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CONS P EC TU S

G reen chemical processes play a crucial role in sustainable development, and efficient recyclable catalysts that can be
conveniently applied in various chemical reactions are the key elements for the development of sustainable synthetic processes.Many

organic transformations rely on Lewis and Brønsted acid catalysts, and such molecules have been widely studied in organic synthesis. Over
the years, researchers have looked for Lewis acid catalysts that provide high selectivity and high turnover frequency but are also stable in
aqueous media and recoverable. Since the first preparation of trifluoromethanesulfonic acid by Hazeldine (triflic acid, HOTf), researchers
have synthesized andused numerousmetal triflates in a variety of organic reactions. Even though the rare earthmetal triflates haveplayeda
major role in these studies, the majority of rare earth triflates lack one or more of the primary properties of sustainable catalysts: low cost
and easy availability of the metals, easy preparation of triflates, aqueous/thermal stability, recyclability, and catalytic efficiency.

In this Account, we describe the synthetic applications of Ga(OTf)3 and its advantages over similar catalysts. Ga(OTf)3 can be
conveniently prepared from gallium metal or gallium chloride in excess of trifluoromethanesulfonic acid (triflic acid) under reflux.
Among many Lewis acid catalysts recently studied, Ga(OTf)3 is water tolerant and soluble and requires very low catalyst loading to
drive various acid-catalyzed reactions including Friedel�Crafts alkylation, hydroxyalkylation, and acylation selectively and
efficiently. In many reactions Ga(OTf)3 demonstrated high chemo- and regioselectivity, high yields, excellent stability, and
recyclability. We successfully synthesized many biologically active heterocycles and their fluoroanalogs under mild conditions.
Many challenging reactions such as the ketonic Strecker reactions proceed efficiently via Ga(OTf)3 catalysis. Because it is stable in
water, this catalyst provides the opportunity to study substrates and develop new synthetic protocols in aqueous media,
significantly reducing the production of hazardous waste from organic solvents and toxic catalyst systems.

Introduction
Acid-catalyzed organic transformations require Lewis as

well as Brønsted acid catalysts with enhanced efficacy,

selectivity, stability, and recyclabilty. Lewis acid catalysis

in organic synthesis has been well studied.1,2 Over the

years, there has been a wide search for an aqueous-stable

and recoverable Lewis acid catalyst that provides high

selectivity with high stability and high turnover frequency.

Since the first preparation of trifluoromethanesulfonic acid

by Hazeldine (triflic acid, HOTf),3 numerous metal triflates
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have been synthesized and applied in various organic reac-

tions. Among these applications, the rare earth metal tri-

flates have played a major role.4 Considering many factors

such as cost and availabilty of the metals, ease of prepara-

tion of triflates, aqueous/thermal stability, recyclability and

catalytic efficiency, the majority of rare earth triflates includ-

ing lanthanum triflate lack one or more of these properties

critical to the sustainability of the catalysts.

During our continued effort to find a water-tolerant, non-

toxic, nonhazardous, and reusable Lewis acid catalyst system,

we prepared gallium(III) trifluoromethanesulfonate {Ga(OTf)3,

gallium triflate}, for the first time in a simple and efficient way

and perceived its remarkable catalytic properties, identified

from its thermal as well as aqueous stability and catalytic

activity. In the intervening decade, advantages of Ga(OTf)3 as

a safe and stable water-tolerant Lewis acid have been exten-

sively exploited in a significant number of organic reactions by

us and others. In this Account, we discuss the development of

Ga(OTf)3 as an effective and nonhydrolyzable Lewis acid

catalyst for many organic synthetic transformations.

Friedel�Crafts Alkylation and Acylation
Reactions
Friedel�Crafts alkylation and acylation reactions are two

powerful tools for C�C bond formation in organic synthesis

for building molecular architectures.2 However, in most

cases strong Brønsted or Lewis acid catalysts are required

in stoichiometric or excess amounts, and many of them

are hydrolyzed and become inactive after the initial run.

Therefore, stable, nontoxic, and reusable Lewis acid catalyst

systems that are effective in significantly low amounts make

the process highly efficient, economic, and eco-friendly. Even

though the synthesis and characterization of the trifluoro-

methanesulfonates (triflates) of group IIIA metals (B, Al, Ga)

were described,5 they are much less studied. Our studies

showed that, sinceGa(OTf)3 is stable in the presence of water,

alcohols can also be used as good alkylating agents for

Friedel�Crafts alkylation of arenes (Scheme 1).5c

Theoretically, the Friedel�Crafts adamantylation of to-

luene can produce three isomeric products. However, it has

been shown that during solid acid-catalyzed adamantyla-

tion reactions of toluene only m- and p-products were

formed and the isomeric ratios of the tolyl adamantanes

formed were highly dependent on the acid strength of the

catalyst.6 Kinetic measurements have revealed that the

product ratio is the result of a secondary isomerization

reaction: the p-product can rearrange to the m-isomer de-

pending on the Brønsted acid strength. However, no

TABLE 1. Comparison of Catalytic Activity of Ga(OTf)3 with Various Other Metal Triflates in the Adamantylation of Toluene with
1-Bromoadamantane

selectivity (%)

catalyst temp. (�C) time (min) yield (%) rate (mmol g�1 min�1) meta para ditolyl adamantane (%)

La(OTf)3 120 15 100 0.54 5 95
80 30

Sm(OTf)3 120 15 86 0.26 6 94
80 30

Sc(OTf)3 80 15 21 0.06 0 100
Yb(OTf)3 120 30 100 0.82 5 95

80 15 9 0.03 5 95
50 15 0.5 0.001 0 100

Y(OTf)3 120 30 100 0.43 42 50 8
80 15

Ga(OTf)3 120 5 100 45 25 30
80 5 100 47 32 21
50 5 100 60 29 11
35 5 100 53 41 6
22 5 54 0.49 47 53 1

SCHEME 1. Alkylation of Aromatics Using Ga(OTf)3 as Catalyst
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isomerization was observed below the Hammett values of

H0 ≈ �12.7 The kinetic and stereoselectivity features of the

reactionmake it a valuable fingerprint to test the strength of

acid catalysts. Since Brønsted acid�base interaction always

involves proton transfer, it allows a meaningful comparison

of relative Brønsted acid strengths. Since the strengths or

coordinating powers of different Lewis acids can varywidely

against different Lewis bases, no such common relationship

is observed in Lewis acid�base interaction leaving no room

for a meaningful definition of acid strength for Lewis acids

and hence no common acidity scale exists.8More recently, a

quantitative scale for Lewis acidity based on fluoride ion

affinities was calculated using ab initio calculations at the

MP2/B2 level of theory.9 However, when Lewis acids are

exposed to protic solvents or substrates, the de facto cata-

lysis can involve Brønsted conjugate acids.

While somemetal triflates are effective catalysts at higher

temperatures, the activity of Ga(OTf)3 is quite significant

even at room temperature.5c Similar effect is reflected in

the regioselectivity of the products during adamantylation

(Table 1). The least reactive triflates produced p-tolylada-

mantane selectively. However, formation of a high amount

of meta substituted product resulting from the excessive

isomerization of the para isomer shows that Ga(OTf)3 is a

strong Lewis acid catalyst with catalytic activity exceeding

that of other well-known lanthanide triflates.6

Acylation of aromatics using acetyl chloride and benzoyl

choride was also studied. During acylation (both benzoyla-

tion and acetylation) also, the para selectivity is very high,

reaching 90�100% in most cases, vide infra. Benzoylation

was found to be very efficient for activated aromatics

resulting in high yields (Scheme 2). In the case of fluoro- or

chlorobenzene, the yields are moderate with excellent re-

gioselectivity (para selectivity). During acetylation, high chemo-

and regioselectivity were observed though the yields are

only moderate. In all alkylation and acylation studies, the

loading of Ga(OTf)3 is very low (<10 mol %) in contrast to

other strong Lewis acids such as AlCl3, which are required

in stoichiometric amounts.

Recent studies byKobayashi10a have shown that catalytic

acylation of aniline derivatives can be achieved in high

yieldsusingGa(OTf)3 asa catalyst andLiClO4
10basapromoter.

Since gallium tris(perfluoroalkanesulfonate) showed high

catalytic activities in Friedel�Crafts acylations of benzene

and deactivated benzenes, its application as highly selective

and active catalyst was extended for the Friedel�Crafts

acylation of anilides.10,11 The reaction of acetanilide with

acetic anhydride was systematically screened using various

perfluoroalkanesulfonates of gallium and other rare earth

metals and found that Ga(OTf)3 (10 mol %) in 6 M LiClO4

solution in nitromethane gave the product in 93% yield

(Table 2).

Since acylated heteroaromatics are key intermediates for

the synthesis of various pharmaceuticals, catalytic acylation

of heteroaromatics using safe and reusable catalysts is

always important in the pharmaceutical industry. Ga(OTf)3
can act as an efficient catalyst for Friedel�Crafts acylation of

furan, pyrrole, and indole derivatives (Scheme 3, eqs 1�3).12

SCHEME 2. Acylation of Aromatics Using Ga(OTf)3 as a Catalyst

TABLE 2. Effect of Lewis Acids in the Friedel�Crafts Acylation of
Anilides

entry catalyst yield (%)

1 Ga(OTf)3 93
2 Ga(ONf)3 90
3 Sc(OTf)3 10
4 Sc(ONf)3 48
5 Hf(OTf)3 44
6 Bi(OTf)3 59
7 Sb(OTf)3 59
8 GalCl3 33
9 AlCl3 <1

SCHEME 3. Acylation of Heteroaromatics Using Ga(OTf)3 as a Catalyst
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Although other metal triflates such as Sn(OTf)2 and Sc(OTf)3
were effective catalysts for acylationof furan/thiopheneand

benzofuran, respectively, acylationof1-(phenylsulfonyl)pyrrole

and 1-(phenylsulfonyl)indolewas achieved in high yield and

selectivity using Ga(OTf)3 in catalytic amounts.

Hydroxyalkylation
Acid-catalyzed condensations of aldehydes and ketones

with arenes is generally known as the hydroxyalkylation

reaction (Scheme 4, eqs 4�6).13 Though the reaction is often

limited to activated, electron-rich arenes, aldehydes and

ketones bearing electron-withdrawing groups also may

react with benzene and even deactivated arenes under

superacidic conditions (Scheme 4, eqs 5, 6).14 Further pro-

tonation or protosolvation of the protonated aldehydes

and ketones is possible under these conditions resulting in

superelectrophilic ormulti-ionic intermediates (superelectro-

philes),15 which can undergo successive condensation reac-

tions with weaker nucleophiles such as deactivated aro-

matics. In Brønsted acid medium, when protonation occurs

on the oxygenatom, the resulting cation is stabilized by both

the oxygen and the neighboring phenyl group, thus making

it a relatively weak electrophile. To decrease this neighbor-

ing group participation and increase the electrophilicity of

the carbonyl carbon, further protonation of the system is

required. This explains the ease of hydroxyalkylation pro-

tocol for aldehydes and ketones including trifluormethyl

ketones14a,16 with arenes in strongly acidic medium. The

inductive effect of the trifluoromethyl group destabilizes the

carboxonium ion intermediate 2 (eq 5) with significant

enhancement in its electrophilicity. Superacid-catalyzed Frie-

del�Crafts hydroxyalkylation of aromatics using aldehydes

and ketones is a very convenient method for the one-pot

synthesis of diaryl and triarylmethane derivatives (Scheme 4,

eqs 4, 5). Using a similar synthetic strategy, Mosher's esters

were prepared in excellent yields by Ga(OTf)3 catalyzed

hydroxyalkylation of aromatics using ethyl trifluoropyru-

vate (Scheme 4, eq 6).17

Dehydration of Aldoximes
Nitriles are precursors for the synthesis of various carbo-

nyl compounds and carboxylic acids as well as versatile

synthetic intermediates for pharmaceuticals, agricultural

chemicals, dyes, and materials.18 Dehydration of aldox-

imes is one of the direct, simple, and most useful methods

for the synthesis of nitriles. Although numerous catalysts

have been used for the dehydration of aldoximes, a mild

and general efficient catalytic process is still in great

demand. Due to the stability, water compatibility, and

diverse functional group tolerance of Ga(OTf)3, its use as

a practical catalyst for the dehydration of aldoximes has

been explored.19 Aryl as well as aliphatic aldoximes can

be dehydrated readily to nitriles keeping other function-

alities such as C�C double bond and hydroxyl group

intact. Interestingly, with salicylaldehyde oxime, dehydra-

tion results in intramolecular condensation�cyclization to

form 1,2-benzisoxazole due to the presence of the proximal

o-hydroxy group (Scheme 5, eq 7).

Beckmann Rearrangement of Ketoximes
Apart from its industrial importance in the manufacture of

ε-caprolactam, a nylon-6 precursor derived from cyclohexa-

none oxime, Beckmann rearrangement provides a facile

route for the incorporation of nitrogen into polycyclic struc-

tures for the synthesis of important pharmaceuticals or

natural products, and many catalysts have been applied

for this tranformation.20 Though recent reports include the

application of indium and ytterbium triflates,4,21 Ga(OTf)3 is

found to be more advantageous and superior in its catalytic

activity, air-stability, and other properties (Scheme 6).22

SCHEME 4. Hydroxyalkylation of Arenes with Carbonyl Systems

SCHEME 5. Ga(OTf)3-Mediated Dehydration of Oximes
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Beckmann rearrangement is stereospecific and generally

the group anti to the hydroxyl group on the ketoxime will

selectivelymigrate. This behavior is useful in assigning synor

anti configuration of the oximes. Even when the starting

oximes are mixtures of syn and anti isomers,22 single amide

isomers were obtained as the products in most cases, based

on their migratory aptitudes. This indicates that Ga(OTf)3 is

also capable of catalyzing the syn�anti isomerization (faster

than the rearrangement) of oximes under the conditions of

the Beckmann rearrangement. Larger amounts of catalysts

are required for cyclic ketoximes such as cyclohexanone

oxime 7 and tetralone oxime 9 due to the ring strain present

in the seven-membered ring lactams. Specifically, R-tetra-
lone oxime 9 requires also higher temperature (120 �C) and
proceeds with 50 mol % catalyst. Both of the carbons

adjacent to the oxime carbon are prone to migration, and

two corresponding products are obtained. At 120 �C, the
solvent CH3CN itself is activated to further react with the

Beckmann rearrangement product to give the N-acetyl

amide 11 (eq 9). Since access to the nitrogen atom in product

10 is sterically unfavorable, only product 12 undergoes

acetylation by acetonitrile.

Thiolysis of Epoxides
Thiolysis reaction of epoxides is a widely used route for

the synthesis of β-hydroxy sulfides and can be promoted

by many Lewis acids including triflates.23 β-Hydroxy

sulfides and sulfoxides are important intermediates in

organic synthesis.24 Ga(OTf)3 also catalyzes ring-opening

of epoxides by thiols to β-hydroxy sulfides with high

regio- and chemoselectivity.25 The reaction is highly

catalytic (only 1 mol % Ga(OTf)3 is required) and occurs

under solvent-free conditions (eqs 10 and 11). Using

H2O2�Ga(OTf)3 system, direct conversion of thiols to

β-hydroxy sulfoxides is achieved in high yields (eq 11,

81�94%) without any detectable overoxidation to β-hydroxy

sulfones.

Direct Substitution of Alcohols with Sulfur
Nucleophiles
Sulfur-containing bioactive natural and pharmaceutical agents

include H2-receptor antagonists,
26 pyrimidine thionucleosides,27

penicillamine, glutathione, and immunoconjugates.28 Direct

access to similar systems by simple nucleophilic substitution

of the hydroxyl functional group with appropriate sulfur nu-

cleophiles is highly desirable. Recently, Wu29 has shown that

Ga(OTf)3 catalyzes the direct displacement of a wide range of

alcohols with various sulfur nucleophiles very efficiently. The

reaction is tolerant to oxygen, sulfur, and nitrogen heterocycles

(Table 3, entries 2�4). Both> primary and secondary alcohols

are compatible if at least one of the substituents is aromatic or

allylic. This method is amenable to both electron-donating and

electron-withdrawing substituents (entry 1, Y = H, 4-Cl, 4-F,

4-OMe, 2-NH2, and 4-CO2Me). Phosphorothioic esters 16 are

useful intermediates in transition-metal-free allylic alkyla-

tions30 and can be transformed to the corresponding al-

kenes or converted to thiols via hydrolysis or reduction.

Sulfides 17 are valuable compounds since they can be

oxidized to the corresponding sulfones, which can be used

in Julia olefination reactions.

Thiols commonly utilized in sulfone olefination reactions

were also found to be tolerant giving the products in good

yields. It is interesting to note that both the regioisomeric

alcohols 18 and 19 furnished the same product (eq 12). The

corresponding phosphorothioate ester 20 can be efficiently

SCHEME 6. Beckman Rearrangement of Ketoximes Catalyzed by
Ga(OTf)3
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hydrolyzed with KOH in aqueous THF to the corresponding

thiol 21 in good yield (74%).

Rearrangement of Vinyl Epoxides
Vinyl epoxides are effective synthons in target oriented

organic synthesis (TOS). They are also used in reversing

the quenching of reactive radicals such as the glutathionyl

radicals by their interaction forming reactive oxy-radical

in the vicinity of DNA, enhancing the possibility of DNA

damage in tumor cells.31 They can be chemoselectively

and regioselectively transformed into β,γ-unsaturated

carbonyl compounds, another potentially useful synthon

in organic synthesis.32,33 Acid-catalyzed rearrangement

of vinyl epoxides also required stoichiometric amounts of

Lewis acids in most cases. However, it has been shown that in

the presence of Ga(OTf)3, 2-substituted vinyl epoxides 22

undergo rearrangement into β,γ-unsaturated carbonyl

compounds with high regioselectivity (>97/3) with very

low catalyst loading (1�5 mol %).34 Products vary depending

on the substitution; alkyl-substituted trimethylsilylvinyl

epoxides give β,γ-unsaturated ketone 23, whereas aryl

substitution yields the aldehyde 24 (eq 13).

Epoxyolefin Cyclization
The cyclization of epoxyolefins is involved in the biosynthesis

of many terpenes, including cholesterol. In the enzymatic

cyclization of squalene to lanosterol and cholesterol, van

Tamelen first reported such a cyclization involving squalene

2,3-epoxide as an intermediate.35 Epoxyolefin cyclizations

were also studiedusingBF3�Et2O
36 andMeAlCl2

37 as catalysts.

The reaction has been revisited using various Lewis acidic tri-

flates, and itwas found thatGa(OTf)3 showsnoticeablyhighcon-

versions with substantially low catalyst loading (0.1 mol %).38

For example, in the ring-opening reactionof geranioleneoxide

25 (eq 14), Ga(OTf)3 initiates isomerization and cyclization to

yield a mixture of synthetically important cyclized and rear-

rangedproducts inhighyields (85%)38mainly influencedby the

nature of the solvent and substrate concentrations.

Synthesis of Heterocycles
Benzimidazolines, benzothiazolines, benzoxazolines, and dihy-

drobenzoxazinones are important classes of heteroaromatics

TABLE 3. Ga(OT)3-Catalyzed Direct Substitution of Alcohols with Sulfur
Nucleophiles
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with wide applications. Benzimidazolines, often called organic

hydrides, aregoodreducingagentsaswell ashydrogenstorage

materials.39 Benzoxazolines and benzothiazolines have been

widely used as plant growth regulants, herbicides, and

anticonvulsants, in photochromic dyes, and for the treat-

ment of ADD (attention defficiency disorder).40 Dihydro-

benzoxazinones are used as analgesics as well as efficient

building blocks for therapeutics with antiviral, antifungal,

antibacterial, and antiparasitic properties.41 Since fluorine

substitution in various drugs and pharmaceuticals often

causes significant enhancement in their biological effects,42

convenient methods for easy access to their fluorinated

analogs have great synthetic value.

Preparation of benzimidazolines 26 from 1,2-phenylene-

diamines and benzaldehyde under ambient conditions (eq 15)

usually results in the formation of benzimidazoles27due to

further oxidation.43 However, one pot synthesis of fluorinated

benzimidazolines 28, benzothiazolines 29, benzoxazolines

30, and dihydrobenzoxazinones 31 is easily achieved in

high yields by the reaction of the corresponding ketones

and o-aminoarene derivatives using Ga(OTf)3.
44 1,1,1-Tri-

fluoroacetone undergoes smooth condensation�cyclization

reaction with 1,2-phenylenediamine using gallium triflate

(5mol%) in CH2Cl2 at 50 �C to yield the trifluoromethylated

benzimidazoline (Scheme7). The reaction is very clean, and

removal of solvent afforded the corresponding trifluoro-

methylated benzimidazoline derivatives in high yield and

purity.

Quinoxaline nucleus is a part of several antibiotics such as

echinomycin, levomycin, and actinomycin, which are known

to inhibit the growth of Gram-positive bacteria and active

against various transplantable tumors.45 They are of high

pharmaceutical interest because of their prominent thera-

peutic value such as antiviral, antibacterial, anti-inflammatory,

and antiprotozoaval properties and also as kinase inhi-

bitors.46 The 1,5-benzodiazepine core has many pharma-

ceutical applications. They are reported to be muscle relax-

ants, anticonvulsants, sedatives, hypnotics, analgesics, anti-

inflammatory, and antipyretics with low acute toxicity.47

A convenient synthesis of quinoxalines and 1,5-diazepines

was achieved in high purity by the condensation of aryl 1,

2-diamines (32) with 1,2- and 1,3-diketones (33, 34),

respectively, by using Ga(OTf)3 as a Lewis acid catalyst

(Scheme 8). Ga(OTf)3-catalyzed reaction offers mild and

facile access to both these frameworks at room temperature.48

In certain reactions that can occur in the absence of

catalyst, addition of 2�5 mol % Ga(OTf)3 reduces the

reaction time considerably resulting in clean and quanti-

tative conversions.

Based on the fluorine effect on biological and therapeutic

activities of various drug molecules,42 fluoroanalogues of

quinoxalines 35 and fluoromethylated 1,5-benzodiazepines

36 were also synthesized in high yields by condensing the

appropriate 1,2-diamines 32 with fluorinated diketones 33

and 34.

Synthesis of 1,5-benzodiazepines by cycloaddition ap-

proach involving (4þ 3) cycloadditionsofo-phenylenediamine

with R,β-unsaturated carbonyl systems or β-haloketones

has been well studied. Recently, it has been shown that

synthesis of diverse 2,4- and 3,4-disubstituted 1,5-benzodia-

zepines can be achieved in good yields by Ga(OTf)3-

catalyzed [4 þ 3] and [4 þ 2 þ 1] cycloadditions of

o-hydroxychalcones and alkynoates with phenylenedi-

amines (Scheme 9).49

However, monoamines undergo Ga(OTf)3-catalyzed

condensation with 1,3-diketones and 1,4-diketones to

give, respectively, β-enamino ketones (39) and pyrroles

(40, the Paal�Knorr condensation product) under solvent-

free conditions (eq 16).50 This protocol is convenient and

facile avoiding the use of hazardous organic solvents and

excess of acid catalysts as well as tedious workup,

thereby enhancing the yields significantly. Among various

known methods, direct condensation of 1,3-dicarbonyl

SCHEME 7. Synthesis of Fluorinated Benzimidazolines, Benzothiazo-
lines, Benzoxazolines, and Dihydrobenzoxazinones
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compounds with amines has been identified as an elegant

approach for the synthesis of β-enamino ketones and

pyrroles.

Recently, Zhou has reported the synthesis of 1,3-dihy-

drobenzo[c]thiophene derivatives (42) by a sequential reac-

tion cascade via propargyl�allenyl isomerizations and in-

tramolecular [4 þ 2]-cycloaddition promoted by Ga(OTf)3 in

the presence of triethylamine (Scheme 10).51 Sulfur-assisted

propargyl-allenyl isomerization has been a useful protocol

SCHEME 8. Gallium(III) Triflate Catalyzed Synthesis of Quinoxalines and 1,5-Benzodiazepines Using o-Phenylenediamines and 1,2/1,3-Diketones

SCHEME 9. Synthesis of 2,4- and 3,4-Disubstituted 1,5-Benzodiaze-
pines from Phenylenediamines Using o-Hydroxychalcones and
Alkynoates

SCHEME 10. Synthesis of 1,3-Dihydrobenzo[c]thiophene Derivatives
by Gallium(III) Triflate Promoted Sequential Reactions
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for direct access to thioallenes. The allene moiety could be

considered as an “activated olefin”, which generally enhances

thediversityof reactioncomparedwithanormalolefin. Thus, it

is hypothesized that the intramolecular [4þ2] cycloadditionof

yne�allenes should provide a more convenient route than

traditional intramolecular Diels�Alder reaction for the

construction of complex ring systems. A plausible pathway

for this reaction involves a base-catalyzed propargyl�allenyl

isomerization to give the intermediate 43, which sequentially

undergoes an intramolecular [4 þ 2] allene�yne cycloaddi-

tion promoted by Ga(OTf)3 followed by aromatization of the

cycloadduct44 to give the1,3-dihydrobenzo[c]thiophenes42

in high yields. It is surmised that the vinylallene 43 serves as

an effective diene to undergo cycloaddition with triple bonds

to give cyclic precursors for aromatization.

Li et al. noticed that AuCl3�AgOTf combination catalyzed

the addition of active methylenes to dienes, trienes, and

cyclic enol ethers leading to the formation of functionalized

carbocycles and heterocycles with high regioselectivity52a

through a highly atom economical C�C bond formation

process. However, addition of less activatedmethylene such

as 2,4-pentanedione to cyclooctadiene failed to yield the

expected product. This was successfully overcome by repla-

cing the catalyst systemwith Ga(OTf)3�TfOH, and extension

of their studies using β-ketoesters led to the formation of

fused bicyclolactones 45 (eq 17).52b Use of Ga(OTf)3�TfOH

resulted in the formation of lactone with both high conver-

sion and selectivity. Though TfOH alone can also catalyze

the reaction albeit in lower yield, addition of Ga(OTf)3
increases the yield dramatically, manifesting the role of

Ga(OTf)3 as an important catalyst for this reaction. The

intermediate 46a from ethyl benzoyl acetate and cycloocta-

diene can be isolated in the reaction, which undergoes

subsequent lactonization to yield the bicyclic lactone 45a

in good yield.

Multicomponent Reactions (MCRs)
The Strecker reaction is one of the preeminent multicompo-

nent reactions useful for the synthesis of R-amino acids via the

intermediacy of R-amino nitriles. The Strecker reaction with

aldehydes has been studied extensively with a variety of

catalysts.53 However, there are not many examples for effi-

cient and clean three-component Strecker reaction using di-

verse ketones including fluorinated ketones. Quite often, these

reactions had to be carried out in two steps (preparation of

imines followedby cyanide addition) or under high pressure.54

Our studies have revealed that Ga(OTf)3 can act as an efficient

catalyst for direct Strecker reaction of ketones with different

types of amines and trimethylsilyl cyanide to afford the cor-

responding R-amino nitriles (precursors of R-amino acids) in

highyields (Scheme11).55Bothaliphatic andaromatic ketones

undergo ketonic Strecker reaction efficiently in the presence

of Ga(OTf)3 under mild conditions. Fluorinated ketones also

undergo theone-pot three-component reaction smoothlywith

aromatic amines and trimethylsilyl cyanide to yield the corre-

sponding fluorinatedR-amino nitriles. Using thismethodology

monofluoro-, difluoro-, and trifluoromethyl moieties can be

incorporated in to the R-amino nitrile product by simply

varying the nature of the fluorinated ketones very efficiently.

Direct synthesis of Hantzsch pyridines (N-substituted 1,4-

dihydropyridines) can be achieved in good yields by the

three-component coupling reaction of aromatic amine, alde-

hyde, and ethyl propiolate supported on silica by microwave

irradiation.56 However, in an attempt to find milder condi-

tions using a catalytic amount of Lewis acids and to avoid

large amount of silica and microwave irradiation, such a

reaction has been carried out using Ga(OTf)3 as a catalyst.

2,3-Disubstituted quinoline 48 bearing an ester group at

SCHEME 11. The Ketonic Strecker Reaction Catalyzed by Ga(OTf)3
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the 3 position was obtained as the major product (83%

yield), together with a small amount of the expected

1,4-dihydropyridines (<10%; eq 18). This would be a

simple and convenient multicomponent approach for

the synthesis of substituted quinolines directly from a

mixture of aromatic amines, aromatic aldehydes, and

ethyl propiolate.57

Direct hydroamination of aldehydes using amines in

the presence of hydrosilanes in a three-component fash-

ion is also catalyzed by Ga(OTf)3 under mild conditions

(eq 19).58 Synthesis of diverse higher secondary amines

with a high degree of functional group tolerance was

achieved with reductive amination using stoichiometric

amounts of triethylsilane, phenylsilane, and polymethyl-

hydrosiloxane (PMHS). However, no reductive amina-

tion was observed with triethylsilane in the absence of

Ga(OTf)3.

Reduction of Ketones
Combination of organosilane and Ga(OTf)3 has been further

utilized as a convenient reducing system for carbonyls

to methylenes (eq 20).59 Among various organosilanes

studied, dimethylchlorosilane was found to be the most

efficient one for carbonyl reduction. This reaction is assumed

to proceed by the pathway shown in eq 21, as suggested by

Baba and co-workers.60 The first step should involve the

hydrosilylation of the carbonyl moiety by chlorodimethylsi-

lane to give the corresponding silyl ether 49. Activation of

49 by Ga(OTf)3 followed by the reaction with another

molecule of chlorodimethylsilane gives the desired methy-

lene product and the disilylether50, with the regenerationof

the catalyst.

Mukaiyama Aldol Condensations in Aqueous
Media
The Mukaiyama reaction60 has been recognized as one of

the most important Lewis acid catalyzed carbon�carbon

bond forming reactions involving the aldol-type reaction of

silyl enol ethers with carbonyl compounds. Since the first

report of the asymmetric aldol reaction of silyl enol ethers

catalyzed by the chiral diamine�Sn(OTf)2 system,61 several

examples of asymmetric aldol reactions were developed.

SCHEME 12. Mukaiyama Asymmetric Aldol Condensation Reaction in Aqueous Medium Catayzed by Ga(OTf)3�Chiral Ligand Combination
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Mukaiyama aldol reactions of various aldehydes with

silyl enol ethers in aqueous media using complexes of

Ga(OTf)3 with chiral basic ligands gave the corresponding

aldol products in moderate to high yields (30�92%) with

moderate to high enantioselectivities (30�94%).62 For

example, in the presence of a chiral gallium complex

prepared from Ga(OTf)3 and chiral ligand 51, reactions of

silicon enolates with aldehydes proceeded smoothly at

room temperature in water�ethanol mixture to afford the

desired aldol adducts 52 (Scheme 12). Though the combi-

nations of silyl enolates derived from aliphatic ketones

and aliphatic aldehydes resulted in lower yields and

selectivities, silyl enolates derived from aromatic ketones

and aromatic aldehydes gave high diastereo- and enantio-

selectivities.

Being a strong Lewis acid, the possibility of the forma-

tion of conjugate protic acid by Ga(OTf)3 in aqueous med-

ium cannot be completely ruled out. Studies by Hartwig63a

on triflic acid catalyzed hydroamination and hydroalkox-

ylation by comparison with He's system involving metal

trflates63b,c showed that the rates of reaction catalyzed by 1

mol % triflic acid were similar to the rates of reaction

catalyzed by metal triflates in equal or greater amounts. It

was mentioned that the decomposition of Ga(OTf)3 by

water has been prevented by the stabilization of Ga(OTf)3
through complexation with chiral basic ligands.62 How-

ever, it was shown that gallium triflate can be separated

from its water solution by the removal of water and drying

under vacuum5c showing that it is quite stable under

aqueous conditions.

Conclusions
In conclusion, search for nontoxic, water-tolerant and

reusable efficient catalyst systems revealed Ga(OTf)3 as a

catalyst superior to many Lewis acid catalysts with a sig-

nificant degree of sustainability. It is effective in many

organic synthetic transformations such as Friedel�Crafts

reactions, rearrangements, nucleophilic substitutions, con-

densation cyclizations, tandem cycloaddition reactions, etc.

Synthesis of many biologically active heterocycles and their

fluoroanalogs were also achieved under mild conditions

with very low catalyst loading. Many challenging reactions

such as the ketonic Strecker reactions are successfully car-

ried out under Ga(OTf)3 catalysis. Due to its stability in

water, it is possible to study various synthetic reactions with

aqueous-amenable substrates resulting in the development

of efficient synthetic protocols with significant reduction of

hazardous wastes by avoiding the use of toxic organic

solvents and catalyst systems.
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