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MECHANISM OF THE OXIDATION OF STYRENE
BY PALLADIUM SALTS
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The oxidation of styrene by palladium salts in ¢xcess of HCI has been investigated in homogene-
ous phase, using methanol as solvent. The degrec of styrcne conversion was followed polaro-
graphically. It was found that the reaction rate can be expressed by the rate equation corres-
ponding to the transformation of a mononuclear complex with styrene coordinated to PdCli*,
the kinetic term of which has the following form: w = k, [styrene] [PdCl?‘*]/[H3O+][Cl‘]2.

The oxidation mechanism of 1-alkenes by palladium salts has been the subject of intense research
interest for long time, especially due to the industrial importance of this reaction. Most of the
studies deal with mechanism of the oxidation of lower (gaseous) 1-alkenes, especially of ethylene,
while the oxidation of higher (C¢—Cj5) 1-alkenes attracts less attention. Despite of a number
of reports, interpretation of the mechanism of this oxidation is still controversial.

Thus it is stated!? that the mechanism of ethylene oxidation involves steps (4)—(F), with
step (D) as rate determining. The overall reaction rate is then expressed by

PACI}™ + C,H, é [PdCI3(C,HY)]™ + CIT (4)
[PdCI3(C,HY)]™ + H,0 .L—z>_ [PACI,(H,0)(CyHY)] + CI™ (B)
[PACI,(H,0)(C,HY] + H,0 <—K—"— [PACI,(OH)(C,HY}™ + H,0* (©)
[PACL,(OH)(C,H )1~ O, [PACIL(C,H,OH)]™ (D)

fast

[PACI,(CH,OH)]™ + H,0 ——+ PdCI”™ 4+ CH3CHO + H;0% + CI™ (F)
PdCI™ — P& 4 CI7 (F)

Eq. (1), where k¢ includes the equilibrium constants of the fast established equilibrium steps
(4) to (C):

w = kofC2H, 1 [PACIE T 1/[H;0 1 (C17 T 1)

On the other hand, some authors suppose® ™3 that at higher alkene concentrations (0:04 to

002 mol/l), the reaction rate should be described better by relation (2) where the second term
corresponds to the rearrangement of the binuclear palladiumalkene complex. According to this
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assumption Eq. (1) is only a
w = k,[PACI3 " ]1[C,H,)/[H;0* J[CI )2 + k,[PdCIZ T2 [C,H,)/IH;0¥1[C1T ] (2)

specific case of the more general relation (2).

In the study of the oxidation of higher alkenes, the exact measurement of the oxidation is
complicated by simultaneous isomerization of the starting 1-alkene as palladium salts catalyze
also double bond migration. For that reason the oxidation of styrene, which hydrocarbon can-
not be isomerized is more convenient for such a study.

The oxidation of styrenc by palladium salts has bzen studied by only a few number of authors.
Thus, it is reported® 7 that the rate of styrene oxidation measured potentiometrically at Pd?*
concentrations of 0:02 to 0-2 mol dm ™ can be expressed by the ficst order equation, it raises
with increasing PdClﬁ' concentration and becomes more complicated. The relationship between
the second order rate equation and the concentration of Hlo+ and CI~ ions was described
by Eq. (3). According to Eq. (J), the oxidation rate of styrene substituted on the

ky = 1/@H;0*1[CI7} + b[CITPP) €)

benzene ring can be expressed by the second order rate equation.

In the present work we used styrene as the model compound for determining
the oxidation ratc of higher 1-alkenes by palladium salts with the aim to examine
the role of mononuclear and binuclear palladium complexes in aqueous solution,
which problem was examined in our previous papers by different methods®~*°,

EXPERIMENTAL

Chemicals used. Styrene, redistilled b.p. 33-5°C/1-33 kPa; n3° 1-5467, 0° 0-9074), methanol,
NH,OH, HCI, Hg for polarography, gelatine and methoxyethanol were all ol the analytical
purity grade; PdCl, — 409; solution (Safina, Vestec near Prague).

Apparatus and analytical methods used. Xinctic measurements were carried out in a discontinual
isothermal rcactor of the shape of sealed ampoules placed in a rotating stand. These were im-
merscd into a thermostated bath, the temperature of which was kept constant within +0-1°C.
The reaction was stopped by flashing the contents to 0°C. The initial palladium and HCI
concentrations were determined by potentiometric titration using palladium electrode (the
reference electrode was s.c.2.); KJ or NaOH were used as titrating agents.

Kinctics of the oxidation of styrene by palladium salts was followed on the basis of Pd(Il)ions
consumption which was determined polarographically!! using ammonia bufler. Under these
condition, Pd determined as Pd(NH; ) ions showed the half wave potential Ef;, = —0-72'V.
The mcasurements were made on a LP 60 instrument (Laboratorni pristroje, Prague).

RESULTS

The measurements were performed at a temperature of 75°C. This temperature was
chosen on the basis of preliminary experiments. PdCl, and styrene were always used
in the 1 : 1 molar ratio. Methanol was used as the solvent since it homogenized the
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reaction medium and was also inert to the reactants under given reaction conditions.
The initial concentrations of individual components were as follows: 0-075M-PdCl,,
0-075M styrene, 0-225M-HCl, 15M-H,O, the residue was methanol. The PdCl, :HCI :
: H,O mol. ratio was 1:3:200. The results of 5 independent measurements are
summarized in Table 1.

Further measurements were made by using PdCl, : HCl : H,O mol. ratio =
= 1:4:100. The H,O to PdCl, ratio was decreased due to the fact that at PdCl, :
: H,0 mol. ratio = 1 :200 the reaction mixture contained two phases. The initial
concentrations the following: 0:075M-PdCl,, 0-075M styrene, 0-3mM-HCl, 7-5M-H,0,

TasLE T
Time Dependence of Pd(IT) Conversion at 75°C for PdCl, : HCI: H,0 Molar Ratio == 1:3:200

1, min BN X3 X3 X4 X5 X
10 0360 0-360 0385 0381 0-365 0:370
20 0462 0-378 0-458 0460 0-469 0-465
30 0-499 0505 0-495 0-525 0-518 0-508
45 0:572 0-577 0-585 0-580 0-571 0-577
60 0628 0623 0:607 0-615 0620 0-619

120 0395 0-704 0-711 0:700 0-690 0:700
180 0747 0762 0752 0-763 0763 0-757
240 0-785 0:791 0-785 0-785 0780 0-785
300 0-815 0-799 0-801 0-811 0-820 0-809

TABLE IT
Time Dependence of Pd(1T) Conversion at 75°C for PdCl, : HCl: H,O Molar Ratio = 1:4: 100

¢, min ER X X3 X

10 0-059 0-059 0-062 0-060
20 0116 0-124 0-125 0-122
30 0169 0177 0173 0-173
45 0-204 0216 0-222 0214
60 0-267 0251 0-258 0-259
120 0-359 0-352 0-347 0353
180 0418 0418 0-420 0419
240 0-467 0-461 0-463 0-464
300 0-486 0-489 0-490 0-488

Collection Czechoslovak Chem. Commun. [Vol. 46] [1981]



576 Vojtko, Kaszonyi, Cihové, Hrugovsky :

the residue was methanol. The results obtained by 3 independent measurements are
presented in Table 1T.

Analogous measurements were made also by using the components in the molar
ratio PdCl, : HCl: H,O = 1:5:100. The initial concentration in the solution
before oxidation was the same as in the preceding cases except that HCI concentra-
tion was increased to 0-375 mol/dm ™. The results of 3 independent measurements are
presented in Table TIf.

DISCUSSION

As already mentioned, we examined in the present work kinetics of the styrene oxida-
tion with palladium chloride and with [PdCI*]; to get a decper insight into the
mechanism of this oxidation in the case of higher 1-alkenes. Compared to the so far
reported measurements of this oxidation kinetics, the principal change in this work
is the use of the method of conversion curves. In previous works hydroquinone was
used as the reoxidant, the overall concentration of chloride and hydrogen ions being
thus constant in the course of the oxidation. In our-case, the concentration of PdCI2~
ions decreases during the reaction and the concentration of both chloride and hydro-
gen ions increases proportionally as the result of formation of metallic palladium.
Both ions exhibit rate-retarding effect” = on the vclocity of the reaction. Thus, their
formation can be utilized — via comparison of theoretical with experimental con-
version curves — in proving or disproving the ideas about mechanism of this oxida-
tion reaction.

The approach used to derive the corresponding kinetic equations can be illustrated
on the validity of the rate determining equation (1) In this case, we assumed that

Tasnre ITT
Time Dependence of Pd(II) Conversion at 75°C for PdCl, : HCI : H,O Molar Ratio = 1 : 5: 100

xl

1, min xy Xy X3

10 0-035 0-020 0-038 0031
20 0-055 0-051 0061 0056
30 0-094 0-067 0082 0081
45 0-120 0-119 0105 0115
60 0-139 0-144 0137 0140
120 0-239 0-235 0-219 0-231
180 0-275 0-314 0-290 0293
240 0-337 0-330 0-341 0336
300 0376 0373 0-378 0376
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equilibrium steps (4), (B) and (C) are fast compared to the rate determining step (D).
In such a case, the rate determining step is the decomposition of the mononuclear
complex A, provided

Cl OH
Npg”
Cl/ \styrene
A

that the equilibrium constants of the cquations (A4)—(C) are shifted to the left and the
initial concentrations are the following: PdCI2™ = cJ, styrene = ¢? = ¢J, chlori-
des = ¢2, = cp, hydrogen ions = ¢y = 3cp.

In time t, when the degree of palladium conversion will be x, the concentrations
of the above compounds will be as follows: palladium: ¢; = cp(1 — x), styrene:
¢! = cp(1 — x), chlorides: c& = cp(l + 4x), hydrogen ions: cjy = ¢p(3 + 2x).
After introducing these expressions into Eq. (7) we obtain Eq. (4), the modification
of which yields Eq. (5) which after integration acquires the form (6).

W= dxfdt = [y cl(t = x) (1 = D] [+ 427 0 + 2017 (4
axfdt = ke "[(1 = PTG + 26) (1 + 407" )

ki(c9)™2 = 17 1(16x* + 128x + 125 1—i‘—x —2501n (1/1 — x)). (6)

Further equations for the mononuclear mechanism were derived analogously and
that for the case where the equilibrium constant of Eq. (4) is shifted to the right,
the other two to the left, efc., until the equilibrium constants of the reactions (4)—(C)
are all shifted to the right. The resulting integrated kinetic equations are listed
in Table IV,

Because the binuclcar complexes prevail® ™ > over the mononuclear ones, at alkene
concentrations higher than 0-04, we derived also the rate equations for the binuclear
mechanism. In this case the first three equations are identical with the previous case
(Eqs (4)—(C) for the mononuclear mechanism); the reaction mechanism involves,
however, one additional step (G).

c -

d< + C1~
alkene-OH

Cl
/N
BN

_ Kq CI\
PdCl3~ + [PdCl,(OH)(alkene)]”™ P P
/ Ner’

ci
©)

The example of the derivation of kinetic equations for the binuclear mechanism
is the case where the equilibrium constants of Eqs (4)—(C) and (G) are shifted
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to the left. In time t = 0, the initial concentrations of the substances are following:
PACI2™ = ¢, styrene = ¢ = 3, free chlorides ¢2, = ¢, hydrogen ions cfj = 3cp.
In time t the actual concentrations are the following: PdCI;™ :¢p = ch(l — x),
styrene: ¢! = ¢3(1 — x), chlorides: cf, = ¢Y(1 + 4x), hydrogen ions: cj; = ¢p(3 +
+ 2x).

After introducing the second term of Eq. (2) we obtain relation (7) which can be
transformed to Eq. (8) which after integration yields Eq. (9).

w = c.dx/dt = ky[cp’(1 — x)? ep(1 — x)] [eR(3 + 2x) (ep)* (L + 4x)*]"* (7)

dxfdt = ky[(c§)72 (1 ~ x)>][(3 + 2x) (L + 4x)*]"* 8)

k()™ = 171 [ —64x2 — 627x + 312:5 220 _ 1950 180010 + —
(1~ x)* 1 —x 1—-x

Q)

Further possible types of kinetic equations for the binuclear mechanism were
derived analogously. It was assumed that the equilibrium constants of Eqs (4)—(C)
and (G) are successively shifted to the right until all the equilibrium constants of the
reaction mechanism are shifted to the right hand side. The equations in integrated
form are presented in Table V.

The integrated relations (10)—(/8) were used to calculate the rate constants
kif(c9)? ot kyf(cp)* for individual mechanisms from experimental data. The values
of these constants in dependence on the conversion of styrene are represented graphi-
cally in Fig. 1 for the mononuclear mechanism and in Fig. 2 for the binuclear one.
From Figs 1 and 2 it becomes evident that the values of ki/(c9)* and of ky(cD)?
remain constant for Eq. (13) (identical with Eq. (6)), which corresponds to the trans-
formation of the mononuclear palladium complex during which all the preceding
equilibrium steps are shifted to the left.

With respect to the fact that in aqueous solution there exist only mononuclear
palladium complexes®'®, the most likely seems to be the mechanism described by the
rate equation (13).

Therefore we measured further the oxidation rate of styrene with PdCI~, in
which case we increased the initial HCl concentration and determined the rate
equations with the corresponding initial composition. For data given in Table II
we calculated Egs (19), (20) and (21), (22), the differential and integrated forms
of which are presented in Table VI. Eqs (19) and (21) are rate equations of the type
(13) and (I8) for data from Table 11I. From Egs (19), (20) and Eqgs (21), (22) we cal-
, culated the rate constants summarized in Fig. 3. From their values it follows that

also for another PdCl, : HCl ratio the reaction co 5‘375&01: ipg to the mononuclear
4
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mechanism is more likely compared to the binuclear one. Even the ratio of the
apparent rate constants to the initial palladium concentration, k,/(cp)? (excess 4M-HCl
and excess 5M-HCI with respect to PdCl, in the initial composition of the solution)
has in both cases the practically identical absolute values which could indicate that
in such solutions also the equilibrium constants have constant values.

kO

A

03 05 P 0
Fi16. 1 F1G. 2
Values of Apparent Rate Constants for Values of Apparent Rate Constants for
“Mononuclear” Mechanism Calculated from “Binuclear” Mechanism Calculated from
Data Presented in Table I Data Summarized in Table I
1Eq. (J0), 2Eq. (71), 3Eq. (12), 4Eq. (13). 1Eq. (I4), 2Eq. (15), 3Eq. (16), 4 Eq. (17),
5 Eq. (18).

FiG. 3
Values of Apparent Rate Constants for
‘“Mononuclear” and “Binuclear” Mechanism
Calculated from Data Listed in Tables II
and III
0 ! L L5 1 Eq. (21), 2 Eq. (22), 3Eq. (19), 4 Eq. (20).
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It could be deduced from experimental data that the most probable reaction
mechanism of the oxidation of styrene involves steps (H)— (L), the constants K; — K3
being smaller than 1. The rate of the oxidation is controlled by Eq. (23), where k; =
= K, KKk

w = k,[PdCI; ] [styrene] ([H;0*] [CI7]*)"* (23)
PdCI;™ + styrene —_ [PdCly(styrene)]™ + CI- (H)
[PdCl,(styrene)]~ + H,0 — [PdCly(styrene) (H,0)]™ + CI~ (1)

[PdCly(styrene) (H,0)] + H,0 == [PdCl,(OH) (styrene)]” + H,0* (J)

Pd-Cl + [styrene.O] + CI~ + H,0%
(K)

Pd-Cl 4 pdo 4 CI- (L)

[PdCI,(OH) (styrene)]~ + H,O

Note: [styrene.O] = acetophenone and phenylacetaldehyde.

The rate equatjon just mentioned should describe also the oxidation of higher
alkenes with PdCI ™, although in these cases the description of the reaction rate
is complicated by simultaneous double bond isomerization.
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