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SUMMARY

Conformational and electronic properties of a series of 1,4-benzodiazepine anlogues and
their specific interaction with a model cationic receptor site have been calculated using
both empirical energy and semiempirical molecular orbital methods. The aim of these
studies was to identify molecular properties and modes of receptor interaction which are
determinants of relative receptor affinities and pharmacological activities for these

anxiolytics. Analogues with variations in key positions of the 7-membered (B) ring, at
positions C7, C8, and C9 of the fused phenyl (A) ring, and at positions 2’ and 4’ of the
phenyl (C) ring were examined. The results indicate that both active and inactive

analogues have similar low-energy conformations, arguing against this property as a
modulator of recognition at the receptor. However, calculated molecular electrostatic
potentials together with explicit model receptor interactions allowed the deduction that
interactions with three cationic receptor sites are required for high-affinity analogues.
The specific cationic site interactions are postulated with electron-withdrawing groups

at C7, the C.�=O1 group, and the imine nitrogen, N4. Moreover, interactions of N4 with a
model cationic receptor site are enhanced by halogen substituents at C2’, but only when
the phenyl ring is rotated by 30#{176}toward a more planar conformer, corresponding to an
induced conformational change. If this enhancement is important, a 2 ‘ -Cl substituent on
more rigid analogues of the 1,4-benzodiazepines with increased co-planarity of the phenyl
C-ring and the C1 ‘-C5=N4 plane should have an even greater differential effect on
receptor affinity.

INTRODUCTION

The 1,4-BDZs1 are widely used in the treatment of a
variety of symptoms (1-3). Recently, a specific, satura-

ble, high-affinity receptor site has been identified for the

1,4-BDZs in rat brain homogenate (4, 5).

Before the discovery of a specific BDZ receptor, many

1,4-BDZs were synthesized and tested for anticonvul-
sant, muscle relaxant, sedative-hypnotic, and anxiolytic

activity, and a number of theoretical calculations were

made (6-8) to determine the molecular properties that

correlate to their relative activities in these four different
pharmacological assays. Subsequently, studies of repre-

sentative BDZs indicate a good correlation of specific

binding affinity in brain homogenates with the typical

This work was supported in part by Grant DA02880-01 from the

National Institute of Drug Abuse.
1 The abbreviations used are: BDZ, benzodiazepine; 1,4-BDZ, 1,4-

benzodiazepine; HOMO, highest occupied molecular orbital; LUMO,
lowest occupied molecular orbital; MNDO, modified neglect of differ-

ential diatomic overlap; INDO, intermediate neglect of differential

overlap; CNDO, complete neglect of differential overlap; MEP, molec-

ular electrostatic potential; PTZ, pentylenetetrazole.

activities of the congeners (5, 9). Very recently (10), a
linear free-energy study was reported which indicated
that the presence of the C.�==O and N4 groups make the
most statistically significant group contributions to rel-
ative receptor affinity of 39 BDZs. Since they are thought
to bind and act at specific receptor sites by forming

noncovalent, reversible complexes, and since binding
studies are carried out in vitro, relative affinities and

activities of closely related analogues most likely reflect

differences in receptor-congener interaction.
The studies reported here are a continued effort to

understand the molecular discrirninants of receptor af-
finity and activity of a series of closely related 1,4-BDZs
(Tables 1 and 2) using the techniques of theoretical
chemistry. In particular, they extended previous work in
four ways: (a) use of calculated molecular electrostatic
potential and explicit modeling of N4-cationic receptor
site interaction to explore further the role of electronic
properties in modulating receptor affinity and to char-
acterize further the receptor site; (b) extensive investi-
gation of conformational properties, including B-ring
variations and use of total geometry optimization; (c)
further investigation of the role of C�- and C2’-substit-
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TABLE 1

1,4-BDZs with known crystal structure

-

Compound X R, R2 R, Y ED�, mouse
anti-PTZ test#{176}

K, rat

whole forebrainb
Ref.

mg/hg nM

la Clonazepam 7-NO2 H =0 H2 2’-Cl 0.3 1.9 15
lb Lorazepam 7-Cl H =0 OH 2’-Cl 0.2 2.3 17
ic Diazepam 7-Cl CH, =0 H2 H 2 8.9 11
id Nitrazepam 7-NO2 H =0 H2 H 0.7 19 16

le 7-H CH, =0 H2 H Inactive 90 14

if Chlorodiazepoxide� 7-Cl H NHCH, H2 H 8 574 13

lg Medazepamd 7-Cl CH, H2 H2 H 7 3.850 12

lh 7-Cl CH3 =0 H2 4’-F 14

li� 7-Cl CH3 “=0 H, 2’,4’ -Cl 18

a Data obtained from Randall et al. (2).

S Data from Baestrup and Squires (9).

‘ The anti-convulsant activity of medazepam is now known to be due to metabolism to diazepam [see Randall et al. (2)].
d Librium has N4 -‘ 0 and N2 = C2.

.- This analogue has HC5-N4CH3 in place of C5 = N4.

uents in modulating receptor affinity and activity; (d)
further investigation of the role of other electronic prop-
erties and rotations about the C5-C1’ torsion angle in
determining relative receptor affinities and activities.

To examine possible conformational effects on relative
affinity and activity, known X-ray structures (11-18) of

the analogues listed in Table 1 with variations that could

affect the conformation of the 7-membered ring or the

rotation of the free phenyl ring were compared. In addi-
tion to comparisons of known X-ray structures, the

presence of other low-energy conformers was explored.

The analogues included in this study involve changes in
rings B and C relative to diazepam (ic), particularly (a)

substituents at positions 2’ and 4’ of the phenyl ring C,
(b) the saturation of C2 as in medazepam (lh), (c) the

saturation of the N4=C5 bond as in analogue 1k, and (d)

the multiple ring changes in chlorodiazepoxide (ig). In
particular, B-ring variations that change the hybridiza-
tion of key atoms in the 7-membered ring might be
expected to have significant effects on the molecular
conformation of the fused AB-ring system, and substit-

uents on the C-ring could affect its rotational energy
profile. Both possibilities were explored.

Three types of electronic properties of BDZ analogues
were also calculated that could be molecular indicators

of relative receptor affinities and activities. To this end,

the series of 21 analogues (2a-2u) given in Table 2 were

investigated. Although not all of the anticonvulsant ac-

tivity and affinity data given in Table 2 are from the

same laboratory, all follow similar protocols (19), so that

the large qualitative differences in them are reliable. It
is only these differences, rather than precise quantitative
variations between high-affinity and high-activity ana-
logues which we shall address. The analogues included
in this study are active and inactive congeners with

variation of substituent at position 7, 8, or 9; at position
N1; and at positions 2’ and 4’ of the C-ring. Semiempir-

ical molecular orbital methods were used to calculate a
number of properties of the isolated analogues, such as
dipole moments, net atomic charges, and energies and
electron distributions in the HOMO and LUMO. In
addition, a second type of property, the molecular elec-
trostatic potential, was calculated at specific points in
regions and planes around selected analogues. This cal-
culated potential is the energy of interaction of the entire
molecule with a point-positive charge in the approxima-
tion that the charge does not affect the molecular poten-
tial, i.e., in a frozen-charge distribution.

Finally, explicit BDZ-model receptor interactions in-
volving N4 were characterized in two approximations,

and the effect of a halogen in position 2’ on them
determined. In one approximation, it was assumed that
a proton transfer to N4 occurs during BDZ interaction
with the receptor. Proton affinities were calculated for

analogues with a 2’-H, a 2’-Cl, and a 4’-Cl substituent
as a function of rotation about that of the phenyl C-ring

using semiempirical molecular orbital methods. In a sec-
ond model, explicit interactions between N4 and a cat-
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TABLE 2

A nalog ues of 1,4- BDZs investigated

Compound X R, R2 Y EDw, mouse K,b
anti-PTz test#{176}

mg/kg nM

2a� H H =0 H >800

2b H CH3 =0 H “Inactive” 90

2c H CH, =0 2’-Cl

2d H CH3 =0 4’-Cl

2e H CH3 =0 2’,4’-Cl

2f 7-Cl CH, =0 H 2 8.9, 6.2d

2g 7-Cl CH, =0 2’-Cl 0.4 036d

2h 7-Cl CH3 =0 4’-Cl >200 101,000
2i 7-Cl CH3 =0 2’,4’-Cl “Inactive”

2j 7-Cl H =0 H 6 8.8, 8.Od
2k 8-Cl H =0 H 334

21 8-Cl CH, =0 H

2m 7-NH2 CH3 =0 H >400’

2n 7-NO2 H =0 H 0.7 19
2o 7-NO2 CH3 =0 H 0.6

2p 9-NO2 H =0 H >800

2q 9-NO2 CH3 =0 H
2r 7-CF3 H =0 H 0.9 14

2s 7-CF3 CH, =0 H
2t 7-Cl CH3 H2 H 7 3,850
2u 7-Cl H -NHCH3 H 8 574,

#{176}Data compiled from refs. 2-5 and also supplied to us by Dr. W. E. Scott, of
Hoffmann-La Roche.

b Receptor binding data compiled from Braestrup and Squires (9) K, against

[‘H]diazepam, where K = ICw/1 + (l3Hl�2A�Pam)

‘ Substitution of a CH, group for the phenyl C-ring in analogue 2a produces a
known convulsant (RO 5-3663) with a 10-fold decrease in affinity; i.e., IC,�, =

1000 nM in competition with [‘H]diazepam as communicated to us by Dr. W. E.

Scott, of Hoffmann-La Roche.

d K against [3H]flunitrazepam. Data from the present study.
e Activity reported for medazapam here has been shown to be due to metabo-

lism to diazepam (ref. 3). Activity reported for 7-NH2 diazepam is assumed to be

due to metabolism from 7-NH2 medazepam.

ionic receptor site, (CH3NH3)”, were characterized as-
suming a hydrogen-bonded interaction between the two
nitrogen atoms. The effect of a 2 ‘ -halo substituent and
rotation of the phenyl group on the energy of BDZ
receptor interaction was then determined using both
empirical energy and semiempirical molecular orbital

methods.

METHOD AND PROCEDURE

Total geometry optimizations were obtained using an empirical

energy program called MOLMEC (20, 21) and the semiempirical mo-

lecular orbital method called MNDO (22) both of which are described

in detail elsewhere (20-22). Both programs have been carefully para-

meterized using a large number of molecules with known structures to

yield reliable geometries and relative energies for a variety of organic

compounds. MOLMEC, developed primarily by Drs. DuChamp and

Oie, uses a 7-term empirical energy expression which includes torsion

angle, bond angle, and bond length variations as well as electrostatic,

dispersion, and repulsion terms.

The X-ray structure of diazepam was used as initial input to the
empirical energy program MOLMEC, and total geometry optimization

was performed. Additional conformations of the B-ring were also used
as initial input to MOLMEC, total optimizations were performed, and

resulting energies and conformations were compared. In particular, the

following variations were examined: (a) B-ring inversions through C,;

(b) Various values of the torsion angle r(Cg-C10-N,-C2), which deter-
mines the extent of co-planarity of atoms N, and C2 with the fused

aromatic ring A; and (c) changes in the local geometry of N,, depending
on whether an N,-H or N,-CH, substituent is present.

The other conformational property of BDZs addressed is the rota-
tional energy profile of the phenyl ring (C). In these studies, MNDO-
optimized geometries were obtained for analogues 2f, 2g, and 2h, and

MNDO was used to calculate their heat of formation as a function of

the torsion angle r5 (N4-C5-C,’-C2’). Total geometry optimization was

then performed for the lowest-energy conformers obtained for each

analogue to characterize them more completely,

The MNDO geometry-optimized lowest-energy conformer of diaze-
pam (2fl was used as a basis for construction of initial geometries for
all other analogues in Table 2. Total geometry optimization was then

performed for each analogue, using MNDO.

MNDO-optimized geometries were used to calculate all electronic

properties reported. Empirical energy programs such as MOLMEC do

not yield electronic structures. Thus, use of the same method, i.e.,

MNDO for geometry optimizations and calculation of electronic struc-

ture, was thought to yield the most internally consistent set of elec-

tronic properties for comparison among analogues. Optimized geome-

tries for uniform comparison of electronic structures are preferable to

use of X-ray structures, which are unavailable for many analogues and

usually contain different amounts of ambiguity for each known com-

pound.

Using the MNDO method together with a Mulliken population

analysis, net atomic charges, bond overlap densities, �‘- orbital densities,

energies and electron distributions in the HOMO and LUMO were

calculated.

Molecular electrostatic potential mapping was also performed using
MNDO-optimized geometries. However, orthogonalized INDO (23)

orbital function was used for MEP calculations, since the current

version of the mapping program (24, 25), described elsewhere (24, 25),

is orders of magnitude faster with this orthogonalized basis set as input

than from any molecular orbital procedure using deorthogonalized

orbitals, such as MNDO. Orthogonalized, INDO-based MEP calcula-

tions have well-known weaknesses. However, their reliability for use
in qualitative comparisons in planes containing polar atoms has been

confirmed in a number of studies (24).
The possible effect of 2’-halogen substituents on N4 receptor inter-

actions was considered in three different ways: (a) MEP mapping was

done around N4 in the presence and absence of a 2 ‘ -F group at different

phenyl C-ring orientations. (b) Protonation at N4 was considered as

one model for its interaction with a cationic receptor site. Total
geometry optimization of protonated analogues of 2f, 2g, and 2h were

obtained using MNDO. Proton affinities were calculated as a function
of rotation of the phenyl C-ring for these three analogues by single-

point MNDO calculations. These proton affinities are defined as the
negative of the enthalpy of the reaction:

i.e.,

BDZ + H� -* [H.N4BDZ]�

Proton affinity = [�H,(BDZ) + �H,(HiJ - �H,[HN4BDZY�

(c) Explicit interaction of N4 with a model cationic receptor site

(CH3NH,)� was characterized assuming an H-bonded interaction: H4-

H-NH,CH,. The energy of interaction for 2’-H and 2’-X BDZ ana-
logues, X = F,Cl, as a function of rotation of the phenyl C-ring was

calculated by three different methods. One was an empirical energy

method contained in a program called MOLECULE (26, 27), which is

a modified Scheraga-type empirical energy function expression (26)
containing five terms: electrostatic, H-bonded, dispersion (Van

DerWaals), repulsion, and torsion angle energy. It has been modified
in our laboratory by Dr. Stanley Burt in collaboration with colleagues

at NASA-Ames to include more atom types and to calculate geometry-

optimized or single-point intermolecular interactions (27). This method
yields intermolecular energies directly. To verify these results, two

other methods were used, CNDO/2 and INDO, both of which are

semiempirical quantum mechanical methods that yield energies of

interaction by differences in the calculated energies of reactants and

products. The specific reaction used for complex formation was: BDZ

+ (NH,CH,’�) -* (BDZ .CH,NH,)F. In this calculation, interaction
geometries were fixed in those obtained by the empirical energy pro-

gram with intermolecular geometry optimization. Prior analysis of the
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b) Diazepam i� and Medazepam �

FIG. 1. Superposition of crystal structures of three 1,4-BDZ ana-

logues with diazepam

Areas of conformational difference are boxed.
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strengths and weaknesses of these methods in characterizing H-bond-

ing interactions (28) indicate that they cannot be used to obtain reliable

geometry, always underestimating the heavy atom distance and hence

overestimating interaction energies. However, if reliable H-bonding

geometries are used, these methods yield reasonable interaction ener-

gies.

RESULTS AND DISCUSSION

Conformation

The known X-ray crystal structures of analogues la-
ii shown in Table 1 were examined for overlapping
regions by use of the graphics capabilities linked to the
MOLECULE structure-generating library. All nine
structures were found to be essentially indistinguishable.
Fig. 1 illustrates this similarity by showing the superpo-
sition of the diazepam (ic) crystal structure with that of

analogues if, ig, and ii.
In addition to the conformations shown, the unit cells

of analogues if, ig, and ii contain a second molecule
related to the first by an inversion through atom C3.
Thus X-ray structures resembling both diazepam and

“inverted” diazepam are found.
Total geometry optimizations using the empirical en-

ergy program MOLMEC and a variety of initial geome-
tries performed for most des-7-Cl analogs of analogues
listed in Table 1 led to only two types of low-energy
conformers very similar to the two X-ray structures and
with nearly identical energies (within 0.5 kcal/mole). To

confirm these results, the MNDO method was used to
optimize the geometry of many conformers for diazepam.

Again, the same two conformers with enthalpies of for-
mation differing by “-i kcal/mole were the only minima

found. These results are consistent not only with X-ray
structures, but with NMR studies of diazepam (29) and
des-methyl diazepam (29), indicating the presence of two
interconverting conformers corresponding to B-ring in-

version.
The two equal low-energy conformers are shown in

Fig. 2 together with values of the B-ring torsion angles.

There were no coplanar minima; i.e., no stable conform-
tions with T(C9-Cio-Ni-C2) 180#{176}were found. Thus,
differences in receptor affinity between diazeparn, chlo-
rodiazepoxide, and medazepam (values of K1 = 8.9, 574,

and 3850 nM, respectively) appear to be due to stereoe-
lectronic effects of changes of substituent in the B-ring

rather than conformational differences in the B-ring
itself.

From NMR studies of diazepam and N1-H diazepam
(29), it was proposed that the substituent on N1 plays an

important role in modulating the B-ring inversion and,
in particular, it was suggested that the N1 atom in the
N1-H analogue had more sp2 character than in the N1-
CH:t analogue, facilitating the inversion. To investigate
this hypothesis further, MOLMEC-optimized geometries

ofanalogues 2a and 2b (Table 2) were compared in detail.

The results indicate that substituting a CH3 group for a
hydrogen group on N1 does somewhat affect the B-ring
geometry around the N1 atom. However, it is in the N1-
CH:t analogue (2b) that the hybridization of N1 appears
to be closer to sp2. Bond angles around N1 are close to
120#{176}, and torsion angles of the N1 substituents differ by

a) Diazepam i� and Analog ii

c) Diazepam is. and Chlordiazepoxide 1!.

about 170#{176}as compared with the ideal sp2 hybridization
value of 180#{176}.For the N1-H analogue (2a), the geometry
of N1 appears to be a “mixture” of sp2 and sp3 hybridi-
zation. The exocyclic bond angles around N1 decrease to
values of 114#{176}and 115#{176}.The N1 substituent torsion
angles differ by 154#{176},a value between sp2 (180#{176})and sp3
(120#{176})hybridization. This difference in “hybridization”
appears to be determined by the steric requirements of
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(A)

Ti ‘ �(C9-C�0-N1-C2) . 240’

12 ‘ t(C10-N1-C2-C3) ‘ 338’

‘3 ‘ �(N�-C2-C3-N4) ‘ 301’

Y4 � r(C2-C3-N4_c5) ‘ 70’

‘r5 - t(54C5�C1,�C2,) - 285

(B)

these two minima with maxima when the phenyl ring is
600 from the fused A- and B-rings are found. The en-

thalpic barriers increase from 18 kcal/mole for 4’-Cl-
diazepam to 37 Kcal/mole for diazepam to i96 kcal/mole
for 2’-Cl-diazepam. These results are consistent with
previously reported values (9) using the CNDO method
of a 20 kcal/mole barrier for 2’-H- and 148 kcal/mole

for 2’-F-i,4-BDZ between minima at r 90, 270. Total
geometry optimization of the low-energy conformer with
T5 = 3000 led to a torsion angle � -C2’) � 284,
closer to a perpendicular conformer (r 2700) for all
three analogues. Thus, neither a 4’-Cl nor a 2’-Cl sub-
stituent affects the equilibrium conformations of the C-
ring. These results suggest that the enhanced receptor
affinity and activity of 2’-Cl and the greatly diminished

activity of the 4’-Cl analogues are due to specific ster-
eoelectronic requirements of local receptor subsites near
these positions or to the way in which their presence
affects receptor interactions in other regions.

Electronic Properties

The set of calculated electronic properties of the iso-
lated molecules examined as discriminators of receptor
affinity and pharmacological activity were (a) dipole
moments; (b) net atomic charges; (c) ir electron densities;
(d) the energy and nature of the HOMO that could be
involved in electron donation to electrophilic receptor
sites, and the energy and nature of the LUMO that could
be involved in electron acceptance from nucleophilic
receptor sites; and (e) MEP energy contours.

Electron distributions and dipole moments were cal-
culated for geometry-optimized structures of analogues
2a-2u using MNDO.

Calculated dipole moments. As a test of the reliability

of MNDO in describing the substituted analogues, the
dipole moments and heats of formation of chlorobenzene,
nitrobenzene, and aminobenzene were calculated and the
results compared with experimentally available values as
shown in Table 3. While not perfect, agreements between
experimental and calculated dipole moment values and
heats of formation are good enough for reliable prediction
of relative behavior of these properties.

Examining calculated dipole moments (Table 4) for
geometry-optimized structures of analogues 2a-2u, we
see that values for low-affinity or inactive analogues are,

in general, significantly larger than those of active ana-
logues. Substituent variation on the A-ring in particular
shows this correlation; i.e., the larger the dipole moment,
the lower the activity. A major exception to this corre-
lation were analogues with a 4’-Cl substituent such as
2h, which had a K of 101,000 nM and a dipole moment
of 2.73 Debye. This exception supports the notion that
the inactivity of 4’-Cl analogues is due to a very specific
localized receptor requirement at the subsite. Another
exception is medazepam, with a low dipole moment (2.26
Debye) and a very low receptor affinity (K� - 3850 nM),

indicating a C.�=O group as a specific requirement for
high affinity.

This general correlation obtained confirms similar re-
sults of a previously reported study (6) in which multiple

regression analysis was used to correlate calculated elec-

Ti : �(C9-C10-N1-C2) . 119’

‘2 ‘ T(C10-t41-C2-C3) ‘ 31’

‘3 ‘ �(N1-C2-C3-N4) ‘ 47’

c1� ‘4 ‘ t(C2-C3-N4-.C5) ‘ 296

‘r5 #{149}‘r(N4-C5-C1,-C2,) #{149}251’

FIG. 2. Structures of the two low-energy conformations of diazepam

(analogue ic)

The torsion angle is measured by viewing down the axis formed from
atoms 2 and 3 and rotating counterclockwise from axis formed by atoms

1 and 2 to the axis formed by atoms 3 and 4. A. Optimized X-ray

crystal structure. B. Optimized “inverted” structure.

the methyl substituent. The carbon atom of the bulky
methyl group does not remain in the plane of the A-ring,
but moves 600 out of the plane because of repulsive
interaction with the hydrogen on C9 and with the C�=O
carbonyl group. Since r(C9-Cio-N1-C2) remains at .��24O0,

sp2 hybridization of N1 results. With the N1-H analogue,

the hydrogen remains in the plane of the A-ring, thus
moving the N1-hybridization toward sp3. This slight dif-
ference in hybridization and local N1 geometry does not
appreciably affect the �r electron distribution (�p � O.02e)
except at N1 itself. The N1-CH3 analogue has a ir electron
density of 1.285e, whereas the N1-H analogue has a ir

density of i.443e. It is not likely that these small differ-
ences are important factors in the rate of ring inversion.
It could account for the slight difference in anti-PTZ
activity evidenced by the two analogues, the sp2 hybrid-
ization being favored. However, in general, there is very
little difference in affinity and activity between pairs of
N1-H and N1-CH3 analogues (2a, b; 2f, j; 2n, o, Table 2).

Results of systematic rotations of the phenyl ring for
analogues 2f, 2g, and 2h, using MNDO with optimized
geometries, are shown in Fig. 3a. These three analogues
all have two essentially equal energy minima at r(N5-C5-

C1’-C2’) � 1200 and 3000. Large energy barriers between

THEORETICAL STRUCTURE-ACTIVITY STUDIES OF BENZODIAZEPINES 23
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TABLE 3

Comparison of calculated and experimental dipole moments (DM�) and

heats of formation of chloro-, nitro-, and aminobenzene

Compound Exp. DM’ Calc. DM Exp. �H, Calc. �H,

Debve Debve kcal/mole kcal/mole

q-Cl 1.69 1.87 12.5” 13.3

�-NO2 4.22 5.39

q-NH2 1.53 1.48 20.8c 21.7

a Compiled from ref. 30.

b Compiled from ref. 31.

C Compiled from ref. 32.

tronic indices with the anticonvulsant, sedative-hyp-

notic, muscle relaxant and anxiolytic activities of 59
BDZs. In that study, the dipole moment calculated by
the CNDO method gave the only significant correlation.

This correlation has two implications: (a) It could
imply a competitive, nonspecific binding process involv-
ing dipole interactions which lowers the apparent activity

of BDZs. (b) It could mean that values of the molecular
dipole moment reflect the presence and favorable orien-
tation of electronegative substituents located at certain
key sites required for receptor interaction, in this case,
specifically at positions 7 and 2’. This latter conclusion
is consistent with the results of electrostatic potential
mapping and explicit drug-receptor interactions of the
BDZs presented below.

Net atomic charges. Net atomic charges, typical for the

i,4-BDZs, are given for diazepam (20 in Fig. 4. From
Fig. 4, we see that the most negatively charged atoms are

N1 > 02 > N4, and the most positive atoms are C2 > C5
> C10. In addition, for analogues with an H on N1, this
H is also quite positive; i.e., for analogue 2j, q� = +0.246.

Although this H has been proposed to be important in

receptor interactions, similar receptor affinities and ac-
tivities for N1 - CH3 and N1 - H analogues argue against
a specific requirement for an “acidic” hydrogen.

A Cl substitutent in any position has a slightly negative
charge and orbital population that resembles atomic

chlorine: i.e., in atomic Cl, (3�)2 (3p5)’ in BDZ Cl, (3�)1.98

(3px)’79 (3py)1#{149}35(3pz)1’98.
Net atomic charges and ir electron distributions of the

A-ring, N1, and C5 are summarized in Table 5 for five
analogues closely related to diazepam. As seen in Table
5, the presence or absence of a Cl substituent on position
7 or 8 of the A ring has only a local effect on total charge

distribution and ir electron distribution. Similarly, the
presence of a Cl substitutent at position 2 ‘ or 4’ of the
C-ring has only a local effect on total charge distribution.

The other 7-substituted analogues (2m, 2n, and 2r)
show results expected for electron-donating and electron-
withdrawing groups, respectively.

ir Electron densities. The ir electron distribution for

the A-ring, C5, and N1 in diazepam (Fig. 4) indicates two
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TABLE 4

Correlation of cakulated dipole moment (DM) with anticonvutsant

activity of 1,4-BDZ analogues

A. A-Ring substituent variation

Analogue’ X DM ED�, mouse K1
anti-PTZ test

Debye mgrng nM

1. 2n (2o) 7-NO2 2.2 0.7 (0.6) 19

2. 2j (2fl 7-Cl 2.6 (2.6) 6 (2) 8.8 (8.9)
3. 2r (2s) 7-CF, (2.8) 0.9

4. 2k (21) 8-Cl 3.4 (3.5) 334
5. 2a (2b) 7-H 4.9 (4.4) >800 (“inactive”) (90)
6. - (2m) 7-NH2 (6.7) >400

7. 2p (2q) 9-NO2 7.3 >800

B. B-Ring substituent variation

Analogue DM EDse, mouse K1

anti-PTZ test

Debye mg/kg nM

1. 2t Medazepam 2.26 7 3,850

2. 2f Diazepam 2.6 2 8.9
3. 2u Chiordiazepoxide 13.1 8 574

C. C-Ring substituent variation

Analogue X Y DM EDse, mouse K1

anti-PTZ teat

Debye mg/kg nM

1. 2f 7-Cl 2’,4’-H 2.6 2 8.9
2. 2h 7-Cl 4’-Cl 2.7 >200 101,000
3. 2i 7-Cl 2’,4’-Cl 2.7 “Inactive”

4. 2g 7-Cl 2’-Cl 3.4 0.4 0.36
5. 2d 7-H 4’-Cl 4.3
6. 2b 7-H 2’,4’-H 4.4 “Inactive” 90
7. 2e 7-H 2’,4’-Cl 4.6

8. 2c 7-H 2’-Cl 5.0

a Results are given for pairs of N1-H and N1-CH3 analogues, labeled

as in Table 2, with the value for the N1-CH3 analogue shown in

parentheses.

electrons in the Cl(ir) orbital, an electron-rich N1(ir)
orbital, and an electron-deficient C5(ir) orbital. These
characteristics of N1(ir) and C5(ir) orbitals persist for all
analogues investigated (Table 5).

Energy and nature of HOMO and LUMO. All of the
HOMO and LUMO are essentially ir orbitals, centered
on either the A-ring or the C-ring, with some heteroatom
participation. The energies and nature ofthe four highest

filled and four lowest empty orbitals are given in Table
6 for diazepam. The nature of the orbitals is expressed
as percentage of electron density on the indicated atomic

orbitals of the molecular orbital calculated from a Mul-
liken population analysis.

The nature and energy of the lowest-energy unoccu-
pied orbitals and highest-energy occupied orbitals
(HOMO -3 to LUMO +3) do not vary in any consistent
or significant manner with the presence or absence of
substituents on the A- or C-rings. A typical example of

the effects of these substituents is given in Table 7, using
variations in the nature and energy of HOMO. These
results are consistent with those of previous investiga-

tions in which no significant correlation was found be-

tween measure of the four biological activities and lipho-

philicity, and total electronic charge on any atom,
HOMO or LUMO energies (6).

The results from the electronic investigations, taken
together with the conformational results, strongly mdi-
cate that the striking modulation of affinity and activity
of A-ring and C-ring substituents is not primarily due to
the effect of these substituents (a) on the charge distri-
bution of the remaining portions of the benzodiazepines,
or (b) or their conformation. Rather, the effect of these
substituents appears to be due to their own localized
interaction with specific receptor subsites, or to modu-
lation of receptor interactions of other polar regions of
the molecule.

MEP energy contours. MEP mapping was performed
for active and inactive analogues with C7 - X, where X
= H, NH2, F, CF3, NO2, and C2’ - Y, where Y = H and
F, to investigate further the postulated role of substit-
uents in interactions with specific receptor subsites and
in modulation of receptor interactions of other polar
groups of the 7-membered ring.

The focus of the investigation centered on two themes:
the nature of the MEP contour near the 7-substituent of
the A-ring, and the effect of A-ring and C-ring sub-
stituents on the MEP in the vicinity of the heteroatoms
N1, 02, and N4 of the 7-membered B-ring. To this end,
electrostatic potential contour maps were obtained in
three planes: (a) in the plane of the A-ring, (b) in the C3
-N4=C5 plane, and (c) in the N1-C�=O plane.

Figure 5A and B shows the results of electrostatic

potential mapping in the plane of the A-ring, with the
C7 substituent at the center of the region mapped, for
two inactive analogues (C7-H and C7-NH2). As seen in
Fig. 5, these inactive analogues were found to have a
largely positive potential around the area of the 7-sub-
stituent. In both cases the molecule exhibits a uniformly
decreasing positive potential and around the A-ring hy-
drogens. The shapes of the potentials are very similar,
the only difference being the extension of the positive
potential away from C7 owing to the more bulky NH2
group.

By contrast, all of the low-energy conformers of the
three active analogues shown in Fig. 6A, B, and C were
found to have a large negative potential in the plane of
the A-ring. For both the 7-F and 7-NO2 analogues, two
symmetrical potential minima are found at distances of
about 4.7 AU and 6.1 AU, respectively, from the C7 atom
(1 AU = 0.529A). Although the magnitudes ofthe minima
for the C7-CF3 analogues are smaller, at a distance of 5.6
AU from the C7 atom, they increase substantially in the
plane just below the A-ring that contains the other two
fluorine atoms. In all three analogues, the orientation of
these two minima, the shape of the zero contour, and the
area covered by the negative potential envelope are very
similar. It is this similar directionality ofthe two minima,
as well as their large values, that could be efficacious for
interaction with a specific cationic receptor subsite.

Electrostatic potential mapping in the N1-C�=O2
plane, as shown in Fig. 7A and B, reveals a large negative
potential in this plane, and a long-range effect of C7-
substituents. As shown in Fig. 7A, with a C7-H substit-
uent, there is a large negative potential region around 02
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with a maximal value of -iii kcal/mole. With a C7-F

substituent (Fig. 7B), this maximum is reduced to -103

kcal/mole.

For medazepam and chlorodiazepoxide, there is no
negative potential around position C2 in the N1-C2-X

plane, since the carbonyl group is replaced by C2-H2 in

medazepam, and by C2NHCHa in chlordiazepoxide.

Their greatly diminished receptor affinity relative to

diazepam-type BDZs strongly indicates that the large
negative potential generated by the C�=O group is very
important to receptor affinity, and implicates another
cationic receptor site in this region.

Electrostatic potential contours around N4=C5 in the
plane defined by C:rN4C5 are given in Fig. 8A and B

for C7-H and C7-F analogues. For both analogues, a

large negative potential was found around N4, due mainly

to the lone pair of electrons of the imine N in this plane.

Shown in Fig. 8A and B is the diminished magnitude of
this potential due to the electron-withdrawing group at

C7. As shown in Fig. 8B, the 7-F analogue was found to

have a minimum reduced by 6-7 kcal (107 kcal/mol
versus 101 kcal/mole, respectively).

There was no significant effect of 4’-F on the electro-

static potential of any polar groups on the A- or B-ring.
Thus, the greatly diminished affinity and activity of the

4-halo analogues appears to be due to a specific unfavor-

able interaction at that site, presumably with an anionic

receptor subsite.
To investigate fully the effect of a 2 ‘ substituent on

the MEP around N4, three phenyl ring conformers of a
C7-F, C21-F analogue were mapped, as shown in Fig. 9a,
b, and c: (a) the minimum conformer, corresponding to

T5 (N4-C5, C1’-C2’) = 284#{176}with the C-ring nearly perpen-
dicular to the B-ring; (b) a conformer with r5 (N4-C5-

C1’-C2’) = 316#{176},which is only 2.3 kcal/mole higher in

energy than the minimum energy conformer and repre-

sents the optimum energy of interaction with a cationic

receptor site; and (c) an energy conformer with forced
planarity [r5 (N4-C5-C1’-C2’) 0] of the C-ring and N4

of the B-ring, which is 15 kcal/mole higher in energy
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TABLE 5

Net atomic charges and ir electron dertsit y distributioru in five BDZ analogues

qi (xi) Analogue

2f 21 2g 2h 2m

N1 -0.53 (1.29) -0.53 (1.28) -0.53 (1.29) -0.53 (1.29) -0.50 (1.30)

C1 +0.17 +0.17 +0.17 +0.17 +0.16
C10 +0.16 (0.96) +0.16 (0.97) +0.17 (0.96) +0.16 (0.96) +0.09 (1.06)
C9 -0.12 (1.03) -0.10 (1.03) -0.12 (1.03) -0.12 (1.03) -0.06 (0.98)
C8 -0.04 (0.96) +0.02 (1.03) -0.04 (0.95) -0.04 (0.95) -0.15 (1.08)
C7 -0.03 (1.08) -0.09 (1.01) -0.03 (1.08) -0.03 (1.08) +0.20 (0.93)
xc -0.12 (1.98) -0.10 (1.98) -0.11 (1.98) -0.10 (1.98) -0.54 (1.86)

Cs -0.01 (0.95) -0.04 (0.96) -0.02 (0.95) -0.01 (0.95) -0.13 (1.07)
Cli -0.13 (1.08) -0.13 (1.07) -0.13 (1.09) -0.13 (1.09) -0.08 (1.04)

C5 +0.19 (0.86) -0.19 (0.86) +0.19 (0.86) +0.19 (0.86) +0.15 (0.86)

N4 -0.31 -0.31 -0.31 -0.31 -0.28

C, +0.05 +0.05 +0.05 +0.05 +0.02
C, +0.42 ±0.42 +0.42 +0.42 +0.43

02 -0.36 -0.36 -0.36 -0.36 -0.39

C1 ‘ -0.07 -0.07 -0.04 -0.06 -0.07

C2, -0.06 -0.06 +0.03 -0.06 -0.06
C:i’ -0.10 0.10 0.08 0.08 0.10
C4, -0.08 -0.08 -0.08 +0.00 -0.08

C5, -0.11 -0.11 -0.10 -0.08 -0.11
C6’ -0.05 -0.05 -0.05 -0.05 -0.06
yb

- - -0.12 -0.11 -

a X = Substituent atom on C7 or C5 in the different analogues.

b y Cl substituent on C2’ or C,’.

than the minimal energy conformation. Both of these
higher energy conformers would correspond to induced
conformational changes at the receptor site.

Comparing the MEP in Fig. 9a with that of Fig. 8B
(with a C2’-H substituent), we see that the presence of

the C2’-F substituent diminishes the maximal energy of

attraction with a point charge from -101 to -97.4 kcal/
mole. This energy remains very similar (-95 kcal/mole)
when the phenyl C-ring is rotated by i80#{176}to its other
local minimum.

TABLE 6

Nature and energy of HOMO and LUMO of Diazepani

Diazepam Energy of Electron distribution

orbital orbital in orbital�

HOMO -3
HOMO -2

eV

-10.1
-9.6

84% Ring-A, 6% N4

92% Ring-C

HOMO -1 -9.6 85% Ring-C, 9% ring-A, 2% N,

HOMO -9.5 53% Ring-A, 11� ring C. 4% Cl, 17� N,

LUMO -0.8 85% Ring-A, 6% N4, 4% C5

LUMO +1
LUMO +2
LUMO +3

-0.5
-0.07
�t2:��

�.S% Ring-A

86% Ring-C, 2% N4

96% Ring-C

a Orbital distribution� are defined in terms of percentage of ir elec-

tron density contribution from each participant atom in the three ring

systems (rings A, B, and C; see Table 1.) as calculated from a Mulliken
population analysis. Substantial �r contributions from the heteroatoms

have also been included.

However, when the phenyl group is allowed to relax
toward planarity by 30#{176}(Fig. 9b) and then by the full
76#{176}from its minimum energy conformer (Fig. 9c), the
maximal value ofthe negative potential increases to -102
and then to -125 kcal/mole. Thus, “induced” confor-
mations requiring 2.3 and 15 kcal/mole result in in-

creases of 4.6 kcal/mole and 27.6 kcal/mole, respectively,
in the maximal value of MEP obtained. This enhanced
negative electrostatic potential is indicative of an en-
hanced affinity of N4 to a point-positive charge. However,
steric factors involved in the explicit interactions of an

extended cationic site with N4 could be important in
determining the net effect of the 2’-halogen group on
receptor affinity.

Model Drug-Receptor Interactions

Drug-receptor interactions were modeled in two ap-
proximations. (a) In one, the assumption was made that
protonation of N4 is a good model for its interaction with
a cationic receptor site. (b) In the second, this drug-
receptor interaction was explicitly characterized by an
H-bonded type intermolecular complex between N4 and
a model cationic receptor site (CH3 NH3)� of the form

N4-H-NH2 CH3. In the first study the proton affinity
of complex formation and in the second study the stabil-
ity of complex formation were calculated as a function

of rotation of the phenyl C-ring for BDZ analogues with
a 2’-H and a 2’-halogen substituent.

Protonation of BDZ at N4. As shown in Fig. 3b, both
the 2’-H and 2’-Cl protonated analogues at N4 have the
same minimum energy conformers. Moreover, in corn-

paring Fig. 3a with Fig. 3b, we see that these two mini-
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TABLE 7

Comparison of the nature and energy of the HOMO in various BDZ analogues

x” R, R, Y Energy of

HOMO
% Ring-A” % Ring-C Otherc

eV

H CH, =0 H -9.39 65 0 20% N,, 4% 02

7-Cl CH3 =0 H -9.57 64 16.5 8.2% N,, 3% 02, 4.0% Cl7, 1.2% N4

8-Cl CH3 =0 H -9.60 37 38.4 12% N,, 1.6% 02, 2% N4, 1.2% Cl,�

7-Cl CH3 =0 2’-Cl -8.52 62 0 21% N,, 3.6% 0,, 4.8% Cl,, 8% Cl,

7-Cl CH3 =0 4’-Cl -9.67 58 0 20% N,, 3.5% 02, 5.0/0 Cl7, 8% Cl4, 1% N4

7-Cl CH, =0 2’,4’ -Cl -9.64 59 0 22% N,, 5% Cl7, 4% 02
7-NH, CH, =0 H -8.68 64 0 24.1% N7, 6.7% N,, 2% 02
7-CF3 CH3 =0 H -9.78 1.1 88 2.4% N4

7-NO, CH3 =0 H -9.88 0 92

9-NO, CH, =0 H -9.94 0 88 2.7% N4

A.

a Substituents reference to the BDZ figure, Table 1.

b Orbital natures are defined in terms of % z- electron density contribution from each participant atom in the three-ring systems (see Table

1), as calculated from a Mulliken population analysis.

� jr-Contributions from important heteroatoms have been included.

B.

FIG. 5. Cakulated MEP maps of two inactive 1,4-BDZ analogues

Shown are contours in energy units of kilocalories per mole within a 6 AU (1 AU = 0.529 A) square region around the C7-X substituent, in

the plane of the A-ring. A. C7-H Diazepam analogue (2b). B. C7-NH, analogue (2m).
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mum energy conformers are the same as for the unpro-
tonated analogues. Only the barrier between the minima
is substantially increased for the protonated species.
Since this barrier is already high for the parent com-

pounds, analogues protonated at N4 are predicted to have

the same equilibrium conformers as the parent com-
pounds.

Proton affinities as a function ofphenyl group rotation
were also calculated for 2’-H, 2’-Cl, and 4’-Cl analogues

using MNDO. As shown in Table 8, the presence of
either a 2’-Cl or 4’-Cl group decreases the proton affinity
of N4 at every calculated value of C-ring rotation. Thus,
if protonation is a good model for N4 interaction with a

receptor site, the presence of a 2’-Cl or 4’-Cl weakens

this interaction, and partial rotation toward planarity
does not change this result. Since Cl substituents in
these two positions have opposite effects on affinity,
these results argue against full protonation as a key
feature of drug-receptor interaction.

Model cationic receptor site BDZ interactions. Using

CH3NH4� as a model for a lysine-type cationic receptor,
its energy of interaction with N4 in the H-bonded com-
plex shown in Table 9 was calculated as a function of
phenyl ring rotation and C3N4H� bond angle variation,
using the empirical energy program MOLECULE (26,
27). As shown in Table 9, three significant results were
obtained: (a) In the minimum energy conformer of the
phenyl ring (r = 284#{176}), the presence of a C2’-Cl group
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A.

C.

B.

FIG. 6. Calculated MEP maps of three active 1,4-BDZ analogues

Shown are contours in energy units of kilocalories per mole within a 6-Bohr square region around the C7-X substituent, in the plane of the
A-ring. F substituents are substituted for Cl substituents. A. C7-F analogue. B. C7-NO, analogue (2o). C. C7-CF, analogue (2s).
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diminishes N4 interaction with a cationic site. This result
is in keeping with the electron-withdrawing ability of the
Cl substituent. (b) Rotation of the phenyl C-ring toward
planarity in the 2’-H analogue does not enhance the N4-
cationic receptor interaction. (c) Rotation of the phenyl
C-ring toward planarity of the 2’-Cl does enhance the
N4-cationic receptor interaction, with optimal interac-
tion occurring at r = 316#{176}.

These results suggest that, in its minimum energy
conformer, the 2’-halogen substituent of a i,4-BDZ
would diminish the interaction of N4 with a model ca-
tionic receptor site. This result is in keeping with its
effect on the proton affinity at N4 and on the MEP.

However, rotation of the phenyl C-ring toward planarity
enhances the N4-cation interaction of a 2’-halogen ana-
logue but not that ofa 2’-H analogue. Although the MEP
contours in Fig. 9a-c suggest that total planarity is more
effective for point cationic interactions, with an extended
cationic site, interaction is a maximum when the phenyl
group is rotated 30#{176}toward planarity, apparently repre-
senting an optimal balance between steric and electronic
factors.

In order to verify these results further, two related
semiempirical molecular orbital methods (CNDO,
INDO) were used to calculate interaction energies using
two optimized intermolecular geometries obtained from
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FIG. 7. Calculated MEP maps in kilocalories per mole of two 1,4-BDZ analogues showing the effect ofA-ring substitutents with a 4-Bohr square

region around C.�-O, in the N,C20, plane

A. C�-H analogue. B. C7-F analogue.

A. B.

FI;. 8. Calculated MEP maps in kilocalories per mole of two 1,4-BDZ analogues showing the effect of the C7-substituent within a 6-Bohr square

region around N4, in the C,N4C5 plane

A. C�-H analogue (2b). B. C7-F analogue.
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A.
B.
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TABLE 8

MND() calculated proton affinities0 of three BDZ analogues as a

function of rotation of the C5-phenyl ring

T55 Proton affinity

Diazepam 4’-Cl Diazepam 2’-Cl Diazepam

kcal/mole

0 226.3 204.1 197.2

30 223.8 206.6 206.6

60 223.1 207.0 208.3

90 223.1 206.2 208.4

120� 230.8 206.9 209.5

150 240.0 205.9 202.6

180 226.3 204.1 195.9

210 223.8 206.6 206.8

240 223.1 207.0 209.3

270 223.1 206.2 208.4

300� 230.8 206.9 211.9

330 240.0 205.9 153.1

a Proton affinities are defined as the negative enthalpy for the

reaction BDZ + H� -a [BDZHJ�; i.e., proton affinity = �H,(BDZH)�
+ ..\H,(Hi - 1H,(BDZ). .1H1(H�) = 365.6 kcal/mole. Protonation is

at N4. The larger the value, the greater the proton affinity of the parent

compound (i.e., the more exothermic the above reaction).

S r, r(N4-C,-C,’-C,’).

C Minimum energy conformers.

the empirical energy calculations: (a) the minimum en-
ergy phenyl C-ring conformer and (b) the conformer of
the phenyl C-ring which gave the greatest enhancement
of N4-cationic interaction. Since the INDO method does
not contain Cl atom capabilities, calculations were done
for a 7-F, 2’-F analogue for which the MEP mapping
was also done. The calculated energies of interaction are
given in Table 10. CNDO and INDO results are more
reliable when used with reasonable intermolecular geo-
metries, for example, obtained from the empirical

TABLE 9

Calculated energies of model cation receptor-BDZ interactions as a

function ofphenyl ring rotation by empirical energy method (26, 27)

T

raW,)b

(N4-C5-C,’-C,’)

E#{149}�,

C,’-H C,’-Cl

kcal/mole

285k (120#{176}) -11.18 -9.49

310 (123’) -10.25 -13.10

314 (129’) -10.26 -13.73

316’(129) -10.70 -13.89

318 (129’) -5.38 -13.75

a � = r(N4-C,-C,’-C,’). 4� = C5-N4-H bond angle. The angle C,-N4-H

was also varied. Optimum N4-N, distance = 2.90 A. N,-H distance =

1.08 A.

b Minimum energy conformation.

‘ Conformer which gives optimal interaction for C,’ -Cl analogue.

TABLE 10

Interaction energies, calculated by three different methods, of des-Cl

diazepam and 2’-Cl(F) diazepam with a model cationic receptor site

(CH�NH3Y

7-X 2’- Y rW,)a �E1d

Empirical INDOC CNDOC MNDO CNDO

kcal/mole kcal/moli�

H H 284 (120) -11.2 -21.0 -18.4

H H 316 (129) -10.7 -22.4 -19.1

Cl(F) Cl(F) 284 -9.5 -16.9 -16.6 0 0

Cl(F) Cl(F) 316 -13.8 -28.2 -28.1 2.3 0.50

a � = the torsion angle: T(N4C5C,’C,’); 4 = C5-N4-H bond angle.
b Molecule empirical energy program gives interaction energy di-

rectly. X,Y = H with CNDO calculated charge and geometries for Cl.

C INDO and CNDO results from “supermolecule” calculations give

interactions energy from � = E(AB)� - E(A) - E(5�) X,Y = F for
INDO,; X,Y = Cl for CNDO, using optimized intermolecular geometry

from empirical energy calculation.

d �1Econi is the energy (CNDO) or enthalpy (MNDO) difference

between the minimum energy (r = 284’) and the induced conformation
(r 316#{176})with constrained geometry optimization. Without optimi-
zation, the MNDO difference is �(�H,) = 3.1 kcal/mole.

method. Although they could still be overestimated (29,
33), these results confirm that qualitatively similar re-
sults are obtained from all three methods. In the mini-
mum energy conformation, a 2’-halo substituent dimin-
ishes N4-cationic site interactions as compared with a
2’-H analogue. However, rotation of the phenyl C-ring
‘-30#{176}toward planarity enhances this interaction in the
presence of a 2 ‘ -halo substituent but not a 2’ -H substit-
uent. Moreover, the enhancement of the N4 model ca-
tionic site interaction in the induced 2’ -halo conforma-
tion calculated by any method exceeds the energy re-
quired to make the conformational change. These results,
taken togehter, strongly suggest that the enhanced affin-
ity and activity of the i,4-BDZ analogues with halogen
substituents at position 2’ could be due, in part, to their
enhancement of the interaction of the C5=N4 region
with a cationic receptor site.

If this effect is important, than analogues with en-
hanced planarity of the C-ring, for example, by a covalent
bond(s) between C6 and C6’ forming a 5- or 6-membered
ring, and with a C2’ -F or Cl substituent, should have an
even higher differential receptor affinity, because no
energy would be required to keep the phenyl ring in a
nearly planar position for optimal receptor interaction.
However, if the C-ring is interacting with its own recep-
tor subsite, and the near-perpendicular conformation is
essential to the steric requirements of the receptor, the
near-planar analogues will have diminished affinity. We
are in the process of synthesizing such analogues to
distinguish further between these two possibilities.
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CONCLUSION

Conformational and electronic properties, MEPs, and
explicit model receptor interaction have been calculated
for a sereies of 1,4-BDZ analogues using both empirical
energy and semiempirical molecular orbital methods, in
order to identify molecular properties relevant to their
relative receptor affinities and pharmacological activi-
ties. Analogues with variations in key positions of the 7-
membered ring, at positions C7, C8, and C9 of the A-ring,
and at positions 2’ and 4’ of the C-ring were examined.
The results indicate that electronic rather than confor-
mational differences are responsible for variations in

relative receptor affinities.
Electron-withdrawing substituents at C7 appear to

have two opposing effects: they create a large local neg-
ative potential with a well-defined directionality in their
vicinity, and they diminish the negative potential around
the 02 and N4 heteroatoms of the B-ring. Since the
presence of these groups has the net effect of greatly
enhancing receptor affinity (compare analogues 2b and
2f), the specific and local interaction of the C7 substit-

uents with a cationic receptor site, such as the protonated
amine terminal group chain of lysine residue, appears to
dominate the smaller effect on distant interactions of

C�=0 and C5=N4 with other cationic receptor sites.
Large negative potential regions are also generated

near the C�=0 group (in the N1-C�=O plane) and near
the N4 atom (in the C3-N4=C5 plane). It is the absence

of these negative potential regions, rather than confor-

mational changes, that most likely causes the greatly
diminished receptor affinity relative to diazepam evi-
denced in medazapam (ig), chlorodiazepoxide (if), and
analogue (ii) (with a saturated N4==C5 bond). These
results are consistent with the recently reported results
of a statistical linear free-energy analysis of the relative
affinities of 39 BDZ analogues which indicated that the
presence of C�=0 and N4 were the most important

correlates to affinity (10).
The negative potential around N4 is somewhat dimin-

ished by halogen substituents at C2’ when the phenyl C-
ring is in its minimum energy conformer. However, when
the phenyl ring is relaxed toward planarity, a 2’ -F group
but not a 2’-H group greatly enhances the negative
potential around the N4 atom. Explicit N4 interactions
with a model cationic receptor site confirm this result.
Such interactions are maximally enhanced when the
phenyl group with a 2’-halo is rotated about 30#{176}toward
planarity from its minimum energy conformer.

From these results some aspects of the receptor site of
the BDZs emerge. The binding site appears to include
three specific cationic subsites near C7, C�=0, and the
imine nitrogen N4, and an anionic subsite near C4 ‘ . An
indication that these results are correct is that 1,4-BDZ

analogues with a saturated N4=C5 bond but without a
4’-substituent are inactive (33), and we predict similar
behavior for 1,5-BDZs with a saturated C4=N5 bond.
The role of the phenyl C-ring in enhancing affinity and
agonist activity requires further elucidation. One possi-
bility is that the low-energy conformer of the phenyl
group, a conformation nearly perpendicular to the fused-
ring system, is interacting with a key receptor subsite,

perhaps a protonated histidine aromatic side chain. The

enhanced affinity produced by a 2’-halo substituent and
the diminished affinity produced by a 4’-halo substituent
could be due to the effect of the halogen on interactions

of the low-energy phenyl ring conformer with such a
nearby aromatic receptor subsite. Alternatively, as ex-
plicitly indicated by the results obtained here, enhance-
ment of affinity by the addition of a 2’-halo group could
be due to an enhanced potential near N4, created by an
induced conformation of the phenyl C-ring. Rigid ana-
logues of the 1,4-BDZs with a more nearly co-planar
phenyl C-ring and 1,4-BDZ with an aromatic N in place

of the C2’ carbon are being synthesized to sort out further
the possible roles of the phenyl C ring in receptor bind-
ing.
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