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Abstract-We have prepared a series of potent antihypertensive 1-benzazepin-2-one calcium channel blockers (CC%) 1 that 
are structurally related to diltiazem 2. Structural studies and the preparation of conformationally constrained analogs of l- 
benzazepin-2-ones have led us to postulate a receptor-bound conformation for both 1 and 2. We believe that these compounds 
bind to the calcium channel protein in an M1 (“inboard”) binding conformation in which the amine of the side chain is placed over 
the heptagonal benzazepinone ring and in close proximity to the phenyl methyl ether pharmacophore. This receptor-bound 
conformation places the side chain amine and methyl ether pharmacophores in the same spatial relationship as 3-methoxy 
phenylethylamine. Combined with our SAR, this binding model rationalizes literature findings that desmethoxyverapamil can 
demonstrate pharmacology typical of both phenylalkylamine (PA) and benzothiazepinone (DTZ) calcium channel blockers. 
Simple experiments are proposed to test the hypothesis that desmethoxyverapamil can bind at the benzothiazepinone site on the 
calcium channel. 

Introduction 

We have described the synthesis of l-benzazepin-Zone 
calcium channel blockers (CCBs) 1 that are structurally 
related to diltiazem 2 (Figure 1).t,2 The structure-activity 
relationships (SAR) of this new class of CCBs have been 
elaborated2-4 and shown to parallel the SAR of 
benzothiazepinone CCBs such as diltiazem. We have 
demonstrated that these compounds compete for the 
diltiazem binding site on the voltage-dependent calcium 
chatmel and, as with diltiazem, the appropriate absolute and 
relative stereochemistry in the benzaze- 
pinone/benzothiazepinone ring is important to activity in 
vitro.2 Benzazepinones 1 have the same absolute and 
relative stereochemical preferences at the receptor as 
diltiazem. Two pharmacophores are critical to the activity 
of benzazepinones in vitro and in vivo,4*5 a basic amino 
group appended to the amide of the benzazepinone ring, and 
a pendant 4-methoxyphenyl group at the C-4 position. 
These general conclusions are summarized in Figure 2. 
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Figure 1. 

Diitiazem 2 

The incorporation of drug metabolism data into the 
structure-activity relationships of the benzazepinones was 
critical to the discovery of CCBs of this class that are 
efficacious in vivo. The studies which allowed us to 
develop potent and long-acting benzazepinone 
antihypertensive agents have also been summarized 
previously.2~5 

Consideration of the spatial relationship of the two 
pharmacophores in the solid state structures of many active 
and inactive derivatives suggested a fundamental 
conformational constraint: the heptagonal ring in receptor 
bound structures adopts an “M” twist-boat conformation in 
which the exocyclic Nl-Cl’ (side chain) and C4-Ar bonds 
to the pharmacophores are directed toward the same side of 
the mean plane of the benzazepinone ring.’ This 
conformational model requires further elaboration, 
however, since the spatial separation of the 
pharmacophores is further coupled to rotations about the 
two bonds of the side chain Nl-Cl’-G!‘, rotations which 
bring the basic nitrogen, N2, to either side of the plane of 
the lactam. We designate 01 and w as the torsional angles 
C2-N-Cl’-CZ and N-Cl’XY-N, respectively. 

In this paper we describe the use of conformationally 
constrained side chains to explore the preferred spatial 
relationship between the two key pharmacophores of the 
benzazepinone and benzothiazepinone CCBS.~,~ The 
resulting model describes the likely conformation of the 
compounds when bound to the calcium channel: the side 
chain is rotated “inboard” (01 - 100’) with N2 lying over 
the heptagonal ring and proximate to the methyl ether (02 
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_ -60”). Interestingly, in this conformation the rationalized in light of this model. This working 
pharmacophores maintain approximately the same spatial hypothesis has also been used predictively, in the de nova 
relationship as those of fully extended 3-methoxy design and synthesis of structurally distinct diltiazem-like 
phenylethylamine. The SAR of the benzazepinones and CCBs (see following paper in this series). 
their possible relationship to desmethoxyverapamil are 

electron withdrawal 
enhances potency 

critical absolute 

lipophilicity affects 
potency (transport) 

ck stereochemistry leads to 
active M twist-boat conformation 

Bask pharmacophore: 
positive charge required 

pKa=8 I 

Figure Z Key structural features and SAR of benzazepinone CCBs 
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Figure 3. Solid state conformation and Newman projections of benzazcpinone la and diltiazem 2 
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Models of the Receptor-Bound Conformation 

Examination of the conformational space of the amine 
pharmacophore shows that two distinct relationships 
between the benzazepinone phammcophores are possible on 
binding to the calcium channel (Figure 3). Although the 
heptagonal ring has the saine “M” twist boat conformation 
in both, the two conformations differ in having the 
pharmacophores on opposite sides (MO, “outboard”) or the 
same side (MI, “inboard”) of the plane of the lactam. This 
generally requires that the torsional angle 01 < 0” for MO 
conformations and 01 > 0” for MI conformations. The MO 
conformation is illustrated by the solid state structure of 
diltiazem 2a (01 = -8O”, 02 = 170”). The MI conformation 
is illustrated by the solid state structure of benzazepinone 
la (al= lOlo,- = -60”). 

A priori, either binding mode MO or MI could be the 
conformation of the receptor-bound structure. We therefore 
decided to test these binding models by synthesizing 
conformationally constrained benzazepinone analogs. 

Table 1. ON 

Compound R2 

la A 

2 A 

3 A 

4 D 

8 E 

9 H 

SQ32,488’ H 

SQ32.432’ H 

SQ32.433” H 

L203-161’ H 

SQ31,098b H 

SQ32.324b B 

1895~069” c 

SQ32.65 tb A 

SQ3 t,a33b H 

SQ32,064c Ii 
SQ32,06,SC II 

SQ3 1 ,82ttc A 

SQ32,2W A 

SQ31 ,992c A 

SQ34.172d D 

SQ34,112Bd D 

SQ34.0884 D 

“Referencel. 
bReference 2. 
aeference 3. 
‘Reference 5. 
cMinus and plus values for this torsional angle @ = X<4-C3-C2, characterize the “M” and “P” twist boat conf-tions of the heptagonal ring. ‘Dr is 
torsional angle X-C2-CarJLr, 01 is the C2-N 24 1 a tmionat angle of the side chain, and y is the N-C l’-C2-N torsionat angle of the side chain. 
Two independent molecules in the asymmetric unit. 
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H 

H 

Ii 

Ii 

11 

OH 

C02Me 
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H 
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H 

H 

H 

coz‘ 

Et 

H 

Cti2CH=Cti2 H 

Bll tt 

H B 

OAC Ii 

OtbZ H 
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Both MO and MI conformations of the benzazepinone side 
chain have been observed in crystal structures of several 
benzazepinone calcium channel blockers (Table 1). The 
NMR solution structure (CD$Zli) of diltiazem9 as well as 
benzazepinone lb (data not shown) is most consistent 
with an MO conformation in which the side chain is 
rotated “outboard” and extended (02 - 180”). However, 
calculations using molecular mechanics (MM2) show little 
difference between the energy of the MO or MI 
conformations for benzazepinones such as 1 (data not 
shown). 

Rs R7 X 

CF3 H CH2 

H H S 

CF3 ti CH2 

CF3 H CH2 

CF3 Ii CH2 

CF3 Ii CH2 

H H CH2 

H H cti2 

H ti CH2 

H H CH2 

H Cl Ct*2 

CF3 H cti2 

CF3 H CH2 

CF3 H cti2 

CF3 H CH2 

CF3 Ii CH2 

CF3 ti CH2 

cl;3 tt Cl12 

CF3 ti cti2 

CF3 H cti2 

6Re $e 01 02 

-42 54 

-42 50 

-46 53 

-36 75 

-47 56 

-43 65 

+47 a7 

+4a 55 

-40 52 

-46 64 

-41 63 

-51 41 

-41 59 

-50 48 

-36 76 

-35 110 

-46 53 

-44 47 

-46 56 

+44 69 

101 -61 

-80 170 

a2 170 

-83 a7 

-46.1 -49. 

-48 -49 

to9 -57 

at -176 

133 -56 

104 -63 

97 -63 

-74 -54 

Ii 0th 012 -48 96 106 170 

H obk ct12 -48 38 113 170 

ti OMes -46 48 to8 171 
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Scheme I. Synthesis of racemic 34nethyl benzazcpinone 8. 
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Scheme II. Synthesis of oonracemic 3-hydroxy benzazepinones. 
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Chemistry 

The synthesis of compounds 3-5 has been described 
previously.2-4 Compounds 23-25 were also prepared 
using the methodology detailed in previous pa~ers.~-~ 
Compound 8 was prepared by alkylation of 3-methyl 
benzazepinone 6 by trans-p-iodo-dimethylamino- 
cyclohexane10 7, as shown in Scheme I. This reaction is 
believed to proceed via the aziridinium ion intermediate, to 
afford the truns isomer. The trans sterecchemistry about the 
cyclohexyl ring was initially assigned by variable 
temperature ‘H NMR. At -30 “C, the methine hydrogens 
resolve into a ddd pattern with coupling constants of 4,11, 
and 11 Hz, indicative of two anti periplanar couplings. We 
have also established the stereochemistry of compound 8 
by X-ray crystallography (vide infra). 

The synthesis of compounds 11-22 is depicted in Scheme 
II. Alkylation of the hydroxy benzazepinone 9 by tosylate 
10” or its enantiomer provided compounds 11 and 12, 
respectively. These alkylation reactions proceeded 
smoothly using Cs2CO3 as the base, in MEK. 
Compounds 14 and 15 were prepared via alkylation of 9 
by the free base of N&dimethyl-P-chloro-phenetbylamine 

13.12 Separation of the two diastereomeric products led to 
the a-phenyl analogs. 

Compounds 18, 19, 21, and 22 were prepared by 
alkylating the TBDMS ether 16 with the 3-phenyl-3- 
chloro-2dimethylamino propanes 17 and 20, as shown in 
Scheme II. The use of the TBDMS protecting group on 16 
significantly increased the yield of these reactions with the 
hindered alkylating agents 17 and 20, by reducing the 
amount of imidate formed. Compounds 17 and 20 were 
prepared from (lS, 2R) norephedrine and (lR, 2s) 
norephedrine, respectively. The assignment of 
stereochemistry for the derived chlorides was based on 
proton NMR. For compounds 17, the lR, 2R 
(predominant isomer, inversion of stereochemistry) had J = 
7.6 Hz, while the 1s. 2R isomer had J = 0 Hz. For 
compounds 20, the lR, 2s isomer had J = 0 Hz, while the 
lS, 2s isomer had J = 8.2 Hz. The alkylation of 16 by 17 
and 20 is presumed to proceed via an aziridinium ion 
intermediate: 1 3 the absolute stereochemistry of the 
alkylating agent is thereby transferred to the product. 

Physical data for new compounds 8, 11, 12, 14,15,18, 
19,21, and 22 are listed in Table 2. 

TabIe 2. Physical data fa new compounds 

a-v’ RI 

8 (ti Me 

11 OH 

12 OH 

14 OH 

15 OH 

18 (lR,2R) OH 

19 (lS,2R) OH 

21 (lR.2S) OH 

22 (lS,2S) OH 

23% 

54% 

51% 

27% 

6% 

mp ==Ys fomulla 
solvent 

>2W iPA&O C~~HJJF~N~@HCI 

214-2W iPA CnH23F3N~OsWh04 

228-23 lo Me01 l/Et20 C~H~JF~N~~‘C.&O~ 

136-142” iPA/iPE CaH29F3N203’HCI 

165-171” Et20 C#~~F~N~OJ.HCI 

>22fP &O QjHjtF3Nfl~-HCl 

191-192” iPE&ieOH C~HJ~FJN~OJ.HCI 

148-151° Et20 C~HJ~FJN~O~.HCI 

233-235’ Et20 CBH~~F~N~O~‘HCI 

aoalysisb optical 
KHUiOll 

CHNCIF 

CHNCIF +58.9’+0.50&leOH)) 

CHN +57.8’ (c=l .O. AcOH) 

CHNCIF +146.2’ (c=l.O. MeOH) 

CHNCIF +221.8” (c=l .O, MeOH) 

CHNCIF + 180.0” (c=l .O. MeOH) 

CHNCIF +242.6 (c=l.O5, MeOH) 

CHNCIF +167.6” (~4.75, MeOH) 

CHNCIF +174.7’ (~0.66, EtOH) 

‘Yield from intermediates 6,9, a 16. 
bAll compounds gave acceprable eleme.ntal analyses. 
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Tests of Hypothesis: Constrained Compounds 

The compounds that test our binding hypotheses constrain 
the conformational space available to the basic amino 
group by substitution on the dimethylaminoethyl sidechain 
of compounds 1. Substitution on the basic sidechain and, 
in particular, incorporating it into a ring limits the spatial 
orientation of the amino pharmacophore relative IO the aryl 
methyl ether. ‘fable 3 lists the set of constrained 
compounds prepared in this study, along with their activity 
in vitro. 

Figures 4-6 illustrate the conformational space available to 
the basic amine pharmacophore for compound 3. Figure 4 
presents the solid state conformation of benzazepinone 3, 
as determined in our laboratories (01 = 82”, e.12 = 170”). 
‘fhc blue surface of Figure 5 represents the locus of all 
possible positions of the amine resulting from rotations 
about the N-C 1’ (01) and C l’-C2’ (02) carbon-carbon 
single bonds in the dimethylaminoethyl sidechain of 3. 

Table 3. Acuwty of Nl-substituted benzazcpinones in vifro and in vwo 

compd 

3 (ti 

4 

5 

8 w 

11 

12 

RI R2 log P (est’d)a 1C50(iWb kd w)c 

3.6 0.076 (0.041-O. 14) 

0.09 1 (0.068-O. 12) 

0.63 (0.38- 1.0) 

0.38 (0.22-0.67) 

0.32 (0.19-0.55) 

3.8 (2.2-6.4) 

0.48 (0.34-0.68) 

0.34 (0.24-0.50) 

0.34 (0.23-0.52) 

0.18 (0.12-0.26) 

0.43 (0.27-0.67) 

0.51 (0.24-1.1) 

0.075 + 0.043 

OH 

OH 

14 (isomer A) OH 

15 (isomer B) OH J+ 

,k_ NMe, 

18 (lR.2R) OH t 

f;lL-NW, 

19 (lS,2R) OH iie 

21 (lR,2S) OH 

_?pJ2 

0.93 

6.2 

4.3 

3.0 

3.8 

22 (lS.2.S) OH 

JJ!Jwa~ 

Me 4.0 

aLog P estimated by reverse phase HPLC4 
?C,, m rabbit aorta strips contracted with KC1 (95% confidence interval). 
‘k, Determined by displacement of radiolabeled diltlazm m gumea pig striated muscle (;t SEM). 
dBascd on concentiation4fcct curve usmg one ammal. 

A crude conformational grid search of this locus for 
sterically accessible positions of the amine (within 10 
KcaUmol of the minimum estimate of non-bonded energy) 
was carried out: the blue spheres of Figure 6 represent the 
positions of the nitrogen atom for these “low” energy 
conformations. We have also carried out the same 
computation, but with MM2 minimization at each grid 
point: qualitatively, the results are the same. 
Conformations corresponding to both outboard (MO) and 
inboard (MI) binding modes are energetically accessible to 
3, as this compound has no structural constraints on the 
possible loci of the amine. In a previous publication, we 
identified compound 4 as a potent CCB in vilro and a 
long-acting antihypertensive agent.2 Like the simple, 
unconstrained analog 3, compounds 4 and 5 have minimal 
conformational constraints (data not shown). For both of 
these compounds, as for benzazepinone 3, either the MO 
or MI families of conformations could bc the receptor 
bound form. 

2.1 

2.1 

4.5 

0.93 

0.13 + 0.052 

0.12 5 0.011 

0.39 

0.24 + 0.14 

1.8 5 0.38 

l.ld 

o.W 

0.17d 

o.ov’ 

0.50 + 0.23 

0.25 + 0.018 
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re 4. Solid state conformation of benzazepinone 3 

Figure 5. The surface of accessible positions of the amine in benzazepinone 3, relative to a fixed heptagonal “M” twist-boat conformation 
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Figure 6. Energetically accessible conformations of the amine-benzazepinone 3 

Figure 7. Solid state conformation of bemazepinone 8 
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,ure 8. The accessible conformations of the amine in benzazepinone 8, relative to a fixed heptagonal “M” twist-boat conformation 

Figare 9. Energetically accessible conformations of the amine-benzazepinone 8 
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Fil :ure 10. MI (left) and MP (right) conformations of pyxolidinyl analogs 11 (top) and 12 (bottom). (A) MI confmmation of 11 (q = 0’. o2 = 7 
(B: ) MI’ c~nfmati~n of 11 (01 = -55”. O+ = 102’); (C) MI conformation of 12 is high energy due to steric crowding between CH2 and C=O (w, = 

a?? = -88”); (D) MP conformation of 12 is lowest energy (0, = 50”. to2 = - 102”). 

Figure 11. Model of bound conformation MI: benzazepinone la 
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:~lre 12 Model of bound conformation MI with benzazepinone 11 

Figure 14. Model of bound conformation MI with desmethoxyverapamil27b 
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Cyclohexyl analog (8) 

In contrast to compounds 3-5, the introduction of a 1,2- 
trans disubstituted cyclohexane ring as a conformational 
constraint locks the dimethylamino ethyl substructure in 
an SC (~2) conformation with respect to the amide 
nitrogen. Figures 7, 8 and 9, illustrate the accessible low 
energy conformations for 8. Figure 7 presents the observed 
solid state conformation of 8 (MO, 01 = -47’, 02= -49’), 
which clearly demonstrates the trans diequatorial 
substitution on the cyclohexane ring. Since there is only 
one rotatable bond between the benzazepinone ring and the 
basic sidechain, complete rotation of the basic nitrogen 
through 01 (Figure 8) maps out a circle, in contrast to the 
surface mapped out by benzazepinone 3. Limiting the 
points on the circle to energetically accessible 
conformations for the basic nitrogen (within 10 kcahmol 
of the minimum) provides Figure 9, in which there arc far 
fewer possible conformations than with the unconstrained 
benzazepinone 3. 

The constrained benzazepinone 8 is a potent CCB, a fact 
which implicates a conformation close to one of those 
illustrated in Figure 9 as the receptor-bound structure. 
Furthermore, the fact that 8 is a potent calcium antagonist 
in vitro and in vivo virtually eliminates the possibility 
that an extended ap binding mode (02 -180”) is the unique 
bound conformation of these calcium antagonists. 

However, it is important to take note of the fact that the 
activity of racemic 8 is five-fold less than racemic 3. This 
data implies that the conformations attainable by the basic 
amine of 8, while adequate for activity, may not be 
optimal. 

Pyrrolidinyl analogs 

The conformational analysis of cyclohexyl analog 8 
strongly suggests that the bound conformation of 
benzazepinones is related to MI. In order to further refine 
this understanding we prepared 3-pyrrolidinyl substituted 
benzazepinones 11 and 12, which differ only in the 
stereochemistry at the center of attachment to the 
pyrrolidine ring. These two analogs are very useful in our 
analysis of the receptor bound conformation, as 11 is 
active (IC5e = 0.32 pM) while 12 is relatively inactive 
(ICso = 3.8 uM). 

Our analysis of the conformational space accessible to 
these benzazepinone analogs (details not shown) indicated 
that, in addition to MI (“inboard”) and MO (“outboard”), 
conformations MP (nitrogen near the plane of the lactam) 
may also be important. Figure 10 illustrates the MI and 
MP conformations for pyrrolidines 11 and 12. 

The MI and MP conformations for the active R pyrrolidine 
11 are shown in Figures 10A and B, respectively. Our 
calculations show that both MI and MP conformations are 
energetically accessible for 11. Figures 1OC and D 
illustrate the MI and MP binding conformations of the 
inactive S pyrrolidine 12. While the MP conformation 
represents the global minimum for 12 (Figure lOD), the 

MI orientation of the pharmacophores shown in Figure 
1OC is much higher in energy, due to steric repulsion 
between the methylene hydrogen and the amide carbonyl 
oxygen. 

We reasoned that the difference in activity between these 
two pyrrolidines must be due to the conformational space 
that the analogs can occupy. In particular, 11 must have a 
low energy conformation that is close to the receptor- 
bound structure, while the analogous receptor-bound 
conformation for 12 must be less favorable. The 
comparison of compounds 11 and 12 illustrated in Figure 
10 supports the hypothesis that MI is the conformation 
most relevant to receptor binding. 

Computations and substituted analogs 

In order to evaluate possible conformations of compounds 
14, 15, 18, 19, 21, and 22 (Tables 3 and 4). we carried 
out a Monte Carlo search using a constraint of 6.4-8.5 A 
on the distance between the two pharmacophores. The 
results of these computations are shown in Table 4. For all 
of these compounds, an MI conformation is close to the 
global energy minimum. However, the MP conformation 
is not accessible to compounds 19, 21, and 22. We 
believe that the good activity of 19, 21, and 22 as 
calcium channel blockers can only be ascribed to the 
ability of these compounds to bind in the MI 
conformation. The conformation-activity relationships 
obtained for this set of compounds are thcrcfore consistent 
only with a receptor-bound conformation that approximates 
MI. 

MI Model for Receptor Binding 

The solid state conformation of la serves as a model for 
the putative active conformation MI (Figure 11). The 
conclusion that MI represents the active conformation of 
diltiazem-like molecules is consistent with all of our 
previous SAR.4 The positions of substitution that 
influence benirazepinone activity indirectly (e.g., through 
log P effects, Figure 2) are spatially remote from the 
region where the pharmacophores directly interact with the 
receptor. Figure 12 shows the active 3-pyrrolidinyl analog 
11 in the calculated MI conformation overlaid with the MI 
receptor biding model. 

In the conformation represented by MI, the two critical 
pharmacophores are positioned on the same face of the 
molecule, as if they were being presented together to the 
receptor. Interestingly, the relationship between the two 
critical pharmacophores in the MI binding model 
approximates 3-methoxy phenylethylamine. To the extent 
that MI represents the active conformation of 
benzazepinones and benzothiazepinones at the calcium 
channel binding site, these compounds may be seen as 
mimics of much smaller molecules. It is tempting to 
speculate that benzazepinones and benzothiazepinones may 
be serendipitously binding to a site normally occupied by 
an endogcnous ligand (regulator) of the calcium channel. In 
our view, the bcnzazepinone ring of our compounds, and 
the benzothiazepinone ring of diltiazem. are serving as 
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Table 4 Preferred conformations of Nl-substituted benzazepinones 

conform& O-N distance (A3 rch.ivc EC 

::7’ 

0.0 
1.8 

0.0 
5.9 

%! 

RI 

OAC 

Ok 

Me 

OH (R) 

OH (S) 

4 

5 

8 

11 

12 

g 
7.4 
8.1 

tiz 
7.3 
8.4 

MP 9.1 
MI 7.1 

MP 
ha E 

MP 8.3 0.0 

14 (homer A) m 
(calculated as R isomer) 

fi(iirB)OH 
(calctllated as s isomer 

0.0 
0.6 

4:;’ 

f:‘2 
7.3 
8.4 

7.6 

78-k 
7:6 

0.1 
1.6 

::4 

MI 
Ml 
MI 
MP 

18 (1R.2R) OH MP 
Ml 
MI 

78.: 
7:6 

2 
5:6 

19 (lS.2R) OH 
88.: 
7:5 

0.0 
1.5 
4.4 

21 (lR,2S) OH 

22 (1SJS) OH 

MI 
MI 

0.0 
3.0 

7.7 0.0 
8.1 4.7 

‘Conformer pattern MI (“inboard”) (x MP (“in plane”); see text. 
Qstance between ph armacaphores; see figure 2. 
CEnergy relative to global minimum in kcaUmo1. 
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scaffolding, and function primarily to position the basic 
amine pbarmacopbore with respect to the aryl methyl 
ether. 

Supportive evidence for MI: SAR of amino substitution 

Further evidence in support of binding model MI is 
provided by benzazepinone analogs in which the basic 
amino group is substituted by groups larger than methyl 
(Table 5). Increasing bulk around the basic amino group is 
deleterious to activity, in spite of the beneficial effect that 
increasing log P has on activity in vitroe4 The activity in 
the series 3, 23, 24 decreases in proportion to the bulk 
introduced around the basic nitrogen. Benzazepinones in 
which the basic amine is part of a ring (25) are also much 
less active. These findings are also consistent with binding 
mode MI. Substitution at the basic nitrogen will provide a 
steric impediment that should interfere with the binding of 
the basic amino group in the MI conformation. In the MI 
conformation, these bulky alkyl groups will be on the p 
face of the molecule, hindering the interaction of the basic 
amino pbarmacopborc with the calcium channel protein. 
Alternatively, increasing the bulk around the basic nitrogen 
might favor an extended MO conformation, which should 
also decrease activity. 

Table 5. Activity of racemic N1 substituted benzazepinones in vifro 

Possible Relationship to Desmethoxyverapamil 

At least three distinct classes of calcium channel blockers 
have been described in the literature: the dihydropyridines 
(DHP) 26, pbenylalkylamines (PA) 27, and diltiazem-like 
compounds such as benzazepinone 3 (DTZ).14 Figure 13 
shows a generally accepted model for interactions between 
their binding sites on the calcium cbannel.15 The nature of 
the allosteric interactions between different CCBs is 
complex and highly dependent upon tissue and 
experimental conditions. However, the dibydropyridines 
@HP) are easily differentiated from the other classes of 
CCBs, both structurally as well as by their binding site.t6 
The dihydropyridine binding site is distinct from the 
pbenylalkylamine and diltiazem binding sites; * 7 DHP 
binding is decreased by PAS, while DTZ typically increases 
binding of DHPs. In contrast, DTZ is a negative allosteric 
regulator of PA binding, and vice versa. 

The relationship between the DTZ and PA binding sites 
remains ambiguous, but the weight of current evidence 
points towards different binding sites for these two classes 
of compounds.17*t8 

compd 
2-2 

log P (est’d)a Q)@M)b kd (WC 

3 3.6 0.076 (0.041-O. 14) 0.075 + 0.043 

Y@ 
/LN 

Y”” 
23 Me 3.8 0.81 (0.38-1.7) 0.13 (+0.014) 

Me Me 

Y 
/LNy” 

24 Me 4.0 4.2 (2.5-6.8) 

25 -N 3 3.9 1.1 (0.52-2.4) 66% (1 PM) 

Yog P estimated by reverse phase HPLC.4 
bIC, in rabbit aorta strips contracted with KC1 (95% coniidence interval). 
‘kd Determined by displacement of radiolabeled ~ltiazem in guinea pig striated muscle (5 SEW. 
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Figen 13. Allosteric interactions of calcium channel blockers 

Desmethoxyverapamil(27b) has found wide experimental 
application as a prototype phenylalkylamine. This 
compound contains the 3-methoxy phenylethylamine 
substructure of the MI binding model for diltiazem-like 
compounds. It differs from verapamil27a by the deletion 
of a single methoxy substituent on the aryl ring of the 3,4- 
dimethoxy phenylethylamine substructure (see Figure 13). 

Depending upon the experimental conditions, 
desmethoxyverapamil has demonstrated molecular 
pharmacology typical of either PAS or DTZ. Numerous 
experiments have indicated that desmethoxyverapamil 
behaves as a classical 

! 
henylalkylamine CCB in its 

interaction with DHPs.’ However, 27b has also been 
shown to potentiate the binding of antagonist 
dihydropyridines, and decrease the binding of agonist 
dihydropyridines,20 allosteric interactions suggestive of 
DlZ-like binding. Other workers have concluded that 27b 
labels both PA and DTZ sites in brain and skeletal 
muscle.21 

We believe that the SAR of benzazepinone CCBs, and the 

evidence for the MI binding mode, further supports the 
possibility that 27b can bind at either the PA binding site 
or the D’IZ binding site on the ccl subunit of the calcium 
channel. In Table 6 we compare the activity of the 
benzazepinone 3 with its 3’,4’-dimethoxy congener 28. In 
the MI binding mode, the pharmacophores of these 
compounds would fit in the same manner as 3-methoxy 
phenylethylamine and 3,4-dimethoxy phenylethylamine, 
respectively. From its poor activity, the dimethoxy- 
substituted 28 must not fit at the D’IZ receptor. Since it is 
an extremely weak CCB, it apparently also lacks the 
structural prerequisites for the PA receptor. Compounds 3 
and 28 contain the substructures of desmethoxyverapamil 
(27b) and verapamil (27a), respectively. Whereas we 
might expect 27b to bind to the DTZ receptor in the MI 
mode via its 3-methoxy phenylethylamine substructure, 
27a (in analogy with 28) should bind poorly. Thus, the 
small structural alteration between 27a and 27b might be 
highly significant in terms of their relative ability to 
interact with the DTZ receptor on the calcium channel. The 
fit of desmethoxyverapamil to the benzazepinone binding 
model MI is shown in Figure 14. 
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Table 6. Comparison of racemic substituted benzazepinones in vitro 

cow R log P (est’d)a Go(c~M>b 

3 H 3.6 0.076 (0.041-0.14) 

28 m3 2.9 3.8 (1.9-7.5) 

‘Log P estimated by reverse phase HPLC4 
bIC50 in rabbit aorta strips contracted with KC1 (95% confidence interval). 
‘k, Determined by displacement of radiolabeled diltiazem in guinea pig striated muscle (* SEW. 

kd (NQc 

0.075 + 0.043 

2.0 + 0.83 

Apre 15. Postulated locus of binding sites on al subutut 

It has been established through electrophysiological 
experiments that the PA binding site is on the cytoplasmic 
face of the cell membrane. 22 Analogous studies with a 
quatemary benzazepinone have demonstrated experimentally 
that the DTZ binding site must be accessible from the 
extracellular face of the calcium channel protein. * 8b Figure 
15 is a cartoon of the putative binding sites for the PA and 
DTZ classes of calcium channel blockers. If our hypothesis 
is valid that 27b binds to both the DTZ and the PA 
binding sites, then a quaternary analog of 
desmethoxyverapamil should be able to block channels 

selectively at either site if delivered intracellularly (PA site) 
or extracellularly (DTZ site). Experiments to test this 
prediction ate in progress. 

Conclusions 

We have studied the structure-activity relationships of 
several conformationally constrained benzazepinones 
calcium channel blockers. From this work, the binding 
conformation of benzazepinone and benzothiazepinone (e.g. 



I-Benzazepin-2-one calcium channel blockers-VI 301 

diltiazem) CCBs is best described by the MI binding 
model. This binding model places both the amine and 
phenyl methyl ether pharmacophores on the p face of the 
molecule in close apposition. This model of the receptor- 
bound conformation of DTZ-like calcium channel blockers 
implies that both diltiazem and the benzazepinone CCBs 
are relatively complicated structures that deliver a simple 3- 
methoxy phenylethylamine substructure to a binding site 
on the calcium channel protein. Our working hypothesis 
that MI represents the active, bound conformation of 
benzazepinones is consistent with all previous SAR of 
these compounds.2-5 Further, this binding hypothesis 
suggests that desmethoxyverapamil 27b may be able to 
bind at both the DTZ site and the PA site on the calcium 
channel. 

Based upon these findings we hypothesize that 
benzazepinone and benzothiazepinone CCBs consist 
mostly of “scaffolding” that serves to orient the two 
pharmacophores in space. We have no reason to believe 
that this structural arrangement is optimal. Indeed, it is 
also conceivable that this structural scaffolding sterically 
hinders receptor access and limits the activity of DIZ-like 
compounds. From this vantage point, altering the 
scaffolding that constrains the two key pharmacophores 
could provide compounds of equal or greater intrinsic 
potency than the benzazepinone or benzothiazepinone 
CCBs. Thus, we believe that the greatest benefit from 
formulating receptor binding hypothesis MI will be in its 
ability to guide the de ndvo design of structurally unique 
CCBs. Our initial attempts to use this working hypothesis 
in the design of novel organic ligands for the DTZ site is 
described in the following paper in this series. 

Experimental Section 

Pharmacological testings 

The pharmacological test procedures have been described in 
detail in a previous paper in this series2 The It& value 
reported represents the concentration of compound 
necessary to cause 50% relaxation of a maximal 
contraction (circumferential rabbit aorta strips) in response 
to 100 mM KCl. The kd values reported were calculated 
from concentration response curves for the inhibition of 
specific 3H-diltiazem binding in guinea pig skeletal 
muscle. We have published previously correlations 
between the SAR of benzothiazepinones and 
benzazepinones,2 and have found that the slope factors are 
> 0.77 for all compounds in this paper. These results are 
consistent with a competitive displacement of 3H- 
diltiazem by the test compounds. 

Computational chemistry 

Torsional grid search. Torsional grid scans were examined 
graphically, using the interactive crystallo- 
graphic/molecular modeling software, ALEX, developed in- 
house by JZG. Tandem rotations of 360” in 10” increments 
for wl and ~2 (1296 conformers) were scanned, for a fixed 
“M” twist-boat conformation. 

All bond distances and angles were held fixed throughout 
the torsional scans. The nonbonded interactions of each 
conformer were estimated using a 6,12 potential. 
Coulombic interactions were ignored. More refined 
calculations were performed using molecular mechanics 
software. 

MacromodeUMonte Carlo. The grid searches and Monte 
Carlo searches for the compounds in Table 4 were carried 
out using Macromodel and the MM2 force field within 
Macromodel. Sybyl was employed for the graphical 
analysis and molecular constructions. In addition, Csearch 
(Sybyl) was employed to carry out a conformational search 
of the sterically accessible torsional space for verapamil 
(27a). 

Although the compounds of Table 4 differ in their Rl 
substituent, for computational purposes they were all 
modeled with a methyl group at Rl. The 4’-OMe group 
was also converted to a methyl group to simplify 
computations. The starting structures for all the molecules 
of Table 4 were constructed from the crystal structures of 3 
and 8 by modifying and appending different functionalities. 
The “M” conformation of the benzazepinone ring was 
assumed for all compounds. 1 

Searches were carried out for both pseudoaxial and 
pseudoequatorial orientations of compounds 11 and 12. A 
grid search about the free torsional angles of interest was 
carried out using an increment of 5 degrees. All conformers 
within 6 Kcal of the minima were compared to determine 
the low energy families of conformations common to 8 
and 11 but inaccessible to 12. The conformation that was 
found corresponded to binding mode MI. This 
conformation had a distance between the basic nitrogen and 
the methoxy oxygen (re resented computationally by 
carbon) of 7.1 A and 7.6 w for 8 and 11, respectively. A 
distance range constraint of 6.4-8.5 A was then used in 
Monte Carlo searches for conformers of the remaining 
molecules 4, 5, 14, 15, 18-22. Only conformers 
within 6 Kcal of the global minimum for this constrained 
search were kept. 

Three-dimensional pharmacophore search. A search of all 
crystal structures in the Cambridge Structural Database23 
for molecules containing functional groups in spatial 
relationships consistent with a set of postulated 
pharmacophores was conducted using a series of 10cal~~ 
FORTRAN software programs. The database was initially 
screened using the distributed23 CONNSER software for all 
entries containing: (a) a benzene ring with at least two 
substituents-a heteroatom para to a carbon substituent, 
and (b) an N-CH3 bond within the same molecule. All 
structures satisfying this substructure query were further 
screened with the geometric constraints: (a) a distance of 
7.5Ll.O A from the nitrogen atom to the carbon atom, C4, 
bearing the heteroatom X, and (b) a value of 110 f 40” for 
the X-C4....N angle. Since it was impractical to evaluate 
the geometric constraints through manual inspection of 
each of the many hits of the initial substructure query, 
subroutines were written to automatically perform the 
structure retrieval-geometric evaluation process. It was 
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II)+ = 421. IR (KBr): 3430, 1513. Anal. (C22H23F3N203. 
C4H404) C, H, N, F. ‘I1 NMR (DMSO-&): 6 2.33 (m, 
2II), 3.00 (d, 211, J = lo), 3.11 (m, lH), 3.46 (m, 3II), 
3.73 (s, 3H), 3.68-3.76 (m, lH), 4.00 (d, lH, J= 8), 4.59 
(m, lH), 6.44 (s, 2H), 6.87 (d, 2H, J = 9), 7.15 (d, 2II, J 
= 9) 7.60 (m, 11-I), 7.69 (m, 2H). t3C NMR (DMSO-&): 
6 29.0, 32.4, 44.3, 46.8, 51.1, 55.0, 60.2, 68.8, 113.4, 
124.2, 128.1, 128.6, 129.6, 131.4, 132.7, 135.0, 143.2, 
158.2, 168.0, 171.8. 

[3R-[I(S’~,3a,4a]-1,3,4,S-Tetrahydro-3-hydrony-4-(4- 
methoxyphenyl)-I-(3-pyrrolidinyl)-6-trifl-2~I-l- 
henzazepin-2-one (12). 

m.p. 228-231 “C. [alD2’ = +57.8” (c = 1.0, IIOAc). (M + 
= 421. IR (KBr): 3513, 1660, 1513. Anal. 

(HC2;I123F3N20jC4H404) C, H, N, F. ‘II NMR (DMSO- 
d6): 6 2.21 (m, 11-I) 2.45 (m, IH), 2.99 (m, 2H), 3.17 (m, 
lH), 3.49 (m, 2H), 3.56 (d, 211, J= 7.5). 3.75 (s, 31~). 
4.03 (d, III, J = 7.5) 4.65 (m, IH), 6.48 (s, 210, 6.88 (d, 
2H, J = 8), 7.17 (d, 211, J = 9) 7.60 (t, III, J = 8), 7.71 
(t, 211, .I = 7.5). 13C NMR (DMSO-d6): 6 28.5, 32.3, 
44.7, 47.4, 51.2, 55.0, 60.0, 68.9, 113.4, 124.2, 128.1, 
129.6, 131.4, 132.7, 135.0, 143.1, 158.2. 167.9, 171.9. 

(3R-cis)-I-[2-(L)ir~thylamino)-l-phenylethyl]-l,3,4,5- 
tetrahydro-3-hydroxy-4-(4methoxyphenyl)-l-(3- 
pyrrolidin~~l)-6-tr~~uoromethyl-ZII-I-benznzepin-2-one 
isomer A (14) 

To a stirred suspension of NaH (0.75 g, 15.6 mmol of 
50% oil dispersion) in dry DMF (30 ml,) was added 9 (5.0 
g, 14.2 mmol) in one portion as a solid. The solution was 
stirred for I h at r.t., heated to 70 “C, and a toluenc 
solution of N,N-dimethylP-chloro-phcnethylamine 13 was 
added dropwise over 2 h. 12*1 3 An additional aliquot of 13 
(4.5 mmol) was added after 2 h, and the resulting solution 
was stirred at 70 “C for 2 h, and then quenched with 
aqueous NaIICO3. The solvents were removed in wcuo, 
the rcsiduc partitioned between EtOAc and aqueous 
NaIIC03, the organic phase washed with brine. dried 
(MgSO& filtered, and evaporated to afford a light yellow 
gum. The crude product was chromatographed (SiO?; 2% 
McOH:0.5% Et3N:CH2Cl2) to provide the pure FM1 
(faster moving isomer) as a light yellow foamy solid (1.90 
g, 27%). A solution of the clean FM1 (0.41 g) in ether was 
treated with ethereal I-ICI, the resulting solid filtered, rinsed 
with ether and dried. This material was dissolved in iPA (2 
mL) and il’E (6 ml_) with warming and the solution 
filtered to remove a small amount of insoluble material. 
‘I-he filtrate was treated with hcxanc and the resulting 
colorless solid collected by filtration and dried to afford 14 
(0.39 g). m.p. 136-142 “C. [a]D2’ = +146.2” (c = 1.0, 
MeOH). (M + H)+ = 499. IR (KBr): 1669 cm“. Anai. 
(C28H29F3Nz03.HCl) C, II, N, Cl, I:. ‘II NMR (CDC13): 
6 1.94 (dd, lII, ./ = 13.5, 14.1) 2.50 (d, 3H, J= 3.5). 2.80 
(dd, III, J = 5.9, 14.1) 2.96 (d. 3I1, J = 2.9). 3.50 (m, 
lH), 3.79 (s, 3H), 4.06 (d, IH, J= 8.2). 4.32 (d, lH, J= 
14.1), 4.58 (m, Ill), 5.63 (d, 111, J = 7.0) 6.70 (d, 21I, J 
= 8.8). 6.76 (d, 21-1, J = 8.8). 7.38-7.50 (m, 6H), 8.67 (m, 
1H). 13C NMR (CDC13): F 30.5, 42.8, 45.4, 52.0, 55.2, 

60.0, 65.0, 69.1, 113.5, 125.4, 128.0, 129.0, 129.4, 
129.9, 130.1, 133.2, 142.1, 159.0, 173.3. 

(3R-cis)-l-/2-(~imethylamino~-l-phenylethyl]-l,3,4,5- 
tetrahydro-3-hydroxy-4-(4+nethoxyphenyl)-l-(3- 
pyrrolidinyl)-6-trifluoromethyl-2H-l-benz~epin-2-one, 
isomer B (15). 

Fractions from the chromatography of 14 containing SMI 
(slow-moving isomer) were pooled to provide 3.40 g of 
crude SMI. This material was chromatographed twice 
(SiO2; 2% MeOH: 0.5% I&N:CH2C12, then preparative 
TLC 5% MeOH:CII2Cl2) to provide the pure free base 
(0.41 g), which was dissolved in ether and treated with 
ethereal IICl. The resulting colorless solid was filtered, 
rinsed twice with ether and dried to afford 15 (0.42 g). 

m.p. 165-171 “(1. ]a]D’s = +221.8” (c = 1.0, MeOH). 
(M + H)+ = 499. 11~ (KBr): 1671 cm-t. Anal. 
(C2sI129F3N203.HCI) C, II, N, Cl, F. ‘II NMR (CDC13): 
6 2.45 (dd, lH, J = 13.5, 14.1) 2.9-3.1 (m, 2H), 2.95 (s, 
311) 3.02 (d, 31-I), 3.51 (m, 111). 3.80 (s, 31-I), 4.03 (m, 1 
I-I), 4.2 (m, 11-I), 4.23 (d. III, J= 8.2) 6.57 (m, lII), 6.90 
(d, 2H, J = 8.2) 7.16 (d, 2H, J = 8.8). 7.16-7.27 (m, 5H), 
7.43 (t, lH, J = 7.6) 7.55 (d, lI1, J = 7.6). 7.79 (d, lH, J 
= 7.6) 12.05 (brs, II-I). 13C NMR (CDCI~): F 31.8, 43.2, 
45.2, 51.4, 55.3, 55.6, 60.0: 69.5, 113.9, 127.7, 128.5, 
129.0, 129.6, 129.8, 130.2, 134.2, 139.0, 159.1, 174.5. 

To a stirred solution of 9 (10 g, 28.5 mmol) and imidazole 
(4.85 g, 71.2 mmol) in dry DMF (10 mL) at 35 “C was 
added t-butyldimethylsilyl chloride (5.10 g, 33.8 mmol). 
The solution was stirred at 35 “(1 overnight, cooled to r.t., 
and partitioned between ether and water. The organic phase 
was washed with water and brine, dried (MgSO4) and 
evaporated to afford 16 (14.20 g, 100%) as an amorphous 
solid. m.p. 114-116 “C. ‘II NMR (CDCl3): 8 0.05 (s. 
6H), 0.75 (s, 911). 

(lR,2R)-2-(T)inrethyInmino~-l-chloro-l-phenylpropane. 
hydrochloride (17) 

To a suspension of lS.2R-(+)-norephedrine hydrochloride 
(20 g, 106 mmol) in ether (50 mL) was added sodium 
methoxide in MeOH (100 mmol). Additional methanol (50 
mL) was added, the solution stirred for several minutes and 
filtered. The colorless precipitate was rinsed several times 
with ether and the combined filtrates were evaporated to 
afford the free base as a colorless oil (16.6 g, 100%). The 
free base was dissolved in (111s CN (125 mL) and aqueous 
formaldehyde (42 ml, of 37%) was added. Sodium 
cyanoborohydridc (10.5 g, 167 mmol) was added 
portionwise with intermittent cooling in an ice bath. 
Glacial I IOAc was added to the cooled reaction until the ~1-1 
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