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SUMMARY

Extended H#{252}ckelTheory calculations have been carried out- on a number of antihvper-

tensive benzothindiazine- 1 . I-dioxides in their preferred tautomeric and conformational
structures [A. .J. Wohl, Mo!. Pliarmacol. 6, 1S9 (1970)] in an att(’mpt to define by multiple
regression analyses the electronic and steric factors which quantitatively control biological

potency. The results indicate that position 5 1fl the benzeiioid portion of the molecule is a
center for receptor-drug electron transfer, determined by the energy of the most energetic
occupied molecular orbital. Also of importance is the degree of positive charge localized Ofl

atom 4 and the substituent group on position 3, as well as the charge on the sulfone oxygen
atoms. An intimate sequence of molecular events comprising the mechanism of action is
proposed, and a model of receptor structure is offered which accounts for the competitive
behavior of these compounds with Ba� and Ca� and is used to predict the potencies of a
wide variety of nonselected compounds with high accuracy.

LXTROI)t’CTIOX

It is clear that both the type and degree

of biological activity of chemical compounds

must be related to their chemical structure.

Attempts t-o deduce such relationships in

the past, however, have had only limited

5UC�C55 qualitatively, and virtually no sue-

(P55 at all in a quantitative sense. Recently,

however, multiple regression techniques, as

used by Hansch (1), employing a substit-

uent-parameter approach, and by Cam-

marat-a and Stein (2) and Neely et a!. (3),

applying the itidices of molecular electronic

structure provided by molecular orbital

calculations, have yielded useful results.

A recent theoretical work by Cammarat a

(4) builds up multiple regression equations

for biological activity based principally on

Klopman’s concept. of charge- and frontier-

controlled react ions (5, 6). These analyses

led to theoretical regression equations for

front ier-cont rolled reactions, based upon

frontier orbital charge density, and for

charge-controlled react ions, based upon

atomic charge and superdeli )cahzabilities.

The equations to be reported support this

conceptualization for the benzot hiadiazine

ant ihypertensive aget its.

Still lacking, however, is nit example of the

application of multiple regression atialyses

to a large series of chemical agents in which

the type and degree of biological act-ion are
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well (hiaract erized, :t(’(’tlratelV measurable,

and (lire(’t ly ret erai)le to a disease process

against which the drugs are useful. That

his lack exists is understandable, in that a

nliml)er of (‘Oti(litiOtls must l)e fulfilled

before such au utidcrt akitig is practicable.

It is uIe(’essary t hat all (‘hemi(’al agents

iuitlutled iii both the retrospective atid pie-

diet ive regression (quat louts be shown to

ex(’rt- a part i(’ular bioligical efiect via the

i(letlt ical m()le(’ular mechanism of’ action,

itisohtr as is possible.

2. It is also necessary to know the nature

of I he chemical species i’espouisible for bio-

logical activity. Ibis rest net ion is meant to

itici u(le (‘onf( )rmat i( )t tal as well as it )uiiza-

t-ioti structure, as discussed iii the preceding

paper (7).

3. Finally, it is vital that the biological

activity being use(I as the dependent van-

al)le in the regression analysis be measured

in a simple medium, at least for preliminary

st li(l\�. Thus restrict ion ensures that the drug-

reeept or i itt eraction will be uncomplicated

ltiantitatively by membrane transport’,

met aholism, dist rihut-ioui of drug, atid so on.

It should also l)e (‘lear that the a(’tual

measurement of activity must be highly

a(’(’urat e. These conditions virtually pre-

suppose procedures in m ttro, \Vhi(’h, while

perhaps not always physiologically relevant.,

may yiel(l valuable additional inhrmatioul

regarding mechanism of action which may

p’rmit- the construction of verifiable hy-

�( )theses regarding receptor st rue t we.

The benzot-hiadiazine- 1, I -dioXi(les (8, 9)

meet all of the above ideal requiremetits.

The auitihypertetisi�’e mechanism of action

is (‘oulsistent wit-h recent experimetits show-

big the compoun(ls t-o be competitive an-

t-agoiiists of (‘a��itiduced vasoconstrict-ion

j,� ,tj/�.0 (1 0- 1 2); the chemical species is the

uieutral u’nolecule;’ and the compounds have

been studie(l �vith regard to their eonforma-

tiotial itn(l tautomeric preferetices (7). As a-

fiuial advantage, t he potency of each com-

p01111(1 in the series as a competitive nut-

I J ( lopliss, personal (‘omniunicat ion.

tagonist of ( ‘a-induced rat aort ic \‘asO-

constni(’tioul lit ?ilI’() Ba4 ± \V15 used for �tse

of’ soltibilit (1 0)1 is easily measure(l with

higlu accuracy by st-aild1t-r(l t e(’luiiques.

M1:TIlou)s

Since i�) information is availal)le regard-

big the elect.roinc nat ure of I he beuizothia-

diaziuie-’ (‘a� receptor’’ iuitera(’t ion, a van-

ety of (luauitum chemical itidi(’es obtained

from Ext ended H#{252}ekelTheory calculat louts,

performed as in the preceding papet. (7),

were considered as independent variables.

I’he molecular orbit :tl cali’ulat ions per-

formed by EHT2 yield net at omic charges

for each atom in the nuole(’ule; these are

further partitioned into �- :111(1 ir-ele(’trOulie

charges [q.v �, tJ.v ij,

Summed regional ir- and a-charges were

calculated for 3-stibst it l1(’tit s, as St leit weiser

(13) has recently (lone ton a reat’t ion prob-

1cm in organic chemistry. This is symbolized

q(3J?)� or

The energy levels of the molecular orbitals

are also part of the computer printout. The

highest occupied (m( )st euieu’get i(’) molec-

ular orbital, which (‘otitaitis a full electron

t’omplemeuit (of 2 elect roits), frequently

participates in (‘hemical rea(’tiotls (14, iS)

and has been found to have biological sig-

nificautce (16, 17) along with the least ener-

getic (lowest uno(’(’upied) orbital. These

numbers are negative quantities. As multi-

plied by - I, these terms are symbolized

‘�H()M() an(l L1.EMI) , respectively.

Additional quauttit ies are the approxi-

mat-c (frontier) nucleophilic and elect ro-

philic superdelocahizabilities (�(.. R, S’cv ).V),

where the subscript- refers to the atom in

question. Fhese in(li(’es nwasui’e the tend-
encv (18, 19) for iuieomiuig (interacting)

elect ron-rich or elect rout-poor (‘enters to he

localized at an at om, and have found (‘hem-

ical :ts well as biological use (2, 20, 21).

2 The abbreviat 101,5 used ire: EIIT, ext etided

IlOckel theory; lIOMO, highest occupied molec-

utlar ot’bi toh ; LEM(), least energetic mi lecutlar

orbital.
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FIG. 1, Perspective drawi iig (If benzoth iadiazine molecule, showing hypothetical ‘‘receptor sites’’ se/erG’,!

for intermolecu tar force ca/cu lation.s, tnt/i distances to nearest atomic centers of in (crest
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rlhes(, superdeli )(‘ahizahiht ics refer to ir-

electron orbitals, and thus probably relate

to ir-ir drug-receptor interaction at specific

atoms in the (Irug fltole(’tllC.

An additional set of molecular orbital

quauitities are the atomic and bond polariz-

abilities (20). These quantities roughly

measure the electric moment induced at- an

atom by itself-self-atom polarizahility;

and at- t\v() adjacent atoms-atom-atom

polarizahility. These are also reaction in-

dices and have fOtlul(i chemi(’al use (14).

The frontier approximation employed in

calculating superdelocalizability, w’hich re-

stricts attention to the HU\I() and LE)sI()

as the react jon-determining orbit als, was

also used to calculate polarizabilities (7r�vx

lr.v v-cl).

Although misordening of orhitals has

sometimes been noted with EHT, a a-

orbital rather thaut a ur-orbital occasionally

appearing as the Hft\1O, calculatiouts on the

benzothiadiazines have invari ably shown

there to be a ir-orhital at a vei’y similar

energy whenever this misorderitig of etiergv

levels occurred. I”or the polarizahilities, as

well as the superdelocalizabilities discussed

above, the computations were (lotte OH the

frouttier 7r-orbital

Once preliminary results iitiliziuig the

above information were obtained, which

selected the particular atoms in the mole-

cule that could be regarded, based on the

results of the regression analyses, as being

involve(l in the iuitera(’tioul with the reeep-

tot’, :Ltt(’mpts were made to refute the w()rk

by introducing several additional quantities.

(‘oulomb’s law gives the direct (‘le(’tl’o-

static (charge-charge) interact ion bet ween

two points (centers) of ehau’ge as

� (I)

where � is a charge oti a drug atom .1 aunt

�jr is the cou’u’espondiuig t’harge out recept or

atom i’, � is the dielect t’i(’ (‘Otist-auit of tlt(’

medium, auid lldr is the separation bet ��eeti

atoms d and i’. lou’ all atoms iii drug aunt

all atoms in the receptor,

(2)

But we may consider the u’ecept.or as cotu -

stautt, auid the (helectric constant as tnt-

changed by drug. The prehimiutary results

to be (liscussed implicated certaiti atoms itt

the drugs as participants iii the interact ion,

and so unit positive (‘barges symbolizing qr

weu’e located at points iut space topographi-

(‘ally corresponding to the apparently iii-

volved (mug atoms. One of seven suehi

point-s is denoted by [A] (Fig. I ), and Con-

lombic it iteract ions between all drug atoms

and points [A] through [G] were calculated

by

F”t � qd
d Rd[AJ

A se(’ould type of drug atom-receptor

atotit iultel’m()l(’(’nlaI’ (‘ulergy may be sim-
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plified, foi’ a series of molecules, as the field

ci’eated h)y a seu’ies of ehau’ges upon the mid-

point of’ a 1)011(1 located a gi\’eII distaut(’e

away (23, 24). The midpoi itt 5 of u’ecept ou’ in-

ramOle(’ular bonds were also (‘onsi(lere(l to

be located at. poitits [.1 i-FG1, atid the electric

field we calculated by

,[.,� � --

.L = �,, D1 ‘r1�41
d Ild[i)

where rd[, is the �‘ecI 01’ (tistaul(’e, these

two (‘alculatuons were performed for all

nlole(’ules in t hue series,

The followitig vau’iables weu’e employed itt

the prelimiuiau’y auid fiutalregression atialyses.

q.va = net. a-charge 1)11 �LtOfl1 ,\‘

qv� = net ir-chau’ge oui atom .V

Q.v = ui(’t tot :il (a + ir) charge ott

atom .

(/(311)”’” = summed uiet regiouial (‘hau’ge

oVei� all atoms iut 3/? group

(a or ir)

LtIOM() = euiei’gy ‘ ( - I) of’ HOMO, in

elet’tt’out volts

/�L1.:�,t,) = euiergv ‘ ( - 1) of LI�\I( ), in

1’Oli �‘olt.s

= appnoxitnat(’ (fu’ont-ieu’)nucleo-

philic supeu’deloealizability (in

atoni .\

“(.‘, 1’] = appu’oxinnlt(’ (f’u’nttier) dcc-

t u’ophilic superdelo(’alizabiht�,’

011 ttOuli .\

7r,’,.v = fu’ouitier self-atoni polarizabil-

its’ of atotii ,\

= fi’onticu’ atoni-atoni polaniz-

ability bet we(’tI atom \ and

alonu .\ -4-- 1

= iuiternioleculau’ (‘oulonibic in-

t-eu’a(’t ion cutergv lou’ a mole-

(‘tileaui(I poitit IA]
/�l11 = elet’tI’i(’ fiel(l (‘u’eate(l at point

[.11 by t s(’t (if t’hat’ges (iii a

niolet’tile

lxt’ept lot’ t he etteu’gv h’vels ( L’HOM 0

tui(l “t.EM 0), which u’anget I bet ween 7. 1

and 12.6 eV, all othet’ vau’iables had values

l)et.\V(’en -2 aui(1 -4-2.

;\.ll (‘onipoluli(ls studie(1 �vet’e tu’eate(l by

EHT eomputatioui a-t the tautonier and

(‘oulforuitel’ combiuiat.ioti fouuid to have the

hiwest- euteu’gy in the pu’eceditig paper (7).

Au :Lppt’opu’i ate measu u’e of pharmaco-

logical poteul(’y in a series of’ competitive

blocking ageutts is a quantity termed p_-I2

This measurenteuit, as use(1 by Au’uuilakshauia

and Schild (2S), aul(I later by Vaui Rossum

(4) (26), is the negative logarithm of the molar

c( )nceutt rat ioui of ant a-gouust which necessi-

I ates a (loublitig of agotiist (‘outcetitration for

ati equivalent eflect wheui the alit-agonist

is present. hue pA is mathematically equal

o the (lung- t’ecept t )t’ (lissO(’i at i( )tt couista-nt,

although partitiouiitig utit’ert-aiuities between

tissue bath (lung eoti(’euit u’atiout and that in

he biophase make the bitt en t eu’un utirealis-

t i(’.

All compounds studied wer(’ evaluated

auid pA determinations inttde as indicated

by Vaut liossurn (26) and as was done for di-

azoxide (10). These values, as well as all

compoutids used itt the study, are showut

in fable 1.

Ihe (‘ompoutids stu(lied were treated as

itidividual ‘‘ol)set’V;Lt 1()tlS’’ iii \Vlli(’h the (IC-

pendent vau’iable, pA , was assumed to cot’-

I’elat(’ �tit1i 01i(’ 01’ mou’e of’ the tiurnen�us

EHT� molecular ot’bit-al quantities treated

as iui(Iepeutdeult variables, The assuntptioui

implicit in this treatment is that receptor

stru(’tuu’e ati(l me(’hiatiisflt of a(’tion hold

(‘Ottst tuit- while /);1 \‘au’i�’S throughout- the

seu’ies, pu’(’suntablv tvith Olid or more of the

in(lependetit \at’iabl(’s.

the st auidard stepwise multiple regu’es-

stout techuiiqlt(’5 used to treat these (lata

caui be evaluated by all thi’ee criteria: the

multiple (‘t )t’u’elatioui coefficient- (i’), the stauid-

aid ei’u’orof I he estimates ( � and the 1”-

statisti(’, ( )f the t hu’ee, i’ is the least reliable

as ati estimate of ‘‘goodness of’ fit’’ of the

det’ived (‘(lltatioti to the i-values, fot’ r may

iuicu’e:tse to very high values (-�l .0). while

�“,.,. it1(’t’(’it5(’�’. this (‘ir(’uunst.aul(’e it1(1i(’Otd�

niult i(’olineanity-that is, high (‘orrelatuins

a-ntouig the niuleculau’ orbital variables

t.t’eat d(l-\Vhli(’h niat luenlati(’allv results jut a



COMPOUND NUMBER

1 7-AZA
2 H
3 6-Ct
4 H

5 7-Ct
6 6-Cl
7 8-Ct
8 5-Cl
9 6,8-Ct2

10 5,7-Cl2
11 6,7-Ct2
12 6-CH3
13 7-CH3
14 6-Cl-7-CH3

15 5-CH3-7-Cl
16 6,7,8-C13
17 7-F
18 6-N02-7-Ct
19 7-Ct
20 6-Ct
21 6-Ct

5-THIA-6-Ct
6,7-Ct2

24 6,7-Cl2
25 6,7-Ct2
26 6,7-Ct2
27C 6,7-Ct2
28 6-CH3-7-Ct
29 7-Cl

..!.L.
H
CH3
H
H
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3

CH3
CH3
CH3
CH3
CH3
#{128}�

-�

CH3
C5H9
�1-C5H7
Ei2-C5H7
z�3-C5H7
C7H7
H
H

S
S
S
S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

...L.

N
N
N
N
N
N
N
N
N
N
N
N
N
N

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

02
02
02
02
02
02
02
02
02
02
02
02
02
02

02
02
02
02
0
02
02
02
02
02
02
02
02
02
02

pA2� S EM.

3.76 ± 0.17
3.76 ± 0.14
4.92 ± 0.15
3.62 ± 0.04
511 ± 0.01
5.40 ± 0.13
439 ± 0.10
3.94 ± 0.17
4.63 ± 0.19
4.68 ± 0.09
6.12 ± 0.21
4.34 ± 0.16
4.26 ± 0.21
5.82 * 0.13

4.63. ± 0.09
5.85 ± 0.18
4.68 ± 0.13
5.54 * 0.13
4,44 ± 0.17

5.41 ± 0.21
4.16 ± 0.20
3.60 ± 0.23
7.73 ± 0.13
4.59 ± 0.11
7.00 ± 0.17
7.84 ± 0.21
6.64 ± 0.27
5.46 ± 0.12
4.12 ± 0.25

30 7,8-C12 CH3 S N 02 5.34 ± 0.08
31
32
33

6-CH3-7-Ct
5-CH3
6-Cl-7-SH

CH3
CH3
�3-C5H7

S
S
S

N
N
N

02
02
02

5.70 ±

3.86 ±
7.27 ±

0.15
0.14
0.18

34
35
36

6,7-Ct2
6-Ct
6-OCH3

CH3
CH3
CH3

C
S
S

N
CH
N

0
02
02

5.19 ±
4.85 ±
4.78 ±

0.07
0.23
0.16

bTtuis and Fot towing Ttiree Comluotutuds are Cyctopeuutyt ,iiid ueulteuuyl
� 1-Cyctotieptatrienyt
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TithE 1

Structure am! numbering of benzothim!iu:ines (111(1 similar �‘ouipoiin�l.s

aTtuieno Ring Fused

H

R _�yN �

z

high r. There are often siguiifieatit ititercor-

relatiouis betiveett the molecular oi’bitd

variables; only wheti computer inclusion of

inter(’orrelated varial)les, an unusual O(’(’Ut’-

rence, decreases the 1S�., are such variables

considered to be of siguiificance (27).

The !‘-statistic measures the significautce

of the (‘oeffl(’ient of It. variable as it con-

tributes to the o\’eI’-all regression, and only

highly significauit (‘oult nibutions are con-

sidered.

i’he assumption is made that a high r,

(‘oupled with a low *“i’/.! for a negu’ession

equation, the variables \VhOs(’ o’oefht’iettts

are highly significant, itidicates sounethiutg of

bu)logical import. It is, strictly speakiuig,

lnvali(i to imply causality t-o a (‘onrelatioui,

howeveu’ high it may be. Irom a pragmatic

point of \‘iew, however, if such a negressioui

e(luat iouu, applied to compounds ot lieu’ t haut

those t reate(1, yiekls a predictiout. of’ the p;l 2

within the statisti(’al limits of’ expeu’iniental

data, it is felt- that the equation iui quest-ioui

is at- least a workiuug (Ies(’u’iptiout of’ t lie dee-
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roni(’ f11(1 ot’s wit jell del et’uuii tie t he recept ( u’

�it I a(’k of �t fl1()l(’(’l,tle auid its o’oinsequeuit

h)iologi(’al efle(’ts.

1tEsl’LTS .�N1) DI5(’t’SSION

Vi o’liminw’y (Ia/a. Regressioti Eq. i is the

result obt aiuie(l front sI cpwise auialvsis of

contpouutds 1-7, 9, 11- -14, and 16-I 9 itt

1:tble I . The �-. 1 i’atige of’ this set 1)1 16

compouuids is 3.76-6.12, a 2:30-fold poteuucy

sl)u’(It(l.

j)’-12( 1’) = 2s.:34 - I �

-

+ 48.38S�5�.V

-

+ 98.37 S�().V

= 0.947, � = 0.23,

(I)

P = 48.31

(p < 0.0003)

rl�ht(, stat isti(’al significatice of the regression

equal iott is high, for, iii addition to I he high

o’ou’relat.ioutcoefficient atid P-test value, the

st andal’(l errot’ of the est in-late is such that

the pt )t (‘lit ial iuiaccuraev of the equation

goes fu’om a hnv of 3.8 ‘ ; to a maximum of

6. 1,; , Pu’edietively, hotvevet’, the e(luation

is useful ouily for (‘ompounds iuicluded within

the u’elat ively tuarnow select-ion of structural

types iui(li(’ated. Pnedi(’t iouis of activity for

eontpouuids possessiutg H groups other than

H (if (‘II: au’e uniformly low by an or(ler or

�V() (if niagnit tide, Itttd predict touts for

subst il-uI(‘(I compounds such as Nos. 8,

10, 13, aui(1 32 are uniformly too high b

appu’oxintately an ordet’ of magnitude.

It is t’lea-u’, t heti, that E( I I, whole a regnes-

siout of high statistical significautce, covers

too tianu’ow a structural type to 1)e useful,

‘Iheu’e a1’e salient feat ures of Eq. 1, how-

evet’, whio’h au’e of interest. No (‘hiarge terms

are iuieluded; the iuttenaction would, how’-

eveu’, seem t(i be eharge-eontu’olled (3, 6).

r1�l1e pu’eseuice of LHOMO \VO1.ll(limply, siutce

the t’oefheieiit for tluis term is utegat-ive, that

the more duiergeti(’ (the smaller this nunil)el’,

I-lie higheu’ the �;l �) is HOM( ), the more

f�u’ile eleo’t u’oti (1011111 lout. froin the (‘(impound

would he, auid couusequently that the com-

pouutds act by eleetnout douiatioui, at least in

part.

flue utegative o’oefho’ients for positiout 4

1111(1 ) elect rophilic supendelocalizabilit ies

�“�1’.) 1111(1 the positive (‘tieffi(’ieult.s foi’ the

uiueleophilie supendel(io’ahizahilities (S.V) at

posit iotis .) 1111(1 6 o’(iutfil’m the tlb(i\’e u’dI(s(iui-

itig, auid ittdi(’ate m’iu’(’ a.t’o’urately the areas

of iuflpou’t-aui(’e for this eflect withiut the

structure (if the (mugs.

I’4( that i(i11 II, which e itisidet’s t it(’ 2:3 �

p01111(15 1-7, 9, Il -14, lti-2l, auid 23-27, 1111(1

(‘(ivel’s tite I 2,000-fold �-l2 u’atige 3.63-7.84,

is Il ttl(it’d satisf act ou’y (lescnipt-i(iil.

J);12( c’) = (‘i4,12 -

+ 33,09�S’1.V + I l3.78�S’(6).V

= 0,9(’iO, � = 0.28,

+ 3,16q(311)w (II)

P = 62:31 (� < 0,0003)

Fhie stlt.tisti(’ILl sigtiiho’auice (if Eq. II is

roughly equivalent- toi that of Eq. 1, with the

st-autdard erroi’ going front 3.6 to 7.7 � and

the high correlat i( itt eoeffteient atid P-value

corroborating the ao’euracy of the regression.

Equal bitt II, however, permits (list juicIly

adequate predictiouts over a much widen

range of structural prototypes thaut does

Eq. I. The form of this equation is similar to

that of Eq. I except for the appau’etitly mi-
pou’tant inclitsioti of the I’egi(inal charge on

the 3-substitueuit, implying, itt addition to

cle(’t I’Oti (101111-I l( ill fi’on-t ele(’t rot 1-rich a-rca-s

out the aromatic ring, a o’harge-eharge inter-

action which may be involved iut stabiliza-

ti(in (if the drug-receptor coimplex.

The abseutce of the seemingly important

sulfonvi group is, in all probability, ttii ttt’ti-

fact of tile basically limited compound selec-

t.ioui, fot’ �u1l the compounds studied are

quite similar. The involvement of these

ltt.o)flts, ho�vever, i)eeofl’tes (‘lelu’ �s’heui iuit en-

molecular forces are considered in t-he next

se(’tiotl of this paper.
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File geuieral usefulness of Eq. II is still

limited, however, for it is ittlldequate to pu’e-

diet (account for) the p(iteut(’y of �)-substi-

tuted compouutds in that it (‘outsisteuttly

overestimates. Since it seemed that the

breadth (if structural types included in Eq.

II was (1nite large, it was difficult to ae(’(iunt.

for the inability of the regression equation

to deal successfully with 3-substitut-ioui nit-

less the assumption \t’lts made that 1)ositi(itl �)

\Vlt.S 50 iuitirnately invOlve(l iut the

mechanism that either stenie or direct elec-

troni(’ mtera(’tiotts had to be (‘otisidereol in

order to est ablish a generally useful negres-

Siott equation.

Improved i’e.s’ults. Equatioui III should be

(‘ompared with Eq. I, fou’ il is the result of

performing a multiple regressiou t autalysis on

the same 16-compound set as in the earlier

equat ion, but also includes t he intermoleeu-

1111’ energy (‘ltl(’UllttioIts (lis(’usse(l uuider

M E’I’HOI)S.

= :38.34 -

+ l3.78S��.V - 0.0047r�,7

+ o.o4�;a,, + 1I,03F�-�’ (111)

r2 = 0.996, S� = 0.07,

P = 202.57 (p << 0.0005)

Equation III differs from Eq. i itt two

salient- respects: a far better, almost perfect,

fit. of the experimental data has i)ceit ob-

tained, and it- shows the likelihood of a re-

ceptor point located at point [A] in Fig. I

The I a-8 aul(1 6-7 polarizabilities are come-

lat-ed wit-h the 1SN of positioui 6 and (‘(itlS(’-

quently represent that term in Eq. I. It is

evident from the size of the coefficieutt in

71’6,7 that this term is of limited importance.

The elect-rophilic superdeloeahzabiht-ies at

atoms 4, 3, and 6 are all highly correlated

with EIAI and represent those terms of

Eq. I in Eq. III. The interpretation of Eq.

III, therefore, is the same as was given for

Eq. I, autd the greatly itn’reased goodness of

fit is likely the result of the inclusion, iti the

stepwise procedure, of �1.41, the electric field

up�iut a pi’e’sumt’d I’e(’eptor sit(’ located iut the

plain’ of the ulhu(’leUs ait(l in the area oil atoms

4, 411, It.tt(1 �).

I )espite the adequacy (if Eq. III fou’ pie-

(lietiuig the activity of compouuids falling

within its tiIt1TO\\’ stu’u(’tuu’ltl bnea(lth, it fails

quite as coimplet ely as the much less aceu-

u’Itt-d Eq. 1 with regard to :3-substit titiott,

although Eq. III is the first equatiout which

slttisft5’tOt’ily It(’(’(ittuits fot’ tue P0t(’tio’Y (if

5-substituted (‘(impounds.

Equatioui I\ iil(’lUdeS the 24 o’onhl)oiuit(ls

1-9 and 11-23 iti ‘table I. W’hile the require-

n-tents (if (‘omp(iluut(l i’aniet�’ have forced thuc

a( I(litioiut of’ several additu it tat t eums, I’� � I \‘

o’aii be seen to he aut entirely satisfactory re-

gression equat ion spantiilig the 17,000-fold

pot eui(’y rauige of 3.60-7.84,

= 1.95 + S.li3A”i”1,\’

- l35.08A’�’(K + 78,l4E1ll

+ 54.32S’�:c.V -

- 0.O3iri,,t + 61 ,60l’lRl

+ l.49q(3/i�)T

= 0,0)94, �-#{231},.= 0.12,

P = 263.34

(I \‘)

(7) <‘( 0.0005)

Several iuitenest i tug diflereuiecs au’e o’lean

bctweeui Eqs. III 1111(1 IV. ‘the L’uu(i,,t() i’e-

qui remet it hi1ts disappeared, e\’ideiit ly I ie-

eause, itt this much wider st-ruo’tunal ratige,

it is now of less determinative importauto’e

fot. activity t-haui the limit imposed by the

statistical significance thi’cshold (if the me-

gressiout atialysis. It has, in effect , h)een

diluted in importance by the preseuiee of

large utumbers of compounds that have

roughly equal ‘�‘it0M() �ttlties but whose po-

teuiey is primarily determined by other

(lttltttt it ies.

The �l.il quantity found in Eq. III has

beeti replaced by t he correlated self-at om

polanizability at- position 5 (which allows o’or-

rect- pre(li(’tions for the 5-thia (‘ompoult(I

(No. 22 in Table I) nuid AS’(�J��. Thie sulfur

and oxygeti atoms au’e now showtt to he im-
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V qj S’N11� SEt4t E(D] SNt3t � �1o.Io F(E]

1.0 .795 .375 -.484 .251 088 -.283 -.306 .600

1.0 .047 -.336 .084 -.210 -.276 -.126

1.0 .158 .493 .059 .415 -.363 .166

1.0 .462 .065 .493 -.125 -109

1.0 .067 .280 -.369 .368

1.0 .123 .003 -448

1.0 -.382 -.216

1.0 .013

1.0
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TittLE 2

(‘orre/ation ,natri,r for Eq. Il’

portauut h)y the inelusion of J�’1t�l and �‘(1�V,

and thus permits tentative placement of 1111-

other receptor site at [DJ, making three til-
together, [_1 ], [I)], and [F], out- (if the seven

onigiuially chosen as likely candidates

(Fig. 2).

An important qualifieatioui for multiple

regu’ession analyses, (‘yen when performed

stepwise, is t-he possible complications in-

duced by multicolineanity, that- is, siguiifi-

cant i ttt ercorrelations bet weeui supposedly

indepcutdent- variables. I able 2 shows the

one such event whio’h appears in Eq. IV, a-

high (‘(irrelat ion bet weeui �l’fl 1111(1 q(3 I?)”.

The sI atistical significance (F-test) of the

equal jot i is, howevet’, markedly nedu(’ed by

exo’luding either term, and so it must he

assumed t hat, despite intercorrelat tout, el-u’h

term says overlapping but different things

about the drug-receptor in tenactiout.

(‘orrelatiouts, however, even of high sta-

t.istio’al significance, are of (lilly passing

interest unless one is able to derive verifiable

hypotheses from them and /or utilize them

predictivelv. Table 3 shows the agreement

bet weeut predio’ted lutd experimentally found

p-la values using regression Eq. IV. In 6 of

the 19 oases the deviation between predicted

1111(1experiment-al values slightly exceeds one

standard deviatioit of t-he experimental

values themselves, For the other 13 cases

tabulated, the estimates of potency agree

quite o’losely. The P-’12 range covered by

these It) compounds is some 12,000-fold; the
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TAuILE 3

Prediction of potency by Eq. 11’

20:3

COMPOUND NUMBER

ioa

OBSERVED pA� ± S.D. PREDICTED

4.52

pA2 DEVIATION

0.164.68 ± 0.16
15 4.63 ± 0.14 4.68 -0.05
2O� 5.41 ± 0.27 5.43 -0.02
21 4.16 ± 0.32 4.27 -0.11
22a 3.60 ± 0.27 3.59 0.01
23a 773 ± 0.31 7.83 -0.10
24 4.59 ± 0.11 4.57 0.02
25 7.00 ± 0.34 7.09 -0.09
26 7.84 ± 0.27 7.64 0.20
27 6.57 ± 0.47 6.83 -0.26
28 5.46 ± 0.12 5.13 0.33
29 4.12 ± 0.37 4.59 0.47
30
31
32
33
34
35
36

5.34
5.70
3.86
7.27
5.19
4.85
4.78

0.13
± 0.19
± 0.13
± 0.31
± 0.12
± 0.24
± 0.27

5.20
5.56
3.68
7.60
4.84
4.73
4.65

0.14
0.14
0.18

-0.33
0.35
0.12
0.13

alncluded in regression.

TitiLE 4

Predicted a-nd experimental ma/ties for Eq. 11’

5a 1.59 - 2.01 ig ml 1.79 ‘ct ml 1.59 - 2.77 ig ml 2.19 ‘ct ml -0.39 ‘c’

22a 18.4-192.2 59.4 45.1-78.3 61.7 -2.3

26” 0.001-0.011 0.0042 0.003-0.006 0.0045 -0.0003

27 0.034-0.12 0.089 0.037 - 0.064 0.049 0.04

26 0.43- 1.49 0.80 1.30-2.25 1.71 -0.91

30 0.73-2.06 1.22 1.27-2.21 1.68 -0.46

32 21.0 - 63.4 39.0 52.7 - 91.7 69.5 -30.5

34bb 0.87-2.51 1.48 2.51-4.36 3.31 -1.83

35C 1.91-5.51 3.24 3.24-5.63 4.27 -1.03

COMPOUND EXPERIMENTAL
NUMBER RANGE MEAN PREDICTED RANGE MEAN XE - Xp

alncltided in Regression

bQtjjnazol ine-4-one
C�, 4-Benzttiiazine

range of structural types exceeds the breadth

included in the derivation of Eq. IV, com-

pound 35 being a 1 ,4-benzot.hiazine rather

than a I , 2 , 4-benzothiadiazine, and corn-

pound 34 being a 4-quinazolinone. It should

be clear that Eq. IV ha.s excellent predictive

properties.

Table 4 shows agreement between experi-

ment and prediction for three compounds

included in Eq. IV and six compounds repre-

senting stru(’tural types which were not- in-

eluded in the derivatioit. The largest differ-

enee (last column) between experiment and

prediction is only some 30 ,�gjml of drug.

Several compounds not included in Table

1 are inactive, and several more �tne active

but in a different way than would be ap-

paretit by comparisons with existing com-

pounds. It is believed that au understanding

of t-he activities of these compounds may

better be gained by extrapolation of the

results thus far reported. It- is of interest t-o

speculate on (a) the electronic mechanism of

action of these compounds and (b) the

st met ore of the receptor.

Electronic molecular mechanism of action.

Without invoking any particular conceptual-

iza-t jolt of drug-induced re(’ept (in alteration,
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we nu:t-�’ �)u’o�)o5e t hi�t.I a (lt’ug unoleo’ule uuuives

hiy (lilfhlsi(iutill the bioipiuase iuito e(luilil)u’iuni

p(isitiott for I he fornat-iout of t hree, n(it uteo’es-

sai’ily siitiUltallco)us, weak moleeulai’ 1)0)11(15

:tt- sites [.1 I� ID], auid [El (Fig. 2). The n-mI-

(‘(‘tile Ii( iw oio’cupies the recept or,

Ihe recept oir, however, tioiu’mallv act iv:tted

by (‘a� �, may only he composed of sites .1]

1111(1 [LI, Sites [.1 ] ati(l IF] ate chosen as

likely cent (‘i’sfor the normal (a� receptor

heo’ause the (list autce i)et \\eeut [A] 1111(1 [F] is

3.5 A. the (liameter (if the singly hydrated

(‘a� is 3.7 A (28). This interesting simi-

larity may, of course, be (if no more than

coincideuital iutterest, autd (loes utoit- affect the

following dis(’ussion. hue (list auice bet weeut

sites [1)] aui(1 cit hueu’ [_1] ot. [K] is much greater,

howeveu’, 1111(1 it ma-v be that [D] serves as

the ao’o’essony site permitting sta-bihzatioui of

the recept on occupation.

\Vith the drug moleo’ule ill :3-poitit atta(’h-

metit toi the receptor, an electron or fraetioui

thereof is donated to the receptor from the

drug. With this event the change distribution

itt 1he (mug molecule (‘hatiges so a-s toi (he-

(‘i’e�t._se markedly the i)indiuig at [A]. l3itiding

at 1/)] 1111(1 [F] is slightly enhanced by this

exchange, i)ut itot sufficiently to overcoime

the effective lack of binding at [DI. The

molecule is now easily disengaged from the

receptor either by (‘a� or solvent forces, or

by the o’hauiged change o’haractenisties oif the

receptor itself.

If this hypothesis is correct, at least iti

general outline, 4-methylated compounds,

which possess very low � values, should

be iuiaetive. This has been verified expeni-

nient ally. Compouitds substituted at posi-

lion 3 with highly negatively charged sub-

stit-uents su(’h as trifluoromethyl sluould also

be inao’tive, again ill keeping with experi-

mental (Intl-i. In aecordano’e with predictions,

compounds devoid of oxygen at position 1

are ittactive, but this result is open to ques-

lion because of the very poor solubility

(‘hltt’tL(’t enist us of such eompouuids.

The hypothesis does not account sat.isfac-

tonily for the observation that 3-oxo deriva-

tives possess activity, but- in this ease the

2-nit i’(igen (‘ll.l’i’iCs It hydu’ogen atoni 1111(1 t his

stlil(’tllI’ltl (iifferen(’e coniplicates mt et’pnet-a-

tioti 0)1 the lahoratou’v finditig.

,‘..‘:/l act it ‘c ()j the receptor. ‘Fliis ext 1111)0ii : tt ioui

is on lit- lea-st as teunioius ground as the pt’e-

ceding (iis(’ussion, but ma also he opeui to

test.

hue ‘‘u’eo’cptor’’ lot’ the beitzothiadiazines

is thoiught to) differ iut possessiuig otue moire

hindiutg site, at- [D], thaui the utumber re-

quined for activation i)y (1a�. Sites 1,-I] attd

[F] may he two aniomc centers such as

would he presetit in an organio’ phosphuate.

Site [I)], which would seem logically to be :1

cationio’ ceuiten by virtue oil its proposed

illtera(’tioti wit-h oxygen �in position 1 of the

drug molecule, also appears to behave as aui

aniouti(’ site, according to the eoefficieuits

(positive) and the sign of FED] (negative).

Ihe above assignments lire based out the

regression equation data exclusively, hut

have i ut enesting laboratory correlates. The

3-oxo compounds briefly diseusse1 above are

fat’ n-tone potetit t.hlLtl iulspe(’tion, based oui

the negatively charged 3-substituent, woukl

in(hi(’ate. Yet t-he EHT computation 0)11 such

a compound iiidieates a much deenease(l

negative charge on the 2-nitrogen, such that

Eli)] would decrease sizably in negative

character and account- for virtually all of I-lie

observed potency in view of the very large

contribution made by it, as in Eq. IV.

Negatively (‘hanged 5-substituents, su(’h

as nitno, whose group net charge (EHT) is

approximately - 1 .0, should and do increase

the positive character of positiout 4 quite

markedly while decreasing the elect-roui-

donating ability of the molecule; i.e., the

compound should no-it act- like other mem-

bet’s of the series. Expenimeuital observa-

lions o’oinfirm this supposition, in that 5-

nit mo-�-chloro-3-methylbenzothiaoliaziu te 1,

1-dioxide stimulates the receptor in low

(loses and blocks it in higher doses, (‘onsist-

cut- with the hypothesis put forth.

It may i-tot be possible t-o identify the

receptor in more specific terms, hut work is

proceeding along these hues, utihizitig both

expeni mental findings and interrnoleular
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EHT eontput.at ions aloitg the lines sug-

gested by Adam et al. (29), and will he re-

ported itt subsequent publications iii this

series.

CONCLUSION

Molecular orbit al methods, combitted

with accurate laboratory dat a obt lulled

under conditions in which st ruo’ture an(l

mechanism �‘an be controlled and kept coti-

slant, permit predictive eorrelat-iotts as

well as useful ext rapolations of the phai’-

macological effects within a series of drugs.

Limitations of the procedure ate the me-

(luiremeilts that (a) as broad a set of molec-
ular orbital variables be included in re-

gression analyses as is possible lluid (h) the

compound series must be as wi(ie ItS 15 (‘0)11-

sistent with syutthet-ie o’apabihit-ies. \Vithin

these limitations, highly accurate regression

equations may be developed both for op-

timizing potency within a compouuid series

and for understanding the underlying mech-

anism of action.
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