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Abstract-Platinum(II) complexes [dichlorobis(triphenylphosphine)platinum(II), dichlorobis(tri-m-tolyl-
phosphine)platinum(II), dichloro(2,9-dimethyl-1,10-N, N`-phenanthroline)platinum(II), etc.] showed catalytic
activity in addition of tetrachloromethane across the double bond in 1-hexene, 1-heptene, 1-octene, 1-decene,
and cyclohexene. The stability of the platinum catalysts was evaluated by GLC, gas chromatography3mass
spectrometry, and31P NMR and IR spectroscopy; the kinetic relationships of the addition reactions were
determined. A reaction mechanism involving formation of trichloromethyl radical was suggested. A correla-
tion was revealed for the first time between the catalytic activity of platinum, palladium, and rhodium com-
plexes and the capability of these complexes to generate hexachloroethane.

The addition of tetrachloromethane to alkenes can
be effected by free-radical initiatiors [1] or by transi-
tion metal salts and complexes [234]. As a rule, the
reaction products in this case are not only 1 : 1 ad-
ducts but also telomeric homologs [1, 5]. With organ-
ic peroxides used as initiators of tetrachloromethane
addition, the necessary condition for obtaining the
1 : 1 adduct is a 7310-fold excess of tetrachlorometh-
ane relative to alkene [1]. In the case of using coordi-
nation catalysts, tetrachloromethane is also taken in
excess (usually fivefold) to increase the yield of the
target product [3, 6].

We have found previously [7] that Pt(II) complexes
show high activity in addition of tetrachloromethane
to alkenes. In particular, the reaction performed in the
presence ofPtCl2(PPh3)2 gives the 1 : 1 adduct as the
major product in a high yield. As compared to the
known catalytic systems for Kharasch addition, the
system that we developed has certain advantages. In
particular, with Co(II) [3] and Cu(I) [2] as catalysts,
CCl4 was taken in a large excess relative to the alkene
[(5310) : 1]. In the presence of Pt(II) phosphine com-
plexes, the addition is very selective at 1.3 : 1 molar
ratio of CCl4 to the alkene. The catalytic system based
on PtCl2(PAr3)2 preserves the activity for several tens
of hours. In contrast to the known catalysts, e.g., to
those based on transition metal carbonyls [8], the
Pt(II) complexes are stable under the reaction condi-
tions for a long time. Also, the addition is effected at
a catalyst concentration as low as 0.0630.50 mol %,
which is more than an order of magnitude lower than
the necessary concentrations of the catalysts contain-
ing Re(III) (2 mol % [4]) and Co(II) (16 mol % [3]).

As a model substrate we chose hexene. Although
the Pt(II) complexes catalyze the addition of CCl4 to
1-hexene in a wide temperature range (673140oC),
we chose the temperature of 120oC for consistency.

We found that cis-PtCl2(PPh3)2 (I ), PtI2(PPh3)2
(II ), PtI2(COD) (III ) (COD = 1,4-cyclooctadiene),
PtCl2[P(m-Tol)3]2 (IV ), PtMe2(PPh3)2 (V), and PtCl2 .
(2,9-Me2phen) (VI ) (2,9-Me2phen = 2,9-dimethyl-
1,10-N,N `-phenanthroline) catalyze the addition, with
1,1,1,3-tetrachloroheptaneVII being the major prod-
uct. PtCl2(COD) shows no appreciable catalytic activ-
ity in this reaction. Data on the catalytic activity of
the Pt(II) complexes used are given in Table 1.

The highest yields of the adducts were attained
with complexesII and V. However, these complexes
are unstable under the reaction conditions: at 120oC
within 2 h they virtually fully transform into PtCl2 .
(PPh3)2.

In contrast to iodidesII and III , platinum(II) chlo-
ride triarylphosphine complexesI and IV preserve
their activity even at high olefin conversions. We
examined the solid residues isolated after heatingI
at 120oC for 10.5 h in the mixtures CCl43CH3CN3
1-hexene (sample 1), CCl43CH3CN (sample 2), and
1-hexene3CH3CN3C6H6 (sample 3). The IR spectra
of all these samples contain two bands at 320 and
294 cm31, corresponding to the startingcis-PtCl2 .
(PPh3)2 [9].

In the 31P NMR spectra of samples 133, the signals
of the starting cis-dichlorobis(triphenylphosphine)-
platinum at 14.8314.9 ppm, with two platinum satel-
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lites (1JPtP 367133673 Hz) are preserved. Also, a
number of new signals of phosphorus-containing spe-
cies appear in the spectra of samples 1 and 2. Their
total integral intensity does not exceed 15% of that of
cis-PtCl2(PPh3)2 in sample 1 and 45% in sample 2.
We failed to detect the platinum satellites for these
signals, probably because of their low intensity.

The reaction order with respect to the catalyst was
determined with complexI , which was the most stable
under the reaction conditions; its concentration was
varied from 5.00 1034 to 4.20 1033 M. The reaction
orders with respect to CCl4, 1-hexene, and CH3CN
were determined by replacing the reagent by an inert
diluent (benzene). The initial reaction rate was deter-
mined at the 1-hexene conversion not exceeding 1%.
The rate of the noncatalytic reaction [(1.3+0.2)0
1036 mol l31 s31] is an order of magnitude lower than
that in the presence ofcis-PtCl2(PPh3)2 [(17+1) 0
1036 mol l31 s31]. Therefore, in the further kinetic
studies, the contribution of the noncatalytic process in
the presence ofI was neglected.

We found that the reaction is second-order with
respect to tetrachloromethane, zero-order with respect
to 1-hexene, and first-order with respect to the Pt(II)
complex. Also, it has a nonzero order with respect to
acetonitrile. A complex effect of acetonitrile additions
on the activity of Pt(II) phosphine complexes in the
presence of tetrachloromethane was observed previ-
ously [10].

We found that additions of benzoquinone inhibit
the reaction, which, apparently, suggests the radical
reaction mechanism. The reaction inhibition with
triphenylphosphine, most likely, suggests formation of
an active 14-electron platinum complex by reversible
dissociation of the ligand [11, 12].

Addition of K2CO3 to the reaction mixture CCl43
1-hexene (1.3 : 1) increases both the reaction rate and
the yield of the 1 :1 adduct (from 13 to 52% at 120oC,
10.5 h). At the CCl431-hexene molar ratio of 3.9 : 1,
the yield under the same conditions is 78%, and in
24 h it approaches 100% (the reaction mixture, ac-
cording to gas chromatography3mass spectrometry,
does not contain even traces of 1-hexene). The effect
of potassium carbonate may be associated with the
formation of more active Pt(0) complexes, as it was
assumed previously for the systems containing tetra-
chloromethane and Pd(II) and Pt(II) phosphine com-
plexes [4, 13, 14].

All the catalytic systems based on Pt(II) complexes
that we tested showed high selectivity in addition of
tetrachloromethane to 1-hexene. An examination by
gas chromatography3mass spectrometry revealed no

Table 1. Catalytic activity of Pt(II) complexes in addition
of tetrachloromethane to 1-hexene in the presence of
acetonitrile (1 : 1 : 1 by volume, 120oC)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
Catalyst³

Catalyst
³ k0103, ³V0/[Pt]0103,

no. ³ ³l2mol32s31 ³ s31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
I ³cis-PtCl2(PPh3)2 ³ 1.19+0.08 ³ 4.1+0.3
II ³PtI2(PPh3)2

a ³ 0.63+0.05 ³ 2.2+0.2
III ³PtI2(COD)a ³ 0.13+0.01 ³ 0.45+0.03
IV ³cis-PtCl2 . ³0.083+0.002³0.286+0.007

³[P(m-CH3C6H4)]2 ³ ³
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
a CatalystsII and III are unstable under the reaction conditions

and transform into the corresponding dichloride complexes
within 2 h; for II and III , the rate constant in the initial step
of the reaction is given.

detectable amounts of telomers or 1,1,1-trichloro-
2-chloromethylhexene (anti-Markownikoff adduct).

As possible side processes we can consider isomer-
ization of 1-hexene and metathesis of C3H bonds in
the alkene and C3Cl bonds in CCl4.

The Pt(II) complexes studied are not active cata-
lysts of alkene isomerization under the reaction condi-
tions. Only cyclooctadiene complexesIII and VIII
showed some activity in isomerization of 1-hexene.
In particular, about 1/3 of 1-hexene is converted to
a mixture ofcis- andtrans-2-hexene at 120oC in 10 h.

Since Pt(II) and Pd(II) complexes can catalyze the
metathesis of the C3H bonds in alkanes and C3Cl
bonds in CCl4 [10], such a process could be expected
with 1-hexene along with the addition. Indeed, the
most active allylic C3H bonds undergo metathesis
with the formation of 3-chloro-1-hexene andcis- and
trans-1-chloro-2-hexene. We found, however, that the
metathesis rate is lower than the addition rate by two
orders of magnitude.

Thus, the catalytic systems based on Pt(II) phos-
phine complexes are highly selective. The content of
by-products in the reaction mixtures under consider-
ation is two orders of magnitude lower than that of the
addition product, even at a high (>50%) conversion of
the alkene.

The addition involving Pt(II) complexes may occur
along two alternative pathways. The plausible initial
step of the first pathway is activation of the alkene
with the formation of a Pt(II)p complex, and that of
the second pathway, activation of the C3Cl bond in
CCl4 with the formation of, e.g., a new complex with
a Cl3Pt(II) bond.

The mechanism involving the coordination of the
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olefin with Pt seems improbable, in view of the zero
reaction order with respect to the alkene. Furthermore,
platinum alkene complexes were detected neither
upon prolonged heating of the complexes in 1-hexene
nor in reaction mixtures.

On the contrary, the mechanism of redox catalysis
involving the abstraction of a chlorine atom from
tetrachloromethane by a metal complex with the for-
mation of trichloromethyl radical is quite typical of
catalytic systems based on many transition metals,
e.g., Pd(II) [15], Fe(II) [16], Cu(I) [2], and Co(II) [3].
Previously we obtained evidences of formation of
trichloromethyl radical in chlorination of hydrocar-
bons with tetrachloromethane in the presence of Pt(II)
phosphine complexes [10, 17].

As the CCl4 concentration is decreased, the relative
amount of by-products compared to the addition prod-
uct increases: At a tenfold decrease in the CCl4 con-
centration, the concentrations of the other components
being constant, the relative amount of the metathesis
products increases by a factor of 4. Lower selectivity
of the reaction at low concentrations of tetrachloro-
methane can lead to a higher formal order with respect
to CCl4.

Another possible cause of the increase in the reac-
tion order with respect to CCl4 is the influence of
tetrachloromethane on the release of the phosphine
from the Pt(II) 16-electron complex. It is known that
CCl4 reacts with triphenylphosphine to form
[Ph3PCCl3]

+Cl3 and other reaction products [18]. This
reaction is fast in the presence of acetonitrile; in
nonpolar solvents, its rate is low. If such a reaction
facilitates formation of the active catalyst species,
then, presumably, a decrease in the concentration of

tetrachloromethane will cause a stronger decrease in
the reaction rate than it could be expected from the
classical scheme of redox catalysis.

The detection of dichloroethane, the dimerization
product of the trichloromethyl radical, could be an
additional evidence of the participation of this radical
in the process. However, hexachloroethane was not
detected in the reaction mixtures containing alkenes.
The absence of dimerization products in radical reac-
tions, including the Kharasch reaction, was reported
previously and was interpreted in [19]. We attempted
to detect hexachloroethane in a CCl43CH3CN mixture
in the absence of 1-hexene. Upon heating of this mix-
ture to 120oC, we detected by gas chromatography3
mass spectrometry the formation of hexachloroethane
both in the absence of transition metal complexes and
in the presence of various Pt, Pd, and Rh complexes.
The formation of hexachloroethane is accelerated in
the presence of complexes catalyzing the Kharasch re-
action. Furthermore, the catalytic activity of these
complexes correlates with their capability to generate
hexachloroethane (correlation factor 0.95). These data
are shown in the figure [IX , PtCl2(Ph2PCN)2; X,
PdCl2(Quin)2 (Quin is quinoline); XI , trans-PtCl2 .
(SMe2)2; XII , PdCl2(b-Pic)2 (b-Pic is 3-methylpico-
line); XIII , RhCl(PPh3)3; 0, noncatalytic reaction].
Such a correlation was not described previously.

Thus, our results allow us to suggest the following
catalytic cycle of the addition of CCl4 to 1-hexene in
the presence ofcis-PtCl2(PPh3)2 (see scheme). In this
scheme, [PtII ] denotes complexI or a complex formed
by elimination of phosphine fromI . The active cata-
lyst species participates in the formation of the tri-
chloromethyl radical, with an increase in the Pt oxida-
tion state. The trichloromethyl radical adds to the
double bond, and the resulting radical adduct abstracts
the chlorine atom from the oxidized platinum species,
with the formation of the addition product and regen-
eration of the catalyst. The suggested scheme coin-
cides with the mechanism of redox catalysis.

R

Cl

CCl3

PtIII Cl

R

CCl3
CCl3
.

CCl4[PtII ]

R

PtIII Cl
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We have studied the activity ofPtCl2(PPh3)2 in
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reactions with various alkenes (Table 2). As expected,
the addition occurs faster with terminal alkenes. It is
interesting that, in the reaction with cyclohexene, the
ratio of the cis and trans products of CCl4 addition
appeared to be close to 1 : 1 (random addition), which
also indirectly suggests the radical mechanism [3, 4].

Thus, Pt(II) complexes show a high catalytic activ-
ity in addition of CCl4 to C=C double bonds. The
catalytic system based on Pt(II) triarylphosphine com-
plexes allows preparation of the addition products in
quantitative yields at a low molar ratio of tetrachloro-
methane to alkene and low concentration of the cata-
lyst. We found that the catalyst preserves its activity
in the process for a long time and can be reused.

EXPERIMENTAL

Tetrachloromethane (pure grade), acetonitrile
(chemically pure grade), and benzene (chemically pure
grade) were purified by standard procedures [20]. The
alkenes were distilled from sodium just before prepar-
ing the reaction mixtures. The reactant purity was
checked by GLC or gas chromatography3mass spec-
trometry (GC3MS). The platinum complexes were
prepared by published procedures [21]. The purity of
the complexes was checked by1H and 31P NMR; it
was 98399%.

The chromatographic analysis of reaction mixtures
was performed with a Chrom-5 device (1.0-m column;
stationary phase 5% SE-30 on Inerton N-Super 0.163
0.20 mm; carrier gas He; flame ionization detector;
column heating from 50 to 170oC at a rate of
100 deg min31 followed by keeping at 170oC for
4 min; vaporizer temperature 270oC; hydrogen flow
rate 30 ml min31; internal referencen-tetradecane).

The GC3MS analysis was performed on a Turbo-
Mass-Gold device (300000 0.32-mm capillary col-
unm coated with XLB-5; carrier gas He, flow rate
1.2 ml min31; detection by total ion current; column
heating from 50 to 280oC at a rate of 7.5 deg min31

followed by keeping at 280oC for 2 min; internal ref-
erencen-tetradecane).

The NMR spectra were recorded on a Varian
Unity-300 spectrometer at 25oC. Working frequency:
300 MHz for 1H and 121 MHz for31P. The1H chem-
ical shifts were determined relative to residual protons
of CDCl3, and the31P shifts, relative to external 85%
H3PO4.

Standard procedure of kinetic experiments.To
336 mg of a Pt(II) complex we added 0.330.9 ml of
a mixture of CCl4, alkene, and CH3CN (cosolvent),
1 : 1 : 1 by volume (25oC). The mixture was degassed

Table 2. Rate constants of addition of tetrachloromethane
to various alkenes in the presence ofcis-PtCl2(PPh3)2,
120oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Alkene
³ k0103, ³

V0/[Pt]0103, s31
³ l2 mol32 s31 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
1-Hexene ³ 1.19+0.08 ³ 4.1+0.3
1-Heptene ³ 0.97+0.05 ³ 3.4+0.2
1-Octene ³ 0.97+0.03 ³ 3.3+0.1
1-Decene ³ 0.78+0.03 ³ 2.68+0.09
Cyclohexene ³ 0.15+0.02 ³ 0.53+0.06

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

and evacuated to 300 Pa. Then it was heated at 120oC,
and the concentration of the addition product was
determined by GLC withn-tetradecane as internal
reference.

To check the stability of the catalyst, 40-mg por-
tions of cis-PtCl2(PPh3)2 were placed in three am-
pules, and one of the following mixtures was added:
4 ml of CH3CN + 4 ml of CCl4 + 4 ml of 1-hexene;
4 ml of CCl4 + 4 ml of CH3CN; 4 ml of 1-hexene +
4 ml of 1-hexene + 4 ml of benzene. The mixtures
were degassed and sealed in a vacuum. The ampules
were heated at 120oC for 10.5 h. The solutions were
evaporated to dryness in a vacuum, and the residue
was washed with hexane. The isolated substances
were analyzed by IR and31P NMR spectroscopy
(solvent CDCl3).

The constants of the product formed by addition of
tetrachloromethane to 1-hexene were published previ-
ously [4, 7].
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