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Abstract

The solid state structure of delapril hydrochloride was determined by single-crystal X-ray diffraction analysis (monoclinic, P2,,
a=16.098(5), b=10.712(3), ¢=7.856(2) A, B=97.85(2)°). The comparison between delapril and other ACE inhibitors of the same
family is discussed with regard to the geometry of the phenomenological active site of the enzyme. In the solid state the amide bond
conformation resulted in being trans, whereas, in solution, NMR spectra indicate that the molecule exists as a mixture of rotational isomers
trans and cis (approximately 70:30). The free energy of activation for the hindered rotation about the amide bond was determined by line-
shape analysis. The attempt to isolate possible conformational polymorphs failed, indicating that the trans conformation is favored when
molecules pack together in the crystal. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction P 6

Delapril hydrochloride (Fig. 1), N-[N-[ (S)-1-ethoxycar-
bonyl-3-phenylpropyl]-(S)-alanyl-N-(indan-2-yl) glycine
hydrochloride, is an angiotensin-converting enzyme (ACE) /S €,
inhibitor, synthesized by Oka et al. [ 1], which is actually
marketed as an antihypertensive agent [2]. Like many of
these dipeptide ACE inhibitors [3,4], delapril is a pro-drug;
following oral administration, it is bioactivated by hydrolysis
of the ethyl ester to the corresponding diacid form [5]. The
actior of ACE consists in removing the C-terminal dipeptide
(His-Phe) from the decapeptide angiotensin I, thus releasing Fig. 1. Delapril hydrochloride.
the vasoconstrictor octapeptide angiotensin II. Moreover, the
enzyme can inactivate the nonapeptide vasodilator bradyki- R1 R
nin by the cleavage of C-terminal dipeptide fragments. As a | | 2 '?3
consequence, the inhibition of this enzyme results in the low- C[H -NH - CH - CON - (|3H -Ra
ering of blood pressure [ 6]. Different types of ACE inhibitors COORs COOH

*HCI

are known, such as snake venom peptides containing C-ter- Scheme 1.
minal proline, sulfhydryl derivatives of the Ala-Pro dipeptide
(like captopril [7], the first potent and orally active ACE mula shown in Scheme 1. Delapril belongs to the latter class
inhibitor), and sulfur-free dipeptides with the general for- (see Fig. 1).
Since the structure of ACE is not known, the design of new
* Corresponding author. Tel.: +39 521 279 438; fax: + 39 521 783 32| ACE inhibiting drugs relies on the study of the correlations
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Table 1

Chemicat diagrams of ACE inhibitors analogs to delapril whose X-ray structure has been related to activity in the literature
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between the structure of known inhibitors and their activity
(Table 1).

A study of the solid state and solution structure of delaprii
may contribute to a better knowledge of the steric factors
governing the interactions at the active site. Although delapril
possesses two chiral centers and could theoretically exist as
a mixture of two pairs of racemates, only the more biologi-
cally active epimer S.,S has been developed [ 1]. To date, its
absolute configuration has been assigned by chemical corre-
lation with that of enalapril, since single crystals suitable for
diffractometric analysis had never been obtained (Takeda,
Osaka, Japan, confidential document). The molecule also
exhibits potential cis/trans isomerism with respect to the
conformation across the amide bond. In the present paper
we describe the results of a structural study of delapril
hydrochloride.

Single-crystal X-ray diffraction analysis was carried out to
define the stereochemistry and conformation of delapril
hydrochloride across the amide bond. Simultaneously, NMR
was employed for establishing which rotational isomer pre-
dominates in solution, as the rate of interchange between the
cis and trans forms is slow on the NMR time scale. Line-
shape analysis was applied for determining the kinetic and
activation parameters. Finally, different procedures ( crystal-
lization trom solvents, drying upon water dissolution) for

preparing the corresponding cis conformational polymorph
[8.9] were attempted and thermal, powder diffraction and
spectroscopic (IR, solid state NMR ) techniques were applied
to confirm its possible existence.

2. Results and discussion
2.1. Single-crystal X-ray analysis

The single crystals were grown from ethanol. The per-
spective view of the molecule is reported in Fig. 2. For the
sake of clarity, the atoms are numbered in a different way
from that of the IUPAC notation. Its absolute configuration
has been confirmed to be 135,15S.

Ondetti et al. [7] and Cushman et al. [10] suggested a
phenomenological model of the active site of ACE; since
then, this model has been tested and further developed by a
number of structural studies on ACE inhibiting drugs [11-
13]. In the present study, attention is focused on the family
of sulfur-free drugs to which delapril belongs. A schematic
map of the different sites of interaction between the enzyme
and a general delapril-like inhibitor is depicted in Scheme 2.

It can be seen that the pharmacophore consists of:
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Scheme 2.

(11 a group coordinating the Zn atom present in the active
site; in sulfur-free drugs this is carboxylate, in captopril-like
drugs it is a —SH;

(21 a negative charge, carried by a second carboxylate,
which interacts with a positive charged residue on the
enzyme;

(3) the peptidic C=0, correctly positioned in order to
hydrogen-bond to an enzymatic -NH;

(4) the N-terminal -NH, suitably oriented to act as a
hydrogen-bond donor to an enzymatic C=0; it is not clear if
the aminic group is protonated when bonded to the enzyme
(35

(5 a substituent R1 accommodated in a hydrophobic
pocket of the enzyme; so far the most efficient group is phen-
ylethyl [3];

(6) a lipophilic substituent R3; it is known that cyclic
terminal amino acids (i.e. R3 fused with R4) enhance ACE
inhibiting activity, probably due to favorable interactions
with the hydrophobic pocket [ 13]; in general. molecules with
bulky substituents at R3 are more active;
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2. ORTEP view of delapril hydrochloride. The thermal ellipsoids are drawn to the 30% probability level.

(7) the side chain R2; it has been shown [11] that the
presence of alanine in the dipeptidic skeleton of the molecule,
i.e. R2=-CH,, is important but not essential to enhance
activity; in particular, it was suggested that the binding site
for R2 is almost fused with the pocket accommodating R3,
since the introduction of large rings linking R2 and R3 gives
active compounds.

In order to optimize the above seven possible interactions
with the active site, the molecular structure of the inhibitor
needs to satisfy some restrictions. Since the actual spatial
arrangement of the active site is not known, the study of the
conformational preferences of the present class of inhibitors
gives an insight into the conditions required for activity. This
extrapolation is based on the assumption that the inhibitors
bind to the enzyme in low-energy conformational states,
closely represented by those found experimentally in solution
and in the solid state. Clearly. the greater the number of
available structural data, the greater the confidence that can
be placed on the model. The conformation of delapril hydro-
chloride in the crystalline state has been examined in order
to contribute to a more precise mapping of the geometric
features of the inhibitor-enzyme complex. The most relevant
parameters [ 13,14] describing delapril’s molecular confor-
mation and pharmacophore geometry are discussed here and
compared with those of ten other members of the same family
of ACE inhibitors. The schematic formulas of these mole-
cules are presented in Table 1, together with literature refer-
ences; the related data have been retrieved using the
Cambridge Structural Database (release April 1996), que-
rying for the fragment in Scheme I, with R1 = phenylethyl.

The dipeptide backbone and the orientation of the pheny-
lethyl chain can be characterized by the torsion angles defined
as in Scheme 2 and listed in Table 2.

2.1.1. Terminal carboxyl (¥, ®,)

Examination of conformational energy maps [ [4] indi-
cated that the terminal —-COOH is nearly free to rotate, con-
sequently no preferences should be observed for ..
However, for nine out of ten molecules ¥, ranges between
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Table 2
Representative torsion angle (deg) for delapril hydrochloride (present paper) and other ACE inhibitor analogs (retrieved from the Cambridge Structural
Database )

v, b, ¥, b, T 7> T3 Ty

Delapril hydrochloride 155.1(3) —61.0(4) 170.0(3) ~60.7(4) 158.2(3) 68.1(4) —178.3(4) 93.8(6)
Enalaprilate [ 16] 174.572 —88.192 143.040 —59.271 167.828 64.045 178.903 - 179.608
Enalapril [15] 139.688 —52.772 156.348 174.975 57.469 67.731 179.385 83.894
Dokmul [ 11] (CSD Refcode) * 168.627 —78.190 165.646 —-80.912 167.892 —76.742 —170.846 13.293
Doknas | 1 1] (CSD Refcode) 165.191 - 69.945 158.992 —66.338 151.279 66.375 —177.087 —88.974
Cilazapril |22] 30.908 —82.203 174.231 —76.109 172.220 —75.063 163.645 — 108.905
SBG107 {23} 168.988 —93.589 151.228 —63.944 160.762 60.793 175.758 11.924
Ramiprilat [24] 167.287 -81.379 130.664 ~56.474 157.532 66.481 173.480 -91.947
MDL27 467A [12] 168.960 —93.996 158.147 —82.540 49.804 — 164,983 170.246 109.786
Quinapri! [ 12] 140.776 —52.682 172.278 ~69.138 161.495 —80.422 177.707 77.907
Zabicipril |25] 163.600 —-62.720 162.462 —65.161 170.214 66.813 —177.415 81.315
* The crystalline structure of the racemate is reported in Ref. [ 1 | ]; here. only the C15(S) molecule is considered.

140° and 175°, and delapril falls well within this range. In the
only outlier (cilazapril monohydrate, ¥, = — 153°) the ter-
minal carboxyl is deprotonated. This preferential orientation
could be due to common features in the crystal packings.

2.1.2. Amide bond (w)

The amide bond is planar (w= —117.8(3)°) and adopts
the biologically active trans configuration, which is also the
most stable in solution (see below).

2.1.3. Alanine-CH,; (Y¥,)

In delapril the orientation of the side chain R2 is nearly
perpendicular to the amide plane (¥, =170.0(3)°), as pre-
dicted by previous studies which indicate that a range
between 130°and 170° for ¥, isessential foractivity. Accord-
ingly, within the ten delapril analogs, ¥, is distributed
between 130.7° and 174.2°.

2.1.4. Zinc-binding carboxylate (V,, ®,, 7,)

The spatial arrangement of delapril zinc-binding carbox-
ylate, which in the pro-drugs is esterified, is perfectly consis-
tent with the average geometry found for the other analogs.
Two exceptions are enalapril [ 15] and MDL27,467A hydro-
chloride [12]. In the former, the propylphenyl side chain and
the carboxylate are permuted in their positions, as shown by
the value of ¥, =175 however, the corresponding active
form, enalaprilate [16], is perfectly comparable with the
average. In MDL27,467A hydrochloride the entire substitu-
ent at the aminic terminal of the dipeptide is rotated by
roughly 120° around the N-C bond, as shown by the com-
parison of 7, = 50° with the average value of 164° determined
for the other eight compounds.

2.1.5. Aromatic side chain (7>, 7, T;)

The suggested optimal values for 7., 73, 7, are, respectively,
180-240°, 180° 90° [14]. In delapril the chain is extended
(3= —178.3(4)°) and the phenyl plane is nearly perpen-
dicular to the chain plane (7,=93.8(6)°), but the chain is
oriented in a conformation synclinal to the C15-N2 bond

(17,=68.1(4)°), while the indicated minimum energy value
is in the anticlinal 180-240° region. By inspecting the distri-
bution of preferred conformations for the related compounds,
it results that there are two families of rotamers clustering
around 7,= —60° and 7,= +60° respectively. Both con-
formers have extended chains, and the terminal phenyl may
choose to sitin a plane roughly either perpendicular or parallel
to the chain plane.

Recalling the considerations of Thorsettetal. [ 11], it must
be noted that it is not the single torsion angle or structural
parameter which determines the energy of the binding
between ACE and the inhibitor, but the drug molecule adapts
its conformation in order to obtain the most favorable steric
arrangement. The final structure of the enzyme-—inhibitor
complex will be the result of this cooperative and adaptive
process. Thus, the variations in 7, for instance, could be
compensated by torsional modifications in other parts of the
molecule. To visualize and verify this principle. the X-ray
structures of delapril and its ten analogs have been superim-
posed by least squares, minimizing the differences in the
atomic coordinates referred to the molecular inertial axes,
with the auxilium of the Cambridge Structural Database pack-
ages. This approach reflects the idea that no atoms will exactly
coincide in the final superposition, but that the overall differ-
ences in relative orientations will be minimized; in this way
the global similarities are shown up and the envelope of the
active molecular shapes is obtained. At first, it was observed
that enalapril [15] and MDL27,467A hydrochloride [12]
did not fit the pattern common to the other molecules, due to
the above-mentioned completely different orientation of the
N-terminal substituent, consequently they were left out of the
analysis. The final plot (Fig. 3), shows that the pharmaco-
phore is spatially quite well-defined, and that, despite the
observed variations of 7., the terminal aromatic ring position
is preserved.

2.1.6. Conformation of the indane group
The substitution of bulkier, lipophilic groups at the C-
terminus generally leads to increased activity [12]. Com-
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Fig. 3. Least-squares superposition of delapril and the other ACE inhibitor
analogs listed in Tables 1 and 2. The invariance of the pharmacophore pattern
is showr.

monly. proline or other cyclic imino acids are employed. In
delapril the C-terminus is a glycine, whose nitrogen carries
an indane group. The five-membered saturated ring is a flat-
tened envelope, with C1 0.156(3) A out of the plane defined
by C2, C3, C4, and C5, which is practically coplanar with the
adjacent aromatic ring, and forming a dihedral angle of
93.5(2)° with the amide bond plane. The torsion angle C10-
N1-C1-C2 = —71.0(4)° describes the mutual orientation of
the glycine residue and of its N-substituent.

2.1.7. Crystal packing

The hydrogen bonds O1-H---CI‘" (2.984(3) A, 165°),
N2-H1---C1(3.121(3) A, 156°), N2-H2:--02'"" (2.973(4)
A 167°) ((i):1—x,y—1/2,2—z (ii): 1 —x,y+ 1/2,2~2)
characterize the crystal packing of delapril (Fig. 4). This
involves >NH, " groups and -COOH groups of molecules

Fig. 4. Packing diagram of delapril hydrochloride.

reciprocally related by screw rotation along b: the interaction
is direct in the case of the N2-H1---02""" bond, and mediated
by the bridging Cl anion N2-H1---Cl---H-O1'™ in the
second case. A chain motif is generated along b.

2.2. NMR study

In D,0 and DMSO-d,, slow rotation about the amide C—
N bond gives rise to paired signals for several protons and
carbons of the molecule (Fig. 5). The phenomenon has been
attributed to the existence of rotational isomers, as for cap-
topril [17] and enalapril maleate [ 18]. The different inten-
sities of the lines are due to the unequal populations of 1A
and IB (Scheme 3). The chemical shifts and assignments
are reported in Table 3. The two rotational isomers were
assigned by nuclear Overhauser effect (NOE) measure-
ments. In order to differentiate between the NOE and cross-
peaks due to chemical exchange, a phase-sensitive two-
dimensional NOESY experiment was carried out at 294 K,
using a mixing time of 500 ms. A strong cross-peak, observed
between the H-13 and H-1 protons at 4.75 and 5.01 ppm
respectively, confirms without ambiguity that the major spe-
cies is the trans rotational conformer 1 A.

On the other hand, no NOE was observed between the H-
13 and H-1 resonances of the minor conformer 1B (at 4.25
and 4.95 ppm). The absence of cross-peaks with the same
sign as the diagonal peaks also indicates that chemical
exchange is negligible at this temperature.

The exchange rates at different temperatures were calcu-
lated by line-shape analysis as described in Section 3. As
expected, the values of the rotamer populations, p,, and p,g,
obtained from the area of the CH;-Et group depend only
slightly on the temperature (from 67:33 at 296 K to 70:30 at
340 K). The corresponding values for the free energy of
activation were obtained from the Eyring equation [19]:

AG#=aT[10.319+1log(T/k)]

where a=4.575X 107" (AG*® in kcal mol™'). The results
are summarized in Table 4.

The activation parameters were calculated from an Arrhe-
nius plot (r=:0.9976):

Ink=—E,/RT+In A

where E, is the activation energy and A the pre-exponential
factor.

The enthalpy and entropy of activation were evaluated by
a least-squares fit of the equation [ 19]

In(k/T)=—AH¥*/RT+AG%a+10.319

The values with their relative confidence limits are presented
in Table 5.

The rate constant extrapolated from the Arrhenius plot at
37°C indicates a half-time for isomerism of about 5 s.

The current model of the pharmacophore for ACE inhibi-
tors has been derived mainly by the examination of solid state
conformational preferences of active compounds and on
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Fig. 5. '"H NMR spectrum of delapril hydrochloride in DMSO-d,, at 294 K. The methyl region expansion is reported in the right-hand corner.
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results of molecular modeling calculations | 11-16,20]. The agreement with the crystallographic findings. Only the signal

importance given to crystallographic studies is based on the
rationale that the surroundings of the molecule in the crystal
mimic the structured molecular environment in which the
drug interacts when binding to the enzyme [21].

Delapril hydrochloride raw material, as obtained from
Takeda, and the different samples I, IT and III prepared for
proving the existence of conformational polymorphism were
analyzed by differential scanning calorimetry (DSC), FT-IR
spectroscopy, powder X-ray diffractometry and solid state
"*C NMR. In particular, the last technique has been reported
to be very useful for detecting change in conformation of
functional groups in solids [8]. All the samples show the
same thermal behavior (melting with decomposition at 178—
181°C) and give the same diffraction pattern and IR spectra.
Also, the NMR spectra were identical; they all show only a
single set of peaks, corresponding to the trans form and in

of carbon C10 shows an asymmetric splitting due to the
residual dipolar coupling between "*C and '*N spins which
could not be averaged by magic angle spinning [26]. Such
dipolar interaction also induces a significant broadening (but
not a residual splitting) of the C12 resonance, thus allowing
its unambiguous assignment. The other signals were identi-
fied, at least partially, from the comparison with the '*C NMR
spectrum in solution and their assignments are reported in
Table 6. It can be seen that several signals are shifted by 2—
3 ppm to high fields on going from the solid to the solution
state. These resonances are C14,C16 (orC17),C5,C2, C10,
C13 and C18. These variations indicate that, in addition to
the cis/trans equilibrium, some other conformational changes
occur in solution with respect to the solid state. Generally,
*C NMR high field shifts are due to the reciprocal y-effect
exerted by the nuclei along a backbone. Reasonably, in the
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Table 3

'H and *C chemical shifts 8, multiplicity M and 'H,'H coupling constants
J for rotational isomers of delapril hydrochloride in DMSO-d, solution at
294 K

Position Sy My J M 8¢
(ppm) (Hz) (ppm)
CH.-Et cis 1.28 t =7 CH. 13.8
trans  1.30 t =7
14 cis 1.43 d J=6.8 CH, 15.6
trans 1.46 d =68
16 trans 2.0-25 m CH, 29.7
cis 2.0-2.5 31.0
17 25-30 m CH, 304
5 cis 30-33 m CH. 354
trans  3.0-33 35.7
2 cis 3.0-3.3 CH, 35.6
trans  3.0-3.3 36.4
15 3.90 m CH 57.0
10 trans 395 AB syst. CH; 44.0
cis 4,20 46.4
CH,-Et 4.25 q =17 CH, 61.9
13 cis 4.25 q /=68 CH 53.0
trans 4.76 *1=6.8 52.0
1 trans  4.95 m CH 56.4
cis 5.02 56.1
20,22 70-75 m CH 124.2
19,23 trans 7.0-7.5 CH 126.1
cis 7.0-7.5 126.4
21 7.0-7.5 CH 126.5
6,7,8," 7.0-7.5 CH 128.2
3.4 trans C 140.1
cis 140.2
18 cis C 140.3
trans C 140.6
12 cis C=0 167.9
trans 168.2
11 trans COOH 168.7
cis 169.5
24 trans COOEt 169.7
cis 170.9
Table 4

Experimental results and AG® values for the hindered rotation of the process
1A=1B

Probe T (K) k(s™") AG¥ (kcal mol ™)
CH;-Et 320 0.4 19.4%

335 12 19.6 %

345 2.2 19.7¢

350 3.7 19.7%

355 5.0 19.8¢

* Considered identical within experimental errors.

Table S
Thermodynamic parameters for the hindered rotation of the process 1A < 1B

case of delapril, the motional averaging of the chain geometry
from C13 to C17 should lead to an increase of the three bond
interactions in solution.

In, conclusion, no conformational polymorphs were
obtained, indicating that the trans conformer, which predom-
inates in solution, is also favored when molecules pack
together in the crystal.

3. Experimental
3.1. Materials

Delapril hydrochloride was licensed from Takeda (Osaka,
Japan). The samples designated as I and II were prepared by
crystallization at room temperature from acetone and ethanol,
respectively (m.p. 178-181°C with dec.). The sample des-
ignated as III was prepared after dissolution in water and then
drying at 55°C under vacuum for 6 h (m.p. 178-181°C with
dec.;loss of weight <0.1%).99.8% D,0 and DMSO-d, were
purchased from Merck (Milan, Italy). All other chemicals
were of analytical grade.

3.2. Apparatus

Infrared spectra were taken as a KBr disk on a Perkin-
Elmer 2000 FT spectrophotometer ( Norwalk, CT). The DSC
analyses were carried out on a Perkin-Elmer DSC 7 thermal
analysis system (Norwalk, CT) under nitrogen atmosphere.
Each sample was heated between 50 and 220°C with a scan-
ning rate of 10°C/min.

Single-crystal X-ray diffraction analysis was carried out
at room temperature by a computer-controlled Siemens
AED diffractometer (Karlsruhe, Germany) using Mo Ka
(A=0.71073 A) radiation. Automatic peak search, center-
ing, and indexing procedures, indicated a primitive mono-
clinic lattice; by the examination of systematic absences and
intensity statistics the space group was determined as P2,.
Relevant details concerning the data collection and structure
determination are collected in Table 7. No crystal decay was
observed. The intensity data were processed with a peak-
profile analysis procedure and corrected for Lorentz and
polarization effects. The phase problem was solved by direct
methods, using SIR92 [27]. A full-matrix least-squares
refinement was carried out with SHELXL-93 (G. Sheldrick,
University of Gottingen, Germany, 1993) on F2, using all
unique data. Anisotropic thermal displacement parameters
were refined for all non-hydrogen atoms. The H atoms
bonded to N1 and Ol, considered potential H-bond donors,
those bonded to the asymmetric carbons C13 and C15, and

E, (kcal mol™")
16.25+2.09

logA (s7')
10.69 1+ 1.33

AH* (kcal mol ")
15.58 +0.66

ASF (calmol ="K~ 1)
-11.94+19

AG* (kcal mol ™)
19.64 +-0.15
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Table 6
DMSO-d, solution and solid state '*C NMR chemical shifts of rrans-delapril
hydrochloride

Assignment S(solid) S(solution)
CH;-Et 13.6 13.8

Cl4 18.3 15.6
Cle® 295 29.7
c17* 333 304

csh 38.0 357

c2’ 392 364

Cl0 464 ¢ 44.0

Ci13 55.1 52.0

Cl 56.5 56.4

C15 58.3 57.0
CH,-Et 59.8 61.9
C19-C23 125.1 124.2, 126.1, 126.5
C6-C9 127.7, 128.3 128.2
C3,C4 140.4, 141.2 140.1

Ci8 143.6 140.3

Ci2 166.8 168.2

ClHl 168.0 168.7

C24 173.0 169.7

*b Assignments may be interchanged.
¢ Splitting of 33 Hz.

Table 7
Data referring to the crystal structure analysis of delapril

Formula C1H33CIN,O4
Molecular weight 489.01
Crystal system monoclinic
Space group P2,

a(A) 16.098(5)
b(A) 10.712(3)
c(A) 7.856(2)
B (deg) 97.85(2)
V(AY 1342.0(7)
VA 2

Doy (gem™?) 1.210
w(em™h) 1,787
F(000) 520

3634 (3429 unique)
2450 (2293 unique)

Measured reflections
Reflections with > 20(/)

Reflections used in refinement 3429
Parameters refined 368
Max./min_ height in final AF map (e A" ?) 0.17/-0.20
R'® 0.040

RL® 0.120

“Y|F,—F_|/XF,, calculated on observed reflections (F, > 40(F,)).
PAEIW(F. 2= F2) 1P/ Z(wF,2)?) "2, for all data.

those belonging to the five-membered C1-C5 ring, which
confirmed the sp? character of C2 and C5, were located by
inspection of the AF map and refined isotropically. The
remaining H atoms were introduced at calculated positions,
riding on their carrier atoms, according to the protocols built
in the refinement program. The correctness of the absolute
configuration was confirmed by the value of Flack’s param-
eter [28 |, which was refined according to SHELXL-93 pro-
tocol, giving the value 0of 0.12(9) for the enantiomer 13S,15S.

Table 8

Fractional atomic coordinates ( X 10*) and equivalent isotropic displace-
ment parameters (A>X 10*) (one third of the trace of the diagonalized
matrix ), with the e.s.d. in parentheses for non-hydrogen atoms for delapril
hydrochloride

Atom X/a Y/b Z/c Uy

Cl 4019.9(7) 2789.1(8) 12291.2(12) 603(3)
0l 5855(2) 255(2) 5923(3) 550(9)
02 6321(2) 1291(2) 8346(3) 508(8)
03 4606(2) 2513(2) 7560(3) 465(8)
04 3120(2) 6375(3) 7275(4) 621(10)
05 2269(2) 5144(3) 5493(4) 777(12)
N1 5673(2) 3545(3) 6621(3) 395(8)
N2 3911(2) 4415(3) 8970(4) 417(9)
Cl 6193(2) 4657(3) 6461(5) 451(11)
Cc2 7091(3) 4503(5) 7415(6) 633(15)
C3 7645(3) 4510(4) 6029(6) 635(15)
Cc4 7194(3) 4770(4) 4443(6) 626(15)
C5 6281(3) 4972(4) 4562(5) 568(14)
C6 7595(4) 4855(7) 2985(8) 1023(26)
C7 8451(5) 4644( 10) 3160(12) 1406(41)
C8 8892(4) 4383(8) 4721(15) 1372(42)
C9 8504(3) 4313(6) 6181(10) 961(25)
Cl10 5846(3) 2409(3) 5713(4) 437(11)
Cl1 6034(2) 1277(3) 6828(4) 414(10)
Cl2 5002(2) 3486(3) 7473(4) 383(10)
Cl3 4758(2) 4650(3) 8402(5) 402(10)
Cl4 5371(3) 4907(4) 10019(5) 541(13)
Cl5 3187(2) 4151(3) 7603(5) 456(11)
Cl6 2494(3) 3460(4) 8379(5) 569(13)
CI17 2062(3) 4239(5) 9607(6) 716(17)
Cl18 1402(3) 3530(5) 10393(6) 735(17)
C19 1604(4) 2952(6) 11966(7) 906(21)
C20 1004(6) 2333(7) 12730(9) 1180(33)
C21 205(6) 2259(9) 11889(13) 1432(43)
C22 ~14(5) 2800( 13) 10371(12) 1664(49)
C23 595(4) 3483(10) 9613(9) 1313(36)
C24 2870(2) 5372(4) 6790(5) 517(12)
C25 1851(3) 6204(6) 4602(8) 999(23)
C26 973(3) 5877(7) 4116(10) 1132(29)

Programs PARST95 {29], ZORTEP (L. Zsolnai, H. Pritz-
kow, University of Heidelberg, Germany, 1994), PLUTO
(W.D.S. Motherwell, W. Clegg, University of Cambridge,
UK, 1976) were used for analyzing and drawing the molec-
ular structure and the crystal packing. Use was made of the
packages of the Cambridge Structural Database.

All the calculations were performed on an ENCORE91
computer (Fort Lauderdale, FL). Final atomic coordinates
are given in Table 8, whereas geometric parameters are in
Table 9.

Powder X-ray diffraction patterns were recorded on a
Philips PW 1050 diffractometer (Eindhoven, The Nether-
lands) by using Cu Ke radiation over the interval 5-35°/26
(speed 1°/min).

'H NMR and '°C NMR spectra were obtained at 200.1 and
50.3 MHz in D,O or DMSO-d,, on a Bruker ACF 200 instru-
ment (Karlsruhe, Germany ). The variable-temperature study
was performed in DMSO-d, in the range 296-365 K.
Standard Bruker microprograms (DISNMR 1989) were
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Table 9
Bond distances (;\) and angles (°) with the e.s.d. in parentheses for delapril
hydrochloride

O1-Cl! 1.316(4) Co-C7 1.385(10)
02-Cli 1.219(4) C7-C8 1.359(13)
03-C12 1.229(4) C8-C9 1.381(13)
04-C24 1.192(5) C10-Cl11 1.502(5)
05-C24 1.329(5) C12-Cl13 1.523(5)
05-C25 1.451(7) C13-Ci4 1.523(5)
NI-Cl 1.470(5) CI5-Cl6 1.532(6)
NI-CIv 1.456(4) C15-C24 1.512(6)
NI-C12 1.349(5) Cl16-C17 1.514(7)
N2-Cl13 1.513(5) C17-Ci8 1.505(7)
N2-Cl15 1.500(4) C18-C19 1.381(7)
Cl1-C2 1.543(6) C18-C23 1.359(7)
C1-C5 1.554(6) C19-C20 1.376(11)
C2-C3 1.500(7) C20-C21 1.365(12)
C3-C4 1.382(6) C21-C22 1.329(14)
Cc3-C9 1.388(6) C22-C23 1.418(13)
C4-C5 1.502(6) C25-C26 1.456(7)
C4-Co 1.392(8)
C24-05-C25 117.8(4) 01-C11-02 124.3(3)
CI0-N1-C12 115.1(3) 03-C12-Nl1 121.6(3)
CI-N1-C12 125.7(3) N1-C12-C13 118.4(3)
CI-N1-C10 119.1(3) 03-C12-C13 1199(3)
CI13-N2-CI5 117.6(3) N2-C13-C12 107.9(3)
N1-C1-C5 112.6(3) C12-C13-Cl4 111.6(3)
NI1-Ci-C2 112.2(3) N2-C13-Cl14 106.9(3)
C2-C1--C5 106.7(3) N2-C15-C24 108.9(3)
C1-C2-C3 104.9(3) N2-C15-Cl6 110.0(3)
C2-C3-C9 128.4(4) Cl6-C15-C24 111.4(3)
C2-C3-C4 111.3(4) C15-Cl16-C17 114.2(3)
C4-C3--C9 120.2(4) Cl16-C17-C18 113.3(4)
C3-C4-Co6 120.6(5) C17-C18-C23 121.2(5)
C3-C4-C5 111.8(4) CI17-C18-C19 120.0(5)
C5-C4--C6 127.6(4) C19-C18-C23 118.8(5)
Cl1-Cs5-C4 104.3(3) C18-C19-C20 120.8(6)
C4-C6--C7 118.3(6) C19-C20-C21 119.2(8)
C6-C7--C8 120.9(7) C20-C21-C22 121.7(9)
C7-C8--C9 121.4( 10) C21-C22-C23 119.2(9)
C3-C9--C8 118.6(5) C18-C23-C22 120.2(6)
NI-CI0u-CI1 115.2(3) 05-C24-Cl15 109.4(3)
02-C1i-C10 125.5(3) 04-C24-CI5 124.4(4)
01-C11-C10 110.2(3) 04-C24-05 126.1(4)
05-C25-C26 107.9¢4)

employed for 2D 'H,'H COSY, 2D 'H,"*C COSY, 2D 'H,"*C
COSY ‘long range’ and 2D phase-sensitive '"H NOESY
experiments.

The line-shape analysis was performed on the central lines
of the CH;-Et triplet resonances. Theoretical line shapes were
calculated with the aid of an ‘in-house’ program. For the
analysis the program requires: the chemical shifts of the pro-
tons, the populations, the half-height widths and the rate
constants. These parameters were adjusted by trial and error
so as to obtain the best fit between the experimental and
theoretical curves.

The '*C NMR solid state spectra were obtained with the
cross-polarization magic angle spinning (CP-MAS) acces-
sory on a Bruker CXP 300 instrument ( Karlsruhe, Germany ) .
The spectra were measured with a contact time of 2 ms, which

was not optimized. The side bands were assigned by carrying
out the experiments at two different spinning rates.
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