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1. Introduction

The ideology of Green Chemistry calls for the deVelopment
of new chemical reactiVities and reaction conditions that can
potentially proVide benefits for chemical syntheses in terms
of resource efficiency, energy efficiency, product selectiVity,
operational simplicity, and health and enVironmental safety.1

One aspect of such reactivities is reactions that can directly
transform the C-H bonds of organic molecules into the
desired structures without extra chemical transformations.2

Another aspect is the development of chemical reactions in
water that can achieve the desired chemical transformations
without the need for the protection-deprotection of reactive
functional groups and generation of anhydrous conditions.3

The combination of these two aspects is highly challenging
and will provide even more benefits for chemical synthesis.
Furthermore, the development of reactions of C-H bonds
(generally having low reactivities) in the presence of various
(more reactive) functional groups in (quite reactive) water
raises fundamental questions and theoretical issues in chemi-
cal reactivity. This review will summarize the reported direct
transformations of C-H bonds into other bonds in water
(aqueous media). Although not all examples in this review
can be called “Green Chemistry” in all situations, these
examples, however, provide potential reactions (tools) for
potential users (synthetic chemists) to design innovative
syntheses with an eye toward Green Chemistry. Whether a
reaction is green is highly subjective based upon the specific
synthetic situations in a global context of a synthesis.

2. Formation of C −X Bonds

2.1. Formation of C −O Bonds

2.1.1. Transition-Metal-Catalyzed Oxidations
2.1.1.1. Platinum Complexes.While the selective cata-

lytic functionalization of saturated hydrocarbons or C-H
bonds at a remote position of reactive functional groups in
organic compounds at reasonably low temperatures (and
without affecting the reactive functional group) is of
considerable scientific and economic importance, it also
poses a significant challenge. Hydroxylation of linear alkanes
or methane to generate terminal alcohols is very useful for
the syntheses of chemicals and fuels.

In the 1970s Shilov et al. carried out the first examples of
electrophilic activation of alkanes in aqueous solutions with
platinum complexes.4 In their system, chloride salts of Pt-
(II) catalyze the oxidation of alkanes to give alcohols (at
100-120 °C) along with chloroalkanes and ketones using
Pt(IV) as the stoichiometric oxidant (eq 1).

The mechanism for the reaction proposed by Shilov5 and
others6 consists of three steps: (1) electrophilic activation
of the alkane by a Pt(II) complex to yield an alkyl Pt(II)
complex; (2) oxidation of this complex into a Pt(IV)-alkyl
intermediate by [PtCl6

2-] via electron transfer; and (3) the
Pt(IV)-alkyl intermediate undergoes a reductive elimination
to regenerate the Pt(II) catalyst and release the oxidized
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alkane (e.g., alkyl alcohols and organic halides). Typical
reaction yields are low (less than 3% in the case of methane),
the reaction rate is low, and the catalyst is short-lived due
to poisoning. However, the system is highly attractive
because it exhibits a unique selectivity4b and has mild reaction
conditions. Linear alkanes are often functionalized at the
terminal positions of stronger C-H bonds (-CH3) rather
than at the weaker, nonterminal secondary C-H bonds which
are preferred by radical and electrophilic reagents such as
superacids. Chemoselectivity is also observed since the

oxidation products are relatively stable and immune to
overoxidation.

Several studies have been carried out to examine the scope
and selectivity of the Shilov system. Sen et al. reported the
oxidation of several substrates in an aqueous medium with
platinum complexes. They utilized a K2PtCl6/K2PtCl4 system7

for the oxidation of methane and ethane to give methanol
and ethylene glycol, respectively.7b Catalytic hydroxylation
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of the nonactivated C-H bonds of aliphatic carboxylic acids
was also achieved7a,cwith moderate to high regioselectivity,
resulting in a preference forγ-C-H bonds versusR, â, and
even δ-C-H bonds (R-C-H , â-C-H < γ-C-H g
δ-C-H ≈ ε-C-H). This effect was explained by the
formation of a more favorable strain-free six-membered
metallacycle (“chelate effect”) (eq 2).

The same results were obtained when aliphatic sulfonic
acids and phosphonic acids were used.7c In addition, oxida-
tion of aliphatic alcohols7b,c yields only diols without any
overoxidation product. The reaction shows a similar reactivity
order ofR-C-H , â-C-H < γ-C-H < δ-C-H. Analogous
selectivity was obtained when the PtCl4

2-+ Pt(0)/O2 system
was used to hydroxylate several light alkanes, alcohols, and
ethers; however, in these cases, acids and hydroxyacids were
also formed.8 Bercaw et al. reported the selective oxidation
of various aliphatic alcohols and acids9,6b such as p-
toluenesulfonic acid andp-ethylbenzenesulfonic acid by
aqueous solutions of K2PtCl6/K2PtCl4. Substantial oxidation
occurs at theâ position of thep-ethylbenzenesulfonic acid,
indicating that benzylic activation is not required for these
reactions. Under these conditions not only was hydroxylation
observed, but overoxidation products (aldehydes only) were
also detected.

The role of the Pt(IV) species in the catalytic system is to
act as the oxidant to avoid the reduction of Pt(II) to Pt(0).
The latter is known to promote the rapid oxidation of
alcohols.8 From a practical point of view, use of Pt(IV) as
the stoichiometric oxidant is not economically viable. Several
efforts have been made to replace Pt(IV) in the Shilov
system, although this task is complicated because most
primary oxidants tend to convert reactive Pt(II) to inactive
Pt(IV). A system consisting of aqueous PtCl4

2- as catalyst
and phosphomolybdic acid (H3PMo12O40) as a redox mediator
in an electrochemical cell containing a carbon cloth anode
hydroxylatesp-toluenesulfonic acid into the corresponding
alcohol, p-HO3SC6H4CH2OH.10 After six turnovers, over-
oxidation of the alcohol was observed, possibly due to
formation of Pt(0). Recently, Sen et al. found that Shilov
chemistry can be made catalytic with molecular oxygen as
the ultimate oxidant using K2PtO4 as catalyst and CuCl2 as
cocatalyst in an aqueous medium.11 Only one turnover was
obtained in the absence of molecular oxygen. This study was
also the first example of the direct use of molecular oxygen
in the catalytic oxidation of nonactivated C-H bonds (in
this case, aliphatic acids) under mild conditions without using
a coreductant. The predominant reaction is hydroxylation of
the remote methyl group. The same catalysts (K2PtO4/CuCl2)
have promoted the selective functionalization ofR-amino
acids in water,12 which is an example of catalytic heteroatom-
directed functionalization of remote alkyl groups. The
aqueous medium avoided the need for protection of func-
tional groups (eq 3).

Other authors have also succeeded in improving the
original Shilov system; however, these studies are outside

the scope of this review since the solvent used is, in most
cases, a strong acid.13

2.1.1.2. Copper Complexes.For many years the combi-
nation of K2PtCl6/K2PtCl4 was the only example of metal-
catalyzed hydroxylation of remote primary C-H bonds in
aqueous media. Recently, Sen et al. reported a low-
temperature, selective oxidation of methane to methanol in
a mixture of trifluoroacetic acid and water using a combina-
tion of copper chloride and metallic palladium in the presence
of molecular oxygen and carbon monoxide as coreductant
(eq 4).14

Oxidation of methane yields methanol as the only product.
However, for ethane andn-butane, products derived from
C-C cleavages competed with or dominated over those
derived from C-H cleavage. In other words, methanol was
also formed with these two higher alkanes. Several remote
primary C-H bonds in acids, alcohols (eq 5), and aliphatic
halides were hydroxylated by this method.15

The mechanism of the reaction in these conditions involves
formation of hydrogen peroxide by Pd,16 whereas the role
of CuCl2 is to effect the subsequent oxidation of the substrate
by the formed hydrogen peroxide. Increasing the amount of
CuCl2 reduces products resulting from overoxidation and
C-C cleavage.

In 2002, Muzart et al. reported an efficient and recyclable
water-soluble system to promote the allylic oxidation of
olefins with organic peroxyesters, also known as the Khara-
sch-Sosnovsky reaction, in water.17 The mixture of the
hydrophilic N-donor ligand (Figure 1) with Cu(MeCN)4BF4

in water led to an efficient and reusable catalytic system for
the allylic oxidation of olefins withtert-butyl perbenzoate
(eq 6).

The aqueous phase recovered after extraction of the
reaction products remained catalytically active, and oxidation
of cyclohexene was repeated four times with the same

Figure 1.
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aqueous phase without a drop in the yield. The use of the
water-soluble ligand avoided the loss of the copper complex
into the organic phase, obtaining an effective recycling of
the catalyst. Subsequently, the enantioselective variant of this
reaction18 was carried out in a biphasic medium (water+
diethylene glycol) using a mixture of amino acids and copper
complexes (eq 7).

When the reaction was carried out under argon atmosphere,
recycling of the catalyst was also possible. The enantiomeric
excess decreased slightly from run to run, while the yields
were not affected. Use of diethylene glycol was necessary
to carry out the reaction at room temperature; no reaction
occurred in its absence.

2.1.1.3. Other Transition Metals. Although platinum
chemistry has been the leader in the oxidation of nonactivated
C-H bonds of alkanes in aqueous media, other transition-
metal complexes besides copper complexes have also
promoted oxidation reactions in aqueous mixtures. One of
these complexes is RhCl3, which, together with NaCl and
KI, promoted formation of methanol and acetic acid from
methane, carbon monoxide, and oxygen in a mixture of
perfluorobutyric acid and water at 80-85 °C.19 When ethane
was used, the reaction generated ethanol, acetic acid, and
methanol (due to C-C cleavage). In both cases, the product
alcohols were less reactive than the starting alkanes, which
is consistent with the chemoselectivity observed with [PtCl4

2-].
It is worth mentioning that it was possible to selectively form
either methanol or acetic acid by a simple change in the
solvent system, as was also reported by Chepaikin et al.
later.20 In a mixture of trifluoroacetic acid and water, the
yield of reaction products is dependent upon the mole fraction
of water in the solution: formation of methanol is optimized
when the mole fraction of water is 0.61. However, as in the
preceding case, a mixture of methanol, acetic acid, formic
acid, and methyl trifluoroacetate is formed in all these cases.
The mechanism was proposed to involve reaction of methane
with various possible Rh-oxo compounds to form interme-
diate complexes with a five-coordinate carbon atom at high
oxygen content. At low oxygen pressure, another mechanism
was not excluded.

On the other hand, RuO4, formed in situ from RuCl3,
promoted the catalytic hydroxylation of various bicyclic and
tricyclic alkanes in a mixture of H2O/CH3CN/CCl4 (3:2:2).21

NaIO4 is used as a reoxidizing reagent. The stereoselective
oxidation occurred at the exo position of tertiary carbons
for alkanes having the bicyclo[2.2.1]heptane skeleton (nor-
bornanes) and with retention of configuration for cedrane
derivatives (eq 8).

Although both involvement of a carbonium intermediate
and a concerted mechanism have been postulated,22 kinetic
isotope experiments and model studies of this reaction23 with

RuO4 led to the conclusion that the reaction proceeds via a
concerted mechanism either through a five-membered-ring
transition state (more likely) or alternatively via a polarized
four-membered-ring transition state (eq 9).

Other ruthenium complexes have promoted the activation
of various alkanes in biphasic water-organic phase systems
using several primary oxidizing agents such as oxone
(KHSO5),24 NaIO4,24 tert-butyl hydroperoxide (TBHP),25

NaClO,25aH2O2,26 or an O2/ascorbic acid system.27 Mixtures
of alcohols and carbonyl compounds were obtained, although
in some cases the reaction to form the carbonyl compounds
is highly selective.25b

Methyltrioxorhenium (MTO) also catalyzed the C-H
oxidation of various hydrocarbons by hydrogen peroxide.28

The reactions proceeded with retention of configuration in
the functionalized carbon to give the corresponding alcohol
with good to excellent yields (eq 10). In the absence of the
catalyst, no oxidation products were found. The catalytic
monoperoxo- and diperoxo-rhenium(VII) species are formed
when MTO reacts with H2O2.29

An example of using electro-organic synthesis for the
direct oxidation of alkanes was reported by Yamanaka et
al.30 Electrocatalytic oxidation of cyclohexane,n-hexane, and
adamantane with H2O occurred using Ir(acac)3 supported on
a carbon fiber anode. Aqueous H2SO4 was found to be the
best electrolyte. In this case, water is both the solvent and
the reagent. A mixture of the corresponding alcohols and
ketones (due to further oxidation) was obtained.
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2.1.2. Biomimetic Oxidations

A variety of organic compounds can be oxidized easily
by molecular oxygen or other oxygen donors in the cells of
bacteria, fungi, plants, insect, fish, and mammals.31 Oxi-
doreductases32 are enzymes capable of promoting these
biotransformations which, out of necessity, are carried out
in aqueous environments under mild reaction conditions
(ambient temperature and pressure). Biological catalysis is
beyond the scope of the present review; however, it is worth
noting the important analogies between chemical activations
catalyzed by metal complexes and by biological enzymes
which could lead to biomimetic approaches to such oxida-
tions. Oxidoreductases consist of dehydrogenases33 (enzymes
that use water as an oxygen donor), oxidases34 (enzymes that
reduce molecular oxygen to H2O2 or water), peroxidases35

(enzymes that use H2O2 or organic peroxides as electron
acceptors), and oxygenases36 (enzymes that introduce the
oxygen atom from molecular oxygen into C-H bonds). The
latter category includes several of the more intensively
studied enzymes because of their physiological role in
detoxification, biosynthesis of hormones, hydrocarbon bio-
degradation, etc. Some examples37 are the heme-dependent
cytochrome P450 monooxygenase which contains an iron
porphyrin complex in the enzyme active site and the non-
heme methane monooxygenase (MMO) which consists of a
di-iron system with two bridging carboxylate groups and a
bridging hydroxide. These enzymes are able to carry out
highly selective catalytic oxidations of nonactivated C-H
bonds of hydrocarbons by molecular oxygen with the loss
of water (eq 11). Many efforts have been made to find
chemical models to mimic this behavior.38 Although most
such oxidation reactions are carried out in acetonitrile and
other organic solvents, some are performed in aqueous media.

It is important to note that several oxidation reactions
discussed earlier could also be included in this section since
they used a metal-complex catalyst together with either
molecular oxygen or oxygen-atom donors and therefore could
be models of biological oxidation. However, we will dedicate
this section to studies based on metals bearing more complex
ligands which mimic the active-site structure of enzymes.

Oxygenation of nonactivated hydrocarbons by cytochrome
P-450 has stimulated interest in metalloporphyrin oxidation
catalysis. This is the case in manganese porphyrin systems.
Several examples of the hydroxylation of alkanes and
cycloalkanes in aqueous media promoted by manganese
porphyrins have been reported. These systems use different
kinds of oxygen-atom donors such as sodium hypohalites
(NaClO or NaBrO),39,40 sodium chlorite (NaClO2),40 potas-
sium hydrogen persulfate or oxone (KHSO5),41,42 sodium
periodate (NaIO4),43,44 O2/ascorbic acid system,43,44 H2O2,45

and magnesium monoperoxyphthalate (MMPP).46,47In some
cases, use of a phase-transfer catalyst was also required.
Turnovers varied in each case; however, the reactions were
not very selective, and a mixture of products was obtained
in all cases (alcohols, ketones, halides, etc.). Only some
examples show the selective hydroxylation of cholesterol at
carbon 25 with membrane-spanning steroidal metallopor-
phyrins in aqueous media.43,44 Breslow et al. reported the
regioselective and stereoselective hydroxylation of several
steroids in water using manganese porphyrins carrying
â-cyclodextrins as catalysts with iodosobenzene as the

oxidant (eq 12).48 Theâ-cyclodextrins acted as templates to
place the substrate directly over the metal. The geometry of
the catalyst-substrate complex directed the site of the
hydroxylation. With substrates that were not able to fit well
into the catalyst, more than one hydroxylation product was
formed and hydroxylation did not occur when the substrate
did not bind to the catalyst. Subsequently,48h by attaching
thiolate groups in the system, it was possible to use the more
environmentally benign hydrogen peroxide as the oxidant.

In addition to porphyrin-based enzyme mimics, several
non-porphyrin models of methane monooxygenase (MMO)
have been reported to perform catalytic oxidations of
nonactivated C-H bonds in water. The active site of the
MMO has the following structure: [Fe2(µ-OH)(η1-H2O)(L)x].
Fish et al. observed the oxidation of cyclohexane and
cyclohexene with two MMO biomimetic complexes, [Fe2O-
(η1-H2O)(η1-OAc)(TPA)2]3+ (TPA ) tris[(2-pyridyl)methyl]-
amine) and [Fe2O(η1-H2O)(η1-OAc)(BPIA)2]3+ (BPIA
) bis[(2-pyridyl)methyl)][2-(1-methylimidazolyl)methyl]-
amine), in an aqueous micelle system usingtert-butyl
hydroperoxide (TBHP) as oxidant in the presence of O2 (eq
13).49 Use of a surfactant was necessary to create the
micelles, and no reaction occurred in its absence. The
reaction gave a mixture of cyclohexanol, cyclohexanone, and
tert-butylperoxycyclohexane in the case of cyclohexane and
2-cyclohexen-1-ol and 2-cyclohexen-1-one and 3-(tert-bu-
tylperoxy)cyclohexene in the case of cyclohexene. The
product ratio is dependent upon the amount of TBHP and
starting material used. A radical mechanism, in which the
favorable redox chemistry of the iron complexes in the
aqueous micelle system providedt-BuO‚ and t-BuOO‚

radicals as initiators (Harber-Weiss process), was proposed.

In a subsequent study, the catalyst, [Fe2O(η1-H2O)(η1-
OAc)(TPA)2]3+, was embedded in an amorphous silicate
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surface modified by a combination of hydrophilic poly-
(ethylene oxide) and hydrophobic poly(propylene oxide)50

(Figure 2). This catalytic assembly also allowed the func-
tionalization of several alkanes with TBHP/O2 in aqueous
reaction medium and turned out to be more efficient in
balancing the critical hydrophobic and hydrophilic parameters
than the aqueous micelle system.

On the other hand, another model of the MMO system
was reported by Shukla et al.51 They carried out the
hydroxylation of cyclohexane to cyclohexanol in a mixture
of acetone and water (60:40 v/v) using only molecular
oxygen as the oxidant. The ruthenium complex [Ru2O(Py)6-
µ-(AcO)2] (PF6)2 was found to be an efficient catalyst for
this oxidation under moderate conditions of pressure (5 atm)
and temperature (30°C) to give 57% conversion of cyclo-
hexane. A nonradical (ionic) mechanism was proposed based
on the kinetic experiments.

Despite this progress, all these systems are generally nei-
ther as efficient nor as selective as the natural ones. More ef-
forts are needed to develop mimics of the biological catalysts.

2.1.3. Metal-Free Functionalizations
Although the most common way to activate C-H bonds

is using metal complexes, other techniques such as photo-
chemical oxidations, free-radical reactions, and carbene and
superacid reactions are also used to carry out such function-
alizations52 (even on an industrial level).53 When water was
used as solvent in a biphasic system, bromide anions, which
belonged to the quaternary ammonium salts used as the
phase-transfer catalysts, could be precursors to the chain
reaction initiator in the absence of metals. Under such
conditions, alkylarenes were oxidized with molecular oxygen
at 125-140 °C in aqueous media.54 It was proposed that
oxidation ofp-xylene was initiated by formation of arylalkyl
hydroperoxide.55

Dioxiranes,56 efficient organic reagents for oxofunction-
alization of C-H bonds, can also occur in water. Alkylke-
tones and alkylketoesters could be regioselectively oxidized
at the δ position of the aliphatic chain by dioxiranes
generated in situ by oxone in a mixture of H2O/MeCN (1/
1.5 v/v) (eq 14).57 The authors postulated a concerted
nonradical mechanism in which oxidation of the C-H bond
generates aδ-hydroxy ketone which cyclizes to give a
hemiketal. This hemiketal prevents further oxidation at the
δ site.

Chiral R-hydroxy ketones (up to 69% ee) were also
prepared using an optically active dioxirane generated in situ
from the fructose-derived ketone (Shi’s ketone) (Figure 3)
and oxone in aqueous medium.58 Other alkanes, such as the
dimer of norbornadiene (binor-S), were regiospecifically
oxidized by dimethyldioxirane in 98% yield in a mixture of
CH2Cl2/acetone/H2O.59

2.2. Formation of C −Halogen Bonds
Formation of C-halogen bonds to produce haloalkanes

is usually carried out via free-radical halogenations.52b,c On
the other hand, water is an excellent solvent for radical
reactions because of the exceptionally strong O-H bonds;
therefore, hydrogen abstraction from the solvent is unlikely
to occur. Schreiner et al. solved the lack of selectivity of
halogenation reactions by means of phase-transfer catalysis
in aqueous biphasic systems. They reported useful chlorina-
tions, brominations, and iodinations of various alkanes.60 The
procedure involves a solution of the alkane in an inert organic
solvent (or an excess of the alkane) over a highly concen-
trated basic aqueous solution. A quaternary ammonium salt
serves as phase-transfer catalyst and CCl4, CBr4, or CHI3 as
sources of halides. Use of the phase-transfer system avoided
the overfunctionalization of the products. In addition, the
reaction is highly regioselective toward tertiary C-H bonds,
and in the case of adamantane, the transformation takes place
in the bridge head position even in the presence of methyl
groups (eq 15).61 A single-electron transfer was proposed to
initiate the reaction to generate a trihalomethyl radical which
abstracts a hydrogen atom from the alkane to produce an
alkyl radical. The alkyl radical reacts again with tetraha-
lomethane to give the halogenated products.

Another example of free-radical halogenation is the
photochemical bromination of several alkanes and alkyl-
arenes with Br2 in water.62 Use of water provided a diluting
medium where free radicals were uniformly distributed over
the reaction volume. In these conditions, overbromination
of the alkanes was reduced.

On the other hand, Ishii et al. reported the bromination of
alkylarenes with a mixture of NaBrO3/NaHSO3 under mild
conditions in aqueous media.63 The regioselectivity of the
reaction could be controlled by the reaction conditions.
Different regioisomers were obtained when the solvent was
a mixture of AcOEt/H2O or MeCN/H2O, which were
proposed to involve different mechanisms. Free-radical

Figure 2.

Figure 3.
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bromination occurred in AcOEt by Br‚, and ring bromination
occurred in aqueous MeCN by Br+ (eq 16).

Although the main processes to carry out halogenations
involve free radicals, chlorination of alkanes can also take
place by other mechanisms. Chloroalkanes were obtained
when aqueous Na2PtCl4 and Na2PtCl6 were used as catalysts
in the hydroxylation reactions of nonactivated C-H bonds
(see section 2.1.1.1.). Horva´th et al. reported that the aqueous
Na2PtCl4/Na2PtCl6 system could be used as catalyst for the
homogeneous catalytic chlorination of methane with Cl2

between 100 and 125°C.64 No formation of metallic platinum
was detected.

3. Formation of C −C Bonds

3.1. Activation of sp C −H Bonds
Compared to other C-H bonds, the sp C-H bonds in

terminal alkynes are relatively more acidic and reactive, and
can be activated readily by many transition-metal catalysts
to form either metal acetylides orπ complexes in water. Such
complexes can react with other functional groups to form
new C-C bonds (Scheme 1).

3.1.1. Alkyne Dimerization
The additive coupling of terminal alkynes catalyzed by

copper is another classical reaction known as the Strauss
coupling. Unfortunately, under classical conditions, a mixture
of regioisomers was generally obtained.65 Recently, a
rhodium-catalyzed homopolymerization and oligomerization
of alkynes has been reported.66 A major development in
overcoming this limitation was made by Trost, who found
that using catalytic amounts of Pd(OAc)2 and triphenylphos-
phine in dichloroethane resulted in a high yield of homo-
coupling of terminal alkynes.67

Alternatively, it is interesting to note that a copper(II)-
mediated coupling reaction of alkenyldialkyl- or trialkylbo-
ranes with alkynylcopper compounds, generated in situ in
the presence of various solvents and a small amount of water,
gives (E)-1,3-enynes (or disubstituted alkynes) with various
functional groups in reasonable yields (eq 17).68 A ruthenium
catalyst, [RuH(CH3CN)(NP3)]OTf, catalyzed the additive
dimerization of both aliphatic and aromatic terminal alkynes

effectively to give (Z)-enynes in high regio- and stereose-
lectivity in an aqueous medium (eq 18).69

3.1.2. Reaction of Alkynes with Organic Halides
The coupling of terminal alkynes with organic halides,

known as the Castro-Stephens-Sonogashira reaction, has
been widely utilized in synthesis. The most widely used
method is the Sonogashira coupling using a combination of
palladium and copper as the catalyst, in which formation of
copper(I) acetylides and subsequent transmetalation to pal-
ladium species were proposed as the key steps.70

Recently, the reaction was investigated extensively in
aqueous media with reactions that do not use copper as the
cocatalyst. For example, when a water-soluble palladium
complex is used as the catalyst, unprotected nucleosides,
nucleotides, and amino acids undergo coupling with terminal
acetylenes in aqueous acetonitrile.71 Compound T-505, part
of a family of chain-terminating nucleotide reagents used in
DNA sequencing and labeling, was synthesized by this route
in 50% yield (eq 19).

Another copper-free Sonogashira reaction of aryl iodides
with terminal acetylenes in water under aerobic conditions was
reported by Yang’s group. Use of 1 mol % PdCl2 in the pres-
ence of pyrrolidine allows the coupling reaction to proceed
at room temperature or 50°C with good to excellent yields.72

Genet,73 Beletskaya,74 and others75 carried out more de-
tailed studies of the aqueous Sonogashira reaction. A variety
of aryl and vinyl iodides were coupled with terminal acetyl-
enes in aqueous media with either a water-soluble catalyst
or a non-water-soluble catalyst. The reaction can also be
carried out without the use of a phosphine ligand in a water-
alcohol emulsion in the presence of cetyltrimethylammonium
bromide (CTAB) as an emulsifier.76 Sterically demanding,
water-soluble alkylphosphines such ast-Bu-Amphos by
Shaughnessy (Figure 3A)77 and the dicyclohexylarylphoshine
ligand by Buchwald (Figure 3B)78 have been used in combi-
nation with various palladium salts in Suzuki, Sonogashira,
and Heck couplings of aryl bromides under mild conditions

Scheme 1
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in aqueous solvents. Heck and Sonogashira couplings were
carried out under mild conditions (50 and 80°C, respectively)
with unactivated aryl bromides to give coupled products in
high yield. By using the dicyclohexylarylphoshine ligand,
even the less reactive aryl chlorides give high yields of the
corresponding Sonogashira coupling products.

Diynes were similarly prepared by reaction of alkynyl
bromide with terminal alkynes.79

Pd/C can also be used as an efficient catalyst instead of
other homogeneous Pd(0) catalysts in a sequential two-step
reaction for the coupling of 2-iodoaniline or 2-iodophenol
with terminal alkynes to give the corresponding indoles or
benzofurans in good yield (eq 20).80 This methodology can
tolerate a number of different functional groups, does not
require the use of a phase-transfer catalyst or water-soluble
phosphine ligands, and can be performed directly in water.

Li and co-workers reported a highly efficient coupling of
acetylene gas with aryl halides in a mixture of acetonitrile
and water (eq 21).81 The conditions are generally milder and
the yields are better than previously reported results in
organic solvents. A variety of aromatic halides are coupled
to give the corresponding bis-arylacetylenes. Both a water-
soluble palladium catalyst (generated in situ from Pd(OAc)2/
TPPTS) and a water-insoluble catalyst (generated in situ from
Pd(OAc)2/PPh3) can be used for the reaction. The reaction
can be carried out in water alone. The reaction proceeds
equally well with or without CuI as a cocatalyst. By using
the palladium-catalyzed coupling between aryl halides with
acetylene gas, Li et al. prepared a variety of poly(arene
ethynylene)s from aryl diiodides.82

Alkenyl and aryl iodonium salts have also been coupled
with terminal alkynes. Reaction of (E)-[R-(trifluoromethane-
sulfonyloxy)-1-alkenyl](phenyl) iodonium trifluoromethane-
sulfonate with terminal alkynes in the presence of catalytic
amounts of dichloro(triphenylphosphine)palladium(II) and CuI
in an aqueous medium proceeds stereospecifically to give
the corresponding enynes in good yields.83 Ni(PPh3)2Cl2/CuI
was also reported as a catalyst for such couplings in water.84

An interesting development is a microwave-assisted,
transition-metal-free Sonogashira-type coupling reaction (eq
22). The reactions were performed in water without the use
of copper(I) or a transition-metal-phosphane complex. A
variety of different aryl and heteroaryl halides were reactive
in water.85 However, in light of the recent report by
Leadbeater,86 a trace amount of metal may be responsible
for the Sonogashira reaction as well.

A highly effective direct coupling of acid chlorides with
terminal alkynes catalyzed by PdCl2(PPh3)2/CuI together with
a catalytic amount of sodium lauryl sulfate as the surfactant
and K2CO3 as the base provided ynones in high yields in

water (eq 23). The desired product was obtained in 98%
isolated yield. No reaction was observed when either Cu(I)
alone or Pd(II) alone was used as the catalyst. Use of
surfactant is also critical for the success of the reaction,
possibly by temporarily stabilizing the acid chloride; without
a surfactant/phase-transfer reagent the yield dropped from
98% to 9%.87

3.1.3. Reaction with Imines
The direct 1,2-addition of terminal alkynes to the CdN

double bond in imines and their derivatives via activation of
the C-H bond in the terminal alkynes is a convenient route
to synthesize propargylamines. Recently, Li and co-workers
reported a highly efficient A3 coupling (aldehyde-alkyne-
amine) in water or neat.88 It was found that phenylacetylene
can react with an arylimine in the presence of a catalytic
amount of Cu(I) in aqueous media to give the desired adducts
in low conversions. When RuCl3 was used as a cocatalyst, the
reaction was more efficient. No desired product was found
with RuCl3 alone as the catalyst. A broad range of substituted
aromatic imines and aliphatic imines (eq 24) were converted
into propargylamines by this method. The additions were
found to be also highly effective under solvent-free condi-
tions.

Li and co-workers also reported a copper-mediated
coupling of alkynes withN-acylimines andN-acyliminium
ions in water to generate propargyl amide derivatives.89

N-Acylimines or N-acyliminium ions can be generated in
situ from amines containing a good leaving group at theR
position. For example,R-phenylsulfonylN-acylamine and
R-methoxyN-(alkoxycarbonyl) pyrrolidine and the products
can be modified easily for various synthetic purposes.
However, an excess amount of CuBr is required in this case.

Subsequently, Li and co-workers also found that the reac-
tion is highly efficient and widely applicable with gold as the
catalyst (eq 25).90 No cocatalyst or activator is needed for
the gold-catalyzed reaction. Less than 1 mol % of catalyst is
enough to generate an excellent yield of the corresponding
propargylamine products. Dialkylamines are good for the reac-
tion, whereas anilines gave the corresponding products in
lower yields.N-Alkylanilines did not form the desired prod-
ucts. Aromatic aldehydes reacted more efficiently, and nearly
quantitative yields were obtained in most cases. Aliphatic
aldehydes can also be used; however, some trimerizations
of aldehydes were observed that decreased the yields of the
propargylamine products. The properties of solvents signifi-
cantly affect the reaction. Water is the best solvent, and the
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reaction process is very clean with almost quantitative yield;
use of organic solvents such as THF, toluene, and DMF
resulted in lower conversions and more byproducts.

Following the success of copper and gold, it was found
that AgCl, AgBr, and AgI showed good catalytic activity
for the three-component coupling in water (eq 26).91 No other
additive was needed for this reaction either. In this reaction,
aromatic aldehydes decreased the reactivity of the reaction,
whereas aliphatic aldehydes displayed higher reactivity and
cleaner reactions compared to the reaction catalyzed by
copper and gold.

Recently, Li and co-workers reported a highly efficient
AA3 coupling (asymmetric aldehyde-alkyne-amine) in
water (eq 27).92 Use of the tridentate bis(oxazolinyl) pyridines
(pybox) with Cu(OTf) afforded the product with both high
yield and enantioselectivity up to 99.6% ee in organic solvent
and 84% ee in water. In most cases, imines were formed in
situ and the addition was very simple: mixing an aldehyde,
an aniline, and an alkyne with the catalyst in one pot.

Tu and co-workers recently reported that a three-compon-
ent coupling of aldehyde, alkyne, and amine via C-H acti-
vation catalyzed by CuI in water can be greatly accelerated
using microwave irradiations. Using (S)-proline methyl ester
as a chiral source, a direct and highly diastereoselective meth-
od for construction of chiral propargylamines was achieved.93

Recently, Che and co-workers also reported a gold-
catalyzed three-component coupling of aldehyde, alkyne, and
amine in water using gold(III)-salen complexes as precur-
sors.94 With chiral prolinol derivatives as the amine com-
ponent, up to 99:1 diastereoselectivities were attained (eq
28). This coupling reaction has been applied to the synthesis
of propargylamine-modified artemisinin derivatives with the
delicate endoperoxide moieties remaining intact.

3.1.4. Reaction of Alkynes with Carbonyl Compounds
Li and co-workers developed a direct addition of terminal

alkynes to aldehydes in water using a ruthenium-indium
bicatalyst system (eq 29).95

A Zn(OTf)2-promoted addition of terminal alkynes to
aldehydes was carried out in wet toluene (containing 80-
1000 ppm water).96 However, in this case, stoichiometric Zn-
(OTf)2 has to be used. The intermediate in the reaction was
studied by ReactIR, and formation of aπ complex of alkynes
with Zn(II) and subsequent generation of Zn-acetylides were
believed to be the key steps in the reaction.97

Although the salts of metals in group IB, such as Cu(I),
Ag(I), and Au(I), can activate the C-H bond of terminal al-
kynes to form metal acetylides very easily, it is widely accept-
ed that these metal acetylides are only reactive to imines but
fail to participate in the nucleophilic CdO addition.98 Recent-
ly, Yao and Li reported a silver-phosphine complex-cata-
lyzed alkynylation of aldehydes in water (Scheme 2).99 Under
the standard condition for A3 addition (path A), if a phos-
phine ligand was added, the only detected product was from
the alkynylation of aldehyde (path B) instead of the imine-
addition product. In this reaction, the phosphine ligand served
as a remarkable chemoswitch to control the direction of the
reaction from A3 addition to the alkynylation of aldehyde.

Scheme 2

Scheme 3
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Electron-donating P ligands proved to favor the reaction,
and combination of Cy3PAgCl with 0.2 equiv ofi-Pr2NEt
gave the best results. The reaction showed the best results
in water alone as solvent. In toluene or neat conditions, no
reaction was observed at all. Introduction of an organic
solvent resulted in an obvious decrease in yield. The
mechanism studied suggested that the silver acetylide was
dually activated by both phosphine ligand and water (Scheme
3).

Very recently, Yao and Li also reported a water-triggered
and gold(I)-catalyzed cascade addition/cyclization of
terminal alkynes withortho-alkynylaryl aldehyde leading to
1-alkynyl-1H-isochromenes (eq 30).100 Similar to the situa-
tion in silver(I)-catalyzed direct addition of terminal
alkynes to aldehydes in water, the reaction was dually
promoted by an electron-donating phosphine ligand and
water. Surprisingly, no catalytic activity for the alkynylation
of phenylacetylene with benzaldehydes was observed using
the same catalyst under standard conditions. This result
suggests that theo-alkynyl in substrate might function as a
chelating-activating group and that the reaction is chelation-
controlled.

3.1.5. Conjugate Addition

For the conjugate addition of terminal alkynes to unsatur-
ated carbonyl compounds, Carreira reported that alkynyl
copper reagents, generated from terminal alkynes and
catalytic Cu(OAc)2 in the presence of sodium ascorbate,
undergo additions to alkylidene Meldrum’s acid at room
temperature in aqueous media to give the corresponding
adducts (eq 31).101 The restriction to this methodology is that
it is limited to highly activated alkylidene Meldrum’s acid.

On the other hand, Chen and Li reported a facile and
selective copper-palladium-catalyzed addition of terminal
alkynes to activated alkynes in water without the competition
of the homocoupling of the terminal alkynes (eq 32).102

Recently, Li and co-workers also reported a simple and
highly efficient Pd-catalyzed addition of a terminal alkyne
to a CdC double bond such as a conjugated enone, either
in water or in acetone in air (eq 33).103

3.2. Activation of sp 2 C−H Bonds
Compared to the sp C-H bond, sp2 C-H bonds are hard

to activate. Many transition metals such as palladium,
ruthenium, and rhodium, etc., were utilized to activate the
C-H bonds on arenes.104 In many cases, the mechanism
requires the electrophilic attack by a cationic metal species
in an acidic solvent system such as HOAc, TFA, etc. There
are only a few examples involved in water, which usually
was utilized as an additive instead of a solvent.

3.2.1. Oxidative Homocoupling of Benzene Ring
In 1995, Sawyer and co-workers reported an iron(II)-

induced oxidative coupling reaction of benzene.105 Fe(II)-
(O)(PPh3)4 was used as a coupling catalyst with H2O2/HCl
as an oxidant system in water or MeCN. However, only
lower conversions (∼20%) were observed.

The combination of Pd(OAc)2/molybdophosphoric acid
(H3PMo12O40)/O2/AcOH-H2O (2:1) has been found to
oxidize benzene to give biphenyl by oxidative dimerization
with 100% selectivity and 19% yield under the conditions
of 130 °C, 10 atm, and 4 h.106 Use of PdHPMo12O40 itself
as catalyst was found to be effective and gave 95% selectivity
of biphenyl with a lower yield (eq 34). Poly(oxy-1,4-
phenylene) was obtained by electro-oxidative polymerization
of p-bromophenol in aqueous NaOH solution. The yield
increased when aqueous NaOH was replaced with aqueous
KOH or the temperature increased. In contrast,p-chlorophen-
ol dimerized to give 2,7-dichlorodibenzo-[1,4]-dioxin.107

A similar system was also reported by Sasson’s group.
PdCl2 was utilized as a coupling catalyst, and a combination
of Zr(OAc)4, Co(OAc)2, and Mn(OAc)2 promoters was
employed as molecular oxygen fixators, together with
acetylacetone. Water was found to be an important additive
for improving the selectivities of the reaction with good to
excellent conversion (Table 1).108

3.2.2. Cyclocarbonylation
In many examples of the transition-metal catalyzed C-H

bond activation of the aromatic ring, directing groups or
assisting groups are usually needed.109 Takeuchi and co-
workers reported the cyclocarbonylation reaction of l-aryl-
2-(trimethylsilyl)acetylenes. The acetylene group can also
be used as a directing group. l-Aryl-2-(trimethylsilyl)-
acetylenes undergo Rh-catalyzed desilylative cyclocarbonyl-
ation to give 2,3-dihydro-lH-inden-l-ones and trimethylsilanol
(eq 35, path A).110 A wide variety of functional groups such
as methoxy, chloro, acetyl, ethoxycarbonyl, cyano, and
trifluoromethyl are tolerated on the aromatic ring under the
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reaction conditions. The products were obtained in good to
excellent yield whether the substituent on the aromatic ring
was electron donating or electron withdrawing. The cycliza-
tions of substrates bearing a meta substituent on the aromatic
ring regiospecifically gave 5-substituted-2,3-dihydro-lH-
inden-l-ones except when the meta substituent was a methoxy
group. The reaction is initiated byπ coordination of the
acetylene to the rhodium, which induces oxidative addition
of the ortho aromatic C-H bond.

It is worth noting that the reaction was carried out under
so-called “water gas shift reaction conditions”. The reaction
gave no product in the absence of H2O, and the starting
material was recovered. Replacement of H2O by D2O gave
the deuteriated product. The fact that deuterium atoms were
incorporated into both of the methylene carbons of indenone
shows that H2O acts as the hydrogen source. Use of
molecular hydrogen in place of H2O resulted in a poor yield
along with formation of hydroformylation products (eq 35,
path B). The water gas shift reaction conditions were
necessary for good yields of the reaction. On the other hand,
bases can effectively promote the water gas shift reaction.111

Et3N is an effective additive for this cyclocarbonylation; in
the absence of Et3N, the reaction gave indenone in 2%
yield. Furthermore, in the screening of the catalysts, hy-
drated rhodium(III) chloride gave the best selectivity and
good yield.

3.2.3. Oxidative Coupling of Aromatic Ring with Olefins

A Pd(OAc)2-catalyzed reaction of functionalizing aniline
derivatives withn-butyl acrylate at room temperature was
reported by De Vries and Van Leeuwen (eq 36). Benzo-
quinone (BQ) was used as oxidant, and HOAc/toluene was
employed as solvents. The presence of a substoichiometric
amount (0.5-1.0 equiv) ofp-toluenesulfonic acid (TsOH)
had a large beneficial effect, resulting in a 72% isolated yield.
On the other hand, water (5% v/v) as additive resulted in a
49% yield. However, this reaction was limited in the amide
of aniline.112

A very similar reaction of halogenated acetanilides with
acrylates was reported by Prasad and co-workers.113 In this
reaction, 1 equiv of water was introduced into the reaction

usingp-toluenesulfonic acid monohydrate as the acidic addi-
tive, and moderate to excellent yields were achieved (eq 37).

Yamada and Ishii et al. reported a direct oxidative coupling
reaction of benzene with anR,â-unsaturated aldehyde
through the C-H bond activation using the combined
catalytic system of Pd(OAc)2 with molybdovanadophosphoric
acid (HPMoV) under atmospheric molecular oxygen.114

Different from the examples above, no directing or assisting
groups were needed in this reaction. Reaction of benzene
with acrolein under molecular oxygen (1 atm) by using
catalytic amounts of Pd(OAc)2 and H4PMo11VO40‚26H2O in
the presence of dibenzoylmethane as a ligand in propionic
acid at 90°C for 1.5 h afforded cinnamaldehyde in 59%
yield andâ-phenylcinnamaldehyde in 5% yield (eq 38).

3.2.4. Isomerization of R-Arylpropargyl Alcohols to
Indanones

Recently, Hayashi’s group reported a rhodium-catalyzed
isomerization ofR-arylpropargyl alcohols to indanones in
whichdilutedKOHaqueoussolutionwasusedasbase(Scheme4).115

The mechanism study showed that the reaction was
initialized by coordination of alcohol with Rh(I) species and
then followed byâ-elimination to form the carbonyl and
Rh-H species. The vinylrhodium intermediate formed from
the hydrorhodation of the triple bond activated the C-H bond
on the ortho position to form the indanone ring. The Rh-C
bond was quenched by protonization through the rhodium-
enolate intermediate with the assistance of water. The study

Table 1. Oxidative Coupling of PhH with Water as Additive

entry
water

(mol %)
conversion

(%)
selectivity

(%)

1 0 96 78
2 250 94 89
3 450 86 91

Scheme 4
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showed that water is necessary for the last step to provide
protons to quench the Rh-C bond (eq 39).

Very recently, the enantioselective version of this reaction
was developed under the same reaction conditions. Up to
99%ee was achieved using a novel BINAP-type chiral ligand
(eq 40).116

3.3. Activation of sp 3 C−H Bonds
Generally, the sp3 C-H bond has been considered less

reactive in conventional organic chemistry than the sp2 or
sp C-H bonds. However, there are still some examples that
have been reported in the past two decades about the C-C
bond formation reaction via sp3 C-H bond activation in
aqueous conditions. These examples include the carboxyla-
tion of methane, carbene insertion into an alkane C-H bond,
and aldol-type reaction of allylic alcohols. On the other hand,
significant progress has been made in the catalytic reaction
of C-H bonds adjacent to heteroatoms such as nitrogen and
oxygen. As the representative example for these reactions,
the cross-dehydrogenative coupling will be discussed in
section 4.

3.3.1. Carboxylation of Methane
As an important industry gas, C-H bond activation of

methane has attracted much attention. Recently, it has been
shown that it is possible to couple methane with CO to
generate acetic acid in aqueous conditions by means of
several catalysts (eq 41).117

3.3.2. Carbene Insertion into an Alkane C−H Bond
Carbon-carbon bond formation via carbene insertion into

an alkane C-H bond118 is also possible in aqueous media
under photolytic conditions. Cholesteryl diazoacetate reacted
with DPPC to give a C-H bond insertion product on the
N-methyl group in low yield (eq 42).119

3.3.3. Aldol-type Reaction of Allylic Alcohols
A RuCl2(PPh3)3-catalyzed rearrangement of functional

groups of homoallylic alcohols in water was reported by Li
and co-workers (Scheme 5, path A).120 On the basis of the
side reaction observed in the reaction (Scheme 5, path B),

an aldol-type reaction of allylic alcohols with aldehyde was
developed (eq 43).121 In this reaction it was believed that
the enol intermediate was formed via activation of the allylic
C-H bond and subsequent rearrangement of the double
bond. The presence of In(OTf)3 promoted the aldol reaction
with R-vinylbenzyl alcohol and aldehyde.122

In subsequent studies a Ru(II)-catalyzed Mannish-type
reaction was reported in ionic liquid, based on the enol
formed in situ (eq 44).123 The solvent/catalyst system could
be reused at least five times with no loss of reactivity. In
this reaction, water also works as an efficient solvent and
some moderate yields were achieved.

4. Multi-C −H Activations
C-C bond formations based on multi-C-H activations

generate even high synthetic efficiency and allow the target
molecules to be rapidly reached.124 Recently, a cross-
dehydrogenative coupling (CDC) methodology (Scheme 6)
was developed to construct C-C bonds by directly using
two C-H bonds.125 Such a methodology will avoid prepara-
tion of functional groups and thus make synthetic schemes
shorter and more efficient.126

4.1. CDC Reactions
Substituted 1,4-benzoquinone derivatives exist widely in

nature and exhibit various important biological activities.127

Aryl-substituted 1,4-benzoquinone derivatives were success-
fully catalyzed by In(OTf)3 via the coupling reactions of
aromatic compounds and 1,4-benzoquinone in water (Scheme
7and Table 2).128When various organic solvents such as CH3-
CN, CH2Cl2, and THF were used, low yields (trace to 25%)

Scheme 5
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were obtained. When water was used as solvent, the desired
products were obtained in up to 93% yield. Water not only
serves as the reaction media but also promotes the reactions.
Both mono- and bis-aryl-substituted 1,4-quinones were thus
synthesized by 5 mol % In(OTf)3 in water. High regiose-
lectivities were observed for bis-aryl-substituted 1,4-quinones
which depended on the reaction conditions and substrates.
The reaction, however, proceeded by Friedel-Crafts-type
conjugate addition followed by oxidation rather than C-H
activation.

When indoles were used as aromatic components, 3-in-
dolylquinones were obtained efficiently by the CDC reactions
of indoles with 1,4-benzoquinones in water without any
catalysts (eq 45).129 A notable water acceleration was
observed in these reactions which suggests a highly efficient
direct coupling of indoles with 1,4-benzoquinones. Unsym-
metric bis(indolyl)-1,4-quinones were also synthesized via
two steps of CDC reactions in water exclusively without the
use of any catalyst, additive, or organic solvent. Because
the reactants were in a heterogeneous system, the “on
water”130 conditions contributed to reaction rate acceleration.

4.2. Homocoupling Reactions
Compared to CDC reactions, homocoupling reactions are

well established in chemical syntheses. Oxidative dimeriza-
tion of aromatic compounds is an important method for
constructing symmetric biaryl compounds. Generally, electron-
rich aromatic compounds such as phenols, anilines, and
naphthalenes are common substrates. Various kinds of metal
salts, including Cu, Fe, Mn, Ru, and Ti, could be used as
catalysts with other oxidants131 or as stoichiometric oxidation
reagents.132 However, dimerization of aromatic compounds
in aqueous media is still a challenging goal in organic
synthesis.

Biaryl coupling of 2-naphthols and substituted phenols was
efficiently promoted by a supported Ru catalyst using O2 as
an oxidant in water (eq 46).133 The supported catalyst can be
reused seven times without losing catalytic activity. The big
advantages of this method are that an environmentally friend-
ly oxidant (O2) and solvent (H2O) can be used. The studies on
the mechanism behind the reaction showed that the Ru-cata-
lyzed biaryl coupling reaction proceeds through the radical
coupling mechanism. When FeCl3 was used as a stoichiomet-
ric oxidation reagent and catalyst, homocoupling of 2-naph-
thols and substituted phenols successfully occurred in
water.134

Benzidine derivatives were obtained via oxidative coup-
ling of N,N-dialkylarylamines using CuBr as a catalyst and
H2O2 as an oxidant in water.135 When CAN was used as
oxidant, homocoupling ofN,N-dialkylarylamines was also
effectively promoted using water as solvent (eq 47).136 A
rationale for the mechanism of this coupling reaction is
proposed via dimerization of diradical cations. Unlike
homocoupling of 2-naphthols and substituted phenols which
gave ortho products to the OH group,para-substituted
products were selectively formed forN,N-dialkylarylamines
substrates.

Acetylenic coupling (Glaser-type reactions)137 is another
excellent example.138 A copper catalyst, an organic base, an
oxidant, and a polar solvent are typical reaction conditions in
acetylenic coupling reactions. Unfortunately, most of results
were obtained in organic solvents. The low efficiency of cata-
lysts in an aqueous medium is the main reason for this
problem.

The oxidative dimerization of terminal diacetylenes gave
both linear and cyclic coupling products in the presence of
a copper catalyst and a phase-transfer reagent in aqueous
ethanol solution (eq 48).139 The ratios of linear and cyclic
coupling products are related with the numbers of bridged
methylene. When deca-1,9-diyne and hexa-1,5-diyne were
used, the linear products were the major products. However,
when nona-1,8-diyne and hepta-1,6-diyne were used, the
cyclic products were the major products.

5. Conclusion
Development of organic transformations based on reaction

of C-H bonds in water is a highly challenging subject
because it is necessary to overcome some of the most

Scheme 6. Various Cross-Coupling Methods for Formation
of C-C Bonds

Scheme 7. In(OTf)3-Catalyzed Arylation of 1,4-Quinones in
Water
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fundamental concepts and theories such as classical reactivity
and bond strength. Successful progress on the subject would
require the conventionally and theoretically less reactive
C-H bonds to react selectively in the presence of various
functional groups. It further requires that the intermediates

tolerate the solvent, water, to give the final desired products.
Nevertheless, as shown by this review, reactions of C-H
bonds in water can indeed occur, albeit still in a very limited
way at present. From an economic or ecological point of
view, it can be expected that C-H activations and reactions,

Table 2. Reactions of Ar-H with Quinones Catalyzed by Ln(OTf)3
a in Water

a Catalyst loading: 5 mol %.b Ar-H/quinone) 1:2. c Isolated yield.d Bis-substituted quinone, 4 h; see Table 3, entry 8.
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especially multi-C-H bond reactions, have a bright future
for chemical syntheses in water.
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