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The kinetics of the lead ion-catalyzed glycolysis of terephthalonitrile have been studied in the
absence of and in the presence of water. In the absence of water, scarcely any formation of 8-
hydroxyethyl p-cyanobenzoate is observed, but some orthoesters are formed. The reaction rate
data obtained in the absence of water are found to fit a reversible consecutive reaction scheme in

which some basic compounds are involved as the intermediates.

In proportion to the increase in

the concentration of water, such intermediates as the orthoesters and basic compounds are
hydrolyzed more rapidly to form B-hydroxyethyl p-cyanobenzoate, but simultaneously the
hydrolysis of terephthalonitrile and the basic intermediates also takes place in the reaction

mixture, thus yielding amide.

The effectiveness of the various kinds of metal
compounds on the metal ion-catalyzed glycolysis of
terephthalonitrile? and the kinetics of the metal ion-
catalyzed glycolysis of benzonitrile? have been dis-
cussed in previous papers.

The heavy metal ions, such as cupric, lead, and
zinc ions, have been found to promote the glycolysis
of nitriles. Their catalytic activities have been cor-
related with the coordinating tendency of metal ions.

Benzonitrile first affords imidate upon the addition
of glycol, and then two moles of the thus-derived
imidates are chelated to a metal ion. The imidates
activated by forming the chelate can be easily hydro-
lyzed by water to form esters and ammonia. How-
ever, these esters tend to chelate to the metal ions
thus inhibiting the reaction.

The kinetic study of the metal ion-catalyzed gly-
colysis of terephthalonitrile is, therefore, important in
order to have a better understanding of the reaction
mechanisms and various reaction routes. No kinetic
study of the glycolysis has been found in the litera-
ture.

We will attempt here to clarify the reaction routes
and mechanisms of the metal ion-catalyzed glycolysis
of terephthalonitrile in the absence of and in the
presence of water.

Experimental

Kinetic Measurements. The procedure and meas-
urements for the glycolysis of terephthalonitrile were
similar to those employed in previous works.*+®

A typical set of reaction conditions employed is as fol-
lows: A reaction mixture of 0.05 mol of terephthalo-
nitrile (T.P.N.), 1.5mol of ethylene glycol (E.G.),
0.1 mol of water, and 0.00025 mol of a catalyst was re-

1) T.Ikeda, M. Kitabatake, M. Ito and Y. Noguchi,
This Bulletin, 41, 1154 (1968).

2) T.Ikeda, M. Kitabatake, M. Ito and Y. Noguchi,
ibid., 41, 1158 (1968).

acted at the reaction temperature of 170°C. The reac-
tion was carried out under a nitrogen atmosphere, nitro-
gen being bubbled into the mixture at the rate of 40 ml/
min

A 100-m! three-necked glass flask equipped with a re-
flux condenser, a thermometer, and a nitrogen gas inlet
was used as the reaction vessel. The reaction mixture in
the flask was immersed in an electrically-heated oil bath
stirred by a magnetic apparatus. The ammonia formed
during the reaction was absorbed in a dilute sulfuric acid
solution stirred by a magnetic stirrer set in the flask.

The rate of the formation of ammonia was determined
by the titration of samples of the sulfuric acid solution
taken from the ammonia-absorbing flask at given inter-
vals. The rate of the conversion of terephthalonitrile
was determined at given intervals by using gas-liquid
chromatography. The rates of the formation of both g-
hydroxyethyl p-cyanobenzoate (H.C.B.) and bis-3-hydro-
xyethyl terephthalate (B.H.T.) were examined by using
gas-liquid chromatography and ultraviolet spectroscopy.

The heated liquid product in the reaction state was
quickly sampled with a micro-syringe (50 pl) and ana-
lyzed by gas-liquid chromatography on a 2 mx6 mm
stainless steel column of 25%, Apiezon L on Chromosorb
W at 190°C, using helium as a carrier gas and a-naph-
thol as an internal-standard substance.

The reaction of the glycolysis of terephthalonitrile
proceeds as in the following sequence :

CN
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— | ] 4+ NH;, (2)
Y
C-OCH,CH,OH
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The reaction routes and the mechanism of the gly-
colysis of terephthalonitrile discussed here are limited
to the first stage of the overall reaction.

Materials. Terephthalonitrile (mp 224°C) was pre-
pared by the ammoxidation of p-xylene and was purified
by recrystallization from dioxane.

Ethylene glycol (bp 197.2°C) and dipropylene glycol
(bp 231.8°C) used were of reagent grades,

Lead acetate, a typical metal compound catalyst, was
commercially available with a sufficient purity.

Results and Discussion

The influence of the concentration of water on the
conversion rate of terephthalonitrile was investigated.
Data on the conversion of terephthalonitrile and
on the formation of ammonia and §-hydroxyethyl p-
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Fig. 1. The influence of concentration of water
on the conversion of the concentration of tere-
phthalonitrile and ammonia,
~(O-: 0 initial molar ratio of H;O to TPN
-(-: 1 initial molar ratio of H;O to TPN
~@-: 2 initial molar ratio of H;O to TPN
-@-: 3 initial molar ratio of H;O to TPN
Reaction conditions: E.G./TPN=30,

Pb(OAc);/TPN=1/200 at 170°C
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Fig. 2. The influence of the concentration of

water on the formation of B-hydroxyethyl p-

cyanobenzoate (H.C.B.).

-O-: 0 initial molar ratio of water to tere-
phthalonitrile

~(-: 1 initial molar ratio of water to tere-
phthalonitrile

-@-: 2 initial molar ratio of water to tere-
phthalonitrile

-@-: 3 initial molar ratio of water to tere-
phthalonitrile

Reaction conditions: E.G./TPN=30,
Pb(OAc)./TPN=1/200 at 170°C

cyanobenzoate for each concentration of water are
shown in Figs. 1 and 2 in relation to the reaction
time. The reactions were carried out under the
standard reaction conditions described above except
for the amount of water. These figures indicate that
the conversion rate of terephthalonitrile increases
with an increase in the amount of water below a 2-
molar ratio of water to terephthalonitrile. The rate
of the formation of S-hydroxyethyl p-cyanobenzoate
has the same tendency, but scarcely any S-hydro-
xyethyl p-cyanobenzoate is formed in the absence of
water, though the formation of ammonia is recog-
nized.

The rate of the conversion of terephthalonitrile is
usually greater than that of the formation of am-
monia. This fact indicates that nitrogen compounds
may be present as intermediates in the routes from
nitrile to the ester and/or that a side reaction such as
the hydrolysis of nitrile to amide may exist.

The basic compounds which react with sulfuric
acid were actually observed in the reaction mixture,
as shown in Fig. 3. Since the desorption of ammo-
nia from the reaction mixture was rapid under the
given conditions, the amount of ammonia in the
reaction mixture was insignificant. These basic
compounds in the reaction mixture had a tendency
to decrease with an increase in the concentration of
water. Besides, at high concentrations of water,
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Fig. 3. The influence of the concentration of

water and reaction temperature on the formation

of basic compounds.

-O-: 0 initial molar ratio of water to tere-
phthalonitrile

: 2 initial molar ratio of water to tere-
phthalonitrile

: 3 initial molar ratio of water to tere-
phthalonitrile

: 170°C

---: 145°C

Reaction conditions: E.G./[TPN=30,
Pb(OAc),/TPN=1/200
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Fig' 4. The conversion of TPN and the forma-
tion of ammonia and ester (H.C.B.) by the addi-
tion of water to the non-aqueous reaction mix-
ture at the reaction time of 40 min.

-Q-: concentration of TPN reacted

-@-: formation of NHj

-@-: formation of ester (H.C.B.)

Reaction conditions: E.G/TPN=30,
Pb(OAc),/TPN=1/200 at 170°C

The conversion of TPN and the formation
of NH; and H.C.B. (mol/{)

there were quite large differences between the
amount of the conversion of terephthalonitrile and
that of both B-hydroxyethyl p-cyanobenzoate and
the basic compounds, suggesting the formation of
amide.

It is shown in Fig. 2 that scarcely any B-hydroxy-
ethyl p-cyanobenzoate is formed in the absence of
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water, though the amounts of terephthalonitrile re-
acted and of ammonia formed increase considerably.
However, the ester was observed to be formed, as
shown in Fig. 4, when water was added to this non-
aqueous reaction mixture in the course of the reac-
tion. This fact indicates that the compounds other
than the ester are formed in the absence of water and
are susceptible to being hydrolyzed to the ester.

In Fig. 5 the experimental data on the concentra-
tion of unchanged terephthalonitrile, the amounts
of the basic compounds titrated by sulfuric acid in
the reaction mixture, and the formation of ortho-
ester-type compounds are plotted against the reac-
tion time at 170°C in the absence of water.

T T T T

=2 05 -
g
=
E 041 -
(5]
=
(%]
8 03t ]
-
8%
‘EE 2
E 02F -
2
15
g
5 01F -
(5]
o
=
= L L L 1

20 40 60 80 100

Reaction time (min)
Fig. 5. The experimental data of the concentra-

tion of terephthalonitrile, orthoester and basic

compound represented by marks and the cal-

culated results with analog computer represented

by real curved lines in the absence of water.

-(O-: the concentration of terephthalonitrile
unchanged

-@-: the formation of orthoester (ammonia)

-(-: the formation of basic intermediate com-
pounds

Reaction conditions: E.G/TPN=30,

Pb(OAc);/TPN=1/200, H,O=0 at 170°C

The total amounts of ammonia formed and of the
basic compounds in the reaction mixture in the ab-
sence of water correspond to the amounts of tere-
phthalonitrile reacted. On the other hand, the rate
of the reaction of terephthalonitrile was found to be
first-order for the concentration of terephthalonitrile
at a low conversion rate of terephthalonitrile.!?

In view of the above facts, the following rate ex-
pressions for the reaction scheme (Eq. (3)) were
chosen :

-h ks

TPN. ———B

HOGH,CH,OH
B: basic compounds
C: orthoester-type compounds

—— > C+NH; (3)
HOCH;CH;OH
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The curves calculated by an analog computer
according to Egs. (4), (5) and (6) are presented in
Fig. 5 by real curved lines, which are more agreeable
to the experimental data.

d[TPN]/dt = k,[B] - [TPN] (4)
d[B]/d¢ = k[TPN] — 4,[B] — ks[B] ®)
d[C)/dt = ks[B] (6)

The rate constants of the three reaction paths, &,
ks, and kg, were 0.129 min~?, 0.343 min~!, and 0.033
min~! respectively.

In order to get information about the C inter-
mediate, initial reaction rates of the terephthalo-
nitrile at different initial concentrations of ethylene
glycol were investigated in an inert solvent such as
dipropylene glycol; the following rate expression
were chosen :

70 = k[TPN][EG]o" (N

7o: initial reaction rate of terephthalonitrile

Plots of k; in relation to the initial concentration
of ethylene glycol give a straight line, as shown in
Fig. 6, and the reaction order of ethylene glycol is
nearly equal to 2. This fact suggests that two moles
of ethylene glycol participate in the formation of the
intermediate, B, or the product, C.
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Fig. 6. The correlation between the initial rate
constants and the initial concentration of ethylene
glycol.

Reaction condition:

170°C

Pb(OAC),/TPN=1/200 at

The reaction intermediate, B, is, in the absence
of water, a substance which reacts with sulfuric acid.
It may, therefore, be expected to have the following
structures :
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o

R-C=NH, R-C-NH; R: -<_>-CN
OR’

(1) (II) R': —‘CHgCHgOH

The product, C, is presumed to be a orthoester-
type compound :

OR! OR'
R-C-OR’ R-G-O-CH, R': -CH:CH,OH
Or! O—CH,
(1) av) R: —<i>-cw

In Fig. 6 the straight line intercepts the vertical
axis at the value of 0.0055. Using the values of
0.0055 and the initial concentration of terephthaloni-
trile of 0.448 mol/l, the rate constant, ky, is calculated
to have the value of 0.123 min~!, a value which is
almost equal to the above calculated value, k=
0.129 min-1. These results indicate that the pro-
posed reaction scheme and kinetics are consistent with
all the experimental observations.

Even in the presence of water, the reaction to form
B from the nitrile and that to give C from B may take
place successively. Water is considered to partici-
pate in the reaction steps to form the ester and the
amide.

Thus the following reaction scheme and rate
equations may be considered for the first step of the
glycolysis reaction :

R'OH R'OH

R-CN&=—————B

apN) R
ke
ks | H,0 H.0 o H:0
R~C-NH: R—C-OR’
0
R: <o
R': -CH;CHEOH
ﬂ%ﬂ = ky[B] —k,[TPN] — ks[TPN][H,O]
(9)
dd@ = ky[TPN] —k,[B] —s[B]
— k[B][H,0] —&[B][B,0] (10)
%]_ = ky[B] —k[C][H;O] (11)

ARCOORT. _ KBIH.0)+AI(CIHLO] (12)
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L0 4 [TPNI[H,0] + (B [E,0]
+ k[C][H,0] + k,{BI[H,0] (13)
d[NH,]

.~ K[B] + &[B][H:O] (14)

In Fig. 7 the experimental data of the concentra-
tion of unchanged terephthalonitrile, the amounts of
basic compounds titrated by sulfuric acid in the re-
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Fig. 7. The experimental data of the concentra-
tion of terephthalonitrile, ammonia, basic inter-
mediate compounds and ester (H.C.B.) repre-
sented by marks and the calculated results with
analog computer represented by real curved lines
in the presence of water.

-(-: the concentration of TPN
-@-: the formation of NH;
-(P-: the formation of basic intermediate com-
pound
-@-: the formation of ester (H.C.B.)
Reaction conditions: E.G./TPN=30,
Pb(OAc),/TPN=1/200 H;O/TPN=2, at 170°C
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action mixture, and that of the formation of ammonia
and B-hydroxyethyl p-cyanobenzoate are plotted
against the reaction time at 170°C in the presence
of water.

On the basis of the experimental data in Fig. 7,
theoretical curves, as calculated by the analog com-
puter, are shown in Fig. 7 by real curved lines using
the above equations, (9), (10), (11), (12), (13), and
(14). These rate constants at 170°C are obtained
as follows :

ky=0.129 min-!
k3 =0.343 min-1
k3=0.033 min—1
k,=0.055 min~! mol~-1/
k5=0.011 min~! mol -
kg=0.071 min~* mol~-1]
k7=0.040 min~! mol -1/

The above results are also supported by the facts
that scarcely any formation of the intermediate, C, is
observed in the presence of water and that the rate
constant of the direct hydrolysis of terephthalonitrile
to amide in dipropylene glycol is very small, even in
the presence of water.

It may, therefore, be considered that the glycolysis
of terephthalonitrile to form 8-hydroxyethylp-cyano-
benzoate may proceed via the hydrolysis of an ortho-
ester-type compound, C, especially at a low con-
centration of water, and zia an imidate- or amine-
type intermediate, B, at a high concentration of
water. Furthermore, at a higher concentration of
water the formation of amide becomes a little more
significant.
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