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terra,	 mar	 i	 aire	 per	 visitar-me	 uns	 dies.	 Gràcies	 per	 sempre	 cuidar	 de	 mi,	 per	
preparar-me	els	tuppers	i	totes	les	fruites	i	verdures	per	vindre	carregat	a	Tarragona	
i	per	tota	l’estima	que	em	doneu	dia	a	dia.	Aquesta	tesi	no	hauria	pogut	ser	possible	
sense	el	vostre	suport.		
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Preface	
	
The	 work	 presented	 in	 this	 dissertation	 has	 been	 performed	 at	 the	 Catalan	
Institute	 of	 Chemical	 Research	 (ICIQ)	 during	 the	 period	 of	 September	 2016	 to	
September	 2020	 under	 the	 supervision	 of	 Professor	 Ruben	 Martin.	 The	 present	
manuscript	 is	 divided	 into	 six	 main	 parts:	 a	 general	 introduction,	 four	 research	
chapters,	and	a	final	chapter	in	which	general	conclusions	of	the	work	are	presented.	
Each	of	the	research	chapters	consists	of	an	introduction	and	a	summary	of	the	aims	
of	the	project,	 followed	by	a	discussion	of	the	experimental	results,	and	finally	an	
experimental	section.	The	numeration	of	each	chapter	has	been	done	independently	
for	an	easier	understanding,	and	therefore	some	structure	might	be	named	with	a	
different	number	in	different	chapters.		
	
In	chapter	1,	the	principles	of	reductive	cross-electrophile	coupling	are	presented	
alongside	of	nickel	catalytic	systems	that	are	relevant	to	this	work.	This	is	followed	
by	an	overview	of	 the	existing	 transition	metal-catalyzed	carboxylation	with	CO2.	
This	final	section	has	been	the	subject	of	a	review,	published	in	Angew.	Chem.	Int.	Ed.	
2018,	57	(49),	15948	(10.1002/anie.201803186).	
	
In	 the	 second	 chapter,	 ‘Switchable Site-Selective Catalytic Carboxylation of Allylic 

Alcohols with CO2’	the	synthesis	of	linear	and	branched	b,g-unsaturated	carboxylic	
acids	from	allylic	alcohols	and	CO2	is	described,	in	which	CO2	is	used	with	dual	roles,	
both	 facilitating	 C−OH	 cleavage	 and	 as	 a	 C1	 source.	 This	 methodology	 is	
characterized	by	its	mild	reaction	conditions,	absence	of	stoichiometric	amounts	of	
organometallic	 reagents,	 broad	 scope,	 and	 exquisite	 selectivity	 which	 can	 be	
modulated	by	the	type	of	ligand	employed.	It	was	performed	in	collaboration	with	
Dr.	Manuel	van	Gemmeren,	Marino	Börjesson,	Shang-Zheng	Sun	and	Keisho	Okura,	
being	my	contribution	focused	on	the	development	of	the	reaction	conditions	for	the	
a-branched	 carboxylation	of	 allylic	 alcohols	 and	 the	preparation	of	 the	 substrate	
scope.	 It	 was	 published	 in	 Angew.	 Chem.	 Int.	 Ed.	 2017,	 56,	 6556	
(10.1002/anie.201702857).	
	
The	 third	 chapter,	 ‘Ni-Catalyzed	 Site-Selective	Dicarboxylation	 of	 1,3-Dienes	with	
CO2’,	 a	 site-selective	 catalytic	 incorporation	 of	 multiple	 CO2	 molecules	 into	 1,3-
dienes	en	route	to	adipic	acids	is	described.	This	protocol	is	characterized	by	its	mild	
conditions,	excellent	chemo-	and	regioselectivity	and	ease	of	execution	under	CO2	(1	
atm),	 including	 the	 use	 of	 bulk	 butadiene	 and/or	 isoprene	 feedstocks.	 It	 was	
performed	in	collaboration	with	Ryo	Ninokata	and	it	was	published	in	J.	Am.	Chem.	
Soc.	2018,	140,	2050	(10.1021/jacs.7b13220).	
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The	fourth	chapter,	entitled	‘Catalytic	Decarboxylation/Carboxylation	Platform	for	
Accessing	 Isotopically	 Labeled	 Carboxylic	 Acids’,	 describes	 a	 procedure	 for	
exchanging	carbon	isotopes	by	effectively	converting	a	variety	of	carboxylic	acids	
into	their	labeled	analogues	by	means	of	nickel	catalysis.	This	methodology	allows	
an	 easy	 and	 direct	 isotopic	 labeling	 of	 organic	 molecules,	 which	 represents	 an	
essential	 task	 in	 drug	 development.	 The	 work	 described	 was	 carried	 out	 in	
collaboration	 with	 Georgios	 Toupalas	 (NHP	 optimization),	 Dr.	 Yaya	 Duan,	 Dr.	
Basudev	 Sahoo	 and	 Fei	 Cong	 (preparative	 scope)	 and	 the	 group	 of	 Prof.	 Davide	
Audisio	 (14C	 labeling).	 It	 was	 published	 in	 ACS	 Catalysis	 2019,	 9,	 5897	
(10.1021/acscatal.9b01921).		
	
The	 last	 research	 chapter,	 ‘Regiodivergent	 Ligand-Controlled	 Ni-Catalyzed	
Reductive	Amidation	of	Unactivated	Secondary	Alkyl	Bromides’	describes	a	procedure	
for	the	preparation	of	aliphatic	primary	and	secondary	amides	from	secondary	alkyl	
bromides	and	isocyanates.	This	methodology	allows	the	selective	functionalization	
of	the	alkyl	bromide	in	the	initial	C–Br	bond	or	in	the	primary	terminal	C–H	bond	by	
simply	changing	the	ligand	employed,	selectively	enabling	or	suppressing	b-hydride	
elimination	 of	 the	 nucleophilic	 alkyl-nickel	 intermediates	 to	 obtain	 the	
corresponding	amides	after	isocyanate	insertion.	The	work	described	in	this	chapter	
was	accomplished	in	collaboration	with	Eloisa	Serrano,	Dr.	Alicia	Monleón,	Dr.	Tiago	
Menezes	 and	 Alberto	 Tampieri	 (optimization	 and	 substrate	 scope),	 Craig	 Day	
(mechanistic	investigations)	and	Dr.	Francisco	Juliá-Hernández	(initial	discoveries).	
	
	 	



 13 

List	of	publications:		
The	following	articles	have	been	published	during	the	realization	of	this	doctoral	
thesis:	

- ‘Switchable	Site-Selective	Catalytic	Carboxylation	of	Allylic	Alcohols	with	CO2’	
M.	van	Gemmeren+,	M.	Börjesson+,	A.	Tortajada+,	S.-Z.	Sun+,	K.	Okura,	R.	Martin*	
Angew.	Chem.	Int.	Ed.	2017,	56,	6556.	+Equal	contribution.	
	

- ‘Transition	Metal-Catalyzed	Carboxylation	Reactions	with	Carbon	Dioxide’	A.	
Tortajada,	 F.	 Juliá-Hernández,	M.	 Börjesson,	 T.	Moragas,	 R.	Martin*	Angew.	
Chem.	Int.	Ed.	2018,	57	(49),	15948	(Review	article).	
	

- 	‘Ni-Catalyzed	 Site-Selective	 Dicarboxylation	 of	 1,3-Dienes	 with	 CO2’	 A.	
Tortajada,	R.	Ninokata,	R.	Martin*,	J.	Am.	Chem.	Soc.	2018,	140,	2050.		
	

- ‘N-Containing	 Heterocycles	 on	 Demand	 by	 Merging	 Ni	 Catalysis	 and	
Photoredox	PCET’	M.	Börjesson+,	A.	Tortajada+,	R.	Martin*,	Chem	2019,	5	(2),	
254	(Highlight	article).	+Equal	contribution	
	

- ‘Catalytic	Decarboxylation/Carboxylation	Platform	for	Accessing	Isotopically	
Labeled	Carboxylic	Acids’	A.	Tortajada,	Y.	Duan,	B.	Sahoo,	F.	Cong,	G.	Toupalas,	
A.	Sallustrau,	O.	Loreau,	D.	Audisio,	R.	Martin*	ACS	Catalysis	2019,	9,	5897.	



 

	



 15	

Abstract	
In	 recent	 years,	 reductive	 cross-electrophile	 couplings	have	become	a	powerful	
alternative	to	classical	cross-coupling	reactions	for	the	formation	of	both	C–C	and	C–
X	bonds.	The	use	of	two	electrophiles	instead	of	an	electrophile	and	a	nucleophile	
offers	numerous	advantages.	For	example,	 the	absence	of	 strongly	basic	 reagents	
allows	 these	 reactions	 to	 occur	 under	 milder	 conditions,	 resulting	 in	 a	 broader	
functional	group	tolerance.	Moreover,	the	use	of	readily	available	starting	materials	
circumvents	 the	 need	 to	 prepare	 air-	 and	 moisture-	 sensitive	 organometallic	
reagents,	offering	a	more	practical	set-up.	Within	these	methods,	nickel	catalysis	has	
become	a	valuable	tool	for	the	selective	cross-coupling	of	two	electrophiles	in	the	
presence	 of	 a	 metallic	 or	 organic	 reductant,	 via	 two-electron	 or	 single-electron	
transfer	processes.		
From	 the	 different	 electrophiles	 for	 C–C	 bond	 formation,	 our	 group	 has	 had	 a	
special	 interest	 in	 carbon	 dioxide,	 CO2,	 because	 it	 is	 considered	 an	 abundant,	
inexpensive	and	renewable	C1	synthon.	However,	the	number	of	chemicals	directly	
available	 from	 CO2	 still	 remains	 very	 narrow	 compared	 to	 those	 derived	 from	
currently	 available	 petrochemicals,	 thus	 encouraging	 the	 development	 of	 novel	
methods	using	CO2.	From	all	the	different	moieties	that	can	be	prepared	from	it,	the	
synthesis	of	carboxylic	acids	constitutes	an	ideal	target	since	these	compounds	are	
privileged	 motifs	 in	 a	 wide	 number	 of	 natural	 products,	 agrochemicals	 and	
pharmaceutically	relevant	compounds.	This	doctoral	dissertation	has	focused	on	the	
development	 and	 understanding	 of	 new,	 simple	 and	 practical	 reductive	
carboxylation	reaction	to	produce	carboxylic	acids	from	inexpensive	and	abundant	
electrophiles	by	means	of	Ni	catalysis.	In	parallel,	the	use	of	isoelectronic	isocyanates	
for	the	preparation	of	amides	was	also	investigated.		
In	this	doctoral	thesis	our	efforts	have	been	focused	first	into	the	development	of	a	
site-selective	carboxylation	of	unprotected	allylic	alcohols	with	CO2,	since	alcohols	
are	the	simplest	and	the	most	abundant	C-O	counterparts.	This	methodology	is	able	
to	deliver	b,g-unsaturated	carboxylic	acids	with	excellent	control	of	the	selectivity	
obtained	by	varying	the	ligand	employed	in	the	nickel	center	(Scheme	1,	Chapter	2).		

 
Scheme	1.	Ni-Catalyzed	carboxylation	of	allylic	alcohols	with	CO2.		
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After	 achieving	 this	 goal,	 we	 decided	 to	 investigate	 the	 carboxylation	 of	
unsaturated	hydrocarbons,	which	can	be	obtained	in	bulk	from	the	petrochemical	
industry	or	biomass	sources.	Thus,	we	envisaged	that	the	combination	of	1,3-dienes	
with	carbon	dioxide	could	form	by	a	double	insertion	of	CO2	substituted	adipic	acids,	
compounds	that	can	be	of	potential	industrial	interest	(Scheme	2,	Chapter	3).		

 
Scheme	2.	Ni-Catalyzed	dicarboxylation	of	1,3-dienes	with	CO2.	

Based	on	the	importance	of	isotopically	labeled	compounds	for	the	pharmaceutical	
industry	we	envisioned	to	use	all	the	knowledge	that	our	group	has	gained	about	the	
catalytic	carboxylation	of	organic	substrates	with	CO2	to	develop	a	new	protocol	to	
perform	 a	 late-stage	 isotopic	 labeling	 using	 isotopically	 enriched	 CO2.	 This	
transformation	would	avoid	the	conversion	of	isotopically	enriched	CO2	into	other	
compounds	 such	 as	 carbonates	 or	 cyanide	 salts,	 resulting	 in	 a	 shorter	 and	more	
direct	 route	 to	 isotopically	 labeled	 compounds.	 Herein,	 we	 have	 found	 a	 2-step	
sequence	 to	 prepare	 isotopically	 labeled	 carboxylic	 acids	 using	 directly	 labeled	
carbon	dioxide	by	means	of	nickel	catalysis.	This	methodology	represents	a	direct	
use	of	CO2	in	late-stage	or	advanced	intermediates	for	isotopic	labeling,	without	the	
need	of	its	derivatization	to	secondary	synthons	(Scheme	3,	Chapter	4).	

 
Scheme	3.	Isotopic	labeling	with	CO2.	

Finally,	the	use	of	isoelectronic	isocyanates	as	amide	synthons	was	investigated.	Its	
combinations	 with	 secondary	 alkyl	 bromides	 allowed	 us	 the	 study	 of	 different	
ligands	 that	promoted	or	 suppressed	b-hydride	 elimination	 from	 the	 alkyl-nickel	
intermediates,	 delivering	 a	 regiodivergent	 transformation	 to	 obtain	 the	
corresponding	amide	in	the	initial	or	in	a	remote	position	(Scheme	4,	Chapter	5).		

	
Scheme	4.	Regiodivergent	amidation	of	secondary	alkyl	bromides.	

N N

Ph Ph

Me
CO2H
CO2H

R1

R2

+ Ni

R1 R2

CO2
(1 atm)

R3

R31,3-dienes
Substituted 
adipic acids

Me
n

Br

RNCO
n

Me
n

NHR

O

NHRO

‘chain walking’ amidation‘retained’ amidation

NiNi
+ ReductantReductant

NN
Me Me

Ph Ph

NN
nHex



 17	

		
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Chapter	1:	
General	Introduction	

	
	

  



Chapter 1 

 18 

  



Introduction 

 19 

1. Reductive	Cross-Electrophile	Couplings.	
	

Metal-catalyzed	cross-coupling	reactions	have	undoubtedly	brought	a	revolution	
to	 the	 landscape	of	organic	synthesis.1	These	technologies	allow	for	 the	design	of	
innovative	ways	of	building	C−C	and	C−heteroatom	bonds	 in	organic	 compounds	
and	 have	 found	 immediate	 application	 in	 the	 preparation	 of	 agrochemicals,	
polymers	and	pharmaceuticals,	among	others.2	These	transformations	are	based	on	
the	utilization	of	an	organic	electrophile	in	combination	with	a	nucleophilic	reagent	
that	 are	 coupled	 together	 via	 the	 formation	 of	 C–metal	 bonds	 (Scheme	 1).	 The	
electrophilic	partner	 is	 commonly	 an	organohalide	or	pseudohalide,	whereas	 the	
nucleophilic	partner	is	typically	an	alkene,	an	alkyne	or	a	heteroatom-	or	carbon-
based	 nucleophile	 (e.g.	 an	 organometallic	 reagent).	 The	 mild	 conditions,	 broad	
functional	 group	 tolerance	 and	 high	 efficiency	 that	 characterize	 these	
transformations	have	promoted	their	widespread	use	in	organic	chemistry,	both	in	
industry	and	in	academic	laboratories.	The	importance	of	the	field	was	recognized	
by	the	2010	Nobel	Prize	in	Chemistry	awarded	to	Professors	Richard	F.	Heck,	Ei-ichi	
Negishi	 and	 Akira	 Suzuki,	 for	 the	 discoveries	 in	 Pd-catalyzed	 cross-coupling	
reactions	for	the	formation	of	C–C	bonds.3	

 
Scheme	1.	Traditional	cross-coupling	and	reductive	cross-coupling	reactions.	

Despite	 the	 excellent	 preparative	 advances	 of	 cross-coupling	 reactions	 with	
organometallic	 reagents,	 it	 is	 worth	 noting	 that	 the	 latter	 reagents	 need	 to	 be	
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sensitivity	of	a	non-negligible	number	of	organometallic	species	requires	rigorous	
exclusion	of	moisture	and	oxygen	whereas	the	high	nucleophilicity	of	these	species	
might	reduce	the	potential	applicability	of	these	processes	in	complex	settings,	i.e.	
in	the	presence	of	densely	functionalized	backbones.	These	observations	prompted	
the	 development	 of	 catalytic	 reductive	 cross-coupling	 reactions	 where	 the	
organometallic	 reagent	 can	 be	 replaced	 by	 a	 simple	 electrophilic	 source	 in	 the	
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presence	 of	 stoichiometric	 amounts	 of	 a	 reducing	 agent.4	 This	 approach	 has	 the	
advantages	 of	 its	 experimental	 simplicity,	 the	 wide	 commercial	 availability	 of	
organic	 halides	 compared	 to	 organometallic	 reagents	 and	 the	 enhanced	
chemoselectivity	 that	arises	 from	the	mild	reaction	conditions	provided	by	the	 in	
situ	formation	of	a	transient	organometallic	intermediate.		
The	first	reports	of	reductive	cross-couplings	can	be	traced	back	to	the	discovery	
of	sodium-mediated	dimerization	reactions	of	alkyl	halides	by	Wurtz	in	1855,5	the	
cross-coupling	 of	 aryl	 halides	 and	 alkyl	 halides	 discovered	 by	 Fittig,6	 and	 the	
Ullmann	coupling,	a	copper	mediated	biaryl	formation	pioneered	by	the	scientist	of	
the	 same	 name.7	 These	 conceptions	 were	 taken	 in	 the	 1970’s	 for	 designing	 Ni-
catalyzed	Nozaki-Hiyama-Kishi	reactions	with	Mn	as	stoichiometric	reductant8,9	and	
more	recently	within	the	context	of	electrochemical	settings.10–13	Still,	however,	the	
requirement	for	special	equipment	in	the	latter	and	the	necessary	use	of	sacrificial	
anodes	has	hampered	 its	routine	use	and	further	development	of	 these	protocols	
until	recently.14–17	In	these	transformations,	a	reducing	agent	is	needed	to	provide	
the	necessary	electrons	to	balance	the	redox	equation	of	the	reaction.	Specifically,	
these	reagents	are	believed	to	be	involved	in	the	reduction	of	the	transient	catalytic	
metal-species	within	 the	catalytic	cycle	prior	 to	 the	 targeted	bond-forming	event.	
Common	reducing	agents	employed	in	these	transformations	are	Mn,	Zn	or	Mg,	as	
well	 as	 organic	 reductants	 such	 as	 B2pin218	 or	 TDAE	

(Tetrakis(dimethylamino)ethylene),19	 among	 others.20–22	 From	 a	 mechanistic	
standpoint,	however,	the	employment	of	metallic	reductants	might	also	involve	the	
generation	 of	 organometallic	 reagents	 via	 direct	 metal	 insertion	 into	 the	
corresponding	C–X	(typically	X	=	halide).	Note,	however,	that	coining	such	a	process	
as	reductive	cross-coupling	reaction	is	questionable.4		
While	 the	 selective	 formation	 of	 cross-coupled	 products	 in	 traditional,	 redox-
neutral,	metal-catalyzed	 cross-coupling	 reactions	 relies	 on	 the	 different	 chemical	
nature	of	the	nucleophile	and	electrophile	employed,	the	coupling	partners	used	in	
cross-electrophile	couplings	have	similar	reactivities,	which	often	lead	to	undesired	
homocoupling	 reactions	 instead	 of	 the	 formation	 of	 the	 targeted	 cross-coupled	
product.	 Reaching	 high	 levels	 of	 selectivity	 in	 cross-electrophile	 couplings	 is	
therefore	 one	 of	 the	 major	 challenges	 to	 be	 surpassed.	 Different	 strategies	 to	
increase	the	selectivity	in	these	protocols	include:	the	addition	of	an	excess	of	one	
reagent,	 the	 electronic	differentiation	of	 the	 starting	materials,	 catalyst-substrate	
steric	matching	and	the	development	of	reactions	that	couple	substrates	for	which	
oxidative	 addition	 occurs	 via	 two	 different	mechanisms,	 such	 as	 two-electron	 or	
one-electron	 mannifolds.23	 The	 study	 and	 understanding	 of	 the	 mechanisms	 by	
which	 cross-electrophile	 couplings	 operate	 has	 not	 only	 contributed	 to	 advances	
within	 the	 field,	 but	 has	 also	 inspired	 the	 design	 of	 novel	 transformations,	
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particularly	 of	 dual	 nickel/photoredox	 systems	 in	 which	 the	 photoredox	 cycle	
replaces	the	reducing	agent	by	a	terminal	organic	electron	donor.		
In	 recent	 years,	 our	 research	 group	 has	 contributed	 to	 the	 field	 of	 reductive	
carboxylation	 reactions	 using	 CO2	 as	 a	 C1-synthon	 as	 a	mean	 to	 access	 valuable	
carboxylic	acids	from	simple	electrophilic	coupling	partners.24	These	processes	fall	
into	the	category	of	cross-electrophile	coupling	reactions,	in	which	a	reducing	agent	
is	required	to	drive	the	reaction	forward.	The	efforts	carried	out	by	our	group	have	
allowed	to	couple	CO2	with	aryl	halides,	benzylic	electrophiles,	alkyl	halides,	allylic	
acetates	and	unsaturated	hydrocarbons,	among	others	by	using,	in	most	instances,	
nickel	catalysts	in	combination	with	phosphine	or	nitrogen-containing	ligands	in	the	
presence	of	metal	reductants.	
		
2. Nickel	catalysis	general	characteristics	(vs	group	10	metals).	

	
Nickel	belongs	to	the	group	10	metals	of	the	periodic	table,	and	it	is	the	24th	most	
abundant	element	in	the	Earth’s	crust,	being	more	abundant	than	Cu,	Zn	or	Pb.	The	
use	of	nickel	as	a	catalyst	 in	organic	transformations	was	pioneered	by	the	Nobel	
Laureate	Paul	Sabatier	for	his	work	on	the	catalytic	hydrogenation	of	ethylene.	Since	
that	report,	the	development	of	organonickel	chemistry	has	led	to	the	discovery	of	
several	powerful	applications,	such	as	the	alkene	polymerization	or	cross-coupling	
reactions	 of	 electrophiles	with	 carbon	nucleophiles	 (organometallic	 compounds).	
Different	organometallic	 compounds	were	 successfully	employed	 in	 the	Kumada-
Corriu	(magnesium),	Suzuki-Miyaura	(boron),	Negishi	(zinc)	and	Hiyama	(silicon)	
reactions.1	 However,	 further	 progress	 in	 the	 field	 was	 overshadowed	 by	 rapid	
developments	 in	Pd	chemistry,	perhaps	due	to	the	difficulties	associated	with	the	
nature	of	organonickel	species,	which	also	contributed	to	the	false	impression	that	
nickel	was	 not	 suitable	 for	 synthetic	 applications.25	 A	 renewed	 interest	 in	 nickel	
catalysts	within	the	last	decades,	however,	has	led	to	the	design	of	novel	chemical	
transformations	 that	 exploit	 the	 versatility	 of	 earth-abundant	 nickel	 salts.26	
Important	advancements	have	been	accomplished	during	the	last	years,	especially	
in	 the	Mizoroki-Heck	 reaction,27	 reductive	 cross-coupling	 reactions,	 C−O,28	 C−N29	
and	C−H30	bond	functionalizations,	asymmetric	couplings,31	and	metallaphotoredox	
reactions,32	among	others.	The	utility	of	nickel-catalyzed	transformations	has	been	
demonstrated	 as	 well	 in	 industrial	 applications	 such	 as	 the	 Shell	 Higher	 Olefin	
Process	 (SHOP)	 for	 the	 production	 of	a-olefins	 and	 DuPont’s	 hydrocyanation	 of	
butadiene	for	adiponitrile	synthesis.	
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Scheme	2.	Group	10	metal	characteristics.		

The	construction	of	molecular	frameworks	requires	flexible	tools	for	the	formation	
and	cleavage	of	carbon−carbon	bonds,	which	is	difficult	to	achieve	because	of	the	
high	 strength	 of	 the	 C−C	 bond	 (Scheme	 2).	 Weaker	 M−C	 bonding	 provides	 the	
necessary	 fundamental	basis	 for	 catalytic	 transformations,	 favoring	 the	 reductive	
elimination	 to	 forge	 the	 targeted	 C−C	 bond.	 Comparison	 between	 the	 group	 10	
metals	(Scheme	2	and	3)	shows	that,	indeed,	nickel	complexes	should	be	the	most	
reactive	 in	both	directions.	Palladium	 is	perfectly	 suited	 for	C−C	bond	 formation,	
whereas	 platinum	 should	 form	 the	 least	 reactive	 and	 most	 stable	 complexes.	 A	
similar	 reactivity	 trend	was	 observed	 for	 C−N	 and	 C−O	bond	 formation.33	 At	 the	
same	 time,	 Pd―alkyl	 complexes	 are	 more	 prone	 to	 b-hydride	 elimination	 than	
Ni―alkyl	species	due	to	a	better	agostic	interaction	resulting	from	the	more	effective	
s-donation	of	the	C―Hb	s-bond	to	the	lower-lying	empty	d	orbital	of	the	metal,	which	
weakens	the	C―H	bond.34,35	The	reverse	reaction,	migratory	insertion,	is	therefore	
more	 favored	 with	 Ni.	 Homolytic	 bond	 cleavage	 shows	 the	 following	 trend:	
Ni−C>Pd−C>Pt−C,	 in	which	 the	 reactivity	decreases	 from	nickel	 to	palladium	and	
then	to	platinum.	Therefore,	among	the	group	10	metals,	the	contribution	of	radical	
processes	via	one	electron	processes	is	most	probable	for	nickel	species.36	For	nickel,	
the	MI	and	MIII	oxidation	states	are	much	more	accessible	than	for	palladium	and	
platinum	complexes,	whereas	M0,	MII,	and	MIV	oxidation	states	are	more	common	in	
the	 latter.	These	 characteristic	 gives	nickel	 a	particular	 reactivity,	 in	which	often	
radical	and	single	electron	transfer	pathways	come	into	play.		
Finally,	 if	we	consider	 the	coordination	of	unsaturated	compounds	 to	 the	metal	
center,	the	binding	of	alkene	and	alkyne	units	to	nickel	complexes	is	exceptionally	
strong:	ΔE=	34.3	and	41.6	kcal/mol	(Scheme	3).25	In	contrast,	the	binding	of	double	
and	 triple	 carbon−carbon	 bonds	 to	 palladium	 and	 platinum	 is	 less	 energetically	
favored,	 ΔE=	 16.1−23.7	 kcal/mol.	 This	 marked	 difference	 explains	 the	 great	

C C Ni C Pd C Pt C
87.4 38.0−51.1 48.3−55.2 60.8−66.5

Bond Dissociation Energies (kcal mol-1)

Ni Pd Pt

Covalent radius (Å) 1.24 1.39 1.36
Pauling Electro Negativity 1.91 2.20 2.28
Usual Oxidation States 0, +1, +2, +3 0, +2, +4 0, +2, +4
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reactivity	of	nickel	catalysts	with	p-systems	 in	cyclization	and	cycloisomerization	
reactions	and	polymerization	events.	

 
Scheme	3.	Reactivity	of	Group	10	metal	species.		

3. CO2	reactivity	and	functionalization.	
	

CO2	is	an	abundant,	inexpensive	and	renewable	synthon	that	could	be	potentially	
used	as	 a	C1	building	block.	 Indeed,	CO2	 functionalization	 into	 valuable	products	
holds	great	promise	for	revolutionizing	the	field	of	organic	synthesis,	in	particular	
when	preparing	high	value-added	chemicals,	thus	offering	new	applications	in	the	
immediate	future.37	In	fact,	close	to	110	Mt	CO2/y	are	converted	into	urea,	inorganic	
carbonates	 or	 used	 as	 additives	 to	 carbon	 monoxide	 (CO)	 in	 the	 synthesis	 of	
methanol.38	Other	chemicals	such	as	salicylic	acid	and	propylene	carbonate	cover	a	
minor	 share	 of	 the	market.	 However,	 the	 number	 of	 chemicals	 directly	 available	
from	 CO2	 still	 remains	 very	 narrow	 compared	 to	 those	 derived	 from	 currently	
available	petrochemicals,	thus	encouraging	the	design	of	novel	methods	using	CO2.		

16.8

-4.1

24.9

45.8

-3.5

-19.0

0 0 0

Ni Pd Pt

L2Ni
C

C
L2Pd

C

C
L2Pt

C

C
C C

NiL2

+

C C

PdL2

+

C C

PtL2

+

L2M
C

C

reductive
 elimination

oxidative 
addition

L2M + C C

L2M
C

C

homolytic 

bond cleavage
+ CL2M C

Ni C >Pd C > Pt C

Activation and Reaction Energies for C-C bond formation

Homolytic cleavage Binding Energies of Alkyne and Alkene (kcal mol-1)

L2M
C

C
L2M

C

C

Ni
Pd
Pt

34.3
16.1
19.6

41.6
17.9
23.7

Metal

TS

TS

40

30

20

10

0

-10

-20

En
er

gy
 / 

kc
al

 m
ol

-1

TS



Chapter 1 

 24 

Taking	into	consideration	that	catalytic	CO2	fixation	technologies	typically	involve	
the	coordination	of	CO2	to	a	metal	center,	it	is	particularly	important	to	understand	
the	 basic	 features	 associated	 to	 the	 molecule	 of	 CO2	 and	 its	 binding	 modes	 to	
transition	metals.	 In	 its	ground	state,	CO2	 is	 a	 linear	 triatomic	molecule	with	D∞h	
symmetry	in	which	the	central	carbon	atom	possesses	sp	hybridization.	It	has	two	
dipole	moments	opposite	each	other,	making	CO2	a	non-polar	molecule	that	shows	
a	 remarkable	 kinetic	 and	 thermodynamic	 stability.	 The	 main	 molecular	 orbitals	
(MO)	that	are	primarily	responsible	for	the	reactivity	of	CO2	are	the	1pg-occupied	MO	
(HOMO)	 and	 2pu-unoccupied	MO	 (LUMO).39	While	 the	 former	 is	 centered	 on	 the	
oxygen	atoms,	the	latter	preferentially	lies	on	the	carbon	atom.	These	characteristics	
confer	an	ambiphilic	character	to	CO2,	exhibiting	Lewis	basic	character	at	oxygen	and	
Lewis	acidic	character	at	carbon	(Scheme	4).	These	features	govern	the	binding	of	
CO2	to	transition	metals;	in	particular,	metals	in	low	oxidation	states	typically	bind	
CO2	 by	 the	 carbon	 atom,	whereas	 highly	 oxidized	metals	 predominantly	 interact	
with	the	oxygen	atoms.	
The	binding	of	the	metal	center	to	CO2	causes	in	most	cases	a	significant	deviation	
of	the	O–C–O	angle	from	linearity.	This	observation	explains	the	fact	that	the	binding	
significantly	 lowers	 down	 the	 activation	 energy	 required	 for	 CO2	 activation,	 thus	
setting	the	basis	for	promoting	the	targeted	C–C	bond-forming	event.	It	can	be	seen	
for	 example	 in	 the	 first	 transition	 metal	 complex	 that	 could	 be	 structurally	
characterized	containing	a	coordinated	CO2	 to	a	nickel	center,	reported	by	Aresta	
and	 co-workers	 (Cy3P)2Ni(CO2)	 (Scheme	 4,	bottom	 left).40	 In	 this	 complex,	 the	Ni	
atom	adopts	a	planar	geometry,	with	CO2	possessing	two	nonequivalent	C–O	bonds	
(1.17	 and	 1.22	 Å)	 that	 slightly	 deviate	 from	 free	 CO2	 (1.16	 Å).	 Although	 other	
pathways	 are	 potentially	 conceivable,	 the	 conversion	 of	 CO2	 into	 the	 targeted	
carboxylic	acid	can	formally	be	explained	via	three	different	pathways	(Scheme	4,	
bottom	right):	(a)	initial	coordination	of	the	metal	center	to	CO2	followed	by	reaction	
with	the	substrate;	(b)	interaction	of	the	substrate	to	the	metal	center	prior	to	CO2	
binding	or	 insertion;	 (c)	 dual	 coordination	of	 the	 substrate	 and	CO2	 to	 the	metal	
center.	 In	 any	 case,	 it	 is	 inevitable	 to	 establish	 a	 connection	 between	 the	 Aresta	
complex	and	the	recent	popularity	gained	by	Ni	catalysts.	
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Scheme	4.	CO2	Molecular	Orbital	Diagram,	CO2	Functionalization	and	Aresta’s	complex.		 	
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4. Cross-Electrophile	Couplings	for	the	synthesis	of	carboxylic	acids.		
	

The	synthesis	of	carboxylic	acids	constitutes	an	ideal	target	for	CO2	utilization	since	
these	 compounds	 are	 privileged	 motifs	 in	 a	 wide	 number	 of	 natural	 products,	
agrochemicals	 and	 pharmaceutically	 relevant	 compounds.41	 From	 an	 ideal	
standpoint,	carboxylic	acids	could	derive	from	abundant	and	inexpensive	CO2,	thus	
following	the	principles	of	sustainability	by	using	renewable	feedstock	to	produce	
high-value	added	chemicals.38	At	present,	the	current	state-of-the-art	for	preparing	
carboxylic	 acids	 from	 CO2	 relies	 on	 the	 use	 of	 very	 reactive	 and	 well-defined,	
stoichiometric	and,	in	many	instances,	organometallic	species	such	as	organolithium	
or	Grignard	reagents.	Unfortunately,	the	reliability	of	obtaining	these	organometallic	
species	 from	the	corresponding	aryl	or	alkyl	halides,42	 their	 low	chemoselectivity	
profile	and	the	requirement	 for	special	 techniques	 for	handling	these	compounds	
reinforce	a	change	in	strategy	to	the	development	of	novel	reductive	carboxylation	
reactions,	coupling	CO2	with	other	electrophiles.	
	
4.1.	Carboxylation	of	(pseudo)alkyl-halides.	
	
In	 1994,	 pioneering	 studies	 by	 Osakada	 and	 Yamamoto	 demonstrated	 that	
stoichiometric	 amounts	of	 	 PhNiBr(bpy),	 readily	prepared	by	 simple	 exposure	of	
PhBr	to	Ni(COD)2	and	bipyiridine,	could	effectively	react	with	CO2	at	low	pressure	to	
afford	 benzoic	 acid	 in	moderate	 yield.43	 This	 experiment	 confirmed	 not	 only	 the	
unique	ability	of	nickel	complexes	to	 trigger	CO2	 insertion	 into	putative	oxidative	
addition	 complexes,	 but	 also	 establishing	 the	 basis	 for	 designing	 a	 catalytic	
procedure	 for	 preparing	 carboxylic	 acids	 from	 simple	 organic	 halides.	 Osakada´s	
findings	 found	 little	 echo	 and	 the	 field	 remained	 dormant	 until	 2009,	 when	 our	
group	reported	the	first	catalytic	carboxylation	of	aryl	bromides	with	CO2	(1-10	atm)	
by	using	Et2Zn	as	terminal	reductant	(Scheme	5).44	Particularly	important	was	the	
observation	 that	 bulky	 and	 electron-rich	 phosphine	 (tBuXPhos)	 was	 critical	 for	
success,	minimizing	Negishi-type	cross-coupling	reaction	as	well	as	unproductive	
reduction	 pathways.	 Preliminary	 mechanistic	 experiments	 ruled	 out	 the	
intervention	 of	 intermediate	 organozinc	 species,	 thus	 suggesting	 a	 direct	 CO2	
insertion	into	the	corresponding	ArPd(II)Br	oxidative	addition	species.		
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Scheme	5.	Pd-catalyzed	carboxylation	of	aryl	bromides.	

While	this	method	constituted	the	genesis	of	catalytic	reductive	carboxylation	of	
organic	 halides	 with	 CO2,	 the	 need	 for	 relatively	 high	 pressures,	 a	 pyrophoric	
reducing	 agent	 (Et2Zn)	 and	 the	 limitation	 to	 aryl	 bromide	 counterparts	 were	
important	 drawbacks	 to	 be	 overcome.	 In	 2012,	 the	 group	 of	 Tsuji	 and	 Fujihara	
extended	the	scope	of	catalytic	carboxylations	to	the	more	challenging	and	readily	
available	aryl	and	vinyl	chlorides	at	low	pressure	of	CO2	(Scheme	6).45	It	was	shown	
that	a	mild	and	air-stable	reducing	agent	(Mn)	in	combination	with	ammonium	salts	
(Et4NI)	as	additives	were	critical	for	success.	The	role	of	the	reducing	agent	and	the	
ammonium	salt	was	recently	 investigated	by	 the	Hazari	group.20	They	 found	 that	
manganese	 acts	 as	 reducing	 agent	 and	 as	 a	 Lewis	 acid	 after	 oxidation	 to	MnCl2,	
increasing	 the	 rate	 of	 CO2	 insertion	 into	 the	 Ni(I)	 aryl	 complex	 to	 generate	 the	
carboxylic	acid	group.	In	contrast,	the	ammonium	salt	undergoes	a	ligand-exchange	
reaction	and	facilitates	reduction	of	the	proposed	Ni(I)	carboxylate.	As	it	will	become	
apparent	in	the	following	sections,	the	use	of	additives	has	not	only	been	critical	for	
achieving	 reactivity	 in	 the	 reductive	 carboxylation	 field,	 but	 also	 for	 establishing	
site-selective	protocols.	These	observations	were	corroborated	by	Hazari	on	the	Ni-
catalyzed	 carboxylation	 of	 aryl	 chlorides	 with	 different	 organic	 reductants.	 The	
addition	of	an	ammonium	halide	boosted	the	yield	when	Mn	or	Cp2Co	where	used	as	
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a	reducing	agent,	whereas	the	addition	of	MnCl2	improved	the	yield	of	the	reductants	
with	a	sufficient	potential	to	reduce	Ni(II)	to	Ni(0)	(as	shown	in	Scheme	6,	TDAE	is	
not	able	to	perform	said	reduction	in	this	catalytic	system).	Theoretical	calculations	
supported	 a	 CO2	 insertion	 pathway	 into	 the	 Ar-Ni(I)(PPh3)2,46	 which	 can	 be	
generated	upon	Mn-mediated	single	electron	transfer	(SET).47	

	
Scheme	6.	Ni-catalyzed	carboxylation	of	aryl	chlorides.	
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In	2013,	Daugulis	reported	the	Cu-catalyzed	reductive	carboxylation	of	aryl	iodides	
using	a	CuI/TMEDA	or	CuI/DMEDA	regime	when	combined	with	Et2Zn	as	reducing	
agent	(Scheme	7).48	In	contrast	to	previous	catalytic	carboxylations	of	aryl	halides,	
the	presence	of	particularly	sterically	hindered	substrate	combinations	did	not	pose	
any	problem,	even	at	room	temperature.		

 
Scheme	7.	Cu-catalyzed	carboxylation	of	aryl	iodides.	

Aiming	 to	 expand	 the	 catalytic	 reductive	 carboxylation	 portfolio	 beyond	 the	
utilization	of	aryl	halides,	our	group	described	a	Ni-catalyzed	protocol	of	primary,	
secondary	 or	 even	 tertiary	 benzyl	 halides	with	 CO2	 at	 1	 atmosphere	 of	 pressure	
(Scheme	8).49	 In	 this	case,	highly	electron-rich	phosphines	such	as	PCp3	and	PCy3	
were	found	to	be	critical	in	the	presence	of	Zn	as	reducing	agent.	Although	not	yet	
fully	understood,	the	presence	of	additives	was	found	to	play	a	profound	influence	
on	reactivity;	while	the	presence	of	MgCl2	mediated	the	coupling	of	primary	benzyl	
halides,	 the	 addition	 of	 TBAI	 (tetrabutylammonium	 iodide)	 proved	 particularly	
useful	for	secondary	and	tertiary	benzyl	halides.	Control	experiments	argued	against	
a	 mechanism	 consisting	 of	 the	 intermediacy	 of	 benzyl	 zinc	 reagents	 or	 styrene	
derivatives	 obtained	 via	 b-hydride	 elimination	 and	 suggested	 a	 one-electron	
reduction	of	in	situ	generated	η3-benzylnickel(II)	complexes	mediated	by	either	Zn	
or	 comproportionation	with	 Ni(0)L2,	 resulting	 in	 Ni(I)	 intermediates	 that	 would	
subsequently	insert	CO2	at	the	sp3	C–Ni	bond.50	Although	not	conclusive,	an	initial	
SET	 was	 proposed	 based	 on	 the	 inhibition	 found	 in	 the	 presence	 of	 radical	
scavengers	as	well	as	the	observed	racemization	if	an	enantiopure	benzyl	bromide	
was	used	as	substrate.	In	2014,	a	detailed	DFT	study	suggested	that	the	addition	of	
MgCl2	might	accelerate	CO2	insertion	while	favoring	SET-type	processes.51	
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Scheme	8.	Ni-catalyzed	carboxylation	of	benzyl	halides.	

In	line	with	the	ability	of	electron-rich	and	bulky	phosphines	to	mediate	the	Pd-
catalyzed	carboxylation	of	aryl	bromides,44	He	reported	the	catalytic	carboxylation	
of	primary	benzyl	chlorides	using	a	Pd	precatalyst	and	SPhos	as	ligand	(Scheme	9).52	
Once	again,	the	addition	of	MgCl2	turned	out	to	be	important,	improving	the	overall	
catalytic	efficiency	of	the	reaction.	In	this	case,	however,	DFT	calculations	favored	a	
pathway	 consisting	 of	 a	 Lewis	 acid	 coordination	 to	 CO2,	 thus	 lowering	 down	 its	
activation	energy	and	setting	up	the	stage	for	a	CO2	insertion	into	the	sp2	C–PdII	bond.	
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Scheme	9.	Pd-catalyzed	carboxylation	of	primary	benzyl	chlorides.	

By	 2014,	 metal-catalyzed	 reductive	 carboxylations	 remained	 confined	 to	 the	
utilization	 of	 aryl,	 benzyl	 or	 allyl	 (pseudo)halides	 as	 coupling	 partners.	 This	
observation	 indirectly	 suggested	 that	 extending	 the	 scope	 of	 these	 technologies	
beyond	 substrates	 that	 easily	 undergo	 oxidative	 addition	 might	 be	 more	
problematic	 than	 initially	 anticipated.	 Despite	 the	 advances	 realized	 in	 metal-
catalyzed	cross-coupling	reactions	of	unactivated	alkyl	halides,53	the	vast	majority	
of	 these	 technologies	 made	 use	 of	 particularly	 reactive,	 in	 many	 instances	
homogenous,	 precursors	 that	 can	 effectively	 intercept	 the	 in	 situ	 generated	alkyl	
metal	species.	Unfortunately,	CO2	is	thermodynamically	stable,	kinetically	inert	and	
not	particularly	soluble	in	the	classical	solvents	required	for	effecting	cross-coupling	
reactions.	Therefore,	it	was	anticipated	that	the	direct	carboxylation	of	unactivated	
alkyl	halides	would	be	hampered	by	 the	particularly	 low	concentration	of	CO2	 in	
solution,	 thus	making	particularly	difficult	 to	 intercept	 the	 in	situ	generated	alkyl	
metal	 species	 with	 CO2	 prior	 unproductive	 b-hydride	 elimination	 and/or	
homodimerization	pathways.	
Our	 group	 offered	 a	 solution	 to	 this	 challenge	 by	 utilizing	 1,10-phenanthroline	
ligands	possessing	substituents	adjacent	to	the	nitrogen	atom	(Scheme	10,	top).54	
While	a	full	rationale	behind	these	results	will	 likely	require	future	efforts,	 it	was	
suggested	 that	 the	 presence	 of	 such	 substituents	 prevented	 parasitic	 b-hydride	
elimination	while	 favoring	the	 formation	of	alkyl-Ni(I)	 intermediates	prior	to	CO2	
insertion.	The	insertion	of	CO2	into	those	Ni(I)	intermediates	was	confirmed	recently	
by	 our	 group	 with	 this	 family	 of	 ligands,	 shedding	 light	 on	 the	 mechanism	 of	
unactivated	 alkyl	 halides	 carboxylation.55	 Although	 the	 reaction	 exhibited	 a	
remarkable	 functional	 group	 tolerance,	 this	 technique	 did	 not	 include	 either	 the	
coupling	 of	 secondary	 (or	 tertiary)	 alkyl	 bromides	 nor	 the	 more	 accessible	
unactivated	alkyl	chlorides.		These	limitations	were	overcome	in	2016	in	a	new	Ni-
catalyzed	 carboxylation	 of	 primary,	 secondary	 or	 even	 tertiary	 alkyl	 chlorides	
(Scheme	10,	bottom),56	constituting	the	first	time	that	such	coupling	partners	could	
be	employed	in	catalytic	reductive	cross-couplings.	As	anticipated,	a	more	electron-
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rich	ligand	was	expected	to	accelerate	the	oxidative	addition	whereas	the	inclusion	
of	ortho-substituents	would	prevent	decomposition	reaction	pathways	prior	to	CO2	
insertion	 into	 the	 alkyl	 C–metal	 bond.	 As	 for	 other	 carboxylation	 reactions,	 the	
addition	 of	 additives	 turned	 out	 to	 be	 essential	 for	 the	 reaction	 to	 occur,	with	 a	
mixture	based	on	nBu4NBr	(TBAB)	or	LiCl	providing	the	best	results.	Although	not	
fully	understood,	the	former	might	facilitate	SET	processes,	whereas	the	later	could	
significantly	enhance	the	nucleophilicity	of	the	transient	alkyl	nickel	intermediates.	
Aiming	 at	 extending	 the	 scope	 of	 catalytic	 carboxylation	 reactions,	 our	 group	
described	as	well	the	use	of	cyclopropyl	motifs	in	these	endeavours.57	

 
Scheme 10. Ni-catalyzed	carboxylation	of	unactivated	alkyl	halides.	

Although	one	might	 argue	 that	 the	 loss	 of	 stereochemical	 integrity	 observed	 in	
carboxylation	 reactions	 via	 SET	 processes	might	 inherently	 limit	 the	 application	
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SET,	 triggering	 a	 rapid	 5-exo-trig	 cyclization	 prior	 recombination	 with	 the	 Ni(I)	
complex,	delivering	a	vinyl-Ni(II)	intermediate	that	can	subsequently	be	intercepted	
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with	 CO2	 (Scheme	 11).56,58	While	 primary	 alkyl	 halides	 rendered	 the	 syn-product	
exclusively,	 anti-products	 were	 predominantly	 observed	 with	 secondary	 alkyl	
halides.	The	nature	of	the	ligand	and	the	substrate	profoundly	influenced	such	site-
selectivity.		

	

 
Scheme	11.	Ni-catalyzed	cyclization/carboxylation	of	unactivated	alkyl	halides.	

Over	the	recent	years,	visible	light	photoredox	catalysis	has	emerged	as	a	powerful	
tool	 for	 building	 up	 molecular	 complexity	 under	 remarkably	 mild	 reaction	
conditions.59	Driven	by	 the	ability	 to	generate	 transient	 radical	 intermediates	via	
non-invasive	 outer-sphere	 SET	 processes,	 photoredox	 catalysis	 might	 open	 new	
vistas	 in	 catalytic	 reductive	 carboxylation	 reactions	 by	 avoiding	 the	 need	 for	
stoichiometric	 amounts	 of	metallic	 single-electron	 reductants.	 Recently,	 Iwasawa	
described	the	merger	of	Pd	and	photoredox	catalysis	for	the	direct	carboxylation	of	
aryl	bromides	and	chlorides	(Scheme	12).60	As	 initially	anticipated	from	previous	
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(tBuXPhos)	 was	 found	 to	 be	 well-suited	 for	 the	 carboxylation	 of	 aryl	 chlorides,	
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center	 might	 facilitate	 a	 subsequent	 single-electron	 transfer	 en	 route	 to	 a	 Ar-
Pd(I)XPhos	intermediate	prior	to	CO2	insertion	into	the	sp2	C–Pd	bond.		

 
Scheme 12. Pd/photoredox-catalyzed	carboxylation	of	aryl	halides.	

In	the	same	direction,	the	König	group	described	the	merger	of	Ni	catalysis	within	
the	 photoredox	 arena	 for	 the	 carboxylation	 of	 aryl	 and	 alkyl	 bromides	 (Scheme	
13).61	Unlike	the	iridium	polypyridyl		sensitizers	used	in	the	Pd/photoredox	couple,	
an	 organic	 photosensitizer	 (4CzlPN)	 turned	 out	 to	 be	 particularly	 useful	 when	
combined	 with	 Hantzsch	 ester	 (HEH)	 as	 sacrificial	 reductants	 and	 K2CO3	 as	 the	
inorganic	base.	As	for	previous	carboxylation	reactions,	the	employment	of	ortho-
substituted	1,10-phenanthrolines	was	key	for	success.	Electrochemical	experiments	
suggested	that	both	oxidative	and	reductive	quenching	of	the	excited	state	of	4CzIPN	
may	be	operating,	although	the	latter	was	expected	to	be	considerably	faster	than	
the	former.	

 
Scheme	13.	Nickel/photoredox	carboxylation	of	bromides.	
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then TMSCHN2

Pd(OAc)2 (2.5 mol%)
L1 or L9 (5 mol%)

P-1 (1 mol%)

Cs2CO3 (3.0 equiv)
(iPr)2NEt (3.0 equiv)

DMA, rt, hν

CO2Me
iPr

iPr

PR2

R = tBu (L1)
R = Ph (L9)

+

CO2 (1 atm)

iPr
X = Br or Cl N

N
N

N
Ir

PF6-

tBu

tBu

X

P-1

NiBr2·glyme (10 mol%)
L3 (20 mol%)

4CzlPN (1 mol%)

HEH (2.0 equiv), 4Å MS
K2CO3 (1.0 equiv)

DMF, rt, hν

or

82% (X = Br) 54% (X = Br) 63%

Br

n

R
or

CO2H

n

R

CO2HCO2H

Cl
41%

CO2H
Me

N

S

CO2H
O

Me

X = Br or OTf

R1
X

R1
CO2H

CO2 (1 atm)+

38%

CO2H

BocHN



Introduction 

 35 

generated	 alkyl–Ni	 intermediate	 to	 accelerate	 b-hydride	 elimination	 while	
preventing	CO2	 insertion	at	 the	 initial	 reaction	 site.	A	key	 contributory	 factor	 for	
success	 was	 the	 design	 of	 a	 1,10-phenanthroline	 ligand	 possessing	 big	 ortho-
substituents	 and	 arene	motifs	 at	 C4	 &	 C7.	While	 the	 former	 likely	 favors	 halide	
dissociation	 and	 triggers	 a	 fast	 b-hydride	 elimination,	 the	 latter	 enhances	 the	
electrophilicity	 at	 the	 Ni(II)	 center,	 facilitating	 the	 binding	 of	 the	 intermediate	
alkene.	 These	 features	 result	 in	 a	 “chain-walking”	 via	 iterative	 b-hydride	
elimination/migratory	insertion	sequence,	thus	setting	the	basis	for	a	CO2	insertion	
at	distal	sites.	As	the	selectivity	is	controlled	by	the	“chain-walking”	motion,	similar	
reactivity	was	observed	regardless	of	the	location	of	the	halide	function	within	the	
alkyl	chain.	This	concept	was	used	for	converting	alkanes	or	unrefined	mixtures	of	
olefins	 into	 fatty	 acids	by	a	 two-step	 sequence	 consisting	of	bromination/“chain-
walking”	carboxylation.	Notably,	a	bidirectional	motion	could	be	established	by	a	
subtle	temperature	modulation,	enabling	the	regiochemical	discrimination	between	
multiple	 sp3	 C-H	 bonds	 within	 an	 alkyl	 chain.	 It	 is	 worth	 noting	 that	 substrates	
containing	 pre-existing	 stereogenic	 centers	 substantially	 preserved	 their	 chiral	
integrity,	 suggesting	 that	 the	 Ni	 catalyst	 remains	 bound	 to	 the	 olefin	 during	 the	
“chain-walking”	event.63		
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Scheme	14.	Ni-catalyzed	remote	carboxylation	of	halogenated	hydrocarbons.	

A	recent	collaboration	by	König	and	our	group	found	that	the	combination	of	this	
strategy	within	the	context	of	photoredox	catalysis	allowed	the	use	of	inexpensive	
Hantzsch	esters	as	a	terminal	reductants,	achieving	the	carboxylation	at	the	benzylic	
position	or	at	the	terminal	position	by	modification	of	the	ligand	and	the	reaction	
conditions	(Scheme	15).64	
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Scheme	15.	Metallaphotoredox	site-selective	remote	sp3	C-H	carboxylation.	

4.2	Catalytic	reductive	carboxylation	of	C–O	electrophiles.	
	
Prompted	by	the	ready	availability	and	natural	abundance	of	phenols	and	aliphatic	
alcohols,	the	utilization	of	C–O	electrophiles	as	organic	halides	surrogates	in	cross-
coupling	 reactions	 has	 gained	 considerable	 momentum.65	 Practicality	 and	
accessibility	aside,	these	technologies	offer	the	advantage	of	lower	toxicity	as	well	
as	the	opportunity	to	design	orthogonal	techniques	in	the	presence	of	aryl	halides.	
Unlike	cross-coupling	reactions	with	aryl	halides	that	are	typically	conducted	with	
Pd	catalysts,	 the	higher	activation	energy	required	 for	C–O	cleavage	 is	commonly	
achieved	with	Ni	catalysts.	These	favorable	attributes	have	been	adopted	within	the	
carboxylation	 field.	 In	 particular,	 Tsuji	 and	 Fujihara	 reported	 the	 catalytic	
carboxylation	of	activated	aryl	sulfonates	under	otherwise	similar	conditions	to	that	
shown	for	aryl	chlorides	based	on	PPh3	as	the	ligand	(Scheme	16,	left).45	
In	 2016,	 Durandetti	 showed	 that	 the	 carboxylation	 of	 aryl	 tosylates	 could	 be	
conducted	with	NiBr2(bpy)	as	precatalyst	without	the	need	for	neither	ammonium	
salts	 nor	 phosphine	 ligands	 (Scheme	 16,	 right).66	 Although	 the	 transformation	
afforded	moderate	yields,	it	is	worth	noting	that	the	coupling	of	ortho-substituted	
aryl	 tosylates	 was	 equally	 effective.	 Extensions	 to	 more	 sterically	 hindered	
substrates	or	vinyl	triflates	could	be	applied	recently	with	either	a	Ni	or	Co	regime.67	
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Scheme	16.	Ni-catalyzed	carboxylation	of	aryl	sulfonates.	

Our	 group	 extended	 these	 processes	 to	 the	 utilization	 of	 unactivated	 alkyl	
mesylates	 and	 tosylates	 (Scheme	 17).54	 As	 expected,	 it	 was	 found	 that	 a	 slight	
increase	 in	 temperature	when	compared	 to	 the	utilization	of	 alkyl	bromides	was	
necessary	for	the	reaction	to	occur.	The	loss	of	the	stereochemical	integrity	when	
employing	a,b-bisdeuterated	alkyl	 tosylates	 suggested	 the	 involvement	of	 single-
electron	transfer	processes.	

 
Scheme 17. Ni-catalyzed	carboxylation	of	aliphatic	tosylates.	

Unlike	 activated	 organic	 sulfonates,	 less-attention	 has	 been	 devoted	 to	 simpler	
ester	derivatives	as	C–O	counterparts.	Despite	the	high	activation	energy	required	
for	 C–O	 scission	 and	 propensity	 for	 acyl	 C–O	 cleavage,	 our	 group	 designed	 a	
reductive	 carboxylation	 of	 aryl	 and	 benzyl	 ester	 derivatives	 (Scheme	 18).68	 As	
expected,	the	choice	of	the	ligand	exerted	a	profound	effect	on	the	reactivity,	with	
dppf	being	particularly	suited	for	the	carboxylation	of	aryl	pivalates	and	PMe3	 for	
the	 corresponding	 benzyl	 esters.	 Although	 non-p-extended	 aryl	 or	 benzyl	 esters	
failed	 to	 furnish	 the	 targeted	 carboxylic	 acids,	 this	 limitation	 could	 be	 partially	
alleviated	by	using	hemilabile	groups,	enabling	a	faster	oxidative	addition	into	the	
C–O	 bond	 while	 opening	 up	 vacant	 coordination	 sites	 for	 CO2	 binding	 at	 the	 Ni	
center.	
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Scheme	18.	Ni-catalyzed	carboxylation	of	C(sp2)-	and	C(sp3)-O	bonds.	

In	 2014,	 a	 Ni-catalyzed	 regiodivergent	 reductive	 carboxylation	 of	 allyl	 acetates	
with	 CO2	 was	 reported	 by	 our	 group,	 with	 site-selectivity	 dictated	 by	 the	
coordination	geometry	of	the	ligand	utilized	(Scheme	19).69	In	this	manner,	both	a-
branched	or	linear	carboxylic	acids	could	be	accessed	regardless	of	the	allyl	acetate	
regioisomer	 utilized.	 While	 not	 fully	 understood,	 the	 reactivity	 could	 also	 be	
modulated	 by	 the	 appropriate	 selection	 of	 both	 reductant	 and	 additive,	 with	
Mn/MgCl2	and	Zn/Na2CO3	being	particularly	suited	for	the	carboxylation	of	linear	
and	a-branched	allyl	acetates,	respectively.		

 
Scheme	19.	Ni-catalyzed	regiodivergent	carboxylation	of	allyl	acetates	
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Stoichiometric	 experiments	 with	 Ni(0)(L3)2	 and	 Ni(0)L12,	 both	 of	 which	
characterized	by	X-ray	diffraction,	were	particularly	illustrative	(Scheme	20).	While	
the	former	necessarily	required	Mn	for	the	reaction	to	occur,	non-negligible	yields	
of	a-branched	product	were	observed	with	 the	 latter	 in	 the	absence	of	Zn.	These	
results	suggested	a	linear	carboxylation	via	Ni(I)	intermediates	with	L3,	whereas	a	
CO2	insertion	at	the	g-position	of	well-defined	alkyl-Ni(II)	intermediates	seems	the	
most	 plausible	 avenue	 for	 L12,	 an	 interpretation	 that	 gains	 credence	 when	
comparing	 with	 the	 reactivity	 found	 by	 Hazari70	 and	 Iwasawa71,72	 with	 s-bound	
Pd(II)	pincer	complexes. 
	

 
Scheme	20.	Ni-catalyzed	regiodivergent	carboxylation	of	allyl	acetates.	
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Scheme	21.	Pd-catalyzed	carboxylation	of	allyl	alcohols.	
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5. Carboxylation	of	alkynes	and	alkenes.		
	
The	development	of	catalytic	cross-coupling	reactions	of	organometallic	reagents	
and	 organic	 (pseudo)halides	 with	 CO2	 has	 led	 to	 a	 wide	 variety	 of	 synthetic	
alternatives	to	prepare	valuable	carboxylic	acid	derivatives	via	C–C	bond-formation.	
Although	robust	and	efficient	protocols,	 the	need	 for	well-defined,	 stoichiometric	
organometallic	 reagents	 or	 pre-functionalized	 organic	 (pseudo)halides	 might	
hamper	the	application	profile	of	these	procedures.	From	a	synthetic	standpoint,	the	
direct	carboxylation	of	non-particularly	polarized	substrates	would	be	particularly	
advantageous.	 To	 such	 end,	 the	 use	 of	 simple	 unsaturated	 hydrocarbons	 is	
particularly	 attractive,	 constituting	 an	 opportunity	 to	 combine	 two	 chemical	
feedstocks	towards	valuable	carboxylic	acids.		
	
5.1.	Catalytic	carboxylation	of	alkynes	
	
The	first	studies	on	the	catalytic	carboxylation	of	alkynes	with	CO2	were	reported	
by	 Inoue	 in	 the	 late	 70’s.74–76	 Specifically,	 it	 was	 found	 that	 Ni	 and	 Co	 catalysts	
supported	by	phosphine	ligands	triggered	a	cycloaddition	of	CO2	with	terminal	or	
internal	 alkynes,	 resulting	 in	 2-pyrone	 derivatives	 in	 low	 to	 moderate	 yields	
(Scheme	 22).	 The	 initial	 mechanistic	 proposal	 involved	 the	 formation	 of	
nickelacyclopentadienes	 via	 oxidative	 cyclization	 of	 two	 alkynes	 with	 the	 Ni(0)	
catalyst	 prior	 to	 CO2	 insertion.	 Mechanistic	 investigations	 by	 Walther,	 however,	
revealed	the	formation	of	oxanickelacyclopentene	via	the	coupling	of	alkyne	and	CO2	
with	Ni(0)	active	species.77,78	Shortly	after	 Inoue’s	work	and	contemporary	to	the	
discovery	 of	 nickelalactones	 with	 alkenes	 and	 CO2,	 Hoberg	 and	 co-workers	 first	
isolated	oxanickelacyclopentene	derivatives	via	the	oxidative	cyclization	of	alkynes	
and	CO2	with	Ni(0)	complexes	and	diamine	ligands	(Scheme	23,	top).79–81	

 
Scheme	22.	Catalytic	formation	of	2-pyrone	derivatives.	
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Recently,	 oxanickelacyclopentenes82	 or	 structurally-related	
oxazirconacyclopentenes83	 have	 shown	 to	 react	with	 alkyl	 electrophiles	 to	 afford	
fully	 substituted	 acrylic	 acids.	 The	 formation	 of	 oxanickelacyclopentenes	 was	
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studied	by	DFT	calculations,	and	indicated	that	unlike	the	coupling	of	alkenes	and	
CO2,	 the	 reaction	 proceeds	 through	 an	 associative	 mechanism,	 involving	 the	
coordination	of	both	alkyne	and	CO2	to	the	Ni(0)	complex	prior	to	the	cyclization.84–
87		

 
Scheme	23.	Oxanickelacyclopentenones	formation	and	reactivity	(cdt	=	

cyclododecatriene).	

In	 1999,	 Saito	 and	Yamamoto	 reported	 the	 preparation	 of	b-substituted	 acrylic	
acids	 from	 the	 cross-coupling	 of	 terminal	 alkynes	 with	 CO2	 via	 protonolysis	 of	
oxanickelacyclopentenes	(Scheme	24,	a).88	Regardless	the	electronic	nature	of	the	
substrates,	 almost	exclusive	 formation	of	 the	b-substituted	 isomer	was	observed.	
The	regioselectivity	was	later	rationalized	by	DFT	calculations,	suggesting	a	subtle	
thermodynamic	vs	kinetic	control.	Specifically,	formation	of	oxanickelacyclopentene	
resulting	from	CO2	attack	to	the	substituted	carbon	is	thermodynamically	favoured,	
whereas	the	insertion	at	a	distal	position	is	kinetically	preferred	due	to	a	markedly	
lower	energy	barrier	(Scheme	24,	b).	As	for	other	cross-coupling	reactions,	Iwasawa	
demonstrated	that	the	nature	of	the	ligand	might	dictate	the	regioselectivity	pattern	
in	 Ni-mediated	 carboxylation	 reactions	 of	 terminal	 alkynes	 (Scheme	 24,	 c).89	 In	
particular,	 methylene-substituted	 bis(amidine)ligands	 selectively	 afforded	 b-
substituted	acrylic	acids	whereas	 less-sterically	encumbered	 ligands	resulted	 in	a	
regioselectivity	switch,	giving	rise	to	a-substituted	acrylic	acids	in	lower	yields.		
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Scheme	24.	Stoichiometric	hydrocarboxylation	of	alkynes.	

In	retrospect,	it	is	evident	that	these	stoichiometric	experiments	set	the	standards	
for	designing	catalytic	carboxylation	of	alkynes	with	CO2.	Among	these,	considerable	
research	has	been	devoted	to	the	implementation	of	hydrocarboxylation	reactions,	
as	it	might	constitute	a	rapid	entry	to	acrylic	acids,	and	an	alternative	to	the	existent	
oxidative	 coupling	 of	 olefins	 with	 CO2	 that	 remain	 primarily	 restricted	 to	 the	
coupling	 of	 ethylene	 as	 coupling	 partner.90	 In	 2011,	 Ma	 disclosed	 a	 catalytic	
hydrocarboxylation	 of	 alkynes	 using	 Ni(0)	 catalysts	 and	 Et2Zn	as	 reducing	 agent	
(Scheme	25).91	If	unsymmetrically	substituted	alkynes	were	utilized,	CO2	insertion	
occured	adjacent	to	the	aromatic	substituent.	This	observation	is	consistent	with	a	
formal	 Markovnikov	 hydrozincation,	 where	 the	 metal	 center	 is	 adjacent	 to	 the	
aromatic	motif,	prior	to	CO2	insertion.	Similarly,	the	same	authors	later	reported	a	
methyl-carboxylation	 of	 homopropargylic	 alcohols	 under	 similar	 reaction	
conditions.92	 Independently,	 Tsuji	 and	 Fujihara	 described	 a	 Cu-catalyzed	
hydrocarboxylation	 of	 alkynes	 with	 similar	 yields	 and	 regioselectivities	 as	 Ma’s	
protocol.93		
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Scheme	25.	Catalytic	hydrocarboxylation	of	alkynes	with	well-defined	hydrides.	

Challenged	by	the	need	for	either	well-defined	organometallic	reagents	or	high-
molecular	 silanes	 as	 formal	 hydride	 precursors,	 our	 group	 described	 two	 Ni-
catalyzed	hydrocarboxylation	protocols	using	more	available	 and	benign	hydride	
sources.	In	2015,	it	was	found	that	simple	alcohols	can	be	used	as	formal	hydride	
sources	 in	 a	 mild	 Ni-catalyzed	 regioselective	 hydrocarboxylation	 of	 alkynes,	 a	
finding	that	allowed	to	expand	significantly	the	functional	group	tolerance	of	these	
protocols	(Scheme	26,	top).94	CO2	insertion	took	place	exclusively	at	a	distal	position	
to	 the	 aromatic	 site,	 independently	 of	 the	 substitution	 pattern	 at	 the	 alkyne	
terminus.	 Such	 an	 intriguing	 regioselectivity	 profile	 can	 be	 attributed	 to	 the	
formation	of	two	electronically	and	sterically-differentiated	oxanickelacyclopentene	
intermediates	that	might	be	 in	rapid	equilibrium	prior	selective	protonation	with	
the	alcohol	motif.	A	final	reduction	event	with	Mn	recovers	back	the	active	Ni(0)Ln	
species.	Following	a	similar	mechanistic	 rationale,	aliphatic	 terminal	and	 internal	
alkynes	could	also	be	employed	as	counterparts,	using	water	as	the	formal	hydride	
source,	 ultimately	 generating	 a-branched	 aliphatic	 carboxylic	 acids	 (Scheme	 26,	
bottom).	 95	 Such	 outcome	 is	 consistent	 with	 the	 formation	 of	 an	 intermediate	
oxanickelacyclopentene	 that	 locates	 the	 metal	 catalyst	 at	 the	 less-hindered	 site	
followed	by	 reductive	protonation	with	water	 and	Mn	as	 the	 terminal	 reductant.	
Subsequent	reduction	with	H2	over	Pd/C	delivers	the	targeted	carboxylic	acid.	More	
recently,	Sato	reported	the	hydrocarboxylation	of	ynamides	with	water	and	Zn	as	
reducing	agent.96		
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Scheme	26.	Catalytic	hydrocarboxylation	of	alkynes	using	alcohols	and	water.	

The	site-selective	controllable	addition	of	a	both	carbon	synthon	and	CO2	across	an	
alkyne	would	be	a	particularly	attractive	endeavor	in	the	carboxylation	field.	To	such	
end,	 Mori	 reported	 a	 Ni-catalyzed	 alkylative	 carboxylation	 of	 silyl-substituted	
alkynes	using	organozinc	reagents	as	nucleophilic	partners	(Scheme	27,	top).	97	The	
method	allows	rapid	access	to	tetrasubstituted	acrylic	acids,	likely	via	nickelalactone	
intermediates,	in	which	the	nickel	catalyst	is	located	distal	to	the	silyl	group	due	to	
both	 electronic	 and	 steric	 effects.	 Such	 interpretation	was	 later	 corroborated	 by	
theoretical	calculations.	The	regioselectivity	pattern	was	controlled	by	a	preferential	
syn-carbozincation	across	the	alkyne,	with	CO2	 insertion	occurring	adjacent	to	the	
amine	moiety.	Tsuji	and	Fujihara	demonstrated	the	feasibility	of	triggering	multiple	
CO2	 insertions	 across	 the	 alkyne,	 obtaining	 the	 corresponding	maleic	 anhydrides	
with	 Zn	 as	 reducing	 agent	 (Scheme	 27,	 bottom).98	 The	 presence	 of	 Lewis	 acidic	
MgBr2	was	essential	for	the	second	carboxylation	to	occur,	suggesting	that	the	Lewis	
acid	might	 facilitate	 the	 ring	opening	of	 the	oxanickelacyclopentene	 intermediate	
prior	CO2	insertion	into	the	Ni–C	bond.		
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Scheme	27.	Catalytic	alkylative	carboxylation	of	alkynes.	

While	 nickel	 catalysts	 proved	 to	 be	 particularly	 competent	 for	
hydrocarboxylations	 and	 dicarbofunctionalizations	 of	 alkynes	 with	 CO2,	 copper	
catalysts	turned	out	to	be	suited	for	effecting	heterocarboxylation	reactions.	In	2012,	
Hou	 developed	 a	 Cu-catalyzed	 boracarboxylation	 of	 internal	 alkynes	with	 B2pin2	
under	basic	conditions,	resulting	in	the	preparation	of	a	variety	of	a,b-unsaturated	
b-boralactone	 derivatives	 (Scheme	 28,	 left).99	 Shortly	 after,	 Tsuji	 and	 Fujihara	
disclosed	 a	 structurally-related	 Cu-catalyzed	 silacarboxylation	 of	 alkynes	 with	
PhMe2SiBpin	en	route	to	a,b-unsaturated	b-silalactones	(Scheme	28,	right).100	Both	
reactions	are	believed	to	proceed	via	similar	pathways	in	which	the	presence	of	the	
base	mediates	 the	 formation	of	 either	Cu–Bpin	or	Cu–SiMe2Ph	 species	which	 are	
added	across	the	alkyne	prior	to	CO2	insertion.	As	anticipated,	the	regioselectivity	
can	be	interpreted	on	the	basis	of	a	preferential	boryl	or	silyl	cupration	in	which	the	
Cu	atom	is	located	adjacent	to	the	arene	or	a	p-component,	invariably	leading	to	the	
targeted	carboxylic	acid	by	CO2	insertion	into	the	C–Cu	bond.	
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Scheme	28.	Cu-catalyzed	bora-	and	silacarboxylation	of	alkynes.	
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5.2.	Catalytic	carboxylation	of	alkenes	
	
The	first	catalytic	procedure	 for	 incorporating	CO2	 into	alkenes	was	reported	 in	
1978	 by	 Lapidus	 and	 co-workers.101	 Specifically,	 the	 authors	 demonstrated	 the	
feasibility	of	a	previously	considered	inaccessible	transformation,	allowing	to	access	
propionic	acid	from	ethylene	and	CO2	by	using	Rh	and	Pd	heterogeneous	catalysts.	
This	discovery	fueled	a	revolution,	setting	the	basis	for	new	developments	in	this	
area.	 For	 instance,	 Höberg	 showed	 that	 electron-rich	 Ni(0)	 complexes	 could	 be	
engaged	 in	 an	 oxidative	 cyclization	 of	 olefins	with	 CO2	 in	 the	 presence	 of	 imine,	
diimine	and	phosphine	ligands,	giving	rise	to	nickelalactones	that	afforded	propionic	
acids	upon	protonolysis	(Scheme	29).102–104		

 
Scheme	29.	Nickelalactone	formation	and	reactivity.	

Nickelalactones	 turned	 out	 to	 be	 superb	 reaction	 intermediates,	 resulting	 in	 a	
formal	homologation	reaction	that	allowed	to	access	high-ordered	carboxylic	acids	
by	coupling	with	styrenes,	1,3-dienes,	allenes	or	carbon	monoxide,	among	others	
(Scheme	 29).105	 Although	 regioselectivity	 issues	 might	 arise	 when	 using	
monosubstituted	 olefins,	 the	 site-selectivity	 could	 be	 controlled	 by	 a	 subtle	
temperature	 modulation	 and/or	 the	 electronic	 features	 of	 the	 alkene	 (Scheme	
30).106	 For	 example,	 styrenes	 form	 preferentially	 nickelalactones	 with	 the	 metal	
center	located	at	the	most	stable	benzylic	position.	In	sharp	contrast,	a-olefins	give	
rise	 to	 a	 mixture	 of	 nickelalactones	 at	 room	 temperature	 that	 are	 in	 dynamic	
equilibrium.	A	 seemingly	 trivial	 raise	 in	 temperature	 favors	 the	 formation	 of	 the	
less-sterically	congested	nickelalactone.	As	anticipated,	the	ligand	played	a	crucial	
role	on	site-selectivity.	Specifically,	good	yields	could	be	obtained	with	phosphines	
and	 electron-rich	 imines	 whereas	 disproportionation	 of	 CO2	 to	 form	 CO	 was	
observed	when	using	bipyridine	ligands.	More	recently,	an	improved	site-selectivity	
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with	 aliphatic	 olefins	 was	 observed	 with	 more	 sophisticated	 pyridyl-phosphine	
ligands,107,108	 and	 even	 the	 rather	 elusive	 trisubstituted	 alkenes	 could	 be	 within	
reach	as	well.109	The	formation	of	nickelalactones	via	oxidative	cyclization	has	also	
been	investigated	by	DFT	calculations,	concluding	that	the	metallacycle	is	formed	by	
an	 ethylene-coordinated	 Ni(0)	 intermediate.110–113	 Subsequently,	 CO2	 formally	
attacks	 the	 olefin	 followed	 by	 an	 outer	 sphere	 pathway	 in	 which	 previous	
coordination	of	CO2	to	the	metal	center	is	not	indispensable	for	the	nickelalactone	
formation.114	The	formation	of	five-membered	metallalactones	should	by	no	means	
be	 limited	 to	 the	 oxidative	 cyclization	 of	 unsaturated	 hydrocarbons	 with	 Ni(0)	
species.	 Indeed,	 Ti(II),115	 Zr(II)116	 	 and	 Fe(0)117	 complexes	 have	 shown	 to	 be	
competent	for	the	formation	of	oxametallacyclopentanones	with	ethylene	and	CO2	
as	coupling	partners.	
	

 
Scheme	30.	Substrate-controlled	regioselectivity	in	the	formation	of	nickelalactones.	

The	cross-coupling	reaction	of	ethylene	and	CO2	for	the	preparation	of	acrylic	acid,	
a	building	block	of	utmost	relevance	in	 industry,	ranks	amongst	the	most	studied	
reactions	 in	 both	 academic	 and	 industrial	 laboratories.	 Although	 important	
milestones	have	been	achieved	during	the	last	30	years,	the	oftentimes	denominated	
‘dream	reaction’	is	still	considered	a	rather	challenging	process.118	The	origin	of	such	
interest	can	be	 traced	back	 from	the	pioneering	studies	reported	by	Hoberg,	 that	
observed	 the	 formation	 of	a,b-unsaturated	 carboxylic	 acids	 from	nickelalactones	
upon	raising	the	temperature	to	85	ºC	(Scheme	31,	left),104	This	result	demonstrated	
the	feasibility	for	promoting	a	b-hydride	elimination	from	nickelalactones,	a	rather	
intriguing	 observation	 taking	 into	 consideration	 that	 such	 a	 complex	 might	 not	
easily	 establish	 the	 required	 syn	 conformation	 required	 for	b-elimination	events.	
Driven	by	these	precedents,	one	could	easily	envision	a	catalytic	cycle	for	preparing	
acrylic	acid	from	CO2	and	ethylene	(Scheme	31	right).	However,	the	implementation	
of	a	catalytic	route	for	the	preparation	of	acryclic	acid	from	ethylene	is	considerably	
more	complicated	that	one	might	anticipate.	This	is	due	to	the	fact	that	(a)	the	overall	
transformation	 is	 highly	 endothermic;	 119	 (b)	 the	 kinetic	 barrier	 for	 b-hydride	
elimination	 is	particularly	high	and	 (c)	 the	ethylene/acrylic	 acid	 ligand	exchange	
that	recovers	back	the	active	Ni(0)	species	is	not	trivial	to	say	the	least.		
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Scheme	31.	Acrylate	formation	from	ethylene	and	CO2.	

In	 2006,	Walther	 studied	 the	 formation	 of	 acrylate	 from	 nickelalactones	 in	 the	
presence	of	bidentate	ligands.120	Interestingly,	the	presence	of	acrylate	was	detected	
with	bis(diphenylphosphino)methane,	resulting	in	the	formation	of	a	rather	stable	
Ni(I)–Ni(I)	dimer.	Encouraged	by	these	empirical	evidences,	theoretical	calculations	
were	 carried	 out	 to	 shed	 light	 on	 the	 critical	 features	 that	 assist	 the	 b-hydride	
elimination	 step.121	 As	 anticipated,	 DFT	 studies	 confirmed	 that	 the	 agostic	 Ni–H	
interaction	 in	 the	 corresponding	 nickelalactone	 is	 energetically	 uphill	 due	 to	 a	
considerable	ring	strain.	Consequently,	it	was	predicted	that	an	elongation	of	the	Ni–
O	bond	would	 facilitate	b-hydride	elimination,	 thus	 serving	as	 an	 inspiration	 for	
designing	a	catalytic	route	for	producing	acrylic	acids	from	CO2.	Riecker	and	Kühn	
showed	that	b-hydride	elimination	could	be	affected	by	exposure	to	a	methylating	
agent	 (MeI),	delivering	 the	corresponding	methyl	acrylate	 (Scheme	32,	 top).122,123	
Bernskoetter	and	co-workers	devised	a	different	strategy	consisting	of	ring-opening	
of	 the	 nickelalactone	 intermediate	 by	 Lewis	 acids	 (Scheme	 32,	 middle).124	
Subsequent	theoretical	investigations	disclosed	that	the	addition	of	a	base	was	also	
effective	 to	 capture	 the	Ni	 hydride	 intermediate	 and	deliver	 the	 desired	 acrylate	
(Scheme	32,	bottom).125		
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Scheme 32. Strategies to promote b-hydride elimination in nickelalactones.	

In	 2012,	 Limbach	 and	 co-workers	 put	 together	 all	 these	 stoichiometric	
investigations	and	attempted	the	first	catalytic	carboxylation	of	ethylene	with	CO2	
using	a	bidentate	phosphine	ligand	and	NatBuO	as	the	exogenous	base.126	It	became	
quickly	 apparent	 that	 a	 subtle	 balance	 of	 all	 of	 the	 elementary	 steps	 within	 the	
catalytic	 cycle	 would	 be	 critical	 for	 success.	 For	 example,	 while	 nickelalactone	
formation	typically	proceed	at	high	pressures	of	CO2,	the	subsequent	steps	needed	
to	be	carried	out	at	 lower	pressures	of	CO2	due	to	 the	 formation	of	carbonic	acid	
esters	with	the	base.	Although	other	reaction	conditions	were	reported,	 including	
the	use	of	metal	alkoxides	as	bases,127	the	following	investigations	were	directed	to	
find	 a	 base	with	 a	 subtle	 balance	 of	 nucleophilicity	 and	 basicity,	which	 could	 be	
compatible	with	all	of	the	individual	steps	within	the	catalytic	cycle.	In	this	context,	
Schaub	and	Limbach	found	that	the	use	of	substituted	metal	phenoxides	efficiently	
promote	the	formation	of	the	acrylate	Ni(0)	complex	in	the	presence	of	CO2,	allowing	
to	obtain	the	targeted	metal	acrylates	from	ethylene	and	CO2	in	up	to	107	TONs.128,129	
Following	a	different	strategy,	Vogt	and	co-workers	 tackled	 the	critical	b-hydride	
elimination	step	by	using	a	strong	Lewis	acid	such	as	lithium	iodide	in	the	presence	
of	trimethylamine	as	base,	obtaining	the	corresponding	lithium	acrylates.130	Despite	
the	advances	realized,	there	is	ample	consensus	that	these	protocols	are	still	far	from	
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being	implemented	at	an	industrial	scale,	suggesting	that	more	research	should	be	
conducted	for	a	more	efficient	production	of	acrylic	acid	from	CO2.	
Prompted	by	the	stoichiometric	studies	by	Höberg,	the	chemical	community	has	
been	challenged	to	devise	catalytic	carboxylations	of	alkenes	other	than	ethylene.	In	
2008,	 Rovis	 reported	 the	 Ni-catalyzed	 hydrocarboxylation	 of	 styrenes	 by	 using	
Et2Zn	as	reducing	agent,	resulting	in	the	corresponding	phenyl	acetic	acids	(Scheme	
33).131	 The	 authors	 excluded	 the	 intermediacy	 of	 nickelalactones,	 favoring	 a	
mechanism	 consisting	 of	 putative	 nickel	 hydride	 intermediates	 generated	 upon	
transmetalation/b-hydride	 elimination	 with	 Et2Zn.	 Such	 interpretation	 gained	
credence	 by	 deuterium	 labelling	 experiments,	 thus	 ruling	 out	 a	 mechanism	
consisting	 of	 an	 initial	 oxidative	 cyclization.	 DFT	 calculations	 by	 Lin	 and	 Yuan	
subsequently	 revealed	 that	 while	 the	 generation	 of	 nickelalactone	 was	
thermodynamically	 favored,	 the	 involvement	 of	 nickel	 hydrides	 was	 kinetically	
driven.	132	Moreover,	theoretical	calculations	confirmed	a	dual	role	for	Et2Zn,	acting	
both	as	hydride	source	and	as	Lewis	acid	 that	might	 facilitate	 the	reaction	of	 the	
transient	benzyl	nickel(II)	intermediate	with	CO2.		
	

 
Scheme 33. Rovis’ hydrocarboxylation of styrenes.	
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a	rationale	behind	these	results,	one	might	argue	that	this	finding	is	likely	due	to	the	
binding	of	the	cyclopentene	to	the	iron	intermediate,	increasing	the	steric	hindrance	
of	the	hydride	entity	and	favoring	the	hydrometalation	at	the	homobenzylic	position.	
Prompted	by	these	precedents,	Xi	showed	that	titanium	precatalysts	could	be	used	
in	 an	 alkene	 hydromagnesiation	 followed	 by	 carboxylation	 in	 the	 presence	 of	
Grignard	 reagents	 (Scheme	 34,	 bottom).135	 As	 for	 Hayashi	 and	 Shirakawa,	 the	
utilization	of	terminal	olefins	gave	rise	to	the	corresponding	linear	carboxylic	acids.		
	

 
Scheme 34. Catalytic	hydromagnesiation/carboxylation	reactions.	
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accessed	from	simple	unsaturated	hydrocarbons.	This	technique	could	be	extended	
to	 the	 coupling	of	 ethylene,	 the	 largest	volume	chemical	produced	annually,	 thus	
affording	propionic	acid,	albeit	with	low	TONs.	Mixtures	of	internal	olefins	could	also	
be	carboxylated	under	otherwise	identical	reaction	conditions,	obtaining	exclusively	
the	 linear	 carboxylic	 acid	 (Scheme	 35,	bottom).	 This	 result	 arises	 from	 a	 “chain-
walking”	migration	 of	 the	Ni	 catalyst	 throughout	 the	 aliphatic	 chain	 prior	 to	 the	
carboxylation	step,	suggesting	that	water	can	be	used	in	lieu	of	commonly-employed	
stoichiometric	organometallic	reagents	or	high-molecular	weight	silanes	as	hydride	
sources	in	chain-walking	scenarios.136		
	

 
Scheme	35.	Ni-catalyzed	hydrocarboxylation	of	olefins	with	CO2	and	H2O.	
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Recently,	the	König	group	described	the	merger	of	transition	metal	catalysis	and	
photocatalysis	for	the	hydrocarboxylation	of	styrenes	and	electrondeficient	alkenes.	
Specifically,	 they	 found	 that	 a	 protocol	 based	 on	 Hantzsch	 ester	 as	 terminal	
reductant	 and	 4CzlPN	 as	 photosensitizer	 provided	 the	 best	 results	 under	 high-
intensity	Blue-LED	 irradiation	when	 combined	with	 a	 cocktail	 of	 inorganic	 bases	
such	 as	 K2CO3	 and	 LiOAc	 (Scheme	 36).137	 Apart	 from	 providing	 a	 powerful	
alternative	to	classical	carboxylation	technologies	based	on	the	utilization	of	metal	
reductants,	 the	 authors	 found	 that	 regiodivergency	 can	be	dictated	by	 the	 ligand	
employed;	while	bidentate	phosphines	provided	access	 to	 linear	carboxylic	acids,	
1,10-phenanthrolines	 possessing	 ortho-substituents	 (L3)	 afforded	 phenyl	 acetic	
acids	 instead.	 While	 the	 requirement	 for	 4CzlPN,	 Hantzsch	 ester	 as	 well	 as	 the	
combination	of	K2CO3	and	LiOAc	is	not	yet	fully	understood,	the	observed	outcome	
is	consistent	with	a	dual	pathway	by	which	nickel	hydride	species	are	obtained	with	
a	L3	 regime	whereas	 the	 intermediacy	 of	 nickelalactones	 are	 the	most	 plausible	
scenario	with	dppb.		
	

 
Scheme	36.	Photocatalyzed	hydrocarboxylation	of	styrenes	and	electrondeficient	alkenes	

with	CO2.	
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General	Objectives	of	this	Doctoral	Thesis:	
	
The	 ubiquity	 and	 importance	 of	 carboxylic	 acids	 in	 peptides,	 pharmaceuticals,	
agrochemicals	 and	 synthetical	 materials	 encourages	 the	 development	 of	 novel	
carboxylation	 methods.	 A	 particular	 interest	 is	 given	 to	 the	 design	 of	 new	 and	
alternative	 chemical	 transformations	 that	 complement	 and	 expand	 the	 scope	 of	
traditional	carboxylic	acid	formation,	which	occurs	via	the	oxidation	of	alcohols	or	
aldehydes,	 the	 hydrolysis	 of	 nitriles	 or	 more	 recently	 by	 the	 utilization	 of	 toxic	
carbon	 monoxide	 with	 transition	 metal	 catalysis	 or	 CO2	 with	 high	 polar	
organometallics.	 In	 this	 regard,	 the	 discovery	 of	 atom-economical	 catalytic	
carboxylation	protocols	with	CO2	 that	display	high	 chemoselectivity	 represents	 a	
worthwhile	endeavor.	
	
One	of	the	main	interests	of	our	research	group	has	been	the	development	of	novel	
nickel-catalyzed	 reductive	 cross-coupling	 reactions.	 In	 the	 last	 years	 we	 have	
focused	our	efforts	towards	the	utilization	of	CO2	and	the	isoelectronic	isocyanates,	
for	 the	 synthesis	 of	 carboxylic	 acids	 and	 amides.	 These	 methodologies	 were	
extended	to	more	challenging	unactivated	electrophiles	and	readily	available	olefins,	
as	described	above.		
	
The	general	objective	of	the	work	presented	in	this	dissertation	is	to	develop	new	
nickel-catalyzed	carboxylation	methods,	opening	new	opportunities	for	the	use	of	
CO2	 in	combination	with	available	and	abundant	allylic	alcohols	or	1,3-dienes.	We	
also	 explored	 the	 use	 of	 other	 heteroallenes	 (isocyanates)	 in	 reductive	 cross-
coupling	regimes,	in	particular	its	combination	with	alkyl	bromides	in	the	presence	
and	absence	of	“chain	walking”	scenarios.	Furthermore,	we	sought	to	contribute	to	
the	 understanding	 of	 the	mechanisms	 of	 these	 transformations,	 with	 the	 aim	 of	
building	 up	 new	 knowledge	 in	 the	 area	 of	 Ni-catalyzed	 reductive	 cross-coupling	
reactions.	 That	 being	 set,	 we	 envisioned	 the	 development	 of	 new	 radiolabeling	
techniques	 to	 prepare	 labeled	 carboxylic	 acids	 with	 isotopically	 enriched	 CO2,	
shortening	and	providing	a	direct	access	for	labeled	drugs	and	pharmaceuticals.		
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1.	Introduction	
	
1.1	Metal-catalyzed	cross-couplings	of	activated	allyl	electrophiles	
	
Allyl	 electrophiles	 are	 versatile	 organic	 synthons	 that	 have	 been	 used	 in	 a	
multitude	 of	 synthetic	 organic	 transformations.	 Indeed,	many	 of	 these	 processes	
rank	amongst	the	most	valuable	tools	to	build-up	molecular	complexity	such	as	the	
Pd-catalyzed	 Tsuji-Trost	 allylic	 substitution	 reaction	 for	 forging	 C–C	 and	 C–
heteroatom	bonds	with	 suitable	 nucleophilic	 entities	 (Scheme	1,	 left).1–4	Classical	
organic	 electrophiles	 employed	 in	 these	 endeavors	 are	 allylic	 halides	 and	 C–O	
counterparts	 derived	 from	 an	 allylic	 alcohol	motif.	 Interestingly,	 these	 processes	
have	been	applied	within	the	context	of	asymmetric	catalysis	by	employing	chiral	
ligands,	allowing	to	achieve	high	levels	of	regio-,	stereo-	and	enantioselectivity.	Not	
surprisingly,	these	transformations	have	rapidly	been	adopted	in	both	academic	and	
industrial	laboratories,	particularly	in	the	total	synthesis	of	natural	products5	and	
molecules	of	biological	significance.6	
Prompted	by	the	inherent	interest	in	Tsuji-Trost	allylation	reactions,	it	comes	as	
no	surprise	 that	 these	methods	have	been	adapted	 to	cross-electrophile	coupling	
processes	(Scheme	1,	right).	Unlike	classical	nucleophile-electrophile	regimes,	the	
utilization	of	 two	electrophiles	 limits	 the	number	of	 transition	metals	 that	can	be	
employed,	as	the	formed	species	should	be	amenable	for	reduction.	In	this	context,	
considerable	 progress	 has	 been	 observed	with	Ni,	 	 and	 at	 lower	 extend	with	 Co	
catalysts,	 due	 to	 their	 ability	 to	 access	 non-canonical	 oxidation	 states	 and	 one-
electron	processes.7,8,9			

	
Scheme	1.	Metal-catalyzed	cross-couplings	and	cross-electrophile	couplings	of	activated	

allylic	electrophiles	
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1.2	Metal-catalyzed	cross-coupling	of	allylic	alcohols	

 
Undoubtedly,	a	high	degree	of	molecular	complexity	has	been	reached	in	allylation	
reactions	 by	 using	 activated	 allyl	 electrophiles	 containing	 appropriate	 leaving	
groups,	such	as	halides,	esters	or	carbonates,	among	others.	This	is	due	to	the	low	
binding	affinity	of	 these	 leaving	groups,	enabling	a	 fast	generation	of	catalytically	
active	metal-allylic	species	upon	initial	oxidative	addition.	In	contrast,	the	utilization	
of	allylic	alcohols	as	organic	electrophiles	have	found	little	echo	due	to	their	poor	
leaving	 group	 abilities	 and	 high	 binding	 affinity	 of	 the	 alcohol	 R–OH	 moiety	 to	
transition	metals	(Scheme	2).10	However,	the	direct	substitution	of	allylic	alcohols	
by	 an	 appropriate	 building	 block	 represents	 a	 greener,	 cheaper	 and	more	 atom	
economical	alternative	to	classical	cross-coupling	reactions	for	forging	C–C,	C–N	and	
C–O	bonds,	as	the	only	generated	byproduct	is	water.3,4	Although	the	majority	of	the	
transformations	using	allylic	alcohol	as	electrophiles	have	been	conducted	with	Pd	
catalysts	 ending	 up	 in	 linear	 compounds,11,12	 significant	 amount	 of	 branched-
selective	Ru-	and	Ir-catalyzed	transformations	have	also	been	described.13	

 
Scheme	2.	General	properties	of	the	different	C–O	allyl-electrophiles.	

1.3.	Transition	Metal-catalyzed	cross-coupling	of	allylic	alcohols	
	
Since	the	first	report	describing	the	use	of	[RuCl2(PPh3)3]	as	precatalyst	to	form	

allylic	ethers	from	allylic	alcohols,14	a	variety	of	cyclopentadienyl	Ru(II)-complexes	
have	been	described	as	efficient	catalysts	for	this	transformation.15	The	presence	of	
sulfonic	acids	have	proven	to	be	beneficial	for	the	reaction	to	occur	(Scheme	3).16,17	
These	methodologies	 have	 been	 extended	 to	 a	 wide	 variety	 of	 carbon,	 nitrogen,	
oxygen	 and	 sulfur-type	 nucleophiles,	 resulting	 in	 the	 selective	 formation	 of	
branched	 products,4	 with	 chiral	 ligands	 allowing	 the	 development	 of	
enantioselective	 allylic	 substitution	 reactions.18	 Undoubtedly,	 the	 utilization	 of	 Ir	
catalysts	 constitute	 the	 major	 breakthrough	 in	 enantioselective	 substitution	
reactions	of	allylic	alcohols	(Scheme	3,	 left).	 In	particular,	Helmchen	reported	the	
first	enantioselective	contribution	in	2004	describing	the	coupling	of	allylic	alcohols	
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with	carbon	type	nucleophiles	in	high	levels	of	regio-	and	enantioselectivity	through	
the	 utilization	 of	 [IrCl(COD)]2	 and	 phosphinooxazoline	 ligands.19	 Subsequently,	
Hartwig	reported	the	successful	activation	of	various	unsymmetrical	allylic	alcohols	
towards	 allylic	 amination	 using	 iridium	 complexes	 bearing	 phosphoramidite	
ligand.20	Stoichiometric	amounts	of	Lewis	acids	such	as	titanium	tetraalkoxide,	or	
catalytic	quantity	of	BPh3	served	as	alcohol	activators,	achieving	excellent	levels	of	
regio-	 and	 enantiocontrol.	 Carreira	 made	 significant	 contributions	 in	 allylic	
amination	 reactions	 of	 allylic	 alcohols	 through	 the	 utilization	 of	 sulfamic	 acid	
(NH2SO3H),	which	acts	as	both	aminating	reagent	and	direct	activator	of	the	allylic	
alcohol.21,22		
In	line	with	the	knowledge	acquired	in	Ru-	and	Ir-catalyzed	allylic	substitutions,	
the	presence	of	stoichiometric	metals	or	acids	was	crucial	for	the	development	of	
alternative	Pd	catalyzed	protocols.	Notably,	the	utilization	of	Pd	catalysis	results	in	
regioselectivity	switch,	favoring	the	formation	of	linear	isomers	(Scheme	3,	right).	In	
this	context,	the	utilization	of	As,	B	and	Ti	complexes	have	proven	to	be	beneficial	
for	 activating	 the	 O–H	motif,	 thus	 accelerating	 the	 oxidative	 addition	 of	 the	 C–O	
electrophile	 to	Pd(0).	 In	2003	Manabe	and	Kobayashi	 reported	a	carboxylic	acid-
assisted	activation	of	allylic	alcohols	under	aqueous	conditions.23	The	reaction	was	
quite	efficient	being	completed	within	10–90	minutes.	In	2009,	Breit	improved	this	
concept	simultaneously	activating	allylic	alcohols	and	carbonyl	compounds	through	
the	utilization	of	(DL)-proline.24	While	the	carboxylic	acid	of	proline	could	trigger	
the	ionization	step	of	the	palladium	olefin	complex	through	hydrogen	bonding	and	
protonation	 of	 the	 hydroxyl-leaving	 group,	 the	 secondary	 amine	 could	 enolize	
ketones	or	aldehydes.	Overall,	this	would	result	in	the	formation	of	a	tight	ion	pair	
between	 the	 enamine	 nucleophile	 and	 the	 p-allyl	 palladium	 electrophile,	 thus	
enhancing	allylation.	
In	 2004,	Oshima	 and	 coworkers	 demonstrated	 that	 the	 use	 of	water	 as	 solvent	
could	play	a	crucial	role	in	the	activation	of	allylic	alcohols.	25	Water	was	proposed	
to	have	a	dual	role	by	activating	the	allylic	OH	group	and	by	solvating	the	leaving	
group.	 In	 this	manner,	 the	utilization	of	water-soluble	catalytic	species	generated	
from	 [PdCl(h3-C3H5)]2	 and	 TPPTS	 (Tris(3-sulfophenyl)phosphine	 trisodium	 salt)	
resulted	 in	 a	 rate	 enhancement,	 allowing	 to	 trigger	 these	 reactions	 at	 room	
temperature	 in	 the	 absence	 of	 any	 additional	 activating	 agent.	 Subsequently,	
Lipshutz	 demonstrated	 that	 surfactants	 could	 enable	 the	 activation	 of	 allylic	
alcohols	 in	 water,	 avoiding	 the	 need	 for	 water-soluble	 ligands.26	 While	 TPS	
(Tetrapropylenebenzene	 sulfonate)	 surfactant	 generates	 nanomicellar	
microreactors	 where	 Pd-catalysis	 can	 function,	 methyl	 formate	 enables	 the	
labilization	of	the	hydroxyl	group	through	the	elimination	of	methanol	and	formate	
anion.		
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Scheme	3.	In-situ	activation	of	allylic	alcohols	and	catalysis	with	TMs.	

As	judged	by	the	literature	data,	the	utilization	of	metals	other	than	Pd,	Ru	or	Ir	in	
allylic	 substitution	 reactions	of	 allyl	 alcohols	has	 remained	 less	 explored.	Among	
these,	the	utilization	of	Ni	catalysts	has	proven	to	be	particularly	appealing,	either	
with	 or	without	 activators	 (Scheme	4).	 In	 particular,	 Tojo	 described	 the	 first	Ni-
catalyzed	 allylic	 substitution	 using	 allylic	 alcohols	 early	 in	 1973.27	 Although	 the	
strong	reducing	agent	and	the	harsh	reaction	conditions	resulted	in	modest	reaction	
yield	 and	 selectivity,	 this	 publication	 demonstrated	 that	 phosphine	 ligated	 Ni-
catalyst	 could	 be	 used	 to	 effectively	 activate	 allylic	 alcohols	 in	 the	 absence	 of	
activating	 reagents.	 Surprisingly	 this	 approach	 remained	 unexplored	 until	 1998,	
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when	 Mortreux	 reported	 a	 much	 more	 efficient	 catalytic	 system	 based	 on	 the	
utilization	of	Ni(COD)2	and	bidentate	dppb	as	ligand.28	Remarkably,	it	was	found	that	
nickel	catalysts	were		much	more	active	than	the	corresponding	Pd	analogues,	yet	
more	sensitive,	and	in	the	absence	of	activating	agents.29	Surprisingly,	the	utilization	
of	nickel	catalysts	remained	largely	unexplored	until	2010,	when	Jamison	reported	
that	 cinnamyl	 alcohol	 could	 undergo	 catalytic	 substitution	 with	 ethylene	 as	
nucleophile	by	using	Ni(COD)2	and	P(ortho-anisyl)3	in	the	presence	of	Et3SiOTf.30	In	
2015	Mashima	achieved	 remarkably	 low	catalyst	 loadings	 in	 an	allylic	 amination	
through	 the	utilization	of	nBu4NOAc	as	mild	 activator.31	One	year	 later,	Mashima	
developed	an	enantioselective	allylic	substitution	using	carbon-based	nucleophiles	
in	which	the	extruded	OH–	anion	serves	as	base	to	enolize	b-ketoesters.32		

 
Scheme	4.	Activation	of	allylic	alcohols	and	catalysis	with	Ni-phosphine	complexes.	

At	the	outset	of	this	doctoral	thesis,	a	single	example	was	described	to	promote	the	
cross-coupling	of	allylic	alcohols	with	CO2	en	route	to	carboxylic	acids	(Chapter	1,	
Scheme	 21).	 This	 reaction	 demonstrated	 to	 be	 selective	 for	 the	 formation	 of	
branched	 carboxylic	 acids,	 regardless	 of	 the	 regioisomer	 of	 the	 allylic	 alcohol	
utilized.	However,	this	protocol	was	conducted	with	pyrophoric	Et2Zn	as	reducing	
agent	 thus	 lowering	 down	 the	 application	 profile	 of	 this	 methodology.	 From	 a	
mechanistic	 standpoint,	 the	 authors	 suggested	 that	 C–OH	 cleavage	 could	 be	
triggered	 by	 coordination	 with	 the	 zinc(II)	 Lewis	 acidic	 entity,	 thus	 forming	 a	
carbonate	upon	reaction	with	CO2.	Although	this	methodology	represented	the	first	
reductive	 carboxylation	 of	 allylic	 alcohols,	 it	 is	 important	 to	 remark	 that	 these	
results	were	published	during	the	course	of	the	studies	described	in	this	chapter.	In	
any	case,	we	considered	that	an	approach	based	on	the	lack	of	pyrophoric	reagent	
while	controlling	the	site-selectivity	of	the	transformation	would	be	a	particularly	
interesting	endeavor	for	chemical	invention.		
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1.4	CO2	as	an	activating	reagent	for	allylic	alcohols	
	
In	 1996,	 Yamamoto	 described	 the	 Pd-catalyzed	 allylic	 substitution	 of	 allylic	
alcohols	with	appropriate	nucleophilic	entities	under	CO2	atmosphere	(Scheme	5).34	
The	 transformation	 was	 believed	 to	 proceed	 via	 the	 intermediacy	 of	 a	
hydrogenocarbonate	(II),	thus	lowering	down	the	bond	dissociation	energy	of	the	
targeted	C–O	bond	en	route	to	a	hydrogencarbonate	anion	(III).35	 Importantly,	no	
reaction	was	 observed	 under	 argon.	 Decarboxylation	 of	 the	 latter	may	 release	 a	
hydroxide	anion,	which	is	sufficiently	basic	to	abstract	a	proton	from	the	amine	or	
an	 active	 methylene	 compound,	 thus	 generating	 a	 nucleophilic	 entity	 with	
concomitant	release	of	water.	Direct	attack	of	these	nucleophiles	to	the h3-allyl-Pd	
complexes	 generates	 the	 allylated	 products	 and	 regenerates	 the	 active	 catalytic	
species	V.	

 
Scheme	5.	Activation	of	allylic	alcohols	towards	allylic	substitution	using	CO2	

Following	 Yamamoto’s	 seminal	 discovery,	 Tunge	 reported	 that	 allylic	 alcohols	
could	be	activated	with	weakly	acidic	pronucleophiles,	such	as	nitroalkanes,	nitriles,	
and	aldehydes	in	the	presence	of	CO2	(Scheme	6).36	As	previously	observed,	control	
experiments	revealed	that	no	conversion	was	observed	in	the	absence	of	CO2,	thus	
pointing	 towards	 the	 intermediacy	 of	 carbonic	 acids.	 Additionally,	 the	 released	
hydroxide	anion	was	able	to	deprotonate	pronucleophiles	having	a	pKa	up	to	25.	
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Scheme	6.	Allylic	alcohol	activation	towards	allylic	substitution	using	CO2.	

From	all	the	strategies	that	have	been	used	for	the	activation	of	allylic	alcohols,	the	
utilization	of	CO2	as	an	inert	activating	reagent	probably	represents	the	most	atom	
economical,	efficient	and	cost-effective	approach.	Indeed,	the	use	of	CO2	and	MeOH	
has	 already	 been	 employed	 in	 industrial	 settings	 as	 a	 strategy	 for	 the	 in-situ	
generation	of	a	weak	Brønsted	methyl	carbonic	acid.37	
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2.	General	Objective	of	the	Project		
	
While	redox-neutral	metal-catalyzed	allylic	substitution	reactions	of	allyl	alcohols	
for	forging	C–C	and	C–heteroatom	bonds	have	been	well-developed	(Scheme	7,	path	
a),38	 the	 design	 of	 alternative	 cross-electrophilic	 regimes	 is	 not	 as	 commonly	
practiced	as	one	might	initially	anticipate	(Scheme	7,	path	b).	This	is	largely	due	to	
the	high	polarizability	and	bond-dissociation	energy	of	the	O–H	bond,	together	with	
the	difficulty	of	trapping	the	corresponding	intermediates	with	electrophilic	rather	
than	 nucleophilic	 entities.	 We	 anticipated	 that	 the	 successful	 realization	 of	 this	
approach	 would	 unravel	 the	 potential	 of	 simple	 alcohols	 in	 cross-electrophile	
couplings,	 providing	 rapid	 access	 to	 important	 building	 blocks	 from	 one	 of	 the	
simplest	and	most	atom	economical	allylic	precursors.		

	

 
Scheme	7.	Design	principle	for	a	Ni-catalyzed	switchable	site-selective	carboxylation	of	

allylic	alcohols	with	CO2.	

By	 2015,	 the	 catalytic	 carboxylation	 of	 C–O	 electrophiles	 remained	 confined	 to	
activated	sp2		C–O	bonds	(chapter	1).	Prompted	by	these	observations,	we	wondered	
whether	 an	 atom-	 and	 step-economical	 technique	 could	 be	 implemented	 by	
promoting	the	direct	carboxylation	of	allyl	alcohols	in	the	absence	of	stoichiometric	
amounts	of	air-sensitive	organometallic	reagents.39	We	hypothesized	that	CO2	could	
be	used	with	dual	roles,	both	as	a	C1	source	and	as	an	activating	group	to	facilitate	
C–O	 bond	 cleavage	 given	 the	 known	 propensity	 of	 CO2	 to	 reversibly	 react	 with	
alcohols	to	form	carbonic	acids.	In	this	manner,	we	anticipated	that	CO2	might	lower	
the	activation	energy	 to	promote	C–O	bond	scission,	 thus	accelerating	 the	rate	of	
oxidative	 addition	 to	 Ni(0)Ln	 species	 prior	 to	 CO2	 insertion.	 In	 addition,	 the	
formation	of	a	bicarbonate	anion	upon	reversible	reaction	of	the	OH	group	with	CO2	
would	most	likely	enable	the	formation	of	key	cationic	p-allyl-Ni	intermediates.	In	
line	with	our	knowledge	 in	Ni	catalysis,	we	hoped	that	site-selectivity	at	 the	allyl	
terminus	could	be	controlled	by	the	ligand	used,	leading	to	either	linear	or	branched	
carboxylic	acids	from	the	same	allylic	precursor	(Scheme	8).		
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Scheme	8.	Design	principle	for	Ni-catalyzed	switchable	site-selective	carboxylation	of	

allylic	alcohols	with	CO2.	
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3.	Switchable	Site-Selective	Catalytic	Carboxylation	of	Allylic	Alcohols	with	
CO2	
	
3.1	Optimization	of	the	reaction	conditions	(linear	carboxylic	acids)	
	
According	 to	 the	 rationale	 depicted	 in	 Scheme	 8,	 we	 anticipated	 that	 in-situ	
generated	 carbonic	 acids	 –	 coexisting	 in	 equilibrium	 with	 the	 corresponding	
alcohols	 upon	 reaction	 with	 CO2	 –	 might	 trigger	 oxidative	 addition	 to	 Ni(0)Ln.	
Therefore,	it	was	deemed	necessary	to	shift	the	equilibrium	towards	the	formation	
of	such	carbonic	acid	derivatives.	To	such	end,	we	speculated	that	the	utilization	of	
suitable	hydrogen	bond	donors	as	guanidinium	ion,	(thio)ureas	or	Lewis	acids	could	
favorably	shift	this	equilibrium	via	the	formation	of	hemicarbonates	(Scheme	9).40–
46	

 
Scheme	9.	Design	principle	for	the	activation	of	allylic	alcohol	in	the	presence	of	CO2	and	

additives.		

Initial	investigations	revealed	that	small	amounts	of	carboxylic	acids	2a/2b	were	
formed	in	the	presence	of	MnCO3	(Table	1).	With	these	preliminary	results	in	hand,	
we	 turned	our	attention	 to	 the	 ligand	backbone,	 as	we	anticipated	 that	we	could	
establish	 valuable	 structure-reactivity	 relationships	 and	 exert	 site-selectivity	
principles	 en	 route	 to	 linear	 or	 branched	 products.	 Interestingly,	 tri-	 and	
tetradentate	 pyridine-based	 ligands	 provided	 low	 conversions,	 but	 favoring	 the	
formation	of	a-branched	products	(L5-7),	thus	representing	a	useful	entry	point	for	
future	investigations.	In	contrast,	bidentate	phenanthroline	ligands	were	found	to	
preferentially	form	linear	products	in	low	yields	(L1-4),	with	ortho-substituted	L2	
giving	the	best	results	(11%	yield	and	73%	conversion).	
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Ligand	 Conv	(%)a	
Yield	

2a	+	2b	(%)a	
2a:2ba	

neocuproine	(L1)	 40	 8	 89:11	
bathocuproine	(L2)	 73	 11	 94:6	
phenantroline	(L3)	 27	 1	 71:29	

bathophenanthroline	(L4)	 33	 1	 58:42	
quaterpyridine	(L5)	 37	 1	 1:99	
terpyridine	(L6)	 28	 1	 1:99	

6,6’’-dimethylterpyridine	(L7)	 33	 0	 -	

	
Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	ligand	(20	mol%),	
Zn	(0.5	mmol),	MnCO3	(0.25	mmol),	DMA	(1.5	mL),	40	ºC,	16	h.	a	GC	conversion,	yield	and	
selectivity	 determined	 using	 anisole	 as	 internal	 standard.	 The	 reduction	 of	 the	 starting	
material	 to	 the	 corresponding	 olefin	 accounts	 for	 the	 mass	 balance	 as	 the	 major	 side	
product.	

Table	1.	Screening	of	ligands.	

With	 these	 preliminary	 results	 in	 hand,	 we	 focused	 our	 attention	 on	 the	
stabilization	of	the	carbonic	acid	adducts	formed	upon	reaction	of	allylic	alcohol	with	
CO2	(Table	2).	First,	pyridine	was	tested	with	the	assumption	that	this	additive	might	
act	 as	 weak	 base	 enabling	 a	 more	 facile	 equilibration	 of	 alcohol	 and	 CO2	 to	 the	
required	hemicarbonate	(entry	1).	Arguing	that	Li-ions	could	have	the	capacity	of	
stabilizing	 the	 hemicarbonate	 or	 carbonic	 acid	 adducts,	 LiCl	 was	 tested	 with	 no	
considerable	 improvement	(entry	2).	Prompted	by	the	positive	effects	exerted	by	
ammonium	salts	 in	catalytic	carboxylation	reactions,	a	number	of	 these	additives	
were	also	screened	(entries	4-6).	Although	a	slight	improvement	could	be	observed	
when	 using	 nBu4NI,	 the	 yield	 remained	 low.	 H-bond	 donors,	 which	 have	
demonstrated	to	accelerate	hemicarbonate	formation,	were	tested	as	well	(entries	7	
and	8).	However,	 low	conversions	were	obtained,	which	might	suggest	that	these	
additives	 deactivate	 the	 catalytically	 active	 species	 by	 coordination	 to	 the	 nickel	
center.	Turning	our	attention	to	the	utilization	of	Lewis	acids,	it	was	found	that	Mg-
based	 halide	 salts	manifested	 a	 significant	 positive	 effect	 both	 on	 reactivity	 and	
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yield,	with	MgCl2	achieving	the	best	results	(entry	12).	This	boost	in	reactivity	could	
be	 attributed	 to	 either	 the	 stabilization	 of	 the	 postulated	 carbonic	 acids	 or	
hemicarbonates	as	well	as	the	known	ability	of	magnesium	(II)	salts	to	facilitate	CO2	
insertion	in	Pd-	and	Ni-catalyzed	carboxylation	reactions.47	

	
Entry	 Additive	 Conv	(%)a	 Yield	2a	+	2b	(%)a	 2a:2ba	
1	 pyridine	 44	 6	 99:1	
2	 LiCl	 63	 15	 99:1	
3	 AlCl3	 74	 12	 99:1	
4	 nBu4NCl	 38	 9	 97:3	
5	 nBu4NBr	 43	 10	 99:1	
6	 nBu4NI	 86	 22	 99:1	
7	 guanidine·HCl	 28	 5	 99:1	
8	 diphenylthiourea	 26	 8	 99:1	
9	 MgF2	 50	 30	 98:2	
10	 MgBr2	 79	 52	 99:1	
11	 MgI2	 82	 54	 98:2	
12	 MgCl2	 95	 61	 99:1	

Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L2	
(26	mol%),	Zn	(0.5	mmol),	additive	(0.25	mmol),	DMF	(1.5	mL),	40	ºC,	16	h.	a	GC	conversion,	
yield	 and	 selectivity	 determined	 using	 anisole	 as	 internal	 standard.	 b	 DMF	 (2.5	ml).	 The	
reduction	of	the	starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	
as	the	major	side	product.		

Table	2.	Screening	of	additives.	

Slight	improvements	could	be	achieved	by	increasing	the	loading	of	the	reductant	
and	diluting	the	reaction	to	0.1	M	with	1.2	equivalents	of	MgCl2	(Table	3).		
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Entry	 Additive	equivalents	 Conv	(%)a	
Yield	2a	+	2b	

(%)a	
2a:2b	a	

1	 No	MgCl2	 59	 26	 99:1	
2	 MgCl2	(0.25	equiv)	 57	 28	 99:1	
3	 MgCl2	(1.0	equiv)	 73	 47	 99:1	
4	 MgCl2	(1.25	equiv)	 88	 64	 99:1	
5	 MgCl2	(1.5	equiv)	 84	 55	 99:1	

Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L2	
(26	mol%),	Zn	(0.75	mmol),	MgCl2	(x	mmol),	DMF	(2.5	mL),	40	ºC,	16	h.	a	GC	conversion,	yield	
and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	starting	
material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		

Table	3.	Screening	of	MgCl2	equivalents.	

Even	 though	 the	 utilization	 of	 CO2	 in	 combination	 with	 MgCl2	 improved	 the	
formation	of	2a,	it	is	noticeable	that	driving	the	reaction	to	full	conversion	was	found	
to	be	particularly	challenging.	Unfortunately,	lower	chemoselectivities	were	found	
by	raising	the	reaction	temperature	whereas	the	employment	of	Lewis	acids	other	
than	 MgCl2	 led	 to	 low	 conversions	 of	 1.	 Fine-tuning	 of	 the	 reaction	 conditions	
showed	that	the	use	of	4.0	equivalents	of	Zn	reductant	together	with	1.2	equivalents	
of	 dry	 MgCl2	 (previously	 stored	 in	 the	 glove	 box),	 could	 drive	 the	 reaction	 to	
completion,	 giving	 rise	 to	2a	 in	 70%	 isolated	 yield	with	 excellent	 site-selectivity	
profile	(Table	4,	entry	4).	

	

Entry	 Ligand	(mol%)	 Conv	(%)a	 Yield	2a	+	2b	(%)a	 2a:2b	a	

1	 Zn	(2.0	equiv)	 68	 37	 99:1	
2	 Zn	(2.5	equiv)	 77	 52	 99:1	
3	 Zn	(3.0	equiv)	 87	 64	(59)	 99:1	
4	 Zn	(4.0	equiv)	 99	 78	(70)	 99:1	

Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L2	
(26	mol%),	Zn	(x	mmol),	MgCl2	(1.25	mmol),	DMF	(2.5	mL),	40	ºC,	40	h.	a	GC	conversion,	yield	
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and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	starting	
material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		

Table	4.	Screening	of	zinc	equivalents.	

As	shown	in	Table	5,	the	utilization	of	nickel	precatalysts	other	than	NiBr2·glyme		
afforded	lower	yields	of	2a	(Table	5,	entries	2-4).	Notably,	the	use	of	quaterpyridine	
(entry	5)	or	terpyridine	ligands	(entries	6-8)	afforded	low	amounts	of	carboxylated	
product,	with	preferential	selectivity	for	the	a-branched	2b.	As	previously	shown	in	
other	carboxylation	reactions,	non-amide	based	solvents	afforded	very	low	yields	of	
the	 desired	 product	 (entry	 9).	MgCl2	 was	 found	 to	 outperform	 other	MgX2	 salts,	
suggesting	that	the	nature	of	the	halide	might	have	an	important	role	(entries	11	and	
12).	Interestingly,	the	utilization	of	Mn	in	lieu	of	Zn	led	to	low	yields,	an	intriguing	
observation	taking	into	consideration	the	stronger	reduction	potential	of	the	former	
(entry	14).	

	

Entry	
Deviation	from	standard	

conditions	 Conv	(%)a	 Yield	2a	+	2b	(%)a	 2a:2ba	

1	 none	 99	 78	(70)	 99:1	
2	 NiBr2	instead	of	NiBr2·glyme	 93	 64	 99:1	
3	 NiCl2·glyme	instead	of	

NiBr2·glyme	
80	 58	 99:1	

4	 NiCl(o-tolyl)(TMEDA)	instead	
of	NiBr2·glyme	

99	 60	 99:1	

5	 L5	instead	of	L2	 22	 1	 -	
6	 L6	instead	of	L2	 8	 0	 -	
7	 L8	instead	of	L2	 25	 6	 38:62	
8	 L7	instead	of	L2	 55	 18	 23:77	
9	 THF	instead	of	DMF	 94	 1	 -	
10	 DMA	instead	of	DMF	 72	 52	 99:1	
11	 MgF2	instead	of	MgCl2	 50	 30	 98:2	
12	 MgI2	instead	of	MgCl2	 82	 54	 99:1	
13	 Na2CO3	instead	of	MgCl2	 46	 32	 99:1	
14	 Mn	instead	of	Zn	 10	 9	 -	

C5H11
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1
C5H11 OH

NiBr2·glyme (10 mol%)
bathocuproine, L2 (26 mol%)

Zn (4 equiv), MgCl2 (1.2 equiv)
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Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L2	
(26	mol%),	Zn	(1.0	mmol),	MgCl2	(1.25	mmol),	DMF	(2.5	mL),	40	ºC,	16	h.	a	GC	conversion,	
yield	 and	 selectivity	 determined	 using	 anisole	 as	 internal	 standard.	 The	 reduction	 of	 the	
starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	
product.		

Table	5.	Deviation	from	standard	conditions.	

Control	experiments	demonstrated	that	all	the	reaction	parameters	were	crucial	
for	success.	As	shown	in	Table	6,	the	absence	of	Ni,	ligand	or	reductant	resulted	in	
no	 conversion	 to	2a	 (entries	2-4).	Although	 significant	 amounts	 of	 product	were	
observed	 in	 the	 absence	 of	 MgCl2,	 its	 presence	 boosted	 the	 reactivity	 of	 the	
carboxylation	event.	Importantly,	significant	conversion	of	1	was	found	under	argon	
atmospheres,	 indicating	 that	direct	oxidative	addition	of	 the	allylic	alcohol	 to	 the	
Ni(0)	species	might	be	a	conceivable	pathway.	

	

Entry	
Deviation	from	standard	

conditions	 Conv	(%)a	 Yield	2a	+	2b	(%)a	 2a:2ba	

1	 40	h		 99	 78	(70)	 99:1	
2	 no	NiBr2·glyme	 0	 -	 -	
3	 no	L2	 32	 0	 -	
4	 no	Zn	 0	 -	 -	

5	 no	MgCl2	 82	 48	 99:1	
6	 no	CO2	 66	 0	 -	
Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L2	
(26	mol%),	Zn	(1.0	mmol),	MgCl2	(1.25	mmol),	DMF	(2.5	mL),	40	ºC,	16	h.	a	GC	conversion,	
yield	 and	 selectivity	 determined	 using	 anisole	 as	 internal	 standard.	 The	 reduction	 of	 the	
starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	
product.		

Table	6.	Control	experiments.	
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3.2.	Optimization	of	the	reaction	conditions	(a-branched	carboxylic	acids)	
	
With	the	aim	of	developing	a	regiodivergent	system	that	would	allow	access	to	both	
linear	or	a-branched	carboxylic	acids	at	will	from	the	same	allylic	alcohol	precursor,	
we	turned	our	attention	to	study	in	detail	the	influence	of	the	coordination	geometry	
of	the	ligand	employed.	Indeed,	the	utilization	of	ortho-substituted	terpyridine	L8	
resulted	 in	a	site-selectivity	switch,	 leading	 to	a-branched	products,	albeit	 in	 low	
yield	(Table	7,	entry	1).	In	line	with	our	experience	on	carboxylation	reactions,	we	
anticipated	 that	 the	 nature	 of	 the	 additive	 employed	will	 be	 crucial	 for	 success.	
Interestingly,	improved	results	were	found	by	reducing	the	amount	of	MgCl2	to	0.6	
equivalents	with	2.4	equivalents	of	nBu4NCl	(entry	4).	Intriguingly,	this	effect	was	
only	observed	when	nBu4NCl	was	used	in	combination	with	MgCl2	(entry	2	vs	entries	
5-8).	These	results	 indicated	that	both	the	Mg	cation	and	the	chloride	anion	have	
important	 roles	 in	 the	 catalytic	 activity.	 Unfortunately,	 no	 full	 conversion	 was	
achieved	upon	raising	the	temperature	or	extending	the	reaction	time,	suggesting	
catalyst	deactivation.	In	addition,	we	identified	the	formation	of	the	hydrogenated	
product	2b’	 in	the	crude	reaction	mixtures,	 likely	via	reduction	of	2b	with	in-situ	
generated	Ni-hydride	intermediates.		

	

Entry	 Additives	 Conv	
(%)a	

Yield		
2a	+	2b	(%)a	

2a:2b	a	 2b‘	(%)a	

1	 MgCl2	(1.2	equiv)	 55	 18	 1:99	 3	
2	 nBu4NCl	(1.2	equiv)	 30	 0	 -	 -	
3	 MgCl2	(1.2	eq),	nBu4NCl	(1.2	eq)	 92	 23	 2:98	 9	
4	 MgCl2	(0.6	eq),	nBu4NCl	(2.4	eq)	 53	 41	 4:96	 5	
5	 MgCl2	(0.6	eq),	nBu4NBr	(2.4	eq)	 21	 1	 1:99	 -	
6	 MgCl2	(0.6	eq),	nBu4NI	(2.4	eq)	 7	 1	 1:99	 -	
7	 MgCl2	(0.6	eq),	nBu4OTf	(2.4	eq)	 6	 2	 1:99	 -	
8	 MgCl2	(0.6	eq),	LiCl	(2.4	eq)	 77	 45	 1:95	 4	

Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	L8	(26	mol%),	Zn	
(4.0	mmol),	DMF	(0.1	M),	40	ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	
anisole	 as	 internal	 standard.	 The	 reduction	 of	 the	 starting	material	 to	 the	 corresponding	
olefin	accounts	for	the	mass	balance	as	the	major	side	product.	2b’	is	the	product	resulting	
from	alkene	reduction	of	2b.	

Table	7.	Screening	of	additives.	
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After	 extensive	 experimentation,	 better	 reproducibility	 was	 obtained	 when	
Ni(COD)2	and	NMP	were	used.	We	also	observed	that	nBu4NOAc31	afforded	2b	in	
low	yields	but	with	high	site-selectivity	towards	2b	(Table	8,	entry	2).	Intriguingly,	
better	results	were	observed	by	increasing	the	number	of	equivalents	of	nBu4NOAc		
(entry	3).	While	the	inclusion	of	more	electron-donating	terpyridine	ligand	with	
two	alkyl	para-substituents	(L9)	was	found	to	be	rather	beneficial	(entry	5),	full	
conversion	could	not	be	achieved	and	significant	amounts	of	2b’	were	inevitably	
formed	in	the	crude	mixture.		
	

	

Entry	 Additives	 Ligand	Conv	(%)a	
Yield		
2a	+	2b	
(%)a	

2a:2b	a	
2b‘	
(%)a	

1	 MgCl2	(0.6	eq),	nBu4NCl	
(2.4	eq)	

L7	 67	 41	 4:96	 5	

2	 nBu4NOAc	(1.0	equiv)	 L7	 36	 24	 3:97	 5	
3	 nBu4NOAc	(2.0	equiv)	 L7	 60	 52	 3:97	 7	
4	 nBu4NOAc	(2.0	equiv)	 L9	 70	 63	(58)	 3:97	 7	
5	 nBu4NOAc	(3.0	equiv)	 L9	 84	 76	 3:97	 8	
6	 LiOAc	(2.0	equiv)	 L7	 63	 26	 5:95	 22	
7	 NaOAc	(2.0	equiv)	 L7	 21	 2	 2:98	 5	

Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	Ni(COD)2	 (10	mol%),	LX	 (15	mol%),	Zn	
(0.38	mmol),	 additives	 (x	mmol),	NMP	 (1.25	mL),	 40	 ºC,	 16	h.	a	 GC	 conversion,	 yield	 and	
selectivity	 determined	 using	 anisole	 as	 internal	 standard.	 The	 reduction	 of	 the	 starting	
material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.	
2b’	is	the	product	resulting	from	alkene	reduction	of	2b.	

Table	8.	Screening	of	additives.	

In	 parallel,	 we	 observed	 that	 the	 ligand	 used	 could	 be	 reduced	 to	 10	 mol%	
without	 any	 erosion	 in	 yield	 or	 selectivity.	 Due	 to	 the	 difficulty	 of	 obtaining	
anhydrous	ammonium	acetates,	we	decided	to	explore	the	 influence	of	different	
Lewis	 acids	 in	 combination	 with	 nBu4NCl.	 Particularly	 noteworthy	 was	 the	
observation	that	CaCl2	outperformed	MgCl2	and	other	Lewis	acids	when	DMA	was	
used	as	solvent.	However,	competitive	reduction	of	2b	was	still	occurring,	although	
to	a	lower	extent.	At	this	point	we	realized	that	the	presence	of	alcohols/water	in	
the	media	 or	 the	 transient	 formation	 of	 carbonic	 acid	might	 be	 promoting	 the	
formation	of	nickel	hydrides,	which	would	reduce	partially	product	2b,	giving	an	
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inseparable	mixture	of	acids	2b	and	2b’.	Aiming	at	avoiding	the	formation	of	nickel	
hydrides,	we	decided	to	test	different	bases	(Scheme	10).	We	hypothesized	that	the	
base	could	deprotonate	the	acidic	carbonic	acids	formed	in-situ,48-49	thus	avoiding	
the	formation	of	nickel	hydrides.	Alternatively,	if	the	nickel	hydride	was	formed,	it	
could	potentially	be	deprotonated	as	some	nickel	hydrides	might	present	a	slightly	
acidic	character.50		

Scheme	10.	Mechanistic	hypothesis	for	the	hydrogenation	of	double	bonds	in	the	reaction	
conditions.	

Importantly,	the	inclusion	of	organic	bases	did	not	only	avoid	the	formation	of	2b’	
but	also	 led,	 for	 the	 first	 time,	 to	 full	conversion	of	1	 (Table	9).	While	 tentative,	
these	 results	 could	 indicate	 that	 the	 addition	 of	 a	 base	 could	 avoid	 catalyst	
decomposition	via	the	formation	of	Ni-hydride	species.	With	these	results	in	hand,	
we	 wondered	 whether	 excess	 amounts	 of	 CaCl2	 might	 avoid	 the	 utilization	 of	
nBu4NCl.	Gratifyingly,	 this	was	 indeed	 the	 case	 and	we	 could	obtain	2b	 in	81%	
isolated	yield	with	an	excellent	site-selectivity	pattern	(entry	9).	
	

	

Entry	 Additives	 Amine	
Conv	
(%)a	
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1	 MgCl2	(0.6	eq),	nBu4NCl	
(2.4	eq)	 -	 47	 20	 3:97	 4	

2	 CaCl2	(0.6	eq),	nBu4NCl	
(2.4	eq)	 -	 69	 62	 3:97	 4	
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3	 ZnCl2	(0.6	eq),	nBu4NCl	
(2.4	eq)	 -	 25	 14	 3:97	 2	

4	 CaCl2	(2.0	eq),	nBu4NCl	
(1.0	eq)	 -	 94	 49	 3:97	 4	

5	 CaCl2	(2.0	eq),	nBu4NCl	
(1.0	eq)	

Cy2MeN	
(1.0	equiv)	 99	 60	 3:97	 0	

6	 CaCl2	(2.0	eq),	nBu4NCl	
(1.0	eq)	

DIPEA		
(1.0	equiv)	 99	 56	 3:97	 0	

7	 CaCl2	(2.0	eq),	nBu4NCl	
(1.0	eq)	

Et3N		
(1.0	equiv)	 99	 59	 3:97	 0	

8	 CaCl2	(2.0	eq),	nBu4NCl	
(1.0	eq)	

Et3N		
(3.0	equiv)	 99	 66	 3:97	 0	

9	 CaCl2	(4.0	equiv)	
Et3N		

(3.0	equiv)	 99	 86	(81)	 3:97	 0	

Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	Ni(COD)2	 (10	mol%),	L9	 (10	mol%),	Zn	
(0.38	mmol),	 additives	 (x	mmol),	DMA	 (1.25	mL),	 40	 ºC,	16	h.	a	 GC	 conversion,	 yield	 and	
selectivity	 determined	 using	 anisole	 as	 internal	 standard.	 The	 reduction	 of	 the	 starting	
material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.	
2b’	is	the	product	resulting	from	alkene	reduction	of	2b.	

Table	9.	Screening	of	additives	and	amine	bases.	

Next,	 we	 turned	 our	 attention	 to	 study	 in	 detail	 whether	 all	 the	 reaction	
parameters	were	critical	for	success	(Table	10).	As	expected,	the	utilization	of	other	
Ni(II)	sources	resulted	in	lower	yield	and	conversion	of	the	starting	material	(entries	
2-4).	Highly	substituted	L9	demonstrated	to	be	superior	to	all	other	terpyridine	and	
quaterpyridine	ligands	we	tried	(entries	5-8).	Importantly,	these	conditions	could	
not	be	employed	to	afford	2a	efficiently	by	using	L2	(entry	9).	While	the	use	of	other	
ethereal	or	amide-base	solvents	was	detrimental	for	the	reaction	to	occur	(entries	
10-12).	Replacement	of	CaCl2	for	other	Ca-based	Lewis	acids	was	found	to	inhibit	the	
formation	 of	 2b	 (entries	 14-15).	 Likewise,	 low	 reactivity	 was	 found	 by	 solely	
employing	nBu4NCl	(entry	16).	As	expected,	replacement	of	Et3N	for	other	organic	
or	inorganic	bases	resulted	in	lower	conversion	and	yields,	with	significant	amounts	
of	 2b’	 being	 formed	 in	 the	 reaction	 mixtures	 (entries	 17-19).	 In	 line	 with	 our	
previous	 observations,	 poor	 results	 were	 accomplished	 by	 replacing	 Zn	 for	 Mn	
(entry	20).	 	
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Entry	
Deviation	from	standard	

conditions	 Conv	(%)	a	
Yield	

2a	+	2b	(%)	a	 2a:2b
	a	 2b‘	(%)	a	

1	 none	 99	 86	(81)	 3:97	 0	
2	 NiBr2·glyme	instead	of	Ni(COD)2	 90	 62	 3:97	 0	
3	 NiCl2·glyme	instead	of	Ni(COD)2	 90	 57	 3:97	 0	
4	 Ni(acac)2	instead	of	Ni(COD)2	 87	 58	 3:97	 0	
5	 L8	instead	of	L9	 65	 27	 4:96	 0	
6	 L7	instead	of	L9	 82	 47	 4:96	 0	
7	 L5	instead	of	L9	 72	 38	 6:94	 0	
8	 L10	instead	of	L9	 67	 14	 15:85	 0	
9	 L2	(26	mol%)	instead	of	L9	 70	 32	 90:10	 0	
10	 THF	instead	of	DMA	 8	 0	 -	 -	
11	 DMF	instead	of	DMA	 99	 35	 3:97	 0	
12	 NMP	instead	of	DMA	 75	 45	 3:97	 0	
13	 MgCl2	instead	of	CaCl2	 98	 59	 3:97	 0	
14	 Ca(OTf)2	instead	of	CaCl2	 32	 0	 -	 -	
15	 CaI2	instead	of	CaCl2	 22	 0	 -	 -	
16	 nBu4NCl	instead	of	CaCl2	 10	 7	 -	 -	
17	 Na2CO3	instead	of	Et3N	 79	 31	 3:97	 3	
18	 DIPEA	instead	of	Et3N	 99	 67	 3:97	 0	
19	 Pyridine	instead	of	Et3N	 64	 16	 3:97	 1	
20	 Mn	instead	of	Zn	 43	 21	 -	 -	

	
Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	Ni(COD)2	 (10	mol%),	L9	 (10	mol%),	Zn	
(0.38	mmol),	CaCl2	(1.0	mmol),	Et3N	(0.75	mmol),	DMA	(1.25	mL),	40	ºC,	16	h.	a	GC	conversion,	
yield	 and	 selectivity	 determined	 using	 anisole	 as	 internal	 standard.	 The	 reduction	 of	 the	
starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	
product.	2b’	is	the	product	resulting	from	alkene	reduction	of	2b.	

	Table	10.	Deviation	from	standard	conditions.	
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Table	 11	 shows	 that	 the	 presence	 of	 Ni,	 ligand	 and	 Zn	was	 critical	 for	 success	
(entries	 2-4).	 The	 omission	 of	 CaCl2	 resulted	 in	 no	 conversion	 of	 the	 starting	
material,	thus	indicating	that	it	has	a	critical	role	in	mediating	one	or	more	steps	in	
the	 catalytic	 cycle	 (entry	 5).	 Furthermore,	 the	 absence	 of	 Et3N	 resulted	 in	 lower	
yields	of	2b	and	2b’.	Notably,	olefin	byproducts	were	observed	by	conducting	the	
reaction	under	argon	atmospheres.	

	

	

Entry	
Deviation	from	standard	

conditions	 Conv	(%)	a	
Yield	

2a	+	2b	(%)	a	 2a:2b
	a	 2b‘	(%)	a	

1	 none	 99	 86	(81)	 3:97	 0	
2	 no	Ni(COD)2	 0	 -	 -	 -	
3	 no	L9	 34	 0	 -	 -	
4	 no	Zn	 0	 -	 -	 -	
5	 no	CaCl2	 0	 -	 -	 -	
6	 no	Et3N	 99	 50	 3:97	 4	
7	 no	CO2	 21	 -	 -	 -	

Reaction	conditions:	1	(0.25	mmol),	CO2	(1	atm),	Ni(COD)2	 (10	mol%),	L9	 (10	mol%),	Zn	
(0.38	mmol),	CaCl2	(1.0	mmol),	Et3N	(0.75	mmol),	DMA	(1.25	mL),	40	ºC,	16	h.	a	GC	conversion,	
yield	 and	 selectivity	 determined	 using	 anisole	 as	 internal	 standard.	 The	 reduction	 of	 the	
starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	
product.	2b’	is	the	product	resulting	from	alkene	reduction	of	2b.	

Table	11.	Control	experiments.	
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3.3.	Preparative	substrate	scope		
	
Having	optimized	conditions	to	access	either	linear	or	a-branched	carboxylic	acids,	
we	 next	 turned	 our	 attention	 to	 evaluate	 the	 generality	 of	 our	 Ni-catalyzed	
switchable	site-selective	carboxylation	of	allylic	alcohols	with	CO2	by	using	a	Ni/L2	
or	 Ni/L9	 couple	 (Scheme	 11).	 All	 the	 allylic	 alcohols	 were	 used	 as	 received	 or	
synthetized	in	one	or	two	steps	through	vinyl	magnesium	bromide	addition	to	the	
corresponding	 aldehyde.	 In	 all	 the	 examples	 we	 analyzed,	 an	 exquisite	 site-
selectivity	was	observed	regardless	of	whether	linear	or	a-branched	allylic	alcohols	
were	employed,	 thus	 indicating	 that	 substrate-controlled	site-selectivity	does	not	
come	into	play.	This	was	demonstrated	by	the	observation	that	2a	and	2b	could	be	
either	accessed	from	the	primary	allyl	alcohol	or	its	branched	analogue.	Additionally,	
the	 carboxylation	 of	a-branched	 allylic	 alcohols	 gave	 rise	 to	 thermodynamically	
favored	 (E)-configured	 linear	carboxylic	acids	 in	more	 than	a	92:8	E/Z	 ratio	 (2a-
12a).	Not	surprisingly,	 tertiary	allyl	alcohols	provided	14a	as	an	E	and	Z	mixture	
(ratio	E/Z	=	45:55),	as	two	possible	nickel	p-allyl	intermediates	with	similar	energy	
are	formed	upon	oxidative	addition.	However,	the	substitution	pattern	on	the	double	
bond	of	the	allyl	terminus	had	no	influence	on	reactivity	or	site-selectivity,	obtaining	
predominantly	 the	 corresponding	 linear	 or	a-branched	 carboxylic	 acids	with	 the	
appropriate	nickel/ligand	system.	In	a	similar	way,	the	inclusion	of	substituents	in	
the	a-position	of	the	allyl	motif	had	no	influence	over	the	efficiency	of	the	reaction	
as	 3a,	 3b	 and	 10a,	 10b	 were	 obtained	 in	 good	 yields.	 Nevertheless,	 these	
substituents	 did	 have	 a	minor	 influence	 over	 the	 site-selectivity	 of	3b	 and	10b,	
which	were	obtained	in	82:18	and	85:15	branched/linear	ratios,	respectively.	This	
lower	selectivity	could	indicate	that	the	direct	nucleophilic	attack	of	the	g-carbon	of	
the	olefin	 to	CO2	 could	be	partially	disfavored	due	 to	 the	 steric	hindrance	of	 this	
substituent.	 Regarding	 the	 functional	 group	 compatibility	 of	 our	 carboxylation	
event,	 the	presence	of	 esters	 (9a,	9b),	 acetals	 (10a,	10b)	or	aryl	 chlorides	 (13a,	
13b)	 did	 not	 interfere	 with	 productive	 CO2	 insertion,	 thus	 providing	 ample	
opportunities	for	further	functionalization.	Particularly	noteworthy	was	the	ability	
to	access	quaternary	centers	(14b),	as	the	number	of	examples	of	cross-electrophile	
coupling	reactions	utilizing	tertiary	alkyl	electrophiles	are	still	scarce.51–54	
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Reaction	conditions	 for	 linear	acids:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	
bathocuproine	L2	(26	mol%),	Zn	(1.0	mmol),	MgCl2	(0.3	mmol),	DMF	(2.5	mL),	40	ºC,	40	h.	
Yield	is	that	of	isolated	product,	and	an	average	of	at	least	two	independent	runs.	2a–15a	
were	all	obtained	in	99:1	(linear/branched)	ratio.	2a	–	13a	were	obtained	in	>	92:8	E/Z	ratio.	
a	 From	 linear	 alcohol.	 b	 From	 a	 branched	 alcohol.	 c	 Zn	 (2.50	 equiv)	 in	 DMF	 (3.5	 mL).	 d	
E/Z=45:55.	Reaction	conditions	for	a-branched	acids:	1	(0.25	mmol),	CO2	(1	atm),	Ni(COD)2	
(10	mol%),	L9	(10	mol%),	Zn	(0.38	mmol),	CaCl2	(1.0	mmol),	Et3N	(0.75	mmol)	DMA	(1.25	
mL),	rt,	16	h.	Yield	is	that	of	isolated	product,	and	an	average	of	at	least	two	Independent	
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runs.	 With	 the	 exception	 of	 3b	 and	 10b,	 all	 products	 were	 obtained	 in	 >	 92:8	
(branched/linear)	 ratio.	 e	 82:18	 (branched/linear).	 f	 85:15	 (branched/linear)	 and	 1:1	
diastereomeric	ratio.		
Scheme	11.	Scope	of	the	switchable	site-selective	catalytic	carboxylation	of	allylic	alcohols	

with	CO2.	

3.3.2.	 Application	 to	 isomeric	 geraniol,	 nerol	 and	 linalool	 natural	 allylic	
alcohols	
	
After	 showing	 the	 versatility	 of	 the	 carboxylation	with	 a	wide	 variety	 of	 allylic	
alcohols	 to	afford	either	(E)-configured	 linear	or	a-branched	carboxylic	acids,	we	
next	 turned	 our	 attention	 to	 explore	 the	 carboxylation	 of	 some	 monoterpenoid	
allylic	 alcohol	 isomers	 (Scheme	 12).	While	 the	 carboxylation	 of	 these	 substrates	
would	certainly	show	the	applicability	of	our	methodology	 to	naturally	abundant	
allylic	alcohols,	 the	different	configuration	and	substitution	of	 the	double	bond	in	
geraniol,	 nerol	 and	 linalool	 would	 provide	 valuable	 information	 about	 the	
stereoselectivity	of	the	reaction.	Under	conditions	to	afford	linear	carboxylic	acids,	
we	observed	a	decent	degree	of	stereoretention	of	the	double	bond	configuration	by	
using	 (E)-configured	 geraniol	 and	 (Z)-configured	 nerol,	 thus	 indicating	 that	E/Z-
isomerization	through	p-allyl	formation	does	not	occur	to	a	large	extent	under	these	
reaction	conditions.	This	observation	in	the	configuration	of	the	double	bond	in	the	
allylic	 alcohol	 precursor	 could	 be	 due	 to	 subtle	 changes	 in	 the	 hapticities	 of	 the	
intermediate	allyl-Ni	complex	or	the	known	ability	of	tethered	alkenes	on	the	side-
chain	 to	 act	 as	 intramolecular	 directing	 groups.55	 As	 it	 could	 be	 foreseen	 from	
previous	results,	the	carboxylation	of	linalool,	which	necessarily	proceeds	through	
two	possible	p-allyl	intermediate,	afforded	15a	as	an	E	and	Z	mixture.	In	contrast,	
quaternary	 carboxylic	 acid	15b	was	 exclusively	 obtained	 from	 geraniol,	 nerol	 or	
linalool	under	the	Ni/L9	regime.	
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Reaction	conditions	 for	 linear	acids:	1	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	
bathocuproine	L2	(26	mol%),	Zn	(1.0	mmol),	MgCl2	(0.3	mmol),	DMF	(2.5	mL),	40	ºC,	16	h.	
Yield	is	that	of	isolated	product,	and	an	average	of	at	least	two	Independent	runs.	2a–15a	
were	all	obtained	in	99:1	(linear/branched)	ratio.	Reaction	conditions	for	a-branched	acids:	
1	(0.25	mmol),	CO2	(1	atm),	Ni(COD)2	(10	mol%),	L9	(10	mol%),	Zn	(0.38	mmol),	CaCl2	(1.0	
mmol),	Et3N	(0.75	mmol)	DMA	(1.25	mL),	rt,	16	h.	Yield	is	that	of	isolated	product,	and	an	
average	of	at	 least	two	Independent	runs.	With	the	exception	of	3b	and	10b,	all	products	
were	obtained	in	>	92:8	(branched/linear)	ratio.	
Scheme	12.	Scope	of	the	catalytic	carboxylation	using	geraniol,	nerol	and	linalool	natural	

products.	

	
	 	

15b, 72%, l:b = 3:97
CO2H

Me

Me Me

15a, 76%, E/Z = 96:6

CO2H

R3
R1

R2
OH

or
R2

R3
R1

OH

R3
R1

R2Ni / L2
R1 CO2H

R2

R3

linear acid α-branched acid

15a, 60%, E/Z = 16:84

 15a, 68%, E/Z = 42:58

15b, 65%, l:b = 2:98

15b, 65%, l:b = 3:97

Me

Me Me

OH

Me

Me Me

Me

Me Me

OH

Me

Me OH

geraniol

nerol

linalool

Me

Me

Me CO2HMe

Me

Me CO2HMe

Me

Me CO2HMe

CO2H

Me

Me Me

CO2H

Ni / L9



Chapter 2  

 96 

4.	Mechanistic	studies		
	
4.1.	Stoichiometric	experiments	with	Ni(0)(L2)2	and	Ni(COD)2/L9	
	
To	 obtain	 more	 mechanistic	 information,	 we	 decided	 to	 perform	 some	
stoichiometric	 and	 catalytic	 studies	 with	 isolated	 and	 well-characterized	 nickel	
complexes.	 We	 attempted	 the	 synthesis	 of	 nickel(0)	 complexes	 starting	 from	
Ni(COD)2,	 and	while	Ni(L2)2	 could	 be	 easily	 synthesized	 by	 following	 a	 reported	
literature	procedure,56	the	synthesis	of	Ni(0)(L9)	was	more	challenging	as	complex	
reaction	mixtures	or	uncompleted	reactions	were	observed.	These	results	were	not	
surprising	 considering	 that	 most	 of	 the	 known	 Ni-terpyridine	 complexes	 are	
formally	 Ni(II)/Ni(I)-halide	 or	 Ni(I)-alkyl	 complexes.57	 Despite	 the	 unsuccessful	
preparation	of	Ni(0)L9	complex	in	an	analytically	pure	form,	we	decided	to	carry	our	
mechanistic	studies	by	employing	Ni(COD)2/L9	instead.		
	
Although	we	do	not	have	a	complete	understanding	on	the	full	mechanistic	picture,	
we	turned	our	attention	to	gather	empirical	evidence	about	the	role	of	the	ligand	by	
studying	the	reactivity	of	the	two	Ni(0)	species.	Firstly,	stoichiometric	experiments	
were	conducted	both	in	the	presence	and	absence	of	the	metal	reductant	(Scheme	
13).	While	a	Ni(L2)2	required	the	presence	of	Zn	to	afford	16a,	the	corresponding	
Ni(COD)2/L9	 couple	 cleanly	 produced	 a	 73%	 yield	 of	 16b	 in	 the	 absence	 of	
reductant,	thus	evidencing	the	unique	role	exerted	by	the	ligand	backbone.	Although	
speculative,	 these	 results	might	 suggest	 the	 intermediacy	of	 in-situ	generated	h1-
Ni(I)	intermediates	after	reduction	by	zinc	with	bidentate	L2,	in	which	CO2	insertion	
takes	place	at	the	a-carbon	(Scheme	13,	left).	In	contrast,	the	high	yield	observed	in	
the	absence	of	reductant	by	using	tridentate	L9	points	towards	the	intermediacy	of	
h1-Ni(II)	species,	in	which	C–C	bond-formation	occurs	through	nucleophilic	attack	of	
the	g-carbon	of	the	alkene	to	CO2	(Scheme	13,	right).	This	mechanistic	interpretation	
is	somewhat	reminiscent	of	the	elegant	Pd-catalyzed	carboxylation	of	allenes	via	h1-
allyl-Pd(II)	 intermediates	 possessing	 structurally	 related	 tridentate	 pincer-type	
ligands.58,59	 Interestingly,	neither	CaCl2	or	Et3N	were	found	to	be	 indispensable	to	
afford	 the	 carboxylation	 when	 a	 stoichiometric	 amount	 of	 Ni(COD)2/L9	 was	
employed.	 However,	 the	 absence	 of	 these	 additives	 did	 have	 an	 impact	 on	 the	
reaction	conversion,	possibly	 indicating	 that	 the	reaction	 is	occurring	at	a	slower	
rate.	These	results	are	in	sharp	contrast	to	what	was	found	in	the	catalytic	version,	
where	CaCl2	was	required	in	order	to	afford	conversion	to	the	targeted	carboxylic	
acid	products.	Overall,	these	results	suggest	CaCl2	could	have	a	role	in	accelerating	
oxidative	addition	or	CO2	insertion,	but	it	might	have	a	bigger	impact	in	turning	over	
the	catalytic	cycle.		
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Scheme	13.	Stoichiometric	experiments	with	Ni(0)(L2)2	and	Ni(COD)2/L9	with	and	

without	Zn.	

In	 order	 to	 shed	 some	 light	 over	 the	 possible	 role	 of	 CO2	 mediating	 oxidative	
addition	 through	 the	 in-situ	 formation	 of	 hemicarbonates	 or	 carbonic	 acids,	 we	
decided	to	study	the	conversion	of	the	allylic	alcohol	when	exposed	to	stoichiometric	
amounts	of	Ni(L2)2	and	Ni(COD)2/L9	 in	the	absence	of	CO2	(Scheme	14).	If	direct	
oxidative	 addition	 of	 these	 Ni(0)	 complexes	 to	 the	 allyl	 alcohol	would	 be	 a	 fast	
process,	 a	 high	 conversion	 towards	 the	 corresponding	 reduced	 or	 dimerized	
products	 would	 be	 expected	 upon	 acidic	 quench	 of	 the	 putative	 nickel(II)	
intermediates.	In	contrast,	we	observed	a	complete	absence	of	reactivity	when	it	was	
exposed	 to	Ni(L2)2	 even	 in	 the	presence	of	Lewis	acids.	 Similarly,	 a	modest	18%	
conversion	was	observed	when	Ni(COD)2/L9	was	used	 in	 combination	with	Et3N	
and	CaCl2.	Although	tentative,	these	results	might	indicate	that	the	actual	reactive	
species	 are	 the	 proposed	 CO2	 adducts,	 which	 coexist	 in	 equilibrium	 with	 the	
corresponding	allyl	alcohols.	Nevertheless,	stronger	evidence	would	be	required	to	
fully	support	such	assumption.	To	such	end,	direct	measurement	of	the	equilibrium	
constants,	the	isolation	and	characterization	of	some	of	the	reactive	intermediates	
or	the	development	of	other	Ni-catalyzed	processes	that	used	CO2	as	an	activating	
reagent	would	help	in	determining	the	actual	pathway	for	oxidative	addition.	 	
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Scheme	14.	Stoichiometric	experiments	with	Ni(0)(L2)2	and	Ni(COD)2/L9	in	the	absence	

of	CO2.	

Although	large	amounts	of	MgCl2	or	CaCl2	might	generate	an	allyl	chloride	in-situ	
upon	 exposure	 to	 an	 allyl	 alcohol,	 control	 experiments	 ruled	 out	 this	 possibility	
(Scheme	15,	top).	Additionally,	we	demonstrated	the	corresponding	allyl	chlorides	
were	 not	 competent	 electrophiles	 under	 the	 reaction	 conditions	 (Scheme	 15,	
bottom).	 While	 in	 the	 absence	 of	 Lewis	 acids	 full	 conversion	 to	 dimerized	 and	
reduced	products	was	observed,	the	presence	of	either	MgCl2	or	CaCl2	allowed	the	
formation	of	carboxylation	products	in	less	than	10%	yield.	These	results	could	be	
rationalized	by	the	known	ability	of	these	additives	in	facilitating	CO2	insertion	into	
Ni-alkyl	intermediates.	
	

 
Scheme	15.	Control	experiments	with	allyl	chlorides.	
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5.	Proposed	reaction	mechanisms	
	
5.1.	Proposed	reaction	mechanism	for	the	synthesis	of	linear	carboxylic	acids	
	
In	line	with	the	above-mentioned	results,	we	tentatively	propose	a	catalytic	cycle	
consisting	of	an	 initial	generation	of	Ni(L2)2	 through	two	consecutive	SET	events	
mediated	by	Zn	(Scheme	16).	Oxidative	addition	of	the	more	reactive	carbonic	acid	
or	 the	 corresponding	 hemicarbonate	 to	 Ni(0)	 should	 give	 rise	 to	 cationic	p-allyl	
intermediate	VI,	in	which	the	lower	binding	affinity	of	the	carbonate	anion	should	
facilitate	its	formation.	A	higher	reactivity	of	these	CO2	bound	C–O	electrophiles	as	
compared	 to	 allylic	 alcohols	 is	 supported	 by	 the	 literature	 and	 by	 the	 observed	
negligible	 conversion	 when	 directly	 exposing	 allyl	 alcohols	 to	 Ni(0)(L2)2	 in	 the	
absence	of	CO2	(Scheme	15).	Based	on	the	known	reactivity	of	Ni(I)-alkyl	complexes	
towards	CO2	 insertion60,61	 and	 the	 lack	of	 reactivity	of	Ni(L2)2	 	 in	 the	 absence	of	
metal	 reductant,	 we	 propose	 Zn	 mediated	 SET	 might	 be	 required	 in	 order	 to	
promote	efficient	CO2	insertion	into	a	more	nucleophilic	C(sp3)-Ni(I)	bond.	Although	
two	 possible	 alkyl-Ni(I)	 species	 could	 be	 formed	 upon	 reduction	 of	VI,	 the	 high	
rigidity	of	the	phenanthroline	ligand,	and	the	steric	bulk	of	the	ortho-substituents	
would	most	likely	favor	the	formation	of	a	primary	Ni(I)-alkyl	complex	(VII),	thus	
explaining	the	site-selectivity	observed	for	L2.	Subsequently,	CO2	insertion	could	be	
assisted	by	MgCl2	to	afford	Ni(I)-carboxylate	VIII.	Considering	that	the	use	of	MgCl2	
was	not	absolutely	critical	for	success,	we	tentatively	propose	that	Zn	might	directly	
mediate	 the	 final	 reductive	 transmellation	 of	VIII	 to	 regenerate	 the	 catalytically	
active	 Ni(0)	 species	 with	 concomitant	 generation	 of	 Zn-carboxylate.	 Final	 acidic	
workup	of	the	reaction	should	afford	the	corresponding	linear	carboxylic	acid.	
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Scheme	16.	Proposed	reaction	mechanism	via	Ni(II)/Ni(I)/Ni(0)	for	the	formation	of	linear	

carboxylic	acids.	

5.2.	Proposed	reaction	mechanism	for	the	synthesis	of	a-branched	carboxylic	
acids	
	
As	commented	in	the	case	of	the	linear	carboxylation	conditions,	a	more	complete	
mechanistic	picture	would	require	further	investigation.	The	basic	observations	we	
made	throughout	the	optimization	and	the	conducted	mechanistic	experiments	have	
helped	 to	 propose	 the	 catalytic	 cycle	 depicted	 in	 Scheme	 17.	 The	 formation	 of	
catalytically	active	Ni(L9)	might	occur	upon	L9	coordination	to	Ni(COD)2.	In	analogy	
with	the	linear	carboxylation	event,	oxidative	addition	of	the	in-situ	formed	carbonic	
acids	or	hemicarbonates	should	give	rise	to	Ni(II)	intermediate	IX.	In	contrast	to	the	
use	of	bidentate	phenanthroline	ligands,	tridentate	terpyridine	ligands	such	as	L9	
would	promote	the	formation	of	cationic h1-alkyl-Ni(II)L9	complexes.	Additionally,	
the	higher	binding	affinity	of	a	pyridine	 ligand	as	compared	to	an	 internal	alkene	
would	definitely	 favor	 this	 type	of	coordination	 in	IX,	 resulting	 in	a	nickel	center	
coordinatively	 saturated.	 Considering	 that	 stoichiometric	 experiments	 with	
Ni(COD)2/L9	 in	 the	 absence	 of	 any	 metal	 reductant	 afforded	 16b	 in	 73%	 yield	
(Scheme	13,	right),	we	propose	CO2	insertion	is	directly	occurring	into	IX	without	
any	prior	SET	reduction	to	nickel(I).	As	it	has	been	proposed	in	the	literature	using	
related	 Pd-62,63	 and	 Ni-complexes,64	 CO2	 insertion	 is	 most	 likely	 occurring	 via	
transition	state	XII,	in	which	direct	nucleophilic	attack	of	the	g-carbon	of	the	alkene	
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to	CO2	allows	the	formation	of	an	alkene	coordinated	Ni(II)	intermediate	that	rapidly	
isomerizes	to	form	Ni(II)-carboxylate	X.	Taking	into	consideration	our	optimization	
studies	and	the	control	experiments	in	the	absence	of	CaCl2	that	revealed	Lewis	acids	
containing	a	chloride	anion	as	a	requisite	for	the	reaction	to	occur,	we	proposed	that	
this	additive	is	likely	enabling	the	regeneration	of	the	active	catalyst.	Salt	metathesis	
of	CaCl2	with	X,	should	generate	a	Ca-carboxylate	and	Ni(II)-chloride	intermediate	
XI,	 which	 presumably	 could	 be	 more	 easily	 reduced	 than	 the	 corresponding	
carboxylate.	 This	 hypothesis	 gains	 credence	 when	 considering	 that	 the	
stoichiometric	carboxylation	afforded	51%	yield	of	the	branched	carboxylic	acid	in	
the	absence	of	CaCl2,	thus	suggesting	that	this	additive	is	most	probably	implicated	
at	 the	 last	 stages	 of	 the	 catalytic	 cycle,	 possibly	 enabling	 the	 regeneration	 of	 the	
active	 Ni(0)	 species.	 Nevertheless,	 further	 experimentation	 with	 isolated	 and	
characterized	 complexes	 or	 DFT	 calculations	would	 be	 required	 to	 elucidate	 the	
actual	mechanism	of	the	reaction.	

 
Scheme	17.	Proposed	reaction	mechanism	via	Ni(II)/Ni(0)	for	the	formation	of	a-branched	

carboxylic	acids.	 	
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6.	Conclusions	
	
In	 this	 chapter	we	 have	 collected	 the	 efforts	 towards	 the	 development	 of	 a	Ni-
catalyzed	 switchable	 site-selective	 carboxylation	 of	 allylic	 alcohols	 with	 CO2.	
Throughout	 the	optimization	we	discovered	 the	 feasibility	 of	 this	 transformation	
utilizing	pyridine-based	ligands	in	combination	with	Lewis	acids	containing	chloride	
anions.	Different	ligand	structures	provide	access	to	two	different	mechanisms	for	
CO2	insertion,	controlling	the	selectivity	of	the	process	to	obtain	selectively	different	
products.	 The	 utilization	 of	 MCl2	 Lewis	 acids	 seems	 to	 be	 enhancing	 the	 overall	
reactivity	 of	 the	 catalytic	 cycle,	 favoring	 CO2	 insertion	 or	 the	 formation	 of	
hemicarbonate/carbonic	acids	to	give	an	easier	C–O	cleavage.	Additionally,	CO2	 is	
used	 to	enhance	 the	 reactivity	of	 allylic	 alcohols	 through	 the	 in-situ	 formation	of	
more	 reactive	 carbonic	 acids	 or	 hemicarbonate	 species.	 Given	 the	mild	 reaction	
conditions	of	these	reductive	carboxylations,	this	transformation	could	be	applied	
to	a	wide	variety	of	allylic	alcohols	containing	different	functional	groups.	Moreover,	
the	process	was	characterized	by	a	broad	generality	allowing	the	carboxylation	of	
structurally	diverse	allylic	alcohols	with	high	selectivity	to	form	either	linear	or	a-
branched	 carboxylic	 acids.	 Finally,	we	 carried	 out	 some	 preliminary	mechanistic	
investigations	 using	 stoichiometric	 amounts	 of	 isolated	 and	 characterized	 Ni(0)-
complexes	 or	 a	 combination	 of	Ni(COD)2	 and	 ligand.	 These	 results	 gave	 valuable	
insight	about	the	oxidation	state	of	the	Ni-intermediate	prior	to	CO2	insertion	and	
some	hints	about	the	possible	role	of	the	additives	and	the	involvement	of	CO2	 in	
facilitating	oxidative	addition.	Nevertheless,	further	mechanistic	investigations	are	
required	to	elucidate	the	full	mechanistic	picture	of	these	transformations.	 	



Site-Selective Catalytic Carboxylation of Allylic Alcohols with CO2 

 103 

7.	Experimental	Section	
	
General	considerations		
	
Reagents.	Commercially	available	materials	were	used	without	further	purification.	
NiBr2·glyme	 (97%	purity;	 a	 better	 reproducibility	was	 found	when	 stored	 in	 the	
glovebox),	MgCl2	anhydrous	(98%	purity),	CaCl2	anhydrous	(>92%	purity,	grinded	
inside	the	glovebox),	Et3N	anhydrous,	nerol	(>97%	purity),	linalool	(>97%	purity),	
and	 zinc	 dust	 (<10	 μm,	 >98%)	 were	 purchased	 from	 Aldrich.	 Anhydrous	 N,N-
dimethylformamide	(DMF,	99.8%	purity)		and	N,N-dimethylacetamide	(DMA,	99.8%	
purity)	 were	 purchased	 from	 Acros	 Organics.	 2-octen-1-ol	 (>97%	 purity)	 was	
obtained	from	Alfa	Aesar,	geraniol	(>96%	purity)	and	L2	(>98%	purity)	from	TCI,	
L7	(>98%	purity)	from	HETCAT	and	Ni(COD)2	was	obtained	from	Strem	Chemicals.	
	
Analytical	methods.	1H	and	13C	NMR	spectra	were	recorded	on	a	Bruker	300MHz,	
400	MHz	and	500	MHz	at	20	°C.	All	1H	NMR	spectra	are	reported	in	parts	per	million	
(ppm)	 downfield	 of	 TMS	 and	were	 calibrated	 using	 the	 residual	 solvent	 peak	 of	
CHCl3	(7.26	ppm),	unless	otherwise	indicated.	All	13C	NMR	spectra	are	reported	in	
ppm	relative	to	TMS,	were	calibrated	using	the	signal	of	CDCl3	(77.16	ppm)	and	were	
obtained	with	1H	decoupling	unless	otherwise	indicated.	Coupling	constants,	J,	are	
reported	in	Hertz.	Melting	points	were	measured	using	open	glass	capillaries	in	a	
Büchi	B540	apparatus.	Infrared	spectra	were	recorded	on	a	Bruker	Tensor	27.	Gas	
chromatographic	 analyses	 were	 performed	 on	 Hewlett-Packard	 6890	 gas	
chromatography	 instrument	 with	 an	 FID	 detector	 and	 a	 Nujol	 stationary	 phase.	
Flash	chromatography	was	performed	with	EM	Science	silica	gel	60	(230-400	mesh).	
The	yields	reported	as	part	of	the	substrate	scope	represent	an	average	of	at	least	
two	independent	runs.		
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Optimizations	details	
	
General	 procedure.	 An	 oven-dried	 schlenk	 tube	 containing	 a	 stirring	 bar	 was	
charged	with	Zn	dust	and	the	corresponding	ligand.	Subsequently	the	Schlenk	tube	
was	introduced	into	the	glove	box	and	charged	with	the	corresponding	nickel	source	
and	additives.	The	tube	was	taken	out	of	the	glovebox	and	connected	to	a	vacuum	
line	where	it	was	evacuated	and	back	filled	under	CO2	flow	for	at	least	3	times.	Allyl	
alcohol	1	(0.2	mmol),	Et3N	(if	applicable)	and	the	solvent	were	added	under	CO2	flow.	
Once	added,	the	schlenk	tube	was	closed	at	1	atm	of	CO2	and	stirred	for	16	hours	at	
40	ºC	.	The	mixture	was	carefully	quenched	with	2	M	HCl	to	hydrolyze	the	resulting	
carboxylate	 and	 diluted	 with	 EtOAc.	 A	 sample	 of	 such	 obtained	 solution	 was	
analyzed	 by	 1H	 NMR	 spectroscopy	 using	 1,3,5-trimethoxybenzene	 as	 internal	
standard	or	by	gas	chromatography	analysis	(GC)	using	anisole	as	internal	standard.	
If	needed,	the	resulting	carboxylic	acid	was	purified	by	column	chromatography	on	
silica	gel	(pentane/Et2O	6/1	followed	by	pentane/Et2O	1/1)	to	deliver	the	expected	
product.	
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Synthesis	of	the	ligand	(L9)	
	

	
Synthesis	 of	 4,4'',6,6''-tetramethyl-2,2':6',2''-terpyridine	 (L9).	 2-bromo-4,6-
dimethylpyridine65	(9.0	g,	48	mmol)	was	placed	in	a	dried	500	mL	flask	under	argon.	
THF	 (100	mL)	was	 added	 and	 the	 resulting	 solution	was	 cooled	 to	 -78	 °C.	 After	
stirring	for	10	minutes	at	this	temperature,	nBuLi	(2.5	M	in	hexanes,	21.5	mL,	1.1	
equiv)	was	added	dropwise.	After	the	addition	was	complete,	the	resulting	mixture	
was	stirred	at	-78	°C	for	90	min,	followed	by	a	slow	addition	of	nBu3SnCl	(15.7	mL,	
18.6	g,	57.0	mmol,	1.2	equiv).	After	the	addition	was	complete,	the	resulting	mixture	
was	stirred	at	the	same	temperature	for	2	h,	followed	by	removal	of	the	cooling	bath	
and	further	stirring	for	1	h.	The	reaction	was	quenched	by	the	addition	of	water	and	
extraction	with	Et2O.	The	combined	organic	layers	were	dried	over	MgSO4,	filtered	
and	 concentrated.	 The	 crude	 product	 obtained	 (22.9	 g,	 mixture	 of	 unreacted	 n-
Bu3SnCl	 and	 product)	 was	 mixed	 with	 2,6-dibromopyridine	 (3.8	 g,	 16.1	 mmol),	
Pd(PPh3)4	(1.86	g,	10	mol%)	in	toluene	(150	mL)	and	placed	in	a	dried	flask	under	
argon	and	stirred	under	reflux.	After	24	hours	the	reaction	mixture	was	allowed	to	
cool	to	room	temperature,	and	the	volatiles	were	removed	under	reduced	pressure.	
The	black	tarlike	residue	was	taken	up	in	aq.	HCl	(6	M,	10	mL)	and	CH2Cl2	(30	mL).	
After	a	time-consuming	phase	separation,	the	organic	phase	was	extracted	with	aq.	
HCl	(6	M,	3	×	10	mL).	The	aqueous	phases	were	combined	and	filtered	through	a	plug	
of	 cotton.	 The	 resulting	 solution	 was	 cooled	 to	 0	 ºC,	 and	 slowly	 basified	 with	 a	
saturated	solution	of	NaOH.	The	basic	solution	was	extracted	with	CH2Cl2	(30	mL)	
three	 times,	washed	with	brine,	dried	over	MgSO4,	 filtered	and	evaporated	under	
reduced	pressure.	The	black	residue	was	purified	by	flash	column	chromatography	
on	basic	alumina	mixed	with	K2CO3	(10%	w/w)	using	a	gradient	of	hexane:CH2Cl2	
(9:1	to	3:1	to	pure	CH2Cl2)	affording	of	L9	as	white	solid	in	68%	yield	(3.15	g,	10.8	
mmol).	
1H	NMR	(300	MHz,	CDCl3):	δ	=	8.43	(d,	J	=	7.8	Hz,	2H),	8.21	(s,	2H),	7.91	(t,	J	=	8.0	
Hz,	1H),	7.03	(s,	2H),	2.61	(s,	6H),	2.45	(s,	6H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	=	157.8,	156.0,	155.8,	148.1,	137.8,	124.4,	121.2,	119.2,	
24.6,	21.3	ppm.		
Melting	Point:	146-147	ºC.		
IR	(neat,	cm-1):	3061,	2955,	2917,	1609,	1563,	1438,	1399,	1373,	1264,	1169,	1078,	
911,	858,	821,	7400,	643,	530.		
HRMS	(ESI+):	calcd.	for	C19H20N3	(M+H):	290.1652,	found	290.1652.		
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Ni-catalyzed	carboxylation	of	allyl	alcohols	using	L2	
General	 procedure	 A:	 An	 oven-dried	 Schlenk	 tube	 equipped	 with	 a	 magnetic	
stirring	bar	was	charged	with	Zn	dust	(60	mg,	1.0	mmol,	4.0	equiv)	and	L2	(23.4	mg,	
0.065	mmol,	26	mol%).	Subsequently	the	Schlenk	tube	was	introduced	into	the	glove	
box	and	charged	with	MgCl2	(28.2	mg,	0.300	mmol,	1.2	equiv).	The	Schlenk	flask	was	
extracted	 from	 the	 glove	 box	 and	 filled	 with	 CO2	 by	 applying	 three	 cycles	 of	
evacuation	 and	 filling	 with	 CO2.	 Subsequently,	 the	 allyl	 alcohol	 substrate	 (0.25	
mmol)	was	added	by	syringe,	followed	by	a	stock	solution	of	NiBr2·glyme	(7.7	mg,	
25	µmol,	10	mol%)	in	DMF	(2.5	mL).	During	the	addition	of	 liquids,	a	continuous	
flow	of	CO2	was	maintained.	The	Schlenk	flask	was	tightly	sealed	and	placed	into	a	
pre-heated	(40	°C)	aluminum	block.	The	reaction	mixture	was	stirred	at	40	°C	for	
approx.	40	h,	after	which	it	was	allowed	to	cool	to	room	temperature	and	quenched	
by	careful	addition	of	2	M	aq.	HCl	sol.	The	reaction	mixture	was	diluted	with	water	
and	extracted	three	times	with	EtOAc.	The	combined	organic	phases	were	washed	
with	 brine,	 dried	 over	 MgSO4	 and	 filtered.	 The	 crude	 product	 was	 concentrated	
under	 reduced	 pressure	 and	 subjected	 to	 column	 chromatography	
(hexanes/EtOAc).		
	

(E)-3-nonenoic	 acid	 (2a).	 From	 (E)-2-octen-1-ol:	 Following	 the	
general	procedure	A,	using	(E)-2-octen-1-ol	(38µL,	0.25	mmol)	as	
starting	material,	the	title	compound	was	obtained	(28.6	mg,	73%)	

as	a	94:6	E/Z-mixture	(a	pale	yellow	oil).		In	a	separate	experiment,	26.3	mg	(67%)	
were	 obtained,	 giving	 an	 average	 yield	 of	 70%.	From	 1-octen-3-ol:	 Following	 the	
general	procedure	A,	using	1-octen-3-ol	(37	µL,	0.25	mmol)	as	starting	material,	the	
title	compound	was	obtained	(24.6	mg,	63%)	as	a	93:7	E/Z-mixture	(a	pale	yellow	
oil).	In	a	separate	experiment,	24.2	mg	(62%)	were	obtained,	giving	an	average	yield	
of	63%.	The	observed	spectral	data	are	in	good	agreement	with	the	literature.66		
1H	NMR	(500	MHz,	CDCl3):	δ	=	9.64	(brs,	1H),	5.63	–	5.46	(m,	2H),	3.07	(d,	J	=	5.6	
Hz,	2H),	2.03	(td,	J	=	7.0,	6.6	Hz,	2H),	1.40	–	1.23	(m,	6H),	0.88	(t,	J	=	7.0	Hz,	3H)	ppm.		
13C	NMR	(125	MHz,	CDCl3):	δ	=	178.6,	135.6,	120.8,	37.9,	32.5,	31.4,	28.9,	22.6,	14.1	
ppm.	
	

(E)-4-cyclohexyl-3-butenoic	acid	 (3a).	Following	 the	general	
procedure	 A,	 using	 1-cyclohexyl-2-propen-1-ol	 (35	 mg,	 0.25	
mmol)	 as	 starting	 material,	 the	 title	 compound	 was	 obtained	

(29.1	mg,	69%)	as	an	91:9	E/Z-mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	
27.9	mg	(66%)	were	obtained,	giving	an	average	yield	of	68%.		
1H	NMR	(500	MHz,	CDCl3):	δ	=	8.62	(brs,	1	H),	5.57	–	5.42	(m,	2H),	3.06	(d,	J	=	6.5	
Hz,	2H),	2.00	–	1.91	(m,	1H),	1.76	–	1.60	(m,	5H),	1.31	–	1.01	(m,	5H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	178.3,	141.3,	118.5,	40.7,	38.0,	32.8,	26.2,	26.1	ppm.		

CO2H

Me
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IR	(neat,	cm-1):	3026,	2922,	2850,	1707,	1448,	1411,	1288,	1219,	967,	934.		
HRMS	(ESI-):	calcd.	for	C10H15O2	(M-H):	167.1078,	found	167.1070.		
	

3-benzyl-3-butenoic	acid	 (4a).	General	procedure	A	with	 the	
following	changes:	Zn	(37.5	mg,	2.5	equiv.),	DMF	(3.5	mL)	and	a	

reaction	time	of	13	h	using	2-benzyl-2-propen-1-ol	(37.1	mg,	0.25	mmol)	as	starting	
material,	the	title	compound	was	obtained	(24.2	mg,	55%).	In	a	separate	experiment,	
23.3	mg	(53%)	were	obtained,	giving	an	average	yield	of	54%.	The	observed	spectral	
data	are	in	good	agreement	with	the	ones	reported	in	literature.67		
1H-NMR	(500	MHz,	CDCl3):	δ	=	7.32	–	7.29	(m,	2H),	7.24	–	7.20	(m,	3H),	5.05	(d,	J	=	
1.4	Hz,	1H),	5.01	(d,	J	=	1.4	Hz,	1H),	3.49	(s,	2H),	3.03	(s,	2H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	177.7,	141.3,	138.6,	129.2,	128.5,	126.5,	116.4,	42.7,	
40.7	ppm.	
	

(E)-7-phenyl-3-heptenoic	 acid	 (5a).	 A	 modified	 form	 of	 general	
procedure	A	with	the	following	changes:	DMF	(3.5	mL)	and	a	reaction	

time	 of	 13h,	 was	 followed	 using	 6-phenyl-1-hexen-3-ol	 (48	 mg,	 0.25	 mmol)	 as	
starting	material,	the	title	compound	was	obtained	(31.6	mg,	62%)	as	a	91:9	E/Z-
mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	30.5	mg	(60%)	were	obtained,	
giving	an	average	yield	of	61%.		
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.30	–	7.24	(m,	2H),	7.20-7.14	(m,	3H),	5.65	–	5.48	
(m,	2H),	3.08	(dd,	J	=	6.8,	1.3	Hz,	2H),	2.61	(t,	J	=	7.7	Hz,	2H),	2.08	(dtd,	J	=	7.5,	6.6,	1.2	
Hz,	2H),	1.71	(tt,	J	=	7.7,	6.6	Hz,	2H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	=	178.5,	142.4,	135.0,	128.5,	128.4,	125.8,	121.4,	37.9,	
35.4,	32.0,	30.8	ppm.		
IR	(neat,	cm-1):	2928,	1705,	1412,	1288,	1220,	967,	908,	732,	698.		
HRMS	(ESI-):		calcd.	for	C13H15O2	(M-H):	203.1078,	found	203.1070.		
	

(E)-3-methyl-6-phenyl-3-hexenoic	 acid	 (6a).	 General	
procedure	A	was	 followed	but	employing	15	mol%	Ni-source	

and	the	corresponding	amount	of	ligand	with	40	h	of	reaction	time.	Using	2-methyl-
5-phenyl-1-penten-3-ol	(44	mg,	0.25	mmol)	as	starting	material,	the	title	compound	
was	obtained	(29.5	mg,	58%)	as	a	92:8	E/Z-mixture	(a	pale	yellow	oil).	In	two	further	
experiments,	26.0	mg	(51%)	and	29.4	mg	(58%)	were	obtained,	giving	an	average	
yield	 of	 56%.	 The	 observed	 spectral	 data	 are	 in	 good	 agreement	 with	 the	 ones	
reported	in	literature.64		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.34	–	7.28	(m,	2H),	7.24	–	7.19	(m,	3H),	5.44	–	5.37	
(m,	1H),	3.06	(s,	2H),	2.73	–	2.67	(m,	2H),	2.39	(q,	J	=	7.5	Hz,	2H)	1.69	(s,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	 δ	=	178.3,	142.0,	129.2,	128.54,	128.5,	128.4,	125.9,	
44.8,	35.7,	30.1,	16.3	ppm.	
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(E)-6-(1-naphthalenyl)-3-hexenoic	 acid	 (6a).	 General	
procedure	 A	with	 the	 following	 changes:	 Zn	 (37.5	mg,	 2.5	
equiv.),	 DMF	 (3.5	 mL)	 and	 a	 reaction	 time	 of	 13	 h,	 was	
followed	 using	 5-(1-naphthalenyl)-1-penten-3-ol	 (53	 mg,	

0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	(39.2	mg,	65%)	as	
a	96:4	E/Z-mixture(a	yellow	oil).	 In	 a	 separate	 experiment,	 36.0	mg	 (60%)	were	
obtained,	giving	an	average	yield	of	63%.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	8.03	(dd,	J	=	8.1,	1.0	Hz,	1H),	7.86	(dd,	J	=	7.8,	1.6	Hz,	
1H),	7.72	(d,	J	=	8.2	Hz,	1H),	7.51	(ddd,	J	=	8.2,	6.8,	1.6	Hz,	1H),	7.47	(ddd	J	=	7.8,	6.8,	
1.3	Hz,	1H),	7.39	(dd,	J	=	8.1,	7.2	Hz,	1H),	7.32	(dd,	J	=	7.2,	1.0	Hz,	1H),	5.74	(dtt,	J	=	
15.4,	6.5,	1.2	Hz,	1H),	5.61	(dtt,	J	=	15.4,	6.8,	1.3	Hz,	1H),	3.15	(t,	J	=	7.9	Hz,	2H),	3.11	
(dd,	J	=	6.8,	1.2	Hz,	2H),	2.51	(tdd,	J	=	7.9,	6.5,	1.3	Hz,	2H)	ppm.		
13C	NMR	 (126	MHz,	 CDCl3):	 δ	 =	 178.3,	 137.8,	 134.7,	 134.0,	 131.9,	 128.9,	 126.8,	
126.1,	125.9,	125.6,	125.5,	123.8,	121.6,	37.8,	33.6,	32.7	ppm.		
IR	(neat,	cm-1):	2923,	1705,	1397,	1264,	1217,	966,	776,	736.		
HRMS	(ESI-):	calcd.	for	C16H15O2	(M-H):	239.1078,	found	239.1071.		
	

(E)-6-(4-methoxyphenyl)-3-hexenoic	 acid	 (8a).	 General	
procedure	A	with	 the	 following	 changes:	 Zn	 (37.5	mg,	 2.5	 equiv.),	
DMF	 (3.5	 mL)	 and	 a	 reaction	 time	 of	 13	 h	 using	 5-(4-
methoxyphenyl)-1-penten-3-ol	 (48	 mg,	 0.25	 mmol)	 as	 starting	

material,	the	title	compound	was	obtained	(35.4	mg,	64%)	as	a	92:8	E/Z-mixture	(a	
yellow	 oil).	 In	 a	 separate	 experiment,	 34.3	 mg	 (62%)	 were	 obtained,	 giving	 an	
average	yield	of	63%.		
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.11	–	7.06	(m,	2H),	6.85	–	6.80	(m,	2H),	5.64	(dtt,	J	
=	15.4,	6.5,	1.2	Hz,	1H),	5.57	(dtt,	J	=	15.4,	6.8,	1.2	Hz,	1H),	3.79	(s,	3H),	3.08	(dd,	J	=	
6.8,	1.2	Hz,	2H),	2.64	(t,	J	=	7.8	Hz,	2H),	2.34	(tdd,	J	=	7.8,	6.5,	1.2	Hz,	2H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	178.2,	157.9,	134.6,	133.8,	129.4,	121.5,	113.8,	55.3,	
37.8,	34.7,	34.6	ppm.		
IR	(neat,	cm-1):	2928,	1706,	1511,	1299,	1242,	1176,	1035,	967,	909,	823,	731,	518.		
HRMS	(ESI-):	calcd.	for	C13H15O3	(M-H):	219.1027,	found	219.1022.		
	

(E)-6-(4-(pivaloyloxy)phenyl)-3-hexenoic	 acid	 (9a).	 General	
procedure	A	with	 the	 following	 changes:	 Zn	 (37.5	mg,	 2.5	 equiv.),	
DMF	 (3.5	 mL)	 and	 a	 reaction	 time	 of	 13h	 using	 5-(4-
(pivaloyloxy)phenyl)-1-penten-3-ol	(53	mg,	0.25	mmol)	as	starting	

material,	the	title	compound	was	obtained	(52.5	mg,	72%)	as	a	95:5	E/Z-mixture	(a	
pale	yellow	oil).	In	a	separate	experiment,	51.1	mg	(70%)	were	obtained,	giving	an	
average	yield	of	71%.		
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1H	NMR	(400	MHz,	CDCl3):	δ	=	7.19	–	7.14	(m,	2H),	7.01	–	6.94	(m,	2H),	5.68	–	5.47	
(m,	2H),	3.06	(d,	J	=	6.5	Hz,	2H),	2.75	–	7.66	(m,	2H),	2.42	–	2.33	(m.	2H),	1.37	(s,	9H)	
ppm.		
13C	NMR	 (126	MHz,	 CDCl3):	 δ	 =	 177.8,	 177.4,	 149.2,	 139.0,	 134.1,	 129.4,	 121.9,	
121.3,	39.1,	37.8,	35.0,	34.3,	27.2	ppm.		
IR	(neat,	cm-1):	2972,	1743,	1707,	1057,	1398,	1277,	1223,	1192,	1115,	895,	520.		
HRMS	(ESI-):	calcd.	for	C17H21O4	(M-H):	289.1445,	found	289.1444.	
	

(E)-6-(benzo[d][1,3]dioxol-5-yl)-5-methyl-3-hexenoic	 acid	
(10a).	General	procedure	A	with	the	following	changes:	Zn	(37.5	
mg,	2.5	equiv),	DMF	(3.5	mL)	and	a	reaction	time	of	13	h	using	5-
(benzo[d][1,3]dioxol-5-yl)-4-methyl-1-penten-3-ol	 (mixture	 of	

diastereoisomers,	55	mg,	0.25	mmol)	as	starting	material,	the	title	compound	was	
obtained	 (39.3	mg,	63%)	as	a	97:3	E/Z-mixture	 (a	pale	yellow	oil).	 In	a	 separate	
experiment,	 33.6	mg	 (57%)	were	 obtained,	 giving	 an	 average	 yield	 of	 60%.	 The	
observed	spectral	data	are	in	good	agreement	with	the	ones	reported	in	literature.64	
1H	NMR	(400	MHz,	CDCl3):	δ	=	6.71	(d,	J	=	7.9	Hz,	1H),	6.62	(d,	J	=	1.7	Hz,	1H),	6.57	
(dd,	J	=	7.9,	1.7	Hz,	1H),	5.91	(s,	2H),	5.58-5.39	(m,	2H),	3.05	(d,	J	=	6.6	Hz,	2H),	2.58	
(dd,	J	=	12.8,	6.5	Hz,	1H),	2.48	–	2.34	(m,	2H),	0.98	(d,	J	=	6.4	Hz,	3H)	ppm.		
13C	NMR	 (101	MHz,	 CDCl3):	 δ	 =	 178.3,	 147.4,	 145.7,	 140.2,	 134.4,	 122.1,	 119.7,	
109.6,	108.0,	100.8,	43.3,	43.1,	38.5,	37.9,	19.5	ppm.	
	

(E)-6-(3-(trifluoromethyl)phenyl)-3-hexenoic	 acid	 (11a).	
General	 procedure	A	with	 the	 following	 changes:	 Zn	 (37.5	mg,	 2.5	
equiv.),	 DMF	 (3.5	 mL)	 and	 a	 reaction	 time	 of	 13	 h	 using	 5-(3-
(trifluoromethyl)phenyl)-1-penten-3-ol	 (57.5	 mg,	 0.25	 mmol)	 as	

starting	material,	the	title	compound	was	obtained	(43.3	mg,	67%)	as	a	94:6	E/Z-
mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	39.2	mg	(61%)	were	obtained,	
giving	an	average	yield	of	64%.		
1H-NMR	(400	MHz,	CDCl3):	δ	=	7.46	–	7.34	(m,	4H),	5.67	–	5.51	(m,	2H),	3.08	(d,	J	=	
6.5	Hz,	2H),	2.76	(t,	J	=	7.7	Hz,	2H),	2.42	–	2.35	(m,	2H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	178.2,	142.5,	133.7,	131.9,	130.7	(q,	J	=	31.9	Hz),	
128.8,	125.2	(q,	J	=	3.8),	124.3	(q,	J	=	272.1	Hz),	122.9	(q,	J	=	3.9	Hz),	120.3,	37.7,	35.4,	
34.0	ppm.		
19F	NMR	(376	MHz,	CDCl3):	δ	–62.69	ppm.		
IR	(neat,	cm-1):	2933,	1711,	1451,	1407,	1326,	1161,	1118,	1073,	968,	909,	800,	734,	
702,	660.		
HRMS	(ESI-):		calcd.	for	C13H12F3O2	(M-H):	257.0793,	found	257.0795.	
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(E)-6-(3-(ethoxycarbonyl)phenyl)-3-hexenoic	 acid	 (12a).	
General	procedure	A	with	 the	 following	 changes:	Zn	 (37.5	mg,	2.5	
equiv.),	DMF	(3.5	mL)	and	a	reaction	time	of	13h	using	ethyl	3-(3-
hydroxy-4-penten-1-yl)benzoate	 (58.5	mg,	 0.25	mmol)	 as	 starting	

material,	the	title	compound	was	obtained	(37.3	mg,	57%)	as	a	94:6	E/Z-mixture	(a	
pale	yellow	oil).	In	a	separate	experiment,	36.4	mg	(56%)	were	obtained,	giving	an	
average	yield	of	57%.	The	observed	spectral	data	are	in	good	agreement	with	the	
ones	reported	in	literature.64	
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.89	–	7.85	(m,	2H),	7.37	–	7.33	(m,	2H),	5.67	–	5.51	
(m,	2H),	4.37	(q,	J	=	7.1	Hz,	2H),	3.07	(d,	J	=	6.3	Hz,	2H),	2.78	–	2.72	(m,	2H),	2.42	–	
2.34	(m,	2H),	1.39	(t,	J	=	7.1	Hz,	3H)	ppm.		
13C	NMR	 (126	MHz,	 CDCl3):	 δ	 =	 178.0,	 166.9,	 141.9,	 134.0,	 133.1,	 130.6,	 129.6,	
128.4,	127.3,	122.1,	61.0,	37.8,	35.3,	34.1,	14.4	ppm.	
	

(E)-6-(2-chlorophenyl)-3-hexenoic	 acid	 (13a).	 General	
procedure	A	with	the	 following	changes:	Zn	(37.5	mg,	2.5	equiv.),	
DMF	(3.5	mL)	and	a	reaction	time	of	13	h	using	5-(2-chlorophenyl)-
1-penten-3-ol	 (49.0	mg,	0.25	mmol)	 as	 starting	material,	 the	 title	

compound	was	obtained	(37.1	mg,	66%)	as	an	approx.	93:7	(E)/(Z)-mixture	(a	pale	
yellow	 oil).	 In	 a	 separate	 experiment,	 36.0	 mg	 (64%)	 were	 obtained,	 giving	 an	
average	yield	of	65%.		
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.35	–	7.31	(m,	1H),	7.21	–	7.10	(m,	3H),	5.70	–	5.52	
(m,	2H),	3.08	(dd,	J	=	6.7,	1.2	Hz,	1H),	2.82	(t,	J	=	7.7	Hz,	2H),	2.37	(tdd,	J	=	7.8,	6.4,	0.9	
Hz,	1H)	ppm.		
13C	NMR	 (126	MHz,	 CDCl3):	 δ	 =	 178.3,	 139.2,	 134.2,	 134.0,	 130.5,	 129.5,	 127.5,	
126.8,	121.9,	37.8,	33.3,	32.5	ppm.		
IR	(neat,	cm-1):	2932,	1703,	1474,	1442,	1295,	1220,	1051,	1033,	966,	748,	676.		
HRMS	(ESI-):		calcd.	for	C12H12ClO2	(M-H):	223.0528,	found	223.0531.	
	

4-methyl-6-phenyl-3-hexenoic	 acid	 (14a).	 General	
procedure	A	was	followed	with	40	h	of	reaction	time	using	3-

methyl-5-phenyl-1-penten-3-ol	 (44	mg,	 0.25	mmol)	 as	 starting	material,	 the	 title	
compound	was	obtained	(34.7	mg,	68%)	as	a	1:1.2	E/Z-mixture	(a	pale	yellow	oil).	
In	two	further	experiments	31.1	mg	(61%)	and	34.8	(68%)	were	obtained,	giving	an	
average	yield	of	66%.	The	observed	spectral	data	are	in	good	agreement	with	the	
ones	reported	in	literature.64	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.31	–	7.25	(mA	2H),	7.23	–	7.15	(m,	3H),	5.34	(tq,	J	=	
7.1,	1.4	Hz,	1H),	3.10	(signal	for	(E),	dq,	J	=	7.2,	1.0	Hz,	1H),	2.92	(signal	for	(Z),	dq,	J	
=	7.1,	1.2	Hz,	1H),	2.80	–	2.65	(m,	2H),	2.40	–	2.30	(m,	2H),	1.81	(signal	for	(Z),	dt,	J	=	
1.3,	1.3	Hz,	3H)	1.71	(signal	for	(E),	d,	J	=	1.3	Hz,	3H)	ppm.		
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13C	NMR	(101	MHz,	CDCl3):	 δ	=	178.6,	142.1,	141.8,	139.4,	139.0,	128.5,	128.43,	
128.40,	128.37,	126.0,	125.9,	116.4,	115.5,	41.5,	34.5,	34.3,	34.1,	33.5,	33.1,	23.5,	16.6	
ppm.	
	

(E)-4,8-dimethylnona-3,7-dienoic	 acid	 (15a).	 From	
geraniol:	 Following	 the	general	procedure	A	using	geraniol	
(43	µL,	0.25	mmol)	as	starting	material,	the	title	compound	
was	obtained	(34.9	mg,	77%)	as	a	94:6	E/Z-mixture	(a	pale	

yellow	 oil).	 In	 a	 separate	 experiment,	 33.6	 mg	 (74%)	 were	 obtained,	 giving	 an	
average	yield	of	76%.	
From	nerol:	General	procedure	A	was	followed	but	employing	15	mol%	Ni-source	
and	the	corresponding	amount	of	ligand.	Using	nerol	(44	µL,	0.25	mmol)	as	starting	
material,	the	title	compound	was	obtained	(28.5	mg,	63%)	as	a	16:84	E/Z-mixture	
(a	pale	yellow	oil).	In	a	separate	experiment,	26.1	mg	(57%)	were	obtained,	giving	
an	average	yield	of	60%.	
From	linalool:	Following	the	general	procedure	A	using	linalool	(44	µL,	0.25	mmol)	
as	 starting	material,	 the	 title	 compound	was	 obtained	 (28.3	mg,	 62%)	 as	 a	 1:1.4	
(E)/(Z)-mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	27.5	mg	(60%)	were	
obtained,	giving	an	average	yield	of	61%.		
The	observed	spectral	data	are	in	good	agreement	with	the	literature.	64		
1H	NMR	(500	MHz,	CDCl3):	δ	=	9.23	(br.	s,	1	H),	5.35	–	5.23	(d,	J	=	7.1	Hz,	1H),	5.12	
–	5.06	(m,	1H),	3.09	(d,	J	=	7.1	Hz,	2H),	2.14-2.01	(m,	4H),	1.77	–	1.75	(signal	of	Z-
isomer,	m,	3H),	1.68	(brs,	3H),	1.64	(signal	of	E-isomer,	br	s,	3H),	1.60	(br	s,	3H)	ppm.		
13C	NMR	(125	MHz,	CDCl3):	E-isomer:	δ	=	178.8,	139.8,	131.8,	124.0,	115.0,	39.6,	
33.6,	26.5,	25.8,	17.8,	16.5	ppm.	Z-isomer:	δ	=	178.8,	139.9,	132.2,	123.8,	115.7,	33.4,	
32.2,	26.3,	25.8,	23.5,	17.7	ppm.	
	

(E)-6-phenyl-3-hexenoic	 acid	 (16a).	 General	 procedure	 A	
with	the	following	changes:	Zn	(37.5	mg,	2.5	equiv.),	DMF	(3.5	

mL)	and	a	reaction	time	of	13	h	using	5-phenyl-1-penten-3-ol	(40.5	mg,	0.25	mmol)	
as	starting	material,	the	title	compound	was	obtained	(29.9	mg,	63%)	as	an	approx.	
92:8	E/Z-mixture	 (incomplete	signal	 separation,	a	pale	yellow	oil)	 .	 In	a	 separate	
experiment,	 28.8	mg	 (61%)	were	 obtained,	 giving	 an	 average	 yield	 of	 62%.	 The	
observed	spectral	data	are	in	good	agreement	with	the	ones	reported	in	literature:64	
1H	NMR	(500	MHz,	CDCl3):	δ	=	10.13	(br.	s,	1	H),	7.33	–	7.27	(m,	2H),	7.22	–	7.16	(m,	
3H),	5.70	–	5.54	(m,	2H),	3.07	(d,	J	=	6.5	Hz,	2H),	2.68	(t,	J	=	7.8	Hz,	2H),	2.36	(td,	J	=	
7.8,	7.0	Hz,	2H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	178.5,	141.7,	134.5,	128.5,	128.4,	125.9,	121.6,	37.9,	
35.6,	34.3	ppm.	 	
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Ni-catalyzed	carboxylation	of	allyl	alcohols	using	L9	
	
General	 procedure	 B:	 An	 oven-dried	 Schlenk	 tube	 equipped	 with	 a	 magnetic	
stirring	bar	was	charged	with	Zn	dust	(24.5	mg,	0.38	mmol,	1.5	equiv)	and	4,4'',6,6''-
tetramethyl-2,2':6',2''-terpyridine	(7.2	mg,	0.025	mmol,	10	mol%).	Subsequently	the	
Schlenk	tube	was	 introduced	 into	the	glove	box	and	charged	with	CaCl2	 (111	mg,	
1.00	mmol,	4.0	equiv)	and	Ni(COD)2	(6.9	mg,	0.025	mmol,	10	mol%).	The	Schlenk	
flask	was	extracted	from	the	glove	box	and	filled	with	CO2	by	applying	three	cycles	
of	 evacuation	and	 filling	with	CO2.	 Subsequently,	 the	allyl	 alcohol	 substrate	 (0.25	
mmol)	was	added	by	syringe,	followed	by	Et3N	(105	µL,	0.75	mmol,	3.0	equiv)	and	
DMA	(1.25	mL)	with	a	constant	flow	of	CO2.	The	Schlenk	flask	was	tightly	sealed	and	
stirred	 at	 room	 temperature	 for	 16	 hours	 (otherwise	 stated)	 after	 which	 it	 was	
quenched	by	careful	addition	of	2	M	aq.	HCl	sol.	The	reaction	mixture	was	diluted	
with	water	and	extracted	3	times	with	EtOAc.	The	combined	organic	phases	were	
washed	with	brine,	dried	over	MgSO4	and	filtered.	The	products	were	purified	by	
flash	chromatography	(hexanes/EtOAc).		
	

2-vinylheptanoic	 acid	 (2b).	General	 procedure	 B	was	 followed	 using	
(E)-oct-2-en-1-ol	(32.1	mg,	0.25	mmol)	as	starting	material	provided	32.4	
mg	 (83%	 yield)	 of	 the	 corresponding	 carboxylic	 acid	 (97:3	 2b:2a	
mixture)	 as	 a	 colourless	 oil.	 In	 a	 separate	 experiment,	 30.8	mg	 (79%)	

were	obtained,	giving	an	average	yield	of	81%.	General	procedure	B	was	followed	
using	 oct-1-en-3-ol	 (32.1	mg,	 0.25	mmol)	 as	 starting	material	 provided	 31.8	mg	
(81%	 yield)	 of	 the	 corresponding	 carboxylic	 acid	 (97:3	 2b:2a	 mixture)	 as	 a	
colourless	oil.	 In	a	separate	experiment,	32.0	mg	(82%)	were	obtained,	giving	an	
average	yield	of	81%.	The	observed	spectral	data	are	in	agreement	with	the	ones	
reported	in	literature.64		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.82	(ddd,	J	=	17.0,	10.3,	8.6	Hz,	1H),	5.18	(dd,	J	=	7.7,	
1.1	Hz,	1H),	5.15	(s,	1H),	3.02	(3.02	(q,	J	=	7.2	Hz,	1H)),	1.83	–	1.72	(m,	1H),	1.61	–	
1.51	(m,	1H),	1.36	–	1.14	(m,	6H),	0.88	(t,	J	=	6.6	Hz,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	180.7,	135.7,	117.7,	50.3,	32.1,	31.6,	26.8,	22.6,	14.1	
ppm.	
	

2-cyclohexylbut-3-enoic	 acid	 (3b).	 General	 procedure	 B	 was	
followed	 using	 1-cyclohexylprop-2-en-1-ol	 (35.1mg,	 0.25	 mmol)	 as	
starting	material	provided	28.9	mg	(69%	yield)	of	the	corresponding	

carboxylic	acid	(82:18	3b:3a	mixture)	as	a	pale	yellow	oil.	In	a	separate	experiment,	
27.2	mg	(65%)	were	obtained,	giving	an	average	yield	of	67%.	The	observed	spectral	
data	are	in	agreement	with	the	ones	reported	in	literature.68		

CO2H

Me

CO2H



Site-Selective Catalytic Carboxylation of Allylic Alcohols with CO2 

 113 

1H	NMR	(500	MHz,	CDCl3):	δ	=	5.79	(dt,	J	=	17.0,	9.9	Hz,	1H),	5.17	(dd,	J	=	10.2,	1.5	
Hz,	1H),	5.13	(dd,	J	=	17.0,	1.5	Hz,	1H),	2.77	(t,	J	=	8.9	Hz,	1H),	1.91	–	1.57	(m,	6H),	
1.37	–	0.83	(m,	5H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	=	180.4,	134.7,	118.7,	57.4,	39.9,	31.3,	30.1,	26.3,	26.2,	
26.2	ppm.	
	

3-benzyl-3-butenoic	 acid	 (4a).	 General	 procedure	 B	 was	
followed	using	2-benzyl-2-propen-1-ol	(37.1	mg,	0.25	mmol)	as	

starting	material,	the	title	compound	was	obtained	(31.3	mg,	71%)	as	a	pale	yellow	
oil.	In	a	separate	experiment,	31.5	mg	(71%)	were	obtained,	giving	an	average	yield	
of	71%.	The	observed	spectral	data	are	in	good	agreement	with	the	ones	reported	in	
literature.67		
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.32	–	7.29	(m,	2H),	7.24	–	7.20	(m,	3H),	5.05	(d,	J	=	
1.4	Hz,	1H),	5.01	(d,	J	=	1.4	Hz,	1H),	3.49	(s,	2H),	3.03	(s,	2H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	177.7,	141.3,	138.6,	129.2,	128.5,	126.5,	116.4,	42.7,	
40.7	ppm.	
	

5-phenyl-2-vinylpentanoic	acid	(5b).	General	procedure	B	was	followed	
using	 6-phenylhex-1-en-3-ol	 (44.1	 mg,	 0.25	 mmol)	 as	 starting	 material	
provided	40.5	mg	(79%	yield)	of	the	corresponding	carboxylic	acid	(95:5	
5b:5a	mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	 separate	 experiment,	 37.5	mg	

(73%)	were	obtained,	giving	an	average	yield	of	76%.		
1H	NMR	(300	MHz,	CDCl3):	δ	=	7.34	–	7.27	(m,	2H),	7.25	–	7.13	(m,	3H),	5.83	(ddd,	J	
=	17.1,	9.9,	8.7	Hz,	1H),	5.21	(d,	J	=	3.7	Hz,	1H),	5.18	–	5.15	(m,	1H),	3.13	–	3.00	(m,	
1H),	2.71	–	2.61	(m,	2H),	1.92	–	1.78	(m,	1H),	1.75	–	1.53	(m,	3H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	=	180.6,	142.0,	135.4,	128.5,	128.5,	126.0,	118.0,	50.1,	
35.7,	31.6,	28.9	ppm.		
IR	(neat,	cm-1):	3026,	2933,	2861,	1703,	1638,	1496,	1453,	1413,	1286,	1222,	992,	
924,	748,	699.		
HRMS	(ESI-):		calcd.	for	C13H15O2	(M-H):	203.1078,	found	203.1083.	
	

3-methyl-2-phenethylbut-3-enoic	acid	(6b).	General	procedure	B	
was	followed	using	2-methyl-5-phenylpent-1-en-3-ol	(44.1	mg,	0.25	
mmol)	 as	 starting	 material	 provided	 41.7	 mg	 (82%	 yield)	 of	 the	

corresponding	 carboxylic	 acid	 (>99:1	 6b:6a	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	
separate	experiment,	42.5	mg	(83%)	were	obtained,	giving	an	average	yield	of	82%.	
The	observed	spectral	data	are	in	agreement	with	the	ones	reported	in	literature.	64	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.35	–	7.27	(m,	2H),	7.25	–	7.15	(m,	3H),	5.02	(q,	J	=	
1.4	Hz,	1H),	4.98	(s,	1H),	3.11	(t,	J	=	7.5	Hz,	1H),	2.64	(d,	J	=	7.4	Hz,	2H),	2.26	–	2.08	
(m,	1H),	2.03	–	1.88	(m,	1H),	1.83	(s,	3H)	ppm.		
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13C	NMR	(101	MHz,	CDCl3):	δ	=	180.0,	141.8,	141.4,	128.6,	128.5,	126.2,	115.0,	52.4,	
33.6,	31.6,	20.3	ppm.	
	

2-(2-(naphthalen-1-yl)ethyl)but-3-enoic	 acid	 (7b).	 General	
procedure	B	was	followed	using	5-(1-naphthalenyl)-1-penten-3-
ol	 (53	mg,	 0.25	mmol)	 as	 starting	material	 provided	 42.0	mg	
(67%	yield)	of	the	corresponding	carboxylic	acid	(>98:2	7b:7a	

mixture)	 as	 a	 yellow	 oil.	 In	 a	 separate	 experiment,	 43.6	 mg	 (73%	 yield)	 were	
obtained,	giving	an	average	yield	of	70%.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	8.04	(dq,	J	=	8.6,	0.9	Hz,	1H),	7.86	(dd,	J	=	7.9,	1.6	Hz,	
1H),	7.74	(dt,	J	=	8.1,	1.0	Hz,	1H),	7.57	–	7.47	(m,	2H),	7.41	(t,	J	=	8.0,	1H),	7.34	(d,	J	=	
7.0,	1H),	6.02	–	5.87	(m,	1H),	5.31	(d,	J	=	6.7	Hz,	1H),	5.27	(d,	J	=	0.8	Hz,	1H),	3.22	(q,	
J	=	7.5	Hz,	1H),	3.17	–	3.11	(m,	2H),	2.37	–	2.26	(m,	1H),	2.09	–	1.98	(m,	1H)	ppm.		
13C	NMR	 (101	MHz,	 CDCl3):	 δ	 =	 180.3,	 137.5,	 135.2,	 134.1,	 131.9,	 128.9,	 127.1,	
126.3,	126.1,	125.7,	123.7,	118.6,	50.0,	32.9,	30.5	ppm.		
IR	(neat,	cm-1):	3046,	2931,	1704,	1597,	1510,	1414,	1284,	926,	778.		
HRMS	(ESI-):		calcd.	for	C16H15O2	(M-H):	239.1078,	found	239.1084.	
	

2-(4-methoxyphenethyl)but-3-enoic	acid	(8b).	General	procedure	
B	 was	 followed	 using	 5-(4-methoxyphenyl)-1-penten-3-ol	 (48	 mg,	
0.25	mmol)	as	starting	material	provided	35.2	mg	(64%	yield)	of	the	
corresponding	carboxylic	acid	(97:3	8b:8a	mixture)	as	a	pale	yellow	
oil.	 In	 a	 separate	 experiment,	 34.5	mg	 (63%	 yield)	 were	 obtained,	

giving	an	average	yield	of	64%.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.10	(d,	J	=	8.6	Hz,	2H),	6.83	(d,	J	=	8.6	Hz,	2H),	5.86	
(ddd,	J	=	17.0,	10.4,	8.6	Hz,	1H),	5.26	–	5.15	(m,	2H),	3.79	(s,	3H),	3.06	(q,	J	=	7.8	Hz,	
1H),	2.70	–	2.52	(m,	2H),	2.16	–	2.05	(m,	1H),	1.89	–	1.79	(m,	1H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	180.3,	158.1,	135.3,	133.3,	129.5,	129.5,	118.3,	114.0,	
55.4,	49.4,	33.8,	32.3	ppm.		
IR	(neat,	cm-1):	2932,	2836,	1704,	1512,	1442,	1300,	1245,	1177,	1036,	925,	831.		
HRMS	(ESI-):		calcd.	for	C13H15O3	(M-H):	219.1027,	found	219.1027.		
	

2-(4-(pivaloyloxy)phenethyl)but-3-enoic	 acid	 (9b):.	 General	
procedure	B	was	followed	using	5-(4-(pivaloyloxy)phenyl)-1-penten-
3-ol	(53	mg,	0.25	mmol)	as	starting	material	provided	49.8	mg	(69%	
yield)	of	the	corresponding	carboxylic	acid	(97:3	9b:9a	mixture)	as	a	
white	 solid.	 In	 a	 separate	 experiment,	 45.5	 mg	 (63%	 yield)	 were	

obtained,	giving	an	average	yield	of	66%.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.18	(d,	J	=	8.5	Hz,	2H),	7.06	–	6.93	(m,	2H),	5.86	
(ddd,	J	=	17.0,	10.3,	8.6	Hz,	1H),	5.25	–	5.22	(m,	1H),	5.22	–	5.16	(m,	1H),	3.06	(q,	J	=	
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7.7	Hz,	1H),	2.77	–	2.52	(m,	2H),	2.18	–	2.07	(m,	1H),	1.92	–	1.81(m,	1H),	1.35	(s,	9H)	
ppm.	
13C	NMR	(101	MHz,	CDCl3):	 δ	 =	180.0,	 177.4,	 149.5,	 138.5,	 135.2,	 1	29.4,	 121.5,	
118.4,	49.4,	39.2,	33.5,	32.6,	27.3	ppm.		
Melting	Point:	85-86	oC.		
IR	(neat,	cm-1):	2978,	1740,	1699,	1637,	1506,	1456,	1279,	1197,	1165,	1122,	924,	
898,	761.		
HRMS	(ESI-):	calcd.	for	C17H21O4	(M-H):	289.1445,	found	289.1446.	
	

2-(1-(Benzo[d][1,3]dioxol-6-yl)propan-2-yl)but-3-enoic	
acid	 (10b).	General	 procedure	 B	 (reaction	 time:	 40	 h)	 was	
followed	 using	 5-(benzo[d][1,3]dioxol-5-yl)-4-methylpent-1-

en-3-ol	(55.1	mg,	0.25	mmol)	as	starting	material	provided	48.5	mg	(78%	yield)	of	
the	corresponding	carboxylic	acid	(1:1	syn:anti,	85:15	10b:10a	mixture)	as	a	pale	
yellow	 oil.	 In	 a	 separate	 experiment,	 51.1	 mg	 (82%)	 were	 obtained,	 giving	 an	
average	yield	of	80%.	The	observed	spectral	data	are	in	agreement	with	the	ones	
reported	in	literature.	64	(Mixture	of	isomers)		
1H	NMR	(400	MHz,	CDCl3):	δ	=	6.77	–	6.51	(m,	3H),	5.97	–	5.78	(m,	3H),	5.33	–	5.14	
(m,	2H),	3.11	–	2.79	(m,	2H),	2.73	–	2.06	(m,	2H),	0.90	(d,	J	=	6.0	Hz,	2H),	0.87	(d,	J	=	
6.6	Hz,	1H)	ppm.		
13C	NMR	 (101	MHz,	 CDCl3):	 δ	 =	 180.4,	 180.0,	 147.6,	 145.9,	 140.3,	 134.5,	 134.2,	
133.9,	133.3,	122.2,	122.2,	119.7,	119.4,	109.7,	109.6,	108.2,	100.9,	56.2,	55.3,	40.9,	
39.7,	37.9,	37.3,	17.0,	16.1	ppm.	
	
	

2-(3-(trifluoromethyl)phenethyl)but-3-enoic	 acid	 (11b).	 General	
procedure	 B	 was	 followed	 using	 5-(3-(trifluoromethyl)phenyl)-1-
penten-3-ol	(57.5	mg,	0.25	mmol)	as	starting	material	provided	46.5	
mg	 (72%	yield)	of	 the	 corresponding	 carboxylic	 acid	 (97:3	11b:11a	
mixture)	as	a	pale	yellow	oil.	In	a	separate	experiment,	47.5	mg	(74%	

yield)	were	obtained,	giving	an	average	yield	of	73%.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.49	–	7.34	(m,	4H),	5.87	(ddd,	J	=	17.1,	10.3,	8.6	Hz,	
1H),	5.34	–	5.13	(m,	2H),	3.07	(q,	J	=	7.7	Hz,	1H),	2.80	–	2.64	(m,	2H),	2.21	–	2.10	(m,	
1H),	1.96	–	1.85	(m,	1H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	180.2,	142.2,	134.9,	132.0,	130.9	(q,	J	=	31.9	Hz),	
129.0,	125.3	(q,	J	=	3.8	Hz),	124.3	(q,	J	=	273.0	Hz)	123.2	(q,	J	=	3.8	Hz),	123.0,	118.8,	
49.5,	33.3,	33.1	ppm.		
19F	NMR	(376	MHz,	CDCl3):	δ	=	–62.71.		
IR	(neat,	cm-1):	2933,	1706,	1450,	1414,	1328,	1163,	1123,	1074,	927,	802,	703,	660.		
HRMS	(ESI-):	calcd.	for	C13H12O2F3	(M-H):	257.0795,	found	257.0789.	
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2-(3-(ethoxycarbonyl)phenethyl)but-3-enoic	 acid	 (12b).	
General	procedure	B	was	followed	using	ethyl	3-(3-hydroxypent-4-
en-1-yl)benzoate	(58.6	mg,	0.25	mmol)	as	starting	material	provided	
50.4	 mg	 (77%	 yield)	 of	 the	 corresponding	 carboxylic	 acid	 (97:3	
12b:12a		mixture)	as	a	pale	yellow	oil.	In	a	separate	experiment,	45.2	

mg	(69%)	were	obtained,	giving	an	average	yield	of	73%.	The	observed	spectral	data	
are	in	agreement	with	the	ones	reported	in	literature.64		
1H	NMR	(300	MHz,	CDCl3):	δ	=	7.91	–	9.85	(m,	2H),	7.46	–	7.31	(m,	2H),	5.86	(ddd,	J	
=	16.8,	10.5,	8.6	Hz,	1H),	5.25	(s,	1H),	5.20	(dt,	J	=	9.3,	1.0	Hz,	1H),	4.37	(q,	J	=	7.1	Hz,	
2H),	3.07	(q,	J	=	7.7	Hz,	1H),	2.75	–	2.64	(m,	2H),	2.21	–	2.10	(m,	1H),	1.96	–	1.85	(m,	
1H),	1.39	(t,	J	=	7.1	Hz,	3H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	180.0,	166.9,	141.5,	135.1,	133.2,	130.8,	129.6,	128.6,	
127.5,	118.6,	61.1,	49.5,	33.4,	33.0,	14.5	ppm.		
	

2-(2-chlorophenethyl)but-3-enoic	 acid	 (13b).	 General	
procedure	B	was	followed	using	5-(2-chlorophenyl)-1-penten-3-ol	
(49.0	mg,	0.25	mmol)	as	starting	material	provided	35.4	mg	(63%	
yield)	of	the	corresponding	carboxylic	acid	(97:3	13b:13a,	mixture)	

as	a	pale	yellow	oil.	In	a	separate	experiment,	37.7	mg	(67%	yield)	were	obtained,	
giving	an	average	yield	of	65%.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.34	(dd,	J	=	7.5,	1.6	Hz,	1H),	7.25	–	7.11	(m,	3H),	5.89	
(ddd,	J	=	17.4,	9.9,	8.5	Hz,	1H),	5.27	(d,	J	=	6.4	Hz,	1H),	5.24	(d,	J	=	0.8	Hz,	1H),	3.11	(q,	
J	=	7.6	Hz,	1H),	2.97	–	2.63	(m,	2H),	2.21	–	2.07	(m,	1H),	1.96	–	1.84	(m,	1H)	ppm.		
13C	NMR	 (101	MHz,	 CDCl3):	 δ	 =	 180.3,	 139.0,	 135.1,	 134.1,	 130.6,	 129.7,	 127.7,	
127.0,	118.6,	49.7,	31.7,	31.2	ppm.	
IR	(neat,	cm-1):	3069,	2931,	1702,	1638,	1474,	1443,	1412,	1283,	1219,	1052,	991,	
923,	748,	680.		
HRMS	(ESI-):		calcd.	for	C12H12O2Cl	(M-H):	223.0531,	found	223.0528.	
	

2-methyl-2-phenethylbut-3-enoic	acid	(14b).	General	procedure	
B	(reaction	time:	40	h)	was	followed	using	3-methyl-5-phenylpent-

1-en-3-ol	(44.1	mg,	0.25	mmol)	as	starting	material	provided	47.1	mg	(92%	yield)	
of	the	corresponding	carboxylic	acid	(>99:1	14b:14a	mixture)	as	a	pale	yellow	oil.	
In	a	separate	experiment,	47.1	mg	(92%)	were	obtained,	giving	an	average	yield	of	
92%.	 The	 observed	 spectral	 data	 are	 in	 agreement	 with	 the	 ones	 reported	 in	
literature.64		
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.33	–	7.26	(m,	2H),	7.24	–	7.16	(m,	3H),	6.13	(ddd,	J	
=	17.6,	10.7,	1.4	Hz,	1H),	5.25	(d,	J	=	3.5	Hz,	1H),	5.23	(d,	J	=	3.1	Hz,	1H),	2.68	–	2.63	
(m,	2H),	2.14	–	2.05	(m,	1H),	1.99	–	1.92	(m,	1H),	1.42	(d,	J	=	1.4	Hz,	3H)	ppm.		
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13C	NMR	(75	MHz,	CDCl3):	δ	=	182.5,	142.0,	140.8,	128.5,	128.5,	126.1,	114.7,	48.7,	
41.0,	31.2,	20.6	ppm.	
	

2,6-dimethyl-2-vinylhept-5-enoic	 acid	 (15b).	From	 linalool:	
General	procedure	B	(reaction	time:	40	h)	was	 followed	using	

linalool	(38.6	mg,	0.25	mmol)	as	starting	material	provided	31.7	mg	(69%	yield)	of	
the	corresponding	carboxylic	acid	(97:3	15b:15a	mixture)	as	a	pale	yellow	oil.	In	a	
separate	experiment,	28.1	mg	(62%)	were	obtained,	giving	an	average	yield	of	65%.	
From	 geraniol:	 General	 procedure	 B	 (reaction	 time:	 40	 h)	 was	 followed	 using	
geraniol	(38.6	mg,	0.25	mmol)	as	starting	material	provided	33.6	mg	(74%	yield)	of	
the	corresponding	carboxylic	acid	(97:3	15b:15a	mixture)	as	a	pale	yellow	oil.	In	a	
separate	experiment,	31.8	mg	(70%)	were	obtained,	giving	an	average	yield	of	72%.	
From	nerol:	 General	 procedure	B	 (reaction	 time:	 40	 h)	was	 followed	 using	 nerol	
(38.6	mg,	 0.25	mmol)	 as	 starting	material	 provided	 29.8	mg	 (65%	 yield)	 of	 the	
corresponding	 carboxylic	 acid	 (92:8	15b:15a	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	
separate	experiment,	29.7mg	(65%)	were	obtained,	giving	an	average	yield	of	65%.		
The	observed	spectral	data	are	in	agreement	with	the	ones	reported	in	literature.64		
1H	NMR	(500	MHz,	CDCl3):	δ	=	6.11	–	5.98	(m,	1H),	5.16	(s,	1H),	5.13	(d,	J	=	5.2	Hz,	
1H),	5.08	(tt,	J	=	7.2,	1.4	Hz,	1H),	2.03	–	1.89	(m	2H),	1.80	–	1.72	(m,	1H),	1.67	(s,	3H),	
1.65	–	1.60	(m,	1H),	1.58	(s,	3H),	1.31	(s,	3H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	=	182.6,	141.1,	132.3,	123.8,	114.3,	48.5,	39.1,	25.8,	
23.4,	20.4,	17.7	ppm.	
	

2-phenethylbut-3-enoic	 acid	 (16b).	 General	 procedure	 B	 was	
followed	 using	 5-phenyl-1-penten-3-ol	 (40.5	 mg,	 0.25	 mmol)	 as	

starting	material	provided	37.0	mg	(78%	yield)	of	the	corresponding	carboxylic	acid	
(97:3	16b:16a,	mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	 separate	 experiment,	 39.2	mg	
(82%)	were	obtained,	giving	an	average	yield	of	80%.	The	observed	spectral	data	
are	in	agreement	with	the	ones	reported	in	literature.64		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.37	–	7.30	(m,	2H),	7.27	–	7.17	(m,	3H),	5.91	(dd,	J	
=	16.9,	10.2	Hz,	1H),	5.28	(dd,	J	=	2.3,	1.2	Hz,	1H),	5.26	–	5.22	(m,	1H),	3.11	(q,	J	=	7.7	
Hz,	1H),	2.84	–	2.55	(m,	2H),	2.25	–	2.14	(m,	1H),	1.98	–	1.87	(m,	1H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	180.6,	141.3,	135.2,	128.6,	128.6,	126.2,	118.4,	49.5,	
33.5,	33.2	ppm.	
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Figure	1.	1H	and	13C	NMR	spectra	of	L9.	
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Figure	2.1H	and	13C	NMR	spectra	of	2a.	
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Figure	3.	1H	and	13C	NMR	spectra	of	3a. 
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Figure	4.	1H	and	13C	NMR	spectra	of	4a.	
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Figure	5.	1H	and	13C	NMR	spectra	of	5a.	
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Figure	6.	1H	and	13C	NMR	spectra	of	6a.	
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Figure	7.	1H	and	13C	NMR	spectra	of	7a.	
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Figure	8.	1H	and	13C	NMR	spectra	of	8a.	
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Figure	9.	1H	and	13C	NMR	spectra	of	9a.	
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Figure	10.	1H	and	13C	NMR	spectra	of	10a.	
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Figure	11.	1H,	13C	and	19F	NMR	spectra	of	11a.	
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Figure	12.	1H	and	13C	NMR	spectra	of	12a.	
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Figure	13.	1H	and	13C	NMR	spectra	of	13a.	

CO2H

Cl

13a

CO2H

Cl

13a



Site-Selective Catalytic Carboxylation of Allylic Alcohols with CO2 

 139 

 
Figure	14.	1H	and	13C	NMR	spectra	of	14a.	
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Figure	15.	1H	and	13C	NMR	spectra	of	15a.	
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Figure	16.	1H	and	13C	NMR	spectra	of	16a.	 	
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Figure	17.	1H	and	13C	NMR	spectra	of	2b.	
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Figure	18.	1H	and	13C	NMR	spectra	of	3b.	
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Figure	19.	1H	and	13C	NMR	spectra	of	5b.	
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Figure	20.	1H	and	13C	NMR	spectra	of	6b.	
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Figure	21.	1H	and	13C	NMR	spectra	of	7b.	
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Figure	22.	1H	and	13C	NMR	spectra	of	8b.	
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Figure	23.	1H	and	13C	NMR	spectra	of	9b.	
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Figure	24.	1H	and	13C	NMR	spectra	of	10b.	
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Figure 25. 1H, 13C and 19F NMR spectra of 11b. 
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Figure	26.	1H	and	13C	NMR	spectra	of	12b.	
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Figure	27.	1H	and	13C	NMR	spectra	of	13b.	
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Figure	28.	1H	and	13C	NMR	spectra	of	14b.	
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Figure	29.	1H	and	13C	NMR	spectra	of	15b.	

Me CO2HMe

Me

15b

Me CO2HMe

Me

15b



Chapter 2  

 156 

 
Figure	30.	1H	and	13C	NMR	spectra	of	16b.	
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1.	Introduction	

Unlike	simple	alkenes	or	alkynes,	dienes,	enynes	or	diynes	offer	the	advantage	of	
possessing	an	additional	unsaturated	backbone	that	provides	a	different	interaction	
with	 transition	 metals,	 most	 of	 the	 times	 resulting	 in	 an	 enhanced	 reactivity.	
Moreover,	 it	 adds	 to	 the	 product	 a	p-system	 that	 could	 be	 used	 additionally	 for	
further	 functionalization.	 Such	 seemingly	 trivial	 observation	 can	 hardly	 be	
underestimated,	 as	 it	 could	 set	 the	 basis	 for	 promoting	 conceptually	 new	
carboxylation	 reactions	 that	would	 be	 beyond	 reach	 otherwise.	 The	 first	 reports	
aimed	 at	 unravelling	 the	 potential	 of	 polyenes	 in	 carboxylation	 technologies	
appeared	 in	 the	 late	70’s	and	80’s,	when	 Inoue,1,2	Behr,3	Höberg,4	Braustein5	 and	
others6,7	reported	the	telomerization	of	butadiene	in	presence	of	CO2	catalyzed	by	
either	palladium	or	nickel	precatalysts	(Scheme	1).	As	shown,	a	different	range	of	
products	could	be	obtained	from	the	incorporation	of	2	or	4	molecules	of	butadiene	
per	molecule	of	CO2,	either	forming	esters	or	lactones	via	C–O	reductive	elimination	
or	 free	carboxylic	acids.	 In	addition,	 the	choice	of	 ligand	 (mainly	phosphines	and	
phosphites	were	studied)	and	metal	exerted	a	profound	influence	on	both	reactivity	
and	selectivity,	obtaining	predominantly	either	a	lactone	or	a	carboxylic	acid,	albeit	
in	low	to	moderate	yields	(Scheme	2,	right).		
	

 
Scheme	1.	Transition	metal	catalyzed	butadiene	telomerization	with	CO2.	

MLn

ML

2
CO2

O

O

M
L

O O

Me

OHO

OHO

Me

O O

Me

Me

or

2

Me
M O O

Me

O

O

Me
+ other regioisomers



Chapter 3  

  160 

 
Scheme	2.	Transition	metal	mediated	and	catalyzed	carboxylation	of	butadiene	with	CO2.		

Hoberg8,9	and	Behr10	independently	studied	also	the	combination	of	1,3-dienes	and	
Nickel	 (0)	 in	 a	 stoichiometric	 manner.	 Höberg	 found	 that	 TMEDA	 (N,N,N’,N’-
tetramethylethilenediamine),	 bipyridine	 or	 the	 chelating	 phosphine	 DCPE	 (1,2-
bis(dicyclohexylphosphino)ethane)	 in	 combination	 with	 Nickel	 (0)	 gave	 the	
corresponding	 nickelalactones	 with	 a	 1:1	 ratio	 between	 butadiene	 and	 CO2.	
Moreover,	they	observed	that	in	the	case	of	the	TMEDA	complex	it	evolved	after	long	
reaction	times	at	ambient	temperature	to	the	formation	of	a	nickel	complex	that	had	
incorporated	a	second	molecule	of	CO2	(Scheme	2,	left).9	It	is	worth	mentioning	that	
this	 finding	represents	the	first	example	of	multiple	 incorporation	of	CO2	 into	a	p	
system	mediated	by	a	transition	metal.	A	couple	of	years	later,	they	also	reported	the	
same	transformation	catalyzed	by	Fe(0),11	albeit	with	an	inferior	selectivity	towards	
the	dicarboxylated	product.	At	 the	same	time,	Behr	showed	the	greater	reactivity	
towards	dienes	in	comparison	to	a-olefins	with	a	bipyridine/Ni(0)	regime	(Scheme	
3),10	proving	that	other	nitrogen-based	ligands	could	promote	as	well	the	multiple	
addition	of	CO2	to	dienes.10		

 
Scheme	3.	Nickel-mediated	carboxylation	of	1,3-dienes	with	CO2.		
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Me2Zn	instead.	This	observation	was	rationalized	by	the	reduction	of	the	nickel(II)	
intermediate	by	Me2Zn,	allowing	for	a	second	insertion	of	CO2	in	the	presence	of	DBU	
as	a	supporting	ligands.	A	year	later,	the	same	group	described	a	catalytic	process	in	
which	a	bis-1,3-diene	was	coupled	with	an	organozinc	reagent	and	CO2	(Scheme	4,	
right),13	a	 reaction	 that	 is	 somewhat	 reminiscent	 of	 cycloaddition-type	 reactions.	
Shortly	 after,	 they	 also	 demonstrated	 the	 feasibility	 of	 promoting	 an	
enantioselective	 reaction	 with	 (S)-MeOMOP	 as	 chiral	 ligand.	 This	 result	 is	
particularly	noteworthy,	as	it	constituted	the	first	metal-catalyzed	enantioselective	
cross-coupling	reaction	with	CO2	as	coupling	partner.14	

 
Scheme	4.	Carboxylation	of	1,3-dienes	and	Cycloisomerization	of	bis-1,3-dienes	with	CO2.	

The	first	catalytic	carboxylation	of	1,2-dienes	(allenes)	was	described	in	2005	by	
Mori	 and	 co-workers	 using	 Ni(COD)2	 as	 catalyst	 and	 Me2Zn	 as	 reducing	 agent	
(Scheme	5,	left).15	Of	particular	importance	was	the	requirement	for	a	large	excess	
of	DBU	and	a	silyl	end-capped	allene,	the	latter	being	attributed	to	a	combination	of	
stereoelectronic	 effects.	 More	 recently,	 an	 intramolecular	 reductive	 arylative	
carboxylation	of	allenes	with	CO2	was	reported	by	Sato	(Scheme	5,	right).16	Unlike	
Mori´s	 protocol,	 the	 reaction	was	 promoted	by	 palladium	 catalysts	 supported	 by	
electron-poor	phosphines	with	Et2Zn	as	a	stoichiometric	reducing	agent.	
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Scheme	6.	Palladium	catalyzed	hydrocarboxylation	of	dienes	with	CO2	and	mechanistic	

rationale.	
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showed	the	ability	of	1,6-enynes	and	1,7-enynes	to	participate	in	related	catalytic	
reductive	 carboxylations,	 furnishing	 the	 five-	 or	 six-membered	 ring,	 respectively	
(Scheme	7,	 left).	 These	 conceptions	were	 complemented	by	Ma	 in	 a	Ni-catalyzed	
hydrocarboxylation	of	1,6-diynes	 to	give	access	 to	a,b,g,d-unsaturated	carboxylic	
acids	in	excellent	yields	and	regioselectivities	(Scheme	7,	right).23	

 
Scheme	7.	Catalytic	carboxylation	of	enynes	and	diynes	with	CO2.	
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Scheme	8.	Electrochemical	carboxylation	of	butadiene.		

 
Scheme	9.	Nickel	catalyzed	electrocarboxylation	of	alkenes	and	dienes.	PMDTA:	
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2.	General	aim	of	the	project	
	
In	light	of	these	results,	the	means	to	trigger	a	site-selective	catalytic	incorporation	
of	 CO2	 into	 unsaturated	 hydrocarbons	 continues	 to	 be	 of	 particular	 interest	 for	
accessing	valuable	carboxylic	acids	from	simple	and	abundant	precursors.	Despite	
the	 knowledge	 acquired,	 a	 non-negligible	 number	 of	 methods	 still	 require	 the	
utilization	 of	 either	 stoichiometric	 metal	 complexes	 or	 air-sensitive	 metal	
reductants.	In	addition,	the	lack	of	mechanistic	details	in	these	processes	limits	the	
potential	applicability	of	these	endeavours.	
	
	At	the	outset	of	this	Doctoral	Thesis,	the	objective	of	this	project	was	to	investigate	
the	 carboxylation	 of	 dienes	 with	 CO2	 by	means	 of	 nickel	 catalysis,	 widening	 the	
methods	 of	 obtaining	 carboxylic	 acids	 from	 abundant	 olefins	 (Scheme	 10).	 If	
successful,	 this	 pathway	 might	 also	 offer	 an	 opportunity	 to	 complement	 recent	
catalytic	difunctionalization	of	1,3-dienes,	as	raw	materials	(CO2)	would	be	used	as	
electrophilic	 carbon	 synthons	 in	 lieu	 of	 nucleophilic	 reagents.	 However,	 such	 a	
scenario	might	bear	considerable	risk	and	could	seem	counterintuitive	at	first	sight	
due	to	(a)	the	proclivity	of	1,3-dienes	to	trigger	telomerization	reactions	and	(b)	the	
fact	that	statistical	mixtures	of	monocarboxylic	acids	were	exclusively	observed	with	
hydrocarboxylation	 conditions	 previously	 employed	 for	 either	 alkynes31	 or	
alkenes,32	reinforcing	the	notion	that	a	multiple	and	controllable	CO2	insertion	event	
would	be	particularly	problematic.		

 
Scheme	10.	Dicarboxylation	of	1,3-dienes.	

We	envisioned	that	the	catalytic	formation	of	Ni(0)	species	by	a	reducing	agent	in	
the	absence	of	a	proton	source	could	promote	an	oxidative	cyclization	to	form	p-allyl	
nickelalactones	 as	 described	 in	 the	 literature	 in	 a	 stoichiometric	 fashion.	 Under	
appropriate	 conditions,	we	 anticipate	 that	we	 could	 control	 the	 reactivity	 of	 the	
system,	allowing	to	insert	a	second	molecule	of	CO2	into	the	p-allyl	nickel	complex	to	
form	a	dicarboxylic	 acid.	 This	 transformation	would	 represent	 the	 catalytic,	 site-
selective	incorporation	of	multiple	CO2	motifs	into	abundant	1,3-dienes	en	route	to	
adipic	acids,	building	blocks	of	particular	relevance	in	the	production	of	plastics	and	
adhesives.33	
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3.	Nickel	catalyzed	dicarboxylation	of	1,3-dienes	with	CO2	

	
3.1	Optimization	of	the	reaction	conditions:		
	
The	feasibility	of	the	double	carboxylation	of	1,3-dienes	with	carbon	dioxide	was	
tested	with	1-phenyl-1,3-butadiene	(1a)	as	a	model	substrate,	since	it	can	be	easily	
prepared,	and	it	is	a	liquid	with	a	relatively	high	boiling	point.	A	first	screening	of	
different	 ligands,	 using	 nickel(II)	 chloride	 as	 a	 precatalyst	 and	 manganese	 as	 a	
reducing	 agent	 showed	 that	 only	 bidentate	 nitrogen-based	 ligands	 enabled	 the	
transformation	(Table	1),	not	observing	any	carboxylation	when	phosphines,	NHCs	
or	 pyridines	 were	 used	 as	 ligands.	 Interestingly,	 when	 bipyridine	 ligands	 were	
employed	a	mixture	of	1,4-dicarboxylation	and	1,2-dicarboxylation	was	observed.	
However,	 this	 selectivity	 problem	 was	 not	 observed	 when	 phenanthroline	 type	
ligands	 were	 employed,	 just	 observing	 in	 any	 case	 the	 formation	 of	 the	 1,4-
dicarboxylation	product	as	an	E/Z-mixture.	
After	 an	 extensive	 examination	 of	 the	 ligand	 substitution,	 we	 observed	 the	
beneficial	effect	of	a	single	substituent	in	the	position	next	to	the	nitrogen	atoms	in	
opposition	 to	 a	double	 substitutions	 in	 the	abovementioned	position	 (L15/L5	 or	
L19/L10)	and	the	slight	improvement	in	yield	when	phenyl	groups	were	located	in	
positions	4	and	7	of	the	ligand	(L5/L10	or	L15/L19).	The	inclusion	of	longer	alkyl	
chains	in	the	ligands	proved	not	to	be	beneficial	to	this	transformation	(L11,	L12,	
L13,	L14,	L16).		
	

	

N N
Ph PhL8

N N
Et EtL6

N N
iPr iPrL7

N N
MeMe

2a/ 2a'/ 3a
14/ 7/ <1

L5

N NMe Me
N

Me
N N

Me
N

Me

2a/ 2a'/ 3a
0/ 0/ 0

L1
2a/ 2a'/ 3a

0/ 0/ 0
2a/ 2a'/ 3a
19/ 16/ 3

2a/ 2a'/ 3a
30/18/ 8

L2 L3a L4

a Reaction performed at 80 ºC.

2a/ 2a'/ 3a
19/ 9/ <1

2a/ 2a'/ 3a
20/ 10/ <1

2a/ 2a'/ 3a
13/ 7/ <1

NiCl2 (10 mol%)
Ligand (10 mol%)

Mn (2 equiv), CO2 (1 atm)
DMF, 50 ºC, 20 h

1a

CO2H
CO2H

2a/2a' 3a

CO2H
CO2H

Z/E
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Conditions:	1a	(0.20	mmol,	1	equiv),	NiCl2	(10	mol%),	ligand	(10	mol%),	Mn	(0.40	mmol),	
CO2	(1	atm)	in	DMF	(0.5	M)	at	50	ºC	for	20	h.	Yields	determined	by	1H	NMR	spectroscopy	of	
the	crude	mixture	using	fluorene	as	internal	standard.	

Table	1.	Initial	screening	for	the	double	carboxylation	of	1,3-dienes.		

During	 this	 screening	almost	a	 full	 conversion	of	 the	1,3-diene	was	observed	 in	
every	case,	so	we	decided	to	test	again	the	best	ligands	at	lower	temperatures.	When	
the	reaction	was	performed	at	40	ºC	(Table	2),	the	yield	could	be	improved	to	a	46%	
when	using	L15,	L19	or	L20,	showing	that	the	ligands	without	any	substitutions	in	
the	positions	next	to	the	nitrogen	atoms	were	efficient	as	well.	As	seen	previously,	
the	 inclusion	 of	 electron-donating	 groups	 in	 the	 phenanthroline	 scaffold	 did	 not	
have	a	beneficial	effect.	(L18/L15	or	L21/L15) 
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Conditions:	1a	(0.20	mmol,	1	equiv),	NiCl2	(10	mol%),	ligand	(10	mol%),	Mn	(0.40	mmol),	
CO2	(1	atm)	in	DMF	(0.5	M)	at	40	ºC	for	40	h.	Yields	determined	by	1H	NMR	spectroscopy	of	
the	crude	mixture	using	fluorene	as	internal	standard.	

Table	2.	Phenanthroline	type	ligand	screening.		

After	observing	an	improvement	in	the	yield	by	lowering	down	the	temperature	
and	 observing	 different	 Z:E	 ratios,	 we	 decided	 to	 test	 the	 effect	 of	 solvent	 and	
temperature.	Choosing	L19	as	the	best	ligand	in	terms	of	yield	and	selectivity,	the	
use	 of	 polar	 non-protic	 amide	 solvents	 was	 tested.	 DMF	 and	 DMA	 gave	 similar	
results,	whereas	NMP	resulted	in	a	slightly	better	selectivity,	albeit	a	reduced	yield.	
Interestingly,	performing	the	reaction	at	30	ºC	increased	the	chemical	yield	to	a	62%	
and	the	selectivity	to	a	9:1	favoring	the	Z	isomer	(Table	3).		

	
Deviation	 Total	Yield/	%	 Z:E	Selectivity	
None	 48	 5:1	
NMP	 32	 7:1	
DMA	 48	 5:1	
30	oC	 62	 9:1	
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Conditions:	1a	(0.20	mmol,	1	equiv),	NiCl2	(10	mol%),	L19	(10	mol%),	Mn	(0.40	mmol),	CO2	
(1	 atm)	 in	DMF	 (0.5	M)	 at	 40	 ºC	 for	 64	 h.	 Yields	 and	 selectivity	 determined	 by	 1H	NMR	
spectroscopy	of	the	crude	mixture	using	fluorene	as	internal	standard.	

Table	3.	Screening	of	amide-based	solvents.		
Before	continuing	the	screening	of	other	reaction	parameters,	we	decided	to	test	
again	 bipyridine	 and	 phenanthroline	 ligands	 at	 lower	 temperatures	 (Table	 4).	
Bipyridine	ligands	yielded	a	mixture	of	2	and	3	as	we	observed	in	the	first	screening,	
whereas	phenanthroline	type	ligands	yielded	product	2	exclusively.	Unsubstituted	
phenanthroline	 did	 not	 yield	 the	 product	 efficiently	 (L25),	 unless	 phenyl	 groups	
were	placed	in	the	4	and	7	position	(L20).	The	inclusion	of	one	methyl	group	(L19)	
resulted	 in	 a	 similar	 yield	 under	 these	 experimental	 conditions,	 whereas	 the	
inclusion	of	two	methyl	group	proved	to	be	again	detrimental	(L10).	Lastly,	methyl-
substituted	 terpyridine	 ligand	 (L29)	 was	 tested	 as	 a	 disubstituted	 bipyridine	
surrogate,	but	not	yielding	any	carboxylic	acid.		

	
Conditions:	1a	(0.20	mmol,	1	equiv),	NiCl2	(10	mol%),	ligand	(10	mol%),	Mn	(0.40	mmol),	
CO2	(1	atm)	in	DMF	(0.5	M)	at	30	ºC	for	40	h.	Yields	determined	by	1H	NMR	spectroscopy	of	
the	crude	mixture	using	fluorene	as	internal	standard.	

Table	4.	Screening	of	ligands	at	30	ºC.	
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Seeing	the	similar	results	of	L19	and	L20,	we	continued	the	screening	with	L20,	
since	 it	 is	 commercially	 available.	 As	 observed	 before,	 non-protic	 polar	 amide	
solvents	 were	 the	 best	 to	 achieve	 the	 carboxylation	 of	 1,3-dienes.	 The	 use	 of	
manganese	as	a	reducing	agent	was	necessary,	since	other	reducing	agents	as	zinc,	
TDAE	or	MnCr	alloys	gave	the	product	in	low	yields	or	did	not	give	any	carboxylation	
product	(Table	5).		

	
Entry	 Deviation	 Total	Yield/	%	 Z:E	Selectivity	
1	 None	 66	 3:1	
2	 Zn	instead	of	Mn	 15	 1.5:1	
3	 TDAE	instead	of	Mn	 0	 -	
4	 MnCr	alloy	instead	of	Mn	 0	 -	
5	 DMA	instead	of	DMF	 70	 6:1	
6	 THF	instead	of	DMF	 0	 -	
7	 DMSO	instead	of	DMF	 31	 2:1	

Conditions:	1a	(0.20	mmol,	1	equiv),	NiCl2	(10	mol%),	L20	(10	mol%),	Mn	(0.40	mmol),	CO2	
(1	 atm)	 in	DMF	 (0.5	M)	 at	 40	 ºC	 for	 40	 h.	 Yields	 and	 selectivity	 determined	 by	 1H	NMR	
spectroscopy	of	the	crude	mixture	using	fluorene	as	internal	standard.	

Table	5.	Reductants	and	solvent	screening.	

In	all	cases,	the	reactions	were	quite	slow,	requiring	40	h	at	least	to	achieve	full	
conversion.	In	order	to	improve	the	catalytic	system,	different	additives	were	tested	
to	improve	the	reaction	kinetics	and	see	if	the	yields	could	be	improved	as	well.	First,	
different	Lewis	acids	were	tested,	with	the	hypothesis	that	they	could	coordinate	to	
a	reaction	 intermediate	(for	example	opening	the	nickelacycle	and	promoting	the	
second	CO2	 incorporation).	Many	 inorganic	 and	organic	 Lewis	 acids	were	 tested,	
obtaining	in	every	case	reaction	inhibition	or	reduced	yields	(example	of	Lewis	acid	
tested:	LiCl,	LiI,	MgCl2,	MgBr2,	CaCl2,	AlCl3,	Ti(OiPr)4,	BF3(OEt2)).	At	the	same	time,	it	
has	 been	 shown	 the	 beneficial	 effect	 of	 ammonium	 halide	 salts	 in	 carboxylation	
reactions	in	which	an	heterogeneous	reducing	agent	is	present,34	so	we	decided	to	
test	them	in	our	transformation.	To	evaluate	the	effect,	we	decided	to	screen	them	
at	low	reaction	times	and	temperatures	ranging	from	30	to	50	ºC	(Table	6).	From	the	
ammonium	salts	tested,	nBu4NBr	showed	to	be	the	best,	improving	the	yield	to	74%	
(even	with	just	20	mol%)	or	to	61%	when	the	reaction	was	performed	at	30	ºC	for	
16	h.		
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Entry	 	Temperature	 Additive	(1	equiv)	 Total	Yield/	
%	

Z:E	
Selectivity	

1	 	 30	ºC	 -	 16	 -	
2	 	 50	ºC	 -	 70	 3.7:1	
3	 	 50	ºC	 LiCl	 68	 2.4:1	
4	 	 50	ºC	 HexadecylMe3NBr	 60	 4.0:1	
5	 	 50	ºC	 nBu4PBr	 42	 2.5:1	
6	 	 50	ºC	 nPr4NBr	 66	 2.0:1	
7	 	 50	ºC	 nEt4NBr	 62	 2.9:1	
8	 	 50	ºC	 nMe4NBr	 60	 5.0:1	
9	 	 50	ºC	 nBu4NBr	 75	 2.0:1	
10	 	 50	ºC	 nBu4NBr	(20	mol%)	 74	 2.0:1	
11	 	 30	ºC	 nBu4NBr	 61	 5.0:1	

Conditions:	1a	(0.20	mmol,	1	equiv),	NiCl2	(10	mol%),	L20	(10	mol%),	Mn	(0.40	mmol),	CO2	
(1	atm)	in	DMA	(0.5	M)	for	14	h.	Yields	and	selectivity	determined	by	1H	NMR	spectroscopy	
of	the	crude	mixture	using	fluorene	as	internal	standard.	

Table	6.	Screening	of	halogen	salts	additives.		

With	the	aim	of	lowering	the	catalyst	loading	to	5	mol%,	we	envisioned	to	prepare	
the	 nickel	 precatalyst	 NiBr4(TBA)2,	 which	 combined	 the	 nickel(II)	 salt	 and	 the	
ammonium	salt	that	showed	to	increase	the	reactivity.	This	precatalyst	resulted	in	a	
fine	blue	powder,	with	very	low	hygroscopic	character	which	was	ideal	for	its	use	on	
the	 bench.	 However,	 the	 use	 of	 lower	 catalyst	 loadings	 required	 raising	 the	
temperatures	 to	 50	 ºC	 and	 extending	 the	 reaction	 times	 to	 60	 h.	 Under	 this	
conditions,	 ligand	L19	was	tested	again	showing	this	time	better	yields	than	L20,	
reaching	the	79%	yield	using	only	5	mol%	of	nickel	and	ligand	(Table	7).		
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Entry	 Deviation	 Total	yield	/%	 Z:E	Selectivity	
1	 L20	 56	 6.0:1	
2	 L19	 79	 2.5:0	
3	 L19,	30	ºC	 <5	 -	
4	 L19,	40h	 47	 2.0:1	
5	 L19,	20h	 28	 2.5:1	

Conditions:	1a	 (0.20	mmol,	 1	 equiv),	 NiBr4(TBA)2	 (5	mol%),	 ligand	 (5	mol%),	Mn	 (0.30	
mmol),	CO2	(1	atm)	in	DMA	(0.5	M)	at	50	ºC	for	60	h.	Yields	and	selectivity	determined	by	1H	
NMR	spectroscopy	of	the	crude	mixture	using	fluorene	as	internal	standard.	

Table	7.	Comparison	of	temperature	with	L19	and	L20.	

Once	 having	 the	 optimized	 conditions	 and	 before	moving	 to	 test	 the	 substrate	
scope,	 ligands	 and	 reaction	 conditions	were	 tested	 again	 (Table	 8	 and	 Table	 9).	
Noteworthy	is	the	need	of	halides	in	the	nickel	precatalyst	or	in	the	ammonium	salt	
to	observe	the	desired	carboxylation,	which	might	indicate	an	important	role	for	the	
reaction	success.		
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Ligand (5 mol%)
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Conditions:	1a	 (0.20	mmol,	1	equiv),	NiBr4(TBA)2	 (5	mol%),	 ligand	(5	mol%),	Mn	(0.30l4	
mmol),	CO2	(1	atm)	in	DMA	(0.5	M)	at	50	ºC	for	60	h.	Yields	and	selectivity	determined	by	
1Hl25	NMR	spectroscopy	of	the	crude	mixture	using	fluorene	as	internal	standard.	

L20Table	8.	Re-screening	of	ligands	with	optimized	reaction	conditions.		

	

	

Entry	 Deviation	from	standard	conditions	 Total	yield	
/%	

Z:E	
Selectivity	

1	 None	 79	 2.4:1	
2	 5	mol%	NiBr2·dme	 38	 3.2:1	
3	 5	mol%	NiBr2·dme	+	10	mol%	TBABr	 70	 2.2:1	
4	 5	mol%	Ni(COD)2	 0	 -	
5	 5	mol%	Ni(COD)2	+	10	mol%	TBABr	 60	 1.4:1	
6	 30	ºC	 <5	 -	
7	 10	mol%	NiBr4(TBA)2	at	30	ºC	 70	 5.0:1	
8	 DMF	as	solvent	 30	 2.3:1	
9	 NMP	as	solvent	 44	 2.1:1	
10	 Zn	instead	of	Mn	 41	 2.4:1	
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11	 Me2Zn	instead	of	Mn	 0	 -	
12	 No	Ni,	L19	or	Mn	 0	 -	

Conditions:	1a	(0.20	mmol,	1	equiv),	NiBr4(TBA)2	(5.0	mol%),	L7	(5.0	mol%),	Mn	(0.30	mmol,	
1.5	equiv),	CO2	(1	atm)	in	DMA	(0.5	M)	at	50	ºC	for	60	h.	Determined	by	1H	NMR	of	the	crude	
mixture	using	fluorene	as	internal	standard.		

Table	9.	Screening	of	precatalysts,	solvents,	reducing	agents	and	blank	experiments.		

From	the	data	shown	in	Table	9	 it	 is	worth	to	mention	as	well	 the	different	Z:E	
ratios	observed	in	different	reaction	conditions.	Whereas	at	30	ºC	a	ratio	of	5:1	could	
be	obtained,	the	maximum	ratio	obtained	was	2.4:1	when	NiBr4(TBA)2	was	used	as	
a	precatalyst	at	50	ºC.	To	have	a	better	understanding	of	the	reaction,	we	decided	to	
study	 the	 isomerization	 of	 the	 obtained	 carboxylic	 acid	 under	 the	 reaction	
conditions	 (Scheme	 11).	 When	 the	 product	 obtained	 with	 a	 5:1	 Z:E	 ratio	 was	
resubmitted	 to	 the	 reaction	 conditions	at	50	 ºC,	we	 could	 recover	an	80%	of	 the	
initial	dicarboxylic	acid	as	a	nearly	1:1	Z:E	mixture.	It	could	suggest	that	the	in-situ	
formed	catalyst	could	promote	the	isomerization	of	the	Z	isomer	into	the	E	isomer,	
explaining	 that	 the	 longer	 reaction	 times,	 the	 higher	 temperatures	 or	 the	 higher	
catalyst	loadings	are	used,	the	lower	ratio	of	Z:E	isomers	is	obtained.		
	

	
Scheme	11.	Isomerization	of	2a	under	the	reaction	condition.	

In	parallel	to	these	studies,	we	investigated	the	hydrogenation	of	the	double	bond	
to	 achieve	 the	 aliphatic	1,6-dicarboxylic	 acid,	which	 can	be	 seen	as	 a	 substituted	
adipic	 acid	 (Table	 10).	 These	 are	 building	 blocks	 used	 in	 industry	 and	 it	 could	
represent	 their	 obtention	 by	 combining	 1,3-dienes	 and	 CO2,	 two	 abundant	
feedstocks.	To	do	so	first	we	tried	different	hydrogenations	using	nickel,	with	the	
aim	 of	 utilizing	 the	 metal	 already	 present	 in	 the	 catalytic	 dicarboxylation.	 The	
conditions	either	using	H2	or	other	reducing	agents	proved	to	be	inefficient	and	we	
turned	our	attention	to	the	use	of	Pd/C,	a	widely	used	heterogeneous	catalyst	for	the	
hydrogenation	of	double	bonds.	The	use	of	5	mol%	Pd/C	in	combination	with	H2	or	
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B2(OH)4/H2O	as	a	H2	surrogate	gave	the	desired	substituted	adipic	acid	2a[H]	in	a	
quantitative	yield.		
	

	
Reducting	conditions	 Yield	/%	

10	mol%	NiCl2·dme,	20	mol%	Mn,	1	atm	H2	(ballon),	MeOH,	
16	h,	rt	 0	

10	mol%	NiCl2·dme,	4	equiv	NaBH4,	EtOH,	16	h,	50	ºC	 <20	
10	mol%	Pd/C,	1	atm	H2	(ballon),	MeOH,	16	h,	rt	 99	
5	mol%	Pd/C,	1	atm	H2	(ballon),	MeOH,	2	h,	rt	 99	

10	mol%	Pd/C,	10	equiv	HCO2H,	5	equiv	NEt3,	MeOH,	16	h,	rt	 40	
5	mol%	Pd/C,	2	equiv	B2(OH)4,	5	equiv	H2O,	DCM,	16	h,	rt	 99	

Table	10.	Screening	of	reducing	conditions.		

With	 the	 optimized	 conditions,	 we	 proved	 that	 the	 carboxylation	 of	 1,3-dienes	
could	 be	 coupled	 with	 the	 reduction	 of	 the	 double	 bond	 by	 simply	 acid/base	
extraction	of	the	dicarboxylic	acid	followed	by	hydrogenation	over	Pd/C.	However,	
the	isolation	and	characterization	of	the	free	dicarboxylic	acids	turned	out	to	be	very	
difficult	 due	 to	 the	 high	 polarity	 of	 these	 molecules.	 To	 solve	 this	 problem,	 we	
decided	to	prepare	the	methyl	ester	of	the	corresponding	acids.		

	
Scheme	12.	Carboxylation-reduction	tandem	reaction.	

The	 esterification	 of	 the	 dicarboxylic	 acids	 was	 tested	 first	 by	 electrophilic	
quenching	 of	 the	 manganese	 carboxylates	 at	 the	 end	 of	 the	 reaction.	 Different	
alkylating	reagents	were	used,	obtaining	 the	best	yield	when	MeI	was	added	and	
reacted	 for	 24	 h.	 However,	 full	 conversion	 was	 not	 achieved	 in	 any	 case	 and	
therefore	we	decided	to	do	a	standard	quenching	with	HCl	and	then	submit	the	crude	
samples	 to	 TMSCHN2	 esterification,	 to	 form	 the	 desired	 dimethyl	 ester	 nearly	 in	
quantitative	yields.		
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CO2H

CO2H
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L20 (10 mol%)
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Entry	 Electrophiling	quenching	 Yield	/%	

1	 6	equiv	MeI,	50	ºC,	24	h	 59	
2	 4	equiv	Me2SO4,	50	ºC,	24	h	 18	
3	 4	equiv	MeOTf,	50	ºC,	24	h	 15	
4	 HCl,	then	2.5	equiv	TMSCHN2	 70	

Table	11.	Screening	of	alkylating	reagents.		

3.2	Preparative	substrate	scope:		

Once	 the	 reaction	 conditions	 for	 the	 carboxylation,	 the	 esterification	 and	 the	
hydrogenation	reactions	were	optimized,	we	moved	our	attention	into	the	substrate	
scope	 of	 the	 reaction.	 As	 expected,	 a	 host	 of	 1,3-dienes	 substituted	 with	 either	
aliphatic	 (1n-1q)	or	aromatic	backbones	 (1a-1m)	reacted	equally	well.	Changing	
the	electronic	properties	of	the	aromatic	diene	by	placing	different	substituents	in	
the	para	position	of	the	phenyl	group	had	a	small	impact	(4a-4e),	obtaining	better	
yields	 when	 electron	 withdrawing	 groups	 were	 present.	 The	 presence	 of	 ortho-
substituents	 (1i-1k)	 did	 not	 have	 any	 deleterious	 effect,	 achieving	 the	
corresponding	products	in	high	yields.	The	site-selective	incorporation	of	multiple	
CO2	motifs	 into	1,3-dienes	was	 accompanied	by	 an	 excellent	 chemoselectivity,	 as	
esters	 (4j,	 4k),	 nitriles	 (4m),	 ketones	 (4p)	 or	 amides	 (4q)	 were	 well-tolerated.	
Interestingly,	 the	 presence	 of	 an	 organometallic	 reagent	 does	 not	 interfere	 with	
productive	 formation	 of	 4l,	 thus	 demonstrating	 the	 complementarity	 of	 our	
technique	with	classical	nucleophilic/electrophilic	regimes.35	Likewise,	the	reaction	
could	 be	 applied	 in	 the	 presence	 of	 heterocyclic	 cores	 (4f).	 As	 illustrated	 by	 the	
successful	 preparation	 of	 4g	 and	 4h,	 the	 reaction	 could	 also	 be	 extended	 to	
disubstituted	 1,3-dienes,	 albeit	 with	 lower	 diastereoselectivities.	 In	 the	 case	 of	
aliphatic	1,3-dienes	(4n-4q),	they	showed	to	be	slightly	less	reactive	and	a	10	mol%	
catalyst	loading	is	needed	to	obtain	full	conversion	of	the	starting	materials.		
	

Electrophilic 
quenching

CO2Me
CO2Me

2a[Me]

 NiBr2·dme (10 mol%)
Bathophenanthroline (10 mol%)

1.5 equiv Mn
DMA (0.5 M), CO2 (1 atm)

TBAB (10 mol%), 50 ºC, 16 h1a
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a	As	Table	9	(entry	1),	 followed	by	exposure	to	TMSCHN2	and	Pd/C	(5	mol%),	B2(OH)4	(2	
equiv)	and	H2O	(5	equiv)	at	rt.	b	Isolated	yields,	average	of	two	independent	runs,	using	1,3-
dienes	as	E/Z	mixtures.	c	Using	E-1a.	d	dr	=	1.5:1.	e	dr	=	1:1.	 f	1	mmol	scale.	g	Using	H2	and	
Pd/C	as	reductant.	h	NiBr4(TBA)2	(10	mol%)	and	L19	(10	mol%).		

Table	12.	1,3-Diene	substrate	scope.	

In	light	of	these	results,	we	wondered	whether	our	protocol	could	be	used	for	the	
valorization	of	butadiene,	isoprene	or	piperylene,	compounds	that	are	obtained	in	
bulk	as	byproducts	of	the	steam	cracking	in	the	production	of	ethylene.	As	shown	in	
Scheme	13,	this	turned	out	to	be	the	case,	and	4r-4t	were	all	obtained	in	good	yields	
from	 the	 corresponding	 1,3-diene	 feedstocks	 after	 a	 subsequent	 hydrogenolysis	
event.	Strikingly,	butadiene	1r	resulted	in	a	93:7	regioselectivity	pattern	whereas	
the	presence	of	a	methyl	group	in	either	1s	or	1t	had	a	non-negligible	effect	on	site-
selectivity,	with	1s	providing	the	best	regiochemical	discrimination	(4s).	Although	
the	1,4–ratio	of	4r	and	4r’	could	partially	be	improved	by	using	L20	in	lieu	of	L19,	
significant	lower	yields	were	observed	in	this	case.		

NiBr4(TBA)2 (5 mol%)
L19 (5 mol%)

Mn, CO2 (1 atm)
DMA, 50 ºC

then, TMSCHN2 &
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Scheme	13.	Carboxylation	of	butadiene,	piperylene	and	isoprene.		

Notably,	the	change	of	site-selectivity	in	isoprene	(1t)	is	also	observed	in	other	1,3-
dienes	in	which	a	methyl	group	is	placed	in	the	3-position	of	the	diene	(Scheme	14),	
obtaining	 in	 this	 case	a	91:1	mixture	of	 the	1,4	and	1,2-dicarboxylic	 acids	with	a	
global	76%	yield.	Taken	all	the	data	together,	the	results	summarized	in	Table	12	
and	 Scheme	 13	 stand	 as	 a	 prove	 to	 the	 potential	 of	 this	 catalytic	 technology	 for	
enabling	a	site-selective	incorporation	of	multiple	CO2	units	into	abundant	1,3-diene	
precursors.		
	

	
Scheme	14.	1,4	and	1,2	Site-selectivity.	

It	is	worth	noting	that	some	1,3-dienes	did	not	react	or	gave	the	desired	product	in	
low	 yields.	 When	 dienes	 bearing	 coordinating	 groups	 such	 as	 thioethers,	
unprotected	 amines	 or	 pyridines	 were	 used,	 no	 carboxylic	 acid	 was	 detected,	
presumably	 by	 coordination	of	 such	 groups	 to	 the	nickel	 center.	 1,3-Dienes	with	
multiple	 substitution	 in	 C1	 were	 unreactive,	 and	 more	 electron-rich	 methoxy-
substituted	 1,3-dienes,	 ethyl	 sorbate	 or	 2,3-dibenzyl-1,3-butadiene	 did	 not	 give	
access	to	the	targeted	dicarboxylic	acids.	Finally,	the	presence	of	protected	phenols,	
aromatic	or	aliphatic	chlorides	and	N-tosyl	amines	delivered	the	dicarboxylic	acids	
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in	 low	 yields	 (<	 30%),	 probably	 due	 to	 the	 deprotection	 of	 the	 silyl	 group,	 the	
oxidative	 addition	 of	 the	 organic	 chlorides	 to	 the	 nickel	 catalyst	 or	 the	 possible	
coordination	of	protected	amines	to	the	nickel	center	during	catalysis.		

	
Table	13.	Unsuccessful	substrates.		
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4.	Mechanistic	investigations.	
	
At	 this	 point,	 we	 decided	 to	 gather	 indirect	 evidence	 about	 the	mechanism	 by	
studying	the	stereochemical	course	of	1u	with	CO2	(Scheme	15,	top).	Interestingly,	
trans-2u	was	preferentially	formed	over	cis-2u,	suggesting	that	the	second	CO2	unit	
is	inserted	into	the	p-allyl	complex	I	(Scheme	16)	via	formal	backside	attack.	This	
seemingly	 trivial	 interpretation,	 however,	 does	 certainly	 not	 rule	 out	 a	 rapid	
interconversion	 of	 the	 putative	 p-allyl	 nickel	 complexes	 upon	 exposure	 to	
Ni(0)(L19)	prior	to	CO2	insertion.36	To	further	explore	the	mechanistic	details	of	the	
reaction,	we	turned	our	attention	to	study	the	reactivity	of	Ni-1	(Scheme	15,	middle).	
This	complex	was	easily	prepared	by	exposure	of	L19	and	Ni(COD)2	in	benzene	at	
40	ºC,	the	structure	of	which	was	univocally	determined	by	X-ray	crystallography.	
Interestingly,	 the	reactivity	of	Ni-1	with	1a	was	not	comparable	 to	 that	observed	
with	Ni(COD)2/L19,	with	not	even	traces	of	2a	being	observed	in	the	former.	While	
one	might	attribute	this	finding	to	the	non-innocent	role	of	COD,37	the	reluctance	of	
coordinatively	saturated	Ni-1	to	dissociate	L19	prior	to	1,3-diene	binding	could	be	
another	 possibility.	 Unfortunately,	 the	 preparation	 of	 p-allyl	 complex	 in	 pure	
analytical	 form	bearing	L19	 as	 ligand	proved	 to	be	particularly	 elusive.	Then	we	
tried	 the	synthesis	of	analogue	p-allyl	 complexes	with	phosphine	 ligands,	but	 the	
reaction	of	Ni(COD)2	with	either	triphenylphosphine	or	tricyclohexylphosphine	in	a	
CO2	atmosphere	proved	to	be	unsuccessful	as	well.	Gratifyingly,	we	could	prepare	
structurally	related p-allyl	complexe	with	tricyclohexylphosphine,	Ni-2	(Scheme	15,	
bottom),	starting	from	2,4-pentadienoic	acid	via	a	hydrogen	migration,38	and	the	h3-
hapticity	of	the	allyl	motif	was	revealed	by	X-ray	structure	analysis.	Interestingly,	we	
found	that	Ni-2	only	furnished	2a	in	the	presence	of	both	L19	and	Mn.	This	result	
might	 point	 towards	 the	 formation	 of	 a	 Ni(I)	 intermediates	 via	 single	 electron	
transfer	processes.	To	study	this	possibility,	 the	reaction	was	performed	with	the	
addition	of	different	radical	scavengers	(Table	14).	The	addition	of	TEMPO	inhibited	
the	 reaction,	whereas	 the	 addition	of	BHT	and	1,1-diphenylethylene	 lowered	 the	
reaction	yield	and	conversion.	Analysis	of	the	reaction	crudes	by	GC-MS	or	1H	NMR	
spectroscopy	did	not	reveal	the	formation	of	any	adduct	with	the	radical	scavengers,	
which	does	not	allow	us	to	confirm	or	rule	out	the	intermediacy	of	radical	species.	
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Scheme	15.	Stoichiometric	studies.		
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Entry	 Additive	(1	equiv)	 Conv	/%	 Yield	/%	 Z:E	ratio	

1	 None	 100	 59	 2.4	
2	 TEMPO	 5	 18	 -	
3	 BHT	 81	 15	 3.0	
4	 1,1-Diphenylethylene	 70	 70	 2.3	

Table	14.	Addition	of	different	radical	scavengers.	
	

With	 all	 the	 gathered	 data,	we	 propose	 a	 catalytic	 scenario	 based	 on	 an	 initial	
reduction	of	the	nickel(II)	salt	to	form	the	ligand	ligated	nickel(0)	complex,	which	
reacts	 with	 CO2	 and	 the	 1,3-diene	 in	 an	 oxidative	 cyclization	 to	 form	 the	 p-allyl	
carboxylate	I.	This	intermediate	might	react	with	manganese	by	promoting	a	single-
electron	transfer,	setting	the	stage	for	a	subsequent	insertion	of	a	second	molecule	
of	CO2	to	form	II,	III	or	a	mixture	of	both	depending	on	the	supporting	ligand.	These	
intermediates	might	either	 trigger	a	 subsequent	 single-electron	 transfer	or	a	 salt	
metathesis	 to	 form	 the	manganese	 carboxylates	 and	 regenerate	 the	 propagating	
nickel(0)	 species.	 Alternatively,	 the	 experiments	 performed	 on	 cyclohexadiene	
(Scheme	 15,	 top)	might	 point	 towards	 the	 direct	 addition	 of	 CO2	 into	 the	p-allyl	
moiety	 instead	 of	 a	 second	 insertion	 of	 CO2	 into	 the	 C–Ni	 bond.	 However,	 cyclic	
systems	might	have	a	different	reactivity	to	linear	substrates	and	therefore	further	
experiments	and/or	in	silico	calculations	might	be	necessary	to	shed	light	into	the	
catalytic	cycle.		
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Scheme	16.	Mechanistic	proposal	for	the	dicarboxylation	of	1,3-dienes.	
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5.	Conclusions	
	
A	site-selective,	 catalytic	 incorporation	of	multiple	CO2	molecules	 into	abundant	
1,3-dienes	have	been	described,	thus	giving	access	to	adipic	acids	from	simple	and	
available	precursors.	Remarkably,	simple	butadiene,	isoprene	and	piperylene	were	
combined	with	CO2	to	form	the	corresponding	dicarboxylic	acids,	which	represent	
the	combination	of	two	feedstock	materials	to	obtain	products	of	industrial	interest.		
The	salient	features	of	this	method	are	its	excellent	regio-	and	chemoselectivity,	mild	
conditions	and	ease	of	execution.	
The	mechanistic	experiments	suggest	a	Ni(0)/Ni(I)/Ni(II)	catalytic	cycle,	in	which	
a	first	oxidative	cyclization	form	a	Ni(II)	allyl	carboxylate	that	needs	to	be	further	
reduced	 to	 Ni(I)	 or	 Ni(0)	 for	 the	 second	 addition	 of	 carbon	 dioxide	 to	 occur.	
Additional	 experiments,	 however,	 need	 to	 be	 conducted	 to	 confirm	 these	
observations,	probably	by	DFT	calculations.	
Further	extensions	to	other	hydrocarbons,	including	asymmetric	transformations,	
would	 represent	 the	 expansion	 of	 this	 methodology	 to	 more	 industrial	 relevant	
motifs,	achieving	carboxylic	acids	from	2	feedstock	materials:	CO2	and	olefins.	The	
ability	 to	 control	 the	 regioselectivity	 of	 the	 transformation	 (1,4	 or	 1,2	
dicarboxylation)	by	means	of	ligand	modification	would	result	in	an	attractive	way	
to	access	dicarboxylic	acids.	Moreover,	the	use	of	different	electrophiles	other	than	
CO2	might	allow	to	implement	new	pathways	to	valorize	diene	feedstocks	and	the	
conversion	of	these	motifs	into	valuable	chemicals.	
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6.	Experimental	section.	
	
Reagents.	All	reactions	were	conducted	in	Schlenk	tubes.	Commercially	available	
materials	were	used	without	further	purification.	Butadiene	(4),	piperylene	(5)	and	
isoprene	 (7)	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received.	
Anhydrous	N,N-dimethylacetamide	 (DMA),	 1-methyl-2-pyrrolidinone	 (NMP),	 and	
N,N-dimethylformamide,		(DMF)	were	purchased	from	Acros	Organics	(NOTE:	it	is	
critical	 to	 have	 appropriately	 dried	 solvents	 to	 obtain	 reproducible	 results,	 as	 old	
batches	 of	 these	 solvents	 provided	 variable	 results).	 Mn	 powder	 (99.99%	 trace	
metal	basis),	NiBr2·dme	(97%	purity)	were	purchased	from	Aldrich.	Ni(COD)2	was	
purchased	 from	 Strem.	 NiBr4(TBA)2	 was	 prepared	 according	 to	 a	 literature	
procedure.39	All	other	reagents	were	purchased	from	commercial	sources	and	used	
as	received.		
Analytical	methods.	1H	NMR	and	13C	NMR	spectra	are	included	for	all	compounds.	

1H	and	13C	NMR	spectra	were	recorded	on	a	Bruker	300	MHz,	a	Bruker	400	MHz	and	
a	Bruker	500	MHz	at	20	ºC.	All	1H	NMR	spectra	are	reported	 in	parts	per	million	
(ppm)	downfield	of	TMS	and	were	measured	relative	to	the	signals	for	CHCl3	(7.26	
ppm),	acetone-d5	(2.05	ppm)	or	benzene-d5	(7.16	ppm).	All	13C	NMR	spectra	were	
reported	in	ppm	relative	to	CDCl3	(77.2	ppm),	acetone-d6	(29.8	ppm)	or	benzene-d6	
(128.1	 ppm)	 and	 were	 obtained	 with	 1H	 decoupling.	 Coupling	 constants,	 J,	 are	
reported	 in	hertz.	Melting	points	were	measured	using	open	glass	capillaries	 in	a	
Büchi	B540	apparatus.	Infrared	spectra	were	recorded	on	a	Bruker	Tensor	27.	Mass	
spectra	 were	 recorded	 on	 a	 Waters	 LCT	 Premier	 spectrometer.	 Flash	
chromatography	was	performed	with	EM	Science	silica	gel	60	(230-400	mesh)	and	
using	bromocresol,	potassium	permanganate,	or	cerium	molybdate	as	TLC	stains.		
	
Optimization	of	the	reaction	conditions	
General	procedure	for	the	optimization	of	1a	with	CO2:	An	oven-dried	schlenk	
tube	containing	a	stirring	bar	was	charged	with	the	corresponding	reducing	agent,	
ligand	and	nickel	source.	The	schlenk	tube	was	then	evacuated	and	back-filled	under	
a	CO2	flow	(this	sequence	was	repeated	three	times).	Under	atmospheric	pressure	of	
CO2,	 1a	 (0.20	 mmol)	 and	 solvent	 were	 subsequently	 added	 by	 syringe	 and	 the	
solution	was	warmed	up	to	50	ºC.	The	mixture	was	then	carefully	quenched	with	2	
M	HCl,	and	1	equivalent	of	fluorene	was	added.	The	crude	was	extracted	with	EtOAc,	
and	 a	 sample	of	 such	 solution	was	 analyzed	by	 1H	NMR.	When	 required,	2a	was	
purified	 by	 conventional	 flash	 chromatography	 in	 silica	 gel	 using	
hexanes/EtOAc/HCO2H	70/30/0.5.	
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Synthesis	of	the	starting	materials	and	L19	
2-methyl-4,7-diphenyl-1,10-phenanthroline	 (L19).	 To	 a	
solution	 of	 L20	 (1.00	 g,	 3.0	mmol)	 in	 toluene	 (20	mL)	 at	 0	 ºC	
under	argon	a	few	drops	of	MeLi	were	added	until	the	reaction	
turned	red.	Then,	1	equiv	of	MeLi	(1.88	mL,	1.6	M	in	Et2O)	was	

added	dropwise	and	the	solution	was	stirred	for	60	minutes	at	room	temperature.	
The	reaction	was	quenched	with	water	and	it	was	extracted	with	dichloromethane.	
The	organic	phases	were	collected,	washed	with	brine	and	dried	over	magnesium	
sulfate.	 The	 solution	 was	 filtered	 and	 3	 equivalents	 of	 MnO2	 were	 added.	 The	
reaction	was	stirred	for	two	hours	at	rt.	Then,	silica	gel	was	directly	added	to	the	
flask,	 the	 solvent	was	evaporated	under	 reduced	pressure	and	 it	was	purified	by	
column	 chromatography	with	 silica	 gel	 (DCM:MeOH	99:1	 to	 98:2).	 982	mg,	 94%	
yield.	Light	orange	solid.	
Mp:	165-167	ºC.		
1H	NMR	(500	MHz,	CDCl3)	δ	9.25	(d,	J	=	4.5	Hz,	1H),	7.81	(d,	J	=	9.4	Hz,	1H),	7.78	(d,	J	
=	9.4	Hz,	1H),	7.55	(d,	J	=	4.5	Hz,	1H),	7.54	–	7.44	(m,	11H),	3.01	(s,	3H)	ppm.		
13C	NMR	(126	MHz,	CDCl3)	δ	159.1,	149.9,	148.7,	148.5,	138.3,	129.9,	129.8,	128.8,	
128.7,	128.6,	128.5,	124.7,	124.3,	124.2,	123.4,	123.1,	26.1	ppm.		
IR	(neat,	cm-1):	3056,	3028,	2939,	1561,	1547,	1487,	1436,	1378,	739,	701.		
HRMS	ESI,	(C25H19N2)	[M+H]+	calculated	347.1543,	found	347.1533	
	
Representative	procedure	for	preparing	1,3-dienes	via	Wittig	olefination:	
General	procedure	A:	A	suspension	of	allyltriphenylphosphonium	bromide	(2.4	
mmol)	in	15	mL	of	THF	under	inert	atmosphere	was	cooled	at	0 ºC	with	an	ice	bath.	
Then,	 n-BuLi	 (2.4	 mmol,	 0.96	 mL,	 2.5	 M	 in	 hexanes)	 was	 added	 dropwise.	 The	
reaction	was	stirred	for	40	minutes	at	0	ºC	and	then	the	corresponding	aldehyde	(2	
mmol	dissolved	in	5	mL	of	THF)	was	added	dropwise.	The	reaction	was	stirred	for	
12	hours	at	 room	temperature.	After	 this	 time,	 it	was	quenched	with	a	saturated	
aqueous	 solution	 of	 ammonium	 chloride	 and	 extracted	 with	 Et2O.	 The	 organic	
phases	were	collected,	washed	with	brine	and	dried	over	magnesium	sulfate.	The	
solvent	was	removed	under	reduced	pressure	and	the	crude	product	was	purified	
by	flash	column	chromatography	(hexanes:Et2O	mixtures)	on	silica	gel.		
	

(E)-buta-1,3-dien-1-ylbenzene	 (1a).	 Following	 the	 general	
procedure	 A,	 but	 using	 methyltriphenylphosphonium	 bromide	
(6.86	g,	19.2	mmol),	E-cinnamyl	aldehyde	(2.0	mL,	16	mmol)	to	give	

1a	(1.90	g,	90%	yield).	Colorless	liquid.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.45	–	7.41	(m,	2H),	7.37	–	7.31	(m,	2H),	7.28	–	7.22	(m,	
1H),	6.82	(ddt,	J	=	15.5,	10.5,	0.8	Hz,	1H),	6.59	(d,	J	=	15.7	Hz,	1H),	6.54	(dt,	J	=	16.8,	
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10.4	Hz,	1H)	5.36	(ddd,	J	=	16.9,	1.6,	0.7	Hz,	1H),	5.20	(ddd,	J	=	10.7,	1.5,	0.7	Hz,	1H)	
ppm.		
13C	NMR	(101	MHz,	CDCl3)	δ	137.4,	137.3,	133.0	129.8,	128.7,	127.8,	126.6,	117.7	
ppm.		
Spectral	data	is	in	agreement	with	the	literature.40	
	

(E,Z)-buta-1,3-dien-1-ylbenzene	 (1a’).	 Following	 the	 general	
procedure	A,	benzaldehyde	(0.10	mL,	1.4	mmol)	was	used,	affording	
1a’	 (70	 mg,	 60%	 yield)	 as	 a	 mixture	 of	 isomers	 (E:Z	 =	 1.2:1).	

Colorless	liquid.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.46	–	7.19	(m,	5H),	6.89	(dddd,	J	=	16.9,	11.2,	10.1,	1.1	
Hz,	1H,	Z	isomer),	6.82	(ddt,	J	=	15.5,	10.5,	0.8	Hz,	1H,	E	isomer),	6.59	(d,	J	=	15.7	Hz,	
1H,	E	isomer),	6.54	(dt,	J	=	16.8,	10.4	Hz,	1H,	E	isomer),	6.47	(d,	J	=	10.0,	1H,	Z	isomer),	
6.27	(t,	J	=	10.5,	1H,	Z	isomer),	5.38	(d,	J	=	16.9,	1H,	Z	isomer),	5.36	(ddd,	J	=	16.9,	1.6,	
0.7	Hz,	1H,	E	isomer),	5.23	(dt,	J	=	10.1,	1.1	Hz,	1H,	Z	isomer),	5.20	(ddd,	J	=	10.7,	1.5,	
0.7	Hz,	1H,	E	isomer)	ppm.		
Spectral	data	is	in	agreement	with	the	literature.40	
	

(E,Z)-1-(buta-1,3-dien-1-yl)-4-(trifluoromethyl)benzene	
(1b).	 Following	 the	 general	 procedure	 A	 using	 4-
trifluoromethylbenzaldehyde	 (348.2	 mg,	 2	 mmol),	 affording	

1b	(237.7	mg,	60%	yield)	as	a	mixture	of	isomers	(E:Z	=	1:2).	Yellow	liquid.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.59	(d,	J	=	8.2	Hz,	2H,	Z	isomer),	7.57	(d,	J	=	8.8	Hz,	2H,	
E	isomer),	7.49	(d,	J	=	8.5	Hz,	2H,	E	isomer),	7.41	(d,	J	=	8.5	Hz,	2H,	Z	isomer),	6.89-
6.76	 (m,	1H),	6.58	 (d,	 J	 =	15.7	Hz,	1H,	E	 isomer),	6.52	 (dt,	 J	 =	16.9,	9.9	Hz,	1H,	E	
isomer),	6.47	(d,	J	=	11.6	Hz,	1H,	Z	isomer),	6.35	(t,	J	=	11.4	Hz,	1H,	Z	isomer),	5.44	
(ddt,	J	=	16.8,	1.7,	0.8	Hz,	1H,	Z	isomer),	5.41	(d,	J	=	16.9	Hz,	1H,	E	isomer),	5.32	(dtd,	
J	=	10.2,	1.6,	0.9	Hz,	1H,	Z	isomer),	5.27	(m,	1H,	E	isomer)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	141.0	(Z	isomer),	140.8	(E	isomer),	136.8	(E	isomer),	
132.7	 (Z	 isomer),	 132.6	 (Z	 isomer),	 132.1	 (E	 isomer),	 131.4	 (E	 isomer),	 129.4	 (E	
isomer),	129.3	(Z	isomer),	128.9	(E	isomer),	126.6	(Z	isomer),	125.7	(q,	J	=	3.9	Hz,	E	
isomer),	125.3	(q,	J	=	3.9	Hz,	Z	isomer),	124.3	(q,	J	=	272.9	Hz,	Z	isomer),	123.0	(E	
isomer),	121.3	(Z	isomer),	119.5	(Z	isomer)		ppm.	
19F	NMR	(376	MHz,	CDCl3)	δ	-62.6	ppm.	
Spectral	data	is	in	agreement	with	the	literature.12	

(E,Z)-1-(buta-1,3-dien-1-yl)-4-fluorobenzene	 (1c).	
Following	the	general	procedure	A	using	4-fluorobenzaldehyde	
(0.54	 mL,	 5	 mmol),	 affording	 1c	 (585	 mg,	 79%	 yield)	 as	 a	
mixture	of	isomers	(E:Z	=	1:1.5).	Yellow	liquid.	

1a’

1b
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1H	NMR	(400	MHz,	CDCl3)	δ	7.44	–	7.36	(m,	2H,	E	isomer),	7.31	(dddd,	J	=	8.6,	5.4,	
2.7,	1.6	Hz,	2H,	Z	isomer),		7.12	–	6.99	(m,	2H),	6.85	(dddd,	J	=	16.8,	11.2,	10.1,	1.1	Hz,	
1H,	Z	isomer),	6.78	–	6.68	(m,	1H,	E	isomer),	6.55	(d,	J	=	15.6	Hz,	1H,	E	isomer),	6.52	
(dt,	J	=	16.9,	10.3	Hz,	1H,	E	isomer),	6.44	(d,	J	=	11.5	Hz,	1H,	Z	isomer),	6.28	(t,	J	=	11.3	
Hz,	1H,	Z	isomer),	5.41	(dd,	J	=	16.9,	1.8,	1H,	Z	isomer),	5.38	–	5.32	(m,	1H),	5.20	(dd,	
J	=	9.6,	1.2	Hz,	1H,	E	isomer)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	162.3	(d,	J	=	248.2	Hz,	E	isomer),	162.0	(d,	J	=	247.6	Hz,	
Z	isomer),		137.1	(E	isomer),	133.6	(d,	J	=	3.5	Hz,	E	isomer),	133.5	(d,	J	=	3.5	Hz,	Z	
isomer),	133.0	(Z	isomer),		131.7	(E	isomer),	130.9	(d,	J	=	1.3	Hz,	Z	isomer),	130.7	(d,	
J	=	7.9	Hz,	Z	isomer),	129.5	(d,	J	=	2.5	Hz,	E	isomer),	129.3	(Z	isomer),		128.1	(d,	J	=	
8.0	Hz,	E	isomer),	120.0	(Z	isomer),		117.8	(E	isomer),	115.7	(d,	J	=	21.6	Hz,	E	isomer),	
115.3	(d,	J	=	21.5	Hz,	Z	isomer)	ppm.	
19F	NMR	(376	MHz,	CDCl3)	δ	-114.3	(E	isomer),	-115.0	(Z	isomer)	ppm.	
Spectral	data	is	in	agreement	with	the	literature.40	
	

(E,Z)-1-(buta-1,3-dien-1-yl)-4-isobutylbenzene	 (1d).	
Following	 the	 general	 procedure	 A	 using	 4-
isobutylbenzaldehyde	(1.7	mL,	2	mmol),	affording	1d	(1.18	g,	

63%	yield)	as	a	mixture	of	isomers	(E:Z	=	1:4).	Colourless	liquid.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.35	(d,	J	=	8.1	Hz,	2H,	E	isomer),	7.28	(d,	J	=	7.5	Hz,	1H,	
Z	isomer),	7.15	(d,	J	=	8.2	Hz,	2H,	Z	isomer),	7.13	(d,	J	=	8.6	Hz,	2H,	E	isomer),	6.96	
(dddd,	J	=	16.9,	11.2,	10.1,	1.1	Hz,	1H,	Z	isomer),	6.78	(ddt,	J	=	16.5,	10.5,	0.8	Hz,	1H,	
E	isomer),	6.58	(d,	J	=	15.6	Hz,	1H,	E	isomer),	6.54	(dt,	J	=	16.8,	6.6	Hz,	1H,	E	isomer),	
6.47	(d,	J	=	11.4	Hz,	1H,	Z	isomer),	6.26	(tt,	J	=	11.4,	0.9	Hz,	1H,	Z	isomer),	5.39	(ddt,	J	
=	16.9,	1.9,	0.9	Hz,	1H,	Z	isomer),		5.34	(d,	J	=	16.0	Hz	1H,	E	isomer),	5.24	(d,	J	=	10.1,	
1H,	Z	isomer),		5.18	(ddd,	J	=	10.2,	1.7,	0.9	Hz,	1H,	E	isomer),	2.51	(d,	J	=	7.2	Hz,	2H,	Z	
isomer),	2.49	(d,	J	=	7.2	Hz,	2H,	E	isomer),	1.96	–	1.86	(m,	1H),	0.95	(d,	J	=	6.6	Hz,	6H,	
Z	isomer)	0.94	(d,	J	=	6.6	Hz,	6H,	E	isomer)	ppm.		
13C	NMR	(101	MHz,	CDCl3)	δ	141.6	(E	isomer),	140.9	(Z	isomer),	137.5	(E	isomer),	
134.9	 (Z	 isomer),	 	134.8	 (E	 isomer),	133.6	 (Z	 isomer),	133.0	 (E	 isomer),	130.6	 (Z	
isomer),	 130.3	 (Z	 isomer),	 129.5	 (Z	 isomer),	 129.1	 (E	 isomer),	 128.9	 (Z	 isomer),	
128.8	 (E	 isomer),	 126.4	 (E	 isomer),	 119.3	 (Z	 isomer),	 117.1	 (E	 isomer),	 45.3	 (E	
isomer),	30.4	(E	isomer),	30.3	(Z	isomer),	22.5	(Z	isomer),	22.4	(E	isomer)	ppm.		
IR	(neat,	cm-1):	3084,	3020,	2954,	2922,	2868,	1509,	1465,	1002,	902,	854,	545,	497.		
HRMS	APCI,	(C14H19)	[M+H]+	calculated	187.1481,	found	187.1475.		
	

(E,Z)-1-(buta-1,3-dien-1-yl)-4-methoxybenzene	 (1e).	
Following	 the	 general	 procedure	 A	 using	 4-

1d
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methoxybenzaldehyde	(0.43	mL,	2	mmol),	affording	1e	(674	mg,	84%	yield)	as	a	
mixture	of	isomers	(E:Z	=	1:1.7).	Yellow	liquid.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.35	(d,	J	=	8.7	Hz,	2H,	E	isomer),	7.27	(d,	J	=	8.5	Hz,	2H,	
Z	isomer),	6.88	(d,	J	=	8.8	Hz,	2H,	Z	isomer),	6.86	(d,	J	=	8.7	Hz,	2H,	E	isomer),	6.52	(d,	
J	=	15.7	Hz,	1H,	E	isomer),	6.49	(dt,	J=16.8,	10.3	Hz,	1H,	E	isomer),	6.40	(d,	J	=	11.5	
Hz,	1H,	Z	isomer),	5.35	(ddt,	J	=	16.9,	1.8,	0.8	Hz,	1H,	Z	isomer),		5.28	(dd,	J	=	16.0,	0.8	
Hz,	1H,	E	isomer),	5.20	(dddd,	J	=	10.2,	2.1,	1.4,	0.9	Hz,	1H,	Z	isomer),	5.12	(d,	J	=	9.3	
Hz,	1H,	E	isomer),	3.82	(s,	3H,	E	isomer),	3.82	(s,	3H,	Z	isomer)	ppm.		
13C	NMR	(126	MHz,	CDCl3)	δ	159.4	(E	isomer),	158.8	(Z	isomer),	137.5	(E	isomer),	
133.5	 (Z	 isomer),	 132.5	 (E	 isomer),	 130.4	 (Z	 isomer),	 130.3	 (Z	 isomer),	 130.2	 (Z	
isomer),	130.1	 (E	 isomer),	129.5	 (Z	 isomer),	119.1	 (Z	 isomer),	 	127.9	 (E	 isomer),	
127.8	 (E	 isomer),	 116.6	 (E	 isomer),	 114.2	 (E	 isomer),	 113.8	 (Z	 isomer),	 55.4	 (Z	
isomer),		55.3	(E	isomer)	ppm.		
Spectral	data	is	in	agreement	with	the	literature.41	

	

3-(buta-1,3-dien-1-yl)benzo[b]thiophene	(1f).	Following	the	
general	 procedure	 A	 using	 1-benzothiophene-3-carbaldehyde	
(0.81	g,	5	mmol),	affording	1f	(504	mg,	54%	yield)	as	a	mixture	
of	isomers	(E:Z	=	1:1.5).	Yellow	liquid.	

1H	NMR	(400	MHz,	CDCl3)	δ	7.95	–	7.86	(m,	2H),	7.77	(ddd,	J	=	7.1,	1.9,	0.8	Hz,	1H,	Z	
isomer),	7.48	(m,	1H,	E	isomer),	7.45	–	7.34	(m,	2H),	6.93	–	6.83	(m,	2H),	6.64	–	6.54	
(m,	1H,	E	isomer),	6.46	(td,	J	=	11.1,	0.9	Hz,	1H,	Z	isomer),	5.44	(ddd,	J	=	16.9,	1.8,	0.9	
Hz,	1H,	Z	isomer),	5.38	(d,	J	=	16.8	Hz,	1H,	E	isomer),	5.26	–	5.21	(m,	1H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	140.6,	139.9,	138.9,	137.8,	137.4,	134.0,	133.8,	132.7,	
132.6,	 131.2,	 124.8,	 124.7,	 124.6,	 124.5,	 124.4,	 124.3,	 123.1,	 122.8,	 122.6,	 122.4,	
122.1,	122.0,	119.8,	117.9	ppm.	
IR	(neat,	cm-1):	3085,	3067,	3029,	3008,	2961,	2926,	1628,	1507,	1459,	1424,	1000,	
756,	731.	
HRMS	ESI,	(C12H11S)[M+H]+	calculated	187.0576,	found	187.0575.	
	

(E)-(2-methylbuta-1,3-dien-1-yl)benzene	 (1g).	 Following	 the	
general	 procedure	 A	 but	 using	 methyltriphenylphosphonium	
bromide	(2.14	g,	6	mmol)	and	a-methylcinnamylaldehyde	(0.70	mL,	
5	mmol),	affording	1g	(520	mg,	72%	yield).	Yellow	liquid.		

1H	NMR	(400	MHz,	CDCl3)	δ	7.43	–	7.31	(m,	4H),	7.30	–	7.22	(m,	1H),	6.65	–	6.55	(m,	
2H),	5.34	(dd,	J	=	17.3,	0.9	Hz,	1H),	5.17	(dd,	J	=	10.7,	0.9	Hz,	1H),	2.04	(t,	J	=	1.0	Hz,	
3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3)	δ	142.0,	137.9,	136.1,	131.8,	129.4,	128.3,	126.8,	113.1,	
13.3	ppm.	
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Spectral	data	is	in	agreement	with	the	literature.42	
	

Penta-1,3-dien-1-ylbenzene	 (1h).	 Following	 the	 general	
procedure	 A	 but	 using	 ethyltriphenylphosphonium	 iodide	
(5.012	 g,	 12	 mmol)	 and	 cinnamaldehyde	 (1.32	 g,	 10	 mmol),	
affording	1h	(1.39	g,	96%	yield)	as	a	mixture	of	isomers	(E:Z	=	

1.5:1).	Colorless	liquid.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.50	(d,	J	=	7.6	Hz,	2H,	Z	isomer),	7.45	(d,	J	=	7.5	Hz,	2H,	
E	isomer),	7.41	–	7.35	(m,	2H),	7.31	–	7.25	(m,	1H),	7.17	(ddd,	J	=	15.6,	11.0,	1.1	Hz,	
1H,	Z	isomer),	6.83	(dd,	J	=	15.7,	10.5	Hz,	1H,	E	isomer),	6.60	(d,	J	=	15.6	Hz,	1H,	Z	
isomer),	6.50	(d,	J	=	15.7	Hz,	1H,	E	isomer),	6.34	–	6.23	(m,	1H),	5.91	(dq,	J	=	13.9,	6.8	
Hz,	1H,	E	isomer),	5.68	(dq,	J	=	10.7,	7.2	Hz,	1H,	Z	isomer),	1.94	(dd,	J	=	7.2,	1.8	Hz,	
3H,	Z	isomer),	1.90	(dd,	J	=	6.8,	1.6	Hz,	3H,	E	isomer)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	137.8,	132.1,	132.0,	130.4,	130.0,	129.8,	129.5,	128.7,	
128.6,	127.5,	127.3,	127.2,	126.5,	126.3,	124.3,	18.5,	13.8.	
Spectral	data	is	in	agreement	with	the	literature.43	
	

(E,Z)-1-(buta-1,3-dien-1-yl)-2-methylbenzene	 (1i).	 Following	
the	general	procedure	A	using	2-methylbenzaldehyde	(0.23	mL,	2	
mmol),	affording	1i	(168mg,	58%	yield)	as	a	mixture	of	isomers	(E:Z	
=	1:1.4).	Colorless	liquid.	

1H	NMR	(400	MHz,	CDCl3)	δ	7.57	–	7.14	(m,	4H),	6.79	(t,	J	=	16.7	Hz,	1H,	Z	isomer),		
6.70	(d,	J	=	15.3	Hz,	1H,	E	isomer),	6.69	–	6.54	(m,	2H,	E	isomer),	6.52	(d,	J	=	11.4	Hz,	
1H,	Z	isomer),	6.39	–	6.28	(m,	1H,	Z	isomer),	5.36	(d,	J	=	16.9	Hz,	1H,	Z	isomer),		5.35	
(d,	J	=	16.8	Hz,	1H,	E	isomer),	5.19	(d,	J	=	9.9	Hz,	1H,	E	isomer),	5.18	(d,	J	=	10.5	Hz,	
1H,	Z	isomer)	2.38	(s,	3H,	E	isomer),	2.29	(s,	3H,	Z	isomer)	ppm.		
13C	NMR	(101	MHz,	CDCl3)	δ	137.6	(E	isomer),	136.6	(Z	isomer),	136.5	(Z	isomer),	
136.1	 (E	 isomer),	 135.8	 (E	 isomer),	 133.6	 (Z	 isomer),	 131.0	 (Z	 isomer),	 130.9	 (E	
isomer),	 130.6	 (E	 isomer),	 130.5	 (E	 isomer),	 130.1	 (Z	 isomer),	 130.0	 (Z	 isomer),	
129.7	 (Z	 isomer),	 127.7	 (E	 isomer),	 127.4	 (Z	 isomer),	 126.2	 (E	 isomer),	 125.5	 (Z	
isomer),	125.3	(E	isomer),	119.1	(Z	isomer),	117.6	(E	isomer),	20.1	(Z	isomer),	20.0	
(E	isomer)	ppm.		
Spectral	data	is	in	agreement	with	the	literature.41	

	

Methyl	 2-(buta-1,3-dien-1-yl)benzoate	 (1j).	 Following	 the	
general	 procedure	 A	 using	 methyl	 2-formylbenzoate	 (1.64	 g,	 10	
mmol),	affording	1j	(1.45	g,	77%	yield)	as	a	mixture	of	isomers	(E:Z	
=	1:1).	Yellowish	liquid.	
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1H	NMR	(400	MHz,	CDCl3)	δ	8.00	(dd,	J	=	7.8,	1.2	Hz,	1H,	Z	isomer),	7.90	(dd,	J	=	7.9,	
1.3	Hz,	1H,	E	isomer),	7.66	–	7.64	(m,	1H,	E	isomer),	7.53-7.47	(m,	1H),	7.42	(d,	J	=	
15.5	Hz,	1H,	Z	isomer),	7.39-7.29	(m,	2H),	6.99	(d,	J	=	11.5	Hz,	1H,	Z	isomer),	6.74	(dd,	
J	=	15.5,	10.5	Hz,	1H,	E	isomer),	6.65	–	6.54	(m,	1H),	6.36	(tt,	J	=	11.3,	0.8	Hz,	1H,	Z	
isomer),		5.41-5.35	(m,	1H),	5.24	(ddt,	J	=	10.0,	1.6,	0.7	Hz,	1H,	Z	isomer),		5.18	(dt,	J	
=	10.1,	2.0	Hz,	1H,	E	isomer),	3.93	(s,	3H,	Z	isomer),	3.90	(s,	3H,	E	isomer)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	168.0,	167.6,	138.8,	138.3,	137.5,	134.0,	133.8,	132.5,	
132.1,	 131.8,	 131.6,	 131.3,	 130.7,	 128.9,	 128.7,	 128.6,	 127.3,	 127.2,	 126.9,	 119.5,	
118.5,	52.2,	52.1	ppm.	
Spectral	data	is	in	agreement	with	the	literature.41	
	

	
2-(buta-1,3-dien-1-yl)phenol	 (I).	 Following	 the	 general	 procedure	 A	 using	 2-
hydroxybenzaldehyde	 (1.57	 mL,	 15	 mmol)	 and	 2.4	 equivalents	 of	
allyltriphenylphosphonium	bromide	(13.8	g,	36	mmol),	affording	I	(1535	mg,	70%	
yield)	as	a	mixture	of	isomers	(E:Z	=	10:1).	Yellow	liquid.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.43	(dt,	J	=	7.9,	1.1	Hz,	1H),	7.12	(td,	J	=	7.7,	1.7	Hz,	1H),	
6.92	(t,	J	=	7.7	Hz,	1H),	6.86	–	6.80	(m,	2H),	6.77	(dd,	J	=	8.0,	1.2	Hz,	1H),	6.63	–	6.48	
(m,	1H),	5.34	(dd,	J	=	16.7,	1.5	Hz,	1H),	5.19	(dd,	J	=	9.9,	1.5	Hz,	1H),	5.04	(brs,	1H)	
ppm.		
13C	NMR	(101	MHz,	CDCl3)	δ	153.0,	137.7,	131.3,	128.8,	127.6,	127.2,	124.5,	121.2,	
117.7,	116.1	ppm.	
Spectral	data	is	in	agreement	with	the	literature.44	
2-(buta-1,3-dien-1-yl)phenyl	 pivalate	 (1k).	 Trimethylacetyl	 chloride	 (0.34	mL,	
2.75	mmol)	was	added	to	a	solution	of	the	2-(buta-1,3-dien-1-yl)phenol	(0.37	g,	2.50	
mmol)	and	triethylamine	(0.69	mL,	5.00	mmol)	in	THF	(3.0	mL)	at	0	ºC.		The	mixture	
was	 then	 allowed	 to	 warm	 to	 room	 temperature,	 and	 stirred	 for	 16	 hours.	 The	
solvent	was	then	removed	in	vacuo	and	the	crude	mixture	was	diluted	with	CH2Cl2,	
washed	with	2	M	HCl	and	brine,	dried	over	MgSO4	and	concentrated	in	vacuo.	The	
residual	oil	was	subjected	to	column	chromatography	over	silica	gel	(hexanes/Et2O	
10/1)	to	give	1k	(507	mg,	88%	yield)	as	a	10:1	E:Z	mixture.	Yellow	liquid.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.58	(dd,	J	=	7.7,	1.8	Hz,	1H),	7.28	–	7.17	(m,	2H),	6.99	
(dd,	J	=	8.0,	1.4	Hz,	1H),	6.77	(dd,	J	=	15.8,	10.4	Hz,	1H),	6.58	(d,	J	=	15.8	Hz,	1H),	6.47	
(dt,	J	=	17.4,	10.3	Hz,	1H),	5.35	(d,	J	=	16.9	Hz,	1H),	5.20	(d,	J	=	10.0	Hz,	1H),	1.41	(s,	
9H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	176.7,	148.4,	137.2,	131.6,	129.8,	128.4,	126.3,	125.9,	
125.8,	122.6,	118.4,	39.3,	27.2	ppm.	
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IR	(neat,	cm-1):	2973,	2935,	1750,	1479,	1455,	1108,	1001,	748.	
HRMS	ESI,	(C15H18NaO2)	[M+Na]+	calculated	253.1199,	found	253.1209.	
	

	
3-(tributylstannyl)benzaldehyde	 (II).	 To	 a	 solution	 of	 3-bromobenzaldehyde	
(1.75	mL,	15	mmol)	and	ethylene	glycol	(3.76	mL,	67.5	mol)	in	toluene	(10	mL)	at	
room	temperature	was	added	p-TsOH	(0.26	g,	1.5	mmol)	and	the	reaction	mixture	
was	allowed	to	stirred	at	140	ºC	for	16	hours.	The	mixture	was	allowed	to	warm	to	
room	temperature,	diluted	with	water	and	extracted	three	times	with	EtOAc.		The	
combined	 organic	 layers	 were	 washed	 with	 brine,	 dried	 over	 MgSO4,	 and	
concentrated	in	vacuum.		The	residual	oil	was	passed	through	a	short	pad	of	silica	
gel	to	give	2-(3-bromophenyl)-1,3-dioxolane.		To	a	solution	of	2-(3-bromophenyl)-
1,3-dioxolane	(3.43	g,	15	mmol)	in	THF	(60	mL)	at	-78	ºC	was	added	n-BuLi	(7.2	mL	
of	2.5	M	 in	hexane,	18	mmol)	under	nitrogen	atmosphere	and	stirred	 for	1	hour.	
After	 this	 time	 tributyltin	chloride	(4.5	mL,	16.5	mmol)	was	added	dropwise	and	
stirred	 for	 15	 min	 at	 -78	 ºC.	 	 The	 mixture	 was	 then	 allowed	 to	 warm	 to	 room	
temperature,	and	stirred	for	1	hour.	The	reaction	was	next	quenched	by	adding	20	
mL	of	a	1	M	HCl	solution	and	stirred	for	3	hours	at	room	temperature.	The	reaction	
mixture	was	then	extracted	three	times	with	EtOAc	and	the	combined	organic	layers	
were	 washed	 with	 brine,	 dried	 over	 MgSO4	 and	 concentrated	 in	 vacuum.	 	 The	
residual	oil	was	purified	by	column	chromatography	over	silica	gel	(pure	hexanes	to	
hexanes/EtOAc	9/1)	to	give	II	as	a	yellow	liquid.		
1H	NMR	(400	MHz,	CDCl3)	δ	10.02	(s,	1H),	8.03	–	7.88	(m,	1H),	7.79	(dt,	J	=	7.7,	1.5	
Hz,	1H),	7.72	(dt,	J	=	7.2,	1.2	Hz,	1H),	7.53	–	7.44	(m,	1H),	1.66	–	1.43	(m,	6H),	1.40	–	
1.27	(m,	6H),	1.20	–	1.01	(m,	6H),	0.89	(t,	J	=	7.3	Hz,	9H)	ppm.			
13C	NMR	 (101	MHz,	CDCl3)	δ	193.3,	143.7,	142.7,	137.8,	135.7,	129.6,	128.5,	29.2,	
27.5,	13.8,	9.8	ppm.	
Spectral	data	is	in	agreement	with	the	literature.45	
3-(buta-1,3-dien-1-yl)phenyl)tributylstannane	 (1l).	 Following	 the	 general	
procedure	 A	 using	 3-(tributylstannyl)benzaldehyde	 (II)	 	 (0.99	 g,	 2.5	 mmol),	
affording	1l	(251.9	mg,	24%	yield)	as	a	mixture	of	isomers	(E:Z	=	1:2).	Yellow	oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.50	–	7.23	(m,	4H),	6.90	(dddd,	J	=	16.9,	11.2,	10.1,	1.1	
Hz,	1H,	Z	isomer),	6.78	(ddt,	J	=	15.6,	10.5,	0.8	Hz,	1H,	E	isomer),	6.59	–	6.50	(m,	2H,	
E	isomer),	6.47	(d,	J	=	11.7	Hz,	1H,	Z	isomer),	6.29	(tt,	J	=	11.4,	0.9	Hz,	1H,	Z	isomer),	
5.37	(ddt,	 J	=	6.9,	1.8,	0.8	Hz,	1H,	Z	 isomer),	 	5.34	(ddt,	 J	=	17.2,	1.6,0.8	Hz,	1H,	E	
isomer),	5.23-5.20	(m,	1H,	Z	isomer),		5.17	(ddd,	J	=	10.1,	1.5,	0.7	Hz,	1H,	E	isomer),	
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1.63	–	1.47	(m,	6H),	1.38	–	1.30	(m,	6H),	1.13	–	1.01	(m,	6H),	0.90	(t,	J	=	7.3	Hz,	9H,	E	
isomer),	0.89	(t,	J	=	7.3	Hz,	9H,	Z	isomer)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	142.3,	141.8,	137.3,	137.0,	136.7,	136.4,	135.9,	135.2,	
134.7,	133.4,	130.9,	130.5,	129.3,	128.6,	128.0,	127.6,	125.9,	119.3,	117.3,	29.1,	29.0,	
27.4,	27.3,	13.7,	9.6,	9.5	ppm.	
119Sn	NMR	(149	MHz,	CDCl3)	δ	-41.96	ppm.	
IR	(neat,	cm-1):	2955,	2923,	2871,	2851,	1463,	1377,	1000,	902,	698,	653.	
HRMS	Obtaining	a	High	Resolution	Mass	data	of	the	molecular	ion	was	proved	to	be	
difficult	using	ESI	and	APCI	ionization	modes.	Using	APCI	we	could	just	determine	
the	exact	mass	of	a	fragment	of	the	molecule:	(C12H27Sn)+	calculated	287.1136,	found	
287.1125.	
We	could	obtain	as	well	the	nominal	mass	of	[M-nBu]=	363.2	m/z	fragment	by	GC-
MS	analysis.	
	
	

(E,Z)-	 3-(buta-1,3-dien-1-yl)benzonitrile	 (1m).	 Following	 the	
general	procedure	A	using	4-cyanobenzaldehyde	(0.66	g,	5	mmol),	
affording	1m	 (374	mg,	48%	yield)	as	a	mixture	of	 isomers	(E:Z	=	
1:1).	Yellow	liquid.	

1H	NMR	(400	MHz,	CDCl3)	δ	7.66	–	7.39	(m,	4H),	6.82	(dd,	J	=	15.2,	10.9	Hz,	1H,	E	
isomer),	6.74	(dt,	J	=	16.7,	10.1	Hz,	1H,	Z	isomer),	6.52	(d,	J	=	15.7	Hz,	1H,	E	isomer),	
6.50	(dt,	J	=	16.8,	10.1	Hz,	1H,	E	isomer),	6.42	–	6.32	(m,	2H,	Z	isomer),	5.46	(dd,	J	=	
16.3,	1.4	Hz,	1H,	Z	isomer),	5.42	(dd,	J	=	16.2,	1.3	Hz,	1H,	E	isomer),	5.33	(d,	J	=	10.1	
Hz,	1H,	Z	isomer),		5.28	(d,	J	=	9.7	Hz,	1H,	E	isomer)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	138.6,	138.5,	136.5,	133.3,	133.0,	132.4,	132.2,	132.1,	
130.8,	 130.5,	 130.3,	 129.9,	 129.5,	 129.2,	 127.8,	 121.8,	 119.9,	 118.9,	 118.8,	 113.0,	
112.7	ppm.	
IR	 (neat,	cm-1):	3088,	3015,	2963,	2230,	1601,	1575,	1478,	1432,	1002,	902,	811,	
687,	664.	
HRMS	ESI,	(C11H9N)[M+]	calculated	155.0730,	found	155.0723.	
	

Deca-1,3-diene	(1n).	Following	the	general	procedure	A	
using	 acroleine	 (1.10	 mL,	 16.5	 mmol),	
heptyltriphenylphosphonium	bromide10	(6.62	g,	15	mmol)	

and	diethyl	ether	(60	mL)	as	solvent,	affording	1m	(865	mg,	42%	yield)	as	a	mixture	
of	isomers	(E:Z	=	1:1).	Colorless	liquid	(volatile).	
1H	NMR	(500	MHz,	CDCl3)	δ	6.65	(dddd,	J	=	16.9,	11.2,	10.1,	1.1	Hz,	1H,	Z	isomer),	
6.32	(dt,	J	=	17.0,	10.1	Hz,	1H,	E	isomer),	6.09	–	5.98	(m,	1H),	5.72	(dt,	J	=	14.6,	7.0	
Hz,	1H,	E	 isomer),	5.50	–	5.43	 (m,	1H,	Z	 isomer),	5.18	 (dd,	 J	=	16.9,	2.1	Hz,	1H,	Z	
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isomer),	5.12	–	5.09	(m,	1H,	E	isomer),	5.09	–	5.06	(m,	1H,	Z	isomer),	4.97	–	4.93	(m,	
1H,	E	isomer),	2.19	(qd,	J	=	7.5,	1.6	Hz,	1H),	2.09	(q,	J	=	7.2	Hz,	1H),	1.44	–	1.36	(m,	
2H),	1.36	–	1.26	(m,	6H),	0.90	(t,	J	=	7.0	Hz,	3H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	137.5,	135.7,	133.2,	132.5,	131.0,	129.3,	116.8,	114.7,	
32.7,	31.9,	29.8,	29.3,	29.1,	29.0,	27.9,	22.8,	14.2	ppm.	
Spectral	data	is	in	agreement	with	the	literature.46	
	

(R)-6,10-dimethylundeca-1,3,9-triene	 (1o).	
Following	 the	 general	 procedure	 A	 using	 citronelal	
(308.5	mg,	2	mmol),	affording	1o	(269.2	mg,	75%	yield)	

as	a	mixture	of	isomers	(E:Z	=	1:1).	Yellow	liquid.	
1H	NMR	(500	MHz,	CDCl3)	δ	6.64	(dddd,	J	=	16.8,	11.1,	10.1,	1.1	Hz,	1H,	Z	isomer),	
6.32	(dtd,	J	=	17.0,	10.3,	0.7	Hz,	1H,	E	isomer),	6.09	–	6.00	(m,	1H),	5.69	(dt,	J	=	14.6,	
7.4	Hz,	1H,	E	isomer),	5.52	–	5.42	(m,	1H,	Z	isomer),	5.18	(dd,	J	=	16.9,	2.0	Hz,	1H,	Z	
isomer),	5.13	–	5.05	(m,	2H),	4.95	(dd,	J	=	10.1,	1.8	Hz,	1H,	E	isomer),	2.24	–	1.88	(m,	
4H),	1.69	(d,	J	=	1.3	Hz,	3H),	1.61	(d,	J	=	1.4	Hz,	3H),	1.59	–	1.47	(m,	1H),	1.42	–	1.30	
(m,	1H),	1.23	–	1.10	(m,	1H),	0.90	(d,	J	=	5.9	Hz,	1.5H),	0.88	(d,	J	=	5.9	Hz,	1.5H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	137.5,	134.2,	132.6,	132.3,	131.8,	131.3,	131.2,	130.1,	
124.9,	124.8,	116.9,	114.7,	40.2,	36.9,	36.8,	35.0,	33.3,	32.9,	25.9,	25.8,	25.7,	19.6,	17.8	
ppm.	
Spectral	data	is	in	agreement	with	the	literature.47	
	

	
13-Bromotrideca-1,3-diene	(III).		10-bromodecan-1-ol48	(8.40	g,	35.0	mmol)	was	
dissolved	in	70	mL	of	dry	dichloromethane.	Pyridinium	chlorochromate	(8.30	g,	38.5	
mmol)	was	 added	 in	portions,	 and	 stirred	 for	3	hours	 at	 room	 temperature.	The	
crude	 mixture	 was	 filtered	 through	 a	 plug	 of	 celite	 and	 purified	 by	 column	
chromatography	 with	 silica	 gel	 (hexanes/EtOAc	 3/1)	 to	 give	 10-bromodecanal.	
Following	 the	 general	 procedure	 A,	 10-bromodecanal	 was	 used	 without	 further	
purification,	affording	 III	 (3.77	g,	41%	yield)	as	a	mixture	of	 isomers	 (E:Z	=	1:1).	
Colorless	liquid	(volatile).	
1H	NMR	(400	MHz,	CDCl3)	δ	6.64	(dddd,	J	=	16.9,	11.2,	10.1,	1.1	Hz,	1H,	Z	isomer),	
6.31	(dt,	J	=	17.0,	10.3	Hz,	1H,	E	isomer),	6.09	–	5.94	(m,	1H),	5.70	(dt,	J	=	14.6,	7.0	
Hz,	1H,	E	 isomer),	5.50	–	5.40	(m,	1H,	 ,	Z	 isomer),	5.18	(dd,	J	=	16.9,	2.1	Hz,	1H,	Z	
isomer),	5.12	–	5.08	(m,	1H,	E	isomer),	5.08	–	5.05	(m,	1H,	Z	isomer),	4.95	(dd,	J	=	
10.2,	1.8	Hz,	1H,	E	isomer),	3.40	(t,	J	=	6.9	Hz,	2H),	2.18	(qd,	J	=	7.4,	1.6	Hz,	1H),	2.08	
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(qd,	J	=	7.1,	1.4	Hz,	1H),	1.91	–	1.79	(m,	2H),	1.46	–	1.34	(m,	4H),	1.32	–	1.27	(m,	8H)	
ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	137.5,	135.6,	133.1,	132.5,	131.0,	129.3,	116.8,	114.7,	
34.1,	33.0,	32.7,	29.7,	29.5,	29.3,	29.2,	28.9,	28.3,	27.8	ppm.	
Spectral	data	is	in	agreement	with	the	literature.49	
	

	
(8R,9R,13S,14R)-13-methyl-3-(((E)-trideca-10,12-dien-1-yl)oxy)-
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthren-17-one	
(1p).	13-Bromotrideca-1,3-diene	(III)	(259.3	mg,	1.0	mmol),	estrone	(270.4	mg,	1.0	
mmol)	and	potassium	carbonate	(208.0	mg,	1.5	mmol)	were	dissolved	in	DMF	(1.5	
mL)	and	stirred	at	room	temperature	for	3	days.	The	crude	product	was	diluted	with	
water,	 extracted	 with	 EtOAc	 and	 the	 combined	 organic	 phases	 were	 dried	 over	
MgSO4.	After	purification	by	column	chromatography	with	silica	gel	(hexanes/EtOAc	
9/1	to	8/2),	1p	was	obtained	as	a	1:1	E:Z	mixture	(400.4	mg,	89	%	yield).	Colorless	
solid.	
Mp	38-40	ºC.		
1H	NMR	(500	MHz,	CDCl3)	δ	7.19	(dd,	J	=	8.7,	1.0	Hz,	1H),	6.71	(dd,	J	=	8.6,	2.8	Hz,	
1H),	6.69	–	6.60	(m,	1H,	Z	isomer),		6.64	(d,	J	=	2.7	Hz,	1H),	6.31	(dt,	J	=	17.0,	10.3	Hz,	
1H,	E	isomer),	6.11	–	5.95	(m,	1H),	5.71	(dt,	J	=	14.6,	7.0	Hz,	1H,	E	isomer),	5.46	(dtd,	
J	=	10.1,	7.6,	1.2	Hz,	1H,	Z	isomer),	5.18	(dd,	J	=	16.9,	2.0	Hz,	1H,	Z	isomer),			5.12	–	
5.07	(m,	1H,	E	isomer),	5.07	(d,	J	=	1.9	Hz,	1H,	Z	isomer),		4.95	(d,	J	=	10.1	Hz,	1H,	E	
isomer),	3.92	(t,	J	=	6.6	Hz,	2H),	2.94	–	2.85	(m,	2H),	2.55	–	2.45	(m,	1H),	2.42	–	2.37	
(m,	1H),	2.29	–	2.22	(m,	1H),	2.21	–	1.93	(m,	6H),	1.79	–	1.71	(m,	2H),	1.67	–	1.36	(m,	
10H),	1.36	–	1.26	(m,	8H),	0.91	(s,	3H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	157.3,	137.8,	137.5,	135.7,	133.2,	132.5,	132.0,	131.0,	
129.3,	126.4,	116.8,	114.7,	112.3,	68.1,	50.6,	48.2,	44.1,	38.6,	36.0,	32.7,	31.8,	29.8,	
29.7,	29.6,	29.6,	29.5,	29.5,	29.3,	29.3,	27.9,	26.7,	26.2,	26.1,	21.7,	14.0	ppm.	
IR	(neat,	cm-1):	2921,	2852,	1733,	1610,	1572,	1498,	1468,	1280,	1254,	1159,	1056,	
1003,	898,	779.	
HRMS	ESI,	(C31H44O2Na)	[M+Na]+	calculated	471.3234,	found	471.3246.	
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N-(4-(trideca-10,12-dien-1-yloxy)phenyl)acetamide	 (1q).	 13-Bromotrideca-
1,3-diene	(III)	(518.5	mg,	2.0	mmol),	p-acetamidophenol	(339	mg,	2.2	mmol)	and	
potassium	 carbonate	 (415.0	 mg,	 3	 mmol)	 were	 dissolved	 in	 DMF	 (3.3	 mL)	 and	
stirred		at	room	temperature	for	3	days.	The	crude	product	was	diluted	with	water,	
extracted	with	EtOAc	and	the	combined	organic	phases	were	dried	over	MgSO4.	After	
purification	by	column	chromatography	with	silica	gel	(hexanes/EtOAc	9/1	to	8/2)	
gave	1p	as	a	1:1	E:Z	mixture	(544.3	mg,	83	%	yield).	White	solid.	
Mp	76-78	ºC.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.36	(d,	J	=	9.0	Hz,	2H),	7.13	(s,	1H),	6.84	(d,	J	=	9.0	Hz,	
2H),	6.64	(dddd,	J	=	16.9,	11.2,	10.2,	1.1	Hz,	1H,	Z	isomer),		6.31	(dt,	J	=	17.0,	10.3	Hz,	
1H,	E	isomer),	6.10	–	5.95	(m,	1H),	5.70	(dt,	J	=	14.6,	6.9	Hz,	1H,	E	isomer),	5.45	(q,	J	
=	7.8	Hz,	1H,	Z	isomer),	5.17	(dd,	J	=	16.9,	2.1	Hz,	1H,	Z	isomer),	5.13	–	5.07	(m,	1H,	E	
isomer),	5.06	–	5.05	(m,	1H,	Z	isomer),		4.95	(dd,	J	=	10.2,	1.8	Hz,	1H,	E	isomer),	3.92	
(t,	J	=	6.6	Hz,	2H),	2.21	–	2.14	(m,	1H),	2.14	(s,	3H),	2.07	(q,	J	=	6.9	Hz,	1H),	1.75	(p,	J	
=	6.9	Hz,	2H),	1.48	–	1.32	(m,	6H),	1.31	–	1.24	(m,	6H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	168.3,	156.2,	137.5,	135.7,	133.2,	132.5,	131.0,	130.9,	
129.3,	122.0,	116.8,	114.9,	114.7,	68.4,	32.7,	29.7,	29.6,	29.6,	29.5,	29.4,	29.3,	29.3,	
27.9,	26.2,	24.5	ppm.	
IR	(neat,	cm-1):	3303,	2920,	2852,	1654,	1527,	1513,	1476,	1365,	1298,	1239,	1040,	
1010,	1001,	821,	718.		
HRMS	ESI,	(C21H31NO2Na)	[M+Na]+	calculated	352.2247,	found	352.2250.	 	
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Ni-catalyzed	1,4-dicarboxylation	of	1,3-dienes	with	CO2	
	

	
2-phenylhex-3-enedioic	acid	(2a).	An	oven-dried	Schlenk	tube	equipped	with	a	
magnetic	stirring	bar	was	charged	with	Mn	dust	(16.5	mg,	0.3	mmol,	1.5	equiv),	2-
methyl-4,7-diphenyl-1,10-phenanthroline	 (L19)	 (3.5	 mg,	 0.01	mmol,	 0.05	 equiv)	
and	NiBr4(TBA)2	(8.7	mg,	0.01	mmol,	0.05	equiv).	The	schlenk	tube	was	filled	with	
carbon	 dioxide	 by	 applying	 three	 cycles	 of	 evacuation	 and	 filling	 with	 CO2.	
Subsequently,	 1-phenyl-1,3-butadiene	 (1a,	 0.20	 mmol,	 1	 equiv)	 was	 added	 by	
syringe	followed	by	DMA	(0.40	mL)	with	a	constant	flow	of	CO2.	The	Schlenk	flask	
was	tightly	sealed	and	stirred	at	50	ºC	for	60	hours	(otherwise	stated)	after	which	it	
was	 quenched	 by	 careful	 addition	 of	 2	M	 aq.	 HCl	 sol.	 The	 reaction	mixture	was	
diluted	with	water	and	extracted	3	times	with	EtOAc.	The	combined	organic	phases	
were	 washed	 with	 brine,	 dried	 over	 MgSO4	 and	 filtered.	 The	 solvent	 was	 then	
removed	under	reduced	pressure	and	 it	was	purified	by	column	chromatography	
(hexane/EtOAc/HCOOH	75/25/0	to	50/50/0.5)	to	obtain	32.2	mg	(74%	yield)	of	2a	
as	a	mixture	of	isomers	(E:Z	=	2.4:1).	In	a	separate	experiment,	32.8	mg	(75%)	were	
obtained,	giving	an	average	yield	of	74%.	White	solid.	
Mp	90-94	ºC	
1H	NMR	(400	MHz,	Acetone-d6)	δ	7.33	(tt,	J	=	31.9,	7.4	Hz,	5H),	6.13	–	6.00	(m,	1H),	
5.86	–	5.73	(m,	1H),	4.68	(d,	J	=	9.7	Hz,	1H,	Z	isomer),	4.39	(d,	J	=	8.5	Hz,	1H,	E	isomer),	
3.32	–	3.10	(m,	2H)	ppm.	
13C	NMR	 (101	MHz,	Acetone-d6)	δ	173.7,	173.5,	172.7,	172.5,	140.1,	140.0,	132.3,	
131.0,	129.5,	129.4,	128.8,	128.7,	127.9,	126.2,	124.8,	55.1,	50.2,	37.8,	33.0	ppm.	
IR	(neat,	cm-1):	3028,	2909,	1692,	1598,	1408,	1271,	1207,	923,	695.	
HRMS	ESI,	(C12H10O4)	[M-H]-	calculated	219.0663,	found	219.0657.	
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General	 procedure	 B:	 An	 oven-dried	 Schlenk	 tube	 equipped	 with	 a	 magnetic	
stirring	bar	was	charged	with	Mn	dust	(16.5	mg,	0.3	mmol,	1.5	equiv),	L19	(3.5	mg,	
0.01	 mmol,	 0.05	 equiv)	 and	 NiBr4(TBA)2	 (8.7	 mg,	 0.01	 mmol,	 0.05	 equiv).	 The	
Schlenk	 tube	 was	 filled	 with	 CO2	 by	 applying	 three	 vacuum/CO2	 cycles.	
Subsequently,	the	1,3-diene	(0.20	mmol,	1	equiv)	was	added	by	syringe	followed	by	
DMA	(0.40	mL)	with	a	constant	flow	of	CO2.	The	Schlenk	flask	was	tightly	sealed	and	
stirred	at	50	ºC	for	60	hours	(unless	stated	otherwise)	after	which	it	was	quenched	
by	careful	addition	of	HCl	2M	(with	the	exception	of	1g,	the	starting	material	was	
totally	consumed	after	the	reaction).	The	reaction	mixture	was	diluted	with	water	
and	extracted	3	times	with	EtOAc.	The	combined	organic	phases	were	washed	with	
brine,	dried	over	MgSO4	and	filtered.	The	solvent	was	then	removed	under	vacuum	
and	it	was	dissolved	in	a	1:1	MeOH:Et2O	mixture	and	cooled	down	to	0	ºC.	TMSCHN2	
(0.4	mL	of	a	2	M	solution	in	Et2O,	4	equiv)	was	added	dropwise	and	after	30	minutes	
silica	gel	was	added	and	solvent	was	removed	under	vacuum.	The	compound	was	
purified	by	column	chromatography	(hexane/EtOAc	mixtures),	and	the	product	was	
directly	reduced	by	mixing	it	with	10%	Pd/C	(10.6	mg,	5	mol%),	B2(OH)4	(35.8	mg,	
0.4	mmol,	2	equiv)	and	H2O	(18	µL,	1	mmol,	5	equiv)	in	dichloromethane	(2	mL)	and	
stirred	at	room	temperature	for	24	h.	The	solution	was	filtered	through	celite	and	
the	 solvent	 was	 removed	 under	 reduced	 pressure	 to	 obtain	 the	 corresponding	
product.	
	

Dimethyl	2-phenylhexanedioate	(4a).	
From	 (E,Z)-buta-1,3-dien-1-ylbenzene:	 General	
procedure	 B	 was	 followed	 using	 (E,Z)-buta-1,3-dien-1-
ylbenzene	 (26.0	 mg,	 0.20	 mmol),	 affording	 4a	 (36.0	 mg,	

72%	 yield).	 In	 a	 separate	 experiment,	 37.7	 mg	 (75%)	 were	 obtained,	 giving	 an	
average	yield	of	74%.	Colorless	oil.	
From	 (E)-buta-1,3-dien-1-ylbenzene:	 General	 procedure	 B	 was	 followed	 using	
(E)-buta-1,3-dien-1-ylbenzene	 (26.0	mg,	0.20	mmol),	affording	4a	(36.5	mg,	73%	
yield).	Colorless	oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.34	–	7.23	(m,	5H),	3.65	(s,	3H),	3.64	(s,	3H),	3.55	(t,	J	=	
7.7	Hz,	1H),	2.37	–	2.26	(m,	2H),	2.14	–	2.05	(m,	1H),	1.86	–	1.77	(m,	1H),	1.66	–	1.50	
(m,	2H)	ppm.	
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13C	NMR	(126	MHz,	CDCl3)	δ	174.3,	173.7,	138.8,	128.8,	128.0,	127.5,	52.1,	51.6,	51.4,	
33.8,	32.9,	23.0	ppm.	
Spectral	data	is	in	agreement	with	the	literature.50	

Dimethyl	 2-(4-(trifluoromethyl)phenyl)	
hexanedioate	(4b).	General	procedure	B	was	followed	
using	 1-(buta-1,3-dien-1-yl)-4-
(trifluoromethyl)benzene	 (1b)	 (39.6	mg,	 0.20	mmol),	

affording	4b	(59.2	mg,	93%	yield).	In	a	separate	experiment,	53.8	mg	(85%)	were	
obtained,	giving	an	average	yield	of	89%.	Colorless	oil.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.62	–	7.55	(m,	2H),	7.42	(d,	J	=	8.1	Hz,	2H),	3.67	(s,	3H),	
3.65	(s,	3H),	3.62	(t,	J	=	7.7	Hz,	1H),	2.40	–	2.24	(m,	2H),	2.11	(dddd,	J	=	13.2,	10.6,	7.7,	
5.5	Hz,	1H),	1.82	(dddd,	J	=	13.4,	10.3,	7.6,	5.6	Hz,	1H),	1.69	–	1.46	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	173.6,	173.5,	142.8	(d,	J	=	1.2	Hz),	129.9	(q,	J	=	32.5	Hz),	
128.5,	125.8	(q,	J	=	3.8	Hz),	124.2	(q,	J	=	272.7	Hz),	52.4,	51.7,	51.3,	33.7,	32.9,	22.9	
ppm.	
19F	NMR	(376	MHz,	CDCl3)	δ	-62.6	ppm.	
IR	(neat,	cm-1):	2955,	1732,	1619,	1437,	1421,	1161,	1111,	1067,	1018,	839.	
HRMS	ESI,	(C15H17F3NaO4)	[M+Na]+	calculated	341.0971,	found	341.0972.	
	

Dimethyl	 2-(4-fluorophenyl)hexanedioate	 (4c).	
General	 procedure	 B	 was	 followed	 using	 1-(buta-1,3-
dien-1-yl)-4-fluorobenzene	 (1c)	 (29.6	 mg,	 0.20	 mmol),	
affording	 4c	 (37.2	 mg,	 69%	 yield).	 In	 a	 separate	

experiment,	38.3	mg	(71%)	were	obtained,	giving	an	average	yield	of	70%.	Colorless	
oil.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.29	–	7.22	(m,	2H),	7.04	–	6.97	(m,	2H),	3.65	(s,	3H),	
3.65	(s,	3H),	3.53	(t,	J	=	7.7	Hz,	1H),	2.38	–	2.24	(m,	2H),	2.06	(dddd,	J	=	13.3,	10.4,	7.7,	
5.7	Hz,	1H),	1.78	(dddd,	J	=	13.5,	10.0,	7.7,	5.9	Hz,	1H),	1.64	–	1.48	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	174.2,	173.7,	162.2	(d,	J	=	245.8	Hz),	134.5	(d,	J	=	3.2	
Hz),	129.6	(d,	J	=	7.9	Hz),	115.7	(d,	J	=	21.4	Hz),	52.2,	51.7,	50.7,	33.8,	33.0,	23.0	ppm.	
19F	NMR	(376	MHz,	CDCl3)	δ	-115.43	ppm.	
IR	(neat,	cm-1):	2953,	1731,	1604,	1509,	1436,	1356,	1221,	1155,	1100,	836,	809.	
HRMS	ESI,	(C14H17FNaO4)	[M+Na]+	calculated	291.1003,	found	291.1001.	
	

Dimethyl	 2-(4-isobutylphenyl)hexanedioate	 (4d).	
General	procedure	B	was	followed	using	(E,Z)-1-(buta-
1,3-dien-1-yl)-4-isobutylbenzene	 (1d)	 (37.3	 mg,	 0.20	
mmol),	affording	4d	(40.0	mg,	65%	yield).	In	a	separate	
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experiment,	38.2	mg	(62%)	were	obtained,	giving	an	average	yield	of	64%.	Colorless	
oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.18	(d,	J	=	8.1	Hz,	2H),	7.08	(d,	J	=	8.1	Hz,	2H),	3.65	(s,	
3H),	3.64	(s,	3H),	3.52	(t,	J	=	7.3	Hz,	1H),	2.44	(d,	J	=	7.2	Hz,	2H),	2.31	(ddd,	J	=	7.9,	7.0,	
4.0	Hz,	2H),	2.13	–	2.01	(m,	1H),	1.90	–	1.73	(m,	2H),	1.64	–	1.51	(m,	2H),	0.89	(d,	J	=	
6.6	Hz,	6H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	174.5,	173.8,	140.9,	136.1,	129.5,	127.7,	52.1,	51.6,	51.1,	
45.2,	33.9,	33.0,	30.3,	23.1,	22.5	ppm.	
IR	(neat,	cm-1):	2952,	2926,	2868,	1734,	1512,	1435,	1365,	1259,	1200,	1163,	1021,	
845,	798.	
HRMS	ESI,	(C18H26NaO4)	[M+Na]+	calculated	329.1723,	found	329.1721.	
	

Dimethyl	2-(4-methoxyphenyl)hexanedioate	(4e).	
General	procedure	B	was	followed	using	1-(buta-1,3-
dien-1-yl)-4-methoxybenzene	 (1e)	 (32.0	 mg,	 0.20	
mmol),	 affording	 4e	 (36.4	 mg,	 65%	 yield).	 In	 a	
separate	 experiment,	 38.7	mg	 (69%)	were	 obtained,	

giving	an	average	yield	of	67%.	Colorless	oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.20	(d,	J	=	8.6	Hz,	2H),	6.85	(d,	J	=	8.7	Hz,	2H),	3.78	(s,	
3H),	3.64	(s,	3H),	3.64	(s,	3H),	3.49	(t,	J	=	7.7	Hz,	1H),	2.38	–	2.23	(m,	2H),	2.05	(dddd,	
J	=	13.4,	10.3,	7.7,	5.8	Hz,	1H),	1.78	(dddd,	J	=	13.6,	9.9,	7.8,	5.9	Hz,	1H),	1.64	–	1.49	
(m,	2H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	174.6,	173.8,	159.0,	130.9,	129.0,	114.2,	55.4,	52.1,	51.7,	
50.6,	33.9,	33.0,	23.0	ppm.	
IR	(neat,	cm-1):	2952,	1730,	1611,	1511,	1436,	1246,	1162,	1033,	832,	795.	
HRMS	ESI,	(C15H20NaO5)	[M+Na]+	calculated	303.1203,	found	303.1193.	
	

Dimethyl	 2-(benzo[b]thiophen-3-yl)hexanedioate	
(4f).	General	 procedure	B	was	 followed	using	3-(buta-
1,3-dien-1-yl)benzo[b]thiophene	 (1f)	 (37.3	 mg,	 0.20	
mmol),	affording	4f	(35.6	mg,	58%	yield).	In	a	separate	

experiment,	38.2	mg	(62%)	were	obtained,	giving	an	average	yield	of	60%.	Colorless	
oil.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.85	(ddt,	J	=	9.7,	8.0,	0.8	Hz,	2H),	7.45	–	7.32	(m,	2H),	
7.37	(s,	1H),	4.03	(t,	J	=	7.6	Hz,	1H),	3.67	(s,	3H),	3.65	(s,	3H),	2.35	(td,	J	=	7.4,	1.5	Hz,	
2H),	2.21	(dddd,	J	=	13.8,	10.1,	8.2,	6.1	Hz,	1H),	1.99	(ddt,	J	=	13.5,	9.3,	6.7	Hz,	1H),	
1.78	–	1.63	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	173.7,	173.6,	140.5,	138.2,	133.2,	124.6,	124.3,	123.4,	
123.1,	121.8,	52.3,	51.7,	45.0,	33.8,	32.1,	23.2	ppm.	
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IR	(neat,	cm-1):	2950,	1730,	1432,	1195,	1153,	763,	732.	
HRMS	ESI,	(C16H18NaO4S)	[M+Na]+	calculated	329.0817,	found	329.0818.	
	

Dimethyl	 3-methyl-2-phenylhexanedioate	 (4g).	 General	
procedure	B	was	followed	using	(E)-(2-Methylbuta-1,3-dien-1-
yl)benzene	(1g)	(28.8	mg,	0.20	mmol),	affording		4g	(40.9	mg,	
77%	 yield)	 as	 a	 mixture	 of	 diastereoisomers	 (1.5:1).	 In	 a	

separate	experiment,	38.3	mg	(72%)	were	obtained,	giving	an	average	yield	of	75%.	
Colorless	oil.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.34	–	7.22	(m,	10H),	3.68	(s,	3H),	3.65	(s,	3H),	3.64	(s,	
3H),	3.59	(s,	3H),	3.27	(d,	J	=	10.5	Hz,	2H),	2.50	–	2.10	(m,	6H),	1.85	(dddd,	J	=	13.5,	
9.9,	6.3,	3.4	Hz,	1H),	1.62	–	1.44	(m,	2H),	1.20	(dtd,	J	=	13.7,	9.5,	5.5	Hz,	1H),	1.01	(d,	
J	=	6.5	Hz,	3H),	0.68	(d,	J	=	6.7	Hz,	3H)	ppm.	
13C	 NMR	 (126	 MHz,	 CDCl3)	 δ	 174.2	 (M=major),	 174.2	 (m=minor),	 174.0(m),	
173.9(M),	137.9(m),	137.6(M),	128.8(M),	128.7(M),	128.7(m),	128.7(m),		127.6(M),	
127.5(m),		58.7(M),	58.5(m),	52.0(m),	51.9(M),	51.7(m),		51.6(M),	36.1(m),		35.9(M),	
31.9(m),		31.5(M),	30.5(m),	28.8(M),	17.8(M),	16.6(m)	ppm.	
IR	(neat,	cm-1):	2952,	1731,	1454,	1434,	1265,	1239,	1196,	1151,	1096,	1008,	732,	
700.	
HRMS	ESI,	(C15H20NaO4)	[M+Na]+	calculated	287.1254,	found	287.1257.	
	

Dimethyl	 2-methyl-5-phenylhexanedioate	 (4h).	 General	
procedure	B	was	 followed	 using	NiBr4(TBA)2	 (17.4	mg,	 0.02	
mmol,	10	mol%),	L19	(7.0	mg,	0.02	mmol,	10	mol%)	and	penta-
1,3-dien-1-ylbenzene	 (1h)	 (28.8	 mg,	 0.20	 mmol)	 at	 60	 ºC,	

affording	 4h	 (34.2	 mg,	 65%	 yield)	 as	 a	 mixture	 of	 diastereoisomers	 (1:1).	 In	 a	
separate	experiment,	37.1	mg	(70%)	were	obtained,	giving	an	average	yield	of	68%.	
Colorless	oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.35	–	7.21	(m,	5H),	3.66	–	3.63	(m,	5H),	3.52	(t,	J	=	7.7	
Hz,	1H),	2.48	–	2.39	(m,	1H),	2.12	–	2.00	(m,	1H),	1.84	–	1.71	(m,	1H),	1.68	–	1.54	(m,	
1H),	1.44	–	1.28	(m,	1H),	1.13	(d,	J	=	7.1	Hz,	1H),	1.12	(d,	J	=	7.1	Hz,	2H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	176.9,	174.3,	174.2,	138.9,	138.8,	128.8,	128.1,	128.0,	
127.4,	52.1,	51.7,	51.6,	51.5,	39.4,	39.3,	31.7,	31.6,	31.2,	31.1,	17.3,	17.1	ppm.	
IR	(neat,	cm-1):2951,	1731,	1455,	1434,	1355,	1258,	1199,	1157,	734,	700.	
HRMS	ESI,	(C15H20NaO4)	[M+Na]+	calculated	287.1254,	found	287.1252.	
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Dimethyl	 2-(o-tolyl)hexanedioate	 (4i).	 General	
procedure	 B	was	 followed	 using	 (E,Z)-1-(buta-1,3-dien-1-
yl)-2-methylbenzene	(1i)	(28.8	mg,	0.20	mmol),	affording	4i	
(46.5	mg,	 88%	 yield).	 In	 a	 separate	 experiment,	 48.2	mg	

(91%)	were	obtained,	giving	an	average	yield	of	90%.	Colorless	oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.27	(dt,	J	=	7.1,	1.3	Hz,	1H),	7.19	–	7.11	(m,	3H),	3.84	(t,	
J	=	7.6	Hz,	1H),	3.65	(s,	3H),	3.64	(s,	3H),	2.38	(s,	3H),	2.35	–	2.29	(m,	2H),	2.16	–	2.07	
(m,	1H),	1.83	–	1.72	(m,	1H),	1.70	–	1.51	(m,	2H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	174.5,	173.8,	137.4,	136.2,	130.7,	127.2,	126.8,	126.6,	
52.1,	51.6,	46.7,	34.0,	32.6,	23.1,	19.9	ppm.	
IR	(neat,	cm-1):	3021,	2952,	2871,	1732,	1492,	1435,	1356,	1198,	1148,	1109,	736.	
HRMS	ESI,	(C15H20NaO4)	[M+Na]+	calculated	287.1254,	found	287.1253.	
	

Dimethyl	 2-(2-(methoxycarbonyl)phenyl)	
hexanedioate	 (4j).	 General	 procedure	 B	 was	 followed	
using	methyl	2-(buta-1,3-dien-1-yl)benzoate	(1j)	(37.6	mg,	
0.20	mmol),	affording	4j	(49.6	mg,	80%	yield).	In	a	separate	
experiment,	 50.5	 mg	 (82%)	 were	 obtained,	 giving	 an	

average	yield	of	81%.	Colorless	oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.89	(dd,	J	=	7.9,	1.4	Hz,	1H),	7.47	(td,	J	=	7.6,	1.5	Hz,	1H),	
7.40	(dd,	J	=	7.9,	1.3	Hz,	1H),	7.34	–	7.28	(m,	1H),	4.63	(t,	J	=	7.3	Hz,	1H),	3.90	(d,	J	=	
0.7	Hz,	3H),	3.63	(s,	3H),	3.63	(s,	3H),	2.38	–	2.26	(m,	2H),	2.13	(dddd,	J	=	13.0,	10.4,	
7.5,	5.2	Hz,	1H),	1.81	(dddd,	J	=	13.0,	10.5,	7.1,	5.4	Hz,	1H),	1.73	–	1.49	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	174.3,	173.8,	168.0,	140.3,	132.4,	130.9,	129.8,	128.7,	
127.1,	52.3,	52.1,	51.6,	46.8,	33.9,	33.0,	23.1	ppm.	
IR	(neat,	cm-1):	2952,	1719,	1577,	1434,	1255,	1193,	1166,	1130,	1085,	745,	712.	
HRMS	ESI,	(C16H20NaO6)	[M+Na]+	calculated	331.1152,	found	331.1154.	
	

Dimethyl	 2-(2-(pivaloyloxy)phenyl)hexanedioate	 (4k)	
General	procedure	B	was	followed	using	2-(buta-1,3-dien-
1-yl)phenyl	pivalate	 (1k)	 (46.1	mg,	0.20	mmol),	 affording	
4k	(60.8	mg,	87%	yield).	In	a	separate	experiment,	62.9	mg	
(90%)	 were	 obtained,	 giving	 an	 average	 yield	 of	 89%.	

Colorless	oil.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.38	(dd,	J	=	7.6,	1.8	Hz,	1H),	7.26	(td,	J	=	7.7,	1.8	Hz,	1H),	
7.20	(td,	J	=	7.5,	1.5	Hz,	1H),	6.99	(dd,	J	=	8.0,	1.4	Hz,	1H),	3.75	(t,	J	=	7.6	Hz,	1H),	3.64	
(s,	3H),	3.62	(s,	3H),	2.38	–	2.22	(m,	2H),	2.08	(dddd,	J	=	13.3,	10.6,	7.8,	5.5	Hz,	1H),	
1.77	(dddd,	J	=	13.2,	10.2,	7.4,	5.6	Hz,	1H),	1.70	–	1.48	(m,	2H),	1.39	(s,	9H)	ppm.	
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13C	NMR	(126	MHz,	CDCl3)	δ	176.8,	173.7,	149.0,	130.9,	128.6,	128.3,	126.2,	122.7,	
100.1,	52.2,	51.6,	44.4,	39.4,	33.8,	31.8,	27.3,	23.1	ppm.	
IR	(neat,	cm-1):	2954,	2032,	1734,	1435,	1206,	1107,	756.	
HRMS	ESI,	(C19H26NaO6)	[M+Na]+	calculated	373.1622,	found	373.1626.	
	
	

Dimethyl	 2-(3-(tributylstannyl)phenyl)	 hexanedioate	
(4l).	General	procedure	B	was	followed,	but	the	reduction	
step	was	 performed	with	H2	 instead	 of	 B2(OH)4	 and	H2O,	
using	 (3-(buta-1,3-dien-1-yl)phenyl)tributylstannane	 (1l)	
(83.8	mg,	0.20	mmol),	affording	4l	(58.1	mg,	54%	yield).	In	

a	 separate	 experiment,	 57.4	mg	 (53%)	were	obtained,	 giving	 an	 average	yield	of	
54%.	Colorless	oil.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.35	–	7.23	(m,	4H),	3.65	(s,	3H),	3.65	(s,	3H),	3.55	(t,	J	=	
7.7	Hz,	1H),	2.40	–	2.23	(m,	2H),	2.09	(dddd,	J	=	13.4,	10.4,	7.8,	5.7	Hz,	1H),	1.81	(dddd,	
J	=	13.5,	10.0,	7.6,	5.8	Hz,	1H),	1.76	–	1.51	(m,	8H),	1.45	–	1.20	(m,	12H),	0.92	(t,	J	=	
7.3	Hz,	9H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	174.3,	173.8,	138.9,	128.8,	128.0,	127.5,	77.5,	77.2,	76.8,	
52.2,	51.7,	51.5,	33.9,	33.0,	28.0,	27.0,	23.0,	17.7,	13.7	ppm.	
119Sn	NMR	(149	MHz,	CDCl3)	δ	156.3	ppm.	
IR	(neat,	cm-1):	2953,	2871,	1733,	1455,	1435,	1199,	1165,	700.	
HRMS	Obtaining	a	High	Resolution	Mass	data	of	the	molecular	ion	was	proved	to	be	
difficult	using	ESI,	APCI	and	MALDI	ionization	modes.	However,	using	ESI	we	could	
determine	the	exact	mass	of	two	fragments	of	the	molecule:	(C8H19Sn)+	calculated	
231.0499,	 found	 231.0506,	 (C14H18NaO4)+	 =	 [M-SnBu3+Na]+	 calculated	 273.1097,	
found	273.1095.	
	

Dimethyl	 2-(3-cyanophenyl)hexanedioate	 (4m).	
General	procedure	B	was	followed	using	3-(buta-1,3-dien-
1-yl)benzonitrile	(1m)	(31.0	mg,	0.20	mmol),	affording	4m	
(29.3	mg,	 53%	 yield).	 In	 a	 separate	 experiment,	 58.5	mg	
(49%)	 were	 obtained,	 giving	 an	 average	 yield	 of	 51%.	

Colorless	oil.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.60	(s,	1H),	7.57	–	7.53	(m,	2H),	7.43	(t,	J	=	7.7	Hz,	1H),	
3.67	(s,	3H),	3.65	(s.	3H),	3.59	(t,	J	=	7.7	Hz,	1H),	2.32	(td,	J	=	7.4,	2.9	Hz,	2H),	2.10	
(dddd,	J	=	13.2,	10.6,	7.8,	5.4	Hz,	1H),	1.80	(dddd,	J	=	13.3,	10.4,	7.6,	5.5	Hz,	1H),	1.57	
(dtdd,	J	=	21.2,	10.7,	7.4,	5.5	Hz,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	173.5,	173.3,	140.3,	132.6,	131.8,	131.3,	129.6,	118.7,	
113.0,	52.5,	51.7,	51.1,	33.6,	32.8,	22.9	ppm.	
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IR	(neat,	cm-1):	2953,	2927,	2853,	2230,	1730,	1435,	1195,	1165,	691.	
HRMS	ESI,	(C15H17NNaO4)	[M+Na]+	calculated	298.1050,	found	298.1049.	
	

Dimethyl	2-hexylhexanedioate	(4n).	General	procedure	B	was	
followed	using	NiBr4(TBA)2	(17.4	mg,	0.02	mmol,	10	mol%),	L19	
(7.0	 mg,	 0.02	 mmol,	 10	 mol%)	 and	 (E,Z)-deca-1,3-diene	 (1n)	
(27.7	mg,	0.20	mmol),	affording	4n	(36.9	mg,	71%	yield).	 In	a	
separate	experiment,	38.8	mg	 (75%)	were	obtained,	giving	an	

average	yield	of	73%.	Colorless	oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	3.66	(s,	3H),	3.65	(s,	3H),	2.37	–	2.32	(m,	1H),	2.29	(t,	J	=	
7.1	Hz,	2H),	1.60	(tdd,	J	=	14.7,	8.8,	6.1	Hz,	4H),	1.51	–	1.39	(m,	2H),	1.24	(q,	J	=	7.5,	
5.4	Hz,	8H),	0.86	(t,	J	=	6.7	Hz,	3H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	176.7,	173.9,	51.6,	51.5,	45.5,	34.0,	32.5,	31.9,	31.8,	29.3,	
27.4,	23.0,	22.7,	14.2	ppm.	
IR	(neat,	cm-1):	2952,	2929,	2868,	1737,	1458,	1436,	1256,	1198,	1164.	
HRMS	ESI,	(C14H26NaO4)	[M+Na]+	calculated	281.1723,	found	281.1722.	
	

Dimethyl	2-(2,6-dimethylheptyl)	hexanedioate	
(4o).	 General	 procedure	 B	 was	 followed	 using	
NiBr4(TBA)2	(17.4	mg,	0.02	mmol,	10	mol%),	L19	
(7.0	mg,	 0.02	mmol,	 10	mol%)	 and	1o	 (35.7	mg,	

0.20	mmol),	affording	4o	(34.9	mg,	58%	yield)	as	a	1:1	mixture	of	diastereoisomers.	
In	a	separate	experiment,	37.1	mg	(62%)	were	obtained,	giving	an	average	yield	of	
60%.	Colorless	oil.	
1H	NMR	(400	MHz,	CDCl3)	δ	3.68	(s,	3H),	3.68	(s,	3H),	2.53	–	2.42	(m,	1H),	2.32	(t,	J	=	
7.1	Hz,	2H),	1.76	–	1.57	(m,	4H),	1.57	–	1.45	(m,	2H),	1.44	–	1.05	(m,	8H),	0.92	–	0.82	
(m,	9H)	ppm.	
13C	NMR	(75	MHz,	CDCl3)	δ	176.9,	176.7,	173.7,	51.5,	51.4,	51.4,	43.2,	43.1,	40.0,	39.9,	
39.2,	37.7,	36.7,	33.9,	32.6,	31.9,	31.0,	30.8,	27.9,	24.5,	24.5,	22.9,	22.8,	22.7,	22.6,	
22.6,	19.7,	19.3	ppm.	
IR	(neat,	cm-1):	2952,	2927,	2869,	1735,	1435,	1366,	1195,	1156.	
HRMS	ESI,	(C17H32NaO4)	[M+Na]+	calculated	325.2193,	found	323.2185.	
	

Dimethyl	2-(9-(((8R,9S,13S,14S)-
13-methyl-17-oxo-
7,8,9,11,12,13,14,15,16,17-
decahydro-6H-
cyclopenta[a]phenanthren-3-yl)	
oxy)nonyl)hexanedioate	(4p).		
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General	 procedure	 B	 was	 followed	 using	 NiBr4(TBA)2	 (17.4	 mg,	 0.02	 mmol,	 10	
mol%),	L19	(7.0	mg,	0.02	mmol,	10	mol%)	and	1p	(89.7	mg,	0.20	mmol)	at	60	 ºC,	
affording	4p	(58.0	mg,	51%	yield)	as	1:1	mixture	of	diastereoisomers.	In	a	separate	
experiment,	60.4	mg	(53%)	were	obtained,	giving	an	average	yield	of	52%.	Light	
orange	oil.	
1H	NMR	(500	MHz,	CDCl3)	δ	7.18	(d,	J	=	8.6	Hz,	1H),	6.70	(dd,	J	=	8.6,	2.7	Hz,	1H),	6.63	
(d,	J	=	2.7	Hz,	1H),	3.91	(t,	J	=	6.6	Hz,	2H),	3.67	(s,	3H),	3.66	(s,	3H),	2.93	–	2.85	(m,	
2H),	2.49	(dd,	J	=	19.0,	8.7	Hz,	1H),	2.42	–	2.33	(m,	2H),	2.30	(t,	J	=	7.1	Hz,	2H),	2.27	–	
2.21	(m,	1H),	2.17	–	1.91	(m,	4H),	1.74	(p,	J	=	6.7	Hz,	2H),	1.66	–	1.38	(m,	11H),	1.36	
–	1.21	(m,	10H),	0.90	(s,	3H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	176.7,	173.8,	157.3,	137.8,	131.9,	126.4,	114.7,	112.2,	
68.0,	51.6,	51.5,	50.5,	48.1,	45.4,	44.1,	38.5,	36.0,	34.0,	32.5,	31.9,	31.7,	29.8,	29.6,	
29.6,	29.5,	29.4,	27.5,	26.7,	26.2,	26.0,	22.9,	21.7,	14.0	ppm.	
IR	(neat,	cm-1):	2925,	2855,	1734,	1609,	1499,	1455,	1435,	1281,	1253,	1195,	1157,	
1055,	1007,	873,	819.	
HRMS	ESI,	(C35H52NaO6)	[M+Na]+	calculated	591.3656,	found	591.3683.	
	

Dimethyl	 2-(9-(4-acetamidophenoxy)nonyl)hexanedioate	 (4q).	 General	
procedure	B	was	followed	using	NiBr4(TBA)2	(17.4	mg,	0.02	mmol,	10	mol%),	L19	
(7.0	mg,	0.02	mmol,	10	mol%)	and	1q	(65.9	mg,	0.20	mmol),	affording	4q	(50.7	mg,	
56%	yield)	as	a	1:1	mixture	of	diastereoisomers.	In	a	separate	experiment,	52.3	mg	
(58%)	were	obtained,	giving	an	average	yield	of	57%.	Light	brown	solid.	
Mp		83-85	ºC.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.36	(d,	J	=	8.9	Hz,	2H),	7.25	(s,	1H),	6.83	(d,	J	=	8.9	Hz,	
2H),	3.91	(t,	J	=	6.6	Hz,	2H),	3.67	(s,	3H),	3.66	(s,	3H),	2.38	–	2.33	(m,	1H),	2.30	(t,	J	=	
7.1	Hz,	2H),	2.14	(s,	3H),	1.80	–	1.67	(m,	4H),	1.66	–	1.54	(m,	4H),	1.51	–	1.38	(m,	4H),	
1.35	–	1.20	(m,	8H)	ppm.		
13C	NMR	 (101	MHz,	CDCl3)	δ	176.7,	173.9,	168.3,	156.2,	130.9,	122.0,	114.9,	68.4,	
51.7,	51.6,	45.5,	34.0,	32.5,	31.9,	29.6,	29.6,	29.5,	29.4,	29.4,	27.5,	26.1,	24.5,	23.0	ppm.	
IR	(neat,	cm-1):	3341,	2924,	2893,	2850,	1730,1708,	1678,	1599,	1547,	1510,	1434,	
1367,	1301,	1232,	1210,	1173,	1034,	836.	
HRMS	ESI,	(C25H39NNaO6)	[M+Na]+	calculated	472.2670,	found	472.2677.	
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Ni-catalysed	carboxylation	of	Diene	Feedstocks.	
General	 procedure	 C:	 An	 oven-dried	 Schlenk	 tube	 equipped	 with	 a	 magnetic	
stirring	bar	was	charged	with	Mn	dust	(11.0	mg,	0.2	mmol,	1.0	equiv),	L19	(7.0	mg,	
0.02	mmol,	 0.10	 equiv)	 and	 NiBr4(TBA)2	 (17.4	mg,	 0.02	mmol,	 0.10	 equiv).	 The	
Schlenk	tube	was	filled	with	carbon	dioxide	by	applying	three	cycles	of	vacuum/CO2.	
Subsequently,	the	1,3-diene	(0.40	mmol,	2	equiv)	was	added	by	syringe	followed	by	
DMA	(0.40	mL)	with	a	constant	flow	of	CO2.	The	Schlenk	flask	was	tightly	sealed	and	
stirred	at	50	ºC	for	60	hours	(unless	stated	otherwise)	after	which	it	was	quenched	
by	careful	addition	of	HCl	2M.	 	The	reaction	mixture	was	diluted	with	water	and	
extracted	 3	 times	 with	 EtOAc.	 The	 combined	 organic	 phases	 were	 washed	 with	
brine,	dried	over	MgSO4	and	filtered.	The	solvent	was	then	removed	under	vacuum	
and	it	was	purified	by	column	chromatography	(hexane/EtOAc/HCOOH	75/25/0	to	
50/50/0.5),	and	the	product	was	reduced	by	mixing	it	with	10%	Pd/C	(10.6	mg,	5	
mol%)	in	MeOH	(2	mL)	under	H2	atmospheres	at	rt	for	24	h.	The	solution	was	filtered	
through	celite	and	the	solvent	was	removed	under	reduced	pressure	to	obtain	the	
targeted	product.	
	

Adipic	acid	(4r)	[CAS:	124-04-9].	General	procedure	
C	was	followed	using	1,3-butadiene	(0.2	mL	of	a	2.0M	
solution	 in	 THF,	 0.40	mmol),	 affording	4r	 (17.3	mg,	

59%	yield)	as	a	93:7	(4r:4r’)	mixture.	In	a	separate	experiment,	18.3	mg	(63%)	were	
obtained,	giving	an	average	yield	of	61%.	White	solid.	
1H	NMR	(500	MHz,	Acetone-d6)	δ	2.31	(t,	J	=	5.9	Hz,	4H,	4r),	1.64	(t,	J	=	5.8	Hz,	4H,	
4r),	0.94	(t,	J	=	7.4	Hz,	3H,	4r’)	ppm.	
13C	NMR	(126	MHz,	Acetone-d6)	δ	174.8	(4r),	33.9	(4r),	25.1(4r),	11.6	(4r’)	ppm.	
	

2-Methylhexanedioic	 acid	 (4s)	 [CAS:	 626-70-0].	
General	 procedure	 C	 was	 followed	 using	 1,3-
pentadiene	(40	µL,	0.40	mmol),	affording	4s	(19.9	mg,	
62%	yield)	as	a	>99:1	(4s:4s’)	mixture.	In	a	separate	
experiment,	19.5	mg	(61%)	were	obtained,	giving	an	

average	yield	of	61%.	Colorless	oil.	
1H	NMR	(400	MHz,	Acetone-d6)	δ	=	2.42	(q,	J	=	6.9	Hz,	1H),	2.29	(t,	J	=	7.1	Hz,	2H),	
1.72	–	1.57	(m,	3H),	1.50	–	1.41	(m,	1H),	1.14	(d,	J	=	6.9	Hz,	3H)	ppm.	
13C	NMR	(101	MHz,	Acetone-d6)	δ	177.8,	174.7,	39.6,	34.1,	33.9,	23.4,	17.4	ppm.	
	

3-Methylhexanedioic	acid	(4t)	[CAS:	3058-01-3]	
/	2-ethyl-2-methylsuccinic	acid	(4t’)	[CAS:	631-
31-2].	 General	 procedure	 C	 was	 followed	 using	
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isoprene	(40	µL,	0.40	mmol),	affording	4t	(20.8	mg,	65%	yield)	as	a	77:23	(4t:4t’)	
mixture.	In	a	separate	experiment,	20.5	mg	(64%)	were	obtained,	giving	an	average	
yield	 of	 61%.	 The	major	 isomer	was	 identified	 by	 its	 characteristic	 doublet	 that	
integrates	3	protons	at	δ	=	0.98	in	1H	NMR.	Colorless	oil.	
1H	NMR	(500	MHz,	Acetone-d6)	δ	2.71	(d,	J	=	16.1	Hz,	1H,	4t’),	2.42	(d,	J	=	16.1	Hz,	
1H,	4t’),	2.37	–	2.31	(m,	2H,	4t),	2.17	–	2.05	(m,	3H,	4t),	2.02	–	1.93	(m,	2H,	4t’),	1.75	
–	1.62	(m,	1H,	4t’),	1.58	–	1.48	(m,	1H,	4t’),	1.24	(s,	3H,	4t’),	0.98	(d,	J	=	6.7	Hz,	3H,	
4t),	0.88	(t,	J	=	7.5	Hz,	3H,	4t’)	ppm.	
13C	 NMR	 (126	 MHz,	 Acetone-d6)	 δ	 174.1	 (4t’),	 174.0(4t),	 173.3(4t),	 172.5(4t’),	
43.8(4t’),	 41.8(4t’),	 40.7(4t),	 31.9(4t’),	 31.4(4t),	 31.1(4t),	 29.6(4t),	 21.1(4t’),	
18.8(4t),	8.1(4t’)	ppm.	
	
	
Mechanistic	experiments	

	
Dimethyl	 cyclohex-2-ene-1,4-dicarboxylate	 (trans-2u	 and	 cis-2u).	 An	 oven-
dried	Schlenk	tube	equipped	with	a	magnetic	stirring	bar	was	charged	with	Mn	dust	
(11.0	mg,	0.2	mmol,	1.0	equiv),	L19	(7.0	mg,	0.02	mmol,	0.10	equiv)	and	NiBr4(TBA)2	
(17.4	mg,	0.02	mmol,	0.10	equiv).	The	Schlenk	tube	was	filled	with	CO2	by	applying	
three	 vacuum/CO2	 cycles.	 Subsequently,	 1,3-cyclohexadiene	 (1u)	 (0.20	 mmol,	 1	
equiv)	was	 added	 followed	 by	 DMA	 (0.40	mL)	with	 a	 constant	 flow	 of	 CO2.	 The	
Schlenk	flask	was	sealed	and	stirred	at	50	ºC	for	60	h	after	which	it	was	quenched	by	
careful	 addition	 of	 HCl	 2M.	 The	 reaction	 mixture	 was	 diluted	 with	 water	 and	
extracted	 3	 times	 with	 EtOAc.	 The	 combined	 organic	 phases	 were	 washed	 with	
brine,	dried	over	MgSO4	and	filtered.	The	solvent	was	then	removed	under	vacuum	
and	it	was	dissolved	in	a	1:1	MeOH:Et2O	mixture	and	cooled	down	to	0	ºC.	TMSCHN2	
(0.4	mL	of	a	2	M	solution	in	Et2O,	4	equiv)	was	added	dropwise	and	after	30	minutes	
silica	gel	was	added	and	solvent	was	removed	under	vacuum.	The	compound	was	
purified	by	column	chromatography	(hexane/EtOAc	mixtures)	to	give	24.1	mg	(60%	
yield)	of	a	mixture	of	isomers	91:9	trans-2u:cis-2u.	Light	orange	oil.		
1H	NMR	(400	MHz,	CDCl3)	δ	5.94	–	5.93	(m,	2H,	cis-2u),	5.92	–	5.91	(m,	2H,	trans-
2u),	3.73	(s,	6H,	cis-2u),	3.69	(s,	6H,	trans-2u),	3.16	–	3.08	(m,	1H),	2.11	–	2.02	(m,	
1H),	1.86	–	1.77	(m,	1H)	ppm.		
13C	NMR	(75	MHz,	CDCl3)	δ	174.3	(trans-2u),	173.4	(cis-2u),	126.8	(trans-2u),	126.1	
(cis-2u),	52.1	(trans-2u),	51.7	(cis-2u),	40.9	(trans-2u),	40.5	(cis-2u),	24.0	(trans-
2u),	23.6	(cis-2u)	ppm.	
Spectral	data	is	in	agreement	with	the	literature.12		
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For	the	determination	of	the	major	isomer,	the	mixture	of	trans-2u	and	cis-2u	were	
reduced	using	10	mol%	of	10%	Pd/C	under	a	H2	atmosphere	(balloon)	in	EtOAc.	The	
solution	was	filtered	through	a	pad	of	celite	and	the	1H	and	13C	NMR	spectra	was	
compared	 to	 the	 ones	 obtained	 from	 the	 commercially	 available	 cis	 and	 trans	
dimethyl	 cyclohexa-1,4-dicarboxylate,	 revealing	 that	 the	major	 isomer	was	 trans-
configured:	
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Synthesis	of	Ni-1	and	Ni-2.	

	
[Bis(2-methyl-4,7-diphenyl-1,10-phenanthroline)nickel(0)]	 (Ni-1).	 	 In	 a	
glovebox,	 an	oven-dried	Schlenk	 tube	 containing	a	 stirring	bar	was	 charged	with	
Ni(COD)2	 (27.5	mg,	 0.10	mmol,	 1	 equiv),	L19	 (69.3	mg,	 0.2	mmol,	 2	 equiv)	 and	
dissolved	in	anhydrous	benzene	(0.5	mL).	The	Schlenk	tube	was	heated	at	40	ºC	for	
14	 h.	 After	 the	 addition	 of	 2	mL	 of	 cold	 pentane,	 a	 solid	 precipitated	which	was	
filtered	and	dried	to	provide	55.3	mg	of	Ni-1	(74%	yield)	as	a	dark	purple	solid.	X-
Ray	quality	crystals	were	grown	from	slow	evaporation	of	Ni-1	in	toluene	at	rt.		
1H	NMR	(300	MHz,	C6D6)	δ	10.93	(bs,	1H),	8.05	–	7.71	(m,	4H),	7.82	–	7.52	(m,	6H),	
7.50	–	7.29	(m,	4H),	2.71	(bs,	3H)	ppm.	
13C	NMR	(126	MHz,	C6D6)	δ	157.5,	148.0,	147.43,	146.7,	144.2,	143.4,	134.8,	134.2,	
123.9,	123.3,	28.6	ppm	(Some	signals	are	overlapped	with	solvent	peak).		
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(2E,4E)-5-phenylpenta-2,4-dienoic	acid	(IV).	To	a	nitrogen-flushed	50mL	round	
bottom	flask,	E-cinnamyl	aldehyde	(1.0	mL,	8	mmol),	malonic	acid	(1.66	g,	16	mmol),	
pyridine	(5	mL)	and	piperidine	(0.1	mL)	were	added	sequentially.	A	condenser	was	
placed	on	the	flask	and	the	mixture	heated	at	110	ºC	overnight	(gas	evolution	was	
observed).	 After	 cooling	 to	 rt,	 10	mL	 of	water	were	 added	 and	 the	 reaction	was	
quenched	 with	 2	 M	 HCl	 until	 acidic	 pH	 (pH	 =	 1-2).	 The	 aqueous	 solution	 was	
extracted	with	Et2O,	 the	organic	phases	were	 combined,	washed	with	brine	 then	
dried	over	MgSO4.	The	solvent	was	removed	under	reduced	pressure	and	the	residue	
was	 purified	 by	 silica	 gel	 flash	 chromatography	 (hexane:EtOAc	 3:1	 to	 1:1).	 The	
compound	was	further	purified	by	recrystallization	in	hot	Et2O	to	give	the	compound	
IV	(622.3mg,	45%	yield)	as	a	mixture	of	stereoisomers	(17:1	E,E:	E,Z).	Pale	white	
solid.	
1H	NMR	(400	MHz,	CDCl3)	δ	7.58	–	7.46	(m,	3H),	7.41	–	7.30	(m,	3H),	6.99	–	6.85	(m,	
2H),	6.01	(d,	J	=	15.3	Hz,	1H)	ppm.		
13C	NMR	(101	MHz,	CDCl3)	δ	172.5,	147.1,	141.8,	136.0,	129.5,	129.0,	127.5,	126.1,	
120.4	ppm.		
Spectral	data	is	in	agreement	with	the	literature.51	
[(3,4,5-η3-5-phenylpent-3-enylato)-(tricyclohexylphosphin)-nickel(II)]	 (Ni-
2).		In	a	nitrogen-filled	glovebox,	a	Schlenk	flask	was	charged	with	IV	(174.2	mg,	1	
mmol),	 Ni(COD)2	 (275.0	mg,	 1	 mmol)	 and	 5	mL	 degassed	 THF.	 Under	magnetic	
stirring,	PCy3	(280.4	mg,	1	mmol)	was	added	portion	wise	and	the	resulting	orange	
solution	was	stirred	overnight.	The	solvent	was	evaporated	under	reduced	pressure	
and	the	resulting	orange	solid	was	washed	with	pentane	and	Et2O.	The	orange	solid	
was	then	dried	under	high	vacuum	to	obtain	complex	5	(380	mg,	74%	yield).	X-Ray	
quality	 crystals	 were	 grown	 by	 slow	 evaporation	 of	 a	 benzene	 solution	 in	 the	
glovebox	at	rt.		
	1H	NMR	(400	MHz,	C6D6)	δ	7.18	(s,	2H),	7.05	(t,	J	=	6.5	Hz,	1H),	6.98	(d,	J	=	7.7	Hz,	
2H),	5.59	(t,	J	=	11.9	Hz,	1H),	3.46	(s,	1H),	2.80	(s	br,	1H),	2.72	(s,	1H),	2.69	(s,	1H),	
2.04	–	0.83	(br,	33H)	ppm.		
13C	NMR	(126	MHz,	C6D6)	δ	184.4,	141.8,	128.9,	128.2,	126.7,	125.3,	108.2,	79.5,	56.2,	
32.3	(d,	2JC-P	=	18.2	Hz),	29.9	(d,	2JC-P	=	4.6	Hz),	27.4	(d,	2JC-P	=	10.5	Hz),	26.3	ppm.	
31P	NMR	(202	MHz,	C6D6)	δ	31.2	ppm.	
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An	oven-dried	Schlenk	 tube	equipped	with	a	magnetic	stirring	bar	was	charged	
with	Mn	dust	 (16.5	mg,	0.3	mmol,	 1.5	 equiv)	 and	L19,	 and	 it	was	entered	 into	 a	
nitrogen-filled	glovebox.	Ni(COD)2,	Ni-1	or	Ni-2	were	added	and	the	Schlenk	was	
closed	 and	 removed	 from	 the	 glovebox.	 Subsequently,	 it	 was	 filled	 with	 CO2	 by	
applying	 three	vacuum/CO2	 cycles	and	 the	model	 substrate	 (0.20	mmol,	1	equiv)	
was	added	by	syringe	followed	by	the	reaction	solvent	(0.40	mL)	with	a	constant	
flow	of	CO2.	The	Schlenk	flask	was	tightly	sealed	and	stirred	at	50	 ºC	for	20	hours	
after	which	it	was	quenched	by	careful	addition	of	HCl	2M	and	extracted	3	times	with	
EtOAc.	The	combined	organic	phases	were	washed	with	brine	and	dried	over	MgSO4	
and	concentrated	under	reduce	pressure.	Fluorene	was	added	as	a	standard	and	an	
aliquot	 was	 taken,	 the	 solvent	 removed	 and	 redissolved	 in	 CDCl3.	 A	 1H	 NMR	
spectrum	was	recorded	to	calculate	the	yield	of	the	reaction.	
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X-Ray Crystallography of Ni-1 and Ni-2. 
 

 
Crystal data and structure refinement for Ni-1. 
_____________________________________________________________________ 
Identification code  ATN1554 
Empirical formula  C214 H160 N16 Ni4  
Formula weight  3190.41 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a =  25.681(2)Å a=  90°. 
 b =  14.1560(10)Å b= 92.639(7)°. 
 c =  10.7814(8)Å g =  90°. 
Volume 3915.3(5) Å3 
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Z 1 
Density (calculated) 1.353 Mg/m3 
Absorption coefficient 0.540 mm-1 
F(000)  1668 
Crystal size 0.03 x 0.05 x 0.15 mm3 
Theta range for data collection 2.376 to 29.048°. 
Index ranges -34⩽h⩽33,-17⩽k⩽19,-14⩽l⩽13 
Reflections collected  51376 
Independent reflections 9117[R(int) = 0.1407] 
Completeness to theta =29.048°  87.1%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.984 and 0.757 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  9117/ 106/ 550 
Goodness-of-fit on F2  1.019 
Final R indices [I>2sigma(I)]  R1 = 0.0686, wR2 = 0.1235 
R indices (all data)  R1 = 0.1530, wR2 = 0.1507 
Largest diff. peak and hole  0.563 and -0.600 e.Å-3 
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X Ray structure of compound Ni-2: 
 

 
 
Crystal data and structure refinement for Ni-2. 
_________________________________________________________________
____ 
Identification code  mo_ATN737-05 
Empirical formula  C35 H49 Ni O2 P  
Formula weight  591.42 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a =  11.7813(14)Å  
 α=  89.326(3)°. 
 b =  13.5251(17)Å  
 β = 89.533(3)°. 
 c =  19.854(3)Å  
 γ =  79.092(3)°. 
Volume 3106.2(7) Å3 
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Z 4 
Density (calculated) 1.265 Mg/m3 
Absorption coefficient 0.705 mm-1 
F(000)  1272 
Crystal size  0.40 x 0.04 x 0.02 mm3 
Theta range for data collection 1.026 to 28.786°. 
Index ranges -15⩽h⩽15,-18⩽k⩽18,0⩽l⩽26 
Reflections collected  47560 
Independent reflections 15030[R(int) = 0.0616] 
Completeness to theta =28.786°  94.3%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.986 and 0.758 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  15030/ 0/ 704 
Goodness-of-fit on F2  1.012 
Final R indices [I>2sigma(I)]  R1 = 0.0623, wR2 = 0.1515 
R indices (all data)  R1 = 0.0956, wR2 = 0.1741 
Largest diff. peak and hole  1.060 and -1.103 e.Å-3 
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Figure 1. 1H and 13C NMR spectra of L19.	
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Figure 2. 1H and 13C NMR spectra of 1a.	
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Figure 3. 1H and 13C NMR spectra of 2a.	
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Figure 4. 1H and 13C NMR spectra of 4a. 
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Figure 5. 1H, 13C and 19F NMR spectra of 4b. 
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Figure 6. 1H, 13C and 19F NMR spectra of 4c. 
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Figure 7. 1H and 13C NMR spectra of 4d. 
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Figure 8. 1H and 13C NMR spectra of 4e. 
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Figure 9. 1H and 13C NMR spectra of 4f. 
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Figure 10. 1H and 13C NMR spectra of 4g. 
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Figure 11. 1H and 13C NMR spectra of 4h. 
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Figure 12. 1H and 13C NMR spectra of 4i. 
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Figure 13. 1H and 13C NMR spectra of 4j. 
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Figure 14. 1H and 13C NMR spectra of 4k. 
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Figure 15. 1H, 13C and 119Sn NMR spectra of 4l. 
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Figure 16. 1H and 13C NMR spectra of 4m. 
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Figure 17. 1H and 13C NMR spectra of 4n. 
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Figure 18. 1H and 13C NMR spectra of 4o. 
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Figure 19. 1H and 13C NMR spectra of 4p. 
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Figure 20. 1H and 13C NMR spectra of 4q. 
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Figure 21. 1H and 13C NMR spectra of 4r/4r’. 
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Figure 22. 1H and 13C NMR spectra of 4s. 
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Figure 23. 1H and 13C NMR spectra of 4t/4t’. 

��������������������������������������������	��	��
��
��������������������������

�������

�
�	
�

�
��
�

�
�	
�

�
��
�

�
��



�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
�	
	

�
�	
	

�
�	



�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�

�

�
�

�

�
�

�

�
�

�

�
�

�

�
��



�
��



�
��
�

�
��
�

�
��
	

�
��



�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
�	
�

�
�

�

�������������������	�
�������������������������	��
�������������
��
�����



��

�


�


�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
�
�	

�
�
�


�
�
�


�
	
�
��

�
	
�
��

�
	
�
��

�
	
�
��

4t

CO2H
CO2H

Me
CO2H

CO2H
Me

4t’

Me
+

4t

CO2H
CO2H

Me
CO2H

CO2H
Me

4t’

Me
+



Nickel-catalyzed double carboxylation of 1,3-dienes with CO2 

 249 

 
Figure 24. 1H and 13C NMR spectra of Ni-1. 
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Figure 25. 1H, 13C NMR and 31P spectra of Ni-2. 
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1.		 Introduction	
	
1.1.	 Isotopic	 labeling	 and	 drug	 metabolism	 in	 drug	 discovery	 and	
development	
	
The	 discovery	 and	 development	 of	 new	 drugs	 is	 a	 time-consuming	 and	 costly	
process,	taking	on	average	more	than	10	years	and	over	$	2600	million.1	An	essential	
step	 for	 the	 success	 of	 the	 drug	 development	 is	 the	 evaluation	 of	 the	metabolic	
profile	and	 the	pharmacokinetics,	which	studies	 the	 fate	of	a	drug	molecule	after	
administration.	 The	 disposition	 of	 a	 drug	 in	 the	 body	 involves	 absorption,	
distribution,	metabolism	and	excretion	 (ADME,	Figure	1).	 It	 is	a	 complex	process	
involving	transporters	and	metabolizing	enzymes	with	physiological	consequences	
on	pharmacological	and	toxicological	effects.	It	can	play	a	major	role	in	drug	design	
for	identifying	better	drug	molecules	in	a	more	efficient	way.2,3	To	study	the	drug	
pharmacokinetics,	 the	 synthesis	 of	 isotopically	 labeled	 active	 pharmaceutical	
ingredients	(APIs)	is	critical.	Its	synthesis	is	oftentimes	more	problematic	than	that	
of	the	parent	compound,	due	to	a	limited	number	of	methods	for	isotopic	enrichment	
and	 incorporation,	making	necessary	 in	most	cases	 the	design	of	a	new	synthetic	
route.	

 
Figure	1.	The	principles	of	ADME	(https://www.patientsacademy.eu/glossary/pharmacokinetics/)	
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In	the	isotopic	labeling	field	two	different	approaches	can	be	considered:4	a)	the	
more	 widespread	 use	 of	 radioisotopes	 (3H,	 125I,	 35S,	 14C,	 11C,	 18F,…)	 which	 after	
radioactive	decay	emit	a	radiation	that	can	be	measured	and	are	used	to	locate	and	
quantify	 the	 API	 and	 its	 metabolites;5,6	 b)	 lately	 with	 the	 improvement	 of	 mass	
spectrometry	 analysis	 and	 NMR	 spectroscopy	 techniques	 the	 use	 of	 stable	
nonradioactive	 isotopes	 (13C,	 2H,	 15N…)	 has	 grown	 as	 internal	 standards	 for	
bioassays	or	for	assessing	the	bioavailability	of	drugs.7	
If	we	focus	our	attention	in	the	traditional	radioactive	 isotope	incorporation	for	
pharmacokinetics	investigation,	the	introduction	of	carbon	labels	is	often	preferred	
to	other	atoms	such	as	oxygen	or	hydrogen,	due	to	the	high	sensitivity	and	lower	risk	
of	label	metabolic	cleavage	of	carbon,	rendering	the	interpretation	of	preclinical	data	
easier.8		
	
1.2.	CO2	as	a	source	of	isotopically	labeled	carbon.		
	
Carbon	 has	 15	 known	 isotopes	 (8C	 to	 22C),	 of	which	 12C	 and	 13C	 are	 stable.	 For	
isotopic	 labeling	 purposes	 11C,	 13C	 and	 14C	 have	 been	 utilized,	 since	 all	 other	
radioisotopes	have	half-lives	<	20	seconds,	too	short	for	radiomedicine.	Despite	their	
different	obtention	methods,	they	all	have	in	common	that	their	main	source	is	CO2:	
	
Carbon-13	(13C).	It	is	a	natural,	stable	isotope	with	a	1.1%	natural	abundance	on	
Earth.	 It	 has	 a	 spin	 quantum	 number	 of	 1/2,	 and	 hence	 allows	 the	 structure	 of	
carbon-containing	substances	to	be	investigated	using	carbon-13	nuclear	magnetic	
resonance.	 Recent	 advances	 during	 the	 last	 years	 in	 13C	NMR	 spectroscopy	 have	
allowed	the	study	of	metabolic	fluxes	in	vivo	by	this	technique,8–11	opening	new	paths	
for	clinical	applications.	Moreover,	molecules	with	multiple	13C	atoms	incorporated	
into	their	structure	have	been	used	as	well	for	bioavailability	studies	and	bioassays	
with	the	support	of	mass	spectrometry	techniques.4,12,13	
The	first	reports	for	the	preparation	of	an	isotopically	enriched	13C	compound	in	
an	 industrial	 scale	was	achieved	by	 the	 low-temperature	 fractional	distillation	of	
carbon	monoxide.14,15	Its	low	separation	factor,	high	energy	demand,	the	complexity	
of	 the	 technological	 equipment,	 the	 rigorous	 requirements	 for	 pure	 CO	 and	 its	
toxicity	have	made	necessary	a	change	in	strategy.	Recently	the	industrial	obtention	
of	 13C-enriched	 molecules	 has	 been	 achieved	 as	 well	 from	 chemical	 isotope	
exchange,	 a	 process	 in	which	 a	 thermodynamically	 reversible	 separation	 in	 two-
phase	 system	 is	 employed.	 The	 reversible	 formation	 of	 salt-like	 carbamates	 by	
reaction	of	secondary	amines	with	CO2	in	anhydrous	organic	solvents	has	allowed	
the	obtention	of	13CO2	by	multiple	cycles	of	absorption	and	thermal	release	(Scheme	
1).	 For	 this	 purpose,	 the	 system	 formed	 by	 piperazine	 as	 secondary	 amine	 and	
ethanolamine	as	solvent	has	shown	good	results	in	industrial	settings.16,17	
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Scheme	1.	Carbamate	–	CO2	equilibrium	

Carbon-11	 (11C).	 It	 is	 a	 synthetic	 isotope	usually	produced	by	 the	 irradiation	of	
nitrogen	gas	with	protons	in	a	synchrotron	using	the	14N(p,a)11C	reaction	(Scheme	
2).18	The	11C	formed	reacts	with	traces	of	oxygen	to	give	11CO2,	which	 is	obtained	
diluted	generally	with	molecular	nitrogen.	It	suffers	a	radioactive	decay	to	11B	with	
the	liberation	of	a	positron,	with	a	half-life	of	20.364	minutes.	It	is	commonly	used	
in	medicine	as	a	radioisotope	in	positron	emission	tomography	(PET),	an	imaging	
technique	to	visualize	and	measure	metabolic	processes	in	the	body.	

 
Scheme	2.	Formation	and	b+-decay	of	11C.	

Carbon-14	(14C).	 It	 is	a	radioactive	 isotope	of	carbon	containing	six	protons	and	
eight	neutrons	in	its	nucleus.	It	was	discovered	in	1940	and	was	used	in	pioneering	
studies	 to	 date	 archaeological,	 geological	 and	 hydrogeological	 samples.	 This	
radioisotope	is	naturally	produced	in	the	upper	layers	of	the	troposphere	and	the	
stratosphere	 by	 thermal	 neutrons	 absorbed	 by	 nitrogen	 atoms	 (Scheme	 3,	 top).	
When	 cosmic	 rays	 enter	 the	 atmosphere,	 they	 undergo	 various	 transformations,	
including	the	production	of	neutrons	that	participate	in	the	n-p	reaction	to	form	14C.	
It	 can	 also	 be	 produced	 in	 the	 same	 way	 in	 a	 nuclear	 reactor,	 by	 exposing	 14N	
(typically,	 in	 the	 form	 of	 aluminium	 nitride)	 to	 thermal	 neutrons.	 14C	 suffers	
radioactive	beta	decay	by	emitting	an	electron	and	an	electron	antineutrino	with	a	
half-life	of	5.700	±	40	years,19	and	decays	into	the	stable	14N	(Scheme	3,	bottom).	The	
beta	particles	emitted	are	estimated	to	have	a	maximum	distance	travel	of	22	cm	in	
air	or	0.27	mm	in	body	tissue.	Although	small	amounts	of	14C	are	not	easily	detected	
by	typical	Geiger-Müller	detectors,	the	liquid	scintillation	counting	is	the	preferred	
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detection	method,	in	which	the	sample	is	mixed	with	a	liquid	scintillator	(e.g.,	zinc	
sulphide)	that	emits	photons	after	absorbing	the	energy	of	the	beta	emission.	Its	use	
nowadays	 in	 medicine	 is	 mainly	 to	 study	 the	 ADME	 properties	 and	
pharmacokinetics	profiles	of	drug	candidates,	since	it	allows	tracing	and	quantifying	
the	drugs	and	its	metabolites	in	the	body	(Figure	1,	vide	supra).	

	
Scheme	3.	Formation	and	b-decay	of	14C.	

Crude	14C	generated	in	a	nuclear	plant	is	converted	into	14CO2	and	precipitated	as	
Ba14CO3,	which	is	considered	the	chemical	primary	source	of	14C.	Therefore,	the	vast	
majority	of	14C	syntheses	utilize	1-	and	2-carbon	reagents	prepared	from	Ba14CO3	
(Scheme	4).20	The	 first	 step	 in	every	case	 is	 the	protonation	or	decomposition	of	
barium	carbonate	to	form	carbon	dioxide,	being	14CO2	considered	the	ideal	synthon	
and	 the	 sole	 starting	 material.	 Direct	 fixation	 of	 carbon	 dioxide	 into	 an	 organic	
backbone	 is	 therefore	 of	 considerable	 advantage,	 but	 most	 of	 the	 stablished	
carboxylation	 techniques	 still	 rely	 on	 highly	 nucleophilic	 organometallic	 species	
(such	 as	 Grignard	 or	 organolithium	 reagents),	 hereby	 drastically	 limiting	 the	
synthetic	 value	 of	 this	 approach.	 Due	 to	 this,	 14CO2	 has	 been	 traditionally	
transformed	into	secondary	synthons	such	as	cyanides,	methanol,	carbon	monoxide	
or	methyl	iodide,	which	facilitate	the	incorporation	of	the	carbon	label.	The	whole	
labeling	 procedures	with	 14C	 are	multi-step,	 time-consuming	 and	 they	 have	 high	
costs	 associated	 (14CO2:	 1600	 €/mmol).	 In	 addition,	 the	 generation	 of	 long-lived	
radioactive	waste	(half-life	5700	years)	affect	even	further	the	radiosynthesis.	More	
advanced	 building	 blocks	 are	 commercially	 available,	 but	 they	 are	 often	 highly	
expensive	and	still	a	bottleneck	when	planning	an	actual	synthesis.		
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Scheme	4.	Preparation	of	14C	synthons.		

As	described	previously,	carbon	dioxide	represents	the	main	source	of	isotopically	
labeled	 carbon	 for	 either	 11C,	 13C	 or	 14C.	 Consequently,	 the	 rapid	 evolution	 of	
transition	metal-catalyzed	 carboxylations	 over	 the	 past	 decade	 and	 the	 resulting	
availability	of	numerous	protocols	 for	C–C	bond	 formation,	 arose	 interest	 for	 the	
application	of	the	carboxylation	reactions	to	the	area	of	carbon	labeling.	The	direct	
utilization	 of	 CO2	 for	 the	 synthesis	 of	 APIs	 in	 a	 single	 or	 very	 few	 steps	 would	
represent	a	 clear	advantage	 for	 the	 study	and	development	of	drugs,	providing	a	
significant	advance	in	the	field.	
	
1.3.	Carboxylation	reactions	with	isotopically	labeled	CO2.		
	
Traditional	utilization	of	CO2	in	isotopic	labeling	reactions	involves	the	utilization	
of	 highly	 nucleophilic	 and	 reactive	 organometallic	 species,	 such	 as	 Grignard	 or	
organolithiums	reagents.	As	an	example,	Almac	Sciences	reported	the	synthesis	of	a	
novel	 BK	 channel	 activator	 with	 a	 carbon-14	 label	 for	 development	 studies	 by	
addition	of	an	organolithium	to	14CO2	(Scheme	5,	top).	21	The	poor	functional	group	
tolerance,	 their	 sometimes-difficult	 preparation	 and	 the	 requirement	 for	 special	
techniques	 for	 handling	 these	 compounds	 have	 limited	 their	 application.	 As	
described	 in	chapter	1,	 the	use	of	CO2	 in	combination	with	other	electrophiles	or	
olefins	in	the	presence	of	a	transition	metal	has	recently	become	a	viable	alternative.	
The	 first	 example	 of	metal	 catalyzed	 isotopic	 labeling	with	 carbon	 dioxide	was	
reported	by	Pike	and	co-workers	in	2012	(Scheme	5,	bottom).22	In	this	seminal	work	
the	authors	used	boronic	esters,	11CO2	and	a	Cu-catalyst	to	form	11C-labeled	benzoic	
acids.	 Furthermore,	 the	 addition	 of	 KF	 combined	 with	 a	 cryptand	 and	 elevated	
temperatures	were	shown	to	be	essential	for	the	reaction.	This	technique	was	later	
applied	to	the	preparation	of	a	labeled	drug	for	PET	studies.23	
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Scheme	5.	Carboxylation	reactions	with	labeled	CO2.		

At	the	outset	of	the	research	project	described	in	this	chapter,	no	further	examples	
of	carboxylation	with	 isotopically	 labeled	CO2	 in	the	absence	of	nucleophilic	well-
defined	 organometallic	 compounds	 were	 reported.	 This	 field	 has	 attracted	 the	
interest	of	different	groups	 in	 the	 chemistry	 community	 in	 the	past	year	and	 the	
different	contributions	that	were	developed	in	parallel	or	after	the	publication	of	our	
results	 will	 be	 discussed	 below.	 In	 2019	 Audisio	 and	 co-workers	 reported	 the	
dynamic	 carbon	 isotope	 exchange	 with	 labeled	 CO2.	 They	 achieved	 the	 isotopic	
labeling	 of	 benzoic	 acids	 and	 other	 heteroaromatic	 carboxylic	 acids	 by	means	 of	
copper	catalysis	at	elevated	temperatures	with	DMSO	as	solvent	(Scheme	6,	top).	24	
By	using	only	3	 equivalents	of	 labeled	CO2	 up	 to	75%	 isotope	 incorporation	was	
achieved	with	moderate	 to	 good	 yields,	 including	 different	 APIs.	 The	 same	 year,	
Baran	and	co-workers	reported	a	nickel	mediated	isotope	exchange	of	primary	and	
secondary	 aliphatic	 carboxylic	 acid	 N-hydroxyphthalimide	 esters	 (Scheme	 6,	
bottom).25	 This	 substrate	 could	 engage	 decarboxylation	 to	 generate	 the	
corresponding	alkyl	radical	which	is	able	to	recombine	with	nickel	and	insert	the	
labeled	CO2,	 although	with	moderate	 yields	 and	 isotopic	 incorporations.	Notably,	
stoichiometric	 amount	 of	 nickel	 is	 necessary	 even	 though	 in	 the	 presence	 of	 an	
excess	of	a	reducing	agent.	
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Scheme	6.	Metal	mediated	isotope	exchange	with	labeled	CO2.	

The	direct	 isotope	exchange	with	CO2	has	become	a	very	attractive	approach	 to	
prepare	 labeled	 compounds	 in	 a	 straightforward	way.	 In	 2020,	 two	 independent	
reports	 have	 been	 published	 regarding	 the	 transition-metal-free	 carbon	 isotope	
exchange	of	phenyl	 acetic	 acids	with	CO2.	 The	Audisio	 group26	 and	 the	Lundgren	
group27	 described	a	very	 similar	approach	 in	which	 the	 cesium	or	 the	potassium	
salts	of	the	carboxylic	acids	are	able	to	decarboxylate	and	carboxylate	again	in	polar	
aprotic	solvents	to	yield	the	isotopically	labeled	acids	(Scheme	7).	The	advantage	of	
this	 approach	 is	 the	 obtention	 of	 good	 yields	 and	 isotopic	 incorporations	 in	 the	
absence	 of	 transition	 metals	 in	 a	 single	 step	 from	 CO2,	 even	 with	 densely	
functionalized	drugs	and	pharmaceuticals.	
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Scheme	7.	Transition	metal-free	isotope	exchange	with	CO2.	
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2.	 General	aim	of	the	project	
	
As	seen	 in	Chapter	1,	 the	carboxylation	of	electrophiles	and	p-components	with	
CO2	have	 received	 an	 increased	 attention	 in	 the	 last	 decades	 to	provide	different	
ways	to	use	carbon	dioxide	as	a	C1	synthon	in	synthetic	organic	chemistry.	However,	
at	the	outset	of	the	present	project,	its	use	for	isotopic	labeling	purposes	was	barely	
explored.	Ideally,	the	carboxylation	event	should	be	conducted	at	late-stages,	as	the	
radioactive	product	would	not	have	to	be	further	transformed,	thus	increasing	safety	
while	 decreasing	 the	 amount	 of	 radioactive	 waste	 generated	 by	 these	
transformations.		
Bearing	 these	premises	 in	mind,	we	wondered	whether	 it	would	be	possible	 to	
develop	 a	 decarboxylation/carboxylation	 event,	 thus	 allowing	 to	 transform	 an	
advanced	 intermediate	 into	 the	 corresponding	 labeling	 analogue	 (Scheme	 8).	 If	
successful,	such	transformation	would	be	an	ideal	way	of	realizing	a	carbon	isotope	
exchange	 in	 a	 single	 step	 from	 CO2,	 thus	 avoiding	 the	 need	 for	 redesigning	 the	
synthesis	route	towards	the	labeled	analogue.	It	is	worth	noting	that	this	approach	
had	no	precedents	at	the	outset	of	our	investigations.	

 
Scheme	8.	Isotopic	carbon	labeling	with	CO2.	

The	 use	 of	 carboxylic	 acids	 in	 decarboxylative	 reductive	 couplings	 is	 well	
documented	 and	 has	 experienced	 a	 recent	 renaissance,	 resulting	 in	 various	
protocols	 for	 different	 transformations,	 yet	 usually	 requiring	 activation	 of	 the	
carboxylic	 acid.28–30	 Therefore,	 the	 use	 of	 redox-active	 esters	 has	 proved	 to	 be	
exceptionally	 useful	 especially	 N-hydroxyphthalimide	 esters.31	 Alternatively,	 the	
conversion	of	carboxylic	acids	into	organic	halides	has	been	described	as	well,32–35	
providing	a	direct	access	to	synthons	from	which	its	carboxylation	has	been	studied	
in	detail	by	our	research	group.		Overall,	we	aimed	at	combining	the	advances	made	
in	transition	metal	catalyzed	carboxylation	reactions	with	the	use	of	labeled	CO2	to	
develop	the	envisaged	late-stage	carbon	labeling	method.	
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3.		 Catalytic	decarboxylation/Carboxylation	of	carboxylic	acids	
	
3.1.	Isotope	carbon	exchange	with	N-hydroxyphthalimide	esters	
	
The	project	began	with	the	search	of	a	suitable	model	reaction	which	would	allow	
the	optimal	 reaction	 conditions	 to	 isotopically	 label	 organic	molecules.	 The	most	
straightforward	approach	would	be	to	start	with	an	N-hydroxyphthalimide	(NHP)	
ester	 and	 employ	 labeled	CO2.	 As	 a	 safe	 and	 an	 easy	 to	 handle	 source	 of	 labeled	
carbon	dioxide	for	the	development	of	this	methodology,	13CO2	was	chosen	as	the	
labeling	material.	 Once	 a	 successful	method	was	 established,	 the	 protocol	would	
proof	the	concept	and	be	a	labeling	reaction	itself	but,	moreover,	it	would	allow	the	
translation	to	other	radioactive	isotopes:	11CO2	and	14CO2.	However,	the	high	price	of	
13CO2	 and	 the	 fact	 that	 it	 is	used	 typically	 in	excess	encouraged	us	 to	 look	 for	an	
alternative	approach	to	study	the	feasibility	of	the	project.	To	circumvent	the	above-
mentioned	problem,	it	was	envisaged	the	use	of	a	commercially	available	13C-labeled	
carboxylic	acid	(octanoic	acid-1-13C,	150	€/g,	Sigma	Aldrich)	and	unlabeled	carbon	
dioxide	(Scheme	9).	This	reaction	would	essentially	be	the	opposite	reaction	of	the	
intended	method,	but	once	the	optimal	conditions	would	be	found	the	reaction	could	
readily	be	converted	to	the	prior	mentioned	approach	using	13CO2.	

 
Scheme	9.	Model	reaction	using	NHP	ester.	

The	next	challenge	that	we	encountered	was	to	find	a	suitable	analytical	method	to	
track	and	quantify	the	isotopic	label.	This	analysis	had	to	accomplish	the	following	
requirements:	 a)	 suitable	 for	 screening	 in	 terms	 of	 speed,	 practicality	 and	 low	
amounts	of	product	to	detect	and	b)	high	sensitivity	to	reliably	quantify	the	 label	
incorporation.	Considering	 that	 the	different	 isotopes	can	have	a	different	atomic	
mass,	mass	spectrometry	was	envisioned	as	the	optimal	analysis	technique.	Taking	
into	 account	 the	 two	 above	mentioned	 criteria,	 GC/MS	was	 considered	 the	 ideal	
analytical	method	since	it	exhibits	great	sensitivity	and	can	analyze	multiple	samples	
in	a	short	period	of	time.	Since	the	reaction	affords	a	carboxylic	acid,	an	appropriate	
and	 convenient	method	 for	 its	 derivatization	was	 needed.	 The	methylation	with	
TMS-diazomethane	was	chosen	to	prepare	the	corresponding	methyl	esters.	They	
give	 3	 different	 signals	 that	 include	 the	 carbonyl	 carbon	 after	 fragmentation,	
allowing	an	easy	quantification	of	the	label	incorporation	(Figure	2).		
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Figure	2.	Mass	fragmentation	of	methyl	octanoate.	

In	order	to	take	into	account	the	natural	abundance	of	13C	present	in	non-labeled	
CO2	and	octanoic	acid,	a	calibration	curve	was	made	by	synthesizing	labeled	and	non-
labeled	methyl	octanoate	from	commercially	available	starting	materials.	Mixtures	
with	 different	 amounts	 of	 both	 labeled	 and	 unlabeled	 methyl	 octanoate	 were	
prepared	and	submitted	to	GC/MS	analysis.	Then,	the	average	values	obtained	for	
the	relative	intensities	of	[M+1]	for	the	most	intense	signals	(M=75,	88	and	128,	see	
Figure	2)	were	plotted	against	the	13C-incorporation	in	the	carbonyl	position	of	the	
different	 samples	 (Figure	 3).	 A	 calibration	 curve	 with	 a	 good	 correlation	 was	
obtained	(R2=0.9965).		
	
	 	

Figure	3.	Calibration	curve.	
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With	a	reliable	way	 to	quantify	 the	 labeling	pattern	 into	our	 target	product,	we	
started	testing	different	reaction	conditions.	After	esterification	with	TMS-CHN2,	the	
samples	were	analyzed	by	GC-FID	to	obtain	the	yield	and	by	GC/MS	to	obtain	the	
change	in	the	amount	of	13C.	We	started	by	applying	previous	developed	conditions	
for	the	carboxylation	of	alkyl	halides	to	our	NHP	ester.	The	use	of	phenanthroline	L1	
in	 combination	 with	 halide	 salts	 gave	 promising	 results,	 observing	 a	 moderate	
carbon	isotope	exchange	with	bromide	and	chloride	salts	as	additives	(Table	1).	In	
most	cases,	the	conversion	of	the	NHP	ester	was	almost	complete,	being	the	main	
products	the	carboxylic	acid	2a	and	the	corresponding	1-heptene,	obtained	from	the	
b-hydride	elimination	of	the	Ni-alkyl	intermediates.	However,	the	carboxylic	acid	2a	
could	be	formed	by	CO2	insertion	at	the	Ni-alkyl	intermediate	(the	desired	reaction	
pathway),	 but	 it	 could	 also	 be	 formed	by	 the	hydrolysis	 or	 decomposition	 of	1a,	
resulting	in	no	isotopic	exchange.	
	

	
Entry	 Additive	(1	equiv)	 Conversion	/%	 Yield	2a	/%	 D13C	/%	
1	 None	 100	 33	 0	
2	 LiCl	 100	 12	 1	
3	 LiBr	 100	 11	 15	
4	 LiI	 62	 10	 0	
5	 NaBr	 100	 30	 14	
6	 KBr	 99	 12	 6	
7	 MgBr2	 100	 14	 24	
8	 MgCl2	 100	 24	 28	
9	 AlBr3	 100	 15	 17	

Conditions:	NHP-ester	(0.1	mmol),	NiBr2·diglyme	(10	mol	%),	L1	
(25	mol	%),	Mn	(0.3	mmol),	CO2	(1	atm)	in	DMF	(0.1	M)	at	50	ºC.	

Table	1.	Screening	halide	salts	for	carbon	isotope	exchange.	

	
	
In	parallel,	LiBr	was	selected	as	an	additive	and	we	performed	a	ligand	screening	
to	explore	the	effect	of	the	substituents	and	the	ligand	backbone	(Table	2).	Different	
phenanthroline	 and	 bipyridine	 ligands	 were	 tested,	 observing	 the	 need	 of	
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substituents	in	the	position	contiguous	to	the	nitrogen	atom	and	with	better	carbon	
isotope	exchange	when	phenyl	group	were	placed	 in	C4	and	C7	 (L1,	L2	 and	L6),	
being	notably	better	for	the	bipyridine	ligand	L6.		
 

 
Conditions:	NHP-ester	(0.1	mmol),	NiBr2·diglyme	(10	mol	%),	L1	(25	mol	%),	Mn	(0.3	mmol),	
CO2	(1	atm)	in	DMF	(0.1	M)	at	50	ºC.	

Table	2.	Preliminary	ligand	screening.	

Combining	the	use	of	MgCl2	and	L6	with	modifications	in	the	amount	of	additive,	
reductant	and	temperature,	allowed	to	obtain	48%	carbon	isotope	exchange	with	a	
21%	yield	of	the	desired	carboxylic	acid	(Scheme	10).	

 
Scheme	10.	Carbon	isotope	exchange	with	MgCl2	as	additive.		

Further	improvement	of	the	reaction	by	changing	the	reaction	parameters	could	
not	be	achieved	and	no	significant	advances	could	be	made	by	using	halide	salts.	
Looking	for	alternative	pathways,	the	addition	of	a	protic	solvent	was	envisioned.	
They	have	been	reported	to	assist	the	photoreduction	of	NHP-esters	by	hydrogen-
bonding	to	promote	the	corresponding	radical	generation.36	As	in	the	additive	based	
strategy,	where	Mg2+	ions	were	hypothesized	to	coordinate	to	the	NHP-ester	for	its	
activation,	a	similar	scenario	was	foreseen	for	the	reaction	mechanism	with	alcohols.	
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With	 this	 precedent,	 we	 started	 by	 testing	 the	 reaction	 using	 a	 different	 set	 of	
alcohols	in	a	4	to	1	ratio	with	DMF	(Table	3,	entries	1-5).	The	addition	of	a	protic	
cosolvent	improved	the	carbon	isotope	exchange,	being	the	best	result	obtained	with	
MeOH.	Further	variation	in	the	ratio	and	the	reaction	temperature	could	improve	
the	system	to	obtain	the	desired	carboxylic	acid	in	a	68%	yield	with	a	58%	carbon	
isotope	exchange	(Table	3,	entry	7).	The	use	of	other	amide-based	solvents	did	not	
yield	better	results	(Table	3,	entries	8-9).	
	

	
Entry	 Deviation	 Conversion	/%	 Yield	2a	/%	 D13C	/%	
1	 DMF	 100	 40	 15	
2	 DMF/MeOH,	4/1	 100	 50	 60	
3	 DMF/iPrOH,	4/1	 100	 29	 28	
4	 DMF/tBuOH,	4/1	 100	 27	 21	
5	 DMF/HFIP,	4/1	 100	 9	 24	
6	 DMF/MeOH,	4/1,	0	ºC	 97	 63	 54	
7	 DMF/MeOH,	3/1,	0	ºC	 100	 68	 58	
8	 NMP/MeOH,	3/1,	0	ºC	 100	 61	 58	
9	 DMA/MeOH,	3/1,	0	ºC	 100	 57	 47	

Conditions:	NHP-ester	(0.1	mmol),	NiCl2·dme	(10	mol	%),	L6	(25	mol	%),	Mn	(0.12	mmol),	
CO2	(1	atm)	in	DMF/ROH	at	rt.	

Table	3.	Alcohol	screening	for	carbon	isotope	exchange.	

Final	 modification	 of	 the	 reductant	 equivalents	 and	 the	 reaction	 concentration	
could	 improve	 the	 yield	 obtained	 to	 80%,	 maintaining	 the	 60%	 carbon	 isotope	
exchange	 (Table	 4,	 entry	 1).	 Before	 proceeding	 to	 test	 the	 developed	 reaction	
conditions	with	13CO2,	the	different	parameters	of	the	reaction	were	tested	again.	A	
nickel(0)	precatalyst,	Ni(COD)2,	showed	no	improvement	for	the	reaction,	probably	
due	to	the	interference	of	the	highly	coordinating	cyclooctadiene	ligands	(entry	2).	
The	phenyl	 groups	 in	 the	bipyridine	 ligands	were	 found	 to	 be	 crucial	 for	 a	 good	
isotope	exchange	(entry	3)	and	the	bipyridine	scaffold	was	better	than	the	analogous	
ligands	with	the	phenanthroline	backbone	(entries	4-5).	Zn	proved	to	be	worse	than	
manganese	 as	 a	 reducing	 agent	 (entry	 6),	 and	 the	 reaction	 proceeded	 with	 low	
isotope	exchange	in	the	absence	of	MeOH	(entry	7)	or	at	higher/lower	temperatures	
(entries	8-9),	showing	the	subtle	balance	between	CO2	insertion	and	the	hydrolysis	

NiCl2·dme (10 mol %)
L6 (25 mol %)

Mn (1.2 equiv), CO2 (1 atm)
DMF/ROH (0.1 M), rt, 24 h[13C]1a 2a

Me
12C OH

O

Me
13C O

O
N

O

O



Catalytic Decarboxylation/Carboxylation Platform for Accessing Isotopically Labeled 
Carboxylic Acids 

 269 

of	the	NHP	ester.	The	omission	of	the	nickel	precatalyst,	ligand,	reducing	agent	or	
CO2	yielded	no	carbon	exchange,	being	the	carboxylic	acid	observed	most	probably	
produced	by	degradation	of	the	NHP	ester	(entries	10-13).		

	
Entry	 Deviation	 Conversion	/%	 Yield	2a	/%	 D13C	/%	
1	 None	 100	 82	 60	
2	 Ni(COD)2	 100	 30	 24	
3	 L8	instead	of	L6	 100	 48	 28	
4	 L4	instead	of	L6	 100	 43	 14	
5	 L2	instead	of	L6	 100	 47	 30	
6	 Zn	instead	of	Mn	 100	 42	 10	
7	 Without	MeOH	 100	 41	 15	
8	 rt	instead	of	0	ºC	 100	 70	 25	
9	 -10	ºC	instead	of	0	ºC	 100	 80	 37	
10	 Without	Ni		 100	 33	 0	
11	 Without	L6	 100	 42	 0	
12	 Without	Mn	 <5	 0	 -	
13	 Without	CO2	 100	 15	 0	

	

	

	

Conditions:	NHP-ester	(0.1	mmol),	NiCl2·dme	(10	mol	%),	L6	(25	mol	%),	Mn	(0.2	mmol),	
CO2	(1	atm)	in	DMF/MeOH(0.06M)	at	0	ºC.	

Table	4.	Optimized	reaction	conditions	for	carbon	isotope	exchange.		

With	the	optimized	conditions	in	hand,	we	then	conducted	the	reaction	with	13CO2.	
To	such	end,	we	built	a	system	in	which	the	reaction	flask	could	be	evacuated	and	
backfilled	with	 13CO2	(Figure	4).	The	 reaction	 flask	was	 cooled	down	 to	 -50	 ºC	 to	
ensure	the	transfer	of	most	of	the	carbon	dioxide.	With	this	reaction	set	up	a	60%	
yield	 and	 a	 57%	 13C	 incorporation	 could	 be	 achieved	 (Scheme	 11),	 showing	 the	
feasibility	of	the	system	for	carbon	isotope	labeling	with	13CO2.	
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Figure	4.	Experimental	set-up	for	13CO2	utilization.		

 
Scheme	11.	Carbon	isotope	exchange	with	13CO2.	

Then	 we	 turned	 our	 attention	 to	 study	 the	 generality	 of	 the	 Ni-catalyzed	
decarboxylative/carboxylation	of	N-hydroxyphthalimido	esters.	As	shown	in	Table	
5,	an	array	of	linear	(2a-2f,	2i-2n)	or	a-branched	(2g,	2h)	labeled	carboxylic	acids	
could	easily	be	within	reach	from	their	parent	analogues.	The	chemoselectivity	of	
our	 12C/13C-carbon	 labeling	exchange	posed	no	problems,	as	nitriles	 (2i),	alkenes	
(2j),	carbamates	(2m)	or	nitrogen-containing	heterocycles	(2d)	could	all	be	well-
accommodated.	 Interestingly,	 not	 even	 traces	 of	 competitive	 Ni-catalyzed	
carboxylation	at	the	C–Cl	terminus	was	observed	in	2b	and	2k,	thus	leaving	ample	
room	 for	 further	 functionalization	 via	 conventional	 cross-coupling	 reactions.	
Particularly	noteworthy	was	the	ability	to	enable	the	targeted	12C/13C-exchange	at	
late-stages	with	more	complex	carboxylic	acid	intermediates	such	as	citronellic	acid	
(2j),	MCPB	(2k),	 lithocholic	acid	(2l),	pregabalin	(2m)	or	atorvastatin	(2n).	Even	
though	the	carbon	exchange	was	low	in	some	cases,	it	shows	the	potential	that	our	
catalytic	protocol	might	have	in	preclinical	studies	for	drug	discovery.		
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Conditions:	NHP-ester	(0.1	mmol),	NiCl2·dme	(10	mol	%),	L1	(25	mol	%),	Mn	(0.2	mmol),	
13CO2	(1	atm)	in	DMF:MeOH	(3:1,	0.06	M)	at	0	ºC.	

Table	5.	Substrate	scope	for	the	carbon	isotope	exchange	with	NHP-esters.	
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To	further	prove	the	simplicity	of	the	procedure,	the	12C/13C-exchange	from	3a	and	
3b	 into	 their	 [13C]5a	 and	 [13C]5b	 congeners	 was	 performed	 without	
chromatographic	 purification	 (Scheme	 12).	 However,	 a	 number	 of	 daunting	
challenges	remain.	Among	these,	a	seemingly	trivial	extension	to	13C-labeled	phenyl	
acetic	acids	or	benzoic	acids	events	was	not	known;	substantial	homodimerization	
is	 observed	 in	 the	 former	whereas	 a	 difficult	 decarboxylation	 of	 aryl	NHP-esters	
prevents	 a	 12C/13C-exchange	 in	 the	 latter.	 More	 importantly,	 modest	 isotope	
exchange	 was	 observed	 for	 all	 substrates	 shown	 in	 Table	 5	 due	 to	 unavoidable	
hydrolysis	of	the	parent	NHP-ester	and	competitive	carboxylation	with	12CO2.	
	

 
Conditions::	NHP-ester	(0.1	mmol),	NiCl2·dme	(10	mol	%),	L1	(25	mol	%),	Mn	(0.2	mmol),	
13CO2	(1	atm)	in	DMF:MeOH	(3:1,	0.06	M)	at	0	ºC.	

Scheme	12.	Carbon	isotope	exchange	via	NHP	ester	formation.	
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3.2.	Isotope	carbon	exchange	with	alkyl	halides.	
	
With	the	aim	of	overcoming	the	limitations	encountered	in	the	previous	approach	
of	 12C/13C-exchange	 via	 NHP	 esters,	 we	 anticipated	 that	 the	 merger	 of	
decarboxylative	 halogenation	 with	 the	 robustness	 of	 catalytic	 carboxylation	 of	
organic	halides	might	offer	a	powerful	platform	for	obtaining	otherwise	inaccessible	
carboxylic	 acids	 with	 >99%	 13C-content.	 As	 shown	 in	 Scheme	 13(bottom),	 this	
turned	 out	 to	 be	 the	 case.	 Indeed,	 a	 Ag-catalyzed	 decarboxylative	 halogenation32	
followed	by	Ni/L2	or	Ni/L3-catalyzed	carboxylation	afforded	[13C]5a	and	[13C]5b	in	
slightly	 lower	 overall	 yields	 to	 those	 shown	 for	 NHP	 esters,	 but	with	 >99%	 13C-
labeling.	

 
Conditions:	Ni/L1:	NHP-ester	(0.1	mmol),	NiCl2·dme	(10	mol	%),	L1	 (25	mol	%),	Mn	(0.2	
mmol),	13CO2	(1	atm)	in	DMF:MeOH	(3:1,	0.06	M)	at	0	ºC;	Ni/L2:	NiBr2·dme	(10	mol	%),	L2	
(24	mol	%),	Mn	(2	equiv),	TBAB	(1	equiv),	13CO2	(1	atm)	in	DMF	(0.17	M),	at	60	ºC;	Ni/L3:	
NiBr2·diglyme	(10	mol	%),	L3	(24	mol	%),	Mn	(3	equiv),	LiCl	(1	equiv),	13CO2	(1	atm)	in	DMF	
(0.40	M),	at	90	ºC.	

Scheme	13.	Comparison	of	carbon	isotope	exchange	via	NHP	ester	or	organic	halide.	

Encouraged	by	these	results,	we	examined	the	13C–carboxylation	of	a	host	of	benzyl,	
aryl	or	unactivated	alkyl	chlorides	obtained	via	decarboxylative	halogenation	of	the	
parent	carboxylic	acids	(Table	6).	Notably,	nitriles	(5c),	esters	(5d-5f)	or	nitrogen-
containing	 heterocycles	 (5e)	 do	 not	 interfere,	 obtaining	 in	 all	 cases	 >99%	 13C-
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labeling.	Albeit	in	lower	yields,	secondary	and	tertiary	alkyl	carboxylic	acids	such	as	
5b,	5g	or	5h	were	within	reach,	with	5g	being	obtained	as	a	single	diastereoisomer.	
Importantly,	13C-labeled	aryl	acetic	acids	(5i-j)	and	(hetero)aryl	carboxylic	acids	(5k-
m),	 compounds	 that	were	 beyond	 reach	 from	NHP-esters,	 could	 also	 be	 coupled	
under	 Ni/neocuproine	 or	 Ni/PPh3	 regimes,	 thus	 representing	 an	 opportunity	 to	
improve	upon	existing	C-labeling	techniques.	

 
a	As	scheme	13,	Ni/L2.	b	Ni/L3.	c	4g	was	obtained	as	a	1:1	mixture	of	diastereoisomers	d	As	
scheme	4,	Ni/L3,	TBAB	(2	equiv),	DMA	(0.4	M)	at	80	ºC.	e	NiCl2·dme	(10	mol	%),	PCp3·HBF4	
(20	 mol	%),	 MgCl2	 (2	 equiv),	 Zn	 (5	 equiv),	 DMF	 (0.5	 M)	 at	 rt.	 f	NiBr2·dme	 (10	 mol	%),	
neocuproine	(20	mol	%),	Mn	(2	equiv),	DMA	(0.2	M)	at	50	ºC.	g	NiCl2(PPh3)2	(5	mol	%),	PPh3	
(10	mol	%),	TEAI	(10	mol	%),	Mn	(3	equiv),	DMA	(0.25	M)	at	rt.	

Table	6.	Substrate	scope	for	carbon	isotope	exchange	via	organic	halides.		
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Aimed	 at	 extending	 the	 applicability	 of	 our	 carbon	 isotope	 exchange,	 we	 next	
focused	our	attention	on	converting	a-branched	carboxylic	acids	into	their	labeled	
linear	analogues	via	a	chain-walking	approach,37,38	a	transformation	that	has	proven	
elusive	in	related	labeling	approaches.25	Although	in	low	yields,	the	preparation	of	
[13C]2a,5a,6	with	 >99%	 13C–labeling	 does	 not	 only	 demonstrate	 the	 successful	
realization	of	this	goal	(Table	7),	but	also	set	the	basis	for	designing	site-selective	
radiolabeling	techniques	at	remote	sp3	C–H	sites.		
	

 
Conditions:	NiI2	(2.5	mol	%),	L4	(4.4	mol	%),	Mn	(2	equiv),	DMF	(1.0	M),	25	ºC,	20	h.	

Table	7.	Chain-walking	carboxylation	with	13CO2.		

Given	the	key	role	of	14C-radiolabeling	in	pharmacokinetic	and	ADME	studies,	the	
ability	to	access	14C-labeled	molecules	was	then	explored	in	collaboration	with	the	
Audisio	group,	since	strict	security	measures	are	required	for	the	manipulation	of	
radioactive	material.	Preliminary	results	successfully	highlighted	the	applicability	of	
this	method	under	similar	conditions	(Scheme	14).	It	is	particularly	noteworthy	that	
[14C]5i	and	[14C]5k	are	obtained	in	high	molar	activities	(≥	2.04	GBq	mmol-1)	with	
negligible	isotope	dilution,	thus	opening	a	gateway	to	study	the	metabolic	activity	of	
drugs	containing	carboxylic	acid	motifs	or	their	derivatives.	

	

 
Scheme	14.	Carboxylation	of	organic	halides	with	14CO2.		
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4.		 Conclusions	
	
We	 have	 developed	 a	 simple,	 efficient	 and	 highly	 versatile	 catalytic	
decarboxylation/carboxylation	for	carbon	isotope	exchange	of	carboxylic	acids	with	
13CO2	 or	 14CO2.	 This	 route	 enables	 the	 access	 to	 labeled	 aliphatic	 or	 aromatic	
carboxylic	 acids,	 even	 at	 late	 stages,	 without	 changing	 the	 already	 established	
sequence	en	route	to	the	parent	compound,	thus	offering	a	robust	and	economical	
gateway	 for	 rapidly	 and	 reliably	obtaining	preclinical	 data	 for	 lead	 generation	 in	
drug	discovery.	
The	 use	 of	 NHP-esters	 allows	 a	 direct	 and	 easy	 access	 of	 labeled	 aliphatic	
carboxylic	acids	 in	good	yields,	albeit	 in	moderate	or	 low	isotopic	 incorporations,	
due	to	decomposition	and	carboxylation	with	the	CO2	expelled.	The	conversion	of	
carboxylic	 acids	 to	 organic	 halide	 solves	 in	 part	 this	 problem,	 decoupling	 the	
carboxylation	event	with	the	carboxylation,	achieving	in	this	way	complete	isotopic	
incorporation.	Moreover,	this	strategy	allows	the	expansion	of	the	methodology	to	
benzylic	and	aromatic	substrates.		However,	the	conditions	for	the	decarboxylative	
halogenation	 are	 more	 drastic	 and	 certain	 functional	 groups	 are	 not	 tolerated.	
Overall,	these	two	strategies	are	complementary	and	the	election	of	one	or	the	other	
will	depend	on	the	complexity	of	the	molecule	and	the	necessary	levels	of	isotopic	
incorporation.	
Further	efforts	will	be	necessary	for	the	implementation	of	this	synthetic	route	to	
the	use	of	11CO2	(reaction	times	shorter	than	30	minutes	are	needed,	which	are	not	
still	feasible	for	nickel	catalyzed	carboxylations).	Moreover,	the	direct	use	of	barium	
carbonate	 as	 a	 CO2	 source	 could	 improve	drastically	 the	 efficiency	 of	 14C	 isotope	
labeling,	avoiding	the	previous	generation	and	handling	of	14CO2.	Investigations	in	
these	regards	are	currently	being	pursued	in	our	group.		
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5.		 Experimental	section	
	
Reagents.	 All	 carboxylation	 reactions	 were	 conducted	 in	 Schlenk	 tubes	 unless	
otherwise	 stated.	 Commercially	 available	 materials	 were	 used	 without	 further	
purification.	 13CO2	 was	 purchased	 and	 used	 as	 received	 from	 SigmaAldrich.	
Anhydrous	N,N-dimethylacetamide	 (DMA),	 1-methyl-2-pyrrolidinone	 (NMP),	N,N-
dimethylformamide	 (DMF)	 and	 methanol	 (MeOH)	 were	 purchased	 from	 Acros	
Organics	 (NOTE:	 it	 is	 critical	 to	 have	 appropriately	 dried	 solvents	 to	 obtain	
reproducible	results,	as	old	batches	of	these	solvents	provided	variable	results).	Mn	
powder	(99.99%	trace	metal	basis),	Zn	dust	(<10	μm,	>99%),	NiBr2·dme	(>97%),	
MgCl2	 anhydrous	 (98%)	 were	 purchased	 from	 Aldrich.	 NiCl2·dme	 (>97%)	 was	
purchased	from	Strem.	
	
Analytical	methods.	1H	NMR	and	13C	NMR	spectra	are	included	for	all	compounds.	

1H	and	13C	NMR	spectra	were	recorded	on	a	Bruker	300	MHz,	a	Bruker	400	MHz	and	
a	Bruker	500	MHz	at	20	ºC.	All	1H	NMR	spectra	are	reported	 in	parts	per	million	
(ppm)	downfield	of	TMS	and	were	measured	relative	to	the	signals	for	CHCl3	(7.26	
ppm),	 acetone-d5	 (2.05	 ppm)	 or	 DMSO-d5	 (2.50	 ppm).	 All	 13C	 NMR	 spectra	 were	
reported	 in	ppm	relative	 to	CDCl3	 (77.2	ppm),	acetone-d6	(29.8	ppm)	or	DMSO-d6	
(39.5	 ppm)	 and	 were	 obtained	 with	 1H	 decoupling.	 Coupling	 constants,	 J,	 are	
reported	in	hertz	(Hz).	Melting	points	were	measured	using	open	glass	capillaries	in	
a	Büchi	B540	apparatus.	Infrared	spectra	(FT-IR)	measurements	were	carried	out	
on	a	Bruker	Optics	FT-IR	Alpha	spectrometer	equipped	with	a	DTGS	detector,	KBr	
beamsplitter	at	4	cm-1	resolution	using	a	one	bounce	ATR	accessory	with	diamond	
windows.	Mass	spectra	were	recorded	on	a	Waters	LCT	Premier	spectrometer	or	in	
a	 MicroTOF	 Focus,	 Bruker	 Daltonics	 spectrometer.	 Specific	 optical	 rotation	
measurements	were	carried	out	on	a	Jasco	P-1030	model	polarimeter	equipped	with	
a	 PMT	 detector	 using	 the	 Sodium	 line	 at	 589	 nm.	 Flash	 chromatography	 was	
performed	 with	 EM	 Science	 silica	 gel	 60	 (230-400	 mesh)	 using	 bromocresol,	
potassium	permanganate,	or	cerium	molybdate	as	TLC	stains.	
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Synthesis	of	L1	

	
Bipyridine	L1	was	prepared	by	adapting	a	literature	procedure.39		
Piperidine	(5.69	g,	0.07	mol,	6.60	mL)	and	glacial	AcOH	(3.99	g,	0.07	mol,	3.80	mL)	
were	added	sequentially	to	a	solution	of	benzaldehyde	(142	g,	1.34	mol,	136	mL)	
and	diacetyl	(28.5	g,	0.33	mol,	29.0	mL)	in	MeOH	(130	mL).	The	yellow	mixture	was	
refluxed	for	2	h.	Thereafter,	MeOH	(200	mL)	was	added	and	the	mixture	was	cooled	
down	to	0	ºC.	The	resulting	precipitate	was	collected	via	filtration	and	washed	with	
MeOH	(3	x	30	mL).	The	mother	liquor	was	concentrated	under	reduced	pressure	and	
cooled	to	-	20	ºC	for	1	h.	The	resulting	precipitate	was	collected	via	filtration	and	
washed	with	MeOH	(3	x	30	mL).	Both	fractions	were	combined	and	dried	under	high	
vacuum	 yielding	 1,6-diphenylhexa-1,5-diene-3,4-dione	 as	 a	 brown	 solid	 (12.0	 g)	
which	was	directly	used	for	the	next	step	without	further	purification.		
1,6-Diphenylhexa-1,5-diene-3,4-dione,	N-acetonylpyridinium	chloride	(15.4	g,	90.0	
mmol)	and	NH4OAc	(27.8	g,	360	mmol)	were	suspended	in	abs.	EtOH	(150	mL).	The	
brown	mixture	was	refluxed	for	6	h.	After	cooling	to	room	temperature,	the	resulting	
precipitate	was	 collected	via	 filtration	 and	washed	with	 cold	MeOH	 (3	 x	30	mL).	
Thereafter,	it	was	dissolved	in	CHCl3	(200	mL)	and	washed	with	water	(2	x	250	mL).	
The	layers	were	separated	and	the	aq.	phase	was	extracted	with	CHCl3	(200	mL).	The	
combined	org.	phases	were	washed	with	brine	(2	x	250	mL)	and	dried	over	Na2SO4.	
The	 solvent	 was	 removed	 under	 vacuum	 and	 the	 crude	 was	 recrystallized	 from	
CHCl3/pentane	(1	/	1)	yielding	the	title	compound	as	light	brown	crystals	(4.83	g,	
14.4	mmol,	5	%	over	2	steps).	
	

1H	NMR	(400	MHz,	CDCl3):	δ	=	8.55	–	8.49	(m,	2H),	7.82	–	7.74	(m,	4H),	7.56	–	7.39	
(m,	8H),	2.73	(s,	6H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	158.5	(2C),	156.3	(2C),	150.0	(2C),	138.9	(2C),	129.1	
(4C),	129.0	(2C),	127.40	(4C),	121.5	(2C),	117.1	(2C),	24.8	(2C)	ppm.		
IR	(neat):	ν	=	2916,	1588,	1547,	1494,	1445,	1384,	1209,	1073,	1001,	900,	872,	768,	
739,	699,	620	cm-1.		
Mp:	234-236	°C	
Spectroscopic	data	matches	the	literature.40		 	
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Optimization	of	the	reaction	conditions	
In	order	to	optimize	the	reaction	conditions,	we	decided	to	prepare	the	NHP-ester	of	
the	commercially	available	13C-octanoic	acid	and	use	regular	non-labeled	12CO2.	
Procedure:	A	Schlenk	 tube	was	 charged	with	 the	 13C-NHP-ester	 (0.05	mmol,	 1.0	
equiv),	NiCl2·glyme	(0.005	mmol,	0.1	equiv),	ligand	(0.0125	mmol,	0.25	equiv)	and	
manganese	(0.1	mmol,	2.0	equiv).	The	tube	was	evacuated	and	backfilled	with	CO2	
for	three	consecutive	times	before	the	solvent	was	added	under	CO2	flow.	Thereafter,	
the	tube	was	pressurized	with	CO2	until	a	constant	atmospheric	pressure	of	1	bar	
was	reached	and	sealed.	The	tube	was	brought	to	the	corresponding	temperature	
and	stirred	for	the	indicated	time.	Anisole	was	then	added	as	an	internal	standard,	
and	the	reaction	was	quenched	by	the	addition	of	aq.	HCl	(1	M).	EtOAc	was	added	
and	the	tube	was	gently	stirred.	An	aliquot	was	taken	and	filtered	over	a	short	plug	
of	 silica	 for	 GC/FID	 analysis.	 The	 remaining	 organic	 phase	 was	 separated	 by	
decantation	with	a	pasteur	pipette	and	filtered	over	the	same	plug	of	silica	into	a	vial.	
The	 reaction	mixture	was	 extracted	 one	more	 time	with	EtOAc.	 The	 solvent	was	
removed	under	reduced	pressure	from	the	combined	organic	phases	and	the	residue	
was	dissolved	in	a	mixture	of	Et2O/MeOH	(1/1).	TMS-diazomethane	(2	equivalents)	
was	 added	 and	 the	mixture	was	 stirred	 for	 3	 h	 at	 room	 temperature.	 Then,	 the	
reaction	mixture	was	diluted	with	EtOAc	and	an	aliquot	was	taken	and	filtered	over	
a	short	plug	of	silica	for	GC/MS	analysis.	
The	 determination	 of	 the	 carbon	 exchange	 was	 done	 by	 GC/MS	 analysis	 of	 the	
reaction	 mixture	 after	 esterification	 with	 TMSCHN2	 to	 obtain	 the	 corresponding	
methyl	ester.	In	order	to	take	the	natural	abundance	of	13C	into	account,	a	calibration	
curve	was	made	 by	 synthesizing	 labeled	 and	 non-labeled	methyl	 octanoate	 from	
commercially	 available	 starting	 materials	 and	 preparing	 different	 mixtures	 that	
were	 submitted	 to	 GC/MS	 analysis.	 Then,	 the	 C–incorporation	 of	 the	 different	
samples	was	obtained	from	the	average	values	obtained	of	the	relative	intensities	
for	M=74,	M=87	and	M=127.	
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12C/13C	isotope	exchange	via	N-hydroxyphthalimide	esters	
	
General	procedure	A	(GP-A):	preparation	of	NHP-esters		
NHP-esters	were	prepared	adapting	the	procedure	by	Overman	et	al.41:	A	flask	was	
charged	with	N-hydroxyphthalimide	(1.66	equiv),	DMAP	(0.05	equiv)	and,	if	solid,	
the	corresponding	acid	(1.0	equiv).	The	flask	was	evacuated	and	backfilled	with	Ar	
three	consecutive	times	before	adding	THF	or	CH2Cl2	 (0.25	M	regarding	the	acid)	
and,	 if	 liquid,	 the	corresponding	acid	 (1.0	equiv).	Thereafter,	DIC	 (1.5	equiv)	was	
added	 to	 the	 vigorously	 stirred	 suspension.	 The	 orange	 mixture	 was	 stirred	
overnight	(ca.	16	h)	at	room	temperature.	The	resulting	pale-yellow	suspension	was	
filtered	 and	 the	 filtrate	 was	 concentrated	 under	 reduced	 pressure.	 Subsequent	
direct	 purification	 via	 flash	 column	 chromatography	 (SiO2,	 hexanes	 /	 EtOAc)	
afforded	the	corresponding	NHP-ester	typically	as	a	white	solid.	Further	purification	
of	the	product	was	performed	by	recrystallization	in	DCM/hexanes	or	Et2O/hexanes	
if	necessary.		

1,3-Dioxoisoindolin-2-yl	octanoate-1-13C	([13C]1a).	
Following	GP-A	starting	from	13C	1-octanoic	acid	(1.00	
g,	6.89	mmol)	and	using	THF	as	solvent.	Purification	
via	flash	column	chromatography	(SiO2,	

hexanes/EtOAc,	95/5)	afforded	the	title	compound	as	a	white	solid	(1.98	g,	6.83	
mmol,	99	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.89	(m,	2H),	7.79	(m,	2H),	2.66	(q,	J	=	7.5	Hz,	2H),	
1.75	–	1.85	(m,	2H),	1.50	–	1.40	(m,	2H),	1.40	–	1.25	(m,	6H),	0.94	–	0.83	(m,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	169.8,	162.2	(2C),	134.9	(2C),	129.1	(2C),	124.1	(2C),	
31.7,	31.1	(d,	J	=	56.7	Hz),	29.9,	28.9,	24.8	(d,	J	=	1.8	Hz),	22.7,	14.2	ppm.		
IR	(neat):	ν	=	2955,	2929,	2857,	1802,	1742,	1467,	1414,	1363,	1325,	1186,	1133,	
1081,	1053,	1032,	969,	878,	786,	697,	519	cm-1.		
Mp:	45-46	°C.	
HRMS	(ESI):	m/z	calc.	for	(C1513CH19NNaO4+)	[M+Na]+:	313.1240;	found:	313.1237.	
	

1,3-Dioxoisoindolin-2-yl	 octanoate	 (1a).	 Following	
GP-A	starting	from	octanoic	acid	(1.00	g,	6.89	mmol)	and	
using	 THF	 as	 solvent.	 Purification	 via	 flash	 column	
chromatography	(SiO2,	hexanes/EtOAc,	95	/	5)	afforded	

the	title	compound	as	a	white	solid	(1.75	g,	6.05	mmol,	88	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.89	(m,	2H),	7.79	(m,	2H),	2.66	(q,	J	=	7.5	Hz,	2H),	
1.75	–	1.85	(m,	2H),	1.50	–	1.40	(m,	2H),	1.40	–	1.25	(m,	6H),	0.94	–	0.83	(m,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	169.8,	162.2	(2C),	134.9	(2C),	129.1	(2C),	124.1	(2C),	
31.7,	31.1,	29.9,	28.9,	24.8,	22.7,	14.2	ppm.		
Mp:	43-44	°C	
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Spectral	data	was	in	agreement	with	the	literature.42	
	

1,3-dioxoisoindolin-2-yl	 6-chlorohexanoate	
(1b).	 Following	 GP-A	 starting	 from	 6-
chlorohexanoic	 acid	 (0.3012	 g,	 2,00	 mmol)	 and	
using	THF	as	solvent.	Purification	via	flash	column	

chromatography	 (SiO2,	 hexanes/EtOAc,	 80/20	 to	 75/25)	 afforded	 the	 title	
compound	as	a	white	solid	(532	mg,	1,80	mmol,	90	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.92	–	7.87	(m,	2H),	7.82	–	7.77	(m,	2H),	3.57	(t,	J	=	
6.6	Hz,	2H),	2.70	(t,	J	=	7.4	Hz,	2H),	1.89	–	1.77	(m,	4H),	1.66	–	1.57	(m,	2H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	169.5,	162.1	(2C),	134.9	(2C),	129.1	(2C),	124.1	(2C),	
44.7,	32.2,	31.0,	26.2,	24.1.ppm.		
Mp:	64-65	°C.	
IR	(neat):	ν	=	cm-1	2942,	2880,	1812,	1787,	1737,	1607,	1464,	1408,	1356,	1185,	
1139,	1081,	1063,	1043,	986,	962,	890,	872,	837,	786,	733,	694,	644,	517.		
HRMS	(ESI):	m/z	calc.	for	(C14H14ClNNaO4+)	[M+Na]+:	318.0504;	found:	318.0498.	
	

1,3-dioxoisoindolin-2-yl	 4-(4-
methoxyphenyl)butanoate	 (1c).	 Following	
GP-A	 starting	 from	 4-(4-
methoxyphenyl)butanoic	 acid	 (388.5	 mg,	

2.00	mmol)	and	using	THF	as	solvent.	Purification	via	flash	column	chromatography	
(SiO2,	hexanes/EtOAc,	80/20	to	75/25)	afforded	the	title	compound	as	a	white	solid	
(577.3	mg,	1.70	mmol,	85	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.94	–	7.86	(m,	2H),	7.83	–	7.72	(m,	2H),	7.14	(d,	J	=	
8.7	Hz,	2H),	6.86	(d,	J	=	8.7	Hz,	1H),	3.80	(s,	3H),	2.72	(t,	J	=	7.5	Hz,	2H),	2.66	(t,	J	=	7.4	
Hz,	2H),	2.08	(p,	J	=	7.5	Hz,	2H)	ppm.		
13C	 NMR	 (101	 MHz,	 CDCl3):	 δ	 =	 169.6,	 162.1(2C),	 158.2,	 134.9(2C),	 132.9,	
129.6(2C),	129.1	(2C),	124.1(2C),	114.1(2C),	55.4,	33.8,	30.3,	26.7	ppm.		
Mp:	86-87	°C.	
IR	(neat):	ν	=	cm-1	2936,	1811,	1787,	1738,	1609,	1583,	1510,	1466,	1363,	1241,	
1186,	1141,	1078,	1030,	963,	876,	807,	695,	521.	
HRMS	(ESI):	m/z	calc.	for	(C19H17NNaO5+)	[M+Na]+:	362.0999;	found:	362.0995.	
	

1,3-dioxoisoindolin-2-yl	 4-(1-methyl-1H-
indol-3-yl)butanoate	 (1d).	 Following	 GP-A	
starting	 from	 4-(1-methyl-1H-indol-3-
yl)butanoic	 acid43	 (0.1738	 g,	 0.80	 mmol),	 DCC	
(198.1	 mg,	 0.96	 mmol,	 1.2	 equiv.),	 N-

hydroxyphthalimide	 (156.7	mg,	0.96	mmol,	1,2	equiv)	and	using	DCM	as	solvent.	
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Purification	 via	 flash	 column	 chromatography	 (SiO2,	 hexanes/EtOAc,	 80/20	 to	
75/25)	afforded	the	title	compound	as	a	yellow	solid	(0.2301	g,	0.63	mmol,	79	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.92	–	7.86	(m,	2H),	7.82	–	7.77	(m,	2H),	7.62	(dt,	J	=	
7.9,	1.0	Hz,	1H),	7.31	(dt,	J	=	8.2,	0.9	Hz,	1H),	7.26	–	7.20	(m,	1H),	7.12	(ddd,	J	=	7.9,	
6.9,	1.1	Hz,	1H),	6.93	(s,	1H),	3.77	(s,	3H),	2.93	(td,	J	=	7.3,	0.8	Hz,	2H),	2.71	(t,	J	=	7.3	
Hz,	2H),	2.18	(p,	J	=	7.3	Hz,	2H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	169.8,	162.2	(2C),	137.3,	134.9	(2C),	129.1	(2C),	
127.9,	127.0,	124.1	(2C),	121.7,	119.1,	118.9,	113.3,	109.4,	32.8,	30.4,	25.4,	24.0	ppm.		
Mp:	105-107	°C.	
IR	(neat):	ν	=	cm-1	3051,	2930,	1808,	1782,	1745,	1610,	1555,	1483,	1466,	1435,	
1373,	1356,	1328,	1248,	1184,	1134,	1081,	1047,	959,	879,	846,	822,	742,	518,	436.	
HRMS	(ESI):	m/z	calc.	for	(C21H19N2O4+)	[M+H]+:	363.1339;	found:	363.1335.	
	

1,3-dioxoisoindolin-2-yl	 2-((3r,5r,7r)-adamantan-1-
yl)acetate	(1e).	Following	GP-A	starting	from	2-((3r,5r,7r)-
adamantan-1-yl)acetic	acid	(583	mg,	3.00	mmol)	and	using	
THF	as	solvent.	Purification	via	flash	column	chromatography	
(SiO2,	hexanes/EtOAc,	90/10)	afforded	the	title	compound	as	
a	white	solid	(934	mg,	2.75	mmol,	92	%).	

1H	NMR	(300	MHz,	CDCl3):	δ	=	7.88	–	7.84	(m,	2H),	7.79	–	7.76	(m,	2H),	2.38	(s,	2H),	
2.02	(s,	3H),	1.74	(d,	J	=	3.0	Hz,	6H),	1.70	(d,	J	=	3.7	Hz,	6H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	167.3,	162.2	(2C),	134.8	(2C),	129.1,	124.0	(2C),	
45.5,	42.2	(3C),	36.6	(3C),	33.4,	28.7	(3C).	
Mp:	136-138	°C.	
IR	(neat):	ν	=	3202,	2901,	2847,	1681,	1467,	1363,	1308,	716	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C20H21NNaO4+)	[M+Na]+:	362.1363;	found:	362.1370.	
	

	
1,3-dioxoisoindolin-2-yl	 12-hydroxyoctadecanoate	 (1f).	 Following	 GP-A	
starting	from	12-hydroxyoctadecanoic	acid	(300.2	mg,	1.00	mmol)	and	using	THF	as	
solvent.	 Purification	 via	 flash	 column	 chromatography	 (SiO2,	 hexanes/EtOAc,	
75/25)	afforded	the	title	compound	as	a	white	solid	(378.8	mg,	0.85	mmol,	85	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.95	–	7.84	(m,	2H),	7.83	–	7.75	(m,	2H),	3.64	–	3.52	
(m,	1H),	2.66	(t,	J	=	7.4	Hz,	2H),	1.78	(p,	J	=	7.2	Hz,	2H),	1.59	(s,	1H),	1.48	–	1.39	(m,	
7H),	1.29	(s,	19H),	0.88	(t,	J	=	5.7	Hz,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	169.8,	162.2	(2C),	134.9	(2C),	129.1	(2C),	124.1	(2C),	
72.2,	37.6,	32.0,	31.1,	29.8,	29.7,	29.6,	29.5,	29.5,	29.2,	28.9,	25.8,	24.8,	22.8,	14.2	ppm.		
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Mp:	57-58	°C.	
IR	(neat):	ν	=	cm-1	3350,	2919,	2850,	1811,	1785,	1743,	1607,	1590,	1466,	1365,	
1351,	1185,	1131,	1075,	960,	878,	862,	794,	695,	520.	
HRMS	(ESI):	m/z	calc.	for	(C26H39NNaO5+)	[M+Na]+:	468.2720;	found:	468.2720.	
	

1,3-dioxoisoindolin-2-yl	 bicyclo[2.2.1]heptane-2-
carboxylate	 (1g).	 Following	 GP-A	 starting	 from	
bicyclo[2.2.1]heptane-2-carboxylic	 acid	 (421	 mg,	 3.0	
mmol,	 >98%	 endo	 isomer)	 and	 using	 THF	 as	 solvent.	

Purification	via	flash	column	chromatography	(SiO2,	hexanes/EtOAc,	95/5)	afforded	
the	title	compound	as	a	white	solid	(741	mg,	2.60	mmol,	87	%).	
1H	NMR	(300	MHz,	CDCl3):	δ	=	7.89	–	7.83	(m,	2H),	7.79	–	7.74	(m,	2H),	3.15	–	3.08	
(m,	1H),	2.81	–	2.78	(m,	1H),	2.34	–	2.31	(m,	1H),	1.87	–	1.77	(m,	1H),	1.73	–	1.41	(m,	
6H),	1.35	–	1.24	(m,	1H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	=	171.5,	162.3	(2C),	134.8	(2C),	129.1	(2C),	124.0	(2C),	
43.3,	41.0,	40.4,	36.9,	32.6,	29.0,	24.8	ppm.		
Mp:	78-81	°C.	
Spectral	data	was	in	agreement	with	the	literature.44	
	
	

1,3-dioxoisoindolin-2-yl	4,4-difluorocyclohexane-1-
carboxylate	 (1h).	 Following	 GP-A	 starting	 from	 4,4-
difluorocyclohexane-1-carboxylic	 acid	 (328.3	mg,	 2.00	
mmol)	and	using	THF	as	solvent.	Purification	via	 flash	
column	 chromatography	 (SiO2,	 hexanes/EtOAc,	 80/20	

to	75/25)	afforded	the	title	compound	as	a	white	solid	(541.1	mg,	1.75	mmol,	87	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.93	–	7.86	(m,	2H),	7.85	–	7.77	(m,	2H),	2.94	–	2.82	
(m,	1H),	2.27	–	2.03	(m,	6H),	1.99	–	1.81	(m,	2H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	170.6,	162.0	(2C),	135.0	(2C),	129.1	(2C),	124.2	(2C),	
122.3	(t,	J	=	241.4	Hz),	38.0,	32.2	(t,	J	=	24.9	Hz,	2C),	25.1	(t,	J	=	5.2	Hz,	2C)	ppm.		
IR	(neat):	ν	=	cm-1	3102,	2947,	1808,	1781,	1741,	1609,	1463,	1446,	1429,	1373,	
1360,	1184,	1147,	1114,	1079,	980,	959,	947,	874,	837,	790,	697,	592,	517,	496.	
Mp:	117-119	°C.		
Spectral	data	was	in	agreement	with	the	literature.45	
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1,3-dioxoisoindolin-2-yl	 5-(3-
cyanophenoxy)pentanoate	 (2i).	 Following	
GP-A	 starting	 from	 5-(3-
cyanophenoxy)pentanoic	 acid	 (219.2	 mg,	

1.00	mmol)	and	using	THF	as	solvent.	Purification	via	flash	column	chromatography	
(SiO2,	hexanes/EtOAc,	75/25	to	70/30)	afforded	the	title	compound	as	a	white	solid	
(0.2670	g,	0.73	mmol,	73	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.94	–	7.85	(m,	2H),	7.84	–	7.75	(m,	2H),	7.37	(td,	J	=	
7.7,	0.9	Hz,	1H),	7.26	–	7.21	(m,	1H),	7.17	–	7.11	(m,	2H),	4.04	(t,	J	=	5.6	Hz,	2H),	2.78	
(t,	J	=	6.8	Hz,	2H),	2.03	–	1.95	(m,	4H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	169.4,	162.1	(2C),	159.1,	135.0	(2C),	130.5,	129.1	
(2C),	124.7,	124.2	(2C),	119.9,	118.9,	117.5,	113.4,	67.7,	30.8,	28.2,	21.6	ppm.		
Mp:	84-86	°C.	
IR	(neat):	ν	=	cm-1	2956,	2876,	2231,	1815,	1785,	1739,	1607,	1576,	1470,	1413,	
1375,	1293,	1257,	1185,	1145,	1123,	1061,	1037,	972,	877,	787,	695,	683,	518.	
HRMS	(ESI):	m/z	calc.	for	(C20H16N2NaO5+)	[M+Na]+:	387.0951;	found:	387.0952.	
	

1,3-dioxoisoindolin-2-yl	 3,7-dimethyloct-6-
enoate	 (1j).	 Following	 GP-A	 starting	 from	
citronellic	 acid	 (170	 mg,	 1	 mmol)	 and	 using	
DCM	 as	 solvent.	 Purification	 via	 flash	 column	

chromatography	(SiO2,	hexanes/EtOAc,	95/5	to	75/25)	afforded	the	title	compound	
as	a	white	solid	(220	mg,	0.70	mmol,	70	%).		
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.88	(dd,	J	=	5.5,	3.1	Hz,	2H),	7.78	(dd,	J	=	5.5,	3.1	Hz,	
2H),	5.14	–	5.09	(m,	1H),	2.67	(dd,	J	=	15.0,	5.6	Hz,	1H),	2.46	(dd,	J	=	15.0,	8.3	Hz,	1H),	
2.17	–	2.08	(m,	1H),	2.08	–	2.01	(m,	2H),	1.69	(s,	3H),	1.62	(s,	3H),	1.54	–	1.44	(m,	
1H),	1.41	–	1.31	(m,	1H),	1.10	(d,	J	=	6.7	Hz,	3H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	169.1,	162.2	(2C),	134.8	(2C),	132.1,	129.1	(2C),	
124.1	(2C),	124.0,	38.4,	36.7,	30.4,	25.9,	25.5,	19.5,	17.8	ppm.		
Mp:	46-48	°C.	
Spectroscopic	data	in	agreement	with	the	literature.46	
	

1,3-dioxoisoindolin-2-yl	 4-(4-chloro-2-
methylphenoxy)butanoate	(1k).	Following	
GP-A	 starting	 from	 4-(4-chloro-2-
methylphenoxy)butanoic	 acid	 (457	 mg,	 2.0	
mmol)	and	using	THF	as	solvent.	Purification	

via	flash	column	chromatography	(SiO2,	hexanes/EtOAc,	90/10	to	80	/	20)	afforded	
the	title	compound	as	a	white	solid	(398	mg,	1.07	mmol,	53	%).	
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1H	NMR	(300	MHz,	CDCl3):	δ	=	7.93	–	7.85	(m,	2H),	7.85	–	7.76	(m,	2H),	7.14	–	7.06	
(m,	2H),	6.74	(d,	J	=	8.6	Hz,	1H),	4.07	(t,	J	=	5.9	Hz,	2H),	2.92	(t,	J	=	7.3	Hz,	2H),	2.33	–	
2.23	(m,	2H),	2.21	(s,	3H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	=	169.4,	162.0	(2C),	155.4,	134.9	(2C),	130.6,	129.0	
(2C),	128.9,	126.5,	125.4,	124.1	(2C),	112.2,	66.4,	27.9,	24.7,	16.3	ppm.		
Mp:	102-105	°C.	
IR	(neat):	ν	=	2921,	1816,	1785,	1736,	1494,	1467,	1374,	1248,	1187,	1131,	1062,	
972,	872,	812,	691	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C19H16ClNNaO5+)	[M+Na]+:	396.0609;	found:	396.0612.	
	

1,3-dioxoisoindolin-2-yl	 (4R)-4-((3R,5R,8S,10S,13R)-3-hydroxy-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-16-yl)pentanoate	
(1l).		
Following	 GP-A	 starting	 from	 (4R)-4-((3R,5R,8S,10S,13R)-3-hydroxy-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-16-yl)pentanoic	 acid	 (1.00	
g,	 2.66	 mmol)	 and	 using	 THF	 as	 solvent.	 Purification	 via	 flash	 column	
chromatography	(SiO2,	hexanes/EtOAc,	2/1)	afforded	the	compound	as	a	white	solid	
(1.44	g,	83	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.92	–	7.85	(m,	2H),	7.84	–	7.73	(m,	2H),	3.62	(tt,	J	=	
11.0,	4.7	Hz,	1H),	2.75	–	2.66	(m,	1H),	2.65	–	2.52	(m,	1H),	2.00	–	1.07	(m,	27H),	0.98	
(d,	J	=	6.3	Hz,	3H),	0.92	(s,	3H),	0.67	(s,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	170.2,	162.2	(2C),	134.9	(2C),	129.1	(2C),	124.1	(2C),	
72.0,	56.6,	56.0,	43.0,	42.2,	40.6,	40.3,	36.6,	36.0,	35.5,	35.4,	34.7,	30.9,	30.7,	28.3,	
28.2,	27.3,	26.6,	24.3,	23.5,	21.0,	18.4,	12.2	ppm.		
Mp:	160-161	°C.	
[a]20D=	+15.8°	(c	=	0.1,	CH2Cl2).	
IR	(neat):	ν	=	3427,	3373,	2928,	2863,	1808,	1784,	1742,	1468,	1446,	1359,1185,	
1133,	1068,	1015,	878,	696	cm-1.	
HRMS	(ESI):	m/z	calc.	for	(C32H43NNaO5+)	[M+Na]+:	544.3033;	found:	544.3013.	
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1,3-dioxoisoindolin-2-yl	 3-((tert-
butoxycarbonyl)amino)methyl)-5-

methylhexanoate	 (1m).	 To	 a	 solution	 of	 477.6	mg	
Pregabalin	in	3	mL	THF,	NaOH	(6.15	mL,	1	M	aq.	)	was	
added.	 After	 stirring	 for	 5	 min,	 a	 solution	 of	 Boc	

anhydride	 (3.5	mL	 THF)	was	 added.	 The	mixture	was	 allowed	 to	 stir	 vigorously	
overnight.	 After	 the	 completion	 of	 the	 reaction,	 half	 volume	 of	 the	 solvent	 was	
removed	and	adjust	the	pH	to	about	2-3	carefully.	The	aqueous	layer	was	extracted	
with	Ethyl	acetate	3	times,	the	combined	organic	layers	were	dried	over	anhydrous	
sodium	 sulfate	 and	 further	 concentrated	 to	 give	 3-(((tert-
butoxycarbonyl)amino)methyl)-5-methylhexanoic	acid	(White	solid,	used	without	
further	purification	in	the	next	step).	Following	GP-A	starting	from	the	crude	acid	
(518.7	 mg,	 2.00	 mmol)	 and	 using	 THF	 as	 solvent.	 Purification	 via	 flash	 column	
chromatography	 (SiO2,	 hexanes/EtOAc,	 75/25)	 afforded	 the	 title	 compound	 as	 a	
white	solid	(728.1	mg,	1.80	mmol,	90	%).	
1H	NMR	(300	MHz,	CDCl3):	δ	=	7.89	(dd,	J	=	5.5,	3.1	Hz,	2H),	7.79	(dd,	J	=	5.5,	3.1	Hz,	
2H),	4.86	(s,	1H),	3.31	(dd,	J	=	12.8,	6.9	Hz,	1H),	3.10	(dt,	J	=	14.4,	7.4	Hz,	1H),	2.64	(d,	
J	=	6.4	Hz,	2H),	2.28	(t,	J	=	6.7	Hz,	1H),	1.73	(dq,	J	=	13.3,	6.6	Hz,	1H),	1.44	(s,	9H),	1.29	
(t,	J	=	7.1	Hz,	2H),	0.93	(t,	J	=	6.8	Hz,	6H)	ppm.		
13C	NMR	(101MHz,	CDCl3):	δ	=	169.0,	 162.1	 (2C),	 156.3,	 134.9	 (2C),	 129.1	 (2C),	
124.1	(2C),	79.4,	43.9,	41.2,	34.4,	34.1,	28.5	(3C),	25.3,	22.9,	22.7	ppm.		
Mp:	115-116	°C.	
[a]20D=	-23°	(c	=	0.1,	CH2Cl2)	
IR	(neat):	ν	=	cm-1	3373,	2966,	2930,	1808,	1782,	1743,	1681,	1520,	1467,	1365,	
1249,	1184,	1159,	1130,	1087,	1052,	969,	877,	858,	789,	706,	695,	616,	588,	516.	
HRMS	(ESI):	m/z	calc.	for	(C21H28N2NaO6+)	[M+Na]+:	427.1840;	found:	427.1850.	
	

1,3-dioxoisoindolin-2-yl	 2-((4R,6R)-6-(2-(2-(4-fluorophenyl)-5-isopropyl-3-
phenyl-4-(phenylcarbamoyl)-1H-pyrrol-1-yl)ethyl)-2,2-dimethyl-1,3-dioxan-
4-yl)acetate	(1n).	Atorvastatin2Ca·3	H2O	(242	mg,	0.2	mmol)	were	suspended	in	a	
mixture	 of	 acetone	 (10	 mL)	 and	 2,2-dimethoxypropane	 (5	 mL).	 Two	 drops	 of	
concentrated	aqueous	HCl	were	added	and	the	clear	solution	was	stirred	overnight	
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at	room	temperature.	The	solvent	was	then	evaporated,	and	the	crude	mixture	was	
used	 in	 the	 next	 step	 without	 further	 purification.	 Following	 GP-A	 with	 the	 oil	
obtained	in	the	last	step	and	using	DCM	as	solvent,	after	purification	via	flash	column	
chromatography	 (SiO2,	 hexanes/EtOAc,	 75/25)	 afforded	 the	 title	 compound	 as	 a	
yellow	oil	(227.0	mg,	0.30	mmol,	76	%,	2	steps).	
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.91	–	7.86	(m,	2H),	7.82	–	7.77	(m,	2H),	7.22	–	7.12	
(m,	10H),	7.11	–	6.95	(m,	4H),	6.88	(s,	1H),	4.35	–	4.26	(m,	1H),	4.13	–	4.04	(m,	1H),	
3.90	–	3.81	(m,	1H),	3.77	–	3.70	(m,	1H),	3.58	(p,	J	=	7.1	Hz,	1H),	2.85	(dd,	J	=	15.3,	6.7	
Hz,	1H),	2.69	(dd,	J	=	15.3,	6.6	Hz,	1H),	1.76	–	1.67	(m,	3H),	1.54	(d,	J	=	7.2	Hz,	6H),	
1.53	–	1.51	(m,	1H),	1.40	(s,	3H),	1.35	(s,	3H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	166.9,	165.0,	162.4	(d,	J	=	247.8	Hz),	161.9	,	141.7,	
138.5,	135.2,	135.0,	134.8	 ,	134.3,	133.4,	133.3,	130.6,	129.0,	128.9,	128.8,	128.5,	
128.4,	 128.3,	 126.7,	 124.4,	 124.2,	 124.1,	 123.8,	 123.7,	 123.5,	 121.9,	 119.7,	 115.6,	
115.4,	115.4,	99.3,	66.4,	65.6,	40.9,	38.4,	38.1,	35.8,	29.9,	26.2,	21.9,	21.7,	19.7	ppm.		
Spectral	data	was	in	agreement	with	the	literature.47	 	
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General	procedure	B	(GP-B):	decarboxylation/carboxylation	of	NHP-esters.	
	
A	 Schlenk	 tube	 was	 charged	 with	 the	 corresponding	 NHP-ester	 (0.1	 mmol,	 1.0	
equiv),	NiCl2·glyme	(0.01	mmol,	0.1	equiv),	L1	(0.025	mmol,	0.25	equiv)	and	Mn	(0.2	
mmol,	 2.0	 equiv).	 The	 tube	 was	 evacuated	 and	 backfilled	 with	 argon	 for	 three	
consecutive	times	before	the	solvent	(DMF:MeOH	3:1)	was	added	under	argon	flow.	
Thereafter,	the	tube	was	cooled	down	to	-50	°C,	put	under	vacuum	for	1	minute	and	
then	 the	 13CO2	 was	 transferred	 to	 the	 schlenk	 flask,	 stirring	 the	 solution	 at	 this	
temperature	for	30	minutes.	After	that,	the	schlenk	was	closed	and	stirred	at	0	°C	for	
16	hours.	The	reaction	was	quenched	by	the	addition	of	aq.	HCl	(1	M).	The	aqueous	
phase	was	extracted	with	EtOAc	three	times	and	the	organic	phases	were	combined.	
The	desired	carboxylic	acid	was	isolated	by	an	acid/base	extraction	using	NaHCO3	
saturated	solution/HCl	2	M	and	EtOAc	as	an	organic	solvent.	The	combined	organic	
phases	 were	 dried	 over	 Na2SO4	 and	 the	 removal	 of	 the	 solvent	 under	 reduced	
pressure	yielded	the	desired	labeled	carboxylic	acid.		
	

Octanoic-1-13C	 acid	 (2a).	 Following	 GP-B	 starting	
from	 1a	 (28.9	 mg,	 0.1	 mmol)	 afforded	 the	 title	

compound	as	a	colorless	oil	(8.0	mg,	0.055	mmol,	55	%).	Its	mass	isotopic	pattern	
analysis	showed	a	56%	13C	isotope	incorporation.	
1H	NMR	(500	MHz,	CDCl3):	δ	=	2.38	–	2.32	(m,	2H),	1.67	–	1.59	(m,	2H),	1.38	–	1.22	
(m,	10H),	0.88	(t,	J	=	6.8	Hz,	3H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	179.5,	34.1(d,	1J	=	55.3	Hz),	31.8,	29.2	(d,	2J	=	3.3	
Hz),	29.0,	24.8,	22.7,	14.2	ppm.	
IR	(neat):	ν	=	2956,	2926,	2856,	1697,	1669,	1460,	1270	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C713CH15O2-)	[M-H]-:	144.1111;	found:	144.1102.	
	

6-chlorohexanoic-1-13C	 acid	 (2b).	 Following	 GP-B	
starting	 from	1b	 (29,6	mg,	 0.1	mmol)	 afforded	 the	 title	

compound	as	a	colourless	oil	(10,3	mg,	0.068	mmol,	68%).	Its	mass	isotopic	pattern	
analysis	showed	a	47%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3)	δ	=	3.54	(t,	J	=	6.6	Hz,	2H),	2.38	(tt,	J	=	7.3,	3.5	Hz,	2H),	
1.86	–	1.74	(m,	2H),	1.74	–	1.63	(m,	2H),	1.58	–	1.41	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	179.6,	44.9,	33.90	(d,	1J	=	55.3	Hz),32.3,	26.4(d,	2J	=	
3.6	Hz),	24.1	ppm.	
IR	(neat):	ν	=	cm-1	2941,	2868,	1703,	1458,	1444,	1412,	1275,	1235,	1219,	1133,	
931,	846,	735,	650.	
HRMS	(ESI):	We	were	not	able	to	obtain	a	mass	analysis	due	to	its	low	molecular	
weight.	For	mass	analysis	it	was	derivatized	into	its	p-nitrophenyl	ester:		

CO2HMe

CO2HCl
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• Synthesis:	To	a	mixture	of	the	labeled	acid	(10.3	mg,	0.068	mmol),	p-
nitrophenol	(15.3	mg,	0.11	mmol,	1.6	equiv)	and	DIC	(25.2	mg,	0.2	mmol,	2.9	
equiv.),	 1	 mL	 of	 ethyl	 acetate	 were	 added,	 and	 the	 mixture	 was	 stirred	
overnight	 at	 rt.	 After	 column	 purification,	 31%	 derived	 product	 was	
obtained	 to	 measure	 the	 13C	 content.	 m/z	 calc.	 for	 (C1113CH14ClNaNO4)	
[M+Na]+	:295.0537;	found:	295.0532.	

1H	NMR	(400	MHz,	CDCl3)	δ	=	8.32	–	8.24	(m,	2H),	7.32	–	7.24	(m,	2H),	3.58	(t,	J	=	
6.5	Hz,	2H),	2.63	(t,	J	=	7.4	Hz,	2H),	1.92	–	1.74	(m,	4H),	1.64	–	1.53	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	171.1,	155.6,	145.5,	125.4	(2C),	122.6	(2C),	44.8,	34.3	
(d,	1J	=	58.3	Hz),	32.3,	26.4,	24.1.	
IR	(neat):	ν	=	cm-1	2941,	2865,	1760,	1615,	1593,	1521,	1490,	1344,	1208,	1159,	
1107,	1012,	918,	863,	747,	648.	
	

4-(4-methoxyphenyl)butanoic-1-13C	acid	(2c).	Following	GP-B	
starting	from	1c	(33,9	mg,	0.1	mmol)	afforded	the	title	compound	
as	an	off-white	solid	(13,9	mg,	0.071	mmol,	71%).	Its	mass	isotopic	
pattern	analysis	showed	a	49%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3)	δ	=	7.10	(d,	J	=	8.6	Hz,	1H),	6.83	(d,	J	=	

8.6	Hz,	1H),	3.79	(s,	2H),	2.62	(t,	J	=	7.6	Hz,	1H),	2.46	–	2.28	(m,	1H),	1.99	–	1.88	(m,	
1H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	178.7,	158.1,	133.4,	129.5	(2C),	114.0	(2C),	55.4,	34.2,	
33.3,	26.7	ppm.	
IR	(neat):	ν	=	cm-1	3019,	2955,	2932,	2861,	1691,	1610,	1583,	1508,	1464,	1442,	
1428,	1411,	1299,	1234,	1194,	1179,	1152,	1111,	1030,	923,	830,	812,	786,	700,	676,	
558,	492.		
HRMS	(ESI):	m/z	calc.	for	(C1013CH13O3-)	[M-H]-	:194.0904;	found:194.0900.	
Mp:	56-58	ºC.	
	

4-(1-methyl-1H-indol-3-yl)butanoic-1-13C	 acid	 (2d).	Following	
GP-B	 starting	 from	 1d	 (36,2	 mg,	 0.1	 mmol)	 afforded	 the	 title	
compound	as	a	light	yellow	solid	(15,0	mg,	0.069	mmol,	69%).	Its	
mass	 isotopic	 pattern	 analysis	 showed	 a	 53%	 13C	 isotope	
incorporation.	

1H	NMR	(400	MHz,	CDCl3)	δ	=	7.60	(dt,	J	=	7.9,	1.0	Hz,	1H),	7.33	–	7.26	(m,	1H),	7.27	
–	7.19	(m,	1H),	7.11	(ddd,	J	=	8.0,	6.9,	1.1	Hz,	1H),	6.85	(s,	1H),	3.74	(s,	3H),	2.83	(t,	J	
=	7.6	Hz,	2H),	2.43	(dq,	J	=	7.3,	3.9	Hz,	2H),	2.10	–	2.00	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	180.0,	137.2,	127.9,	126.5,	121.7,	119.1,	118.8,	114.0,	
109.3,	33.7	(d,	1J	=	55.2	Hz),	32.7,	25.4,	24.4	(d,	2J	=	3.9	Hz)	ppm.	
Mp:	92-94	ºC.	
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IR	(neat):	ν	=	cm-1	3046,	2931,	2885,	2755,	2703,	1750,	1687,	1663,	1613,	1573,	
1472,	1455,	1435,	1420,	1395,	1372,	1315,	1199,	1150,	1117,	1007,	921,	786,	740,	
727,	686,	547,	427.	
HRMS	(ESI):	m/z	calc.	for	(C1213CH14NO2-)	[M-H]-	:	217.1064;	found:	217.1072.	
	

2-((3r,5r,7r)-adamantan-1-yl)acetic-1-13C	 acid	 (2e).	
Following	GP-B	 starting	 from	1e	 (34	mg,	0.1	mmol)	afforded	
the	title	compound	as	a	white	solid	(9.8	mg,	0.050	mmol,	50%).	

Its	mass	isotopic	pattern	analysis	showed	a	40%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3)	δ	=	2.10	(t,	J	=	3.1	Hz,	2H),	2.02	–	1.94	(m,	3H),	1.74	–	1.62	
(m,	12H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	177.9,	48.8	(d,	1J	=	55.2	Hz),	42.4	(3C),	36.8	(3C),	
32.8,	28.8	(3C)	ppm.	
Mp:	128-132	°C.	
IR	(neat):	ν	=	3202,	2901,	2847,	1681,	1467,	1448,	1363,	1308,	1265,	1140,	1090,	
1048	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C1113CH17O2-)	[M-H]-:	194.1268;	found:	194.1269.	
	

12-Hydroxyoctadecanoic-1-13C	 acid	 (2f).	Following	GP-B	
starting	 from	 1f	 (44,6	 mg,	 0.1	 mmol)	 afforded	 the	 title	
compound	as	a	white	solid	(16,6	mg,	0.055	mmol,	55%).	Its	
mass	 isotopic	 pattern	 analysis	 showed	 a	 59%	 13C	 isotope	
incorporation.	

1H	NMR	(300	MHz,	CDCl3)	δ	=	3.59	(dd,	J	=	7.2,	4.2	Hz,	1H),	2.34	(t,	J	=	7.4	Hz,	2H),	
1.63	(t,	J	=	7.2	Hz,	2H),	1.53	–	1.37	(m,	6H),	1.37	–	1.22	(m,	20H),	0.88	(t,	J	=	6.5	Hz,	
2H)	ppm.	
13C	NMR	(75	MHz,	CDCl3)	δ	=	178.7,	72.3,	37.6,	37.6,	34.0	(d,	1J	=	55.2	Hz),	32.0,	29.8,	
29.6,	29.5,	29.5,	29.4,	29.3,	29.1,	25.8,	25.7,	24.8,	22.8,	14.2	ppm.	
Mp:	79-80	ºC.	
IR	(neat):	ν	=	cm-1	3297,	3192,	2913,	2848,	1693,	1469,	1439,	1413,	1294,	1276,	
1223,	1194,	1130,	1076,	919,	862,	719,	682.		
HRMS	(ESI):	m/z	calc.	for	(C1713CH35O3-)	[M-H]-	:300.2625;	found:300.2630.	
	

bicyclo[2.2.1]heptane-2-carboxylic-13C	acid	(g).	Following	GP-B	
starting	from	1g	(57	mg,	0.2	mmol)	afforded	the	title	compound	as	
a	white	solid	(17	mg,	0.12	mmol,	61%	as	a	1:1	mixture	of	endo	and	

exo	 isomers).	 Its	 mass	 isotopic	 pattern	 analysis	 showed	 a	 45%	 13C	 isotope	
incorporation.	
1H	NMR	(300	MHz,	CDCl3)	δ	=	δ	2.81	(dt,	J	=	10.4,	4.9	Hz,	0.5H),	2.62	–	2.52	(m,	1H),	
2.40	–	2.24	(m,	1.5H),	1.92	–	1.78	(m,	0.5H),	1.74	–	1.13	(m,	5.5H)	ppm.	
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13C	NMR	(75	MHz,	CDCl3)	δ	=	182.6,	181.6,	46.9,	46.1,	46.1,	41.1,	40.7,	40.4,	37.2,	
36.7,	36.1,	34.2,	31.8,	29.6,	29.6,	29.2,	28.7,	25.0	ppm.	
IR	(neat):	ν	=	3190,	3063,	2953,	2871,	1700,	1600,	1380,	1304,	1051,	710	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C713CH11O2-)	[M-H]-	:140.0798;	found:	140.0798.	
Spectral	data	was	in	agreement	with	the	literature.25		
	

4,4-difluorocyclohexane-1-carboxylic-13C	 acid	 (2h).	
Following	GP-B	starting	from	1h	(30.9	mg,	0.1	mmol)	afforded	
the	title	compound	as	a	white	solid	(8.2	mg,	0.05	mmol,	50%).	

Its	mass	isotopic	pattern	analysis	showed	a	26%	13C	isotope	incorporation.	
1H	NMR	(500	MHz,	CDCl3)	δ	=	2.51	–	2.43	(m,	2H),	2.16	–	2.06	(m,	2H),	2.06	–	1.99	
(m,	2H),	1.94	–	1.83	(m,	2H),	1.83	–	1.73	(m,	2H)	ppm.	
13C	NMR	(126	MHz,	CDCl3)	δ	=	180.2,	122.7	(t,	1JF-C	=	241.1	Hz),	40.3	(d,	1JC-C	=	55.1	
Hz),	32.7	(2C),	25.0	(2C)	ppm.	
19F	NMR	(471	MHz,	CDCl3)	δ	=	-94.83	(d,	2J	=	238.3	Hz),	-99.63	(d,	2J	=	239.1	Hz)	
ppm.		
MP:	94-96	°C.	
IR	(neat):	ν	=	2949,	2922,	2853,	2636,	1690,	1668,	1432,	1376,	1359,	1321,	1264,	
1215,	1096,	964,	929,	914,	591,	488	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C613CH9F2O2-)	[M-H]-	:	164.0610;	found:	164.0611.	
	

5-(3-cyanophenoxy)pentanoic-1-13C	acid	(2i).	Following	GP-
B	 starting	 from	 1i	 (36,4	 mg,	 0.1	 mmol)	 afforded	 the	 title	
compound	as	a	 colourless	oil	 (12,9	mg,	0.059	mmol,	59%).	 Its	
mass	 isotopic	 pattern	 analysis	 showed	 a	 40%	 13C	 isotope	

incorporation.	
1H	NMR	(300	MHz,	CDCl3)	δ	=	7.40	–	7.31	(m,	1H),	7.29	–	7.21	(m,	1H),	7.16	–	7.07	
(m,	2H),	3.99	(t,	J	=	5.6	Hz,	2H),	2.46	(t,	J	=	6.8	Hz,	1H),	1.91	–	1.79	(m,	4H)	ppm.	
13C	NMR	(75	MHz,	CDCl3)	δ	=	179.2,	159.1,	130.5,	124.6,	119.9,	118.9,	117.5,	113.3,	
67.9,	33.6	(d,	1J	=	55.4	Hz),	28.5,	21.4.	ppm.	
Mp:	78-79	ºC.	
IR	(neat):	ν	=	cm-1	2948,	2875,	2229,	1705,	1603,	1577,	1479,	1442,	1399,	1333,	
1297,	1258,	1207,	1185,	1148,	1051,	1031,	929,	879,	795,	683,	615,	477.	
HRMS	(ESI):	m/z	calc.	for	(C1113CH12O3-)	[M-H]-	:	219.0856;	found:	219.0866.	
	

3,7-dimethyloct-6-enoic-1-13C	 acid	 (2j).	 Following	 GP-B	
starting	 from	 1j	 (31.5	 mg,	 0.1	 mmol)	 afforded	 the	 title	
compound	as	a	colourless	oil	(10.7	mg,	0.063	mmol,	63%).	Its	
mass	 isotopic	 pattern	 analysis	 showed	 a	 48%	 13C	 isotope	
incorporation.	
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1H	NMR	(400	MHz,	CDCl3)	δ	=	5.09	(t,	J	=	7.3	Hz,	1H),	2.42	–	2.30	(m,	1H),	2.21	–	2.10	
(m,	1H),	2.04	–	1.94	(m,	4H),	1.68	(s,	3H),	1.60	(s,	3H),	1.44	–	1.34	(m,	1H),	1.30	–	1.21	
(m,	2H),	0.98	(d,	J	=	6.7	Hz,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	179.4,	131.8,	124.3,	41.6	(d,	1J	=	55.0	Hz),	36.9(d,	2J	
=	4.0	Hz),	30.0,	25.8,	25.5,	19.7,	17.8.	ppm.	
IR	(neat):	ν	=	2962,	2923,	2855,	1693,	1667,	1453,	1379,	1292,	1203,	1162,	1060,	
939	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C913CH17O2-)	[M-H]-	:	170.1268;	found:170.1270.	
	

4-(4-chloro-2-methylphenoxy)butanoic-1-13C	 acid	 (2k).	
Following	GP-B	starting	from	1k	(37.4	mg,	0.1	mmol)	afforded	the	
title	 compound	 as	 a	white	 solid	 (16	mg,	 0.070	mmol,	 70%).	 Its	
mass	 isotopic	 pattern	 analysis	 showed	 a	 50%	 13C	 isotope	
incorporation.	

1H	NMR	(500	MHz,	CDCl3)	δ	=	7.11	–	7.07	(m,	2H),	6.70	(d,	J	=	8.2	Hz,	1H),	3.99	(t,	J	
=	5.9	Hz,	2H),	2.67	–	2.58	(m,	2H),	2.18	(s,	3H),	2.17	–	2.13	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	179.0,	155.6,	130.6,	128.8,	126.4,	125.2,	112.0,	66.9,	
30.7,	24.6,	16.2	ppm.	
Mp:	95-98	°C.	
IR	(neat):	ν	=	2966,	2952,	2917,	2886,	1714,	1695,	1671,	1494,	1467,	1397,	1273,	
1245,	1212,	1192,	1132,	1037,	920,	880,	813,	770,	660	cm-1.	
HRMS	(ESI):	High	Resolution	Mass	Spectrometry	analysis	proved	to	be	difficult	by	
ESI	or	MALDI	ionization	methods.	Analysis	of	the	C-exchange	was	performed	with	
nominal	mass	 data	 from	 GC-MS	 after	 in-situ	 derivatization	 to	 the	 corresponding	
methyl	ester.		
	

(4R)-4-((3R,5R,8S,10S,13R)-3-hydroxy-
10,13-dimethylhexadecahydro-1H-

cyclopenta[a]phenanthren-16-
yl)pentanoic-1-13C	acid	(2l).	Following	GP-B	
starting	 from	 1l	 (52.1	 mg,	 0.1	 mmol),	
purification	via	flash	column	chromatography	
(SiO2,	 hexanes/EtOAc/DCM,	 10/1/1	 to	

6/2/1)	 afforded	 the	 title	 compound	 as	 a	 white	 solid	 (23.8	 mg,	 58	%).	 Its	 mass	
isotopic	pattern	analysis	showed	a	65%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	Methanol-d4)	δ	=	3.54	(tt,	J	=	11.1,	4.6	Hz,	1H),	2.39	–	2.28	(m,	
1H),	2.26	–	2.14	(m,	1H),	2.06	–	1.71	(m,	6H),	1.67	–	1.56	(m,	2H),	1.52	–	1.06	(m,	
18H),	0.96	–	0.94	(m,	6H),	0.69	(s,	3H)	ppm.	
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13C	NMR	(101	MHz,	Methanol-d4)	δ	=	178.1,	72.4,	57.9,	57.5,	43.9,	43.5,	41.9,	41.5,	
37.2,	37.2,	36.7	(d,	J	=	3.7	Hz),	36.5,	35.7,	32.3,	32.0	(d,	J	=	55.2	Hz),	31.2,	29.2,	28.4,	
27.7,	25.3,	24.0,	22.0,	18.8,	12.5	ppm.	
IR	(neat):	ν	=	3283,	2854,	2539,	1700,	1659,	1448,	1366,	1329,	1200,	1040,	899,	
739,	606,	499	cm-1.		
Mp:	182-183	°C	
[a]20D=	+10.5°	(c	=	0.1,	CH2Cl2).	
HRMS	(ESI):	m/z	calc.	for	(C2313CH39O3-)	[M-H]-	:	376.2938;	found:	376.2925.	
	

3-(((tert-butoxycarbonyl)amino)methyl)-5-
methylhexanoic-1-13C	acid	(2m)	Following	GP-B	 starting	
from	1m	(40,5	mg,	0.1	mmol)	afforded	the	title	compound	as	

a	white	solid	(16,1	mg,	0.062	mmol,	62%).	Its	mass	isotopic	pattern	analysis	showed	
a	49%	13C	isotope	incorporation.	
1H	NMR	(300	MHz,	CDCl3)	δ	=	6.24	(s,	0.3H,	NH),	4.77	(s,	0.7H,	NH),	3.30	–	3.16	(m,	
1H),	3.13	–	2.75	(m,	1H),	2.40	–	2.01	(m,	3H),	1.76	–	1.57	(m,	1H),	1.45	(s,	9H),	1.16	
(t,	J	=	7.6	Hz,	2H),	0.90	(d,	J	=	5.2	Hz,	3H),	0.88	(d,	J	=	5.2	Hz,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	177.8,	156.7,	79.8,	44.0,	41.5,	37.3	(d,	1J	=	56.4	Hz),	
33.9,	28.5	(3C),	25.3,	22.8,	22.8	ppm.	
Mp:	67-69	ºC.	
IR	(neat):	ν	=	cm-1	3310,	3250,	3091,	2954,	2930,	2535,	1698,	1646,	1468,	1415,	
1355,	1310,	1279,	1258,	1165,	1117,	1007,	978,	775.	
[a]20D=	-35.5°	(c	=	0.1,	CH2Cl2).	
HRMS	(ESI):	m/z	calc.	for	(C1213CH24NO4-)	[M-H]-	:589.1744;	found:259.1744.	
	

2-((4R,6R)-6-(2-(2-(4-
fluorophenyl)-5-isopropyl-3-

phenyl-4-(phenylcarbamoyl)-1H-
pyrrol-1-yl)ethyl)-2,2-dimethyl-

1,3-dioxan-4-yl)acetic-1-13C	 acid	
(2n).	Following	GP-B	starting	from	1n	
(74.4	 mg,	 0.1	 mmol),	 quenching	 the	
reaction	 with	 sat.	 NH4Cl	 and	
performing	 the	 purification	 via	 flash	

column	 chromatography	 (SiO2,	 hexanes/EtOAc/HCO2H,	 75/25/0	 to	 75/25/1)	
afforded	the	title	compound	as	an	orange	solid	(29.7	mg,	0.050	mmol,	50%).	Its	mass	
isotopic	pattern	analysis	showed	a	6%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3)	δ	=	7.22	–	7.12	(m,	10H),	7.09	–	7.03	(m,	2H),	7.03	–	6.95	
(m,	3H),	6.87	(s,	1H),	4.25	–	4.16	(m,	1H),	4.13	–	4.04	(m,	1H),	3.91	–	3.80	(m,	1H),	
3.70	(td,	J	=	9.9,	9.4,	4.3	Hz,	1H),	3.57	(p,	J	=	7.1	Hz,	1H),	2.54	(dd,	J	=	15.9,	6.9	Hz,	1H),	
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2.39	(dd,	J	=	15.9,	5.9	Hz,	1H),	1.75	–	1.49	(m,	4H),	1.53	(d,	J	=	7.1	Hz,	6H),	1.37	(s,	
3H),	1.32	(s,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	174.9,	165.1,	162.4	(d,	1JF-C	=	247.9	Hz),	141.6,	138.4,	
134.7,	 133.3,	 133.3,	 130.6,	 128.9,	 128.8,	 128.5,	 128.4,	 128.4,	 126.7,	 123.7,	 122.0,	
119.8,	115.6,	115.4,	99.1,	66.5,	65.6,	42.6,	41.1,	40.9,	38.0,	35.9,	30.0,	26.2,	23.4,	21.9,	
21.7,	19.8	ppm.	
19F	NMR	(376	MHz,	CDCl3)	δ	=-113.7	ppm.	
IR	(neat):	ν	=	3402,	3060,	2962,	1714,	1663,	1598,	1528,	1508,	1436,	1381,	1312,	
1222,	1200,	1156,	909,	841,	729,	692	cm-1.		
[a]20D=	-17.9°	(c	=	0.1,	CH2Cl2).	
HRMS	(ESI):	m/z	calc.	for	(C3513CH40FN2O5+)	[M+H]+:	600.2949;	found:	600.2955.	
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12C/13C	isotope	exchange	via	NHP-esters	and	alkyl	chlorides		
§ Via	NHP-esters	

5-phenylpentanoic-1-13C	 acid	 (5a).	 A	 flask	was	 charged	with	N-
hydroxyphthalimide	(7.8	mg,	0.12	mmol,	1.2	equiv.),	DMAP	(1.2	mg,	
0.1	eq.)	and	5-phenylpentanoic	acid	(17.8	mg,	0.1	mmol).	The	flask	
was	evacuated	and	backfilled	with	Ar	three	consecutive	times	before	
adding	DCM	(1	mL).	Thereafter,	DCC	(10.0	mg,	0.12	mmol,	1.2	equiv.)	

was	 added	 to	 the	 vigorously	 stirred	 suspension.	 The	 orange	mixture	was	 stirred	
overnight	(ca.	16	h)	at	room	temperature.	The	resulting	pale-yellow	suspension	was	
filtered	through	a	short	pad	of	SiO2	to	remove	the	formed	urea	with	DCM,	the	filtrate	
was	concentrated	under	reduced	pressure	and	it	was	used	in	the	next	step	without	
further	purification.	Following	GP-B	afforded	the	title	compound	as	a	colorless	oil	
(10.1	mg,	0.057	mmol,	57%).	Its	mass	isotopic	pattern	analysis	showed	a	62%	13C	
isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3)	δ	=	7.33	–	7.24	(m,	2H),	7.23	–	7.15	(m,	3H),	2.64	(t,	J	=	
7.7,	6.7	Hz,	2H),	2.43	–	2.34	(m,	2H),	1.73	–	1.65	(m,	4H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	179.7,	142.1,	128.5	(2C),	128.5	(2C),	126.0,	35.7,	34.0	
(d,	1J	=	55.3	Hz),	30.9	(d,	2J	=	3.8	Hz),	24.4.	ppm.	
IR	(neat):	ν	=	2962,	2921,	2858,	1685,	1659,	1463,	1452,	1407,	1317,	1248,	1195,	
927,	749,	698,	596,	492	cm-1.		
Mp:	56-57	ºC.	
HRMS	(ESI):	m/z	calc.	for	(C1013CH13O2-)	[M-H]-	:178.0955;	found:178.0957.	

Cyclohexanecarboxylic-13C	acid	(5b).	A	flask	was	charged	with	N-
hydroxyphthalimide	(7.8	mg,	0.12	mmol,	1.2	equiv.),	DMAP	(1.2	mg,	
0.1	 eq.)	 and	 cyclohexanecarboxylic	 acid	 (12.8	mg,	0.1	mmol).	The	

flask	was	evacuated	and	backfilled	with	Ar	three	consecutive	times	before	adding	
DCM	 (1	mL).	Thereafter,	DCC	 (10.0	mg,	 0.12	mmol,	 1.2	 equiv.)	was	 added	 to	 the	
vigorously	stirred	suspension.	The	orange	mixture	was	stirred	overnight	(ca.	16	h)	
at	room	temperature.	The	resulting	pale-yellow	suspension	was	filtered	through	a	
short	pad	of	SiO2	 to	remove	the	formed	urea,	 the	filtrate	was	concentrated	under	
reduced	 pressure	 and	 it	 was	 used	 in	 the	 next	 step	 without	 further	 purification.	
Following	GP-B	afforded	the	title	compound	as	a	colorless	oil	(5.9	mg,	0.046	mmol,	
46%).	Its	mass	isotopic	pattern	analysis	showed	a	27%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3)	δ	=	2.38	–	2.28	(m,	1H),	2.00	–	1.87	(m,	2H),	1.84	–	1.71	
(m,	2H),	1.70	–	1.60	(m,	1H),	1.53	–	1.40	(m,	2H),	1.39	–	1.22	(m,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	=	182.1,	43.0	(d,	1J	=	55.5	Hz),	28.9,	25.8	(2C),	25.5(d,	
2J	=	4.1	Hz,	2C)	ppm.	
IR	(neat):	ν	=	cm-1	2934,	2857,	2670,	1695,	1450,	1419,	1312,	1256,	1211,	1181,	
947,	922,	893,	734,	685,	529,	506.		
HRMS	(ESI):	m/z	calc.	for	(C613CH11O2-)	[M-H]-	:128.0798;	found:	128.0796.	
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§ Via	alkyl	chlorides	
	

5-phenylpentanoic-1-13C	 acid	 (5a).	 To	 a	 solution	 of	 5-
phenylpentanoic	 acid	 (35.6	mg,	 0.2	mmol)	 and	Ag(Phen)2OTf	 (10	
mol%)	in	anhydrous	acetonitrile	(2	mL,	0.1	M)	was	added	tert-butyl	
hypochlorite	 (1.5	 eq)	 at	 room	 temperature	 under	 nitrogen	
atmosphere.	The	reaction	mixture	was	then	stirred	at	45	°C	for	24	h,	

until	the	carboxylic	acid	was	all	consumed	as	monitored	by	TLC.	1	mL	of	water	were	
then	 added,	 the	 resulting	 mixture	 was	 extracted	 with	 dichloromethane	 and	 the	
combined	 organic	 phases	 were	 dried	 over	 anhydrous	 Na2SO4.	 The	 solvent	 was	
removed	under	reduced	pressure,	diluted	with	hexanes/EtOAc	(20/1)	and	filtered	
through	a	short	pad	of	SiO2	to	afford	the	title	compound	as	a	colorless	liquid,	that	
was	used	in	the	next	step	without	further	purification.	Following	general	procedure	
GP-4-A	(page	S34,	assuming	50%	yield	in	the	chlorination	step)	and	performing	the	
purification	 by	 acid/base	 extraction	 (NaHCO3/EtOAC/HCl	 2	M)	 afforded	 the	 title	
compound	as	a	white	solid	(8.7	mg,	24	%).	Its	mass	isotopic	pattern	analysis	showed	
a	>99%	13C	isotope	incorporation.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.30	–	7.27	(m,	2H),	7.22	–	7.15	(m,	3H),	2.67	–	2.61	
(m,	2H),	2.44	–	2.27	(m,	2H),	1.74	–	1.60	(m,	4H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	179.1,	142.1,	128.5	(2C),	128.5	(2C),	126.0,	35.7,	
33.9	(d,	1J	=	55.3	Hz),	30.9	(d,	2J	=	3.4	Hz),	24.4	(d,	3J	=	1.8	Hz)	ppm.	
IR	(neat):	ν	=	3027,	2921,	2853,	1656,	1494,	1452,	1413,	1315,	1244,	1189,	1073,	
1047,	1029,	928,	749,	698,	676,	597,	492	cm-1.		
Mp:	57-58	°C.	
HRMS	(ESI):	m/z	calc.	for	(C1013CH13O2-)	[M-H]-	:178.0955;	found:178.0949.	
	

Cyclohexanecarboxylic-1-13C	 acid	 (5b).	 To	 a	 solution	 of	
cyclohexanecarboxylic	acid	(51.2	mg,	0.2	mmol)	and	Ag(Phen)2OTf	
(5	mol%)	in	anhydrous	acetonitrile	(4	mL,	0.1	M)	was	added	t-butyl	

hypochlorite	(1.5	equiv)	at	rt	under	nitrogen	atmosphere.	The	reaction	mixture	was	
then	stirred	at	rt	for	24	h,	until	the	carboxylic	acid	was	all	consumed	as	monitored	
by	TLC.	2	mL	of	water	were	then	added,	the	resulting	mixture	was	extracted	with	
diethyl	ether	and	the	combined	organic	phases	were	dried	over	anhydrous	Na2SO4.	
The	solvent	was	removed	under	reduced	pressure,	diluted	with	pentane	and	filtered	
through	 a	 short	 pad	 of	 SiO2	 to	 afford	 the	 title	 compound	 as	 a	 colorless	 liquid.	
Following	 general	 procedure	 GP-4-B	 (page	 S34,	 assuming	 50%	 yield	 in	 the	
chlorination	 step)	 and	 performing	 the	 purification	 by	 acid/base	 extraction	
(NaHCO3/EtOAC/HCl	2	M)	afforded	the	title	compound	as	an	oil	(12.0	mg,	23	%).	Its	
mass	isotopic	pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	
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1H	NMR	(400	MHz,	CDCl3):	δ	=	2.39	–	2.28	(m,	1H),	1.99	–	1.89	(m,	2H),	1.82	–	1.73	
(m,	2H),	1.70	–	1.61	(m,	1H),	1.52	–	1.38	(m,	2H),	1.36	–	1.20	(m,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	182.6,	43.0	(d,	1J	=	55.4	Hz),	28.9	(2C),	25.8,	25.5	(d,	
2J	=	4.1	Hz,	2C)	ppm.	
IR	(neat):	ν	=	3040,	2930,	2855,	1657,	1451,	1399,	1310,	1251,1205,	1135,	920,	894,	
724,	675,	528	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C613CH11O2-)	[M-H]-	:	128.0798;	found:	128.0768.	
	
	

12C/13C	isotope	exchange	via	aliphatic	chlorides	
General	procedure	(GP-3)	for	chlorination	
Alkyl	chlorides	(4a-4j)	were	prepared	adapting	the	procedure	by	Chaozhong	Li	et	
al.32	
To	 a	 solution	 of	 carboxylic	 acid	 (1.0	 equiv)	 and	 Ag(Phen)2OTf	 (5	 mmol%	 -	 10	
mmol%)	in	anhydrous	acetonitrile	(0.1	M)	was	added	tert-butyl	hypochlorite	(1.5	
equiv)	at	room	temperature	under	nitrogen	atmosphere.	The	reaction	mixture	was	
then	stirred	at	room	temperature	or	45	°C	for	4-24	h,	until	the	carboxylic	acid	was	
all	consumed	as	monitored	by	TLC.	10	mL	of	water	were	then	added,	the	resulting	
mixture	was	extracted	with	dichloromethane	and	the	combined	organic	phases	were	
dried	over	anhydrous	Na2SO4.	After	the	removal	of	solvent	under	reduced	pressure,	
the	crude	product	was	purified	by	column	chromatography	on	silica	gel	to	give	the	
pure	product.	

(4-chlorobutyl)benzene	(4a).	To	a	solution	of	5-phenylpentanoic	acid	
(178	 mg,	 1.0	 mmol)	 and	 Ag(Phen)2OTf	 (10	 mol%)	 in	 anhydrous	
acetonitrile	 (10	 mL,	 0.1	 M)	 was	 added	 tert-butyl	 hypochlorite	 (1.5	
equiv)	at	room	temperature	under	nitrogen	atmosphere.	The	reaction	
mixture	was	then	stirred	at	45	°C	for	24	h,	until	the	carboxylic	acid	was	

all	consumed	as	monitored	by	TLC.	10	mL	of	water	were	then	added,	the	resulting	
mixture	was	extracted	with	dichloromethane	and	the	combined	organic	phases	were	
dried	over	anhydrous	Na2SO4.	The	solvent	was	removed	under	reduced	pressure,	
diluted	with	hexanes/EtOAc	(20/1)	and	filtered	through	a	short	pad	of	SiO2	to	afford	
the	title	compound	as	a	colorless	liquid	(88	mg,	52	%).	
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.31	–	7.27	(m,	2H),	7.22	–	7.17	(m,	3H),	3.55	(t,	J	=	
6.4	Hz,	2H),	2.65	(t,	J	=	7.2	Hz,	2H),	1.85	–	1.75	(m,	4H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	142.0,	128.5	(2C),	128.5	(2C),	126.0,	45.1,	35.2,	32.2,	
28.7	ppm.	
Spectral	data	was	in	agreement	with	the	literature.48	
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Chlorocyclohexane	 (4b)	 CAS:	 542-18-7.	 To	 a	 solution	 of	
cyclohexanecarboxylic	 acid	 (128	mg,	1.0	mmol)	 and	Ag(Phen)2OTf	 (5	
mol%)	 in	 anhydrous	 MeCN	 (10	 mL,	 0.1	 M)	 was	 added	 t-butyl	

hypochlorite	(1.5	equiv)	at	rt	under	nitrogen	atmosphere.	The	reaction	mixture	was	
then	stirred	at	rt	for	24	h,	until	the	carboxylic	acid	was	all	consumed	as	monitored	
by	TLC.	10	mL	of	water	was	then	added,	the	resulting	mixture	was	extracted	with	
diethyl	ether	and	the	combined	organic	phases	were	dried	over	anhydrous	Na2SO4.	
The	solvent	was	removed	under	reduced	pressure,	diluted	with	pentane	and	filtered	
through	a	short	pad	of	SiO2	to	afford	the	title	compound	as	a	colorless	liquid	(63	mg,	
53	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	4.00	(tt,	J	=	9.4,	3.9	Hz,	1H),	2.11	–	2.01	(m,	2H),	1.85	
–	1.76	(m,	2H),	1.73	–	1.60	(m,	2H),	1.54	–	1.47	(m,	1H),	1.42	–	1.26	(m,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	60.5,	36.8	(2C),	25.3	(2C),	25.0	ppm.	
	

8-chloro-2,2-dimethyloctanenitrile	 (4c)	 Following	 GP-3	 starting	
from	 8-cyano-8-methylnonanoic	 acid	 (58.2	 mg,	 0.3	 mmol)	 and	
Ag(Phen)2OTf	(10	mmol%),	the	reaction	mixture	was	stirred	at	45	°C.	
Purification	via	flash	column	chromatography	(SiO2,	hexanes	/	EtOAc,	
10/1)	afforded	the	title	compound	as	a	colourless	liquid	(45	mg,	82	%).	

1H	NMR	(400	MHz,	CDCl3):	δ	=	3.53	(t,	J	=	6.6	Hz,	2H),	1.83	–	1.66	(m,	2H),	1.51	–	
1.42	(m,	6H),	1.40	–	1.35	(m,	2H),	1.33	(s,	6H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	125.3,	45.1,	41.1,	32.6,	32.5,	28.9,	26.8	(2C),	26.7,	
25.2	ppm.	
Spectral	data	was	in	agreement	with	the	literature.49	
	

6-chlorohexyl	3-fluorobenzoate	 (4d)	Following	GP-3	 starting	
from	7-((3-fluorobenzoyl)oxy)heptanoic	acid	(80	mg,	0.3	mmol)	
and	Ag(Phen)2OTf	(10	mmol%),	the	reaction	mixture	was	stirred	
at	 45	 °C.	 Purification	 via	 flash	 column	 chromatography	 (SiO2,	
hexanes/EtOAc,	 20/1)	 afforded	 the	 compound	 as	 a	 colorless	
liquid	(48	mg,	62	%).	

1H	NMR	(400	MHz,	CDCl3):	δ	=	7.83	(ddd,	J	=	7.7,	1.5,	1.1	Hz,	1H),	7.71	(ddd,	J	=	9.3,	
2.7,	1.5	Hz,	1H),	7.42	(td,	J	=	8.0,	5.5	Hz,	1H),	7.28	–	7.23	(m,	1H),	4.33	(t,	J	=	6.6	Hz,	
2H),	3.55	(t,	J	=	6.6	Hz,	2H),	1.89	–	1.71	(m,	4H),	1.59	–	1.42	(m,	4H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	165.7	(d,	J	=	3.0	Hz),	162.7	(d,	J	=	246.8	Hz),	132.8	
(d,	J	=	7.3	Hz),	130.1	(d,	J	=	7.7	Hz),	125.4	(d,	J	=	3.1	Hz),	120.1	(d,	J	=	21.3	Hz),	116.6	
(d,	J	=	23.0	Hz),	65.4,	45.1,	32.6,	28.7,	26.7,	25.5	ppm.	
Spectral	data	was	in	agreement	with	the	literature.49		
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6-chlorohexyl	1-methyl-1H-pyrrole-2-carboxylate	(4e).	To	an	
oven-dried	screw-cap	Schlenk	tube	equipped	with	a	magnetic	stir-
bar	 was	 added	 7-((1-methyl-1H-pyrrole-2-
carbonyl)oxy)heptanoic	 acid	 (0.3	 mmol,	 1.0	 equiv),	 cesium	
carbonate	(0.3	mmol,	1.0	equiv.),	N-chlorosuccinimide	(0.6	mmol,	
2.0	 equiv)	 and	 [Ir(dF(CF3)ppy)2(dtbbpy)]PF6	 (0.006	 mmol,	 2	

mol%).	 Chlorobenzene	 (6.0	 mL,	 0.05	 M)	 was	 then,	 the	 reaction	 mixture	 was	
degassed	using	three	freeze-pump-thaw	cycles	and	the	tube	was	finally	back-filled	
with	argon.	The	reaction	mixture	was	allowed	to	stir	at	rt	for	18	h	under	irradiation	
of	 visible	 light	 from	5	W	blue	LEDs	 (λmax	=	455	nm).	The	 reaction	mixture	was	
filtered	 through	a	 short	 (1	 cm)	pad	of	 silica	 and	 the	 solvent	was	 removed	under	
reduced	 pressure.	 The	 crude	 reaction	 mixture	 was	 purified	 by	 flash	 column	
chromatography	(SiO2,	hexanes/EtOAc,	10/1)	and	afforded	the	title	compound	as	a	
colorless	liquid	(28	mg,	36	%).	We	could	recover	50%	of	the	corresponding	starting	
material.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	6.93	(dd,	J	=	4.0,	1.8	Hz,	1H),	6.78	(t,	J	=	2.3	Hz,	1H),	
6.11	(dd,	J	=	4.0,	2.5	Hz,	1H),	4.22	(t,	J	=	6.6	Hz,	2H),	3.92	(d,	J	=	0.4	Hz,	3H),	3.54	(t,	J	
=	6.7	Hz,	2H),	1.89	–	1.67	(m,	4H),	1.55	–	1.40	(m,	4H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	161.5,	129.5,	122.8,	117.8,	107.9,	63.8,	45.1,	36.9,	
32.6,	28.8,	26.7,	25.6	ppm.	
Spectral	data	was	in	agreement	with	the	literature.	49		
	

6-chlorohexyl	 pivalate	 (4f).	 Following	 GP-3	 starting	 from	 7-
(pivaloyloxy)heptanoic	acid	(46	mg,	0.2	mmol)	and	Ag(Phen)2OTf	(10	
mmol%	),	the	reaction	mixture	was	stirred	at	45	°C.	Purification	via	
flash	column	chromatography	(SiO2,	hexanes/EtOAc,	10/1)	afforded	
the	compound	as	a	white	liquid	(36	mg,	83	%).	

1H	NMR	(400	MHz,	CDCl3):	δ	=	4.05	(t,	J	=	6.6	Hz,	2H),	3.53	(t,	J	=	6.7	Hz,	2H),	1.83	–	
1.74	(m,	2H),	1.69	–	1.60	(m,	2H),	1.52	–	1.43	(m,	2H),	1.43	–	1.34	(m,	2H),	1.19	(s,	
9H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	178.8,	64.3,	45.1,	38.9,	32.6,	28.6,	27.4	(3C),	26.7,	
25.4	ppm.	
Spectral	data	was	in	agreement	with	the	literature.	49		
	

Menthyl	 chloride	 (4g)	 Following	 GP-3	 starting	 from	 (-)menthyl	
carboxylic	acid	(18.4	mg,	0.2	mmol)	and	Ag(Phen)2OTf	(5	mmol%),	
the	reaction	mixture	was	stirred	at	rt.	Purification	via	 flash	column	
chromatography	(SiO2,	hexanes)	afforded	the	compound	as	colorless	
liquid	(21.6	mg,	62	%)	as	a	1:1	mixture	of	diastereoisomers.	
1H	NMR	(500	MHz,	CDCl3):	δ	=	4.51	(dd,	J	=	2.9,	1.5	Hz,	0.5H),	3.78	
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(td,	J	=	11.1,	4.2	Hz,	0.5H),	2.41	–	2.26	(m,	0.5H),	2.28	–	2.16	(m,	0.5H),	2.06	(dtd,	J	=	
14.0,	3.4,	2.3	Hz,	0.5H),	1.98	–	1.83	(m,	0.5H),	1.77	–	1.67	(m,	2H),	1.62	–	1.49	(m,	
0.5H),	1.47	–	1.24	(m,	3H),	1.08	–	0.97	(m,	1H),	0.96	–	0.90	(m,	6.5H),	0.88	(d,	J	=	6.6	
Hz,	1.5H),	0.77	(d,	J	=	6.9	Hz,	1.5H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	64.0,	63.5,	50.6,	49.1,	46.9,	43.5,	35.0,	34.4,	33.5,	
30.2,	27.3,	26.0,	24.4,	22.1,	22.0,	21.1,	20.9,	20.3,	15.3	ppm.	
Spectral	data	was	in	agreement	with	the	literature.	49		
	

1-chloroadamantane	(4h)	Following	GP-3	starting	from	adamantane-1-
carboxylic	acid	 (180	mg,	1.0	mmol)	and	Ag(Phen)2OTf	 (5	mmol%),	 the	
reaction	 mixture	 was	 stirred	 at	 rt.	 Purification	 via	 flash	 column	
chromatography	(SiO2,	hexanes)	afforded	the	compound	as	a	white	solid	

(159	mg,	94	%).	
1H	NMR	(500	MHz,	CDCl3):	δ	=	2.14	(s,	9H),	1.68	(s,	6H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	69.0,	47.9	(3C),	35.7	(3C),	31.9	(3C)	ppm.	
Spectral	data	was	in	agreement	with	the	literature.32		
	

1-(tert-butyl)-4-(chloromethyl)benzene	 (4i)	 Following	
GP-3	 starting	 from	 2-(4-(tert-butyl)phenyl)acetic	 acid	 (192	
mg,	 1.0	mmol)	 and	 Ag(Phen)2OTf	 (5	mmol%),	 the	 reaction	
mixture	 was	 stirred	 at	 rt.	 Purification	 via	 flash	 column	

chromatography	 (SiO2,	 hexanes)	 afforded	 the	 title	 compound	 as	 colorless	 liquid	
(141	mg,	77	%).	
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.36	(d,	J	=	7.6	Hz,	2H),	7.30	(d,	J	=	7.6	Hz,	2H),	4.55	
(s,	2H),	1.29	(s,	9H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	151.7,	134.7,	128.5	(2C),	125.9	(2C),	46.3,	34.8,	31.4	
(3C)	ppm.	
Spectral	data	was	in	agreement	with	the	literature.	32		
	

1-(chloromethyl)-4-fluorobenzene	 (4j)	 Following	 GP-3	
starting	from	2-(4-fluorophenyl)acetic	acid	(77	mg,	0.5	mmol)	and	
Ag(Phen)2OTf	(5	mmol%),	the	reaction	mixture	was	stirred	at	rt.	

Purification	 via	 flash	 column	 chromatography	 (SiO2,	 hexanes)	 afforded	 the	
compound	as	colorless	liquid	(54	mg,	75	%).	
1H	NMR	(400	MHz,	CDCl3):	δ	7.43	–	7.29	(m,	2H),	7.13	–	6.97	(m,	2H),	4.57	(s,	2H)	
ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	162.8	(d,	1J	=	247.6	Hz),	133.5	(d,	4J	=	3.3	Hz),	130.6	
(d,	3J	=	8.4	Hz,	2C),	115.8	(d,	2J	=	21.8	Hz,	2C),	45.6	ppm.	
19F	NMR	(376	MHz,	CDCl3)	δ	=	-115.5	ppm.	
Spectral	data	was	in	agreement	with	the	literature.50	 	
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General	procedure	(GP-4-A)	for	the	carboxylation	of	alkyl	chlorides.	The	alkyl	
carboxylic	acids	were	prepared	adapting	the	procedure	by	Martin	et	al.49	An	oven-
dried	 Schlenk	 tube	 containing	 a	 stirring	 bar	 was	 charged	 with	 Mn	 powder	 (3.0	
equiv),	TBAB	(1.0	equiv)	and	L2	(24	mol%).	The	Schlenk	tube	was	then	introduced	
in	a	glovebox	where	it	was	charged	with	NiBr2×glyme	(10	mol%).	The	tube	was	taken	
out	of	the	glovebox,	evacuated	and	backfilled	with	argon	for	three	consecutive	times.	
Then,	the	corresponding	alkyl	chloride	(0.1-0.2	mmol)	and	the	solvent	DMF	(0.167	
M)	 were	 added	 under	 argon	 flow.	 The	 tube	was	 cold	 down	 to	 -50°C,	 put	 under	
vacuum	for	20	seconds	and	then	the	13CO2	was	transferred	to	the	Schlenk	flask.	It	
was	closed	and	stirred	at	60	°C	for	20	hours	unless	otherwise	stated.	The	mixture	
was	quenched	with	2	M	HCl	to	hydrolyze	the	resulting	carboxylate	and	extracted	3	
times	 with	 EtOAc.	 The	 combined	 organic	 layers	 were	 dried	 over	 Na2SO4	 and	
concentrated	 under	 reduced	 pressure.	 The	 crude	 obtained	was	 purified	 by	 flash	
chromatography	on	silica	gel	(hexanes/EtOAc).		
	
General	procedure	GP-4-B:	An	oven-dried	Schlenk	tube	containing	a	stirring	bar	
was	 charged	 with	 Mn	 powder	 (3.0	 equiv),	 LiCl	 (1.0	 equiv),	 L3	 (24	 mol%),	 The	
Schlenk	 tube	 was	 then	 introduced	 in	 a	 glovebox	 where	 it	 was	 charged	 with	
NiBr2×diglyme	(10	mol%).	The	tube	was	taken	out	of	the	glovebox	and	evacuate	and	
backfill	 with	 argon	 for	 three	 consecutive	 times.	 Then,	 the	 corresponding	 alkyl	
chloride	(0.1-0.2	mmol)	and	the	solvent	DMF	(0.4	M)	were	added	under	argon	flow.	
The	reaction	tube	was	cold	down	to	-50	°C,	put	under	vacuum	for	20	seconds	and	
then	the	13CO2	was	transferred	to	the	Schlenk	flask.	was	closed	and	stirred	at	90	°C	
for	20	hours	unless	otherwise	stated.	The	mixture	was	quenched	with	2	M	HCl	to	
hydrolyze	the	resulting	carboxylate	and	extracted	3	times	with	EtOAc.	The	combined	
organic	layers	were	dried	over	Na2SO4	and	concentrated	under	reduced	pressure.	
The	products	were	purified	by	flash	chromatography	on	silica	gel	(hexanes/EtOAc).		
	
General	procedure	GP-4-C:	An	oven-dried	Schlenk	tube	containing	a	stirring	bar	
was	charged	with	PCp3·HBF4	(20	mol%),	MgCl2	(2.0	eq)	and	Zn	(dust,	5.0	equiv).	The	
Schlenk	 tube	 was	 then	 introduced	 in	 a	 glovebox	 where	 it	 was	 charged	 with	
NiCl2·glyme	(10	mol%).	The	tube	was	taken	out	of	the	glovebox	and	evacuate	and	
backfill	 with	 argon	 for	 three	 consecutive	 times.	 Then,	 the	 corresponding	 alkyl	
chloride	(0.1-0.2	mmol)	and	the	solvent	DMF	(0.5	M)	were	added	under	argon	flow.	
The	tube	was	cold	down	to	-50	°C,	put	under	vacuum	for	20	seconds	and	then	the	
13CO2	was	transferred	to	the	Schlenk	flask.	It	was	closed	and	stirred	at	RT	overnight.	
The	mixture	was	quenched	with	2	M	HCl	to	hydrolyze	the	resulting	carboxylate	and	
extracted	3	times	with	EtOAc.	The	combined	organic	layers	were	dried	over	Na2SO4	
and	 concentrated	 under	 reduced	 pressure.	 The	 product	 was	 purified	 by	 flash	
chromatography	on	silica	gel	(hexanes/EtOAc).		
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5-phenylpentanoic-1-13C	 acid	 (5a)	 Following	 general	 procedure	
GP-4-A,	using	(4-chlorobutyl)benzene	4a	(16.8	mg,	0.1	mmol)	and	
performing	 the	 purification	 by	 acid/base	 extraction	
(NaHCO3/EtOAC/HCl	2	M)	afforded	the	title	compound	as	a	white	
solid	 (8.8	mg,	 50	%).	 Its	mass	 isotopic	pattern	 analysis	 showed	a	

>99%	13C	isotope	incorporation.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.30	–	7.27	(m,	2H),	7.22	–	7.15	(m,	3H),	2.67	–	2.61	
(m,	2H),	2.44	–	2.27	(m,	2H),	1.74	–	1.60	(m,	4H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	179.1,	142.1,	128.5	(2C),	128.5	(2C),	126.0,	35.7,	
33.9	(d,	1J	=	55.3	Hz),	30.9	(d,	2J	=	3.4	Hz),	24.4	(d,	3J	=	1.8	Hz)	ppm.	
IR	(neat):	ν	=	3027,	2921,	2853,	1656,	1494,	1452,	1413,	1315,	1244,	1189,	1073,	
1047,	1029,	928,	749,	698,	676,	597,	492	cm-1.		
Mp:	57-58	°C.	
HRMS	(ESI):	m/z	calc.	for	(C1013CH13O2-)	[M-H]-	:178.0955;	found:178.0949.	
	

Cyclohexanecarboxylic-1-13C	 acid	 (5b)	 Following	 general	
procedure	GP-4-B,	using	chlorocyclohexane	4b	(23.7	mg,	0.2	mmol)	
and	 performing	 the	 purification	 by	 acid/base	 extraction	

(NaHCO3/EtOAC/HCl	2	M)	afforded	the	title	compound	as	an	oil	(12.0	mg,	47	%).	Its	
mass	isotopic	pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3):	δ	=	2.39	–	2.28	(m,	1H),	1.99	–	1.89	(m,	2H),	1.82	–	1.73	
(m,	2H),	1.70	–	1.61	(m,	1H),	1.52	–	1.38	(m,	2H),	1.36	–	1.20	(m,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	182.6,	43.0	(d,	1J	=	55.4	Hz),	28.9	(2C),	25.8,	25.5	(d,	
2J	=	4.1	Hz,	2C)	ppm.	
IR	(neat):	ν	=	3040,	2930,	2855,	1657,	1451,	1399,	1310,	1251,1205,	1135,	920,	894,	
724,	675,	528	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C613CH11O2-)	[M-H]-	:	128.0798;	found:	128.0768.	
	

8-cyano-8-methylnonanoic-1-13C	 acid	 (5c).	 Following	 general	
procedure	 GP-4-A,	 using	 8-chloro-2,2-dimethyloctanenitrile	 4c	
(18.7	mg,	0.1	mmol)	and	purification	by	column	chromatography	
on	 silica	 gel	 (hexanes/EtOAc	 10/1	 followed	 by	 hexanes/EtOAc	
1/1)	afforded	 the	 title	 compound	as	an	oil	 (13.3	mg,	68	%).	 Its	

mass	isotopic	pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3):	2.36	(q,	J	=	7.3	Hz,	2H),	1.70	–	1.58	(m,	2H),	1.54	–	1.45	
(m,	4H),	1.44	–	1.34	(m,	4H),	1.33	(s,	6H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	179.2,	125.3,	41.2,	33.9	(d,	1J	=	55.4	Hz),	32.5,	29.4,	
29.0	(d,	2J	=	3.4	Hz),	26.8	(2C),	25.2,	24.7	(d,	3J	=	1.8	Hz)	ppm.	
IR	(neat):	ν	=	2976,	2936,	2861,	2235,	1666,	1470,	1393,	1370,	1271,	1228,	1206,	
1120,	1076,	939	cm-1.		
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HRMS	(ESI):	m/z	calc.	for	(C1013CH18NO2-)	[M-H]-	:	197.1377;	found:197.1375.	
	

7-((3-fluorobenzoyl)oxy)heptanoic-1-13C	 acid	 (5d)	
Following	general	procedure	GP-4-A,	using	6-chlorohexyl	3-
fluorobenzoate	 4d	 (25.8	 mg,	 0.1	 mmol).	 Purification	 by	
column	 chromatography	 on	 silica	 gel	 (hexanes/EtOAc	 10/1	
followed	by	hexanes/	EtOAc	1/1)	afforded	the	title	compound	
as	 a	 white	 solid	 (20	 mg,	 75	 %).	 Its	 mass	 isotopic	 pattern	

analysis	showed	a	>99%	13C	isotope	incorporation.	
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.83	(dt,	J	=	7.7,	1.0	Hz,	1H),	7.71	(ddd,	J	=	9.3,	2.7,	
1.5	Hz,	1H),	7.41	(td,	J	=	8.0,	5.5	Hz,	1H),	7.28	–	7.20	(m,	1H),	4.32	(t,	J	=	6.6	Hz,	2H),	
2.37	(q,	J	=	7.3	Hz,	2H),	1.78	(p,	J	=	6.6	Hz,	2H),	1.73	–	1.63	(m,	2H),	1.51	–	1.39	(m,	
4H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	179.9,	165.7	(d,	4JF-C	=	3.0	Hz),	162.7	(d,	1JF-C	=	246.9	
Hz),	132.7	(d,	3JF-C	=	7.4	Hz),	130.1	(d,	3JF-C	=	7.8	Hz),	125.4	(d,	4JF-C	=	2.9	Hz),	120.1	(d,	
2JF-C	=	21.3	Hz),	116.6	(d,	2JF-C	=	23.0	Hz),	65.4,	34.0	(d,	1JC-C	=	55.2	Hz),	28.8	(d,	2JC-C	=	
3.5	Hz),	28.6,	25.8,	24.6	ppm.	
19F	NMR	(376	MHz,	CDCl3):	δ	=	-112.5	ppm.	
IR	(neat):	ν	=	3054,	2941,	2859,	1712,	1657,	1589,	1475,	1445,	1415,	1269,	1201,	
1091,	1071,	963,	896,	803,	753,	726,	674,	530	cm-1.		
Mp:	34-35	°C.	
HRMS	(ESI):	m/z	calc.	for	(C1313CH16FO4-)	[M-H]-	:	268.1072;	found:268.1070.	
	

7-((1-methyl-1H-pyrrole-2-carbonyl)oxy)heptanoic-1-13C	
acid	 (5e)	 Following	 general	 procedure	 GP-4-A,	 using	 6-
chlorohexyl	1-methyl-1H-pyrrole-2-carboxylate	4e	(24.3	mg,	
0.1	mmol).	Purification	by	column	chromatography	on	silica	
gel	(hexanes/EtOAc	t	10/1	followed	by	hexanes/EtOAc	1/1)	
afforded	 the	 title	 compound	 as	 a	 solid	 (15.6	mg,	 62	%).	 Its	

mass	isotopic	pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3):	δ	=	6.93	(dd,	J	=	4.0,	1.8	Hz,	1H),	6.77	(t,	J	=	2.2	Hz,	1H),	
6.10	(dd,	J	=	4.0,	2.5	Hz,	1H),	4.21	(t,	J	=	6.6	Hz,	2H),	3.92	(s,	3H),	2.36	(q,	J	=	7.3	Hz,	
2H),	1.75	–	1.58	(m,	4H),	1.52	–	1.39	(m,	4H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	179.3,	161.6,	129.5,	122.8,	117.8,	107.9,	63.9,	36.9,	
33.9	(d,	1J	=	55.0	Hz),	28.9,	28.8	(d,	2J	=	3.6	Hz),	25.9,	24.7	(d,	3J	=	1.7	Hz)	ppm.	
IR	(neat):	ν	=	2946,	2853,	1693,	1657,	1523,	1467,	1415,	1380,	1320,	1245,	1194,	
1105,	1054,	944,	745,	733,	675,	609,	524,	450	cm-1.		
Mp:	55-56	°C.	
HRMS	(ESI):	m/z	calc.	for	(C1213CH18NO4-)	[M-H]-	:	253.1275;	found:253.1277.	
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7-(pivaloyloxy)heptanoic-1-13C	 acid	 (5f)	 Following	 general	
procedure	 GP-4-A,	 using	 6-chlorohexyl	 pivalate	 4f	 (22.0	 mg,	 0.1	
mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	
(hexanes/	 EtOAc	 10/1	 followed	 by	 hexanes/EtOAc	 1/1)	 afforded	
the	 title	 compound	 as	 an	 oil	 (17.7	 mg,	 77	 %).	 Its	 mass	 isotopic	

pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3):	δ	=	4.04	(t,	J	=	6.6	Hz,	2H),	2.35	(q,	J	=	7.3	Hz,	2H),	1.67	–	
1.54	(m,	4H),	1.43	–	1.34	(m,	4H),	1.19	(s,	9H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	179.8,	64.4,	38.9,	34.0	(d,	1J	=	55.2	Hz),	28.8	(d,	2J	=	
3.6	Hz),	28.6,	27.3	(3C),	25.7,	24.7	d,	J	=	1.7	Hz)	ppm.	
IR	(neat):	ν	=	2935,	2866,	1727,	1707,	1666,	1481,	1461,	1398,	1366,	1284,	1152,	
1034,	940,	891,	772cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C1113CH21O4-)	[M-H]-	:	230.1479;	found:	230.1475.	
	

(-)Menthyl	 carboxylic-1-13C	 acid	 (5g)	 Following	 general	
procedure	 GP-4-B,	 using	 1-Menthyl	 chloride	 4g	 (17.4	 mg,	 0.2	
mmol),	stirred	at	50	°C	 .Purification	by	column	chromatography	
on	 silica	 gel	 (hexanes/EtOAc	 20/1	 followed	 by	 hexanes/EtOAc	
3/1)	 afforded	 the	 title	 compound	 as	 a	 solid	 (7.4	mg,	 40	%).	 Its	
mass	 isotopic	 pattern	 analysis	 showed	 a	 >99%	 13C	 isotope	

incorporation.	
1H	NMR	(400	MHz,	CDCl3):	δ	=	2.31	(tdd,	J	=	11.7,	6.3,	3.4	Hz,	1H),	1.97	–	1.88	(m,	
1H),	1.80	–	1.64	(m,	3H),	1.55	–	1.45	(m,	1H),	1.44	–	1.32	(m,	1H),	1.27	–	1.14	(m,	1H),	
1.09	–	0.95	(m,	2H),	0.92	(d,	J	=	6.8	Hz,	3H),	0.90	(d,	J	=	6.4	Hz,	3H),	0.81	(d,	J	=	6.9	Hz,	
3H)	ppm	
13C	NMR	(101	MHz,	CDCl3):	δ	=	182.6,	47.7	(d,	1J	=	55.3	Hz),	44.4	(d,	3J	=	1.4	Hz),	38.9	
(d,	3J	=	1.8	Hz),	34.7,	32.2	(d,	2J	=	4.4	Hz),	29.4,	23.9(d,	2J	=	4.5	Hz),	22.4,	21.4,	16.1	
ppm.	
IR	(neat):	ν	=	2953,	2925,	2861,	1656,	1454,	1371,	1262,	1197,	1139,	1086,	949,	
879,	696,	556	cm-1.		
Mp:	58-59	°C.	
[a]20D=	-49.5°	(c	=	0.1,	CH2Cl2).	
HRMS	(ESI):	m/z	calc.	for	(C1013CH19O2-)	[M-H]-	:	184.1424;	found:	184.1425.	
	

Adamantane-1-carboxylic-13C	acid	(5h)	Following	general	procedure	
GP-4-B,	using	1-chloroadamantane	4h	(34.0	mg,	0.2	mmol),	TBAB	(2.0	
equiv)	instead	of	LiCl,	Zn	dust	(3.0	equiv)	instead	of	the	Mn	power	and	
DMA	(0.4	M).	The	reaction	was	stirred	at	80	°C	for	20	hours.	Purification	

by	 column	 chromatography	 on	 silica	 gel	 (hexanes/EtOAc	 20/1	 followed	 by	
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hexanes/EtOAc	3/1)	afforded	the	title	compound	as	a	solid	(7.7	mg,	21	%).	Its	mass	
isotopic	pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	
1H	NMR	(400	MHz,	CDCl3):	δ	=	2.03	(s,	3H),	1.91	(s,	6H),	1.78	–	1.65	(m,	6H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	183.7,	40.6	(d,	1J	=	56.6	Hz),	38.7	(3C),	36.6	(3C),	
28.0	(d,	2J	=	3.2	Hz,	3C)	ppm.	
Mp:	167-168	ºC.	
IR	(neat):	ν	=	3020,	2904,	2850,	2615,	1646,	1451,	1389,	1344,	1275,	1245,	1102,	
1083,	937,	817,	740,	668,	526	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C1013CH15O2-)	[M-H]-	:180.1111;	found:180.1115.	
	

2-(4-(tert-butyl)phenyl)acetic-1-13C	 acid	 (5i)	
Following	general	procedure	GP-4-C	using	1-(tert-butyl)-
4-(chloromethyl)benzene	 4i	 (18.2	 mg,	 0.1	 mmol).	
Purification	 by	 column	 chromatography	 on	 silica	 gel	

(hexanes/	EtOAc	10/1	followed	by	hexanes/EtOAc	1/1)	afforded	the	compound	as	
a	pale-yellow	oil	(11.4	mg,	59	%).	Its	mass	isotopic	pattern	analysis	showed	a	>99%	
%	13C	isotope	incorporation.	
1H	NMR	(300	MHz,	CDCl3):	δ	7.36	(d,	J	=	8.4	Hz,	2H),	7.22	(d,	J	=	8.2	Hz,	2H),	3.62	(d,	
J	=	7.8	Hz,	2H),	1.31	(s,	9H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	=	177.3,	150.4,	130.4	(d,	2J	=	2.8	Hz),	129.2	(d,	3J	=	1.9	
Hz,	2C),	125.8	(2C),	40.5	(d,	1J	=	55.5	Hz),	34.6,	31.5	(3C)	ppm.	
IR	(neat):	ν	=3032,	2953,	2906,	2868,	2709,	1670,	1519,	1478,	1403,	1390,	1366,	
1329,	1270,	1225,	1192,	1111,	1021,	918,	811,	745,	695,	658,558,	424	cm-1.	
HRMS	(ESI):	m/z	calc.	for	(C1113CH15O2-)	[M-H]-	:192.1111;	found:192.1108.	
	

2-(4-fluorophenyl)acetic-1-13C	 acid	 (5j)	 Following	 general	
procedure	 GP-4-C,	 using	 1-(chloromethyl)-4-fluorobenzene	
4j	 (28.9	 mg,	 0.2	 mmol).	 Purification	 by	 column	

chromatography	 on	 silica	 gel	 (hexanes/EtOAc	 10/1	 followed	 by	 hexanes/EtOAc	
1/1)	afforded	the	compound	as	a	solid	(12.2	mg,	40	%).	Its	mass	isotopic	pattern	
analysis	showed	a	%	13C	isotope	incorporation.	Mp:	77-78	°C.	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.31	–	7.19	(m,	2H),	7.10	–	6.96	(m,	2H),	3.63	(d,	J	=	
7.8	Hz,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	177.3,	162.3	(d,	1JF-C	=	245.9	Hz),	131.1	(dd,	3JF-C	=	
8.1,	3JC-C	=1.9	Hz),	129.3	–	128.7	(m),	115.7	(d,	2JF-C	=	21.6	Hz),	40.2	(d,	1JC-C	=	55.6	Hz)	
ppm.	
19F	NMR	(376	MHz,	CDCl3)	δ	=	-113.4	ppm.	
IR	(neat):	ν	=	3047,	2921,	2716,	1651,	1611,	1510,	1409,	1339,	1223,	1186,	1156,	
1098,	904,	862,	823,	784,	714,	666,	546,	508,	418	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C713CH6FO2-)	[M-H]-	:	154.0391;	found:	154.0397	 	
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12C/13C	isotope	exchange	via	aromatic	halides		
	
Bromination/iodination	 of	 benzoic	 acids.	 Compounds	 4k-m	 were	 prepared	
following	the	procedure	of	decarboxylation	/halogenation	described	by	Larrosa	et	
al.34,35	
	
Carboxylation	of	aryl	bromides/iodides	
	

4-Methoxybenzoic-1-13C	 acid	 (5k). An	 oven-dried	 screw-
capped	Schlenk	tube	equipped	with	a	magnetic	stir	bar	was	
charged	with	NiBr2.DME	(6.2	mg,	0.1	equiv),	neocuproine	(8.3	

mg,	0.2	equiv)	and	manganese	(22	mg,	2.0	equiv).	Then	4-bromoanisole	(37.4	mg,	
0.2	mmol)	 followed	 by	DMA	 (1.0	mL)	was	 added	 to	 the	 tube	 under	 argon.	 After	
keeping	for	1	min	the	mixture	under	vacuum	at	-20	ºC,	the	Schlenk	tube	was	refilled	
with	13CO2	(two	cycles)	and	kept	for	15	min.	The	reaction	mixture	was	allowed	to	
stir	at	50	ºC	for	24	h.	The	reaction	mixture	was	quenched	with	2	M	HCl	(aq)	and	
extracted	with	EtOAc	(3	times).	The	organic	phase	was	washed	with	brine	and	dried	
over	 MgSO4.	 The	 crude	 mixture	 was	 purified	 by	 flash	 column	 chromatography	
through	silica	(eluent:	Hex/EA	=	19/1	–	4/1)	to	afford	a	white	solid	(21	mg,	0.14	
mmol,	70%	isolated	yield).	
1H	NMR	(500	MHz,	DMSO-d6):	δ	=	7.89	(dd,	J	=	8.8,	3.8	Hz,	1H),	7.01	(d,	J	=	8.4	Hz,	
1H),	3.82	(s,	2H)	ppm.	
13C	NMR	(126	MHz,	DMSO-d6):	δ	=	167.0,	162.8,	131.4	(d,	3J	=	3.0	Hz,	2C),	123.0	(d,	
1J	=	73.6	Hz),	113.8	(d,	2J	=	4.6	Hz,	2C),	55.4	ppm.	
Mp:	185-188	°C.	
IR	(neat):	ν	=	2980,	2938,	2847,	2783,	1634,	1599,	1572,	1513,	1448,	1422,	1288,	
1256,	1163,	1023,	923,	839,	759,	689,	614	cm-1.		
HRMS	(ESI):	m/z	calc.	for	(C713CH7O3-)	[M-H]-	:	152.0434;	found:	152.0433.	
	

4-Acetamidobenzoic-13C	 acid	 (5l). N-(4-iodophenyl)	
acetamide	 (52.6	 mg,	 0.2	 mmol,	 1.0	 equiv),	 NiCl2(PPh3)2	
(6.5	mg,	0.01	mmol,	5	mol%),	Ph3P	(5.3	mg,	0.02	mmol,	10	
mol	%),	TEAI	(5.1	mg,	0.02	mmol,	10	mol%),	Mn	(33.0	mg,	

0.6	mmol,	3.0	equiv)	were	mixed	in	an	oven-dried	Schlenk	tube	and	was	evacuated-
back	refill	with	argon	3	times.	0.4	mL	DMAc	was	added	under	argon	and	the	mixture	
was	evacuated	for	about	1	minute.	After	13CO2	was	introduced	at	rt,	 the	tube	was	
sealed	and	stirred	at	rt	for	24	hours.	The	reaction	was	quenched	with	1	M	HCl	and	
extracted	with	EtOAc,	 further	 purification	 through	 flash	 column	 chromatography	
(DCM	to	DCM/Methanol	=	20/1	to	15/1)	to	give	white	solid	(19.1	mg,	0.106	mmol,	
53%	isolated	yield).	

MeO

CO2H

N
H

CO2H

Me

O



Catalytic Decarboxylation/Carboxylation Platform for Accessing Isotopically Labeled 
Carboxylic Acids 

 307 

1H	NMR	(300	MHz,	Methanol-d4):	δ	=	7.96	(d,	J	=	9.2	Hz,	2H),	7.66	(d,	J	=	8.3	Hz,	
2H),	2.15	(s,	3H)	ppm.	
13C	NMR	(75	MHz,	Methanol-d4):	δ	=	171.9,	169.5,	144.4,	131.8	(2C),	126.9	(d,	1J	=	
73.2	Hz),	120.0	(2C),	24.0	ppm.	
Mp:	239-240	°C.	
IR	(neat):	ν	=	3290,	2929,	2413,	2215,	2052,	1633,	1603,	1576,	1515,	1435,	1387,	
1323,	1182,	1117,	1043,	983,	863,	752,	707,	489	cm-1.	
HRMS	(ESI):	m/z	calc.	for	(C813CH3NO3-)	[M-H]-	:	179.0543;	found:	179.0543.	
	

Benzo[b]thiophene-3-carboxylic-1-13C	 acid	 (5m).	 3-
bromobenzo[b]thiophene	 (42.6	 mg,	 0.2	 mmol,	 1.0	 equiv),	
NiCl2(PPh3)2	(6.5	mg,	0.01	mmol,	5	mol%),	Ph3P	(5.3	mg,	0.02	mmol,	
10	mol%),	TEAI	(5.1	mg,	0.02	mmol,	10	mol%),	Mn	(33.0	mg,	0.6	

mmol,	3.0	equiv)	were	mixed	in	an	oven-dried	Schlenk	tube	and	was	evacuated-back	
refill	with	argon	3	times.	0.4	mL	DMA	was	added	under	argon	and	the	mixture	was	
evacuated	for	about	1	minute.	After	13CO2	was	introduced	at	rt,	the	tube	was	sealed	
and	stirred	at	rt	for	24	hours.	The	reaction	was	quenched	with	1	M	HCl	and	extracted	
with	 EtOAc,	 further	 purification	 through	 flash	 column	 chromatography	
(Hexane/EtOAc	 =	 3/1	 to	 1/1)	 to	 give	 a	white	 solid	 (21.7	mg,	 0.122	mmol,	 61%	
isolated	yield).	
1H	NMR	(400	MHz,	DMSO-d6):	δ	=	8.63	(s,	1H),	8.50	(d,	J	=	7.5	Hz,	1H),	8.07	(d,	J	=	
7.9	Hz,	1H),	7.50	(ddd,	J	=	8.2,	7.1,	1.3	Hz,	1H),	7.44	(ddd,	J	=	8.3,	7.0,	1.4	Hz,	1H)	ppm.	
13C	NMR	(126	MHz	DMSO-d6):	δ	=	163.8,	139.8	(d,	3J	=	5.5	Hz),	137.9	(d,	2J	=	4.5	Hz),	
136.6	(d,	2J	=	5.1	Hz),	127.3	(d,	1J	=	76.6	Hz),	125.3,	124.9,	124.2,	123.0	ppm.	
Mp:	175-176	°C.	
IR	(neat):	ν	=	3107,	2837,	2765,	2583,	1666,	1502,	1465,	1416,	1363,	1271,	1249,	
1150,	1068,	1007,	917,	858,	772,	752,	722,	704,	602,	416	cm-1.	
HRMS	(ESI):	m/z	calc.	for	(C813CH5SO2-)	[M-H]-	:	178.0049;	found:	178.0047.	
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12C/13C	isotope	exchange	via	chain	walking	strategies	
	
General	procedure	(GP-5)	for	Bromination	
Secondary	 alkyl	 bromides	 were	 prepared	 following	 the	 procedure	 reported	 by	
Chaozhong	Li	et	al.33	To	a	solution	of	carboxylic	acid	(1.0	equiv)	and	[Ag(Phen)2]OTf	
(2.5	 mol%)	 in	 anhydrous	 dichloromethane	 (0.025	 M)	 was	 added	
dibromoisocyanuric	 acid	 (DBI,	 0.8	 equiv)	 at	 room	 temperature	 under	 nitrogen	
atmosphere.	The	reaction	mixture	was	then	stirred	at	room	temperature	24-36	h.	
The	 reaction	 mixture	 was	 filtered	 through	 the	 celite	 and	 washed	 with	
dichloromethane.	After	the	removal	of	solvent	under	reduced	pressure,	 the	crude	
product	was	purified	by	 flash	 column	chromatography	 through	silica	gel	 (eluent:	
hexane)	to	afford	the	pure	product.	
	

2-Bromoheptane	 (2a-Br):	 Following	 GP-5	 starting	 from	 2-
methylheptanoic	 acid	 (144.2	 mg,	 1.0	 mmol)	 afforded	 the	 title	
compound	as	a	colorless	oil	(108.0	mg,	0.61	mmol,	61	%).		
1H	NMR	(300	MHz,	CDCl3):	δ	=	4.19	–	4.08	(m,	1H),	1.90	–	1.71	(m,	
2H),	1.70	(d,	J	=	6.6	Hz,	3H),	1.54	–	1.39	(m,	2H),	1.36	–	1.21	(m,	4H),	

0.89	(t,	J	=	6.9	Hz,	3H)	ppm.	
13C	NMR	(75	MHz,	CDCl3):	δ	=	52.2,	41.3,	31.3,	27.6,	26.6,	22.7,	14.1	ppm.	
Spectral	data	was	in	agreement	with	the	literature.51	
	

2-Bromo-5-methylhexane	(6-Br):	Following	GP-5	starting	from	2-
methylheptanoic	 acid	 (72.1	 mg,	 0.50	 mmol)	 afforded	 the	 title	
compound	as	a	colorless	oil	(36.0	mg,	0.20	mmol,	40	%).		
1H	NMR	(300	MHz,	CDCl3):	δ	=	4.16	–	4.05	(m,	1H),	1.90	–	1.75	(m,	
2H),	1.71	(d,	J	=	6.7	Hz,	3H),	1.62	–	1.49	(m,	1H),	1.45	–	1.22	(m,	2H),	

0.91	(d,	J	=	3.0	Hz,	3H),	0.88	(d,	J	=	3.0	Hz,	3H)	ppm.	
13C	NMR	(75	MHz,	CDCl3):	δ	=	52.4,	39.3,	37.0,	27.8,	26.6,	22.8,	22.6	ppm.	
IR	(neat):	ν	=	2956,	2928,	2870,	1467,	1379,	1368,	1240,	1191,	1150,	994,	901,	760,	
612	cm-1.		
HRMS	 (ESI):	 The	 exact	 mass	 of	 this	 compound	 was	 difficult	 to	 analyze	 by	 ESI	
analysis.	
	

(3-bromobutyl)benzene	 (5a-Br):	 Following	 GP-5	 starting	 from	 2-
methyl-4-phenylbutanoic	acid	(178.2	mg,	1.0	mmol)	afforded	the	title	
compound	as	a	colorless	oil	(75.1	mg,	0.35	mmol,	35	%).		
1H	NMR	(300	MHz,	CDCl3):	δ	=	7.39	–	7.15	(m,	5H),	4.18	–	4.00	(m,	1H),	
2.92	–	2.65	(m,	2H),	2.20	–	1.97	(m,	2H),	1.74	(d,	J	=	6.6	Hz,	3H)	ppm.	
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13C	NMR	(75	MHz,	CDCl3):	δ	=	141.1,	128.7	(2C),	128.6	(2C),	126.2,	51.0,	42.8,	34.1,	
26.7	ppm.	
Spectral	data	was	in	agreement	with	the	literature.52	
	
General	 procedure	 for	 Chain-Walking	 Carboxylation	 (GP-6):	 An	 oven-dried	
Schlenk	tube	containing	a	stirring	bar	was	charged	with	NiI2	(3.9	mg,	0.0125	mmol,	
2.5	mol%),	L4	 (11.0	mg,	0.022	mmol,	4.4	mol%),	 and	Mn	powder	 (82.4	mg,	1.50	
mmol,	3	equiv).	The	corresponding	alkyl	bromide	(0.5	mmol)	and	DMF	(0.5	mL,	1	M)	
were	 added	 under	 an	 argon	 flow.	 The	 tube	was	 cold	 down	 to	 -50	 °C,	 put	 under	
vacuum	for	20	seconds	and	then	the	13CO2	was	transferred	to	the	Schlenk	flask.	It	
was	 closed	 and	 stirred	 at	 60°C	 for	 20	 hours.	 The	 mixture	 was	 then	 carefully	
quenched	with	2	M	HCl	to	hydrolyze	the	resulting	carboxylate	and	extracted	with	
EtOAc.	The	combined	organic	layer	was	washed	with	brine,	dried	over	anhydrous	
MgSO4	 filtrated	 and	 evaporated	 under	 reduced	 pressure.	 The	 resulting	 crude	
carboxylic	acid	was	purified	by	conventional	flash	chromatography	in	silica	gel	using	
hexanes/EtOAc	3:1	with	1%	formic	acid.	
	

Octanoic-1-13C	 acid	 (2a).	 Following	 GP-6	 starting	 from	 2-
Bromoheptane	 (2a-Br)	 (89.6	 mg,	 0.5	 mmol)	 afforded	 the	 title	
compound	 as	 a	 colorless	 oil	 (26.0	 mg,	 0.18	 mmol,	 36%).	 Its	 mass	
isotopic	pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	

1H	NMR	(300	MHz,	CDCl3):	δ	=	2.38	–	2.31	(m,	2H),	1.69	–	1.58	(m,	2H),	1.35	–	1.28	
(m,	8H),	0.88	(t,	J	=	6.8	Hz,	3H)	ppm.	
13C	NMR	(75	MHz,	CDCl3):	δ	=	180.3,	34.2	(d,	1J	=	54.9	Hz),	31.8,	29.2	(d,	2J	=	3.7	Hz),	
29.1,	24.8,	22.7,	14.2	ppm.	
HRMS	(ESI):	m/z	calc.	for	(C713CH15O2-)	[M-H]-:	144.1111;	found:	144.1116.	
	

6-Methylheptanoic-1-13C	acid	(6).	Following	GP-6	starting	from	2-
bromo-5-methylhexane	(6-Br)	(89.5	mg,	0.5	mmol)	afforded	the	title	
compound	as	a	 colorless	oil	 (33.0	mg,	0.23	mmol,	46	%).	 Its	mass	
isotopic	pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	
1H	NMR	(300	MHz,	CDCl3):	δ	=	2.39	–	2.32	(m,	2H),	1.67	–	1.47	(m,	

3H),	1.39	–	1.28	(m,	2H),	1.23	–	1.15	(m,	2H),	0.87	(d,	J	=	6.6	Hz,	6H)	ppm.	
13C	NMR	(75	MHz,	CDCl3):	δ	=	180.3,	38.7,	34.2	(d,	1J	=	55.3	Hz),	28.0,	27.0	(d,	2J	=	
3.5	Hz),	25.1,	22.7	(2C)	ppm.	
IR	(neat):	ν	=	2954,	2927,	2869,	1464,	1398,	1276,	1243,	1226,	1198,	1109,	935,	
738	cm-1.	
HRMS	(ESI):	m/z	calc.	for	(C713CH15O2-)	[M-H]-:	144.1111;	found:	144.1104.	
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5-phenylpentanoic-1-13C	acid	(5a).	Following	GP-6	starting	from	(3-
bromobutyl)benzene	(5a-Br)	(106.6	mg,	0.5	mmol)	afforded	the	title	
compound	 as	 a	 colorless	 oil	 (24.0	 mg,	 0.14	 mmol,	 27	 %).	 Its	 mass	
isotopic	pattern	analysis	showed	a	>99%	13C	isotope	incorporation.	
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.31	–	7.28	(m,	2H),	7.21	–	7.18	(m,	3H),	
2.68	–	2.64	(m,	2H),	2.42	–	2.37	(m,	2H),	1.71	–	1.68	(m,	4H)	ppm.	

13C	NMR	(126	MHz,	CDCl3):	δ	=	180.2,	142.1,	128.5	(2C),	128.5	(2C),	126.0,	35.7,	
34.1(d,	1J	=	55.2	Hz),	30.9	(d,	2J	=	3.6	Hz),	24.4	ppm.	
HRMS	(ESI):	m/z	calc.	for	(C713CH15O2-)	[M-H]-:	178.0955;	found:	178.0954.	 	

CO2H
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12C/14C	isotope	exchange	
	
General	information	for	the	14C-labeling	
All	 reactions	 and	 manipulations	 were	 performed	 in	 a	 recirculating	 mBraun	
LabMaster	DP	inert	atmosphere	(Ar)	drybox.	14CO2	cartridges	were	purchased	from	
RC	 TRITEC.	 Controlled	 addition	 of	 13C	 or	 14C-CO2	 into	 Wilmad	 NMR	 tubes	 was	
performed	 using	 a	 carbon	 Tritec	 manifold	 (figure	 5).	 Radioactive	 TLC	 were	
performed	using	a	Rita	Star	β	radioactivity	thin-layer-chromatography	detector.		
See:	 http://www.rctritec.com/en/tritium-handling-technology/c-14-manifold-
system.html	

 
Figure	5.	Tritec	manifold	
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[1-14C]-2-(4-tert-butylphenyl)acetic	acid,	[14C]-5i	
	

	
An	oven-dried	Wilmad	NMR	tube	with	a	J-Young	valve	equipped	with	a	magnetic	stir	
bar	was	introduced	into	a	glove	box.	It	was	charged	with	PCp3·HBF4	(16.25	mg,	0.05	
mmol,	2	equiv),	MgCl2	(10.0	mg,	0.1	mmol,	4	equiv),	NiCl2·dme	(5.5	mg,	0.025	mmol,	
1	equiv),	and	Zn	(dust,	16.25	mg,	0.25	mmol,	10	equiv)	were	added	into	the	tube	
followed	by	the	benzyl	chloride	(4.6	mg,	0.025	mmol,	1	equiv)	and	anhydrous	DMF	
(100	 µL).	 The	 NMR	 tube	was	 sealed	 and	 took	 out	 of	 the	 glove	 box.	 It	 was	 then	
attached	to	a	14C	manifold	system	and	the	reaction	mixture	was	frozen	with	a	liquid	
nitrogen	bath.	The	NMR	tube	was	evacuated	and	14CO2	(2.17	GBq·mmol-1,	957	MBq,	
0.441	mmol,	17.6	equiv)	was	condensed	using	the	freezing	bath.	The	NMR	tube	was	
closed,	detached	 from	the	manifold	 system	and	kept	at	 room	temperature	 for	15	
hours.	After	concentration,	purification	using	Flash	Chromatography	on	SiO2	(DCM	
/MeOH	(96/4))	gave	[1-14C]-tert-butylphenylacetic	acid	[14C]-5i	(2.12	GBq·mmol-1,	
8.95	MBq,	0.0042	mmol,	yield:	17%).	
Specific	activity	(MS	(ESI)):	2.12	GBq.mmol-1.	
TLC	 (silicagel	 60F254,	 hexane/AcOEt/AcOH	 (70/30/0.1))	 Rf	 =	 0.3.	
Radiochemical	purity	>	99%.	
Radiochemical	purity	

Column	 Xbridge	C18	3,5µm	4,6x100mm	Column	
Flow	 1	ml/min	
Detection	 mass	and	UV	
Temperature	 TA	
Solvent	 	
A		 H2O	+	0,1%	HCOOH	
B		 ACN	+	0,1%	HCOOH	
Gradient	 	
	 %	A	 %	B	
t	initial	 95	 5	
t=	8	min	 0	 100	
t=	13	min	 0	 100	
t=	13,50	min	 95	 5	
t=	17	min	 95	 5	
	 	 	

CO2H

Me Me

Me
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Me

Me

NiCl2·dme (1 equiv)
PCp3·HBF4 (2 equiv)

Zn (10 equiv), MgCl2 (4 equiv)
14CO2 (17.6 equiv), DMF, r.t., 15 h
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Specific	activity:	
Radioactive	 M+1	 M+2	(1D)	 M+3	(2D)	 M+4	(3D)	 M+5	(4D)	 M+6	(5D)	
	 191	 192	 193	 194	 	 	
aire	tot	 166146	 0	 1272463	 139075	 	 	
S	contrib	 0	 22488	 -3044	 172644	 -4544	 615	
aire	D	 0	 -22488	 1275507	 -33569	 4544	 -615	
%	D	 0	 -1,6%	 91,8%	 -2,4%	 0,3%	 0,0%	
Specific	activity	 	 	 91,8%	 	 	 	
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Radioactive	TLC
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4-methoxybenzoic	acid-[carboxyl-14C],	[14C]-5k	
	

	

An	oven-dried	NMR	tube	with	a	J-Young	valve	equipped	with	a	magnetic	stir	bar	was	
introduced	into	a	glove	box.	It	was	charged	with	NiBr2·DME	(6.2	mg,	0.02	mmol,	0.4	
equiv),	 neocuproine	 (8.3	mg,	 0.04	mmol,	 0.8	 equiv)	 and	manganese	 (22	mg,	 0.4	
mmol,	8.0	equiv).	Then	4-bromoanisole	(6.3	µl,	0.05	mmol,	1	equiv)	followed	by	DMA	
(100	µL)	was	added	to	the	tube.	The	NMR	tube	was	sealed	and	took	out	of	the	glove	
box.	 It	was	 then	attached	 to	a	 14C	manifold	 system	and	 the	 reaction	mixture	was	
frozen	with	a	 liquid	nitrogen	bath.	The	NMR	tube	was	evacuated	and	 14CO2	 (2.17	
GBq·mmol-1,	 957	MBq,	0.441	mmol,	 8.8	 equiv)	was	 condensed	using	 the	 freezing	
bath.	The	NMR	tube	was	closed,	detached	from	the	manifold	system	and	kept	at	50	
°C	 for	24	hours.	After	concentration,	purification	using	Flash	Chromatography	on	
SiO2	 (hexane/AcOEt/AcOH	(70/30/0.1))	gave	methoxybenzoic	acid-[carboxyl-14C]	
[14C]-5k	(2.04	GBq	mmol-1,	76.849	MBq,	0.038	mmol,	yield:	76%).	
Specific	activity	(MS	(ESI)):	2.04	GBq·mmol-1.	
TLC	 (silicagel	 60F254,	 hexane	 /AcOEt	 /	 AcOH	 (70/30/0.1))	 Rf	 =	 0.25.	
Radiochemical	purity	>	99%.	
	
Radiochemical	purity:	
Column	 Xbridge	C18	3,5µm	4,6x100mm	Column	
Flow	 1	ml/min	
Detection	 mass	and	UV	
Temperature	 TA	
Solvent	 	
A	 H2O	+	0,1%	HCOOH	
B	 ACN	+	0,1%	HCOOH	
Gradient	 	
	 %	A	 %	B	
t	initial	 95	 5	
t=	8	min	 0	 100	
t=	13	min	 0	 100	
t=	13,50	min	 95	 5	
t=	17	min	 95	 5	
	

MeO

Br NiBr2·dme (40 mol %)
Neocuproine (80 mol %)

Mn (8 equiv),14CO2 (8.8 equiv), 
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Specific	activity	
Radioactive	 M+1	 M+2	(1D)	 M+3	(2D)	 M+4	(3D)	 M+5	(4D)	 M+6	(5D)	
	 153	 154	 155	 156	 	 	

aire	tot	 170872	 0	 1094077	 93373	 	 	

S	contrib	 0	 15856	 -1471	 101661	 -4544	 615	

aire	D	 0	 -15856	 1095548	 -8288	 4544	 -615	

%	D	 0	 -1,3%	 88,1%	 -0,7%	 0,3%	 0,0%	

Specific	

activity	
	 	 88,1%	 	 	 	
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Radioactive	TLC	
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Determination	of	C-isotope	exchange.	
The	C-isotope	 incorporation	was	determined	by	comparison	of	 the	mass	spectral	
patterns	 of	 carbon-13	 labeled	 product	 versus	 authentic	 starting	 material	 with	
isotopic	natural	abundance	using	the	IsoPat2	spreadsheet	(Gruber,	C.	C.;	Oberdorfer,	
G.;	Voss,	C.	V.;	Kremsner,	J.	M.;	Kappe,	C.	O.;	Kroutil,	W.		J.	Org.	Chem.	2007,	72,	5778–
5783.)	The	mass	spectra	were	measured	4	times	to	get	a	more	reproducible	isotopic	
pattern	 (ESI-TOF,	 negative	 mode)	 and	 the	 average	 values	 were	 tabulated	 for	
abundance	vs.	m/z.	These	data	were	inputted	to	the	Isopat2	spreadsheet,	which	uses	
its	 programmed	 algorithm	 to	 determine	 the	 relative	 percentage	 of	 each	 labeled	
species	 differentiated	 in	 the	 number	 of	 incorporated	 isotopes.	 Sum	 of	 these	
percentages	give	rise	to	the	overall	isotope	enrichment.	

 
For	the	rest	of	mass	analysis,	please	see	the	Supporting	Information	of	the	published	
article	(https://pubs.acs.org/doi/10.1021/acscatal.9b01921).	 	
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Figure	6.	1H	and	13C	NMR	spectra	of	L1.	 	
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Figure	7.	1H	and	13C	NMR	spectra	of	[13C]1a.	 	
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Figure	8.	1H	and	13C	NMR	spectra	of	1a.	 	
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Figure	9.	1H	and	13C	NMR	spectra	of	1b.	 	
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Figure	10.	1H	and	13C	NMR	spectra	of	1c.	 	
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Figure	11.	1H	and	13C	NMR	spectra	of	1d.	 	
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Figure	12.	1H	and	13C	NMR	spectra	of	1e.	 	
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Figure	13.	1H	and	13C	NMR	spectra	of	1f.	 	

��������������������������������������������	��	��
��
����������������������

�������

�
��
�

�	
��
�

��
�
	

��
�
�

��
�
�

�
��
�

��
�
�

��
�
�

�
��
�

�
��
�

��
��
��
�
�

��
�
�

��
�
�

��
�
�

��

	
��

�
��
�
�

��
	
�

��
	
	

��
	
�

�
��
	

�
��
�

�
��
�


�
�	
��
�
�
��


�




�

�

�
�
�


�
�
�


�
�
�


�
�
�

����������������	�
�������������������������	��
����������
��
�����

��
��

��
�


��
�


��
�


�

��

��
��

��
��

��
��

��
��

��
�	

��
�


�
��
�

�
��
�

�
	�
�

	�
��

		
��

�
�
�
��

��
�
��

��
�
��

��
�
��

��
��
�

��
�
�


OH

O

O
N

O

O
Me

1f

OH

O

O
N

O

O
Me

1f



Catalytic Decarboxylation/Carboxylation Platform for Accessing Isotopically Labeled 
Carboxylic Acids 

 335 

 
Figure	14.	1H	and	13C	NMR	spectra	of	1g.	 	
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Figure	15.	1H,	13C	and	19F	NMR	spectra	of	1h.	 	
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Figure	16.	1H	and	13C	NMR	spectra	of	1i.	 	
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Figure	17.	1H	and	13C	NMR	spectra	of	1j.	 	
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Figure	18.	1H	and	13C	NMR	spectra	of	1k.	 	
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Figure	19.	1H	and	13C	NMR	spectra	of	1l.	 	
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Figure	20.	1H	and	13C	NMR	spectra	of	1m.	 	
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Figure	21.	1H,	13C	and	19F	NMR	spectra	of	1n.	
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Figure	22.	1H	and	13C	NMR	spectra	of	[13C]2a.	 	
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Figure	23.	1H	and	13C	NMR	spectra	of	[13C]2b.	 	
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Figure	24.	1H	and	13C	NMR	spectra	of	[13C]2b-ester.	 	
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Figure	25.	1H	and	13C	NMR	spectra	of	[13C]2c.	 	
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Figure	26.	1H	and	13C	NMR	spectra	of	[13C]2d.	 	
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Figure	27.	1H	and	13C	NMR	spectra	of	[13C]2e.	 	
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Figure	28.	1H	and	13C	NMR	spectra	of	[13C]2f.	 	
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Figure	29.	1H	and	13C	NMR	spectra	of	[13C]2g.	 	
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Figure	30.	1H,	13C	and	19F	NMR	spectra	of	[13C]2h.	
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Figure	31.	1H	and	13C	NMR	spectra	of	[13C]2i.	 	
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Figure	32.	1H	and	13C	NMR	spectra	of	[13C]2j.	 	
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Figure	33.	1H	and	13C	NMR	spectra	of	[13C]2k.	 	
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Figure	34.	1H	and	13C	NMR	spectra	of	[13C]2l.	 	
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Figure	35.	1H	and	13C	NMR	spectra	of	[13C]2m.	 	
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Figure	36.	1H,	13C	and	19F	NMR	spectra	of	[13C]2n.	
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Figure	37.	1H	and	13C	NMR	spectra	of	[13C]5a	via	NHP-ester.	 	
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Figure	38.	1H	and	13C	NMR	spectra	of	[13C]5b	via	NHP-ester.	 	
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Figure	39.	1H	and	13C	NMR	spectra	of	4a.	 	
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Figure	40.	1H	and	13C	NMR	spectra	of	4b.	 	
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Figure	41.	1H	and	13C	NMR	spectra	of	4c.	
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Figure	42.	1H	and	13C	NMR	spectra	of	4d.	 	
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Figure	43.	1H	and	13C	NMR	spectra	of	4e.	 	
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Figure	44.	1H	and	13C	NMR	spectra	of	4f.	 	
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Figure	45.	1H	and	13C	NMR	spectra	of	4g.	 	
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Figure	46.	1H	and	13C	NMR	spectra	of	4h.	 	
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Figure	47.	1H	and	13C	NMR	spectra	of	4i.	 	
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Figure	48.	1H,	13C	and	19F	NMR	spectra	of	4j.	
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Figure	49.	1H	and	13C	NMR	spectra	of	[13C]5a	from	4a.	
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Figure	50.	1H	and	13C	NMR	spectra	of	[13C]5b	from	4.	 	
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Figure	51.	1H	and	13C	NMR	spectra	of	[13C]5c.	 	
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Figure	52.	1H,	13C	and	19F	NMR	spectra	of	[13C]5d.	
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Figure	53.	1H	and	13C	NMR	spectra	of	[13C]5e.	 	
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Figure	54.	1H	and	13C	NMR	spectra	of	[13C]5f.	 	
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Figure	55.	1H	and	13C	NMR	spectra	of	[13C]5g.	 	
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Figure	56.	1H	and	13C	NMR	spectra	of	[13C]5h.	 	
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Figure	57.	1H	and	13C	NMR	spectra	of	[13C]5i.	 	
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Figure	58.	1H,	13C	and	19F	NMR	spectra	of	[13C]5j.	
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Figure	59.	1H	and	13C	NMR	spectra	of	[13C]5k.	 	

��������������������������������������������	��	��
��
����������������������

�������

�
��
�

��
�
	

��
�
�

��
��
��
�
�
�
��
	

�
��
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�

�������������������	�
�������������������������	��
�������������
��
�����

�
�
��

�
�
�
�
��
�

��
��

��
�
�


��
�
�


��
��
	

��
�
��

��
��
�

��
��
�

��
��



��
	�
�

MeO

CO2H

[13C] 5k

MeO

CO2H

[13C] 5k



Chapter 4  

 388 

 
Figure	60.	1H	and	13C	NMR	spectra	of	[13C]5l.	 	
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Figure	61.	1H	and	13C	NMR	spectra	of	[13C]5m.	 	
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Figure	62.	1H	and	13C	NMR	spectra	of	2a-Br.	 	
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Figure	63.	1H	and	13C	NMR	spectra	of	6-Br.  
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Figure	64.	1H	and	13C	NMR	spectra	of	5a-Br.	 	
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Figure	65.	1H	and	13C	NMR	spectra	of	[13C]2a.	 	
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Figure	66.	1H	and	13C	NMR	spectra	of	[13C]6.	 	
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Figure	67.	1H	and	13C	NMR	spectra	of	[13C]5a.
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Chapter	5:	
Regiodivergent	Ligand-Controlled	Ni-Catalyzed	Reductive	

Amidation	of	Unactivated	Secondary	Alkyl	Bromides		
In	collaboration	with	Dr.	Eloisa	Serrano,	Dr.	Alicia	Monleón,	Dr.	Tiago	Menezes,		

Alberto	Tampieri,	Craig	Day	and	Dr.	Francisco	Juliá-Hernández	
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1.	Introduction	
	
1.1	Isocyanates	as	Amide	Synthons	
	
Isocyanates	are	isoelectronic	with	carbon	dioxide,	but	the	polarization	generated	
by	the	amido	group	in	the	former	results	in	a	much	higher	reactivity	when	compared	
with	the	latter.	Even	though	the	nitrogen	and	oxygen	atoms	present	in	the	molecule	
are	nucleophilic,	the	strong	electrophilic	character	of	the	central	carbon	dictates	the	
reactivity	of	 isocyanates.	This	 is	also	modulated	by	the	nitrogen	substituent,	with	
aromatic	 isocyanates	 being	 more	 reactive	 than	 alkyl	 substituted	 isocyanates	 for	
electronic	reasons.1	
Isocyanates	can	coordinate	to	transition	metals	in	side-on	η2-C,N	or	η2-C,O	fashion,	
where	 the	 first	 	mode	 is	more	 common	due	 to	 the	 lower	electronegativity	of	 the	
nitrogen	 atom.2,3	 Other	 coordination	modes	 involve	 μ2-	 or	 even	 μ3-	 in	which	 the	
isocyanates	act	as	a	bridging	ligand	between	different	metallic	centers.	Coordination	
of	an	 isocyanate	 to	a	metal	bends	 the	molecule	with	 the	 loss	of	 its	 linearity	 (in	a	
similar	 way	 to	 CO2).	This	 effect	 significantly	 lowers	 its	 activation	 energy,	 hence	
favoring	reactions	with	less-reactive	nucleophilic	partners	(Figure	1).	

 
Figure	1.	Common	coordination	modes	of	isocyanates.	

The	 activation	 of	 isocyanates	 by	 transition	 metals	 has	 been	 exploited	 for	 the	
synthesis	 of	 industrially	 relevant	 compounds.	 One	 example	 are	 polyurethanes,	
which	are	formed	by	condensation	reactions	with	nucleophiles	and	diisocyanates.	
Other	examples	are	isocyanurates,	and	related	compounds,	which	are	produced	by	
metal-	mediated	or	metal-catalyzed	dimerization	and	(cyclo)trimerization	reactions	
as	well	as	carbamates	or	ureas,	which	are	generated	by	reaction	of	isocyanates	with	
nucleophiles.1,4	However,	 this	 reactivity	hampers	 the	use	of	 isocyanates	as	amide	
synthons	 in	 metal-catalyzed	 transformations,	 as	 it	 leads	 to	 the	 generation	 of	
undesired	products,	and	often	increases	the	amount	of	isocyanate	required	for	the	
reaction.	Metal	catalysts	relevant	to	this	chapter,	such	as	nickel(II)	halide	salts5	and	
zero-valent	 metal	 complexes,6,7	 have	 been	 reported	 to	 trimerize	 aryl	 and	 alkyl	
isocyanates.		
The	first	use	of	isocyanates	as	amide	synthons	was	within	the	context	of	coupling	
reactions	with	organometallic	reagents.	These	methods	have	mostly	been	developed	
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using	well-defined	Grignard	 reagents,	 organolithium,	 and	 organozinc	 derivatives.	
Although	these	species	can	be	accessed	via	classical	metallation	techniques,	their	air	
sensitivity,	 high	 reactivity,	 and	 low	 functional	 group	 tolerance	 are	 the	 major	
drawbacks	that	have	restricted	their	wide	application	for	the	synthesis	of	amides.	
The	 first	 reports	 on	 the	 addition	 of	 organolithium	 or	 Grignard	 reagents	 to	
isocyanates	date	back	to	the	early	19th	century	by	Blaise8	and	Gilman9–11	groups.	
This	seminal	work	inspired	the	development	of	various	methods	for	the	addition	of	
these	 reagents	 to	 isocyanates	 and	 isothiocyanates,	 including	 the	 stereospecific	
addition	 of	 chiral	 alkyllithium	 reagents.12	 In	 2012	 the	 group	 of	 Bode	 reported	 a	
general	method	 for	 the	addition	of	organomagnesium	bromides	 to	 isocyanates	 to	
access	 sterically	 hindered	 and	 electron-deficient	 secondary	 amides	 (Scheme	1),13	
which	 are	 difficult	 to	 access	 via	 traditional	 C–N	 bond-forming	 methods.	 This	
protocol	 tolerated	 sensitive	 functional	 groups	 by	 employing	 low	 reaction	
temperatures.	Moreover,	a	variety	of	organozinc	reagents	have	been	added	as	well	
to	 isocyanates	 to	 afford	 aliphatic	 and	 aromatic	 amides.	 Although	 these	
organometallic	 species	 have	 a	 good	 functional	 group	 tolerance,	 their	 use	 still	
remains	limited	for	preparing	amides.		

 
Scheme	1.	Direct	addition	of	Grignard	to	isocyanates.	

An	 alternative	 approach	 to	 the	 direct	 addition	 of	 carbogenic	 nucleophiles	 to	
isocyanates	 for	 the	 formation	 of	 amides	 is	 the	 transition	 metal-catalyzed	 C–C	
coupling.	 Ni,	 Pd,	 Ti	 and	 Rh	 have	 been	 the	 most	 used	 transitions	 metals	 in	
combination	with	nucleophiles	(i.e.	organostannanes,	Grignard	reagents	or	boronic	
acids)	 or	 electrophiles	 (alkyl	 silicates,	 p-component	 or	 alkyl	 halides).14	 The	
combination	 of	 isocyanates	with	 electrophiles	 constitutes	 formal	 cross-reductive	
coupling	(see	Chapter	1)	and	therefore	a	reducing	agent	is	necessary.	Our	group	has	
reported	in	the	last	years	the	nickel-catalyzed	amidation	of	different	electrophiles	
with	isocyanates.	In	2014,	the	amidation	of	aryl/benzyl	pivalates	and	tosylates	was	
reported	by	means	of	C–O	cleavage	using	phosphines	as	supporting	ligands	for	the	
nickel	center	(Scheme	2,	top).15	Two	years	later,	the	amidation	of	unactivated	alkyl	
bromides	was	 described,	 using	 this	 time	 bipyridine	 ligands	 for	 the	 formation	 of	
aliphatic	hindered	amides	(Scheme	2,	middle).16	On	the	same	year,	and	by	exploiting	
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the	easy	decomposition	of	alkyl	nickel	species	to	form	nickel	hydrides,	we	developed	
a	hydroamidation	of	alkynes	en	route	to	acrylamides	(Scheme	2,	bottom).17		

 
Scheme	2.	Ni-catalyzed	amidation	with	isocyanates.	
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1.2	 Metal-Catalyzed	 Functionalization	 of	 Unactivated	 Secondary	 Alkyl	
Halides	
	
The	cross-coupling	of	unactivated	alkyl	halides	 is	 typically	hampered	by	a	more	
difficult	oxidative	addition	compared	to	aromatic	electrophiles,	a	slower	reductive	
elimination	 for	 C(sp3)–M–C(sp2)/C(sp3)	 than	 for	 C(sp2)–M–C(sp2)	 species,	 and	 a	
propensity	to	undergo	undesired	pathways.	The	typical	undesired	side	reactions	are	
protodemetallation,	b-hydride	elimination	and	dimerization	reactions,	which	arise	
from	 the	 lower	 stability	 of	 alkyl-metal	 species.	 Specifically,	 for	 secondary	 and	
tertiary	alkyl	halides	the	added	steric	hindrance	in	comparison	with	primary	alkyl	
halides	hampers	oxidative	addition,	and	the	presence	of	additional	neighboring	b-
hydrogens	in	the	alkyl-metal	 intermediates	 increases	the	probability	of	b-hydride	
elimination.18,19	
The	pioneering	work	of	Fu	and	Zhou	on	the	Ni-catalyzed	Negishi	cross-coupling	of	
secondary	alkyl	bromides	and	iodides	represented	a	significant	step	forward	on	the	
use	of	unactivated	alkyl	halides	in	cross-coupling	methodologies,20	unlocking	new	
disconnection	that	are	not	available	via	traditional	approaches.	These	methods	have	
been	developed	with	Ni,	Co,	Fe	and	Pd	catalysis.21	Due	to	the	 lower	propensity	of	
nickel	 to	 undergo	 b-hydride	 elimination,	 in	 comparison	 to	more	 electronegative	
metals	such	as	Pd,	Ni	based	catalysts	have	proven	to	be	particularly	suitable	for	the	
formation	of	C(sp3)–C(sp2)	and	C(sp3)–C(sp3)	bonds	from	unactivated	alkyl	halides	
via	 traditional	 cross-coupling	 reactions	with	 organometallic	 reagents,22	 reductive	
cross-electrophile	 couplings23,24	 	 or	 metallaphotoredox	 reactions.25–27	 The	
mechanism	of	such	transformations	generally	includes	the	intermediacy	of	radical	
species	 (Scheme	 3),	 which	 inspired	 the	 development	 of	 enantioconvergent	
transformations	that	start	from	racemic	secondary	alkyl	halides.28,29	

	  
Scheme	3.	SET-type	oxidative	addition.	

1.3	Metal	Chain-Walking,	a	Strategy	for	Remote	sp3	C–H	Functionalization	
	
The	selective	functionalization	of	C(sp3)–H	bonds	is	a	non-trivial	task	due	to	its	high	
bond	energy,	the	lack	of	p-bonds	that	readily	interact	with	transition	metals,	and	the	
difficult-to-control	 site-selectivity,	 which	 arises	 from	 the	 presence	 of	 multiple	
similar	C(sp3)–H	bonds	within	a	hydrocarbon	scaffold.30	Different	approaches	have	
been	 followed	 towards	 overcoming	 these	 challenges:	 the	 use	 of	 pre-installed	
directing	 groups,31	 more	 challenging	 undirected	 approaches	 based	 on	 the	
intermediacy	of	radical	species32	and	non-covalent	interactions	between	an	enzyme	
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and	a	substrate.33	Despite	these	efforts,	the	site	site-selective	C–C	bond	formation	at	
stronger,	primary	C(sp3)–H	bonds	remains	a	challenging	task.		
An	alternative	approach	towards	remote	C(sp3)–H	functionalization	that	has	been	
studied	 is	 the	use	 of	 transition	metals	 capable	 of	migrating	 the	 reactive	 site	 of	 a	
molecule	along	a	hydrocarbon	skeleton	to	reach	a	terminal	primary	position	where	
a	 terminating	 reaction	 takes	 place.34	 In	 this	 strategy,	 a	 suitable	 transition	metal	
reacts	with	the	substrate’s	most	reactive	site	to	form	an	alkyl	metal	intermediate.	
From	 this	 species,	 the	 metal	 is	 able	 to	 migrate	 via	 iterative	 b-hydride	
elimination/migratory	insertion	reactions	along	the	hydrocarbon	chain,	in	a	process	
called	“chain	walking”	or	“chain	running”.35	The	formation	of	 the	active	migrating	
species	can	be	triggered	by	either	reaction	between	the	transition	metal	and	a	C–C	
double	bond	present	in	the	substrate,	or	by	oxidative	addition	to	alkyl	electrophiles	
(Figure	2).	Different	transition	metals	such	as	Zr,	Rh,	Ru,	Ir	and	Pd	have	been	used	
to	 achieve	 chain-walking	 hydroboration,	 hydrosilylation,	 hydroformylation	 and	
hydroarylation	 reactions,	 among	 others.36	More	 recently,	methods	 that	 use	more	
sustainable	 systems	 based	 on	 base-metal	 catalysts	 such	 as	 Co,	 Fe	 and	 Ni	 have	
received	increased	attention.34	
	

 
Figure	2.	Chain-walking	by	migratory	insertion	and	b-hydride	elimination.	
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and	co-workers	reported	cationic	Ni-a-diimine	complexes	that	were	highly	active	in	
the	polymerization	of	a-olefins.	These	catalysts	were	able	to	generate	polymers	with	
linear	segments	via	chain-walking	olefin	isomerization.35,39	These	discoveries	set	the	
stage	for	designing	new	Ni-catalyzed	chain-walking	transformations	that	enable	the	
formal	 C(sp3)–H	 functionalization	 at	 remote	 positions	 within	 a	 saturated	
hydrocarbon	chain.40	Our	research	group	has	reported	several	contribution	to	this	
field	of	expertise	 in	 the	past	years.	As	described	 in	Chapter	1,	 in	2017	 the	chain-
walking	 carboxylation	 of	 secondary	 unactivated	 alkyl	 bromides	 was	 reported	 to	
form	the	corresponding	carboxylic	acids	(Scheme	4,	top).41	In	2019,	this	reaction	was	
also	 performed	 by	 photometallaredox	 catalysis,	 avoiding	 the	 use	 of	 a	 metallic	
reductant.42	The	hydrocarboxylation	of	unactivated	internal	olefins	was	achieved	by	
using	water	as	hydride	source	(Scheme	4,	middle)43	and	the	hydrofunctionalization	
of	 unactivated	 alkenes	 was	 further	 developed	 with	 the	 chain-walking	 alkylation	
using	this	time	silanes	as	hydride	source	(Scheme	4,	bottom),44,45	forming	a	diverse	
set	of	densely	functionalized	compounds	with	an	excellent	chemoselectivity.		
	

 
Scheme	4.	Chain	walking	functionalizations	reported	by	our	group.	 	
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2.	General	aim	of	the	project	
	

The	 capability	 to	 control	 the	 outcome	 of	 catalytic	 reactions	 by	 fine-tuning	
modulation	of	the	catalyst	is	of	utmost	synthetic	relevance	within	the	cross-coupling	
arena.46	Indeed,	the	development	of	catalytic	regiodivergent	protocols	from	common	
precursors	 with	 precise	 control	 of	 the	 selectivity	 pattern	 is	 still	 an	 important	
challenge,	thus	providing	an	opportunity	to	improve	our	chemical	portfolio.	Notably,	
while	 unactivated	 secondary	 alkyl	 halides	 are	 electrophiles	 that	 have	 been	 used	
extensively	in	classical	metal-catalyzed	cross-coupling	reactions,	the	vast	majority	of	
these	processes	trigger	the	functionalization	event	at	the	initial	site	of	the	carbon-
halide	bond.	It	was	not	until	recently	that	the	functionalization	of	remote	positions	
via	 ‘chain	 walking’	 strategies	 using	 these	 electrophiles	 has	 been	 investigated,	
providing	 a	 new	 approach	 for	 selective	 functionalization	 of	 C(sp3)–H	 bonds.	 It	 is	
considered	a	non-trivial	task	due	to	its	high	bond	energy,	the	lack	of	p-bonds	that	
readily	 interact	 with	 transition	metals	 and	 the	 difficult-to-control	 site-selectivity.	
However,	 the	development	of	catalytic	regiodivergent	strategies	 to	 functionalize	a	
secondary	alkyl	bromide	at	will	and	with	high	selectivity	remains	unexplored	and	
represents	the	main	goal	of	this	chapter.	Achieving	this	goal	would	require	the	design	
of	 two	 different	 catalytic	 systems	 that	 either	 suppress	 or	 facilitate	 b-hydride	
elimination	from	the	alkyl-metal	 intermediates	generated	upon	oxidative	addition	
into	the	C–Br	bond	(Scheme	5).	

	
Scheme	5.	Ni-catalyzed	regiodivergent	amidation	of	alkyl	bromides.	

The	main	challenges	associated	with	the	development	of	an	amidation	procedure	
for	secondary	alkyl	halides	are	the	high	propensity	of	branched	alkyl–Ni	species	to	
suffer	decomposition	by	b-hydride	elimination	or	other	undesired	pathways,	and	
the	 increased	 steric	 hindrance	 of	 the	 substrate	 that	 could	 slow	 the	 oxidative	
additions	 and	 difficult	 isocyanate	 insertion.	 Furthermore,	 the	 development	 of	 a	
remote	amidation	protocol	of	primary	sp3	C–H	bonds	has	an	increased	complexity	
because	of	the	strong	binding	properties	of	isocyanates	to	transition	metals	(unlike	
CO2	or	other	electrophiles)	and	the	higher	solubility	and	reactivity	of	 isocyanates	
compared	to	CO2,	which	facilitates	the	amidation	at	the	initial	reactive	site.		
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3.	 Regiodivergent	 Reductive	 Amidation	 of	 Unactivated	 Secondary	 Alkyl	
Bromides	with	Isocyanates.		
	
3.1.	Optimization	of	the	reaction	conditions	
	
The	first	efforts	towards	the	Ni-catalyzed	amidation	of	secondary	alkyl	bromides	
in	 the	 remote	 primary	 position	were	made	with	 similar	 conditions	 to	 the	 chain-
walking	 carboxylation	 with	 CO2.	 2-Bromoheptane	 (1)	 was	 chosen	 as	 a	 model	
substrate	 and	different	bipyridine	and	phenanthroline	 ligands	were	 tested,	using	
NiI2	 as	a	nickel	 source	and	 tBuNCO	as	 the	model	 isocyanate	 (Table	1).	When	 the	
ligand	previously	used	for	the	carboxylation	project	was	used	(L1),	very	low	yield	of	
amidation	product	was	observed.	The	change	of	 the	hexyl	group	by	an	 isopropyl	
group	 (L2)	 improved	 the	 yield	 observed	 up	 to	 27%,	 while	 its	 substitution	 by	 a	
methyl	group	(L3)	results	in	35%	yield	with	a	similar	selectivity.	The	removal	of	the	
phenyl	groups	in	the	backbone	of	the	phenanthroline	ligand	(L4)	had	a	small	impact.	
If	 the	 same	 substitutions	 are	 tested	 with	 the	 bipyridine	 scaffold	 (L5-L8)	 better	
amidation	yields	are	observed.	Larger	hexyl	and	isopropyl	groups	in	the	positions	
next	to	the	nitrogen	atoms	(L5	and	L6)	showed	worse	yields	and	selectivity	than	
placing	a	methyl	group	(L7).	 In	 this	occasion	the	phenyl	groups	 in	 the	bipyridine	
were	crucial	to	obtain	good	amidation	selectivity	and	yield.	As	it	can	be	seen,	small	
differences	in	the	ligand	backbone	exerted	a	big	influence	in	the	amidation	output.		

 
Conditions:	1	(0.50	mmol),	tBuNCO	(0.75	mmol),	NiI2	(2.5	mol%),	ligand	(5	mol%),	Mn	(1.25	
mmol),	NMP	(1	mL)	at	10	ºC,	24	h.		

Table	1.	Ligand	screening	for	the	amidation	of	2-bromoheptane	with	isocyanates.	

NN
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Ph Ph
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At	this	point	we	decided	to	investigate	monosubstituted	ligands	and	related	ligand	
scaffolds	 (Table	 2).	 As	 observed	 previously	 in	 our	 group,	 monosubstituted	
phenanthrolines	and	bipyridines	gave	a	complete	change	in	selectivity,	favoring	in	
every	 case	 the	 retained	 amidation.	 The	 introduction	 of	 additional	methyl	 groups	
resulted	in	a	lower	yield	(L9	and	L10).	While	the	inclusion	of	phenyl	groups	did	not	
have	a	big	 influence	on	reactivity,	(L11	vs	L12)	the	presence	a	 longer	alkyl	chain	
adjacent	 to	 the	nitrogen	atom	gave	 the	best	yield	(L13).	Related	pyridine	amines	
(L14),	diimines	or	terpyridines	were	not	competent	in	the	amidation	of	secondary	
alkyl	bromides.		

 
Conditions:	1	(0.50	mmol),	tBuNCO	(0.75	mmol),	NiI2	(2.5	mol%),	ligand	(5	mol%),	Mn	(1.25	
mmol),	NMP	(1	mL)	at	10	ºC,	24h.		

Table	2.	Monosubstituted	polypyridyl	ligand	screening.		

If	we	apply	the	reported	condition	for	the	amidation	of	unactivated	primary	alkyl	
bromides	(Table	3,	entry	2),	variable	yields	with	a	maximum	of	a	30%	yield	were	
obtained.	Controlling	the	reaction	temperature	(entries	1,	3	and	4)	afforded	good	
yields	of	the	corresponding	retained	amide,	presumably	by	avoiding	the	b-hydride	
elimination	of	the	intermediate	alkyl-nickel	and	other	undesired	side	reactions.	By	
testing	different	solvents	and	temperatures,	the	best	amidation	conditions	could	be	
obtained	with	DMF	at	3	ºC,	giving	rise	to	2b	in	93%	yield.		 	
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Entry	 Deviation	 Conversion	
/%	

Yield	
(2a+2b)	/%	 2a:2b	

1	 None	 100	 72	 <1:99	

2	 NiBr2	(3	mol%),		
L12	(4.5	mol%),	DMF,	rta	 100	 25-30a	 <1:99	

3	 L12	instead	of	L13	 100	 62	 <1:99	
4	 NiBr2	and	DMF	at	3	ºC	 100	 93	 <1:99	

Conditions:	1	(0.50	mmol),	tBuNCO	(0.75	mmol),	NiI2	(2.5	mol%),	L13	(5	mol%),	Mn	(1.25	
mmol),	NMP	(1	mL)	at	10	ºC,	24	h.	a	Conditions	reported	for	the	amidation	of	unactivated	
alkyl	bromides	by	our	group.	Variable	yields	with	a	maximum	of	30%	were	obtained.		

Table	3.	Retained	amidation	of	secondary	alkyl	bromides.		

With	a	good	system	for	the	retained	amidation	in	hand,	we	decided	to	test	the	other	
reaction	parameters	using	L7	with	the	aim	of	improving	the	chain	walking	amidation	
outcome.	First	of	all,	a	set	of	different	nickel	precatalyst	was	tested	(Table	4).	Only	
the	halide	salts	were	competent	precatalyst	(entries	1-3),	being	the	best	of	them	NiI2.	
Other	nickel	sources	(entries	4	and	5)	could	not	promote	the	desired	transformation.	
Polar	non-protic	solvent	such	as	DMF	or	DMA	gave	lower	results	and	the	use	of	Zn	
as	a	reducing	agent	afforded	the	desired	product	 in	moderate	yield	and	a	slightly	
worse	selectivity.	The	reduction	of	the	reaction	temperature	to	3	ºC	(entry	9)	gave	a	
similar	yield	but	favored	the	formation	of	the	amidation	at	the	initial	site.		 	

1

NiI2 (2.5 mol%)
L13 (5 mol%)
Mn (2.5 equiv)

tBuNCO (1.5 equiv)
NMP, 10 ºC, 24 h

2a or 2bMe

Br

Me
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MeMe
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Entry	 Deviation	 Conversion	/%	 Yield	(2a+2b)	/%	 2a:2b	

1	 None	 100	 72	 96:4	
2	 NiBr2·dme	 100	 48	 94:6	
3	 NiCl2·dme	 100	 19	 84:16	
4	 Ni(acac)2	 4	 1	 –	
5	 Ni(COD)2	 24	 4	 –	
6	 DMF	instead	of	NMP	 100	 66	 96:4	
7	 DMA	instead	of	NMP	 100	 45	 80:20	
8	 Zn	instead	of	Mn	 100	 42	 93:7	
9	 3	ºC	 92	 68	 91:9	

Conditions:	1	 (0.50	mmol),	tBuNCO	(0.75	mmol),	NiI2	(2.5	mol%),	L7	 (5	mol%),	Mn	(1.25	
mmol),	NMP	(1	mL)	at	10	ºC,	24	h.		

Table	4.	Reaction	parameter	screening.		

Having	optimized	all	the	reaction	parameters,	we	then	tested	the	effect	of	different	
additives	 (Table	5).	The	addition	of	ammonium	salts,	 that	has	been	beneficial	 for	
different	reductive	couplings	and	carboxylations	(see	chapter	1),	in	our	case	did	not	
have	a	positive	effect.	A	similar	trend	to	the	case	of	nickel	precatalyst	was	observed:	
chloride	gave	a	lower	yield	and	selectivity	than	bromide	(entries	2	and	3),	and	worse	
than	iodide	(entry	4).	This	observation	could	be	rationalized	if	we	assume	that	the	
formation	of	a	 cationic	alkyl	nickel	 intermediate	 is	needed	 for	an	effective	chain-
walking.	Other	less	soluble	iodide	salts	gave	low	yields	(entry	5).	The	addition	of	a	
larger	 amount	 of	 isocyanate	 gave	 a	 similar	 result	 (entry	 6).	 The	main	 byproduct	
observed	 in	 every	 case	was	 the	 corresponding	 heptane	mixture,	 produced	 by	b-
hydride	elimination	and	subsequent	discoordination.	With	the	aim	of	reentering	the	
heptene	formed	into	the	catalytic	cycle,	different	additives	known	to	produce	nickel	
hydrides	were	added	(entries	7-11).	However,	 the	addition	of	either	simple	alkyl	
bromides	or	silanes	did	not	improve	the	yield	or	the	selectivity.	Finally,	the	use	of	
alkyl	 iodide	 instead	 of	 an	 alkyl	 bromide	 resulted	 in	 lower	 yields	 of	 the	 primary	
amide,	along	with	large	amount	of	heptene	isomers	(entry	12).		 	

1
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Mn (2.5 equiv)
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Entry	 Deviation	 Conversion	/%	 Yield	(2a+2b)	/%	 2a:2b	

1	 None	 100	 72	 96:4	
2	 +TBACl	(1	equiv)	 96	 11	 73:27	
3	 +TBABr	(1	equiv)	 86	 36	 94:6	
4	 +TBAI	(1	equiv)	 82	 49	 96:4	
5	 +NaI	(1	equiv)	 94	 15	 80:20	
6	 2	equiv	tBuNCO	 100	 68	 96:4	
7	 +iPrBr	(0.5	equiv)	 100	 67	 96:4	
8	 +nPrBr	(0.5	equiv)	 100	 60	 96:4	
9	 +tBuBr	(0.5	equiv)	 91	 49	 88:12	

10	 +(EtO)2MeSiH		
(0.5	equiv)	 100	 69	 91:9	

11	 +Et3SiH		
(0.5	equiv)	 100	 48	 85:15	

12	 2-iodoheptane	
instead	of	1	 100	 18	 83:17	

Conditions:	1	 (0.50	mmol),	tBuNCO	(0.75	mmol),	NiI2	(2.5	mol%),	L7	 (5	mol%),	Mn	(1.25	
mmol),	NMP	(1	mL)	at	10	ºC,	24	h.		

Table	5.	Screening	of	additives.	
	
3.2.	Preparative	substrate	scope	
	
After	the	optimization	of	all	the	parameters,	we	decided	to	move	forward	and	test	
the	scope	of	the	transformation.	To	this	end,	we	started	testing	different	isocyanates	
with	2-bromoheptane	using	the	developed	conditions	with	L7	or	L13.		Bulky	tertiary	
and	 secondary	 isocyanates	 gave	 the	 corresponding	 branched	 or	 terminal	 amides	
(Table	6, 2a/b-6a/b)	with	moderate	to	good	yields.	These	results	show	the	ability	
of	this	methodology	to	form	bulky	amides	with	ease	in	contrast	with	other	amidation	
protocols	where	these	compounds	are	typically	beyond	reach.	However,	the	use	of	
primary	alkyl	isocyanates	or	aromatic	isocyanates	did	not	yield	the	desired	amides	
with	full	conversion	of	both	the	alkyl	bromide	and	the	isocyanate.	
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Conditions	Ni/L7:	1	(0.50	mmol),	RNCO	(0.75	mmol),	NiI2	(2.5	mol%),	L7	(5	mol%),	Mn	(1.25	
mmol),	NMP	(1	mL)	at	10	ºC,	24	h.	Conditions	Ni/L13:	1	 (0.50mmol),	RNCO	(0.75mmol),	
NiBr2	(2.5mol%),	L13	(5	mol%),	Mn	(0.75	mmol),	DMF	(0.5	mL)	at	3	ºC,	24	h.	a	1	mmol	scale.	

Table	6.	Isocyanate	scope	of	the	reductive	amidation.		

Next	we	moved	our	attention	to	test	different	secondary	alkyl	bromides	(Table	7).	
The	 use	 of	 3-bromoheptane	 and	 4-bromoheptane	 delivered	 the	 corresponding	
amidation	product	in	the	terminal	or	the	original	position	(7a/b	and	8a/b)	in	good	
yields.	 	 The	 presence	 of	 amines	 (10a/b),	 esters	 (11a/b),	 nitriles	 (13a/b)	 or	
heterocycles	 (15a/b	 and	 16a/b)	 show	 the	 good	 chemoselectivity	 profile	 of	 the	
procedure.	 Boronic	 esters	 (17a/b)	 were	 tolerated	 as	 well,	 leaving	 an	 additional	
handle	 for	 further	 functionalization.	 Particularly	 illustrative	 was	 the	 excellent	
selectivity	observed	in	the	remote	amidation	using	Ni/L7,	since	in	the	presence	of	
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an	ester	(11a),	an	aryl	group	(8a	and	18a)	or	different	terminal	methyl	groups	(14a)	
the	amidation	event	might	be	problematic.	15		

 
Conditions	Ni/L7:	alkyl	bromide	(0.50	mmol),	tBuNCO	(0.75	mmol),	NiI2	(2.5	mol%),	L7	(5	
mol%),	Mn	(1.25	mmol),	NMP	(1	mL)	at	10	ºC,	24h.	Conditions	Ni/L13:	alkyl	bromide	(0.50	
mmol),	tBuNCO	(0.75	mmol),	NiBr2	(2.5mol%),	L13	 (5	mol%),	Mn	(0.75	mmol),	DMF	(0.5	
mL)	at	3	ºC,	24	h.	
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Conditions	Ni/L7:	alkyl	bromide	(0.50	mmol),	tBuNCO	(0.75	mmol),	NiI2	(2.5	mol%),	L7	(5	
mol%),	Mn	(1.25	mmol),	NMP	(1	mL)	at	10	ºC,	24h.	Conditions	Ni/L13:	alkyl	bromide	(0.50	
mmol),	tBuNCO	(0.75	mmol),	NiBr2	(2.5	mol%),	L13	(5	mol%),	Mn	(0.75	mmol),	DMF	(0.5	
mL)	at	3	ºC,	24	h.	a	NiI2	(5	mol%),	L7	(10	mol%).	

Table	7	(cont.).	Alkyl	bromides	scope.	
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To	further	explore	the	synthetic	applicability	of	our	methodology,	we	performed	
an	unselective	bromination	of	n-hexane,	which	was	then	submitted	to	the	amidation	
reaction	conditions	using	Ni/L7.	This	2-step	sequence		gave	the	terminal	amide	with	
excellent	 selectivity	 and	 good	 yield	 (Scheme	 6,	 top).	 Moreover,	 an	 electrophilic	
quenching	of	the	obtained	amidate	was	performed	to	give	the	disubstituted	amide	
with	moderate	 yield,	 which	 could	 then	 be	 deprotected	 to	 obtain	 the	 amide	 that	
would	formally	arise	from	the	use	of	methyl	isocyanate,	a	very	toxic	reagent	(Scheme	
6,	bottom).		
	

 
Scheme	6.	Synthetic	applications.	

	
4.	Mechanistic	investigations	
	
To	gain	 further	 information	about	 the	mechanistic	 subtilties	of	 the	reaction,	we	
decided	 to	study	 the	reactivity	of	 the	 low	valent	NiL2	 complexes	 that	are	a	priori	
generated	 within	 the	 catalytic	 cycle.	 Initial	 attempts	 to	 synthesize	 (L7)2Ni	 and	
(L13)2Ni	from	Ni(COD)2	were	unsuccessful	due	to	the	low	solubility	of	the	ligands	
and	their	inability	to	fully	displace	COD.	However,	an	alternative	route	via	reduction	
of	LNiX2	with	TMSCH2MgBr	or	EtMgBr	afforded	(L7)2Ni	and	(L13)2Ni	which	were	
characterized	by	X-ray	crystallography	(Scheme	7).	Closer	inspection	of	the	crystal	
structures	reveals	a	significant	difference	in	their	geometry,	with	(L7)2Ni	showing	a	
more	traditional	tetrahedral	geometry	while	(L13)2Ni	is	distorted	between	square	
planar	and	tetrahedral	geometries	(81°	vs	65°).		
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Scheme	8.	Synthesis	of	NiL2.	

As	 expected,	 (L7)2Ni	 and	 (L13)2Ni	 were	 found	 to	 be	 competent	 precatalysts,	
delivering	2a	in	56%	yield	and	2b	in	74%	yield	respectively	(Scheme	9,	top).	Due	to	
the	low	yields	obtained	for	the	synthesis	of	(L13)2Ni,	we	decided	to	continue	testing	
with	 a	 mixture	 of	 Ni(COD)2/L13,	 since	 Ni(COD)2	 is	 a	 competent	 precatalyst	 in	
catalytic	 conditions	 for	 the	 retained	 amidation.	 Performing	 stochiometric	
experiments	with	(L7)2Ni	or	Ni(COD)2/L13	and	1a	without	reductant	afforded	full	
conversion	 of	 alkyl	 halide	 to	 the	 corresponding	 alkenes	 as	 the	 major	 products	
(Scheme	10,	middle).	These	results	support	the	notion	that	isocyanate	insertion	to	
the	 in	situ	generated	(L)Ni(II)(Br)(Alk)	 is	slow	or	does	not	occur	while	b-hydride	
elimination	 to	 form	 an	 heptene	 is	 significantly	 faster.	 Unfortunately,	 under	
stochiometric	 conditions	 with	 Mn,	 we	 were	 unable	 to	 efficiently	 promote	 the	
isocyanate	 insertion	 and	 alkene	was	observed	 as	 the	major	product.	Moreover,	 a	
competitive	experiment	in	which	both	ligands	were	added	in	the	standard	reaction	
conditions	 formed	 exclusively	 the	 ‘retained’	 amidation	 2b	 (Scheme	 11,	 bottom),	
which	might	indicate	a	stronger	binding	of	L13	than	L7	to	the	nickel	center.	Closer	
inspection	 of	 the	 crystal	 structures	 reveals	 a	 significant	 difference	 in	 the	 Cpy–Cpy	
bond.	 As	 these	 bond’s	 lengths	 constitute	 an	 indirect	 evidence	 on	 the	 degree	 of	
backdonation	 from	 the	 metal,	 we	 can	 further	 evaluate	 how	 ligand	 effects	 and	
geometry	 stabilize	 our	 proposed	 catalytic	 intermediate.	 Comparing	 the	 Cpy–Cpy	
bonds	 between	 (L7)2Ni(0)	and	 (L13)2Ni(0)	we	 observe	 longer	 Cpy–Cpy	 bonds	 for	
(L7)2Ni(0),	suggesting	less	backdonation	of	the	tetrahedral	(L7)2Ni(0)	(1.453(8)	vs	
1.437(2)	 Å).	 Noteworthy,	 when	 we	 compare	 (L7)2Ni(0)	 to	 the	 free	 ligand,	 we	
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observe	that	the	Cpy-Cpy	bond	is	still	significantly	contracted	suggesting	significant	
backdonation	from	Ni(0)	(1.453(8)	vs	1.497(6)). 
	

 
Scheme	9.	Mechanistic	investigations.		

With	 all	 this	 information	 in	 hand,	we	propose	 a	mechanistic	 scenario	 based	 on	
Ni(II)-alkyl	species	generated	after	stepwise	oxidative	addition	of	the	alkyl	halide	to	
Ni(0)	 (Scheme	 10).	 These	 species	 might	 be	 incapable	 to	 undergo	 insertion	 of	
isocyanate	in	an	efficient	way	and	require	the	reduction	to	Ni(I)-alkyl	species,	since	
the	 stoichiometric	 experiments	 need	 the	 addition	 of	 manganese	 to	 observe	
amidation	product.	The	secondary	Ni(II)-alkyl	is	also	believed	to	be	unstable	and	we	
infer	that	L13	slows	b-hydride	elimination	compared	to	L7	to	allow	the	access	of	the	
different	amidation	products	with	high	selectivity.	After	 isocyanate	 insertion	 into	
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the	C–Ni(I)	bond,	 a	 reductive	 transmetallation	with	Mn	recovers	 the	propagating	
Ni(0)	and	generates	the	Mn-amidate,	which	renders	the	desired	amide	after		acidic	
work-up.	
	
	

 
Scheme10.	Proposed	reaction	mechanism.	

	 	

LnNi(0)

Me

H-[Ni(II)]

Me
[Ni(II)]

Me N

O
[Ni(I)]

MeMe
Me

tBuNCO

Mn

L7 = L13 =

Me Me

NO
[Ni]

Me

Me
Me

Me N

O
[Mn]

MeMe
Me

NiX2 + n L

Mn

Me Me

Ni(II)Ln

NN
Me Me

Ph Ph

NN
nHex

Me

Br

Me

Me
[Ni(I)]

Mn
Me Me

[Ni(I)]

Oxidative 
Addition

Reduction

Reduction

insertion

Isomerization

Me Me Me Me Me

β-hydride elimination and olefin isomerization



Chapter 5 

 418 

5.	Conclusions	
	
A	nickel-catalyzed	regiodivergent	amidation	of	secondary	alkyl	bromides	has	been	
described,	 showing	 the	 influence	of	 the	 ligand	backbone	 into	 the	outcome	of	 the	
reaction.	 The	 reaction	 proceeds	 under	 mild	 conditions,	 thus	 minimizing	
unproductive	dimerization/trimerization	events	of	the	isocyanate,	accommodating	
a	wide	range	of	substrates	with	an	excellent	chemoselectivity	profile	and	controlling	
the	b-hydride	elimination	processes	at	will	by	ligand	modulation	to	obtain	branched	
or	terminal	amides.	One	of	the	major	limitations	of	this	chapter	is	the	narrow	scope	
of	isocyanates.	Specifically,	only	bulky	and	electron-rich	isocyanates	can	be	used	as	
other	isocyanates	afford	only	traces	of	the	desired	product.	One	alternative	option	
towards	overcoming	this	limitation	could	be	the	use	of	isocyanate	surrogates,	that	
would	 allow	 the	 slow	 release	 of	 these	 species	 in	 situ.	 Moreover,	 the	 need	 for	
superstoichiometric	quantities	of	metals	as	reductants,	which	need	to	be	quenched	
at	the	end	of	the	reaction	and	generate	metal	waste,	can	be	considered	as	a	drawback	
for	the	wide	application	of	reductive	cross-electrophile	reactions.	Alternatives	using	
photocatalysis	with	terminal	organic	electron	donors	would	be	a	good	alternative	
for	 this	 problem.	 Undoubtedly,	 future	 developments	with	 chiral	 ligands	would	 a	
priori	allow	to	access	chiral	aliphatic	amides	via	enantioconvergent	events,	which	
are	important	molecules	in	pharmaceuticals	and	agrochemicals.	
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6.	Experimental	section	
	
General	considerations:	
Reagents	and	Reaction	Set-up.	NiBr2	 (anhydrous,	98%	purity),	NiI2	 (anhydrous,	
99%	purity),	manganese	powder	 (99.9%	 trace	metal	basis),	 tert-butyl	 isocyanate	
(97%	 purity),	 cyclohexyl	 isocyanate	 (98%	 purity),	 adamantyl	 isocyanate	 (97%	
purity)	and	1,1,3,3-tetramethylbutyl	isocyanate	(98%	purity)	were	purchased	from	
Aldrich.	Ethyl	2-(1-isocyanatocyclohexyl)	acetate	was	purchased	from	Fluorochem.	
(NOTE:	the	purity	of	the	isocyanates	was	found	crucial	for	the	reaction;	higher	yields	
and	 better	 reproducibility	were	 achieved	 by	 purifying	 the	 isocyanates	 through	 a	
short	plug	of	dried	neutral	alumina	inside	a	nitrogen-filled	glovebox.	Old	batches	of	
isocyanates	 provide	 consistently	 lower	 yields	 and	 variable	 results).	 2-
Bromoheptane	 (technical	 grade)	 was	 purchased	 form	 Aldrich,	 3-bromoheptane	
(97%	purity)	and	4-bromoheptane	(97%	purity)	were	purchased	from	Alfa	Aesar	
and	 used	 as	 received.	 Anhydrous	N,N-	 dimethylformamide	 (DMF,	 99.8%	 purity),		
anhydrous	N,N-dimethylacetamide	(DMA,	99.5%	purity)		and	anhydrous	1-methyl-
2-pyrrolidinone	(NMP,	99.5%	purity)	were	purchased	from	Acros	Organics	(NOTE:	
it	is	critical	to	have	appropriately	dried	DMF,	DMA	and	NMP	to	obtain	reproducible	
results,	 since	 old	 batches	 of	 these	 solvents	 provided	 variable	 results).	 The	
temperature	of	 the	reactions	was	controlled	by	using	a	chiller	 (Huber	Minichiller	
300)	connected	to	an	aluminum	block	with	an	internal	recirculation	circuit.		
	
Analytical	methods.	1H	NMR	and	13C	NMR	spectra	are	included	for	all	compounds.	
1H	and	13C	NMR	spectra	were	recorded	on	a	Bruker	300	MHz,	a	Bruker	400	MHz	or	
a	Bruker	500	MHz	at	20	ºC.	All	1H	NMR	spectra	are	reported	 in	parts	per	million	
(ppm)	downfield	of	TMS	and	were	measured	relative	to	the	signals	for	CHCl3	(7.26	
ppm).	All	 13C	NMR	spectra	were	reported	 in	ppm	relative	 to	residual	CHCl3	 (77.2	
ppm)	and	were	obtained	with	1H	decoupling.	Coupling	constants,	J,	are	reported	in	
hertz	 (Hz).	Melting	points	were	measured	using	open	glass	 capillaries	 in	 a	Büchi	
B540	 apparatus.	 Infrared	 spectra	 (FT-IR)	 measurements	 were	 carried	 out	 on	 a	
Bruker	 Optics	 FT-IR	 Alpha	 spectrometer	 equipped	 with	 a	 DTGS	 detector,	 KBr	
beamsplitter	at	4	cm-1	resolution	using	a	one	bounce	ATR	accessory	with	diamond	
windows.	Mass	spectra	were	recorded	on	a	Waters	LCT	Premier	spectrometer	or	in	
a	 MicroTOF	 Focus,	 Bruker	 Daltonics	 spectrometer.	 Flash	 chromatography	 was	
performed	 with	 EM	 Science	 silica	 gel	 60	 (230-400	 mesh)	 using	 potassium	
permanganate,	vanillin	or	cerium	molybdate	as	TLC	stains.		
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Optimization	of	the	reaction	conditions	
In	 a	 nitrogen-filled	 glovebox,	 an	 oven-dried	 screw-capped	 test	 tube	 containing	 a	
stirring	bar	was	charged	with	the	nickel	source,	ligand	and	Mn.	The	obtained	mixture	
was	stirred	at	rt,	until	a	colored	complex	was	obtained	(ca.	5	to	10	min),	after	which	
tert-butyl	isocyanate	(0.75	mmol;	1.5	equiv)	was	added.	Subsequently,	the	reaction	
mixture	was	cooled	down	to	10	°C	outside	the	glovebox,	and	2-bromoheptane	was	
added	(0.5	mmol;	1	equiv).	The	resulting	mixture	was	stirred	for	24	h,	at	10	°C	using	
a	chiller.	The	crude	reaction	mixture	was	carefully	quenched	with	5%	aq.	HCl	(1	mL)	
and	 extracted	with	 ethyl	 acetate.	 A	 sample	 of	 the	 obtained	 solution	was	 filtered	
through	a	silica-celite	plug,	eluted	with	ethyl	acetate	and	analyzed	by	GC-FID	using	
anisole	as	internal	standard.		
	
Ligand	synthesis:	
-L7	was	prepared	in	chapter	4.	
-Synthesis	of	L13:	

6-hexyl-2,2'-bipyridine	(L13).	Hexyl	lithium	(13.9	mL	
of	 a	 2.3	M	 in	 hexane,	 32	mmol;	 1	 equiv),	 was	 added	
slowly	 to	 a	 solution	 of	 bipyridine	 (5.0	 g,	 32	mmol;	 1	
equiv)	in	dry	diethyl	ether	(150	mL,	0.2	M),	at	−40	°C.	

The	resulting	red	solution	was	stirred	for	1	h	under	vigorous	agitation.	Then,	 the	
reaction	mixture	was	quenched	with	brine	(200	mL).	The	resulting	biphasic	yellow	
mixture	was	separated	and	the	organic	phase	was	extracted	with	diethyl	ether	(3	×	
50	mL),	dried	over	MgSO4	and	evaporated	under	reduced	pressure.	The	obtained	
dark	 orange	 crude	 product	was	 dissolved	 in	 dichlorometane	 (50	mL)	 and	MnO2	
(11.1	g,	128	mmol;	4	equiv)	were	added	under	vigorous	agitation.	After	3	h	the	crude	
reaction	 mixture	 was	 filtered	 through	 a	 silica-celite	 plug,	 concentrated	 under	
reduced	 pressure	 and	 purified	 through	 column	 chromatography	 on	 silica	 gel	
(hexanes/ethyl	acetate	99:5)	to	afford	the	product	as	a	clear	oil	(4.38	g,	18.2	mmol,	
57%	yield).		
1H	NMR	(400	MHz,	CDCl3):		δ	=	8.66	(ddd,	J	=	4.8,	1.8,	0.9	Hz,	1H),	8.44	(dt,	J	=	8.0,	
1.1	Hz,	1H),	8.18	(dd,	J	=	7.9,	1.0	Hz,	1H),	7.78	(td,	J	=	7.7,	1.8	Hz,	1H),	7.69	(t,	J	=	7.7	
Hz,	1H),	7.26	(ddd,	J	=	7.5,	4.8,	1.2	Hz,	1H),	7.14	(dd,	J	=	7.7,	1.0	Hz,	1H),	2.89	–	2.81	
(m,	2H),	1.86	–	1.72	(m,	2H),	1.45	–	1.25	(m,	6H),	0.93	–	0.84	(m,	3H)	ppm.		
13C	NMR	 (101	MHz,	 CDCl3):	 δ	 =	 162.1,	 156.8,	 155.6,	 149.2,	 137.1,	 136.9,	 123.5,	
122.8,	121.3,	118.2,	38.5,	31.9,	29.8,	29.2,	22.7,	14.2	ppm.		
IR	(neat,	cm-1):	2925,	2855,	1581,	1563,	1458,	1428,	773.		
HRMS(ESI+):	[C16H21N2]+	(M+H)	calcd.	241.1699,	found	241.1693.	

NN

Me
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-Synthesis	of	secondary	alkyl	bromides.		
The	following	alkyl	bromides	were	prepared	following	a	literature	procedure:41,42,47	

	
	
-Preparation	of	secondary	alkyl	bromides	from	the	corresponding	alcohols:		

2,2'-(11-bromotridecane-1,2-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane).	 Adapting	 a	 literature	
procedure48	 in	 a	 round	bottom	 flask,	 4-
cyanopyridine	 (104.1	 mg,	 1mmol,	 0.2	
equiv),	 NaBH4	 (94.6	 mg,	 2.5mmol,	 0.5	

equiv)	and	B2pin2	(2.54	g,	10	mmol,	2	equiv)	were	placed	under	inert	atmosphere	
and	tridec-12-en-3-ol49	(1.00	g,	5	mmol)	was	added.	MeOH	(5	mL)	was	then	added	
and	the	mixture	was	heated	to	100	ºC	for	5	hours.	The	reaction	mixture	was	cooled	
down	 to	 room	 temperature,	 brine	 was	 added,	 and	 the	 aqueous	 layer	 was	 then	
extracted	with	 EtOAc.	 The	 combined	 organic	 phases	were	 dried	with	 anhydrous	
Na2SO4	and	the	solvent	was	removed	under	reduced	pressure.	The	crude	mixture	
was	dissolved	in	a	2:1	hexane:EtOAc	mixture,	filtered	through	a	pad	of	silica	and	the	
solvent	was	removed	under	reduced	pressure.	The	crude	mixture	obtained	(1.60	g	
approximately)	 containing	 the	 alcohol	was	 subjected	 to	 the	 general	 bromination	
conditions.	 Triphenylphosphine	 (1.15	 g,	 1.25	 equiv.)	 was	 dissolved	 in	
dichloromethane	 (0.33	 M	 based	 on	 alcohol).	 After	 cooling	 the	 solution	 to	 0	 ºC,	
bromine	(215	mL,	1.2	equiv)	was	added	dropwise	and	allowed	to	stir	for	10	min	to	
obtain	a	suspension.	Then	pyridine	(0.35	mL,	1.2	equiv.)	and	the	alcohol	(1.60	g,	1.0	
equiv.)	dissolved	 in	dichloromethane	 (0.5	M)	were	added	 to	 the	 suspension.	The	
reaction	mixture	was	allowed	to	warm	up	to	rt	and	stirred	overnight.	The	resulting	
reaction	 mixture	 was	 quenched	 with	 aq.	 saturated	 NH4Cl	 and	 extracted	 with	
dichloromethane.	The	combined	organic	phases	were	washed	with	brine,	dried	over	
MgSO4	and	concentrated	under	reduced	pressure.	The	crude	mixture	was	purified	
by	flash	column	chromatography	through	silica	gel	(hexane/ethyl	acetate	100/0	to	
95/5)	to	obtain	the	desired	product	as	a	colorless	oil	(966.7	mg,	38%	yield).	
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1H	NMR	(400	MHz,	CDCl3):	δ	=	3.95	(tt,	J	=	7.8,	4.9	Hz,	1H),	1.88	–	1.71	(m,	4H),	1.54	
–	1.33	(m,	4H),	1.27	–	1.22	(m,	10H),	1.20	(s,	24H),	1.11	–	1.04	(m,	1H),	1.00	(t,	J	=	7.2	
Hz,	3H),	0.89	–	0.69	(m,	2H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	82.8,	82.7,	60.6,	38.8,	33.8,	32.1,	29.8,	29.5,	29.4,	
29.0,	28.8,	27.6,	24.9,	24.8,	24.8,	24.7,	18.4	(br),	12.7	(br),	12.0	ppm.	
IR	(neat,	cm-1):	2976,	2924,	2854,	1462,	1369,	1310,	1214,	1140,	968,	846.		
HRMS	(ESI+):	[C25H49B2BrNaO4]+	(M+Na)	calcd.	537.2893,	found.	537.2897.	
	

(6-bromooctyl)benzene.	To	a	250	mL	round	bottom	flask	
containing	 a	 solution	 of	 triphenylphosphine	 (1.41g,	 5,37	
mmol)	 in	 DCM	 (30	mL)	 at	 0	 °C,	 bromine	 (858,6	 mg,	 5,37	

mmol)	was	added	dropwise	and	the	mixture	stirred	for	30	min.	Then,	a	solution	of	
7-phenylheptan-3-ol50	(861	mg,	4,48	mmol)	in	DCM	(20	M)	and	pyridine	(433,7	mL,	
5,37	mmol)	were	subsequently	added	and	the	mixture	was	stirred	for	4	h	at	room	
temperature.	After	completion,	the	mixture	was	partially	concentrated	and	filtered	
through	a	plug	of	silica	eluting	with	pentane.	The	filtrate	was	evaporated	and	the	
residue	purified	by	flash	column	chromatography	(EtOAc/Hexanes	5-10%)	to	afford	
the	corresponding	bromide	as	a	colorless	oil	(900	mg,	3,53	mmol,	79%	yield).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.33	–	7.24	(m,	2H),	7.23	–	7.14	(m,	3H),	3.98	(tt,	J	=	
7.9,	5.0	Hz,	1H),	2.63	(t,	J	=	7.5	Hz,	2H),	1.95	–	1.74	(m,	4H),	1.71	–	1.56	(m,	3H),	1.52	
–	1.41	(m,	1H),	1.04	(t,	J	=	7.3	Hz,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=	142.6,	128.5,	128.4,	125.9,	60.5,	38.8,	35.9,	32.3,	
31.1,	27.5,	12.2	ppm.	
IR	(neat,	cm-1):	3062,	3026,	2966,	2934,	2858,	1603,	1496,	1453,	745,	697.		
HRMS	(APCI+):	[C13H19]+	(M-Br)+	calcd.	175.1481,	found.	175.1476.	
	
-Synthesis	of	secondary	alkyl	bromides	from	1,4-dibromopentane:		
	

1-(4-bromopentyl)-1H-pyrrole.	A	 solution	 of	 pyrrole	 (0.69	mL,	
10	mmol;	1	equiv)	in	DMF	(5	mL)	was	added	slowly	over	a	round	
bottom	flask	containing	NaH	(0.48	g	of	60%	NaH	in	mineral	oil,	12	
mmol;	1.2	equiv)	in	DMF	(100	mL)	and	stirred	at	rt	for	1h.	Then,	a	
solution	of	1,4-dibromopentane	(4	mL,	30	mmol;	3	equiv)	in	DMF	

(40	mL)	was	 slowly	 added	and	 the	 resulting	mixture	 stirred	 for	48	h.	The	 crude	
reaction	 mixture	 was	 evaporated	 under	 reduced	 pressure	 and	 the	 obtained	 oil	
purified	 through	column	chromatography	to	afford	 the	 title	compound	as	a	 light-
yellow	oil	(1.06	g,	4.9	mmol;	49%	yield).		
1H	NMR	(500	MHz,	CDCl3):	δ	=	6.65	(s,	2H),	6.15	(s,	2H),	4.12	–	4.05	(m,	1H),	3.92	
(td,	J	=	6.9,	1.3	Hz,	2H),	2.08	–	2.00	(m,	1H),	1.97	–	1.84	(m,	1H),	1.84	–	1.71	(m,	2H),	
1.69	(d,	J	=	6.7	Hz,	3H)	ppm.		
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13C	NMR	(126	MHz,	CDCl3):	δ	=	120.6,	108.3,	50.9,	49.0,	38.2,	29.9,	26.6	ppm.		
IR	(neat,	cm-1):	3099,	2924,	1684,	1499,	1445,	1280,	1088,	1066,	720,	617,	535.	
HRMS	(APCI+):	[C9H15BrN]+	(M+H)	calcd.	216.0382,	found.	216.0373.	
	

N-(4-bromopentyl)-N-(4-methoxyphenyl)-4-
methylbenzenesulfonamide.	
A	solution	of	1	g	(3.61	mmol,	1.0	equiv)	of	p-MeO-Tosyl-aniline	
and	K2CO3	(598	mg,	4,33	mmol,	1.2	equiv.)	in	DMF	(6	mL)	was	
stirred	 for	 1	 h	 at	 room	 temperature.	 Then,	 the	 1,4-

dibromopentane	 (1.66	 g,	 7.21	 mmol,	 2.0	 equiv)	 was	 subsequently	 added.	 The	
mixture	was	stirred	at	room	temperature	for	24-48	h.	After	completion,	the	mixture	
was	extracted	with	EtOAc	and	washed	with	brine.	The	organic	layer	was	dried	over	
anhydrous	 MgSO4	 and	 concentrated.	 The	 residue	 was	 purified	 by	 flash	 column	
chromatography	in	silica	gel	with	hexane/EtOAc,	affording	the	desired	compound	as	
a	yellowish	viscous	oil	(800	mg,	1,88	mmol,	52%	yield).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.50	–	7.45	(m,	2H),	7.30	–	7.21	(m,	2H),	6.98	–	6.91	
(m,	2H),	6.86	–	6.79	(m,	2H),	4.12	(dqd,	J	=	8.5,	6.5,	4.6	Hz,	1H),	3.81	(s,	3H),	3.58	(dt,	
J	=	13.5,	6.9	Hz,	1H),	3.48	(dt,	J	=	13.0,	6.4	Hz,	1H),	2.43	(s,	3H),	1.98	–	1.73	(m,	2H),	
1.69	(d,	J	=	6.6	Hz,	3H),	1.67	–	1.60	(m,	1H),	1.48	–		1.59	(m,	1H)	ppm.	
13C	NMR	 (100	MHz,	 CDCl3):	δ	 =	 159.1,	 143.3,	 135.2,	 131.3,	 129.9,	 129.4,	 127.7,	
114.3,	55.4,	51.0,	49.8,	37.6,	26.6,	26.2,	21.6	ppm.	
IR	(neat,	cm-1):	2925,	2838,	1605,	1506,	1443,	1343,	1246,	1158,	1089,	1030,	902,	
814,	676,	579,	545.		
HRMS	(ESI+):	[C19H24BrNNaO3S]+	(M+Na)	calcd.	448.0552,	found.	448.0552.	
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Amidation	of	secondary	alkyl	bromides	with	isocyanates.		
General	Procedure	A.	 In	a	nitrogen-filled	glovebox,	an	oven-dried	screw-capped	
test	tube	containing	a	stirring	bar	was	charged	with	NiI2	(3.9	mg,	0.013	mmol;	2.5	
mol%),	6,6'-dimethyl-4,4'-diphenyl-2,2'-bipyridine	(L7)	(8.4	mg,	0.025,	5.0	mol%),	
Mn	(68.7	mg,	1.25	mmol;	2.5	equiv)	and	NMP	(1.0	mL).	The	obtained	mixture	was	
stirred	until	a	deep	purple	color	was	observed	(20-30	minutes).	Subsequently,	the	
corresponding	alkyl	bromide	(0.5	mmol;	1	equiv)	and	isocyanate	(0.75	mmol;	1.5	
equiv)	were	 added.	 The	 resulting	mixture	was	 stirred	 for	 24	 h,	 at	 10	 °C	 using	 a	
chiller.	The	crude	reaction	mixture	was	carefully	quenched	with	5%	aq.	HCl	(1	mL)	
or	saturated	aq.	NH4Cl	(2	mL)	(when	sensitive	functional	groups	were	present).	Acid	
quench	was	followed	by	the	addition	of	distilled	water	(ca.	10	mL)	and	by	extraction	
with	ethyl	acetate	(3	×	15	mL).	The	organic	phase	was	washed	with	brine	(40	mL),	
dried	over	MgSO4,	filtered	and	the	solvent	was	evaporated	under	reduced	pressure.	
The	 crude	 product	 was	 purified	 by	 column	 chromatography	 (hexanes/EtOAc	 or	
pentane/Et2O).		
	
General	Procedure	B.	 In	a	nitrogen-filled	glovebox,	an	oven-dried	screw-capped	
test	tube	containing	a	stirring	bar	was	charged	with	NiBr2	(2.7	mg,	0.013	mmol;	2.5	
mol%),	6-hexyl-2,2’-bipyridine	(L13)	(6.0	mg,	0.025,	5.0	mol%),	Mn	(41.2	mg,	0.750	
mmol;	1.5	equiv)	and	DMF	(0.5	mL).	The	obtained	mixture	was	stirred	until	a	deep	
green	color	was	observed	(30-45	minutes).	Subsequently,	the	corresponding	alkyl	
bromide	(0.5	mmol;	1	equiv)	and	isocyanate	(0.75	mmol;	1.5	equiv)	were	added.	The	
resulting	mixture	was	stirred	 for	24	h,	at	3	 °C	using	a	chiller.	The	crude	reaction	
mixture	was	carefully	quenched	with	5%	aq.	HCl	(1	mL)	or	saturated	aq.	NH4Cl	(2	
mL)	(when	sensitive	functional	groups	were	present).	Acid	quench	was	followed	by	
the	addition	of	distilled	water	(ca.	10	mL)	and	by	extraction	with	ethyl	acetate	(3	×	
15	 mL).	 The	 organic	 phase	 was	 washed	 with	 brine	 (40	 mL),	 dried	 over	 MgSO4,	
filtered	and	the	solvent	was	evaporated	under	reduced	pressure.	The	crude	product	
was	purified	by	column	chromatography	(hexanes/EtOAc	or	pentane/Et2O).		
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N-(tert-butyl)octanamide	(2a)	Following	procedure	
A,	 starting	 from	 2-bromoheptane	 (89.6	 mg,	 0.500	
mmol;	1	equiv)	and	tert-butyl	isocyanate	(86.0	μL,	74.3	
mg,	 0.750	 mmol;	 1.50	 equiv),	 compound	 2a	 was	

obtained	as	a	24:1	2a:2b	by	GC	analysis	of	the	crude.	Chromatographic	purification	
provided	the	compound	as	a	pale-yellow	oil	(71.8	mg,	72%	yield).		
	

	N-(tert-butyl)octanamide	(7a)	Following	procedure	
A,	 starting	 from	 3-bromoheptane	 (89.6	 mg,	 0.500	
mmol;	1	equiv)	and	tert-butyl	isocyanate	(86.0	μL,	74.3	
mg,	 0.750	 mmol;	 1.50	 equiv),	 compound	 7a	 was	

obtained	 as	 a	 10:1	 7a:(2a+2b)	 by	 GC	 analysis	 of	 the	 crude.	 Chromatographic	
purification	provided	the	compound	as	a	pale-yellow	oil	(56.9	mg,	57%	yield).	
	

N-(tert-butyl)octanamide	(8a)	Following	procedure	
A,	 starting	 from	 4-bromoheptane	 (89.6	 mg,	 0.500	
mmol;	1	equiv)	and	tert-butyl	isocyanate	(86.0	μL,	74.3	
mg,	 0.750	 mmol;	 1.50	 equiv),	 compound	 8a	 was	

obtained	 as	 a	 8:1	8a:(2a+2b+7b)	 by	 GC	 analysis	 of	 the	 crude.	 Chromatographic	
purification	provided	the	compound	as	a	pale-yellow	oil	(66.1	mg,	66%	yield).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.26	(s,	1H),	2.07	(d,	J	=	7.5	Hz,	2H),	1.58	(p,	J	=	7.0	
Hz,	2H),	1.33	(s,	9H),	1.32	–	1.21	(m,	8H),	0.86	(t,	J	=	6.7	Hz,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	172.7,	51.2,	37.9,	31.8,	29.3,	29.2,	29.0,	25.9,	22.7,	
14.2	ppm.		
	

N-cyclohexyloctanamide	 (3a).	 Following	 procedure	
A,	 starting	 from	 2-bromoheptane	 (89.6	 mg,	 0.500	
mmol;	 1	 equiv)	 and	 cyclohexyl	 isocyanate	 (93.9	 mg,	
0.750	mmol;	1.50	equiv),	compound	3a	was	obtained	as	

an	off-white	solid	(57.5	mg,	51%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.47	(s,	1H),	3.80	–	3.67	(m,	1H),	2.14	–	2.06	(m,	2H),	
1.87	(dd,	J	=	12.6,	4.0	Hz,	2H),	1.72	–	1.58	(m,	2H),	1.61	–	1.52	(m,	3H),	1.47	–	1.17	
(m,	10H),	1.18	–	1.04	(m,	3H),	0.84	(t,	J	=	6.9	Hz,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	172.3,	48.1,	37.2,	33.3,	31.8,	29.3,	29.1,	26.0,	25.7,	
25.0,	22.7,	14.1	ppm.		
mp:	76	–	77	ºC.	
Spectroscopic	data	is	in	agreement	with	the	literature.51		
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Ethyl	 2-(1-octanamidocyclohexyl)acetate	 (4a).	
Following	procedure	A,	starting	from	2-bromoheptane	
(132.9	 mg,	 0.500	 mmol;	 1	 equiv)	 and	 ethyl	 2-(1-
isocyanatocyclohexyl)acetate	 (158,4	mg,	 0.750	mmol;	
1.50	equiv),	compound	4a	was	obtained	as	yellowish	oil	

(78.0	mg,	50%	yield).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.33	(s,	1H),	4.05	(q,	J	=	7.1	Hz,	2H),	2.79	(s,	2H),	2.21	
–	2.14	(m,	2H),	2.11	(t,	J	=	7.4	Hz,	2H),	1.62	–	1.36	(m,	9H),	1.30	–	1.21	(m,	9H),	1.20	
(t,	J	=	7.1	Hz,	3H),	0.84	(t,	J	=	7.0	Hz,	3H)	ppm	.	
13C	NMR	(100	MHz,	CDCl3):	δ	=	173.1,	171.4,	60.1,	54.3,	41.9,	37.8,	34.9,	31.8,	29.3,	
29.1,	25.8,	25.5,	22.7,	21.7,	14.3,	14.1	ppm.	
IR	(neat,	cm-1):	3309,	2926,	2855,	1731,	1645,	1538,	1450,	1369,	1179,	1132,	1033.	
HRMS	(ESI+):	[C18H34NO3]+	(M+H)	calcd.	312.2533,	found	312.2541.	
	

N-(adamantan-1-yl)octanamide	 (5a).	 Following	
general	 procedure	 A,	 starting	 from	 2-bromoheptane	
(89.6	 mg,	 0.500	 mmol;	 1	 equiv)	 and	 1-
isocyanatoadamantane	 (133	 mg,	 0.750	 mmol;	 1.50	
equiv),	compound	5a	was	obtained	as	a	white	solid	(97	
mg,	70%	yield).	

1H	NMR	(400	MHz,	CDCl3):	δ	=	5.17	(s,	1H),	2.11	–	2.03	(m,	5H),	1.99	(d,	J	=	2.9	Hz,	
6H),	1.67	(t,	J	=	3.1	Hz,	6H),	1.58	(p,	J	=	7.0	Hz,	2H),	1.33	–	1.21	(m,	8H),	0.92	–	0.82	
(m,	3H)	ppm.	
	13C	NMR	(100	MHz,	CDCl3):	δ	=	172.4,	51.7,	41.7,	37.8,	36.4,	31.7,	29.5,	29.2,	29.1,	
25.8,	22.6,	14.1	ppm.		
mp:	69	–	71°C.		
IR	(neat,	cm-1):	3297,	3073,	2902,	2846,	1635,	1546,	1467,	1453,	1359,	1293,	691,	
647.	
HRMS	(ESI+):	[C18H32NO]+	(M+H)	calcd.	278.2478,	found	278.2478.	
	

N-(2,4,4-trimethylpentan-2-yl)octanamide	 (6a).	
Following	 general	 procedure	 A	 and	 starting	 from	
tert-octyl	 isocyanate	 (127	 mg,	 0.750	 mmol;	 1.50	
equiv),	 compound	6a	was	obtained	as	 colorless	oil	

(104,7	mg,	82	%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.25	(s,	1H),	2.11	–	1.99	(m,	2H),	1.72	(s,	2H),	1.56	
(q,	J	=	7.3	Hz,	2H),	1.37	(s,	6H),	1.34	–	1.17	(m,	8H),	0.98	(s,	9H),	0.91	–	0.76	(m,	3H).		
13C	NMR	(125	MHz,	CDCl3):	δ	=	172.5,	55.4,	51.9,	38.3,	32.1,	32.0,	31.9,	31.8,	29.7,	
29.6,	29.4,	26.0,	23.0,	14.4	ppm.	
IR	(neat,	cm-1):	3304,	2954,	2926,	2858,	1642,	1548,	1467,	1364,	1228.	
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HRMS	(ESI+):	[C16H33NNaO]	+	(M+Na)	calcd.	278.2454,	found	278.2455.	
	

	N-(tert-butyl)-6-phenylhexanamide	 (9a).	 Following	
procedure	 A,	 starting	 from	 (4-bromopentyl)benzene	
(113.6	 mg,	 0.500	 mmol;	 1	 equiv)	 and	 tert-butyl	
isocyanate	 (86.0	 μL,	 74.3	mg,	 0.750	mmol;	 1.50	 equiv),	

compound	9a	was	obtained	as	a	pale-yellow	oil	(61.1	mg,	50%).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.31	–	7.22	(m,	2H),	7.19	–	7.11	(m,	3H),	5.35	(s,	1H),	
2.65	–	2.56	(m,	2H),	2.07	(t,	J	=	7.5	Hz,	2H),	1.69	–	1.57	(m,	2H),	1.41	–	1.34	(m,	2H),	
1.33	(s,	9H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	172.5,	142.6,	128.4,	128.3,	125.7,	51.1,	37.6,	35.8,	
31.2,	29.7,	28.9,	28.8,	25.7	ppm.		
IR	(neat,	cm-1):	3307,	2964,	2929,	2858,	1643,	1544,	1453,	1361,	1224,	745,	697.		
HRMS	(ESI+):	[C16H25NNaO]+	(M+Na)	calcd.	270.1828,	found	2701818.		
	

N-(tert-butyl)-6-(N-(4-methoxyphenyl)-4-
methylphenylsulfonamido)hexanamide	 (10a).	
Following	general	procedure	A,	starting	from	213,18	mg	
(0,5	mmol)	of	N-(4-bromopentyl)-N-(4-methoxyphenyl)-
4-methylbenzenesulfonamide	which	was	added	as	an	0,7	
mL	 solution	 in	 NMP	 to	 a	 0,3	 mL	 solution	 of	 reaction	
mixture	 (overall	 volume	 1	 mL).	 Compound	 10a	 was	

obtained	as	an	off	white	solid	(112,10	mg,	0,25	mmol,	50%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.43	(dd,	J	=	8.2,	1.6	Hz,	2H),	7.22	(d,	J	=	7.5	Hz,	2H),	
6.93	–	6.85	(m,	2H),	6.82	–	6.74	(m,	2H),	5.35	(s,	1H),	3.77	(d,	J	=	1.6	Hz,	3H),	3.44	(td,	
J	=	6.8,	1.5	Hz,	2H),	2.39	(d,	J	=	1.7	Hz,	3H),	2.02	(td,	J	=	7.5,	1.5	Hz,	2H),	1.53	(p,	J	=	
7.6,	7.1	Hz,	2H),	1.45	–	1.26	(m,	12H)	ppm.		
13C	NMR	(100	MHz,	CDCl3):	δ	=	172.3,	159.1,	143.3,	135.4,	131.6,	130.0,	129.5,	129.4,	
127.7,	127.7,	114.3,	114.2,	51.1,	50.5,	37.5,	28.9,	28.8,	27.9,	25.9,	25.2,	21.6	ppm.		
IR	(neat,	cm-1):	3284,	3075,	2963,	2929,	2862,	1644,	1605,	1553,	1505,	1455,	1339,	
1247,	1150,	1029,	832,	815,	683,	579,	559,	545.	
HRMS	(ESI+):	[C24H35N2O4S]+	(M+H)	calcd.	447.2312,	found	447.2312.	
mp:	119	–	121	°C.	
	

Methyl	 7-(tert-butylamino)-7-oxoheptanoate	
(11a).	 Following	 procedure	 A	 and	 starting	 from	
methyl	5-bromohexanoate	(104.5	mg,	0.500	mmol;	1	
equiv)	 and	 tert-butyl	 isocyanate	 (86.0	 μL,	 74.3	mg,	

0.750	mmol;	1.50	equiv),	compound	11a	was	obtained	as	a	yellow	oil	(65.0	mg,	57%)	
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as	 an	 inseparable	 11:1	 mixture	 of	 terminal	 amidation	 :	 amidation	 next	 to	 the	
carbonyl	group.	
1H	NMR	(500	MHz,	CDCl3):	δ	=	5.25	(s,	1H),	3.65	(s,	3H),	2.30	(t,	J	=	7.5	Hz,	2H),	2.07	
(t,	J	=	7.5	Hz,	2H),	1.68	–	1.53	(m,	4H),	1.38	–	1.26	(m,	2H),	1.33	(s,	9H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	174.3,	172.3,	51.6,	51.2,	37.5,	34.0,	29.0,	28.7,	25.4,	
24.7	ppm.		
IR	(neat,	cm-1):	3315,	2957,	2865,	1737,	1645,	1542,	1454,	1362,	1223,	1172,	1088.		
HRMS	(ESI+):	[C12H24NO3]+	(M+H)	calcd.	230.1751,	found	230.1744.		
	

N-(tert-butyl)-6-(3-methoxyphenoxy)hexanamide	
(12a).	 Following	 procedure	 A,	 starting	 from	 1-((4-
bromopentyl)oxy)-3-methoxybenzene	 (137	 mg,	 0.500	
mmol;	1	equiv)	and	tert-butyl	isocyanate	(86.0	μL,	74.3	mg,	
0.750	mmol;	1.50	equiv),	compound	12a	was	obtained	as	a	
pale-yellow	oil	(83.6	mg,	57%).		
	

1H	NMR	(300	MHz,	CDCl3):	δ	=	7.16	(t,	J	=	8.1	Hz,	1H),	6.53	–	6.41	(m,	3H),	5.29	(s,	
1H),	3.94	(t,	J	=	6.4	Hz,	2H),	3.78	(s,	3H),	2.12	(t,	J	=	7.4	Hz,	2H),	1.85	–	1.61	(m,	4H),	
1.56	–	1.42	(m,	2H),	1.34	(s,	9H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	172.6,	161.0,	160.4,	130.0,	106.8,	106.3,	101.1,	67.8,	
55.4,	51.4,	37.6,	29.2,	29.0,	25.8,	25.7	ppm.		
IR	 (neat,	 cm-1):	 3313,	 29362,	 2867,	 1645,	 1591,	 1544,	 1492,	 1453,	 1363,	 1285,	
1264,	1199,	1149,	1044,	761,	686.		
HRMS	(ESI+):	[C17H27NNaO3]+	(M+Na)	calcd.	316.1883,	found	316.1875.		
	
	

N-(tert-butyl)-7-cyano-7-methyloctanamide	(13a).	
Following	 procedure	 A,	 starting	 from	 6-bromo-2,2-
dimethylheptanenitrile	 (109.1	 mg,	 0.500	 mmol;	 1	
equiv)	 and	 tert-butyl	 isocyanate	 (86.0	 μL,	 74.3	 mg,	

0.750	mmol;	1.50	equiv),	compound	13a	was	obtained	as	a	yellow	oil	(69.1	mg,	58%	
yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.29	(s,	1H),	2.07	(t,	J	=	7.5	Hz,	2H),	1.68	–	1.56	(m,	
2H),	1.55	–	1.40	(m,	4H),	1.32	(s,	9H),	1.31	(s,	6H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	172.3,	125.3,	51.2,	41.0,	37.4,	32.5,	29.1,	28.9,	26.8,	
25.4,	25.1	ppm.		
IR	(neat,	cm-1):	3314,	2971,	2935,	2863,	2235,	1646,	1542,	1454,	1363,	1224.		
HRMS	(ESI+):	[C14H26N2NaO]+	(M+Na)	calcd.	261.1937,	found	261.1925.		
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N-(tert-butyl)-6-methylheptanamide	 (14a).	
Following	 procedure	 A,	 starting	 from	 2-bromo-5-
methylhexane	 (90	mg,	 0.500	mmol;	 1	 equiv)	 and	 tert-
butyl	 isocyanate	 (86.0	 μL,	 74.3	 mg,	 0.750	 mmol;	 1.50	

equiv),	 compound	 14a	was	 obtained	 as	 a	 pale-yellow	 oil	 (70.6	 mg,	 71%)	 as	 an	
inseparable	mixture	of	14:1	terminal	amidation	:	retained	amidation.		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.46	(s,	1H),	2.05	(t,	J	=	7.6	Hz,	2H),	1.58	–	1.42	(m,	
3H),	1.32	–	1.28	(m,	9H),	1.27	–	1.22	(m,	2H),	1.16	–	1.08	(m,	2H),	0.81	(d,	J	=	6.6	Hz,	
6H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	173.0,	51.1,	38.7,	37.7,	28.9,	28.9,	27.9,	27.0,	26.1,	
22.6	ppm.		
IR	(neat,	cm-1):	3307,	3077,	2957,	2929,	2869,	1644,	1546,	1454,	1391,	1363,	1225.		
HRMS	(ESI+):	[C12H26NO]+	(M+H)	calcd.	200.2009,	found	200.2005.		
	

N-(tert-butyl)-6-(1H-indol-1-yl)hexanamide	 (15a).	
Following	procedure	A,	 starting	 from	1-(4-bromopentyl)-
1H-indole	 (133	mg,	 0.500	mmol;	 1	 equiv)	 and	 tert-butyl	
isocyanate	 (86.0	 μL,	 74.3	 mg,	 0.750	 mmol;	 1.50	 equiv),	
compound	15a	was	obtained	as	a	red	solid	(93.0	mg,	65%).	
	

1H	NMR	(300	MHz,	CDCl3):	δ	=	7.62	(dt,	J	=	7.8,	0.9	Hz,	1H),	7.33	(dd,	J	=	8.2,	1.0	Hz,	
1H),	7.19	(ddd,	J	=	8.2,	7.0,	1.2	Hz,	1H),	7.12	–	7.06	(m,	2H),	6.48	(dd,	J	=	3.1,	0.9	Hz,	
1H),	5.13	(s,	1H),	4.13	(t,	J	=	7.0	Hz,	2H),	2.03	(t,	J	=	7.4	Hz,	2H),	1.92	–	1.79	(m,	2H),	
1.69	–	1.56	(m,	2H),	1.39	–	1.27	(m,	11H)	ppm.		
13C	NMR	 (101	MHz,	 CDCl3):	 δ	 =	 172.2,	 136.0,	 128.6,	 127.9,	 121.4,	 121.0,	 119.2,	
109.4,	101.0,	51.1,	46.2,	37.3,	30.0,	28.9,	26.5,	25.3	ppm.		
IR	(neat,	cm-1):	3276,	3080,	2959,	2935,	2857,	1366,	1555,	1455,	1164,	955,	787,	
694.	
HRMS	(ESI+):	[C18H26N2NaO]+	(M+Na)	calcd.	309.1937,	found	309.1941.		
mp:	71	–	73	°C.	
	

N-(tert-butyl)-6-(1H-pyrrol-1-yl)hexanamide	 (16a).	
Following	procedure	A,	 starting	 from	1-(4-bromopentyl)-
1H-pyrrole	(108	mg,	0.500	mmol;	1	equiv)	and	tert-butyl	
isocyanate	 (86.0	 μL,	 74.3	 mg,	 0.750	 mmol;	 1.50	 equiv),	
compound	16a	was	obtained	as	a	pale-yellow	oil	(60.2	mg,	

51%).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	6.63	(t,	J	=	2.1	Hz,	2H),	6.11	(t,	J	=	2.1	Hz,	2H),	5.27	
(s,	1H),	3.86	(t,	J	=	7.1	Hz,	2H),	2.05	(t,	J	=	7.5	Hz,	2H),	1.81	–	1.71	(m,	2H),	1.66	–	1.54	
(m,	2H),	1.32	(s,	9H),	1.30	–	1.21	(m,	2H)	ppm.		
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13C	NMR	(101	MHz,	CDCl3):	δ	=	172.2,	120.6,	107.9,	51.2,	49.4,	37.5,	31.4,	28.9,	26.4,	
25.3	ppm.		
IR	(neat,	cm-1):	3307,	2963,	2930,	2864,	1645,	1544,	1453,	1363,	1281,	1225,	1089,	
722.		
HRMS	(ESI+):	[C14H24NNaO]+	(M+Na)	calcd.	259.1781,	found	259.1776.		
	

	
N-(tert-butyl)-13,14-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)	
tetradecanamide	(17a).	Following	procedure	A	using	5	mol%	of	NiI2	(7.8	mg),	10	
mol%	 of	 L7	 (16.8	 mg)	 and	 starting	 from	 2,2'-(11-bromotridecane-1,2-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)	(258.0	mg,	0.500	mmol;	1	equiv)	
and	tert-butyl	isocyanate	(86.0	μL,	74.3	mg,	0.750	mmol;	1.50	equiv),	compound	17a	
was	obtained	as	a	pale-yellow	oil	(117.8	mg,	44%).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.28	(s,	1H),	2.03	(t,	J	=	7.2	Hz,	2H),	1.58	–	1.51	(m,	
2H),	1.45	–	1.31	(m,	2H),	1.30	(s,	9H),	1.27	–	1.12	(m,	40H),	1.11	–	1.02	(m,	1H),	0.88	
–	0.69	(m,	2H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	172.6,	82.9,	82.8,	51.1,	37.8,	33.9,	29.9,	29.7,	29.7,	
29.6,	29.5,	29.3,	29.0,	25.9,	25.0,	24.9,	24.9,	24.8,	18.5,	12.8	ppm.	
11B	NMR	(128	MHz,	CDCl3):	δ	=	32.8	ppm.	
IR	(neat,	cm-1):	3310,	2976,	2924,	2853,	1647,	1546,	1454,	1369,	1312,	1142,	968.		
HRMS	(ESI+):	[C30H60NB2O]+	(M+H)	calcd.	536.4652,	found	536.4645.		
	

N-(tert-butyl)-8-phenyloctanamide	 (18a).	
Following	procedure	A	using	5	mol%	of	NiI2	(7.8	mg),	
10	 mol%	 of	 L7	 (16.8	 mg)	 and	 starting	 from	 (5-
bromoheptyl)benzene	 (127.6	 mg,	 0.500	 mmol;	 1	

equiv)	 and	 tert-butyl	 isocyanate	 (86.0	 μL,	 74.3	 mg,	 0.750	 mmol;	 1.50	 equiv),	
compound	18a	was	obtained	as	a	pale-yellow	oil	(66.2	mg,	48%).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.29	–	7.22	(m,	2H),	7.19	–	7.12	(m,	3H),	2.61	–	2.54	
(m,	2H),	2.08	–	2.01	(m,	2H),	1.61	–	1.53	(m,	4H),	1.32	(s,	9H),	1.37	–	1.29	(m,	6H)	
ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	172.6,	143.0,	128.5,	128.4,	125.7,	51.2,	37.9,	36.1,	
31.6,	29.4,	29.3,	29.3,	29.0,	25.9	ppm.		
IR	(neat,	cm-1):	3307,	3026,	2964,	2927,	2855,	1644,	1545,	1453,	1391,	1362,	1224,	
746,	697.		
HRMS	(ESI+):	[C18H29NNaO]+	(M+Na)	calcd.	298.2141,	found	298.2146.		
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N-(tert-butyl)-2-methylheptanamide	 (2b).	 Following	
general	procedure	B,	starting	from	4-bromoheptane	(89.6	
mg,	0.500	mmol;	1	equiv)	 and	 tert-butyl	 isocyanate	 (86.0	
μL,	 74.3	mg,	0.750	mmol;	1.50	equiv),	 compound	2b	was	

obtained	as	a	white	solid	(91.6	mg,	92%	average	yield).		
1H	NMR	(500	MHz,	CDCl3):	δ	=	5.21	(s,	1H),	2.07	–	1.93	(m,	1H),	1.65	–	1.50	(m,	1H),	
1.34	(s,	9H),	1.33	–	1.21	(m,	7H),	1.08	(d,	J	=	6.9	Hz,	3H),	0.87	(t,	J	=	6.9	Hz,	3H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	176.1,	51.1,	42.5,	34.6,	32.0,	29.0,	27.3,	22.7,	18.1,	
14.2	ppm.		
mp:	58	–	60	°C.		
IR	(neat,	cm-1):	3314,	2961,	2928,	2859,	1646,	1543,	1453,	1362,	1226.		
HRMS	(ESI+):	[C12H25NNaO]+	(M+Na)	calcd.	222.1828,	found	222.1833.		
	

N-cyclohexyl-2-methylheptanamide	 (3b)	 Following	
procedure	B	 and	 starting	 from	2-bromoheptane	 (89.6	mg,	
0.500	mmol;	1	equiv)	and	cyclohexyl	 isocyanate	 (93.9	mg,	
0.750	mmol;	1.50	equiv),	compound	3b	was	obtained	as	an	

off-white	solid	(47.3	mg,	42%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.36	(s,	1H),	3.88	–	3.55	(m,	1H),	2.17	–	2.00	(m,	1H),	
1.95	–	1.83	(m,	2H),	1.75	–	1.54	(m,	4H),	1.42	–	1.20	(m,	10H),	1.12	–	1.05	(m,	2H),	
1.09	(d,	J	=	6.9	Hz,	3H),	0.84	(t,	J	=	7.2	Hz,	3H)	ppm	.	
13C	NMR	(1001	MHz,	CDCl3):	δ	=	175.7,	47.9,	41.9,	34.5,	33.5,	33.3,	31.9,	27.2,	25.7,	
25.0,	25.0,	22.7,	18.1,	14.1	ppm.	
mp:	85	–	87	°C		
IR	(neat,	cm-1):	3282,	3086,	2959,	2925,	2852,	1636,	1547,	1444,	1349,	1272,	1235,	
1155,	1099,	892,	712.		
HRMS	(ESI+):	[C14H28NO]+	(M+H)	calcd.	226.2165,	found	226.2161.	

	
Ethyl	 2-(1-(2-methylheptanamido)cyclohexyl)acetate	
(4b)	Following	procedure	B,	starting	from	2-bromoheptane	
(132.9	 mg,	 0.500	 mmol;	 1	 equiv)	 and	 ethyl	 2-(1-
isocyanatocyclohexyl)acetate	(158,4	mg,	0.750	mmol;	1.50	
equiv),	 compound	4b	was	 obtained	 as	 yellowish	 oil	 (70.1	
mg,	45%	yield).	

1H	NMR	(400	MHz,	CDCl3):	δ	=	5.34	(s,	1H),	4.07	(q,	J	=	7.2	Hz,	2H),	2.87	(d,	J	=	15.0	
Hz,	1H),	2.75	(d,	J	=	15.1	Hz,	1H),	2.33	–	2.15	(m,	2H),	2.15	–	2.02	(m,	1H),	1.68	–	1.39	
(m,	9H),	1.32	–	1.23	(m,	7H),	1.21	(t,	J	=	7.1	Hz,	3H),	1.10	(d,	J	=	6.9	Hz,	3H),	0.86	(t,	J	
=	6.7	Hz,	3H)	ppm	.	
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13C	NMR	(100	MHz,	CDCl3):	δ	=	176.5,	171.4,	60.1,	54.1,	42.6,	42.1,	34.9,	34.8,	34.3,	
31.9,	27.3,	25.6,	22.6,	21.8,	21.6,	18.1,	14.3,	14.1	ppm.	
IR	(neat,	cm-1):	3338,	2928,	2857,	1730,	1650,	1529,	1450,	1369,	1249,	1214,	1133,	
1032,	499,	469.		
HRMS	(ESI+):	[C18H34NO3]+	(M+H)	calcd.	312.2533,	found	312.2539.	
	

N-(adamantan-1-yl)-2-methylheptanamide	 (5b).	
Following	procedure	B,	starting	from	2-bromoheptane	(89.6	
mg,	 0.500	 mmol;	 1	 equiv)	 and	 1-isocyanatoadamantane	
(158,4	 mg,	 0.750	 mmol;	 1.50	 equiv),	 compound	 5b	 was	
obtained	as	a	white	solid	(111,8	mg,	80	%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.08	(s,	1H),	2.06	–	2.12	(m,	
2H),	2.00	–	2.04	(m,	7H),	1.69	(t,	J	=	3.1	Hz,	6H),	1.39	–	1.19	

(m,	7H),	1.10	(d,	J	=	6.8	Hz,	3H),	0.95	–	0.83	(m,	3H).	
13C	NMR	(100	MHz,	CDCl3):	δ	=	175.8,	51.6,	42.4,	41.8,	41.8,	36.4,	36.3,	34.5,	31.9,	
29.5,	27.1,	22.6,	18.1,	14.0	ppm.		
mp:	99	–	101	°C.		
IR	(neat,	cm-1):	2399,	2959,	2904,	2849,	1641,	1542,	1451,	1360,	1236,	1102,	670.	
HRMS	(ESI+):	[C18H32NO]+	(M+H)	calcd.	278.2478,	found	278.2470.		
	

2-methyl-N-(2,4,4-trimethylpentan-2-yl)heptanamide	
(6b).	Following	procedure	B,	starting	from	2-bromoheptane	
(89.6	 mg,	 0.500	 mmol;	 1	 equiv)	 and	 tert-octyl	 isocyanate	
(127.0	 mg,	 0.750	 mmol;	 1.50	 equiv),	 compound	 6b	 was	
obtained	as	a	colourless	oil	(106,6	mg,	79	%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.30	(s,	1H),	2.05	–	1.93	(m,	
1H),	1.75	(d,	J	=	14.9	Hz,	1H),	1.61	(d,	J	=	14.9	Hz,	1H),	1.57	–	

1.50	(m,	1H),	1.35	(d,	J	=	4.3	Hz,	6H),	1.31	–	1.16	(m,	7H),	1.03	(d,	J	=	6.9	Hz,	3H),	0.96	
(s,	9H),	0.82	(t,	J	=	6.8	Hz,	3H)	ppm.	
13C	NMR	(100	MHz,	CDCl3):	δ	=	175.6,	55.0,	52.1,	42.6,	34.4,	31.9,	31.7,	31.6,	29.3,	
29.2,	27.2,	22.6,	17.9,	14.1	ppm.		
IR	(neat,	cm-1):	3325,	2956,	2930,	2872,	1644,	1541,	1458,	1387,	1364,	1253,	1227,	
733.	
HRMS	(ESI+):	[C16H33NNaO]	+	(M+Na)	calcd.	278.2454,	found	278.2455.	
	

N-(tert-butyl)-2-ethylhexanamide	(7b).	Following	general	
procedure	 B	 and	 starting	 from	 3-bromoheptane	 (89.6	 mg,	
0.500	mmol;	1	equiv),	compound	7b	was	obtained	as	a	white	
solid	(79.5	mg,	80%	yield).		
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1H	NMR	(300	MHz,	CDCl3):	δ	=	5.21	(s,	1H),	1.78	–	1.70	(m,	1H),	1.63	–	1.50	(m,	2H),	
1.35	(s,	9H),	1.32	–	1.20	(m,	6H),	0.88	(t,	J	=	7.2	Hz,	6H)	ppm.		
13C	NMR	(75	MHz,	CDCl3):	δ	=	175.3,	51.3,	50.7,	32.9,	30.0,	29.1,	26.4,	22.9,	14.2,	12.3	
ppm.		
mp:	78.2	−	80.0	°C.		
IR	(neat,	cm-1):	3308,	2958,	2928,	2872,	2859,	1644,	1544,	1456,	1358,	1270,	1253,	
1224,	905,	675.		
HRMS	(ESI+):	[C12H26NO]+	(M+H)	calcd.	200.2009,	found	200.2009.		
	

N-(tert-butyl)-2-propylpentanamide	 (8b).	 Following	
general	procedure	B	and	starting	from	4-bromoheptane	(89.6	
mg,	 0.500	mmol;	 1	 equiv),	 compound	8b	was	 obtained	 as	 a	
colorless	solid	(75.3	mg,	76%	yield).		

1H	NMR	(400	MHz,	CDCl3):	δ	=	5.31	(s,	1H),	1.91	–	1.77	(m,	1H),	1.59	–	1.43	(m,	2H),	
1.29	(s,	9H),	1.26	–	1.13	(m,	6H),	0.83	(t,	J	=	7.2	Hz,	6H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	175.4,	51.1,	48.4,	35.5,	28.9,	20.8,	14.2	ppm.		
mp:	108.0	–	109.9	°C.		
IR	(neat,	cm-1):	3294,	3076,	2956,	2929,	2872,	1638,	1549,	1448,	1360,	1266,	1228,	
1121,	938,	754,	682.		
HRMS	(ESI+):	[C12H25NNaO]+	(M+Na)	calcd.	222.1828,	found	222.1823.		
	

N-(tert-butyl)-2-methyl-5-phenylpentanamide	 (9b).	
Following	 general	 procedure	 B	 starting	 from	 4-
bromopentyl)benzene	(113.57	mg,	0,5	mmol),	compound	9b	
was	obtained	as	a	white	solid	(84.6	mg,	68%	yield).		

1H	NMR	(400	MHz,	CDCl3):	δ	=	7.36	–	7.26	(m,	2H),	7.20	(td,	J	=	7.2,	1.0	Hz,	2H),	5.24	
(s,	1H),	2.72	–	2.50	(m,	2H),	2.13	–	1.95	(m,	1H),	1.78	–	1.55	(m,3H),	1.48	–	1.39	(m,	
10H),	1.35	(s,	9H),	1.11	(d,	J	=	6.8	Hz,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	175.9,	142.5,	128.5,	128.4,	125.8,	51.1,	42.3,	36.1,	34.2,	
29.4,	29.0,	18.2	ppm.		
IR	(neat,	cm-1):	3317,	3027,	2966,	2931,	2860,	1645,	1542,	1452,	1362,	1256,	1225,	
747,	697.	
HRMS	(ESI+):	[C16H25NNaO]+	(M+H)	calcd.	270.1828,	found	270.1820.	
mp:	75.1	−	77.0	°C.		

	
N-(tert-butyl)-5-(N-(4-methoxyphenyl)-4-

methylphenylsulfonamido)-2-methylpentanamide	(10b).		
Following	 procedure	B,	 starting	 from	N-(4-bromopentyl)-N-
(4-methoxyphenyl)-4-methylbenzenesulfonamide	 (300	 mg,	
0,7	 mmol)	 which	 was	 added	 as	 a	 1	 mL	 solution	 in	 DMF	
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(prepared	 in	 a	 vial	 inside	 the	 glovebox)	 to	 a	0,4	mL	 solution	of	 reaction	mixture	
(overall	 volume	 1,4	mL).	 Compound	10b	was	 obtained	 as	 a	 colorless	 viscous	 oil	
(196.7	mg,	0,44	mmol,	63%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.46	–	7.32	(m,	2H),	7.22	–	7.13	(m,	2H),	6.90	–	6.82	
(m,	2H),	6.78	–	6.69	(m,	2H),	5.53	(s,	1H),	3.72	(s,	3H),	3.50	(dt,	J	=	13.4,	6.9	Hz,	1H),	
3.35	(dt,	J	=	13.0,	6.4	Hz,	1H),	2.35	(s,	3H),	2.14	–	1.99	(m,	1H),	1.68	–	1.52	(m,	1H),	
1.40	–	1.28	(m,	3H),	1.23	(s,	9H),	0.98	(d,	J	=	6.8	Hz,	3H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	=175.6,	159.0,	143.3,	135.2,	131.3,	129.9,	129.4,	127.6,	
114.2,	55.4,	50.8,	50.1,	40.7,	30.9,	28.7,	25.5,	21.5,	17.5	ppm.		
IR	(neat,	cm-1):	3388,	3322,	2965,	2931,	2871,	1649,	1507,	1340,	1248,	1159,	1089,	
1031,	913,	678,	581,	559,	546.	
HRMS	(ESI+):	[C24H35N2O4S]+	(M+H)	calcd.	447.2312,	found	447.2313.	
	

Methyl	 6-(tert-butylamino)-5-methyl-6-
oxohexanoate	 (11b).	 Following	 general	 procedure	 B	
with	 some	 modification,	 starting	 from	 methyl	 5-
bromohexanoate	 (104.5	mg,	 0.500	mmol;	 1	 equiv),	 tert-

butyl	isocyanate	(172	μL,	149	mg,	1.5	mmol;	3	equiv)	and	Mn	(55.0	mg,	1.0	mmol;	2	
equiv),	compound	11b	was	obtained	as	a	clear	oil	(87.7	mg	,	76%	average	yield).		
1H	NMR	(500	MHz,	CDCl3):	δ	=	5.32	(s,	1H),	3.65	(s,	3H),	2.37	–	2.22	(m,	2H),	2.10	–	
1.98	(m,	1H),	1.68	–	1.52	(m,	3H),	1.39	–	1.34	(m,	1H),	1.33	(s,	9H),	1.09	(d,	J	=	6.8	Hz,	
3H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	175.6,	174.1,	51.6,	51.2,	42.2,	34.0,	33.9,	29.0,	22.9,	
18.2	ppm.		
IR	(neat,	cm-1):	3320,	2965,	2874,	1738,	1647,	1536,	1452,	1224.		
HRMS	(ESI+):	[C12H23NNaO3]+	(M+Na)	calcd.	252.1570,	found	252.1566.		
	

N-(tert-butyl)-5-(3-methoxyphenoxy)-2-
methylpentanamide	 (12b).	 Following	 general	 procedure	 B,	
starting	 from	 1-((4-	 bromopentyl)oxy)-3-methoxybenzene	
(136.6	mg,	0.500	mmol;	1	equiv)	and	tert-butyl	isocyanate	(86.0	
μL,	 74.3	 mg,	 0.750	 mmol;	 1.50	 equiv),	 compound	 12b	 was	
obtained	as	a	colorless	solid	(110.1	mg,	75%	average	yield).		
1H	NMR	(500	MHz,	CDCl3):	δ	=	7.17	(t,	J	=	8.2	Hz,	1H),	6.53	–	6.46	

(m,	2H),	6.45	(t,	J	=	2.3	Hz,	1H),	5.31	(s,	1H),	4.02	–	3.95	(m,	1H),	3.95	–	3.88	(m,	1H),	
3.79	(s,	3H),	2.16	–	2.10	(m,	1H),	1.82	–	1.72	(m,	3H),	1.59	–	1.50	(m,	1H),	1.35	(s,	
9H),	1.13	(d,	J	=	6.8	Hz,	3H)	ppm.		
13C	NMR	(126	MHz,	CDCl3):	δ	=	175.7,	161.0,	160.3,	130.0,	106.8,	106.4,	101.1,	68.2,	
55.4,	51.2,	42.1,	31.3,	29.0,	27.3,	18.3	ppm.		
IR	(neat,	cm-1):	3322,	2964,	2873,	1649,	1594,	1493,	1453,	1151,	1046.		
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HRMS	(ESI+):	[C17H27NNaO3]+	(M+Na)	calcd.	316.1883,	found	316.1870.		
mp:	69.9	–	72.9	°C.		
	

N-(tert-butyl)-6-cyano-2,6-dimethylheptanamide	
(13b).	 Following	 general	 procedure	 B,	 starting	 from	 6-
bromo-2,2-dimethylheptanenitrile	(109.1	mg,	0.500	mmol;	
1	equiv)	and	tert-butyl	isocyanate	(86.0	μL,	74.3	mg,	0.750	

mmol;	1.50	equiv),	 compound	13b	was	obtained	as	an	off	white	solid	(100.6	mg,	
87%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.33	(s,	1H),	2.12	–	1.98	(m,	1H),	1.70	–	1.56	(m,	1H),	
1.52	–	1.42	(m,	5H),	1.32	(s,	9H),	1.30	(s,	3H),	1.28	(s,	3H),	1.08	(d,	J	=	6.8	Hz,	3H)	
ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	175.6,	125.2,	51.1,	42.2,	41.0,	34.2,	32.5,	28.9,	27.0,	
26.5,	23.4,	18.2	ppm.	
IR	(neat,	cm-1):	3296,	3079,	2967,	2932,	2870,	2235,	1644,	1551,	1459,	1390,	1361,	
1265,	1225,	687.		
HRMS	(ESI+):	[C14H27N2O]+	(M+H)	calcd.	239.2118,	found	239.2118.	
mp:	86.1	–	88.4	°C.	
	

N-(tert-butyl)-2,5-dimethylhexanamide	 (14b).	 Following	
general	procedure	B	and	starting	from	90	mg	(0,5	mmol)	of	2-
bromo-5-methylhexane,	 compound	 14b	was	 obtained	 as	 a	
white	solid	(56.5	mg,	0,28	mmol,	57%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.24	(s,	1H),	2.07	–	1.86	(m,	

1H),	1.63	–	1.40	(m,	2H),	1.37	–	1.25(m,	10H),	1.19	–	1.09	(m,	2H),	1.07	(d,	J	=	6.8	Hz,	
3H),	0.85	(dd,	J	=	6.7,	0.9	Hz,	6H).	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	176.1,	51.0,	42.6,	36.8,	32.4,	29.0,	28.3,	28.2,	22.7,	
22.7,	18.1	ppm.		
IR	(neat,	cm-1):	3312,	3076,	2961,	2930,	2870,	1644,	1546,	1451,	1390,	1360,	1263,	
1227,	672.	
HRMS	(ESI+):	[C12H26NO]+	(M+H)	calcd.	200.2009,	found	200.2008.	
mp:	52.2	–	54.0	°C.	

N-(tert-butyl)-5-(1H-indol-1-yl)-2-methylpentanamide	
(15b).	 Following	 general	 procedure	 B,	 starting	 from	 1-(4-
bromopentyl)-1H-indole	(133.1	mg,	0.500	mmol;	1	equiv)	and	
tert-butyl	isocyanate	(86.0	μL,	74.3	mg,	0.750	mmol;	1.50	equiv),	
compound	 15b	 was	 obtained	 as	 a	 yellow	 oil	 (134.7,	 93%	
average	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	7.63	(dt,	J	=	7.9,	0.9	Hz,	1H),	7.36	

–	7.32	(m,	1H),	7.23	–	7.17	(m,	1H),	7.12	–	7.07	(m,	2H),	6.49	(dd,	J	=	3.1,	0.8	Hz,	1H),	
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5.07	(s,	1H),	4.21	–	4.03	(m,	2H),	1.93	–	1.87	(m,	1H),	1.87	–	1.78	(m,	2H),	1.72	–	1.61	
(m,	1H),	1.40	–	1.31	(m,	1H),	1.29	(s,	9H),	1.05	(d,	J	=	6.8	Hz,	3H)	ppm.		
13C	NMR	 (101	MHz,	 CDCl3):	 δ	 =	 175.4,	 136.0,	 128.7,	 127.9,	 121.6,	 121.1,	 119.4,	
109.5,	101.2,	51.2,	46.6,	42.0,	31.9,	28.9,	28.1,	18.4	ppm.		
IR	(neat,	cm-1):	3322,	2965,	2931,	2872,	1646,	1510,	1362,	1224,	737.		
HRMS	(ESI+):	[C18H26N2NaO]+	(M+Na)	calcd.	309.1937,	found	309.1943.		
	

N-(tert-butyl)-2-methyl-5-(1H-pyrrol-1-yl)pentanamide	
(16b).	 Following	 general	 procedure	 B,	 starting	 from	 1-(4-
bromopentyl)-1H-pyrrole	(108.1	mg,	0.500	mmol;	1	equiv)	and	
tert-butyl	isocyanate	(86.0	μL,	74.3	mg,	0.750	mmol;	1.50	equiv),	
compound	16b	was	obtained	as	a	beige	solid	(106.0	mg,	90%	

average	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	6.64	(s,	2H),	6.14	(s,	2H),	5.17	(s,	1H),	3.96	–	3.87	(m,	
1H),	3.87	–	3.78	(m,	1H),	1.96	–	1.85	(m,	1H),	1.80	–	1.69	(m,	2H),	1.68	–	1.56	(m,	1H),	
1.33	(s,	9H),	1.37	–	1.28	(m,	1H),	1.07	(d,	J	=	6.8	Hz,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	175.5,	120.6,	108.1,	51.2,	49.8,	41.9,	31.8,	29.5,	29.0,	
18.3	ppm.		
IR	(neat,	cm-1):	3320,	2965,	2931,	2873,	1645,	1541,	1452,	1088,	719.		
HRMS	(ESI+):	[C14H24N2NaO]+	(M+Na)	calcd.	259.1781,	found	259.1785.		
mp:	59.5	–	61.9	°C.		
	

	
N-(tert-butyl)-2-ethyl-12-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)dodecanamide	 (17b).	Following	 general	 procedure	B,	 starting	 from	2,2'-(11-
bromotridecane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)	 (258.0	 mg,	
0.500	mmol;	1	equiv)	and	tert-butyl	isocyanate	(86.0	μL,	74.3	mg,	0.750	mmol;	1.50	
equiv),	compound	17b	was	obtained	as	a	yellow	oil	(242.7	mg,	91%	average	yield).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.25	(s,	1H),	1.71	(dq,	J	=	9.5,	4.7	Hz,	1H),	1.57	–	1.43	
(m,	2H),	1.41	–	1.32	(m,	3H),	1.30	(s,	9H),	1.22	–	1.10	(m,	37H),	1.08	–	1.02	(m,	1H),	
0.82	(t,	J	=	7.5	Hz,	3H),	0.75	(d,	J	=	5.8	Hzz,	2H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	175.2,	82.8,	82.7,	51.1,	50.4,	33.8,	33.0,	29.8,	29.7,	
29.5,	29.5,	28.9,	28.8,	27.6,	26.2,	24.9,	24.8,	24.8,	24.7,	18.4,	12.7,	12.1	ppm.	
11B	NMR	(128	MHz,	CDCl3):	δ	=	33.1	ppm.	
IR	(neat,	cm-1):	3338,	2976,	2926,	2854,	2246,	1650,	1539,	1454,	1370,	1312,	1215,	
1141,	968,	909,	846,	730.		
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HRMS	(ESI+):	[C30H60NB2O]+	(M+H)	calcd.	536.4644,	found	536.4645.		
	

N-(tert-butyl)-2-ethyl-6-phenylhexanamide	 (18b).	
Following	 general	 procedure	 B	 and	 starting	 from	 (5-
bromoheptyl)benzene	(127.6	mg,	0.500	mmol;	1	equiv)	and	
tert-butyl	 isocyanate	 (86.0	μL,	74.3	mg,	0.750	mmol;	1.50	
equiv),	compound	18b	was	obtained	as	a	white	solid	(113.0	

mg,	82%	average	yield).	
1H	NMR	(400	MHz,	CDCl3):	δ	=		7.33	–	7.24	(m,	2H),	7.22	–	7.14	(m,	3H),	5.29	(s,	1H),	
2.61	(t,	J	=	7.3	Hz,	2H),	1.83	–	1.72	(m,	1H),	1.67	–	1.52	(m,	4H),	1.35	(s,	9H),	1.45	–	
1.22	(m,	4H),	0.89	(t,	J	=	7.4	Hz,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	175.2,	142.7,	128.5,	128.4,	125.8,	51.3,	50.6,	36.0,	
33.0,	31.6,	29.0,	27.4,	26.4,	12.2	ppm.		
IR	(neat,	cm-1):	3320,	3026,	2962,	2930,	2858,	1644,	1540,	1453,	1391,	1361,	1225,	
745,	697.		
HRMS	(ESI+):	[C18H29NNaO]+	(M+Na)	calcd.	298.2141,	found	298.2140.		
mp:	68.1	–	70.2	ºC.	
	

	
N-(tert-butyl)heptanamide	(19).	2.5	mL	of	HPLC	grade	nhexane	were	placed	in	a	
screw-capped	vial	with	MnO2	 (87.0	mg,	1.0	mmol).	Br2	 (79.9	mg,	25	mmol	0.500	
mmol;	1	equiv)	was	added	dropwise	and	stirred	overnight.	The	resulting	solution	
was	filtered	through	a	plug	of	SiO2	and	the	crude	was	partially	evaporated	at	300	
mbar/40	 ºC	 to	 get	 approximately	300	mL	of	 crude	mixture.	 Following	amidation	
procedure	A	using	tert-butyl	isocyanate	(86.0	μL,	74.3	mg,	0.750	mmol;	1.50	equiv)	
and	the	crude	alkyl	bromide	obtained	before,	compound	19	was	obtained	as	a	pale	
light-yellow	oil	(47.4	mg,	51%	yield).	
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.33	(s,	1H),	2.05	(t,	J	=	7.4	Hz,	2H),	1.55	(p,	J	=	7.7	
Hz,	2H),	1.31	(s,	9H),	1.28	–	1.24	(m,	4H),	0.85	(t,	J	=	7.0	Hz,	3H)	ppm.		
13C	NMR	(101	MHz,	CDCl3):	δ	=	172.6,	51.1,	37.8,	31.7,	29.0,	28.9	(3C),	25.9,	22.6,	
14.1	ppm.		
IR	(neat,	cm-1):	3306,	3076,	2959,	2927,	2859,	1643,	1546,	1453,	1362,	1225.		
HRMS	(ESI+):	[C11H23NNaO]+	(M+Na)	calcd.	208.1672,	found	208.1667.		
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N-(tert-butyl)-N-methyloctanamide	(20).				
An	oven-dried	vial	equipped	with	a	stirring	bar	was	directly	
transferred	 from	the	oven	to	 the	glovebox	and	charged	with	
NiI2	(3.91	mg,	0.012	mmol),	Mn	(68.67	mg,	1.25	mmol)	and	L7	

(8.41	mg,	0.025	mmol)	and	1	mL	of	NMP.	The	suspension	was	left	stirring	time	until	
its	color	turn	to	dark	blue,	moment	in	which	the	respective	isocyanate	(0.75	mmol)	
was	added.	The	oven-dried	screw-capped	test	was	set	in	a	temperature	controlled	
(10	°C)	reaction	block	outside	the	glovebox.	The	suspension	was	left	to	stir	at	this	
temperature	for	additional	15	min.	Then,	the	alkyl	bromide	(0.5	mmol)	was	added	
dropwise.	 The	 reaction	 was	 left	 under	 stirring	 for	 additional	 24	 h	 at	 the	 same	
temperature,	and	after	this	period,	it	was	treated	with	MeI	and	left	to	stir	for	24h	at	
60	ºC.	It	was	quenched	then	with	saturated	NH4Cl	solution	and	extracted	with	EtOAc.	
The	organic	phase	was	dried	over	MgSO4	and	concentrated	under	reduced	pressure.	
The	crude	obtained	was	purified	by	flash	chromatography	(Hex/EtOAc	5%)	to	afford	
compound	20	as	colorless	oil	(44	mg,	41%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	2.88	(s,	3H),	2.31	–	2.23	(m,	2H),	1.58	(p,	J	=	7.9,	7.4	
Hz,	2H),	1.39	(s,	9H),	1.32	–	1.24	(m,	8H),	0.86	(t,	J	=	6.6	Hz,	3H)	ppm.	
13C	NMR	(100	MHz,	CDCl3):	δ	=	174.0,	56.7,	37.0,	32.1,	31.9,	29.5,	29.3,	28.5,	25.5,	
22.8,	14.2	ppm.	
IR	(neat,	cm-1):	2957,	2924,	2855,	1647,	1456,	1386,	1362,	1217,	1126,	1097,	731.		
HRMS	(ESI+):	[C13H27NNaO]+	(M+Na)	calcd.	236.19875,	found	236.1982.	
	

N-methyloctanamide	(21).		
A	 schlenck	 tube	 was	 charged	 with	 the	 N-(tert-butyl)-N-
methyloctanamide	20	(63	mg,	0,3	mmol),	Cu(OTf)2	(21	mg,	0,06	
mmol,	2	mol%)	and	DCM.	The	system	was	stirred	at	80	ºC	for	36	

h,	cooled	down	to	room	temperature	and	treated	with	water.	The	aqueous	phase	was	
extracted	 with	 DCM	 and	 the	 organic	 phases	 ware	 collected	 together,	 dried	 over	
MgSO4	and	concentrated.	The	crude	was	purified	by	chromatography	to	afford	21	as	
a	white	semi-solid	(32	mg,	69%	yield).		
1H	NMR	(400	MHz,	CDCl3):	δ	=	5.83	(s,	1H),	2.76	(d,	J	=	4.8	Hz,	3H),	2.24	–	1.97	(m,	
2H),	1.58	(td,	J	=	8.5,	7.9,	4.5	Hz,	2H),	1.34	–	1.14	(m,	8H),	0.91	–	0.73	(m,	3H)	ppm.	
13C	NMR	(100	MHz,	CDCl3):	δ	=	174.1,	36.8,	31.8,	29.4,	29.1,	26.3,	25.9,	22.7,	14.1	
ppm.	
IR	(neat,	cm-1):	3293,	2956,	2927,	2857,	1649,	1560,	1465,	1411.	
HRMS	(ESI+):	[C9H20NO]+	(M+H)	calcd.	158.1539,	found	158.1538.	
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Synthesis	of	L72Ni:	
In	the	glovebox,	L7NiBr2	(383	mg,	0.29	mmol)	
was	added	to	a	10	mL	vial.	A	stirbar	was	added	
and	it	was	charged	with	3	mL	of	cold	toluene	(-
36	 ºC),	 affording	 a	 pink	 suspension.	
MgCl(CH2SiMe3)	 in	 THF	 (730	 uL	 0.84M,	 2.1	
equiv)	 was	 then	 added	 dropwise	 turning	 the	
pink	 suspension	 into	 a	 brown	 solution	which	
then	turned	red.	After	the	addition	of	Grignard,	
L7	 (108	mg,	1.1	equiv)	was	added	 in	2	mL	of	

cold	toluene	(-36	ºC)	as	a	suspension	where	the	solution	turned	purple.	After	3	h	the	
now	blue	solution	was	filtered	through	a	pipette	plug	of	celite	with	black	solid	being	
filtered	off	and	a	blue	solution	collected.	The	solvent	was	removed	to	afford	a	blue	
powder	and	washed	with	cold	(-36	ºC)	pentane	(1	mL	x	3)	to	give	L72Ni	(138	mg,	65	
%)	as	a	blue	powder.	Single	crystals	were	obtained	by	cooling	a	saturated	solution	
in	pentanes.		
1H	NMR	(400	MHz,	THF-d8)	δ	=	8.20	(d,	J	=	1.7	Hz,	4H),	8.14	–	7.94	(m,	12H),	7.60	
(t,	J	=	7.4	Hz,	4H),	7.31	(t,	J	=	7.8	Hz,	8H),	2.65	(s,	12H)	ppm.		
13C	NMR	 (101	MHz,	THF-d8)	δ	=	159.6,	 144.6,	 140.0,	 131.0,	 130.5,	 126.0,	 124.1,	
122.9,	119.1,	28.2	ppm.	
	

Synthesis	of	L132Ni:	
In	the	glovebox,	L13NiBr2	(92	mg,	0.21	mmol)	was	added	to	a	
10	mL	vial.	A	stirbar	was	added	and	it	was	charged	with	2.5	
mL	 of	 cold	 toluene	 (-36	 ºC)	 and	 L13	 (94	 mg,	 42	 mmol)	
affording	a	pink	suspension.	EtMgBr	in	THF	(150	mL,	3	M,	2.2	
equiv)	was	then	added	dropwise	turning	the	pink	suspension,	
yellow	 and	 then	 blue.	 After	 1	 hour	 a	 black	 precipitate	was	
filtered	 off	 through	 a	 celite	 plug	 and	 the	 blue	 filtrate	 was	

concentrated	to	dryness.	The	solid	was	redissolved	in	pentane	and	filtered	through	
a	celite	plug	and	concentrated	to	dryness	affording	L132Ni	(8	mg,	7	%)	as	a	blue	
powder.	Single	crystals	were	obtained	by	cooling	a	saturated	solution	in	pentanes.	
1H	NMR	(500	MHz,	C6D6)	δ	=	10.38	(dt,	J	=	5.9,	1.2	Hz,	2H),	8.29	–	8.03	(m,	4H),	7.63	
(dd,	J	=	6.8,	1.1	Hz,	2H),	7.36	–	7.22	(m,	6H),	3.39	(dddd,	J	=	84.4,	13.6,	10.7,	5.4	Hz,	
4H),	2.19	–	1.77	(m,	4H),	1.16	–	0.68	(m,	18H)	ppm.		
13C	NMR	(126	MHz,	C6D6)	δ	=	149.1,	136.8,	136.2,	123.2,	122.9,	122.5,	121.7,	120.8,	
119.6,	118.3,	42.3,	38.5,	31.9,	29.8,	29.5,	29.2,	28.8,	22.7,	14.0	ppm.	
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Crystal	data	and	structure	refinement	for	L72Ni.	

_____________________________________________________________________	

Empirical	formula		 C48	H40	N4	Ni		

Formula	weight		 731.55	

Temperature		 100(2)K	

Wavelength		 		0.71073	Å	

Crystal	system		 monoclinic	

Space	group		 P	21/c	

Unit	cell	dimensions	 a	=		18.259(3)Å	 a=		90°.	

	 b	=		17.663(2)Å	 b	=	104.816(5)°.	

	 c	=		11.5624(13)Å	 g	=		90°.	

Volume	 3604.9(8)	Å3	

Z	 4	

Density	(calculated)	 1.348	Mg/m3	

Absorption	coefficient	 0.580	mm-1	

F(000)	 	1536	

Crystal	size	 	0.060	x	0.030	x	0.010	mm3	

Theta	range	for	data	collection	 2.156	to	25.713°.	

Index	ranges	 -21⩽h⩽22,-21⩽k⩽14,-10⩽l⩽13	

Reflections	collected	 	21289	

Independent	reflections	 6750[R(int)	=	0.1790]	

Completeness	to	theta	=25.713°	 	98.3%		

Absorption	correction	 	Multi-scan	

Max.	and	min.	transmission	 0.74	and	0.61	

Refinement	method	 	Full-matrix	least-squares	on	F2	

Data	/	restraints	/	parameters	 	6750/	488/	528	

Goodness-of-fit	on	F2	 	0.970	

Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0756,	wR2	=	0.1124	

R	indices	(all	data)	 	R1	=	0.2162,	wR2	=	0.1530	

Largest	diff.	peak	and	hole	 	0.492	and	-0.567	e.Å-3	
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Crystal	data	and	structure	refinement	for	L132Ni.	
_____________________________________________________________________	

Empirical	formula		 C32	H40	N4	Ni		

Formula	weight		 539.39	

Temperature		 100(2)K	

Wavelength		 		0.71073	Å	

Crystal	system		 monoclinic	

Space	group		 P	21/n	

Unit	cell	dimensions	 a	=		17.2651(13)Å	 a=		90°.	

	 b	=		8.0978(6)Å	 b	=	102.933(2)°.	

	 c	=		20.5663(16)Å	 g	=		90°.	

Volume	 2802.4(4)	Å3	

Z	 4	

Density	(calculated)	 1.278	Mg/m3	

Absorption	coefficient	 0.720	mm-1	

F(000)	 	1152	

Crystal	size	 	0.500	x	0.200	x	0.030	mm3	

Theta	range	for	data	collection	 2.032	to	33.945°.	

Index	ranges	 -26⩽h⩽26,-12⩽k⩽8,-32⩽l⩽32	

Reflections	collected	 	58430	

Independent	reflections	 11254[R(int)	=	0.0650]	

Completeness	to	theta	=33.945°	 	98.9%		

Absorption	correction	 	Multi-scan	

Max.	and	min.	transmission	 0.74	and	0.64	

Refinement	method	 	Full-matrix	least-squares	on	F2	

Data	/	restraints	/	parameters	 	11254/	246/	392	

Goodness-of-fit	on	F2	 	1.028	

Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0468,	wR2	=	0.0965	

R	indices	(all	data)	 	R1	=	0.0863,	wR2	=	0.1106	

Largest	diff.	peak	and	hole	 	0.567	and	-0.336	e.Å-3	
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Experiments	for	getting	a	mechanistic	insight:	

	
In	 a	 nitrogen-filled	 glovebox,	 an	 oven-dried	 screw-capped	 test	 tube	 containing	 a	
stirring	 bar	 was	 charged	 with	 the	 nickel	 complex	 and	 ligand	 and/or	 Mn	 (if	
necessary).	The	obtained	mixture	was	stirred	at	rt	(ca.	1	min),	after	which	tert-	butyl	
isocyanate	(0.75	mmol;	1.5	equiv)	was	added.	Subsequently,	 the	reaction	mixture	
was	 cooled	 down	 to	 the	 desired	 temperature	 outside	 the	 glovebox,	 and	 2-
bromoheptane	was	added	(0.5	mmol;	1	equiv).	The	resulting	mixture	was	stirred	for	
24	h,	at	the	desired	temperature	using	a	metallic	block	with	a	recirculating	liquid	
refrigerated	by	a	chiller.	The	crude	reaction	mixture	was	carefully	quenched	with	
5%	aq.	HCl	(1	mL)	and	extracted	with	ethyl	acetate.	A	sample	of	the	obtained	solution	
was	filtered	through	a	silica-celite	plug,	eluted	with	ethyl	acetate	and	analyzed	by	
GC-FID	using	anisole	as	internal	standard.		
	 	

Stoichiometric experiments

tBuNCO
Me

Br

Me
+

NMP (0.5 M)
Mn (2.5 equiv)

10 ºC, 24 h

NHtBu

O(L7)2Ni(0) 
(2.5 mol%) Me

56% yield (93:7)

tBuNCO
Me

Br

Me
+

Mn (1.5 equiv)
3 ºC, 24 h

NHtBu

O(L13)2Ni(0)
(2.5 mol%)

Me

74% yield (>99:1)

Me
DMF (1 M)

Activity of L2Ni as catalyst

Competitive experiment

tBuNCO
Me

Br

Me
+ NHtBu

O
NiI2 (2.5 mol%)
L7 (2.5mol%)

 L13 (2.5 mol%)
Me

72% yield (>99:1)
Me

NMP (0.5 M)
Mn (2.5 equiv)

10 ºC, 24 h

2a

2b

2b

tBuNCO
Me

Br

Me
+

NMP (0.05 M)
Mn (x equiv)
10 ºC, 24 h

NHtBu

O(L7)2Ni(0) (1 equiv)
Me

tBuNCO
Me

Br

Me
+

Mn (x equiv)
3 ºC, 24 h

NHtBu

ONi(COD)2 (1 equiv)
L13 (2 equiv)

Me
MeDMF (0.1 M)

2a

2b

x=0, 0% yield
x=1, 1% yield

x=0, 0% yield
x=1, 13% yield
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Figure	3.	1H	and	13C	NMR	spectra	of	L13.	 	
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Figure	4.1H,	13C	and	11B	NMR	spectra	of	2-(11-bromotridecyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane	.
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Figure	5.	1H	and	13C	NMR	spectra	of	(6-bromooctyl)benzene.		 	
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Figure	6.1H	and	13C	NMR	spectra	of	1-(4-bromopentyl)-1H-pyrrole.		 	
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Figure	7.	1H	and	13C	NMR	spectra	of	N-(4-bromopentyl)-N-(4-methoxyphenyl)-4-
methylbenzenesulfonamide.	
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Figure	8.	1H	and	13C	NMR	spectra	of	2a.	 	

��������������������������������������������	��	��
��
����������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
	

�
��
	

�
��



�
��
�

�
��
�

�
�	
�

�
��
�

�
��



�
��
�

�
��
	



��
	
��
�
�
��

����������������	�
�������������������������	��
����������
��
�����

�
�
��

�
�
�	

�
�
��

�
�
��

�
�
��

�
�
��

�
�
�


�
	
��

�
�
��

	
	
��

�
�
�
��

�
	
�
�	

NHtBu

O

Me
2a

NHtBu

O

Me
2a



Chapter 5 

 456 

Figure	9.	1H	NMR	spectrum	of	7a	(Starting	from	3-bromoheptane).	

Figure	10.	1H	NMR	spectrum	of	8a	(Starting	from	4-bromoheptane).	 	
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Figure	11.	1H	and	13C	NMR	spectra	of	3a.
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Figure	12.	1H	and	13C	NMR	spectra	of	4a.	 	
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Figure	13.	1H	and	13C	NMR	spectra	of	5a.		 	
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Figure	14.	1H	and	13C	NMR	spectra	of	6a.
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Figure	15.	1H	and	13C	NMR	spectra	of	9a.
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Figure	16.	1H	and	13C	NMR	spectra	of	10a.
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Figure	17.	1H	and	13C	NMR	spectra	of	11a.
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Figure	18.	1H	and	13C	NMR	spectra	of	12a.
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Figure	19.	1H	and	13C	NMR	spectra	of	13a.	 	
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Figure	20.	1H	and	13C	NMR	spectra	of	14a.	 	
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Figure	21.	1H	and	13C	NMR	spectra	of	15a.
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Figure	22.	1H	and	13C	NMR	spectra	of	16a.	 	
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Figure	23.	1H,	13C	and	11B	NMR	spectra	of	17a.
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Figure	24.	1H	and	13C	NMR	spectra	of	18a.
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Figure	25.	1H	and	13C	NMR	spectra	of	2b.
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Figure	26.	1H	and	13C	NMR	spectra	of	3b.
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Figure	27.	1H	and	13C	NMR	spectra	of	4b.
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Figure	28.	1H	and	13C	NMR	spectra	of	5b.
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Figure	29.	1H	and	13C	NMR	spectra	of	6b.
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Figure	30.	1H	and	13C	NMR	spectra	of	7b.
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Figure	31.	1H	and	13C	NMR	spectra	of	8b.
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Figure	32.	1H	and	13C	NMR	spectra	of	9b.
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Figure	33.	1H	and	13C	NMR	spectra	of	10b.
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Figure	34.	1H	and	13C	NMR	spectra	of	11b.
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Figure	35.	.	1H	and	13C	NMR	spectra	of	12b.
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Figure	36.	.	1H	and	13C	NMR	spectra	of	13b.
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Figure	37.	1H	and	13C	NMR	spectra	of	14b.
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Figure	38.	1H	and	13C	NMR	spectra	of	15b.
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Figure	39.	1H	and	13C	NMR	spectra	of	16b.
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Figure	40.	1H,	13C	and	11B	NMR	spectra	of	17b.
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Figure	41.	1H	and	13C	NMR	spectra	of	18b.
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Figure	42.	1H	and	13C	NMR	spectra	of	19.
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Figure	43.	1H	and	13C	NMR	spectra	of	20.
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Figure	44.	1H	and	13C	NMR	spectra	of	21.	
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Figure	45.	1H	and	13C	NMR	spectra	of	L72Ni.	
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Figure	46.	1H	and	13C	NMR	spectra	of	L132Ni.	
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The	synthetic	methods	developed	during	this	Doctoral	Thesis	have	given	access	to	
a	variety	of	carboxylic	acids	and	amides	via	Ni-catalyzed	reductive	couplings	using	
CO2	or	isocyanates	as	a	carbonyl	synthons.	These	reactions	have	all	in	common	that	
are	carried	out	under	mild	conditions	using	catalytic	systems	based	on	Ni(II)	salts	as	
precatalysts	 and	 bipyridine	 or	 phenanthroline	 type	 ligands,	 with	 Mn	 or	 Zn	 as	 a	
reducing	agents	in	polar	non-protic	solvents	(DMF,	DMA	or	NMP).	To	conclude,	we	
will	analyze	if	our	initial	objectives	have	been	successfully	met:			
	
Chapter	2:		
§ A	Ni-catalyzed	switchable	site-selective	carboxylation	of	allylic	alcohols	with	CO2	

has	been	described.		
§ This	methodology	provides	a	direct	alternative	for	the	preparation	of	linear	or	

α-branched	b,g-unsaturated	carboxylic	acids	from	naturally	abundant	allylic	
alcohols,	while	expanding	our	knowledge	on	C−OH	bond	activation	assisted	by	
CO2.		

§ Allylic	alcohols	have	been	employed	within	the	context	of	cross-electrophile	
couplings	on	the	absence	of	pyrophoric	organometallic	reagents	for	the	first	
time.		

§ Although	more	rigorous	mechanistic	investigations	must	be	carried	out,	our	
preliminary	mechanistic	studies	helped	us	proposed	a	rationale	based	on	Ni(I)	
carboxylation	for	the	linear	selectivity,	and	Ni(II)	for	the	α-branched	selective	
process.		
	

Chapter	3:	
§ A	protocol	for	the	dicarboxylation	of	1,3-dienes	with	CO2	catalyzed	by	nickel	has	

been	developed.		
§ This	transformation	represents	an	alternative	access	to	1,6-dicarboxylic	acids	

from	2	feedstock	materials:	CO2	and	1,3-dienes.	
§ The	 applicability	 of	 the	 developed	 methodology	 has	 been	 demonstrated	

through	 the	 successful	 dicarboxylation	 of	 substrates	 with	 a	 variety	 of	
functional	groups	and	industrially	relevant	1,3-dienes.	

§ Based	 on	 the	 conducted	 mechanistic	 experiments,	 a	 Ni(II)/Ni(I)/Ni(0)	
catalytic	cycle	have	been	proposed,	although	further	studies	are	necessary	to	
fully	understand	it.		
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Chapter	4:	
§ A	 method	 for	 the	 isotopic	 labeling	 of	 carboxylic	 acid	 with	 CO2	 has	 been	

described.			
§ This	 approach	 represents	 a	 simple,	 efficient	 and	 highly	 versatile	 catalytic	

decarboxylation/carboxylation	 for	 carbon	 isotope	 exchange	 of	 carboxylic	
acids	with	13CO2	or	14CO2,	enabling	the	access	to	labeled	aliphatic	or	aromatic	
carboxylic	acids,	even	at	late	stages,	without	changing	the	already	established	
sequence	en	route	to	the	parent	compound.	

§ Different	 pharmaceutical	 and	 molecules	 with	 biological	 activity	 have	 been	
labelled,	 showcasing	 the	 applicability	 of	 this	 methodology	 to	 industrially	
relevant	molecules.		

§ Even	though	13C	and	14C	labeling	has	been	successfully	achieved,	the	use	of	11C	
(which	require	much	shorter	reactions)	are	not	reached	yet.	
	

Chapter	5:	
§ A	 Regiodivergent	 ligand-controlled	 Ni-catalyzed	 reductive	 amidation	 of	

unactivated	secondary	alkyl	bromides	has	been	realized.		
§ This	 reaction	 proceeds	 with	 mild	 conditions	 and	 is	 able	 to	 access	 the	

amidation	of	alkyl	bromides	at	the	initial	site	or	in	remote	positions	depending	
on	the	ligand-structure	used.		

§ The	 applicability	 of	 this	 methodology	 has	 been	 demonstrated	 through	 the	
preparation	 of	 primary/secondary	 or	 tertiary	 amides	 including	 bulky	
substituents	in	good	yields,	with	a	wide	functional	group	tolerance.	

§ Mechanistic	 studies	 through	 the	 isolation	 and	 characterization	 of	
organometallic	intermediates	and	experiments	with	these	complexes	helped	
us	propose	a	catalytic	cycle	based	on	a	Ni(0)/Ni(I)/Ni(II)	regime.		
	

	



 



 



	

	


