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Silver salts are commonly used as Lewis acids in organic syn-
thesis. Silver complexes can also exhibit strong oxidation
power due to their high oxidation potentials. This review fea-
tures the recent development of nitrene, carbene and sily-
lene-transfer reactions catalyzed by silver complexes. Inter-
esting activity was observed in several reactions highlighting
the unique redox chemistry of silver. A disilver(I) catalyst was
shown to mediate efficient aziridination of simple olefins, in-
tramolecular amidation of saturated C-H bonds and imin-
ation of sulfoxides with high regio- and stereoselectivity. Sil-

ver compounds also catalyze intermolecular carbene inser-
tion into carbon-halogen bonds, carbon-hydrogen bonds,
and aromatic systems. In addition, simple silver salts were
found to mediate silylene-transfer reactions to different ole-
fins and alkynes efficiently. Future mechanistic study of
these reactions and further exploration of the redox chemis-
try of silver could lead to more exciting discoveries.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

1. Introduction

Silver, known and utilized since ancient time, is a com-
monly used transition metal for catalysis in industry. The
heterogeneous silver-catalyzed ethylene epoxidation has
been used worldwide to produce ethylene oxide largely due
to the demand in the manufacture of ethylene glycol.['l Re-
cently, Eastman further extended this process to epoxidize
butadiene.'® Similar processes such as direct oxidation of
alcohols, oxidative activation of olefins and also simple al-
kanes have attracted interests as well.”J Other silver-based
heterogeneous processes include NO, reduction™ and cata-
lytic oxidation of CO to CO,.[*"]

Past efforts in studying homogeneous silver-catalyzed or-
ganic transformations have mostly focused on Lewis acid
catalysis. For instance, Yamamoto and others have devel-
oped the Yamamoto—Yanagisawa system [BINAP + sil-
ver(I) system] in the enantioselective allylation reactions,!
Michael addition reactions,[”! aldol-type reactions®! includ-
ing the recent nitroso-aldol reactions (Scheme 1).°1 Silver(I)
salts have been used in nucleophilic addition reactions such
as intramolecular nucleophilic cyclization of allenes,!'”! cy-
clization of allenyl ketones or aldehydes,!'!) cyclization of
acetylenic alcohols, acids, amines, imines, or olefins,['?l and
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a few intermolecular nucleophilic addition to alkynes
(Scheme 2)."31 We have also demonstrated that silver(I)
triflate catalyzes intramolecular additions of hydroxyl or
carboxyl groups to inert olefins [Equations (9) and (10),
Scheme 2], a reaction that provides a simple access to cyclic
ethers and lactones.'¥]

Allylation: OH
BINAP/AgOTf
A~-SnBus RCHO—g" R)*\/\ 6))

Aldol:
OSnBug O OH
3
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Scheme 1. Examples of the silver-catalyzed allylation, aldol and ni-
troso-aldol reactions.
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Scheme 2. Examples of silver-catalyzed nucleophilic addition reac-
tions.

Silver has long been known to react with terminal al-
kynes to form silver acetylides.I'>! This property has been
taken advantage of by Li and others to mediate the addition
of terminal alkynes to imines.['® Similarly, the addition of
electron-deficient alkynes to carbonyl groups with zirco-
nium[!'” and the use of silver acetylide in palladium-cata-
lyzed coupling reactions!'®! have been reported.

Silver catalysis has also been employed to mediate cyclo-
addition reactions: Zhang, Schreiber, Carreira and others
reported enantioselective [3+2] cycloaddition of azomethine
ylides;!'”) Hoveyda and others developed an enantioselec-
tive [4+2] cycloaddition of imines with Danishefsky’s
diene;?”! Kozmin reported a [2+2] addition of siloxy alkyne
with activated olefins.?'l Several rearrangement reactions
catalyzed by silver salts were documented as well.[>?!

Silver-based oxidation catalysis in solution has been less
developed in the past. Homogeneous olefin epoxidation cat-
alyzed by silver complexes remains a challenge (the hetero-
geneous process only works for very limited substrates so
far). Silver compounds are commonly employed as stoi-
chiometric oxidants in both organic and inorganic synthe-
sis. But these reactions are mostly thought to go through
radical pathways.[>3] We started a research program to ex-
plore silver oxidation chemistry in 2002. With the high oxi-
dation potentials associated with high-valent silver ions,?>¥
we wish to uncover new oxidation chemistry based on silver
compounds. Practical oxidation methods may be developed
from this effort. This microreview summarizes our recent
efforts in developing silver-catalyzed nitrene-transfer reac-
tions. The related carbene-transfer and silylene-transfer re-
actions catalyzed by silver complexes discovered in other
groups are discussed as well. The purpose of this article is
not to comprehensively summarize all examples in this area.
We choose to focus on the recent development of the silver-
based oxidation synthetic methods.
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2. Silver-Catalyzed Nitrene-Transfer Reactions

As mentioned in the Introduction, silver-catalyzed oxi-
dation reactions are limited. We have been focusing on ex-
ploring non-radical oxidation chemistry of silver complexes
and have discovered a catalytic silver-based system that me-
diates nitrene-transfer reactions to olefins and inert C—H
groups.

2.1 Silver-Catalyzed Aziridination of Olefins

Aziridines are important intermediates that can be con-
verted into other nitrogen-containing functional groups.[?’!
Their versatile reactivity leads to continuous efforts to in-
vent new and efficient methods that can produce aziridines
from simple olefins.*®! Different metals such as Rh, Cu, Ru,
Co, Fe and Mn have been shown to catalyze aziridination
of different olefins,*” but no silver-mediated processes were
known before our work. Out of curiosity, we first explored
catalytic olefin aziridination by silver complexes. In 2003,
our group successfully demonstrated the first practical sil-
ver-catalyzed olefin aziridination chemistry.

2.1.1 Aziridination of Olefins with PhI=NTs

Pyridine-based ligands were employed as silver ligands in
our initial studies because these ligands are known to stabi-
lize high-valent silver ions in the presence of oxidants.[>*28l
We discovered that efficient aziridination of olefins could
be catalyzed by mixing a tridentate 4,4',4"'-tri-tert-butyl-
2,2":6',2""terpyridine (¢Bustpy) ligand with simple silver(I)

Table 1. Silver-catalyzed aziridination of olefins.

salts (1:1 ratio at 2 mol-%) and a nitrenoid source PhINTs
[Equation (11), Table 1].2%! Clean production of aziridine
was only observed with 7Bustpy but not with other nitro-
gen-based ligands, such as simple pyridines, bipyridines,
and oxazolines. Counter anions such as NO;~, OTf", ClO,4,
and BF, did not influence the reaction much. Terminal
aliphatic alkenes can be converted into aziridines in good
yields and use of cis-stilbene at 0 °C gives the predominant
cis aziridine product (Table 1), which may suggest a metal-
mediated oxidative nitrene-transfer mechanism.7)

The catalyst for the reaction was structurally charac-
terized to be a dinuclear silver(I) compound [Ag,-
(1Bustpy)>(NO3)[(NO5) (1) (Figure 1). The Ag(1)-Ag(2) dis-
tance is 2.842(2) A, indicating a fairly strong silver(I)-sil-
ver(I) interaction.*”) Compound 1 exhibited the same cata-
lytic olefin aziridination activity as that of the mixture of
the silver salt and the ligand. Further study with proton
NMR showed the formation of the disilver complex within
S minutes after mixing metal and ligand in CD;CN, which
supports compound 1 as the precatalyst for the reaction.

The structure of the disilver(I) complex 1 resembles that
of a dirhodium(II) compound, Rh,(OAc),, which was well
known to catalyze similar olefin aziridination and other
types of oxidation reactions.[>¢-27-311 We probed the reaction
intermediates with electrospray mass spectrometry (ESI-
MS). The results seems to suggest an intermediate contain-
ing a disilver core plus =NTs or =NSO,Ph unit. The dis-
ilver catalyst 1 also mediates C—H amidation chemistry, as
described in section 2.2. The requirement of a disilver com-
pound to catalyze the two-electron nitrene-transfer reac-
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Entry Substrate Product Yield[! Entry Substrate Product Yieldle!
NTs NTs
| cl
2 S~ \/\/<'|“TS 71 ¢ NTs
o ~
Br Br
81
L O O
~
8 90
) O QNTS ” =\ -'I\-js
o P Ph A 86
NTs . PH  Ph
©/\ ©/<J o1(89) | %
5 : N
. h
P10 e o <LPh 88

[a] All reactions were conducted at 0 °C to r.t. in CH3CN with 2 mol-% of AgNO; and tBustpy. The isolated yields are
reported here (%). [b] The yield in the parentheses was obtained by using 2 mol-% compound 1 crystal as the catalyst.
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A

2 AgNO, + 2

[Ag2(Bustpy)2(NO3JJ(NO3) (1)

Figure 1. A) Formation of compound [Ag,(1Bustpy)»(NO3)](NOs3) (1). B) The molecular structure of 1.

tion, at least from this study, has interesting implications.
Perhaps, each silver(I) ion can offer one electron to avoid
potential radical-based side reactions. The nitrene interme-
diate may also be “stabilized” by interacting with two sil-
ver(II) ions.

2.1.2 Direct Aziridination of Olefins with TsNH, and
PhI(OAc),

Sulfonyliminoiodinane PhI=NTs is the most commonly
used reagent in olefin aziridination; however, it has to be
synthesized beforehand and the yield is not satisfying.?2 A
more attractive alternative is to have an one-pot process by
directly using TsNH, and an inexpensive oxidant such as
PhI(OAc),. A few reports have successfully realized this
strategy by using rhodium- or copper-based catalysts.[**]
Complex 1 also serves as a good catalyst for the aziridin-
ation of styrenes by using the commercially available
TsNH, and PhI(OAc),. The method can be applied to in-
tramolecular aziridination of aliphatic olefins with tethered
sulfamate esters in the presence of PhI(OAc),
(Scheme 3).134

4% AgOTT/tBustpy NTs
P Xy + TsNH, + PhI(OAG), — = pp~ N (12)

13 examples, 50-90% isolated yields

Y Y O\‘ //O
1 4% AgOTHBuatpy g7
O"""NH,  + Phl(OAc) N (13)

NN ’ OK))

3 examples, 52-65% isolated yields

2.1.3 Aziridination of Olefins with Chloramine-T

Chloramine-T and bromamine-T are alternative nitrene
sources for aziridination of olefins.*>! Rai and co-workers
reported that a stoichiometric amount of AgNO; might me-
diate olefin aziridination with chloramine-T in aprotic sol-
vents.[?8] Komatsu and co-workers reported a similar reac-
tion by using chloramine-T and AgNOs;; however, they
found no activity for the system in THF. Instead, 70% con-
version was observed for styrene aziridination in CH,Cl,
or benzene (Scheme 4).137] In this reaction, a stoichiometric
amount of AgNO; was employed to afford 43-92% yields
of the corresponding products from different olefin sub-
strates. Bicyclic pyrrolidines can be prepared starting from
1,6-dienes (Scheme 4). A nitrene radical mechanism was
proposed based on the oxygen sensitivity of these reactions
and the formation of bicyclic pyrrolidines. The role of silver
salts in this reaction is unclear. It is possible that AgCl was
produced first to help generate a nitrene radical as the reac-
tive species.

2.2 Intramolecular Amidation of Saturated C—H Groups

After the discovery of the disilver 1 as an efficient olefin
aziridination catalyst, we turned our attention to the more
challenging C—H amidation chemistry. Direct oxidative ni-
trene insertion into saturated C—-H groups provides an at-
tractive method to install amine derivatives. Only rhodium
complexes and ruthenium porphyrin complexes can cata-
lyze amidations of saturated C—H bonds in the presence of

Scheme 3. oxidants in the past.[>?7%38] We demonstrated that the in
3 Ts
H R Na, AgNO; 0.5 mmol N
>=< + N-Ts —— / \_-R3 (14)
R R2 cl’ CH,Cl, or benzene R R2
1.5 mmol 0.5 mmol
8 examples, 43-92% yields
Na
N—Ts NHTs
RR ¢’ 1 mmol
7 N T o NTs * o (15)
0.5 mmol AgNO3, 1 mmol ", -Cl
R=H 42% 12%
R = COOEt 38% 8%
Scheme 4.
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Table 2. Silver-catalyzed intramolecular amidation of saturated C-H bonds.
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All reactions were conducted at 82 °C in CH3CN with 4 mol-% of AgNQO; plus tBustpy and 1.5 equiv. of PhI(OAc),. [a] The
isolated yields are reported here. [b] Exclusive cis product was observed by NMR. [c] Reaction was run with 2 mol-% 4-tert-
butylpyridine (the NMR yield without 4-terft-butylpyridine is reported in the parenthesis).

situ generated 1 could indeed catalyze an efficient intramo-
lecular amidation of saturated C—H groups (Table 2). Other
pyridine-based ligands we have tested were either com-
pletely inactive or gave low yields of the insertion prod-
ucts.?”1 A range of carbamate and sulfamate esters were
studied and showed comparable yields to the reactions
using Rh- or Ru-based catalysts. The stereospecificity (En-
try 10, Table 2) of the silver-catalyzed reaction provides a
strong support for a metal-mediated direct nitrene-transfer
mechanism. Our preliminary studies indicate that intermo-

AgNO; (4-8 mol-%}),
il Bustpy (4-8 mol-%)

LS. e
R R X-NH,, Phl(OAc),,
MeCN, r.t. or reflux, 16 h

o N-X

R4

R™TR'

o} //N-Ns 0, //N-Ns o} //N-Ns
. N S
Ph” > Me Ph” " Ph ( 7
86% 98%
84%
o, N-Ts o, N-Ses
Ph” ™ "Me Ph” " "Me
79% 83%
1. AgNO; Bustpy,
NsNH,, PhI{OAG),,
O«SO CH4CN, reflux (83%) SN
‘A «
Me™ Ph 2. Cs,CO;5 PhSH, Me™ Ph

CH3CN, r.t. (76%)
(S)-sulfoxide

83% ee

(S)-sulfoximine
83% ee

Figure 2. Silver-catalyzed imination of sulfoxides.
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lecular C—H activation can be achieved by using a modified
silver-based catalyst.

2.3 Silver-Catalyzed Imination of Sulfoxides

Bolm and co-worker have applied the disilver(I) 1 com-
pound to catalyze imination of sulfoxides (Figure 2).40
Various sulfoximines can be accessed with this simple
method in good to excellent yields. If a chiral sulfoxide is
employed, the corresponding sulfoximine can be prepared
after oxidation and deprotection without an ee change. This
reaction further highlights the versatile applications of the
disilver(I) 1 system in catalytic nitrene-transfer chemistry.

3. Silver-Catalyzed Carbene-Transfer Reactions

3.1 Silver(I)-Catalyzed Carbene Insertion and the Wolff
Rearrangement

Carbene transfers, especially those using diazo com-
pounds as carbenoids, are important strategies in organic
synthesis.*!l Silver has been known for a long time to de-
compose diazo compounds,*? but the role of silver is gen-
erally considered to promote formation of free carbenes as
Lewis acids.#>-46:48.41 In 1999, Jorgenson and co-workers
reported an addition of trimethylsilyldiazomethane to
TsN=CPh that affords the aziridine product in 88%
yield.[*3] When (R)-Tol-BINAP was employed as the ligand
a 12% ee was obtained for the product. A silver(I)-catalyzed
asymmetric carbene insertion to N-H bond with different
bisoxazoline-type ligands was also reported by the same
group in 2004.144 This system resembles a earlier work by
4317
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Burgess and co-workers who screened different metal ion/
ligand combinations for optimizing an intramolecular car-
bene insertion reaction [Equation (18)].4°! Silver with oxaz-
oline-type ligands showed an interesting activity in this
screen and gave ca. 45% yield of the desired product. Cop-
per and rhodium were also tested which gave comparable
results. It is unclear if silver-carbene is produced and re-
sponsible for the C—H insertion chemistry.

COy(L-Men) COy(L-Men)
H{L-iMen

N tal catalyst
N
o (J<

o )v

Silver and copper are known to promote the Wolff re-
arrangement.*® Generally, UV light, heating, sonication or
microwave irradiation are necessary to facilitate the trans-
formation.*”! Silver(I) salts have been utilized in combina-
tion with different additives to afford more efficient and

0 2
R
O ) light, heat, sonication, \/1
RHKWR microwave '?
N orAe %\/RZ
R1 [

Scheme 5. Silver-catalyzed Wolff rearrangement.

COOEt

RX + =

H
FsC B~
N N \
L = / ! F3C NN N
N %1
CF4
F3C CF3

[HB(3,5-(CF3),Pz);3]Ag(THF)

Scheme 6.

COOEt
N =

LAQ(THF)

> LAg==

R/\/Xl

X
A9

5% LAG(THF)

e -

COOEt

_-COOEt

reproducible results. Commonly used additives include NH;
solution, sodium thiosulfate and triethylamine.*®! Sudrik,
Vijayamohanan and co-workers suggested that the additives
may donate electrons to the silver center to help form silver
nanoclusters which are involved in the rearrangement
(Scheme 5).14

3.2 Silver-Catalyzed C-X and C-H Activation

A dimethyl diazomalonate-silver(I) complex was charac-
terized by Dias and co-workers when [HB{3,5-(CF5),Pz}5]-
Ag(THF) was mixed with dimethyl diazomalonate.’%->!]
Dias and Lovely employed the more reactive ethyl diazoace-
tate (EDA) as the carbenoid to test potential carbene trans-
fer to benzene in CH,Cl,. In this reaction, a 12% byproduct
was observed from insertion of the carbenoid into the C—
Cl bond of the solvent.’? Subsequently, they showed that
EDA could react with different alkyl halides to afford either
C-X bond insertion products or 1,1-hydrochlorination
products depending on the substrates employed (Scheme 6).

O
R1

R4 Arndt-Eistert reaction

=i R’
R3 0 R2

(20)

(21)

COOEt COOEt

X-—< or x—< (22)
R H

14 examples, 0 to 78%

RX + COOEt COOEt
s x/ — X
/ -
K R
COOEt
R/\

Scheme 7. A proposed mechanism for the silver-catalyzed carbene insertion into C—X bonds.
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A mechanism involving formation of a silver—carbene inter-
mediate was proposed to explain the observed results
(Scheme 7).

Using the same system, Dias and Lovely also reported
carbene insertion into saturated C—H bonds (Scheme 8).[3!
All primary, secondary and tertiary C—H groups can un-
dergo this transformation with the secondary and tertiary
C-H groups serving as better substrates. Interestingly,
ethers, which are generally good substrates for the carbene
insertion reactions,® showed low activity; whereas the cor-
responding [HB{3,5-(CF3),Pz}5]Cu(THF) could give good
yields with ethers. Potentially, interaction between the silver
center and the ether oxygen may inhibit the C-H insertion
step. Insertion of carbene into aromatics was examined as
well. Both electron-rich and electron-deficient aromatics
could react, but all gave lower yields than the reaction with
benzene.’ It is also found that carbene insertion into the
aromatic rings is 2-7 times faster than that into the ali-
phatic C-H groups.

COOEt
5% [HB(3,5-(CF3),Pz)3]Ag(THF)
O

N7 “COOEt

Selected examples: 88%

){ >/</cooa 87% (35:65)
COOCEt

COOEt

\)\/

Co>_—\coom
)

41%(75%*

COOEt

JZ
Q—\COOE'E

24% (73%)

81% (81:19)

* [HB(3,5-(CF 3),Pz)3]Cu(THF) as the catalyst

N COOE COOEt
2

© 5% [HB(3,5-(CF 3),Pz)3]Ag(THF) (24)

6 examples, 14% to 79%

Scheme 8.

Pérez and co-workers examined the silver-catalyzed car-
bene insertion (with EDA) into saturated C-H bonds with
their electron deficient tris(pyrazolyl)borate ligand. The dif-
ference between their ligand and the one that Dias and Lo-
vely used is the substitution change from CF3 to Br. This
ligand system catalyzes efficient carbene transfers with both
copperl*3¢land silver.’”l A mixture of benzene and cyclo-
hexane was treated with EDA under their standard reaction
conditions. Benzene insertion is 14-fold more efficient than
that for cyclohexane, providing evidences to exclude a
mechanism involving simple free carbene.
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4. Silver-Catalyzed Silylene-Transfer Reactions

Silacyclopropanes are silicon-analogues to cyclopro-
panes, epoxides, and aziridines, and possess a unique reac-
tivity to form C-C bonds.’® The silylene-transfer reac-
tion,>1 which involves the transfer of a silylene or a silyl-
enoid intermediate, is analogous to the nitrene and carbene-
transfer reactions. Silver complexes exhibit interesting ac-
tivity to mediate silylene-transfer reactions.

4.1 Silver-Catalyzed Silacyclopropanation of Olefins

Silylene species could be released from silacyclopropane
derived from cyclohexene.’”) Woerpel and co-workers ex-
plored a silver-catalyzed silylene-transfer reaction to ole-
fins.[°1 Both mono-substituted and di-substituted alkenes
serve as substrates to afford good to excellent yields (61—
99%) of the final products with 5-10 mol-% of silver(I)
triflate as the catalyst [Equation (25), Scheme 9]. The reac-
tion could be followed by a tandem methyl formate inser-
tion step with high regioselectivity and modest diastereo-
selectivity as shown in Equation (26), Scheme 9.

18U __ S%to10%AgoTr By P
sil _+ / _— (25)
Bu R toluene, -27 °C P
TMEDA R
15 examples, 61-99% vyields
R

Bu B ZnBr,, 20% W
S| Bug;_ /O (25)
7

/= HCOOCH,, -78 °C1022°C By
R

formed in situ 7 examples, 61-92% yields

regioselectivity > 95:5
d.r. > 70:30 in general

Scheme 9. Silver-catalyzed silacyclopropanation of olefins.

The method was further expanded to include o,B-unsatu-
rated carbonyl compounds as substrates.°!] Treating these
compounds with cyclohexanosilacyclopropane in the pres-
ence of 1-5 mol-% of silver(I) trifluoroacetate as the cata-
lyst led to formation of oxasilacyclopentenes in good yields
(Scheme 10). The metal silylenoid intermediate appears to
attack the carbonyl group instead of the double bond due
to its electrophilic nature.[®”) Upon treatment with water,
the oxasilacyclopentenes can be converted into the corre-

0
1B 1% to 5%
R1J\/\R3 + Si ! _—
R2 NBu AgOOCCF3

f
@ ?Su_,tBu o iBu
-9l ~qi—{Bu
[ Ol "@ ] [EE———— R1-S\/Skl (27)
1 Z “R3 3
] YR ha
R

six examples, 58-99% yields

Scheme 10.
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sponding silanols. With a tethered allyl group, the oxasila-
cyclopentene undergoes a tandem Ireland—Claisen re-
arrangement to give silalactone as the final product.[!

In a mechanistic study with Ag(PPh;),OTf as the cata-
lyst, a silylsilver intermediate was detected by °Si NMR at
6 = 97 ppm.[92264 The reaction order on cyclohexanosilacy-
clopropane was found to be one, which is the same as the
thermo-promoted silylene-transfer reaction. However, an
inverse saturation behavior was observed by varying the
concentrations of mono-substitution alkenes, while a satu-
ration behavior was observed in the thermo-promoted case.
These results suggest a silver-mediated reversible releasing
of silylene from cyclohexanosilacyclopropane, followed by
an irreversible electrophilic addition of the silver-silyl inter-
mediate to the alkene.

4.2 Silver-Catalyzed Silacyclopropenation to Alkynes

Transfer of silylene from cyclohexanosilacyclopropane to
alkynes can be mediated by silver complexes as well, as re-
ported by Woerpel and co-workers (Scheme 11).[%%] Because
the silacyclopropene product is a reactive intermediate, a
tandem carbonyl insertion reaction could be realized with
high regioselectivity.[°®! This method can selectively modify
the terminal alkyne in enyne-type substrates.

Bu 1B
tBU 10% AgzPO 57
5 7 374 Si
R? 4+ Sil —— 2\ (28)
tBu =Y R2

8 examples, 79-97% yields

Rl—=

Scheme 11. Silver-catalyzed silacyclopropenation of alkynes.

5. Summary

In the past several years, significant progresses have been
made in exploration of the silver-based homogeneous oxi-
dation chemistry. Silver complexes have been shown to ef-
ficiently catalyze nitrene, carbene and silylene transfer to
different substrates. The new chemistry enriches methods
available for catalyzing such reactions. Unique activity was
observed for the silver-based systems in several cases. Given
the high oxidation potentials associated with silver ions, it
is reasonable to expect more silver-based oxidation chemis-
try to be discovered and used in synthesis in the future. To
introduce asymmetric control into the nitrene, carbene, and
silylene transfer is another area that will see more research
efforts. And lastly, the more challenging oxygen transfer
mediated by silver complexes in solution still waits to be
developed.
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