
Synthesis Review / Short Review 

Template for SYNTHESIS © Thieme  Stuttgart · New York 2020-12-17 page 1 of 14 

 

Product Divergence in Coinage Metal-Catalyzed Reactions of p-Rich 
Compounds 

	
Received:  
Accepted:  
Published online:  
DOI:  

Abstract This short review aims to summarize how the product outcome of 
reactions of a common starting material can sometimes be controlled by the 
judicious choice of copper, silver or gold as the catalyst. It highlights the 
different reactivities observed in the functional group transformations of p-
rich substrates mediated by the three Group 11 metal salts. 
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1	 Introduction	
		

Copper,	silver	and	gold,	the	first	three	elements	of	Group	11,	have	
a	 long	 history	 as	 hetero-	 and	 homogenous	 catalysts	 in	 organic	
chemical	synthesis	in	addition	to	their	application	in	many	other	
fields.1–5	Often	referred	 to	as	 the	coinage	metals,	 their	catalytic	
activity	 can	 be	 readily	 traced	 back	 to	 a	 number	 of	 pioneering	
works	 in	 the	 1960’s	 demonstrating	 their	 ability	 to	 mediate	 a	
myriad	of	functional	group	transformations.	Over	the	years,	this	
has	included	a	wide	spectrum	of	synthetic	methods,	ranging	from	
C–H	 bond	 functionalization	 to	 alkyne	 cycloisomerizations,	 to	
rapidly	increase	molecular	complexity.	In	many	of	these	studies,	
the	 catalytic	 activities	 have	 relied	 on	 the	 various	 chemical	
properties	 exhibited	 by	 the	 Group	 11	 metals	 such	 as	 the	
relativistic	effect	that	peaks	in	complexes	of	gold	to	the	ease	in	

which	 copper	 salts	 can	 switch	 between	 the	 +1,	 +2	 and	 +3	
oxidation	states.	In	a	number	of	instances,	the	practicality	of	the	
developed	 strategies	were	 also	 shown	 by	 their	 high	 degree	 of	
tolerance	 toward	 air	 and	 moisture	 as	 well	 as	 relative	 lower	
toxicity	than	many	of	the	other	members	of	the	d-block	elements.	

Timely	 reviews	 have	 appeared	 in	 the	 chemical	 literature	
detailing	 the	advances	made	 in	 the	development	of	known	and	
new	synthetic	methods	powered	by	salts	and	complexes	of	 the	
coinage	 metals.4	 The	 present	 review	 differs	 in	 that	 it	 aims	 to	
outline	 how	 the	 chemoselective	 outcome	 of	 a	 reaction	 can	 be	
controlled	by	judiciously	switching	between	the	three	Group	11	
metal	 catalysts.	 It	 is	 ordered	according	 to	 substrate	 class,	with	
similar	functionalities	grouped	together	in	order	to	demonstrate	
the	 chemoselectivity	 of	 comparable	 reactions	 mediated	 by	 a	
copper,	silver	or	gold	catalyst.	Propargyl	amines,	esters	and	their	
derivatives	will	be	first	examined	and	this	will	be	followed	by	an	
overview	of	reactions	of	disubstituted	aryl	substrates	containing	
an	alkyne	functionality.	Allylic	and	propargyl	alcohols	and	ethers	
are	next	surveyed	with	the	focus	of	the	review	finishing	on	the	
reactivity	of	diazo	compounds.	A	significant	amount	of	effort	has	
been	made	at	making	this	review	as	comprehensive	as	possible.	
In	the	event	that	there	is	an	omission	of	one	or	more	works	where	
such	product	selectivity	has	been	reported,	 this	will	have	been	
unintentional	as	it	is	difficult	to	find	specific	examples	in	which	
this	is	not	the	underlying	target	of	the	research.	

	

2	 Reactions	of	Propargyl	Amines,	Esters	and	Their	
Derivatives	

	

The	reactivity	of	propargyl	amines,	esters	and	their	derivatives	is	
often	 exploited	 to	 generate	 molecular	 complexity,	 and	 the	
promotion	of	these	reactions	by	the	coinage	metals	has	been	well	
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documented.6	 The	 use	 of	 different	 metals	 to	 affect	 product	
selectivity	from	the	same	substrate	is	perhaps	a	lesser	explored	
area	of	research,	although	there	are	a	number	of	these	cases	in	
the	 literature.	 In	 one	 of	 the	 first	 examples,	 the	 Fürstner	 group	
observed	a	divergence	in	chemoselectivity	in	the	synthesis	of	the	
natural	product	sesquicarene	(Scheme	1).7	During	optimization	
of	the	key	step,	it	was	noted	that	the	use	of	AgBF4	as	the	catalyst	
with	 1,5,10-dieneyne	 ester	 1	 promoted	 an	 unwanted	
[3,3]-sigmatropic	 rearrangement	of	 the	propargyl	 ester	 to	 give	
allene	2	in	76%	yield	(Scheme	1,	route	a).	In	order	to	promote	the	
desired	cyclization,	requiring	the	proximal	olefin	in	1	to	act	as	the	
nucleophile,	AuCl3	was	found	to	be	the	catalyst	of	choice	(Scheme	
1,	 route	 b).	 Under	 these	 latter	 conditions,	 the	 bicyclic	
[4.1.0]sesquicarene	 core	3	was	 obtained,	which	 gave	 access	 to	
the	 natural	 product	 in	 a	 further	 three	 steps.	 The	 same	
gold(I)-catalyzed	 methodology	 was	 employed	 to	 construct	 the	
natural	products	2-carene	and	episesquicarene.	

 
Scheme 1 Chemoselective cyclization of 1 to 3 during work towards 
sesquicarene 

Following	this	study,	Lee	and	co-workers	described	the	ability	of	
1,6-diyne	diester	4	to	display	distinct	product	selectivities	in	the	
presence	of	different	coinage	metal	salts	as	the	catalysts	(Scheme	
2).8	Under	gold(I)-catalyzed	conditions,	the	internal	and	terminal	
propargyl	ester	moieties	in	the	substrate	underwent	1,3-	and	1,2-
acyloxy	migration,	respectively,	to	provide	allenic	gold	carbene	5	
(Scheme	2,	route	a).	Subsequent	7-exo-trig	cyclization	 followed	
by	protodeauration	gave	the	fused	6,7-bicyclic	ring	compound	6.	
However,	in	one	instance	in	which	R2	=	Me	and	R1	=	R3=	R4	=	H	in	
the	starting	material,	only	 the	napthyl	aldehyde	product	7	was	
observed	when	catalyzed	by	either	AgOTf	of	Cu(OTf)2	(Scheme	2,	
route	b).	

 
Scheme 2 Selective formation of 6,6- or 6,7-bicyclic ring systems catalyzed by 
silver(I) and gold(I) salts 

The	 Echavarren	 group	 observed	 a	 difference	 in	 reactivity	
brought	 about	by	 the	 choice	of	 catalyst	 in	work	examining	 the	
addition	of	carbon-based	nucleophiles	to	propargyl	carboxylate	
8	 (Scheme	 3).9	 Subjecting	 the	 substrate	 to	 JohnPhosAuSbF6	
(JohnPhos	=	 (2-biphenyl)di-tert-butylphosphine)	 triggered	1,2-	
or	 1,3-acyloxy	 migration	 to	 occur	 followed	 by	 nucleophilic	
addition	to	give	a	range	of	enone	products	10,	11	and	13	in	46–

92%	yield	(Scheme	3,	route	a).	The	use	of	a	silver(I)	or	copper(II)	
catalyst,	in	contrast,	led	to	direct	nucleophilic	substitution	of	the	
acetate	to	afford	the	propargyl	adduct	14	 in	21	and	20%	yield,	
respectively	(Scheme	3,	route	b).	

 
Scheme 3 Catalyst controlled acyloxy migration versus direct substitution 

Gevorgyan	 and	 co-workers	 examined	 the	 effect	 of	 placing	 a	
migrating	group	at	the	C4	position	of	propargyl	esters	15	in	the	
presence	 of	 coinage	metal	 catalysts	 (Scheme	 4).10	 Under	 Au(I)	
catalysis,	 the	 substrate	 was	 shown	 to	 undergo	 an	 initial	 1,3-
acyloxy	migration	step	followed	by	a	1,2-alkyl/aryl	shift	to	give	
diene	 16	 in	 86%	 yield.	 It	 was	 shown	 that	 subsequent	 6π-
electrocyclization	 of	 these	 dienes	 in	 situ	 would	 deliver	 the	
naphthalene	derivatives	17	in	30–94%	yield	(Scheme	4,	route	a).	
On	the	other	hand,	reactions	with	AgOTf	 in	place	of	 the	gold(I)	
salt	as	the	catalyst	led	to	1,3-acyloxy	migration	of	the	propargyl	
ester	to	give	allene	18	as	the	sole	product	(Scheme	4,	route	b).	

 
Scheme 4 Synthesis of naphthalene 17 or allene 18 from propargyl ester 15 

In	 a	 continuation	 of	 this	 line	 of	 study,	 the	 Gevorgyan	 group	
reported	that	unique	E/Z	selectivity	could	be	observed	during	the	
formation	 of	 1,3-butadienes	 from	 propargyl	 phosphates	 19	
(Scheme	5).11	Such	starting	materials	were	shown	to	undergo	a	
double	migratory	 cascade	 reaction	 in	 the	 presence	 of	 either	 a	
copper(I)	 or	 gold(I)	 catalyst.	 These	 studies	 revealed	 that	 the	
reaction	was	Z-selective	when	performed	under	copper	catalysis	
but	E-selective	when	repeated	 in	 the	presence	of	a	gold(I)	salt.	
Yields	of	64–98%	along	with	ratios	of	the	geometrical	isomers	of	
1.5:1–19:0	and	>20:1	were	observed	for	the	respective	gold(I)-	
and	 copper(II)-mediated	 reactions.	 Both	 transformations	were	
proposed	to	proceed	through	the	vinyl	metal	intermediate	20	as	
a	result	of	a	1,3-phosphatyloxy	shift.	For	reactions	mediated	by	
the	gold(I)	catalyst,	halogen	abstraction	was	proposed	to	give	the	
π-allyl	 cation	 21.	 Delivery	 of	 the	 resulting	 halide	 anti	 to	 the	
phosphate	 group	 in	 21	 was	 consequently	 believed	 to	 give	
primarily	the	E	isomer	22	(Scheme	5,	route	a).	In	the	case	of	the	
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copper(II)-catalyzed	 transformations,	 its	 coordination	 to	 both	
the	allene	and	phosphate	functionality	were	reasoned	to	lead	to	
π-allyl	cation	23	 following	halogen	abstraction.	With	the	halide	
rebounding	 in	 a	 pathway	 syn	 to	 the	 phosphate	 group	 in	 the	
intermediate,	 this	 resulted	 in	 the	 exclusive	 formation	 of	 the	Z-
product	24	(Scheme	5,	route	b).	

 
Scheme 5 Selective synthesis of E-and Z-dienes from a common intermediate	

In	later	work	on	the	(C6F5)3PAuOTf-mediated	pentannulation	of	
propargyl	 esters	 25	 containing	 a	 propargyl	 ketone	 motif,	
Gevorgyan	 and	 co-workers	 developed	 a	 route	 to	
cyclopentenones	 27	 in	 42–91%	 (Scheme	 6,	 route	 a).12	 The	
reaction	 was	 thought	 to	 proceed	 through	 a	 1,3-ynone	
transposition	 step	 to	 give	 intermediate	 26	 and	 a	 subsequent	
cycloisomerization/Nazarov	 cyclization	 sequence	 to	 give	 the	
product.	In	the	course	of	this	study,	it	was	found	that	the	use	of	
AgOTf	in	place	of	the	gold(I)	catalyst	led	to	the	formation	of	furan	
product	29	(Scheme	6,	route	b).	This	outcome	was	reasoned	to	
be	due	 to	a	 competitive	1,3-acyloxy	migration	pathway	 to	give	
allene	28.	Nucleophilic	attack	of	 the	ketone	to	the	allene	 in	the	
newly	 formed	 intermediate	 in	 turn	 gave	 the	 observed	 O-
heterocycle.		

 
Scheme 6 Catalyst controlled formation of fused furans or cyclopentenone 
adducts 

Nolan	 and	 co-workers	 described	 the	 gold(I)-catalyzed	
hydroarylation	 of	 propargyl	 acetates	 to	 highly	 substituted	
indenes	 (Scheme	 7).13	 In	 the	 presence	 of	 IPrAuBF4	 (IPr	 =	
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene)	 as	 the	
catalyst,	 the	 substrate	 30	 underwent	 a	 formal	 1,3-acyloxy	
migration,	 either	directly	or	via	 two	1,2-acyloxy	 shifts,	 to	 form	
allenic	ester	31.	Friedel–Crafts	reaction	of	the	aromatic	ring	with	
the	 allenic	 motif	 in	 the	 adduct	 then	 provided	 a	 range	 of	
substituted	 indenes	 32	 in	 63–92%	 yield.	 Interestingly,	 when	
AgBF4	 was	 employed	 as	 the	 catalyst,	 only	 allene	 31	 was	
produced,	 despite	 extended	 reaction	 times.	 The	 observed	
difference	 in	 reactivity	 was	 attributed	 to	 the	 stronger	 π-
activation	provided	by	the	gold(I)	salt.	It	was	also	noted	that	the	
IPr	ligand	was	pivotal	for	this	reaction,	as	only	a	complex	mixture	
was	observed	in	control	experiments	mediated	by	AuBF4.	

 
Scheme 7 Gold(I)-catalyzed formation of indene 32. Under silver catalysis, only 
allene 31 was formed 

In	 revisiting	 the	work	 of	 Nolan	 et.	 al.	 the	 group	 of	Woodward	
examined	the	Friedel-Crafts	cyclization	of	allenic	esters	33	in	an	
attempt	 to	 establish	 a	 general	 route	 to	 1H-inden-1-ol	
carboxylates	34	(Scheme	8,	route	a).14		Subjecting	the	substrate	
to	the	IPrAuCl/AgOTf	catalytic	system	was	reported	to	lead	to	the	
desired	product	in	yields	of	64–99%	via	intermediate	35.	On	the	
other	hand,	the	use	of	AgOTf	induced	isomerization	of	substrate	
36	and	led	exclusively	to	the	more	stable	1,3-diene	37	(Scheme	
8,	route	b).	It	was	postulated	that	the	gold(I)	catalyst	was	able	to	
activate	the	Friedel–Crafts	cyclization	step	whilst	this	could	not	
be	achieved	with	the	silver(I)	salt.		

 
Scheme 8 Gold(I)-catalyzed formation of indene 34 or diene 37 from an allenic 
starting material 

Chan	 and	 co-workers	 reported	 the	 gold(I)-catalyzed	
cycloisomerization/Diels–Alder	 (DA)	 reaction	 of	 nitrogen	
containing	1,4,9–dieneyne	esters	 	38	to	form	methanoisoindole	
esters	40	 in	40–99%	yield	 (Scheme	9,	 route	a).15	 Exposing	 the	
substrate	to	the	IPrAuNTf2	catalyst	was	thought	to	trigger	a	1,2-
acyloxy	 migration/Nazarov	 cyclization	 cascade	 to	 form	 the	
cyclopentadiene	 39.	 An	 ensuring	 intramolecular	 DA	 reaction	
then	gave	the	isoindoyl	product.	In	a	subsequent	study,	the	same	
starting	material	 was	 subjected	 to	 JohnPhosAgSbF6,	 formed	 in	
situ,	 which	 furnished	 hexahydroisoquinolines	 42	 (Scheme	 9,	
route	b).16	It	was	proposed	that	the	less	reactive	silver(I)	catalyst	
was	unable	to	initiate	Nazarov	cyclization	and	this	resulted	in	the	
preferential	 formation	 of	 vinyl	 allene	 41.	 An	 ensuing	
intramolecular	DA	reaction	of	the	allene	motif	with	the	terminal	
alkene	 unit	 in	 the	 intermediate	 afforded	 the	
hexahydroisoquinolines	42	in	yields	of	34–99%.		
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Scheme 9 The cycloisomerization of 38	gave different DA precursors under 
different metal catalyst conditions 	

By	 replacing	 the	 ester	 functionalization	with	 a	 urea	moity,	 the	
Van	 der	 Eycken	 group	 showed	 that	 divergence	 in	 product	
selectivity	could	be	achieved	by	switching	between	coinage	metal	
catalysts	for	the	cycloisomerization	of	propargyl	ureas	(Scheme	
10).17	It	was	found	that	when	tosyl	ureas	were	formed	in	situ	from	
propargyl	amine	43	in	the	presence	of	a	gold(I)	salt,	cyclization	
occurred	through	the	oxygen	center	to	give	oxazolidin-2-imines	
44	 in	 20–90%	 yield	 (Scheme	 10,	 route	 a).	 On	 the	 other	 hand,	
when	AgOTf	was	used	as	the	catalyst	in	the	presence	of	PPh3,	the	
imidazolidin-2-one	product	45	was	preferentially	furnished	over	
the	O-heterocycle	 in	yields	of	42–91%	(Scheme	10,	route	b).	 In	
both	cases,	the	cyclization	was	surmised	to	proceed	through	a	5-
exo-dig	transition	state	to	form	the	five	membered	ring	adducts.	
On	 the	 basis	 of	 Hard	 Soft	 Acid	 Base	 (HSAB)	 theory,	 it	 was	
reasoned	 that	 the	 exquisite	 selectivity	 in	 the	 presence	 of	 the	
PPh3AuOTf	catalyst	was	due	to	the	complete	dissociation	of	the	–
OTf	counteranion.	This	resulted	in	the	aurated	alkyne	becoming	
a	hard	carbocationic	 species,	which	preferentially	 reacted	with	
the	 highly	 electronegative	 carbamide	 oxygen,	 itself	 a	 hard-
nucleophilic	center.	In	contrast,	the	–OTf	anion	was	thought	not	
to	dissociate	fully	from	the	metal	center	in	reactions	mediated	by	
the	 silver(I)	 salt.	 This	 led	 to	 a	 proposed	 soft-soft	 interaction	
between	 the	 ensuing	 carbocationic	 species	 and	 the	 amide	
nitrogen	center.	

 
Scheme 10 Chemoselective cycloisomerization of ureas formed in situ	 from 
propargyl amine 43	

In	a	later	work,	it	was	found	that	replacing	the	tosyl	group	of	the	
urea	 moiety	 with	 an	 aryl	 or	 alkyl	 functionality	 led	 to	 only	
cyclization	through	the	nitrogen	center	being	observed	(Scheme	
11).18,19	In	this	instance,	the	choice	of	catalyst	was	demonstrated	
to	 control	 regioselectivity	 in	 the	 cyclization	 step.	 A	

PPh3AuCl/AgOTf	 catalyst	 combination	 was	 found	 to	
predominantly	 lead	 to	 the	 6-endo-dig	 cyclized	 product	 46	
(Scheme	11,	route	a).	On	the	other	hand,	reactions	mediated	by	
AgOTf	at	elevated	temperatures	led	to	the	exclusive	formation	of	
the	5-exo-dig	cyclization	adduct	47	(Scheme	11,	route	b).	

 
Scheme 11 Formation of 5- or 6-membered rings promoted by silver(I) and 
gold(I) salts respectively 

During	 work	 focused	 on	 the	 cycloisomerization	 of	 ethereal	
alkynyl	aziridines	48,	Pale	et.	al.	found	that	the	use	of	PPh3AuNTf2	
at	room	temperature	led	to	the	azaspiro[4.5]decane	products	50	
in	 49–82%	 yield	 (Scheme	 12,	 route	 a).20,21	 The	 reaction	 was	
initiated	by	a	Friedel–Crafts	cyclization	and	ring-opening	of	the	
aziridinyl	 motif	 of	 the	 in	 situ	 formed	 gold-activated	 alkyne	
species.	Subsequent	cyclization	of	the	ensuring	transient	amino	
allene	 intermediate	49	was	 reasoned	 to	proceed	 to	deliver	 the	
observed	spirocyclic	products.	On	the	other	hand,	replacing	the	
gold(I)	salt	with	a	silver(I)	catalyst	and	lowering	the	temperature	
to	–20	°C	was	found	to	halt	the	reaction	after	the	first	cyclization	
step	 to	give	 the	amino	allene	49	 in	33–80%	yield	 (Scheme	12,	
route	 b).	 Under	 gold(I)-catalyzed	 conditions,	 the	 allene	
intermediate	was	not	able	 to	be	 isolated	during	 reactions	with	
the	model	substrate,	even	at	–70°C.	This	divergence	in	selectivity	
was	attributed	to	the	lower	alkynophilicity	of	silver(I)	catalysts	
to	that	of	its	third-row	metal	counterpart.	

 
Scheme 12 Gold(I)-catalyzed cycloisomerization of alkynyl aziridines 48  

A	 selective	 route	 to	 cyclic	 nitrones	 52	 or	 pyrroles	 53	 from	
homopropargyl	hydroxylamines	51	was	described	by	Zhang	and	
co-workers	in	2014	(Scheme	13).22	Reactions	promoted	by	AgOTf	
led	only	to	the	cyclic	nitrone	species	in	77–97%	yield	(Scheme	13,	
route	 a).	 In	 contrast,	 the	 analogous	 reactions	 mediated	 by	
IPrAuNTf2	 in	 the	 presence	 of	 HNTf2	 as	 a	 co-catalyst	 gave	 the	
substituted	 pyrroles	 in	 54–94%	 yield	 (Scheme	 13,	 route	 b).	
Mechanistically,	 both	 pathways	 were	 proposed	 to	 be	 initiated	
through	 5-exo-dig	 cyclization	 of	 the	 hydroxyl	 amine	 onto	 the	
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metal-activated	alkyne	in	the	substrate	to	give	intermediate	54.	
Under	 silver(I)-catalyzed	 conditions,	 protodemetalation	 gave	
hydroxyl	 amine	55,	 which	 underwent	 isomerization	 to	 deliver	
the	 cyclic	 nitrone	 product.	 In	 the	 gold(I)	 salt/HNTf2	 catalytic	
system,	 loss	of	H2O	led	 to	 the	 formation	of	 iminium	species	56	
followed	 by	 protodeauration	 to	 afford	 the	 observed	 pyrrole	
product.	The	reaction	was	shown	to	not	occur	in	the	presence	of	
HNTf2	alone,	which	suggested	the	role	of	the	acid	catalyst	was	to	
speed	up	the	dehydration	process.	

 
Scheme 13 Formation of cyclic nitrones or pyrroles controlled by the use of 
appropriate catalysts 

Liu	and	co-workers	demonstrated	1,2-	versus	1,4-selectivity	 in	
metathesis	 reactions	 involving	 3-en-1-ynamides	 57	 and	
nitrosoarenes	 in	 the	 presence	 of	 a	 gold(I)	 or	 silver(I)	 catalyst	
(Scheme	 14).23	 The	 IPrAuNTf2-catalyzed	 reaction	 led	 to	 imino	
ketone	product	60	in	81%	yield	along	with	small	amounts	of	the	
1,4-metathesis	products	62	 and	63	 in	3–5%	yield	 (Scheme	14,	
route	a).	The	silver	salts	AgOAc,	AgNTf2	and	AgOAc,	on	the	other	
hand,	 led	 exclusively	 to	 the	 1,4-products	 in	 88–95%	 yields	
(Scheme	14,	route	b).	In	both	transformations,	it	was	thought	that	
the	reaction	initially	proceeded	through	nucleophilic	addition	of	
the	 nitrogen	 center	 of	 the	 nitrosoarene	 to	 the	metal	 activated	
ynamide	 to	 give	 metal	 complex	 58.	 Under	 gold(I)-catalyzed	
conditions,	 the	 electron	 rich	 alkenyl	 bond	 in	58	 is	 sufficiently	
nucleophilic	to	add	to	the	oxygen	center	to	give	the	oxazetidinium	
59,	where	an	elimination	of	the	catalyst	and	cleavage	of	the	N–O	
bond	afforded	the	imino	ketone	product.	The	silver(I)-mediated	
reaction	 was	 though	 to	 proceed	 via	 a	 stepwise	 formal	 6π-
electrocyclization	 to	 form	 six-membered	 ring	 intermediate	61.	
Concomitant	release	of	the	catalyst	and	cleavage	of	the	N–O	bond	
then	gave	the	observed	alkyne	and	aldehyde	products.	

 
Scheme 14 Selective 1,2- or 1,4-metathesis between nitrosobenzene and 
enynamides  

	
	

3	 Reactions	of	Phenylacetylene	Derivatives	
	
An	 important	 class	 of	 compounds	 that	 have	 been	 extensively	
shown	to	give	a	divergence	in	chemoselectivity	in	coinage	metal	
catalysis	are	phenylacetylene	derivatives.24	An	early	example	of	
this	 is	 in	 work	 examining	 reactions	 of	 substrates	 containing	
multiple	 nucleophilic	 nitrogen	 centers	 such	 as	 pyrazinone	 64	
depicted	in	Scheme	15.25	Through	this	study,	the	Van	der	Eycken	
group	 demonstrated	 product	 selectivity	 could	 be	 achieved	
through	 the	 choice	 of	 catalyst.	 In	 reactions	 with	 AgOTf	 as	 the	
catalyst	 under	 microwave	 heating,	 formation	 of	 pyrazino	
[2,1-b]quinazoline	 65	 was	 observed	 as	 a	 result	 of	 the	 ring	
nitrogen	center	participating	in	a	6-exo-dig	cyclization	pathway	
onto	the	posited	silver(I)-activated	alkyne	(Scheme	15	route	a).	
Switching	 to	 an	 AuCl	 catalyst	 under	 the	 same	 conditions	
produced	3-indolyl-2(1H)-pyrazinone	66	in	which	the	side	chain	
nitrogen	center	cyclized	onto	 the	surmised	gold(I)-coordinated	
alkyne	motif	in	a	5-endo-dig	manner	(Scheme	15,	route	b).	With	
the	 cause	 of	 this	 product	 selectivity	 remaining	 unclear,	 it	 was	
noted	that	the	switch	in	the	cyclization	pathway	required	further	
investigation.	

 
Scheme 15 Selective 6-exo-dig or 5-endo-dig	 cyclization of pyrazinone 64 
controlled by catalyst choice	

Studies	 focused	 on	 the	 cycloisomerisation	 chemistry	 of	 ortho	
alkynyl	 benzaldehydes	67	by	 Zhu	 and	 co-workers	 showed	 the	
selective	assembly	of	 five-	or	six-membered	ring	adducts	could	
be	achieved	on	switching	 from	gold	 to	silver	catalysis	 (Scheme	
16).26,27	In	the	presence	of	an	NHC-Au(III)	(NHC	=	N-heterocyclic	
carbene)	catalyst,	the	resulting	pyrylium	ion	68	and	a	variety	of	
alkenes	were	shown	to	undergo	a	series	of	DA	reactions	to	deliver	
the	observed	fan	like	structures	71	in	30–99%	yield	(Scheme	16,	
route	a).	In	the	course	of	this	work,	a	minor	side	product	that	was	
often	observed	and	later	identified	as	cyclopropane	73,	could	be	
exclusively	 constructed	 on	 switching	 to	 AgNTf2	 as	 the	 catalyst	
(Scheme	16,	route	b).	

 
Scheme 16 Pyrilium intermediate 68 behaved differently under different 
conditions to selectively give products 71 or 73 
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It	was	proposed	that	the	cyclopropane	adduct	was	also	formed	
from	 pyrylium	 intermediate	 68.	 Under	 silver(I)-catalyzed	
conditions,	however,	the	metal	carbene	species	72	underwent	a	
tandem	 1,3-dipolar	 cycloaddition/cyclopropanation	 sequence	
that	led	to	the	observed	product.	Key	to	this	transformation	was	
the	presence	of	an	electron-withdrawing	group	at	 the	 terminal	
end	 of	 the	 alkyne.	 In	 the	 absence	 of	 this	 functional	 group,	 a	
competing	protodemetalation	step	was	thought	to	be	preferred,	
resulting	in	the	formation	of	napthyl	ketones.		

In	 studies	 towards	 the	 synthesis	 of	 the	 natural	 product	
salvileucalin	B,	Zhu	and	co-workers	related	the	gold(I)-catalyzed	
cycloisomerization/[4+2]-cycloaddition	 cascade	 reaction	 of	
benzaldehydes	 74	 and	 1,3-dienes	 75	 to	 access	 the	 6,6,3,5-
tetracyclic	 ring	 system	79	 in	 26–96%	 yield	 (Scheme	 17,	 route	
a).28	 It	was	 shown	 that	when	 treating	 the	 same	 substrate	with	
AgSbF6	 in	 place	 of	 the	 gold(I)	 catalyst,	 the	 related	 6,6,7,6-ring	
compound	81	was	assembled	in	20–62%	yield	(Scheme	17,	route	
b).	As	only	the	cis-1,3-diene	was	able	to	react	with	the	pyrylium	
species	under	the	silver(I)-catalyzed	conditions,	this	was	thought	
to	 be	 the	 reason	 for	 the	 lower	 product	 yields.	 The	 observed	
chemoselectivities	were	attributed	to	the	reactivity	of	the	metal	
pyrylium	 species	76.	 In	 the	 case	 of	 reactions	mediated	 by	 the	
gold(I)	catalyst,	a	stepwise	[4+2]-cycloaddition	was	thought	to	be	
operative,	 leading	 to	 the	 transient	 o-quinone	 methide	 78	
undergoing	 an	 intramolecular	 DA	 reaction	 to	 furnish	 the	
observed	product.	In	the	case	of	the	silver(I)-catalyzed	reactions,	
the	cis-1,3-diene	participated	in	a	concerted	DA	reaction	with	the	
pyrylium	 intermediate	 to	 form	 the	 tricyclic	 oxonium	 structure	
80.	 This	 was	 followed	 by	 a	 Friedel–Crafts	 reaction	 and	
elimination	of	the	catalyst	to	give	the	benzocycloheptene	product	
81.	

 
Scheme 17 The related 6,6,3,5- and 6,6,7,6-ring systems formed from common 
starting materials 74 and 75 

Chen	 and	 co-workers	 showed	 that	 the	 construction	 of	 a	
isoquinoline	83	 and	 indenones	84	 could	 be	 realized	 from	 the	
starting	 material	 82	 through	 the	 judicious	 choice	 of	 metal	
catalyst	 (Scheme	 18).29	 The	 use	 of	 AgSbF6	 in	 the	 presence	 of	
NH4OAc	and	4-MeOPNO	(4-methoxypyridine	N-oxide)	led	to	the	
formation	of	isoquinoline	product	83	in	74%	yield	(Scheme	18,	
route	a).	Switching	to	a	NaAuCl4∙2H2O/AgSbF6	catalytic	system,	
preferential	formation	of	the	five-membered	ring	product	84	was	
observed	in	a	7:2	regioisomeric	ratio	(Scheme	18,	route	b).		

 
Scheme 18 Formation of isoquinoline 83 or indenones 84 from a common 
starting material 

The	difference	in	reactivity	was	thought	to	arise	from	reactions	
mediated	by	the	gold(I)	catalyst	favouring	a	5-exo-dig	cyclization	
pathway.	 In	 contrast,	 a	 6-endo-dig	 cyclization	 pathway	 was	
preferred	under	silver(I)-catalyzed	reaction	conditions.	

In	works	 focused	on	N-heterocycle	 synthesis,	 the	Kamal	 group	
described	the	gold(I)-	or	silver(I)-catalyzed	conversion	of	aniline	
85	 to	 partially	 hydrogenated	 carbazole	 derivatives	 via	 a	
hydroamination/intermolecular	DA	reaction	sequence	(Scheme	
19).30	 Treatment	 of	 the	 substrates	 with	 either	 AgOTf	 or	
PPh3AuSbF6	in	the	presence	of	appropriate	dienophiles	86	led	to	
the	formation	of	tetrahydrocarbazoles	88	in	68–95%	yield.	The	
reaction	 was	 reported	 to	 proceed	 through	 metal-catalyzed	
hydroamination	 of	 the	 triple	 bond	 in	 85	 before	
protodemetalation	formed	the	vinyl	indole	87.	The	DA	reaction	
of	this	reactive	 intermediate	with	alkenes	or	alkynes	then	gave	
the	 desired	 product.	 Moreover,	 reactions	 carried	 out	 in	 the	
absence	 of	 an	 external	 dienophile	were	 shown	 to	 undergo	 DA	
dimerization	to	afford	3-indolyl	tetrahydrocarbazoles	89	in	76–
90%	yield.	When	copper(II)	triflate	was	used	as	the	catalyst,	only	
vinyl	indole	87	was	observed,	indicating	that	the	DA	reaction	step	
is	likely	to	be	a	metal	mediated	process.			

 
Scheme 19 Silver catalyzed hydroamination and intermolecular DA reaction of 
85 to partially hydrogenated carbazoles 88 

An	extension	of	this	approach	to	include	methyleneindolenes	90	
as	 the	 dienophile	 subsequently	 allowed	 access	 to	 the	
tetrahydrospirocarbazole-4,3’-indoline	 scaffold	 92	 (Scheme	
20).31	Once	again,	when	a	copper(II)	salt	was	used	as	the	catalyst,	
only	the	vinyl	indole	87	was	isolated.	In	contrast,	under	AgOTf-
catalyzed	conditions,	the	targeted	compound	was	isolated	in	50–
78%	yield	as	a	single	isomer.	The	DA	reactivity	was	attributed	to	
the	possible	formation	of	transition	state	93	in	which	the	silver(I)	
catalyst	is	bound	to	all	three	alkenes	as	well	as	the	ester	carbonyl	
functional	 group	 of	 the	 substrate.	 It	 was	 reasoned	 that	 this	
directed	 the	 dienophile	 to	 the	 diene	 with	 complete	
regioselectivity.	
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Scheme 20 Methyleneindolenes as dienophiles for the construction of 
tetrahydrospirocarbazoles	

Ohno	 and	 co-workers	 demonstrated	 that	 a	 reactive	 gold(I)	
catalyst	 was	 required	 in	 order	 to	 construct	 a	 series	 of	 fused	
indoles	 from	diyne	substituted	anilines	 (Scheme	21,	 route	a).32	
The	regioisomers	96	and	97	were	formed	in	combined	yields	of	
45–92%	when	 substrate	94	was	 treated	with	 IPrAuOTf	 as	 the	
catalyst.	 These	 products	were	 proposed	 to	 be	 the	 result	 of	 an	
initial	5-endo-dig	cyclization	of	the	aniline	nitrogen	center	onto	
the	adjacent	alkyne	in	the	substrate	to	form	indole	95.	This	was	
followed	by	either	a	7-endo-dig	or	a	6-exo-dig	cyclization	step	to	
form	 the	 observed	 products.	 The	 regioselectivity	 of	 these	
reactions	 was	 highly	 dependent	 on	 the	 substituents	 of	 the	
starting	 materials;	 ranging	 from	 exclusive	 formation	 of	 the	
7-endo-dig	 product	 when	 a	 straight	 chain	 alkane	 group	 was	
placed	at	the	R2	position,	to	a	56:44	mixture	of	adducts	when	an	
electron-withdrawing	 substituent	 was	 present	 at	 the	 same	
carbon	 center.	When	 silver(I)	 triflate	was	 used	 as	 the	 catalyst,	
indole	98	was	observed	as	the	only	product	(Scheme	21,	route	b).	
It	was	thought	that	this	could	be	due	to	the	inability	of	AgOTf	to	
activate	the	second	alkyne	moiety	towards	nucleophilic	addition		

 
Scheme 21 Selective 6- or 7-membered ring formation in Au(I)-catalyzed 
cycloisomerization of diyne aniline 94  

By	replacing	the	aniline	moiety	with	a	triazene	functionality,	the	
Huang	group	was	able	to	selectively	form	2H-indazoles	or	indoles	
depending	 on	 whether	 a	 copper(II)-	 or	 silver(I)	 salt	 was	
employed	as	the	catalyst	(Scheme	22).33	Treatment	of	triazene	99	
with	a	two-fold	excess	of	Cu(OAc)2∙H2O	resulted	in	the	formation	
of	 indazoles	 102	 in	 34–99%	 yield	 (Scheme	 22,	 route	 a).	 The	
product	 was	 thought	 to	 form	 via	 copper	 complex	 100.	 OH–	
coordination,	 which	 occurs	 almost	 simultaneously	 with	 the	
subsequent	cyclization	of	the	internal	nitrogen	center	in	101,	was	
then	thought	to	provide	the	product.	The	study	found	that	after	
switching	 the	 catalyst	 to	 AgOAc,	 the	 indole	 product	 103	 was	
assembled	 in	41–92%	yield	as	a	consequence	of	 the	proximate	
nitrogen	 center	 in	 the	 substrate	 acting	 as	 the	 nucleophile	
(Scheme	22,	route	b).	The	mechanism	was	postulated	to	proceed	
through	 a	 conventional	 π–acid	 pathway	 in	 which	 the	 metal	
catalyst	 is	 coordinated	 to	 the	 alkyne	 motif	 in	 99	 before	
nucleophilic	addition	and	loss	of	cyclohexyl	hydrazone	delivers	
the	observed	indole.		

 
Scheme 22 Indazoles and indoles selectively formed from triazene 99	

	
4	 Reactions	of	π-Rich	Alcohols	and	Ethers	
	
π-Rich	 alcohols	 and	 ethers,	 like	 their	 propargyl	 ester	
counterparts,	 have	 been	 demonstrated	 over	 the	 years	 to	 be	
versatile	 starting	 materials	 that	 have	 exhibited	 interesting	
product	 selectvities	 in	 coinage	 metal	 catalysis.34	 One	 early	
example	of	this	in	the	synthesis	of	chromans	106	reported	by	Lee	
and	 co-workers	 (Scheme	 23,	 route	 a).35	 Achieved	 in	 product	
yields	 of	 35–83%,	 the	 synthetic	 approach	 relied	 on	 the	
PPh3AuNTf2-catalyzed	 cyclization	 of	 allylic	 alcohols	 104	 with	
phenols	105.	It	was	postulated	that	this	reaction	was	initiated	by	
a	gold(I)-catalyzed	ortho-addition	of	the	phenol	to	allylic	alcohol	
104.	A	second	cyclization	event	in	which	the	oxygen	center	acts	
as	a	nucleophile	in	this	newly	formed	addict	then	furnished	the	
product.	In	contrast,	the	analogous	AgNTf2-catalyzed	reaction	of	
a	dicyclohexyl	allylic	alcohol	derivative	with	phenol	gave	mixture	
of	both	o-	and	p-C-substituted	adducts	107	and	108	in	a	ratio	of	
14:5	and	with	a	combined	yield	of	95%	(Scheme	31,	route	b).	

 
Scheme 23 Gold(I)-catalyzed formation of chromenes 106 from allylic alcohols 
and phenols 

Gagosz	and	co-workers	examined	the	cyclization	of	π-bond	rich	
6-fluropropynyloxy	 pyridines	 109	 (Scheme	 24).36	 It	 was	
postulated	that	these	compounds	could	undergo	either	[2,3]-	or	
[3,3]-sigmatropic	 rearrangement	 to	 form	 a	 gold	 carbenoid	 or	
allenyl	 pyridone	 intermediate,	 respectively.	 These	 reactive	
intermediates	could	then	be	trapped	by	aryl	amine	nucleophiles	
via	 an	 SNAr	 mechanism.	 Treatment	 of	 the	 substrate	 with	 the	
gold(I)	salt	resulted	in	a	5-exo-dig	cyclization/SNAr	substitution	
cascade	to	furnish	imines	110	in	45–98%	yield	(Scheme	24,	route	
a).	When	AgNTf2	was	used	as	the	catalyst	under	slightly	modified	
conditions,	 the	 [3,3]-sigmatropic	 rearrangement	 pathway	 was	
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favoured,	producing	product	111	 in	36–98%	yield	(Scheme	24,	
route	b).	While	clearly	proceeding	through	different	mechanisms,	
the	 origin	 of	 the	 observed	 product	 selectivity	 was	 noted	 to	
remain	unclear.		

 
Scheme 24 Catalyst controlled 5-exo-dig and 6-endo-dig cyclization of 
substrate 109  

Porcel	and	co-workers	observed	a	divergence	in	regioselectivity	
during	work	on	the	cycloisomerizations	of	ethereal	salicylic	acid	
derivatives	 112	 (Scheme	 25).37	 While	 a	 number	 of	 different	
substrates	 displayed	 identical	 reactivity	 under	 both	 gold	 and	
silver	 catalysis,	 derivatives	 containing	 a	 2-butynyl	 ether	
functionality	produced	vastly	different	outcomes.	In	the	presence	
of	Ag(I)	salts	and	triphenylphosphine,	the	carboxylic	acid	oxygen	
center	cyclized	onto	the	alkyne	 in	 the	substrate	to	produce	the	
seven-membered	ring	adduct	113	as	the	major	product	(Scheme	
25,	route	a).	However,	when	gold(I)	catalyst	115	was	examined,	
the	 substrate	 was	 found	 to	 undergo	 intramolecular	
hydroarylation	 to	 deliver	 the	 chromene	 114	 in	 50–82%	 yield	
(Scheme	25,	route	b).	The	difference	in	reactivity	was	attributed	
to	the	unique	coordination	of	gold(I)	complexes	onto	alkynes	as	
well	as	the	poor	nucleophilicity	of	carboxylate	functional	groups.	

 
Scheme 25 Hydroarylation or O-centered cyclization of substrate 112 under 
gold(I) or silver(I)-catalyzed conditions 

Chan	 and	 co-workers	 were	 able	 to	 selectively	 control	 the	
formation	 of	monocyclic	 or	 bicyclic	 pyrroles	 via	 a	 silver(I)-	 or	
gold(I)-catalyzed	 cycloisomerization	 sequence	 of	 β-amino-1,n-
diynes	116	 (Scheme	26).38	When	the	substrate	was	exposed	to	
PPh3AuNTf2	as	the	catalyst	in	acetone	at	room	temperature,	the	
bicyclic	products	117	were	obtained	 in	52–96%	yield	(Scheme	
26,	route	a).	This	process	was	believed	to	be	initiated	by	a	5-exo-
dig	 cyclization	 of	 the	 nitrogen	 center	 in	 the	 starting	 alcohol	
followed	 by	 dehydration	 and	 rearomatization	 to	 give	 pyrrole	
118.	A	further	gold(I)-catalyzed	cyclization	of	the	newly	formed	
pyrrole	ring	onto	the	pendant	alkyne	was	then	thought	to	give	the	
bicyclic	adduct.	It	was	observed	that	through	the	use	of	AgOTf	as	
a	catalyst,	only	the	pyrrole	compound	118	was	formed	(Scheme	
26,	route	b).	

 
Scheme 26 Synthesis of bicyclic pyrroles via gold(I) catalyzed 
cycloisomerization of diyne 116 

In	 a	 series	 of	 works	 on	 the	 coinage	 metal-mediated	
cycloisomerizations	 of	 2-tosylaminophenylprop-1-yn-3-ol	
derivatives	 119,	 the	 Chan	 group	 showed	 exquisite	 catalyst	
controlled	 product	 chemoselectivity	 (Scheme	 27).	 The	
construction	 of	 tetracyclic	 indoles	 121	 was	 achieved	 through	
treatment	of	compound	119	with	AuCl/AgOTf	in	toluene	in	the	
presence	of	HMPA	and	CaSO4	(Scheme	27,	route	a).39	The	process	
was	 thought	 to	 proceed	 through	 a	 gold(I)-catalyzed	 5-exo-dig	
cyclization	pathway	to	provide	the	vinyl	gold	species	120.	This	
was	followed	by	protodeauration	and	Friedel–Crafts	cyclization	
to	 give	 a	 range	 of	 tetracyclic	 products	 in	 46–94%	 yield.	
Mechanistic	studies	showed	that	 the	protodeauration	step	may	
occur	prior	to	the	Friedel–Crafts	cyclization,	as	indolin-3-ol	122	
could	be	 isolated	and	resubjected	 to	 the	 reaction	conditions	 to	
form	the	target	compound.	In	a	later	work,	the	group	showed	that	
switching	to	 the	 less	reactive	AgOAc	salt	saw	no	Friedel–Crafts	
cyclization	 taking	 place	 and	 instead	 the	 indolin-3-ol	 122	 was	
obtained	as	 the	sole	product	 (Scheme	27,	 route	b).40	While	 the	
reaction	 was	 also	 shown	 to	 occur	 in	 toluene,	 the	 optimal	
conditions	 were	 found	 to	 require	 acetonitrile	 and	 led	 to	 the	
desired	compounds	in	68–99%	yield.		

 
Scheme 27 The selective single or double cyclization of alcohol 119 as 
controlled by choice of catalyst 

Fehr	and	co-workers	discovered	a	novel	fragmentation	reaction	
in	studies	directed	toward	the	enantioselective	synthesis	of	(–)-
β-santalol	(Scheme	28).41	Combining	a	diastereomeric	mixture	of	
enantioenriched	 enyne	 alcohols	 123	 with	 PPh3AuSbF6	 as	 the	
catalyst	 led	 to	 cyclopropane	 125.	 The	 analogous	
[Cu(CH3CN)4]BF4-	 or	 AgNO3-mediated	 transformations	 where	
found	 to	 give	 the	 desired	 aldehyde	126	 in	 96	 and	 64%	 yield,	
respectively.	This	key	aldehyde	intermediate	was	taken	forward	
and	 allowed	 for	 the	 completion	 of	 the	 synthesis	 of	 the	 natural	
product	in	nine	steps.	Both	reactions	were	thought	to	proceed	via	
6-endo-dig	cyclization	of	the	enyne	functionality	in	the	substrate	
to	form	carbocation	124.	In	the	presence	of	the	gold(I)	catalyst,	
cyclopropanation	via	a	gold	carbenoid	species	was	reasoned	to	
occur	 (Scheme	 28,	 route	 a).	 For	 both	 the	 silver(I)-	 and	
copper(I)-mediated	 reactions,	 the	 posited	 carbocation	
intermediate	was	thought	to	undergo	fragmentation	(Scheme	28,	
route	b).		
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Scheme 28 Work towards the natural product b-santalol uncovered a unique 
chemoselectivity in the cycloisomerization of 123 

Further	work	by	the	Fehr	group	described	the	preparation	of	5-	
and	6-membered	cyclic	ethers	in	studies	focused	on	the	synthesis	
of	the	structurally	similar	thijopsanone-like	compounds	(Scheme	
29).42	 In	 an	 attempt	 to	 form	 an	 advanced	 intermediate	 of	 the	
natural	product,	alcohol	127	was	subjected	to	a	range	of	coinage	
metal	catalysts.	This	revealed	that	treatment	of	the	substrate	to	
the	gold	salts	AuCl3,	(PPh3)AuBF4	and	XPhosAuNTf2	(XPhos	=	2-
dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl)led	 to	 the	
desired	cyclic	ether	129	 in	76–98%	yield.	With	Cu(OTf)2	as	the	
catalyst,	ether	130	was	obtained	in	59%	yield	along	with	minor	
amounts	of	ketone	131.	 It	was	thought	that	the	gold(I)	catalyst	
activated	the	1,6-enyne	substrate	toward	cycloisomerization	and	
subsequent	nucleophilic	attack	to	 form	carbocation	128.	 In	the	
case	 of	 the	 copper(II)-promoted	 reactions,	 the	 alkene	 was	
surmised	to	be	more	prone	to	direct	nucleophilic	attack	from	the	
hydroxyl	 moiety	 of	 the	 substrate.	 Interestingly,	 Cu(OTf)2	 was	
found	to	be	the	only	copper	source	to	give	the	5-membered	ring	
product,	as	other	salts	of	the	metal,	including	Cu(CH3CN)4BF4	and	
Cu(CH3CN)4NTf2,	led	to	the	six-membered	ring	adduct.	

 
Scheme 29 The selective formation of 5- or 6-membered cyclic ethers from 
propargyl alcohol 127 

By	 taking	 advantage	 of	 the	 Lewis	 acidity	 of	 coinage	 metal	
catalysts,	 the	 Chan	 group	 realized	 a	 synthetic	 route	 to	
pyrrolidines	 from	 cyclopropyl	 methanols	 (Scheme	 30).43	
Treatment	 of	 alcohol	 132	 with	 AuCl/AgOTf	 and	 an	
arylsulfonamide	133	 in	toluene	afforded	the	target	compounds	
in	30–95%	yield	(Scheme	30,	route	a).	The	reaction	was	shown	
to	 also	 work	 with	 copper(II)	 triflate,	 albeit	 in	 slightly	 lower	
product	yields.	When	AgOTf	was	employed	as	a	catalyst,	only	the	
sulfonamide	 136	 was	 observed	 (Scheme	 30,	 route	 b).	
Mechanistically,	 it	was	postulated	 that	 the	AuCl/AgOTf	catalyst	
system	 facilitated	 ionization	 of	 the	 substrate,	 which	 caused	 a	
amidation/cyclopropyl	 ring	 opening	 cascade	 to	 occur	 to	 give	
sulfonamide	 134.	 Intramolecular	 hydroamination	 of	 the	
homoallylic	 sulfonamide	 was	 thought	 to	 afford	 pyrrolidine	
adduct	135.	In	the	case	of	the	reaction	mediated	by	the	silver(I)	
salt,	 it	was	 thought	 that	 the	 lower	Lewis	acidity	of	 the	catalyst	

was	not	sufficient	to	activate	the	sulfonamide	to	undergo	the	ring	
opening	step,	thus	producing	136	in	80%	yield.		

 
Scheme 30 Gold(I)-catalyzed synthesis of pyrrolidines from cyclopropyl 
methanols 

This	work	was	extended	to	include	an	intramolecular	variant	in	
studies	 with	 2-tosylaminophenyl	 cyclopropylmethanols	 137	
under	 similar	 conditions	 (Scheme	 31).44	 The	 reactions	 were	
shown	 to	 form	 a	 variety	 of	 products,	 depending	 on	 the	
substituents	 on	 the	 starting	 material.	 Benzazepines	 141	 were	
obtained	in	46–92%	yield	on	combining	aniline	137	containing	
an	 unsubstituted	 cyclopropyl	 ring	 and	 either	 an	 alkyl	 or	 aryl	
group	 at	 R1	 and	 a	 (p-CF3C6H4)3AuCl/AgOTf	 catalytic	 system	
(Scheme	31,	route	a).	For	secondary	alcohols	with	a	pendant	aryl	
or	alkyl	substituted	cyclopropyl	moiety,	the	vinyl	dihydroindole	
143	was	formed	in	23–92%	yield	(Scheme	31,	route	b).	The	use	
of	a	copper(I)	or	silver(I)	catalyst	with	substrate	137	containing	
a	Me	group	at	the	R1	position,	however,	led	only	to	dehydration	
to	provide	aniline	139	 (Scheme	31,	route	c).	The	divergence	 in	
product	 selectivity	 was	 posited	 to	 come	 from	 the	 different	
reactivities	 of	 the	 secondary	 and	 tertiary	 alcohol	 substrates.	
Upon	treatment	with	the	gold(I)	catalyst,	the	secondary	alcohol	
substrate	 was	 believed	 to	 undergo	 a	 rapid	 ring	 opening	 and	
intramolecular	 hydroamination	 pathway	 to	 deliver	 the	 vinyl	
dihydroindole	143.	This	was	further	supported	by	the	isolation	
of	1,3-diene	142,	as	resubjecting	this	compound	to	the	reaction	
conditions	also	gave	the	observed	product.	The	tertiary	alcohols	
reacted	 via	 a	 different	 mechanism,	 with	 the	 more	 stable	
carbocation	 140	 formed	 in	 the	 reaction	 now	 participating	 in	
nucleophilic	ring	opening	of	the	cyclopropane	ring	by	the	aniline	
nitrogen	center	to	provide	the	benzazepine	structure.		

 
Scheme 31 Intramolecular cyclization/dehydration of 136 is dependent on 
both the substituents at R1 and R2 as well as the catalyst 
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5	 Indolyl	 Cyclopropene	 and	 Alkynone	
Rearrangements	
	
Indole	 derivatives	 containing	 an	 electrophilic	moiety	 at	 the	 C3	
position	 is	 a	 popular	 scaffold	 for	 the	 formation	 of	 spirocyclic	
compounds.45	Within	this	field,	there	is	a	small	number	of	Group	
11	 catalyzed	 reactions	 that	 display	 a	 product	 divergence.	 The	
gold(I)-	 and	 silver(I)-catalyzed	 reactions	 of	 indolyl	
cyclopropenes	144	were	shown	by	Shi	and	co-workers	to	deliver	
fused	 indole	 products	 containing	 various	 ring	 sizes	 (Scheme	
32).46	 Treatment	 of	 the	 substrate	 with	 the	 bulky	
[(tBuXPhos)Au(NCMe)]SbF6	 (tBuXPhos	 =	 2-di-tert-
butylphosphino-2′,4′,6′-triisopropylbiphenyl)	 catalyst	 gave	
access	to	a	range	of	spiroazepinoindole	compounds	148	 in	43–
77%	yield	(Scheme	32,	route	a).	By	simply	changing	the	catalyst	
to	 AgOTf	 at	 a	 slightly	 higher	 catalyst	 loading	 of	 10	 mol	 %,	
spiroindole	piperidines	146	were	also	accessed	in	22–82%	yield	
(Scheme	32,	route	b).	A	series	of	mechanistic	studies	suggested	
that	 the	products	were	 formed	via	 two	 competing	mechanistic	
pathways.	 In	 reactions	 mediated	 by	 the	 gold(I)	 catalyst,	
activation	of	the	cyclopropene	double	bond	was	reasoned	to	lead	
to	 direct	 addition	 at	 the	C2	position	 of	 the	 indole	 (Scheme	25,	
route	 a).	 This	 was	 followed	 by	 protodeauration	 and	
rearomatization	of	the	ensuing	intermediate	147	to	give	product	
148.	 In	 contrast,	 under	 AgOTf	 conditions,	 the	 main	 reaction	
pathway	was	surmised	to	involve	nucleophilic	addition	at	the	C3	
center	of	the	indole	onto	the	metal	catalyst	to	give	organosilver	
adduct	 145	 (Scheme	 25,	 route	 b).	 This	 is	 then	 followed	 by	
protodemetalation	 to	 give	 the	 observed	 cis	 6,5,6,3-ring	
compound.	

 
Scheme 32 Catalyst controlled cycloisomerization of cyclopropene 144 to 
spirocyclic indole products 146 and 148 

Building	 on	 this	 work,	 Unsworth	 and	 co-workers	 observed	 a	
difference	 in	 reactivity	 when	 treating	 indolyl	 ynones	 with	
gold(I)-	and	silver(I)-based	catalysts	(Scheme	33).47	Exposure	of	
indole	149	with	AgOTf	led	to	organosilver	complex	150	via	a	5-
endo-dig	 cyclization	 pathway	 and	 protodemetalation	 to	 give	 a	
series	of	spirocyclic	indoles	151	in	84–100%	yield	(Scheme	33,	
route	a).	The	scope	of	the	reaction	could	be	extended	to	include	a	
pendant	 heteroatom	 at	 the	 terminal	 end	 of	 the	 alkyne	 of	 the	
substrate	(Scheme	33,	route	b).	This	allowed	a	second	cyclization	
event	 to	 be	 realized	 to	 provide	 an	 approach	 to	 tetracyclic	N-
heterocycles	153	in	65–82%	yield.	When	indole	149	was	treated	
with	PPh3AuNTf2	as	the	catalyst,	however,	carbazoles	155	were	
obtained	as	the	major	product	in	50–97%	yield	(Scheme	33,	route	
c).	It	was	thought	that	this	could	be	due	to	the	possible	formation	
of	 gold	 carbenoid	 intermediate	 154,	 which	 could	 undergo	

subsequent	 ring	 expansion	 and	protodeauration	 to	 give	 the	N-
heterocyclic	product.			

 
Scheme 33 Formation of spirocyclic indoles or carbazoles achieved through 
the use of silver(I) or gold(I) catalysts 

	
6	 Reactions	 Involving	 Metal-Carbene	 and	 -
Carbenoid	Intermediates	
	
In	addition	to	π-bond	activation,	the	ability	of	the	coinage	metals	
to	 form	metal-carbene	 and	 -carbenoid	 complexes	 in	 situ	 from	
diazo	precursors	has	been	a	fertile	field.48	In	work	examining	the	
formation	of	metal	carbenoid	complexes	from	diazo	compounds	
156,	 Zhang	 and	 co-workers	 presented	 a	method	 for	 the	 para-
selective	 functionalization	 of	 electron	 rich	 arenes	 157	 under	
gold(I)-catalyzed	 conditions	 (Scheme	 34).49	 With	 a	 range	 of	
gold(I)	salts	as	the	catalyst,	these	reactions	were	found	to	lead	to	
a	 variety	of	 substituted	 indene	products	158	 in	60–97%	yield.	
The	 cyclization	 was	 reasoned	 to	 proceed	 via	 C–H	 bond	
functionalization	of	the	arene	by	the	gold	carbene	intermediate	
to	 form	 the	 diaryl	 species	 159	 followed	 by	 gold(I)-catalyzed	
5-endo-dig	 cyclization	 to	 give	 the	 carbocycle	 158.	 The	 use	 of	
AgOTf	as	a	catalyst	also	led	to	the	C–H	bond	insertion	of	the	arene,	
this	time,	via	a	silver	carbene	intermediate.	However,	as	a	result	
of	 the	metal	 salt	not	being	a	strong	enough	alkyne	activator	 to	
promote	cyclization,	only	the	diaryl	adduct	159	was	isolated.	

 
Scheme 34 C-H activation of electron rich arenes led to the formation of 
substituted indenes or biaryl compounds  

In	a	continuation	of	these	studies,	the	Zhang	group	examined	the	
reactivity	 between	 substituted	 benzenes	 161	 and	 diazo	
compounds	160	containing	an	ortho-chloro	substituent	in	place	
of	an	alkyne	(Scheme	35).50	A	number	of	gold(I)	catalysts	were	
found	 to	 selectively	 provide	 the	 desired	 disubstituted	 benzene	
adducts	 162	 in	 good	 to	 excellent	 yields	 with	 complete	 para-
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selectivity	 (Scheme	 35,	 route	 a).	 Interestingly,	 the	 use	 of	 the	
popular	 JohnPhosAuOTf	 and	 IPrAuOTf	 catalysts	 led	
predominantly	 to	 dimerization	 of	 the	 metal-carbene	 species.	
Switching	to	AgOTf	induced	a	change	in	selectivity	of	the	reaction,	
with	 the	 [2+1]	 cyclized	 product	 163	 afforded	 in	 56%	 yield	
(Scheme	35,	route	b).	

 
Scheme 35 Para selective C-H insertion of arenes achieved under gold(I) 
catalyzed conditions 

The	enantioselective	insertion	of	pyridones	into	a	gold	carbenoid	
species	was	described	by	 the	Sun	group	 (Scheme	36).51	 In	 this	
work,	 treatment	 of	 diazo	 compound	 165	 with	 DM-
SEGPHOS(AuNTf2)2	 (DM-SEGPHOS	 =	 5,5′−bis[di(3,5-
xylyl)phosphino])	 and	 NaBArF	 in	 the	 presence	 of	 2-pyridones	
164	was	shown	to	give	allyl	ethers	166	in	51–84%	yield	and	43–
96%	ee	 (Scheme	36,	 route	a).	The	nature	of	 the	ester	group	 in	
diazo	 compound	165	 was	 shown	 to	 be	 important	 in	 inducing	
enantioselectivity.	A	product	ee	of	48%	was	found	when	R2	in	the	
substrate	 was	 a	 methyl	 group.	 In	 contrast,	 when	 the	 starting	
material	 contained	 a	 tBu	 or	 benzyl	 group	 at	 the	 R2	 position,	
product	ee	values	of	94%	and	96%	were	obtained,	respectively.	
During	 the	 course	 of	 this	 study,	 it	 was	 found	 that	 the	 use	 of	
AgNTf2	as	the	catalyst	led	to	the	vinyligous	addition	product	167	
in	75%	yield	(Scheme	46,	route	b).	

 
Scheme 36 Regioselective formation of 166 and 177 from precursors 164 and 
165 

The	 gold(I)-catalyzed	 asymmetric	 cyclopropanation	 of	 internal	
alkynes	with	 diazo	 compound	169	 provided	 a	 curious	 case	 of	
selectivity	for	Briones	and	Davies	(Scheme	37).52	In	a	majority	of	
cases,	 the	desired	cyclopropyl	derivatives	under	both	silver(I)-	
and	gold(I)-catalyzed	conditions	were	reported	to	be	obtained	in	
good	 to	 excellent	 yield.	However,	when	diaryl	 alkyne	168	was	
treated	 with	 the	 two	 coinage	 metal-catalyzed	 conditions,	 two	
distinct	products	were	observed.	While	AgSbF6	led	to	the	desired	
cyclopropene	 170	 in	 92%	 yield,	 the	 use	 of	 the	 (S)-
xylylBINAP(AuCl)2/AgSbF6	 (BINAP	 =	 1,1′-binaphthalene-2,2′-
diyl)bis(diphenylphosphine)	 catalyst	 system	 triggered	 Friedel–
Crafts	 cyclization	 to	 form	 intermediate	 171.	 Subsequent	
intramolecular	 cyclopropanation	 and	 ring-opening	 led	 to	 the	
[5,3,0]cyclodecane	product	172	in	83%	yield	and	13%	ee.		

 
Scheme 37 An unexpected product was observed during the attempted 
gold(I)-catalyzed cyclopropanation of alkyne 168  

Pérez,	Nolan	and	co-workers	presented	on	the	insertion	abilities	
of	 ethyl	 diazoacetate	 into	 aliphatic	 C–H	 bonds	 in	 the	 presence	
IPrAuCl	or	IPrCuCl	and	NaBArF	(Scheme	38).53	While	both	metal	
complexes	were	shown	to	decompose	ethyl	diazoacetate	174	to	
give	 the	 respective	metal	 carbene/carbenoid	 species,	 different	
regioselectivities	 were	 observed	 in	 the	 C–H	 insertion	 step	
involving	2,3-dimethylbutane.		

 
Scheme 38 C-H insertion of 2,3-dimethylbutane favoured the primary C-H 
bond under gold(I) catalyzed conditions but tertiary C-H bond under copper(I) 
conditions 

The	 gold(I)	 catalyst	 led	 to	 a	 90%	 incorporation	 of	 the	 ethyl	
diazoacetate	 with	 an	 83:17	 preference	 of	 insertion	 into	 the	
primary	C–H	bond.	With	 IPrCuCl,	 incorporation	of	 the	 carbene	
motif	 dropped	 to	 48%	 and	 showed	 a	 reversal	 in	 selectivity,	
inserting	 into	 the	 tertiary	 C–H	 bond	 in	 a	 ratio	 of	 13:87.	 The	
possible	 steric	 reasons	 for	 this	 difference	 in	 selectivity	 were	
examined	but	control	experiments	ruled	out	this	being	a	factor.	
On	 this	 basis,	 the	 electronic	 properties	 of	 the	 different	 metal	
centers	 were	 postulated	 as	 the	 reason	 for	 the	 observed	
differences.	

Liu	and	co-workers	showed	that	gold	catalysis	could	promote	a	
1,2-migration	 over	 a	 traditional	 Wagner–Meerwin	
rearrangement	in	work	on	the	cyclization	of	1,5-enynes	(Scheme	
39).54	As	part	of	their	mechanistic	studies,	it	was	shown	that	the	
reaction	 of	 diazo	 isomers	177	 and	180	 with	 the	 electron-rich	
JohnPhosAuNTf2	 formed	 cyclopentenones	 178	 and	 179,	
respectively.	 In	these	products,	 it	was	found	that	 in	both	cases,	
the	functional	group	syn	to	the	cyclopropyl	tether	migrated	to	the	
α	 position	 of	 the	 motif.	 This	 is	 contrary	 to	 a	 typical	 Wagner–
Meerwin	reaction	whereby	the	migratory	ability	of	the	functional	
group	 plays	 an	 important	 role	 in	 deciding	 the	 outcome	 of	 the	
reaction.	 When	 the	 analogous	 reaction	 was	 carried	 out	 with	
Cu(OTf)2	 or	 AgSbF6	 as	 the	 catalyst,	 the	 phenyl	 ring	 migrated	
preferentially	to	a	methyl	group	in	both	substrates,	displaying	a	
typical	 Wagner–Meerwin	 reactivity	 profile	 to	 yield	
cyclopentenone	179	in	both	cases.	
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Scheme 39 Gold(I)-catalyzed cyclizations of diazo compounds shown not to 
obey typical Wagner–Meerwin reactivity 

	
7	 Conclusion	
	

We	 have	 presented	 a	 summary	 of	 Group	 11	 metal-controlled	
chemoselective	transformations.	While	different	coinage	metals	
can	 often	 achieve	 the	 same	 synthetic	 outcome,	 the	 methods	
reported	herein	make	use	of	the	differences	in	reactivity	of	these	
catalysts	so	as	to	gain	a	diverse	array	of	products	from	a	common	
starting	 material.	 Reactions	 including	 cycloisomerizations,	
hydroaminations	and	C–H	bond	insertions	to	name	a	few	have	all	
been	highlighted	throughout	this	work.	Despite	a	number	of	in-
depth	 mechanistic	 studies	 being	 undertaken,	 often	 the	
underlying	 cause	 of	 the	 observed	 selectivities	 has	 remained	
unclear.	Studies	directed	at	gaining	a	better	understanding	of	the	
mechanistic	rationales	behind	these	divergent	pathways	might,	
therefore,	allow	for	a	plethora	of	Group	11-mediated	reactions	to	
be	discovered	in	which	the	products	formed	will	simply	depend	
on	choosing	the	appropriate	metal	catalyst.	
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