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Abstract—Vasopressin receptor antagonists can elicit ion-sparing diuretic effects (i.e., aquaresis) in vivo by blunting the action of the
circulating hypophyseal hormone arginine vasopressin. We have identified two new series of basic tricyclic benzodiazepines, rep-
resented by general structure 1, which contain compounds that bind with high affinity to human V, receptors. For example, (S)-(+)-

8 and 5 are potent and selective V, receptor antagonists with pronounced aquaretic activity in rats on oral administration.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The nonapeptide arginine vasopressin (AVP), which is
principally secreted from the posterior pituitary gland, is
responsible for numerous biological actions as both a
hormone and a neurotransmitter.! Three G-protein-
coupled receptors, denoted as Vi,, Vy,, and V,, are
involved in AVP binding and cellular activation,
resulting in important physiological responses such as
reabsorption of water in the kidneys (V;), contraction of
bladder, uterine, and vascular smooth muscle (Vi,),
breakdown of glycogen in the liver (Vy,), aggregation of
platelets (V,,), and release of corticotropin from the
anterior pituitary gland (Vy,).! Additionally, in the
central nervous system, AVP modulates aggressive,
social, and sexual behavior, stress response, and mem-
ory.

The V, receptors on renal epithelial cells mediate AVP-
induced antidiuresis to preserve normal plasma osmo-
lality. Thus, selective, nonpeptide vasopressin V,
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receptor antagonists have received attention for their
potential use in treating diseases of excessive renal
reabsorption of water.”* For instance, lixivaptan (VPA-
985), a pyrrolobenzodiazepine that exhibits low-
nanomolar binding to the V, receptor and 230-fold
selectivity over V, receptor binding, exerts an aquaretic
effect on oral administration to rats and dogs (Fig. 1).2%¢
Tricyclic vasopressin receptor antagonists of this struc-
tural type** have physical properties that can present
difficulties for oral drug development, such as elevated
molecular weight (450-600 Da), high hydrophobicity
(log P > 4), and limited aqueous solubility (<1 mg/mL).>
Thus, we became interested in introducing a basic amine
center into the tricyclic molecular framework of lixi-
vaptan in the context of thiomorpholine and morpholine
X
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Lixivaptan (VPA-985) 1(X=0o0rS)

Figure 1. Structures of lixivaptan and benzodiazepine 1.
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rings fused to the benzodiazepine framework, as in
formula 1 (Fig. 1). It was hoped that these novel
chemical entities would give rise to receptor antagonists
with good in vitro and in vivo potency, and favorable
oral bioavailability. In this paper, we report on the
biological properties of compounds of general formula
1, some of which represent advanced V, receptor
antagonist leads, such as 5 and (S)-(+)-8.

2. Synthetic chemistry

The thiazinobenzodiazepines (Table 1) were obtained by
reacting the appropriate tricyclic secondary amine,® as
illustrated for target 2 in Scheme 1. Racemic 3 was
acylated with 2-chloro-4-nitrobenzoyl chloride and the
intermediate amide was reduced with zinc dust and
ammonium chloride. Acylation of the resulting aniline
with 2-phenylbenzoyl chloride yielded 2. To prepare the
(R)-(-) enantiomer of 2, (R)-(-)-37 (>97% ee) was

@Fﬁ—>

Scheme 1. Reagents and conditions: (a) 2-Cl-4-NO,C¢H,C(O)Cl,
Et;N, CH,Cl, (90%); (b) Zn dust, NH4Cl, MeOH (90%); (c) 2-
PhC¢H,C(O)CI, Et;N, CH,Cl, (55%).

obtained by fractional crystallization of the (S)-(-)-
binaphthyl-2,2’-diyl hydrogen phosphate salt in etha-
nol,’ and the free base was carried through the
remainder of the route in Scheme 1. We generated des-
halogen analogues (R)-(—)-8 and (S)-(+)-8 (Table 1) in
an analogous fashion.® The other analogues in Table 1
were prepared from tricycle 3, or its congeners, using
similar chemistry. The oxazinobenzodiazepines (Table
2) were accessed from appropriate tricycles, as illus-

Table 1. Vasopressin V;, and V, binding and functional data for thiazinobenzodiazepines

’mc

——Ry

Compd? R, R, R; R, Vi, bndg® K;, nM  V, bndg® K;, nM  Vy, funct® Kj, pM  V, funct® K;, uM
6 H Cl Me 5-F 1A 60 14 0.3

7 H Cl Ph 5-F 1A 37 14 0.07
8 H H Ph H 49 5.0 8.0 0.02
(+)-84 H H Ph H 84 32 14 0.015
(—)—83'f H H Ph H 290 25 1.3 0.04
98 H H Ph H 1A 65 1.4 0.04
2 H Cl Ph H 490 11

(+)-2¢h H cl Ph H 250 37 14 0.017
10 H Cl Ph 4-F 410 3.7

11 H F Ph H IA 10

12 H Me Ph H 1A 10

13 H OMe Ph H 1A 15

14 H OH Ph H 110 3.2

15 9-Cl1 H Ph H 1A 10

16 8-Me H Ph H 18 8.0 14 0.023
17 8-F H Ph H 1A 9.0

18 8,9-F, H Ph H 1A 18

VPA-985! 44 2.3 6.0 0.023

#Target compounds were purified by reverse-phase semi-prep HPLC and isolated as trifluoroacetate salts, unless noted otherwise. Purities were
judged by reverse-phase HPLC/MS at 215 and 254 nm (YMC J’Sphere C-18 column, 0.4 x 5 cm; mobile phase: MeCN-H,0). All compounds were
characterized by ESI-MS; selected compounds were analyzed by 300-MHz 'H NMR. Compounds are racemates unless noted otherwise.

® Inhibition of [*H]-AVP binding to recombinant human vasopressin Vi, or V, receptors (N = 1-3). IA =inactive, that is, <30% inhibition of

radioligand binding at a concentration of 100 nM.

¢ Inhibition of AVP-induced effects on cells expressing either human Vi, or human V, receptors. K; values were determined by using cells treated with
1nM AVP to stimulate calcium mobilization for V,, receptors or cAMP accumulation for V, receptors (N = 1-4).

4(8)-(+) enantiomer; [2]) +583.3 (¢ 0.03, MeOH).
¢HCI salt.

"(R)-(-) enantiomer; [4]7> —1045 (¢ 0.06, MeOH).
£S$,S-Dioxide (i.e., a sulfone).

" (S)-(+) enantiomer; [¢]) +173.4 (¢ 0.15, MeOH).

I Reference standard. ICs, values (left to right): 150, 5.0nM; 12.5, 0.091 uM.
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Table 2. Vasopressin V|, and V, binding and functional data for oxazinobenzodiazepines

", Z

N—

© 0 Ry

Rz N | X
H R

Compd? R, R; R, V1. bndg® K;, nM V, bndg® K;, nM V1. funct® K;, uM V, funct® K;, uM
19 Cl Me 5-F 100 2.8 2.0 0.012
20 Cl Ph 5-F ca. 3004 11 6.4 0.012
21¢ H Ph H ca. 30" 3.7 0.016
5¢ Cl Ph H 24 0.90 0.60 0.004
220 Cl Ph H 640 15 14 0.17
23 Cl 4-MeOPh  H 1A 2.8 1.9 0.003
24 Cl 3-MeOPh H 1A 3.7 34 0.002
25 Cl 4-OH-Ph H 1A 4.2 4.2 0.011
26 Cl 3-OH-Ph H 1A 5.0 11 0.02
27 Cl Ph 4-F 1A 1.9 0.70 0.002
28 Cl Ph 4-OMe 1A 4.2 1.3 0.005
29 Cl Ph 5-OMe 1A 17
30 Cl Ph 4-OH ca. 30 1.4 1.6 0.006
31 Cl Ph 5-OH 1A 13 1.9 0.07
VPA-985 44 2.3 6.0 0.023

#Same as in Table 1, except compounds are (S)-(+) enantiomers (as depicted in the structural formula), unless noted otherwise.

®Same as in Table 1.

¢Same as in Table 1, except N = 1-9.
962% inhibition @ 1000 nM.
¢Racemic mixture.

£69% inhibition @ 100 nM.

€ C3Hps CIN;05-HCI1.3H,0 (correct microanalysis for C/H/N/H,0); mp 210 °C (dec), [m]2D5 +215.5 (¢ 0.28, MeOH); 98.7% enantiomeric purity by
chiral HPLC (Chiralcel AS column, 0.46 X 5cm; mobile phase: 90:10 hexanes/i-PrOH, with 0.1% Et,NH).

_}’HCI salt; (R)-(—) enantiomer related to 5, [oz]és —200.7 (c 0.28, MeOH).
'Reference standard. ICsy values (left to right): 150, 5.0nM; 12.5, 0.091 uM.
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Scheme 2. Reagents and conditions: (a) Ref. 6 (35%); (b) 2-Cl-4-
NO,C¢H,C(O)Cl, Et;N, CH,Cl, (52%); (¢) Zn dust, NH,Cl, MeOH
(97%); (d) 2-PhC¢H,C(O)CI, EtsN, CH,Cl, (52%).

trated in Scheme 2 for the (S)-(+) enantiomeric series.
We prepared tricycle 4 according to literature proce-
dures.*’ To obtain 5, and the corresponding (R)-(-)
enantiomer, 22 (Table 2), we resolved racemate 4 into its
enantiomers by fractional crystallization through acid-
addition salts involving the opposite enantiomers of di-
p-toluoyltartaric acid (methanol-ether).®! Other chiral

analogues (Table 2) were prepared from (S)-(+)-4 in a
similar manner.

3. Results and discussion

The thiazinobenzodiazepines were evaluated for their
binding to human V;, and V, receptors (Table 1).!? The
direct analogue of VPA-985, 6, exhibited weaker binding
to both receptors than the reference agent, although the
V, K; value of 60 nM is still respectable. Introduction of
an o-phenyl group, as in 7, enhanced V, receptor affinity
(K; = 37nM), with good V, selectivity. Thus, we adop-
ted the o-phenyl substituent for other analogues.'> Des-
halogen parent 8 showed notable V, affinity
(K =5.0nM) with modest selectivity (V./V,=10).
Each of its enantiomers, (S)-(+)-8 and (R)-(-)-8, sur-
prisingly has significant V, receptor affinity (K; = 3.2
and 25nM, respectively). The mere 8-fold difference in
V, affinity for these two enantiomers suggests that the
geometry around this portion of the ligand is not very
critical for V, binding interactions. The excellent V,
affinity of (S)-(+)-8, coupled with the 26-fold selectivity
for V, over V,, was viewed as encouraging. Subsequent
variation of R, on the 4-aminobenzamide ring provided
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potent, reasonably V,-selective analogues (cf. 8 with 2
and 10-14). Overall, notable V, affinities were obtained
with (S)-(+)-2 (K; = 3.7nM), (S)-(+)-8 (K; = 3.2nM), 10
(K; = 3.7nM), and 14 (K; = 3.2nM). S,S-Dioxide 9 had
a 13-fold lower affinity than that for sulfide 8. The
results for 15-18 indicate that R; substitution is well
tolerated, although this modification can enhance Vi,
affinity, as observed for 16 (Vi, K; = 18 nM).

To follow up on these results, we studied several com-
pounds in cell-based functional assays involving human
Vi, and V, receptors."* Compounds (+)-2, (S)-(+)-8,
(R)-(-)-8, 9, 16, and VPA-985 potently antagonized the
effects of AVP on human V, receptors (K;=
0.015-0.04 uM), whereas they had just weak potency
against human V,, receptors (K; = 1.3-14 uM).'* The
reduced V, functional potency for 6 (K;=300nM)
versus VPA-985 is consistent with the V, binding result.
Enantiomer (S)-(+)-28 gave functional V;, and V, K;
values of 1400 and 15nM, for ca. 90-fold V, selectivity,
and (S)-(+)-30 gave functional Vy, and V, K; values of
14,000 and 17 nM, for an impressive V, selectivity of ca.
820-fold. The potency of each enantiomer of 28 in the V,
receptor functional assay (K; = 15-40 nM) is reasonably
consistent with the binding data.

For the oxazinobenzodiazepines, we generally studied
the (S)-(+) enantiomeric series because it has better V,
receptor binding (Table 2). In comparing 5 and 22, each
enantiomer has a significant V, affinity (K; = 0.9 and
15nM, respectively), but there is a 17-fold preference for
5. Interestingly, 5 also has high affinity for the Vi,
receptor (K; = 24nM), which accounts for a 26-fold V,
binding selectivity. The direct VPA-985 analogue, 19,
exhibited excellent V, receptor affinity, as well as modest
Vi, affinity, in contradistinction to related thi-
azinobenzodiazepine 6. Given our success with the
o-phenyl group for the thiazinobenzodiazepine series,
we incorporated it here, as well.!* In general, this sub-
stitution resulted in good-to-excellent V, affinity. In-
deed, several oxazino analogues had single-digit
nanomolar V, receptor binding with good selectivity
versus Vi,, such as 5, 21, 23-25, 27, 28, and 30. The most
potent compounds possessed 2-phenyl (5, V,
K; = 0.9nM), 2-phenyl-4-fluoro (27, V, K; =1.9nM),
and 2-phenyl-4-hydroxy (30, V, K; = 1.4nM) groups. In
the V, functional assay, 5, 19, 20, 23-28, and 30 were
very potent in antagonizing the effects of AVP
(K; = 0.002-0.02 uM), whereas they were weak in the
Vi. functional assay (K; = 0.6-14uM).'* In the cell-
based assays, 5 exhibited K; values of 600 and 4nM for
V1. and V,, reflecting 150-fold V, selectivity. The (R)-(-)
enantiomer 22 showed comparatively less functional
potency than did 5 (K; = 14,000 and 170nM), in con-
trast to (S)-(+)-8 and (R)-(—)-8.

Oral administration of (S)-(+)-8 to Sprague-Dawley rats
elicited a dose-dependent aquaretic effect. At a dose of
10 mg/kg, po, urine output (N = 8) was increased 300%
over untreated controls (N = 8), with a reduction in
urine osmolality of 70%.! Oral administration of 5 to
Sprague-Dawley rats produced a dose-dependent
aquaretic effect with remarkable potency.

A dose of just 1 mg/kg, po, caused a 700% increase of
urine output (N = 10) over untreated controls (N = 18),
with a 60% reduction of urine osmolality. '3

The structure of 5, as a tosylate salt, was determined by
X-ray diffraction (Crystalytics).'® The tricycle adopts a
chair-like conformation for the seven-membered ring
with its pendant amide carbonyl (C13) in an axial ori-
entation. The carbonyl oxygen of this amide, O2, is anti
to the fused benzene ring (Fig. 2). This arrangement is
analogous to that observed for related N-acyl-
tetrahydrobenzazepines in solution.!” We carried out a
Monte Carlo conformational search on protonated 5
with the OPLS-AA force field and GB/SA water
model.'® The global energy minimum contains a trans-
fused oxazinobenzodiazepine with a chair-like seven-
membered ring, an axial pendant amide, and an amide
carbonyl anti to the fused benzene ring (Fig. 3). The

Figure 2. Perspective drawing of the solid-state structure of 5-TsOH
[(S)-(+) isomer], showing the cationic subunit, with its atom-number-
ing scheme (standard atom color code; H =cyan).

Figure 3. Structure of the global minimum-energy conformation of
protonated 5 (standard atom color code).

Figure 4. Structure of the next-higher-energy conformation of pro-
tonated 5 (+1.7 kcal/mol) (standard atom color code).
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tricyclic nucleus in this structure was closely super-
imposable on that of the X-ray structure. The next-
higher-energy structure is 1.7 kcal/mol (7.1 kJ/mol) less
stable than the global minimum. It has a cis-fused tri-
cycle, resulting from inversion of the ammonium center
(NH'), a chair-like seven-membered ring, an axial
amide, and an amide carbonyl anti to the fused benzene
(Fig. 4). This structural information could be helpful in
developing a pharmacophore model for V, receptor
binding."

4. Conclusion

We have identified two noteworthy series of nonpeptide
vasopressin receptor antagonists containing thiazino-
and oxazinobenzodiazepine core structures. There were
several analogues with low-nanomolar V, receptor
affinity and at least 20-fold selectivity for V, over Vi,
receptors. In the thiazino class, (S)-(+)-8 has excellent
V, affinity (K; = 3.2nM), moderate binding selectivity
(V1./V,=26), good functional selectivity (V,/V,=93),
and oral efficacy as an aquaretic agent in rats. Also, (S)-
(+)-2 has excellent V, affinity (K; = 3.7 nM) and notable
V, selectivity (binding Vi,/V,=068; functional V,,/
V, =823). In the oxazino class, (S)-(+) enantiomer 5 has
excellent V, receptor affinity (K; = 0.9nM), moderate
binding selectivity (V,/V, =27), good functional selec-
tivity (V1./V, =150), and impressive oral potency as an
aquaretic agent in rats. Specific compounds from these
two novel series have potential for the treatment of
edematous conditions in patients. On the basis of an
extensive array of pre-clinical data, oxazinobenzo-
diazepine 5 was advanced into human clinical studies.?
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