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erosion. I n  Nature ,  the  instances of capi l lary or porous 
flow are  far  more  numerous  and var ied  than  those of 
t u rbu len t  flow, and the  phenomenon  consequent ly  
deserves some a t t en t ion  ~. 

Rdsumd. On a 6tudi6 t 'dcoulement  d ' u n e  suspension de 
globules rouges e t  de diverses solutions,  soit  dans  un tube  
capillaire de 0,7 mm de diam~tre,  soi t  en  mi l ieux poreux  
(papiers de cellulose, papiers  de verre,  toile de verre) en 
d6 te rminant  la r6par t i t ion  des solut6s dans  les zones 
l imites  solut ion-solvant  e t  en la  c o m p a r a n t  aux  valeurs  
th~oriques. 

Dans le tube  capillaire, les globules rouges s '6coulent  
toujours  plus r i t e  que la  vi tesse  moyenne  de l 'eau.  
Protdine e t  polysacchar ide  font  de m~me t a u t  que  la  
vi tesse d 'dcoulement  est  assez rapide.  Les sels mindraux  

se d6placent  e x a c t e m e n t  h la m~me vi tesse que l 'eau.  En 
mi l ieux poreux,  routes  les substances  6tudi6es mon t ren t  
une  avance  de 1,1 ~t 1,4 sur  la  v i tesse  de l 'eau.  

On a t t r ibue  ce ph6nom@ne £ la  pouss6e hydro-  
d y n a m i q u e  centr ip6te  que  regoivent  les solut6s dans 
l '6coulement  laminai re  cyt indr ique,  qui  tes d6place vers  
les lignes de cou ran t  plus rapide.  

J. BOURDILLON 

Division o~ Laboratories and Research, New York State 
Department o/Health, Albany (U.S.A.), June 72, 7962. 

lz The writer is indebted to Dr. S. BUL~tVAST for reading the 
manuscript and making valuable suggestions. 

C O G I T A T I O N E S  

Correlation of  t h e  B i o l o g i c a l  A c t i v i t y  o f  Organic 
C o m p o u n d s  b y  M e a n s  o f  t h e  L i n e a r  F r e e  E n e r g y  

Relationships 

During  recent  years,  evidence has been accumula t ed  
about  the  possibili t ies of correlat ing the  biological  
ac t iv i ty  of substances  wi th  physical  cons tan ts  charac ter -  
izing a cer ta in  p a r t  or  the  whole molecule under  invest i -  
gation.  Obviously,  th is  a t t e m p t  is useful no t  only  f rom 
the  prac t ica l  v i ewpo in t  (possibili ty of predic t ing t h e  
biological ac t iv i ty )  b u t  also for theore t ica l  reasons,  
p r imar i ly  for t he  s t u d y  of the  mechan i sm of the  biological  
process. F o r  example ,  re la t ionships  be tween  biological  
ac t iv i ty  and chemica l  reac t iv i ty ,  polarographic  ha l f -wave  
potent ials ,  ox ida t ion- reduc t ion  potent ia l s  and  solubi l i ty  
of t h e  ac t ive  compounds  h a v e  been found.  This  fictd has  
recent ly  been reviewed 1. I n  this  connect ion  i t  seems 
especially a t t r a c t i ve  to  inves t iga te  the  possibi l i ty  of 
util izing the  l inear  free energy  re la t ionships  well known 
from theore t ica l  organic  chemis t ry  ~-5. Hi ther to ,  this  
correlat ion has been establ ished in several  cases by  
means  of the  H a m m e t t  equa t ion  ~-13 and the  recent ly  
proposed mr-equation 14-1e, I t  seems desirable to s tudy  
this p roblem in a mere  sys temat ic  way.  

Le t  us suppose t h a t  the  biological  eff iciency is governed,  
for example,  by  the  va lue  of t he  par t i t ion  coefficient  p of 
t he  ac t ive  compound  be tween  a po la r  and  non-polar  
l iquid phase.  This  means  t h a t  t he  biological  eff iciency is 
in principle de te rmined  by  this  phys ica l  magni tude .  L e t  
us suppose, moreover ,  t h a t  t he  efficiencies e,,, and  ei,2 
are  s tudied of a series of compounds  (i denotes  t he  i - th  
member)  in two biological  sys tems (1 and 2); for the  
dependences  on p holds:  eLx = fl(Pt) and ei,~ = f2(Pi,2)- 
Eviden t ly ,  a funct ion  exists  f i t t ing the  re la t ion  e~,~ :[(ei,2) 
which migh t  be  a l inear  one. I n  this  w a y  we h a v e  m a d e  
the  biological d a t a  ' i ndependen t '  of a ce r ta in  more  o r  
less a rb i t ra r i ly  chosen magni tude .  T h e n  we can  inves t i -  
ga te  t he  connect ion wi th  var ious  types  of cons tan t s  in a 
more  sys temat ic  way,  This  approach  was t ac i t ly  used in 
the  following discussion (see14). I t  is c lear  t h a t  the  same 
considerat ion could be  applied to the  chemical  reac t iv i ty .  

De/initions o/some Concepts 
Biological Object: the  exper imenta l  an imal  or  the  ob jec t  

on cell  or  molecular  level ;  th is  ob jec t  is t r ea t ed  w i t h  t he  
biologically active substance which m a y  be any  def ined 

organic  compounds.  I n  the  present  work  we are  concerned 
wi th  t h e  inves t iga t ion  of compounds  (with a cer ta in  
funct ional  group) whose subs t i tuents  are  s t ruc tu ra l ly  
related.  Biological system: the  sys tem consist ing of a 
biological  ob jec t  and a series of biological ly ac t ive  
compounds  in interact ion,  

:['he biological  effect of the  compound  under  s t udy  is a 
man i fes ta t ion  caused, as a rule, by  a n u m b e r  of processes, 
which t ake  place in a biological  system. The process 
governing t he  magn i tude  of the  biological  effect  (bio- 
logical efficiency) is to  be t e rmed  the  e//iciency-determin- 
ing step. In  principle,  this  process can  be e i ther  a chemica l  
reac t ion  be tween  the  tunc t iona l  group of the  biological ly 
ac t ive  c o m p o u n d  and  the  r eac t i v i t y  cent re  in t he  bio- 
logical  ob jec t  o r  a process t he  n a t u r e  of vthich resembles  
the  pa r t i t i on  of a c o m p o u n d  be tween  two  immiscible  
l iquid phases~L t n  t he  first  case we shall  speak  of  a 
chemical  reac t ion  as an  ef f ic iency-determining  s tep  and 
in the  second case of  a phys ica l  process. 

Linear Free Energy Relationships: These relat ions can be 
charac ter ized  by  Eq .  1 
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where E i and E r m e a n  the  free energy change of the  
inves t iga ted  equi l ib r ium or k inet ic  process for the  i - th  
and reference m e m b e r  of the  series of s t ruc tu ra l ly  re la ted 
compounds .  ~b and Wi are  cons tants  the  first o f  which 
character izes  the  g iven  react ion sys tem while the  second 
describes the  s t ruc tu ra l  difference be tween  the  i - th  and 
reference members ;  i t  does not  depend  on the  va lue  of 
t h e  cons t an t  ~. 

W h e n  character iz ing the  equi l ib r ium or ra te  process by  
the  equi l ibr ium or ra te  cons tan ts  the  magni tudes  propor-  
t ional  to  energy,  i.e. logar i thms of the  constants ,  occur  
in Eq .  1 instead of the  energies E l  and  E¢. The  biological  
eff iciency expressed for example  by  means  of  the  equi-  
tox ic  concent ra t ions  or  b y  the  concen t ra t ions  causing 
50% pro longat ion  of t he  induc t ive  per iod is of ten  a 
magn i tude  propor t iona l  to the  equi l ib r ium or  ra te  
cons tan ts  of t he  reac t ion  of t he  biological ly  ac t ive  
subs tance  wi th  t he  respec t ive  cent re  in the  biological  
object .  Therefore ,  togk i (k, means  equi l ib r ium or  ra te  
constants)  can be replaced by  the  logar i thm of t he  
biological  efficiency, log v~, expressed by  concent ra t ion .  
Recen t ly  HANSEN 1~ has  dea l t  wi th  this  p rob lem in 
detai l .  According  to  the  na tu re  of the  efficiency- 
de te rmin ing  step and biological ly ac t ive  compounds ,  six 
special  forms of Eq .  1 can  be  suggested.  I n  Eqs.  l a - l f ,  
t he  cons tants  ¢e, ~o*, mg, e, O~p and  X s tand  for ~ (Eq. 1) 
and the  cons tants  fl, a*, fill, a, tip, and A for ~ (Tab le  I). The  
significance of cons tan t s  ~, fix4 ~.,  a .3 and e, a2 has  
a l ready  been defined, .4 s tands  for WlaELAND'S a tomic  
local izat ion energylS, xg; the  mean ing  of the  cons tants  
~n and cep (fill and .  flp~ is analogous to  t h a t  of c¢ (fl), 
W h e n  the  biological  d a t a  f i t  some of the  equa t ions  of the  
Eq .  1 type ,  the  p lo t  of A logv i[ - - log(vdrr ) ,  where Ti(Tr) 
means  the  eff iciency of t he  i-th (reference) m e m b e r  
expressed by  mola r  concent ra t ions]  against  t he  cons tan ts  
which s tand  for ~v I yields a s t ra ight  line, the  slope of 
which is equal  to ~. 

If  we imagine in the  place of ~i the  equi l ib r ium or ra te  
cons tan t s  (Eqs. lb ,  ld  and lf) we see i m m e d i a t e l y  t h a t  
the  relat ions resul t  which are well known from the  t h e o r y  
of chemica l  reac t iv i ty ,  namely,  the  TAFT equa t ion  ~, 
HAMMETT equa t ion  ~ and the  re la t ion including the  
a tomic  local izat ion energy4,L Equa t ions  la ,  le ,  l e  
concern specifically the biological systems.  We  devo ted  
a considerable  in teres t  to Eq.  la .  I t  is su i table  for the  
corre la t ion of the  biological  efficiency of var ious  a l iphat ic  
compounds  of the  type  R i X ,  where R i means  an  alkyl  
and X s tands  for a funct ional  group.  TR~KA et  al. ta h a v e  
p roved  the  appl icabi l i ty  of this  equa t ion  to series of 
compounds  in which the  group X is compara t i ve ly  large. 
Unt i l  now the  TAFT equa t ion  (lb) has  been  ut i l ized on ly  
to a l imi ted  degree. I t  seems t h a t  t he  effect of  d ioxalans  
on isolated bowels ~° and  the  tox ic i ty  of  phenyl  a lkyl  
sulphides for wh i t e  l abora to ry  mice 2t obey  this  equat ion .  
I n  general ,  i t  can  be  expec ted  t h a t  th is  equa t ion  will  be  
used wi th  such a l iphat ic  compounds  the  func t iona l  group 
of which  is re la t ive ly  h igh ly  react ive .  Moreover ,  these  
compounds  should be ac t ive  in biological  objects  in 
which  the  ef f ic iency-determining  proceeds in a p lace  
read i ly  accessible to  molecules of the  biological ly  ac t ive  
substances,  e.g. on the  celt surface. 

Whim t h e  H a m m e t t  equa t ion  l d  has  been explo i ted  
several  t imes  (Table I I ) ,  on ly  v e r y  recent ly  VLACHOV/~ 
e t  al. t3 h a v e  p roved  (with m- and  p-subs t i tu ted  phenyl  
i so th iocyanates )  t h a t  t he  corre la t ion  wi th  Eqs.  l c  and  
l d  can  serve for the  de t e rmina t ion  of the  na tu re  of the  
ef f ic iency-determining step.  So the  recent  proposal  was 
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Tab. I. Linear free-energy relationships in biological systems 

Compounds Efficiency-determining step 
Physical process Chemical reaction 

Aliphatic compounds 
m- and p-substituted benzene derivatives 
Polynuclear aromatic compounds 

AlogT,. = ctfl (la) Alog~'i = ~*a* (lb) 
zIlogT t = o~It~H (le) Alogvi = qa (ld) 
Aloglr/ = o~1,[1p (le) Alogv  i = ~A (lf) 

Tab. II. Hamnmtt's ~-constants for biological systems 

O Biological object, biologically active compounds, process Ref. 

P-~0 --,  arsenosobenzenes, parasltieidal activity 6 
0.55 .Staphylococcus aureus, G-penicillins, growth inhibition 12 
0.7 Staphylococcus aureus, ehloramphenicol analogues, growth inhibition 12 
1.06 (1.62) Brain acetylcholine esterase, p- (m-) subst. N-phenylearbamates, inhibition of aeetyleholine hydrolysis 8 
1.20 Larvae of the mosquite Aedes aegypti, substituted benzoic acids, LDs0 12 
1.26 White laboratory rats, substituted anilines, methaemoglobine formation 11 
1.4 Escherichia coli, chlorampbenicol analogues, growth inhibition 12 
1 . 5 3  Dehydrogenase, substituted isatines, activity decrease of aniline dehydrogen~-A~e. 10 
1.76 Escherich:i'a coli, substituted phenyt isothioeyanates, breath inhibition 13 
2.38 Escherichia coli, substituted phenyl isothiocyanates, growth inhibition 13 
3.67 Brain acetylcholine esterase, substituted phenyl diethyl esters of phosphoric acid, inhibition 9 
5.8 Erythrocytes, substituted phenyl dimethyt esters of phosphoric acid, inhibition of choline esterase 7 
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con f i rmed  x. I n  sys tems  in which  no  para l le l i sm b e t w e e n  
log zi a n d  a was es tab l i shed ,  a suff ic ient ly  close co r re l a t ion  
was  f o u n d  be tween  log r t and  l o g a r i t h m  of  m o l a r  solu- 
b i l i t y  of biological ly  ac t ive  c o m p o u n d s  (see F igures  1 
a n d  2). I n  th i s  second ins tance ,  in  fact ,  a modi f ied  
~f i -equat ion is used.  T h e  l o g a r i t h m s  of m o l a r  so lubi l i t ies  
of s u b s t i t u t e d  p h e n y l  isothiocyanates h a v e  been  used  as 
t he  p rov is iona l  va lues  of f i l l -constants .  A more  t h o r o u g h  
inves t iga t ion  of th i s  a n d  of Eq .  le  ha s  b e e n  s t a r t ed .  
E q u a t i o n  l e  has  no t  ye t  been  used. On t h e  o t h e r  h a n d ,  
Eq .  I f  has  been  used. As example.a, t h e  re la t ions  b e t w e e n  
the  m a g n i t u d e  of t h e  cancerogenic  ~ - ~ ,  c a n c e r o s t a t i c  ~6, 
a n d  a u x i n  ~ ac t iv i t i e s  a n d  c e r t a i n  q u a n t u m  chemica l  
r e a c t i v i t y  indices  shou ld  be  m e n t i o n e d .  Moreover ,  i t  
can  be expec t ed  t h a t  in  t he  l i t e r a tu re  d a t a  will be  found  
p e r m i t t i n g  s e m i q u a n t i t a t i v e  use of Eq .  l f .  As a n  e x a m p l e  
could serve t h e  b io logica l  a c t i v i t y  of b is ( f l -chloroethyl ) -  

~ x ~ 2 _  n l~§ ED~o aphthyl 

B 
,:,o0, 

m~5 m-~OH ~ . . . . .  

4 ÷-log solubility 
Fig. 1. Growth inhibition of Candida Mbicans on liquid vitamine 
substrate by m- and p-substituted phenyl isothiocyanates (EDn0 
means the effective doses) plotted against the logarithm of molar 
solubilities of biologically active compounds in 50% aqueous ethanol. 
Correlation coefficient of the whole set r = I}.874 (dash line); the 
same magnitude for the set not including the two most deviated 

points r '  = 0.959 (fullline). 

-5.0 
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m_N~CH~) z - [ 
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2 p-GV 

P-N{CHa)z /~rmpbfh~l 

,-m-COOH 
p-Ph?H ..... p-GOOH ~p-NO~ 

0 l~ 

Fig. 2. Growth inhibition of Esckerichia coli on glycerol substrate by 
m- and p-substituted phenyl isothiocyanates pIotted against HAM- 
METT constants a. Correlation coefficient r = 0.959 of the set not in- 
eluding the data for compounds with ionizing groups (designated .) 
and the nitro derivative (which reacts before reaching the reactive 

centre !n biological system owing to its extreme reactivity). 

a r y l a m i n e s  de r ived  f rom p o l y n u c l e a r  a r o m a t i c  hydro-  
c a r b o n s  2s (see also 1). 

Applicability of Eqs. 1a-1[. F i r s t  of all, t hese  equa t ions  
m a k e  .it poss ible  to  cha r ac t e r i z e  t h e  b io logica l  sys tem 
u n d e r  s t u d y  b y  m e a n s  of on ly  one  c o n s t a n t  (¢ in  Eq .  1). 
Th i s  c o n s t a n t  serves  for  c a l cu l a t i ng  t h e  biological  effici- 
ency  of a d e r i v a t i v e  n o t  ye t  e x p e r i m e n t a l l y  s tud ied .  Fo r  
th i s  ca lcu la t ion ,  n a t u r a l l y ,  t he  v a l u e  of ~% m u s t  be  k n o w n  
w h e n  t he  a c t i v i t y  of  t h e  h-th d e r i v a t i v e  is to  be  eva lua ted .  
W h e n  the  d a t a  for a c e r t a i n  c o m p o u n d  dev i a t e  signifi- 
c a n t l y  f rom the  regress ion  line ho ld ing  for  t he  given 
biological  sys tem,  t h e n  t he  idea  is s u p p o r t e d  t h a t  the  
c o m p o u n d  ac t s  b y  a d i f f e ren t  m e c h a n i s m .  

F u r t h e r m o r e ,  Eqs .  l a - l f  p e r m i t  a decis ion w h e t h e r  
t h e  e f f i c i ency -de t e rmin ing  s t ep  is a phys ica l  process 
(sa t is fying Eqs .  l a ,  lc ,  le) or a chemica l  r eac t i on  (satisfy- 
ing Eqs .  lb ,  l d ,  l f) .  Th i s  is u n d e r s t a n d a b l e  because  of 
t he  fac t  t h a t  no  pa ra l l e l i sm exis t s  b e t w e e n  t h e  c o n s t a n t s  
fl a n d  a* a n d  also fiH a n d  a ( the  c o n s t a n t s  tip a n d  A 
h a v e  n o t  y e t  b e e n  s tud ied) .  F ina l ly ,  i t  is e v i d e n t  t h a t  t he  
e q u a t i o n s  u n d e r  d iscuss ion  offer  a more  r a t i o n a l  a p p r o a c h  
in s ea r ch ing  for  new  c o m p o u n d s  in p h a r m a c o l o g y  and  
i n d u s t r i a l  toxicology.  

Conclusion. A t  p r e s e n t  i t  a p p e a r s  top ica l  to  d e t e r m i n e  
t h e  accu ra t e  va lues  of t he  c o n s t a n t s  tiM a n d  tip (Eqs. l c  
a n d  le) ,  as well  as t he  scope of t h e i r  app l icab i l i ty .  The  
m o s t  i m p o r t a n t  t a s k  seems to  be  t h e  s y s t e m a t i c  s t u d y  
of s igni f icance  t h e  slopes of t he  dependences  l a - l f .  W e  
bel ieve  t h a t  these  va lues  cou ld  serve for t he  i n t e r p r e t a t i o n  
of t h e  n a t u r e  of t h e  biological  process  s tud ied .  More 
a t t e n t i o n  shou ld  b e  pa id  to  t he  app l i cab i l i t y  of t he  
Eq.  l b  29. 

Zusammenfassung. Die l i nea ren  B e z i e h u n g e n  de r  
~ n d e r u n g e n  de r  f re ien  Ene rg i e  k a n n  m a n  fiir die Kor -  
r e l a t ion  d e r  b io log ischen  X¥irk-ung v e r s c h i e d e n e r  T y p e n  
o rgan i sche r  V e r b i n d u n g e n  m i t  K o n s t a n t e n  angehen ,  
de ren  W e r t  d u r c h  die S t r u k t u r  de r  S u b s t i t u e n t e n  
b e s t i m m t  wird.  N e b e n  d e n  aus  t ier t h e o r e t i s c h e n  o rgan-  
i schen Chemic  g u t  b e k a n n t e n  B e z i e h u n g  (Taf t sche  u n d  
H a m m e t t s c h e  Gle ichungen ,  K o r r e l a t i o n  de r  Reakt iv i t~ t t  
k o n j u g i e r t e r  u n d  a r o m a t i s c h e r  Sys t eme  m i t  den  q u a n t e n -  
c h e m i s c h e n  Reakt iv i t~ i t s indizes) ,  die v e r w e n d b a r  sind,  
w e n n  de r  a k t i v i t g t s b e s t i m m e n d e  S c h r i t t  eine chemische  
R e a k t i o n  ist,  w u r d e n  G le i chungen  v o r g e s c h l a g e n  die 
gfiltig sind,  w e n n  es s ich b e i m  k r i t i s c h e n  S c h r i t t  u m  
e inen  phys ika l i s chen  Prozess  h a n d e l t .  
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