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Abstract—The catalyst for acetylene hydrochlorination with gaseous HCI at room temperature is prepared
by mechanical pretreatment of K,PdCl, in an acetylene atmosphere. The rate-determining step of the reac-
tion is the chloropalladation of m-coordinated acetylene involving an HCI molecule. As a consequence, the
replacement of HCI with DCI brings about a kinetic isotope effect of 2.8 + 0.4, which differs substantially
from that observed in the protodemetalation of the intermediate palladium(1I) chlorovinyl derivative yielding

vinyl chloride (6.8 = 0.6).
DOI: 10.1134/S0023158409050152

INTRODUCTION

Acetylene hydrochlorination is one of the com-
mercial methods of vinyl chloride production. The
commercial processes employ mercury(Il) chloride
supported on active carbon as the catalyst [1]. The
reaction proceeds at appropriate rates above 100°C.
However, this catalyst is unstable, which is primarily
due to the loss of HgCl, because of the volatility of the
salt [2]. Besides, this process contaminates the envi-
ronment. The high toxicity of the mercury catalyst and
its relative instability prompted us to search for other
catalytic systems. Under heterogeneous conditions,
Au'" [3, 4] and Rh'" [5] complexes on active carbon
catalyze acetylene hydrochlorination, but they need

elevated temperatures (170—180°C). It has recently
been discovered that acetylene hydrochlorination at
room temperature is catalytically accelerated on the
surface of the mechanically activated salts K,PtCl; [6]
and K,PtCl, [7].

Acetylene activation by metal complexes [ 1] begins
with the m-coordination of the C=C bond to the metal.
Subsequent outer-sphere attack by the nucleophile on
n-coordinated acetylene yields the product of frans-
addition of the nucleophile and metal complex to the
triple bond. Attack by the coordinated nucleophile
results in the cis-addition product. The subsequent
protodemetalation of this intermediate complex
affords the final product retaining the stoichiometry of
the intermediate (Scheme 1).
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Mechanical treatment of K,PtClg in an acetylene
atmosphere (system 1) results in the formation of cat-
alytic sites active in acetylene hydrochlorination.

These sites are topologically connected [PtCl¥]——

[PtC4]*~ pairs, where [PtC1%]~ is a platinum(I'V) com-
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plex with a coordination vacancy. The stepped mech-
anism includes the chloroplatination of acetylene by
coordinatively unsaturated platinum(IV) complexes
with the intermediate formation of a platinum(IV) -
chlorovinyl derivative. It is believed that the role of the
platinum(II) complexes in this system is the comple-
mentary reduction of Pt"™(CH=CHCI) to the corre-
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sponding platinum(II) derivative, whose protodemet-
alation results in the formation of vinyl chloride and in
the regeneration of the active site of the catalyst. The
rate-determining step of the reaction (acetylene chlo-
roplatination) involves an HCI molecule and proceeds
via a six-membered transition state as a concerted pro-
cess (Scheme 2).
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Scheme 2.

The mechanical activation of the platinum(II) salt
K,PtCl, in an acetylene atmosphere (system 2) also
affords an acetylene hydrochlorination catalyst.
Under these conditions, the active sites, which are
platinum(II) acetylene mt-complexes [7], are formed in
the surface layers. The rate-determining step of the
catalytic reaction in system 2 is again the chloroplati-
nation of m-coordinated acetylene involving an HCI

molecule. The reaction proceeds as a concerted pro-
cess consisting of the cleavage of the H—Cl and Pt—Cl
bonds in the metal complex adjacent to the acetylene
m-complex and the simultaneous formation of the
intermediate platinum(Il) (-chlorovinyl derivative,
the coordinatively unsaturated platinum complex

[PtCI5]~, and a new HCI molecule (Scheme 3).
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The fast protodemetalation of the resulting c-Pt—C EXPERIMENTAL

bond by HCI completes the catalytic cycle to give the
final products and the initial [PtCl,]?>~ complex.

It could be expected that the palladium(II) chloro
complex K,PdCl, (system 3), an analogue of K,PtCl,,
will also be catalytically active in acetylene hydrochlo-
rination under similar conditions. The purpose of this
work was to verify this assumption and to study the
kinetics and elucidate the mechanism of the catalytic
reaction in system 3.
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K,PdCl, was synthesized according to a standard
procedure [8] and was dried at 120—140°C for 3 days.
Samples of the resulting salt (0.25 g) were subjected to
mechanical treatment in an acetylene atmosphere in a
closed glass vibroreactor containing glass milling bod-
ies. For this purpose, we used an MMVE-0.005 vibrat-
ing micromill with a working frequency of 50 Hz and
an amplitude of 5.5 mm, which corresponds to a spe-
cific energy intensity of /=15 W/kg. The specific dose
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Table 1. Dependences of the specific surface area of the
K,PdCl, salt and the apparent rate constant of catalytic acet-
ylene hydrochlorination on the duration of the mechanical
treatment of the catalyst (0.25 g of K,PdCly)

f, min Seps m?/g Kapp % 103, 57!
0 ~0.02 0
15 4.7£0.5 2.3+0.1
30 6.0+ 0.6 59+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

of mechanical energy absorbed by the salt powder
(Dg,) was determined using the equation Dy, = It
where 7 is the activation time [9]. After the treatment,
the reactor was purged successively with argon and
HCI (or an HCI/DCI mixture) and sealed. Acetylene
and ethane (as an internal standard) were introduced
through a septum.

The reaction was carried out at 18°C. The acety-
lene consumption was monitored by GLC using an
LKhM-8-MD chromatograph with a flame-ioniza-
tion detector and a column packed with Silochrome
C-120 adsorbent. The MultiChrom system (Amper-
sand, Russia) was used in data acquisition and pro-
cessing. The relative acetylene concentration ¢(RH)
was determined as the ratio of the areas of chromato-
graphic peaks of C,H, and ethane used as the internal
standard. The amount of acetylene was calculated
using the calibration relationship between the amount
of acetylene introduced into the empty reactor and the
area of the corresponding chromatographic peak.

The specific surface area of the catalyst was deter-
mined by argon desorption using the BET method.

Acetylene was prepared by a standard procedure
[10], and gaseous hydrogen chloride (HCl or DCI) was
obtained by the interaction of calcined KCl with
H,SO, or D,SO,. The resulting deuterium chloride
was passed through the reactor and then through an IR
gas cell with KBr windows at its ends, and then the cell
and reactor were sealed. The mole fraction of DCI in
the resulting gaseous HCI/DCI mixture was deter-
mined by IR spectrophotometry using a Bruker Tensor
27 instrument, whose software makes it possible to
integrate the IR signal. The isotope composition of the
HCI1/DCI mixture was determined from the ratio of
integrated peak intensities, taking into account that,
under the same conditions, the bands of HCI are
approximately twice as intense as the bands of
DCI[11].

The NMR spectra of the acetylene hydrochlorina-
tion products were recorded in a deuterochloroform
solution on an AVANCE-I1-400 spectrometer (Bruker
BioSpin GmbH) operating at 400 MHz.

MITCHENKO et al.

RESULTS

The mechanical preactivation of dry K,PdCl, in an
acetylene atmosphere indeed yields a catalyst for acet-
ylene hydrochlorination with gaseous HCI. The cata-
Iytic reaction occurs at room temperature and requires
no continuous mechanical treatment. In an HCI
atmosphere the rate of acetylene uptake from the gas
phase of the closed reactor obeys a first-order kinetic
equation. The apparent rate constant was determined
as k,,, = ~HIMORI] 1ye vinyl chioride yield in

app
1
terms of reacted acetylene was close to 100%.

The reaction proceeds in the catalytic regime: no
substantial decrease in the catalytic activity is observed
after the occurrence of more than 150 catalytic cycles
in terms of palladium on the salt surface, or more than
1.7 catalytic cycles in terms of the total amount of pal-
ladium.

The stereochemistry of the product resulting from
acetylene hydrochlorination in a DCI atmosphere
corresponds to the frans-addition of the chlorine and
deuterium atoms to the triple bond of acetylene (the
'"H NMR spectrum obtained in a CDCI; solution has
the following characteristics: & = 5.52 ppm (H?®) and
6.31 ppm (H®), J(H*H®) = 14.75 Hz, and J(H°D) =
1.03 Hz).

) HA Cl
mechanically AN /
C,H, + DCl —raearaay, =CL . (IV)
D H

Dependence of the Catalytic Activity
on the Mechanical Pretreatment Time

The specific surface area and activity of the catalyst
increase monotonically with the salt preactivation
time (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 a saturation curve
(Fig. 1) and is described by the equation

S =Sy + 8% (1—e "), (1)
where S|, is the specific surface area of the initial

K,PdCl, powder, S is the limiting value of the
increase in the specific surface area due to mechanical
treatment, and m, is the constant characterizing the
efficiency of new surface formation (quantity inverse
to the specific work of surface formation).

The increase in catalytic activity with an increase in
the mechanical pretreatment time can be due to two
factors, namely, an increase in the specific surface area
of'the salt and an increase in the surface concentration
of active sites. To rule out the influence of the former
factor on k,,,, let us consider the apparent rate con-
stant per unit area of the catalyst surface: k* =
Kapp/ Sspm.

KINETICS AND CATALYSIS VWl. 50 No.5 2009



KINETICS AND MECHANISM OF CATALYTIC ACETYLENE HYDROCHLORINATION

Ssp) mz/g

8 -

| I
€1

6 1

5

4

3

2

1

0 Q/ 1 1 1 1 1 ]

20 40 60 80 100 120

Dy, /g

Fig. 1. Dependence of the specific surface area of the
K,PdCl, powder on the absorbed specific dose of mechan-

ical energy. The points are experimental S, values, and the
curve represents the data calculated using Eq. (1).

The dependence of k* on the specific dose of
mechanical energy absorbed by the powder also
appears as a saturation curve with (Fig. 2) and obeys
the equation

k= ke (1—e "), (2)

where k', is the limiting value of k* and n is the con-
stant characterizing the efficiency of the formation of
active states in the catalyst under mechanical treat-
ment (quantity inverse to the specific work of forma-
tion of active sites in the catalyst).

The parameters of Egs. (1) and (2) are listed in

Table 2, and the earlier found S and n, values for
ionic crystals of KCI [12] are given for comparison.
The specific work of formation of a new surface for the
K,PdCl, ionic crystal (~12.5J/g) is lower than the cor-
responding value for KC1 (~170 J/g [12]). This result is
in qualitative agreement with the expectations since
the KCI crystal lattice is more compact than the
K,PdCl, lattice. The n, value for K,PdCl, is approxi-
mately three times larger than the n value. This means
that the increase in the surface area and the formation
of active sites of the catalyst are unrelated.

It follows from Table 1 that 1-h-long mechanical
pretreatment is sufficient for reaching a near-limiting
value of the specific surface area of the catalyst and for
ensuring a fairly high catalytic activity. For this reason,
subsequent experiments were carried out on the cata-
lyst mechanically preactivated for 1 h.
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Fig. 2. Dependence of the apparent rate constant of acety-
lene consumption per unit area of the catalyst surface on
the specific dose of mechanical energy absorbed by the
K,PdCl, powder. The points are experimental values, and

the curve represents the data calculated using Eq. (2).

Kinetic Isotope Effect

The k,,, values measured in an HCI atmosphere
(after the reactor was purged with a fivefold volume of
HCI) and at an approximately three times lower partial
pressure of HCI (after the reactor was purged with 5 ml
of HCI) are equal within the experimental error. This
coincidence of the constants can be due to the rate-
determining step occurring without HCI or to the
change in the surface HCI concentration being negli-

1
gible under the given conditions. As will be shown
below, the latter situation actually takes place.

If an HCI molecule participates in the rate-deter-
mining step, the replacement of HCI with DCI will
bring about a kinetic isotope effect (KIE). We found
that the reaction rate is appreciably lower when the
reaction is carried out in a DCI/HCI atmosphere
(Table 3). The apparent rate constants of acetylene

consumption in pure DCI (k‘ggl) are listed in Table 3.

They were determined using the equation [13]
kDCl/HCl _ k
gy = ek 3)
I-y
where ka?,gl/ HC is the apparent pseudo-first-order rate
constant of acetylene consumption in the DCI/HCI
atmosphere and y is the mole fraction of HCI in the

Kapp =2.8x04.

DCl
app
Such a noticeable isotope effect proves the participa-

DCI/HCI mixture. Hence, KIE =

! This is possible, for example, in the case of the limiting Lang-
muir or polylayer coverage of the surface with HCI molecules.
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Table 2. Values of S:, s N Kk

max °

MITCHENKO et al.

and n in Egs. (1) and (2)

Crystal S5, m¥/g N, x 102, g/J kE o x 105, 57! m2 nx 102, g/J
K,PdCl, 6.7+0.7 8+2 6.8+0.6 3.2+06
KCl 0.42 £ 0.04 0.60 + 0.05 —

Table 3. Dependences of the apparent rate constant of acetylene consumption and the ratio of the nondeuterated and mono-

deuterated vinyl chloride yields on the mole fraction of HCI in the HCl/DCI mixture (0.25 g of K,PdCly)

H,C=HClyield
% kg1 5109, 571 ko % 103, 57! HDZC_CHCTYM 5 Y
1.0 9.0+0.7 — — —
0.53 6.2+0.1 3.0 — —
0.40 5.6%0.3 3.3 — —
0.60 - — 9.6 6.4
0.60 — — 11.2 7.5
0.66 — — 12.7 6.5
Average value 3.2+0.2 - 6.8+0.6

tion of an HCI molecule in the rate-determining step
of the reaction.

The KIE values derived from the ratio of the yields
of nondeuterated and monodeuterated vinyl chlorides
in the DCI/HCI atmosphere,

_ yield H,C=CHCI Xl—x
yield HDC=CHCl ¢

)

are noticeably larger that the above value of KIE = 2.8
(Table 3).

Specific Catalytic Activity

The fact that the rate of acetylene consumption in
heterogeneous catalytic reaction (IV) obeys a first-
order kinetic equation means that acetylene is
adsorbed according to Henry’s law

[RH]ads: KPRH’ (4)

where [RH],q4 is the surface concentration of acety-
lene, K is the adsorption equilibrium constant, and
Pry is the partial acetylene pressure. Accordingly, the
true pseudo-first-order rate constant of HCI con-
sumption (determined in the absence of a gas phase)
should be related [6] to the experimental k,,, value by
the equation

_k
kapp % 1075 Ko =5 ©)
i where o = (RTK)™!, h = V,/S;,;m, V, is the volume of
0.8 the gas phase in the reactor, R is the gas constant, 7'is

0.6

0.4

0.2

30m g

—1

Fig. 3. Dependence of the apparent pseudo-first-order rate
constant of acetylene consumption on the catalyst weight:
the linear anamorphosis of Eq. (5).

temperature, S, is the specific surface area of the cat-
alyst, and m is the catalyst weight.

Equation (5) is in agreement with the experimental
dependence of k,,, on the catalyst weight at k = (5 £ 3) x
10*s7'and K= (8 £4) x 107 mol m~2 Pa~! (Fig. 3).
Knowing the true reaction rate constant k£ and the
acetylene adsorption equilibrium constant K, one can
estimate the lower limit of the specific catalytic activ-
ity of the catalyst. At the limiting hydrogen chloride
coverage of the surface (see above) and an acetylene
partial pressure of 1 atm, the rate of vinyl chloride for-
mation per square meter of the catalyst surface is ~4 x
10~8 mol m~2 s~!. The maximum possible number of
moles of palladium on a 1-m? area of the catalyst sur-
face (Npy) can be estimated knowing the lattice
KINETICS AND CATALYSIS  Vol. 50
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parametersa=b=7.05x 100"mandc=4.1 x 10"%m
[14]:
_1/ac -6 2
di—Tz5.7><10 mol/m, (6)
where /, is Avogadro’s number. Hence, the specific
catalytic activity of the catalyst at the limiting cover-
age of the surface with hydrogen chloride molecules

and an acetylene partial pressure of 1 atm is at least
7 x 1073 (mol C,H,) (mol Pd)~'s~!.

DISCUSSION

The kinetics of acetylene uptake from the gas phase
of the closed reactor in an HCI atmosphere is
described by a first-order kinetic equation, as in the
case of system 1 [6]. By contrast, the amount of acet-
ylene in system 2 decreases according to a zeroth-
order equation [7]. The zeroth order with respect to
acetylene in system 2 is explained [7] by fast acetylene
chemisorption on the surface of the mechanically
activated salt via m-coordination with the coordina-
tively unsaturated near-surface platinum(Il) com-
plexes. Therefore, the amount of adsorbed substrate is
almost independent of its partial pressure in the gas
phase. Unlike platinum(Il), palladium(II) cannot
form stable m-complexes [15] and is similar to plati-
num(IV) in this respect [15]. It is likely due to this cir-
cumstance that the same reaction order with respect to
acetylene is observed in systems 1 and 3.

Since the reaction orders with respect to acetylene
in systems 1 and 3 are equal, it is possible to compare
the catalytic activities of the corresponding metal
complexes under the same conditions (Table 4).
Clearly, the true rate constants of acetylene consump-
tion in systems 1 and 3 are similar. Under the assump-
tion that the electrophilic properties of metal com-
plexes play the key role in the activation of multiple
C—C bonds by these complexes, the approximate
equality of the k values in systems 1 and 3 means that
the platinum(IV) and palladium(II) chloro complexes
have similar electrophilicities. The lower limit of the
specific catalytic activity in system 3 is approximately
30 times lower, which is mainly due to the smaller
acetylene adsorption equilibrium constant in this sys-
tem. At equal partial pressures of acetylene, the sur-
face substrate concentration in system 1 is one order of
magnitude higher, due to which its consumption rate
is higher.

Because of the stereoselectivity of reaction (IV),
the outer-sphere attack of the cis chloride ligand on
the palladium(II)—acetylene m-complex should be
ruled out. By analogy with the reactions in systems 1
[6] and 2 [7], we believe that acetylene is chloropalla-
dated by hydrogen halide. This is consistent with the
fact that reaction (IV) yields only the trans-addition
product, although system 3 does not contain “exter-
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Table 4. True rate constants of adsorbed acetylene consump-
tion in the absence of a gas phase, acetylene adsorption equi-
librium constants, and specific catalytic activity in systems 1
and 3

9%
_ 50 -
| == 'y
System kx 10% 57! ocf ‘::; 8 T
= 2553
X g 322
x E 58 E
1M =PtV [6]) 44+1.5 12+6 >0.2
3 (M =Pd'h 543 0.8+04 >0.007

nal” chloride ions in amounts comparable with the

2
amount of the resulting vinyl chloride.

Thus, HCI can participate in two reaction steps,
namely, acetylene chloropalladation with the interme-
diate formation of the palladium(II) B-chlorovinyl
derivative and the protodemetalation of the latter spe-
cies. Taking into account that the protodemetalation
of platinum metal o-organic derivatives usually occur
readily (see, e.g., [16, 17]), it is natural to assume that
the rate-determining step of catalytic acetylene hydro-
chlorination in system 3 is chlorometallation involving
the HCI molecule, as in systems 1 [6] and 2 [7].

This assumption provides a natural explanation for
the observed substantial difference between the KIE
derived from the kinetics of acetylene consumption
(KIE = 2.8 £ 0.4) and that derived from the yields of
the corresponding isotopomers of vinyl chloride (y =
6.8 = 0.6). The latter value likely refers to the protode-
metalation of the intermediate palladium derivative
(fast step), whereas the former refers to acetylene
chloropalladation (rate-determining step).

Note that a different situation is observed in aque-
ous solutions [18], in which the palladium(II) chloride
complexes also catalyze acetylene hydrochlorination,
but only in the presence of an oxidizer (FeCl;) and at
elevated temperatures (above 90°C). In this case, the
yield of vinyl chloride does not exceed 50%, because
hydrochlorination is accompanied by acetylene oligo-
merization and hydration. The kinetic data obtained
are explained [18] under the assumption that the acet-
ylene chloropalladation step is quasi-equilibrium and
the hydrochlorination rate is limited by the protolysis
of the intermediate palladium chlorovinyl derivative.
The evident cause of the differences between the
homogeneous and heterogeneous catalytic reactions is
that the heterogeneous system, unlike solutions, does

2In solids, as distinct from solutions, molecular mobility is
retarded and the interatomic distances in the lattice are fixed.
The shortest distance between palladium complexes in the
K,PdCly crystals is 4.1 A [14]. For this reason, we do not con-
sider the possibility of addition of halogen from an adjacent
complex molecule.
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not contain free nucleophiles (in our case, chloride
ions) in amounts comparable with that the amount of
the resulting product. As a consequence, the acetylene
chloropalladation step is slow.

Since the K,PdCl, and K,PtCl, lattices are of the
same type and have close parameters, we may assume,
taking into account the KIE values in systems 2 and 3,
that the reaction mechanisms in these systems are
similar. In particular, it would be expected that a tran-
sition state similar to structure (I1I) forms in system 3.
To confirm the reaction mechanism suggested for sys-
tem 3, it is necessary to know the nature of the active
sites of the heterogeneous catalyst that result from the
mechanical treatment of K,PdCl,. This will be the
subject of our forthcoming studies.
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