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1.1 History and Features of Silver

Silver is a malleable, ductile, and precious metal that has been known since
ancient times (its first debut around 5000 BCE) and is located in group 11 (Ib)
and period 5 of the periodic table, between the coinage metal copper (period 4)
and gold (period 6). Silver is widely distributed in nature. But its abundance in
the earth’s crust is very low (0.05 ppm) than other metals [1]. It occurs both
naturally in its pure form and in ores, particularly derived from all the sulfur
bearing lead, copper, gold, tellurides, and zinc, which is extracted through
refining [2]. Silver has the atomic number 47 and atomic weight of 107.880,
and its ground state electronic configuration is [Kr] 4d105s1, just like copper
and gold. Mostly, silver can exist in a mixture of isotopes, 107Ag and 109Ag,
approximately occurring in the equal proportions. The most common oxidation
states of silver are 0 and +1, although some other oxidation states (+2 and +3)
are also known [3]. Among these Ag(II) salts/complexes are less stable than
that of Ag(I) and Ag(III) salts/complexes. Silver is noticeably diamagnetic, and
its magnetic susceptibility is almost independent of temperature from room
temperature to just below the melting point.

The elemental silver has the highest electrical conductivity (1⋅59 μΩ cm at
20 ∘C) [4], thermal conductivity (429 W m−1 K−1) [5], and optical reflectivity
than any other metal, but it has the lowest electrical contact resistance, and its
specific heat capacity is 0.23 J kg−1 K−1 at 25 ∘C. The melting and boiling point
of silver is 961.9 and 2212 ∘C, respectively [6]. The heat of fusion of silver is
11.28 kJ mol−1, and its hardness is 2.7 on the Mohs scale.

1.1.1 Chemistry of Silver

It has been recognized that the outer orbital 5s1 electronic configuration of silver
allowed to form numerous silver(I) salts/complexes with a wide variety of coun-
terions (halide, sulfide, nitrate, oxide, acetylide compounds, cyano-derivatives,
and olefin complexes). Silver dissolves readily in nitric acid to form silver nitrate
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(Eq. (1.1)), which is a transparent crystalline solid that is readily soluble in
water, and is a photosensitive. In addition, it is a precursor for the preparation
of various other silver compounds. Silver could also dissolve rapidly with hot
concentrated sulfuric acid (Eq. (1.2)). However, in the presence of ethanol, silver
reacts with nitric acid to give the silver fulminate (AgCNO), which is a powerful
touch-sensitive explosive used in percussion caps [7]. Also, silver nitrate reacts
with sodium azide (NaN3) to form silver azide (AgN3), which is also used as an
explosive [8]. Silver or silver nitrates simply precipitate as silver chloride in the
presence of chlorides, which are used in the photographic emulsion:

3Ag + 4HNO3 → 3AgNO3 + 2H2O + NO3 (1.1)
2Ag + 3H2SO4 → 2AgHSO4 + SO2 + 2H2O (1.2)

Furthermore, silver nitrate could easily react with copper to produce the silver
crystals (Eq. (1.3)). The alkaline solution of copper also reduces the silver nitrate
into silver in the presence of reducing sugars. Tollens’ test/silver mirror test is
a qualitative test to distinguish between an aldehyde and ketone. The Tollens’
reagent [Ag(NH3)2]+ is prepared from silver nitrate by two-step process. In the
first step, under basic conditions silver nitrate forms an insoluble silver oxide
(Eq. (1.4)), and it dissolves readily with the addition of sufficient aqueous ammo-
nia (Eq. (1.5)), which oxidizes an aldehyde into corresponding carboxylic acid
(Eq. (1.6)) [9]:

Cu(s) + 2AgNO3 → Cu(NO3)2 + 2Ag(↓) (1.3)
2AgNO3 + 2OH− → Ag2O + 2NO3

− + H2O (1.4)
2Ag2O + 4NH3 + H2O → 2Ag(NH3)2

+ + 2OH− (1.5)
R − CHO + 2Ag+ + 2OH− → R − COOH + 2Ag + H2O (1.6)

Silver is stable in oxygen and water, but it is tarnishing in the presence of
ozone or hydrogen sulfide or sulfur in air/water owing to the formation of a
black silver sulfide layer. Besides, silver readily forms soluble silver complexes
such as Ag(NH3)2

+, Ag(S2O3)2
3−, and Ag(CN)2

− with excess of respective ions.
The silver thiosulfate complex is used to dissolve undeveloped AgBr and fix the
photography [10]. The silver cyanide complex is frequently used in electroplating
[11]. A systematic sequence of reactions outlined in Figure 1.1 illustrated the
chemistry of silver.
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Figure 1.1 Reactions in the silver series.



1.1 History and Features of Silver 3

1.1.2 Silver Nanoparticles

Nanoparticulates (colloidal) of silver are fine particles of metallic silver that
has been known for about 120 years [12]. Usually, these are synthesized by the
reduction of soluble silver with reducing agents such as citrate, glucose, ethyl
alcohol, and sodium borohydride as well as an appropriate stabilizing agent. The
added stabilizing agent plays a crucial role to prevent the growth and aggregation
of the formed silver nanoparticles. The reduction process can be carried out in
both aqueous and organic solvents. However, a practical and reproducible syn-
thesis of silver nanoparticle is very difficult than that of expected [13]. This might
be due to its different morphologies and crystal sizes when changing reaction
conditions such as concentrations, reducing agents, temperature, and additives
[13, 14]. Depending on the reaction conditions, there are numerous kinds of silver
nanoparticles that have been documented in the literature, including spherical
[15], bipyramids [16], discs [17], rods [14, 18], cubes [19], prisms [20], rings [21],
platelets [22], triangular prisms [23], and octahedral particles [19c]. Because of
the different sizes and morphologies, nanosilver possesses the unique chemical,
physical, and optical properties compared with the parent metallic silver. The
unique properties of nanosilver are mainly attributed to the high surface area to
volume ratio, leading many industrial sectors to incorporate silver nanoparticles
into their products. Two main factors such as surface effects and quantum effects
to cause nanomaterial behave significantly different than bulk materials [24].
These factors affect the chemical reactivity of materials as well as their mechan-
ical, optical, electrical, and magnetic properties. Due to the unique chemical
and biological properties of nanosilver, which are appealing to the consumer
products, food technology, textiles/fabrics, catalysis, and medical industries.

1.1.3 Silver Applications

In the earlier years, silver has been used as a precious commodity in currencies,
ornaments, jewelry, food decoration, solar cells, and photography [25]. Silver and
its compounds have extensive applications in the twentieth century including
electrical conductors, electrical contacts, catalysis, electronics, mirrors, assembly
of chemical equipment and brazing alloys, drinking water filtration system, swim-
ming pool filtration systems, healthcare products, and medical tools [26]. Silver
paints are used for making printed circuits. Silver threads are woven into the
fingertips of gloves so that it can be used with touch screen phones. Most impor-
tantly, silver/silver nanoparticles have long been used as an effective antibacterial
agent against a broad spectrum of gram-negative (Acinetobacter, Escherichia,
Pseudomonas, Salmonella, and Vibrio) and gram-positive (Bacillus, Clostridium,
Enterococcus, Listeria, Staphylococcus, and Streptococcus) bacteria, which means
silver is toxic to bacteria [27]. In addition to this, silver/silver nanoparticles are
also found to have antifungal, antiviral, anti-inflammatory, antibiofilm, antiglyco-
protein film, surface plasmon resonance, plasmonic heating, and metal-enhanced
fluorescence properties [28]. Silver and silver nanoparticles are broadly used in
urinary catheters and endotracheal breathing tubes [29]. The silver diammine
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fluoride complex is a topical drug used to treat and prevent dental caries and
relieve dentinal hypersensitivity [30]. One of the most beneficial uses of silver has
been as a disinfectant, perhaps, which is routinely used in treating wounds and
burns owing to its broad spectrum of toxicity to bacteria as well as its reputation
of limited toxicity to humans [31]. Moreover, silver can easily bind with human
body proteins (albumins and metallothioneins) and also interact with trace met-
als in metabolic process [32].

1.2 Silver Catalysis

Recently, catalysis by silver is an important methodology in organic synthesis
owing to its more economical than other expensive transition metals (TM),
excellent selectivity and stability, and environmentally benign nature. But, in
comparison with other TM, silver catalysts have long been believed to have low
catalytic efficiency, and the rapid development of silver chemistry was achieved
only in the past few decades [33]. Generally, silver salts are mostly utilized as
either σ-Lewis acid or π-Lewis acid, with preference to σ-coordination over
π-coordination due to the ready availability of empty f orbitals and relativistic
contraction of the electron cloud [34]. In addition to the Lewis acid character,
which are also employed as cocatalysts, halophiles, general oxidants, SET
oxidants (SET= single electron transfer), weak bases, and radical precursors. In
addition, the typical d10 electronic configuration of silver salts could easily coor-
dinate with most of the unsaturated bonds (π-donors) like C=C, C≡C, C=X, and
C≡X bonds (X = heteroatom) and n-donors such as (thio)ethers, amines, and
phosphine than other metals [35]. Because of these aforementioned advantages,
silver catalysis has provided a unique opportunity in organic synthesis.

In the earlier year, the utilization of silver in organic chemistry can be
classified into two prime distinct areas: (i) heterogeneous oxidation processes
and (ii) homogeneous silver-mediated or silver-catalyzed reactions. The first
silver-catalyzed reaction appeared in 1933, in which silver oxidizes the ethylene
into ethylene oxide, and has been used on preparative and industrial scales for
decades [36]. Further advancement of this protocol was also extended to other
substrate, butadiene [37]. In addition to the olefin and alcohol oxidation, other
examples of catalytic oxidation of CO to CO2 [38] and reduction of NOx [39] by
silver-based heterogeneous catalysts have also been reported. Besides, a number
of silver-catalyzed transformations have been developed and even applied to the
synthesis of complex natural products and functional materials, which include
cycloadditions, allylations of carbonyl and imine groups, and aldol reactions
along with their asymmetric versions using chiral ligands, Michael and Mannich
reactions, intramolecular heterocyclizations, silver-catalyzed functionalization
of C—H/C—C bonds, and C—H bond activations of terminal or silylated alkynes
applied to C—C and/or C—X bond constructions [33, 35].

1.2.1 Alkynophilicity/Carbophilic Nature of Silver

Generally, the bonding of TM complexes with alkyne or alkene as π-ligands
is explained on the basis of the Dewar–Chatt–Duncanson (DCD) model [40],
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which reflects the bond as a donor–acceptor interaction between two closed-
shell fragments [41]. The reason for the reputation of the donor–acceptor
bonding model in TM chemistry is partly due to the fact that coordination
chemistry plays a much bigger role for the TM than for main-group elements.
Another reason is the success of ligand field theory (LFT) in explaining chem-
ical bonding even in TM compounds that are not coordination compounds.
According to the DCD model, a σ-bond is formed by the overlap of the π-system
of the ligand with an empty metal orbital of suitable symmetry. A π-interaction
then results through a back-donation of electron density from filled metal d
orbital into an antibonding π* orbital of alkyne or alkene. A TM can contribute
four principal components to the bonding with alkynes as ligands (Figure 1.2)
in which the in-plane π|| orbitals are responsible for a σ-symmetric M←L
donation and M→L back-donation. The orthogonal out-of-plane π⟂ orbitals
can participate in M←L π-donation, while mixing an occupied d orbital of the
metal with the empty π⟂* orbital of alkyne can result in the addition of M→L
back-donation. However, which has the δ symmetry and provide a weak overlap
that leads to the minute contribution to the bonding. Thus, alkynes may be
considered as 2- or 4-electron donor. As a result of DCD model, an elongation of
triple (bending) or double (pyramidalization) bond observed as a magnitude of
the net shift of electron density from bonding π orbital into the antibonding π*
orbitals. Therefore, the degree of distortion from the geometry of the unbound
ligand may be reserved for the indication of the degree of back-bonding [42].
It was observed from the literature that the silver(I) salts act as a σ-Lewis acid
or π-Lewis acid in homogeneous catalysis [34]. The d10 electronic configuration
makes silver(I) cation favoring to interact with most of the unsaturated system,
particularly carbon–carbon π-bond of alkynes 1, so-called alkynophilicity. Upon
coordination with silver(I) salts, alkyne moiety 2 is more prone to nucleophilic
attack by a relatively weak nucleophile, i.e. during coordination more electron
density is lost than is gained through back-donation, rendering the alkyne
becomes electrophilic. But, in the case of terminal alkyne 3, silver acetylide 4
can be formed in the presence of a suitable base and then react with carbon
nucleophile (Figure 1.2). On the basis of the above characteristics features of
silver(I) salts, which can be considered as one of the effective catalyst for alkyne
activation [33c, 43].

The resulting silver intermediate 5 undergoes various pathways. The first
potential pathway is the trapping of such a silver intermediate by an electrophile
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Figure 1.2 Orbital diagram. Activation of alkyne by silver catalyst.
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where the deargentation process takes place and the carbon–silver bond is
replaced by carbon–electrophile bond 6 (Scheme 1.1). If the electrophile is a
simple proton, this step is termed as protodeargentation.
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Scheme 1.1 Trapping of silver intermediate by an electrophile.

Due to the delocalization ability of 4d electron of silver to the nonbond-
ing electron of a carbocation, the silver intermediate 5 undergoes another
kind of trapping reaction with external electrophile, where the electrophilic
trapping occurs at the β-position to silver to generate the new silver interme-
diate via back-donation silver, which exists as two mesomeric forms, namely,
silver-stabilized carbocation 7 and carbenes 8 (Scheme 1.2). Then, depending on
its nature, the new silver intermediate can be trapped following a carbocation or
carbene reactivity.
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Scheme 1.2 Trapping of silver intermediate by back-donation of silver.

On the other hand, the nucleophilic addition of a nucleophile bearing a leaving
group to a silver-activated alkyne results in a silver intermediate 9, where, upon
back-donation, extrusion of leaving group occurs to form the new silver interme-
diate that also exists in two limited mesomeric forms like silver-stabilized carbo-
cation 10 and carbene 11 (Scheme 1.3). These silver intermediates can also be
trapped following the carbocation and carbene reactivity, according to its nature.
These three kinds of silver-catalyzed/silver-mediated alkyne activation reactions
are completely described in the forthcoming chapters of this book.
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Scheme 1.3 Reaction with nucleophile bearing a leaving group via back-donation of silver.
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1.2.2 Oxo- and Azaphilic Character of Silver

Apart from the carbophilic character of silver, silver(I) can also form strong bonds
with oxo groups, so-called oxophilicity (Scheme 1.4). This may be due to the
donation of lone pairs on O into an empty orbital of silver, which might be in dπ,
σ*, or π* character. However, the oxophilic Lewis acid character of Ag(I) has been
poorly investigated [44]; such an oxophilic character of Ag(I) has been ascribed
on the basis of analogous gold(I)-catalyzed reactions [45]. However, the donation
of lone pair electrons on N into an empty orbital of silver form a new strong bond,
which inhibited the N-nucleophilicity; this process can be termed as azaphilicity
(Scheme 1.5) [46]. Generally, the oxo- and azaphilic character of silver(I) salts has
been exploited in reactions such as various cycloaddition reactions, allylation of
carbonyl compounds, aldol-type reactions, Michael and Mannich reactions, and
others.
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Scheme 1.4 Oxophilic activation of silver.
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Scheme 1.5 Azaphilic activation of silver.

1.2.3 Halogenophilicity of Silver

Another important characteristic feature of silver(I) chemistry is the insolu-
bility of its corresponding halogen salts (halogenophilicity). Generally, several
TM-catalyzed transformations are led in the presence of Ag(I) salts to elicit
the precipitation of AgX salts (X = Cl, Br, I) from coordinatively saturated
metal centers, for example, in the palladium-catalyzed cross-coupling reactions
involving aryl or alkyl halides (Scheme 1.6) [47].
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Scheme 1.6 Halogenophilicity of silver in the Pd-catalyzed cross-coupling reaction.
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1.2.4 Redox Chemistry of Silver

1.2.4.1 One-electron Ag(I)/Ag(II) Redox Cycles
It is well known that the silver(I) salts are extensively employed as one-electron
oxidant as compared with other group 11 metals, copper, and gold that are
involved in the two-electron redox chemistry [48], for instance, in the oxidation
of alcohols into the corresponding carbonyl compounds under mild conditions
[33e, 49]. Subsequently, an increasing number of oxidative C—C bond-forming
and C—C bond cleavage reactions have been well documented by the use of
the Ag(I) as a sacrificial outer-sphere one-electron oxidant [50]. For example,
silver(I) is involved as an efficient catalyst in the oxidative decarboxylation of
acids by peroxydisulfate ion in aqueous solutions [51]. Mechanistically, the
in situ formed metastable intermediate Ag(II) species, from the rate-limiting
oxidation of silver(I) by peroxydisulfate, played a crucial role in the specific
and efficient decarboxylation process. The direct and facile oxidation of the
carboxylic acid group by Ag(II) proceeds very fast and generates an acyloxy
radical, which subsequently fragments into an alkyl radical and carbon dioxide.
The final products are obtained by oxidation of the alkyl radical by silver species
as well as by hydrogen transfer to solvent (Scheme 1.7).

R COOH + S2O8
2–

Ag(I)
R H + CO2 + 2SO4

2–

Ag(I) + S2O8
2– Ag(II) + SO4

2– SO4
+

Ag(I) + Ag(II) + SO4
2–

SO4

Ag(II) + R COOH Ag(I) R COO+ + H+

R COO R + CO2

R HY+ R H + Y

Scheme 1.7 One-electron Ag(I)/Ag(II) redox cycle in Ag(I)-catalyzed oxidative cross-coupling
reaction.

1.2.4.2 Two-electron Ag(I)/Ag(III) Redox Cycle
The investigation of two-electron Ag(I)/Ag(III) redox chemistry of silver is very
rare, although Li and coworkers proposed in their studies on Ag(I)-catalyzed
radical aminofluorinations that electrophilic fluoride sources are capable of
generating monometallic Ag(III)—F intermediate species, but the C—F bond
formation is proposed to occur through a one-electron redox reaction of
Ag(II)—F with carbon-centered radical species [52]. Recently, the research
group of Ribas studied the two-electron redox chemistry of silver in the C—O
and C—C cross-coupling reactions [53], where silver can engage in two-electron
oxidative addition and reductive elimination processes. More importantly, an
aryl–Ag(III) 12-1 was evidently identified as a key intermediate in the catalytic
cycle (Scheme 1.8) and also provided the appropriate evidence of aryl halide
oxidative addition and C—N, C—O, C—S, C—C, and C—halide bond-forming



1.3 Representative Examples of Silver Catalysis in the Organic Transformations 9

N NX

N

R R
N NY

N

R R

N NAgIII

N

R R

2+

N NAgIII

N

R R

+

HY-NucHX

Nucleophile coordination

Y-Nuc

AgI
+

Nuc

X–+

Oxidative

addition

N NX

N

R R
N NAgIII

N

R R
Nuc

N NNuc

N

R R

X–

AgI

AgI+

12 1312-1

1213

12-112-2

Reductive
elimination

Scheme 1.8 Two-electron Ag(I)/Ag(III) redox cycle in Ag(I)-catalyzed cross-coupling reaction.

reductive elimination steps. These results exemplify a new revolution in the
fundamental sympathetic of silver’s redox chemistry and opens budding new
opportunities for designing Ag-catalyzed synthetic tools in organic synthesis,
parallel to the well-known Pd(0)/Pd(II) and Cu(I)/Cu(III) catalysis [54].

1.3 Representative Examples of Silver Catalysis in the
Organic Transformations

1.3.1 Protodecarboxylation of Carboxylic Acids

Decarboxylation reactions are important transformations in synthetic organic
chemistry [55], especially for the removal of carboxylate group that are employed
as one of the directing groups in other transformations [56] including decar-
boxylative coupling reactions [57]. Consequently, significant attention has also
been paid to study the protodecarboxylation of carboxylic acids. Generally, this
protodecarboxylation reaction proceeds in the presence of TM such as Cu, Ag,
Au, Hg, Pd, and Rh (Scheme 1.9) [58]. Among the coinage metal catalysts, silver



10 1 Introduction to Silver Chemistry

R COOHR   H R   [Au]
[M]

M = Cu, Ag, Pd, Rh

[Au]

Scheme 1.9 Transition metal-catalyzed protodecarboxylation reaction of carboxylic acid.

catalysts have been efficiently activating the decarboxylation of the variety of car-
boxylic acids under mild conditions [58g] as compared with their Cu(I)-catalyzed
counterparts [58c]. Notably, silver catalysts exhibited the excellent selectivity
toward the monoprotodecarboxylation of dicarboxylic acids, owing to the
remarkable activating effect of α-heteroatoms and ortho-electron-withdrawing
groups [58g]. Mechanistically, the reaction was proposed to proceed via silver
arene intermediate 14-2, followed by protodemetalation with an aryl carboxylic
acid molecule to regenerate the starting complex (Scheme 1.10). But, in the case
of gold catalysis, the obtained products are not pronated because the reaction
stops at the metalation (Scheme 1.9). This might be due to the high stability of
C—Au bond [58k,l].
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AgX
Ar COOAg Ar Ag Ar H

CO2

HX
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14 14-1 14-2 15

Scheme 1.10 Ag(I)-catalyzed protodecarboxylation of aromatic carboxylic acids.

1.3.2 A3 Coupling Reaction

A3 coupling or aldehyde–alkyne–amine reaction [59] is a significant reaction as
the resulting propargylamines [60] are the key building block in the synthesis
of nitrogen-containing biologically active pharmaceuticals, agrochemicals,
and natural products [61]. It was evident from the literature database that the
silver-catalyzed A3 reaction is especially effective even with aliphatic aldehydes
and more challenging coupling partners such as aniline and ketones [62].
Moreover, these silver-catalyzed approaches provided an attractive platform for
developing tandem reactions, particularly for the synthesis of N-/O-containing
heterocyclic compounds [63]. Besides, Li et al. observed that the phosphine
ligand served as a remarkable chemo-switch in this silver-catalyzed A3 reaction
in water. In the absence of phosphine ligand, exclusive aldehyde–alkyne–amine
coupling product 19 was observed, whereas, in the presence of phosphine (Cy3P)
ligand, reaction provided the exclusive aldehyde–alkyne coupling product 20
(Scheme 1.11) [64].

It is well known that the simple alkynyl silver reagents are typically too reac-
tive and involved in the nucleophilic addition reaction to carbonyl compounds.
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Scheme 1.11 Ligand-controlled A3 coupling reaction in water.

Mechanistically, the authors postulated that the coordination of the electron-
donating P-ligand increases the electron density of silver, which results to weaken
the Ag—C bond of silver acetylide A (Scheme 1.12).

R1Cy3PAg

Cy3PAgCl

R1Cy3PAg

O

R H

O

R

R1

AgPCy3

R1H + i-Pr2NEt

i-Pr2NEtH+Cl–

OH

R

R1

H2O, Cl–
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Scheme 1.12 Catalytic cycle involved in the ligand-controlled A3 coupling reaction in water.

1.3.3 Incorporation of CO2

The incorporation of CO2 into propargyl alcohol is one of the frequently
employed methods for the synthesis of functionalized cyclic carbonates by
means of TM catalysts (Cu, Pd, Pt, Rh, Hg, and Ru). However, these reported
approaches required harsh reaction conditions (high CO2 pressure and high
reaction temperature) and are only applicable to terminal alkynes, and the
internal alkynes had sluggish under these catalytic conditions [65]. But, Yamada
et al. discovered that, under the catalysis of silver, the CO2 incorporation
into propargyl alcohol 21 is more effective even with internal propargyl
alcohols [66]. Their study revealed that the combined use of Ag(I) with DBU
(1,8-Diazabicyclo(5.4.0)undec-7-ene) was found to be optimum to produce the
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sole exo-alkenyl cyclic carbonates 22 in high to excellent yields, although other
TM catalysts such as copper, gold, rhodium, mercury, platinum, and palladium
were not effective at room temperature. Mechanistically, the DBU induced the
deprotonation, and the silver catalyst activated the C≡C bond from the opposite
side of the carbonate anion to promote anti-addition via 5-exo-dig cyclization as
supported by DFT (density functional theory) calculations (Scheme 1.13) [67].
The backside attack is analogous to the typical reactivity of the related gold(I)
catalysts [68], but only the silver catalyst is able to induce cyclization, and gold
catalysis fails under these conditions [69].
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Scheme 1.13 Ag(I)-catalyzed tandem carboxylation and cyclization reaction.

1.3.4 Enantioselective Nitroso-aldol Reaction

The asymmetric nitroso-aldol-type reaction is one of the important transforma-
tions in organic synthesis that can introduce a hydroxyl group at the α-position
of carbonyl compounds [70]. However, a key challenge arising in the exploita-
tion of nitroso-aldol synthesis is controlling selectivity between O- and N-adduct
owing to the high reactivity of nitroso derivatives toward nucleophiles. Generally,
an organocatalyst like l-proline exclusively promotes the O-nitroso-aldol reac-
tion of aldehyde and ketone [71]. In sharp contrast, the selective N-nitroso-aldol
reaction is very difficult task to achieve [72]. However, Yamamoto and coworkers
selectively achieved the N-adduct 28 in the nitroso-aldol reaction of tributyltin
enolate 26 with nitrosobenzene 27 using 10 mol% of AgOTf and (R)-BINAP sys-
tem (Scheme 1.14) [73].

During their studies, the authors isolated the three different BINAP-silver
complexes 23–25 via the systematic survey of metal-to-ligand ratio; the complex
either 23 or 25 was selectively generated from 2 equiv. of (R)-BINAP with 1 equiv.
of AgOTf or 2 equiv. of AgOTf with 1 equiv. of (R)-BINAP, respectively, and the
complex 24 was generated from 1 : 1 ratio of (R)-BINAP and AgOTf. But each of
the three complexes plays a different role in regio- and enantioselectivity of this
nitroso-aldol reaction. Among the three complexes, the monometallic complex
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Scheme 1.14 Enantioselective N- and O-nitroso-aldol synthesis.

23 resulted the complete N-selectivity 29 in THF without any enantioselectivity
(O-/N- = 1 :>99, 2% ee). And the enantioselectivity of N-adduct 29 was also
very low when using the monometallic complex 24 derived from AgOAc (∼20%
ee). However, by using bimetallic complex 25 in ethylene glycol diethyl ether,
excellent levels of enantio- and regioselectivities were observed (O-/N- = 4 : 96,
>99% ee). But, in the presence of complex 24 derived from (R)-TolBINAP
and AgOTf, the reaction of trimethyltin enolate 30 with nitrosobenzene 27
exclusively provided the O-adduct 28 with excellent regio- and stereoselectivity
(O-/N- = >99 : 1, >99% ee) [73].

1.3.5 Chemoselective Cyclopropanation Using Donor–Acceptor Diazo
Compounds

TM catalysts played a critical role on modulating the decomposition chemistry
of diazo compounds. Traditional carbenoids functionalized with one- or two-
electron acceptor groups (ester, ketone, phosphonate, etc.) are highly elec-
trophilic. On the other hand, carbenoids with a donor (aryl, vinyl, alkynyl) and
an acceptor group are much more chemoselective than traditional carbenoids
[74] as witnessed from the myriad of reported organic transformations [75]. For
instance, Davies and Thompson demonstrate that the AgSbF6-catalyzed reaction
of trans-β-methylstyrene 31 with donor–acceptor diazo compounds 32 provides
a very different reactivity profile than the reaction in the presence of Rh2(OAc)4
catalyst where the silver-catalyzed reaction resulted the cyclopropane 33 in
excellent yields (80%) and diastereoselectivity (>94% de) and also retained the
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orientation between phenyl and methyl groups in the product. While rhodium
catalysts selectively produced the C—H insertion product 34 (4%), carbene
dimerization was a dominant product when using large excess of substrates
(Scheme 1.15). Moreover, the silver-catalyzed cyclopropanation of a variety of
alkenes including more hindered substrates can also be achieved, despite that
these substrates failed to afford the cyclopropane derivatives with rhodium
catalysts [76]. One the other hand, the silver-catalyzed reaction of the vinyldia-
zoacetate 35 with 1,3-cyclohexadiene 36 also has a major effect, in which the
AgSbF6 resulted in the tandem cyclopropanation and cope rearrangement to give
formal [4+3] cycloadduct 37 in 67% yield. However, rhodium acetate-catalyzed
reaction proceeds through the tandem C—H activation/cope rearrangement to
afford 1.4 : 1 ratio of products 37 and 38 in 36% yield (Scheme 1.16).
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Scheme 1.15 Chemoselective reaction of styrene with donor–acceptor diazo compounds.
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Scheme 1.16 Reaction of vinyldiazoacetate with 1,3-cyclohexadiene.

1.3.6 Homocoupling of Alkyl Grignard Reagents

TM-mediated/TM-catalyzed oxidative homocoupling of organometallic
reagents is an important transformation in organic synthesis, and significant
progress has been made on the several catalytic homocoupling of aryl–metal
reagents [77]. However, the homocoupling of alkyl–metal reagents, especially
those bearing β-hydrogens, has not been developed well, because of the difficulty
in the alkyl–alkyl coupling by TM catalysis [78]. In this connection, Hayashi
et al. developed a silver-catalyzed protocol to achieve the oxidative alkyl–alkyl
homocoupling, where the silver tosylate (AgOTs) selectively catalyzes the homo-
coupling of alkylmagnesium reagents 39 in the presence of 1,2-dibromoethane
as an oxidant in THF at RT to give the corresponding symmetrical alkanes 40 in
excellent yields (Scheme 1.17). However, the effective aryl–aryl coupling catalyst
FeCl3 and other TM catalysts such as CoCl2, NiCl2, and CuCl2 produced very
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Scheme 1.17 Silver-catalyzed homocoupling of alkyl Grignard reagents.

poor yields of homocoupling products along with alkene as a by-product. This
may be due to the as-formed alkyl–metal intermediate more prone to undergo
β-elimination to give alkene, but the alkyl silver intermediate failed to undergo
β-elimination [79]. Mechanistically, the alkyl silver 39-1 species was proposed
as a key intermediate in this reaction, which undergoes disproportionation to
give homocoupling product 40 and silver(0) species 39-2. Then the formed
Ag(0) species 39-2 undergoes oxidation with 1,2-dibromoethane followed by
transmetalation with Grignard reagents to regenerate alkyl silver species 39-1 to
carry the catalytic cycle. This proposed mechanism is completely different than
that of the reported one, where the alkyl bromide 41 was proposed as a crucial
intermediate (Scheme 1.18) [80].

R MgBr

R R

+
Br

Br R Br C2H4 MgBr2
+ +

R MgBr + R Br
[Ag] cat

+ MgBr2

Step I

Step II

4139

4039 41

Scheme 1.18 Alternative mechanism.

1.3.7 Oxidative Arene Cross-coupling

Biaryl molecules are considered as abundant building blocks in light-emitting
diodes, electron transport devices, liquid crystals, and medicinal compounds
[81]. Because of the structural simplicity of biaryl compounds belies its prepar-
ative complexity, although the palladium-catalyzed cross-coupling reactions
(Suzuki and Stille couplings) of alkyl halides and organometallics are the most
accepted and widely used methods for the synthesis of biaryls. But these
approaches required the preactivation of both aromatic coupling substrates and
provided the unwanted homocoupling products that hampered the applicability
of these reactions [82]. In the past few decades, some important advances have
been made in the biaryl synthesis by direct cross-coupling that are devoid of
any substrate preactivation [83]. For example, Fagnou group realized that the
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palladium can catalyze the cross-coupling of N-substituted indoles 42 and
benzenes 43 to give the C3 and C2 aryl indoles 44 and 45 in high yield over a
range of indoles without recourse to any activating groups (Scheme 1.19). In
this reaction, the authors found that the oxidant plays a critical role to control
the product selectivity. In the presence of stoichiometric Cu(OAc)2 oxidant
(10 mol%), the Pd-catalyzed reaction of N-acetyl indoles and benzenes selectively
afforded the C3 aryl indoles 44 in high yields (C3/C2 = 8.9 : 1) [84]. However,
the Pd-catalyzed reaction was carried out with stoichiometric AgOAc oxidant,
which delivers the C2 aryl indoles 45. Changing the N-acetyl to N-pivalyl
indole resulted in excellent C3/C2 selectivity (1 : 25) [85]. Furthermore, these
standard conditions did not afford any by-products resulting from the homo-
coupling of arene substrates. The reason for the inversion in C2/C3 selectivity
is explained as follows: in the presence of AgOAc, the acetate behaves as a base
not counterion that instructs the increased C2 selectivity to Pd catalyst, where
the carboxylate-induced cleavage of higher-order Pd clusters and the formation
of monomeric Pd species were occurring. While excess of Cu(OAc)2 is added
into the catalytic quantity of Pd(TFA)2, mixed Pd—Cu clusters may be formed
that exhibit pronounced C3 selectivity [86].
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Scheme 1.19 Oxidative arene cross-coupling.

1.3.8 Hydroazidation of Alkynes

The hydroazidation of alkynes is one of the most straightforward pathways to
access synthetically useful vinyl azides, which are versatile synthetic interme-
diates in numerous organic transformations, particularly in the TM-catalyzed
azaheterocyclization reactions [87]. However, the synthetic potency of vinyl
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azides from unactivated alkynes remains largely unexplored [88]. In 2014, Bi’s
group established a silver(I)-catalyzed protocol for the chemo- and regiose-
lective hydroazidation of ethynyl carbinols 47 with TMSN3, affording diverse
2-azidoallyl alcohols 48 in high yields, where the hydroxyl group that is close to
the alkyne unit plays a critical role in directing the regio- and chemoselectivity,
and a trace amount of water in DMSO (dimethyl sulfoxide) was necessary for
the reaction. But other TM catalysts such as Cu(I) and Pd(II) salts failed to yield
the hydroazidation product. Mechanistically, silver acetylide 47-1 and vinyl
silver 47-2 were proposed as a key intermediate in this reaction (Scheme 1.20)
[89]. Later, they found that the stoichiometric amount of water has avoided the
dependence of the hydroxyl group in the hydroazidation reaction. Accordingly,
the numerous unactivated terminal alkynes 49 underwent the hydroazidation
using TMSN3 in H2O with the assistance of Ag2CO3 to give the excellent yields
of corresponding vinyl azides 50 in shorter reaction times (Scheme 1.20) [90].
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Scheme 1.20 Hydroazidation of unactivated alkynes.

1.3.9 Isocyanide–alkyne Cycloaddition

The [3+2] cycloaddition of isocyanides and alkynes is an atom-economic and
straightforward method for the synthesis of pyrroles, which are important
motifs in numerous natural products, pharmaceuticals, agrochemicals, and
functional materials. However, most of the reported reactions are highly limited
to electron-deficient alkynes under base or copper catalysis [91]. In 2013,
Bi’s group [92] and Lei group [93] have addressed these challenges through
a silver-catalyzed cycloaddition reaction of unactivated terminal alkynes and
isocyanides (Scheme 1.21). Remarkably, Ag2CO3 exhibited the unique catalytic
activity toward the pyrrole 51 synthesis than other silver salts such as AgNO3,
AgBF4, AgClO4, AgOAc, AgOTf, Ag2O, AgF, and AgNO2. In contrast, Cu(OAc)2
and CuI catalysts were found to be ineffective. Also, the standard conditions
did not produce any by-products derived from the homocoupling of terminal
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Scheme 1.21 [3+2] cycloaddition of isocyanides with terminal alkynes.

alkynes. But the reaction mechanism of this reaction proposed by both Lei’s and
Bi’s groups remains unclear.

Later, Bi’s group collaborates with Zhang group to study the precise reaction
mechanism of this Ag2CO3-catalyzed cycloaddition of isocyanides with termi-
nal alkynes. The combined DFT and experimental results clearly revealed that
the reaction underwent through an unexpected multicatalyzed radical process,
where the Ag2CO3 served a dual role as a base for deprotonating isocyanide and
an oxidant to initiate the initial isocyanide radical formation. After the cycload-
dition of isocyanide radical with silver acetylide, the substrate (isocyanide) and
solvent (1,4-dioxane) replaced the role of Ag2CO3 and acted as a radical shuttle to
regenerate the isocyanide radical for the next cycle, completing the protonation
(Scheme 1.22) [94].
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Scheme 1.22 Favorable radical catalytic cycle for the isocyanide–alkyne cycloaddition.

1.3.10 Nitrogenation of Terminal Alkynes

The transformation of alkynes is a fundamental method that has been widely
utilized in organic synthesis. Recently, the catalytic selective cleavage of carbon–
carbon triple bond has attracted significant attention, and several TM-catalyzed
C≡C bond cleavage reactions have been reported for the construction of new
C—C and C—heteratom bonds, especially silver catalyst remarkable catalytic
activity [95]. For example, Jiao et al. reported a novel and direct method for the
nitrogenation of alkynes 54 into nitriles 55 through the selective cleavage of C≡C
bonds. A range of aryl/alkyl terminal alkynes smoothly underwent this selective
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nitrogenation using 10 mol% of Ag2CO3 as catalyst to afford the desired nitriles in
high yields. However, the reaction catalyzed by other TM, such as AuCl3, NiCl2,
FeCl2, Cu(OAc)2, and Pd(OAc)2, either did not proceed or gave only poor yields,
indicating the amazing catalytic reactivity of silver in this nitrogenation process
[96]. Mechanistically, the formation of vinyl azide 54-3 is a crucial intermediate
in this nitrogenation reaction, which could directly transform into corresponding
nitriles 55 under standard conditions. But, in the absence of another equivalent
of TMSN3, corresponding nitriles obtained in very poor yields imply the pivotal
role of TMSN3 in C≡C bond cleavage. From these, the author concluded that the
conversion of vinyl azides into nitriles does not require the silver catalyst. Then
the as-formed vinyl azide 54-3 cyclizes with azide to form the unstable interme-
diate 54-4, which undergoes fast rearrangement to give nitrile with the release of
HN3 and CH2N2 (Scheme 1.23) [96].
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Scheme 1.23 Silver-catalyzed nitrogenation of terminal alkynes via C≡C bond cleavage.

1.3.11 Decarboxylative Alkynylation

Introduction of an alkynyl group into a molecule has drawn considerable
attention not only because of its applications in materials science and chemical
biology but also because of its versatile building blocks in organic synthesis
[97]. Rapid progress has been made in the TM-catalyzed alkynylation via the
Sonogashira reaction, which results in expedient route to C(sp2)—C(sp) and
C(sp3)—C(sp) bond formations. However, these approaches are highly restricted
to primary or secondary alky–alkynyl coupling, while tertiary alkyl–alkynyl
coupling reaction remains a difficult task [98]. In this connection, Li group
described a silver-catalyzed decarboxylative alkynylation of aliphatic carboxylic
acids 56 in aqueous conditions (Scheme 1.24). Especially, in the presence of
AgNO3 as catalyst and K2S2O8 as oxidant, various primary/secondary/tertiary
alkyl carboxylic acids smoothly underwent the decarboxylative C(sp)—C(sp3)
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Scheme 1.24 Silver-catalyzed decarboxylative alkynylation.

coupling with various ethynylbenziodoxolones 57, leading to the corresponding
alkylated compounds 58 in high yields under mild conditions. Notably, this
catalytic process exhibited the good functional group tolerance, including the
more complex molecules such as N-protected amino acids or dehydrolithocholic
acids. Based on their control experiments, the authors proposed a radical
mechanism as shown in Scheme 1.24. Oxidation of Ag(I) by persulfate generates
Ag(II), which then induces decarboxylation of aliphatic carboxylic acid into alkyl
radical. The addition of alkyl radical to the C≡C triple bond of alkynyliodine(III)
compound and subsequent β-elimination to afford the final product along with
the benziodoxolonyl radical. The latter is transformed into 2-iodobenzoic acid
either by H-abstraction or by reduction [99].

1.3.12 Nitrene Transfer Reactions

N-containing organic compounds are principal components of many biologically
and pharmaceutically important molecules. Therefore, the selective introduction
of N-atom into molecules is of great interest of research. The TM-catalyzed
nitrene transfer into C—H or C=C bond of unsaturated substrates represents a
straightforward strategy for the construction of new C—N bonds, and significant
progress has been achieved in the past decades [100]. However, the chemoselec-
tive C—N bond formation via the nitrene transfer into a substrate bearing both
C—H and C=C bonds is challenging task, because these substrates give rise to
multiple products or exhibit substrate or catalyst controlled selectivity [101].
Thus, a novel method that can achieve both the product by means of same metal
and same ligands is highly needed. In 2013, the Schomaker group has solved this
problem by employing this nitrene transfer reaction of homoallenic carbamates
59 with silver catalysis. Particularly, a silver complex derived from AgOTf and
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1,10-phenanthroline (phen) showed significant chemoselectivity by tuning the
metal ligand ratio [102]. In the absence of an allenic C—H bond, the selective
aziridination took place, and no competitive C—H amination was observed.
But, in the presence of allenic C—H bonds, aziridination 60 is preferred over
C—H amination 61 with a monomeric (phen)AgOTf complex derived from an
equimolar ratio AgOTf and Phen, and the chemoselectivity for aziridination
over C—H amination varied from 3.7 : 1 to >20 : 1. In sharp contrast, when
the AgOTf/Phen ratio was increased to 1 : 3, the aziridination process was
suppressed, and reactivity favored to the C—H insertion, leading to C—H
aminated products 61 with excellent chemoselectivities (Scheme 1.25). Notably,
trisubstituted allenes exhibited excellent selectivity under both conditions, while
less substituted allenes usually gave better selectivity in C—H insertion. This
result shows that Ag has the unique ability to change coordination geometry
in response to changes in the metal/ligand ratio. The control experiment results
support that a concerted pathway involves singlet nitrene for the C—H insertion
(Scheme 1.26, Path B). But the aziridination pathway could involve either singlet
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or triplet nitrene intermediate or perhaps both (Scheme 1.26, Path B) because of
the energy difference between these two states are very small.

1.3.13 Fluorination Reactions

The replacement of a hydrogen by fluorine in organic molecules leads to
dramatic changes in their properties such as solubility, metabolic stability, and
bioavailability [103]. Thus, the efficient strategies toward fluorinated compounds
have attracted significant attention. It was observed from the literature database
that the silver-catalyzed/silver-mediated approaches occupied a prime position
for the synthesis of fluorine-containing molecules [104]. For instance, Liu and
coworkers established a novel silver-catalyzed intramolecular aminofluorination
of allenes 62 for the synthesis of 4-fluoro-2,5-dihydropyrroles 63 [105]. Particu-
larly, AgNO3 resulted in remarkable catalytic reactivity in the aminofluorination
of allenes using NFSI (N-Fluorobenzenesulfonimide) as a fluorine source. More-
over, the reaction was tolerant to various functional groups and substitution
pattern. It should be noted that under the catalysis of palladium, no conversion
was observed, indicating the critical role of silver(I) in the reaction outcome. The
preliminary mechanistic study revealed that the reaction proposed to proceed
via a vinyl silver intermediate 62-1, which reacts with NFSI, to afford the product
with the regeneration of silver catalyst (Scheme 1.27).
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Scheme 1.27 Silver-catalyzed aminofluorination of allenes with NFSI.

In another example, Li and coworkers introduced a fluorine atom into the
C(sp3) carbon via a silver-catalyzed decarboxylative fluorination of aliphatic
carboxylic acids 56 using Selectfluor 64 as a fluorine source in aqueous con-
ditions [106]. With 20 mol% of AgNO3 as catalyst, various aliphatic carboxylic
acids smoothly underwent the decarboxylative fluorination to afford the cor-
responding fluoroalkanes 65 in high yields and excellent chemoselectivity. The
reactivity of carboxylic acids decreases in the order of tertiary> secondary>
primary≫ aromatics. Based on their control experiment results, the authors
proposed a radical mechanism as shown in Scheme 1.28. Formation of Ag(III)—F
intermediate 64-1 via the oxidation of Ag(I) by Selectfluor was proposed as
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Scheme 1.28 Ag(I)-catalyzed decarboxylative fluorination of aliphatic carboxylic acids.

critical step, which then undergoes SET with carboxylate anion to produce
Ag(II)—F 64-2 and carboxyl radical. The fast decarboxylation provides alkyl
radical, which then abstracts fluorine atom from the Ag(II)—F to afford alkyl
fluorides and regenerate the Ag(I) catalyst.

1.4 Summary

This chapter provides a collective information concerning the history, features,
chemistry, and applications of silver salts/silver nanoparticles. More importantly,
the fundamental reaction involved in the catalysis of silver is described on the
basis of key prominent mechanistic aspects. Knowledge of these fundamental
reactions would be useful to understand and develop the catalytic new mul-
tistep transformations. As the purpose of this book is the catalysis of silver
in organic transformations, the remaining chapters provide an overview of
various silver salts/silver complexes/silver nanoparticle-catalyzed/mediated
organic transformations with the scope of reactivity, selectivity, and also reaction
mechanism.
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