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The two hormones cholecystokinin and gastrin share the same C-terminal sequence of amino
acids, namely Gly?*-Trp3-Met3!-Asp32-Phe®-NH,. Nevertheless, this congruence has not
precluded using this structure to develop selective ligands for either CCK; or CCK; receptors.
Manipulation of the hydrophobic residues at positions 31 and 33 gave a series of CCK; tripeptide
antagonists, typified by N-t-BOC-Trp-2-Nal-Asp-2-(phenyl)ethylamide (pKg 6.8 + 0.3). Molecular
modeling was used to identify the bioactive conformation of these CCKj-selective compounds
and prompted the design of new peptoid structures. We aimed to maintain the conformation
of the parent series by exploiting patterns of hydrogen-bonding and z-stacking interactions
present in the original molecule, rather than introducing additional covalent bonds. The
prototype, N-(succinyl-p-Asp-2-phenylethylamido)-L-Trp-2-(2-naphthyl)ethylamide, was a potent
and selective CCK; antagonist (pKg 7.2 &+ 0.3). Furthermore, the new series showed patterns
of biological activity that mirrored those of the parent tripeptides. These compounds contain
elements of both peptide primary and secondary structure and represent a novel approach to
designing peptidomimetics. Interesting results were obtained from comparing models of a
representative tripeptide CCK; antagonist with a conformation of CCK3o—33 that others have
proposed to be responsible for its activity at the CCK; receptor. The results suggest that CCK;
and CCK; receptors recognize enatiomeric dispositions of the Trp® indole, Asp®? carboxylic
acid, and C-terminal phenyl groups arrayed about a common backbone configuration. This
“functional chirality” may underpin the mechanism by which these closely related receptor
systems bind CCK3o—33 and explain patterns of selectivity observed with optical isomers of a
number of peptoid and nonpeptide ligands.

Introduction
Cholecystokinin and gastrin are two closely related

versely, this fragment only has micromolar affinity for
the CCK; receptor, which requires the sulfated octapep-

peptide hormones that mediate a range of peripheral
and central biological processes. Cholecystokinin recep-
tors are divided into two subclasses: CCK; and CCK>»
receptors. CCKj receptors occur centrally in the nucleus
tractus solitarius! but are mainly located in the periph-
ery in the pancreas,? gall bladder,® and colon. CCK;
receptors are the predominant subtype in the brain and
are widely distributed throughout the cortex.* The CCK;
receptor is also located on the ECL cell of the stomach,
and there is strong evidence to suggest that the central
and peripheral populations of receptors are homoge-
neous, on the basis of their selectivity for a range of
ligands and evidence from molecular hybridization
studies.> The human CCK; and CCK; receptors have
now both been cloned and shown to belong to the family
of G-protein coupled receptors.>—8

From a chemical point of view, the two hormones need
to be considered together because they share the same
primary sequence of amino acids at their C-termini,
namely Gly-Trp-Met-Asp-Phe-NHoa. In fact, only the last
four residues, CCK3zp-33 (Trp-Met-Asp-Phe-NH,), are
required to elicit a full biological response at the CCK;
receptors in both the periphery® and the brain.’® Con-

*To whom correspondence should be addressed. Phone: +44
2077378282. Fax: +44 2072749687. E-mail: caroline.low@kcl.ac.uk.

tide fragment (CCK-8S) for full activation. This frag-
ment is also common to the structure of the decapeptide
caerulein, found in the skin of amphibia, suggesting that
the mammalian hormones cholecystokinin and gastrin
may share a common evolutionary history.11

CCK; receptor antagonists have been shown to block
CCK-8-induced contraction of the gallbladder and in-
hibit gastric emptying,'? pancreatic secretion,’®* and
satiety.’* On the other hand CCK; antagonists have
attracted interest on the basis of their ability to inhibit
gastrin-stimulated gastric acid secretion in the periph-
ery.’> A number of central effects have also been noted
for some of these latter compounds, such as anxiolytic
behavior’® and ability to potentiate morphine-induced
analgesia.l”

Our aim was to design novel CCK; and CCK; antago-
nists using the structure of the C-terminal tetrapeptide,
CCKg3p-33, as the chemical starting point. The primary
requirement was that the final compounds should be
selective for one receptor type over the other. A further
aim was that their structures had to be sufficiently
different from those of the parent peptides to try to avoid
the recognized problems associated with using peptides
as drugs: namely poor bioavailability, rapid proteolytic
cleavage, and clearance in vivo.
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Scheme 1. Synthesis of Tetrapeptide 22

a

BOC-Asp(OBn)-NHS BOC-Asp(OBn)-Phe-NH,

34

b
BOC-Ala-NHS —— BOC-Ala-l.eu-OH BOC-Ala-Leu-NHS

35 36

d
34 —— BOC-Ala-Leu-Asp(OBn)-Phe-NH,

37 e
L—-— BOC-Ala-Leu-Asp-Phe-NH,

2

a(a) Phe-NH2-NCI, NaHCO3, DME, H,0; (b) Leu, NaHCOs3,
DME, H,0; (c) NHS, DCCI, DME; (d) (i) TFA, (ii) 36, NaHCOs3,
DME; (e) Hz, Pd/C, EtOH.

Broad cross-screening strategies have led to the
discovery of a number of nonpeptide ligands for these
receptors.’®22 This work has proceeded in parallel with
the alternative strategy based on using the parent
hormone as the initial chemical lead. We have chosen
to use this latter approach and have already reported a
number of compounds designed in this way. These have
included the CCK;-selective sulfonamide 2-NAP,?324 as
well as a range of nonpeptide CCK; ligands based on
oxathiazinone,?® dibenzobicyclo[2.2.2]octane (BCO),26:27
and indole skeletons.?® The design of effective antago-
nists for these receptor systems required that we tackled
the twin problems of removing the ability of the
hormone to activate the receptor (efficacy) and biasing
the selectivity of the compounds in favor of one or other
receptor system.

We have not been alone in taking the stucture of the
terminal tetrapeptide as our starting point, and the
Parke-Davis group has described selective CCK; and
CCK; ligands designed around the structure of the
dipeptide fragment Trp-Phe.?%3 However, a number of
reports suggest that several examples of these com-
pounds retained the agonist properties of the parent
hormone.31-37 The balance between removing the ability
of a molecule to cause agonism (efficacy) without
disturbing its ability to bind to the receptor is clearly
extremely fine and has been at the heart of our search
for novel and selective antagonists of these two receptor
systems. This paper will focus on our efforts to achieve
this target and will describe the preparation of a
number of peptoids whose structures were derived from
that of BOC-CCKgp-33. Our efforts to interpret the
patterns of activity that were obtained in terms of the
3D structure of the molecules led to the design and
synthesis of a second series of peptoids. The aim of this
exercise was to mimic elements of 3D structure identi-
fied in the first series, without the introduction of
additional covalent links. The success of this approach
is reflected in the biological activity of the new series
of compounds — which is directly comparable with that
of the parent series. This new series was optimized to
give a number of potent and selective CCK; antagonists.

Chemistry

The compounds described for the first time in this
paper were prepared according to Schemes 1—6. The
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Scheme 2. Synthesis of Tetrapeptide 32
BOC-Trp-NHS 2 _. BOC-Trp-Ala-OH —___BOC-Trp-Ala-NHS

38 39
c
34 — BOC-Trp-Ala-Asp(OBn)-Phe-NH,»
40 d
— BOC-Trp-Ala-Asp-Phe-NH,

3
a(a) Ala, NaHCO3;, DME, H;0; (b) NHS, DCCI, DME; (c) (i)
TFA, (ii) 39, NaHCO3, DME; (d) Ha, Pd/C, EtOH.
Scheme 3. Synthesis of Compounds 4 and 52
a

b
BOC-Trp-Leu-OH —» BOC-Trp-Leu-NHS
41 42

BOC-Trp-NHS

BOC-Asp(OBn)-NHS BOC-Asp(OBn)-Ala-NH,

43
l d
e
BOC-Trp-Leu-Asp-Ala-NH, «—— BOC-Trp-Leu-Asp(OBn)-Ala-NH,
5 44
f d
BOC-Ala-NHS —=BOC-Ala-Phe-NH,; —~BOC-Trp-Leu-Aia-Phe-NH,

45 4
a (a) Leu, NaHCO3, EtOH, H,0; (b) NHS, DCCI, DME; (c) Ala-
NH.-HCI, NaHCO3, DME, H,0; (d) (i) TEA, (ii) 42, EtsN, DME;
(e) Hz, Pd/C, MeOH; (f) Phe-NH;,, DME.

Scheme 4. Synthesis of Compounds 6—202

BOC-Trp-NHS ab BOC-Trp-(S)-2-Nal-NHS
46
BOC-Asp(OBn)-NHS vy X
J
+ X BOC-Asp{OBn)-NH x
’Y\/@ 47 Y=X=H
H,N
ld, e
X
BOC-Trp-(S)-2-Nal-Asp-NH X
6-20: X,Y
as in Table 2

2 (a) (S)-2-Naphthylalanine, NaHCO3, EtOH, H,0O; (b) NHS,
DCCI, DME; (c) DME; (d) (i) TFA, (ii) 46, EtsN, DME; (e) Ha, Pd/
C, MeOH.

tetrapeptides required to evaluate the contribution of
the amino acid side chains of CCK3y-33 were synthesized
using standard methods from commercially available
starting materials (Schemes 1—3). The same methods
were used to prepare compound 6 in which naphthyl-
alanine (Nal) was incorporated in place of Leu3! (Scheme
4). Modification of Phe® in this latter series was effected
by coupling the appropriately substituted 2-phenylethyl-
amines, or phenylalanines, to the N-hydroxysuccinimide
ester of protected Asp (Scheme 4). The resulting frag-
ments were then coupled to the dipeptide NHS ester
46 and the benzyl protecting group was removed by
hydrogenolysis in the presence of 10% palladium on
charcoal catalyst to give the peptide derivatives 6—20.
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Scheme 5. Synthesis of Compounds 23—332
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@
R\/\N '
H
cogH
23-33

X,Y as in Table 4

(a) 2—(2-naphthy1)ethy1anune DME; (b) TFA; (c) THF, DMAP
0.0 (d) NHS, DCCI, DCM; (e) N NHz

e S

(f) TFA; (g) 49, pyBOP, DCM, diisopropylethylamine; (h) H,,
Pd/C, MeOH

Similarly, convergent syntheses of compounds 23—33
were achieved by coupling appropriate L-Trp (49) and
D-Asp (50) fragments (Scheme 5). However, we found
that this reaction proceeded in higher yield if (benzo-
triazol-1-yloxy)trispyrrolidinophosphonium hexafluoro-
phosphate (pyBOP) was employed as the coupling
reagent. Hydrogenolysis of the resulting adducts gave
the compounds described in Table 4.

Molecular Modeling

The majority of the modeling studies described for the
initial series of tripeptides 6—20 were carried out using
molecular mechanics calculations as implemented in the
commercial package SYBYL (Tripos Associates Inc.).
This included the design of the prototype CCK; antago-
nist 23 described in the following section. However,
compounds 17, 7, 10, and 12 were also examined using
a modified version of COSMIC equipped with XED
(extended electronic distribution) charges?® rather than
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the atom-centered Gasteiger—Huckel charges used in
SYBYL. We have found that these XED charge descrip-
tions reproduce phenomena such as s-stacking of aro-
matic rings, anomeric effects, and polar atom interac-
tions better than conventional atom-centered charges.
The conditions used for generating sets of conformations
under SYBYL and XED were the same, with the
exception of the charge description used. The second
series of selective CCK; antagonists (23—33) was mod-
eled exclusively with XED. Full details of the XED
calculations were as follows. All calculations were
carried out at dielectric 4.0, allowing all rotatable bonds,
including the peptide amides, to rotate. The initial set
of conformations was generated using a hard spin
torsional minimizer. Each input conformation was
randomized 250 times (Monte Carlo), twisting each bond
by 10° torsional increments, iterating through all bonds
to 0.001 kcal/mol and storing all conformations within
a 15.0 kcal/mol range of the lowest-energy structure
found. Conformations within 15° on all torsions of any
other were removed. The energies of all structures were
then minimized using a combined parabolic/Fletcher—
Reeves conjugate gradient technique whose accuracy
was set at <0.01 cal/mol. XED charges were then added
to each conformation and the energies of each structure
minimized once again using the same procedure. Con-
formations were collected over a 15.0 kcal/mol energy
range to a maximum of 1000 structures. Thus 100
conformations covering a 9.3 kcal/mol energy range were
identified for the tripeptide 17. The lowest-energy
structures were compared to a model of BOC-CCK3zp-33
that was created from the published torsion angles
contained in Kolodziej et al.?® (Table 3).

Results and Discussion

The C-amidated terminal tetrapeptide fragment
CCK3p-33 (BOC-Trp-Met-Asp-Phe-NHy) is a potent stimu-
lant of gastric acid secretion as determined by its
behavior in the isolated, lumen-perfused mouse stomach
bioassay.*? We have used this assay on a routine basis
to examine CCKj; receptor ligands as it has proven to
be particularly sensitive in revealing agonist behavior
that would be missed in other tissues.*! Literature
precedent states that the hydrophobic side chain of the
Met®lresidue does not play an important role in deter-
mining the biological activity of CCK3zp-33, and it is
widely accepted that this chemically sensitive group can
be replaced by Leu or Nle without detriment to the
pharmacological properties of the molecule.*2~4 To
confirm this observation and the suggested role of the
amino acid side chains, we made a series of compounds
in which each residue of the tetrapeptide BOC-Trp-Leu-
Asp-Phe-NH; was sequentially exchanged with alanine.
This is a recognized method of testing the contribution
of side chain functional groups in a systematic manner
with minimal effect on the conformation of the peptide
backbone.*® This produced an interesting variety of
activities, as summarized in Table 1. The importance
of the carboxylic acid side chain of the Asp residue is
clearly illustrated by the lack of activity of the Ala
analogue 4, when tested at a concentration of 1 x 1073
M. Furthermore, the bioassay results suggested that it
might be possible to separate the influence of the side
chain functional groups on the ability of the compound
to bind to the CCK; receptor (affinity) and effect release
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Scheme 6. Design of Prototype CCK; Antagonist 23 from Tripeptide 7

i)
ixl
17
bk

Table 1. Results of Alanine Scan on the Tetrapeptide
BOC-Trp-Leu-Asp-Phe-NH;: Activity at CCK; Receptors in the
in Vitro Mouse Stomach Assay*?

CCK>
no. compd pAso? o (%)°
1 BOC-Trp-Leu-Asp-Phe-NH; 89+0.2 100 + 4
2 BOC-Ala-Leu-Asp-Phe-NH; 6.0+ 0.2 64+9
3 BOC-Trp-Ala-Asp-Phe-NH; 7.0+0.2 68 + 6
4 BOC-Trp-Leu-Ala-Phe-NH; inactivec
5 BOC-Trp-Leu-Asp-Ala-NH> 4.0-5.0 >95

a8 The pAsp value is the position of half-maximal response of the
agonist curve for the test compound and is the mean of at least
six separate experiments. The errors quoted represent the SEM.
b o represents the percentage maximal response for the compound
relative to a pentagastrin control and is the mean of at least six
separate experiments. The errors quoted represent the SEM. ¢ The
compound was inactive when tested at a concentration of 1 x 1075
M.

of gastric acid (efficacy). Removing the phenylalanine
aromatic ring gave a compound (5) with low affinity,
which was nevertheless capable of eliciting almost as
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great a secretory response as BOC-[Leu31]CCK3zp_33 (1)
when given at a high enough concentration. This sug-
gested that the phenyl ring made a substantial contri-
bution to the way in which the tetrapeptide binds to
the receptor but did not unduly influence the effector
mechanism. Deleting the indole group from the N-
terminal residue (2) produced a loss of both affinity and
efficacy. However, the most significant result was
obtained when the methionine/leucine side chain was
truncated. In this case, it became apparent that com-
pound 3 produced the same level of secretory response
as the peptide in which alanine replaced tryptophan (2)
but had retained a higher level of affinity for the
receptor. This loss of efficacy was surprising in the light
of the early literature precedent,*2=44 but it suggested
that elaboration at this point in the peptide structure
might allow us to manipulate this parameter without
detriment to the overall binding.

A brief investigation was carried out in which the
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Table 2. CCK; and CCK; Data Obtained as a Result of
Modifying the C-Terminal Residue, Phe33, of
BOC-[NaI(2)31]CCK30_33

Y =
H I4x
BOC-Trp-Nal(2)-AspNH ’\J;)

CCK;? CCK;P

no. X Y pKg® o (%)4 pKs

6 H CONH> 6.3+0.2 NS 5.3+0.2

7 H H 20+ 4 6.8+0.3

8 H CONHMe 55+ 13 54+0.2

9 H CONMe; 55+ 6 6.2+0.2
10 H CH,OH 126 +26 5.9+0.1
11 4-OMe CONH> 56+03 NS 58+0.2
12 4-OMe H 6.0+ 0.2 NS 72+03
13  4-Cl CONH> 74+19 59403
14 4-Cl H 60+11 63+04
15 2-OMe H 52+02 NS 71+04
16 3-OMe H 51+03 NS 72+03
17 3,4-(OMe); H inactive® 6.5+0.3
18 4-F H 29+8 6.7+0.3
19 4-NH; H 59+03 NS 6.5+ 0.2
20 3-CFs H inactive® 6.1+0.3

aValues determined in the in vitro isolated lumen-perfused
mouse stomach.*® b Values determined in the in vitro guinea-pig
gallbladder with respect to the shift of the CCK-8S dose—response
curve and are the mean of at least six experiments. ¢ For entries
in this column the values represent pKg + SEM determined with
respect to the shift of the pentagastrin dose—response curve and
are the mean of at least six separate experiments. For any
compounds that show significant agonism no affinity is stated.d o
represents the percentage maximal response for the compound
relative to a pentagastrin control and is the mean of at least six
separate experiments. NS, no significant secretory effect observed
when the compound was tested at 1 x 10~5 M. ¢ The compound
was inactive when tested at a concentration of 1 x 1075 M.

methionine residue of BOC-CCK3p-33 was replaced with
a number of other hydrophobic amino acids. This rapidly
led to the identification of the S-3-(2-naphthyl)alanine
(L-2-Nal) derivative 6 (Table 2), which was found to be
a competitive antagonist with modest affinity for both
CCK;j and CCK; receptors — reinforcing our view that
modification of the residue in position 31 was key to
manipulating efficacy at the CCK; receptor.

A survey of the literature also showed that the
presence, or absence, of the C-terminal amide of BOC-
CCK3p-33 contributes to the observation of an agonist
response. For example, a report some time ago showed
that deletion of the C-terminal amide from the agonist
BOC-[Leu3']CCK3o-33 converted the compound from an
agonist to an antagonist, as judged by its behavior in
vitro in the isolated rat stomach assay.*¢ We have found
that these compounds continue to behave as partial
agonists in the analogous mouse stomach assay —
suggesting that efficacy has been reduced but not
abolished. Also, Corringer et al.*” reported that BOC-
[Phg31,Nal3¥]CCK3o-33 behaved as a full agonist in an
electrophysiological assay on rat hippocampal CCK;
receptors but that the C-terminal dimethylamide was
a competitive antagonist in the same assay. We have
examined the effect of similar modifications on ana-
logues of the L-2-Nal derivative 6.

In this series, the compound lacking the C-terminal
amide showed low levels of efficacy at CCK; receptors
but a 30-fold increase in affinity at CCKj, relative to
compound 6. However, replacing the C-terminal amide
with a hydroxymethyl group (10) restored the ability of
the compound to cause acid secretion in the mouse
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stomach assay to a level equivalent to that found for
the parent compound BOC-[Leu3]CCKzp-33. Unlike
Corringer et al.*” we found that both the mono- and
dimethylamides (Table 2, examples 8 and 9, respec-
tively) showed increased levels of agonist behavior at
CCK; receptors. Modeling compound 7 showed that the
structure of the calculated global minimum energy
conformation was one in which the three aromatic rings
clustered together in a 3-way m-stack. However, we
cannot equate the level of efficacy observed at CCK;
receptors to the proportion of conformations in which
this arrangement of aromatic groups occurs because
these were not significantly different for the antagonist
6 (30%) and the full agonist 10 (44%) over the energy
range examined. Nevertheless, it is possible that this
small difference is reflected in the modest increase in
CCKj receptor affinity.

Further progress in reducing the modest levels of
agonism at CCK; receptors within the series of phenyl-
ethylamides related to 7 was achieved by adding sub-
stituents to the phenyl ring to modify the electron
distribution in this region of the molecule. In general,
it appeared that electron-donating groups were best
suited for this purpose. Thus the 4-methoxyphenyl
analogue 12 was a competitive antagonist, but the
4-chlorophenyl derivative 14 showed increased agonist
activity. The pattern was repeated for the 4-F (18) and
4-NH; (19) derivatives. This effect was independent of
the presence of a C-terminal amide. Levels of CCK;
affinity were unchanged throughout, and so selectivity
for this class of cholecystokinin receptors began to
emerge as CCKj; activity fell.

Molecular modeling showed that the driving force
behind the conformational preferences observed in these
CCK; antagonists stems from a 3-way z-stacking in-
teraction between the indole, naphthalene, and substi-
tuted phenyl groups. We observe that these compounds
bind preferentially to CCK; receptors and are antago-
nists rather than agonists at CCK; receptors. Com-
pounds 7 (Y = H), 17 (Y = 3,4-(OMe),), and 12 (Y =
3-OMe) differ in the number of methoxy substituents
attached to the terminal phenyl group. Careful exami-
nation of the sets of conformations generated with the
XED modeling package showed that there was a steady
increase in the proportion of conformations containing
the 3-way m-stacking interaction (31%, 57%, and 92%,
respectively, within a 3 kcal/mol range of the calculated
global minimum energy conformation). However, nei-
ther the observed increase in affinity for the CCK;
receptor nor differences in the expression of efficacy at
CCK; receptors can be attributed to this property alone
as only compound 17, of those examined, showed a
single specific biological activity. Instead, we chose to
use this observation to design novel peptoid structures
that maintained the conformation that we believed to
be responsible for the CCK; activity of this series. Such
compounds should be CCK; antagonists, as we have no
evidence to suggest that the conformation we have
identified is capable of evoking a response in the
functional GP gallbladder assay. At this point we could
have chosen to introduce covalent bonds to stabilize this
structure but decided against this approach as macro-
cyclization had already been shown to lead to a loss of
affinity for the receptor,*” in addition to making the
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Table 3. Backbone Torsion Angles (deg) for the Tetrapeptide Ac-CCKzp—33 (from ref 39) and Calculated Global Minimum of

Tripeptide 17

/ ]
-—R
Trp-Xxx-Asp X
Trp XXX Asp Phe
compd XXX Y R w12 2 Y2 @3 Y3 on
Ac-CCKazp-33 Met S-CONH; H 180 —83 93 =71 149 —118
tripeptide 17 2-Nal H 3,4-(OMe), —179 —87 74 —88 56

Table 4. CCK; Data for Novel Peptoids Designed from the 3D
Structure of Peptoid 7

O o /I
ﬁxl}‘} /\);)Y
Y [ H
o O

R\/\N
H
CO,H
\
N
H
CCK;j activity,?
no. R X Y pKg + SEM
23 2-naphthyl (CH3)2 H 72+0.3
24  2-naphthyl (CH2)2  4F 6.0+0.3
25  2-naphthyl (CHz),  4-OMe 6.7+0.2
26  2-naphthyl (CH2)2 3-CF; 6.0+04

27 3,4-dichlorophenyl  (CHy); 4-OMe 5.9+0.3

28 phenyl (CH2)2 4-OMe 55+0.3
29 'Pr (CH3)2 4-OMe 5.4 £ 0.2 (pAso)®
30a 2-naphthyl H 6.2+ 0.2
+ 2 ;
30b 2-naphthyl as above H 6.5+0.2
31 2-naphthyl as above 4-F 6.7+ 0.1

32 2-naphthyl as above 4-OMe 6.7+0.2

33 2-naphthyl 2 S 40Me 74404
+

a Values determined in the in vitro guinea-pig gallbladder with
respect to the shift of the CCK-8S dose—response-curve. pKg +
SEM values quoted are the mean of at least six experiments. All
compounds were inactive when tested at a concentration of 1 x
1075 M in the functional CCK; assay. ? See text for details.

synthesis more demanding. A prototype molecule was
designed to fulfill these criteria taking the peptide 7 as
the starting point. The aim was to create a structure
that maintained the 3-way n-stack between the indole,
naphthalene, and phenyl groups and incorporated a
carboxylic acid in a position corresponding to that found
in the modeled structure of 7. The design process can
formally be described in the following manner (Scheme
6): First, the tert-butyloxy group from the N-terminus
was deleted in order to free up the valency of the sp?
carbon (x) (21). This was then covalently linked to the
carbonyl of the naphthylalanine residue () by two
methylene groups. In addition, the bond between the
a-carbon of the naphthylalanine residue and its adjacent
carbon was broken at this point to avoid the problems
of synthesizing a highly functionalized macrocyclic
system. This gave a structure (22) whose energy was
minimized using molecular mechanics before fitting the
coordinates to those of the original model of 7. This
showed that the overall spatial disposition of the side
chains was retained in the new molecule, with the
exception that the carboxylic acid of the aspartyl residue
was pointing in a different direction. This problem was
overcome by inverting the chirality at the a-carbon from

S to R to give 23. Molecular mechanics then showed that
the 3-way interaction of the aromatic nuclei was re-
tained in the low-energy conformations of the new
molecule and that the carboxylic acid of the aspartic acid
residue was oriented in the same region of space as that
found in the parent peptoid 7. This gave a target
molecule that was readily amenable to synthesis and
which appeared to maintain the disposition of the
peptide side chains in space but whose backbone was
substantially different from that of the parent peptide.

The new molecule 23 was a potent CCK; antagonist
(pKg 7.2 + 0.3) when tested in vitro in the guinea-pig
gallbladder strip assay. In addition, it was at least 50-
fold selective for this receptor over CCKj, since it did
not produce any significant antagonist effect, or secre-
tory response, when tested at 1 x 1075 M in the mouse
stomach bioassay. This result merited further investiga-
tion, and a number of analogues of 23 were prepared to
examine the structure—activity relationship (SAR) be-
tween the new series of compounds and those related
to 7.

We have already demonstrated the effect of varying
the nature of the substituent on the terminal phenyl
ring in the parent L-2-Nal series of peptide derivatives
(Table 2). In this case, introduction of electron-with-
drawing groups at either the 3- or 4-position on the
aromatic ring of the new series of compounds (24, 26)
reduced levels of CCK; activity by a factor of 10 (Table
4). However, the 4-methoxy analogue 25 was of equiva-
lent activity to compound 23 — as observed in the parent
series. The gastrin activity of all of these compounds
remained low, and most were found to be inactive when
tested at a concentration of 3 x 107° M in the in vitro
CCK; bioassay.

We have postulated that the structure of this series
is determined by hydrogen-bonding between elements
of the amide backbone and s-stacking between the three
aromatic moieties. Compounds in which the naphtha-
lene group of compound 25 had been replaced by 3,4-
dichlorophenyl (27) and phenyl (28) showed a sequential
drop in activity, demonstrating the importance of this
group in maintaining the overall topology of the series.
This facet was explored further by introducing an
isopropyl group in place of the 2-naphthalene substitu-
ent in example 29. We were surprised to find that this
compound showed a degree of agonism in the guinea-
pig gall bladder assay that amounted to 44% of the con-
trol value obtained with CCK-8S. In fact, the only other
compound to have shown any agonism (6% of the con-
trol) in this bioassay throughout this investigation was
BOC-[Leu’t|CCK3g-33, Which might be considered to be
the closest relative of compound 29 in the parent series.

Examining a model of the lead compound 23 showed
that the lowest-energy conformation was that in which
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the two carbonyl groups of the succinic acid spacer were
arranged cis to each other, relative to the ethylene unit.
If this were indeed the case, then “locking” the relation-
ship between the two carbonyl groups into this confor-
mation might be expected to increase the affinity of the
resulting compound for the CCK; receptor by reducing
the overall entropy of the molecule. One way of achiev-
ing this aim was to tie down the conformationally mobile
ethylene group by substituting 1,2-cyclohexanedicar-
boxyl for succinyl. This introduced two new chiral
centers into the molecule, and the compounds were
prepared as racemates from the respective (4)-cis- and
(£)-trans-dicarboxylic acid anhydrides. However, in
those cases in which the two diastereoisomers were
separated (e.g. 30a,b) there was little difference in the
activity of the individual diastereoisomers. These two
compounds were equipotent at CCK; receptors but also
showed low levels of CCK; activity (pKg = 5.6). More-
over, their CCK; activity had not increased relative to
the succinyl derivative 23. Introducing either electron-
withdrawing (31) or electron-donating (32) substituents
in the 4-position of the phenyl ring made no difference
to levels of CCK; activity in this case. However, chang-
ing the configuration of the cyclohexane group from cis
to trans did lead to a modest increase in activity (33, Y
= 4-OMe: pKg = 7.4) while maintaining selectivity for
CCK; receptors. Unfortunately, the compound was
tested as a racemate, and no information is available
for the behavior of the individual enantiomers in this
case. Nevertheless, while this does not represent an
exhaustive study, the behavior of the two series of
peptides/peptoids is remarkably consistent. This sup-
ports the premise that molecular modeling techniques
can be used to design effective 3D mimics of bioactive
conformations without the need to compromise synthetic
accessibility by introducing additional covalent bonds.

Our studies in this area had led us to develop a
molecular model of BOC-CCKg3o-33 that we used as the
basis for development of our dibenzobicyclo[2.2.2]octane
CCK; antagonists. This model was originally derived
from fluorescence data that suggested that the indole
and phenyl side chains of the two aromatic amino acids
of H-CCK3o-33 Were between 5 and 7 A apart in water.48
The pitch of a 31 helix brings the side chain of every
fourth amino acid into close proximity, and with this
constraint, a number of structures that fulfilled the
experimental criteria were generated using molecular
mechanics.*® Moreover, this arrangement produced
structures of lower energy than those obtained if the
peptide backbone was allowed to adopt an alternative
conformation, such as an a-helix or a simple g-turn.
These structures were in good agreement with energy
calculations on Ac-CCK3p-33 previously published by
Pincus et al.®°

However, more recent studies have led Kolodziej et
al.®® to propose a different structure for the bioactive
conformation of Ac-CCKjzp-33 at CCK; receptors. This
research group had also recognized the importance of
the Met3! side chain for CCK; activity and carried out
a series of studies in which this residue was replaced
with the individual cis and trans isomers of several
4-alkylthioprolines. These studies led them to propose
a 3D structure for the “bioactive” conformation Ac-
CCKg3p-33 in which the three peptide bonds of the Trp-
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Figure 1. Conformations of the tetrapeptide Ac-CCKszp-33
(taken from ref 39, shown in yellow) and the calculated global
minimum of tripeptide 17 (shown in white). The two structures
were fitted by overlaying the Co. atoms of the three amino acid
residues of the peptide backbones (rms = 0.07). The backbones
of the two molecules are oriented vertically with the N-termini
uppermost. This shows the enantiomeric disposition of the
indole, carboxylic acid, and phenyl groups relative to the
backbone.

Met-Asp-Phe sequence adopt a Z-like bend. The biologi-
cal activities of the compounds described in these
studies were assessed in membrane binding assays, and
hence it is not clear whether the conformation identified
is responsible for the affinity or efficacy of the peptide.
Nevertheless, the authors noted that one consequence
of the molecule adopting this conformation was that the
hydrophobic groups clustered together on one “side” of
the peptide backbone with the hydrophilic side chain
of the Asp®? residue located on the opposite “side”. In
contrast, our model places the Met3! and Asp®? side
chains on the same side of the peptide backbone.
However, we noted that the proposed Z-bend conforma-
tion was highly reminiscent of those low-energy struc-
tures that we had identified for our CCK; antagonists.

Comparing a model of the 3,4-dimethoxy analogue 17,
a selective CCKj antagonist, with the structure pro-
posed for the bioactive conformation of Ac-CCKzg_33%°
allows us to speculate about the origins of this reversal
of selectivity. The overlay, shown in Figure 1, was
generated by fitting the a-carbons of the calculated
global minimum of compound 17 to the equivalent
centers of a model of Ac-CCKzo—33, (rms = 0.07), which
had been generated using the published torsion angles.
In fact, the configuration of the central portion of the
backbone of tripeptide 17 is remarkably similar to the
Z-shaped arrangement proposed for the bioactive con-
formation of Ac-CCK3zp-33 at CCK; receptors (Table 3).
In addition, overlaying the two molecules in this way
shows that the side chains of methionine in Ac-CCKzg-33
and the (2-naphthyl)alanine side chains of 17 are also
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Chart 1. Stereoisomeric Cholecystokinin Ligands

¢ = ¢ n
PD135666 R S Ly288512 4R, 5S
PD140548 S R LY288513 48, 5R
\ o \ o
A e 2
O e Oy
=N " uN =N H H
- *
Devazepide S 53 S
52 R L-365,260 R

Table 5. CCK;/CCK; Selectivities of Stereoisomeric
Cholecystokinin Receptor Ligands Shown in Chart 1

1Cs0 (NM)?

compd CCK; CCK, CCKi/CCK; selectivity ref
PD 135666 255 0.15 0.005 30
PD 140458 2.8 259 100 30
LY288512 6400 370 0.05 21
LY288513 20500 19 0.0009 21
devazepide 0.08 270 3375 51
52 8.3 3700 445 51
53 3 150 50 19
L-365,260 280 2 0.007 19

a1Cso represents the concentration (nM) producing half-
maximal inhibition of specific binding of [*2°1]Bolton-Hunter
CCK-8 to CCK receptors in the rat pancreas (CCKj) or mouse
cerebral cortex (CCK3). Data taken from the reference specified.

located in similar regions of space relative to the
backbone. However, the other functional groups are
effectively distributed on opposite sides of the peptide
backbones, as if they had been reflected through a
mirror plane running along the plane of the backbone.
Further investigations showed that the same pattern
of behavior was also observed for compounds 7 and 12,
which were examined using the same protocol. In
addition, we have shown that mimicking the arrange-
ment of functional groups, described for the calculated
global minima of these tripeptides, produced the new
series of peptidomimetic CCK; antagonists related to
23.

A number of independent reports have described
opposite CCK,/CCK; selectivities for enantiomeric pairs
of peptoid,3® benzodiazepine,'®°! and diphenylpyrazoli-
dinone?! cholecystokinin ligands (Chart 1; Table 5). The
structures of these compounds are highly diverse, and
while they cannot be assumed to act at identical sites
on the receptor, there is also no current evidence to the
contrary. Nevertheless, we were intrigued by the pos-
sibility that this stereoselective behavior was a common
theme that also applied to the peptide hormone itself.
The absolute configurations of Ac-CCKgzp-33 and the

Low et al.

tripeptide 17 are identical. However, the picture ob-
tained from overlaying these two peptides (Figure 1)
strongly suggests that the CCK; and CCK; receptors
recognize enantiomeric dispositions of the tryptophan
indole, aspartic acid carboxylate, and terminal phenyl
groups. These results lead us to propose that this
“functional chirality” forms the basis of the mechanism
by which these two closely related receptor systems
select between different conformations of this common
fragment of their parent hormones.

Conclusion

We have speculated that the CCK; selectivity of
simple peptide derivatives of CCK3p-33 arises from the
disposition of the side chain functional groups and noted
that these mirror the arrangement proposed by Kolodz-
iej et al.3° for the bioactive conformation of Ac-CCKzg_33
at CCK; receptors. In practice, there appear to be two
dominant factors controlling the conformation of these
molecules: namely hydrogen-bonding through the amide
backbone and interaction of the aromatic rings as a
result of hydrophobic collapse. The “functional chirality”
inherent in the arrangement of the amino acid side
chains may underpin the mechanism by which these
closely related receptor systems bind CCK3zp-33. It may
also explain patterns of selectivity observed with optical
isomers of several series of peptoid and nonpeptide
ligands. We have exploited these features in the design
of a novel series of selective CCK; antagonists. This led
to the creation of peptidomimetics such as 33 which are
potent CCK; antagonists (pKg = 7.4) and are at least
250-fold selective for this receptor over the closely
related CCK; receptor. Furthermore, no residual efficacy
at CCK; receptors is evident as we have moved away
from the "bioactive” conformation of CCK3p—33 proposed
by Kolodziej et al.®® This result was achieved without
introducing additional covalent bonds or macrocycliza-
tion. In general, there is a high level of consistency
between the behavior of the original series of peptides
and the new series of compounds. This suggests that
our original proposal concerning the bioactive conforma-
tion of the former was reasonable. In addition, it should
be possible to extend this principle to the design of novel
CCK; receptor antagonists, using the literature model
of Ac-CCKg30-33%° as a template, although this corollary
remains untested to date.

Experimental Section

General. Nuclear magnetic resonance spectra were re-
corded on either a Nicolet GE300 or Bruker DRX 300 machine.
Elemental analyses were carried out at the London School of
Pharmacy and all compounds gave analytical results within
+0.4% of the theoretical values. Flash column chromatography
was performed using Merck Kieselgel 60 silica grade 9385.

BOC-f-benzyl-Asp-Phe-NH; (34). To a solution of phenyl-
alaninamide hydrochloride (0.70 g, 3.5 mmol) and NaHCO3;
(0.29 g, 3.5 mmol) in water (5 mL) was added a solution of
BOC-Asp(OBnN)-NHS (1.47 g, 3.5 mmol) in DME (10 mL). The
mixture was stirred at room temperature overnight, then
acidified to pH 2 with 1 M HCI. Water (5 mL) was added and
the mixture maintained at O °C for 2 h. The resultant white
precipitate was filtered, washed with water, and dried to yield
the title compound (1.43 g, 88%): 'H NMR (DMSO-dg) 6 7.7
(1H, d), 7.4 (1H,s), 7.35 (5H, s), 7.2 (7H, m), 5.0 (2H, s), 4.4
(1H, m), 4.3 (1H, m), 3.0 (1H, m), 2.8 (1H, m), 2.7 (1H, m), 2.5
(1H, m), 1.3 (9H, s).
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BOC-Ala-Leu (35). To a solution of leucine (0.66 g, 5 mmol)
and NaHCOj3; (0.42 g. 5 mmol) in water (10 mL) was added a
solution of BOC-Ala-NHS (1.14 g, 4 mmol) in DME and the
solution was stirred at room temperature for 3 h. The mixture
was acidified to pH 2 with 1 M HCI and a further 10 mL water
was added. On evaporation of the DME, an oil separated which
was extracted into ethyl acetate, dried and evaporated to give
the title compound (1.16 g, 96%): 'H NMR (DMSO-dg) 6 7.9
(1H, d), 6.8 (1H, d), 4.2 (1H, m), 4.0 (1H, m), 1.6 (1H, m), 1.5
(2H, m), 1.3 (9H, s), 1.1 (3H, d), 0.9 (3H, d), 0.8 (3H, d).

BOC-Ala-Leu N-Hydroxysuccinimide Ester (36). To a
solution of 35 (1.14 g, 3.8 mmol) in dry DME (20 mL) were
added N-hydroxysuccinimide (0.44 g, 3.8 mmol) and DCCI
(0.78 g, 3.8 mmol) and the mixture stirred at 5 °C overnight.
The precipitated dicyclohexylurea was removed by filtration
and the filtrate evaporated to give 1.59 g of crude product,
which was used without further purification: *H NMR (DMSO-
ds) 6 8.4 (1H, d), 6.9 (1H, d), 4.6 (1H, m), 4.0 (1h, m), 2.8 (4H,
s), 1.8—1.5 (3H, m), 1.3 (9H, s), 0.9 (3H, d), 0.8 (3H, d).

BOC-Ala-Leu-Asp(OBn)-Phe-NH; (37). Benzyl ester 34
(0.35 g, 0.75 mmol) was deprotected on stirring in trifluoro-
acetic acid (3 mL) for 1 h. The solvent was evaporated and
the residue dissolved in DME (6 mL). NEt; (0.3 mL, 2.2 mmol)
and NHS ester 36 (0.33 g, 0.75 mmol) were added and the
mixture stirred at room temperature overnight. Water (10 mL)
was added and the mixture stirred at O °C for a further 1 h.
The resultant precipitate was filtered, washed with cold water,
and dried. Recrystallization from ethanol/water gave 0.17 g
(35%) of product: 'H NMR (DMSO-dg) 6 8.2 (1H, d), 7.8 (2H,
m), 7.3 (5H, s), 7.1 (5H, m), 7.0 (1H, d), 5.0 (2H, s), 4.5 (1H,
m), 4.3 (1H, m), 4.2 (1H, m), 3.9 (1H, m), 3.0 (2H, m), 2.8 (2H,
m), 1.6 (1H, m), 1.3 (11H, s), 1.1 (3H, m), 0.8 (6H, m).

BOC-Ala-Leu-Asp-Phe-NH; (2). The benzyl ester 37 (0.24
g, 0.37 mmol) was dissolved in MeOH (30 mL) and stirred with
10% palladium-on-carbon (20 mg) under an atmosphere of
hydrogen for 4 h. The catalyst was removed by filtration
through a pad of Celite and the solvent evaporated. The
residue was recrystallized from aqueous ethanol to yield the
title compound (0.14 g, 68%): [0]?°p = —46.5° (c 0.86, MeOH);
H NMR (DMSO-dg) 6 8.2 (1H, d), 7.8 (2H, m), 7.2 (7TH, m),
7.0 (1H, t), 4.4 (1H, m), 4.3 (2H, m), 4.0 (1H, m), 3.0 (1H, m),
2.8 (1H, m), 2.6 (1H, m), 2.4 (1H, m), 1.6 (1H, m), 1.4 (11H,
m), 1.1 (SH, m), 0.8 (6H, m) Anal. (C27H41N503) C, H, N.

BOC-Trp-Ala-H (38). To a solution of alanine (0.18 g, 2
mmol) and NaHCOg3; (0.34 g, 4 mmol) in water (5 mL) was
added a suspension of BOC-Trp-NHS (0.8 g, 2 mmol) in ethanol
(6 mL). The mixture was stirred at room-temperature over-
night, the ethanol was evaporated and the residue was
acidified to pH 2 with 1 M HCI. The separated oil was
extracted into ethyl acetate, dried and evaporated to give 0.76
g crude product that was used without further purification:
H NMR (DMSO-ds) 6 8.2 (1H, d), 7.6 (1H, d), 7.3 (1H, d), 7.1
(1H, s), 7.0 (2H, m), 6.7 (1H, d), 4.2 (2H, m), 3.1 (1H, m), 2.8
(1H, m), 1.25 (9H, s), 1.1 (3H, d).

BOC-Trp-Ala-NHS (39). To a solution of dipeptide 38 (0.75
g, 2 mmol) in dry DME (10 mL) were added N-hydroxysuc-
cinimide (0.23 g, 2 mmol) and DCCI (0.41 g, 2 mmol), and the
mixture stirred at 5 °C overnight. The precipitated dicyclo-
hexylurea was removed by filtration and the filtrate evapo-
rated. The crude product (0.98 g) was dissolved in a 1:1
mixture of CH,Cl, and EtOAc (20 mL) and filtered through
silica to afford 0.61 g (67%) of the title compound: *H NMR
(DMSO-dg) 6 10.7 (1H, s), 8.7 (1H, d), 7.6 (1H, d), 7.3 (1H, d),
7.1 (1H, s), 7.0 (2H, m), 6.7 (1H, d), 4.7 (1H, m), 4.2 (1H, m),
3.1 (1H, m), 2.8 (5H, m), 1.5 (3H, d), 1.25 (9H, s).

BOC-Trp-Ala-Asp(OBn)-Phe-NH; (40). Benzyl ester 34
(0.47 g, 1.0 mmol) was deprotected by stirring in trifluoroacetic
acid (3 mL) for 1h. The solvent was evaporated and the residue
was dissolved in DME (6 mL). NEt; (0.4 mL, 3 mmol) followed
by 39 were added and the mixture stirred at room temperature
overnight. Water (10 mL) was added and the mixture was
stirred at 0 °C for a further 1 h. The resultant precipitate was
filtered, washed with cold water, and dried. Recrystallization
from ethanol/water gave 0.40 g (55%) of product: 'H NMR
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(DMSO-dg) 6 8.25 (1H, d), 8.0 (1H, d), 7.8 (1H, d), 7.6 (1H, d),
7.4-6.9 (12H, m), 6.85 (1H, d), 5.0 (2H, s), 4.6 (1H, m), 4.3
(1H, m), 4.2 (2H, m), 3.2—2.6 (6H, m), 1.3 (9H, s), 1.1 (3H, m).

BOC-Trp-Ala-Asp-Phe-NH; (3). The benzyl ester 40 (0.30
g, 0.4 mmol) was dissolved in MeOH (30 mL) and stirred with
10% palladium-on-carbon (30 mg) under an atmosphere of
hydrogen for 4 h. The catalyst was removed by filtration and
washed with hot MeOH. The filtrate was evaporated and the
residue crystallized from aqueous MeOH to afford 0.16 g (64%)
white solid: mp 213—215 °C; [a]?*°o = —21.2° (c 0.85, DMSO);
'H NMR (DMSO-ds) ¢ 8.2 (1H, d), 8.0 (1H, d), 7.8 (1H, d), 7.6
(1H, d), 7.3-6.9 (11H, m), 6.8 (1H, d), 4.5—4.0 (4H, m), 3.0
(2H, m), 2.8 (2H, m), 2.7-2.3 (2H, m), 1.2 (9H, s), 1.1 (3H, m).
Anal. (C32H40N608'0.5H20) C, H, N.

BOC-Trp-Leu-H (41). BOC-Trp-NHS was coupled to leu-
cine using the method described for 38: 'H NMR (DMSO-dg)
0 10.8 (1H, s), 7.05 (1H, d), 7.6 (1H, d), 7.3 (1H, d), 7.1-6.9
(3H, m), 6.7 (1H, d), 4.2 (2H, m), 3.0 (2H, m), 1.6 (1H, br s),
1.5 (2H, br s), 1.3 (9H, s), 0.8 (6H, m).

BOC-Trp-Leu-NHS (42). Prepared from 41 using the
method described for 39: *H NMR (DMSO-dg) 6 10.8 (1H, s),
8.6 (1H, d), 6.9—7.1 (3H, m), 6.8 (1H, d), 4.7 (1H, m), 4.2 (1H,
m), 3.0 (2H, m), 2.8 (4H, s), 1.6 (1H, m), 1.5 (2H, m), 1.3 (9H,
s), 0.9 (6H, dd).

BOC-Asp(OBnN)-Ala-NH, (43). Prepared according to the
method given for 34 except that Ala-NH; hydrochloride was
used in place of Phe-NH; hydrochloride: yield (65%); *H NMR
(DMSO-dg) 6 7.8 (1H, s), 7.3 (6H, s), 7.2 (1H, d), 7.0 (1H, s),
5.0 (2H, s), 4.3 (1H, m), 4.1 (1H, m), 2.3 (2H, m), 1.3 (9H, s),
1.1 (3H, d).

BOC-Trp-Leu-Asp(OBn)-Ala-NH; (44). Benzyl ester 43
was deprotected and coupled to NHS ester 42 following the
method described for 40. The product was recrystallized from
aqueous MeOH: vyield 61%; *H NMR (DMSO-de) 6 10.8 (1H,
s), 8.4 (1H, d), 7.9 (1H, d), 7.8 (1H, d), 7.6 (1H, d), 7.3 (6H, m),
7.0 (5H, m), 5.0 (2H, s), 4.6 (1H, m), 4.3 (1H, m), 4.1 (2H, m),
2.8 (4H, m), 1.6 (1H, br s), 1.65 (2H, m), 1.6 (2H, m), 1.3 (9H,
s), 1.2 (3H, d), 0.8 (6H, m).

BOC-Trp-Leu-Asp-Ala-NH; (5). Using the method de-
scribed for compound 2, benzyl ester 44 was hydrogenolysed
to give the title compound: yield 96%; [a]?*°> = —50.9° (¢ 0.31,
MeOH); *H NMR (DMSO-d¢) 6 10.8 (1H, s), 8.3 (1H, d), 7.9
(1H, d), 7.8 (1H, d), 7.6 (1H, d), 7.3 (1H, d), 7.2 (1H, s), 7.0
(4H, m), 6.8 (1H, d), 4.5 (1H, m), 4.3 (1H, m), 4.1 (2H, m), 3.1—
2.6 (4H, m), 1.6 (1H, m), 1.4 (2H, m), 1.25 (9H, s), 1.2 (3H, d),
0.8 (GH, m) Anal. (C29H42N503) C, H, N.

BOC-Trp-Leu-Ala-Phe-NH; (4). Dipeptide 45 was pre-
pared from BOC-Ala-NHS and Phe-NH_-hydrochloride, ac-
cording to the method given for 34, and then coupled to 42:
yield 72%; *H NMR (DMSO-ds) 6 10.8 (1H, s), 8.0 (1H, d), 7.9
(1H, d), 7.8 (1H, d), 7.6 (1H, d), 7.2 (11H, m), 6.8 (1H, d), 4.3
(2H, m), 4.2 (2H, m), 3.1-2.7 (4H, m), 1.6—1.0 (15H, m), 0.8
(6H, m). Anal. (C34H4sNsOg+0.5H,0) C, H, N.

BOC-Trp-3-(2-naphthyl)alanine-NHS (46). Using the
method described for 35, BOC-Trp-NHS was coupled to L-3-
(2-naphthyl)alanine. The NHS ester 46 was then prepared
using the method described for 36: yield 98%; 'H NMR
(DMSO-dg) 6 10.7 (1H, s), 8.8 (1H, d), 7.8 (4H, m), 7.5 (4H,
m), 7.3 (1H, m), 7.0 (3H, m), 6.7 (1H, d), 5.1 (1H, m), 4.2 (1H,
m), 2.8 (4H, s), 2.6—3.3 (4H, m), 1.2 (9H, s).

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-Phe-NH; (6). Ben-
zyl ester 34 was deprotected using trifluoroacetic acid and
coupled to NHS ester 46 following the method described for
37. The product was recrystallized from EtOH—H,0: yield
65%; 'H NMR (DMSO-dg) 6 10.7 (1H, s), 8.5 (1H, d), 8.0 (2H,
d), 7.8 (4H, m), 7.5—6.8 (20H, m), 5.0 (2H, s), 4.6 (2H, m), 4.4
(1H, m), 4.1 (1H, m), 3.2—2.5 (8H, m), 1.2 (9H, s).

The resulting benzyl ester (0.35 g, 0.4 mmol) was then
dissolved in MeOH (40 mL) and AcOH (0.5 mL) and a catalytic
amount of 10% palladium-on-carbon added. The mixture was
stirred under an atmosphere of hydrogen overnight. The
catalyst was removed by filtration and the filtrate evaporated
to give the title compound (0.28 g, 90%). An analytically pure
sample of 6 was obtained by recrystallization from EtOH—
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H0: [a]®*p = —21.0° (c 1.0, DMSO); *H NMR (DMSO-dg) 6
10.7 (1H, s), 8.5 (1H, d), 8.0 (2H, m), 7.7 (4H, m), 7.5—6.9 (15H,
m), 6.8 (1H, d), 4.7 (1H, m), 4.5 (1H, m), 4.4 (1H, m) 4.1 (1H,
m), 3.2—2.6 (8H, m) 1.2 (9H, s). Anal. (Cs2HsNeOg*2.8H,0-
1.0EtOH) C, H, N.

BOC-Asp(OBnN)-2-phenylethylamide (47). A solution of
BOC-Asp(OBn)-NHS (1.0 g, 2.4 mmol) and 2-phenylethylamine
(0.3 mL, 2.4 mmol) in dry DME (15 mL) was stirred at room
temperature overnight. The mixture was poured into water
(50 mL) and the resultant precipitate was filtered, washed with
water and dried to yield the title compound (0.88 g, 84%): H
NMR (DMSO-dg) 6 7.9 (1H, t), 7.4—7.2 (10H, m), 7.1 (1H, d),
5.1 (2H, s), 4.3 (1H, m), 3.3 (2H, m), 2.7 (2H, m), 2.6 (2H, m),
1.4 (9H, s).

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-phenylethyla-
mide (7). Benzyl ester 47 was deprotected using trifluoroacetic
acid and coupled to NHS ester 46 in DME containing NEt;
following the method described for 37. The crude product was
purified by column chromatography then hydrogenolysed
following the procedure used for the preparation of example
2: [a]®p = —8.9° (c 0.9, DMSO); 'H NMR (DMSO-dg) 6 10.9
(1H, s), 8.4 (1H, m), 8.1 (2H, m), 7.9-6.8 (17H, m), 6.7 (1H,
m), 4.6 (1H, m), 4.5 (1H, m), 4.1 (1H, m), 3.5—2.3 (10H, m),
1.2 (gH, S). Anal. (C41H45N507) C, H, N.

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-Phe-NHMe (8). Pre-
pared following the methods described for 7, except that Phe-
NHMe was used in place of 2-phenylethylamine: [a]?°p =
—70.0° (c 0.21, EtOH); *H NMR (DMSO-de) 6 10.8 (1H, s), 8.4
(1H, d), 8.0 (2H, m), 7.7 (4H, m), 7.4 (4H, m), 7.2 (7H, m), 6.9
(4H, m), 4.6 (1H, m), 4.5 (1H, m), 4.3 (1H, m), 4.0 (1H, m), 2.9
(8H, m), 25 (3H, d), 1.2 (9H, S). Anal. (C43H47N608) C, H, N.

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-Phe-NMe; (9). Pre-
pared following the methods described for 7, except that Phe-
NMe,was used in place of 2-phenylethylamine: [a]®*p = —37.7°
(c 0.37, EtOH); *H NMR (DMSO-dg) 6 10.7 (1H, s), 8.4 (1H,
d), 8.0 (1H, d), 7.9 (1H, d), 7.7 (4H, m), 7.4 (3H, m), 7.2 (7H,
m), 6.9 (4H, m), 4.8 (1H, m), 4.6 (1H, m), 4.5 (1H, m), 4.1 (1H,
m), 3.0 (6H, m), 2.7 (6H, d), 2.6 (2H, m), 1.2 (9H, s). Anal.
(C44H45N603'2.5H20) C, H, N.

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-phenylalaninol
(10). Prepared following the methods described for 7, except
that L-phenylalaninol was used in place of 2-phenylethyl-
amine: [a]?*°p = —60.0° (c 0.20, EtOH); *H NMR (DMSO-ds) 6
10.7 (1H, s), 8.4 (1H, d), 7.9 (1H, d), 7.7 (5H, m), 7.2 (10H, m),
7.0 (2H, m), 6.9 (2H, m), 4.6 (1H, m), 4.5 (1H, m), 4.1 (1H, m),
3.8 (1H, m), 3.2 (2H, m), 2.8 (8H, m), 1.2 (9H, s). Anal.
(C42H47N50g) C, H, N.

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-(4-methoxy)Phe-
NH, (11). Prepared following the methods described for 7,
except that L-(4-methoxy)Phe-NH. was used in place of 2-phen-
ylethylamine: [a]®*>» = —45.7° (c 0.33, EtOH); 'H NMR
(DMSO-dg) 6 10.7 (1H, s), 8.5 (1H, d), 7.9 (2H, m), 7.8 (4H,
m), 7.4 (6H, m), 7.0 (6H, m), 6.8 (3H, m), 4.6 (1H, m), 4.5 (1H,
m), 4.3 (1H, m), 4.1 (1H, m), 3.5 (3H, m), 2.8 (8H, m), 1.2 (9H,
S). Anal. (C43H43N609'1.0H20) C, H, N.

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-(4-methoxyphen-
yl)ethylamide (12). Prepared following the methods de-
scribed for 7, except that 2-(4-methoxyphenyl)ethylamine was
used in place of 2-phenylethylamine: [a]?*5 = —30.6° (c 0.46,
EtOH); *H NMR (DMSO-ds) 6 10.8 (1H, s), 8.4 (1H, d), 8.0 (1H,
d), 7.7 (5H, m), 7.4 (5H, m), 7.0 (4H, m), 6.9 (2H, m), 6.8 (2H,
m), 4.6 (1H, m), 4.4 (1H, m), 4.1 (1H, m), 3.6 (3H, s), 3.1 (2H,
m), 2.8 (6H, m), 2.6 (ZH, m), 1.2 (9H, S). Anal. (C42H47N503‘
0.5H,0) C, H, N.

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-L-(4-chloro)Phe-
NH; (13). Prepared following the methods described for 7,
except that L-(4-chloro)Phe-NH, was used in place of 2-phen-
ylethylamine: [a]*°> = —7.8° (¢ 0.13, DMF); *H NMR (DMSO-
de) 0 10.8 (1H, s), 8.5 (1H, d), 8.0 (2H, m), 7.8 (4H, m), 7.3
(11H, m), 7.0 (2H, m), 6.9 (1H, m), 6.8 (1H, d), 4.7 (1H, m), 4.6
(1H, m), 4.4 (1H, m), 4.1 (1H, m), 2.8 (8H, m), 1.2 (9H, s). Anal.
(C42H4sCINgOs) C, H, N.

BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-(4-chlorophenyl)-
ethylamide (14). Prepared following the methods described
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for 7, except that 2-(4-chlorophenyl)ethylamine was used in
place of 2-phenylethylamine: *H NMR (DMSO-dg) 6 10.8 (1H,
s), 8.4 (1H, d), 8.0 (1H, d), 7.8 (5H, m), 7.3 (7TH, m), 7.2 (2H,
m), 7.0 (2H, m), 6.9 (2H, m), 4.6 (1H, m), 4.5 (1H, m), 4.2 (1H,
m), 3.2 (4H, m), 2.8 (6H, m), 1.2 (9H, s). Anal. (C41H44CINsO7)
C, H, N.
BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-(2-methoxyphen-
ylethylamide (15). Prepared following the methods de-
scribed for 7, except that 2-(2-methoxyphenyl)ethylamine was
used in place of 2-phenylethylamine: [o]?*°> = —35.5° (c 0.45,
MeOH); IH NMR (DMSO-ds) ¢ 10.8 (1H, s), 8.4 (1H, d), 8.0
(1H, d), 7.8-6.7 (18H, m), 4.6 (1H, m), 4.5 (1H, m), 4.1 (1H,
m), 3.7 (3H, s), 3.1 (2H, m), 3.1—2.4 (8H, m), 1.2 (9H, s). Anal.
(C42H47N503‘0.8H20) C, H, N.
BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-(3-methoxyphen-
yhethylamide (16). Prepared following the methods de-
scribed for 7, except that 2-(3-methoxyphenyl)ethylamine was
used in place of 2-phenylethylamine: [o]?*°p = —30.6° (¢ 0.49,
MeOH); 'H NMR (DMSO-ds) ¢ 10.8 (1H, s), 8.4 (1H, d), 8.0
(1H, d), 7.9-6.7 (18H, m), 4.6 (1H, m), 4.5 (1H, m), 4.1 (1H,
m), 3.7 (3H, S), 3.5-26 (10H, m), 1.2 (9H, S). Anal. (C42H47N503‘
0.8H;0) C, H, N.
BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-(3,4-dimethoxy-
phenyl)ethylamide (17). Prepared following the methods
described for 7, except that 2-(3,4-dimethoxyphenyl)ethylamine
was used in place of 2-phenylethylamine: [0]?°p = —42.0° (c
0.45, MeOH); *H NMR (DMSO-dg) 6 10.8 (1H, s), 8.4 (1H, d),
8.0 (1H, d), 7.9-6.5 (17H, m), 4.6 (1H, m), 4.5 (1H, m), 4.1
(1H, m), 3.7 (3H, s), 3.6 (3H, s), 3.5—2.4 (10H, m), 1.2 (9H, s).
Anal. (C43H49N50g) C, H, N.
BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-(4-fluorophenyl)-
ethylamide (18). Prepared following the methods described
for 7, except that 2-(4-fluorophenyl)ethylamine was used in
place of 2-phenylethylamine: [a]?*°o = —38.7° (c 0.98, MeOH);
H NMR (DMSO-ds) 6 10.8 (1H, s), 8.4 (1H, d), 8.0 (1H, d),
7.9—6.7 (18H, m), 4.6 (1H, m), 4.5 (1H, m), 4.1 (1H, m), 3.2—
25 (10H, m), 1.2 (9H, S). Anal. (C41H44FN507) C, H, N.
BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-(4-aminophenyl)-
ethylamide (19). Prepared following the methods described
for 7, except that 2-(4-aminophenyl)ethylamine was used in
place of 2-phenylethylamine: [a]?*°o = —20.4° (c 0.49, MeOH);
1H NMR (DMSO-ds) 6 10.8 (1H, s), 8.4 (1H, d), 8.0 (1H, d),
7.9-6.8 (14H, m), 6.8 (2H, m), 6.4 (2H, m), 4.6 (1H, m), 4.5
(1H, m), 4.1 (1H, m), 3.3—2.3 (10H, m), 1.2 (9H, s). Anal.
(C41H46NGO7'0.7EtOAC) C, H, N.
BOC-Trp-L-3-(2-naphthyl)alanyl-Asp-2-(3-trifluorometh
ylphenyl)ethylamide (20). Prepared following the methods
described for 7, except that 2-(3-trifluoromethylphenyl)ethy-
lamine was used in place of 2-phenylethylamine: [a]?’p =
—40.3° (c 0.77, MeOH); *H NMR (DMSO-ds) 6 10.8 (1H, s),
8.4 (1H, d), 8.0 (1H, d), 7.9—6.8 (20H, m), 4.6 (1H, m), 4.5 (1H,
m), 4.1 (1H, m), 3.4-2.5 (10H, m), 1.2 (9H, s). Anal.
(C42H44F3Ns07:0.5H,0) C, H, N.
BOC-Trp-2-(2-naphthyl)ethylamide (48). BOC-Trp-NHS
(2.20 g, 3.0 mmol) was added to a solution of 2-(2-naphthyl)-
ethylamine (0.51 g, 3.0 mmol) in dry DME. The mixture was
stirred at room temperature for 2 h and partitioned between
1 M HCI (100 mL) and EtOAc (50 mL). The aqueous phase
was then washed with a further portion of EtOAc and the
combined organic layers washed with H,O (3 x 50 mL), dried
(MgSQ,4) and concentrated in vacuo. The crude product was
purified by flash column chromatography, on silica gel with
2% MeOH—CH.ClI;, to give the title compound as a white foam
(1.30 g 95%): *H NMR (CDClg) 6 7.95 (1H, s), 6.9—7.8 (12H,
m), 5.7 (1H, bs), 5.15 (1H, bs), 4.4 (1H, m, CH), 3.45 (2H, m),
3.3 (1H, m), 2.7 (1H, m), 2.7 (2H, m), 1.4 (9H, s).
N-Succinyl-Trp-2-(2-naphthyl)ethylamide (49). Com-
pound 48 (0.5 g, 1.1 mmol) was treated with trifluoroacetic
acid (5 mL) and the mixture stirred for 40 min at room
temperature. The solvent was then removed in vacuo and the
crude salt taken up in dry THF. The solution was then treated
with NEt; (0.4 mL) followed by succinic anhydride (0.12 g, 1.2
mmol) and a catalytic amount of 4-(dimethylamino)pyridine.
The reaction mixture was stirred at room temperature for 18
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h before removal of the solvent in vacuo. The residue was then
dissolved in CH,Cl; (40 mL), washed with 1 M HCI (2 x 30
mL) and H,O (30 mL) and the organic phase dried (MgSO,),
and concentrated to give the crude product which was used
directly in the next stage (0.47 g, 94%): 'H NMR (DMSO-dg)
6 12.1 (1H, bs), 10.8 (1H, s), 8.0—6.9 (14H, m), 4.4 (1H, m),
3.6—2.2 (10H, m).

BOC-p-Asp(OBn)-2-phenylethylamide (50). 2-Phenyl-
ethylamine (0.89 mL, 7.1 mmol) was added to BOC-p-Asp-
(0Bn)-H (2.3 g, 7.0 mmol) and DCCI (1.5 g, 7.5 mmol) in
anhydrous CH.Cl, (50 mL) at —10 °C under argon. The
reaction mixture was stirred at —10 °C for 45 min, than at 4
°C for 64 h, then filtered and evaporated to dryness. The
residue was dissolved in EtOAc, filtered and evaporated to
dryness yielding a yellow oil. Trituration with ether gave a
white amorphous solid (1.2 g). The concentrated liquors were
chromatographed on silica gel with acetone—toluene eluant
yielding a further 0.6 g of product (total yield 61%): *H NMR
(DMSO-de) 6 7.85 (1H, t), 7.3 (5H, s), 7.2 (5H, m), 7.1 (1H, 1),
5.05 (2H, s), 4.25 (1H, q), 3.2 (2H,m), 2.6 (4H, m), 1.3 (9H, s).

N-(Succinyl-p-Asp(OBnN)-2-phenylethylamido)-Trp-2-
(2-naphthyl)ethylamide (51). Benzyl ester 50 (0.25 g, 0.6
mmol) was treated with trifluoroacetic acid (3 mL) and the
mixture stirred at room temperature for 1 h before removal of
the solvent in vacuo. The residue was then dissolved in CH»-
Cl, (5 mL) and treated sequentially with 'Pr,NEt (0.3 mL, 1.7
mmol), 49 (0.27 g, 0.6 mmol) and (benzotriazol-1-yloxy)-
trispyrrolidinophosphonium hexafluorophosphate (pyBOP; 0.31
g, 0.6 mmol). The mixture was stirred for 1 h at room
temperature and the solvent removed in vacuo. The residue
was then taken up in EtOAc (30 mL) and washed with 5%
KHSO4 (3 x 20 mL), NaHCO3 (20 mL) and brine (20 mL). The
organic phase was then dried (MgSO,) and evaporated to give
the crude product which was purified by flash column chro-
matography on silica gel in 5% MeOH—CH,CI; to give the title
compound as a white solid (0.16 g, 37%): *H NMR (DMSO-ds)
0 10.8 (1H, s), 8.2 (1H, d), 8.1 (1H, d), 8.0 (1H, t), 7.9 (1H, t),
7.8 (2H, m), 7.6 (1H, s), 7.5—6.8 (19H, m), 5.0 (2H, s), 4.6 (1H,
m), 4.4 (1H, m), 3.4—2.2 (16H, m).

N-(Succinyl-p-Asp-2-phenylethylamido)-Trp-2-(2-naph-
thyl)ethylamide (23). 51 (0.23 g, 0.3 mmol) was dissolved
in MeOH (50 mL) with warming. The solution was then cooled
to room temperature and stirred under 1 atm of hydrogen in
the presence of a catalytic amount of 10% palladium on
charcoal for 18 h. The mixture was then filtered through Celite,
and the filtrate concentrated in vacuo to give the title
compound as a white solid (0.15 g, 74%): [0]*°p = +19.0° (c
1.0, DMSO); *H NMR (DMSO-dg) 6 10.8 (1H, s), 8.2 (2H, m),
8.05 (1H, t), 7.9 (1H, t), 7.8 (3H, m), 7.6 (1H, s), 7.4 (3H, m),
7.35—6.9 (10H, m); 4.45 (2H, m), 3.4—2.2 (16H, m). Anal.
(C39H41N50e'0.65H20) C, H, N.

N-[Succinyl-b-Asp-2-(4-fluorophenyl)ethylamido]-Trp-
2-(2-naphthyl)ethylamide (24). The compound was prepared
as in example 23, except that 2-(4-fluorophenyl)ethylamine
was used in place of 2-phenylethylamine: [0]?*°p = +15.0° (c
0.83, DMSO); *H NMR (DMSO-dg) 6 10.8 (1H, s), 8.2 (2H, m),
8.1 (1H, t), 8.0 (1H, t), 7.8 (3H, m), 7.6 (1H, s), 7.5 (3H, m), 7.3
(2H, m), 7.1 (2H, m), 7.0 (4H, m), 6.9 (1H, m), 4.45 (2H, m),
3.4-2.3 (16H, m) Anal. (C39H40FN505) C, H, N.

N-[Succinyl-p-Asp-2-(4-methoxyphenyl)ethylamido]-
Trp-2-(2-naphthyl)ethylamide (25). The compound was
prepared as in example 23, except that 2-(4-methoxyphenyl)-
ethylamine was used in place of 2-phenylethylamine: [a]*°p
= +15° (c 1.0, DMF); *H NMR (DMSO-ds) 6 10.8 (1H,s), 8.2—
7.9 (4H, m), 7.8—6.7 (16H, m), 4.5 (2H, m), 3.7 (3H, s), 3.4—
2.2 (16H, m) Anal. (C40H43N507) C, H, N.

N-[Succinyl-D-Asp-2-(3-trifluoromethylphenyl)ethyl-
amido]-Trp-2-(2-naphthyl)ethylamide (26). The compound
was prepared as in example 23, except that 2-(3-trifluoro-
methylphenyl)ethylamine was used in place of 2-phenylethyl-
amine: [0]?°o = +13.0° (c 1.0, DMSO); *H NMR (DMSO-de) ¢
10.8 (1H, s), 8.1—7.95 (4H, m), 7.9 (3H, m), 7.6 (1H, s), 7.5—
7.3 (9H, m), 7.1-6.9 (3H, m), 4.45 (2H, m), 3.4—2.2 (16H, m).
Anal. (C40H40F3N506'1.5H20) C, H, N.
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N-[Succinyl-p-Asp-2-(3,4-dichlorophenyl)ethylamido]-
Trp-2-phenylethylamide (27). The compound was prepared
as in example 23, except that 2-(3,4-dichlorophenyl)ethylamine
was used in place of 2-(2-naphthyl)ethylamine and 2-(4-
methoxyphenyl)ethylamine was used in place of 2-phenylethyl-
amine: [a]?% = +18.9° (c 0.74, DMF); 'H NMR (DMSO-ds) ¢
10.8 (1H, s), 8.2 (2H, dd), 7.95 (2H, dt), 7.5 (1H, d), 7.3 (3H,
m), 7.1 (4H, m), 7.0 (1H, t), 6.8 (2H, d), 4.4 (2H, m), 3.7 (3H,
s), 3.2 (4H, m), 3.1 (2H, m), 2.8 (2H, m), 2.6 (4H, m), 2.4 (4H,
m) Anal. (C36H39C|2N507'4.0H20) C, H, N.

N-[Succinyl-pD-Asp-2-(4-methoxyphenyl)ethylamido]-
Trp-2-phenylethylamide (28). The compound was prepared
as in example 23, except that 2-phenylethylamine was used
in place of 2-(2-naphthyl)ethylamine and 2-(4-methoxyphenyl)-
ethylamine was used in place of 2-phenylethylamine: [0]®p
= 17.7° (c 0.8, DMF); 'H NMR (DMSO-ds) 6 10.8 (1H, s), 8.2
(2H, dd), 8.0 (2H, dt), 7.55 (1H, s), 7.3 (1H, d), 7.2 (2H, d), 7.1
(7H, m), 7.0 (1H, t), 6.8 (2H, d), 4.45 (2H, m), 3.7 (3H, s), 3.2
(8H, m), 2.6 (4H, t), 2.4 (4H, m) Anal. (C36H41N5O7‘0.6CH2-
Cly) C, H, N.

N-(Succinyl-pD-Asp-2-phenylethylamido)-Trp-(2-meth-
ylpropylamide (29). The compound was prepared as in
example 23, except that 2-methylpropylamine was used in
place of 2-(2-naphthyl)ethylamine and 2-(4-methoxyphenyl)-
ethylamine was used in place of 2-phenylethylamine: [a]?%
= +21.4° (c 0.7, MeOH); 'H NMR (DMSO-dg) 6 10.8 (1H, s),
8.2 (2H, dd), 7.9 (2H, q), 7.6 (1H, d), 7.3 (1H, d), 7.1 (5H, m),
6.8 (2H, d), 4.4 (2H, t), 3.7 (3H, s), 3.2 (4H, m), 2.9 (2H, m),
2.5 (4H, m), 2.4 (2H, m), 1.6 (1H, m), 0.8 (6H, dd). Anal.
(Cs2H41Ns07) C, H, N.

N-(1,2-cis-Cyclohexanedicarboxyl-p-Asp-2-phenylethyl-
amido)-Trp-2-(2-naphthyl)ethylamide (30a,b). The com-
pounds were prepared as in example 23, except that (+)-1,2-
cis-cyclohexanedicarboxylic anhydride was used in place of
succinic anhydride. The two diastereoisomeric benzyl esters
were separated by flash column chromatography on silica gel,
using toluene/EtOAc (1:1), before being hydrogenated sepa-
rately to give examples 30a,b. 30a: [0]*p, = +8.2° (¢ 0.73,
MeOH); *H NMR (DMSO-dg) ¢ 10.8 (1H s), 8.1 (1H, t), 8.0 (3H,
m), 7.8 (3H, m), 7.6 (1H. s), 7.5—6.9 (13H, m), 4.5 (1H, m), 4.4
(1H, m), 3.4—2.5 (12H, m), 1.8—1.2 (10H, m). Anal. (C43H47NsO¢)
C, H, N. 30b: [a]®p = +5.3° (c 0.76, MeOH); *H NMR (DMSO-
de) 0 10.8 (1H, s), 8.1-7.7 (6H, m), 7.6 (1H, s), 7.45 (4H, m),
7.4—6.9 (10H, m), 4.4 (2H, m), 3.5—2.4 (12H, m), 2.2—1.2 (10H,
m) Anal. (C43H47N5OG'3.5H20) C, H, N.

N-[(+)-1,2-cis-Cyclohexanedicarboxyl-p-Asp-2-(4-fluo-
rophenyl)ethylamido]-Trp-2-(2-naphthyl)ethylamide (31).
The compound was prepared as in example 23, except that
(+)-1,2-cis-cyclohexanedicarboxylic anhydride was used in
place of succinic anhydride and 2-(4-fluorophenyl)ethylamine
was used in place of 2-phenylethylamine: *H NMR (DMSO-
de) 6 10.8 (1H, s), 8.4—6.9 (20H, m), 4.4 (2H, m), 3.5—2.2 (12H,
m), 2.0—1.2 (10H, m). Anal. (Cs3H4sFN506:2.2H,0) C, H, N.

N-[(+)-1,2-cis-Cyclohexanedicarboxyl-p-Asp-2-(4-meth-
oxyphenyl)ethylamido]-Trp-2-(2-naphthyl)ethylamide
(32). The compound was prepared as in example 23, except
that (+)-1,2-cis-cyclohexanedicarboxylic anhydride was used
in place of succinic anhydride and 4-methoxyphenylethylamine
was used in place of 2-phenylethylamine: *H NMR (DMSO-
de) 0 10.8 (1H, s), 8.2 (3H, m), 7.8 (3H, m) 7.7 (1H, s), 7.4 (5H,
m), 7.1 (5H, m), 6.8 (2H, m), 4.5 (1H, m), 4.4 (1H, m), 4.1 (1H,
m), 3.7 (3H, s), 3.2-2.3 (11H, m), 1.9-1.1 (11H, m). Anal.
(CaaH49N507:2.0H,0-0.8CHCI;) C, H, N.

N-[(£)-1,2-trans-Cyclohexanedicarboxyl-pb-Asp-2-(4-
methoxyphenyl)ethylamido]-Trp-2-(2-naphthyl)ethyla-
mide (33). The compound was prepared as in example 23,
except that (+)-1,2-trans-cyclohexanedicarboxylic anhydride
was used in place of succinic anhydride and 4-methoxyphe-
nylethylamine was used in place of 2-phenylethylamine: H
NMR (DMSO-ds) 6 10.8 (1H, s), 8.2 (2H, m), 7.8—6.7 (18H,
m), 4.5—4.35 (2H, m), 3.7 (3H, s), 3.2—2.4 (12H, m), 1.9-1.3
(10H, m) Anal. (C44H49N507'4.0H20‘0.3CH2C|2) C, H, N.

Biological Methods. Materials: BOC-pentagastrin (Sigma)
was dissolved in DMF to a concentration of 40 mM serially
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diluted to 4 mM in DMF and subsequently in water to 0.4 uM.
CCK-8S (Genosys) was diluted in water to a concentration of
2 mM and subsequently serially diluted in water to 20 nM.

Protocols: At least eight preparations were used simulta-
neously in each assay and randomized block designs were used
throughout for the allocation of experimental treatments to
each organ bath. Test compound or vehicle was incubated for
1 h before a single cumulative E/[A] curve was obtained. In
all experiments the total volume of drug added to the organ
baths did not exceed 700 «L in a single experiment.

Guinea-pig gall bladder muscle strip CCK; bioassay:
The CCK; receptor gall bladder assay was performed as
described previously.5 In brief, four longitudinal strips of
smooth muscle were dissected from each gall bladder taken
from male Dunkin-Hartley guinea-pigs (250—500 g). The strips
were suspended in 20 mL organ baths maintained at 29 °C in
a low Ca?* Krebs—Henseleit solution and gassed with 95% O,/
5% CO,. Following the application of a single 1 g load, the
tissues were allowed to relax until a stable baseline was
produced and the preparations were washed twice during this
period. Force was continuously recorded with an isometric
transducer and responses expressed as changes in mm chart
record, where 100 mm is equal to 1 g force in all experiments.

Isolated, lumen-perfused mouse stomach CCK; assay:
Gastric acid secretion was measured in isolated, lumen-
perfused mouse stomachs, prepared essentially as described
previously.®® Male mice (Charles River CD1, 22—26 g, 18 h
fasted, water ad libitum) were used. After sacrifice, the
stomach was cannulated via the duodenal sphincter. The
esophagus was ligated at the level of the cardiac sphincter and
the stomach excised. A small incision was made in the fundic
region, a cannula ligated tightly into the incision, and the
contents of the stomach flushed through with mucosal solution
to remove any remaining food. The stomach was placed in an
organ bath containing 40 mL of buffered serosal solution. The
serosal solution was maintained at 37 + 1 °C and gassed
vigorously with 95% O, and 5% CO,. The stomachs were
perfused with mucosal solution gassed with 100% O, at a rate
of 1 mL min~! and the perfusate passed over an internally
referenced pH electrode which was placed 12 cm above the
stomach to provide a back pressure to distend the stomach.
3-Isobutylmethylxanthine (0.3 mM) was added to the serosal
solution because it appeared that phosphodiesterase inhibition
improved the signal-to-noise ratio in preliminary experiments
when BOC-pentagastrin was used as the agonist. The prepa-
rations were allowed to stabilize for 90 min before the addition
of drugs to the serosal solution in the organ bath. Agonist-
stimulated responses were expressed as the change in the pH
of the lumen-perfusate from the basal pH immediately prior
to the first addition of agonist. A continuous record of pH was
obtained from chart recorders coupled to a pH electrode
amplifier (Fylde Scientific). Individual agonist concentration—
effect curves were fitted to the Hill equation, as described
previously.* The effect of drug treatment was assessed by one-
way analysis of variance (ANOVA) and the Bonferroni modi-
fied t-test for multiple comparisons.>? P-values of less than 0.05
were considered to be significant.

References

(1) Hill, D. R.; Shaw, T. M.; Graham, W.; Woodruff, G. N. Autora-
diographical detection of cholecystokinin-A receptors in primate
brain using 1251-Bolton Hunter CCK-8 and 3H-MK-329. J.
Neurosci. 1990, 10.4, 1070—1081.

(2) Jebbink, M. C. W.; Jansen, J. M. B. J.; Mooy, D. M.; Rovati, L.
C.; Lamers, C. B. H. W. Effect of the specific cholecystokinin
receptor antagonist Loxiglumide on bombesin stimulated pan-
creatic enzyme secretion in man. Regul. Pept. 1991, 32, 361—
368.

(3) Douglas, B. R.; Jebbink, M. C. W.; Tham, R.; Jansen, J.; Lamers,
C. The effect of Loxiglumide (cr-1505) on basal and bombesin-
stimulated gallbladder volume in man. Eur. J. Pharmacol. 1989,
166, 307—309.

(4) Moran, T. H.; Robinson, P. H.; Goldrich, M. S.; McHugh, P. R. 2
brain cholecystokinin receptors — implications for behavioral
actions. Brain Res. 1986, 362, 175—179.

®)

6

=

O

(8

-~

(C)

(10

(11)

(12)

(13)

(14)

(15)

(16)

an

(18)

(19)

(20

(21)

(22)

(23)

(24)

(25)

Low et al.

Lee, Y. M.; Beinborn, M.; McBride, E. W.; Lu, M.; Kolakowski,
L. F.; Kopin, A. S., The human brain cholecystokinin-B gastrin
receptor — cloning and characterization. J. Biol. Chem. 1993,
268, 8164—8169.

Ulrich, C. D.; Ferber, 1.; Holicky, E.; Hadac, E.; Buell, G.; Miller,
L. J. Molecular-cloning and functional expression of the human
gallbladder cholecystokinin-A receptor. Biochem. Biophys. Res.
Commun. 1993, 193, 204—211.

Pisegna, J. R.; Deweerth, A.; Huppi, K.; Wank, S. A., Molecular-
cloning, functional expression, and chromosomal localization of
the human cholecystokinin type-A receptor. Ann. N. Y. Acad.
Sci. 1994, 713, 338—342.

Deweerth, A.; Pisegna, J. R.; Huppi, K.; Wank, S. A. Molecular-
cloning, functional expression and chromosomal localization of
the human cholecystokinin type-A receptor. Biochem. Biophys.
Res. Commun. 1993, 194, 811—818.

Tracy, H. J.; Gregory, R. A., Human gastrin-isolation, structure,
and synthesis-isolation of two gastrins from human antral
mucosa. Nature 1964, 204, 935.

Horwell, D. C.; Beeby, A.; Clark, C. R.; Hughes, J. Synthesis
and binding affinities of analogues of cholecystokinin-(30—33)
as probes for central nervous system cholecystokinin receptors.
J. Med. Chem. 1987, 30, 729—732.

Dimaline, R. Is caerulein amphibian CCK? Peptides 1983, 4,
457—-462.

Chang, R. S. L.; Lotti, V. J. Biochemical and pharmacological
characterization of an extremely potent and selective nonpeptide
cholecystokinin antagonist. Proc. Natl. Acad. Sci. U.S.A. 1986,
83, 4923.

Niederau, M.; Niederau, C.; Strohmeyer, G.; Grendell, J. H.
Comparative effects of CCK receptor antagonists on rat pan-
creatic secretion in vivo. Am. J. Physiol. 1989, 256, G150.
Silver, A. J.; Flood, J. F.; Song, A. M.; Morley, J. E. Evidence
for a physiological role for CCK in the regulation of food intake
in mice. Am. J. Physiol. 1989, 256, R646.

Hayward, N. J.; Harding, M.; Loyd, S. A. C.; McKnight, A. T.;
Hughes, J.; Woodruff, G. N. The effect of CCKB/gastrin antago-
nists on stimulated gastric acid secretion in the anaesthetized
rat. Br. J. Pharmacol. 1991, 104, 973.

Hughes, J.; Boden, P.; Costall, B.; Domeney, A.; Kelly, E;
Horwell, D. C.; Hunter, J. C.; Pinnock, R. D.; Woodruff, G. N.
Development of a class of selective cholecystokinin type B
receptor antagonists having potent anxiolytic activity. Proc. Natl.
Acad. Sci. U.S.A. 1990, 87, 6728.

Dourish, C. T.; O'Neil, M. F.; Coughlan, J.; Kitchener, S. J,;
Hawley, D.; lversen, S. D. The selective CCK—B receptor
antagonist L-365,260 enhances morphine analgesia and prevents
morphine tolerance in the rat. Eur J. Pharm. 1990, 176, 35—
44.

Bohme, G. A.; Bertrand, P.; Guyon, C.; Capet, M.; Pendley, C.;
Stutzman, J. M.; Doble, A.; Dubroeucq, M. C.; Martin, G;
Blanchard, J. C. The ureidoacetamides, a novel family of non-
peptide CCKB/Gastrin antagonists. Ann. N. Y. Acad. Sci. 1994,
713, 118—120.

Bock, M. G.; Dipardo, R. M.; Evans, B. E.; Rittle, K. E.; Whitter,
W. L.; Veber, D. F.; Anderson, P. S.; Freidinger, R. M. Benzo-
diazepine gastrin and brain cholecystokinin receptor ligands —
L-365,260. J. Med. Chem. 1989, 32, 13—16.

Evans, B. E.; Bock, M. G.; Rittl, K. E.; DiPardo, R. M.; Whitter,
W. L.; Veber, D. F.; Anderson, P. S.; Freidinger, R. M. Design of
potent, orally effective, nonpeptidal antagonists of the peptide
hormone cholecystokinin. Proc. Natl. Acad. Sci. U.S.A. 1986, 83,
4918—-4922.

Howbert, J. J.; Lobb, K. L.; Britton, T. C.; Mason, N. R.; Bruns,
R. F. Diphenylpyrazolidinone and benzodiazepine cholecystoki-
nin antagonists — a case of convergent evolution in medicinal
chemistry. Bioorg. Med. Chem. Lett. 1993, 3, 875—880.

Gully, D.; Frehel, D.; Marcy, C.; Spinazze, A.; Lespy, L.; Neliat,
G.; Maffrand, J. P.; LeFur, G. Peripheral biological activity of
SR 27987: A new potent non-peptide antagonist of CCKA
receptors. Eur. J. Pharmacol. 1993, 232, 13—19.

McDonald, I. M.; Bodkin, M. J.; Broughton, H. B.; Dunstone, D.
J.; Kalindjian, S. B.; Low, C. M. R. 2-Nap — a selective,
hydrophilic, nonpeptide CCKA-receptor antagonist derived from
the cholecystokinin C-terminal dipeptide. Bioorg. Med. Chem.
Lett. 1993, 3, 1511—-1516.

Hull, R. A. D.; Shankley, N. P.; Harper, E. A.; Gerskowitch, V.
P.; Black, J. W. 2-Naphthalenesulphonyl L-aspartyl-(2-phen-
ethyl)amide (2-Nap) — a selective cholecystokinin CCKA-receptor
antagonist. Br. J. Pharmacol. 1993, 108, 734—740.

Low, C. M. R.; Broughton, H. B.; Kalindjian, S. B.; McDonald,
1. M. Novel oxathiazinones as gastrin ligands — unexpected
products from the Schotten-Baumann reaction of arylsulfonyl



Novel Peptoid CCK Receptor Antagonists

(26)

@7

(28)

(29)

(30)

@D

(32)

(33)

34

(35

(36)

@37

(38)

chlorides with derivatives of aspartic-acid. Bioorg. Med. Chem.
Lett. 1992, 2, 325—330.

Kalindjian, S. B.; Bodkin, M. J.; Buck, I. M.; Dunstone, D. J.;
Low, C. M. R.; McDonald, I. M.; Pether, M. J.; Steel, K. I. M. A
new class of nonpeptidic cholecystokinin-B gastrin receptor
antagonists based on dibenzobicyclo[2.2.2]octane. J. Med. Chem.
1994, 37, 3671—3673.

Kalindjian, S. B.; Buck, I. M.; Cushnir, J. R.; Dunstone, D. J.;
Hudson, M. L.; Low, C. M. R.; McDonald, I. M.; Pether, M. J.;
Steel, K. I. M.; Tozer, M. J. Improving the affinity and selectivity
of a nonpeptide series of cholecystokinin-B/gastrin receptor
antagonists based on the dibenzobicyclo[2.2.2]octane skeleton.
J. Med. Chem. 1995, 38, 4294—4302.

Kalindjian, S. B.; Buck, 1. M.; Davies, J. M. R.; Dunstone, D. J.;
Hudson, M. L.; Low, C. M. R.; McDonald, I. M.; Pether, M. J.;
Steel, K. I. M.; Tozer, M. J.; Vinter, J. G. Nonpeptide cholecys-
tokinin-B/gastrin receptor antagonists based on bicyclic, het-
eroaromatic skeletons. J. Med. Chem. 1996, 39, 1806—1815.
Horwell, D. C.; Hughes, J.; Hunter, J. C.; Pritchard, M. C.;
Richardson, R. S.; Roberts, E.; Woodruff, G. N. Rationally
designed “dipeptoid” analogues of CCK. a-methyltryptophan
derivatives, highly selective and orally active gastrin and CCKB
antagonists with potent anxiolytic properties. J. Med. Chem.
1991, 34, 404—414.

Higginbottom, M.; Horwell, D. C.; Roberts, E. Selective ligands
for cholecystokinin receptor subtypes CCK-A and CCK-B within
a single structural class. Bioorg. Med. Chem. Lett. 1993, 3, 881—
884.

Ding, X.-Q.; Chen, D.; Haakanson, R. Cholecystokinin-B receptor
ligands of the dipeptoid series act as agonists on rat stomach
histidine decarboxylase. Gastroenterology 1995, 109, 1181—1187.
Forster, E. R.; Dockray, G. J. The putative CCKB receptor
antagonist CI-988 stimulated pancreatic secretion in the anaes-
thetized rat. Regul. Pept. 1991, 35, 237.

Corsi, M.; Pietra, C.; Gaviraghi, G.; Trist, D. Analysis of the
agonism of PD-134308 in guinea pig gall bladder. Pharmacol.
Commun. 1992, 1, 345—351.

Blevins, G. T.; Westerlo, E. M. A. v. d.; Yule, D. I.; Williams, J.
A. Characterisation of cholecystokinin-A receptor agonist activity
by a family of cholecystokinin-B receptor antagonists. J. Phar-
macol. Exp. Ther. 1994, 269, 911—-916.

Schmassman, A.; Garner, A.; Flogerzi, B.; Hasan, M. Y.; Sanner,
M.; Varga, L.; Halter, F., Cholecystokinin type B receptor
antagonist PD-136,450 is a partial secretory agonist in the
stomach and a full agonist in the pancreas of the rat. Gut 1994,
35, 270—274.

Koop, |.; Eissele, R.; Richter, S.; Patberg, H.; Moyer, F.; Mossner,
J.; Koop, H.; Arnold, R. A new CCK-B/gastrin receptor antago-
nist acts an agonist on the rat pancreas. Digestion 1993, 54,
286—287.

Hocker, M.; Hughes, J.; Folsch, U. R.; Schmidt, W. E. PD 135158,
a CCKB/gastrin receptor antagonist, stimulates rat pancreatic
enzyme secretion as a CCKA receptor agonist. Eur. J. Pharma-
col. 1993, 242, 105—108.

Vinter, J. G. Extended Electron Distributions Applied to the
Molecular Mechanics Of Some Intermolecular Interactions. J.
Comput.-Aided Mol. Des. 1994, 8, 653—668.

Journal of Medicinal Chemistry, 2000, Vol. 43, No. 19 3517

(39

(40)

(41

(42)
(43)

(44)

(45)
(46)

(47

(48)

(49)
(50)

(51)

(52)

(53)

Kolodziej, S. A.; Nikiforovich, G. V.; Skeean, R.; Lignon, M. F;
Martinez, J.; Marshall, G. R. Ac-[3-Alkylthioproline(31)] and Ac-
[4-Alkylthioproline(31)] CCK4 analogues — synthesis and im-
plications for the CCK—B receptor-bound conformation. J. Med.
Chem. 1995, 38, 137—149.

Black, J. W.; Shankley, N. P. The isolated stomach preparation
of the mouse: a physiological unit for pharmacological analysis.
Br. J Pharmacol. 1985, 86, 571—-579.

Shankley, N. P.; Roberts, S. P.; Watt, G. F.; Kotecha, A.; Hull,
R. A. D. H,; Black, J. W. Analysis of the complex pharmacology
expressed by the CCKB/gastrin-receptor ligand PD134,308 on
gastric assays. ASPET Pharmacol. 1997, 39, 65.

Morley, J. S. structure—function relationships in gastrin-like
peptides. Proc. R. Soc. B 1968, 170, 97—110.

Morley, J.; Tracy, H.; Gregory, R. Structure—function relation
in the active C-terminal tetrapeptide sequence of gastrin. Nature
1965, 207, 1356—1359.

Morley, J. S.; Smith, J. M. Polypeptides. Part IX. Variations of
the methionyl position in the c-terminal tetrapeptide amide
sequence of the gastrins. J. Chem. Soc. C 1968, 726—733.
Marshall, G. R. A hierarchical approach to peptidomimetic
design. Tetrahedron 1993, 49, 3547—3558.

Martinez, J.; Rodriguez, M.; Bali, J.-P.; Laur, J. Phenylethyl-
amide derivatives of the C-terminal tetrapeptide of gastrin. Int.
J. Pept. Protein Res. 1986, 28, 529—535.

Corringer, P. J.; Weng, J. H.; Ducos, B.; Durieux, C.; Boudasu,
P.; Bohme, A.; Roques, B. P. CCK-B agonist or antagonist
activities of structurally hindered and peptidase-resistant Boc-
CCK4 derivatives. J. Med. Chem. 1993, 36, 166—172.
Fournie-Zaluski, M. C.; Durieux, C.; Lux, B.; Belleney, J.; Pham,
P.; Gerard, D.; Roques, B. P. Conformational-analysis of chole-
cystokinin fragments CCK4, CCK5, and CCK6 by H-1-nmr
spectroscopy and fluorescence-transfer measurements. Biopoly-
mers 1985, 24, 1663—1681.

The commercial molecular modeling package, Sybyl, from Tripos
Associates, was used for this purpose.

Pincus, M. R.; Carty, R. P.; Chen, J.; Lubowsky, J.; Avitable,
M.; Shah, D.; Scheraga, H. A.; Murphy, R. B. On the biologically
active structures of cholecystokinin, little gastrin and enkaphalin
in the gastrointestinal system. Proc. Natl. Acad. Sci. U.S.A.
1987, 84, 4821—-4825.

Evans, B. E.; Rittle, K. E.; Bock, M. G.; Dipardo, R. M.;
Freidinger, R. M.; Whitter, W. L.; Lundell, G. F.; Veber, D. F;
Anderson, P. S.; Chang, R. S. L,; Lotti, V. J.; Cerino, D. J.; Chen,
T. B.; Kling, P. J.; Kunkel, K. A.; Springer, J. P.; Hirshfield, J.
Methods for drug discovery — development of potent, selective,
orally effective cholecystokinin antagonists. J. Med. Chem. 1988,
31, 2235—2246.

Bishop, L. A.; Gerskowitch, V. P.; Hull, R. A. D.; Shankley, N.
P.; Black, J. W. Combined dose-ratio analysis of cholecystokinin
receptor antagonists, devazepide, lorglumide and loxiglumide in
the guinea-pig gall bladder. Br. 3. Pharmacol. 1992, 106:1, 61—
66

Wéllenstein, S.; Zucker, C. L.; Fleiss, J. L. Some statistical
methods useful in circulation research. Circ. Res. 1990, 47, 1-9.

JMO00937A



