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1. Introduction

Hydrocarbons are readily available from inexpen-
sive petrochemical and natural gas feedstock and
have been utilized as raw materials for the produc-
tion of materials and energy for many decades.
Nevertheless, efficient, selective, and direct function-
alization of hydrocarbons under mild conditions
remains a most difficult challenge to chemists even
today.! 3 If successful, such new processes may give
rise to cleaner and more efficient alternatives to
existing technology. Taking into consideration that
natural gas remains the most important source of
hydrogen today* (and probably will remain so until
sufficiently efficient water-splitting technologies be-
come available), insight into the nature of C—H bond
activation may have implications even for important
aspects of the technology that is needed for the
proposed and intensely discussed hydrogen-based
energy economy of the future.
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Hydrocarbon functionalization (eq 1) by default
must involve the cleavage of at least one C—H bond.

R-H—R-X (1D

C—H bonds are very strong bonds and difficult to
cleave directly, whether heterolytically or homolyti-
cally. For example, the estimated pK, of methane is
as high as ca. 48,5 and the homolytic bond dissocia-
tion enthalpy of methane at 25 °C is 440 kJ/mol.®
Homolytic pathways for activation and functional-
ization of alkanes will suffer from the fact that C—H
bonds in viable products are weaker than those in
the parent hydrocarbons, and as a result, the desired
high selectivity will be impossible to achieve at high
conversion.? To circumvent the selectivity problem
the use of transition-metal complexes has been
promoted as an alternative. Chemo- and regioselec-
tivities can, in principle, be achieved by tweaking the
properties of the metal complex through choice of
metal and by ligand design.
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A typical mechanism for the metal-complex-medi-
ated C—H functionalization might involve the two
steps depicted in eq 2—oxidative addition followed by
functionalization of the metal alkyl moiety. If the
overall reaction is to operate at a high rate, it is
required that the energetic cost of cleaving the C—H
bond (440 kJ/mol in methane, ca. 420 kJ/mol for other
primary C—H bonds, and even lower for secondary
and tertiary) is largely, if not completely, compen-
sated for by the formation of strong M—H and M—C
bonds in the intermediate R—M—H species.

R-H+M—R-M-H—R-X (2)

In addition, the unfavorable entropy of the oxidative
addition contributes another ca. 42 kJ/mol that must
be overcome.” Accordingly, stoichiometric metal com-
plex C—H activation is usually achieved at third-row
and second-row transition-metal complexes that offer
relatively strong bonds to their ligands. Pt—H bond
enthalpies of about 306—314 kJ/mol have been
reported in neutral square-planar Pt(II) complexes 81
and these rank among the strongest M—H bonds
known. Analogously, Pt—CHj; bond energies of 251—
268 kJ/mol have been estimated in similar systems.?9
Although experimental estimates for Pt—C bond
strengths in octahedral Pt(IV) complexes are signifi-
cantly lower, ca. 126—155 kdJ/mol,'>1? the possible
formation of relatively strong Pt—H and Pt—C bonds
bodes well for the use of Pt complexes in C—H
activation and functionalization.

It is a common feature of many C—H activating
systems that they proceed by initial loss of a ligand
L' to generate a vacant coordination site that facili-
tates the oxidative addition. For the most widely
investigated systems the ligand L' remains unbonded
in the final oxidative addition product, and this
contributes unfavorably to the overall energetics of
the reaction. In contrast, for oxidative additions at
square-planar, 16-electron Pt(II) complexes, which
encompasses a large part of the work to be presented
in this review, the Pt(IV) oxidative addition product
will be octahedral, 18-electron species in which the
ligand L' (or a new ligand) remains bonded at the
metal (Scheme 1). This might contribute to make
thermal reactions at Pt(II) thermodynamically more
favorable.

It has been demonstrated during the last couple
of decades that organotransition-metal complexes are
indeed capable of inserting into alkane C—H bonds!416
with a definitive predominance of second- and third-
row transition metals, and numerous excellent re-
views have appeared.»17~2% These reactions usually
occur under relatively mild conditions. In general,
significant regioselectivities are observed with a
preference for reaction at the terminal C—H bonds
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of alkanes, i.e., at the stronger bonds. Aromatic
hydrocarbons, with C—H bond strengths even greater
than those of alkanes, usually react at greater rates
than alkanes. Desirable chemoselectivities are also
often seen, implying that, in principle, reactions with
alkane substrates can favorably compete with prod-
uct degradation in catalytic systems.

It turns out that strong indications that Pt com-
plexes should be viable in C—H activation chemistry
were abundant prior to the seminal discoveries of the
early 1980s.14716 In fact, Pt-based catalysts are among
the relatively few true catalytic systems that not only
activate but also functionalize hydrocarbons. This
chemistry is commonly referred to as “Shilov chem-
istry”. During the 1950s and early 1960s heteroge-
neous platinum systems were studied for use as
catalysts to incorporate D into hydrocarbons.24 26
Looking for homogeneous equivalents of these sys-
tems, Garnett and Hodges demonstrated that aque-
ous Pt(II) salts catalyzed H/D exchange in aromatic
hydrocarbons during the 1960s,?” and these results
were presented at the Fourth International Congress
on Catalysis in Moscow in 1968.28 Shilov and co-
workers?® write about the choice of the aqueous
Pt(IT) system that “the system was chosen because
of its known activity in the deuterium—hydrogen
exchange of aromatic molecules”, referring to the
work of Garnett, Hodges, and Sollich-Baumgartner.?®
Thus, the Shilov group established in 1969 that
Pt(IT) salts in aqueous acid media were capable of
catalyzing H/D exchange in alkanes.?® The exchange
of D for H is tell-tale proof that C—H activation has
occurred and is frequently used experimentally as a
diagnostic. The Shilov group further developed a
catalytic system in which methane was converted to
methanol and chloromethane (Scheme 2).

Here, the Pt(II) salt comprises the catalyst but
stoichiometric amounts of an oxidant, Pt(IV), are
required for catalytic action to occur. The inefficiency
of the process has precluded its further use, but the
Shilov system serves as a landmark proof-of-principle
system. Homogeneous Pt(II)-mediated C—H activa-
tion did perhaps not receive the deserved attention
at that time. However, beginning in the 1990s this
chemistry has experienced a renaissance and the
“Shilov chemistry” has been important for inspiring
new research in this area. It is now clear that this
chemistry is not only workable: Even mechanistic
implications and conclusions drawn from the early
experiments of Shilov, Garnett, and their co-workers
are valid today. This is an impressive fact given the
state of mechanistic understanding that was estab-
lished in those relatively early years of organotransi-
tion-metal chemistry.

The Shilov catalytic system is believed to operate
by the three individual reaction steps depicted in
Scheme 3. It is important to note that each individual
step in Scheme 3 may require several elementary
reactions. Thus, a plethora of mechanistic possibili-
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ties is available to each; the actual operating mech-
anisms may be highly dependent on the exact nature
of the Pt complexes, identity of hydrocarbon, solvent,
and operating conditions. The first step is the actual
activation step in which the C—H bond is broken.
This is the step on which this review will focus. The
second step is an oxidation step. With Pt(IV) as the
oxidant, this is believed to proceed via an electron-
transfer mechanism in the Shilov system. This opens
the way for possible use of alternative (and cheaper!)
oxidants. The search for such alternatives has been
met with moderate success, in particular with Wacker-
type oxidation systems Oy/Cu.?° The third step is the
actual functionalization of the hydrocarbyl fragment
and liberation of the functionalized product. In the
Shilov system this step is believed to proceed by
nucleophilic attack by water at the Pt—C bond?! and
this closes the catalytic cycle.

Much work aimed at understanding and improving
the Shilov catalytic system has been done by the use
of Pt complexes bearing a variety of ligand systems.
Through these studies it has been established that
many elementary steps that altogether constitute the
oxidation of alkanes to alcohols using O as the
ultimate oxidizing agent are already in place, as
shown in Scheme 4 and summarized by Labinger and
Bercaw.! (It should be noted that although C—0O bond
formation from Pt(IV) has been demonstrated,3!:32
none of these reactions involve the Pt(IV) dihydroxy
alkyl species that are shown in Scheme 4.) It is now
a great challenge to find a system in which all
reactions operate efficiently in concert under condi-
tions that are not detrimental to some of the steps.
For example, organometallic complexes are often air
and/or moisture sensitive; yet in Scheme 4, Os and
H,0 are both required as reactants.
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The primary focus of this review will be on the
C—H bond activation step in the Shilov cycle, al-
though the oxidation and functionalization will be
briefly discussed when deemed contextually ap-
propriate. The discussion will be limited to the
mechanistic behavior of molecular entities that exist
in solution—significant contributions from studies of
small Pt-based ions in the gas phase, primarily by
mass spectrometry,3>34 and of hydrocarbon reactions
at Pt metal surfaces are outside the scope of this
review. We also decided not to include the ubiquitous
aromatic cyclometalation reactions that are fre-
quently observed in Pt(II) chemistry.?® This review
covers the literature published up to and including
2004.

2. Mechanistic Fundamentals

Today considerable insight has been accumulated
concerning the mechanistic nature of metal-mediated
C—H activations in general. Some essential and fairly
general mechanistic features that will serve as a
useful backdrop for the discussion of C—H activation
at Pt will be reviewed in this section.

2.1. Classification of C —H Activation Reactions

Periana recently? defined C—H activation as “a
facile CH cleavage reaction with an ‘MX’ species that
proceeds by coordination of an alkane to the inner-
sphere of ‘M’... leading to an M—C intermediate”. The
C—H activation reactions have been subdivided ac-
cording to reaction stoichiometries or possible reac-
tion mechanisms in various ways, sometimes with
rather unclear distinctions. We adhere to the subdi-
vision into five different classes proposed by Stahl
et al. according to reaction stoichiometries: oxidative
addition, o-bond metathesis, electrophilic substitu-
tion, 1,2-addition, and metalloradical activation.?!
These classes, for which the notations do not neces-
sarily bear mechanistic implications, are depicted in
Scheme 5 for the particular case of methane activa-
tion.

2.2. C-H Bond Cleavage Event: Oxidative
Addition vs o-Bond Metathesis and Electrophilic
Activation

The terms “oxidative addition”, “o-bond metathe-

sis”, and “electrophilic substitution” have strong
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mechanistic connotations in addition to the stoichi-
ometrically based distinctions that were given in
Scheme 5. The three mechanisms are depicted in
Scheme 6 for a generic reaction in which a hydrogen
atom is transferred from methane to a coordinated
alkyl group or external base.

The oxidative addition mechanism usually operates
for reactions at electron-rich, low-oxidation-state
complexes, including those based on the Cp*Ir(I),
Cp*Rh(I), and TpRh(I) moieties that have been
thoroughly studied by the groups of Bergman!”-3¢ and
Jones.?>37 The o-bond metathesis involves transfer
of a hydrogen atom from one ligand to another in a
concerted fashion through a four-center, four-electron
transition state that avoids the formal two-electron
oxidation of the metal. This mechanism offers an
alternative for reactions at electron-deficient metal
centers, in particular at d° complexes which cannot
undergo a formal oxidation of the metal. This applies
especially to “early” transition metals in high oxida-
tion states as well as lanthanide and actinide
complexes.?® 41 Interestingly, calculations*? have re-
cently suggested that hydrogen transfer occurs by a
o-bond metathesis pathway from boron to carbon in
the photochemically activated C—H borylation sys-
tems described by Hartwig.*344 Although the behavior
was attributed to the electropositive nature of B,
these findings at relatively low-oxidation-state W and
Fe complexes should serve as a reminder that o-bond
metathesis warrants consideration also at lower
oxidation state and “late” transition metals. C—H
activation by an electrophilic substitution pathway
is closely related to the o-bond metathesis pathway.
Here, coordination of the alkane C—H bond at an
electrophilic metal center leads to a C—H bond
weakening that facilitates the following loss of a
proton and generates the M—CHj species. The proton
acceptor can be an external base or solvent or a
sufficiently basic group in the coordination sphere of
the metal. It is anticipated that soft electrophiles with
low-lying, polarizable LUMOs should be most effec-
tive for this mode of C—H activation.? The alkane
o-complexes that will be discussed shortly bear strong
similarities with the ubiquitous #2-H; complexes.-50
It is well known that #2-H; complexes of metals that
bear electron-withdrawing ligands and/or have a
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positive charge are quite acidic, and the coordinated
Hs molecule is strongly activated toward heterolytic
cleavage. Analogous hydrocarbon C—H acidity en-
hancements are likely consequences of o-alkane
complex formation at electron-deficient metal centers
and facilitate the electrophilic pathway for C—H
activation (Scheme 6).

Bergman and co-workers have shown!7?1754 that
cationic Ir(I1I) species Cp*Ir(PMes)(CH;)(CICH,Cl)*
and Cp*Ir(PMe3)(CH3)"BArr~ activate alkane, arene,
and other C—H bonds under very mild conditions.
Ambiguities arose as to whether oxidative addition
would still be favored relative to a o-bond metathesis
mechanism. The oxidative addition will involve cat-
ionic Ir(V) intermediates, somewhat unusual but not
unprecedented in organometallic chemistry, whereas
the o-bond metathesis would avoid the Ir(V) oxidation
state. Ab initio calculations by Su and Chu sug-
gested® that the reactions at Cp*Ir(III) likely proceed
via oxidative addition, whereas o-bond metathesis is
competitive with oxidative addition when Ir is re-
placed with Rh, for which the +5 oxidation state is
less prevalent.

2.3. Hydrocarbon Coordination

It is now well established that oxidative addition
of C—H bonds to an unsaturated metal species M is
a two-step reaction, depicted as a reversible process
in Scheme 7. The first step is the association of the
hydrocarbon at the metal. This requires a coordina-
tion site; the departing ligand L may be displaced in
an associative or a dissociative fashion (Scheme 8).
The association generates a hydrocarbon—metal com-
plex intermediate. The second step is the oxidative
cleavage of the C—H bond of the coordinated hydro-
carbon. For the reverse process the reductive elimi-
nation comprises the two steps reductive coupling,
generating the o complex, followed by hydrocarbon
dissociation. This terminology has been proposed
recently by Jones®® and Parkin®’ and helps distin-
guish the individual steps from the overall mecha-
nistic connotations.

The hydrocarbon association leads to a crucial
intermediate that appears to be involved in most, if
not all, C—H activation reactions regardless of reac-
tion mechanism, the so-called o complexes (see sec-
tion 2.4). Under thermal conditions this means that
R—H must replace the two-electron-donor ligand L
that is already bonded at the metal. The o complexes
are weakly bonded, and because most other ligands
have significantly stronger bonds to the metal, hy-
drocarbon coordination will be thermodynamically
unfavorable. The coordination of the hydrocarbon
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therefore will constitute a significant part of the
activation barrier for a thermally driven C—H activa-
tion process. This will apply regardless of whether
hydrocarbon coordination or oxidative cleavage is the
rate-limiting step or whether hydrocarbon coordina-
tion occurs associatively or dissociatively.

To achieve high reactivity it is necessary to design
systems in which all other ligands present in the
medium are relatively weakly bonded. This has
encouraged the search for poorly coordinating coun-
teranions when cationic complexes are involved and
the use of poorly coordinating solvents.

C—H activation at Pt has been mostly studied at
Pt(II) precursors. Square-planar Pt(II) complexes
constitute some of the most thoroughly studied
systems for ligand substitution reactions. Substitu-
tions may occur associatively, dissociatively, or by a
concerted (interchange) mechanism.?®%° These pos-
sibilities are depicted in Scheme 8. The dissociative
process proceeds via a three-coordinate, 14-electron
intermediate, the associative process via a five-
coordinate, 18-electron intermediate, and the inter-
change process via a five-coordinate transition state.
It has been established that the majority of substitu-
tion reactions at Pt(II) occur associatively.062 Ex-
ceptions are known and tend to involve relatively
electron-rich, often neutral, complexes with a strong
o donor (typically, an aryl group) trans to the leaving
group.5263 Reactions at more electron-deficient (cat-
ionic) complexes tend to occur associatively. Impor-
tantly, the well-studied substitution reactions at
Pt(IT) involve ligands that are far more nucleophilic
than the hydrocarbon C—H bonds are expected to be.
Thus, given the poor nucleophilicity of R—H in
Scheme 8, one might suspect that dissociative reac-
tions could be more prevalent in C—H activation
chemistry than in the more traditionally studied
systems.

The mode of alkane coordination has been ad-
dressed in the “pincer” complex (PCP)Ir-catalyzed de-
hydrogenation reactions (PCP = «3-2,6-(RoPCHs)s-
CsHs3). Recent calculations®4%® suggest that alkane
coordination and Hy displacement at neutral Ir(IIT)
complexes (PCP)IrH; with bulky phosphine R groups
proceed in a dissociative fashion, i.e., initial loss of
H; followed by addition of R—H, under experimental
conditions of high temperatures and low Hy pressure.

2.4. o Complexes of Alkanes and Arenes

The involvement of discrete metal—alkane o com-
plexes was mentioned in section 2.3. The first evi-
dence that such species might be involved in C—H
activation dates back to the 1960s. It was a remark-
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able feature of the early Pt(II)-catalyzed H/D ex-
change reactions in acidic deuterated media that
multiple H/D exchange into arene or alkane sub-
strates was observed, even at early stages of the
reaction.%%%7 The observed isotopomer distributions
required that multiple C—H bond-cleavage and bond-
forming reactions occurred once a hydrocarbon mol-
ecule had entered the coordination sphere of Pt.

Mechanistically, this necessitated an intermediate
metal—hydrocarbon complex prior to a reversible
C—H bond cleavage/formation. For Shilov-type sys-
tems, multiple H/D exchange should result (Scheme
9) if (a) the oxidative addition product Pt(H)(R)
undergoes reversible deprotonation at a greater rate
than hydrocarbon dissociation in the deuterated
acidic medium and (b) the Pt(R—H) intermediate is
dynamic in nature such that the coordinated hydro-
carbon “rotates” at Pt such as to expose its different
C—H bonds toward the metal.

Garnett and Hodges in 1971 described this mecha-
nistically required intermediate as “...a complex
involving delocalized molecular orbitals of the al-
kane”.58 This description is remarkably close to what
is today described as o-alkane complexes, quite
astonishing considering the level of advancement of
the science at that time. The o complexes are com-
monly depicted with a hydrocarbon C—H bond acting
as a two-electron donor toward an empty acceptor
orbital at the metal, although different coordination
modes have been envisioned.?%%?

The hydrocarbon o complexes are now believed to
be intermediates in most, if not all, metal-mediated
C—H activation reactions. The experimental evidence
that supports their existence includes transient
spectroscopic observations, kinetic data, and isotopic
labeling experiments.?®6°~72 The incorporation of D
label from deuterated protic media into coordinated
hydrocarbyl groups, via the mechanism depicted
above, is an obvious indicator. In other and numerous
cases isotopic exchange between labeled and unla-
beled hydride and methyl sites (Scheme 10) in a
complex provides another line of evidence.” 8> There
is a report that this exchange can be rapid even at
low temperatures. In Cp*Os(dmpe)(H)(CHj3)* the
exchange of the hydride and methyl protons has been
probed by spin-saturation transfer and line-shape
analysis at temperatures below —100 °C; the ex-
change rate constant at this temperature was as high
as 160 s 1.7 Similarly, spin-saturation transfer es-
tablished rapid exchange between hydride and phenyl
sites in Tp'Pt complexes; these will be discussed in
section 7.2.86.87

H/D label exchange according to Scheme 9 or 10
provides evidence for the existence of C—H(D)-bonded
species even if these cannot be directly observed.
However, stable, spectroscopically identifiable o com-
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plexes remain rather elusive. There is only one report
of a complex sufficiently stable to be observed by
NMR spectroscopy, CpRe(CO)s(cyclopentane).8® An
Fe(porphyrin) heptane complex®® and a few U(III)
alkane complexes,® all of which may gain additional
stabilization by noncovalent interactions, have been
crystallographically characterized. Neither of these
relatively stable systems have been reported to
exhibit C—H activation reactivity.

In terms of bonding there is a strong anal-
0gy*6:48.7L,7291 hetween the situation in these o-alkane
complexes and the ubiquitous #2-H. dihydrogen
complexes, 447750 »2.(Si H) silane,’? and metal alkyl
complexes that exhibit agostic C—H interactions.?

Analogous isotope exchange reactions occur in
systems that involve arene C—H activation or com-
plexes that contain phenyl ligands. Aromatic hydro-
carbons are better ligands than alkanes by virtue of
their electron-rich s-electron cloud, and #2-(C,C)-
bonded arenes are commonly considered as interme-
diates in C—H activation reactions,?1-37.57.94-99 g].
though this is not always the case.1%191 A Pt benzene
complex with a #%%(C,C) coordination mode has
recently been characterized by X-ray crystallogra-
phy.8” In the cases where they are intermediates it
is not obvious how C—H activation can occur directly
from the #2-(C,C) coordination mode, and therefore,
a “slip” of the arene to a less stable and therefore
unobserved #2-(C,H) coordination mode!® or even an
nt-mode'®? might well precede the C—H activation
(Scheme 11).19 The involvement of an 7%-(C,H) mode
has been recently supported by DFT calculations for
a tungstenocene-based C—H activating system.5”

2.5. Principle of Microscopic Reversibility

Obviously the direct observation of thermal oxida-
tive addition of the C—H bonds of a hydrocarbon R—H
at isolable metal complexes is desirable for mecha-
nistic purposes, but normally this is not possible
because the oxidative addition products M(R)(H) are
thermodynamically unstable with respect to the
reactants. Hydridoaryl and hydridoalkyl species have
therefore been generated by other means, most
commonly by protonation of stable metal alkyl or aryl
precursors. The mechanism of the thermodynami-
cally favorable reductive elimination, which is the
microscopic reverse of the C—H activation reaction,
can then be scrutinized. The principle of microscopic
reversibility then suggests that the insight gained
adds to the knowledge of the C—H activation process
itself. It is important to note that the reaction
conditions (solvent, temperature, etc.) that are ap-
plied in studying the reductive elimination reactions
can be dramatically different from what is required
to run the reaction in the opposite direction and that
extrapolations of findings should be done with care.
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Figure 1. Reaction coordinate for two-step (—) and one-
step (- + *) mechanisms for reductive elimination from a
hydridoalkyl complex (RC = reductive coupling; OC =
oxidative cleavage; dis = dissociation).

This principle has been successfully applied in order
to understand reductive elimination/oxidative addi-
tion reactions and protonation/deprotonation reac-
tions that are of significance in C—H activation
chemistry.

2.6. Kinetic Isotope Effects

C—H activation chemistry involves the cleavage of
C—H bonds, and it is not surprising that measure-
ments of H/D Kkinetic isotope effects (KIEs) and
interpretations of their physical meaning have been
crucial to the mechanistic advancement of this chem-
istry.56:104,105

The o-C H/D exchange of alkyl hydride complexes
was noted early®® and helped establish the interme-
diacy of o complexes. The kinetics of reductive
eliminations from alkyl hydride and alkyl deuteride
complexes®®®! revealed observed H/D KIEs that were
in many cases inverse, i.e., <1 (ref 56 surveys a great
number of cases of H/D exchange and inverse isotope
effects). It became common to associate inverse KIEs
with the intermediacy of o-alkane complexes in the
reductive elimination process. These isotope effects
were considered to arise from the C—H(D) bond
formation, i.e., the reductive coupling in Scheme 7,
rather than the hydrocarbon dissociation, and were
interpreted in terms of an inverse equilibrium isotope
effect Ke'/Ke,? < 1 for the formation of the o complex
from the alkyl hydride. The physical explanation for
this is that the o-alkane complex has formed an
essentially complete C—H(D) bond, whereas the alkyl
hydride has a weaker M—H(D) bond. Consideration
of the zero-point energy differences for the vibrations
of these bonds leads to an expected inverse equilib-
rium isotope effect for the reductive coupling step.!%6
If there is only an insignificant isotope effect on the
hydrocarbon dissociation step, the result will be an
observed inverse kinetic isotope effect for the over-
all reductive elimination. This scenario is depicted
with the solid line in Figure 1. The interpretation of
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these KIEs has evoked considerable discussion.

One interesting issue has been whether the ob-
served inverse isotope effects can be caused by a one-
step reaction or whether a two-step mechanism is
required.?* A single-step mechanism may produce an
inverse isotope effect,'%1%8 normally for a highly
endothermic reaction in which the transition state
is very “product-like”, i.e., a considerable amount of
C—H bond formation has taken place. The dotted line
in Figure 1 shows a trajectory for a hypothetical one-
step reaction that passes through an identical transi-
tion state for the rate-limiting step as does the two-
step reaction. The KIE should be dictated by the
energy differences between the ground state and the
rate-limiting transition state and hence would appear
to be the same, regardless of the involvement of the
preequilibrium. In this case strong support to the
preequilibrium scenario is provided by the observed
o-C H/D exchange phenomena.

A second issue has been how to interpret the
inverse isotope effects given that a two-step mecha-
nism is actually operative. It is important to note in
Figure 1 that three different rate constants, and
therefore three different H/D isotope effects for
elementary reactions, will contribute to the observed
H/D isotope effect because &ops = krckais’koc = Kegkdis-
The composite rate constant k. is usually estab-
lished by normal kinetic measurements. Moreover,
accepting that there is no significant isotope effect
on the dissociation step, (EH/EP)gs = Kog'/KeP =
(krcthrcP)(kocWkocP). In a recent and insightful
review?S Jones points out that two different scenarios
can lead to the observed inverse equilibrium isotope
effects (Figure 2) and that detailed experimentation
is needed before the contributions from each elemen-
tary step can be disentangled. The first scenario (left)
is that the zero-point energy difference for the reduc-
tive coupling transition state (reflected in kgrc) is
intermediate between those of the hydridoalkyl and
o-alkane complexes. In this case one would anticipate
an inverse isotope effect for a one-step (see previous
paragraph) reductive coupling and a normal isotope
effect for the reverse oxidative cleavage. The second
scenario (right) is that the zero-point energy differ-
ence for the C—H(D) stretch vanishes as the vibration
becomes the reaction coordinate to break the bond.
In this case a normal isotope effect is expected in both
directions but with a greater magnitude for the
oxidative cleavage than for the reductive coupling.
In a series of elegant labeling experiments, the
details of which will not be discussed here, Jones
established that the reductive coupling from Tp'Rh-
(CNR)(CHMeg)H vs Tp'Rh(CNR)(CHMez)D (R = CHs-
‘Bu) exhibits a normal KIE kgrc/krc® = 2.1. In a
related system, Tp'Rh(CNR)(CH:Ds) (generated by
photolysis of Tp'Rh(CNR)(RN=C=NPh) in the pres-
ence of CHyDs) generated an initial 4.3:1 ratio of
Tp'Rh(CNR)(CD,H)(H) and Tp'Rh(CNR)(CDH,)(D),
leading to the conclusion that the oxidative cleavage
from the o-methane complex also exhibited a normal
KIE koct/kocP = 4.3. It was concluded that observed
inverse equilibrium isotope effects for C—H reductive
coupling in these systems arise from normal isotope
effects on each of the two opposing reactions with a
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Figure 2. Two scenarios (see text) that can lead to inverse equilibrium isotope effects. (Adapted from ref 56.)

greater effect on the oxidative cleavage than on the
reductive coupling. This corresponds to the second
scenario, Figure 2 (right). A similar situation has
been unraveled experimentally for methane elimina-
tion from a tungstenocene methyl hydride,’” and the
experimental findings have been further found to
agree well with results from DFT calculations.' The
complexity of the issue was underscored when Jones
established that the inverse H/D KIE for reductive
elimination of benzene from Cp*Rh(PMe;3)(Ph)(H/D)
also originates in an inverse equilibrium isotope
effect for n2-benzene formation (the additional in-
volvement of 0-(C,H)-benzene intermediates sug-
gested for other systems®”19% apparently cannot be
ruled out). However, this time the inverse equilibri-
um isotope effect arises from an inverse isotope effect
for the one-step reductive coupling and a normal
effect on the oxidative cleavage, Figure 2 (left).
Possible consequences of isotope effects on the “slip-
page” from o-(C,H) to #2-(C,C), perhaps via 5!-(C)102
benzene complexes, have not been taken into account
in the analysis.

A third issue arises from the fact that KIEs are
commonly discussed in terms of the zero-point ener-
gies of the bonds being formed/broken and their
relatively simple temperature dependency predicted
by the van’t Hoff relationship. Most reported KIEs
arise from single-temperature measurements. Parkin
and co-workers®7.199.110 recently investigated isotope
effects on C—H association, oxidative cleavage, and
reductive coupling at molybdenocene and tung-
stenocene derivatives in detail. Equilibrium isotope
effects (EIEs) are calculated by DFTM0 from the
expression EIE = KY/KP = SYM-MMI-EXC-ZPE,
where SYM is the symmetry factor, MMI is the mass-
moment of inertia term, EXC is the excitation term,
and ZPE is the zero-point energy term.'% The cal-
culations revealed that vibrations other than that
involving the bond being broken/formed can make
significant contributions to the ZPE part. Moreover,
surprising temperature dependencies of the EIEs are
implicated by the strikingly different response to the
temperature of the ZPE and the SYM-MMI-EXC

terms. For example, coordination of CHs vs CDy at
[HoSi(CsHy)o] W is predicted to exhibit an inverse EIE
at temperatures below —204 °C and a normal EIE
above —204 °C, whereas the EIE for oxidative cleav-
age starting from the corresponding methane com-
plexes would be normal at all temperatures and
increase with decreasing temperatures.'9

With the above discussion in mind it is obvious that
the interpretation of kinetic isotope data pertaining
to C—H activation chemistry is far from trivial, even
when simple molecules such as methane are con-
cerned. In general, it is desirable to have KIE data
for a wide range of temperatures. Even then, the fact
that the measured rate constants are in reality
composite rate constants makes interpretation of the
physical meaning of the KIEs difficult as far as
assigning the effects to elementary steps in the
reaction sequence. The accumulated evidence today
probably allows a generalization to be made: ob-
served inverse KIEs for C—H reductive eliminations
arise from inverse equilibrium effects for the reduc-
tive coupling step followed by a rate-limiting, isotope-
insensitive dissociation of the hydrocarbon. Cases in
which the reductive elimination KIEs are normal
may be interpreted in terms of a change in the rate-
limiting step, i.e., the hydrocarbon dissociation is
rapid compared to the reductive coupling. This cor-
responds to the energy of the first transition state
being above that of the second, representing a non-
preequilibrium situation (Figure 3).57

3. Shilov-type Chemistry

Shilov and co-workers have deservedly been widely
credited for the discovery that Pt salts are capable
of activating and functionalizing saturated hydro-
carbons in acidic aqueous media, as previously ex-
pressed in excellent reviews.!8207L111 We find it
pertinent to include details of this chemistry also in
this review because interesting similarities in mecha-
nistic thinking and analysis are revealed when these
systems are compared with today’s model systems
and the widely acclaimed Catalytica system.
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Figure 3. Reaction coordinate diagrams for R—H reduc-
tive elimination. (a) Rate-limiting hydrocarbon dissociation
gives an inverse observed H/D isotope effect. (b) Rate-
limiting reductive coupling gives a normal observed isotope
effect.

3.1. C—H Activation by Pt(lI)

Garnett and Hodges reported the first accounts of
Pt-mediated aromatic C—H activation in 1967.%7
Dissolving KoPtCl, in a D2O/CD3sCOsD mixture gave
deuterium incorporation in benzene and benzene
derivatives. Reactions with cyclohexane were re-
ported to be slow, but no further details were given.
Mechanistic details of the aromatic C—H activa-
tion were later reported in a series of remarkable
papers.66:112-116 Degpite early attempts by Garnett
and Hodges to induce aliphatic C—H activation,?7 it
was Shilov and co-workers who in 1969 were the first
to successfully achieve H/D exchange into methane
and ethane.?” Influenced by the success of Garnett
and Hodges (see section 1) with KoPtCly, Shilov chose
the same system for reactions with methane and
ethane. A deuterium incorporation of 2.5% was
achieved for methane by heating with a solution of
30% CH3CO2D in D20 acidified with 30% HCI at 100
°C for 6 h. More than 26% D incorporation into
ethane was achieved after 9 h at 150 °C. This was
the first homogeneous system ever to activate simple
alkane C—H bonds. The results were later verified
by Hodges, who also added linear and branched
alkanes up to C6 to the list of reacting hydrocar-
bons.%8

Catalyst stability and Pt black formation, possibly
by Pt(II) disproportionation, were early issues with
the aqueous Pt(II) systems.!'” Acidic conditions in-
hibited disproportionation, although too acidic condi-
tions also inhibited the homogeneous metal-catalyzed
H/D exchange and promoted acid-catalyzed ex-
change.?"66.114 The possible participation of hetero-
geneous species was also addressed.?”!12 The acetic
acid also served an important role by solubilizing
benzene, precluding a two-phase system. Shteinman
et al. speculated that a weak chelate complex, pos-
sibly CloPt(72--HOOCCH3), was the origin of acetic
acid stabilization.®” A 'H and *Pt NMR study of
Pt(II) dicarboxylates shows multiple modes of com-
plexation.!® Interestingly, a very recent study by
Gerdes and Chen elaborates the role of interconvert-
ing ' and 72 acetate ligands in Pt diimine complexes
(see section 6.5).11° It was shown earlier that benzene
and other aromatic hydrocarbons improved the sta-
bility of the catalytic system with respect to Pt
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deposition.'* The inertness toward molecular oxygen
is a desirable feature of the aqueous KyPtCl, sys-
tem;'?° the presence of air has even been suggested
to inhibit disproportionation.!4

Reaction rates were shown to be first order in
[PtCL27] and [hydrocarbon] and inversely propor-
tional to [C17],8667 and perchloric acid was used to
increase the acidity without accompanying inhibition
by chloride. No simple correlation was found between
the acidity and the reaction rates. A nonlinear
dependence of the rate on added PtCl,2~ and CI-
suggested initial displacement of chloride by one or
two solvent molecules (DO, CH3COOD) to yield
Pt(Solv)Cl;~ or Pt(Solv);Cls.114 In fact, PtCla(OAc)e2~
as a catalyst led to increased H/D exchange rates in
pyrene.!'? The idea that an active Pt(II) complex with
a coordination vacancy is formed by Cl~ dissociation
was also suggested by Rudakov.!?! 19%Pt NMR signals
corresponding to PtCl2™ as well as PtCl3(H20)~ were
later observed by Bercaw and co-workers at an early
stage in oxidation reactions where PtCls2~ was used
as the oxidant.!?2 Consumption of the oxidant gradu-
ally released Cl~ that during several hours inhibited
the C—H activation reaction, and eventually the %Pt
NMR signal of PtCl,>~ was the only one present.
Again, it appears that at least one Cl- must be
displaced for C—H bond activation to proceed.

Ligand effects in PtClyLe and PtCl3;L.~ were studied,
and it was shown that the rate of D incorporation
into cyclohexane varied over 3 orders of magnitude
in an order opposite of that expected from ligand
trans effects,'?® suggesting that the rates of alkane
C—H activation do not merely reflect the ease of
ligand substitution. Rapid H/D exchange in alkanes
and arenes is only observed when the ligands bonded
to Pt are of low trans effect.!!®

The rate of deuterium incorporation into substi-
tuted benzenes (C¢HsX, X = F, Cl, Br, Me, CFj3, ‘Bu,
NOg) was relatively independent of X in reactions
with aqueous Pt(II) in CH3COOD/DCI1.%6112 If one
assumes that the electrophilic attack at the C—H
bond is not rate determining, the invariance of rate
exchange observed for the substituted benzenes is
explained. For alkanes initial experiments showed
H/D exchange rates that decreased in the order CoHjg
> CH, > CH3COOH.®" Additional experiments showed
that the rate of exchange decreased with the intro-
duction of electronegative substituents (CHsF, CHyFy,
CHC]3, CH3CHF2, etc.).116’124

The reactivity order in alkane H/D exchange is
cycloalkanes > primary C—H > secondary C—H >
tertiary C—H, and steric factors appear to exert a
major influence.?8114125 Thus, in straight-chain and
branched alkanes the methyl groups are more reac-
tive. This observed reactivity is the opposite of what
is normally found for electrophilic and radical oxida-
tion reactions where reactivity largely depends on
bond strength. Arenes are generally more reactive
than alkanes, but reactivities nearly overlap, benzene
reacting only twice as fast as cyclohexane.!'l In
alkylbenzenes the aromatic C—H bonds are most
reactive. In the side chain the o and w positions are
more reactive than the other methylene units,'?¢ and
the extent of deuterium incorporation decreases with
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All steps are reversible as necessitated by the observed multiple H/D exchange, but have
been drawn only in one direction and for the 1st H/D exchange for simplicity.

increasing chain length. For naphthalene H/D ex-
change is observed only in the 8 position,'?” and very
little deuteration occurs in the aromatic positions of
p-xylene compared to the methyl groups (2% vs
20%).113:128 Similar trends are observed for polycyclic
aromatic hydrocarbons.'??

3.2. Mechanism of Multiple H/D Exchange

The fact that multiply deuterated species were
formed even early in the reaction was a remarkable
feature of the Pt(II)-catalyzed H/D exchange.%6:67
Whether this occurred by a single multiexchange
event or by consecutive single-exchange events was
analyzed in detail by Garnett and Hodges, who
estimated the so-called “M values” for the H/D
exchange.® Originally introduced for heterogeneous
exchange,!®® the M value gives an estimate of the
number of D atoms that enter a substrate molecule
that is bonded at a catalytic site before the molecule
again dissociates. M values in the range 2.69—3.76
were found for benzene H/D exchange, depending on
the CH3COOD concentration. For H/D exchange into
alkanes, M values were in the range 1.42—1.82.114.131

Two mechanistic possibilities were originally fa-
vored. Repeated, reversible oxidative cleavage/reduc-
tive coupling of DCI/HCI (Scheme 12, A)%¢ includes a
Pt(IV) aryl hydride intermediate—a type of species
which at that time had not yet been observed. The
other possibility was repeated interconversions be-
tween o-bonded and 7z-coordinated benzene combined
with deprotonation/deuteration, not necessitating the
Pt(IV) intermediate (B). The two options essentially
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amount to protonation at Pt vs at the C(aryl) atom
or Pt—C(aryl) bond. In alkylbenzenes H/D exchange
was observed in aromatic and aliphatic positions,
aromatic C—H bonds generally being more reactive
than aliphatic ones. The mechanism proposed to
include this scrambling included a 73-benzyl species
which interconverts with the z-benzene (C).126 For
alkanes, Garnett and Hodges proposed mechanism
D including a complex described as involving “delo-
calized molecular orbitals of the alkane”.®® This
description is remarkably close to today’s description
of Pt o-alkane complexes. Bearing in mind that this
was published as early as in 1971, it might indeed
be the first mention of such intermediates in Pt-
mediated C—H activation chemistry.

Rudakov and Shteinman suggested repeated in-
terconversions between o-bonded ethyl and s-coor-
dinated ethene once ethane has reacted with the
platinum center (F').13! For methane the postulated
intermediate following the same pattern would ne-
cessitate a carbene species Pt=CHj; (G). The carbene
mechanism has not received much support in Pt-
mediated C—H activation chemistry, although Pt
hydrido(alkyl)carbene complexes have been sug-
gested as intermediates in reactions of platin-
acycloalkanes.’3? Shestakov suggested a mechanism
for H/D exchange avoiding both carbene species and
alkane complexes (H).!3% Following addition of D" at
Pt, an agostic bond to the alkyl group is formed and
the D on Pt is transferred to the alkyl group while
the agostic H is transferred to Pt in a concerted
fashion. Interestingly, a similar transition state
involving D and SiMes, rather H and D, was recently
proposed to be involved in the migration of MesSi
from C to Pt in the protonolysis of a Pt—CH.SiMes
complex.134

Shilov and others proposed that H/D exchange
proceeds by protonation at the Pt—CHj; group fol-
lowed by rotation of the coordinated methane and
deprotonation, thereby avoiding a Pt(IV) methyl
hydride that was believed to be thermodynamically
unfavorable (D).121135 Zamashchikov, however, pro-
posed that H/D exchange could be accounted for by
interconversions between a Pt(IV) alkyl hydride and
the corresponding ¢ complex (E).136:137 Again, the two
options amount to protonation at Pt vs at the C(alkyl)
atom or Pt—C(alkyl) bond, and this addresses a key
question, namely, whether C—H activation and the
reverse reactions involve oxidative cleavage and
Pt(IV) hydrido alkyl intermediates or electrophilic
substitution and o-bond metathesis processes (Scheme
13).
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The idea that Pt(IV) alkyl, aryl, and hydride
complexes were involved in C—H activation evolved
during the 1960s,%6:138 but it was not until the 1970s
that experimental evidence for the existence of
Pt(IV) alkyls and aryls was found,'?® and attempts
were made to synthesize Pt(IV) alkyl complexes from
RHgBr.1#0 In 1982 Zamashchikov et al. recorded the
'H NMR spectrum of a species believed to be
PtCl;Me(H20)~, where a signal corresponding to
Pt—CHj; was observed at 6 3.38 relative to MesSi-
OSiMes; with characteristic 19°Pt satellites (2Jg_p¢
= 77 Hz)."*! In the following years more Pt(IV)
alkyl species were observed!?®142 and eventually
isolated 311437147 The Pt(II) methyl complex MePtCls?~,
believed to be the first intermediate after C—H
bond breaking and deprotonation, proved more
elusive. It was eventually obtained, admixed with
MeoPtCly2~, from the reduction of MePtCls2~ with
Cp2Co by the Bercaw group.'*® Detailed studies
showed that MePtCls2~ is much more water sensitive
than MesPtCl?™ and is readily protonolyzed in water,
even at neutral pH. In the presence of PtClg?,
however, oxidation of MePtCls2~ was shown to be
competitive with protonolysis. At the temperature of
alkane functionalization (120 °C), oxidation should
completely dominate over the reversion of MePtCls2~
to methane by protonolysis.

Zamashchikov et al. suggested that deprotonation
occurred from Pt(IV) alkyl hydrides after a complete
oxidative cleavage.'?6137 The conclusion was based on
the assumption that the formation of an alkane
complex would have no H/D isotope effect. Consider-
ing the current state of knowledge about isotope
effects in C—H activation chemistry (see section 2.6)
and agostic systems, this conclusion remains open.3!
In a discussion of Shilov’s mechanistic proposal,
Bercaw et al. pointed out that oxidation of Pt(II) to
Pt(IV) does not appear to be very attractive.’%14° By
analogy with the known acidity of dihydrogen com-
plexes'™ and the acidity of an agostic model com-
plex,®! the authors argued that deprotonation from
a methane o complex would appear to be more
favorable.

3.3. H/ID Exchange —1,2 Shift in Ethane

The distribution of deuterioethanes arising from
exchange in the presence of acetic acid shows a
monotonically descending trend from d; to ds. When
the reaction is performed in D3O without acetic acid,
a predominance of d1—d3 over ds—dj is still seen but
with an ascending trend within each group. This
stepwise distribution suggests that exchange first
takes place in one methyl group of ethane, and in a
somewhat slower process the ethane molecule “turns
around” and exchange occurs at the second methyl
group.'52153 The formation of asymmetric d» and d4
deuterioethanes is fully consistent with a mechanism
involving o-complex intermediates. The isotope dis-
tribution pattern implies that a 1,2-shift (shift of o
attachment of Pt from a C1—H to a C2—H) is slower
than a 1,1-shift (shift of attachment from one C1-H
to another; Scheme 14) or dissociation of ethane from
Pt and that the presence of acetic acid somehow
facilitates the 1,2-shift. Flood”® and Jones™ recently
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demonstrated that (Mestacn)Rh and Tp'Rh fragments
are capable of migrating along an alkane chain and
that a Rh—D label can migrate intramolecularly to
the o and w termini of such chains.

3.4. Computational Studies of the Shilov System

A thorough review of quantum mechanical calcula-
tions on Pt and Pd molecular chemistry covering the
literature from 1990 to 1999 has appeared.'®* An
important DFT study by Siegbahn and Crabtree on
trans-PtCla(H20)2 has addressed the importance of
water in the second coordination sphere!®® and em-
phasizes the need to reliably include solvent and
medium effects in calculations. Calculations were
therefore done on reactions between methane and
PtCly;(H20), as well as an outer-sphere adduct con-
taining an additional water molecule. The authors
concluded that a o-bond metathesis pathway was
preferred. The rate-limiting step for the process is
transfer of a hydrogen atom from the methane o
complex to a neighboring (cis) chloride ligand with
an energy barrier 69 kd/mol above the methane o
complex. In this process the H atom is not very
protonic, as indicated by the fact that the transition
state was not significantly stabilized by additional
water molecules in the bond-breaking region. How-
ever, an oxidative addition pathway was still com-
petitive for reactions at Pt and could not be dis-
counted. A more clear-cut preference for o-bond
metathesis was found for reactions at Pd. The role
of the second solvent coordination sphere at Pt was
manifest in two ways: by acting as the terminal
proton acceptor from the heterolytic cleavage of the
C—H bond of methane and by improving the energet-
ics of the methane binding at Pt. Attempts were also
made to address the remarkable selectivity for ter-
minal C—H bonds vs internal C—H bonds using
propane as a model.'?® The origin of this effect was
attributed to the greater polarity of the primary vs
secondary M—C bonds!®® that are formed in the
o-bond metathesis. An increasing number of methyl
substituents on a carbon decreases the negative
charge on carbon, resulting in a weaker metal—
carbon bond. This is an interesting observation,
especially since the selectivities have been largely
attributed to steric effects (see section 3.1).

In a study of methane C—H activation at cis- and
trans-PtCla(NHj)e in aqueous media Hush and co-
workers calculated that ammonia is bound more
tightly than water as a ligand by ca. 80 kJ/mol.1%7
Consequently, and in contrast to the findings in the
above paragraph, displacement of ammonia by meth-
ane in PtCla(NHj); is rate limiting in the overall
activation of methane with energy barriers that are
comparable to those of the C—H bond cleavage. The
trans complex exhibited a clear preference for oxida-
tive addition over o-bond metathesis, whereas the
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two were competitive for reactions at the cis complex.
Further details about the ammine complexes are
discussed in relation to the Catalytica system (section
4).

3.5. C—H Activation by Pt(IV)

Pt(IT) systems have been most frequently studied
for C—H activation, yet it has been shown that
Pt(IV) species are also capable of activating aromatic
C—H bonds, affording Pt(IV) aryl complexes (aryl)-
PtCl52~ or (aryl)PtCly(H0) .158-161 Refluxing benzene
with HoPtClg in CFsCOOH/H20 for 10 min followed
by workup on silica gel containing ammonia yielded
PtCl4(CgH5)(NH;)"NH,*. With monosubstituted ben-
zenes only meta and para isomers are observed with
a kinetic preference for para. With increasing reac-
tion time a near statistical meta and para distribu-
tion is obtained. No o-aryl products were isolated
from p-xylene and mesitylene. The reactions were
first order with respect to PtClg>~ and arene, and LiCl
inhibited the reaction. Electronic effects were probed
in competition experiments between CsHg and vari-
ous CgHsX species and demonstrated that initial
rates decreased by 3 orders of magnitude going from
X = OH to NOs. Kinetic isotope effects in benzene-
ds and toluene-ds were 3 and 2.3, respectively. The
mechanism that was proposed involves Cl~ dissocia-
tion followed by coordination of the arene to give a
Pt(IV) m-arene complex which transforms into a
Wheland-type complex. Deprotonation leads to the
o-aryl complex. The observed meta/para isomeriza-
tion may proceed via a Wheland-type intermediate
or via the 7 complex. The relatively small kinetic
isotope effects led to the suggestion that the rate-
limiting step is the formation of the Wheland complex
rather than the subsequent deprotonation. The reac-
tion of PtClg>~ with arenes also proceeds at room
temperature under photochemical or y-irradiation
(%9Co source).'®! Contrasting the thermal reaction,
only the para Pt—aryl isomer is obtained from mono-
substituted benzenes, and no meta/para isomeriza-
tion was observed. Subjecting hexane to HoPtClg in
CH3;COOH/H30 under photochemical'®? or y-irradia-
tion'® yields a ;-alkene product which can be trapped
by workup on silica with pyridine.

4. “Catalytica” System for Catalytic Methane
Functionalization

Apart from the use of expensive Pt(IV) as an
oxidant, the aqueous KyPtCly system suffered one
major drawback, namely, short catalyst life due to
reduction of platinum and deposition of insoluble
(PtCly),..1%* As discussed already, this could be pre-
vented to some extent by the addition of aromatic
compounds including benzene, toluene, and pyrene.
Addition of chloride inhibited catalyst reduction but
unfortunately also attenuated the rate of the C—H
activation reaction. These issues were addressed by
Catalytica Advanced Technology Inc., where Periana
et al. described a (bpym)PtCly/H2SO4 system which
converts methane to methyl bisulfate, a potential
precursor for methanol (Scheme 15). The process is
catalytic in Pt and utilizes SO3 in fuming H,SO, as
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oxidant.!* The catalyst is severely inhibited by water
or methanol, so that unattractive rates are observed
below 90% HS0,4.2 This system is frequently referred
to as the “Catalytica system”. Regarding yields,
selectivity, and catalyst turnover numbers, the Cata-
Iytica system is a true landmark for catalytic low-
temperature methane functionalization. It accom-
plishes C—H activation, oxidation, and functionaliza-
tion in the best way so far achieved for a homoge-
neous system without significant overoxidation to
COs or formation of chloromethane.'%®> Although the
process at present is not economically competitive
compared to existing heterogeneous industrial pro-
cesses, it serves as an important lead for future
developments.

The Catalytica system is stable and active for the
conversion of methane to methyl bisulfate with yields
greater than 70% based on methane, selectivities
greater than 90%, and catalyst turnover numbers
greater than 300.2 The ester can be hydrolyzed to
methanol, and the SO, formed can, in principle, be
reoxidized to SOs, leading to Og as the terminal and
very attractive oxidant. A remarkable feature of the
system is the “self-assembling” and “self-cleaning”
feature of the catalyst: treatment of (PtCly), with one
equivalent of the bpym ligand in concentrated Hs-
SO, at 150 °C leads to complete dissolution of (PtCly),
and catalyst formation. Even Pt metal is dissolved
by bpym in hot, 96% HsSO, to produce homogeneous
(bpym)Pt(HSOy,)s. It has been recently reported that
the precatalyst (bpym)PtCl; dissolves in superacidic
HF/SbF;5 with formation of the dinuclear cation [(Hs-
bpym)Pt(u-CD]o%*, which has been crystallographi-
cally characterized with SbFs~ and SbyoF112~ counter-
ions.1%¢ It was reported that at temperatures up to
about 80 °C this complex shows no reaction with
methane (higher temperatures are difficult to handle
due to the vapor pressure of HF). Nevertheless, both
uncomplexed N atoms of the bpym ligand are proto-
nated under these conditions and presumably could
be under true catalytic conditions in concentrated sul-
furic acid, resulting in a highly electrophilic Pt center.
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Multiple H/D exchange is observed into gas-phase
methane over a catalyst prepared in DoSO,4, suggest-
ing again the involvement of o-methane intermedi-
ates. No H/D exchange is observed into the methyl
group when CH30SO3H is added to the catalyst in
D3SO, The ability of the catalyst to discriminate
between C—H bonds in CH4 and CH30SOsH is of
crucial importance for the desired selectivity and is
thought to be due to the electron-withdrawing bisul-
fate group which inhibits electrophilic reactions
between the metal complex and CH;0SO3H.

The original Catalytica paper'®* discusses whether
C—H activation occurs by oxidative cleavage, with
deprotonation from a Pt(IV) methyl hydride, or by
electrophilic substitution, with proton loss from a
Pt(II) o-methane complex. Experimental data do not
allow a distinction to be made between these two
mechanisms. A great number of computational stud-
ies has followed concerning the mechanism of the
C—H activation in the Catalytica system and in the
simpler (NHj3);PtCly system, which experimentally
was shown to have a higher catalytic activity but was
more prone to dissociation of the ammine ligand
under acidic conditions.'®* The calculations are par-
ticularly challenging because reliable modeling of the
highly polar and acidic medium is expected to be of
great importance.

DFT calculations on (NH3)2:PtCl, using a dielectric
continuum to model solvation were used by Hush and
co-workers to study oxidative addition vs electrophilic
substitution.'® The replacement of ammonia by
methane and formation of a o-methane complex was
effectively rate limiting for this system. The two
alternative pathways from the o-methane complex
through either a five-coordinate Pt(IV) methyl hy-
dride or deprotonation of the o-methane ligand were
investigated. The activation barriers for o-bond me-
tathesis and oxidative addition were found to be
comparable for cis-(NHj3)oPtCls, whereas oxidative
addition was strongly favored for trans-(NHjz)oPtCls.
It was concluded that the results support the ther-
modynamic feasibility of oxidative addition of meth-
ane to (NH3)2Pt(OSOgH)2 or (NH3)2Pt(OSOgH)-
(H2SOy*. In a later DFT study on the same system
using the Poisson—Boltzmann continuum to model
solvation, Goddard and co-workers investigated the
possibility of methane displacing chloride instead of
ammine. A comparison of oxidative addition and
electrophilic substitution pathways suggested that for
cis-(NH3)9PtCly the oxidative addition pathway is
favored by 42 kJ/mol.167

DFT calculations on the Catalytica system using
the conductor-like screening model for solvation
corrections were used by Ziegler and co-workers.168
Calculations were performed on cations (bpym)PtCl*
and (bpym)Pt(OSOsH)™ and interestingly led to dif-
ferent conclusions with regard to the mechanism.
Oxidative addition was favored for (bpym)PtCI,
whereas a o-bond metathesis in which deprotonation
occurs by proton transfer to the coordinated HSO4~
ligand was preferred for (bpym)Pt(OSOsH)*. How-
ever, the authors pointed out that the solvation model
used was not accurate enough to model the equilib-
rium between (bpym)Pt(OSOsH)"™ and (bpym)PtCI*.
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Figure 4. DFT-calculated energy diagram for C—H acti-
vation at the Catalytica system. (Adapted from ref 167.)

Protonation of the noncoordinated N atoms of the
bpym ligand increased the tendency toward a o-bond
metathesis pathway. However, it was found that both
ligand protonation steps were endothermic and that
the noncoordinated N atoms of bpym are not proto-
nated in the Catalytica system or that if they are
protonated the counterions probably coordinate to Pt
as well.

The study by Goddard that was mentioned above
also includes calculations on the (bpym)PtCl; sys-
tem.!8” Extensive computations were done to map the
energies and relationships of the many species that
might be involved in the concentrated HsSO4 me-
dium. Contrary to Ziegler’s findings it was observed
that Cl~ remains closely associated to form a tight
ion pair (bpym)PtCI(CH)*Cl™; T-shaped three-coor-
dinate Pt cation (bpym)PtCl™ and N-protonated
analogues were not favored as discrete intermediates.
Contrasting the behavior of the ammine system cis-
(NHj3)oPtCls, an electrophilic substitution was now
favored over oxidative addition and Cl~ was shown
to assist the deprotonation of the o-bound methane.
The calculations indicated that the bpym ligand was
likely to be protonated at one nonligated N under
actual catalytic conditions,'®® which causes a greater
preference for electrophilic substitution. Periana
argues that a reason for the apparent changeover in
mechanism from the oxidative addition observed in
the Shilov system to electrophilic substitution in the
Catalytica system is the increased electrophilicity of
the metal due to protonation of the bpym ligand.?
Figure 4 depicts a reaction coordinate diagram for
C—H activation at the unprotonated bpym catalyst
system. The relative energies of the electrophilic
substitution TS* and the methane association TS* are
consistent with multiple H/D exchange in deuterated
media.

At this point it is appropriate to address the use of
the terms “electrophilic substitution” and “o-bond
metathesis” (Scheme 16). The major differences
between Goddard’s electrophilic substitution and
Ziegler’s o-bond metathesis appear to be whether the
base X~ (Cl~ and HSO,") is attached to Pt or not
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when the deprotonation occurs: X is detached in the
case of electrophilic substitution but attached in the
case of a o-bond metathesis. The two studies do
however agree that deprotonation occurs from the
o-methane complex. In other words, no oxidative
addition occurs, so no Pt—H bond is formed. Hush
indicates the similarities between the two pathways
in a DFT study on (NHj3):PtCly but uses the term
o-bond metathesis similarly for a mechanism where
Cl~ remains bonded to Pt during the deprotonation
of the weakly coordinated methane.'57

There have been recent reports that Pd and Pt
complexes bearing chelating N,N-heterocyclic car-
bene complexes show interesting activities in Shilov-
type chemistry.l’%1"1 For example, the Pd bis-
(carbene) complex with R = Me and X = Br in
Scheme 17 catalyzes the conversion of CHy (20—30
atm) to CH;OCOCF; in CF;COOH at 80—100 °C
using KsS20g as the oxidant with at least 30 turn-
overs. The Pd complexes are stable in this reaction
medium, but analogous Pt complexes decompose to
Pt black. The N,N-heterocyclic carbene ligands have
had a major impact on organometallic chemistry and
catalysis during the past decade.'’>17® Insofar as they
have hardly been used in Pt-mediated C—H activa-
tion chemistry, there appears to be a significant
potential for new discoveries with these novel ligand
systems.

5. Reactions at Pt Complexes with Phosphine
Ligands

5.1. C—C and C—-X Reductive Elimination from
Octahedral Pt(IV) Complexes

A considerable part of the current understanding
of C—H activation processes stems from investigation
of C—H reductive elimination processes. Hydride and
alkyl ligands are both o-donors toward the metal, and
therefore, insight gained from studies of C—C and
C—heteroatom eliminations is useful.° The reactivity
of octahedral Pt(IV) complexes will be particularly
important for us. C—C reductive eliminations from
fac-(PRs3):PtMesX complexes have been extensively
studied. Inhibition by added phosphine was seen in
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early work, and this is considered to imply a dis-
sociative mechanism in which phosphine dissociation
generates a five-coordinate species that is responsible
for the reductive elimination (Scheme 18).174

In accord, chelating diphosphines, which are less
prone to dissociation, should lead to reduced reactiv-
ity. However, eliminations from fac-(diphosphine)-
PtMe;sX systems also undergo eliminations by disso-
ciative pathways. In these cases it is the X~ group
that dissociates. For example, (dppe)PtMesl under-
goes dissociative eliminations—elimination of Mel is
kinetically preferred but reversible whereas ethane
elimination is thermodynamically favored. Both reac-
tions proceed via the same five-coordinate intermedi-
ate (Scheme 19).1317 Competing C—0O and C—-C
reductive eliminations from (dppe)PtMe3;OAc, (dppe)-
PtMe3(0O-p-CsH OMe), and related systems proceed
according to similar mechanisms.176:177

C—C elimination also occurs from (diphosphine)-
PtMe, compounds. In these cases no readily disso-
ciable ligand is present. Nevertheless, it has been
concluded that C—C elimination occurs by dissocia-
tion of one arm of the diphosphine to generate the
five-coordinate species that undergoes elimination
(Scheme 20).17817 It appears that no definitive
examples of a direct C—C coupling from octahedral
Pt(IV) alkyl complexes have been reported to date.

With the above experimental findings in mind and
considering the many similarities between alkyl and
hydride ligands—both being ¢ donors with strong
trans influence properties—one might anticipate dis-
sociative C—H elimination reactions to be prevalent
for Pt(IV) alkyl hydrides. However, C—H eliminations
are generally more facile than C—C eliminations, and
therefore, there is a definite possibility that a direct
elimination pathway may be available, in particular
for systems that have no easily dissociated ligand.!8°

5.2. C-H Reductive Elimination from Pt(1l)

There are relatively few reported stable Pt(II)
hydridoalkyl complexes, and consequently, alkane
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elimination from Pt(II) has not been extensively
studied. The first demonstration of an intramolecular
alkane elimination from a cis-hydridoalkyl complex
was reported by Halpern and co-workers.'® The
formation of methane from cis-(PPhs),Pt(H)(CHs) at
—25 °C was shown to be intramolecular by a cross-
over experiment. The rate of methane loss (4.5 + 0.5
x 107* s71) was unaffected by addition of PPhs, which
however trapped the Pt fragment to cleanly yield Pt-
(PPhs)s. A normal £H/EP isotope effect of 3.3 £ 0.3 was
determined for the reaction of (PPhs),Pt(H)(CHs) vs
(PPh3)oPt(D)(CD3). These results were interpreted in
terms of rate-limiting reductive elimination. Elec-
tronic effects on the methane elimination were in-
vestigated with a series of cis-(PArs).Pt(H)(CHjs)
complexes (Ar = p-XCegHy; X = Cl, H, Me, MeO). The
observed rate decreased by a factor of almost 20
through the series, which correlates with the relative
abilities to stabilize the low Pt(0) oxidation state. For
cis-(PPh3):Pt(H)(R') compounds the elimination rate
decreased in the series R' = Ph, Et, Me, vinyl. Normal
KIEs for reductive elimination from Pt(II) alkyl
hydride phosphine complexes have also been reported
for the more stable cis-(PPhs).Pt(H)(CHoCF3)18t (RH/
kP = 2.2) and (dcpe)Pt(H)(CHCMes)'®? (BH/RP = 1.5).
The normal isotope effects imply a rate-limiting
reductive cleavage rather than alkane elimination
when considered with the background on kinetic
isotope effects that was given in section 2.6.83109
Small values of AS* for elimination from cis-(PPhg)s-
Pt(H)(CH2CF53) (21 = 8 J K™ mol™') and from (dcpe)-
Pt(H)(CH2CMe3) (21 + 4 J K ' mol™') are clearly in
accord with nondissociative processes.

The nondissociative nature of these elimination
reactions has been confirmed by recent DFT-BSLYP
computational studies on cis-(PHz).Pt(H)(CHj3)'®3 and
cis-(PMe3):Pt(H)(CH3)'8* model systems. The three-
coordinate species (PR3)Pt(H)(CHs) have a consider-
ably lower barrier toward methane elimination (pro-
ducing an 7-(H,H) o-methane complex) than (PR3).Pt-
(H)(CHs) (which yields a weakly bonded CH, adduct
with d(Pt---HCHj3) of 3.31 A). However, the high
energy cost of PR; predissociation rendered the
dissociative pathway considerably less favorable by
32 and 40 kJ/mol for the two ligand systems (Figure
5). The experimentally determined activation energy
AG% sk = 78 kJ/mol for cis-(PR3)sPt(H)(CH;)!8° (cal-
culated from the rate constant given) agrees well with
DFT-computed values for cis-LoPt(H)(CH3), AG¥4sx
= 69 and 82 kJ/mol for L = PH; and PMes, respec-
tively.

5.3. C—H Activation at Pt(0) Complexes

The transient (PR;3).Pt? fragments that result from
the alkane eliminations discussed above are capable
of oxidatively adding hydrocarbon C—H bonds. In
particular, (depe)Pt? has been generated in situ by
the above-mentioned reductive elimination of neo-
pentane from (dcpe)Pt(CH2CMes)(H) and has been
particularly well studied.'® The (dcpe)Pt? fragment
is not stable but can be trapped with diphenylacety-
lene or added dcpe. In the presence of benzene,
(depe)Pt(CgHs)(H) is quantitatively formed. Reductive
elimination of neopentane was inferred to be the rate-
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limiting step for the overall reaction on the basis of
observed first-order kinetics, indistinguishable rates
for C¢Hg and CgDg activation, and a kinetic isotope
effect (kH/RP = 1.5) for reductive elimination of (dcpe)-
Pt(CHyCMe;3)(D). No H/D exchange involving the
methylene or methyl groups of the neopentyl ligand
was seen during thermolysis of (dcpe)Pt(CH2CMes)-
(D), mitigating against metalation of the neopentyl
ligand to access Pt(IV) intermediates. No D from C4Dg
was incorporated into the neopentane. D scrambling
into the hydride site was observed by 2H NMR during
thermolysis of (depe)Pt(CsDs)(H) in C¢Hg, suggesting
that #2-benzene intermediates are involved. Ex-
change with the solvent C¢Hg was also seen. It is
likely that #2-benzene complex formation precedes
benzene activation, although this was not rigorously
proven. Scheme 21 summarizes the mechanism of
these reactions.

A range of other hydrocarbons with alkyl, aryl,
benzyl, or trimethylsilyl C—H bonds add to in-situ-
generated (depe)Pt? (Scheme 22) with highly variable
yields.'® Reaction with alkynes and alkenes mainly
produces coordination complexes. When (dcpe)Pt-
(CH2CMe3)(H) was thermolyzed in the presence of
mesitylene, products of aromatic and benzylic activa-
tion were formed with an 85:15 kinetic preference for
aromatic C—H activation. Upon prolonged heating in
mesitylene at 69 °C, the two products isomerized to
give a 46:54 mixture of aromatic and benzylic prod-
ucts, which translates to a 0.4 kJ/mol thermodynamic
preference for the sterically less hindered benzylic
product. Independently synthesized samples of the
two also equilibrated in mesitylene but not in

P
Cy2
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benzene—(dcpe)Pt(CsHs)(H) formed instead. These
findings suggest that the mechanism of isomerization
between the aromatic and benzylic activation prod-
ucts does not involve a cyclometalated Pt(IV) inter-
mediate but rather proceeds by reductive elimination
of mesitylene followed by re-addition of mesitylene
by aryl or benzyl C—H bond activation. Addition of
benzene solvent then competes favorably with the re-
addition of mesitylene. The driving force for an
aromatic preference, in the absence of overriding
steric effects, is normally a stronger Pt—C(aryl) than
Pt—C(benzyl) bond. A kinetic preference for aromatic
activation but thermodynamic preference for benzylic
activation was recently reported in a cationic (di-
imine)Pt system (section 6.6); in this case the benzylic
preference was attributed to #? coordination of the
benzylic moiety.1%6

MO calculations!®” suggest that a smaller P—Pt—P
bite angle leads to increased reactivity of the PsPt®
moiety toward C—H and C—X bonds. Thus, a highly
strained system (dtbpm)Pt(CHoCMes)(H) with a
P—Pt—P angle of 74.7° was prepared.'88 The reactive
intermediate (dtbpm)Pt® was trapped as stable alkyne
or olefin adducts after room-temperature elimination
of neopentane. Surprisingly, heating (dtbpm)Pt(CHs-
CMes)(H) in benzene did not lead to C—H activation
but instead produced a dimer of the alkyl hydride.
Independently prepared (dtbpm)Pt(C¢H;)(H) was
stable under the reaction conditions. Heating (dtbpm)-
Pt(CH3;CMe3)(H) in neat SiMe, produced (dtbpm)Pt-
(SiMe3)(Me) by selective cleavage of a Si—C bond
(Scheme 23). The Si—C bond cleavage is believed to
occur by prior C—H activation to yield an intermedi-
ate (dtbpm)Pt(CH2SiMes)(H) which was not observed
during the reaction. However, independently pre-
pared (dtbpm)Pt(CH2SiMes)(H) underwent smooth
isomerization to the thermodynamically more stable
(dtbpm)Pt(SiMes)(Me). Labeling studies demonstrated
that the isomerization occurred intramolecularly
and without elimination of Me,Si. Isomerization of
(dtbpm)Pt(CH:SiMes)(D) selectively produced (dtbpm)-
Pt(SiMes)(CH2D) with no evidence for D incorpora-
tion into the Si—Me groups. Remarkably, this C—H/
Si—C activation occurs even in the presence of
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benzene. This unprecedented reactivity toward the
Me,Si sp? C—H bonds in a system that does not
activate benzene C—H bonds is quite surprising. The
mechanism of this isomerization is not known, but
the reaction does show a close resemblance with
recent MesSi C—H activating cationic Pt(II) diimine
systems!34189 (see section 6.7).

A comparison of the reactivity of bent (dcpe)Pt?
with that of linear bis(phosphine) Pt(0) complexes led
to the suggestion that these complexes may serve as
models for edge and terrace atoms in heterogeneous
catalysts, respectively.'8218 The latter were thought
to be completely unreactive with respect to hydro-
carbon addition,!®%191 but opposite claims!®> have
since been made for Pt systems.

An N-heterocyclic carbene Pt(0) alkene complex has
recently been shown to activate C—H bonds of imi-
dazolium salts to yield isolable Pt(II) bis(carbene)
compounds.’® The reaction is complete within 1 h
in refluxing THF or acetone. Comparing the reactiv-
ity of the Pt(0) carbene with (dcpe)Pt? toward imi-
dazolium salts, it was shown that the former is more
efficient in the C—H bond activation (Scheme 24).
The mechanism of these reactions has not been
investigated in detail, but the established C—H
acidity of imidazolium salts!®*1% suggests that initial
proton transfer toward a neutral and presumably
quite basic Pt center may be operative.

5.4. Protonation of Pt(ll) and Reductive
Elimination from Pt(IV) Complexes with Labile
Anionic Donors

As discussed above, methane elimination from
neutral Pt(II) hydridoalkyl complexes (PRs):Pt(H)-
(CHj) proceeds without prior phosphine dissociation.
The situation is quite different for octahedral Pt(IV)
complexes (PR3)oPt(H)(CH;3)(X)(Y) with a strong pre-
dominance for dissociative processes, although a
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Scheme 25
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limited number of apparently nondissociative pro-
cesses have been documented.

Several studies have served to provide a detailed
understanding of the mechanism of protonation of
(PEt3):Pt(Me)Cl and closely related systems. Proto-
nations have been proposed to occur directly at the
metal, by electrophilic attack at the Pt—C bond, or
by a concerted (o-bond metathesis) pathway;138197-201
interestingly, the current view (Scheme 25) is in
essence a slightly modified form of the initial mech-
anism proposed by Belluco et al.'*® The Pt(IV) phos-
phine complex (PEt3):PtClo(Me)(H) was obtained
from (PEts3),Pt(Me)Cl and HCI at —78 °C and elimi-
nated methane at —45 °C in CDyCl,.3* Addition of
DOTY to (PEt3).Pt(Me)Cl in CD3OD produced no
observable hydride, but slow generation of (PEts)s-
PtCl; was accompanied by production of all methane
isotopomers in solution; multiple D incorporation into
unreacted Pt—methyl was also seen. In the absence
of added chloride, full D incorporation took place prior
to methane loss (Scheme 25). Addition of chloride
caused methane elimination to compete with D
incorporation. The rate of H/D exchange was first-
order-dependent on [C17] but with a nonzero positive
intercept of ks vs [C17] (AH* = 61 & 6 kJ mol~!, AS*
=—62 4+ 19 J K1 mol™!, ZH/EP = 0.80 + 0.05 at —27
°C). The rate of protonolysis (methane elimination)
was first-order-dependent on [C1~] with a zero inter-
cept of kg vs [C17] (AHF = 70 £ 3 kJ mol™!, AS* =
—52 4+ 11 J K ! mol™%, £/kP = 0.11 4 0.02 at —12
°C). The mechanism in Scheme 25 appears to accom-
modate the findings.?* An initial solvent- or chloride-
assisted protonation generates the six-coordinate
Pt(IV) hydride. Dissociation of the solvent or chloride
provides the five-coordinate species that after reduc-
tive coupling gives the o-methane species that is
responsible for the H/D exchange. This exchange is
reversible in the absence of chloride; excess chloride
facilitates the rate-limiting methane elimination.
This suggests that methane elimination from the
cationic o-methane intermediate is an associative
process with chloride acting as the nucleophile. A
corollary, given by the principle of microscopic re-
versibility, is that if C—H activation were to occur
in this system, methane would enter the coordination
sphere of Pt in an associative fashion, despite the fact
that methane is an exceptionally poor nucleophile!

Complexes trans-(PEts);Pt(CH2R)Cl (CHsR = Et,
CHyPh) also undergo H/D exchange into the alkyl o
position (not into the § position for CHsR = Et) in
CD3;OD/D* without observable Pt(IV) hydride inter-
mediates.??? The rates of H/D exchange decreased in
the order Et > Me > CHyPh, which is the same order

. H
exch X, WL
¥ YCHDR

D K
X oL exch X, + WL

I “Y(o-CDH,R)

Y l Kais

as that for alkane elimination.’®” The neopentyl
complex (CH;R = CHy'Bu) did not incorporate D into
the CHs group but did release neopentane-d; at —23
°C. The extent of a-D incorporation will depend on
the relative rates of the exchange process (hence on
the energy of the alkane o complex) and the loss of
alkane (kexen and kgs in Scheme 26; simplified by
showing only first H/D exchange and disregarding
isotope effects). The properties of the nonobservable
alkane complexes are not straightforwardly assessed.
However, the similarities in trends of rate of D
incorporation and alkane loss suggest that for the
Pt—Et/Me/CHsPh series the relative rates of the two
key processes are affected in the same direction when
R is altered. For Pt—CHy'Bu, the alkane dissociation
must be fast relative to the H/D exchange via the ¢
complex. The trans influence of the X group (Scheme
26) should considerably affect the rate of alkane loss
(a strong trans influence ligand might also increase
the rate of reductive coupling, and hence H/D ex-
change rate, through a Pt—CH2R bond weakening
effect). In accord, cis bis(phosphine) complexes (depe)-
PtMes and cis-(P(OMe)s3):Pt(C1)Me as well as trans-
(PEts):Pt(I)Me give only CH3D upon deuteriolysis
whereas trans-(PEts3):Pt(Cl)Me, trans-(PEt3)oPt(Br)-
Me, and (tmeda)PtMe; give multiple exchange, all in
accord with the standard trans influence series PR3
> 1" > Br > Cl- > amine.

Whereas protonolysis of trans-(PEt3):Pt(Me)X (X =
Cl, Br) led to multiple D incorporation in CD;0D/
DOTY and proceeded at greater rates in CD3OD than
in CDyCly, the initially surprising finding was that
H/D exchange did not occur and protonolysis reac-
tions were slower in methanol for X = OTf, F, NOs.
The key to understanding this is that the latter more
weakly bonded ligands completely dissociate in metha-
nol to give the cationic solvento complex trans-(PEts)e-
Pt(Me)(MeOH)™. By virtue of its positive charge, this
species is more difficult to protonate than the neutral
species, and the hydridoalkyl complex that must be
accessed in order to achieve H/D exchange as well
as methane elimination is more slowly formed. In
other words, the rate-limiting step is the protonation
rather than the methane elimination as it is for X =
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Cl (Scheme 25) and Br. On the other hand, the
triflate complex is protonated in CDyCl; to reversibly
give trans,cis-(PEt3)sPt(CH3)(H)(OTY),, which elimi-
nated methane at room temperature; DOTS in this
case provided a mixture of isotopomers. The triflate
ligand, as expected, exerts a weak o-methane labi-
lizing effect.?02

Studies of the protonation of a variety of trans-
(PCys3)oPt(H)(X) complexes revealed that there are
three thermodynamic sites of proton attack: hydride,
platinum, or the trans ligand X, depending on the
nature of X and the resulting basicity of the trans
hydride.2?® Relative stabilities of observable 7%-H;
complexes trans-(PCys):Pt(X)(Hz)", which have large
IJg_p values for the HD isotopomers (indicative of a
rather unactivated H—H bond), lend further support
to the suggested labilization of the o complex by the
trans ligand. Protonation of trans-(PCys)Pt(SiHjs)-
(H) with H(Et20):BArr at —95 °C in CDyCly im-
mediately liberated Hy. Under the same conditions
trans-(PCys):Pt(H)(CHj) is reversibly protonated to
give trans-(PCys)2Pt(n2-Hy)(CH3)", which gradually
eliminated CH; and small quantities of Hy. The
reaction of trans-(PCys):Pt(D)(CHs) with a large
excess of HBArg/DBArr in CHCl, at —60 °C fur-
nished CH3D and CH4 and no evidence for multiple
H/D exchange; the methane isotopomer ratios led to
an estimated £H/EP = 2.5 & 0.4 for protonolysis of the
Pt—CH; bond. The phenyl analogue trans-(PCys)oPt-
(H)(Ph) gave a dihydrogen complex trans-(PCys)oPt-
(7>-H2)(Ph)™ from H(Et20):BArr; benzene was liber-
ated at —50 °C with no indication of Hs. On the other
hand, when trans-(PCys):Pt(H)(Ph) was treated with
HCI1 at —80 °C, Hy was rapidly produced along with
trans-(PCys)oPt(H)(C]); the Hs ligand in ¢trans-(PCys)e-
Pt(2-Hy)(Ph)* was immediately replaced with chlo-
ride at —80 °C.2%% Protonation of trans-(PCys):PtHs
with H(Et20);BArr yielded trans-(PCys)oPt(n2-Hy)-
(H)*, which was in equilibrium with Hy and the
dichloromethane solvate; when generated from HOTY,
trans-(PCys)oPt(12-Hy)(H) " irreversibly lost Hy at —95
°C. HCl provided trans-(PCys3)2Pt(C1)(H) and H; with
no observable dihydrogen precursor at —95 °C. In
summary (Scheme 27), the rate of Hs loss from these
complexes correlates with the trans influence of X
(SiHs; > H ~ CH3 > Ph). Furthermore, the combined
data suggest that displacement of H; by chloride from
trans-(PCys)oPt(2-Hy)(X)t (X = H, Me, Ph) proceeds
associatively. (An alternative explanation, preequi-
librium dissociation of Hj followed by rate-limiting
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trapping by chloride, cannot be ruled out).?° The
mechanism of proton transfer from H; to R ligand in
forming the CH, and C¢Hs products is not estab-
lished. Of potential relevance, these and other known
Pt(II) dihydrogen complexes have not shown signs
of being in equilibrium with the Pt(IV) dihydride
tautomers.2%4-2%6 For example, a 75 kJ mol ! energy
difference has been calculated between (PHj):Pt(Ho)-
H* (most stable) and (PHj3),PtHs"; in (‘BusP),;Pt(H)-
(H2)" there is no sign of intramolecular H/H; scram-
bling by NMR even at room temperature. The large
IJu-p value of 34.7 Hz suggests an H—H bond with
little back-bonding and therefore negligible H—H
bond weakening.2%

When #rans-(PCys):Pt(H)(Ph) is treated with MeOTf
in CDyCly, methane is liberated at —45 °C.2% There
was no mention of the identity of the Pt-containing
product or any observable intermediates. The appar-
ently selective formation of methane rather than
benzene contrasts with the mixture (ca. 80:20) that
results from protonation of (diimine)Pt(Me)(Ph) com-
plexes'03:207 (section 6.5).

More electrophilic Pt centers are available using
the dfepe, (CoF5)oPCH3;CHoP(CoF5)s, ligand. Whereas
donor phosphine complexes (PR3).PtMe; react with
HOTY to give (PR3):Pt(OT1)q,292298 (dfepe)PtMe; un-
dergoes protolytic cleavage of only one Pt—Me bond
to give (dfepe)Pt(Me)(OTY) at ambient temperature?®®
and without detectable (dfepe)Pt(Me)(H)(OTf), inter-
mediates. Heating at 100 °C for 15 min in neat HOTf
(1) is required to form (dfepe)Pt(OTf)s from the methyl
triflate precursor.21° The (dfepe)Pt moiety of the bis-
(triflate) is remarkably robust even in superacid
media, reminiscent of the Catalytica catalyst (see
section 4),6* and provides a source of “(dfepe)Pt2"”
in SbF5 and SbFs/HSO3F .21 Only monodeuterated
methane was detected when DOTf was reacted with
(dfepe)Pt(Me)(OTY). Protonolysis of (dfepe)Pt(Me)-
(OCOCF3) with CF3;COQOD led to some D incorpora-
tion into Pt—methyl and produced some CHsDs and
CHDs in addition to CHsD. It was concluded that this
exchange was not a consequence of the normal
scrambling via reversible protonation and o-methane
complex formation but rather was catalyzed by
heterogeneous Pt decomposition products prior to
protonolysis. Some caution is therefore warranted
when similar H/D scrambling effects are investigated
and mechanistically interpreted.?!°

Ambiguities existed regarding whether the proto-
nolysis of (dfepe)Pt(Me)(OTf) and (dfepe)Pt(Me)(O-
COCF3) occurred at Pt (oxidative addition, or Sg(ox)
mechanism) or at the Pt—C bond (concerted Sg2
mechanism, corresponding to reverse of C—H activa-
tion by electrophilic substitution), Scheme 28. In the
presence of excess HOTf, NMR data for (dfepe)Pt-
(Me)(OTY) suggested hydrogen bonding between Pt—
OTf and HOTY, but no other intermediates were seen.
Puddephatt and co-workers2’! noted a contrasting
selectivity of mixed Au"(alkyl)(aryl) and Pt(alkyl)-
(aryl) complexes toward protonolysis: kau-r/kaus-ar <
1 and kpi—w/kpi—ar > 1. It was proposed that relative
kyv-Me and ky—pn rates might be used to distinguish
between the protonation pathways: Sg(ox) if Ay—me/
ky—pn > 1 and Sg2 if ky-mo/ky—pn < 1. The rationale
for this would be (a) Sg(ox) should be generally
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preferred for M—Me vs M—Ph with other factors
being equal and (b) Sg2 is promoted via a charge-
delocalized Wheland-type intermediate. For Au(III)
the Sg(ox) mechanism is unlikely because of the
unavailable +5 oxidation state, and an Sg2 mecha-
nism is consistent with the observations. The reverse
applies to Pt(II), where Pt(IV) is usually accessible.
The analysis is rather simplistic today considering
current knowledge of possible differences in rate-
limiting steps even for a “straightforward” metal
protonation—proton transfer, reductive coupling, as-
sociative or dissociative alkane dissociation—but
nevertheless offers an interesting diagnostic tool.

The kinetics of the protonation of (dfepe)Pt(R)-
(OCOCF3) was investigated for R = Me, Ph, CHo-
Ph.21 Protonolysis in neat TFE proceeded to give
(dfepe)Pt(OCOCF}3); in all cases. However, the phenyl
complex underwent complete reaction within hours
at 20 °C, whereas the methyl and benzyl species
required hours at 150 °C, and it was concluded that
the (dfepe)Pt(R)(X) compounds most likely undergo
protonolysis by the Sg2 mechanism. Protonolysis of
(dfepe)Pt(Ph)(OCOCFS3) or addition of benzene to a
solution of (dfepe)Pt(OCOCF5); or the analogous bis-
(triflate) species in FSO3H at —70 °C led to detection
of a species formulated as (dfepe)Pt(n%-CeHg)?™
(Scheme 29). The spectroscopic data do not appear
to distinguish between the proposed 75-CsHg bonding
mode, a fluxional 7*-CsHg mode (which would give a
more conventional square-planar Pt(II) species), and
a fluxional (dfepe)Pt(72-C¢Hg)(OSOoF)" species. An
analogous species is not seen when (dfepe)Pt(Me)-
(OSO.F) is treated with benzene in FSO3H.

The properties of Pt complexes of dfepe have been
recently compared with fluorinated monophosphine
complexes.?'? Whereas (dfepe)PtMe; resists Hy up to
150 °C, cis-(PMe(CyF5)2)2:PtMes slowly reacts with Hy
to form methane and Pt(PMe(CsF5)2)s at ambient
temperature, presumably via phosphine dissociation
and Hy addition. The monomethyl complexes trans-
(PMe(CqF5)2)2Pt(Me)(X) readily form upon dissolution
in neat HX (X = OTf, OCOCF;, OSOyF), and pro-
longed heating furnishes cis-(PMe(CqoF'5)2):PtXs. A
kinetic isotope effect for the protonation of the methyl
triflate species was measured in HOTf vs DOTf with
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EH/EP = 2.7, identical to the value for (dfepe)Pt(Me)-
(OTY). Interestingly, deuteriolysis of #rans-(PMe-
(C2F'5)2)2:Pt(Me)(OCOCF;) with CF3COOD led to com-
plete deuterium incorporation into remaining Pt—
methyl within 15 min at 150 °C and generation of
CH;D and CH,D, (CHDs; was not mentioned).2!2
Deuteration of the methyl ligand in the triflate
analogue occurred under milder conditions. Revers-
ible protonation and methane o-complex formation
appears to be accessible for this system, in contrast
to the dfepe system. This difference is readily under-
stood since the 0-CH4 ligand in the dfepe complex will
be labilized as it must be trans to a strong trans
influence phosphine group, whereas in the bis-
(monophosphine) system the 0-CH, ligand is less
labile as it will be trans to the much weaker trans
influence triflate or trifluoroacetate groups.

5.5. C-H Reductive Elimination from Pt(IV)
Complexes without Labile Anionic Ligands

The only thoroughly studied alkyl-H reductive
eliminations from neutral Pt(IV) complexes without
dissociable “X” ligands appear to be those of fac-
(dppe)PtMesH and fac-(dppbz)PtMes;H.'™® Methane
elimination occurs from both complexes at ambient
temperature (Scheme 30). The kinetic parameters

Scheme 30
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were essentially identical for both: Zgps (50 °C) = (1.3
+0.1) x 10* s, AH* =108 &+ 4 kJ mol™!, AS¥= 13
+ 13 J K mol~ 1 EH/RD = 2.2 for fac- (dppe)PtMeg-
H(D)andkobs(50°C)—(12j:0 1) x 107471, AH* =
111 £ 2kJ mol !, AS¥ =25+ 8 J K ' mol !, EH/kD =
2.5 for fac- (dppbz)PtMegH(D) Thermolys1s of the
monodeuterides in CgDg yielded CH3D as the only
methane isotopomer. C—C reductive elimination
proceeded dramatically faster from (dppe)PtMe,4 than
from (dppbz)PtMey, which led to the conclusion that
C—C elimination was a dissociative process despite
the presence of chelating phosphine ligands. The
similarities of the kinetic parameters for elimination
from the two hydridoalkyl complexes, with very
different chelate rigidity, strongly suggest that a
chelate opening cannot be operative here and that a
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Figure 6. Energy diagram for dissociative and direct
methane elimination from cis,trans-LoPtClo(H)(CHs) with
L = PH3 and PMe;s (in parentheses).

direct elimination occurs. The AS* values were near
zero for C—H elimination, whereas a value of 63 =+
17 J K~ mol~! was found for C—C elimination (dppe
only); this difference is also in accord with the
proposed mechanistic change. The isotope effects
cannot be used to distinguish the mechanisms but
do suggest that C—H reductive coupling, rather than
alkane dissociation, is rate limiting. These are the
only well-documented cases of a direct C—H reductive
elimination from octahedral Pt(IV) complexes, ir-
respective of charge or supporting ligand types. By
the principle of microscopic reversibility, a direct
C—H oxidative addition at square-planar Pt(IT) should
therefore be possible, as suggested by calculations.?!3

The dissociative vs nondissociative nature of these
elimination reactions has, in part, been confirmed by
recent DFT-B3LYP computational studies on differ-
ent stereoisomers of cis-(PH3)sPtCls(H)(CHs)8 and
cis-(PMe3):PtClo(H)(CH3)'%* model systems. Some es-
sential features for the cis,trans isomers are repro-
duced in Figure 6. A transition state for direct
methane elimination was not located for L = PHj;
because PHj3 trans to hydride dissociated concomi-
tantly with methane elimination. (Ligand dissocia-
tion occurred in concert with C—H coupling for the
two other cis-phosphine isomers as well). The barrier
for a hypothetical transition state was estimated at
67 kd/mol with artificial geometrical constraints. This
pathway was disfavored relative to the true dissocia-
tive pathway by ca. 13 kJ/mol. The activation energy
for elimination starting from the five-coordinate
species was only 13 kdJ/mol, but the cost of PHj
dissociation provides an additional enthalpic cost of
43 kd/mol.'® For the more realistic system with L =
PMes, the phosphine is more strongly bonded and
transition states for the direct reaction were located.
In enthalpy terms, the direct elimination is now
slightly favored by 8 kJ/mol relative to the dissocia-
tive pathway. It is likely that when entropy contribu-
tions are accounted for, dissociative behavior may be
expected for bis(monodentate phosphines) and direct
elimination may be encountered for chelating bis-
(phosphines).'8 The major contributor for the rever-
sal in preferred elimination pathway between (PHs)s-
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Figure 7. Energy diagram for reductive coupling from cis-
LoPtMe,H* (L. = PHj;, NHj).

Pt(H)(CHs) and (PH3),PtClo(H)(CHj) is the stronger
binding enthalpy of the dissociating PHs ligand at
Pt(II) than at Pt(IV); the two CI ligands at Pt(IV)
lower the enthalpic cost of phosphine dissociation by
33 kdJ/mol.'83 For PMe; the corresponding binding
enthalpies at Pt(II) and Pt(IV) differ by only 19 kdJ/
mol, possibly because of the steric repulsions with
the Cl ligands that are cis disposed relative to
PMes.184

Calculations on elimination from five-coordinate
cis-(PH3)o,Pt(C1)(H)(CH3)™, derived from (PHj3).PtCl,-
(H)(CHj) by dissociation of C1~ rather than PHj (see
above), were also reported. The square-pyramidal
structure with H apical was enthalpically preferred
over that with CHj3 apical by 5 kd/mol. An almost
barrier-free reductive coupling was predicted from
the H-apical isomer to give cis-(PHj3)sPt(Cl)(0-CHy)™
with methane bonded in an #?-(H,H) fashion.'®® The
calculated methane binding enthalpy in cis-(PHzs)s-
Pt(CD(0-CHy* was 40 kd/mol, significantly stronger
than 15 kJ mol ™! in (PH;3)PtCly(0-CH,), presumably
reflecting the effect of the positive charge in the
former.

The reductive elimination of methane and ethane
from five-coordinate model complexes LoPtMe,H™ and
LoPtMes* (L. = NHj3;, PH3) and the microscopic reverse
oxidative additions have been investigated by DFT
calculations.?* The five-coordinate Pt(IV) species
were found to prefer a square-pyramidal geometry
with the L ligands cis disposed and a “pinched”
trigonal-bipyramidal structure with the two L ligands
trans. The four-coordinate alkane complexes pre-
ferred the trans arrangement of the two L groups.
C—H reductive eliminations were predicted to be
easier than C—C reactions for L = NHj3 and PHj3, and
differences in activation barriers for C—H vs C—C
reactions were relatively insensitive to the identity
of L. However, barriers for both types of oxidative
additions were considerably lower for L = NH3 than
PH3, consistent with the general view that N-based
ligands are able to stabilize the Pt(IV) oxidation state
better than P-based ligands (Figure 7).215216 C—H
reductive eliminations resulted in Pt(II) o-methane
complexes that preferred to have the weakly bonded
alkane trans disposed with respect to the high trans
influence H or CHj; ligands. The o-alkane species
were invariably more stable than the Pt(IV) precur-
sors, the exothermicity of the C—H coupling being
greatest for L. = NHj;. The implied instability of



Aspects of C—H Activation by Pt Complexes

Chemical Reviews, 2005, Vol. 105, No. 6 2491

H
%U,”Pt\\\PMe:; - TfO" %’u’,;t\\\PMe3 CSHS %‘U/,’T:lt\\\PME3 -Me4C TfOIl’Pt\\\PMea

Scheme 31
—_—
MesP” YOTf =— MesP”
TfO"
Scheme 32
; ’Pr3
+ o
.TfO,',, \:P Prs cat. H*.CI ,Tfo;"Pt‘:P\_
iPryp CH,4 - CH,4 PryP C
Hz
CI/OTf
exchange
Pry ’_
| CI/,',,Pt\:Pj , CI/,',, \:PPr3
iPryp C PryP CH,3
Hz
\( HOTf X
CI/,,IPt\\\P’Pra CHy
Prp”  YOTf

pentacoordinate Pt(IV) is a manifestation of the
experimental fact that stable Pt(IV) hydrides are
almost invariably stabilized by a sixth ligand.?!?

5.6. C—H Activations at Cationic Pt(ll) Phosphine
Complexes

When trans-(MesP),Pt(CHy;CMe3)(OTf)—assumed
to have a covalently bonded triflate ligand—is heated
in CgDg at 133 °C, loss of neopentane-d; with con-
comitant C—D activation of C¢Dg yielding trans-
(MesP),Pt(C¢D5)(OTY) is the dominant reaction.?'® An
observed inhibition of the reaction rate by addition
of Bu/NTOTf™ suggests that triflate dissociates prior
to the rate-limiting step. Addition of BuyN*BF,~ on
the other hand increases the rate, presumably due
to enhanced triflate dissociation caused by the in-
creased ionic strength. A large normal kinetic isotope
effect was observed (RH/EP = 20 + 6; the authors were
not confident about the magnitude as many uncertain
assumptions were made). Substituting toluene for
benzene yielded trans-(MesP)Pt(m-tolyl)(OTf) and
trans-(MesP)oPt(p-tolyl)(OTY) in a 65:35, near statisti-
cal, ratio. No o-tolyl or benzyl products were observed.
This lack of selectivity along with indistinguishable
rates for benzene and toluene activation suggest that
there is insignificant positive charge localization on
the aromatic ring. These findings suggest that after
the triflate dissociation a Wheland-type intermediate
of an electrophilic substitution pathway cannot be
involved in the product-determining or rate-limiting
step. The authors concluded that an oxidative addi-
tion pathway is more likely (Scheme 31).

Thorn reported that trans-(P'Prs).Pt(Me)(OTY) is
robust for days in CDCl; at ambient temperature.?1?
Addition of catalytic amounts of HCI causes an ef-
ficient catalytic cyclometalation of a phosphine ligand
with concomitant expulsion of methane (Scheme 32,
top). This reaction does not occur in the presence of
chloride alone or triflic acid alone. The catalytic cycle
in Scheme 32 was proposed to account for all obser-
vations. When the reactant (PiPrs),Pt(Me)(OTf) is not

MesP” T MeP” @
TfO"

efficiently protonated by HOTY, this may be at-
tributed to the weak trans influence of the triflate
ligand. The Cl1/OTf  ligand exchange produces
(P'Pr3):Pt(Me)(Cl), which is more susceptible to pro-
tonation followed by methane loss to give (PPr3).Pt-
(CI)(OTY). The chloride might enhance this step by
facilitating the protonation event as well as labilizing
the trans-located methane in an intermediate o-meth-
ane complex; chloride might even associatively assist
the methane displacement (cf. the discussion of trans-
(PEt3).Pt(Me)(Cl) in section 5.4). Cyclometalation
occurs from (PiPr3):Pt(C1)(OTf), possibly by prior
triflate dissociation, and results in the cyclometalated
Pt—Cl complex, which initiates another catalytic
cycle. The authors favored an electrophilic mecha-
nism for the C—H activating cyclometalation step,
although the data appear to be entirely compatible
with an oxidative addition mechanism.

In an attempt to activate aromatic C—H bonds with
(PPhs):Pt(Me)(OEty)"™BArr~, Kubas and co-workers
instead observed an unusual B—C bond cleavage
of the BArr anion at Pt yielding (PPhjs),Pt-
[3,5-(CF3)2CeHal.22° The closely related Pt(II) chelat-
ing diphosphine complexes (P—P)Pt(Me)(OEty)*-
BAry~ (P—P = depe or dcpe) behaved differently. The
cations, available by protonolysis of Pt dimethyl
precursors with H(OEty):BAry, reacted with benzene
and toluene in the neat hydrocarbons with concomi-
tant extrusion of methane during 4 h at ambient
temperature or immediately at 80 °C.?2! The unusual
Pto(u-13:13-biaryl) products were formed as a result
of C—H activation and C—C coupling reactions
(Scheme 33). Free biaryls were liberated upon treat-
ment with HCl or I,. The bitolyl product gave a
statistical mixture of m,m', mp', and p,p’ isomers.
The distribution suggests that an electrophilic aro-
matic substitution mechanism (which should provide
more p isomers) is not responsible for the C—H
cleavage. Biphenyl formation is believed to occur from
dimerizing (P—P)Pt(Ph)(Solv)* species; accordingly,
protonolysis of (depe)Pt(Ph)(Me) with H(OEty):BAry
furnished the same Pty biphenyl product. C—H
activation of furan furnished a dimeric Pt—furyl
species that did not undergo furyl—furyl coupling.
Intractable products (except methane) arose from
attempted reactions with cyclohexane or fluoroben-
zene, presumably due to intramolecular reactions
involving the diphosphine ligands.

The sterically encumbered trans-(PReAr),Pt(Cl)-
(Me) (R = Ph, Cy; Ar = 2,6-MeyC¢Hs) undergoes
chloride abstraction with NaBAry with subsequent
C—H bond cleavage of an o-methyl group and meth-
ane extrusion to give a formally 14-electron complex
that is stabilized by agostic interactions to an aryl
methyl group (Scheme 34), as demonstrated by an
X-ray crystallographic analysis for R = Cy.??2 The
agostic complexes reversibly react with Hy giving
cationic hydrides which are stabilized by time-aver-
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aged agostic interactions of the four o-methyl groups.
The exact mechanisms for these C—H bond-forming
and cleavage reactions are not known. The dynamic
agostic complexes may be considered models for the
still elusive o-alkane Pt(II) complexes. A somewhat
weaker agostic interaction has also been observed
recently for (P'Pr3):Pt(Me)" by X-ray crystallographic
analysis.??3

5.7. C—H Activation at Zwitterionic Pt(Il)
Complexes

In many cases discussed above it has been evident
that the nature of the counteranion X~ that is
displaced from LyPt(R)(X) compounds has a strong
influence on the reaction mechanisms. In an interest-
ing attempt to eliminate or attenuate possible coun-
teranion effects and avoid the use of polar media that
are required to dissolve salts, Thomas and Peters
prepared the zwitterionic Pt(II) complex [PhoB(CHs-
PPhs)s] Pt(Me)(THF) (Scheme 35).22* The THF ligand
is weakly bound and easily substituted by other
neutral donors. Heating of this compound in benzene
at 50 °C for 4 h affords [PhoB(CH,PPh,).]Pt(Ph)(THF)
(80%) and methane. Added THF, as might be antici-
pated, inhibits the reaction but results in greater
yields. An analogous reaction with toluene results in
exclusive aromatic C—H activation (tentatively as-
signed o:m:p ratio of 1:1:3) with no evidence of
benzylic activation. Attempts to activate methane or
cyclohexane have not been successful, possibly due
to the limited solubility of [PhoB(CH2PPhy)s]Pt(Me)-
(THF) in nonaromatic hydrocarbons; the unavoidable
use of THF as a solvent would appreciably inhibit
the desired reaction.

The electron-donating capability of the ligand in
the zwitterionic methyl complex in Scheme 35 has
been compared to that of the diphosphines in the
related cationic compounds PhySi(CHsPPhg),Pt(Me)-
(THF)"B(CgF'5),~ and (dppp)Pt(Me)(THF)"B(CgF'5)4~
on the basis of IR v¢o data for Pt and Mo carbonyl
complexes.??® The electron density at Pt in the
zwitterion is appreciably higher than that in the two
cationic species. It was suggested that some of the
anionic character of the borane is distributed to the
ligand phenyl groups in the zwitterion, making these
phenyl groups better electron-pair donors than the
respective phenyl groups in the cationic species. This
effect would explain several unusual observations.
For example, the rate of THF self-exchange is THF
independent for [PheB(CH3;PPhy)o] Pt(Me)(THF), pre-
sumably anchimerically assisted by a P—Ph group,
whereas it is a THF dependent, associative process
for PhySi(CH;PPhy)Pt(Me)(THF)*. All three com-
plexes activate benzene (Scheme 35), but the Pt—
phenyl products were unstable. The two cationic
complexes underwent phenyl coupling reactions analo-
gous to those observed in the (depe)Pt and (dcpe)Pt
complexes in Scheme 33. The zwitterionic system also
gave some phenyl coupling, although the major
product [PhyB(CH3PPhy)s] PtPhy™ [PhoB(CH2PPhy)s]-
Pt(THF);" arose from disproportionation. As a con-
sequence of the electronic differences of the ligand
systems, metalation of the more electron-rich phenyl
group in the ligand is competitive with benzene C—H
activation for [PhyB(CH2PPhy)o]Pt(Me)(THF) but not
for PhySi(CHPPhy).Pt(Me)(THF)". This explains sig-
nificant D incorporation into the ligand during CgDs
activation with [PhsB(CH3;PPhy)s]Pt(Me)(THF). Ki-
netic measurements demonstrated that the benzene
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activation proceeds about twice as fast with the
zwitterion as with the two cationic systems at 55 °C
and that the kinetic isotope effect was much lower,
1.3 in the zwitterionic vs 6—6.5 in the cationic
systems. Thermolysis of the three Pt—methyl com-
plexes in C¢Dg produced CH, and CH3D but no
higher-D-containing methane isotopomers. CH4 domi-
nated for the zwitterionic complex but not for the
cationic ones. This is in accord with NMR evidence
that established reversible insertion of Pt into C—H
bonds of B-bonded as well as P-bonded phenyl groups
of the PhyB(CH3PPhy),~ ligand. Mechanistically, the
cationic complexes were suggested to activate ben-
zene by associative, reversible displacement of THF
by benzene followed by a rate-limiting C—H oxidative
addition that resulted in large kinetic isotope effects.
In the zwitterionic system, however, the predominant
pathway was proposed to be THF displacement by a
P-bonded phenyl and intramolecular C—H activation
of the phenyl group before benzene coordination and
C—H activation. The resulting multistep mechanism
readily accommodates the observed small kinetic
isotope effect and other observations. The zwitterionic
system importantly has established that increasingly
electrophilic Pt centers are not a prerequisite in the
search for systems that activate C—H bonds more
rapidly.

6. Reactions at Pt Complexes with Neutral
Nitrogen Donor Ligands

The chemistry of Pt complexes bearing neutral Ns-
and Ns-donor ligands that is of relevance to C—H
activation is extensive. This section will include Pt
complexes with bpy, phen, diimine, tmeda, and
related ligands. Recent relevant reviews by Pud-
dephatt cover oxidative addition reactions at Pt(II)
complexes?’® and the chemistry of stable Pt(IV)
hydrides.?!” Importantly, it has been pointed out that
the nitrogen-based ligands stabilize higher oxidation
state complexes to a greater extent than do phos-
phine ligands.?'5216 Consequently, this section will
largely deal with Pt(II)/Pt(IV) chemistry.

6.1. Protonation of Pt(ll) Alkyl Complexes and
Reductive Elimination from Pt(IV) Hydridoalkyl
Complexes with Neutral N , Ligands

Crespo and Puddephatt??¢ reported in 1987 that
oxidative addition of alkyl halides at LoPtMey com-
plexes (L = bpy and 2PMesPh) occur by a two-step
mechanism (Scheme 36) in which the first step was
an Sx2-type attack by the metal at RX (see section
5.1 for the microscopic reverse). Solvent capture,
suggested to occur in concert with the Sy2 attack,
provided observable cationic solvento complexes that
underwent substitution of solvent by X~. The better
solvent ligand (MeCN) provided more stable solvent
complexes than poorer ones (MeOH, acetone). The
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initial oxidative addition product was trans; by use
of CDsl it was established that CH3/CD;3 positional
scrambling occurred later. As we shall see, numerous
reactions at (N—N)Pt(II) complexes, including im-
portant protonation reactions, occur by the same
general mechanism.

Treatment of (N—N)PtMe, (N—N = ‘Busbpy, bpy,
phen) with a range of acids HX leads to an oxidative
addition/reductive elimination reaction to give (N—
N)Pt(Me)(X) and methane (Scheme 37).22” Intermedi-
ate Pt(IV) hydridoalkyl complexes (N—N)PtMey(H)(X)
formed by trans addition of HX could be detected for
the more soluble ‘Busbpy complexes by 'H NMR at
—178 °C. The qualitative order of stability of the
Pt(IV) hydrides was X = Cl > Br > I > CF3COO, CFs-
SOs (the last two could not be detected even at —90
°C). The trend reflects the need to dissociate the X~
ligand, accessing the reactive five-coordinate species,
prior to reductive elimination of methane.??” (N—N)-
Pt(IV) hydridomethyl complexes were also seen in
reactions where HCI] or HBr was generated in situ
from MesSiX and residual water in the NMR sol-
vents.?28

A dinuclear, stable Pt(IV) hydridomethyl complex
[((Bugbpy)PtMeslo(u-H)TOTf™ that was crystallograph-
ically characterized resulted from reduction of fac-
(*Bugbpy)PtMes(OTY) with NaBH,.229230 The hydridic
character of the Pt—H bond in the incipient product
fac-(‘Bugbpy)PtMesH presumably renders it a superb
ligand by displacement of triflate from fac-(‘Busbpy)-
PtMes(OTY). Excess NaBH, established an equilibri-
um between the dinuclear hydride and fac-(‘Busbpy)-
PtMesH, but the latter could not be isolated. Both
hydrido species, unable to access five-coordination by
easy ligand dissociation, were robust with respect to
methane elimination (no (‘Bugbpy)PtMe; was formed)
and isotopic exchange between Pt—D and Pt—CHj;
groups in fac-(‘Busbpy)PtMesD at ambient tempera-
ture.

The Bercaw group explored reactions of Pt alkyl
complexes bearing the tmeda supporting ligand.84231
Protonation of (tmeda)Pt(R)(C]) (R = Me, CHyPh)
with HCI in CDyCly at —78 °C led to reversible
formation of observable Pt(IV) hydrides which elimi-
nated methane or toluene upon warming (Scheme
38). The more stable benzyl system was employed for
mechanistic evaluation. HC] addition was reversible,
KK = 0.51 + 0.05 at —28 °C. The reductive
elimination obeyed kinetics that exhibited first-order
behavior with respect to Pt and HOTY, a negative AS*
of =77 + 29 J K! mol!, inhibition by added
Brognsted or Lewis acids (HCl, HOTf, SnCly), and
Robst/kons® = 1.55 £+ 0.10 for Pt—H vs Pt—D (i.e., 1/
kP = 3.1 £ 0.6 for the elimination step). The data
are in accord with acid-assisted dissociation of Cl~
to give the pentacoordinate (tmeda)Pt(H)(CH3yPh)-
(CD)* that is responsible for the reductive elimination.
Within the context of the isotope effect discussion in
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section 2.6, the kinetic isotope effect implies that
C—H reductive coupling, rather than toluene elimi-
nation, is the rate-limiting step. The dialkyl com-
plexes (tmeda)PtRs (R = Me, CH2Ph) produced Pt(IV)
hydrides that were thermally more stable (Scheme
38).

Addition of HCI to (tmeda)Pt(CHj)e in CD30D/CD»-
Cly generated the Pt(IV) hydride, which at —40 °C
revealed gradual D incorporation from the solvent
into the Pt—methyl groups; methane loss at ambient
temperature gave all methane H/D isotopomers. The
H/D exchange kinetics gave AH* = 66 & 8 kJ mol !,
AS¥=—-204+31J K 'mol ™, kWP =19 + 0.2 (—47
°C), and a rate inversely dependent on [Cl]. Simi-
larly, the overall reductive elimination gave AH* =
80 + 3 kd mol™!, AS* =17 £ 9 J K1 mol !, RH/RD =
0.29 £ 0.05 (=27 °C), and inverse dependence of the
rate on [Cl7]. The observations are readily accom-
modated by Scheme 39, which involves (1) reversible
protonation to give the observed Pt(IV) hydridoalkyl
which facilitates H/D exchange with the medium, (2)
reversible Cl~ dissociation which gives rise to inhibi-
tion by Cl- for exchange and elimination via the
common five-coordinate species that (3) reversibly
undergoes reductive coupling to give the o-methane
intermediate, crucial to H/D exchange and the in-
verse isotope effect, and (4) irreversible elimination
of methane. This represents the first report of alkyl—
hydride reductive coupling at Pt to give a o-alkane
intermediate that is reasonably robust with respect
to alkane elimination under conditions where H/D
exchange occurs. The loss of methane was considered
to be dissociative because of the inverse dependence
of the rate on [Cl] (the inverse dependence would
be canceled if methane dissociation were associa-
tive).8* It appears that an associative displacement
cannot be ruled out because the methanol solvent
may well function as the incoming nucleophile for
methane displacement.

We recently addressed the point of whether the
methane loss was associative or dissociative.23? The
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strategy that was employed, based on competitive
trapping of interconverting intermediates,?3 is out-
lined in Scheme 40. Treatment of (diimine)Pt(CHs),
(diimine = Ar—N=CMe—CMe=N—Ar with Ar = 3,5-
(CF3)2C5H3 (Nf_Nf) or 2,6-M6206H3 (N'_N')) With
DOTTf provides the deuteride (diimine)Pt(CHjs).D* (if
protonation occurs at Pt) or (diimine)Pt(CHjs)(o-
DCHj;)* (protonation at methyl). The site of protona-
tion is irrelevant because the Pt—D complex reduc-
tively couples to give the 0-DCHj3 complex. o-DCHj
rotation at Pt then provides (diimine)Pt(CHj)(o-
HCH;D)", which oxidatively inserts into the H—C
bond to give (diimine)Pt(H)(CH3)(CH:D)*, which
again can reductively couple to provide (diimine)Pt-
(CH:D)(0-HCH3)". Release of methane from (di-
imine)Pt(CHj3)(o-DCH3)" and (diimine)Pt(CHs)(o-
HCH;D)" yields CH3D and (diimine)Pt(CHj3)(L)",
whereas (diimine)Pt(CH2D)(0-HCH3)" produces CH,
and (diimine)Pt(CH,D)(LL)*. The CH3sD:CH, ratio (and
Pt—CHj3:Pt—CH2D) will depend on the relative rates
of methane release and H/D scrambling. Dissociative
methane release will give a product ratio that is
independent of the concentrations of any externally
added nucleophile L (competitive trapping of a puta-
tive three-coordinate species by L. and methane can
be ruled out because methane loss is irreversible
under the experimental conditions?3?). If methane is
released associatively, the product ratio will depend
on [L] in the event that equilibration and intermo-
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lecular displacement of methane by L occur at
comparable rates. (If trapping by L is extremely fast,
only CH;3D will form; if trapping by L is very slow, a
constant ratio mixture will result since Curtin—
Hammett conditions apply'°:234). Consistent results
were obtained when L was acetonitrile at variable
concentrations. For diimine = Nf—Nf, a 59:41 ratio
of CH3D and CH4 (essentially statistical, 57:43) was
produced in the non-nucleophilic solvent trifluoroet-
hanol (TFE). Addition of increasing amounts of
MeCN inhibited the scrambling (72:28 ratio at 6.0
M MeCN). Added water at 0.5 M had no trapping
effect, but at 6.0 M, all methane isotopomers CH,,D4—,,
were seen, presumably because the initial protona-
tion event becomes reversible. For diimine = N'—N’,
where the Pt is considerably more sterically shielded,
a not quite statistical distribution was seen in TFE
(63:37) and more efficient trapping ensued with
MeCN (85:15 at 6.0 M). In a more recent contribution
complete scrambling was seen in neat TFE for Ar =
3,5-'BusCeHs, with 2.5 M MeCN inhibiting the scram-
bling (67:33).2%5 The experiments establish that meth-
ane is released associatively, and the principle of
microscopic reversibility then implies that methane
coordination will be an associative process for a C—H
activation reaction. (Extensions to reactions at other
complexes, in particular uncharged ones, and under
different reaction conditions should of course be done
with extreme care.)

Another important question pertaining to these
protonation reactions is: does the protonation occur
at Pt or at the methyl group? Various mechanisms
have been proposed, and the process is probably
dependent on the nature of the substrate, acid,
solvent, and other parameters.84138155,197,199,201 The
question bears direct relevance on the Shilov chem-
istry since by the principle of microscopic reversibility
these two situations correspond to deprotonation
from a Pt(IV) hydride (i.e., an oxidative addition
mechanism) or from an activated, acidic o-alkane
ligand (i.e., an electrophilic substitution mechanism).
The mere observation of Pt(IV) hydrides at low
temperatures does not provide conclusive evidence
that metal protonation occurs since the barrier for
converting an incipient o-methane complex to an
observable, thermodynamically favored six-coordi-
nate Pt(IV) hydridomethyl species is expected to
be rather low. Again, we addressed the question?3®
with competitive trapping of interconverting inter-
mediates?®® as outlined in Scheme 41. In this case
advantage is taken of the fact that trapping of the
five-coordinate (diimine)Pt(CHj3):H™ by L must be
associative and that methane displacement from
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(diimine)Pt(CH3)(0-CHy)™ is also associative for L =
MeCN (see above), i.e., both are bimolecular pro-
cesses. Protonation of (diimine)PtMe; at tempera-
tures low enough that the Pt(IV) hydridomethyl
complexes are stable on the experimental time scale
should give product ratios that are [MeCN] depend-
ent if the rate of trapping and reductive coupling/
oxidative cleavage occur at comparable rates. The
experiments consistently showed that the (diimine)-
Pt(Me)(INCMe)* to (diimine)PtMex(H)(NCMe)™ ratio
decreased with increasing [MeCN] for Ar = p-MeCgHy,
2,6-Me2CeHs, and 2,6-ProCe¢H3 and that the trapping
was most efficient for the least hindered diimine.
These results are only consistent with Pt being the
kinetically preferred site of protonation. For a C—H
activation reaction the principle of microscopic re-
versibility then implies that a deprotonation reaction
analogous to that in the Shilov cycle occurs from a
Pt(IV) hydride rather than from a o-alkane complex.
(Extensions to reactions at other complexes and
under different reaction conditions should of course
be done with great care.)

The Pt(ID)/Pt(II) dinuclear complexes in Scheme 42
reacted with HCI to give Pt(II)/Pt(IV) and Pt(IV)/
Pt(IV) hydridomethyl products, observed by low-
temperature NMR, by addition of one and two HCI
per molecule.?3” The following methane elimination
proceeded faster from the Pt(IV)/Pt(IV) compound
than from the Pt(I1)/Pt(IV) compound. This indicates
some intermetal communication, but the chemistry
of these compounds is otherwise well understood in
terms of the relatively independent behavior of two
monometallic fragments. In CD3OD/CDsCN treat-
ment with DOTT produced the full range of methane
isotopomers CH,Dy,,.

Pt(IV) intermediates can be intramolecularly
trapped by a pendant ligand sidearm, as shown in
Scheme 43.238 Protonolysis of the methoxyalkyl-
substituted diimine Pd complex resulted in intramo-
lecular C—H activation o to the methoxy group, but
for Pt, no C—H activation was observed. The loss of
methane was instead followed by coordination of the
methoxy group to the vacant site to give a «3-ligated
Pt(II) intermediate. Further reaction with HSiEt;
gave a chelation-stabilized Pt(IV) hydridoalkyl silyl
complex.
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6.2. Protonation of Pt(ll) Aryl Complexes and
Reductive Elimination from Pt(IV) Hydridoaryl
Complexes with Neutral N , Ligands

Protonolysis of the diphenyl Pt(II) complex (‘Bus-
bpy)PtPhy with HX (X = Cl, BF4, CF3S03, CF3COs)
has been recently reported.??® The Pt(IV) phenyl
hydride (‘Busbpy)PtPhy(H)(Cl) was seen at low tem-
peratures in CDCls; reductive elimination of benzene
occurred at ca. —20 °C. The other acids gave no
detectable hydrides, presumably due to the absence
of sufficiently strongly coordinating anions. The
acetonitrile adduct (‘Busbpy)PtPhy(H)(NCCD3)*t was
obtained with HBF, or CF3SOsH in the presence of
CD3CN; this adduct also eliminated benzene at —20
°C. Treatment of (‘Bugbpy)PtPhy with DBF4 in CDCly/
CD3;OD produced CgHg (8%), CsHsD (77%), and
Ce¢HyDs (15%) along with ca. 10% D incorporation
evenly distributed into the ortho, meta, and para
positions of Pt—Ph in the (‘Busbpy)Pt(Ph)(Cl) product.
These observations are consistent with a sequence
of reversible protonation and reversible Ph—H reduc-
tive coupling/oxidative cleavage prior to elimination
of benzene (Scheme 44); the rate of elimination must
be competitive with the rate of oxidative cleavage.
There was no mention of observable (‘Busbpy)Pt—(s-
benzene) complexes. Protonation of the pincer system
(NCN)PtPh (NCN = «3-2,6-CsH3(CHsNMes)s) with
HCI analogously led to (NCN)Pt(Ph)(H)(CI), observed
at —78 °C, and elimination of benzene upon warming.
In this case only CsHsD was obtained in CDCl3/CDs-
OD. Presumably the m-benzene ligand is labilized by
the strong trans influence of the pincer aryl group
and is displaced before oxidative cleavage occurs. The
involvement of the five-coordinate Pt(IV) and the
Pt(IT) m-benzene intermediates was modeled by DFT
calculations of protonation at the simplified cis-
(NH3)2Pt(CH3)(CeH5) system.239

6.3. Stoichiometric Methane C —H Activation at
Cationic Pt(ll) Complexes with Neutral N, Ligands

The (tmeda)Pt complexes discussed in section 6.1
were capable of stoichiometric, intermolecular hy-
drocarbon C—H activation.?4%24l Protonation of
(tmeda)PtMes with H(OEtg)2BArr in ether generated
(tmeda)Pt(CH3)(OEty)". This complex decomposed at
ambient temperature by activation of an o-C—H bond
of coordinated ether to give a Fischer carbene com-
plex. Intermolecular C—H activation was demon-
strated when protonation was done in pentafluoro-
pyridine CsF5N, a poorly coordinating solvent. The
solvento cation (tmeda)Pt(CH3)(INC5F'5)" reacted with
benzene at 85 °C to give the phenyl complex (tmeda)-
Pt(C¢H5)(NC5F5)" and methane within 2—3 days.
Under 30 atm of ¥CHy at 85 °C (tmeda)Pt(13CHs)-
(NC5F5)*" was formed during 1 week—definitive proof
that methane C—H activation occurred. Heating of
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(tmeda)Pt(CH3)(INCsF'5)t with cyclohexane-dss, toluene-
ds, or benzene-dg produced CHy4, CH3sD, CHyDg, and
CHD; during several days. The data imply that
o-alkane complexes (tmeda)Pt(o-RD)(CH3)* and
(tmeda)Pt(R)(o-CDHj3)' are involved in the H/D ex-
change processes.

We reported that treatment of the diimine com-
plex Nf"Nf)PtMe, with HBF-Et20 in slightly moist
CH,CI; led to the isolated aqua complex (Nf—Nf)-
Pt(CH3)(H2O)"BF,~.24224 (Nf—Nf = Ar—N=CMe—
CMe=N—Ar Wlth Ar = 3,5'(CF3)QCGH3). ThlS and
related diimine species are capable of activating a
wide range of hydrocarbon C—H bonds. Particularly
successful reactions proceeded in trifluoroethanol,
TFE, a highly polar, ionizing, hydrogen-bonding, yet
low-nucleophilicity solvent that has been widely used
for mechanistic organic chemistry.’ TFE solutions of
(Nf=NHPt(CH3)(H,0)*BF4~ reacted under 20—25 atm
of 3CHy4 to give (Nf-=NH)Pt(13CH;)(H20)"BF,~ with a
half-life of ca. 48 h at 45 °C. Analogously, reaction
with CDy resulted in formation of all CH,,D4—,, isoto-
pomers (Scheme 45), indicative of the intermediacy
of o-methane complexes. Addition of water inhibited
the reaction, suggesting that a preequilibrium dis-
sociation of water from the aqua complex must occur.
This will be addressed in the context of the kinetics
of benzene activation at (diimine)Pt complexes (see
section 6.5). Protonation of (Nf—Nf)PtMes in CDyCly
with HBF,-Et;O at —70 °C produced two (Nf—Nf)-
PtMeo(H)(X) species (X remains unidentified) with H
and X occupying the apical sites. Both hydrides
decomposed by methane loss at ca. —40 °C, so
oxidative addition to access the Pt(IV) state appears
to be a viable pathway.

6.4. Computational Studies of Stoichiometric
Methane C—H Activation at Cationic Pt(ll)
Complexes with Neutral N, Ligands

The reductive elimination of methane from five-
coordinate model complexes LoPtMe,H' (L = NHs,
PH3) and the microscopic reverse were investigated
by DFT calculations,?* and the results reflect a
greater stabilization of the Pt(IV) oxidation state as
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well as the transition state connecting Pt(II) and
Pt(IV) by NH; than by PHj, as already discussed in
section 5.5.

Bercaw’s (tmeda)Pt system?*? was modeled by the
(eda)Pt fragment (eda = ethylenediamine) in a DFT
study.?** The o-methane complex (eda)Pt(Me)(o-
CH,)" had a calculated Pt—methane bond strength
of 92 kJ mol !, and oxidative cleavage with a barrier
of 15 kJ mol ! resulted in a square-pyramidal (eda)-
PtMe,H™ product with H in the apical position, 7 kJ
mol™! above the ¢ complex. A o-bond metathesis
pathway for the degenerate CHs/CH, H-atom ex-
change had a much greater barrier of 39 kJ mol 1.

The energetics of the methane activation at (di-
imine)Pt complexes were investigated by DFT cal-
culations with the simple imine HN=CH-CH=NH
(NP—N"M) as the ligand.?* According to the calcula-
tions the bond energies between the three-coordinate
(NP —-NP)Pt(CH;3)™ and H;0, TFE, and CH, are 158,
148, and 99 kJ mol ™! (zero-point energy corrections
not included). Binding energies of HoO and TFE at
five-coordinate (NP—Nh)PtMe,H+ are 87 and 78 kJ
mol~!, so although the five-coordinate oxidative ad-
dition product (N"-NP)PtMe,H* with H apical is 20
kJ mol~! uphill from (N*—N"Pt(Me)(o-CHy)*, the
overall oxidative addition of methane at (NP—N")Pt-
(Me)(Solv)™ is essentially thermoneutral (the unfa-
vorable entropy change is not included) because of
the binding of Solv (H:O, TFE) at Pt(IV). The mech-
anism of the reaction was also probed by DFT, now
with ZPE corrections included. The results are sum-
marized in Figure 8. The oxidative cleavage from
(NP—N"Pt(CH3)(0-CHy) " (Figure 8, left) is unfavor-
able by 23 kJ mol ! and has a barrier of 33 kJ mol 1.
The o-bond metathesis pathway has a barrier of 44
kJ mol ™1, so the oxidative addition is preferred. If the

reductive coupling is initiated with the axial water
ligand (right), the calculations suggested that dis-
sociation of HyO occurs in concert with C—H coupling
and that HeO remains primarily electrostatically
attached at the diimine moiety of the Pt(II) o-meth-
ane complex. HyO is seen to stabilize all entities but
to a different extent. The oxidative cleavage now is
favorable by 34 kJ mol~! and has a barrier of 26 kJ
mol 1, to be compared with 46 kJ mol™! for the o-bond
metathesis. Oxidative addition is therefore preferred.
The axial HoO ligand lowers the barrier for oxidative
cleavage and raises the barrier for reductive coupling
because the formation/cleavage of the Pt—OHz bond
is part of the process.?*3

6.5. Stoichiometric Arene C —H Activation at
Cationic Pt(ll) N , Complexes

As already mentioned, (tmeda)Pt(Me)(NC5F5)" re-
acted with benzene at 85 °C to give (tmeda)Pt(CgHs)-
(NCsF5)" and methane within 2—3 days. Multiple
H/D exchange from C¢Dg into methane signaled the
intermediacy of o-methane and o/m-benzene inter-
mediates.240-241

The aqua complex (Nf—Nf)Pt(Me)(HsO0)"BF,~
(Scheme 46) is capable of activating benzene under
milder conditions in TFE. (Trapping of TFE/aqua
complexes by MeCN addition after complete reaction
was commonly done to obtain more stable products
that were easier to characterize.) Again, CgDg re-
sulted in multiple H/D exchange into the methane
and signaled o-complex intermediates.?*?

The mechanism of benzene activation in TFE at
(diimine)Pt(Me)(H20)* complexes has been explored
in detail, initially with Ar = 2,6-MeyC¢H,4 (diimine =
N'—N')19 and later systematically with a wide range
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of substituents at the diimine.?® The reaction be-
tween (N'—N")Pt(Me)(H2O)"BF,~ and benzene was
first order with respect to benzene and Pt and inverse
first order with respect to water. The H/D kinetic
isotope effect for reaction with CsHg vs CgDg was 1.06
+ 0.05, and the activation parameters were AH* =
80 + 1 kJ mol™* and AS* = —67 + 4 J mol™! K1,
Almost statistical H/D exchange occurred between
CH; and CgDg or 1,3,5-C¢HsDs, as inferred from
analysis of the liberated methane, but there was no
D incorporation from TFE-ds. The kinetics require
an equilibrium dissociation of water prior to the rate-
limiting transition state. This can be achieved by
either reversible dissociation of the aqua ligand,
generating a transient three-coordinate species that
is irreversibly reacting with benzene, or reversible,
associative substitution of the aqua ligand by TFE
accompanied by irreversible associative substitution
of benzene for TFE.19 The latter was favored, in part
based on the observed negative AS*. A solvent-
assisted, associative mechanism for benzene coordi-
nation, a and b in Scheme 47, is therefore proposed;
the direct associative route (c) is inconsistent with
the kinetics. The near-unity kinetic isotope effect for
the reaction is consistent with this mechanism as
long as the rate-limiting step is benzene coordination
rather than C—H bond cleavage (see discussion of
Figure 10 later in this section).

Consistent with this scheme, the aqua complexes
(diimine)Pt(Me)(H20)* are in equilibrium with the
corresponding TFE-d; complexes in TFE-d3, with H.O
binding being strongly favored.??® Equilibrium and
rate measurements at high pressures?*>246 have later
supported the proposed associative mechanism.?4
AH°, AS°, and AV” for reaction a were determined
by variable-temperature and variable-pressure equi-
librium measurements, and AH*, AS*, and AV* for
the overall reaction with benzene were determined
from variable-temperature and variable-pressure
kinetics. The parameters for the rate-limiting second
step were obtained from the difference between
the two, AH*(b) = 66 + 2 kJ mol~!, AS¥(b) = —57 &+

Scheme 47
Ar (a) Ar
/[!1,[/ + wOH, *TFE,-Hp0
e 2
=NY YCH; -TFE, +H,0
,!\r Ar

=N, + «TFE
IP A
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Lersch and Tilset

5J K1 mol™!, and AV¥b) = —9.5 + 1.3 cm® mol 1,247
which is quite typical for associative substitutions at
square-planar Pt(II) complexes.?46:248249

A series of protonation experiments shed light on
what happens after benzene coordination at Pt.1%3
First, protonation of (N'=N")Pt(Me)(Ph) in TFE at
ambient temperature followed by MeCN quench after
complete hydrocarbon elimination yielded benzene
and (N'=N")Pt(Me)(NCMe)" (18%) and methane and
(N'=N")Pt(Ph)(NCMe)" (82%). Low-temperature pro-
tonation of (N'—N")Pt(Me)(Ph) in CDyCl; generated
the observable n%-benzene complex (N'—N")Pt(Me)-
(n%-CeHg)* (Scheme 48), which eliminated benzene
and methane in a 40:60 ratio upon warming above
—40 °C. Clearly, protonation accesses interconverting
(N'—N")Pt(H)(Me)(Ph)*", (N'—N")Pt(Me)(1>-CsHg)", and
(N'=N")Pt(0-CHy)(Ph)" species. The last two elimi-
nate benzene and methane (presumably associa-
tively) in a ratio that is somewhat dependent on the
reaction conditions. Figure 9 summarizes the details
in a qualitative energy diagram. The rate-limiting
step is benzene coordination. Once benzene has
entered the coordination sphere of Pt, Curtin—
Hammett conditions prevail, intermediates C—G
interconvert rapidly, and the preference for ultimate
loss of methane (major) vs benzene (minor) is dictated
by the difference in transition-state energies for C
— B and G — H. In CDCl; the r?-benzene complex
is most stable in the C—G manifold;!%® in more
coordinating solvents F is stabilized relative to C. In
CDsCl; containing CD3CN F is seen exclusively.??0

Thus far we have established that repeated C—H
oxidative cleavage and reductive coupling reactions
occur fast, requiring no more than a few minutes at
—78 °C for acquisition of low-temperature NMR
spectra, but it still remains to be established exactly
how rapid these processes are. We recently found by
2D EXSY 'H NMR spectroscopy that exchange cor-
relations can be seen between hydride, methyl, and
phenyl signals even at —78 °C. Variable-temperature,
quantitative EXSY measurements show that hydro-
gens of the phenyl and 7-benzene ligands in a series
of (diimine)Pt(C¢H5)(17%--CeHe)t complexes undergo
exchange via symmetrical (diimine)PtPhoH* inter-
mediates with AG* = ca. 64 kJ mol~1.%5! These values
are somewhat greater than 54 kJ mol ™! reported by
Templeton and co-workers® for exchange in («2-
HTp)Pt(CeH5)(5%-CsHg)™ at comparable tempera-
tures. The difference may reflect the greater ease of
formal oxidation from Pt(II) to Pt(IV) at the «2-HTp'
system, which is neutral at Pt, than at the cationic
diimine complexes. Thermodynamic data for Pt(II)
benzene hydride/Pt(IV) phenyl dihydride equilibria
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H

CeHs
(©



Aspects of C—H Activation by Pt Complexes

Scheme 48
o A
N,,,, \“\CH3 HOTf N”u \‘\\CH;,
f @ f ~N
Ar
Scheme 49
RS RS RS
R! R2 R R2
Me Me
Me 2N\ + CHs Me~ 2N\ + CHs H N+ s
X /Pt\ j; /Pt\ ]; /Pt\
Me” >N"  “OH, Me” SN"  “OH, H™SN”  “OH,
Me Me
R’ R2 R' R2
RS RS RS
I series 11 series 111 series

have been recently reported for related systems,??
as will be discussed in section 7.2.

Recently, Zhong et al. thoroughly investigated
ligand electronic and steric effects on benzene C—H
activation at a wide range of (diimine)Pt(Me)(H2O)"
complexes in TFE.235 Three series of ligands were
employed (Scheme 49). Series I complexes have
N-aryl groups with substituents in the 3,4,5-positions
that do not appreciably sterically shield the axial
access to Pt. Series II members bear methyl groups
in the 2,6-positions that will restrict access to Pt
because the aryl groups are expected to be more or
less perpendicularly oriented with respect to the Pt
coordination plane. Series III complexes differ from
series I in having H atoms instead of methyl groups

A
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at the diimine backbone. Within each series it is
assumed that the substituents alter the electronic
environment without significantly affecting the ster-
ics. The electronic effects were assessed from the
infrared vco frequencies of the (diimine)Pt(IMe)(CO)™
complexes.

Some important findings may be summarized with
Figure 9 as the starting point (not all reactions and
kinetics were done with all members of a series).
Within each series of complexes the most electron-
rich members were more reactive, as inferred from
correlations of log ks vs vco of the CO adducts. The
II series reacted more slowly than the I series,
obviously for steric reasons. Within the III series
reaction rates were considerably slower than for
compounds within the I series with comparable
electron density at Pt. Neither series incorporated D
from the solvent when CgHg was activated in TFE-
ds, implying that deprotonation from all intermedi-
ates C—G in Figure 9 must be considerably slower
than the lifetime of these interconverting species. All
three series followed the same rate law, first order
with respect to (diimine)Pt(Me)(H2O)™ and benzene
and inverse first order with respect to water. Series
I exhibited kinetic isotope effects (C¢Hg vs CgDg) in
the range 1.6—2.2, exhibited partial D scrambling
between C¢Ds and the reacting methyl group, and D
is incorporated in up to 20% of unconsumed starting
material during the reaction. Series II had isotope
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Figure 9. Qualitative reaction coordinate diagram for the C—H actlvatlon of benzene by (N'=N")Pt(CH3)(H20)" in TFE.
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benzene.

effects of ca. 1.1, essentially complete statistical
isotopic scrambling between Pt—CHj and CsDg into
the products, and some (not quantified) scrambling
into unreacted starting material. Series III had
isotope effects as great as 3.6—5.9 and had even less
scrambling between C¢Dg¢ and reacting Pt—methyl
than I, and up to 20% of unconsumed starting
material became deuterated. These observations are
largely understood with Figure 9 as a basis, but slight
modifications (Figure 10) are called for to compare
series I, II, and III.

One noteworthy detail in Figure 10 is that whereas
the substitution of benzene for TFE is the rate-
limiting step for series II complexes, it is the oxida-
tive cleavage of a coordinated benzene C—H bond
that is rate limiting for series I and III. This is
reasonable because the approach of benzene is sub-
ject to severe steric hindrance in II. The rate law
should be the same for both cases. The switch in rate-
limiting step nicely explains that k%/kP is greater for
I and III since the C—H bond is cleaved in 7'S*,. for
I and III but has yet to be cleaved in T'S¥, for II.
The change in rate-limiting step also provides a
rationale for the differences in extent of isotope label
exchange between C¢Ds and Pt—CHs in the products
as well as in unreacted starting complexes. Complete
activation parameters are available for Ar = 2,6-
MeyCeHs (type I), with AS* = —70 J K~! mol™!, and
Ar = 3,5-BuyCgHj (type II), with AS* = —21 J K!
mol~! (the reported AS* of +21 J K~ mol~! in ref 235
was miscalculated; see ref 16 in ref 253). This is also
consistent with the diagram—the rate-limiting T'S*
for type I has a solvent (TFE) molecule still attached,
whereas this is not the case for II.

All three series I, II, and III exhibit increased
reactivity with increasing electron density at Pt. A
similar trend has been reported for related reactions
at cationic Ir complexes.???5* This immediately makes
sense if the oxidative cleavage reaction is rate limit-
ing (I and III) but is less intuitive for II where the
opposite trend might be expected for a rate-limiting
ligand substitution. This trend is rationalized as a
ground-state effect: the energies of the reactants (i.e.,
bond strength to the aqua ligand) within each series

are more sensitive to changes in the diimine ligand
than either of the two possible rate-limiting transi-
tion states TS*., or 7'S*.. The model therefore
explains most observations nicely, but there are still
some unexplained effects of replacing the methyl
group at the diimine backbone with a hydrogen (I vs
I1I).235

The Bercaw group recently reported that arene
C—H activation can also be effected with cationic
(diimine)Pd(Me)(H50)" complexes with substitution
patterns belonging to type I in Scheme 49.253 The
reaction of benzene did not produce the corresponding
phenyl complexes; however, they were invoked as
intermediates that decomposed by disproportionation
or ligand redistribution to give biphenyl. This is quite
reminiscent of benzene activation at cationic Pt
phosphine complexes, see section 5.6. The metal
ended up as Pd(0) and unidentified materials under
anaerobic conditions and as (diimine)Pd(H50)-2* and
[(diimine)Pd(u-OH)]»?* under aerobic conditions. Most
important aspects of the kinetics and mechanistic
details of the benzene activation at Pd are well
described by Figure 10 with rate-limiting C—H activ-
ation. The observed rate was proportional to [CsDgl/
[H;Ol, RH/EP = 4.1 £ 0.5, AH* = 84 + 8 kJ mol ™,
and AS* = —8 + 25 J K™ ! mol™%, and there was no
detection of deuteration levels beyond CH;sD in reac-
tions with C¢Dg. The more electron-rich complex (R?
='Bu, I in Scheme 49) reacts faster than the electron-
poor complex (R2 = CF3), and Pd reacts faster than
Pt with the same ligands. This is consistent with the
ground-state stabilizing effect that was invoked for
Pt.235 The nature of the rate-limiting step—C—H
activation vs o-bond metathesis—is not known; oxi-
dative addition is less likely at Pd than at Pt because
the Pd(IV) oxidation state is less accessible.

Gerdes and Chen recently compared the mecha-
nisms of benzene activation at (diimine)Pt(CHs)(L)*
complexes in solution and in the gas phase.?°” Solu-
tion studies were reported for Ar = 2,6-Me,CsHjs (N'—
N") and 2,6-CloCsHs (NC'—N©) and gas-phase studies
for NC'-NC.. The consistency between data arising
from the two approaches appeared to be remarkable.
The reaction coordinate diagram in Figure 9 implies
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that TFE must be associated with Pt in the rate-
limiting step for oxidative addition of benzene and,
by the principle of microscopic reversibility, also for
the elimination of benzene from any preformed
species in the C—G manifold. Electrospray ionization
tandem mass spectrometry studies of collision-
induced elimination of methane and benzene from
preselected NC'—N)Pt(CH3)(CsHg) " or (NC'—NCDHPt-
(CH)(CgH5)* ions indicated that TFE caused no
acceleration of the reaction compared to other, pre-
sumably inert, collision gases. No adducts or product
ions containing TFE were detected, leading to the
conclusion that TFE was not a component of the rate-
limiting transition state. TFE solution kinetics for
benzene activation at (N'—N")Pt(CHs3)(H,O)"BF,~ and
(NC-NPt(CH3)(Hy0)*BF4~ indicated first-order be-
havior in [Pt] and [CsHg] and inverse first order in
[H20], in agreement with earlier reports.193235 Rates
in TFE containing benzene and in neat (wet) benzene
were virtually identical. Reaction-order data for the
individual components in benzene were not reported,
but it was nevertheless concluded that the apparent
zero-order dependence on [TFE] rules out a TFE-
assisted pathway even in solution. This view is
contrary to the strong evidence provided by the
earlier studies, including the high-pressure volume
of activation data,?*” that quite convincingly estab-
lished this pathway. It was inferred that rate-limiting
transition states different from those connecting B—C
and G—H (Figure 9) and devoid of TFE must be
involved.2%” Proposed candidates, not supported by
experiment, include 7?-(H,H) o-methane complexes
or four-coordinate structures in which the fourth site
is occupied by the ortho substituent of the diimine
N-aryl group. It appears to us that the mechanistic
discrepancies may just as well reflect significant
differences between the gas-phase and solution-phase
processes.??® There is no doubt that in solution the
(N—N)Pt(CHs)(Solv)" (Solv = H,0, TFE) species are
involved in the chemistry—both are in fact directly
observed and in equilibrium with each other. The
gas-phase collision-induced activation of (N'—N¢)-
Pt(CH;3)(CgHg)/(NC'—NCHYPt(CH4)(CeHs)" with TFE
leads to the products of methane and benzene elimi-
nation. Neither the reactants nor the products of
these collision-induced reactions contain TFE. Hence,
it may be safely argued that the gas-phase data
pertain to a reaction manifold entirely different from
that of the C—H activation observed in solution.

Gerdes and Chen recently!!® utilized the phenyl
complex (NC'-NC)Pt(C¢Hs)(Solv) ", prepared by pro-
tonolysis of (IN?'-=NC)Pt(CHj), with H(OEty):BArr in
benzene, as a catalyst for H/D exchange into benzene
in CD3COOD solution. Turnover numbers in the
thousands were seen, and kinetics established that
the exchange process was first order in catalyst and
benzene and inverse first order in acetic acid. The M
value (number of H/D exchanges per pass through
the catalytic cycle, see section 3.2) was 2.6 + 0.3.
Electrospray MS analysis indicated that the catalyst
resting state was the Pt(II) complex (NC'—NC)Pt-
(OCOCD3)(DOCOCD3)* and that the turnover-limit-
ing step of the reaction was displacement of the acetic
acid ligand by benzene to give a ;-benzene complex.
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The benzene ligand undergoes relatively rapid (ac-
counting for the M value) oxidative cleavage and H/D
exchange via proton transfer from Pt—H to the Pt—
OAc group; isotopic exchange then must occur either
via H/D exchange with the medium or by substitution
of CD3;COOD for CDsCOOH. Dissociative benzene
coordination at the cationic Pt acetate was inferred
on the basis of the rate law, although an anchimeri-
cally assisted, i.e., intramolecularly assisted associa-
tive mechanism, was favored. The latter is in accord
with the general associative substitution behavior of
cationic Pt(IT) complexes (see section 5.1). The first
half of the catalytic cycle is depicted in Scheme 50.

Wang and co-workers noted that the (N—N)PtMe,
complexes of the two isomeric (N—N) ligands bis(IV-
7-azaindolyl)methane activate benzene after proto-
nation with H(OEt;);BArr (Scheme 51).256.257 Inter-
estingly, the reaction of the complex with the
unsymmetrical ligand (bottom) exclusively furnished
the product with the phenyl group trans to the
pyrrole, rather than the pyridine, nitrogen. A related
dinuclear tetramethyl complex?7-2%8 yielded products
of double benzene C—H activation in moderate yields;
the mechanism of this transformation is only poorly
understood.

6.6. Regioselectivities in Aromatic Activation

The establishment of rapidly interconverting
Pt(Il) and Pt(IV) species after hydrocarbon coordina-
tion is a fairly general feature of C—H activations at
cationic Pt(diimine) complexes. This raises intriguing
possibilities concerning regioselectivities of C—H
activation of substituted aromatics. The reactions of
toluene and p-xylene were investigated at (INf—Nf)-
Pt(Me)(H;0)" and (N'—N")Pt(Me)(H,O)" in TFE
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(Scheme 52). MeCN trapping was done after com-
pleted reaction and did not affect the observed
product distributions. The Nf—Nf system preferen-
tially gave products of aromatic C—H activation,
whereas benzylic activation was preferred at the N'—
N’ complex.??® For Ar = 3,5-‘BusCg¢Hs, p-xylene gave
almost exclusively aromatic activation whereas mesi-
tylene gave 95:5 benzylic and aromatic activation at
25 °C.2% The differences are believed to result from
the greater steric demands of the 2,6-disubstituted
ligands (more crowded Pt favors benzylic activation)
vs 3,5-disubstituted ligands (less crowded Pt favors
aromatic activation). These findings are contrasted
by H/D exchange in p-xylene in the Shilov system
where a 91:9 selectivity for the benzylic positions
over the aromatic positions was observed.!1%128 This
is surprising as PtCl;2~ or PtCl3(H2O)~ are not

Solv oy, | AS/

t

Solv u, | /S/
(R- H)’@

AG
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particularly crowded compared to the 2,6-disub-
stituted diimine ligand (N'—N’"), and aromatic activa-
tion—giving stronger Pt—aryl bonds in crucial inter-
mediates—would normally be anticipated. Simple
steric considerations appear to be insufficient to
explain the deviating selectivity patterns even in this
simple system. A recent study on C—H activation of
acetophenone and nitrobenzene by an iridium phos-
phine pincer complex showed a similar counter-
intuitive selectivity.?%” In this case low-temperature
NMR revealed a kinetic meta and para selectivity,
whereas the thermodynamic product was the ortho
isomer due to formation of a favorable chelate.

Protonation of the three isomeric ditolyl complexes
(Nf=NHPt(o-Tol)z, (N*=NHPt(m-Tol)2, and (NT—N)Pt-
(p-Tol)z in TFE to which was added 0—1.7 M MeCN
further illuminated how these regioselectivities might
arise. In neat TFE all substrates gave exactly the
same product distribution (no observed ortho or
benzylic, 77% meta, 23% para) for the resulting
(NF=NHPt(Tol)(NCMe)* complexes after trapping with
MeCN. Extensive positional isomerization had oc-
curred. When MeCN was present during the proto-
nolysis, the extent of positional isomerization was
effectively inhibited. This is most readily accom-
modated by the already established associative dis-
placement of hydrocarbons from the cationic com-
plexes. MeCNisthebetter nucleophile, and hydrocarbon
displacement competes with positional isomerization.
TFE is a poor nucleophile, positional isomerization
is very rapid compared to displacement of products
(Curtin—Hammett conditions prevail), and the prod-
uct distribution is independent of the identity of the
substrate. The qualitative energy diagram in Figure
11 illustrates the situation.

Interestingly, the meta:para ratio for the toluene
activation was unusual, as it was significantly greater
than the statistical 2:1 for the Nf—Nf and N'—N'

Solvs,, | /g/

(R- H)’ | \

Product determining
step for Solv = TFE

Product determining
step for Solv = MeCN

Isomerization via repeated
--------- C-H oxidative coupling
and reductive cleavage

Figure 11. Qualitative energy diagram that illustrates the product-determining events during (a) toluene C—H activation,
with (R—H) = 0-CH,4 and Solv = TFE, and (b) protonolysis of di(tolyl) complexes, where (R—H) = z-toluene and Solv =

TFE/MeCN. Benzylic species have been omitted.
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Scheme 53
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ligand systems. The same meta preference is seen
in the protonation of the (N*—Nf)Pt(Tol), isomers in
TFE. The surprising meta preference has been ten-
tatively suggested to arise from a poorer delocaliza-
tion of the positive charge by resonance in (diimine)-
Pt(R—H)(Tol)* for Tol = m-Tol than for p-Tol. This
leads to a harder Pt center that is more susceptible
to nucleophilic attack by TFE.?%? The meta:para ratio,
for kinetically as well as thermodynamically con-
trolled reactions, is usually statistically 2:1 or less
in other C—H activating systems that have been
studied,160.161,185,218,261-263

Protonation of (N'—N')Pt(p-Tol); in TFE/0.05 M
MeCN furnished (N'—N")Pt(R}NCMe)" (8% R =
0-Tol, 65% m-Tol, 15% p-Tol, 12% benzyl).?>® A control
experiment showed that the isomerization was not
caused by a sequence of elimination and re-addition
of toluene. The formation of the benzylic isomer is
therefore significant because it demonstrates a rear-
rangement between “aromatic” and “benzylic” C—H
coordination modes prior to hydrocarbon elimination.
This contrasts a report by Legzdin and co-workers,
who concluded that separate C—H activation path-
ways exist for benzylic vs aromatic toluene C—H
activation at thermally generated Cp*W=CH/Bu and
Cp*W=CHPh fragments.264

The Bercaw group recently reported surprising
selectivity patterns in the reaction between the
(diimine)Pt(CH3)(TFE)" complex in Scheme 53 and
substituted benzenes.!86-265 This complex, generated
as the [CF3CD2OB(CgF'5)3]~ salt from the Pt dimethyl
precursor and B(Cg¢F5)s in TFE, is a water-free
analogue of the (diimine)Pt(CH3)(H;0)" complexes
described above and does exhibit an expected reactiv-
ity increase toward benzene compared to the aqua
complex. C—H activation at mesitylene occurred
exclusively at the benzylic position at a rate an order
of magnitude more slowly than with benzene (rates
are not statistically corrected for number of equiva-
lent C—H bonds), with £H/kP = 1.1 £+ 0.2. With
p-xylene aromatic activation was preferred (%/kP =
4.0 & 1.8) over benzylic activation (ZH/EP = 0.8 £
0.3) by a factor of 2, but only the product of benzylic
activation was observed on a longer time scale and
is thermodynamically preferred. The reason for this
surprising preference appears to be a %° coordination
mode of the benzylic moiety. Curiously, and in
contrast with the findings for toluene activation at
N'—N' discussed above, a first-order dependence of
the isomerization rate on the p-xylene concentration
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suggests that the isomerization from aromatic to
benzylic product may occur intermolecularly. Toluene
behaves qualitatively similar to p-xylene, but the
distribution of positional isomers among the aromatic
products has not been fully analyzed.!8¢

Considering the numerous examples that have
been discussed, it is clear that the distribution of
aromatic positional selectivities as well as the aro-
matic vs benzylic selectivities in the observed C—H
activation products is influenced by many factors. It
is important to establish whether observed product
distributions reflect an intrinsic kinetic preference
of the metal toward a specific C—H bond, or an
overall thermodynamic preference in the C—H acti-
vated product, or a kinetic preference of a product-
determining step that occurs after the initial C—H
activation. An intimate knowledge of the underlying
reaction mechanisms is obviously important if selec-
tivities in these and other systems, including the
aqueous Shilov system, are to be understood and used
in the design of new catalyst systems with tunable
selectivities.

6.7. Catalytic C —H Activation and

Functionalization at Cationic Pt(ll) N, Complexes

An unusual case of catalytic alkane C—H activation
and functionalization was recently reported by Ber-
caw.!8? The (diimine)Pt(Me)(TFE)* complex in Scheme
54 was generated from (diimine)PtMe; by protonoly-
sis with H(OEtg)2BArr or B(C¢F5); in TFE-d;. Addi-
tion of excess (36 equiv) Me,Si initiated a catalytic
reaction that under very mild conditions produced the
silyl ether CF3CD20OSiMes and methane isotopomers
CH,-.D, (75% conversion after 18 h, 26 °C). More
than 75% of the Pt complex remained, although H/D
exchange into the Pt—CHj; group was evidenced by
Pt—CH;D and Pt—CHD; signals in the 'H NMR
spectrum. Clearly, the formation of strong Si—O and
C—H bonds at the expense of weaker H—O and Si—C
bonds provides the driving force for the catalysis. It
was proposed that rate-limiting C—H activation of
SiMe4 was followed by rapid solvolysis (Scheme 54).

The mechanism of the fast step was probed by
stoichiometric protonation reactions. Dissolution
of (diimine)Pt(CH2SiMes)e in TFE-ds/B(Cg¢Fs); pro-
duced 2 equiv of CF3CDsOSiMes (unlabeled in the
Si—Me groups) as well as (diimine)Pt(Me)(TFE)"
(Pt—Me partially D labeled) and methane (partially
D labeled). In THF-dg containing TFE-ds the same
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products were obtained except that the Pt product
was the THF adduct (diimine)Pt(Me)(THF)*. The
THF adduct, unlike the TFE analogue, did not
produce the silyl ether from SiMe,. Both equivalents
of silyl ether therefore must arise from protonolysis
of (diimine)Pt(CH2SiMes)s. No SiMe, was formed by
protonolysis of (diimine)Pt(CH3SiMes)s. The observa-
tions were considered to be most consistent with the
mechanism in Scheme 55. The rate-limiting C—H
activation is followed by a rapid nucleophilic attack
by TFE at the silyl group. This generates an unusual
neutral five-coordinate (diimine)Pt(IV) hydrido-
methyl methylidene complex. Subsequent o-H mi-
gration from Pt to methylene accesses the neutral
(diimine)PtMe; complex which, under the acidic
conditions, is known to undergo H/D exchange with
the medium into the methyl groups before associative
release of methane by TFE. The (diimine)Pt(Me)-
(TFE)™" resting state of the catalyst is then produced.
Mechanistic alternatives involving -Me migration
from the activated silane to Pt was discounted
because D label should then be seen at the silyl ether.
Furthermore, a-silyl migration to Pt was discounted.
If it were to occur after reductive coupling, MesSi
would be an expected byproduct. If it were to occur
before reductive coupling, an unlikely Pt(VI) inter-
mediate would result.

Puddephatt investigated the mechanism further by
protonation of the complexes in Scheme 56.13* Pro-
tonation by HX (X = CI, Br) in moist solvents
generated Me3gSiOH and methane (85—90%) as well
as some MesSi (10—15%). In a solvent mixture
containing CD3OD, (NNC)Pt(CHsSiMes) produced
MesSiOCD3 and CHyDy (85—90%) as well as Mes-
SiCH2D (10—15%) along with (NNC)PtX. The label-
ing in methane and Me4Si indicates that the C—H
reductive couplings must be irreversible. (‘Busbpy)-
Pt(CHsSiMes)s furnished MesSiOCD3 and all isoto-
pomers CH, Dy, (90%) as well as Me3sSiCHsD (10%),
indicative of irreversible C—H coupling, along with
(‘Bugbpy)Pt(X)(CD,Hs-,). Monitoring the protonation
of (*‘Bugbpy)Pt(CHzSiMes); by 'H NMR at —30 °C
revealed the presence of (‘Bugbpy)PtMey(X)(SiMes),
a product of a-silyl migration to Pt. It was proposed
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that the observations were consistent with a con-
certed migration of D to C and of Si to Pt (Scheme
56, bottom). This appears to be in accord with the
deduction above!® that a-Si migration does not occur
before or after reductive coupling. The partitioning
into MesSi and MesSiY products might be caused by
the conformation of the CHsSiMes group when the
hydride migration to carbon begins.!®* However, it
is not obvious that the same mechanism should
operate in all these systems. In addition to the
variations in substrate structures, there are signifi-
cant differences in solvent acidity, basicity, and
nucleophilicity (H,O and MeOH vs CF3;CH2OH).

6.8. Reactions at Pt Complexes with Neutral
Acyclic N 5 Ligands

There are a number of interesting cases in which
chelating N-donor Pt(II) alkyls have been protonated
to give stable Pt(IV) alkyl hydrides where the stabi-
lization is caused by intramolecular coordination of
a pendant sidearm of the ligand system, resembling
the function of the methoxy group?®® in Scheme 43.

The bis(2-pyridylmethyl)amine system is an early
example of this approach. Protonation with HCI or
HBF; in CDyCl; gave the cis (hydride vs amine)
hydrido—dimethyl complex, which equilibrated to a
mixture with the trans isomer.2%¢ It was later dem-
onstrated?” that the cis—trans interconversion is
caused by reversible protonation, as indicated in
Scheme 57, rather than via pyridine dissociation and
site exchange in the resulting five-coordinate species.
The cis and trans isomers both eliminate methane.
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The kinetics of the elimination was done in CDyCl,
for the cis isomer alone and for the cis/trans mixture
under base-free conditions where the two do not
interconvert as well as under equilibrium condi-
tions.267 The cis isomer (AH* = 104 + 3 kJ mol 1, AS*
=284+ 10J K 1mol !, AV¥ =6.2 + 0.3 cm® mol™?)
reacted more than 1 order of magnitude faster than
the trans isomer (AH¥ = 133 + 5 kJ mol ™1, AS* =
101 +£ 17 J K1 mol™}, AV¥ =8 + 1 cm?® mol ™). A
major reason for this is the greater trans influence
of a hydride relative to a methyl ligand; the hydride
in the cis isomer causes labilization of the trans
pyridine to access a reactive five-coordinate species
more readily than what is possible from the trans
isomer.?®” The measured volumes of activation are
considered to be too small for the pyridine dissocia-
tion (expected ca. 20 cm? mol~1)%4? to be rate limiting.

Treatment of the dimethyl complex with DC] under
conditions that would allow reversible Pt—D forma-
tion during the methane elimination produced CHy,
CH;D, and (with time) CHsDs. Interestingly, D was
incorporated specifically in the Pt—Me group trans
to the amine in the cis Pt(IV) isomer.2%¢ These
observations were better understood after experi-
ments on the cis isomer under conditions of irrevers-
ible deuteride formation with TfOD in acetone-ds.267
The experiments demonstrated that D scrambling
occurred selectively into the methyl trans to amine
(Pt—CH2D but not Pt—CHD; was seen). Considerable
amounts of D were incorporated into the Pt(II)
methyl product, and CH4 and CH3D were seen but
not CHyDs. The rate of H/D scrambling was ca. 1.6
times faster than the methane elimination with 2%/
kP close to unity. These observations are rationalized
with Scheme 58, where two H/D reductive coupling
pathways are available from the five-coordinate
intermediate. One is reversible (.1, k—rc1) and leads

to scrambling but not methane loss, and the other is
irreversible (k..2), somewhat slower, and leads to
methane loss. The greater trans influence amine
ligand weakens the trans Pt—C bond, facilitating the
C—H reductive coupling of the trans methyl relative
to the cis methyl, causing k.. > k.. However, the
trans o-methane complex has the wrong geometry to
readily form the Pt(II) product, while the cis o-meth-
ane isomer has the correct geometry. The pyridine
is conveniently located for an intramolecular associa-
tive displacement of methane by a nucleophilic attack
at platinum. The low volumes of activation are
accounted for since the preequilibrium pyridine dis-
sociation (large positive AV¥) is followed by a rate-
limiting reductive coupling for which AV* should be
negative.

Under conditions of reversible protonation, the
pendant pyridine group in the o-methane intermedi-
ate might assist deprotonation from the o-methane
ligand followed by reprotonation at the other face of
the metal, thus driving the slow multiple D incorpo-
ration.?%¢ The principle of microscopic reversibility
then requires that pyridine protonation must also be
available for the introduction of a proton to Pt in the
first place, so that pyridine effectively acts as a
“proton shuttle” between the reaction medium and
the metal.

The Pt(II) dimethyl complex of tris(2-pyridyl-
methyl)amine in Scheme 59 is fluxional at ambient
temperature as the free and coordinated pyridine
moieties undergo exchange by 'H NMR. Protonation
with CF3;COsH, HOTf, or HBF, in acetone results in
rapidly equilibrating Pt(IV) hydride isomers.?$® The
rapid exchange is in contrast to the behavior of the
bis(2-pyridylmethane) analogues (Scheme 57) and is
probably facilitated by proton transfer, the pendant
pyridine ring acting as a “shuttle”. Methane was
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eliminated during 1 day at ambient temperature.
DOTY produced CH3D and gave no D incorporation
into Pt—methyl groups. Reductive C—H coupling is
apparently irreversible, although the tris(2-pyridyl-
methyl)amine Pt(IV) hydride has a thermal stability
comparable to that of the bis(2-pyridylmethyl)amine
analogue. The irreversibility may be caused by the
ability of the pendant pyridine moiety to effect an
intramolecular, associative methane displacement.

The protonation chemistry of the neutral N3 ligand
systems in Scheme 60 has also been investigated.?5°
The behavior of these systems largely parallels that
of the bis(2-pyridylmethyl)amine in Scheme 58. The
stability of the Pt(IV) hydrides appears to correlate

Lersch and Tilset

with the tendency of the ligands to form strong fac-
tridentate binding to Pt(IV). Treatment with DOTf
under reversible conditions (CDsOD solvent) led to
multiple D incorporation into the methane produced
as well as the Pt—Me group of the products. The
remaining methyl group in the products underwent
protonolysis with excess HOTf; when DOTf was used,
only CH3D was produced, so o-methane complex
formation is not reversible. It is not known whether
these reactions proceed via dicationic Pt(IV) hydrides.

The iminopyridyl ligand systems in Scheme 61 are
less flexible than the amine analogues because of the
geometrical constraints of the C=N bond.?”° Indeed,
the two-carbon chain (top) did not yield a fac-chelate
in the oxidative addition of CHsl but rather the
Pt(IV) iodide («¥2-N35)PtMesl. The three-carbon chain
compound yielded solvent-dependent mixtures of (x2-
N3)PtMesl and («3-N3)PtMes. This difference in ability
to form fac-Nj3 chelates also has consequences for the
protonation chemistry. Addition of 1 equiv of HX (X
= Cl, CF3COg, TfO) led to initial protonation at the
basic amino group rather than at Pt. The N-proto-
nated complexes slowly eliminated methane, pre-
sumably via proton transfer from N to Pt (interme-
diates were not observed) to give a counteranion and
chain-length-dependent product mixture of neutral
(k2-N3)Pt(Me)(X) and cationic («3-N3)PtMe* complexes
in which the «3-Nj ligand has a mer coordination
mode. The neutral complexes were kinetically fa-
vored; rearrangement to the cationic species presum-
ably occurred by intramolecular associative attack by

Scheme 60
NN N\ 2
No, WwCH3 HOTf N,,,, WwCH3 days N7, + WCH3
BN 7 P ambient T P *CH
reN CH, =N CH, ambientT g=N NMe,
NM62 —
NMez ’ .
R = Me, CH,Ph (and two isomers)
Me; Me,H Mes,
N, wCHs HOTf N/,,,+I wCH3 fast N.,,+ wCHs
Pt — < Pt — £ Pt +CH,
Mo N7 YcH MmN | YeH;  -10°C ues N SNMe,
NMe, N—
NMe2
Scheme 61
N BN BN DN
—N,, CH —N,, CH;z -CH N, =N, . wCH
- //Pt\ 3 ﬂ» - 17 WV 3 4 _ 7B\ > - 1y W 3 X-
N”  YCH, N”  YCH, N”  YCH, NT  NMe,
+
NMe, NHMe, NMe,
X
/ AN AN AN AN
N,, CHz HX =N, “CHs - CH4 N, X Ny, + wCHs
i, T e — Lms, == T A
N CHs N CHs N CHs N NMe
+
L/NMGQ NHMe, NMe,
X
r ‘CH

NMez



Aspects of C—H Activation by Pt Complexes

Scheme 62
S
7 NF 2N J ) Me
/N,,,,+\\ e /N,,,I \\\\Me /N,,,I+| \\\\MeH
< oPiS HX o SPUS HX o JPEL M=
NY | YCimH =—¢ N Me —_— N | Chndy /)
Me \ H X\ N
NH N= NH
N
Nz
Scheme 63
N\

Y,
Ny, wCHs  DOTf
Pt —_—

the dimethylamino group at an axial site of Pt. The
cationic complex was preferred and formed faster for
the poorer X ligands (OTf, CF3COs) and large ring
size (three-carbon chain, bottom). Protonation of the
dimethyl complexes with 2 equiv of HX led to im-
mediate loss of methane and produced mixtures of
the cationic-at-Pt («3-N3)PtMe" and the N-protonated
form of («*-N3)Pt(Me)(X). Pt(IV) hydrides are pre-
sumed intermediates in all these reactions but could
only be observed at low temperatures for X = Cl with
the three-carbon chain in the ligand. This hydride
(Scheme 61, bottom) eliminated methane at —30 °C.
DOTf in CD3Cly/CD3sOD (which facilitates reversible
proton transfer, see previous examples) produced
only CH3D and no incorporation of D into Pt—methyl
groups, and therefore, C—D reductive coupling is
irreversible.

Interestingly, closely related complexes that bear
a pendant iminopyridine, rather than an amine,
substituent undergo stereoselective formation of
aminoalkyl platinum complexes upon treatment with
HX (Scheme 62).2"! Protonation occurs at imine-N,
and the incipient iminium cation underwent electro-
philic attack at Pt. The two products arise from
trapping by the pyridine moiety or by X. Intramo-
lecular axial trapping Pt(IV) hydrides by the pendant
imine or pyridine groups was not observed, although
evidence was presented that the proposed initial
protonation at the imine had to be reversible.

The bis(2-pyridylmethyl)-substituted N,N-hetero-
cyclic carbene'”?17 system in Scheme 63 exhibits
chemistry similar to that of the N3 donors described
already. Protonation provided the Pt(IV) hydrido
carbene complex, which eliminated methane within
7 h already at —60 °C.?”2 The elimination was
irreversible with no hint of D/CHj isotope exchange
when DOTf was used under the conditions that led
to multiple D incorporation in the bis(2-pyridyl-
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methyl)amine system in Scheme 58. The strong trans
influence carbene ligand should cause a significant
trans Pt—CHj; bond weakening that facilitates the
reductive coupling and the ensuing methane elimina-
tion. It was suggested that the methane elimination
occurs from the position trans to the carbene. This
is consistent with the stereochemistry of the di-
nuclear product, proposed to arise from dimerization
of the formally three-coordinate mononuclear precur-
sor.

6.9. Reactions at Neutral Cyclic N 3 Ligands

The neutral triazacyclononane (tacn) molecule has
a strong tendency to act as a fac-binding tridentate
ligand.?”® The ligand is bidentate chelating in («2-
tacn)PtMes, and reaction with HOTf (Scheme 64)
leads to the thermally robust («*-tacn)PtMe,HOTT,
characterized crystallographically.?” This Pt(IV) alkyl
hydride decomposes at 197 °C (thermogravimetric
analysis) and is stable for at least 2 h at 155 °C. The
ligand is clearly conferring an unusual stability to
the molecule without the presence of excessive steric
bulk. H/D exchange into the hydride and N—H sites
but not into the Pt—CHjs groups was seen in acetone-
d¢ and methanol-d,. This process is considered to be
mediated by bases. The precursor («2-tacn)PtMe; is
itself a strong base, providing («3-tacn)PtMe,D*-
CDsO™ in methanol-d4. The exceptional electron rich-
ness of (k2-tacn)PtMe; is underscored by the ease by
which it undergoes rapid oxidation by air to give («3-
tacn)PtMex(OH) " or («*-tacn)PtMex(OHz)?>" depending
on the reaction conditions. These oxidations do not
proceed via the intermediacy of («2-tacn)PtMeoH™
since this compound reacts only very slowly with O..
The Mestacn and ‘Prstacn ligands furnish Pt(IV)
hydrides with analogous stabilities and reaction
chemistry;275276 the pK, of (k3-‘Prstacn)PtMe,H" has
been estimated to be greater than 15 in methanol.

Vedernikov et al. used computational approaches
to explore how the reactivity of square-planar d®
complexes toward C—H oxidative addition is affected
by geometrical distortions. For example, distorting
the geometry from square planar in the direction of
a seesaw structure favors the oxidative addition. This
is reminiscent of the effect of bending the structure
of (PR3):Pt® away from linearity (see section 5.3). The
computational results have served as a basis for the
design of novel ligands that are tuned to optimize the
reactivity of the C—H activating systems.277-278

The [2.1.1]-(2,6)-pyridinophane (pyrphane) ligand
system in Scheme 65 is a promising constrained-
geometry system that confers a reactivity to Pt that
is uniquely different from the tacn ligands above. The
pyrphane geometry allows «? coordination at a square-
planar metal center, but due to geometrical con-
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Scheme 65

pyrphane

N:,Pt“\mMe
N®T " YMe

straints, the pendant N donor is forced to be in close
proximity to an axial site at the square plane. Filled—
filled repulsions arise between the occupied d.2 orbital
on Pt and the N lone pair or ring 7 electrons of this
pyridine ring.?” The ligand system is slightly over-
sized for an optimal fac «® bonding mode in an
octahedral environment, rendering «® Pt(IV) species
reactive by facilitating a «® to «? “slip” that accesses
the necessary five-coordinate species.

The PdCl; moiety binds in the x?>-symmetrical mode
to the tetramethyl-substituted pyridinophane in
Scheme 65, whereas PdCl; and PtMe; bind in the «?-
unsymmetrical mode to the unsubstituted pyrphane.
The latter molecules are fluxional; for PtMes, the two
ethylene-linked pyridine rings undergo site exchange
with concurrent exchange of the two nonequivalent
methyl sites.

According to DFT calculations?®® the cationic
Pt(IV) hydride («3-pyrphane)PtMe.H* (top center,
Scheme 66) should allow kinetically facile (AG* = 67
kJ mol™!) and thermodynamically only slightly uphill
(AG® = 46 kJ mol 1) elimination of methane to give
the transient three-coordinate («>-pyrphane)PtMe™.
The uncoordinated N in this species is located at a
nonbonding distance, slightly more than 3 A removed
from Pt, according to DFT calculations.?®! Due to the
constraints of the ligand system it cannot form the
16-electron square-planar and less reactive («3-pyr-
phane)PtMe™ cation. The Pt center is intermolecu-
larly accessible for reactions that can be aided by

Scheme 66
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interactions with the nearby uncoordinated N atom.
Accordingly, the unsymmetrical («2-pyrphane)PtMe;
complex undergoes protonation at Pt with HOTf
(anion exchange with NaBArr can be done) in CHo-
Cl; to give Cs-symmetric («*-pyrphane)PtMe,H X~ (X
= OTf, BAryr). Both salts eliminate methane to give
a transient that reacts at the same rate, hence likely
via the same rate-determining steps, with ethane,
propane, n-butane, cyclopentane, and cyclohexane to
give («3-pyrphane)Pt(alkene)H" complexes in high
yields (Scheme 66). Two diastereomers formed from
propane (ca. 1:1), n-butane furnished two diaste-
reotopic 1-butene complexes (81% combined), one cis-
2-butene complex (5%), and two trans-2-butene com-
plexes (14%). Heating at 100 °C led to decomposition
of the 2-butene complexes and liberation of the
2-butenes, whereas the 1-butene complexes persisted
in the same ratio as initially produced. No isomer-
ization of the butene complexes occurred even at 100
°C, and the product ratio apparently reflects a kinetic
selectivity for butane dehydrogenation.2%° Only one
cyclopentene and one cyclohexene product formed.
The dehydrogenation presumably occurs by R—H
oxidative addition, methane elimination, and $-elim-
ination. It is not clear whether the 14-electron “T-
shaped” species are truly involved (necessitating
dissociative methane elimination) or whether meth-
ane is displaced by inter- or intramolecularly assisted
associative mechanisms. It is interesting that in these
C—H activation reactions it is the Pt(IV) hydride that
is the reactant and the Pt(II) species that are
intermediates, whereas the converse is true for all
other C—H activating systems discussed thus far in
section 6.

Benzene reacts with («*-pyrphane)PtMesH BArp~
by a double benzene activation/methane elimination
sequence to furnish the Pt(IV) diphenyl hydride («3-
pyrphane)PtPhoH* (Scheme 67) via («*>-pyrphane)Pt-
(Me)(Ph)(H)". When («3-pyrphane)PtMesH"* reacts
with CeDg instead of C¢Hs, all isotopomers CH4—, D,
of methane are detected by "H NMR. Thus, the C—H
reductive coupling must be reversible, and Pt(II)
intermediates with o-methane and o-benzene or
7m-benzene ligands are suggested.?’! An interesting
experiment demonstrated unusual selectivity issues.
When («3-pyrphane)PtPhoH™BArr~ (and its equilib-

alkane

R,R'
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propane
butane
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cyclohexane

H.H
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Scheme 67

rium tautomer, see below) was treated with cyclo-
pentane in CDyClg, the Pt(II) hydrido cyclopentene
complex already depicted in Scheme 66 was formed
during 3 days at 25 °C along with 2 equiv of benzene.
Benzene activation at the Pt alkyl moiety therefore
must be reversible; furthermore, the thermodynamic
selectivity for alkane activation over arene activation
is caused by the stability of the Pt(I) hydrido alkene
complex. When («3-pyrphane)PtMe.H'BAry~ is re-
acted with a 1.6:1 molar ratio of benzene and ethane,
the diphenyl hydrido complex (and its tautomer) is
quantitatively formed within 8 h at ambient temper-
ature. During the next 4 days the Pt(II) hydrido
ethene complex appeared to reach 10%. The kinetic
preference appears to be in favor of benzene activa-
tion; however, the intrinsic reactivity of (pyrphane)-
PtMe" toward benzene and ethane may be masked
by deactivation involving z-benzene complex forma-
tion.281

Interestingly, the Pt(IV) diphenyl hydride is in
equilibrium (NMR) with its Pt(II) diphenyl NH
tautomer?®! in which the N—H bond is engaged in
hydrogen bonding?82-28¢ to Pt (Scheme 68). The 'H
NMR spectrum of the NH tautomer shows a charac-
teristic low-field shift of N-H at 6 17.32 with Jpi—g =
86 Hz. The equilibrium ratio of the two, Pt(IV) (left)
to Pt(II) (right), was 1:9 at ambient temperature for
R = Ph. The equilibrium shifted completely in favor
of the N-protonated Pt(II) tautomer for R = CgF;
(prepared by C—H activation of pentafluorobenzene
with («3-pyrphane)PtMe,H™).285 The Pt(IV) tautomer
was undetected during the reaction and after pro-
longed heating at 80 °C, suggesting that the Pt(II)
form is thermodynamically preferred. One might
expect that the electron-withdrawing CgF5 has a
stronger preference for the lower oxidation state and
neutral Pt metal center than does C¢Hjs. Accordingly,
replacement of the phenyl groups with R = Me, a
better donor, shifts the equilibrium in the opposite
direction. At ambient temperature only the Pt(IV)
form is seen. However, protonation of («?>-pyrphane)-
PtMe; with HOTf in the presence of NaBArg in CDs-
Cly at —80 °C furnished 8% of the Pt(II) form and
4% symmetrical Pt(IV) and 88% unsymmetrical
Pt(IV) tautomers; above —45 °C the mixture rapidly
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Scheme 69
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isomerized to the thermodynamically preferred sym-
metrical Pt(IV) tautomer.?8

These findings have important implications regard-
ing the mechanisms of hydrocarbon C—H activation.
It is conceivable that at a given metal center alterna-
tive C—H activation mechanisms may operate de-
pendent on the orientation of R—H relative to the
pendant N group. When the proton is directed toward
N, the C—H bond cleavage may be assisted by the N
atom (Scheme 69, top). This represents an intramo-
lecularly assisted electrophilic mechanism for the
C—H activation. On the other hand, when the proton
is oriented in the opposite direction, an oxidative
addition mechanism may result, assisted by a lower-
ing of the transition-state energy by the binding at
Pt of the third pyridine N (bottom).2%> When the
Pt(IT) and Pt(IV) tautomers are generated by proto-
nation of («2-pyrphane)PtRy, it is possible that two
reaction channels operate—one in which protonation
takes place at N (with subsequent transfer to the
same side of the metal) and one that takes place
directly at the metal, from the opposite side. It still
remains to be unambiguously demonstrated if these
parallel pathways for proton transfer are actually
operative.

The («3-pyrphane)PtMe,H"' system cleaved two
hydrocarbon C—H bonds, facilitated by the elimina-
tion of two molecules of methane. Starting with the
methyl dihydride complex instead of the dimethyl
hydride, single alkane C—H activation was pos-
sible,?8 facilitated by methane elimination being
kinetically and thermodynamically favored over Hy
elimination according to DFT calculations. The un-
symmetrical air- and water-stable Pt(IV) methyl
dihydride was prepared by an interesting Si—H
activation/desilylation procedure (Scheme 70). This
reaction is also interesting from a mechanistic view-
point as it convincingly demonstrates that oxidative
addition occurs at a cationic, electron-poor Pt(II)
species. Reactions of («k3-pyrphane)PtH;Me ™BArp~
with hydrocarbons in sealed tubes at 86 °C (1:1
hydrocarbon:CDsCls) led to products of single C—H
bond activation and methane elimination. Benzene
and cyclohexane gave the corresponding phenyl and
cyclohexyl complexes. Interesting selectivity issues
were addressed: n-pentane proceeded with selectivity
for the terminal C—H bond. Toluene resulted in
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exclusive aromatic C—H activation (statistical 2:1
meta:para ratio; ortho not detected). Mesitylene,
sterically encumbered to disfavor aromatic activation,
yielded exclusive benzylic activation.

Reactions of (k3-pyrphane)PtHoMe™ with n-pentane
and cyclohexane (Scheme 70) did not proceed to the
Pt(II) hydrido alkene complexes, analogous to the
reactions depicted in Scheme 66, but stopped after
one C—H activation and methane elimination for the
reasons given above. The alkane activation reactions
were shown to be reversible. The Pt(IV) cyclohexyl
complex reacted with n-pentane to give the Pt(IV)
1-pentyl complex and cyclohexane and vice versa.
This demonstrated that primary and secondary C—H
bond activation products could interchange during 3
h under the C—H bond activation conditions and
strongly suggests that the preference for primary
C—H bond activation in n-pentane is a thermody-
namic preference. This does not rule out that the
kinetic preference might also be for the same C—H
bond.

7. Reactions at Pt Complexes with Anionic Donor
Ligands

7.1. Anionic vs Neutral Ligands

The Shilov mechanism (Scheme 3) requires an
oxidation of Pt(II) alkyl to Pt(IV) alkyl complexes.
Experimental evidence has suggested that the cat-
ionic Pt complexes, based on neutral diimine and
other Nj ligands, are not very susceptible to oxida-
tion.28” The presumption that anionic ligands would
give neutral Pt(II) alkyls that should be more prone
to oxidation has inspired efforts recently to explore
the C—H activation chemistry of Pt complexes with
a number of anionic ligands, mostly N donors. This
led to the development of chemistry based on the
anionic hydridotris(pyrazolyl)borate and diketiminate
ligand systems. Recently, Bercaw and co-workers
estimated the relative ease of oxidation of a range of
complexes (Scheme 71) that bear anionic N,N- and
N,C-chelating ligands.?%8 The relative ease of oxida-
tion from Pt(IT) LePt(SMey)Me to Pt(IV) LoPtIs(SMey)-
Me was established by competition reactions with I
and measurements of equilibrium constants between
pairs of Pt(I) methyl complexes and their corre-

fH MeOH
\ SiMes _veosiMe,
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86°C, hoursy -CH,
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sponding Pt(IV) methyl diiodides. This is an interest-
ing approach?®” for quantifying the redox properties
of complexes that frequently exhibit rather ill-defined
responses during electrochemical oxidations.?® Initial
results from C—H activation of benzene at some of
these species have appeared??® and will be discussed
at the end of this section.

Cyclometalated «2-(C,X) heteroaromatic complexes
are ubiquitous to Pt(II) chemistry (see references
cited in ref 35). These anionic ligands that occupy two
cis coordination sites are essentially unexplored as
supporting ligands in C—H activation chemistry.
Recently, Bercaw and co-workers?*! compared the
substitution kinetics of substituted members of the
Pt(II) complexes in Scheme 72. Substitution rates
increased dramatically from left to right, and this
creates interesting possibilities for C—H activation
chemistry.

7.2. Reactions at Tp Complexes of Pt (Tp =
Hydridotris(pyrazolyl)borate)
Hydridotris(pyrazolyl)borate (Tp) ligands are in
widespread use in organometallic chemistry. 292293
With its constrained geometry, the Tp system is
frequently coined an “octahedral enforcer ligand”,
being perfectly suited for facial coordination at three
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corners of an octahedron. This discussion will be
mostly concerned with the parent Tp and the sub-
stituted hydridotris(3,5-dimethylpyrazolyl)borate ana-
logue, Tp'. Although the «? coordination mode is most
commonly found and obviously applicable to d°
Pt(IV) octahedral complexes, the x> mode is also
encountered and is particularly relevant to d® Pt(II)
square-planar complexes (Scheme 73). Pt(IV) hydride
and alkyl complexes that bear these ligands are well
known, i.e., the thermally very stable trimethyl
complexes TpPtMes?** and Tp'PtMe3??>2% and the
trihydride Tp'PtHs.2°7 There appear to be no reports
of thermal elimination of ethane from the trimethyl
species or of Hy from the trihydride. This contrasts
the many reports of C—H elimination from mixed
hydridoalkyl and aryl complexes, as will now be
discussed. Parts of this chemistry have been recently
reviewed.?%®

7.2.1. TpPtMeH, and Tp' PtMeH,

The air- and moisture-stable dihydridomethyl com-
plex TpPtMeH; has been obtained from reaction of
TpPt(CO)Me with water.?”® TpPt(CO)Me exists as
rapidly interconverting pentacoordinated «® and tet-
racoordinated square-planar «? forms in solution
(Scheme 74);3% in the solid state the square-planar
k? form is assumed.!3%31 Protonation of TpPt(CO)-
Me results in cleavage of a Pt—N bond to give the «2
structure that contains the N-protonated Tp ligand
(HTp). It is not known whether ligand protonation
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occurs before or after “slippage” from a «® to «
coordination mode. Nevertheless, the facile «%/k?
interconversion of the Tp ligand system at Pt is
important in the following chemistry.

TpPtMeH; has been reported by Keinan and co-
workers to be stable toward elimination of methane
even at 70 °C. However, heating at 55—70 °C in CD3-
OD leads to complete exchange of D for H into the
hydride (<5 min) and methyl (hours) sites (Scheme
75).302 (ansa-Tungstenocene hydridomethyl com-
plexes that undergo exchange without methane loss
at even higher temperatures have been reported.?”"4)
The exchange into Pt—H is straightforwardly ex-
plained by rapid, reversible proton transfer at Pt. The
exchange into Pt—CHj3 implies a o-methane inter-
mediate for which the barrier toward methane dis-
sociation is much greater than the barrier for the
exchange (Figure 1 in section 1).

An inverse kinetic isotope effect £Z7/kP = 0.76 was
observed for incorporation of D into the methyl site
at 55 °C. It was argued that in past observations of
inverse isotope effects in alkane eliminations the
kinetic data reflected the overall rate of alkane
elimination (including the reductive coupling and
dissociation steps, see Scheme 7). The claim was
made that the measured rate constant for TpPtMeH,
and hence the inverse isotope effect must be associ-
ated with the H3C—H(D) reductive coupling elemen-
tary step. This interpretation has been convincingly
refuted by Parkin®” and Jones®® (see section 2.6 for
background). The original Keinan analysis®*? was
based on the premises that the scrambling reaction
is (1) irreversible, which is clearly not the case, and
(i1) one-step, which also is clearly not the case since
the exchange results from C—D reductive coupling
followed by C—H oxidative cleavage. This complicates
the kinetics, as is readily seen when one considers
that the o-methane complex is a high-energy inter-
mediate for which the steady-state approximation
may be safely applied.??® The resulting & in the rate
law is a composite rate constant that involves the
rate constants for the three elementary steps krcP,
kocP, and koctt

2

kegcP 3kocH
L,Pt(D)(CH;) ﬁ’ L,Pt(CH;D) ——

L,Pt(H)(CH,D)
d[L,Pt(H)(CH,D
Rate = L, P d?f( D) =k, °[L,Pt(D)(CH,)]
Skyc k
S [L,Pt(D)(CH,)]

The factor 3 is included before £oct to reflect the fact
that the o-methane complex has three C—H bonds
that may be oxidatively cleaved but only one C—D
bond.?” A similar treatment applies to the exchange
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Figure 12. Energy diagram (kJ/mol) for reductive cou-
pling of methane and methane dissociation, based on DFT-
calculated data.

of TpPt(CD3)Dy in MeOH. The resulting kinetic
isotope effect will depend on krc/krcP as well as koc™/
kocP, i.e., the observed isotope effect cannot simply
express the isotope effect on the reductive coupling
event alone.

In a subsequent addendum?®’* Keinan gives a
modified expression for the isotope effect that clearly
invalidates the original idea that the measured &Y/
kP was that for the reductive coupling. Nevertheless,
the claim is still made that “the observed isotope
effect could represent the initial reductive-coupling
step in the o-methane intermediate”. Parkin analyzed
the underlying assumptions and concluded that “it
is evident that the experiment purported to deter-
mine an inverse isotope effect of 0.76 for the reductive
coupling of TpPtMeX, (X = H, D) is erroneous and
that the system does not provide the claimed unprec-
edented opportunity to study the initial step of
reductive coupling in alkyl hydride compounds”.
Thus, to date there are no unambiguous reports of
inverse H/D isotope effects for proven one-step C—H
reductive cleavage or elimination reactions.

The slow exchange and elimination from TpPt-
MeHs; contrasts the rapid processes that are clearly
involved at much lower temperatures in the cationic
Pt hydridoalkyl and hydridoaryl systems that have
been discussed already. The relative propensity for
methane elimination vs H/CHj scrambling in TpPt-
MeH; has been investigated by DFT calculations
(Figure 12).3% The calculations indicated barriers of
130 kJ/mol for methane loss and 108 kd/mol for
H/CHj3 scrambling. The difference, AAG¥95 = 22 kJ/
mol, is consistent with the experimentally observed
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complete exchange without methane loss. The barrier
for “rotation” of the 0-CH,4 ligand was 13 kdJ/mol.
Methane rotation, which is a prerequisite for the
scrambling, is therefore rapid compared to the oxida-
tive cleavage. The reluctance toward methane dis-
sociation is attributed to the instability of the product
TpPtH for which two isomers of very similar energies
were possible according to calculations: the three-
coordinate «? and a four-coordinate «® form with a
distorted seesaw geometry. The overall unfavorable
energy of the reaction is imposed by the geometrical
constraints of the Tp ligand, which cannot support
the preferred square-planar geometry of the Pt(II)
product. In comparison, the tris-ammonia complex
(NHj3)sPt(Me)Hot undergoes a more favorable meth-
ane loss since the square-planar geometry of the
product (NH3)sPtH™ can be readily accessed.

Treatment of Tp'PtMeHy with H(OEtgz):BArr in
CDyCl; at —78 °C led to protonation at a pz'-N with
concomitant sidearm decomplexation and elimination
of methane and provided the solvento complex («2-
HTp")Pt(H)(Solv)"™BArr~ where Solv is probably ether
and HTp' = N-protonated Tp'.2% No D incorporation
into methane was detected when D(OEts):BAry was
used. Protonation of Tp'PtMeDs with H(OEty):BAry
furnished both CHyDs and CH3D by 'H NMR, sug-
gesting reversible formation of a o-methane complex
prior to methane loss. The data are consistent with
protonation exclusively at N and H/D exchange
between Pt—H and Pt—CHjs but not with the me-
dium. Analogous behavior is seen for Tp'PtMe.H (see
section 7.2.2).

Aromatic C—H activation was observed when Tp'Pt-
MeH; was treated with substoichiometric amounts
of B(CgF5); in benzene, toluene, and xylenes (Scheme
76).37 Toluene gave ca. 94% meta- and para-activated
products (2:1 ratio) and 6% ortho. Single isomer
products were observed for o-xylene and p-xylene;
m-xylene gave mostly the 3,5-dimethylxylyl isomer
with trace amounts of the 2,4-dimethylxylyl complex.
Steric factors appear to direct the reactions. Benzylic
activation was not reported for any of these reactions,
contrasting the behavior of sterically hindered (di-
imine)Pt complexes (see section 6.6). The role of
B(C¢F5)s, which worked in substoichiometric quanti-
ties, has not been assessed. Borane-assisted pz'
dissociation (analogous to pz'-N protonation), methyl
anion abstraction, or reactions with the acid HHHOB-
(CgF'5)3) arising from the borane and adventitious
water must be considered.

7.2.2. TpPtMesH and Tp' PtMe,H

Canty reported the preparation of «3-TpPtMe.H by
protonation of [k2-TpPtMe;] K+ with phenol.?°® Model

CH, CHs
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system calculations suggested that protonation was
favored at Pt rather than at pyrazole N by 92 kdJ/
mol, and no local energy minimum was identified for
the five-coordinate dimethyl hydride complex. The
preferred protonation at Pt contrasts with the be-
havior of TpPt(Me)(CO) (see above), which was pro-
tonated at pz-N. Thermal decomposition of TpPtMesH
in toluene gave methane and Pt metal within 10 min
at 150 °C. TpPtMe;H was stable in acidic solution
but reacted in basic aqueous acetone to reform («x2-
Tp)PtMes~ and, more slowly, the oxidation product
(«3-Tp)PtMeo(OH).

Tp'PtMesH and Tp'PtPhoH were obtained by pro-
tonation of [Tp'PtRy ]1K" with HC1.3%° Tp'PtPhoH did
not decompose nor did it incorporate toluene after
15 h in toluene at reflux. The dimethyl hydride
Tp'PtMegH, characterized by X-ray crystallography,
was also robust with respect to methane elimination
in solution or as a solid. Thermogravimetric analysis
(TGA) of Tp'PtPhoH indicated decomposition at 7' >
230 °C by a process that did not correspond to simple
benzene elimination. Tp'PtMe;H decomposed at ca.
190 °C. The thermal robustness of these species was
attributed to (1) the reluctance to form the required
five-coordinate intermediate and (2) the inaccessible
square-planar geometry in the resulting Tp'PtX
residue.

The reluctance of Tp'PtRoH species to undergo RH
extrusion suggested that hydrocarbon addition might
be observed at («2-Tp')PtR; precursors after appropri-
ate activation. Coordination of a pendant pz'-N
should contribute favorably to the overall thermody-
namics. Thus, Wick and Goldberg®® found that
methyl anion abstraction from [«2-Tp'PtMes | K* with
the highly electrophilic borane reagent B(CgF's)s
MeB(Cg¢F5);~ was seen by "B NMR) generated a
transient intermediate “Tp'PtMe” that reacted with
a range of hydrocarbons according to Scheme 77.
Reaction with C¢Dg produced Tp'PtMe(D)(C¢Ds). Re-
action with pentane occurred selectively at the ter-
minal carbon. The proposed mechanism involved the
formation of the reactive three-coordinate Tp'PtMe,
oxidative addition (presumably via a o-RH complex)
to give five-coordinate «2-Tp'Pt(Me)(R)(H), and in-
tramolecular trapping by the pendant sidearm of the
Tp' ligand to give the stable Pt(IV) octahedral prod-
uct. This sequence is in accord with the principle of
microscopic reversibility—reductive elimination of RH
from the product would proceed dissociatively, as
discussed in section 7.2.1.

Electrophilic activation of Tp'PtMe;H might also
constitute a means for activating the Pt(IV) system

R = CgHs, n-CsH4 4, cyclo-CgHyq

since formal abstraction of H™ or Me~ would generate
a five-coordinate species. Protonation of Tp'PtMe.H
with H(OEty);BAry in CDoCl; at —78 °C led to
formation of methane and («2>-HTp')Pt(Me)(CICD,-
CD*BArg .21 The CDsCl; ligand was quantitatively
displaced by MeCN and other two-electron donors.
Interestingly, treatment of Tp'PtMe.H with D(OEtg)s-
BAry also produced CHg; no D was incorporated into
methane or the remaining Pt—Me group. A broad
resonance was observed in the 2H NMR spectrum,
indicative of deuteration at pz'-N. Furthermore,
Tp'PtMesD reacted with H(OEt2);BArr to give a ca.
1:1 ratio of CH3D and CH4 as well as Pt—CHjs and
Pt—CH,D signals. The results establish that proto-
nation occurs exclusively at a pz'-N rather than at
Pt, Pt—Me, or Pt—H sites. It was surmised that
protonation occurred after pz' decoordination, al-
though this was not verified by experiment. The H/D
scrambling between D and CHj implies reversible
coupling to give Pt o-methane intermediates (Scheme
78). The greater than statistical amount of CH3D
indicates incomplete scrambling, i.e., methane dis-
sociation and reductive coupling occur at similar
rates.

Thermolysis of Tp'PtMesH in C¢Dg at 110 °C
resulted in two successive methane elimination/
benzene addition reactions (Scheme 79).32 The kinet-
ics were quite well described by two successive
unimolecular reactions, although small systematic
deviations were observed. Some CHsD, was formed
after an induction period, and H incorporation into
the Pt—D sites of the products and D incorporation
into Pt—phenyl were also seen. The H/D scrambling
and the kinetics were reconciled with rapid exchange
between the hydride and methyl positions and slower
exchange between the hydride and phenyl positions
in the Tp'Pt(Me)(Ph)H intermediate. Accordingly,
thermolysis of Tp'Pt(CDj3)2D in C¢Dg resulted in im-
proved fit of the kinetic data. Inverse kinetic isotope
effects were observed for both steps: AHW/EP =0.81 +
0.03 for k1 and <0.78 4+ 0.03 for k3. The kinetic data
(90—130 °C) yielded AH,* = 147 + 5 kJ mol~! and
AS1* =54 + 13 J K 1 mol ! (step 1) and AH,* = 142
+ 4 kJ mol~! and AS>* = 46 £ 13 J K1 mol~! (step
2). Each step is believed to occur by sidearm pz' dis-
sociation, so the data reflect the energetics of meth-
ane reductive elimination and pz' sidearm dissocia-
tion. Nearly identical activation parameters were
found in toluene, which gave primarily meta and
para activated products. Thermolysis in C¢Fg/CD3CN
led to («2-Tp")Pt(Me)(INCCD3) at a rate that was
insensitive to changes in [CD3CN] (0.56—4.9 M); kops-



2514 Chemical Reviews, 2005, Vol. 105, No. 6

Scheme 78

Heg— s

N | RN
N

WCHs "
xg\‘k""’Pt“‘\\ LI M "t

N
Q\N’ | ~YcH,
D

\\
\ N
iy

Scheme 79

H\B\/NZQj\ H\B/

\ N K1 \R
N NS
X&"\% | WCHs CgDg

H\N@
@ /
CHa  MecCN

N e
@Z’ “(o-CHsD)

~(6-CHa) ecN %N\m, NCMe
— N 'Pt’

2
'y, | \\\\‘\C H 3 C6D6

Lersch and Tilset

H\N\O

N

/

H\B\

%q\ T
N 'Pt’ + CHj
Q\N’ NCMe

<)

H\B\/

~)

+CHy

Q\N’ “NCH,D

N
N>\Oj\ \B\/NZj\
N k N

\\
N
‘g, | \\\\\‘C6D5

N Pt —_— N t —_— N Pt
\Qf | cH,  -CHq \Qf | NCeDs -CHsD \@z( | C.Ds
H D D

(110 °C) was very close to that in CgDs. Finally,
the observed thermolysis rate in cyclohexane was
also close to that in C¢Dg even in the presence of
PPh;; cyclohexene—evidence of cyclohexane C—H
activation—was the major organic product. Thus, the
rate of methane elimination is essentially solvent
independent. The rate-limiting step for these reac-
tions is believed to be decoordination of a pz' ring and
reductive C—H coupling to yield a («2-Tp')Pt(CHj3)(o-
CH,) intermediate that leads to the products by
oxidative addition (hydrocarbon solvents) or methane
substitution (acetonitrile).

Evidence for the («2-Tp')Pt(CH3)(0-CH,) intermedi-
ate was obtained through H/D scrambling in Tp'Pt-
(CHj3)2D at temperatures well below those required
for methane elimination. This behavior is entirely
analogous to that of TpPtMeHs,, described in section
7.2.1. The rate of scrambling was monitored at 46—
66 °C and resulted in AH..* = 109 + 4 kJ mol ! and
ASset = 4 £ 13 J K! mol™!. The difference in
activation enthalpies for methane reductive elimina-
tion (147 kJ mol™!) and reductive coupling (109 kJ
mol™!) provides a minimum binding enthalpy for
methane in the Pt—(0-CH4) intermediate of 38 kJ

mol ! provided that formation of the Pt—(0-CH,)
adduct from Tp'PtMe and CH, is almost barrierless
(Figure 13). If the activation barrier toward oxidative
cleavage is very low, this value should be close to the
true value. If the oxidative cleavage barrier is sig-
nificant, then the binding energy will be correspond-
ingly higher. The calculated barrier for the reductive
cleavage in the TpPtMeH; system (Figure 12) is ca.
28 kJ mol!; the combined data suggest that o-meth-
ane intermediates might be sufficiently stable to be
detected spectroscopically if generated by suitable
methods.

The rate-limiting step in these reactions is meth-
ane elimination. One interesting question is whether
methane loss occurs associatively or dissociatively
(Scheme 80). The independence of the overall reaction
rate on the identity of the solvent (benzene, toluene,
cyclohexane, acetonitrile/CgFs) suggests that the
solvent does not assist the elimination on the micro-
scopic level, and therefore, a dissociative process was
favored.3!2 The substantially positive AS* of 54 J K1
mol ™! also supports this conclusion. However, the
data do not rule out substitution that is assisted by
the pendant pz' group, i.e., an intramolecular as-
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Figure 13. Energy diagram (kJ/mol) based on experimen-
tal data for reductive coupling and reductive elimination
of methane from Tp'PtMesH in benzene.

sociative substitution or interchange displacement of
methane. Some support for the interchange mecha-
nism was provided by the DFT calculations on
TpPtMeH; (Figure 12).3% A true dissociative behavior
is at odds with the commonly observed associative
substitution behavior of square-planar Pt(II) com-
plexes. However, the Tp systems are neutral and
hence less electrophilic at Pt, so a switch to dissocia-
tive behavior as seen for numerous neutral Pt
complexes with strong donors trans to the leaving
group?®-313-315 might be anticipated. It has also been
reported that arene displacement from a neutral
Ir(I) complex occurs dissociatively.316

In an interesting case of simultaneous Si—H acti-
vation and C—H elimination, Tp'PtMeyH reacts with
EtsSiH solvent at reflux (108 °C) to give modest yields
of Tp'Pt(SiEt3)H,,2°” which underwent subsequent
methanolysis to Tp'PtH;. The proposed pathway for
the dihydride formation, supported by the observa-
tion of MeSiEts, is shown in Scheme 81. It is reason-
able, but not addressed by the authors, that «%/«? Tp
interconversions are involved in the transformations.
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Interestingly, N-protonation of Tp'Pt(SiEt3)H, fur-
nished the five-coordinate Pt(IV) complex («2-HTp')-
Pt(SiEt3)Hs" (Scheme 82). This and analogous species
are also available by protonation of Tp'PtMeH; in the
presence of HSiR; (R3 = Et3, Phs, PhoH).317 Although
the hydrides at Pt were not located in the X-ray
structure, the bond angles at Si were near tetrahe-
dral with no deformations that would indicate an 72-
(Si,H) silane o-complex. The products constitute
rare®8 cases of five-coordinate Pt(IV) complexes. The
unusual structures are likely stabilized by the com-
bined effects of a strongly trans-labilizing silyl group,
the steric bulk of the HTp' and silyl ligands, the large
weakly interacting BArr~ anion, and the fact that
although the complexes are positively charged the
charge does not reside at Pt. Another example of a
crystallographically characterized five-coordinate
Pt(IV) complex bearing a diketiminate ligand (see
section 7.4) appeared in the same issue of the Journal
of the American Chemical Society!3!?

7.2.3. Tp PADH;

Protonation of Tp'Pt(Ph)H; with H(OEts):BArr in
CDyCl; at —78 °C induced reductive C—H coupling
to yield the chiral, square-planar Pt(II) 2-benzene
complex («2--HTp")Pt(n2-CsHg)(H)"BArr~, character-
ized by X-ray crystallography.®” Analogous 72-arene
complexes of toluene and p-xylene (X-ray) were
prepared (Scheme 83).86 The arene ligands were
relatively strongly bonded—no exchange of added
Cg¢Dg for coordinated benzene occurred in A, even
after 2 days at —30 °C. Slow, irreversible loss of arene
to provide a dicationic hydride-bridged Pt dimer3°®
occurred at ca. 0 °C for A, B, and C.86:87

The NMR spectra of these species exhibited inter-
esting dynamic features. The spectra of the 72
benzene complex A indicated that the Pt was rapidly
migrating around the benzene ring, even at —130
°C.86 At —21 °C the 'H NMR spectrum exhibited
broadened 72-CsHg and Pt—H resonances, indicating
H exchange between these groups. Spin-saturation
transfer was observed from —74 to —22 °C and
provided kinetic data AH* = 49 + 2 kJ mol~! and AS*
= —16 &+ 8 J mol ! KL It is likely that the Pt—H/
CsHs exchange occurs via rapid, reversible oxidative
cleavage of a C—H bond of coordinated benzene to
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°C. This symmetrization was rationalized in terms
of relatively rapid rotation around a Pt—aryl ¢ bond
in a p-tolyl intermediate arising from oxidative
cleavage of the para C—H bond in B. Spin-saturation
transfer was observed from Pt—H into the para and
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furnish a Pt(IV) phenyl dihydride complex in which
scrambling of the two hydrides must occur (Scheme
84). The involvement of #%-arene complexes as inter-
mediates in arene C—H activation was discussed in
section 2.4. The H/D kinetic isotope effect for the
exchange process was 3.0 at —14 °C by comparison
of the exchange rate of A ("H NMR line broadening)
with that of the Pt—D/C¢Ds analogue A-d; H NMR
spin saturation transfer). The large and normal
kinetic isotope effect is consistent with considerable
C—H(D) bond cleavage in the rate-limiting transition
state.

The toluene adduct B in Scheme 83 gave rise to
five separate aromatic signals in the 'TH NMR spec-
trum at —80 °C. This is expected because of the
chirality of the complex and will persist even with
rapid migration of Pt around one face of the aromatic
ring. The two m-H resonances underwent coalescence
(AG* = 57 kJ mol™) as did the two o-H resonances
while the p-resonance remained unchanged at —12

two meta (to a different extent into each) hydrogens
of the toluene ligand but not to the ortho or benzylic
C—H bonds. The estimated barriers (AG¥ = 55—57
kJ mol™!) were believed to reflect a slight kinetic
preference for para activation. In comparison, a
kinetic preference for para relative to meta and
benzyl (4:2:3 ratio) activation of toluene was seen at
the Tp'Rh(CNCHy‘Bu) moiety at ambient tempera-
ture; the thermodynamic ratio (100 °C) was a statis-
tical 2:1 meta-to-para ratio.?62

The p-xylene complex C in Scheme 83 exhibited
distinct NMR resonances for each arene-H, each
arene-CHj, and each arene-C at —90 °C. The migra-
tion of Pt around the arene ring must therefore be
slow. At temperatures above —40 °C the two aryl-
CH; groups were averaged and two arene-H signals
were observed. The behavior is consistent with rapid
Pt migration around the ring (AG* = 39 kJ mol™1)
but not with a face-flipping process.?¢ Line broaden-
ing of the arene—H and Pt—H resonances at —1 °C
indicated reversible C—H oxidative cleavage akin to
Scheme 84 with a barrier AG* = 60 kJ/mol.

Although the putative five-coordinate intermedi-
ates in these C—H oxidative cleavage reactions have
not been directly observed, additional evidence for
their existence has been recently provided.?>? When
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the m-benzene complex was generated at low tem-
perature and nitriles RCN (R = Me, ‘Bu, p-X-CgHy)
were subsequently added, the ensuing reaction was
not a simple substitution of nitrile for benzene but
rather trapping of the Pt(IV) phenyl dihydride as its
hexacoordinate nitrile adduct (Scheme 85). Temper-
ature-dependent equilibria between the Pt(II) and the
Pt(IV) species were observed and quantified from —80
to —30 °C. The equilibria were exothermic (AH® =
—17 to —21 kJ mol™1), and a plot of log K., vs o, for
a series of aromatic nitriles gave a Hammett p value
of —1.8, i.e., Pt(IV) is favored by more electron-rich
nitriles. Accordingly, slightly greater K., values were
observed for alkyl nitriles than benzonitriles. The
activation barrier for the interconversion between
Pt(II) m-benzene and Pt(IV) hydridophenyl MeCN
adduct was determined by spin-saturation transfer
from the Pt(II) 7-benzene ligand to Pt(IV)—H at —43
°C. The reaction coordinate diagram in Figure 14 was
constructed on the basis of these data and those
established for the oxidative cleavage, described
above.

At temperatures above —30 °C the Pt(II)/Pt(IV)
equilibrium was perturbed by irreversible displace-
ment of #2-benzene by nitrile to provide Pt(II) nitrile
adducts (Scheme 85). The energetics of this process
have not been reported nor is it not known whether

AGt=
A AGt= 56 kJ mol”

53 ka

D[] R

~ H~B_ H H

W R RCN

\%\‘\’: p t\: H - \K\\igkl;l Fl’ t\\\ H \K\i&(lu P t\\\
Me

Figure 14. Reaction coordinate diagram for the equilib-
rium between Pt(II) hydrido 7-benzene and Pt(IV) dihy-
dride phenyl complexes in acetonitrile.

the displacement of benzene by nitrile occurs as-
sociatively or dissociatively, so it is not clear whether
these reactions may lead to estimates of Pt—(z-arene)
bond energies in the way that Pt—(o-methane) bond
energies were estimated for the Tp'PtMesH system.
It is interesting that reversible trapping occurs for
the five-coordinate Pt(IV) species here, in contrast
with the irreversible trapping that was observed at
low temperatures for the cationic diimine complexes
in section 6.1. A possible reason is that nitrile
bonding at the neutral Pt(IV) center in the Tp' system
is weaker than at the positively charged Pt center in
the diimine systems.

7.2.4. Tp' PtArH

Canty®° reported that an acid as strong as acetic
acid was required for protonation of [«2-TpPt(p-Tol)y"]-
K* to provide «3-TpPt(p-Tol);H. The ditolyl complex
decomposed in nitrobenzene-ds to give toluene and
trace amounts of ditolyls along with “TpPtMe oligo-
mer”,3?0 i.e., Pt metal was not deposited during the
thermolysis.

Protonation of Tp'PtPhsH occurred at a pz' N atom
and provided the chiral («2>-HTp")Pt(Ph)(72-CsHg)"
(Scheme 86).86 The benzene ligand was considerably
more weakly bonded than in («2-HTp")Pt(H)(52-CsHs) "
(Scheme 83), slowly dissociating to form a solvento
complex even at —90 °C and in less than 24 h at —30
°C. A dynamic process caused averaging of the two
Pt-bonded pz' groups by 'H NMR at T, = —17 °C.
Spin-saturation transfer was observed between the
Pt—(C¢Hs) and Pt—CgHj; resonances. In analogy with
the complexes above, an oxidative cleavage of a
benzene C—H bond is proposed to explain this
behavior (Scheme 86). The activation barrier was
estimated at AG*¥ = 54 kJ mol™!, and a H/D kinetic
isotope effect of 4.7 was measured by comparison of
the Pt(CsHg)(CsHs) and Pt(CgDg)(CeD5) complexes at
—32 °C. By analogy with the Pt hydride z-benzene
complex described above, the Pt phenyl z-benzene
complex undergoes reversible trapping as its Pt(IV)
hydridodiphenyl isomer by nitriles at temperatures
below —30 °C.252

7.3. Reactions at a fac-Chelating Sulfonated
Di(pyridyl) System

Vedernikov and co-workers recently®?! described
the use of a novel sulfonated di(pyridyl) ligand system
(L) that can act as a «%(N,N) or «*(N,N,O) donor
toward Pt (Scheme 87). The potassium salt K(x2-L)-
PtMe; exists as equilibrating endo (shown) and exo
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(not shown) isomers in methanol; the pendant sul-
fonate group gains stabilization by hydrogen bonding
to the solvent, and the «? coordination mode is
favored. Reversible H/D exchange into the Pt—Me
groups was observed in methanol-ds and mixtures
with D20, implying facile (AG* = 95 kJ mol~!) and
reversible protonation and reductive C—H coupling
without methane elimination. The Pt(IV) hydrido-
dimethyl complex («3-L)PtMeH was isolated by
extraction with dichloromethane or protonation with
HOTYf and was crystallographically characterized; the
«3 coordination mode is favored in less polar media.
Hydrolysis of K(x2-L)PtMe; in D3O furnished meth-
ane and K(«2-L)Pt(Me)(OD), whereas hydrolysis of
the isolated Pt(IV) hydride produced («2-L)Pt(Me)-
(H20). The latter did not undergo methyl exchange
with 13CH, after 1 week at ambient temperature in
water. Although («3-L)PtMe;H decomposed during
attempted reactions with benzene in dichloromethane
for R = H (see Scheme 87), the benzene C—H
activation product («3-L)Pt(Me)(Ph)(H) was obtained
for R = Me. Even more impressive, with R = Me, («*-
L)PtMeoH reacted with *CHy4 (2 atm) in CHyCl; to
give the 13C isotopomer with 10% enrichment after
30 h. This work established interesting ties between
nonaqueous and aqueous Shilov-type chemistry.

7.4. Reactions at Pt Diketiminate Complexes

Diketiminates (also termed “nacnac” ligands be-
cause of their relation to the acetylacetonate or “acac”
systems) have gained tremendous popularity in or-
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ganometallic chemistry during recent years3?? and
are a most promising ligand type in the context of
Pt-mediated C—H activation. Goldberg and co-work-
ers reported recently®!® the preparation of (nacnac)-
PtMe; complex A depicted in Scheme 88 from [PtMes-
OTfl4 and K(nacnac). This complex constitutes a rare
example®'® (see also section 7.2.2) of an isolable, five-
coordinate Pt(IV) complex. The X-ray structure es-
tablished a square-pyramidal structure with one
methyl group occupying the apical position. The 'H
and C NMR spectra demonstrated a highly flux-
ional molecule in solution, as the Pt—Me groups give
one signal, and the “up” and “down” isopropyl groups
at the aryl substituents also appear identical, without
signs of line broadening at temperatures down to at
least —50 °C.

Thermolysis of A in C¢Hg at 150 °C led to elimina-
tion of ethane and methane and yielded Pt hydrido
alkene B. The product is derived from dehydrogena-
tion of a ligand isopropyl group, believed to occur
according to Scheme 88.32% Consistent with this,
thermolysis in CgDg led to very little (<5%) D
incorporation into the methane. However, using CsDg
all methine and methyl hydrogens in all isopropyl
groups of B had been exchanged with D. Further-
more, complete H/D exchange into the isopropyl
groups was seen when B was heated in C¢Ds at 85
°C. Even more remarkable, H/D exchange into the
isopropyl groups of B was seen even upon heating in
pentane-d;s (Scheme 89). When B-ds; was heated in
pentane-h12, deuteration of pentane into the primary
positions was favored over the secondary ones by a
statistically corrected factor of 6. It is believed that
these reactions occur by initial reversal of the f-
elimination that completed the formation of B. The
C—H activation of benzene and pentane by B is
therefore initiated by generation of a vacant coordi-
nation site for hydrocarbon binding by initial alkene
insertion into an M—H bond. Intermolecular alkane
dehydrogenation to give a (nacnac)Pt(H)(alkene)
product was considered. However, such species were
not seen, presumably because the intramolecular
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such that the f-elimination and intramolecular alk-
ene coordination are suppressed. Thus, the nacnac—
Pt complex C was explored in some detail (Scheme
90).324 Indeed, intermolecular alkane dehydrogena-
tion was seen when C was heated in 2,2-dimethylbu-
tane or cyclohexane, resulting in the hydrido alkene
complexes D and E. Furthermore, stoichiometric
transfer dehydrogenation was successfully achieved
when D was treated with cyclohexane. Catalytic
transfer dehydrogenation32-327 of cyclohexane using
3,3-dimethylbutene is thermodynamically feasible yet
was not observed in these systems. One possible
explanation for this is that a catalytic process re-
quires substitution of 3,3-dimethylbutene for cyclo-
hexene in E. This reaction is inhibited by the steric
bulk of the ligand system and of the alkene since
associative alkene substitution is anticipated.??® Nev-
ertheless, it appears that catalytic transfer dehydro-
genation might soon be achievable using Pt(II) cata-
lysts.

7.5. Reactions at a N 3 Pincer Amido Pt Complex

Contrasting the intensely studied TpPt complexes,
there appears to be only one other example of C—H
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activation chemistry described at anionic N3 ligand
systems. Harkins and Peters®?® found that the “pin-
cer”® ligand system in Scheme 91231 undergoes base-
promoted activation of benzene. Interestingly, it is
not methane (or another hydrocarbon) that is the
byproduct of the C—H activation but rather protons.
In this respect the chemistry is a highly relevant
mimic of the Shilov system. The N3PtOTf complex
was unreactive toward benzene over 36 h at 150 °C,
but with 1 equiv of NEt/Pr; base added C—H activa-
tion occurred according to Scheme 91 already at 100
°C. The system did not catalyze scrambling of protons
from added HNEtPr,"TfO~ into C¢Ds, although ad-
dition of triflic acid converted the NsPtPh product
back to NsPtOTf.
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The reaction rate was independent of the base
concentration, and no C—H activation occurred in the
presence of a more hindered base 2,6-di-tert-butylpy-
ridine. The analogous N3PtCl complex did not react
with benzene whether NEt‘Pry was present or not.
Consistent with these findings the favored mecha-
nism was initial associative displacement of triflate
by benzene, oxidative addition of a C—H bond in
precoordinated benzene, and proton transfer from the
resulting Pt(IV) phenyl hydride to the base. Alterna-
tive deprotonation from the Pt—benzene intermediate
as well as a concerted mechanism, both of which
would constitute electrophilic mechanisms, were also
considered.

7.6. Reactions at 2-( N-Arylimino)pyrrolide Pt
Complexes

The cis and trans aminopyrrolide complexes in
Scheme 92 (Ar = 4-CF35CeH; or 4-MeOCgH;) undergo
benzene C—H activation upon heating at 85 °C.2%
The reactions have half-lives of ca. 1 and 4 h for the
trans and 3 and 14 days for the cis isomers. This
dramatic stereoelectronic effect was attributed to a
rate-limiting associative substitution of benzene for
Me,S; the trans complex would have the imine
m-acceptor in an equatorial position and the pyrrolide
donor in an axial position in the trigonal-bipyramidal
intermediate. This structure is stabilized relative to
the opposite conformation with a z-acceptor axial and
o-donor equatorial.?3? Interestingly, treatment of a
series of iminopyrroles with [PtMes(u-SMey)l2, which
in principle might give the Pt(II) reactants A in
Scheme 92, provided evidence that reactions with the
solvent C¢Dg proceeded considerably faster than the
direct reactions between A and CgDg. A likely expla-
nation for this is that a methyl group in [PtMes(u-

Lersch and Tilset

SMes)l. undergoes protonolysis by the acidic pyr-
role-N proton to give a Pt—pyrrolide intermediate.
This intermediate then is responsible for benzene
C—H activation before chelation occurs by imine
coordination.

Undoubtedly, further exploration of Pt systems
with anionic “spectator” ligands, including an already
existing array of cyclometalated systems (see section
7.1), is poised to give rise to a fascinating part of the
developing C—H activation chemistry of Pt in the
future.

8. Examples of Applications in Synthesis

Despite the efforts to understand Pt-mediated C—H
activation reactions, comparatively few examples
exist where such reactions have been used as part of
a synthetic strategy (excluding, of course, oxidation
of simple hydrocarbons). A challenge when attempt-
ing to achieve selective synthetic transformations in
organic synthesis is the presence of various functional
groups. The considerable tolerance toward several
functional groups is a desirable feature of Pt(II)/
Pt(IV)-mediated C—H activation chemistry. The origi-
nal Garnett/Shilov chemistry was performed in aque-
ous acidic solutions in the presence of air. The
selected examples that will be discussed in the
following will demonstrate tolerance toward func-
tional groups including carboxylic acids, amines, and
alcohols. Coordination of Pt to these functional
groups during the course of the reaction may have a
profound effect on the regioselectivity and reactivity
of the reactions. The unique reactivity of Pt toward
otherwise unreactive C—H bonds is another reason
to focus on synthetic transformations. This review
has largely focused on hydrocarbon C—H activation
by oxidative cleavage, electrophilic substitution, and
o-bond metathesis. Selected, but not exhaustive,
examples of synthetic transformations that might
adhere to such mechanisms are presented here. The
discussion is limited to reactions where Pt is removed
or liberated from the organic product after the C—H
activation and functionalization as will be the case
for catalytic reactions.

Early work on the aqueous Pt(II)/Pt(IV) system in
the Bercaw group showed remarkable selectivities in
hydroxylation reactions.?3® Subjecting ethanol to
catalytic amounts of PtCls2~ with PtCle?™ as the
oxidant at 120 °C (sealed NMR tubes) produced ca.
5% ethylene glycol, 2% 2-chloroethanol, 5% glycolic
acid, and products that are derived from oxidation
at C1 of ethanol. Remarkably, oxidation of 2CHjs-
13CH0H yielded glycolic acid that was nearly equally
labeled at C1 and C2, demonstrating that the acid
arises primarily from oxidation of ethylene glycol
rather than from hydroxylation of acetic acid. The
product and label distribution demonstrated that
approximately equal amounts of products are derived
from initial reactions at the methyl and hydroxy-
methyl groups of ethanol. For 1-propanol the selec-
tivity was even higher, with 48% 1,3-propanediol and
30% 3-chloro-1-propanol arising from methyl oxida-
tion at 25% conversion. The reaction appears to be
quite sensitive to reaction conditions with highly
variable selectivity.!*® Good selectivities in hydroxy-
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lation reactions have also been reported by Sen and
co-workers.33433 Lowering the temperature combined
with increased reaction time and absence of light
improved the selectivity. Thus, subjecting ethanol to
stoichiometric amounts of PtCl,2~ and PtClg?~ at 86
°C for 6 days yielded ethylene glycol as the major
product at 50% conversion. Trace amounts of hy-
droxyacetaldehyde and/or chloroacetaldehyde were
usually formed also. When 1-propanol was subjected
to substoichiometric amounts of PtCl,2~ and PtClg2~
at 115 °C for 24 h, 1,3-propanediol was the major
product. No details were given on the amounts of
byproducts formed. Catalytic hydroxylation of alco-
hols has recently been further investigated by Thorn
and co-workers.33¢ Treatment of 1-propanol with
PtCly as the Pt(IV) oxidizing component and catalytic
amounts of Pt!'Cl,2~ yielded 1,3-propanediol and 1,2-
propanediol in addition to acetic acid. The initial
rates using PtIVCl, rather than Pt'VClg2™ are higher,
the amounts of chlorinated products formed in the
initial stages of the reaction are lower, and the
system is more stable with respect to deposition of
metallic Pt. Even though these reactions are not
synthetically useful yet, the examples exhibit impor-
tant selectivity patterns and functional group toler-
ance. p-Toluenesulfonic acid is oxidized cleanly at the
methyl position, giving the corresponding alcohol and
aldehyde; no carboxylic acid is formed.?>149 The first
step is faster than the second by a factor of about
1.5. No oxidation is observed in the aromatic posi-
tions. This gives the following rather unusual order
of reactivity: —CH3; > —CH2OH > aryl-H > —CHO.
On the other hand, sodium p-ethylbenzene sulfonate
was oxidized at comparable rates at the a and
positions and also at the aromatic ring, underlining
the nonradical nature of the reactions.

Karnski and Kanska explored the deuteration of a
number of substituted aromatic carboxylic acids with
K;PtCly in D,O/DCI/CH3COOD.?37 Generally, 4—5%
D incorporation is observed within 1—4 days at 130
°C. The rate of D incorporation in a particular
position depends largely on the substituents. To a
large extent, D is not incorporated into the ortho
position to the carboxylic acid groups.

Kao and Sen studied Pt-catalyzed oxidation of
remote C—H bonds in carboxylic acids.?3® Using Kg-
PtCly/KoPtClg in D2O under an Og atmosphere at 80—
90 °C, the reactions are catalytic with respect to
Pt(II). A preferential attack at the y position yields
the lactone in equilibrium with the corresponding
hydroxycarboxylic acid. This regioselectivity is ex-
plained in terms of a chelate giving rise to strain-
free six-membered metallacycles (Scheme 93). Fur-
ther support for this mechanism is provided by the
observation of f-lactones from C3 and C4 carboxylic
acids. No equilibrium is observed between -hydroxy-
carboxylic acid and the corresponding lactone due to
the strain of a four-membered ring, but it is plausible
that the acids are kinetic products formed by reduc-
tive elimination from five-membered metallacycles.

Sames and co-workers reported that catalytic func-
tionalization of a-amino acids was possible using
catalytic amounts of KyPtCly with CuCl; acting as a
stoichiometric oxidant (Scheme 94).33° This chemistry
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elegantly combines know-how from the field of
Pt(II) coordination chemistry related to cisplatin
(used in treatment of cancer?¥’) with the desirable
functional group tolerance of Pt(II1)/Pt(IV). Hydroxy-
lation of either n-butylamine or n-pentanoic acid with
the same system gave a slight preference for hy-
droxylation in the 0 over the y position (3:2). The
regioselectivity of reactions with a-amino acids,
however, suggests a chelate mechanism involving
coordination of both the amino group and the hy-
droxyl group. The chelate structure then favors C—H
bond activation and hydroxylation in the y position.
The resistance of the cyclic a-amino acid proline
toward oxidation under similar conditions provides
further support for the chelate-directed mechanism
since the cyclic nature of proline prevents an in-
tramolecular approach of the metal toward the C—H
bonds.

One particularly elegant example of Pt-mediated
C—H activation used in organic synthesis is the
recent total synthesis of rhazinilam by Sames and
co-workers.341:342 A key step in the synthetic strategy
is based on the proximity of an aromatic amino group
to the ethyl groups in the aniline derivative at top
left in Scheme 95. The aniline was converted to the
Schiff base by condensation with 2-benzoylpyridine,
and the Schiff base was attached to Pt by treatment
with [MeoPt(u-SMeg)ls. The resulting Pt dimethyl
complex was treated with TfOH to liberate methane
and provided a cationic species with an unusual 7!
coordination of the pyrrole ring. The lability of this
bond facilitated the regio- and stereoselective oxida-
tive addition of a methylene C—H bond of the
proximal ethyl group. Liberation of a second methane
and S-hydride elimination yielded the platinum alk-
ene hydride. Platinum was removed by treatment
with aqueous KCN, and the Schiff base was hydro-
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Scheme 95
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lyzed to give rhazinilam. The enantioselective syn-
thesis of (—)-rhazinilam was achieved with 96% ee
by asymmetric C—H bond activation using a chiral
oxazolinyl ketone auxiliary instead of the Schiff base
in Scheme 95.342

9. Summary and Outlook

As illustrated in this review, Pt has much to offer
in the realm of C—H activation. The strong Pt—H and
Pt—C bonds that can be formed in a C—H activation
reaction undoubtedly contribute to the success of Pt.
Hydrocarbon activation, the first step in the Shilov
cycle in Scheme 3, is probably the most intensely
explored and best understood of the three steps. The
C—H activation step, with its vast array of interest-
ing mechanistic and selectivity issues, will undoubt-
edly continue to fascinate chemists for years to come.

Examples have been presented that C—H activa-
tion can occur at electron-rich and electron-poor Pt
complexes. Reactions occur at complexes that have
cationic, neutral, and anionic metal centers with Pt
in formal oxidation states 0, +2, and +4. Pt com-
plexes are capable of reacting by diverse mechanisms,
including oxidative addition and electrophilic sub-
stitution. It is well understood that relatively electron-
rich metal centers show a propensity for oxidative
addition reactivity whereas electron-deficient metal
centers prefer to react by electrophilic activation.
However, the distinction is far from clear cut, and in
many cases the mechanisms are ambiguous at best.
The C—H activation mechanism is determined not
only by the nature of the metal center but also is
strongly dependent on the reaction conditions. After
all, the electrophilic mechanism involves a proton
transfer from an activated hydrocarbon, and this
proton transfer clearly will be strongly affected by
the nature of the medium.

Most of the efforts of the past decade have been
inspired by the Shilov chemistry with the ultimate
goal of producing oxidized products R—X where X is
an electronegative group such as OH. Other recent
developments that have been described show great
promise for Pt complexes also as potential catalysts
for alkane dehydrogenation reactions to form alkenes.

Lersch and Tilset
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The first mode of functionalization has mostly been
investigated at relatively electron-deficient Pt com-
plexes and the second one at electron-rich complexes.
However, there is no reason to believe that this
distinction should limit our efforts in future research.
The last example in section 8, which deals with func-
tionalization by dehydrogenation of an alkyl group
in a sophisticated organic molecule, was performed
at a relatively electron-deficient cationic Pt center.

All C—H activation reactions that have been de-
scribed here are believed to proceed by the same
initial step, namely, coordination of a hydrocarbon
substrate at Pt to form a o-alkane or w-arene com-
plex. The barrier toward forming this complex always
constitutes a significant part of the overall barrier
for C—H activation, and in fact, this step is often seen
to be the rate-limiting step. Once the o or 7 complex
has been formed, C—H bond cleavage is quite facile,
as evidenced by the numerous instances of H/D
scrambling reactions. Paradoxically, the alkane (or
arene) C—H o complexes of Pt that have been so
firmly entrenched in our mechanistic thinking have
never been directly observed by NMR spectroscopy
much less structurally characterized. Combined evi-
dence from experiments and calculations strongly
suggests that the o-alkane complexes may be kineti-
cally and thermodynamically sufficiently stable with
respect to alkane loss that they may be directly
observable if generated under mild conditions.

Future progress in the Pt approach to alkane
functionalization, from a fundamental research as
well as a commercial point of view, will depend on
further exploration of novel, reactive, and yet robust
ligand systems. There are already indications that
N-heterocyclic carbene systems and «2-(C,X)-cyclo-
metalated systems, which have hitherto been un-
derutilized, may offer great opportunities for future
investigations.

There is still a long and challenging path ahead of
us that leads from the fundamental research de-
scribed in this review to commercially successful
processes for hydrocarbon functionalization. The
rapid progress that has been made during the past
decade or so lends us reason to hope that ongoing
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research in this pivotal field of chemistry and cataly-
sis will one day allow us to utilize the hydrocarbons
that Nature has provided in more direct, efficient,
and environmentally benign ways.

10. Abbreviations

acac
Ar
BAI‘F_
bpy
bpym
Bu
Cp
Cy
dcpe

depe
dfepe

DFT
diimine
dmpe

dppbz
dppe

dppf
dppp

dtbpm

eda

EIE

Et
EXSY
HOTf
HTp
HTp'
Prstacn
KIE

L

Me
Mestacn
MeCN
MeOH
N'—-N’
nacnac
NCL_NC!
NCN
Nf—Nf

Nb—Nh
OAc

oC
OTf
PCP

Ph
phen
pyrphane
pz

pz’

RC

Solv
tacn
‘Bu
‘Bugbpy
TFE
tmeda

acetylacetonato

aryl

(3,5-(CF3):CeH3)4B~

2,2'-bipyridyl

bipyrimidine

butyl

cyclopentadienyl

cyclohexyl

1,2-bis(dicyclohexylphosphino)ethane, Cys-
PCHZCHQPCyQ

1,2-bis(diethylphosphino)ethane, Et;PCHs-
CH,PEt,

1,2-bis(diperfluoroethylphosphino)ethane,
(C2F5):PCH2CHP(C2F5)s

density functional theory

Ar—N=CR-CR=N-Ar (R = H, Me)

1,2-bis(dimethylphosphino)ethane, Me,PCHg-
CH2PM82

1,2-bis(diphenylphosphino)benzene, PhyP-
(CeH4)PPhy

1,2-bis(diphenylphosphino)ethane, PhoPCHjy-
CHPPh;,

diphenylphospinoferrocene, PhyP(CsH4FeCp)

1,3-bis(diphenylphosphino)propane, PhoyPCHs-
CH,;CHyPPh,

bis(di-tert-butylphosphino)methane,‘BusPCHs-
PBugy

ethylenediamine

equilibrium isotope effect

ethyl

exchange spectroscopy

triflic acid, CF3SOsH

N-protonated Tp

N-protonated Tp'

1,4,7-tri(isopropyl)-1,4,7-triazacyclononane

kinetic isotope effect

ligand

methyl

1,4,7-trimethyl-1,4,7-triazacyclononane

acetonitrile

methanol

diimine, with Ar = 2,6-Me;C¢Hs and R = Me

diketiminate

diimine, with Ar = 2,6-Cl;CgH3 and R = Me

pincer-type NCN ligand, 2,6-C¢Hs(CHsNMes),

diimine, with Ar = 3,5-(CF3);C¢Hs and R =
Me

HN=CH-CH=NH

acetate

oxidative cleavage

triflate, CF3SO3~

pincer-type P—C—P ligand

phenyl

1,10-phenanthroline

[2.1.1]-(2,6)-pyridinophane

pyrazolyl

3,5-dimethylpyrazolyl

reductive coupling

solvent

1,4,7-triazacyclononane

tert-butyl

4 4'-di-tert-butyl-2,2'-bipyridyl

trifluoroethanol

tetramethylethylenediamine
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Tol tolyl
Tp hydridotris(pyrazolyl)borate
Tp' hydridotris(3,5-dimethylpyrazolyl)borate
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