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More than 20 years ago, Shilov et al. discovered the 
remarkably selective oxidation of alkanes by aqueous platinum 
salts.1 We2 (and others3-6) have elucidated some of the 
mechanistic features of this process. However, the details of 
the first step—electrophilic activation of the alkane by platinum-
(II) to generate an alkylplatinum(II) intermediate—remain 
unclear. 

We chose to examine the microscopic reverse of this 
activation process by investigating the protonolysis of an 
alkylplatinum(II) complex, (tmeda)Pt(CH2Ph)Cl (1) (tmeda = 
/V,N,A ,̂A''-tetramethylethylenediamine). Two limiting mecha
nisms can be considered for this reaction: protonation at 
platinum, generating a PtIV(R)(H) intermediate which reductively 
eliminates R-H, and protonation at the platinum alkyl bond, 
leading to direct liberation of R-H. Intermediate mechanisms 
(e.g., anion-assisted electrophilic attack) are also possible.7-8 

Previous studies of such reactions have led to several (sometimes 
contradictory) mechanistic proposals.9-11 Unfortunately, only 
indirect evidence (such as kinetic analysis, isotope effects, and 
competition experiments) was available in those studies. We 
report here the direct observation of a PtIV(R)(H) species which 
subsequently reductively eliminates R-H.12 

Addition of excess HCl (as a Et̂ O-dio solution) to a solution 
of 1 in CD2CI2 at —78 0C results in complete conversion to the 
oxidative addition product, (tmeda)Pt(CH2Ph)(H)Cl2 (2), as 
identified by 'H NMR spectroscopy. Upon warming the 
reaction to —30 0C, the reductive elimination of toluene from 

(1) Goldshleger, N. F.; Eskova, V. V.; Shilov, A. E.; Shteinman, A. A. 
Zh. Fiz. Khim. 1972, 46, 1353. 

(2) (a) Labinger, J. A.; Herring, A. M.; Lyon, D. K.; Luinstra, G. A.; 
Bercaw, J. E.; Horvath, I. T.; Eller, K. Organometallics 1993, 12, 895. (b) 
Luinstra, G. A.; Labinger, J. A.; Bercaw, J. E. J. Am. Chem. Soc. 1993, 
115, 3004. (c) Luinstra, G. A.; Wang, L.; Stahl, S. S.; Labinger, J. A.; 
Bercaw, J. E. Organometallics 1994, 13, 755. (d) Luinstra, G. A.; Wang, 
L.; Stahl, S. S.; Labinger, J. A.; Bercaw, J. E. J. Organomet. Chem., in 
press. 

(3) Kusch, L. A.; Lavrushko, V. V.; Misharin, Y. S.; Moravsky, A. P.; 
Shilov, A. E. Nouv. J. Chim. 1983, 7, 729. 

(4) (a) Zamashchikov, V. V.; Litvinenko, S. L.; Uzhik, O. N.; Galat, V. 
F. Zh. Obs. Khim. 1986, 56, 2417. (b) Zamashchikov, V. V.; Popov, V. 
G.; Litvinenko, S. L. Izv. Maid. Nauk SSSR, Ser. Khim. 1993, 42, 389. (c) 
Zamashchikov, V. V.; Popov, V. G.; Rudakov, E. S.; Mitchenko, S. A. 
Dokl. Akad. Nauk SSSR 1993, 333, 34. 

(5) Sen, A.; Benvenuto, M. A.; Lin, M.; Hutson, A. C; Basickes, N. J. 
Am. Chem. Soc. 1994, 116, 998. 

(6) Horvath, I. T.; Cook, R. A.; Millar, J. M.; Kiss, G. Organometallics 
1993, 12, 8. 

(7) Abraham, M. H. In Mechanisms of Electrophilic Substitution at 
Saturated Carbon; Abraham, M. H., Ed.; Elsevier: Amsterdam, 1973; Vol. 
12, pp 10-21. 

(8) Kochi, J. K. Organometallic Mechanisms and Catalysis; Academic 
Press: New York, 1978; pp 292-340. 

(9) Belluco, U.; Giustiniani, M.; Graziani, M. J. Am. Chem. Soc. 1967, 
89, 6494. 

(10) Jawad, J. K.; Puddephatt, R. J.; Stalteri, M. A. Inorg. Chem. 1982, 
21, 332. 

(11) Alibrandi, G.; Minniti, D.; Romeo, R.; Uguagliati, P.; Calligaro, 
L.; Belluco, U.; Crociani, B. Inorg. Chim. Acta 1985, 100, 107. 

(12) While we were preparing this manuscript, two other groups reported 
the preparation of similar species by treating platinum(II) dialkyl complexes 
with halotrimethylsilanes in wet organic solvent. Their resulting platinum-
(IV) dialkyl hydride species exhibit similar reactivity: (a) De Felice, V.; 
De Renzi, A.; Panunzi, A.; Tesauro, D. J. Organomet. Chem. 1995, 488, 
C13. (b) Hill, G. S.; Rendina, L. M.; Puddephatt, R. J., personal 
communication. 

Scheme 1 

CD2Cl2 *? 

rN „n C H ^ + Hd - | ^ 3 - C X ! 
^ N * " '"""Cl -78°C ^ N * * ! ̂ *i 

2 

C = N,N,N',N'-tetramethyl- I -300C 
N ethylenediamine y 

^N U1... „ "Cl 
PhCH3 • Q ^ P t " ^ c l 

2 proceeds rapidly and is accompanied by precipitation of 
(tmeda)PtCl2 (Scheme 1). The most distinctive characteristic 
of 2 is its platinum(IV) hydride resonance in the 1H NMR 
spectrum that appears at —24 ppm (CD2CI2) with its associated 
195Pt satellites ( % - H = 1230 Hz; 195Pt 33.8% natural abun
dance).13 Concomitantly, the resonances corresponding to the 
diastereotopic benzyl protons in 2 shift downfield and split into 
two doublets.14 

Oxidative addition of HCl is rapid and reversible, as shown 
by isotopic substitution. Protonation of 1 with DCl results in a 
1H NMR spectrum identical to that of 2 except for a greatly 
diminished hydride resonance.15 Subsequent addition of a large 
excess of HCl results in the immediate growth of this peak. 

As anticipated, toluene reductive elimination proceeds with 
a first-order dependence on [2]; however, the temperature 
dependence of the reaction revealed an unexpected negative 
entropy of activation,16 suggesting that the reaction might not 
proceed via direct elimination from the six-coordinate alkyl 
hydride species. To examine the possibility of a five-coordinate 
intermediate arising from chloride dissociation, tetrabutylam-
monium chloride was added to the reaction mixture. Surpris
ingly, chloride is found to deprotonate 2 to generate starting 
material 1 and tetrabutylammonium bichloride (eq 1). The 
presence of the latter was supported by IR spectroscopy.17 

2 + [NBu4]Cl *~ 1 + [NBu4][Cl-H-Cl] (1) 

Protonation of 1 with triflic acid in an attempt to directly 
prepare the five-coordinate [(tmeda)Pt(CH2Ph)(H)Cl]+ (3) re
sults in the immediate formation of toluene with no observed 
intermediate at —80 °C. Furthermore, addition of triflic acid 
to a solution containing preformed 2 significantly decreases the 
thermal stability of the platinum(IV) complex: reductive 
ehmination proceeds rapidly under these conditions, even at —60 
0C. The reductive elimination rate exhibits a first-order 
dependence on [HOTf] (68—265 mM). A mechanism consistent 
with these results is shown in Scheme 2, the main implication 
being prerequisite dissociation of chloride to yield a labile five-
coordinate platinum(IV) intermediate (3), which rapidly elimi
nates toluene.18 
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= 13 mM, [HCl] = 65 mM; temperature range, - 43 to -24 0C; AW* = 
14.0 ± 2.5 kcal/mol; AS* = -18.5 ± 7.0 eu. 
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Figure 1. l/£0bs vs [HCl] for reductive elimination of toluene from 2 
in the presence of varying [HCl] and constant [HOTf] (a double-
reciprocal plot of eq 2). 
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Triflic acid, therefore, promotes chloride dissociation. Simi
larly, the nonprotic Lewis acid SnCU also dramatically enhances 
the rate of reductive elimination from 2. According to Scheme 
2, HCl should inhibit formation of toluene in the presence of 
HOTf, and this effect was in fact observed, as shown by the 
"double-reciprocal" plot (Figure 1). Furthermore, the non-zero 
intercept suggests steady state (eq 2) rather than pre-equilibrium 
(eq 3) formation of 3; i.e., £3 is competitive with fc-2[HCl], 

fcobs(steady state) = 
JWt3[HOTf] 

fcobs(pre-equilibrium) = 

*3 + M H C l ] 

Zk3AT2[HOTf] 

[HCl] 

(2) 

(3) 

Isotope effects have been determined for this system using 
calibrated mixtures of HCl and DCl. The equilibrium deuterium 
isotope effect for the formation of 2 in CD2Cl2/Et20-^io can be 

(18) As two reviewers pointed out, an alternative mechanism might 
involve "nonproductive" formation of 2 in solution; that is, the formation 
of hydrocarbon might arise from reversible dissociation of 2 into 1 and 
HCl, followed by direct attack by H+ at the platinum-carbon bond. 
However, such a mechanism is inconsistent with both our kinetics and 
isotope effects. An expanded analysis will be presented in a forthcoming 
full paper. 

measured directly by integrating the PtIV-H peak relative to one 
of the benzyl protons; an inverse effect is obtained: KHIKD = 
0.51 ± 0.05 ( -28 0C). The overall kinetic deuterium isotope 
effect can be determined by comparing the resulting concentra
tions of PhCH3 versus PhCH2D: kH/kD = 1.55 ± 0.10 (0 and 
—28 0C).19 Based on these values, a kinetic isotope effect for 
the reductive elimination of toluene from 2 can be calculated: 
kntko = 3.1 ± 0.6. This value is similar to those found for the 
reductive elimination of platinum(II) alkyl hydrides.202' 

Thus, contrary to a previous proposal which suggested that 
proton attack at the platinum—carbon bond leads directly to a 
a-complex intermediate/transition state," we have established 
that hydridoalkylplatinum(IV) species can indeed mediate the 
protonolysis reaction. In a closely related system, we have 
recently observed isotopic exchange in PtIV(CH3)(D) prior to 
reductive elimination, demonstrating that a-complexes do in fact 
mediate loss of R - H from Pt(II).22 The above studies have 
further revealed that formation of a cationic platinum(IV) species 
via chloride dissociation greatly enhances the rate of reductive 
elimination. Although not unprecedented,23 this result was 
somewhat unexpected, based on the variety of systems that do 
not exhibit this mechanistic feature.20'24 Exploring the generality 
of this reactivity, particularly with respect to its implications 
for alkane activation by Pt(II), is the subject of ongoing studies 
in our laboratories. 
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