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In a series of recent papers 1-5 we reported the synthesis of carboxybetaines by the addition reaction1 of tertiary amines with (, ( - unsaturated carboxylic acids. Previously, some macromolecular carboxybetaine compounds have been obtained by one of the following reaction: alkylation of pendant tertiary amine group containing polymers with halogenated acetic acids or their esters, and polymerization of betaine group containing monomers. The former chemistry was applied using poly(4-vinylpyridine) and poly(styrene-co-vinylbenzyldimethylamine) 6 and the latter using vinylimidazole.7
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The present article described how the 1H-NMR methodology was used to establish the reaction mechanisms the kinetic of carboxybetaine formation. 


Experimented Data and Observations


Reaction between amines and acids were carried out at 50oC with amine concentration of 1 mol/L. Water, methanol and acetonitrile were used like solvents. It was found that the reaction yield (or transformation degree for polymers) can be conveniently determined as a function of the reaction time by using 1H-NMR spectra of the reaction mixture. For this, reactions were performed directly in NMR tubes using deuterated solvents.


The following amines were found to give significant output of betaine products when are reacted with acrylic, maleic, fumaric, itaconic and propiolic acids: 4 –methylpyridine, N-methylimidazole, poly(4-vinylpyridine) and poly(N-vinylimidazole). Low amounts of betaine products resulted from 2-methyl and 2,4-dimethylpyridine with acrylic acid and from 4-methyl-pyridine with methacrylic and crotonic acids. No reaction products were obtained with 2-methylpyridine and poly(2-vinylpyridine). 

The shortenings for other reactants are obtained changing 4MP and AA with corresponding shortenings. The notations remain the same.

Reaction products. The notations for reactants and reaction products are given in Table 1. Because the structures obtained from different reactants are analogous, only those forms resulting from 4-methylpyridine and acrylic acid will be presented.

Table I. 

Notations for reactants and reaction products.

      Chemical Name / Structure


Shortening
Notation


4 – Methylpyridine


4MP

 A

Acrylic acid



AA

 B


[image: image1.wmf]H  C                 N      CH      CH       COO

3

+

-

2

2


4MP+ - AA- X(


[image: image2.wmf]  H  C                  N      CH      CH       COOH

3

+

 

2

2


4MP+ - AA- X+


[image: image3.wmf]H  C   =   CH      COO

2

-


AA- B-


[image: image4.wmf]  H  C                  NH

3

+


 A+


[image: image5.wmf]   H  C                 N      CH      CH       COOH

3

-

+

2


 C(


The following types of reactions products were evidenced: one zwitterionic, as betaine, another one with structure of cation-anion pair, and the common salt. The content of these products was highly dependent on the solvent and the purification method used. The zwitterionic (X() and ions pair (X+ B-) products were isolated as pure compounds. They were differentiated by spectrometric methods, especially from 1H-NMR spectra (Figure 1). The salt products were observed in protic reaction mixtures but their isolation was not possible. 


Table II. 

Reaction products in protic and aprotic solvents
Solvent


Species present in the

Products isolated from the




   reaction mixture

                  reaction mixture



 CD3CN


 A and B




 X+B-



 CD3OD or D2O 

 A, A+, B, B-



X+B- and / or X(
 or their mixture

 X+ and X(






Experimental observations. The species present in the reaction mixture and the reaction products are presented in Table II. It was observed that the reaction product precipitates and shows an X+B- structure when the reactions are carried out in acetonitrile, i.e. in an aprotic solvent. This fact leads to the hypothesis of the reaction 2. Another observation of interest is that, when acetone or ethyl ether is added to a methanol or water solution of an X+B- compound, the corresponding X'S( compound precipitates instantaneously. This leads to the assumption that in solution the products X+B- are involved in the equilibrium reaction 3.
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Figure 1. 1H-NMR spectra in D2O from 4-methylpyridine ( A ), acrylic acid ( B ), and  their corresponding products X ( B ( ( C ), and X ( ( D ).
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A + B A+ + B-
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The reactions 2 and 3 happen also in protic solvents like water and methanol, therefore the reaction product is generally a mixture of X+B- and X( compounds, in this case. Such reaction mixtures are homogeneous and their 1H-NMR spectra can be used to evaluate the concentration of the species which are present at any reaction time. 

The following difference was observed between the NMR spectra of alcoholic and aqueous reaction mixtures.: the formers show distinct aromatic proton signals from the species A and A+ or X+ or X( while the latter display on a broad signal for all these structures. This fact shows that the equilibrium of reaction 4 is much more right-shifted in water than in alcohol. 


Two methods were used to isolate the reaction products from protic reaction mixtures: vacuum drying and precipitation with acetone. The first method allowed to obtain X+ B- compounds and the precipitation gave only X( compounds.

Reaction Mechanism and Kinetics of the Betaine Formation

Reaction mechanism. It is generally accepted that the addition reaction between a tertiary amine and an (, (-unsaturated carboxylic acid takes place by a nuleophilic attack of the nitrogen atom at the (-carbon of the acid double bond, and a dipolar ion C( with structure given in Table I appears.8 Protonation of this carbanion is probably an intermolecular process involving a new acid molecule rather than a solvent molecule because the compounds X+B- and X( were obtained in both protic and aprotic solvents. The carbanion state is confirmed by (-carbon atom deuteration occurring when the reaction was carried out in the protic deuterated solvents. Taking into account the above experimental findings, the following reactions seem to be generally implied for the formation of betaine products: 



A + B A+ + B-




(5)



A + B C(




(6)



 C( + B X+ + B-




(7)



X+ + B- X( + B-




(8)

The neutralization reaction 5 is expectable for both protic and aprotic solvents. Conforming to the experimental observations, its equilibrium is dependent on solvent, in acetonitrile and methanol being left-shifted, and odds with in water. Reaction 6 excludes a direct transformation of the salt structures A+B- into X( zwitterionic structures. The carbanion C( is an unstable intermediary which can not be evidenced in NMR spectra. Kinetic model of betaine formation in aprotic solvents. Previously we reported the kinetic model applicable for protic reaction mixtures.3,5 Here the process performed in an aprotic solvent will be considered. As in this case the reaction product precipitates with an ions pair structure and the reaction mixture contains only the reactants. (Table II), the reactions 6 and 7 can be only considered. Moreover, because it is accepted that the constant rate of reaction 7 is much higher than the rate constant of the decomposition of C( ,9 the reversibility of reaction 6 can be neglected. In such conditions, the reactions 6 and 7 can be condensed in the trimolecular reaction 9 with ka the rate constant of the addition reaction. 

 A + 2 B ( X+ + B-



(9)

By using the notations a = [A]o, b = [B]o, and x = [X+] = [B-], the reaction 9 is described by the equation 10. 

Determinations of addition rate. To find ka it was necessary to measure either the quantity of precipitate or the concentration of reactants for different values of the reaction time. It was found that the measurements of reactant concentrations are easy-doing and more accurate that those of precipitate. Such measurements can be performed from IR, UV or NMR spectra. We used the 1H-NMR spectra recorded on deuterated acetonitrile reaction mixtures respecting the condition b = 2 a. In this particular case the solution of the equation 10 takes the easy-handling form 11 where at = [A] = a - x. 


Obviously the equation 11 is also valuable for protic reaction mixtures. It has been previously used for reactions performed in CD3OD and CD3OD – D2O mixtures.3,5

The fact that this kinetic model is really applicable is illustrated in Figure 2 for the reactions of 4-methylpyridine and N-methylimidazole with acrylic acid. 

( a / at ) 2 = 1 + 8 ka a2 t 



(11)

Figure 2. Experimental plot of equation 11 for 4-methylpyridine ( A ) and

N-methylimidazole ( B ) reacted with acrylic acid in acetonitrile.

Table III. 

The values of ka determined for reactions carried out in CD3CN at 50oC
Reactants





 
 ka (mol-2 L2 min-1)

 4-methylpyridine + acrylic acid




0.0053

 N-methylimidazole + acrylic acid




 0.0009

 4-methylpyridine + crotonic acid




0.00002

 N-methylimidazole + crotonic acid




 0.00003

 4-methylpyridine + methacrylic acid




0.000003

 N-methylimidazole + methacrylic acid



0.000004

 poly (4-vinylpyridine) + acrylic acid




0.0018

 poly (N-vinylimidazole) + acrylic acid



0.0053



The values of ka obtained for several systems are given in Table III. One observes that, indifferently of amine reactant, the reactivity of acids decreases drastically in the order acrylic acid crotonic acid methacrylic acid what evidences the influence of substitution and substitute site. Relating to the amine reactant, the reactivity changes in the order 4MP ( PNVI > P4VP > NVI. It is rather strange that the accepted rule "that the reactivity of a functional group is lower in macromolecular compounds than in corresponding low molecular models" is not respected for imidazole compounds. It is as if a reacted imidazole group promotes reaction of its neighbors, i.e. the addition reaction would be of "zipper" type. This fact might be explained by the acidity of the N(CH(N+ group which is much higher for polymer than for its model.


Conclusions 


The reaction between pyridine and N–substituted imidazole compounds with (, (-unsaturated carboxylic acids could offer ions pair products as well is betaines. The salts structures were observed (but not isolated) only in aqueous reaction mixtures.

The synthesis of betaine compounds consists of two reactions: the addition, which implies two molecules of acid and leading to a pair of ions X+B-, and an equilibrium reaction between the product X+B- and the zwitterionic (betaine) product X(. In protic solvent, the equilibrium reaction is coupled to addition, to which supplies acid, so that there is a global accumulation of zwitterionic structures. The addition is the only one to take place into aprotic (polar) solvents.


The process of betaine formation was experimentally confirmed. Its kinetic model was proved for aprotic solvents and the addition rate constant was determined for several systems. 
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