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bstract

Acetylene undergoes hydrochlorination by gaseous HCl in the absence of a solvent on the surface of pre-ground of K2PtCl4 powder. In the DCl
tmosphere, trans-d-vinyl chloride is formed. The catalytic reaction proceeds on the active sites, which are lattice defects in the form of �-acetylene

omplexes generated by mechanical pre-activation of K2PtCl4 salt under acetylene. The limiting step of the reaction is acetylene chloroplatination.
t involves a �-acetylene complex and HCl molecule, producing a new �-acetylene platinum(II) complex and intermediate �-chlorovinyl Pt(II)
erivative. The protonolysis of the latter species results in vinyl chloride formation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Modern requirements to chemical enterprises assume new
rocess development aimed at lowering chemical pollution in
rder to decrease toxicity and the volume of waste in chemi-
al industry. Such an approach called green chemistry [1,2] has
eapt forward in the last decade. Solid phase mechanochemical
ynthesis and mechanoactivated reactions can be considered as
ne of the rapidly developing trends in the framework of green
hemistry [2]. Mechanochemical methods open up high pos-

ibilities in heterogeneous catalysis: in particular, compounds
egarded as catalytically inert could be involved in catalytic
eactions in such a way (see, for example [3–5]). Active sites
f mechanoactivated catalysts are usually associated [6] with
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efects in crystalline solids. Such states are metastable due to
etarded diffusive mobility in solids, and their surface concen-
rations can essentially exceed the equilibrium concentration as
ell as that which can be obtained by conventional methods of
eterogeneous catalysts activation.

However, despite obvious advantages, a progress in this field
s strictly restrained by limited data on pathways of mechanical
nergy transformation into structural defects of different pattern
attice. Most papers dealing with mechanoactivated catalysis
re restricted to phenomenological description of the observed
ffects (see for example [7–11]). In order to clarify the question
t is convenient to use relatively clear catalytic systems. For such
model reaction we chose the catalytic acetylene hydrochlori-
ation. It is known [12], that alkyne hydrochlorination catalyzed
y metal complexes (Scheme 1) begins with �-coordination of

C triple bond to a metal center; further attack by external

ucleophile on a �-coordinated acetylene yields the product of
rans-addition of nucleophile and metal complex to the triple
ond. The product of cis-addition is formed in the case of attack
y a coordinated nucleophile. Protonolysis of the mentioned

mailto:samit@skif.net
dx.doi.org/10.1016/j.molcata.2007.05.036
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ntermediates gives rise of the final product with the same stere-
chemistry.

The catalysis of acetylene hydrochlorination on the sur-
ace of mechanically pre-activated under acetylene K2PtCl6
alt (system 1) was found earlier [5]. A mechanical treat-
ent of K2PtCl6 salt in vibration mill under acetylene forms

5] the active sites of catalyst, i.e. topologically bound cou-
le {[PtCl5*]−· · ·[PtCl4]2−}, where [PtCl5*]− is a platinum(IV)
omplex with a coordination vacancy. The reaction mechanism
Scheme 2) involves the acetylene chloroplatination step by
oordinatively unsaturated Pt(IV) complexes (step 1) yielding
he intermediate �-chlorovinyl Pt(IV) derivative. The role of
latinum(II) complexes consists in complementary [13] reduc-
ion of �-chlorovinyl Pt(IV) complex into the corresponding
t(II) derivative. The protonolysis of �-chlorovinyl Pt(II) deriva-

ive under the action of HCl (step 3) yields vinyl chloride and
ecovers the active site of catalyst. The limiting step of the cat-

lytic reaction is the acetylene chloroplatination reaction. The
eaction proceeds [5] under the action of HCl molecule in a
oncert process via six-membered transition state TS1.

Scheme 2.
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Mechanically pre-activated K2PtCl4 salt was inactive under
he same conditions [5]. The situation is different in aque-
us solutions: Pt(II) chloride complexes catalyze acetylene
ydrochlorination, whereas Pt(IV) complexes do not show any
atalytic activity [12]. The lack of catalytic activity of mechan-
cally pre-activated chloro platinum(II) complexes was rather
nexpected. It is known [14], that mechanical treatment of
2PtCl4 powder in vibrational mill generates [PtCl3*]− species
ith coordination vacancies. Their fraction averages no less than
% from total amount of surface platinum(II) complexes, and
hese particles are capable to �-coordinate ethylene forming
eise’s salt. One could assume that acetylene is also capable to
et in the coordination sphere of such a particle with coordina-
ion vacancy forming �-complex, and following transformations
f the latter will finally give vinyl chloride. The aim of the
resent work is the search for effects of mechanical activation of
olid K2PtCl4 with respect to heterogeneous catalysis of acety-
ene hydrochlorination and elucidation of the catalytic reaction

echanism.

. Experimental

The K2PtCl4 (0.3 g) powder was pre-ground for 1.5 h before
run. The increase of the grinding time does not consid-

rably influence the kinetics of the reaction. A vibratory
icromill MMVE-0.005 was used with specific power inten-

ity ca. 15 W/kg. The reactions were carried out in a closed
ibratory reactor of 10.7 ml capacity containing grinding bodies
ade of glass. Specific area of the powders was determined by
ET procedure from argon desorption.

The reactor containing mechanically pre-activated catalyst
as blown through with dry argon, filled with acetylene or
aseous HCl and closed with a rubber seal. Then, ca. 1 ml of
cetylene or gaseous HCl was fed into reactor via a rubber seal.
ll the reactions were carried out at room temperature and con-

inuous shaking providing a kinetic mode of reactions passing.
cetylene consumption and products accumulation were mon-

tored by GLC using an LKhM-8-MD chromatograph with a
ame-ionization detector and equipped with data acquisition
ystem MultiChrom Ampersand. The sampling of the gas phase
as performed by means of a dozing syringe of the fixed volume
hrough the rubber gasket.
The platinum salt K2PtCl4 was prepared according to stan-

ard techniques [15] and was recrystallized and preliminary
ried for 3 days in a desiccator at 120–140 ◦C before use. The
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ncrease of the drying time did not considerably influence the
inetics of the reaction. All further manipulations with the salt
ere carried out in a dry glove box.
Acetylene was prepared according to standard techniques

16]. Gaseous HCl (DCl) was received by the reaction of calci-
ated KCl and H2SO4 (D2SO4). The gases obtained were dried
ver P2O5 or calcinated CaCl2 before use. Gaseous HBr was
eceived by antracene bromination reaction [16]. Receiving of
ure isotopomer DCl is difficult because of fast isotope exchange
ith traces of moisture. The liberated gaseous HCl/DCl mixture
as collected in thoroughly dried syringe of 50 ml capacity.
hen the IR gas cuvette with windows made from KBr and
reliminary cleaned out by blowing of dry argon was filled up
ith HCl/DCl mixture from the syringe. A gas portion (∼1 ml)
as carried by a dry syringe from the cuvette into the reactor
sed for monitoring the acetylene hydrochlorination kinetics.
he DCl content in a DCl/HCl mixture was estimated as the

atio of areas under IR bands of DCl and HCl in the IR spectrum
aking into account that at the same conditions the intensities of
Cl bands are approximately twice higher then for DCl bands

17]. The FTIR Perkin-Elmer Spectrum BX instrument was used
or determining of isotope content in the HCl/DCl mixture.

1H NMR measurements were performed using a Varian
EMINI instrument operating at 200 MHz.
The X-ray diffraction study was performed on a DRON-3

nstrument in monochrome Cu K� irradiation using Ni-filter.
The X-ray photoelectron spectroscopy (XPS) measurements

ere performed using an EC-2402 instrument equipped with
nergy analyzer PHOIBOS-100 SPECS, ion gun IQE-11/35,
nd slow electron gun FG-15/40 for compensation of dielec-
ric surface charging. The spectra were excited by Mg K�
E = 1253.6 eV, Р = 300 W) irradiation. The Pt 4f-level spec-
ra were factorized in pairs of components with parameters

Eb (4f5/2 − 4f7/2) = 3.3 eV, I4f5/2/I4f7/2 = 0.75, full width on the
id-height (FWHM) was equal to 1.1 eV. The factorization
as performed by Gauss-Newton method. The component’s

rea were determined after background subtraction by Shirley
ethod [18].
The diffuse reflection of light, IR-spectra for mechanoac-

ivated K2PtCl4 powders was registered in the mixture with
aF2. The Brucker Tensor 27 instrument equipped with diffuse

eflection of light device Specac was used.

. Results

The mechanical pre-activation of dry K2PtCl4 salt results in
ormation of acetylene hydrochlorination catalyst (system 2) as
ell. The yield of vinyl chloride based on the amount of acety-

ene consumed in the reaction is close to 100%. No noticeable
ecrease in catalyst activity is observed after realization of 3
urnover numbers based on bulk catalyst or ∼300 based on plat-
num located on the surface of the catalyst. Addition of water
apor in the reactor causes a significant decrease in the rate of

eaction, and in the presence of ca. 1 �l of water the reaction does
ot proceed. Apparently, the cause of earlier reported [5] lack of
atalytic activity of mechanoactivated chloro platinum(II) com-
lexes lies in suppressive action of water vapor. It is noteworthy,

s
c

o
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hat in the system 1 so strong suppressive action of water vapor
as not observed.
For the most part the non-deuterated vinyl chloride

2C CHCl is formed in the atmosphere of HCl/DCl (mole
atio ∼ 1:3) with admixture of monodeuterated product which
as a trans configuration just as in the system 1 (1H NMR in
DCl3 solution, δ, ppm: 5.52 (Ha), 6.31 (Hb); J(HaHb) = 14.75,
(HbD) = 1.03 Hz):

(1)

.1. The reaction kinetics

The zero-order rate law describes acetylene uptake in the
tmosphere of HCl in the system 2 in contrast to the system 1,
here the first-order rate law for acetylene consumption was
bserved [5]. The noticed in the system 2 zero-order rate law
or acetylene uptake can be explained by, for example, if the
ubstrate is fast chemisorbed on the surface of mechanically
ctivated salt, and it’s surface concentration is independent of
cetylene partial pressure. Such a chemisorption in a case under
onsideration could proceed through acetylene bonding in �-
omplex by platinum(II) species with coordination vacancies.

The first-order rate law describes vinyl chloride accumulation
n conditions of large excess of acetylene over HCl (atmosphere
f acetylene):

(t)ViCl = ν∞
ViCl · (1 − exp(−keft)), (2)

here ν(t)ViCl and ν∞
ViCl are amounts of liberated vinyl chloride at

he time moment t and at the end of the reaction, respectively, kef
s the observed rate constant for HCl uptake. The kef value within
he limits of experimental error coincides when the reaction is
onsecutively carried out in the same reactor once charged with
cetylene. This can be a consequence of the circumstance when
lteration of HCl concentration on the catalyst surface should
e neglected. The implementation of the first-order rate law for
inyl chloride accumulation in the heterogeneous reaction (1),
bviously, means that HCl is adsorbed according to Henry’s
quation (cf. [5]):

HCl]ads = K × P(HCl), (3)

here [HCl]ads is the surface concentration of HCl, K is the
onstant of adsorption equilibrium, and P(HCl) is the partial
ressure of HCl. In this case the k value for pseudofirst order
ate constant for HCl uptake in the absence of gaseous phase
as to be associated [5] with experimentally determined value
ef by the ratio:

ef = k

1 + αλ
, (4)

here α = (RT × K)−1, λ = Vg/Ssp × m, Vg is the volume of
aseous phase of the reactor, Ssp and m are, respectively, the

pecific surface and mass of the catalyst, R is the absolute gas
onstant, and T is a temperature.

Eq. (4) satisfies experimental dependency of kef
n the catalyst mass at k = (1.3 ± 0.4) × 10−3 s−1 and
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ig. 1. The dependence of kef on the mass of the catalyst. The linear anamor-
hosis of Eq. (5).

= (1.0 ± 0.4) × 10−8 mol m−2 Pa−1 (Fig. 1). Let us use k and
values obtained above for the TOF magnitude estimation.

he rate of vinyl chloride accumulation on 1 m2 of catalyst
urface in the case when the surface is to the limit covered
y acetylene molecules (see above) and the partial pressure
f HCl is 1 atm comes to ∼1.3 × 10−6 mol/m2 s. The catalyst
pecific surface is 4.2 m2/g, hence, the TOF value is equal to
5.5 × 10−6 mol/g s.
The kinetic data obtained allow us to determine the value of

inetic isotope effect in the system 2. The kinetic data processing
or vinyl chloride accumulation liberating at acetylene excess
nd in the presence of HCl/DCl mixture according to Eq. (5)

(t)ViCl = ν∞
ViCl · [1 − x · exp(−kef · t)

− (1 − x) · exp(−kD
ef · t)], (5)
here x is a mole fraction of HCl in the starting HCl/DCl mix-
ure, kD

ef is effective rate constant for DCl uptake, using the
etermined earlier kef = (6.4 ± 0.3) × 10−4 s−1 value for 0.3 g
atalyst gives (Fig. 2) the value kD

ef = (1.6 ± 0.3) × 10−4 s−1.

ig. 2. Typical curve for vinyl chloride accumulation in the presence of HCl/DCl
sotopomer mixture. The mole fraction of HCl in the starting mixture x = 0.2, the
atalyst mass is 0.3 g; the points correspond to experimental data, the enveloping
urve is calculated according to Eq. (5) at kef = 6.4 × 10−4 s−1 and kD

ef = (1.6 ±
.3) × 10−4 s−1.
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ence the KIE magnitude for the system 2 equals to (4.0 ± 0.9)
nd actually appreciably exceeds the value of 1.9 for KIE deter-
ined [5] in the system 1.
Thus, the mechanical pre-activation of the dry K2PtCl4 salt

nder acetylene forms the heterogeneous catalyst for acety-
ene hydrochlorination. The different character for kinetic
ependencies and sharp distinction in the KIE values for the
ystems 1 and 2 indicate different reaction mechanisms in these
ystems.

.2. The nature of the catalytic active sites

The reaction proceeds very slowly on the surface of mechani-
ally pre-activated in air K2PtCl4 salt. The preliminary treatment
f K2PtCl4 under acetylene, ethylene or propylene is necessary
o get the active catalyst. From comparison of X-ray diffraction
atterns for K2PtCl4 samples mechanically activated in air and
cetylene (Fig. 3) it follows that the dispersed medium content
oes not influence the sample texture: pretreatment under acety-
ene leads merely to the decrease of the granule’s size and partial
morphization of near-surface layers. Such a decrease of crys-
allite size for the platinum salt sample milled under acetylene
n comparison with the sample treated in air is also confirmed by
pproximately twofold increase in the catalyst specific surface
agnitude Ssp: (4.2 ± 0.8) against (2.7 ± 0.5) m2/g.
The X-ray photoelectron spectra and peak synthesis for Pt

f-level of platinum atoms for K2PtCl4 samples mechanically
ctivated in air (sample 1) and acetylene (sample 2) are presented
n Fig. 4. The maxima of couple components in Fig. 4 correspond
o Pt 4f7/2- and Pt 4f5/2-levels of platinum atoms. The Pt 4f-level
f platinum atoms XPS spectra were factorized in three couple
f components denoted as a, b and c. The a component (Ep Pt
f7/2 = 71.9 eV) corresponds to the Pt(OH)2 phase [19], which
ould originate due to hydrolysis of near-surface layer K2PtCl4
omplexes by residual water vapor under conditions of mechan-
cal treatment. The a component intensity for the sample 2 is
ess in comparison with sample 1 (Table 1). The main compo-
ent in Pt 4f-spectra of samples 1 and 2 is component b (Ep
t 4f7/2 = 72.8 eV), corresponding to the Pt2+-states of K2PtCl4
19]. The component c (Ep Pt 4f7/2 = 73.4 eV) can be attributed to
t2+-states of the species with coordination vacancies K2PtCl3+

ormed [14] under mechanical treatment of the starting mate-
ial. The appearance for the sample 1 of K2PtCl3(Н2O)+ or

2PtCl3OН complexes besides K2PtCl3 is possible, but further
ncrease of their contribution could be limited by hydrolysis. A
oticeable increase in the intensity of component c for the sam-
le 2 is observed. It could result from a stabilization of K2PtCl3+

pecies owing to acetylene �-coordination. An increase of the
atio I(Pt 4f)/I(Cl 2p) observed for the sample 2 also agrees with
ncrease of K2PtCl3+ species contribution. The mechanical pre-
reatment of K2PtCl4 in propylene atmosphere leads to the same
ffects.
It is noteworthy, that a considerable increase in the portion of
he species characterized with a high Ep value on the surface of
atalyst which are presumably positively charged defects of the
attice K2PtCl3+ occurs. This increase correlates with an appre-
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Fig. 3. Diffraction pattern for polycrystal K2PtCl4 samples mechanically pre-treated in air (sample 1) and acetylene (sample 2).

Table 1
Components, peak energies (Ep, eV), relative intensities of the peaks (I, %) and intensities ratio I(Pt 4f)/I(Cl 2p) for samples 1 and 2 after mechanochemical treatment
of K2PtCl4 salt in air (sample 1) and acetylene atmosphere (sample 2)

Component a b c I(Pt 4f)/I(Cl 2p)

Assignment Pt2+, Pt(OH)2 Pt2+, K2PtCl4 Pt2+, K2PtCl3+ –
Ep Pt 4f7/2 (eV) 71.9 72.8 73.4 –

I (%)
Sample 1 14 ± 2 74 ± 2 12 ± 2 1.55
Sample 2 9 ± 2 47 ± 2 44 ± 2 1.63
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ig. 4. Peak synthesis for Pt 4f-level XPS-spectrum of platinum atoms for

2PtCl4 samples mechanically activated in air (sample 1) and acetylene (sample
).

iable growth in activity of the catalyst.1 Apparently, there is an
bserved increase in the catalytic activity of the platinum salt
re-ground in the unsaturated compounds when compared to
he catalyst pre-activated in air. This can be explained by two
actors. The first one is the extension of a specific surface of cat-
lyst. The second factor consists in the �-complexes formation
n the surface of the catalyst, which serves as a catalytic active
ite. From the XPS data (Table 1) and specific surface values
ne could expect that catalytic activity of the sample 2 would be
pproximately six times more than for sample 1.

Independently this suggestion is confirmed by the following
bservations:

The reactor containing 0.3 g K2PtCl4 salt pretreated in air
(sample 1) was filled by propylene for a few minutes, after
that propylene was removed from the reactor by flow of dry
argon. Then the reactor was filled with acetylene, which is
capable [20] of replacing the olefins from �-complexes. Next
it was closed with a rubber seal, so propylene accumulation

in the gas phase of the closed reactor was controlled. The
rate for propylene accumulation consisted of two portions.
A small amount, (0.9 ± 0.1) �mol, of propylene was liber-

1 The mentioned above twofold increase in specific surface of the catalyst
re-activated in acetylene, propylene or ethylene in comparison with one pre-
round in air, cannot be a reason for the noticeable increase in the activity of the
atalyst.

t
I
C
t
a

ig. 5. Typical curve for propylene accumulation in the displacement reaction
y acetylene; propylene was preliminary sorbed on the surface of K2PtCl4 salt
re-activated in air (a) and in propylene atmosphere (b).

ated immediately, and the rest amount, (1.6 ± 0.1) �mol, of
propylene evolved slowly. This follows the first-order rate
law (Fig. 5a). One could assume that the portion of propylene
liberated immediately was originally physically adsorbed on
the catalyst surface and the other portion was chemosorbed
in the form of �-complexes with coordinatively unsaturated
species K2PtCl3+, formed under conditions of the starting
material pre-activation.
The same procedure with 0.3 g of the catalyst pre-activated in
propylene atmosphere (sample 2) led to the immediate release
of (2.5 ± 0.3) �mol of initially adsorbed propylene followed
by slow evolving of (11.0 ± 0.3) �mol of chemosorbed propy-
lene (Fig. 5b). The ratio of chemosorbed propylene amounts
in the samples is equal to (6.8 ± 0.5) and is in agreement with
the estimated ratio of active sites quantities from the XPS
data.

The direct evidence for �-acetylene complexes formation in
he near-surface layers of the catalyst was acquired through the

R-spectroscopy method of diffuse reflection of light. While the

C bond stretching vibration of acetylene is generally inac-
ive in IR-spectrum it can occur if acetylene is �-coordinated to
transition metal [21]. This peculiarity allows us to detect of
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cetylene �-complexes formation. The reactor containing 0.3 g
2PtCl4 salt pre-ground in air was filled by acetylene for a few
inutes, after that acetylene was removed from the reactor by
ow of dry argon. The weak band at 2095 cm−1 corresponding

o acetylene C C bond stretching vibration was found in the
iffuse reflection of light IR-spectrum for the treated in such a
ay platinum complex. The intensity of this band is in order of
agnitude greater for the sample obtained in the same way, but

f K2PtCl4 salt was pre-activated in acetylene atmosphere.
Conclusively, mechanoactivation of the platinum salt in the

nsaturated compounds atmosphere results in increase practi-
ally in order of magnitude of �-complexes amount, which serve
s catalytically active sites of the acetylene hydrochlorination
atalyst. It is noteworthy that �-ethylene platinum complex,
eise’s salt KPt(�2-C2H4)Cl3, possesses a rhombic lattice in
ontrast to tetragonal lattice of the starting platinum salt [22].
herefore, such a �-coordination of unsaturated compounds to

he formed on the surface species with coordination vacancies
hould result in additional stresses in the K2PtCl4 matrix and as
consequence should lead to the crystallites downsizing in an

greement with the experimental observations.

. Discussion

To comprehend the reaction (1) mechanism it is essential
o know the origin of the chlorine atom, which is a part of
inyl chloride formed. The sources of chlorine atoms could be
Cl molecules, ligands of the chloro platinum complexes and

nterstitial chloride ions, arising [14] under mechanical treat-
ent of K2PtCl4 salt. Reasoning from the hydrochlorination

tereochemistry, the inner sphere chloride ligands participation
hould be excluded [12]. Relatively small amounts of the inter-
titial chloride ions formed under K2PtCl4 mechanical treatment
ould not provide the catalytic reaction run. The last conceivable
ossibility is left: chlorine atom, which is a part of vinyl chlo-

ide formed, originates from HCl molecule. This is true because
ainly vinyl bromide is formed in the reaction of acetylene with
Br catalyzed by pre-activated K2PtCl4 salt, and vinyl chloride

s generated merely as traces.

v
a
a
w

Scheme 3
talysis A: Chemical 275 (2007) 101–108 107

Thus, in the system 2 as well as in the system 1, the hydrochlo-
ide molecules are involved in the two reaction steps. The first
ne is acetylene chloroplatination step leading to the interme-
iate �-chlorovinyl Pt(II) derivative formation and the second
ne is the protonolysis of the latter species. Taking into account,
hat the KIE value in the system 2 at comparable rates of acety-
ene hydrochlorination is essentially differ from the KIE value
n the system 1, one could conclude that in the both systems the
imiting stage is acetylene chloroplatination step.

Let us consider the probable mechanism for acetylene chloro-
latination step. A sufficiently great KIE value in the system 2
rgues in favor of a transition state close to linear and symmet-
ic one [23]. We may assume that the reaction proceeds via НCl
olecule attack onto �-acetylene complex, located on the (1 0 0)

rystal plane. A local positive charge of the crystal lattice defect
n the form of monoanion [Pt(�2-C2H2)Cl3]− is favorable to a
hlorine atom of polar HCl molecule attack onto �-acetylene
omplex. The reaction proceeds as a concert process in which
oncurrently with the rupture of H Cl bond and Pt Cl bond in
he platinum complex neighboring with �-acetylene complex
he new Pt C, C Cl and Н Cl bonds are formed (Scheme 3).

The distance between platinum complexes on the (1 0 0) crys-
al plane 4.131 Å, in a contrast to 7.017 Å on the (0 0 1) crystal
lane [22], and bonds lengths of Н Cl (1.274 Å) C Cl (1.719 Å)
nd C C (1.332 Å) [24] geometrically permit to accomplish
lmost linear transition state. The reaction should be practically
hermoneutral because the Н Cl bond rupture is compensated
y formation of the same new bond, and Pt Cl bond rupture is
lmost compensated by C Cl bond formation, so the transition
tate should be nearly symmetric as well. The stoichiomet-
ic consequence of such a reaction must be the formation of

coordinatively unsaturated [PtCl3*]− complex on the same
rystal plane in addition to �-vinyl platinum(II) derivative. The
PtCl3*]− complex forms with acetylene �-complex regenerat-
ng in that way the active site of catalyst, and the protonolysis
f �-chlorovinyl Pt(II) derivative under the action of HCl yields

inyl chloride and the starting [PtCl4]2− complex. Such a mech-
nism explains the high stereoselectivity of the catalytic reaction
nd excludes extremely unfavorable heterolysis of H Cl bond
ith H+ formation in the absence of solvation.
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