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Interact ion of 2,4,6-Trimet hyl pyrid i ne with Some Halogenocarboxyl ic Acids in 
Benzene and Dichloromethane. Problem of Stoicheiometry 

Piotr Barczynski, Zofia Dega-Szafran, and Miroslaw Szafran * 
Department of Chemistry. A. Mickiewicz University, 60780 Poznari, Poland 

The practical molal osmotic coefficients of 2,4,6-trimethylpyridine complexes with dichloroacetic and 
2,2-dichloropropionic acid in benzene solutions over the concentration range 0.05-0.5 mol kg-l were 
determined by vapour pressure osmometry (v.p.0.). The non-ideal behaviour of the investigated systems 
is interpreted on the basis of the stepwise aggregation model and the association constants are derived. 
'H N.m.r. and i.r. spectra are reported for 2,4,6-trimethylpyridine with dichloroacetic, 2,2-dichloro- 
propionic, and trifluoroacetic acids with various acid-base ratios (2: 1, 1.33: 1, and from 1 : 1 to 1 : 10). 
Both the chemical shift of hydrogen-bonded protons and the continuous absorption in i.r. spectra are 
affected when an excess of base is added to the equimolar mixture of 2,4,6-trimethylpyridine with 
dichloroacetic and 2,2-dichloropropionic acids. The results can be rationalized in terms of formation of 
the following complexes: B 0 . .  HA, B+H . -A- ,  (BHA),, and B+H(A- HA). For trifluoroacetic 
acid the B+H(A- - 9  HA) complex is formed only when there is an excess of acid, while for 
dichloroacetic and 2,2-dichloropropionic acids the equilibrium can be completely shifted to the 1 : 1 
complex only when there is a three-fold excess of base. 

Brernsted acid-base interactions in non-basic, non-polar, and 
aprotic solvents have been discussed in the classic monograph 
of Davis ' and several other These demonstrate that 
such systems must involve a bewildering array of hydrogen- 
bonded complexes between the neutral species and between the 
ion pairs produced by protolysis. The structures of these com- 
plexes are easy to postulate but often difficult to demonstrate. 

Various experimental techniques ' *4  are used in specifying 
several types of structures which may be in equilibrium with 
each other and with the monomeric acid (HA) and base (B) over 
different parts of the normal concentration range of the solution 
studied ( 1-10-6~). The simplest and most clearly defined of 
these species are acid dimers the 1 : l  molecular 
hydrogen-bonded complex between acid and base, B HA, 
1 : 1 hydrogen-bonded ion pairs between conjugates of the 
original acid-base pair, B + H  A-, and solvated ions, B+H 
and A-.' 

Strong evidence may also be cited for the presence of 
higher aggregates (BHA), 7-10 and triple ions (B+H),A- and 
B+H(A-),.'','2 

The 1 : 1 hydrogen-bonded ion pairs interact with an excess 
of acid or base to form the 2: 1 homoconjugate ion pair complex, 
B+H(A- HA), involving two molecules of acid, and the 
1 : 2 homoconjugate ion pair involving two molecules of base, 
(B'H.. . B)A-.13-l6 

In this paper we report 'H n.m.r., i.r., and vapour pressure 
osmometry (v.p.0.) data for 2,4,6-trimethylpyridine complexes 
with dichloroacetic (DCA), 2,2-dichloropropionic (DCP), and 
trifluoroacetic (TFA) acids in benzene and dichloromethane. 
The results which we shall present below show that in the 
solution containing equimolar quantities of DCA or DCP 
and 2,4,6-trimethylpyridine besides 1 : 1 complexes [B HA, 
B'H A - ,  (B'H A-),,I there are also 2: 1 complexes 
[B+H(A- ***HA)].  

Experimental 
2,4,6-Trimethylpyridine (EGA Chemie) was stored for at least 
a week over calcium hydride, then distilled and stored over 
molecular sieves (4 A). Dichloroacetic acid (Fluka), 2,2- 
dichloropropionic acid (Alfa Products), and trifluoroacetic acid 
(Fluka) were refluxed over P 2 0 5  (5% w/w) and distilled. 

Complexes were prepared by adding stoicheiometric 
amounts of acids to an ether solution of 2,4,6-trimethylpyridine 
and cooled in a C0,-acetone bath. The resulting precipitates 
were recrystallized from ether and dried over P205:  2,4,6-tri- 
methylpyridineHOOCCHCl,, m.p. 68-70 "C; 2,4,6-trimethyl- 
pyridine*HOOCCCl,CH,, m.p. 29-3 1 "C, the crystals are 
fairly hygroscopic; 2,4,6-trimethylpyridine.HOOCCF,, m.p. 
4L-45  "C. 

Solvents were purified by standard methods and stored over 
molecular sieves (4 A). All solutions were prepared and all 
transfers of non-aqueous solutions were made in the dry-box. 

1.r. spectra were recorded on a Perkin-Elmer 580 spectro- 
photometer using cells with KBr windows (0.07, 0.124, 0.227, 
and 0.45 mm). The centre of gravity of the graphically 
reconstructed bands were obtained as V, = jA(v)vdv/jA(v)dv, 
where, A = lOg,O(Tb,/T); Tbl and Tare the transmittance of the 
base line and complex, respectively. The compensation of 
solvent in the 4000-1  600 cm-' region and the broad 
absorption of acids in the 1 6OO--400 cm-' region were used as 
a base line. 

'H N.m.r. spectra were measured on a Tesla BS 467 spectro- 
meter. All chemical shifts were taken downfield relative to the 
resonance of the solvents and then converted into 6 values by 
adding 7.1 7 and 5.3, respectively, for benzene and dichloro- 
methane. 

A Knauer vapour pressure osmometer was used. The instru- 
mental calibration procedure and the method of measurements 
were similar to those described previously.8 Osmotic co- 
efficients (@) were calculated from equation (1) and fitted by a 

V/k = <Dm (1) 

(2) 
q =  5 

i =  1 
@ = 1 + C A i m i  

least-squares method to the orthogonal polynomial of form (2) 
where V is the measured imbalance ( p V )  at 27 "C, k is the 
calibration constant, rn is the stoicheiometric solute concentr- 
ation (mol kg-'), y is the size of the polynomial, and A i  is 
constant. The stepwise aggregation constant, K,, was calculated 
from equation (3); for details see ref. 17. 
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Results and Discussion 
Vapour Pressure 0smornetry.-The coefficients A are given 

in Table 1 and the osmotic coefficients are shown in Figure 1. 
A marked lowering of the molal osmotic coefficient with in- 
creasing concentration indicates that these complexes undergo 
self-association in solution. Using the model of successive-step 
association [equation (3)] the internally consistent equilibrium 
constants are obtained for both complexes (Table 2). Since self- 
association is controlled by the dipole moment8 we are 
surprised to find relatively large differences of the equilibrium 
constants between complexes of DCA and DCP. The pK, value 
of DCP is unknown. However, the methyl group only slightly 

1 I?:-.- 

I I I I I I I 1 I 
0.1 0,2 03 0,L 0.5 0.6 0,7 0.8 

CI  mol kg'l 

Figure 1. Molal osmotic coefficients of 2,4,6-trimethylpyridine com- 
plexes with (1) 2,2-dichloropropionic, (2) dichloroacetic, and (3) tri- 
fluoroacetic9 acids 

Table 1. Values of regression coefficients Ai of equation (2) and 
standard error of estimate S, for complexes for 2,4,6-trimethylpyridine 
(TMP) with dichloroacetic (DCA) and 2,2-dichloropropionic (DCP) 
acids in benzene at 27 "C 

TM P-DCA TM P-DCP 
A ,  -2.053 78 -0.726 81 
A2 6.500 89 0.332 86 
A3 - 13.980 21 3.445 32 

A5 -7.293 14 10.163 67 
104s~ 6.49 4.24 
No. of points 18 18 

A4 15.926 59 - 11.151 93 

decreases proton-donor properties of the carboxylic acid. Thus, 
the dipole moments and hydrogen-bond strength of complexes 
of 2,4,6-trimethylpyridine with DCA and DCP should be com- 
parable. Similar values of the chemical shift and the centre of 
gravity of these complexes (see below) support this point of 
view. Thus, the bulky effect of the methyl group can be respon- 
sible for the observed differences in KD values. Furthermore, the 
concentration effect on the continuous absorption in the i.r. 
spectra of these complexes in benzene is proportional to the 
values of K D  (see below). 

'H N.rn.r. Spectra-The chemical shift of the hydrogen- 
bonded protons in the investigated complexes of 2,4,6-tri- 
methylpyridine with DCA and DCP varies with concentration 
(Table 2, Figure 2), solvent (Table 3 and ref. 17), and acid-base 
ratio (Figure 3). 

As shown in Table 3, addition of an excess of 2,4,6-trimethyl- 
pyridine to the 1 : 1 acid-base mixture caused a downfield shift 
of the hydrogen-bonded protons. The magnitude of this shift is 
much larger than that observed for complexes of various 
pyridines (including weak base e.g. 3-cyanopyridine) with 
trifluoroacetic acid. ' Our recent measurements for 2,4,6-tri- 
methylpyridineHOOCCF, are, within experimental accuracy, 
similar to the previous ones. One can expect that DCA and 
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Figure 2. Effect of concentration and excess of base on the chemical 
shift of complexes of 2,4,6-trimethylpyridine with dichloroacetic 
(0, a), 2,2-dichloropropionic (0, H), and trifluoroacetic (A, A) acids 
in benzene; 0, 0, A, CiH: Ci  = 1 : 1; 0, a, A, CiH:  Ci = 1 :4 

Table 2. Dipolar association constants and chemical shifts of hydrogen-bonded protons in mixtures of 2,4,6-trimethylpyridine with some carboxylic 
acids in benzene 

CiHIM 
f I 

Chemical shift 

Acid KD/kg mol-' Gill: C;  0. I 0.2 0.4 0.6 0.8 
CHC1,COOH 2.06 Ifr 0.08 1 : l  18.6 1 18.60 18.56 18.53 18.48 

1 :4 19.72 19.70 19.65 19.62 
CH,CCl,COOH 0.77 & 0.03 1 : l  18.50 18.55 18.56 18.58 18.50 

I :4 19.66 19.66 19.73 19.64 
C F 3 C O 0  H 7.52 f 0.22 1 : l  19.01 18.93 18.67 18.53 18.40 

1 :4 19.18 19.05 18.83 18.60 18.50 
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Table 3. The chemical shift of the hydrogen-bonded protons 6, in 
mixtures of 2,4,6-trimethylpyridine with some carboxylic acids (C;, 
0.2MM) 

c;,, : CB 
1 :0.6 
1: 1 
1 :2 
1 :4 
1 :6 
1 :8 
1.10 

CHC1,COOH 
CH3CC12COOH CF3COOH 

C6H6 CHlCI2 C6H6 C6H6 

16.73 16.67 16.23 
18.60 18.43 18.55 18.93 
19.32 18.85 19.38 19.03 
19.70 18.97 19.66 19.05 
19.65 19.00 19.73 19.00 
19.67 19.05 19.70 18.95 
19.67 19.03 19.70 18.93 

2 4 6 8 10 

DCP would have a lower ability to form (B'H B)A- species 
than TFA, since they are weaker acids. Thus, the large down- 
field shift observed on addition of the excess of base to 1 : l  
complexes of DCA and DCP is, therefore, probably not due to 
formation of (B'H B)A- or uncomplexed acid. The remain- 
ing explanation is formation of B'H(A- - - - HA) species. 

Arnett et a1.'8*19 found that the 1 :2 (B'H . B)A- complex 
is not significant in polar (sulpholane) and non-polar (CCI,) 
solvents. Enthalpy of the titration of 2,4,6-trimethylpyridine in 
CCl, with 0.5 mole of TFA is slightly greater than that of 1 mole 
of acid.9 The formation of the (B+H)(AHA)- complex is a more 
exothermic process. 

1.r. Spectra-The 1 : 1 and 2: 1 acid-base complexes are in 
some cases distinguished in i.r. spectra.20-22 

All the spectra investigated exhibit continuous absorption 
over the frequency region from 3 OOO to 400 cm-'. Within this 
range there are several overlapping absorption bands. All these 
bands are poorly resolved subpeaks resulting from super- 
position of sharp bands ascribed to other internal vibrations 
and to the Fermi resonance. The intensity of these bands 
strongly depends on the acid-base ratio, solvent, and nature of 
the acid. 

Figure 4 and 5 show the effect of the acid-base ratio on the i.r. 
spectra. When the concentration of 2,4,6-trimethylpyridine 
increases, a systematic decrease in intensity of the band in the 
2 500 cm-' region is observed. Its centre also shifts to the lower 
wavenumbers. Simultaneously the intensity of the absorption in 
the regions 2 OOO and 900-400 cm-I increases. The observed 
variations in the absorption as the amount of 2,4,6-trimethyl- 
pyridine increases can be explained by a shift of equilibrium (4) 
to the 1: 1 complex. 

B'H(A-**=HA) + B e 2  B + H - * = A -  (4)* 

Figure 3. Effect of excess of base on the chemical shift of complexes of 
2,4,6-trimethyIpyridine with dichloroacetic (O), 2,2-dichloropropionic 
(O),  and trifluoroacetic (A) acids; C;,, 0 . 2 ~  

* V.p.0. is not affected by equilibrium (4). The average molecular weight 
(M) of the equimolar mixture of B+H(A- - HA) and B is equal to 
B'H * - A -  [ M  = f (M2,  + MB) = Mi:1]. 

80 r y  

3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 

u / cm-' 

Figure 4. 1.r. spectra of dichloroacetic acid (0 .2~) -  2,4,6-trimethylpyridine system (a) in CH,C12 and (b) in C,H,. The concentrations of 2,4,6- 
trimethylpyridine are: (- - - -) 0 . 1 ~ ;  (. . . .) 0.15~;  (-) 0.2M; and (- . -. -) 0 . 8 ~  
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Table 4. Frequencies for some carboxylic acids, their salts, and complexes 

Compound 
CHC1,COOH 

Solvent c;,, : c; 
CH,CI, 

C6H6 

CHC1,COO- N + (Bu), CH,Cl, 

CHC1,COOH-TMP CH,CI, 
C6H6 

C6H6 

CH,CCl,COOH-TMP C6H6 
CF,COOH CH,CI, 

2: 1 

1:l  
1 :4 
2: 1 

1: l  
1 :4 
1: 1 

C6H6 

CF,COO - N + (Bu), CH,CI, 
C6H6 

CF,COOH*TMP C6H6 2: 1 

1 : l  
1 :4 

* m = Monomer, d = dimer, sh = shoulder. 

v( C=O)*/cm- ' 
1779m 
1 760 (sh) 
1 745d 
1780m 
1 760 (sh) 
1 745d 

1740 

1 740 (sh) 

1 740 

1720 
1710 
1 720 
1 805m 
1782d 
1 805m 
1 782d 

1 780 
1 750 (sh) 

1 658 
1660 
1660 
1610 
1660 
1660 
1660 
1610 
1660 
1665 
1660 

1688 
1 692 
1655 

1685 
1685 

v,/cm-' 
3 460 

3 405 

1700 
1 670 

1544 
1414 
1535 
3 4 4 0  

3 380 

3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 

Figure 5.1.r. spectra of trifluoroacetic acid (0.2~)-2,4,6-trimethylpyridine system in C6H6. The concentrations of 2,4,6-trimethylpyridine are: (- - - -) 
O.IMM; (. . ' ,) 0 .15~ ;  (-) 0.2M; and (- . - ' -) 0 . 8 ~  

80 P 

3500 3000 2500 2000 ls00 1600 1400 1200 1000 800 600 

u/crn'' 

Figure 6. 1.r. spectra of complexes of 2,4,6-trimethylpyridine with dichloroacetic acid in C6H6; (-) 0 . 0 8 ~ ;  (- - - -) 0 . 5 1 4 ~  
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Thus, differences in the intensity between the spectra of 
1 : 1 and 1 :4 acid-base mixtures may be evidence that the 
B+H(A- HA) species are present in the 1 : 1 acid-base 
mixtures. The relative content of 1: 1 and 2: 1 complexes 
under comparable conditions depends strongly on the proton- 
donating power of the acid and the nature of the solvent. In the 
case of TFA the 2 : 1 complex is formed when an excess of acid is 
present, since similar intensities of the continuous absorption 
are observed in the spectra of 1 : 1 and 1 : 4 acid-base mixtures 
(Figure 5). For the weaker dichloroacetic and dichloropropionic 
acids the equilibrium can be completely shifted to the 1 : 1 
complex only for an excess of 2,4,6-trimethylpyridine (three-fold 
excess in benzene and two-fold in dichloromethane). 

Supplementary arguments concerning equilibria in the inves- 
tigated systems can be derived from the absorbance in the 
carbonyl-carboxy region (Table 4). In the spectra of the 2: 1 
mixture of DCA and 2,4,6-trimethylpyridine three bands at 
1 740, 1 660, and 1 610 cm-' are observed (Figure 4, Table 4). 
The intensity of the first band decreases when 2,4,6-trimethyl- 
pyridine is added, and disappears for a three-fold excess of 2,4,6- 
trimethylpyridine. The frequency of this band is close to the 
frequency of a dimer, and is also attributed to the v ( M )  
vibration of the second acid molecule in the B+H(A- HA) 
complex. 

In the spectrum of the equimolar acid-base mixture (Figure 
4a) a shoulder at 1740 cm-' is present, which confirms the 
presence of B + H(A - HA) complex in CH,Cl, solution. The 
other two bands, at 1660 and 1610 cm-', belong to the 
v,,(COO-) vibrations. The second band is shifted ca. 45 cm-' 

Me < 
Me 

+ 

1610cm-\ 
Me 

Me 

Me 

1660 em-' 

Me 

+ 1740cm-' 

to a lower frequency relative to the tetra-alkylammonium salt 
(Table 4). Such lowering is caused by addition of the second acid 
molecule to the ionic pair.22 Therefore, the band at 1 610 cm-' 
should be ascribed to the v,,(COO-) vibration in the 2: l  
complex, and the band at 1 660cm-' to the v,,(COO-) vibration 
in the 1: 1 complex [equation(S)]. 

In benzene solution the spectra are more complex. Benzene 
( E  2.3) is a less polar solvent than dichloromethane ( E  8.9), hence 
its solvation power is smaller. This caused a shift of the 
tautomeric equilibrium between the molecular complex and the 
ionic pair form to the molecular complex with lowering solvent 
polarity.23 Larger amounts of the molecular complex in the 
benzene solution results in increasing the frequency (Table 4) 
relative to the dichloromethane solution. 

In the spectra of 2,4,6-trimethylpyridine with TFA the 
absorption appears at a higher frequency (Figure 5). This is 
caused by the inductive effect of fluorine atoms. The carbonyl 
band at 1 780 cm-' shows a shoulder at 1 750 cm-' (Figure 5). 
On addition of base the intensity of the 1780 cm-* band 
decreases more strongly than that at 1 750 cm-'. This may 
suggest that the band at 1 780 cm-' is attributed to the v(C==O) 
frequency of dimer, but that at 1 750 cm-' to the second acid 
molecule in the B+H(A- HA) complex. 

1.r. spectra of the 1 : 1 complex of 2,4,6-trimethylpyridine 
with DCA and DCP in benzene are affected by concentrations 
proportional to the values of KD. On increasing the concen- 
tration from 0.08 to 0 . 5 1 4 ~  the intensity of the bands at ca. 
2 500 and 1 900 cm-' increases, but the bands at ca. 500 cm-' 
decrease (Figure 6). Further changes are observed in the 
carbonyl-carboxy region. An increase in the concentration 
considerably increases the absorption of the carboxy band. 
Similar changes in absorption have been observed previously in 
the spectra of some pyridinium trif l~oroacetates.~~ These 
alterations of the absorption are proportional to the dipolar 
association constant (&). The hydrogen-bonded ion pairs, 
being more polar than the molecular complexes, are capable of 
forming high molecular weight aggregates (B+H . A-)". 
Thus the formation of aggregates shifts equilibrium between the 
molecular complexes and the ionic pair toward the latter. 
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