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Selective alkane oxidation: hot and cold approaches to a hot problem
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Abstract

A large number of attempts at the selective oxidation of alkanes may be classified into three basic types: high-temperature heterogeneous
catalysis, biological/biomimetic catalysis, and organometallic activation. In this essay I discuss mechanistic similarities and differences
between the three approaches, and their implications for the best opportunities for achieving desired selective transformations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The potential benefits of developing an armamentarium
for the selective conversion of alkanes—readily avail-
able, relatively low-cost feedstocks—to more valuable
oxidized products—unsaturated hydrocarbons as well as
oxygenates such as alcohols, aldehydes, carboxylic acids
and derivatives—do not need to be spelled out for readers
of this issue. This is truly a hot problem. However, one
can readily see that solving it presents formidable technical
challenges. These have become increasingly evident over
at least two decades of feverish activity, in industrial and
academic laboratories around the world.

During this period I have been actively involved in a num-
ber of research projects in this field, in different venues,
with different colleagues, pursuing different approaches. In
the course of these varied efforts we have drawn some ten-
tative conclusions about general principles that may serve
as helpful considerations in designing a research program
[1]. In the following essay I will highlight several of these
approaches, some of the findings in our and other research
groups, and their implications for further study.

2. Heterogeneous catalysis by metal oxides: a hot
approach

The “default” mechanism for the first step in an alkane
oxidation pathway is homolytic cleavage of a C–H bond, not
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only because other pathways (acid/base chemistry, electron
transfer, etc.) tend to be energetically quite unfavorable for
saturated hydrocarbons, but also because oxidation reactions
tend to produce reactive radical species. Of course, the ho-
molytic pathway is not all that favorable either. Alkane C–H
bonds are relatively strong; furthermore, if we are talking
about a reaction catalyzed by a metal oxide, in the dominant
Mars–van Krevelen mechanism surface metal-oxo sites, sta-
bilized by strong M–O interactions and hence not partic-
ularly reactive either, will be responsible for effecting the
C–H cleavage. For adequate reaction rates, then, tempera-
tures on the order of several hundred degrees C or more are
needed—a classic hot approach.

Having turned on chemistry by turning up the thermo-
stat, we now need to worry about selectivity. The problem
is often stated in general thermodynamic terms: since deep
oxidation to carbon dioxide and water is always the ther-
modynamically favored outcome of an alkane oxidation,
we need catalysts that are selective for the first stages of
oxidation, stopping at the desired product, and not for sub-
sequent reactions. But it is really more of a fundamental
kinetics problem: C–H bond homolysis rates tend to vary
inversely with C–H bond strengths, and the products we are
after—oxygenates, unsaturated hydrocarbons, etc.—will
usually have one or more C–H bonds weaker than those
in the starting alkane. (Some typical values are listed in
Table 1.) Hence, as long as we are dealing with primarily
homolytic mechanisms, it is not at all clear that the problem
can be solved by catalyst improvement.

A semi-quantitative predictive scheme can be derived[3]
using the schematic reaction ofEq. (1), where A is an alkane,
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Table 1
Representative C–H bond dissociation energies[2]

Bond type BDE (kcal/mol)a

H–CH3 105
H–CH2R 98–101
H–CHR2 95–99
H–CR3 93–95
H–CH=CH2 104–111
H–CH2CH=CH2 86
H–C≡CH 132–133
H–CH2C≡CH 89
H–C6H5 111–113
H–CH2C6H5 88–90
H–CH2OH 94–96
H–C(=O)R 86–88
H–CH2C(–O)R 92–98
H–CH2CO2H 97–99

a Where ranges are displayed, they represent disagreements between
the three compendia used, which may amount to as much as 5 kcal/mol,
but the basic relationships between the various types of bond energies
are consistent.

B the desired selective oxidation product, and C the result
of overoxidation. If B contains weaker C–H bonds than A,
we expect thatk2 will be larger thank1, which will place
severe constraints on our ability to make B selectively. To
be sure, if such a sequence operates we canalways make
B selectively by staying at very low conversion; but ifk2
is larger thank1 B will start being consumed faster than
it is generated when we reach conversions of any practical
relevance.Fig. 1 shows the dependence of the maximum
possible yield (i.e., conversion times selectivity) of B on the
parameterR = k2/k1, assuming a simple batch reactor.

A
k1−→B

k2−→C (1)

For example, consider the selective oxidation of methane
to methanol. FromTable 1, we can see that the C–H bonds
in methanol aresubstantially weaker than those in methane,
so we can confidently anticipate a largeR value. Indeed,R
ranges from around 20 for the most reactive, least selective
hydrogen-abstracting species such as hydroxyl radical to

Fig. 1. Maximum yield of B inEq. (1) as a function of the ratiok2/k1.

around 100 or more for “milder” radicals[4]. FromFig. 1,
in turn, we would predict that the best yield obtainable for
selective oxidation of methane to methanol over a heteroge-
neous catalyst (or homogeneously in the gas phase, which
will also proceed via radical chemistry) should be around
5%. This limit corresponds quite closely to experimental
findings [5]; occasional claims of better performance[6]
have not stood up to attempted replication.

Similar arguments can be made with respect to the oxida-
tive coupling of methane, an area we were active in around
15–20 years ago[7]. Kinetic modeling of results on one cat-
alyst[7a], coupled with extrapolations and estimates of how
much better an “ideal” catalyst might be able to do, indi-
cates a ceiling of around 30% yield[7d], again a prediction
that has not been surpassed experimentally. Following the
more simple-minded approach ofFig. 1, one might take an
R value on the order of 1, as the reactivities of methane and
ethane towards highly reactive radicals at high temperature
are fairly similar, which likewise predicts a maximum yield
around 30%. (As shown inTable 1the C–H bond strength
in ethylene, the most probable next product after ethane, is
higher than that of methane, so one might expect H atom
abstraction to be slower, permitting a higher yield. How-
ever, ethylene can undergo radical addition reactions as well,
leading eventually to deep oxidation. Experimentally, ethy-
lene fed separately is, in fact,more reactive than methane
[7a].) A very recent study, employing a much more sophis-
ticated model, leads to almost exactly the same quantitative
conclusions[8].

This analysis implies that there are severeinherent
constraints—i.e., applicable to any catalyst—on the use of
high-temperature heterogenous catalysis for selective oxi-
dation of alkanes to species with weaker C–H bonds. Much
the same conclusion was reached from an analogous analy-
sis based purely on bond energies (those authors considered
C–C as well as C–H bond energies, although it is far from
clear that the strong correlation between bond strength and
kinetic reactivity would extend across different bond types)
[9].

There is also another implication, which at first sight ap-
pears rather paradoxical. For the situation described above,
assuming that we cannot expect to achieveR values less than
1, our best result would be to getR as close to 1 as possible.
But that means we want, in a sense, anunselective catalyst.
That is, we should use a hydrogen abstractor which isso re-
active that it does not discriminate much between different
C–H bonds, and/or we can run the reaction at as high a tem-
perature as possible, to minimize the effect of bond strength
on reaction rate. This strategy, though highly counterintu-
itive, seems indicated to make the best of a fundamentally
unfavorable situation, as we pointed out (others have also
[10]) in our earlier analysis of oxidative coupling[7a].

So which targetsdo appear attractive as products of
heterogeneously catalyzed selective alkane oxidation? Not
alcohols, to be sure; for alkanes higher than methane there
is the further difficulty that the bond-strength argument will
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always favor oxidation at more substituted C–H positions,
whereas the product of terminal oxidation will more com-
monly be the desired one. One would think not aldehydes
either, as the aldehydic C–H bond strength is considerably
weaker even than that of methanol (Table 1). However,
there have been some reports of better yields than one
might expect, particularly for methane to formaldehyde. As
with methanol, some of the better-looking results with het-
erogeneous catalysts[11] have not proved reproducible, but
in homogeneous gas-phase reactions (with NOx as a pro-
moter), yields up to 15% have been reported, even though
these surely involve radical chemistry[12]. Yields over
10% have also been reported for propane to acrolein[13].

The weaker C–H bond strengthdoes, in fact, result in
greater reactivity of aldehydes towards most radical hydro-
gen atom abstractors[4] (a situation which is exploited in
the so-called Mukaiyama epoxidation of alkenes[14]), so
one would expect a maximum yield of formaldehyde from
methane no better than that of methanol. Why can we ap-
parently do considerably better? The answer is not clear;
theory might be effectively brought to bear here.

On the other hand, C–H bonds adjacent to carbonyl groups
are only slightly, if at all, weakened relative to alkanes, so
oxidations such as propane to acetone or ethane to acetic acid
ought to be achievable with at least moderately good yield.
Best of all would be to have all C–H bonds in the product
stronger than those for alkanes: olefinic, acetylenic or aro-
matic C–H bonds only. Oxidative coupling/dehydrogenation
of methane all the way to benzene would seem an attrac-
tive target, since the non-oxidative variant, over Mo/ZSM-5,
is limited by thermodynamics; one might think the H2 pro-
duced could be removed oxidatively under conditions where
the product resists overoxidation. Unfortunately in the pres-
ence of oxidizing species the catalytic metal carbide sites
are destroyed[15]. (Modest increases in conversion beyond
equilibrium have been achieved with a hydrogen-permeable
membrane reactor[16].)

The prime exemplar is the one commercially practiced
selective alkane oxidation, butane to maleic anhydride, over
a VPO catalyst. There have been few if any other catalysts
that even come close to the performance of VPO, which
is itself extremely sensitive to details of catalyst synthe-
sis and morphology; this observation has been interpreted

Table 2
Best performance for selective oxidation of three different alkanes over Keggin ion-derived catalysts and benchmark literature catalystsa

Reaction Keggin-derived catalyst Benchmark literature results Reference

C4 to maleic Best yield (%) 29 ∼50 [22]
Best productivityb 0.84 ∼0.07

C3 to acrylic Best yield (%) 11 ∼50 [23]
Best productivityb 0.62 ∼0.02

C2 to acetic Best yield (%) 5 ∼1 [24]
Best productivityb 0.062 ∼0.02

a Conditions vary; for Keggin catalysts typically hydrocarbon-rich feed, steam added, 380◦C (see[20,21] for details).
b mmol product/min/g catalyst.

(by some workers in the field) in terms of a specific ge-
ometric “fit” between the surface structure and the reac-
tants/intermediates/products[17]. Such a model might be
further supported by the fact that VPO isnot an effective
catalyst for other selective oxidations which are “allowed”
by the C–H homolysis criterion—ethane (to ethylene and/or
acetic acid) and propane (to acrylic acid)[18]. (It should
be noted though thathigher alkanes are oxidized to maleic
anhydride over VPO[19].)

If the VPO-butane combination were truly unique, be-
cause of this geometric-fit model, bond-strength consid-
erations such as those argued for above would be of only
minor relevance at best. However, we have developed a
selective oxidation catalyst—based on the PMo11V Keggin
ion, exchanged with Nb and reduced with pyridine—that
is substrate-versatile. We have previously reported that it
catalyzes both the butane to maleic and propane to acrylic
reactions, with selectivities and yields approaching, and
productivities substantially surpassing, the best reported
catalysts for each[20]. More recently we have found that it
is also highly effective, especially in terms of productivity,
for oxidizing ethane to a mixture of ethylene and acetic acid
[21]. Some typical comparative performance data is shown
in Table 2.

An additional highly suggestive finding is that maleic an-
hydride is a significant co-product from propane oxidation:
a C4 product from a C3 feed. Mechanistic analysis impli-
cates competing acid-catalyzed dimerization of propylene to
branched hexenes, which are oxidatively degraded to maleic;
there may also be a contribution from dimerization of allyl
radicals to 1,5-hexadiene[25]. In any case, the result mini-
mally demonstrates amobile intermediate, implying that the
geometric fit argument (even if it hassome relevance to an
explanation of VPO catalysis) isnot generally applicable to
selective alkane oxidation.

The overall implication of the foregoing discussion is that
high-temperature heterogeneously catalyzed (or gas-phase)
selective oxidation of alkanescan work quite well, but only
if we let the chemistry tell us what products we should go
after. For desired products with weaker C–H bonds alterna-
tive approaches appear more promising. One can of course
postulate “fixes” involving reactor design, molecular engi-
neering, etc. For example, a catalyst surface that adsorbs
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alkane more strongly than product; permeable reactor walls
that selectively pass product; a hydrophobic active site en-
vironment that tends to expel polar product while retaining
nonpolar alkane. Neither of the first two appears highly
probable, and the third would be difficult to maintain at the
high temperatures needed for heterogeneously catalyzed
oxidation; but they are not inherently impossible, and per-
haps some clever implementation of one or more may be
devised. It is more likely, though, that such strategies can be
brought to bear for catalytic systems that operate via radical
pathways under much milder conditions, as discussed in
the following section.

3. Biological and biomimetic oxidation: another “hot”
approach?

Enzymes that catalyze selective oxidation of one or
more alkanes under ambient conditions—most notably the
heme-based cytochromes P450 and the non-heme methane
monooxygenases (MMO)—are well known. Furthermore, a
very large number of metal complexes of varying complex-
ity, ranging from close structural analogs of the enzymatic
active sites to fairly simple metal salts, can also effect
alkane oxidation with some selectivity, although rarely if
ever approaching that of the real enzymes. These latter
catalyst systems, often termed “biomimetic”, sometimes
use molecular oxygen but frequently require more reactive
oxidants, such as peroxides, hypochlorite, iodosylbenzene,
amine N-oxides, etc. They, too, frequently operate at or
near room temperature.

So why do I call this another “hot” approach? Because
it appears that the large majority of so-called biomimetic
systems, and possibly the biological ones as well, activate
alkanes in a manner that bears considerable mechanistic
similarity to that of the high-temperature systems of the
previous section. That is, homolytic C–H bond cleavage
is still involved, but it is achieved by generating a “hot”
H-abstracting species (i.e., a metaphorically, as opposed to
literally, hot approach), under mild conditions.

This is a rather contentious suggestion to make, in a field
that is rather contentious, and a thorough justification (along
with the extensive literature review that would be entailed)
would be well beyond the scope of this article. I will discuss
it only briefly, with emphasis on the potential for a prac-
tical approach to selective alkane oxidation, and provide a
few recent references and reviews[26] which may serve as
starting points for the reader interested in going further.

There are actually (at least)two contentious issues here,
which are not always clearly distinguished. First, does a
given catalyst function by providing an “exotic” site that
is unusually reactive towards alkanes, or does it simply act
as a means for generating more ordinary reactive radicals?
(This probably applies only to the biomimetic class of cata-
lysts, not actual enzymatic systems.) We worked in this area
about 10 years ago, collaborating with a group from Sun who

Scheme 1. Key steps in the iron porphyrin-catalyzed autoxidation of
isobutane.

had demonstrated that an iron complex of a perhalogenated
porphyrin, octabromotetrakis(pentafluorophenyl)porphyrin,
functions as an active and selective catalyst for aerobic ox-
idation of isobutane tot-butanol[27]. The original mecha-
nistic proposal was that the active reagent is a ferryl species,
Fe=O, related to the presumed active site in cytochromes
P450, a class of heme-based oxygenases. This could thus be
called a biomimetic oxidation; however, since the synthetic
system is able to useboth atoms of oxygen in O2 for sub-
strate oxygenation (in contrast to P450, a “monooxygenase”
which uses only one of the two), the term “suprabiotic” was
offered. However, experimental[28] and modeling[29] stud-
ies demonstrated that the reaction here actually proceeds via
a free-radical chain autoxidation pathway, where the C–H
bond-breaking reagents are ordinary reactive radicals such
ast-butoxy; the metal complex servesonly to facilitate gen-
eration of those radicals. A simplified mechanism is shown
in Scheme 1.

Distinguishing between these alternatives—a metal-based
oxidant vs. a radical chain autoxidation pathway—is not
always (not often?) straightforward. One example of the
potential for complexities was explicated in a paper bear-
ing the evocative title: “A Putative Monooxygenase Mimic
Which Functions viaWell-Disguised (my italics) Free Rad-
ical Chemistry” [30]. Similarly, the mechanistic nature of
Barton’s so-called Gif system and related variants has been
the subject of active debate for a number of years, although
the preponderance of evidence seems to be settling on free
radicals[31]. In many other cases there is good evidence for
a metal-centered oxidant.

However, that brings us to the second issue: even if
metal-based oxidants are definitely involved, they may also
operate as hydrogen atom abstracting agents. Indeed, for
many years the consensus mechanism for P450 was the
so-called rebound pathway, wherein the active species is be-
lieved to be a ferryl (often represented as an Fe(V) oxo com-
plex but perhaps more accurately described as Fe(IV)=O
complexed by porphyrin radical cation), generated from an
Fe(II)–dioxygen complex by partial reduction and protona-
tion (liberating water). Alternatively, an analogous ferryl
can be obtained in model iron porphyrin complexes us-
ing oxygen atom-transfer reagents such as iodosylbenzene.
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Scheme 2. Rebound mechanism for alkane oxidation by P450 (por: por-
phyrin ligand).

The oxygen center of the ferryl pulls off an H atom from
RH to produce a short-lived radical, which rapidly reacts
with the Fe–OH group thus formed to give product ROH
(Scheme 2). This mechanism appeared consistent with
various observations, including selectivity for substituted
positions (terminal positions are unreactive; methane is not
oxidized at all by P450s), large kinetic isotope effects, and
stereochemical scrambling[32].

Methane monooxygenases (MMO), in contrast, are
non-heme iron enzymes thatdo oxidize methane, and show
substantial reactivity for terminal alkane positions in gen-
eral. (At least, the foregoing is true for the better-studied
soluble forms of MMO; there are also membrane-bound
forms which appear to be based on copper centers and which
exhibit strong-to-exclusivenon-terminal regioselectivity
[33].) An obvious and crucial question: does the difference
in regioselectivity point to a fundamentally different mech-
anism? Or are the mechanisms basically similar, with re-
gioselectivity determined by geometric constraints imposed
by the protein chain environment around the active site?

For a number of years, researchers in the field wished
that the MMO mechanism could be brought to a level of
understanding comparable to that for P450. As the saying
goes, be careful what you wish for: that state has to a large
extent been reached, but it is in large part a consequence
of increased confusion over the P450 mechanism! In par-
ticular, a number of findings seem to be incompatible with
the standard rebound model, notably the behavior of certain
“radical clock” substrates which would require rebound to
occur at an almost impossibly fast rate (on the order of vi-
brational lifetimes) to accommodate the observed absence
of rearrangement. There is no current universally accepted
picture, but the trend is to invoke multiple oxidizing species,
multiple spin states, and multiple mechanisms (perhaps in-
volving cationic as well as radical intermediates) to account
for the various observations[34]; this may well apply to
model systems as well[35,36].

For MMO much of the behavior seems to be fairly simi-
lar, in terms of rearrangements, isotope effects, etc. although
there are still a large number of hard-to-explain details[37].
Comparative computational studies suggest that the C–H ac-
tivation mechanism is basically the same in the two systems
[38]. The process seems best described as a hydrogen atom
abstraction, although the subsequent intermediate (if indeed
there is any species that can be comfortably described as a
discrete intermediate) does not behave like a true free radical.

If this is a correct description, it suggests that many of
the difficulties we encountered in high-temperature hetero-
geneous catalysis—inherent propensity for overoxidation

(generally) wrong preferred regioselectivity—should apply
to this approach as well. Nonetheless, the enzymatic systems
solve these problems (obviously). Presumably they do so
by the tricks suggested at the end of the preceding section:
“engineering” the active site so as to expel products before
they are overoxidized, restricting access to alkane positions
that are mechanistically disfavored, etc. But our ability to
use the actual biological catalysts for practical processes
(especially large-scale ones) is probably quite limited; and
it is far from clear how far we will be able to extend molec-
ular engineering in purely synthetic, biomimetic catalysts.
Surely the selectivity for methane achieved by MMO is the
result of somethingmuch more elaborate than a narrow, re-
strictive entry channel. A number of MMO “mimics”, some
modeling the enzyme active site structure (known crystallo-
graphically) quite closely, will reproduce some features of
MMO activity, including hydroxylation of higher alkanes;
but none has yet been found that oxidizes methane at all,
let alone preferentially.

Hopefully, as detailed understanding of the enzymatic
alkane oxidations improves, we will start to discover ways
to build some of Nature’s “tricks” into our model systems.
Alternatively, we may get Nature to show us the way her-
self, using directed evolution and related protein engineering
methodology[39]; by evolving improved oxygenating en-
zymes and comparing them to wild-type analogs we should
be able to sort out some of the key structural features, and
perhaps to incorporate them in synthetic analogs. But the
complexity of biological systems must not be underesti-
mated; it is quite possible that this approach will not pay
off, in any practical sense, until well into the future.

4. Organometallic activation of C–H bonds: a cold
approach

The activation of alkanes by organo-transition metal com-
plexes can be achieved under remarkably mild conditions,
in a manner mechanistically quite different from homolytic
hydrogen atom abstraction. In principle, then, this truly
“cold” approach has the potential for evading the selectivity
constraints that characterized most of the examples in the
two previous sections; in practice, however, major difficul-
ties are encountered when trying to exploit that potential
for practical processes[40].

Up to about 20 years ago, it had generally been thought
that trying to use transition metals to activate alkanes would
face the same problem—general inertness—that hinders
other approaches. There were a number of examples of
C–H bond activation inunsaturated hydrocarbons, such as
arenes; but these seemed to pose less of a problem, as there
were well-established bonding models whereby an initial
interaction between hydrocarbon and metal center could be
established. Examples of intramolecular activation of sat-
urated groups, as for example, H–D exchange in an alkyl
group of a phosphine ligand, were also known, but here
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the entropic assistance of the intramolecular reaction was
thought to be crucial. A (much smaller) number of catalytic
reactions of alkanes had been reported, but were poorly if
at all understood[41].

A key development occurred in 1982, when two groups
reported reactions of the stoichiometry shown inEq. (2)
[42,43]. One might have still argued, especially for the
case, where Cp= C5Me5 and L= PMe3, that this worked
by virtue of the extreme electron-richness of the unsatu-
rated metal center generated by photoelimination of H2—in
other words, that this is another “hot” reagent—but a very
large number of well-defined examples followed in short
order [44], establishing that alkane activation by transition
metal centers is really rather facile; no extreme reactivity is
required.

Cp(L)IrH2 + RH
hν−→Cp(L)Ir(R)(H) + H2

(Cp = C5H5, L = CO; Cp = C5Me5; L = PMe3) (2)

It seems clear from the reactivity (some reactions of
this type can be observed well below room temperature)
and stoichiometry of these and related transformations that
C–H homolysis is not involved, and that is further sup-
ported by trends in regioselectivity, as primary positions
are generally the favored site of attack. Alkane oxidation
products, then, mightnot necessarily be more reactive than
alkanes (depending upon what the C–H activation mecha-
nism actually is), so that more selective oxidations could be
achievable. However, another difficulty immediately arises:
organometallic complexes such as those used inEq. (2),
and the vast majority of C–H activating complexes as well,
are highly sensitive to O2 or other oxidants, and would be
instantly destroyed under catalytic oxidizing conditions.

Our attention was thus drawn to some older work—indeed,
the earliest reports of alkane oxidation mediated by discrete
metal complexes. In the early 1970s a Russian group led by
Shilov, following up on earlier observations of alkane H–D
exchange catalyzed by platinum complexes, reported the
chemistry shown inEq. (3). Here a simple Pt(II) complex,
air- and water-stable, effects C–H activation that leads to the
“catalytic” oxidation of alkanes to alcohols[45]. The scare
quotes here are to emphasize that the conversion is catalytic
in Pt(II) but stoichiometric in Pt(IV), the net oxidant, and
hence clearly not practical as thus constituted. Butif Pt(IV)
could be replaced by a much cheaper oxidant (ideally O2),
and if the nature of C–H activation does indeed lead to the
selectivity patterns desired, this reaction could be the basis
of a very promising approach. To answer both of those “ifs”
detailed mechanistic understanding is required.

RH + H2O + PtCl6
2−

H2O, 120◦C−−−−−−→
PtCl42−

ROH+ PtCl4
2− + 2HCl (3)

Extensive mechanistic studies by our group and oth-
ers have established the three-step mechanism shown in

Scheme 3. Mechanism of Shilov oxidation (non-participating ligands
omitted).

Scheme 3 [45]. The nature of steps 2 and 3 are the eas-
ier ones to investigate: they involve electron transfer (as
opposed to alkyl group transfer) and nucleophilic attack
by water on the C–Pt bond, respectively[46]. The first of
those findings implies that the oxidant need not be Pt(IV),
and indeed there has been some success with alternate ox-
idants, most notably with the Wacker-like reoxidation sys-
tem O2/Cu [47], although only modest activity and catalyst
lifetime has yet been achieved.

The first step is much more difficult to study, because
(among other reasons) the intermediate Pt(II) alkyl is not sta-
ble. However, a variety of experiments using model systems,
isotopic labeling, and kinetics all implicate a mechanism
whereby alkane initially interacts with the Pt(II) center in the
form of a “sigma complex”; that is, the alkane acts as a lig-
and by using a C–H sigma bonding pair to donate to a vacant
Pt orbital. The sigma complex is in facile equilibrium with
the C–H bond cleavage product, and deprotonation leads to
the Pt(II)–R intermediate, as shown inScheme 4 [48].

Such alkane complexes have been implicated in a very
large number of systems[49]. (Most often the experimen-
tal evidence involves transient spectroscopy or isotopic
labeling experiments; there is one example of a complex
sufficiently stable to observe directly by NMR[50], and a
couple of crystal structures, although these involve addi-
tional non-covalent stabilizing interactions as well[51].) It
seems certain that they will play a central role in selective
alkane oxidation by transition metal complexes, both by
providing a low-energy pathway for the C–H bond acti-
vation and, presumably, in controlling selectivity patterns
quite different from those encountered in radical chemistry.

It should be noted that the origin of regioselectivity is
not always clearcut. Reactions of the sort shown inEq. (2)
exhibit strong preference for terminal alkyl products, and
initially this appeared to be a kinetic rather than thermody-
namic effect, since it was believed that an initially formed
product M(H)(R) could only rearrange to an isomer via com-
plete dissociation and readdition of RH, a process that can
be definitively ruled out in many cases[52]. This would sug-
gest that observed selectivities are governed by preferences

Scheme 4. Detailed mechanism of first step (C–H activation) of Shilov
oxidation.
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Scheme 5. Observed transformations in reaction of cationic Pt(II) complex
with p-xylene.

in the initial site of attack—the sigma complex—with ter-
minal positions presumably favored for steric reasons. But
soon it was recognized that sigma complexes can be suffi-
ciently stable to permit isomerizationwithout dissociation.
M(H)(R) undergoes “reductive elimination in place” to form
the sigma complex M(RH) which can rearrange to another
sigma complex, with a different C–H bond coordinated, and
then re-add the new C–H bond, all without RH ever leaving
the coordination sphere[53]. Hence the selectivities actually
reflect thermodynamic preferences for metal–alkyl binding
(long known to prefer terminal positions in the vast majority
of cases). In any given case an observed selectivity might
be the consequence of almost any combination of kinetic
and thermodynamic factors, depending on relative rates and
equilibria of initial reactions and subsequent rearrangements.
Detailed analyses of the latter have been worked out for a
couple of systems[54].

Ambiguities can likewise arise in selectivities for different
types of C–H bonds, such as alkane vs. arene. The latter is
almost always favored, kinetically as well as thermodynam-
ically. Kinetic preferences are usually ascribed to the abil-
ity of arenes to interact with the metal via� electrons—the
same reasoning that had been offered to explain why arene
activation had been demonstrated long before alkane activa-
tion. It is true that�-benzene complexes have been observed
as intermediates in benzene C–H activation reactions, both
spectroscopically[55] and crystallographically[56]; but the
geometry would not seem to particularly favor C–H cleav-
age in any way, and it is perhaps more likely that the�-arene
complex does not lie on the direct pathway to C–H bond
cleavage, but instead must first rearrange to a sigma com-
plex. A particularly complex situation appeared in one of our
studies on hydrocarbons which presentboth types of sites,
such asp-xylene: the reaction shows kinetic preference for
the aryl position and (unusual) thermodynamic preference
for the benzylic position (Scheme 5). Evidence suggests that
the conversion of the kinetic to thermodynamic product is
the result of a secondary reaction, not a simple rearrange-
ment; and the benzylic product may be thermodynamically
preferred because of an�3-structure, a situation limited to
benzylic species[57].

In a catalytic reaction, then, overall product selectivity
will depend on a number of factors: relative rates of activa-
tion of different C–H positions compared not only to each
other but (if reversible) to rates of rearrangements and to
rates of subsequent product-forming steps. For oxidations in
particular, we know relatively little about the reactivities of
C–H bonds in alkanes compared to those in oxygenates, but
the fact that some selective oxidations have been achieved
suggests that they are (at worst) not too unfavorable, and
that seems reasonable in principle. For example, one might
expect a C–H bond on an electronegatively substituted car-
bon center to be a poorer donor than one on a simple alkane,
which could lead to the desired situation of an alkane being
more reactive than its oxidation products.

A dramatic illustration of that potential is provided by the
oxidation of methane to methyl bisulfate by sulfuric acid,
catalyzed by a Pt(II) complex, as shown inEq. (4) [58].
The mechanism for this reaction is probably closely related
to that of the Shilov system (Scheme 3), with sulfuric acid
playing the role of oxidant in step 2 and nucleophile in
step 3. Most remarkably, the product (a methanol derivative,
which can be converted to methanol by hydrolysis) can be
obtained in yields around 70%; compare that to the ceiling
of 5% predicted for methane to methanol in a radical-based
process. According toFig. 1, and taking into account the
low solubility of methane, the rate constant for the reaction
of the Pt center with a C–H bond of methane must be around
100 times larger than for a C–H bond of the product, methyl
bisulfate, to account for the high yield.

CH4 + 2H2SO4
(L2)PtCl2−−−−→

180◦C
CH3OSO3H + SO2 + 2H2O

(L2 = bipyrimidine) (4)

While this system is itself not economically practical,
owing in large part to the large quantities of sulfuric acid
that would have to be handled and recycled, it validates
this approach as a means of achieving highly selective
alkane oxidation. Furthermore, it offers greater potential for
product-versatility: we may not be so restricted to particu-
lar classes of target products as with the high-temperature
routes. Certainly there are still formidable obstacles to
be overcome; as with the biological/biomimetic approach,
much more work needs to be done before we can even assess
the likelihood of major accomplishments with any confi-
dence. But this “cold” organometallic approach offers an al-
ternative to the “hot” approaches that clearly involves quite
different chemistry, and thereby, perhaps, more promise.
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