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Abstract.		In	contrast	to	the	tremendous	power	of	Pd-based	Mizoroki–Heck	reactions,	
methods	to	achieve	such	processes	with	other	metals,	particularly	Ni,	are	generally	lacking.		
Herein,	we	delineate	specific	conditions	that	can	enable	cascade	variants	of	these	C–C	bond	
forming	events	to	proceed	smoothly	under	Ni	catalysis.		Critically,	these	reactions	work	
with	equal	facility	as	their	Pd-initiated	counterparts	when	conducted	intramolecularly,	and	
in	many	cases	are	devoid	of	any	Ni–H-mediated	alkene	isomerization	within	the	starting	
materials	and/or	products	as	has	typically	been	observed	with	previous	Ni-based	protocols.		
When	conducted	intermolecularly,	the	developed	variant	affords	unique	regioselectivity	in	
product	formation,	substantively	favoring	6-endo	additions	over	the	more	standard	5-exo	
counterparts	observed	under	Pd-based	conditions.		Finally,	applications	of	the	developed	
procedures	to	two	different	natural	product	syntheses	are	described.									

	

	 Among	methods	for	cascade-based	bond	constructions,	the	Mizoroki–Heck	reaction	
is	particularly	notable	for	its	ability	to	quickly	and	stereoselectively	generate	complex	
polycyclic	systems	from	far	simpler	precursors.[1]		Indeed,	such	cascades	have	long	proven	
valuable	for	the	effective	synthesis	of	natural	products,	with	operations	within	total	
syntheses	of	3,[2]	5,[3]	and	6[4]	(such	as	the	conversion	of	1®2,	Scheme	1)	being	
representative	cases	following	the	seminal	example	utilized	in	Overman’s	route	to	(–)-
scopadulpic	acid	A	(4).[5]		However,	despite	the	wealth	of	literature	around	this	Pd-
mediated	reaction,	the	corresponding	Ni	variant	remains	largely	unstudied	despite	the	
recent	resurgence	in	interest	around	nickel	catalysis.[6–9]		In	fact,	when	we	began	this	
project	in	2018,	we	could	only	identify	one	intermolecular	case	involving	alkenes.[10]		In	
addition,	we	were	unaware	of	any	examples	of	an	intramolecular	Ni-mediated	Heck	
cascade	involving	multiple	C–C	bond	construction	via	consecutive	migratory	insertions	and	
terminated	through	β-H	elimination	and	reductive	elimination	of	the	resultant	Ni–H	
species.		One	leading	feature	responsible	for	this	deficiency	is	the	much	higher	potential	for	
alkene	isomerization	in	both	starting	materials	and	products	due	to	long-lived	Ni–H	
intermediates,	an	issue	that	is	rarely	observed	in	the	corresponding	Pd-based	cascades.		
Herein	we	delineate	effective	condition	sets	that	can	achieve	this	process	for	a	wide	variety	
of	aryl	and	vinyl	triflate	substrates	both	intra-	and	intermolecularly.		Critically,	while	it	
proceeds	in	yields	commensurate	to	their	Pd-based	counterparts,	in	some	cases	unique	
products	are	formed	selectively	that	are	otherwise	unobtainable	with	Pd.		Moreover,	alkene	
isomerization	induced	by	long-lived	Ni–H	species	is	also	avoided.		Finally,	the	successful	
application	of	the	developed	solutions	to	the	total	synthesis	of	two	natural	products	is	
described.		
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	 Although	the	power	of	Ni-mediated	bond	constructions	has	grown	significantly	in	
recent	years,	its	gap	in	synthetic	potential	versus	that	of	Pd	as	it	specifically	relates	to	Heck	
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chemistry	is	reflective	of	its	distinct	reactivity	within	the	context	of	the	reaction’s	
mechanism.[11]		For	example,	while	Ni’s	enhanced	ability	to	undergo	oxidative	addition	can	
enable	the	use	of	traditionally	sluggish	and/or	unreactive	coupling	partners,	such	as	
chlorides,[9g]		ethers,[9c]	pivalates,[9b]		amides,[9e]	or	even	alkyl	substrates,[9f]	the	cost	for	this	
proclivity	is	that	reductive	elimination	of	the	resultant	Ni–H	is	far	more	challenging.		
Indeed,	while	Pd–H	species	undergo	facile	and	rapid	base-mediated	reductive	elimination	
with	amine	and	carbonate	bases,	the	corresponding	Ni–H	species	can	require	strong	
organometallic	bases[9c]	and/or	high	temperatures	to	affect	the	sluggish	deprotonation.[14]		
As	a	result,	traditional	base-mediated	Heck	conditions	tend	to	afford	relatively	long-lived	
Ni–H	species	that	can	isomerize	olefins	in	both	the	starting	material	and	
product(s),[7,9e,12,13]	thereby	causing	selectivity	issues	typically	unobserved	in	Pd-based	
Heck	cyclization	variants.		

To	date,	two	main	approaches	have	arisen	to	mitigate	these	off-cycle	pathways	and	
promote	recalcitrant	reductive	elimination	of	Ni–H,	thereby	enabling	some	Ni-Heck	
variants	to	proceed	effectively.	The	first	avoids	base-mediated	reductive	elimination	
altogether	through	the	use	of	a	stoichiometric	reductant	such	as	Mn[6]	or	Zn.[9d]		However,	
while	these	conditions	are	effective	for	aryl	and	vinyl	halides	(as	in	the	conversion	of	7	into	
8),	the	corresponding	triflates	often	perform	poorly.[6,15]		Alternatively,	base-mediated	
reductive	elimination	can	be	promoted	by	accessing	the	cationic	Heck	pathway[1,7,8]	
through	the	use	of	triflate	coupling	partners	or	halide-abstracting	reagents.		In	this	
approach,	the	resultant	cationic	Ni–H	species	are	considerably	more	electron	poor,	and	
thus	sufficiently	acidic[16]	that	amine	bases	are	able	to	effectively	regenerate	Ni(0)	via	
deprotonation;	however,	these	Ni–H	species	can	still	cause	substantial	olefin	isomerization	
(as	was	observed	during	the	formation	of	11),[7]	thereby	limiting	substrate	scope	and/or	
requiring	the	use	of	bulky	ligands	(as	deployed	for	the	synthesis	of	14)	to	inhibit	
reinsertion.[8]		More	recently,	and	concurrent	with	the	studies	reported	here,	three	useful	
reports	on	Ni-Heck	type	cascades	have	been	published,	but	none	afford	a	general	approach	
which	addresses	the	core	issue	involving	Ni–H	mediated	isomerization.[17]		The	first	of	these	
from	the	Kong	group	required	gem-difluoroalkene	coupling	partners	and	proceeded	via	Ni–
F	species	rather	than	the	usual	Ni–H	variants.[17a]		A	later	approach	by	the	same	group	
utilized	an	elegant	hydrogen	borrowing	strategy	to	take	advantage	of	the	Ni–H	species,	but	
proved	limited	to	the	formation	of	indanone	substrates.[17b]		And	finally,	a	method	
developed	by	the	Rong	group	is	specific	to	generating	indenones.[17c]			As	such,	we	sought	to	
develop	a	general	approach	by	which	to	achieve	Ni-based	Heck	cascades	using	aryl	and	
vinyl	substrates,	predominantly	in	the	form	of	their	respective	triflates,[18]	which	would	be	
mild	enough	to	enable	the	smooth	formation	of	multiple	bonds	with	similar	ease	to	their	
Pd-based	cousins	without	any	alkene	isomerization	issues.	

	Our	model	substrate	was	dienyl	aryl	triflate	21	(Table	1).		Following	extensive	
screening	and	optimization	(see	the	Supporting	Information	section	for	full	details),	we	
identified	a	protocol	that	afforded	spirocycle	22	in	74%	yield	after	4	h	at	23	°C	using	
catalytic	Ni(COD)2	(entry	1).			These	conditions	afforded	only	trace	alkene	isomerization	
products	as	detected	by	several	spectroscopic	techniques.		While	several	factors	were	
critical	to	this	success,	the	two	that	were	most	significant	were	the	use	of	DABCO	as	the	
base	and	the	bidentate	phosphine	dpppe	as	the	ligand.		Indeed,	in	our	screening	we	found	
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that	traditional	bases	for	Pd-based	Heck	reactions	such	as	K2CO3,	Et3N,	and	i-Pr2NEt	proved	
ineffective	at	suppressing	alkene	isomerization.		We	suspect	this	outcome	reflects	Ni–H’s	
lower	acidity[11a,16]	compared	to	Pd–H	and/or	the	increased	steric	demand	arising	from	
shorter	Ni–P	bonds[11bc]	within	the	active	complex.			With	DABCO	it	is	likely	that	we	are	
effectively	achieving	a	kinetically	favorable	deprotonation,	and	thus	a	shorter	lifetime	for	
any	intermediate	Ni–H	species.		That	supposition	is	reasonable	given	that	DABCO	has	a	pKa	
similar	to	Et3N[19]	and	has	previously	been	shown[8]	to	inhibit	Ni–H	mediated	isomerization	
in	related	contexts.			The	choice	of	ligand	was	equally	important,	with	our	findings	(see	SI	
for	greater	information)	revealing	a	strong	correlation	between	the	bite	angle	and	the	
overall	efficacy	of	the	reaction.		Ligands	with	small	bite	angles	(such	as	dppm)	afforded	
only	modest	conversion	and	poor	yield,	while	optimal	results	were	obtained	with	dpppe.		
Intriguingly,	although	ligands	with	even	larger	bite	angles	have	been	reported[7,20]	in	other	
cases	to	effectively	promote	reductive	elimination,	we	found	in	this	application	that	the	
angle	of	dpppe	was	optimal,	as	further	upward	variations	of	this	parameter	led	to	
decreased	yield.			

	

As	one	reflection	of	the	uniqueness	and	overall	efficacy	of	these	conditions,	we	
attempted	the	same	reaction	process	with	all	literature	reported	protocols	for	both	base-
mediated[7,8,9bgh]	and	reducing	metal[6]	Ni-Heck	conditions	(entries	2–7).		In	all	cases,	these	
alternatives	afforded	poor	product	yields	and/or	significant	alkene	isomerization	under	
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Table 1. Comparison of our optimized cyclization conditions to other literature 
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similar	reaction	times	as	our	optimal	conditions	(i.e.	20	h).		Further,	the	significantly	higher	
yield	of	our	conditions	to	the	closely	related	ones	reported	by	Skrydstrup[7]	and	Jamison[8]	
clearly	demonstrates	how	critical	the	appropriate	combination	of	base	and	ligand	are	for	
the	success	of	this	cascade;	in	that	same	spirit,	it	is	worth	noting	that	conditions	we	had	
optimized	separately	for	the	monocyclization	of	substrate	23	to	generate	24	(a	product	
where	alkene	isomerization	is	not	possible),	was	highly	ineffective	for	the	cascade	variant	
starting	from	21	(entry	8),	thus	further	illustrating	the	unique	challenges	of	the	cascade	
events.		Pleasingly,	our	optimal	conditions	worked	equally	well	with	the	corresponding	
nonaflate	starting	material	(76%),	while	the	chloride,	bromide,	and	tosylate	variants	of	21	
were	also	competent	in	leading	to	22,	though	in	slightly	reduced	yields	(42–54%)	and	with	
the	requirement	of	using	TESOTf[8]	to	ensure	that	the	reaction	proceeded	via	a	cationic	
pathway	(see	SI).		Finally,	by	using	the	Cornella	group’s	precatalyst,	Ni(Fstb)3,[21]	the	
reaction	could	be	set	up	using	standard	Schlenk	technique,	albeit	with	a	modest	decrease	in	
yield	(47%)	relative	to	the	corresponding	reaction	being	performed	in	the	glovebox.		
Intriguingly,	the	Engle	group’s	precatalyst,	Ni(COD)(DQ),[22]	showed	similar	reactivity	to	
Ni(Fstb)3,	but	only	when	utilized	inside	the	glove	box	as	under	Schlenk	conditions	no	
conversion	was	observed.	

	 With	these	conditions	in	hand,	we	next	explored	the	reaction	scope	as	shown	in	
Table	2.		Here	we	focused	primarily	on	accessing	products	previously	obtained	through	Pd-
based	Heck	cascades[23]	to	establish	direct	comparisons	to	this	Ni-based	protocol	and/or	
determine	if	any	distinct	reactivity	was	possible.		While	our	initial	screens	were	run	at	
100	°C,	we	found	that	most	substrates	performed	as	well,	or	even	better,	at	lower	
temperatures	with	many	converting	smoothly	at	23	°C.		The	reaction	also	performed	well	
on	scale	as	revealed	by	a	second	execution	of	our	model	system	(Table	2,	entry	1),	which	
was	conducted	using	10	mmol	of	21	with	an	improvement	in	yield	(87%)	versus	that	
obtained	in	our	optimization	studies.		Pleasingly,	a	range	of	spirocyclic	polycycles	(i.e.	26,	
28,	and	30),	including	the	product	of	a	tricyclization,	could	be	obtained	in	yields	that	were	
generally	commensurate	to	those	reported	for	their	Pd-based	counterparts.[23ab]		In	the	
case	of	substrates	31	and	34	(entries	5	and	6),	slightly	superior	product	and	d.r.	ratios	
were	obtained	(for	which	Pd	afforded	a	1.5:1	ratio	for	32:33	and	1.3:1	d.r.	for	35).[23ab]		We	
attribute	the	stronger	preference	for	the	formation	of	32	to	the	increased	steric	
encumbrance	of	the	Ni	species	relative	to	Pd,	likely	leading	to	the	less	sterically	demanding	
mono-substituted	olefin	within	substrate	31	being	the	favored	coupling	partner.		Finally,	to	
specifically	probe	how	effective	our	conditions	were	at	preventing	alkene	isomerization	in	
an	especially	challenging	case,	we	tested	allyl-containing	substrate	36.		When	using	our	
standard	conditions	at	100	°C,	an	excellent	yield	of	spirocyclic	product	was	observed,	
though	the	reaction	proceeded	with	complete	isomerization	of	the	allyl	group	to	give	
styrene	38	similar	to	what	Skrydstrup	reported[7]	in	related	systems	(cf.	Scheme	1).		
Pleasingly,	that	ratio	could	be	tuned	simply	by	reducing	the	reaction	temperature,	with	
cyclization	at	0	°C	affording	the	non-isomerized	alkene	product	35	exclusively	after	48	h	of	
reaction	time.			

Similar	to	aryl	triflates,	vinyl	triflates	also	performed	extremely	well,	with	
substrates	39,	41,	and	44	all	affording	the	desired	products	in	good	to	excellent	yield	
(entries	8–10).		In	the	case	of	product	40,	it	was	formed	in	90%	yield,	superior	to	the	
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analogous	Pd	results,[23c]	while	in	the	more	moderately	yielding	case	of	42,	our	conditions	
prevented	alkene	isomerization.		This	lack	of	isomerization	is	notable,	as	in	the	initial	
literature	report	using	Pd,	a	1:1	mixture	of	42	and	two	other	alkene	isomers	(43)	were	
obtained;	only	a	full	equivalent	of	added	Tl(NO3)3	could	suppress	isomerization,	thus	
highlighting	how	challenging	this	issue	is	for	this	substrate	under	Pd-based	conditions.[23d]				

	

	

	 Next,	having	demonstrated	the	efficacy	of	our	conditions	for	a	variety	of	Heck	
cascades,	we	wondered	how	our	Ni-based	conditions	would	fare	with	some	potentially	
more	challenging	substrates	utilized	in	natural	product	synthesis.		Specifically,	we	selected	
the	Keay	group’s	model	system	(i.e.	48,	Scheme	2)[24]	from	their	synthesis	of	(+)-
xestoquinone	(5,	cf.	Scheme	1)	and	the	Sarpong	group’s	precursor	aryl	triflate	50[4]	for	a	
Larock	annulation	with	51	as	part	of	their	synthesis	of	pauciflorol	F	(6,	cf.	Scheme	1).		For	
the	first,	our	standard	condition	set	afforded	complex	mixtures	with	significant	formation	
of	a	dimeric	by-product;	however,	when	we	ran	a	highly	dilute	reaction,	the	event	
proceeded	smoothly.		Additionally,	we	observed	that	performing	the	reaction	under	
microwave	conditions	drastically	decreased	the	time	needed	to	reach	completion	to	2	h	
versus	the	48	h	required	with	traditional	heating	(similar	in	timescale	to	what	the	Keay	
group	reported	with	Pd).[24]		When	conducted	in	the	presence	of	(S,S)-Chiraphos	as	ligand	
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(d.r. = 5:1)
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(32:33 = 3:1)
(87, 

32:33 =1.5:1
  with Pd)[23b]

Entry Substrate Product(s) Yield (%)

6

7

8

9

10

76[b,c]

(d.r. = 1.7:1)
(67, 

32:33 =1.3:1
  with Pd)[23a]

93-96
(37:38 =

1:>20 at 100 oC
5.6:1 at 23 oC
20:1 at 0 oC)

90[d]

(d.r. = >20:1)

58[b]

(42:43 = 1:0)
(70, 42:43 = 1:1

with Pd; 
76, 42:43 = 1:0 with 
Pd and Tl(NO3)3)[23d]

79

Table 2. Exploration of substrate scope for Ni-promoted intramolecular Heck cascades using both aryl and aliphatic triflates.

[a] Reaction performed on 10 mmol scale. [b] Reaction performed at 80 °C. [c] Slightly improved regiocontrol and/or diastereocontrol versus analogous Pd-based Heck 
cyclization protocols. [d] Reaction performed at 100 °C.
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in	DME,	we	observed	the	formation	of	tetracycle	49	in	82%	yield	and	39%	ee.		We	note	that	
while	we	did	screen	several	chiral	bidentate	phosphine	ligands,	we	have	not	optimized	this	
finding;	forming	this	substrate	enantioselectively	is	particularly	challenging,	even	under	
Pd-based	conditions,	as	evidenced	by	the	Keay	group’s	numerous	studies	on	the	subject.[25]	
For	the	Larock	annulation	leading	to	52,	our	standard	conditions	were	quite	effective,[27]	
though	adjustment	of	the	ligand	to	DPEPhos	provided	superior	results,	with	the	desired	
indenone	formed	in	78%	yield	and	2.9:1	regioselectivity;	by	contrast,	the	originally	
reported	Pd-	and	Ni-variants	by		Sarpong[4]	and	Kong,[17b]	respectively,	showed	no	
regiocontrol.	The	efficacy	of	the	latter	reaction	is	significant	based	on	Ni’s	previously	
reported	reticence[8]	to	react	with	sterically	encumbered	aryl	sulfonates.		Given	that	the	
Kong	group	observed	no	selectivity	when	using	Ni	and	an	aryl	bromide	coupling	partner,	
we	suspect	the	regioselectivity	here	arose	from	our	use	of	the	cationic	pathway	which	is	
known	to	have	a	greater	sensitivity	to	the	electronic	bias	of	electron-rich	olefins.[1]	

	

		 Finally,	given	the	success	of	the	intermolecular	variant	leading	to	52,	we	sought	to	
probe	additional	cases	of	this	type.		In	particular,	we	were	intrigued	by	reports	of	an	
unusual	intermolecular	Heck	cascade	from	the	de	Meijere	and	Zhou	groups[26]	wherein	
following	an	initial	Heck	coupling,	subsequent	β-hydride	elimination	afforded	significant	
amounts	of	alkene	side-products	as	opposed	to	fully	cyclized	indenes	from	a	second	C–C	
bond	formation.		Since	Ni	undergoes	β-hydride	elimination	less	readily	than	Pd,[11a]	we	
were	curious	to	see	if	our	conditions	could	lead	to	fully	cyclized	products	instead.		To	our	
delight,	as	shown	in	Table	3,	exposure	of	aryl	triflate	53	to	several	different	alkene	coupling	
partners,	or	alkene	58	to	different	aryl	triflates	afforded	not	only	fully	cyclized	materials,	
but	also	high	selectivity	for	6-endo	cyclization	as	opposed	to	indene	formation;	in	all	cases,	
our	standard	conditions	worked	effectively	when	an	excess	of	the	alkene	coupling	partner	
was	used	(10	equiv),	with	some	minor	ligand	screening	leading	to	the	optimized	outcomes	
shown.		While	the	novel	regioselectivity	was	certainly	the	most	striking	feature	of	these	
reactions,	we	were	also	pleased	to	find	that	in	nearly	every	case,	no	uncyclized	side-
products	were	observed	(the	exception	was	some	minor	adducts	in	the	reaction	involving	
10).		The	predominance	of	the	6-endo-trig	pathway	is	quite	remarkable	given	the	usual	

Scheme 2.  Application of developed Ni-Heck conditions to previous natural product total 
syntheses that utilized Pd-based Heck cascades.
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preference	for	5-membered	ring	formation.[28]	While	the	exact	rationale	for	this	
phenomenon	is	unconfirmed,	we	suspect	the	reversal	in	selectivity	arose	as	a	result	of	Ni’s	
reported[29]	lack	of	preference	for	either	5-exo-	or	6-endo-trig	cyclization,	thus	the	inherent	
β-selectivity[1a]	of	the	styrene	moiety	leads	to	the	observed	high	6-endo-trig	selectivity.		
This	hypothesis	is	supported	by	the	observation	that	using	the	corresponding	vinyl	triflate	
(whose	1,4-diene	would	not	have	as	strong	a	preference	for	β-selectivity)	in	place	of	the	
aryl	triflate,	only	afforded	products	arising	from	5-exo-trig	pathways	(results	not	shown).		
More	globally,	as	the	choice	of	ligand	did	impact	the	obtained	selectivity,	it	is	likely	that	
dihydronaphthalene	formation	arose	from	the	combination	of	metal,	substrate,	and	ligand	
effects.		Further	studies	to	understand	the	genesis	of	this	novel	regioselectivity	are	ongoing	
and	will	be	reported	in	due	course.		For	now,	some	additional	mechanistic	studies	are	
provided	in	the	Supporting	Information	section,	noting	that	the	overall	picture	of	the	Ni	
Heck	reaction	is	considerably	less	clear	than	its	Pd-based	counterpart.	

	

		 	

Ni(COD)2 (10 mol %),
 Ligand (12 mol %),
DABCO (3 equiv),

DME, 23 °C

Entry 5-Exo Product

OTf
+

R2

+

Partner

On-Bu

O

O
H

H

59

54 On-Bu

6-Endo Product

10 (10 equiv)

58 (10 equiv)

Table 3. Preliminary exploration of intermolecular Nickel Heck cascades revealing some unique 
selectivity preferences over Pd-based variants.
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In	conclusion,	we	have	developed	mild	and	highly	efficient	conditions	to	achieve	
base-mediated	Ni-Heck	cascades	leading	to	spirocycles	and	fused	polycycles	starting	from	
aryl	and	vinyl	triflates.	These	conditions	provide	a	general	approach	which	addresses	the	
considerable	challenge	posed	by	Ni–H	isomerization	observed	in	a	myriad	of	previous	
studies.		In	addition,	based	on	several	direct	comparisons	to	Pd-based	variants,	this	
reaction	affords	an	effective	and	arguably	more	sustainable	long-term	alternative	to	Pd	
(given	commensurate	efficiency),	with	some	cases	highlighting	improved	and/or	unique	
selectivity	as	a	result	of	a	switch	in	metal.		Additional	studies	seeking	to	further	expand	on	
the	discoveries	reported	here	are	currently	underway.		
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