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At the present time, the acceptor-catalytic polyesterification of diols with dicarboxyl- 
lic acid dianhydrides in the presence of tertiary amines is used for the synthesis of poly- 
esters and copolyesters with various structures. It has been established that the structure 
of the bisphenols, the nature of reaction medium, and the temperature of the reaction have a 
large influence on the nature and results of this process [i]. In particular, the acceptor- 
catalytic polyesterification of bisphenols and dicarboxylic acid dichlorides in the presence 
of strongly basic tertiary amines takes place via a stage of the interaction of a complex of 
the phenol and the tertiary amine with the dichloride, i.e., by the mechanism of general 
base catalysis [I]. 

In order to investigate the mechanism of the process and to describe its features, such 
as the complex dependence of the effective rate constant on the temperature, quantitatively, 
it was considered desirable to study the initial stage of the reaction-- the stage of com- 
plex formation by the phenolic groups with the tertiary amines on the assumption of a rapid 
and equilibrium formation of an equimolar complex [2] 
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ArOH + RsN~_ArOH... NR 3 (i) 
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In anexcess of tertiary amine, the equilibrium constant 

K e  = ~ / [ ( C ~ r o H  - -  C c) C~,N] (2)  

where Ce, C~ ~, and C~n~ are the instantaneous concentration of the complex and the initial 
concentrations of the tertiary amine of the phenol, respectively. Then, 

0 
C c = KeC~,NC~roH/(t + KeCR,N) (3) 

If it is borne in mind that the optical density (D) of the solution of the complex and ArOH 
after the deduction of the optical density of RaN at a given wavelength 

D = [(C~ro~ - -  Cc)ezrola + Cceel 1, 

where SArOH and e c are the molar absorption coefficients of ArOH and of the complex, respec- 
tively, and I is the length of the cell, then, according to Eqs. (1)-(3) 

(D - -  Do)/C~,N = KeCAroHI (e c - -  gArOH) - -  K e ( D  --  Do) (4)  

where o '~.~ and Do o CRaN--CRa N = CArOHIsArOH. 

In the range of wavelengths of the absorption of phenols, the optical density of tertiary 
amines is practically equal to zero. 

It can be seen from Eq. (4) that the relation (D -- Do)/C~ N provides the possibility of 
calculating K e. The values of K e at various temperatures for the systems studied are given 
in Tables 1-3. The temperature dependence of K e according to the equation [3] 

A~ A s  (5) 
lnKe----  B T  ~ R 
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TABLE i. Thermodynamic Parameters of the Complex-Forming 
Reaction of Phenols with Triethylamine [pKa(CH3N02)= 
18.35; E N = 3.8] 

ArOH Solvent %. ~ Ke, liter/mole -AH, kcal]mole 

n- Heptane 9,t0• Phenol 
pK~ DMSO 13,7 

[t] 

p-Chlorophenol 
pK~DMSO t2,7 

[t] 

Diehloroethane 

Diox ane 

n- Heptanr 

Dichloroethane 

Dioxane 

n- Heptane 

~ c h l o m e ~ a ~  

o-Chlorophenol 
pK~ DMSO t2,5 

[t] 

297 
303 
308 
3t3 
298 
307 
3t4 
325 
298 
305 
313,5 
323,5 
298 
307 
3i3 
3t8 
297 
303 
313 
32t 

297 
303 
316 
297 
307 
3t7 
332 
295 
307 
342 
342,5 

60,40• 
49,00• 
34,00• 
29,00• 

28,00• 
t9,00• 
t6,00• 
10,00• 

t,15• 
0,76• 
0,5t• 
0,3t• 

t85,0• 
t10,0• 
76,0• 
63,5• 
66,0• 
48,0• 
32,0• 
20,0• 
5,00• 
3,55• 
t,86• 
8,50• 
6,00• 
3,50• 
2,05• 

t3+0,05 
9,0• 
6,0• 
2,5• 

7,30• 

9,00-+03 

10,50• 

9,60• 

t0,00• 

8,23• 

7,30~0,t 

~oxane Sma~ v a ~  

p e r m i t s  t h e  d e t e r m i n a t i o n  o f  t h e  e n t h a l p y  o f  f o r m a t i o n  o f  h y d r o g e n  b o n d s  AH ( k c a l / m o l e ) .  
The values of AH are also given in Table 1-3. As can be seen from Tables 1-3, the energy of 
a hydrogen bond between ArOH and R3N inheptane is somewhat higher than in dichloroethane. 
One of the possible reasons for this difference in AH is a decrease in the energy of elec- 
trostatic interaction between the proton acceptor and donor with a rise in the dielectric 
constant of the solvent. However, the values of K e and AH are affected not only by the 
polarity of the medium (physical solvation) but also by its capacity for participating in 
the specific (chemical) solvation of the reactants. The dielectric constants of n-heptane 
and dioxane are close but the values of K e and of AH in dioxane are smaller, which can ap- 
parently be explained by the formation of complexes between the dioxane and phenol molecules~ 

It can be seen from Tables 1-3 that the replacement of the H in the para position of 
phenol by the electronegative C1 atom leads to increases in K e and in the AH value of the 
hydrogen bond. In the case of o-chlorophenol the opposite pattern is observed. This is 
apparently due to the formation of a strong intramolecular H-bond in the o-chlorophenol 
molecule [4]. 

I~ appeared of interest to trace the influence of the basicity of the tertiary amine 
and the steric accessibility of the N atom on the process of complex formation. For this 
purpose we used various tertiary amines: triethylamine, tributylamine, and triallylamine. 
The first two tertiary amines possess fairly similar basicities but differ in the steric 
accessibility of the N atom (see Tables 1-3, where E N is a constant characterizing the steric 
accessibility of an amine N atom [5]). At the same time, triethylamine and triallylamine 
have fairly close values of E N but differ substantially in basicity (Table I). 

The value of K e depends appreciably both on the steric accessibility of the N atom 
and on its basicity (see Table 2). Thus, triethylamine, the N atom of which is more ster- 
ically accessible than that of tributylamine has higher K e values~ Similarly, K e for the 
less basic triallylamine is considerably smaller than for the more basic triethylamine. The 
results obtained permit the conclusion that an increase in the steric accessibility of the N 
atom of a tertiary amine and a rise in its basicity lead to an increase in K e. 

1907 



TABLE 2. Characteristics of the Hydrogen Bonds between 
Phenols and Trlallylamine in Heptane [pK a (CHsNO=) = 4.89, 
E N = 3.5] 

A r O H  

p-Chlorophenol 

Phenol 

o-Chlorophenol 

p-Chlorophenol 

Phenol 

So~e~ 

n- Heptane 

Dichloroetham 

o-Chlorophenol 

T. ~ 

298 
3O5 
3t4 
324 
298 
3O3 
3t8 
326 
298 
305 
3t2 
322 
296 
3O4 
317 
333 
296 
3O5 
3t4 
3i8 
299 
3O6 
3i2,5 

i 

K e, l i t e r / m o l e  

3t,0• 
18,8• 

t3• 
8,0+0,8 

t2,5+0,3 
8,6+0,3 
4,3• 
2,8• 
4,0• 
2,8+0,2 
2,0• 

1,15• 
7,3• 
4,6• 
2,3+0,2 
t,5+0,2 

3,750• 
2,5• 
1,5• 

0 
2,3• 

t,550• 
i,2• 

- zM-I, kca l /mole  

t028• 

tO,O+O,i 

8,68+0,i 

10,5• 

9,6+0,t 

8,70• 

TABLE 3. Characteristics of the Hydrogen Bonds of Phenols 
with Tributylamine in Heptane and Dichloroethane 
[pKu(CHsNOa) = 17.77, E N = 4.5] 

ArOH. Solvent T, ~ Ke' 
l i te r /mole  

p-Chloropheaol 

Phenol 

o-CMorophenol 

p-Chlorophenol 

Phenol 

o-Chlorophenol 

n- Heptane 

Dlchloroethane 

296 
305 
317 
325 
296 
305 
3t2 
324 
293 
3O3 
293 
303 
3t3 
323 
292 
30O 
3O8 
320 
293 
3O3 
312 

On the whole, according to the K e values, 
quence (C=H,),N ~ (C~Hg) sN ~ (CH==CHCH=) ,N. It 

47,0"~0,5 
25,0• 
t2,5• 
8,5• 

22,0"*-0,5 
t2,5• - 
9,0+0,5 
4,6+0,5 

3,00• 
2,00• 
20,0• 
16,0• 
7,5:~0,5 
5,4• 

I0,00• 
6,10~:0,05 
3,80-~0,05 
2,50• 
6,40• 
3,3• 

2,50• 

--AH. kca l /mole  

t0,9• 

10,5• 

%3• 

8,3• 

t0,96+0,t 

6A• 

the tertiary amines studied form the se- 
may De assumed that under the conditions 

of general base catalysis the rate constant of the acceptor-catalytic esterificatlon and of 
polyesterification will also increase in this sequence. The available literature informa- 
tion on the rate constants for the acylation of phenol and p-nitrophenol by benzoyl chloride 
in the presence of triethylamlne and tributylamlne confirm this conclusion [i]. 

EXPERIMENTAL 

The equilibrium constants of the complex-forming processes were determined spectro- 
photometrically on a Specord UV-VIS spectrophotometer with a thermostatlng device. The mea- 
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surements were carried out in the 260-300 nm region. The concentration of the phenols was 
10 -4 M and the concentrations of triethylamine from 10 -2 to i0-* M; the absorption of the 
tertiary amines was neglibly small. 

Solutions of triethylamine of various concentrations were added to solutions with 
identical concentrations of phenol in, for example, n-heptane. The equilibrium constant of 
the association of the phenol with the triethylamine was calculated from the concentration 
dependence of the optical densities of the solutions, the association of the phenol can be 
neglected. A shift of the UV absorption maxima in the long-wave direction took place as a 
result of the formation of a H-bond [I]. The formation of a H-bond is also indicated by the 
increase in the intensity of the UV absorption of the phenol in the presence of triethylamine. 
According to Mashkovskii and Odinokov [6], complete proton transfer in complexes wi~h a H- 
bond is observed at--AH > ii kcal/mole. In order to show the constancy of Ke, it was calcu- 
lated from the absorption at various wavelengths. For example, for the phenol--triethylamine- 
heptane system measurements were made at 274, 276, 278, 280, 284, and 286 nm. Then the 
values of AH were found graphically from Eq. (5). The mixtures were investigated in the 
range of temperatures from 20 to 60~ with an accuracy of ~0.5~ All the substances in- 
vestigated were subjected to careful purification, and their physic.chemical constants corre- 
sponded to those given in the literature. 

CONCLUSIONS 

I. The equilibrium constants (Ke) and the enthalpies of formation of H-bonds in com- 
plex-formating reactions of phenols with tertiary amines in apt,tic solvents fall with a rise 
in the polarity of the medium and in its capacity for specific solvation with the phenols. 

2. The introduction of the electron-accepting substituent chlorine into the para posi- 
tion of phenol leads to a considerable rise in Ke, but in the case of o-chlorophenol~ be- 
cause of the strong intramolecular H-bond the value of K e is somewhat lower than for unsub- 
stituted phenol. 

3. With an increase in the steric accessibility of the N-atom of a tertiary ~mine and 
a rise in its basicity, K e increases. The tertiary amines studied form the following se- 
quence of decreasing K e valuess (C,Hs),N > (C4H,),N > (CH2 =CHCH2),N. 
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