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In the previous papers of this series, the reaction between phenol and methylal in non-
aqueous media has been investigated by means of the experimental characterization of the kinetic
system; a plausible reaction scheme has thus been presented. The object of the present paper is to
make a mathematical characterization of the kinetic system, a kinetic equation has been obtained by
calculation based on the probable reaction scheme; it has been found to be in good agreement with

the kinetic equation obtained experimentally.

There are only few reactions which lend them-
selves to a simple kinetic description in terms of
the reaction order in the field of the resin-forming
condensation reactions. Since there are many
processes by which the reaction proceeds, the
author has expected to find a concomitant dif-
ficulty in expressing the rates of phenol-formal-
dehyde reactions in simple terms. Since the
phenol-formaldehyde reactions involve the oppos-
ing, concurrent and consecutive reactions, their
kinetic studies have been established only in
aqueous media.!> Unfortunately, the mechanism
of the reactions in aqueous media is not suitable
for explaining the behavior of the reactions in
non-aqueous media. The series of works conducted
at this laboratory have aimed at clarifying the
differences between the reactions in non-aqueous
media and those in aqueous media.

The previous papers of this series have dealt
with the kinetics of the reaction between phenol
and formaldehyde in nitromethane catalyzed by
boron trifluorideetherate. The course of the
reaction was followed by the quantitative gas
chromatographic analysis of the reactants and
products.

After the experimental characterization of this
reaction system, the following kinetic equation
was obtained :?

d[methyl alcohol]
dt -

k[catalyst][phenol]?[methylal]®
[methyl alcohol]?

Methyl phenyl formal was detected as one of
the reactive intermediates in this reaction system;
the behavior of methyl phenyl formal was therefore

1y M. Imoto et al., Kobunshi Tenbo, 4, 60 (1951); ibid., 8,
29, 33 (1952).

2) Part I of this Series:
1019 (1966).

S. Murayama, This Bulletin, 39,

studied as a means of estimating the reaction
scheme,?> The objects of the present paper are:
(1) to perform a mathematical characterization of
the kinetic system, and (2) to gain detailed informa-
tion about the mechanism of the phenol-form-
aldehyde reaction in non-aqueous media.

Results and Discussion

Reaction Scheme.—The reaction between
phenol and methylal in nitromethane catalyzed
by boron trifluoride-etherate may be represented
in the following simplified form:

CH;OCH,OCH,; + 2H0u< _> .
OH OH
1 1

AN AN
2CH3O0H + || +CHet | )]
N
The stoichiometric relations of Eq. 1 are in ac-
cordance with the experimental findings? that
the rate of phenol consumed is almost equal to
the rate of methyl alcohol produced, and that the
ratio of the rates of the consumption of methylal
and phenol is 1:2, when the conversion is low
(up to 309%,).

On the other hand, the acidic decomposition of
methyl phenyl formal can be explained by using
an ionic mechanism, which involves the formation
of such active intermediates as the methoxymethyl
cation, the phenoxymethyl cation and the oxy-
benzyl cation.

From the experimental evidence, it seems that
the reaction between phenol and methylal in
non-aqueous media should be regarded as a com-
plex kinetic system consisting of two series of
consecutive reactions passing through methoxy-
methylphenols or methyl phenyl formal, and that
each of the two series involves such concurrent

3) Part II of This Series: 5. Murayama, ibid., 39, 1027 (1966).
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reactions as the acetal exchange and the substitu-
tion on aromatics. Nevertheless, from the analogy
of acidic reactions in aqueous media, the forma-
tion of di- or tri-methoxymethylphenols may also
be neglected in non-aqueous media so as to simplify
the mathematical calculation. The differences

k
CH;-O-CH,-O-CH, + H® ==
koy

CH;-O-CH,® + CH;0H (2-1)

CH,-O-CH,® + HO—<;> 4:——‘-—"'

CH;-O-CH3—0—<:> + HO® (2-2)
CH,;-O-CH,® + HO-<:> L

e _ & _9!

CH;-O—CH2X=> OH + H (2-2')
CHa-O—CHz—O—<_> + HO® ‘}—k-»_’_
Lad -3

<;>-O-CH2® + CH,OH (2-3)

- .
CHa-O-CHg—O—< > + CH;O0CH,® «

<:>-0‘0H2@ + CH;-O-CH;-O-CHj (2-3'")

—_ ky
¢ _)-OH +H® =—
CH;3-O-CHy M= k-

CH,®
H0—<_§ !
CH;-

+ CH3OH (2-4)

ko,

O-CH,,—
>fz>cﬂ1—1 + CHy-O-CH®

Ho-{ ¥

¢ H-o-on® ol S :ﬁ

CH.,®
+ CH;-O-CH,-O-CHj (2-4'")

<;>-o_cuz-0-<;> +HO (2-5)
{_y-o0m® + Ho-d _y -
<=>—O—CH2§;>_OH + H® (2-5")
—CH:® — ks
H0-<=§ + HO-{Z} =
Ho_C?jCHz_O'{) +H® (2:6)
HO <_XCH2® - HO“<:> K
L% =7 %,
Ho-<;§CH2§;>-OH + HO® (2:6')

Fig. 1. Reaction scheme.
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in the reactivities of the ortho- and para-posi-
tions of phenol is not taken into consideration.

The following reaction scheme may, then, be
presented for the phenol-formaldehyde reaction
in non-aqueous media:

The Mathematical Calculation of the Reac-
tion Rate.—On the basis of the reaction scheme
shown in Fig. 1, the rate of the methyl alcohol
produced is calculated by using the stoichiometric
relations and the stationary-state hypothesis.

First, the terms and the rate of production (or
consumption) of reactants and intermediates are
represented as follows:
methylal
phenol
methyl alcohol
the effective concentration of catalyst
the methoxymethyl cation
methylphenyl formal
methoxymethylphenol
the phenoxymethyl cation
the oxybenzyl cation
phenoxymethylphenol
diphenyl formal

e SR XTA®RAATS

28

= —(k_iathkopt+kapla + k_c*p
+ Klmd 4+ Klme + kyme* (3-1)

9B hpa + (k-sa + Kism)d

dt
— (kse* + k_pc*) B (3-2)
% = Kopa + (k—a + Km)d — ka*r  (3-3)
% = kyo*B + k_sc*@ — (k-za + kZgm
+ ksp + K'sp)d (3-4)
% = ket + kg p — (ksa + Klm
+ kep + K'sp)e (3-5)
d
= kd — k_scto (3-6)
dp
a = k'spd + kepe — k_gc*p (3-7)

_% = (ks + K')pa — kooc*B + (ks + K's)pd

+ (ks + K's)pe — k_sc*p — k_oc*p (3-8)

% = klc*m - k_.larx + k3c*‘8 - k_gaﬁ

+ kic*r — k_jae (3-9)
dm "
- —kjaa + kZymd

+ Klyme + kymc* (3-10)

Second, we have two conditions:
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Conditions (A):
(i) Stoichiometric relations:
dp da dm
—ar =@ T T *)

(ii) Stationary-state hypothesis:

dae df dy dd de de dp

dt ~dt  dt  dt  dt  dt  dt
From these conditions, we can obtain the solution

of each variable as follows:

a = kk'sFmec*/d, (6-1)
B = kikok'sm[kZsm + k_sa + K'sp)/do (6-2)
7 = ky[koksk'sD + k',(D4K's)Flmplkidg (6-3)
3 = kikoksk'sme* 4, (6-4)
e = ky(kpksk's + &' 2 F)mc* /4, (6-5)
0 = kykoksksk'smplk — 54, (6-6)
@ = ki{koksk's(ks+&'s) + k'zksF}mﬁk-ado (6-7)

where:
Ay = k- k'sFa + {ksksksk' s — k. (koksk's
+E F)m+ (koksk's + K F)E'sp (6'-1)
F = kok's + k_ok's + k_s(k-zalp + km[p)
(6'-2)
D = k_,afo + K2 mfp (6'-3)

Lastly, the general equation for the rate of the
production of methyl alcohol is obtained as follows:

da_

@ = 2[ksksk's + k'3 Fkik' smpe* [k k' sFa
-+ (k:gkzkak!ﬁ — kgkak:,ik's - k'gk’_’;F)m
+ (koksk's 4 k' F)ks'p]~? (7

When further plausible assumptions are added

to Eq. 7, a simple form of the kinetic equation is
deduced.

Assumptions (B):
Ky > kg
K> ks
k_okls > kok's
koksk's > ko'k - okZs
k_1k_2 > ks
ko k_ ok sk s > kokakZ k'

(or KZsk's =K .k's)

2k koksk's  pre*

= ek L a @

On the other hand, we assume that the effective
concentration of the catalyst, ¢*, can be estimated
from the consideration of the equilibrium of the
reaction forming the complex with methyl alcohol:

(or kD)) k') (8"

da_
d

K
[BF;-solvent] + 2CH;OH 2
[BF;-2CH;OH] + solvent 9)
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where the equilibrium constant, K, is very large,
[BF;-2CH;OH][solvent]

. = 10
[BF;-solvent] K[CH,OH)? (10)
AP R (1)

82
From Eqgs. 8 and 11, the kinetic equation 12
is deduced.

The calculated equation:
da  2kkikoksk's m

Dpzcl

e (12)
dt ko k_okZs at
The experimental equation:
d[methyl alcohol]
d¢
k[methylal]°[phenol]?[catalyst]* (121)

[methyl alcohol]?

Thus, the kinetic equation obtained by calcula-
tions based on the reaction scheme of Fig. 1 is
in good agreement with the kinetic equation
obtained experimentally. This fact indicates that
the reaction scheme of Fig. 1 represents the reac-
tions actually taking place. Therefore, our at-
tempt to elucidate the mechanism of the reaction
may be regarded as satisfactory.

The Probable Reaction Paths.—The prob-
able paths of the reaction between phenol and
methylal in non-aqueous media are shown in
Fig. 2. In Fig. 2, the assumptions used for the
deduction of Eq. 8 from Eq. 7 are presented in
relation to the behavior of intermediates.®

CHy-0-CH,-0-CH,

@ "
u®|| cHon
CH,-0-CH,
@) &)
H@@ Ho{J)
CH 0- CH, G ;O CHz0-CH,
Swe
Q cn Ch:=Q {Sie|| cmon
HE‘J 2 OH 3 ';"’ H s

HO-@CH CHs— CH.’_O Q{Z‘—CHEJ

& & o || ok
@' \ X—Q@ H@O
HO-@CH@ onnod ez ) {rocrsod

Fig. 2. Reaction scheme.

The assumption, that &, > k', means that the
reaction passes mainly through methyl phenyl
formal instead of methoxymethylphenol, that
is, that the methoxymethyl cation reacts more
easily with the phenolic OH group than with the
aromatic nuclei of phenol. The assumption that
E's>k_; or that k”»k's means that the
phenoxymethyl cation reacts more easily with
methylal than with methyl alcohol or phenol
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The assumptions that k.,/k, >ksfk_,, that kZ5/k's
=k",k's and that k”y/k's>ky/k_, are con-
nected with the reactivities of the methoxymethyl
cation, the phenoxymethyl cation, the oxybenzyl
cation and methyl phenyl formal.

The assumptions used in the calculation are
plausible and are not contradictory to the actual
behavior of the reactants and the intermediates.®

The probable reaction path from methylal to
dioxydiphenylmethane in this system is estimated
to be as follows:

The Activation of Methylal—In the first step of
the reaction, methylal is activated by the proton
to produce methyl alcohol and the methoxymethyl
cation in a reversible manner.

The proton is produced by the reaction of the
BF;- solvent with a trace of water in the reaction
system; therefore, the affinities of BF; toward the
solvent, the reactants, and the products have a
remarkable effect on the activity of the catalyst.
Particularly, the activity of the catalyst depends
upon the concentration of methyl alcohol because
of the formation of stable complexes from the
catalyst and methyl alcohol.

The Reaction of the Methoxymethyl Cation with Phenol.
—The methoxymethyl cation readily attacks the
oxygen atom of phenol, instead of the benzene ring,
to produce methyl phenyl formal in a reversible
manner. Consequently, the main path passes
through methyl phenyl formal, instead of metho-
xymethylphenols. The reaction of the methoxy-
methyl cation with phenol is considerably inhibited
by the competing reactions with methyl alcohol.

The Activation of Methyl Phenyl Formal by Proton.—
‘The acidic decomposition of methyl phenyl formal
yields the methoxymethyl cation and the phenoxy-
methyl cation in a reversible manner.

The Reaction of the Phenoxymethyl Cation with Phenol.
—Phenoxymethylphenols are produced slowly in
the irreversible reaction of phenoxymethyl cations
with the nuclei of phenol; this reaction may be
the rate-determining step of this reaction system.

At the same time, the phenoxymethyl cation easily
attacks the oxygen atom of methylal to reproduce
the methoxymethyl cation and methyl phenyl
formal; accordingly, methylal inhibits the reaction
rate in this reaction step. Though it was expected
ithat the phenoxymethyl cation would rapidly at-
tack the oxygen atom of phenol, not even a trace
of diphenyl formal was detected in the reaction
system,

Phenoxymethylphenols change in the presence
«of proton to dioxydiphenylmethane, passing through
the oxybenzyl cation in a similar manner; at the
same time, methoxymethylphenols are formed as
by-products.

The Reaction Rate at Higher Conversions.—
—As has been mentioned above, the reaction me-
<hanism can be explained when the conversion is
llow (up to 30%,). If the B asumptions and Eq. 8'
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are changed slightly, then the calculated equation,
Eq. 8, is modified as follows:
Modified assumptions C:

Kl3 > kg

k2 > k'

k_okZs > ksk's

kokak's > K'ok_ok”y

kZsk's > KL k's

k_1k_y = koks

Modified calculated equation:
da_ _ 2k koksk' s+ pe (13)

de (k- yk—ok”z-alp + kksk’3)a

Experimental equation at higher conversions®:

(or k)00 &'2)  (13)

d[methyl alcohol]
de -
k[phenol]![methylal]’[catalyst]*
"~ [methyl alcohol]?-

The calculated equation, Eq. 13, may be almost
equal to the experimental equation, Eq. 14.
Equations 13 and 14 are applicable only for the
systems of a high conversion.

It seems probable that there are few differences
between Egs. 12 and 13 with respect to the mathe-
matical characterization of the kinetic system,
while the stoichiometric relations, Eq. 4, and the
stationary state hypothesis, Eq. 5, may not be used
so exactly in systems of a higher conversion.

(14)

Summary

By the mathematical calculation of the reaction
system, a kinetic equation has been deduced, and
it has been found to represent satisfactorily the ex-
perimental findings of the phenol-formaldehyde
reaction in non-aqueous media.

The reaction mechanism has then been elucidated
from both the experimental and the mathematical
points of view.

The most important difference between the
aqueous and non-aqueous media is the contribution
of formals as reactive intermediates.

Moreover, several interesting information regard-
ing the effects of the solvent or the catalyst on the
reaction mechanism have been obtained.
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