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ABSTRACT: The application of environmentally benign, cheap,
and economically viable oxidation procedures is a key challenge of
homogeneous, oxidative alkane functionalization. The typically
harsh reaction conditions and the propensity of dioxygen for radical
reactivity call for extraordinary robust catalysts. Mainly three
strategies have been applied. These are (1) the combination of a
catalyst responsible for C−H activation with a cocatalyst
responsible for dioxygen activation, (2) transition-metal catalysts,
which react with both hydrocarbons and molecular oxygen, and (3)
the introduction of very robust main-group element catalysts for
C−H functionalization chemistry. Herein, these three approaches
will be assessed and exemplified by the reactivity of chelated
palladium (N-heterocyclic carbene) catalysts in combination with a
vanadium cocatalyst, the methane functionalization by cobalt catalysts, and the reaction of group XVII compounds with alkanes.

■ INTRODUCTION

Annually, more than 140 billion cubic meters of natural gas are
flared worldwide for safety reasons.1 Imagine if valuable
methanol or other oxygenated, liquid products were formed
instead of CO2, which constitutes a primary greenhouse gas.
Would that not be great?2−4 Since the seminal findings by
Shilov,5−7 who showed that the late transition metals platinum
and palladium are capable of oxidizing lower hydrocarbons
selectively to alcohols, it has been shown that most elements of
the periodic table can react with C−H bonds. This includes
early transition metals8−13 and arguably, most prominently, late
transition metals14−31 like cobalt, rhodium, iridium, palladium,
and platinum as well as main-group metals like thallium or
lead.32 Some examples of defined transition-metal complexes
that activate C−H bonds of lower alkanes are given in Figure 1.
Obviously, also nonmetallic C−H bond activation has been
known since the very beginning of organic chemistry, including
the radical and nonradical reactivity of halogens with

alkanes33−35 and the reactivity of low-valent compounds like
carbenes,36,37 borylenes,38 or aluminum compounds.39 Even in
nature, C−H activation of alkanes is by no means rare, as
exemplified by cytochrome P45040−44 or methane monoox-
ygenase.45−49 Consequently, the development of a catalytic
process, in a homogeneous or heterogeneous context like a fuel
cell,50−53 for C−H activation and functionalization of a
hydrocarbon with a convenient oxidation protocol involving
molecular oxygen appears to be a very attractive goal.54−57

Although the activation of C−H bonds (leading, e.g., to an
organometallic intermediate) does not necessarily involve
species in high oxidation states,58 the oxidative C−H
oxyfunctionalization of methane typically requires strong
oxidants, as also illustrated by the comparably high ionization
energy of 12.7 eV.7,59 However, because of the difficulties in
developing a system that is based on dioxygen (O2), several
other oxidants have been used. These certainly are not the
solution for a commercial process, where O2 needs to be the
coreactant, but allow one to study the conversion of
alkanes.60,61 Frequently critical are also the stability and
reactivity of homogeneous C−H functionalization catalysts.
Herein, fundamental approaches to aerobic hydrocarbon

functionalization will be discussed on the basis of three
concepts exemplifying our approach toward the functionaliza-
tion of methane and propane and put into context to closely
related work.
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Figure 1. Transition-metal complexes that react with the C−H bonds
of lower alkanes.13,62−64
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■ ALKANE ACTIVATION USING REDOX MEDIATORS
Three different oxidation concepts, by a chemical point of view,
can be envisioned for the aerobic functionalization of lower
hydrocarbons. In the first scenario, the catalytic cycles for C−H
and O2 activation are separated and could therefore, in
principle, be spatially distinct in a tandem catalysis arrangement
(Scheme 1). Safety Note! It is important to note that mixtures of

hydrocarbons with strong oxidants and especially O2 are potentially
explosive! Proper safety precautions should always be implemented!
This catalytic setup has the advantage that potentially explosive
mixtures of molecular oxygen and gaseous hydrocarbons can be
avoided. Furthermore, the undesired formation of water as a
byproduct in the C−H activation process, which typically
inhibits electrophilic catalysts,65 can possibly be avoided. On
the contrary, side reactions by the redox mediator and the two
catalysts have to be controlled and an efficient recycling of the
redox mediator has to be guaranteed.
A redox mediator can help to connect these two catalytic

events.66,67 An example for such a process is the C−H
functionalization of alkanes by palladium bis(N-heterocyclic
carbene) [bis(NHC)] catalysts with bromido ligands in the
presence of O2 and NaVO3.

68−70 Thereby, a palladium(II)
catalyst activates the hydrocarbon to form an organometallic
intermediate (CH Activation, Scheme 1), whereas an
oxovanadium catalyst reacts with the terminal oxidant O2 (O2
Activation, Scheme 1). However, without the presence of
bromide in the reaction mixture, no turnover is observed.
Consequently, it is proposed that the bromide/bromine redox
couple (Redox Mediator, Scheme 1) is necessary for coupling
O2 with C−H activation, leading finally to formation of the
oxyfunctionalized product methanol.
Palladium catalysts with a chelating bis(NHC) ligand like

dibromo(1,1′-dimethyl-3,3′-methylenediimidazoline-2,2′-
diylidene)palladium(II) (1)71 were already shown in 2002 to be
active catalysts for the functionalization of methane to methyl
trifluoroacetate in trifluoroacetic acid (HOTFA) using K2S2O8
as the stoichiometric oxidant (Scheme 2).72 Methyl trifluor-
oacetate thereby constitutes an electron-poor methyl derivative,
which is protected from overoxidation and could, in principle,
be hydrolyzed to afford methanol. Complex 1 was originally
reported72 to afford 30 turnovers at 90 °C, although under

optimized conditions, a turnover number (TON) of approx-
imately 500 was later demonstrated (Scheme 2).73

Recently, we have shown that halogens can be used as redox
mediators in the aerobic, partial oxidation of propane to propyl
trifluoroacetates in HOTFA.68−70 Halogens like chlorine or
bromine appear to be good candidates for efficient redox
catalysts because they are strong enough oxidants for C−H
functionalization chemistry and are well-known to be capable of
generating transition-metal complexes in high oxidation states
like palladium(IV) or copper(III) by a nonradical two-electron
process (Scheme 3).74−81

Using a palladium(II) catalyst with chelating bis(NHC)
ligands and NaVO3 as the cocatalyst for O2 activation,

82−91 a
TON of over 60 could be demonstrated for the oxidation of
propane to isopropyl trifluoroacetate68 and also the catalytic
performance for the conversion of methane to methyl
trifluoroacetate.92 In the case of propane, allyl trifluoroacetate,
isopropyl bromide, n-propyl trifluoroacetate, and acetone were
also formed as minor byproducts. It was shown using radical-
transfer reagents that alkyl radicals are not part of the reaction
mechanism.68 Unfortunately, the reaction with methane is
extremely slow, and decomposition of the palladium catalyst
seems to be an issue.
Very remarkably, however, the reaction with propane does

not yield any product without the concomitant presence of a
palladium catalyst and bromide, even if using K2S2O8 as the
final oxidant (vide infra for background reaction in the presence
of bromide salts). In the case of methane, traces of bromide in
the reaction vessel seem to be enough to lead to efficient
catalysis.93 The presence of molecular bromine in the reaction
mixture is clearly visible, the oxidation of organometallic
palladium complexes by peroxodisulfate is slow,70,94,95 and it
has also been shown that bromine and chlorine are capable of
oxidizing bis(NHC) complexes of palladium and plati-
num.63,80,96−98 Accordingly, the presence of bromine appears
to be necessary for an efficient oxidation reaction. The
reactivity of bromine with palladium complexes with chelating
bis(NHC) ligands has also been studied in detail by density
functional theory (DFT).99

The proposed mechanism for the functionalization of
methane, as rationalized by DFT calculations, is shown in
Figure 2.70 According to the DFT calculations [B3LYP-
D3(SCRF)/6-311-G(d,p)//B3LYP/6-31-G(d)], the C−H ac-
tivation step constitutes the rate-determining step (ΔG⧧ = 23.4
kcal mol−1) of the mechanism with an overall transition state
energy of ΔG⧧ = 39.5 kcal mol−1, although the overall

Scheme 1. O2 and C−H Activation Cycles Coupled by a
Redox Mediator

Scheme 2. Functionalization of Methane by Palladium
Bis(NHC) Catalyst 1

Scheme 3. Coupling of C−H Functionalization by a
Palladium Catalyst with Oxovanadium-Catalyzed O2
Activation
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transition state energy for the oxidation by bromine is of a
similar order of magnitude (ΔG⧧ = 38.9 kcal mol−1).
The first step of the proposed mechanism is an oxidative

counterligand exchange of the bromido ligands for the relatively
weakly coordinating trifluoroacetates by persulfate. This leads
to the formation of molecular bromine. Consecutively, a
cationic intermediate forms (ΔG = +2.3 kcal mol−1), which
coordinates methane in the form of a σ complex (ΔG = +16.1
kcal mol−1) after the formation of a compound with a formally
vacant coordination site (ΔG = +8.7 kcal mol−1). C−H
activation takes place by an intramolecular deprotonation
pathway (electrophilic substitution, concerted metalation -
deprotonation) by the trifluoroacetato ligand (ΔG⧧ = 39.5 kcal
mol−1) and affords a HOTFA-coordinating intermediate (ΔG =
36.4 kcal mol−1).101,102 Notably, the synthesis and reactivity of
a very close analogue has been reported by Subramanium and
Slaughter.103 The oxidation step is mediated by bromine (ΔG⧧

= +38.9 kcal mol−1) and leads to the formation of a labile
organometallic palladium(IV) species (ΔG = −4.6 kcal mol−1),
which reductively eliminates methyl trifluoroacetate without a
considerable reaction barrier (ΔG = −31.7 kcal mol−1).
The mechanism for propane is, in principle, equivalent with

the C−H activation step also being rate-determining. However,
as intermediate β-hydride elimination becomes feasible,
isomerization of the n to the iso isomer is believed to occur
between C−H activation and the oxidation step by
bromine.69,99 For the partial oxidation of ethane in sulfuric
acid by dipyrimidine platinum complexes, a similar mechanistic
picture was drawn,104 which had previously also been used to
explain the trifluoroacetoxylation of sp3-hybridized methylene
groups of alkyl esters, albeit under the intermediate formation
of a five-membered palladacycle.105

We reasoned that the acidic methylene bridge of the
bis(NHC) ligands might be one cause for decomposition of
the catalysts. Indeed, substitution of the methylene by an
ethylene or o-phenylene bridge afforded slightly better or very
similar catalytic results.106,107 Increasing the steric bulk of the
wingtip substituents,107,108 substitution of one NHC ligand by a
pyrimidyl moiety,109 or exchange of the palladium metal for
platinum110 only led to reduced catalytic activity. DFT

calculations indicated that most likely the bis(NHC) complex
serendipitously employed in the very first report is very close to
the intrinsic reactivity maximum for this type of ligand design,
with the rate-determining step of the overall catalytic cycle
being the C−H activation step.69 Consequently, more active
palladium catalysts with a different enough ligand design are
sought. One approach might be the synthesis of bimetallic
catalysts, in which the two palladium centers are in close
proximity to each other in order to be able to engage in the
cooperative activation of a small molecule like methane.
Cooperative, bimetallic activation of small molecules is a very
well-known concept in catalysis.111−120 Nevertheless, the two
metal centers need to be distant enough from each other to
avoid the formation of supposedly inactive Pd−Pd dimers for
this kind of reactivity.75,121 Very recently, we reported the
synthesis of a bimetallic, organometallic complex (Figure 3),

which raises the question of whether such binuclear species
form during the course of methane functionalization.122 It has
also been shown that chelating palladium(II) bis(NHC)
complexes can form PdI−PdI dimers under reductive
conditions.123

Lin and Sen had already shown in 1992 that hydrogen
peroxide (H2O2) can be employed as a redox mediator for the
palladium(II)-catalyzed conversion of methane to formic acid
under aerobic conditions in the presence of carbon monoxide
(CO) and water.124 Different from the mechanism based on the
Br2/Br

− redox couple as proposed in Scheme 3, the
intermediate oxidant H2O2 is, however, not regenerated.
Later work revealed that the addition of CuCl2 led to the
preferential formation of methanol instead of formic acid.125

The broad application of formic acid for energy storage has

Figure 2. Proposed mechanism100 for the functionalization of methane by palladium catalysts with chelating bis(NHC) ligands in HOTFA.

Figure 3. Synthesized potential intermediate.
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been suggested.126−128 Although methanol stores more
chemical energy than the higher oxidized formic acid, it has
been claimed that electricity is generated more efficiently in a
fuel cell using formic acid.129−133

In this system, hydrogen forms according to the water gas
shift reaction involving the reductant CO in reaction with
water. Hydrogen then reacts with O2 and generates H2O2. This
concept of adding a coreactant like CO or H2 in order to finally
produce H2O2 by reaction with oxygen has been applied by
several groups.134−143 Likewise, it was shown that N-
hydroxyphthalimide, aldehydes, or ethers can serve as
coreductants for the formation of H2O2.

66,144−148 However,
the application of H2O2 as an intermediate oxidant hardly can
be considered an economically viable route as long as its
formation is based on the conversion of methane to syngas or
the addition of sacrificial coreductants. Furthermore, the
elucidation of mechanisms involving peroxo compounds is
often very challenging because they not only oxidize transition-
metal compounds very efficiently but also can react with
hydrocarbons by single-electron-transfer mechanisms without
direct involvement of the transition-metal catalyst.149−163 A
more useful approach could be the application of nitrite/nitrate
cooxidants or benzoquinone, which were also shown to be
oxidation mediators in the presence of oxygen in the context of
alkane activation chemistry.140,143,164−166 Also, polyoxo cocata-
lysts, which are capable of both C−H and O2 activation, have
been proven to be promising alternatives.2,139,167−175

A similar cooxidation concept could, in principle, also be
applied to Periana’s platinum(II) system in oleum, which is
considered to be a promising system in terms of the methane
functionalization activity with a claimed turnover frequency of
0.001 s−1 at 90% selectivity (Scheme 4).176

Because oleum is produced by the aerobic oxidation of sulfur
dioxide in the presence of a vanadium(V) catalyst (contact
process), the partial oxidation of methane could be coupled to
this cooxidation using sulfur trioxide as the redox mediator.
Similar to the catalytic processes in HOFTA,68,165,177 however,
a drawback is the formation of the byproduct water, which
renders the development of an economic process challenging.
This might have kept the authors from demonstrating the
possibility for an aerobic cooxidation procedure. The
mechanism of the Periana system has been studied in
depth65,104,178−180 and has also been reviewed.16,30

■ ALKANE FUNCTIONALIZATION AND OXYGEN
ACTIVATION BY COBALT CATALYSTS

In the second scenario, the same metal compound that
functionalizes the hydrocarbon also reacts with the oxidant O2
(Scheme 5).
A prominent example for this catalytic modus operandi is the

oxygen-rebound mechanism of transition-metal oxo com-
pounds, as proposed for cytochrome P45044,181−190 (Scheme
6) or the oxidation of methane by permanganate.187

In the case of cytochrome P450, which contains iron in its
active site, oxidation of the transition metal affords an iron(IV)
oxo intermediate, which reacts with a C−H bond by a radical
hydrogen abstraction pathway. Oxygen rebound to the alkyl
radical affords the alcohol and regenerates the iron(II)
compound. Another example for this type of reactivity might
be the reactivity of cobalt compounds in the oxidation states III
+ or IV+, which will be discussed below in more detail.
The design of catalysts that are capable of both reacting with

hydrocarbons and oxygen is a very elegant approach for
combining the C−H functionalization of methane with an
aerobic oxidation. Typically, this concept involves the net
insertion of one oxygen atom into the metal−carbon atom
bond by either a radical or a nonradical pathway and therefore
often implies the formation of metal oxo complexes.191−194

This stands in contrast to the Shilov system or the mechanism
depicted in Figure 2, where the oxygen atom that is being
attached to the methyl carbon atom is derived from the solvent.
Most prominent in the literature are arguably iron oxo
c om p l e x e s f o r t h e h y d r o x y l a t i o n o f C−H
bonds.182,185,189,195−199 However, despite encouraging progress
in the field of stoichiometric reactivity,60,200−205 examples of
catalytic turnover with methane remain very scarce, and catalyst
decomposition seems to be a common issue. Exceptions are
homogeneous cobalt and manganese catalysts.165,177,206−208

Notably, for the aerobic oxidation of cyclohexane to cyclo-
hexanol and cyclohexanone, cobalt catalysts are used in the
industry.209,210

Cobalt(II) or cobalt(III) salts functionalize methane very
efficiently in HOFTA in the presence of O2 (Scheme
7).165,207,208 The usage of nitrate as a counterion of cobalt

Scheme 4. Periana’s System for Methane to Methanol
Conversion in Sulfuric Acid

Scheme 5. O2 and C−H Activation Taking Place at the Same
Catalyst

Scheme 6. Simplified Mechanism for Alkane
Functionalization by Cytochrome P450190

Scheme 7. Aerobic Functionalization of Methane by Cobalt
Salts165
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salts leads to exceedingly reactive catalysts. The observation of
C−C bond scission processes in the reaction with propane
points toward a reaction mechanism involving radicals.206 One
drawback is the incompatibility of the catalysts with water,
which forms upon esterification of methane with the acidic
solvent.165,211 Deactivation of the catalyst can be prevented by
the addition of trifluoroacetic anhydride; however, once all of
trifluoroacetic anhydride is consumed, the catalyst precipitates
in the form of cobalt fluorides.
It is very worth noting that cobalt compounds have been

known for a long time to be very active in the oxidation of C−
H bonds.212−219 Tang and Kochi already reported in 1973 that
cobalt(III) reacts instantaneously at room temperature in
HOFTA with alkanes like cyclohexane.219 It has been described
that the aerobic oxidation of hydrocarbons by cobalt(III)
compounds can involve the formation of peroxo complexes,
whose decomposition yields oxygen-based radicals that initiate
radical-based processes.212 However, others reported on the
intermediacy of cobalt(IV) species220−223 or cobalt(III) high-
spin complexes224,225 for C−H activation reactivity and
cobalt(I) pincer complexes for the oxidative addition of C−H
bonds.226,227

Organometallic compounds can also directly react with O2;
i.e., the C−H activation step can take place before the oxidation
step. The oxidation of copper−, palladium−, and platinum−
hydroca rbon bonds wi th oxygen has been re -
ported.67,200,201,228−235 Goldberg and co-workers, for example,
demonstrated that a palladium(II) methyl complex inserts O2
in the Pd−Me bond by a radical pathway via an intermediate
palladium(III) compound to afford a Pd−OOMe complex.201

Similarly, Britovsek and co-workers suggested the intermediacy
of dinuclear triplet states for the light-driven net insertion of O2
in the metal−Me bond of palladium(II) and platinum(II)
pincer complexes.234 In the case of Vedernikov’s dipyridine-
ligated platinum complexes, the key to aerobic oxyfunctional-
ization seems to be the formation of a hydroperoxoplatinum-
(IV) intermediate, which is proposed to be stabilized by
coordination of a sulfonate group attached to the ligand.232

Undoubtedly a very elegant approach, this catalytic design
intrinsically suffers from the concomitant presence of O2 and
hydrocarbon in the same reactor and is sometimes associated
with the challenging design of specific ligands.

■ ALKANE FUNCTIONALIZATION MEDIATED BY
GROUP XVII OXIDANTS

The application of transition-metal compounds for C−H
activation of hydrocarbon C−H bonds is in many ways
appealing because ligand- or transition-metal-dictated chemo-
selectivity can be, in principle, designed. However, homoge-
neous transition-metal catalysts are typically costly to produce
and often suffer from deactivation phenomena. Therefore,
cheap main-group compounds like halogens or halide oxo
compounds seem to be perfectly suited for the development of
a competitive industrial process as long as the challenges of
chemoselectivity and overoxidation can be addressed.3 In any
case, also radical mechanisms could be suitable for such an
oxidation procedure as long as the primary oxidation product
can be trapped, for example, as electron-poor trifluoroacetic
acid ester or sulfuric acid ester. Examples for a successful
aerobic implementation of this type of approach are rare
because often the oxidation potential of molecular oxygen is
not high enough to generate the strong intermediate oxidant
required, like, for example, peroxodisulfate.

The third approach therefore involves the reaction of a
hydrocarbon with a stoichiometric amount of an abundant and
cheap oxidant without the help of a transition-metal catalyst
(Scheme 8). This oxidant could then be regenerated by an
aerobic oxidation protocol.

Especially attractive for the development of halide-based
chemical processes for alkane functionalization is the fact that
the implementation of aerobic cooxidation procedures could be
easier than that for processes involving late transition metals.
We could observe that the presence of sodium bromide also

led to the formation of minor amounts of propyl trifluor-
oacetate with NaVO3 under 4 bar of molecular oxygen and 6
bar of propane without the addition of any transition-metal
catalyst (Scheme 9).68,69 Very remarkably, no formation of n-

functionalized product was detected. Considering the previous
reports on the activation of methane by supposedly Br+ and I+

species and that such types of catalytic systems should be
extraordinarily robust with regard to demanding reaction
conditions, the development of appropriate and more efficient
aerobic cooxidation protocols for methane should become
feasible in the near future.
The investigation of the reactivity of sodium bromide with

propane with the model oxidant peroxodisulfate revealed that
the reaction is highly dependent on the concentration of
bromide salt.69 Whereas no product formation (within the
margin of error) was determined without the addition of
bromide and at a NaBr/K2S2O8 ratio of 2:1, the highest yield
(53% based on oxidant) was obtained at a 1:1 ratio at 60 °C
after 17 h of reaction time. The reaction proceeded with
extraordinary cleanliness, and no formation of any byproduct
(with the exception of 10% isopropyl bromide) was
determined. Consequently, a radical mechanism appears
unlikely for this reaction.
The intermediate formation of a haloalkane like methyl

bromide prior to an oxyfunctionalization step was already
proposed in the 1980s by Olah.236 Later it was reported that
iodine catalyzes the esterification of methane to methyl sulfate
in oleum and catalyzes the comproportionation reaction of
methane with dibromomethane.237−240 Also, polyhalomethanes
have been shown to be highly active for the activation of
hydrocarbon C−H bonds.33 It was proposed that I+ species

Scheme 8. Alkane Functionalization with a Cheap and
Abundant Main-Group Oxidant That Could Be Regenerated
by Molecular Oxygen

Scheme 9. Aerobic Partial Oxidation of Propane Provided by
the Presence of NaBr

Inorganic Chemistry Forum Article

DOI: 10.1021/ic502515x
Inorg. Chem. 2015, 54, 5043−5052

5047

http://dx.doi.org/10.1021/ic502515x


could constitute the catalytically potent intermediate of an
electrophilic activation pathway because bromide salts were
revealed to be less active and chloride salts were found to be
completely inactive.238 Other reports favor mechanisms
involving hypervalent iodine(III) species.241,242

Accordingly, a nonradical mechanism has been proposed for
the conversion of methane, ethane, and propane by a defined
iodine(III) complex (Scheme 10).242

However, modes of reactivity have to be considered to be
fluent from radical-dominated or single-electron-transfer
chemistry to mainly electrophilic-type behaviors and parallels
to “Olah-type” chemistry in the presence of superacids are
evident.34,35,236,243,244 In any case, conducting the reaction in
strong acids typically leads to the formation of electron-poor
esters, which are protected from further oxidation.69,245

Gunnoe and co-workers discovered that iodate salts convert
methane to methyl trifluoroacetate in HOFTA if a source of
chloride is present (Scheme 11).245

The reaction proceeds with very high chemoselectivity
(>85%) for methyl trifluoroacetate, and yields of over 20%
based on methane were demonstrated after a reaction time of
only 1 h. Remarkably, iodates form under acidic conditions by
reaction with O2.

246 Consequently, it could be envisioned to
regenerate the oxidant iodate by such an aerobic cooxidation
procedure. Very recently, it was shown that substituting iodate
by periodate leads to even higher yields of up to 42%.247 In the
reaction with propane, NaIO4/KCl showed a higher selectivity
for functionalizing the iso position (iso:n = 2.6:1) than NaIO3/
KCl (iso:n = 1.7:1). In a distinction to the iodate system,
chlorinated byproducts formed in considerable yield, as
exemplified by the reaction with ethane (NaIO4/KCl,
EtOTFA:EtCl = 3.3:1; NaIO3/KCl, EtOTFA:EtCl = 16:1).

■ CONCLUSION
Reported catalytic systems for the partial oxidation of methane
typically suffer from the usage of expensive oxidants, low
catalytic activity, and catalyst deactivation. Therefore, three
approaches toward the development of aerobic oxidation
procedures have been discussed that address the mentioned
challenges. These include (1) the application of redox
mediators like halogens between a late-transition-metal C−H
functionalization catalyst and an early-transition-metal catalyst
for O2 activation, (2) cobalt catalysts, which have been shown
to functionalize methane using O2 as oxidant directly, and (3)
the development of very robust and cheap group XVII main-
group oxidants for the functionalization of methane and lower
hydrocarbons like propane.
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