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Silver-Mediated Direct sp> C-H Bond
Functionalization

Taigang Zhou and Zhang-Jie Shi

Abstract Direct sp3 C-H bond functionalization is an efficient, straightforward,
and powerful method to construct new C-X (X=C, N, F, S) bonds from
nonfunctionalized aliphatic motif of organic molecules, which has been used in
late-stage modification of complex molecules. In this chapter, the recent develop-
ments of silver-mediated direct sp> C—H functionalizations are reviewed, catego-
rized by C—C bond formation (C—H insertion), C-N bond formation (intramolecular
and intermolecular amination/amidation), C—F bond formation, and C-S bond
formation.
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Abbreviations

BHT 2,6-Di-tert-butyl-4-methylphenol

Bo Benzo
bp 4,7-Diphenyl-1,10-phenanthroline
d.r. Diastereoselectivity ratio

DCE Dichloroethane
DCM Dichloromethane
EDA Ethyl diazoacetate

h Hour(s)

L Ligand

L-Men L-Menthyl

Me Methyl

Ns p-Nitrosulfonyl

Ph Phenyl

Py Pyridine

Pyr Pyrrole

It Room temperature

scCO, Supercritical carbon dioxide
‘Bubipy  4,4’-Di-tert-butyl-2,2'-bipyridine
THF Tetrahydrofuran

Tp Tris(pyrazolyl)borate
tpa Tris(2-pyridylmethyl)amine
Ts p-Toluenesulfonyl

1 Introduction

As a noble metal, silver becomes one of the most important metals in the life of
human beings, which has been used as currency and ornaments by humans for
thousands of years. Nowadays, silver and its salts have been widely used in
photography, electrical equipment, jewelry, as well as transition metal for catalysis
in chemistry. In chemical research, silver complexes were usually thought to be low
activity and used as either co-catalysts [1, 2] or Lewis acids [3] for decades. In
recent years, a wide range of important organic transformation has been catalyzed
by silver complexes, including C-H insertion, amination/amidation, fluorination,
hydrosilylation, decarboxylation, and so on [4—12].

Direct sp> C—H bond functionalization has attracted much attention in the past
few decades, which presents high efficient, atom-economical pathways to construct
new functional groups from easily available chemicals. Most of present C—H bond
transformations need to use expensive metals, such as palladium, rhodium, iridium,
etc. [13]. Compared to these metals, silver is relatively economically attractive and
has been proved highly efficient for C—H activation in recent years, in particular,
silver-mediated sp> C—H bond transformation. Diverse Ag complexes exhibited



Silver-Mediated Direct sp’> C—H Bond Functionalization 117

F
H CFs Br RF F\Z\(F

FsC | H Ho R F \

B By B BB F Bo V= By Br

N q
/N ’?]?N\’ gr— N ";‘P‘N\’ T "?PJN'— FF sr— ’/\Jt‘N Br
/N\ ’N\ CFs /N\ ,N\\\ Elr F /N\ ,N\\\ \RF /N\ ,N\

FC A9 bp, B A b R A3k Ag

L L L

To(CFI2Ag(THF), 1 [Tp**Agl,(Me,CO), 2 R=CFs Far-Tpt8030FAg(Me,CO), 3 e *Agl,, 8
R =CF,CF;3 F,7-Tp4B0.3CF2CFspg(THF), 4
R = (CF;),CF3  Fy5-Tp4Bo.3(CF22CFsAg(Me,CO), 5
R = (CF2)3CF3  Faq-Tp*Bo3(CF23CFAG(THF or Me,CO), 6
R = (CF,)sCF3 F51-TPAB"‘3lCF2)5CF3Ag(MezCO), 7

+

FsC /ﬁ:\ 5 T NO; &y
m oo —
AN o b

S N k\
g tBu/Q‘I Agi——N : {S>— N Ag
CFs .Ag Age, CF, Py /\E/ Bu S 1
2N NN =\ Ag\ '
= Ag, = N4 | =
e =N IN=L e, N, N=S SN o
P \_ 7/ ~ TN &I Ag Tf
tBu O-Tf
Aga(12-3,5-(CF3),PyrPy)s, 9 [Ag,(tBustpy),(NO3))(NO,), 10 [Ag(bp)OTf],, 11

Scheme 1 Silver complexes involved in sp3 C-H bond transformation

their unprecedented reactivity in this field, which will be discussed in the text
(Scheme 1). This chapter will focus on a variety of sp’ C—H functionalizations
catalyzed by different silver complexes.

2 Silver-Mediated Direct sp> C-H Transformations

2.1 Direct C—C Bond Formation

C—C bond formation is a major task in synthetic chemistry, and direct C—C bond
formation through sp> C—H transformation is an ideal method. Up to date, only a
few examples were reported via silver catalysts in this field. In 1996, Burgess and
coworkers described the earliest work of silver-mediated intramolecular carbene
insertion toward C—H bonds (Scheme 2) [14]. They examined 96 potential systems
of ligand/metal/solvent combinations to optimize such a C—H insertion reaction.
Silver hexafluoroantimonate(V) (AgSbFg) together with bis(oxazolidine) ligand L*
in THF showed an unexpected activity and gave desired insertion products in
moderate yield (44%) and diastereoselectivity (2.7:1).

A family of tris(pyrazolyl)borate (Tp) silver complexes (Scheme 1, catalysts 1—
7) have been independently developed by Dias and Pérez’s groups, which proved to
be efficient for carbene insertion in sp3 C-H bonds with diazoacetates [8, 15—
24]. For example, in 2004, Dias, Lovely, and coworkers reported early examples of
carbene insertion into sp° C—H bond of alkanes and ethers by silver with tris
(pyrazolyl)borate complex 1 [18, 19]. In this reaction, using neat alkane as substrate
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Scheme 2 Intramolecular carbene insertion into C—H bond with silver catalyst

and solvent, 5 mol% [Tp‘“"*?]Ag(THF) 1 as catalyst (Scheme 1), and ethyl
diazoacetate (EDA) as a carbene source, the desired carbene insertion products
were observed with moderate to excellent yield (41-88%, Scheme 3). All primary,
secondary, and tertiary sp> C—H bonds of alkanes worked well in this transforma-
tion. The regioselectivity for the carbene insertion was favored at the primary and
secondary sites. However, cyclic ethers were not suitable substrates and showed
low activity, presumably due to highly coordinating ability of cyclic ethers.

Pérez’s group has focused on modification of tris(pyrazolyl)borate silver com-
plexes for several years. In 2005, Pérez and coworkers developed a highly active
silver catalyst [TpBr3Ag]2(Me2CO) 2 for the transformation of sp3 C-H bond of
alkanes with carbene species (Scheme 3) [20]. Compared to silver catalyst 1, the
substitution of ligand in silver catalysts 2 was changed from CF; (catalyst 1) to Br
(catalyst 2) and showed higher efficiency of carbene insertion into sp> C—H bonds
of various alkanes with EDA. However, the drawback of these silver catalysts is the
high catalyst loading (5%) with quite a low turnover numbers. Thus, efficient silver
complexes for this transformation were still highly appealing.

After developing the promising catalyst 2, Pérez and coworkers further reported
a new silver complex with perfluorinated tris(pyrazolyl)borate ligand [F,;-
Tp*Bo3F31Ag(Me,CO) 3, which can catalyze carbene insertion into sp® C—H
bond of alkanes with EDA [21]. A variety of alkanes and cycloalkanes were
evaluated in the reaction (Scheme 3). Compared to catalyst 1 and 2, the similar
results were achieved with catalyst 3, while with a low catalyst loading (0.5%) and
high turnover numbers.

In 2011, Asensio, Etienne, Pérez, and coworkers reported a first example of
carbene insertion into methane sp> C—H bond by silver catalysts (Scheme 4)
[22]. The reaction was performed using Tp*Ag (silver complexes 2, 3, 4) as the
catalysts and ethyl diazoacetate as a carbene source. ScCO, as the solvent was the
key for the success of this transformation. Although silver catalyst was only
sparingly soluble in mixture of methane/scCO,, silver complexes 3 or 4 gave
approximately 7% desired insertion product, respectively, whereas complex 2 led
to a trace amount of product. Nineteen percent yield of ethyl propionate was
obtained after the optimization of conditions. Ethane and n-pentane also underwent
this transformation in scCO,. Additionally, in 2014, Pérez and coworkers also
developed a catalytic method for functionalization of methane and light alkanes
with EDA in scCO, based with these fluorinated silver complexes (catalysts 3—
7) [23].

Later on, more fluorinated silver complexes (catalysts 5—7) were developed by
Pérez and coworkers [24]. Most of those complexes efficiently catalyzed carbene



Silver-Mediated Direct sp> C—H Bond Functionalization 119

Silver complexes (1,2,3,7,9)
3 3
" EOLNE
R "R? CO,Et R1” OR?
N
H
Catalysts Substrate yield(%) Primary site(%) Secondary site(%) Tertiary site(%)
H
o (o
)n Jn
1 88 100
3 n=1 70 100
9 94 100
1 88 100
3 n=2 o7 100
9 68 100

X X
1 X=CH, 41 100
1 X=0 0 -
M CO,Et
)\|/\/ H ANNAC0,E
) CO,Et
1 81 41 47 12
2 93 29 57 14
3 86 41 53 6
9 47 12 63 25
EtO,C CO,Et CO,Et
1 87 59(both) 27 14
2 %8 42(both) 37 21
3 93 56(both) 26 18
9 42 20 40 40
H CO,Et
)ﬁ(:i )\H/ )ﬁQcozEt
1 85 80 20
2 98 60 40
3 % 75 25
9 44 13 87
cycles times(h)

>99 1 1 80 20
7 >99 2 2 8 19

>99 3 2 8t 19

>09 4 5 83 17

Scheme 3 Silver complex-catalyzed carbene insertion into sp> C—H bonds

insertion into alkane sp® C—H bond with EDA in quantitative yield. More impor-
tantly, those silver complexes could be separated and reused several times without
loss of efficacy and chemo- and regioselectivities under a fluorous phase (Fomblin
or perfluorophenanthrene). For example, by using 2,3-dimethylbutane (1 mL,
7.6 mmol) as the substrate, silver complex 7 (0.005 mmol) F51—Tp4B 0.3(CF2)
CF3 A g(acetone) as the catalyst, ethyl diazoacetate (10.5 pL, 0.1 mmol) as a carbene
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Scheme 4 Silver-mediated methane sp> C—H transformation by Pérez et al.

source, and Fomblin HVAC 140/13 (4.0 mL, 1.2 mmol) as the fluorous medium, the
desired product and starting material were collected by trap-to-trap vacuum distil-
lation at room temperature after the first catalytic cycle run in good efficiency. Then
the fresh starting material (1 mL) and EDA (10.5 pL) were added to the distillation
which contained soluble catalyst and the fluorous phase for the second run. This
procedure could be repeated several times. The results were shown in Scheme 3.
The catalyst 7 was used 4 times and observed identical chemo- and regioselectivity
with a slight increase of the reaction time.

Besides a series of tris(pyrazolyl)borate silver complexes, another type of silver
complex 9, discovered by Caulton, Mindiola, and coworkers, could also catalyze
carbene insertion into alkane sp® C—H bonds [25]. This silver complex was easily
prepared from Ag,O with a bidentated ligand (H(3,5-(CF3),PyrPy). This complex
was an air- and water-stable complex, existing as a trinuclear form. A series of
alkanes, including cyclic, linear, and branched alkanes, were functionalized with
complex 9 at 25°C in moderate to excellent yield (Scheme 3). Interestingly,
compared with the results from Dias and Pérez’s groups by using Tp*Ag com-
plexes, the opposite regioselectivity was observed from Mindiola’s group by using
complex 9. For example, the regioselectivity for the carbene insertion into
2,3-dimethylbutane C—H bond with complex 9 favored at the tertiary site over the
primary site (ratio 6.7:1, Scheme 3), whereas complex 3 favored at the primary site
over tertiary site (ratio 3:1). The yields of functionalization of linear and branched
alkanes with complex 9 were moderate due to the formation of fumarate, maleate
from EDA, and some unreacted EDA.

In 2013, Lee and coworkers reported silver-mediated intramolecular carbene
insertion to sp° C—H from alkyne building blocks, mediated by aryne intermediates
[26]. In this reaction, using silver trifluoromethanesulfonate (AgOTf, 10 mol%) or
AgSbFg (10 mol%) as the catalyst and toluene as the solvent at 90°C for 5 h, good to
excellent yields were obtained for various unsymmetrical and symmetrical bis-1,3-
diyne substrates. All primary, secondary, and tertiary C—H bonds could be activated
to generate the desired five-membered ring product, and secondary C—H bond was
more reactive than primary C—H bond when substrates had two different kinds of
available sp®> C—H bonds (Scheme 5). For example, sp® C—H insertion in substrate
with two different C—H bonds (entry 4) afforded a mixture of secondary and
primary insertion products in high yield (80%) and ratio (13:1).
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Scheme 5 Silver-mediated sp3 C-H insertion through aryne intermediates by Lee et al.

2.2 Direct C-N Bond Formation

Nitrogen-containing functional groups are basic and important structural motifs,
exiting in biologically active compounds and natural products [27]. The develop-
ment of new and efficient methods to construct C-N bonds through C-H activation
attracted much attention in medicinal chemistry and organic chemistry. Usually,
there are two ways to introduce C—N bonds via C—H activation, intramolecular and
intermolecular amination/amidation.

2.2.1 Intramolecular Amination/Amidation

In 2004, He and coworkers reported that a disilver (I) complex 10 (Scheme 1)
catalyzed intramolecular amidation of sp> C—H bonds in both carbamates and
sulfamates [28]. Using AgNO; (4 mol%) with /Bustpy (4-6 mol%) as the catalyst
and PhI(OAc), (2.0 equiv.) as the oxidant in MeCN, the intramolecular amidation
products were obtained in good to excellent yields (53-90%, Scheme 6). The
reaction worked for a range of carbamates and sulfamates, generated five-
membered ring and six-membered ring products. In addition, the optical rotation
of product will remain as an enantiomerically pure sample during the reaction. This
result indicated that the reaction is stereospecific and also provided the evidence to
show that the amination involved a silver-mediated nitrene-transfer mechanism.
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Scheme 6 Silver-mediated intramolecular amination of sp> C-H bonds
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Scheme 7 Silver-catalyzed tunable, chemoselective sp3 C—H amination

However, the substrate scope could not be expanded to amides. Several amides
were tried under various reaction conditions; no desired product was obtained.

In 2013, Schomaker and coworkers reported highly chemoselective amidation of
C=C and sp® C-H bonds by silver catalyst (Scheme 7) [29]. AgOTf was used as the
catalyst with phenanthroline as ligand set in the presence of PhlO as the oxidant and
4 A molecular sieves as additive in DCM. The reaction ran at room temperature.
The ratio of AgOTf/ligand is critical since it controlled the reaction pathways to
form either aziridination or C—H insertion product. The substrate scopes were
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explored to homoallenic and homoallylic carbamates with various substituents.
Excellent chemoselectivity and high yields were obtained for this amidation of
sp> C—H bonds when a 1:3 ratio of AgOTf/ligand was used, while for aziridination
when a 1:1.25 ratio of AgOTf/ligand was used.

Later in 2014, ligand-controlled tunable, site-selective silver-catalyzed intramo-
lecular amination/amidation between two different types of C—H bonds has been
described by Schomaker and coworkers (Scheme 8) [30]. In the reaction, AgOTf
with 4,4'-di-tert-butyl-2,2'-bipyridine (‘Bubipy) or tris(2-pyridylmethyl)amine
(tpa) as the catalyst, PhIO as the oxidant, and 4 A molecular sieves as additive
were used. The sulfamate substrates contained two different types of C—H bonds,
including a benzylic C-H bond and an electron-rich tertiary C—H bond. The
reactions ran in DCM at room temperature. When AgOTf with ‘Bubipy (AgOTf/
ligand=1:3) was used as a catalyst, the reaction preferred at an electron-rich tertiary
C-H bond. Interestingly, when tpa was used as ligand (AgOTf/ligand=1:1.25), the
amidation was favored at a benzylic C—H bond. However, there also were some
exceptions. For example, substrate only gave benzylic C—H bond activation with
both catalysts, while a higher yield was obtained with (tpa)AgOT{, presumably due
to the low bond dissociation energy of benzylic C-H bond (~89 kcal/mol)
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Scheme 8 Silver-catalyzed, ligand-controlled sp® C—H amination by Schomaker et al.
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compared to the cyclopropyl C—H bond (~106 kal/mol) (entry 2). The amidation
with both catalysts again was obtained at tertiary C—H bond, and similarly (tpa)
AgOTf was superior to (‘Bubipy),AgOTTf (entry 4).

Very recently, Shi and coworkers reported another beautiful example of silver-
catalyzed direct intramolecular amination (Scheme 9) [31]. Primary sp® C—H bonds
are much less reactive than secondary and tertiary C—H bonds, and activation of
primary sp® C—H bonds is high challenge and needs to develop a new silver-based
catalytic system. In their report, primary sp> C—H bond was found preferred to
secondary and tertiary C—H bonds. Notably, secondary benzylic C-H and aryl C-H
bonds were suitable in the reaction; by using AgOAc (20 mol%) with ‘Bubipy
(20 mol%) as the catalyst, PhI(OTFA), (2.0-4.0 equiv.) as the oxidant, K,CO; (2.0
equiv.) as the base, and PhCI/DCE (1/1) as the solvent at 120°C for 12 h, this
amination worked for various triflic amide derivatives and generated only five-
membered ring products, while six-membered products were generated through sp”
C-H amidation. Moderate to good yields are obtained (20-73%). Secondary and
tertiary C—H bonds have shown quite a low reactivity in the reaction. The substrates
with p-substitution were favorable for amination and usually good yields were
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Scheme 9 Silver-mediated directed amination of primary and benzylic C—H bonds by Shi et al.
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obtained. However, a-substitution decreased the yields, possibly due to the steric
effect. Furthermore, protected linear amino acid ester underwent this transforma-
tion and formed 3-methylproline with 50% yield. More complicated core structure
of (—)-codonophsinine and (—)-martinellic acid was easily constructed using this
powerful method with moderate yields.

2.2.2 Intermolecular Amination

In comparison, intermolecular reaction met high challenges due to both enthalpy
and entropy reasons. In 2007, He and coworkers developed a disilver-based new
catalyst 11 which showed high efficiency for intramolecular C—H amination reac-
tion (Scheme 10) [32]. Such an intermolecular C—H amination/amidation ran at
mild condition. The new catalyst set has successfully been applied to
intermolecular amination reaction for the first time (Scheme 11). In the reaction,
the catalyst was added in two portions in order to increase the yield. Under typical
reaction condition, AgOTf (2 mol%) and ligand (2.4 mol%) were mixed in DCM in
a tube for 20 min. Then the substrate (5.0 or 10.0 equiv.), PhI=NNs (1.0 equiv.) and
4 A molecular sieves (2 g/mmol) were added under N, atmosphere. The tube was
sealed and heated to 50°C for 2 h before another AgOTf (2 mol%) and ligand
(2.4 mol%) mixed in DCM were added. The reaction was carried out at 50°C

o : Ph Ph
H AgOT, bp, Phi(OAC) J
R)\/OTNHZ it 2 N o A
& DCM, 50 °C R)—’ i =N =

! bathophenanthroline (bp)

i X
o) o
N A OXNH N P
HN o HN” YO ©<
75% 84% 90% 80%

Scheme 10 Silver-mediated intramolecular amination of sp> C—H bonds by He et al.
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Scheme 11 Silver-mediated intermolecular amination of sp> C—H bonds by He et al.
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overnight. Good yields were obtained for activating the benzylic C—H bond, while
only moderate yields were obtained for inert C—H bond of cyclic alkanes.

In 2008, Diaz-Requejo, Pérez, and coworkers developed a new silver-based
catalytic system which proceeded the direct intermolecular amination of alkanes
[33]. This new catalyzed system employed complexes [Tp ®'Ag], 8 as catalyst and
PhI=NTs ([Ag]/[PhI=NTs]=1/20) as the nitrene source. The reaction was carried
out in neat alkane at 80°C for 4 h. Linear and branched alkanes were converted to
corresponding isomeric mixtures of amides in moderate to excellent yields
(Scheme 12). The amination/amidation was favored at tertiary sites over secondary
and primary sp> C—H bonds of alkanes, and only a few examples were observed at
primary sp® C—H bonds. The reaction was inhibited when 2,6-di-terz-butyl-4-
methylphenol (BHT) was present . Chloroalkanes were observed when CCl, was
used as solvent. These evidences indicated that the mechanism involved radical
species.

Although good results were observed for amination/amidation of alkanes, the
reaction needed to carry out in neat substrates. In 2013, Dauban, Diaz-Requejo,
Pérez, and coworkers have developed a highly efficient nitrene source
sulfonimidamide. Based on their previous studies, complexes [Tp ®"Ag], 8 could
catalyze amination/amidation of alkanes (Scheme 12) [34]. In this report, a chiral
sulfonimidamide was used as the nitrene source instead of PhI=NTs. High
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Scheme 12 Sp> C—H bond amination using silver complex 8 as catalyst
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conversion was obtained for benzylic sp> C—H transformation. Important to note,
for sp’> C—H bond of alkane, the silver catalyst 8 showed high activity and gave
better yields by using much lower amounts of alkanes.

2.3 Direct C-F Bond Formation

Fluorine-containing compounds have unique physical and chemical properties, and
they are widely used in material chemistry and medicinal chemistry [35-37]. For
example, '8F_labeled organic compounds are used as biological imaging agents for
positron emission tomography (PET) [38, 39]. In 2014, Tang and coworkers
reported a silver-mediated difluorination of benzylic C—H bonds [40]. In this
reaction, they used AgNO; as catalyst, Na,S,Og as oxidant, and
1-(chloromethyl)-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)
as Selectfluor fluorinating reagent, which is commercially available. Under stan-
dard condition, substrate (1.0 equiv.), AgNO5; (10 mol%), Na,S,05 (0.5 equiv.),
Selectfluor (3.0 equiv.), and MeCN/H,0 under N, were heated to 80°C for several
hours. Moderate to excellent yields were achieved (42-93%, Scheme 13). The
reaction was tolerating various functional groups, including ketone, ester, carbox-
ylic acid, amide, sulfonamide, aromatic derivatives, and heteroaromatic deriva-
tives. However, higher catalyst loading and excess reagents were needed for some
cases. For example, substrates without ortho-substituents reacted slowly and usu-
ally needed high catalyst loading and large amount of Selectfluor. Obviously, this

H H F. F ﬁCI
2 AgNOj3, NayS,0g, Selectfluor 2
Rif X R gNO3, NazS;0g RiT N R [NJZBF4
9 o —
MeCN/H,0, 80°C Selectﬂuor
FF FF F F
©)(H /©)<H /©)(H y
HoN
Ph & \\ 2
[e] (0]
85% (5h) 93% (3h) 68% (5h) 64% 72% (5h)
o F F MeO.__O HO.__O HO HO.__O
FF FF FF
H,N H
H H H
‘ X
F ~.N
69% (10h) 87% (3h) 76% (3h) 73% (3h) 74% (3h)
HO._O HoN.__O PN ¢
v FF 2 FF
H
/@)(CHs CHg CHy ©)Q)L
H
Ph
FF
74% (3h) 71% (10h) 84% (3h) 42% (3h) 88% (10h)

Scheme 13 Silver-mediated difluorination of sp®> C—H bonds



128 T. Zhou and Z.-J. Shi

method provided the most straightforward way to produce 1,1-difluoro substituents
at benzylic position.

2.4 Direct C-SCF; Bond Formation

Trifluoromethylthio group (SCF;) is an important structural moiety in new drugs
and agrochemicals owing to its strong electronegativity and high lipophilicity [41—
44]. Very recently, both Tang and Chen groups have reported direct sp® C-H
trifluoromethylthiolation using silver (I) trifluoromethanethiolate and persulfate
[45, 46]. These developed methods were applied for the late-stage trifluoro-
methylthiolation of pharmaceutical and agrochemical compounds.

In Tang’s work [45], AgSCF; was used as trifluoromethylthiolation reagent and
Na,S,0g as the oxidant. The reaction was carried out under aqueous conditions in
air. As standard condition, the substrates (1.0 equiv.), AgSCF; (2.5 equiv.),
Na,S,0g4 (4.0 equiv.), and MeCN/H,O/DCE (6:2:1, v/v/v) in 2.00 mL sealed in a
vial were warmed to 35°C for 12 h. Moderate to excellent yields (32-94%) of
desired products are obtained. The reaction can be carried out at gram scale
(Scheme 14). The reaction tolerated various functional groups, including ethers,
esters, amino acid derivatives, bromides, and aromatic derivatives. This reaction
was favored occurring selectively at tertiary and secondary C—H bonds. Otherwise,

AgSCF; (2.5 equiv)
Na,S,0g (4.0 equiv,
R=H 25205 (4.0 equiv) R=SCF,
MeCN/H,O/DCE (6:2:1, v/v/v), 35 °C

o SCF, o] o SCF, o
SCF. SCF
©)LO/Q\ @O 3 @)ko/\X Q)koj\/\ﬁ 3
32% (3:1) 72% (15:1) 90% (>20:1) 80% (20:1)
o o o o]
SCF SCF
SCF. SCFs o 3 (¢] 3
Q)koj\/* : O)koj\/\ﬁ g ’
S
o FsC
70% (13:1) 94% (15:1) 78% (>20:1) 55% (6:1)
SCF.
o o SCF, 3
\O)K/\ﬁscﬁ Bf\/\ﬁsc':s MeOW CFs
NPhth
N OBz
55% (15:1) 65% (8:1) 77% (10:1) 65% (>20:1) 87% (>20:1)

42%

Scheme 14 Silver-mediated trifluoromethylthiolation of sp> C—H bonds and applications
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AgSCF3; (1.0 equiv)
K3S,05 (2.0 equiv,

Ren _eS0s@0eaN) o gep,
MeCN, 60°C, 12 h

SCF. N=1 72% SCF; 3
®n=2 83% 3 Facs)k/ \|2/4W
) n=3 72% e
n n=4 82% SCF;
n=10 74%
n=1272% 75% (3°:2° = 10.4:1) 69% 75% (2:3:4 = 1:1:1)
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MX Br CO,Me
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Scheme 15 Silver-mediated trifluoromethylthiolation of sp> C—H bonds

this transformation gave a much lower selectivity of trifluoromethylthiolation
products. It is important to note that more complex natural products were success-
fully applied in this trifluoromethylthiolation, exhibiting the potential of this
method in medicinal chemistry.

Almost at the same time, Chen and coworkers also reported the similar direct
trifluoromethylthiolation of sp® C—H bonds by AgSCF3/K,S,0g [46]. They also
used AgSCF; as trifluoromethylthiolation reagent, but K,S,0g as the oxidant. The
reaction was carried out under argon atmosphere. Moderate to excellent yields (18—
83%) were obtained under mild conditions (Scheme 15). Similarly, the trifluoro-
methylthiolation were showed with a better selectivity at tertiary C—H than sec-
ondary C—H bonds. Many functional groups were also well tolerated, including
ketones, esters, bromides, tertiary alcohols, and phthalimides. However, the pres-
ence of the primary and secondary aliphatic alcohols terminated the reaction. The
substrates with alkene and alkyne groups were also not workable and resulted in a
complicated reaction mixture.

3 Conclusions and Perspective

Although much attention has been paid to silver catalysis in the past several years
and significant progress has been achieved in this field of silver-mediated sp® C-H
bond transformations, compared to the catalysis with other transition metals, the
reports in this field are still very limited. In this chapter, we have reviewed a variety
of important silver-catalyzed sp> C—H transformations, including C—C bond for-
mation, C-N bond formation, C—F bond formation, and C-S bond formation. A
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family of tris(pyrazolyl)borate silver complexes and other unique silver complexes
were designed, synthesized, and characterized and further proved to be efficient
catalysts in this field. Fascinating methodologies were developed for functiona-
lization of different aliphatic C—H bonds, particularly, methane and short alkanes
with EDA by perfluorinated tris(pyrazolyl)borate silver complexes in scCO,. Sil-
ver-catalyzed/silver-mediated sp3 C-H amination/amidation, difluorination, and
trifluoromethylthiolation provided a great potential for future late-stage functiona-
lization of pharmaceutical and agrochemical compounds. All these developments
will blossom a new field to approach the direct aliphatic C—H functionalization. As
a cheap noble metal, silver exhibited an exciting feature in catalysis, tunable by the
different ligands. We believe that silver will play more and more important roles in
direct C—H functionalization with the development of new processes.
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