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SUMMARY 

The partitioning of aromatic molecules between immiscible nonpolar-polar 
phases (n-octanol-aqueous 50 mM sodium phosphate buffer (pH 7.4)) is considered 
experimentally and theoretically from a molecular orbital theory point of view. An 
equation is developed that satisfactorily describes the partitioning process: 

- -  a - -  a" [ b  - -  b ' ]  Z '  S E 
In P = ( R - i - - )  Zs I QsTI ~- t - R ~ - ]  s s 

where P is the chemical's partition coefficient, Q~ is the charge density obtained from 
considerations of both ~ and a electron frameworks for the aromatic compound, and 
S~ is induced polarization. 

Thirty aromatic molecules representing four chemical classes (hydrocarbons, 
heterocycles, substituted benzenes, and substituted indoles) have partition coefficients 
that are correlated by this model equation. These correlations provide new examples 
for the applicability of molecular orbital theory to studies of biological activity and 
chemical structure interrelationships. 

INTRODUCTION 

Many diverse biochemical processes such as plant growth 1, drug activityL en- 
zyme inhibition 3, and erythrocyte hemolysis 4 are dependent on the lipophilicity of the 
aromatic substrates involved. To gain insight into these events, it is common practice 
to define the partition coefficient for the distribution of the substrate between an 
aqueous and a nonpolar phase as a measure of lipophilicity. The maximum biological 
responses observed for a series of related substrates may then be considered in terms 
of molecular partitioning between the aqueous biophase and nonpolar regions of the 
biophase such as membranes and interfacial barriers. 

At the molecular level, it might be expected that  the electronic characteristics 
of a substrate will control the affinity of the substrate for an aqueous or an organic 

* To whom inquiries should be addressed: Department of Biochemistry, Medical College of 
Virginia, Richmond, Va. 232x9, U.S.A. 
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phase, and in a previous note 5, it was reported that  the partition coefficients for a series 
of aromatic compounds can be correlated with molecular orbital indices calculated 
for their n electron frameworks. In this report, it is shown that  both a and n electronic 
properties must be considered in order to describe satisfactorily the partitioning pro- 
cess. An interpretation of the correlations obtained is also presented using as a basis a 
recent theory of chemical reactivity6a as modified for application to biological sys- 
temsS,L 

PARTITION THEORY 

Partitioning of a compound between a polar and a nonpolar phase may be con- 
sidered in terms of the cyclic process 

Cg 

On- ~ Ci 

where Cg, Ca, Cn is the compound as found in the gaseous, aqueous polar, and nonpolar 
phases, respectively. This process may be represented by the series of transformations 

C,  = Cn AGMn (mixing in nonpolar phase) (i) 
Ca = C.  dGp (partitioning) (2) 

Ca = Cg - -  AG~ i (mixing in aqueous phase) (3) 

for which the overall transformation is 

C a = Ca AC = A G n ' - - A G ~  + AGp (4) 

Since the system is unchanged, no net free-energy change is possible so that  

A 6  = o = A G ~ - -  AG~ + A G ,  (5) 

and hence 

A G .  = AG~ - -  AG~ (6) 

From the usual definition x of a partition coefficient P 

AGp = - -  R T  In P (7) 

it is thus found that  

In --P = R--TI (AG~a __ AG~) (8) 

or, in other words, the natural logarithm of a partition coefficient should be proportio- 
nal to the difference in the free energy of mixing for the equilibrium concentrations of 
compound in the nonpolar and the aqueous phases, respectively. 

As interactions between molecules in the gas phase may be considered negligible, 
i.e. the gaseous molecules behave ideally, the predominant contribution to the free 
energy of mixing must be due to interactions between molecules of compound and 
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molecu l e s  of so lven t .  C o n s i d e r  t h e  i n t e r a c t i o n  b e t w e e n  a s ingle  mo lecu l e  of c o m p o u n d  

a n d  a s ingle  m o l e c u l e  of s o l v e n t .  S e c o n d - o r d e r  q u a n t u m  p e r t u r b a t i o n  t h e o r y  m a y  b e  

u sed  to  d e s c r i b e  t h e  i n t e r a c t i o n ,  s ince  in t h e  case  of w e a k  i n t e r a c t i o n s  t h i s  o r d e r  of 

a p p r o x i m a t i o n  in t h e  p r e s e n t  t r e a t m e n t  l eads  to  e x a c t  r e s u l t s  1°. In  p a r t i c u l a r ,  t h e  for-  

m a l i s m  g i v i n g  t h i s  i n t e r a c t i o n  in t e r m s  of t h e  g r o u n d - s t a t e  m o l e c u l a r  o r b i t a l s  of t h e  

i n t e r a c t i n g  species ,  e x p r e s s e d  r e s p e c t i v e l y  as a l i n e a r  c o m b i n a t i o n  of a t o m i c  o r b i t a l s  e,7, 

m a y  b e  u sed  in i t s  mod i f i ed  formS, 9. 

A c c o r d i n g  to  t h i s  a p p r o a c h ,  t h e  f ree  e n e r g y  of m i x i n g  m a y  be  t h o u g h t  of as con-  

s i s t i ng  of ionic  E l a n d  n o n - i o n i c  E c c o n t r i b u t i o n s  d u e  to  i n t e r a c t i o n s  b e t w e e n  t h e  

a t o m s  of s o l v e n t  (r) a n d  s o l u t e  (s) 

Ac M = ,v,~x, (E~s + Er~) (9) 

If in solution a number of molecules of solvent interact in a random fashion with a 
solute molecule, each atom of the solute experiences an averaged effect due to the sol- 
vent atoms. Under these conditions, the ionic and non-ionic components of Eqn. 9 
may each be factored 9 into two parts*, and those factors representing averaged effects 
due to solvent may be abbreviated a and b, 

~G ~' = ~, (X,E~') + g (X, Ee.) (1o) 

Each atom of the solute may have its ionic contribution EIs given by the calcu- 
lated sum of the net a and ~ charges QT on the atom. The absolute value of the sum 
will be used, since in interacting randomly with solvent, a solute atom can experience 
either positive or negative charges of the solvent atoms. Hence. 

E~= [QT!  (11) 

For the non-ionic contribution of each atom of solute E c, the molecular orbital 

* The interaction of a compound with a molecule of solvent may also be expressed in the fol- 
lowing manner 

I ~ T - - T  2 2 2 ~2 ]  

LersDr s + •m •n Em__Enl 

where atom r of solvent interacts with atom s of compound. The charge densities of atoms r and s are 
Qr T and QT, respectively. The effective dielectric between r and s is er.; e is the electrostatic unit  of 

charge; and Drs is the distance between r and s. ~Vn°ec' and Xum n°ec" refer to summation over the 
occupied and unoccupied orbitals of compound and solvent, respectively. The coefficient for atom r 
is c b when the linear combination of atomic orbitals molecular orbital m has the energy Era, and 
c,,, is the coefficient for atom s when the molecular orbital n has the energy En. 

If in solution, a number  of molecules interact  randomly with the chemical so tha t  each 
atom s of solute experiences an average effect due to each atom r of solvent, then those terms re- 
ferring to the atoms of solvent may be replaced by an averaged value and factored from the sum- 
mation. Hence, 

,~c M = z~ ~O, + ~ ,v .  v _ ~  

a ~ 'r  ; g  ( V,r~Y, unoee- 2 
= = C . , r ~  ),~. 

\ ersDsr av- 
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index S E, often termed superdelocalizability or delocalizabilityU, TM may be used as a 
measure of induced polarization TM. Hence, 

E c. = S ~.~ (I2) 

Combining Eqns. 8, IO, I I  and 12 affords an expression that  relates partition 
coefficients to indices that may be calculated using molecular orbital approaches 

InP - (a--a')r, !,Q~I , (b--b')x, SE" (13) 

RT RT 

In Eqn. 13, a primed coel~cient is taken to identify terms associated with a polar or 
aqueous solvent. From the coefficients it can be seen that  if in partitioning between an 
aqueous and a nonpolar phase the distribution of a compound in the aqueous phase is 
favored then d < ~' and the first term of Eqn. 13 should be negative. On the other hand, 
if distribution of the compound in the nonpolar phase is favored then b > ~ and the 
second term of Eqn. 13 should be positive. Thus, correlations obtained by the use of 
this relation represent the hydrophiLic-lipophilic balance for the series of compounds 
investigated. 

T A B L E  I 

H Y D R O C A R B O N S :  P A R T I T I O N  C O E F F I C I E N T S  A N D  C A L C U L A T E D  M O L E C U L A R  O R B I T A L  I N D I C E S  

Co,~po..a X.IQri zos~ z, ~, t, ~, t, A ~ . "  
obs. calc. Ratio In if, obs. 

]3iphenyl  I.O76 IO.292 7.272 7.630 I.O49 
N a p h t h a l e n e  o.866 8.874 6.932 6.6II  o-954 
Indene  1.o84 8.464 6.430 6.243 o.971 
Benzene  0.636 4.998 3.584 3.735 1.o42 

* Ra t io  expresses  the  correla t ion be tween ca lcula ted  and  observed values ;  I.OOO is a perfect  
correlat ion.  

T A B L E  II 

I - [ E T E R O C Y C L E S "  P A R T I T I O N ' ~ O E F F I C I E ' N T S  A N D  C A L C U L A T E D  M O L E C U L A R  O R B I T A L  I N D I C E S  

Compo~.a Z, IQ r, zos f  t. P, ~., F t.-~, .a~,." 
obs. calc. Ratio In P,, obs. 

Carbazole  1.799 12.I77 7.576 6.I36 o .8 io  
T h i a n a p h t h e n e  1.812 14.698 7.113 7.776 i.o93 
Indole  1.438 9.114 5 .182 4.929 o.95I 
Quino l ine  1.487 8.333 4.754 4.3 °0  0.905 
]3enzothiazole  2.299 12.ooo 4.673 4.879 1.o44 
Indazole  1.245 8.881 4.19o 5.215 1.245 
]3enzoxazole 1.817 8. i 14 3.663 3-403 0.929 
]3enzimidazole 2.177 8-443 2.773 2.794 i .oo8 
Oxindo le  2.2o6 8.843 2.639 3.oo0 1.137 
Q u i n o x a l i n e  2.352 7.954 1.946 2.078 1.o68 

" Ra t i o  expresses  the  correla t ion be tween ca lcula ted  and  observed values ;  i .ooo is a perfect  
correla t ion.  
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TABLE III 

S U B S T I T U T E D  I N D O L E S ;  P A R T I T I O N  C O E F F I C I E N T S  

K. S. ROGERS, A. CAMMARATA 

A N D  C A L C U L A T E D  M O L E C U L A R  O R B I T A L  I N D I C E S  

lndole Z ,  iQT! ,~,sEs In P_ In P. In -P, talc. ° 
obs. calc. Ratio In i51 obs. 

5-Bromo i .488 I 1.481 6.906 6.557 0.949 
1,2-Dimethyl ~.538 i2.o5i 6.498 6.6i 4 I.Oi8 
5-Chloro 1.492 t 1.343 6.269 6.458 1.030 
5-Methyl 1.546 lO.427 6.18o 5.652 o.9I 5 
3-Methyl 1.433 lO.691 5.984 6.4o 3 1 .o7o 
5-Fluoro 1.638 9.973 5.268 4.9 °6 o.931 
Unsubst i tuted 1.438 9.114 5.182 5.484 I.O58 
5-Methoxy 1.855 11.883 4.754 4.833 1.o17 
5-Hydroxy 2.136 IO.524 2.434 2.569 1.o55 

" Ratio expresses the correlation between calculated and observed values; Looo is a perfect 
correlation. 

TABLE IV 

S U B S T I T U T E D  B E N Z E N E S "  P A R T I T I O N  C O E F F I C I E N T S  A N D  C A L C U L A T E D  M O L E C U L A R  O R B I T A L  I N D I C E S  

Benzene Z, IQTI ~ , S  E In ~, z. ~, In -p, talc." 
derivate obs. calc. Ratio _ 

In P ,  obs .  

Anilyl 1.873 I2.3o2 7.427 6.927 0.933 
Phenyl 1.o76 1o.29z 7.272 7.247 o.997 
Dimethylamino t.198 io.266 6.026 6.866 1.139 
Methyl 0.826 6.253 4.852 4.324 o.891 
Methoxy 1.169 7.674 4.7 °o 4.679 0.995 
Unsubst i tuted 0.636 4.998 3.584 3.712 1.o36 
Hydroxy 1.457 6.335 3.277 2.732 o.834 
1-Hydroxy, 2- 

amino 2.343 8.274 2.542 2.i 14 o.832 
Amino 1.636 6.8o 4 1.775 2.676 1.5o8 
l -Hydroxy,  2- 

carboxy 3.716 8.468 - i  .514 -1.337 0.883 

* Ratio expresses the correlation between calculated and observed values; 1.ooo is a perfect 
correlation. 

MATERIALS AND METHODS 

Partition coefficients for the materials listed in Tables I - IV  were determined 
following the procedure described previously 4. The ratio of the equilibrium concentra- 
tions of compound in n-octanol and aqueous 5 ° mM sodium phosphate buffer (pH 7.4) 
is the value used for the respective partition coefficients. For the compounds included 
in this study, the maximum error in determination of concentration is + 5 %. All 
calculations were performed on an IBM 113o computer. The simple Htickel method lz 
was used for tile .~-system calculations and the method of DEL RE and co-workers**, 15 
as modified by BERTHOD AND PULLMAN le was used for the a-system calculations. The 
parameters employed were those suggested by the references cited; methyl substi- 
tuents were treated as heteroatoms. Standard package programs provided by IBM 
were used for the statistical analyses. 
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RESULTS AND DISCUSSION 

using 
Multiple regression analyses of the da ta  presented in Tables  I - I V  were performed 
Eqn. 13 as a model. Each set of da ta  is correlated by  the following equations:  
Hydrocarbons (Table I) 

In P = ---0.266 (4-2.963) Z's I QsTI + 0.758 (---0.279) -rsS~ --  o.116 (I4) 

(tl = ----0.089; te = 2.695; r = 0.983: F = 14.2; S.E. = 0.537) 

Heterocycles (Table II) 

l n P  = --2.279 (+0.656)Z's I QT I 4- 0.663 (+o.i i i )278Ss E + 2.168 (15) 

(tl = --3.469; t2 = 5.93o; r = o.931; F = 22.7; S.E. = o.764) 

Substituted indoles (Table I I I) 

In P = - -5 .319  ( + 0 . 5 8 0  ) Z's I Q~[  + 0.566 ( + o - 1 4 2 )  I ' sSs  E + 7.974 (16) 

(tl = - 9 . 1 6 3 ;  t~ = 3.974; r = o.969; F = 46.5; S .E.  = o.381 ) 

Substituted benzenes (Table IV) 

l n P  = - -2 .639  (4-0.236) Z's I Q~I + o.887 (±0.095) 278s~ + 0.958 (17) 

(t~ = --II.3O2; ta = 9.46o: r = 0.980; F = 86.I; S.E. ---- o.613) 

The quanti t ies  in parentheses appear ing after  each coefficient in the equat ion are the 
s tandard  errors associated with the es t imate  of the coefficients. Statistics for the 
equat ion are also indicated in parentheses.  These are the t-tests for the first and second 
coefficients; the mult iple correlation coefficient; the F- tes t ;  and the s tandard  error 
of the es t imate  provided by  the equation,  respectively. 

Each correlation is acceptable on statistical grounds, with the possible exception 
of the equat ion derived using the da ta  of Table I. In  this instance the correlation is 
compromised because of the limited number  of da ta  points. Nevertheless,  induced 
polarization (S E) is indicated by  t-test as the pr imary  factor influencing the part i t io- 
ning of hydrocarbons.  Of greater  importance,  the signs of the coefficients in each of 
the Eqns. 14-17 are as expected from previous considerations. 

A comparison of the coeiti¢ients appear ing in Eqns.  14-17 suggests tha t  part i-  
t ioning of a compound between an aqueous and a nonpolar  phase  will be controlled 
to varying degrees depending on the relative total  charge and polarizabi l i ty  of the 
compound.  The close correspondance between the coefficients of the respective equa-  
tions indicates tha t  while the s t ructure  of an aromat ic  compound  m a y  vary  widely, 
its part i t ioning characterist ics are not unlike those for other compounds.  Hence any  
proper ty  which correlates with part i t ion coefficients should be essentially non-specific 
with regard to the s t ructure  of the aromat ic  compounds  involved. In the present  case, 
all th i r ty  compounds  found in Tables I - I V  have their part i t ion coefficients correlated 
by  the relation 

l n P  = --2.705 (+o.231) 2:s I Q~r I + 0.708 (4-0.062) I.BS~ + 2.467 (18) 

(tl =- -11 .71o;  t ~ =  i1.o39; r = o.943; F = Io7.9; S.E. = o.732 ) 
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The correlation may be improved and the coefficients made more specific if attention 
is restricted to a congeneric series of compounds, but an improvement of roughly 
o.I-o. 4 In unit in the estimate of In P is all that could be expected using the present 
treatment. 

In correlating the partition coefficients of compounds, it is important to note 
that a charges must be included if the compounds contain groups such as carboxy, 
hydroxy, amino, or methoxy. All of these groups can hydrogen bond with an aqueous 
solvent, and the formation of a hydrogen bond to or from the electronegative atom is 
influenced greatly by the a charge on the atom ~a. For this reason, use of only ~ mole- 
cular orbital indices ordinarily provides poor correlations with partition coefficients. 

CONCLUSIONS 

A number of rigorous molecular orbital approaches to describe the nature of 
secondary interactions between molecules have appeared in the recent literature'7, 's. 
With few exceptions 'g, the application of the results of these studies to real systems is 
unwieldy or presently impossible. The approach taken in this article, while not enti- 
rely rigorous from a molecular orbital standpoint, is relatively easy to apply and pro- 
vides results which are very satisfactory considering the simplicity of the methods used. 

One of the most important conclusions arising from this work is that in descri- 
bing the partitioning process many of the terms appearing in more rigorous treatments 
of secondary interactions seem to subtract out or at least are almost negligible relative 
to coulombic and induced polarization interactions. Partitioning into an aqueous 
phase may thus be considered as 'charge-controlled', while partitioning into a non- 
polar phase may be considered as 'polarizability-controlled'. It is the relative contri- 
bution of each controlling factor which therefore predominantly determines the parti- 
tion coefficient observed for a compound. 

Secondly, since many biochemical processes are found to be related to the parti- 
tion coefficients of the substrates involved',S, *, it seems possible that further insight 
into the molecular events occurring during these biological processes might be gained 
by use of the approach described. Investigations bearing on this possibility are in 
progress. 
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