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Mechanical pre-grinding of solid K2PdCl4 in a vibratory micromill under acetylene or propylene atmo-
sphere leads to the formation of catalyst for acetylene hydrochlorination by gaseous HCl. The active sites
of the heterogeneous catalyst are Pd(II) chloro complexes with a coordination vacancy, capable reversibly
form p-acetylene complexes. The HCl molecules participate in two steps of the reaction: acetylene
chloropalladation (rate-limiting step) forming intermediate r-chlorovinyl Pd(II) derivative and
protonolysis of the last one.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Vinyl chloride is a monomer for industrially important poly-
meric material polyvinyl chloride, and catalytic hydrochlorination
of acetylene is one of the methods for manufacture of vinyl
chloride on an industrial scale. Commercial processes use HgCl2

supported on carbon [1–3], but this catalyst is highly toxic and
shortly lived due to loss of mercuric chloride [4] encouraging to
search for nonmercuric catalytic systems. It was recently found a
few catalytic systems for acetylene hydrochlorination under heter-
ogeneous conditions. Chloro AuIII complexes supported on carbon
display high activity at high temperature (170–180 �C) [5,6]. Acet-
ylene catalytic hydrochlorination occurs at ambient temperature
over mechanically pre-activated K2PtCl6 [7] (system 1) and K2PtCl4

[8] (system 2) complexes. Recently, we have found [9] that the
palladium(II) chloro complex K2PdCl4, an analogue of K2PtCl4, is
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also catalytically active for acetylene hydrochlorination under sim-
ilar conditions.

The ideas for mechanisms of acetylene catalytic hydrochlorina-
tion at least under homogeneous conditions are well developed
[10]. The reaction (Scheme 1) begins with p-coordination of CAC
triple bond to a metal center (steps 1–2). Further attack by external
nucleophile on a p-coordinated acetylene (step 3) yields an inter-
mediate product of trans(anti)-addition of a nucleophile and metal
complex to the triple bond. An intermediate product of cis(sin)-
addition is formed in case of attack by a coordinated nucleophile
(step 30). Protonolysis of these intermediates (step 4) gives rise to
the final products with the same stereochemistry.

Reasoning from relations between homogeneous and heteroge-
neous catalysis, it could be expected that heterogeneous catalytic
hydrochlorination of acetylene is controlled by the same mecha-
nism. However, some questions regarding mechanistic details of
heterogeneous reaction arise. For example, how does the chloromet-
allation step 3 occur in the absence of free chloride ions as external
nucleophiles under heterogeneous conditions? Or how does chloro
ligands dissociation (step1) occur in the absence of solvation?

In this paper, a study of the reaction mechanism of acetylene
heterogeneous catalytic hydrochlorination over mechanically
pre-activated K2PdCl4 salt (system 3) is presented.

http://dx.doi.org/10.1016/j.jcat.2011.12.020
mailto:samit_RPt@mail.ru
http://dx.doi.org/10.1016/j.jcat.2011.12.020
http://www.sciencedirect.com/science/journal/00219517
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Scheme 1. The reaction mechanism for homogeneous acetylene catalytic hydrochlorination [10].
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2. Experimental

2.1. Catalyst preparation and characterization

The palladium salt K2PdCl4 was prepared according to standard
techniques [11] and was recrystallized and preliminary dried for
3 days in a desiccator at 120 �C before use. The increase in the dry-
ing time did not considerably influence the kinetics of the reaction.
All further manipulations with the salt were carried out in a dry
glove box.

The K2PdCl4 (0.25 g) powder was pre-ground before a run in a
vibroreactor containing grinding bodies made of glass. A vibratory
micromill MMVE-0.005 was used with specific power intensity ca.
I = 15 W/kg. The specific dose of mechanical energy, which con-
sumed by powder, was determined [12] as D = I � t, where t is the
time of mechanical treatment. Specific area of the powders was
determined by BET procedure from argon desorption.

The X-ray diffraction study was performed with DRON-3 instru-
ment in monochrome Cu Ka irradiation using Ni-filter.

The X-ray photoelectron spectroscopy (XPS) measurements
were performed using an EC-2402 instrument equipped with en-
ergy analyzer PHOIBOS-100_SPECS and ion gun IQE-11/35. The
slow electron gun FG-15/40 was used for compensation of dielec-
tric surface charging. The spectra were excited by Mg Ka
(E = 1253.6 eV, P = 300 W) irradiation.

The surface morphology of salt samples was observed by scan-
ning electron microscopy (SEM) JSM-6490LV (JEOL, Japan). The ele-
mental analysis of powders performed using a SEM instrument
equipped with energy-dispersive X-ray spectrometer INCA Penta
Fet � 3 (OXFORD Instrument, England).
2.2. Gaseous substrates preparation

Acetylene was prepared according to the standard techniques
[13]. Gaseous HCl (DCl) was obtained by the reaction of calcinated
KCl and H2SO4 (D2SO4). The gases obtained were dried over P2O5 or
calcinated CaCl2 before use. Preparation of pure isotopomer DCl is
difficult because of fast isotope exchange with traces of moisture.
The released gaseous HCl/DCl mixture was collected in thoroughly
dried syringe of 50-ml capacity. The reactor and IR gas cuvette with
windows made of KBr were preliminary cleaned out by blowing
through with dry argon. Then, they were filled in by the HCl/DCl
mixture. The DCl content in a DCl/HCl mixture was estimated as
a ratio of integral intensities of IR bands corresponding to DCl to
HCl stretching vibrations. We took into consideration that at the
same conditions the intensity of HCl band is approximately twice
as high as for DCl band [14]. The Brucker Tensor 27 instrument
was used for determining isotope content in the HCl/DCl
mixture.
2.3. Chemisorption of active gases by the catalyst

Gaseous CO was obtained by the reaction of formic acid with
H2SO4 at 80 �C [13]. After the mechanical treatment was stopped,
the reactor containing K2PdCl4 powder was blown through with
dry argon, and then with 60 ml of CO and was hermetically sealed
off. After 1.5 h, the solid content of the reactor was poured out. The
DRIFT-spectra for mechanoactivated K2PdCl4 powders in the mix-
ture with BaF2 were registered. The Brucker Tensor 27 instrument
equipped with diffuse reflection of light device Specac was used.

The reactor containing K2PdCl4 salt mechanically pre-activated
under acetylene was cleaned out by blowing through with dry ar-
gon. Then, it was filled up with 10 ll of pyridine and sealed up. After
an hour, the salt was poured out of the reactor, and the weighted
powder was dissolved in 1 M solution DCl in D2O. The 1H NMR-
spectra of pyridinium chloride were registered using AVANCE-II-
400 spectrometer (Brucker BioSpin GmbH) operating at 400 MHz.
Sodium benzoate was used as an internal weight standard.

2.4. Kinetics of acetylene hydrochlorination monitoring

The reactions were carried out in a closed reactor of 13.7 ml
capacity. The reactor containing mechanically pre-activated cata-
lyst was blown through with dry argon. Then, it was filled with
gaseous HCl and closed with a rubber seal. After that, ca. 1 ml of
acetylene was fed into reactor through a rubber seal. All the reac-
tions were carried out at 18 �C and continuous shaking providing a
kinetic mode for the reactions passing. Acetylene consumption and
vinyl chloride accumulation were monitored by GLC using an
LKhM-8-MD chromatograph with a flame-ionization detector and
equipped with data acquisition system MultiChrom Ampersand.
The sampling of the gas phase was performed by means of a dozing
syringe with the fixed volume through the rubber gasket.

3. Results

3.1. Reaction kinetics and selectivity

The mechanical pre-activation of dry K2PdCl4 salt (system 3)
under acetylene atmosphere produces a catalyst for acetylene
hydrochlorination with gaseous HCl. Acetylene hydrochlorination
proceeds very slowly on the surface of K2PdCl4 salt, which was
mechanically pre-activated in the air. Preliminary mechanical
treatment of K2PdCl4 under acetylene or propylene is necessary
to get the active catalyst.

The catalytic reaction occurs at ambient temperature and re-
quires no continuous milling. In an excess of HCl, the rate of acet-
ylene uptake from the gas phase of the closed reactor follows the
first-order kinetic equation kap ¼ � dðln PÞ

dt (P is a partial pressure of



Table 2
Values of S�sp;gs; k

�
max, and g in Eqs. (2) and (4).

Crystal Sast
sp (m2/g) gs � 102 (g/J) k�max � 105

(s�1 m�2)
g � 102 (g/J)

K2PdCl4 6.7 ± 0.7 8 ± 2 6.8 ± 0.6 3.2 ± 0.6
K2PtCl6 [20] 17.3 ± 0.3 6 ± 1 – –
KCl [15] 0.42 ± 0.04 0.60 ± 0.05 – –
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Fig. 1. Typical kinetics for acetylene uptake from the closed reactor under excess of
HCl; the linear anamorphosis of the first-order rate law.

Table 1
Dependence of the specific surface area of the K2PdCl4 salt and the apparent rate
constant of catalytic acetylene hydrochlorination on the duration of mechanical pre-
activation of the catalyst (0.25 g of K2PdCl4).

t (min) Ssp (m2/g) kap � 105 (s�1)

0 �0.02 0
15 4.7 ± 0.5 2.3 ± 0.1
30 6.0 ± 0.6 5.9 ± 0.3
60 5.9 ± 0.6 9.0 ± 0.7
90 6.9 ± 0.7 10 ± 1

120 7.2 ± 0.7 12 ± 1
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Fig. 2. The dependence of the catalyst surface area Ssp and the quantity m of the
vinyl chloride liberated in the course of K2PdCl4 powder pre-grinding under
acetylene on the specific dose of mechanical energy Dsp absorbed by the powder.
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acetylene) (Fig. 1) as in the system 1. The vinyl chloride yield based
on the amount of acetylene consumed in the reaction is close to
100%. In contrast to the system 2 [8], the mechanically pre-acti-
vated K2PdCl4 salt invokes hydrochlorination of a double bond as
well, for example, the reaction of propylene yields iso-propyl
chloride.

Acetylene hydrochlorination reaction proceeds in the catalytic
mode: no substantial decrease in the catalytic activity is observed
after realization of more than 150 catalytic cycles (TON) in terms of
surface palladium atoms, or more than 1.7 catalytic cycles in terms
of the bulk palladium. The stereochemistry of the product resulting
from acetylene deuterochlorination corresponds to the trans (anti)-
addition1 of the chlorine and deuterium atoms to the triple bond of
acetylene (Eq. (1)) just as in the systems 1 and 2.

C2H2  +   DCl Pre-activated 
K2PdCl4 salt

D
C C

ClHa

Hb ð1Þ

The kap values determined at ca. 1 atm partial pressure of HCl and at
approximately three times lower partial pressure of HCl are equal
within the limits of experimental error. This coincidence of the
kap values can be a consequence of HCl molecules nonparticipation
in the rate-limiting step of the reaction; otherwise, the alternation
of surface HCl concentration under these conditions should be ne-
glected.2 As will be shown below (Section 3.3), the latter situation
actually takes place.

3.2. Preparation and characterization of the catalyst

3.2.1. Formation of the catalyst in the course of K2PdCl4 mechanical
pre-activation

The specific surface area of the catalyst increases monotonically
with the duration of pre-grinding of the salt (Table 1). The plot of
the specific surface area of the catalyst versus the specific dose of
mechanical energy absorbed by the powder has the shape of satu-
ration curve (Fig. 2) and is described by the equation

Ssp ¼ S0 þ S�spð1� e�gSDsp Þ; ð2Þ

where S0 is the specific surface area of the initial K2PdCl4 powder,
S�sp is the limiting value of the increase in the specific surface area,
and gs is inverse value of specific work for a new surface formation.
1 1H-NMR in CDCl3 solution, d, ppm: 5.52 (Ha), 6.31 (Hb); J(HaHb) = 14.75, J(HbD) =
1.03 Hz.

2 This is possible, for example, in the case of ultimate Langmuir’s or multilayer
surface filling with HCl molecules.
The parameters of Eq. (2) are listed in the Table 2, and the earlier
found S�sp and gS values for ionic crystals of KCl [15] and K2PtCl6

[16] are given for a comparison. The values for specific work of a
new surface formation for the K2PdCl4 (�12.5 J/g) and K2PtCl6

(�16.7 J/g) ionic crystals are close to each other and significantly
lower than for KCl (�170 J/g). The latter result is in qualitative
agreement with the expectations since the KCl lattice is more com-
pact than the K2PdCl4 and K2PtCl6.

A mechanical treatment of the K2PdCl4 powder under acetylene
(propylene) is accompanied by vinyl (iso-propyl) chloride libera-
tion in a trace amount. The source of chlorine atom, which is a part
of chlorine-containing organic compounds formed, can be only
K2PdCl4 complexes. It means that stoichiometric consequence of
such a tribochemical reaction is the formation of palladium(II)
complexes with a deficit of chloro ligands (Pd�) besides of the
above-mentioned organic products.

The typical kinetic curve for vinyl chloride accumulation is S-
shaped (Fig. 2). In the beginning of the grinding, the induction per-
iod is observed. This initial section of the curve corresponds to the
period when absorbed mechanical energy is transformed mainly in
the channel of surface development. The vinyl chloride accumula-
tion in the course of mechanical treatment occurs more efficiently
after attainment of the ultimate value of the catalyst specific
surface.



Fig. 3. Diffraction pattern for polycrystalline K2PdCl4 samples mechanically pre-treated in air (sample 1) and acetylene (sample 2).
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3.2.2. X-ray diffraction
The X-ray diffraction patterns (Fig. 3) for K2PdCl4 samples

mechanically activated in the air (sample 1) and acetylene (sample
2) contain all that Bragg’s reflections that are characteristic for the
single phase K2PdCl4 salt. From comparison of X-ray diffraction
patterns, it follows that the dispersive medium content does not
influence the sample texture: pre-treatment under acetylene leads
merely to decrease the granule’s size and partial amorphization of
near-surface layers. The estimation from the broadening of diffrac-
tion peaks according to Scherrer method gives decrease in crystal-
lite size approximately by a factor of 1.6 for the sample 2 in
comparison with the sample 1.

3.2.3. Scanning electron microscopy (SEM)
Mean sizes of powder particles in the samples 1 and 2 were 220

and 160 nm correspondingly. The difference in particles sizes by a
factor ca. 1.4 fits with approximately twofold increase in specific
surface area of the sample 2 in comparison with the sample 1. This
result is similar to the one, which was obtained by X-ray diffraction
method. The latter is indicative of similarity in the change of sizes
of crystallites and powder micro particles.
It follows from the data of energy-dispersive X-ray spectrome-
try that elements intrinsic to K2PdCl4 salt are present in the com-
position of the catalyst samples. The ratio b of atomic chlorine/
palladium content in the surface layers of the catalyst monotone
decreases with increase in duration of mechanical pre-activation
of the initial salt under acetylene (Table 3). With the assumption
that each of the formed palladium complexes Pd� has lost no more
than one chloro ligand, the fraction of such species on the surface

of the catalyst, e ¼ NðPd�Þ
NðPd�ÞþNðPdCl2�4 Þ

, equals to (4 � b). The e value de-

pends on specific doze of mechanical energy absorbed by the pow-
der according to the equation

e ¼ emaxð1� e�geDsp Þ; ð3Þ

where emax is the ultimate value of e, ge is a quantity inverse to
specific work of formation of palladium(II) complexes with a
deficit of chloro ligands. Eq. (3) is in agreement with the experi-
mental dependence of e values on the specific doze of absorbed
by the catalyst mechanical energy at ge = (2.2 ± 0.6) � 10�2 g/J
(Fig. 4).



Table 3
Dependence of the ratio of chlorine/palladium content in the surface layers of the
catalyst (b), the quantity of chemisorbed pyridine (m(PyH)), and the value of IR band
integral absorbance of chemisorbed carbon monoxide (A) on the duration of
mechanical pre-activation of the catalyst (0.25 g of K2PdCl4).

t (min) b m(PyH) (mmol/g) A

0 – – –
15 3.9 ± 0.1 20 ± 2 5.3 ± 0.5
30 3.8 ± 0.1 35 ± 4 10.1 ± 1.0
60 3.7 ± 0.1 54 ± 5 10.4 ± 1.0
90 3.7 ± 0.1 55 ± 5 12.1 ± 1.2

120 3.6 ± 0.1 70 ± 7 –
60a 3.9 ± 0.1 – –

a Mechanical pre-activation of the catalyst in air atmosphere.

Fig. 4. The dependence of the parameter e on the specific dose of mechanical
energy Dsp absorbed by the powder.

Fig. 5. The Pd 3d-level XPS-spectrum of palladium atoms for K2PdCl4 samples
mechanically activated in air (sample 1) and acetylene (sample 2).
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3.2.4. X-ray photoelectron spectrometry (XPS)
The X-ray photoelectron spectra for Pd3d-level of palladium

atoms for K2PdCl4 samples mechanically activated in the air (sam-
ple 1) and acetylene (sample 2) are presented in Fig. 5. The spectra
contain well-resolved spin doublets corresponding to Pd3d5/2- and
Pd3d3/2-levels of palladium atoms. The positions of peaks maxima
for the two samples virtually coincide. The binding energy (Eb) of
Pd3d5/2-level (338.3 eV) in the both samples corresponds to the pal-
ladium 2+ oxidation state. It follows from the ratio of integral inten-
sities for Cl2p- and Pd3d-level photoelectron peaks (2.6 ± 0.1 for the
sample 2 and 3.0 ± 0.1 for the sample 1) that atomic ratio for Cl and
Pd elements in the surface layers is less for the sample 2 in compar-
ison with the sample 1. This result is in qualitative agreement with
the above-mentioned data, obtained by means of energy-dispersive
X-ray spectrometry. These results, which were obtained by differ-
ent methods, within the range of experimental errors coincide
quantitatively as well. The ratio b of the concerned elements (Table
3) is larger for the sample 2 in 1.1 ± 0.1 (data of energy-dispersive
X-ray spectrometry) and 1.2 ± 0.1 (data of XPS) times.

3.2.5. Chemisorption of active gases by the catalyst surface
Palladium complexes Pd� formed on the K2PdCl4 surface in the

course of mechanical pre-treatment can be metal complexes with
a coordination vacancy. Otherwise, they could be four coordinated
palladium(II) complexes, which contain bridged chloro ligands or
ligands different from chloride ions. To discriminate these possibil-
ities, it is feasible, for example, to expose the fresh surface of the
pre-activated catalyst to an atmosphere of gases, molecules M of
which are able to occupy a coordination vacancy forming strong
complexes.3 In the system 2, we used acetylene as such a gas [8],
3 Chloro ligand substitution by M molecule we regard as improbable in the absence
of solvation of the liberating chloride ion.
and the band at 2095 cm�1 corresponding to CAC triple bond
stretching vibration was observed in the DRIFT spectrum. In case
of palladium complexes, the last band was not found, conceivably,
because of relative instability of p-acetylene palladium(II) chloro
complexes [17]. So, in the present study, we used carbon monoxide
or pyridine vapor as such a gas molecules M of which can be chem-
isorbed by surface palladium complexes with coordination vacancy
forming stable [PdCl3M]� species.

The above-mentioned chemisorption really takes place. The fol-
lowing two bands at 1907 cm�1 and 1972 cm�1 corresponding to
CAO bond stretching vibration were found in the DRIFT-spectrum
for the catalyst sample that has being exposed to carbon monoxide
atmosphere. The DRIFT-spectrum of the same sample but aged for
8 h at 120 �C or for 6 months at ambient temperature contains the
only band at 1907 cm�1. Thus, the higher-frequency band can be
attributed to CAO bond stretching vibration of physisorbed CO
molecules and the band at 1907 cm�1 to CAO bond stretching
vibration of carbonyl ligands. The value A of the last band integral
absorbency monotonically increases with increase in specific doze
of mechanical energy absorbed by the catalyst (Table 3).

Pyridine, which has been adsorbed on the surface of mechani-
cally pre-treated K2PdCl4 salt, was identified by 1H NMR in the
form of pyridinium cation after extraction by 1 M solution of DCl
in D2O. The quantity m(PyH) of pyridine adsorbed by 1 g of pre-
ground palladium salt within experimental errors was the same
for freshly prepared and aged for 1.5 h at 120 �C samples, and this
indicates a strong binding of pyridine by the surface. The m(PyH)
value increases with increase in duration of the catalyst pre-activa-
tion (Table 3). To exclude an influence of the catalyst surface area
rise on pyridine adsorption, let us consider the value m(PyH) attrib-
uted to the surface unit, that is, the surface concentration of pyri-
dine, c = m(PyH)/Ssp. The last value linearly depends on the
parameter e (Fig. 6). There is a linear correlation between the val-
ues of integral absorbancy A of chemisorbed CO stretching vibra-
tion and m(PyH) (Fig. 7) as well.



Fig. 6. The linear dependence of the surface concentration of chemisorbed pyridine
c = m(PyH)/Ssp on the e parameter.

Fig. 7. The linear correlation between value of integral absorbance A of chem-
isorbed CO stretching vibration and the quantity of chemisorbed pyridine m(PyH).
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Fig. 8. The dependence of k� value of the apparent rate constant per unit surface
area of the catalyst on the specific dose Dsp of mechanical energy absorbed by the
catalyst in the course of pre-grinding.
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These observations are in accordance with the assumption that
palladium complexes with a deficit of chloro ligand Pd� correspond
to palladium(II) species with coordination vacancy.
4 In independent experiments was shown that C2H3Cl does not undergo isotope-
scrambling reaction with DCl under used conditions.
3.2.6. Dependence of the catalyst activity on the duration of K2PdCl4
salt pre-grinding

The activity of the formed catalyst increases monotonically with
increase in the salt pre-grinding continuance (Table 1). To rule out
the influence of increase in the specific surface area of the catalyst
on the values of apparent rate constant for acetylene consumption
kap, let us consider the apparent rate constant per unit area of the
catalyst surface, that is, the apparent value for specific catalytic
activity, k� = kap/Ssp �m.

The dependence of k� values on the specific dose of mechanical
energy absorbed by the catalyst appears as a curve with saturation
(Fig. 8) and obeys the equation

k� ¼ k�maxð1� e�gDsp Þ; ð4Þ

where k�max is the limiting value for k� and g is a quantity inverse to
the specific work of active sites formation on the surface of the cat-
alyst. The parameters of Eq. (4) are listed in the Table 2. The values
of the constants g and ge within experimental errors coincide.

It follows from the Table 1 that 1-h-long mechanical pre-activa-
tion is sufficient for reaching a near-limiting value of specific sur-
face area of the catalyst and for ensuring a fairly high catalytic
activity. For this reason, subsequent experiments were carried
out with the catalyst samples, which have been mechanically
pre-activated for 1 h.

3.3. Kinetic isotope effects

If HCl molecules are involved in the rate-determining step, the
replacement of HCl with DCl will bring about a kinetic isotope ef-
fect. We found that the reaction rate is appreciably lower when the
reaction is carried out in a DCl/HCl atmosphere (Table 4). The value
of apparent rate constant kDCl

ap ¼ ð3:2� 0:2Þ � 10�5 s�1 for acetylene
consumption in DCl atmosphere was calculated from the equation
[18] (Fig. 9)

kDCl
ap ¼

kDCl=HCl
ap � kapv

1� v ; ð5Þ

where v is mole fraction of HCl in the DCl/HCl mixture. Hence,

KIE ¼ kap

kDCl
ap
¼ 2:8� 0:4: Such a noticeable value for isotope effect

proves the participation of a hydrochloric acid molecule in the
rate-determining step of the overall catalytic reaction.

It is noticeable that the KIE value c derived from the ratio of
nondeuterated4 and monodeuterated vinyl chloride yields in the
DCl–HCl atmosphere

c ¼ yield of H2C@CHCL
yield of HDC@CHCL

� 1� v
v ð6Þ

c = 6.8 ± 0.7 is noticeably larger that the above value of KIE = 2.8
(Table 4).

3.4. Estimation of the TOF value

Acetylene does not react either with HCl molecules or with Cl�

and H+ solvated ions in the absence of a catalyst: acetylene CAC tri-
ple bond should be activated by coordination to a metal center
[1,10] for the reaction progress. So, the Eley–Rideal mechanism
for the reaction (1) with acetylene reacting directly from the gas
phase, without adsorbing, could be excluded. If that is the case,
the first-order kinetic in C2H2 means that acetylene is adsorbed
according to Henry’s law [C2H2]ads = K � P, where [C2H2]ads is the
surface concentration of acetylene, K is the adsorption equilibrium
constant.

The experimentally measured values for apparent rate constant
kap for acetylene consumption from the gas phase of closed reactor



Table 4
Dependence of the apparent rate constant of acetylene consumption and the ratio of
the nondeuterated and monodeuterated vinyl chloride yields on the value v of HCl
mole fraction in the HCl/DCl mixture (0.25 g of K2PdCl4).

v kDCl=HCl
ap � 105 (s�1) H2 C@CHCL yield

HDC@CHCL yield
c

1.0 9.0 ± 0.7 – –
0.53 6.2 ± 0.1 – –
0.40 5.6 ± 0.3 – –
0.60 – 9.6 6.4
0.60 – 11.2 7.5
0.66 – 12.7 6.5

Average value – 6.8 ± 0.7
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Fig. 9. The dependence of apparent rate constant kDCl=HCl
ap for the reaction in DCl/HCl

atmosphere on the mole fraction v of HCl in the DCl/HCl mixture.
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Fig. 10. The dependence of kap value on the mass of the catalyst. The linear
anamorphosis of Eq. (7).

5 1 ll of D2O was injected into vibroreactor before grinding.
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depends on the ratio of gas phase volume and surface area of the
catalyst. The true (i.e., in the absence of a gas phase) pseudo-
first-order (excess of HCl) rate constant of acetylene uptake k is re-
lated to the experimental kap value by the equation [7]

kap ¼
k

1þ ak
; ð7Þ

where a = (RTK)�1, k = Vg/Sspm, Vg is the volume of the gas phase in
the reactor, R is the gas constant, T is the temperature, Ssp is specific
surface area of the catalyst, and m is the catalyst weight. Eq. (7) is in
agreement with the experimental dependence of kap on the catalyst
weight at k = (5 ± 3) � 10�4 s�1 and K = (8 ± 4) � 10�10

mol m�2 Pa�1 (Fig. 10). Accomplishment of the Eq. (7) confirms
the assumption that acetylene molecules undergo the reaction (1)
when been adsorbed.

Let us use k and K values obtained above for the inferior limit of
TOF magnitude estimation. The rate of vinyl chloride formation on
1 m2 of catalyst surface is k � K � P � 4 � 10�8 mol m�2 s�1 in the
case when the surface is covered by a monolayer (or multiplayer)
of HCl molecules (see Section 3.1), and the partial pressure of acet-
ylene is 1 atm. The superior limit for the number NPd of palladium
atoms located on 1 m2 of catalyst surface can be estimated from
the lattice parameters a = b = 7.05 � 10�10 m and c = 4.1 � 10�10

m [19]:

NPd ¼
1=ac
Na
� 5:7� 10�6 mol=m2;

where Na is Avogadro’s number. Hence, the inferior limit for the TOF
value is equal to ca. 7 � 10�3 (mol C2H2) � (mol Pd)�1 s�1 in the case
when the surface is covered by a monolayer (or multiplayer) of HCl
molecules and the partial pressure of acetylene is 1 atm.
4. Discussion

4.1. The nature of the catalytic active sites

The following results seem to be essential for identification of
the nature of the catalytic active sites. (1) The active catalyst is
formed in the course of K2PdCl4 solid salt pre-grinding under
acetylene (propylene) but not in the air. (2) Such a mechanical
treatment does not change the oxidation state of near-surface pal-
ladium complexes but leads to the formation of palladium(II)
chloro complexes with a coordination vacancy, Pd�. (3) There is a
linear correlation between the apparent values for specific catalytic
activity k� and the values e of the fraction of the surface Pd� com-
plexes (Fig. 11).

These results are consistent with the assumption that mechan-
ical activation of K2PdCl4 solid salt leads to the formation of active
sites, which are palladium(II) species with coordination vacancy,
and interstitial chloride ions:

mechanoactivation
K2PdCl3

+   +   Cl-K2PdCl4 ð8Þ

The same kind of surface defects, that is, complexes with a coordi-
nation vacancy, are generated in the course of mechanical grinding
of the similar K2PtCl4 or K2PtCl6 solid salts [20].

The K2PdCl4 salt grinding under acetylene (propylene) as com-
pared with air creates higher surface concentration of species with
coordination vacancy owing to shift of the Eq. (8) to the right
because of tying up of chloride-ions in the corresponding chlo-
rine-containing organic compounds (vinyl chloride or iso-propyl
chloride). Probably, this is a reason for the differences in catalytic
activities of K2PdCl4 salt pre-activated under above-mentioned
‘‘active’’ gases and in the air. The question concerning the origin
of hydrogen atom, which is a part of the formed vinyl chloride
(iso-propyl chloride) in the tribochemical reaction of acetylene
(propylene) with K2PdCl4, remains open. The source of these H
atoms could be, for example, water molecules adsorbed on the sur-
face. In this case, the formation of deuterated vinyl chloride could
be expected in the presence of D2O vapor. But, we failed to detect
the deuterated product in the tribochemical reaction of acetylene
with K2PdCl4 and D2O vapor5: the formed vinyl chloride did not
contain deuterium atom. Nevertheless, such an outcome could be a
consequence of high kinetic isotope effect for monodeuterated vinyl
chloride formation in the tribochemical reaction and low total yield
of the accumulating products.
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4.2. Kinetics of the reaction

Both acetylene and HCl adsorb, and the adsorbed molecules un-
dergo the bimolecular reaction (1) but they do not compete for the
same sites on the catalyst surface: otherwise, the values of appar-
ent rate constant for acetylene uptake would be different at differ-
ent partial pressures of HCl. The nature of the active sites of the
catalyst provides an explanation of that apparent contradiction.
Because of their local positive charge, the surface complexes with
a coordination vacancy electrostatically attract polar HCl mole-
cules getting covered with them (Scheme 2). But, hydrochloric acid
molecules in contrast to acetylene cannot be coordinated to the
metal center occupying coordination vacancy. On the other hand,
p-acetylene complex formation does not change the charge of
the site and, therefore, does not diminish electrostatic interaction
of it with HCl molecules. So, hydrochloric acid and acetylene mol-
ecules are adsorbed at the same sites and do not compete because
of different mechanisms of their adsorption: nonpolar acetylene
molecules are bound by donor–acceptor interaction with the metal
center, and polar HCl molecules are bound by electrostatic forces.
The following mechanism (Scheme 2) is consistent with the first
order in acetylene, zero order in HCl, and also with DCl isotope
effect.

The first order in acetylene (excess of HCl) is observed in the
systems 1 [7] and 3 in contrast to the system 2, where kinetics of
acetylene consumption follows the zero-order rate low [8]. The
zero order in acetylene for the system 2 was explained by fast acet-
ylene chemisorption through its bonding in p-complex by PtII
+ fast

slow

H Clδ+ δ−

. + C2H2

.Pd
ClCl

Cl
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CH

CH

n(HCl)

Pd
ClCl

Cl
K2

+

Pd
ClCl

Cl
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+

K(HCl)n

*

*

Scheme 2. Mechanism for the reagents adsorptio
species with a coordination vacancy. In this case, the surface con-
centration of the chemisorbed substrate is almost independent of
acetylene partial pressure providing the zero-order rate low for
acetylene uptake. Unlike PtII, PdII chloro complexes do not form
stable p-complexes [17] and are similar to PtIV chloro complexes
in this regard. This provides an explanation for the same reaction
order regarding acetylene in the systems 1 and 3.

Since the reaction order in acetylene for the systems 1 and 3 is
the same, it is possible to compare the catalytic activities of the
corresponding metal complexes under the same conditions (Table
2). Clearly, the true rate constants k for acetylene consumption in
the systems 1 and 3 are similar. Under assumption that electro-
philic properties of metal complexes play a key role in the multiple
CAC bonds activation, the approximate equality of the k values in
the systems 1 and 3 means that the PtIV and PdII chloro complexes
possess similar electrophilic reactivities. The inferior limit for the
specific catalytic activity in the system 3 is approximately 30 times
lower because of less acetylene adsorption equilibrium constant in
this system. At equal partial pressure of acetylene, the surface sub-
strate concentration in the system 1 is one order of magnitude
higher providing greater consumption rate.

Pre-ground palladium(II) chloro complexes in contrast to plati-
num(II) are able to activate double CAC bonds as well. This is obvi-
ously a consequence of higher electrophilic reactivity of PdII as
compared with PtII chloro complexes.

4.3. Reaction mechanism and kinetic isotope effect values

To explain the reaction (1) mechanism, it is necessary to know
the origin of the chlorine atom, which is a part of vinyl chloride
formed. The sources of chlorine atoms could be HCl molecules,
ligands of the chloro metal complexes and interstitial chloride ions,
arising [20] under mechanical pre-treatment of K2PdCl4 salt.
Reasoning from the hydrochlorination stereoselectivity, the inner
sphere chloro ligands participation should be excluded [10]. Rela-
tively, small amounts of the interstitial chloride ions formed under
K2PdCl4 mechanical pre-treatment could not provide the catalytic
reaction run. The last conceivable possibility is left: chlorine atom,
which is a part of vinyl chloride formed, originates from HCl
molecule.

The participation of HCl molecules in the rate-limiting step of
the reaction follows from the observation of a noticeable kinetic
isotope effect (KIE) when HCl atmosphere is replaced by DCl/HCl
mixture. The KIE value for the overall catalytic reaction
(2.8 ± 0.4) essentially differs from the value c = 6.8 ± 0.7 of kinetic
isotope effect derived from the ratio of nondeuterated and
monodeuterated vinyl chloride yields in the DCl/HCl atmosphere.
Therefore, HCl molecules are involved in two different steps of
+ C2H3Cl

+
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n and acetylene catalytic hydrochlorination.
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the catalytic reaction and one of them is rate-limiting. Hydrogen
(deuterium) atom is introduced into the formed vinyl chloride in
the faster (i.e., not rate limiting) step. Consequently, the limiting
step leads to chlorine atom incorporation into the final product.

We may assume that the rate-limiting step for the overall cata-
lytic reaction is chloropalladation of acetylene, and HCl (DCl) mol-
ecules are involved in this transformation. The limiting step of the
catalytic acetylene hydrochlorination in closely related system 2 is
also acetylene chlorometallation under the action of HCl molecule
and the KIE value is 3.7 ± 0.4 [21]. Reasoning from the isomor-
phism of the crystalline structures and affinity between lattice
parameters for K2PdCl4 [19] and K2PtCl4 [22] crystals, it could be
expected a similarity in the reaction mechanisms as well. The reac-
tion occurs [8] via HCl molecule attack onto p-acetylene complex,
located on the (100) crystal plane (Scheme 3). A local positive
charge of the crystal lattice defect in the form of monoanion
[M(g2-C2H2)Cl3]� is favorable to a chlorine atom of polar HCl mol-
ecule attack onto p-acetylene complex. The reaction occurs as a
concert process in which concurrently with the rupture of
MA(g2-C2H2), HACl bonds, and MACl bond in the metal complex
adjacent to p-acetylene complex the new MAC(sp2), C(sp2)ACl,
and HACl bonds are formed (Scheme 3). The distance between me-
tal complexes on the (100) crystal plane �4 Å, in contrast to �7 Å
on the (001) crystal plane [19,22], and bonds lengths of HACl
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(1.274 Å) CACl (1.719 Å) and C@C (1.332 Å) [23] geometrically per-
mit to accomplish such a transition state.

The stoichiometric consequence of such a mode for chloromet-
allation step in the systems 2 and 3 is the formation of the appro-
priate metal complex with coordination vacancy on the same
crystal plane in addition to r-vinyl organometallic derivative.

Accordingly, the stepwise mechanism for acetylene catalytic
hydrochlorination in the systems 2 and 3 can be interpreted in
the following way (Scheme 4). Reaction begins with reversible
(M = Pd) or irreversible (M = Pt) p-coordination of acetylene to a
complex with coordination vacancy (step 1). Hydrochloric acid
molecule attack onto p-acetylene complex with the assistance of
adjacent metal complex located on the (100) crystal plane (step
2) leads to the intermediate formation of acetylene chlorometalla-
tion product and a new metal complex with coordination vacancy
on the same crystal plane. Fast protonolysis (step 3) of the r-vinyl
organometallic derivative yields vinyl chloride. A local positive
charge of the crystal lattice defect in the form of a monoanion
[PdCl3

�]� produced in the step 2 is favorable to a hydrogen atom
of polar HCl molecule attack onto the intermediate organometallic
derivative.

This hypothesis provides an explanation for two different HCl/
DCl kinetic isotope effects observed for the reaction (1). The first
one arises from H(D)ACl bond rupture with chlorine atom incorpo-
ration into the final product (step 2, Scheme 4), and the second
originates from H(D)ACl bond cleavage with hydrogen (deute-
rium) atom incorporation into vinyl chloride formed (step 3). The
chloropalladation step (step 2) is rate limiting; protonolysis (step
3) proceeds faster. Therefore, it is difficult to say whether the pro-
tonolysis step occur according Eley–Rideal or Langmuir–Hinshel-
wood type mechanism.

Proposed mechanism for chloropalladation step (Scheme 3)
provides an explanation for high stereoselectivity of catalytic
hydrochlorination reaction as well as for a mode of active sites of
catalyst regeneration and excludes extremely unfavorable hetero-
lysis of HACl bond with H+ formation in the absence of solvation.

According to semi-classical theory, the highest value 6.9 for H/D
KIE at 25 �C is expected [18] for a reaction with linear and symmet-
ric transition state in the absence of tunneling contribution. The
symmetry of a transition state supposes that change of free energy
of such a reaction is equal to zero. Any deflection of a change of free
energy of a reaction from zero results in a decrease of KIE value as
well as any deviation of H-atom from the straight line connecting
H-donating and H-accepting groups in a transition state of a reac-
tion. Reasoning from the affinity between lattice parameters for
K2PtCl4 and K2PdCl4 crystals, we may assume that geometrical
structures of the transition state TS in the related systems 2 and
3 are very close. So, the difference in the KIE values for overall cat-
alytic reactions in these two systems is controlled not by geometric
but rather by thermodynamic factor.
ð9Þ
The number of particles in the both sides of the reaction (9) is the
same, and so to the first approximation, the entropy factor of the
reaction (9) could be neglected. Therefore, in order to provide a
thermodynamic driving force for the reaction (9), the heat of it
should be negative. In the course of reaction (9), the HACl, MACl,
and MA(g2-C2H2) bonds are broken, the new HACl, MAC(sp2)
and ClAC(sp2) bonds are formed, and the triple CAC bond is
transformed into double one. The heat of HACl bond rupture is
compensated by the formation of the new same bond. So, the heat
of reaction (9) is determined mainly by bonds dissociation energies
DH = D(MACl) + D(MA(g2-C2H2)) � D(MAC)� D(CACl)+ DE, where
DE is a heat of the triple bond transformation into double one.
The difference of reaction (9) heats for M = Pt (DH2) and M = Pd
(DH3) is DH2 � DH3 = DD(MACl) + DD(MA(g2-C2H2)) � DD(MAC),
where DD(MACl) = D(PtACl) � D(PdACl), DD(MAC) = D(PtAC) �
D(PdAC), and DD(MA(g2-C2H2)) = D(PtA(g2-C2H2)) � D(PdA
(g2-C2H2)).

Taking into consideration that DD(MACl) � 29 kJ/mol [24] and
DD(MAC) � 34 kJ/mol [25] and the fact that platinum(II) chloro
complexes form more stable p-complexes than palladium(II) one
(Sections 3.2.5 and 4.2), we have DH2 � DH3 � DD(MA(g2-
C2H2)) > 0, that is, DH2 > DH3. Since the DH values are negative,
this means that the DH2 value is closer to zero valuation than
DH3 one. Accordingly, degree of symmetry for transition state of
the reaction (9) in the system 2 is greater than in the system 3.
Probably, that is the reason for the less KIE value observed in the
system 3 in comparison with the KIE value determined [21] for
the system 2.
5. Conclusions

Pre-grinding of K2PdCl4 solid salt in a vibratory micromill under
acetylene or propylene atmosphere produces heterogeneous cata-
lyst for acetylene hydrochlorination. The active sites of catalyst
generated in the course of K2PdCl4 salt mechanical pre-activation
are point defects of the crystalline structure in the form of palla-
dium(II) complexes with a coordination vacancy, [PdCl3]�, which
are able reversibly bind acetylene in a p-complex.

In the hydrochlorination of acetylene, the addition of HCl was
shown to occur in the anti-stereochemical configuration.

The two different HCl/DCl kinetic isotope effects for the cata-
lytic hydrochlorination of acetylene are observed proving that
HCl molecules participate in two separate steps of the catalytic
reaction. The KIE value equal to 2.8 was determined for the limiting
step of the overall catalytic reaction, and the KIE equal to 6.8 was
derived from the ratio of yields of vinyl chloride isotopomers
formed.

The first isotope effect is attributed to acetylene chloropallada-
tion step. This step involves donation of chlorine atom from HCl/
DCl molecule to p-coordinated acetylene with simultaneous
removal of chloro ligand from adjacent palladium complex. In a
result, a new HCl (DCl) molecule and new palladium(II) complex
with a coordination vacancy are formed in addition to b-chlorovi-
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nyl palladium(II) derivative. Fast protonolysis of the latter species
under the action of HCl/DCl yields isotopomers of vinyl chloride
and is responsible for the second KIE value.

Such a mechanism for chloropalladation step provides an expla-
nation for high stereoselectivity of catalytic hydrochlorination
reaction as well as for a mode of the catalyst’s active sites regener-
ation and excludes extremely unfavorable heterolysis of HACl
bond with H+ formation in the absence of solvation.
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