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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 CO2 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
(CH4), is abundant in reserves worldwide, and has
a larger energy to mass ratio than petroleum (oil). Un-
fortunately, direct transportation of gaseous CH4 is more
hazardous and expensive than for liquid petroleum,
making its large-scale utilization less practical. CH4 could
be converted to a liquid product, such as methanol
(CH3OH) or diesel, which can then be transported using
pre-existing infrastructure. However, the current industri-
al process for the conversion of CH4 to these materials
(i.e., the syngas process) is capital and energy intensive,
requiring high temperatures (>800 8C) and multiple
steps. The development of a lower temperature, direct
route to convert CH4 to liquid products/intermediates
(such as CH3OH) would be ideal and could lead to
a more efficient and atom-economic utilization of natural
gas reserves. However, CH4 is generally quite unreactive

(especially when compared with CH3OH), making the
design of systems which can selectively convert CH4 to
CH3OH 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 CH4 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 (LnM-X) to generate an organometallic
species (LnM-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 O2

(Scheme 1, black pathway). Product protection is a neces-
sary component for the practicality of any system operat-
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ing via a C�H activation sequence as it renders the gener-
ated products (such as CH3OH) less reactive than the
starting alkanes (CH4), whereas for any economically
practical large-scale industrial process, the use of O2 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 CH4 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,[1–5] 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 CH4, is a relatively chal-
lenging task. The first defined examples did not appear in
the literature until the early 1970s.[6–10] Although the
facile electrophilic substitution of benzene by HgII salts in
acidic media to give a stable Ph-HgII species has long
been known,[11] 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 p-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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Scheme 1. C�H activation/M-R functionalization catalytic cycle.
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bonds and established that the electrophilic reactivity of
“soft” cations could be increased in acidic media.[12]

In 1972, Shilov and coworkers reported the first low-
temperature (100 8C) C�H functionalization of CH4,

[13,14]

where catalytic K2PtCl4, in the presence of stoichiometric
K2PtCl6, was competent for the conversion of CH4 to
CH3OH and CH3Cl 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[15–28] to investigate the mechanism.
Mainly due to the work of Bergman,[29] Bercaw,[30] and
Jones,[31] it has become generally accepted that transition
metal complexes are capable of interacting with alkane
C�H bonds via a C�H activation mechanism.

The Labinger and Bercaw,[32–38] as well as the
Tilset,[39–42] research groups have contributed substantially
to understanding CH4 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[32] demonstrated the synthesis and isolation of
a PtIV-Me species, isolated as [NMe4]2

+ [PtCl5Me]2�, and
studied the decomposition of this species to [PtCl4�x-
(H2O)x]

(2�x)� and a mixture of CH3OH and CH3Cl in the
presence of H2O and Cl� (Eq. 2). A competitive (H2O vs.
Cl�) nucleophilic attack at carbon of the PtIV-alkyl was
proposed. The lack of observed CH4 in the reaction mix-
ture indicated that protonation (microscopic reverse of
C�H activation) did not occur from a PtIV-Me species.
Further mechanistic evidence was provided in a study by
Bercaw and coworkers,[36] in which they observed the de-
composition of a PtII-Me in the presence of various oxi-
dants (Eq. 3). Notably, addition of PtII-Me to aqueous sol-
utions containing Cl� and oxidants, yielded a mixture of
CH4 and CH3Cl. These two studies provided strong evi-
dence that C�H activation in Shilov-type systems is car-
ried out by PtII, and not PtIV. The PtII-Me species either
undergoes protonolysis to give Me�H and PtII, or it is
oxidized to PtIV-Me and subsequently functionalized.

The importance of the Shilov system should not be un-
derstated, as it was the first system for selective CH4

functionalization under relatively mild conditions using
well-defined, soluble species. Unfortunately, the use of
PtIV as a non-regenerable oxidant, slow rates (a turnover
frequency (TOF) of <10�5 s�1 at approximately 100 8C)
and short catalyst life (TON<20) made the Shilov system
impractical for industrial applications. Nevertheless, it

demonstrated the potential of the C�H activation ap-
proach to CH4 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 CH4 in comparison with
its partially oxidized products (such as CH3OH), a signifi-
cant challenge in selective CH4 functionalization is over-
oxidation to CO2. Therefore, a key to designing a success-
ful system for CH4 functionalization lies in using an inex-
pensive and reversible product protection strategy that
allows for selective functionalization of CH4 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, SO3 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.[43] SO3 is generated from the oxidation of SO2 in air
and, as such, meets the requirement of air-regenerable
oxidant. Additionally, the major products generated from
the oxidation of CH4 in hot SO3 are methyl bisulfate
(CH3OSO3H) and methane sulfonic acid (CH3SO3H).
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 HgII salts with benzene in weakly
acidic media to generate a Ph-HgII species was described
previously.[11] CH4, being a much weaker nucleophile than
benzene, requires super acid solvents (e.g., H2SO4) 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 CH4 into a mixture of oxidized
products (Eq. 4).[44]
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The reaction between CH4 and SO3 was carried out be-
tween 100 8C and 450 8C in the presence of catalytic
amounts of HgSO4. A mixture of oxidized products were
obtained (mostly CH3OSO3H, CH3SO3H, and
CH2(SO3H)2), with the ratio and components of the mix-
ture primarily determined by reaction temperature and
the ratio of CH4 to SO3 in the reactor. Under optimized
conditions, the authors reported a selectivity ratio of
1.65 :1 for the formation of CH3OSO3H over CH3SO3H,
and an overall yield of 45 % based on CH4.

2.2.2 Mercury-catalyzed Conversion of Methane Selectively to
Methyl Bisulfate

The use of mercury catalysts for the selective oxidation of
CH4 to CH3OH with high conversion was first reported
by Periana and coworkers.[45] Employing triflic acid as
a solvent, the researchers demonstrated that mercuric tri-
flate was stoichiometrically converted to methyl triflate.
Mercuric triflate acted as a stochiometric oxidant, and be-
cause of the non-oxidizing nature of triflic acid, could not
be regenerated from reduced Hg0 under the reaction con-
ditions. Utilization of concentrated H2SO4 (an oxidizing)
solvent allowed for regeneration of HgII from Hg0, per-
mitting the Hg(SO4)-catalyzed functionalization of CH4

to produce CH3OSO3H with 85% selectivity when 50 %
of the added CH4 was consumed (the yield of
CH3OSO3H was 43% based on added CH4). The major
byproduct of the system was found to be CO2.

The researchers proposed that the reaction proceeds
via an electrophilic activation of CH4 by Hg(OSO3H)2.
As demonstrated in Scheme 2, the resulting species,
methyl mercury bisulfate (CH3HgOSO3H), functionalizes
to CH3OSO3H and reduced [Hg2(OSO3H)2]. The reduced
mercury catalyst is then reoxidized by sulfuric acid to
generate HgII. Evidence supporting this mechanism was
provided by 13C and 199Hg NMR studies of the reaction
showing the 13CH3HgOSO3H intermediate. Further evi-

dence was provided by H/D exchange studies between
CH4 and D2SO4 in the presence of catalyst and the direct
reaction of CH3HgOSO3H with H2SO4 to give
CH3OSO3H and CH4 (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
CH3OSO3H that is independent of catalyst concentra-
tion.[46]

Computational studies on the mechanism of CH4 C�H
activation by HgII have shown that the nature of the li-
gands coordinated to Hg greatly affect the activation bar-
riers and reaction enthalpies.[47] In the transition state,
a bisulfate ligand on the catalyst is displaced and simulta-
neous CH4 deprotonation and Hg�CH3 bond formation
occurs. The authors calculated that electronegative li-
gands facilitate the C�H activation of CH4 by lowering
the activation barrier between 6–12 kcal mol�1. Placing
electron donor groups on the spectator ligand stabilizes
the interactions between CH4 and mercury in the transi-
tion state.

Unfortunately, at product concentrations of ~1 M, cata-
lytic productivity of the Hg system in sulfuric acid ceases
and no more CH4 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 CH3OH
and H2O. Additionally, product separation from the reac-
tion mixture proves costly. The CH3OSO3H ester has
a high boiling point and, as such, cannot effectively be
separated from H2SO4.

[48] While CH3OH can easily be
generated from CH3OSO3H and H2SO4 by simple dilution
with H2O, 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. ,[45]

Sen and coworkers[49, 50] have reported on a system using
HgII salts for the oxy-functionalization of CH4 and ethane
in fuming H2SO4. The authors proposed a chain mecha-
nism initiated by HgII 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,
CH3HgOSO3H, 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
CH4 and D2SO4 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).

Scheme 2. Catalytic cycle for electrophilic C�H activation/function-
alization of methane by Hg(OSO3H)2 in H2SO4.
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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,[44] if free SO3 is present in the reaction mix-
ture, CH3SO3H can also be generated from reductive
functionalization of the CH3HgOSO3H intermediate. Mu-
khopadhyay and Bell[51] have demonstrated the selective
formation of CH3SO3H in mercury-catalyzed oxidations
of CH4 conducted in fuming sulfuric acid. 92% selectivity
for CH3SO3H and a TON of 60 was reported using Hg-
(CF3SO3)2 as a catalyst and running the reaction at 130 8C
in the presence of O2. It was found that the yield of
CH3SO3H increases rapidly without decreasing selectivity
by increasing [SO3] up to 30 wt%. Further addition of
SO3 causes overoxidation to MeOSO3H, thereby decreas-
ing selectivity for CH3SO3H. This result is significant be-
cause the development of a process that generates
CH3SO3H directly from CH4 would be more economical
than current methods.[52] Notably, there is also precedent
for the conversion of CH3SO3H into CH3OH and SO2.

[53]

2.2.4 Platinum-catalyzed Conversion of Methane Selectively to
Methyl Bisulfate in SO3/H2SO4

Combining knowledge gained through the mercury
chemistry[45] with the original Shilov system[13] for the C�
H activation of CH4, Periana and coworkers developed
a ligated PtII complex, k2-(2,2’-bipyramidal)PtIICl2 (1,
Scheme 3), for catalytic C�H activation/M-R functionali-
zation in strongly acidic solvents.[54]

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,[45] this
so-called “Periana-Catalytica system” utilizes sulfuric acid
as solvent, oxidizing reagent, and product protectant. The
oxy-functionalized products varied from CH3OSO3H, to
protonated methanol, to methanol, depending on the con-
centration of H2SO4 (Eq. 5), which decreased as the reac-
tion proceeded. When the reaction was run in oleum,
90% CH4 conversion was observed, with 81% selectivity
for methanol derivatives. The only observed byproduct of
the system was CO2. In contrast to the mercury system,
the Periana-Catalytica system requires higher tempera-
tures (~220 8C) to achieve similar reaction rates and volu-
metric productivity, but gives higher yields based on CH4

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 CH3SO3H.

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 CH3OH and H2O are formed
in the reaction mixture; these product species strongly co-

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 H2O 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 CH4 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 8C without catalyst deactiva-
tion), leading to extensive further studies which have in-
cluded theoretical work to elucidate the mechanistic de-
tails of the process.[55–59] While it was initially thought that
the high efficiency of 1 was due to the development of
a system where PtII catalysis (Scheme 3, k1, k2 and k3) can
occur much faster than catalyst deactivation (via PtII to
PtIV oxidation, Scheme 3, k4), 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, k5) and regenerate the active PtII catalyst, 1,
through a “self-repair” mechanism.[60] This led Periana

Scheme 3. Proposed Pt(II) 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 PtII compounds (PtCl2, K2PtCl4 and
H2PtCl6) in ionic liquids and 96 % sulfuric acid for the ac-
tivation/functionalization of CH4 (Eq. 6).[61] 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.

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.[62] Treatment of the CTF
with K2[PtCl4] 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,[54] resulted in
yields of CH3OH that were comparable with the homoge-
neous system. As in the Periana-Catalytica System, selec-
tivity for CH3OH formation was above 75% and the
major byproduct was CO2. While the catalytic activity
and overall yields of CH3OH 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.

2.2.5 Iodine-catalyzed Methane Functionalization using SO3

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 CH4 to

CH3OSO3H in H2SO4/oleum at 195 8C.[63] The reaction
was inoperable without SO3 present or in less than 98 %
H2SO4. The authors report a 53% conversion of CH4

with 95 % selectivity for CH3OSO3H in concentrations up
to one molar. Only very low levels of CO2 (<1 % based
on added CH4) were detected in the gas phase of the re-
action mixture and there was no detectable concentration
of CH3SO3H or CH3I. Notably, running the reactions in
the presence of O2 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 CH4 and I2, but follow-up studies by
Jarosin�ska et al. suggest that the reaction displays
1=2-order dependence on I2.

[64] In addition to I2, it has
been demonstrated by Bjerrum and coworkers that KI,
I2O5, KIO3, KIO4 and even CH3I are also capable of cata-
lyzing the oxidation of CH4 under similar conditions with
comparable yields and selectivities.[65] 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 8C led to 57 % conversion of
CH3OH (a 4% increase over the original report) and
a total CH3OH concentration of ~6 M! Essentially all of
the SO3 in the reaction was consumed.

The mechanism put forth by Periana and coworkers
proposed that I2

+HS2O7
� acts as the active catalyst

(Scheme 4). Evidence for the activity of this species was
provided via a stoichiometric reaction of I2

+[Sb2F11]
� with

CH4 in oleum to give CH3OSO3H in 30 % yield at 50 8C.
As in the catalytic system, the stoichiometric reaction
fails to give CH3OSO3H in the absence of SO3. In the
proposed mechanism, CH4 reacts with I2

+HS2O7
� to gen-

erate CH3I and 1=2 I2. The reaction between CH3I and

Scheme 4. Proposed mechanism for iodine-catalyzed methane
functionalization in H2SO4/SO3.
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H2SO4 generates CH3OSO3H and HI. The catalyst, I2
+

HS2O7
� , is regenerated via SO3 oxidation of I2 and

H2S2O7 to give water and SO2. Further evidence for this
mechanism is provided by the reaction of methyl iodide
in oleum at 150 8C, where CH3OSO3H is formed quantita-
tively and the solution turns blue, the characteristic color
of I2

+ .
In contrast to the I2

+ species described by the Periana
group, an I+ cation was proposed as the active species by
Davico.[66] Davico�s opposition to the original hypothesis
proposed by Periana was based on gas-phase reactions
and ab initio calculations carried out on I2

+ and I+ with
CH4. Davico demonstrated that I2

+ did not react with
CH4 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 CH4 was found to occur quite readily.
These data led to the proposal that I+ directly inserts into
CH4 to give a species, CH3IH+ . 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 H2SO4 medium with oleum present,
and the results are in disagreement with the stoichiomet-
ric reaction of I2

+[Sb2F11]
� with CH4 under those condi-

tions. Nevertheless, the 1=2 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 H2SO4/SO3 Catalyzed by
Gold

There are known examples of aurophilic microbes, Micro-
coccus luteus, that accumulate gold from their surround-
ing environment.[67] These organisms utilize gold in
a membrane bound protein, an NADH oxidase, known as
“Au-protein”, which is competent for the oxidation of
CH4 to CH3OH and other, oxidized organic products
using NADH, K3Fe(CN)6, and O2 as cofactors. This prec-
edent, by its nature, has inspired interest in the examina-
tion of gold catalysts for CH4 functionalization in several
research programs.[68–75]

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 CH4.

[76] Initial
investigations revealed that Au2O3 was competent for the
stoichiometric activation and functionalization of CH4 in
96% H2SO4 or triflic acid at 180 8C. AuIII was reduced to
elemental Au0 in the reaction and could not be reoxidized
under these conditions. Switching to a stronger oxidizing
media, H2SeO4, it was found that gold could be reoxi-
dized to AuIII and catalysis of CH4 activation/functionali-
zation was achieved. Adding elemental gold to a reaction
mixture of CH4 in 3 M H2SeO4/H2SO4, a TON of 32 was
achieved in 2 hours. CH4 conversion was calculated to be
11% with 81 % selectivity for CH3OSO3H. Addition of
2 wt% SO3 to the reaction mixture was found to increase

both yield and selectivity to 28% and 94%, respectively.
Notably, the presence of O2 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 AuI or AuIII could both be viable path-
ways. Both pathways, AuI and AuIII facilitated C�H acti-
vation, are demonstrated in Scheme 5.

Inspired by the aurophilic microbes, Shilov and cow-
orkers investigated CH4 oxidation utilizing mixtures of
gold and several different bioflavonoids.[72,73] In a repre-
sentative example, 0.2 mM HAuCl4 and 1 mM quercetin in
a 3 :7 EtOH : H2O solvent generated CH3OH from CH4,
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, FeIII, and O2 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.[68,69, 74,75, 77]

These studies found that, in aqueous solvent environ-
ments, barriers for CH4 activation by gold catalysts are
usually greater than 35 kcal mol�1 with cationic AuIII com-
plexes being the exception, demonstrating lower activa-
tion barriers.

2.2.7 Palladium-catalyzed Methane Functionalization in SO3

/H2SO4

In a report by Sen et al. , Pd(SO4)2 was shown to oxy-func-
tionalize CH4 to CH3OSO3H in fuming sulfuric acid.[49,50]

The reaction showed selective formation of CH3OSO3H
and reactions were not reported to contain CH3SO3H,
characteristic of previously developed Pd reactions based
on radical processes. Reactions run in H2SO4 containing
30 wt% SO3 at 160 8C were shown to have a TON of 15
under optimized conditions. Michaliewicz et al. further
optimized this process with the replacement of palladium

Scheme 5. Gold-catalyzed methane functionalization facilitated by
AuI or AuIII.
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sulfate by metallic palladium.[78] The authors report
a TON of 47 in just two hours under comparable condi-
tions (Eq. 8).

2.2.8 Methane Functionalization to Acetic Acid, Catalyzed by
Palladium in H2SO4

In an interesting and unexpected extension of the Sen
system, Taube, Periana, and coworkers showed the use of
Pd(SO4)2 to generate acetic acid from CH4 without added
CO in 96% H2SO4.

[79] Acetic acid formation was the
result of oxidative condensation of two molecules of CH4,
as was revealed by studies using 13C labeled CH4. A cal-
culated yield of 10% acetic acid based on CH4 was re-
ported with 90 % selectivity.

The reaction was proposed to proceed through a two-
step, non-radical mechanism demonstrated in Scheme 8.
First, CH4 undergoes C�H activation mediated by X2PdII

to generate XPdII-CH3. Some of this species undergoes
reductive elimination to CH3OSO3H. The formed
CH3OSO3H undergoes inorganic PdII-facilitated overoxi-
dation to CO, which oxidatively adds and inserts into
a Pd�C bond of XPdII�CH3 to give a Pd-acyl intermedi-
ate. Reductive elimination from the Pd-acyl species gives
acetic acid and Pd0. Addition of CO to the reaction was

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

A major drawback of this system is the formation of Pd
black (Pd0). As CO concentrations increased, so did the
rate of reduction of the active PdII catalyst. Reoxidation
of the formed Pd0 by SO3 is slow and serves as a turn-
over-limiting step in this process. In an extension of this
work, Bell and coworkers[80,81] 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 O2

[81] or a combination of
O2/CuII.[80] 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.[82]

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 CH3OH and
H2O), 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

Scheme 8. Proposed mechanism for Pd-catalyzed functionalization
of methane to acetic acid in H2SO4. 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 PdII-Me intermediate/reductive functionalization
(blue pathway); and D) overoxidation of CO to CO2 (grey pathway).

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

Scheme 7. Gold-catalyzed functionalization of methane with
NADH, K3Fe(CN)6 and molecular oxygen.

Isr. J. Chem. 2014, 54, 1467 – 1480 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 1474

Review

http://www.ijc.wiley-vch.de


CH4 concentrations in the millimolar range, this necessi-
tates the catalyst being 100–1000 times more reactive
with CH4 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.[83] 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.

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).[84] The
complex showed catalytic activity for H/D exchange, an
indication of C�H activation between CH4 and TFA-d1,
in experiments conducted between 105 8C and 135 8C;
a barrier of 24�3 kcal mol�1 was determined. Unfortu-

nately, the barrier for functionalization of the activated
Ir-CH3 complex required heating the reaction to 180 8C,
and at temperatures above 150 8C, 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 KIO4 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
KIO4 and HTFA to give methyl trifluoroacetate
(CH3OTFA) 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 8C, and was likely
due to the stronger coordinating effects of the acetate
anion.

2.3.2 Palladium-catalyzed Methane Functionalization to
MeOTFA using H2O2 in HTFA

Sen and coworkers in 1987 demonstrated that Pd(OAc)2

was competent to stoichiometrically react with alkanes
(including CH4) in trifuoroacetic acid to give alkyl tri-
fluoroacetates (Eq. 9), and an electrophilic C�H activa-
tion reaction was proposed.[85,86] The authors were able to

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.

Scheme 9. Catalytic cycle for the iridium-catalyzed functionaliza-
tion of methane in HTFA.
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achieve a 60% yield of CH3OTFA ester based on added
PdII, using approximately 55 bar of CH4 at 80 8C. Accord-
ing to the authors, HTFA was chosen as a solvent for sev-
eral reasons: (i) the relatively poor basicity of the
CF3COO� anion; (ii) high ligand lability of M�O2CF3

bonds leads to a highly electrophilic PdII species; and (iii)
the solvent lacks C�H bonds.

Sen and coworkers showed that the system could be
made catalytic when trifluoroacetic anhydride was used
as a solvent and H2O2 was employed as the terminal oxi-
dant.[87] CH3OTFA was generated from CH4 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
CH3OTFA ester followed by overoxidation of (the now
unprotected) CH3OH.

Following this work by Sen, several other PdII com-
plexes were reported[88–92] as efficient catalysts for CH4

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 8C using
K2S2O8 as the terminal oxidant (Figure 2).[88] Strassner
and coworkers[90] 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 CH4 function-
alization to MeOTFA with a reported maximum TON of
33 under similar conditions.

Further exploration of this area by Strassner[89–91] led to
the recent development of a series of Pd�NHC com-
plexes in which one of the NHC ligands was replaced by
pyrimidine.[91] 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).[92]

This PdII-CH3 species is subsequently oxidized to a PdIV-
CH3 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 CH4 to CH3OTFA in
TFA/TFAA using H2O2 as oxidant (Eq. 10).[93] Utilizing
hexafluoroacetylacetonate ligated PdII, the authors were
able to achieve a TON of 50 running the reaction at 50 8C

for 4 hours. Interestingly, the authors also reported
copper complexes comprised of the same ligands that
were competent for CH4 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.

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

Scheme 10. Catalytic cycle for chelating, bis(NHC) palladium-cata-
lyzed functionalization of CH4 to CH3OTFA reported by Strassner.
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2.3.3 Systems which use O2 Directly

Although examples of selective CH4 functionalization
where O2 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 CH4 hydroxyl-
ation with a binuclear, bridged RuIII complex,
[(HSalen)2Ru2(m-O)(m-CH3COO)2].[94] Running the reac-
tion in a 1 :1 mixture of acetone:H2O (Eq. 12), a reported
TON of 54 was achieved at 30 8C using an oxygen pres-
sure of 5 bar. It has been proposed that the reaction pro-
ceeds via Ru activation of O2, which then reacts with CH4

to generate CH3OH. Radical mechanisms were ruled un-
likely in this system through studies involving radical
traps.

Bao and coworkers recently reported observing catalyt-
ic turnover with the previously described Pd(OAc)2

system designed by Sen, using a three-cycle redox couple
reaction for the regeneration of PdII from Pd0 in
HTFA.[95] The authors reported yields of CH3OTFA in
concentrations up to 106 mmol in 10 hours at 80 8C using
a Pd0/PdII, p-benzoquinone/hydrobenzoquinone, NO/NO2/
O2 triple redox cycle (Scheme 11). This work has been ex-
panded upon by Yuan and coworkers[96–98] who utilized
molybdovanado-phosphoric acid in place of NO2.

2.3.4 Acetic Acid from Methane, O2 and CO

The reaction of CH4 with CO and O2 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
RhCl3 in water.[99] The proposed reaction pathway in-
volves C�H coordination of CH4 by the rhodium catalyst
(17, Scheme 12) followed by C�H activation to give

a Rh-Me intermediate, 19. This step is followed by inser-
tion of CO (Scheme 12, blue pathway) to generate an
Rh-COCH3 intermediate which can then be hydrolyzed
by water to generate CH3COOH. 19 was also shown to
react directly with HX to generate CH3OH products
(Scheme 12, red pathway). The authors performed exten-
sive studies, including isotopic labeling studies, to show
that the Rh�CH3 intermediate was indeed generated
from CH4. The authors also noted a substantial increase
in rate in the presence of Cl� and I� and no observable
change in rate in the presence of radical sources. Work by
Sen,[100] and later Chepaikin[101–105] 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.[106]

Similar to the system described above, Fujiwara and
coworkers reported on a system for the conversion of
CH4, CO, and O2 (or K2S2O8) to acetic acid in the pres-
ence of PdII catalysts in HTFA solvent.[107–110] Although
the authors also reported on the use of CuII systems, the
proposed mechanism proceeded via radical pathways and
will not be further discussed. The Pd system was pro-

Scheme 11. PdII regeneration from Pd0 through a redox-couple
mediated oxidation.

Scheme 12. Proposed Mechanism for Rh-catalyzed functionaliza-
tion of methane to acetic acid using CO and O2.
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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
O2, 20 bar CH4, 15 bar CO, and 0.05 mmol of both Cu
and Pd catalyst in HTFA at 80 8C for 20 hours (Eq. 13).
The increased rate in the simultaneous presence of Cu
and Pd was attributed to the formation of a PdII-CuII

complex with increased electrophilicity. Other
groups[111–113] have extended this reactivity to PtII salts, but
they were found not to be as effective as the former PdII

salts for the oxidative carbonylation of CH4.

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% H2SO4. 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
CH4 functionalization. Without adequate protection, the
functionalized products of CH4 (such as CH3OH) are not
likely to be stable under the reaction conditions and will
give undesired, overoxidation products (such as CO2). In
highly electrophilic systems, the use of superacid solvents
protected CH3OH 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,[83] 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 CH4 C�H activation using these more nucle-
ophilic metals,[8,114–126] examples of saturated hydrocarbon
functionalization are limited,[115, 122–126] 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.[126] The authors reported on the use of Cp*Rh(h4-
C6Me6) (Cp*=penta-methyl cyclopentadiene) to catalyze
the formation of linear alkylboranes from n-alkanes and

borane reagents(Eq. 14). The reaction between n-octane
and 4,4,5,5-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 8C for 14
hours, demonstrating high selectivity for primary C�H
bonds.

Periana and coworkers[127] have shown the first example
of a nucleophilic C�H activation under basic conditions.
The authors reported a RuII complex, (IPI)RuII (IPI=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, p-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 CH4 has been reported with this class of
system to date.

Efficient, low-temperature functionalization of CH4 is
considered to be one of the most valuable, yet challenging
goals in chemistry. CH4 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 CH4 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 CH4 and other
hydrocarbons that will allow us to meet the increasing
energy demands of an ever-increasing, energy-intensive,
globalized society.

Isr. J. Chem. 2014, 54, 1467 – 1480 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 1478

Review

http://www.ijc.wiley-vch.de


References

[1] R. N. Austin, J. T. Groves, Metallomics 2011, 3, 775.
[2] J. T. Groves, J. Porphyrins Phthalocyanines 2000, 4, 350.
[3] D. A. Kopp, S. J. Lippard, Curr. Opin. Chem. Biol. 2002, 6,

568.
[4] A. A. Fokin, P. R. Schreiner, Chem. Rev. 2002, 102, 1551.
[5] L. Westerheide, M. Pascaly, B. Krebs, Curr. Opin. Chem.

Biol. 2000, 4, 235.
[6] H. Schwarz, Angew. Chem. Int. Ed. 2011, 50, 10096.
[7] E. G. Chepaikin, A. P. Bezruchenko, G. N. Menchikova,

N. I. Moiseeva, A. E. Gekhman, I. I. Moiseev, Russ. Chem.
Bull. 2011, 60, 49.

[8] A. E. Shilov, G. B. Shul’pin, Chem. Rev. 1997, 97, 2879.
[9] M. Lersch, M. Tilset, Chem. Rev. 2005, 105, 2471.

[10] R. H. Crabtree, J. Chem. Soc. Dalton Trans. 2001, 2951.
[11] O. Dimroth, Ber. Dtsch. Chem. Ges. 1902, 35, 2853
[12] R. G. Pearson, Chemical Hardness: Applications from Mol-

ecules to Solids, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, 1997.

[13] N. F. Gol’dshleger, V. V. Es’kova, A. A. Shteinman, A. E.
Shilov, Russ. J. Phys. Chem. 1972, 46, 785.

[14] J. A. Labinger, J. E. Bercaw, Nature 2002, 417, 507.
[15] A. V. Pawlikowski, A. D. Getty, K. I. Goldberg, J. Am.

Chem. Soc. 2007, 129, 10382.
[16] A. Sen, Acc. Chem. Res. 1998, 31, 550.
[17] R. L. Lieberman, A. C. Rosenzweig, Crit. Rev. Biochem.

Mol. Biol. 2004, 39, 147.
[18] M. H. Baik, M. Newcomb, R. A. Friesner, S. J. Lippard,

Chem. Rev. 2003, 103, 2385.
[19] V. V. Rostovtsev, J. A. Labinger, J. E. Bercaw, T. L. Lasset-

er, K. I. Goldberg, Organometallics 1998, 17, 4530.
[20] D. D. Wick, K. I. Goldberg, J. Am. Chem. Soc. 1999, 121,

11900.
[21] V. V. Rostovtsev, L. M. Henling, J. A. Labinger, J. E.

Bercaw, Inorg. Chem. 2002, 41, 3608.
[22] A. N. Vedernikov, S. A. Binfield, P. Y. Zavalij, J. R. Khus-

nutdinova, J. Am. Chem. Soc. 2006, 128, 82.
[23] J. L. Butikofer, T. G. Parson, D. M. Roddick, Organometal-

lics 2006, 25, 6108.
[24] J. R. Khusnutdinova, P. Y. Zavalij, A. N. Vedernikov, Orga-

nometallics 2007, 26, 3466.
[25] A. N. Vedernikov, Curr. Org. Chem. 2007, 11, 1401.
[26] K. A. Grice, K. I. Goldberg, Organometallics 2009, 28, 953.
[27] J. C. S. Da Silva, W. R. Rocha, J. Comput. Chem. 2011, 32,

3383.
[28] A. Yahav-Levi, I. Goldberg, A. Vigalok, A. N. Vedernikov,

J. Am. Chem. Soc. 2008, 130, 724.
[29] B. A. Arndtsen, R. G. Bergman, T. A. Mobley, T. H. Peter-

son, Acc. Chem. Res. 1995, 28, 154.
[30] J. A. Labinger, J. E. Bercaw, Top. Organomet. Chem. 2011,

35, 29.
[31] W. D. Jones, Acc. Chem. Res. 2003, 36, 140.
[32] G. A. Luinstra, J. A. Labinger, J. E. Bercaw, J. Am. Chem.

Soc. 1993, 115, 3004.
[33] G. A. Luinstra, L. Wang, S. S. Stahl, J. A. Labinger, J. E.

Bercaw, J. Organomet. Chem. 1995, 504, 75.
[34] S. S. Stahl, J. A. Labinger, J. E. Bercaw, J. Am. Chem. Soc.

1996, 118, 5961.
[35] J. S. Owen, J. A. Labinger, J. E. Bercaw, J. Am. Chem. Soc.

2006, 128, 2005.
[36] D. R. Weinberg, J. A. Labinger, J. E. Bercaw, Organometal-

lics 2007, 26, 167.

[37] J. E. Bercaw, G. S. Chen, J. A. Labinger, B. L. Lin, J. Am.
Chem. Soc. 2008, 130, 17654.

[38] J. E. Bercaw, G. S. Chen, J. A. Labinger, B. L. Lin, Organo-
metallics 2010, 29, 4354.

[39] H. Heiberg, L. Johansson, O. Gropen, O. B. Ryan, O.
Swang, M. Tilset, J. Am. Chem. Soc. 2000, 122, 10831.

[40] L. Johansson, M. Tilset, J. Am. Chem. Soc. 2001, 123, 739.
[41] B. J. Wik, M. Lersch, M. Tilset, J. Am. Chem. Soc. 2002,

124, 12116.
[42] B. J. Wik, I. Ivanovic-Burmazovic, M. Tilset, R. van Eldik,

Inorg. Chem. 2006, 45, 3613.
[43] H. M�ller, Ullmann’s Encyclopedia of Industrial Chemistry,

6th Ed., Wiley-VCH Verlag GmbH & Co. KGaA, Wein-
heim, 2002.

[44] J. C. Snyder, A. V. Grosse, US Patent 2493038, 1950.
[45] R. A. Periana, D. J. Taube, E. R. Evitt, D. G. Loffler, P. R.

Wentrcek, G. Voss, T. Masuda, Science 1993, 259, 340.
[46] X. Gang, H. Birch, Y. M. Zhu, H. A. Hjuler, N. J. Bjerrum,

J. Catal. 2000, 196, 287.
[47] T. R. Cundari, A. Yoshikawa, J. Comput. Chem. 1998, 19,

902.
[48] D. R. Lide, CRC Handbook of Chemistry and Physics, 88th

Ed., CRC Press, Boca Raton, 2007.
[49] A. Sen, M. A. Benvenuto, M. R. Lin, A. C. Hutson, N. Ba-

sickes, J. Am. Chem. Soc. 1994, 116, 998.
[50] N. Basickes, T. E. Hogan, A. Sen, J. Am. Chem. Soc. 1996,

118, 13111.
[51] S. Mukhopadhyay, A. T. Bell, J. Mol. Catal. A: Chem.

2004, 211, 59.
[52] J. I. Kroschwitz, M. Howe-Grant, in Kirk-Othmer Encyclo-

pedia of Chemical Technology, 4th Ed., John Wiley & Sons,
New York, 1991.

[53] S. Mukhopadhyay, M. Zerella, A. T. Bell, Adv. Synth.
Catal. 2005, 347, 1203.

[54] R. A. Periana, D. J. Taube, S. Gamble, H. Taube, T. Satoh,
H. Fujii, Science 1998, 280, 560.

[55] A. Paul, C. B. Musgrave, Organometallics 2007, 26, 793.
[56] T. M. Gilbert, I. Hristov, T. Ziegler, Organometallics 2001,

20, 1183.
[57] I. H. Hristov, T. Ziegler, Organometallics 2003, 22, 1668.
[58] X. Xu, J. Kua, R. A. Periana, W. A. Goddard, Organome-

tallics 2003, 22, 2057.
[59] J. Kua, X. Xu, R. A. Periana, W. A. Goddard, Organome-

tallics 2002, 21, 511.
[60] O. A. Mironov, S. M. Bischof, M. M. Konnick, B. G. Hashi-

guchi, V. R. Ziatdinov, W. A. Goddard 3rd, M. Ahlquist,
R. A. Periana, J Am Chem Soc 2013, 135, 14644.

[61] J. H. Cheng, Z. W. Li, M. Haught, Y. C. Tang, Chem.
Commun. 2006, 4617.

[62] R. Palkovits, M. Antonietti, P. Kuhn, A. Thomas, F.
Schuth, Angew. Chem. Int. Ed. 2009, 48, 6909.

[63] R. A. Periana, O. Mirinov, D. J. Taube, S. Gamble, Chem.
Commun. 2002, 2376.

[64] M. Jarosinska, K. Lubkowski, J. G. Sosnicki, B. Michalkie-
wicz, Catal. Lett. 2008, 126, 407.

[65] X. Gang, Y. M. Zhu, H. Birch, H. A. Hjuler, N. J. Bjerrum,
Appl. Catal. A 2004, 261, 91.

[66] G. E. Davico, J. Phys. Chem. A 2005, 109, 3433.
[67] L. A. Levchenko, A. P. Sadkov, N. V. Lariontseva, E. M.

Koldasheva, A. K. Shilova, A. E. Shilov, J. Inorg. Biochem.
2002, 88, 251.

[68] D. A. Pichugina, A. F. Shestakov, N. E. Kuz’menko, Russ. J.
Phys. Chem. A 2007, 81, 883.

Isr. J. Chem. 2014, 54, 1467 – 1480 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 1479

Review

http://www.ijc.wiley-vch.de


[69] D. A. Pichugina, N. E. Kuz’menko, A. F. Shestakov, Gold
Bull. 2007, 40, 115.

[70] D. E. De Vos, B. E. Sels, Angew. Chem. Int. Ed. 2005, 44,
30.

[71] A. Z. Msezane, Z. Felfli, K. Suggs, A. Tesfamichael, X. Q.
Wang, Gold Bull. 2012, 45, 127.

[72] L. A. Levchenko, A. P. Sadkov, N. V. Lariontseva, V. S. Ku-
likova, A. K. Shilova, A. E. Shilov, Dokl. Biochem. Bio-
phys. 2004, 394, 33.

[73] L. A. Levchenko, B. G. Kartsev, A. P. Sadkov, A. F. Shesta-
kov, A. K. Shilova, A. E. Shilov, Dokl. Akad. Nauk 2007,
412.

[74] D. A. Pichugina, A. F. Shestakov, N. E. Kuz’menko, Russ.
Chem. Bull. 2006, 55, 195.

[75] N. G. Nikitenko, A. F. Shestakov, Kinet. Catal. 2013, 54,
168.

[76] C. J. Jones, D. Taube, V. R. Ziatdinov, R. A. Periana, R. J.
Nielsen, J. Oxgaard, W. A. Goddard, Angew. Chem. Int.
Ed. 2004, 43, 4626.

[77] N. G. Nikitenko, A. F. Shestakov, Dokl. Chem. 2013, 450,
127.

[78] B. Michalkiewicz, K. Kalucki, J. G. Sosnicki, J. Catal. 2003,
215, 14.

[79] R. A. Periana, O. Mironov, D. Taube, G. Bhalla, C. J.
Jones, Science 2003, 301, 814.

[80] M. Zerella, S. Mukhopadhyay, A. T. Bell, Chem. Commun.
2004, 1948.

[81] M. Zerella, A. Kahros, A. T. Bell, J. Catal. 2006, 237, 111.
[82] S. Chempath, A. T. Bell, J. Am. Chem. Soc. 2006, 128,

4650.
[83] D. H. Ess, R. J. Nielsen, W. A. Goddard, R. A. Periana, J.

Am. Chem. Soc. 2009, 131, 11686.
[84] K. J. H. Young, J. Oxgaard, D. H. Ess, S. K. Meier, T. Stew-

art, W. A. Goddard, R. A. Periana, Chem. Commun. 2009,
3270.

[85] E. Gretz, T. F. Oliver, A. Sen, J. Am. Chem. Soc. 1987, 109,
8109.

[86] A. Sen, E. Gretz, T. F. Oliver, Z. Jiang, New J. Chem.
1989, 13, 755.

[87] L. C. Kao, A. C. Hutson, A. Sen, J. Am. Chem. Soc. 1991,
113, 700.

[88] M. Muehlhofer, T. Strassner, W. A. Herrmann, Angew.
Chem. Int. Ed. 2002, 41, 1745.

[89] T. Strassner, M. Muehlhofer, A. Zeller, E. Herdtweck,
W. A. Herrmann, J. Organomet. Chem. 2004, 689, 1418.

[90] S. Ahrens, A. Zeller, M. Taige, T. Strassner, Organometal-
lics 2006, 25, 5409.

[91] D. Meyer, M. A. Taige, A. Zeller, K. Hohlfeld, S. Ahrens,
T. Strassner, Organometallics 2009, 28, 2142.

[92] D. Munz, D. Meyer, T. Strassner, Organometallics 2013, 32,
3469.

[93] G. Ingrosso, N. Midollini, J. Mol. Catal. A: Chem. 2003,
204, 425.

[94] M. D. Khokhar, R. S. Shukla, R. V. Jasra, J. Mol. Catal. A:
Chem. 2009, 299, 108.

[95] Z. J. An, X. L. Pan, X. M. Liu, X. W. Han, X. H. Bao, J.
Am. Chem. Soc. 2006, 128, 16028.

[96] J. L. Yuan, Y. Wang, C. J. Hao, Catal. Lett. 2013, 143, 610.
[97] J. L. Yuan, L. L. Wang, Y. Wang, Ind. Eng. Chem. Res.

2011, 50, 6513.
[98] J. L. Yuan, L. Liu, L. L. Wang, C. J. Hao, Catal. Lett. 2013,

143, 126.
[99] M. Lin, A. Sen, Nature 1994, 368, 613.

[100] M. R. Lin, T. E. Hogan, A. Sen, J. Am. Chem. Soc. 1996,
118, 4574.

[101] E. G. Chepaikin, A. P. Bezruchenko, A. A. Leshcheva,
Kinet. Catal. 2002, 43, 507.

[102] E. G. Chepaikin, G. N. Boyko, A. P. Bezruchenko, A. A.
Leshcheva, E. H. Grigoryan, J. Mol. Catal. A: Chem. 1998,
129, 15.

[103] E. G. Chepaikin, Kinet. Catal. 2004, 45, 307.
[104] E. G. Chepaikin, A. P. Bezruchenko, G. N. Boiko, A. E.

Gekhman, I. I. Moiseev, Kinet. Catal. 2006, 47, 12.
[105] E. G. Chepaikin, A. P. Bezruchenko, A. A. Leshcheva,

G. N. Boyko, I. V. Kuzmenkov, E. H. Grigoryan, A. E.
Shilov, J. Mol. Catal. A: Chem. 2001, 169, 89.

[106] I. H. Hristov, T. Ziegler, Organometallics 2003, 22, 3513.
[107] K. Nakata, T. Miyata, T. Jintoku, A. Kitani, Y. Taniguchi,

K. Takaki, Y. Fujiwara, Bull. Chem. Soc. Jpn. 1993, 66,
3755.

[108] T. Nishiguchi, K. Nakata, K. Takaki, Y. Fujiwara, Chem.
Lett. 1992, 21, 1141.

[109] K. Nakata, Y. Yamaoka, T. Miyata, Y. Taniguchi, K.
Takaki, Y. Fujiwara, J. Organomet. Chem. 1994, 473, 329.

[110] Y. Fujiwara, K. Takaki, Y. Taniguchi, Synlett. 1996, 7, 591.
[111] J. Yang, A. Haynes, P. M. Maitlis, Chem. Commun. 1999,

179.
[112] Y. Souma, N. Tsumori, H. Willner, Q. Xu, H. Mori, Y.

Morisaki, J. Mol. Catal. A: Chem. 2002, 189, 67.
[113] M. Zerella, A. T. Bell, J. Mol. Catal. A: Chem. 2006, 259,

296.
[114] J. Choi, A. S. Goldman, in Iridium Catalysis, Topics in Or-

ganometallic Chemistry, Vol. 34, (Ed.: P. G. Andersson),
2011, p. 139.

[115] J. Choi, A. H. MacArthur, M. Brookhart, A. S. Goldman,
Chem. Rev. 2011, 111, 1761.

[116] K. E. Allen, D. M. Heinekey, A. S. Goldman, K. I. Gold-
berg, Organometallics 2013, 32, 1579.

[117] S. M. Kloek, D. M. Heinekey, K. L. Goldberg, Angew.
Chem. Int. Ed. 2007, 46, 4736.

[118] S. K. Hanson, D. M. Heinekey, K. I. Goldberg, Organome-
tallics 2008, 27, 1454.

[119] M. Lail, C. M. Bell, D. Conner, T. R. Cundari, T. B.
Gunnoe, J. L. Petersen, Organometallics 2004, 23, 5007.

[120] K. J. H. Young, K. S. Lokare, C. H. Leung, M.-J. Cheng,
R. J. Nielsen, N. A. Petasis, W. A. Goddard, R. A. Periana,
J. Mol. Catal. A: Chem. 2011, 339, 17.

[121] R. M. Gauvin, H. Rozenberg, L. L. W. Shimon, Y. Ben-
David, D. Milstein, Chem. Eur. J. 2007, 13, 1382.

[122] J. F. Hartwig, Acc. Chem. Res. 2012, 45, 864.
[123] M. C. Haibach, S. Kundu, M. Brookhart, A. S. Goldman,

Acc. Chem. Res. 2012, 45, 947.
[124] A. S. Goldman, A. H. Roy, Z. Huang, R. Ahuja, W. Schin-

ski, M. Brookhart, Science 2006, 312, 257.
[125] J. F. Hartwig, K. S. Cook, M. Hapke, C. D. Incarvito, Y. B.

Fan, C. E. Webster, M. B. Hall, J. Am. Chem. Soc. 2005,
127, 2538.

[126] H. Y. Chen, S. Schlecht, T. C. Semple, J. F. Hartwig, Science
2000, 287, 1995.

[127] B. G. Hashiguchi, K. J. H. Young, M. Yousufuddin, W. A.
Goddard, R. A. Periana, J. Am. Chem. Soc. 2010, 132,
12542.

Received: November 15, 2013
Accepted: June 24, 2014

Published online: September 10, 2014

Isr. J. Chem. 2014, 54, 1467 – 1480 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 1480

Review

http://www.ijc.wiley-vch.de

