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ABSTRACT: Platinum(II) and palladium(II) complexes [M(CH3)-
(L)]SbF6 with substituted terpyridine ligands L undergo light-driven
oxygen insertion reactions into metal methyl bonds resulting in
methylperoxo complexes [M(OOCH3)(L)]SbF6. The oxygen in-
sertion reactions occur readily for complexes with methyl ligands that
are activated due to steric interaction with substituents (NH2, NHMe
or CH3) at the 6,6″-positions on the terpyridine ligand. All complexes
exhibit attractive intermolecular π···π or M···M interactions in the
solid state and in solution, which lead to excited triplet dinuclear M−
M complexes upon irradiation. A mechanism is proposed whereby a dinuclear intermediate is generated upon irradiation that has
a weakened M−C bond in the excited state, resulting in the observed oxygen insertion reactions.

■ INTRODUCTION

The selective functionalization of methane and higher alkanes
continues to be an important goal in catalysis research,
especially with a view on the increasing availability of shale
gas resources. The last three decades have witnessed
tremendous advances in alkane C−H activation, in particular
electrophilic activation reactions with late transition metals.1−4

While C−H activation reactions of alkanes, including methane,
are now well documented, the subsequent selective conversion
of the metal carbon bond to useful products remains a
challenge. Oxidation to alcohols or aldehydes, ideally with
environmentally benign oxidants such as O2 or H2O2, would be
reactions of great interest, and considerable advances have been
made in recent years.5−9

The oxidation of organometallic Pd(II) and Pt(II) complexes
with a range of chemical oxidants has been reported,10 for
example, with Cl2,

11 PhICl2, PhI(OAc)2,
12 (PhIAr)(BF4),

13

PhI(CCSiMe3)(OTf),
14 RSSR,15 (C6H4CMe2O)ICF3,

16 and on
several occasions dinuclear M(III)−M(III) intermediates were
isolated and structurally characterized.12,14,17,18 Dinuclear
Pd(III)−Pd(III) complexes have also been implicated as
intermediates in reactions where Pd(II) complexes have been
used for catalytic C−Cl, C−Br and C−O bond formations.12,19

In contrast to the oxidants listed above, oxygen, in its triplet
ground state, is relatively unreactive because reactions with
substrates are spin-forbidden and require a triplet-singlet
surface crossing on the reaction coordinate.20 Examples of
dioxygen as a ligand in d8 metal complexes are plentiful and
have been known for some time.21 It has also been reported
that certain Pt(II) complexes are able to act as oxygen
sensitizers and generate singlet oxygen (1O2),

22−24 and in situ

generated 1O2 can react with organometallic complexes to
generate peroxide complexes.25,26 Examples of self-sensitization,
whereby metal complexes generate 1O2 and subsequently react
with 1O2 are also reported, either resulting in complexes with
coordinated 1O2,

27−29 or in further reactions, as observed in
Pt(II) alkynyl and dithiolate complexes and more recently for a
Pt(II) complex with an anthracenyl-bridged diphosphine
ligand.30−33

We reported previously that a platinum(II) methyl complex
[Pt(CH3)(1)](SbF6) containing a tridentate 6,6″-diamino-
substituted terpyridine ligand (1) reacts readily with O2 upon
exposure to light to give a methylperoxo platinum(II) complex
[Pt(OOCH3)(1)](SbF6) (eq 1).34 Such oxygen insertion

reactions into platinum(II) and palladium(II) methyl bonds
are still very rare and the only other examples are those
reported by Goldberg and co-workers.35,36 The exact
mechanism by which these oxygen insertion reactions operate
is still not well understood and we present here our
investigations into the role of the terpyridine ligand in these
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systems and the metal, as well as the need for light to observe
fast oxygen insertion reactions. A mechanism for the insertion
process is proposed, which incorporates the observations
reported here, as well as the reaction of palladium and
platinum complexes with other oxidants mentioned in the
previous section. Excited dinuclear triplet state intermediates
are invoked, which react with triplet oxygen generating
superoxide and peroxide intermediates, eventually leading to
the observed methylperoxo complexes.

■ RESULTS AND DISCUSSION

Synthesis of Ligands and Complexes. An overview of
the ligands and complexes prepared in this study is given in
Figure 1. The synthesis and characterization of all ligands and
complexes are provided in the Supporting Information (SI) and
the Experimental Section, respectively. The reaction of trans-
[PtCl(CH3)(SMe2)2] with 1 and 3 in CH2Cl2 affords
[Pt(CH3)(1)]Cl and [Pt(CH3)(3)]Cl. Halide exchange
reactions were carried out with [Pt(CH3)(1)]Cl using
AgSbF6 or NaBAr

F
4 (BAr

F
4 = tetrakis[3,5-bis(tri¯uoromethyl)-

phenyl]borate) to give [Pt(CH3)(1)](SbF6) and [Pt(CH3)-
(1)](BArF4). The reaction of 2 with trans-[PtCl(CH3)(SMe2)2]
did not go to completion. Similarly, 4 and 5 were unable to
displace Me2S from trans-[PtCl(CH3)(SMe2)2]. The complexes
[Pt(CH3)(2)](SbF6) and [Pt(CH3)(4)](SbF6) were therefore
synthesized by the reaction of trans-[PtCl(CH3)(SMe2)2] with
AgSbF6 in acetone prior to addition of the ligand. The
complexes [Pt(CH3)(5)](SbF6), [Pt(CH3)(7)](SbF6) and
[Pt(CH3)(8)](SbF6) were obtained by reacting trans-[PtCl-
(CH3)(SMe2)2] with AgSbF6 and the ligand in acetone.
Despite multiple attempts, complex [Pt(CH3)(6)](SbF6) with
the 6,6″-dimethoxyterpyridine ligand 6 could not be isolated
cleanly and was always contaminated with unreacted ligand.
The platinum methyl 1H NMR signals for the complexes

[Pt(CH3)(L)](SbF6) are typically observed between 0.5 and 2
ppm (see Experimental Section and Figures S1−S6 (SI)), but
the chemical shift values can be strongly affected by
concentration, temperature and solvents due to aggregation
of the complexes in solution (vide infra). VT-1H NMR analysis
of [Pt(CH3)(1)]SbF6 in CD3CN has shown a negative

inversely proportional relationship between the chemical shift
and temperature (δ ∝ −1/T).37 The 2JH−Pt coupling constants
are in the range of 68−78 Hz, but these satellites are often
broadened due to chemical shift anisotropy. The 13C NMR
chemical shifts for the metal-bound methyl signals in complexes
[Pt(CH3)(1)](SbF6), [Pt(CH3)(2)](SbF6) and [Pt(CH3)(4)]-
(SbF6) appear at −22.6, −21.6, and −12.6 ppm respectively,
significantly upfield from those of [Pt(CH3)(terpy)](SbF6),
[Pt(CH3)(5)](SbF6), [Pt(CH3)(7)](SbF6) and [Pt(CH3)(8)]-
(SbF6), which are observed at −5.4, −3.1, −4.1, and −6.7 ppm,
respectively (all in acetone-d6). Similarly for palladium, the

13C
methyl signal is observed at −11.7 ppm for [Pd(CH3)(1)]-
(SbF6), compared to +5.8 and +5.7 ppm for [Pd(CH3)-
(terpy)](SbF6) and [Pd(CH3)(7)](SbF6), respectively. The
upfield shift is believed to be a consequence of the steric
repulsion between the methyl groups and the substituents in
the 6,6′′-positions, forcing the methyl groups out of the
coordination plane.

Solid State Structures. The solid state structure of
[Pt(CH3)(2)](SbF6), which is similar to that of [Pt(CH3)-
(1)](SbF6),

37 shows the platinum center to have a distorted
square planar coordination geometry, the methyl carbon atom
lying ca. 0.48 Å out of the N3Pt plane due to steric repulsion
between the methylamino substituents and the Pt−CH3 group
(Figure 2). The effect of this distortion is seen in both the
N(1)−Pt−C angle, which at 168.90(10)° is significantly bent
compared to the analogous angle of 179.0(3)° in [Pt(CH3)-
(terpy)](BPh4) and in the Pt−C distance of 2.086(3) Å which
is slightly longer than that seen in [Pt(CH3)(terpy)](BPh4)
[2.039(6) Å].38 NOESY experiments have established that in
solution, the N-methyl substituents in [Pt(CH3)(2)](SbF6) are
oriented such that C(13) and C(20) are pointing away from
the Pt-methyl ligand, thereby minimizing steric repulsion,
which is also the orientation seen here in the solid state.
The cations in [Pt(CH3)(2)](SbF6) pack in a head-to-tail

fashion due to attractive π···π interactions across two
independent centers of symmetry to form an extended stack
along the crystallographic a axis direction (Figure 3). The
centroid···centroid, mean interplanar separations and ring
inclinations are ca. 3.71, 3.53 Å and 5° for the N(15)···N(1)

Figure 1. An overview of platinum(II) and palladium(II) complexes with substituted terpyridine and related ligands.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja5055143 | J. Am. Chem. Soc. 2014, 136, 14089−1409914090



contact, and ca. 3.68, 3.41 Å and 5° respectively for the
N(15)···N(8) contact (interactions a and b, respectively).
The structure of [Pt(CH3)(7)](SbF6) was found to contain

four crystallographically independent cations (A−D) in the
asymmetric unit, all of which have very similar conformations,
though A and C are enantiomers of B and D (cation
[Pt(CH3)(7)]

+-A is shown in Figure 4, while the remaining
three are shown in Figures S18−S20 (SI)). Selected bond
lengths and angles for the four cations are comparable to those
previously calculated by DFT for [Pt(Cl)(7)]+.39

The structure of [Pt(CH3)(8)](SbF6) contains just one
independent cation (Figure 5). Both [Pt(CH3)(7)](SbF6) and
[Pt(CH3)(8)](SbF6) show a square planar geometry, but the
methyl carbon atom lies much closer to the coordination plane,
being only ca. 0.03−0.13 and 0.21 Å respectively out of the
N3Pt plane, compared to ca. 0.53 and 0.48 Å for [Pt(CH3)-
(1)](SbF6) and [Pt(CH3)(2)](SbF6). The corresponding
N(1)−Pt−CH3 angles are 176.9(4)−179.3(4)° for [Pt(CH3)-
(7)](SbF6) (A−D), and 175.74(18)° for [Pt(CH3)(8)](SbF6),
cf. 167.31(14) and 168.90(10)° for [Pt(CH3)(1)](SbF6) and
[Pt(CH3)(2)](SbF6) respectively. Compared to [Pt(CH3)-
(1)](SbF6) and [Pt(CH3)(2)](SbF6), the ligands in [Pt(CH3)-
(7)](SbF6) and [Pt(CH3)(8)](SbF6) are significantly twisted

(see Supporting Information for more details). This was also
seen in the related complexes [Ru(7)2](PF6)2, [Ru(7)-
(MeCN)3](PF6)2 and [Cu(8)(NO3)2],

40−42 although a differ-
ent coordination mode was recently observed in [Zn(8)-
(OTf)2].

43 The larger bite angle of the 6-membered N,N′
chelate rings in [Pt(CH3)(7)](SbF6) and [Pt(CH3)(8)](SbF6)
allows the trans N−Pt−N angles to approach 180°, being
177.7(4)-178.4(5), and 177.29(13)° in [PtCH3(7)](SbF6) (A−
D) and [PtCH3(8)](SbF6), respectively, cf. 159.25(12) and
158.73(9)° for [Pt(CH3)(1)](SbF6) and [Pt(CH3)(2)](SbF6),
respectively.

Figure 2. Molecular structure of [Pt(CH3)(2)](SbF6) (50%
probability ellipsoids). Hydrogen atoms and the anion have been
omitted for clarity.

Figure 3. Part of one of the π−π linked stacks of cations along the a
axis direction present in the crystal of [Pt(CH3)(2)](SbF6). The π−π
stacking interactions have centroid···centroid and mean interplanar
separations (Å) of (a) 3.71, 3.53, and (b) 3.68, 3.41, respectively.

Figure 4. Molecular structure of complex [Pt(CH3)(7)](SbF6) (A)
(50% probability ellipsoids). Hydrogen atoms and the anion have been
omitted for clarity.

Figure 5. Molecular structure of complex [Pt(CH3)(8)](SbF6) (50%
probability ellipsoids). Hydrogen atoms and the anion have been
omitted for clarity.
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Square planar palladium(II) and platinum(II) complexes, as
well as other d8 metal complexes are well-known to form
weakly associated dimers or extended aggregates in the solid
state and in solution, due to a combination of attractive M···M
and π···π interactions.44−49 These interactions have also been
observed in terpyridine palladium(II) and platinum(II)
complexes.37,38,50−55 For example, predominantly π···π inter-
actions are seen in the solid state structures of complexes
[Pt(CH3)(2)](SbF6), [Pt(CH3)(7)](SbF6) and [Pt(CH3)(8)]-
(SbF6) (see Figure 3 and Figures S15−S17 (SI)), whereas a
Pt···Pt interaction was observed in [Pt(OOCH3)(1)](SbF6)
(Pt···Pt separation 3.20 Å).34 Such interactions are believed to
be important in the light-driven alkyl exchange reactions
observed with complexes [Pt(CH3)(1)](SbF6) and [Pd(CH3)-
(1)](SbF6), and may also be of importance for the reactivity
with oxygen seen here.37

Reactivity with Oxygen. [Pt(CH3)(1)](SbF6) reacts with
oxygen under the influence of light to give the methylperoxo
complex [Pt(OOCH3)(1)](SbF6) (see eq 1). The insertion
reaction occurs within minutes at room temperature using
sunlight or a UV light source (365 nm, 100W), whereas in the
absence of light the half-life is approximately 13 h.34

[Pt(CH3)(1)](SbF6) is soluble in acetone and acetonitrile
and the dioxygen insertion reactions have been carried out in
these polar solvents. In order to investigate the insertion
reaction in other solvents, complexes [Pt(CH3)(1)]Cl and
[Pt(CH3)(1)](BAr

F
4) with different counteranions have been

employed. [Pt(CH3)(1)]Cl was dissolved in D2O at room
temperature and the addition of O2 and light resulted in a facile
O2 insertion to give [Pt(OOCH3)(1)]Cl. The Pt−CH3 signal
at 1.00 ppm disappears over the course of 20 min and a new
signal emerges at 3.32 ppm, together with a new set of
terpyridine signals. Similarly, when a solution of [Pt(CH3)-
(1)](BArF4) in CDCl3 was exposed to dioxygen and light, the
Pt−CH3 signal at 1.62 ppm disappears and a new singlet for
[Pt(OOCH3)(1)](BAr

F
4) is formed at 3.81 ppm (see Figure S8

(SI)). These observations in D2O and CDCl3 are analogous to
the O2 insertion reactions of [Pt(CH3)(1)](SbF6) in
(CD3)2CO and CD3CN, but they do make some important
points. First, if Pt−CH3 heterolysis was involved in the
insertion mechanism, methyl cations or anions would most
likely be intercepted in an aqueous environment resulting in
methane or methanol as potential byproducts, but neither of
these is observed. Second, if Pt−CH3 homolysis was involved in
the photochemical reaction, the formation of radicals could lead
to other complexes in chlorinated solvents such as CDCl3, for
example [Pt(Cl)(1)]+, as seen in other reactions.15,56,57 The
formation of [PtCl(1)](SbF6), which was independently
prepared and reported previously,34 was never observed.
These observations therefore favor an intramolecular insertion
mechanism.
The possibility of oxygen insertion into Pt-aryl bonds was

investigated by adding oxygen to a solution of [Pt(C6H5)(1)]-
(SbF6) in CD3CN and exposure to sunlight. The same
conditions as for [Pt(CH3)(1)](SbF6) were used, but no O2
insertion reaction was observed. More forcing conditions such
as exposure to UV-light for 1 h in (CD3)2CO or CD3CN and
heating the solution at 50 °C for 30 min, did not result in O2
insertion. A solution of [Pt(C6H5)(1)](SbF6) in (CD3)2CO
with 5 bar of oxygen pressure and exposure to light did not lead
to any reaction, even after 24 h. It was concluded that O2 does
not insert into the Pt−C bond of [Pt(C6H5)(1)](SbF6). The
Pt−C bond dissociation energy for platinum(II) phenyl

complexes is approximately 50 kcal/mol, whereas for platinum-
(II) methyl complexes approximately 36 kcal/mol.58−61

Furthermore, the steric hindrance caused by the NH2
substituents in complex [Pt(CH3)(1)](SbF6) weakens the
Pt−C bond even further, as can be seen from the Npyr−Pt−C
angles, which are 178.55(14)° and 167.31(14)° for complexes
[Pt(C6H5)(1)](SbF6) and [Pt(CH3)(1)](SbF6), respectively.
Noteworthy, oxygen insertion has been observed for a
chromium(II)-phenyl complex leading to the formation of a
[CrIV(O)(OPh)] complex.62

[Pt(CH3)(2)](SbF6) with methylamino substituents inserts
O2 readily into the Pt−CH3 bond to generate [Pt(OOCH3)-
(2)](SbF6) (see Figure S9 (SI)). In order to investigate the
steric effects in more detail, the platinum(II) complex
[Pt(CH3)(3)](SbF6) with only one NH2 substituent was
prepared. Oxygen was introduced to a solution of [Pt(CH3)-
(3)](SbF6) in CD3CN, but no insertion reaction occurred
upon exposure to sunlight (up to 19 h). It can be concluded
that both amino groups are required for oxygen insertion to
take place in these terpyridine platinum(II) methyl complexes.
To establish whether the NH2 or NHMe substituents are

required for steric or for electronic reasons, 6,6″-dimethyl
terpyridine complex [Pt(CH3)(4)](SbF6) was prepared. While
methyl groups are sterically similar to amino groups, the UV−
vis spectra of [Pt(CH3)(4)](SbF6) and [Pt(CH3)(1)](SbF6)
indicate that the methyl groups have a significantly different
electronic effect, more similar to the hydrogen substituents in
terpy (vide supra). Related observations were reported for 4′-
methyl-terpy when compared to terpy.63 A solution of
[Pt(CH3)(4)](SbF6) in (CD3)2CO was saturated with O2
and exposed to light. The Pt−CH3 signal at 1.76 ppm
disappears and a new singlet for [Pt(OOCH3)(4)](SbF6)
appears at 3.80 ppm (see Figure S10 (SI)). Considering that
[Pt(CH3)(terpy)](SbF6) does not insert dioxygen, we propose
that the reactions of [Pt(CH3)(4)](SbF6) and also of
[Pt(CH3)(1)](SbF6) with oxygen are due to steric effects.
In line with the steric argument, [Pt(CH3)(5)](SbF6) with

sterically less encumbered cyanide substituents, does not react
with oxygen after exposure to sunlight. Furthermore, the
reaction of complexes [Pt(CH3)(7)](SbF6) and [Pt(CH3)-
(8)](SbF6) with oxygen, which were carried out at 1 bar
pressure and at 5 bar O2 pressure did not result in oxygen
insertion after exposure to sunlight.
The addition of oxygen and sunlight to the palladium

complex [Pd(CH3)(1)](SbF6) in CD3CN results in oxygen
insertion, whereby the Pd−CH3 signal at 0.82 ppm disappears
within minutes and a new singlet at 3.72 ppm appears, assigned
to the methylperoxo palladium complex [Pd(OOCH3)(1)]-
(SbF6) (Figure S11 (SI)). The NH2 resonance, observed as a
broad resonance at 5.8 ppm for [Pd(CH3)(1)](SbF6), becomes
very broad and is not detected at room temperature. Hydrogen
bonding between the NH2 protons and the methylperoxo
ligand decreases the rate of exchange between the endo- and
exo-NH2 protons to the point of coalescence, as previously
observed for the analogous platinum(II) complex [Pt-
(OOCH3)(1)](SbF6). The methylperoxo palladium complex
[Pd(OOCH3)(1)](SbF6) is remarkably stable in CD3CN and
no decomposition was observed within 8 h (see Figure S7
(SI)).
It can be concluded at this stage that only the methyl

platinum(II) and palladium(II) complexes containing terpyr-
idine ligands with either two amino, two methylamino or two
methyl substituents (ligands 1, 2 and 4) react with oxygen after
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exposure to light at room temperature (eq 2). These four
complexes have in common that they all possess two sp2 (NH2

or NHMe) or sp3 (CH3) hybridized substituents in the 6,6′′-
positions. We postulate that the steric interference with the
metal-bound methyl results in a weakening of the metal carbon
bond and activation toward oxygen insertion. All other
complexes investigated here do not have these steric require-
ments and consequently do not insert O2. The steric interaction
most likely results in a weakening of the M−C bond, either
raising the ground state energy for these complexes, or lowering
the transition state energy for the O2 insertion reaction. The
methylperoxo complexes are generally unstable and decompose
within several hours or less. A common decomposition route
appears to be the elimination of formaldehyde and the
generation of a metal(II) hydroxo complex. Further studies
on this decomposition reaction are underway.
Crossover Experiments. Initial observations suggested

that the strong chromophore in the diamino-substituted terpy
complexes may be responsible for the conversion of triplet
oxygen into singlet oxygen under the influence of light. Terpy
complexes without 6,6″-diamino substituents such as [Pt-
(CH3)(terpy)](SbF6) or [Pd(CH3)(terpy)](SbF6) show a
markedly different UV−vis spectrum and no insertion of
oxygen is observed with these complexes. If [Pt(CH3)(1)]-
(SbF6) acts as a photosensitizer and 1O2 is generated in situ,
this singlet oxygen might also react with other complexes such
as [Pt(CH3)(terpy)](SbF6) to form the methylperoxo complex
[Pt(OOCH3)(terpy)](SbF6). To investigate this possibility, a
mixture of approximately equimolar amounts of [Pt(CH3)-
(terpy)](SbF6) and [Pt(CH3)(1)](SbF6) in CD3CN was
saturated with oxygen (Scheme 1). After exposure to light,
the reaction was monitored by 1H NMR spectroscopy (see
Figure S12 (SI)). The methyl signal of [Pt(CH3)(1)](SbF6) at
1.51 ppm disappears and a new singlet for [Pt(OOCH3)(1)]-
(SbF6) appears at 3.65 ppm, whereas the methyl signal of
[Pt(CH3)(terpy)](SbF6) at 1.04 ppm remains unchanged.
Furthermore, the addition of oxygen and light to a solution of
[Pt(CH3)(1)](SbF6) in CD3CN in the presence of an excess of

tetramethylpiperidine (TEMP), a known singlet oxygen
scavenger,64 resulted in a clean conversion to the methyl
peroxo complex. We therefore conclude that f ree singlet
oxygen, which has a lifetime of 600 ± 33 μs in CD3CN,

65 if
generated under these conditions, is not involved in the oxygen
insertion reaction.
Labeling studies have shown that methyl exchange takes

place between [Pt(CD3)(1)](SbF6) and [Pt(CH3)(terpy)]-
(SbF6) in CD3CN when exposed to UV light (in the absence of
oxygen). The half-life for this exchange process is approx-
imately 17 min under the conditions used (room temperature,
365 nm, 100W).37 Addition of oxygen to an equilibrium
mixture of the four complexes and further exposure to light
results in the formation of [Pt(OOCH3)(1)](SbF6) and
[Pt(OOCD3)(1)](SbF6), together with unreacted [Pt(CH3)-
(terpy)](SbF6) and [Pt(CD3)(terpy)](SbF6). Despite the fact
that [Pt(CD3)(1)](SbF6) and [Pt(CH3)(terpy)](SbF6) can
readily exchange methyl groups, only complexes with
disubstitued terpy ligands insert dioxygen. These results do
not support a radical-based mechanism where methyl or
methylperoxo radicals are involved, neither for the methyl
exchange nor for the oxygen insertion reaction. Furthermore,
there is no exchange of methyl with methylperoxo ligands
between [Pt(OOCH3)(1)](SbF6) and [Pt(CH3)(terpy)]-
(SbF6). The ability to insert dioxygen appears to be an
inherent property of disubstituted terpy complexes and not for
terpy complexes, even though the methyl groups can be
exchanged quite readily.
An equimolar solution of [Pt(CD3)(1)](SbF6) and [Pd-

(CH3)(1)](SbF6) in acetone-d6 was saturated with dioxygen
and exposed to light. The initial 1H NMR spectrum displays a
Pd−CH3 signal at 1.02 ppm. When the solution is exposed to
light the Pd−CH3 peak disappears and two new signals appear
at 3.63 and 3.70 ppm, assigned to PtOOCH3 and PdOOCH3
complexes (see Figure 6). A complementary 2H NMR
experiment in nondeuterated acetone shows the methylperoxo
signals of [Pt(OOCD3)(1)](SbF6) and [Pd(OOCD3)(1)]-
(SbF6) (see Figure S13 (SI)). The two complexes [Pt(CD3)-
(1)](SbF6) and [Pd(CH3)(1)](SbF6) undergo methyl ex-
change with a half-life of approximately 11 min.37 Both
complexes can insert oxygen and consequently all four
methylperoxo complexes are obtained.

UV−Vis Spectroscopy. The different charge transfer
behavior of [Pt(CH3)(1)](SbF6) compared to [Pt(CH3)-
(terpy)](SbF6) was thought to be related to the different
reactivity toward oxygen, as [Pt(CH3)(1)](SbF6) reacts readily
with O2 to give a methyl peroxo complex, whereas [Pt(CH3)-
(terpy)](SbF6) does not. In contrast, the UV−vis spectra of
[Pt(CH3)(1)](SbF6) and the phenyl complex [Pt(C6H5)(1)]-
(SbF6) are rather similar,37 but [Pt(CH3)(1)](SbF6) readily

Scheme 1. Oxygen Addition to a Mixture of [Pt(CH3)(1)](SbF6) and [Pt(CH3)(terpy)](SbF6) in CD3CN
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inserts oxygen, whereas [Pt(C6H5)(1)](SbF6) does not. The
UV−vis spectra of all complexes prepared in this study have
been collected in an attempt to identify a potential correlation
between the oxygen insertion ability of the metal complexes
and their electronic properties.
The UV−vis spectra of [Pt(CH3)(2)](SbF6), [Pt(CH3)(3)]-

(SbF6) and [Pt(CH3)(4)](SbF6) are collected in Figure 7,

together with the spectrum of the palladium complex
[Pd(CH3)(1)](SbF6). The methylamino groups in complex
[Pt(CH3)(2)](SbF6) are more basic, which will increase the
electron density at the metal center compared to [Pt(CH3)-
(1)](SbF6) and shift the MLCT band to higher wavelengths.
Only one amino group in [Pt(CH3)(3)](SbF6) results in a shift
of the MLCT absorption approximately halfway between
[Pt(CH3)(1)](SbF6) and the terpy complex. The spectrum of
the dimethylterpy complex [Pt(CH3)(4)](SbF6) resembles that
of [Pt(CH3)(terpy)](SbF6), which indicates a negligible
electronic effect caused by the methyl substituents.
The absorption maxima of [Pt(CH3)(7)](SbF6) and [Pd-

(CH3)(7)](SbF6) are comparable (λmax = 344 and 340 nm,
respectively) and are similar to the reported spectrum of

[PtCl(7)]+ with λmax = 347 nm, which indicates that these
absorptions are largely ligand-based (see Figure S14 (SI)).39

The spectrum of [Pt(CH3)(8)](SbF6) exhibits a broad
absorption with λmax = 326 nm, higher in energy than
[Pt(CH3)(7)](SbF6) and close to the value reported for
[PtCl(8)]+ (λmax = 336 nm).39 The higher energy band is
explained by the LUMO being largely localized on the central
pyridine ring and is not delocalized across the entire ligand, as
found for [PtCl(7)]+.39

Considering that [Pt(CH3)(1)](SbF6), [Pt(CH3)(2)](SbF6)
and [Pt(CH3)(4)](SbF6) insert oxygen, whereas [Pt(CH3)-
(3)](SbF6) and [Pt(C6H5)(1)](SbF6) do not, we can conclude
that there is no apparent correlation between the electronic
spectra of these complexes and their reactivity toward oxygen.

Mechanistic Considerations. We initially proposed a
mechanism for the insertion of oxygen in the case of complex
[Pt(CH3)(1)](SbF6) that proceeds via 3O2 sensitization and
generation of 1O2, followed by insertion of 1O2 into the Pt
methyl bond.34 However, additional experimental evidence
presented here has indicated that the exact mechanism is rather
more complicated. The first oxygen insertion crossover
experiment, discussed in the previous section, between
[Pt(CH3)(1)](SbF6) and [Pt(CH3)(terpy)](SbF6) has shown
that f ree 1O2, if generated by these complexes, is not
responsible for the observed O2 insertion reaction. This
would suggest that, rather than triplet oxygen being converted
into singlet oxygen, the singlet platinum(II) or palladium(II)
complexes must be converted into a triplet state, in order to
react with triplet oxygen.
Square planar palladium(II) and platinum(II) complexes, as

well as other d8 metal complexes, are well-known to form
dimers or extended aggregates in the solid state and in solution
due to a combination of attractive M···M and π···π
interactions.11,44−49 Such interactions have also been observed
in terpyridine palladium(II) and platinum(II) com-
plexes,38,50−53,66−68 and π···π interactions have been seen for
example in the solid state in structures of complexes
[PtCH3(1)](SbF6) and [PtCH3(2)](SbF6), whereas a Pt···Pt
interaction is observed in [Pt(OOCH3)(1)](SbF6) (Pt···Pt =
3.1999(5) Å).34 Electronic excitation of these loosely associate
dimeric [M···M] complexes results in electron transfer from the
HOMO to the LUMO and the formation of an excited
dinuclear triplet state complex 3[M2]*.

46,47,69 Electron transfer
from the HOMO, a dz2 σ* M···M antibonding orbital, can
either occur to a pz σ M···M bonding orbital, resulting in a M−
M bond order of 1 (class (i) dimers), or to a ligand-based
orbital, resulting in a bond order of 0.5 (class (ii) dimers).48,70

The former is typical for Pt(II), Rh(I) and Ir(I) complexes,
whereas the latter is more common for Pd(II) complexes, but
has recently also been observed for Pt(II).48 Formal removal of
electrons from the HOMO by electrochemical methods has
shown that a stepwise oxidation from [M(II)···M(II)] to
[M(III)−M(III)] complexes can occur for palladium(II) and
platinum(II)48,49,70 or from [M(I)···M(I)] to [M(II)−M(II)]
complexes in the case of rhodium and iridium.71 Stable
[M(III)−M(III)] complexes with a formal d7 electron
configuration can be formed by chemical oxidation of
[M(II)···M(II)] complexes.12,13,18,19,72

Taking all this information together, we propose a
mechanism shown in Scheme 2 for the insertion of oxygen
into a metal methyl bond. Upon exposure to light, the loosely
aggregated d8 Pd(II) or Pt(II) methyl complexes [(M(II)···
M(II)] generate an excited dinuclear triplet complex 3[M2]*

Figure 6. 1H NMR spectrum at 400 MHz, 298 K of [Pt(CD3)(1)]-
(SbF6) and [Pd(CH3)(1)](SbF6) in acetone-d6 (s) (top). 1H NMR
spectrum of the same sample saturated with dioxygen (middle). 1H
NMR spectrum of the same sample saturated with dioxygen after
exposure to light (bottom). * = H2O and HDO.

Figure 7. UV−vis spectra of [Pd(CH3)(1)](SbF6), [Pt(CH3)(2)]-
(SbF6), [Pt(CH3)(3)](SbF6) and [Pt(CH3)(4)](SbF6) in CH3CN at
298 K.
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(M = Pd or Pt) with a metal−metal bond. The assignment of
oxidation states for these excited state dinuclear complexes is
nontrivial,18,73 yet we do believe it is helpful to try and assign
oxidation states for the metal centers in the intermediates, as
electron bookkeeping helps to rationalize the stepwise
reduction of oxygen to peroxide. While no formal oxidation
(as in removal of electrons) takes place upon excitation, the
electron transfer form the HOMO generates a triplet state
complex which can be viewed as a 3[M(III)−M(III)]* complex
(B), with a formal d7 M(III) configuration at each metal center
and two unpaired electrons in different orbitals. This triplet
state complex can react with triplet oxygen to give a dinuclear
triplet intermediate complex 3[M2(O2)]*, which can be
described as a 3[M(III)−M(IV)(κ1-O2

−)]* complex (C)
following electron transfer from one of the metal centers to
generate an end-on monoanionic superoxide ligand. Note-
worthy, in a recent report on the reaction of a Pd(II) dimethyl
complex with oxygen, a mononuclear palladium(III) superoxide
complex [LnPd(III)(κ

1-O2
−)] was proposed as a reaction

intermediate.74

The triplet dinuclear superoxide complex C subsequently
reverts to a singlet ground state complex [M(II)···M(IV)(κ1-
O2

2−)] (D) with an end-on peroxide ligand.75 In the ground
state, the electron-rich M(II) complex acts as a ligand to
stabilize the, otherwise five-coordinate, M(IV) complex with
the end-on peroxide ligand.14,15 This M(IV) complex D can
eliminate singlet oxygen and revert back to the M(II) starting
complex, which would be the conventional Type II mechanism
by which photosensitizers convert triplet oxygen into singlet
oxygen.76 Alternatively, the end-on peroxide complex D
converts to a monomeric complex [M(IV)(κ2-O2

2−)] (E)
with a side-on peroxide ligand, under elimination of the
stabilizing M(II) starting complex. A similar oxidation of a
dinuclear d8−d8 [Rh(I)−Rh(I)] complex with oxygen has been
reported to result in a dinuclear [Rh(I)···Rh(III)(κ2-O2

2−)]
side-on peroxide complex.25

Reductive elimination and C−O bond formation from the
side-on peroxo methyl complex (E) generates the final
methylperoxo [M(II)OOCH3] complex (F). The formation
of C(sp3)−O bonds via reductive elimination from high-valent

platinum(IV) and palladium(IV) has been observed in several
cases in recent years.18,77−80 It is very likely that this final
reductive elimination will only occur when the M−CH3 bond is
sufficiently weak, as is the case here for complexes [PtCH3(1)]-
(SbF6), [PtCH3(2)](SbF6) and [PtCH3(4)](SbF6), where the
steric hindrance created by the 6,6″-disubstituted terpyridine
ligands forces the methyl group out of the coordination plane.
We cannot exclude the possibility that, rather than the end-on
peroxide complex D, the side-on peroxide complex [M(IV)(κ2-
O2

2−)] (E) undergoes reductive elimination and OO bond
formation, resulting in the generation of singlet oxygen.

■ CONCLUSIONS

The light-driven insertion of oxygen into a metal carbon bond
has been investigated for a series of palladium(II) and
platinum(II) methyl and phenyl complexes with substituted
terpyridine and related tridentate bis(quinolyl)pyridine and
bis(azaindole)pyridine ligands. The oxygen insertion reaction
occurs readily for complexes which contain relatively bulky sp2

hybridized (NH2, NHMe) or sp3 hybridized (CH3) sub-
stituents in the 6,6″-positions of the terpyridine ligand, whereas
smaller substituents such as H or CN result in inactive cases.
Steric repulsion between these substituents and the metal
methyl ligand results in a weakening of the metal carbon bond.
Exposure of these complexes to oxygen and light results in the
formation of methylperoxo platinum(II) and palladium(II)
complexes. On the basis of crossover experiments using a
labeled platinum complex and UV−vis spectroscopic studies, a
mechanism is proposed whereby dinuclear triplet state
complexes are generated upon irradiation, which react with
triplet oxygen to generate superoxo and peroxo intermediates,
eventually leading to the observed methylperoxo complexes in
those complexes where the metal carbon bond is sufficiently
weakened. DFT calculations and further spectroscopic studies
are currently underway to support the proposed mechanism,
and these will be discussed in our future reports.

Scheme 2. Proposed Mechanism for the Light-Driven O2 Insertion into M−CH3 Bonds (M = Pd or Pt)
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■ EXPERIMENTAL SECTION
Details regarding the experimental techniques used, the synthesis of
ligands and starting materials can be found in the Supporting
Information.
Synthesis of Metal Complexes. [Pt(CH3)(1)](BAr

F
4). A Schlenk

flask was loaded with [PtCH3(1)]Cl (0.152 g, 0.30 mmol) and
Na(BArF4) (0.265 g, 0.30 mmol), in a glovebox, to which was added
methanol (15 mL). The resulting suspension was stirred for 2 days,
wrapped in aluminum foil. All volatile components were subsequently
removed under a vacuum and dry acetone (15 mL) was added. The
dark orange suspension was filtered via cannula and the remaining
solid washed with dry acetone (15 mL). The acetone solution was
reduced in volume leaving a sticky dark orange product. The product
was triturated in hexane (2 × 15 mL) leaving behind a fine yellow
powder, which was then dried under a vacuum. Yield: 0.326 g (82%).
1H NMR (400 MHz, acetone-d6) δ 8.43 (dd, J = 7.4, 8.7, 1H, H4′),
8.33 (d, J = 8.0, 2H, H3′, H5′), 7.90−7.82 (m, 2H, H4, H4″), 7.79 (s,
8H, BArF4 o-H), 7.67 (s, 4H, BAr

F
4 p-H), 7.66 (m, 2H, H3, H3″), 7.13

(d, J = 8.8, 2H, H5, H5″), 6.90 (s, 4H, NH2), 1.70 (s,
2JPtH = 73.6, 3H,

PtCH3).
13C{1H} NMR (100 MHz, acetone-d6) δ 163.0, 162.6 (q,

1J11BC = 49.9, BArF4 i-C), 157.4, 154.2, 140.2, 140.1, 135.5 (s, BAr
F
4 o-

C), 130.0 (q, 2JCF = 32.9, BArF4 m-C), 125.3 (q, 1JCF = 271.8, BArF4
CF3), 123.6, 118.4, 116.4, 116.3, 114.5, −22.1 (PtCH3).

19F NMR
(acetone-d6) δ −63.3 (BArF4, CF3). MS (+LSIMS, m/z (%)): 473 (60)
[(M-BArF4)

+], 457 (60) [(M-CH3−H-BArF4)+], 264 (40) [(6,6″-
daterpy+H)+]. MS (-LSIMS, m/z (%)): 863 (100) [BArF4

−], 844 (5)

[(BArF4-F)
−]. Anal. Calcd For C48H28N5BF24Pt: C, 43.13; H, 2.11; N,

5.24. Found: C, 43.07; H, 2.07; N, 5.18.
[Pt(CH3)(2)](SbF6). A Schlenk flask was charged with trans-

[PtCl(CH3)(SMe2)2] (0.123 g, 0.33 mmol) and AgSbF6 (0.114 g,
0.33 mmol). Dry acetone was (20 mL) added and the suspension was
left to stir, covered in aluminum foil, for 30 min. The suspension was
then filtered into another Schlenk flask, already containing a solution
of 6,6″-di(methylamino)-2,2′:6′,2″-terpyridine (0.097 g, 0.33 mmol)
in acetone (10 mL). The residue was washed with dry acetone (2 × 5
mL). The washings were combined with the initial acetone solution
yielding an orange suspension. The suspension was left to stir
overnight. The suspension was reduced to a minimum volume and the
residue washed with DCM (5 mL) yielding an orange solid. Yield:
0.153 g (62%). Crystals suitable for X-ray analysis were grown from an
acetone solution layered with pentane. 1H NMR (500 MHz, CD3CN)
δ 8.13 (t, J = 8.1, 1H, H4′), 7.91 (d, J = 8.1, 2H, H3′, H5′), 7.76 (dd, J
= 7.7, 8.4, 2H, H4, H4″), 7.27 (d, J = 7.2, 2H, H3, H3″), 6.78 (d, J =
8.9, 2H, H5, H5″), 6.16 (s, 2H, HNMe), 2.95 (d, J = 5.2, 6H, HNMe),
1.44 (s, 2JPtH = 72.6, 3H, PtCH3).

13C{1H} NMR (125 MHz, CD3CN)
δ 161.3, 157.7, 154.2, 140.7, 139.9, 123.7, 113.8, 112.1, 30.1, −21.6
(PtCH3).

19F NMR (470 MHz, CD3CN) δ −124.0 (superposition of a
sextet due to 121SbF6

− and an octet due to 123SbF6
−). MS (+LSIMS,

m/z (%)): 501 (30) [(M-SbF6)
+], 485 (15) [(M-CH3−SbF6)+]. MS

(-LSIMS, m/z (%)): 237 (70) [123SbF6
−], 235 (100) [121SbF6

−]. Anal.
Calcd For C18H20N5F6PtSb: C, 29.33; H, 2.73; N, 9.50. Found: C,
29.41; H, 2.67; N, 9.53.

[Pt(CH3)(3)]Cl. To a Schlenk flask containing trans-[PtCl(CH3)-
(SMe2)2] (0.049 g, 0.13 mmol) and 6-amino-2,2′:6′,2″-terpyridine
(0.033 g, 0.13 mmol) DCM (20 mL) was added. The resultant yellow
suspension was left to stir overnight. The suspension was then filtered,
washed with diethyl ether (2 × 10 mL) and dried in vacuo yielding a
bright yellow solid. Yield: 0.052 g (79%). 1H NMR (400 MHz,
CD3OD) δ 8.58 (d, J = 5.5, 3JPtH = 48.5, 1H), 8.25 (td, J = 1.2, 7.7,
1H), 8.18 (d, J = 6.9, 1H), 8.14−8.06 (m, 2H), 7.97 (dd, J = 1.6, 7.1,
1H), 7.65 (ddd, J = 1.6, 5.8, 7.4, 1H), 7.60 (dd, J = 7.4, 8.4, 1H), 7.24
(dd, J = 0.8, 7.3, 1H), 6.77 (dd, J = 1.0, 8.6, 1H), 0.94 (s, 2JPtH = 67.6,
3H, PtCH3).

13C{1H} NMR (100 MHz, CD3OD) δ 164.1, 160.9,
157.2, 155.1, 152.5, 150.1, 141.8, 140.8, 140.3, 129.2, 126.1, 124.4,
123.7, 117.1, 115.2, −11.7 (PtCH3). MS (+LSIMS, m/z (%)): 458
(100) [(M-Cl)+], 442 (50) [(M-CH3−Cl)+]. Anal. Calcd For
C16H15N4ClPt: C, 38.91; H, 3.06; N, 11.34. Found: C, 38.79; H,
2.92; N, 11.21.

[Pt(CH3)(3)](SbF6). A Schlenk flask was charged with [PtCH3(3)]Cl
(0.040 g, 0.08 mmol) and AgSbF6 (0.028 g, 0.08 mmol), to which dry
methanol (10 mL) was added. The flask was wrapped in aluminum foil
and the solution left to stir overnight. The resultant yellow suspension
was reduced to a minimum volume. The residue was extracted with
dry acetonitrile (10 mL) and filtered into a new Schlenk flask. The
gray residue left behind was washed with acetonitrile (10 mL). The
washings were combined with the initial acetonitrile extraction yielding
a clear yellow solution. This solution was reduced to a minimum
volume yielding a yellow solid. Yield: 0.034 g (61%). 1H NMR (400
MHz, CD3CN) δ 8.48 (d, J = 5.7, 3JPtH = 50.1, 1H), 8.16 (td, J = 1.3,
7.8, 1H), 8.04 (t, J = 8.1, 1H), 7.94 (d, J = 7.2, 1H), 7.86 (d, J = 8.0,
1H), 7.76 (d, J = 8.1, 1H), 7.56 (m, 2H), 7.09 (dd, J = 0.8, 7.3, 1H),
6.73 (dd, J = 1.0, 8.6, 1H), 5.87 (s, 2H, NH2), 0.87 (s,

2JPtH = 68.4, 3H,
PtCH3).

13C{1H} NMR (125 MHz, CD3CN) δ 163.4, 160.2, 156.7,
154.5, 152.0, 149.9, 141.6, 140.6, 140.3, 129.1, 125.8, 124.1, 123.4,
117.0, 115.3, −11.7 (PtCH3).

19F NMR (376 MHz, CD3CN) δ
−122.5 (superposition of a sextet due to 121SbF6

− and an octet due to
123SbF6

−). MS (+ESI, m/z (%)): 458 (100) [(M-SbF6)
+]. MS (-ESI,

m/z (%)): 237 (70) [123SbF6
−], 235 (100) [121SbF6

−].
[Pt(CH3)(4)](SbF6). A Schlenk flask was charged with trans-

[PtCl(CH3)(SMe2)2] (0.111 g, 0.30 mmol) and AgSbF6 (0.103 g,
0.30 mmol). Next dry acetone (10 mL) was added and the suspension
was left to stir, covered in aluminum foil, for 30 min. The suspension
was filtered into another Schlenk flask containing 6,6″-dimethyl-
2,2′:6′,2″-terpyridine 4 (0.078 g, 0.30 mmol). The residue was washed
with dry acetone (5 mL). The washings were combined with the initial
acetone solution yielding an orange suspension. The suspension was

Table 1. Crystal Data, Data Collection, and Refinement
Parameters for the Structures of [Pt(CH3)(2)](SbF6),
[Pt(CH3)(7)](SbF6) and [Pt(CH3)(8)](SbF6)

data
[Pt(CH3)(2)]

SbF6
[Pt(CH3)(7)]

SbF6 [Pt(CH3)(8)]SbF6

formula [C18H20N5Pt]
SbF6

[C24H18N3Pt]
SbF6

[C20H16N5Pt]SbF6

solvent  0.9(C3H6O) 
formula weight 737.23 831.52 757.22
color, habit orange needles pale yellow

blocks
pale yellow platy
needles

crystal size/
mm3

0.46 × 0.07 ×
0.03

0.35 × 0.25 ×
0.11

0.23 × 0.11 × 0.03

temperature/K 173 173 173
crystal system triclinic triclinic monoclinic
space group P1̅ (no. 2) P1 (no. 1) P21/n (no. 14)
a/Å 7.86950(17) 8.92385(16) 11.82761(9)
b/Å 11.6934(3) 14.6411(3) 7.52718(6)
c/Å 12.1791(3) 21.3047(3) 24.4124(2)
α/deg 102.214(2) 91.8823(15) 
β/deg 105.141(2) 100.5989(14) 93.9813(8)
γ/deg 99.416(2) 104.1322(17) 
V/Å3 1028.50(5) 2644.43(9) 2168.16(3)
Z 2 4a 4
Dc/g cm−3 2.381 2.089 2.320
radiation used Mo Kα Mo Kα Cu Kα
μ/mm−1 8.176 6.374 22.427
2θ max/deg 66 65 145
no. of unique
reflns

measured (Rint) 7067 (0.0295) 21515 (0.0180) 4255 (0.0317)
obs, |Fo| > 4σ(|
Fo|)

6417 18042 3858

no. of variables 291 1533 369
R1(obs),
wR2(all)

b
0.0223, 0.0517 0.0338, 0.0871 0.0249, 0.0623

aThere are four crystallographically independent complexes. bR1 = Σ||
Fo| − |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo2 − Fc

2)2]/Σ[w(Fo2)2]}1/2; w−1 =
σ2(Fo

2) + (aP)2 + bP.
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left to stir overnight and subsequently reduced to a minimum volume.
The product was washed with dry DCM (2 × 5 mL) and dried under a
vacuum yielding a yellow solid. Yield: 0.129 g (61%). 1H NMR (400
MHz, acetone-d6) δ 8.58 (m, 3H, H3′, H4′, H5′), 8.44 (d, J = 6.6, 2H,
H3, H3″), 8.33 (t, J = 7.8, 2H, H4, H4″), 7.90 (dd, J = 7.9, 1.4, 2H,
H5, H5″), 2.99 (s, 6H, Me), 1.76 (s, 2JPtH = 77.2, 3H, PtCH3).
13C{1H} NMR (100 MHz, acetone-d6) δ 167.5, 161.0, 153.9, 141.1,
140.6, 130.9, 124.9, 123.3, 27.7, −12.6 (PtCH3).

19F NMR (376 MHz,
acetone-d6) δ −122.4 (superposition of a sextet due to 121SbF6

− and an
octet due to 123SbF6

−). MS (+ESI, m/z (%)): 472 (87) [(M-SbF6)
+],

471 (100) [(M-SbF6)
+], 470 (84) [(M-SbF6)

+]. Anal. Calcd For
C18H18N3F6PtSb: C, 30.57; H, 2.57; N, 5.94. Found: C, 30.69; H, 2.49;
N, 5.87.
[Pt(CH3)(5)](SbF6). A Schlenk flask was charged with 6,6″-dicyano-

2,2′:6′,2″-terpyridine (0.038 g, 0.14 mmol), trans-[PtCl(CH3)-
(SMe2)2] (0.050 g, 0.14 mmol) and AgSbF6 (0.047 g, 0.14 mmol)
to which dry acetone (5 mL) was added. The flask was wrapped in
aluminum foil and the suspension left to stir overnight. The resultant
orange suspension was filtered into a new Schlenk flask. The residue
left behind was washed with dry acetone (2 × 5 mL). The washings
were combined with the initial acetone solution yielding a clear orange
solution, which was reduced to a minimum volume yielding an orange
residue. The product was washed with dry DCM (2 × 5 mL) and
dried under a vacuum yielding a pale orange solid. Yield: 0.009 g (9%).
1H NMR (400 MHz, acetone-d6) δ 8.97 (dd, J = 8.1, 1.4, 2H, H3,
H3″), 8.87 (d, J = 7.8, 2H, H3′, H5′), 8.83 (t, J = 8.0, 2H, H4, H4″),
8.76 (dd, J = 8.8, 7.3, 1H, H4′), 8.53 (dd, J = 7.8, 1.4, 2H, H5, H5″),
2.09 (s, 2JPtH = 76.1, 3H, PtCH3).

13C{1H} NMR (100 MHz, acetone-
d6) δ 163.9, 152.3, 143.3, 142.0, 137.8, 137.6, 129.6, 126.7, 115.4, −3.1
(1JPtC = 711.5, PtCH3).

19F NMR (376 MHz, acetone-d6) δ −123.7
(superposition of a sextet due to 121SbF6

− and an octet due to
123SbF6

−). MS (+LSIMS, m/z (%)): 493 (15) [(M-SbF6)
+], 477 (15)

[(M-CH3−SbF6)+]. MS (-LSIMS, m/z (%)): 237 (75) [123SbF6
−], 235

(100) [121SbF6
−].

[Pd(CH3)(7)](SbF6). A Schlenk flask was charged with 2,6-di(8′-
quinolinyl)pyridine (7) (0.063 g, 0.19 mmol), [PdCl(CH3)(1,5-
COD)] (0.050 g, 0.19 mmol) and AgSbF6 (0.065 g, 0.19 mmol) to
which dry acetone (10 mL) was added. The Schlenk flask was wrapped
in aluminum foil and the suspension left to stir overnight. The
resultant black suspension was filtered into a new Schlenk flask. The
residue left behind was washed with dry acetone (2 × 10 mL). The
washings were combined with the initial acetone solution and reduced
to a minimum yielding a pale yellow solid. The product was triturated
in pentane, leaving behind a beige solid which was dried in vacuo.
Yield: 0.077 g (59%). 1H NMR (400 MHz, acetone-d6) δ 9.12 (dd, J =
5.1, 1.5, 2H, H2), 8.94 (dd, J = 8.3, 1.5, 2H, H4), 8.82 (dd, J = 7.4, 1.3,
2H, H7), 8.48 (dd, J = 8.2, 1.3, 2H, H5), 8.40 (dd, J = 8.5, 7.6, 1H,
H4′), 8.25 (d, J = 8.1, 2H, H3′), 8.12−8.05 (m, 2H, H6), 7.86 (dd, J =
8.2, 5.1, 2H, H3), 0.15 (s, 3H, PdCH3).

13C{1H} NMR (100 MHz,
acetone-d6) δ 158.1, 152.4, 144.4, 142.0, 141.4, 135.2, 133.8, 133.2,
130.3, 129.2, 127.6, 123.5, 5.7 (PdCH3).

19F NMR (376 MHz,
acetone-d6) δ −122.4 (superposition of a sextet due to 121SbF6

− and an
octet due to 123SbF6

−). MS (+LSIMS, m/z (%)): 454 (50) [(M-
SbF6)

+], 438 (40) [(M-CH3−SbF6)+]. MS (-LSIMS, m/z (%)): 237
(75) [123SbF6

−], 235 (100) [121SbF6
−]. Anal. Calcd For

C24H18N3F6PdSb: C, 41.74; H, 2.63; N, 6.08. Found: C, 41.84; H,
2.56; N, 5.97.
[Pt(CH3)(7)](SbF6). A Schlenk flask was charged with 2,6-di(8′-

quinolinyl)pyridine (7) (0.045 g, 0.14 mmol), trans-[PtCl(CH3)-
(SMe2)2] (0.050 g, 0.14 mmol) and AgSbF6 (0.047 g, 0.14 mmol) to
which dry acetone (15 mL) was added. The Schlenk flask was wrapped
in aluminum foil and the suspension left to stir overnight. The
resultant yellow suspension was filtered into a new Schlenk flask. The
residue left behind was washed with dry acetone (2 × 10 mL). The
washings were combined with the initial acetone solution yielding a
clear yellow solution which was reduced to a minimum volume
yielding a yellow solid. The product was dissolved in a minimum
amount of dry acetone and precipitated with dry diethyl ether. The
suspension was filtered, washed with dry diethyl ether (2 × 5 mL) and
dried under a vacuum yielding a yellow solid. Yield: 0.071 g (67%).

Crystals suitable for X-ray analysis were grown from an acetone
solution layered with hexane. 1H NMR (500 MHz, acetone-d6) δ 9.22
(dd, J = 1.5, 5.3, 3JPtH = 63.3, 2H, H2), 8.96 (dd, J = 1.4, 8.2, 2H, H4),
8.87 (dd, J = 1.3, 7.4, 2H, H7), 8.49 (dd, J = 1.3, 8.2, 2H, H5), 8.44
(dd, J = 7.7, 8.5, 1H, H4′), 8.31 (d, J = 8.1, 2H, H3′), 8.06 (dd, J = 7.6,
8.0, 2H, H6), 7.77 (dd, J = 5.3, 8.2, 2H, H3), 0.55 (s, 2JPtH = 71.2, 3H,
PtCH3).

13C{1H} NMR (125 MHz, acetone-d6) δ 157.4, 151.5, 144.8,
141.2, 141.1, 134.4, 134.0, 132.7, 130.4, 129.7, 127.8, 124.3 (JPtC =
58.1), −4.1 (PtCH3).

19F NMR (470 MHz, acetone-d6) δ −123.4
(superposition of a sextet due to 121SbF6

− and an octet due to
123SbF6

−). MS (+LSIMS, m/z (%)): 543 (10) [(M-SbF6)
+], 527 (20)

[(M-CH3−SbF6)+]. MS (-LSIMS, m/z (%)): 237 (70) [123SbF6
−], 235

(100) [121SbF6
−]. Anal. Calcd For C24H18N3F6PtSb: C, 36.99; H, 2.33;

N, 5.39. Found: C, 37.06; H, 2.22; N, 5.30.
[Pt(CH3)(8)](SbF6). A Schlenk flask was charged with 2,6-di(N-7-

azaindolyl)pyridine (8) (0.042 g, 0.14 mmol), trans-[PtCl(CH3)-
(SMe2)2] (0.050 g, 0.14 mmol) and AgSbF6 (0.047 g, 0.14 mmol) to
which dry acetone (15 mL) was added. The flask was wrapped in
aluminum foil and the suspension left to stir overnight. The resultant
pale yellow suspension was filtered into a new Schlenk flask. The
residue left behind was washed with dry acetone (2 × 5 mL). The
washings were combined with the initial acetone solution yielding a
clear pale yellow solution which was reduced to a minimum volume
yielding a pale yellow solid. The product was dissolved in a minimum
amount of dry acetone and precipitated with dry diethyl ether. The
suspension was filtered, washed with dry diethyl ether (2 × 5 mL) and
dried under a vacuum yielding an off-white solid. Yield: 0.052 g (51%).
Crystals suitable for X-ray analysis were grown from an acetone
solution layered with hexane. 1H NMR (400 MHz, acetone-d6) δ 8.66
(d, J = 5.9, 3JPtH = 53.4, 2H, H2), 8.55 (dd, J = 1.1, 7.8, 2H, H4), 8.47
(d, J = 4.0, 2H, H6), 8.45 (t, J = 8.3, 1H, H4′). 7.93 (d, J = 8.3, 2H,
H3′), 7.58 (dd, J = 5.9, 7.7, 2H, H3), 7.31 (d, J = 4.0, 2H, H5), 1.12 (s,
2JPtH = 78.0, 3H, PtCH3).

13C{1H} NMR (100 MHz, acetone-d6) δ
147.4, 146.5, 146.3, 143.8, 134.3, 130.2, 126.7, 121.6, 115.4, 109.9,
−6.7 (PtCH3).

19F NMR (376 MHz, acetone-d6) δ −122.4
(superposition of a sextet due to 121SbF6

− and an octet due to
123SbF6

−). MS (+LSIMS, m/z (%)): 521 (30) [(M-SbF6)
+], 505 (20)

[(M-CH3−SbF6)+]. MS (-LSIMS, m/z (%)): 237 (75) [123SbF6
−], 235

(100) [121SbF6
−]. Anal. Calcd For C20H16N5F6PtSb: C, 31.72; H, 2.13;

N, 9.25. Found: C, 31.75; H, 2.10; N, 9.18.
General Procedure for the Formation of Methylperoxo

Complexes. In a normal NMR tube, the complex (∼2 mg) is
dissolved in CD3CN or CD3COCD3 (0.5 mL) to give a clear solution.
After bubbling O2 through the solution for approximately 1 min at
room temperature, the NMR tube is exposed to sunlight for 1 min or
UV light (365 nm, 100W) until the starting methyl complex is
completely converted to the methylperoxo complex. The methyl
peroxo complexes are generally unstable, in particular those with
bulkier substituents in the 6,6″-positions of the ligand such as 2 and 4,
and further exposure to light leads to decomposition. The NMR data
for complex [Pt(OOCH3)(1)](SbF6) have been reported previously.
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[Pt(OOCH3)(2)](SbF6) (see Figure S9 (SI)): 1H NMR (400
MHz, CD3CN) δ 9.7 (br s, 2H, HNMe), 8.10 (t, J = 8, 1H, H4′), 7.75
(d, J = 8, 2H, H3′, H5′), 7.63 (dd, J = 8, 9, 2H, H4, H4″), 7.10 (d, J =
7, 2H, H3, H3″), 6.60 (d, J = 9, 2H, H5, H5″), 3.60 (s, 3H,
PtOOCH3), 2.76 (d, J = 5, 6H, HNMe).

[Pt(OOCH3)(4)](SbF6) (see Figure S10 (SI)): 1H NMR (400
MHz, CD3COCD3) δ 8.56 (m, H3′, H4′, H5′), 8.47 (dd, J = 7, 7, 2H,
H4, H4″), 7.10 (d, J = 7, 2H, H3, H3″), 7.88 (d, J = 7, 2H, H5, H5″),
3.82 (s, 3H, PtOOCH3), 3.21 (s, 6H, CCH3).

[Pd(OOCH3)(1)](SbF6) (see Figure S11 (SI)): 1H NMR (400
MHz, CD3CN) δ 8.12 (t, J = 8, 1H, H4′), 7.83 (d, J = 8, 2H, H3′,
H5′), 7.60 (dd, J = 8, 9, 2H, H4, H4″), 7.18 (d, J = 7, 2H, H3, H3″),
6.70 (d, J = 9, 2H, H5, H5″), 3.72 (s, 3H, OOCH3).

13C NMR
(HMQC, CD3CN): 139.5 (CH4,H4″), 122.0 (CH3′,H5′), 117.1
(CH5,H5″), 112.1 (CH3,H3″), 63.6 (OOCH3).

Crystallography. Table 1 provides a summary of the crystallo-
graphic data for the structures of [Pt(CH3)(2)](SbF6), [Pt(CH3)-
(7)](SbF6) and [Pt(CH3)(8)](SbF6). Data were collected using
Oxford Diffraction Xcalibur 3S ([Pt(CH3)(2)](SbF6), [Pt(CH3)(7)]-
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(SbF6)) and Xcalibur PX Ultra ([Pt(CH3)(8)](SbF6)) diffractometers,
and the structures were refined based on F2 using the SHELXTL,
SHELX-97, and SHELX-2013 program systems.81 The absolute
structure of [Pt(CH3)(7)](SbF6) was determined by a combination
of R-factor tests [R1

+ = 0.0338, R1
− = 0.0353] and by use of the Flack

parameter [x+ = 0.309(5)] (see the Supporting Information for more
details). CCDC 987854 to 987856.
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