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The direct, selective conversion of alkanes into value-added
chemical products has long been a “holy grail” for chemists1 and
intensified efforts toward this goal have been made during the
past few years.2 The reaction mechanism of the classical Shilov
system, in which methane is catalytically functionalized by PtII

salts in aqueous media, has been probed in some detail.3 The
actual C-H activation step in this reaction has recently been
extensively investigated by the Bercaw group, utilizing a (tmeda)-
PtII model system.4,5 The observed exchange of labeled13CH3

for CH3 between (tmeda)Pt(NC5F5)(CH3)+ and 13CH4 in penta-
fluoropyridine, a solvent of low basicity and coordinating ability,
demonstrated the activation of methane C-H bonds. Although
intermediates in the exchange reaction were not observed,
circumstantial evidence suggested an oxidative addition pathway
involving a PtII methaneσ-complex and a PtIV methyl hydride
complex. Further demonstrating the potential for alkane activation
at Pt complexes, Goldberg and co-workers showed through the
reaction between (η2-Tp′)PtII(CH3) and various hydrocarbons
R-H that it is possible to trap the normally elusive 5-coordinated
oxidative addition product by intramolecular pyrazole coordina-
tion, ultimately producing PtIV complexes (η3-Tp′)Pt(H)(CH3)-
(R).6 Most recently, Pt-catalyzed conversion of methane to methyl
bisulfate was achieved with the complex (bpym)PtCl2 in highly
acidic media.7

An interesting common feature in the above examples is the
success of employing bidentate nitrogen ligands to obtain PtII

complexes that are reactive toward C-H bond activation. We
have recently8 reported a study of the one-electron oxidation
reactions of PtII complexes (diimine)Pt(CH3)2 (diimine ) ArNd
CHCHdNAr or ArNdCMeCMedNAr, with Ar ) p-MeC6H4 or
p-MeOC6H4) in acetonitrile. For the diimine (p-MeOC6H4)Nd

CHCHdN(p-MeOC6H4), the oxidation resulted in intermolecular
methyl transfer reactions giving (diimine)PtIV(NCMe)(CH3)3

+ and
(diimine)PtII(NCMe)(CH3)+. The latter was presumably formed
via the intermediacy of (diimine)Pt(CH3)+, an analogue of the
species believed to be responsible for the C-H activation in
Bercaw’s (tmeda)PtII system.5 In this contribution, we report that
benzene and methane C-H activation can be achieved at a related
(diimine)Pt aqua complex in a hydroxylic solvent, under mild
and neutral conditions.

The protonation of the above-mentioned (diimine)Pt(CH3)2

complexes with HOTf, HBF4, or H(Et2O)2BArf in the poorly
coordinating solvents dichloromethane and nitromethane invari-
ably led to extensive decomposition as evidenced by the plethora
of new signals that appeared in the1H NMR spectra of the
solutions after the reactions. We have tentatively attributed this
behavior to a propensity of the in situ generated (diimine)Pt(CH3)+

species to undergo intermolecular reactions with the diimine
ligands of adjacent Pt complexes. This degradation presumably
might be avoided by appropriate protection of theN-aryl groups
of the diimine. A 3,5-bis(trifluoromethyl)phenyl substituted
diimine9 (henceforth to be denoted N-N) was selected as a new
ligand; the corresponding dimethylplatinum complex110 was

straightforwardly prepared in its reaction with Pt2Me4(µ-SMe2)2.
The two CF3 groups serve to sterically as well as electronically
protect each ring against electrophilic attack by reactive cationic
Pt species. In addition, the CF3 groups also decrease the electron
density11 and thence increase the electrophilicity of the metal
center. This effect should further activate the complex with respect
to reactions with hydrocarbon C-H bonds.

For the investigation of the reactivity of derivatives of1 toward
hydrocarbons, it was desirable to prepare 16-electron complexes
of the type [(N-N)Pt(CH3)+](L), were L is a weakly coordinated
neutral or anionic ligand. High reactivity might be achieved in a
solvent that is both inert and has a poor affinity for the
electrophilic metal center, while at the same time being sufficiently
polar to dissolve the cationic complex. For this purpose, we
selected 2,2,2-trifluoroethanol (TFE), a low-nucleophilicity but
quite strongly ionizing solvent12 that has been frequently used in
the investigations of organic nucleophilic substitution reactions.
Importantly, deuterated TFE-d3 is available, although relatively
expensive, for NMR studies.

When 1 equiv of HBF4‚Et2O is added to a dichloromethane
solution of1 at -40 °C in the presence of ca. 3 equiv of water,
an orange suspension is formed. Removal of the solvent and
drying in vacuo gives an air-stable product that appears to be the
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aqua complex [(N-N)Pt(CH3)(OH2)]+(BF4
-) (2(BF4

-)).13 The1H
and19F NMR spectra of2 in TFE-d3 are consistent with a species
of lower symmetry than1, and exhibit separate signals for the
two halves of the diimine ligand. The2J(195Pt-CH3) coupling
constant of 73.3 Hz is close to the observed couplings in related
cationic species of the type (diimine)Pt(CH3)(L)+.8 However,
signals due to coordinated water could not be observed in the
NMR spectra of2 in TFE-d3, presumably because of facile H/D
exchange with the solvent. We have considered the possibility
that BF4

- or the solvent TFE-d3 might be coordinated at (N-N)-
Pt(CH3)+. Coordination of BF4- could be readily discounted
because the generation of2 from 1 with HOTf instead of HBF4‚
Et2O gave a product2(OTf-) with an identical1H NMR spectrum
to that of2(BF4

-) in TFE-d3. Furthermore, the19F NMR resonance
for 2(BF4

-) appeared at the same chemical shift as the BF4
- reso-

nances of coordinatively saturated BF4
- salts. Further support for

coordination of water was obtained from the low-temperature
(-20 °C) 1H NMR spectrum of2 in dichloromethane-d2 with
small amounts of added TFE.14 A signal attributed to coordinated
H2O appeared atδ 6.51 (br s, 2H). This signal was seen even
with as much as 250 equiv of TFE present, establishing that TFE
is a much poorer ligand than water. It appears likely that water
remains coordinated when TFE is the solvent as well. The ele-
mental analysis of2(BF4

-) also support that2 is indeed (N-N)-
Pt(CH3)(OH2)+. The material2(BF4

-) as isolated from the reaction
is at least 95% pure by1H NMR.15 When dissolved in acetonitrile,
2(BF4

-) cleanly produces [(N-N)Pt(CH3)(NCMe)]+(BF4
-).16

In TFE solution,2(BF4
-) readily reacts with aromatic C-H

bonds. For example, it is quantitatively converted to the phenyl-
substituted analogue [(N-N)Pt(C6H5)(OH2)]+(BF4

-)17 in TFE-
d3 (2-3 h, ambient temperature) under elimination of methane
in the presence of 30 equiv of benzene (eq 1). Addition of aceto-

nitrile to the solution after the reaction cleanly gives [(N-N)Pt-
(C6H5)(NCMe)]+(BF4

-).18 When C6D6 is reacted with2(BF4
-),

multiple incorporation of deuterium in the resulting methane
(CH3D, CH2D2, CHD3) is observed by1H NMR spectroscopy.
Similar behavior was reported in an analogous reaction between
(tmeda)Pt(CH3)(NC5F5)+ and C6D6,5b,c and by analogy, our
findings are readily explained by the occurrence of a dynamic

equilibrium between (N-N)PtII(CH3)(π-benzene)+, (N-N)PtIV-
(H)(CH3)(C6H5)+, and (N-N)PtII(σ-CH4)(C6H5)+ intermediates.
The likely involvement of a methaneσ-adduct prompted us to
investigate the possible reaction between2(BF4

-) and methane.
It was indeed found that reaction with methane occurs under mild
conditions.

When a solution of2(BF4
-) in TFE-d3 at 45°C is exposed to

20-25 bar of13CH4 (ca 20 equiv in solution by1H NMR), the
exchange of13CH3 for CH3 in the methyl group in2 (eq 2) is
readily observed by1H and13C{1H} NMR. The Pt-CH3 singlet
undergoes a gradual replacement by a doublet,1J(13C-H) ) 129.0
Hz, centered at the same chemical shift ofδ 0.79. In the13C NMR
spectrum, the Pt-CH3 resonance atδ -10.2, with195Pt satellites
(1J(195Pt-C) ) 744 Hz), grows in intensity. After a reaction time
of 45 h, the extent of13C incorporation was estimated to be ca.
43% of the total Pt-CH3 present as2 (1H NMR integration).
When the reaction was performed in the presence of ca. 11 equiv
of added water, but under otherwise identical conditions to those
above, a substantial decrease in reaction rate was observed; after
48 h the extent of13C incorporation in the methyl group was
merely ca. 24%. This result suggests that the methane C-H
activation at2 requires dissociation of the aqua ligand to generate
a vacant coordination site.

Slow decomposition of2, accompanied by precipitation of a
thus far unidentified red material, was observed under the
experimental conditions. By1H NMR spectroscopy, the extent
of decomposition after 45 h was estimated at ca. 20% with or
without methane present when no water was added. Decomposi-
tion was diminished to ca. 5% with 11 equiv of water added to
the solution. There was no discernible formation of platinum black
in these reactions.

Two fundamentally different mechanisms are predominant in
the activation of alkane C-H bonds. Oxidative addition is
predominant for the late, relatively low-valent metal complexes,
whereas theσ-bond metathesis pathway is normally observed for
early, usuallyd0, metals. Recently, Bergman and co-workers
reported alkane activation at the cationic IrIII center Cp*Ir(PMe3)-
(CH3)+.19 Recent theoretical work has suggested that an oxidative
addition pathway via IrV intermediates is preferred in these
reactions.20 For the current (diimine)Pt system, ongoing DFT
calculations suggest that oxidative addition is preferred also in
this case.21

The C-H activation reactions that we have described at the
complex2 appears to occur under the mildest reaction conditions
yet reported for such processes at cationic Pt complexes. The use
of a hydroxylic solvent makes these results particularly relevant
to the classical Shilov system for alkane activation and function-
alization.
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(13) [(N-N)Pt(CH3)(OH2)]+(BF4
-) (2(BF4

-)). 1H NMR (200 MHz, TFE-
d3) δ 0.79 (s,2J(195Pt-H) ) 73.3 Hz, 3 H, PtMe), 1.80 (s, 3 H, NCMeC′MeN),
2.05 (s, 3 H, NCMeC′MeN), 7.58 (s, 2 H, ArHo), 7.71, (s, 2 H, Ar′Ho), 8.00
(s, 2 H, ArHp and Ar′Hp). 19F NMR (188 MHz, TFE-d3) δ -151.83 (s, 4 F,
BF4

-), -63.64 (s, 6 F, ArCF3), -63.52 (s, 6 F, Ar′CF3).
(14) At ambient temperature, complex2(BF4

-) is only poorly soluble in
dichloromethane and decomposes slowly under elimination of methane to
uncharacterized products. The addition of 250 equiv of TFE improved the
solubility: 1H NMR (200 MHz, dichloromethane-d2, -20 °C) δ 0.62 (s,
2J(195Pt-H) ) 73.5 Hz, 3 H, PtMe), 1.81 (s, 3 H, NCMeC′MeN), 2.07 (s, 3
H, NCMeC′MeN), 6.51 (br s, Pt(OH2)), 7.58 (s, 2 H, ArHo), 7.70, (s, 2 H,
Ar′Ho) 7.96 (s, 2 H, ArHp and Ar′Hp).

(15) Due to the high reactivity of the complex towards most solvents, we
have been unable to establish a satisfactory workup or recrystallization
procedure.

(16) [(N-N)Pt(CH3)(NCMe)]+(BF4
-). 1H NMR (200 MHz, TFE-d3) δ 0.71

(s, 2J(195Pt-H) ) 74.5 Hz, 3 H, PtMe), 2.02 (s, 3 H, NCMeC′MeN), 2.10 (s,
3 H, Pt(NCMe)), 2.13 (s, 3 H, NCMeC′MeN), 7.59 (s, 2 H, ArHo), 7.74, (s,
2 H, Ar′Ho), 8.01 (s, 1 H, ArHp), 8.04 (s, 1 H, Ar′Hp). 19F NMR (188 MHz,
TFE-d3) δ -152.06 (s, 4 F, BF4

-), -63.64 (s, 6 F, ArCF3), -63.41 (s, 6 F,
Ar′CF3).

(17) [(N-N)Pt(C6H5)(OH2)]+(BF4
-) (not isolated).1H NMR (200 MHz,

TFE-d3) δ 1.91 (s, 3 H, NCMeC′MeN), 2.19 (s, 3 H, NCMeC′MeN), 6.65-
6.85 (m, 5 H, Pt-C6H5), 7.29 (s, 2 H, ArHo), 7.65 (s, 1 H, ArHp), 7.79 (s, 2
H, Ar′Ho), 8.05 (s, 1 H, Ar′Hp). 19F NMR (188 MHz, TFE-d3) δ -151.95 (s,
4 F, BF4

-), -63.65 (s, 6 F, ArCF3), -63.48 (s, 6 F, Ar′CF3).

(18) [(N-N)Pt(C6H5)(NCMe)]+(BF4
-). 1H NMR (200 MHz, TFE-d3) δ 2.01

(s, 3 H, PtNCMe), 2.14 (s, 3 H, NCMeC′MeN), 2.28 (s, 3 H, NCMeC′MeN),
6.65-6.75 (m, 5 H, Pt-C6H5), 7.27 (s, 2 H, ArHo), 7.65 (s, 1 H, ArHp), 7.81
(s, 2 H, Ar′Ho), 8.07 (s, 1 H, Ar′Hp). 19F NMR (188 MHz, TFE-d3) δ -152.01
(s, 4 F, BF4

-), -63.63 (s, 6 F, ArCF3), -63.37 (s, 6 F, Ar′CF3). Identical to
a sample prepared from (N-N)Pt(C6H5)2 and HBF4‚Et2O in acetonitrile.
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