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ABSTRACT 

A rapid poten t iomet r ic  method has b e e n  used to de termine  t h e  

aqueous solubili t ies of a n  homologues series of 5-ethyl-5-alkyl (n=0-9) 

barb i tur ic  acids. A plot  of t h e  logari thm of solubili ty aga ins t  t h e  

number of carbon a toms in t h e  s ide cha in  revea led  t w o  d is t inc t  l inear  

regions with a def in i te  break  a b o u t  t h e  butyl compound. T h e  

solubili t ies of a l l  t h e  members  of t h i s  series (except  5-ethyl 

barbi tur ic  ac id)  c a n  be predic ted  from log P va lues  and  melt ing 

points by t h e  semiempirical  solubili ty equat ion  of Yalkowsky. 

INTRODUCTION 

In drug development  i t  i s  of i n t e r e s t  to know not  only how 

rapidly but  a l so  to which e x t e n d  a d r u g  c a n  b e  absorbed. T h e  

maximal r a t e  of absorpt ion,  which de termines  t h e  maximum possible 
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70 MAYER AND ROWLAND 

systemic drug concentrat ion and effect, i s  primarily determined by 

both t h e  lipophilicity and solubility of t h e  drug (1). In order  to 

assess t h e  optimal balance of lipophilicity and solubility for  maximal 

absorption i t  is of fundamental  importance t o  know t h e  exact 

relationship between these  two parameters.  The semiempirical 

relationship worked out  by Yalkowsky et al. (2) is a very useful 

approach to assess t h e  mutual influence between both parameters.  

In this paper w e  apply this  approach to a n  homologeous ser ies  of 

5-ethyl-5-alkylbarbituric acids  and discuss t h e  pract ical  benefi t  of 

fur ther  ref inements  of t h e  original approach,  such as proposed by 

Chiou et al. (3). Furthermore w e  repor t  a potent iometr ic  method for  

t h e  determination of aqueous solubilities of sparingly soluble weak 

acids  and bases. 

THEORETICAL 

According t o  Chiou et a1 (3) t h e  correlat ion between aqueous 

solubility (S) and t h e  octanol-water par t i t ion coef f ic ien t  (P) can  be  

described by t h e  following expression 

where X i  represents  t h e  ideal solubility of a crystall ine drug, at  a 

given temperature ,  expressed in a mole f rac t ion  sca le  (41, and Vo is 

t h e  molar volume ( 5 )  of water  sa tura ted  octanol  (0,12 I /mol )  (6). 

The last two terms in Eq. 1, expressed by act ivi ty  coeff ic ients ,  

designate respectively t h e  possible deviation from an  ideal solution 

caused by t h e  dissolved wa te r  in t h e  octanol  phase and by t h e  
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DETERMINATION OF AQUEOUS SOLUBILITIES 71 

dissolved oc tanol  in t h e  w a t e r  phase. H e r e  y w  i s  t h e  a c t i v i t y  
* * 

coef f ic ien t  of t h e  compound in pure  w a t e r ,  and  y o  a n d  y w  are t h e  

respec t ive  a c t i v i t y  c o e f f i c i e n t s  in t h e  oc tanol  and  w a t e r  phases  a t  

equilibrium (mutual saturation).  If  i t  is assumed t h a t  t h e  s o l u t e  

forms a n  idea l  solution in t h e  water -sa tura ted  oc tanol  and  t h a t  t h e  

so lu te  solubili ty is t h e  same in oc tanol -sa tura ted  w a t e r  as in w a t e r ,  

then  Eq. 1 simplifies to 

* 
log s = -log P + log x. - log vo 

I 
Eq. 2 

Subst i tut ion i n t o  Eq. 2 of log Xi by a modified Scatchard-Hildebrand 

expression (2,4) and of log Vo 
* 

by its numerical  va lue  gives  

Eq. 3 

which is ident ica l  to t h e  relat ionship ini t ia l ly  proposed by Yalkowsky 

and Valvani (2) (except  t h a t  f o r  t h e  molar volume t e r m  in Ref.  2 a 

value of 0.8 is  used for  pure octanol). H e r e  ASf is t h e  molar e n t r o p y  

of fusion and  MP is t h e  melting point on t h e  c e n t i g r a d e  scale.  

T h e  en t ropy  of fusion for most  rigid a r o m a t i c  molecules  is 

relat ively c o n s t a n t  and is  essent ia l ly  equal  to 13,5 e u  (7,8) which 

reduces  equat ion  3 to 

Eq. 4 log S - log P - 0.01 MP + 1.17 

For molecules  having more t h a n  5 non-hydrogen atoms (n>5) in a 

flexible chain t h e  en t ropy  of fusion c a n  b e  approximated by (9) 

Eq. 5 ASf = 13.5 + 2.5(n-5) e u  
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72 MAYER AND ROWLAND 

Experimental  

Materials 

The barbituric acid der ivat ives  were  prepared by condensation of 

urea with an  appropriately subst i tuted diethyl-malonate (10). The  

compounds with a 5-n-alkylsubstituent of t h r e e  or less carbon atoms 

were  recrystillized in water ,  t h e  remaining more lipophilic compounds 

were  crystallised in a n  ethanol-water mixture. 

Melting points 

The melting points were  determined on a Ktlfler hot-stage 

apparatus  and were  cor rec ted  re la t ive  to a cal ibrat ion cha r t  for  t h e  

instrument but uncorrected for  emergent  stem. For compound 6 a 

l i te ra ture  value (11) has been used. 

Dissociation constants  

The pKa values of t h e  compounds were  obtained by f i t t ing 

equation 6 t o  t h e  ser ies  of UV-absorbance/pH values using a 

nonlinear regression analysis programme (NONLIN)  (10,121. 

Ai,T (loPH -pKa) + Au,T 
pH - pKa Eq. 6 A =  

1 i- 10. 
where: A = t o t a l  absorbance 

Ai,T = absorbance of t h e  t o t a l  concent ra t ion  in t h e  ionized 

form, and 

A u , ~  = absorbance of to t a l  concent ra t ion  in unionized form 

Part i t ion coeff ic ients  

The experimental  octanol-water  par t i t ion  coeff ic ients  of t h e  

compounds employed in this  paper have been repor ted  previously (13). 
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DETERMINATION OF AQUEOUS SOLUBILITIES 73 

T h e  log P of compound 6 h a s  been  c a l c u l a t e d  based on barb i tone  

(log P = 0.66) considering t h e  methylene  contr ibut ion (fCH = 
2 

0.519) of Nys and Kekker  (14). 

Aqueous solubili t ies 

T h e  aqueous solubili t ies of t h e  compounds w e r e  de te rmined  by a 

poten t iomet r ic  method, employing non-logarithmic l inear  t i t r a t i o n  

curves. This method was originally proposed by Levy and Rowland 

(15) for t h e  de te rmina t ion  of t h e  aqueous  dissociat ion c o n s t a n t s  of 

sparingly soluble substances.  They  showed t h a t  t h e  p K a  of a n  ac id  

c a n  b e  ca lcu la ted  from t h e  s lope (equal  to solubili ty x Ka) of t h e  

s t ra ight  l ine,  obtained when t h e  number of millimoles of unknown 

neutral ized (Z') is  plot ted a g a i n s t  t h e  rec iproca l  of t h e  hydrogen-ion 

concent ra t ion  (equat ion 7), and  t h e  solubili ty of t h e  uncharged 

species ,  determined independently,  Conversely,  when t h e  Ka is  

known, t h e  solubili ty c a n  b e  ca lcu la ted  by t h e  same approach  with 

t h e  following equat ion  valid a n y  t ime a f t e r  precipi ta t ion.  

Eq. 7 C I 
2' = A' - Ka *so1 "2, 

where: 

2' = X- + Hf + OH- 

X-  = absolu te  number of moles of ac id  added  to  t h e  solution 

H+ = absolu te  number of moles of hydrogen ions present  in solution 

OH-= absolu te  number of moles of hydroxyl ions present  in solution 

A' = absolute  number of moles of acid originally added  to t h e  

solution (as salt) 
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74 MAYER AND ROWLAND 

A =absolute  number of rnoles of unionized spec ies  present  in sol 
s a t u r a t e d  solution 

K "=stoichiornetric ionizat ion c o n s t a n t  

Method 

A s tock  solution of t h e  sodium salt of t h e  b a r b i t u r a t e  was  prepared  

by dissolving t h e  acid in a sl ight  molar e x c e s s  of NaOH and freshly 

disti l led w a t e r  or  extemporaneously prepared  KCI solution. 20-80 ml 

of this  solut ion w e r e  used for t h e  determinat ion.  T h e  t i t r a t i o n  

was  performed under  ni t rogen in a water- jacked t h c r m o s t a t e d  vessel  

(25 S.1 OC). Hydrochlor ic  ac id  was added  from a 2.5ml micro 

bure t te ' )  ca l ibra ted  to  0.001 ml. The  amount  of added  sodium s a l t  

of t h e  b a r b i t u r a t e  w a s  c a l c u l a t e d  such t h a t ,  a f t e r  subt rac t ion  of t h e  

volume needed  to  neut ra l ize  t h e  excess of NaOH, 1.5-2.0 ml of HCI 

was consumed. The  normality of t h e  HCI w a s  ad jus ted  (0.01-2.0 N) 

to minimise volume changes. During t h e  prec ip i ta t ion  phase  a 

minimum of 10 addi t ions was  made in a single run, with a w a i t  of 5 

to 10 min after e a c h  addi t ion of HCI in o r d e r  to e n s u r e  a s t a b l e  and  

a c c u r a t e  pH reading. 

;I 

Compounds 1, 3 and 4 have  also been de termined  by t h e  classical  

method (16); a n  aqueous  mixture  containing approximately t w i c e  t h e  

expec ted  amount  required f o r  sa tura t ion  w a s  equi l ibrated for  6h a t  

25 a.1 OC. T h e  suspension was then  cent r i fuged ,  t h e  s u p e r n a t a n t  

di luted a n d  t h e  concent ra t ion  of dissolved s o l u t e  de te rmined  by U V  

spectroscopy 

1) A u t o b u r e t t e  ABV 1 1  Radiometer ,  Copenhagen 

2) Ceci l  Instruments  CE 505 

2). 
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DETERMINATION OF AQUEOUS SOLUBILITIES 75 

Resu l t s  and Discussion 

P a r t i t i o n  c o e f f i c i e n t ,  log P 

T h e  expe r imen ta l ly  de t e rmined  log P va lues  of compounds 2 to 10 

(Table 1) a r e  l inear ly  c o r r e l a t e d  with t h e  number of c a r b o n  a t o m s  in 

t h e  s i d e  chain (r = 0.9906). T h e  s lope of t h e  regression l ine i s  e q u a l  

to 0.549, a va lue  close to t h e  me thy lene  i n c r e m e n t  (0.519) proposed 

by Nys and  R e k k e r  (14). T h e  expe r imen ta l  log P va lue  of t h e  first 

member of t h e  ser ies ,  5-ethylbarbi tur ic  ac id  (-1.52) d i f f e r s  

s ignif icant ly  from t h e  e x t r a p o l a t e d  value (0.50). An  expe r imen ta l  

e r r o r  in t h e  de t e rmina t ion  of log P seems unlikely s i n c e  t h i s  v a l u e  

c a n  b e  p red ic t ed  wi th  good a g r e e m e n t  f rom HPLC r e t e n t i o n  indexes  

of t h e  series (13). 

De te rmina t ion  of solubili t ies 

T h e  p o t e n t i o m e t r i c  method for de te rmina t ion  of solubi l i ty  h a s  some  

p o t e n t i a l  a d v a n t a g e s  ove r  t h e  classical  method,  which cons i s t s  of 

preparing a s a t u r a t e d  aqueous solut ion by shaking a n  excess of s o l u t e  

fol lowed by sepa ra t ion  a n d  a p p r o p r i a t e  de t e rmina t ion  of t h e  

c o n c e n t r a t i o n  in t h e  s u p e r n a t a n t  (1 6 ) .  T h e  po ten t iome t r i c  method 

combines ach ievemen t  of s a t u r a t i o n  and  a n a l y t i c a l  me thod ,  w i thou t  

t h e  need  fo r  such  physical s epa ra t ion  of undissolved solid in a 

s a t u r a t e d  solution. 

In t h e  classical  method,  per iods from 6 hours  up t o  seve ra l  days,  

f o r  v e r y  spar ingly soluble subs t ances ,  a r e  n e c e s s a r y  t o  a c h i e v e  

sa tu ra t ion ,  w h e r e a s  t h e  t i t r i m e t r i c  method is much more rapid. T h e  

l i nea r i ty  of t h e  plot of t h e  number of millimoles of unknown 

neu t r a l i zed  versus  t h e  r ec ip roca l  of t h e  hydrogen- ion c o n c e n t r a t i o n  
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76 MAYER AND ROWLAND 

during t h e  prec ip i ta t ion  suggests  t h a t  a therrno-dynamic equilibrium is 

probably achieved  a n d  maintained with t h e  poten t iomet r ic  method. 

Fur thermore  e a c h  run gives 10 to  20 measurements ,  in c o n t r a s t  to  

t h e  classical  method w e r e  only o n e  measurement  is obtained p e r  

experiment.  

The  danger  of e r roneous  resu l t s  d u e  to supersa tura t ion ,  a 

common problem with t h e  classical  procedure,  is a lso much less l ikely 

with t h e  t i t r imet r ic  method because  t h e  addi t ion of t h e  t i t r a n t  

produces a high local concent ra t ion  of subs tance  which favours  

precipitation. 

Comparison with classical  method 

The  solubili t ies of compounds 3, 4 and 5 determined by t h e  

poten t iomet r ic  method a r e  in good a g r e e m e n t  with t h o s e  de te rmined  

by t h e  classical  method,  whether  repor ted  or experimental ly  obtained 

by us (Table 1). These  resu l t s  suggest  t h a t  t h e  thermodynamic 

equilibrium achieved during t h e  t i t r a t i o n  is close to  t h e  equilibrium 

obtained by t h e  usual sa tura t ion  process. 

Limits of t h e  poten t iomet r ic  method 

It is obvious t h a t  with this  method only solubili t ies of weak ac ids  and 

bases,  whose salt is much more soluble t h a n  t h e  unionised species ,  

c a n  b e  determined. O t h e r  l imitat ions i n h e r e n t  to this  present  

method have  a l ready  been out l ined by Levy and Rowland (15). An 

additional res t r ic t ion  appl ies  t o  comparat ively soluble cornpounds 

(>0.1 mol/ l )  fo r  whom t h e  a c t i v i t y  effects on t h e  dissociat ion cons tan t  

c a n  no longer b e  neglected.  In t h e  c u r r e n t  se r ies  th i s  last l imitat ion 

only appl ies  to t h e  5-ethyl barbi tur ic  acid,  t h e  f i r s t  hornologue. 
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DETERMINATION OF AQUEOUS SOLUBILITIES 77 

Corre la t ions  b e t w e e n  solubility and number of carbon atoms 

Breon et al. (1 1) repor ted  a l inear  re la t ionship be tween solubili ty a n d  

number of carbon a toms from t h e  e t h y l  to pentyl  compounds. But t h e  

extension of t h e  ser ies  up to 10 compounds, by including both lower 

(hydrogen a n d  methyl)  and higher (hexyl to nonyl) homologues, 

revea ls  a sigmoidal-like shape  of this  plot. I f  ins tead  of solubili t ies 

the i r  logari thms a r e  represented  as a func t ion  of t h e  number of 

carbon a toms t h e  plot (Figure 1 )  shows t w o  d is t inc t  lines, with t h e  

change  taking p l a c e  at t h e  butyl  compound. T h e  s lope of t h e  f i r s t  

p a r t  of t h e  c u r v e  is  equal  t o  -0.178 a n d  t h a t  of t h e  second p a r t  

-0.536. A similar observat ion h a s  been  made  by Yalkowsky et al. 

(17) f o r  a ser ies  of alkyl p-amino benzoates .  These  au thors  propose 

t h a t  t h e  nonl inear i ty  of t h e  c u r v e  is d u e  t o  a c h a n g e  in c r y s t a l  

s t r u c t u r e  with chain length. T h e  c r y s t a l  s t r u c t u r e  of t h e  lower 

homologues is probably de te rmined  primarily by t h e  proper t ies  of t h e  

nucleus,  in our  case t h e  b a r b i t u r a t e  ring, w h e r e a s  t h e  higher 

homologues (n>5) t h e  contr ibut ion of t h e  l inear  a l iphal ic  cha in  t o  

overal  p roper t ies  of t h e  compound dominates.  A d e f i n i t e  break in t h e  

melting point-chain length prof i le  a b o u t  t h e  butyl  compound (Figure 

2), t e n d s  to  confirm th is  theory.  Its principle w a s  descr ibed by 

Flynn a n d  Yalkowsky (18) in a very  f igura t ive  way: "The molecular  

ta i l  becomes suff ic ient ly  la rge  to  wag t h e  molecular  dog.". 

Comparison of predic ted  and observed solubi l i t ies  

Provided t h a t  t h e  experimental  d a t a  are a c c u r a t e  and t h e  t h e o r y  

behind equat ions  1 to 5 is correct, t h e  comparison of c a l c u l a t e d  (by 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



78 MAYER AND ROWLAND 

I \ 

1 g 1 0 4  

t I l l l l l l l l  

1 3 5 7 9  
Number of Carbon Atoms 

Figure 1. 

Corre la t ion  be tween solubili ty a n d  number of carbon atoms in t h e  

s ide chain 

Eq. 4) a n d  exper imenta l  solubili t ies should al low o n e  to d e t e c t  

nonideal behaviour. A f t e r  substract ion of t h e  e f f e c t  of t h e  en t ropy  of 

fusion, approximated by Eq. 5 ,  i t  should b e  possible to e s t i m a t e  t h e  

deviat ion caused  by liquid-solute incompatibi l i ty  in  t h e  

water -sa tura ted  oc tanol  phase and  t h e  effect of dissolved oc tanol  o n  

w a t e r  solubili t ies,  bo th  contr ibut ions expressed  in terms of t h e i r  

ac t iv i ty  coeff ic ients .  

T h e  logari thms of t h e  solubili t ies h a v e  b e e n  ca lcu la ted  from log P 

and  melting points  (Table  I )  using Eq. 4. T h e  p lo t  of observed  
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Figure 2. 

Change  in melting point with t h e  number of c a r b o n  a t o m s  in t h e  s ide  

chain 

aga ins t  c a l c u l a t e d  log solubili t ies (Figure 3) shows t h a t  t h e  

pred ic t ions  using Eq.4 a r e  a c c e p t a b l e  a n d  t h a t  t h e  residuals  are 

randomly dis t r ibuted.  T h e  s c a t t e r  is par t ly  d u e  to t h e  imprecision in 

t h e  exper imenta l  log P values  and  c a n  t h e r e f o r e  be reduced by using 

c a l c u l a t e d  log P values. 

T h e  solubili ty of 5-ethylbarbi tur ic  acid c a n n o t  b e  p r e d i c t e d  by 

Eq.4. For compounds of appreciable  w a t e r  solubili ty t h e  effect of 

dissolved oc tanol  is, according to Chiou et al. (31, negligible. 

Consequent ly  t h e  d i f fe rence  be tween c a l c u l a t e d  and  observed  va lue  
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Figure  3. 

P l o t  of predicted aga ins t  observed  solubi l i t ies  

'* * 
is  simply a measure  of log y , where  y r e p r e s e n t s  t h e  a c t i v i t y  

c o e f f i c i e n t  in t h e  water -sa tura ted  oc tanol  phase. In t h e  case of 

5-ethylbarbi tur ic  acid log yo  T h e  resul t ing 

high va lue  of t h e  a c t i v i t y  coef f ic ien t  in t h e  water -sa tura ted  o c t a n o l  

phase (yo = 50.1) should b e  regarded wi th  suspicion. I t  a p p e a r s  t h a t  

5-ethylbarbi tur ic  ac id  is a typica l  f o r  t h e  ser ies ,  i t s  log P v a l u e  and  

melt ing point  (Figure 2) a r e  n o t  in l ine  with t h o s e  of t h e  higher 

homologues. This  d i f fe rence  in behaviour of t h e  lowes t  homologue 

may be assoc ia ted  with t h e  fact t h a t  the proton in  posit ion 5 h a s  

ac id ic  properties.  For t h e  rest of t h e  ser ies ,  t h e  lack  of s y s t e m a t i c  

0 0 

* 
should b e  equal  to  1.7. 

* 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



82 MAYER AND ROWLAND 

deviat ion in  Figure 3 doesn' t  a l low to  a def in i t ive  conclusion as to 

t h e  need f o r  any  c o r r e c t i o n  in t e r m s  of e i t h e r  ac t iv i ty  c o e f f i c i e n t s  

or entropy of fusion. For compounds 2 to 4 t h e  assumptions of 

entropy of fusion e q u a l  to 13.5eu and a c t i v i t y  coef f ic ien ts  equal  to  

unity a r e  q u i t e  reasonable.  For  higher homologues however  w e  would 

e x p e c t  t h e  inf luence of a c t i v i t y  p a r a m e t e r s  a n d  en t ropy  of fusion to 

increase w i t h  chain length.  T h e  f a c t  t h a t  t h e  resu l t s  of t h e  p r e s e n t  

se r ies  doesnY enable  us to  d e t e c t  a c l e a r  t r e n d  of deviat ion for t h e  

higher hornologues is d u e  to t h e  re la t ive  ratio of t h e  "background 

noise" c r e a t e d  by t h e  imprecision of t h e  exper imenta l  d a t a  a n d  t h e  

magnitude of t h e  e x p e c t e d  deviation. Even f o r  t h e  nonyl compound 

t h e  e x p e c t e d  contr ibut ion of e n t r o p y  of fusion on log solubili ty is  

0.56, a value  l i t t l e  d i f f e r e n t  from t h e  residual variance.  
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