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Association of Crown Ethers with Anilinium Ions in Methanol Solution 
and i ts Influence on Acid-Base Equilibria 

By Bernard0 Mssci, Centro di Studio sui Meccanismi di Reazione del Consiglio Nazionale delte Ricerche, c/o 
lstituto di Chimica Organica, Universita di Roma, 001 85 Roma, Italy 

The effect of adding toluene-p-sulphonic acid to p-nitroaniline and acetic acid to p-toluidine in methanol at 25.0 "C 
has been quantitatively studied by u.v.-visible spectrophotometry in the presence of 1 5-crown-5, 18-crown-6, 
and 21 -crown-7. From the enhancement of the apparent basicity of the anilines due to complexation of the con- 
jugate acids with crown ethers the association constants between crown ethers and anilinium ions were calculated. 
The order in the ability to associate, 18-crown-6 > 21 -crown-7 > 15-crown-5, was the same in both series. A 
change of the anilinium ion substituent from p-NO, to p-CHs had little or no influence upon the association 
constants. 

THE interaction of polyether ligands with cations may 
have as a consequence the perturbation of acid-base 
equilibria when either the cation, or the ligand, or both 
bear ionizable protons. A few examples have been 
reported recently. The degree of dissociation of poly- 
oxyethylene-substituted alcohols 1 and phenols in 
water or methanol solution is significantly enhanced in 
the presence of alkaline earth cations which complex the 
anionic form more strongly than the neutral form. 
Moreover, ammonia has been reported to completely 
convert a crown ether with an intra-annular phenolic 
function into the ammonium phen~xide .~  Lately the pH 
increase of an alkylamine-alkylammonium ion mixture 
in water due to addition of 18-crown-6 has been used to 
determine the association constant between RNH3+ and 
the crown ether.4 

The present study reports on the apparent basicity 
increase of p-nitroaniline and p-toluidine in methanol at 
25.0 "C due to complexation of the corresponding anil- 
inium ions with 15-crown-5 (15C5), 18-crown-6 (18C6), 
and 21-crown-7 (21C7). A u.v.-visible spectrophoto- 
metric analysis of the phenomenon allowed the deter- 
mination of the association constants between the crown 
ethers and the anilinium ions. 

Association between crown ethers and organic am- 
monium ions has been studied by several techniques both 
in chloroform and in hydroxylic s o l v e n t ~ , ~ ~ ~ ~ ~  but owing 
to the large number of host, guest, and medium para- 
meters which must be varied, the picture is far from 
complete. As for aromatic ammonium ions, the only 
available association data refer to  complexation of 
anilinium and methyl-substituted anilinium ions in 
methanol with 18C6. Relatively acidic ions, e.g. 9- 
nitroanilinium ion, which are extensively dissociated in 
methanol, are not suitable for a quantitative study of 
association with crown ethers by titration calorimetry or 
any commonly used method. No such limit holds for the 
simple method described in the present work, based on 
the partial protonation of anilines. The method worked 
well both when an electron-releasing (9-CH,) and when 
an elect ron-wi t hdrawing subst it uent (+-NO,) were present 
in the aniline ring. 

As the desired degree of protonation can be obtained 

by using different acids independently of aniline base 
strength, the method is in principle of general applic- 
ability in the quantitative study of crown ether- 
anilinium ion association. 

RESULTS AND DISCUSSION 

The effect of crown ethers on the acid-base equilibria 
of two anilines of largely different pKa values, namely p -  
nitroaniline and p-toluidine, was investigated in methanol 
solution at  25.0 "C. 

The ratio I between p-nitroanilinium ion and @- 
nitroaniline concentration was determined at various 
toluene-9-sulphonic acid concentrations by spectro- 
photometric measurement of the concentration of the 
base form. In  the presence of fixed amounts of 15C5, 
18C6, and 21C7 higher values for the I ratio were ob- 
served. In  all cases I was found to be strictly linear with 
toluene-9-sulphonic acid concentration (Figure 1) ; these 
results are fully accounted for by the Scheme and 
equation (l), where CE refers to crown ether, BH+ to 

anilinium ion, CE*BH+ to associated anilinium ion, B to 
aniline, and H+ to CH30H,+. Under the assumption 
that the same activity coefficient may be assigned to the 
three positively charged species, Ka and KCE in equation 
(1) may be regarded as thermodynamic equilibrium 
constants. The slope of the straight lines in Figure 1 
obtained in the presence of crown ethers, (1 + KCE 
[CE])/Ka, divided by the slope obtained in the absence of 
crown ethers, l/Ka, gives the apparent basicity-enhancing 
factor for p-nitroaniline (1 + KcE[CE]), which increases 
without limit with increasing crown concentration. The 
results are presented in the Table as log KOE values. 
The value obtained for 1/Ka was 26.6 0.11, an average 
of six determinations; this corresponds to a pKa value 
of 1.42 which may be compared to the literature value of 
1.2fL8 

As conceivable interfering phenomena, protonation of 
crown ethers, which has been reported to occur in 
apolar  solvent^,^ and complexation of CH30H2+ with 
crown ethers must be considered for the acid solution. 
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The absence of systematic deviations from linearity with 
increasing acid concentration up to 1 x 1 0 - 2 ~  and the 
invariance of the K C E  values with crown concentration 
suggest these factors to be unimportant under the condi- 
tions of the present investigation. Moreover, no 

1x10-2 
[H+]/M 

FIGURE 1 Representative linear plots of 1 = [BHt,,t+]/[B] 
for p-nitroaniline in methanol a t  25.0 "C zwws toluene-$- 
sulphonic acid concentration in the presence and in the absence 
of crown ethers: a ,  no crown ether added; b, 16C5 1.07 x 
10-ZM; c, 21C7 4.40 x 1 0 - 3 ~ ;  d, 15C5 5.35 x 1 0 - 2 ~ ;  e, 21C7 
1.08 X lo-%; f ,  18C6 2.36 X w 3 M ;  g, 18C6 2.36 X 10-'M 

change was observed in the U.V. spectrum of benzo-18- 
crown-6 in the presence of 1 x 10-2~-HC10, in methanol 
solution, whereas significant spectral changes of benzo- 
crown ethers usually accompany all kinds of complex- 
a t  ion including prot onation .lo 

Ka 
B + H +  

4/ 
BH+ %- 

K CE 

SCHEME 

When the acidity of the ammonium ions is low enough 
not to give appreciable dissociation in the medium, 
other methods, such as calorimetric titration or poten- 
tiometric techniques,6 may be used to determine com- 
plexation constants in solvents such as methanol. By 
the present approach weak acids must be used with more 
basic anilines in order partially to protonate the base and 
allow the crown ether to influence the acid-base equilib- 
rium. 

The value of I was determined for 9-toluidine at 
various acetic acid concentrations both in the presence 
and in the absence of crown ethers. Equation (1) still 
holds but obviously non-linear plots were obtained for 
the relationship between I and acetic acid concentration. 
By expressing [Htj as a function of the concentration 
(cJ and the dissociation constant (Ka') of acetic acid, 

10 20 30 
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FIGURE 2 Representative linear plots of I = [BHtOk+J/[B] 
for P-toluidine in methanol a t  25.0 "C veyszbs the square root 
of the ratio between added acetic acid concentration and base 
form concentration in the presence and in the absence of crown 
ethers: a, no crown ether added; b, 15C5 3.60 x 1 0 - z ~ ;  c, 
21C7 5.17 x l O P 3 ~ ;  d, 15C5 8.72 x 1 0 - 2 ~ ;  e, 21C7 1.50 x ~ P M ;  
f ,  18C6 1.62 x 1 0 - 3 ~ ;  g ,  18C6 3.22 x 1 0 - 3 ~  

equation (2) is obtained from equation (1) .  Figure 2 
shows representative linear plots of I uersus (ca/[13])+ with 

15C5,18C6,21C7, and no crown added. From the slopes 
the log KCE values were calculated (Table). In the 
absence of crown ethers the value for the slope, (ITa'/&)* 
= 2.64 5 0.04 x an average of three determin- 
ations, was obtained, in good agreement with the value of 
2.26 x calculated from literature data (acetic acid 
pKa 9.63; l1 9-toluidine pK, 6.34 8).  

The trend of KcE values in the two series 18C6 > 
21C7 > 15C5 is the same as that found for 13utNH3+- 
benzo-crown ethers in CDC1,,12 the association constants 
being 2-3 powers of ten lower in methanol, which is a 
better solvating agent for both cation and ligand oxygen 
atoms. The marked preference for the hexaco-ordinate 
ligand is probably due to a good arrangement in which a 
symmetrical array for the three hydrogen bonds is pos- 
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sible with oxygens alternately displaced on one side of 
the mean plane of the ring.13~14 

The log KcE values reported in the Table for the two 
anilinium ions are also for two different counterions, 
namely acetate and toluene-P-sulphonate. As no drift 
was observed in the plots in Figures 1 and 2 both in the 
presence and in the absence of crown ethers, on in- 
creasing the anion concentration, significant association 

log KCE: values for the association of anilinium ions 
and crown ethers in methanol at 25.0 "C 

15C5 18C6 21C7 
p-Nitroanilinium 1.92 f 0.04 a 3.88 0.02 2.77 i- 0 02 
p-Toluidinium 1.69 f 0.05 3.85 -+ 0.02 2.61 5 0.03 f 

a Five determinations, [CE] 9.04 X 10-3-1.03 X 1 0 - I ~ .  Six 
Three deter- 

Three determina- 
Three determinations, 

f Four determinations, [CE] 

determinations [CE] 9.05 x 10-4-2.36 x 1 0 - 2 ~  
minations, [CE] 4.40 x 10-3---1.45 x 1 0 - 2 ~ .  
tions, [CE] 3.60 x 10-2--8.72 x 1 0 - 2 ~ .  
[CE] 1.62 x 10-3-3.22 x 1 0 - 3 ~ .  
5.17 x 10-3-2.11 x 1 0 - 2 ~ .  

with anions for complexed and uncomplexed cations is 
unlikely. The absence of any significant ion pairing 
effect for ammonium salts and their 18C6 complexes in 
methanol has already been noted by Izatt et al.: this 
point is further confirmed by the very good agreement 
between the value reported in that work for the associ- 
ation of 18C6 with $-toluidinium bromide (log KCE 
3.82 0.04) and the value of 3.85 0.02 found by the 
present method for $-toluidinium acetate. 

The slight difference in log KCF: for 15C5 and 21C7 
observed for the two anilinium salts is probably due to 
the different cation structure. Although the trend is 
that  expected on the basis of substituent electronic 
effects, with the electron-withdrawing p-nitro-sub- 
stituent, reinforcing the positive charge on the am- 
monium group, the effects are so small that no speculation 
on their origin is saie; in fact no effect at all is observed 
within experimental error for 18C6. 

No significant effect was noted by Izatt et al.' on com- 
paring the complexation ability of anilinium ion and m- 
and P-methyl-substituted anilinium ions toward 18C6. 
From the present analysis, extended to various crown 
ethers and to the P-nitro-substituent, the general con- 
clusion may be drawn that electron-releasing or electron- 
withdrawing substituents on the aromatic ring have little 
or no influence upon the strength of crown ether- 
anilinium ion association. 

EXPERIMENTAL 

Methanol (Erba RE') was distilled over 2,4-dinitrobenzoic 
acid in order to remove basic volatile impurities and then 
dried by a further distillation over magnesium. 15C5 
(Aldrich), 18C6 (Aldrich), and acetic acid (Erba RP) were 
used as received. 21C7 was prepared as previously de- 
scribed and further purified by vacuum distillation. p-  
Toluidine (Eastman) and p-nitroaniline (Fluka) were re- 
crystallized from ethanol-hexane. Anhydrous toluene-p- 
sulphonic acid was obtained by vacuum distillation of the 
monohydrate (Erba RP). The absence of significant 
amounts of acid or base impurities in the methanol-crown 
ether solution is demonstrated by straight lines passing 

through the origin in Figures 1 and 2. In  preliminary ex- 
periments with p-toluidine in commercial methanol, non- 
zero intercepts were observed, although the KcE, values 
obtained were in full agreement with those obtained in the 
purified solvent. 

U.v.-visible measurements were run either on a Beckman 
DB GT spectrophotometer using 4.00-cm quartz cuvettes or 
on a Varian DMS 90 spectrophotometer using 1.00-cm 
quartz cuvettes. The absorbance a t  375 nm for 1-1.4 x 
10-5~-p-nitroaniline or a t  293 nm for 0.85-1.2 x 10-4~-$- 
toluidine, was recorded a t  25.0 "C after a t  least 10 min, to 
allow for thermal equilibration ; calculated amounts of the 
proper acid solution (4~-ace t ic  acid and 0.3-1.5~1-toluene- 
p-sulphonic acid) were then added by SGE microsyringes 
and absorbance recorded after allowing ca. 4 min for tem- 
perature equilibration. 

With A being the absorbance value after each acid 
addition and A ,  the initial absorbance value corrected for 
dilution, I values were calculated as ( A ,  - A ) / A .  

APPENDIX 

Equation (1 )  is easily obtained by combining equations 
(4)-(fi) with (3), if YH+ = YBH+ = YCF,.BH+. 

I = [BHtot+l/[Bl (3) 
[BHt,.t+] = [BH'] + [CE-BH'] (4) 

Ka = LB1 [Hf]YH+/[BH+lYBH+ (6) 

KCE; = [CE.BH+]yCE*BH+/[CE] [BHf]yBH+ ( 5 )  

In order to obtain equation (2) equations (7)-( 9) may be 
[AcO-] in equation (8) and [CH,O-] in (9) may be written. 

[Hf]yk2 = Ka'[AcOH]/[AcO-] (7) 

( 8 )  [AcOH] = C, - [AcO-] 

[AcO-] = [BHt] + [CE*BH+] + [H'] - [CH,O-] (9) 

safely neglected. 
and (9). when combined with (4)-(7), lead to (10). 

The approximate forms of equations (8) 
As 

[ H + 1 2 ~ + 2  = Ka'GaI(1 + ([BI/K(a)(l + KcE[CEI)) (10) 

p-toluidine concentration was varied from 1 x lo-* to 
3 x 10-6~ during experiments and K,  = 4.6 x lo-',* 1 
may be neglected with respect to ([B]/K,)(l + KcE[CE]) in 
all cases (even when [CE] = 0). The further approximation 
y*2 = 1 was assumed, as a t  the highest attained ionic 
strength ([BH,,,+] ca. 7 x 1 0 - 5 ~ )  yf calculated by the 
Debye-Huckel limiting law was 0.97. When the approxi- 
mate form of equation (10) is combined with ( l) ,  (2) is 
obtained. 
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