n. 2-[[3-(2-Aminoethyl)-1H-indol-5-yl]Joxy]-N-
[3-[[2-[[3-(2-aminoethyl)-1H-indol-5-yl]Joxy]acetyl]lamino]-
propyllacetamide (4m). A mixture of intermediate 10 (1.2
g, 3.58 mmol) and N-methylmorpholine (0.59 mL, 5.37 mmol)
in CHCI; (60 mL) was treated, at —15 °C and under nitrogen,
by ethyl chloroformate (0.44 mL, 4.65 mmol). The reaction
mixture was stirred at —15 °C for 0.5 h, and then 1,3-
diaminopropane (0.15 mL, 1.79 mmol) was added. The reac-
tion mixture was allowed to stir from —15 °C to room
temperature for 1 h and then diluted with CH.Cl,, washed
with saturated NaHCO; and H,0O, dried (Na,SO,), and con-
centrated. The crude product was purified by chromatography
(CH,CIlx/MeOH/NH,0OH, 95/4.5/0.5) to give the N-BOC-pro-
tected compound (815 mg, 64%). This intermediate was
deprotected under the conditions described for general method
A to give 4m (332 mg, 57%) isolated as the hydrochloride
salt: mp 260 °C; 'H NMR (DMSO-dg) 6 1.62 (g, 2H, J = 6.4
Hz, CH,), 3.00—3.37 (m, 12H, CH), 4.48 (s, 4H, CH0), 6.85
(dd, 2H, J = 2.2, 8.7 Hz, 6,6'-CH), 7.14 (d, 2H, J = 2.1 Hz,
2,2'-CH), 7.21 (d, 2H, J = 2.2 Hz, 4,4'-CH), 7.28 (d, 2H, J =
8.7 Hz, 7,7'-CH), 8.08 (br s, 6H, NHs"), 8.26 (t, 2H, J = 5.8
Hz, NHCO), 10.90 (d, 2H, J = 2.1 Hz, NH). Anal. (C7Hszs-
CI;NgO4°1H,0) C, H, N, Cl.

Preparation of 2-[5-[2-[N-(tert-Butoxycarbonyl)amino]-
ethoxy]-1H-indol-3-yl]lethylamine (12). A mixture of N-
BOC serotonin 6 (18.0 g, 65.1 mmol), K,CO; (22.5 g, 162.7
mmol), and Kl (1.1 g, 6.51 mmol) in MEK (240 mL) was treated
at room temperature with bromoacetonitrile (5.4 mL, 78.1
mmol). The mixture was refluxed for 31 h and then diluted
with EtOAc, washed with NaOH (2 N), H,O, and saturated
NaCl, dried (Na2S0O,), and concentrated. The crude product
was purified by chromatography (CH,Cl./acetone, 20/1) to give
the pure intermediate (13.9 g, 68%). This intermediate (5.0
g, 15.8 mmol), in solution in anhydrous THF and under
nitrogen, was treated dropwise, at 0 °C, by LiAIH; (1 M in
THF) (39.6 mL, 39.5 mmol). The reaction mixture was allowed
to stir from 0 °C to room temperature for 1 h, and then excess
LiAlH, was removed by treatment with “wet” Na,SO4. The
mixture was filtered through Celite, and the filtrate was
concentrated. The resulting oil was purified by chromatog-
raphy (CH.Cl,/MeOH/NH,OH, 90/9.5/0.5) to give 12 (3.8 g,
74%): 'H NMR (DMSO-dg) ¢ 1.37 (s, 9H, tBu), 2.73 (t, 2H, J
= 7.8 Hz, CH,), 2.86 (t, 2H, J = 5.7 Hz, CH), 3.11-3.20 (m,
2H, CHy), 3.90 (t, 2H, J = 5.7 Hz, CH,0), 6.71 (dd, 1H, J =
2.3, 8.7 Hz, 6-CH), 6.88 (t, 1H, J = 8.0 Hz, NHBOC), 6.98 (d,
1H, J = 2 Hz, 2-CH), 7.06 (d, 1H, J = 2.3 Hz, 4-CH), 7.19 (d,
1H, J = 8.7 Hz, 7-CH), 10.65 (d, 1H, J = 2 Hz, 2-CH); MS
m/z 320 (MH™).

Preparation of 2-[[3-(2-Aminoethyl)-1H-indol-5-yl]oxy]-
N-[2-[[3-(2-aminoethyl)-1H-indol-5-yl]oxy]ethyl]aceta-
mide (4k). Compound 4k was prepared from intermediate
10 (300 mg, 0.897 mmol) and intermediate 12 (286 mg, 0.897
mmol) following the conditions described for the preparation
of compound 4m. The desired product was purified by
chromatography (CH,Cl,/MeOH/NH,OH, 75/20/5) to give pure
4k (355 mg, 91% for both steps) isolated as the hydrochloride
salt: mp 168 °C; 'H NMR (DMSO-dg) 6 3.01 (br s, 8H, CHy,),
3.50—3.60 (m, 2H, CHy), 4.07 (t, 2H, J = 6.0 Hz, CH,), 4.52 (s,
2H, CH,0), 6.75 (dd, 1H, J = 2.2, 8.7 Hz, Ar), 6.86 (dd, 1H, J
=2.3,8.8Hz, Ar), 7.13 (d, 1H, J = 2.2 Hz, Ar), 7.17 (d, 1H, J
= 2.3 Hz, Ar), 7.19-7.31 (m, 4H, Ar), 8.1 (br s, 6H, NHz"),
8.37 (t, 1H, J = 5.6 Hz, NHCO), 10.86 (d, 1H, J = 1.9 Hz,
NH), 10.92 (d, lH, J=18 HZ, NH) Anal. (C24H31C|2N503‘
1.1H,0) C, H, N.

Preparation of 1,3-Bis[2-[[3-(2-aminoethyl)-1H-indol-
5-yl]loxy]ethyl]urea (41). A solution of intermediate 12 (650
mg, 2.03 mmol) and EtzN (0.28 mL, 2.03 mmol) in anhydrous
CH.CI; (11 mL) was treated, dropwise at 0 °C and under
nitrogen, with a solution of triphosgene (100 mg, 0.338 mmol)
in CH.Cl; (2 mL). The mixture was stirred from 0 °C to room
temperature for 1.5 h and then diluted with CH,Cl,, washed
with H,O and saturated NaCl, dried (Na;SO,), and concen-
trated. The crude product was purified by chromatography
(CH.CIl,/MeOH/NH,OH, 95/4.5/0.5) to give the N-BOC-pro-
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tected compound (634 mg, 94%). This intermediate was
deprotected under the conditions described for general method
A to give 4l (338 mg, 64%) isolated as the hydrochloride salt:
mp 140 °C; *H NMR (DMSO-dg) 6 2.98 (br s, 8H, CHy), 3.40
(t, 4H, 3 = 5.0 Hz, CHy), 3.93—3.99 (m, 4H, CH,), 6.74 (dd,
2H, J = 2.1, 8.7 Hz, 6,6'-CH), 7.10 (d, 2H, J = 2.0 Hz, 2,2'-
CH), 7.18 (d, 2H, J = 2.1 Hz, 4,4'-CH), 7.24 (d, 2H, J = 8.7
Hz, 7,7'-CH), 8.08 (br s, 6H, NH3*"), 10.84 (d, 2H, J = 2.0 Hz,
NH) Anal. (C25H34C|2N503‘1H20) C, H, N, Cl

Preparation of 4,4'-Bis[[[[6-[[3-(2-aminoethyl)-1H-in-
dol-5-ylJoxy]hexyllamino]sulfonyl]-1,1'-biphenyl (40). A
solution of intermediate 13 (1.0 g, 2.66 mmol) and Et;N (0.56
mL, 3.99 mmol) in anhydrous CHCl, (15 mL) was treated at
0 °C with 4,4'-biphenyldisulfonyl chloride (470 mg, 1.33 mmol).
The mixture was stirred from 0 °C to room temperature for 1
h, diluted with CH,Cl,, washed with H,O and saturated NacCl,
dried (NazS0O,), and concentrated. The crude oil was purified
by chromatography (CH,CIl,/MeOH, 30/1) to give the N-BOC-
protected product (1.1 g, 80%). This intermediate (600 mg,
0.583 mmol) was deprotected under the conditions described
for general method A to give 40 (396 mg, 73%) isolated as the
hydrochloride salt: mp 140 °C; *H NMR (DMSO-ds) ¢ 1.33 (br
s, 12H, CHy), 1.60—1.70 (m, 4H, CH,), 2.78 (m, 4H, CH,), 2.90—
3.00 (m, 8H, CHy), 3.91 (t, 4H, J = 6.3 Hz, CH;0), 6.69 (dd,
2H, J = 2.2, 8.6 Hz, 6,6'-CH), 7.04 (d, 2H, J = 2.0 Hz, 2,2'-
CH), 7.16 (d, 2H, J = 2.2 Hz, 4,4'-CH), 7.22 (d, 2H, J = 8.6
Hz, 7,7'-CH), 7.73—7.97 (m, 14H, Ar, NH3%), 10.80 (d, 2H, J =
2.0 HZ, NH) Anal. (C44H56N60652'2HC|‘1.5H20‘0.3EtOH) C,
H, N, CI.

Preparation of 2-[5-[2-[[3-(2-Aminoethyl)-1H-indol-5-
yl]loxylethoxy]-1H-indol-3-yl]lethylamine (4a). A solution
of compound 5 (1.5 g, 5.43 mmol) in dry DMF (15 mL) was
treated at room temperature by NaH (60% in oil) (217 mg,
5.43 mmol) for 1 h. Compound 7 (1.8 g, 5.43 mmol) was added,
and the mixture was heated at 80 °C overnight. The reaction
mixture was diluted with EtOAc, washed with H,O and
saturated NaCl, dried (Na,SO,), and concentrated. The crude
product was purified by chromatography (CH,Cl./MeOH/NH,-
OH, 97.75/2/0.25 to 96.5/3/0.5) to give the N-BOC-protected
product (1.7 g, 54%). This intermediate (8.61 mg, 1.49 mmol)
was then deprotected to give 4a (275 mg, 49%) isolated as the
hydrocholoride salt: mp 270 °C; *H NMR (DMSO-ds) 6 3.00
(br s, 8H, CHy), 4.34 (s, 4H, CH,), 6.77 (dd, 2H, J = 2.1, 8.7
Hz, 6,6'-CH), 7.18—7.29 (m, 6H, Ar), 8.14 (br s, 6H, NHz"),
10.86 (d, 2H, J=20 HZ, NH) Anal. (C22H23C|2N402‘1H20)
C, H, N, Cl

Preparation of 2-[5-[2-[4-[2-[[3-(2-Aminoethyl)-1H-in-
dol-5-yl]loxy]ethyl]piperazin-1-yl]lethoxy]-1H-indol-3-yl]-
ethylamine (4i). A mixture of compound 7 (1.5 g, 4.43 mmol),
K2CO; (1.8 g, 13.2 mmol), KI (73 mg, 0.44 mmol), and
piperazine (191 mg, 2.21 mmol) in DMF (4 mL) was heated at
90 °C for 48 h. The reaction mixture was then diluted with
EtOAC, washed with H,O and NacCl, dried (Na,SO,), and
concentrated. The crude product was purified by chromatog-
raphy (CH2Cl,/MeOH/NH,OH, 95/4.5/0.5) to give the N-BOC-
protected product (986 mg, 64%) which, after deprotection,
afforded 4i (638 mg, 91%) isolated as the hydrochloride salt:
mp 182 °C; IH NMR (DMSO-dg) 6 3.02 (br s, 8H, CH,), 3.65—
3.86 (m, 12H, CH,), 4.47 (br s, 4H, CH;0), 6.85 (dd, 2H, J =
2.1, 8.6 Hz, 6,6'-CH), 7.22—7.32 (m, 6H, Ar), 8.21 (br s, 6H,
NHs*), 10.95 (d, 2H, J = 2.0 Hz, NH). Anal. (CHao-
Cl4sNgO2:2.1H,0) C, H, N.

Preparation of 2-[[3-(2-Aminoethyl)-1H-indol-5-yl]oxy]-
1-piperazin-1-ylethanone (11). A mixture of compound 10
(2.0 g, 5.98 mmol) and N-methylmorpholine (0.98 mL, 8.97
mmol) in CH,CI, (100 mL) was treated, at —15 °C and under
nitrogen, with ethyl chloroformate (0.74 mL, 7.77 mmol). The
reaction mixture was stirred at —15 °C for 0.5 h, and then
benzylpiperazine (2.6 mL, 15 mmol) was added. The reaction
mixture was allowed to stir from —15 °C to room temperature
for 1 h and then diluted with CH,Cl,, washed with NaHCO3;
and H;0, dried (NaS0O,), and concentrated. The crude product
was purified by chromatography (CH2Cl,/MeOH/NH,OH, 95/
4.5/0.5) to give the pure intermediate (2.66 g, 90%). This
product was hydrogenated over Pd/C (10%) (~250 mg, 0.27
mmol) in MeOH (160 mL), under 1 atm of H,, at room
temperature for 4 days. The mixture was filtered through
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Celite, and the filtrate was concentrated. The crude product
was purified by chromatography (CH.Cl,/MeOH/NH,OH, 90/
9.5/0.5) to give 11 (1.68 g, 77%).

Preparation of 2-[[3-(2-Aminoethyl)-1H-indol-5-yl]oxy]-
1-[4-[2-[[3-(2-aminoethyl)-1H-indol-5-yl]Joxy]ethyl]piper-
azin-1-yllethanone (4h). A mixture of compound 11 (600
mg, 1.49 mmol), compound 8 (505 mg, 1.49 mmol), K,CO3 (618
mg, 4.47 mmol), and KI (25 mg, 0.15 mmol) in DMF (2 mL)
was heated at 90 °C for 48 h. The mixture was diluted with
EtOAC, washed with H,O and saturated NacCl, dried (Na;SO,),
and concentrated. The crude product was purified by chro-
matography (CH:Cl./MeOH/NH,OH, 95/4.5/0.5) to give the
N-BOC-protected product (959 mg, 91%) which after depro-
tection afforded compound 4h (295 mg, 44%) isolated as the
hydrochloride salt: mp 187 °C; *H NMR (DMSO-dg) 6 3.01 (br
s, 8H, CHy), 3.20—3.48 (m, 8H, CH>), 4.20—4.47 (m, 4H, CH>),
4.87 (s, 2H, OCH,CO), 6.76—6.85 (m, 2H, 6,6'-CH), 7.19—7.31
(m, 6H, Ar), 8.17 (br s, 6H, NH*), 10.86 (d, 1H, J = 2.0 Hz,
NH), 10.91 (d, 1H, J = 2.0 Hz, NH), 11.65 (br s, 1H, NH").
Anal. (C23H36N503'3.4HC|'1.3Hzo) C, H, N, CI.

Acknowledgment. The authors wish to thank Elis-
abeth Dupeyron for preparing the manuscript.

References

(1) Glennon, R. A. Serotonin receptors: clinical implications. Neu-
rosci. Biobehav. Rev. 1990, 14, 35—47.

(2) (a) Hoyer, D.; Clarke, D. E.; Fozard, J. R.; Hartig, P. R.; Martin,
G. R.; Mylecharane, E. J.; Saxena, P. R.; Humphrey, P. P. A.
Pharmacol. Rev. 1994, 46, 157—203. (b) Peroutka, S. J. Serotonin
receptor subtypes. CNS Drugs 1995, 4 (Suppl. 1),18—28. (c)
Hartig, P. A.; Hoyer, D.; Humphrey, P. P. A,; Martin, G. R.
Alignment of receptor nomenclature with the human genome:
Classification of 5-HT1g and 5-HT;p receptor subtypes. TIPS
1996, 17, 103—105.

(3) (a) Saudou, F.; Hen, R. 5-HT receptor subtypes: Molecular and
functional diversity. Med. Chem. Res. 1994, 4, 16—84. (b)
Peroutka, S. J. Pharmacological differentiation of human 5-HT1g
and 5-HTip receptors. Biol. Signals 1994, 3, 217—222. (c)
Pauwels, P. J.; Palmier, C.; Wurch, T.; Colpaert, F. C. Pharma-
cology of cloned human 5-HT;p receptor-mediated functional
responses in stably transfected rat Ceg-glial cell lines: further
evidence differentiating human 5-HT;p and 5-HT;g receptors.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 1996, 353, 144—156.

(4) (a) Hamel, E.; Grégoire, L.; Lau, B. 5-HT; receptors mediating
contraction in bovine cerebral arteries: a model for human
cerebrovascular “5-HTpg” receptors. Eur. J. Pharmacol. 1993,
242, 75—-82. (b) Kaumann, A. J.; Parsons, A. A.; Brown, A. M.
Human arterial constrictor serotonin receptors. Cardiovasc. Res.
1993, 27, 2094—2103. (c) Rebeck, G. W.; Maynard, K. I.; Hyman,
B. T.; Moskowitz, M. A. Selective 5-HT1p, serotonin receptor
gene expression in trigeminal ganglia: Implications for antimi-
graine drug development. Proc. Natl. Acad. Sci. U.S.A. 1994,
91, 3666—3669.

(5) Feniuk, W.; Humphrey, P. P. A. The development of a highly
selective 5-HT; receptor agonist, sumatriptan, for the treatment
of migraine. Drug Dev. Res. 1992, 26, 235—240.

(6) Glen, R. C.; Martin, G. R.; Hill, A. P.; Hyde, R. M.; Woollard, P.
M.; Salmon, J. A.; Buckingham, J.; Robertson, A. Computer-
aided design and synthesis of 5-substituted tryptamines and
their pharmacology at the 5-HTip receptor: discovery of com-
pounds with potential anti-migraine properties. J. Med. Chem.
1995, 38, 3566—3580.

(7) Street, L. J.; Baker, R.; Davey, W. B.; Guiblin, A. R.; Jelley, R.
A.; Reeve, A. J,; Routledge, H.; Sternfeld, F.; Watt, A. P.; Beer,
M. S.; Middlemiss, D. N.; Noble, A. J.; Stanton, J. A.; Scholey,
K.; Hargreaves, R. J.; Sohal, B.; Graham, M. |.; Matassa, V. G.
Synthesis and serotonergic activity of N,N-dimethyl-2-[5-(1,2,4-
triazol-1-ylmethyl)-1H-indol-3-yl]ethylamine and analogues: Po-
tent agonists for 5-HT1p receptors. J. Med. Chem. 1995, 38,
1799—-1810.

(8) Connor, H. E.; O'Shaughnessy, C. T.; Feniuk, W.; Perren, M. J.;
North, P. C.; Oxford, A. W.; Butina, D.; Owen, M.; Humphrey,
P. P. A. GR85548: a potent selective agonist for the intracranial
vascular 5-HT; receptor. Proc. Br. Pharmacol. Soc. 1993, Abst
C107 (Jan. 5—7, 1993, Cambridge).

(9) (&) Erez, M.; Takemori, A. E.; Portoghese, P. S. Narcotic
antagonist potency of bivalent ligands which contain g-naltrex-
amine. Evidence for bridging between proximal recognition sites.
J. Med. Chem. 1982, 25, 847—849. (b) Portoghese, P. S
Ronsisvalle, G.; Larson, D. L.; Yim, C. B.; Sayre, L. M.;
Takemori, A. E. Opioid agonist and antagonist bivalent ligands
as receptor probes. Life Sci. 1982, 31, 1283—1286.

(10) (a) Shimohigashi, Y.; Costa, T.; Chen, H.-C.; Rodbard, D. Dimeric
tetrapeptide enkephalins display extraordinary selectivity for
the 6 opiate receptor. Nature 1982, 297, 333—335. (b) Costa, T.;
Shimohigashi, Y.; Krumins, S. A.; Munson, P. J.; Rodbard, D.



Serotonin Dimers as Selective 5-HT1g/10 Agonists

(11)

(12

—

(13)

Dimeric pentapeptide enkephalin: a novel probe of delta opiate
receptors. Life Sci. 1982, 31, 1625—1632. (c) Shimohigashi, Y.;
Costa, T.; Matsuura, S.; Chen, H.-C.; Rodbard, D. Dimeric
enkephalins display enhanced affinity and selectivity for the
delta opiate receptor. Mol. Pharmacol. 1982, 21, 558—563. (d)
Lutz, R. A.; Cruciani, R. A.; Shimohigashi, Y.; Costa, T.; Kassis,
S.; Munson, P. J.; Rodbard, D. Increased affinity and selectivity
of enkephalin tripeptide (Tyr-D-Ala-Gly) dimers. Eur. J. Phar-
macol. 1985, 41, 257—261. (e) Costa, T.; Wuster, M.; Herz, A;
Shimohigashi, Y.; Chen, H.-C.; Rodbard, D. Receptor binding and
biological activity of bivalent enkephalins. Biochem. Pharmacol.
1985, 34, 25—30.

(a) Portoghese, P. S. Bivalent ligands and the message-address
concept in the design of selective opioid receptor antagonists.
Trends Pharmacol. Sci. 1989, 10, 230—235. (b) Portoghese, P.
S. The role of concepts in structure-activity relationship studies
of opioid ligands. J. Med. Chem. 1992, 35, 1927—1937.
Takemori, A. E.; Ho, B. Y.; Naeseth, J. S.; Portoghese, P. S.
Norbinaltorphimine, a highly selective kappa-opioid antagonist
in analgesic and receptor binding assays. J. Pharmacol. Exp.
Ther. 1988, 246, 255—258.

(a) Faucheére, J. L.; Rossier, M.; Capponi, A.; Vallotton, M. R.
Potentiation of the antagonistic effect of ACTH1;-24 On steroido-
genesis by synthesis of covalent dimeric conjugates. FEBS Lett.
1985, 183, 283—286. (b) Kodama, H.; Shimohigashi, Y.; Sak-
aguchi, K.; Waki, M.; Takano, Y.; Yamada, A.; Hatae, Y.;
Kamiga, H. Dimerization of neurokinin A and B COOH-terminal
heptapeptide fragments enhanced the selectivity for tachykinin
receptor subtypes. Eur. J. Pharmacol. 1988, 151, 317—320. (c)
Higuchi, Y.; Takano, Y.; Shimazaki, H.; Shimohigashi, Y.;
Kodama, H.; Matsumoto, H.; Sakaguchi, K.; Nonako, S.; Sarto,
R.; Waki, M.; Kamiya, H. Dimeric substance P analogue shows
a highly potent activity of the in vivo salivary secretion in the
rat. Eur. J. Pharmacol. 1989, 160, 413—416. (d) Cheronis, J. C.;
Whalley, E. T.; Nguyen, K. T.; Eubanks, S. R.; Allen, L. G.;
Duggan, M. J.; Loy, S. D.; Bonham, K. A.; Blodgett, J. K. A new
class of bradykinin antagonists: synthesis and in vitro activity
of bis-succinimidoalkane peptide dimers. J. Med. Chem. 1992,
35, 1563—1572. (e) Variek, R. J.; Stewart, J. M. Succinyl bis-
bradykinins: potent agonists with exceptional resistance to
enzymatic degradation. In Peptides: Proceeding of the Eight
American Peptide Symposium; Hruby, V. J., Rich, D. H., Eds.;
Pierce Chemical Co.: Rockford, IL, 1983; pp 381—384. (f)
Cheronis, J. C.; Whalley, E. T.; Allen, L. G.; Loy, S. D.; Elder,
M. W.; Duggan, M. J.; Gross, K. L.; Blodgett, J. K. Design,
synthesis and in vitro activity of bis (succinimido) hexane peptide
heterodimers with combined B; and B, antagonist activity. J.
Med. Chem. 1994, 37, 348—355. (g) Carrithers, M. D.; Lerner,

Journal of Medicinal Chemistry, 1996, Vol. 39, No. 25 4927

(14)

(15)

(16)

@an

(18)

(19

(20)

(21)

(22)

M. R. Synthesis and characterization of bivalent peptide ligands
targeted to G-protein-coupled receptors. Chem. Biol. 1996, 3,
537—542.

Turnheim, K.; Kraupp, O. Pulmonary and systemic circulatory
effects and -adrenergic selectivity of hexaprenaline, salbutamol,
oxyfedrine and isoproterenol. Eur. J. Pharmacol. 1971, 15, 231—
239.

Fisher, L. E.; Rosenkranz, R. P.; Clark, R. D.; Muchowski, J.
M.; McClelland, D. L.; Michel, A.; Caroon, J. M.; Galeazzi, E.;
Eylen, R.; Whiting, R. L. N,N-6-bis-[2-(3,4-dihydroxybenzyl)-
pyrrolidinyl]lhexane, a potent, selective, orally active dopamine
analog with hypotensive and diuretic activity. Bioorg. Med.
Chem. Lett. 1995, 5, 2371—2376.

Le Boulluec, K.; Mattson, R. J.; Mable, C. D.; Mc Govern, R. T.;
Nowak, H. P.; Gentile, A. J. Bivalent indoles exhibiting sero-
tonergic binding affinity. Bioorg. Med. Chem. Lett. 1995, 5, 123—
126.

(a) Perez, M.; Pauwels, P.; Palmier, C.; John, G. W.; Valentin,
J. P.; Halazy, S. 5-O-carboxymethyl piperazide derivatives of
serotonin: a new class of potent and selective 5-HT;p receptor
agonists. Bioorg. Med. Chem. Lett. 1995, 5, 663—666. (b) Perez,
M.; Fourrier, C.; Sigogneau, I.; Pauwels, P. J.; Palmier, C.; John,
G. W.; Valentin, J. P.; Halazy, S. Synthesis and serotonergic
activity of arylpiperazide derivatives of serotonin: potent ago-
nists for 5-HTp receptors. J. Med. Chem. 1995, 38, 3602—3607.
Perez, M.; Pauwels, P. J.; Palmier, C.; John, G. W.; Valentin, J.
P.; Halazy, S. Synthesis and structure-activity relationships of
5-substituted tryptamine derivatives of o-tolylpiperazine as
agonists at 5-HT;p receptors. Med. Chem. Res. 1995, 5, 680—
689.

Hong, S.-S.; Dukat, M.; Teitler, M.; Herrick Davis, K.; McCallum,
K.; Kamboj, R.; Glennon, R. A. Binding of 5-arylalkylox-
ytryptamines at human 5-HT1pg serotonin receptors. Med. Chem.
Res. 1990, 5, 690—699.

Pauwels, P. J.; Van Gompel, P.; Leysen, J. E. Activity of 5-HT
receptor agonists, partial agonists and antagonists at cloned
human 5-HT1A receptors that are negatively coupled to adeny-
late cyclase in permanently transfected HelLa-cells. Biochem.
Pharmacol. 1993, 45, 375—383.

Valentin, J. P.; Bonnafous, R.; John, G. W. Influence of the
endothelium and nitric oxide on the contractile responses evoked
by 5-HTip receptor agonists in the rabbit isolated saphenous
vein. Br. J. Pharmacol. 1996, 119, 35—42.

Wurch, T.; Cathala, C.; Palmier, C.; Valentin, J. P.; John, G.
W.; Colpaert, F. C.; Pauwels, P. J. Molecular cloning and
identification of a rabbit saphenous vein 5-HT1pg receptor gene.
Neurosci. Res. Commun. 1996, 18, 155—162.

JM960552L



