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Abstract: The implementation of selective, energy efficient,
direct alkane oxidation chemistry could lead to a new para-
digm in materials and energy technologies for the 21 cen-
tury that is environmentally and economically superior to
current processes. Such processes would allow the vast re-
serves of natural gas to be directly employed as feedstocks
for fuels and chemicals. Molecular catalysts that activate
and functionalize the C—H bonds of unactivated hydrocar-
bons are of particular interest, from both a scientific and
economic viewpoint. This results from the unique properties
of these engineered materials, which allow them to carry
out oxidative hydrocarbon functionalization, with high atom
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1 Introduction

Petroleum feedstocks currently represent humanity’s pri-
mary source of fuels, chemicals, and materials. However,
the existing conversion technologies operate at high tem-
peratures that lead to both excessive emissions and high
capital costs. Between the consumption of this limited
feedstock and concerns about the correlation of atmos-
pheric CO, and rising global temperatures, a transition to-
wards cleaner feedstocks and a new generation of more
efficient, lower temperature technologies is vital to our
planet’s future.

Natural gas, the main component of which is methane
(CHy), is abundant in reserves worldwide, and has
a larger energy to mass ratio than petroleum (oil). Un-
fortunately, direct transportation of gaseous CH, is more
hazardous and expensive than for liquid petroleum,
making its large-scale utilization less practical. CH, could
be converted to a liquid product, such as methanol
(CH;OH) or diesel, which can then be transported using
pre-existing infrastructure. However, the current industri-
al process for the conversion of CH, to these materials
(i.e., the syngas process) is capital and energy intensive,
requiring high temperatures (>800°C) and multiple
steps. The development of a lower temperature, direct
route to convert CH, to liquid products/intermediates
(such as CH;OH) would be ideal and could lead to
a more efficient and atom-economic utilization of natural
gas reserves. However, CH, is generally quite unreactive
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and energy efficiency, under relatively mild conditions. De-
spite the large body of work on the activation of C—H bonds
over the last three decades, relatively few catalyst systems
based on this approach present a viable route to functional-
ize hydrocarbons. This dilemma is largely due to the large
gaps in our fundamental knowledge to allow rational design
of such catalysts. Addressed in this paper are some of the
key challenges and approaches to the de novo design of
alkane functionalization molecular catalysts based on the
C—H activation reaction, with an emphasis on our own re-
search.

- methane functionalization

(especially when compared with CH;OH), making the
design of systems which can selectively convert CH, to
CH;OH particularly challenging.

A potential solution to this challenge involves the
design and use of discrete, molecular catalysts that func-
tionalize the C—H bonds in CH, via the C—H activation
reaction (Scheme 1). The C—H activation reaction in-
volves the reaction between a C—H bond and a discrete
metal complex (L,M-X) to generate an organometallic
species (L,M-R) via a non-free radical pathway
(Scheme 1, red pathway). Subsequently, this species can
be oxidized (i.e., functionalized) to generate the desired
product and regenerate the initial catalyst (Scheme 1,
purple pathway). Two other important components of the
approach shown include a reversible protection strategy
(Scheme 1, green pathway) and the indirect use of O,
(Scheme 1, black pathway). Product protection is a neces-
sary component for the practicality of any system operat-
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Scheme 1. C—H activation/M-R functionalization catalytic cycle.

ing via a C—H activation sequence as it renders the gener-
ated products (such as CH;OH) less reactive than the
starting alkanes (CH,), whereas for any economically
practical large-scale industrial process, the use of O, as
the terminal oxidant is a requirement. Realization of such
a strategy could lead to a new generation of molecular
catalysts competent for the low-temperature, selective
functionalization of CH, and other unactivated hydrocar-
bons. Progress and strategies towards the development of
such systems is the focus of this mini-review. There are
also systems which have been developed based on coordi-
nation and/or activation of an oxidizing reagent (so-called
“oxygen activation”) which then proceeds to functionalize
alkane C—H bonds. Many examples within this class of
systems have been shown to either react directly with C—
H bonds to generate products or to generate free radicals
or other high-energy species which rapidly react/function-
alize C—H bonds. There are numerous reviews on this
subject,l” and for reasons of brevity, such systems will
not be discussed herein.

2 Methane Functionalization

2.1 Stoichiometric Methane Functionalization — Early
Investigations

2.1.1 Shilov chemistry: The First Example of Generating
Methanol from Methane via C—H Activation

The direct and selective, metal-mediated activation of hy-
drocarbon C—H bonds, such as CH,, is a relatively chal-
lenging task. The first defined examples did not appear in
the literature until the early 1970s.°'” Although the
facile electrophilic substitution of benzene by Hg" salts in
acidic media to give a stable Ph-Hg" species has long
been known,"! this early discovery is not formally re-
ferred to as a C—H activation reaction as it involves the
attack by mercury on the aromatic st-system (and not the
C—H bond). Nevertheless, this observation is significant,
as it set the precedent for the facile generation of M—C
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bonds and established that the electrophilic reactivity of
“soft” cations could be increased in acidic media.l"”

In 1972, Shilov and coworkers reported the first low-
temperature (100°C) C—H functionalization of CH,,">!*
where catalytic K,PtCl,, in the presence of stoichiometric
K,PtCl;, was competent for the conversion of CH, to
CH;OH and CH;Cl in acidic aqueous media (Eq.1).
While Shilov had originally proposed that the reaction
proceeded via a C—H activation/functionalization mecha-
nism, detailed study of the original system was difficult
because of the multiple metal complex speciation and
competing side reactions. As a result, several model sys-
tems were developed® 2 to investigate the mechanism.
Mainly due to the work of Bergman,”” Bercaw,*” and
Jones,P! it has become generally accepted that transition
metal complexes are capable of interacting with alkane
C—H bonds via a C—H activation mechanism.

cat. Pt'Cly(H,0
cat PUCLIH0) o110 + [PHiGI, 2+ 2HC

CH, + [PtVCIg)*
HCI/H,0, 100 °C 1

The Labinger and Bercaw,™™ as well as the
Tilset,”*! research groups have contributed substantially
to understanding CH, functionalization/protonolysis in
Shilov-type platinum systems through detailed study of
the stoichiometric functionalization of Pt-Me intermedi-
ates. In a representative example, Luinstra, Labinger, and
Bercaw® demonstrated the synthesis and isolation of
a Pt"-Me species, isolated as [NMe,]," [PtClsMe]*", and
studied the decomposition of this species to [PtCl,_,-
(H,0),]®™~ and a mixture of CH;OH and CH;ClI in the
presence of H,O and CI™ (Eq. 2). A competitive (H,O vs.
Cl") nucleophilic attack at carbon of the Pt"-alkyl was
proposed. The lack of observed CH, in the reaction mix-
ture indicated that protonation (microscopic reverse of
C-H activation) did not occur from a Pt"-Me species.
Further mechanistic evidence was provided in a study by
Bercaw and coworkers,* in which they observed the de-
composition of a Pt"-Me in the presence of various oxi-
dants (Eq. 3). Notably, addition of Pt"-Me to aqueous sol-
utions containing CI”™ and oxidants, yielded a mixture of
CH, and CH;Cl. These two studies provided strong evi-
dence that C—H activation in Shilov-type systems is car-
ried out by Pt", and not Pt". The Pt"-Me species either
undergoes protonolysis to give Me—H and Pt", or it is
oxidized to Pt"™-Me and subsequently functionalized.

The importance of the Shilov system should not be un-
derstated, as it was the first system for selective CH,
functionalization under relatively mild conditions using
well-defined, soluble species. Unfortunately, the use of
PtV as a non-regenerable oxidant, slow rates (a turnover
frequency (TOF) of <107°s™" at approximately 100°C)
and short catalyst life (TON <20) made the Shilov system
impractical for industrial applications. Nevertheless, it
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demonstrated the potential of the C—H activation ap-
proach to CH, functionalization and spawned a great
deal of research effort in the field of C—H activation.

2.2 Catalytic Systems for Methane Functionalization utilizing
Highly Electrophilic Metal Catalysts in Strong Acid Media

Due to the unreactive nature of CH, in comparison with
its partially oxidized products (such as CH;OH), a signifi-
cant challenge in selective CH, functionalization is over-
oxidation to CO,. Therefore, a key to designing a success-
ful system for CH, functionalization lies in using an inex-
pensive and reversible product protection strategy that
allows for selective functionalization of CH, and not its
oxidation products. Furthermore, to make such a process
economically viable, such a system must be combined
with an air-regenerable oxidant. Fortunately, SO; and its
hydrated form (sulfuric acid or oleum), represents one of
the world’s largest commodity chemicals and is generated
on a global scale in excess of 140 million metric tons per
year.”] SO; is generated from the oxidation of SO, in air
and, as such, meets the requirement of air-regenerable
oxidant. Additionally, the major products generated from
the oxidation of CH, in hot SO; are methyl bisulfate
(CH;0SO3;H) and methane sulfonic acid (CH;SO;H).
These products are relatively stable to thermal decompo-
sition under the reaction conditions, and significantly, are
protected from further reaction with electrophilic re-
agents due to the electron-withdrawing nature of the sul-
fate group.

2.2.1 Mercury-catalyzed Conversion of Methane to Methyl
Bisulfate and Methane Sulfonic Acid

The facile reaction of Hg" salts with benzene in weakly
acidic media to generate a Ph-Hg" species was described
previously.'! CH,, being a much weaker nucleophile than
benzene, requires super acid solvents (e.g., H,SO,) to ob-
serve reactivity. This phenomena was first reported in
a 1950 patent by Snyder and Grosse in which they ob-
served the conversion of CH, into a mixture of oxidized
products (Eq. 4).1*4

HgSO4
* 804/H,S0,

X CH3SO3H + Y CH30SO3H + Z CHy(SO3H),
(4)
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The reaction between CH, and SO; was carried out be-
tween 100°C and 450°C in the presence of catalytic
amounts of HgSO,. A mixture of oxidized products were
obtained (mostly CH;OSO;H, CH,;SO;H, and
CH,(SO;H),), with the ratio and components of the mix-
ture primarily determined by reaction temperature and
the ratio of CH, to SOj; in the reactor. Under optimized
conditions, the authors reported a selectivity ratio of
1.65:1 for the formation of CH;OSO;H over CH;SO;H,
and an overall yield of 45 % based on CH,.

2.2.2 Mercury-catalyzed Conversion of Methane Selectively to
Methyl Bisulfate

The use of mercury catalysts for the selective oxidation of
CH, to CH;OH with high conversion was first reported
by Periana and coworkers.*”) Employing triflic acid as
a solvent, the researchers demonstrated that mercuric tri-
flate was stoichiometrically converted to methyl triflate.
Merecuric triflate acted as a stochiometric oxidant, and be-
cause of the non-oxidizing nature of triflic acid, could not
be regenerated from reduced Hg” under the reaction con-
ditions. Utilization of concentrated H,SO, (an oxidizing)
solvent allowed for regeneration of Hg" from Hg’, per-
mitting the Hg(SO,)-catalyzed functionalization of CH,
to produce CH;OSO;H with 85% selectivity when 50 %
of the added CH, was consumed (the yield of
CH;0SO;H was 43 % based on added CH,). The major
byproduct of the system was found to be CO,.

The researchers proposed that the reaction proceeds
via an electrophilic activation of CH, by Hg(OSO;H),.
As demonstrated in Scheme 2, the resulting species,
methyl mercury bisulfate (CH;HgOSO;H), functionalizes
to CH;0SO;H and reduced [Hg,(OSO;H),]. The reduced
mercury catalyst is then reoxidized by sulfuric acid to
generate Hg". Evidence supporting this mechanism was
provided by ®C and ""Hg NMR studies of the reaction
showing the “CH,;HgOSO;H intermediate. Further evi-

0.5 H,0 Hg'"X, CH,
Catalyst (X=-050:#) CH Activation
Reoxidation
0.250, H2504

CH3X + 0.5

O, +0.5 1.5 H,SO,

SO,

0.5 Hg'yX, AN CHg-Hg"X

Oxidative
Functionalization

CH3X + 0.5

SOj + 0.5 H,SO
0, + 0.5 SO, 3 2o

Scheme 2. Catalytic cycle for electrophilic C—H activation/function-
alization of methane by Hg(OSO;H), in H,SO,.
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dence was provided by H/D exchange studies between
CH, and D,SO, in the presence of catalyst and the direct
reaction of CH;HgOSO;H with H,SO, to give
CH;0S0;H and CH, (microscopic reverse of C—H activa-
tion). A study of the catalytic system, conducted by Bjer-
rum et al., found that the reaction reaches equilibrium
within one hour, with a final concentration of
CH;0SO;H that is independent of catalyst concentra-
tion.[*¢]

Computational studies on the mechanism of CH, C—H
activation by Hg" have shown that the nature of the li-
gands coordinated to Hg greatly affect the activation bar-
riers and reaction enthalpies.*”’ In the transition state,
a bisulfate ligand on the catalyst is displaced and simulta-
neous CH, deprotonation and Hg—CH; bond formation
occurs. The authors calculated that electronegative li-
gands facilitate the C—H activation of CH, by lowering
the activation barrier between 6-12 kcalmol™'. Placing
electron donor groups on the spectator ligand stabilizes
the interactions between CH, and mercury in the transi-
tion state.

Unfortunately, at product concentrations of ~1 M, cata-
Iytic productivity of the Hg system in sulfuric acid ceases
and no more CH, is oxidized. This is attributed to dilu-
tion of the strong acid solvent and deactivation of the cat-
alyst due to coordination of nucleophiles such as CH;OH
and H,O. Additionally, product separation from the reac-
tion mixture proves costly. The CH;OSO;H ester has
a high boiling point and, as such, cannot effectively be
separated from H,S0,.*! While CH;OH can easily be
generated from CH;OSO;H and H,SO, by simple dilution
with H,O, subsequent removal of water to concentrate
the sulfuric acid for reuse is too costly and energy inten-
sive for practical purposes.

Similar to the system developed by Periana et al. |
Sen and coworkers** have reported on a system using
Hg" salts for the oxy-functionalization of CH, and ethane
in fuming H,SO,. The authors proposed a chain mecha-
nism initiated by Hg" and they claimed that the mercury
salt is able to act as a one-electron oxidant (due to the
acidic solvent and poor donor ligands) and generate
a methyl radical. The methyl radical can then further
react with bisulfate to give product. The authors stated
that the methyl radical can reversibly combine with the
mercury catalyst to give the observed species,
CH;HgOSO;H, but that this species plays no role in the
mechanism. This hypothesis is in stark contrast with that
proposed by Periana and coworkers and is addressed
here for that reason. While Sen provides evidence for the
viability of a radical mechanism in this system, we hold
the view that a C—H activation mechanism seems more
likely due to the observation of H/D exchange between
CH, and D,SO, in the presence of mercury catalysts and
that the reaction profile does not change in the presence
of molecular oxygen (which is known to effect the reac-
tivity or selectivity in radical reactions).

45]
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2.2.3 Mercury-catalyzed Conversion of Methane Selectively to
Methane Sulfonic Acid

As was demonstrated in the original report by Snyder
and Grosse,* if free SO, is present in the reaction mix-
ture, CH;SO;H can also be generated from reductive
functionalization of the CH;HgOSO;H intermediate. Mu-
khopadhyay and Bell®"! have demonstrated the selective
formation of CH;SO;H in mercury-catalyzed oxidations
of CH, conducted in fuming sulfuric acid. 92 % selectivity
for CH;SO;H and a TON of 60 was reported using Hg-
(CF;S05), as a catalyst and running the reaction at 130°C
in the presence of O,. It was found that the yield of
CH,SO;H increases rapidly without decreasing selectivity
by increasing [SO;] up to 30 wt%. Further addition of
SO; causes overoxidation to MeOSO;H, thereby decreas-
ing selectivity for CH;SO;H. This result is significant be-
cause the development of a process that generates
CH;SO;H directly from CH, would be more economical
than current methods."™” Notably, there is also precedent
for the conversion of CH;SO,H into CH,OH and SO,.

2.2.4 Platinum-catalyzed Conversion of Methane Selectively to
Methyl Bisulfate in SO;/H,SO,

Combining knowledge gained through the mercury
chemistry™! with the original Shilov system!" for the C—
H activation of CH,, Periana and coworkers developed
a ligated Pt" complex, x*-(2,2-bipyramidal)Pt"Cl, (1,
Scheme 3), for catalytic C—H activation/M-R functionali-
zation in strongly acidic solvents.>"

Using the ligated complex, the life of the catalyst was
greatly extended under the reaction conditions, and high
yields of oxy-functionalized products were obtained. Simi-
lar to the previously developed mercury system,*! this
so-called “Periana-Catalytica system” utilizes sulfuric acid
as solvent, oxidizing reagent, and product protectant. The
oxy-functionalized products varied from CH;0SO;H, to
protonated methanol, to methanol, depending on the con-
centration of H,SO, (Eq.5), which decreased as the reac-
tion proceeded. When the reaction was run in oleum,
90% CH, conversion was observed, with 81 % selectivity
for methanol derivatives. The only observed byproduct of
the system was CO,. In contrast to the mercury system,
the Periana-Catalytica system requires higher tempera-
tures (~220°C) to achieve similar reaction rates and volu-
metric productivity, but gives higher yields based on CH,
of oxy-functionalized products (72% vs 43% in the mer-
cury system), with the primary reason being that the Peri-
ana-Catalytica system is capable of operating in oleum
(102 % sulfuric acid) without generating CH;SO;H.

Much like the mercury system, the Periana-Catalytica
system becomes inactive at product concentrations of ap-
proximately 1 M. This inhibition has been attributed to
a drop in solvent acidity as CH;OH and H,O are formed
in the reaction mixture; these product species strongly co-

Isr. J. Chem. 2014, 54, 14671480

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Israel Journal

220 °C
(X = OH, *OH,, OSO3H)

of Chemistry
| r\m Cl
bpym)Pt'Cl A SN
CH, —(PPYMPLCl CHaX ! I Pt
90-102% H,SO, NN Yo

___(bpym)PtCl, 1 ; )

ordinate to the Pt catalyst, rendering it inactive. Product
separation is also an issue (similar to that observed previ-
ously with the mercury system), and it was determined
that 2-3 volumes of H,O must be added to the reaction
mixtures to facilitate product separation. Unfortunately,
the removal of water from the sulfuric acid for reuse, and
the relatively high cost of the Pt catalyst, made the over-
all process economically prohibitive relative to the exist-
ing syngas technology.

Nevertheless, the Periana-Catalytica system is consid-
ered significant in the field of C—H activation/M-R func-
tionalization of CH, due to the relatively high rates, volu-
metric productivity, selectivity, and stability of the catalyst
under the reaction conditions (over 300 turnovers have
been observed at 200-250°C without catalyst deactiva-
tion), leading to extensive further studies which have in-
cluded theoretical work to elucidate the mechanistic de-
tails of the process.”>>’! While it was initially thought that
the high efficiency of 1 was due to the development of
a system where Pt" catalysis (Scheme 3, k;, k, and k;) can
occur much faster than catalyst deactivation (via Pt" to
Pt"V oxidation, Scheme 3, k,), further studies by Periana
and coworkers determined that formation of 4 does occur
rapidly, and that the stability of the system is actually de-
rived from the ability of 4 to readily oxidize 2 to 3
(Scheme 3, ks) and regenerate the active Pt" catalyst, 1,
through a “self-repair” mechanism.®” This led Periana

_I+
Reductive I Reversible
Functlonallzatlon Pt (Hb;;ym) CH Activation
CH3X + HX H2SO4
+ 2 HX SOz +
2H,0
+
—I HX
t"’(prym)
X
Repair +
PtIV(prym) Pathway " \\X—I
3 Pt"(Hbpym)<
X 2 “CHs

\Pt“-Me Oxidation)

ko

SO, +2 H,0 H,SO, + 2 HX

Scheme 3. Proposed Pt(ll) C—H activation mechanisms in the Cata-
lytica system. All species possess an outer-sphere anion (HSO4~ or
Cl) which have been omitted for clarity.
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and coworkers to propose that it is not only beneficial,
but necessary, to design systems which contain this “self-
repair” mechanism when reduced-state catalysts are uti-
lized because the oxidation of the active catalyst is inevi-
table.

In an attempt to improve the water tolerance of the
Periana-Catalytica system, Tang and coworkers reported
on the use of Pt" compounds (PtCl,, K,PtCl, and
H,PtClg) in ionic liquids and 96 % sulfuric acid for the ac-
tivation/functionalization of CH, (Eq. 6).1"! The platinum
salts of the original Shilov system that were not compati-
ble with sulfuric acid and were insoluble in water, were
found to readily dissolve into ionic liquids and C—H acti-
vation/functionalization catalysis was observed. While
these systems were found to be more water tolerant, they
were not nearly as productive as the original Periana-Cat-
alytica system.

Catalyst

CH4 > CH3X

<Cata|yst = P{Cl,, PtO,, KoPtCly, HoPtClg

K,[PtCly]

H,S04 (96%), ionic liquid;
200°C- 220°C

X = OH, *OH,, OSO4H > ®6)

Palkovits and coworkers utilized a covalent triazine-
based framework (CTF) containing numerous bipyridyl
structure units to develop a heterogeneous analogue of
the Periana-Catalytica System.® Treatment of the CTF
with K,[PtCl,] in water resulted in a solid-supported, in-
soluble variant of the Periana catalyst (Eq.7). The au-
thors reported that subjection of this species to similar re-
action conditions to the original report,*¥ resulted in
yields of CH;OH that were comparable with the homoge-
neous system. As in the Periana-Catalytica System, selec-
tivity for CH;0H formation was above 75% and the
major byproduct was CO,. While the catalytic activity
and overall yields of CH;0H were not improved relative
to the original system, the authors were able to demon-
strate catalyst recyclability over five consecutive runs
without significant loss in activity (TON >250). Interest-
ingly, catalytic activity in the first run was significantly
less (TON=26) than the consecutive runs and the au-
thors attributed this to rearrangement of the solid-sup-
ported Pt under reaction conditions leading to the catalyt-
ically active species.

Covalent, triazine-based
framework (CTF)

H,O

"Ko[PtCl4]-CTF"
(7

2.2.5 lodine-catalyzed Methane Functionalization using SO,

In an effort to extend the use of electrophiles in strongly
acidic media, Periana and coworkers discovered that ele-
mental iodine catalyzed the oxidation of CH, to
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CH,0SO;H in H,SO,/oleum at 195°C.’] The reaction
was inoperable without SO; present or in less than 98 %
H,SO,. The authors report a 53% conversion of CH,
with 95 % selectivity for CH;OSO;H in concentrations up
to one molar. Only very low levels of CO, (<1% based
on added CH,) were detected in the gas phase of the re-
action mixture and there was no detectable concentration
of CH;SO;H or CH;l. Notably, running the reactions in
the presence of O, did not affect yield or selectivity of
the reaction, probably excluding a free-radical mecha-
nism. Initially the authors reported reaction rates and
product selectivity that were indicative of first-order de-
pendence on both CH, and I,, but follow-up studies by
Jarosin’ska etal. suggest that the reaction displays
!/,-order dependence on L.* In addition to I,, it has
been demonstrated by Bjerrum and coworkers that KI,
L,Os, KIO;, KIO, and even CH;I are also capable of cata-
lyzing the oxidation of CH, under similar conditions with
comparable yields and selectivities.!””) The authors pro-
posed this indicated that all of these iodine sources were
precursors to a common active species. They were also
able to optimize the temperature of the reaction as a bal-
ance between maximum catalyst activity and minimum
product overoxidation. Thus, it was discovered that run-
ning the reaction at 180°C led to 57% conversion of
CH;0H (a 4% increase over the original report) and
a total CH;OH concentration of ~6 M! Essentially all of
the SO; in the reaction was consumed.

The mechanism put forth by Periana and coworkers
proposed that I,"HS,0,  acts as the active catalyst
(Scheme 4). Evidence for the activity of this species was
provided via a stoichiometric reaction of I,*[Sb,F,,]~ with
CH, in oleum to give CH;0SO;H in 30% yield at 50°C.
As in the catalytic system, the stoichiometric reaction
fails to give CH;OSO;H in the absence of SO;. In the
proposed mechanism, CH, reacts with I,"HS,0,” to gen-
erate CH;I and '/, I,. The reaction between CH;l and

2 803 + 0.5 H,SO,4
0.5 S0,
802 + Hzo [IZ][HSZO7] CH4
SO;+0.5 1, HyS,07 + I’
+ HyS,07
HI CHsl 051,
CH3;0SO3H H,SO,4

Scheme 4. Proposed mechanism for iodine-catalyzed methane
functionalization in H,SO,/SO;.
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H,SO, generates CH;OSO;H and HI. The catalyst, I,*
HS,O,7, is regenerated via SO; oxidation of I, and
H,S,0; to give water and SO,. Further evidence for this
mechanism is provided by the reaction of methyl iodide
in oleum at 150°C, where CH;0OSO;H is formed quantita-
tively and the solution turns blue, the characteristic color
of L,*.

In contrast to the I,* species described by the Periana
group, an I cation was proposed as the active species by
Davico.! Davico’s opposition to the original hypothesis
proposed by Periana was based on gas-phase reactions
and ab initio calculations carried out on I," and I* with
CH,. Davico demonstrated that I,* did not react with
CH, at any measurable rate and all of the products gener-
ated from such a reaction were computationally deter-
mined to be energetically inaccessible. Furthermore, reac-
tion of I* with CH, was found to occur quite readily.
These data led to the proposal that I" directly inserts into
CH, to give a species, CH;IH*. It should be noted that
such gas phase calculations should be cautiously accepted
as the original system studied by Periana and coworkers
is in a highly polar H,SO, medium with oleum present,
and the results are in disagreement with the stoichiomet-
ric reaction of I,*[Sb,F;,]” with CH, under those condi-
tions. Nevertheless, the '/, order dependence on iodine re-
ported by Jarosin’ska suggests that further studies are
needed to determine the active catalytic species.

2.2.6 Methane Functionalization in H,SO,/SO; Catalyzed by
Gold

There are known examples of aurophilic microbes, Micro-
coccus luteus, that accumulate gold from their surround-
ing environment.””) These organisms utilize gold in
a membrane bound protein, an NADH oxidase, known as
“Au-protein”, which is competent for the oxidation of
CH, to CH;0H and other, oxidized organic products
using NADH, K;Fe(CN),, and O, as cofactors. This prec-
edent, by its nature, has inspired interest in the examina-
tion of gold catalysts for CH, functionalization in several
research programs. 7!

In a collaborative effort, the groups of Periana and
Goddard reported on the first example of a gold catalyst
designed for the oxy-functionalization of CH,.® Initial
investigations revealed that Au,O; was competent for the
stoichiometric activation and functionalization of CH, in
96 % H,SO, or triflic acid at 180°C. Au™ was reduced to
elemental Au® in the reaction and could not be reoxidized
under these conditions. Switching to a stronger oxidizing
media, H,SeO,, it was found that gold could be reoxi-
dized to Au™ and catalysis of CH, activation/functionali-
zation was achieved. Adding elemental gold to a reaction
mixture of CH, in 3 M H,SeO,/H,SO,, a TON of 32 was
achieved in 2 hours. CH, conversion was calculated to be
11% with 81% selectivity for CH;OSO;H. Addition of
2 wt% SOj; to the reaction mixture was found to increase
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both yield and selectivity to 28 % and 94 %, respectively.
Notably, the presence of O, did not affect the rate or out-
come of the reaction, probably excluding a free radical
pathway. DFT calculations revealed that electrophilic C—
H activation by Au' or Au™ could both be viable path-
ways. Both pathways, Au' and Au™ facilitated C—H acti-
vation, are demonstrated in Scheme 5.

2AuX 2AW

CH3X
| X2Au"'-CH3
2 Au'X Au'’X Au'“x3

Ad' CH Au"' CH
2 AU° |
u Au''X3\  Activation (aux] Activation
Au'-CH
XgAu”'-CHg
CHaX
HX CH,

Scheme 5. Gold-catalyzed methane functionalization facilitated by
Au' or Au".

Inspired by the aurophilic microbes, Shilov and cow-
orkers investigated CH, oxidation utilizing mixtures of
gold and several different bioflavonoids.”>” In a repre-
sentative example, 0.2 uM HAuCl, and 1 uM quercetin in
a 3:7 EtOH :H,O solvent generated CH;OH from CH,,
with up to 60 turnovers in 48 hours at room temperature.
The catalytically active species was proposed to be a quer-
cetin-gold complex containing gold in three different co-
ordination sites (Scheme 6). The proposed mechanism is
demonstrated in Scheme 7 and was based on the require-
ment of NADH, Fe', and O, as cofactors for the reaction
to proceed.

Several computational studies were conducted after
this work, probing the use of gold complexes with
oxygen-containing ligands for C—H activation.6%7475.77]
These studies found that, in aqueous solvent environ-
ments, barriers for CH, activation by gold catalysts are
usually greater than 35 kcalmol™ with cationic Au™ com-
plexes being the exception, demonstrating lower activa-
tion barriers.

2.2.7 Palladium-catalyzed Methane Functionalization in SO,
/H,SO,

In a report by Sen et al., Pd(SO,), was shown to oxy-func-
tionalize CH, to CH;OSO;H in fuming sulfuric acid.**>
The reaction showed selective formation of CH;OSO;H
and reactions were not reported to contain CH;SO;H,
characteristic of previously developed Pd reactions based
on radical processes. Reactions run in H,SO, containing
30 wt% SO; at 160°C were shown to have a TON of 15
under optimized conditions. Michaliewicz et al. further
optimized this process with the replacement of palladium
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CH,,
20% HAuCI,
30% EtOH/H,0

|
OAu

OH O O
Quercetin

H3C H

Scheme 6. Proposed, catalytically-active, gold-quercetin complex
containing gold in three different coordination sites.

K3Fe(CN)g
O,
" NADH CHy + Oy |||’H
Au Au' (O2)AU'L,
| CHj;
NADH NADH
K;Fe(CN -
Al LN o
O, CH3OH

Scheme 7. Gold-catalyzed functionalization of methane with
NADH, K;Fe(CN)g and molecular oxygen.

sulfate by metallic palladium.” The authors report
a TON of 47 in just two hours under comparable condi-
tions (Eq. 8).

cat. Pd(SOy,), or Pd°®

30 wt% SOg3, H,SO,
160 °C (8)

CH,

CHZ0SO4H

2.2.8 Methane Functionalization to Acetic Acid, Catalyzed by
Palladium in H,SO,

In an interesting and unexpected extension of the Sen
system, Taube, Periana, and coworkers showed the use of
Pd(SO,), to generate acetic acid from CH, without added
CO in 96% H,SO,™ Acetic acid formation was the
result of oxidative condensation of two molecules of CH,,
as was revealed by studies using °C labeled CH,. A cal-
culated yield of 10% acetic acid based on CH, was re-
ported with 90 % selectivity.

The reaction was proposed to proceed through a two-
step, non-radical mechanism demonstrated in Scheme 8.
First, CH, undergoes C—H activation mediated by X,Pd"
to generate XPd"-CH;. Some of this species undergoes
reductive elimination to CH;OSO;H. The formed
CH,0SO;H undergoes inorganic Pd"-facilitated overoxi-
dation to CO, which oxidatively adds and inserts into
a Pd—C bond of XPd"-CH; to give a Pd-acyl intermedi-
ate. Reductive elimination from the Pd-acyl species gives
acetic acid and Pd’. Addition of CO to the reaction was
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XPd— CCH3
CO
(X = -OSO3H)
XPd— CHa (CH5COX)
H X
sto
PdXz Pd(0)
S0,
co CH3X B
CO,
Pd—CO
D

Scheme 8. Proposed mechanism for Pd-catalyzed functionalization
of methane to acetic acid in H,SO,. Key processes include: A) elec-
trophilic C—H activation/reductive functionalization (black path-
way); B) oxidation of methanol to form CO (red pathway); C) CO
insertion into the Pd"-Me intermediate/reductive functionalization
(blue pathway); and D) overoxidation of CO to CO, (grey pathway).

found to inhibit catalyst activity, leading to reduced yields
of acetic acid.

A major drawback of this system is the formation of Pd
black (Pd’). As CO concentrations increased, so did the
rate of reduction of the active Pd" catalyst. Reoxidation
of the formed Pd’ by SO is slow and serves as a turn-
over-limiting step in this process. In an extension of this
work, Bell and coworkers®™® confirmed the mechanism
originally proposed by Periana et al. The researchers also
found that the overall efficiency of the system could be
improved with the inclusion of O] or a combination of
O,/Cu™.® The researchers reported higher TOFs and
final acetic acid concentrations that were slightly higher
than in the original system. The proposed mechanism of
the reaction was further confirmed through DFT calcula-
tions conducted by Bell and Chempath.[*?

2.2.9 Challenges with using Electrophilic Catalysts in Strongly
Acidic Media

Studies conducted on the Periana-Catalytica and related
systems suggest that highly electrophilic, C—H activation
catalysts are severely inhibited by mild electron donors
(which includes the reaction products of CH;OH and
H,0), resulting in maximum product concentrations of
approximately 1 M. Consequently, at this concentration,
the separation of the products from the reaction mixture
is too expensive for commercial viability. For a system to
be industrially practical, concentrations of at least 1 M
must be attainable and product separation from the reac-
tion mixture must be inexpensive. With solution-phase
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CH, concentrations in the millimolar range, this necessi-
tates the catalyst being 100-1000 times more reactive
with CH, than with the resulting functionalized product.
In the previously described systems, this reactivity pattern
was achieved through the use of highly electrophilic C—H
activation catalysts combined with product protection by
a strongly electron withdrawing sulfate group. Other sys-
tems were designed using less electrophilic catalysts in
weaker acid media in an attempt to resolve these issues.

2.3 Catalytic Systems for Methane Functionalization utilizing
Ambiphilic Metal Catalysts in Weaker Acid Media

Goddard, Periana, and coworkers have used computa-
tions to probe the extent of electrophilicity of various
transition-metal complexes.® Using density functional
theory, the authors were able to quantify the direction
and magnitude of charge transfer between metal com-
plexes and alkyl C—H bonds in the transition state. It was
found that metal-mediated C—H activation of alkanes did
not necessarily adhere to the classic electrophilic activa-
tion paradigm. As an alternative, the authors proposed
a continuum that ranged from highly electrophilic C—-H
activation through highly nucleophilic C—H activation.
Figure 1 graphically depicts the charge-transfer (CT) dif-
ferences between these systems.

a) TS Bonding and
Deposition Fragments

Insertion TS  Substitution TS

b) 3 Types of Dominant Charge-Transfer

Nucleophilic Ambiphilic
Activation (N) Activation (A)

Electrophilic
Activation (E)

Ecm Ecm Ecr1>>Ecra  Ecr2~Ecti Ect2>> Ecm
| e—
L. ,
[ wH Lo WwH
) | [ w D
".CHy  MwiwCH, c
= =
Ecra Ect2

Figure 1. a) A depiction of insertion and substitution transition
states used to probe the charge-transfer continuum; and b) a gen-
eralized depiction of the CT continuum of C—H bond activation for
insertion.

2.3.1 Iridium-catalyzed Functionalization in HTFA using
Periodate

Quantum mechanical rapid prototyping (QMRP), a meth-
odology developed by Goddard and coworkers, allows for
rapid, computational sampling of different catalytic con-
ditions in which the metal, oxidation state, ligands, and
solvent can all be rapidly varied to test conditions. Using
this technique, Goddard, Periana, and coworkers de-
signed a complex based on iridium, 5, for C—H activation
in trifluoroacetic acid (HTFA) media (Scheme 9).5* The
complex showed catalytic activity for H/D exchange, an
indication of C—H activation between CH, and TFA-d,,
in experiments conducted between 105°C and 135°C;
a barrier of 24+3 kcalmol ' was determined. Unfortu-

Isr. J. Chem. 2014, 54, 14671480

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Israel Journal
of Chemistry

HTFA
—_—
-CyHg
CyH,

KIO4 + HTFA

‘ S
X N?
l /N\lr, Ir.
Hs,C” | “TFA HsCor 1 ' TFA
HTFA _t TFA
S
R
,N\l|l’
Hsc‘;" \'c’)TFA
H\O)\CF3
L . |

Scheme 9. Catalytic cycle for the iridium-catalyzed functionaliza-
tion of methane in HTFA.

nately, the barrier for functionalization of the activated
Ir-CH; complex required heating the reaction to 180°C,
and at temperatures above 150°C, the catalyst was shown
to gradually lose activity. Thus, under optimum condi-
tions, a maximum TON of 6.3 was observed with 5 in
HTFA using KIO, as the terminal oxidant. The proposed
mechanism (Scheme 9) involves protonolysis and loss of
ethane and ethylene from 5 and simultaneous coordina-
tion of OTFA to give 6; opening up a coordination site
gives the proposed active catalyst, 7. Methane undergoes
C—H activation with 7 (proceeding through 8 and 9) to
give 10. Ir-Me functionalization of 10 is facilitated by
KIO, and HTFA to give methyl trifluoroacetate
(CH;0TFA) and regenerate the active catalyst, 7. At-
tempts at running the reaction in acetic acid resulted in
no observed H/D exchange even at 180°C, and was likely
due to the stronger coordinating effects of the acetate
anion.

2.3.2 Palladium-catalyzed Methane Functionalization to
MeOTFA using H,O, in HTFA

Sen and coworkers in 1987 demonstrated that Pd(OAc),
was competent to stoichiometrically react with alkanes
(including CH,) in trifuoroacetic acid to give alkyl tri-
fluoroacetates (Eq.9), and an electrophilic C—H activa-
tion reaction was proposed.’*! The authors were able to
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achieve a 60% yield of CH;OTFA ester based on added
Pd", using approximately 55 bar of CH, at 80°C. Accord-
ing to the authors, HTFA was chosen as a solvent for sev-
eral reasons: (i) the relatively poor basicity of the
CF;COO™ anion; (ii) high ligand lability of M—O,CF;
bonds leads to a highly electrophilic Pd" species; and (iii)
the solvent lacks C—H bonds.

CH, + Pd(OAc), CH3OTFA + Pd® + 2HOAc

CF3CO,H
80 °C %)

Sen and coworkers showed that the system could be
made catalytic when trifluoroacetic anhydride was used
as a solvent and H,O, was employed as the terminal oxi-
dant.®”) CH;OTFA was generated from CH, with a cata-
lyst TON of 5.3 after two hours. Unfortunately, increasing
reaction times only resulted in lower yields of the prod-
uct, presumably due to product instability under the reac-
tion conditions. This was attributed to hydrolysis of the
CH;OTFA ester followed by overoxidation of (the now
unprotected) CH;OH.

Following this work by Sen, several other Pd" com-
plexes were reported®™ % as efficient catalysts for CH,
functionalization in HTFA/TFAA. The first of these re-
ports, by Muehlhofer and coworkers, demonstrated that,
with Pd-bis-N-heterocyclic carbene (NHC) complex 12a,
a TON of 20 was achieved after 7 hours at 90°C using
K,S,0; as the terminal oxidant (Figure 2).* Strassner
and coworkers!™ investigated the effect of the bite angle
in these bis-chelating carbene species by varying the
number of methylene linkers (13, Figure 2). It was found
that 13a (n=2) had the highest activity for CH, function-
alization to MeOTFA with a reported maximum TON of
33 under similar conditions.

Further exploration of this area by Strassner®*"! led to
the recent development of a series of Pd-NHC com-
plexes in which one of the NHC ligands was replaced by
pyrimidine.”"! In this study, 14 was shown to exhibit
higher activity than the previously developed Pd-bis NHC
complexes (11-13), demonstrating a TON of 41 under
similar reaction conditions. The origin of the increase in
activity, whether due to changes in ligand structure or the
Pd counter anion, is not clear.

A recent, detailed computational study on Pd—NHC
complexes conducted by Strassner et al. suggests that C—
H activation is carried out by cationic palladium(II).l"”
This Pd"-CHj; species is subsequently oxidized to a Pd"-
CH; which undergoes reductive elimination to give
MeOTFA and regenerate cationic palladium(II)
(Scheme 10).

Ingrosso and coworkers also reported the use of Pd
complexes for the conversion of CH, to CH;OTFA in
TFA/TFAA using H,0, as oxidant (Eq. 10).”®! Utilizing
hexafluoroacetylacetonate ligated Pd", the authors were
able to achieve a TON of 50 running the reaction at 50°C
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S/N‘tBu

X = -Br (a); -I (b)

11
X = -Cl (a); -OTFA
(b); -Br (c); -1 (d)

0 X N= _pPd” N XTI
A N AR PN
N— / N7
S <)
13 14
n=2(a); 3 (b); 4 (c) [((DMSO)PACl3]
e
N’K o R=Bu-(a); Cy- (b): 4-Me-CeHy-
N= _Pd’ (c); 2,6-'Pr-CgH3- (d); 2,4,6-Me-
\ N Cl CgHo- (e); 4-Br-CgHy- (f)
15

Figure 2. Pd-carbene complexes developed for methane function-
alization.

X sl
CH3X x~ P~ Cha
CH Activation
Reductive HX
Elimination t>= chelating bis(NHC)
Ligand
X="0OTFA; Br"~
%
Vo T
enie) e
Oxidation
2¢ 2X

Scheme 10. Catalytic cycle for chelating, bis(NHC) palladium-cata-
lyzed functionalization of CH, to CH;OTFA reported by Strassner.

for 4 hours. Interestingly, the authors also reported
copper complexes comprised of the same ligands that
were competent for CH, conversion (Eq.11). Although
they were only capable of achieving a TON of 12 under
optimal conditions, and the reaction was proposed to pro-
ceed via activation of trifluoroperacetic acid rather than
C—H activation, the result is nonetheless significant be-
cause it utilizes relatively inexpensive copper as the cata-
lyst.
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cat. Pd(hfacac),, H>,O,
CH, CH3;OTFA
HTFA/TFAA, 50 °C

(10)

cat. Cu(hfacac),(H,0),, H,0,

CH, CHZOTFA

HTFA/TFAA, 75 °C (1)

2.3.3 Systems which use O, Directly

Although examples of selective CH,; functionalization
where O, is used directly as the oxidant are rare, and the
mechanisms of such processes are only vaguely under-
stood, they are elegant in their simplicity and represent
significant progress in hydrocarbon oxy-functionalization
processes. One example is a system designed by Jasra and
coworkers in which the authors observe CH, hydroxyl-
ation with a binuclear, bridged Ru"™ complex,
[(HSalen),Ru,(u-O)(u-CH;COO0),].*! Running the reac-
tion in a 1:1 mixture of acetone:H,O (Eq. 12), a reported
TON of 54 was achieved at 30°C using an oxygen pres-
sure of 5 bar. It has been proposed that the reaction pro-
ceeds via Ru activation of O,, which then reacts with CH,
to generate CH;OH. Radical mechanisms were ruled un-
likely in this system through studies involving radical
traps.

cat. [(HSalen),Ru,(p-O)(n-CH3COO0),]
CH; + O, CH3;0H
Acetone:H,0 (1:1), 30 °C

(12)

Bao and coworkers recently reported observing catalyt-
ic turnover with the previously described Pd(OAc),
system designed by Sen, using a three-cycle redox couple
reaction for the regeneration of Pd" from Pd’ in
HTFA."! The authors reported yields of CH;OTFA in
concentrations up to 106 pmol in 10 hours at 80°C using
a Pd’/Pd", p-benzoquinone/hydrobenzoquinone, NO/NO,/
O, triple redox cycle (Scheme 11). This work has been ex-
panded upon by Yuan and coworkers®®*! who utilized
molybdovanado-phosphoric acid in place of NO.,.

Pd" @
Pd® + 2H* NO +Hy0

O

HTFA

CHZOTFA

Scheme 11. Pd" regeneration from Pd° through a redox-couple
mediated oxidation.
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2.3.4 Acetic Acid from Methane, O, and CO

The reaction of CH, with CO and O, is a thermodynami-
cally favorable process and there are several systems that
have been developed to facilitate this transformation. Sen
and coworkers reported the first of such systems using
RhCl, in water.””! The proposed reaction pathway in-
volves C—H coordination of CH, by the rhodium catalyst
(17, Scheme 12) followed by C—H activation to give

-OOH oc, !
I oc’1s‘| I
OC/"Rh“‘\I—I oc,' .l
Rh
v w, =
OC7p TOOH o ] 0C” 47 ~(CHa)
Rh
HX oc’ ‘C(O)CH3
O,
0C, Il (CH;COX oc, H .
Rh co Rh
00’21 “H oc” . _“CH,

] 18
ocC,, I—l/ﬁ -
Rh

Scheme 12. Proposed Mechanism for Rh-catalyzed functionaliza-
tion of methane to acetic acid using CO and O,.

a Rh-Me intermediate, 19. This step is followed by inser-
tion of CO (Scheme 12, blue pathway) to generate an
Rh-COCH; intermediate which can then be hydrolyzed
by water to generate CH;COOH. 19 was also shown to
react directly with HX to generate CH;OH products
(Scheme 12, red pathway). The authors performed exten-
sive studies, including isotopic labeling studies, to show
that the Rh—CH; intermediate was indeed generated
from CH,. The authors also noted a substantial increase
in rate in the presence of CI” and I" and no observable
change in rate in the presence of radical sources. Work by
Sen,'™ and later Chepaikin!'"""'! and coworkers, found
that rate and selectivity were highly dependent on solvent
effects. This reaction has been studied computationally
through DFT studies by Ziegler and coworkers.l”%)
Similar to the system described above, Fujiwara and
coworkers reported on a system for the conversion of
CH,, CO, and O, (or K,S,04) to acetic acid in the pres-
ence of Pd" catalysts in HTFA solvent.'” ') Although
the authors also reported on the use of Cu" systems, the
proposed mechanism proceeded via radical pathways and
will not be further discussed. The Pd system was pro-
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posed to operate by a C—H activation mechanism resem-
bling an electrophilic substitution. The reaction was opti-
mized to generate 0.14 mmol of acetic acid using 15 bar
0O,, 20 bar CH,, 15 bar CO, and 0.05 mmol of both Cu
and Pd catalyst in HTFA at 80°C for 20 hours (Eq. 13).
The increased rate in the simultaneous presence of Cu
and Pd was attributed to the formation of a Pd"-Cu"
complex with increased electrophilicity. = Other
groups!'""3 have extended this reactivity to Pt" salts, but
they were found not to be as effective as the former Pd"
salts for the oxidative carbonylation of CH,.

02 or K28208
cat. Pd(OAc),/Cu(OAc),

CH, + CO CH3CO,H

HTFA, 80 °C (13)

2.3.5 The Significance and Outlook of Weakly Electrophilic/
Ambiphilic Systems

It is now clear that weakly electrophilic (or ambiphilic)
systems can undergo C—H activation/M—R functionaliza-
tion of inactivated C—H bonds in media less acidic than
98 % H,SO,. Unfortunately, it still remains a major chal-
lenge to develop systems that operate in weaker acids
than HTFA.

3 Outlook

Product protection is a crucial aspect to any strategy for
CH, functionalization. Without adequate protection, the
functionalized products of CH, (such as CH;0OH) are not
likely to be stable under the reaction conditions and will
give undesired, overoxidation products (such as CO,). In
highly electrophilic systems, the use of superacid solvents
protected CH;OH from further oxidation through in situ
ester generation. Ambiphilic systems, while being able to
operate in weaker acid media, seem to lack adequate pro-
tection to prevent overoxidation, as extended reaction
times generally resulted in diminished yields and selectiv-
ities of desired products. In considering the electronic
continuum discussed previously,® it seems reasonable
that transitioning to nucleophilic systems in strongly basic
media could provide adequate product protection (depro-
tonation) to prevent further reactivity. While there are
examples of CH, C—H activation using these more nucle-
ophilic metals,®"*"* examples of saturated hydrocarbon
functionalization are limited,"™>'?7% and the use of
these metals for C—H activation in highly basic environ-
ments is essentially non-existent.

One example of alkane functionalization using nucleo-
philic C—H activation catalysts was reported by Chen
et al."! The authors reported on the use of CpRh(n*
C¢Me¢) (Cp* =penta-methyl cyclopentadiene) to catalyze
the formation of linear alkylboranes from n-alkanes and
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borane reagents(Eq. 14). The reaction between n-octane
and 4,4,55-tetramethyl-1,3,2-dioxaborolane (HBpin) in
the presence of a 5 mol% catalyst was shown to generate
n-octylBpin in 65 % yield upon heating to 150°C for 14
hours, demonstrating high selectivity for primary C-H
bonds.

Cat. Rhorlr
. HBpin Complexes . H,
RH* (or Bpinly) & RBPIN * (o HBpin) (14)

Periana and coworkers!'?”) have shown the first example
of a nucleophilic C—H activation under basic conditions.
The authors reported a Ru" complex, (IP)Ru" (IP1=2,6-
diimidazoylpyridine), which was shown to catalyze H/D
exchange with aromatic C—H bonds in a basic environ-
ment (Eq.15). Ligand deprotonation was proposed to
play a major role in facilitating reactivity of the catalyst
with the high-lying, m-type, antibonding orbitals of the C—
H bond. Importantly, Periana and coworkers found that
C—H activation activity increased with increasing basicity.
The catalyst was also shown to catalyze H/D exchange
with some aliphatic substrates; however, no report of
H/D exchange at CH, has been reported with this class of
system to date.

cat. (HolPI)Ru"'Cl;, N
excess Zn° H | H

3.7 M KOD/D,0O

90-160°C, 1 hr

HoIPI (15)

Efficient, low-temperature functionalization of CH, is
considered to be one of the most valuable, yet challenging
goals in chemistry. CH, functionalization via C—H activa-
tion using discrete, molecular catalysts shows great poten-
tial in solving this problem, and to date, highly electro-
philic catalysts in strong acid solvents have shown the
most promise in achieving highly selective CH, function-
alization combined with high volumetric productivity. For
this reason, these systems have been the most extensively
studied. In investigating the limitations of these systems
as product concentrations increase and acidity decreases,
it becomes apparent that new methods and systems need
to be developed. The exploration of ambiphilic catalysts
in less acidic media, as well as nucleophilic catalysts in
basic media, has shown that these systems are competent
for C—H activation/functionalization. While much prog-
ress has been made since the discovery of the C—H acti-
vation reaction in the early 1970s, it is imperative that we
continue to push the boundaries of our knowledge and
design new systems for the conversion of CH, and other
hydrocarbons that will allow us to meet the increasing
energy demands of an ever-increasing, energy-intensive,
globalized society.
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