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A. INTRODUCTION 

The development of coordination catalysis, which is a result of the recent 
advances in inorganic and bioinorganic chemistry, has made it possible to 
start a new field -homogeneous metal-complex activation of saturated hydra- 
carbons. After the successful solution of the problem of homogeneous acti- 
vation of molecular hydrogen [I], activation of olefins [ 21, aromatics 13, 
171, CO [4], O2 [5] and, finally Nz [S], the next task is, as Haipern put it in 
1968, “to develop a successful approach for activation of C-H bonds, par- 
ticularly saturated hydrocarbons, this problem being at present one of the 
most important and challenging in the entire field of homogeneous catalysis” 
171. 
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The complexity of the problem lies in the chemical inertness of alkanes 
also known as paraffins (from Latin: porum affinis without affinity) and 
their inability to enter into an addition reaction because of their completely 
saturated state, which account$ for their other name “saturated hydrocarbons”. 
Reactions of alkanes usually involve cleavage of strong covalent C-H or 
C-C bonds. fn this respect, the problem of activation of C-H bonds in 
paraffins is similar to that of activation of Hz, where cleavage of the strong 
H-H o-bond is also required. Activation of Hz with metal complexes is en- 
sured by interniediate formation of hydride M-H bonds 13.1 (here and else- 
where M stands for a met;al atom or ion in a metal complex). Since the disso- 
ciation energy of M-C bonds is only sIightIy Iower than that of M-H bonds 
[8], activation of alkanes via the formation of M-C compounds is thermo- 
dynamically possible. However, comparison of physico-chemical character- 
istics of alkanes and molecuktr hydrogen indicates that saturated hydrocarbons 
are less vuInerable to a chemical attack than Hz. Some values characterizing 
the reactivity and possibilities of activation of alkanes are given in Table 1, 
including dissociation energes of the weakest C-H bond, ionization potentials, 
electron and proton affinities, as well as the kinetic acidity, for hydrocarbons, 
their derivatives and Ha_ Analysis of the tabulated data permits the following 
conclusions to be drawn as to the reactivity of alkanes: 

(I) Any derivatives of saturated hydrocarbons are, as a rule, more reactive 
than the hydrocarbons themselves. Therefore, it is difficult to stop a reaction 
at the stage yielding primary products, e.g., monofunctional derivatives (the 
problem of selectivity with respect to products). 

(2) Methane followed by its homoIogs apparently should be the most inert 
hydrocarbons, while the reactivity of isoalkanes and cycloalkanes shouId be 

TABLE 1 

Physica-chemical characteristics of hydrocarbons and some of their derivatives 

Molecule D(R-H) kcal mol-’ I.P. (eV) EA (eV) PA (eV) PKa 

‘d&h 104 104 15.4 12.7 -3.6 4.4 5.3 40 25 

CzH6 98 11.5 5.6 42 
*0 

c3H8 (1) 97 11.1 6.1 
(2) 94 44 

C&12 94 9.9 46 
CZH4 106 10.5 -1.81 6.9 36.5 
%H2 120 11.4 25 
C6H6 109 9.2 -1.10 7.5 37 
CH,OH 92 10.9 7.8 16 
Ce3CN E 12.1 8.1 25 
CH$H=CH2 9.7 7.9 35.5 
CW%Hs 85 8.8 --IL3 8.1 35 
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TABLE 2 

Types of reactions of saturated hydrocarbons 

Homolytic (nonionic) reactions 
1 Radical reactions RH + X. --f R. + XH 
2 Carbenoid (molecular) reactions RH + : CHz + R-CH=-H RH + : 6 + ROH .- 
Heterolytic (ionic) reactions 
3RH+B-*R-+HB 
4RH+H++R++Hz 

higher. Therefore, activation of methane and its nearest homologs should in- 
volve the greatest difficulties. On the other hand, in the case of more complex 
hydrocarbons, a problem arises as to how certain bonds can be selectively 
acted upon without involving the others (the problem of selectivity with re- 
spect to the place of attack). 

(3) Comparison with H2 shows that dihydrogen exhibits more pronounced 
electron-acceptor properties, while hydrocarbons tend to be stronger electron 
donors. Hence, molecular hydrogen is more liable to enter into reactions with 
nucleophilic reagents, in particular, with bases and reductants, while methane 
and its homologs react more easily with eIectrophiles, namely acids and oxi- 
dants. Activation of H2 in alkaline media end that of CH4 in superacids are well 
kIlOWIl. 

(4) Alkanes can react readily only with active particles (radicals, ions, car- 
benes and their analogs (Table 2)); homolytic reactions are more typical of al- 
kanes [9,12 J due to their nonpolar nature; in reactions with acids and bases 
they exhibit amphoteric properties [lo]. 

In recent years, owing to contributions from Olah and Hogeveen, our know- 
ledge of RH activation in highly acidic media, e.g. HF-SbFs or HSOsF-SbFs, 
has been considerably broadened [ 111. Alkanes are activated in these media 
through coordination between the proton and alkane and intermediate forma- 
tion of carbonium (CH$-type) and carbenium (CH$-type) cations. 

CH,+H+Z CH‘: cj CH; + Hz 

In superacids, there occur reactions of H-D exchange with D’ and Da, proto- 
lysis (cleavage of a C-C bond with the proton), nitration and nitrolysis, al- 
kylation and alkylolysis, polycondensation, isomerization, chlorination and 
chlorolysis, carbonylation, as well as electrochemical oxidation and acetoxyla- 
tion. All these reactions share a common mechanism including attack by an 
electrophile (H+, D+, R+, NO;, Hal+) of the o-electron pair of the C-H or C-C 
bond, followed by the emergence of a transition or intermediate state with 5- 
coordinated carbon and a three-center two-electron bond. 
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The relative reactivity of alkanes and dihydrogen as well as the selectivity 
of the attack on C-H bonds are opposite for SE2 and SN2 reactions 

SE2 Hz < CH4 < C2H6 < CaHs . . . prim < set < tert 1121 

SN2 Hz > CH4 > C&Ha > CsHs . . . prim > set > tert [13] 

This can be explained by the opposite trends in changes of ionization poten- 
tials, electron and proton affinities, and kinetic acidities in this series (see 
Table 1). 

In 1969, we demonstrated for the first time the possibility of activating 
methane and its homologs with Pt(II) and Co(I) complexes in solutions [14]. 
Since then, we and other investigators have studied the reaction of H-D ex- 
change with alkanes with the participation of Pt(I1) and discovered alkane 
oxidation reactions catalyzed by Pt(I1). All these reactions involve intermediate 
formation of Pt-R. Studies conducted by different scientists have eventually 
extended the range of metals forming compounds capable of activating alkanes, 
and the present state of the problem is represented in Fig. 1 which shows tha$ 
compounds of both platinum and non-platinum transition metals can activate 
C-H bonds. 

Activation of alkanes is now becoming a steadily advancing and highly 
promising field of metal-complex catalysis [X-18]. At present, it looks 
well-timed to summarize and evaluate the published data and draw a com- 
parison between these data and heterogeneous activation of alkanes on the 
surface of metals and oxides. We hope that our review will give impetus to 
further research in this field which is still in its infancy. The major part of 
this review will be devoted to the activation of alkanes with complexes of 
platinum group metals which have been especially studied so far. 

In the last sections of this review, we shall consider as yet scant results 
relating to activation with non-platinum metals. It is in this field that we 
should expect the most important progess for the future. 

Fig. 1. Activation of C-H bonds with complexes of transition metals: activation of a.Ik&nes 
is encircled; intramolecular activation of the alkyl fragment of the ligand is in squares. 
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B. ACTIVATION OF SATURATED HYDROCARBONS WITH COMPOUNDS OF 
PLATINUM GROUP METALS 

(i) Activation of C-H bonds 
The starting point in the studies that have for the first time led to the 

observation of hydrocarbon activation in solutions of metal complexes was 
the above-mentioned analogy with activation of Hz. It is well known that 
hydrogen can be activated by way of oxidative addition to a metal with the 
formation of dihydrides which are capable of acid-like dissociation in polar 
media. 

,H 
M+H,*M, 

H*“-H-+H+ 

The cleavage of the covalent bond and a change in the hybridization of the 
metal atom are compensated by a gain in energy associated with the forma- 
tion of two M-H bonds or an M-H- bond and a solvated proton. Since the 
strength of an M-C bond is only slightly lower than that of an M-H bond, 
a similar process may also, in principle, take place in the case of alkanes. 

When saturated hydrocarbons interact with compounds of transition metals 
in an oxidative addition reaction, one can expect a further exchange with the 
solvent protons in protic media in the case of acidic dissociation of the alkyl 
hydride. 

AR 
M+R-H=M_*MR-+H+ 

II 
In a solvent containing exchangeable deuterium, an isotope exchange 

must occur, serving as an indicator of the hydrocarbon-to-metal complex 
interaction. 

In fact, when methane and ethane were heated (to 100°C) in sealed am- 
poules containing solutions of K$tCL, in D20-CH3COOD mixture, deuter- 
ation of the molecules of these saturated hydrocarbons was observed 1143. 
Thus, under relatively mild conditions, the following reaction takes place. 

CH,., + D,O + CH3D + HDO 

In the absence of a catalyst, this reaction is known to be possible only at a 
temperature of about l,OOO”C, i.e. at the methane pyrolysis temperature. 

A similar result was obtained when an exchange between alkanes and’mol- 
ecular deuterium was studied during catalysis of (PPh3)&oH3. This corn? 
pound is capable of reversible decomposition with elimination of dihydrogen, 
therefore it catalyzes the exchange between Hz and Dz. 

MH,=+MH+H, MH+D 2 = MHDz 

MHD l=MD+HD, etc. 

A similar mechanism is probably involved in the case of alkanes. 
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H 
MD+RH*MI--R+MH+RD 

‘D 

When methane and deuterium were in prolonged contact with a benzene 
solution of tris-triphenylphosphine cobalt trihydride at room temperature, 
formation of small amounts of monodeuteromethane was observed, its con- 
tent gradually increasing with time 1141. A relatively small degree of exchange 
in methane is, in this case, probably due to the instability of the starting 
complex which irreversibly decomposes in the course of time and, as was 
shown later 1211, to a faster competitive entry of deuterium into benzene 
following the same mechanism. 

H 
MD+ArH=M%.r*MH+ArD. 

‘D 

The higher rate of the reaction with benzene is probably due to the ability 
of the aromatic ring to form complexes with transition metal compounds and 
also to higher strength of the M-C bond in metal aryls. 

In later studies, a homogeneous exchange catalyzed by platinum salts was 
observed for a whole series of simple alkanes (G--C,) including normal and 
iso-alkanes [ 191, for n-decane [21], for such cycloalkanes as cyclobutane 
[ 20 1, cyclopentane and cyclohexane [ 191, adamantane, norbornane, proto- 
adamantane [ 211, and for alkyl benzenes [22]_ It was shown that the 
exchange rate grows with the length of the alkane chain and drops with 
higher degree of branching. The exchange rate is especially high in the case 
of cycloalkanes. This reaction may serve as an effective preparative method 
of obtainingdeuteroalkanes. 

Most substituted derivatives of methane and ethane 1231 as well as higher 
alkanes 1241 are capable, just as hydrocarbons themselves, of deuterium 
exchange with a solvent under similar conditions. However, in the case of 
some of these compounds, the exchange is complicated by side processes 
(oxidation, formation of complexes with Pt(I1) via substitution, hydrolysis, 
etc.). 

Ethylene does not exchange its hydrogen atoms with solvent protons in 
platinum(II) solutions, while at the same time it inhibits exchange in alkanes, 
probably due to the formation of strong n-complexes with Pt(I1) [25]. 
Alkenes of the RC(CH3)2--CH=CH1 type, containing a quatemary carbon 
atom in the vicinity of the double bond, exchange their hydrogen atoms in 
the presence of platinum salts, in the alkyl part of the molecule and almost 
exclusively in the position Cs 1261. Evidently, this is the result of the chelate 
effect after K-complex formation. 

H,pt,CH’-c~,C,cH3 H CHR, 

‘Pt’ 

-CH, 
I 

/I -.x 
cl CL C%=CH 

/ ‘Cl-i, Cc I -\.. /$H2 
Cl P% 
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A similar chelate effect is also observed during catalysis by Pt(I1) of the 
H-D exchange at the saturated carbon atom in trialkyl phosphines where 
the exchange proceeds almost exclusively at position 3 of the hydrocarbon 
chain [27]_ 

Thus, the reaction of exchange with solvent protons, catalyzed by salts of 
Pt(II), is common for sp3 hybridized C-H bonds in various compounds_ 

It should be noted that well before the first studies of paraffins, a similar 
H-D exchange was revealed in aromatic molecules [ 281. Garnet& who dis- 
covered these reactions, attributed them to the ability of aromatic molecules 
to form ?r-complexes with Pt(I1) [ 291. Later studies into the isotope exchange 
of hydrogen in alkyl benzenes, with the same homogeneous platinum cata- 
lysts, have shown that the exchange proceeds at comparable rates with both 
aromatic and alkyl C-H bonds [ 301. Evidently, the exchange in an aromatic 
and aliphatic C-H bond involves a common mechanism for which the inter- 
action of the active center with the C-H bond is essential, while the forma- 
tion of w-complexes (in the case of aromatic systems) is not. This is also 
corroborated by the fact that benzene and toluene practically do not hinder 
exchange in alkanes. 

Although oxidation of alkanes with salts of Pd(I1) has been found (see 
Section D), attempts to reveal a Pd(II)-catalyzed exchange of alkanes have 
failed, probably as a consequence of faster Pd-R oxidation reactions [94]. 
It is known [31] that Pd(I1) catalyzes oxidation reactions better than any 
other metal of the platinum family owing to Pd(I1) -+ Pd(0) conversion. At 
the same time, an isotope exchange between benzene and deuterium is 
known, catalyzed by complexes of Pd(I1) [ 321. 

In 1973, Garnett et al. 1333 discovered that complexes of Ir(II1) are homo- 
geneous catalysts with respect to an H-D exchange of alkyl benzenes both 
into the benzene ring and the side chain at 130°C. The next year, Garnett et 
al. reported on the activation of alkanes, catalyzed by Na,IrCl, in 
CH&OOD-D20. This catalyst was less active than K2PtC14: for optimum 
reaction a higher temperature but a lower (25%) concentration of CHsCOOD. . 
was required. At 150 to 17O”C, an extensive H-D exchange (up to 70%) of 
C,-C, normal alkanes, cyclopentane and cyclohexane was observed. The 
exchange, as in the case of Pt(II), is multiple, i.e. several hydrogen atoms are 
exchanged while an alkane molecule enters the coordination sphere of the 
metal complex. The initial distribution of isotopes is indicative of the pre- 
dominant attack of primary C-H bonds [ 341. 

Recently, it has been found [ 351, that RhCls in CH3COOD-D20 can also 
catalyze a homogeneous H-D exchange of cyclohexane (96 h, 130°C). The 
investigators [35] compared the role of Pt(II), Rh(II1) and Ir(II1) in the acti- 
vation of alkanes and arrived at the following conclusions. 

(1) RhC13 is thermally more stable than PtCli-. IrClg- is even more stable. 
Therefore higher temperatures may be used for RhCl, and IrCl~- in reaction 
of H-D exchange than for PtClz-. 

(2) In the presence of Rh(III), an H-D exchange is slower than with Pt(I1) 



or Ir(III), has a higher multiple exchange factor (M = 3.7 for benzene), and 
Ieads to pronounced deuteration of both the aromatic ring and the side chain 
in aikyl benzenes. 

(3) The orientation of isotopes in the side chain of alkyl benzenes in the 
case of an exchange with Rh(II1) is similar to that in the case of Pt(lI) and 
Ir(III). 

(4) SimiIarIy to Pt(If) and R-(111) an ortho-steric effect is observed in the 
presence of Rh(II1) for substituted benzenes. 

(5) No excessive amount of a mineral acid is required to stabilize the cata- 
lytic solution as opposed to a PtClj”-system, since excess acid slows down 
exchange on the rhodium catalyst. 

(6) In a system with Rh(IfI), the deuteration of cyclohexane is much 
slower than that of benzene. The introduction of polycyclic aromatic com- 
pounds such as pyrene intensifies the exchange of cyclohexane in both Rh(III) 
and Pt(II) systems. 

Although in these studies Rh(III) and Ir(III) complexes were used, it may 
be assumed that compounds of Rh(1) and Jr(I) with a dB configuration are 
responsible for the activation of RH. These, as well as the isoelectronic com- 
pounds of Pt(II), are capable of entering into oxidative addition reactions. It 
is also reported 1171 that a Ru(lI) complex, namefy RuHCl(PPh&, catalyzes 
an H-D exchange of the alkyl side-chain of phosphine, (C6H5)2P(CHZ), CH3, 
with Dz. 

Oxidative addition of a vinyl C-H bond in a&y1 methacrylate is observed as 
it interacts with H2Ru(PPh& to yield a vinyI-hyd~de complex of Ru(II), 
which structure has been confirmed by X-ray study [48]- HzOs3(CO)Io reacts 
with two equivalents of ethylene, yielding ethane and vinyl-hydride cluster 
HOs3(CO)&CH=CHZ) [49 1. Relatively stable %lkyI” hydride triosmium 
clusters have been isolated. The elimination of “alkane” * from these com- 
pounds results in an unsaturated cluster responsible for activation of H, and 
vinyl C-H bonds, Their structure has been defined as a result of NMR studies 
f69]- 

RO ?R 

/‘\ ,=Y 

I 

? i 
P-_ i 

-_R”/X4 

p-- ?“‘” 

Examples were described recently of fast cleavage of a number of C-H 
bonds (activated sp3, aromatic sp2 and sp) under mild conditions by bis(di- 
methy~~hosph~o)eth~e complexes of Fe(O), Ru(0) and OS(~) with forma- 
tion of stable products characterized as a mixture of cis- and trans-‘LalkyI” 
(aryl) hydrides [124]. 

* “Alkanes” and “alkyds” here and elsewhere signify functionally substituted alkanes and alkyb. 



105 

3 MWmpehWW 
M(dmpe)2H(c10H7)~M(dmpe)2H(CH2CN) 

+ C,oH, 
3 

Alkanes are known to form only unstable complexes even with strong elec- 
tron acceptors, and charge transfer can hardly be responsible for the activation 
of C-H bonds by Pt(II) complexes. On the other hand, there are examples of 
stable alkyl and aryl hydrides such as trans-PtH([CH2 J,CN) (PPh,), where 
n = 1-3, or o-CH2C6H4 [ 125], bis-(tricyclohexylphosphine) nickelalkyl (aryl) 
hydrides [ 361, his-diphosphinealkyl hydrides of ruthenium and osmium [ 37 ] , 

(‘+H,, J3P-_ 
:Ni 

,R(Ar) 

Q-I,, ),P= ‘H 

PC’: R 
-.:/ 
_.RlJ 

p<i’H 

/R 
CP~MO, 

H 

numerous alkyl hydrides of cobalt, alkyl hydrides of iron 1331 and molyb- 
denum [ 391, and an alkyl hydride of tungsten [ 401. 

There are known cases of intramolecular insertion of metal complexes into 
aromatic and aliphatic C-H bonds. These reactions proceed, as a rule, with 
the formation of a five-membered ring, e.g. in the case of Pt(II) and Pd(II) 
complexes with triaryl phosphines, triaryl phosphites or 8-methylquinoline 
1411 and yield chelate alkyl(ary1) hydrides or alkyls (aryls) of metals with 

the hydride being split off, in the Jatter case, normally in the form of HHal 
or RH. 

L.$_* PPh2 
-CH4 

L- 
. . 

!i 

d- 
0 

The first published example of reversible insertion of the metal atom into 
the aliphatic C-H bond of the ligand is the reaction of complex 
F,u~(CH~)~PCH~CH~P(CH~)~~ZI reported by Chatt and Davidson [ 451. 

In the crystalline state, the equilibrium is shifted towards the alkylhydride 
complex or’ Ru(II),and, according to X-ray diffraction analysis 1461, this 
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complex exists in the form of a dimer. The structure of a Rh complex includ- 
ing a five-membered ring [47] was also proved. 

C’ P 
=Q=- 

PY.. -:\ x3 
tiY CH2 

The rate of insertion into a C-H bond is higher in the case of platinum 
complexes than in the case of palladium complexes and is also dependent on 
the nature of halogen X, diminishing in order X = Cl > Br S I [41]. In the 
case of iridium complexes the rate increases with a change in the substituent 
in the para position of the phenyl ring in the order F < H < OCHJ < CHJ 
[42]. On the basis of a relatively low kinetic isotopic effect, a three-center 
transition state is assumed for the insertion of reaction into the C-H bond 
[42]. Intramolecular activation of aromatic C-H bonds has been used for 
catalytic ortho-chlorination of azobenzene [43 J and ortho-deuteration of 
triphenyl phosphine [ 441. 

The formation of intramolecular Pt-C bonds is believed to be promoted 
by steric effects as, for example, in case of phosphines with very bulky sub- 
stituents [ 1261. 

The insertion occurs not only in the primary but also in the secondary and 
tertiary C-H bond [127]. 

The products containing five-membered rings are usually more stable than 
those with four-membered and six-membered rings ]127,128]. 

The reasons why the bulky substituents on phosphorus promote the inner 
metallation are not yet completely clear [ 1291. It may be due to the proxim- 
ity and orientation effects which lead to the decrease of activation enthalpy 
and to smaller entropy losses in the reaction transition state. 

The steric effects on the rate of C-H bond activation is so great that even 
the neopentyl C-H bond, usually unreactive in intermolecular reactions, was 
shown to react intramolecularly in phosphine complex of platinum [130]. At 

H c_y~ 
2 

I 
CH2- CMe2 

lpt/ 

Me&--CH2/ 
-. 1 

‘Pt-CH2 

w? 

the same time an analogous propyl derivative does not form. The main reason 
for differences in metallation rates is apparently the degree of approaching 
the metal, due to the steric over-straining by tertiary phosphine as well as a 
favourable conformation and an entropy factor created by gem-t-butyl and 
gem-dimethyl groups [ 1311. 
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It is clear that the intramolecular activation of C-H bonds proceeds readily 
as a result of the chelate effect, while as the mechanism is concerned it is sim- 
ilar to intermolecular activation. Therefore, the results obtained with intra- 
molecular CH activation may be useful in a search for new reactions of alka- 
nes of activation. 

Rate differences in intermolecular and intramolecular C-H insertion are 
explained first of all, by the differences between the bimolecular and mono- 
molecular characters of these reactions. Assuming that E, for intermolecular 
and intramolecular reactions for one metal complex with similar ligands is 
equal, and knowing the values of preexponential factors (Ainter = 2.5 - 10’ 
1 mole-’ set-* [ 641 and Ainba = 6 - 10’ ’ see-’ (271 in agreement with the 
usual values for bi- and monomolecular reactions), it may be estimated that 

Wintia Aintra 
G = A,,,,,(RH] = 105--106 ’ 

for [RH] = 0.1-0.01 mole 1 -I. The difference by 5-6 orders of magnitude 
explains why with the numerous examples of intramolecular reactions of C-H 
bond available there are only a few cases of direct interaction of alkanes with 
metal complexes. Taking an experimental E, = 20 kcal moIe_’ for alkane 
interaction with complexes Pt(II), one may conclude that to overcome the 
rate differences by 5-6 orders of magnitude, and to observe the direct inter- 
action of alkanes with metal complexes, it is necessary to carry out these 
reactions at temperatures 100-200” higher than the corresponding intra- 
molecular reactions of C-H bond. 

(ii) Activation of C-C bonds 
Intermolecular or intramoIecular insertion of M in various complexes 

normaIly takes place only into C-H but not into C-C bonds. This is prob- 
ably due to the steric hindrance for C-C bond insertion by a.Iarge attacking 
reagent. At the same time the following order of reactivity of sp3 bonds is ob- 
served during protolysis of alkanes in superacids, 

tert C-H > C--C > set C-H > prim C-H , 

i.e. a C-C bond is easily opened by the relatively small proton. The attack on 
C-C bond by M becomes possible however, when it is weakened e.g. in 
strained cyclic compounds. The examples are stereoselective insertions of 
E%(H) and Pd(I1) complexes into the C-C bond of substituted cyclopropanes 
1511. 

The effect of substituents indicates the importance of donor properties of 
C-C containing compounds in reaction 

R-a +PtX,+ R+Pt 
/X 
‘X 

where R = alkyl > aryl 9 C02Me, COMe or CN, i.e. the platinum complex 
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plays the role of an acceptor [ 511. The products of insertion are character- 
ized by JVMR spectra. 

The abnormally high multiple exchange factor (see Section C (iii)) during 
catalysis by Pt(I1) of the H-D exchange of cyclobutane is attributed to the 
cleavage of the C-C bond of cyclobutane by Pt(II) with the formation of a 
stable five-membered metahocycle [ 20 1. Tetraphenyl cyclobutane is opened 
by Pt(II) yielding trans-stilbeae [52] _ Other examples of insertion into a C-C 
bond are known [53-551. In recent years, many papers have appeared I 
describing catalysis of rearrangements of carbocyclic compounds by transi- 
tion metal complexes. Studies into the kinetics and products of valence iso- 
merization of cubane into tricyclooctadiene, catalyzed by Rh(1) complexes, 
have shown that the rate controlling stepcould be the cieavage of the C-C 
bond by oxidative addition [ 563. Further evidence of this mechanism is the 

formation of a stable acyl rhodium adduct as a result of interaction of cubane 
with Rh#O)&L - 

4 i- 2 Rh,tCO&Cl, - 

in1 
Rh-C 

ocg, “ 
4 

Evidence for intermediate organometal compounds in these ractions has 
also been obtained by NMR studies. A similarity has been found between the 
reactions of insertion into a C-C bond and the reactions of respective metal 
complexes with hydrogen [ 561. 

C. lNTElRACTION OF ALKANES WITH PL(II) 

(i) Studies into the kinetics and mechanism of H-D exchange of alkanes 
witk solvent pro tons in the presence of Pt(I1) compounds 

These have been conducted using water exchange with ethane [ 571, pen- 
tane (581 and other alkanes 1591, halogenoalkanes [24] and functional sub- 
stituted methane and ethane 1231 with the aim of elucidating the mechanism 
of the reactions. 

The reaction of hydrogen-deuterium exchange proceeds with a noticeable 
rate in water and becomes 30 times as fast in 50% acetic acid. This is indica- 
tive of a specific solvation of the active particle with the molecules of acetic 
acid, probably with formation of a weak chelate complex with PtC12. 
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In a more weakly solvating trifluoroacetic acid, the rate of exchange is 
lower. The ability of an acetate ion to function as a bidentate ligand has been 
demonstrated for example in a study of the molecular structure of the com- 
plex RuH(CH,COO)(PPh,), 1601. The H-D exchange is inhibited by chloride 
ions and is first order with respect to hydrocarbon and fractional order (<l) 
with respect to K*PtCl+ The order of the reaction with respect to chloride 
changes from 0 to -1 as the concentration of Cl- increases (Fig. 5). The rate 
of deuterium exchange is virtually independent of the ionic strength and 
acidity in the range of 0.2 to 1.0 M. At HC104 concentrations below 0.2 M 
the rate of the reaction drops somewhat [ 571. The activation energy from 80 
to 100” was found to be 18.6 kcal mol-‘. 

In experiments with CD4-Hz0 and CH,-D,O, a noticeable isotopic effect 
was observed: kcH#zCD4 = 3.0 + 0.5 (100°C) 1571. In the case of cyclohexane, 
h&o = 1.7 i- o.l(1oo”c) [58]. 

Platinum (IV) compounds, such as Na$tX& and H2PtC16, also catalyze 
exchange. However, in this case, accumulation of deuterium in ethane follows 
an autocatalytic law, with an induction period being observed. Spectrophoto- 
metric measurements indicate that during the induction period Pt(IV) com- 
plexes are reduced in the solution to Pt(I1) complexes which catalyze deu- 
terium exchange. The rate of deuterium exchange, being equal to that of 
Pt(IV)-Pt(I1) transformation, suggests that a Pt(IV) complex, as such, does 
not catalyze the reaction. 

Platinum(I1) compounds seem to act as electron acceptors in reaction with 
alkanes. With this in view, it becomes clear why both Pt(IV) and Pt(0) com- 
plexes fail to activate alkanes the former because of the coordinative satura- 
tion, and the latter because of weak acceptor properties. 

For Pt(I1) chloride complexes, which are in equilibrium in a K,PtCL solu- 
tion, the acceptor properties have to follow the order: PtCl:! > PtC1; > PtCl$- 
In fact, analysis of the kinetic results shows that the most active species with 
respect to hydrocarbons are platinum dichloride molecules, PtCl* or PtCl&, 
where S is the solvent [ 58,64 1. 

The following mechanism for deuterium exchange of alkanes with water, 
catalyzed by Pt(II), has been proposed [ 571. 

ptc1;- 3 Ptc1; + cl- (1) 

Pm; 2 Pm* + a- (2) 

PtCl, + C,H,I: ClzPt~C2HS 
‘H 

c12Pt 
/C2& 

‘H 
+ C1PtC2HS -t’ H’ + Cl- 

(3) 

ClPtC2H5 + D’ + Cl- + PtC12 + C2H5D (5) 
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Independence of the rate on the ionic strength, and the isotope effect, indi- 
cat&that step (3) is limiting. The relatively low value of the isotope effect is 
in agreement with a suggestion that reaction (3) is an insertion in a C-H bond 
via the three-membered transition state; this reaction is similar to the intra- 
molecular insertions mentioned above and also to the reaction of insertion of 
a carbene, such as methylene, into a C-H bond. 

CH2 + RH --f 
/R 

CH2 
‘H 

or RCHB 

The dependence on Pt(I1) and Cl- concentrations indicates that equilibrium 
(1) is shifted to the right. From NMR studies on alkanes after the exchange, 
it follows [58] that the reactivity of different alkane positions with respect 
to a Pt(I1) attack diminishes in the order prim > set > tert; that is, opposite 
to a decrease of the C-H bond strength or to an increase of electrophilic reac- 
tivity of these bonds. The methyl or methylene groups adjacent to the quater- 
nary carbon atom exhibit a very low reactivity. Bearing in mind that the rate 
of H-D exchange sharply decreases with a higher degree of branching in 
alkanes, the most probable explanation of all these results seems to be steric 
factors. The decrease in the rate of attack on going from prim C-H to tert 
C-H is accounted for by a marked increase in steric hindrance in attacking 

the voluminous Pt(I1) complex. Primary metal alkyls are known to be more 
stable than secondary, and particularly tertiary ones 161,621. 

The importance of the electron donor properties of hydrocarbons for inter- 
action with Pt(II) has been demonstrated by finding the correlation between 
the logarithms of H-D exchange rate constants and the ionization potentials 
of respective hydrocarbons [ 581. It is interesting to note that the points cor- 
responding to n-alkanes and aromatic hydrocarbons lie on the same straight 
line (Fig. 2). Hodges et al. [58] believe that the initial interaction of an 
alkane with a catalyst involves transfer of an electron from the delocalized 
molecu1.m orbital of the alkane to the platinum atom in the complex. 

P 
Cl Cl 

S-t”-S + CnH2n+2 * S-&I/S + or S-&!l~s 

Cl Al 
-‘W32n+2 

A1 
tiGH2n+2 

Such a complex is, in general, similar to CH’, and involves coordination of 
the o-electron pair of the C-H bond to Pt(I1) with the formation of a five- 
coordinated carbon atom. However, in contrast to H’ which is a hard acid, the 
platinum atom in Pt(I1) complexes is a soft acid and capable of double bond- 
ing, and the authors of this review believe that, as a result, the process con- 
tinues until the insertion product 

PtIVC 
R 

‘H 

is formed. 
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Fig. 2. Rate of H-D exchange versus ionization potential of alkanes and aromatic com- 
pounds (1 = methane, 2 = ethane, 3 = propane, 4 = n-butane, 5 = n-pentane, 6 = n-hexane, 
7 = cyclopentane, 8 = cyclohexane, 9 = benzene, 10 = naphthalene, 11 = phenanthrene, 
12 = 2,2_dimethylbutane, 13 = 1,1-dimethylpropylbenzene, 14 = 2_methylpropane, 15 = 
Z-methylbutane, 16 = 2,2_dimethylpropane, 17 = 2-methylpentane, 18 = 3_methylpentane, 

19 = 2,3-dimethylbutane, 20 = 2,2_dimethylbutane). 

Studies of the H-D exchange of substituted alkanes [23,24] are indicative 
of the inadequacy of this correlation. It is insufficient to take into account 
the influence of only the induction effects on the reaction center. 

Generally speaking, since there is a correlation between the ionization 
potentials and polar Taft constants, there must be a correlation between the 
logarithms of H-D exchange rate constants and G *. 

In fact, such a correlation has been found for the series of functional sub- 
stituted methane and ethane (Fig. 3) [ 231. It turned out that the logarithms 
of the rate constants correlate well through the two-parameter equation 

lo&= p*,* + n$ 
0 

i.e. in addition to the polar parameter o*, the reaction rate depends on the 
resonance term nJ/. Parameter 3/ characterizes the conjugation of the or-sub- 
stituent with the radical reaction center or a n-system, while n is equal to the 
number of substituents capable of such a conjugation [63 J _ The p* value, 
which was found to be -1.4, suggests that iu this reaction Pt(I1) manifests 

moderate electron acceptor properties, while the hydrocarbon is a donor. 
The presence of the resonance term indicates that the cleavage of the C-H 
bond in the elementary act of Pt(II) insertion into this bond takes place 
homolytically, with an unpaired electron forming at the carbon atom under 
attack. This is in line with the assumption that the single-electron transfer in 
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Fig. 3. Rate of H-D exchange (% h -l) vs. Taft polar constants of H-CXY,; X = H, CH3, 
CzHg, CF3, OH, COOH, Y; Y = H, F, C1, Br- (n = 0: 1 = methane, 2 = ethane, 3 = propane, 
4 = l,l,l-trifluoroethane; n = 1: 5 = ffuoromethane, 6 = chloromethane, 7 = bromometbane, 
8 = acetic acid, 9 = methanol; n = 2 : 10 = difluoromethane, 11 = dichloromethane, 12 = 
fluorochloromethane, 13 = l,l-difluoroethane; n = 3 : 14 = trifluoromethane, 15 = trichloro- 
methane, 16 = tribromomethane). 

the sphere of Pt(I1) takes place in reaction with alkane [58]. It should be 
noted that the insertion of CH2 into the C-H bond is homolytic and probably 
involves formation of a radical pair [ 791. 

To elucidate further the nature of alkane activation on Pt(II), more studies 

TABLE 3 

Deuterium exchange of cyclohexane in the presence of Pt” complexes 
[Pt”] = 0.0043 M(1,2), 0.02 M(3-12), [HCI04) = 0.1 M, [CsHlz] = 0.15 M, 100°C 

No. Complex Time 
(h) 

F di k - i03 
(1 mol-l 
set-l ) 

~~ _ 22 _ di -- 
Zdi 

1 PtCI.$2 
2 KPtc13s 
3 K2PtC14 
4 K2Pt(N02)C13 
5 KPt(NH3)Cls 
6 Wt(PY x13 
7 KPt(DMSO)C13 
8 Pt(DMSO)CI(N03) 
9 K2PtWOz)zCIz 

10 Pt(PPh3)2C12 
11 Pt(acac)a 
12 a Pt(CF3C00)2 

f 
1.66 
7 
2.5 

12 
12.5 
4 
7 

16.5 
7.5 
0.3 

0.230 7.42 1.93 
0.154 4.97 1.74 
0.333 2.78 1.75 
0.185 0.366 1.52 
0.140 0.777 1.65 
0.0268 0.025 1.46 

0.0549 0.056 1.60 
0.0242 0.083 1.62 
0.0584 0.115 1.41 
0.0078 0.007 1.34 
0.0511 0.094 1.57 
0.0158 0.732 1.34 

a Experiment in CFaCOOH at 91°C. 





Fig. 5. Rzte af cyclohexane H-D exchange (I mol-’ secCz ) veistm cfiloride ion concentra- 
ties (mol Iv2 ) (points =e experimental values, solid line = calculated at kr : k2 : kg = 

100:14:0.6, Kx = 3.10~2,& = 5.w-2molI--~). 

solutiion and the eIectrcmic properties of the comp&x as a whole. The profound 
effect of a ligand on the electronic properties of a catalytically active particle 
is shown particularly when comparison is made of compiexes of the [PtC13Lj- 
type, where L = Cl-, H20, NH:,, DMSO. The stability constants of aquo-com- 
plexes of platinum and plat~um complexes with DMSO are close, i.e. the con- 
centrations of active PtCI,(DMSQ)S and ptCZ2(H2U)S compIexes in the solu- 
tion are approximately the same, while the cyclohexane deuterium exchange 
rate constants, in the case of catalysis by these complexes, differ more than 
ten times. Dimethyls~foxide, being a strong z-acceptor, is expected to create 
a higher positive charge of the centA ion, which, in accordance with the donor 
nature of the hydrocarbon, shoerld lead to a higher rate of deuterium exchange 
(as in the Hz0 > NH3 series). The slower rate of deuterium exchange, which 
is actually observed, is presumably due to the greater softness (higher double 
bondjag capacity) of the ligands containing suEur instead of oxygen, It is well 
known that soft Iigands stabilize E%(R) compIexes with respect to the transi- 
tion to Pt(IV). All the ligands tested can be arranged, es to their effect on the 
rate of deuterium exchange of cyclohexane, in the following order: PPhs IV 
Py<DMSO<C~<NOz<NL3Ts<T”<Br”<C1-<~rHz0.This. 
order is opposite to that of the kens-effect of ligands’in substitution reactions 
of square Pt(I1) complexes.-Thus, this result is not consistent with the alter- 
native mechanism of direct substitution of a hydrocarbon for the ligand in 
I%(Ii), RH + Pt.” - Cl + [H” --- R --- Ft -+g Cl’-] g -+ H” + RPt + Cl- which is 
similar to the mechanism of substitution in square complexes of platinum 
and, hence, should correspond to the normal .&an-s-effect series. The order of 
ligands effect is, in OE option, in agreement with the horn&&c cleavage of 
RN by the Ft(II) complex with I%-II and ft-R bonds being formed. 

The logarithm of the rate constant for homolytic H-atom or R-group ab- 
straction by an active parkle is linearly dependent on the bond strength of 



115 

the resulting bond of this particle with H or R [63] : log k = a + bD(Pt-H or 
Pt-R). As can be inferred from ref. 68, the vibration frequency of the Pt-C 
bond and, hence, probably the strength of this bond, in trans-Pt(CHs)X(PEt& 
decreases in the order X = NOT, NCS- >> Cl-- > Br- > NO, > I- > CN-, 
which is again the reversed trans-effect order. The vibration frequency of the 
Pt-H bond in PtABLH and the strength of this bond diminishes with the nature 
of L in a similar order L = NO; > Cl- > Br- > I- > NO; > SCN- > CN- 
]691- 

Thus, the exchange rate constant k must, in general, depend on the degree 
of complexing of PtXz *, determining the concentration of free PtXa in solu- 
tion, as well as on the nature of ligands X in PtXa. Bearing in mind that in 
the series PtXa, PtX;, and PtXt- the PtXz complex is the most active, to a 
first approximation k = kl [PtX,],,/$, where $ is the function of the degree of 
complexing of PtXa by a ligand in a solution. For chloride complexes of 
platinum 

k = (’ 1 + k,Ka[Cl-] + ksK12[Cl-]2) [PtC12],-, 

1-t K,[Cl_] + I&[CT12 

and, from the dependence of k on [Cl-] (Fig. 5), one can evaluate constants 
k,, k2 and ks for complexes PtC12 S2, PtClaS and PtClz- which are in the 
state of equilibrium in the solution, K1 and Kr2 = Kr - K2 being the constants 
for these equilibria. We have found that kl : k2 : k3 = 100 : 14 : 0.6 at 100°C. 
For an exchange involving PtC12 S2 the temperature dependence of the ex- 
change rate constant was measured in the range of 81 to 112°C: kl = 2.5 - lo8 
exp(-18 200/RT) 1 mol-l see-l. 

The activation parameters AH $ = 17.5 kcal mol-‘, ASS = -22.6 cal deg-’ 
mol-l can be compared with respective parameters for bonding of H2 with 
IrC1(CO)(PPh,)2 [71]: AHS = 10 - 13 kcal mol-‘, AS* = -14 - -24 cal 
deg-’ mol-‘. The similar values of AS% for processes Ir’ + Hz + Ir”‘,‘HH 
and pt” + RH + P+--* -H are consistent with similar mechanisms. 

(ii) Demonstration of alkyl platinum formation in homogeneous activation 
of saturated hydrocarbons 
Studies into the kinetics and mechanism of H-D exchange of saturated 

hydrocarbons in the presence of Pt(I1) complexes suggest that the activation 
of alkanes proceeds by way of their oxidative addition to Pt(I1) with forma- 
tion of unstable alkyl derivatives of Pt(II). Evidence for intermediate forma- 
tion of alkyl compounds of Pt(I1) would be provided by direct observation 
of these compounds in a solution using different physical methods, or, which 
would be even more desirable, by isolating them from the solution. This 

* Further solvolysis of PtX2, according to ref. 70, in the case of not very low [Pt], does 
not make a significant contribution to the equilibria of Pt complexes in solution. 
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seems to be difficult because of the thermal instability of these compounds 
and their high reactivity. However, in the case of transformation of these in- 
termediate Pt(I1) alkyls to more stable and less reactive compounds of Pt(IV), 
they become detectable. As will be shown later, the oxidation of alkanes and 
benzene with compounds of Pt(IV), catalyzed by Pt(II), are also consistent 
with intermediate formation of PtRCl and PtRCls. Some non-stoichiometic 
relationships at the initial stage of the reaction were accounted for [72,73] 
by the intermediate formation of relatively stable alkyl compounds 
RPtCl m RPtCls --f RCl + PtClz, slowly decomposing to yield the end 
products. Circumstantial evidence for the presence of ArPtCls in the solution 
is provided by the occurrence of benzene under the effect of a reducing agent 
[723: ArPtCls 2H2, ArH + Pt + 3HC1. 

An attempt has been made also to synthesise platinum alkyls in a solution 
using conventional methods [ 751. 

R-Pt-Cl + products 

In this case, the formation of platinum alkyls in homogeneous activation of 
alkanes is corroborated by the identity of the products yielded in reactions A 
(direct activation) and B (alkylation of PtClz), provided these reactions are 
conducted under similar conditions. 

In the case of interaction of K&Cl4 with organomercuric compounds of 
the RHgBr (R = CHs, C2H5, C3H7, C4H9) type in CHa COOD-DzO (1: 1) at 
100” C, deuterohydrocarbons and alkylhelides are formed, the latter contain- 
ing practically no deuterium in the aklyl group, i.e. the same products which 
are obtained in a direct reaction involving alkanes. 

Table 5 shows the distributions of deuteromethanes in a reaction of 
CH3HgBr with KzPtCI, and direct H-D exchange of CH4 catalyzed by 
Ks PM& under identical conditions (Pt I1 : Hg” : DC1 = 1: 1: 3). Close agree- 

TABLE 5 

Distributions of d-methanes in methylation Pt(II) and direct H-D exchange 

Direc- Conditions 

tion 

Cui = di/Zdi D(%) M 

a1 e! a3 94. 

A 

B 

K2PtCl4 : HgCl2 : DC1 = 0.650 0.251 0.0735 0.0296 0.915 1.49 
1 : 1 : 3; F’oHa = 760 torr 
100°C; 9 h 
K#tCl4 : CH&IgBr : DC1 = 0.630 0.268 0.0815 0.0212 35.0 1.49 
1 : 1 : 3; 100°C; 0.3 h 
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ment between the distribution of d-methanes in methylation of Pt(II) and 
direct H-D exchange is convincing evidence for the formation of platinum 
alkyIs in homogeneous activation of saturated hydrocarbons. 

The interaction of organomercuric compounds with KPPtC14 seems to fol- 
low the mechanism of oxidative addition 

PtCla + RHgl3r --+ 
/Pt\ 

Cl- -HgBr 

The Pt(IV) complex may then decompose by way of reductive elimination 
of RCI or HgClBr. 

c1\ /R RCl + ClPtHgBr -f Pt* + HgClBr 

/“\ 
cl 

/ 
HgBr--+ HgClBr + RPtCl 

‘The first reaction is similar to one of the stages of halogenation of alkanes 

in platinum salt solutions. The second reaction yields the same alkyl com- 
pound of Pt(II) which is obtained in homogeneous activation of alkanes. 

The relationship between the activation of saturated hydrocarbons with 
formation of alkyl platinum, reactions of deuterium exchange and oxidative 
halogenation of alkanes in platinum salt solutions and alkylation of Pt(I1) 
with organomercuric compounds is illustrated by the following schematic 
representation 

P$V 

RH + pt”Cl Z%++?$ R$+ICI 
oxid. halogenation 

f 

I 
-HgClBr 

+w 
deuterium 
exchange 

1 

RD 

(HgBr) <dkylation l’t”C12 + RHgX 

1 oxidative 
halogen&ion 

RCl 
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The alkyl derivative of Pt(IV) is the key compound for halogenation, while 
the Pt(II) alkyl is the key compound for simple and multiple deuterium ex- 
change. The identical distribution of deuteromethanes in the reactions of 
methane and CH,HgBr can be explained by the fact that both reactions have 
common intermediate compounds for deuterium exchange. 

(iii) Mechanism of multiple exchange in the presence of Pt(II). Pt(II) car- 
benes as intermediates 
As mentioned above, the deuterium exchange of alkanes with solvents, 

catalyzed by Pt(I1) compounds, is multiple, i.e. each hydrocarbon molecule 
entering into the reaction may exchange several hydrogen atoms at a time 
without leaving the complex [ 57,58 J _ In heterogeneous catalysis, the multiple 
exchange of alkanes is usually explained by the intermediate formation of sur- 
face r-complexes. A similar mechanism was suggested by analogy for the 
homogeneous exchange in the case of ethane and higher hydrocarbons 157, 
761. 

\ / 
C 

WW + G J32n+2(2) 
(1) _Ht pt _ (& H2n+l I;{ -H’_ 7Pt *** II 

+D* +D+ C 
/\ 

I II III 

Each I-II-I or II-III-II cycle results in a single deuterium atom being 
introduced into the alkane molecule since D+ 9 H+. If the rates of decompo- 
sition in directions (3) and (2) are comparable, one I-II-I cycle may include 
several II-III-II cycles, which will result in a number of deuterium atoms 
being introduced into the alkane molecule within a single act of coordination 
of alkane with platinum. In the case of ethane, the average number of deu- 
terium atoms M = E idi/di is equal to 1.7 in CHsCOOD :D20 (1: 1). For 
other alkanes, M = 1.5 to 2.0 depending on the number of carbon atoms in 
the alkane, as well as the nature of solvent and temperature. 

Multiple exchange in methane may be explained in a similar way assuming 
intermediate formation of a complex of methylene with platinum: Pt=CH2. 

The distribution of deuterohydrocarbons, independent of time at initial 
stages of exchange, can be calculated by the stationary state method, e.g. for 
methane exchange. 

CH24 CHD3 co4 

k2f k 

/ / k2 \ J 
i’t-CH, Pt-CH2D Pt-CHD2 Pt -CD3 

Pt=CH2 Pt =CHD Pt=CD2 

The amount of each deuteromethane present in the mixture Cyi = di/Xdi 
may be expressed in terms of a factor p = k,/k2 unambiguously. 

The calculation of the distribution (i.e. ari) of deuterohydrocarbons for the 



exchange of methane and ethane in CHsCOOD-D20 (1: 1) indicates that 
this scheme adequately represents the experimental resul.?s. Tha distribution 
of deuterohydrocarbons in experiments carried out in CHaCOOD-DsO (1: 1) 
is smoothly descending, i.e. a lower amount of the hydrocarbon is observed 
(ai) with an increase in the number (i) of D atoms in it. 

Experiments on the deuterium exchange of ethane in pure water [77 3 have 
revealed, however, an unusual stepwise distribution including two groups 

a1 -a3 and c4 -as, the distribution in each of these groups being ascending. 
It follows from MS for these experiments that in deuteroethanes d2 - d4 
asymmetrical molecules (CHD&H,, CD3CH3, CD3CHsD) are prevalent. 

The pattern of distribution of deuteroethaues for deuterium exchange in 
water (predominance of d1-d3 over d,- d, and the same ascending pattern 
in each group) suggests that the exchange takes place, first, in one methyl 
group of ethane, then, after the molecule turns round, in the other. Obviously, 
such a distribution is inconsistent with the x-complex mechanism of mul- 
tiple exchange when both carbons must be equivalent. 

There is a logical explanation for the stepped distribution if it is assumed 
that the multiple exchange in ethane is similar to that in methane, involving 
intermediate formation of complexes with carbenes. To account for the ap- 
pearance of deuteroethanes with the number of deuterium atoms exceeding 
three, it is necessary to introduce an elementary act of molecular rotation, 
probably via the x-complex. 

‘c/ 

3 Pt(I1) + CzHs + Pt-CsHs 
k2 

Calculation of the distribution of deuterohydrocarbons by the method of 
stationary concentrations in accordance with the above scheme yields results 
which agree well for experiments in water. It is interesting to note that in ex- 
periments with a smoothly descending distribution (i.e. in 50% acetic acid) 
good agreement is observed in calculations using both the x-complex mecha- 
nism and carbene mechanism. However, it is more logical to assume that the 
carbene intermediate is always present than to infer that it appears spontane- 
ously when conditions change. Therefore carbene mechanism appears to be a 
general one. 

In the case of other alkanes [ 783, just as in the case of ethane, a stepwise 
distribution is observed with the group cl-c3 always standing distinctly 
apart (Fig. 6). As in the case of ethane, this is indicative of platinum being 
preferably bonded with one (terminal) carbon of alkane, i.e. I-(a.lkyl)- and 
l,l-(carbene)-bonded ‘intermediates rather than 1,2(olefin)- bonded fragments. 
Platinum shifts take place via 1,2-bonded fragments (or x-complexes) from 
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Fig. 6. fjistributions of deuteroalkanes. 

l- to Z-(etc) carbons of alkane (1,l -+ 1,2 -+ 2,2 or 1,l --f 1 -+ 1,2 + 2 + Z&Z). 
In the case of propane, one should take into consideration the possibility 

of platinum attacking the primary or secondary carbon atoms, and the dis- 
tribution of deuteropropanes during exchange must be a superposition of 
these partial distributions. To corroborate this, platinum was alkylated with 
n-propyl and isopropyi bromides of mercury (RHgBr) 1781 in a deuterium 
exchange reaction. As can be seen from Fig. 6, the distribution in the case 
of H-D exchange of propane agrees well with that obtained as a sum of the 
partial distributions with respective coefficients R = 0.75 Rn + 0.25 .&,, 
which are proportional to the constants of the rates at which p~at~urn at- 
tacks the primary and secondary carbons. Bearing in mind that in propane 
there are 6 primary and 2 secondary C-H bonds, the selectivity of the at- 
tack on a C-H bond can be expressed through the following relationship: 
prim:sec * 1:l. 

The presence of the second step a4 -a5 in the distribution of deutero- 
propanes in alkylation with the n-propyl of mercury is consistent with the 
&Z-shift of platinum along the carbon chain; however, the markedly higher 
v&e of (vg is indicative of a possibility and higher probability of a &3-shift of 
platinum. Such a shift is assumed 11321 to involve an intermediate particle, 
which may be regarded as a complex of pIat~um with cyclopropane- As is 
known, when hydrocarbons of the cyclopropane series interact with KsPtCl* 
in a solution, they readily yield compounds of such a structure [ 511. The role 
of 1,34ntermediates in multiple exchange becomes prevalent in the case of 
such hydrocarbons as isobutane and isooctane in which the formation of I,% 
intermediates is difficult because of spatial factors. The triplets of groupings 
in the case of these hydrocarbons (see Fig. 6) is indicative of a 1;3-shift, while 
the appreeiabfe contribution to the distribution of the CY,QIY~ group suggests 
that it proceeds easily enough. The distinct group c7vg fox isobutane and 
the conspicuous absence of 01 10 (in contrast to butane) indicate that the 
hydrogen atom attached to a tertiary carbon does not participate in the ex- 
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change either by way of primary attack or by way of a 1,2-shift. Since the 
rate at which pIatinum attacks the CHs and CHs groups associated with the 
qaaternary atom of carbon is extremely low [ 191, the presence of groups 
q-a9 in the exchange of isooctane is suggestive of a 1,4-shift. The possi- 
bility of formation of I,$-(cyclobutane) intermediate complexes is corro- 
borated by the study of the H-D exchange of cyclobutane in KzPtC14 solu- 
tions [ 201. More remote migrations of platinum are possible as well 

Rh + Pt= - k 
R-Pt k-1 

- 4 

\ 
fi{ p---L x”; 

,c=pt 
p 

‘C’ 
;c: ;Pt =\ / 

1 ,=\ 

‘I /‘, 

The absence of exchange of the tenth hydrogen atom in isobutane is ex- 
plained by a substantial increase in steric hindrance in transition to the 
tertiary C-H bond. Thus, the selectivity of the attack of platinum on a C-H 
bond of an alkane is prim : set : tert = 1: 1: 0. This selectivity, derived in study- 
ing the distribution of deuteroproducts, agrees well with the constants of the 
rates of interaction between alkanes and platinum. 

Accurate calculation of multiple exchange patterns for hydrocarbons 
higher than ethane is a difficult task; however, analysis of distribution in the 
absence of steric hindrances shows that the rate constants seem to decrease 
in the series kII > klz > k13 > k,,. Analysis of the ascending distribution in 
the case of methane exchange in water, in which it was compared with cal- 
culations using different patterns, shows that dehydrogenation is confined to 
methylene complexes with no methine complexes (PSCH) being formed. 
The dependence of M on the experimental conditions (temperature, dielectric 
constant of the medium, ionic strength, acidity and concentration of Cl-) is 
consistent with the following mechanism of multiple exchange. 

RPtCl : RPt+ + Cl- 

RPtCl + D+ h’d - RD + PtCl+ 

,I 

RP~++D+%RD+P~~+ 

RPt’ 2 double bonded platinum complexes + H+ 

k~=kll+k12+k13+k14 

In accordance with this mechanism, the dependence of ki/k_l (= p) on 
[HI+ and [Cl-] can be expressed as (k!_, 3- kli_,) 
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k;K 

p = k:, ID+] [Cl-] 

i.e. as the acidity and [Cl-] increase, the degree of dehyclrogenation and mul- 
tiple exchange factor M decrease. 

The increase in M observed when changing over from an aqueous-acetic 
acid medium to water is associated with an increase in the acidic dissociation 
of the alkyl complex of Pt(I1) as a result of a higher dielectric constant of the 
medium. 

(iv) Nature of transition state 
Different mechanisms have been discussed in the literature to explain deu- 

terium exchange of alkanes, catalyzed by Pt(II). The mechanism proposed 
by Littlecott and McQuillin /21], involving a simultaneous process of addi- 
tion of Di and splitting off of Hi with the participation of DPtClzf through 
a 4-center transition state, 

can be ruled out, since the intermediate formation of platinum alkyls seems 
beyond doubt. Any mechanism of alkane activation with Pt(II) complexes 
must be considered with this fact in view. 

The following alternatives can be proposed for the transition state of a re- 
action yielding Pt-R. 

A B C D 

.-H Pt . . . c 

b- - =.s+ I%‘... CH$ : : 
pt’ . . . . ..c . . 

ii . ..‘f . . . H”* 

X H . . . 

Insertion. Electron transfer 
oxidative with formation of 

Four-membered SE; 
transition state 

addition a complex with a 
cation radical 

As can be inferred from the available data, in our opinion, transition state 
A is the most probable. This transition state is mostly associated with reactions 
involving Pt(I1) having electron configuration d8 and tending, therefore, to 
oxidative addition reactions to give the stable d6 configuration of Pt(IV). 
Transition state B with complete electron transfer from the alkane to platinum 
seems to be unlikely because of very high ionization potentials of methane and 
its homologs, although the correlation between the rate constants and ioniza- 
tion potential is indicative of the partial electron transfer in the transition state 
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as well as of the donor-acceptor nature of the interaction. 
In the case of the four-membered transition state C, one would expect a 

correlation with the basicity of ligand X (heterolytic mechanism) or with the 
strength of its bond with H and Pt (homolytic mechanism), which is not 
found. Transition state D, as already mentioned, is difficult to correlate with 
the effect of the substitutent in the hydrocarbon (the presence of a non-polar 
conjugation) or a change of the Pt(I1) ligand (reverse Vans-effect series). 

It should be noted here that the regularities observed in the case of intra- 
molecular cleavage of the C-H bond in the ligand, where the mechanism of 
oxidative addition via transition state A is quite certain (formation of an alkyl 
hydride), are similar to those established for the reaction of free alkanes with 
Pt(I1). This is other evidence for the mechanism involving transition state A. 

The transition state of the Pt(II) + RH reaction seems to be similar to that 
of the insertion reaction of a singlet carbene into a C-H bond, for example, 
CHs + CH4. For the latter reaction, a calculation has been made of the poten- 
tial energy surface by Hoffman and co-workers [79] by means of extended 
Huckel method, and by Dewar and co-workers [SO] by means of the MINDO/B 
method, both arriving at the conclusion that insertion is a concerted reaction 
with CHs being attacked almost along the C-H axis, similar to reactions of 
H-abstraction by radicals. The transfer of hydrogen from methane to carbene 
takes place only when the carbon atoms are spaced 2 a apart, the remaining 
stage of the reaction being similar to the recombination of a pair of methyl 
radicals. This radical-type transition state was assumed earlier by Benson 
[144] for the carbene insertion reaction. 

H?ch 
A 

H-f-, 

Calculations show that in such a transition state, a negative charge is local- 
ized on the methylene carbon, while on the methane carbon a positive charge 
occurs. The appearance of electron density on methylene is consistent with 
an attack on methane inolving a vacant orbital. The interaction of this vacant 
orbital results in electron density loss in the case of an alkane carbon and in its 
transfer to carbene carbon. 

Square Pt(II) complexes have a vacant p,-orbital with a relatively low 
energy. This orbital can play an important role in the initiation of the transi- 
tion state in a reaction involving hydrocarbons as well as in substitution reac- 
tions proceeding in accordance with an associative mechanism [Sl] . 
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The transition state of the Pt(I1) + RH reaction is attained, in all probability, 
by the alkane carbon closely approaching Pt(I1) without any substantial 
stretching of the C-H bond. As soon as this approach takes place, the hydrogen 
atom is transferred to Pt(I1) with simultaneous distortion of the square Pt(I1) 
to form, at a certain stage, a trigonal bipyramid of Pt(III) in pair with the R’ 
radical. The process terminates in a recombination of R’ and Pt(II1) to form 
an octahedral alkyl hydride of Pt(IV). 

Studies into multiple exchange of alkanes reveal a tendency of Pt(I1) to co- 
valent double bonding which is another indication of its carbenoid properties. 
As mentioned above, the relatively small isotopic effect and the value of acti- 
vation entropy agree well with transition state A. Such a transition state, re- 
quiring close approach of the reagents to one another, accounts for the serious 
steric hindrances in the Pt(II) + RH reaction. And, finally, transition state A 
agrees well with the effect of the substituents in hydrocarbons, and changes of 
ligands in Pt(I1). 

Some data obtained for the other metals are in good agreement with the 
above interpretation of C-H bond interaction with a metal atom in the com- 
plex. 

The interaction of hydrogen from a C-H bond with a metal atom in a com- 
plex is known from X-ray work. For example, the interaction of vinyl hy- 
drogen with Pd in complex PdBr-(PPhs), (CCOaMe)*H leads to a Pd --- H 
distance of 2.3 A which is considerably less than the van der Waals radii sum 
(3.1 A) 11331. In the alkylpyrazolylborate complexes of Ni and MO, where 
an ethyl group is on the B atom, the methylene C-H bond approaches a 
metal atom due to the favourable molecule conformation [ 1341. 

The NMR spectra of these complexes display a considerable signal shift of 
protons close to metal. The shift may be both to high and low fields depending 
on the electronic properties of metal and C-H bond orientation. In such com- 
plexes the M --- H distance is close to 1.9-2.1 A, and the interaction may be 
viewed as a three-centre two-electron bond including C, H and MO or Ni [l35]. 
The interaction of aliphatic C-H bonds with a metal atom may successfully 
compete with the metal-olefin interaction 11361. Essential for all these com- 
plexes is the availability of an empty low-lying orbital at the metal. A trend to 
reach a filled electron shell is, by all evidence, the driving force of the M -*a H 
interaction. 
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D. REACTIONS OF OXIDATION OF ALKANES IN SOLUTIONS OF METAL 
COMPLEXES 

The problem of oxidation of hydrocarbons remains of importance from 
the standpoint of both basic and applied science. The use of metal complexes 
opens up new possibilities in this respect [ 82,83]_ 

The observation that Pt(IV) is reduced to Pt(I1) in acetic acid solutions led 
to a discovery of the reaction of alkane oxidation in solutions of platinum 
chlorides [84,85]. Acetic acid, cyclohexane and other hydrocarbons, includ- 
ing such inert ones as methane and ethane, are capable of reducing Pt(IV) in 
an aqueous solution at 100-120” C, to Pt(II), the latter catalyzing this reac- 
tion (Table 6). 

A similar result was obtained for cyclohexane [ 863. Earlier, the reaction of 
chorination and oxidative coupling of benzene was discovered [87]. When 
this reaction is conducted in D&--CHaCOOD, the products of benzene oxi- 
dation, namely chlorobenzene and diphenyl, contain deuterium in an amount 
exceeding that of the unreacted benzene. The distribution of deuterium in 
chlorobenzene is consistent with the mechanism of chlorination via inter- 
mediate formation of Pt-CsHg. 

It can be assumed that the reactions of chlorination and dehydrogenation 
of alkanes involve their interaction with I%(D), just as in the case of deuterium 
exchange. Thus, all of these reactions can be summarized as follows. 

TABLE 6 

Products of oxidation of hydrocarbons in aqueous solutions of HzPtCla-NaaPtCla 

No. AIkane fC/time (h) Products (relative yield, %) 

7 

8 

9 

Methane, 50 atm 12014 
Ethane, 20 atm 12014 
Propane, 6 atm 12014 
Pentane 12oio.25 
Isopentane 12010.25 
Hexane 11015 

Cyclohexane 

Methyl cyclo- 
hexane 

DecaIin 

11015 

11015 

11015 

Methyl chloride 
Ethyl chloride 
n-CaH$1(75), iso-CaHvCl(25) 
n-CSHllC1(56), set-CgHllCl(44) 
prim-CgH11C1(78), sec-CsH11C1(22) 
n-CgHlaCI(49), nC&130COCFa(39,5), 
CaH&OCHa(23,9), SeCCsH1aOCOCF3, 
sec-CeHl3Cl( 1,4) 
CaHa(77.6), CaH&i(ll), CaHllCI(5,4), 
CaHllOCOCFa(5), cyclohexanone, traces of 
alcohol and dichloride 
Toluene (61,6), n-chlorotoluene (11,2), 
CH&gH1oCI(9,1), CH&HloOCOCFa(8,2), 
CaH11CH2Cl(4,1), ketone (4,l) 
Naphthalene 

Experiments l-5 in HsO, 0.5 M Pt(IV), 0.05 M Pt(II); 6-9 in 8.7 M CF3COOH, 0.i8 M 
Pt(IV), 0.02 M Pt(II). 
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RCHz CH3 + Pt”--CI 
I 

1 -H+ 

-RCHzCH,Pt”---Cl 

my/ 1 -HCI \D+ 
RCHz CH2 Cl RCH=CHz RCHp CH2 D 

In the chlorination reaction,‘Pt(II) acts as a catalyst, while Pt(IV) performs 
the function of the oxidant. Oxidation of hydrocarbons yields, in addition 
to chloroderivatives, alcohols, esters, ketones, aromatic compounds, as well as 
olefinic and aryl platinum complexes, organic acids and products of oxidative 
coupling of hydrocarbons [72,73]. Chloroalkanes are the primary products. 
Dehydrogenation of cyclic hydrocarbons also seems to proceed by initially 
yieIding chloroalkanes. In the course of the reaction, the concentration of 
cyclohexyl chloride passes through a maximum; a similar picture is observed 
in other cases. 

Olefins (e.g. cyclohexene) have not been found among the reaction products, 
probably because they are rapidly oxidized further or form stable complexes 
with l%(D). Evidence for the latter, formed as a result of oxidation of hexane, 
is given in ref. 72. In the presence of platinum salts, both cyclohexene and 
cyclohexyl chloride yield benzene, probably through successive stages of 
chlorination and dehydrochlorination. The rates of reduction of Pt(IV) by 
cyclohexene and cyclohexyl chloride are close to each other and exceed the 
rate of reduction of Pt(IV) by cyclohexane and benzene. 

The following facts support primruy formation of chloroderivatives. 
(1) At the initial stage of the reaction of Pt(IV) reduction with cyclohexyl 

chloride, only benzene is yielded, while there is no trace of chlorobenzene 
which is a product of dehydrogenation, i.e. no direct dehydrogenation takes 
place. 

(2) Halogen derivatives are the only products of the reaction in cases 
where they are stable enough, for example, in the case of acetic acid or ben- 
zene. In a non-aqeous medium (sulfolane), the only product of cyclohexane 
oxidation was cyclohexyl chloride. 

(3) The selectivity in isomeric products, measured at low conversion, ap- 
proaches that of the primary attack of Pt(I1) on a C-H bond in deuterium ex- 
change reactions. 

(4) In the case of oxidation of a mixture of l- and 2-chlorohexanes, only 
the former remains in the products, while l-hexene does not yield l-chloro- 
hexane under the reaction conditions. 

The sequence in which products are yielded, e.g. in oxidation of cyclo- 
hexane, can be represented as follows. 
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The rate of further transformations of chlorides is higher than the rate of 
their formation [ES]. As a result, the yield of primary products per Pt in the 
case of n-alkanes is often below 5%. The quantitative yield of chlorsacetic 
acid is determined by both its greater stability with respect to solvolysis and 
high excess of acetic acid in the reaction solution. The total yield of the main 
products of cyclohexane oxidation is about 40%, while that of products of 
benzene oxidation is as high as 80%. The selectivity to terminal oxidation of 
alkanes does not reflect merely the ratio of rate constants of primary reac- 
tion; it is the result of faster further transformations of secondary and ter- 
tiary chlorides [72]. 

The kinetics of interaction of alkanes with platinum chloride complexes 
was studied by a number of investigators [ 85,88-911. For Cr-C4 alkanes in 
water, the reaction is first order with respect to hydrocarbon, and fractional 
(0.77) with respect to Pt(II). The relative rates of l%(W) reduction with 
ethane, propane, butane and isobutane, agree well with the data on deuterium 
exchange of these hydrocarbons. The activation energies of about 20 kcal mol-’ 
for halogenation of Cs -Cq alkanes are also consistent with E, for exchange 
of ethane (18.6 kcal mol-l). The kinetics of catalytic oxidative halogenation 
of a C-H bond in the presence of Pt(II) has been studied in detail for acetic 
acid transformation to monochloroaeetic acid [85,89]. 

Ptc1,2- + CH, COOH + PtCI:-- + ClCH&OOH + HCl 

The concentration of Pt(IV) decreases in accordance with the autocatalytic 
rate law. The observed induction period is eliminated by adding small amounts 
of bivalent platinum. The kinetic curves for acetic acid are similar to those for 
hydrocarbons (cyclohexane, hexane, pentane, isopentane), which is consistent 
with a similar mechanism of activation of C-H bonds. The order of the reac- 
tion with respect to both Pt(Il) and acetic acid is 1. A slower reaction rate is 
observed on addition of acid and Cl-, and at a higher concentration of Cl- 
the reaction rate is proportional to [Cl-] -2. The order of the reaction with 
respect to Pt(IV) changes from 0 to 1. A mechanism has been proposed on 
the basis of kinetic studies, which seems to be common for compounds con- 
taining sp3 hybridized C-H bonds, including saturated hydrocarbons. 

Ptc1:- + Ptc1; + cl- (6) 

K 
Ptcl, Z PtClz f cl- (7) 
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I!%&. + RH 2 RPtCl + H+ + Cl- k_ 
1 

RPt_Cl + PtCls Lr: RCl + ZPtCl, 

Stages (8) and (9) may be composite, for example: 

(6) 

(9) 

PtC& + RH 2 RPtHCIB (10) 
fast 

RPtH& - RPtCl + H- + Cl- (11) 

RPtCl + PSI;- 2 RPtC13 + PtCl:-- (12) 

RPtCl, 2 RCl -c PtClz (13) 

Under these conditions, stage (8) or (9) may be limiting since stages (6) 
and (7) proceed rapidly and reversibly. 

At temperatures above 100°C and low concentrations of Pt(IV), when the 
reaction rate depends on Pt(IV) and H’, stage (9) seems to be limiting. As 
the temperature decreases and the concentration of Pt(LV) increases, the de- 
pendence on acidity and Pt(IV) disappears, i.e. under these conditions the 
reaction of Pt(I1) along the C-H bond becomes limiting. 

The following kinetic equation can be obtained on the basis of a stationary 
state method for the above scheme. 

W= 
k1 k,K[RH] [Pt”] [PtIV] 

([Cl-] + K) (km, [IS+] [Cl-] + k2 [Pt’“]) 

The equation accounts for the experimental results. 
The temperature dependence of the reaction rate corresponds to two acti- 

vation energies 80-100” Eeff = 22.5 kcal mol-’ and 100-130” Eeff = 8.6 
kcal mol-‘. At temperatures below 100°C and low concentrations of chloride 
when the reaction rate is practically independent of [Cl-] f equilibrium (8) 
seems to be completely shifted to the right, and one can neglect Cl- as com- 
pared to K, and k_l [H’] [pt”] as compared to kBIF%lV]. Therefore we come 
to W = kl [RH] [I%“]. Accordingly the activation energy in this region is close 
to that in exchange reactions. 

At temperatures above 100” C, the limiting stage is that of interaction of 
an alkyl derivative of PYII) with Pt(IV). The low activation energy corresponds 
to the nature of elementaty process (9), which is an exchange reaction in a 
binuclear activated (or intermediate) complex, probably formed by bridges. 

: 
-. 

L 

Cl &Cl 2- 

Cl’ ‘Cl 9” 
Ci 1 
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I . 1 . I * I ‘ 

0 0.4 0.8 1.2 1.6 

lgk+5 (oxidation) 

Fig. 7. Correlation between rates (see-l) of H-D exchange and oxidation (1 = methane, 
2 = ethane, 3 = iso-butane, 4 = propane, 5 = 3-methylpentane, 6 = n-butane, 7 = n-pentane, 
8 = n-hexane, 9 = cyclopentane, 10 = cyclohexane, 11 = benzene). 

This mechanism is in agreement with the higher rate of oxidation of ben- 
zene 1861 and alkanes 1921 in systems with a bromide ion which is a better 
bridge than Cl-, as well as with the lower rate of oxidation in a system in 
which the ratio between halogenide-ligands and Pt is less than 2.5-3 [92]. 
The rate constants for oxidation of a number of alkanes range from 2 to 
8 l 10B3 1 mole1 set- ’ at 98” C in an aqueous solution of chlorides of 
Pt(II)--Pt(IV) [90]- 

According to ref. 90, there is a distinct correlation between the rates of 
oxidation and H-D exchange (Fig. 7). The oxidation rate constants turned 
out to be proportional to the number of carbon atoms available to attack in 
t$e hydrocarbon: k = kono where k. = (0.4-1.2) l 10B3 1 mol-’ set-’ and 
no=n-nt,, -5n quatem- 

The data published in several papers [24,72,73,87,89,137] indicate that 
the values of rate constants and activation energies for oxidation often coin- 
cide with those for H-D exchange when both reactions proceed under similar 
conditions (see Table 7). 

TABLE 7 

Comparison of k and E, for exchange and oxidation in CH3COOD-DzO at 100°C 

Hydrocarbon k, (1 mol-l set-l ) E,, (k& mol-I) 

exchange oxidation exchange oxidation 

Benzene 6 - 10-a 25.5 l 10-a 25.7 25 
Acetic acid 0.9 - 10-4 1.25. 1O-4 23.7 22.5 
Hexane 1.8. 1O-3 1.6 . lO-3 18.6 (C2Hs) 

13.4 (C&12) 
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Evidently these results show that the rate determining step of both reac- 
tions is the same. Thus, the d&a suggest that halogenation of alkanes, as well 
as H-D exchange, involve intermediate formation of platinum alkyls. In study- 
ing the kinetics of oxidation of benzene [ 861, cyclohexane and other cyclo- 
alkanes [73], as well as acetic acid 1’731, it was revealed that at the initial stage 
of the reaction a drastic change in the stoichiometry takes place. For acetic 
acid, e.g. the decrease in the amount of Pt(IV) is several times greater than the 
amount of the chloroacetic acid formed, This effect is apparently due to the 
formation of relatively stable alkyl (aryl) compounds of Pt(IV) [72,73 1, such 

/H2\C0 as C13PtCH2COOH or ClzPt 
\,/ ’ 

RPtC&, PhPtCls. The curves of accumulation of these intermediate compounds, 
calculated from the difference between the change in [Pi?] and the total con- 
centration of the products, correspond to a lower stability of AlkPtCls as 
compared to ArPtCls. A relatively high concentration of PhPtCls comparable 
with that of Hz PtCls is also responsible for the formation of an appreciable 
amount of diphenyl in the case of oxidation of benzene, which seems to 
proceed as follows 

PhE’tCls + PhPtCl + PhZE’tC12 + Ph-Ph + PtC12 

In the presence of an external oxidant, the process may become catalytic 
with respect to platinum. The oxidants for E%(U) were dioxygen (air)l cupric 
chloride (systems Hs PtCls-CuCl-Oz or Na2 PtC14-CuC12-02) and qui- 
nones. When controlled amounts of HCI were introduced in the course of the 
process, the yield of the product was found to correspond to 5 cycles per Pt, 
i.e. a catalytic process was achieved, consuming CHs COOH, HCl and Oz. 
When more than 0.2 M of ClCH2COOH are accumulated in the solution, 
further chlorination becomes noticeable. 

A catalytic process involving Pt(IV) at 100°C is limited by the rate of oxi- 
dation of Pt(II) by an external oxidant. However, the rate of accumulation 
of chloroacetic acid in the catalytic system is several times higher than that 
of oxidation of Pt(II) under these conditions. This is probably indicative of 
direct oxidation of the intermediate complexes of RPt(I1) by an external oxi- 
dant in the absence of HPPtCls . 

2HCl 
RPtCl + Oz - RPtCls + HzOz 

It was also found [94] that alkanes (n-hexane and cyclohexane) reduce 
Pd(I1) trifluoroacetate at 92” C in trifluoroacetic acid to Pd(0). Pd(OCOOCFs)z 
itself is quite stable when heated in CFs COOH even in the presence of palla- 
dium black, but cyclohexane is dehydrogenated by homogeneous solutions of 
palladium trifluoroacetate in accordance with the stoichiometric equation 

3Pd(Cl?s COO)z ‘-I- C, H,s --f 3Pd(O) + Cs Hs -t 6CFs COOH 
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TABLE 8 

Constants of alkane oxidation rates in system Ru(IV)-Cr(VI) at 88°C 

Alkane Ethane Propane n-butane Isobutane 

k - lo5 (set-l) 0.5 60 200 1,500 (18) a 

[IQRu(OH)C15 J = 5 - 10e2 M, [K2Cr207] = 8.3 - 10m3 M, [LiCI] = 3.0 M. 
a The value of k in the absence of Ru(IV). 

to that for acid-catalyzed oxidation of saturated hydrocarbons with chromic 
acid in acetic acid 1971. At [Cl-] > 0.5 M, the reaction rate was little depen- 
dent on the acidity and ionic strength, while in the case of [Cl-] < 0.5 M, 
higher acidity results in a considerably higher rate. The following mechanism 
is assumed [96] from the kinetic data 

RH + Ru(IV) 2 Ru(IV) l RH 
k-1 

Ru(IV) l RH + Cr(IV) 2 reaction products 

The nature of the Ru(IV) - RH complex is not specified. 

E. COMPARISON OF HOMOGENEOUS AND HETEROGENEOUS ACTIVATION OF 

ALKANES IN THE PRESENCE OF PLATINUM GROUP METALS AND THEIR 

COMPLEXES 

There is a growing belief that there is a strong similarity between hetero- 
geneous and homogeneous catalysis, both being regarded as coordination ca- 
talysis. Surface complexes in heterogeneous catalysis have much in common 
with complexes in solution. It is therefore interesting to compare the results 
obtained in recent, years on homogeneous exchange with those accumulated 
over many years on heterogeneous H-D exchange of alkanes [ 98,991. Table 
9 gives certain characteristics for such a comparison. The common factor for 
exchange in a solution and on the surface of a metal is the dissociative mecha- 
nism, determined by the energetics of splitting C-H and forming M-C bonds 

L,M+ RH+ L,M 
,R 

.H 

f 7 

M M 

Platinum seems to be most active both in homogeneous and heterogeneous 
exchange [102] since it forms the strongest M-C bonds. The relative reac- 
tivity of different hydrocarbons varies with their ionization potentials, the 
catalyst being an electron acceptor and the hydrocarbon, an electron donor. 
The exchange of hydrocarbons with deuterium or D2 0 takes place more 
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TABLE 9 

Comparison of homogeneous deuterium exchange of alkanes with heterogeneous exchange 
on metals 

Parameters Homogeneous Heterogeneous 

Mechanism and fit rela- 
tively stable intermediate 
Relative reactivity 

Selectivity 
Order of metal activity 
Activation energy for &He 
Isotopic effect 

Multiple exchange 
intermediates 
Predominant intermediate 
for CsHs 

J%-E-1 
Distribution 

M (for CzHs) 

Dissociative, M-R, 
D(Pt-R) > D(Pd-R) 
CH4 < (CH3)4C < C2H6 < C,Hfj --- < C-C&12 

Correlation with 1-P. for n-alkanes 
c+C5H10 < c-C6H1s c-CsHIO > c-CeH12 
prim 3 set > tert prim < set < tert 
Pt>Ir>Rh>Pd,Ru Pt> Rh> Pd> Ru[lOO] 
18.6 (Pt(ii)) 12.5 (Pt)l8.!2(Pd) 
3.0 r 0.5 (CH4,100"C) ~(~&l4~~d)~~~~1 
1.7 + 0.1(C&%~2,100°C) 

l,l-(carbenic), l,Z-(olefinic), 1,3-(cyclopropanoic), 
1,4-(cyclobutanoic), double bonded complexes 
1,1 1,2 

<o >O 
CHaCOOD D2O 
continuously ascending 
descending stepwiae 
1.7 (Pt) 3.2 (Ptj 

U-shaped 
or continuously 
descending 
4.8 (Pd) 3.5 (Pt) 

readily than C-C bond splitting, despite the fact that C-H bonds are much 
stronger than C-C ones. 

A marked difference is observed in the selectivity of attacking primary, 
secondary and tertiary C-H bonds. While in heterogeneous exchange the 
selectivity is consistent with the relative strength of these bonds, in homo- 
geneous exchange it is inversely related to bond strength. This is due to the 
prevalence of steric factors over electronic ones in homogeneous reactions. 
At the same time, the Iower reactivity of C-H bonds adjacent to the quater- 
nary carbon atom is indicative of the greater role of the hyperconjugative 
component in the cleavage of a C-H bond. For example, the selectivity on 
Ni is prim : set : tort = 1: 30 : 90, while in the case of Pd, Rh, Ir and Pt the dif- 
ference between primary and secondary atoms is small. However, in all cases, 
tertiary atoms exchange faster than primary and secondary ones. For ex- 
ample, multiple exchange of isobutane on Rh yields a great amount of dlo 
at the initial stage, in sharp contrast with the absence of dn, in homogeneous 
deuterium exchange of isobutane on Pt(II). The continuous distribution of 
deuteromethanes in homogeneous exchange contrasts with the stepped dis- 
tribution in heterogeneous exchange; analysis of the distributions is indicative 
of the absence or an insignificant role of triple-bonded intermediates of the 
PGCH type; as distinct from heterogeneous exchange. As a ruIe, in hetero- 
geneous exchange, no effect of temperature on distribution is observed, or 
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the degree of multiple exchange increases with temperature. 
1: Z-Bonded intermediates are predominant in homogeneous exchange, 

the probability of their formation being almost the same for methane and 
ethane: kll lk_, = 4.9 (CH,), 4.8 (CsH,). 

In heterogeneous exchange, the mechanism with intermediate formation 
of 1: l-bonded complexes is realized only in exceptional cases when there is 
no possibility for 1: Z-bonding, i.e. only in the case of methane, neopentane 
and other similar molecules. In the case of ethane, 1: l-bonded complexes 
are not observed for any metal or under any conditions. In the case of hetero- 
geneous exchange, El1 S LX, i.e. the contribution of the carbenic mechanism 
to the exchange increases with temperature, while in homogeneous exchange 
on PtfIL) the role of carbenic complexes for saturated hydrocarbons increases 
as the temperature drops, E,, -ZLI (kcal) being equal to -5 (CH,). 
-14 (CeHs) and -3 (Ce H,s). The constants for the rate of formation of 1: 2- 
bonded complexes of platinum in homogeneous exchange are lower than kzl, 
e.g. in an aqueous medium for ethane, k,l/k_l = 4.8 and k,,/k_l = 0.2. The 
pattern of distribution of deuteroethanes in multiple exchange also differs 
greatly. Normally, more noticeable multiple exchange is observed on the sur- 
face of metals than in solution. Marked changes in heterogeneous multiple 
exchange are observed already in the condensed phase as compared with the 
gaseous one 1103 J . The distribution becomes descending, and multiple ex- 
change becomes less profound (iV becomes lower). In the case of Pt/C, NMR 
analysis reveals only a slight predominance of exchange in the secondary C-H 
bond as compared to the primary one (1.26 : I). 

Stepwise distribution was never observed in heterogeneous exchange of 
CaHs with D2 on the surface of metals, and the distribution of deuterohydro- 
carbons in heterogeneous exchange is explained well by the formation of sur- 
face Ir-complexes or 2 : 2-bonded hydrocarbon fragments. At the same time, 
heterogeneous multiple exchange in methane and neopentane C(CHs), (almost 
exclusively in a single methyl group) seems to involve metal-carbenic inter- 
mediates. Thus, the carbenic mechanism may take place on the surface of 
metals, although the n-complex mechanism is preferable, while in solution 
preference is given to the carbenic mechanism. 

It is interesting to note that 1: I, 1: 2 and 1:3&termediates are found to 
be involved in heterogeneous exchange of RH with Dz on the surface of metals, 
1: 3-intermediates being more stable on platinum than on other metals. 

Thus, a close similarity is observed for intermediate fragments in homoge- 
neous and heterogeneous alkane exchange. The difference in heterogeneous 
exchange, residing in kx2 > kll, is easily explained by the fact that two ad- 
jacent platinum atoms can be used on the surface to yield 1: Z-fragments, 
these fragments being preferable to any I. : I-fragments with one or two 
metal atoms. 

The other differences between homogeneous and heterogeneous exchange 
of alkanes &ill remain to be expkined, although the common features of 
these two types of coordination activation of saturated hydrocarbons have 
been firmly established. 
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F. ACTIVATION OF SATURATED HYDROCARBONS BY COMPLEXES OF NON- 

PLATINUM METALS 

So far, few examples are known of homogeneous activation of saturated 
hydrocarbons with complexes of non-platinum metals. In heterogeneous 
catalysis, W, MO, Ta, Ti and Ni are active for H-D exchange of alkanes, 
whereas the activity of Co and Fe is low. Since the intramolecular or inter- 
molecular oxidative addition of an aromatic C-H bond is known for practi- 
cally all transition metals, as can be seen from the case with I%(H), under 
certain conditions complexes of these metals may activate an aliphatic C-H 
bond as well. 

In this review, we do not include numerous and well studied cases of 
catalysis of radical-chain reactions of hydrocarbons by transition metal ions 
(Mn, Co, Fe and others), which do not react directly with alkanes but parti- 
cipate at elementary stages of the chain oxidation by reacting with other 
particles (e.g. hydroperoxides at the stage of chain branching). 

However, in some cases, the alkane molecuie seems to be attacked. We 
should first of all note the effect of metal complexes acting as strong electron 
acceptors. 

For example, alkanes are known to be activated and oxidized by Co(III) 
and Mn(III) which are powerful oxidants. Cyclohexane is oxidized by Co(II1) 
perchlorate in CHs CN-HZ 0 at 20” C [ 1041 or by Co(III) trifluoracetate 
[105]; cycloalkanes are oxidized by acetates of Co(II1) and Mn(III) in 
CHa COOH at 80” C [lOS] ; butane, isobutane and pentane are oxidized by 
Co(II1) acetate at lOO-125°C [ 1071, and n-hexane, 2-methylpentane, etc. are 
oxidized by Co(III) acetate in the presence of catalytic amounts of strong 
acids at 20” C [lOS] . These reactions exhibit remarkable features: an unusual 
selectivity, differing from that for radical attack (tert-CH is less reactive than 
set-CH) and indicative of the important role of steric factors; a low isotope 
effect (hn/kn = 0.86) [106]; and reactivities of n-alkanes (n-butane > n-pen- 
tane > n-undecane) arranged in reverse order relative to the radical one 11071. 
Additions of Cu(II) acetate which is an effective trap for free radicals do not 
affect the rate of oxidation [106]. The reaction of oxidation of n-heptane by 
acetate of Co(II1) in the presence of CF3 COOH is first order with respect to 
hydrocarbon, second order with respect to Co(II1) and -1 order with respect 
to Co(I1). The reaction may involve electron transfer, possibly with the par- 
ticipation of Co(IV) formed as a result of disproportionation of two particles 
of Co(II1): 2Co(III) 2 Co(IV) + Co(I1). 

In this system alkyl acetates are formed in the absence of oxygen, alcohols 
and ketones - in the presence of Oe, and alkyl chlorides - in the presence of 
CCl,COOH without Oe. In all cases, the methylene group adjacent to the ter- 
minal methyl group is preferably attacked, indicative of the importance of the 
hyperconjugative factor. These results are accounted for [lOS] by the inter- 
mediate formation of radicals RH + Co(lI1) + R- + Co(H). 

In ref. 108 it is assumed that the radicals are the result of decomposition 
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of the initially formed alkyl compound of Co(III): RH + Co(III) + RCo(III) 
+ R’ + Co(D). 

This assumption explains the serious steric hindrances to attacking the 
C-H bond. 

The mechanism of outersphere oxidation with the unstable cation-radical 
formation [105] which was earlier thought to be analogous to the reaction 
with aromatic compounds does not take place for alkanes [ 741. When oxi- 
dizing substituted adamantanes by trifluoroacetates of Pb(IV), Co(III) and 
Mn(III), the fragmentation products of a possible intermediate cation- 
radical are absent, unlike in electrochemical oxidations when the radical is 
always formed. This indicates that with metal compounds the oxidation 
proceeds by a direct attack on C-H bond. 

Only limited information is available so far on the action of low-valency 
transition metal complexes on alkanes, which is expected to involve oxida- 
tive addition. Isotopic exchange of methane with deuterium in the presence 
of a triphenylphosphine complex of Co(I) [14] has already been mentioned. 
The mechanism of this reaction is likely to be similar to that of alkane activa- 
tion by other d8 metal complexes, though the reaction still requires more de- 
tailed study. 

Of great interest is the report on activation of methane in the presence of 
Ziegler’s catalysts based on Ti and V: TiCI + AlMe Cl; Cp, TiCI2 + AlMezCl, 
and VCla + AlMeaCl [120]. 

In the presence of these systems, H-D exchange of CD4 with the methyl 
groups of the catalytic system is observed in heptane at 20-50°C. Carbene 
intermediates have been postulated [ 1203 

‘MACHL’M=CH 
’ ‘CH, / 

2 
+ CH 

4 

or 

2 ~M-CH~ + ~M--CH~-M~ + CH~ ~121~. 

The formation of CH2 D2 and CHs D is thought to be due to the reaction 
of these complexes with CD*, e.g. 

:M=CH2 + CD4 <M 
,CH2D /M=CD, + CH2D2 

‘CD, lM=CHD + CHDa 

In fact, hydrolysis of the catalytic system after the experiment yields a 
mixture of deuteromethanes in amounts corresponding to the above repre- 
sentation, the balance between the number of H atoms in the reaction products 
and that of D atoms in the hydrolysis products being observed with sufficient 
accuracy. It is interesting to note, in connection with this work, that 
Cp, Ti(CHs)2 catalyzes the exchange of benzene with D2 at 130” C [1223. 
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Recently, Grigorian and D’yachkovskii 11421 report that (~F-C$&)~V 
catalyzes isotopic exchange of methane and ethylene, es well as benzene end 
ethylene, the exchange belhg multiple. It should be noted that &hough being 
a strong electron donor, vanadocene must at the same time exhibit acceptor 
properties since this molecule includes an empty (crls) and a partially empty 
(e,) anti-bonding orbital 11431. This seems to provide the right conditions 
for oxidative addition of the alkane molecule. 

A study has been made into the photoinduced insertion of CpaW into the 
methyl C-H bond of n-xylene and mesitylene [ 1231. 

This field seems to be particularly promising in view of the data on biological 
oxidation of paraffins. As is known, enzymes such as monooxygenase cataIyze 
oxidation of paraffin hydrocarbons, yielding intermediate products such as 
primary alcohols. In the case of higher hydrocarbons, the important role in this 
process is played by cytochrome P-450, and the ferric ion of the cytochrome 
molecule seems to activate O2 rather than the alkane molecule, while RH en- 
ters into a reaction with the metal-activated oxygen molecule (in most cases, so 
called oxenoid mechanism [IlO] is assumed). 

There are indications, however, that the enzymes catalyzing oxidation of 
methane and its nearest homologs act by an entirely different mechanism, 
probably involving dlkane activation by a metal ion ]109]_ For example, the 
strong isotopic effect in oxidation of methane by bacteria, kCNq/kcn~ = 12.5 
(30°C) indicates that at the limiting stage of the reaction the C-H bond is 
cleaved. The relative reactivity of hydrocarbons is CH4 : CaHs : CsHs = 
100 : 8 : 1. In the case of a deficiency in 02, the methane-bacteria system 
yields He (De and HD from CD4) [ 1111, which points directly to activation of 
the methane molecule. The bacterial methane oxidizing systems are devoid of 
cytochrome P-450 although, iron, cobalt and copper have been found in the 

enzyme system. The enzyme activating the methane seems to include one or 
more of these metals. Considering tba+v cobalt acts effectively on the growth 
of methane bacteria and is found in the BE2 coenzyme, one can assume that 
Blz systems participate in the activation of methane. The bacteria enzyme 
systems oxidize methane in the same way as monooxygenase, and hence, the 
anticipated oxidation cycle can be represented as follows (M - metienzyme) 

During the cycle, the H atom may be stored in the fi’deoxyadenosyl group. 
The insertion of Oa into a Co-R bond is well known 11121. The activation 
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of methane may, in principle, proceed similarly to enzymatic insertion of 
coenzyme B1z into an inactivated C-Ii bond, the radical mechanism of this 
process having been established [113-1151 and corroborated by mode1 
studies [116,117]. Activation of methane according to this mechanism is 
consistent with the isotopic effect (&n/k, = l3)j.e. close to that in bacterial 
oxidation of methane; at the same time, a mechanism, involving oxidation by 
Co(II1) seems unlikely because the latter reaction has a very low isotope ef- 
fect (see above). 

If the active species in reactions catalyzed by coenzyme l3ls is a derivative 
of Co(I) 11181, then the mechanism of these reactions and activation of 
methane may be similar to that of alkane activation by other d8 metal com- 
plexes including, as already mentioned, a Co(I) complex. On the other hand, 
copper and iron may also serve as active Chlorination of methane 
with a melt of CuC1-CuC12-KC1 at 310-409°C is described in ref. 119. The 
rate of chlorine formation under these conditions is too low to account for 
the rate of chlorination of methane, and Kunugi et al. 11191 believe that the 
rate determining stage is direct interaction of methane with cupric chloride. 
Recently, intramolecular reactions proceeding under rather mild conditions 
through an aliphatic C-H bond of a ligand linked to Fe(O), with formation 
of the corresponding “alkyl” hydrides of Fe(U), have become known [124, 
1401. 

p. 

P-. 

PMez 

. 
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More studies are expected shortly in this fascinating field, which wilI supply 
more coherent data on the mechanism of biological activation of methane 
and its homologs and provide effective models for this process, thereby con- 
tributing to the low-temperature chemistry of alkanes. 

G. CONCLUSION 

The results presented in this review show that a new field of homogeneous 
catalysis came into being in recent years and is rapidly developing - activa- 
tion and catalytic reactions of saturated hydrocarbons. This field is still at 
the beginning of its development and if it is compared with activation of 
molecular hydrogen, its present period is comparable to that from 1936- 
1960 when relatively simple compounds of transition metals were studied 
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in reactions with dihydrogen. More complex catalysts for activation of Hz 
have been developed since. 

It is hoped that homogeneous activation of alkanes will follow this trend. 
One can expect substantial broadening of the range of metals and ligands, as 
well as an increase in the number of new homogeneous catalytic reactions 
involving alkanes. Of particular interest is the introduction into these reac- 
tions of new complexes of non-platinum metals, especially metals of the 1st 
and 2nd transition periods. Alkyl derivatives of these metals feature higher 
reactivity than those of the platinum group. In particular, they are capable 
of inserting O2 into an M-R bond. This is essential insofar as activation of 
alkanes can be used in a number of significant processes. 

At the same time, it should be pointed out that homogeneous catalytic 
reactions of saturated hydrocarbons are determined not only by activation 
of RH with which this paper is primarily concerned. In some cases, activation 
of reagents interacting with the hydrocarbons may be sufficient. Such cases 
include, for example, the well known radical-chain reactions of oxidation of 
hydrocarbons, as well as biological oxidation of higher alkanes where the re- 
action is extremely selective and seems to involve no radicals. The develop- 
ment of effective chemical models for enzymic oxidation of this type is 
another very important problem. 

Thus, parallel development of several trends is expected in the future; 
these should provide radically new alkane processes, some of which will un- 
doubtedly be of practical value. 
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