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A kinetic model was developed for the reaction of ethylene oxidation to acetaldehyde by 
p-benzoquinone (Q) at 30 С catalyzed by the cationic palladium(II) complexes in a binary 
acetonitrile—water solvent at a molar fraction of water of 0.67. The three-route mechanism was 
proposed that adequately describes all experimental dependences of the concentrations of 
consumed ethylene on time at various partial ethylene pressures and concentrations of palla-
dium, perchloric acid, and Q. The time-dependent (a) palladium distribution between the 
intermediates and (b) ratio of the rates of steps of acetaldehyde oxidation via diff erent routes 
were analyzed. The role of the PdII, PdI, and Pd0 complexes in the catalytic formation of olefi ns 
was discussed. The quantum chemical estimates of the composition of the coordination sphere 
for several intermediates and probabilities of some elementary steps in the reaction mechanism 
were obtained.
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The participation of the cationic PdII complexes in 
nonaqueous and acidic water-organic media in catalysis 
has attracted research interest long ago.1—12 Among the 
reactions involved is the oxidation of olefi ns.5—12 The 
study of the kinetics of cyclohexene oxidation by p-benzo-
quinone (Q)9 and measurements of kinetic isotope eff ects 
(KIE) in the reactions of ethylene and cyclohexene oxid-
ation11 in acetonitrile (AN)—H2O/D2O systems made it 
possible to elucidate the main features of the mechanism 
of these reactions. The mechanism includes the addition 
of a water molecule to the π-complexes at the slow step 
without preliminary dissociation, the formation of the 
cationic PdI complexes (Pd2Q2+) during cyclohexene 
oxidation, and four routes for the reaction of cyclohexan-
one formation.11 As a result of the determination of the 
initial rates, the kinetics13 of dec-1-ene oxidation by oxy-
gen in solutions of the PdCl2 complex with (–)sparteine 
(diazatetracycloheptadecane) as a ligand in a dimethyl 
acetamide (DMA)—water system at 70 С and 1.7 atm О2 
was described. The data obtained also brought some light 

on the reactivity of the cationic palladium complexes, 
since two chloride ions are replaced by water or DMA and 
the dicationic π-complex is formed in the reaction me-
dium. When the water concentration changed up to 
8 mol  L–1, it was found13 that the reaction rate can be 
described by the third-order equation with respect to 
[Н2О]Σ. An intermediate containing the dicationic 
π-complex with three water molecules was proposed13 to 
explain this fact, although the structure of this complex is 
a transition state rather than an intermediate. Since the 
system contains no acid, the KIE equal to 1.6—2.6 ob-
served11 in the Н2О/D2O system can be related to both 
the reversible deprotonation of the product of water mol-
ecule addition to the cationic π-complex and hydrolysis 
of Pd2+. In an AN—water system, the dependences of the 
oxidation rates of cyclohexene9,10 and ethylene14 by 
p-benzoquinone on the molar fraction of water are de-
scribed by curves with two maxima9,10 or one maximum.14 
The maximum on the curve describing the initial rates of 
ethylene oxidation by p-benzoquinone approximately 
corresponds to the composition of the associate AN/Н2О = 
= 2 (MeCN…H—O—H…NCMe). 

The kinetic model of ethylene oxidation to acetalde-
hyde in a Pd(OAc)2—HClO4—LiClO4—Q—AN—H2O 
system has recently been constructed15 using the results 
of measuring the initial rates (R0) of ethylene consumption 
taking into account the lack of KIE in AN—Н2О/D2O 
(see Ref. 11) and C2H4/C2D4 (see Ref. 12) systems. The 

* Dedicated to one of the founders of modern catalysis by metal 
complexes, Academician of the Russian Academy of Sciences 
I. I. Moiseev on the occasion of his 90th birthday. Both the 
discovery of the reaction of olefi n oxidation with the formation 
of carbonyl compounds and vinyl and alkenyl esters catalyzed by 
the palladium complexes and also the development of the coor-
dination and organometallic chemistry of palladium are asso-
ciated with the name of I. I. Moiseev. 
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dependences R0 = f(P(C2H4) or [H+]) are described by the 
"saturation" curves, i.e., curves with a limit of function 
in creasing, R0 = k[Pd]Σ, and R0 = f([Q]) is extremal with 
a max imum near [Q] = 0.1 mol L–1. The kinetic equation 
experimentally verifi ed at constant concentrations of 
water and acetonitrile contains the second-order polynomial 
with respect to [Н2О] in the numerator and the third-
order polynomial with respect to [Н2О] in the denomina-
tor. No quantitative analysis of this dependence was 
performed, because the reaction rate also depends on the 
acetonitrile concentration under the conditions of a sig-
nifi cant change in the properties of the binary water—AN 
solvent. Since the process of ethylene (and cyclohexene) 
oxidation in a closed system is characterized by the kinetic 
curve with two regions: fast and slow,9,11,12,15 it seemed 
of interest to develop a kinetic model that describes the 
process up to high degrees of p-benzoquinone consump-
tion. This model could be helpful in revealing the nature 
of these two regions and details of the mechanism related 
to the possibility of the PdI complexes to participate in the 
process of ethylene oxidation. 

Experimental

The procedure of a kinetic experiment was earlier described 
in detail.11,12,15 The selectivity to acetaldehyde is 95%. The 
quantum chemical calculations were performed using the 
PRIRODA program.16,17 The scalar relativistic approximation 
of the DFT-PBE density functional method18 combined with 
the L11 full-electron basis set was used.19 The solvent eff ect was 
taken into account by the addition of several molecules of water 
and acetonitrile. For the steps involved the cationic palladium 
complexes, the infl uence of the counterion was evaluated by the 
addition of ClO4

– anions solvated by water molecules, i.e., infl u-
ence of the formation of ion pairs.

The kinetic curves used for the construction of the kinetic 
model of the process are presented in Figs 1—4 for various con-
centrations of PdII, HClO4, Q, and С2Н4 (P(C2H4)). The inverse 
problem of chemical kinetics (estimation of the rate constants 
of the kinetic model) was solved using the program package.20 
The initial rate constants were estimated taking into account the 

rate values of the quasi-stationary process in the initial region15 
and in the slow regions of the kinetic curves. 

Results and Discussion

To describe the process on time, the mechanism of 
ethylene oxidation (steps (1)—(10)) used for obtaining the 
kinetic equation of the reaction by the initial rates15 was 
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Fig. 1. Time dependences of the concentration of consumed 
ethylene at various partial pressures of ethylene: P(C2H4) = 0.23 (1), 
0.42 (2), 0.6 (3), and 0.83 atm (4); [Pd]Σ = 0.0005 mol  L–1, 
[Q] = 0.2 mol  L–1, [HClO4] = 0.2 mol  L–1, α(H2O) = 
= 0.67 molar fractions. 
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Fig. 2. Time dependences of the consumed ethylene concentra-
tion at various acid concentrations: [HClO4] = 0.1 (1), 0.2 (2), 
0.3 (3), 0.4 (4), and 0.5 mol L–1 (5); [Q] = 0.2 mol L–1, P(C2H4) = 
= 0.87 atm, [Pd]Σ = 0.0005 mol  L–1, α(H2O) = 0.67 molar 
fractions.
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Fig. 3. Time dependences of the consumed ethylene concentra-
tion at various p-benzoquinone concentrations: [Q] = 0.05 (1), 
0.1 (2), 0.2 (3), and 0.4 mol  L–1 (4); P(C2H4) = 0.87 atm, 
[Pd]Σ = 0.0005 mol  L–1, [HClO4] = 0.2 mol  L–1, α(H2O) = 
= 0.67 molar fractions.
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Fig. 4. Time dependences of the consumed ethylene concentra-
tion at various palladium concentrations: [Pd]Σ•104 = 2.5 (1), 
5 (2), 7.5 mol L–1 (3); [Q] = 0.2 mol L–1, P(C2H4) = 0.87 atm, 
[HClO4] = 0.2 mol L–1, α(H2O) = 0.67 molar fractions.
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supplemented by seven steps (steps (11)—(17)) that take 
into account the formation of the PdI complexes during 
the process and the appearance of the route (catalytic 
cycle) involving these complexes. The hypothesis of the 
mechanism of ethylene oxidation (see steps (1)—(17)) is 
based on the results of studying the reactivity of the cationic 
palladium complexes in an acetonitrile—water system. 
These results include the kinetics of the oxidation of cyclo-
hexene by p-benzoquinone,9 electronic absorption spectra 
of a Pd(OAc)2—HClO4—AN—H2O system,21 the KIE 
values in AN—H2O/D2O (see Ref. 11) and C2H4/C2D4 
systems,12 and determination of the shape of the kinetic 
dependences R0 = f(P(C2H4), [H+], [Pd]Σ, [Q]).15 In 
addition, the data of numerous experimental and theo-
retical studies on the kinetics and mechanism of olefi n 
oxidation22—24 and diverse oxidation reactions in solutions 
of the palladium complexes25—27 were used.

Pd(AN)(H2O)3]2+ + C2H4(s)  

   [Pd(AN)(C2H4)(H2O)2]2+ {π1} + H2O (1)

[Pd(AN)(C2H4)(H2O2)]2+ {π1} 

   [Pd(AN)(CH2CH2O+H2)(H2O)2]+ {σ1} (2)

[Pd(AN)(CH2CH2O+H2)(H2O)2]+ {σ1} 

   [Pd(AN)(CH2CH2OH)(H2O)2]+ {σ2} + H3O+ (3)

[Pd(AN)(CH2CH2OH)(H2O)2]+ {σ2} 

   [Pd(AN)(H2O)2]0 {Pd0} + CH3CHO + H3O+ (4)

[Pd(AN)(H2O)2]0 {Pd0} + Q  

   [Pd(AN)(Q)]0 {PdQ0} + 2 H2O (5)

[Pd(AN)(H2O)2]0 {Pd0} + 2 Q  

   Pd(Q)2
0 + AN + 2 H2O (6)

[Pd(AN)(Q)]0 {PdQ0} + H3O+  

   [Pd(AN)(OC6H4OH)(H2O)]+ (7)

[Pd(AN)(OC6H4OH)(H2O)]+ 

   [Pd(AN)(H2O)3]2+ + QH2 (8)

[Pd(Q)2]0 + H3O+ + H2O  

   [Pd(Q)(OC6H4OH)(H2O)2]+ {Pd(Q)(QH)+} (9)

[Pd(Q)(OC6H4OH)(H2O)2]+{Pd(Q)(QH)+} + 

 + H3O+  [Pd(AN)(H2O)3]2+ + QH2 + Q (10)

[Pd(AN)(H2O)3]2+ + [Pd(AN)(H2O)2]0  

   [Pd2(AN)2(H2O)4]2+ + H2O (11)

[Pd2(AN)2(H2O)4]2+ + Q  

   [Pd2(AN)2Q(H2O)2]2+ + 2 H2O (12)

[Pd2(AN)2Q(H2O)2]2+ + C2H4(s)  

   [Pd2(AN)2Q(C2H4)(H2O)]2+ + H2O (13)

[Pd2(AN)2Q(C2H4)]2+ + H2O  

   [Pd2(AN)2Q(CH2CH2O+H2)(H2O)]+ {σ3} (14)

[Pd2(AN)2Q(CH2CH2O+H2)(H2O)]+ {σ3} 

   [Pd2(AN)2Q(CH2CH2OH)(H2O)]+ {σ4} + H3O+ (15)

[Pd2(AN)2Q(CH2CH2OH)(H2O)]+ {σ4} + Q  

   [Pd2(AN)2Q(QH)(H2O)]+ + CH3CHO (16)

[Pd2(AN)2Q(QH)(H2O)]+ + H3O+  

   [Pd2(AN)2Q(H2O)2]2+ + QH2 (17)

The brief designations of the intermediates are pre-
sented in braces for the steps of the mechanism for con-
venience of the further discussion (s implies solution). 

It has previously been found15 that the R0 values in-
crease with an increase in [HClO4] until almost constant 
values were achieved ("saturation" curve) and the KIE 
value11 for the H2O/D2O pair is close to 1. These observa-
tions and facts assert that the system studied includes no 
step of water dissociation in the kinetically irreversible 
(slow) step (2) and in the preceding quasi-equilibrium 
steps. Therefore, the reaction of the π-complex with the 
water molecule (see step (2)) proceeds as the anti-addition 
of water from solution to ethylene, which is coordinated 
to the palladium cation with the formation of the palladi-
umcarbenium cation solvated by the water molecule (σ1) 
(see also review24). It can be assumed that the redox de-
composition of the intermediate (σ1) to acetaldehyde and 
complex [Pd(AN)(H2O)2]0 occurs after slow step (2) in 
fast irreversible steps (3) and (4). This assumption does 
not contradict the observation that the KIE value12 for 
the C2H4/C2D4 pair is also close to 1. After stabilization 
of the Pd0 complex by the reaction with p-benzoquinone 
in quasi-equilibrium steps (5) and (6), the second slow 
step occurs: oxidation of Pd0 in the reaction with the acid 
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(see step (7)), leading to the regeneration of the initial 
palladium(II) complex via the formation of palladium 
hydroquinolate. In a series of works28,29 conducted in 
aqueous solutions, the type (7) step is considered as a 
rate-determining one. The Pd0 complexes with quinones 
are well known,30 as well as the oxidation of palladium(0) 
by p-benzoquinone in the presence of acids.31,32 The step 
of oxidation of palladium(0) in the Pd(Q)2

0 complex was 
included into the reaction mechanism for completeness 
of the model. Step (9) was regarded as quasi-equilibrium. 
We considered only one 1 : 1 π-complex of ethylene with 
Pd2+ in the proposed two-route scheme of the mechanism 
(see reactions (1)—(10)).15

The palladium(I) complex involved in the additional 
third route can be formed in reversible step (11). By analogy 
to step (3), step (14) is the formation of the intermediate 
organopalladium compound (σ3) transformed in steps (15) 
and (16) via (σ4) into acetaldehyde. Step (17) describes 
the regeneration of the complex formed at step (12).

The kinetic graph of mechanism (1)—(17) with one 
reversible nonlinear step (11), which clearly represents the 
mechanism structure and relationship of the routes, is 
shown in Fig. 5.

When writing the systems of diff erential equations for 
17 steps of the assumed mechanism, it was taken into ac-
count that the concentrations of ethylene, acid, and 
acetonitrile (11.2 mol  L–1) remain unchanged in time. 
The water concentration (22.3 mol L–1) remains nearly 
unaltered during the process. The equations of the law of 
mass action for the steps involving water or acetonitrile 
molecules include the overall concentrations of these 
components of the solvent. The rate constants of 17 steps 
and equilibria (six kinetically reversible steps) are presented 
in Table 1.

An analysis of identifi ability of parameters of the 
model33 showed eight unambiguous estimates of the 
para meters and parametric functions (PF): k12 (0.19), 
k16 (0.14), K1k2 (0.05), k6/(K5k7) (0.20), K11/(K5k7) (0.20), 
k5/(K5k7) (0.26), k9k10(0.31), and k3k4 (0.33) (logarith-
mic inaccuracies of the parameters and PF are given in 
parentheses). 

Possible reasons for relations between the estimates of 
the constants and appearance of the PF are the following: 
quasi-equilibrium before the irreversible step (K1k2 and 
K5k7), quasi-stationarity (k3k4 and k9k10), and parallel 
(competitive) steps (k5/k6).

The examples of four of 14 calculated and experimen-
tal kinetic curves of the consumed ethylene concentration 
(or formed acetaldehyde concentration) are presented 
in Fig. 6. 

An analysis of 14 kinetic curves of the consumed ethyl-
ene concentration under various conditions showed that 
a noticeable deviation of the calculated concentrations 
from the experimental ones in the second ("slow") region 
of the kinetic curve is observed only for four of them, and 
Сcalc > Cexp in the four cases. The root-mean-square error 
of the experiment description is 10.36%. Note that on 
the "fast" region of the curves the kinetic regularities are 
described by the initial rates15 in terms of mechanism 

Fig. 5. Kinetic graph of the three-route mechanism of ethylene oxidation by p-benzoquinone with reversible nonlinear step (11).

Table 1. Rate (ki) and equilibrium (Ki) con-
stants for the steps of the ethylene oxidation 
mechanism 

Step (i) ki Ki

(1) 183.6 —
(2) 26.7 2.0
(3) 8.5 —
(4) 8.5 —
(5) 2.7•104 1.95
(6) 2.3•104 1.0•1010

(7) 1.8•108 —
(8) 24.4 —
(9) 2.79 2.9•103

(10) 5.49 —
(11) 1.0•1010 3.1•104

(12) 250.0 —
(13) 1.0•1010 1.0•1010

(14) 5.25 —
(15) 5.55 —
(16) 21.8 —
(17) 9.4•106 —
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(1)—(10) with the root-mean-square error equal to 4.5%. 
A possible reason for description worsening can be 
an insuffi  ciently substantiated choice of the composition 
of the coordination sphere of the palladium(II) and 
palladium(I) complexes in the intermediates of steps 
(1)—(17). 

The material balance with respect to palladium ([Pd]Σ = 
= 0.0005 mol  L–1) during the process on regions А 
(1—15 min) and В (13—45 min) was analyzed taking into 
account the intermediates, whose concentration was 
>5 mol.% of [Pd]Σ (Table 2) for the following conditions: 
[Q] = 0.4 mol  L–1, Р(С2Н4) = 0.87 atm (see Table 2, 
entry 1, Fig. 6, c), [Q] = 0.2 mol L–1, Р(С2Н4) = 0.42 atm 
(entry 2, see Fig. 1, curve 2) and for the "standard" entry 
with [Q] = 0.2 mol L–1, Р(С2Н4) = 0.87 atm (entry 3, see 
Fig. 6, d). A series of regularities can be revealed by the 
results of analysis of the material balance (mol.% Pd bound 
in σ4 indicated in the tables taking into account two pal-
ladium atoms in σ4).

A. Within 1—3 min the catalyst occurs mainly as Pd2+, 
PdQ2, and PdQ(QH)+ or Pd2+, PdQ2, PdQ(QH)+, and 
σ4; Pd2+ and σ4 or σ4 at the end of the process (see Table 2).

B. The concentrations of all intermediates, except for 
σ4, decrease in the course of the process, and palladium 
is accumulated in the form σ4. A considerable accumula-
tion of palladium in the form σ4 is observed to the moment 
of completion of the fast region of the kinetic curves, i.e., 
in 13—15 min.

C. The signifi cant increase in the fraction of σ4 to the 
end of the process is probably related to a lower ability of 

the organometallic σ-compound of PdI to the redox de-
composition with acetaldehyde formation. 

D. A decrease in the concentrations of p-benzoquinone 
[Q] from 0.4 mol L–1 (entry 1) to 0.2 mol L–1 (entry 3, 
see Table 2) decreases the concentrations of the inter-
mediates PdQ2, PdQ(QH)+, and σ4.

E. An increase in Р(С2Н4) from 0.42 atm (entry 2) to 
0.87 atm (entry 3) is accompanied by a decrease in the 
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Fig. 6. Time dependences of the consumed ethylene concentration: 1, experiment and 2, calculation. Conditions: (a) [Q] = 
= 0.2 mol  L–1, P(C2H4) = 0.6 atm, [H+] = 0.2 mol  L–1, [Pd]Σ = 5•10–4 mol  L–1, [LiClO4] = 0.3 mol  L–1, αH2O = 0.67; 
(b) [Q] = 0.2 mol L–1, P(C2H4) = 0.87 atm, [H+] = 0.5 mol L–1, [Pd]Σ = 5•10–4 mol L–1, αH2O = 0.67; (c) [Q] = 0.4 mol L–1, 
P(C2H4) = 0.87 atm, [H+] = 0.2 mol L–1, [Pd]Σ = 5•10–4 mol L–1, [LiClO4] = 0.3 mol L–1, αH2O = 0.67; (d) [Q] = 0.2 mol L–1, 
P(C2H4) = 0.87 atm, [H+] = 0.2 mol L–1, [Pd]Σ = 5•10–4 mol L–1, [LiClO4] = 0.3 mol L–1, αH2O = 0.67. 

Table 2. Distribution of [Pd]Σ (mol.%) in the intermediates 

Time [Pd2+] [σ1] [σ2] [PdQ2] [PdQ(QH)+] [σ4]
/min

 [Q]0 = 0.4 mol L–1, Р(С2Н4) = 0.87 atm (entry 1)

3 26.2 5.3 5.3 26.4 26.6 19.6
14 20.4 4.1 4.1 18.6 18.7 33.8
21 17.6 3.5 3.5 15.2 15.2 44.4
40 12.7 2.5 2.6 19.1 19.1 63.6

 [Q]0 = 0.2 mol L–1, Р(С2Н4) = 0.42 atm (entry 2)

3 45.6 — — 13.0 13.1 17.7
15 27.4 — — 16.4 16.4  53.6
22 21.8 — — 14.5 14.6 64.0
40 14.1 — — 12.2 12.2 78.4

 [Q]0 = 0.2 mol L–1, Р(С2Н4) = 0.87 atm (entry 3)

1 34.6 6.9 7.0 21.0 21.4 16.9
13 21.0 4.2 4.2 19.3 19.3 50.8
20 16.6 3.3 3.3 16.6 16.1 63.6
45 18.7 1.6 1.7 11.4 11.4 84.0
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concentrations of Pd2+, PdQ2, and PdQ(QH)+ and weakly 
aff ects the concentration of σ4.

The following conclusions can be drawn from an 
analysis of changes in the rates of the steps of acetaldehyde 
formation (4) and (16) (Table 3) and the overall rate of 
the oxidation reaction RΣ in time.

(1) Beginning from the fi rst minute, the reaction rates 
of ethylene oxidation W4 and RΣ decrease as the Pd2+ 
concentrations decrease in reaction (11) (see Table 2) and 
Pd2+ is transformed into Pd2

2+ and further into σ4.
(2) In the experiment with [Q] = 0.4 mol L–1 (see Table 3, 

entry 1), the calculated (and experimental) rates of ac-
etaldehyde formation change insignifi cantly with time 
until t = 21 min is achieved compared to entry 3 with 
[Q] = 0.2 mol L–1. A weaker change in RΣ within 40 min 
(1.5-fold decrease in the fi rst case and 3.2-fold decrease 
in the second case) is also observed. These results are 
related, most likely, to the compensation of decreasing 
rate W4 of step (4) (due to a decrease in [Pd2+]) by an 
increase in the rate with a decrease in the quinone con-
centration in time on going from the initial quinone 
concentration equal to 0.4 mol L–1 to a concentration of 
0.2 mol L–1. This increase in the rate is accompanied by 
the experimentally found extremal dependence of the 
initial rate R0 = f([Q]0),15 which demonstrates an increase 
in the rate as the quinone concentration decreases from 
0.4 to 0.2 mol L–1 (see rate values W4 at t = 3 min in Table 3, 
entries 1 and 3). The lower change in the reaction rate 
RΣ in entry 1 is also aff ected by a substantial increase in 
the contribution of the third route (W16) in RΣ with time. 
For example, in the experiment with [Q] = 0.4 mol L–1 
the contribution of third route to the overall rate at 
t = 40 min is 28%. In this case, the quinone concentration 
does not increase to an extremum ([Q] = 0.1 mol  L–1) 
even within 40 min at the 60% quinone conversion, 
while this extremum is attained within 13—15 min at 

the initial quinone concentration 0.2 mol L–1 (see Table 3, 
entry 3). 

(3) The rates of acetaldehyde formation via the third 
route (W16) pass through small maxima with time (see 
Table 3, entries 2 and 3). In entry 1, the maximum of W16 
is not attained within 40 min.  

(4) At the maximum values of the rate W16, the con-
tribution of the third route to the overall reaction rate is 
28, 18, and 12% in entries 1, 2, and 3, respectively.

(5) A comparison of entries 2 and 3 shows that a two-
fold increase in Р(С2Н4) regularly results in an increase 
in the rate W4 at all steps of the process. 

(6) It is most likely that the rates of steps (16) and (17) 
are insuffi  ciently high for the fast regeneration of the 
catalytically active palladium(I) complex [Pd2(AN)2Q-
(H2O)2]2+ formed in step (12).

Thus, in the fi rst "fast" region of the kinetic curve (А), 
the initial concentration of the cationic Pd2+ complex 
rapidly decreases (by 70—80%), since only 20—27% of 
the taken palladium remain in the system. The third route 
appears with the PdI complexes and accumulation of σ4 
containing 30—50% total palladium. This intermediate is 
the major one in the third route. A noticeable contribution 
of the third route is observed only at a high quinone con-
centration (0.4 mol L–1). A higher rate of decomposition 
of σ4 to acetaldehyde also takes place only at an elevated 
concentration of Q due to its assumed participation in step 
(16). The maximum of the reaction rate with respect to 
[Q] (see Ref. 15) is explained by an appreciable binding 
of palladium into the PdQ2 complex (see constant K6 in 
Table 1) and the corresponding decrease in the concentra-
tion of active Pd2+ (see Table 2, [Pd2+] and [PdQ2]). In 
the slow region of the kinetic curve (В), a continuous 
increase in the concentration of σ4 is observed within 
a continuous decrease in the concentrations of all inter-
mediates and quinone (<0.1 mol L–1, entry 3), whereby 
the W4 rate also decreases. 

Since the possibility of catalysis of ethylene oxidation 
by the [Pd(Q)]0 and [Pd(C2H4)(Q)]0 complexes has pre-
viously been assumed28,29 for aqueous solutions of the 
cationic palladium complexes, we additionally considered 
the fourth route including steps (18)—(23). 

[Pd(AN)(H2O)2]0 + 2 C2H4(s)  

   [Pd(AN)(C2H4)2]0 + 2 H2O (18)

[Pd(AN)(Q)]0 + 2 C2H4(s)  

   [Pd(C2H4)(Q)]0 + AN (19)

[Pd(C2H4)(Q)]0 + H3O+  

   [Pd(C2H4)(QH)(H2O)]+ (20)

[Pd(C2H4)(QH)(H2O)]+ + H2O  

   [Pd(C2H4O+H2)(QH)(H2O)]0 (21)

Table 3. Changes in the calculated rates for steps (4) 
and (16) of acetaldehyde formation on time

Entry t/min W4•103 W16•103 R∑•103

   mol L–1 min–1

1 3 4.77 0.19 4.96
 14 3.69 0.60 4.29
 21 3.20 0.72 3.92
 40 2.3 0.89 3.19
2 3 4.0 0.176 4.17
 15 2.40 0.417 2.80
 22 1.92 0.437 2.36
 40 1.24 0.387 1.36
3 1 6.3 0.07 6.37
 3 5.7 0.18 5.88
 13 3.8 0.39 4.19
 20 3.0 0.41 3.41
 45 1.6 0.24 1.84
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[Pd(C2H4O+H2)(QH)(H2O)]0 + H2O  

   [Pd(C2H4OH)(QH)(H2O)]0 + H3O+ (22)

[Pd(C2H4OH)(QH)(H2O)]0 + AN + H2O 

   [Pd(AN)(H2O)2]0 + QH2 + CH3CHO (23)

This route is interesting by the fact that the oxidation 
of complex [Pd(C2H4)(Q)]0 in the reaction with Н3О+ 
immediately results in the hydroquinolate π-PdII complex, 
which further interacts with the water molecule. However, 
an analysis showed that the quality of description was not 
practically improved (error 10.26%).

The description of the mechanism can further be im-
proved using additional data on the coordination spheres 
of all intermediates of the mechanism. This information 
can be provided by quantum chemical study. In this work, 
we calculated the Gibbs energies of steps (1), (4), (5), (11), 
and (12) in order to refi ne the composition of the coordi-
nation sphere of palladium in the key intermediates of 
the mechanism: [Pd(-C2H4)(AN)(H2O)2]2+, [Pd(AN)-
(H2O)2(σ-C2H4O+H2)]+, [Pd(AN)x(H2O)y]0, and 
[Pd2Q(AN)4]2+. In addition, for the further development 
of the theory of mechanisms of oxidation reactions involv-
ing the π-palladium complexes, it is important to obtain 
an additional information about probable mechanisms of 
the steps of the reactions of the π-palladium complexes 
with the nucleophiles (Н2О) and steps of deprotonation 
of the formed intermediates. To approach the problem, 
we estimated the activation barriers of steps (2) and (3) of 
the mechanism. 

Step (1). The displacement of the water or acetylene 
molecule is possible in the step of ethylene addition to the 
[Pd(AN)(H2O)3]2+ complex. The modeling of this step 
taking into account two perchlorate ions solvated by two 
water molecules and one AN molecule resulted in the 
Gibbs energies ΔG298 = –4.3 and –2.2 kcal  mol–1 for 
reactions (1.1) and (1.2), respectively. Thus, when the 
formation of the coordination complex involves ethylene, 
the displacement of the water molecule (1.1) is the ener-
getically favorable process. 

[Pd(AN)(H2O)3]2+ + C2H4  

   [Pd(-C2H4)(AN)(H2O)2]2+ + H2O (1.1)

[Pd(AN)(H2O)3]2+ + C2H4  

   [Pd(-C2H4)(H2O)3]2+ + AN (1.2)

The absence of counterions for modeling step (1) leads 
to an energetically unfavorable relative to Pd(AN)2

0 reac-
tion. For example, for reaction (1.2) ΔG298 becomes equal 
to 16.8 kcal mol–1.

Steps (2) and (3). Since an analysis of the potential 
energy surface (PES) of these steps is diffi  cult, we fi rst 

considered the systems in the absence of solvated perchlo-
rate anions. Modeling of the nucleophilic attack of the 
π-palladium complex by a single water molecule results 
in the barrier-free formation of the [Pd(AN)(H2O)2(σ-
C2H4O+H2)]+ complex (step (2)), but the product of 
deprotonation of this complex in step (3) has no minimum 
on the PES and the second water molecule is simply bound 
to the fi rst H2O molecule by the hydrogen bond. Only the 
addition of the third water molecule leads to deproton-
ation. Therefore, step (3) can be written as follows: 

[Pd(AN)(H2O)2(σ-C2H4O+H2)]+ + 2 H2O   

   [Pd(AN)(H2O)2(σ-C2H4OH)]+ + H5O2
+. (3.1)

It is known (see review in the book,27 chapter 8) that 
the addition of organic polar solvents to water in an amount 
of 0.3 molar fraction decomposes the tetrahedral three-
dimensional network of water and results in the formation 
of small associates (H2O)n. Therefore, an assumption about 
the participation of water associates in elementary steps 
of the mechanisms can be considered as valid. In addition, 
the kinetic experiments described above were carried out 
at the molar fraction of acetonitrile equal to 0.33. Hence, 
additional calculations of step (2) were performed using 
an associate of three water molecules (trimer). 

The calculations showed that the addition of the water 
trimer to ethylene in the π-complex requires no activation 
energy and can lead to two diff erent products. In the case 
of the attack of ethylene in the π-complex by the oxygen 
atom of the terminal water molecule of the trimer (as in 
Ref. 34), the addition of the trimer is accompanied by the 
deprotonation and displacement of H5O2

+ from the latter. 
The product identical to the product of step (3.1) is formed 
in this elementary step (3.2) (see Fig. 7, а). 

[Pd(AN)(H2O)2(-C2H4)]2+ + (H2O)3  

   [Pd(AN)(H2O)2(σ-C2H4OH)]+ + H5O2
+ (3.2)

In the case where the central water molecule of the 
trimer is an attacker, the formation of the product 
(Fig. 7, b) is not accompanied by the rejection of a proton 
or water molecules into the external sphere (step (2.1)). 

[Pd(AN)(H2O)2(-C2H4)]2+ + (H2O)3  

   [Pd(AN)(H2O)2(σ-C2H4O+H2(H2O)2)]+ (2.1)

The deprotonation of the {Pd(AN)(H2O)2[σ-C2H4O+-
H2(H2O)2]}+ complex (see Fig. 7, b) becomes possible 
due to the rearrangement related to the turn of the 
CH2O+H2(H2O)2 fragment about the С—С bond from 
the anti- to syn-position with the formation of the Pd—O 
bond and rejection of the cis-coordinated water molecule 
and the water molecule from the associate to the external 
sphere of the complex together with the proton. The 
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product of step (3.3) of the transformation of complex 
[Pd(AN)(H2O)2(σ-C2H4O+H2(H2O)2)]+ is presented 
in Fig. 8. 

The formation of a similar palladacycle has been con-
sidered earlier23,35 in the case of the palladium chloride 
complexes for the cis-insertion of ethylene into the Pd—OH 
bond, which occurs synchronously with the de protonation 
of the product of Н2О molecule addition to ethyl ene in 
the π-complex. Step (3.3) unifi es the step of form ation 
of the [Pd(AN)(H2O){σ,σ-C2H4OH(H2O)}...{H5O2}]+ 
complex (see Fig. 8) from the product of step (2.1) (see 
Fig. 7, b) and the step of H5O2

+ ion transfer from the 
external sphere of the complex to the solution. 

[Pd(AN)(H2O)2(σ-C2H4O+H2(H2O)2)]+  

  [Pd(AN)(H2O){σ,σ-C2H4OH(H2O)}]+ + H5O2
+ (3.3)

According to the calculations, the Gibbs activation 
energy of step (3.3) is 7.4 kcal mol–1. 

At the next stage, we performed modeling of steps (2) 
and (3) taking into account counterions. Note that the 
amount of water molecules solvating perchlorate ions 
defi nes how close to palladium atoms in the π-complex 
can approach the perchlorate ions. If each anion is solvated 
by one, two, or six water molecules, then the Pd—Cl 
distance (Cl in ClO4

–) in the ion pair on the average is 
equal to 4.4, 4.6, or 6.3 Å, respectively. The further cal-
culations were performed in the model with perchlorate 
ions solvated by six water molecules. 

When considering step (2), the addition of perchlorate 
ions mainly leads to two eff ects, The fi rst eff ect is associ-
ated with the appearance of an insignifi cant activation 
barrier of 3.6 kcal mol–1. The second eff ect is related to 
structural changes: the proton moves from the oxygen 
atom of the palladoethanol fragment (Fig. 9) at a longer 
distance (5.1 Å) compared to that in the product of step 
(3.2) (3.1 Å). The presence of hydrated anions leads es-
sentially to the elimination of the water molecule from the 

solvation network for the addition to the π-complex with 
the appearance of an insignifi cant activation barrier of 
3.6 kcal mol–1, but the addition product is simultaneously 
deprotonated to form the palladoethanol complex due to 
the chain of hydrogen bonds. Probably, these two processes 
result in the appearance of a low barrier. A similar eff ect 
was observed for the attack of the π-complex by the ter-
minal water molecule of the trimer. 

When analyzing the steps of type (2) and others in 
which the associated solvent molecule (Н2О, ROH, 
RCOOH, PhOH, ROOH) is the reactant, a natural ques-
tion arises: how the concentration of the free molecule, 
for example, Н2О, or of the needed associate for example, 
(H2O)n, can be expressed in the kinetic equation? The 
concentration of the associate molecule (Н2О)3 can be 
expressed through [H2O]Σ if the type of the dependence 
of the free water molecule concentration on its overall 
concentration is known: [H2O] = f([H2O]Σ). The ap-
proaches to the solution of similar problems related to the 
formation of associates or polynuclear metal complexes 
are presented in the monograph27 (chapter 2). 

Step (4). The complexes of various compositions 
[Pd(AN)x(H2O)y]0 were calculated to reveal the most 

Fig. 7. Optimized structures of the products of steps (3.2) (a) and (2.1) (b).

a b

Fig. 8. Structure of complex [Pd(AN)(H2O){σ,σ-C2H4OH-
(H2O)}…{H5O2}]+. 
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probable composition of the Pd0 complexes formed in 
step (4). According to the calculations, the dinitrile complex 
Pd(AN)2

0 is characterized by the highest energy stability. 
The tetrahedral (Pd(AN)4

0) and planar (Pd(AN)3
0) com-

plexes having minima on the PES are thermodynamically 
unfavorable (by 23.9 and 11.8 kcal mol–1, respectively). 
The replacement of the AN molecule by H2O in Pd(AN)2

0 
with the formation of the two-ligand complex [Pd(AN)-
(H2O)]0 results in an 11.5 kcal mol–1 increase in the Gibbs 
energy. 

Step (5). The addition of the p-benzoquinone mole-
cule (Q) to Pd(AN)2

0 via the η2-type is very favorable 
(ΔG298 = –13.8 kcal mol–1) and proceeds exothermically 
(ΔH298 = –25.0 kcal mol–1). The addition of the second 
Q molecule that proceeds with the displacement of the 
AN ligand is also favorable (ΔG298 = –7.2 kcal mol–1).

Step (11). The reaction of the PdII and Pd0 com-
plexes is thermodynamically favorable and occurs without 
a barrier: 

[Pd(AN)(H2O)3]2+ + Pd(AN)2  

   [Pd2(AN)3(H2O)2]2+ + H2O. (11.1)

At the next step, the binuclear PdI complex can built 
up the coordination sphere without a barrier: 

[Pd2(AN)3(H2O)2]2+ + AN  

   [Pd2(AN)4(H2O)2]2+ (11.2)

or

[Pd2(AN)3(H2O)2]2+ + H2O  

   [Pd2(AN)3(H2O)3]2+. (11.3)

The variant with АN (11.2) is energetically more favor-
able (gain of 10.5 kcal mol–1 in the absence of counterions 
and 3.8 kcal mol–1 in the presence of 2 [(ClO4)(H2O)6]–). 

Step (12). A molecule of Q can be coordinated to the 
PdI complexes via the mono- or bidentate mode. The 

Fig. 9. Structure of complex [Pd(AN)(H2O)2{σ-C2H4OH(H2O)}][ClO4{H2O}6]...{H5O2}+ [ClO4{H2O}4]–. The water molecules 
forming the solvate shell of perchlorate ions marked with light background. The proton in the {H5O2}+ form is indicated by arrow. 

Fig. 10. Optimized structures of complex [Pd2(η4-Q)(AN)4]2+.
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second variant is energetically more preferable (gain 
of 3.0 kcal  mol–1 in the absence of counterions and 
5.7 kcal mol–1 in the presence of 2 [(ClO4)(H2O)6]–). It 
can be assumed that the water molecules from the primary 
adduct [Pd2(AN)3(H2O)3]2+ or [Pd2(AN)4(H2O)2]2+ upon 
interacting with Q would leave the coordination sphere of 
the binuclear complex as "weak" ligands and fi nally the 
PdI complex [Pd2Q(AN)4]2+ would be formed. The Q 
molecule can be either terminal (nearly η4-coordination) 
or central with η4-coordination (Fig. 10).

It was found by the performed preliminary calculations 
of the energy characteristics of several intermediates and 
steps that only the composition of the π-complex corre-
sponds to the oxidation mechanism accepted for descrip-
tion (step (1)). The most probable compositions of the 
coordination spheres of the complexes have changed: that 
of the palladium(0) complex in step (4) Pd(AN)2

0, palla-
dium(I) in step (11) [Pd2(AN)4(H2O)2]2+, and in step (12) 
[Pd2(η4-Q)(AN)4]2+. New versions appeared for the steps 
of Н2О addition to the π-complex (step (2)) and deproton-
ation of the obtained organometallic σ-compound (step (3)) 
involving of associates of water molecules. Evidently, the 
quantum chemical simulation of all other steps of the 
mechanism ((1)—(17)) in the АN—Н2О system should be 
performed in future and an improved mechanism should 
be used for analysis of the kinetic data after the preliminary 
solution of the problem of expressing concentrations of 
the associates through the overall water concentration. 

This work was fi nancially supported by the Russian 
Science Foundation (G. E. Efremov, Project No. 16-19-
10632).
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