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FOREWORD 

A D V A N C E S IN C H E M I S T R Y SERIES was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d co l 
lections of data i n spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
the ir papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are refereed cr i t i ca l ly accord ing to A C S 
ed i tor ia l standards a n d receive the care ful attention a n d proc 
essing characterist ic of A C S publ icat ions . Papers p u b l i s h e d 
i n A D V A N C E S IN C H E M I S T R Y SERIES are o r ig ina l contributions 

not p u b l i s h e d elsewhere i n who le or major part a n d i n c l u d e 
reports of research as w e l l as reviews since symposia may e m 
brace b o t h types of presentation. 
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PREFACE 

Τ η the last decade the costs of in t roduc ing a new b io log i ca l chemica l 
-*· ( d r u g or pest ic ide) to market have nearly doub led . C u r r e n t in t ro 
ductory costs are on the order of seven to 10 m i l l i o n dollars. A s a result , 
fewer n e w drugs a n d pesticides are be ing marketed each year. C o n c u r 
rent ly , m a n y large indus t r ia l concerns have closed out their agr i cu l tura l 
research, a n d pharmaceut i ca l houses have l ikewise decreased their syn
thesis a n d screening operations. 

F o r those research organizations that continue i n the quest for n e w 
compounds w i t h i m p r o v e d b io log i ca l ac t iv i ty or that fu l f i l l a market need, 
the r isk is h igh , but the rewards are h i g h also. It is l i t t le wonder that i n 
an effort to decrease this risk, these concerns are devot ing increasing 
attention to new tools that a i d i n the selection of compounds for further 
development. 

T h e idea of corre lat ing b i o l og i ca l act iv i ty w i t h chemica l structure 
a n d phys i ca l properties of compounds is not new. Indeed, the beginnings 
m a y be traced back to the famous M e y e r - O v e r t o n theory (1,2) where the 
b ioact iv i ty of anesthetics was correlated w i t h l i p i d / w a t e r part i t i on co
efficients. I n 1935 M e y e r a n d H e m m i (3 ) disclosed that b io log i ca l ac t iv i ty 
was again re lated to a part i t i on coefficient. I n 1962 H a n s e n (4) demon
strated the re lat ionship between b io log i ca l ac t iv i ty a n d the H a m m e t t 
s igma constant. E a c h one of these approaches was appl i cab le w i t h i n a 
narrow area of structure a n d act iv i ty . I n 1964 H a n s c h a n d F u j i t a (5 ) 
considerably broadened the scope a n d u t i l i t y of s t ruc ture -ac t iv i ty corre
lations w i t h their introduct ion of an act iv i ty m o d e l a n d a two-parameter 
equat ion based on H a m m e t t s igma constants a n d so lubi l i ty parameters. 

T h e H a n s c h - F u j i t a method , the F r e e - W i l s o n theory (descr ibed b y 
C r a i g i n C h a p t e r 8 ) , a n d the molecular o rb i ta l theory ( descr ibed b y K i e r , 
C h a p t e r 15) have greatly increased our understanding of the mode of 
act ion of m a n y b io l og i ca l chemicals . It has also i m p r o v e d our ab i l i t y to 
predic t the act iv i ty of a var iety of chemicals against p lant a n d insect 
pests a n d certain pathogenic organisms. 

O n e w a y to i l lustrate s t ruc ture -ac t iv i ty correlations is to p lot act iv i ty 
as a logar i thmic funct ion of a p h y s i c a l parameter. T h e result ing p lot 
yields a curve where o p t i m u m act iv i ty lies at the summit of a h i l l . B y 
k n o w i n g the effects of appropriate dependent variables on act iv i ty , one 
can learn h o w to reach the summit i n the most efficient manner. 

v i i 
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Adverse b io log i ca l act iv i ty , such as toxicology, can also be correlated 
w i t h phys i ca l a n d chemica l parameters. Imagine such act iv i ty for a 
chosen f a m i l y of compounds as be ing represented b y a b lack h i l l . If the 
desired b io log i ca l act iv i ty is correspondingly represented as a w h i t e h i l l , 
the peaks of the wh i te a n d b lack hi l ls w i l l generally be disp laced f rom 
each other. H e n c e , one m a y advantageously use correlat ion studies to 
approach as close to the top of the w h i t e h i l l as possible w h i l e s t i l l be ing 
as far removed f rom summit of the b lack h i l l as is feasible. T h i s concept 
is dep ic ted on the cover and jacket of this book. 
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1 

The Extrathermodynamic Structure-Activity 
Correlations 

Background of the Hansch Approach 

TOSHIO FUJITA 

Department of Agricultural Chemistry, Kyoto University, Kyoto, Japan 

The background supporting the versatility of the Hansch 
approach is that it is in fact an extrathermodynamic ap
proach to drug action. The information on the structure
-activity relationship of various kinds of drugs is expressed 
as equations which provide a convenient way for compara
tive studies with simpler and similar model reactions to 
elucidate the mechanism of overall drug action without 
microscopic knowledge of complex processes occurring i n 
v ivo . 

T n order for a d r u g to exhibit a certain b io log i ca l effect, i t must interact 
w i t h a certain ce l lu lar component at the site of action. T h i s component 

is often ca l l ed a receptor. H o w e v e r , b io l og i ca l systems are composed of 
a number of heterogeneous phases, and the site at w h i c h a d r u g is 
administered is usual ly separated f r om the site of action. T h u s , the d r u g 
must be transported through phase boundaries a n d undergo adsorpt ion 
a n d desorption processes w i t h proteins a n d membranes, as w e l l as par 
t i t i on ing between different l i q u i d phases, before it reaches the site of 
act ion. Moreover , the drug - receptor interact ion at this site does not occur 
wi thout perturbat ion b y surrounding heterogeneous components such as 
water, serum prote in , l i p i d partic les , etc. A l t h o u g h the transport processes 
a n d the drug - receptor interact ion are essentially phys i cochemica l , they 
are far more complex than the homogeneous e q u i l i b r i a a n d rate processes 
of usual organic reactions. I n this s i tuation, it w o u l d rarely be possible 
to e lucidate the mechanism of d r u g act ion i f w e were to insist u p o n only 
determinist ic as w e l l as microscopic models of i n d i v i d u a l stages of the 
transport a n d interact ion processes. 
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2 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Recent ly , our H a n s c h approach has been w i d e l y accepted a n d recog
n i z e d as a versati le w a y to understand d r u g act ion b y ana lyz ing the 
s t ruc ture -ac t iv i ty re lat ionship i n various b io l og i ca l systems ( I , 2, 3 ) . 
T h i s approach assumes that the phys i cochemica l factors governing the 
transport a n d drug - receptor interact ion can be factored into electronic , 
hydrophob i c , a n d steric components. I n general , one can consider that 
the variations i n b io l og i ca l act iv i ty ar is ing f rom structural modifications 
i n congeneric drugs depend upon the concomitant changes i n these 
phys i cochemica l factors. T h e assumption is s u m m a r i z e d as E q u a t i o n 1 
w i t h parameters for the factored phys icochemica l properties, Ε, H, a n d S, 
respectively. I n a series of congeners, the b io log i ca l act iv i ty , B A , for a 

Δ Β Α = / ( Δ # , Δ # , Δ δ ) (1) 

ΒΑ = f(AE, AH, AS) + constant (2) 

reference c o m p o u n d is a constant . T h u s , E q u a t i o n 2 holds for each 
member of the series. U s u a l l y , the value of B A is taken to be rec ipro 
ca l ly proport iona l to the d r u g concentration, C , w h i c h causes a standard 
b io log i ca l response such as E C 5 0 , I50, m i n i m u m i n h i b i t o r y concentration, 
etc. on a molar basis. M o r e pract i ca l ly , the free-energy re lated parameters 
are used such as l og 1 / C for Β Α, π or l og F for AH, σ, σ*, σ', or Δ ^ KA 

for AE a n d E8 or E8
C for Δ5. π is the hydrophob i c substituent constant 

der ived f rom the part i t i on coefficient, F , w h i c h is usual ly determined 
w i t h the use of 1-octanol /water system (4, 5 ) , σ is the H a m m e t t constant 
( 6 ) , σ' is an electronic parameter for r a d i c a l reactions ( 7 ) , σ* a n d Es are 
the Taft 's po lar a n d steric constants for a l iphat ic systems ( 8 ) , a n d E8

C is 
the H a n c o c k corrected steric constant ( 9 ) . T h e most w i d e l y used equa
t ion i n this approach is formulated as E q u a t i o n 3, where a ( ^ 0 ) , b, ρ, δ, 
a n d c are constants w h i c h are determined by the regression analysis 
us ing the least-squares method . 

log 1/C — -a (log P ) 2 + b log Ρ + Ρσ + SE8 + c (3) 

I n this w a y it is possible to analyze h o w each of the phys i cochemica l 
properties of the molecule is concerned w i t h the d r u g action. Some 
examples are s h o w n i n Equat ions 4 -11 . I n these equations, η is the 
n u m b e r of points used i n the regression, s is the standard deviat ion , and 
r is the correlat ion coefficient. 

NADH Oxidation, Inhibition by Barbiturates (3) 

0 n s r 
R

 X C - N H pleo — 1 . 1 1 log Ρ + 1.24 6 0.261 0.921 (4) 

χ >=° 
K 2 C - N H 

// 
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1. FUJITA Extrathermodynamic Structure-Activity Correlations 3 

Chymotrypsin, Inhibition by 
Miscellaneous Neutral Compounds (2) 

n s r 
p2£/ = 1.00 log Ρ — 2.60 8 0.139 0.995 (5) 

Cat, Inhibition of Salivary Secretion, 
Benzilic Acid Choline Esters (10,11) 

(C 6 H 5 ) 2 C (OH) C O O C H 2 C H 2 — N 5 I 2 

log ΒΑ — - 3 . 3 1 3 σ * - 0.552π + 2.30 

13 0.159 0.971 (6) 

Alfalfa, Growth Inhibition, 
Benzyl Quaternary Ammonium Ions (11, 12) 

p l 5 0 = - 1 . 0 2 σ + 0.64π + 1.50 
HO CH., CH : { ^ ' 

/ ] — Λ / Χ 9 0.119 0.930 (7) 
N _ C H 2 - ^ ^ 

C H 3 

S. Aureus, Bacteriostatic Activity, 
Kojic Acid Analogs (pH 7) (13) 

1 log β- _ 0.97 Alog KA + 1.49π(Χ) + 1.71 

9 0.511 0.956 (8) 

6 C H 2 X 

Carbonic Anhydrase, Inhibition, 
Benzenesulfonamides, (14) 

SO 2 NH 2 pKr = 0.77 A log KA + 0.38π + 0.52 

16 0.216 0.938 (9) 

Tobacco Pith, Cytokinin Activity, 
Diphenylureas (15, 16) 

/ 0 log 1/C = Ι.ΙΟσ + 0.36π + 5.68 

^ ^ - N H C N H C H . 9 0.178 0.945 (10) 
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4 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Wheat Coleoptile Cylinder, 
Auxin Activity, cis-Cinnamic Acids (15, 17) 

I „ w log 1 / C = - 0 . 5 0 (log P)2 + 2.45 log Ρ 

8 0.290 0.815 (11) 

I n Equat i ons 10 a n d 11 the σ values are those to the ortho posi t ion of the 
side chain . 

I n c lassical s t ruc ture -ac t iv i ty studies, most of the attempts concen
trated on corre lat ing the act iv i ty w i t h one of the molecular propert ies— 
e.g., the carcinogenic act iv i ty of po lynuc lear aromatic compounds w i t h 
their electronic structure (18, 19), the narcot ic act iv i ty w i t h l i p o p h i l i c i t y 
(20, 21), the insect i c idal ac t iv i ty of cyclodienes w i t h their three -d imen
s ional molecular silhouette (22), etc. Sometimes the act iv i ty correlated 
w e l l w i t h only one of the molecuar parameters. I n our approach these 
are special cases where other phys i cochemica l properties do not p lay 
c r i t i c a l roles i n determin ing the var iat ion i n the act iv i ty w i t h i n a set of 
congeners so that the coefficients def ining these other properties are zero. 

T h e parameter izat ion of the hydrophob i c character is one of the 
most important aspects of this approach. T h e π value of a certain sub
stituent or a part of a molecule is near ly constant i n closely re lated 
molecules a n d m a y be summed w i t h other π values to calculate and 
pred i c t u n k n o w n log F values of a number of molecules (3, 4, 5). Thus , 
the analyses can often be per formed w i t h the ca lculated log F values. 
O n e example for such an addi t ive p r i n c i p l e is the l - o c t a n o l / H 2 0 par t i t i on 
coefficient of β - B H C ( le, le, 3e, 4e, 5e, 6e-hexachlorocyclohexane ) w h i c h 
has been determined recently b y K u r i h a r a (23). T h e log F value , 3.78, 
is d i v i d e d b y 6 to estimate the π value of a > C H — C I unit . T h e value , 

0.63, agrees very w e l l w i t h that ca lcu lated as 2π, 0.60, us ing 0.41 for a 
r i n g carbon atom, 0.39 for an a l iphat i c chlor ine atom, a n d - 0.20 for a 
b r a n c h i n g structure. 

Since the π value is constitutive, the stereospecific nature of h y d r o 
p h o b i c b o n d i n g for drug - receptor interactions can be del ineated b y 
regression analyses w i t h the π values of substituents separately for each 
pos i t ion of the congeners. T h u s , the substituent effect on the emuls in 
hydrolysis of subst ituted phenylglucosides has been nice ly de l ineated b y 
ana lyz ing k inet i c constants separately for meta a n d para isomers. T h e 
meta substituents p l a y no h y d r o p h o b i c role i n the enzyme-substrate 
complex format ion (24). 

log P ( C 6 H 6 C l e ) / 6 = 0.63, 7 r c a l c . ( > C H — C I ) = 0 . 6 0 
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1. FUJITA Extrathermodynamic Structure-Activity Correlations 5 

A n o t h e r example is the case of bacteriostatic act iv i ty of koj ic a c i d 
analogs w h i c h is ana lyzed i n E q u a t i o n 8 (13 ) . I n this equat ion, Cn is 
the m i n i m u m inh ib i t o ry concentration for the neutra l molecule (vide 
infra), a n d π(Χ) is the parameter for substituents at the 7 posit ion. 
N e i t h e r the use of π ( Χ + Y ) nor the add i t i on of ττ(Υ) term improve the 
correlat ion. T h e substituents, Y , at the 2 posit ion, sandwiched between 
h y d r o x y l a n d ether oxygen, m i g h t be surrounded b y t ight ly h y d r a t e d 
water molecules so that they are unable to part ic ipate i n the b i n d i n g of 
the molecule w i t h a hydrophob i c surface of the receptor. 

T h e assumption that the nonl inear dependence of d r u g act iv i ty on 
the h y d r o p h o b i c character of the molecule is expressed b y the quadrat i c 
terms of l og F or π has been exempli f ied b y a n u m b e r of congeners where 
the l og F values cover a sufficiently large range (2, 3, 2 5 ) . Recent ly this 
has been proved theoretical ly w i t h a k inet i c m o d e l s imi lar to those used 
i n the mul t i compar tmenta l analyses (26) as w e l l as b y a s imple m o d e l 
based on p r o b a b i l i t y concepts (27). T h e o p t i m u m value of l og P, l og F 0 , 
obta ined b y setting the der ivat ive dlog 1 / C / d l o g F e q u a l to zero, is a 
useful parameter for des igning the most potent d r u g i n a set of congeners 
as w e l l as for i l lus trat ing the character of barriers through w h i c h drugs 
have to t rave l (25, 28). 

F r o m E q u a t i o n 11 the l o g F 0 value for the g r o w t h promot ion of 
wheat coleopti le segments w i t h c innamic acids is ca lculated as 2.45. T h i s 
value is very close to those obta ined for the g r o w t h promot ion of avena 
coleopti le segments w i t h substituted phenoxyacetic a n d phenylacet ic 
acids, the log P0 values be ing around 2 — 2.5 (29, 30). T h u s , the phys ico -
chemica l character of barriers to reach the site of aux in act ion i n p lant 
tissues w o u l d be s imi lar for different sets of compounds. S i m i l a r s i tua
tions have been observed for the l og F 0 values of various sets of drugs 
i n h i b i t i n g g rowth of gram-negative a n d gram-posit ive bacter ia (25). 

O n e question sometimes asked b y biologists is w h y the d r u g action 
on such various levels of b i o l og i ca l systems as enzyme preparations a n d 
subcel lu lar organelles as w e l l as who le plants a n d animals can be ana
l y z e d b y a c ommon procedure. F o r instance, the enzyme- inhib i tor reac
t ion seems a m u c h s impler phenomenon than the act ion of cytokinins on 
plant tissues and , yet, they are i l lustrated i n a s imi lar manner as shown i n 
Equat ions 9 a n d 10. 

I n fact, the enzyme- inhib i tor interact ion i n itself is a cha in of complex 
processes for the inh ib i t o r molecule , i n c l u d i n g a number of desolvations, 
coll isions w i t h nonspecific sites on the enzyme prote in , a n d resolvations 
before reaching the specific i n h i b i t i o n site. T h e complexi ty is not at a l l 
less than those considered for the transport a n d drug—receptor interact ion 
processes of cytokinins . T h e s i tuation is analogous to that a set of every 
rat ional n u m b e r between zero a n d one corresponds i n a one-to-one 
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6 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

fashion a n d thus is equivalent to a set of every integer between zero and 
inf inity— i . e . , a "set" of barriers w h i c h inh ib i t o r molecules must traverse 
to reach the i n h i b i t i o n site of the enzyme w o u l d be equivalent to a "set" 
of those for the cy tok in in act ivity . T h e enzyme- inhib i tor interact ion proc 
esses cou ld be a miniature m o d e l of the d r u g act ion i n b i o l og i ca l systems 
of the h igher level . T h u s , whichever m a y be the l eve l of b i o l og i ca l sys
tems, essentially the same procedure can be a p p l i e d for the d r u g action. 

A n o t h e r question w h i c h often arises is w h y such diverse b io log i ca l 
effects of different phys io log i ca l significance are rat ional i zed b y essen
t ia l ly the same type of equat ion where only phys i cochemica l properties 
of drugs are considered. A s a suitable approx imat ion , any b io log i ca l 
effect can be defined b y two aspects. O n e is its specific phys io log i ca l 
character such as photosynthetic i n h i b i t i o n , parasympatholyt ic act ion, 
bacteriostatic act ion, etc., w h i c h is determined b y the b io l og i ca l test 
object a n d the specif ic ity of the receptor. T h e other aspect is the m a g n i 
tude of the effect w h i c h can be measured quant iat ive ly . It can be further 
d i v i d e d into sub-elements such as affinity a n d intr ins ic act iv i ty as dis 
cussed b y Ar iens (31 ) . 

It is general ly accepted that a d r u g initiates a cha in of events w h i c h 
eventual ly leads to a specific b i o l og i ca l effect but w h i c h does not invo lve 
the d r u g after it triggers the mechanism through a drug - receptor inter
action. F o r example, sucrose tastes sweet, but the role of sucrose mole 
cules is to st imulate the taste buds, a n d they do not part ic ipate i n the 
process of sensory conduct ion as such. 

T h e magni tude of the observable b io log i ca l response is a direct re 
flection of the intensity of the cha in of phys io log i ca l events w h i c h , i n 
turn , is determined b y the degree of d rug - receptor interact ion. T h e 
degree of drug—receptor interact ion is contro l led b y the phys i cochemica l 
properties of the partners a n d the d r u g concentration at the site of act ion, 
w h i c h , i n turn , is governed b y the phys i cochemica l transport process. 
T h u s , as far as a specific b io log i ca l effect is concerned, i t is reasonable 
to consider that the magni tude of the response is expressed b y a funct ion 
of the phys i cochemica l properties of the d r u g molecule . It is the m a g n i 
tude of the b io l og i ca l effect w h i c h is used for the s t ructure -ac t iv i ty 
analyses. 

A n interest ing example w h i c h w o u l d i l lustrate the above situation 
is the case of D D T a n d its analogs a l though their s t ructure -ac t iv i ty 
re lat ionship has not been successfully analyzed b y E q u a t i o n 3. D D T is 
w e l l k n o w n as an insectic ide w h i c h k i l l s b y d i s rupt ing nerve conduct ion 
(32 ) . D D T analogs where the ρ,ρ'-substituents on the benzene rings are 
changed are k n o w n to exhibit various degrees of act iv i ty (33 ) . D D E , 
w h i c h is f o rmed by dehydrochlor inat ion of D D T , is not insect ic idal . A 
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1. FUJITA Extrathermodynamic Structure-Activity Correlations 7 

s imi lar pattern of act iv i ty for this class of compounds has been observed 
for the i n h i b i t i o n of the cyc l i c photophosphorylat ion of bar ley (34). 
Thus , even i f the observed phys io log i ca l effect is d ist inct ly different, the 
magni tude of act iv i ty seems to f o l l ow the same pr inc ip le . F o r D D T a n d 
its analogs the m a i n concern is to find a w a y to the interact ion w i t h 
receptor sites w h i c h is capable of match ing their phys i cochemica l p r o p 
erties regardless of whether the sites are located on the insect nerve or 
on the chloroplasts. 

E v e n i f the important role of phys i cochemica l factors governing the 
magni tude of d r u g act ivity w o u l d become clearer, one might s t i l l be 
re luctant to accept this approach since the procedure is e m p i r i c a l rather 
than theoretical . W i t h the use of regression analysis, i t is possible to 
separate the relative significance of phys i cochemica l factors i n the overa l l 
act ion of a drug . O f course, one or a f ew of the overa l l processes c o u l d 
be expected to be c r i t i ca l i n determining the d r u g act iv i ty . H o w e v e r , 
we cannot ident i fy these part i cu lar processes, especial ly w h e n for ex
ample the who le a n i m a l body is used to evaluate d r u g action. T h u s , 
even i f an equat ion w h i c h shows a significant role of the electronic factor 
is obta ined for congeneric drugs, phys i ca l organic chemists may be d is 
trust ful of us ing the H a m m e t t σ or the T a f t σ* constant for a react ion 
w h i c h cannot be identi f ied. E v e n so, the separation of phys i cochemica l 
factors p l a y i n g roles i n the overa l l d r u g act iv i ty is an important po int 
f rom w h i c h to start a search for e luc idat ing the mechanism of the d r u g 
action. Some examples are considered i n the f o l l owing sets of compara 
tive correlations. 

Substituted Phenyl Diethyl Phosphates 

R a t e of a lka l ine hydro lys i s in vitro (35) 
n s r 

log fchyd. == 1.35σ~ - 5.09 7 0.238 0.955 (12) 

I n h i b i t i o n against flyhead 
acetylcholinesterase (35, 36) 

p l 5 0 = 2.37σ" + 4.38 6 0.297 0.985 (13) 

T o x i c i t y against house fly (1, 35) 

- l o g L D 5 0 = 0 .361ogP + 2.65a- + 2.44 8 0.206 0.990 (14) 

T h e posit ive ρ values of these correlations for reactions of subst ituted 
p h e n y l phosphates may indicate a common feature i n these reactions 
where a nuc leophi l i c attack on phosphorus is a c r i t i ca l step. T h e m a g n i 
tudes of the ρ values of Equat ions 13 and 14 are very close to each other 
but signif icantly larger than that of E q u a t i o n 12. T h u s , the electronic 
effect of the substituents on the insect morta l i ty can be re lated most ly to 
an effect on the enzyme i n h i b i t i o n a n d plays only a m i n o r role i n the 
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8 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

transport step. H o w e v e r , besides the usua l nuc leoph i l i c attack on phos
phorus w h i c h occurs in vitro, other steroelectronic factors shou ld be 
considered for the in vivo enzymat ic reactions. 

Substituted Phenyl N-Methyl Carbamates 

R a t e of a lka l ine hydro lys i s in vitro (37) 

A more complex s ituation is observed w i t h carbamate insecticides. 
H e r e , the s ign of the ρ va lue on E q u a t i o n 16 for the enzyme i n h i b i t i o n 
is opposite that i n E q u a t i o n 15 for the in vitro a lkal ine hydro lys is . I n 
E q u a t i o n 16, X is a posi t ion parameter w h i c h takes a value of 1 for meta 
substituents a n d 0 for para substituents. T h e enzyme i n h i b i t i o n has been 
considered to occur b y carbamylat ion at the serine O H i n the active site 
of acetylcholinesterase, a n d thus the mechanism should inc lude a step 
for the nuc leophi l i c attack of the serine O H on the c a r b a m y l group. T h e 
negative s ign of ρ a n d the significance of the X te rm i n E q u a t i o n 16 
should indicate that, at least, the carbamylat ion of the enzyme is not the 
c r i t i c a l step, a n d quite different stereoelectronic conditions are r equ i red 
for this series of compounds f rom those for the in vitro nuc leoph i l i c 
hydrolysis a n d also f rom those for the enzyme—inhibitor interact ion of 
the phosphate insecticides. A l t h o u g h the difference i n the electronic 
effect of substituents on the enzyme i n h i b i t i o n has been recognized to 
exist between carbamates a n d phosphates, on ly b y separating phys ico -
chemica l effects w o u l d we k n o w to w h a t degree they are different a n d 
whether or not other effects m a y p l a y roles. 

2-Bromoethylthiobenzenes 

H y d r o l y s i s in vitro (40) 

n s r 
log fc[0H-] = 2.48σ" + 3.03 

F l y h e a d acetylcholinesterase i n h i b i t i o n (38, 39) 

p l 5 0 _ ο.69π - 0.95σ' + 1.19X + 3.50 53 0.415 0.913 (16) 

6 0.156 0.977 (15) 

n s r 
log k (30° ) — - 1 . 2 3 σ - 6.59 8 0.048 0.984 (17) 

R a t e of a l k y l a t i o n in vitro (41) 

Û ^ V - S — C H 2 C H 2 B r - S—CH2CH2R 

X 

l o g k ( 3 0 ° ) 1.98σ - 4 . 1 0 12 0.073 0.994 (18) 
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1. FUJITA Extrathermodynamic Structure-Activity Corrections 9 

T o x i c i t y against eggs of 
Tetranychus telanus (L . ) (42) 

n s r 

- l o g L C 5 0 — - 2 . 1 8 π 2 + 1.69ττ - 1.45σ + 4.38 8 0.164 0.968 (19) 

A s s h o w n i n E q u a t i o n 19, the substituent effects on the o v i c i d a l 
act iv i ty can be separated into h y d r o p h o b i c a n d electronic factors. T h e r e 
is an o p t i m a l value for hydrophob i c i t y for the o v i c i d a l act ion of this set 
of compounds. T h a t the σ value i n E q u a t i o n 19 is s imi lar to those ob
ta ined for in vitro reactions w o u l d suggest that a c o m m o n step is c r i t i ca l 
i n b io l og i ca l as w e l l as in vitro reactions. F o r the in vitro reactions, the 
rate -determining step is considered to be the format ion of cyc l i c su fon ium 
ions (40, 41). 

Fenamic Acids 

U n c o u p l i n g a c t i v i t y w i t h 
rat heart mi tochondr ia (43) 

C O O H 

n s r 
log l / C i = 0.78π + 0.36 A\ogKA + 4.32 11 0.200 0.939 (20) 

A n t i - i n f l a m m a t o r y a c t i v i t y against 
ant iserum induced ra t edema (43) 

log B A , = 0.39TT + 0.37 A l o g K A + 1.55 12 0.106 0.867 (21) 

A s shown i n Equat i ons 20 a n d 21, the uncoup l ing act iv i ty a n d a n t i 
in f lammatory act iv i ty of fenamic a c i d analogs, i n c l u d i n g flufenamic a n d 
mefenamic acids, are very s imi lar i n their dependence on bo th h y d r o 
phob i c a n d electronic effects of substituents. I n these equations, the sub
script, i, means that the d r u g activities are calculated on the basis of 
concentration of the i on ized f o rm. It has been suggested that these two 
b io log i ca l effects, w h i c h are also observed i n m a n y other ac id i c ant i 
in f lammatory drugs, have s imi lar phys i cochemica l mechanisms i n the 
interact ion w i t h receptors (44). 

Alkyl 2-Sulfamoylbenzoates x ^ ^ ^ X ^ s O z N H z 

M o u s e , ant is trychnine a c t i v i t y (45) 

log 1/C = 0.21 E8(R) — 0.24 log Ρ — 3.87 σ* (R) + 3 . 0 5 

COOR 

n s r 
9 0.058 0.959 (22) 
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10 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

M o u s e , antielectroshock a c t i v i t y (45) 

log 1 / C = 0.40 E8(R) - 0.92 log F n s r 
- 6.34 σ* (R) - 0 . 5 3 Χσ(Χ,Υ) + 2 . 9 1 12 0.224 0.860 (23) 

H a m o r a n d L i e n have analyzed anticonvulsant activities of su l famoyl -
benzoates. F o r the test of antistrychnine act iv i ty , compounds h a v i n g the 
same aromatic substituents are used so that no 2 σ ( Χ , Υ ) term appears i n 
E q u a t i o n 22. T h e y have suggested that the s imi lar i ty of equations i n 
terms of steric, hydrophob i c , and electronic properties of substituents 
indicates a c ommon anticonvulsant mechanism for the two b i o l og i ca l 
effects of this set of compounds. T h e y have also suggested that the 
mechanism of act ion of these drugs was quite different f rom those of 
barbiturates a n d other hypnot ics where quite different s t ruc ture -ac t iv i ty 
correlations of phys i cochemica l significance have been obtained. 

MAO Inhibitors 

R a t l i ver M A O , phenoxyethylcyc lo 
propylamines (46) 

p l 5 0 = 0.70 E8
mm + 1.64σ + 0.20ττ + 4.15 

n s r 
18 0.330 0.945 (24) 

Beef l iver M A O , subst ituted 
β-carbolines (47, 48) 

p l 5 0 = 0.61 Ε8
6>* + 0 .72a 4 b + 0.52ττ + 3.03 8 0.124 0.985 (25) 

R a t l iver Μ Α Ο , pargy l ine der ivat ives (47, 49) 

f C H 3 

y— C H 2 — Ν — C H 2 — C = C H 

p l 5 0 = 0.79 E8
4 + 1.02σ2 + 0.44ττ + 5.49 10 0.273 0.942 (26) 
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1. FUJITA Extrathermodynamic Structure-Activity Correlations 11 

K u t t e r a n d H a n s c h have ana lyzed the monoamine oxidase i n h i b i t i o n 
of phenoxyethylcyc lopropylamines (46). E q u a t i o n 24 shows that specific 
steric effects as w e l l as electron-attracting a n d h y d r o p h o b i c properties of 
substituents are responsible to the activity. Recent ly , i t has been shown 
that the E8 value can be used as an index for intermolecular steric effects 
(46). I n E q u a t i o n 24, E8

mm is the sum of E8 values of substituents at the 
two meta positions. T h e posit ive s ign of the coefficient of this t e rm means 
that the corresponding positions on the receptor site cannot accommodate 
larger substituents because of steric restraint. 

S imi lar substituent effects are observed for the a n t i - M A O act ivity of 
β-carbolines a n d pargy l ine derivatives (47). I n E q u a t i o n 25, E s

6 ' 8 is the 
sum of values of the 6 a n d 8 substituents, a n d a 4b is the σ value of sub
stituents to the 4b posit ion. I n E q u a t i o n 26, E e

4 corresponds to the para 
substituent a n d σ 2 to the ortho pos i t ion of the side cha in . T h e coincidence 
i n the stereoelectronic effects of substituents on the M A O i n h i b i t i o n is 
surpr i s ing ly good for these three classes of inhib i tors . O n the s tructura l 
formulas shown above, the arrows indicate positions where the σ values 
are directed, a n d the shaded circles show sterical ly l i m i t e d positions. 
T h u s , the i n d i v i d u a l correlations are substantiated, a n d phys i cochemica l 
significance is p r o v e d b y s imi lar b i o l og i ca l correlations. 

T h e examples above are only a f ew of numerous instances w h i c h 
have been f ound so far. I n m a n y cases i t is possible to find clues to 
develop the studies on the mechanism of d r u g act ion b y examining d i f 
ferences or c ommon features among s t ruc ture -ac t iv i ty a n d s t r u c t u r e -
react iv i ty relationships. E v e n i f deta i led microscopic mechanisms on the 
overa l l processes of d r u g act ion are not identi f ied expl i c i t ly , explanations 
of substituent effects a n d sometimes in format ion about c r i t i ca l process ( es ) 
de termin ing the act iv i ty can be obta ined b y comparison w i t h those of 
s impler a n d s imi lar m o d e l reactions a n d / o r d r u g actions w i t h the use of 
free-energy related parameters. T h u s , our procedure can be ca l led an 
extrathermodynamic approach (50) to d r u g action. 

E v e n more important , the equations are a convenient w a y to store 
a n d retrieve in format ion on s t ruc ture -ac t iv i ty relationships w h e n c o m 
b i n e d w i t h the use of a large computer . I f the enormous amount of 
in format ion accumulated so far is stored i n the computer , one can sort 
out a set of equations accord ing to their characteristic features such as 
the magni tude a n d sign of the coefficient of each terms a n d intercept. 
I n this w a y the s t ruc ture -ac t iv i ty correlations obta ined for a certain 
series of congeneric drugs on various b io log i ca l systems a n d for various 
series of drugs on a certain b io l og i ca l system or for various series of drugs 
on various b io log i ca l systems can be classified a n d compared i n terms 
of their phys i cochemica l significance. A s i l lustrated elegantly b y C o r w i n 
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12 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

H a n s c h ( C h a p . 2 ) , the computer i zed approach shou ld be a serious step 
t o w a r d quanti tat ive comparat ive pharmacodynamics . 

W h i l e the versat i l i ty is w e l l accepted, one shou ld be cautious i n 
prac t i c ing this approach. T h e lack of a d d i t i v i t y of ττ a n d log Ρ values 
has been f ou n d i n molecules where intramolecular interactions are not 
neg l ig ib le (51, 52, 53). T h e log Ρ values of ^ - p y r i d y l m e t h y l d i a l k y l a m i n e s 
have been determined as shown i n T a b l e I ( 52 ) . T h e values ca lculated on 
the basis of STT, π ( p y r i d i n e ) = 0.65, ir(-CH^) = 0.5 a n d 7 r [ N ( C H 3 ) 2 ] 
= —0.35, are qui te different f r om the corresponding exper imental values. 
T h e lack of add i t i v i ty should indicate pecu l iar intramolecular interactions 
depend ing u p o n the side cha in structure. I n such cases, i t is essential to 
use the exper imental l og Ρ values for s t ruc ture -ac t i v i ty correlations. 

Table I. Log Ρ Values of β-Pyridylmethyldialkylamines 

r ^ N - C H r - Ν 

-CHS -C2H5 -C3H7 -iso-C3H7 

0.49 1.01 1.46 2.27 1.47 
0.80 1.80 2.30 1.90 2.80 

0.31 0.79 0.84 0.37 1.33 

R 

log Ρ obsd. 
calcd. 

A l t h o u g h the lack of add i t i v i ty is, i n a way , a d r a w b a c k to the s i m 
p l i c i t y a n d versat i l i ty of this approach , the difference between ca lcu lated 
a n d exper imental l og Ρ values can sometimes give important in format ion 
on the conformation of the molecule i n the aqueous phase (51, 54). T h e 
ττ values of po lar substituents obta ined i n the a l k y l derivatives are h igher 
than corresponding values ca lcu lated f rom the a r y l a l k y l derivatives. T h e 
differences (near ly constant around 0.6) are thought to arise f r om in t ra 
molecular h y d r o p h o b i c b o n d i n g of the side cha in w i t h the aromatic r i n g 
i n a r y l a l k y l compounds w h i c h causes a b e n d i n g conformation i n the aque
ous phase. D e t a i l e d studies on the nature of log Ρ a n d π parameters are 
discussed b y several authors i n subsequent chapters. 

It is important to determine whether or not each substituent parame
ter is an independent var iable . I f a considerable correlat ion exists be
tween two parameters i n a set of compounds, i t is often diff icult to 
evaluate the q u a l i t y of s t ruc ture -ac t iv i ty correlations. T h e data i n 
T a b l e I I are for the muscar ine- l ike ac t iv i ty of acetylchol ine analogs 
measured b y the b l o o d pressure descent of cats (55 ) . T h e effect of 
cat ionic head structure has been ana lyzed us ing phys i cochemica l parame
ters of the Ν substituents (11). 
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1. FUJITA Extrathermodynamic Structure-Activity Correlations 13 

n s r 
log ΒΑ = - 5 . 1 8 Χσ* + 4.22 %Ε° - 0.063 7 0.490 0.954 (27) 
log ΒΑ = 26.62 2ττ + 37.89 XE8

C - 0.063 7 0.490 0.954 (28) 
log ΒΑ = - 5 . 8 3 2σ* - 3.34 2π - 0.063 7 0.490 0.954 (29) 

Equat i ons 27 -29 w i t h two parameters seem to show reasonable corre la 
t ion. A l t h o u g h E q u a t i o n 28 w o u l d be unacceptable because of unusual ly 
large parameter coefficients, the correlations are complete ly equivalent 
statistically. As far as compounds used for the analyses are concerned, 
it is impossible to choose the two significant parameters. I n this case, 
besides a significant correlat ion between parameters π a n d E8y there are 
m u t u a l relationships among three parameters. E a c h parameter is ex
pressed as a l inear combinat ion of the other two a n d is not separated 
f rom others. 

T o obta in meaning fu l correlations, substituents must be selected so 
that the substituent parameters i n c l u d e d i n a set of congeners are as 
separated as possible. I n this example, not only the hydrogen, m e t h y l , 
a n d ethy l , whose parameters vary i n para l l e l , but groups such as isopropyl 
( σ * = - 0 . 1 9 , π = 1.20, E8° = - 0 . 4 7 ) , teri-butyl ( σ * = - 0 . 3 0 , ττ = 
1.60, E8

C = - 1 . 5 4 ) , or tr i f luoroethyl ( σ* = 0.92, π — 1.48, E8° = - 0 . 7 9 ) 
c ou ld be used as the Ν substituents. T h e situation has been rev iewed 
recently b y C r a i g (56). 

Sometimes the use of q u a n t u m chemica l ly determined indices (1, 24, 
57) or ox ida t i on - reduc t i on potentials (58) instead of the H a m m e t t - T a f t 
constants, the use of chromatographica l ly obta ined hydrophob i c i ty p a 
rameter, ARm, (5, 59) instead of π or log P , or the add i t i on of other 
variables such as those for hydrogen b o n d i n g (60), d ipo le moments (61), 

Table II. Muscarine-like Activity of Acetylcholine Analogs 

R i + 

I 
C H 3 C O O C H 2 C H 2 N — R 2 

Substituents Parameters 

R2 R3 2σ* 2ττ log ΒΑ 

M e M e M e 0.00 0.00 0.00 0.00 
M e M e H 0.49 -0 .50 0.32 -1 .70 
M e H H 0.98 -1 .00 0.64 -2 .70 
Η H H 1.47 -1 .50 0.96 -3 .30 
M e M e E t - 0 .10 0.50 -0 .38 -0 .48 
M e E t E t - 0 . 20 1.00 -0 .76 -2 .60 
E t E t E t - 0 . 3 0 1.50 - 1 . 1 4 -3 .30 

α Β Α is the activity relative to acetylcholine. 
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14 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

b o n d polarizations (62), a n d posit ion parameters (39) i n E q u a t i o n 3 
can be justified for the i m p r o v e d correlation. 

I n any case, it is advisable not to use too m a n y parameters i n E q u a 
t ion 3. Unless the number of compounds used i n the regression is large 
so that the degrees of f reedom are sufficient, a statistically significant 
correlat ion w o u l d not be obtained. F o r example, the depo lar i z ing act iv i ty 
of five quaternary a m m o n i u m ions against electric eel electroplax (63) 
is expressed b y E q u a t i o n 30 w i t h the sum of the substituent constants of 
four N-substituents (11). 

log A = - 4 . 5 1 2 σ * + 4.212ΤΓ + 6.56 XEa° + 3.14 
η = 5 s = 0.162 r = 0.992 (30) 

T h e correlat ion coefficient is very h i g h , a n d the standard deviat ion 
seems rather low. H o w e v e r , an F test reveals that the correlat ion is not 
justified at the 0.90 leve l of probab i l i ty . I n E q u a t i o n 30, the number of 
degrees of freedom, equa l to one, is so l o w that the F value, w h i c h is a 
funct ion of the number , becomes rather smal l . ( F 3 t i = 26.6, F 3 , i , 0 l i o = 
53.6 ) I n general , the larger the number of degrees of f reedom, the more 
signif icantly reduced is the variance i n the act iv i ty data. W h e n a statisti 
ca l ly signif icant correlat ion is obta ined w i t h fewer parameters and yet 
an i m p r o v e d correlat ion is explored b y a d d i n g another parameter, the 
l eve l of confidence at w h i c h the add i t i ona l parameter is justified should 
be examined w i t h F tests. 

It is not enough for a m u l t i p l e parameter equat ion just to " w o r k " 
a n d to give an i m p r o v e d correlat ion as H i g u c h i a n d D a v i s have e m p h a 
s ized recently (64). T h e correlat ion must have a phys i cochemica l s ig 
nificance. Recent ly , E q u a t i o n 31 has been presented b y B u c h e l a n d his 
co-workers for the i n h i b i t i o n of the H i l l react ion w i t h 1,2,4-triazinone 
herbic ides (65). 

ο 

2 

p l 5 0 = 5.23 - 16.57 δ + 45.04 δ 2 + 2.11 ARM (3) - 3.36 ARM(3)2 

+ 2.22ARM(6) - 0 . 5 0 Δ / Μ 6 ) 2 

η = 28 s = 0.418 r = 0.938 (31) 

I n this equat ion, δ is a di f ferential parameter deve loped f rom Sephadex 
a n d po lyamide thin- layer chromatography, a n d ARM(3) and ARM(6) are 
the values for the substituents at the 3 a n d 6 positions, respectively. T h e 
n u m b e r of compounds is sufficiently large so that the correlat ion cou ld 
be accepted statistically. A l t h o u g h E q u a t i o n 31 can be used to predic t 
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1. FUJITA Extrathermodynamic Structure-Activity Corrections 15 

activities of untested compounds i n this part i cu lar set of compounds, i t 
is difficult to accept its phys i cochemica l significance on a general mode of 
act ion of H i l l react ion inhibi tors . T h e more parameters used for the 
correlat ion, the more difficult i t w o u l d be to determine comparat ive 
correlations and the less attractive w i l l be the phys i cochemica l e luc idat ion . 

F o r a set of ionizable drugs where large changes i n the degrees of 
i on izat ion are observed, the apparent act iv i ty exhib i ted b y a d r u g is not 
a suitable index to be analyzed . Unless the effect of i on izat ion is sepa
rated f rom other phys i cochemica l effects, the correlation w o u l d not have 
a phys i cochemica l significance. T h e apparent act iv i ty , l og 1 / C is, i n 
fact, l og l / ( C i o n + e n t r a i ) , w h i c h is not a free-energy re lated index for 
the magnitude of act iv i ty either of the neutra l or i on ized molecule or 
both. W i t h a re lat iv ist ic approach to this p rob lem, w e p l a n to use 
E q u a t i o n 32 a n d 33 for the ionizable drugs (66, 67). 

log 1/C + log (KA + [ H + ] ) / [ H + ] = 
-a (log P)2 + b log Ρ + Ρσ + SE s + c (32) 

log 1/C + log (KA -\- [ H + ] ) / K A = 
—a (log Ρ ) 2 + b log Ρ + Ρ'σ + SE8 + c' (33) 

F r o m the bacteriostatic act iv i ty data of koj ic ac id derivatives deter
m i n e d at p H 6, 7, a n d 8 w i t h s. aureus, we have der ived the f o l l owing 
equations (13). 

F o r the apparent a c t i v i t y : 
p H 6: log 1/C — 0.863 A log KA + 1.587 π(Χ) + 1.571 

η = 9 s = 0.585 r = 0.946 (34) 

p H 7: log 1/C = 0.568 A log KA + 1.456 π(Χ) + 1.632 
n = 9 s = 0.516 r = 0.944 (35) 

p H 8: log 1/C = 0.358 Alog KA + 1.205 *(X) + 1.600 
n = 9 s = 0.476 r = 0.930 (36) 

F o r the neutra l molecule : 
p H 6 : log 1/C + log (KA + [H+] ) / [ H + ] = 

0.959 A log KA + 1.601 π(Χ) + 1.580 
n = 9 s = 0.586 r = 0.949 (37) 

p H 7 : log 1/C + log (KA + [ H + ] ) / [ H + ] = 
0.970 A l o g # A + 1.487 π ( Χ ) + 1.708 

η = 9 s = 0.511 r = 0.956 (8) 

p H 8: log 1/C + log (KA + [ H + ] ) / [ H + ] = 
1.132 A\ogKA + 1.235 π(Χ) + 1.974 

n = 9 s = 0.460 r = 0.960 (38) 

F o r the ionized f o r m : 
p H 6: log 1/C + log (KA + [ H + ] )/KA = 1.606 *(X) + 3.517 

η = 9 s = 0.544 r = 0.938 (39) 
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16 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

p H 7: log 1 / C + log (KA + [ H + ] )/KA = 1.491 π(Χ) + 2.651 
η = 9 s = 0.474 r = 0.944 (40) 

p H 8: log 1/C + log (KA + [ H + ] )/KA = 1.215 *{X) + 2.009 
n = 9 s = 0.449 r = 0.927 (41) 

C o m b i n e d equations, p H 6, 7, and 8: 

log 1 / C + log (KA + [ H + ] ) / [ H + ] = 1.020 A l o g KA + 1.439π + 1.754 
n = 27 s = 0.509 r = 0.943 (42) 

log 1 / C + log {KA + [ H + ] ) /KA = 1.437π + 2.726 
n = 27 s = 0.832 r = 0.823 (43) 

I n these equations, the 7r (X) is that of the substituents, such as 
hydrogen , halogen, a n d h y d r o x y l , at the 7-position. Ne i ther the use of 
TT (X + Y ) nor the add i t i on of ?r (Y) t erm improve the correlations as de
scr ibed before for E q u a t i o n 8. T h e correlations are almost equivalent , 
qual i tat ive ly speaking, a l though those for the act iv i ty of i on ized f o r m are 
s l ight ly better than the others as far as they are considered separately. 
T h u s , it m ight seem of no great value to consider the effect of i on izat ion . 
H o w e v e r , i f we combine Equat ions 8, 37, a n d 38, E q u a t i o n 42 is obta ined 
for the act iv i ty of the neutra l molecule at three different p H ' s w i t h the 
use of 27 data points. E q u a t i o n 42 shows m u c h better correlat ion than 
E q u a t i o n 43, w h i c h is der ived i n a s imi lar manner for the act iv i ty of the 
i o n i z e d form. Since the bacter ia l g rowth is not affected m u c h b y p H 
changes f rom 6 to 8, the form of the koj ic a c id derivatives responsible for 
the bacteriostatic act iv i ty is l i k e l y to be the neutra l molecule , a n d the 
i on i zed f o rm seems to p l a y only a minor role i n the act iv i ty , i f any. 
Equat ions such as 34, 35, a n d 36, w h i c h might be only of use to indicate 
a general t rend , are, i n effect, unable to e lucidate the p H dependence of 
ac t iv i ty a n d to give any information about the act ive form. 

It should be not iced that f rom the act iv i ty data measured at a certain 
fixed p H , the correlations of equivalent qua l i ty are obtained both for 
the neutra l a n d i on ized forms. There are interrelations a priori between 
Equat ions 32 a n d 33 such as ρ — ρ = p A and c — & = p H — pKA s t d > 
where pA is the H a m m e t t react ion constant for the ionizat ion e q u i l i b r i u m 
a n d p K A s t d is the value of a standard compound . T h u s , it is only possible 
to predic t the molecular f o rm responsible for the act iv i ty b y c o m p a r i n g 
Equat i ons 32 a n d 33 der ived f rom data obta ined at various p H . M o r e 
over, the o p t i m u m value of l og KA, l og KA°, for the apparent act iv i ty of 
i on izable congeners can be der ived b y setting the derivat ive of either 
E q u a t i o n 32 or 33 equa l to zero as shown i n Equat i ons 44 a n d 45. 

a w 1 / C KA , [ H + ] 
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1. FUJITA Extrathermodynamic Structure-Activity Correlations 17 

l o g i ^ ° = l o g ( - i ^ - p H (45) 

S imi lar situations have been discussed for substituted phenols (66) a n d 
sulfa drugs (67) i n deta i l . 

W h e n structural modifications are made at various positions i n a set 
of complex d r u g molecules, this approach combined w i t h the F r e e -
W i l s o n mathemat i ca l m o d e l w o u l d be a suitable tool (68). I f the mathe
mat i ca l contributions of substituents a n d parts of molecules are addi t ive 
for a certain b io log i ca l effect of a series of drugs, the contr ibut ion values 
of substituents at each posit ion can be analyzed further w i t h our ap
proach . Examples are discussed b y P a u l C r a i g i n C h a p t e r 8. 

W h e n d r u g biotransformations a n d excretions occur before reaching 
the site of action a n d common mechanisms are considered for a set of 
drugs, the rate constants determined b y the mul t i c ompar tmenta l analysis 
or its counterparts c o u l d be analyzed so that the modes of metabol ism, 
d i s t r ibut ion , and excretion are e luc idated phys i cochemica l ly ( 69, 70, 71 ). 
H o w e v e r , for the cases where specific biotransformations for certain 
members or each member of congeneric drugs are involved—e.g. , for the 
p lant -growth regulat ing act iv i ty of gibberel l ins (72)—the s t r u c t u r e -
act iv i ty relat ionship c ou ld not be successfully ana lyzed b y E q u a t i o n 3 
or its modifications. 

F r o m the l ine of reasoning that any b io log i ca l effect of drugs should 
be a result of chemica l a n d / o r phys i cochemica l perturbat ion on the b io 
l og i ca l system, the re lat ionship between structure a n d act iv i ty observed 
for any k i n d of d r u g should be analyzable on the basis of phys i cochemica l 
parameters. A l t h o u g h there are examples where E q u a t i o n 3 or its m o d i 
fication fails i n ana lyz ing the correlat ion, this does not obviate the p h y s i 
cochemica l mechanism b e h i n d the d r u g action. W e hope that this ap 
proach , w h i c h is s t i l l i n an early stage, w i l l achieve further developments 
and st imulate other re lated fields of science so that the mechanisms of 
the d r u g action can be understood comprehensively . 
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A Computerized Approach to Quantitative 
Biochemical Structure-Activity Relationships 

CORWIN HANSCH 

Pomona College, Claremont, Calif. 91711 

A general approach to the computerization of quantitative 
biomedical—chemical structure—activity studies is discussed. 
There are two main problems to consider. One is the formu
lation of quantitative relationships using physicochemical 
parameters and regression analysis. As such equations are 
derived, the problem of organization of the mass of data 
must be solved. The most suitable, relatively inexpensive 
method for dealing with the structures of organic com
pounds via computers is the Wiswesser Line Notation 
method. This notation and the proper computer program 
can be of great help in comparative pharmacodynamics. 

" D i o c h e m i c a l structure—activity studies i n m e d i c i n a l chemistry, a g r i c u l -
tura l chemistry , a n d enzymology continue to produce a flood of n e w 

papers each year w h i c h , w h e n p laced on the mounta in of such research 
p u b l i s h e d over the last 70 years, defies organizat ion. I n certain areas 
such as ant imalar ia ls , anticancer drugs, a n d anticholinesterase compounds, 
so m a n y molecules have been made a n d tested that no single m i n d can 
encompass the data m u c h less integrate i t into meaning fu l s t r u c t u r e -
act iv i ty patterns. 

T h e a w f u l job fac ing the d r u g designer once an active molecule has 
been uncovered can be i l lustrated w i t h the general f o rmula I. 
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2. HANSCH A Computerized Approach to Structure-Activity 21 

Assume that a member of the above fami ly has been f ound to have some 
desirable act iv i ty . I n p l a n n i n g a d r u g modi f icat ion study, let us consider 
the f o l l o w i n g set of functions for substitution at the seven r i n g positions 
of naphthalene. 

Table I. Electronic and Hydrophobic Substituent Constants 

Function τ" σ ρ Function 

H 0.00 0.00 O B u 1.48 - 0 . 2 7 
F 0.14 0.06 O C 6 H 5 2.08 - 0 . 0 3 
C l 0.71 0.23 O C O N H 2 - 1 . 0 5 
B r 0.86 0.23 O C O C H 3 - 0 . 6 4 0.31 
I 1.12 0.18 S H 0.39 0.15 
M e 0.50 - 0 . 1 7 S M e 0.61 0.00 
E t 1.00 - 0 . 1 5 S E t 1.11 0.00 
P r 1.50 - 0 . 1 3 S F 5 1.23 0.68 
A m y l 2.50 - 0 . 1 3 S 0 2 N H 2 - 1 . 8 2 0.57 
H e x y l 3.00 - 0 . 1 3 S 0 2 C H 3 - 1 . 6 3 0.72 
i-Fr 1.30 - 0 . 1 5 S C F 3 1.44 0.50 
i-Bu 1.80 - 0 . 1 3 S 0 2 C F 3 0.55 0.93 
t-Bu 1.68 - 0 . 2 0 SC6H5 2.34 
i - A m y l 2.30 - 0 . 1 3 N H 2 - 1 . 2 3 - 0 . 6 6 
C y c l o p r o p y l 1.20 - 0 . 2 1 N H C H 3 - 0 . 4 7 0.84 
C y c l o h e x y l 2.51" - 0 . 1 5 N ( C H 3 ) 2 0.18 - 0 . 8 3 
C6H5 2.13 - 0 . 0 1 N ( E t ) , 2.18 - 0 . 8 3 
C H 2 C 6 H 5 2.01 - 0 . 0 9 N ( B u ) 2 4.18 - 0 . 8 3 
C = C H 0.40 0.23 N H C . H , 1,37 - 0 . 4 0 
C F 3 0.88 0.54 N H C O C H 3 - 0 . 9 7 0.00 
C C I 3 0.79 0.33 N H C O C e H 5 0.49 - 0 . 2 5 
C N - 0 . 5 7 0.66 N H C O N H 2 - 1 . 3 1 0.24 
O H - 0 . 6 7 - 0 . 3 7 N = N C 6 H 5 1.69 0.39 
O M e - 0 . 0 2 - 0 . 2 7 N 0 2 - 0 . 2 8 0.78 
O E t 0.48 - 0 . 2 7 S i ( C H 3 ) 3 2.59 - 0 . 0 7 

α χ-values are from the benzene system except where noted. 
6 These values are from the phenoxyacetic acid system. 

T h e set of 50 functions of T a b l e I is b y no means extensive. H o w e v e r , 
i t does prov ide some examples for consideration. F o r instance, no hetero
cyc l i c functions have been i n c l u d e d , nor have w e considered v a r y i n g 
functions on the functions—e.g., n i t ropheny l , ch lorophenyl , etc. A n y o n e 
c o u l d q u i c k l y extend the l ist to several hundred . Just to make a l l of the 
monofunct ional derivatives at each posit ion w o u l d mean 7 X 50 or 350 
possible structures. If we consider po ly funct iona l derivatives, the n u m 
bers increase r a p i d l y according to the f o rmula X A where X is the number 
of functions a n d Ν is the number of positions. T h e f o rmula holds only as 
l ong as no elements of symmetry are introduced . T h e f o l l o w i n g ca l cu 
lations i l lustrate the awesome possibil it ies for a set of on ly 50 functions 
for substitutions i n 2, 3, 4, 6, a n d 7 of the possible r i n g positions. 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

, 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
2-

01
14

.c
h0

02



22 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

50 2 = 2500 

50 3 = 125,000 

50 4 = 6,250,000 

50 6 = 312,500,000 

50 7 = 15,625,000,000 

O f course, to this must be added the possibil it ies result ing f r om variations 
i n Y , n, a n d R. T a k e the case where w e vary substituents at on ly four 
positions on the r i n g but , i n add i t i on , we make 10 changes i n Y , 10 i n R, 
a n d four i n n. T h i s leads to: 50 4 X 10 X 10 X 4 = 2,500,000,000. W i t h 
the re lat ive ly s imple l imits set above, the chemist faces a staggering 
prob l em of selection. T h e p r o b l e m becomes m u c h worse i f w e entertain 
the poss ib i l i ty of in t roduc ing 1, 2, or 3 heteroatoms into the r i n g . H a v i n g 
so l i t t le i n the w a y of theory for guidance, the s imple w a y out is usual ly 
f o l l owed , a n d one makes the compounds w h i c h are easiest to synthesize. 
W h i l e the cost of synthesis is an aspect of d r u g research w h i c h cannot 
be taken l i ght ly , w i t h the great advances i n m o d e r n synthetic techniques 
quite complex structures can be made i f there is good reason to do so. 
H o p e f u l l y , computer techniques can be developed to he lp w i t h the de
c is ion m a k i n g i n d r u g design as w e l l as organizat ion of the l i terature. T h e 
t w o major aspects of the p r o b l e m are d iagrammed i n F i g u r e 1. 

Structure : 
Wiswesser L i n e N o t a t i o n 

C h e m i c a l Abstrac ts Connect ion Tables 

D a t a B a n k 
of D r u g 

Informat ion -* H a m m e t t T y p e Parameters 

^ D y n a m i c s ——> M . O. Parameters 

de novo Parameters 

Figure 1. Model for computerization of structure-activity relationships 

T h e computer izat ion of organic structures has rece ived considerable 
attention. T w o general approaches represented b y the Wiswesser l ine 
notat ion a n d connection table storage have received the most attention. 
Ne i ther system has reached a state of perfect ion. B o t h have advantages 
a n d disadvantages. T h e Wiswesser ( I ) system is m u c h less expensive i n 
terms of computer storage space a n d search t ime. F o r these reasons w e 
have elected to experiment w i t h this method for organiz ing d r u g f o r m u 
las. W h i l e profic iency i n w r i t i n g this language requires l earn ing a large 
n u m b e r of rules, l earning to read the notation is re lat ively s imple . T h e 
f o rmula for phenyla lanine is wr i t t en as fo l lows : 
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2. HANSCH A Computerized Approach to Structure-Activity 23 

ο 
II 

y C H 2 C H C — O H s QVYZIR 
• x ι 
Il I N H 2 

T h e two-d imens ional s tructural f o rmula reduces to a l inear set of six 
symbols easily p u n c h e d on a n I B M card . Q represents O H , V is the 

Ο 

symbo l for — C — , Y indicates a branched cha in to w h i c h an amino 
funct ion ( Ζ ) and a C H 2 group ( 1 ) are attached. Β stands for the benzene 
r i n g attached to the methylene funct ion. N o t only does such a f o rmula 
require l i t t le storage space, but it makes substructure searching re lat ively 
easy. F o r example, one can query the data bank for a l l compounds hav -

O 
II 

i n g the grouping Z V O (i.e., H 2 N C O - ) . 

S y s t e m t +Χ , ·— drug —» P e r t u r b a t i o n ^ (1) 

P e r t u r b a t i o n ^ = / (Phys i cochemica l parameters of X y ) (2) 

Parameters 

H y d r o p h o b i c : log Ρ or χ 

E l e c t r o n i c : σ, σ+, σ~, σ*, Μ.Ο. , ρΚα 

Steric : Ε8, molar vo lume, molecular re fract iv i ty 

F o r a def init ion of these parameters, see Ref . 3. 

A l t h o u g h it is the dynamics of structure—activity studies w i t h w h i c h 
we are most concerned at present, structure a n d dynamics must be 
w e l l integrated. T h e above scheme represents our present m o d e l for 
computer i z ing the d y n a m i c aspects of structural modif icat ion. T h e t e rm 
system refers to the test system used, be i t a mouse, an organelle, or an 
isolated enzyme. E q u a t i o n 1 is l i k e any chemica l equation i n that a g iven 
system + a reactant yields a product . H o w e v e r , i n d r u g research one 
does not isolate the product ; instead, i t is character ized b y an observed 
standard response (Per turbat ion^) . I n E q u a t i o n 1 i t is assumed that a l l 
of the drugs X ^ - d r u g are act ing i n the same w a y b y the same mecha 
n ism i n p r o d u c i n g the observed perturbat ion . Per turbat ion^ is p robab ly 
best defined i n terms of log 1 / C where C is the molar concentration of 
d r u g p r o d u c i n g the standard response i n a fixed un i t of t ime. O n e hopes 
to rat ional ize the perturbat ion w i t h one or more independent variables 
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24 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table II. Log 1 /C 
Type of 

Compound Biological Activity 

Alcohols and I 5o indophenol ox idat ion b y rabb i t k idney 
ketones 

I 5o indophenol ox idat ion b y rabb i t k idney 

R O H D r o p i n b lack l i p i d membrane resistance f rom 
10 8 to 10 6 o h m / c m 2 

R O H —10 m v change i n rest potent ia l of lobster axon 
R O H — 5 m v change i n rest potent ia l of lobster axon 
Miscel laneous 1 0 0 % inh ib i t i on frog heart 
Miscel laneous I 5o red blood cell oxygen consumption 
R O H Inh ib i t i on bacter ial luminescence 
R O H M i n i m u m inh ib i t i on concentration frog sciatic nerve 
R O H Narcosis of goldfish 
R O H I 5o tortoise heart 
Miscel laneous Colchic ine- l ike mitosis i n onion root t i p 
R O H Narcos is of barnacle larvae 
R O H Narcosis of 2.5-day tadpoles 
R O H Narcos is of 12-day tadpoles 
R O H I 5o guinea p ig i l eum 
Miscel laneous 1 0 0 % inh ib i t i on tadpole movement 
R O H Narcosis of 83-day tadpoles 

( E q u a t i o n 2 ) . Some of the commonly used variables are ind i ca ted 
the scheme above. A t this very early stage i n the development of mathe
m a t i c a l s t ruc ture -ac t iv i ty w o r k a complete set of w e l l understood parame
ters has not been developed; however , the set above has at least a l l owed 
us to start serious work . T h e greatest lack at present is for a suitable 
n u m e r i c a l w a y to define the geometry of organic compounds— i .e . , one 
that does not require an inordinate number of terms. 

T h e development of such extrathermodynamic equations places 
s t ruc ture -ac t iv i ty relationships i n a f o rm easily stored and m a n i p u l a t e d 
b y computers. M a n y such examples have been pub l i shed (2, 3 ) and , at 
present, w e are experimenting w i t h a group of about 1000 such equations 
w h i c h correlate about 15,000 organic structures. Corre la t i on equations 
n o w cover systems rang ing f rom s imple proteins (4) to pure enzymes 
( 5 ) , antibodies ( 6 ) , organelles ( 7 ) , a n d whole animals ( 8 ) . A s the data 
bank of such equations grows, specific in format ion on many compounds 
accrues. T o gain the m a x i m u m use of this in format ion , the two systems 
of F i g u r e 1 must be complete ly interactive. T h e f o l l ow ing are examples 
of t y p i c a l queries one w o u l d l ike to make of such a system via a remote 
t e rmina l i n the d r u g des igners laboratory. 

Ο 

II 
(1 ) L i s t a l l drugs conta in ing the funct ion — S C N H 2 i n order first 

of increasing log 1 / C a n d then i n order of log P . L i s t the system i n w h i c h 
each is active a n d the type of act ion measured. 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

, 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
2-

01
14

.c
h0

02



2. HANSCH A Computerized Approach to Structure-Activity 25 

— a log Ρ + b 

a b η r s Equation 

0 . 9 0 d b . l l -0.55=1= .06 8 0.993 0.064 3 

1.26=1= .24 -0.52=1= .40 7 0.986 0.248 4 

0.90=b.22 - 0 . 2 3 ± . 18 5 0.991 0.112 5 
0.86=1=.16 - 0 . 0 9 ± . 1 3 5 0.995 0.082 6 
0 .93± .08 0.11=1=.12 28 0.975 0.182 7 
0.92=1=.12 0.12=fc.l5 14 0.977 0.214 8 
1.17=fc.08 0 .22± .12 8 0.998 0.100 9 
1.05=1=.10 0.27=1= .20 8 0.995 0.141 10 
1.15=L.20 0 . 3 4 ± . l l 8 0.985 0.106 11 
0.99=1=.20 0 .52± .13 10 0.972 0.136 12 
0 .96± .14 Q.52±.23 19 0.963 0.340 13 
1.05±.09 0.57d=. l l 14 0.991 0.140 14 
1.31=1=.11 0.59=b.l7 8 0.997 0.141 15 
1.24=1= .08 0.61=1=.13 8 0.998 0.109 16 
1.06=1= .08 0.62=i=.14 8 0.997 0.113 17 
1.22=1= .07 0.60=1=. 11 16 0.994 0.137 18 
1.20=b.07 0.63=1=.11 8 0.998 0.095 19 

(2 ) L i s t a l l equations of the type : l og 1 / C = a log Ρ + bE8 + c. 
O r d e r them first accord ing to increasing values of a a n d then accord ing 
to increasing values of b. L i s t the system a n d type of perturbat ion for 
each equation. 

(3 ) L i s t a l l equations h a v i n g log P0 values i n the range 4 - 5 for drugs 
act ing on chloroplasts. 

(4 ) L i s t a l l drugs conta in ing the funct ion 

h a v i n g log 1 / C values >5 .0 a n d act iv i ty against v irus . 
(5 ) L i s t a l l equations correlat ing the act ion of aromatic amines or 

phenols w h i c h conta in a term i n σ". O r d e r these a lphabet i ca l ly b y system. 
(6 ) L i s t the systems per turbed by a l l amides ( C O N H 2 ) h a v i n g 

log Ρ values of 2 ± .5. 
T h e above queries are on ly a few of the scores w h i c h one can read i ly 

imagine to be of value i n a t r u l y comprehensive quanti tat ive s t r u c t u r e -
act iv i ty system. I n add i t i on to structure—activity equations correlat ing 
b i o chemica l systems i t is important to inc lude i n the data bank as m a n y 
examples as possible of substituent effects i n homogeneous organic reac-
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26 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

tions w h i c h can be used as standards of comparison for b iochemica l 
processes. 

A l t h o u g h we have not completed a l l of the computer p rogramming 
needed to answer a l l of the above questions, the d y n a m i c part of the 
system i n F i g u r e 1 is more or less i n operation. Some examples of 
the k i n d of questions w h i c h can be used to formulate a comparat ive 
pharmacodynamics can n o w be considered. 

Tables I I a n d I I I l ist equations w h i c h resulted f rom the present 
data bank f rom the f o l l o w i n g query : list a l l equations l inear i n log Ρ 
where ac t iv i ty is defined as log 1 / C h a v i n g intercepts < 1 a n d h a v i n g at 
least five data points per set. S tudy of this pr int -out y i e lded the con
c lus ion (9) that the equations of this type now i n h a n d f e l l into two 
major classes: those of T a b l e I I w i t h slopes of mean a n d standard dev ia 
t i on of 1.07 ± .14 a n d those of T a b l e I I I w i t h slopes of 0.74 ± .09. T h e 
equations were d i v i d e d into the two sets solely on the basis of slope 
w i t h o u t regard to the k i n d of b io log i ca l act ion invo lved . It w o u l d seem 
that a l l of the b io log i ca l processes of T a b l e II might be brought about 
b y membrane perturbat ion . C o m p a r i s o n of the equations of T a b l e I I w i t h 
the f o l l owing average equat ion (10) for hemolysis lends credence to 
this hypothesis : 

log 1 /C = 0.93db.l7 log Ρ - 0 .09± .23 (18) 

T h e slope of E q u a t i o n 18 is the mean value for 15 different sets of drugs 
( ion ic a n d nonion ic ) causing hemolysis. T h e intercept is the mean value 
f rom seven sets of neutral drugs causing hemolysis. 

Table III. Log 1/C 

Type of 
Compound Biological Activity 

R O H D e n a t u r a t i o n horse heart cytochrome 
R O H D e n a t u r a t i o n whale myoglob in 
R O H D e n a t u r a t i o n a-chymotrypsinogen 
Misce l laneous Prec ip i ta t i on sheep l iver nucleoprotein at 40°C i n 

30 minutes 
Misce l laneous 1 0 0 % inh ib i t i on bovine muscle succinate oxidase 
Misce l laneous 1 0 0 % inh ib i t i on sheep l iver succinate oxidase 
Misce l laneous Prec ip i ta t i on sheep l iver nucleoprotein at 40°C in 

15 minutes 
Phenols G r o w t h inh ib i t i on M. tuberculosis 
Miscel laneous 1 5 - 2 0 % inh ib i t i on bovine muscle succinate oxidase 
R O H G r o w t h inh ib i t i on S. aureus 
Miscel laneous 1 5 - 2 0 % inh ib i t i on sheep l iver succinate oxidase 
Misce l laneous I n h i b i t i o n fibrin swell ing 
Phenols Convers ion of cytochrome P-450 to P-420 
Ani l ines Convers ion of cytochrome P-450 to P-420 
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2. HANSCH A Computerized Approach to Structure-Activity 27 

T h e mean slope for the 17 examples of T a b l e I I is 1.07 ± .14. T h e 
equations have been ordered w i t h respect to intercept w i t h an overa l l 
difference i n this parameter of about 1 log unit . T h u s , narcosis of t a d 
poles requires about one-tenth lower concentration of d r u g than the 5 0 % 
i n h i b i t i o n of indopheno l oxidase ( E q u a t i o n 3 ). T h e equat ion most nearly 
resembl ing the m o d e l equat ion ( E q u a t i o n 18) is E q u a t i o n 6 corre lat ing 
the structure—activity re lat ionship between the concentration of R O H 
necessary to produce a 5-mv change i n the rest potent ia l of the lobster 
axon. T h i s close relat ionship between hemolysis a n d nerve membrane 
perturbat ion has been noted b y others us ing different techniques ( I I , 
12). T h e relationships of T a b l e I I show that different sets of molecules 
act ing on very different systems can be compared q u i c k l y i n numer i ca l 
terms. 

S u c h relationships can be useful i n des igning synthetic membranes 
h a v i n g properties s imi lar to natura l systems. F o r example, E q u a t i o n 4 
correlates the change i n resistance caused b y alcohols on potassium ion 
permeabi l i ty of b lack l i p i d membrane ( B L M ) prepared f rom the l i p i d 
of sheep erythrocytes. T h e rather large negative intercept of E q u a t i o n 4 
indicates that three times the concentration of i so l ipophi l i c a lcohol is 
needed to change the resistance of the B L M as is needed to cause 
hemolysis . A l t h o u g h the two processes are qui te different, the role of 
hydrophob i c forces i n each can be compared. 

T h e intercept of the equations is open to more var iat ion t h a n the 
slope. T h e value of the intercept w i l l depend on the sensit ivity of the 
system a n d the degree of response demanded b y the investigator (e.g., 

= a log Ρ + b 

a b η r s Equation 

0 .52± .10 - 0 . 7 6 ± . 0 4 5 0.995 0.026 20 
0.84 ± . 19 - 0 . 5 8 ± . 1 0 7 0.982 0.089 21 
0.70=fc.l4 - 0 . 4 5 ± . 0 7 8 0.982 0.071 22 
0.82=fc.ll - 0 . 2 6 ± . 1 0 13 0.979 0.132 23 

0.75=b.l5 - 0 . 2 2 ± . 1 6 14 0.951 0.205 24 
0 .76± .14 - 0 . 1 9 ± . 1 5 14 0.957 0.194 25 
0 .80± .13 - 0 . 1 7 ± . 1 2 14 0.970 0.132 26 

0.78=L.06 - 0 . 0 9 ± . 2 7 14 0.992 0.133 27 
0 .77± .12 0 .05± .12 14 0.970 0.162 28 
0 .65± .12 0 .06± .08 9 0.979 0.089 29 
0 .80± .14 0 .10± .15 14 0.962 0.191 30 
0.86=fc.32 0 .21± .31 8 0.971 0.224 31 
0.57=b.08 0 .36± .19 13 0.979 0.132 32 
0 .66± .15 0.36=L.21 7 0.981 0.087 33 
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28 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

EDioo , E D 5 0 , etc . ) . T h i s effect can be seen b y compar ing Equat i ons 5 
a n d 6. T w i c e the concentrat ion of i so l ipophi l i c c o m p o u n d is needed 
to produce a 10-mv change as is needed to produce a 5-mv change i n the 
rest potent ia l of the nerve. A s imi lar effect is apparent i n Equat i ons 7 
a n d 12. H o w e v e r , two different k inds of hearts are invo lved here, a n d 
the difference may i n part be the result of the different types of tissue. 

T h e slopes a n d intercepts of Equat i ons 8 a n d 9 are quite close, i n d i 
cat ing that the molecular probes i n h i b i t i n g the two superfic ial ly different 
processes are probab ly operat ing i n the same w a y at the molecular level . 
I n h i b i t i o n of luminescence appears to be different f rom i n h i b i t i o n of 
bacter ia l g rowth ( compare E q u a t i o n 9 w i t h Equat i ons 27 a n d 29 ) . I n 
various pub l i shed (13) a n d u n p u b l i s h e d results l inear relationships w i t h 
slopes of about 0.7 for the i n h i b i t i o n of bacter ia l g rowth have been found . 

E q u a t i o n 13 correlates a m i x e d set of compounds w h i c h produce an 
abnormal type of mitosis resembl ing that caused b y colchic ine. T h e role 
of hydrophob i c forces causing this k i n d of mitot i c act iv i ty is closely 
re lated to that causing hemolysis ( E q u a t i o n 18) , i n h i b i t i n g qu inea p i g 
i l e u m ( E q u a t i o n 17) , I 5 0 r e d b l ood ce l l oxygen consumption, etc. T h e 
results of T a b l e I I indicate that E q u a t i o n 18 can be used as a m o d e l for 
nonspecific membrane perturbat ion i n various systems. 

I n T a b l e I I I a different set of l inear equations has been grouped. 
T h e mean slope for the 14 examples is 0.74 ± .09. T h e molecular probes 
used to obta in these equations indicate a signif icantly different depend
ence of b io log i ca l response on log P. T h i s mean slope is closer to that 
f ound for the b i n d i n g of organic compounds b y proteins (14). I n fact, 
except for Equat i ons 27 a n d 29, more or less isolated proteins constitute 
the b io log i ca l systems of T a b l e I I I . These systems are no doubt less 
l i p o p h i l i c than the membranes of r e d b l ood cells or nerve cells w h i c h 
bo th contain 5 0 % or more l ip ids . O f course, the highest concentrations 
( lowest intercepts) of i so l ipophi l i c molecules are requ i red for the proc 
esses i n v o l v i n g extensive denaturat ion or 1 0 0 % enzymic i n h i b i t i o n ( E q u a 
tions 2 0 - 2 6 ) . 

Examples showing the relat ionship between the value of the inter
cept a n d the degree of response can be seen b y compar ing Equat ions 
24 a n d 25 w i t h 28 a n d 30. T h e differences i n the two sets of intercepts 
are 0.27 a n d 0.29, ind i ca t ing that a two fo ld increase i n concentration is 
r equ i red to cause 1 0 0 % i n h i b i t i o n of succinate oxidase over 1 5 - 2 0 % 
i n h i b i t i o n . 

Equat i ons 32 a n d 33 have been p laced on a l og Ρ basis a n d are 
therefore different f rom those p u b l i s h e d b y I c h i k a w a a n d Yamano (15 ) . 
I n this s tudy us ing rat l iver microsome cytochrome P-450, there is l i t t le 
difference between the slopes or intercepts for the two different sets of 
congeners. I n fact, a single equat ion c o u l d be used to correlate the 21 
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2. HANSCH A Computerized Approach to Structure-Activity 29 

compounds. T h i s indicates that hydrophob i c forces alone (as opera
t ional ly defined b y log P ) promote the conversion of P-450 —> P-420. 

Equat i ons 27 a n d 29 are very m u c h l ike Equat i ons 32 a n d 33, sug
gesting that perturbat ion of the oxidative enzyme systems m a y be re
sponsible for g rowth i n h i b i t i o n of the bacteria. 

I n summary, the equations of Tables II a n d I I I beg in to sort out 
two general types of systems, each of w h i c h displays a different k i n d of 
nonspecific response to l i p o p h i l i c molecular probes. 

T h e larger the value of the intercept, the more sensitive is the 
system or the more specific the pharmacophor i c funct ion of the set of 
congeners. T h e f o l l owing set of three equations was selected for the 
data bank to i l lustrate how more sensitive processes can be compared 
via extrathermodynamic correlations. 

1-to- l B i n d i n g of Miscel laneous Compounds b y B o v i n e Hemoglob in (16) 

n r s 
log 1 / C = 0 .71(± .13) log Ρ + 1.51(±.33) 17 0.950 0.160 (34) 

I 5o of H y d r o x y i n d o l e - O - M e t h y transferase b y JV-Acy l t ryptamine Amines 
(17) 

n r s 
log 1 /C = 0 .60 (db . lO) l ogP + 1.49(±.42) 21 0.948 0.170 (35) 

7 5 % I n h i b i t i o n of M u l t i p l i c a t i o n of Influenza B . V i r u s by Benzimidazoles 

n r s 
log 1 /C = 0 . 5 8 ( ± . 1 7 ) l o g P + 1.58(±.46) 15 0.903 0.210 (36) 

W h i l e the above three examples were p i c k e d because of their s i m i 
lar i ty i n both slope a n d intercept, they are not necessarily ident i ca l proc 
esses at the molecular level . H o w e v e r , they must be qui te s imilar . W h i l e 
it is k n o w n that i n E q u a t i o n 34 one molecule of substrate is b o u n d to 
one molecule of prote in , this is not k n o w n to be the case for Equat i ons 
35 a n d 36. There is a fair p robab i l i t y that this is true for E q u a t i o n 35. 
T h e parameters i n E q u a t i o n 35 are s l ight ly different f rom those der ived 
b y L i e n , H u s s a i n , a n d T o n g (17) because of sl ight differences i n log Ρ 
values. T h e slopes of the above three equations are 0.6 ± .1. Such values 
are commonly observed for nonspecific b i n d i n g of organic compounds b y 
a var iety of proteins a n d proteinaceous mater ia l (3 ,14) . U s i n g Equat i ons 
34 a n d 35 as points of reference, some feel ing about the i n h i b i t i o n of 
v irus b y benzimidazoles can be formed. E q u a t i o n 36 has been f o r m u 
lated f rom the data i n T a b l e I V . C o m p a r i s o n of intercepts shows that 
this is not a very specific inh ib i tory process. It w o u l d be interesting to 
k n o w h o w m a n y benzimidazoles are b o u n d per virus subunit so that a 
better comparison w i t h E q u a t i o n 34 cou ld be made. 
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30 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table IV. 7 5 % Inhibition Influenza B. Virus by Benzimidazoles 

log 1/C 

Compound log P a obsd.b calcd. \Mog 1/C\ 

1 - M e t h y l 1.84 2 .14 c 2.65 0.51 
Benz imidazo le 1.34 2.46 2.36 0.10 
2 - M e t h y l 1.84 2.51 2.65 0.14 
5 - M e t h y l 1.84 2.72 2.65 0.07 
5 , 6 - D i m e t h y l 2.34 2.72 2.94 0.22 
4 , 6 - D i m e t h y l 2.34 2.82 2.94 0.12 
2 , 5 - D i m e t h y l 2.34 2.89 2.94 0.05 
4 , 5 - D i m e t h y l 2.34 2.96 2.94 0.02 
2 ,4 ,6 -Tr imethy l 2.84 3.05 3.24 0.19 
2 ,4 ,5 -Tr imethy l 2.84 3.20 3.24 0.04 
5 ,6 -D ie thy l 3.34 3.39 3.53 0.14 
2 -Propy l -5 -methy l 3.34 3.60 3.53 0.07 
2 ,4 ,5 ,6 ,7-Pentamethyl 3.84 3.66 3.82 0.16 
2 - E t h y l , 5 - m e t h y l 2.84 3.74 3.24 0.50 
2 - B u t y l , 5 - m e t h y l 3.84 3.77 3.82 0.05 
2 - P r o p y l , 5 - m e t h y l 3.14 3.77 3.41 0.36 

a Based on the value of 1.34 for benzimidazole. 
b The value of 0.5 was added to this parent compound for each C H 3 or C H 2 to 

obtain other log Ρ values. 
c This point omitted since it is the only N-methyl derivative and it is a poor fit. 

I n perusing our present data bank for equations l inear i n log Ρ w i t h 
higher intercepts one finds that the hypnot i c drugs make an interesting 
group for comparison. Equat i ons 37 a n d 38 are der ived f rom the data 
i n Tables V a n d V I . 

M i n i m u m H y p n o t i c Dose i n M o u s e of JV , iV-Alky lary lureas (19) 

n r s 

log 1 /C = 0 .53(± .08) log Ρ + 2.44(=b.l0) 27 0.945 0.108 (37) 

M i n i m u m H y p n o t i c Dose i n R a t of 5 ,5-Barbiturates (21) 

n r s 
log 1 /C = 0.57(=b.21)log Ρ + 2.44(db.40) 15 0.851 0.156 (38) 

T h e great s imi lar i ty of Equat i ons 37 a n d 38 highl ights the common m e c h 
anism of act ion of two superf ic ial ly different types of amides. I n each 
of the above examples, compounds h a v i n g log Ρ values be low the op t i 
m u m of log P0 were studied. H e n c e , add i t i on of a t e rm i n ( l og P ) 2 d i d 
not result i n an i m p r o v e d correlat ion i n either case. T h e confidence 
intervals on the intercepts of Equat i ons 37 a n d 38 are t ighter than those 
on eight sets of parabol i c equations correlat ing hypnot i c ac t iv i ty of bar 
biturates i n a var iety of animals (22). H o w e v e r , for six of the parabo l i c 
equations w i t h moderately good confidence intervals , a mean intercept 
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2. HANSCH A Computerized Approach to Structure-Activity 31 

of 2.1 =t .3 is found. T h e agreement w i t h Equat ions 37 a n d 38 is quite 
good, especial ly w h e n one considers that the experimental condit ions 
and the type of animals used were quite var ied . T h e intercepts (22) 
(numbers under formulas) f rom parabol i c correlat ion equations for the 
f o l l ow ing three types of hypnot i c amides are close to those of Equat ions 

2.50(db.67) 
0 0 0 

1 1 I I I I I I 
( C H , ) 2 C C O N H , R C — N H C N H — C l t 

I 
S R 

1.98(±.54) 1 .89(±.10) 

I I I I V 

37 a n d 38. T h e above examples w i t h hypnotics indicate that n u m e r i c a l 
comparisons can be made w i t h qu i te different systems i n a general way . 
I n this w a y one gets a v i e w of the forest w i t h o u t be ing too concerned 
about the i n d i v i d u a l trees. 

H i g h e r intercepts ind i ca t ing higher sensit ivity a n d specificity are 
contained i n the f o l l owing examples. 

K i l l i n g of M. fructicola spores b y Benzoquinones (23) 

n r s 

log 1 /C = 0 . 8 8 ( ± . 4 3 ) l o g P + 3.53(d=.80) 10 0.859 0.579 (39) 

Inh ib i t i on of S. typhosa by A r o m a t i c A m i n e s (13) 
n r s 

log 1 /C = 0.58(=fc. l2)logP + 0.97(=b.28) 15 0.941 0.136 (40) 

Ieo C. albicans (23) by |[ | 

X C 6 H 4 H N Ν N H C e H 4 X 

n r s 
log 1 /C = 0.50(d=.15)log Ρ + 4 .15 (± .35 ) 8 0.957 0.222 (41) 
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32 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

E D 5 0 S. aureus i n M i c e of Phenoxypenic i l l ins (21/) 

n r s 
log 1 /C = - 0 . 4 6 ( = b . l O ) l o g P - i o n + 4 .85 (± .10 ) 21 0.912 0.187 (42) 

E v e n though E q u a t i o n 39 is not a very sharp correlat ion (p robab ly 
because i t is l ack ing a suitable electronic t e r m ) , i t does serve to i l lus 
trate i n i so l ipophi l i c terms the h i g h intr ins ic toxic i ty of quinones to fung i . 
C o m p a r i s o n of Equat i ons 40 a n d 41 shows that s imple aromatic amines 
do not have a h i g h intr ins ic toxic ity . T h u s the p y r i m i d i n e moiety , w h e n 

Table V . Hypnosis of Mice by N,N~Alkylarylureasa 

log 1/C 

Compound 

M e P h e n y l 
M e 4 - A n i s y l 
M e 2 - A n i s y l 
E t P h e n y l 
M e 2 - T o l y l 
M e 3 - A n i s y l 
M e 4 - E t O - p h e n y l 
E t 4 - A n i s y l 
M e 4 - T o l y l 
E t 2 - A n i s y l 
E t 4 - E t O - p h e n y l 
M e 3 - T o l y l 
M e 4 - E t O - p h e n y l 
M e 2 - E t O - p h e n y l 
E t 3 - A n i s y l 
E t 3 - T o l y l 
E t 2 - E t O - p h e n y l 
E t 4 - T o l y l 
P r P h e n y l 
E t 2 - T o l y l 
E t 3 - E t O - p h e n y l 
P r 4 - T o l y l 
B u P h e n y l 
P r 3 - T o l y l 
P r 2 - T o l y l 
B u 4 - T o l y l 
B u 2 - T o l y l 

a From Ref. 19. 
b Log Ρ values based on value of 0.42 for CeBUN-CONHs. The O C H 3 group is 

C H 3 

given a value (20) of 0.00. Substituents in ortho, meta, and para positions are all given 
same % values. Adding a term in σ for benzene ring substitutuents did not improve 
the correlation nor did the addition of a term in (log P) 2 . 

log P b obsd. calcd. \alog 1/C\ 

0.42 2.46 2.67 0.21 
0.42 2.62 2.67 0.05 
0.42 2.67 2.67 0.00 
0.92 2.80 2.93 0.13 
0.92 2.82 2.93 0.11 
0.42 2.85 2.67 0.18 
0.92 2.85 2.93 0.08 
0.92 2.87 2.93 0.06 
0.92 2.90 2.93 0.03 
0.92 2.93 2.93 0.00 
1.42 3.00 3.20 0.20 
0.92 3.00 2.93 0.07 
0.92 3.06 2.93 0.13 
0.92 3.09 2.93 0.16 
0.92 3.15 2.93 0.22 
1.42 3.19 3.20 0.01 
1.42 3.19 3.20 0.01 
1.42 3.19 3.20 0.01 
1.42 3.19 3.20 0.01 
1.42 3.26 3.20 0.06 
1.42 3.26 3.20 0.06 
1.92 3.44 3.45 0.03 
1.92 3.48 3.47 0.01 
1.92 3.51 3.47 0.04 
1.92 3.55 3.47 0.08 
2.42 3.60 3.73 0.13 
2.42 3.00 3.73 0.07 
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2. HANSCH A Computerized Approach to Structure-Activity 33 

Table VI . Hypnosis of Rats by 5,5-Barbiturates 0 

log 1/C 

Compound log P 6 obsd. calcd. \Mog 1/C\ 

E t E t 0.65 2.79 2.81 0.02 
E t P h e n y l 1.42 3.12 3.25 0.13 
E t A m y l 2.15 3.45 3.67 0.22 
E t I soamyl 1.95 3.50 3.56 0.06 
E t 2 - M e - b u t y l 1.95 3.45 3.56 0.11 
E t 1 - M e - b u t y l 1.95 3.81 3.56 0.25 
E t 1 -Et -propy l 1.95 3.81 3.56 0.25 
E t 1 ,2 -Di -me-propyl 1.75 3.45 3.44 0.00 
E t C y c l o p e n t y l 1.79 3.45 3.45 0.00 
E t B u t y l 1.65 3.33 3.39 0.06 
E t I sobuty l 1.45 3.28 3.27 0.01 
E t sec -Buty l 1.45 3.63 e 3.27 0.36 
E t 1 - M e - a m y l 2.45 3.60 3.84 0.24 
A l l y l 1 - M e - b u t y l 2.15 3.83 3.67 0.16 
A l l y l 1 -Et -propy l 2.15 3.77 3.67 0.10 
A l l y l C y c l o p e n t y l 1.99 3.67 3.58 0.09 

" F r o m Réf. 21. 
h See Réf. 22 for experimental and calculated values. 
c This data point not used in deriving Equation 38. 

attached to the aromatic amino group, yields a funct ion of h i g h intr ins i c 
act iv i ty . Comparisons of this type done early i n d r u g modi f icat ion studies 
should enable the d r u g designer to decide whether or not he is pursu ing 
a false lead. 

E q u a t i o n 42 is i n c l u d e d because it has a negative slope—i.e., this 
set of congeners was selected so that a l l members h a d a superopt imal 
l i p o p h i l i c character. E v i d e n c e n o w indicates (22, 25-27) that the gen
eral re lat ionship one should expect between log 1 / C a n d l og Ρ is p a r a 
bol ic . T h e apex of the parabola has been termed l og P0. Molecu les h a v i n g 
this va lue of log Ρ have idea l l i p o p h i l i c character for the system under 
consideration. Since a l l of the above equations are l inear i n log Ρ (the 
add i t i on of a term i n ( l og P ) 2 does not improve the corre lat ion ) , greater 
act iv i ty c ou ld have been obta ined i n each example b y des igning mole 
cules w i t h better log Ρ values. I n a l l examples except E q u a t i o n 42 this 
means increasing the l i p o p h i l i c character. E q u a t i o n 42 calls for less 
l i p o p h i l i c molecules. 

There are very f ew examples i n our data bank where only an elec
tronic term (σ , ρ Κ α or M . O . parameters) suffices to correlate structure 
w i t h act iv i ty . T h i s accounts for the fact that u p to this po int molecular 
orb i ta l calculations (28, 29) of charge densities have y i e lded so few equa
tions correlat ing chemica l structure a n d b io l og i ca l act iv i ty i n quant i tat ive 
terms. H o w e v e r , the combinat ion of electron d is t r ibut ion obta ined via 
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34 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

q u a n t u m mechanica l calculations a n d hydrophob i c parameters does i n d i 
cate the va lue of such calculations (30, 31). T o i l lustrate the comparat ive 
value of the H a m m e t t σ constant, consider the f o l l owing equations cor
re lat ing the s t ruc ture -ac t iv i ty re lat ionship of phosphate esters, V : 

II I 

ο 
II 

,0—Ρ—(OEt) ? 

H y d r o l y s i s (42 i n Aqueous So lut ion , p H 7.6, 37°C) 

η r 
log k = 1.96 σ- - 6.62 4 0.966 (42) 

r 
in vitro I n h i b i t i o n F l y h e a d Cholinesterase 

η 

- l o g I 5 0 = 2.49 σ~ + 4.18 8 0.985 (43) 

in vivo L D 5 0 House Fl ies 
η r 

- l o g I B 0 = 2.42 <r + 0.26% - 0.60 8 0.987 (44) 
I n Equat i ons 43 a n d 44, σ" gives m u c h better correlations than σ. F o r 
this reason i t has also been used i n E q u a t i o n 42 a l though here i t gives a 
s l ight ly lower correlat ion, possibly because of the great diff iculty i n study
i n g this react ion under such m i l d condit ions a n d because only one func
t ion w i t h a σ' different f rom σ was studied. O n e w o u l d expect σ" to be 
the parameter of choice since the l eav ing group i n the react ion of the 
phosphate esters w i t h cholinesterase is the phenoxide ion , 

a n d functions de loca l i z ing the negative charge via resonance should be 
more effective i n increasing the hydro ly t i c rate. T h e w o r k on w h i c h 
Equat i ons 43 a n d 44 are based is f rom the p ioneer ing studies of M e t c a l f 
a n d F u k u t o (32, 33). T h e value of ρ i n each of the above equations is 
consistent, ind i ca t ing nuc leophi l i c displacement as the common charac
teristic of the three reactions. It is noteworthy that ρ is somewhat higher 
i n Equat i ons 43 a n d 44. T h i s is i n l ine w i t h the finding that ρ for a g iven 
react ion is h igher i n more apolar solvents (34). E q u a t i o n 43 correlates 
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2. HANSCH A Computerized Approach to Structure-Activity 35 

on ly para isomers w h i l e E q u a t i o n 44 correlates bo th meta a n d p a r a 
isomers. T h e meta isomers w h i c h are very poor ly accommodated b y 
E q u a t i o n 43 can be correlated i f a steric parameter is i n c l u d e d for these 
functions (35) as fo l lows : 

η r 
- l o g I 5 0 = 0.55 Es

m + 2.45 σ~ + 4.82 13 0.962 (45) 

T h e negative coefficient w i t h E8
m (Ta f t steric parameter for the meta 

funct ion) indicates that large groups increase the effectiveness of the 
inhib i tor . T h e value for ρ is the same as i n Equat i ons 43 a n d 44. E q u a 
tions 43 a n d 45 indicate that there is more specificity invo lved i n the 
in vitro i n h i b i t i o n of cholinesterase than i n the k i l l i n g of flies. T h e close
ness of the values for P i n Equat i ons 42 a n d 43 w o u l d indicate that a 
variety of nucleophiles might react w i t h the phosphates w i t h m u c h the 
same dependence on σ~. Therefore i t seems l ike ly that i n the k i l l i n g of 
flies descr ibed b y E q u a t i o n 44, the i n h i b i t i o n of a var iety of less sterical ly 
d e m a n d i n g enzymes conta in ing nuc leophi l i c functions m a y be occurr ing 
a n d that one must not conclude that because ρ has the same va lue i n 
Equat i ons 43 a n d 44, k i l l i n g is occurr ing b y i n h i b i t i o n of cholinesterase 
alone. H o w e v e r , i t is most encouraging for those interested i n quant i ta 
t ive s t ruc ture -ac t iv i ty w o r k that the electronic effect of substituents on 
the react ion of phosphate esters w i t h nucleophiles is m u c h the same i n 
the complex m i l i e u of a fly as i n isolated systems. Moreover , the read-out 
f rom the fly comes i n the f o rm of an L D 5 0 w h i c h is not exactly com
parable w i t h a spectrophotometer reading . H o w e v e r , f rom the analysis 
of the perturbations of the fly, considerable in format ion is obta ined about 
the events at the molecular leve l i n the fly. 

A s might be expected, i n the fly w o r k ( E q u a t i o n 44) act iv i ty depends 
s l ight ly on the l i p o p h i l i c character of the phosphate as ind i cated b y need 
for a term i n π. T h e smal l coefficient w i t h this term indicates this de
pendence is not great. 

H a v i n g a data bank w h i c h contains extrathermodynamic equations 
on bo th pure organic reactions as w e l l as b i o chemica l reactions is i m p o r 
tant i n ga in ing insight into mechanism of act ion as E q u a t i o n 42 il lustrates. 
T h e type of σ constant best suited to correlate the data is important as 
w e l l as the value a n d the sign of p. Examples i n w h i c h σ + has proved 
to be a better parameter than σ are also k n o w n (36). 

T u r n i n g now to steric factors, a pr int -out of a l l equations i n the data 
bank conta in ing a term i n E8 a n d ordered on δ (the coefficient w i t h E8) 
yields a group of equations f rom w h i c h the f o l l ow ing three examples 
were chosen because of the great s imi lar i ty i n the value of δ a n d the qui te 
divergent character of the b i o chemica l processes. Equat i ons 47 -48 were 
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36 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table VII. Inhibition of L-a-Glycerophosphate Dehydrogenase by 

a From Ref. 37. 

Ν 
I + ci-
R 

C O N H 2 

log 1/C 

R X E s obsd.a calcd. \Mog 1/C\ 

M e t h y l 0.50 0.00 1.82 1.76 0.06 
E t h y l 1.00 - 0 . 0 7 1.73 1.84 0.11 
P r o p y l 1.50 - 0 . 3 6 1.64 1.37 0.27 
B u t y l 2.00 - 0 . 4 0 1.57 1.55 0.02 
P e n t y l 2.50 - 0 . 4 0 1.82 1.79 0.03 
H e x y l 3.00 - 0 . 4 0 1.89 2.05 0.16 
H e p t y l 3.50 - 0 . 4 0 2.15 2.31 0.16 
O c t y l 4.00 - 0 . 4 0 2.38 2.57 0.19 
N o n y l 4.50 - 0 . 4 0 2.81 2.83 0.02 
D e c y l 5.00 - 0 . 4 0 3.15 3.09 0.06 
U n d e c y l 5.50 - 0 . 4 0 3.38 3.35 0.03 
D o d e c y l 6.00 - 0 . 4 0 3.78 3.61 0.17 

der ived f rom the data i n Tables V I I - V I I I . T h e parameters used i n 
E q u a t i o n 46 have been previous ly p u b l i s h e d ( 5 ) . 

C h y m o t r y p s i n H y d r o l y s i s of 0 2 N C 6 H 4 C O O R (5) 

log k2/Km = 1.76(d=.42)# s + 0 .79 (± .39 )x 

+ 2 .23 (± .23) 8 0.981 0.201 (46) 

Inh ib i t i on (37) of L -a -Glycerophosphate Dehydrogenase b y 

. C O N H , 

il ι 
ν * · 

IT 
1+ ci-

R 

log 1 /C = 2 . 5 3 ( ± 1 . 0 ) # . + 0.52(d=.08)x 

+ 1.50(±.27) 12 0.983 0.153 (47) 
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2. HANSCH A Computerized Approach to Structure-Activity 37 

Chol inergic E D 5 0 for ( X - C H 2 C O O C H 2 C H 2 N + ( C H 3 ) 3 

i n G u i n e a P i g I l eum (38) 

η r 
log 1 /C = 2 . 0 9 ( ± 1 . 4 ) # s + 1.74(±1.7)% 

+ 4 .04 (± .12 ) 6 0.952 0.246 (48) 

E x c e p t for E q u a t i o n 47, each of the above examples contains fewer data 
points than one w o u l d l ike to see w i t h equations conta in ing three d is 
posable parameters. H o w e v e r , note the s imi lar values of δ. F o r t w o of 
the cases ( E q u a t i o n s 46 a n d 48) this is not surpr is ing since carbony l 
functions are no doubt invo lved . T h e confidence interva l on the E8 t e rm 
i n E q u a t i o n 47 is rather w i d e so that one cannot be sure that the steric 
demands of this enzyme are the same as the receptors i n the other 
systems. 

W h i l e not m u c h we ight can be p laced on the results i n the above 
three systems because of the f ew data points invo lved , they do i l lustrate 
h o w comparisons can be made of quite different substrates be ing acted 
u p o n b y very different systems. T h e fact that the values of δ i n the 
above equations are not unreasonable can be seen b y comparison w i t h 
the values obta ined f rom simple organic reactions. F o r the methanolysis , 
1-propanolysis, a n d 2-propanolysis of R C O o C i o H i e , the f o l l o w i n g respec
t ive δ values were f o u n d ( 3 9 ) : 1.4, 1.7, 1.9. T h e reasonable agreement 
between Taft 's δ values i n b iochemica l processes a n d s imple organic 
reactions under homogeneous condit ions suggests that E8 may be a 
parameter of rea l importance i n d r u g design ( 6 ) . 

W h a t has the very l i m i t e d experience of the past f ew years us ing 
substituent constants a n d regression analysis contr ibuted to the p r o b l e m 
of d r u g modi f icat ion as out l ined for derivatives of F i g u r e 1? Poss ib ly 
the most important fact is that the hydrophob i c character of the m e m 
bers of almost any congeneric set of drugs must be considered even i n 

Table VIII. Cholinergic E D 5 0 Guinea Pig Ileum 
X - C H 2 C O O C H 2 C H 2 N + ( C H 3 ) 3 

log 1/C 

of 

X E 8
C obsd. calcd. \Mog 1/C\ 

H 
C H 3 

F 
C l 
B r 
I 

0.00 
0.50 

- 0 . 1 7 
0.39 
0.60 
1.00 

1.24 
0.00 
0.78 
0.27 
0.08 

- 0 . 1 6 

6.70 
5.00 
5.22 
5.19 
5.55 
5.23 

6.63 
4.91 
5.37 
5.28 
5.25 
5.45 

0.07 
0.09 
0.15 
0.09 
0.30 
0.22 

a From Ref. 38. 
b From Ref. 40. 
c From Ref. 41. 
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38 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

in vitro studies w i t h isolated tissue or enzymes. Moreover , there is a b u n 
dant evidence that act iv i ty depends parabo l i ca l ly on hydrophob i c char
acter as defined b y l og P . O n e of the most power fu l ways to e l iminate 
m a n y of the 2,500,000,000 analogs of I is to determine log P0 as soon as 
possible i n the s t ruc ture -ac t iv i ty study. T h e number of derivatives boils 
d o w n q u i c k l y depending on h o w narrow the l imits on this value can be 
set. If, for example, l og P0 = 4.0 ± .3, one can w i t h some rat iona l con
fidence neglect the synthesis a n d testing of derivatives whose ca lculated 
log Ρ values f a l l outside the range 3.5-4.5. T h e addi t ive natures (3 ) of 
l og Ρ a n d π make it possible to calculate log Ρ values before synthesis. 
O n e w a y to beg in to define log P0 w o u l d be to make 10 derivatives at a 
pos i t ion w e l l removed (say the 4- or 5-) f rom the side chain . T h i s set 
c o u l d be selected so that variations i n σ a n d Es w o u l d also be present i n 
the substituents. F i t t i n g the 10 data points to E q u a t i o n 50 should 
not on ly define log P0 but also give some informat ion on steric and 

log 1 /C = - fcix2 + k2% + ha + k4Es + kb (50) 

electronic effects as w e l l . Substituent effects on each of the other pos i 
tions can be ana lyzed i n the same way . W i t h a w e l l behaved system 
( m a n y are not ) one can beg in to e l iminate m a n y analogs as one finds 
the signs a n d values of the coefficients w i t h σ a n d Es. 

F o r example, assume that π 0 , the o p t i m u m l i p o p h i l i c character for 
substituents on the amide of 1-naphthoic ac id , is f ound to be 2.0. F u r t h e r 
assume for the hypothet i ca l b i o chemica l process that E8 has no role for 
substituents at the 3- a n d 4-positions a n d that ρ has been f ound to be 
— 1.2. These facts greatly l imi t the choice of derivatives to be made. 
There is l i t t le po int i n m a k i n g 3-derivatives since only the amino group 
i n this posi t ion has a negative va lue a n d it is not very great. T h e d i a l k y l -
amino funct ion i n the 4-position is the most reasonable choice of the 
above ment ioned 50 functions. F o r N ( C H 3 ) 2 , ττ = —0 .2 . H e n c e the 
o p t i m u m funct ion w o u l d be something l ike N ( C H 2 C H 2 C H 3 ) 2 w i t h ca l 
cu lated π of 2.2. N o w , of course, i t is w e l l k n o w n that such functions 
are easily dea lky lated b y microsomes, the hydrogens adjacent to Ν be ing 
most easily ox id ized . O n e might try to c i rcumvent this p r o b l e m b y 
s tudy ing a lky lamino functions not hav ing α-CH bonds—e.g. , 

Ν 
X C ( C H 3 ) 3 

or one cou ld use the less read i ly dea lky lated — O R w h i c h has a lower 
σρ value. K n o w i n g π0 a n d tak ing advantage of the add i t iv i ty of π greatly 
l imits the possibi l it ies. 

I f i n the same prob l em ρ h a d turned out to have a posit ive value , 
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2. HANSCH A Computerized Approach to Structure-Activity 39 

this w o u l d have greatly increased the possibil it ies since there are a var iety 
of substituents w i t h significant, posit ive am values so that one cou ld 
achieve more leverage i n electronic terms b y subst i tut ing i n both the 
3- a n d 4-positions at the same t ime. A s s u m i n g the same ττ0 value , one 
might try 4 - N 0 2 , 3 - C F 2 C F 3 . T h i s combinat ion w o u l d y i e l d 2σ = 1.25 
a n d %ir = 2.0. T h e possibil it ies for obta in ing %π = 2.0 a n d a large 
2σ w o u l d be mani f o ld under these conditions. T h e final decis ion o n 
w h i c h derivatives to make w o u l d depend on the cost of synthesis as w e l l 
as the resistance of the various functions to u n w a n t e d metabol ic trans
formations. F o r example, an S F 5 funct ion w o u l d be most interesting 
because of its large σ a n d π values; however , the cost of synthesis might 
prec lude its use. 

G a i n i n g m a x i m u m potency is only hal f the prob lem i n d r u g design. 
T h e other hal f is to m i n i m i z e u n w a n t e d side effects. Therefore, for the 
ult imate i n maximizat i on of the therapeutic index, regression analysis 
must also be app l i ed to relate substituent effects to the various k inds 
of serious toxic ity as these become evident. 

T o find the balance between m a x i m u m potency a n d m i n i m u m side 
effects f rom a potent ia l group of b i l l ions of analogs w h i c h i n a given 
test are be ing a l l owed to interact w i t h a huge but u n k n o w n number of 
enzymes a n d cr i t i ca l membranes is indeed a monumenta l task. H o w 
m a n y organic structures and their corresponding activities i n the k n o w n 
b iochemica l systems can one m i n d contemplate? T o the query , "Is the 
use of substituent constants a n d regression analysis wor thwhi le ? " , there 
is on ly one answer. W e have been do ing it a n d continue to do so. T h e 
only choice is between using a computer or one's solar plexus. 
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Pitfalls in the Use of π Constants 

A. CANAS-RODRIGUEZ and M. S. TUTE 

Research Division, Pfizer Ltd., Sandwich, Kent, England 

The estimation of log Ρ by application of additivity prin
ciples presents some difficulties in heterocyclic and in 
sterically crowded or conformationally flexible molecules. 
The additivity rule can break down in such molecules not 
only because of unrecognized electronic effects but because 
of intramolecular hydrophobic bonding. We have compared 
experimentally determined log Ρ values with the sum of π 
constants for diphenylmethane derivatives, including Bena
dryl, for anilines substituted on nitrogen with a flexible or 
rigid chain, for sterically crowded salicylic acid derivatives, 
and for both flexible and rigid structures in which two 
phenyl rings can interact through hydrophobic bonding. We 
conclude that measurement of log Ρ is essential for such 
molecules and may give insight into their conformation in 
aqueous solution. 

' ^ p h e log P, or ττ, parameter is one of the most useful parameters of 
H a n s c h analysis because of the relevance of hydrophob i c effects b o t h 

to d r u g transport a n d to d r u g b i n d i n g w i t h some l i p o p h i l i c site. L o g Ρ 
for any molecule more complex than a monosubst i tuted benzene is usua l ly 
estimated b y a d d i n g k n o w n ττ values for substituents to some molecular 
fragment ( the nuc leus) for w h i c h log Ρ has been exper imental ly deter
mined . T h u s , i n a molecule R X Y Z the l og Ρ value m a y be estimated b y 
a d d i n g log P R for the nucleus, R , a n d π values πχ, ττν, πζ, for substituents 
assuming: 

I n a p p l y i n g this equat ion to polysubst i tuted benzenes, a correct ion 
for the dependence of ττ values on electronic interact ion between sub
stituents can usual ly be made b y suitable choice of the fragment R a n d 

log Ρ = log PR + %x + %y + 

41 
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42 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table I. Hydrophobicity Parameters in Hansch Equations 

Transpor t A lone is log B R = a log Ρ - 6(log P ) 2 + . . . . + k 
R a t e D e t e r m i n i n g 

Transpor t is not log B R = c% + . . . + k 
R a t e D e t e r m i n i n g 0 

a Where this applies, χ refers to that part of the molecule desolvated on binding 
to the receptor. 

relevant π values, so that an accurate estimate of log P , good enough for 
b io log i ca l correlations, can be made. 

W e have been concerned w i t h the app l i cab i l i t y of this add i t i v i ty 
ru le to d rug molecules, w h i c h are f requent ly heterocycl ic compounds and 
w h i c h often are so flexible they can exist i n more than one conformation 
i n aqueous solution. I n certain conformations, or i n r i g i d but sterical ly 
c r o w d e d molecules, the groups chosen as Χ, Υ, Ζ m a y interact w i t h each 
other or w i t h the nucleus R through space b y intramolecular hydrophob i c 
bonding . A n experimental measurement of log Ρ for such molecules 
can be compared w i t h an add i t i v i ty estimate to examine the relevance 
of the add i t i v i ty equat ion a n d to give insight into intramolecular effects. 
W i t h such data i t m a y soon be possible to use log Ρ to determine the 
preferred conformation of a d r u g molecule i n aqueous solution. 

T a b l e I shows the various ways i n w h i c h π a n d log Ρ have been 
a p p l i e d to H a n s c h analysis. I n the first equation, log Ρ refers to the com
plete molecule , a n d an o p t i m u m value is predic ted f rom " random w a l k " 
theory w h e n d r u g transport is rate determining . If this is a p p l i e d as a 
m o d e l equat ion to complex molecules where add i t iv i ty of π constants 
does not app ly , l og Ρ must be measured, or large deviations w i l l occur. 

T h e second equat ion is often appl i cab le to e q u i l i b r i u m situations 
such as those f ound in vitro. Sometimes, different dependencies on π 
are f ound for substituents i n different parts of the molecule. T h e h y 
drolysis rates of substituted p h e n y l β -D -glucosides b y emuls in , for i n 
stance, have been shown b y H a n s c h ( I ) to depend on π for the para 
substituents but not on π for the meta substituents. Some of Baker 's 
results (2 ) on the 5 ,6-disubstituted-2,4-diaminopyrimidines as inhibitors 
of d ihydrofo late reductase can be correlated w i t h π only b y choosing π 
for the most l i p o p h i l i c of the two substituents ( 3 ) . O n l y a part of the 
molecule need be desolvated on c ombin ing w i t h the receptor. 

F i g u r e 1 il lustrates a common p i t f a l l w h e n log Ρ is not measured. 
A p a r t f rom the fact that π a n d log Ρ are not addi t ive , one m a y be tempted 
to take ττ values f rom Hansen's work on phenoxyacetic acids, for example, 
a n d a p p l y these wi thout checking b y log Ρ measurement their v a l i d i t y 
for the series be ing studied. W h e n π is taken f rom one series a n d app l i ed 
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3. C A N A s - R O D R i G U E Z AND T U T E Pitfalls with π Constants 43 

to another, an e lectr ical component may be needed to compensate for 
the remoteness of the model . T h i s m a y be especial ly necessary w h e n 
the series has strongly po lar or hydrogen-bonding functions. Wul fer t ' s 
s tudy (4) shows this effect c learly. T h e true π values for substituents 
on these quinazolones, obta ined b y l og Ρ measurement for each molecule , 
are re lated to ττ f rom the phenoxyacet ic a c i d series a n d to the H a m m e t t σ. 
U s e of ττ f rom phenoxyacetic acids, w i t h o u t a check on log P, m a y result 
i n the need for an electr ical term, but one w h i c h cannot be interpreted. 
If transport is rate contro l l ing , one might need π, π 2 , σ, σ 2 , a n d σπ terms 
before the data w i l l fit an equation. I n pract ice there are usual ly not 
enough results avai lable to accommodate so m a n y terms wi thout r u n n i n g 
out of degrees of freedom. 

C H 3 

Figure 1. Dependence of π on σ (4) 
TTexp = 1.09 irpoA - 1.03 σ + 0.10 (η = 9,1 = 0.97) 

where WPOA is π from phenoxyacetic acids (Hansch), σ is the Hammett constant, and 
* denotes para position 

T a b l e I I shows some l i terature examples of the b r e a k d o w n i n a d d i 
t i v i ty w h i c h can occur i n f lexible molecules ( C o m p o u n d s 1-4) or i n 
sterical ly c r o w d e d molecules such as the d iphenylmethanes ( C o m p o u n d s 
5 a n d 6 ) . I n the first four cases, a d ipo le is probab ly interact ing w i t h 
po lar izable ττ-electrons of the aromatic r i n g . I n C o m p o u n d 5, the overa l l 
shape p r o b a b l y prevents water molecules f rom f o r m i n g a solvate iceberg 
between the two r i n g s — a situation w h i c h can be considered an i n t r a 
molecular h y d r o p h o b i c bond . I n C o m p o u n d 6 a combinat ion of intramo
lecular h y d r o p h o b i c effects a n d possibly interact ion of the side cha in 
d ipo le w i t h one or bo th aromatic rings leads to a w i d e d iscrepancy 
between experimental ly determined and ca lculated log Ρ values. 

T a b l e I I I shows the structure of the antihistamine, B e n a d r y l . H a r m s 
a n d N a u t a ( 5 ) , K i e r ( 6 ) , and H a n s c h (7 ) have suggested that the spat ia l 
re lat ionship of the d i a l k y l a m i n o a l k y l side c h a i n to the aromatic r i n g is 
an important determinant of act iv i ty i n compounds of this type. W e 
measured log Ρ for B e n a d r y l a n d f ound a value i n close agreement w i t h 
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Table II. Folded Molecules. %π ^ log Ρ 

Log F 
Structure (Ref.) 

1. SO 
H 

Expt. Additive 
Δ χ 

1.88(5) 2.47 - 0 . 5 9 

2. 

SO 
Η 

1.16(9) 1.45 -0.29 

Η 
C H , 

C 0 2 H 

1.7O(/0)» 2.69 - 0 . 9 9 
( P h C H 2 - ) ( P h C H 2 - ) 

O . C O . C H 2 C H 2 P h 

l.U(ll)" 
(Ph) 

2.13 
(Ph) 

-0.99 

5. 

C 0 2 H 

2M(12) 3.23 •1.17 

6. 

3.47(9) 6.27 - 2 . 8 0 

' Results extrapolated. 
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3. CANAS-RODRIGUEZ AND T U T E Pitfalh with π Constants 45 

the previous measurements b y A n d e r s o n (13 ) . C a l c u l a t i o n b y s u m m i n g 
ττ constants suggests at first that the side c h a i n overlaps the aromatic 
nucleus, a n d the difference between measured a n d ca lculated log Ρ 
values is s imi lar to that f ound for f lexible molecules such as pheny lpro -
p a n o l ( T a b l e I I ) or N,JV-d imethy lphenylpropy lamine . T h e inference is 
that the po lar group folds over the aromatic r i n g a n d that the dipole—ττ-
electron interact ion is further enhanced b y an intramolecular h y d r o p h o b i c 
effect i n aqueous solution, result ing i n a negative Δπ value. H o w e v e r , 

Table III. Intramolecular Interaction in Benadryl 

2.13 2.13 

- 0 . 2 (branch) 
Ο . C H 3 

C H 2 C H 2 N ν 
N C H 3 

- 0 . 4 7 0.18 

Σ χ calculated = 3.77 
log Ρ measured = 3.30 (3.27, 3.40, Ref . 13) 

Δ χ = —0.47 indicates chain folding? 

but , 2.13 

- 0 . 2 (branch) 

1.10 

Σ χ ca lculated = 3.03 
log Ρ measured = 2.03 

Δ χ - T Ô Ô 

There fore , no chain folding can be presumed. 
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46 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

i n l ook ing at the evidence a l i t t le more closely, is it fa ir , i n s u m m i n g π 
constants, to give a value of 2.13 to each p h e n y l r i n g w h e n the two rings 
are so close that h y d r o p h o b i c interact ion between them c o u l d account 
for the b r e a k d o w n i n add i t iv i ty? 

W e used d ipheny lmethano l to examine this po int a n d f ound that i n 
this c o m p o u n d also add i t i v i ty does not ho ld . A definitive answer cannot 
therefore be g iven as to whether there is any hydrophob i c d r i v i n g force 
w h i c h causes B e n a d r y l to exist i n a f o lded conformation i n aqueous 
solution. Moreover , w i t h such strong interact ion between the two aro
mat i c r ings, one cannot expect π values for any substituents i n the ortho 
r i n g positions to bear any re lat ion to ττ values i n a s imple benzene 
der ivat ive . 

T a b l e I V shows compounds w h i c h were of interest because of their 
anti-schistosomiasis effect. I n a l l these compounds paramethy lani l ine is a 
c ommon structural uni t , a n d w e bel ieve that act iv i ty depends on trans
port to a site of metabol i sm, where hydroxy lat i on of the m e t h y l group 
occurs. A n electronegative group ortho to the m e t h y l is necessary for 
act iv i ty , as is an a m i n o a l k y l side cha in . I n C o m p o u n d s 1 a n d 3 this side 
c h a i n is fixed i n its pos i t ion b y r i n g format ion ; alternatively , the cha in 
m a y be conformational ly less r i g i d , as i n C o m p o u n d s 2 a n d 4. L o g Ρ 
measurements show that a d d i t i v i t y pr inc ip les do h o l d for a l l of these 
compounds a n d also suggest that an o p t i m u m log Ρ exists; this log P0 is 
about 4.0, as i n C o m p o u n d s 1 a n d 2 w h i c h are the most active. C o m 
p o u n d 3 is too l i p o p h i l i c , a n d 4 is not l i p o p h i l i c enough; bo th are less 
act ive than 1 a n d 2. It w o u l d seem that either a chloro or a ni tro group 
w o u l d activate the m e t h y l to hydroxy la t i on ; differences i n act iv i ty be
tween chloro a n d nitro derivatives are the result of different π effects of 
these groups o n transport. 

T a b l e V shows some sterical ly c r o w d e d sa l i cy l i c a c i d derivatives. 
C o m p o u n d 1 is b i b e n z y l a n d is i n c l u d e d for comparison. T h e Δττ value 
indicates some degree of interact ion between the aromatic rings, w h i c h 
can be considered as an intramolecular h y d r o p h o b i c effect. L o g Ρ is 
k n o w n for bo th sal icy l ic a c i d a n d for p h e n y l m e t h y l sulfide, a n d these 
values can be added to give the expected value for C o m p o u n d 2. E x 
per imenta l ly , l og Ρ is smaller than this, so some intramolecular inter
act ion probab ly occurs. 

I n C o m p o u n d 3, a chlor ine a n d a m e t h y l group have been introduced . 
O n e w o u l d expect an increase of at least 1.0 log Ρ uni t since π ( M e ) is 
about 0.5, a n d π ( C l ) is 0.6-1.0 accord ing to e lectr ical environment. I n 
fact, the increase is only 0.4 log Ρ unit . 

C o m p o u n d 4 is even more anomalous : here an i sopropy l group is 
a d d e d ortho to the sulfide br idge , a n d again the m e t h y l group. H o w e v e r , 
there is l i t t le difference i n log Ρ between this c o m p o u n d a n d C o m p o u n d 2. 
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Table IV. Schistosomiasis Compounds. %π — log Ρ 

Log F 
Structure 

1. 

Expt. Additive 

4.19 4.42 

N E t 2 

2. 
• 

O p t i m u m 
C H 3 ^ / L i p o p h i l i c i t y 

H N E t . 

4.14 4.31 

4.93 

S u p r a o p t i m a l 
L i p o p h i l i c i t y 

N E t 2 

C H 3 « . ^ 3.63 

LI 
FT 

N E t 

C o m p o u n d 5 is the oxygen analog of C o m p o u n d 4 a n d has the 
greater log F value. N o r m a l l y , sul fur compounds are considered to be 
more l i p o p h i l i c than their oxygen analogs, so this result is the opposite 
of w h a t one w o u l d expect on s imple add i t i v i ty grounds. 

I n C o m p o u n d 6 an annelated r i n g is present. C o m p a r e this w i t h 
C o m p o u n d 4. Between these two , add i t i v i ty seems to ho ld , the differ
ence between ττ ( M e ) a n d π (annelat ion) be ing the same as the d i f -

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

00
3

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Structure ^ Δ π 

Table V . Intramolecular Hydrophobic Bonds. Σπ ^ log Ρ 

Log Ρ 

Expt. Additive 

i.79(13) 5.26 - 0 . 4 7 (Oy-Cllt—CH^O^ 4. 

O H C O O H 

4.28 5.01 - 0 . 7 3 

O H C O O H 

/ O N — S — C H 2 — 4 6 9 6 1 0 - 1 · 4 1 

C I C H 3 

O H C O O H 

< ^ - S ^ C H 2 - ^ 

C H — C H 3 C I j 3 

C H 3 

4.36 6.81 - 2 . 4 5 

<ÔV-o 
'/ΊΤΤ 

O H C O O H 

- C H 2 — 

C H - C H , C H 3 

4.91 6.48 - 1 . 5 7 

C H 3 

O H C O O H 

(θ)—S-CH2—(o* 

C H ~ C H 3 < Ο 

C H 3 

5.06 7.55 - 2 . 4 9 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

00
3

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 
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Table VI . Mutual Shielding of Phenyl Rings. 2π φ log Ρ 

Log Y 
Structure Δ χ 

Expt. Additive 

4.09(9) 4.26 - 0 . 1 7 

2. \ 0 / W Q \ 4.79(JS) 5.26 - 0 . 4 7 

3. 2.90 4.11 - 1 . 2 1 

Ο Τ TO] 2.82 4.52 - 1 . 7 0 

2.58 4.44 - 1 . S 

CH2 CH2 

C H 2 C H 2 

2.33 5.90 - 3 . 5 7 
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ference i n exper imental log Ρ between the two compounds. C a n w e 
presume that neither the m e t h y l group nor the annelated r i n g is invo lved 
i n any intramolecular effect? I n c r o w d e d molecules such as these, l og 
Ρ/π a d d i t i v i t y certainly cannot be expected to h o l d , but it is possible 
that measurement of log Ρ can give insight into the conformation of the 
molecules i n aqueous solut ion, w h i c h may be useful w h e n consider ing 
exactly h o w the molecule interacts w i t h the receptor. 

T a b l e V I shows a progression i n the intramolecular hydrophob i c 
interact ion between two rings. I n d i p h e n y l , add i t i v i ty holds. I n d i -
phenylethane, w h i c h has some conformational freedom, there is a smal l 
but qui te definite interact ion. I n the t r i cyc l i c C o m p o u n d 3, the rings 
are h e l d at a definite angle to one another, w i t h no possibi l i ty for rota
t ion. A d d i n g log Ρ values for N - m e t h y l a n i l i n e a n d toluene, a n d m a k i n g 
a correct ion for cyc l i c methylene groups, we obta in an estimate far 
greater than the exper imental log Ρ value. 

I n C o m p o u n d s 4 a n d 5, the planes of the two rings approach one 
another even more closely, the d i h e d r a l angle between the planes is 
smaller, a n d add i t i v i ty breaks d o w n st i l l more. 

T h e last example is paracyc lophane. T h i s molecule has been studied 
w e l l , a n d the two rings l ie face to face so that considerable interact ion 
is possible between the de loca l ized electrons. T h e d i h e d r a l angle is zero, 
a n d add i t i v i ty is nonsensical . 

W e hope these examples w i l l caut ion a l l w h o use π values as p a r a m 
eters i n a m u l t i p l e regression analysis. W h e n e v e r intramolecular inter
actions are possible, either because of steric c r o w d i n g or conformational 
flexibility, it is essential to measure log F . 
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4 

Relationships between Partitioning 
Solvent Systems 

ALBERT J. LEO 

Pomona College, Claremont, Calif. 91711 

Among the forces which can act between a small molecule 
and a macromolecule to elicit a biological response, none is 
more ubiquitous than hydrophobic bonding. Hydrophobic 
bonding is difficult to define, but it can be measured by 
using partition coefficient data. How a solute is distributed 
between water and any immiscible solvent is influenced by 
many foces besides hydrophobic bonding, but these polar 
effects are minimized using an alcohol/water system be
cause they operate to some extent in both phases. From the 
regression equations relating 20 other systems to octanol/ 
water, it is often possible to calculate the octanol Ρ value 
for a solute measured in another system. The hydrophobic 
bonding parameter, π, is generally additive, and reasonably 
accurate log Ρ values can be estimated from molecular 
structure. 

G ince par t i t i on ing between immisc ib l e solvents is an e q u i l i b r i u m process, 
^ it should be possible to calculate part i t i on coefficients for any solute 
between any two g iven solvents i f we h a d a measure of the solvation 
forces invo lved . A t present these forces are not that w e l l character ized, 
a n d the reverse approach can be more enlightening— i .e . , a study of h o w 
the part i t i on coefficient varies between the systems can y i e l d va luable 
insight into the types a n d relative magnitude of the forces invo lved . 

These forces of solvation, w h i c h result f rom ionic interact ion, h y 
drogen bonds, hydrophob i c "bonds," a n d other dipole—dipole attactions 
are important i n b io log i ca l studies not only because they dictate the rate 
at w h i c h any solute can pass through various l i p i d membranes but be
cause they also influence b i n d i n g to proteins, to serum a l b u m i n i n trans
port throughout the body, a n d to enzyme surfaces ( 1 ). 
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52 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table I. Comparison 

Lipoid Phase 
Moles H20 

( X 10*) 

1. w - B u t y l alcohol 
2. Cyc lohexanol 
3. 2-Butanone 
4. 2 -Pentanol 
5. P r i m a r y pentano l s a 

6. Cyclohexanone 
7. Octano l 
8. E t h y l acetate 
9. M e t h y l i sobuty l ketone 

10. O l e v l alcohol 

9440 
6510 
5460 
5320 
5000 
4490 
2300 
1620 

950 
712 

a Average of n- and iso-amyl alcohols. 

T h e par t i t i on coefficient, P , is the ratio of the concentration of the 
solute i n the l i p o i d phase d i v i d e d b y the concentration i n the aqueous 
( po lar ) phase. If the solute species is the same i n bo th phases, the solute 
ac t iv i ty i n each phase must be e q u a l (at e q u i l i b r i u m ) , a n d i n d i lute 
solut ion where the act iv i ty coefficient is close to un i ty the ratio of con
centrations i n the two phases must remain constant regardless of i n i t i a l 
solute concentration. 

O v e r 20 years ago C o l l a n d e r (2) showed that there was a l inear 
re lat ionship between the log Ρ values measured i n any two a l c o h o l / 
water systems. 

T h i s is not surpr is ing w h e n w e consider that, i n transferring f rom the 
po lar aqueous phase to the l i p o i d phase, a solute molecule w o u l d i n every 
case be exchanging 'T iydrat ion" forces for those forces p r o v i d e d b y an 
a l k y l chain , plus a h y d r o x y l group. W h e n the number of solvent systems 
is enlarged to inc lude esters, ketones, some halogenated hydrocarbons , 
a n d aromatic a n d a l iphat ic hydrocarbons, no such s imple re lat ionship as 
expressed i n E q u a t i o n 1 holds, unless one restricts it to a l i m i t e d class 
of solutes. 

Since there are at least 20 solvent systems i n c ommon use i n p a r t i 
t i on ing w o r k a n d since any one of them can be compared w i t h any other 
i n a n equat ion such as ( 1 ) , i t is important to choose one system as a 
standard to develop a u n i f o r m frame of reference. W e have chosen 
the o c tano l /water system as P x for a number of reasons, one of the more 
important be ing that the greatest number of b io log i ca l ly interesting solute 
types have been measured i n i t . 

log P2 = a log Pi + b (1) 
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4. L E O Partitioning Solvent Systems 53 

of Solvent Lipophilicity 

Lipoid Phase 
Moles H20 

( χ ιοη 

11. E t h e r 
12. Isopentyl acetate 
13. Nitrobenzene 
14. Oi ls 
15. C H C 1 3 

16. Benzene 
17. Toluene 
18. X y l e n e 
19. C C I 4 
20. Heptane 
21. Cyclohexane 

690 
456 
180 

72.5 
68.4 
26.0 
25.6 
18.8 
10.0 

3.3 
2.5 

T h e next important step is to establish some sort of l i p o p h i l i c order 
i n the solvent systems. A t one t ime or another, various parameters have 
been proposed for such a sca le—dipole moment, die lectr ic constant, so lu
b i l i t y parameter, among others. F o r this part i cu lar appl i cat ion , w e f o u n d 
that the solvent's l i p o p h i l i c character c ou ld be measured b y its i n a b i l i t y 
to accommodate water molecules—i .e. , l i p o p h i l i c i t y of a solvent can be 
measured b y the rec iproca l of the concentration i n mo les / l i t e r of dissolved 
water at saturation. 

T a b l e I shows that w h e n the solvent systems are ordered i n this w a y , 
the p r i m a r y butanols are the least l i p o p h i l i c a n d o l ey l a l coho l is the most 
l i p o p h i l i c of the solvents i n the left co lumn. U p to this point , the par 
t i t i on coefficients of various solutes are accommodated b y E q u a t i o n 1. 
T h e separation of the solvents i n the r ight -hand c o l u m n as more l i p o p h i l i c 
is somewhat arbi trary , of course, but the par t i t i on coefficients measured 
i n these systems are poor ly correlated w i t h any of the systems i n the left 
c o l u m n a n d general ly cannot be correlated w e l l w i t h each other. 

T h e free energy requ i red to transfer a solute between the two phases 
can be factored convenient ly into two components ( 3 ) : 

I n this extrathermodynamic expression, the chemica l potent ia l (per mole ) 
is g iven the symbol , μ, a n d the solute is p i c tured as be ing d i v i d e d into m 
l i p o p h i l i c a n d ; h y d r o p h i l i c segments. Such a solute is hexamethylene 
g lyco l , where m = 6 a n d ; = 2. N o w one can predic t the requirements 
needed for E q u a t i o n 1 to ho ld . 

log Ρ = 2.3 RT 
(2) 
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54 b i o l o g i c a l c o r r e l a t i o n s t h e h a n s c h a p p r o a c h 

Table II. Hydrophilic Solvent 

Slope 
Solvent System a 

P r i m a r y b u t y l alcohols 0.697 
Cyc lohexano l 0.745 
2-Butanone 0.493 
sec- & tert-Fentyl 

alcohols 0.982 
P r i m a r y penty l alcohols 0.808 
Cyclohexanone 1.035 
Octano l 1.000 
E t h y l acetate 0.932 
M e t h y l i sobuty l ketone 1.094 
O l e y l alcohol 0.999 

α Ρ values for all of the solutes used 
Chem. (1971) 36, 1539; Microfilm edition 

:ems Compared with Octanol" 

Intercept 
b η r s 

+ 0.381 57 0.993 0.123 
+ 0.866 12 0.985 0.100 
+ 0.315 9 0.987 0.093 

+ 0.288 11 0.996 0.091 
+ 0.271 19 0.987 0.161 
+ 0.896 10 0.972 0.340 
+ 0.000 std . of reference 
+ 0.052 9 0.969 0.202 
+ 0.050 17 0.993 0.184 
— 0.575 37 0.985 0.225 

develop the equations are listed in J. Org. 

A l inear re lat ionship between log P's w i l l exist i f one of two require 
ments is met : the p r i m a r y solvation forces i n the two solvent systems 
can be so s imi lar that a var iety of l i p o p h i l i c a n d h y d r o p h i l i c solute groups 
are accommodated proport ionately , or the structural differences i n the 
solute set be ing considered are such that one of the r ight h a n d terms 
i n E q u a t i o n 2 is essentially constant. T h e latter condi t ion often applies 
to a homologous series where the h y d r o p h i l i c group ( a n O H or C 0 2 H ) 
contributes a constant component to the total transfer free energy. 

Examples of h o w the first condi t ion can be met are g iven i n T a b l e 
I I , w h i c h lists the slopes a n d intercept values of each equat ion of type 
(1 ) re la t ing the least l i p o p h i l i c solvent systems to oc tano l /water . T h e 
n u m b e r of solute Ρ values used to establish each equat ion is l isted under 

Table III. Lipophilic Solvent Systems 

Η-Donor Solutes 
Solvent System Slope Intercept n r s 

E t h e r 1.130 - 0.170 71 0.988 0.186 
Isopenty l acetate 1.027 + 0.072 22 0.986 0.209 
Nitrobenzene 1.176 - 1.072 9 0.977 0.217 
Oils 1.099 - 1.310 65 0.981 0.271 
C H C 1 3 1.126 - 1.343 28 0.967 0.308 
Benzene 1.015 - 1.402 33 0.962 0.234 
Toluene 1.135 - 1.777 22 0.980 0.194 
X y l e n e 0.942 - 1.694 19 0.963 0.225 
CCI4 1.168 - 2.163 24 0.974 0.282 
Heptane 1.056 - 2.851 10 0.764 0.916 
Cyc lohexane 0.675 - 1.842 26 0.761 0.503 

a Ρ values for all of the solutes used to develop the equations are listed in J. Org. 
Chem. (1971) 36, 1539; Microfilm edition. 
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4. L E O Partitioning Solvent Systems 55 

n; the correlat ion coefficient is r; the standard dev iat ion is s. T h e solva
t ion forces operating w i t h various solutes must be s imi lar since they a l l 
show a close re lat ionship to oc tano l /water . T h i s m a y seem surpr is ing at 
first for these solvents are alcohols, esters, a n d ketones whose hydrogen 
b o n d i n g capabi l i t ies ought to vary considerably. H o w e v e r , so m u c h 
hydrogen b o n d i n g capab i l i ty is contr ibuted b y the water , w h i c h is present 
at about 1 M level i n even the most l i p o p h i l i c solvent of the group, that 
i t provides the equa l i z ing effect on the solvation properties. 

T h e second condi t ion w h i c h can permit a l inear re lat ionship between 
log Ρ values is i l lustrated i n the equations i n T a b l e I I I w h i c h relate the 
more l i p o p h i l i c systems to oc tano l /water . F o r the isopentyl acetate a n d 
the nitrobenzene systems, the correlat ion w i t h the octanol system is qui te 
good w i t h a single equat ion, but the only solute values avai lable were 
those f r om a single homologous series ( the carboxyl ic a c i d s ) , a n d w e 
predic t that a w i d e r selection of solutes w o u l d result i n a poor correlation. 

W h e n the log P's of the rest of the l i p o p h i l i c solvent systems are com
pared w i t h o c tano l /water , a poor l inear correlat ion results. T h e r values 
are general ly be low 0.8, and the standard deviations are general ly i n the 
range of 0.6 to 0.8 log units . I n the i n d i v i d u a l solute deviations near ly 
a l l of the minus deviants consist of strong hydrogen b o n d donors w h i l e 
the plus deviants general ly are hydrogen b o n d acceptors. I n fact, i f the 
solutes are first segregated into two groups, based on k n o w n donor or 
acceptor capabi l i ty (4), two vast ly i m p r o v e d correlations result. These 
appear i n T a b l e I I I . 

N o doubt it is an oversimpli f icat ion to assign to hydrogen b o n d i n g 
forces a l l the transfer free energy of the h y d r o p h i l i c groups as expressed 
i n E q u a t i o n 2. O t h e r i o n - d i p o l e a n d dipole—dipole forces can influence 

Compared with Octanol" 

Η-Acceptor Solutes 
Slope Intercept η r s 
1.142 - 1.070 32 0.957 0.326 

1.119 
1.276 
1.223 
1.398 
1.027 
1.207 
1.848 
1.063 

- 0.325 
+ 0.171 
- 0.573 
- 0.922 
- 0.595 
- 0.219 
- 2.223 
- 0.734 

14 
21 
19 
14 
21 
11 
11 
30 

0.988 
0.976 
0.958 
0.971 
0.986 
0.959 
0.954 
0.957 

0.233 
0.251 
0.291 
0.274 
0.230 
0.347 
0.534 
0.360 
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56 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

the posit ion of e q u i l i b r i u m , but whenever bo th types appear (e.g., i n a 
solute w i t h bo th a cyano a n d a h y d r o x y l g r o u p ) , hydrogen b o n d i n g ap
pears to exert the greater influence. T h i s statement might not be v a l i d 
i f the polar phase were a solvent other than water . 

Table IV. General Solute Classes 

G r o u p A : 
H - D o n o r s 

G r o u p Β : 
H-Acceptors 

1. Carboxy l i c A c i d s 
2. Phenols 

3. Barb i turates 
4. Alcohols 
5. Amides (Neg . Subs., N o t D k V - S u b s . ) 
6. Sulfonamides 
7. N i t r i l e s 
8. Imides 
9. Amides 

A r o m a t i c A m i n e s (Not Dk /V -Subs . ) 
Miscel laneous Acceptors 
A r o m a t i c Hydrocarbons 
Intramolecular Η-Bonded Compounds α 

E t h e r s 
Esters 
Ketones 
A l i p h a t i c A m i n e s and Imines 

(SO 

S o 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. T e r t i a r y A m i n e s ( Inc luding R i n g Ν Compounds) 

a e.g., o-nitrophenol. 

F r o m the present data the solute classification scheme shown i n 
T a b l e I V is proposed. T h e strongest hydrogen b o n d donors are l isted 
at the top a n d the strongest acceptors at the bottom. A t either end of 
the scale the order agrees w i t h other methods of measurement (5 , 6). 
T h e order w i t h i n the m i d d l e group ( N o . 3 -9 ) is not as clear cut. I n most 
of the l i p o p h i l i c solvent systems studied , on ly two solute classes were 
requ i red to obta in equations w i t h good r values, a n d groups N o . 3 - 9 are 
p laced i n the donor category. W i t h C H C 1 3 a n d C C 1 4 , a further subd i 
v i s ion seemed advisable , a n d these solute types were assigned a neutra l 
classification. 

W h e n e v e r the solute contains m u l t i p l e funct iona l groups, a donor 
usual ly predominates over an acceptor. W h e n e v e r donor—acceptor re
quirements can be met internal ly , the solute usual ly falls into class N o . 
13. Other influences are also discernable—e.g. , a l iphat ic amides are weak 
donors a n d are nearly as w e l l pred ic ted w h e n grouped i n the acceptor 
equat ion ( i n fact w i t h the ether a n d o i l systems, this is the preferred 
c lass) . H o w e v e r , w h e n amides are negatively substituted, such as t r i -
chloroacetamide, they must be correlated us ing the donor equation. 

F r o m the slopes a n d intercepts of the equations g iven i n Tables I I 
a n d I I I w e can put some of the solvation forces on a more quant i tat ive 
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4. L E O Partitioning Solvent Systems 57 

basis. I n T a b l e I I the slope is a measure of the solvents systems' sensi
t iv i ty to changes i n the l i p o p h i l i c - h y d r o p h i l i c balance of the solute. 
B u t a n o l / w a t e r , as expected, has a l ow slope a n d l o w sensitivity. W h e n 
this pa i r is saturated w i t h one another, they are about as a l ike as two 
separate phases can be. S ince log Ρ measures the difference i n transfer 
energy between the two phases, any change i n solute character w i l l 
register as only a smal l difference w h e n compared w i t h the same change 
i f i t is measured i n the o c t a n o l / w a t e r system. 

Increasing the hydrocarbon c h a i n length i n the solvent a lcoho l i n 
creases the d iss imi lar i ty of the two phases, a n d the sensit ivity (i.e., the 
slope va lue ) increases. A p p a r e n t l y a m a x i m u m sensit ivity is reached at 
octanol since the slope i n the equat ion for o l ey l a l coho l is also 1.0. 

I f hydrogen b o n d i n g c o u l d be accounted for separately, a l l of the 
slopes i n the equations compar ing the l i p o p h i l i c solvent systems to octanol 
w o u l d be close to 1.0. F o r example, cyclohexane values correlate poor ly 
w i t h octanol values w h e n a l l solutes are taken together. E v e n for phenols 
w i t h i n the Η-donor group, the correlat ion coefficient is on ly 0.76. H o w 
ever, i f w e a d d a log term w h i c h measures the hydrogen b o n d i n g 
capab i l i ty of phenols ( 5 ) , the correlat ion coefficient increases to 0.98 
a n d the slope becomes 1.0. 

T h e transfer free energy (as measured b y the slope va lue ) for any 
solute i n an a l c o h o l / w a t e r system should decrease as the c h a i n length 
of the solvent a lcoho l is shortened. O f course the same effect ought to 
be observed i f we h o l d the o i l phase constant a n d make the aqueous 
phase less h y d r o p h i l i c . T h e equations i n T a b l e V show that for a l i m i t e d 
set of barbiturates part i t ioned between d i e t h y l ether a n d a 5 0 - 5 0 mixture 
of water a n d d imethy l formamide , the slope, c ompared w i t h the octanol 
standard, is only 0.4 whereas the e t h e r / w a t e r system gives a slope for 
the donor solute group of 1.13. T h u s , a 5 0 % reduct ion i n the prot ic 
character of the polar phase reduces the sensit ivity of the system b y a 
factor of 2.8. 

Table V . Transfer Free Energy Reduced by Decreasing 
Protic Character of Aqueous Phase 

System Correlation with Octanol /Water 

1. D i e t h y l e ther /water log Ρ = 1.13 log P( O Ct) — 0.17 
n = 71, r = .988, s = .186 

2. E t h e r / H 2 0 - D M F ( 7 ) log Ρ = 0.40 log P ( o e t > - 0.36 
n = 6, r = .988, s = .058 

Reduc t i on i n Sens i t iv i ty to Solute Changes : 

1^ = 2.8 fo ld . 
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58 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

T h e data i n T a b l e V I show h o w the intercept value for each of the do
nor equations can also be used as a measure of the l i p o p h i l i c i t y of the sol 
vents. T h e intercept i n the equat ion for any solvent system is the log Ρ 
i n that system for any solutes w h i c h are d i s t r ibuted equal ly between 
water a n d octanol—i .e. , solutes where log P(oct) = 0. Therefore , a nega
t ive intercept means the solvent is more l i p o p h i l i c than octanol , a n d a 
posit ive intercept means it is less l i poph i l i c . T h i s is more apparent w h e n 
consider ing a homologous series—e.g., the carboxyl ic acids as shown i n 
T a b l e V I . 

T h e octanol log Ρ values beg in at —0.54 for formic , rise to —0.17 
for acetic, a n d 0.33 for prop ionic . T h a t is, it takes between two a n d three 
l i p o p h i l i c methylene groups to balance the h y d r o p h i l i c carboxy l group 
a n d a l l ow octanol to share the solute equal ly w i t h water. I n o ley l a l c o h o l / 
water it takes one add i t i ona l methylene before a carboxyl ic a c i d is l i po 
p h i l i c enough to be equa l ly shared—i .e. , l og P(0ieyiaic.) = 0 between 
prop ion ic a n d butyr i c acids. I n n i t robenzene /water i t takes two a d d i 
t i ona l methylenes, i n benzene /water it takes three, a n d i n carbon tetra
ch lor ide i t takes about 4.5 add i t i ona l methylenes before log Ρ = 0. 

1.0 2.0 3.0 4.0 

Figure 1. Water concentration vs. intercepts from Equation 1. Numbers 
refer to solvent systems listed in Table I. 
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4. L E O Partitioning Solvent Systems 59 

Table VI . Homologous Carboxylic Acids 

Solvent System 
Lipophilicity 

Log Ρ Octanol 

+ 1 . 0 - B u t y r i c 

+ 0 . 5 -
Propionic 

0 . 0 -
Acet i c 

- 0 . 5 -- 0 . 5 -
F o r m i c 

- 1 . 0 -

Oleyl 
Alcohol 

B u t y r i c 

Propionic 

Nitro
benzene Benzene 

Valer ic \ raleric 

B u t y r i c 

Propionic B u t y r i c 

Propionic 

ecu 

Valer ic 

B u t y r i c 

E a r l i e r we arranged the solvents according to their water content 
at saturation a n d proposed that this constituted a l i p o p h i l i c i t y scale. I n 
effect, this equated l i p o p h i l i c i t y w i t h hydrophob i c i ty . W i t h the inter 
cepts of the equations re lat ing each system to octanol , w e have a second 
method of measur ing l ipoph i l i c i t y , a n d i t is interesting to see h o w w e l l 
they agree. I n F i g u r e 1 the intercepts ( on a log scale ) are p lo t ted against 
the l og [ H 2 0 ] a n d except for solvents N o . 6 a n d N o . 12 ( cyclohexanone 
a n d iso-pentyl acetate) the agreement is satisfactory. 

Conclusions 

T h e o c tano l /water part i t i on coefficient of a part i cu lar solute is not 
pure ly a n d s imply a measure of the hydrophob i c forces w h i c h that par 
t i cu lar structure is capable of supp ly ing to an aqueous environment. 
H y d r o g e n bond ing and other d ipo le forces also contribute to the energy 
requ i red to transfer the solute f rom water to octanol ; however , since i n 
this system both phases have an — O H group, there is not such a p r e m i u m 
p laced on the solute's Η-bonding capab i l i ty as there w o u l d be i n a 
h y d r o c a r b o n / w a t e r system. W h e n it is important to estimate the p r o b 
able ratio of hydrophob i c to polar forces i n the interact ion of the solute 
i n quest ion w i t h various macromolecules or membrane surfaces, no single 
par t i t i on ing system can serve as a perfect mode l , a n d one must examine 
the var iat ion of the values as measured i n several systems. Dev iat ions 
f rom the i d e a l equation, log P2 = a log P i + b, can often be interpreted 
on the basis of the relative importance of po lar solvation forces i n any 
part i cu lar instance. 
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5 

Partition Data of Chemotherapeutic and 
Steroid Agents Determined by 
Reversed-Phase Thin Layer Chromatography 

G. L. BIAGI, A. M. BARBARO, and M. C. GUERRA 

Istituto di Farmacologia e Farmacognosia dell'Università di Bologna, Italy 

The chromatographic R m value, related to the logarithm of 
the partition coefficient between the polar and the nonpolar 
phase of a chromatographic system, can be used to estimate 
the lipophilic character of compounds. R m values of penicil
lins, cephalosporins, and testosterone esters are related 
linearly to the acetone concentration in the mobile phase. 
To obtain the R m for each compound in a standard system, 
the theoretical R m values at a given acetone concentration in 
the mobile phase were calculated by interpolation or ex
trapolation from the linear part of the curve. The good cor
relations between Rm and Hansch π values support Collan-
der's findings; he showed a linear relationship between the 
partition coefficients obtained with two different sets of 
solvents. The nature of the phases involved in determining 
the partition data should not affect the correlation with 
biological activity. 

he l i p o p h i l i c nature of molecules seems to p lay a major role i n deter-
m i n i n g the interact ion of drugs w i t h b i o l og i ca l systems ( 1 ). H a n s c h 

a n d F u j i t a (2) developed a rat ional quantitat ive approach to s t r u c t u r e -
act iv i ty correlations b y means of a substituent constant ττ. T h i s parameter 
was defined as the difference i n the logar i thm of the oc tano l -water par 
t i t ion coefficients F of the substituted and unsubst i tuted compounds. F o r 
a substituent group, π is a constant, p r o v i d e d that introduct ion of the 
substituent into a molecule does not cause group interactions that w o u l d 
affect the part i t i on coefficient of the molecule itself ( 3 ) . Therefore , 
because of possible group interact ion, ca lculated π values cannot be 
complete ly substituted for the experimental ly determined o c tano l /water 
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62 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

part i t i on coefficient Ρ (2). T o avo id the prac t i ca l difficulties i n deter
m i n i n g the part i t i on coefficient direct ly , Boyce a n d M i l b o r r o w (4) sug
gested the use of the chromatographic Rm value [Rm = log ( 1 / R f — 1 ) ] . 
T h i s is related to the l ogar i thm of the part i t i on coefficient between the 
polar a n d the nonpolar phase of a chromatographic system (5, 6, 7 ) . O n 
the other h a n d , i f there are no group interactions ( 8 ) , the ARm va lue , 
defined as the difference between the Rm values of the substituted a n d 
unsubst i tuted compounds, can be a parameter for estimating the l i po 
p h i l i c i t y of compounds. 

I n our laboratory Rm values were used as an expression of the l i po 
p h i l i c character of the molecules. Deta i l s of the chromatographic pro 
cedure have been descr ibed (9, 10). T h e compounds were part i t i oned 
between a nonpolar stationary phase a n d a polar mobi le phase. T h e 
stationary nonpolar phases was obtained b y impregnat ing a s i l i ca gel G 
layer w i t h si l icone D C 200 (350 cS) f rom A p p l i e d Science Laborator ies . 

Figure 1. Reversed phase TLC of penicillins (a) and cephalosporins (b and c). 
In (a) the mobile phase is represented by 2% acetone-buffer: (A) Benzylpeni-
cillin; (B) Phenoxymethylpenicillin; (C) Methicillin; (D) Ampicillin; (E) Carbene-
cillin; (F) Oxacillin; (G) Cloxacillin; (H) Dicloxacillin; (I) Phenethicillin; (J) 
M et ampicillin; (Κ) Nafcillin. In (b) and (c) the mobile phase is represented by 
10% buffer and acetone-buffer. The compounds indicated are listed in Table 
III. Compound V (bis) corresponds to acid cephaloram. In (c) Compound XIII 

is no longer detectable since it migrated with the solvent front. 
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5. BIAGI E T A L . Partition Data by Chromatography 63 

T h e mobi le polar phase was an aqueous buffer ( sod ium ace ta te -Verona l 
buffer 1 / 7 M at p H 7.4 ) alone or m i x e d w i t h various quantit ies of acetone. 
T h e compounds were dissolved i n water , acetone, or ethanol ( 1-3 m g / m l ) 
a n d spotted i n 1 / J i t e r amounts. T h e spots were detected b y an a lkal ine 
solut ion of potassium permanganate. T h e penic i l l ins c o u l d be detected 
also b y iodine azide solution. 

Results and Discussion 

Chemotherapeutics. W h e n the developed plates were sprayed w i t h 
potassium permanganate, r o u n d spots appeared at various distances f r om 
the starting l ine . A n example of reversed-phase th in layer chromatogra
p h y ( T L C ) of penic i l l ins is shown i n F i g u r e l a (10). T h e most h y d r o 
p h i l i c c ompound was carbenec i l l in , character ized b y a longer migrat i on 
w i t h the polar mobi le phase (acetone-buffer 2 % ). T h e most l i p o p h i l i c 
c o m p o u n d appeared to be d i c l oxac i l l in , w h i c h essentially d i d not move 
f rom the starting l ine . A n Rf value of 0 or 1 w o u l d indicate a c o m p o u n d 
most soluble i n the nonpolar stationary phase or i n the polar mob i l e phase. 
Rf values of the penic i l l ins were p lot ted i n F i g u r e 2 against the composi 
t ion of the mobi le phase. These values increase for each compound w i t h 
the acetone concentration i n the mobi le phase. H o w e v e r , above a certain 
acetone concentration they tend to migrate w i t h the solvent front. T h e 
most h y d r o p h i l i c compounds—carbenec i l l in and m e t a m p i c i l l i n — w e r e the 
first to reach a m a x i m u m Rf. O n the other h a n d , at 0 % acetone i n the 
mobi le phase, the most l i p o p h i l i c compounds remained near the o r ig in ; 
d i c l oxac i l l in d i d not move at a l l . 

T h e influence of acetone concentration on the migrat ion of c om
pounds cou ld also be observed i n reversed-phase T L C of cephalosporins 
(F igures l b , c ) (11). A t 1 0 % acetone i n the mobi le phase a l l the c om
pounds showed a greater migrat ion than at 0 % acetone. T h e Rf values 
are p lot ted i n F i g u r e 3 against the acetone concentration i n the mob i l e 
phase. C o m p o u n d I, w h i c h appeared to be the most l i poph i l i c , d i d not 
move u n t i l a certain acetone concentration was reached. O n the other 
h a n d , C o m p o u n d X I I I migrated w i t h the solvent front at acetone concen
trations higher than 2 % . 

W i t h the f o l l owing equat ion : 

the Rf values were transformed into Rm values. Negat ive and posit ive 
Rm values were der ived f rom Rf values greater a n d smaller than 0.5. T h e 
plots of F igures 2 a n d 3 were transformed into the plots of F igures 4 
a n d 5. 
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- 1 5 I 1 I I I ι ι ι ι I ! I I I 

0 2 k 6 8 10 12 M 16 18 20 22 U 

Acetone c o n c e n t r a t i o n 
Figure 4. Linear relationship between R m values of penicillins and acetone 
concentration in the mobile phase. The compounds indicated are listed in 

Figure 2. 
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5. BIAGI E T A L . Partition Data by Chromatography 67 

I ι ι ι ι ι ι ι ι ι ι 1 1 1 

0 4 8 12 IB 2D U 

A c e t o n e concentration 

Figure 5. Linear relationship between R m values of cephalosporins and acetone 
concentration in the mobile phase. The compounds indicated are listed in 

Figure 3. 
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68 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

0 

Table I. Lipophilic Character of Penicillins 

Λ 
R — C — N H — C H — C H C ( C H 3 ) 2 

I I I 
C O — Ν C H C O O H 

Compound R 

C I 
D i c l o x a c i l l i n 

C I 
N — O — C — C H 3 

N a f c i l l i n 

C l o x a c i l l i n 

O C 2 H 6 

C I 

ι — π — 
Ν — O - C — C H 3 

Oxac i l l in 

Ν — 0 — C — C H 3 

Pheneth i c i l l in 

Phenoxymethy lpen i c i l l in 

Benzy lpen i c i l l in £ ^ - C H 2 

C H 3 

C H — 

C H 2 — 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

, 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
2-

01
14

.c
h0

05



BIAGI E T A L . Partition Data by Chromatography 69 

Expressed by Their Rm and 2π Values 

Ο y s 
II / \ 

R — C — N H — C H — C H C ( C H 3 ) 2 

I I I 
C O — Ν C H C O O H 

R m Σ χ Log Κ log ( B / F X 103) 

1.62 

1.39 3.54 3.921 

1.34 

1.05 

1.03 2.61 2.28 3.643 

0.89 

0.55 

2.11 

2.69 

2.09 

1.83 

3.588 

3.188 
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70 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table I. 

Compound R 

O C H 3 

M e t h i c i l l i n 

O C H ; 

A m p i c i l l i n 

M e t a m p i c i l l i n 

Ν = C H 2 

Carben i c i l l in 

C O O H 

F o r each c o m p o u n d there is a range of l inear relationships between 
Rm values a n d acetone concentration i n the mobi le phase. T h e straight 
lines of F igures 4 a n d 5 were calculated b y the least-squares method 
f r om the Rm values i n the range of l inearity . T h e range of l inear re lat ion
ship is l i m i t e d b y the fact that above a certain acetone concentration i n 
the mobi le phase a l l the compounds tend to migrate w i t h the solvent 
front. T h i s is par t i cu lar ly evident i n the least l i p o p h i l i c compounds 
w h i c h tend to reach a m a x i m u m Rf w i t h a 2 - 4 % acetone concentration. 
A c c o r d i n g to Boyce a n d M i l b o r r o w (3) the Rm values i n the l inear i ty 
range were considered to be satisfactory; over this range there are m a x i 
m u m increments of Rm values for each c o m p o u n d and among different 
compounds. T o obta in an Rm value for each c o m p o u n d i n a standard 
system where they a l l c ou ld be compared , the theoret ical Rm values at 
0 % acetone i n the mobi le phase were calculated b y interpolat ion or 
extrapolat ion f rom the l inear part of the curve. T h e calculations were 
done us ing the equations of the straight lines of F igures 4 a n d 5. T h e 
ca lculated Rm values are reported i n Tables I and I I I for penic i l l ins and 
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5. BIAGI E T A L . Partition Data by Chromatography "i 

Continued 

R m Σ τ Log Κ log ( B / F X 10,) 

0.47 1.47 1.22 2.982 

0.07 0.84 2.340 

- 0 . 2 8 

- 0 . 4 6 

cephalosporins. T a b l e I shows the influence of the substituent group on 
the part i t i on data of the penic i l l ins . W h e n C I atoms are in troduced into 
the aromatic r i n g of oxac i l l in , l i p i d so lubi l i ty increases, as shown b y the 
increased Rm values of c loxac i l l in a n d d i c l oxac i l l in . W h e n a C H 3 group 
is in troduced into the side cha in of phenoxymethy lpen i c i l l in , the R m value 
of pheneth i c i l l in increases. O n the other h a n d , water so lubi l i ty increases 
after N H 2 , N = C H 2 , a n d C O O H groups are introduced into the side c h a i n 
of benzy lpen i c i l l in . M e t h i c i l l i n becomes more h y d r o p h i l i c than b e n z y l -
p e n i c i l l i n as a result of the absence of the benzylmethylene group a n d the 
introduct ion of O C H 3 groups i n the 2- a n d 6-positions. T h e effect of 
substituent groups on the part i t i on coefficients of the penic i l l ins agree 
w i t h the results of H a n s c h et al (12, 13) a n d B i r d a n d M a r s h a l l (14). 

Table II. Regression Analysis of the Data of Table I 

Equation n r s 

1. log B/F = 2.196 + 2.042 Rm - 0.580 Rm
2 6 0.998 0.048 

2. l o g £ / F = 1.543 + 1.154 Σ τ - 0.144 Σ τ 2 6 0.916 0.294 
3. Rm = - 0 . 2 2 5 + 0.434 Σ τ 6 0.892 0.236 
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72 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table III. Lipophilic Character of Cephalosporins 

H 

R 2 — C — C H C H 2 

C — ^ C — C H 2 — Rx 
II ^ C ^ 
0 I 

C O O H 

Compound Ri 

I (acid) 0 — C O — C H 3 

I I (acid) 0 — C O — C H 3 

I I I (sodium salt) N 3 

I V (sodium salt) 0 — C O — C H 3 

V (sodium cephaloram) 0 — C O — C H 3 

V I (sodium cephalotin) 0 — C O — C H 3 

V I I (acid) N 3 

V I I I (acid cephaloglycin) 0 — C O — C H 3 

I X (acid) 

X (acid) 

0 — C O — C H ; 

O H 
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5. BIAGI E T A L . Partition Data by Chromatography 

as Expressed by Their Rm Values 

H 
ι 

R2 — C — C H C H 2 

.1 1 1 
C — N . - C — C H 2 — R i II 
ο I 

C O O H 

R2 R m value 

N H — C O · ( C H 2 ) e · C H 3 1.60 

N H — C O — C H 2 

1.32 

N H — C O — C H 2 S — C H 2
 1 0 8 

N H — C O — C H 2 S — C H 2
 1 0 8 

N H — C O — C H 2 — 0 . 5 4 

N H — C O — C H 2 v ^ g 

N H — C O — C H 2 v , g > 

N H — C O — C H 2 

0.40 

0.37 

N H - C O - C H 0.29 

N H 2 

N H — C O — C H 2 . o . 
0.16 

-0.07 
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74 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table III. 

Compound Ri 

X I (acid) 
X I I (7-aminocephalosporanic acid) 

0 — C O — C H 3 

0 — C O — C H 3 

X I I I (potassium cephalosporin C ) 0 — C O — C H ; 

T h e y used the par t i t i on coefficient funct ion ττ a n d were able to show the 
hydroph ob i c character of substituents such as the C H 3 group i n the 
side cha in of phenoxymethy lpen i c i l l in or C I atoms i n the para positions 
of the aromatic r i n g . T h e STT a n d log Κ values ca lculated b y B i r d and 
M a r s h a l l (14) for some penic i l l ins are l isted i n T a b l e I a long w i t h the 
log (B/F) values, ind i ca t ing the serum b i n d i n g of penic i l l ins (14). A 
regression analysis of the data of T a b l e I is reported i n T a b l e I I . T h e 
serum b i n d i n g of penic i l l ins shows a parabo l i c dependence on l i p o p h i l i c 
character. H o w e v e r , the correlat ion coefficient obta ined w i t h the Rm 

values ( E q u a t i o n 1) is h igher than that p r o v i d e d b y the STT values 
( E q u a t i o n 2 ) . T h i s is reflected i n E q u a t i o n 3 w h i c h shows that the 
correlat ion between Rm and %π values is not very h igh . T h i s seems to be 
the result of the disagreement between the Rm a n d the 2?r values of 
benzy lpen i c i l l in . T h e ca lculated STT va lue for b e n z y l p e n i c i l l i n indicates 
a l i p o p h i l i c character h igher than that expressed b y its Rm a n d log Κ 
values. I n fact, there seems to be a closer correlat ion between the Rm 

value a n d the l ogar i thm of the exper imental octanol—water part i t i on 
coefficients. T h i s w o u l d suggest that T L C might avo id the anomalies 
observed i n the %π values w h e n they are compared w i t h the experimental 
l og Ρ values. 

T h e calculated Rm values i n T a b l e I I I show the influence of subst i tu
ent groups on the l i p o p h i l i c character of cephalosporins. T h e Rm value 
of C o m p o u n d I I decreases more and more w i t h the substitution of the 
n a p h t h y l group b y a benzene, a thiophene, or a furan r i n g as i n C o m 
pounds V , V I , a n d I X . T h e h y d r o p h i l i c character of V increases w h e n 
an N H 2 group is in t roduced into the side cha in ( C o m p o u n d V I I I ) or 
w h e n the O C O C H 3 group is replaced b y an O H ( C o m p o u n d X ) , or 
w h e n the benzene r i n g is rep laced by a C I atom ( C o m p o u n d X I ) . 

Steroids. T h e same k i n d of results were obta ined w i t h steroids (15 ) . 
H o w e v e r , to obta in suitable migrations, i t was necessary to use higher 
concentrations of acetone or methanol i n the mobi le phase. Plots of Rm 

values of testosterone esters vs. acetone or methanol concentration i n the 
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5. BIAGI E T A L . Partition Data by Chromatography 75 

Continued 

R2 R m value 

N H — C O — C H 2 C 1 
N H , + 

- 0 . 3 1 
- 0 . 3 9 

/ 
[ 

\ 

, N H 2 

N H — C O ( C H 2 ) 3 — C H - 0 . 7 1 

C O O H 

mobi le phase are reported i n F igures 6 a n d 7. T h e equations of the 
straight lines of F igures 6 a n d 7 were used to calculate an Rm va lue 
corresponding to a 5 4 % concentration of acetone or methanol i n the 
mobi le phase. T h e calculated Rm values are l isted i n T a b l e I V , where 
the π values ( p r o v i d e d b y H a n s c h ) are also reported. T h e π va lue of the 
p h e n y l propionate ester indicates a l i p o p h i l i c character higher than that 
expressed b y its Rm value. T h e C 6 H 5 C H 2 group of the p h e n y l propionate 
ester is also present i n the side cha in of b e n z y l p e n i c i l l i n , where a s imi lar 
disagreement between π and Rm values was observed. T h i s c ou ld be 
expla ined on the basis of some group interactions. H o w e v e r , insufficient 
data are avai lable for any conclusion on this point . A regression analysis 
of the data of T a b l e I V is reported i n T a b l e V , where E q u a t i o n 1 shows 
a significant re lat ionship between Rm values ca lculated at 5 4 % acetone 
a n d those calculated at 5 4 % methanol . T h i s result agrees w i t h those of 
C o l l a n d e r ; he showed a l inear re lat ionship between the par t i t i on coeffi
cients obta ined w i t h two different sets of solvents (16). Equat i ons 2 a n d 
3 show a good correlat ion between both sets of Rm values a n d π values 
( T a b l e I V ) . Iwasa et al. (17) also f ound a good correlat ion between π 
a n d Rm values of phenols i n further support of C o l l a n d e r s findings. 

T h e sui tabi l i ty of the si l icone oil—aqueous acetone system for measur
i n g Rm values for correlation w i t h b io log i ca l act iv i ty should also be 
supported b y C o l l a n d e r s results (10, 16, 18). O n the basis of his work , 
C o l l a n d e r po inted out that the nature of the phase should not affect the 
results qual i tat ive ly . H e f ound that e ther -water a n d ol ive o i l - w a t e r 
par t i t i on coefficients are correlated equal ly w i t h penetration into Nitelh 
cells (19). Boyce a n d M i l b o r r o w (3) po inted out a parabo l i c re lat ion
ship between the mo l lusc i c ida l ac t iv i ty of N-n -a lky l t r i ty lamines a n d the 
Rm values obtained w i t h a chromatographic system of l i q u i d paraffin and 
7 0 % acetone—water. W i t h the present chromatographic system good 
correlations between Rm values a n d b io log i ca l act iv i ty were f ound for 
bisdichloroacetamides (9,20), v i t a m i n Κ analogs (9,20), penic i l l ins (21), 
cephalosporins (21), a n d testosterone esters (22). 
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76 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Testosterone 

T. acetate 

T. propionate 

T. butyraFe 

T. isobutyrate 

T. valerahe 

T. isocaproate 

T. enanthate 

T. caprylate 

T. caprinahe 

T. 17-yS cypionahe 

T. phenyIpropionahe 

13 » T. hexahydrobenzoate 

14 » T. undecylenate 

τ 
• 

1 Τ 

? 
• 

• 
ο Α 
χ + 

0 9 
ο Χ 

Θ 8 
Ο 

• Θ 

• 

42 46 50 54 58 62 

Acetone c o n c e n t r a t i o n 

Figure 6. Linear rehtionship between R m values of testosterone derivatives 
and acetone concentration in the mobile phase 
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5. BIAGI E T A L . Partition Data by Chromatography 77 

» Testosterone 

» T. acetate 

« T. propionate 

= T. butyrate 

- T. isobutyrate 

= T. valerate 

- T. isocaproate 

- T. enanthate 

9 » T. caprylate 

10 = T. caprinate 

11 = T. 17-yg cypionate 

12 = T. phenylpropionate 

13 = T. hexahydrobenzoate 

14 = T. undecylenate 

54 58 62 66 70 

M e t h a n o l c o n c e n t r a t i o n 

74 

Figure 7. Linear relationship between R m values of testosterone derivatives 
and methanol concentration in the mobile phase 
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78 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table IV. Lipophilic Character of Testosterone and Its Derivatives 
as Expressed by the π and R m Values 

Rm 
X values values 

Compound R values (Me2CO) (MeOH) 

Testosterone O H - 1 . 1 6 0 - 0 . 6 0 0 - 0 . 0 2 0 
-acetate O C O C H 3 - 0 . 2 7 0 - 0 . 2 2 0 0.400 
-propionate O C O C 2 H 5 0.230 - 0 . 0 5 0 0.590 
-butyrate 0 C 0 ( C H 2 ) 2 C H 3 0.730 0.090 0.770 
- isobutyrate O C O C H ( C H 3 ) 2 0.530 0.090 0.730 
-valerate O C O ( C H 2 ) 3 C H 3 1.230 0.250 1.020 
-isocaproate O C O ( C H 2 ) 2 C H ( C H 3 ) 2 1.530 0.400 1.190 
-enanthate O C O ( C H 2 ) 5 C H 3 2.230 0.560 1.450 
-caprylate O C O ( C H 2 ) 6 C H 3 2.730 0.700 1.630 
-caprinate O C O ( C H 2 ) 8 C H 3 3.730 0.960 1.960 

-17-@-cypionate O C O C H 2 C H 2 2.370 0.540 1.520 

-phenylpropionate O C O C H 2 C H 2 C 6 H 5 2.360 0.190 1.060 
-hexahydrobenzoate O C O C 6 H u 1.740 0.400 1.230 
-undecylenate O C O ( C H 2 ) 8 C H = C H 2 3.930 0.900 2.040 

Table V . Regression Analysis of the Data of Table IV 

Equation η r s 

1. Rm ( M e 2 C O ) = - 0 . 5 0 9 + 0.728 Rm ( M e O H ) 14 0.993 0.051 
2. Rm ( M e 2 C O ) = - 0 . 1 4 3 + 0.288 χ 14 0.964 0.119 
3. Rm ( M e O H ) = - 0 . 4 9 6 + 0.394 χ 14 0.981 0.118 

W h a t are the disadvantages and advantages of the chromatographic 
method vs. the exper imental method for de termin ing the part i t i on coeffi
cient? T h e exper imental method for de termin ing the oc tano l -water p a r t i 
t ion coefficient is l ike ly to give more accurate a n d unequ ivoca l data. 
H o w e v e r , the chromatographic method has several advantages (3 , 4): 
(a ) it is s imple and r a p i d ; ( b ) i t requires l i t t le mater ia l ; ( c ) the mater ia l 
does not need to be very pure because impuri t ies are separated d u r i n g 
the determinat ion ; ( d ) the detection of spots b y unspecific methods 
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5. BIAGI E T A L . Partition Data by Chromatography 79 

avoids the need for specific quantitat ive analyt i ca l methods; (e ) the 
determinat ion of the part i t ion coefficient of s l ight ly water-soluble com
pounds requires a long per i od of equ i l ibrat i on to achieve thorough 
par t i t i on ing between the phases; ( f ) the existence of a range of l inear i ty 
between Rm values a n d mobi le phase composit ion al lows one to obta in 
an Rm i n a standard system for each c o m p o u n d i n a series. 

T L C seems to be a suitable technique for determining part i t i on 
data of antibiotics and steroids. F u t u r e determinations should prov ide 
further evidence of the relat ionship between ?r a n d Rm values. 
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6 

Substituent-Effect Analyses of the Rates of 
Metabolism and Excretion of Sulfonamide 
Drugs 

TOSHIO FUJITA 

Department of Agricultural Chemistry, Kyoto University, Kyoto, Japan 

Analyses of the rates of metabolism and renal excretion of 
sulfonamide drugs were attempted in terms of their physico-
chemical properties. Using simple models for acetylation in 
the liver and excretion from the kidney, expressions for rate 
constants of both processes were proposed on the basis of 
free energy related substituent constants. Taking into 
account the effect of dissociation, logarithmic values of the 
rate constants correlated with a linear combination of the 
hydrophobicity constant, π, and the electronegativity pa
rameter, ΔpΚΑ, of the N-1 substituent of sulfanilamide. The 
information obtained from the correlations should be useful 
in designing long-acting sulfonamide drugs. 

T J r e v i o u s l y , we correlated bacteriostatic act iv i ty a n d structure of various 
series of N - l substituted sul fonamide drugs w i t h the free energy 

re lated substituent constants of the N - l substituent ( 1 ). F o r a series o f 
N - l heterocycl ic derivatives, act iv i ty data obta ined b y K r u g e r - T h i e m e r 
a n d B i inger (3 ) were w e l l correlated b y E q u a t i o n 1. I n E q u a t i o n 1, C 

is the m i n i m u m inh ib i t o ry concentration i n ^ m o l e / l i t e r , π is the h y d r o 
phob i c i ty constant of the N - l substituent der ived f rom the par t i t i on 
coefficient, P, w i t h an i sobuty l a l c oho l -water system as ττ = l og Ρ ( sub-

(1) 
- 0 . 2 9 6 x 2 + 0.985x + 0 . 6 0 5 Δ ρ ^ - 2.090 

η = 17 r = 0.975 s = 0.223 
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6. FUJITA Metabolism and Excretion of Sulfonamides 81 

st i tuted su l fan i lamide ) — l o g P0 ( s u l f a n i l a m i d e ) , a n d Δ ρ Κ Α is the elec
tronegat iv i ty parameter of the substituent defined as Δ ρ Κ Α = p K A ° 
( su l fani lamide ) — pKA ( substituted su l fani lamide ). T h e η is the n u m b e r 
of points used i n the regression, r is the correlat ion coefficient, a n d s is the 
standard deviat ion. A l t h o u g h the second term on the left is in t roduced 
to correct bacteriostatic act iv i ty accord ing to the extent of dissociation 
at the exper imental p H , E q u a t i o n 1 does not necessarily mean that the 
molecular species responsible for the act iv i ty is the neutra l f o rm. T h e 
correlat ion was qu i te good, a n d in format ion on the o p t i m u m p K A a n d π 
values r e q u i r e d for the m a x i m u m act iv i ty was obta ined b y tak ing p a r t i a l 
differentials of this equation. 

Free state 
Cp(l-a) Neutral form 

j r 
Cpa Ionized form 

+ 
L H + ] 

Figure 1. Model for protein binding 

W e also ana lyzed the b i n d i n g constant of sulfonamides to h u m a n 
p lasma prote in ( I ) . I n the free, non-bound state the drugs exist as an 
e q u i l i b r i u m mixture of neutra l a n d i on i zed forms, of w h i c h the concentra
tions are CF(1 — a) a n d Cpa, respectively (see F i g u r e 1 ) . I n the b o u n d 
state they exist as only one molecu lar species, CB. T h e effective b i n d i n g 
constant, K, can be expressed b y the respective b i n d i n g constants of 
neutral a n d i on i zed forms: K i a n d K<2, as shown i n E q u a t i o n 2. T a k i n g 

Κ = — = KiK2 

CF K\ -f- K2 

into account the dissociation e q u i l i b r i u m of free drugs a n d assuming that 
the l ogar i thmic values of the fundamenta l b i n d i n g constants, Ki a n d K 2 , 
can be descr ibed by free energy re lated parameters, we der ived E q u a t i o n 
3 for prote in b i n d i n g ; where a, p, a n d c are constants w h i c h are determined 

log Κ + log g i t r H + ] H + 1 = + Ρ Δ Ρ * ^ + c & 

b y the method of least squares. F o r 20 N - l heterocycl ic sulfonamides, 
the b i n d i n g data obta ined b y Rieder (4) were best represented b y 
E q u a t i o n 4, w h i c h shows that only the hydrophob i c i ty of the N - l sub-
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82 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

log Κ + log r ^ J = 1.651* - 2.896 (4) [H+J 

η = 20 r = 0.938 s = 0.365 

stituent plays a significant role i n governing the modi f ied b i n d i n g con
stant. E q u a t i o n 3 was also useful i n e luc idat ing the serum b i n d i n g of 
N-4-acetylsul fani lamides , the major metabolites of sul fonamide drugs, 
as shown i n E q u a t i o n 5 ( 2 ) . 

log Κ + log K a
 rt J H + ] = 2.029x - 2.860 (5) 

[ t i J ( ±0 .651 ) ( ± 1 . 1 2 6 ) 

η = 5 r = 0.985 s = 0.264 

I n Equat i ons 4 a n d 5, Κ is the mass-action e q u i l i b r i u m constant of b i n d i n g 
expressed i n l i t e r s /^mo le (4). T h e figures i n parentheses are the 9 5 % 
confidence intervals. 

T h e serum prote in b i n d i n g of sul fonamide drugs has been considered 
an important factor i n ma inta in ing a h i g h leve l of the d r u g i n the b lood 
since e l iminat ion of drugs f rom b lood occurs via the non-bound free 
molecule . T h e t ime of durat ion i n b l o o d or the rate of d r u g e l iminat ion 
(ant ibacter ia l act iv i ty notwi thstanding) is one of the most important 
properties to be considered i n des igning n e w drugs. E n c o u r a g e d b y the 
correlations obta ined for bacteriostatic act iv i ty a n d prote in b i n d i n g shown 
above, we attempted to analyze the rate of e l iminat ion for sul fonamide 
drugs i n terms of free energy re lated substituent constants. 

Methods 

A c c o r d i n g to Ne l son (5 ) the rate of e l iminat ion of drugs i n b lood 
fol lows the first-order kinet ics ; the rate constant of w h i c h is kEi, as shown 
i n E q u a t i o n 6, where C is the total d r u g concentration i n b lood . Sul fona-

mide drugs are e l iminated m a i n l y b y two routes, one of w h i c h is metabo
l i sm in the l iver , and the other is rena l excretion. T h e rate of hepatic 
metabol ism a n d that of rena l excretion also obey first-order kinetics so 
that the rate constant of e l iminat ion , kEi, comprises the respective first-
order rate constants, kMe a n d kEx. These constants are est imated b y 
measur ing the t ime course of d r u g concentration i n the b lood after 
administrat ion a n d the ratio of integrated amounts of metabo l i zed and 
free d r u g i n the urine. F o r most sul fonamide drugs, the major metabol i te 
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6. FUJITA Metabolism and Excretion of Sulfonamides 83 

is the N-4-acety l der ivat ive ; thus, w e can set the rate constant of hepat ic 
metabol ism, kMe, e q u a l to that of acetylat ion, kAc> as shown i n E q u a t i o n 6. 

fëiôôdl Free state 

Serum bound 
state 

C L B -
-,. u Liver bound 
l! K 2 state 

— > Acetylated Product 

Figure 2. Model of hepatic acetylation process 

T o correlate the rate constant of hepatic acetylat ion w i t h free energy 
re lated parameters, we used the s imple m o d e l shown i n F i g u r e 2. I n 
b lood , the free undissociated a n d the free dissociated species are i n a 
d y n a m i c q u i l i b r i u m w i t h each other a n d also w i t h the serum prote in -
b o u n d state. B o t h the neutra l a n d i on ized forms of free d r u g are also i n 
an e q u i l i b r i u m w i t h a l iver tissue b o u n d state. W e assume that these 
b i n d i n g e q u i l i b r i a are established rather q u i c k l y , that there is a cr i t i ca l 
rate -determining step, fc3 after the d r u g is b o u n d to l iver tissue, a n d that 
a steady state i n the concentration of the l iver b o u n d complex, CLJI, is 
mainta ined . I f we app ly E q u a t i o n 2 to this mode l , the concentrations of 
serum-bound, l i ver -bound , and free drug , CPB, CLB, a n d CF, are related to 
each other b y Equat i ons 7 a n d 8, where Ku K2, K / , a n d K 2 ' are the 
b i n d i n g constants for the uni t processes as shown i n F i g u r e 2. F r o m 

^PB — π t , ^Fl F 

C LB = 
ΚχΚι 

cP Kt + K2 

dCpB K\K.2 dC F 

~aT Κι' + Κ2' ~dT 

dC F K\K% 
dt Ki + K2 

k*Cf 

(7) 

(8) 

(9) 

(10) 

E q u a t i o n 7, w e can derive E q u a t i o n 9 for the rate of decrease of 0 Ρ ΰ . 
Since the rate of decrease of CF can be expressed b y E q u a t i o n 10, the 
rate of decrease of the total concentration i n the b lood , (CF + CPB), is 
descr ibed b y E q u a t i o n 11, a n d the rate constant of acetylat ion, kAc, is 
der ived as shown i n E q u a t i o n 12. 
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84 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

dC 
dt 

d{CpB + CF) 
dt 

dCF 

dt y + κ{ + κ ; ) 

~ t p V KTTK?) KI + Kikz - L Ki + κ , f c 3 

KjKj 

( H ) 

(12) 

F o r the l ogar i thmic value of kAc> E q u a t i o n 13 a n d its modif icat ion, 
E q u a t i o n 14, were formulated , where KA° is the dissociation constant of 
su l fani lamide , a, p', c', p, a n d c are constants, a n d [ H + ] is the hydrogen 
i on concentration i n the b lood . W e used E q u a t i o n 14 to analyze the 
acetylat ion data. T h e second term on the left of E q u a t i o n 14 expresses 
the dissociation effect of the free d r u g , but i t does not mean that the 
neutra l f o rm is only responsible for metabol ism. 

log kAc + log 

log kAc + log 

[H+] + Κ A 

[H+] + K°A 

[H+] + Κ A 

[H+] 

= αχ + p' ApKA + e (13) 

= αχ + ρ ApKA + c (14) 

These equations are der ived i n a manner s imi lar to that for E q u a t i o n 3, 
as prev ious ly reported ( 1 ) , assuming that log kz can be descr ibed b y a 
l inear combinat ion of the free energy re lated substituent constants. 

I Blood I 
CPB Cp 

K 3 

/ y ». c tubule > 

X 
Bladder 

s<>sn 

Figure 3. Model of renal excretion 

F o r rena l excretion, w e used the m o d e l shown i n F i g u r e 3. H e r e , 
the rate constant for the decrease i n the concentration of d r u g i n the 
b l o o d b y g lomerular ultraf i l trat ion is fci, for the tubular reabsorption 
process is k2, a n d for the movement of d r u g f rom tubule to b ladder is ks. 
W e assume that k2 is m u c h larger than fc3 and that concentration of the 
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6. FUJITA Metabolism and Excretion of Sulfonamides 85 

d r u g i n the tubule (C t Ubuie) is i n a steady state. T h u s , the rate constant 
for the who le process of rena l excretion can be expressed b y E q u a t i o n 15. 

kEx = ^ (15) 
k2 

W e further assume that the total vo lume of b lood , V , is m u c h larger 
than that filtered per uni t t ime, dv. T h e rate of decrease for the amount 
of free d r u g via g lomerular ultraf i l trat ion is CFdv at any t ime so that the 
rate of decrease for the concentration i n b l o o d ( —(dCF/dt)o) is g iven as 
E q u a t i o n 16. Therefore , the rate of decrease for the C t o t a i b y the same 
route can be descr ibed b y E q u a t i o n 17. T h u s , the rate constant, k\> is 

- ( T ) - C - F «·> 
X ' G 

(dC\ _ (d£_PB dCA _ _ ( Kx'Kt' \ (dCF\ 
\dt)c \ dt + dt)G~ V KÏ + K>) \ DT )G 

- Λ j . K * K * \ r d v - r d v 

" \ K\ + Κ2') ν ~~ ν 

(17) 

descr ibed as dv/V w h i c h is constant through a series of compounds ; 
unless the test organism is changed. Since the rat io of k2 to fc3 w o u l d be 
propor t iona l to the concentration of the neutra l d r u g i n the tubule a n d 
also to its permeabi l i ty through the tubular membrane , the l ogar i thm of 
k2/ks can be descr ibed as E q u a t i o n 18, where [ H + ] is that of ur ine i n 

log ^ = log ^ ^ r-rj ι-i + log perm. + constant (18) 

the tubule . L o g p e r m , can be further re lated to the free energy re lated 
parameters; thus, the value of l og kEx is expressed b y E q u a t i o n 19 w h i c h 
can be modi f ied to E q u a t i o n 20, where a, p, a n d c are constants. 

log kEx = log ki - log ^ = log Ka^}^+] + « Χ + ρ Δ ρ ^ Α + c (19) 

log kEx - log K a + JjH + 1 = αχ + ÇApKA + c (20) 

U s i n g Equat ions 14 a n d 20, we analyzed the data shown i n Tables I 
a n d I I obta ined b y N o g a m i ( 6 ) , Y a m a z a k i ( 7 ) , a n d K a k e m i (8, 9 ) a n d 
their associates b y the method of least squares. W e have not i n c l u d e d 
a l l compounds of the or ig ina l set i n the analyses since the phys i cochemica l 
parameters of some derivatives are lack ing . 
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86 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table I. Substituent Constants 

Rat 

Acetylation 
Rateh 

Compounds log kAc obs. cale. d 

Sul fani lamide 0.00 0.00 - 0 . 4 5 - 0 . 4 5 - 1 . 1 0 
Acetosul f amine 5.05 1.01 - 0 . 3 6 1.64 — 
Sulfathiazole 3.35 0.82 - 1 . 0 6 - 0 . 5 8 - 0 . 4 3 
Sulfadiazine 4.30 1.11 - 1 . 4 7 - 0 . 2 0 - 0 . 1 9 
Sulfamerazine 3.52 0.94 - 1 . 3 3 - 0 . 7 3 - 0 . 3 3 
Sulfisoxazole 5.83 2.61 - 1 . 2 1 1.57 1.04 
Sulf isomidine 3.07 0.39 - 0 . 9 6 - 0 . 6 5 - 0 . 7 8 
Sulfaphenazole 4.54 2.15 - 1 . 0 0 0.50 0.66 
Sul famethoxypyr idaz ine 3.40 1.02 - 1 . 4 2 - 0 . 9 1 - 0 . 2 6 
Sul fadimethoxine 4.40 1.86 - 1 . 9 2 - 0 . 5 5 — 
Sulfisomezole 4.64 1.55 - 1 . 3 8 0.22 0.17 
Sul famonomethoxine 4.42 1.37 - 1 . 3 6 0.03 0.02 

a The rate constant, kAc, is the value per hour. 
6 Derived from the values of pKA in Ref. 16. 
0 Calculated from the "Ubergangszahlen" in Ref. 3 with correction for ionization 

in the aqueous phase according to the KA values obtained by Yamazaki et al., Ref. 16. 
d Calculated by Equation 28. 

Table II. Substituent Constants 

Rat 

Excretion 
Rateh 

log 
Compounds Δ ρ Κ Α

6 % b x ' c kEx obs. cale. d 

Sul fani lamide 0.00 0.00 0.00 - 1 . 1 8 - 1 . 1 8 - 1 . 0 6 
Acetosulf amine 5.05 1.01 1.61 - 0 . 1 9 - 1 . 2 3 - 1 . 1 7 
Sulfathiazole 3.35 0.82 0.68 - 0 . 6 3 - 0 . 7 1 - 1 . 2 8 
Sulfadiazine 4.30 1.11 1.81 - 1 . 1 4 - 1 . 5 8 - 1 . 4 1 
Sulfamerazine 3.52 0.94 1.84 - 1 . 1 7 - 1 . 2 8 - 1 . 3 7 
Sulfisoxazole 5.83 2.61 2.56 - 0 . 6 1 - 2 . 3 9 - 2 . 6 2 
Sulfisomidine 3.07 0.39 0.89 - 0 . 6 4 - 0 . 6 9 - 0 . 9 1 
Sulfaphenazole 4.54 2.15 2.91 - 1 . 5 5 - 2 . 1 6 - 2 . 3 9 
Sul famethoxypyr idaz ine 3.40 1.02 2.14 - 1 . 5 5 - 1 . 6 4 - 1 . 4 7 
Sul fadimethoxine 4.40 1.86 3.12 - 1 . 9 2 - 2 . 4 3 - 2 . 1 3 
Sulfisomezole 4.64 1.55 1.97 - 1 . 3 4 - 2 . 0 3 - 1 . 7 8 
Sulfamonomethoxine 4.42 1.37 2.13 - 1 . 4 1 - 1 . 9 3 - 1 . 6 4 

a The rate constant, ksx, is the value per hour. 
6 The same values as in Table I. 
c Calculated from the values of partition coefficient measured using a system of 

C H C l 3 - p H 7.4 buffer solution (16). 
d Calculated by Equation 38. 
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6. FUJITA Metabolism and Excretion of Sulfonamides 87 

and Rate of Acetylation" 

Rat Rabbit Human 

A cetylation A cetylation A cetylation 
Rateh Rateh Rateh 

log log log 
calc.0 kAc obs. cale.e kAc obs. calcJ kAc obs. calc.0 

- 1 . 4 1 - 1 . 4 1 - 1 . 2 6 - 0 . 9 2 - 0 . 9 2 - 1 . 0 1 - 1 . 4 5 - 1 . 4 5 - 1 . 8 1 
— — — - 0 . 9 0 1.10 — - 1 . 5 8 0.42 — — — — - 0 . 4 7 0.01 - 0 . 0 6 - 1 . 2 9 - 0 . 8 1 - 0 . 8 9 

- 1 . 5 1 - 0 . 2 4 - 0 . 2 8 - 0 . 5 0 0.77 0.28 - 1 . 5 1 - 0 . 2 4 - 0 . 5 7 
— — — - 0 . 2 6 0.34 0.08 - 1 . 2 6 - 0 . 6 6 - 0 . 7 6 

- 1 . 7 2 1.06 1.03 - 0 . 8 7 1.91 2.02 - 1 . 4 0 1.38 1.12 
- 0 . 9 6 - 0 . 6 5 - 0 . 9 1 - 1 . 6 6 - 1 . 3 5 - 0 . 5 6 - 2 . 2 7 - 1 . 9 6 - 1 . 3 8 
— — — - 0 . 5 8 0.92 1.49 - 1 . 4 6 0.04 0.60 
— — — - 0 . 6 1 - 0 . 1 0 0.17 - 1 . 5 7 - 1 . 0 6 - 0 . 6 7 

- 2 . 2 8 - 0 . 9 1 — - 1 . 1 6 0.21 — - 2 . 5 2 - 1 . 1 5 — 
- 1 . 3 8 0.22 0.10 - 0 . 2 4 1.36 0.79 - 1 . 2 5 0.35 - 0 . 0 7 
- 1 . 7 4 - 0 . 3 5 - 0 . 0 6 - 0 . 5 5 0.84 0.58 - 1 . 6 8 - 0 . 2 9 - 0 . 2 7 

« Calculated by Equation 22. 
/ Calculated by Equation 31. 
0 Calculated by Equation 34. 
Λ Τηβ acetylation rate is obtained from: log kAc + log (KA - f [H+])/([H+]). 

(See Equation 14). 

and Rate of Excretion 0 

Rat Rabbit Human 

Excretion Excretion Excretion 
Rateh Rateh Rateh 

log log log 
kEx obs. calc.6 kEx obs. calcJ kEx obs. calc.0 

- 1 . 8 2 - 1 . 8 2 - 1 . 8 1 - 1 . 0 2 - 1 . 0 3 - 0 . 8 6 - 1 . 5 0 - 1 . 5 0 - 1 . 5 1 
— — — - 0 . 2 8 - 3 . 6 8 - 3 . 4 9 - 1 . 4 5 - 2 . 1 5 — 
— — — - 0 . 3 6 - 2 . 0 7 - 2 . 6 8 - 1 . 0 5 - 1 . 0 8 - 1 . 3 0 

- 1 . 1 6 - 1 . 6 0 - 1 . 6 2 - 0 . 7 1 - 3 . 3 6 - 3 . 2 3 - 1 . 3 0 - 1 . 5 4 - 1 . 7 0 
— — — - 0 . 6 8 - 2 . 5 6 - 2 . 8 1 - 1 . 9 0 - 1 . 9 5 - 1 . 8 4 

- 0 . 7 0 - 2 . 4 8 - 2 . 6 5 - 0 . 2 6 - 4 . 4 4 - 4 . 6 3 - 1 . 1 1 - 2 . 5 2 — 
- 1 . 0 2 - 1 . 0 7 - 1 . 2 8 - 0 . 9 2 - 2 . 3 6 - 2 . 3 4 - 1 . 0 8 - 1 . 1 0 — 

— — — - 0 . 7 2 - 3 . 6 1 - 3 . 8 6 - 1 . 6 4 - 1 . 9 9 - 2 . 1 9 
— — — - 0 . 9 4 - 2 . 7 0 - 2 . 8 0 - 2 . 1 7 - 2 . 2 1 - 2 . 0 0 

- 1 . 8 4 - 2 . 3 5 - 2 . 3 4 - 1 . 5 2 - 4 . 2 7 - 3 . 6 5 - 1 . 8 4 - 2 . 1 2 - 2 . 3 2 
- 1 . 3 4 - 2 . 0 3 - 1 . 9 6 - 0 . 6 5 - 3 . 6 4 - 3 . 5 9 - 1 . 3 9 - 1 . 8 0 - 1 . 7 2 
- 1 . 6 3 - 2 . 1 5 - 1 . 8 5 - 0 . 8 7 - 3 . 6 4 - 3 . 4 1 - 1 . 9 3 - 2 . 2 2 - 1 . 8 3 

e Calculated by Equation 44. 
f Calculated by Equation 47. 
0 Calculated by Equation 52. 
Λ The excretion rate is obtained from: log UEX — log (KA + [H+])/([H+]). 

(See Equation 20). 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

, 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
2-

01
14

.c
h0

06



88 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Results and Discussion 

F o r the rate of acetylat ion of six sul fonamide drugs i n the rat (6 ) 
the highest correlat ion was obta ined i n E q u a t i o n 22. I f we neglect the 
second term on the left of the equat ion a n d analyze the l og kAc values 
d i rec t ly w i t h the substituent parameters, the correlat ion becomes poorer 
as shown i n E q u a t i o n 25. F o r data obta ined independent ly on 10 drugs 
( 7 ) , E q u a t i o n 28 shows the best correlat ion. A n F test shows that the 
Δ ρ Κ Α t erm i n E q u a t i o n 29 is justified on ly at the 0.75 leve l of significance. 
F o r 10 drugs used w i t h rabb i t (7 ) a n d h u m a n ( 8 ) , Equat i ons 31 a n d 34 
show the best correlation. 

Rat (6) ([#+] = 10" 7 · 4 ) 
η s r 

, , , , Κ Λ + [H+] log kAc + log J H + J 

= - 1 . 6 3 1 + O.B78ApKA 6 0.366 0.919 (21) 

= - 1 . 2 5 5 + 0.876x 
( ± 0 . 4 3 2 ) ( ± 0 . 2 9 9 ) 

6 0.222 0.971 (22) 

= - 1 . 3 9 5 + 0.679π + 0 . 1 0 0 Δ ρ # Λ 6 0.229 0.977 (23) 

log kA c 
= - 1 . 2 3 3 - 0.059ApKA 6 0.290 0.420 (24) 

= - 1 . 2 2 0 - 0.200* 6 0.244 0.644 (25) 

= - 1 . 3 8 2 + Ο . Ι Ι β Δ ρ ^ - 0.428x 6 0.248 0.738 (26) 

Rat (7) ([#+] == 10- 7 · 4 ) 
, , , , KA + [H+] log κ Ac + log J H + J 

= - 1 . 2 6 0 + 0 . 3 0 8 Δ ρ ^ 10 0.609 0.637 (27) 

= - 1 . 1 0 2 + 0.821x 
( ± 0 . 5 7 3 ) ( ± 0 . 4 0 8 ) 

10 0.411 0.854 (28) 

= - 0 . 7 3 2 + 1.271x - 0 . 2 2 8 Δ ρ ^ 10 0.395 0.884 (29) 

Rabbit (7) ([#+] = 10- 7 · 4 ) 
, , , , KA + [H+] log kAc + log J H + J 

= - 1 . 5 9 9 + 0 .533ΔρΧ^ 10 0.606 0.821 (30) 

= - 1 . 0 1 0 + 1.160π 
( ± 0 . 6 5 2 ) ( ± 0 . 4 6 5 ) 

10 0.468 0.898 (31) 

= - 1 . 1 7 0 + 0.989x + 0 . 0 9 8 Δ ρ Χ Λ 10 0.493 0.901 (32) 
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6. FUJITA Metabolism and Excretion of Sulfonamides 89 

Human (8) ([#+] = 10~7-4) 
, I f A + [H+] log kAc + log 

= - 2 . 2 6 0 + 0 . 4 8 3 Δ ρ # Λ 10 0.627 0.783 (33) 

= - 1 . 8 1 4 + 1.124x 10 0.405 0.916 (34) 
( ± 0 . 5 6 5 ) ( ± 0 . 4 0 2 ) 

= - 1 . 7 3 5 + 1.208x - 0 . 0 4 8 Δ ρ ^ 10 0.431 0.916 (35) 

T h e common feature of these correlations is that the ΔρΚΑ t erm 
plays no significant role. Since N-4-acetylat ion occurs b y a nuc leoph i l i c 
attack of the lone pa i r of aromatic amino ni trogen, we c o u l d assume that 
the more the e lectron-donating property of the N- l - subs t i tuent , the faster 
the rate of acetylat ion at the N-4-pos i t ion . H o w e v e r , separated f r om the 
benzene r i n g b y the S 0 2 N H group, the electronic effect of the N - l -
substituents m a y not be w e l l t ransmitted to the N - 4 posi t ion (10). T h e r e 
fore, the lack of a significant ro le of the ΔρΚ^ term i n these correlations 
shows that the most important factor governing the rate -determining step 
of the hepat ic acetylat ion is the hydrophob i c i t y of the d r u g . 

T h e rate of r ena l excretion i n the rat (6, 7) is best correlated b y 
Equat i ons 38 a n d 44. T h e term correct ing the effect of dissociation i n 
the tubule is m a r k e d l y significant i n this case. W i t h o u t this term, the 
correlat ion becomes m u c h poorer ( E q u a t i o n s 3 9 - 4 1 ) . F o r rabbits ( 7 ) , 
E q u a t i o n 47 shows the best correlat ion. T h e coefficient of the Δ ρ Κ Α 

term i n E q u a t i o n 47 is negative, i n contrast to that i n Equat ions 38 a n d 
44. Since the 9 5 % confidence intervals of coefficients do not over lap, 
suscept ib i l i ty of the tubu lar membrane to the electronic structure of 
permeat ing drugs probab ly differs between rats a n d rabbits . 

Rat (7) ([#+] = 10- 6 · 4 ) 
η s r 

, KA + [H+] log fcjsx - log J H + J 

= - 0 . 7 1 5 - 0 .229ΔρϋΟ 12 0.523 0.556 (36) 

= - 0 . 7 3 2 - 0.706x 12 0.324 0.858 (37) 

= - 1 . 0 6 1 - 0.992x + 0 . 1 7 6 Δ Ρ # Λ 12 0.299 0.893 (38) 
( ± 0 . 6 0 2 ) ( ± 0 . 4 8 3 ) ( ± 0 . 2 4 2 ) 

log kEx 

= - 1 . 2 5 4 + 0.037ΔρϋΟ 12 0.521 0.108 (39) 

= - 0 . 9 1 3 - 0.160x 12 0.509 0.234 (40) 

= - 1 . 4 8 3 - 0.657x + 0.Ζ0δΑρΚΑ 12 0.455 0.565 (41) 
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90 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Rat (6) ([#+] = 10- 6· 4) 

η s r 

, , , Κ A + [H+] 
log kEx - log ^ H + j 

= - 1 . 4 7 6 - 0 . 1 1 9 Δ ρ # Α 7 0.470 0.458 (42) 

= - 1 . 3 8 6 - 0.427x 7 0.332 0.779 (43) 

= - 1 . 8 0 7 - 0.988π + 0.298Δρί :^ 
( ± 0 . 5 6 3 ) ( ± 0 . 5 8 9 ) ( ± 0 . 2 7 9 ) 

7 0.207 0.937 (44) 

Rabbit (7) ([#+] = 10 - 8 · 8 ) 
, KA + [Η+] log kEx - log ^ H + j 

= - 0 . 6 8 0 - 0.628Δρ.ΚΆ 12 0.398 0.924 (45) 

= - 1 . 6 3 9 - 1.193x 12 0.493 0.880 (46) 

= - 0 . 8 5 8 - 0.512x - 0 . 4 1 9 Δ ρ ^ 
( ± 0 . 6 9 3 ) ( ± 0 . 5 5 7 ) ( ± 0 . 2 7 9 ) 

12 0.345 0.949 (47) 

Human (9) ([#+] = ΙΟ" 6 0 ) 
, , , KA + [H+] log kEx log J H + J 

= - 1 . 4 4 5 - 0 .104ApuC A 9 0.377 0.395 (48) 

= - 1 . 4 4 3 - 0.316x 9 0.350 0.520 (49) 

= - 1 . 5 1 4 - 0.432π + 0.058Δρ#Λ 9 0.375 0.532 (50) 

= - 1 . 2 8 4 - 0.292π' 9 0.272 0.748 (51) 

= - 1 . 5 1 4 - 0.487π' + 0 . 1 6 3 Δ ρ ^ 
( ± 0 . 5 7 2 ) ( ± 0 . 3 7 2 ) ( ± 0 . 2 5 2 ) 

9 0.247 0.830 (52) 

F o r humans ( 9 ) , the correlat ion is not as good as those f ound for 
rabbits a n d rats ( E q u a t i o n s 4 8 - 5 0 ) . T h i s may be the result of the smal l 
var iab i l i t y of values on the left of the equat ion a n d of the difference i n 
the ab i l i ty of part i t i on coefficient data to define permeabi l i ty i n the d i f 
ferent test animals . I f we use ττ' values der ived f rom the par t i t i on coeffi
cients w i t h a C H C l 3 - w a t e r system instead of those f rom an i sobuty l 
a l c oho l -water system, E q u a t i o n 52 results, w h i c h shows a reasonable 
correlation. T h i s is the only example here where the ττ' values f rom a 
C H C l 3 - w a t e r system show a better correlat ion than those f rom an i sobuty l 
a l c oho l -water system. T h e susceptibi l i ty of h u m a n tubular reabsorpt ion 
to the hydrophob i c i ty of drugs might be different f rom those of the rat 
a n d rabb i t ; thus, the m o d e l w i t h a C H C l 3 - w a t e r system c o u l d simulate 
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6. FUJITA Metabolism and Excretion of Sulfonamides 91 

the tubular membrane better than the m o d e l w i t h an i sobuty l a l c o h o l -
water system. 

W e omit ted the data for acetosulfamine, sulfisoxazole, a n d sulf i 
somidine i n d e r i v i n g Equat i ons 48 -52 since an active tubu lar secretion 
mechanism has been postulated for their rena l excretion (9 ) w h i c h w o u l d 
also suggest a funct ional difference of h u m a n tubular membrane f rom 
those of rats a n d rabbits . I n fact, the data for these three compounds 
fitted poor ly a p r e l i m i n a r y corer lat ion w i t h the use of ττ'. 

T a b l e I gives the results of calculations of the acetylat ion rate con
stants based on Equat ions 22, 28, 31, a n d 34. Acetosul famine a n d su l fad i 
methoxine are omit ted i n the correlations of 12 compounds for w h i c h 
the substituent parameters are k n o w n since pre l iminary calculations 
showed that the data for these two d i d not fit w e l l i n each case. Dif ferent 
routes for the metabol ism of these two compounds might be operative. 
I n fact, for sul fadimethoxine, g lucuronide formation has been shown to 
occur to a considerable extent, a n d this can not be neglected as compared 
w i t h the acetylat ion at l iver i n rats (6) a n d humans (11). W e expected 
that acetosulfamine w o u l d behave as an acetyl donor as w e l l as the acetyl 
acceptor. T h u s , the N-4 -acety l group of N-4-acetylacetosulfamine might 
result not only f rom a c e t y l - C o A but also f rom the N - l - a c e t y l group of 
another acetosulfamine molecule . 

T a b l e I I shows renal excretion data. C a l c u l a t e d values were ob
ta ined f rom Equat i ons 38, 44, 47, a n d 52. H e r e , the rate constants of 
acetosulfamine a n d sul fadimethoxine are as w e l l correlated as those of 
the other compounds for rats a n d rabbits . T h i s c ou ld be expected since 
the kEx value is d i rect ly determined b y the propor t ion of the integrated 
amount of non-metabol ized d r u g i n the total ur inary excreted materials 
whereas the kAc va lue is der ived b y assuming that metabolites, other than 
N-4 -acety l derivatives, are neg l ig ib le i n the ur ine . F o r humans, the rate 
constant of sul fadimethoxine is w e l l correlated w h i l e that of acetosulfa
mine is not. T h e latter may be excreted b y a different mechanism as 
mentioned. 

There c ou ld be alternate models than those used i n the above dis 
cussions of the e l iminat ion processes. F o r instance, a m o d e l of acetyla
t ion , where the b i n d i n g e q u i l i b r i a of drugs w i t h serum prote in a n d l iver 
tissues are s low reactions a n d compete w i t h each other for drugs, w o u l d 
result i n a different expression than E q u a t i o n 14. H o w e v e r , analyses of 
the rates of acetylat ion and excretion for various test organisms, w h i c h 
are phys i cochemica l ly as w e l l as statistically reasonable, are only possible 
w i t h the present models. T h e propr iety of us ing these models w o u l d be 
further proved b y the f o l l o w i n g discussions on the t ime of durat ion . 

T h e most convenient parameter w h i c h expresses the t ime of durat ion 
is the value t1/2, w h i c h is inversely proport iona l to the sum of the kAc 
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92 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

pHurine 
6.4 

pHblood 
7.4 

Figure 4. Dependence of log k on p K A (rat) 

a n d kEx. A l t h o u g h the values of l og kAc a n d log kEx can be i n d i v i d u a l l y 
correlated b y substituent constants, i t w o u l d be mathemat ica l ly as w e l l as 
phys i cochemica l ly difficult to analyze s imi lar ly the value of l og (kAc + 
kEx). W e d i d not t ry to analyze t1/2, l og t1/2, or l og (kAc + kEx) d i rect ly 
b y substituent constants. Instead, we checked the phys i cochemica l con
dit ions w h i c h make both the log kAc a n d log kEx values as smal l as possible, 
s imultaneously, so that the value of ti/2 w o u l d be m a x i m u m . 

B y tak ing the p a r t i a l differentials of Equat ions 28 a n d 38, w e under 
stand h o w the values of l og kAc a n d log kEx for the rat v a r y accord ing 
to the variations of the pKA a n d π values of the N- l - subs t i tuent . Equat ions 
53 a n d 54 are the p a r t i a l differentials w i t h respect to p K A , w h i c h indicate 
that plots of bo th the l og k values against \)KA consist of two phases as 
shown i n F i g u r e 4. T h e log kAc value decreases w i t h a decl ine i n the ipKA 

of d r u g beyond the value of b l ood p H w h i l e the l og kEx value increases 
w i t h a decreasing pKA va lue beyond the ur inary p H value. Since the 
ur inary p H for the rat is about 6.4 ± 0.2 ( w h i c h is smaller than that for 
b l o o d w h i c h is ca. 7.4), we w o u l d expect that w h e n the p K A of a d r u g 
is located between these two p H values, bo th l og k values of the d r u g 
w o u l d be as smal l as possible simultaneously. 

dlog kAc 

dpKA 

dlog kEx 

dpKA 

KA 

KA + [H+l blood 

KA + [ H + U 
- 0 . 1 7 6 

(53) 

(54) 

C o m p a r i n g the p a r t i a l differentials w i t h respect to π of Equat ions 
28 a n d 38 ( E q u a t i o n s 55 a n d 56 ) , w e see that the dependence of bo th 
log k values on π is almost opposite. T h e larger the π value , the faster 
the rate of acetylation a n d the slower that of excretion. Thus , w e c o u l d 
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6. FUJITA Metabolism and Excretion of Sulfonamides 93 

not expect a h y d r o p h o b i c property w h i c h w o u l d make bo th the l og k 
values as smal l as possible. If, however , the smal l difference i n the 
absolute values between p a r t i a l differentials c o u l d be g iven a meaning , 
the larger the ττ value, the larger w o u l d be the t ime of durat i on since the 
suscept ibi l i ty of tubular reabsorption to the h y d r o p h o b i c i t y is larger than 
that of hepat ic acetylation. 

F i g u r e 5 shows the t1/2 values for the rat, obta ined for 12 sul fonamide 
drugs ( 7 ) , p lot ted against pKA. T h i s figure shows that the above dis 
cussions are qual i ta t ive ly correct. The pKA values of drugs w h i c h have 

dlog kAc 0.821 (55) 

dlog kEx 

dx - 0 . 9 9 2 (56) 

S-methoxypyridazine 

•S-monomethoxine 
•S-diazine 

•i S-dimethoxine 

9 H 

10 i 
H Sulfanilamide 

P K A 10 20 30 t 
1/2 

Figure 5. p K A and time of duration (rat). For acetosulfamine 
and sulfadimethoxine where different routes of hepatic metabolism 
are suggested, the t1/2 values are expressed by dotted columns. 
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94 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

4 H 

7 H 

f S-isoxasole 

___-_-_-zj Acetosulfamine 
S-monomethoxine 

S-diazine 
^S-thiazole 

S-dimethoxine 

• S-merazine 

1 S-isomidine S-methoxypyridazine 

1 1 
10 20 30 t | / 2 

Figure 6. p K A and time of duration (human). For acetosulfamine, sulfis
oxazole, sulfisomidine, and sulfadimethoxine, where different mechanisms 
of renal excretion and hepatic metabolism are suggested by others, the 

t1/2 values are expressed by blank and dotted columns; see text. 

longer times of durat ion are most ly located i n the range pred i c ted above 
—i.e., between the u r i n a r y a n d b lood p H values, pKA = 6 ^ 7.4. T h e 
times of durat ion of sulfathiazole a n d sulf isomidine w h i c h are quite short 
for their o p t i m u m pKA values can be understood b y their smal l π values. 
Since ur inary a n d b lood p H values are s imi lar to those for the rat, the 
above discussion cou ld also be a p p l i e d to the t ime of durat ion for humans. 
F i g u r e 6 shows that w h a t w e expect is also correct for the t1/2 data 
obta ined b y R i e d e r a n d others (4, 12). 

F o r the rabbi t , the situation is different. P a r t i a l differentials of 
Equat i ons 31 a n d 47 w i t h respect to pKA a n d π are g iven as Equat ions 
57-60 . A c c o r d i n g to Equat i ons 57 a n d 58, we can d r a w b iphas ic plots 

dlog kAc = KA 

dpKA KA + [H+] blood 
(57) 
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6. FUJITA Metabolism and Excretion of Sulfonamides 

log k 

95 

pHibloody pH 
7.4 8.8 

Figure 7. Dependence of log k on p K A (rabbit) 

4 -

5 -

6 

7 H 

8 

9 

10 H 

S-isomidine 

Sulfanilamide 

PKA 10 20 1 1/2 

Figure 8. p K A and time of duration (rabbit). For ace
tosulfamine and sulfadimethoxine where different mech
anisms of hepatic metabolism are suggested by others, 

the t I / 2 values are expressed by dotted columns. 
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96 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

for l og k vs. pKA, as shown i n F i g u r e 7. H e r e , the ur inary p H , 8.8, is 
h igher than that of the b lood , 7.4. H e n c e , we c o u l d not expect any 
o p t i m u m range for the pKA. C o m p a r i s o n of E q u a t i o n 59 w i t h 60 indicates 

dlog kAc 

dx 

dlog kEx 

dx 

= 1.160 (59) 

= - 0 . 5 1 2 (60) 

that hepat ic acetylat ion is m u c h more susceptible to hydrophob i c i ty of 
the d r u g than is tubular reabsorpt ion i n rabbits . Therefore , the smaller 
the π value of the N- l - subs t i tuent , the larger the t\/2 va lue w o u l d become. 
T h e reason w h y sul fani lamide a n d sulf isomidine, w i t h π values w h i c h are 
among the smallest, have large t1/2 values (7 ) ( F i g u r e 8) can be under 
stood on this basis. 

Analyses us ing free energy re lated electronic a n d hydrophob i c sub
stituent constants are capable of i l lustrat ing the rate constants of hepat ic 
acetylat ion a n d renal excretion as w e l l as the t ime of durat ion of sul fona
m i d e drugs i n various test organisms. T h e effects of d r u g dissociation 
on b i n d i n g e q u i l i b r i a w i t h various macromolecules a n d on permeabi l i ty 
through membranes do p lay important roles i n e l iminat ion processes. 
A l t h o u g h we made drastic assumptions i n der iv ing the rate constant 
expressions, the reasonable correlations obta ined show that these models 
for the d r u g e l iminat ion processes are pract i ca l ly useful a n d that other 
recently postulated e l iminat ion processes—i.e., tubu lar active secretion 
(9, 13, 14) a n d N - l - g l u c u r o n i d a t i o n f o l l owed b y hepato -b i l iary excretion 
(15 ) , need not be considered (except for a f ew compounds) as far as 
compounds s tudied i n this w o r k are concerned. T h u s , we expect that the 
procedures developed here w i l l prov ide in format ion on the phys i cochemi 
ca l properties w h i c h are fundamenta l i n our search for n e w long-act ing 
derivatives of the sul fonamide f a m i l y as w e l l as other dissociable drugs. 
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Comparative in vitro and in vivo Structure-
Activity Studies of Antiparasitic 
2-Methyleneamino-5-nitrothiazoles 

EBERHARD KUTTER, HANS MACHLEIDT, WOLFGANG REUTER, 
ROBERT SAUTER, and ALEXANDER WILDFEUER 

Karl Thomae GmbH, Chemisch-pharmazeutische Fabrik, 
795 Biberach an der Riss, West Germany 

Eighteen nitrothiazoles have been prepared and tested for 
their trichomonicidal activity. Regression analysis and 
physicochemical parameters were used to correlate tricho
monicidal in vivo and in vitro activity against T. foetus with 
physicochemical properties of the nitrothiazole derivatives. 
A good correlation of in vitro trichomonicidal activity was 
obtained with log Ρ and the oxidation-reduction potential 
E h as the most important variables. This correlation, to
gether with other findings, indicates that the 5-nitrothiazoles 
interfere with a normal metabolic redox process of the para
site. A more qualitative correlation was found between the 
oxidation-reduction potentials of different 5-nitrohetero-
cycles and their antimicrobial activity against several types 
of microorganisms. Correlation of in vivo trichomonicidal 
activities in mice was much less significant. Experimental 
evidence is presented indicating that the kinetics of metabo
lism is the most important factor for in vivo activity. A study 
using optical isomers showed that metabolism proceeds 
highly stereospecifically. 

*Tphe m a i n interest of scientists i n the pharmaceut i ca l industry is not 
only to produce b io log i ca l ly active compounds a n d to rat ional ize 

their effects f rom the phys i cochemica l po int of v i e w but also effectively 
to develop drugs w h i c h might be used i n h u m a n therapy. T h i s paper 
gives a specific example of h o w this approach can increase the effective
ness and rat ional i ty of such d r u g development. F i g u r e 1 shows, i n a 
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7. KUTTER E T A L . 2-Methyleneamino-5-Nitrothiazoles 99 

Requirement of a drug with 
s p e c i a l therapeutic properties 

Team of s c i e n t i s t s performing 
synthesis and pharmacological 
t e s t i n g . S e l e c t i o n of a few 
compounds f o r extended pharma
cological i n v e s t i g a t i o n 

I 
Extended pharmacological and 
t o x i c o l o g i c a l studies and 
s e l e c t i o n of one compound f o r 
a preliminary c l i n i c a l t r i a l . 

C l i n i c a l t r i a l s 

stage 1 

stage 2 

["drug design" 

stage 3 

stage 4 

Marketing stage 5 

Figure 1. Several stages of drug development 

simpli f ied way , the stages of development a d r u g must go through before 
it is commerc ia l ly useful . 

A s is immediate ly evident, the H a n s c h approach can only be h e l p f u l 
at the second stage of development. M a n y different compounds are p re -
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100 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

pared a n d tested for their b i o l og i ca l act iv i ty at this stage, and correlations 
between phys i cochemica l properties a n d activities are on ly possible here. 
H o w e v e r , because of the tremendous amount of w o r k w h i c h usual ly 
must be per formed before a c o m p o u n d can be selected for extended 
invest igation, stage 2 is one of the ra te - l imi t ing steps i n the development 
of drugs to treat h u m a n diseases. A n y approach w h i c h helps to accelerate 
development at this stage a n d to reduce the w o r k necessary should lower 
overa l l research expenses. 

0 2 N A S ^ N H 2 

1 . C S 2 / K O - t - C 4 H 9 D M S O 
2 . C H 3 I 

0 2 N " ^ S ^ N = C N 

S C H . 

- 2 C H 3 S H 
R 

[CH
21 η 

ΗΝ" 
R 

" ^ e ^ ^ M — r f r u 1 
III 

0 2 N ^ S ^ N = C x 

X = N / 0 / S . Π = 2 , 3 . 

[ C H 2 ] 
n 

Figure 2. Synthesis of 2-methyleneamino-5-nitrothia-
zoles 

O u r example concerns a certain k i n d of ant imic rob ia l agent a n d m a y 
i l lustrate h o w useful the H a n s c h approach actual ly can be i n this second 
stage of d r u g development. W e became interested i n chemotherapeutic 
agents effective against tr ichomoniasis for several reasons. Tr ichomonias is 
is a certain k i n d of venereal disease a n d is caused b y the parasite T. 
vaginalis. I n animals , infections can also be caused b y another strain of 
parasite ca l led T. foetus. W e began synthesis i n this field b y us ing 
2-amino-5-nitrothiazole as starting mater ia l ( F i g u r e 2 ) . 
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102 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

2-Amino-5-ni trothiazole reacts w i t h C S 2 a n d subsequently C H 3 I to 
y i e l d the d imethy l th io der ivat ive I I . A m b i f u n c t i o n a l nuc leophi l i c amines 
react w i t h this key compound I I , w i t h e l iminat ion of C H 3 S H , a n d y i e l d 
as the m a i n product the 2-methyleneamino-5-nitrothiazoles, I I I . 2 - A m i n o -
5-nitrothiazole itself has a weak t r i chomoni c ida l effect. It was hoped that 
changes i n the phys i cochemica l properties w h i c h are brought about by 
the synthesis of the methyleneaminonitrothiazoles , I I I , w o u l d lead to 
more p o w e r f u l drugs. E i g h t e e n compounds w h i c h were synthesized b y 
this route a n d tested in vitro a n d in vivo for their ant i t r i chomonal act iv i ty 
are shown i n F i g u r e 3. 

F r o m F i g u r e 3 it is obvious that the methyleneaminonitrothiazoles 
can be d i v i d e d into three electronical ly different groups: those conta in ing 
an amid ine funct ion , those containing an isourea funct ion , and those con
ta in ing an isothiourea funct ion . F o r convenience we shal l ca l l them the 
N- type , the O-type , a n d the S-type compounds, respectively. 

Table I. Structure-Activity 

MIC- log 1/C* 
Number a logVh E h

c (volt) T . f o e t u s d T . f o e t u s logVh E h
c (volt) 

[ig/ml (obs.) 

1 1.38 - 0 . 2 6 2 2.50 1.93 
2 1.23 - 0 . 2 6 2 2.50 2.01 
3 0.74 - 0 . 2 6 2 10.00 1.39 
4 0.16 - 0 . 2 6 2 100.00 0.43 
5 0.92 - 0 . 2 6 2 5.00 1.68 
6 1.80 - 0 . 2 6 2 2.50 1.96 
7 1.82 - 0 . 2 6 2 1.00 2.36 
8 2.28 - 0 . 2 6 2 1.66 2.16 
9 2.02 - 0 . 2 6 2 2.50 1.99 

10 1.95 - 0 . 2 6 2 1.66 2.16 
11 2.35 - 0 . 2 6 2 2.50 2.01 
12 1.88 - 0 . 2 3 2 1.00 2.41 
13 1.34 - 0 . 2 3 2 1.66 2.14 
14 0.43 - 0 . 2 3 2 5.00 1.71 
15 0.57 - 0 . 2 3 2 1.25 2.23 
16 2.40 - 0 . 2 3 2 1.25 2.33 
17 1.28 - 0 . 2 1 2 0.25 3.04 
18 1.88 - 0 . 2 1 2 0.125 3.40 

° Coding according to Figure 3. 
b Partition coefficients in the octanol-pH 7.4-phosphate-buffer system. 
c Nitrothiazole oxidation-reduction potentials (volts) as calculated from their 

half-wave potentials, as determined using a Polarecord Ε 261 polarograph (Metrohm 
A G , Herisau, Switzerland) and a saturated Ag /AgCl reference electrode. Measurements 
were performed at 20°C and a drop time of 1 drop/2.8 sec. The compounds were dis
solved in 1 ml dimethyl formamide and added to 24 ml of a borax-potassium biphosphate 
buffer of p H 7.3 [prepared according to J . M . Kolthoff, J. Biol. Chem. (1925) 68, 135]. 
A p H of 7.4 resulted. Standard error of determination ± 3 mv. 

d Test organism : Trichomonas foetus. Minimal inhibition concentrations ^g/ml) 
were determined microscopically after 48 hr-incubation at 37°C. The two-fold serial 
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7. KUTTER E T A L . 2-Methyleneamino-5~Nitrothiazoles 103 

T h e in vitro b io log i ca l act iv i ty was determined us ing the "ser ia l d i l u 
t ion m e t h o d " accord ing to a standardized test procedure. T h e m i n i m a l 
i n h i b i t i o n concentrations ( M I C values l isted i n T a b l e I ) represent the 
lowest concentration of a part i cu lar ni trothiazole der ivat ive necessary to 
produce total i n h i b i t i o n of tr i chomonade growth after a fixed t ime inter
va l . T h e advantage of this test procedure compared w i t h other methods 
and the usefulness of M I C values i n structure-activity studies were re
cently demonstrated b y Seyde l i n an elegant study on sulfa drugs ( I ) . 

I n start ing correlat ion studies i n the in vitro series of activities w e 
first can compare the M I C values ( T a b l e I ) i n a more qual i tat ive sense. 
A t a first glance the S-type compounds seem to be the most active i n this 
series, f o l l owed b y the O-type. T h e N- type compounds, on the other 
hand , appear to be the least active in vitro f rom this po int of v i e w ; h o w 
ever, there are certain exceptions to this rule , a n d therefore only a q u a n t i 
tative correlat ion can reveal useful structure act iv i ty in format ion . 

Parameters for Nitrothiazoles 

log 1/C ED 5Od=17 0 Acute Toxicit 
T . f o e t u s Δ log 1/C T . f o e t u s Mice p.o. 

(pred.) 
Δ log 1/C 

mg/kg LDb0 g/kg 

1.98 0.05 >250 >4.0 
1.90 0.11 75 5.64 
1.46 0.07 75 — 
0.62 0.19 >100 — 
1.65 0.03 37.5 1.0 
2.09 0.13 37.5 7.6 
2.09 0.27 >100 >4 .0 
1.98 0.18 37.5 >4 .0 
2.07 0.08 50.0 >10.0 
2.08 0.08 37.5 >10.0 
1.94 0.07 100.0 >4 .0 
2.70 0.29 37.5 >25.8 
2.59 0.45 75.0 1.26 
1.67 0.04 100.0 2.89 
1.87 0.36 75.0 1.94 
2.53 0.20 25.0 0.05 
2.96 0.08 37.5 1.00 
3.12 0.28 37.5 2.18 

dilution method in fluid thioglycollate medium (with 10% horse serum) was used, and 
20,000 protozoa were inoculated per ml medium. The compounds were dissolved in 
Titrisol buffer p H 7 (Merck Co., Darmstadt, West Germany) and tested at the 
following concentrations (^g/ml): 10, 5, 2.5, 1.66, 1.25, 1.0, 0.5, 0.25. 

e In vitro activities against T. foetus. C is represented in μg/ml X mw units. 
f Calculated using Equation 5. 
' E D 60 ± π = 50 db 17% survival rate, of mice (NMRI, 18-20 g, female) infected 

with 1-2 Χ 106 trichomonades. Dosage schedule: Orally twice daily for 3 days. The first 
treatment followed 2 hr after infection. The untreated control mice died within 5 days. 

Λ 14 days LDso in g/kg. Mice, N M R I , female and male, 18-20 g. The substances 
were suspended in tylose and given by gavage. 
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Table II. Antibacterial and Antiprotozoal Activity of Several 

E h {mo) 
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7. KUTTER E T A L . 2-Methyleneamino-5-Nitrothiazoles 

5-Nitroheterocycles Compared with Their Oxidation Potentials 

Ε. col i 
ATCC 9637 

i n v i t r o 

Sc. 
Aronson 
i n v i t ro 

T . foetus 
T . vaginal is 

i n v i t r o 

inact ive inact ive moderate 

inact ive inact ive moderate 

inact ive inact ive good 

inact ive inact ive high 

moderate moderate h igh 

weak inact ive h igh 

moderate good weak 

inactive 
weak activity 
moderate activity 
good activity 
high activity 

Bacteria 

>80 μg/ml 
80 |ig/ml 

25-5 μg/ml 
5-1 μg/ml 
<1 μg/ml 

Trichomonades 

>10 μg/ml 
10 [Lg/m\ 

10-1.0 μg/ml 
1.0-0.2 μg/ml 

<0.2 μg/ml 
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Before starting quanti tat ive correlat ion studies, one must find p h y s i 
cochemica l parameters w h i c h may be meaning fu l i n interpret ing the 
variance i n the b io log i ca l activities. I n this special case w e are faced 
w i t h the t r i cky prob l em of intercorrelat ion among several electronic 
parameters. A n y phys i cochemica l property i n w h i c h oxygen takes an 
intermediate posit ion between sulfur a n d nitrogen should be suitable for 
corre lat ing the electron dependent differences i n act iv i ty . For tunate ly , 
other exper imental findings help to overcome this difficulty. F r o m an 
elegant study w i t h an ant ibacter ia l 5-nitrofuran derivat ive , w h i c h is 
chemica l l y qui te s imi lar to the 5-nitrothiazoles, C r a m e r (2 ) c onc luded 
that this n i tro furan derivat ive interferes w i t h a n o r m a l metabol ic process 
of bacteria a n d does so b y v i r tue of its reduc ib i l i ty . T h i s hypothesis is 
supported b y the studies of H i r a n o et al (3 ) a n d Powers a n d Mertes (4) 
on the mechanism of action of other ant ibacter ia l nitroheterocycles. T h e 
phys i ca l significance of the oxidat ion-reduct ion potent ia l i n the mode of 
act ion of the 5-nitroheterocycles is also stressed b y the more qual i tat ive 
correlat ion we f ound between the ox idat ion potentials of different 5-
nitroheterocycles a n d their ant imicrob ia l act iv i ty against several types of 
microorganisms. 

I n T a b l e II the activities of some 5-nitroheterocycles against bacter ia 
a n d protozoa are compared w i t h their oxidat ion potentials. Interesting 
conclusions can be d r a w n f rom this table i n regard to the influence of the 
ox idat ion-reduct ion potent ia l of the drugs on their specificity of action 
against several types of microorganisms. T h e 5-nitroimidazole der ivat ive 
a n d our N- type derivatives have the lowest oxidat ion potential of this 
series. These compounds possess only t r i chomoni c ida l act ivity . H o w e v e r , 
w i t h an increase i n the oxidat ion potent ia l not only does the in vitro 
t r i chomoni c ida l act iv i ty increase but selectivity decreases, and more and 
more types of microorganisms are affected. T h u s , i n this series the com
p o u n d w i t h the highest oxidat ion potent ia l , the 5-nitrofuran der ivat ive , 
is active against a l l types of organisms i n this table. Organisms w i t h a 
higher degree of evolut ionary development seem to be inf luenced even 
b y nitroheterocycles w i t h a re lat ive ly l o w oxidat ion potential . O n the 
other h a n d , the "nitro reductase" (2) of the bacter ia seem to possess a 
l o w reduct ion potent ia l ; therefore one needs a nitroheterocycle w i t h a 
h i g h oxidat ion potent ia l to i n h i b i t bacter ia l metabol ism. 

Structure I V c makes different contr ibutions , depending on the nature 
of the heteroatom X . Therefore , the ox idat ion potent ia l of these drugs 
is predominant ly determined b y the heteroatom X i n structure I V ; r i n g 
size a n d a l k y l substitution are secondary effects. T h e oxidation potentials 
of the compounds 2, 14, a n d 17 were measured since they were soluble. 
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T h e i r values were chosen as a first approx imat ion to represent the redox 
potentials of these three kinds of compounds i n a Hansch - type m u l t i p l e 
regression analysis study. 

log 1 /C = [21.23(±13.28)] Eh + 7 .34(±3.30) m 

η = 18 s = 0.486 r2 = 0.418 r = 0.646 K J 

log 1 /C = [0.494(d=0.40)] log Ρ + 1.35(=b0.65) m 

n = 18 s = 0.534 r 2 = 0.299 r = 0.547 κ } 

log 1 /C = - [ 0 . 6 4 ( ± 0 . 5 7 ) 1 (log Ρ ) 2 + [2 .20(±1.57) ] log Ρ 
+ 0.50(dz0.95) (3) 

η = 18 s = 0.470 r 2 = 0.491 r = 0.700 

log 1 /C = [0.524(±0.248)] log Ρ + [22.14(±9.00)] Ε Λ 

+ 6.80(d=2.25) (4) 
η = 18 s = 0.327 r 2 = 0.753 r = 0.868 

log 1 /C = - [ 0 . 5 4 ( ± 0 . 2 8 ) 1 (log Ρ)2 + [1 .96(±0.77) ] log Ρ 
+ [20.81(±6.37)] Eh + 5 .76(±1.68) (5) 
η = 18 s = 0.229 r2 = 0.887 r = 0.942 

l o g P 0 = 1.83(1.6—2.4) 

I n E q u a t i o n 1, C is the molar M I C in vitro value , a n d Eh represents 
the oxidat ion-reduct ion potentials of the drugs. T h e figures i n parenthe
sis are the 9 5 % confidence l imits . E q u a t i o n 1 is statistically significant. 
O f the variance i n the in vitro l og 1 / C values 4 2 % can be expla ined b y 
a l inear regression w i t h Eh. T h i s supports the hypothesis that the 5-nitro-
thiazoles affect an important enzymat ic reduct ion process of the t r i cho -
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monades. H o w e v e r , 5 8 % of the variance i n the b io l og i ca l result remains 
unexp la ined b y E q u a t i o n 1. T h i s indicates that the oxidat ion-reduct ion 
potent ia l is not the only phys i cochemica l parameter w h i c h determines the 
in vitro activities against T . foetus. 

Reductases are usual ly part of m u l t i e n z y m e complexes w h i c h are 
l i p o p h i l i c constituents of a ce l l . C o m p o u n d s w h i c h act on these l ipo 
p h i l i c structures should also show apprec iable l i p o p h i l i c properties i n 
order to be b o u n d b y them. A c c o r d i n g to H a n s c h (5 , 6) the l i p o p h i l i c 
character of compounds can be represented b y their part i t i on coefficients 
i n the octanol-water system. Therefore w e have measured the part i t i on 
coefficients for our nitrothiazoles i n an o c t a n o l - p H 7.4 buffer a n d i n c l u d e d 
them i n our regression study. A comparison between the t w o single-
var iab le equations, 1 a n d 2, shows that the electronic a n d the l i p o p h i l i c 
parameters are approx imate ly of equa l importance. A l t h o u g h neither 
correlat ion is h i g h l y significant, the l inear combinat ion of the t w o gives 
a good result i n E q u a t i o n 4. H o w e v e r , the add i t i on of a ( l og P ) 2 t erm 
i n E q u a t i o n 5 is a significant improvement a n d results i n a n excellent 
correlat ion that explains approximate ly 9 0 % of the var iance i n the b io 
l og i ca l data. If w e take into account the inaccuracies of the b io log i ca l 
data a n d the s i m p l i f y i n g assumptions as far as Eh is concerned, the qua l i ty 
of this correlat ion is as h i g h as can be expected i n this b io log i ca l system. 

E q u a t i o n 4 impl ies a parabo l i c re lat ionship between act iv i ty a n d 
log F — a phenomenon often observed i n quant i tat ive s t ruc ture -ac t iv i ty 
studies (7,8). Po lar drugs can penetrate ce l l wal ls on ly s lowly ( 9 ) . W i t h 
a n increase i n the l i p o p h i l i c character of the drugs an increase i n pene
trat ion ( a n d therefore i n ac t iv i ty ) is observed. H o w e v e r , ac t iv i ty cannot 
cont inuously increase l inear ly w i t h the l i p o p h i l i c character of the mole 
cules. T h e b io log i ca l mater ia l also is heterogeneous as far as its l i p o 
p h i l i c character is concerned. M e m b r a n e s , organelles, or mul t i enzyme 
complexes, for example, are very l i p o p h i l i c ce l l components, a n d there
fore very l i p o p h i l i c drugs are preferential ly bound . O n the other h a n d , 
enzymes of the p lasma, nuc le i c acids, or proteins of the culture m e d i u m 
have a lower degree of l i p o p h i l i c character, a n d therefore compounds 
w i t h intermediate l i p o p h i l i c properties are preferent ial ly b o u n d b y the 
latter components. T h i s explains w h y a n o p t i m a l range of l i poph i l i c i t y 
exists for d r u g molecules ac t ing on a certain receptor compartment . F r o m 
E q u a t i o n 5 i t can be conc luded that compounds w i t h part i t i on coeffi
cients of 1.83, w i t h the 9 5 % confidence l imits rang ing f rom 1.6 to 2.4, 
should have especial ly favorable t r i chomoni c ida l activit ies. I n T a b l e I 
the observed in vitro t r i chomoni c ida l activit ies a n d those pred i c ted from 
E q u a t i o n 5 are compared . Genera l l y a good agreement between measured 
a n d ca lculated b io log i ca l activities is observed. 
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7. KUTTER E T A L . 2rMethyleneamino-5-Nitrothiazoles 109 

I n a development stage, w h e n w e h a d data for on ly 8 -10 points 
mean ing fu l correlations were s t i l l possible. T h u s , equations analogous 
to E q u a t i o n 5 have been effective guides to further synthesis of n i t ro -
thiazoles possessing h i g h act iv i ty in vitro. 

T o be able to compare in vitro a n d in vivo correlations w e also tested 
a l l 18 nitrothiazoles in vivo. M i c e were infected intraper i toneal ly w i t h a 
le thal amount of tr ichomonades a n d then treated w i t h different dosages 
of a ni trothiazole der ivat ive . 

A s the in vivo data i n T a b l e I show, great differences compared w i t h 
in vitro activities are immediate ly discernible . T h u s , there are n o w h i g h l y 
act ive compounds i n a l l three groups. O n the other h a n d , some of the 
compounds w i t h good in vitro activities have proved to be inact ive in 
vivo. Therefore , i t was interest ing to check whether those parameters 
w h i c h are relevant in vitro are also useful i n expla in ing the var iance i n 
the in vivo data. 

log (1 /C ) = - [ 0 . 1 3 2 ( ± 0 . 2 9 ) 1 (log P)2 + [0 .562(±0.86)] log Ρ 
+ [3 .37(±5.27) ] Eh + 1 .02(±1.40) (6) 
η = 15 s = 0.173 r2 = 0.443 r = 0.665 

N a t u r a l l y the three compounds w h i c h were inact ive in vivo c ou ld 
not be i n c l u d e d i n the in vivo correlation. E q u a t i o n 6 is on ly significant 
at the 9 0 % confidence level . I n the two equations, coefficients of the 
same parameters a n d intercepts have ident i ca l signs. H o w e v e r , i n E q u a 
t i on 6, coefficients general ly are lower , a n d confidence l imits are larger 
than those i n E q u a t i o n 5. Moreover , E q u a t i o n 6 can on ly exp la in 4 4 % 
of the variance i n the in vivo data w h i l e E q u a t i o n 5 explains 8 9 % of the 
variance i n the in vitro data . Therefore i t is no surprise that E q u a t i o n 6, 
unl ike E q u a t i o n 5, cannot be used for predict ions. O f course, a h i g h 
ox idat ion potent ia l a n d a certain degree of l i p o p h i l i c i t y are also i m p o r 
tant factors for h i g h in vivo act iv i ty . H o w e v e r , the in vivo system is m u c h 
more compl i cated than the in vitro system, a n d therefore add i t i ona l p a 
rameters come into p lay . N o t only do the nitrothiazoles affect the p a r a 
sites in vivo bu t the drugs themselves are affected b y the host. T h e 
natura l defense mechanisms can only overcome the infect ion w h e n an 
active b l ood a n d tissue l eve l of a par t i cu lar d r u g can be mainta ined for 
a sufficiently long t ime. Therefore , the pharmacokinet i c properties of 
the nitrothiazoles are decisive as concerns the in vivo ac t iv i ty of the in 
vitro act ive derivatives. 

W e w i s h e d to discover w h i c h pharmacokinet i c property is of special 
importance for nitrothiazole in vivo act ion. I n a separate experiment i t 
was shown that part ic le size h a d no decisive influence on in vivo act iv i ty . 
Increasing exper imental evidence indicates that absorpt ion a n d d i s t r i b u -
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110 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

t i on of drugs w h i c h fo l l ow a passive penetrat ion mechanism are largely 
governed b y their l i p o p h i l i c properties (10,11). I n add i t i on , some authors 
have shown that metabol ism a n d e l iminat i on are also a funct ion of the 
l i p o p h i l i c i t y of the drugs (12, 13). A s ment ioned earlier, the l i p o p h i l i c 
properties of the nitrothiazoles shou ld be reflected b y their l og Ρ values. 
Log Ρ is already i n c l u d e d as a parameter i n the in vivo correlat ion, E q u a 
t i on 6. H o w e v e r , the poor qua l i ty of this correlat ion indicates that this 
parameter does not account for a l l of the pharmacokinet i c properties of 
the nitrothiazoles. 

. £ 1 . . /O î metabolic 
CLN S N=<T I — — > CLN S N = <, J 

7 \ κ h y d r o x y l a t i o n 2 ^ 
H O - C H 2 - C H 2 H O - C H 2 - C H 2 

V VI Ç H , trW CH 3 

CH 3 
CH. 

VII Η C H 3 VIII Η CH 3
 3 

ED 50^17 = 37.5mg/kg ED 50±I7 = 25.0 mg/kg 

Figure 4. Metabolic behavior and activities of some Ο-type nitro-
thiazole derivatives 

F r o m the results of p r e l i m i n a r y metabol i c studies w e conc luded that 
the kinetics of metabol ism of the nitrothiazoles cannot only be control led 
b y the l ipophi l i c i t ies of these drugs. T h i s hypothesis was supported b y 
two independent exper imental findings. I n F i g u r e 4 structure V I repre
sents a metabol ite of a n O-type der ivat ive . V is subject to metabol i c 
hydroxy la t i on at a r i n g C H 2 group. T h e metabol ite V I can be f ound i n 
h i g h concentrations i n the ur ine of mice . T h i s indicates that one of the 
m a i n metabol i c pathways of degradat ion of the O-type derivatives is a 
metabol i c attack at the r i n g C H 2 groups. O n the basis of this finding the 
h i g h in vivo act iv i ty of the two h i g h l y methylated O- type derivatives 
VII a n d V I I I , w h i c h is surpr is ing i n l i ght of their moderate in vitro ac
t iv i ty , can easily be expla ined b y a b lockade of an important metabol i c 
degradat ion p a t h w a y for these drugs. A d d i t i o n a l support for the h y 
pothesis that steric factors are important i n nitrothiazole metabo l i sm 
comes f rom a study us ing opt i ca l isomers. 

T h e two opt i ca l isomers shown i n F i g u r e 5 were synthesized a n d 
tested for their t r i chomoni c ida l act iv i ty in vitro a n d in vivo. B o t h isomers 
have the same ox idat ion potentials a n d ident i ca l par t i t i on coefficients. 
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7. KUTTER E T A L . 2-Methyleneamino-5-Nitwthiazoles 111 

F o r h i g h in vitro ac t iv i ty o n l y these two parameters were significant. 
Therefore i t is not surpr is ing that the two opt i ca l isomers show ident i ca l 
in vitro t r i chomoni c ida l act ivit ies ; however , there is a h i g h l y significant 
difference i n their in vivo activit ies. 

Penetrat ion a n d d i s t r ibut ion properties should show no difference 
for the two isomers since they bo th have ident i ca l part i t i on coefficients. 
H o w e v e r , one c ou ld argue that the passive penetrat ion process c o u l d be 
different for the two opt i ca l isomers because of a certain stereoselective 
preference of absorpt ion for one of the isomers b y proteins. T h i s seems 
h i g h l y u n l i k e l y tak ing into account the insignificance of these effects (14). 
I n add i t i on , examples in vivo are k n o w n where no difference i n penetra
t ion properties for opt i ca l isomers c ou ld be observed (8, 15). O n the 
other h a n d , i f these effects contr ibute signif icantly to the penetrat ion 
phenomenon, one w o u l d at least expect an ind i ca t i on of such an effect 
i n the prote in -r i ch in vitro cul ture m e d i u m . H o w e v e r , i n compar ing in 
vitro a n d in vivo data i n F i g u r e 5, noth ing can be f ound to support this 
hypothesis. 

A g a i n , metabol ism seems to be important i n ra t i ona l i z ing the ob
served differences i n the in vitro a n d in vivo data. If one assumes that 
the metabol ic enzymes show some degree of stereospecificity, differences 
i n the kinetics of metabol ism for the two opt i ca l isomers w o u l d result. 
A k inet i c study w i t h mice on the amount of certain metabolites excreted 
b y the k idney confirms this po int of v iew. A l l nitrothiazoles of the O- type 
have an ultravio let ( U V ) m a x i m u m at 375 π\μ. Therefore a l l metabolites 
w h i c h s t i l l contain this chromophore , w h i c h is characteristic for the 
O-type compounds, can be co l lect ive ly determined UV-spec troscop i ca l ly . 
A comparat ive k inet i c study of the two isomers over a 24-hour per i od 
reveals different metabol i c behavior . T h i s strongly supports the h y p o t h 
esis that the kinetics of metabo l i sm is an important factor for ni trothiazole 
in vivo act ivity . M o re o v e r one can conclude that i n this case metabo l i sm 
proceeds h igh ly stereospecifically. 

3 

Figure 5. Structure-activity parameters of two optical isomers 

S configuration R configuration 
[a]z,M - 51.7° (c = 0.1 g/100 ml, + 51.4° (c = 0.1 g/100 ml, 

ethanol) ethanol) 
MIC (T. foetus): 1.62a ng/ml MIC (T. foetus): 1.88a agitai 
EDso (mice): 145 mg/kg (127-165)» ED50 (mice): 61 mg/kg (46Sl)b 

a Mean values, difference not significant at the 95% confidence level 
b 95% confidence limits (Lichtfield and Wilcoxon) 
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112 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

A Β A Β 

Figure 6. Simplified models for the steric requirements of the "nitroreductase'* 
of the trichomonades (left) and of the metabolic enzymes receptor site (or sites) 

in mice (right) 

I n F i g u r e 6, the complexi ty of the in vivo s i tuation compared w i t h 
in vitro becomes obvious. T h e in vivo data are the result of the interac
t ion of the nitrothiazoles w i t h at least two different k inds of receptors. 
A s can be seen i n F i g u r e 6, the steric requirements for the two sites are 
different. T h e inact iv i ty of c o m p o u n d I X suggests that part A of the 

nitrothiazole molecule is attached stereospecifically to the nitroreductase 
of the tr ichomonades w h i l e part Β can be v i sua l i zed as the transport 
part of the nitrothiazoles I I I , w h i c h ind i rec t ly can also influence the 
electronic properties of part A . I n the set of nitrothiazoles i n T a b l e I 
substituents were only changed i n part Β of the nitrothiazole moiety 
a n d the steric properties of part A were kept constant. Therefore , the 
stereospecific requirements of the interact ion of part A w i t h the n i t ro 
reductase are not reflected i n Equat i ons 5 and 6. O n the other h a n d , as 
is obvious f r om the const itut ion of the metabol i te V I a n d the study w i t h 
the opt i ca l isomers, part Β of the nitrothiazoles seems to be attached 
stereospecifically to the metabol ic enzymes of the host. T h e H a n s c h 
m o d e l is deve loped under the s i m p l i f y i n g assumption that there are 
c r i t i ca l steps at on ly one site of act ion w h i c h are decisive for the macro -
scopical ly observable b io l og i ca l result (16). O n the basis of the above 

C H 3 

C H 2 — C H 2 — O H 

I X : inact ive against T.foetus at 100 μg/ml 
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7. KUTTER E T A L . 2-Methyleneamino-5-Nitrothiazoles 113 

considerations it seems that i n some cases this m o d e l has to be refined 
to account for more complex situations. 

Conclusions 

T h e H a n s c h approach can be a useful a n d t ime-saving method w h i c h 
facil itates the compl i cated task of d r u g design. T a k i n g into account the 
large number of new nitrothiazoles w h i c h c o u l d be conceived, the use
fulness of the in vitro correlat ion as a predict ive guide for further syn
thesis cannot be overestimated. O n the other h a n d , one should not be 
too surpr ised i f w i t h a l i m i t e d set of data points no significant in vivo 
correlat ion can be found. T h e complex nature of an in vivo result m a y 
often lead to a situation where no great difference exists between the 
amount of b io log i ca l data at h a n d a n d the numbers of parameters nec
essary to expla in the var iance i n the data. O f course, a good correlat ion 
cannot be expected under these circumstances. A l t h o u g h good in vivo 
correlations were f ou n d i n several instances (8, 17—19), a major break
through i n this field presupposes an increase i n our knowledge as far as 
the correlations between the kinetics of metabol ism a n d the chemica l 
structures of drugs i n general are concerned. T h i s indicates the i m p o r 
tance of suitable in vitro test systems. Phys i cochemica l parameters w h i c h 
have proved to be important for h i g h in vitro ac t iv i ty can then be used 
as a further guide for the synthesis of compounds h i g h l y act ive in vivo. 
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Comparison of the Hansch and Free-Wilson 
Approaches to Structure-Activity Correlation 

PAUL N. CRAIG 

Craig Chemical Consulting Services, Inc., Ambler, Pa. 19002 

The basic principles on which the Hansch multiple param
eter method for structure-activity correlation depends are 
described. These are compared with the basic features of 
the Free-Wilson method for assigning additivity constants 
to structural features of related compounds. An example is 
given for which the two methods of analysis have led to 
similar structure-activity relationships. Factors which deter
mine the particular method to use in a new situation are 
discussed. The Free-Wilson method is presented in con
siderable operational detail with special emphasis on the 
detection and avoidance of situations which lead to singu
larity problems in solution of the matrix. Favorable analyses, 
which result in additivity constants that can be correlated 
with known physical constants, may lead to predictions for 
new compounds not covered in the original matrix. 

/ T , h e two methods of s t ruc ture -ac t iv i ty correlat ion w h i c h have received 
the most appl i cat ion i n the past decade are the H a n s c h m u l t i p l e 

parameter method , or the so-called extrathermodynamic approach , a n d 
the F r e e - W i l s o n , or addi t ive model . T h e basic differences a n d similarit ies 
of these methods are discussed i n this presentation. 

The Hansch Multiple Parameter Method 

Since this entire book has been structured around this method , i t w i l l 
not be discussed i n great deta i l , but the highl ights of the method w i l l be 
summar ized . T h e reader is referred to an excellent rev iew b y H a n s c h ( 1 ), 
w h i c h bo th describes the method a n d places it i n a proper h is tor i ca l 
perspective. 

115 
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116 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

T h e m u l t i p l e parameter approach tests for s imple mathemat i ca l equa
tions w h i c h can relate the b io log i ca l activities of a series of closely 
re lated compounds to one or more phys i ca l parameters, w h i c h m a y be 
measured or ca lculated for these compounds. T h e parameters m a y be 
used s ingly or together, or i n combinat ion as l inear a n d squared terms 
w h i c h can show parabo l i c relationships. M a n y possible combinations of 
parameters can be considered, and m u l t i p l e regression analysis is em
p l o y e d to obta in statistical parameters for a l l combinations of parameters 
studied. T h e b io log i ca l data are assumed to be more var iable a n d less 
accurately determined than the phys i ca l parameters. H e n c e the b io log i ca l 
data are assigned the role of the dependent var iable , and the phys i ca l 
parameters are considered as independent variables i n the regression. 

T h e statistical parameters w h i c h result f rom the regression enable 
one to reject those relationships w h i c h are not statist ical ly significant a n d 
to choose f rom those equations, w h i c h do pass s tandard statistical tests 
for significance, the ones w h i c h best expla in the observed b io log i ca l data. 
O f course, c ommon sense must s t i l l p lay a role i n the evaluat ion of mean
i n g f u l equations, but the statist ical parameters can be p o w e r f u l guides, 
especial ly i n rejecting or quest ioning the v a l i d i t y of relationships ex
pressed b y the mathemat i ca l equations. T y p i c a l equations w h i c h often 
are f ound to relate b io log i ca l activities w i t h phys i ca l parameters in c lude : 

L o g ί = a + b% (1) 

L o g ^ = a + 6x + C J (2) 

L o g ^ = a + 6x — cx 2 + άσ (3) 

L o g ί = a + 6x - cx 2 + da + eE. (4) 

T h e symbols π, σ, a n d Es refer to the substituent constants for par t i t i on , 
polar , a n d steric factors ( J ). 

I n pract ice , what is sought is usual ly the simplest equation w h i c h is 
not i m p r o v e d b y add i t i on of further terms. B y " improvement" is meant a 
statist ical ly significant reduct ion i n the overal l variance. W h e n such an 
equat ion is obtained, subst itut ion of the phys i ca l parameters for sub
stituents not yet s tudied can be made, a n d the equat ion leads to a pre 
d i c t i on of the b io log ica l act iv i ty of the unprepared compound . 

A d d i t i o n a l structure—activity in format ion can be obta ined w h e n a 
parabol i c re lat ionship i n the part i t i on term is observed, p r o v i d e d the sign 
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8. CRAIG Comparison of Hansch and Free-Wilson Approaches 117 

of the coefficient for the squared term is negative. A n o p t i m a l value 
for the part i t i on factor can be obta ined b y dif ferentiating the equat ion 
w i t h respect to π or P; this results i n the op t ima l F value ( l og F ° ) . 
T h i s can be a va luable guide i n the design of new molecules w h i c h m a y 
differ considerably i n structure f rom those s tudied i n the regression 
analysis. I f a posit ive coefficient is obta ined for the square of part i t i on 
term, the equat ion must be rejected as it impl ies that any change i n par 
t i t i on ing w i l l result i n an increased b io log i ca l act iv i ty ; such a m i n i m u m 
has never been encountered. O f course this applies to the use of log 
1 / C as the method for quant i tat ing the b io log i ca l activities of the c om
pounds under study. 

T h e most c ommon error i n app l i cat ion of this method lies i n a lack 
of apprec iat ion of the m i n i m u m statistical requirements invo lved . T h u s , 
one needs to have about five wel l -chosen compounds for every var iab le 
term i n a H a n s c h analysis i n order to feel confident about the results. 
F o r example, an equat ion such as E q u a t i o n 2 above should be der ived 
f rom 10 or more compounds, a n d one such as E q u a t i o n 3, f rom 15 or more 
examples. A smaller number of examples per t e rm may lead to useful 
results, bu t one cannot often support these results b y statistics. A frequent 
abuse is seen w h e n a large number of var iab le terms are used i n a c o m 
plex equat ion ( four or more terms) w h i c h was der ived f rom on ly 10 or 
12 examples. T h e statistician w o u l d prefer to have 15 to 20 more com
pounds than the degrees of freedom i n the result ing equat ion ; not often 
is this luxury met. 

The Free-Wilson Additivity Model 

U n l i k e the H a n s c h approach , i n this m o d e l no assumptions are made 
concerning phys i ca l parameters w h i c h m a y p l a y a role i n determining 
the b io log i ca l act iv i ty . Instead, a series of de novo substituent constants 
is obta ined us ing only the exper imental ly obta ined b io log i ca l test data 
a n d the f o l l o w i n g basic assumption : every t ime a part i cu lar substituent 
group appears at the same place i n the molecule , i t is assumed that it w i l l 
p lay a constant role towards determining the over -a l l b i o l og i ca l act iv i ty 
of the molecule (2). It m a y contr ibute to, or detract f rom, the over-a l l 
b io log i ca l act iv i ty , but it must always p lay the same role. 

T h i s basic assumption is checked b y means of the statistical p a r a m 
eters w h i c h result f rom solution of the matr ix , w h i c h expresses the 
assumption stated above i n the f o l l o w i n g equat ion for each c o m p o u n d : 

Bio logical A c t i v i t y = μ + Σ GiXi 

where μ is the average b io log i ca l act iv i ty , a n d GiXt represents the act iv i ty 
contr ibut ion for the i t h group at the i t h posit ion. I n structur ing the matr ix , 
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X becomes 0 or 1, i n d i c a t i n g the absence or presence of a part i cu lar 
group at posi t ion X . T h e matr ix thus represents a series of equations i n 
mul t ip l e unknowns , one equat ion for each compound . Its solution gives 
the values for the de novo substituent constants for every substituent at 
each posi t ion ( = G / X ; ) . ( A more complete discussion is g iven be low. ) 

If the statistical parameters obta ined upon solut ion of the matr ix 
indicate that the add i t i v i ty assumption is v a l i d , the de novo constants can 
then be used to predict the act iv i ty of (a ) those compounds used i n 
der ivat ion of the constants a n d ( b ) a l l possible combinations of the var 
ious groups at each posit ion. T h i s is not m u c h of a saving w h e n one has 
only two or three positions of a molecule w h i c h can be substituted, but 
i n more complex situations this can be a power fu l tool . A n example is 
g iven below, where six different positions of the phenanthrene r i n g were 
substituted w i t h three, three, six, three, six, a n d three substituents, 
respect ively : 

T h i s represents 3 χ 3 χ 3 χ 6 χ 6 χ 3 = 2916 possible compounds. A 
good F r e e - W i l s o n analysis was obtained f rom only 42 of the possible 
analogs; the preparat ion of these 42 compounds enables one to predic t 
w i t h a fa ir assurance the approximate ant imalar ia l ac t iv i ty to be expected 
for almost 2900 unprepared analogs. 

T h e m i n i m u m number of compounds requ i red for a F r e e - W i l s o n 
type of analysis w i l l v a r y depend ing u p o n the number of positions sub
st ituted a n d the n u m b e r of substituents at each posit ion. T h e formula 
for the absolute m i n i m u m requ i red to permit a solution of the complex 
set of equations i n m u l t i p l e unknowns is Ν = 1 + ( A — 1) -\- (Β — 1) 
+ ( C — 1) -f- . . . , where A, B, C are the number of substituents at each 
posit ion. T h i s m i n i m u m should be exceeded b y 10-20 compounds a l 
though useful results can sometimes result f rom as few as five compounds 
i n excess of the m i n i m u m . 

T h e fundamenta l point w h i c h differentiates between the two meth 
ods is the f o l l o w i n g : the H a n s c h method seeks for correlations between 

H O — C H — C H 2 — Β 

Β = 3 groups 
R i = 3 groups 
R2 = 3 groups 

R3 = 6 groups 
R 6 = 6 groups 
R 7 = 3 groups 
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variable b io log i ca l activities a n d var iable phys i ca l parameters whereas 
the F r e e - W i l s o n method uses only the b io log ica l activities as var iab le 
terms, a long w i t h exact in format ion as to the presence or absence of each 
substituent group. Therefore, the de novo substituent constants w h i c h 
result embody a l l factors, k n o w n or u n k n o w n , that p lay roles i n deter
m i n i n g the b io log i ca l act iv i ty of the part i cu lar compounds under study. 

It is obvious that there are cases where groups w i l l interact w i t h 
each other a n d hence cannot have only add i t ive effects. F u j i t a a n d B a n 
(3) have reported a successful attempt to inc lude possible interactions 
i n a F r e e - W i l s o n type of analysis. I n a study of a series of substrates 
for dopamine- /?-hydoxylase, a series of dopamine analogs was studied. 
I n add i t i on to the usua l F r e e - W i l s o n matr ix a term was added to a l l ow 
for the interact ion w h i c h might be possible f rom h a v i n g two h y d r o x y l 
groups p laced ortho to each other or f rom a h y d r o x y l group ortho to a 
methoxy l group. These terms were added to the regular matr ix as a h y 
pothet ica l new pos i t ion ; the statistical parameters were then compared 
w i t h those for the convent ional r u n . T h e add i t i on of the term expressing 
the ortho re lat ionship of the methoxy l and h y d r o x y l groups d i d give a 
significant improvement to the correlat ion whereas the term expressing 
the ortho relat ionship of two h y d r o x y l groups d i d not improve the regular 
correlation. T h e value for the interact ion term h a d a negative coefficient, 
showing that this interact ion resulted i n a reduct ion of the b io log i ca l 
act iv i ty . 

Overlaps Between the Two Methods 

C a m m a r a t a compared the F r e e - W i l s o n constants der ived for a series 
of tetracycl ine analogs w i t h some phys i ca l constants, a n d f o u n d a re la 
t ionship w h i c h invo lved two parameters ( 4 ). I n as yet u n p u b l i s h e d w o r k 
on ant imalar ia l compounds I have f ound good l inear relationships to 
exist between certain F r e e - W i l s o n substituent constants ( S . C . ) a n d 
Hansen's " p i " or Hammett ' s " s i gma" constants for the same substituents. 
These relationships are shown i n T a b l e I. 

Table I. Relationships among Parameters 

R* 
Group S.C. Pi Sigma para) S.C. 

C F 3 0.332 1.16 0.54 0.476 
B r 0.223 0.86 0.23 0.388 
CI 0.0688 0.71 0.23 - 0 . 1 1 8 
H - 0 . 2 5 7 0 0 - 0 . 4 3 1 
F - 0 . 2 6 5 0.14 0.06 - 0 . 1 5 9 
O C H 3 - - 0 . 0 2 - 0 . 2 7 - 0 . 5 1 0 
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Figure 1. Two-dimensional plot of pi vs. sigma constants for aromatic sub-
stituents. The constants for the particular groups listed in Table I lie essentially 

on a straight line. 

T h e substituent constants at R 3 a n d R 6 correlate qu i te w e l l w i t h bo th 
the p i a n d s igma (para ) constants as shown b y correlat ion coefficients of 
f rom 0.89 to 0.99. I n hindsight , one w o u l d expect that the H a n s c h 
method shou ld give good results us ing either p i or s igma constants as 
parameters. A c t u a l l y , H a n s c h a n d I h a d previous ly obta ined such cor
relations f rom the same set of data, a n d these results represent agreement 
between the two different methods. H o w e v e r , w e were unable to dec ide 
between par t i t i on or po lar factors as either one alone gave good corre
lations. T h e prob lem was found to reside i n the part i cu lar choice of 
substituent groups s tudied ; a two-d imens ional plot of p i vs. s igma con
stants for aromatic substituents shows that the part i cu lar groups studied 
(see above l i s t ) l i e essentially on a straight l ine . Therefore they cannot 
l ead to a choice between them. T h i s two-d imens iona l p lot is reproduced 
i n F i g u r e 1; a more complete discussion of this "covariance" p r o b l e m has 
been pub l i shed ( 5 ) . 

W h e n w h i c h of these methods to app ly to a given set of data is 
considered, the choice w i l l usual ly depend u p o n the number a n d type 
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8. CRAIG Comparison of Hansch and Free-Wilson Approaches 121 

of analogs w h i c h have been prepared . O n e should have data for at least 
five more compounds than the m i n i m u m requ i red for solut ion of the 
F r e e - W i l s o n matrix . I n add i t i on , one should have two or more examples 
for each group at every posit ion, i f possible, to increase the confidence 
w i t h w h i c h one can a p p l y the results. 

T o a p p l y the F r e e - W i l s o n method , one must have a series of closely 
related structures whereas the H a n s c h method may be a p p l i e d to series 
of compounds w i t h qui te different structure, p r o v i d e d one has data for 
one or more phys i ca l parameters for a l l of the compounds i n question. 
W h e n one has only 8 -12 compounds, on ly the H a n s c h method m a y be 
used. 

F r e e intended this approach to be used as a guide to proper exper i 
mental design for the chemist, i n p l a n n i n g his choice of analogs for 
preparat ion. B y advance p lann ing one can avo id the s ituation descr ibed 
above where one has only one example of a substituent at a part i cu lar 
posit ion. 

Detailed Discussion of the Free-Wilson Additivity Model 

I n 1964, F r e e a n d W i l s o n introduced the method for structure—ac
t iv i ty correlat ion w h i c h is based u p o n the assumption that each substituent 
group i n a molecule at a specific pos i t ion makes a constant addi t ive con
t r ibut i on towards the overa l l b io log i ca l ac t iv i ty of the molecule . O n e 
sets u p a series of equations, one per compound , w h i c h mathemat ica l ly 
expresses this concept. So lut ion of these m u l t i p l e equations i n m u l t i p l e 
unknowns is obta ined b y the method of least squares, us ing computer 
techniques, a n d the result ing statistical parameters a l l ow one to judge 
whether or not the or ig ina l assumption of add i t i v i ty was v a l i d for the 
part i cu lar set of b io log i ca l data studied. If add i t i v i ty is confirmed, the 
m o d e l m a y be used to predic t approximate bioactivit ies for those com
binations of substituent groups w h i c h have not been prepared . 

T h e ranges of substituent values at each posi t ion he lp ident i fy those 
positions i n the molecule w h i c h are most sensitive to change i n substituent; 
these are the positions where favorable groups may be expected to i n 
crease act iv i ty apprec iably . I n add i t i on , the relative activities of the 
substituent groups at a part i cu lar posit ion often suggest relationships 
( such as w i t h p i a n d sigma above) w h i c h can lead to extrapolations to 
suggest groups not or ig inal ly s tudied w h i c h m a y be w o r t h prepar ing . 

Addit ivi ty—The Basic Premise. T h e concept of add i t i v i ty of sub
stituent group contributions is merely an expression of the m e d i c i n a l 
chemist's in tu i t i on w h i c h has so successfully l e d to the development of 
useful therapeutic agents i n the past 70 years. H o w e v e r , i t is such a basic 
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concept that the chemist must question i t a n d must consider its i m p l i 
cations. 

There are certainly cases where synergistic effects are seen ( 3 ) , a n d 
these are not compat ib le w i t h the concept of add i t iv i ty . M a n y successful 
studies have conf irmed the general concept, and the method has a b u i l t - i n 
check i n that the statistical parameters ( F value, R 2 , s tandard deviat ion) 
a l l ow one to check the v a l i d i t y of the o r ig ina l assumption w i t h regard 
to the actual set of b io log i ca l data under consideration ( 6 ) . Therefore , 
one is not w i thout guidel ines i n us ing this technique, a n d the process 
can be he lp fu l even i f add i t i v i ty is not confirmed, as that i n itself can 
prov ide useful in format ion . A major check of the analysis is p r o v i d e d 
w h e n the activit ies of each of the compounds are ca lculated us ing the 
der ived substituent constants. T h e deviations between the observed a n d 
ca lculated bioact ivit ies can po int out part i cu lar compounds w h i c h are 
poor ly calculated. I n a n as yet u n p u b l i s h e d case the large dev iat ion for 
one c o m p o u n d was used to question the structure, a n d indeed , a rear
rangement h a d occurred d u r i n g its preparat ion w h i c h resulted i n an 
incorrect assignment of its structure. T h e more usual cause of large 
deviations is i n the b io log i ca l test results as these are often difficult to 
quantitate reproduc ib ly . O f course, a large dev iat ion may also point 
towards other causes of non -add i t iv i ty such as chelat ion effects, hydrogen 
bond ing , or special steric considerations. 

T h e general prob lem of lack of accurate reproduc ib i l i ty of the b io 
log i ca l test data usual ly results i n an unavo idable standard dev iat ion of 
about 0.20 to 0.25 log 1 / C units. T h u s " a d d i t i v i t y " real ly means that 
s l ight variations of this magni tude f rom strict add i t i v i ty c o u l d not be 
detected. 

It should be po inted out here that the H a n s c h method , too, assumes 
that each substituent plays a constant a n d addit ive role f rom c o m p o u n d 
to compound , a n d it , too, is l i m i t e d b y the almost i r reduc ib le standard 
deviat ion of about 0.2 or 0.25 log 1 / C units ( 8 ) . I n a recently pub l i shed 
paper, C a m m a r a t a treats the relationships a n d assumptions invo lved i n 
the H a n s c h a n d F r e e - W i l s o n methods f rom a systematic point of v i e w ( 8 ). 

Procedure. T h e F r e e - W i l s o n method is most useful w h e n three or 
more positions of a molecule are subjected to var iat ion ; a l though one 
can a p p l y the method to cases where on ly two positions are invo lved , 
s imple in tu i t i on can do about as w e l l i n such s imple cases. A s the com
plexi ty of the structural changes increases, this method becomes more and 
more va luable , a n d i n very compl i cated systems w i t h substituents at m a n y 
positions, i t can be extremely he lp fu l . T h e f o l l owing treatment w i l l i l lus 
trate the method i n general terms. T h e f o l l owing generic f o rmula repre-
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sents a f ami ly of compounds, a l l hav ing a common structure X w h i c h is 
substituted at R i , R 2 , a n d R 3 : 

R : 

L e t us assume that there are 15 compounds i n this series; at R i w e 
have four different groups, at R 2 , five groups, a n d at R 3 , five groups. 
C o m p a r a t i v e b io log ica l data are avai lable for a l l fifteen compounds. T h e 
b io log i ca l data may be expressed i n quanta l units {e.g., 0,1,2,3,4), or i n 
activities re lat ing them to a standard agent, or most conveniently , i n 
terms of log 1 / C values where C is the molar concentration of test c om
p o u n d w h i c h causes a standard effect. I n the case of who le a n i m a l s tud
ies, C is usual ly expressed as m o l e s / k g test an imal . B y use of log 1 / C 
posit ive increases i n value mean increased b io log i ca l act iv i ty . A struc
tura l matr ix is assembled i n T a b l e I I . 

Table II. Structural Matrix 

Compound R 1 R2 

Number Log 1/C A Β C D Ε F G H I J κ L M Ν 

1 1.02 1 0 0 0 1 0 0 0 0 1 0 0 0 0 
2 3.01 1 0 0 0 0 1 0 0 0 1 0 0 0 0 
3 2.53 1 0 0 0 0 0 1 0 0 0 1 0 0 0 
4 3.21 0 1 0 0 0 0 0 1 0 0 1 0 0 0 
5 3.10 0 1 0 0 0 0 0 1 0 0 0 1 0 0 
6 2.89 0 1 0 0 0 0 0 0 1 0 0 1 0 0 
7 1.98 0 1 0 0 1 0 0 0 0 0 0 0 1 0 
8 2.45 1 0 0 0 0 1 0 0 0 0 0 0 0 1 
9 3.05 0 0 1 0 1 0 0 0 0 0 0 0 0 1 

10 2.70 0 0 1 0 0 1 0 0 0 1 0 0 0 0 
11 2.40 0 0 1 0 0 0 1 0 0 0 0 0 1 0 
12 2.78 0 0 0 1 0 0 1 0 0 0 1 0 0 0 
13 2.98 0 0 0 1 0 0 0 0 1 0 0 0 0 1 
14 1.80 0 0 0 1 0 0 0 0 1 0 0 0 1 0 
15 3.15 0 0 0 1 0 0 0 1 0 0 0 1 0 0 

N u m b e r of examples 4 4 3 4 3 3 3 3 3 3 3 3 3 3 

C o m p o u n d 1 has group A at posit ion R i , group Ε at posit ion R 2 , 
a n d group J at posi t ion R 3 . T h u s the matr ix defines the exact structure 
of each compound . T h e only var iable numbers are the log 1 / C values, 
w h i c h are experimental ly determined a n d whose var iab i l i t y is the reason 
w h y so m a n y compounds are r equ i red i n excess of the theoretical number 
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requ i red to achieve a solution. N o assumptions are made about the phys 
i c a l parameters w h i c h m a y be invo lved , a n d on ly the exact s tructural 
data a n d the b io log ica l test data are used to carry out this analysis. T h i s 
matr ix serves as i n p u t to a computer for solution of the f o l l owing equat ion 
by least squares: 

L o g 1 /C = [L + A + B + C + D + E + F 

+ G + H + I + J + K + L + M + N 

I n this equation, μ is the over -a l l average log 1 / C value for the 15 com
pounds, and A through Ν are n u m e r i c a l coefficients, posit ive a n d nega
tive, w h i c h represent the contributions of each group ( A through Ν ) to 
the b io log i ca l act iv i ty ; these constants (de novo substituent constants, 
v a l i d only for this set of data) represent the group contributions to the 
over -a l l b io log ica l act iv i ty . 

T h e basic assumption of add i t i v i ty demands that the f o l l ow ing 
relationships h o l d for this set of data : 

4 A + 4 £ + 3C + 4Z) = 0 ; or A = - B - 3 / 4 C —D (at R i ) 

SE + 3F + 3 C + 3 # + 3 / = 0 ; or E= - F - G - H - I (at R 2 ) 

3 J + ZK + 3 L + SM + 3N = 0 ; or J = - K - L - M - N (for R 3 ) 

These are ca l l ed the restrictive equations; because of these re lat ion
ships between the variables there are real ly only three u n k n o w n terms 
at R i a n d four each at R 2 a n d R 3 . H e n c e there are 3 + 4 + 4 = 11 u n 
k n o w n terms to be solved, plus one more term for the over -a l l average, 
μ. There must be a m i n i m u m of 12 compounds to permit a solution. 
H o w e v e r , since the b io log i ca l test results are the dependent variables , 
a n d each of the b io log ica l test results has a degree of uncertainty , or 
var iab i l i ty , to its value, a number of add i t i ona l compounds is r equ i red 
to g ive a good degree of assurance for the results, i.e., to increase the 
statistical significance of the der ived values for each term (these are 
the so-called de novo substituent constants) . It is desirable to have at 
least five and , preferably , 10 or more compounds i n excess of the m i n i 
m u m requ i red for solution. O u r hypothet i ca l sample case has only three 
more compounds than the 12 requ i red a n d so c o u l d not be expected to 
g ive significant results. 

T h e use of a special m u l t i p l e regression analysis computer program 
w h i c h can inc lude the restrict ive equations proper ly leads d irect ly to the 
proper solution. T o use a standard mul t ip l e regression analysis program 
one must incorporate the restrictive condit ions as fol lows. R e c a l l i n g that 
A = —B — 3 / 4 C — D, the entire c o l u m n for the A term is removed from 
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the matr ix ; s imi lar ly , the columns for Ε and / are removed. N o w w e are 
left w i t h a matr ix w h i c h contains 3, 4, a n d 4 variables at R i , R 2 , a n d R 3 , 
respectively. W h e n in t roduc ing the expression for the compounds w h i c h 
contained the terms A, E, or / , one introduces the equivalent values i n 
the same w a y as i l lustrated i n T a b l e I I I . 

Table III. Contracted Matrix 

Compound 
Number Log 1/C B C D F G H I K L M N 

1 1.02 - 1 - 0 . 7 5 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 
2 3.01 - 1 - 0 . 7 5 - 1 0 1 0 0 - 1 - 1 - 1 - 1 
3 2.53 - 1 - 0 . 7 5 - 1 0 0 1 0 0 1 0 0 
4 3.21 0 1 0 0 0 1 0 0 1 0 0 

So lut ion of the or ig inal matr ix b y a standard program w o u l d give 
incorrect statistical parameters i f the restrictive equations were entered 
d irect ly into the matrix . So lut ion of the contracted matr ix i n T a b l e I I I 
b y a standard program gives exactly the same results as are obta ined 
f rom the o r ig ina l matr ix b y the special program of Free a n d co-workers. 
H o w e v e r , the substituent constants for A , E , a n d / must be ca lculated 
b y use of the restrictive equations w h e n the contracted matr ix is used. 

T h e least squares solution gives the values of μ a n d the substituent 
constants A through N. I n add i t i on , the F value for the over-a l l regression 
is ca lculated , as is the correlat ion coefficient, R. T h e term R 2 ( the v a r i 
ance ) is expressed b y the ( m o d e l sum of squares ) / ( total sum of squares ) , 
and w h e n this value is 8 0 % or somewhat greater, the o r ig ina l assump
t ion of add i t i v i ty of substituent group effects is considered to be sup
ported. T h e remain ing var iab i l i ty of 1 0 - 2 0 % is the res idual var iat ion 
due to b io log ica l test var iab i l i t y a n d is almost inescapable. T h e F value 
offers an add i t i ona l check of the significance of the results; this value 
can be compared w i t h the decis ion statistic " F " value f rom tables to test 
the v a l i d i t y of us ing the der ived substituent constants to calculate the 
b io log ica l activities of the compounds used i n the F r e e - W i l s o n analysis. 
If the F test fails, i t means that one cannot expla in the different b io log i ca l 
activities of the compounds b y use of the add i t i v i ty equat ion ; i n such 
a case one is as w e l l off us ing μ as the ca lculated a c t i v i t y — a sad state 
of affairs indeed . 

I n our hypothet i ca l example, the F value is the one for F 3 , n - These 
subscripts derive f rom the analysis of variance for the regression, where 
3 - f 4 + 4 = l l degrees of f reedom are attr ibutable to the regression, 
a n d 15 — 1 = 14 represents the total degrees of freedom i n the mode l . 
T h e n 14 — 11 = 3 degrees of f reedom w h i c h are attr ibutable to the error 
term. If the observed F va lue exceed the tabular value of 8.76 ( F 3 , u at 
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the 5 % level ) or 26.13 ( F 3 ) 1 1 at the 1% l eve l ) , the der ived solution is 
significant at or above those levels. 

I n prepar ing the matr ix for a F r e e - W i l s o n analysis, one must be 
care ful to avo id situations w h i c h lead to singularities a n d hence cannot 
give a un ique solution. T h e prob l em to be avo ided is i l lustrated i n 
T a b l e I V i n its simplest form. 

Table IV. Situations Leading to Singularities 

Compound — ^ — 
Number Log 1/C A B C D E F 

1 1.2 1 0 0 1 0 0 
2 1.4 0 1 0 0 1 0 
3 1.6 0 0 1 0 1 0 
4 0.9 0 1 0 0 0 1 
5 0.6 0 0 1 0 1 0 
6 2.1 0 1 0 0 0 1 

T o t a l 1 3 2 1 3 2 

C o m p o u n d 1 i n the matr ix represents the un ique occurrence of two 
substituents i n one compound . Th is is readi ly seen as a v io lat ion of the 
m e d i c i n a l chemist's card ina l ru le of m a k i n g only one change at a t ime. 
It is no more possible for the computer to assign values to A a n d D than 
it w o u l d be for a chemist w h o has changed two groups at once to ascribe 
the result ing change i n b io log ica l act iv i ty to either one of the groups 
w h e n he has no other examples of the effects of either group. 

T o detect such problems i n advance of the computer r u n one should 
always prepare the f u l l structure matr ix , a n d each group w h i c h appears 
but once should be checked to be sure that the part i cu lar c ompound 
bear ing that substituent has no other substituent w h i c h occurs only i n 
that compound . M o r e complex singularit ies, w h i c h have the same 
mathemat i ca l basis, are shown i n Tables V a n d V I ; these are encountered 
less often, but should be checked for b y careful study of the o r ig ina l 
matrix . 

I n the latter case, a l though there are three examples of A a n d D , 
they occur i n exactly the same set of compounds, a n d this is equivalent 
to the other cases w h i c h lead to singularities. 

T h i s explains w h y H u d s o n , Bass, a n d P u r c e l l (7 ) obtained two 
different solutions to a matr ix b y m a k i n g different substitutions us ing 
the restrictive equations. T h e i r presentation of the matr ix used is not i n 
its most expanded form but is contracted by appl i cat ion of the restric
t ive equations; this makes it difficult to v isual ize the s ingular i ty prob 
lems. W h e n their matr ix is rewr i t ten i n the complete form, it becomes 
read i ly apparent that their C o m p o u n d s 3 a n d 4 are invo lved i n a s ingu-
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Table V . Complex Singularities 

Compound ^1 ?1 
Number Log 1/C A B C D E F 

1 α 1.2 1 0 0 1 0 0 
2A 0.7 1 0 0 1 0 0 
3 0.9 0 1 0 0 0 1 
4 0.8 0 1 0 0 1 0 
5 1.1 0 0 1 0 0 1 
6 0.3 0 0 1 0 1 0 

T o t a l 2 2 2 2 2 2 
α Cases leading to singularities. 

lar i ty of the type i l lustrated i n T a b l e I V ; their C o m p o u n d s 5 a n d 6 have 
s ingular i ty problems of the type i l lustrated i n T a b l e I. R e m o v a l of these 
four compounds f rom the matr ix leads to a more s imple matr ix w i t h no 
such problems, a n d ident i ca l substituent constants result regardless of 
h o w the restrict ive equations are used—e.g. , a un ique solut ion is obtained. 

Use of the special program developed b y Free , w h i c h w i l l accept 
the entire matr ix , avoids this prob lem as the existence of a s ingular i ty 
prevents any solution f rom be ing obtained. Unfor tunate ly , use of a 
standard regression program w i t h appl i cat ion of the restrictive cond i 
tions, as a lready discussed, can force a solut ion w h i c h is one of a f a m i l y 
of possible solutions; these are not unique , a n d cannot be re l i ed upon . 
T h e technique of s tudying the or ig ina l matr ix i n its entirety, to avo id 
singularit ies, w i l l p inpo int these problems. E l i m i n a t i o n of one or more 
compounds f rom the matr ix w i l l correct the prob lem. 

If hydrogen is considered as one of the substituents at R i , the result
ing va lue of μ ( the average b io log i ca l act iv i ty ) must be considered to be 
the b io log i ca l ac t iv i ty of a hypothet i ca l c o m p o u n d where R i is a non 
entity. I n this case, the substituent constant for hydrogen must be added 
for R i to obta in the value of the ' unsubst i tuted molecule" where R i = H . 

Table VI . Complex Singularities 

Compound Ri i?2 Compound 
Number Log 1/C A Β C D Ε F 

1* 0.9 1 0 0 1 0 0 
2A 0.7 1 0 0 1 0 0 
3 1.3 0 1 0 0 1 0 

1.2 1 0 0 1 0 0 
5 1.1 0 1 0 0 0 1 
6 0.3 0 0 1 0 1 0 

T o t a l 3 2 1 3 2 1 
α Cases leading to singularities. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

00
8

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



128 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

T o avo id this , a n d to place the resul t ing substituent constants on a 
scale relat ive to hydrogen equal to zero, C a m m a r a t a (4) used the tech
n ique of setting the substituent constant for hydrogen as zero b y not 
i n c l u d i n g hydrogen as one of the groups i n the matrix—e.g. , i n T a b l e V , 
neither A , B , C , nor D , E , or F is hydrogen . I n this case, the c o m p o u n d 
where R i a n d R 2 are hydrogen w o u l d be entered as fo l lows : log 1 / C = 
0 0 0 0 0 0 . 

A n add i t i ona l advantage of this approach is that n o w one need not 
a d d the restrict ive equat ion since one var iable ( H ) has been removed 
f rom the matr ix for each posit ion. T h u s a standard mul t ip l e regression 
program can n o w be d i rec t ly employed , tak ing care to avo id the s ingu
lar i ty p rob lem, of course. S h o u l d hydrogen not occur as a substituent 
at one of the positions, one m a y arb i t rar i ly set another substituent group 
at zero as was i l lustrated above for hydrogen. 

Predictive Use of Free-Wilson Substituent Constants. T h e n e w l y 
f ound substituent constants are l i n e d u p i n decreasing order of act iv i ty 
for each posit ion. A pred i c t i on may be made for a l l possible compounds 
ar is ing f rom chemica l ly a l lowable combinations of one group at each 
posit ion. I n these predict ions i t must be remembered that constants 
w h i c h were obta ined for groups w h i c h occurred only once or twice i n 
the matr ix usual ly have a l o w degree of significance. H e r e one should 
be gu ided b y reference to a Τ test va lue to establish the significance of 
the difference between the substituent constants at each posi t ion ( 6 ) . 
O f course, i t is possible to b u i l d the calculations for a l l possible com
binations of the substituents at each posi t ion into a computer p rogram, 
a n d this results i n a l i s t ing of pred ic ted b io log i ca l activities for a l l possible 
compounds. 

Such predict ions must be used w i t h caut ion but can be good guides 
w h e n the statistical parameters are favorable. O n e must avo id the pre
d i c t i on of extreme act iv i ty for unusual ly h i g h l y substituted analogs, w h i c h 
might be almost impossible to prepare. 

F o r the m o d e l i l lustrated i n T a b l e I I , 4 X 5 X 5 or 100 analogs are 
exempli f ied; f rom a study of f rom 20 to 25 compounds we should have 
a good idea of the activities to be expected for the other 75 to 80 analogs. 
T h e higher the standard dev iat ion for the analysis, the lower the accuracy 
of the pred i c ted values w i l l be. F o r t y p i c a l b io log i ca l tests, var ia t ion of 
f rom one-half to twice the observed act iv i ty is about average. 

Extrapo lat ions beyond the confines of the exact substituent groups 
s tudied may be made if, after a study of the list of substituent group 
values at each posit ion, correlations w i t h phys i ca l constants are not iced. 
S u c h correlations m a y be observed b y graphica l procedures, or b y the 
use of regression analysis. T h e use of new groups not yet s tudied can 
n o w be suggested b y reference to tables of phys i ca l constants. E x t r a -
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8. CRAIG Comparison of Hansch and Free-Wilson Approaches 129 

polat ion beyond the l imits of the range of values for those groups a lready 
studied should be careful ly considered, a n d the result ing predict ions 
should not be expected to be very accurate. H o w e v e r , b y this method 
a F r e e - W i l s o n analysis can lead to suggestions for new compounds i n a 
manner s imi lar to use of the H a n s c h method. 
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Structure-Activity Relations 

II. Antibacterial Activity of 3-Benzoylacrylic Acids and Esters 

KEITH BOWDEN and M. P. HENRY 

The University of Essex, Colchester, Essex, England 

The bacteriostatic activity of a series of substituted trans-3-
benzoylacrylic acids has been successfully correlated by 
Hansch linear free energy relations involving polar and par
tition substituent constants. The activity-lipophilicity rela
tions for this series closely parallel those found previously for 
other antibacterial agents, with an ideal lipophilic character 
for gram-positive cells of 6.1 and, for linear dependence, a 
slope of 0.7. A polar reaction constant, ρ, of about —0.6 to 
—0.7 is given. A possible mode of action for these acids 
and their related substituted cis- and trans-3-benzoyl 
acrylic acids and esters is discussed as an enzyme-inhibitor 
interaction. 

' " p h e presence of the k e t o v i n y l groups has been imp l i ca ted i n the a n t i -
·*- bacter ia l act iv i ty of a n u m b e r of substances ( I ) , bo th natura l a n d 

synthetic (1-7). A n example is pen i c i l l i c a c id w h i c h exists m a i n l y i n the 
cyc l i c f o rm ( I ) whereas, at h igher p H , the anion of the cha in f o rm ( II ) 
occurs (6, 8). A d d i t i o n to or loss of the reactive doub le -bond i n these 
compounds marked ly reduces their act iv i ty (1, 6, 7). T h e bacteriostatic 

M e O H H M e O Ή 
\ / I N / 

I K ) c = C H - C C = C 

Η S
C ' > = 0 Z = > V c 7 V o 

7 C = C x
 N 0 / M e ° H O 

Η M e 

I I I 
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9. BOWDEN AND HENRY 3-Benzoylacrylic Acids and Ester 131 

a n d f u n g i c i d a l activities of m a n y synthetic compounds conta in ing the 
k e t o v i n y l g roup ing have been investigated (1-7). A systematic study 
of the bacteriostatic act iv i ty of a series of substituted frans-3-benzoyl -
acry l i c acids ( I I I , R = R 1 = R 1 1 = H ) has been made b y K i r c h n e r , 
B a i l e y , a n d C a v a l l i t o ( 7 ) . 

H a n s c h et al. (9 , 10) have developed l inear free energy relations 
w h i c h can correlate b io log i ca l act iv i ty and chemica l structure. Equat i ons 1 
a n d 2, together w i t h s impl i f ied versions, have been proposed to relate the 
molar concentration, Cx, of a substituted c o m p o u n d of a series, w h i c h a l l 
cause an equivalent b io log i ca l response, to the hydrophob i c b o n d i n g or 
part i t i on constant, ττ, a n d the H a m m e t t constant, σ. T h e constants a, b, 

log ( 1 / C X ) = - α χ 2 + 6x + ρ j + c (1) 

log ( 1 / C , ) = 6x + ps + c (2) 

p, a n d c are obta ined f rom the regression analysis a n d define the response 
of the b io log i ca l system to structural features. H a n s c h et al. (11) have 
s tudied the bacteriostatic ac t iv i ty of diverse compounds. These activities 
were normal ly w e l l correlated b y E q u a t i o n 1 or 2, usual ly wi thout a 
po lar contr ibut ion . T h e idea l par t i t i on character for o p t i m u m act iv i ty , 
log P0, was f ound to be about 4 for gram-negative a n d about 6 for g ram-
posit ive bacteria ( E q u a t i o n 1 ) ; however , where a l inear re lat ion ( E q u a 
t ion 2) resulted, a slope of b equa l to about 0.7 was observed. These 
results were related to the ce l l w a l l composit ion of the bacteria . 
H a n s c h has made two studies (12, 13) of the s t ruc ture -ac t iv i ty re la 
tions i n p e n i c i l l i n derivatives. A n earlier attempt h a d been made 
us ing the s imple H a m m e t t re lat ion (14). T h e first of Hansen's studies 
(12) gave good correlations for the in vivo testing of a series of subst i 
tuted penic i l l ins h a v i n g the side cha in P h O C H ( C H 2 ) n C H 3 w h i l e those 
correlations for in vitro ac t iv i ty were less satisfactory. T h e l i p o p h i l i c 
character of the substituent appeared to be more important a n d gave a 
l inear re lat ion between part i t i on factors a n d act iv i ty ( E q u a t i o n 2) hav
i n g b equa l to about —0.4->. T h e second study (13) reported a correlat ion 
of the act iv i ty of substituted 2 ,6 -d ia lkoxyphenyl penic i l l ins against a re -
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Table I. Bacteriostatic Activities and Substituent Constants for 
Substituted £r*ws-3-Benzoylacrylic Acids" 

log (I/Ob 

Substituent 

6 4'· 
7 4'· 
8 4'· 
9 4' 

10 4' 
11 4' 
12 4' 
13 4' 
14 4'· 
15 4'· 
16 4'· 
17 4' 
18 4 ' 
19 3' 

M e 
C H 2 M e 
< C H 2 ) 2 M e 
• ( C H 2 ) 3 M e 
• ( C H 2 ) 4 M e 
• ( C H 2 ) 5 M e 
• ( C H 2 ) 6 M e 
• ( C H 2 ) 7 M e 
• ( C H 2 ) 8 M e 
• ( C H 2 ) 9 M e 
• C H M e 2 

• C M e 3 

•OMe 
• O C H 2 M e 
• 0 ( C H 2 ) 6 M e 
•Cl 
•Br 
• N 0 2 

v. S t a p h y  v. C l . v. M . tuber  σ 
lococcus per- culosis 

aureus 209 fringens H 3 7 R v 

0.12 5 - 0 . 0 9 7 - 0 . 3 9 8 0.0 0.0 
0.30i - 0 . 0 9 7 0.12B - 0 . 1 7 0.43 
l.OOo 0.42 6 0.30χ - 0 . 1 5 0.86 
1.30i 0 .42 6 l.OOo - 0 . 1 5 1.29 
2.00ο Ο.9Ο3 1.30i - 0 . 1 5 1.72 
2.12 5 Ο.9Ο3 2.00o - 0 . 1 5 2.15 
2.30 x 0.42 6 2.30i - 0 . 1 5 2.58 
2.60 2 2.30χ 3.00o - 0 . 1 5 3.01 
3.12 5 2.42 6 3.30 x - 0 . 1 5 3.44 
2.6Ο2 2.60 2 3.00o - 0 . 1 5 3.87 
2.60 2 3.6Ο2 3.12B - 0 . 1 5 4.30 
1.30i 1.60 2 0.30! - 0 . 1 5 1.40 
1.60 2 1.90e 0.30i - 0 . 2 0 1.78 
O.OOo 0.60 2 O.OOo - 0 . 2 7 0.11 
Ο.6Ο2 0.60 2 O.OOo - 0 . 2 7 0.54 
I.6O2 1.30χ 1.30i - 0 . 2 7 2.26 
Ο.6Ο2 0.42 6 O.OOo +0 .23 0.80 
Ο.6Ο2 0.42 6 0.12 6 +0.23 1.01 

- 0 . 6 9 9 - 0 . 3 9 8 - 0 . 6 9 9 +0.71 0.10 
a Substituent constants are either literature values (18, 19) or values estimated 

from the latter. 
6 The C values are literature (7) values in M~l. 

sistant S. aureus strain. U s i n g E q u a t i o n 2, b was about —0.2 5 , a n d polar 
factors were n o w significant, w i t h ρ e q u a l to about 1.8. 

I n this study w e report a H a n s c h analysis of the act iv i ty of a series 
of substituted frans-3-benzoylacryl ic acids. T h e bacteriostatic a n d fung i 
static act iv i ty of several series of substituted cis- a n d frans-3-benzoyl-
acry l i c acids a n d their m e t h y l esters are given. T h e s t ruc ture -ac t iv i ty 
relations observed are discussed. 

Experimental 

Acids and Methyl Esters. These compounds have been prepared , 
a n d their syntheses are descr ibed elsewhere (15 ) . A f t e r careful pur i f i ca 
t ion , their phys i ca l constants agreed w e l l w i t h l i terature values, or they 
h a d satisfactory e lemental analyses. 

Partition Constants. T h e par t i t i on coefficient of frans-3-benzoyl-
acry l i c a c id between water a n d 1-octanol was measured i n the manner 
descr ibed previously (16) as F equal to 34 ± 3. 

Antibacterial and Antifungal Activities. T h e activities of the com
pounds l isted i n T a b l e V were measured against n ine bacter ia a n d five 
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9. BOWDEN AND HENRY 3-Benzoylacrylic Acids and Ester 133 

fungi . T h e results shown for S. aureus NCTC 7447, M. tuberculosis Ink. 
H37 Rv, a n d Microsporum cants ATCC 10214 were considered to be 
typ i ca l . T h e activit ies were determined b y disso lv ing the compounds i n 
a suitable solvent at different concentrations. T h e assay procedure then 
used was standard ( 1 7 ) , a n d the m i n i m u m inh ib i t o ry concentrations were 
determined as the lowest concentration at w h i c h no growth occurred. 
Contro ls conta in ing the same amount of solvent were i n c l u d e d i n each 
experiment. These measurements were carr ied out i n the laboratories 
of J . R . G e i g y , A . G . Base l , Swi t zer land . 

Results 

T h e bacteriostatic activities of a series of substituted frans-benzoyl -
acry l i c acids against S. aureus 209, CI. perfringens, a n d M. tuberculosis 
H37Rv are shown i n T a b l e I , together w i t h the relevant π a n d σ values. 
T h e activities are f rom the study of K i r c h n e r et al. (7) w h i l e the sub
stituent constants are either l i terature values (18,19) or values estimated 
f rom the latter. Regression analyses were made us ing mul t ip l e regression 
analysis ( least-squares) us ing E q u a t i o n 1 a n d 2 a n d s impl i f ied versions. 
I n add i t i on to the analyses us ing a l l the substituents, a l i m i t e d series 
(substituents 1-3, 12-19) was also s tudied to el iminate the possible over
w e i g h t i n g f rom the po lar contributions of the long cha in a l k y l substituents 
(substituents 4 - 1 1 ) . T h e analyses are shown i n Tables II—IV. T h e bac
teriostatic a n d fungistat ic activities for several series of substituted cis-
a n d £rans-3-benzoylacrylic acids a n d their m e t h y l esters for three t y p i c a l 
species, S. aureus NCTC8, M . tuberculosis Ink. H37Rv, a n d Microsporum 
cants ATCC1 are shown i n T a b l e V . 

Discussion 

T h e correlations shown i n Tables I I - I V show successful results. T h e 
best correlat ion for ac t iv i ty against S. aureus 209 us ing the complete series 
( T a b l e I I , regression 3 ) is shown i n E q u a t i o n 3. 

Table II. Correlations of Bacteriostatic Activity of the 
Substituted truns-3-Benzoylacrylic Acids" 

v. Staphylococcus aureus 209 

r s η 
1 -0.166x2(3.85) + 1.424x(7.88) - 0.294 0.966 0.294 19 
2 + 0.700x(10.70) - 0.952σ(2.63) + 0.110 0.953 0.340 19 
3 -0.142x2(3.67) + 1.285x(7.70) - 0.696σ(2.48) - 0.222 0.976 0.255 19 

+ 0.770x(7.55) - 0.765σ(3.15) - 0.032 0.961 0.219 11 
5* -0.262x2(2.36) + 1.325x(5.32) - 0.784σ(4.05) - 0.188 0.979 0.174 11 

° η — number of compounds; r = correlation coefficient; s = standard deviation, 
and the quantity in parentheses is the student's t test {20) for the significance of the 
regression variable. 

6 Limited series with substituents 1-3, 12-19 (Table I). 
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Table III. Correlations of Bacteriostatic Activity of the 
Substituted trans-3-Benzoylacrylic Acids" 

v. CI. perfringens 

r s n 

6 + 0.724x(7.79) - 0.138 0.884 0.515 19 
7 +0.092x2(1.24) + 0.355x(1.14) + 0.073 0.895 0.507 19 
8 + 0.691x(6.97) - 0.538σ(0.98) - 0.126 0.891 0.516 19 
9 +0.117x2(1.58) + 0.206x(0.64) - 0.757σ(1.39) + 0.149 0.907 0.493 19 

10b + 0.717x(3.92) - 0.710σ(1.63) - 0.018 0.874 0.393 11 

α· 6 For footnotes see Table II. 

log (1 /C) = - 0 . 1 4 2 x 2 + 1.285x - 0 .696J - 0.222 (3) 

T h e correlat ion is h i g h l y statistically significant, a n d the contr ibut ion of 
the polar term is confirmed b y its increased significance for the l i m i t e d 
series ( T a b l e I I , regression 5 ) . T h e calculated a n d observed values of 
l og ( 1 / C ) agree to a mean va lue of ± 0 . 1 7 4 ( E q u a t i o n 3 ) . T h e o p t i m u m 
part i t i on constant (21) of π0 f rom E q u a t i o n 3 equals 4.5 2 . A value of 
l og Ρ for irarw-3-benzoylacryl ic a c i d has been f ound to be 1.5 4 (see 
E x p e r i m e n t a l ) , a n d the i d e a l l i p o p h i l i c character ( l og ΡΌ) for this series 
therefore equals 6.0 6 . T h i s is i n remarkable agreement w i t h those log P0 

values f ound b y H a n s c h et al. (11) for several different ant ibacter ia l 
agents against S. aureus ( i n the range 5.2 to 6.4). 

T h e most successful correlat ion for act iv i ty against CI. perfringens 
using the complete series ( T a b l e I I I , regression 6) is shown i n E q u a t i o n 4. 

log ( l / C ) = 0.724x - 0.138 (4) 

T h e other relations do not demonstrate any h i g h l y significant contr ibu 
tions f rom other factors. T h e l i m i t e d series does indicate greater i m p o r 
tance for polar effects than that observed for the complete series but 
does not reach h i g h significance. T h e calculated a n d observed values 
agree to a mean value of ± 0 . 3 6 7 ( E q u a t i o n 4 ) . A l t h o u g h this is less 
successful than the previous correlat ion for S. aureus, the slope, b, of 
about 0.7 is quite close to that of the same type of re lat ion for S. aureus 
( T a b l e I I , regression 2 or 7 ) . F u r t h e r , bo th correlations give slopes close 
to the mean value of 0.73 f ound b y H a n s c h (11) (range 0.52 to 0.91) 
for a number of series of antibacterials against gram-posit ive bacteria . 
T h e most successful correlat ion for ac t iv i ty against M . tuberculosis us ing 
the complete series ( T a b l e I V , regression 11) is shown i n E q u a t i o n 5, 

log (1 /C) = 0.962x - 0.530 (5) 

w i t h ca lculated a n d observed values agreeing to a m e a n value of ±0 .341 . 
H o w e v e r , i n this case, the l i m i t e d series indicates a statistically significant 
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contr ibut ion f r om polar factors ( T a b l e I V , regression 15 ) , shown i n 
E q u a t i o n 6, 

log (1 /C ) = 0.500x - 0 . 5 8 9 σ - 0 . 3 1 6 (6) 

w i t h ca lcu lated a n d observed values agreeing to a mean value of ± 0 . 1 4 1 . 
A l t h o u g h there appears, i n general , to be a rather l i m i t e d , d irect r e la 
t i on between π a n d σ ( 1 9 ) , this is not the cause of the po lar contr ibut ion 
i n this case. It therefore seems, f rom Equat i ons 3 a n d 6, that the a n t i 
bacter ia l ac t iv i ty of the series under study does have a po lar substituent 
effect dependence. T h e react ion constant, p, of about —0.6 to —0.7 i n d i 
cates increased ant ibacter ia l ac t iv i ty w i t h increased electron-releasing 
capacity of the substituent. 

T h e bacteriostatic a n d fungistat ic activities of several series of sub
st ituted cis- a n d fmns-3-benzoylacry l i c acids a n d their m e t h y l esters are 
shown i n T a b l e V . These results are not as diverse i n part i t i on factors 
as those of K i r c h n e r et al. (7). A l t h o u g h unsuitable for H a n s c h analysis, 
our results show the same trends as those analyzed , a n d i t is possible to 
state a number of general conclusions. Subst i tut ion of a m e t h y l group 
at the 2 or 3 posit ion m a r k e d l y reduces the bacteriostatic or fungistatic 
act iv i ty . I n general , the m e t h y l esters are more active t h a n the acids. 
B o t h of these effects are not those that w o u l d be estimated for the 
changes i n l i p o p h i l i c i t y for the introduct ion of these m e t h y l groups (as
suming add i t iv i ty of part i t i on factors, w i t h Δττ equal to + 0 . 3 to + 0 . 5 
(19, 22 23) a n d the app l i cab i l i t y of Equat i ons 3 or 5. T h e m e t h y l esters 
are about 10 times more active a n d the 2- or 3-methyl acids are about 
l / 2 0 t h as active as w o u l d be expected. H o w e v e r , w h e n the activities 
are measured at p H 7-8 , the acids w i l l be present as the carboxylate 
anions. T h i s w i l l considerably alter their par t i t i on characteristics, i n 
comparison w i t h the m e t h y l esters, a n d make any direct interpretat ion 
impossible . A s bacteriostats, there is l i t t le difference between trans- a n d 
cis-isomers whereas fungistats the cis-isomers are more active. 

Table IV. Correlations of Bacteriostatic Activity of the 
Substituted truns-3-Benzoylacrylic Acids" 

v. M . tuberculosis Inh. H37 Rv 
r s η 

0.950 0.423 19 
0.952 0.429 19 
0.953 0.423 19 
0.953 0.437 19 
0.926 0.210 11 
0.932 0.216 11 

α· 6 For footnotes see Table II. 

11 + 0.962x(12.60) - 0.530 
12 +0.0001x2(0.00) + 0.965x(3.69) - 0.555 
13 + 0.934x(11.49) - 0.444σ(0.99) - 0.520 
14 +0.007x2(0.10) + 0.907x(3.18) - 0.455σ(0.95) - 0.504 
156 + 0.500x(5.10) - 0.589σ(2.52) - 0.316 
16ft +0.106x2(0.77) + 0.277x(0.90) - 0.581 σ(2.42) - 0.254 
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Table V . Bacteriostatic and Fungistatic Activities for Substituted 
ris- and trans-3-Benzoylacrylic Acids and Their Methyl Esters 

Series 

Minimum Inhibitory Concentrations0 

( 1 0 W ) 

M . tuberculosis M i c r o s p o r u m 
S. aureus I n h . canis 

N C T C 7447 H 3 7 R v A T C C 10214 

3-Benzoylacry l i c ac id 
trans-Ά 5.5 0.5 5 1.7 
transA'-Me 1.6 0.5 5 < 0 . 1 6 

transA'-OMe 5.o 0.5o 1.5 
transA'-F 5.„ l.o 1.5 
transA'-Cl 1.4 0.5o 0.3» 
transA'-Bv 1.2 0.8o 0.4 0 

transA'-l >0.3o > 0 . 3 0 0.3 0 

<raws-3 ' -N0 2 15 1.5 5.o 

M e t h y l 3-benzoylacrylate 
trans-Ά 0 . 1 6 0.05o 0.05o 
transA'-Me 0 . 1 6 0.05o 0.05 0 

transA'-OMe 0 .1 4 0.05o < 0.005o 
transA'-F 0 . 1 6 0.05 0 0.005o 
transA'-Cl O.I3 0.04 0 0.04 0 

transA'-Βτ 0.1 , 0.4„ <0.004 0 

transA'-l 0.09 0 0.03o 0.03o 
<rans-3 ' -N0 2 0.4 0 0.4o 0.04 0 

cis-Ά 0 . 1 6 0.05„ <0 .005 0 

cisA'-Me 0.5» 0.05o <0 .005 0 

cisA'-MeO O.I4 0.05o < 0.005o 
cisA'-F O.I4 0.05o < 0.005o 
cisA'-Br 0.4 0 0.04 0 < 0.004ο 
cisA'-l 0.09 0 0.03o < 0.003ο 

3 -Benzoyl -2 -methylacry l i c ac id 
trans-Ά 18 > 0 . 5 S > 0 . 5 6 

transA'-Me 16 > 0 . 5 0 > 0 . 5 0 

transA'-OMe 15 > 0 . 4 5 > 0 . 4 5 

transA'-Cl 13 > 0 . 4 6 > 0 . 4 5 

transA'-Br 12 > 0 . 3 5 > 0 . 3 6 

eisA'-Me 15 > 0 . 5 0 > 0 . 5 0 

cisA'-OMe 15 > 0 . 4 6 > 0 . 4 5 

asA'-C\ 15 > 0 . 4 5 > 0 . 4 5 

cisA'-Br > 0 . 3 6 > 0 . 3 5 > 0 . 3 6 

M e t h y l 3 -Benzoyl -2 -methylacry late 
transA'-Me > 1 5 0.4 5 0.4 5 

trans-4'-OMe 1.4 0.4 5 0.4 5 

transA'-Cl 0.4C >0 .4 0 0.04 0 

transA'-Br > 1 2 0.3 5 0.03 5 
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Table V . Continued 

Series 

Minimum Inhibitory Concentrations ' 
( i 0 8 M ) 

S. aureus 
N C T C 7447 

M . tuberculosis 
I n h . 

H 3 7 R v 

M i c r o s p o r u m 
canis 

A T C C 10214 

3-Benzoyl -3 -methylacry l i c ac id 
t r a n s - H 
transA'-Me 
transA'-OMe 
transA'-Cl 
transA'-Br 
i r a n s - 3 ' - N 0 2 

cis-Ή. 
cisA'-Me 
cisA'-MeO 
cisA'-Cl 
cisA'-Br 
m - 4 ' - N 0 2 

18 
15 
14 

4 .5 
12 
13 

> 1 6 
> 1 5 

> 4 . 6 

> 1 3 
> 1 1 

> 0 . 4 5 

M e t h y l 3 -Benzoyl -3 -methylacry late 
trans-H 
transA'-Me 
transA'-Cl 
transA'-Br 
<rans -3 ' -N0 2 

a s - H 
c i s - 4 ' - M e 
m - 4 ' - O M e 
cisA'-Cl 
as A'-Br 

15 
> 1 3 
> 1 2 

0.4 0 

> 1 6 
> 1 5 

> 0 . 4 5 

> 1 4 
> 1 2 

> 0 . 5 6 

> 0 . 5 0 

> 0 . 4 6 

> 0 . 4 5 

> 0 . 3 5 

> 0 . 4 S 

5. 5 

5.o 
> 4 . 5 

4. 5 

1.0 
> 0 . 4 6 

0.5 0 

0.4 5 

0.04o 
0 .3 5 

0.04 0 

> 0 . 5 0 

> 0 . 4 6 

> 0 . 4 5 

>0 .4 0 

> 4 . 6 

> 0 . 5 5 

> 0 . 5 0 

> 0 . 4 5 

> 0 . 4 5 

> 0 . 3 5 

> 0 . 4 5 

16 
5.o 

> 4 . 5 

4.5 
3.5 

> 0 . 4 5 

0.05o 
0.4 5 

0.04 0 

0.03 5 

0.04 0 

> 0 . 5 0 

> 0 . 4 5 

> 0 . 4 5 

> 0 . 4 0 

> 4 . s 

1 See Experimental for details. 

T h e reason for the act iv i ty a n d mode of act ion of these ke tov iny l 
compounds as antibacterials has been discussed (1—7). T h e act iv i ty of 
these a n d related compounds has been associated w i t h the react iv i ty of 
the act ivated double b o n d towards nuc leophi l i c , b io log ica l ly essential 
th io l a n d / o r amino groups. T h i s is i n accord w i t h studies of the react iv i ty 
of these compounds w i t h nuc leophi l i c reagents (24,25). A 2- or 3-methyl 
group is k n o w n to decrease the react iv i ty of the double -bond towards 
nucleophiles (26). A l t h o u g h this is i n agreement w i t h the lower bac
teriostatic act iv i ty of the methy lacry l i c acids, the react ion constant for 
subst itut ion i n the benzoy l group ( E q u a t i o n s 3 a n d 6) is of the opposite 
s ign to that expected i f fac i l i ta t ing nuc leophi l i c add i t i on (27). A n inter
esting structural analogy can be m a d e between the p o w e r f u l ant ib iot i c 
penic i l l ins ( I V ) a n d the bacteriostatic 3 -benzoylacryl ic acids ( I I I ). Three 
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R C O N H C H C H C M e 2 

O C Ν C H C 0 2 H 

I V 

essential a n d h i g h l y important s tructural characteristics of an active pen i 
c i l l i n are the reactive β-lactam, the s ide-chain carboxyl ic a c id , a n d the 
acy lamino groups (28). C o m p a r a b l e sites, bo th i n the stereochemical a n d 
react iv i ty sense, exist i n the 3-benzoylacryl ic acids. T h e correspondence 
of the " t e r m i n a l " carboxyl ic a n d a c y l groups is obvious. Moreover both 
the " centra l " groups are h i g h l y reactive towards nucleophiles (27, 29). 
Studies (30, 31, 32) of the mode of act ion of penic i l l ins indicate their 
ab i l i t y to interact w i t h a n d inactivate a n essential enzyme whose sub
strate i t resembles. T h e act ive site of this enzyme has probab ly three 
points of interact ion w i t h the p e n i c i l l i n (30)—i.e., those three features 
of p e n i c i l l i n already indicated . It is possible to speculate that 3-benzoyl 
acry l i c acids act i n a s imi lar but m u c h less effective manner as an en
zymat i c inhib i tor . Th i s enzyme w o u l d probab ly have a structure closely 
re lated to that inact ivated b y penic i l l ins . T h e react ion constant f ound 
i n this study c o u l d indicate po lar fac i l i tat ion of an interact ion such as 
hydrogen b o n d i n g (33) f r om the enzyme site to the aroy l carbony l group 
( V ) . H o w e v e r , H a n s c h (13) f ound a reaction constant of the opposite 

s ign for po lar substitution i n a series of 2 ,6 -dia lkoxyphenyl penic i l l ins . 
Unfor tunate ly this is a correlat ion of their act iv i ty against a resistant 
bacter ia l strain, a n d i t is l ike ly that the act iv i ty of this series of penic i l l ins 
depends on the i n h i b i t i o n of an interact ion at this acy lamino group by 
the " b u l k y " ortho substituents (34). Analyses of the act iv i ty of s imple 
penic i l l ins (12, 35) have not demonstrated dependence on the po lar sub
stituent effect a l though a study of a system closely comparable w i t h the 
3-benzoylacryl ic acids has not yet been made. 

V 

δ+ δ -
H — X — E n z y m e 
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Structure-Activity Correlations of Acaricidal 
Hydrazones—Uncouplers of Oxidative 
Phosphorylation 

K. H. BÜCHEL and W. DRABER 

Bayer AG, 56 Wuppertal 1, Postfach 13 01 05, Germany 

α-Cyanocarbonylphenylhydrazones are a group of com
pounds which contain effective acaricides and insecticides. 
Their mode of action is the uncoupling of oxidative phos
phorylation. pI50 values from rat liver mitochondria were 
correlated with physicochemical parameters by Hansch 
equations. The set consisted of 60 compounds with substit
uent variations in six positions of the molecule. The pI50 

values ranged from 7.09 to 4.96. Experimental compound 
data (pKa, log P, RM) and extrathermodynamic substituent 
parameters (π, σ, E s) have been used in the regression anal
yses. The integral parameters pK a and log Ρ gave correla
tions of only moderate significance. Therefore, it was 
necessary to separate the substituents. The multiparameter 
equations obtained in this way gave good agreement be
tween found and calculated pI50 data. Electronic, hydro
phobic, and, to a lesser degree, steric substituent effects 
contribute to the uncoupling activity. The significance of 
these results in relation to current theories on the mechanism 
of oxidative phosphorylation is discussed. 

/ T * h e search for insecticides w i t h modes of act ion different f rom the 
A w e l l - k n o w n acetylcholinesterase i n h i b i t i o n l e d us to uncouplers of 

oxidative phosphory lat ion (1, 2). A n inherent advantage of such pest i 
cides w o u l d be the absence of cross-resistance w i t h organophosphorus 
compounds a n d chlor inated hydrocarbons. T h e number of commerc ia l 
pesticides w h i c h are l ike ly to act b y uncoup l ing of oxidative phospho
ry la t i on is smal l . A l l of them can be regarded as derivatives of the 
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Phenols Dicyano-
e . g . 2 . 4 D N P vinylphenol Salicylanilides 

nCr' 
C N 

Dicyanocarbonyl-
phenylhydrazones 
e . g . C C C P , F C C P 

Benztriozoles 

<<X>CF-
I 

H 
2-Trifluormethyl-
benzimidazoles 

e.g.TTFB 

V 
<-£rN^ôrNOî 

^ 0 2 N 

Phenylamino-
dinitrothiophenes 

H - N - H 
N C v J ^ C N 

C N 

Malonitriledimer 

B r \ — Ν 

ι 
Η 

Trihalo-imidazoles 

Figure 1. Uncouplers of oxidative phosphorylation 

classical uncoupler 2 ,4-dinitrophenol ( 3 ) , and of N H ac id ic benz imidaz 
oles (4, 5 ) . Several other classes of experimental compounds are k n o w n 
w h i c h afiFect A T P formation i n mi tochondr ia f rom different sources i n the 
same w a y as d in i t ropheno l , some of them at l ow concentrations. T h e y 
can be d i v i d e d roughly into two groups: (1 ) ac id i c O H , a n d (2 ) ac id ic 
N H compounds ( F i g u r e 1 ) . 

F r o m earlier w o r k w i t h benzimidazoles a n d several other types of 
N H ac id ic heterocycles we h a d learned (6) that b y t r y i n g to use u n 
couplers as pesticides or more specif ically as insecticides a n d acaricides, 
one has to cope w i t h two problems. F i r s t , since mi tochondr ia l phos
phory la t i on is a ub iqui tous process, bo th pests a n d mammals m a y be 
harmed ; secondly, the energy p r o d u c i n g pathways i n mi tochondr ia a n d 
chloroplasts seem to be s imi lar ; hence some of the uncouplers are also 
toxic to plants ( 7 ) . 

The a-Acyl-a-cyanocarbonylphenylhydrazones 

T o overcome these disadvantages, w e looked for a system w h i c h 
seemed to be more l iab le to b i o chemica l b r e a k d o w n i n mammals a n d 
showed l o w phytotox i c i ty—the a -acyl -a - cyanocarbonylphenylhydrazones 
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10. BUCHEL AND DRABER Acancidal Hydrazones 143 

( F i g u r e 2 ) ( 8 ) . These compounds are general ly m u c h less toxic to m a m 
mals a n d less phytotoxic than the related d i cyanocarbony lpheny lhydra -
zones investigated b y D u P o n t workers several years ago ( 9 ) . Some of 
our hydrazones ( F i g u r e 2) show interesting insect i c idal a n d acar i c ida l 
properties (not discussed i n deta i l here ) . M a n y are potent uncouplers 
of oxidative phosphorylat ion i n rat l iver mitochondr ia . 

W e chose 60 compounds w i t h p l 5 0 values rang ing f rom 7.1 to 4.9 
a n d subjected them to regression analysis us ing several phys i cochemica l 
parameters ( T a b l e I ). T h e 60 compounds contained variations i n six pos i 
tions of the basic structure. Quant i tat ive s t ruc ture -ac t iv i ty correlations 
w i t h as m a n y i n d i v i d u a l uncouplers i n one equat ion have not yet been 
publ i shed . As far as w e know, the H a n s c h approach has been app l i ed to 
uncouplers of oxidat ive phosphorylat ion only twice : first i n 1965 b y 
H a n s c h a n d co-workers to phenols a n d recently b y M u r a o k a a n d T e r a d a 
to N -pheny lanthran i l i c acids. F r o m Muraoka ' s data we recalculated the 
correlat ion w i t h π a n d σ a n d obta ined an equat ion w h i c h gave the best 
fit (last equation, F i g u r e 3 ) . 

A s the equations show, l inear correlations w i t h the variables π a n d σ 
gave satisfactory results. T h i s is certainly a s impl i f i cat ion result ing f rom 
l i m i t e d variance i n the substituents. O n e w o u l d assume that square terms 
of the hydrophob i c parameter are necessary i n every correlat ion w i t h 
b io log i ca l act iv i ty not only to account for the " random w a l k " penetrat ion 
process as i n the or ig ina l der ivat ion of his equat ion b y H a n s c h , but also, 
or even predominant ly , as a descr ipt ion of the fact that numerous ind i f 
ferent hydrophob i c sites w i t h i n the b io log i ca l system compete w i t h the 
site of act ion for the active molecule . I n a first attempt w e ca lculated 
regression equations for our hydrazones w i t h the molecular parameter 

= CH 3 , CHF 2 > CF 3 , CI, C N , N 0 2 

S 0 2 C H 3 , S 0 2 C 2 H „ SCF 3 , S 0 2 C F 3 

O C F 2 O C F 2 -

[R] = CH 3 , C(CH3)3, OCH 3 , O C 2 H 5 

Figure 2. Structure of the a-acyl-a-cyano-
carbonylphenylhydrazones 
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144 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

p K , w h i c h describes the electronic effects on the dissociat ion of the N H 
group, a n d log F or RM w h i c h account for the l i p o p h i l i c i t y of the molecule 
as a whole . T h e choice of p K as a parameter tac i t ly impl ies a hypothesis 
o n the toxophore w i t h i n the mo lecu le—the assumption that the N H group 
is essential. T h i s appears justified since the ac id i c N H , i n connect ion 
w i t h a n aromatic or heterocycl ic system, is the only feature c o m m o n to 
a number of uncouplers (see F i g u r e 1 ) . A d d i t i o n a l proof comes f rom 
the fact that the hydrazones lose their in vitro u n c o u p l i n g act iv i ty w h e n 
the N H group is a lky lated . 

Table I. Physicochemical Constants 

4 </ \ ) - N H — N = C ^ 
\ = / C O R 
3 2 

No. X 2 X3 x4 X 6 R 

1 H H O C F 2 - 0 - C F 2 H t-Bu 
2 H C F 3 H C F 3 H t-Bu 
3 H C l C l C l H O E t 
4 H C l H C l H i - B u 
5 H C F 3 H C F 3 H O M e " 
6 H C l H C l H O E t 
7 H H O C F 2 - O C F 2 H O M e 
8 H C F 3 H C F , H O M e » 
9 H C F 3 C l H H O E t 

10 H C l C l C l H O M e 
11 H C l C l H H t-Bu 
12 H H S C F 3 H H M e 
13 C l H H C F 3 H <-Bu 
14 H H O C F 2 - 0 - C F 2 H M e 
15 C I H H C F 3 H M e 
16 C l H C l C l H <-Bu 
17 H H S C F 3 H H <-Bu 
18 H C l H H H <-Bu 
19 C H 3 H C l H H <-Bu 
20 N 0 2 H N 0 2 H H <-Bu 
21 H C l H C l H M e 
22 C F 3 H C l H H M e 
23 H C l C l H H M e 
24 H C l H C l H O M e 
25 C l H C l C l H O E t 
26 C l C N C l H C l O M e 
27 C l H C F 3 H H O M e 
28 C F 3 H C l H H O M e 
29 C l H C F 3 H C l O E t 
30 C l H C F 3 H C l O M e 
31 S 0 2 E t H H C F 3 H M e 
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1 0 . B U C H E L AND DRABER Acaricidal Hydrazones 1 4 5 

Uncoupling Activity 

T h e uncoup l ing act iv i ty was measured w i t h rat l iver mi to chondr ia 
w i t h succinate as respiratory substrate ( 2 ) . p l 5 0 is defined as the nega
t ive l og of the concentrat ion of a n uncoupler y i e l d i n g h a l f - m a x i m a l s t imu
lat ion of oxygen uptake. W e measured our p K a values i n 5 0 % ethanol , 
the l og P's i n the o c t a n o l / p H 7-buffer system a n d RM values on p a r a f f i n -
oi l -coated commerc ia l th in- layer plates ( S i l - G , M a c h e r e y u . N a g e l , D u r e n , 
G e r m a n y ) . 

and Uncoupling Activity 

5 ° , C N 
4 ( / \ ) - N H — N = C ^ 

\ = / C O R 
3 2 

Mp, °C pK& Lost log F R M pho 

1 5 1 - 3 6 . 6 0 4 . 9 6 - 0 . 5 3 5 6 . 8 6 
1 2 8 6 . 2 0 5 . 4 4 - 0 . 5 9 4 7 . 0 9 
2 2 3 6 . 8 0 5 . 0 3 - 0 . 5 7 2 7 . 0 0 
2 2 7 - 8 6 . 7 5 - 0 . 5 0 3 7 . 0 0 
1 4 3 - 6 6 . 6 0 5 . 1 6 - 0 . 6 6 9 6 . 9 6 
1 3 1 - 5 7 . 1 5 3 . 8 2 - 0 . 4 7 6 6 . 6 3 
1 3 0 6 . 9 0 4 . 8 6 - 0 . 5 9 4 6 . 8 9 
1 5 8 - 9 6 . 6 0 5 . 0 2 - 0 . 6 5 6 6 . 8 9 
1 5 1 7 . 3 0 4 . 8 6 - 0 . 2 4 6 6 . 8 5 
2 0 3 6 . 6 0 5 . 2 2 - 0 . 4 0 2 6 . 7 7 
2 1 6 - 8 7 . 1 0 - 0 . 2 3 9 6 . 7 4 
1 5 5 6 . 7 0 5 . 0 4 - 0 . 6 5 2 6 . 7 2 
1 6 3 - 4 6 . 4 0 5 . 3 1 - 0 . 2 5 4 6 . 7 2 
1 6 7 5 . 9 0 5 . 3 1 - 0 . 7 4 0 6 . 7 2 

1 1 4 - 8 5 . 6 5 5 . 0 8 - 0 . 8 0 9 6 . 6 8 
1 6 1 6 . 1 0 5 . 8 6 - 0 . 5 1 1 6 . 6 7 

9 9 7 . 4 5 - 0 . 1 0 5 6 . 5 7 
1 5 6 - 7 7 . 5 0 4 . 6 2 - 0 . 2 9 4 6 . 5 7 
1 7 3 - 6 7 . 6 0 4 . 3 1 + 0 . 0 7 5 6 . 5 7 
1 5 6 - 8 5 . 8 5 - 0 . 8 1 9 6 . 5 7 
2 2 3 6 . 0 0 4 . 6 8 - 0 . 7 3 6 6 . 5 7 
1 0 9 - 1 0 6 . 0 0 - 0 . 6 3 4 6 . 5 4 

2 0 2 - 3 6 . 2 5 4 . 5 6 - 0 . 7 4 0 6 . 5 1 
1 9 5 - 7 7 . 1 0 4 . 5 0 - 0 . 6 0 0 6 . 5 1 
1 3 3 - 4 7 . 1 0 5 . 2 1 - 0 . 4 6 7 6 . 4 7 
1 6 4 5 . 6 0 - 1 . 2 2 4 6 . 4 7 
1 3 7 - 9 7 . 1 0 4 . 4 2 - 0 . 4 5 7 6 . 4 4 

1 7 3 - 4 6 . 9 0 4 . 6 6 - 0 . 6 5 2 6 . 4 4 
1 1 6 - 7 6 . 2 5 - 0 . 3 2 0 6 . 3 9 
1 2 2 6 . 2 0 4 . 3 6 - 0 . 8 3 0 6 . 3 7 
1 8 9 - 9 0 4 . 6 5 4 . 2 2 - 0 . 9 0 4 6 . 3 3 
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146 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table I. 

No. X 2 X 3 Xi X, R 

32 C F 3 H C l H H <-Bu 
33 H C l C l H H O E t 
34 N 0 2 H C F 3 H H O M e 
35 H C F 3 H C F 3 H M e 
36 H C l H H H M e 
37 C l H C l C l H O M e 6 

38 H H S 0 2 C F 3 H H O M e 
39 S 0 2 M e H N 0 2 H H O M e 
40 H H C l H H M e 
41 H H S C F 3 H H O M e 
42 H H C F 3 H H O M e 
43 C l H C l C l H M e 
44 C H 3 H C l H H M e 
45 C l H N 0 2 H C l O M e 
46 H C H F 2 C l H H O M e 
47 C l H H C F 3 H O E t 
48 C l H C l C l H O M e " 
49 C l H N 0 2 H C l O E t 
50 S 0 2 E t H H C F 3 H O M e 
51 H C F 3 H H H O M e 
52 N 0 2 H N 0 2 H H M e 
53 H C l H H H O E t 
54 N 0 2 H N 0 2 H H O E t 
55 H C l H H H O M e 
56 C F 3 H H H H O M e 
57 C l H H H H M e 
58 C N H H C N H O M e 
59 C l H H H H O E t 
60 H H H H H O M e 

α Trans. 
bCis. 

Regression equations w i t h these molecular parameters containing 
l inear , quadrat ic , a n d interact ion terms are shown i n T a b l e I I . Ne i ther 
of these equations gave a very satisfactory correlation. O n e conclusion, 
however , can be d r a w n : the negative sign of the ρ Κ θ χ ρ 2 t erm indicates a 
p K o p t i m u m w h i c h agrees w i t h earlier experience—e.g., w i t h phenols. T h e 
terms w i t h the hydrophob i c parameters log Ρ a n d RM show l i t t le signif i 
cance i f any. Some improvement is ga ined b y in t roduc ing the interact ion 
terms p K · log Ρ and p K · RM; however the significance of the h y d r o 
p h o b i c terms is s t i l l l o w as judged b y the 9 5 % confidence intervals. T h u s , 
the substituents i n the different positions must contribute i n different 
ways to hydrophob i c b o n d i n g of the molecule to the receptor site. A 
necessary consequence w o u l d be to separate the substituent effects i n 
the regression equations b y rep lac ing the molecular parameters by sub-
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Continued 

Mp, °C pKa Lost log Ρ pho 

145-7 6.20 5.67 - 0 . 6 8 3 6.46 
121-3 7.35 4.66 - 0 . 3 6 0 6.28 
172 7.20 3.44 6.27 
158 5.50 - 0 . 6 3 3 6.33 
188-90 6.80 3.91 - 0 . 6 1 2 6.25 
197 6.85 5.15 - 0 . 4 2 3 6.25 
150 6.55 4.22 - 0 . 6 0 2 6.27 
254-6 5.00 3.21 - 0 . 8 6 6 6.22 
228-31 6.55 4.13 - 0 . 6 4 8 6.22 
128 7.60 4.27 - 0 . 3 4 4 6.22 
115 7.65 3.79 - 0 . 2 3 6 6.21 
138-40 5.35 - 0 . 7 4 0 6.21 
145-7 6.85 4.28 - 0 . 4 9 2 6.19 
159-60 6.00 - 0 . 9 5 7 6.19 
136 7.40 3.83 - 0 . 3 7 8 6.19 
122-4 7.40 4.45 - 0 . 1 6 8 6.17 
164 6.85 - 0 . 4 8 1 6.15 
146-7 6.00 - 0 . 9 7 5 6.14 
187-9 6.90 - 1 . 2 0 5 6.05 
103 7.60 3.78 - 0 . 3 5 4 6.04 
150-1 5.20 3.41 - 1 . 1 1 3 5.92 
144 7.80 3.94 - 0 . 2 0 5 5.78 
184-5 6.10 4.14 - 0 . 9 1 5 5.77 
125-7 7.70 3.56 - 0 . 2 5 3 5.76 
156-7 7.75 3.72 - 0 . 3 0 8 5.73 
117-9 6.75 4.01 - 0 . 5 8 5 5.94 
169 6.20 2.81 - 1 . 0 1 4 5.72 
140-2 8.50 3.38 +0.026 5.22 
148 8.40 2.59 - 0 . 1 5 9 4.96 

a Trans. 
6 C i s . 

stituents constants. I n order not to increase the number of variables i n 
the equations too m u c h , we d i d this stepwise. 

Substituent Parameters 

Substituent parameters oifer another prac t i ca l advantage. W h e n one 
uses the H a n s c h approach to synthesize active compounds [i.e., as one 
should c a l l it since the M e d i c i n a l C h e m i s t r y sympos ium i n L o n d o n , A p r i l 
1969 ( 1 0 ) ] , i n a predictive sense, one has to re ly on more or less struc
ture- independent parameters w h i c h are accumulated i n the l i terature or 
were obtained f rom one's o w n measurements. I n general , the extrather
m o d y n a m i c constants σ a n d π have proved useful i n m a n y s t r u c t u r e -
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148 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

C. Hansch, K. Kiehs, G. Lawrence 
J. Am. Chem. Soc. 87, 5770 (1965) 

η = 14 
log i = 6.792-0.491 · pKa+0.520 Π r = 0.936 

s = 0.406 

n = 6 
log c= 6.607-0.501 · pKa+0.400 Π r = 0.999 

s = 0.039 

V Ç 0 2 H 

log h = 2.043+0.777 · log P 0 r = 0.723 
s = 0.369 

η = 13 
log h= 0.494+0.586 · pK r = 0.808 

s = 0.293 

η = 11 
tog h= 3.415 +0.598 σ+0.597 Π r =0.935 

s = 0.168 

Figure 3. Hansch corrections with uncouplers 

Table II. Regression Equations with Molecular Parameters 

Eq. 
No. ao 

Ρ 

exp. 1 

Κ 

exp. 2 

log 

exp. 1 

Ρ 

exp. 2 

R 

exp. 1 

M 

exp. 2 
p K l o g P p K R M r s η 

1 - 1 . 8 9 
3.45 

+ 3.29 
1.26 

- 0 . 3 2 
0.11 0.664 0.335 60 

2 - 0 . 0 5 
3.30 

+ 2.30 
1.28 

- 0 . 2 3 
0.12 

+ 0.18 
0.10 0.738 0.306 60 

3 + 0.71 
3.40 

+ 2.22 
1.26 

- 0 . 2 2 
0.12 

- 0 . 1 7 
0.45 

+ 0.05 
0.06 

0.750 0.302 60 

4 - 0 . 8 8 
4.30 

+ 2.86 
1.58 

- 0 . 2 8 
0.14 

+ 0.04 
0.40 

+ 0.25 
0.37 0.691 0.330 60 

5 + 5.36 
4.83 

+ 0.95 
1.55 

- 0 . 1 6 
0.12 

- 0 . 8 6 
0.69 

+ 0.03 
0.06 

+ 0.16 
0.72 0.782 0.287 60 

6 - 1 . 6 0 
5.24 

+ 3.22 
1.72 

- 0 . 3 2 
0.14 

- 3 . 3 6 
4.32 

- 1 . 4 2 
7.76 

0.12 
0.09 0.832 0.255 60 

S. Muraoka, N. Terada 
Intern. Conf. on Bioenergetics 
Pugnochioso, 11.-14.9.1970 
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10. BUCHEL AND DRABER Acaricidal Hydrazones 149 

pKA =7.283-1.838-0 

r = 0.969 
s = 0.16 
η = 20 (m, p-substituted 

compounds only) 

R CH 3 C(CH,)S OCH, OC aH 5 

σ 0.00 - 0 . 4 3 - 0 . 6 0 - 0 . 6 5 

Figure 4. Values of p K a in 50% ethanol/water, 
v/v 

act iv i ty correlations despite considerable m u l t i p l i c i t y i n σ a n d to a lesser 
extent, i n π. 

A number of σ a n d π values for substituents w h i c h were present 
w i t h i n our set of compounds were miss ing i n the pub l i shed compilat ions. 
W e calculated them from the regression equations i n F igures 4 a n d 5. 
A n interest ing feature of bo th equations is that the substituent R at the 
carbony l group of the hydrazones contributes i n a very different w a y 
f rom that of the substituents i n the aromatic r i n g to p K as w e l l as to l og P . 
RM values f rom reversed-phase thin- layer chromatography ( T L C ) cor
related poor ly w i t h the π constants a n d thus cannot be used i n this case 
to derive hydrophob i c substituent parameters (18). 

W e suspect that reversed-phase T L C w i t h these compounds is not 
a neat part i t i on process a l though i n a number of cases RM values have 
proved useful (11-13) for correlations w i t h b io log ica l act iv i ty . T h e first 
steps w e d i d i n separating the substituents are shown i n T a b l e I I I . 

log P 0 = 2.838+1.013 · 
+0.407 nR 

r =0.963 
s = 0.16 
n = 24 

Figure 5. Pdrtition coefficients 
in n-octanol/pH 7 buffer 
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150 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table III. Separation of Χχ—X5 and R 

Eq. 
No. ao Electronic Parameters Hydrophobic Parameters r S η 

Û*X 1-5, R Πχ 1-5, R 

exp. 1 exp. 2 exp. 1 exp. 2 

7 + 5.66 
0.19 

+ 0.48 
0.29 

- 0 . 2 8 
0.28 

+ 0.31 
0.09 0.783 0.27 60 

8 + 5.52 
0.29 

+ 0.45 
0.29 

- 0 . 2 6 
0.28 

+ 0.50 
0.29 

- 0 . 0 5 
0.07 0.791 0.27 60 

( Ϊ Χ 1 - 5 OR Πχΐ_5 n R 

exp. 1 exp. 2 exp. 1 exp. 2 exp. 1 exp. 2 exp. 1 exp. 2 

9 + 5.49 
0.31 

+ 0.69 
0.83 

- 0 . 2 8 
0.45 

+ 0.22 
0.45 

- 0 . 0 4 
0.71 

+ 0.36 0.26 
0.74 0.783 0.27 60 

10 + 5.41 
0.37 

+ 0.68 
0:83 

- 0 . 2 6 
0.46 

+ 0.24 
0.45 

- 0 . 0 1 
0.72 

+ 0.51 
0.46 

- 0 . 0 7 
0.18 

0.26 
0.74 0.785 0.28 60 

W e d i d not get m u c h further than w i t h the molecular parameters 
w h e n w e separated the substituents at the carbony l group f rom those at 
the aromatic r ing only. Equat ions 7-10 have one t h i n g i n common w i t h 
Equat i ons 1-6, the negative sign of a l l electronic parameter square terms. 
T h e significance of several coefficients is weak, par t i cu lar ly i n the four-
parameter equations (9 a n d 10) . F u r t h e r separation of the substituents 
is necessary. Some steps w h i c h gave the equations w i t h the best fit are 
shown i n T a b l e I V . T h e equations were i m p r o v e d b y separating the 
electronic parameters of the ortho substituents f rom a l l the others ( E q u a 
t i on 11) . A t the same t ime, the hydrophob i c parameters became more 
significant. Replacement of the ortho-σ constants b y Taft 's E8 values, 
modi f ied accord ing to H a n s c h and K u t t e r (14) gave no significant i m 
provement. T h i s is not surpr is ing since there is h i g h intercorrelat ion of 
σ-ortho a n d E8 w i t h i n our set of substituents. 

T h e 9 5 % confidence intervals of the coefficients i n Equat ions 11 and 
12 ind i ca ted l i tt le significance of the electronic a n d steric parameters of 
the ortho substituents. I n fact, better correlations were obta ined w h e n 
they were omit ted a n d further separation of the hydrophob i c constants 
was introduced as i n Equat i ons 13 a n d 14. A l l the parameters are h i g h l y 
significant except the l inear π t e rm for the ortho substituents (πΧι>5). T h e 
correlat ion coefficient a n d standard deviat ion i m p r o v e d on ly s l ight ly 
w h e n a (ττχ2.4)2 term was added , as shown i n E q u a t i o n 15 ( F i g u r e 6 ) . 
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10. BUCHEL AND DRABER Acaricidal Hydrdzones 151 

A g a i n , the πΧι>5 term and the added ( π ι 2 . 4 ) 2 t erm are not significant. 
W h e n w e omit them, however , the correlat ion coefficient a n d standard 
deviat ion become worse. 

I n F i g u r e 7 w e have translated the best fit equat ion into the language 
of the chemist. T h e part i cu lar substituents are replaced b y the incre 
ments of their electronic a n d hydrophob i c contributions to the b io log i ca l 
ac t iv i ty of the parent molecule , w h i c h has a p l 5 0 of 5.81. Those ac
quainted w i t h the prob lem of correlat ing structure a n d b io log i ca l ac t iv i ty 
w i l l agree that the H a n s c h approach has taught the chemist w h o works 
w i t h b io log ica l ly active molecules to th ink i n terms of substituent p a r a m 
eters a n d coefficients rather than i n terms of fluorine, chlor ine , bromine , 
iodine , or methy l , e thyl , p r o p y l , i sopropyl , b u t y l , a n d so forth. 

Some conclusions can be d r a w n from the best equation ( E q u a t i o n 
15) . F o r the meta a n d para substituents a σ o p t i m u m value can be ca l 
cu lated : σ ο ρ ί = 0.326, w h i c h is the order of magnitude of σ values for 
chlor ine ( m : 0.373, p: 0.227) or C F 8 ( m : 0.430). T h e π 2 terms for m,p-
substituents are not significant; therefore h i g h l i p o p h i l i c i t y is favorable. 
T h e same is true for the substituent at the C O group. 

T h e role of the ortho substituents as descr ibed b y our equat ion is 
entirely different. T h e negative sign of the l inear a n d the posit ive sign 
of the quadrat i c π t e rm suggest a m i n i m u m value for p l 5 0 w i t h π = 0.18. 
T h i s means that the act iv i ty increases w i t h more l i p o p h i l i c a n d w i t h more 

Table IV. Separation of Xi,5,2,3,4 and R 

Eq. 
No. ao Electronic Parameters Hydrophobic/Steric 

Parameters r s η 

Οχ 2-4, R 0X1,5 Πχΐ-5 n R Esx 1,5 
exp. 1 exp. 2 exp.1 exp. 2 exp.1 exp.1 exp.1 exp. 2 

11 + 5.79 
0.18 

+ 0.54 
0.19 

- 0 . 3 9 
0.28 

- 0 . 5 8 
0.57 

+ 0.60 
0.59 

+ 0.36 
0.10 

+ 0.22 
0.11 0.871 0.22 60 

12 + 5.68 
0.17 

+ 0.53 
0.19 

0.40 
0.23 

+ 0.36 
0.09 

+ 0.22 
0.10 

- 0 . 1 3 
0.13 

+ 0.07 
0.05 0.877 0.21 60 

Οχ 2-4, R ÏÏX2-4 n R Iîxi-5 

exp.1 exp. 2 exp. 1 exp. 1 exp.1 exp. 2 

13 + 5.83 + 0.56 
0.16 

- 0 . 8 2 
0.30 

0.38 
0.08 

0.17 
0.09 

0.18 
0.12 0,910 0.18 60 

14 + 5.78 + 0.51 
0.16 

- 0 . 7 7 
0.29 

0.41 
0.08 

0.19 
0.08 

- 0 . 1 5 
0.29 

0.37 
0.30 0.920 0.17 60 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

, 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
2-

01
14

.c
h0

10



152 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

pl», = 5.83+0.52 
0.15 0.16 

- 0 . 8 0 · 1(0^.^ 
0.30 

Figure 6. 

+0.05 (Πχ,-,)2 - 0 . 1 3 · nx1>s 

0.23 0.10 0.29 

+0.36 
0.30 

( M * 0.19· ΓπΠ 
r\ no I——· 0.08 

r = 0.921 
s = 0.172 
η = 60 

Equation 15. This equation gave the 
best correction. 

h y d r o p h i l i c ortho substituents than, for example, O C 2 H 5 (ΤΓ ο γ^ 0 = 0.24). 
T h i s result is improbable . Since the πΧι>5 t e rm is not par t i cu lar ly s ig 
nificant, these 7Γ terms are probab ly not an accurate descr ipt ion of steric 
a n d h y d r o p h o b i c effects of the ortho substituents. T h e m i n i m u m value 
is difficult to interpret. I n part i t m a y be caused b y l i tt le variance i n our 
ortho substituents. H o w e v e r , Equat ions 11 a n d 12 w h i c h i n c l u d e d σ 0 or 
E8 parameters have also ind i ca ted m i n i m u m rather than m a x i m u m values. 

+0.52 σ 
- 0 . 8 0 σ2 

+0.31 • Π \ 
- 0 . 0 5 IP 

+0.52 σ 
- 0 . 8 0 σ 2 

+0.31 · Π 
- 0 . 0 5 • IP 

+0.52 0 
- 0 . 8 0 σ 2 

+0.31 · Π 
- 0 . 0 5 • IP 

- 0 . 1 3 Π 
+0.36 IP 

- 0 . 1 3 Π 
+0.36 i r 

C N 

C 
II 

ο 

+0.52 σ 
- 0 . 8 0 σ 2 

+0.19- Π 

Figure 7. Contribution of substituents in different positions of the mole
cule to uncoupling activity 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

, 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
2-

01
14

.c
h0

10



10. B U C H E L AND DRABER Acaricidal Hydrazones 153 

Conclusions 

A l t h o u g h the effect of the ortho substituents needs further e luc ida 
t ion w h i c h requires the synthesis of n e w compounds, w e tentatively d r a w 
one conc lus ion : i t seems l i k e l y that steric interact ion of the ortho sub
stituents w i t h the toxophoric N H group does not decrease the act iv i ty ; 
on the contrary, i t m a y enhance it . 

T h i s surpr is ing result does not agree w i t h any hypothesis w h i c h 
w o u l d invo lve a c h e m i c a l react ion at the N H group—e.g. w i t h a h i g h 
energy intermediate as postulated b y the Slater theory on the mechanism 
of oxidat ive phosphorylat ion (15). Converse ly , hydrophob i c sh ie ld ing 
of the N H group seems advantageous. O n the other h a n d , the o p t i m a l 
p K va lue w h i c h can be ca lculated f rom σ ο ρ ί = 0.326 a n d the equat ion 

pKa = 7.283 - 1.838 . σ (see F igure 4) 

as p K a ( opt ) = 4.89 ( 5 0 % e thano l /water , v / v ) should be precise. 
H e n c e , the capab i l i ty of the uncoupler to dissociate i n the b io log ica l 
system is essential for its mode of act ion. T h i s conclusion w o u l d be i n 
l ine w i t h the chemiosmotic theory of u n c o u p l i n g act ion b y M i t c h e l l ( 16 ) 
al though this theory does not he lp to expla in the obvious diverse con
t r ibut i on of the substituents i n different positions of the molecule . O u r 
correlations, though far f rom perfect, have c lear ly demonstrated that 
u n c o u p l i n g cannot be expla ined s imply i n terms of dissociation i n ho 
mogeneous phase a n d l i p o p h i l i c i t y of the undissociated molecule as a 
whole . 

A two-d imens ional a n d perhaps stereospecific interact ion of the u n 
coupler w i t h its environment seems to contro l the act iv i ty . Genera l ly , 
this w o u l d mean b i n d i n g to a membrane surface. A n alternative has 
recently been discussed b y F inke l s t e in (17). I n agreement w i t h the 
M i t c h e l l theory he f ound that the conductance of t h i n l i p i d membranes 
was increased b y uncouplers . A s a charge carrier for hydrogen ions 
through the membrane he suggested a d imer formed f rom undissociated 
a n d dissociated uncoupler molecules. Complexes of this type w o u l d be 
fa i r ly l i p o p h i l i c a n d therefore soluble i n the l i p i d membranes. There is , 
however , no direct exper imental evidence of their existence a l though 
they c o u l d f orm i n solvents of l o w water content. O n e factor contro l l ing 
uncoup l ing act iv i ty w o u l d then be the capab i l i ty to f o rm negatively 
charged dimers. O n the other h a n d , monomeric uncoupler anions should 
also be sufficiently l i p o p h i l i c w h e n the negative charge is b u r i e d under 
hydrophob i c substituents, a n d hydrat i on is therefore reduced. 

These considerations show that quanti tat ive structure—activity corre
lations w i t h uncouplers can be used as a predict ive too l ( 18 ) not on ly for 
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154 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

the synthesiz ing chemist but perhaps also i n a diagnostic sense for those 
t r y i n g to elucidate the mechanism of oxidative phosphorylat ion. I n this 
respect, the present study is just a beg inning , a n d i t might be excit ing 
to compare i t w i t h results obta ined w i t h other types of uncouplers . 
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Structure-Activity Relationships in 
Antifungal Agents: A Survey 

ERIC J. LIEN 

School of Pharmacy, University of Southern California, 
Los Angeles, Calif. 90007 

CORWIN HANSCH 

Department of Chemistry, Pomona College, Claremont, Calif. 91711 

Using computerized regression analysis, a generalized equa
tion and a few of its simplified forms can be used to correlate 
the antifungal activity of more than 560 compounds with 
their chemical structures. The general equation is: 

log activity = parabolic function of log Ρ + k (electronic) 
+ k' (steric) + k" 

Hydrophobic character as measured by the octanol/water 
partition coefficient (log P or π) and electronic effects of 
substituents as measured by Hammett's σ constant appear 
to be the most important factors in determining the relative 
potency of congeneric members of drugs while the intrinsic 
activity is governed by the functional group(s) of the mole
cules. The correlations obtained should serve as useful 
guidelines for predicting the design of more specific new 
antifungal agents. 

mong the 70,000 k n o w n species of fung i many are parasit ic to animals 
and plants. Furthermore , under proper conditions almost any m a 

ter ia l is open to funga l attack i f not adequately protected b y a fungic ide. 
It is not surpris ing , then, that thousands of compounds are synthesized 
a n d tested each year for ant i fungal act iv i ty . A number of ant i fungal 
agents have thus become commerc ia l ly avai lable for various purposes 
(1-3). 
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156 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Organism 

S. sarciîiaeforme 
spores 

S. sarcinaeforme 

Table la . Equations Correlating Antifungal 

log A c t i v i t y = ki log Ρ + k2 

Type of Compound 

Η 

Ϊ 

C H 

0 = N 
N - R 
I 

N H 

Action 

i n h . 

i n h . 

Units of 
Activity 

I/ED50 
μ Μ / c m 2 

I/ED50 
μ Μ / c m 2 

C H 3 

V. inaequales 
spores 

R N H — C — N H 2 i n h . % i n h . 
germinat ion 

R i 

T. mentagrophytes i n h . p C 

O C H 3 

M. verrucaria i n h . p C 

C. albicans H O C 6 H 4 C O O R i n h . p C 

T. mentagrophytes R 1 R N ( C H 2 ) 2 N ( C H 3 ) 2 i n h p C 

C. albicans R i R 2 N ( C H 2 ) 2 N ( C H 3 ) 2 i n h . p C 

A. niger R C O O - k i l l p C 

T. interdigitale R C O O - k i l l pC 

A. niger R C O O - i n h . pC 

P. cyclopium X P h ( C H 2 ) 2 N C S i n h . p C 

A. niger X P h C H 2 N C S i n h . p C 
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11. L I E N AND HANSCH Antifungal Agents 

Activity with Physicochemical Constants 

157 

k i k 2 r 6 s c Equation Ref. 

0.51 - 0 . 9 4 d 3 0.99 0.24 1 4 

1.65 0.06 6 3 0.99 0.30 2 4 

0.15 1.51 d 5 0.94 0.16 3 4 

0.81 0.90 12 0.95 0.16 4 4 

0.79 0.93 9 0.93 0.15 5 4 
0.70 0.95 7 0.97 0.21 6 8 

0.53 1.37 22 0.89 0.50 7 8 

0.34 1.74 19 0.86 0.40 8 8 

0.67 2.08 8 0.97 0.18 9 8 

0.76 2.43 14 0.99 0.13 10 8 

0.55 2.66 10 0.96 0.21 11 8 

0.46 2.79 6 0.97 0.06 12 8 

0.55 3.28 13 0.90 0.15 13 8 
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158 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Organism 

M. fructicola 

log A c t i v i t y = k ι log Ρ + k2 

Type of Compound 

Ο 

Φ* 
Ο 

Action 

k i l l 

Table la . 

Units of 
Activity 

pC 

A. oleracea 

C. albicans 

N. crassa 

k i l l p C 

i n h . p C 

X P h H N Ν N H P h X 

Ο 
II 

•0> -SCCI3 i n h . p C 

Ο 

"Footnotes for Tables la, b, c are given in Table Id (p. 176). 

I n spite of the tremendous amount of data reported i n the l i terature, 
few general ized quant i tat ive structure-act ivity correlat ion studies have 
been reported (4-8); that is, l i tt le investigation, us ing a general ized 
model , into correlations between the drug's molecular structure a n d the 
resultant b io log i ca l act iv i ty has been done. W e now report that w i t h 
the use of computer ized regression analysis, a general ized equat ion and 
a few of its s impl i f ied forms can be used to correlate the ant i fungal ac
t iv i ty of more than 560 compounds w i t h their chemica l structures. T h e 
correlations obtained should serve as guidelines for the design of new 
ant i fungal agents. 
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11. L I E N AND HANSCH Antifungal Agents 159 

Continued 

k i k 2 n ° r 6 sd Equation Réf. 

0.88 3.53 10 0.86 0.58 14 8 

0.73 3.74 10 0.83 0.56 15 8 

0.50 4.15 8 0.96 0.22 16 .8 

0.55 4.37 e 7 0.92 0.21 17 7 

Method 

T h e b io log i ca l data were col lected f rom a survey of the l i terature 
up to December 1970. A l t h o u g h an enormous amount of w o r k has been 
pub l i shed , only data suitable for quanti tat ive analysis c ou ld be con
sidered. T h e phys i cochemica l constants used i n the study were log F or 
7Γ, where Ρ is the oc tano l /water part i t ion coefficient of the whole molecule 
and 7Γ is defined as: 

x = log Px - log Ρ π 
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160 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

( PX is the par t i t i on coefficient of a der ivat ive and PH is that for the parent 
compound. ) A l so used were Hammett ' s σ constant, Taft 's po lar con
stant, σ*, and Taft 's steric parameter, Es. I n a few examples ( E q u a t i o n s 
17, 21, 24, a n d 3 0 ) , F values f rom o ley l a l c o h o l / w a t e r have been used. 
I n one instance ( E q u a t i o n 69) the chemica l shift of a phenol ic proton 
has been used for comparison w i t h the σ constant. W h e r e possible, the 
experimental ly measured part i t i on coefficients for a l l members of the 
series have been used. I n other instances only one member of a set has 
been measured. Values for the other members were obta ined by tak ing 
advantage of the a d d i t i v i t y pr inc iples of log F a n d π. Deta i l s are g iven 
elsewhere (4, 7, a n d 8 ) . F o r the new w o r k of T a b l e I I , log F values for 
the parent compounds are g iven i n the footnotes. 

T h e "best" equations are assembled i n Tables l a , b , and c. H e r e w e 
have given the equations w i t h the m a x i m u m number of independent 
variables justified b y the F statistic where a ^ 0.10. M a n y sets were 
studied i n w h i c h only poor correlations were obtained. W e have not 
in c luded these. O u r standard for a good correlation was set at r ^ 0.9 
( r = correlation coefficient). O n l y a few examples w i t h r s l ightly be low 
0.9 have been inc luded . A t present we are t r y i n g to establish a basic 
set of equations w i t h w h i c h others can be compared in quantitat ive 
studies. F o r pract i ca l work i n designing new fungic ides one w o u l d want 
to use equations hav ing lower correlations for guidance to design new 
derivatives for synthesis. I n Tables l a , b, and c, η is the number of data 
points used i n the least-squares fit of the data a n d s is the standard de
v iat ion f rom the regression. L o g P0 was obtained by setting d ( l og ac
t i v i t y ) / d log F = 0 and solving for log F . It represents the o p t i m u m 
l i p o p h i l i c character for the given set of congeners. T h e figures i n paren
theses under this constant are the 9 5 % confidence intervals. I n some 
instances confidence intervals are miss ing because it is not possible to 
calculate them. A n explanation of this ca lculat ion is g iven elsewhere ( 9 ) . 

W h e r e possible, act iv i ty has been expressed as log 1 / C (i.e., p C ) 
where C is the molar concentration requ i red to cause a standard response 
( such as E D - ) 0 , M I C , or L D i o o ) . I n many instances the intercepts of 
these equations can be compared. W h e r e act iv i ty is expressed i n other 
units, such comparisons are not possible. I n a few examples the relative 
value, F C , the molar pheno l coefficient, has been used. In Tables I l a - d 
new data not previously correlated are assembled. 

Results and Discussion 

I n Tables l a and l b w e have p laced a l l equations w h i c h are corre
lated b y the single parameter, log F . E x c e p t for those equations i n w h i c h 
act iv i ty cou ld not be defined b y p C (i.e., log 1 / C ) , a l l equations have 
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11. L I E N AND HANSCH Antifungal Agents 161 

been arranged b y increasing va lue of the intercept. Since act iv i ty for 
these is defined as the rec iproca l of the molar concentration of fungic ide 
( 1 / C ) , the larger the value of the intercept, the greater the intr ins ic 
ac t iv i ty of the pharmacophor i c funct ion of a g iven congeneric set. I n 
compar ing the intercept of these equations w e are consider ing the case 
where Ρ = 1 or log Ρ = 0. C o m p a r i n g intercepts thus al lows one to 
compare completely different sets of congeners act ing on complete ly 
different b i o chemica l systems under the condi t ion where the molecules 
have the same l i p o p h i l i c character. I f comparison of two or more sets 
of congeners is be ing made on an ident i ca l test system (same organism, 
temperature, nutrient , a n d so f o r t h ) , then differences i n intercept can 
be taken as differences i n w h a t m i g h t be ca l led the intr ins i c act iv i ty of 
the c ommon pharmacophor ic funct ion . Stated another wa y , i f l og F ac
counts for differences i n act iv i ty caused b y the hydrophob i c character 
of the drugs ( a n d this is the on ly var iable i n our equat ion ) , then other 
differences between sets are contained i n the intercept. A t our present 
leve l of refinement i n extrathermodynamic correlations these might be 
l u m p e d together under the common head ing stereoelectronic. F o r t u 
nately, it turns out (10) that w h e n the o c tano l /water reference system 
is used as a standard, the intercept for the most nonspecific k inds of b io 
log i ca l response is 0.0 ± .5; that is, equations ( i n the single var iable 
l og P) corre lat ing s imple prote in denaturat ion, narcotic act ion on frog 
hearts, narcosis of tadpoles, a n d the l ike have intercepts near zero. T h i s 
holds only for neutra l molecules such as alcohols, ketones, esters, a n d 
so forth. Ionic compounds such as R C O O " a n d R N + ( C H 3 ) 3 deviate f rom 
this greatly. It must also be kept i n m i n d that the value of the intercept 
depends on the leve l of response; that is, the intercept for an E D i o o w o u l d 
be lower than that for an E D 5 0 . 

W e can cautiously beg in to use intercepts such as those i n Tables 
l a a n d l b to order various funct ional groups i n terms of their relative 
effects on various b i o chemica l systems. There is an advantage i n m a k i n g 
comparisons of molecules on an i so l ipophi l i c basis early i n structure-ac
t iv i ty studies, w h i c h can be i l lustrated as fol lows. O m i t t i n g the t w o ex
treme examples ( E q u a t i o n s 2 a n d 3, w h i c h are based on l i t t le d a t a ) , the 
mean a n d standard dev iat ion for the slopes of the other 15 cases i n T a b l e 
l a is 0.62 ± 0.15. O n this basis, molecules i n different congeneric sets 
w h i c h differ b y 3 i n log Ρ values w o u l d have differences i n act iv i ty of 
1.86 l og units , or 70-fold. W h i l e this w o u l d indicate greatly different 
act iv i ty for the two isolated examples, i f the intercepts for the two equa
tions correlat ing the S A R for the sets are the same, l i t t le importance is 
to be attached to the 70-fold difference i n act iv i ty . T h i s can be achieved 
for any members of the sets s imply b y m a n i p u l a t i o n of the log Ρ values. 
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162 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table lb. Equations Correlating Antifungal 

log A c t i v i t y = -kx (log P ) 2 + k2 log Ρ + ks 

Organism 

T. rosaceum 

A. niger 

A. niger 

A. tenuis 

C. albicans 

V. inaequales 
spores 

E. graminis 

Type of Compound 

It 

O H 

R 

w i t h 
E D T A 

O H 

0 
II 

c V 
N S C C 1 , 

C 
II 
ο 

/ 

B r 

R N H 3 + 

•o' V 
, N — S C C U 

Units of 
Action Activity 

i n h . PC 

i n h . m m / d a y 
M y c e l i a 

i n h . m m / d a y 
M y c e l i a 

i n h . relative 

i n h . PC 

i n h . % 
G e r m i n a t i o n 

i n h . % 
reduction in 

infection 
Ο 
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11. L I E N AND HANSCH Antifungal Agents 163 

Activity with Physicochemical Constants 

Equa-
k i k 2 k 3 log P c η r s Hon Ref. 

0.11 1.68 - 2 . 6 8 d 7.3 22 0.99 0.13 18 8 
(6.2-11) 

0.14 1.36 - 2 . 3 6 d 5.0 9 0.99 0.08 19 4 
(4.9-5.2) 

0.13 1.20 - 1 . 8 4 d 4.7 11 0.96 0.11 20 4 
(4.6-5.0) 

0.21 1.13 - 1 . 5 9 d 2.8 6 0.98 0.08 21 7 
(2.3-31) 

0.08 1.32 - 0 . 8 9 d 7.8 14 0.99 0.12 22 8 
(6.2-15) 

0.18 1.38 - 0 . 8 5 d 3.9 5 0.99 0.07 23 4 
(3.5-5.5) 

1.12 3.87 1.90 d 1.7 6 0.96 0.32 24 7 
(0.7-2.0) 
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164 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table lb. 

log A c t i v i t y = - f c i (log P ) 2 + k2 log Ρ + h 

Organism 
Units of 

Type of Compound Action Activity 

M. fructicola 

P. infestons 

A. oleracea 

Ο-* k i l l Ι / μ Μ / c m 2 

χ - k i l l Ι / μ Μ / c m 2 

x - k i l l Ι / μ Μ / c m 2 

V. inaequales 

V. inaequales 

^ ^ N + - R 

R B r -

X - k i l l Ι / μ Λ ί / c m 2 

k i l l Ι / μ Μ / c m 2 

S. sarcinaeforme 

0 
II 

< \ 
^ N — R 

Π 1 1 = H 

o sccu 

i n h . I/ED50 
m o l e / c m 2 

T. interdigitale 

R 

1 
Ν 
Η 

i n h . pC 

L. lepideus R O H i n h . p C 
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11. L I E N AND HANSCH Antifungal Agents 165 

Continued 

Equa-
k i k 2 k 3 log Y ο η r s tion Réf. 

0.16 0.78 2.38* 2.5 7 0.99 0.12 25 8 
(2.2-3.0) 

0.13 0.65 2 . 5 5 d 2.4 8 0.99 0.16 26 8 
(2.0-3.2) 

0.17 0.72 2.58 " 2.2 7 0.97 0.30 27 8 
(1.6-3.6) 

0.16 0.64 3.07 « 2.0 8 0.99 0.10 28 8 
(1.8-2.3) 

0.08 0.59 3 . 1 0 d 3.6 6 0.93 0.10 29 8 
(3.1-11) 

0.44 2.42 5.33 V 2.8 7 0.99 0.16 30 7 
(2.4-4.0) 

0.65 5.98 - 9 . 3 3 4.6 6 0.95 0.23 31 
(4.3-5.4) 

0.60 4.27 - 4 . 0 9 3.6 5 0.88 0.53 32 8 
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Table lb. 

log A c t i v i t y = -k\ (log P ) 2 + k2 log Ρ + kz 

Organism 

A. niger 

A. solani 

Units of 
Type of Compound Action Activity 

Ο 
II / 

R i C — C H = C 

Η Ν N R 

Ν / 

C 
II 

s 

« 8 

i n h . 

i n h . 

p C 

p C 

C. albi-cans 

M. fructicola 

A. niger 

T. gypseum 

G. cingulata 

A. solani 

S. sarcinaeforme 

M. fructicola 

A r N C S 

Η Ν N R 
\ • 

C 
II 

s 

R l \ C = N 

H 

i n h . 

i n h . 

i n h . 

i n h . 

i n h . 

i n h . 

i n h . 

i n h . 

p C 

p C 

p C 

p C 

p C 

p C 

P C 

p C 
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11. L I E N AND HANSCH Antifungal Agents 167 

Continued 

k i k 2 k 3 log P 0 n r s tion Ref. 

0.13 1.38 - 1 . 6 0 5.1 19 0.87 0.41 33 8 

0.34 2.18 - 0 . 2 9 3.2 
(2.8-9.8) 

6 0.97 0.15 34 8 

0.19 1.91 0.56 5.0 
(4.6-6.5) 

10 0.94 0.10 35 8 

0.14 1.40 0.66 5.0 5 0.99 0.05 36 8 

0.11 1.17 0.83 5.5 
(5.1-6.4) 

26 0.93 0.20 37 8 

0.10 1.32 1.18 6.4 11 0.92 0.34 38 8 

0.07 0.97 1.44 7.0 
(6.0-8.7) 

15 0.88 0.50 39 8 

0.08 0.94 1.89 6.2 15 0.91 0.36 40 8 

0.07 0.90 2.09 
(5.6-6.9) 

6.1 15 0.91 0.34 41 8 

0.08 1.07 2.18 
(5.6-6.8) 

6.1 
(5.7-6.7) 

14 0.95 0.32 42 8 
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168 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table lb. 

log A c t i v i t y = — ki (log P ) 2 + k2 log Ρ + ks 

Organism 

C. albicans 

L. lepideus 

A. circinaus 
spores 

M. fructicola 

A. niger 

T. mentagrophytes 

T. mentagrophytes 

C. albicans 

C. albicans 

P . omnivorum 

T. interdigitale 

T. purpurpeum 

T. gypseum 

Type of Compound 

R C O O -

>NH 2 + 

y 
R4 R4 

R + 
P h C H 2 N ( C H 3 ) 2 C l -

R C O O -

Units of 
Action Activity 

i n h . 

i n h . 

i n h . 

i n h . 

i n h . 

k i l l 

i n h . 

i n h . 

k i l l 

i n h . 

i n h . 

i n h . 

i n h . 

p C 

p C 

p C 

pC 

pC 

pC 

pC 

pC 

pC 

pC 

pC 

pC 

pC 

M. fructicola 

S. pastorianus 
spores 

A. niger 

R. nigricans 

R N H — C — N H 2 

Ο 

R 3 S n O C C H 3 

i n h . 

i n h . 

i n h . 

i n h . 

pC 

pC 

pC 

pC 
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11. L I E N AND HANSCH Antifungal Agents 169 

Continued 

k i k 2 k 3 log P„ 

0.64 - 1 . 5 4 2.15 - 1 . 2 
( - 1 . 3 - 1 . 0 

0.12 0.42 2.38 1.7 

0.05 0.67 2.69 7.3 

0.05 0.73 2.70 7.7 

0.24 1.04 3.11 2.2 
(2.0-2.5) 

0.16 1.06 3.23 3.2 
(2.9-3.9) 

0.16 1.06 3.29 3.3 
(3.0-3.7) 

0.26 1.36 3.24 2.6 
(2.4-2.8) 

0.30 2.04 3.25 2.2 
(2.1-2.5) 

0.03 - 0 . 0 8 3.35 - 0 . 2 
( - 1 - 1 0 ) 

0.10 0.33 3.50 1.6 
(0.7-5.0) 

0.06 0.46 3.75 4.2 
(2.3-11) 

0.12 0.24 4.25 1 
(0.6-2.0) 

0.13 0.52 4.84 2.0 
(1.8-2.2) 

0.18 0.71 4.88 1.9 
(1.5-2.2) 

3.0» 
0.14 0.86 4.48 (2.8-3.2) 

0.15 0.76 4.58 2.5" 
(1 -4 .5) 

η r s 
Equa
tion Réf. 

6 0.99 0.09 43 8 

6 0.90 0.28 44 8 

12 0.90 0.65 45 4 

11 0.90 0.70 46 4 
11 0.95 0.22 47 8 

11 0.98 0.17 48 8 

11 0.99 0.12 49 8 

11 0.98 0.20 50 8 

11 0.96 0.24 51 8 

15 0.85 0.35 52 8 

14 0.97 0.22 53 8 

15 0.99 0.17 54 8 

15 0.88 0.21 55 8 

6 0.99 0.03 56 8 

6 0.99 0.07 57 8 

6 0.99 0.10 58 4 
6 0.92 0.57 59 4 
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170 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Moreover , h a v i n g a fa ir idea of log P0 ( the idea l l i p o p h i l i c character for 
a g iven set act ing on a g iven system) , one can calculate r ough l imits on 
the amount of ac t iv i ty increase one can u l t imate ly obta in for a g iven 
set s imp ly b y increasing the par t i t i on coefficient i n the synthesis of n e w 
congeners. C o m p a r i s o n of i so l ipophi l i c molecules romoves one c o m p l i 
cat ing factor i n unrave l ing structure-act iv i ty relationships. T o put i t i n 
prac t i ca l terms, i f one has two entirely different series of drugs r e q u i r i n g 
different numbers of parameters to give good correlations, one should 
choose one d r u g f rom each series h a v i n g approximately the same l og F 
va lue a n d compare their activit ies ( l og 1 / C ) . T h i s comparison m a y pro 
v i d e more useful in format ion for further d rug design than compar ing , 
say, the M I C of the most potent member of each series. 

log P 0 

LOG Ρ 

Figure 1. Dependence of log activity on log P. 
Different segments of the same parabola may give 
straight lines with slopes ranging from positive to 

zero to negative. 

W h e n m a k i n g comparisons w i t h l inear equations such as those i n 
T a b l e l a , one must proceed w i t h caution. Since the general re lat ionship 
between p C a n d log Ρ is parabol i c , the l inear re lat ion is only part of the 
larger p ic ture . A s F i g u r e 1 shows, the slope a n d intercept for such an 
equat ion w i l l depend strongly on the part of the parabola on w h i c h one 
is w o r k i n g . T h u s , for v a l i d comparisons the set of congeners must be 
subopt imal w i t h respect to log P0 ( the apex of the p a r a b o l a ) , a n d rea 
sonable var iat ion must be present i n the log Ρ values of the members of 
the sets. O n e must also keep i n m i n d that a l though electronic a n d steric 
terms are not present i n the equations of Tables l a a n d l b , this does not 
m e a n that such effects w o u l d not be important i n these series. O f t e n the 
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11. L I E N AND HANSCH Antifungal Agents 171 

set of congeners was not w e l l chosen so that insufficient var iat ion is 
present i n these properties for their we ight to be assessed. 

T h e most obvious general izat ion about the equations of T a b l e l a is 
that since a l l are l inear i n l og P, more active members of each set c o u l d 
be made s imply b y increasing l i p o p h i l i c character. H o w e v e r , i n under 
tak ing such a study i t w o u l d be most desirable to select substituents so 
that the effects of electronic a n d steric factors c o u l d be evaluated s i m u l 
taneously. 

T h e intercept of T a b l e l a indicate that only the last five or six sets 
are active enough for further study. H o w m u c h act iv i ty one cou ld expect 
to gain c ou ld be estimated b y not ing the difference between the most 
act ive c o m p o u n d tested i n a g iven set a n d the probable log F 0 value for 
the set. T h e log P0 w o u l d have to be estimated b y consider ing s imi lar 
compounds i n T a b l e l b . M o s t neutra l sets have log F 0 i n the range 5 -6 
w h i l e most ionic sets have log F 0 between 2 a n d 3. O n e obtains s imi lar 
equations for the act ion of such charged molecules on red b lood cells 
a n d bacter ia ( J O ) . It w o u l d seem that these molecules are p r o d u c i n g 
their toxic effects via membrane perturbat ion (8). 

I n the equations correlat ing sets of compounds only par t ia l ly i on ized 
under the experimental conditions (e.g., R C O O H a n d R N H 2 ) , one is 
faced w i t h the uncertainty of w h i c h log F should be used. T h e choice, 
of course, makes a large difference i n the values of the intercept a n d 
log F 0 . F o r example, for the carboxy l funct ion , π for C O O " is 4.1 units 
lower than that for the neutra l C O O H . W h i l e this is disadvantageous 
from the point of v i e w of the penetrat ion a n d b i n d i n g of acids i n b i o 
chemica l processes, it is offset i n membrane perturbat ion b y the m u c h 
greater act iv i ty of the i on (8, 10). E v e n at a p H as l ow as 5, most 
acids w o u l d be 5 0 % or more ionized . A t phys io log ica l p H , l i t t le of 
the neutra l f o rm is present. F o r these reasons we have used log F 
values for the ionic forms where possible i n this study. There is of 
course no ambigu i ty i n the case of i on izat ion for the quaternary ammo
n i u m compounds or the guanidines. T h e fact that the intercepts for equa
tions correlat ing sets of R C O O " f a l l i n the same regions as these total ly 
i on ized congeners lends support to the choice of log F for R C O O " . 

F o r the a lkylguanidines , B r o w n a n d Sisler (14) postulated that the 
alteration of permeabi l i ty of the ce l l , w i t h the result ing loss of v i t a l ce l lu lar 
constituents, b l o c k i n g of anionic sites, a n d inact ivat ion of v i t a l enzymes, 
was responsible for the fungitoxic i ty . Interestingly, the correlations ob
ta ined for some of the amines a n d the quaternary a m m o n i u m compounds 
indicate activities comparable w i t h those of the a lkylguanidines . W h e n 
the nonpolar side chains of these compounds are l ong enough, they m a y 
cause s imi lar perturbations on the l ipoprote in membranes b y re lat ively 
nonspecific hydrophob i c interactions a n d ion ic forces. 
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172 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table Ic. Equations Correlating Antifungal 

log A c t i v i t y = -kx (log P ) 2 + k2 log Ρ + k3 σ + k4 

Organism 

B. alii 

R O 

Type of Compound 
Units of 

A ction A ctivity k ι 

0 R 1 0 A D 
II , x cur l ing 

of relat ive 0.0 
0 = 0 hyphac 

Ό 

C l C H 3 

A. niger 

H. anomala 

A. niger 
+ 

3 molds 
T. mentagro

phytes + 
3 molds 

A. niger 

M. verrucaria 

R' O H 

C H 3 

I 

C H 2 = C C O O P h — X 

X — P h C H 2 O H 

R — P h O C H 2 C H C H 2 

I I 
χ γ 

N O * 

i n h . 

i n h . 

i n h . 

i n h . 

i n h . 

p C 0.19 

p C 

p C 

0.10 

0.00 

p C 0.00 

k i l l 

p C 0.00 

p C 0.00 

C. albicans X — P h N H C H 

O H 

C I 

i n h . p C 0.00 
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11. L I E N AND HANSCH Antifungal Agents 173 

Activity with Physicochemical Constants 

Equa-
k 2 k 3 k 4 log P 0 η r s lion Ref. 

0.56 2.19 - 1 . 3 2 d — 22 0.88 0.25 60 8 

1.86 0.63 - 0 . 0 9 4.9 18 0.98 0.16 61 8 
(4.3-6.3) 

6.0 

1.23 - 0 . 8 8 0.88 (4.8-7.3) 10 0.96 0.07 62 8 

0.58 0.45 1.12 — 19 0.95 0.24 63 8 

0.69 0.43 1.21 26 0.91 0.22 64 8 

0.00 3.51 1.52 4 0.996 0.03 65 11 

0.00 4.22 1.76 4 0.99 0.05 66 11 

0.27 0.96 2.43 0.98 0.11 67 8 
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174 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

T a b l e Ic . 

log A c t i v i t y = -fa (log P ) 2 + fa log Ρ + faa + fa 

Units of 
Organism Type of Compound Action Activity k i 

4YH0 

V \ ) I I 

S. cerevisiae -^-"ϊ Χ ' η η · ^.00 
s O H 

S. cerevisiae " i n h . pC 0.00 

O H 

T. interdi- \ . i n h . pC 0.00 
gitale X — P h N H C H 2 -

C l 

M. audouini " i n h . pC 0.00 

T\ mentagro- X - + - 1 C Ο ^ n n * P ^ 

X 
U.maydis ± 1 i n h . p C 0.00 

" s ' c - N H -
II 
Ο 

D . palmatus " i n h . p C 0.00 

/ O ^ ^ y C H s 

R. solani 4 A i n h - P C 0 0 0 

ο 
"See Table Id (p. 176) for footnotes. 
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11. L I E N AND HANSCH Antifungal Agents 175 

Continued 

Equa-
k 2 k 3 k 4 log P c n r s tion Ref. 

0.56 0.41 2.72 — 14 0.89 0.35 68 12 

0.77 0 .22 ' 0 . 8 9 d — 14 0.86 0.40 69 12 

0.34 0.57 3.03 — 8 0.91 0.24 70 8 

0.24 0.74 3.54 — 8 0.98 0.10 71 8 

1.36 - 1 . 7 0 3.71 .64 9 0.89 0.39 72 4 
(0.4-2.2) 

0.00 - 1 . 8 6 5.76 — 9 0.89 0.37 73 13 

0.00 - 1 . 9 4 5.91 — 9 0.89 0.38 74 13 

- 1 . 5 8 - 2 . 6 4 10.16 — 9 0.94 0.33 75 13 
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176 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table Id. Equations Correlating Antifungal Activity 
with Physicochemical Constants 

Equa-

Organism Type of Compound Action n r s log P Q Hon Ref. 

Ο 
A. niger B r — C H 2 C — N H R inh. 

p C = -0.26(logP) 2 + 1.591ogP + 2.06σ* 
+ 0.83#β + 3.20 15 0.98 0.21 3.0 76 8 

(2.8-3.2) 
Ο 

T. viride B r — C H 2 C — N H R inh. 
pC = 0.371og P + 0.51E8 + 3.37 10 0.95 0.20 — 77 8 

S 
II 

B. cinerea R R ' N C — S ~ N a + inh. 
pC = -0 .28X 2 - 0.21x - 1.53σ* + 5.06 9 0.92 0.28 -0 .4 78 8 

a Number of data points used in deriving equation. 
6 Correlation coefficient. 
c Standard deviation. 
d These intercepts not comparable with those in which data is expressed in units 

of log 1/C where C is the applied molar concentration. 
e These equations based on oleyl alcohol/water partition coefficients. These are 

related to the |Octanol/water system by: log P 0 i e y aie = 0.994 log Poctanoi —0.54. 
Hence this intercept is about 0.5 out of line with others in the table. 

f Instead of σ, the chemical shift of the O H was used as an index of the electronic 
effect of the substituent. Units are in cps X 10~2. 

0 Based on the experimentally measured log Ρ of tripropyltin acetate = 1.67. 
h Since the log Ρ of the parent molecule is not available, the χ value of the sub

stituent X is used in the correlation. 

Polyen i c antibiotics such as filipin, nystat in, a n d amphoter i c in B , 
possessing nonpolar a n d polar moieties, may operate i n a s imi lar fashion. 
H o w e v e r , these compounds appear to operate via membrane sterols. T h e 
specific interact ion w i t h membrane sterol appears to be responsible for 
the selective toxic i ty against fung i , not bacter ia , since bacter ia l m e m 
brane does not contain sterols. T h e membrane perturbat ion may lead to 
leakage of various nutrients ( 15 ) , as w e l l as to alteration of the ac t iv i ty of 
the enzymes incorporated into the membrane structure. Po lyen ic ant i 
biotics m a y also cause hemolysis (15). W e have recently po inted out the 
s imi lar structure-act ivity correlations for ant i fungal agents a n d agents 
causing hemolysis (8). 

A n interesting feature of the numer i ca l approach to structure-act ivity 
correlations has been po inted out (7 ) i n the case of the phtha l imide 
derivatives. T h e commerc ia l fungic ide C a p t a n has the structure: 

ο 
D 

N s r — S C C 1 3 

π 
0 
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11. L I E N AND HANSCH Antifungal Agents 177 

Var ious workers have attached special tox iphor ic properties to the S C C 1 3 

funct ion . T h e fact that the derivatives h a v i n g either H or S C C 1 3 attached 
to Ν fit the same equat ion ( E q u a t i o n 30) indicates that it is p r i m a r i l y 
the l i p o p h i l i c character of the S C C 1 3 funct ion w h i c h is important . It 
w o u l d be most interest ing to make a set of derivatives of C a p t a n i n w h i c h 
the S C C 1 3 funct ion was rep laced b y groups h a v i n g considerable var iat ion 
i n e l ec t ron -wi thdrawing properties as w e l l as l i p o p h i l i c character. I f the 
tox iphor ic act ion of the i m i d e involves the cleavage of the N - S C C 1 3 b o n d 
or the opening of the i m i d e r i n g , the electronic character of the sub
stituent on Ν c o u l d p lay a strong role. Since C a p t a n has close to the 
i d e a l l i p o p h i l i c character ( 7 ) , replacement of the S C C 1 3 funct ion to study 
electronic effects of other substituents w o u l d have to be done careful ly 
so that ac t iv i ty w o u l d not be lost b y m o v i n g very far i n either d i rec t ion 
f rom log F 0 . 

C a p t a n also has a pronounced effect on membranes. U s i n g the elec
t ron microscope, R i c h m o n d a n d co-workers showed (16) that E D 5 0 doses 
of C a p t a n gave convoluted forms of the nuclear membrane to dormant 
con id ia of Neurospora crassa a n d caused almost complete loss of i n t r a 
ce l lu lar fine structure after Captan- treated spores were incubated . 

I n the examples where there are reasonable confidence intervals on 
log F 0 i n T a b l e I , neutra l molecules usual ly have log F 0 i n the range 5-6. 
M o s t of the ion ic sets have l og F 0 i n the range 2 - 3 . A l t h o u g h these are 
crude figures on re lat ive ly few sets of congeners, they do constitute useful 
reference points for the synthesis of new classes of fungic ides . F o r ex
ample , i f one were w o r k i n g w i t h a new neutra l heterocycle, one w o u l d 
check early i n the invest igation o n derivatives w i t h log F values i n the 
range 3.5-6.5 w h i l e i f the heterocycle were charged, one w o u l d study 
molecules w i t h log F i n the range 1-4. 

T a b l e Ic lists equations i n w h i c h an electronic term is significant. 
Since i n a l l of these examples the same electronic t e rm ( σ ) has been used, 
the intercepts are comparable . A g a i n the intercept contains in format ion 
o n the stereoelectronic character of the essential pharmacophor i c func 
t ion . T h e σ parameter s imply accounts for the electronic perturbat ion 
of various substituents on this intr ins i c act ivity . Some of these equations 
contain a ( l og F ) 2 term, a n d some do not. Those equations lack ing this 
term indicate sets comprised of molecules w i t h subopt imal l i p o p h i l i c 
character. M o r e active members c ou ld be made b y a d d i n g more l i po 
p h i l i c substituents. I n almost a l l of these sets it should be possible to 
make more active derivatives b y the proper combinat ion of substituents, 
bear ing i n m i n d that log F 0 must first be f ound a n d then not exceeded 
w h i l e the electron-releasing or w i t h d r a w i n g (as the s ign of ρ calls for ) 
effect of the substituents is max imized . 
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178 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table Ha . Antifungal Data and the Physicochemical Constants 
Used in Deriving Equations 

N 0 2 

O H 

log 1/Ca 

A . niger M . verrucar ia log Pb σ X 

Inh. Kill. 
3.43 4.02 2.77 0.54 e F 
3.89 4.66 3.21 0.68 d C l 
4.01 4.72 3.41 0.70 d B r 
3.72 4.36 3.71 0.63 e I 

Table l i b . Antifungal Data and the Physicochemical Constants 
Used in Deriving Equations 

R I 

S. cerevisiae 
Inh. log P / σ (eps X 10~2) Ri Ri E. 

HI 

6.19 4.45 1.36 7.08 I I H 
5.55 3.83 1.40 6.94 B r B r H 
5.35 3.43 1.36 6.85 CI C l H 
5.20 3.00 0.63 7.06 I H H 
4.93 3.07 1.92 6.73 N 0 2 C l H 
4.85 2.94 0.70 6.58 Η B r H 
4.74 3.26 0.63 6.55 Η I H 
4.55 3.24 0.55 6.70 C H 3 C l H 
4.47 2.74 0.68 6.58 Η C l H 
4.11 2.29 - 0 . 1 3 6.41 Η C H 3 H 
3.67 1.81 0.00 6.50 Η H H 
3.63 2.79 - 0 . 2 6 6.65 C H 3 C H 3 H 
5.36 4.47 1.73 7.45 C l C l C l 
5.22 3.43 1.05 7.41 C l H C l 
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11. L I E N AND HANSCH Antifungal Agents 179 

Table He. Antifungal Data and the Physicochemical Constants 
Used in Deriving Equations 

0 C H , 

b O H " 

log 1/C 
U . m a y d i s D . pa lmatus R . solani 

Inh. Inh. Inh. 

6.00 6.15 6.40 
5.92 6.22 6.44 
6.30 6.30 6.52 
4.80 5.15 5.32 
5.38 5.58 4.48 
4.84 4.70 4.66 
4.27 4.60 5.32 
4.70 4.64 4.68 
4.30 4.30 4.55 

log Ρ" σ Χ 

2.13 0.00 Η 
2.81 - . 1 4 * 2 ' - M e 
2.64 - . 0 7 3 ' - M e 
2.72 0.21* 2 ' - C l 
2.89 0.37 3 ' - C l 
2.83 0.23 4 ' - C l 
1.90 0.76* 2 ' - N 0 2 

2.24 0.71 3 ' - N 0 2 

2.37 0.78 4 ' - N 0 2 

Table H d . Antifungal Data and the Physicochemical Constants 
Used in Deriving Equations 

0 = N r Ν 
I 

R 

log l/EDb0 

μ Μ / c m 2 logVk R 
Inh.1 

0.13 0.15 Η 
0.37 0.65 C H 3 

3.77 2.28 P h 

α From Ref. 11, except data for X = F from H . Gershon, private communication. 
Value in Ref. 11 is from 5-fluoro-7-nitro-8-quinolinol. 

b Calculated value using log Ρ = 2.02 for 8-hydroxyquinoline. 
c From I. Biggs and R. A. Robinson, J. Chem. Soc. 1961, 388. 
d From G. B. Barlin and D. D. Perrin, Quart. Rev. (1966) 20, 75. 
c From Ref. 12. 

s Based on experimental log Ρ of 1.81 for salicylaldehyde. 
» From Ref. 18. 
h Based on experimental log Ρ of 2.13 parent compound. 
1 From A. C. Farthing and B. Nam, "Steric Effects in Conjugated Systems, , , 

p. 131, Academic, New York, 1958. 
> From S. Rich and J . G . Horsfall, Phytopath. (1952) 42, 457. 
k Based on experimental value of 2.28 for derivative where R = phenyl. 
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180 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Equat i ons 65 a n d 66 are unusua l i n that add i t i on of a term i n π does 
not result i n a n i m p r o v e d correlat ion. O n l y four data points are invo lved . 
M o s t l ike ly these equations are i n part fortuitous, a n d a larger selection 
of substituents w o u l d reveal a role for ττ and , possibly, E8. 

A n especial ly interest ing example is E q u a t i o n 60 w h i c h correlates 
gr iseofulvin derivatives. I n this equat ion the large coefficient w i t h σ 
indicates that the e lec t ron-wi thdrawing group ( X ) promotes act ivity . 
T h i s m a y be the result of the fact that gr iseofulv in analogs are α-β-un-
saturated ketones, a n d nuc leophi l i c attack at the ^-pos i t ion m a y be 
invo lved for the ant i fungal act iv i ty against the g rowing cel ls : 

E l e c t r o n - w i t h d r a w i n g group X w o u l d make the α-carbon more posit ive 
a n d therefore faci l i tate the react ion. 

Equat i ons 68 a n d 69 make an interesting comparison. E q u a t i o n 68 
has the electronic parameter ( σ ) whf le i n E q u a t i o n 69 the chemica l shift 
of the phenol ic proton has been used as suggested graphica l ly b y the 
o r ig ina l author. A l t h o u g h the H a m m e t t constants do give s l ight ly better 
results, this w o r k does indicate that the chemica l shift m a y be a useful 
parameter for b i o chemica l structure-act iv i ty work . T h i s less satisfactory 
result w i t h δ is p robab ly the result of the fact that the chemica l shift is 
affected not on ly b y the electronic effect but also b y the magnet ic effect 
of the substituents. Probab ly , the electronic component of the substituent 
effect is important i n b i o chemica l processes. 

F o r the C a r b o x i n derivatives ( E q u a t i o n s 7 3 - 7 5 ) , the hydrophob i c 
character of the substituent has a negative role ( E q u a t i o n 75 ) or is lack
i n g i t completely . T h e reason for this m a y be that for the set of drugs 
tested there is l i t t le var ia t ion i n π for the substituents. L o g Ρ for the 
parent c o m p o u n d m a y be near log P 0 (near the apex i n F i g u r e 1 ) . It 
w o u l d be wise to test derivatives i n w h i c h there is more var iat ion i n 
log Ρ before at tempt ing to make a decis ion. 

Misce l laneous equations are contained i n T a b l e I d . E q u a t i o n 76 is 
interesting i n that steric, electronic, a n d l i p o p h i l i c factors are a l l invo lved 
i n the α-bromoacetamides. T h e posit ive dependence on bo th σ* a n d E8 

indicates that smal l e l e c t ron -wi thdrawing groups enhance act iv i ty . T h e 
requirement of a large E8 va lue (or smal l size) for h i g h act iv i ty i n both 
Equat i ons 76 and 77 reflects the fact that nuc leophi l i c replacement of 
the α-bromo atom m a y be a c r i t i ca l step i n the tox iphor ic act ion. E l e c t r o n -
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11. L I E N AND HANSCH Antifungal Agents 181 

releasing groups (negative σ * ) w o u l d make the α-carbon less electron 
deficient a n d retard the act iv i ty . E q u a t i o n 77 lacks the σ* terms a n d the 
( l og P ) 2 term. T h e smaller number of derivatives i n this set contained 
insufficient spread i n character to evaluate the dependence on these 
parameters. 

I n f o rmulat ing E q u a t i o n 78, w e have h a d to use π rather t h a n l o g F 
values. T h e negative ττ0 value indicates an entirely different mechanism 
of act ion as compared w i t h the other sets of T a b l e I . 

Indeed , the connect ion between the chelat ing power of d i m e t h y l -
d i th iocarbamic a c id w i t h copper a n d f u n g i c i d a l act iv i ty has been w e l l 
documented (17 ) . T h e negative ττ0 value suggests that the b i n d i n g site 
for the nitrogen substituent must be i n a h y d r o p h i l i c region. I n another 
study, Weuf f en (18) reported the ant i fungal act iv i ty of P H C H 2 C H 2 -
N H C S S R ( w i t h R rang ing f rom m e t h y l to a m y l ) to be pract i ca l ly inde 
pendent of R . 

D u r i n g this study w e f ound that some investigators reported their 
data i n terms of percent i n h i b i t i o n at three different concentrations (19, 
20). N o significant correlations c o u l d be obta ined f rom these data. A n 
other group used the so-called relative- fungistatic ac t iv i ty (21, 22) based 
o n the average act iv i ty against several different organisms. A l t h o u g h this 
might be a useful ind i cat ion of the ant i fungal spectrum, it is not suitable 
for quant i tat ive structure-act iv i ty correlation. Quant i ta t ive structure-ac
t iv i ty w o r k w o u l d certainly be advanced i f a l l b i o l og i ca l activities c ou ld 
be expressed i n terms of E D 5 0 or L D 5 0 on a mo lar basis. S u c h values 
w h i c h normal ly f a l l on the l inear por t ion of the s igmoid dose-response 
curve are m u c h more comparable than E D i o o or L D i o o figures. 

It is grat i fy ing to see that structure a n d act iv i ty for so m a n y different 
compounds act ing against a var iety of f u n g i can be p u l l e d together r a 
t ional ly us ing three phys icochemica l parameters. E v e n though m a n y of 
the congeneric sets were poor ly designed so that great variance is not 
present i n steric, electronic, a n d hydrophob i c effects of the substituents, 
enough is present i n m a n y examples to i l lustrate h o w proper m a n i p u l a t i o n 
of these properties of substituents can result i n the design of more active 
fungicides. A s more such equations are generated, w e shal l be better 
equ ipped to design the most active members of a set based o n n e w 
pharmacophor i c functions. A l s o , as more equations are f ormulated o n 
other organisms, we shal l be i n a m u c h better posi t ion to design more 
specific ant i fungal agents. 
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182 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

H o r s f a l l of the Connec t i cut A g r i c u l t u r a l E x p e r i m e n t a l Stat ion for a sample 
of l -phenyl -3 ,5 -dimethyl -4 -nitrosopyrazole, L . V . E d g i n t o n of the U n i 
versity of G u e l p h , Ontar i o , C a n a d a , for a sample of C a r b o x i n , a n d G . M . 
v a n der W a n t of the U n i v e r s i t y of Utrecht , T h e Nether lands , for a sample 
of t r i p r o p y l t i n acetate. 
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Structure-Activity Correlations for Meta
-and Para-Substituted Trifluoromethane
-sulfonanilide Pre-Emergence Herbicides 

ANTHONY F. YAPEL, JR. 

Central Research Laboratories, 3M Co., St. Paul, Minn. 55133 

The Hansch equation was used to correlate pre-emergence 
herbicidal activity with structure for 15 meta- and para
-substituted trifluoromethanesulfonanilides (TFMS). Dose
-response data were collected for two grasses (Foxtail, Cheat 
Grass) and a broadleaf (Wild Mustard). The most significant 
correlations result when the herbicides are separated into 
meta- and para-substituted compounds and fitted separately. 
Each herbicidal class exhibits a unique optimum substituent 
π value in its action on each weed type. Substituents having 
large, positive Hammett sigma constants enhance herbicidal 
action whether substituted meta or para to the parent group. 
The effects of the surfactant Tween 80 on the partitioning 
characteristics and pre-emergence activity of the TFMS 
compounds were examined. Hansch relationships which 
quantitate these effects on herbicidal activity were derived. 

A lmost 15 years have elapsed since the i n i t i a l preparations of tri f luoro-
methanesul fonani l ide ( T F M S ) a n d other re lated perf luoroalkane-

sulfonanil ides were reported b y B r i c e a n d Tro t t ( I ) a n d B u r d o n et al. ( 2 ) . 

N H - S 0 2 - C F 3 

Trif luoromethanesulfonanil ide ( T F M S ) 

I 
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Since that t ime, mono- a n d di f luoromethanesulfonanil ides have also been 
synthesized ( 3 ) , but u n t i l recently the b io log i ca l act iv i ty of f luorinated 
T F M S compounds h a d not been investigated. 

I n early 1970, H a r r i n g t o n et al. (4) reported that a b road class of 
fluoroalkanesulfonanilides a n d N - a c y l substituted fluoroalkanesulfonani-
l ides exhib i ted general ant i - inf lammatory characteristics. T h e i r b io log i ca l 
screening studies ind i cated that two members of a series of 3-benzoyl flu
oroalkanesulfonanil ides [3 ' -benzoy l - l , l -d i f luoromethanesul fonani l ide ( I I ) 
a n d e thy l -m-benzoy l -N- ( t r i f luoromethanesul fony l ) carbani la te ( I I I ) ] were 
par t i cu lar ly act ive : 

T h e l ow occurrence of undesirable side effects i n experiments on common 
laboratory test animals (rats, mice , guinea pigs, etc.) c oup led w i t h their 
h i g h b io log i ca l act iv i ty made II a n d I I I especial ly attractive ant i - in f lam
matory agents. 

I n late 1970, T r e p k a , H a r r i n g t o n , Robertson, a n d W a d d i n g t o n (5 ) 
reported that a number of substituted tri f luoromethanesulfonanil ides 
based on I above exhib i ted pre - a n d post-emergence h e r b i c i d a l proper
ties. H e r b i c i d a l act iv i ty was closely related to the degree of fluorination 
of the a lky lsu l fonamide side cha in , w i t h the tr i f luoromethanesulfonamido 
group shown i n I be ing the most potent of a number of par t ia l ly a n d com
plete ly fluorinated a lky lsul fonamido parent groups examined. A s shown 
i n T a b l e I, mono- a n d d isubst i tut ion i n the aromatic r i n g of T F M S ( I ) 
s ignif icantly inf luenced overa l l pre- a n d post-emergence T F M S act iv i ty 
as w e l l as h e r b i c i d a l selectivity t o w a r d a variety of grasses, broadleaf 
weeds, a n d crops. T h e effect of r i n g substitution on h e r b i c i d a l selectivity 
is shown b y the asterisk ( * ) - m a r k e d T F M S monosubst i tuted derivatives 
i n T a b l e I. 3-C1, 4-C1, or 3 - N 0 2 substitution greatly enhanced the broad -
leaf selectivity of the T F M S parent c o m p o u n d w h i l e essentially e l i m i 
nat ing h e r b i c i d a l potency against grasses. Contrast ingly , methy lsu l fony l 
(-SO0-CH3) subst i tut ion i n the para posit ion e l iminated the broadleaf 
h e r b i c i d a l act iv i ty of T F M S w h i l e greatly enhanc ing its pre-emergence 
act iv i ty against grasses. A l t h o u g h the 2-C1 a n d 4 - F monosubst i tuted 
series members were h igh ly active, they d i d not exhibit species selectivity 
i n their mode of h e r b i c i d a l act ion. T h e 2 ,4 -d i ch loro - a n d 2 ,4 -d i f luoro-
T F M S derivatives s imi lar ly fa i l ed to exhibit specificity t o w a r d either the 
grasses or broadleaf weeds but were h i g h l y active against a l l w e e d species 

N - S O 2 - C F ; 

I I I I I 
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12. Y A P E L , JR. Trifluoromethanesulfonanilide Herbicides 185 

tested. C r o p selectivity was also noted for m a n y T F M S series members , 
w i t h the 2,4-difluoro a n d 2,4-dichloro derivatives be ing par t i cu lar ly 
selective i n remov ing grasses a n d broadleaf weeds f rom corn a n d soy
beans ( 5 ) . 

A l t h o u g h structure—activity studies were carr ied out on the subst i 
tuted tri f luoromethanesulfonanil ides, T r e p k a a n d co-workers (5 ) noted 
that no single property of the T F M S series members tested cou ld satis
factor i ly expla in their observed h e r b i c i d a l ac t iv i ty a n d selectivity t o w a r d 
grasses, broadleaves, a n d crops. T h e y conc luded that a combinat ion of 
steric, ac id ic , l i p o p h i l i c , a n d electronic properties must govern the pre -
a n d post-emergence h e r b i c i d a l act iv i ty of the T F M S compounds. 

Hansch Structure—Activity Correlations 

A l t h o u g h the complex h e r b i c i d a l act iv i ty a n d selectivity character
istics of the tri f luoromethanesulfonanil ides c o u l d not be correlated w i t h 
single molecular properties of series members , w e be l ieved that an appro -

Table I . Pre-Emergence Herbicidal Activity of Substituted 
Trifluoromethane Sulfonamides ( 5 ) a 

4 

Four Grass Species,b Four Broadleaf Species,0 

Dosage in lb./acre Dosage in lb./acre 

X 10 δ 2.δ 10 δ 2.δ 

2-C1 100 92 72 100 100 92 
* 3 - C l 0 0 0 100 100 70 
* 4 - C l 30 0 0 93 72 40 
4 - F 100 90 90 97 97 97 

* 3 - N 0 2 50 0 0 100 100 0 
2 - S C H 3 100 100 100 87 60 52 

* 4 - S 0 2 C H 3 93 93 85 0 0 0 
2-CH3, 4-C1 40 0 0 100 100 100 
2-C1, 4-CF3 100 57 30 100 97 53 
2 , 4 - d i - C l 100 100 100 100 100 100 
2 ,4 -d i -F 100 100 100 100 100 100 
° Pre-emergence activity: 0 = no kill; 100 = complete kill. Tests run in illuminated 

greenhouse. 
b Grass species: Giant Foxtail (Setaria faberii), Barnyard grass (Echinochloa crus-

galli), Crabgrass (Digitaria ischaemum), Quackgrass (Agropyron repens). 
c Broadleaf species: Pigweed (Amaranthus retroflexus), Purslane (Portulaca vieracea), 

Wild Mustard (Brassica kaber), Annual Morning Glory (ipomoea purpurea). 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

01
2

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



186 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

priate combinat ion of several molecu lar properties might exp la in the 
observed b io log i ca l act iv i ty . I n this connection, H a n s c h (6,7, 8,9) and 
H a n s c h a n d F u j i t a (10, 11) have deve loped a mathemat i ca l m o d e l for 
corre lat ing b io log ica l act iv i ty w i t h the phys i ca l parameters of molecules. 
B i o l o g i c a l act iv i ty is correlated w i t h the o c tano l /water par t i t i on coeffi
cients a n d H a m m e t t s igma ( σ ) constants (12,13) character iz ing the com
pounds be ing evaluated. T h e H a n s c h - F u j i t a m o d e l (10), w h i c h is usual ly 
app l i ed to a series of b io log i ca l ly active compounds consisting of a parent 
molecule a n d its substituted derivatives, is i l lustrated i n E q u a t i o n 1. 

C o m p o u n d i n 
Extrace l lu lar 

Phase 

R a n d o m 
W a l k 

1 

Site of 
A c t i o n i n 
Ce l lu lar 
Phase 

k 

R a t e 
D e t e r m i n i n g 

Step 
2 

- > — 

Bio log i ca l 
Response (1) 

3 - > 7 l 

Step 1 is a random w a l k process i n w h i c h the b io log i ca l ly active 
molecule under investigation makes its w a y from a d i lute solut ion outside 
a p lant or a n i m a l ce l l to the site of act ion w i t h i n the cel l . T h e overal l 
permeat ion event represented b y Step 1 w i l l presumably be a re lat ively 
s low process invo lv ing m a n y partit ions between l i p i d a n d aqueous phases 
i n add i t i on to adsorpt ion a n d desorption onto tissues or proteins. F u r t h e r , 
i n most cases the par t i t i on ing process w o u l d probab ly depend consider
ab ly on the molecular structure a n d phys i ca l properties of the b io log i ca l ly 
active mater ia l . O n c e the c ompound has reached the receptor site or site 
of act ion w i t h i n (or on the surface of) the ce l l , i t is assumed that one 
rate-control l ing step (Step 2) governs its b io log ica l act iv i ty a n d that 
Steps 3 —» η can be disregarded i n expressing the rate of this react ion. 

H a n s c h a n d F u j i t a used a Gauss ian probab i l i ty funct ion to charac
terize the par t i t i on ing Step 1 and the H a m m e t t funct ion (log(k/k0) = 
ρσ) to describe the rate Step 2 i n their m o d e l ( 10,12,13). B y appropriate 
mathemat i ca l treatment, they arr ived at the f o l l owing general s t r u c t u r e -
act iv i ty re lat ionship w h i c h has come to be termed the H a n s c h E q u a t i o n . 

log (1 /C) = Ατ2 + B% + ρσ + D (2) 

I n E q u a t i o n 2, π is a comparat ive substituent constant w h i c h H a n s c h a n d 
F u j i t a (JO) define as: 

χ = log Ρχ - log Ρ H (3) 

I n E q u a t i o n 3, PH is the part i t i on coefficient of an unsubst i tuted parent 
c ompound , a n d Ρχ is the corresponding par t i t i on coefficient of a substi -
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12. Y A P E L , JR. Trifluoromethanesulfonanilide Herbicides 187 

tuted derivative . A s previously noted, the part i t i on coefficients Ρ are 
determined between 1-octanol a n d water i n the H a n s c h correlat ion 
method, π = ( l og Px — log PH) is a free-energy related parameter s imi lar 
to the H a m m e t t substituent constant σ (12, 13). E q u a t i o n 2 shows that 
any f a m i l y of b io log i ca l ly active compounds w h i c h exhibits a second-
order dependence o n π w i l l also exhibi t an o p t i m u m π value ( ττ0 ) w h i c h 
is characteristic of that part i cu lar series. 

B i o l o g i c a l ac t iv i ty is often reported i n terms of a constant equivalent 
response ( L D 5 0 , L D 9 0 , E D 5 0 , percent growth , percent k i l l , etc. ) obtained 
i n a fixed t ime interval . Genera l ly , this act iv i ty is expressed as the con
centration (e.g., L D 5 0 , L D 9 o ) necessary to cause a part i cu lar response i n 
the g iven t ime interval . I n an app l i cat ion of the H a n s c h equat ion a imed 
at corre lat ing h e r b i c i d a l act iv i ty data, C i n E q u a t i o n 2 w o u l d typ i ca l l y 
be an L D 5 0 or L D 9 0 value— i .e . , the mo lar extracel lular concentration 
(app l i ca t i on dosage) of the herb ic ide i n quest ion requ i red to k i l l 5 0 % 
or 9 0 % of a part i cu lar weed type i n a g iven t ime interval . C., π, a n d σ 
values are correspondingly read into a computer , a n d the parameters 
A, B, p, a n d D are ca lculated b y stepwise regression analysis. I n pr inc ip l e , 
once these fitting parameters have been determined for a g iven series of 
herb i c ida l , pest i c idal , or pharmaceut i ca l compounds i n their act ion on a 
part i cu lar p lant or a n i m a l system, the result ing equat ion can be used to 
predic t the b io log i ca l act iv i ty of other substituted compounds i n the 
series f rom a knowledge of their o c tano l /water par t i t i on coefficients (π 
values) a n d H a m m e t t substituent constants ( σ va lues ) . A l t h o u g h u n 
equivoca l interpretat ion of final correlat ion equations determined via 
H a n s c h analysis is often difficult, clues to e lucidate the possible mode of 
act ion of a part i cu lar active c o m p o u n d or re lated series of compounds 
are often avai lable f rom the relat ive importance of the par t i t i on ing (π 2 , π ) 
a n d electronic ( σ ) terms i n E q u a t i o n 2. T h e H a m m e t t σ constants are, 
of course, a measure of the electron-donating a n d - w i t h d r a w i n g power 
of aromatic ring substituents. 

Objectives of the Present Study 

T h e complex act iv i ty a n d selectivity characteristics of substituted 
tr i f luoromethanesulfonani l ide herbic ides were not correlatable w i t h single 
molecular properties (see T a b l e I a n d Ref. 5 ) . W e were par t i cu lar ly 
interested i n de termin ing whether the mult iparameter H a n s c h equat ion, 
whose u t i l i t y a n d apparent general i ty has already been substantiated i n 
correlat ion studies on enzymat ic systems (14, 15, 16, 17, 25), drugs a n d 
pharmaceuticals (18,19, 20,23,24), pesticides (10, 21), a n d plant g rowth 
regulators (22), c ou ld be used to prov ide mean ing fu l s t ruc ture -ac t iv i ty 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

01
2

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



188 B I O L O G I C A L C O R R E L A T I O N S T H E H A N S C H A P P R O A C H 

relationships among members of the T F M S series. T h e signs a n d m a g n i 
tudes of the parameters Α, B, P, a n d D w o u l d probab ly depend u p o n : 

(a ) the general hydrophob i c i ty or h y d r o p h i l i c i t y of the b io log i ca l ly 
active series of compounds be ing evaluated 

( b ) whether the series was be ing examined for herb i c ida l , pest i c ida l , 
or pharmaceut i ca l act iv i ty 

( c ) whether f ormulat ion surfactants or emulsifiers were present 
w h i c h affected the par t i t i on ing characteristics of the series members 

( d ) the i n d i v i d u a l species of p lant , an imal , or insect on w h i c h the 
act ive compounds were be ing evaluated. 
I tem c was of part i cu lar interest since m a n y surfactants are current ly 
avai lable for prepar ing h e r b i c i d a l formulat ions for greenhouse a n d / o r 
outdoor field testing. 

T h e objectives of the current study were two fo ld a n d a imed at pro 
v i d i n g answers to the f o l l o w i n g questions. C a n the H a n s c h b io log ica l 
correlations technique be used : 

(1 ) to account for i n d i v i d u a l a n d / o r group differences i n the pre -
emergence herb i c ida l ac t iv i ty a n d specificity of subst ituted tr i f luorometh
anesulfonanil ides t oward grasses and broadleaf weeds? 

(2 ) to assess quant i tat ive ly the effects of l o w levels of a common 
formulat ion surfactant ( T w e e n 80) on the h e r b i c i d a l act iv i ty of tr i f luoro
methanesulfonanil ides t o w a r d grasses a n d broadleaf weeds i n terms of: 

( a ) changes i n b io log i ca l ac t iv i ty of i n d i v i d u a l series members? 
( b ) shifts i n the range of o p t i m u m h e r b i c i d a l act iv i ty f rom more 

l i p o p h i l i c to more h y d r o p h i l i c series members (or v ice-versa)? 
( c ) overa l l changes i n h e r b i c i d a l potency of the tr i f luorometh

anesulfonanil ides (e.g., general enhancement or i n h i b i t i o n of b io log i ca l 
ac t iv i ty ) ? 

Experimental 

Chemica ls . T h e 1-octanol used i n the par t i t i on ing experiments was 
h i g h p u r i t y E a s t m a n W h i t e L a b e l reagent ( # 8 7 1 , lot 691-1) a n d was 
opt i ca l ly transparent at a l l wavelengths ^ 2 2 0 n m . A d d i t i o n a l puri f i cat ion 
of the octanol via d i s t i l la t ion was not necessary. Immediate ly before par 
t i t i on ing experiments, however , octanol samples were washed w i t h N a O H 
a n d water as descr ibed be low. D e i o n i z e d , d i s t i l l ed water was used where 
necessary, a n d M a l l i n c k r o d t ana lyt i ca l reagent perchlor ic ac id ( # 2 7 6 6 ) 
was used to prepare the p H 1.0 aqueous phases for part i t i on ing studies 
( see below ). 

A l l substituted tr i f luoromethanesulfonanil ide ( T F M S ) samples were 
prepared i n the 3 M C o . B i o c h e m i c a l Research L a b o r a t o r y a n d supp l i ed 
b y J . K . H a r r i n g t o n a n d R. D . T r e p k a of that laboratory. G e n e r a l pre 
parat ive procedures for the T F M S compounds a n d related perfluoro-
alkanesulfonani l ides have been out l ined (1,2,3,4,5). A d d i t i o n a l details 
of the sul fonylat ion procedures a n d subsequent modifications of the re
su l t ing products w i l l be p u b l i s h e d later. 
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T w e e n 80 (also k n o w n as A t - P l u s 109 a n d Polysorbate 80) is a 
polyoxyethylene sorbitan monooleate a n d was obta ined f rom At las C h e m 
i c a l Industries, Inc. T h i s nonionic surfactant has an H L B (hydroph i l e -
l ipoph i l e balance) of 15.0 a n d is used as an emulsifier, so lubi l izer , a n d 
dispersant. It was used w i thout further pur i f i cat ion at the 0 . 1 % ( w / v ) 
leve l i n par t i t i on ing a n d greenhouse h e r b i c i d a l evaluations as descr ibed 
below. 

Determination of Octanol/Water Partition Coefficients. Since oc-
t a n o l / w a t e r part i t i on coefficient data for tr i f luoromethanesulfonani l ide 
( I ) a n d its substituted derivatives have not been reported i n the l i terature 
a n d since it was not apparent that any of the substituent π values pre 
v ious ly determined b y F u j i t a et al. (11) w o u l d be d i rec t ly appl i cab le to 
the T F M S h e r b i c i d a l system, a l l T F M S part i t i on coefficients a n d π values 
were determined experimental ly . T h e fluoroalkanesulfonanilides are very 
ac id ic because of the e l ec t ron -wi thdrawing power of the parent fluoro-
a lkanesul fonyl group ( 5 ) . T h e parent T F M S c o m p o u n d ( I ) , for example, 
has a p K a i n water of 4.45 at 25 °C . T h i s inherent ac id i ty extends to a l l 
T F M S series members a n d requires that the usual par t i t i on coefficient 
measurement procedure descr ibed b y F u j i t a et al. (11) be modi f ied to 
obta in accurate values of log Ρ a n d π. 

T h e o c tano l /water par t i t i on coefficient Ρ is defined as 

C0 

CW (1-a) 
(4) 

where C0 is the concentration of the c o m p o u n d of interest i n the octanol 
phase after part i t i on ing , a n d Cw is its corresponding concentrat ion i n the 
water phase. T h e term a is the degree of dissociation of the ac id i c 
c o m p o u n d i n the water phase a n d must be considered for a l l i onizable 
compounds. Since a l l the T F M S compounds i n our study were ionizable 
i n water , either the degree of dissociation ( a ) h a d to be determined for 
a l l members of the series under the p H condit ions of the par t i t i on ing , or 
solution p H condit ions h a d to be adjusted so that the compounds i n 
question remain i n the nonion ized state (a -> 0) i n the aqueous phase 
d u r i n g the par t i t i on ing experiment (33). T h e latter approach , i n w h i c h 
w e used a low, buffered p H , was chosen for this study. T h i s technique 
was veri f ied us ing the wel l - character ized benzoic ac id system (11). A t 
p H 7.0, for example, benzoic a c i d ( p K t t = 4.19 at 2 5 ° C ) is very soluble 
i n water since it exists essentially entirely i n its i on i zed state. Because 
of this i on izat ion , o c tano l /water par t i t i on ing experiments at neutra l p H 
are difficult to carry out a n d interpret . B y conduct ing par t i t i on ing ex
periments at l ow p H ( several units lower than the p K t t of benzo ic a c i d — 
e.g., p H 1.0), the a c id is mainta ined i n its non ion ized state (a —» 0 ) , a n d 
to an excellent approx imat ion the part i t i on coefficient Ρ is g iven b y C0/Cw 

(cf. E q u a t i o n 4 ) . A c c o r d i n g l y , o c tano l /water par t i t i on ing experiments 
were done on benzoic ac id a n d two of its derivatives ( p -chlorobenzoic 
a c id a n d m-methoxybenzoic ac id ) us ing the procedure of F u j i t a et al. 
(11) except that their d ist i l led-water phase was rep laced w i t h p H 1.0 
water (0.1N perchlor i c ac id ) i n our tests. A s shown i n T a b l e I I , the par 
t i t ion coefficients so determined at l ow p H for benzoic a c i d a n d the two 
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derivatives (us ing Ρ = C0/Cw) were i n excellent agreement w i t h the 
unbuffered aqueous ( a n d necessarily h igher p H ) values reported b y 
F u j i t a et al. (11) where the degree of dissociation a was used i n the 
par t i t i on coefficient calculations. 

Table II. Comparison of Partition Coefficients Using 
p H 1.0 vs. Distilled Water Aqueous Phases 

A l l par t i t i on coefficient measurements o n the 15 tri f luoromethane
sulfonanil ides were carr ied out us ing a p H 1.0 water phase (ac id i f ied 
w i t h perchlor i c a c i d ) . T h e p H of the ac id i c water phase remained essen
t ia l ly unchanged d u r i n g part i t i on ing . T h e p K t t values at 25 ° C i n water 
of a l l but two of the T F M S derivatives ( 4 - S 0 2 C H 3 a n d 3 - S 0 2 C H 3 series 
members ) were considerably greater than 3.0 so that a l l mater ia l p a r t i 
t i oned into the p H 1.0 water phase was un ion ized . It was thus possible 
to use the s impl i f ied expression Ρ = C0/Cw to calculate the par t i t i on co
efficients. F o r the 4 - S 0 2 C H 3 - a n d 3 - S 0 2 C H 3 - T F M S derivatives, whose 
aqueous pKaS are k n o w n to be close to 3.0, potentiometric t itrations were 
carr ied out to establish accurately the p K a values [ p K a , 2 5 ° c ( 4 - S 0 2 C H 3 -
T F M S ) = 2.80; p K a , 2 5 ° c ( 3 - S 0 2 C H 3 - T F M S ) = 3.10]. These values 
were then used to determine a at p H 1.0 w i t h the part i t i on coefficients 
ca lculated accord ing to E q u a t i o n 4. 

T h e 1-octanol used i n par t i t i on ing experiments was pur i f ied b y w a s h 
i n g three times w i t h IN N a O H , f o l l owed b y six washings w i t h d i s t i l l ed , 
de ion ized water. T h e i n i t i a l h i g h p u r i t y of the octanol e l iminated a sub
sequent d is t i l la t ion step. F o r the part i t i on ing studies, octanol saturated 
w i t h p H 1.0 d i s t i l l ed water , a n d p H 1.0 d is t i l l ed water ( 0 . 1 N perchlor ic 
a c id ) saturated w i t h octanol were used. A s judged f rom our pre l iminary 
m o d e l studies at p H 1.0 on the benzoic a c i d series (see above), the pres
ence of 0 . 1 N perchlor i c a c i d i n the aqueous phase h a d no significant effect 
on the u l t imate part i t i on ing behavior of either the benzo ic a c id or T F M S 
compounds examined. 

I n a t y p i c a l par t i t i on ing experiment, 0.12 to 0.15 gram of the T F M S 
c o m p o u n d was dissolved i n 50 m l of 1-octanol to a final concentrat ion of 
f rom 5 X 1 0 " 3 M to 1.3 X 1 0 " 2 M . T h e octanol so lut ion of T F M S com
p o u n d was part i t ioned against an equa l vo lume of p H 1.0 water b y ag i 
ta t ing for at least an hour on a mechanica l shaker. T h e mixture was then 
a l l o w e d to stand u n t i l the octanol a n d water layers separated. T h e 
aqueous layer was removed, centr i fuged to remove any cloudiness, and 
ana lyzed b y ultravio let ( U V ) absorpt ion spectrophotometry to determine 
the concentration of T F M S c o m p o u n d part i t i oned into the aqueous phase. 
T h e concentrat ion of the T F M S c o m p o u n d remain ing i n the octanol 
phase was ca lculated b y difference. 

Compound 
log V\pH 1.0 HCIO* log P ; Distilled Water 

(this study) (Ref. 11) 

Benzoic A c i d 
p-Chlorobenzoic A c i d 
ra-Methoxybenzoic A c i d 

1.86 =b 0.03 1.85 ± 0.03 
2.63 ± 0.03 2.72 =b 0.03 
2.00 =b 0.03 1.99 ± 0.03 
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A l l U V determinations were made on a C a r y M o d e l 14 spectropho
tometer. T h e absorption m a x i m a of the 15 part i t ioned T F M S compounds 
i n water ranged f rom 259 n m for the 4 - S C H 3 der ivat ive to 214 n m for the 
4 - F a n d 3-C1 derivatives. A l l U V measurements were made i n 1-cm 
cuvettes w i t h t y p i c a l part i t i oned T F M S compounds exhib i t ing op t i ca l 
densities rang ing f rom 0.5 to 1.5 i n the aqueous phase. L o g Ρ values de
termined b y the above procedure for the T F M S compounds were precise 
to better than ± 2 % . 

Partitioning in the Presence of Surfactant. Par t i t i on ing experiments 
i n the presence of T w e e n 80 were carr ied out i n a manner ident i ca l to 
that discussed above except that 0 . 1 % ( w / v ) of the surfactant was thor 
oughly m i x e d w i t h the water phase before part i t ion ing . O c t a n o l / w a t e r 
par t i t i on ing studies carr ied out w i t h only 0 . 1 % T w e e n 80 ( a n d no T F M S 
c o m p o u n d ) present in i t i a l l y ind i ca ted that at e q u i l i b r i u m , the surfactant 
partit ions approximate ly 6 0 / 4 0 i n favor of the octanol phase. 

I n a t y p i c a l o c tano l /water part i t i on ing experiment carr ied out i n the 
presence of T w e e n 80, the T F M S c o m p o u n d was first dissolved i n 50 m l 
octanol a n d then part i t ioned against an equa l vo lume of p H 1.0 water 
conta in ing 0 . 1 % T w e e n 80 as descr ibed above. A l l samples were cen-
tr i fuged to ensure the best possible o c t a n o l / w a t e r phase separation a n d 
opt i ca l c lar i ty . 

E q u i l i b r i u m concentrations of T F M S compounds i n the aqueous 
phase were again determined b y U V . T h e concentration i n the octanol 
phase was determined b y difference, as usual . A l t h o u g h T w e e n 80 ex
h i b i t e d an absorption m a x i m u m at 232 n m , the opt i ca l density of the 
surfactant at this wave length i n the aqueous phase of the final p a r t i 
t ioned samples usual ly d i d not exceed 0.2. M o s t of the T F M S compounds 
exhib i ted absorpt ion m a x i m a at wavelengths either near 215 ± 5 n m or 
near 255 ± 5 n m where the opt i ca l density of the part i t i oned T w e e n 80 
was always ^ 0 . 1 . A b s o r p t i o n interference b y the surfactant i n wave 
length regions used to measure the concentrations of the final part i t ioned 
T F M S compounds was therefore not a p rob l em because of the l o w sur
factant absorpt ion i n spectral regions of T F M S absorption. T y p i c a l T F M S 
opt i ca l densities at absorption max ima , for example, were 0.8 to 1.5. A s 
a precaut ion , however , the aqueous phase of a contro l sample consisting 
of 0 . 1 % T w e e n 80 part i t ioned as descr ibed above between octanol a n d 
p H 1.0 water was used as a reference ( b l a n k ) i n a l l U V determinations. 
A l l U V absorption at the wavelengths of interest c ou ld thus be ascr ibed 
to T F M S absorption w i t h i n exper imental error. It d i d not appear that 
surfactant-enhanced octanol par t i t i on ing into the water phase l ed to any 
significant errors i n T F M S concentration determinations. F o r the T F M S 
compounds w h i c h part i t ioned m u c h more strongly t o w a r d the water 
layer i n the presence of T w e e n 80 than i n its absence (see T a b l e V I ) , an 
opalescent or c l oudy aqueous phase was f o rmed because of the emuls i fy 
i n g effect of the surfactant on the part i t ioned compound . I n these cases, 
an a l iquot of the final part i t i oned water phase was d i l u t e d 1:5 w i t h p H 
1.0 water ; this c leared the solutions opt i ca l ly a n d permit ted U V deter
minat i on of the part i t ioned T F M S c o m p o u n d concentration. T h e pre 
c is ion of the l og Ρ values determined for the T F M S compounds i n the 
presence of 0 . 1 % T w e e n 80 is =b5%. 
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Greenhouse Tests. Pre-emergence h e r b i c i d a l evaluations of the 15 
T F M S compounds l isted i n T a b l e I V were conducted i n an art i f ic ial ly 
i l l u m i n a t e d greenhouse. T w o grass species ( G i a n t F o x t a i l , Setaria sp.; 
C h e a t Grass , Bromus secalinus) a n d a broadleaf w e e d ( W i l d M u s t a r d , 
Brassica kaber) were used i n the tests. F o r each T F M S evaluat ion, the 
three w e e d species were p lanted as seeds i n separate rows i n the same 
6 i n c h diameter r o u n d plast ic pot. T h e soi l was a ster i l ized sandy l oam 
conta in ing 6 8 % sand, 2 0 % silt , 9 % c lay, a n d 2 - 3 % organic matter. T h e 
so i l was pasteurized at 180°F for 30 minutes before use, a procedure 
w h i c h k i l l e d pathogens but not beneficial so i l bacteria . 

T w o series of rep l i cated pre-emergence h e r b i c i d a l tests were con
duc ted s imultaneously on the T F M S compounds. I n the first, no sur
factant was used i n the h e r b i c i d a l formulat ions ; i n the second, T w e e n 80 
at the 0 . 1 % ( w / v ) leve l was added to the formulations. A l l procedures 
a n d preparations were ident i ca l for bo th series except for the presence 
of the surfactant i n formulations of the second series. 

S tandard h e r b i c i d a l formulations i n the absence of surfactant were 
prepared b y dissolving the highest intended dose of each T F M S c o m 
p o u n d i n a 1% acetone-water solution. T h e smal l amount of acetone 
(necessary to effect solution of some of the more l i p o p h i l i c series m e m 
bers) was used i n a l l formulations for consistency. S tandard herb i c ida l 
formulations i n the presence of surfactant were prepared i n a s imi lar 
fashion, except that the 1 % acetone—water contained i n add i t i on 0 . 1 % 
( w / v ) T w e e n 80. 

T h e pre-emergence h e r b i c i d a l tests were done at three or four dosage 
levels rang ing f rom 1.25 to 20 l b / a c r e for each T F M S derivat ive . T h e 
l b / a c r e designation was obta ined b y d i v i d i n g the actual d r y we ight i n 
grams of T F M S herb i c ide a p p l i e d to each pot f rom an aqueous drench b y 
the topsoi l surface area i n the pot ( ~ 0 . 2 f t 2 ) a n d then a p p l y i n g an ap-

F o r subsequent computer correlat ion studies, the l b / a c r e data were con
verted to moles /acre . H e r b i c i d a l formulations corresponding to different 
dose levels were prepared b y d i l u t i n g al iquots of the standard h e r b i c i d a l 
formulations w i t h either 1 % acetone—water (tests w i t h no surfactant 
added ) or 1% acetone—water conta in ing 0 . 1 % T w e e n 80 (tests w i t h 
surfactant a d d e d ) . T h u s , i n the surfactant tests, T w e e n 80 was kept at 
a constant concentration of 0 . 1 % at a l l h e r b i c i d a l dosages. A total of 80 
m l of each h e r b i c i d a l f o rmulat ion were a p p l i e d to each pot as a single 
drench immediate ly after seeds were p lanted i n the pre-emergence eva lu 
ations. Thereafter , pots were bottom-watered da i ly u n t i l plants emerged. 
T o p water ing was then used for the rest of the test. 

Pre-emergence h e r b i c i d a l test data were evaluated after 8, 21, a n d 
42 days for bo th test series. T h e h e r b i c i d a l response of each T F M S com
p o u n d at each t ime interva l was rated ( i n terms of % k i l l b y compar ing 
w i t h a contro l sample conta in ing no h e r b i c i d a l treatment) on a 0-100 
scale (where 0 = no act iv i ty , 50 = 5 0 % k i l l , 100 = complete k i l l , etc . ) . 
N o significant changes i n relative h e r b i c i d a l act iv i ty were observed after 
21 days. T h e 21-day h e r b i c i d a l act iv i ty ratings were used to prepare 
log-probit plots f rom w h i c h L D 9 0 values were determined for each 
T F M S c o m p o u n d i n the presence a n d absence of T w e e n 80 ( see Results ). 

propriate conversion factor 
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A l l h e r b i c i d a l tests were carr ied out s imultaneously. Errors a n d variations 
f rom such uncontro l lable factors as seasonal changes i n p lant growth 
were thus m i n i m i z e d . 

Computer Correlations. A l l correlations of h e r b i c i d a l test data w i t h 
τι-- a n d σ-parameters accord ing to E q u a t i o n 2 were carr ied out w i t h an 
I B M 360 computer using a least-squares stepwise regression program of 
considerable versati l i ty ( U C L A H e a l t h Sciences P r o g r a m B M D 0 2 R ) . 
M u l t i p l e correlat ion coefficients ( r ) , parameter a n d equat ional standard 
errors, a n d F tests were rout ine ly used to judge the goodness of fit of 
h e r b i c i d a l act iv i ty data to the H a n s c h equation. Three -d imens ional per
spective plots of final equat ional forms were carr ied out o n a C a l c o m p 
plotter us ing a program wr i t t en by E a r l C o o k ( 3 M C o . ) . 

Model Parent Compound Series. E x p e r i m e n t a l part i t i on coefficient 
data for a var iety of substituted benzenes a n d seven other re lated parent 
c o m p o u n d series ( phenoxyacet ic a c id , phenylacet ic a c id , benzoic ac id , 
b e n z y l a lcohol , pheno l , ani l ine , ni trobenzene) were reported i n 1964 b y 
F u j i t a et al. (11). T h e -π values (see E q u a t i o n 3 ) der ived for i n d i v i d u a l 
substituents i n each of the above-mentioned parent c o m p o u n d series have 
since been frequent ly used ( w i t h v a r y i n g degrees of success) b y m a n y 
investigators to approximate π values for the corresponding substituents 
i n other related parent compounds for w h i c h no experimental par t i t i on ing 
data are avai lable . F o r example, H a n s c h a n d D e u t s c h (26), i n a corre la
t ion study of s t ruc ture -ac t iv i ty relationships i n cholinesterase inhib i tors , 
used π values der ived for aromatic r i n g substituents ( X ) i n the phenoxy
acetic a c id series 

to approximate π values for the same substituents i n parent series of 
methylcarbamates : 

Results 

diethylphenylphosphates : 
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a n d even a lky lphosphonic a c id esters: 

N O 

Ο 

- P - 0 - C 2 H 5 , R = a l k y l . 

R 

N e e l y a n d W h i t n e y (21) have s imi lar ly used the phenoxyacetic a c id 
series π values i n s t ruc ture -ac t iv i ty correlations of the insect i c idal act iv i ty 
of p h e n y l - O - m e t h y l methylphosphoramidates : 

Before exper imental ly measur ing the part i t i on coefficients of our 15 
tr i f luoromethanesulfonanil ide ( T F M S ) series members, w e too h a d given 
serious consideration to approx imat ing the T F M S substituent π values 
w i t h appropr iate ly chosen π values f r om one of the above-mentioned 
parent series s tudied b y F u j i t a et al. (11). T h e appropriate choice of an 
approx imat ing parent c o m p o u n d was difficult to make , however , as can 
be judged f rom the ion izat ion a n d par t i t i on ing data tabulated i n T a b l e 
I I I for several reasonable m o d e l series chosen f rom Ref. 11. 

T h e five parent compounds i n T a b l e I I I are arranged i n order of i n 
creasing p K a of their i on izab le protonic groups. F o r phenoxyacetic ac id 
( p K a = 3.17) a n d phenylacet ic a c id ( p K a = 4.31), the p r i m a r y i on i za 
t ion is that of the carboxyl ic a c i d side cha in . T h e ac id i ty of the T F M S 
parent c o m p o u n d ( p K a = 4.45 ) is attr ibutable to the loss of the re lat ively 
lab i le proton f rom the parent side cha in ( < £ - N H - S 0 2 - C F 3 *± φ - Ν - S O o -
C F 8 + H + ) . F o r ani l ine , the process w i t h p K a = 4.63 is associated w i t h 
protonic i on izat ion of the a n i l i n i u m cation. T h e p K a = 9.89 process i n 
pheno l refers to the format ion of phenolate anion. 

A l t h o u g h the p K a ' s of phenoxyacetic a c id , phenylacet ic a c id , T F M S , 
a n d ani l ine are a l l quite s imi lar , d i f fer ing b y less than 1.5 p K units for the 
most extreme comparison (phenoxyacet ic a c i d vs. a n i l i n e ) , this s imi lar i ty 
ends w h e n the par t i t i on ing behavior of these same parent compounds is 
compared. Whereas the logar i thm of the o c tano l /water part i t i on coeffi
cient (P) varies only f rom log Ρ = 0.90 for ani l ine to log Ρ = 1.41 for 
phenylacet ic a c id , T F M S ( l og Ρ = 3.05) is 1.6 orders of magni tude more 
l i p o p h i l i c than phenylacet ic a c id , the most hydrophob i c of the other par 
ent compounds exhib i t ing a s imi lar ρΚ α . I f the π values for the side chains 
of the parent compounds l isted i n T a b l e I I I are ca lculated us ing E q u a 
t ion 5 as shown on p. 196 t 
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Table III. Choice of Model Parent Series 

195 

Parent Molecule 

1. Phenoxyacet ic A c i d ( P O A ) 

O C H 2 C O O H 

H A 

2. Phenylacet ic A c i d ( P A A ) 

C H 2 C O O H 

H A 

3. Tr i f luoromethane
sulfonanil ide ( T F M S ) 

N H - S 0 2 - C F 3 

H A 

4. A n i l i n e 

B H , + 

N H 3 + 

Ionization Step Partitioning"h 

H A ^ H + + A - log Ρ = 1.27 
pKa = 3.17 (25°C) T ( O C H 2 C O O H ) 

- 0 . 8 6 

HA^±H+ + A - log Ρ = 1.41 
pKa = 4.31 (25°C) * ( C H 2 C O O H ) = 

- 0 . 7 2 

HA^±H+ + A - log Ρ = 3.05 
pKa = 4.45 (25°C) x ( N H S 0 2 C F 3 ) = 

+0 .92 

(a) BH 2 +^± 
B H + H + 
pKa = 4.63 
(25°C) 

log Ρ = 0.90 
χ ( Ν Η , ) = - 1 . 2 3 

5. Pheno l 

0^ O H 

H A 

(b) B H ^ 
Β - + H + 
pKa « 27 
(25°C) 

H A ^ H + + A -
pKa = 9.89 
(25°C) 

log Ρ = 1.46 
x ( O H ) = - 0 . 6 7 

" Partitioning data for parent compounds 1, 2, 4, and 5 obtained from Ref. 11. 
6 Partitioning data for 3 measured in this study. 
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x (parent side chain) = log Ρ (parent compound) — log Ρ (benzene) 

= log Ρ (parent compound) — 2.13 (5) 

the h y d r o p h o b i c i t y of the - N H S 0 2 C F 3 side cha in i n T F M S is i l lustrated 
even more graphica l ly . T h e large negative π values character iz ing the 
side chains of phenoxyacet ic ac id , phenylacet ic a c id , ani l ine , a n d pheno l 
indicate that their subst i tut ion into the parent benzene r i n g renders the 
latter signif icantly more h y d r o p h i l i c a n d water soluble ( over an order of 
magni tude for - N H 2 subst i tut ion) . T h e subst i tut ion of - N H S 0 2 C F 3 into 
the benzene r i n g contrast ingly renders the latter almost an order of m a g 
n i tude more l i p o p h i l i c a n d soluble i n octanol . T h e gross difference i n 
l i p o p h i l i c i t y of the tr i f luoromethanesulfonani l ide side cha in relat ive to 
the m u c h more h y d r o p h i l i c side chains of the other parent compounds 
strongly suggests that similarit ies i n the side cha in p K a ' s ( a n d hence 
overa l l parent molecule acidit ies ) should not be used as a basis for select
i n g the substituent ττ values of another parent series to approximate 
substituent π values i n the T F M S series. 

O n e might instead choose as a basis for comparison the relat ive 
e l e c t ron -wi thdrawing or -donat ing properties of the parent side chains 
i n T a b l e I I I . B o t h the - N H 2 side c h a i n of ani l ine a n d the - O H group i n 
pheno l are strong donators of electrons to the benzene r ing . T h e strong 
e l e c t ron -wi thdrawing properties of the tr i f luoromethanesulfonyl por t ion 
of the T F M S side cha in , however , w o u l d be expected to mit igate dras
t i ca l l y the corresponding electron-donating tendencies of the ni trogen 
attached to the benzene r i n g i n T F M S . I n add i t i on to the differences i n 
part i t i on ing properties, it w o u l d also appear unwise to choose either a 
pheno l or ani l ine parent series to represent the T F M S series because of 
the expected differences i n e lectron-donating properties of the parent 
side chains [ w h i c h might w e l l be expected to influence (to a greater or 
lesser degree) the h y d r o p h i l i c i t y or hydrophob i c i ty of other substituents 
that might be p laced i n the benzene r i n g ] . Therefore, even though T F M S 
is a substituted ani l ine of sorts, there is l i t t le basis for compar ing i t w i t h 
ani l ine . T h e amino hydrogen i n ani l ine corresponding to the lab i le h y 
drogen ( p K a = 4.45) i n T F M S , for example, has an extremely h i g h pKa 

of 27 ( see second ion izat ion e q u i l i b r i u m for ani l ine i n T a b l e I I I ) , further 
i l lus trat ing the d iss imi lar i ty of the two parent molecules. I n add i t i on , 
the c o m b i n e d e lec t ron -wi thdrawing tendencies of the phenoxy a n d car-
b o x y l ( i n phenoxyacet ic a c id ) a n d p h e n y l a n d carboxy l ( i n phenylacet ic 
a c i d ) do not render either of the methylene ( - C H 2 - ) hydrogens i n the 
side chains of these parent molecules par t i cu lar ly ac id ic . T h i s is i n con
trast to the c o m b i n e d e lec t ron -wi thdrawing effect of p h e n y l a n d tri f luoro
methanesul fonyl on the - N H l inkage i n the side c h a i n of T F M S w h i c h is 
h i g h l y ac id ic . 
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Therefore , it is difficult to define a reasonable basis for selecting any 
of the parent series prev ious ly examined b y F u j i t a et al. (11) as a m o d e l 
for the T F M S series of the present study. Indeed , some i n i t i a l H a n s c h 
analyses of our T F M S pre-emergence h e r b i c i d a l ac t iv i ty data us ing 
F u j i t a s phenoxyacet ic a c i d substituent π values p r o d u c e d very poor cor
relations. W e thus deemed i t prudent ( i f not essential) to determine 
exper imental ly π values for a l l substituents i n the T F M S series. 

Table IV. Trifluoromethanesulfonanilides Chosen for Herbicide Test" 

N H S 0 2 C F 3 N H S 0 2 C F 3 

Χ Η 

^-Substituted 3-Substituted 

X τ» σ Χ j 

4 - C F s + 1.42 +0.551 3 - C F 3 + 1.45 +0 .415 
4-C1 +0 .91 +0.227 3-C1 +0 .95 +0.373 
4 - S C H 3 +0.69 - 0 . 0 4 7 3 -F +0 .37 +0.337 
4-CH3 +0.55 - 0 . 1 7 0 3 - S C H 3 - 0 . 2 0 +0.144 
4 - F +0 .20 +0.062 3 - C O C H s - 0 . 2 7 +0 .306 
4-OCH3 - 0 . 0 5 - 0 . 2 6 8 3 - O H - 0 . 5 4 - 0 . 0 0 2 
4 - S 0 2 C H 3 - 1 . 0 6 +0 .728 3 - S 0 2 C H 3 - 1 . 2 0 +0.647 
Η 0.00 0.000 

0 No Tween 80 present. 
h See Table V for standard deviation in χ values. 

π Values i n the Absence of Surfactant. T a b l e IV gives π a n d σ values 
for the 15 tri f luoromethanesulfonanil ides examined i n this study. O c t a n o l / 
water part i t i on coefficients i n the absence of surfactant were determined 
as descr ibed, a n d substituent π values were ca lculated accord ing to E q u a 
t ion 3 us ing log Ρ Η = 3.05 for the Η-substituted parent c o m p o u n d (see 
T a b l e III). H a m m e t t s igma constants ( σ ) were taken f r om the com
p i la t i on of Jaffe (13 ) . O u r study was restricted to meta- a n d para-mono-
substituted T F M S derivatives. Ortho-subst i tuted T F M S derivatives were 
not i n c l u d e d i n the h e r b i c i d a l tests to e l iminate the usua l difficulties 
associated w i t h selection a n d interpretat ion of H a m m e t t σ constants for 
2-substituents. T h e substituted T F M S derivatives i n T a b l e IV were 
chosen to span a b road spectrum of π a n d σ values, π values ranged f rom 
+1 .42 to —1.06 for the 4-substituted T F M S derivatives a n d f rom +1 .45 
to —1.20 for the 3-substituents. Correspond ing σ constants l ikewise cov
ered a fa i r l y b road range of values for both 3- a n d 4-substituents. F o r 
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both the meta - a n d para-subst i tuted T F M S series, the most hydrophob i c 
substituent was tr i f luoromethyl ( - C F 3 ) w h i l e methy lsu l fony l ( - S 0 2 C H 3 ) 
was the most h y d r o p h i l i c side cha in i n each series. 

T a b l e V gives substituent π values measured i n the absence of sur
factant for the five parent series previously compared i n T a b l e I I I . E x 
aminat ion of the table indicates that the experimental ly measured T F M S 
series π values do not co inc ide w i t h those of any of the other parent 
series but l ie roughly m i d w a y between the corresponding π values of the 
phenoxyacet ic a c id a n d pheno l series. I n those cases where comparisons 
are possible, π values for the 4 - C H 3 , 4 - F , 4 - O C H 3 , 3 - C O C H 3 , a n d 3 - O H 
substituents i n the T F M S series l ie closer to the π values of the corre
sponding substituents i n the phenoxyacetic ac id series than they do to 
those i n the pheno l series. I n contrast, π values for T F M S 4-C1, 3 - C F 3 , 
3-C1, a n d 3 - F substituents l ie closer to corresponding pheno l series π 
values. O n the basis of the direct comparison between parent series 
afforded b y T a b l e V , i t is evident that none of the par t i t i on ing data 
previous ly presented b y F u j i t a et al. (11) for the various m o d e l parent 
series adequately describe the par t i t i on ing behavior of the substituted 
tr i f luoromethanesulfonanil ide herbic ides. 

Effect of Tween 80 on T F M S π Values. T a b l e V I lists o c tano l /water 
par t i t i on ing data for the 15 substituted T F M S compounds used i n this 
study. Logar i thms of the part i t i on coefficients obta ined bo th i n the 
absence ( l og Px) a n d presence ( l o g Ρχ') of 0 . 1 % ( w / v ) T w e e n 80 are 
g iven. (Procedures for determining the part i t i on coefficients Ρ χ a n d Ρ χ 
have been out l ined i n the E x p e r i m e n t a l section. ) π, π\ a n d ττ" values i n 
T a b l e V I were ca lculated according to the f o l l owing relat ionships: 

x = log Px — log Ρ Η (no Tween 80 present) 
%' = log Ρχ' - log Ρ Η ( 0 . 1 % Tween 80 present) (6) 
x " = log Ρχ' - log PH' ( 0 . 1 % Tween 80 present) 

I n E q u a t i o n 6, π a n d π values are ca lculated relat ive to l og Ρ Η = 3.05 
for the parent c o m p o u n d (J^-substituted T F M S ) determined i n the ab
sence of surfactant. T h u s , the π value determined for the parent com
p o u n d i n the presence of 0 . 1 % T w e e n 80 differs f rom zero (πΗ = —0.45) . 
T h e -κ" substituent constants i n T a b l e V I a n d E q u a t i o n 6 are ca lculated 
relat ive to the l ogar i thm of the par t i t i on coefficient of the parent T F M S 
c o m p o u n d determined i n the presence of 0 . 1 % T w e e n 80 ( l og Ρ κ = 
2.60). 

Since T w e e n 80 itself partit ions 6 0 / 4 0 i n favor of the octanol phase, 
a significant effect of this surfactant on the par t i t i on ing properties of the 
T F M S series members might be expected. T a b l e V I indicates this to be 
the case. C o m p a r i n g log Ρχ w i t h log Ρ χ values, i t is evident that the 
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Table V . Substituent ττ Values for Models" 6 

199 

POA PAA TFMS Aniline Phenol 
7>Ka = p K a = p K a = p K a = p K a = 

Substituent 3.17 4.31 445 4.63 9.89 
(X) TAX) * ( X ) 

1. H 0.00 0.00 0.00 0.00 0.00 
2. 4 - C F 3 — — + 1.42 — — ± 0 . 0 3 
3. 4-C1 +0 .70 +0 .70 +0.91 — +0.93 

± 0 . 0 3 ± 0 . 0 4 ± 0 . 0 2 ± 0 . 0 1 
4. 4-SCH3 — — +0.69 — — ± 0 . 0 2 
5. 4-CH3 +0.52 +0 .45 +0 .55 +0 .49 +0 .48 

± 0 . 0 5 ± 0 . 0 3 ± 0 . 0 2 ± 0 . 0 2 ± 0 . 0 1 
6. 4 - F +0 .15 +0.14 +0 .20 +0 .25 +0.31 

± 0 . 0 1 ± 0 . 0 1 ± 0 . 0 1 ± 0 . 0 2 ± 0 . 0 1 
7. 4 - O C H 3 - 0 . 0 4 +0.01 - 0 . 0 5 — - 0 . 1 2 

± 0 . 0 1 ± 0 . 0 2 ± 0 . 0 1 ± 0 . 0 1 
8. 4 - S O 2 C H 3 — — - 1 . 0 6 — — ± 0 . 0 2 
9. 3-CF3 + 1.07 + 1.16 + L 4 5 — + 1.49 

± 0 . 0 2 ± 0 . 0 3 ± 0 . 0 3 ± 0 . 0 1 
10. 3 - C l +0 .76 +0 .68 +0 .95 +0 .98 + 1.04 

± 0 . 0 2 ± 0 . 0 3 ± 0 . 0 2 ± 0 . 0 2 ± 0 . 0 1 
11. 3 -F +0.13 +0 .19 +0.37 +0 .40 +0 .47 

± 0 . 0 3 ± 0 . 0 2 ± 0 . 0 1 ± 0 . 0 2 ± 0 . 0 1 
12. 3-SCH3 +0.62 — - 0 . 2 0 — — 

± 0 . 0 1 ± 0 . 0 2 
13. 3 - C O C H 3 - 0 . 2 8 — - 0 . 2 7 — - 0 . 0 7 

± 0 . 0 1 ± 0 . 0 1 ± 0 . 0 1 
14. 3 - O H - 0 . 4 9 - 0 . 5 2 - 0 . 5 4 - 0 . 7 3 - 0 . 6 6 

± 0 . 0 1 ± 0 . 0 2 ± 0 . 0 2 ± 0 . 0 4 ± 0 . 0 1 
15. 3 - S 0 2 C H 3 ; - 1 . 2 6 - 1 . 2 5 - 1 . 2 0 — — 

± 0 . 0 5 ± 0 . 0 1 ± 0 . 0 3 
a No Tween 80 present. 
6 Partitioning data for POA, PAA, aniline, and phenol taken from Ref. 11. 

latter quantit ies have been substantial ly reduced i n the presence of T w e e n 
80, ind i ca t ing a decrease i n h y d r o p h o b i c i t y a n d increase i n h y d r o p h i l i c i t y 
of the or ig ina l T F M S series members. E x c e p t for the 3 - C F 3 - T F M S 
der ivat ive , the π values i n T a b l e V I indicate that the remain ing 14 series 
members ( i n c l u d i n g the parent c o m p o u n d ) are signif icantly more h y d r o 
p h i l i c i n the presence of T w e e n 80 than was the or ig ina l parent c o m p o u n d 
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i n the absence of surfactant. Contrast ingly , before the add i t i on of T w e e n 
80, only six of the or ig ina l 15 T F M S derivatives (i.e., 4 - O C H 3 , 4 - S 0 2 C H 3 , 
3 - S C H 3 , 3 - C O C H 3 , 3 - O H , a n d 3 - S 0 2 C H 3 - T F M S ) were less l i p o p h i l i c 
than the parent species. 

Table VI . Effect of 0.1% Tween 80 on Octanol/Water Partitioning 
Characteristics of T F M S Herbicides d 

No Surfactant 0.1% Tween 80 

Substituent Log P x X Log Ρχ ' x ' 6 

1. H 3.05 0.00 2.60 - 0 . 4 5 0.00 
2. 4 - C F 3 4.47 + 1.42 2.90 - 0 . 1 5 +0 .30 
3. 4-C1 3.96 +0.91 2.60 - 0 . 4 5 0.00 
4. 4 - S C H 3 3.74 +0 .69 2.70 - 0 . 3 5 +0 .10 
5. 4 - C H 3 3.60 +0 .55 2.50 - 0 . 5 5 - 0 . 1 0 
6. 4 - F 3.25 +0 .20 2.50 - 0 . 5 5 - 0 . 1 0 
7. 4 - O C H 3 3.00 - 0 . 0 5 2.30 - 0 . 7 5 - 0 . 3 0 
8. 4 - S O 2 C H 3 1.99 - 1 . 0 6 1.80 - 1 . 2 5 - 0 . 8 0 
9. 3 - C F 3 4.50 + 1.45 3.20 +0 .15 +0 .60 

10. 3 - C l 4.00 +0 .95 α a α 
11. 3 - F 3.42 +0 .37 2.80 - 0 . 2 5 +0 .20 
12. 3 - S C H 3 2.85 - 0 . 2 0 2.50 - 0 . 5 5 - 0 . 1 0 
13. 3 - C O C H 3 2.78 - 0 . 2 7 2.50 - 0 . 5 5 - 0 . 1 0 
14. 3 - O H 2.51 - 0 . 5 4 2.10 - 0 . 9 5 - 0 . 5 0 
15. 3 - S 0 2 C H 3 1.85 - 1 . 2 0 1.70 - 1 . 3 5 - 0 . 9 0 

a Water phase was too cloudy to measure partition coefficient spectrophoto-
metrically. 

b x' = log Ρχ' - log PH. 
c x" = log Px' - log PH'. 
d See text for definitions and details. 

Re fe r r ing back to T a b l e V I , note that the par t i t i on coefficients of 
those T F M S series members substituted w i t h re lat ively hydrophob i c 
groups (e.g., 4 - C F 3 , 3 - C F 3 ) are signif icantly more affected b y the pres
ence of T w e e n 80 than are h y d r o p h i l i c a l l y substituted sulfonanil ides ( e.g., 
4 - S 0 2 C H 3 , 3 - S 0 2 C H 3 , 3 - O H ) . T h e surfactant thus acts p r i m a r i l y to 
water -so lubi l ize the most hydrophob i c of the T F M S series members. T h e 
net effect of this increased hydrophob i c so lub i l i ty i n the presence of 
T w e e n 80 is to compress the range of substituent π values relat ive to 
the ir o r i g ina l spread i n the absence of surfactant. A l l T F M S derivatives 
correspondingly become more un i f o rmly soluble i n water w h e n the sur
factant is a d d e d to the par t i t i on ing mixture . 

T h e ττ" values i n the far r ight c o l u m n of T a b l e V I b r i n g to l ight 
another interest ing fact. T h e y indicate that T w e e n 80, i n add i t i on to 
l ower ing the o c tano l /water part i t i on coefficients of a l l T F M S series m e m 
bers i n a general fashion, appears to alter the order of h p o p h i l i c i t y of 
certain i n d i v i d u a l series members. I n the presence of surfactant, for ex
ample , the 4-C1, 4 - C H 3 , a n d 4 - F T F M S derivatives a l l exhibi t equa l or 
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12. Y A P E L , JR. Trifluoromethanesulfonanilide Herbicides 201 

enhanced h y d r o p h i l i c i t y re lat ive to the Η-substituted parent compound . 
I n the absence of surfactant, each of these derivatives is considerably 
more l i p o p h i l i c than the parent compound . H e n c e , one must conc lude 
that the water - so lub i l i z ing act ion of T w e e n 80 o n the 15 T F M S com
pounds involves more than just a un i f o rm shift i n the hydrophob i c i t y of 
the various series members. Rather , the surfactant m a y interact i n a 
un ique fashion w i t h at least several of the member s ide chains to f o rm 
unusual ly water-soluble mice l lar species. 

E v a l u a t i o n of T F M S H e r b i c i d a l A c t i v i t y . T h e h e r b i c i d a l potency of 
the 15 substituted T F M S compounds was rated after a 21-day test per i od 
on a 0 - 1 0 0 % k i l l scale. H e r b i c i d a l test data were col lected for two grass 
species ( F o x t a i l , Cheat Grass ) a n d a broadleaf w e e d ( W i l d M u s t a r d ) 
i n the presence a n d absence of 0 . 1 % ( w / v ) T w e e n 80. Since the tests 

0 .1% Tween 8 0 with 
L D 9 0 (8.2 mole / a ) 

2 4 6 8 10 2 0 4 0 6 0 8 0 
E X T R A C E L L U L A R [ T F M S ] ( m o l e s / a c r e ) 

Figure 1. Log-probit plot for the 4-Cl-TFMS deriva
tive acting on Foxtail Grass 

Ο Data points obtained in the absence of 0.1% Tween 80 
φ Data points obtained in the presence of 0.1% Tween 80 
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202 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

were carr ied out at three or four dosage levels for each T F M S compound , 
it was possible to construct log-probit plots f rom w h i c h L D 9 0 values 
character iz ing the potency of each herb ic ide cou ld be determined. T h e 
theory a n d method of app l i cat ion of log-probit analysis has been pre 
sented elsewhere (27, 28, 29, 30). I n F i g u r e 1 is presented a typ i ca l 
log-probit plot for F o x t a i l grass i l lustrat ing the method of determining 
L D 9 0 concentrations for the 4-C1 T F M S derivat ive i n the presence a n d 
absence of 0 . 1 % T w e e n 80. T h e L D 9 0 value for each of the test com
pounds was defined as the molar extracel lular concentration ( i n m o l e s / 
acre) r equ i red to k i l l 9 0 % of the w e e d type under consideration i n pre -
emergence tests carr ied out over a 21-day t ime interval . I n a l l cases, a 
ca lculated least-squares straight l ine was d r a w n through the experimental 
points on the log-probit plot . I n d i v i d u a l data points on the plots were 
the average % k i l l values of the two rep l i cated experiments conducted 
at each h e r b i c i d a l dosage. Repl icates generally agreed i n act iv i ty to 
better than ± 5 % . Since data points t y p i c a l l y fe l l w i t h i n the 1 0 - 9 0 % k i l l 
range, no statist ical w e i g h t i n g factors were app l i ed to the points i n con
struct ing the plots. T h e L D 9 0 va lue for each herb ic ide was taken as the 
extracel lular T F M S concentrat ion (abscissa) corresponding to the 9 0 % 
k i l l po int (ord inate ) on the fitted log-probit l ine. 

T a b l e V I I fists the L D 9 0 values determined for each of the 15 T F M S 
derivatives i n pre-emergence tests on F o x t a i l , C h e a t Grass , a n d W i l d 
M u s t a r d . T h e F o x t a i l a n d W i l d M u s t a r d tests were carr ied out i n the 

Table VII. 

NHSO2CF3 

JL 

L D 9 0 Values for TFMS Pre-Emergence Herbicides 
Wild Mustard 

(Broadleaf) 
Cheat Grass 

Foxtail Grass 

LDM, LDqq, 
mole/acre mole/acre mole/acre mole/acre mole/acre 

No No 0J7c No 0.1% 
Substituent (X) Tween 80 Tween 80 Tween 80 Tween 80 Tween 80 

1. H 25.0 8.0 12.7 4.6 6.4 
2. 4 - C F 3 4.05 9.7 10.6 3.35 2.64 
3. 4-C1 1.95 6.4 8.15 1.36 1.35 
4. 4-SCH3 2.58 5.1 5.1 42.0 25.2 
5. 4-CH3 43.7 82.0 40.0 18.9 10.5 
6. 4 - F 3.7 8.0 10.1 1.85 2.31 
7. 4 - O C H 3 80.0 58.5 23.0 35.6 80.5 
8. 4 - S 0 2 C H 3 2.21 2.42 2.64 31.6 79.0 
9. 3-CF3 22.6 15.0 21.5 6.15 1.95 

10. 3 - C l 24.2 7.8 14.4 5.2 5.2 
11. 3 -F 23.0 8.35 18.2 5.55 4.67 
12. 3-SCH3 <2.1 <2.1 2.06 9.5 17.2 
13. 3 -COCH3 29.7 14.6 12.4 24.3 33.0 
14. 3 - O H 107.0 128.0 204.0 46.2 32.9 
15. 3 - S 0 2 C H 3 <1.9 1.5 1.17 17.4 26.8 
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presence a n d absence of surfactant w h i l e Cheat Grass studies were con
ducted only i n the absence of T w e e n 80. E x a m i n i n g first the h e r b i c i d a l 
act iv i ty data gathered i n the absence of surfactant, we note ( T a b l e V I I ) 
that significant differences i n grass a n d broadleaf selectivity a n d overal l 
act iv i ty are exhib i ted b y many of the T F M S compounds. Note also the 
differences i n act iv i ty of the i n d i v i d u a l series members t o w a r d the two 
grasses, F o x t a i l a n d Cheat Grass. T h e effect of T w e e n 80 on the F o x t a i l 
a n d W i l d M u s t a r d act iv i ty of the T F M S derivatives is par t i cu lar ly inter
esting. F o r F o x t a i l , the act iv i ty of nine of 15 of the sulfonanil ides is i n 
h i b i t e d b y the presence of surfactant (h igher L D 9 0 va lues ) , the act iv i ty 
of four derivatives is enhanced, w h i l e two series members are re lat ively 
unaffected by T w e e n 80. F o r W i l d M u s t a r d , surfactant inhib i ts the 
act iv i ty of seven of the T F M S compounds, enhances the act iv i ty of six 
others, a n d has no effect on the act iv i ty of the 3 - C l - a n d 4 - C 1 - T F M S 
derivatives. F o r m a n y of the T F M S derivatives l isted i n T a b l e V I I , 
T w e e n 80 exerts exactly opposite effects on the grass F o x t a i l a n d the 
broadleaf W i l d M u s t a r d . 

Hansch Correlations of TFMS Herbicidal Activity. Stepwise re
gression techniques were used to correlate the pre-emergence h e r b i c i d a l 
act iv i ty data gathered for a l l three weed types w i t h one or more of the 
f o l l ow ing appropriate general forms of the H a n s c h equat ion (cf. E q u a 
tions 2 a n d 6 a n d T a b l e V I ) . 

log ( 1 / L D 9 0 ) = At? + # X + ρσ + D (7) 

log ( l / L D w O = ArJ2 + Βτ' + p j + D (8) 

log ( l / L D w " ) = At,"* + Βτ," + p j + D (9) 

π 2 , 7Γ, a n d σ terms were added stepwise d u r i n g the fitting procedure, the 
order of inc lus ion of these terms be ing determined o n the basis of 
sequential statistical F tests. 

F o r a l l regression analyses, h e r b i c i d a l ac t iv i ty data were taken f rom 
the appropriate c o l u m n i n T a b l e V I I . Correspond ing ττ, π' or π " values 
were selected f rom T a b l e V I . H a m m e t t s igma constants ( σ ) were taken 
f rom the compi la t ion of Jaffe ( 13 ) a n d correspond to those i n T a b l e I V . 
Since i t was assumed throughout that σ w o u l d be re lat ive ly unaffected 
b y the presence of surfactant, the σ values i n T a b l e I V were used to 
correlate data obta ined i n the presence a n d absence of T w e e n 80 for a l l 
three w e e d types. T h i s assumption is reasonable since the surfactant was 
used at a l o w 0 . 1 % leve l i n a l l h e r b i c i d a l a n d par t i t i on ing tests. F u r t h e r 
more, surfactant effects w o u l d be expected to manifest themselves p r i 
m a r i l y i n the par t i t i on ing behavior (π values) of the T F M S compounds 
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rather than i n the H a m m e t t σ constants ( w h i c h are essentially functions 
of the electronic properties of the T F M S substituents) . 

Separation of T F M S Herbicides into Meta- and Para-Substituted 
Series. I n our i n i t i a l correlations, h e r b i c i d a l act iv i ty data f rom T a b l e V I I 
for each w e e d type i n the presence a n d absence of T w e e n 80 were fitted 
to the appropriate f o rm of Equat i ons 7-9 . A t y p i c a l result is i l lustrated 
b y the stepwise regression obta ined for F o x t a i l grass i n the absence of 
surfactant: 

Foxtail—No Tween 80 (n = 13) 
r r2 SE F 

log ( l /LDgo ) = 1.423σ - 1.436 0.784 0.614 ± 0 . 3 6 3 17.51 (10) 
( ±0 .340 ) 

log (1/LDeo) = - 0 . 2 4 9 x 2 + 1.861σ - 1.366 
( ± 0 . 1 8 9 ) ( ± 0 . 4 6 8 ) 

0.819 0.671 ± 0 . 3 5 1 10.21 (11) 

log ( l /LDgo ) = - 0 . 2 6 5 x 2 + 0.017x + 1.893σ - 1.366 
( ± 0 . 2 4 8 ) ( ± 0 . 1 5 7 ) ( ± 0 . 5 7 7 ) 

0.820 0.672 ± 0 . 3 7 0 6.14 (12) 

I n Equat i ons 10-12, r is the mul t ip l e correlat ion coefficient, r 2 gives 
the percent correlat ion (i.e., the fract ion of the exper imental data ac
counted for b y the given regression equat i on ) , SE is the standard error 
of the equat ion (i.e., the error i n the fitted l o g ( l / L D 9 0 ) values, a n d F 
is the ratio of the mean sum of error squares removed b y regression to 
the mean sum of squares of the error residuals not removed b y regression. 
T h e F values are used i n statistical tests to determine the goodness of fit 
of the g iven equation. T h e numbers i n parentheses beneath the fit p a 
rameters i n each equat ion denote the standard error i n the respective 
parameters; they can also be used to judge the goodness of fit of a 
part i cu lar equat ion to the experimental data. 

F o r reasons discussed be low, data points for the 4 - S C H 3 a n d 3 - S C H 3 

derivatives were omit ted f rom the fits of Equat i ons 10-12. H e n c e n, the 
number of data points i n c l u d e d i n the fits, equals 13 instead of 15. E x a m 
inat ion of Equat i ons 10 -12 indicates, however , that even though l o g 
( 1 / L D 9 0 ) exhibits a fa i r l y strong dependence o n σ, the data are not 
par t i cu lar ly w e l l correlated b y the H a n s c h equation. A d d i t i o n of π 2 a n d π 
terms to E q u a t i o n 10 raises the percent correlat ion ( r 2 ) f rom 61 to 6 7 % , 
but F is decreased a n d the standard error SE increased i n the process. 
H e n c e , the correlat ion is not statistically improved . 

Some i n i t i a l g raphica l plots of l o g ( l / L D 9 0 ) vs. π and σ for F o x t a i l 
a n d the other w e e d types showed a group ing of data points w h i c h sug-
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gested that the 3- a n d 4-substituted sulfonanil ides might i n fact be func 
t i on ing as two separate famil ies of herbic ides . A c c o r d i n g l y , h e r b i c i d a l 
act iv i ty data for the T F M S compounds i n T a b l e V I I were d i v i d e d into 
two groups, those conta in ing on ly 3-substituted a n d those conta in ing on ly 
4-substituted T F M S compounds. E a c h data class was then fitted sepa
rately to E q u a t i o n 7. Since the proper classification of the H-subst i tuted 
parent c o m p o u n d ( I ) was not immediate ly evident, i t was omit ted f r o m 
the fits. T h e stepwise results obta ined for F o x t a i l i n the absence of 
surfactant for the t w o classes of 3- a n d 4-substituted T F M S herbic ides 
are tabulated i n Equat i ons 13-18. 

Foxtail—No Tween 80 
O n l y 4-Subst i tuted T F M S 

Der iva t ives (n = 6) r r 2 SE F 

log ( 1 / L D 9 0 ) = 1.300σ - 1.372 0.865 0.749 ± 0 . 3 3 2 11.93 (13) 
( ± 0 . 3 7 7 ) 

log (I/LD90) = - 0 . 4 9 0 x 2 +2 .092σ - 1.169 
(±0 .264 ) ( ± 0 . 5 2 0 ) 

0.940 0.883 ± 0 . 2 6 2 11.32 (14) 

log ( I /LD90) = - 1 . 0 1 3 x 2 + 0.332x + 3.032σ - 1.079 
( ± 0 . 3 4 4 ) ( ± 0 . 1 7 9 ) ( ±0 .638 ) 

0.978 0.957 ± 0 . 1 9 4 14.81 (15) 

Foxtail—No Tween 80 
O n l y 3-Subst ituted T F M S 

Der iva t i ves (n = 6) r r 2 SE F 

log (I/LD90) = 2.878σ - 2.069 0.965 0.930 ± 0 . 3 9 4 53.47 (16) 
( ± 0 . 3 9 4 ) 

log (I/LD90) = - 0 . 2 1 8 x 2 +3 .373σ - 2.060 
( ± 0 . 0 6 8 ) ( ± 0 . 2 6 7 ) 

0.992 0.984 ± 0 . 1 0 2 92.90 (17) 

log (I/LD90) = - 0 . 2 2 3 x 2 + 0.008x + 3.386σ - 2.062 
( ± 0 . 0 9 4 ) ( ± 0 . 0 6 4 ) ( ± 0 . 3 4 4 ) 

0.992 0.984 ± 0 . 1 2 4 41.63 (18) 

T h e statistical parameters i n Equat i ons 13-15 for the 4-substituted 
T F M S series members a n d Equat i ons 16-18 for the 3-substituted com
pounds demonstrate that the fit of the b io log i ca l data to the H a n s c h 
equat ion is signif icantly i m p r o v e d w h e n the T F M S herbic ides are sepa
rated into two classes (cf. Equat i ons 10 -12 ) . B o t h the 3- a n d 4-series 
exhibit a strong dependence not only on σ, but also on ττ. F o r the 4-sub-
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206 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

st ituted compounds bo th the π2 a n d π terms are statistically significant i n 
the H a n s c h equat ion w h i l e on ly the π 2 t erm is important for the 3-substi-
tuted T F M S series members (cf. Equat i ons 17 a n d 18) . I n contrast to 
the correlations of Equat i ons 10-12, where the importance of the p a r t i 
t i on ing parameter π was almost completely obscured w h e n a l l data points 
were considered s imultaneously , Equat i ons 13-18 demonstrate that l i po 
p h i l i c par t i t i on ing a n d the relative hydrophob i c i ty of T F M S series m e m 
bers are also of considerable importance i n determining their overal l 
h e r b i c i d a l act iv i ty . 

I n a manner s imi lar to that out l ined above for F o x t a i l w i thout sur
factant, the T F M S compounds were separated into two groups consisting 
of on ly meta- or on ly para-subst i tuted derivatives, a n d the corresponding 
data gathered i n each h e r b i c i d a l test series for the three w e e d types 
( i n the presence a n d absence of T w e e n 80) were fitted to the H a n s c h 
equation. 4 - S C H 3 a n d 3 - S C H 3 data points were omit ted f rom a l l the fits 
( see below ). T h e Η-substituted parent c o m p o u n d was omit ted w h e n the 
T F M S compounds were separated into two groups (see above). F o r 
comparison w i t h Equat i ons 10-18, the final best-fit correlation equations 
obta ined for F o x t a i l i n the presence of 0 . 1 % T w e e n 80 are tabulated 
be low. 

Foxtail—0.1% Tween 80 

A l l 3- and 4-Subst i tuted T F M S 
D e r i v a t i v e s + P a r e n t (n=12) r r2 SE F 

0.730 0.533 ± 0 . 4 4 7 3.05 (19) 

log ( l / L J V ) = - 0 . 3 1 0 x ' 2 - 0.720χ' + 1.278σ - 1.690 
( ± 0 . 9 2 4 ) ( ±1 .190 ) ( ± 0 . 6 2 9 ) 

O n l y 4 -Subst i tuted T F M S 
Der ivat ives (n = 6) 

log ( l / L J V ) = - 2 . 4 4 3 x ' 2 - 3.745χ' + 1.656σ - 2.473 
( ± 1 . 3 1 4 ) ( ±1 .830 ) ( ± 0 . 4 8 2 ) 

0.972 0.944 ± 0 . 1 5 2 11.17 (20) 

O n l y 3-Substituted T F M S 
Der ivat ives (n — 5) 

log ( l / L J V ) = - 0 . 7 7 6 x ' 2 - 1.199χ' + 3.814σ - 2.736 
( ± 0 . 2 1 0 ) ( ± 0 . 2 5 7 ) ( ±0 .242 ) 

0.999 0.997 ± 0 . 0 8 1 127.76 (21) 

Equat i ons 19-21 again i l lustrate the importance of separating the 
T F M S series members into meta - a n d para-subst i tuted groupings. T h e 
resul t ing improvement i n statistical correlat ion is just as dramat ic w h e n 
surfactant is present i n the h e r b i c i d a l formulations as w h e n i t is absent. 
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T h e conclusions reached above for F o x t a i l i n the presence a n d ab 
sence of surfactant were not l i m i t e d to this w e e d type. S imi lar correla
tions were carr ied out for W i l d M u s t a r d ( i n the presence a n d absence of 
surfactant) and for C h e a t Grass ( i n the absence of T w e e n 80 ) . I n every 
case, correlations of π 2 , ττ, a n d σ w i t h l o g ( l / L D 9 0 ) w e r e signif icantly 
i m p r o v e d w h e n the T F M S herbic ides were separated into two groups 
conta in ing only meta- or para-substituted compounds a n d fitted i n d i 
v idua l l y . T a b l e V I I I lists the statistical parameters for the final best-fit 
equations w h i c h ver i fy the above statements for each of the w e e d types 
a n d surfactant condit ions evaluated. O n the basis of the decreases i n S E 
a n d the significant increases i n r, r 2 , a n d F , one must conclude f rom the 
data i n T a b l e V I I I that separation of the T F M S herbic ides into 3- a n d 
4-substituted derivatives for correlat ing structure w i t h act iv i ty via re 
gression analysis is w e l l justified. W e have thus used this classification 
procedure throughout our study. 

Table VIII. Effect on Statistics of Hansch Correlation of Separating 
T F M S Herbicides into Meta- and Para-Substituted Series 

0.1% 
Tween 

TFMS 80 
Weed Serieshi Present na r r 2 F S E 

F o x t a i l 3 + 4 + H N o 13 0.820 0.672 6.14 ± 0 . 3 7 
O n l y 4 N o 6 0.978 0.956 14.81 ± 0 . 1 9 
O n l y 3 N o 6 0.992 0.984 92.90 ± 0 . 1 0 

F o x t a i l 3 + 4 + H Y e s 12 0.730 0.533 3.05 ± 0 . 4 5 
O n l y 4 Y e s 6 0.972 0.944 11.17 ± 0 . 1 5 
O n l y 3 Yes 5 0.999 0.997 127.76 ± 0 . 0 8 

W i l d M u s t a r d 3 + 4 + H N o 13 0.705 0.498 2.97 ± 0 . 4 1 
O n l y 4 N o 6 0.988 0.976 27.04 ± 0 . 1 6 
O n l y 3 N o 6 0.946 0.896 5.71 ± 0 . 2 0 

W i l d M u s t a r d 3 + 4 + H Y e s 12 0.776 0.602 4.03 ± 0 . 4 9 
O n l y 4 Y e s 6 0.988 0.976 26.93 ± 0 . 1 9 
O n l y 3 Y e s 5 0.949 0.901 9.04 ± 0 . 2 5 

Cheat G r a s s c 3 + 4 + H N o 12 0.602 0.363 1.52 ± 0 . 5 8 
O n l y 4 N o 6 0.990 0.979 31.68 ± 0 . 1 6 
O n l y 3 N o 5 0.997 0.994 176.18 ± 0 . 0 3 

α 4 - S C H 3 - and 3 - S C H 3 - T F M S data omitted from all correlations. See following 
section. 

6 3 -C1-TFMS data omitted from fits of 3-series in presence of Tween 80 because of 
experimental difficulties in measuring its partition coefficient (see Table VI). 

c 3 - S 0 2 C H 3 - T F M S data omitted from Cheat Grass fits because of difficulty in 
establishing a precise L D 9 0 value for this derivative acting on this weed (see Table VII). 

d 3 = meta-substituted T F M S compounds. 4=para-substituted T F M S compounds. 
Η=parent T F M S compound. 
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M e t h y l t h i o T F M S D e r i v a t i v e s . D a t a for the meta - a n d para-subst i 
tuted methyl th io T F M S derivatives ( 3 - S C H 3 , 4 - S C H 3 ) were not i n c l u d e d 
i n H a n s c h s t ruc ture -ac t iv i ty correlations for the several w e e d types. T h i s 
omission was a result of our not ing that w h e n h e r b i c i d a l data for the 
methyl th io derivatives were i n c l u d e d i n fits, m u c h poorer H a n s c h corre
lations were obtained. T h i s was true whether or not the T F M S com
pounds were separated into meta- a n d para-derivatives for fitting p u r 
poses. It was also true for a l l w e e d types examined, i n the presence 
a n d absence of surfactant. A t y p i c a l example of the improvement i n 
statistical parameters effected b y omi t t ing methyl th io points f rom the data 
p o o l is i l lustrated b y the f o l l ow ing H a n s c h correlat ion of T F M S act iv i ty 
on F o x t a i l grass i n the presence of surfactant. 

Foxtail Grass—{0.1% Tween 80 Added) 

I . A l l 3- and 4-Subst i tuted 
T F M S + Parent 

(a) Include 4 - S C H 3 - 3 - S C H 3 - T F M S (n = 14) 

log ( l / L J V ) = - 0 . 5 7 1 x ' 2 - 0.976τ' + 1 .198σ - 1.572 
( ± 1 . 0 5 3 ) ( ±1 .356 ) ( ± 0 . 7 1 8 ) 

r r2 SE F 

0.575 0.331 ± 0 . 5 3 1.65 (22) 

(b) O m i t 4-SCH3-, 3 -SCH3-
T F M S (n = 12) 

log ( I /LD90O = 0.310x' 2 - 0.720χ' + 1.278σ - 1.690 
( ± 0 . 9 2 4 ) ( ± 1 . 1 9 0 ) ( ± 0 . 6 2 9 ) 

0.730 0.533 ± 0 . 4 5 3.05 (23) 

I I . O n l y 4-Subst i tuted T F M S 
Der ivat ives 

(a) Include 4 - S C H 3 - T F M S 
(n = 7) 

log (1/LDeoO = 0.331x' 2 + 0.260χ' + 0.596σ - 1.093 
( ±2 .811 ) ( ±3 .863 ) ( ±1 .015 ) 

r r2 SE F 

0.730 0.533 ± 0 . 3 8 1.14 (24) 

(b) O m i t 4 - S C H 3 - T F M S 
(n = 6) 

log ( I /LD90O = - 2 . 4 4 3 x ' 2 - 3.745χ' + 1.656σ - 2.473 
1(±1.314)|| ( ± 1 . 8 3 0 ) \ ( ± 0 . 4 8 2 ) 

0.972 0.944 ± 0 . 1 5 11.17 (25) 
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I I I . O n l y 3-Substituted T F M S 
Der ivat ives 

(a) Include 3 - S C H 3 - T F M S 
(n = 6) 

log ( l /LDgo ' ) = - 1 . 5 4 4 x ' 2 - 2.111x' + 3.532σ - 2.503 
( ± 2 . 1 1 8 ) ( ± 2 . 5 9 5 ) ( ±2 .510 ) 

r r2 SE F 

0.744 0.544 ± 0 . 8 5 0.83 (26) 

(b) O m i t 3 - S C H 3 - T F M S 
(η = 5) 

log ( l / L J V ) = - 0 . 7 7 6 x ' 2 - 1.199π' + 3.814σ - 2.736 
( ±0 .210 ) ( ±0 .257 ) ( ±0 .242 ) 

0.999 0.997 ± 0 . 0 8 127.76 (27) 

I n Equat i ons 22-27 , note the significant improvements i n statistical 
parameters (r , r 2 , F, SE) w h i c h arise w h e n 4 - S C H 3 - T F M S a n d 3 - S C H 3 -
T F M S data points are removed f rom the fits. Sequent ia l omission of other 
single data points (e.g., 3 - C F 3 - , 3 - O H - , 4 - C H 3 - T F M S , etc.) f rom the 
corresponding fit equations produced no such dramat ic improvements i n 
statistical parameters, these effects be ing restr icted to the 4 - S C H 3 - a n d 
3 - S C H 3 - T F M S derivatives. F u r t h e r , the example i n Equat ions 24-27 is 
not a typ ica l . Signif icant improvements i n statistical parameters were also 
obtained for F o x t a i l , W i l d M u s t a r d , a n d Cheat Grass i n the absence of 
surfactant w h e n meta- or p a r a - S C H 3 data points were omit ted f rom their 
respective data pools. I n a l l the above cases, the percent correlat ion ( r 2 ) 
was i m p r o v e d f r om 2 0 - 5 0 % u p o n appropriate delet ion of 4 - S C H 3 - or 
3 - S C H 3 - T F M S data points f rom the fits. T h e only two cases where the 
percent correlat ion was not very significantly i m p r o v e d b y omit t ing 
m e t h y l t h i o - T F M S data points were i n the fitting of W i l d M u s t a r d h e r b i 
c i d a l data i n the presence of 0 . 1 % T w e e n 80. I n these latter two instances, 
improvements of on ly 1 - 5 % i n r 2 were obta ined b y remov ing 3 - S C H 3 -
a n d 4 - S C H 3 - T F M S act iv i ty data f rom their respective data pools. Pos
sible reasons for this relative lack of sensitivity of the final correlat ion 
equations for W i l d M u s t a r d ( i n the presence of surfactant) to m e t h y l 
t h i o - T F M S data inc lus ion are proposed i n the Discuss ion section. F o r 
consistency, however , w e have rout ine ly exc luded m e t h y l t h i o - T F M S 
act iv i ty data f rom a l l the computer determinations of final best fit H a n s c h 
relationships discussed i n this chapter. 

Placement of the Parent Compound. Separation of the T F M S h e r b i 
cides into two classes consisting of meta- a n d para-subst i tuted derivatives 
w h i c h were fitted separately resulted i n signif icantly i m p r o v e d correlations 
via the H a n s c h equation. It was not read i ly apparent, however , into 
w h i c h of the two herb i c ida l categories the Η-substituted parent com-
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p o u n d should be p laced. A t first, one m i g h t suspect i t w o u l d fit equal ly 
w e l l into either category. T h e prob l em of correctly c lassi fying the parent 
c o m p o u n d was solved us ing the procedure out l ined i n Equat i ons 28 -31 . 
F o r the case i l lustrated be low ( F o x t a i l — n o T w e e n 80 present ) , act iv ity 
data for the parent c o m p o u n d were first i n c l u d e d w i t h the para-subst i 
tuted series members , a n d the act iv i ty data were refitted to the H a n s c h 
equation. T h e procedure was repeated w i t h the meta-substituted series 
members. Stat ist ical parameters character iz ing the final best-fit correla
t i on equations der ived for a data poo l conta in ing the T F M S parent 
c o m p o u n d were then compared w i t h corresponding parameters obtained 
for correlat ion equations der ived f rom data not conta in ing the parent 
compound , a n d appropriate conclusions were d r a w n . 

Foxtail Grass—(No Tween 80 Present) 

4-Subst i tuted T F M S Series 
M e m b e r s A lone (n = 6) 

log ( l /LDgo ) = - 1 . 0 1 3 x 2 + 0.332x + 3.032σ - 1 . 0 7 9 
( ±0 .344 ) ( ±0 .179 ) ( ± 0 . 6 3 8 ) 

r r2 SE F 

0.978 0.957 ± 0 . 1 9 14.81 (28) 

4-Substituted T F M S + Parent 
C o m p o u n d (n = 7) 

log ( l /LDgo) = - 1 . 1 0 8 x 2 + 0.360x + 3.164σ - 1.024 
( ± 0 . 2 9 5 ) ( ± 0 . 1 6 2 ) ( ±0 .566 ) 

0.973 0.946 ± 0 . 1 8 17.57 (29) 

3-Substituted T F M S Series 
M e m b e r s A l o n e (n = 6) 

log ( 1 / L D M ) = - 0 . 2 1 8 x 2 + 3.373σ - 2.060 
(±0 .068 ) ( ±0 .267 ) 

0.992 0.984 ± 0 . 1 0 92.90 (30) 

3-Subst ituted T F M S + Parent 
C o m p o u n d (n = 7) 

log ( l /LDgo ) = - 0 . 2 2 9 x 2 + 2.332σ - 1.578 
( ±0 .303 ) ( ± 1 . 0 5 9 ) 

0.768 0.589 ± 0 . 4 5 2.86 (31) 

C o m p a r i s o n of Equat i ons 28 -31 br ings to l ight one important fact. 
Inc lus ion of the Η-substituted parent c o m p o u n d w i t h the para-substituted 
series members has l i t t le effect on either equat ional fitting or statistical 
parameters. I n fact, inc lus ion of the parent w i t h the 4 - T F M S compounds 
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actual ly results i n an improvement i n both the statistically important 
SE a n d F parameters. Contrast ing ly , inc lus ion of the parent c o m p o u n d 
w i t h the 3-substituted series members almost destroys the final H a n s c h 
structure—activity relat ionship. F o r example, equat ional parameter errors 
are signif icantly increased, as is the overa l l equat ional standard error SE. 
T h e F value for E q u a t i o n 31 drops over 30-fold, a n d the percent correla
t ion ( r 2 ) drops b y 4 0 % because of the inc lus ion of this single parent 
data point . O n e must conclude that the parent compound , at least for 
the i l lustrated case, does not be long w i t h the m e t a - T F M S derivatives 
but fits i n satisfactori ly w i t h the para-subst ituted series members. 

Comparisons s imi lar to those out l ined i n Equat ions 28 -31 were l ike 
wise undertaken for the remain ing cases ( F o x t a i l w i t h T w e e n 80 present; 
W i l d M u s t a r d w i t h a n d wi thout T w e e n 80 present; Cheat Grass w i thout 
T w e e n 80 present ). T h e statistical parameters for the final best-fit H a n s c h 
correlations for each case are l isted i n T a b l e I X . 

T h e data i n T a b l e I X substantiate the general ity of the conclusion 
reached above—namely , the Η-substituted parent T F M S compound be
haves herb i c ida l l y as though it were a 4- rather than a 3-substituted 
derivat ive . F o r a l l w e e d types, i n the presence a n d absence of T w e e n 80, 
inc lus ion of the parent c o m p o u n d w i t h the para-derivatives does not 
introduce deleterious changes i n the statistical parameters. I n several of 
the 4-substituted cases, correlations are i m p r o v e d by its inc lus ion. I n 
no instance, however , d i d inc lus ion of h e r b i c i d a l act iv i ty data for the 
parent c o m p o u n d w i t h corresponding data for the meta-derivatives result 
i n i m p r o v e d correlations. Except for one case ( 3 - T F M S compounds act
i n g on W i l d M u s t a r d i n the presence of sur factant ) , fits were always 
signif icantly worsened w h e n the parent c o m p o u n d data were i n c l u d e d 
w i t h those of the 3-derivatives. T h e lack of a significant parent com
p o u n d effect for the one exceptional case noted above appears to be 
related to the fact that for this case L D 9 0 exhibits no dependence on the 
H a m m e t t sigma constant (see T a b l e X I a n d the Discuss ion for add i t i ona l 
details ) . 

O n the basis of the statistical data i n T a b l e I X , the parent T F M S 
herbic ide is obviously more correct ly p laced w i t h the 4-substituted series 
members than w i t h the 3 - T F M S compounds. F i n a l l y , T a b l e X lists, for 
comparat ive purposes, the best-f itting equat ional a n d statistical p a r a m 
eters for H a n s c h correlations of the herb i c ida l data for 4-substituted 
series members i n w h i c h the parent c o m p o u n d has been inc luded . These 
equations should be compared w i t h those i n T a b l e X I . 

Optimum Correlation Equations. T a b l e X I gives the final best-fit 
H a n s c h relationships w h i c h mathemat ica l ly describe the pre-emergence 
h e r b i c i d a l ac t iv i ty of the 3- a n d 4-substituted T F M S compounds under 
a l l condit ions examined i n this study. T h e results a n d conclusions reached 
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Table IX. Correlations Including 

Parent 
Tween 80 TFMS 

Weed TFMS Series Present Included 

F o x t a i l 4 -Subst i tuted N o N o 
N o Y e s 

F o x t a i l 3-Substituted N o N o 
N o Y e s 

F o x t a i l 4 -Subst i tuted Yes N o 
Y e s Y e s 

F o x t a i l 3-Substituted Y e s N o 
Y e s Y e s 

W i l d M u s t a r d 4-Subst i tuted N o N o 
N o Y e s 

W i l d M u s t a r d 3-Substituted N o N o 
N o Y e s 

W i l d M u s t a r d 4-Subst i tuted Y e s N o 
Y e s Y e s 

W i l d M u s t a r d 3-Substituted Y e s N o 
Y e s Y e s 

C h e a t Grass 4-Subst i tuted N o N o 
N o Y e s 

C h e a t Grass 3-Subst i tuted N o N o 
N o Y e s 

i n the previous sections were incorporated into our fitting procedures— 
namely : 

(a ) T h e T F M S f a m i l y was d i v i d e d into two groups consisting of only 
meta- or only para-subst ituted derivatives w h i c h were fitted separately 
for each w e e d type i n the presence a n d absence of T w e e n 80. 

( b ) D a t a for methy l th io derivatives ( 4 - S C H 3 - T F M S , 3 - S C H 3 -
T F M S ) were e l iminated f rom a l l correlations. 

( c ) F o r the equations l isted i n T a b l e X I , data for the H-subst i tuted 
parent c o m p o u n d were omit ted f rom a l l correlations. C o m p a r a t i v e equa
tions w h i c h inc lude parent - compound data for 4-substituents are g iven i n 
T a b l e X . 

It is evident f rom the statistical tabulat ion i n T a b l e X I that the T F M S 
h e r b i c i d a l data for F o x t a i l , Cheat Grass , a n d W i l d M u s t a r d are w e l l -
correlated b y the g iven H a n s c h relationships, bo th i n the presence a n d 
absence of surfactant. T h e numbers i n parentheses beneath the fit p a 
rameter coefficients i n T a b l e X I are the standard errors i n those coeffi
cients. Perusal of T a b l e X I leads to the f o l l owing observations: 
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P a r e n t T F M S ( H - S u b s t i t u t e d ) 

Statistical Parameters for Optimum Hansch Fit 

η r r 2 S E F 

6 0.978 0.957 ± 0 . 1 9 14.81 
7 0.973 0.946 ± 0 . 1 8 17.57 

6 0.992 0.984 ± 0 . 1 0 92.90 
7 0.768 0.589 ± 0 . 4 5 2.86 

6 0.972 0.944 ± 0 . 1 5 11.17 
7 0.955 0.913 ± 0 . 1 5 10.46 

5 0.999 0.997 ± 0 . 0 8 127.76 
6 0.803 0.645 ± 0 . 6 7 1.21 

6 0.988 0.976 ± 0 . 1 6 27.04 
7 0.988 0.976 ± 0 . 1 3 41.34 

6 0.946 0.900 ± 0 . 2 0 5.71 
7 0.723 0.522 ± 0 . 3 9 1.09 

6 0.988 0.976 ± 0 . 1 9 26.93 
7 0.988 0.976 ± 0 . 1 6 40.47 

5 0.949 0.900 ± 0 . 2 5 9.04 
6 0.909 0.826 ± 0 . 2 8 7.13 

6 0.990 0.979 ± 0 . 1 6 31.68 
7 0.945 0.894 ± 0 . 3 1 8.41 

5 0.997 0.994 ± 0 . 0 3 176.18 
6 0.877 0.770 ± 0 . 1 6 5.02 

(1 ) W i t h the exception of the meta-substituted T F M S herbic ides 
act ing on W i l d M u s t a r d i n the presence of T w e e n 80, the h e r b i c i d a l ac
t iv i ty of a l l the T F M S compounds exhibits a strong dependence on the 
H a m m e t t s igma constant for a l l w e e d types a n d surfactant condit ions 
examined. T h e coefficient of σ is always posit ive, ind i cat ing that (other 
things be ing equal ) substituents character ized by large, posit ive σ con
stants w i l l exhibit enhanced h e r b i c i d a l act iv i ty . Strong e lec tron-with
d r a w i n g substituents (e.g., - S 0 2 C H 8 , -NO L », etc.) t yp i ca l ly have large, 
posit ive s igma constants. 

(2 ) B o t h 3- a n d 4-substituted T F M S series members exhibit at least 
some dependence on π, the o c tano l /water par t i t i on ing parameter. A s 
judged b y the magnitudes of the π a n d π2 parameter coefficients, one must 
conclude that the herb i c ida l act iv i ty of the 4-substituted sulfonanil ides 
i n general depends m u c h more strongly on part i t i on ing events than does 
the act iv i ty of 3-substituted series members both i n the presence and 
absence of surfactant. 

(3) I n both the F o x t a i l a n d W i l d M u s t a r d tests, add i t i on of 0 . 1 % 
T w e e n 80 to T F M S herb i c ida l formulations results i n an increase i n 
magnitude of the π and π 2 parameter coefficients for both 3- a n d 4-sub-
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214 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

stituted series members. T h u s , the add i t i on of smal l amounts of surfactant 
to the h e r b i c i d a l formulations increases the importance of part i t i on ing 
events i n determining overa l l h e r b i c i d a l act ivity . 

(4 ) T h e 7τ0 values i n T a b l e X I are obtained b y o p t i m i z i n g the cor
responding equations w i t h respect to π, i.e., b y tak ing the der ivat ive of 
each equat ion w i t h respect to π (or π), setting the result equa l to zero, 
a n d so lv ing for ττ (or π ) . T h e result ing ττ0 (or ττ'0) value obta ined cor
responds to either a m a x i m u m or m i n i m u m on the surface character iz ing 
the accompany ing equation. I n a l l cases except one, the π0 va lue l isted 
corresponds to an o p t i m u m value—i .e . , the value of π w h i c h w i l l give 
m a x i m u m herb i c ida l act iv i ty (at constant σ ) to a substituent possessing 
it . T h e 3-substituted T F M S compounds act ing on W i l d M u s t a r d i n the 
presence of T w e e n 80 show anomalous behavior i n that they exhibit a 
m i n i m u m i n h e r b i c i d a l ac t iv i ty over the π range examined. 

(5) Re ferr ing again to the π 0 c o lumn i n T a b l e X I , note that the 
add i t i on of surfactant to either 3- or 4-substituted T F M S compounds 
causes shifts i n their h e r b i c i d a l act iv i ty , always t o w a r d considerably more 
negative -κ values (see also F i g u r e 6 ) . 

Table X . Final Correlation Equations for 4-Substituted TFMS Herbicides 

NHSO2CF3 NHSO2CF3 

è • φ 
Χ Η 

F i t : L o g ( l / L D 9 0 ) = Απ 2 + Βπ + ρσ + D or 

Experimental Data 

0.1% 
Tween 

TFMS 
Series 

80 
Present 

(?) 

Fit Parameters 

Weed Type 
TFMS 
Series 

80 
Present 

(?) A Β Ρ D 

F o x t a i l P a r a N o - 1 . 1 0 8 0.360 3.164 - 1 . 0 2 4 
( ± 0 . 2 9 5 ) ( ± 0 . 1 2 6 ) ( ± 0 . 5 6 6 ) 

P a r a Yes - 2 . 3 8 6 - 3 . 6 3 7 1.607 - 2 . 4 0 1 
( ± 1 . 3 3 6 ) ( ± 1 . 8 6 0 ) ( ± 0 . 4 8 8 ) 

W i l d M u s t a r d P a r a N o - 1 . 7 9 6 1.275 3.514 - 0 . 6 6 5 
( ± 0 . 2 1 1 ) ( ± 0 . 1 1 6 ) ( ± 0 . 4 0 4 ) 

P a r a Yes - 8 . 4 0 0 - 9 . 8 5 1 3.317 - 3 . 5 2 2 
( ± 1 . 3 7 2 ) ( ± 1 . 9 1 0 ) ( ± 0 . 5 0 1 ) 

Cheat Grass P a r a N o - 1 . 2 1 8 0.672 3.686 - 0 . 9 9 8 
( ± 0 . 5 0 4 ) ( ± 0 . 2 7 7 ) ( ± 0 . 9 6 6 ) 

0 Data points for 4 - S C H 3 - T F M S derivatives have been omitted in all correlations 
(see text). 

6 x 0 values in the table denote the optimum values of χ (or x') producing highest 
herbicidal activity for a given value of σ. 
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12. Y A P E L , JR. Trifluoromethanesulfonanilide Herbicides 215 

( 6 ) T h e 7τ0 values for 3- and 4-substituted series members act ing on 
a g iven w e e d type i n the absence (or presence) of T w e e n 80 rare ly 
coincide. I n only one instance ( F o x t a i l i n the presence of surfactant) 
d i d meta- and p a r a - T F M S compounds exhibit the same ττ-optimum. 

A more complete interpretat ion a n d comparison of the H a n s c h re la 
tionships i n T a b l e X I are g iven i n the Discuss ion section. 

Correlations between Herbicidal Data Obtained in the Presence and 
Absence of Tween 80. T h e final correlat ion equations l is ted i n T a b l e X I 
for the T F M S herbic ides act ing on F o x t a i l , C h e a t Grass, a n d W i l d M u s 
tard demonstrate that i f the compounds are proper ly separated into two 
classes consisting only of meta- or para-substituted series members, the 
H a n s c h relat ionship i n its simplest f orm ( E q u a t i o n 2) can be used to 
prov ide good correlations of h e r b i c i d a l act iv i ty w i t h changes i n electronic 
( σ ) a n d part i t i on ing ( π ) properties of the active molecules. T h i s is true 
for pre-emergence herb i c ida l data gathered i n the presence a n d absence 
of 0 . 1 % T w e e n 80. 

in Which Parent Compound Data are Included (Cf. Table X I ) 0 b c 

N H S 0 2 C F 3 N H S 0 2 C F 3 

Χ H 

L o g ( l / L D ^ ) = ΑΤΓ'2 + BIT' + ρσ + Ό 

Statistics 

X 0 η r S E F 

+0 .16 7 0.973 ± 0 . 1 8 17.57 

- 0 . 7 6 7 0.955 ± 0 . 1 5 10.46 

+0 .36 7 0.988 ± 0 . 1 3 41.34 

- 0 . 5 9 7 0.988 ± 0 . 1 6 40.47 

+0 .28 7 0.945 ± 0 . 3 1 8.41 

c χ and LD 9 o values here (see Tables VI and VII) are used to fit herbicidal data for 
tests carried out in the absence of Tween 80. χ' and L D 9 0 ' (see Tables VI and VII) 
values are used to fit data collected in the presence of 0.1% Tween 80. (See Table VI 
and Equation 6 for definition of χ and χ'). 
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216 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

Table XI . Summary of Correlation 

Fi t : L o g ( l / L D 9 0 ) = Λττ2 + Βπ + ρσ + D or 

Experimental Data 

TFMS 
0.1% 
Tween 

Fit Parameters 

Weed Type Series 80 A B P D 

F o x t a i l P a r a N o - 1 . 0 1 3 0.332 3.032 - 1 . 0 7 9 
( ± 0 . 3 4 4 ) ( ± 0 . 1 7 9 ) ( ± 0 . 6 3 8 ) 

P a r a Y e s - 2 . 4 4 3 - 3 . 7 4 5 1.656 - 2 . 4 7 3 
( ± 1 . 3 1 4 ) ( ± 1 . 8 3 0 ) ( ± 0 . 4 8 2 ) 

M e t a N o - 0 . 2 1 8 0.000 3.373 - 2 . 0 6 0 
( ± 0 . 0 6 8 ) — ( ± 0 . 2 6 7 ) 

M e t a Y e s - 0 . 7 7 6 - 1 . 1 9 9 3.814 - 2 . 7 3 6 
( ± 0 . 2 1 0 ) ( ± 0 . 2 8 7 ) ( ± 0 . 2 4 2 ) 

W i l d M u s t a r d P a r a N o - 1 . 7 9 4 1.274 3.512 - 0 . 6 6 6 
( ± 0 . 2 7 8 ) ( ± 0 . 1 4 5 ) ( ± 0 . 5 1 5 ) 

P a r a Y e s - 8 . 3 9 4 - 9 . 8 3 9 3.312 - 3 . 5 1 4 
( ± 1 . 6 7 8 ) ( ± 2 . 3 3 8 ) ( ± 0 . 6 1 5 ) 

M e t a N o - 0 . 1 7 7 0.371 1.357 - 1 . 4 6 1 
( ± 0 . 1 5 4 ) ( ± 0 . 1 0 4 ) ( ± 0 . 5 6 4 ) 

M e t a Y e s +0 .915 1.930 0.000 - 0 . 5 1 6 
( ± 0 . 4 7 5 ) ( ± 0 . 6 1 5 ) — 

Cheat Grass P a r a N o - 1 . 5 3 2 0.764 4.123 - 0 . 8 1 8 
( ± 0 . 2 8 0 ) ( ± 0 . 1 4 6 ) ( ± 0 . 5 1 9 ) 

M e t a N o - 0 . 0 5 6 0.000 1.854 - 2 . 0 1 1 
( ± 0 . 0 2 1 ) — ( ± 0 . 1 0 6 ) 

a x 0 values denote χ values producing optimum herbicidal activity at constant σ. 
6 χ and LD90 values used in correlations of data gathered in the absence of Tween 80. 

χ' and LD90' values similarly used to correlate data gathered in the presence of 0.1% 
Tween 80 (see Tables VI and VII). 

0 χ and χ' defined in Table VI and Equation 6. They are both based on log Ρ Η=3.05 
for the unsubstituted parent compound. 

I n a l l these previously descr ibed correlations, the h e r b i c i d a l data 
gathered i n the presence a n d absence of surfactant were always fitted 
separately. W e w i s h e d to determine, however , whether act iv i ty data gath
ered i n the presence and absence of surfactant might be appropr iate ly 
c ombined ( for a g iven meta- or p a r a - T F M S classification) to produce a 
s t ruc ture -ac t iv i ty re lat ionship of more general app l i cab i l i ty . It was of 
interest, for example, to k n o w whether the L D 9 0 values character iz ing 
the act ion of 4-substituted T F M S compounds on F o x t a i l (or W i l d M u s 
tard ) i n the absence of T w e e n 80 cou ld be combined w i t h L D 9 0 values 
character iz ing their act iv i ty on F o x t a i l ( or W i l d M u s t a r d ) i n the presence 
of surfactant a n d the poo led s t ruc ture -ac t iv i ty data used to derive a 
H a n s c h re lat ionship w h i c h w o u l d describe 4 - T F M S act iv i ty i n either the 
presence or absence of surfactant. A s imi lar quest ion c o u l d be posed for 
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D a t a f o r T F M S Herb i c ides °'b'0 NHSO2CF3 

L o g ( l / L D 9 0 ' ) = Απ ' 2 + Βπ' + ρσ + . 
Χ = meta or para 

Χ 

Statistics 

η r S E F Ρ " 

+0 .16 6 0.978 ± 0 . 1 9 14.81 93.8 

- 0 . 7 7 6 0.972 ± 0 . 1 5 11.17 91.9 

0.00 6 0.992 ± 0 . 1 0 92.90 99.8 

- 0 . 7 7 5 0.999 ± 0 . 0 8 127.76 93.6 

+0 .36 6 0.988 ± 0 . 1 6 27.04 96.3 

- 0 . 5 9 6 0.988 ± 0 . 1 9 26.93 96.3 

+ 1.05 6 0.946 ± 0 . 2 0 5.71 84.7 

- 1 . 0 5 5 0.949 ± 0 . 2 5 9.04 90.0 
(minimum) 

+0 .25 6 0.990 ± 0 . 1 6 31.68 96.8 

0.00 5 0.997 ± 0 . 0 3 176.18 99.4 

d Ρ is the percentage probability of the F distribution for the corresponding equa
tion (i.e., the probability that a random selection of data points will not be fitted by the 
listed regression relationship). Values of Ρ corresponding to the F values in the table 
were obtained by interpolation from a standard F test tabulation (34) by plotting 
percentage probability, P , vs. log F (vi, v2) for the appropriate degrees of freedom vi 
and V2 and then reading the value of Ρ corresponding to our experimental F from the plot. 

the 3-substituted series members. W e r e such a relat ionship f ound to be 
statistically significant, it w o u l d i m p l y , for example, that one general 
H a n s c h relat ionship w o u l d be sufficient to describe the h e r b i c i d a l act iv i ty 
of 4-substituted ( or 3-substituted ) sulfonanil ides act ing on a g iven w e e d 
type. A d d i t i o n of surfactant to the system w o u l d then not be expected 
to change the overal l shape of the mathemat i ca l surface descr ib ing b io 
log i ca l act iv i ty (i.e., the appropriate three-dimensional p lot of E q u a t i o n 
2) but rather, w o u l d shift the posi t ion of the substituted T F M S derivatives 
on the g iven surface depending on the effect that surfactant exerted on 
the par t i t i on ing properties (π values) of the compounds i n question. 

T h i s concept was examined for F o x t a i l a n d W i l d M u s t a r d b y com
b i n i n g h e r b i c i d a l data gathered i n the presence a n d absence of surfactant 
for each of the 3- a n d 4-substituted T F M S series and then carry ing out 
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H a n s c h correlations as descr ibed above. I n per forming the correlations, 
appropr iate π a n d π values were selected f r om T a b l e V I ; the latter values 
were used for data gathered i n the presence of 0 . 1 % T w e e n 80. B o t h 
7Γ a n d π are ca lculated relative to log Ρ Η = 3.05 for the parent c ompound 
i n the absence of surfactant (see E q u a t i o n 6 ) . T h u s , a g iven T F M S 
c o m p o u n d i n the presence of T w e e n 80 might be thought of as a n e w 
member of the s imi lar ly substituted T F M S series character ized b y some
w h a t different par t i t i on ing properties than it or ig ina l ly exhib i ted i n the 

Table XII. Surfactant and Non-Surfactant 

L o g ( l / L D 9 0 ) - A 7 r 2 + 

Experimental Data 

TFMS 

ολ% 
Tween 

80 
Present 

Fit Parameters 

Weed Type Series (?) A Β Ρ D 

F o x t a i l P a r a N o - 1 . 0 1 3 0.332 3.032 - 1 . 0 7 9 
( ±0 .344 ) ( ± 0 . 1 7 9 ) ( ±0 .638 ) 

Y e s - 2 . 4 4 3 - 3 . 7 4 5 1.656 - 2 . 4 7 3 
( ± 1 . 3 1 4 ) ( ±1 .830 ) ( ±0 .482 ) 

B o t h * - 0 . 0 2 2 - 0 . 0 4 3 0.886 - 1 . 2 9 8 
( ±0 .194 ) ( ±0 .125 ) ( ±0 .276 ) 

F o x t a i l M e t a N o - 0 . 2 1 8 0.00 3.373 - 2 . 0 6 0 
( ±0 .068 ) — ( ± 0 . 2 6 7 ) 

Y e s - 0 . 7 7 6 - 1 . 1 9 9 3.814 - 2 . 7 3 6 
( ±0 .210 ) ( ±0 .257 ) ( ±0 .242 ) 

B o t h " - 0 . 0 2 4 - 0 . 0 5 8 3.109 - 2 . 1 9 8 
( ±0 .109 ) ( ±0 .084 ) ( ±0 .396 ) 

W i l d M u s t a r d P a r a N o - 1 . 7 9 4 1.274 3.512 - 0 . 6 6 6 
( ± 0 . 2 7 8 ) ( ±0 .145 ) ( ±0 .515 ) 

Y e s - 8 . 3 9 4 - 9 . 8 3 9 3.312 - 3 . 5 1 4 
( ± 1 . 6 7 8 ) ( ±2 .338 ) ( ±0 .615 ) 

B o t h * - 0 . 7 5 2 0.637 0.915 - 0 . 6 1 8 
( ± 0 . 4 0 8 ) ( ±0 .262 ) ( ±0 .579 ) 

W i l d M u s t a r d M e t a N o - 0 . 1 7 7 +0.371 + 1.357 - 1 . 4 6 1 
( ±0 .154 ) ( ± 0 . 1 0 4 ) ( ±0 .564 ) 

Y e s 0.915 1.930 0.000 - 0 . 5 1 6 
( ± 0 . 4 7 5 ) ( ±0 .615 ) — 

B o t h a - 0 . 2 5 2 0.361 1.207 - 1 . 2 4 6 
( ± 0 . 1 4 4 ) ( ±0 .110 ) ( ±0 .521 ) 

a For these correlations, T F M S herbicidal data obtained in the presence and absence 
of Tween 80 for a given species were combined and fitted simultaneously, χ and χ' 
values in Table VI were used. Parent compound data were omitted. See text for details. 
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absence of surfactant. T a b l e X I I presents the equat ion parameters a n d 
statistical results obtained us ing the above-described fitting procedure. 

T h e results i n T a b l e X I I show that H a n s c h correlations carr ied out 
on poo led h e r b i c i d a l data gathered i n the presence a n d absence of T w e e n 
80 for a g iven classification of T F M S compounds act ing on a part i cu lar 
weed type produce signif icantly poorer u l t imate s t ruc ture -ac t iv i ty re la 
t ionships than those w h i c h are obta ined i f the act iv i ty data gathered i n 
the presence a n d absence of surfactant are fitted separately. F o r bo th 

T F M S D a t a C o m b i n e d 

Βττ + ρσ + D 

Statistics 

%0 η r S E F 

+0 .16 6 0.978 ± 0 . 1 9 14.81 

- 0 . 7 7 6 0.972 ± 0 . 1 5 11.17 

- 0 . 9 9 12 0.859 ± 0 . 2 9 7.50 

0.00 6 0.992 ± 0 . 1 0 92.96 

- 0 . 7 7 5 0.999 ± 0 . 0 8 127.76 

- 1 . 2 0 11 0.958 ± 0 . 2 3 26.12 

+0 .36 6 0.988 ± 0 . 1 6 27.04 

- 0 . 5 9 6 0.988 ± 0 . 1 9 26.93 

+0 .42 12 0.677 ± 0 . 6 1 2.26 

+ 1.05 6 0.946 ± 0 . 2 0 5.71 

- 1 . 0 5 5 0.949 ± 0 . 2 5 9.04 
(minimum) 

+0 .72 11 0.831 ± 0 . 3 0 5.20 
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meta- a n d para-subst i tuted T F M S series, correlations based on the poo led 
data always exhib i ted higher parameter standard errors, s ignif icantly 
l ower m u l t i p l e correlat ion coefficients ( r ) , l ower percent correlations ( r 2 ) , 
h igher equat ional s tandard errors ( S E ) , a n d lower F ratios t h a n the 
o r i g ina l correlat ion equations based on separated data measured i n the 
presence a n d absence of surfactant. F o r the most mean ing fu l results, 
therefore, for bo th the F o x t a i l a n d W i l d M u s t a r d cases, data gathered 
i n the presence a n d absence of surfactant ( for bo th meta - a n d para-sub
st ituted T F M S series ) should be fitted separately a n d not combined . [ In 
a manner s imi lar to that out l ined i n T a b l e V I I I a n d its accompany ing 
text, H a n s c h stepwise regression analyses were also carr ied out separately 
for F o x t a i l a n d W i l d M u s t a r d i n w h i c h h e r b i c i d a l data points ( L D 9 o 
values) for a l l T F M S series members (3 - + 4- + H-subst i tuted ) gath
ered i n the presence a n d absence of T w e e n 80 were c o m b i n e d into one 
data p o o l a n d fitted simultaneously. A s i n T a b l e V I I I , very poor struc
ture—activity correlations of the combined data were obtained. T h e re
sults again demonstrated that the T F M S herbic ides must be separated 
into two famil ies of on ly meta - or para-subst i tuted derivatives i f m e a n 
i n g f u l s t ruc ture -ac t iv i ty relationships are to be achieved.] F u r t h e r m o r e , 
w i t h reference to the quest ion posed earl ier i n this section, the data i n 
T a b l e X I I strongly suggest that the a d d i t i o n of T w e e n 80 to either the 
meta- or para-subst i tuted T F M S series results more i n a change i n shape 
of the mathemat i ca l surface character iz ing the H a n s c h equat ion appro 
priate to that series than i n large shifts of i n d i v i d u a l T F M S data points 
on a c o m m o n mathemat ica l act iv i ty surface (see also D i s c u s s i o n ) . W e r e 
this not the case, poorer statistical correlations w o u l d not have been ob
ta ined w h e n the act iv i ty data col lected i n the presence a n d absence of 
T w e e n 80 were poo led (see T a b l e X I I ) . 

IHscussion 

T w o general questions re lat ing to the pre-emergence act iv i ty of the 
T F M S herbic ides have been ra i sed—namely : 

(a ) C a n the H a n s c h correlat ion method be used quant i tat ive ly to 
assess the effects of re lat ive ly l o w levels of a f ormulat ion surfactant, 
T w e e n 80, on T F M S herb i c ida l act iv i ty? 

( b ) C a n the H a n s c h correlat ion method be used quant i tat ive ly to 
account for differences i n grass a n d broadleaf ac t iv i ty among T F M S 
series members? 

I n v i e w of the data presented, bo th questions can n o w be answered 
i n the affirmative. T h e best-fit H a n s c h relationships i n T a b l e X I can be 
used to predic t a n d to expla in variations i n T F M S grass a n d broadleaf 
act iv i ty . Fur thermore , the appropr iate equations i n T a b l e X I can be used 
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12. Y A P E L , JR. Trifluoromethanesulfonanilide Herbicides 221 

to pred i c t the effects that 0 . 1 % T w e e n 80 w i l l have on the W i l d M u s t a r d 
a n d F o x t a i l act iv i ty of T F M S series members. 

Besides p r o v i d i n g mathemat i ca l relationships corre lat ing structural 
changes to h e r b i c i d a l act iv i ty variations among T F M S series members , 
H a n s c h analyses brought to l ight other facts w h i c h undoubted ly w o u l d 
have been overlooked h a d the T F M S herbic ides not been examined b y 
the H a n s c h method . I n part i cu lar , the stepwise regression procedure 
demonstrated that : 

( a ) T h e 3- a n d 4-substituted tr i f luoromethanesulfonanil ides funct ion 
as two separate famil ies of herbic ides , each character ized b y its o w n 
specific correlat ion equations. T h e π a n d σ dependencies exhib i ted b y 
the meta - a n d para-subst i tuted categories are qui te different (see T a b l e 
X I ) , a n d these differences are m a i n t a i n e d i n both the presence a n d 
absence of surfactant. 

( b ) H e r b i c i d a l act iv i ty data for the T F M S methy l th io derivatives 
( 4 - S C H 3 - , 3 - S C H 3 - ) cannot be w e l l correlated us ing the H a n s c h r e l a 
t ionships ( T a b l e X I ) w h i c h satisfactorily exp la in the ac t iv i ty of other 
series members. T h i s suggests either a different mode of act ion for the 
methylthio -subst i tuted T F M S series members or the possible conversion 
of the methy l th io side cha in to another species w i t h di f fering react iv i ty 
d u r i n g the course of the h e r b i c i d a l tests. 

( c ) A l t h o u g h the Η-substituted parent c o m p o u n d is symmetr ica l ly 
substituted about the meta - a n d para - r ing positions, i t functions h e r b i -
c ida l l y as though it were a 4-substituted series member . 

( d ) Separate H a n s c h relationships are r equ i red to characterize the 
h e r b i c i d a l ac t iv i ty of the 4-substituted T F M S compounds i n the presence 
a n d absence of T w e e n 80. A s imi lar statement applies to the 3-substituted 
series members. 

Perspect ive Plots o f T F M S H e r b i c i d a l A c t i v i t y Surfaces . T h e final 
correlat ion equations i n T a b l e X I quant i tat ive ly account for the observed 
h e r b i c i d a l ac t iv i ty differences between 3- a n d 4-substituted T F M S de
rivatives i n the presence a n d absence of surfactant. These differences 
manifest themselves as variations i n the signs a n d magnitudes of the ττ2, ττ, 
a n d σ parameters i n the H a n s c h relationships. A l t h o u g h m u c h in f o rma
t ion is contained i n these parameter variat ions, the overa l l complexi ty of 
the mathemat i ca l expressions makes it diff icult to appreciate f u l l y the ir 
impl icat ions . T o he lp us v isual ize the significant act iv i ty differences of 
the 3- a n d 4-substituted T F M S herbic ides , the computer has been used 
to construct three-dimensional perspective plots of the surfaces repre
sented b y the best-fit H a n s c h relationships i n T a b l e X I . These surfaces 
are i l lustrated i n F igures 2 a - 2 d for F o x t a i l , F igures 3 a - 3 d for W i l d M u s 
tard , a n d F igures 4 a - 4 b for C h e a t Grass. I n order that differences be
tween plots of the several b io log i ca l act iv i ty surfaces be more easily 
v i sua l i zed , the usua l Cartes ian coordinate system has been rotated f r om 
its n o r m a l s tandard pos i t ion as shown i n F i g u r e 5. T h e final positions 
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L O G ( I / L D Û 0 ) = - I . O I 3 7 T 2 + 0.332 ττ + 3 . 0 3 2 σ - 1.079 

Log(l/LD9 0) 

-1.5 

Figure 2a. Three-dimensional per
spective plot of the Hansch equation 
describing pre-emergence activity of 
4-substituted TFMS herbicides on 
Foxtail grass (no Tween 80 present) 

of the respective axes should be firmly set i n m i n d at this po int so that 
there w i l l be no subsequent confusion i n interpret ing the plots. 

I n the final posi t ion, the posit ive end of the l o g ( l / L D 9 0 ) axis is 
t i p p e d 45° out of the plane of the page t oward the v iewer and the nega
t ive end 45° into the plane of the page. A l l of the plots of F igures 2, 3, 
a n d 4 are ident i ca l ly posit ioned i n the final or ientation shown i n F i g u r e 5. 
T h e respective ranges of π a n d σ on a l l plots are l ikewise ident ica l . T h e 
range of ττ i n a l l plots is —1.5 to +1 .6 w h i l e σ a lways ranges f rom —0.4 
to + 1 . 1 . T h e increments on a l l plots are i n units of 0.1 i n bo th the ττ a n d 
σ directions. T h u s , even though the axes themselves are not d i v i d e d into 
increments, the pos i t ion of any given (π, σ ) po int can be readi ly located 
on any part i cu lar b io l og i ca l ac t iv i ty surface. T h e value of l o g ( l / L D 9 0 ) 
corresponding to any (ττ, σ ) po int (i.e., the ver t i ca l he ight of the act iv i ty 
surface) can be ca lculated quant i tat ive ly for any figure through use of 
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the appropriate H a n s c h relationships i n T a b l e X I . T h e ranges of π a n d σ 
i n the plots were chosen to overspan s l ight ly the ranges of our experi 
menta l π s a n d as i n Tables I V a n d V . T h u s , the plots are not grossly 
extrapolated outside the range of our experimental data points a n d should 
be useful for predict ive purposes. 

Since perspective plots l ike those i n F igures 2 -4 are subject to opt i ca l 
i l lusions, instruct ion as to their proper v i e w i n g is necessary. T h e p a r a 
bo l i c surfaces of F igures 2a, 2c, 2d , 3a, 3c, a n d 4a a l l open d o w n w a r d . 
T h e v iewer looks at the top surface of the plot rather than at the under 
side. S i m i l a r l y , i n the more p lanar plots of F igures 2b, 3b, a n d 4b the 
v i e w is of the top surface of the plots. F i g u r e 3d , w h i c h exhibits a m i n i 
m u m i n the act iv i ty surface (see T a b l e X I ) , rises to the r ight . T h e v i e w 
is again of the top surface. 

E x c e p t for the H a n s c h relat ionship of F i g u r e 3 d w h i c h exhibits no 
dependence on σ, a l l other H a n s c h relationships i n T a b l e X I have a fa i r ly 
large, posit ive σ coefficient. H e n c e , the value of the ρσ t e rm w i l l increase 
i n a posit ive fashion w i t h increas ing σ i n a l l of these latter equations. 
W i t h respect to the corresponding plots of F igures 2 -4 , this means that 

L 0 G ( l / L D 9 0 ) = - 0 . 2 I 8 T T 2 + 3 . 3 7 3 ( 7 - 2 . 0 6 0 

Log(l/LD9 0) 

- 1 . 5 

Figure 2b. Three-dimensional perspec
tive plot of the Hansch equation describ
ing pre-emergence activity of 3-substi
tuted TFMS herbicides on Foxtail grass 

(no Tween 80 present) 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

01
2

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



224 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

L 0 G ( I / L D 9 0 ) = - 2 . 4 4 3 T T ' 2 - 3 . 7 4 5 ι τ ' · Η . 6 5 6 σ - 2 . 4 7 3 

Log(l/LD9 0) 

+ 1.1 

• 1.6 

Figure 2c. Three-dimensional perspec
tive plot of the Hansch equation de
scribing pre-emergence activity of 
4-substituted TFMS herbicides on Fox

tail grass (0.1% Tween 80 present) 

i n most cases (depend ing on the magni tude of the σ coefficient, p ) , the 
surface rises rather sharply away f rom the v iewer i n the positive σ d irec 
t ion. K e e p i n g i n m i n d that the negative l o g ( l / L D 9 0 ) axis is t i l t ed 45° 
into the plane of the page, the actual rise of the herb i c ida l ac t iv i ty sur
faces i n a l l cases is somewhat less steep than it appears i n the plots. 

T h e or ig in is ind i cated on a l l plots of F igures 2 -4 as the intersection 
po in t of the ττ, σ, a n d l o g ( l / L D 9 0 ) axes. A l l surfaces are p lo t ted relative 
to this or ig in . Since scales i n the ττ, σ, a n d l o g ( l / L D 9 0 ) directions are 
ident i ca l i n a l l figures, the respective p lot ted surfaces are a l l d irect ly 
comparable i n terms of their d isplacement f rom this or ig in . I f i t is feasible 
to make copies or transparencies of F igures 2 to 4, the various plots can 
be v i sua l ly compared easily b y over lapp ing two or more of them, a l i gn 
i n g the corresponding axes, a n d v i e w i n g the stack either b y p l a c i n g them 
on a l ight box or b y h o l d i n g them u p t o w a r d a l i ght source. 
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T F M S Herb i c ides i n the Absence of T w e e n 80. F igures 2a, 3a, a n d 
4a depict the h e r b i c i d a l act ion of 4-substituted T F M S series members 
on F o x t a i l , W i l d M u s t a r d , a n d Cheat Grass , respectively, i n the absence 
of 0 . 1 % T w e e n 80. A l t h o u g h a l l the surfaces demonstrate a generally 
s imi lar parabol i c dependence on π, they exhibit di f fering π op t ima (π0 

values, see T a b l e X I ). T h e positions of the π op t ima on the above-c ited 
plots can be accurately located b y count ing an appropriate number of 
units f rom the or ig in a long the posit ive π axis i n each figure ( reca l l that 
each d iv i s i on = 0.1 π u n i t ) . T h e m a i n difference i n the plots lies i n the 
steepness of their rise i n the posit ive σ d irect ion. T h e Cheat Grass plot 
i n F i g u r e 4a exhibits the steepest rise because of the large magni tude 
of its σ coefficient (p = 4.12, see appropr iate H a n s c h relat ionship i n 
T a b l e X I ). T h e most active 4-substituted T F M S derivatives for a l l grass 
types w i l l be those character ized b y π values l y i n g on the π o p t i m u m a n d 
σ values as large a n d positive as possible. Der ivat ives whose final pos i t ion 
on the act iv i ty surface lies i n the ττ—σ p lane ( w h i c h includes the or ig in ) 
w i l l be very active since i n this plane, l o g ( l / L D 9 0 ) = 0.0 a n d L D 9 o = 
1.0 mo le /a c re . 

LOG ( l / L D ' 9 0 ) » - 0 . 7 7 6 τ τ ' 2 - Ι.Ι99ττ'+ 3 .814σ - 2 . 736 

Logd/LD^) 

7 Γ 0 = - 0 . 7 7 

-1.5 
• 1.6 

Figure 2d. Three-dimensional perspective 
plot of the Hansch equation describing pre-
emergence activity of 3-substituted TFMS 
herbicides on Foxtail grass (0.1% Tween 80 

present) 
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226 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

C o m p a r i n g n o w the corresponding plots for 3-substituted T F M S 
compounds on these same weeds i n the absence of surfactant (F igures 
2b, 3b, a n d 4 b ) , we note a surpr is ing difference i n act iv i ty surface shapes 
relat ive to the 4-substituted series members. A l t h o u g h the surfaces of the 
above figures a l l have a sl ight parabol i c ττ dependence (cf. A a n d Β p a 
rameter coefficients i n T a b l e X I ) , the plots on the whole are almost 
p lanar relat ive to those of the corresponding 4-substituted T F M S der iva 
tives. T h e F o x t a i l plot of F i g u r e 2b exhibits the steepest rise i n the 
posit ive σ d i rect ion , again because of the comparat ive ly large value of 
Ρ = 3.37 for this part i cu lar surface ( cf. T a b l e X I ). 

LOG ( l / L D 9 0 ) = - Ι . 7 9 4 7 Γ * + Ι .2747Γ + 3 . 5 Ι 2 σ - 0 . 6 6 6 

Log ( I / L D ^ Q ) 

7Γ 

Figure 3a. Three-dimensional per
spective plot of the Hansch equation 
describing pre-emergence activity of 
4-substituted TFMS herbicides on 
Wild Mustard (no Tween 80 present) 
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LOG( l / L D 9 0 ) = - Ο. Ι777Γ 2 + 0.37Ι7Γ + l . 3 5 7 c r - 1.461 

Log(l/LD9 0) 

σ 7Γ 0 =+Ι.05 
7Γ 

+ 1.1 

- 1 . 5 

Figure 3b. Three-dimensional per
spective plot of the Hansch equation 
describing pre-emergence activity of 
3-substituted TFMS herbicides on 
Wild Mustard (no Tween 80 present) 

T h e plots of F igures 2 a - b , 3 a - b , a n d 4 a - b show w h y poor H a n s c h 
correlations were obta ined for h e r b i c i d a l data unless the T F M S com
pounds were first separated into two groups consisting on ly of 3- or 4-sub
stituted derivatives. Since the surfaces character iz ing the act iv i ty of the 
4-substituted derivatives exhibit such a strong parabol i c dependence on 
π relative to the 3 - T F M S compounds, i t is evident that for a given w e e d 
type, only at the points of intersection of the meta- a n d para-act iv i ty 
surfaces w i l l a single H a n s c h relat ionship accurately fit the data. D a t a 
points removed f rom this locus of intersection w i l l be poor ly fitted b y a 
common regression relat ionship. A l ternat ive ly , data points l y i n g on the 
locus of intersection w i l l be equal ly w e l l fitted b y either the appropriate 
meta- or p a r a - H a n s c h relationships i n T a b l e X I . T h i s fact brings u p an 
important general point . I f the T F M S derivatives h a d been arb i t rar i l y 
chosen for evaluat ion such that their ττ a n d σ coordinates were on or 
near the locus of intersection of the meta a n d para surfaces for a g iven 
weed type, H a n s c h analyses w o u l d have pred i c ted a single final regres
sion equat ion w h i c h w o u l d have fitted bo th 3- a n d 4-substituted T F M S 
derivatives equal ly w e l l . O n e cou ld thus have conc luded w r o n g l y that 
meta- a n d para-subst ituted compounds behave herb i c ida l l y i n a s imi lar 
fashion, π a n d σ values character iz ing the substituents of a f a m i l y of b io 
log ica l ly active materials should thus always be chosen to span as b r o a d 
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228 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

a range of these parameters as is p rac t i ca l to avo id potent ia l difficulties 
of the above type. 

TFMS Herbicides in the Presence of 0.1% Tween 80. L e t us n o w 
t u r n our attention to the effect that the add i t i on of a smal l amount of 
T w e e n 80 to the T F M S h e r b i c i d a l formulat ions has o n the shape a n d 
or ientat ion of the ac t iv i ty plots for F o x t a i l a n d W i l d M u s t a r d . Cons ider 
i n g first the 4-substituted derivatives a n d compar ing F i g u r e 2a w i t h 2c 
for F o x t a i l a n d F i g u r e 3a w i t h 3c for W i l d M u s t a r d , w e note that the 
a d d i t i o n of surfactant i n bo th cases has two obvious consequences: 

LOG ( I/LD90) = - 8 . 3 9 4 Τ Γ , 2 - 9 . 8 3 9 Τ Γ , + 3.312 σ - 3.514 

σ 

+ 1.1 

7Γ 

• 1.6 

Figure 3c. Three-dimensional per
spective plot of the Hansch equation 
describing pre-emergence activity of 
4-substituted TFMS herbicides on 
Wild Mustard (0.1% Tween 80 

present) 
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LOG( l/LDon) = +0.9Ι5ττ' 2+ Ι.930ΤΓ' - 0.516 

Figure 3d. Three-dimensional perspec
tive plot of the Hansch equation describ
ing pre-emergence activity of 3-substi
tuted TFMS herbicides on Wild Mustard 

(0.1% Tween 80 present) 

(a ) It shifts the π-optimum value to signif icantly more negative 
π values. 

( b ) It sharply decreases the broadness of the parabo l i c surface 
character iz ing 4 - T F M S act iv i ty on F o x t a i l a n d W i l d M u s t a r d . 

I n prac t i ca l terms, this means that i n the presence of surfactant, one 
has far less lat i tude i n choosing a substituent w i t h a π value near the 
π o p t i m u m than one does i n the absence of surfactant. F o r example, i n 
the presence of T w e e n 80, smal l deviations i n π f r om ττ0 ( re lat ive to those 
permiss ib le i n the absence of surfactant) w i l l l ead to a r a p i d decrease 
i n h e r b i c i d a l act iv i ty . T h e loss i n 4 - T F M S act iv i ty p roduced b y such 
deviations should be par t i cu lar ly severe for W i l d M u s t a r d , w h i c h has such 
a steep parabo l i c dependence on π i n the presence of T w e e n 80 (see 
F i g u r e 3 c ) . 
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I n add i t i on to the pronounced effects of surfactant on π discussed 
above, add i t i on of T w e e n 80 to 4 - T F M S h e r b i c i d a l formulations produces 
smaller changes i n the σ dependence (cf. F igures 2a a n d 2c for F o x t a i l 
a n d 3a a n d 3c for W i l d M u s t a r d ) . I n T a b l e X I , this σ dependence appears 
as a slight decrease i n the parameter coefficient ρ for 4 - T F M S act iv i ty on 
W i l d M u s t a r d a n d as a large decrease i n ρ for 4 - T F M S act iv i ty on F o x t a i l 
w h e n surfactant is added . C o m p a r i n g F igures 2a a n d 2c for F o x t a i l , this 
decrease i n ρ manifests itself as a decrease i n slope of the act iv i ty surface 
i n the posit ive σ d irect ion . F o r substituents w i t h large posit ive σ values, 

L O G ( I / L D 9 0 ) = - I . 5 3 2 7 r 2 + 0 .764ττ + 4.123<τ - 0 .818 

Log (l/LD 9 0) 

-1 .5 

Figure 4a. Three-dimensional perspec
tive plot of the Hansch equation describ
ing pre-emergence activity of 4-substi
tuted TFMS herbicides on Cheat Grass 

(no Tween 80 present) 
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LOG ( l / L D 9 0 ) = - 0 . 0 5 6 7 Γ 2 + 1.854 σ - 2.011 

Log(l/LD9 0) 

σ 

Figure 4b. Three-dimensional perspec
tive plot of the Hansch equation describ
ing pre-emergence activity of 3-substi
tuted TFMS herbicides on Cheat Grass 

(no Tween 80 present) 

the plots indicate that h e r b i c i d a l act iv i ty w i l l be depressed w h e n sur
factant is added , par t i cu lar ly i f π for the substituent lies re lat ively near 
the o p t i m u m π0 va lue i n the presence a n d absence of surfactant. T h e 
effect of surfactant on σ is m u c h less pronounced i n the W i l d M u s t a r d 
p lot of F i g u r e 3c because of the considerably smaller decrease i n ρ w h e n 
surfactant is added (see T a b l e X I ) . 

W i t h reference to Figures 2a for F o x t a i l a n d 3a for W i l d M u s t a r d , 
note that the left sides of bo th parabol i c ac t iv i ty surfaces ( corresponding 
to h y d r o p h i l i c a l l y substituted T F M S derivat ives) are shifted only s l ight ly 
towards more negative π values w h e n T w e e n 80 is added (see F igures 
2c a n d 3 c ) . I n contrast, their r ight parabo l i c surfaces ( corresponding to 
l i p o p h i l i c a l l y substituted series members) are shifted drast ica l ly towards 
more negative ττ values. A s po inted out i n the Results section, the shift 
i n o p t i m u m π0 ( c oup led w i t h a sharpening of the respective act iv i ty sur
faces) comes about largely because of the significant water - so lub i l i z ing 
effect of T w e e n 80 on hydrophob i c T F M S substituents a n d its smal l 
effect on h y d r o p h i l i c substituents. 

T h e effect of a d d i n g T w e e n 80 to h e r b i c i d a l formulations of 3-sub
st ituted T F M S compounds is l ikewise dramat ic , as evidenced b y F igures 
2b a n d 2d for F o x t a i l a n d 3b a n d 3 d for W i l d M u s t a r d . F o r the F o x t a i l 
case, add i t i on of surfactant shifts the π o p t i m u m for 3-substituents f rom 
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π0 = 0.0 to 7Γ0 = —0.77 a n d introduces more part i t i on ing dependence 
into the act iv i ty surface (note also the increase i n A a n d Β coefficients 
for the appropr iate equations i n T a b l e X I w h e n T w e e n 80 is a d d e d ) . 
F i g u r e 2d shows that the herb i c ida l ac t iv i ty of the more hydrophob i ca l l y 
substituted 3 - T F M S series members ( larger posit ive π values) w i l l t end 
to be i n h i b i t e d b y surfactant addi t ion . T h i s inh ib i t o ry effect manifests 
itself as a d o w n w a r d b e n d i n g of the act iv i ty surface on the hydrophob i c 
side relative to its posit ion i n the absence of surfactant (cf. F igures 2b 
a n d 2 d ) . 

L O G d / L D ^ ) 

/= ROTATE 4 5 ° C O U N T E R 
CLOCKWISE AROUND σ AXIS 

2= ROTATE 120° C O U N T E R 
C L O C K W I S E A R O U N D 

S T A N D A R D C A R T E S I A N L O G Î I / L D ) AX IS 
C O O R D I N A T E P O S I T I O N L ° G ( " ^ 9 0 > A X ' S 

F I N A L V I E W I N G 
P O S I T I O N 

Figure 5. Rotation of coordinate axes 

3 - T F M S h e r b i c i d a l act iv i ty on W i l d M u s t a r d is also affected i n an 
interesting w a y b y the add i t i on of T w e e n 80. T h e fa i r ly flat, p lanar , 
almost 7r-independent surface of F i g u r e 3b is converted i n F i g u r e 3d to 
a h i g h l y ττ-dependent curve w h i c h exhibits r a p i d l y increasing h e r b i c i d a l 
act iv i ty w i t h increasing π. T h i s behavior is i n complete contrast to that 
observed i n any other case. A l so , add i t i on of surfactant complete ly e l i m 
inates the σ dependence of 3 - T F M S act iv i ty on W i l d M u s t a r d (p — 0.0, 
see T a b l e X I ). I n contrast, the σ dependence of 3-substituted sul fonani -
lides on F o x t a i l is s l ight ly enhanced by the add i t i on of surfactant [p = 
3.37 (no T w e e n 8 0 ) ; ρ = 3.81 ( w i t h T w e e n 8 0 ) ] . 

F r o m T a b l e X I , note that the -π o p t i m u m for bo th 3- and 4-substituted 
T F M S series members act ing on F o x t a i l grass i n the presence of sur
factant is 7τ0 = —0.77. E x a m i n a t i o n of F igures 2c a n d 2 d indicates, 
however , that gross differences i n the herb i c ida l act iv i ty surfaces for the 
meta - a n d p a r a - T F M S series exist. O n this basis, i t w o u l d appear that 
coincidence of π0 values for 3- a n d 4-substituted series is not a sufficient 
condi t ion for assuming that modes of h e r b i c i d a l act ion for the two series 
are also ident i ca l . 

O n e po int should be clari f ied w i t h reference to the plots of F igures 
2, 3, a n d 4 a n d the H a n s c h relationships i n T a b l e X I . T h e appropriate 
equations a n d plots descr ib ing T F M S h e r b i c i d a l ac t iv i ty i n the absence 
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of surfactant are a l l based on the π values of T a b l e V I . Equat i ons a n d 
plots descr ib ing act iv i ty i n the presence of T w e e n 80 are correspondingly 
based on the π values i n the same table. A s prev ious ly explained, π a n d 
ττ' are ca lculated relative to log PH = 3.05 for the parent c o m p o u n d i n 
the absence of surfactant. If one instead wishes to choose as a reference 
point the parent c o m p o u n d i n the presence of 0 . 1 % T w e e n 80, the ττ" 
values i n T a b l e V I should be used i n the appropr iate regression analyses. 
W i t h respect to the equations of T a b l e X I a n d the plots of F igures 2 -4 , 
the use of ττ" instead of π' values i n fitting the h e r b i c i d a l data obta ined 
i n the presence of surfactant has no effect other than to shift the or ig in 
of the coordinate axes —0.45 π units i n the negative ττ d irect ion (i.e., to 
the posi t ion of the parent c o m p o u n d i n the presence of 0 . 1 % T w e e n 80 ) . 
Ne i ther the shape nor the vert i ca l pos i t ion of the surfaces of F igures 
2 c - d or 3 c - d w o u l d be affected i n any w a y b y such a swi t ch to π " values 
f rom ττ' values. Hence , a l l conclusions previously reached b y us ing ττ' 
values a p p l y equal ly w e l l to π " values. 

F i n a l l y , T a b l e X I I showed that for bo th 3- a n d 4-substituted T F M S 
series, poorer correlations were obta ined w h e n h e r b i c i d a l data obtained 
i n the presence a n d absence of T w e e n 80 for a g iven series act ing on a 
part i cu lar weed type were poo led a n d fitted simultaneously. C o m p a r i n g 
the appropriate surface plots i n F igures 2 - 3 for F o x t a i l a n d W i l d M u s 
tard , it is evident that poor correlations of the poo led data w o u l d have 
been obtained. T h e very different graphica l curve shapes obta ined for 
each T F M S series i n the presence a n d absence of T w e e n 80 i l lustrate 
w h y correlations of the poo led data produced poor s t ruc ture -ac t iv i ty 
correlations. 

Predictive Capabilities of Hansch Correlation Relationships. T h e 
true test of any mathemat ica l structure—activity re lat ionship is whether 
it can be used: (a ) to account for observed differences i n b io log ica l 
act iv i ty of series members used i n der iv ing the correlat ion equations, a n d 
( b ) to predic t the act iv i ty of other series members not i n c l u d e d i n the 
data fitting poo l , or alternately, predict the act iv i ty of new o p t i m u m 
act iv i ty series members not yet investigated. 

A s an i l lustrat ion of the use of the final H a n s c h relationships i n 
T a b l e X I i n exp la in ing b io log i ca l act iv i ty differences between i n d i v i d u a l 
T F M S series members, w e w i l l examine the ac t iv i ty of 4 - S 0 2 C H 3 — T F M S 
a n d 4 - C 1 - T F M S against F o x t a i l , W i l d M u s t a r d , a n d Cheat Grass. T a b l e 
X I I I gives values of the i n d i v i d u a l terms i n the H a n s c h equations of 
T a b l e X I w h i c h are appropriate to the act ion of each herb ic ide on the 
three w e e d types. A t a later point , we also examine the act iv i ty of 2,4-di-
C l - a n d 2 , 4 - d i - F - T F M S derivatives as pred ic ted b y the H a n s c h re lat ion
ships i n T a b l e X I . 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

01
2

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



234 BIOLOGICAL CORRELATIONS T H E HANSCH APPROACH 

T a b l e X I I I . H e r b i c i d a l A c t i v i t y of 4 - S 0 2 C H 3 - T F M S 

^ Value of Hansch Equation Terms 
ι ween ou — 
Present log 

Weed Type (f) A x 2 B x p j D (1/LD%) 

4-S02CHz-TFMS (x = -1.06, x ' = -1.25, σ = +0.728) 
F o x t a i l N o - 1 . 1 3 8 - 0 . 3 5 2 +2.207 - 1 . 0 7 9 - 0 . 3 6 2 

Yes - 3 . 8 1 7 +4.681 + 1.206 - 2 . 4 7 3 - 0 . 4 0 3 
W i l d M u s t a r d N o - 2 . 0 1 6 - 1 . 3 5 0 +2.557 - 0 . 6 6 6 - 1 . 4 7 5 

Yes - 1 3 . 1 1 6 + 12.299 +2.411 - 3 . 5 1 4 - 1 . 9 2 0 
Cheat Grass N o - 1 . 7 2 1 - 0 . 8 1 0 +3.002 - 0 . 8 1 8 - 0 . 3 4 8 

4-Cl-TFMS (x = +0.91, x ' = - 0 . 4 5 , σ = +0.227) 
F o x t a i l N o - 0 . 8 3 9 +0.302 +0.688 - 1 . 0 ^ 9 - 0 . 9 2 7 

Yes - 0 . 4 9 5 + 1.685 +0.376 - 2 . 4 7 3 - 0 . 9 0 7 
W i l d M u s t a r d N o - 1 . 4 8 6 + 1.159 +0.797 - 0 . 6 6 6 - 0 . 1 9 5 

Yes - 1 . 7 0 0 +4.428 +0.752 - 3 . 5 1 4 - 0 . 0 3 4 
Cheat Grass N o - 1 . 2 6 9 +0.695 +0.936 - 0 . 8 1 8 - 0 . 4 5 5 

4 - S 0 2 C H 3 - T F M S . Cons ider ing first the 4 - S 0 2 C H 3 - T F M S derivat ive , 
w e note f rom the L D 9 0 tabulat ion ( T a b l e V I I ) that i t exhibits poor b road 
leaf ( W i l d M u s t a r d ) h e r b i c i d a l act iv i ty but good grass ( F o x t a i l , Cheat 
Grass ) act iv i ty . Surfactant has l i t t le effect on 4 - S 0 2 C H 3 - T F M S F o x t a i l 
act iv i ty but signif icantly inhib i ts its W i l d M u s t a r d act iv i ty . T h e L D 9 0 

values tabulated i n T a b l e X I I I a n d ca lculated w i t h the appropriate 
H a n s c h relationships i n T a b l e X I are i n excellent agreement w i t h the 
exper imental L D 9 0 values l isted i n T a b l e V I I . A s shown i n T a b l e X I I I , 
our der ived structure—activity relationships correct ly predict that the 
4 - S 0 2 C H 3 - T F M S derivat ive w i l l have good grass a n d poor broadleaf 
h e r b i c i d a l act iv i ty , as is observed experimental ly . T h e y also predic t that 
T w e e n 80 w i l l have l i tt le effect on the F o x t a i l act iv i ty of 4 - S 0 2 C H 3 - T F M S 
but w i l l greatly i n h i b i t its W i l d M u s t a r d act iv i ty . 

M u c h explanatory in format ion is also contained i n the i n d i v i d u a l 
terms of the several H a n s c h relationships i n T a b l e X I I I . F o r example, 
even though the F o x t a i l act iv i ty of 4 - S 0 2 C H 3 - T F M S appears to be u n 
affected b y T w e e n 80 (as judged b y the smal l effect of surfactant on 
L D 9 0 ) , examinat ion of each term i n the H a n s c h equations for F o x t a i l 
i n T a b l e X I I I reveals that T w e e n 80 does indeed affect act iv i ty , but i n a 
subtle way . C o m p a r i n g the ρσ terms for F o x t a i l i n the presence a n d ab
sence of surfactant, T w e e n 80 greatly reduces the magnitude of this 
term. T a k e n b y itself, this surfactant effect on ρσ w o u l d have consider
ab ly reduced 4 - S 0 2 C H 3 - T F M S F o x t a i l act iv i ty . T w e e n 80, however , also 
shifts the ττ0 o p t i m u m for F o x t a i l act iv i ty to a more negative value , w h i c h 
is m u c h closer to the π value of —1.25 character iz ing the 4 - S 0 2 C H 3 -
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and 4 -Cl—TFMS on Various Weed Types 

Calculated 
LD90 

Experimental 
LD90 

from Table VII 

2.30 
2.53 

2.42 
2.64 

29.88 
83.13 

31.6 
79.0 

2.23 2.21 

8.46 
8.06 

6.40 
8.15 

1.57 
1.08 

1.36 
1.35 

2.85 1.95 

T F M S der ivat ive i n the presence of surfactant (cf. also F igures 2a a n d 
2 c ) . T h u s , the loss i n F o x t a i l ac t iv i ty w h i c h results f r o m the deleterious 
effect of surfactant on the ρσ t e rm i n the H a n s c h equat ion is compensated 
b y the i m p r o v e d par t i t i on ing characteristics ( large Βπ term) of the 
4 -methylsul fonyl der ivat ive i n the presence of surfactant. T h e net result 
is that the overal l pre-emergence F o x t a i l ac t iv i ty is not greatly affected 
b y T w e e n 80. A s i l lustrated i n T a b l e X I I I , however , this effect is on ly 
apparent since significant changes i n bo th π a n d σ dependence have 
taken place. 

T h e effect of surfactant on 4 - S 0 2 C H 3 - T F M S W i l d M u s t a r d act iv i ty 
can be treated i n a s imi lar manner. F r o m T a b l e X I I I note that the ρσ 
term is re lat ively unchanged b y the add i t i on of surfactant. T h e observed 
significant drop i n act iv i ty results f rom a combinat ion of poor par t i t i on ing 
properties (Απ2 + Βπ negative) a n d a general translat ion of the h e r b i 
c i d a l act iv i ty surface i n the negative l o g ( l / L D 9 0 ) d i rec t ion (note the 
large negative intercept va lue D ) . These effects can be observed b y 
compar ing F igures 3a a n d 3c. 

4 - S 0 2 C H 3 - T F M S is even more active on C h e a t Grass than i t is o n 
F o x t a i l despite the fact that ?r ( 4 - S 0 2 C H 3 - ) = —1.06 is even further 
removed f r om the ττ0 o p t i m u m for C h e a t Grass (ττ0 = +0 .25 , see T a b l e 
X I ) than it is for F o x t a i l (ττ0 = + 0 . 1 6 ) . F r o m T a b l e X I I I ( a n d F i g u r e 
4 a ) , w e see that the h i g h C h e a t Grass ac t iv i ty is entirely caused b y the 
favorable value of the ρσ t erm i n the appropriate H a n s c h relat ionship. 
I n this case, bo th ρ = 4.123 a n d σ = +0 .728 are favorab ly large a n d 
posit ive. 
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4 - C L - T F M S . F r o m T a b l e V I I note that 4 - C l - T F M S is considerably 
more active on the broadleaf W i l d M u s t a r d than i t is o n F o x t a i l grass. 
A s shown i n T a b l e X I I I , the appropriate H a n s c h relationships i n T a b l e 
X I also predic t this difference i n grass a n d broadleaf act iv i ty . T e r m - b y -
t e rm analysis of the several appropr iate correlat ion equations demon
strates that for F o x t a i l i n the absence of surfactant, n o n - o p t i m u m p a r t i 
t i on ing characteristics (ττ (4-C1) = + 0 . 9 1 ; π0 = +0 .16 ) a n d a re lat ive ly 
l o w ρσ value bo th contr ibute to the d imin i shed grass h e r b i c i d a l ac t iv i ty 
of 4 - C l - T F M S . A l t h o u g h par t i t i on ing characteristics of this der ivat ive 
are i m p r o v e d b y T w e e n 80 add i t i on (more posit ive Απ2 + BIT c on t r ibu 
t i o n ; TT ' (4-C1) = —0.45 close to ττ0' = —0.77) , the ρσ contr ibut ion is 
d i m i n i s h e d because of a significant decrease i n ρ caused b y surfactant 
(see T a b l e X I ) . I n add i t i on , F o x t a i l ac t iv i ty is depressed to some extent 
i n the presence of surfactant because of a translat ional shift of the act iv i ty 
surface i n the negative l o g ( l / L D 9 0 ) d i rec t ion (cf. F igures 2a a n d 2 c ) . 
H e n c e , overa l l F o x t a i l ac t iv i ty is reduced i n the presence of surfactant. 

W i l d M u s t a r d act iv i ty of the 4 - C l - T F M S der ivat ive i n bo th the 
presence a n d absence of T w e e n 80 is h igher than that observed for F o x 
t a i l because bo th π = +0 .91 a n d π = —0.45 for this c o m p o u n d He closer 
to their appropriate π op t ima (π0 = +0 .36 (no sur factant ) ; ττ0' = —0.59 
( w i t h surfactant) ) than was the case for F o x t a i l . H e n c e , the Απ2 + Βπ 
contr ibut ion for the broadleaf i n bo th the presence a n d absence of sur
factant is more favorable than i t is for the grass. T h e ρσ contr ibut ion is 
also more favorable for W i l d M u s t a r d because of the h i g h value of ρ for 
4-substituted T F M S compounds i n the presence a n d absence of T w e e n 80 
(see T a b l e X I ) . T h u s , for the 4 - C l - T F M S derivat ive , bo th enhanced 
part i t i on ing characteristics a n d a more favorable electronic s ituation 
(more posit ive ρσ) combine to give h igher W i l d M u s t a r d than F o x t a i l 
act iv i ty . 

Cheat Grass act iv i ty i n the absence of surfactant for the 4 - C l - T F M S 
der ivat ive is again higher than corresponding F o x t a i l ac t iv i ty p r i m a r i l y 
because of the larger posit ive value of the ρσ term. TT(4-C1) = +0 .91 
also lies s l ight ly closer to the -π o p t i m u m for Cheat Grass act iv i ty ( π 0 

( C h e a t Grass ) = +0 .25 ) than i t does to the ττ o p t i m u m for F o x t a i l 
ac t iv i ty (π0 ( F o x t a i l ) = + 0 . 1 6 ) . 

T h u s , term-by- term analysis of the H a n s c h relationships der ived for 
each T F M S series i n the presence a n d absence of T w e e n 80 ( c oup led 
w i t h perspective plots of the corresponding h e r b i c i d a l act iv i ty surfaces) 
permits one to account for ac t iv i ty differences between species i n a f a i r l y 
deta i led though e m p i r i c a l manner. Indeed, whereas T r e p k a a n d co
workers (5 ) f o u n d i t difficult to account for grass a n d broadleaf select ivity 
differences of the 4 - C 1 - a n d 4 - S 0 2 C H 3 - T F M S derivatives i n a straight-
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f o r w a r d manner (see T a b l e I ) , the preced ing treatment goes a l ong w a y 
t o w a r d bo th exp la in ing a n d pred i c t ing these differences. 

2 , 4 - D I - C L - T F M S A N D 2 , 4 - D I - F - T F M S . T r e p k a et al (5) f o u n d the 
2 , 4 - d i - C l - a n d 2 , 4 - d i - F - T F M S derivatives to be h i g h l y active against 
b o t h grasses a n d broadleaves (see T a b l e I ) . W e m a y thus ask whether 
the appropr iate H a n s c h relat ionships l i s ted i n T a b l e X I for the mono -
substituted T F M S derivatives can be used to predic t the h i g h act iv i ty 
of these d isubst i tuted compounds. 

I n their studies of mult i subst i tuted aromatic compounds, H a n s c h a n d 
co-workers have general ly s u m m e d π a n d σ values for i n d i v i d u a l sub
stituents to obta in estimates of π a n d σ character iz ing the mul t i subst i tuted 
der ivat ive (10). A l t h o u g h π a n d σ constants for ortho substituents m a y 
not be w e l l represented b y the corresponding values for para substituents, 
let us assume that w ( 2 - C l ) = i r ( 4 - C l ) a n d σ (2 -01 ) = σ (4 -01 ) for our 
pred ic t ive ca lculat ion . F o r the d isubst i tuted T F M S derivatives, w e obta in 
f r om T a b l e I V ( i n the absence of sur fac tant ) : 

2,4-di-Cl-TFMS 
Στ = 1.82 
Σ σ = +0.454 

2,4-di-F-TFMS 
Στ = +0 .40 
Σ σ = +0 .124 

U s i n g these Χπ a n d 2σ values i n conjunct ion w i t h the first, fifth, a n d 
n i n t h para H a n s c h relationships i n T a b l e X I , the grass a n d broadleaf 
act iv i ty i n the absence of T w e e n 80 for the two d isubst i tuted derivatives 
can be pred i c ted as fo l lows : 

2, 4-di-Cl-TFMS (Στ = +1.82, Σ σ = +0.454) 
LD9Q 

log ( mo1^ \ 

Weed Α ( Σ χ ) 2 Β ( Σ χ ) ρ(Σσ) D (1/LDW) \ acre ) 
F o x t a i l - 3 . 3 5 5 +0.604 +1.377 - 1 . 0 7 9 - 2 . 4 5 4 284.25 (32) 
W i l d M u s t a r d - 5 . 9 4 2 +2.319 +1.594 - 0 . 6 6 6 - 2 . 6 9 5 495.81 (33) 
Cheat Grass - 5 . 0 7 5 +1.390 +1.872 - 0 . 8 1 8 - 2 . 6 3 0 426.85 (34) 

2,4-di-F-TFMS (Στ = +0.40, Σ σ = +0.124) 
LD90 

log ( mole \ 
Weed Α ( Σ χ ) 2 Β ( Σ χ ) ρ(Σσ) D (1/LDW) \ a^e~ ) 

F o x t a i l - 0 . 1 6 2 +0.132 +0.376 - 1 . 0 7 9 - 0 . 7 3 2 5.40 (35) 
W i l d M u s t a r d - 0 . 2 8 7 +0.510 +0.435 - 0 . 6 6 6 - 0 . 0 0 8 1.02 (36) 
Cheat Grass - 0 . 2 4 5 +0.306 +0.511 - 0 . 8 1 8 - 0 . 2 4 6 1.76 (37) 

C o m p a r i n g the above ca lculated L D 9 0 values w i t h the exper imental 
data of T r e p k a et al. (5) reported i n T a b l e I , w e note that our der ived 
H a n s c h relationships satisfactorily pred ic t the h i g h grass a n d broadleaf 
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act iv i ty of the 2 , 4 - d i - F - T F M S der ivat ive (very l o w L D 9 0 concentrat ions) . 
T h e grass a n d broadleaf ac t iv i ty of the 2 , 4 - d i - C l - T F M S der ivat ive is 
poor ly pred ic ted , however. It is evident f rom Equat i ons 32 -34 a n d F i g 
ures 2a, 3a, a n d 4a that the poor ly pred i c ted act iv i ty of 2 , 4 - d i - C l - T F M S 
on a l l w e e d species is caused entirely b y unfavorable part i t i on ing char
acteristics. 2TT(4-C1) = +1 .82 , for example, a n d this estimated value 
lies far f rom the o p t i m u m π 0 values for a l l weed species ( see T a b l e X I ) . 

It appeared reasonable, however , that the placement of an electro
negative C I group ortho to the ac id i c tr i f luoromethanesulfonamido parent 
group m i g h t w e l l affect the part i t i on ing characteristics of the overal l 
molecule i n ways that c ou ld not be accounted for b y a s imple par t i t i on ing 
add i t i v i ty p r inc ip l e (i.e., b y assuming that π contributions for two 4-C1 
substituents adequately represent the part i t i on ing characteristics of a 2-C1 
a n d 4-C1 subst i tuent) . A s a check on the add i t iv i ty of π for the 2,4-di-
C l - a n d 2 , 4 - d i - F - T F M S derivatives, the oc tano l /water part i t i on coeffi
cients of these compounds were experimental ly determined using the 
procedure out l ined i n the E x p e r i m e n t a l section. T h e f o l l owing results 
accurate to w i t h i n ± 2 % were obtained. 

Table X I V . Octanol/Water Partition Coefficients for 
Disubstituted TFMS Derivatives 

TFMS Derivative log P x Στ = log P x - log FH 

T h e %TT values i n T a b l e X I V were calculated b y subtract ing log PH 

= 3.05 for the or ig ina l parent c o m p o u n d ( i n the absence of T w e e n 80 ) 
f rom the measured log Px values for the disubst i tuted compounds. T h e 
2ττ values tabulated above for the 2 , 4 - d i - F - and 2 , 4 - d i - C l - T F M S der iva 
tives thus represent the actual experimental effects on part i t i on ing that 
2 ,4 -d i -F or 2 , 4 - d i - C l subst itut ion have on the parent molecule . C o m p a r 
i n g the above exper imental Χπ values w i t h 2TT(4-C1) = +1 .82 and 
2TT (4 -F ) = +0 .40 used i n the calculations of Equat ions 32-37 , w e note 
that the experimental ly measured %π is considerably lower than the esti
mate i n bo th cases. F o r 2 , 4 - d i - C l subst i tut ion, for example, the add i t i on 
of the second C I i n the ortho posit ion renders the molecule more h y d r o 
p h i l i c (i.e., TT(4-C1) = +0 .91 , 2TT(2-C1 + 4-C1) = + 0 . 8 3 ) . It w o u l d 
appear reasonable that electronegative o r t h o - C l substitution enhances 
i on izat ion of the parent T F M S side cha in , thus l ead ing to a sl ight de
crease i n l i p o p h i l i c i t y of the compound . A s imi lar argument probab ly 
applies to the 2 , 4 - d i - F - T F M S derivative . 

2 , 4 - d i - C l -
2 , 4 - d i - F -
2 - C H 3 - 4 - C 1 -

3.88 
3.06 
4.26 

+0 .83 
+0.01 
+ 1.21 
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12. Y A P E L , J R . Trifluoromethanesulfonanilide Herbicides 239 

I f w e continue to assume the add i t i v i ty of σ but use the n e w exper i 
menta l ly measured Ζπ values i n T a b l e X I V for the 2 , 4 - d i - F - a n d 2,4-di-
C l - T F M S derivatives, a repeat of the calculations of Equat i ons 32 -37 
yields the f o l l owing results: 

2,4-di-Cl-TFMS ( Σ τ = +0.83, Σ σ = +0454) 
log I mole \ 

Weed Α ( Σ χ ) 2 Β ( Σ χ ) ρ(Σσ) D (1/LD90) \ ~a~cTe ) 

F o x t a i l - 0 . 6 9 8 +0.276 +1.377 - 1 . 0 7 9 - 0 . 1 2 5 1.33 (38) 
W i l d M u s t a r d - 1 . 2 3 6 +1.057 +1.594 - 0 . 6 6 6 +0.750 0.18 (39) 
Cheat Grass - 1 . 0 5 5 +0.634 +1.872 - 0 . 8 1 8 +0.633 0.23 (40) 

2,4-di-F-TFMS ( Σ τ +0.01, Σ σ = +0.124) LD9{ 

log ^ mole ^ 

Weed Α ( Σ χ ) 2 Β (Σχ ) ( Ρ Σ σ ) D (1 /LD90) \ acre 
F o x t a i l - 0 . 0 0 0 1 +0.003 +0.376 - 1 . 0 7 9 - 0 . 7 0 0 5.01 (41) 
W i l d M u s t a r d - 0 . 0 0 0 2 +0.013 +0.435 - 0 . 6 6 6 - 0 . 2 1 8 1.65 (42) 
Cheat Grass - 0 . 0 0 0 2 +0.008 +0.511 - 0 . 8 1 8 - 0 . 2 9 9 1.99 (43) 

It is evident f rom Equat i ons 38 -43 that use of the experimental STT 
values f rom T a b l e X I V leads to a correct pred ic t ion of the h i g h grass 
and broadleaf ac t iv i ty of bo th the 2 , 4 - d i - C l - a n d 2 , 4 - d i - F - T F M S der iva 
tives. T h e use of the experimental ly measured Χπ for the 2 ,4 -d i -F de
r ivat ive ca lculat ion d i d not l ead to significant n e w changes i n pred ic ted 
act iv i ty because bo th 2ττ (exper imental ) a n d STT (estimate) l ie near the 
7τ0 values for the various w e e d types (see T a b l e X I a n d Figures 2a, 3a, 
a n d 4 a ) . T h e use of the measured 2π for the 2 , 4 - d i - C l - T F M S der ivat ive , 
however , leads to large pred ic ted changes i n act iv i ty because the experi 
menta l 2ττ is now m u c h closer to the o p t i m u m ττ0 values for the various 
w e e d types than is 2π (est imate) . A l so , i n the 2 , 4 - d i - C l case, 2σ = 
+0.454 is quite favorable a n d leads to a large, posit ive ρΧσ term i n both 
the grass a n d broadleaf H a n s c h relationships of Equat i ons 38-40 . T h e 
h i g h grass a n d broadleaf act iv i ty of the 2 , 4 - d i - C l der ivat ive thus appears 
to be caused p r i m a r i l y by the large, posit ive 2σ a n d secondari ly b y rea
sonably good par t i t i on ing characteristics. T h e h i g h act iv i ty of the 2 ,4 -d i -F 
der ivat ive appears to be attr ibutable to good part i t i on ing characteristics 
a n d to a lesser extent to the posit ive contributions to l o g ( l / L D 9 o ) f rom 
ΡΧσ ( cf. positions of 2ττ a n d 2σ on F igures 2a, 3a, a n d 4a for the 2 , 4 - d i - F -
a n d 2 , 4 - d i - C l - T F M S der ivat ives ) . 

T h e above treatment demonstrates the u t i l i t y of the H a n s c h re lat ion
ships of T a b l e X I i n pred i c t ing the grass a n d broadleaf ac t iv i ty of several 
d isubst i tuted T F M S compounds. It also demonstrates the dangers i n -
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herent i n assuming the a d d i t i v i t y of π (at least for certain electronegative 
groups substituted ortho to ac id i c parent side chains ). T h i s is not meant 
to i m p l y that the add i t i v i ty of π does not h o l d i n other cases, however . 
W e have, for example, exper imental ly measured log F for the 2 C H 3 - , 
4 C 1 - T F M S der ivat ive a n d f ound the measured 2ττ = +1 .21 for this d i 
subst i tuted der ivat ive (see T a b l e X I V ) . T h i s value, a l though aga in lower , 
is not too far removed f rom the estimate %-π = TT(4-C1) + T T ( 4 - C H 3 ) = 
+0 .91 + 0.55 = +1 .46 calculated b y an add i t i v i ty re lat ionship. C a u t i o n 
i n a p p l y i n g a d d i t i v i t y relationships is recommended ; where possible, π 
a n d 2ττ values should be measured experimental ly . 

Implications of the T F M S Correlations. Μ Ε Τ Α - T F M S ACTIVITY O N 
W I L D M U S T A R D IN T H E P R E S E N C E O F T W E E N 80. T a b l e X I a n d F i g u r e 3 d 
showed that the act iv i ty of the m e t a - T F M S herbic ides on W i l d M u s t a r d 
i n the presence of T w e e n 80 was anomalous (relat ive to the other w e e d 
types a n d formulat ion condit ions examined) i n the f o l l owing w a y s : 

( a ) T h e m e t a - T F M S derivatives exhib i ted a m i n i m u m i n h e r b i c i d a l 
ac t iv i ty i n the π range of our study. F o r a l l other correlat ion condit ions 
investigated, a m a x i m u m i n act iv i ty was obta ined over this same exper i 
menta l π range (cf. F igures 2 - 4 a n d π0 values i n T a b l e X I ) . 

( b ) Inc lus ion of the Η-substituted parent c o m p o u n d i n the data 
p o o l for this par t i cu lar correlat ion resulted i n on ly an 8 % loss i n percent 
correlat ion (r 2 )—see T a b l e I X . I n every other case, inc lus ion of the 
parent T F M S c o m p o u n d w i t h 3-substituted T F M S derivatives i n the 
stepwise regression procedure resulted i n percent correlat ion decreases 
of f rom 25 to 4 0 % . 

( c ) Inc lus ion of the 3 - S C H 3 - T F M S der ivat ive i n the data p o o l for 
the above-c i ted W i l d M u s t a r d correlat ion resulted i n a decrease i n per 
cent correlat ion of less than 5 % compared w i t h t y p i c a l decreases of 
2 0 - 5 0 % i n a l l but one other case u p o n inc lus ion of the methy l th io 
der ivat ive (see Resu l t s ) . 

( d ) F o r the above case only , no dependence of the final H a n s c h 
correlat ion equat ion on the H a m m e t t σ constant was observed ( cf. equa
tions i n T a b l e X I a n d see F i g u r e 3 d ) . 

I tem d impl ies that i n terms of the H a n s c h m o d e l of E q u a t i o n 1, 
par t i t i on ing S T E P 1 is the p r i m a r y rate-control l ing process character iz ing 
the h e r b i c i d a l act ion of the 3 - T F M S compounds on W i l d M u s t a r d i n the 
presence of T w e e n 80. Since a l l the other H a n s c h relationships i n T a b l e 
X I inc lude fa i r ly significant ρσ contr ibutions, par t i t i on ing as w e l l as other 
rate processes (poss ib ly more int imate ly connected w i t h the receptor site 
w i t h i n the p lant or seed) must be i n v o l v e d i n de termin ing overa l l h e r b i 
c i d a l act iv i ty i n these latter cases. O n e m a y speculate that the anomalous 
observations ( a - c ) above are the direct consequence of ( d ) — t h e lack 
of H a m m e t t σ dependence. I f the ρσ t e rm i n the H a n s c h equat ion does 
indeed reflect rate or e q u i l i b r i u m events occurr ing at or near the h e r b i 
c i d a l site of act ion w i t h i n the p lant or seed (as is often assumed but not 
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12. Y A P E L , J R . Trifluoromethanesulfonanilide Herbicides 

necessarily proved for the H a n s c h m o d e l ) , then items a - c are connected 
w i t h events t a k i n g p lace i n the v i c i n i t y of the herb i c ida l receptor site. 
F o r example, par t i t i on ing as w e l l as rate processes occurr ing at or near 
the receptor site m a y contribute to determining the pos i t ion a n d broad 
ness of the π o p t i m u m for the act iv i ty surfaces i n a l l other cases but the 
one c i ted here. I n l ike manner, one reason that the Η-substituted parent 
c o m p o u n d fits i n more satisfactori ly as a member of the 4-substituted 
T F M S f a m i l y than w i t h the 3 - T F M S compounds (see T a b l e I X a n d 
T a b l e X ) m a y be caused b y a s imi lar i ty i n the mode of b i n d i n g (or reac
t ion) of the parent c o m p o u n d at a receptor site (poss ib ly an enzymic 
site) w i t h i n the p lant or seed i n w h i c h the parent T F M S herb i c ide more 
closely resembles the para-subst i tuted than the meta-substituted series 
members. A l ternat ive ly , the parent c o m p o u n d m a y be metabo l i ca l ly con
verted to a 4-substituted T F M S der ivat ive f o l l owing absorpt ion b y the 
p lant or seed but pr ior to react ion at the receptor site. T h i s suggests 
that the 3- a n d 4-substituted T F M S compounds either b i n d to a g iven 
site w i t h different orientations o r react w i t h i t at different rates. O n the 
other h a n d , the meta- a n d para-substituted derivatives m a y interact w i t h 
different receptor sites w i t h i n the p lant or seed. If so, this c ou ld be the 
reason for the observed h e r b i c i d a l act iv i ty differences between 3- a n d 
4-substituted T F M S compounds. Poss ib ly the inc lus ion of a steric t e rm 
(E8) or an add i t i ona l electronic parameter i n the H a n s c h equat ion for 
each substituent w o u l d account for the act iv i ty differences between the 
two herb i c ida l famil ies so that a single correlat ion cou ld be used to ex
p l a i n combined 3- a n d 4 - T F M S act iv i ty against a g iven w e e d type. A n 
approach of this type has not been undertaken w i t h the T F M S herbic ides 
but is p lanned . 

H E R B I C I D A L A C T I V I T Y O F M E T H Y L T H I O - T F M S D E R I V A T I V E S . Except 
for meta - a n d p a r a - T F M S compounds act ing on W i l d M u s t a r d i n the 
presence of T w e e n 80 (the act iv i ty of bo th series of w h i c h depends 
strongly o n part i t i on ing parameters—see F igures 3 c - 3 d ) , the m e t h y l t h i o -
T F M S h e r b i c i d a l data points c o u l d not be satisfactorily correlated b y 
any of the final H a n s c h relationships i n T a b l e X I . T h i s impl ies that the 
source of the anomalous 4 - S C H 3 - T F M S a n d 3 - S C H 3 - T F M S act iv i ty lies 
at (or i n the v i c in i ty of) the receptor site of h e r b i c i d a l act ion w i t h i n 
the p lant or seed rather than at a par t i t i on ing site. I n terms of the H a n s c h 
m o d e l of E q u a t i o n 1, this suggests that the m e t h y l t h i o - T F M S derivatives 
m a y possibly funct ion h e r b i c i d a l l y via a mode of act ion different f rom the 
other compounds examined (assuming, of course, that the - S C H 3 group
i n g remains chemica l ly a n d metabo l i ca l ly intact at least u n t i l i t reaches 
the receptor s i te ) . 

A n alternative ( a n d probab ly more l ike ly ) explanation for the anom
alous h e r b i c i d a l ac t iv i ty of the m e t h y l t h i o - T F M S derivatives exists [sug-

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

01
2

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



242 B I O L O G I C A L C O R R E L A T I O N S T H E H A N S C H A P P R O A C H 

gested b y Κ. H . B u c h e l a n d J . A . D u r d e n ] . F u k u t o a n d co-workers (31, 
32), i n a series of s t ruc ture -ac t iv i ty correlat ion studies, observed anom
alously h i g h ac t iv i ty for 4 - S C H 3 - s u b s t i t u t e d d i e t h y l p h e n y l phosphate 
anticholinesterase insecticides. T h e y at tr ibuted this unexpectedly h i g h 
ac t iv i ty to the in vivo metabol i c ox idat ion of the methy l th io moiety to 
the strongly e lec t ron -wi thdrawing - S O C H 3 (σ" = +0 .567) a n d / o r 
- S 0 2 C H 3 (σ" = +1 .049) groups, b o t h of these latter derivatives be ing 
h i g h l y toxic to insects. E x a m i n a t i o n of our methyl th io s t ruc ture -ac t iv i ty 
data strongly suggests that a s imi lar in vivo ox idat ion m a y be occurr ing 
w i t h the S C H 3 - T F M S compounds examined i n our study. T a b l e X V 
lists exper imental ly measured a n d ca lculated L D 9 0 values for the meta -
a n d para-subst ituted m e t h y l t h i o — T F M S derivatives for each of the w e e d 
types examined i n the presence a n d absence of T w e e n 80. T h e ca lcu lated 
values were determined us ing the H a n s c h relationships of T a b l e X I , 
f r om w h i c h h e r b i c i d a l ac t iv i ty data for the m e t h y l t h i o - T F M S derivatives 
were omitted w h e n the equations were computer -der ived . F o r c ompar i 
son, exper imental ly determined a n d ca lculated L D 9 0 values (determined 
b y us ing the appropriate relationships i n T a b l e X I ) are i n c l u d e d for both 
the 3- a n d 4-substituted m e t h y l s u l f o n y l - T F M S compounds. A s seen i n 
T a b l e X V , the exper imental L D 9 0 values for the 4 - S 0 2 C H 3 - T F M S a n d 

Table X V . Calculated and Experimental L D 9 0 Values for 
Methylthio— and Methylsulfonyl—TFMS Derivatives 

Methylthio Methylsulfonyl 
(SCHz) (SOtCHt) 

0.1% LD90 LD90 LD90 LD90 

Tween 80 (Cale.)a (Exp.)b (Cale.)a (Exp.)6 

Present TFMS mole/ mole/ mole/ mole/ 
Weed Type (?) Series acre acre acre acre 

F o x t a i l Grass N o P a r a 29.9 5.1 2.30 2.42 
N o M e t a 38.3 <2.1 1.56 1.50 
Y e s P a r a 34.6 5.1 2.53 2.64 
Yes M e t a 57.9 2.1 1.16 1.17 

Cheat Grass N o P a r a 16.4 2.6 2.22 2.21 
N o M e t a 55.7 <2.1 7.80 <1.90 

W i l d M u s t a r d N o P a r a 6.4 42.0 29.9 31.6 
N o M e t a 22.2 9.5 19.2 17.4 
Yes P a r a 18.0 25.2 83.2 79.0 
Y e s M e t a 19.9 17.2 28.4 26.8 

a Calculated L D 9 0 values are obtained by substituting appropriate χ (or x') and σ 
values for the - S C H 3 and - S 0 2 C H 3 derivatives from Table IV and VI into the cor
responding final Hansch relationships for each weed type and set of surfactant conditions 
in Table XI . 3 - S C H 3 - T F M S and 4 - S C H 3 - T F M S data points were omitted in deriving 
the equations of Table XI . 

6 Experimental L D 9 0 values are those listed in Table VII for the methylthio-
T F M S and methylsulfonyl-TFMS derivatives. 
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12. Y A P E L , J R . Trifluoromethanesulfonanilide Herbicides 243 

3 - S 0 2 C H 3 - T F M S derivatives are, for the most part, w e l l pred i c ted for 
a l l w e e d types i n the presence a n d absence of surfactant. T h e same can
not be said for the 4 - S C H 3 - T F M S a n d 3 - S C H 3 - T F M S series members. 
F o r bo th F o x t a i l a n d Cheat Grass , the L D 9 0 ' s ca l cu lated b y the appro 
priate equations i n T a b l e X I range f rom 5-25 times too h igh . T h e W i l d 
M u s t a r d L D 9 0 values for the non-surfactant case are also poor ly pre 
d ic ted . Re ferr ing to T a b l e X V , comparison of the experimental ly meas
ured L D 9 0 values for the m e t h y l t h i o - T F M S derivatives act ing on F o x t a i l 
a n d Cheat Grass w i t h the ca lcu lated a n d / o r experimental L D 9 0 values 
for the methy lsu l f ony l ( - S 0 2 C H 3 ) derivatives reveals that for the most 
part they are very s imilar . A s suggested b y the w o r k of F u k u t o et al. 
(31, 32), i t seems reasonable to conclude that for bo th F o x t a i l ( i n the 
presence a n d absence of T w e e n 80 ) a n d Cheat Grass, the methyl th io side 
cha in is converted in vivo (see below) to methy lsu l f ony l ( - S 0 2 C H 3 ) or 
possibly methylsul f iny l ( - S O C H 3 ) . Since bo th of these side chains are 
character ized b y considerably more posit ive H a m m e t t s igma constants 
than methyl th io [σ ( 4 S C H 3 ) — - 0 . 0 4 7 ; σ ( 3 S C H 3 ) = +0.144; σ ( 4 S 0 2 -
C H 3 ) = +0.728; σ ( 3 S 0 2 C H 3 ) = +0.647; σ ( 4 S O C H 3 ) = +0.567; σ 
( 3 S O C H 3 ) = + 0 . 5 5 1 ] , one w o u l d expect metabol i c conversion of m e t h y l 
thio to - S O C H 3 or - S 0 2 C H 3 pr ior to u l t imate react ion at the receptor 
site to be accompanied by significant increases i n h e r b i c i d a l act iv i ty . 
( N o t e i n T a b l e X I , for example, that for bo th F o x t a i l a n d Cheat Grass 
the σ coefficient, p, is posit ive for a l l sets of exper imental conditions ex
amined so that posit ive increases i n σ result i n enhanced act ivity— i . e . , 
larger l o g ( l / L D 9 0 ) va lues ) . 

Re fe r r ing to the broadleaf data i n T a b l e X V for W i l d M u s t a r d i n the 
absence of surfactant, exper imental L D 9 0 values for the m e t h y l t h i o -
T F M S compounds are again poor ly pred ic ted b y the H a n s c h relationships 
of T a b l e X I . A s w i t h F o x t a i l a n d Cheat Grass , the exper imental L D 9 0 

values for 3 - S C H 3 - T F M S a n d 4 - S C H 3 - T F M S l ie m u c h closer to corre
sponding m e t h y l s u l f o n y l - T F M S L D 9 0 ' s than they do to the calculated 
m e t h y l t h i o - T F M S L D 9 0 values. T h u s , it appears that ox idat ion of T F M S 
methyl th io ( - S C H 3 ) side chains to methylsul f iny l ( - S O C H 3 ) or m e t h y l 
su l fonyl ( - S 0 2 C H 3 ) before react ion at the receptor site is h i g h l y probable 
for the non-surfactant W i l d M u s t a r d cases. 

T h e only two cases i n T a b l e X V i n w h i c h the exper imental methy l th io 
L D 9 0 values are satisfactorily pred ic ted b y the H a n s c h relationships of 
T a b l e X I are for 3 - S C H 3 - T F M S a n d 4 - S C H 3 - T F M S act ing on W i l d 
M u s t a r d i n the presence of T w e e n 80. E x a m i n a t i o n of the appropriate 
equations i n T a b l e X I a n d of the plots i n F igures 3c a n d 3 d for W i l d 
M u s t a r d reveals that for the 4 - S C H 3 - T F M S surfactant case, herb i c ida l 
ac t iv i ty depends strongly on par t i t i on ing events (note the large m a g n i 
tude of the π 2 a n d ττ coefficients) w h i l e for the 3 - S C H 3 - T F M S der ivat ive 
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i n the presence of T w e e n 80, par t i t i on ing processes complete ly govern 
the observed h e r b i c i d a l act iv i ty (i.e., l o g ( l / L D 9 o ) is independent of σ ) . 
Since the W i l d M u s t a r d act iv i ty of a l l T F M S derivatives is dominated 
b y apparent ly ra te - l imi t ing part i t i on ing processes i n the presence of 
T w e e n 80, any methyl th io oxidat ive conversion to - S O C H 3 or - S 0 2 C H 3 

w h i c h may occur after the T F M S herb ic ide has been part i t ioned f rom an 
extracel lular to an intrace l lu lar phase w o u l d probab ly not appear experi 
menta l ly as a dev iat ion f rom the expected behavior . 

C o m p a r i s o n of the F o x t a i l a n d W i l d M u s t a r d h e r b i c i d a l act iv i ty data 
for the T F M S compounds i n T a b l e X V gathered i n the presence of T w e e n 
80 strongly suggests that i f oxidative conversion of the — S C H 3 side cha in 
to - S O C H 3 or - S 0 2 C H 3 does occur, it must do so intrace l lu lar ly rather 
than extracel lularly (i.e., outside the p lant or seed) . Since the F o x t a i l 
a n d W i l d M u s t a r d h e r b i c i d a l evaluations i n the presence of surfactant 
were carr ied out simultaneously i n the same plastic flower pot (see 
E x p e r i m e n t a l ) , extracel lular ox idat ion of methyl th io to methy lsu l f ony l or 
methylsul f iny l w o u l d have occurred equal ly for both weed types. T h i s 
should have resulted i n the exper imental LDgo's for 4 - S C H 3 - T F M S and 
3- S C H 3 - T F M S act ing on W i l d M u s t a r d i n the presence of surfactant 
co inc id ing or nearly c o inc id ing w i t h corresponding L D 9 0 values for the 
4- S 0 2 C H 3 - T F M S a n d 3 - S 0 2 C H 3 - T F M S derivatives as they do i n the 
F o x t a i l surfactant case (see T a b l e X V ) . A l t h o u g h m e t h y l t h i o - T F M S 
derivatives might possibly be protected f rom in vivo ox idat ion b y T w e e n 
80 absorbed b y the W i l d M u s t a r d seeds (mice l le f o rmat ion ) , a process 
of this type w o u l d not be observable experimental ly since slower rate-
determin ing par t i t i on ing events contro l the overal l h e r b i c i d a l act iv i ty as 
prev ious ly explained. 

T h u s , i t seems that the anomalous m e t h y l t h i o - T F M S h e r b i c i d a l ac
t i v i t y we have observed i n our structure—activity studies on grass and 
broadleaf weeds is attr ibutable to in vivo conversion of the - S C H 3 side 
c h a i n to more h i g h l y ox id ized forms ( - S O C H 3 , - S 0 2 C H 3 ) . A l te rnat ive ly , 
m e t h y l t h i o - T F M S derivatives may funct ion herb i c ida l l y via a complete ly 
different mode of act ion than the other T F M S derivatives examined. I n 
l ight of the arguments presented, however , this seems to be a m u c h less 
l ike ly poss ib i l i ty than the in vivo ox idat ion proposal . 

σ" V A L U E S . H a m m e t t (12) a n d Jaffe (13) have recommended the 
use of special σ" values (sometimes denoted a p a r a ) for certain strongly 
electron-attracting groups ( l ike 4 - S 0 2 C H 3 ) attached at the para pos i t ion 
of a benzene r i n g conta in ing a strongly e lectron-donating parent group 
l ike - N H 2 or - O H . T h e use of σ" ( instead of regular σ ) values for these 
specific para-substituents i n ani l ine a n d pheno l is thus usual ly advised, 
[σ" values have been tabulated a n d are avai lable (13) . ] Since the parent 
T F M S c o m p o u n d ( I ) is a special ly substituted ani l ine , i t was not clear 
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whether σ" or regular H a m m e t t σ values should be used i n the H a n s c h 
correlations of our study. Since the strongly electron-attracting tri f luoro-
methanesul fonyl group was attached d irec t ly to the ani l ine amino group 
( - N H - S O 2 C F 3 ) of our parent c ompound , w e suspected that the ab i l i ty 
of the ni trogen to donate its lone-pair electrons to the aromatic system 
w o u l d be severely i m p a i r e d ( i n w h i c h case the σ' values w o u l d not 
a p p l y ) . A c c o r d i n g l y , a l l the correlations undertaken i n this study were 
carr ied out us ing bo th σ a n d the special σ' values (where a p p l i c a b l e ) . 
F o r the series of T F M S compounds evaluated i n our work , only the 
4-SO2CH3-, 4 F - , a n d 4 - O C H 3 - T F M S derivatives a n d the correlations 
i n w h i c h they were invo lved were appl i cable . A l t h o u g h the results are 
not tabulated here, i n every case better fits (as judged b y the statist ical 
parameters r, r 2 , SE, a n d F ) were obta ined w h e n the n o r m a l H a m m e t t σ 
(rather than σ") was used to correlate the data. H e n c e , the n o r m a l H a m 
mett σ constants i n T a b l e I V were used to correlate a l l the data discussed 
here. T h e fact that the T F M S h e r b i c i d a l data are better correlated b y 
σ than σ" reflects the strong electron-attracting power of the - S 0 2 C F 3 

group, w h i c h , on the basis of our analysis, appears to inh ib i t the donat ion 
of the nitrogen lone-pair electrons to the aromatic system, as i n i t i a l l y 
suspected. T h e — S 0 2 C F 3 group is, of course, also responsible for the 
ac id i ty ( p K a = 4.45) of the parent T F M S c o m p o u n d a n d its derivatives. 
T h e source of the act iv i ty differences between the 3- a n d 4-substituted 
T F M S herbic ides m a y l ie i n the direct resonance effects w h i c h 4-sub-
stituents have on the ac id i ty of the parent - N H S 0 2 C F 3 grouping . M e t a 
substituents w o u l d be expected to exert a lesser induct ive effect on the 
ac id i ty of the parent side chain . If this were the case, inc lus ion of a t e rm 
i n v o l v i n g the p K a of each T F M S c o m p o u n d i n the H a n s c h equat ion might 
help account for act iv i ty differences between the meta a n d para series. 

C O R R E L A T I O N S U S I N G L D 5 0 V A L U E S . A l l computer correlations d is 
cussed here were carr ied out us ing h e r b i c i d a l ac t iv i ty data expressed as 
L D 9 0 values. F r o m the L o g - P r o b i t plots of our act iv i ty data (see Results ) 
we were also able to determine L D 5 0 values for a l l T F M S derivatives 
under a l l exper imental condit ions examined. F o r comparat ive purposes, 
a l l computer correlations discussed here in for L D 9 0 values were also 
undertaken us ing ac t iv i ty data expressed i n terms of L D 5 0 values. E x c e p t 
for obvious variations i n the π a n d σ parameter coefficients i n the H a n s c h 
equat ion necessary to account for the fact that the L D 5 0 values for a l l 
derivatives w i l l be less than their corresponding L D 9 0 values, the same 
overal l conclusions were pred ic ted whether L D 5 0 or L D 9 0 values were 
used i n carry ing out the s t ruc ture -ac t iv i ty correlations. F o r example, 
separation of T F M S derivatives into meta a n d para series, anomalous 
m e t h y l t h i o - T F M S behavior , Η-substituted parent c ompound placement 
w i t h the p a r a - T F M S derivatives, π 0 values, etc., were a l l equal ly w e l l 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

01
2

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



246 B I O L O G I C A L C O R R E L A T I O N S T H E H A N S C H A P P R O A C H 

pred ic ted us ing L D 5 0 values instead of L D 9 0 values i n fitting the H a n s c h 
correlat ion equation. T h i s good, expected agreement between conclusions 
a n d predict ions us ing L D 5 0 or L D 9 0 expressions of h e r b i c i d a l act iv i ty 
substantiates the v a l i d i t y of our results. 

E F F E C T O F T W E E N 80 O N T H E R E L A T I V E H E R B I C I D A L P O T E N C Y O F 
T F M S C O M P O U N D S . F i g u r e 6 i l lustrates the effect of T w e e n 80 on the π 
values of meta - a n d p a r a - T F M S series members. A l l ττ values are refer
enced against the parent c o m p o u n d i n the absence of surfactant (cf. 
T a b l e V I ) . T h e scale at the top of F i g u r e 6 lists π values i n order of 
increasing l i p o p h i l i c i t y for the para substituents. A corresponding scale 
for meta substituents is at the bottom of the figure. T h e h y d r o p h i l i c end 
of each scale is at the left on both scales, a n d the hydrophob i c or l ipo 
p h i l i c end is at the r ight . T h e top port ion of each scale corresponds to π 
values measured i n the absence of surfactant w h i l e the lower port ion of 
each scale corresponds to π values determined i n the presence of 0 . 1 % 
T w e e n 80. Several points i n F i g u r e 6 are w o r t h no t ing : 

(1 ) I n the absence of T w e e n 80 both the p a r a - a n d m e t a - T F M S π 
values are evenly d i s t r ibuted a long the uppermost π axes. W h e n T w e e n 
80 is added , the π scales for both the para a n d meta derivatives are 
severely compressed, as shown i n the lower port ion of each scale. 

(2 ) F o r bo th meta a n d para derivatives, a l l π values are shifted to 
more negative values w h e n surfactant is added , ind i ca t ing that the der iva 
tives become more water soluble. 

(3 ) O n both the para a n d meta scales, the π values of the l i p o p h i l i c 
substituents l ike - C F 3 are shifted m u c h more drast ical ly b y surfactant 
add i t i on than are the π values of the h y d r o p h i l i c substituents l ike 
-SO0CH3. 

(4) T h e p a r a - T F M S π values are more compressed b y surfactant 
add i t i on than are the m e t a - T F M S π values. 

O f considerable interest also is the effect that surfactant has on the 
pos i t ion of the various -π o p t i m a for the F o x t a i l a n d W i l d M u s t a r d act iv i ty 
surfaces (see F igures 2 a n d 3 ) . T a b l e X I shows that π0 for the para -
T F M S derivatives act ing on F o x t a i l i n the absence of surfactant is π 0 = 
+0 .16, w h i l e i n the presence of T w e e n 80 i t is shifted to ττ0' = —0.77. 
Re ferr ing n o w to F i g u r e 6, note that the π0 value for the para substituents 
i n the non-surfactant case falls between the π values for the 4-F- a n d 
4-OCH3—TFMS substituents. I n the presence of surfactant, the π o p t i m u m 
is shifted t o w a r d more h y d r o p h i l i c substituents a n d is now located be
tween the ττ values of the 4 - O C H 3 - a n d 4 - S O o C H 3 - substituents. 

S i m i l a r l y , for W i l d M u s t a r d the π o p t i m u m from T a b l e X I for the 
p a r a - T F M S derivatives i n the absence of T w e e n 80 is ττ0 = +0 .36 w h i l e 
i n its presence the value is shifted to —0.59. Re ferr ing again to F i g u r e 6, 
note that the ττ o p t i m u m is located between the 4 - C H 3 - a n d 4 - F - T F M S 
derivatives i n the absence of surfactant. I n the presence of T w e e n 80 
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Figure 6. π values for para- and meta-TFMS herbicides obtained 
in the absence (π) and presence (π') of 0.1% Tween 80 (see Table 
VI for the definition of π and π'). π 0 values are optimum π values 
corresponding to those shown in the activity surfaces of Figures 2 

and 3 and in Table XI. 
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the 7Γ o p t i m u m is again shifted h y d r o p h i l i c a l l y a n d n o w lies between the 
ττ values of the 4 - F - a n d 4 - O C H 3 - T F M S series members. 

T h e m e t a - T F M S derivatives act ing on F o x t a i l a n d W i l d M u s t a r d 
exhib i t s imi lar h y d r o p h i l i c shifts of π opt ima ( F i g u r e 6 ) . F o r the meta 
derivatives act ing on F o x t a i l , these shifts are less important on act iv i ty 
because of the smaller ττ dependence of the meta substituents re lat ive to 
the para derivatives i n the presence a n d absence of surfactant (see F i g 
ure 2 ) . F o r W i l d M u s t a r d , however , the h y d r o p h i l i c shifts i n meta 
substituent ττ values are quite significant because of the large influence 
of T w e e n 80 on m e t a - T F M S par t i t i on ing characteristics (see F i g u r e 3 d ) . 

T h e impl icat ions of these observations i n h e r b i c i d a l screening tests 
are important . A smal l amount of surfactant added to a h e r b i c i d a l f o rmu
lat ion to improve penetrat ion of the herb ic ide into p lant cells might do 
just that—i .e. , enhance the herb i c ida l act iv i ty . A s the plots of F igures 
2 a n d 3 show, however , it is also possible that h e r b i c i d a l act iv i ty w i l l 
be inh ib i t ed . T h e add i t i on of surfactant i n even smal l amounts c ou ld 
shift the o p t i m u m of act iv i ty i n a g iven herb i c ida l f a m i l y of compounds 
so that a potent c o m p o u n d i n the absence of surfactant becomes ineffec
t ive i n its ac t iv i ty towards a part i cu lar grass or broadleaf i n the presence 
of surfactant. If a surfactant is rout inely used to prepare a l l h e r b i c i d a l 
formulations i n screening tests (i.e., evaluations carr ied out at a single 
re lat ive ly h i g h constant app l i cat ion dosage—e.g., 20 l b / a c r e ) , a re lat ively 
potent c o m p o u n d ( i n the absence of surfactant) might be classified as 
an inact ive herb ic ide ( i n the presence of surfactant ) a n d e l iminated f rom 
further testing. O f course, the opposite effect is also possible—i .e. , a 
re lat ive ly poor herb ic ide i n the absence of surfactant cou ld become a 
potent one i n its presence. 

Proper comparison of the act iv i ty surfaces i n F igures 2 a n d 3 for 
the m e t a - T F M S derivatives act ing on F o x t a i l a n d W i l d M u s t a r d i n the 
presence a n d absence of surfactant provides clues as to how a surfactant 
l ike T w e e n 80 can be used to improve their grass a n d broadleaf selec
t iv i ty . F o r example, w h e n surfactant is added to m e t a - T F M S f o rmula 
tions app l i ed to F o x t a i l Grass, the r ight , l i p o p h i l i c por t ion of the act iv i ty 
surface is bent d o w n , a n d the grass act iv i ty of the more hydrophob i c 
meta derivatives is strongly depressed ( cf. F igures 2b a n d 2d ). I f T w e e n 
80 is added to m e t a - T F M S formulations app l i ed to W i l d M u s t a r d , h o w 
ever, the broadleaf act iv i ty of the more hydrophob i c meta derivatives is 
greatly enhanced ( cf. F igures 3b a n d 3d ). F r o m a selectivity standpoint, 
add i t i on of surfactant thus can improve the pre-emergence act iv i ty of 
hydrophob i c series members against broadleaf weeds l ike W i l d M u s t a r d 
(see F i g u r e 3d ) w h i l e s imultaneously depressing grass act iv i ty (see F i g 
ure 2 d ) . A t the other extreme of the π scale, surfactant add i t i on w i l l 
enhance the grass act iv i ty of h y d r o p h i l i c series members a n d depress 
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broadleaf act iv i ty , especial ly i f a der ivat ive w i t h a large, posit ive σ con
stant is chosen (e.g., 3 - S 0 2 C H 3 - T F M S ) . 

Since our analysis has demonstrated that surfactant add i t i on to h e r b i 
c i d a l formulations can produce a variety of a c t i v i ty - inh ib i t ing a n d ac
t iv i ty -enhanc ing effects, it is prudent to avo id the indiscr iminate use of 
surfactants as penetrant aids a n d formulat ing agents i n h e r b i c i d a l screen
i n g tests. H e r b i c i d a l evaluations i n the presence a n d absence of surfactant 
coup led w i t h regression analyses of the type discussed here should prov ide 
valuable clues as to the most advantageous use of surfactants i n enhanc ing 
h e r b i c i d a l act iv i ty a n d i n p r o v i d i n g better control of grass a n d broadleaf 
selectivity. 

Summary 

H a n s c h analyses via computer regression techniques were used to 
correlate the grass a n d broadleaf pre-emergence ac t iv i ty of a series of 15 
meta- a n d para-substituted tri f luoromethanesulfonanil ides ( T F M S ) w i t h 
structural changes i n the parent molecule . T h e h e r b i c i d a l act iv i ty of the 
3-substituted series members differs f rom that of the 4-substituted der iva 
tives. E a c h series satisfies a different f o rm of the H a n s c h equat ion i n its 
act ion on a part i cu lar w e e d type. T h e final correlat ion equations for 
C h e a t Grass, F o x t a i l , a n d W i l d M u s t a r d differ. Subtle differences i n the 
act iv i ty of the T F M S compounds against the two grass species F o x t a i l 
a n d C h e a t Grass were c lari f ied b y using H a n s c h stepwise regression 
analyses. 

H a n s c h analyses have shown that the surfactant T w e e n 80, w h e n 
used i n h e r b i c i d a l formulations of T F M S derivatives at the 0 . 1 % ( w / v ) 
concentration level , can produce one or more of the f o l l o w i n g effects i n 
pre-emergence h e r b i c i d a l tests, depending on the w e e d type a n d / o r 
T F M S derivat ive under evaluat ion : (a ) no effect, ( b ) enhancement of 
h e r b i c i d a l act iv i ty , ( c ) i n h i b i t i o n of herb i c ida l act iv i ty , or ( d ) shi f t ing 
of o p t i m u m h e r b i c i d a l ac t iv i ty f rom one T F M S derivat ive to another 
w i t h i n each series. M a t h e m a t i c a l equations re lat ing structure to act iv i ty 
have been der ived for the T F M S compounds both for the surfactant 
present a n d surfactant absent cases. 

Par t i t i on ing (π) effects are i n general m u c h more significant i n con
t ro l l ing the h e r b i c i d a l act iv i ty of 4-substituted T F M S compounds than 
they are for 3-substituted derivatives, especial ly i n the absence of sur
factant. 

I n general , substituents character ized b y large, posit ive H a m m e t t σ 
constants (electron-attracting substituents) exhibit enhanced pre-emer
gence h e r b i c i d a l act iv i ty on a l l w e e d types tested ( F o x t a i l , Cheat Grass , 
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W i l d M u s t a r d ) relative to T F M S substituents character ized b y smal l or 
negative σ constants. 

M e t h y l t h i o - T F M S derivatives ( 3 - S C H 3 - T F M S , 4 - S C H 3 - T F M S ) ex
h i b i t anomalous behavior a n d m a y be ox id ized in vivo to methylsul f iny l 
( - S O C H 3 ) or methy lsu l fony l ( - S 0 2 C H 3 ) before react ing at the receptor 
site w i t h i n the p lant or seed. A l ternat ive ly , they m a y funct ion b y a mode 
of act ion different f rom the other T F M S pre-emergence herbic ides tested. 
T h e parent T F M S ( H-subst i tuted ) appears to funct ion as a 4-substituted 
series member rather than as a 3-substituted derivative. T h e predict ive 
capabi l i t ies of the der ived H a n s c h relationships were demonstrated for 
several specific cases. 

Three -d imens iona l perspective plots w h i c h show the relationships 
between ττ, σ, a n d l o g ( l J L D 9 0 ) were prepared for a l l w e e d types exam
ined . H e r b i c i d a l act iv i ty differences i n d u c e d b y surfactant add i t i on to 
T F M S formulations are demonstrated b y these plots. 
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1 3 

The Effect of a Penetrant Aid on Pre
-Emergence Herbicidal Activity of 
Trifluoromethanesulfonanilides 

WADE VAN VALKENBURG and ANTHONY F. YAPEL, JR. 

3M Company, St. Paul Minnesota 55133 

Meta and para monosubstituted trifluoromethanesulfonani
lides were tested for pre-emergence herbicidal activity 
against Foxtail and Wild Mustard. Activity was determined 
in the presence and absence of 0.1% by weight of a sur
factant penetrant aid (Tween 80). The surfactant enhanced 
biological activity in some series members and reduced it 
in others. The change in biological activity caused by the 
surfactant was related primarily to the change in octanol/ 
water partition coefficient induced by the surfactant. For 
para-substituted series members this change in partition 
coefficient was strongly correlated with variations in the 
Hammett sigma constant. 

O u r f ace-active agents (also k n o w n as surfactants, wet t ing agents, a d -
^ juvants, a n d spreader-stickers ) are capable of m o d i f y i n g the observed 
b io log ica l ac t iv i ty of a herbic ide . Jansen et al. ( I ) tested the fol iar 
act iv i ty of three herbic ides i n combinat ion w i t h 63 different surfactants. 
Some of these surfactants enhanced b io log i ca l act iv i ty w h i l e others 
decreased it . 

Becher a n d Becher (2) measured the spreading pressure, π, of a 
series of surfactants on plant a n d synthetic surfaces. T h e surfactants 
were character ized b y H L B (hydroph i l e - l ipoph i l e balance) values (3 ) 
s imi lar to those of Jansen's adjuvants. T h e relat ionship between the 
spreading pressure a n d the contact angle can be expressed as π = JL cos 
0, where yL is the surface tension of the l i q u i d a n d θ is the contact angle 
between the l i q u i d a n d a so l id surface. Becher a n d Becher demonstrated 
that surfactants i n their series w h i c h exhib i ted m a x i m u m spreading pres-
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13. V A N V A L K E N B U R G A N D Y A P E L , J R - Herbicidal Activity 253 

sure corresponded qui te closely to those of Jansens adjuvants of s imi lar 
H L B w h i c h op t imized h e r b i c i d a l act iv i ty . Indeed, plots of either spread
i n g pressure or Jansen's act iv i ty index vs. H L B y ie lded curves of s imi lar 
shape. 

F o y a n d S m i t h ( 4 ) recently rev iewed the role of surfactants i n m o d i 
f y i n g the act iv i ty of h e r b i c i d a l sprays (66 references) . These authors 
studied the adjuvant effects of a surfactant based o n n o n y l pheno l w i t h 
v a r y i n g amounts of ethylene oxide appended. A c t i v i t y was enhanced 
at an o p t i m u m ethylene oxide cha in length. T h i s is another w a y of stating 
that there is an o p t i m u m surfactant H L B for enhanc ing h e r b i c i d a l ac
t iv i ty on a g iven species of weed . 

T h e hydroph i l e - l ipoph i l e balance is re lated to the so lubi l i ty of a 
surfactant. A t h i g h H L B the surfactant is very water soluble w h i l e at 
l ow H L B the surfactant is very l i p i d soluble. Because H L B is so lub i l i ty 
related, it is i n t u r n related to the part i t i on coefficient (or ratio of the 
so lubi l i ty of the surfactant i n a l i p i d phase to its so lubi l i ty i n an aqueous 
phase ). A h i g h H L B value suggests a l o w o i l / w a t e r par t i t i on coefficient, 
a n d conversely a l ow H L B shows a h i g h part i t i on coefficient. H e n c e , 
an o p t i m u m surfactant H L B for enhanc ing b io log i ca l act iv i ty also impl ies 
an o p t i m u m part i t i on coefficient for act iv i ty enhancement. 

H a n s c h a n d F u j i t a (5) have proposed a m o d e l for b io log i ca l ac t iv i ty 
w h i c h m a y be expressed b y the f o l l owing equat ion : 

log ^ = ar} + br, + p j + rf (1) 

where ~ = log P - l o g P° 

Ρ = oc tanol /water par t i t i on coefficient of a biologically 
active compound 

P° = part i t i on coefficient of a reference compound 

j = H a m m e t t sigma constant 

C = a concentration to y ie ld a given biological effect, 
often expressed as L D 5 0 or L D 9 0 

a, b, p, and rf are fitting parameters. 

T h e H a n s c h equat ion mathemat ica l ly describes two events con
t ro l l ing the b io log ica l act iv i ty of a compound. T h e first involves ce l l or 
membrane penetrat ion ( inf luenced by the part i t i on coefficient) , a n d the 
second involves interact ion of the active molecule at a receptor site 
(modi f ied b y variations i n the H a m m e t t s igma constant) . 

C o n c e r n i n g E q u a t i o n 1, the p r i n c i p a l effect of a d d i n g a wet t ing 
agent to a h e r b i c i d a l solution is to change the part i t i on coefficient of the 
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254 B I O L O G I C A L C O R R E L A T I O N S T H E H A N S C H A P P R O A C H 

herb i c ide f rom F to Ρ'. T h u s the b io log i ca l act iv i ty of a h e r b i c i d a l so lu
t i on conta in ing a surfactant m a y be represented as 

los (ΤΎΓ) = Α' ^ p , - l Q g p°)2 + h' p , - l o s p°) ( 2 ) 

\ L D 9 0 / + p' Œ + d! 

F o r this system the par t i t i on coefficient of the parent c o m p o u n d i n 
the absence of surfactant is chosen as the reference state. H e r b i c i d a l 
act iv i ty is expressed as L D 9 0 ( or the concentrat ion i n m o l e s / a c r e neces
sary to contro l 9 0 % of the species) . 

I f E q u a t i o n 2 is subtracted f rom E q u a t i o n 1, a complex equat ion 
w i t h m a n y nonfactorable terms results. F o r s impl i f i cat ion, let us assume 
that the phenomenologica l f o rm of Equat i ons 1 a n d 2 can be used em
p i r i c a l l y to characterize the change i n L D 9 0 result ing f rom the add i t i on 
of a surfactant to a h e r b i c i d a l system. T h i s e m p i r i c a l re lat ionship can 
be expressed as 

log ( ^ ) = A (log Ρ - log Ργ + Β (log Ρ - log Ρ') + C., + D 

If we let χ = (log Ρ—log Ρ') the above equation becomes 

log = A\ + BX + C a + D (3) 

E q u a t i o n 3 thus represents the change i n b io log i ca l ac t iv i ty of a 
g iven c o m p o u n d caused b y the presence of a surface-active agent. If 
the r ight side of the equat ion is negative, act iv i ty is enhanced. I f i t is 
posit ive, act iv i ty is reduced . 

Materials and Methods 

T h e details of the exper imental procedure have been g iven i n the 
preceding chapter (6 ) and are only summar ized here. 

Test Plants. Seeds of the grass G i a n t F o x t a i l (Setaria sp.) a n d the 
broadleaf W i l d M u s t a r d (Brassica kaber) were p lanted i n a m i x e d soi l 
(7 ) a n d bottom-watered u n t i l emergence occurred. T o p water ing was 
then used for the rest of the test. 

Pre-Emergence Studies. Pre-emergence h e r b i c i d a l evaluations of the 
15 tr i f luoromethanesulfonani l ide ( T F M S ) derivatives l is ted i n T a b l e I 
were conducted i n an art i f ic ia l ly i l l u m i n a t e d greenhouse. E a c h of the 
candidate compounds was a p p l i e d to appropr iate ly seeded so i l samples 
as an aqueous drench at three or four dosage levels rang ing f r om 1.25 
to 20 l b / a c r e . A l l drenches contained 1% acetone ( w / v ) to a i d disper
sion of the herb ic ide i n water . Emergence a n d p lant v igor were measured 
after a 21-day growing per iod . H e r b i c i d a l dosages were converted to a 
m o l e / a c r e concentration designation for purposes of H a n s c h correlation. 
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13. V A N V A L K E N B U R G A N D Y A P E L , J R . HerblCtdal Activity 255 

L D 5 o a n d LD90 values were obta ined for each herb ic ide f rom log -
prob i t plots constructed f rom appropriate dose-response data. A s dis 
cussed i n the previous chapter ( 6 ) , bo th L D 5 0 a n d LD90 values for 
members of the T F M S h e r b i c i d a l series were separately correlated w i t h 
ττ a n d σ us ing the H a n s c h equat ion a n d its various modif ications presented 
i n this work . E x c e p t for obvious variations i n the π a n d σ parameter 
coefficients necessary to account for the fact that the L D 5 0 values for 
a l l derivatives are less than their corresponding L D 9 0 values, the same 
over -a l l conclusions were pred i c ted whether L D 5 0 or L D 9 0 values were 
used i n carry ing out the various structure—activity correlations. Because 
the L D 9 0 v a l u e is a more mean ing fu l designation of act iv i ty than the L D 5 0 

value i n herb i c ida l studies, w e report a l l correlat ion results a n d conc lu 
sions i n terms of L D 9 0 . 

Surfactant. Polyoxyethylene (20) sorbitan monooleate (also k n o w n 
as T w e e n 80, A t - P l u s 109, or Polysorbate 80) was obta ined f rom At las 
C h e m i c a l Industries a n d used as received. It was used at the 0 . 1 % ( w / v ) 
concentrat ion leve l i n a l l h e r b i c i d a l act iv i ty evaluations a n d par t i t i on ing 
studies r e q u i r i n g the use of surfactant. 

Partition Coefficient. Par t i t i on coefficients of the T F M S herbic ides 
i n bo th the presence a n d absence of surfactant were determined between 
1-octanol a n d p H 1.0 water (made ac id b y add i t i on of H C I O 4 ) b y u l t r a 
violet spectroscopy. T h e absorpt ion spectrum of T w e e n 80 d i d not 
interfere w i t h the spectra of the sulfonanil ides ( 6 ) . 

Hammett Sigma Constant. H a m m e t t s igma constants, w h i c h are a 
measure of the electron-donating a n d w i t h d r a w i n g capab i l i ty of aromatic 
substituents, were taken f rom tabulations of Jaffe (8). 

Results 

S t r u c t u r e - a c t i v i t y correlations were carr ied out us ing least-squares 
regression analysis techniques on an I B M 360 computer . A s i n the 
accompany ing pub l i ca t i on ( 6 ) , the data i n Tables I a n d I I were fitted 
to E q u a t i o n 3 i n stepwise fashion. Standard statistical tests were carr ied 
out at each stage of fitting to determine the over -a l l goodness of fit of 
the χ a n d σ data to the various equat ional forms examined. A s i n our 
previous study ( β ) , the most statist ical ly significant correlations were 
always obta ined w h e n act iv i ty data for meta-substituted a n d para-sub
st ituted T F M S herbic ides were d i v i d e d into two discrete series a n d fitted 
separately. 

Correlation between σ and χ. P r e l i m i n a r y plots of the h e r b i c i d a l par 
t i t i on ing data obta ined i n the presence a n d absence of T w e e n 80 i n d i 
cated that the surfactant- induced change i n par t i t i on coefficient ( χ ) a n d 
the H a m m e t t s igma constant (σ—see T a b l e I ) were not independent 
variables. A par t i cu lar ly strong re lat ionship existed, for example, between 
the apara values character iz ing the 4-substituted T F M S compounds a n d 
χ. E m p i r i c a l l y corre lat ing σ w i t h bo th first- a n d second-order terms i n χ 
us ing stepwise regression methods y i e lded the f o l l owing equations for 
the meta - a n d para-subst i tuted series members. 
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Only para-substituted TFMS series members (n = 7): 

*Para = 0.062 χ 2 + 0.087 (4a) 
( ± 0 . 1 9 6 ) 

r = 0.140 

r 2 = 0.020 

SE = ± 0 . 4 0 2 

F = 0.10 

spam = 1.661 χ 2 - 3.024 χ + 1.228 (4b) 
( ± 0 . 2 7 3 ) ( ± 0 . 5 0 0 ) 

r = 0.950 

r 2 = 0.903 

SE = ± 0 . 1 4 1 

F = 18.68 

Only meta-substituted TFMS series members (η = 6): 

vmeta = 0.063 χ 2 + 0.282 (5a) 
( ± 0 . 1 7 2 ) 

r = 0.179 

r 2 = 0.032 

SE = ± 0 . 2 4 6 

F = 0.13 

vmeta = 1.175 χ 2 - 1.753 χ + 0.734 (5b) 
( ± 0 . 7 7 5 ) ( ±1 .197 ) 

r = 0.660 

r 2 = 0.436 

= ± 0 . 2 1 7 

F = 1.16 

I n Equat i ons 4 a n d 5, r is the m u l t i p l e correlat ion coefficient, r 2 is 
the "percent correlat ion," SE is the standard error of the equat ion (i.e., 
the error i n the ca lculated σ values ) , a n d F is the ratio of the m e a n sum of 
error squares removed b y regression to the mean sum of squares of the 
error residuals not removed b y regression. T h e F-values were rout ine ly 
used i n statistical tests to determine the goodness of fit of the above a n d 
f o l l owing equations. T h e numbers i n parentheses beneath the fit p a r a m 
eters i n each equat ion denote the standard error i n the respective p a -
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rameters. T h e y can also be used to judge the goodness of fit of a part i cu lar 
equat ion to the exper imental data. 

Re ferr ing to E q u a t i o n 4b, it is evident that there is a statistically 
significant parabol ic re lat ionship between σραΤα a n d χ for the 4-substituted 
T F M S derivatives. B o t h χ 2 a n d χ terms are necessary i n the o p t i m u m 
correlation equation, as evidenced b y the fact that the percent correla
t ion ( r 2 ) jumps f rom 2 % i n E q u a t i o n 4a to 9 0 % i n E q u a t i o n 4b u p o n 
stepwise add i t i on of the l inear term i n χ. N o simple l inear correlat ion 
between apara a n d χ was found. F i t s of the form σ ρ α Γ α == ο,χ + b, for ex
ample , were even less statistically significant than the poor ly correlated 
single-term quadrat i c relat ionship of E q u a t i o n 4a. 

A s was true for σ ρ α Γ α , no statistically significant l inear re lat ionship 
between ameta a n d χ was found. Quadrat i c relationships for ameta s imi lar 
i n f o rm to the relationships of Equat ions 4a a n d 4b are presented i n 
Equat ions 5a a n d 5b for the meta-substituted T F M S derivatives. B o t h 
χ 2 a n d χ terms are again necessary for o p t i m u m correlat ion a l though the 
final correlat ion relat ionship i n E q u a t i o n 5b for ameta is not near ly as 
statistically significant ( r 2 = 0.44) as the final re lat ionship for 
E q u a t i o n 4b ( r 2 = 0.90). 

A l t h o u g h Equat i ons 4b a n d 5b are difficult to interpret i n a mecha
nistic sense, they do suggest that the change i n part i t ion coefficient (χ = 
log ? — log P ' ) to be expected u p o n add i t i on of 0 . 1 % T w e e n 80 to a 
herb i c ida l T F M S formulat ion w i l l be influenced at least to some extent 
b y three factors: 

(1 ) T h e nature of the substituent ( X ) i n the T F M S aromatic r i n g 
( 2 ) T h e posit ion of substitution ( meta or para ) i n the aromatic r i n g 
(3 ) T h e electronegativity of the substituent (as reflected b y the 

value of its H a m m e t t s igma constant) . 
W i t h respect to the above, it is not u n l i k e l y that the o c tano l /water 

par t i t i on ing behavior of a l l T F M S series members is inf luenced b y the 
effects that the meta a n d para r i n g substituents exert on the ac id ic ( pKa 

= 4.45) parent - N H S 0 2 C F 3 s ide chain . Because of the d irect resonance 
effects that they exert on the - N H S 0 2 C F 3 side cha in , e lec tron-withdraw
i n g (posit ive σ ) or electron-donating (negative σ ) groups substituted 
i n the para r i n g posit ion of the T F M S parent compound , for example, 
might be expected to influence m u c h more strongly the ac id i ty ( a n d 
hence the par t i t i on ing behavior ) of the resul t ing T F M S der ivat ive than 
w o u l d be the case for s imi lar ly substituted meta derivatives (where only 
induct ive or field effects are poss ib le ) . Fur thermore , the significant cor
re lat ion between σραΤα> χ 2 , a n d χ i n E q u a t i o n 4b strongly suggests that 
these resonance effects present i n para-subst i tuted derivatives probab ly 
influence the nature of the interact ion ( mice l le format ion , etc. ) between 
herbic ide a n d surfactant to a m u c h greater degree than i n the case of 
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meta-substituted T F M S derivatives (where the correlat ion between ameta, 
χ 2 , a n d χ is poorer ) . 

A s shown below, T w e e n 80 add i t i on to both meta - a n d para-subst i 
tuted T F M S compounds often affects their h e r b i c i d a l act iv i ty . T h i s 
surfactant- induced change i n act iv i ty (whether leading to ul t imate en
hancement or inh ib i t i on ) i n a l l cases depends signif icantly on the change 
i n part i t i on coefficient ( χ ) of the herbic ide produced b y surfactant a d d i 
t ion. Obv ious ly , the ab i l i ty to predic t χ f rom a s imple knowledge of 
the H a m m e t t σ constant character iz ing a part i cu lar T F M S derivat ive 
(w i thout resorting to t ime-consuming part i t i on ing measurements) w o u l d 
i n many cases prove advantageous. I n this connection, the statistically 
significant E q u a t i o n 4b can be rearranged and solved for χ us ing the 
quadrat i c equat ion to obta in the f o l l ow ing expression. 

χΡανα = 3.024 ± Λ / 9 . 1 4 5 - 6.644 (1 .228—σ ρ α Γ α ) 
3.322 

(6) 
= 3.024 ± V b . 9 8 6 + 6.644 σρατα 

3.322 

E q u a t i o n 6 is very useful for est imating changes i n the part i t i on coeffi
c ient as w e l l as changes i n the h e r b i c i d a l act iv i ty of para-substituted 
T F M S compounds (see below) p roduced w h e n 0 . 1 % T w e e n 80 is added 
to the h e r b i c i d a l formulations. A n expression analogous to E q u a t i o n 6 
can be der ived f rom E q u a t i o n 5b for meta-substituted T F M S series m e m 
bers a l though the predict ive u t i l i t y of this latter equat ion w i l l obviously 
be l i m i t e d by the lesser degree of correlat ion between ameta> χ 2 , a n d χ. 

Herbicidal Activity Correlations. Tables I a n d I I give pre-emerg
ence h e r b i c i d a l act iv i ty a n d part i t i on coefficient data gathered i n the 
presence of 0 . 1 % T w e e n 80 for the 15 T F M S c o m p o u n d evaluated i n 
this study. F o r reasons discussed previously ( 6 ) , i n the correlations 
w h i c h fo l low, the H a m m e t t s igma constant was assumed to be re lat ively 
unaffected b y the presence of the surfactant, so that the σ-values l isted 
i n Tables I a n d I I c ou ld be used to correlate data obtained bo th i n the 
presence a n d absence of surfactant. Pert inent h e r b i c i d a l act iv i ty data 
for the T F M S compounds act ing on F o x t a i l grass are presented i n T a b l e I. 
S imi la r data for the same compounds act ing on the broadleaf W i l d 
M u s t a r d are tabulated i n T a b l e I I . 

F o r reasons out l ined i n the previous chapter (6), T F M S compounds 
were separated into meta- a n d para-subst ituted series members, a n d 
s t ruc ture -ac t iv i ty data for each group ing were correlated separately. 
Since our previous analysis (6) ind i ca ted that the 3 - S C H 3 - T F M S a n d 
4 - S C H 3 - T F M S derivatives were probab ly ox id ized in vivo to correspond
i n g sulfoxide a n d / o r sulfone derivatives, data points for these series 
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13. V A N V A L K E N B U R G A N D Y A P E L , J R . Herbicidal Activity 259 

Table I . Pre-Emergence Control of Foxtail 
by Trifluoromethanesulfonanilides 

N H S 0 2 C F 3 

0.1% No 0.1% 
X = a 

- m Substituent, No 0.1% LogV- σ - m Χ Surfactant Tween 80 Log P ' - m 

4 C F 3 9.70 10.6 1.57 +0.551 +0.039 
4 C l 6.40 8.15 1.36 +0.227 +0.105 
4 S C H 3

 6 5.10 5.10 1.04 - 0 . 0 4 7 0.000 
4 C H 3 82.0 40.0 1.10 - 0 . 1 7 0 - 0 . 3 1 2 
4 F 8.0 10.1 0.75 +0.062 +0.101 
4 O C H 3 58.5 23.0 0.70 - 0 . 2 6 8 - 0 . 4 0 5 
4 S 0 2 C H 3 2.42 2.64 0.19 +0 .728 +0.038 
3 C F 3 15.0 21.5 1.30 +0.415 +0.156 
3 C I 7.8 14.4 — +0.373 +0.266 
3 F 8.35 18.2 0.62 +0.337 +0.338 
3 S C H 3 » — 2.06 0.35 +0.144 — 3 C O C H 3 14.6 12.4 0.28 +0.306 - 0 . 0 7 1 
3 O H 128.0 204.0 0.41 - 0 . 0 0 2 +0.202 
3 S 0 2 C H 3 1.5 1.17 0.15 +0.647 - 0 . 1 0 8 
H 6 8.0 12.7 0.45 0.000 +0.201 

a See Ref. 6 for absolute values of log Ρ and log P'. 
b Omitted from correlations; see text and Ref. 6 for details. 

members were again omit ted f rom their respective groupings i n der iv ing 
the final correlat ion equations. C o m p u t e r i z e d regression analysis tech
niques were used i n the usual manner to fit the T F M S s t ruc ture -ac t iv i ty 
data i n the separate meta a n d para groupings to E q u a t i o n 3. D u r i n g 
the fitting procedure , χ 2 , χ, a n d σ terms were added i n stepwise fashion, 
w i t h the order of inc lus ion of these terms determined on the basis of 
statistical F-tests. T h e stepwise equations resul t ing f rom the regression 
analysis are l isted be low for bo th F o x t a i l a n d W i l d M u s t a r d . 

Correlation of Foxtail Activity Data 

4-Substituted TFMS derivatives (n = 6): 

l o g ( ^ 2 _ ) = 0.415σ - 0.151 
\ L D 9 o / ( ± 0 . 1 9 7 ) 

r = 0.726 SE = ± 0 . 1 7 3 

r2 = 0.527 F = 4.46 
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Table II. Pre-Emergence Control of Wild Mustard 
by Trifluoromethanesulfonanilides 

N H S 0 2 C F 3 

Substituent, 
X 

No 
Surfactant 

0.1% 
Tween 80 

7. = a 

Log P-
Log P' 

log (LDW'\ 
\LDmJ 

4 C F 3 3.35 2.64 1.57 +0.551 - 0 . 1 0 3 
4 CI 1.36 1.35 1.36 +0.227 - 0 . 0 0 3 
4 S C H 3

6 42.0 25.2 1.04 - 0 . 0 4 7 - 0 . 2 2 2 
4 C H 3 18.9 10.5 1.10 - 0 . 1 7 0 - 0 . 2 5 5 
4 F 1.85 2.31 0.75 +0.062 +0.096 
4 O C H 3 35.6 80.5 0.70 - 0 . 2 6 8 +0.354 
4 S 0 2 C H 3 31.6 79.0 0.19 +0.728 +0.398 
3 C F 3 6.15 1.95 1.30 +0.415 - 0 . 4 9 9 
3 CI 5.20 5.20 — +0.373 0.000 
3 F 5.55 4.67 0.62 +0.337 - 0 . 0 7 5 
3 C O C H 3 24.3 33.0 0.28 +0.306 +0.133 
3 O H 46.2 32.9 0.41 - 0 . 0 0 2 - 0 . 1 4 7 
3 S G 2 C H 3 17.4 26.8 0.15 +0.647 +0 .188 
3 S C H 3

 6 9.5 17.2 0.35 +0.144 +0.258 
H b 4.6 6.4 0.45 0.000 +0.143 

a See Ref. 6 for absolute values of log Ρ and log Ρ'. 
b Omitted from correlations; see text and Ref. 6 for details. 

log (LO»A = 0.085 χ + 0.424 σ - 0.232 (7b) 
\ L D 9 o / ( ±0 .173 ) ( ±0 .219 ) 

log / L D 9 0 ' \ = 

\ L D 9 0 / 

( ±0 .173 ) ( 

r = 0.750 

r 2 = 0.562 

SE = ± 0 . 1 9 3 

F = 1.92 

- 2 . 1 2 2 χ 2 + 3.944 χ + 1.542 σ -
( ± 0 . 5 0 6 ) ( ± 0 . 9 2 2 ) ( ± 0 . 2 8 0 ) 

r = 0.977 

r 2 = 0.955 

SE = ± 0 . 0 7 5 

F = 14.26 

χ««χ = +0.929 

1.751 (7e) 
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13. V A N V A L K E N B U R G A N D Y A P E L , J R . Herbicidal Activity 261 

3-Substituted TFMS derivatives (n = 5): 

log ( ^ ) = 0.212 χ -
\ L D 9 o / ( ±0 .207 ) 

r = 0.508 

r2 = 0.258 

SE = ± 0 . 1 8 8 

F = 1.04 

log (LO»A = - 1 . 0 9 8 χ 2 + 1.868 χ - 0.413 (8b) 
\ L D 9 o / ( ± 0 . 2 8 9 ) ( ±0 .444 ) 

r = 0.954 

r2 = 0.910 

SE = ± 0 . 0 8 0 

F = 10.11 

Xmax = +0.851 

log Λ;^9Λ = - 1 . 1 5 8 χ 2 + 1.958 χ +0.054 σ - 0.453 (8c) 
\ L D e o / ( ±0 .536 ) ( ±0 .820 ) ( ±0 .319 ) 

r = 0.955 

r 2 = 0.912 

SE = ± 0 . 1 1 2 

F = 3.47 

Xm« = +0.845 

C o m p a r i s o n of Equat i ons 7a to 7c for the 4-substituted T F M S de
r ivatives act ing on F o x t a i l grass c learly demonstrates that χ 2 , χ, a n d σ 
terms are a l l statistically significant i n the final correlat ion re lat ionship 
of E q u a t i o n 7c. T h e "change- in-act iv i ty" surface represented b y E q u a 
t ion 7c exhibits a m a x i m u m at xm(UD = +0 .93 . T h i s m a x i m u m corresponds 
to a r idge along the parabo l i c log ( L D 9 o ' / L D 9 o ) envelope a n d represents 
the locus of 4-substituted T F M S compounds for w h i c h the add i t i on of 
0 . 1 % T w e e n 80 causes the greatest inh ib i tory effects on h e r b i c i d a l ac
t i v i ty ar is ing only f rom surfactant- induced changes i n the part i t i on co
efficient (i.e., χ ) . Subst i tut ing χΜαχ = +0 .93 into E q u a t i o n 4b one is 
able to estimate that a T F M S der ivat ive conta in ing a para-subst i tuted 
side c h a i n character ized b y a H a m m e t t s igma constant of « —0.15 w o u l d 
l ie on or near the inh ib i t o ry χηιαχ r idge . Re ferr ing back to E q u a t i o n 7c, 
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262 B I O L O G I C A L C O R R E L A T I O N S T H E H A N S C H A P P R O A C H 

however, we note that a l though surfactant- induced changes i n log Ρ 
should be h igh ly unfavorable f rom an act iv i ty standpoint for a T F M S 
der ivat ive conta in ing a para substituent w i t h σρατα = —0.15, the fact that 
the coefficient of σ i n E q u a t i o n 7c is posit ive also impl ies that the over-al l 
ac t iv i ty of the herb ic ide might s t i l l r emain acceptable because of the 
favorable negative contr ibut ion of the σ term to l og (LD90VLD90). 

Simi lar comparison of Equat i ons 8a to 8c for 3-substituted T F M S 
derivatives act ing on F o x t a i l grass reveals that only χ 2 and χ terms are 
statistically significant as shown i n E q u a t i o n 8b. T h i s impl ies that for 
meta-substituted derivatives surfactant- induced changes i n the part i t i on 
coefficient are p r i m a r i l y responsible for changes i n the h e r b i c i d a l act iv i ty 
of the various series members. T h e fact that the H a m m e t t s igma con
stant is poor ly correlated w i t h surfactant- induced changes i n herb i c ida l 
act iv i ty for meta-substituted T F M S derivatives but strongly correlated 
w i t h surfactant- induced act iv i ty variations for para-subst i tuted der iva 
tives w o u l d appear to be predictable f rom the relationships of Equat i ons 
4b a n d 5b. I n E q u a t i o n 5b, for example, it was shown that surfactant-
i n d u c e d changes i n log Ρ for meta series members are not strongly de
pendent on the value of the H a m m e t t s igma constant. Since herb i c ida l 
act iv i ty variations produced b y the add i t i on of T w e e n 80 depend p r i 
m a r i l y on corresponding part i t ion coefficient changes i n the 3-substituted 
T F M S series members, it fo l lows f rom E q u a t i o n 5b that one w o u l d have 
expected l i tt le or no contr ibut ion of the σ term i n E q u a t i o n 3 to the final 
regression relat ionship for m e t a - T F M S compounds. T h e essential absence 
of surfactant effects on σ for 3-substituted T F M S series members act ing 
on F o x t a i l can be readi ly v i sua l i zed by compar ing Figures 2b a n d 2d i n 
the previous chapter ( 6 ) . 

Correlation of Wild Mustard Activity Data 

Proceed ing i n a manner ident i ca l to that out l ined above for F o x t a i l 
grass, the f o l l o w i n g stepwise regression relationships were der ived for 
the broadleaf W i l d M u s t a r d . 

4-Substituted TFMS derivatives (n = 6): 

( ± 0 . 1 5 5 ) 
(9a) 

r 0.795 

0.633 

SE ± 0 . 1 7 4 

F 6.89 
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13. V A N V A L K E N B U R G A N D Y A P E L , J R . Herbicidal Activity 263 

log 0^-) = 0.207 χ 2 - 0 . 7 7 6 χ +0.587 (9b) 
\ L D 9 0 / ( ± o . 3 9 6 ) * ( ±0 .726 ) 

r = 0.814 

r 2 = 0.663 

SE = ± 0 . 1 9 2 

F = 2.95 

log Ι^ζ^Λ = 0.754 χ 2 - 1.773 χ - 0.318 σ + 0.986 (9c) 
\ L D 9 o / ( ±1 .526 ) ( ±2 .784 ) ( ± 0 . 8 4 5 ) 

r = 0.828 

r 2 = 0.685 

SE = ± 0 . 2 2 8 

F = 1.45 

3-Substituted TFMS derivatives (n = 5): 

log ( ^ ) = - 0 . 5 7 2 χ + 0.236 (10a) 
\ L D 9 o / ( ±0 .108 ) 

r = 0.951 

r 2 = 0.903 

SE = ± 0 . 0 9 8 

F = 28.05 

log (^ζ^Λ = - 0 . 5 6 9 χ + 0.280 σ + 0.137 (10b) 
\ L D 9 0 / ( ±0 .084 ) ( ±0 .164 ) 

r = 0.980 

r2 = 0.961 

SE = ± 0 . 0 7 6 

F == 24.48 

log ( i i ^ S L ) = - 0 . 2 5 9 χ 2 - 0.177 χ + 0.382 σ + 0.009 (10c) 
\ L D 9 0 / f ±0 .449 ) ( ±0 .686 ) ( ± 0 . 2 6 7 ) 

r = 0.985 

r2 = 0.971 

SE = ± 0 . 0 9 4 

F = 10.99 
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W h e n Equat i ons 9a to 9c for the 4-substituted T F M S derivatives 
act ing on W i l d M u s t a r d are compared , it is evident o n the basis of the 
F-values for each equat ion that only a single term i n χ is statist ical ly 
significant a n d that E q u a t i o n 9a provides the best mathemat i ca l descr ip
t ion of surfactant effects on h e r b i c i d a l act ivity . Essent ia l ly the same 
conclusion holds true for the regression relationships i n Equat i ons 10a 
to 10c for the 3-substituted T F M S compounds. A g a i n , a single term i n 
χ (see E q u a t i o n 10a) provides a 9 0 % correlat ion of the s t ructure -ac t iv i ty 
data. A t least to a first approx imat ion , therefore, it w o u l d appear that 
for both meta - a n d para-subst i tuted T F M S compounds act ing on the 
broadleaf W i l d M u s t a r d , the observed changes i n herb i c ida l act iv i ty 
caused b y T w e e n 80 add i t i on to h e r b i c i d a l formulations can be explained 
i n terms of the corresponding changes the surfactant induces i n the 
par t i t i on coefficients of the various derivatives. Equat i ons 9a a n d 10a 
both suggest that those T F M S derivatives experiencing the greatest de
crease i n o c tano l /water part i t i on coefficient i n the presence of 0 . 1 % 
T w e e n 80 (χ = [ log Ρ — l og P ' ] large a n d posi t ive) w i l l also exhibit 
the greatest enhancement i n h e r b i c i d a l act iv i ty w h e n surfactant is added . 

Discussion 

Surface-active agents can alter the effectiveness of herbic ides i n 
various ways ( β , 9 ) . B y l i m i t i n g act iv i ty evaluations to pre-emergence 
studies, one can el iminate such dif f icult-to-control variables as bounc ing , 
coverage, evaporation, a n d wett ing . T h e h e r b i c i d a l system examined 
here consisted of a series of meta- a n d para-subst ituted tri f luoromethane
sul fonani l ide ( T F M S ) pre-emergence herbicides whose act iv i ty was 
evaluated i n the presence a n d absence of a constant concentration ( 0 . 1 % 
w / v ) of the nonionic surfactant T w e e n 80. A d m i x t u r e of this penetrant 
a i d w i t h the various members of the T F M S h e r b i c i d a l series l e d to 
enhancement of ac t iv i ty i n some cases a n d i n h i b i t i o n of act iv i ty i n others 
(6). S t i l l other series members were re lat ive ly unaffected b y surfactant 
i n their ac t iv i ty towards F o x t a i l grass a n d the broadleaf W i l d M u s t a r d 
(cf. L D 9 o a n d LD90' values i n Tables I a n d I I ) . 

A s judged f rom oc tano l /water par t i t i on ing experiments i n the pres
ence a n d absence of T w e e n 80, the p r i n c i p a l effect of a d d i n g surfactant 
to the T F M S herbicides at the 0 . 1 % ( w / v ) leve l was to alter their re la 
t ive solubil it ies i n the aqueous a n d l i p i d phases. Since the tri f luoro
methanesulfonanil ides are a l l quite hydrophob i c , the add i t i on of T w e e n 
80 i n every case increased the water so lub i l i ty of the c o m p o u n d i n ques
t i on a n d hence decreased its o c t a n o l / w a t e r par t i t i on coefficient ( 6 ) . 

W h e n the most statistically significant relationships der ived for the 
meta - a n d p a r a - T F M S herbic ides act ing on F o x t a i l a n d W i l d M u s t a r d 
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13. V A N V A L K E N B U R G A N D Y A P E L , J R . Herbicidal Activity 265 

are compared (i.e., Equat ions 7c, 8b, 9a, a n d 10a) , it is evident that 
h e r b i c i d a l act iv i ty variations (whether enhancement or i n h i b i t i o n ) caused 
by T w e e n 80 add i t i on can be traced almost entirely to corresponding 
surfactant- induced changes i n the l i p i d - w a t e r part i t i on ing behavior 
of the active compounds (i.e., variations i n χ = log Ρ — l og P ' ) . T h i s 
is certa inly true for meta a n d para T F M S derivatives act ing on W i l d 
M u s t a r d (see Equat i ons 9a a n d 10a) a n d for the meta T F M S herbic ides 
act ing on F o x t a i l ( E q u a t i o n 8 b ) . I n fact, only for the para-subst ituted 
T F M S derivatives act ing on F o x t a i l ( E q u a t i o n 7c) does the H a m m e t t σ 
constant make a significant add i t i ona l contr ibut ion to the over -a l l corre
lat ion relat ionship. T h e fact that σραΤα a n d χ are also strongly correlated 
(see E q u a t i o n 4b ) further il lustrates the extreme importance of surfac
tant - induced effects on the part i t i on coefficient of each T F M S compound 
i n determining its ul t imate h e r b i c i d a l act iv i ty . T h i s strong correlat ion 
between σ ρ α Γ α ( a n d to a lesser extent ameta) a n d χ unfortunately impl ies , 
however , that these variables cannot be altered total ly independent ly of 
each other i f attempts are made to change T F M S h e r b i c i d a l act iv i ty b y 
surfactant add i t i on a n d / o r substituent variations i n the parent molecule . 
O n the other h a n d , the large posit ive value of the σ parameter coefficient 
i n E q u a t i o n 7c suggests that T F M S compounds substituted w i t h strongly 
e lectron-donating substituents (negative σ values) i n the para aromatic 
r i n g posi t ion w i l l exhibi t enhanced act iv i ty against F o x t a i l w h e n T w e e n 
80 is added to the h e r b i c i d a l formulations at a constant concentration 
level (cf. i n T a b l e I , for example, 4 C H 3 - T F M S (apara = - 0 . 1 7 0 ) a n d 
4 O C H 3 - T F M S (σραΤα — - 0 . 2 6 8 ) act iv i ty against F o x t a i l i n the presence 
a n d absence of surfactant. 

A l t h o u g h experiments i n this study were carr ied out at a single 
concentration leve l of a specific surfactant a n d as such are l i m i t e d i n 
scope, it is interesting to speculate on the impl icat ions of our results, 
par t i cu lar ly i f w e extrapolate them to situations where the concentration 
a n d type of surfactant are var ied . These speculations must, of course, 
be verif ied b y further experimentation. 

I n this regard , Jansen (1) has suggested that through proper use of 
surfactants h e r b i c i d a l spray solutions can be ta i lored to meet specific 
situations. Steffens a n d C a t h e y (10) have l ikewise po inted out that for 
enhancement of h e r b i c i d a l act iv i ty both the relative concentrations of 
the herb ic ide a n d an added surfactant are cr i t i ca l . O u r results tend to 
substantiate these earlier conclusions. T h e fact that log ( L D 9 o ' / L D 9 o ) 
i n E q u a t i o n 3 exhibits χ-dependencies w h i c h are different for F o x t a i l a n d 
W i l d M u s t a r d suggests the poss ib i l i ty of a l ter ing grass a n d broadleaf 
selectivity of the T F M S herbic ides b y proper use a n d appl i cat ion of sur
factants. C o n s i d e r i n g first the meta-substituted T F M S compounds, w e 
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note that i f one wished to increase broadleaf ( W i l d M u s t a r d ) selectivity 
over grasses ( F o x t a i l ) , Equat i ons 8b a n d 10a suggest that this might be 
achieved by a d d i n g a part i cu lar type or amount of surfactant u n t i l ( log Ρ 
— log Ρ') equals +0 .85 where m e t a - T F M S act ivity vs. F o x t a i l is m i n i 
m i z e d . I f one w i s h e d to increase grass contro l w h i l e decreasing act iv i ty 
against broadleafs, Equat i ons 8b a n d 10a suggest that this might be 
achieved b y a d d i n g a surfactant that increases the part i t i on coefficient 
of the m e t a - T F M S herbicides ( l og F — log P' pos i t ive ) . E x t e n d i n g this 
l ine of reasoning to the p a r a - T F M S herbic ides , w e note that an increase 
i n grass contro l over broadleaf weed contro l might be obtained b y i n 
creasing l og Ρ through appropriate surfactant add i t i on such that ( l og Ρ 
— l og Ρ') is approx imate ly equal to —2.0 (cf. signs of χ dependencies in 
Equat i ons 7c a n d 9a ) . Increasingly selective control of broadleaf weeds 
over grasses might i n t u r n be achieved b y m i n i m i z i n g grass contro l 
through add i t i on of a surfactant that w o u l d adjust ( l og Ρ — log Ρ') to 
+0 .93 . A t this value of χ, grass contro l is m i n i m i z e d , a n d broadleaf 
contro l is about the same as i f no surfactant were added (cf. Equat i ons 
7c a n d 9a ) . 

A s po inted out i n the previous chapter (6), our analysis has demon
strated that surfactant add i t i on to h e r b i c i d a l formulations can produce a 
variety of act iv i ty -enhanc ing a n d inh ib i t o ry effects. These effects appear 
to be caused p r i m a r i l y b y alterations i n the l i p i d - w a t e r par t i t i on ing be
havior of the herbic ides caused b y surfactant add i t i on . Indiscr iminate 
use of surfactants as penetrant aids a n d formulat ing agents i n h e r b i c i d a l 
screening a n d field tests should thus be avoided. H e r b i c i d a l evaluations 
i n the presence a n d absence of surfactant coupled w i t h regression ana l 
yses of the type discussed i n this a n d the previous chapter (6) should 
prov ide valuable clues regard ing the most advantageous use of surfactants 
i n enhanc ing over-a l l h e r b i c i d a l act iv i ty a n d selectivity. 
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The Hansch Structure-Activity Approach 
As an Aid in Designing New Biologically 
Active Chemicals 

W. BROCK NEELY 

Chemical Biology Research, The Dow Chemical Co., Midland, Mich. 48640 

To examine the advantages and disadvantages of the Hansch 
multiple regression analysis in structure-activity studies, 
a series of compounds were prepared for their insecticidal, 
herbicidal, and analgesic activity. For the insecticidal phos-
phoramidate group there seems to be no relationship be-
tween cholinsterase inhibition and insecticidal activity. One 
group of compounds showed good correlation between in
secticidal activity and partition coefficients and hydrolysis 
constants. In the herbicidal series of compounds, R1 in the 
common structure seems to play an important role in pro
ducing a drug with the proper hydrophile/lipophile balance. 
Imadozolines synthesized for their analgesic characteristics 
were correlated using both partition coefficient and the 
HOMO index. Inclusion of the latter term is significant at 
the 5% level. 

' T p h i s artic le describes our appl i cat ion of the H a n s c h technique to var -
ious s t ruc ture -ac t iv i ty problems. T h u s , i t is not an exhaustive rev iew 

of the l iterature but a discussion of the problems a n d pit fal ls encountered 
i n the use of such correlat ion studies. F o r a more thorough rev iew the 
reader is referred to other articles ( 1 - 3 ) . 

Historical Aspects 

D u r i n g the 19th century m a n y natura l products were isolated a n d 
pur i f ied , a n d their chemica l structures were determined. Some of them 
exhib i ted pharmaco log i ca l act iv i ty , a n d it soon became apparent that the 
act iv i ty c ou ld be either enhanced or lowered b y changing the funct ional 
groups attached to the parent structure. T h u s , modifications of structure 
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14. N E E L Y New Biologically Active Chemicals 269 

became common a n d are s t i l l important . It is hoped that such changes 
w i l l w i d e n the differences between toxic a n d therapeutic doses. F u r t h e r 
more, b y alteration i n structure new properties m a y come to l i g h t — 
properties that h a d been h i d d e n because of previous h i g h toxicity. Some 
people have referred to this approach i n a facetious manner as " m e t h y l , 
e thy l , b u t y l , a n d fut i l e . " F a r f rom be ing fut i le , i t has resulted i n scores 
of useful compounds w h i c h possess h i g h intr ins ic act iv i ty w i t h m i n i m u m 
side effects. 

Ideas on s t ruc ture -ac t iv i ty relations became more quant i tat ive w i t h 
the pub l i ca t i on of the w o r k of H a n s c h (4) a n d Free a n d W i l s o n (5 ) i n 
1964. Since that t ime, many investigators have examined structures us ing 
these more rat ional approaches to design active chemicals . It is s t i l l hoped 
that a unif ied theory w i l l evolve i n w h i c h structures for a specific b io 
logical act iv i ty m a y be predic ted . H o w e v e r , concepts generated i n one 
series of drugs cannot be used ind iscr iminate ly i n a total ly different series. 
H a n s c h , i n w o r k i n g out his m o d e l for correlat ion studies, has h a d a great 
impact i n this field. W i t h the m a n y correlations he has made , he is n o w 
i n a posit ion to beg in l ook ing for such uni f ied theories. A recent p u b l i c a 
t ion (6 ) indicates the type of analysis that he is now per forming . 

O u r use of the H a n s c h technique has been pragmatic— i .e . , to u n 
cover the best d r u g i n the shortest and i n the most efficient way . W e 
felt that b y a p p l y i n g the concepts generated b y H a n s c h w e c o u l d d is 
cover relationships between structures a n d act iv i ty w h i c h w o u l d a l l ow 
us to complete the synthesis faster. D u r i n g these investigations, certain 
facts became obvious. 

( 1 ) I n examining an extended series of chemicals , the busy chemist 
h a d made most of the possible structures. T h u s , the result ing analysis, 
w h i l e inte l lectual ly satisfying, was always after the fact. 

(2 ) I n cases where predict ions c ou ld be made, the pred i c ted struc
tures were usual ly too difficult to make a n d hence too costly. 

(3 ) T h e most useful approach was to consider a l i m i t e d n u m b e r of 
structures where an intensive synthesis program was not underway a n d 
to po int out trends. T h i s l imi ta t i on usual ly resulted i n an analysis that 
was close to be ing statistically significant. 

(4 ) T h e analysis depends on good b io log i ca l data, a n d this is some
times h a r d to come by. T h e in format ion that was usua l ly miss ing was 
data on the inact ive structures. I t is impossible to handle , in format ion 
i n a quanti tat ive manner , that reads "greater than 100 p p m . " 

(5 ) A f ter assuming a certain mechanism for an observed b io log i ca l 
activity—e.g. i n h i b i t i o n of cholinesterase a n d insect ic idal a c t i v i t y — i t was 
interesting to look for deviations. Such deviations c ou ld point to n e w 
mechanisms a n d hence a new synthesis scheme. 

(6 ) If no mechanism existed, the analysis c ou ld he lp pred ic t w h a t 
a possible mechanism might be. 
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( 7 ) F i n a l l y , a n d perhaps most important ly , this type of program for 
m a x i m u m u t i l i t y should be either carr ied on b y the synthesis chemist 
himsel f or at least synthesis capabi l i t ies should be read i ly avai lable . 

Our Approach 

O u r approach is s imi lar to the system devised b y H a n s c h . T h e m o d e l 
assumes that the amount of external ly a p p l i e d d r u g f ound at the receptor 
site is re lated to the part i t i on coefficient. Once the d r u g reaches the 
receptor site, the intr ins ic act iv i ty of the molecules takes over a n d triggers 
a react ion w h i c h elicits the b io log i ca l response. T h e m o d e l is i l lustrated 
b y E q u a t i o n 1. 

BR = biological response 
x = log (Px/Pn) 

Px = par t i t i on coefficient of substituted compound 
- P H = par t i t i on coefficient of parent compound 
Kx = react iv i ty index 

a,b,c,d = equation constants 

There are m a n y ways to measure the react iv i ty index, a n d a l l of them 
are feasible i n such a study. B y f inding one that works— i .e . , gives s ig
nif icant statistics i n E q u a t i o n 1—statements may be formulated regard ing 
possible mechanisms. I n this type of work , i t must be remembered that 
it is not v a l i d to i m p l y causal ity to a correlation. H o w e v e r , f rom a p r a g 
mat i c point of v iew, it is possible to set u p models that can be tested b y 
further synthesis. T h e measurements used for the react iv i ty index i n the 
f o l l o w i n g examples inc lude hydrolysis constants a n d molecular orb i ta l 
calculations. 

Insecticides 

A series of organophosphates represented b y Structure I were ex
amined . Such chemicals have been used for many years to contro l insects. 

log (BR) = αχ 2 + 6x + c log Kx + d (1) 

where 

I 
Class i ca l ly , the mechanism used to depict this b io log i ca l ac t iv i ty is shown 
i n F i g u r e 1 where the p r i m a r y attack is the phosphory lat ion of the 
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E n z - O H + R - 0 - P ( O X ) 2 ^ Ε η ζ · Ο Η · R - 0 - P ( 0 X ) 2 

E n z e O H - R - 0 - P ( O X ) 2 > E n z - 0 - P ( O X ) 2 + ROH 

(inactive enzyme) 

E n z - O H = a c t i v e enzyme 

R - 0 - P ( 0 X ) 2 = organophosphate 

ROH = leaving group 

Figure 1. Model for the inhibition of cholinesterase by the attack of an 
organophosphate 

esteratic site i n cholinesterase. F r o m this mechanism it is deduced that 
those phosphates w h i c h are most susceptible to nuc leophi l i c attack w i l l 
be the most potent insecticides. If this mechanism is v a l i d , the rate of 
hydrolysis of the phosphate b y O H " may be used as a measure of the 
react ivity . T h e phosphoramidates used along w i t h the b io log i ca l data , 
part i t ion coefficients, and hydrolysis rates are shown i n T a b l e 1 ( 7 ) . U s i n g 
mul t ip l e regression techniques, these data were fitted to E q u a t i o n 1 a n d 
generated E q u a t i o n 2 ( see F i g u r e 2 ) : 

log ( L D 5 0 ) = 0.941x - 6.03x 2 - 0.509 log k + 8.44 (2) 

where the square of the correlat ion coefficient was 0.88 a n d the standard 
deviat ion was 0.116. 

E q u a t i o n 2 should be suitable for pred i c t ing LDr>o values i n a series 
of phosphoramidates. T h e only cr i ter ion that must be met is that a l l 
the parameters must have a common base. T h e substituted p h e n y l 
O - m e t h y l m e t h y l phosphoramidates i n T a b l e I I meet this requirement. 
Consequent ly , it is possible to use E q u a t i o n 2 to calculate an L D 5 0 va lue 
for each member of the series. T h e results ind icated a complete lack of 
agreement between the experimental a n d ca lculated L D 5 0 — e . g . , the 4-C1 
der ivat ive i n T a b l e II has an experimental va lue of 0.26; the ca lculated 
value was 330. T h i s is surpr is ing a n d might mean that the proposed 
mechanism of act ion does not h o l d for this part i cu lar series. T h i s is again 
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Table I. Chemical and Biological Data for the 2,4,5-Trichlorophenyl 
O-Methyl Phosphoramidates (II) 

/ = \ l l ^ 0 C H 3 

ci5>°-%„R 

Topical ° 
R [t-g/fly πb k (minr1)c 

LDb0 

Η 0.084 2.04 60.5 
M e t h y l 0.076 2.56 3.45 
E t h y l 0.05 3.07 2.24 
n - P r o p y l 0.067 3.60 2.10 
Isopropyl 0.036 3.42 1.47 
rc-Butyl 0.166 4.04 1.96 
tert-Butyl 0.35 3.72 0.10 
sec -Buty l 0.152 3.86 1.43 
I sobuty l 0.18 3.99 1.72 

° Represents the LD50 of the toxicant in mg/fly. 
6 Partition coefficient determined by procedure of Hansch (11). 
c Rate of hydrolysis in 0ΛΝ NaOH. 

reflected i n the fact that no correlat ion is observed i n t r y i n g to fit the 
L D 5 0 values of T a b l e I I w i t h E q u a t i o n 1. 

B y contrast, the enzyme- inh ib i t i on data of T a b l e I I correlated quite 
w e l l w i t h the part i t i on a n d hydrolysis data ( E q u a t i o n 3 ) . 

log Κ = 0.905x + 1.17 log Κ + 3.21 (3) 

where r 2 = 0.92 and standard deviat ion = 0.315 

T h i s w o u l d again suggest the poss ib i l i ty that for these phosphoramidates 
there is no re lat ion between cholinesterase i n h i b i t i o n a n d insect i c idal 
act iv i ty . W e are invest igat ing other structural features i n this series to 
see i f some alternative insect i c idal mechanism m a y be act ing. 

Another series of phosphates that was examined is shown i n Struc
tures I V to V I . T h a t analysis (8 ) was done to determine the nature of 
the contr ibut ion that the t h i o m e t h y l a n d the su l fony lmethy l groups h a d 
on insect i c ida l act iv i ty . Br ie f ly , the results are: 

(1 ) W i t h the group represented b y Structure V , good correlat ion 
was f o und between insect i c ida l ac t iv i ty ( L D 5 0 on flies ) a n d the par t i t i on 
coefficients a n d hydrolysis constants ( E q u a t i o n 4 ) . 
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X - ^ ^ 0 - P ( O C 2 H 5 ) 2 

R 

Τ Ζ , X = S C H 3 ; Y = 0 

X= C H 3 S 0 2 ; Y = 0 
2 1 , X= S C H 3 ; Y = S 

log L D 5 0 = 0.84x 2 - 0.194x - 0.626 log k — 1.76 (4) 

T h e resul t ing h i g h correlat ion ( r 2 = 0.98) m a y be the result of the fact 
that this group of materials represents a s ituation where a l l pert inent 
transformations have occurred— i .e . , conversion of S C H 3 to C H 3 S O 2 a n d 
P = S to P = 0 . Consequent ly , the group V structures are a series where 

- 1 . 0 

- 1 . 2 

ι 

0 . 8 

h - 0 . 4 

u g / f l y ( L D 5 0 ) 

L o g k - i . O 

Figure 2. Graphical representation of Equation 2 
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Table II. Chemical and Biological Data for Substituted 
Phenyl O-Methyl Methyl Phosphoramidates (III) 

ο 

» ^ O C H 3 

N N H C H 3 

I E 

Topical 
R w/fly K (min-1) b K c 

LDb0 

4-OCH3 >10 0.56 0.12 4.28 Χ ΙΟ" 2 

4-tert -Butyl >10 2.22 0.078 7.83 Χ ΙΟ" 3 

3- ter i -Buty l >10 2.14 0.12 7.11 Χ ΙΟ" 3 

4-C1 0.26 1.28 0.36 6.02 Χ ΙΟ" 3 

2, 4 - d i C l 0.1 1.86 1.87 1.07 Χ ΙΟ" 5 

2-C1 3.0 1.11 1.00 7.40 Χ ΙΟ" 3 

2C1,4-ter*-Butyl 0.48 2.87 0.608 1.10 x 10-6 
H >10 0.52 0.12 6.94 X 1 0 - 2 

2, 4, 5 - t r i C l 0.076 2.56 3.45 1.07 X 10 - 6 

a Determined by the Hansch procedure (11). 
6 Rate of hydrolysis in 0ΛΝ N a O H . 
c Bimolecular rate constant for inhibition of fly head cholinesterase. 

the measured parameters are relevant as far as insect i c ida l act iv i ty is 
concerned. 

(2 ) T h e group represented b y Structure I V c o u l d not be fitted to 
the H a n s c h equat ion w i t h the existing parameters. T h i s m i g h t be ex
p l a i n e d i f the conversion of the th i omethy l to su l fony lmethyl were rate 
l i m i t i n g . Perhaps a significant correlation w o u l d be f o u n d i f the rate of 
this conversion were used i n the regression rather than the hydrolys is 
constant. 

(3 ) C o m p o u n d s i n series V I were interesting, i n that the correlat ion 
that was f ound ( E q u a t i o n 5) predicts that the compounds w h i c h are 
most stable to hydrolysis w i l l have the highest act iv i ty . 

log L D 5 0 = 0.524 log k + 0.045 (5) 

T h i s series is an example where the analysis is close to be ing statistically 
significant. H o w e v e r , the pred ic t ion , since i t is contrary to expectation, 
needs to be investigated. 

Herbicides 

Structure V I I ( w i t h R = C C 1 3 a n d R 2 = H ) is useful for contro l l ing 
water grass i n r ice paddies ( 9 ) . W e have done some studies on this a n d 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

4.
ch

01
4

In Biological Correlations—The Hansch Approach; Van Valkenburg, W.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



14. N E E L Y New Biologically Active Chemicals 275 

related derivatives, as shown i n T a b l e I I I ; H o l m s e n a n d B i d l a c k i n our 
laboratory col lected data on this series (10 ) . T h e H a n s c h procedure on 

the data i n T a b l e I I I y i e lded E q u a t i o n 6, w h i c h h a d a correlat ion co
efficient of r = 0.89. 

T h i s is an interest ing series i n that R i is insulated f rom the r i n g ; 
consequently, any electronic influence of the substituent w i l l have neg
l i g ib l e influence on the r ing . O u r tentative conclusion f rom the above 
analysis is that R i plays an important role i n obta in ing a d r u g that has 
the proper balance of hydrophob i c a n d h y d r o p h i l i c properties. T h e elec
tronic effect of r i n g substituents was part ly descr ibed i n an earlier 
report (12). 

Analgesics 

T h i s part i cu lar series of drugs represents a s i tuation where the analy 
sis suggests a possible mechanism of act ion. T h e chemicals to be discussed 
are a group of imidazol ines , V I I I , w h i c h were synthesized for their 
analgesic characteristics (13). 

A react iv i ty index suitable for use i n E q u a t i o n 1 was ca lculated b y 
us ing the s imple molecular o rb i ta l techniques descr ibed b y the Pu l lmans 
(14). M a n y indexes m a y be deduced f rom this type of procedure. T h e 
one that seemed to have the most significance for the correlat ion was 
the energy of the highest occup ied molecular orb i ta l ( H O M O ) . T h i s 
index is a relat ive measure of the ab i l i t y of an electron to be transferred 
to an acceptor molecule . T h e calculations were per formed on the sub
st ituted p h e n o l i n the imidazo l ine structure. T h i s s impl i f i cat ion was made 
since it c o u l d be assumed that any per turbat ion caused b y the imidazo le 
w o u l d be insulated f rom the rest of the molecule b y the methylene group. 

log (act ivity) = 0.139x 2 + 0.50x + 1.538 (6) 

2m 
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Table III. Herbicidal and Partition Data for Substituted 
Styrene Derivatives (VII) 

Ri R2 Activity 6 

C H 3 0 
C H C 1 2 1.20 100 
e c u 1.80 95 
e c u 4 - C H 3 2.53 77 
e c u 4- iso-propyl 3.10 73 
C H C 1 C-OCH3 — 0.48 52 
C C 1 2 — 3.00 49 
C H 2 O H — 0.50 18 

α χ was based on calculated values as described by Hansch (11). 
b Activity expressed as % control of grasses where soil was pretreated with chemical 

at the rate of 50 lb/acre. 

T h e data for this series of drugs are shown i n T a b l e I V . M u l t i p l e re 
gression analysis generated the f o l l o w i n g equations: 

L o g E D 5 0 = 0.445x + 1.015 (7) 
0.406 

L o g E D 5 0 = 0.655x 2 - l.OOx + 0.455 (8) 
0.531 

L o g E D 5 0 = 0.945x 2 - 1.850x + 7.90 ( H O M O ) - 5.117 (9) 
r 2 = 0.944 

T h e F test ind i ca ted that the inc lus ion of H O M O term i n E q u a t i o n 9 
is significant at the 5 % level . 

T h e m o d e l that emerges f rom this study consists of a receptor site 
w h i c h has the ab i l i t y to accept electrons f r om an electron-donating drug . 
T h e association is s imi lar to a M i c h a e l i s - M e n t e n type ; hence, the b io 
l og i ca l react ion w o u l d have a re lat ive ly short hal f - l i fe . I n a d d i t i o n to 
these electronic considerations, a proper balance of hydrophob i c a n d 
h y d r o p h i l i c properties must be mainta ined . 

Table IV. Biological and Chemical Parameters for 
Imidazoline Derivatives (VIII) 

R π 6 HOMOc 

2, 6 - d i C H 3 0.6 1.36 0.716 
2 - B r , 6-C1 2.0 1.34 0.802 
2, 6 - d i B r 3.2 1.50 0.797 
2, 6 - d i C l 3.3 1.18 0.808 
2, 6 - d i C l , 3 - C H a 5.4 1.69 0.789 
2, 6 - d i O C H 3 25 - 0 . 6 6 0.618 

0 Oral dose in mg/kg (HC1 mouse writhing test). 
6 Determined from Hansch (11). 
c The smaller the value, the greater the ease of electron donation. 
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Summary 

W o r k is go ing on i n molecular o rb i ta l calculations a n d i n the role 
of solvent interactions ( 15 ) . A s theories become more refined, they w i l l 
undoubted ly be incorporated into equations re la t ing b io l og i ca l ac t iv i ty 
to structure. S u c h a situation w i l l a l l ow us to make more accurate pre 
dict ions of w h a t structures are needed for a specif ied type of act iv i ty . 
I n add i t i on , they w i l l be of great assistance i n learn ing more about the 
nature of the receptor site. A good example of this latter type of study 
is the w o r k b y W o h l (16) on the benzothiadiazene antihypertensive 
agents. 
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Molecular Orbital Studies of Biological 
Molecule Conformations 

L E M O N T B. KIER 

Massachusetts College of Pharmacy, 179 Longwood Ave., Boston, Mass. 02115 

Over the past five years a number of studies have been re
ported on the prediction of biological molecule conformation 
using molecular orbital theory. Several all-valence, semi-
empirical molecular orbital methods have been used in these 
studies, with the extended Hückel theory (EHT) being the 
most widely used to date. The agreement between E H T 
-predicted conformations of biological molecules and experi
mental evidence has been quite significant. A number of 
hypotheses of drug mechanisms have been proposed, based 
on these calculations. The utility of this approach and the 
potential it affords for new insight into biological structure 
and mechanism warrant its incorporation into the drug 
research armamentarium. 

' T ' h e conformation of a b io log i ca l ly active molecule very l i k e l y plays an 
A important part i n the total s tructural characteristics contr ibut ing to 

act iv i ty . Pronounced differences i n b io l og i ca l potency i n a closely re lated 
chemica l series m a y w e l l be the result of minor changes i n the pre ferred 
conformation of these molecules. T h e result of these changes may be an 
incomplete or an inappropr iate interact ion w i t h a b io log i ca l receptor or 
enzyme. Thus , some o p t i m u m pos i t ioning of essential features i n an active 
molecule must be necessary for b i o l og i ca l efficacy. A knowledge of con
format ional preference is thus of v i t a l concern. 

Evaluation of Conformation 

T h e pred i c t i on of the conformation of molecules has been of con
siderable interest to b io log i ca l scientists for many years. E a r l y approaches 
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15. K I E R Biological Molecule Conformations 279 

centered on an in tu i t i on based on the presumed repuls ive interact ion of 
b u l k y groups across space. T h i s gave rise to general rules of conforma
t iona l preference w h i c h h a d some u t i l i t y w i t h hydrocarbons. U n f o r t u 
nately, this in tu i t i on was unable to perceive the attractive forces w h i c h 
are also a part of the total influence on conformation. At t rac t ive forces 
are par t i cu lar ly prominent i n heteroatom molecules, a n d these are pre 
dominant ly what the b io log i ca l scientist encounters. 

T h e advent of x-ray crystal lography has permi t ted the m a p p i n g of the 
atoms of molecules i n the so l id state. T h e relevance of these conformations 
to so lut ion phenomena is, however , obscure. I n the crystal , the molecules 
are closely packed , interact ing w i t h each other and w i t h gegenions i f 
present. T h i s is p robab ly not the situation normal ly encountered i n the 
d i lute solutions of the b io log i ca l mi l ieux . Thus , b io log ica l conclusions de
r i v e d f rom x-ray-der ived conformations must always be considered i n 
this l ight . 

A more useful exper imental approach to pred i c t ing conformation i n 
a b io log i ca l environment is through the use of N M R analysis i n water . 
These data, i f proper ly analyzed , give a t ime average conformation w h i c h 
can be of considerable value i n subsequent b io log i ca l interpretations. It 
is necessary, however , actual ly to have the c o m p o u n d under study, a n d 
frequent ly the analysis of the N M R data is extremely complex. 

O t h e r solution techniques for pred i c t ing preferred conformation i n 
c lude O R D , d ipo le moment a n d spectroscopic methods. E a c h is capable 
of g iv ing useful par t ia l in format ion on molecular conformation. E a c h , of 
course, requires that the c o m p o u n d be actual ly avai lable for study. 

Molecular Orbital Prediction of Conformation 
> 

Another approach w h i c h has become avai lable i n the past decade is 
the use of al l -valence electron, semiempir i ca l molecular orb i ta l theory. 
T h i s approx imat ion of q u a n t u m mechanics makes it possible to calculate 
for fa i r l y large molecules, a total energy behav ing i n an approximate ly 
para l l e l fashion to the true molecular energy. T h e consideration of a l l 
valence electrons makes this ca lculated total energy sensitive to the con
format ion of the molecule. T h u s , energy m i n i m i z a t i o n as a funct ion of 
b o n d angle var iat ion is possible, a n d the pred i c t i on of a preferred con
format ion is a consequence. 

T h e first of these methods was developed b y H o f f m a n n i n 1963 ( 1 ) 
and is k n o w n as extended H i i c k e l theory ( E H T ) . Br ie f ly , the method 
uses H i i c k e l f o rmal i sm; however , expl ic i t consideration of non-bonded 
interactions and a l l overlap integrals are a refinement. Slater orbitals are 
used, a n d the computations require only one parameter, the valence state 
ion izat ion potent ial for the C o u l o m b integral a n d ind i rec t ly for the reso-
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280 B I O L O G I C A L C O R R E L A T I O N S T H E H A N S C H A P P R O A C H 

Figure 1. Predicted conformation of 
acetylcholine in "muscarinic" variant 

nance integral . T h e theory, merits, a n d evaluations of E H T have been 
reported (2-4). 

M o r e recently, an a l l valence electron, semiempir i ca l molecular o rb i ta l 
theory k n o w n as the C o m p l e t e Neg lec t of Di f f erent ia l O v e r l a p ( C N D O ) 
has been proposed b y Pop le based on self-consistent field ( S C F ) f o r m a l 
i s m ( 5 ) . A l t h o u g h this method uses a more sophisticated approx imat ion 
of the wavefunct ion , i t neglects dif ferential overlap. 

Compar isons of these two methods reveal their relat ive strengths a n d 
shortcomings (4). I n general , the C N D O method is superior for charges, 
E H T pred i c t ing greatly exaggerated values. T h e major va lue of E H T 
lies i n its ab i l i ty to predic t correct ly the preferred conformation. T h i s has 
been demonstrated for numerous hydrocarbons (1) and more recently 
for a var iety of heteroatom molecules (6,7). 

A large n u m b e r of molecular o rb i ta l predict ions of b i o l og i ca l mole 
cule conformations have been accompl ished us ing E H T . T h e record of 
agreement between ca lcu lated a n d exper imental values has been excellent. 
A significant amount of useful in format ion has emerged f rom these pre 
dict ions pert inent to the s t ruc ture -ac t iv i ty relationships, the consideration 
of molecu lar mechanisms, a n d the rat ionale for n e w d r u g design (7). 
W e attempt to summarize M O conformation studies through A p r i l 1972 

Pu
bl

is
he

d 
on

 A
ug

us
t 1

, 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
2-

01
14

.c
h0

15



15. K i E R Biological Molecule Conformations 281 

a n d at the same t ime to assess the va l id i ty of these predict ions i n 
the l ight of exper imental evidence a n d b io log i ca l knowledge . 

Muscarinic Agents 

T h e first appl i cat ion of al l -valence electron M O theory to predic t 
the conformation of a neurotransmitter was reported i n 1967 on acety l 
chol ine ( 8 ). U s i n g E H T , the conformation of acetylchol ine was pred i c ted 
to assume an approximate ly gauche relat ionship between the ni trogen 
and ether oxygen atoms. T h i s is i n agreement w i t h exper imental evidence 
der ived f rom aqueous solution N M R studies ( 9 ) . Some flexibility was 
pred ic ted for the C O - O b o n d so that the dimensions between the hetero-
atoms were pred i c ted as shown i n F i g u r e 1. 

I n the same study E H T predict ions were reported for the potent 
muscar in ic agents muscarine, F i g u r e 2, and muscarone, F i g u r e 3 ( 8 ) . T h e 
experimental evidence avai lable for comparison are x-ray analyses of the 
muscarine (10) a n d muscarone (80) crystals, w i t h w h i c h the pred ic ted 
conformations agree. 

Superpos i t ioning these three potent muscar in ic agents, i n their pre 
ferred conformations resulted i n the observation of a common pattern of 
s imi lar ly charged structural features. T h e pattern, F i g u r e 4, was proposed 
as the muscar in ic pharmacophore (8). T h i s pattern, pred ic ted f rom theo
ret i ca l considerations, bears a s tr ik ing s imi lar i ty to the muscar in ic p h a r m a 
cophore proposed b y Beckett based on extensive s t ruc ture -ac t iv i ty studies 

Figure 2. Predicted conformation of 
muscarine 
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Figure 3. Predicted conformation of 
muscarone 

(11). Recent M O calculations on these molecules us ing a modi f ied C N D O 
method (12) a n d an intermediate Neglect of Di f ferent ia l O v e r l a p 
( I N D O ) method (13) are i n general agreement w i t h E H T predict ions 
a n d exper imental evidence. A study of the potent muscar in ic agent, 
S( + ) -acety l - /^methylchol ine us ing bo th N M R a n d molecular rotation to 
pred i c t the solution conformation, revealed that this molecule assumes 
the pattern pred i c ted i n F i g u r e 4 (14), thus l end ing support to the v a l i d i t y 
of these predict ions. 

Figure 4. Proposed muscarinic pharma
cophore 
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15. K I E R Biological Molecule Conformations 283 

Calcu lat ions on oxotremorine (15), presumed to be a C N S muscar in i c 
agent, revealed that this molecule , i n its pred i c ted conformation ( F i g u r e 
5) mimicks this pred i c ted muscar in ic pharmacophore . T h e assumption 
is made that the electronic character of the t r ip le b o n d is the receptor 
equivalent of the ether oxygen atom i n acetylchol ine as proposed b y 
B e b b i n g t o n (16). These calculations support his proposal a n d reveal 
h o w oxotremorine m a y meet the structural requirements of a muscar in ic 
agent. 

Nicotinic Agents 

T h e pred ic t ion of the preferred conformation of the n icot in i c mono-
cat ion was reported i n 1968 (17). T w o conformations were pred i c ted to 
coexist ( F i g u r e 6) i n agreement w i t h N M R studies (18). Subsequent 
modi f ied C N D O calculations are i n agreement (12). O n e of these nicot ine 
conformers, F i g u r e 6 ( t o p ) , presented an internitrogen distance close to 
the o n i u m g r o u p - c a r b o n y l oxygen distance previous ly pred i c ted for ace
ty lchol ine . It is necessary, i n this comparison, to invoke a pred i c ted con
format ion of acetylchol ine i n w h i c h the flexible carbony l group is rotated 
60° as shown i n F i g u r e 7. It was pred ic ted that F i g u r e 6 ( top ) is the ac
t ive conformer of nicot ine a n d that F i g u r e 7 is the n i co t in i c conformation 
of acetylchol ine. T h e n icot in ic pharmacophore was proposed to be as 
shown i n F i g u r e 8. 

A s a result of these two studies (8, 17), i t was proposed that acety l 
chol ine exhibits two different pharmaco log i ca l actions b y v ir tue of its 
be ing capable of presenting to the receptors, two different groups of atoms 
i n the acetylchol ine molecule i n two different conformations of the car
b o n y l group. 

A n E H T ca lcu lat ion on the potent n i cot in i c agent phenylcho l ine ether 
showed that this molecule prefers a gauche conformation of the hetero-

Figure 5. Predicted conformation of oxotremonne 
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Figure 6. Predicted nicotine conformations 

Figure 7. Predicted conformation 
of acetylcholine in "nicotinic" var

iant 
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0 8 
4 . 8 5 ± 0.1 A 

I Θ 
X Ν — 

Figure 8. Proposed nicotinic 
pharmacophore 

atoms, F i g u r e 9 (19 ) . T h e p h e n y l r i n g was f ound to prefer a conformation 
relat ive to the side cha in so that an ortho posi t ion is about 4.7 A f r om 
the o n i u m nitrogen. T h i s pred i c t i on of a gauche side cha in conformation 
i n phenylcho l ine ether is i n agreement w i t h the crystal conformation 
f ou n d for xy lochol ine (20). Previous studies have shown a correlat ion 
between the frontier electron density (21) a n d the e lectrophi l i c react iv i ty 
(22) of this pos i t ion a n d n i co t in i c act iv i ty . T h e conformational p red i c 
t ion of the molecule thus reveals that the ortho posi t ion is b o t h spat ia l ly 
a n d e lectronical ly capable of fu l f i l l ing the structural requirements for 
n i cot in i c act iv i ty as previous ly proposed ( F i g u r e 8 ) . 

Recent E H T calculations on the neostigmine molecule have l e d to a 
conformation pred i c t i on locat ing the o n i u m group about 4.5 A f r om the 
carbony l oxygen (81) i n support of the postulated n icot in ic p h a r m a 
cophore (17). 

Cholinesterase Inhibitor 

T h e first app l i cat ion of al l -valence M O theory to a pharmaco log i ca l ly 
active agent was the E H T study of the cholinesterase i n h i b i t o r 2 - formyl -
N - m e t h y l p y r i d i n i u m oxime ( 2 - P A M + ) (23). T h e a ldoxime group was 
f ound to prefer a conformation perpendicu lar to the r i n g plane. C r y s -
ta l lographic data indicate that the a ldoxime group is coplaner w i t h the 
r i n g i n the so l id state (24). T h e crystal is y e l l o w w h i l e an a c i d solut ion 
is colorless, l end ing support to the bel ief that the M O calculations cor
rect ly predic t a non-conjugated f o rm a n d that calculations of this k i n d 
are relevant to d i lu te solut ion phenomena but not necessarily to crystal 
structure (20). 

Histamine 

M o l e c u l a r o rb i ta l calculations l e d to the pred i c t i on that two d is t inct ly 
different conformations of equa l preference preva i l ed for histamine ( F i g 
ure 10) (25). T h e conformation of F i g u r e 10 (bot tom) was pred i c ted to 
exist w i thout any hydrogen b o n d i n g between an o n i u m hydrogen a n d the 
r i n g ni trogen atom. Recent N M R analysis of an aqueous solut ion of h is ta 
m i n e revealed that the two conformers pred ic ted f rom E H T - M O do i n fact 
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Figure 10. Predicted histamine conformations 
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15. K i E R Biological Molecule Conformations 287 

exist i n equa l proportions {26). Fur thermore , the pred i c t i on of no i n t r a 
molecu lar hydrogen bond ing i n aqueous solut ion has also been conf irmed 
exper imental ly (27). A recent modi f ied C N D O ca lculat ion on histamine 
predicts on ly a single modi f ied gauche conformation to predominate (28). 

O n the basis of the pred i c t i on of two coexisting conformers of h i s ta 
mine , the hypothesis was proposed that one conformer was responsible for 
the H i - r e c e p t o r act iv i ty a n d the other for H 2 - r e c e p t o r act iv i ty (25). T h e 
top conformer i n F i g u r e 10 was proposed as the H i - r e c e p t o r agonist on 
the basis of an internitrogen distance comparable w i t h the presumed 
internitrogen distance i n the ant ih istaminic t r ipro l id ine . T h e bottom con-
former i n F i g u r e 10 was thus proposed as be ing the agonist for H 2 - r e -
ceptor act iv i ty . T h i s latter pred ic t ion thus provides a rationale for the 
synthesis of potent ia l a c id antisecretory agents. 

Figure 11. Predicted serotonin conformation 

Serotonin 

T h e preferred conformation of serotonin ( 5 -hydroxytryptamine ) was 
pred i c ted us ing E H T - M O ( F i g u r e 11) (29 ) . A modi f ied C N D O c a l c u 
lat ion predicts a preferred conformation i n w h i c h the C—Ν b o n d near ly 
eclipses the r i n g - C b o n d w i t h the o n i u m group l y i n g over the benzene 
r i n g (30). A n I N D O ca lculat ion predicts a strong preference for a con
formation i n w h i c h the C - N b o n d eclipses the r i n g - C b o n d a n d the o n i u m 
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group lies over the indole 2 posi t ion (31 ) . A recent N M R analysis of the 
molecule (82) reports a trans preference, i n support of the E H T study 
(29) a n d i n contrast to the predict ions b y other methods. T h e E H T pre 
d i c ted distance between the two nitrogen atoms is very close to the inter-
nitrogen distance f ound i n the compet i t ive inh ib i tor lysergic a c id d i e t h y l 
amide ( L S D ) . It is reasonable to presume that a competit ive inh ib i tor 
must part ia l ly m i m i c the pharmacophore of the agonist; hence these 
s imi lar distances are consistent w i t h the pred ic ted conformation. 

Figure 12. Predicted side chain conformations of 17-keto 
steroids 

It is interesting to contemplate the structural s imi lar i ty pred i c ted 
for L S D a n d serotonin a n d the k n o w n C N S act iv i ty of the former and 
to compare this w i t h the C N S act iv i ty a n d structure of the cannib ino l 
metabol ite , l l - h y d r o x y - A 9 - t e t r a h y d r o c a n n a b i n o l . It is conceivable that 
s imi lar mechanisms m a y p r e v a i l i n the C N S as a result of s imi lar stereo
chemica l presentations of comparable charged atoms to the serotonin 
receptor. 
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15. K i E R Biological Molecule Conformations 289 

Pregnane Steroids 

T h e side cha in conformations of progesterone, corticosterone, a n d 
Cortisol were pred i c ted us ing E H T - M O ( F i g u r e 12) (32). A l l three side 
chains were pred i c ted to f o rm a plane w i t h the 17«-substituent. T h e pre 
d i c t i on of the progesterone side cha in conformation is w i t h i n 30° of a 
solution d ipo le moment study (33). T h e predict ions of the corticosterone 
a n d Cortisol conformations are i n close agreement w i t h exper imental r e 
sults f rom in frared a n d N M R studies (34, 35). A reflection of the β-face 
of Cortisol, i n its pred i c ted conformation, is shown i n F i g u r e 13. 

Θ Ν 

C 3 

Figure 13. Predicted β-face pattern of 
Cortisol 

Portions of the pred i c ted Cortisol pattern of charged atoms ( F i g u r e 
13) were observed to be comparable w i t h charged patterns for either 
histamine (25) or serotonin (29). Since these two amines have been i m 
p l i ca ted as be ing inf lammagenic (36) a n d Cortisol is a potent ant i - in f lam
matory agent (37), i t was postulated that Cortisol might evoke this act ion 
b y an interact ion w i t h either or both histamine a n d serotonin receptors 
b y v i r ture of these common structura l features. 

T h e hypothesis has rece ived some exper imental support f rom the 
recent observation that Cortisol is effective i n compet ing for histamine 
b i n d i n g sites on b iopolymers (38). A subsequent E H T - M O study invo lv -
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ing non-steroidal anti - inf lammatory agents i n c l u d i n g indomethac in con
firmed that the common structural patterns pred ic ted preva i l ed i n these 
drugs (39 ) . T h e pred ic ted conformation of indomethac in is i n agreement 
w i t h the reported crystal structure of this molecule (83). It is interesting 
to contemplate the roles of serotonin as a platelet aggregation promoter 
a n d the c ommon anti - inf lammatory agents as platelet aggregation i n h i b i 
tors as a possible para l le l to this hypothesis of anti - inf lammatory act iv i ty . 

Adrenergic Agents 

E H T - M O predict ions of ephedrine a n d pseudo-ephedrine have been 
reported ( F i g u r e 14) (35). T h e conformation pred i c ted for ephedrine 
(2) is i n agreement w i t h N M R analysis (41, 42); however , the predic t ion 
of the pseudo-ephedrine conformation agrees only w i t h a minor contr ib 
utor to the solut ion e q u i l i b r i u m (42). T h e pred i c ted conformation for 
the α-adrenergic agonist, norepinephrine , prese^ s the same pharmaco 
phore (43). T h i s pred ic t ion is i n agreement w i t h the crystal conformation 
(44). Other studies us ing the I N D O (45) a n d C N D O (84) methods 
predic t a trans and a gauche conformation to coexist. 

Figure 14. Predicted conformations of ephedrine 
and pseudoephedrine 

It is w e l l k n o w n that an unsubst i tuted catecholamine such as norep i 
nephrine or a monomethy l der ivat ive l ike epinephrine or ephedrine is 
predominant ly α-adrenergic. Increasing the b u l k of the mono a l k y l sub-
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15. K i E R Biological Molecule Conformations 291 

stituent i n this series increases ^-adrenergic act iv i ty w h i l e at the same 
t ime α-adrenergic act iv i ty is obl i terated. T h u s , i sopropy l norepinephr ine 
( isoproteranol ) is a standard for almost pure ^-adrenergic act iv i ty . 

T w o theories have been proposed to expla in this reversing pa i r of 
trends i n the catecholamine series. O n e theory proposes that the increas
i n g b u l k of the N-subst i tuent increases the barr ier to rotat ion between the 
methylene groups so that the ease of assuming a gauche conformation 
w i l l be a funct ion of the N-subst i tuent b u l k (46). T h e theory then pro 
poses that the different conformers, gauche a n d trans, cause two different 
reactions to occur, each characterist ic of the a- or β-adrenergic receptor. 
T h e second theory proposes that the N-subst ituent influences the charge 
on the o n i u m group w h i c h influences the react iv i ty to one or the other 
adrenergic receptor (47). 

A recent study us ing E H T for conformation a n d C N D O a n d ab initio 
calculations for charge densities has been reported on the catecholamine 
series norepinephrine , epinephrine , N-ethy lnorep inephr ine , a n d isopro
teranol (48). These studies revealed no pred i c ted change i n the trans 
preference for any of the series. F u r t h e r , they showed an almost ident i ca l 
energy of the barr ier f rom a trans to a gauche conformation for a l l m e m 
bers of the series. These results argue against the theory of var iab le flexi
b i l i t y of the methy lene -methy lene b o n d (46). C h a r g e densities were 
ca lcu lated on s imulated o n i u m systems us ing bo th C N D O a n d ab initio 
methods (48). These results revealed no apprec iable change i n o n i u m 
charge i n the series, w h i c h is at variance w i t h the charge theory (47). 

A n alternate theory was proposed, based on these calculations. It 
was postulated that α-adrenergic act iv i ty requires an o n i u m hydrogen 
atom, p robab ly as a hydrogen b o n d donor. T h e ^-adrenergic receptor, 
however , was postulated to require an a l k y l group at the N-subst i tuent 
posit ion. It was proposed that this N-substituent was invo lved i n a d is 
persion interact ion w i t h the receptor a n d was o p t i m a l w h e n there was 
a b ranched hydrocarbon such as an i sopropy l group. These authors ra ised 
the in t r igu ing suggestion that the o n i u m group was perhaps not essential 
for ^-adrenergic act iv i ty a n d that a methylene group c o u l d replace it . 
It was noted that such a c o m p o u n d h a d recently been made a n d reported 
(49). T h i s compound , the methylene analog of isoproteranol was f ound 
to have modest ^-adrenergic act iv i ty (49). A para l l e l was also d r a w n 
between this hypothesis a n d the structure a n d ^-adrenergic act iv i ty of 
prostaglandin E i (48). 

Dopamine 

A n E H T ca lculat ion on dopamine , consider ing the p h e n y l - m e t h y l e n e 
a n d methy lene -methy lene bonds a n d h o l d i n g the hydroxyls out of the 
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H 3 N 
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θ > 
Ν 

0 

Π 

Figure 15. Predicted conforma
tion of gamma-aminobutyric acid 

r i n g plane l ed to a gauche pred i c t i on for the side c h a i n (50 ) . Another 
E H T ca lculat ion , apparent ly consider ing only the methy lene -methy lene 
b o n d , reported a trans preference (85). A C N D O - t y p e ca lcu lat ion has 
reported a trans a n d gauche preference (84). Reca l cu lat ion of the mole 
cule ho ld ing the hydroxyls i n the r i n g p lane leads to a trans side cha in 
conformation (77 ) . C r y s t a l analysis predicts trans (86) w h i l e N M R 
predicts bo th trans a n d gauche (85). 

γ-Aminobutyric Acid 

T h e preferred conformations of the inh ib i t o ry transmitter g a m m a -
aminobutyr i c a c i d ( G A B A ) a n d a G A B A - l i k e agent, musc imo l , were 
ca lcu lated (51). T h e pred i c ted conformations ( F i g u r e 15) revea l a close 
correspondence between the o n i u m group a n d charged oxygen distance 
i n the two molecules. It has recently been reported that b i cucu l l ine is a 
specific inh ib i tor of G A B A (52). E x a m i n a t i o n of D r e i d i n g models of 
b i cucu l l ine or the free a c id reveal that this molecule , as a protonated 
salt, can assume a reasonable conformation i n w h i c h the o n i u m to oxygen 
distance is comparable w i t h the pred i c t i on for G A B A a n d musc imo l . 
Recent calculations confirm this interatomic distance (77). 

Τ hyrontimetics 

Trisubst i tuted thyronine analogs have been s tudied us ing E H T to 
pred i c t the phenoxy p h e n y l conformation as inf luenced b y the 3,5-sub-
stituents ( F i g u r e 16) (53 ) . E H T predict ions ind i ca ted that 3,5-iodo a n d 
3,5-bromo groups inf luenced a preference as shown i n F i g u r e 16, i n agree-
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15. K I E R Biological Molecule Conformations 293 

ment w i t h crystal studies (54, 87). Recent reports that an iodine-free bro -
mothyronine is thyromimet i c suggest that the roles of these two halogens 
m i g h t be to contain the two rings as shown i n F i g u r e 16 (55 ) . T h e M O 
calculations further pred i c t ed that 3,5-chloro or hydrogen analogs p re 
ferred alternate conformations to that shown i n F i g u r e 16, i n w h i c h the 
two r i n g planes intersect l ike pages i n a book. T h e knowledge that the 
chlor ine or hydrogen analogs are inact ive suggests a predominant ly steric 
role for these atoms. 

Amino Acids and Peptides 

A l l valence electron M O calculations have been extended to the 
pred i c t i on of amino a c i d residue conformations. T h e approach has gen
era l ly been to consider a m o d e l c ompound , such as an N - a c y l a m i n o a c i d 
amide to s imulate the m i d - c h a i n residue. B e g i n n i n g w i t h three independ 
ent studies reported i n 1969 ( 56—58) a. n u m b e r of amino ac id residue 
conformations have been pred i c ted to date f r om a l l valence M O methods. 
Specific examples of amino a c i d residues s tudied , w i t h references i n order 
of appearance i n the l i terature are g lyc ine (56-^59), a lanine (56, 57, 59), 
phenyla lanine (57), pro l ine (57, 60), hydroxypro l ine (60), serine (61, 
62), isoleucine (61, 88), va l ine (61,88), threonine (62), leucine (61,88), 
arginine ( N - t e r m i n a l ) (63), arginine ( C - t e r m i n a l ) (63), arginine side 

θ 

α. 

HO, 

Figure 16. Predicted conformation 
of 3,5,3f-triiodo or tribromothyronine 
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Figure 17. Predicted conformation of insect juvenile hormone 

c h a i n (63, 64), arginine a n d lysine residues (65 ) , N - t e r m i n a l g lyc ine , a la 
nine , a n d pro l ine (66, 89), aspartic a c id (88), g lutamic a c id (88), m e t h i 
onine (90), a n d t ryptophan (90). 

I n general the pred i c ted conformations have agreed w i t h some ex
per imenta l results obta ined f rom various polypept ides us ing different 
exper imental techniques. T h e existence of more than one f o rm of a po ly 
pept ide resul t ing f r o m different conformations possible for some amino 
a c i d residues, depend ing on phys i ca l a n d chemica l manipulat ions , makes 
va l idat i on of these predict ions complex. 

T w o attempts have been reported to predict the conformation of a 
po lypept ide hormone b y assembling the appropr iate residues i n their 
pred i c ted conformation (63,90). I n this manner , the amino ac id sequence 
of b r a d y k i n i n was pred i c ted to exist i n a r a n d o m c o i l conformation, w i t h 
var iat ion around the g lyc ine φ bond , a n d w i t h no interact ion pred i c ted 
between p h e n y l groups. A s yet no exper imental evidence confirms this 
pred i c t i on ; however , existing exper imental evidence suggests that the 
pred i c t i on is reasonable (67-69). I n the second study the conformation 
of gastrin tetrapeptide was pred ic ted (90). 

Other Biologically Important Molecules 

A n u m b e r of other studies have been reported , us ing al l -valence M O 
methods to predic t the conformation of b io log i ca l ly important molecules. 
These inc lude calculations on glucopyranose (70), several disaccharides 
(71), several nucleosides (72-75), a n d acetani l ide (76). T h e pred i c t i on 
of the conformation of the insect juveni le hormone has also been made 
f rom E H T - M O calculations ( F i g u r e 17) (77 ) . U s i n g a combinat ion of 
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15. K I E R Biological Molecule Conformations 295 

E H T , i terative E H T , a n d dispersion b o n d i n g calculations, the conforma
tions of prostaglandin E - l were pred i c ted (78). T h e prominent con-
formers were a l l pred i c ted to have int imate interact ion between the side 
chains, i n agreement w i t h crystal studies (79 ) . F i n a l l y , predict ions of 
conformation have l e d to the pred i c t i on of a sweet-taste pharmacophore 
(91). 

Perspectives 

T h e relevance of the preferred conformation of an active molecule 
to events at its b io log i ca l receptor is uncertain . T h e finding i n several 
studies, that s tructural ly different molecules w i t h equa l potencies prefer 
conformations i n w h i c h very s imi lar patterns of charged atoms are made 
avai lable , lends support to the relevance. It has been suggested that the 
d r u g molecule forms a p r e l i m i n a r y weak b o n d w i t h the receptor w h i l e 
i n the preferred conformation, f o l l owed b y a more int imate a n d stronger 
association i n w h i c h both d r u g a n d receptor conformations are altered 
(50). T h e stereoselective " recogni t ion" of the d r u g , however , occurs d u r 
ing the p r e l i m i n a r y event, p r i o r to any m u t u a l perturbat ion . M u c h remains 
to be explored concerning these events; however , results to date suggest 
that the presumpt ion of the importance of preferred conformation is a 
useful operat ional hypothesis. 

F i n a l l y , M O predict ions shou ld be considered as an adjunct to the 
d r u g design a n d mechanism interpretat ion process. T h e calculations 
should always be based on reasonable chemica l structures a n d processes, 
a n d the results a n d interpretations should always be v i e w e d i n the l ight 
of b io log i ca l rea l i ty or reasonable mechanisms. T h e M O theory can thus 
be a p o w e r f u l servant to the m e d i c i n a l chemist or chemica l p h a r m a 
cologist i n his search for b io l og i ca l explanations a n d n e w drugs. 
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