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As a prelude to an examination of the concept of macromolecular organometallic
catalysis, a comparative kinetic study was made of the catalytic activity of
tungstate, molybdate, and vanadate ions at pH 5 in order to select the preferred
catalyst for the conversion of maleic acid to cis-epoxysuccinic acid using hydrogen
peroxide. A facile method for the analysis of the degree of epoxidation achieved
was theoretically deduced, confirmed experimentally, and used to establish the re-
action kinetics under varying conditions of pH, catalyst concentration, and termpera-
ture, The tungsten-containing catalyst is superior to the others examined at pH 5
and the rate equation and activation energy for this system were determined.

INTRODUCTION

The importance of epoxides as industrial
chemical intermediates is attested by the
1966 worldwide production capacity which
was in excess of 5 billion lb/year (Za,
3a,b). The simplest epoxides are manufac-
tured by the air oxidation of unsaturated
hydrocarbons such as ethylene or propylene
over silver catalysts (3b, 4-9). More com-
plex unsaturated substrates are usually
converted to their epoxides through the
intermediacy of organic peracids in general
(2b, 8¢, 9-12) and peroxyacetic acid in
particular (13, 14).

However, many unsaturated hydrocar-
bons are not amenable to peroxidation by
either of these procedures and in these
cases inorganic peracids are often espe-
cially effective (15). These inorganic oxi-
dants are usually synthesized within the
reaction mixture from hydrogen peroxide
and a soluble compound of such less com-
mon metals as Os, Ti, Zr, Rh, U, Ru, Ta,
Cr, Se, W, Mo, and V (). Since the
metals are not irreversibly consumed,
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these oxidations have been studied as ex-
amples of homogeneous catalytic systems.
Thus, Mugdan and Young (16) made a
qualitative comparison of osmic, tungstic,
molybdic, selenious, tantalic, and titanic
acids as catalysts for the direct addition
of hydrogen peroxide to ethylenic com-
pounds. This was subsequently extended
to include the hydroxylation of long-chain
alkenes in various solvents using tungsten
and molybdenum trioxide as catalysts
(17). Later Payne and Williams (18)
achieved the epoxidation of aB-unsaturated
acids and aldehydes in the presence of
sodium tungstate or selenium dioxide while
Indictor and Brill (19) demonstrated that
the acetylacetonates of Cr, Mn, and Co
are good catalysts for epoxidation. More
recently attention has turned to less quali-
tative assessments of the oxidation per-
formance of inorganic peroxyacids and
kinetic studies of the reaction of peroxy-
tungstic acid with amines (20) and allyl
alcohols (21-23) have been reported.
This paper presents a quantitative and
comparative study of the catalytic activity
of tungstate, molybdate, and wvanadate
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ions on the hydrogen peroxide epoxidation
of maleic acid (I) to cis-epoxysuccinic

acid (II) [Eq. (1)]
taj /0N k0, Hi
—_—— O
H L H COOH

COOH
L IT

The epoxydicarboxylic acid (II) should
be of potential commercial interest be-
cause it is derived from benzene via low-
cost maleic anhydride (3d) and because it
can be converted into dialkyl tin epoxy-
succinates which are plasticizer-stabilizers
for polyvinyl chloride (24), as well as into
cross-linkable epoxy-containing film-form-
ing polyamides (25).

COOH

EXPERIMENTAL METHODS

Epoxidation Procedure

A spoutless beaker (800 ml) fitted with a
rubber bung equipped with a stirrer, ther-
mometer, and dropping funnel was charged
with maleic anhydride (0.2 mole) and dis-
tilled water (200 ml). A 2 N sodium hy-
droxide solution was then added to bring
the pH to 4.5. The whole solution was
maintained at a temperature of 60° in a
thermostatically controlled water bath.
Sodium tungstate, molybdate, or vanadate
was dissolved in amounts varying between
0.25 to 1% based on the moles of maleic
anhydride. The pH of the solution was
then adjusted to 5.0 by adding the neces-
sary amount of the 2 N sodium hydroxide
solution, the volume of which was noted.
A 20% excess of hydrogen peroxide (30%,
30g) was then added. The reaction starts
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with the evolution of heat and the tem-
perature tends to increase, but is kept
constant at 60 == 0.5° by the intermittent
removal of the reaction vessel from the
heating bath. Moreover, as the maleic acid
is converted to cis-epoxysuceinic acid the
pH of the reaction mixture tends to drop,
but is maintained at 5.0 £ 0.1 by the ad-
dition of 2N sodium hydroxide solution,
the volume of which is noted against time
and serves as a measure of the conversion
of maleic acid to cis-epoxysuecinic acid.
Epoxidation at other pH values and tem-
peratures was carried out similarly.

Determination of Conversion of Maleic
Acid to cis-Epoxysuccinic Acid

During the reaction, as maleic acid is
converted to cis-epoxysuccinic acid, there
should be a large drop in pH due to the
formation of a considerable stronger acid;
the pK, value for cis-epoxysuccinic acid
is 3.92 as against 6.50 for maleic acid (26,
27). The drop of pH is dependent on the
conversion of maleic acid and hence can
be measured from the change in pH.

Instead of allowing the pH to change,
it is more convenient to keep the pH con-
stant because, as shown below, the effec-
tiveness of epoxidation is highly dependent
on this parameter. The pH is therefore
kept constant by the addition of a stand-
ardized sodium hydroxide solution. The
conversion is determined from the equiva-
lents of sodium hydroxide needed to main-
tain the pH constant with time. Thus, let
H.M, H.E and H,P represent maleic, cis-
epoxysuccinic and peroxytungstic acids,
respectively, and moreover let the corre-
gponding first and second degrees of dis-

H.M — H* + HM- (2)
Co(l — dg)(1 — f) Cm(l - .f)dmx Ol = f)d!m(l - dmz))

HM~- = H* + M2~ (3)
Cm(l - f)dml(l - dm:) Cm(]- - f dm1dmzy

HE = H* + HE- (4)
C"m(1 - dcx’f Cmfdel Omfdel(l - dez)’

HE- —=H* + B 5)
Cm(l — deg)fdel nm_f’iex']eg,v

H,P —H* + HP- 6)
C.(1 —dy,) Celpy Cell — dp,)dpy,

HP- =H* + Pr- )
Cudpy (1 — dn) Cpdys
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sociation be dmdm, dad., and d.d,.
Then if C,(moles/liter) is the initial con-
centration of maleic acid and f is the
fractional conversion to cis-epoxysuccinic
acid realized by a catalyst concentration
of C.(moles/liter) reactions (2)-(7) can
be written in which the critical species and
their concentrations are indicated.

Now the first dissociation constant K, for
maleic acid is 1.42 X 102 at 25° (27) and
therefore from Eq. (2)

K, = {Hﬂ[cm(l - f)dml(l - dmz)]/
[Cn(l — dn)(1 = /)],
[HHdm (1 — dmy)/(1 — duy) = 142 X 102,
(8

Since the pH is maintained at 5 the hy-
drogen ion concentration is 10-° and the
second dissociation constant K, is 8.57 X
107 at 25° (27) Eq. (8) is satisfied by
dwm, =0999~1 and similarly d,, = 1.
Moreover as C. is very small compared to
C., the contribution of hydrogen ions from
reactions (6) and (7) can be neglected.
Furthermore if Cxaon 18 the concentration
of sodium hydroxide in the reaction mix-
ture as a result of alkali addition to main-
tain the pH at 5 it follows that

Cytg — Cyoon = [HY] = 1078,
since sodium hydroxide ionizes completely
and Cy*¢ is the total concentration of
hydrogen ions produced due to dissociation.
Hence Cyrg = Cnaon and so from Eqgs.
(2)-(3)
Cura = Cul(l = fNdw, + (1 — fidyda,
+ fdo, + fd.d..),
or Cxoon = Cul(1 — f)
+ (1 - f)dnw + f +fde:]y (9)

since d., and d,; are unity. Simplification
of Eq. (9) yields
CNaOH = Cm[(l - f)(l + fllu_-,\) + f(l + dez)];
(10)
which at zero conversion reduces to
CNaOH:]nitial = Cm[l + dm-‘,]- (11)

Thus, from the equivalents of NaOH
necessary to raise the pH of an aqueous

solution of maleic acid to 5.0 and Eq.
(11), dn, is found to be (1.1234 —1) =
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0.1234. Similarly, at complete conversion
of HM to HL.E, f =1 so from Eq. (10)

CN&OH‘Finul = Cm[l + dez])
or dez = (CNaOH:Final/Cm) - L (12)

Analogously, from the equivalents of
NaOH necessary to raise the pH of an
aqueous solution of cis-epoxysuccinic acid
to 50 and Eq. (12), d., is found to be
(1.9440 — 1) = 0.9440. Rearranging Eq.
(10} and substituting for d,,, and d., gives
the fractional conversion in terms of Cn
and Cyaom so that at pH 5

= [(Cxoon/Crm) — (1 + du,)]/(dey — dny)
= [(Cxaon/C) — 1.1234]/0.8206.  (13)

Thus the {ractional conversion can be
simply determined from the amount of
NaOH added and Table 1 shows that Eq.

TABLE 1
EvaLvarioN or THE Aukari TrtratioN METHoD
FOR THE ANALYSIS OF MALEIC-¢1s-EPOXYSUCCINIC
Acip MixTUrEs

eis-Epoxysuceinie acid (9) in
admixture with maleic acid

Added Found
100.00 100.00
87 .64 87.37
T7.22 77.36
69 .84 70.01
60.09 60.05
00.00 00.00

(13) is valid for the analysis of known
mixtures of maleic and cis-epoxysuecinie
acid and that the error is within +19%.

REesurLts AnD Discussion

The reactions which occur on dissolution
of the three catalysts are summarized in
Eqs. (14)-(16).

H-0
Na:W0O, = NaHWO, 4 NaOH,

(14)
H:0
Na:MoO, = NaHMo0O, + NaOH, (15)
H:0 HO
N33VO4 = NazHVO4 + NaOH =
NaH.VO: + 2NaOH, (16)

Each of the acid anion species is capable
of combination with hydrogen peroxide to
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afford the corresponding peroxyacid anion
as in Eqs. (17)-(24).

HWO:~ + H0. = HWO,” + 1,0,  (17)
HMoOs~ + H:0: = HMoO;~ + H,0, (18)
HVO2 + H,0, = HVO: + H:0,  (19)
H.VOi~ + Hy0, = HoVO,~ + HiO.  (20)

These peroxyacid anions are the epoxidiz-
ing agents though other peroxyacid species
may also be present (28-31). The prob-
able oxidation mechanism (15) is exempli-
fied by the peroxytungstate ion in Eq.
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However the concentration of the peroxy-
acid anion is pH dependent and therefore
k should change with pH variation. Then

THE = — dit [H2M] = ]C[HQM]CC,
and [H2M] = Cm(l - f):
d
s == Cn(1 = f)

df

= kCa(l = /)Ce = Cn 5.

(21) Thus 1—_1. = ACC dt,
0] 0
: e
SeoS ¢ 0H (21)
%\?’?\?\H Cé:> © Oy, OH
. — + X
- O> - - 0PN
07 ™0
Eq. (21) can be written in kinetic terms Eoqf t
so that and LT k , C.dt,
_R 1—-f
H.M 4 HWO; \k— or In 1 f = kCc(tz - tl) = kCcAt.
2 - J2
Intermediate ks
[complex of J:HgE +HWOr, A plot of (1/C) [In(1—f)/(1—f2)]
H:M and HWO;- against time should therefore be a straight

and the rate of formation of H,E 1is
therefore

TH,E = k3[A*]; (22)

where A* is the intermediate complex of
H.M and HWO, . If the complex A* is
always in equilibrium then its rate of
formation is

ra* = kH.M]J[HWO;]
— ko[A'] — ks[A"] = 0,

and [AY] = k[HM]JHWO}/[k: + k3]
Hence from Eq. (22) the rate of
epoxidation
rag = kiks[H-M[HWO, 7/ [ks + ks

= k[H.M][HWO,"], (23)

if k= kyks/(k.+ k;). Since in each set
of experiments the concentration of cata-
lyst added is a constant, as is pH, the rate
equation (23) can be rewritten as

rme = k[Maleic Acid]

X [Na,WO, or Na;,MoO, or Na;VO,]. (24)

line of slope k, and Figs. 1-3 shows data
in accord with this prediction for several
tungstate catalyst concentrations and re-
action temperatures. Similarly Fig. 4 con-

300 T T

Temp. 60°
pH 5

o 1.05 % Na,W0,
5 0.50 % Na, WO,
0 0.25 % Na,WQ, ]

k=0.0900 liter/mol sec

O 1 L
0 1000 2000

at (seconds)

3000

Fi1c. 1. Epoxidation of maleic acid at 60° by
hydrogen peroxide in the presence of sodium
tungstate as catalyst.
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Temp. 50°
150+ PH S
)3 00y
<
— e
(&)
50t k=0.0342 L€l
mol. sec,
0

0 1000 2000 3000 4000 5000
At (seconds)

Fic. 2. Epoxidation of maleic acid at 50° by
hydrogen peroxide in the presence of sodium
tungstate as catalyst.

tains the corresponding data for the
molybdate catalyst.

The pH-dependency of the peroxy-
tungstate catalysis is illustrated by the
data in Figs. 1 and 5 which is collected in
Table 2. This apparent change in the
magnitude of the rate constant is due to
the fact that in the rate equation (24),
[HWO;"] should be substituted for
[Na,WO,] because the latter does not
reflect the changes in actual -catalyst
species concentration with pH. Thus, for
example, at pH 13 all the tungsten is in
the WO, form and no HWO,- is avail-
able for catalysis. As the pH is decreased
WO,* ions are converted to HWO,  ions
and the apparent rate constant increases.
Continued pH reduction eventually sup-

500 T
Temp.70°
pHS
400+ 1
300 1
b
A
< 200t
.-|C;
It
k=0.2230 ]
00} mol.sec.
o . .
o} 1000 2000
At {seconds)
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200 T T
Temp 60°
pH=50
01.062% Na,MoO4
£1.948% Nay,MoQ,
T"T‘“
~ |~ 100 | -
L=
~
1S
k=0.0652 liter/mol. sec.
o 1 i
0 1000 2000 3000

At (seconds)

Fi6. 4. Epoxidation of maleic acid by hydrogen
peroxide in the presence of sodium molybdate as
catalyst,.

presses the ionization of the tungstic acid
and so the apparent rate constant drops
as the HWO; ions become unavailable.
Hence there will be an optimum pH for
epoxidation at which the catalytic activity
of Na,WO, is maximized and Table 2
shows that this maximum lies between pH
45 and 5. The same considerations apply
to molybdate but not to vanadate cataly-
sis. Peroxyvanadic acid is tribasic and
appears to be effective only at low pH
values where the intermediate oxiranes are
subject to facile ring opening (I, 16).
Among the three catalyst systems the
tungstate is therefore clearly superior for
the epoxidation of maleic acid. This may
be a reflection of the greater stability of

T T
Temp 60°
200 F k=0.085 liter/mol. sec. 4
A pH 4.25
-~
bl o pH &
&
-1 00k .
k=0.050 fiter/mol. sec.
0 1 1
0 1000 2000 30C0

At (seconds)

F1e. 3. Epoxidation of maleic acid at 70° by Fic. 5. Epoxidation of maleic acid by hydrogen
hydrogen peroxide in the presence of sodium peroxide in the presence of sodium tungstate as
tungstate as catalyst. catalyst.
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TABLE 2
VARIATION OF TUNGSTATE CATALYZED
EproxipaTioN ReEacrioN RATE
Consrant wrre pH

Epoxidation Reaction rate constant
pH (liter /mole sec X 10?)
4.25 8.5
5.0 9.0
6.0 5.0

the peroxytungstic acid and the conse-
quent greater concentration of peroxy-
anions since within a group of the Periodic
Table these increase with increasing
molecular weight (29, 32). Some further
characterization of this system was there-
fore undertaken. Thus Figs. 4 and 5 consist
of plots of (1/C.)In[(1—f1)/(1—f:)]
against Af for temperatures other than
60°. The gradients of the lines give the
magnitude of the rate constants at pH 5
for these temperatures and this data is
summarized in Table 3. The data in Table

TABLE"3
VaRrIATION OF TuNGsTATE CATALYZED
EroxipaTioN ReAcTION RATE
CoNsTANT WiTH TEMPERATURE

Epoxidation temp. Reaction rate constant

°C) (liter/mole sec X 10%)
50 3.4
60 9.0
70 22.3

3 also permitted the determination of the
activation energy (AE) of the epoxidation
reaction. Thus a plot of In k against 1/T,
where T is the reaction temperature (°K)

3 .

Slape -%xlo"‘

=-10250

4+ fnk

%50 300, 30
x10
YroK

F1c. 6. Effect of temperature on the reaction rate
constant of epoxidation.
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afforded the straight line shown in Fig. 6.
From the Arrhenius equation the slope of
this line is —AE/T and since R is the
universal gas constant, AE = 20.641 keal.
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