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Aromat ic carboxylic acids react with ethylene oxide in the presence of tertiary amines as catalysts 
bo th in protic and in aprotic solvents to give the corresponding 2-hydroxyethyl esters by the 
amine- and acid-catalysed parallel reactions. In protic solvents, the acid-catalysed reaction is 
first-order in both the acid and ethylene oxide and its rate correlates with the acid strength 
by Br0nsted equat ion with the constant corresponding to a value of 0-62. The parallel amine-
catalysed reaction of the acids with x>K^ ^ 3-99 is in these solvents first-order in both ethylene 
oxide and the amine , and the Br0nsted ci.2 constant has a value of 0-34. In the amine-catalysed 
reaction of the acids with pAT̂  < 3-99 > 3 1 8 there is a change in the nature of the rate-deter
mining step; the reaction of the acids with pisTg ^ 3 1 8 proceeds solely with the acid participating 
in the rate-determining step of the amine-catalysed react ion which is first-order in the acid, 
ethylene oxide, and tertiary amine. Of the t w o parallel reactions occuring in protic solvents , 
the amine-catalysed one has the higher activation energy and by about 6 to 7 orders of magnitude 
higher values of the preexponential factor. In aprotic dipolar solvents the acid-catalysed reaction 
is first-order in both the acid and ethylene oxide, and the Bronsted constant a'̂  has a value of 0 9 6 . 
The amine-catalysed reaction is in this case first-order in the acid, ethylene oxide, and tertiary 
amine, and its kinetics does not change with the acid strength of carboxylic acids; the Bronsted 
constant a'2 has a value of 0-60. The H a m m e t t reaction constants Q2, Q'I and Q'2 have the same 
values as the respective a j , 0.2, c/\ and constants . 

The previous work of this series was concerned with the kinetics and mechanism of reactions 
of acetic acid, m o n o c h l o r o - and dichloroacetic acids with ethylene oxide catalysed with tertiary 
amines and carried out in a lcohols as solvents^. In the work it was suggested that under the condi
t ions used ethylene oxide is consumed by both the acid-catalysed and parallel tert-amine-catalysed 
bimolecular nucleophil ic substitution reactions. The reactions of ethylene oxide were accompanied 
by side reactions which especially in the case of the chloro-substi tuted acids led t o format ion 
of considerable amounts of by-products. This c ircumstance left s o m e doubt concerning the 
validity of the kinetic dependences obtained for the whole region of convers ions of the carboxylic 
acids. The results reported in the above-ment ioned study al lowed also to draw only qualitative 
conclus ions about the relationship between the rate of the ethylene oxide reaction with carboxylic 

* Part III in the series React ions of Carboxyl ic Acids with Ethylene Oxide; Part II: This 
Journal 34, 3098 (1969). 
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acids and the acid strength. T o our knowledge , kinetics of reactions of carboxylic acids with 
alkylene oxides catalysed with tertiary amines in aprotic dipolar solvents have not up to n o w 
been studied; the quest ion about the validity of reported kinetic dependences also for reactions 
effected in solvents of this type has not therefore been answered. 

In the present work we report on the kinetics of the reaction of aromatic carboxylic 
acids with ethylene oxide in the presence of tertiary amines. The kinetics was measured 
in a closed system at pressures ranging from 600 to 1070 Torr and temperatures lower 
than 100°C. Ethylene oxide was subjected to the reaction with benzoic acid (pK^ 4-21) 
(ref .2) and relatively stronger 2,4-dichlorophenoxyacetic acid {pK^ 3-18) (ref.^) in 
n-butanol as a protic solvent and in nitrobenzene as an aprotic dipolar solvent. 
By using meta- and para-substituted benzoic acids, we attempted to correlate rates 
of their conversion to the corresponding 2-hydroxyethyl esters in both solvents with 
the structure and strength of the acids by Hammet t and Bronsted equations, respecti
vely. 

E X P E R I M E N T A L 

C o m p o u n d s U s e d 

Benzoic acid (Lachema, Brno) was of 99-9% purity, as found by acid number determination, 
m.p. 122°C (ref.* records m.p. 122-4°C). 2 ,4 -Dichlorophenoxyacet ic acid was prepared by repeated 
crystallisation of the sod ium salt (Spolek pro chemickou a hutni vyrobu, Osti n/L.) from water 
with the addit ion of activated carbon, fo l lowed by acidification with dilute hydrochloric acid 
to p H 2. The precipitated acid was washed with water until negative test on chloride ions; the 
C O O H content: 100-3%; m.p. 138—139°C (ref.^ records m.p. 138°C). Substituted benzoic acids 
were commercial products (Fluka A . G . , Buchs) . /7-Toluylic acid, purum, was recrystallised from 
ethanol; the C O O H content: 99-8%, m.p. 180°C(ref.* records m.p. 179—180°C).j7-ChIorobenzoic 
add, puriss., the C O O H content: 99-9%; m.p. 241 — 2 4 2 ° C (ref.* records m.p. 241-5°C). /^-Nitro-
benzoic acid, puriss., the C O O H content: 99-8%; m.p. 2 4 r c (ref.* records m.p. 242°C). m-Nitro-
benzoic acid, puriss., the C O O H content: 99-8%, m.p. 140-0—140-5°C (ref.* records m.p. 140 to 
141°C). m-Bromobenzo ic acid, puriss. , the C O O H content: 99-8%, m.p. 155°C (ref.* records 
m.p. 155°C). ; j -Methoxybenzoic acid, puriss., the C O O H content: 1 0 0 1 % , m.p. 184—185°C 
(ref.* records m.p. 185°C). Pyridine (Fluka A . G . ) of reagent grade purity was dried over ground 
potass ium hydroxide for several days, then over metall ic sod ium and rectified under nitrogen; 
the fraction used had b.p. 114°C/754 Torr (b .p .* 115-5°C/760 Torr), n^^ 1-5102 (reported* 
1-5095). Tri-n-butylamine (Fluka A . G . ) of reagent grade purity was purified in a similar fashion 
as was pyridine; b.p. 89°C/10 Torr (ref.* records b.p. 2 1 6 - 2 1 7 ° C ) , n^^ 1-4300 (ref.^ records 
n^^ 1-4297). N ,N-Dimethy lcyc lohexy lamine was prepared by distillation of the crude base 
(Vyzkumny listav organickych synthes, Rybitvi) through a 20 T P co lumn; by treating the fraction 
boil ing at 156—161°C/745 Torr with / j - toluenesulphochloride it was freed of the secondary 
amine^ and a distil lation over sod ium through a 20 TP c o l u m n under nitrogen afforded a frac
t ion with b.p. 1 5 9 - r C / 7 5 4 T o r r (recorded^ b.p. 160—161°C) , 1-4535. The tertiary amines 
were stored under nitrogen. n-Butanol (Spolana, Neratovice) of reagent grade purity was distilled 
through a c o l u m n filled with activated 4 A molecular sieve and the fraction boil ing at 116-4°C/733 
Torr (ref.* records b.p. 117-5°C/760 Torr) was collected; 1-3996 (recorded* 1-3992). 
Ni trobenzene (Lachema, Brno) , pure, was dried over ground potass ium hydroxide for several 
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( 
days and distilled through a 20 T P co lumn; the fraction collected had b.p. 100°C/140 Torr 
(ref.* records b.p. 210-8°C/760 Torr), n^^ 1-5498 (ref.* gives 4 ° 1-5562). Ethylene oxide ( M o n t e -
cat ini-Edison, Italy); 99%, by gas chromatography, contained acetylene ^ 0 0 5 % , acetaldehyde < 
< 0-05% and other impurities (H2O and CO2) in amounts less than 1 per cent. 

Analytical M e t h o d s 

The solubility and concentration of ethylene oxide in the solvents and reaction mixtures were 
for given reaction condit ions determined by manometrical measurement of the Henry-Da l ton 
constant^ with an apparatus described in the paragraph deal ing with kinetic measurements 
and by the calculation according to the H e n r y - D a l t o n law. The same apparatus was also used 
to measure manometrical ly the consumpt ion of ethylene oxide during the reaction. The measure
ments were accurate within ± 1 % . 

Concentration of acetaldehyde in ethylene oxide was determined by gas chromatographic 
analysis^° with a C h r o m I instrument at 23°C; si l icone elastomer (30%) o n C hromosorb W was 
used as a stationary phase, with hydrogen as a carrier gas (40 ml /min) . 

Concentration of carbon dioxide in ethylene oxide was determined by gas chromatography 
with a chromatograph equipped with a thermal conductivity detector (Vyvojove dilny C S A V , 
Prague) using 5% poly(ethylene glycol) (m.wt! 1000) o n ground unglazed tiles as a stationary 
phase and argon as a carrier gas (temperature 23°C). 

Concentration of a carboxylic acid in the reaction mixture. The sample (1 — 2 ml) was diluted 
with 5 ml of ethanol , mixed with 3 ml of pyridine in an atmosphere of nitrogen and titrated 
with i M - K O H o n phenolphthale in as indicator. 

Concentration of tertiary amines in reaction mixtures was determined by the procedure reported 
eariier^. 

Selectivity of the reaction of individual carboxyl ic acids with ethylene oxide was checked 
by titrimetric determination of the unreacted acid in samples of the reaction mixture and by c o m 
paring the acid consumpt ion with the a m o u n t o f the ethylene oxide consumed. Final reaction 
mixtures were analysed similarly at the end of each kinetic run. In addit ion to this, the absence 
of side products was checked by gas chromatographic analyses of the samples of final reaction 
mixtures with a Pye-Argon chromatograph (20% poly(ethylene glycol) on C h r o m o s o r b W , the 
argon flow rate 60 ml /min , the oven temperature being 160 —190°C) . 

Apparatus 

The amounts of absorbed ethylene oxide or of the ethylene oxide c o n s u m e d during the reaction 
were measured manometrical ly with a glass static apparatus^^. The apparatus, which was c o n 
nected t o a cylinder containing ethylene oxide (1-2—1-5 at), consis ted of ethylene oxide reservoirs 
(3 1-, 2 1-, and 1 1-round b o t t o m flasks) and of the reaction flask (500 ml) that was equipped with 
a reflux condenser, a narrow glass tube reaching to the b o t t o m o f the flask and serving for removal 
of samples o f the reaction mixture in the course of the reaction, and a thermostated jacket; 
the reaction flask was placed o n a laboratory shaker with a swing length of 7-5 c m and 4 0 — 1 2 0 
swings per min. The pressure of ethylene oxide in the reservoir part of the apparatus and in the 
reaction flask were read with open manometers; the pressure in the react ion flask was a lways 
lower than that in the reservoirs and was kept at a constant value. 
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Kinet ic Measurements 

The k n o w n amounts of the carboxylic acid ( 1 0 — 3 0 g), tertiary amine as a catalyst, and n-butanol 
or nitrobenzene ( 2 0 0 — 2 5 0 ml) as a solvent were introduced into the reaction flask which was 
then evacuated to 30 Torr and filled with nitrogen. The reaction mixture containing the carboxyl ic 
acid in 0 - 2 5 - 3 - 4 5 m o l k g " ^ concentrat ion was warmed up to the reaction temperature in 20 min , 
the pressure in the flask was reduced to 250 Torr and after stabil ization of the reaction tempera
ture ( 7 0 — 9 0 r b 0 1 ° C ) the flask was connected to the ethylene oxide reservoir. The a m o u n t 
of the ethylene oxide absorbed in the h o m o g e n e o u s reaction mixture at a given temperature 
was calculated from the k n o w n v o l u m e of that reservoir part of the apparatus connected to the 
reaction flask and from the pressure decrease. In the initial phase, the reaction mixture was 
saturated with ethylene oxide which reacted with the amine and the acid to give the catalytic 
complex; this was completed in 5 min and then the pressure in the reaction system was stabilized 
at a constant value that was kept during the who le kinetic run. Kinet ic measurements were 
carried out at pressures ranging from 600 to 1 0 7 0 Torr, which corresponds to the 0 - 4 - 1 - 1 m o l 
k g ~ ^ ethylene oxide concentrat ion in the reaction mixture. Parallel tests showed that the a m o u n t 
of ethylene oxide c o n s u m e d by the reaction with the acid and with the amine in first 5 min is 
negligible, and the reaction t ime and the c o n s u m p t i o n of ethylene oxide during the reaction 
were calculated from this very moment . By an independent measurement it was a lso proved 
that the rate by which ethylene oxide dissolves in the reaction mixture is under the reaction 
condi t ions employed several t imes faster than the rate of its consumpt ion by the reaction, and 
at 4 0 — 1 2 0 swings per min it was also independent of the intensity of mixing. The reaction rate 
did not therefore depend on the mass transfer o n the l iquid-gas phase boundary and kinetic 
measurements were therefore performed in the kinetic region. By determining the "free carboxyl" 
concentrat ion in the reaction mixture at varying degrees of conversions of the acids it was found 
that at the amine concentrat ions equal to or higher than 0 0 2 mol k g " ^ the acid consumpt ion 
agrees within experimental error ( ± 1%) with equimolar amounts of the ethylene oxide consumed; 
a lso gas chromatographic analysis showed that under these condit ions the corresponding 2-hydro
xyethyl ester is formed as a sole product . Kinet ic measurements were therefore carried out at 
0 0 2 — 0 - 1 5 mol k g " ^ concentrat ion of the amines; hence, the t ime dependence of the c o n s u m p 
t ion of carboxylic acids could be readily determined by fo l lowing manometrical ly ethylene oxide 
consumpt ion; the increase of its consumpt ion with t ime corresponded to the t ime-concentrat ion 
dependence of 2-hydroxyethyl ester formation. Preliminary experiments s h o w e d that the total 
disappearance of the carboxyl an ion from the reaction mixture is accompanied by an immediate 
increase in basicity and also by immediate formation of side products . Kinet ic measurements 
were therefore performed to 95% convers ion of carboxylic acids. At the above-ment ioned con
centrations of the reactants the reaction was accompanied only by 3 — 5 % change of the vo lume 
of the reaction mixture; this change was not therefore considered in deriving kinetic equat ions . 
Dev iat ions o f experimental points from regression lines that are characterized by the correla
t ion coefficient (r) are given by the standard deviations (s). All concentrat ion data are expressed 
in m o l per 1 kg of the reaction mixture. 

Isolat ion of Products 

The reaction mixture was freed of the solvent by v a c u u m distil lation, in the case of nitrobenzene 
by steam-disti l lation; the distil lation residue was dissolved in dichloromethane, the so lut ion 
washed successively with hydrochloric acid (1 : 1), 20% s o d i u m hydrogen carbonate so lut ion , 
and water until it was neutral, and then it was dried over anhydrous magnes ium sulphate. The 
pure esters were obtained in 9 0 — 9 5 % yields by v a c u u m distil lation or crystallisation. 2 -Hydroxy-
ethyl benzoate: b.p. 1 4 6 - 148°C/9 Torr (recorded^^ b.p. 1 6 0 - 162°C/14 Torr); m.p. 4 0 5 - 4 1 - 5 ° C 
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(recorded^^ m.p. 3 7 - 3 8 ° C ) . For C 9 H 1 0 O 3 (166-2) calculated: 65-05% C, 6-07% H; found: 
64-70% C, 6-16% H. 2-Hydroxyethyl 2 ,4-dichlorophenoxyacetate: b.p. 1 5 5 - 1 5 7 ° C / 0 - 5 Torr 
(recorded^* b.p. 1 7 7 - 180°C/ l -5 Torr). For C10H10O4CI2 (265-1) calculated: 45-30% C, 3-80%H, 
26-74% CI; found: 45 0 1 % C, 3-89% H, 26-8% CI. 2-Hydroxyethyl 4-hydroxybenzoate . In the 
presence of tertiary amine as a catalyst, the 4-hydroxy group does not react with ethylene oxide 
and the only product formed is the corresponding 2-hydroxyethyl ester. The crude ester was 
recrystallised from n-butanol; m.p. 137—140°C (recorded 
are uncorrected. 

15 m.p. 136—140°C) . Melt ing points 

R E S U L T S A N D D I S C U S S I O N 

The reaction of benzoic acid with ethylene oxide in n-butanol as a solvent and in the 
presence of N,N-dimethylcyclohexylamine as a catalyst, which was followed to 
92% conversion of the acid, is highly selective, giving the 2-hydroxyethyl ester as 
a sole product. The time dependence of the overall consumption of ethylene oxide 
and of the simultaneous formation of the ester (Fig. 1) cannot be, however, described 
for the whole region of the acid conversion by kinetics of simple order. The reaction 
proceeds thus via complex mechanism and it was assumed that benzoic acid, similarly 
as acetic acid^, undergoes two parallel, the acid-catalysed (a) and tertiary amine-cata
lysed (b) reactions, as depicted in Eq. (/) . The time dependence of the benzoic acid 
conversion could be then described by the kinetic equation ( i) where A denotes 

[RCO2H] 

RCO2H + CH2—CH2 

^ O ^ 

_ RCO2CH2CH2OH (/) 

[Ra 'N] 

benzoic acid, B ethylene oxide, C the tertiary amine (N,N-dimethylcyclohexylamine), 
is the rate constant of the acid catalysed reaction (la), and is the rate constant 

of the tert-amine-catalysed reaction (lb) in protic solvent (n-butanol). 

r, = - d [ A ] / d ^ = - d [ B ] / d r = r,, + r,^ = k,,[A] [B] + k.^m [C] . (l) 

The rate constants were determined from the time dependence of the ethylene oxide 
consumption by the method of initial reaction rates. This method is sufficiently accu
rate, since in this case the ethylene oxide consumption is linearly dependent on time 
up to 50% acid conversion (Fig. 1). At the experimental arrangement used ethylene 
oxide concentration in the reaction mixture was kept constant during the reaction and 
Eq. ( i ) can be therefore rewritten for the initial rate r? to the form (2). This form is 
suitable for graphical determination of the reaction order in benzoic acid, ethylene 
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oxide, and the tertiary amine. The linear dependence of r ^ on the amine concentration 
(Fig. 2) shows that the amine-catalysed reaction 

r? = - d [ A ] o / d t = - d [ B ] / d ^ = + r?^ = fcix[A]o [B] + /c, , [B] [C] = 

= K , + k[2[C] (2) 
2-0 

r° .10 ' 

150 "̂ in 200 1 , - 1 - 1 mol kg s 

FIG. 1 

Time Dependence of Conversion of Benzoic 
Acid 1 and 2 ,4-Dichlorophenoxyacet ic Ac id 
2 in n-Butanol and of Benzoic Ac id in Ni tro
benzene 3 t o 2-Hydroxy ethyl Esters by Re
action with Ethylene Oxide in the Presence 
of Pyridine 

1 [ C 6 H 5 C 0 2 H ] o = 2-302 mol kg~^, [C2. 
. H 4 O ] = 0-782 mol k g - \ [ C 5 H 5 N ] -= 0 0 5 6 
mol k g - ^ , points denote experimental data 
and the curve represents the calculated time¬ 
-concentrat ion dependence; 2 [2 ,4-Cl2CgH3. 
. O C H 2 C 0 2 H ] o = 0-8477 mol k g - \ [C2H4. 
.O] = 0-782 mol k g - \ [ C 5 H 5 N ] = 0-0592 
mol k g p o i n t s denote experimental data 
and the curve represents the calculated time¬ 
-concentrat ion dependence; 3 [CgH5C02H]o 
= 2-179 mol k g - ^ [ C 2 H 4 O ] = 0-685 m o l . 
. k g " \ [ C 5 H 5 N ] = 0-0887 mol k g " ^ ; tem
perature 8 5 ± o r e . 

0-5 1-0 1-5 

[CgHiiNfcHj)^] .10, mol kg'̂  

FIG. 2 

Dependence of the Initial Rate r1 of the 
React ion of Ethylene Oxide with Benzoic 
Acid in n-Butanol on the Initial Acid C o n 
centration and N,N-Dimethy lcyc lohexy lami -
ne Concentrat ion and o n Temperature 

1 [ C 6 H 5 C 0 2 H ] o = l - 2 6 m o l k g - \ [C2. 
. H 4 O ] =- 1-275 mol k g " \ temperature 70 ± 
± 01°C; 2 [C6H5C02H]o= 2-18 mol k g - \ 
[C2H4O] = 1-275 mol k g - ^ , temperature 70 
± orC; 3 [ C g H g C O j H l o = 3-45 mol k g - ^ 
[C2H4O] = 1-275 mol k g - ^ , temperature 70 
± 0 1 ° C ; 4 [ C 6 H 5 C 0 2 H ] o = 2 1 8 m o l k g " ^ 
[ C 2 H 4 O ] = 0-782 mol k g - ^ , temperature 85 
i : 0 - r C ; 5 [ C 6 H 5 C 0 2 H ] o - 2-18 m o l k g " ^ 
IC2H4O] = 0-754 mol k g - \ temperature 90 
± orC; 6 [ C 6 H 5 C 0 2 H ] o = 2-18 m o l k g - \ 
[C2H4O] = 0-630 mol k g " \ temperature 95 
± o r e . 
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(lb) proceeding at the rate r^j (Eq. ( i)) is first-order in the amine catalyst. The parallel 
lines ) — 3 in Fig. 2 demonstrate that the same change in concentration of the catalyst 
results in the same change of r i , irrespective of the initial acid concentration. Similarly 
to acetic acid^ {pK^ 4-76) (ref.^^) it can be deduced from this fact that the molecule 
of benzoic acid, v^ith the similar value of dissociation constant {pK^ 4-21), does not 
participate in the rate-determining step of the parallel, amine-catalysed reaction (lb). 

Initial reaction rates ( r f i ) of the parallel reaction (la) catalysed by the undissociated 
acid, which are expressed by the values of at the zero concentration of the tertiary 
amine (Fig. 2), increase linearly with increasing initial concentration of the acid 
(Fig. 3). The acid-catalysed parallel reaction (la), that proceeds at the rate (Eq. 
(1)), is therefore first-order in benzoic acid. As the initial reaction rate depends 
linearly on the ethylene oxide concentration (Fig. 4, line f ) , both reactions (la) and 
(lb) are of the first-order in ethylene oxide. The zero order of the reaction (lb) and 
the first order of the parallel reaction (7a) in benzoic acid explain why in n-butanol 
and in the presence of a tertiary amine the time dependence of the overall consump
tion of ethylene oxide and that of formation of the ester did not obey a simple rate 
law for the whole region of benzoic acid conversions. 

Final verification of the validity of these relationships was made by converting 
Eq. (2) into Eq. (3) and by comparing 

[A] = { [ ( / c i i [ A ] o [B] + k,2[B] [ C ] ) exp (-k,,t[B])] -

- fciaW [C]}/fc,,[B] (3) 

the calculated time-concentration dependence of benzoic acid conversion with the 
experimental values (Fig. l ) . The agreement obtained between these data (the standard 
deviation s = 0-021, maximum relative error = 5-6%) confirmed that the kinetic 
equation (l) describes with acceptable accuracy the esterification of benzoic acid to 
2-hydroxyethyl ester in n-butanol and in the presence of a tertiary amine at least to 
92% conversion. The values of activation energies and of second-order rate constants 
fell and ki2 of both parallel reactions (la) and (lb), which were calculated from the 
linear dependence of log on IJT, are presented in Table I. 

For ascertaining the effect of the carboxylic acid strength on the course of the reac
tion we studied kinetics of the reaction of ethylene oxide with 2,4-dichlorophenoxyace-
tic acid in n-butanol and in the presence of tertiary amines as catalysts up to 85% con
version of the acid (Fig. 1). Similarly as in the case of benzoic acid, also this reaction 
(Eq. (7); R = 2 , 4 - C l 2 C 6 H 3 0 C H 2 — , R 3 N = pyridine or tri-n-butylamine) was 
highly selective, giving 2-hydroxyethyl 2,4-dichlorophenoxyacetate as a sole product. 
By contrast to benzoic acid, the time dependence of consumption of the relatively 
stronger 2,4-dichlorophenoxyacetic acid (pK^ 3-18) shows first-order behaviour 
throughout the whole region of conversions (Fig. 5). The reaction is also first-order 
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in ethylene oxide (Fig. 4, line 2). As it is obvious from the dependence of the pseudo¬ 
-first order rate constant on the catalyst concentration (Fig. 6), also in this case 
the acid is converted to the corresponding ester by both the tertiary amine-catalysed 
reaction (lb) and by the parallel, acid-catalysed reaction (la); the rate constant /c2i 
of the latter can be read from the intercepts. The observed overall first order of the 
reaction with respect to the acid may be, however, valid only providing that both 
parallel reactions (la) and (lb) are-contrary to the relatively weaker benzoic acid — 
of the first order in 2,4-dichlorophenoxyacetic acid. The time dependence of its overall 
conversion can be then described by the kinetic equation (4), where A is 2,4-dichloro-
phenoxyaCetic acid, C is a tertiary amine (pyridine), ^ 2 1 is the rate constant of the 
acid-catalysed reaction (la), and 

- d [ A ] / d r = - d [ B ] / d r = r2 i + r22 = [B] + ^22[A] [B] [C] (4) 

/f,,.10 

0 1 2 3 
[CgHsCOjHlô mol kg"̂  

FIG. 3 

Dependence of the Rate Constant k'^ on the 
Initial Ac id Concentrat ion in the Reac t ion 
of Benzoic Ac id with Ethylene Oxide in 
n-Butanol and in the Presence of N , N - D i -
methylcyclohexylamine 

[ C 2 H 4 O ] = 1-26 mol k g - \ temperature 

70 ± ore. 

0-6 0-9 
[C2H4 0 ] , mol kg"' 

FIG. 4 

The D e p e n d e n c e on Ethylene Oxide Concen
tration of the Initial Rate r ° of the React ion 
of Ethylene Oxide with Benzoic Ac id in 
n-Butanol 1 and of the Pseudo-first Order 
Rate Constants k2 for the React ion of Ethy
lene Oxide with 2 ,4-Dichlorophenoxyacet ic 
Ac id in n-Butanol 2 and with Benzoic Ac id 
in Ni trobenzene 3 in the Presence of Tertiary 
Amines 

1 [ C 6 H 5 C 0 2 H ] o = 2 • 1 8 m o l k g - ^ [C^. 
. H i i N ( C H 3 ) 2 ] = 0 1 1 3 mol k g - \ 80 ± 
± ore; 2 [ 2 , 4 - C l 2 C 6 H 3 0 C H 2 C 0 2 H ] o = 
= 0-896 mol k g " \ [ C 5 H 5 N ] = 0-1163 
m o l k g - \ 8 0 ± 0 - l ° C ; 3 [ C 6 H 5 C 0 2 H ] o = 
= 2 1 8 mol kg - 1 

mol k g - \ 85 ± ore. 
[ C 5 H 5 N ] = 0-0573 
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is the rate constant of the tertiary amine-catalysed parallel reaction (lb). At 
a constant concentration of the amine and ethylene oxide during the course of the 
reaction, Eq. (4) can be rewritten to Eq. ( 5 ) . This relation has been 

= - d [ A ] / d ( = - d [ B ] / d ( = (fci, + k',,) [ A ] = fc,[A] 

[C5H5N] , mol kg"i 

[C5H5N] .10^, mol kg-̂  

FIG. 5 

React ion of Ethylene Oxide with 2 ,4 -Dichlo
rophenoxyacet ic Ac id in n-Butanol Catalysed 
by Pyridine 1 and Tri-n-butylamine 2 and 
with Benzoic Acid in Nitrobenzene in the Pre
sence of Pyridine 3 

[ 2 , 4 - C l 2 C 6 H 3 0 C H 2 C 0 2 H ] o = 2 1 8 m o l . 
. k g " ^ [ C 6 H 5 C 0 2 H ] o = 0-517 mol k g " ^ 
temperature 85 ± 0 - l °C; f [ C 5 H 5 N ] = 
= 0-0581 mol k g ~ \ [ C 2 H 4 O ] = 0-782 m o l . 
• k g ~ ^ ; 2 [ (n -C4H9)3N] = 0 0 5 8 1 mol kg~\ 
[C2H4OJ = 0-782 mol k g " ^ ; 3 [ C 5 H 5 N ] = 
= 0-0735 m o l k g ~ \ [C2H4O] = 0-685 m o l . 
• k g - ^ 

FIG. 6 

Dependence of the Pseudo-first Order Rate 
Constants for the React ion of 2 ,4-Dichlo
rophenoxyacet ic Ac id 1, 2, 3 with Ethylene 
Oxide in n-Butanol o n Temperature and 
Pyridine Concentrat ion and for the React ion 
of Benzoic Ac id 4 in Ni trobenzene o n Pyri
dine Concentrat ion 

[ 2 , 4 - C l 2 C 6 H 3 0 C H 2 C 0 2 H ] o = 0-889 m o l . 
. k g " \ [ C 6 H 5 C 0 2 H ] o = 0-517 mol k g " ^ 
1 [ C 2 H 4 O ] = 1-26 mol k g " ^ 70 ± 0- l °C; 2 
[ C 2 H 4 O ] = 0-782 mol kg~\ 85 ± 0 1 ° C ; 3 
[ C 2 H 4 O ] = 0-630 mol k g " ^ 95 ± 0 - l °C; 4 
[ C 2 H 4 O ] = 0-685 mol k g ~ ^ 85 ± 0 - l °C. 
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used to derive the above-mentioned kinetic parameters of the reaction. To confirm 
their validity, Eq. ( 5 ) was converted to Eq. (<5) 

[A] = [A]o cxp + k'22)t , (6) 

where k'21 = /c2i[B] and /C22 = ^22[B] [ C ] . The calculated time-concentration 
dependence of the 2,4-dichlorophenoxyacetic acid conversion (Fig. 1, curve 2) 
was compared with experimental values (Fig. 1, points on curve 2). The agreement 
between experimental and calculated data (s = 0-012) shows that Eq. (4) describes 
very well the time dependence of the conversion of 2,4-dichlorophenoxyacetic acid 
to the 2-hydroxyethyl ester by its reaction with ethylene oxide in n-butanol and in the 
presence of tertiary amines at least to 85% conversion. The reaction rate is not too 
dependent on the basicity of the catalyst. As follows from Fig. 5, the rate constant ^ 2 
(Eq. ( 5 ) ) of the reaction of 2,4-dichlorophenoxyacetic acid in the presence of pyridine 
(piCa 5-17) (ref.^^) is about 1-5 times higher (^2 = 3-25 . 10~* s~^) than the ^ 2 con
stant for the reaction carried out in the presence of the significantly more basic tri-
-n-butylamine [pK^ 10-89) (ref.^^) (kz = 2-17 . 10"* s~^), under otherwise identical 
reaction conditions. The fact that the parallel, tertiary amine-catalysed reaction is 
in this case also first-order in the acid cannot be rationalized by the mechanism pro
posed earher for the conversion of weak and strong carboxylic acids in protic solvents 
and in the presence of tertiary amines^ 

The activation energies, E, calculated from the Arrhenius equation and the values 
of the preexponential factors k^^ and ^22 for both parallel reactions (Eq. (4)) are 
presented in Table I. There is remarkable similarity between E, k^^ and /cji for both 
benzoic acid and 2,4-dichlorophenoxyacetic acid-catalysed parallel reactions (la) 
(the first terms on the right hand side of Eqs ( i ) and (4)), as well as E, k\2 and ^22 
for both tertiary amine-catalysed parallel reactions {lb) (the second terms on the right 
hand side of Eqs {l) and {4)). Contingent effect that could be exerted by different 
basicity of N,N-dimethylcyclohexylamine relative to pyridine (both used as catalysts) 
is less than the error in determination of the activation parameters. 

The linear dependence of the initial reaction rate of the reaction of meta- and 
/)ara-substituted benzoic acids with ethylene oxide in n-butanol on the concentration 
of the catalyst pyridine showed that the extent to which the acid-catalysed parallel 
reaction {la) contributes to the overall formation of the 2-hydroxyethyl esters increa
ses with increasing acid strength of the acid. The reaction {la) is first-order both in 
the acid and in ethylene oxide. The values of the second-order rate constants fen of 
the reaction {la) catalysed by the corresponding acid and of the constants fei2 of the 
parallel reaction {lb) catalysed by the amine (Eq. ( i ) ; A stands for substituted ben
zoic acid and C stands for pyridine), which were determined from this relation, are 
given in Table II. Correlation of log fe^ by Br0nsted equation gave linear dependence 
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for all the acids studied for the acid-catalysed reaction (la) (Fig. 7). The B r 0 n s t e d 

constant had a value of 0-62 (r = 0-9997; s = 0-008). In this case the same value 
had also the Hammet t reaction constant Q^. The value of the constant of B r 0 n s t e d 

equation equaled to 1-5 . 10"^ (s = 0-02 . 10~^). On the other hand, nonhnear Bron-
sted plot, and implicitly also nonlinear Hammett plot, resulting from the dependence 
of log /Ci2 on piCg for the amine-catalysed parallel reaction (lb) established that, under 
the reaction conditions employed, kinetic equations (l) and (4) describe precisely 
the course of the reactions of ethylene oxide with carboxylic acids of pK^ ^ 3 - 9 9 
and ^3 -2 , respectively. The B r 0 n s t e d constant a2 and the Hammett reaction constant 
Q2 for the amine-catalysed reaction (lb) in protic medium, which have a value of 
0-34 (r = 0-9999), are valid only for the acids with pK^ ^ 4-34 and ^3-99 . The re
action of these acids is first-order in ethylene oxide and in tertiary amine. From the 
nonlinear B r 0 n s t e d plot between pK^ 3-99 and 3-2 it can be concluded that in this 
region there is change in the nature of the rate-determining step of the reaction. In 
addition to the mechanism depicted by equation ( / / / ) (Scheme 1) (ref.^), with increa
sing acid strength of the acid in this region a mechanism is operative involving the 
participation of the acid in the rate-determining step of the amine-catalysed reaction 
(lb) (Scheme 1, equation (V)). Based on these facts, the B r 0 n s t e d plot for both pa
rallel reactions (la) and (lb) of individual acids could have been with the same justi
fication obtained from the respective rate constants ^ 2 1 and ^22 of Eq. (4). However, 
even the strongest acid used, p-nitrobenzoic acid, does not react in protic medium by 
the amine-catalysed reaction (lb) which would be of the first order. This indicates 

F I G . 7 

Br0nsted Plot of Logarithms of the Rate 
Constants k^^, k^2-> f<^2i-' ^"'l ^22 versus pK^ 
of meta- and />ara-Substituted Benzoic Ac ids 
(for C o m p o u n d s 1 — 6 see Table II) for Their 
React ions with Ethylene Oxide Catalysed 
by the Acid (a), and Pyridine (a') in n-Butanol 
and for the React ion Catalysed by the Ac id 
(b) and Pyridine (b') in Ni trobenzene 

Col lec t ion Czechos lov . Chem. Commun. [Vol. 41] [1976] 
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that here also the mechanism assuming the absence of the acid in the rate-determining 
step of the amine-catalysed reaction (lb) (Scheme 1, equation ( / / / ) ) plays a certain 
role. On the other hand, very good agreement between experimental and calculated 
values for the overall time-concentration dependence for 2,4-dichlorophenoxyacetic 
acid ( p K a 3-18) confirms the validity of Eq. (4) for the whole region of conversions 
of this acid and thus also of other carboxylic acids with the same or higher pK^ value. 
This dependence could not be, however, included into the Bronsted plot owing to 
different dimension of ^22- The amine-catalysed reaction of the carboxylic acids 
with pK^ in the above mentioned region is then first-order in the acid, ethylene oxide, 
and tertiary amine. The above kinetic relations may change under different reaction 
conditions. Thus, for example, terephthalic acid {pK^ 3-54, pK^ 4-46) (ref.^°) reacts 
with ethylene oxide according to the zero-order kinetics in the acid, due to sparse 
solubility of the acid in protic solvent, and the first-order kinetics in both ethylene 
oxide and the amine^. 

The only product formed by the reaction of benzoic acid with ethylene oxide in 
nitrobenzene, a typical aprotic dipolar solvent, and in the presence of tertiary amines 
as catalysts is 2-hydroxyethyl benzoate. In this medium the reaction proceeds much 
faster than in protic solvents (Fig. 4), in agreement with the known rate-accelerating 
effect of aprotic dipolar solvents in Sj^2 reactions^^. The overall formation of the 
ester is first-order in the acid (Fig. 5), ethylene oxide (Fig. 4), and tertiary amine 
(Fig. 6). The straight line representing the linear dependence of the rate constant on 
the tertiary amine concentration does not pass through the origin (Fig. 6). As the ove
rall formation of the ester is of the first order in the acid, time dependence of its con-

R C O O H - f CH2—CH2 

C H , 

R C O O - H - O: R C O O H -H • (+)0^ 

C H , 

R C O O • H - O ^ 

^CH2 

CH2 
slow 

C H , CH2 ^•t*2 

> R C O O ( - ) + (+)CH2CH20H 

(//) 

( / / / ) 

R C O O H + N R 3 ' 
fast 

[ R C O O - H - N R a ' RCOO(- )NH(+)R3' ] (IV) 

[ R C O O - H - N R a ' RCOO(- )NH(+)R3 ' ] + 

C H , 

RCOOCH2CH2OH + N R 3 ' 
SCHEME 1 

(+) 
CH2 

slow 
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version can be described by Eq. (4) (A denotes benzoic acid). Tlie acid-catalysed re
action [la) of benzoic acid in nitrobenzene is therefore first-order in the acid and ethy
lene oxide, and the amine-catalysed parallel reaction (lb) is first-order in the acid, 
ethylene oxide, and tertiary amine. The value of the rate constant fcj (Eq. (5)) for the 
reaction effected in the presence of weakly basic pyridine is only slightly higher 
(2-14. lO"* s~^) than that for the reaction catalysed with tri-n-butylamine, i.e. the 
compound which is by about five orders of magnitude more basic (1-50 . lO '^ s"^ ) 
(using otherwise identical reaction conditions: [A]o = 2-1 mol kg~^; [B] = 0-705 mol 
kg"^ ; [ R 3 N ] = 0-0581 m o l k g " ^ ; t = 85°C). In contrast to n-butanol, in nitroben
zene as a solvent benzoic acid is nearly exclusively converted to the ester via the amine-
-catalysed reaction (lb). The values of rate constant fc2i and /C22 for the reactions 
of substituted benzoic acids with ethylene oxide in nitrobenzene in the presence of 
a tertiary amine are summarized in Table II. The linear plot of log /C21 against pK^ 
of these acids (Fig. 7) according to B r 0 n s t e d equation gives the constant a[ equaling 
to 0-96 (r = 0-9957, s = 0-06); the constant G[ had a value of 8-2 . 10"* ( 5 = 0-5 . 
. 10"*). The linear B r 0 n s t e d plot was also obtained for the amine-catalysed parallel 
reaction (log /C22 pK^) (Fig. 7), the constant a\ equaling to 0-60 (r = 0-9999, s = 
= 0-006) and the constant G'2 having a value of 1-12 . 10"^ (s = 0-01 . 10"^). The sa
me values as for a[ and (x'2 constants were obtained for Hammett reaction constants 
Q'I and Q2, respectively, for the acid- and amine-catalysed parallel reactions in nitro
benzene. It is worthy of note that essentially the same values of constants a[ and a2 
were reported by Lebedev and Guskov^^ for the acid- (0-95) and potassium hydroxide¬ 
-catalysed parallel reactions of aromatic carboxylic acids with ethylene oxide in the 
same solvent. The tertiary amine- and potassium hydroxide-catalysed reactions of the 
acids with ethylene oxide in this dipolar aprotic solvent differ only in the values 
of G'l and G2 constants. 

The results of kinetic measurements lead to the following conclusions. Aromatic 
carboxylic acids react with ethylene oxide in the presence of tertiary amines as cata
lysts and in protic or aprotic dipolar solvents to give 2-hydroxyethyl esters via the 
tertiary amine-catalysed reaction and partially also via the parallel reaction catalysed 
by the corresponding undissociated acid. The overall rate of acid conversion increases 
with increasing acid strength of a given acid and is higher in aprotic dipolar solvent 
than in protic medium. In contrast to the amine-catalysed reaction, the kinetics of 
the acid-catalysed reaction is independent of the acid strength and the polarity of 
reaction medium. In protic solvents, the acid-catalysed reaction is always first-order 
in both the acid and ethylene oxide, irrespective of the acid strength; the B r 0 n s t e d 

constant has a value of 0-62. The kinetics of the parallel, amine-catalysed reaction 
in protic solvent depends on the acid strength of a given acid; the reaction of the 
acids with pK^ ^ 4-34 to ^3-99 is first-order in both ethylene oxide and tertiary 
amine and proceeds thus without participation of the acid in the rate-determining 
step. Logarithms of the rate constants can be correlated with the acid strength in 
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this region by the Bronsted equation, whose constant a 2 has a value of 0-34. 
In the case of the acids with pK^ between 3-99 and 3-2, the nature of the rate-determi
ning step is changed, which is manifested by nonlinear B r 0 n s t e d plot in this region. 

Proportionally to the increasing strength of the acid, the reaction involving parti
cipation of the acid in the amine-catalysed parallel reaction becomes increasingly 
more important. When pK^ of the acids is less than or equal to 3-18, the amine-
-catalysed reaction proceeds solely with the participation of the acid. This reaction 
is first-order in the acid, ethylene oxide, and the aftiine. In aprotic dipolar solvent the 
acid-catalysed reaction is strongly suppressed and the acids are converted to 2-hydroxy
ethyl esters nearly exclusively via the parallel, amine-catalysed reaction. The acid¬ 
-catalysed reaction shows in this medium first-order kinetics in both the acid and ethy
lene oxide, and the Bronsted constant a[ has a value of 0*96. Irrespective of the acid 
strength of a given acid, the amine-catalysed reaction proceeds in this medium solely 
with the participation of the acid in the rate-determining step and is first-order in the 
acid, ethylene oxide and tertiary amine; the corresponding Bronsted constant 
has a value of 0-60. The values of a^, oc[, and (x'2 constants determined from the 
dependences of logarithms of the rate constants fc^, k i 2 , ^219 and /C22, respectively, 
on pK^ of meta- and para-substituted benzoic acids are in this case identical with the 
values of the corresponding Hammett reaction constants QI, Q2. Q'I, and Q'2, respecti
vely. Their positive values are in agreement with the increase of the reaction rate with 
increasing electron-attracting ability of the meta and para substituents on aromatic 
ring and with the nucleophilic character of the reaction. Summarizing these results, 
it seems that the conversion of carboxylic acids by the acid catalysed parallel reaction 
and taking place without their participation in the rate-determining step of the amine-
-catalysed reaction can be most likely depicted by equations (/I) and ( / / / ) (Scheme l ) . 
On the other hand, the conversion of the acids taking place with participation of the 
undissociated acid in the rate-determining step of the amine-catalysed reaction seems 
to be best described by equations ( IF) and (V) (Scheme 1). 
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