
HETU~OCYCLES, Vol 32, NO. 6, l9Sr ll23 

KID-BbSE PROPERTIES OF 4-SUBSTITUTED INDOLES 

* 
Manuel Balbn , Carmen Carmona, Jose Hidalgo, Naria A. 

MuRoz, and Pi lar Guardado 

Departamento de Quimica-Fisica. Facultad de Farmacia. 

Universidad de Sevilla. 41012 Sevilla, Spain 

bbstract- The protonation and deprotonation equilibria 

of a set of 4-substituted indoles have been studied 

spectrophotometrically at 25 OC. Ionization data have 

been analyzed by the Hammett acidity function and the 

excess acidity methods. The existence of close 

relationships between the Hammett's % constants of the 
.substitutents and the ionization constants for both 

types of acid-base equilibria is reported. 

The evaluation of the weakly acidlc and basic properties of indoles (Scheme I )  

has attracted interest since the beginning of the attempts to measure the 

strength of weak acids and bases.'" Thls informatlo" is, on the other hand, 

of Importance to the better knowledge of the reactlvlty and phys~cochemlcal 

properties of indole deri~atives.~ Although extensive data on dissociation 

2-5 
constants of substituted indoles are now available, those referred to 

4-substituted indoles are practically nun erlstent. 

H H 

Scheme I 

In the course of our systematic investigations6-* on the acid-base properties 

of indole derivatives of biological and pharmacological importance, we deemed 

it of interest to study both, acid and basic dissociation equilibria of some 

representative 4-substituted indoles. The 4-substituted indole nucleus is, on 
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10 
the other hand, widespread in nature (ergot alkaloids, tremorgenic 

mycotoxins, teleocidines) and most of its derivatives show pronounced 

il 
pharmacological effects and a number of them a r e  clinically useful. 

EXPEKIMENTAL AND METHODS 

4-Substituted indoles were commercial products of the best available quality 

and were used as received without further purification. Stock solutions in the 

-3 
concentration range l x l ~ ~ ~ - l l ) x l ~ l  M were prepared in methanol and further 

diluted with sulphuric acid or potassium hydroxide solution to finally contain 

not more than 2% v / v  of methanol. Sulphurlc acid solutions used as solvents 

were prepared from 96% v / v  reagent analysis grade sulphuric acid (Merck) by 

dilution with distilled water. Aqueous potassium hydroxide solutions were 

2 
prepared as described by Yagil. All these solutions were standardized against 

appropriate solutions of acids or bases. 

The solutions were spectrophotometr~cally stable during several hours and the 

reversibility of the spectra was confirmed. The more relevant characteristics 

of these spectra are collected in Table 1. The spectrophotometr~c pr~cedure 

used to determine the lonlzation ratlos I (1  = [Acidl/CRasel) was basically 

the same as that employed prev~ously.~'~ 

Table 1 - Absorption maxima (nm) of cationic (Cl, neutral (N) and 
anionic (A) species of 4-substituted indoles 

OMe Z70(3.71) 262(3.741, 216(4.451 Zge(3.87) 

Me 315(4.15) 266(3.711, 215(4.431 Zgl(3.62) 

N02 261(4.11) 386(3.671, 235(3.89) SOZ(4.03) 

C1 279(3.72) 268(3.76), 217(4.48) 296(3.39) 

COOH 320(4.42) 309(3.671, 227(4.12) 340(3.47) 
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Table 2 - Ionization data of protonation and deprotonation equilibria 

at 25O C of 4-substituted indoles 

H2S04 M -H 
I OH OMe Me el COOH 

3.56 2.23 -0.94 - -0.75 - - - 
4.45 2.84 -0.53 -1.07 -0.33 - - - 
5.34 3.46 -0.21 -0.64 +0.11 - - - 
6.23 4.07 +0.06 -0.26 +0.58 - - - 
6.91 4.54 +0.35 +0.16 +0.87 - -0.49 -0.72 

7.27 4.80 - - - - -0.28 -0.47 

7.64 5.04 - - - - -0.11 -0.15 

8.01 5.30 +0.64 +0.54 - -1.05 +0.07 tO.10 

8.90 5.91 +l.l8 +0.96 - -0.63 +0.47 +0.68 

9.11 6.06 - - - -0.45 +0.61 - 
10.23 6.83 - - - t0.17 - - 
10.68 7.14 - - - +0.51 - - 
11.57 7.76 - - - t0.91 - - 

KOH M H - 
1.21 14.31 - - - 10.39 - - 
1.42 14.37 - - - t0.22 - - 
2.10 14.56 - - - to. 02 - - 
2.65 14.72 - - - -0.16 - - 
3.21 14.88 - - - -0.34 t0.89 T 

5.41 15.52 - - - -0.89 t0.32 +0.83 

6.82 15.92 - +0.51 - - -0.12 +0.45 

7.25 16.05 - ~0.38 ~0.78 - - +O. 29 

7.84 16.22 - +0.22 - - - +O. 13 

8.17 16.32 - +O.11 t0.40 - -0.42 - 
9.15 16.58 +0.53 -0.12 t0.15 - -0.71 -0.24 

10.52 16.99 +0.17 -0.55 -0.28 - - -0.58 

11.56 17.33 -0.16 - -0.56 - - - 
12.22 17.48 -0.32 - -0.83 - - - 
13.72 17.91 -0.71 - - - - - 
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Uv-vis e l e c t r o n i c  absorpt ion spec t ra  were c a r r i e d  out on a  Pe rk in  Elmer 

Lambda-5 spectrophotometer whose c e l l  compartment was thermostated a t  

25.0_+0.1°~. A11 measurements were made against  b lanks of t h e  app rop r i a te  

so lvents .  

l o n l z a t i o n  r a t i o s  obtained by t he  spec t rophotomet r~c  method a r e  shown i n  Table 

2. These data were analyzed us ing  eqs ( 1 ) - ( 5 )  which de r i ve  from t h e  Hammett 

i2 - i4  
a c i d i t y  f u n c t i o n  method (HAFM) and t h e  excess a c i d i t y  method (EAM). 

l o g  I = mH t pKHAFY (1) 
9 

l o g  I - l o g  CH+=m X t p K  (EAM) ( 2 )  
P P * P  

pK t l o g  COG - 
w 

l o g  a  + l o g  I = m X D +  pKD (EAM) 
w D 

(3) 

I n  t h e  f i r s t  of these approaches, HAFM, i t  seemed reasonable t o  use t h e  H and 
I 

H- a c i d i t y  f unc t i ons  p rev ious l y  es tab l i shed f o r  p ro tona t i on  and depro tonat ion  

of i n d o l e  de r i va t i ves ,  r e s p e c t i v e ~ y . ~ ' ~  EAM. which i s  based on f r e e  energy 

r e l a t i o n s h i p s  and does no t  make use of any a c i d i t y  func t ion ,  g i ves  t h e  pKA 

values r e f e r r e d  t o  i n f i n i t e  d i l u t i o n  i n  water as t h e  standard s t a t e  and a 

* 
second term, m , r e l a t e d  w i t h  t he  s t a b i l i z a t i o n  of  t h e  acid-base conjugated 

p a i r  by so lva t ion .  Water a c t i v i t i e s ,  aw, and X f unc t i ons  were ca l cu la ted  as 

previous1 y  d e s ~ r i b e d . ~ ' ~ ' ~ ' ~ ~  

RESULTS AND DISCUSSION 

The r e s u l t s  of t h e  i o n i z a t i o n  data ana l ys i s  from HAFM and EAM a re  shown i n  

Table 3. From a  perusal  o f  these data t h e  f o l l o w i n g  conclusions can be drawn; 

1) A comparison of t h e  pK ' s  obtained from EAM w i t h  t he  appropr ia te  HAFM 
A 

(H)1/2 a c i d i t y  values der ived from HAFM revea l s  a s a t i s f a c t o r y  correspondence 

w i t h i n  t h e  e r r o r  margins inherent  t o  both types of treatments. It seems, 

there fore ,  ev ident  t h a t  EAM i s  a s u i t a b l e  method f o r  determining pK values of  A  

4-subs t i tu ted  indoles.  . 
2) The non un in fo rm i t y  of  m values f o r  t h e  p ro tona t i on  e q u i l i b r i a  i n d i c a t e s  

t h a t  these i o n i z a t i o n  processes do no t  f i t  any common a c i d i t y  func t ion . ' *~n  



Table 3 - Ionization data analysis of protonation and depmtonation 
equilibria of 4-substituted indole derivatives at 25OC 

Protonation Depmtonation 

)(a) Substituent pKp m (b) (H,/,)(~) pKd m (b) 

H ([) - 2.38 -2.432 0.3 0.95~.17(0,968) 16.56 16.72Y).16 1.06L0116(019¶51 

OH - 2.16 -2.2@ 0.2 0.72fl.06(0.995) 17.21 17,0220.07 0.8991)6(0.990) 

Ollc - 2.70 -2.822 0.1 0.83~0.04(0.9%) M.50 16.58~.0.08 0.91L0.07(0.994) 

n~ - 2.11 -2.362 0.3 1.01~00.07(0.990) 16.80 17.08~0.2 1,17L0~11(0~985) 

Cr - 5.15 -3.482 0,Z 0.87~.06(0.9983 15.77 15.81fl.W O.Wfl.LK(Oo9~) 

Mb - 5,12 -5.012 0.2 1.06~0.10(0.998) 14.61 14.5520.M 0.859,09(0.991) 

CWH'~' - 5.06 -4.862 0.1 1.37~0.05(0.999) 16.30 16.39f~,05 1.0~.06(0.9901 

(a) Acidity function value at half ionization. (b) The figures between 
parentheses are tlie correlation coefficients. (c) Data taken from ref.4 
(d) Carboxylic group deprotonates in the pH region (ref.10). Protonation 
O$ this group takes place at higher acidities than indolic ring pwtona- 
tion. 

* the contrary, the closest proximity of m values for the deprotonation . 
equilibria (mean value of m = 0.97tU. 12) reflects the existence of a common 

acidity function for these ionization equilibria of all the studied compounds. 

Indeed, all the slopes of log I vs H are sufficiently close to unity to be - 
assumed that the deprotonation equilibria follow this acidity function. In 

this sense it is interesting to realize that althaugh the deprotonation of the 

indole-4-carboxylate anlon glves a dianlonlc specles, this compound does not 

follow the H- acidity function developed by Yaqil for this type of ionization - 
equilibria. This behaviour has previously been observed for other similar 

I ,  compounds and discussed in a previous paper. 

3) Finally, data in Table 3 reveal the existence of quantitative correlations 

between structure and basicity or acidity, F~gure 1 shows that P K ~ ( ~ ~ ~ ,  and 

PKd (.AM, values satisfactory correlate with the oo constants of the 
Y 

ia substituents. Both relationships can be expressed by means of eqns (4) and 

(5). 
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Figure 1 - Correlation of Hammett substituent 

with pK'8 of protonation ( a )  and depmtonation 
( 0 ) equilibria of 4-substituted indoles 

pKp = -0.69 a: - 2.48 (r2 = 0.961 (4) 

(excluding the indole-4-carboxylic acid value) 

pKd = -3.18 oo + 16.86 (rZ = 0.98) 
Y 

( 5 )  

From the above correlations two interesting points may be brought out. 

Firstly, the same mechanism for the transmission of the electronic effects of 

the substituents in 4-position of the indole ring seems to opperate in both 

type of ionization processes. However, the protonation equilibrium is less 
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sens i t i ve  as given by the  value o f  the slope, ( p  = 0.69) t o  these e f f e c t s  Than 

the deprotonation process ( p  = 3.18). It i s  a lso  noteworthy t h a t  t he  p value 

f o r  t he  deprotonation process i s  about 1.5 u n i t s  greater than the  prev ious ly  

5 
obtained f o r  5-subst i tuted indoles.  Secondly, t he  apparent c o r r e l a t i o n s  w i th  

0 
0 values reveal  t h a t  s t rong con jugat ive  i n t e r a c t i o n s  due t o  the  subst i tuents  

Y 

I n  4-posi t ion of t he  i ndo le  r i n g  must be r e l a t i v e l y  unimportant. 
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