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Molecular structural factors inn tine’ interaction of drugs of the piie’mmcyclidine se’rie’s svithi

ciiolinergic rec(’ptors mvere studied by quantum-mechaniical mume’tiields. Reactivity criteria

mvere based on an interaction pharmumacophore’ obtairmo’d fromut the electrostatic potential pmut-

tern ge’n(’rated in its surrelumudings by the molecular systemmi. Experinmmenmt.al results refe’rriiug
to time �isychotonmimetic activity of time drugs anid to their ant.i-ace’tylcimohine prope’rt.ies,

establisimed msith various peripheral receptors arid cimohmmcstcrases, mv(’rc sim(hsvmi to correlate

smell svith time structural re’quiremmments obt.aine’d fr out time’ int.eractiolmm piitirnmaeopimelre of

acetyl(hue)hne. Structural characteristics leadinmg to conupet itive tmnitago Inism are discussed.

INTRODUCTION

A correlation betsme’cn psyciiotomimctic

tict.ivity amid ammticholinergic potency has

been observed in various drugs (1-3). The

gly(olate esters mmmay 1)rOVidC the b(’st

exammmple Of asSociatieln i)ctsmeen these t,smo

rropertie’s. Still, the hypothesis that psycho-
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t(lmimihimetic activity mtm’ises fro Ifli co’mit.ral

chehlinnergic i)lockage lmas mmte’t. opposition.

One reason is an apparent lack of corre’lmttie)n

bct.sve’en the tsvo properties in certain drugs.

\Ve’ e(Ihmtehid, imomseve’r, timmit. eve’nn mu mmeak

tint.iciiolinme’rgic activity, mviuie’ii mimay � riot

tis immipressive’ imi I)eripiid’ral test syste’nims as

that of the glycolate’s, may he colrmducive to

psyciuotro�iic activity, provide’d tiuat time
affe’ct.or nmolecule satisfies cert.aimi reeluire-

nmemits elucidated here by quamut.nmm mmme’ehtimni-
cal calculations. Drugs of time jihe’mmcyclidimue

series (I) fall in this category. The’y display

ce)musiderable psychot.onmimmie’tic hut (Imily sme’ak

annticluohnergic effects. \Ve simoim here that

the� also emmubodv till time cle’memmts mmecessarv

for specific imitertnctieini si-ith time clle)liriergic

receptor (luuusctirimiic jiimarnmiacejiimore) , re-
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gardle’ss (If their tipparent lack elf structurmnl

similarity to�i the’ natural mugelnist , a(’(’tyi-

ehe iline’ . Sinice t ine’se e’lenme’mmt s tire’ ide’nt.ie’al

mm�ithmthi(ISO’ eX})I(’sse’d by tine PhntulliimicelPlmehm(’

establisime’d for tigonnists of mt(’O’tyle’h(Ililme,

tine’ direct imntertictielmm elf botim migonmists timid

antagolnists witim time stinime re’c(’pte)r site is

eeinnside’red iie’re’ to he time litisis (If purely

(‘oimimj)e’titiVe’ mmntmtgelmuislmm (see, hosmever, refs.

4-7). \/Ve expltiin time’ failure elf time anmtago-

mists to activate time cimolinergic re’cept.oir by

offe’rimig time’ imypotimesis timat agonistic ac-

tivitv is re’lated t(l ti rearrangc’imment in tine’

eommforniatiomi eif t lie drug-ree’e’pt or commuple’x,

smimich is pre’ve’mnte’d in tim(� tmnt.agohnnists i):(�-

e’e’rtaimi nmolecular structural factors.
The particular set of atonms iiimplicmited inn

ticctvl(iuolimme-hike mmmuscarinic activity immis

be’e’nt ide’nmtifie’d through time’ ee)elrdinated uS(’

of (rystmnll(Igraphic (8, 9), N\IR (10-12),
tumid SAR ( 1 3-i 5) data. Quantummm-imie’ciimummi-
emil studies (If nmolecular conformmmatioirms timid

( ‘le’(’t re iii dist ributiomm have’ commtrii)ut e’d a

thne’ore’tictil basis tom time comnclnnsiomns drawmn

freomm e’xpe’rinuental mmork (16-19). It has

1)0 ‘(01110’ e’lemir that t ime re iuir(’liments for

migolnmist.ie’ or tuitagohinistic activity ro’side’ in a

genno’ralize’d cimarge’ distribut 1(Ifl pat te’rni

( [‘ig. 1) rmitiier timtnn mt strict ticetylcimohline-

like’ se’quenmce’ oif tmtonus. Tunis conmsido’rtmblo’

ag(lriistic tictivity has he’o’mm obse’rved imm

mimualelgues (Ii tice’t.ylchellinme in mvluicii time ester

oxyge’im iitns i)o’e’nn replaced by a deluble’ or

triple’ i)Olhm(l (13-15) or time trinnethuylani-

lime imniuimm gr IUI) 1)V an equivalent elect romn-

(l(’he’ie’mnt funnctiomn ( 19, 21 ) . Tue strommgly
nnuscarinie oIxolt re’imueirine is a remumarktible

(misc’ e)f tmvel typo’s of ciuammge occurring mit time

smmimmetiimme’ (22, 23). Hosvever, like’ time’ pure’iy

st ruct ural tii)pre!lmicl�1, time use eif jioint. e’immurge

distrihutieons is limmmited because it is based oni
it static c(lmnditioni of ne’t. atonuic charges (lii

tine’ relevmumit atoms, the ve’ry defiumitioni if

iminieii is e’(lnntre)versial. Various defiumitiomns elf

miteinmie e’inarges, l)ased (Ili Poi)ulmiti(Ini mmtimily-

sis (24), use’ such unrealistic mtssunmptiomis mis

time e’eiual partitioning ef e)verla.ppinig 1)eiI)tn

latioimms timid letid tel timmuiiigueius results (25,

26 ) smimicim are’ I1( Imiimmvariant. umnder umiit mirv

trttnmsfoirnmmitiomus of tine atoimuie’ i)aSis (27).

?sloreover, such atm ajiproucii is irnadequmite

for a gemie’ralizeel nisse’SSIll(’nit elf iiiidhonid or

b.
Fr; . 1 . .b]lo’mmients of imi teract iopi pattermi (if (Ieetf,!-

choli,ie-like niolecim irs ivitli mmi05C01ili Ic receptor

a. 1)istaimce pattern for fmnnct iomial groups. II.

Net atonmic charges in t he (60#{176},lS()#{176}Jcommformutut i(imi

of acetvlclmolitte (20).

niidrimmg chmtirge dist ribut ie ins , \mhmi(’li mume’

required for time’ repro’se’mntati(Inn ( if mmm(hie’o’iniar

reactivity. \Vo’ there’fore himise our ide’mmt ificmi-

tion of the’ umolecule’s in time’ j)lmenmcycli(hne’

se’ries, as spe’cific tmnmttigonnists, orn ti celmusidermi-

ti(lli of e’le’ctrostatie j:i� it(’mmtitil e’nme’rgy nimujls

ge’ncrato’d arelunnd so’le’cte’d fragnime’mmts elf tlm(’
mmuolee’ule. The tmmmmps mime pre’se’mite’d mus coin-

tours ef (‘(hilIli imnto’ractiomi energy i)(’twe’e’nn

time’ iiieili’cultur svsteimi iniv(Ilved mmcl miii mup-

jireimiclui nng joint -posit ivc cimarge’ , timid! are
desiginat ed mts joteract to n /)/l arniaeop/i.ore, i rt

conmtrtist to the static h)imarnmuaeellhiiore’ that

hutis evelvo’el fronu earlio’r studie’s.

M EIHODS

Tine’ro’ are strelmng immcheatielnis that phie’nney-

elidimne’ is mm senmirigid liuollo’cule’ smith a pro’-

fe’rro’el eo imnfolrnmmntioni d(’te’rnnminimmg imnt (‘rat (Iflile

distamnees, tis simeh\mnm in �1miiile’ 1 . 1)titmt fre liii

Xi-rav diffrae’tie �n studies If �iiie’nney’lieIirmo’

(base’) tire’ inn full tigreo’mmie’mnt smitln tine’ pro-

Posed jiatto’rmm time’ likeliimelold of a cinmtmngo’ of
c(lhumf( lrlmmat,i(lnm imi time’ dissolved sttnte’ I io’inmg
mme’gligible’ (28) . Tine’ tWol sites of imiimmme’diate’

(‘omm(’e’rmu mu this structure’ mire time ime’to’relcvc’li(’
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TABLE 1

Jmi.teratomic distances for fumictiomi.al groups

in phemuyclidimie derivatives

Fragment
Distonce(A)

from : to N

ci

CSL3JC3 �
C4

Cl

�C2C3

CS

C6

252

5.033.324.52

4.52

3.33

C3�C2-Cl\
C�-:�

Cl

mid bond

�C3

245

3.06

3.60

N�C2-C1\

C�J-�
Ci

mid bond

�N

2.45

3.21

3.65

C3=C2�C1\

C�
Cl

mid bond

=C3

2.50

2.96

3.53

Values are approximated fromim crystallographic

data for phencyclidine (28) and standard molec-

ular structures for the fragnuents.

nitrogen ammd the’ ir-electron system. The
electronic structure of the first site, assuming
protonation, has beemi dealt w-ith in earlier
studies on related systems and mm-as found to

correspond mvell mvitim that. calculated for the

trimethylammonium group of acctylchohine

(19). We have therefore devoted nuost of this

study to the �r-clectron system present under
various structural forms iii the phenylclidine

series of drugs. Tei simplify matters, these

systenms have been studied first in exten-

sivcly reduced models mvhich are taken to
represent the respective nnolecular fragment
in the corresponding pheneyclidine deriva-
tive. Thus propyne (HCmC-CH3) repre-
sents compound V; acetonitrile (N = C-CH3
represents VI ; and R-4-CH3, the phenyl-
substituted molecules in Table 2. Indeed,

inspectiomm of interatomic distances de-

rived from crystallographic data suggests

only a slight irifluenmee of neighboring non-

juolar groups onm tiue’ electronic characteris-
tics of the tmvo sit(’s (if interest. This assump-

tionu iuas i)een checked directly by a serie’s of

INDO5 calculations of amialeigue’s of ace’tyh-

choline and of time phencyclidine’ ot
Results Oi)tained felr the svhole pime’mmcyclidimme

rnole’culc, calculated in time’ configuration

predicted by the X-ray studio’s (28), reveal
a pat.termn of atonmic charges mi time’ region of

the phenyl ring mvimich is v(’ry similar to the
einme obtaine’d for the isolated fragmiuemut
4-CH3. Moreover, a celnuparison of Figs.

9 and 2 clearly shomvs that the corre’spomud-

ing electrostatic potentials iii the phenyl
ring region pre’sent a pattern ide’ntieal mvitim

that of an approaching age’nt . The same
general cemnclusions pertain to time results

obtained fronu the calculations of corn-

I)l0’t e acetylcholine’-likc nuolecuic’s mvimich enum-
liody sonic of the fragments used here as

mumodels (e.g., -C�C--, -C� N, or

This is evident from a comparison of Figs.
7a and 3. We timerefore’ consider time iuiaps

obtained for the relevant parts to he ap-
plicable directly tel the analysis of the

mvhole nuolecules incorporating the frag-

nuents.

Molecular orb ital calculations. The qualm-
turn-mechanical trcatme’nt is based on an

application of the semi-enupirical INDO

method eif Pople et al. (31). In this approxi-
mation the molecular mmave’ function i,& is

represented by a closed-shell Slater deter-

minant of molecular orhitals ‘$�

‘II’ = I � a)�n(2, fl)�2(3, a) . .

4i,,(2mi. - 1, a)4,,(2ii, �3)� ( 1 )

mi mmhich all the valence e’lcctromms tu.e’ con-
sidered.

The electronic charge distribution is

usually characterized by the mmet atonmic
charges, Pa , at each atont mmit.im core charge

Za,

Pa Za - ��#{128}a D55 (2)

Time density nuatrix elements D5� are’ defined
in t(’rms of the LCAO coefficients

D5� = 2 C�C� (3)

mvhcrc the sum runs over all filled imueilecular

5 The abbreviations used are: INDO, inter-

mediate neglect of differential overlap; CNI)O,

conuplete neglect of differential overlap.

6 H. Weinstein, S. Srebrenik, amid P. Pauncz,

results to be published.
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FIG. 2. Electrostatic potential pattern imi quasiplamie of phemiyl rimig imi phemieyclidimic

The molecule was calculated miming coordimiates obtained directly freimn the l)ositieitimul paramlieters

expressed as fractions of unit cell dimensions in Table 3 of ref. 28. The nmitrogemi is 1)rot(Imiated in the
crystal structure, and the effect of the approaching anionic site is sinmimlated by the tramisfer (If an elect ron

to the nuolecule and recalculation of the charge distributiomm. See the text for units amid mnethod �if cubit-

lating potential contours.

orbitals. Time IXDO nmethod is mvcll docu-
mented and mmide’lv used for time determimnmn-

tion of molecular conformations , electrein
charge di,stributiomms, timid either nmolccrmlar
properties (32, 33). Time conuputer programum

used for time calculatiomus presented here is a
ITh)dified version of the’ CNDO-INDO

(CNINDO program (34).
Since some cases have occurred in mvlmicli

the self-consistent routinue iii this progranm

failed to commvergc properly [sinuilar fimudings
have been reported (35) arid analyze’d (36)],

mme introduced a damping prolcedure inn elrder

to prevent such oscillatory divergence (37).

This consists of a nmodification of the de’nmsitv

matrix during the iteratiomi, mmimich cain be

represented as

(D5�) L�-1 = (D��)� + x[(J)5�)�t - (J)��)��nI

mmimere the subscripts re’presenit time ktim timid

(k + 1)th iteratiomus and the superscripts

represehut time “imuput” mmmnel“output” uma-

trice’s iii time’ corresponichnig step. X is a

damping 1)aramlueter mmith values 0 < ;\ < 1,

cemnt.reilled through time imiput data.

1iloleculam /)oten I ial fi(’l(ls. A clinIc mit unim-

mumecimanmiemul tr(’atluiemut. elf force’s inn nimole-

cules has led ti time connclusioinn that time teltal

force oimn ti l)Oilmt cimarg(’ inn mimny systeni of

nmucle’i tnmnd ele’ct.rons is just the e’l:tssical

clectrostat H’ interae’tielmn mvit in t lie’ nuie’le ‘i mmrid

the electron density (Iistrii)utiomm f )r all

electrons (38). It cm�m� he’ shi(IiVmi (39) thmut time

iiote’mmtiai functiemn V(r) elf this imnt(’raeti(lni

earn lie’ (hiittiinied frommi aim anaiqije solutiomt of

the e’(lhJati(Imi

V2V(m) = -4�rp(r) (4)

if p(r) , imimicim r(’j)re’semmts the e tnnmumit umni-

rnecimamuical charge distributiomu funet i )ti , is

expressed as a product eif (iaussimimn type

functie hiS
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7 Z. Pmuster, S. i\Izutuyamti, and M. Seikoleivsky,resutlts to be published.

TABLE 2

Amilieholinergie and psychotropic activity of phencyclidine (lerivatives

1-(1-Phenylcyciohexyl)-

piperdine (phencyclidine)

I

QN

R- Equipote

-�

nt molar ratio’ Mamnualian

ocular smooth
muscle

Psychotropic
activity (ref.)

Guinea
pig ibeum

Frog rectus
abdominish

I 300 2.8 X 102 +++c (29)

II

200 4.4 X 102 +++ +++ (29)

III (h’��1._CH2- 7.2 x 10-2 + - (29)

Iv 300 6.0 X 102 + - (29)

V HC�C- 300 1 ++ ++ (30)

VI N�C- >2.8 - - (29)

VII C2H5- >1000 1 + - (30)

a The equipotent miiohur ratio i)roduces 50’� inhibitioti relative tol acetylcholine.

b The comparatively lehw ratio in this preparation is attribinted to the different effects of the drugs on

butyicholi riesterase and aeetylcholimmesterase.7 Phencyclidinies inhibit nuainly the fornuer, while acetyl-

cholitiesterase, which is the preponideramit enzynue mm striated nmuscle is emily slightly affected.
C Key: +++ = very active; ++ = active; + = hardly active; - = miot active.
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FIG. 4. Spatial correspondence of functional

groups in acelylcholine and phenyl (I) amid ethynyl

(V) (lerivatives of phencyclidine
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FIG. 3. Pattern of negative potential generated aroimmid aim acetylene derivative of acetylcholimme

Potentials shown were calculated mi a plane intersecting the triple beimid at a l)(hint .1 , as shown mt the

structural formula. The anionic site was siniulated as for Fig. 2.

CH3�-O-CH2CH2N(CH3)3 �@) = 2 � � �

D5� represents ami eleimment elf time’ d(’nsity

matrix obtained in Eq. 3, arid f� represemnts

the product of t\i(l Gaussian functiomns. lime

contribution from time muuclei is calculate’d as

nucnei

�N(1) = �: ..a (6)
a ralJ

Simice time’ nme)lecular mvtive’ funnctienis, enulcu-

lated mmith time 1XDO procedure, are’ e’x-
pressed inn te’rnms of a Slater type basis

{A5(i)e�”s � , a first stel) ill the ealcuitition

of the’ pote’nmtial consists of a Gaussiamn cx-

pansiomi eif time Slater ehrbital basis. Thus is

deane accoirding to time immetluod of Heinre et al.

(40).
The commtribution of (‘acim j)air of Gaussians

in Eq. 5 can be calculated separmitcly, he-

cause the product of tiny tmvo Gaussian

functiomms cant he represented by a niesv,
single Gaussian functiomi, even if time tmvo
primary functions are centered ott diffe’renit

nuclei (41). The calculation of the ceinntribu-

tionu to V(r) from an s-type Gaussimumi is
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a)

53 -100 -3b) H-CC-CH3

C)
-193 125

N �C �cH3

Fu�. 5. Net atomnic charges in fragments mepre-

meriting (a) phenyl (lerivatire (I), (6) ethynyl de-

rimalime (TV), an(I (() aeete)nitrile (lerii’atile (VI) of

ph (�miciJcli(li!i C

exemiuphified imu time APPENDIX. A nuore detailed
mathematical formulation can lie found in
ref. 39.

This munalytic feirmnulation of time l)Oten-

tials renimaimms valid for an� approximation of

time’ molecular wave function. The accuracy

of time’ cmilculated values of the potentials,
hosvevo’r, is dependent on time quality of time

mvave fumnctions used. Simnce time liatt.(’rn of
time peite’mmtials, ratimer tiuan tine absellut.e

values. mm-as the nmain interest of this study,
we chose to remutaini witimimn the IND() ap-

j)roxilmmat.iein mmitiiout performmuimig a ‘ ‘de-

ort hogoiia.lizationm’ ‘ (42) elf time molecular

orhitals. Potentials calculated from such

IXD() orhitals are very similar to those oh-

tamed front mvave functions ab initio, a!-
thougin time results sornemvhat unmderestinmate

the immore accurate’ results.7 This difference
betsmee’mu values obtained freirum se’mumi-e’nmpirical

and ab inilio mvave functieins is mmiuch snualler
for IND() orhitals7 than for tine previously
conimpare’d CXDO wave functions (42).
The (haracteristic liatterni of the potentials,

hosvo’ve’r, is observable mm tine results of
either ap�)roXinuat.ioni. The calculation lro-
cedure’ has been formulated as a highly effi-

ciennt eonmputer algorithm. The results are

expre’ssed directly as the interaction energy

with a positive point charge. The time

needc’d for the calculation of the numerical

value of the’ potential at one point [r� (x,

y, z)] is dependent em the size’ eif time func-
tional basis of the molecular orbital calcula-

t.i(lfl ; for acetylcholine an ave’rage timmue of

0.08 sec mmas needed omi an IBM 370/163

nuachimme. A grid of 3000-4000 points sveiuld
1)0’ mne’eded to obtain the potential nuaps of

moilecuhes of the’ geommietrical size of ace’tyl-
choline’ . Ho hsmever, unhikc’ numerical met.iuods
based (lIt the calculation of nuclear attrac-
ti(lni integrals (42, 43), this method directly

calculates the derivative’s of time potential at

each point, and conmput.er-dramvnn isopelte’nm-

tiai curves can be readily obtained (39).

STRUCTURE OF INTERACTION PATTERN

Time’ correspondence of the active groups
in ace’tvlciuohline-like nuiehlecules smith certain
ni(hlecular structures enibodied by drugs of

the pimenucyclidinmc series is illustrated in Fig.
4. Tine’ distance pattern inn time’ latter case is

based on tue crystallographic data for phen-

(Vclidimue i)ase, mmhich is assumed to apply to

all pinemmcyclidirie derivatives used in this

study (Table 1). This evidence indicates

that in time’ phenmcyclidine nmolecule time dis-
tance’ i)etsVee’ni the protonat.c’d nit rogen at ont
amid mvhmat. is considered a regieln of high

e’lc’ct.romn demusit.v is eolmtl)atible smith the’

nmuscarinmic phuarmmma(ophore’ (Fig. 1) . Adj ace’nt.

to) thne’se’ two sites are secondary structure’s

that may engage’ in hydrophobic bondimmg,
mmhicii further reinforces time drug-receptor
intermiction. The nme’t at.onmic charges calcu-
lated feir time nmodel nuolecules (Fig. 3), of

course’, bear time’ cimaracte’ristics of time nega-

tive sites svlmich substitute’ the ester oxyge’n,
but a immore’ factual representation can he eth-

t.ainuo’d froni l)0telititi! field maps.
Time interaction pimarmmtacopimore of ace’tyl-

elioiimie, as rcpre’senmted by time Potential

emiergy nuaps, is give’n in Fig. 6. Time mimmiin

features revealed by this pattern are a posi-

t.ive region extending over the mmhole molc’cu-
!mtr space (especially aroumid time catiommic

head) and tsvo regi(lns of negative’ (attrac-
tive) emmergy near time’ 2 oxygen atomims. The

molecular conformation for mvlmicii tim(’ j)o-

te’ntial energy maP has i)e’en calculated



FIG. 6. Electrostatic potential energy map for acetylcholimme interactimig with the aniommic group NH2,

in plane of atommis connected by full lines

1)ashed lines connect atoms situated beneath this plane. Hydrogens are shown only for the anionic
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group. Units are kibocalories per moile.

c(lrrc’sj)ehnds tel a particular muuinminiunm inn tine’

surface’ calculated for tice’tvleimeilimme’ by

Beveridge timid Hadna (20). This c(lmnforma-

tieimm also corresponds tel tine’ ‘‘global nuinni-
fl.iulum” g(’oluie’try calculated by Pullnianm et al.

( is) by a different nuethod, and is conisidered

to l)e thi(’ omme involved inn biological activity

(19).
Simice thus conformunation correspo)mnds to tine

positive ion form of time molecule, a imypo-

t.hetical imegative group, NH2, has been
brought close to time cationic head, at diffe’r-

ent distamices, to sinmulate time anionic site of
the receptor. In orde’r toi identify amid elinumi-

nate possible change’s in time poto’nmtial energy

nuaps that nuay be ascrii)ed to this particular
aniomu, the sanue calculations amid imiappimugs

were milso performed mvitin an oH group.

Since no signmificamit. diffo’re’nnce’s smere’ ob-

served iii time potential energy maps eif tine

acetyicluoline’ ntoiety in eitimc’r mmuode’l , svc’

immay assunme that, imithin certtiimm liimmits, time

nature of the anion doe’s miot greatly affect
the interaction pharmacophore generated
around acetvlcholine. It should be stressed,
hosvever, that tli(’ rc’gioln elf high re’mietivity

near the ester oxygenm ee’curs omily inn time
ceimmil)l(’x ef aee’tylciiolinme (mltie)Ii plus anmionuic

site’, amid cammnuot be ol)se’rved inn the isolated

acetylcholine ctitionn. Ilenmarkably, time’ ne’ga-

tive’ regioni ne’mur time’ ctmriionmy! oxygen is less
affe’cted by time’ ‘ ‘appre)ticim” I)rocess. How-

ever, tue loicationn of i)oth attractive re’gions

remuuains invariant throughout this process.

This situation warramits furtimer study of the
relative contributions of the various func-
tionmal groups of acetylcholine mi binding to

the receptor arid its activation. For our im-
immediate purpose, imeiwever, mve consider the
negative region near time este’r oxygen to he
immore imuupe)rtant felr binding to the nmuscarimiic
receptor than the eimme near tine carbonyl

oxygen. Imudee’d, the’ first region finds analogy
in time imitc’ractiolrn 1)iiarnuuaCoPiiclre of the
various I)iiemuc�(lidimne’ nmod(’ls discussed

he’losv.

The l)oteritimilemmo’rgy immaps felr time j�ropyrne

and acetommitrile fra.gnmemmts are given in Figs.

7a and Sa, re�spe�ctive�ly.S \%inere’as tine pat-

term of time’ pe Isitive’ (re’pulsive’) potential

emie’rgy, at sortie distance’ frommu time triple

bond, is mnearly identical for time tmvo frag-

nmemits, time immaps diffe’r comisiele’rably imi their

8 All time model mii(ilecmtbes being mmeut ra! species,

no tiniomiic site sinintlat ion is reqmtired.
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a.

0.01

0.05

H H

a.

0.01

N = C CH

C - C

b.

FiG. 7. Reactivity imidices for propyne fragment

a. Electrostatic potemitial map, mm units of kilocalories per mtiole. 1). Electron density distribution con-

tours, in units eif electrons per cutbic atonuic ummit. #{149},atoms in the plane. Becainse of the synmmmietry of

the triple bond regiein, only the upper half is shown.

b.

FIG. 8. Reactivity immdices for acetonitrile fragment

a. Electrostatic potential map, in units of kibocalories per mole. b. Electron density distribution con-

tours, in units of electrons per cubic atomic unit. Plane shown as in Fig. 5.



FIG. 9. Electrostatic potcmi(ial maps for fragmnemit �-CH3, representing phemmyl derivative (I)

., atoms in the plane shown. Because of symnniuetry, only half the plane is sim(Iwmm. Units are kilo-

calories per mole.
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negativ(’ Potential patterns. ,fi negative

(attractive) region is near the triple bond in

the acetylene derivative but is shifte’d to tine
far end of the nitrogen atom in acet.onitrile.
The diffe’rent locations (If the attractive
regionns are, of course, due to the diffe’renmt

mature of the electron charge’ distributions in
the tsvo fragnuments. In the niitrile fragment

the location of time negative region is die-
fated by time loicalizationm cimmiracteristics eif

the lone-pair electrons of the nitrogen atom.
The high l)olaritY elf time mnitrile I)otidl is

characterized by the svithdrawal of ele’ctronm
charge froimu the’ triple’ bomid regiomi, mmimieh
results in the disappearance ef the negative

1)otential observed in this region in time case
of acetonmitri!e. Such differences in localiza-

lion of charge density are imumportant e’neiugh
to entail different interactionm pimarnumaco-
phores and, therefore, different. biological

activities (Table 2). It is clear that. a direct
analysis of time charge distribution alone, in

Figs. 7b amid Sb, could not have accounted
for the diffc’re’nce in reactivities.

The potemitial energy nmap elf the’ ummsuh-

stituted pimenyl derivative ( 1 , 1-phe’nyl-

cyclohexylpiperidine) is reprc’semmted i)\ the’

model fragment shown iii 1’ig. 9. Superposi-

tion on acetylcholine mmould cause time ivide
miegative region surreundimmg tine Piie’n�’l

fragmuuent inn jiime’ncyclidimne’ tO eiverlap tine

attractive re’gion in the pe)te’nitial map of

acetylcimolinme, situated nemir tine’ ester exygenn.

This situation is characteristic of various

types of aromuuatic systems, preivide’d that rio

electron-smithdrasvinmg substituents are pres-

e’nt. to induce drastic chanmge’s in time poten-

tial e’nuergy mmmaps (43). Such is indeed tine
case feir a p-nitreh-substituted fragmuuent,

siielmmni in Fig. 10. A.�i in tine’ simuupl(’r mmit.rile

derivative, the charge localizatiomi mmcar time
oxyge’n mitonmms (‘nmt.ails the’ disappearance (If

the’ at tractive potential surre )umnding the
iuuolecu!ar planm(’ arid its transfer to the region
of the oxygen lone pairs. Time resulting modi-
fication of i)i(ilogical activity mm such dc-
rivatives of Phme’mmcYclidine’ is sinmilar to that
observed inn the’ nmitrile derivative, and mvill be
discussed in a forthcoming report.

D�SCUSS�ON

It. has i)d’efl proposed that cert.ainn aspects

of chemmuical reactivity cain he dealt smith, to a

good approximuuation, by commside’rinig inter-
molecular immteract.ions at regie)mis of nuinirnal

jiotenitial energies (44) . Thus, sviue’re nuuutual
re’orienmttitionu of mmmolecule’s is c’xpected to

occur, �iositively chargc’d groups should
point te-ism-ard regions in mvimich tine’ potential
is utmost niegative. Such re’giomis are genmc’rated



FIG. 10. Electrostatic potential maps for fragment 02X 4-CH3, representing p-nilro (lerivative

Only half the plane is shown. Oxygen atoms are mt a plane perpemmdiculnur to the ring.
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1)\ localized high e’lectromiic de’mmsitie’s. This

appreiacim is expe’cte’d to he’ nielSt adee1uate for

tim ionic inite’ractiomm nme’chanmisnu (44). It is

(0 )nuceded t iiat time siiort-distammee’ immte’ractiomi

effo’cts of pellarizability timid tOhttul charge re-

distribution mmimiy nuodify signnificanmtly time’
nit eraction e’mme’rgy value’s ; ye’t t lie’ gc’ommuet ri-

cal Pat.t(’rlm Of time imiteract.iomm enme’rgy remmmaimms
esse’ntially ce llist amnt (42-44) .� lime’ electro-

static j)elte’mititil contours can time’refore i)e

ce)mnside’re’d a. re’misohliabl(’ re’prese’ntation of
tine imit(’raetiomn j)atte’rnu itself, i.e., an muter-

actionm l)iiarmllaco)Piielrc’.

The e)hs(’rved elc’pende’nce elf the’ absolute

value (If attractive e’mmergy mi the (‘ste’r oxygen
rcgl(lli inn tice’tyleimeilinie on inte’raetio)ni smith a
negatively cimarge’eI group suggests that the
conitrihutiomi (If this re’gielnm tel i)imudimmg is

secondary tei tiuat elf time’ eatiolmmic head. Homm-

e’ve’r, since its p(lsit i(in reimmaimus inmncimtummged

after inite’ra(tiOmi, its nue’re’ e)ccurreflde iii a
defimiite re’gieln flltii. ilill)l\- ste’re’ospecific

binding to the re’cepteir, re’gardle’ss of form

or abseilute value. Time’ imitcractioini pimarmuma-

ceipimore’ thins (Ii)tmuimied freim time pote’nutial
e’mme’rgy nuap (If tmee’tylcimolinie niay the’re’fore

represe’mut a ce )mmmpe‘lung erite�rie)mn fe �r asso’ssimmg
j)e)sSiiile inmte’ractieinis witiu time’ eholinue’rgic

re’ce’ptelr itself. \Ve’ shall l)resc’mitly see’ to

what extemut time’ drugs in the phe’mmcyclidinue

se’ries abide by this crit(’rion.

1. Comparison elf ligs. 6 amid 7a mvith
Table 1 indictites tintit tii(’ attractive region

inn time e’timvnvl de’rivative (V) svill alnuost

coincide ‘ mmit ii tine’ (�O hrr(’SliOni(li mmg rc’gie inn near

time e’ster oxygen inn ace’tylcimohimme. ( )mm the

other hntmnid, the’ niegative re’gi(lni inn time’ nitrile

fragnmie’nnt (Fig. Sti) is located mi mi diffe’re’nmt
re’gioimn elf time’ immole’eubmnr space’. \ei eive’rlap is

tiie’refoire’ 1iossii)lo’ i)e’t\meenm time’ tittrmmctive

re’gionis of time’ mmitrile’ derivative’ (VI) and

aee’t.vlcholimme sviienn iieith nle)le’cule’s mire’ at

the Proi)e’r orienntatie.ini smith respe’ct. tom the
re’ce’ptelr. i\Ioreove’r, this region inn tine nnitrile

de’rivtttive mviii be repulsiv(’. Onue’ nmay con-
elude tinat the piie’mncyclidimme anmalogue in

mvhich the’ l)henYl ring has beo’mi replmnce’el by

a C � N funnctionn simould he’ devoid 0 if ammv
muetivitv thtit ro’quire’s bimidinig to time’ cinoilin-

e’rgie ro’(’eptelr. 1mm cc immtrtidist.imne’t ie Iii , time

otimynmyl analogue’ (V) , eeiimijilyimmg imit Ii re-

eiuirc’mmme’mnts of time ace’tvleholimue imitermietiein

J)harmmiacoJiimore� , conimpe’t (‘5 mvithm mie’et v!eiiohne
felr time sammme specific rece’iitor. Timese (On-

elusiomis have i)e’d’nmexpe’rinue’ntallv cc inifi mmcd
inn Ptirt III (if timis se’rie’s,9 mind mire summu-
nmtirize’d innTable 2.

2. Tue commipe’titivc’ imiiiibitiomn eif duo-

limme’stermmse’s by these drugs nmay lie traced
tei t ime’ sammie’ CO imimmimonn imuteractioni pinar-

mmmacopimeire’.9 I’�or these syste’nms time accej)ted
ilmolelel include’s inite’rmi(tillnms nme’tir both time

esto’r oxyge’n and time’ positive’ly (immirged

carbe)miyl earhioni of tieetylcholimie ( Fig. 4).

It is cle’ar freinm li’igs. 7mm annd 9 tintit sucin

9 8. \Itunuyamii, H. Weimisteini, S. Cohen, and \1.

Sokoleivsky, results to lIe pitblished.
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mvime’re ii = 1 , 2 and in = 0, 1.

inmte’raet 1(iIiS tmro’ possiiiie’ for 1)0th the ethymiyl

(V) and tiie’ unmsuhstitute’d pimenmyl de’rivmi-
tive’s (I), time’ region above’ the ring i)o’umg
entirely bloisitive’. Inn contradistinction, time

jiotemutial e’mno’rgy niap foir the aeetomiit rile’
fragmmmemmt ( Fig. Sti) slmosvs timat t lie required

inte’ractu )mms simeiuld be iuiglily unmfavormible

enme’rgetiemmlby for time’ muit,ribc’ derivative’ (VI).

Inn this (‘misO’ thie� tittraetive’ (ne’gative) Cliarti(-
te’ristie is immissimng inn time region eelrresponmd-

ing tel the’ e’ste’r oxyge’mi, mmimile this ne’gative’

potemmtial e’mne’rgy re’aciues high values mmhe’ro’
time cmuriieimivl (tirbonu (If tico’tylcholinme mvoiuld
have gemiermite’d a region (If I)Ositive (‘nergy.

The’ inute’rmmcti(Imm mmitii i)(ltil muegatively ammel

positive’iy ciiarge’d groups inn time active site’

of time’ dimeihnue’st.e’ras(’s is therefore repulsive’,
prevemitimig b(Inieling mmitim this site. This

resinlt fuels eelnfirmatielnm in time’ experime’ntmii

situatiomm found,9 in mminich time nitrile ele’riva-
tive’ has i)e’e’mm singled out as immiving time’

mveake’st (if amny) inhibitory activity, and rio

‘ ‘protective effe’ct’ ‘ mmhatsoove’r.

Time c immclusioinm t imat. t lie’ intertiet ioni

pharmacophore is a re’ase)nuable’ rdl)reseImta-
tiomn of tue e’be’ctromiie structural (‘ilartmc-

teristics re’quire’d for direct into’ractionm smitin

the re’ceptor is tinerefore strongly suppolrt o’el
by time’ eloIse’ correspondence established

h(’re’ i)e ‘t iie’(’mn t he’ inmt(’ractionm pharmlmacol)iielre

(If mie ‘t viola ihimme it.sel f amid time’ pote’ntimil

ene’rgy liltips oif t ime’ tt(tiVe unit ieIne Ihinie’rgi(
drugs dis(usse’d inn this se’rie’s of reports. This

is re’immfolrced b� thm(’ elbservationn that Pairs

jIm mvhich structural difference’s cause pro-

foummcl cimmmmugo’s iii tim(’ pote’mmtimul (‘mic’rgy

nuaps-e’.g., nmitrile vs. e’t.iiynyl or l)ine’mi�l vs.

p-nitn)j)im(’nivl--vary iii(lO’ly mi mietivity.

Specific’ binding at time’ ro’ceptor site is timere’-
fore’ time’ cause’ elf time competitive armtagonnismmu

observe el with these’ drugs.

lime’ eluestielmi timtit arises hne’ro’ is, oif eelurso’,

mmimv stain bumudimmg doe’s tn(lt le’ttd to agolnnist

activity . Ummdouhte’diy, tiie’ nmolnnl)olmir iarts

of the’ iiieile’ctile’ play a dominant. role’. Since

time’se’ 1)mnrts del riot niiue’im affe’ct time’ inmto’r-

action 1)hiarmiutieoliimolre’, time’ numiture of tine’ir

conmt rii)ut iO)li toi t hue’ elrug-re’ce’pt 0hr ce iiiiple’x

niust asmait furthe’r kmmeI\mledgc’ of time strue-

ture timid function elf time’ re’gions inmmnumediate’ly

adjacent to time receptor proper. Much can

be do bmicludle’(l , hieismcve’r, fronu mmconumparativo’

inmvc’stigatiomm of time nuole’cular structure’ of

age)nmists and anmtagdlnists. It. i)ecolmes I)laus-

siiile thmit time agonistic re’sb)(lnmse is elicited inn

ml se’eluennco’ (If tmmo stage’s : (a) dire’ct. inter-
tictiOhli mmitin time receptor and (ii) activat.iein

of tiie’ ro’ce’ptor. Time first. stttge’ sets time re’-

eluir(’mmue’nuts represent.e’d by t he’ initermict ion
pimarnuae’eipii(lre’ tnnd nmolecuiar spe’dies, mvinichi

ge’nuc’rate time’ SPecific spatial J)atte’rnn of j)oSi-

tive timid nn(’gmitivo’ ))Ote’Iitimuls (regtirchbe’ss (if

time aiisolutc’ values) , amid mmiv be e’Xp(’cted

tel e’sttiiihisin a dire’e’t inmt(’raetionn smith time’

(o)rr(’sp(lmudinmg sites eif time’ re’ce’pteir. The

rigid mole’cular structure’ elf munutagonists, for

mmhiichm time’ ele’nime’mmts that generate’ tine inter-

actiemn llimarmmlticoplmor(’ are’ re’tidilv iele’mmtifi-
ai)le’ (as inn l”ig. 1 1), supp(brts tine’ suggestieni
timat time’ activation jirelce’ss should be re’Iate’d
to mm re’tirrmmngemime’nt. in the’ ee)mnfelrmumatiolmn elf

time drug-re’cept.or ceimuiple’x (43, 46). (1onm-

petit ive minmtagonistic muctivity is the’refelre

considered t(l ce)miSist of a sinie’ldinug elf tine’

receptor sit(’ i)\ nmole’cuiar spo’(ies ivimicin

nme’e’t time’ re’eiuire’nmmenmts feir a dlir(’ct drug-

re’ee’ptor nnte’raet.ie inn. In t inc Pii’micYlidimie

series time eyciohexvl ring is cobmiducivo’ tel (a)

structural rigidity oif tine’ tivei either rings,

mvhicii inncorl)orate’ tine e’l(’Iii(’mnts (If tine’ I)imar-

imiae’ophiore and renmainn quasi-fixed inn 5l)t1(’e’

(accorclimmg to space-fihiinug mmmclde’ls), timid (b)
arm incre’ase’cl imvdropinoiiic bimmdinmg of time’
nueile’culi’ tei tine’ pe’ripime’rmml re’giomns of time’ re-

ee’ptolr, sminichi is ciumirmicte’ristic (If mneinmpe)lmir

groIu�)S i)(’Vonmdl a ce’rtmmimn size’ (48, 49). Bethm

e’le’mmmcnmts are c(bnsi(le’re’d to lead tel the ann-
t.ageiniistie b)re)l)e’rtie’s of tinoise derivatives eif

I)hme’mmc�elidini0’ miimidlm nie’e’t. tine re’eluirenm(’mits
e.if t lie inmtermiet ieinl. piitirmmumieei�ihore’.

\Ioleeular sPe’Cies mm mvimichi time’ e’le’mime’nts

(If t hue mit ertiet iemn piiarniace iphie ire mire ge’mmcr-

at.e’d by aIm e’sse’nmtimmlly fle’xible’ structure

simeitild 1)0’ e’xpected to e’xhnibit age)nnistic III-

tivity. Such e’xtimmiple’s imimty be felunid inn o�o-

t remuuorinme (2 1-23) timid e(Inmpelunmds e if t lie’
ge’nme’ral forum (13)

CH3 -(CH2),�---C m C- (CH2) ,,-N� ((‘H3)3

amid

CH3-(CH2)�,---HC = (‘H

-(CH2),,---N� ((‘H3)3
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Acetyicholine

1
(CH3)3NCH2CH2-O -c�-CH3

0

1- acetoxy - 1 -dimethylamino

2 ��y�ycIohe*yI methiodide

(CH�)3 NCH�O-#{231}-cH3

C
-r

3

�q�nuchdinyI benzilate

4
N OOH

ci

A PPENI)IX

Let

V�1’i(r) _4�re_��TS (I)

1’or such a dtiS(’ mvitii radial svimiiime’try sme

huave’

Vm’

Lsimig time’ eeiualit.v

1-(l-ethynylcyclohexyl)

piperidine

N��5C’CH

�jp�yIcydohexy�

C�N�J piperidine

Atropine

5 �
H3C -N’7�>-O-C-CH

- CH2OH -. � .-�-,

FnG. 11 . Correlation of fummctional groups in niolecular structural immodels (if aeetyl(’holine antag(h1m ists

I�1olecular niodels a tunic! l� were drawmi according to Argus ci a!. (28) timid Meye’rboffer ammo! C’turstronu

(47) , respectively.

v21’ = !� � (.2 a) T�1 = T’��” +
1� e9i� e9i. (II)
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�!: .� (rVi) = Vi” + � V1

1 a��- 7.

we get. by substitution into Eq. I

7. -ar2

- .-; (rT �) -4ire
1�

The Potential V�i is now obtained i)V inte-

grating Eq. JV twice:

Vm = �: � � � �r e_(�T2 (ir + � + C2

From thie’ l)elundary conditions

Vi(ci�) = 0

1��(0) = finite

sve derive fehr the t.mvo constants

C1 = C2 = 0

The pote’nnt.itul funmction value at e’ach I)oimit

mm-illtherefore he given by

- f2ir\ �r _a�2
Ti(r) = (-1 1 C dr

\ar/ Jo

mmhere time value (If time integral is obtainmed

fronm the mve’ll-knomvmn ‘ ‘error function.”

REFERENCES

1. L. G. Ab()Od, in “l)rugs Affecting time Cemitral

Nervous System” (A. Burger, ed), Vol. 2,

pp. 127-1(i7. l)ekker, New York, 1968.

2. L. (;. Abond, iii ‘‘Psychotominmetic 1)rugs’’

(I). H. Efroni, ed), uip. 67-82, Raven Press,

New X(Irk, 1970.

3. H. W. Brinmblecomnbe, 1). M. (reen, 1’. b).

Inch, and P. B. J. Thompson. J. Pharm.
Pharmacol. 23, 74:-)--7:�)7 (1971).

4. 1..). J. Triggle, “Nemtrotransmitter Hecei)t(ir

Imiteractions,” p. 263. Academic Press, New

York, 1971.

� � F. i’iIorani and I ). J. Triggle, in ‘‘Cholinergic

Ligamid Immteractions” (1). J. Triggle, J. F.

Moran, and 1�. A. Barniard, eds.), pp. 119-

136. Acadenimic Press, New York, 1971.

6. E. J. Ari#{235}ns, in “1)rntg 1)esign,” Vol. 2, pp.

2-270. Academic Press, New Yeirk, 1971.

7. J. F. Stttbllints, P. M. Iludgins, J. Andrako,

amid A. J. Beebe, .1. Pharm. Sci. �7, 34-i3i

(1968).

8. F. G. Camiepa, P. Pattlinig, and H. S#{246}rinnu,
Xature 210, 907-909 (1966).

9. R. w. Baker, C. 11. Chothia, P. Pauling, anmd

T. J. Petcher, Nature Xciv Biol. 230, 439-445

(1971).

10. C. C. J. Culvenor and N. S. Ham, (‘hem.

(III) Commun. 537-539 (1966).

11. F. Conti, A. l)amiani, C. Pietronero, and N.
Russo, .Vature New Biol. 233, 232-234 (1971).

12. P. Partington, J. Feeney, and A. S. V. Binrgen,

(IV) .IIol. Phar’macol. 8, 269-277 (1972).
13. M. Z. Friedman, in “Drugs Affecting the

Peripheral Nervous System” (A. Burger,

ed), Veil. 1, pp. 79-131. 1)ekker, New York,

1967.
14. C. Y. Chiou, J. P. Long, J. (. Cannon, and

(V) P. 1). Armstrommg, J. Pharmaeol. Exp. Timer.
166, 243-248 (1969).

15. B. Bebbeau, in “Fundanmental Concepts in

Drung-Receptor Interactions” (J. F. 1)a-

(VI) nielli, J. F. Moran, anmd 1). J. Triggle, eds.),
pp. 121-131. Academic Press, New York,

1970.

16. L. B. Kier, Jfol. Pharmacol. 3, 487-494 (1967);
4, 70-76 (1968).

(VII) 17. L. B. Kier, in “Fundamental Concepts in

1)rug-Heceptor Interactions” (J. F. Da-
nielli, J. F. Moran, and 1). J. Triggle, eds.),

pp. 15-46. Academic Press, New York, 1970.
18. B. Pullman, P. Ceiitrri#{232}re, and J. L. Coubeils,

Mol. Pharmnaeol. 7, 397-405 (1971).

(VIII) 19. H. Weinstein, B. Z. Apfelderfer, S. Cohen,
S. Maayani, amid M. Sokobovsky, in “The
Confornmat ion of Biologic nil Meblecules and

Polymers-St h Jerusalenu Synipehsiunn ‘ ‘ (B.
Pullman ante! E. D. Bergnnan, eds.), Vol. 5.

531-MG (1973).

20. 1). L. Beveridge and II. J. 1�adna, J. Amer.
(‘hem. Soc. 93, 3759-3764 (1971).

21. A. Bebbinmgteinm, II. W. Brimbleconibe, and 1).
Simakesimaft , Brit. .1. Pharmaeol. Chemother.

26, 56-67 (1966).
22. A. K. Cho, W. L. 1Ias!ett, and b) J. Jenidemm,

J. Pharmaeol. Exp. Timer. 138, 249-’257 (1962).

23. L. B. Kier, J. Pharm. Sci. .59, 112-114 (1970).
24. H. S. Minlliken, J. (‘hem. P1i7�s. 23, 183,3-1840

(1955).
25. L. C. Cusacims amid P. Peilitzer, (‘hem. Ph11s.

Lett. 1, 529-531 (1968).

26. P. Pobitzer amid it. IL Ilarris, J. Amer. Chem.
Soc. 92, 6451-6454 (1970).

27. it. Rein, i,( ‘‘The Conifornmatiomm of Biological

1’�Iolecuiles and Polymners-Sth Jerinsalemmi

Synmpeisiunm” (B. Putllmnami and E. D. Berg-

miiami, eds.), Vol. 5. In press.

28. P. Argos, 11. E. Barr, amid A. H. Weber, Aria

Crystallogr. B26,53-til (1970).

29. A. Kalir, H. Edery, Z. Pelaim, 1). Baldernman,

amid C. Porath, J. MC(l. Chein. 12, 473-474

(1969).

30. 8. Maavani, “Structure-Activity Relatiomiships

i Ii Psychotropic Ant icholi miergic 1)rugs”,

Phi). thesis, Tel Aviv Umiiversity, 1973.



834 WEINSTEIN ET AL.

31. J. A. P(hpie, b). L. Beveridge, tumid P. A.

1)cibosii , in ‘ ‘Approxinmate �Ioledinlar Orbital

Theeiry,” McGraw-Hill, New Yeirk, 1967.

32. J. A. Poiple amid NI. ( eirdeimi , .1 . A mimer. (‘hem.

SO(. 89, 4253-4261 (1967).

33. J. A. Pople, 1). L. Beveridge, amid N. S.

Ostbund, I,it. J. Quant. (‘hem. 15, 293-301

(1967).
34. P. A. I )obosim, Programim Nei. 141 , (-�utantttni

Chenmistry Progrann 1xchamtge, Inmdiana
University, B!oonmimigtomm, hid.

35. U. W. King amid A. A. U. vami Putten, J. JIol.
Speetrose. 42, 514 (1972).

36. A. H. Gregory, in “Chemnical amid Bieichenmical

React ivity-6t h Jerusalem Symposium”

(E. 1). Bergtnanmm amid B. Putllniian, eds.).

Acadenmic Press, New Yobrk. mm press.

37. H. Weimistein, B. Z. Apfelderfer, and R. A.

Berg, Photoehemn. Pholobiol. 18, 175-183 (1973).

38. H. P. Feynman, Phys. Rev. 56, 340-343 (1939).
39. 8. Srebrenik, II. Weinstein, amid H. Paitncz,

Cheiti. Phys. Leti. 20, 419-423 (1973).

40. W. J. Hehre, l�. F. Stewart, amid J. A. Pople,

.1 . Chem,i . J�hys. 51 , 2657-2664 (1969).

41. 1. Shavitt, .1!ethod.s Coinput. Ph�,s. 2, 1-45

(19(�3).
42. C. ( iessner timid A. Pinibmami, Theor. Chimie.

Ata 25, 83-88 (1972).

43. R. l3ommaccorsi, A. Pullnman, E. Sciocco, and

.J. Tomasi, ‘I’heor. (‘him. Acta 24, 51-60
(1971).

44. II. Bommaccorsi, F�. Scrocco, amid J. Tomasi,

.1. (‘hem. Phys. 52, 5270-5284 (1970).

45. M. Martin-Smmmith, C. A. Sniail, and J. B.
Stenlake , .1 . P/maim . Pharmacol. 19, 561-589

(1961).

46. W. IA. Nelsomi, 1). II. Allen, and F. F. Vincemmzi,

.1 . Med. Cheni . 14, 698-702 (1971).

47. A. Meyerhoffer and I). Carstrom, lcta Crys-

lallogr. B25, 1119-1126 (1969).

48. W. H. Beers and E. Reich, Nature 228, 917-922

(1970).
49. 1). F. Biggs, A. F. Casy, 1. Chit, tumid H. T.

Coutts, .1. 1!e(l. Client. 15, 642-646 (1972).




