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Cholecystokinin (CCK) is a polypeptide hormone which
occurs in numerous molecular forms throughout the
peripheral and central nervous systems. CCK exerts a
variety of actions on peripheral organs, such as regulating
pancreatic secretion, gut motility, and gall bladder con-
traction. In addition CCK may function as a neurotrans-
mitter or neuromodulator in the central nervous system.!:2
The actions of CCK are mediated by tworeceptor subtypes
designated as CCKa and CCKg.? The CCKpg receptor
subtype also displays ligand specificities similar to the
stomach gastrin receptor.45

The benzodiazepine series of non-peptide CCK receptor
antagonists, which was designed from the natural product
asperlicin,’ has been well documented. The high affinity
and potent CCK, receptor selective antagonist MK-3297
and the CCKg receptor selective antagonist L-365,2608°
(1) resulted from this work. One factor which determined
CCK receptor subtype selectivity in this series was the
C3-stereochemistry of the benzodiazepine ring system, the
(3R)-enantiomer generally providing CCKp receptor se-
lectivity. Recent studies have shown that the C5-phenyl
moiety of the core benzodiazepine structure could be
replaced by C5-cycloalkyl groups, a modification which
retained CCKg affinity and selectivity.]® In particular,
the C5-cyclohexyl analog (2) displayed sub-nanomolar
CCKGg receptor affinity (ICsg, 0.28 nM), with improved
selectivity (CCK/CCKp = 6500) compared to L-365,260.

The aqueous solubility of crystalline 1 has been mea-
sured as <0.002 mg/mL in the pH range 3-7.4, and
pharmacokinetic studies!! have shown that 1 displayed
limited bioavailability in rat, dog, and monkey when dosed
orally using 0.5% methylcellulose as a vehicle. This
suggests that 1 would not be a suitable chemical entity for
oral administration in humans as a simple tablet formu-
lation.!2 The cyclohexyl analog 2 would be expected to
suffer from the same drawback.

The objective of this present study, therefore, was the
design, synthesis, and evaluation of CCKg receptor an-
tagonists which would retain the excellent binding and
selectivity characteristics of 2, while embodymg a water-
solubilizing handle. Inan accompanying Communication,
we report on a series of acidic CCKp receptor antagonists
which fulfill these criteria. In the present work, wesought
tocomplement the acidicseries by incorporating an amine-
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Table 1. CCK, and CCKpg Receptor Affinities for
Benzodiazepine Ligands 1-6
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compound?® R sth?eo CCrla(tA (ICs, nM)‘ Eu.u}:{esa(g conrtLeiﬁ
1 < R 736 (585; 925) 8.50 (6.46; 11.2)
2 O R 1797 (1205; 2115)  0.28 (0.13; 0.59)
3 (base) -3 RS  480(303;759) 137 (137; 137)¢
4 (base) -~ RS 17(519) 5.7 (4.6;7.0)
5a (base) ) RS 10458187 1.25 (1.18; 1.33)
5b (HCl salt) _.Q R >3000 (38% Y 1.35 (1.13; 1.62)
Sc (HClealt)y () S 7.9 (6.16; 10.2) 144 (101; 205)
6a (base) ~) RS 1090144274 053(0.38,0.74)

6b (HCl salt) -N@ R 1604 (1408; 1819)  0.10 (0.056; 0.187)

6c (HCl salt) 6.5 (4.83; 8.65) 26.7 (26.6; 27.8)

¢ All novel compounds gave satisfactory analytical data in full
agreement with the proposed structure. * CCK, binding was mea-
sured by the displacement of [12])BH CCK-8s from rat pancreatic
tissues. ¢ CCKg binding was measured by the displacement of
[!%I]BH CCK-8s from guinea pig cortical membranes. ¢ Binding
results are the geometrical mean of two to four independent
determinations. Statistical limits are given in parentheses. * Geo-
metric mean of two determinations, which were identical. f Full ICg,
not obtained, percentage inhibition at a concentration of 3000 nM
given in parentheses.

based cationic solubilizing group within the benzodiazepine
framework. Wereport herein the first example of a series
of selective, high-affinity, non-peptide CCKg receptor
antagonists which contain overtly basic functionality.
In principle, one way in which cationic, water-solubilizing
functionality could be introduced into L.-365,260 (1) would
be to replace the C5-phenyl ring by a cycloalkylamine, a
maneuvre which would generate an amidine. The knowl-
edge that the C5-phenylring could be successfully replaced
by a cycloalkyl ring (cf. 2) gave considerable support to
this notion. It was uncertain, however, if the CCKg
receptor site would tolerate the presence of a positive
charge, since all reported high-affinity ligands for the CCKg
receptor were either neutral or acidic in nature.13:14
Compounds 3-6 (Table 1) were synthesized (Scheme 1)
by forming the chloro imine from the bis-lactam (7),
followed by reaction with the requisite amine, to afford
the benzodiazepine nucleus (8). The C3-amino group was
introduced via the oxime (9).!5 Reduction of the oxime
using the conditions reported for the C5-phenyl analog!®
gave low, unreproducible yields. The use of other catalytic
reduction methods and chemical reaction conditions (e.g.,
zinc/acetic acid) did not improve the yield significantly.
The problem was solved by functionalizing the oxime to
afford the carbamate (10), which was readily reduced at
ambient temperature using 10% Pd on carbon under a
hydrogen atmosphere. The electron-withdrawing nature
of the carbamate group may activate the double bond to
hydrogenation and subsequently the N-O bond to hy-
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o Reagents: (a) BrCH;COBr, NaOH, H;0, CH.Cly; (b) NHj,
MeOH:; (¢) PCls, CHoCl; (d) NEt3, CH:Cly, 3-azabicyclo[3.2.2] nonane;
(e) KO!Bu, toluene, isopentyl nitrite, <20 °C; (f) EtNCO, THF, NEt;,
60 °C; (g) 10% Pd on C, MeOH, Hy, 40 psi; (h) m-tolyl isocyanate,
THF; (i) Pirkle DNBL column, n-BuCl, MeOH, AcOH; (j) HCL

drogenolysis. This methodology gave excellent, repro-
ducible yields of the amine (11), which was then treated
with m-tolyl isocyanate in THF, allowing the urea (6a) to
crystallize in pure form from the reaction. Compounds
3-5 were synthesized ina similarfashion. The enantiomers
were obtained by using semipreparative HPLC,!® em-
ploying a Pirkle (dinitrobenzoyl)leucine column.

The CCK receptor affinities of the ligands 3-6 were
evaluted in vitro using radioligand binding techniques!®
on rat pancreatic membranes (for CCK,) and guinea pig
cortical membranes (for CCKg) (Table 1). The racemic
C5-piperidino analog 4 showed a noteworthy 24-fold
increase in CCKp affinity compared to the pyrrolidine 3.
Employing a homopiperidine ring system to provide an
increase in C5-substituent lipophilicity and bulk gave rise
to a further improvement in CCKpg affinity (5a, CCKg:
1Cs0, 1.25 nM). Resolution of 5a confirmed the expected
CCKg selectivity of the series, the R-enantiomer (5b)
showing much improved CCKg receptor selectivity (CCKa/
CCKpg > 2300) when compared to the prototype CCKpg
antagonist (1). Encouragingly, 5b also displayed good
aqueous solubility asits crystalline hydrochloride salt (0.6
mg/mL). Optimization of the benzodiazepine C5 sub-
stituent led to the azabicyclo[3.2.2)nonane derivative
(6b).1” Compound 6b showed high CCKgreceptor affinity
(ICs0, 0.10 nM) while also displaying excellent receptor
subtype selectivity (CCK4/CCKp = 16 000). Theaqueous
solubility of the crystalline hydrochloride salt of 6b was
measured as 0.15 mg/mL, log P (octanol/pH 7.4 aqueous
buffer) 4.7, and the pK, was 7.1. These physicochemical
parameters are consistent with a profile suitable for a
simple tablet formulation while also in principle being
compatible with good brain penetration in vivo, since 66 %
of 6b would be un-ionized at physiological pH. The
unusually low pK, of the amidine is presumably due to
the electron-withdrawing influence of the adjacent lactam
and urea functional groups around the benzodiazepine
ring.

Communications to the Editor

The CCKp/gastrin receptor selectivity of 6b was studied,
but no discernible selectivity between gastrin and CCKg
receptors was observed (['2*I}gastrin: I1Csp, 0.04 nM, n =
3, guinea pig gastric glands), not surprisingly in view of
the proposed equivalence of the CCKg and gastrin
receptors.’® Compound 6b was inactive (ICso, >10 000
nM, n = 2) at the GABA, benzodiazepine receptor in rat
cortical membranes, as measured by displacement of the
specific binding of the antagonist [SHJRo15-1788.

A measure of the functional antagonist activity of 6b
was obtained from the blockade of CCKpg receptor-
mediated excitations of rat ventromedial hypothalamic
(VMH) neurons,'®2° recorded from brain slices in vitro.
Compound 6b blocked the extracellularly recorded in-
crease in single-cell firing rate, which was induced by
pentagastrinina concentration-dependent manner. From
the rightward shift of the pentagastrin concentration—
response curve the estimated K;, was 0.06 nM (£0.01 nM,
n =6),2lindicating that 6b is an exceptionally potent CCKp
receptor-selective antagonist.

In conclusion, compound 6b represents one of the most
potent and selective CCKp receptor antagonists reported
todate. Additionally, 6bdisplays watersolubility suitable
for simple tablet formulations and has physicochemical
properties compatible with brain penetration in vivo.226b
(L-740,093) therefore represents an attractive molecule
with which to study the pharmacology of CCKg receptors
within the central nervous system.
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Supplementary Material Available: Experimental pro-
cedure, including the analytical and spectral data, for the
preparation of 6b (4 pages). Ordering information is given on
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References

(1) Wang, R. Y. Cholecystokinin, Dopamine, and Schizophrenia -
Recent Progress and Current Problems. Ann. N. Y. Acad. Sci.
1988, 537, 362-379.

(2) Albus, M. Cholecystokinin. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 1988, 12, S5~-821.

(3) Moran, T. H.; Robinson, P. H.; Goldrich, M. S.; McHugh, P. R.
Two Brain Cholecystokinin Receptors: Implications for Behavioral
Actions. Brain Res. 1986, 362, 175-179.

(4) Beinfeld, M. C. Cholecystokinin in the Central Nervous System:
A Minireview. Neuropeptides 1983, 3, 411-427.

(5) Pisegna,J.R.; Weerth, A.; Huppi, K.; Wank, S. A. Molecular Cloning
of the Human Brain and Gastric Cholecystokinin Receptor:
Structure, Functional Expression and Chromosomal Localization.
Biochem. Biophys. Res. Commun. 1992, 189, 296-303.

(6) Chang,R.S.L.;Lotti, V.J.; Monoghan, R.L.; Birnbaum, J.; Stapley,
E. O.; Goetz, M. A.; Liesch, J. M.; Hensens, O. D.; Springer, J. P.
A Potent Non-Peptide Cholecystokinin Antagonist Selective for
Peripheral Tissues Isolated from Aspergillus Alliaceus. Science
1985, 230, 177-179.

(7) Evans, B. E.; Bock, M. G.; Rittle, K. E.; DiPardo, R. M.; Whitter,
W. L.; Veber, D. F.; Anderson, P. S.; Freidinger, R. M. Design of
Potent, Orally Effective, Non-Peptide Antagonists of the Peptide
Hormone Cholecystokinin. Proc. Natl. Acad. Sci. U.S.A.1986,83,
4918-4922.

(8) Bock, M. G.; DiPardo, R. M.; Evans, B. E.; Rittle, K. E.; Whitter,
W. L.; Veber, D. F.; Anderson, P. S.; Freidinger, R. M. Benzodi-
azepine Gastrin and Brain Cholecystokinin Receptor Ligands:
L-365,260. J. Med. Chem. 1989, 32, 13-16.



Communications to the Editor

(9) Lotti, V. J.; Chang, R. S. L. A New Potent and Selective Non-
Peptide Gastrin Antagonist and Brain Cholecystokinin Receptor
(CCKB) Ligand: L-365,260. Eur. J. Pharmacol. 1989, 162, 273-

(10) Chambers, M. S.; Hobbs, S. C.; Fletcher, S. R.; Matassa, V. G.;
Mitchell, P. J.; Watt A.P; Baker, R.; Freedman, S. B.; Patel, S.;
Smith, A. J. L-708,474: The C5-Cyclohexyl Analogue of L-365,260,
A Selective, High-Affinity Ligand for the CCKp/Gastrin Receptor.
BioMed. Chem. Lett. 1993, 3, 1919-1924.

(11) Chen, L-W.; Dorley, J. M.; Ramjit, H. G.; Pitzenberger, S. M.; Lin,
J. H. Physiological Digposition and Metabolism of L-365,260, A
Potent Antagonist of Brain Cholecystokinin Receptor, in Labo-
ratory Animals. Drug Metab. Disp. 1992, 20, 390-395.

(12) Lin, J. H.; Chen, L-W.; Lievens, H. The Effect of Dosage Forms
on Oral Absorption of L-365,260 A Potent CCKg Receptor
Antagonist in Dogs. Pharm. Res. N. Y. 1991, 8 (10 Suppl.), S272.

(13) Evans, B. E. Recent Developments in Cholecystokinin Antagonist
Research. Drugs Future 1989, 14, 971-979.

(14) Bock, M. G. Development of Non-Peptide Cholecystokinin Type
B Receptor Antagonists. Drugs Future 1991, 16, 631-640.

(15) Bock, M. G.; DiPardo, R. M.; Evans, B. E.; Rittle, K. E.; Veber, D
F.; Freidinger, R. M.; Hirshfield, J.; Springer, J. P. Synthesis and
Resolution of 3-Amino-1,3-Dihydro-5-Phenyl-2H-1,4-Benzodiaz-
epin-2-ones. J. Org. Chem. 1987, 52, 3232-3239.

(16) Radioligand binding to guinea pig cortical membranes was per-
formed using 50 pM [125]]-labeled Bolton Hunter CCK-8s in 20
mM HEPES buffer, pH = 6.5, containing 150 mM NaCl, 5 mM
MgCly, 1 mM EGTA, and 0.025% bacitracin. For rat pancreatic
membranes, assay buffer was supplemented with 0.01% trypsin
inhibitor and 0.2% BSA. Guinea pig cortical membranes were
prepared by homogenization in 0.32 M sucrose, centrifugation, and
resuspension of the P2 pellet in assay buffer at 1 g wet weight in
120 mL. Rat pancreatic membranes were prepared in 10 mM
HEPES/0.01% trypsin inhibitor, pH = 7.4, and centrifuged, and
the pellet was resuspended in assay buffer at a 1 to 2000 dilution.
Specific binding in all cases was defined using 1 uM CCK-8s, and
the reaction was terminated by filtration through Whatman GF/C
filters, using a Brandel cell harvester with 3 X 3-mL washes in
ice-cold 100 mM saline wash buffer. Filters were counted ona LKB
4 counter.

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 6 721

(17) The absolute configuration of 6b was assigned as 3R on the basis
of the comparison of circular dichroism spectra to other CCK-
benzodiazepine ligands, where the absolute configuration was known
by X-ray crystallographic or chemical means. All enantiomers
described were >99% ee, as determined by chiral HPLC.

(18) 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. 19983,
268, 8164-8169.

(19) Boden, P.; Hill, R. G. Effects of Cholecystokinin and Related
Peptides on Neuronal Activity in the Ventromedial Nucleus of the
Rat Hypothalamus. Br. J. Pharmacol. 1988, 94, 246-252.

(20) Pinnock, R. D.; Richardson, R. S.; Boden, P. R.; Woodruff, G. N.
Cholecystokinin Receptors in the Rat Brain in vitro: Sensitivity
to CCK, and CCKg Receptor Agonists and Antagonists. Mol.
Neuropharmacol. 1992, 1, 211-218,

(21) Coronal sections (from the brains of male Sprague-Dawley rats),
350 um thick, containing the VMH were cut and placed in a small
chamber, where they were continually perfused with oxygenated
warmed artificial cerebrospinal fluid. Extracellular recordings of
action potential firing rate were made from single VMH neurones
using glass micropipettes filled with 3 M NaCl and having a
resistance of 10-30 MQ. CCKpgreceptor-mediated responses were-
evoked withthe CCKpgselective agonist pentagastrin, in the presence
of the CCK, receptor antagonist Devazepide (30 nM). Following
the determination of a control concentration-response curve to
pentagastrin, 6b was continuously perfused until the level of block
reached equilibrium (approximately 2 h). The antagonist affinity
(Kp) was determined from the shift to the right (concentration
ratio, CR) of the pentagastrin concentration-response curve
produced by the antagonist, using the equation K, = [antagonist]/
(CR - 1). The value K, = 0.06 nM was obtained using a
concentration of 0.3 nM (n = 6).

(22) Freedman, S. B.; Patel, S.; Smith, A. J.; Chapman, K. L.; Fletcher,
A E.;Kemp, J. A.; Marshall, G. R.; Hargreaves, R. J.; Ryecroft, W.;
Iversen, L. L.; Iversen, S. D.; Baker, R.; Showell, G. A.; Bourrain,
S.; Neduvelil, J. G.; Matassa, V. G. Biological Properties of
Benzodiazepine Amidine Derivatives: Identification of L-740,093,
One of the most Potent in vitro and in vivo CCKp/Gastrin Receptor
Antagonists known. Unpublished results.



