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The rate constants of deuterium exchange for cyclohexane in CHzCOOD/DgO
have been measured in the presence of 12 complexes of Pt(Il) with various
ligands (Cl, HyO, NHg, Br, NOg, py, DMSO, PPhg, etc.). The change in

the rate constant is shown to follow the reverse series of the trans-effect of Pt(II)
ligands, The rate constant of the interaction of PtCIZSn (S is H20, CHgz COOH,
n = 1, 2) with cyclohexane in CH3COOD/Dg0O (1:1), k, equals 2, 5 x 108 exp
(~18200/RT) 1 rnol'lsec'1 §at 354 = 385 K). The ratio of rate constants for

PtCLyS,, PtClgS™ and PrCly™ is 100 : 6: 0.5 at 100°C,

WismepeHbl KOHCTaHILI CKOPOCTH efitepoobMeHa MKIIorekcaHa B cpege CH,COOD-D, O
npu Katanuse 12-10 xommnexcamu Pt(I) ¢ pasmuunbivu muranpamu (Cl, H, O, NH,, Br, NO,,
py, DMCO, PPh,u nip.) . [lokasano, 4ro #3MeHeHHEe KOHCTAHTEI CKOPOCTH ClIeflyeT 00paTHo-
My pany Tpancaddexra murasgos y Pt(Il). Ina kommnexca PtCl, Sy (S — H,0, CI:; COOH,
n=1,2) KOHCTaHTa CKOPOCTH B3aUMOJEHCTBYA eTo ¢ MKiorekcanom B 1:1 CH,COOD - D, 0
k=12,5-10% exp(—18200/RT)n. mons "' cex ™ (354-385 °K) . KoHCTaHT:I CKOPOCTH NpH
100°C mus PtCL, S, , PtC1, S~ u PtCI3™ orHocATes Mexmy coboit kak 100:6:0,5.

22

At 80 = 120°C in aqueous media saturated hydrocarbons undergo deuterium

exchange reactions, oxidative halogenation, and dehydrogenation in the presence of

chioroplatinum complexes of /1,2/. As demonstrated /3,4/, the direct interaction

of the hydrocarbon with the Pt(Il) complex, resulting in the formation of a Pt—C

bond, i.e. the activation of the hydrocarbon towards various reactions, is the limiring

stage of these processes. Further elucidation of the nature of this interaction requires

studies of the effect of ligands on the catalytic properties of Pt(Il) complexes. In the
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present work deuterium exchange with cyclohexane catalyzed by PtClg (L = HyO,
Cl™, NOg, DMSO, NHg, py), PtClylg (L = HyO, CL™, Br™, I7, NOg, CN~, PPhg)
and other complexes has been studied, The complexes were synthesized by known
methods; the rate constants were measured for analytical grade samples, The experi-
ments were conducted in evacu‘ated glass ampoules at a liquid/gas phase ratio of

4 :1(20°C) and at [RH]= 0. 15 M. The constants found under these conditions are
shown to correspond, within the experimental error, to those measured in the
absence of a gas phase, Mass spectra of deuterocyclohexanes were measured on a
MI~1305 spectrometer with a SI-03 attachment at an ionizing voltage of 16 eV,
The experimental value of the rate constant was determined as the average of 3 — 5

measurements, using the formula

k= Zdit-l[PtH]-l 1 mol™lsec™!

where X'dj is the fraction of cyclohexane molecules' involved in deuterium exchange.
As follows from Table 1, the rate constant of deuterium exchange, depending

on the ligand, varies over three orders of magnitude, decreasing for more basic and

softer, easily polarizable ligands with a stronger tendency, to double bonding, Table

2 gives the rate constants for catalysis by complexes formed in the system
PtClgSq + 2XT & PtClgX9 + 28,

The decreasing exchange rate in the series X = F > Cl > Br > [ >NOg corresponds

to the behavior of PKPtX%" (see Fig, 1) /5/, to the overlap integral of Pt 6p o orbitals
and ligand po orbitals /6/ as well as to the parameters of ligand softness or hardness
(ox) /7/. A ligand may evidently affect both the degree of PtX¢o complex formation

in solution and the electronic properties of the complex as a whole. The strong influe

ence of a ligand on the electronic properties of a catalytically active species is
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Table 1
Deuterium exchange of cyclohexane in the presence of Pt(II) complexes
[Pt]=0,0043 M (1 ~ 2); 0,02 M (3 = 12); [HClOg4]= 0.1 M;
[Cgt1g]= 0.15 M; 100°C

Time k x 103 Z‘idi

No. Complex (hs) 2'd; dmol lsec- 1) M=2_dl
1 PICloSq | 2 0. 230 7, 42 1,93
2 | KPtClgs | 2 0. 154 4,97 1,74
3 KgPtCly 1, 66 0,333 2. 178 1,75
4 | KgPt(NOg)Cly 7 0.185 0. 366 1, 52
5 | KPt(NHg)Cly 2.5 0. 140 0. 711 1, 65
6 | KPt(py)Clg 12 0. 0268 0, 025 1,48
7 | KPyDMSO)Cl3 12,5 0. 0549 0. 0586 1, 60
8 Pt(DMSO)CI(NOg) 4 0. 0242 0. 083 1. 62
9 | KgPNO,Cl), 7 0, 0584 0,115 1,41
10 PY(PPha)eCly 16,5 0. 0078 0. 007 1, 34
11 Pt(acacly 7.5 0. 0511 0, 094 1,57
12* | Pt(CF4CO0), 0.3 0, 0158 0,732 1,34

*Experiment carried out in CF3COOD at 91°C

revealed by comparing [ PtClgL]™ type complexes where L = C1™, HQO. NHg, DMSO.
The Instability constants of aqua and DMSO complexes are close to each other, i, e,

the concentrations of active complexes PtClo(DMSO)S and PtClp(HpO)8 in solution

are almost the same, but the rate constants of deuterlum exchange catalyzed by these

complexes differ by more than one order of magnitude. The introduction of dimethyl
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Table 2
Effect of anions on deuterium exchange of cyclohexane
in the presence of PtClySo
Tpell = 0, 0043 M, [X™1=0.0086 M; [HCIO4)= 0.1 M; [pyrenel= 0,031 M;

[CgHipl= 0.15 M

X ~ |cFgcoo| F|1/2504) €1 | Br | I | NOg| CN
kx103,
(dmol Lsec™d) | 6.30| 6.28 | 6,261 6.06 | 4.10(2,47(0.394 |0, 115| 0, 106
oy 13, 05 12, 18 9.9219.22 |8.31 5,87
M 2.02| 1,94 | 192 1.98 |1.77(1.48|1.52 |1.42 |1, 52

sulfoxide, a strong m-acceptor, increases the positive charge on the central ion,
which, in accordance with the donor natre of the hydrocarbon, should accelerate
deuterium exchange (similarly to the effect observed in the series HoO > NHg). The
observed decrease in the exchange rate is due to an increasing softness (increased
double bonding) upon going in the series of ligands from oxygen to sulfur (or,similar-
ly, from nitrogen to phosphorus). Indeed, the values of oxidation numbers in
Pt(C2H4)C1§ and Pt (Hg0)Cl3 (ethylene and DMSO are close in their acceptor prop-
erties) are 2, 9 and 2. 44, respectively /8/. The increasing oxidation number of the
metal in the complex reduces the ability of the complexes to oxidative addition of
alkanes, It is well known that soft ligands stabilize Pt(II) complexes with respect to
transition into Pt{IV), The rate of deuterium exchange with cyclohexane increases

in the order of ligands: CN ~ CNS < PPhg < DMSO ~ py < NOg <I< Br < NHg<

Cl < HgO ~ F ~80y. This corresponds to the reverse order of the trans-effect of

ligands in substitution reactions of square planar Pt(Il} complexes /6/. Thus, the
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Fig. 1.

result obtained is not consistent with the direct substitution of a P(II) ligand by a
hydrocarbon:

RH + petl-cl — [HY.,

Rt a1 s HY R+ 1T

which is similar to the mechapism of substitution in square planar complexes of pla-
tinum and, hence, should have corresponded to a normal series of the trans-effect.
On the other hand, the inversed series of the trans-effect of ligands is, in our opinion,
in accordance with the homolytic cleavage of RH by a Pi(II) complex, resulting in
the formation of Pt-Hand Pt-R bonds. Indeed, the logarithm of the rate constant for the
homolytic detachment of HandRby an active species is linearly related tothe strength

of the bond arising between this species and H or R /9/: logk = 2 + bD (PtH or PtR), As
shown /10/, the frequency of the Pt-C bond, and hence its strength, in trans-pt
(CHgX(PEtg)y decreases in the series X = NOg, NCS > Cl >Br > N02> I >CN,which
is an inversed trans-effect series. The frequency of the Pt-H bond and its strength

in PrAgLH fall in a similar series: L = NOg> Cl > I > NOy > SCN > CN /11/.
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Thus, the rate constant of exchange should in general be dependent on the degree
of PtXo complex formation®, determining the concentration of free PtXg in solution,
and on the nature of ligands in PtXo manifesting itself in the value of kp, the rate
constant for uncomplexed PtXo. Taking into consideration that in the series PtXo,

PtXE, PtXZ" the complex PtXg is the most active, the following relationship may be
written as a first approximation: k = k1[PiXol,/®, where @ is a function of the degree
of complex formation between PtXo and a ligand in solution, For chlorc complexes

of platinum

k (Ry + kgKolC1™ 14 kgk LC171%) [PrCly]y

1+KglC1™ ) +K1p lerm 12

and from the relationship between k and [C1™ ] the partial constants kg, ko, and kg
can be evaluated for the complexes PtClgSg, PtClgS™, and PtClZ'. which are at
equilibrium in solution; K1 and K45 = K Kg are the constants of these equilibria, We
have found that ky : kg : kg= 100:6: 0.5 at 100°C, For exchange with the partici-
pation of PtC1,S, the temperature dependence of the rate constant in the range from
81 to 112% was measured (Fig, 2). It was found that kq= 2 5x 108 exp (18200/RT)

1 mol™Ysec™), The activation parameters, 4H* = 17, 5 keal mol 1, 4s¥= =22, 6 e, u,
can be compared with the respective parameters for the process of Hg binding by the

complex IrCl(CO) (PPhg)y /13/:

AH¥ = 10 - 13 kcal mol™?, 45¥= =(14 = 24) e, 1,

*Further solvolysis of PtX g should be a much slower process /12/ and does not
substantially contribute to the equilibria of Pt(Il) complexes in solution at not very

small [PeL],
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The close values of 45 are in agreement with a common mechanism for both

processes:

H
1! W, =10 <, ond Pt + RH—Pt'

I

Thus, the results of the present work unambiguously confirm the previous assump-
tion /3/ that the interaction of alkanes with platinum follows the mechanism of oxi-
dative addition,

The authors wish to acknowledge the assistance of A, I, Mustafin in mass spectral
analysis, the help and constant attention to our work of M, L, Khidekel, and the help

of A, E. Shilov in the discussion of the results.
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