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	ABSTRACT:	A	three-component	coupling	approach	towards	structurally	complex	dialkylsulfides	is	described	via	the	nickel-
catalyzed	 1,2-carbosulfenylation	 of	 unactivated	 alkenes	 with	 organoboron	 nucleophiles	 and	 alkylsulfenamide	 (N–S)	
electrophiles.	 Efficient	 catalytic	 turnover	 is	 facilitated	 using	 a	 tailored	 N–S	 electrophile	 containing	 an	 N-methyl	
methanesulfonamide	leaving	group,	allowing	catalyst	loadings	as	low	as	1	mol%.	Regioselectivity	is	controlled	by	a	collection	
of	 monodentate,	 weakly	 coordinating	 native	 directing	 groups,	 including	 sulfonamides,	 amides,	 sulfinamides,	
phosphoramides,	and	carbamates.	Key	to	the	development	of	this	transformation	is	the	identification	of	quinones	as	a	family	
of	hemilabile	and	redox-active	ligands	that	tune	the	steric	and	electron	properties	of	the	metal	throughout	the	catalytic	cycle. 
DFT	results	show	that	the	duroquinone	(DQ)	ligand	adopts	different	coordination	modes	in	different	elementary	steps	of	the	
Ni-catalyzed	1,2-carbosulfenylation—binding	as	an	X-type	redox-active	durosemiquinone	radical	anion	to	promote	alkene	
migratory	 insertion	with	 a	 less	 distorted	 square	 planar	Ni(II)	 center,	while	 binding	 as	 an	 L-type	 ligand	 to	 promote	N–S	
oxidative	addition	at	a	more	electron-rich	Ni(I)	center.	

INTRODUCTION	
Organosulfur	compounds	possess	unique	properties	that	give	
rise	to	applications	in	medicinal	chemistry,1	material	science,2	
and	other	scientific	fields.	Organosulfides,	in	which	sulfur	is	in	
the	+2	oxidation	state,	can	be	readily	converted	into	sulfoxides,	
sulfones,	 and	 sulfoximines,	 which	 are	 likewise	 important	
functional	 groups	 in	 drug	 discovery3	 and	 other	 realms.	
Traditional	 methods	 for	 transition-metal-catalyzed	 two-
component	C−S	bond	formation4	can	be	categorized	into	two	
main	 redox	 paradigms.	 The	 Buchwald–Hartwig-type	 C–S	
coupling	 of	 organohalide	 electrophiles	 and	 organothiol	
nucleophiles	 represents	 a	 classical	 method	 for	 constructing	
C(sp2)−S	bonds.5−6	Recently,	there	has	been	a	growing	interest	
in	 umpolung	 C–S	 couplings.	 These	 reactions	 utilize	
electrophilic	sulfur	reagents,4h	which	have	favorable	features,	
including	their	structural	tunability,	reduced	tendency	towards	
catalyst	poisoning,	and	odorless	nature	(Scheme	1A).	On	this	
front,	notable	advancements	have	been	achieved	in	transition-
metal-catalyzed	 C−H	 functionalization	 reactions	 using	
electrophilic	 sulfonylthioate7,	 sulfenamide8,	 disulfide9,	 and	
other	sulfur	surrogates10.		
While	 umpolung	 C−S	 coupling	 has	 primarily	 focused	 on	
C(sp2)−S(Aryl)	bond	formation7−11,	there	is	growing	interest	in	
gaining	 access	 to	 unexplored	 regions	 of	 C(sp3)-rich	
organosulfur	 chemical	 space,	 specifically,	 broadening	 the	
scope	 to	 include	 aliphatic	 carbon	 (C(sp3)),	 and	 alkylsulfenyl	
(S(Alkyl))	reagents	(Scheme	1B).	A	greater	 fraction	of	C(sp3)	
atoms	within	a	molecule	makes	 it	more	 three-dimensional,	a	
critical	 feature	 for	 contemporary	 drug	 discovery.12	Whereas	
several	recent	studies	have	described	catalytic	C(sp3)−S(Aryl)	
bond	formation,	for	example	using	radical-based	approaches,7b	
methods	 that	 bring	 about	 C(sp3)−S(Alkyl)	 bond	 formation	
remain	 comparatively	 rare.13	 In	 this	 work,	 we	 sought	 to	
develop	 a	 general	 method	 for	 the	 construction	 of	
C(sp3)−S(Alkyl)	bond	through	reagent	and	ligand	design.	
	
	

Scheme	1.	Background	and	Synopsis	of	Current	Work	

	
Transition-metal	catalyzed	1,2-functionalization	of	alkenes	has	
emerged	 as	 a	 powerful	 means	 to	 quickly	 construct	 densely	
functionalized	 products.	 These	 transformations	 allow	
programmable	introduction	of	two	distinct	functional	groups	
onto	an	alkene	in	a	regio−	and	diastereoselective	fashion.14−16	
Recently,	our	group	reported	a	nickel-catalyzed	syn-selective	
1,2-carbosulfenylation	reaction	of	simple	unactivated	alkenes	
for	 the	 construction	 of	 vicinal	 C(sp3)–C((Hetero)Aryl)	 and	
C(sp3)–S(Ar)	bonds.17	A	reliable	method	extending	the	sulfur	
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electrophile	scope	to	encompass	1°,	2°,	and	3°	S(Alkyl)	groups,	
and	simultaneously	augmenting	the	carbon	nucleophile	scope	
to	 alkenyl	 and	 alkyl	 groups	 would	 round	 out	 synthetic	
capabilities	within	this	family	of	reactions.	However,	attempts	
to	directly	apply	the	N–S	reagent	tuning	strategy	from	our	prior	
work	 to	 S(Alkyl)	 electrophiles	 were	 unsuccessful.	
Consequently,	 we	 sought	 to	 identify	 an	 ancillary	 ligand	 to	
enable	 productive	 three-component	 coupling	 with	 S(Alkyl)	
coupling	partners.			
For	decades,	quinones	have	been	employed	as	(co)oxidants18,19	
and/or	promoters	of	reductive	elimination	in	transition-metal	
catalysis.20	 Our	 laboratory	 has	 recently	 studied	 quinones	 as	

electron-deficient	 diene	 ligands	 in	 the	 context	 of	 air-stable	
Ni(0)	 pre-catalysts.21	 With	 the	 commercialization	 of	
Ni(COD)(DQ)	 (DQ	 =	 duroquinone),	 an	 increasing	 number	 of	
studies	 have	 noted	 similar	 and	 in	 some	 cases	 improved	
reactivity	 compared	 to	 Ni(COD)2.22	 Nevertheless,	 a	 holistic	
understanding	of	 the	 coordination	behavior	 and	mechanistic	
role	 of	 (duro)quinone	 ligands	 remains	 elusive.	 Herein,	 we	
report	 the	 discovery	 of	 quinones	 as	 hemilabile,	 redox-active	
ligands	that	adopt	different	binding	poses	in	order	to	promote	
individual	 elementary	 steps	 in	 the	 nickel-catalyzed	 1,2-
carbosulfenylation	reaction.	

Table	1.	Electrophile,	Nucleophile,	and	Alkenyl	Sulfonamide	Scopea	

	
aReactions	performed	on	0.1	mmol	scale.	Ni(COD)2/1/Ligand/LiOt-Bu/[N–S]/4-F-C6H4B(nep)	=	0.01/0.1/0.02/0.2/0.2/0.2	(mmol).	
THF	(2.0	mL).	Percentage	yields	represent	1H	NMR	yields	with	benzyl	4-fluorobenzoate	as	internal	standard.	Yield	in	parenthesis	
represent	 1H	 NMR	 yields	 of	 byproduct	 3aa’.	 trace=<5%.	 bNi(COD)2/1/Ligand/LiOt-Bu/[N–S]/4-F-C6H4B(nep)	 =	
0.001/0.1/0.005/0.2/0.15/0.2	(mmol).	THF	(1.0	mL).	See	supporting	information	for	details.	
	
RESULTS	AND	DISCUSSION	
Reaction	discovery.	To	initiate	the	investigation,	we	selected	
alkenyl	sulfonamide	1,	4-fluorophenylboronic	acid	neopentyl	
glycol	 ester,	 and	 n-propylsulfenamide	 S1	 containing	 a	 4-
methoxy-N-methylbenzenesulfonamide	 leaving	 group	 as	 the	
three	model	reactants	(Table	1).17a	In	preliminary	experiments	
with	 Ni(COD)2	 as	 the	 precatalyst	 without	 added	 ligand,	 a	
maximum	 yield	 of	 27%	 of	 the	 desired	 1,2-carbosulfenylated	
3aa	product	was	obtained,	accompanied	by	37%	yield	of	the	
corresponding	 oxidative	Heck	 byproduct	3aa’.	 These	 results	
could	not	be	improved	despite	extensive	attempts	to	optimize	
the	structure	of	the	N–S	reagent	and	reaction	conditions.	Thus,	
we	 turned	 attention	 toward	 ancillary	 ligands	 to	 improve	
product	 yield	 and	 suppress	 oxidative	 Heck	 byproduct	
formation.	To	our	delight,	quinones	were	identified	as	effective	
ligands	 for	 both	 purposes.	 Tetrasubstituted	 quinones	 were	
first	evaluated,	with	duroquinone	(DQ,	L1)	giving	the	highest	
yield	 of	 91%	 and	 minimizing	 oxidative	 Heck	 byproduct	
formation.	 Increasing	 the	 steric	 encumbrance	 (L2−L3)	 only	
gave	 moderate	 product	 yield	 and	 increased	 byproduct	
formation.	 More	 electron-deficient	 and	 more	 oxidizing	
quinones,	such	as	chloranil	and	bromoanil	(L4−L5),	hampered	
the	 reaction,	 potentially	 due	 to	 electron	 transfer	 between	
catalyst	and	ligand.23	Subsequently,	2,5-disubstituted	quinone	
ligands	 with	 alkyl	 (L6−L8)	 and	 aryl	 (L9−L10)	 groups	 were	
tested,	 giving	 moderate	 to	 good	 yield	 and	 less	 than	 10%	
byproduct	formation.	Steric	and	electronic	modifications	to	the	
substituents	at	these	positions	exhibited	only	a	minor	effect	on	

reactivity.	 Excellent	 results	 were	 obtained	 with	 2,6-di-tert-
butylquinone	(L11)	as	ligand,	providing	a	potential	alternative	
ligand	 to	 DQ.	 On	 the	 other	 hand,	 a	 more	 electron-rich	 2,6-
dimethoxy	 ligand	 (L12)	 resulted	 in	 significantly	 diminished	
yield	 and	 substantial	 oxidative	 Heck	 byproduct	 formation.	
Similar	 results	 were	 obtained	 with	 a	 2,5-dichloro-3,6-
dimorpholino	 ligand	 (L13).	 Dicyano	 para-quinone	 methide	
(L14)	 gave	 moderate	 yield	 when	 used	 as	 ligand.	 Other	
electron-deficient	 olefin	 ligands,	 such	 as	 dimethyl	 fumarate	
(DMFU,	 L15),	 furnished	 modest	 yield	 (30%)	 with	 more	
byproduct	formation,	underscoring	the	unique	effectiveness	of	
quinone	 ligands	 (see	supporting	 information	 for	detail).	Pre-
ligation	 of	 the	 DQ	 ligand	 to	 the	 nickel	 center	 led	 to	 slightly	
lower	yield	(see	Supporting	Information	for	details).		
With	 DQ	 as	 the	 ligand,	 we	 next	 evaluated	 N–S	 reagents	
containing	 different	 leaving	 groups.	 Across	 sulfonamide	
leaving	groups	with	different	steric	and	electronic	properties	
(S1−S12);	 yields	 of	 the	 1,2-carbosulfenylated	 product	
consistently	 exceeded	 70%	 with	 less	 than	 10%	 byproduct	
formation.	Minor	detrimental	effects	were	noted	with	electron-
withdrawing	 groups	 on	 the	 aryl	 ring	 (S5−S7)	 and	 with	
sterically	bulky	substituents	on	either	the	arylsulfonyl	or	the	N-
alkyl	moieties	(S8−S9,	S11).	The	best	yield	and	selectivity	were	
obtained	 using	 S13,	 which	 features	 an	 N-methyl	
methansulfonamide	leaving	group.	At	10	mol%	catalyst	loading,	
94%	yield	of	3aa	was	recorded.	Whereas	other	N–S	reagents	
(e.g.,	S1)	required	catalyst	loadings	of	10	mol%	for	high	yield,	
with	N–S	reagent	S13	and	DQ	as	the	ligand,	the	catalyst	loading	
could	 be	 lowered	 to	 1	 mol%	 without	 a	 drop	 in	 yield	 (see	
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supporting	 information	 for	detail).	Consistent	with	our	prior	
findings17a,	N–S	reagents	with	N-phenyl	benzene	sulfonamide	
as	leaving	group	(S15)	failed	to	yield	the	desired	product	due	
to	 a	 substantially	 weaker	 N–S	 bond,	 whereas	 reagent	 with	

phthalimide	 as	 leaving	 group	 (S16)	 exhibited	 low	 solubility.	
Sulfenylthioate	(S17)	and	disulfide	(S18)	reagents	also	did	not	
form	the	desired	product	and	could	be	recovered	at	the	end	of	
the	reaction.

Table	2.	Electrophile	Scopea	

	
aReactions	performed	on	0.1	mmol	scale.	Percentages	represent	isolated	yields.	bReactions	performed	with	N–S	reagents	bearing	N-methylmethanesulfonamide	as	leaving	
groups	at	1.0	mol%	catalyst	loading.	cReactions	performed	with	N–S	reagents	bearing	4-methoxy-N-methylbenzenesulfonamide	as	leaving	group	at	2.0	mol%	catalyst	
loading.	In	these	cases	an	aromatic	leaving	group	was	selected	to	simplify	purification	of	the	product	because	N-methylmethanesulfonamide	co-elutes	with	the	product	
and	is	not	UV-active.	dReactions	performed	with	N–S	reagents	bearing	N-methylmethanesulfonamide	as	leaving	groups	at	5.0	mol%	catalyst	loading.	eReactions	performed	
with	N–S	reagents	bearing	N-methylmethanesulfonamide	as	leaving	groups	at	10.0	mol%	catalyst	loading.	fReactions	performed	with	KOH	(2.0	equiv)	as	base	in	place	of	
LiO-tBu	(2.0	equiv).	

Electrophile	 Scope.	 Having	 optimized	 a	 high-yielding	 and	
selective	method,	we	turned	attention	to	evaluating	a	series	of	
primary,	 secondary,	 and	 tertiary	 alkylsulfenyl	 (–SAlkyl)	
electrophiles	(Table	2).	Primary	alkylsulfenyl	groups	were	first	
evaluated	to	understand	reagent	stability	and	functional	group	
tolerance.	 It	 was	 found	 that	 various	 simple	 aliphatic		
–alkylsulfenyl	 groups	 could	 be	 incorporated	 without	 issue	
(3aa–3ad).	 	 In	 general,	 alkylsulfenyl	 groups	with	 embedded	
oxygen	and	nitrogen	substituents	could	also	be	incorporated	in	
moderate	to	high	yields,	though	in	these	cases	the	N–S	reagent	
synthesis	 and	 stability	 merits	 discussion.	 Due	 to	 the	 use	 of	
electrophilic	chlorinating	agents	such	as	SO2Cl2	and	NCS	in	the	
preparation	of	N–S	electrophiles	(see	supporting	information	
for	detail),	nucleophilic	functional	groups	prone	to	undergoing	
chlorination	 were	 not	 tolerated	 in	 standard	 synthetic	
procedure.	For	instance,	attempts	to	prepare	N–S	electrophiles	
with	 free	 –OH,	 –NH,	 or	 electron-rich	 arenes	were	 unfruitful.	
Moreover,	 the	 highly	 reactive	 N–S	 bond	 is	 susceptible	 to	
nucleophilic	 substitution.	 As	 a	 result,	 attenuating	 the	
nucleophilicity	of	any	tethered	nitrogen	substituents	through	

suitable	 protecting/blocking	 groups	 is	 required	 (3aj–3al)	 to	
avoid	reagent	decomposition.	Less	nucleophilic	oxygen-based	
functional	 groups,	 however,	 were	 generally	 well	 tolerated	
(3ae–3ai,	 3am–3an).	 It	 is	 worth	 mentioning	 that	 carbonyl	
groups	bearing	acidic	α-H	atoms	were	incompatible	potentially	
due	to	the	in-situ	generation	of	nucleophilic	enolate	moieties	
under	the	strong	alkaline	conditions.	Therefore,	only	pivaloyl	
groups	and	derivatives	thereof	(3al,	3an)	were	able	to	provide	
the	corresponding	products.	The	number	of	methylene	(–CH2–)	
units	 between	 sulfur	 and	 the	 heteroatom	 moiety	 could	 be	
varied	between	two	and	four	without	evident	influence	on	the	
reaction	outcome,	giving	3ae–3an	in	good	to	excellent	yields.	
Testing	 the	 compatibility	 of	 the	 chemistry	 with	 more	
structurally	 complex,	 biologically	 relevant	 structures,	 as	
exemplified	 in	 vitamin	 E	 (3am)	 and	 gemfibrozil	 (3an)	
derivatives	 furnished	 the	 desired	 product	 in	 good	 yields,	
despite	a	higher	catalyst	loading	is	required.	Subsequently,	N–
S	 reagents	 with	 secondary	 –SAlkyl	 functional	 groups	 were	
tested.	Both	acyclic	(3ao−3aq)	and	cyclic	(3ar−3at)	secondary	
alkylsulfenyl	 reagents	 proved	 compatible,	 with	 a	 minor	
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adjustment	 of	 the	 base	 (from	 LiOt-Bu	 to	 KOH)	 proving	
necessary	for	selected	acyclic	alkylsulfenyl	groups	(3ao,	3aq)	
and	 a	 cyclic	 alkylsulfenyl	 group	with	 a	 large	 ring	 (3at).	We	
hypothesize	 that	 this	 adjustment	 was	 required	 to	
accommodate	 the	 slightly	 higher	 conformational	 flexibility.	
Tertiary	alkylsulfenyl	groups	also	exhibited	excellent	reactivity,	

giving	3au−3aw	in	good	yields.	To	the	best	of	our	knowledge,	
transition-metal	catalyzed	installation	of	tertiary	SAlkyl	moiety	
with	 electrophilic	 sulfenylating	 reagents	 such	 as	 sulfonyl	
thiolates	 and	 disulfides	 remains	 scarcely	 reported	 due	 to	
challenging	reagent	activation.7–11,	13

Table	3.	Nucleophile	Scopea	

	
aReactions	performed	on	0.1	mmol	scale.	Percentages	represent	isolated	yields.	bReactions	performed	at	5.0	mol%	catalyst	loading.	5,5-diethyl-2-methyl-1,3,2-
dioxaborinane	was	used	as	nucleophile.	
	
Nucleophile	Scope.	Different	organoboron	nucleophiles	were	
surveyed	with	S13	 as	 the	 standard	 sulfenylating	 reagent.	To	
showcase	the	catalytic	efficacy	of	the	optimized	procedure,	all	
reactions	were	performed	at	1	mol%	catalyst	loading.	We	were	
pleased	to	find	that	high	turnover	numbers	were	consistently	
obtained.	 Arylboron	 coupling	 partners	 with	 electronically	
distinct	 substituents	 (from	 electron-donating	 –NHBoc	 to	
electron	withdrawing	–SO2Me)	on	the	para-	position	all	gave	
the	corresponding	products	in	good	to	excellent	yields	(3ba–
3be).	Potentially	reactive	or	inhibitory	groups,	 for	instance	–
NHBoc	(3ba),	–CHO	(3bb),	and	–CN	(3bc),	were	all	compatible.	
3bf	with	a	–OMe	substituent	on	 the	meta-position	of	 carbon	
nucleophile	 was	 obtained	 in	 92%	 yield.	 Furthermore,	
substituents	on	the	ortho-	position	were	well	tolerated	with	no	
evident	 deterioration	 in	 product	 yield	 accompanying	 the	
increase	in	steric	encumbrance	(3bg–3bi).	Aryl	boronic	esters	
with	 fused	 heterocycles,	 specifically	 benzodioxole	 and	
benzofuran	moieties	could	be	installed	in	94%	and	64%	yield,	
respectively.	 We	 then	 committed	 to	 the	 exploration	 of	
heteroaryl	 carbon	 nucleophiles.	 Electron	 deficient	 pyridine-
type	nucleophiles	could	be	introduced	only	in	the	presence	of	
a	 substituent	 at	 2-position	 to	 alleviate	 the	 coordinating	
property	 of	 the	N(sp2)	 atom	 (3bl–3bn).	Meanwhile,	 electron	
rich	heterocycles	as	exemplified	by	2-furanyl	and	3-thiofuranyl	
groups	were	 also	 compatible	 (3bo–3bp),	 contributing	 to	 an	
extension	of	the	carbon	nucleophile	library	as	compared	to	our	

previous	 carbosulfenylation	 protocol	 where	 only	 aryl–	 and	
electron-deficient	heterocycles	were	demonstrated.17a	To	our	
delight,	 this	 extension	 can	 be	 further	 applied	 to	 alkenyl	
nucleophiles	 (3bq−3bs),	 and	 selected	 alkyl	 nucleophiles	
(3bt−3bu)	 with	 the	 latter	 being	 two	 rare	 examples	 using	
boron-based	 C(sp3)	 nucleophiles.	 During	 the	 course	 of	 our	
study	 on	 the	 nucleophile	 scope,	 a	 higher	 C(sp3)	 content	 by	
virtue	 of	 extending	 the	 coupling	 partner	 from	 −aryl,	
−heteroaryl,	 to	−alkenyl	 and	−alkyl	were	gradually	 exploited	
for	 the	 introduction	 of	 maximum	 four	 newly	 formed	 C(sp3)	
centers,	 demonstrating	 high	 efficiency	 in	 constructing	
molecular	complexity	in	concise	manner.	
Alkene	Scope.	A	series	of	alkenyl	sulfonamides	with	different	
substitution	patterns	were	evaluated.	When	terminal	alkenes	
were	used,	the	reactivity	could	be	maintained	at	 low	catalyst	
loading	 (4a–4e).	 Both	 benzenesulfonyl	 (4a–4b)	 and	
methanesulfonyl	 (4c)	 directing	 groups	 can	 furnish	 the	
corresponding	 products	 in	 prominent	 yields.	 While	 a	
branching	on	the	b-position	to	the	sulfonamide	directing	group	
resulted	 in	 moderate	 diastereoselectivity	 (4d),	 a-branching	
leads	 to	 significantly	 higher	 diastereoselectivity	 (4e).	 With	
internal	 alkenes	 as	 substrate,	 moderate	 to	 good	 yields	 and	
diastereoselectivities	 were	 obtained	 with	 a	 slightly	 higher	
catalyst	 loading	 (4f−4k).	 To	 illustrate	 the	 synthetic	
applicability	 of	 the	 described	 methodology,	 a	 removable	
sulfonamide	directing	group	with	4-cyano	substituent	(Cs)	was	
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tested	 based	 on	 the	 well-established	 derivatization	 protocol	
involving	 a	 deprotection/amination	 process.	 Excellent	 yield	
whilst	moderate	diastereoselectivity	was	obtained	(4h–4i).	A	
skipped	 diene	 at	 the	 g,d–	 and	 z,h–positions	 was	 used	 to	
examine	 the	 chemoselectivity	 of	 the	 reaction,	 giving	
exclusively	 g,d–carbosulfenylation	 product	4k.	 An	 endocyclic	
alkenyl	 sulfonamide	 gave	 4l	 in	 27%	 yield	 with	 >20:1	
diastereoselectivity	(see	supporting	information	for	detail).	A	
double	carbosulfenylation	reaction	of	a	symmetric	diene	was	
achieved	 by	 adding	 excessive	 (4.0	 equiv)	 coupling	 partners,	
furnishing	4m	in	80%	yield.	We	also	explored	the	potential	of	
expanding	 the	 compatible	 directing	 functionalities.	 Alkenyl	

amides	 with	 a	 variety	 of	 functional	 groups	 were	 tolerated,	
giving	 4n–4p	 in	 moderate	 yields.	 Additionally,	 phosphinic	
amide	 (4q),	 sulfinamide	 (4r),	 and	 carbamate	 (4r)	 were	
adequately	 reactive	 directing	 groups.	 Particularly,	 with	
Ellman’s	 chiral	 sulfinamide	 as	 directing	 group,	 a	 7:1	
diastereoselectivity	 was	 obtained	 in	 4r.	 After	 extensive	
screening,	 we	 determined	 that	 a	 protic	 hydrogen	 atom	 was	
required	 for	 the	 reaction	 to	 proceed	 (see	 limitations).	 Non-
directed	alkenes,	for	instance,	1-phenylbutene	and	1-dodecene	
were	 not	 operating,	 neither	 did	 alkenyl	 alcohols,	
azaheterocycles,	or	ketones.		

Table	3.	Alkene	Scopea	

	
aReactions	performed	on	0.1	mmol	scale.	Percentages	represent	isolated	yields.	bReactions	performed	under	1	mol%	catalyst	loading.	cReactions	performed	under	5	mol%	
catalyst	loading.	dReactions	performed	under	10	mol%	catalyst	loading.	eReaction	performed	with	S19	(4.0	equiv)	and	PhB(nep)	(4.0	equiv).	

	
Mechanistic	Studies	
The	critical	effect	of	quinone	ligands	in	allowing	integration	of	
S(Alkyl)	 N–S	 electrophiles	 prompted	 us	 to	 investigate	 the	
origins	 of	 the	 enhanced	 reactivity	 using	 a	 combination	 of	
kinetics,	 density	 functional	 theory,	 and	 organometallic	
synthesis.	First,	we	sought	to	understand	the	importance	of	in-
situ	 ligation	versus	pre-ligation.	To	this	end,	we	performed	a	
series	of	initial	rate	experiments.	While	Ni(COD)2	was	only	able	
to	 furnish	 25%	 yield	 before	 catalyst	 deactivation,	 both	 pre-

ligated	 Ni(COD)(DQ)	 and	 in-situ	 ligation	 of	 Ni(COD)2	 and	
duroquinone	(DQ)	gave	excellent	yield	after	extended	reaction	
time	 (see	 Supporting	 Information	 for	 detail).	 However,	 an	
approximately	 twofold	 initial	 rate	was	 observed	with	 in-situ	
ligation,	 as	 in	 our	 standard	 conditions	 (Figure	 1A).	 We	
rationalize	 these	 results	 on	 the	 basis	 that	 the	 Ni(I)/Ni(III)	
catalytic	cycle	requires	an	initial	single-electron	oxidation	step	
that	 is	 more	 challenging	 from	 pre-ligated	 Ni(COD)(DQ)	
compared	to	Ni(COD)2.		
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Figure	1.	A)	Initial	rate	experiments.	B)	Potential	coordination	modes	of	the	hemilabile	DQ	ligand.	C)	Computed	reaction	energy	
profile	of	the	Ni	catalyzed	1,2-carbosulfenylation	of	alkene	1	with	duroquinone	ligand	(L1).	All	Gibbs	free	energies	are	with	respect	
to	the	Ni–alkenyl	sulfonamide	complex	6a	and	phenyl	boronate	anion	7.	
	
To	 further	 understand	 the	 role	 of	 quinone	 ligand	 in	 this	
reaction,	 density	 functional	 theory	 (DFT)	 calculations	 were	
performed	 particularly	 to	 explore	 the	 diverse	 coordination	
modes	 between	 the	 nickel	 catalyst	 and	 the	 quinone	 ligand.	
Because	Ni	complexes	in	the	proposed	catalytic	cycle17a	have	
different	oxidation	states,	numbers	of	d	electrons,	and	distinct	
steric	properties,	we	surmised	that	 the	DQ	 ligand	may	adopt	
different	coordination	modes	to	facilitate	different	elementary	
steps.24	 We	 carefully	 considered	 several	 possible	 DQ	
coordination	 modes	 (Figure	 1B)	 for	 each	 intermediate	 and	
transition	 state	 in	 the	 reaction	 of	 alkenyl	 sulfonamide	 1,	
phenylboronic	 acid	 neopentyl	 glycol	 ester,	 and	 the	 N–S	
electrophile	 S20.25	 The	 most	 favorable	 intermediates	 and	
transition	states	involved	in	each	elementary	step	are	shown	in	

the	reaction	free	energy	profile	in	Figure	1C.	The	electron-rich	
π-alkene	 sulfonamide–Ni(I)complex	 6	 prefers	 an	 η6	 DQ	
coordination	mode,	 in	which	 the	Ni	 center	 is	 simultaneously	
coordinated	to	the	six	carbons	of	the	quinone	ring	(Figure	1B).	
According	 to	our	 computational	 studies,	 this	η6	 coordination	
mode	 is	 thermodynamically	 more	 stable	 by	 at	 least	 2.3	
kcal/mol	than	other	possible	coordination	modes	such	as	the	
η2(C=C)	bound	6b,	the	η2(C=O)	bound	6c,	and	the	η1(O)-bound	
6d.	Upon	binding	of	6a	with	phenylboronate	7,	a	tetrahedral	
complex	 8	 is	 formed	 where	 the	 DQ	 binds	 via	 an	 L-type	 η1-
coordination	 with	 the	 carbonyl	 oxygen.	 The	 coordination	 of	
alkenyl	sulfonamide	1	leads	to	a	faster	transmetalation	of	the	
phenyl	group	to	the	nickel	center,	as	the	transmetalation	from	
a	Ni(I)	complex	without	sulfonamide	coordination	results	in	a	
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higher	 activation	barrier	by	25.5	kcal/mol	 (Figure	 S1).	After	
transmetalation	via	TS1a,	a	phenyl	Ni(I)	complex	10	is	formed,	
which	 also	 involves	 an	 η1(O)	 DQ	 coordination.	 After	
coordination	of	the	alkenyl	group	of	the	sulfonamide	substrate	
to	the	Ni(I)	center,	a	tetrahedral	complex	11b	is	formed,	which	
also	 favors	η1	coordination	of	 the	DQ	carbonyl	oxygen	to	the	
electron-rich	Ni.	However,	alkene	migratory	insertion	cannot	
occur	directly	with	11b,	as	it	would	require	a	highly	distorted	

structure	 from	 the	 tetrahedral	 geometry.	 Instead,	11b	 must	
isomerize	to	a	square	planar	complex	11a	prior	to	migratory	
insertion.	 The	 computed	 natural	 spin	 densities	 from	 the	
Natural	 Bond	 Orbital	 (NBO)	 method26	 and	 the	 Ni–O(DQ)	
distance	 indicate	 that	 11a	 has	 a	 Ni(II)	 center	 bound	 to	 the	
oxygen	 atom	 of	 an	 X-type	 durosemiquinone	 (DSQ)	 radical	
anion	 (Figure	2A).	The	 relatively	 short	Ni–O	distance	 in	11a	
(1.92	Å)	is	consistent	with	those	in	other	NiII–semiquinone		

 
Figure	2.	Preferred	DQ	coordination	modes	in	(A)	migratory	insertion	and	(B)	SN2-type	oxidative	addition	steps.	Gibbs	free	energies	
are	with	respect	to	the	Ni–alkenylsulfonamide	complex	6a	and	phenyl	boronate	anion	7.	Natural	spin	densities	(ρ)	were	computed	
at	the	(U)ωB97X-D/6-311+G(d,p)–SDD(Ni)/SMD(THF)	level	of	theory.	
	
complexes.27	 Additionally,	 the	 computed	 spin	 densities	 in	
complex	11a	 indicate	that	 the	unpaired	electron	 is	primarily	
located	on	the	DQ	ligand	(0.97),	consistent	with	the	open-shell	
character	 of	 the	 durosemiquinone	 radical	 anion	 ligand.	 In	
contrast,	 the	 spin	 densities	 in	 complex	 11b	 localize	 the	
unpaired	electron	on	the	Ni	atom	(0.88),	with	a	comparatively	
minor	contribution	from	the	DQ	ligand.	This	is	in	line	with	the	
characteristics	associated	with	an	L-type	ligand	bound	to	a	Ni(I)	
center.	 The	 square	 planar	NiII(DSQ)	 complex	11a	 undergoes	
facile	migratory	insertion	via	a	square	planar	transition	state	
TS2a,	which	is	only	7.1	kcal/mol	higher	in	energy	than	11a	and	
23.1	kcal/mol	higher	than	the	three-coordinated	π-alkene	Ni(I)	
intermediate	10.	 By	 contrast,	 the	 direct	migratory	 insertion	
from	tetrahedral	Ni(I)	complex	11b	via	TS2b	requires	a	higher	
barrier	 (TS	 isomers	 with	 other	 DQ	 coordination	 modes	 are	
even	less	favorable.	See	Figure	S3).	TS2a	directly	leads	to	a	T-
shaped	NiII(DSQ)	complex	12,	which	then	isomerizes	to	form	a	
more	stable	Ni(I)	complex	12b	featuring	an	η6-coordination	to	
DQ,	as	in	other	electron-rich	and	relatively	less	hindered	Ni(I)	
intermediates	 in	 the	 catalytic	 cycle	 (e.g.,	 6a).	 Before	 the	
subsequent	oxidative	addition	step	with	the	N–S	reagent	S20,	
the	 DQ	 binding	 mode	 changes	 again	 to	 an	 L-type	 η1(O)	
coordination,	leading	to	a	more	electron-rich	and	less	sterically	
hindered	 Ni(I)	 center	 in	 12a.	 These	 electronic	 and	 steric	
properties	 in	 the	η1(O)-bound	12a	 facilitate	subsequent	SN2-
type	 oxidative	 addition	 via	 TS3a,	 where	 the	 Ni	 center	
maintains	a	tetrahedral	geometry	with	the	L-type	DQ	ligand.	On	
the	other	hand,	the	activation	barrier	of	the	oxidative	addition	
from	the	sterically	congested	η6-coordinated	12b	via	TS3b	is	
9.8	 kcal/mol	 higher	 in	 energy	 than	 the	 activation	 barrier	 of	
TS3a	via	η1(O)-bound	12a	 (Figure	2B).	Alternative	oxidative	
addition	pathways,	including	the	η2(C=C)	coordination	of	DQ	to	
Ni,	are	less	stable	than	the	oxidative	addition	via	the	η1(O)-DQ	
coordination	 in	TS3a	 (Figure	S4).	Finally,	 the	C(sp3)–S(alkyl)	
reductive	elimination	transition	state	TS4	occurs	via	an	η1(O)-

coordinated	 Ni(III)	 intermediate	 14	 to	 yield	 the	 1,2-
carbosulfenylation	product.	
Taken	together,	the	DFT	calculations	indicate	that	DQ	serves	as	
a	 redox-active	 and	 hemilabile	 ligand	 to	 promote	 multiple	
elementary	 steps	 in	 the	 carbosulfenylation	 catalytic	 cycle.	
Although	the	DQ	ligand	often	adopts	an	η6	coordination	mode	
in	 several	 intermediates	 involved	 in	 the	 catalytic	 cycle,	 it	
changes	to	an	L-type	η1(O)	coordination	to	accommodate	the	
sterically	encumbered	transmetalation	transition	state	(TS1a)	
and	 electronically	 promote	 the	 SN2-type	 oxidative	 addition	
transition	state	with	the	N–S	electrophile	(TS3a).	To	mitigate	
the	strain	in	the	migratory	insertion,	an	X-type	semiquinone-
bound	Ni(II)	complex	is	involved	in	a	square	planar	migratory	
insertion	transition	state.	Without	these	beneficial	roles	of	DQ,	
multiple	 elementary	 steps	 can	 be	 more	 challenging.	 For	
example,	the	computed	activation	free	energy	of	the	migration	
insertion	in	the	absence	of	the	DQ	ligand	is	31.1	kcal/mol	(see	
Figure	 S3),	 which	 is	 substantially	 higher	 than	 the	 activation	
free	energy	in	the	presence	of	DQ	(ΔG‡	=	23.1	kcal/mol,	TS2a).	

	
Figure	3.	Two	different	coordination	modes	of	Ni(dppe)(DQ)	
complex.	

A. Formation of Ni(II)–semiquinone promotes migratory insertion via a square planar TS (TS2a) B. An η1-(O) bound Ni(I) complex (12a) promotes SN2-type oxidative addition with the N–S electrophile
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The	 hemilability	 of	 quinone	 ligands	 revealed	 by	 the	
computational	 study	 in	 several	 steps	 of	 the	 catalytic	 cycle	
prompted	us	to	seek	more	structural	evidence	of	this	unique	
feature,	which	has	not	been	previously	documented	in	Ni(para-
quinone)	complexes	to	our	knowledge.21,	24−28	To	this	end,	we	
treated	 Ni(COD)(DQ)	 with	 various	 bidentate	 ligands	 in	 an	
effort	 to	study	trends	 in	coordination	modes	as	a	 function	of	
ligand	 properties.	 Whereas	 several	 weak-field	 ligands	 (e.g.,	
bipy,	 4,4’-t-Bu-bipy)	 led	 to	 formation	of	 insoluble	 complexes	
that	 could	 not	 be	 characterized,	 clear	 ligand	 exchange	 was	
observed	when	a	series	of	stronger-field	bisphosphine	ligands	
were	 used,	 revealing	 a	 distribution	 between	 η6	 and	 η2	
coordination	modes	in	solution	as	a	function	of	the	ligand	bite	
angle	 (see	 Supporting	 Information	 for	 detail).	 With	 1,2-
bis(diphenylphosphino)ethane	 (dppe),	 we	 were	 able	 to	
characterize	 both	 coordination	 modes	 in	 the	 solid	 state	
through	X-ray	crystallography	(Figure	3).	Though	it	should	be	
emphasized	that	these	ligands	and	conditions	are	not	directly	
relevant	 to	 the	 catalytic	 conditions,	 the	 results	 nevertheless	
demonstrate	 multiple	 co-existing	 coordination	modes	 under	
ambient	conditions.29 
	
CONCLUSION	

In	 conclusion,	 a	 family	 of	 quinone	 ligands	were	 identified	 to	
enable	nickel-catalyzed	1,2-carbosulfenylation	of	unactivated	
alkenes	 using	 tailored	 [N−S]	 reagents	 as	 electrophiles.	 The	
synthetic	versatility	of	the	method	stems	from	the	broad	scope	
of	1°,	2°,	and	3°	S(Alkyl)	electrophiles	and	(hetero)aryl,	alkenyl,	
and	 alkyl	 nucleophiles.	 A	 large	 array	 of	 unactivated	 alkenes	
with	native	functionalities	could	be	functionalized	in	a	highly	
regioselective	manner.	The	mechanistic	merit	of	 the	reaction	
originates	from	the	identification	of	the	unique	quinone/nickel	
coordination	modes.	DFT	calculations	reveal	that	the	DQ	ligand	
acts	as	a	redox-active	and	hemilabile	agent	to	facilitate	multiple	
elementary	 steps	 in	 the	 carbosulfenylation	 catalytic	 cycle	 by	
adopting	different	coordination	modes.	The	ligand's	ability	to	
change	 coordination	modes	 promotes	 sterically	 encumbered	
transmetalation	 and	 electronically	 accelerates	 SN2-type	
oxidative	 addition	 transition	 states,	 contributing	 to	 the	
efficiency	of	the	overall	catalytic	process.		
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