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We have focused our attention on cycloisomerization reac-
tions involving silver- and gold-based homogeneous cataly-
sis. This topic is divided into two parts: one relating to cyclo-
isomerization with an allene group and the other with an al-
kyne group. In each case we have then studied different
partners such as carbonyl/carboxy groups, imines, amides or
alkenes. Reactions involving allene and alkyne systems as
partners are also briefly reported, along with miscellaneous
transformations. Our purpose is also to stimulate some dis-

cussion by setting together the contributions of different
authors to each type of cycloisomerization reaction. Mean-
while, we have outlined when necessary the impact of the
choice of counterion or metal (silver vs. gold) in the course
of the reaction. Finally, some mechanistic discussion and re-
action intermediates are also mentioned if available.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Silver and gold are part of the magic triad with copper
known as “coinage metals”, and their growing relevance in
the field of organometallic chemistry has recently been
thoroughly reviewed.l' 2’7l The theme of this review is the
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study of recent developments in silver- and gold-based ca-
talysis in cycloisomerization reactions, and so heterocycliz-
ation reactions in which heteroatoms are involved (alcohols,
phenols, acids, amines ...), without an isomerization pro-
cess, are not covered.[?$34 This review does not aim to be
exhaustive but intends to present some insights into cyclo-
isomerization reactions catalysed by silver or gold salts.
Counterion effects are taken into account, especially with
regard to silver-mediated anion metathesis for cationic gold
chemistry. Cycloisomerization reactions under gold or silver
catalysis conditions essentially involve activation of allenes
or alkynes, giving rise to subsequent isomerization reactions
with various partners such as alkenes, carbonyl groups/im-
ines, ketones or amides. Also of interest is the presence in
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the nearby environment of other functional groups (esters,
epoxides or cyclopropenes) that may participate in the reac-
tion, leading to more complex polycyclic structures.

Cycloisomerization Reactions with Allenes

Reactions with Carbonyl or Carboxy Groups as Partners

In 1990, following previous observations on allenyl
alcohols,?>371 seminal work by Marshall et al.’® con-
ducted on allenyl ketones or allenyl aldehydes 1 (Scheme 1),
leading to the synthesis of substituted furans 2, paved the
way for further silver-based cycloisomerization reactions.
Although it was first discovered under Rh! catalysis, this
transformation was further developed with stoichiometric
quantities of Ag' salts such as AgNO; and AgBF,
(Scheme 1). Catalytic conditions (0.1-0.2 equiv.) were then
used®®! and allowed access to furanocyclic natural prod-
ucts.[40-41]

R’ R? AgNO; or AgBF, R2
N=. R3  (0.1-1equiv.) /@
o 0.5-1h,72-99% R' o~ “R®
1 2

Scheme 1. Marshall’s furan synthesis.[>3-3]

Hashmi et al. later showed that under palladium catalysis
conditions the allenyl ketones 3 could undergo an efficient
cycloisomerization/dimerization process (cycloisomeriza-
tion product 5 and dimerization products 4 or 6;
Scheme 2).14?1 In 2000, Hashmi’s group!*’ was looking for
new catalyst systems for this transformation and came up

with AuCl; as an efficient species. The reactions occurred
at different rates depending on the metallic component
(Scheme 2), with gold catalysis being the best in terms both
of kinetics and of catalyst loading, allowing one to go down
to 0.1 mol-% catalyst without any loss in efficiency.

Che et al.* used [Au(TPP)]CI, a (porphyrin)Au''-based
catalyst, for cycloisomerization of mono-, di- and even tri-
substituted allenones (7, Scheme 3). The presence of
CF;CO,H as an additive (0.1 equiv.) seemed to be essential
for the demetallation step. Moreover, when used alone
CF;CO,H gave only poor yields of the desired furans 8.

The boundary with the following chapter on alkynes is
indistinct here, so in this chapter we also consider reactions
in which the allenyl unit is a constitutive part of the starting
material or has been proposed as the reactive intermediate
(sometimes isolated) leading to the cycloisomerization reac-
tion. Gevorgyan’s group’! extensively studied the forma-
tion of furan rings 11 [Scheme 4, Equation (1)] generated
from alkynyl ketones 9 through allenyl ketone intermediates
10 by a proposed [3,3]-shift/1,2-migration/cycloisomeriza-
tion sequence under AgBF, catalysis conditions (5 mol-%).
Depending on the migrating group (acyloxy, phosphatyloxy
or sulfonyloxy on 9), the allenyl ketone intermediates 10
were characterizable by NMR spectroscopy or could even
be isolated. This cascade reaction is a powerful method,
because it yields tri- and tetrasubstituted furans 11
(Scheme 4). This transformation is also efficiently catalysed
by the cationic Au' complex [Au(PPh;)JOTf, with catalyst
loads down to 1mol-% [12 — 13, Scheme 4, Equa-
tion (2)].1401

Mechanistic aspects of this reaction have been thor-
oughly studied*®# by 17O-labelling*®! of compounds 9 (R
group, Scheme 4), which has indicated that the nature of the

o)
T el YR % %
(T e

3 1 mol-% 4
[PACIy(MeCN)y]  59%
5 mol-% AgNO3

1 mol-% AuCly

R = 4-(TBSO)CgHj for [Pd], [Ag]
R = 4-(NO,)CgH, for [Au]

Scheme 2. Hashmi’s Pd-, Ag- and Au-based furan synthesis.[*>43]

R3 R2  [Au(TPP)ICI, 1 mol-% R2
\:.:Srw CF3CO,H, 0.1 equiv.
o) 60 °C,0.5-5h R?
7 73-98%

R'-R3 = H, alkyl, aryl

Scheme 3. Che’s furan synthesis. 4
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R = Ac, Ts, P(O)(OEt),
[M] = AgBF,, 1-5 mol-%, r.t. to 60 °C, 73-99%
R2 R3
R R M]
== Rt —= D (2)
R? R 07 R
o]
12 13
R'-R? = Ph, alkyl; R® = H, Me; R* = aryl, iPr, Me
[M] = [Au(PPhs)]OTF, 1-5 mol-%, r.t. to 100 °C, 10-94%
PPhy
AT Ay X = SbFg, OTF  (3)
H—L.
Br 0 CHs
14
16
[Au(PPh3)]OTf, 5 mol-% 100 0
[Au(PPhy)ISbFg, 5 mol-% O 100
[45-47)

Scheme 4. Gevorgyan’s furan synthesis.

migrating group is important. The proposed 1,2-migration
mechanism (A — B, Scheme 5) was confirmed for the mi-
gration of the acyloxy group. Two alternative mechanisms
are therefore proposed: (i) direct trapping of the carbenoid
(B, Scheme 5) by the carbonyl ester group can yield the fu-
ran ring C, or (ii) the desired furan ring C can also be
reached after a second 1,2-migration mechanism, producing
the allenyl intermediate D, and two competing oxirenium/
dioxolenium pathways. Interestingly, the same research
groupl*” determined that for cycloisomerization of the bro-
moallenyl ketones 14 [Scheme 4, Equation (3)] the counter-
ion-assisted H-shift (vs. 1,2-Br migration), showing a re-

Y-0
[3,3]-migration O

R1

0=Y,
(6] [1,2]-migration

R1ﬁR2
3 [1,2]-migration

0" R

A Y:o

1
Y = CR*, P(OR%),, S(O)R*

0=0"whenY =CR*

Scheme 5. Mechanistic insights.[48:4]

Eur. J. Org. Chem. 2009, 6075-6089

s

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

markable counterion effect, was the major process govern-
ing the regioselectivity (15 or 16). In this case, DFT calcula-
tions revealed that an OTf -assisted 1,2-H shift required an
activation energy of only 9.6 kcalmol™!, versus a much
higher value for SbF¢~ (29 kcalmol ™), therefore explaining
the observed regioselectivity.

Shin et al.’% described a [3,3]-sigmatropic rearrangement
under Au[Bu,P(o-biphenyl)]OTf catalysis conditions, as in
Gevorgyan’s work,[* followed by a cycloisomerization re-
action. The propargyl esters 17 may therefore rearrange to
O-acetyl allenes 18 and produce various spirocyclic dihy-
drofurans 19 [Scheme 6, Equation (1)]. Addition of alkenyl
groups to give substrates such as 20 allowed Gagosz’s
groupl®!l to obtain, through allenes 21, bicyclo[3.1.0]hex-
enes 22 under Au' catalysis conditions [Scheme 6, Equa-
tion (2)].

Cavallo, Fensterbank, Malacria and Nolan!®?! published
a detailed experimental and theoretical study in which al-
lenyl esters 23 were used to produce complex structures,
among them the bicyclo[3.1.0]hexene 26 [Scheme 6, Equa-
tion (3)], with the aid of the N-heterocyclic carbene (NHC)
complex [Au(IPr)CI[/AgBF, (2 mol-%). AuCl catalysis gave
poorer selectivity and therefore larger amounts of bicycles
24 and 25. Toste’s group!™ also achieved some new mech-
anistic insights into related propargyl vinyl esters/ethers.
The behaviour of the 1,4-propargyl diacetates 27 was also
investigated recently by Nevado’s group; under gold cataly-
sis conditions they afforded various isomeric 2,3-diacetoxy-
1,3-dienes 28, 29 or 30 [Scheme 6, Equation (4)].

Reactions with Amides as Partners

Brandsma et al.l’¥ reported that the cycloisomerization
of 2,3-dienamides (allenylamides) 31 [Scheme 7, Equa-
tion (1)] could yield the 2(5H)-furanylidenamines 32 and/or
the 1,5-dihydro-2 H-pyrrol-2-ones 33, depending on whether
the reaction proceeded through an N- or O-cyclization pro-
cess. The nature of the counterion is also of importance
here, because the reaction is efficient under AgOAc catalysis

via dioxolenium
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OAc RN _OAc P
[Au], 1 mol-% >
R — 2
S X R H
20 22, 38-99%
| [Au], 2 mol-% m i/\/b
7]
AcO 23 2
93% with [Au(IPr)CIJ/AgBF4: 1 1.4 9.3
63% with AuCl: 0.8 4.5
iPr
e J@!
:Pr iPr R1 > = R2 OAc
2
AcO _ R [Au(IPr)NTf,], 5 mol-% 28 OAc ZNFOR2 (4)
— +
R OAc or [AUPPhy)NTE,], 2 mol-%  OAc R2 R . (?AC
27 RI_A~
2 opc

Scheme 6. Polycycle and diene synthesis.[?% 33!

conditions (3 mol-%), to a lesser extent with AgNOj; and
ineffective with AgCN and AgBr. The formation of furan-
ylidenamines 32 as the sole product, or in mixtures with
various amounts of pyrrol-2-ones 33, is directed by the na-
tures of the substituents on the 2,3-dienamides 31. Similar
work was published by Brummond et al.,’>> who used the
amino-acid-derived allenes 34 [Scheme 7, Equation (2)] un-
der AgBF, or AgNOj catalysis conditions (20 mol-%). Ox-
azines 35 were obtained along with some minor isomers 36.

1
R RY AgOAc (3 mol-%)
.
R
2 o aCetOne r.t.
R°HN 45-58%
31
R=H,R'=
R=Me, R'=

AgNO3;, 20 mol-%

NH
Ph~< or

o} AgBF4, 20 mol-%
34 DCE, 65 °C, dark
56—74%

Reactions with Alkenes as Partners

Combined theoretical and experimental studies from
work by Gandon, Fensterbank and Malacria®®>"! gave in-
sights into the cycloisomerization mechanisms of vinylall-
enes such as 37. As one example, vinylallene 37 produced
cyclopentene 39 via the proposed (cyclopentenylidene)gold
intermediate 38 [Scheme 8, Equation (1)] under [Au(PPhs)
Cl]J/AgSbFg catalysis conditions (2 mol-%).

R1
[& T
N-RE ROONTYO

R2
32 33
OMe, R? = alkyl: only 32
H, R? = alkyl: mixture of 32 + 33

acetone, 70 °C, dark MeOZCW MeOZCWm

" "

Ph Ph
35 36

ratio 35/36, 3:1-5:1

Scheme 7. Brandsma’s®* and Brummond’s®®! work on allenecarboxamides.
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CaHg

38 39, 80%

E 4 [(R)-3,5-xylyl-binap(AuOTf),], cat. E 70-83% yield )
£ / E Q up to 72% ee

40 M
E = esters, sulfones, imides, methoxymethyl
R
) :
/—// Au(PPh3)BF4, 5 mol-% /\:H\R
e o K “
42 [(R)-DTBM-SEGPHOS(AuBF,4)], 3 mol-% 3 H Ar

Y = C(CO4R),, C(CH,0Me), NTs

-
'

\.%/R Au(PPh3)SbFg, 2 mol-%

|
N
44

'
N

70-98%

Scheme 8. Syntheses of cyclopentenes,*® cyclohexenes!®8! and bicycles.|

Gagné et al.’®1 used the chiral gold complex (R)-3,5-xy-
lyl-binap(AuCl), with AgOTf additives (in excess) on the
1,6-ene—-allenes 40 to yield the vinylcyclohexenes 41
[Scheme 8, Equation (2)]. The complex as generated in situ
gave reproducible results and good enantioselectivities (up
to 72% ee), whereas work with the isolated (R)-3,5-xylyl-
binap(AuOTY), resulted in slow reactions and low enantio-
meric excesses (ees), so a role for Ag* in the reaction mix-
ture cannot be ruled out. DFT studies have also recently
been performed, and some investigations into [Au(PPhs)]*-
catalysed cycloisomerization of allenic arenes predicted di-
aurated intermediates in the course of the reaction.l®!]

In the same year, Toste et al.l>”! developed [2+2] cycload-
ditions of 1,6-ene—allenes 42 [Scheme 8, Equation (3)] in the
presence of Au(PPh3)BF, (formed in situ, 5 mol-%), pro-
ducing the bicyclo[3.2.0] structures 43. An enantioselective
version, with ees of up to 96%, with a (biarylphosphane)-
Au' complex has also been reported. The same group,
working on the vinylallenes (1,3-ene—allenes) 44, obtained
various functionalized cyclopentadienes 45 [Scheme 8,
Equation (4)].169

Miscellaneous

This part is a link to the next section, because here we
consider cycloisomerization reactions between alkyne and
allene partners.

Cycloisomerization of 1,6-allenynes to vinylallenes under
GaClj catalysis (10 mol-%) conditions was described by
Chung et al.,[®” but during the optimization process they

Eur. J. Org. Chem. 2009, 6075-6089
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70-92% yield
up to 96% ee
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R1
45 R

59,60]

also found that Au(PPh;3)SbF4 (5 mol-%) was rather ef-
ficient for the generation of the allenene 47 from the linear
derivative 46 [Scheme 9, Equation (1)]. Aubert, Fensterbank
and Malacrial® also worked on 1,6-allenynes and found an
amazing chloride effect: treatment of compounds 48 with
AuCl;z, NaAuCly or AuCl (1 mol-%) exclusively gave the bi-
cyclo[4.3.0lnonadienes 49 in high yields, whereas with
Au(PPh;)SbF¢ and Au(PPh;)NTf, the vinylhexene/hexa-
dienes 50 (Alder-ene product) were produced [Scheme 9,
Equation (2)]. DFT calculations provided insights into that
chloride effect, because the formation of bicyclo[4.3.0]non-
adiene derivatives presumably proceeds through the elimi-
nation of HCI.

= M N,
TsN - TsNijl/\ X
/\

GaCls, 10 mol-%, 2 h, 81% (4
Au(PPhs)SbFg, 0.5 h, 75%

46 \ 47
A~ M R "
—— o +
= R

R "

R

48 49, 79% 50, 70%
R = CH,OMe [M] = AuCl, 1 mol-% [M] = Au(PPh3)SbFg, 1 mol-%

Scheme 9. Reactivity of 1,6-allenynes.[6>-63]

The polycyclic structures 52 [Scheme 10, Equation (1)],
related to 49, were obtained by Liu from the starting vinyl-
1,5-allenynes 51 in the presence of Au(PPhs)SbF¢ (5 mol-
6079
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%),14 whereas the Aubert, Fensterbank and Malacria
groupl®! used the hydroxy-1,5-allenynes 53 to yield the bi-
cyclic ketones 54 under AuCl and AuCls catalysis condi-
tions [Scheme 10, Equation (2)]. Note that the use of
Au(PPh;)SbF¢ exclusively gave the cycloaddition product
resulting from alcohol attack on the gold-activated allene
moiety. Modification of the number of methylene units
linking the allene moiety to the alkynyl part in compounds
51 [Scheme 10, Equation (1)] was recently examined, along
with theoretical calculations, by Liu and Liao’s group,®°
who were able to obtain a variety of cyclopropane/cyclopro-
pene derivatives.

R1
R? ‘Q\R“
E'- Au(PPh3)SbFg, 5 mol-% R3 Q 1)
— R? CH,Clp, 0°C, 0.5-4 h

26-81%
51 52
AuCl, 2 mol-%
><:.:{ or
“ AuCly, 2 mol-%
— R @)
HO toluene, reflux, 6 h
R = CH,OMe 45-58%
- 2
53 R
R
R ‘—/: R [(PPhsAu);0]BF,, 1-5 mol-% R N @)
R? — CH,Cl,, 60 °C R2 R
R3 64-99% R3
55 56

Scheme 10. Reactivity of 1,5-allenynes.[64:65-67]

Houk and Toste®”! conducted theoretical and experimen-
tal studies on the cycloisomerization of the 1,5-allenynes 55
in the presence of the tris[(phosphane)gold]Joxonium com-
plex [(PPh;Au);0]BF,, obtaining the cross-conjugated tri-
enes 56.

Cycloisomerization Reactions with Alkynes

Reactions with Carbonyl Systems as Partners

Porco et al.l%l were able to isolate the benzopyrylium
salts 58 from the o-alkynylbenzaldehydes 57 under silver or
gold catalysis conditions [Scheme 11, Equation (1)]. Oh’s
groupl®! later reported Au'-catalysed cycloisomerizations
of the o-alkynylbenzaldehydes 59 with pendant alkynyl sys-
tems directing the reactions towards the formation of tricy-
clic compounds 60 through a [3+2] cycloaddition process
[Scheme 11, Equation (2)]. Interestingly, without the gem-
ester group separating the diyne portion (compound 61),
the reaction turned in favour of the formation of the dihy-
drophenanthrenone 62 through a [4+2] benzannulation re-
action [Scheme 11, Equation (3)].
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R
=
=Z
HO [M] 5 mol-% HO xR
DCE/TFA (10:1 ~0® (1)
Me CHO (10:1), rt e o
OH OH CF3C00
57 58
R = —(CH;)sCH3 [M]: Au(OAc)s, 1 min, 100% conv.
AgNO3, 20 min, 94% conv.
H o] R
R
AuBr3, 3 mol-%
| | R —— , @
S DCE, r.t, 8 h R
S 62-86% R
59 R 60
R'=-CO,Et
H
(¢} AuBr3, 3 mol-% OO
. Beereon ‘ @
N , .t
N 84% o
61 62

Scheme 11. Porco’s and Oh’s work.[68:6]

In 2005, Yamamoto’s groupl’® achieved the synthesis of
the 1-allenylchromenes 64 from the alkynyl ketone units 63
under silver catalysis conditions, thanks to cascade cycliza-
tions presumably involving addition of alcohols to pre-
formed benzopyrylium intermediates [Scheme 12, Equa-
tion (1)]. Also, working on the o-alkynylaryl aldehydes 65,
Li’s group!’!! developed tandem alkynylation/cyclization re-
actions of terminal alkynes, producing the I-alkynyl-1H-
isochromenes 66 [Scheme 12, Equation (2)] with the aid of
the (phosphane)gold complex Au(PMes)CI (5 mol-%). Note
that use of related silver complexes led only to trace
amounts of the desired products. Later on, Wu et al.l’?! ex-
tended this work with unusual nucleophiles such as diethyl
phosphites.

R Ag

=
7" AgSbFg, 5 mol-% R xR
- — 1
O CH,Cl, 35 °C ~9® o™
R2-OH (2 equiv.) (| | .

R’ R' R2-OH R OR?
63 benzopyrylium 64 65-99%
R2
H l
(6] Au(PMe;)Cl, 5 mol-% o
+ H——R? )
\\ water/toluene, Z R
R! iPr,NEt 20 mol-%
65 60-90 °C, 18-89% 66

Scheme 12. Synthesis of isochromenes.[”%:711

Belmont’s group!”? used the cationic gold catalyst
Au(PPh;)SbF4 for tandem cycloisomerization/acetalization
reactions with alcohol nucleophiles to give the pyrano[4,3-b]-
quinoline scaffold 69 (Scheme 13). Control reactions with

Eur. J. Org. Chem. 2009, 6075-6089
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the silver salt needed for the anion metathesis (AgSbFy)
made it clear that silver and gold catalysis were both ef-
ficient for such a transformation.

O R1 ORZ R1 OR2
X 4 cat. (5 mol-%) N N
R o + (0]
NN ROH rt N” { N" R
67 R 68 [/ R 69 H
R = alkyl, aryl, TMS, H AgOTf none 85-99%
R'=H or Me Agy0: 93-99% none
R? = alkyl, benzyl Au(PPh3)SbFs:  none 95%

Scheme 13. Belmont’s work.!73!

Versatile reaction behaviour based on the o-alkynyl car-
bonyl compounds 67 and a range of silver salts was discov-
ered. Two groups of silver salts were defined, depending on
the natures of their counterions: with AgOTTf as catalyst the
pyrano[4,3-b]quinolines 69 could be formed, whereas with
Ag,0O the furo[3,4-b]quinolines 68 were obtained. These
products were the results of regioselective 6-endo-dig or 5-
exo-dig cyclization processes, respectively (Scheme 13).

In 2004, Larock et al.’* reported the use of the 2-(1-
alkynyl)-2-alken-1-ones 70 for the synthesis of the highly
substituted furans 71 [Scheme 14, Equation (1)]. During op-
timization work with 2-(phenylethynyl)cyclohex-2-en-1-one
(72) and methanol [Scheme 14, Equation (2)], the gold ca-
talysis proved to be more efficient (AuCls, 0.5 h, 73, 88%)
than the silver one (AgCO,CF3, 10 h, 73, 87%). Finally,
Krause et al.’% transformed the 1,4-alkynones 74 variously
into the furans 75, the 4H-pyrans 76 or the tetra-
hydrofuranyl ethers 77 — depending on the substitution
pattern, solvent and reaction conditions — with the aid of
Au(PPh3)OTf (2 mol-%) as catalyst [Scheme 14, Equa-
tion (3)].

3
O/\ R3 o R

RS NuH 1 |
AuCly, 1-2 mol-%)| g1 \
C;CI t. OR (| T o
2Cla, 1. A\_NuH R?
60-90% Nu
7
NuH = nucleophiles
Ph
27
ij/ MeOH X AuCls, 0.5 h, 88% @
Rt AgCO,CF3, 10 h, 87%
oM, T OMe
73
2
RZ R* R
R3 R2 RS [ ) 5 [ ©
1
P o AuPPh;)OT!, 2 mol-% [ o R* RTTOTURS
R! = R4 r.t. RZi H or RZG= H
74 + pTsOH or REOH R?
Rs OR®
Z>07 RS
R' 77

Scheme 14. Larock’s and Krause’s work.[7473]
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Reactions with Imines as Partners

In 2005, Asao et al.’® reported outstanding direct Man-
nich reactions on non-activated imines. These reactions
were developed with the o-alkynylaryl aldimines 78
[Scheme 15, Equation (1)], yielding the dihydroisoquinol-
ines 79, and nucleophiles such as nitromethane, terminal
alkynes or activated methylene species (malonate type). Ag-
OTT catalysed these reactions efficiently, whereas AuCl ca-
talysis was useless. With related substrates but with the acti-
vated imines 80 [Scheme 15, Equation (2)], Porco et al.l’”]
carried out the reactions under AgSbF, (10 mol-%) cataly-
sis conditions. As in Asao’s case,’® activated methylene
species were used, but more interestingly, bis(2,4,6-trimeth-
ylpyridine)silver(I) hexafluorophosphate (10 mol-%) proved
to be a more powerful catalyst for challenging nucleophiles
such as the substituted silyl enol ethers 81, leading to the
dihydroisoquinoline 82. After a tandem Michael addition/
Mannich reaction sequence, they accessed 83 [Scheme 15,
Equation (2)], possessing the main structural features of ka-
rachine, a berberine alkaloid. The same group also accessed
the pyrroloisoquinoline core after dipolar additions of acti-
vated alkynes to isoquinoline ylide intermediates.!”®!

Nu
_R _R
SN AgOTf, 3 mol-% N
+ NuH - > P (M
DCE, 80 °C,6h
78 Ph 79 42-93%
NuH = nucleophiles; R = Ph, C4Hg, PhCH,, allyl
Me Me
AR
_CO,Me _CO,Me
OQ [Ag], 10 mol-% N @)
o =
[ tBuOH, 1 equiv. Me
N Me DCE, 40 °C
80 Me 82,62% (2HE)=13
:§:<OSiMe3
81 Me
COTMS
Me
TMSOTf (
CH,Cl,, 40 °C [
22 N Me
@ Co,Me
Me (0]
N\ Me
83 CO,Me

Scheme 15. Asao’s and Porco’s work.[76:77]

Dake’s group!”®! with the B-alkynyl ketones 84 and pri-
mary amines provided various substituted pyrroles 85,
through imine formation and cycloisomerization, in the
presence of 5 mol-% of AgOTf or Au(PPh;)OTf (formed in
situ with [AuCl, AgOTf, PPh;]) [Scheme 16, Equation (1)].

The different methods above were augmented by Wu’s
team,®”! who developed multicomponent reactions with the
o-alkynylbenzaldehydes 86 and diethyl phosphite, used as a
nucleophile, to afford the dihydroisoquinolin-1-ylphos-
6081
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R*-NH, R*
Q N
AgOTf (5 mol-%) R’
R! S TR o
R2 RS or s
Au(PPhy)OTf (5 mol-%) R
84 DCE, 50-80 °C 85 13-92%
EtO
H p0
R2NH, EtO-P .
AgOTf, 5 mol-% N~
+ HP(O)(OEt), @
N EtOH, 60 °C AR
86 R! 87 51-98%

Scheme 16. Dake’s and Wu’s work.[79-80

phonate derivatives 87 [Scheme 16, Equation (2)]. A dif-
ferent approach with enolizable ketones and proline, thus
mixing organocatalysis and silver catalysis, also led to the
synthesis of dihydroisoquinoline derivatives.!!]

Reactions with Amides as Partners

Agrofoglio et al.® constructed the furo[2,3-d]pyrimidine
nucleosides 89 from the alkynyl-uridines 88 [Scheme 17,
Equation (1)]. The reactions operated through a 5-endo-dig
cyclization mode and were catalysed by AgNO; (20 mol-
%) in acetone. The related furo[2,3-d]pyrazine structures 91
[Scheme 17, Equation (2)], were obtained by Van der Eyck-
en’s team!®3 from the p-methoxybenzyl-protected 3-alk-
ynyl-5-chloropyrazines 90. Indeed, with a dual mixture of
AgOTf (2 mol-%) and trifluoroacetic acid (TFA, 5 equiv.)
in CH,Cl,, compounds 90 could undergo cyclization and
also PMB deprotection. It was shown that without TFA the
reactions proceeded slowly (15 h instead of 5 min!) and that
AgNO; gave lower yields, probably due to its poor solubil-
ity in CH,Cl,. The role of proton-catalysis in gold and sil-
ver chemistry has already been discussed.[33b-83¢

R1
R! (0] O
RN /
| NH AgNO3, 20 mol-% | ~N ™)
N/&O acetone, r.t. N/go
R R
88 89 95-98%

AgOTf (2 mol-%)

TFA (5 equiv.)
CH2C|2, r.t.

RU_Ng_ 0
CI” "N

91 78%-—quant.

IT’MB
R'_N__O
X T\
[¢]] N % ,
90 R
Scheme 17. Synthesis of furo[2,3-d]heterocycles.[82831

Padwa’s group!® studied the behaviour of substituted N-
propargylamides in the presence of gold (catalysis) or silver
(in stoichiometric quantities). During their research, cycli-
zation of the enol forms of some derivatives along with di-
rect N-alkylation of amide structures was found. More
6082
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interestingly for our present concern, however, an indole
ring bearing the N-propargylamide unit [compound 92,
Scheme 18, Equation (1)] could cycloisomerize to yield the
oxazole-tethered indole 93 under AuCl; catalysis condi-
tions. Thereafter, simple heating of 93 in aqueous acetoni-
trile gave the 2H-pyrazino[1,2-a]indolone 94.

WN\ AuCly, 5 mol-% N\ \o ] )
N\_:o dry MeCN N\_:N
92 7% 93
leo, heat

¢
N N
os ‘>/“'V'e
Me O
o

oA
NN—RZ @

o)
) 0 [Au(PPh3)(NCCH2)]SbFg, 1 mol-%
R'——N

R2 CH,Cly, 40 °C 38-94% Rt
95 96
NHR' ® NHR'
0= = AuUCly, 3mol-% | OF 7 ~[M]
_ 3
— o R20H, H,0 7 0o )
97 (M]
CONHR'
R%0, /~ OR?
m %
o : 0 ~

Scheme 18. Syntheses of oxazolones and bicyclic ketals.[34-86]

Similarly, the oxazolones 96 [Scheme 18, Equation (2)]
were obtained by Gagosz et al.[®] from the N-alkynyl zert-
butoxycarbonylcarbamates 95 with the optimized gold cata-
lyst system [Au(PPh;)(NCCH;)]SbF4 (1 mol-%). Finally,
Liu’s group® used the 4-acyl-/amidyl-1,6-diynes 97, which
afforded the bicyclic ketals 98 in a cyclization/hydrolysis/
tandem addition process [Scheme 18, Equation (3)].

Reactions with Alkenes as Partners

Overall, the main field of interest in gold-catalysed cyclo-
isomerization is with alkenes or alkynes as partners,®7! sil-
ver catalysis being less developed in this area. The alkene
and alkyne units can be either “nude” or functionalized:
the alkenyl group, for instance, can be either an enol ether
or an enamine group, and the alkynyl part can be an ynam-
ide group. Oxo functionalities or alkyl groups/carbocycles
can also be placed near the reactive centres and may partici-
pate in the reaction mechanism.[®8

In 2004, Dake’s group®! reported Pt'l- and Ag'-cata-
lysed cyclizations of enesulfonamides 99, containing teth-
ered alkyne systems bearing electron-withdrawing groups
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[Scheme 19, Equation (1)]. The produced bicyclic com-
pounds 100 [Scheme 19, Equation (1)] were able to undergo
tandem Diels—Alder reactions giving the tricyclic structures
101.

X

EWG
EWG —
| AgOTf (1-4 mol-%) | )
N CH,Cl,, 40 °C or N~ major isomer
Ts THF/DCE, 60 °C Ts
99 31-99% 100
1) cooled to —78 °C| 2) a-methylacrolein
BF;-OEt,
CO,CH3
101 EWG = CO,CHj,4
93% 'CHs
1
0 » R
RI— Au(PPhs)BF,, 5 mol-% X
N-R2 YT | (2)
r.t 3
— ) R N~ ~O
R* R3 34-91% Il?z
102 103
HaC
//§ AuCls, 5 mol-% =
\ \  N-R2 3)
N~ R2 CH,Cl,
N N
Fli ., 0 60-85% RI ! e}
104 R? = Ts, CH3 Ac, CBz, Boc 105
89-91]

Scheme 19. “Enamine” addition onto alkynes.!

Tanaka et al.’% exploited the N-alkenylalkynylamides
102 as substrates [Scheme 19, Equation (2)] to form a vari-
ety of substituted 2-pyridones 103 under [Au(PPh;)CIl})/
AgBF, catalysis conditions (5 mol-%). A test reaction run
with AgBF, (5 mol-%) as catalyst gave a lower yield (52%
vs. 82% for activated gold) and longer reaction time (5 h
instead of 0.5h). Padwa’s groupP®!! [Scheme 19, Equa-
tion (3)] were able to generate the B-carbolinones 105 ef-
ficiently from the N-propargylindole-2-carboxamides 104
with AuCl; (5 mol-%) as catalyst.

Belmont’s team!®? recently reported access to a large
variety of polysubstituted acridines 107 (Scheme 20) from
the 2-alkynyl-3-(silyl enol ether)quinoline derivatives 106,
through a benzannulation process. These reactions were ef-
ficient with the silver-activated gold species Au(PPh;)SbFg,
along with various silver salts used alone (AgSbFg, AgPFg,
AgOTf, AgNO; and AgCO,CF3) but interestingly could
not be run with other silver salts such as AgF, AgOAc,
Ag,CO;5; and Ag,0. This could be explained by the intrinsic
properties of these salts in comparison with the previous
ones.[”3231 This work is also connected to preliminary re-
sults from Dankwardt,®¥ but in this case stoichiometric
quantities of Ag(CO,CF3) (in nitromethane) were required
for the transformations.

Fiirstner et al.l®>°% used the hydroxy or acetyloxy ene—
yne systems 108 or 109 [Scheme 21, Equation (1)] to pro-
duce the regioisomeric bicyclic ketones 110 or 111, respec-
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OTBS 5 mol-% AgOTf OTBS

R2 or R2
SN oo
~ —_— ~
R3 N R’

R3 N [ DCE, 50 °C

R'  72%-—quant.

106 107

Scheme 20. Synthesis of acridines.”?!

tively, in a cycloisomerization process with gold catalysts
Au(PPh;)SbF, or AuCl;.P7-%81 Interestingly, in the case of
the dienylpropargylic acetate 112 [Scheme 21, Equation (2)],
AuCl; catalysis gave the expected bicyclic structure 113,
whereas AgBF, catalysis afforded the allene moiety 114.1°%
Note that the same research group®® was able to synthesize
the phenanthrenes 116 and related heterocyclic structures
from the alkynylated biphenyls 115 with AuCl; (5 mol-%)
as catalyst [Scheme 21, Equation (3)].

Au(PPha)SbFg, 2 mol-%
= also for 109: AuClz, 10 mol-% . o U
R

OH

X

R or
108 OA\O

then for 109: 110 O
K,COs, MeOH
AN
Z R
R™ 109 111
AuCls, 5 mol-% g
OAc R B
RN S OAc @
AN 113
112 o
AgBF,
— R XN o
76% N
° 14
MeO \\ MeQO
AuCl3, 5 mol-% O
() - OHAD o
95%
MeO MeO
115 116

Scheme 21. Fiirstner’s synthesis of carbocycles.[?>°]

The 1,5-enyne systems 117, containing propargylic ace-
tate units [Scheme 22, Equation (1)], developed by No-
l1ant'®1 and by Fensterbank and Malacria,['°-192] allowed
the formation of the bicyclo[3.1.0]Jhexene and bicyclo[4.1.0]-
heptene scaffolds 118 and 119 with the aid of (NHC)Au
complexes. Application of this method to 1,6-enynes gave
cyclopropyl-containing carbocycles, and the reactions could
also be amenable to ionic liquid conditions.'?!-1921 In con-
nection with the previously discussed work by
Fiirstnerl®-°%%1 and by Nolan,['% Fehr et al.['%% were able
to synthesize (-)-cubebol from 1,5-enyne systems.

The 1,5-enyne structures 120 [Scheme 22, Equation (2)]
were studied by Toste’s group;'% in the presence of
Au(PPh3)SbF4 or Au(PPh;)PF4 (1-3 mol-%) they yielded
the bicyclo[3.1.0]hexene systems 121. Applied to propar-
gylic esters, this process also allowed access to fluorenes
and styrenes!!® along with medium-sized rings.['°° Horino
and Toste have also recently shown that cycloisomerizations
6083
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_
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DCM, r.t.
” 2 R2-Hoan

61-99%
125
R® . _Ph
R4 TN
124 ﬁ’R + isomers
R?-0O
26

1

@)

121
H
“R )
H
( ~ H
123
R3
Ry
R

Au(PtBu3)SbFg, 2 mol-%

DCM, r.t.
51-86%

Au(PPhS)BF4
2 mol-%

4)

Scheme 22. Transformations of 1,5-enynes.[100-102.104,107-109]

of the 1,5-enynes 122 [Scheme 22, Equation (3)] in the pres-
ence of Au(P7Bu;)SbF¢ (2 mol-%) could end in a C-H in-
sertion process, therefore affording the bis(cyclopropane)-
carbocycles 123.1197]

In addition, Gagosz et a studied cycloisomeriza-
tion processes of the 3-hydroxylated 1,5-enynes 124 in the
presence of Au(PPh3)BF, (2 mol-%) [Scheme 22, Equa-
tion (4)]; these led to various products such as the alkylid-
enecyclopentenes 125 along with the bicyclo[3.1.0]hexenes
126. Note that cyclobutene intermediates have been isolated
when the reactions were carried out with 1,8-enyne sys-
tems. 19

Liu’s team,["'"l using the cis-4,6-dien-1-yn-3-ol deriva-
tives 127 (Scheme 23) under gold catalysis conditions, were
able to obtain a variety of bicyclic structures (compounds
128), along with some benzannulated derivatives. In ad-
dition, the 1,5-enynes 129 bearing propargylic alcohol
groups, formed in situ (Scheme 23), could in turn lead to
the benzene derivatives 130 through tandem allylation/
benzannulation reaction sequences.!'!?]

Zhang et al.,[''¥ this time using homopropargylic esters
on 1,5-enyne systems (compounds 131, Scheme 24), were
able to obtain the 1-carboxycyclohexa-1,4-diene scaffolds
132 with the aid of a dichloro(pyridine-2-carboxylato)-
gold(IIT) complex (5mol-%) and in some cases with
KAuCly additives. Moreover, cyclopropanation!''*! or di-
enyl systems!!'!3] could be achieved by some other groups.

Cossy and Meyer,'16:1171 ysing a variety of 1,6-enyn-
amides such as 133 (Scheme 25) under AuCl catalysis con-
ditions, obtained the cyclobutanones 134 with high levels
of diastereoselectivity. Under the same conditions, the enyn-
amides 135, bearing propargylic alcohol groups, afforded

l.[108,109]
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_ AuCly 3 mol-% OHC
61-98%
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R2 R2
127 OHC 128
R1%\
. 0 AuPPhy)OTF, 3 mok% R’ \©
2
:/Q CH,Cly, 1t.
SiMes 78-90%
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Scheme 23. Bicyclic and benzannulated products.[''1:112]
O>_
R
XN
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Scheme 24. Cycloisomerizations of 1,5-enynes.!'!3

carbonyl derivatives 136, tethering 2-azabicyclo[3.1.0]-
hexane structures.
R, 0
N———TMS
AuCl, 5 mol-% RNH
R bl > mok® : up to dr=91:9
\ CH20|2, r.t. R
_770,
133 40-77% 134
—< AuCI 5 mol-%
R® <_B
CH20|2, r.t.
Rz 40-61% up to dr=95:5
136 R'orR?

Scheme 25. Cycloisomerizations of 1,6-enynamides.!'16-117]

Gevorgyan’s group!!'®1191 developed a double migration/
benzannulation cascade reaction sequence. From the start-
ing benzyl-substituted propargyl esters 137 [Scheme 26,
Equation (1)], presumably through the formation of 1,3-
diene intermediates, the naphthalene systems 138 could be
formed in the presence of Au(PPh3)OTf (10 mol-%). Simi-
larly, Uemura’s teaml!?%-121] were able to cycloisomerize the
enyne systems 139, bearing enantiomerically pure (arene)-
chromium complexes, with Au(PPh;)NTf, (5 mol-%) as cat-
alyst [Scheme 26, Equation (2)], thereby producing the axi-
ally chiral biaryl units 140. Hashmi et al.['?2-126] were able
to synthesize various phenol derivatives thanks to AuCl; or
Au(PPh3)NTT, catalysis. Indeed, depending on the natures
of the tethers linking together the furan and the alkynyl
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units in 141-143 [Scheme 26, Equation (3)], one could ob-
tain the isochromanes 144, the tetrahydroisoquinolines 145
or the dihydroisoindoles 146, respectively.

R L s R1
1 = R 9 R?
R Au(PPh,)OTF, 10 mol-%
R2 _— (1)
DCE, r.t.
50-94% RS

138

137
R = OAc or OP(O)(OEt),

Au(PPh3)NTf,, 5 mol-%

CH,Cl,, 40 °C
OC)sCr
(00 140
R2
.R3
AuCls, 5 mol-% R! ©
CHCI; for 141 OH 144
AuCl3, 5 mol-%
MeCN for 142 R®
: 5 mol-% AuCl ) ©
N “n3 mol-70 AuCls3, N
/// R2 R orAuPPhyNT, R ‘R2
o 142 for 143 OH 145
/ \ R R2
R2
R Mo N-R3
— N R
143 OH 146

Scheme 26. Benzannulation reactions.['18-120]

Kozmin’s team!'?”-128] performed transformations of the
siloxy-1,5-enynes 147 (Scheme 27) into the cyclohexadiene
derivatives 148 with AuCl (1 mol-%) as catalyst.

3
2 h R* R® R® R?
R 4
| RS AuCl, 1mol-%  R2 R* R2 R5
- = or
R CHgg'Zg' 923 C1ipso TIPSO
oTIPS ° RS=H R R'
147 148

Scheme 27. Synthesis of cyclohexadienes.!'?7:1281

Alkoxycyclization  with  the enyne systems 149
(Scheme 28) has mostly been studied by the Echavar-
ren,!'2%-1321 Genét/Michelet!!33-1331 and Gagosz groups.['?”]
Gagosz’s team,['%! building on previous work by Echavar-
ren,['?° used (L)AuNTTf,, in which various phosphanes (L)
were studied for the reaction process, but simple Au(PPhjs)-
SbFy (2 mol-%) efficiently catalysed the transformation to
the methylenecyclopentane system 150 [Scheme 28, Equa-
tion (1)]. Echavarren and co-workers!!?>-13% studied the
enantioselectivity of this reaction with various chiral gold
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complexes: [(AuCl),(Tol-BINAP)[/AgSbFs was the best,
with enantiomeric excesses of up to 94% being reached for
the formation of the methylenecyclopentane system (—)-151
[Scheme 28, Equation (2)]. Michelet et al.l'33-133 extended
their first alkoxycyclization results obtained with platinum
saltsl!36] to chiral gold(I1I) catalysts.['33! The best results (up
to 78% ee) were obtained with (R)-4-MeO-3,5-(1Bu),-
MeOBIPHERP as ligand, giving the methylenecyclopentane
system (—)-152 [Scheme 28, Equation (3)]. Michelet’s group
also studied hydroamination/cycloisomerization!!33 and
Friedel-Crafts-type/cycloisomerization — reaction!!3*  se-
quences with success, obtaining access to the methylenecy-
clopentane systems 153 and 154, respectively.

% Au(PR3)NT,, 0.1-2 mol-% MeO,C OMe
X
= R MeOH MeO,C )
149 150, 97% yield
/\/< PhO,S OMe
X" SN [(AuSbFg)y(Tol-BINAP)], 1.6 mol-% PhO,S
_ R[( 6)2( ), 0 2 @

MeOH

149 (-)-151, 94% ee

AuCls3, 10 mol-%; AgSbFg, 30 mol-%

. % (R)-4-Me0-3,5-(tBu),-MeOBIPHEP ~ PhO.S H OEt
(5 mol-%) PhO,S
=R 3)
EtOH

(-)-152, 78% ee

MeO PAr;

MeO O PAr,

Ar = 4-MeO-3 5-(tBu),-CqH,

(R)-4-MeO-3,5-(tBu),-MeOBIPHEP:

OMe
H 1 H
X NHR X
153 R 154 R OMe
Scheme 28. Alkoxycyclizations and related reac-
tions [109-129.130,133-135]

Following the seminal work of Echavarren,'31:1321 Chung
et al.l3713] described the reactions of the 1,6-enynes 155
[Scheme 29, Equation (1)] under Au(PPhs)OTf catalysis
(5 mol-%) conditions, obtaining the 1,4-dienes 156. Some
enantioselectivity was achieved (up to 22%) in preliminary
results with (R)-BINAP as ligand.I'3¥] With systems 157,
bearing a cyclic olefin group [Scheme 29, Equation (2)], the
polycyclic dienyl systems 158 were generated. Furthermore,
(NHC)gold catalysts have also been successfully used,!!3"]
and Chung’s group in association with Kang!'4®! reported
cycloisomerization reactions and DFT studies with 1,5-bis-
(allenes).

Interestingly, Echavarren!'*!l developed silver-catalysed
transformations of the 1,6-enynes 159 bearing allylstannane
systems [Scheme 30, Equation (1)], leading to the vinyl-
stannanes 160 accompanied by the tin-free compounds 161.
With use of the catalyst [(AgOTf),(Tol-BINAP)] (5 mol-%),
enantioselective cyclization could be performed with ees of
up to 78%. Liang’s group,['*?! working on the 1,6-enynes
6085
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46-99%
Me

Me Me
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Scheme 29. Cycloisomerizations of 1,6-enynes.[!37-13%:141]

162 [Scheme 30, Equation (2)], developed the synthesis of
the isolable allene alcohols 163, which could easily be trans-
formed into the 1,3-dienes 164 through isomerization and

loss of acetone.
Z ~R1
XﬁRz
3% ! 160

[Ag(PPh3)OTfls, 3 mol-% 31—

toluene, 70 °C

.
Z R

XC§R2

159 0-50% "' 161

R2 SnBuj
=
/\/L OH
R! AgSbFg, 10 mol-% X @)
Rk, — R? CH,Cly, 15°C :

R* OH R¥ L4

,/——=—R’

;

R1 R2

164

Scheme 30. Cycloisomerizations of 1,6-enynes.!'37-139141.142]

Miscellaneous

Other chemical functionalities have also been brought to-
gether thanks to silver or gold catalysis. We can cite the
work of Gevorgyan et al.l'43144 with propargyl-containing
heterocycles, in which AgBF, catalysis (3 mol-%) was ef-
ficient in their transformation into a variety of fused hetero-
cycles such as indolizines, pyrroloquinoxalines and pyrrolo-
thiazoles. Note that gold catalysis was less efficient (AuCls)
or needed longer reaction times (Aul, 3 h instead of 30 min
for AgBF,).

In addition, cycloisomerizations of oxirane moieties onto
alkynyl groups, leading to 2,5-disubstituted furans, have
been developed by Liang’s group.['4>-1461 The Au'"! catalysts
6086
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AuCl; and HAuCly4H,O gave the best results, whereas
AgSbFs was inefficient in these reactions. Shi’s
group,l471481 ysing (homo)propargylic alcohols with oxir-
anes, obtained ketal and spiroketal moieties constructed on
morpholino scaffolds under gold(I) catalysis conditions,
whereas Liu’s teaml'4%-15% were able to form carbocycle and
heterocycle scaffolds on ortho-substituted benzene with oxi-
rane and alkyne units. Silver and gold catalysis were both
efficient but interestingly did not always lead to the same
reaction product.['*] Furthermore, Pale’s group!'>! work-
ing on alk-1-ynyloxiranes with AgOTf catalysis, produced
trisubstituted furans. Note that p-toluenesulfonic acid and
methanol were needed for such transformations.

Wau et al.['3? were able to generate benzothiazine cores
from simple alkynylbenzamines, through the intermediate
formation of thiourea moieties.

Finally, by bridging the ene and yne reactive sites
through cyclopropane units, Tostel'>3 and Wang, Nevado
and Goekel'>¥ found routes to the total synthesis of the
angular triquinane ventricosenel'>3! and to five-, six- and
seven-membered carbocycles.!'>4

Conclusions

Gold-catalysed reactions have attracted increasing inter-
est in the past ten years, and their overall impact and roles
in carbocycle and heterocycle synthesis, through cycloisom-
erization reactions, are impressive. Although ligand effects
are known in homogeneous gold catalysis, we have also
stressed the impact of the counterions, because these have
a profound influence on the conversion rates of cycloiso-
merization reactions. Silver has been intensively used to ac-
tivate gold catalysts, through anion metathesis (counterion
exchange), but here we have also reported silver catalysts’
involvement in cycloisomerization reactions. Although
seminal work was conducted in the early 1990s, efforts to
develop the uses of silver in cycloisomerization reactions
still need to be made. In particular, progress in enantioselec-
tive reactions is still needed, both through variation of li-
gands and also through the use of the concept of counter-
ion chirality recently elucidated for gold chemistry by To-
stel!>>1561 and found to be efficient for highly enantioselec-

tive heterocyclization reactions!'>”) or for ring expan-
sions.[138-159]
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