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ABSTRACT:	An	experimental	and	computational	mechanistic	 investigation	of	 the	key	carboxylation	step	 in	copper(I)-catalyzed	
boracarboxylation	of	vinyl	arenes	is	presented	here.	Catalytically	relevant	intermediates,	including	a	series	of	CuI-spiroboralactonate	
complexes,	 with	 electronically	 differentiated	 vinyl	 arenes	 and	 stabilized	 by	 the	 NHC	 ligand	 IPr	 (IPr	 =	 1,3-Bis(2,6-diiso-
propylphenyl)imidazol-2-ylidine),	were	isolated	and	characterized.	In	situ	1H	NMR	timecourse	studies	and	subsequent	Hammett	
analysis	(sp)	of	carbon	dioxide	addition	to	(β-borylbenzyl)copper(I)	complexes	(benzyl	=	CH2Arp-X)	revealed	a	linear	correlation	with	
a	negative	rho	(ρ)	value.	Density	functional	theory	(DFT)	calculations	support	a	direct	CO2	insertion	as	the	primary	mechanism	for	
electron-rich	benzyl-copper	carboxylation.	Kinetically	sluggish	carboxylation	of	electron-poor	trifluoromethyl-substituted	benzyl-
copper	complex	(benzyl	=	CH2Arp-CF3)	was	accelerated	upon	addition	of	exogenous	PPh3.	Conversely,	the	additive	inhibited	reactions	
of	electron-rich	tert-butyl-substituted	benzyl-copper	complex	(benzyl	=	CH2Arp-tBu).	These	kinetic	observations	implied	that	a	second	
carboxylation	pathway	was	likely	operative.	DFT	analysis	demonstrated	that	prior	binding	of	the	electron-rich	phosphine	additive	
at	(β-borylbenzyl)copper(I)	yields	a	meta-stable	intermediate	that	precedes	an	SE-carboxylation	mechanism,	which	is	kinetically	
favorable	for	electron-deficient	benzyl-copper	species	and	circumvents	the	kinetically	challenging	direct	insertion	mechanism.	The	
mechanistic	picture	that	emerges	from	this	complementary	experimental/computational	study	highlights	the	kinetic	complexities	
and	multiple	pathways	involved	in	copper-based	carboxylation	chemistry.	

INTRODUCTION 
The	 synthetic	 utility	 of	 carbon	 dioxide	 (CO2)	 has	 been	 of	
significant	scientific	interest	coinciding	with	global	discussion	
of	 greenhouse	 gas	 reduction.1	 In	 addition	 to	 industrial	
applications	using	CO2,	exemplified	by	the	synthesis	of	urea,2,3	
several	 promising	 synthetic	 uses	 have	 been	 recognized,	
including	the	synthesis	of	methanol,	molecular	and	polymeric	
carbonates,	and	other	small	molecules.4,5,6	The	incorporation	of	
CO2	 into	 existing	 organic	 and	 organometallic	 frameworks	
provides	a	direct	route	to	the	production	of	carboxylates	and	
carboxylic	 acids,	 as	 well	 as	 other	 interesting	 value-added	
products.7	This	is	attractive	from	a	pharmaceutical	standpoint,	
as	there	are	many	existing	bioactive	molecules	that	possess	the	
carboxylate	functional	group.8,9		
Incentive	 to	 couple	 CO2	 with	 other	 readily	 available	 organic	
materials,	 such	 as	 unactivated	 alkanes	 and	 unsaturated	
compounds,	via	reductive	carboxylation	has	led	to	significant	
advances	in	the	field.	Most	carboxylation	strategies	rely	heavily	
on	 the	 use	 of	 transition	metal	 complexes10	 to	 gain	 access	 to	
desirable	products	such	as	complex	carboxylic	acid	derivatives	
through	a	variety	of	C-E	(E=	B11	and	Sn12),	C-H,13	and	C-X14	bond	
transformations.	In	recent	years,	our	research	group	has	been	
interested	in	a	relatively	new	class	of	carboxylation	reactions	
wherein	the	reductant	is	not	a	hydride	equivalent,	but	rather	a	
heteroatom	moiety	 (such	as	 silicon,	 boron,	nitrogen)	 termed	
hetero(element)carboxylation.	 This	 has	 been	 achieved	

predominately	 with	 copper(I)	 catalysis	 for	 the	
boracarboxylation	of	imines	and	alkynes,15	silacarboxylation	of	
allenes	 and	 alkynes,16	 and	 azacarboxylation	 of	
alkynylanilines.17,18	 In	 2016,	 Popp	 and	 colleagues	 extended	
boracarboxylation	to	vinyl	arenes,	an	important	reactant	class	
in	catalytic	alkene	difunctionalization.19,20	Boracarboxylation	is	
proposed	to	proceed	via	in	situ	generated	CuI-alkoxide	complex	
ligated	by	the	N-heterocyclic	carbene	(NHC)	dicyclohexyl-2H-
imidazolylidene	(ICy)	(Scheme	1).	The	method	is	amenable	to	
several	electron-rich	and	electron-neutral	styrene	derivatives,	
and	 it	was	possible	 to	generate	boron-substituted	analogs	of	
commonly	 prescribed	 nonsteroidal	 anti-inflammatory	 drugs	
(NSAIDs).	Subsequently,	more	effective	catalysis	was	achieved	
by	 our	 group	 wherein	 the	 inclusion	 of	 additives	 such	 as	
triphenylphosphine		
	
Scheme	 1.	 Proposed	 mechanism	 for	 the	 copper(I)-catalyzed	
boracarboxylation	of	vinyl	arenes.		



 

	
(PPh3)	 provided	 access	 to	 electron	 deficient	 vinyl	 arenes,	
which	 were	 unreactive	 in	 the	 original	 catalytic	 conditions.21	
However,	 the	role	of	 the	additive	 is	not	yet	well	understood.	
Further,	 despite	 the	 general	 success	 using	 a	 variety	 of	
unsubstituted	vinyl	arene	derivatives,	these	methodologies	are	
not	amenable	to	a	wide	scope	of	other	alkene	substrates.	We	
recognized	 that	 a	 lack	 of	 an	 in-depth	 mechanistic	
understanding	has	hindered	our	progress	 in	generalizing	 the	
method.		
Several	previous	studies	support	the	proposed	mechanism	for	
the	boracarboxylation	of	vinyl	arenes.	Sadighi	and	colleagues	
reported	the	synthesis	and	reactivity	of	IPrCuIBpin22	(IPr	=	1,3-
Bis(2,6-diisopropylphenyl)imidazol-2-ylidine)	 as	 well	 as	 the	
resulting	 boracupration	 product23	 upon	 treatment	 with	 a	
series	 of	 alkene	 substrates	 (Scheme	 1,	 Steps	 I	 and	 II,	
respectively).	Despite	his	group	demonstrating	insertion	of	CO2	
into	a	number	of	NHC-CuI	complexes,22,24,25	carboxylation	of	the	
CuI(β-borylbenzyl)	 species	 relevant	 to	 the	current	 study	was	
not	 reported.	 Carboxylation	 of	 alkynes,	 however,	 has	 been	
reported	 by	 Hou,	 following	 an	 analogous	 insertion	 of	 the	
substrate	 into	 a	 CuI-Bpin	 bond.	 15b	 Several	 independent	
computational	 studies	 have	 detailed	 specific	 aspects	 of	 the	
proposed	 cycle,	 such	 as	 the	 role	 of	 sodium	 tert-butoxide	
(NaOtBu)26	 and	 the	electronic	and	steric	 contributions	of	 the	
ancillary	ligand27	and	the	boron	moiety.28	Nevertheless,	direct	
experimental	evidence	in	support	of	the	proposed	mechanism,	
remains	lacking.		
Herein,	 we	 present	 an	 experimental	 study	 of	 copper(I)-
catalyzed	boracarboxylation	of	vinyl	arenes	complemented	by	
density	 functional	 theory.	 Successful	 synthesis	 of	 a	 series	 of	
substituted	 copper(I)	 spiroboralactonate	 complexes	 is	
reported,	 and	 the	 fluxional	 behavior	 of	 these	 compounds	
detected	 by	 VT	 1H	 NMR	 studies	 and	 corroborated	
computationally	 provides	 insight	 into	 how	 these	 complexes	
may	behave	under	catalytic	conditions.	Further,	the	electronic	
impact	of	the	arene	ring	was	evaluated	following	the	synthesis	
of	 several	 CuI(β-borylbenzyl)	 complexes,	 where	 it	 was	
demonstrated	that	increasingly	electron	deficient	vinyl	arenes	
undergo	carboxylation	at	substantially	slower	rates.	Inclusion	
of	exogeneous	electron-rich	PPh3	provided	access	to	severely	
electron	deficient	vinyl	arene	substrates,	and	further	analysis	
revealed	 multiple	 competing	 pathways	 are	 operative	 in	 the	
incorporation	of	carbon	dioxide.		
	

RESULTS	AND	DISCUSSION	
Isolation	 of	 catalytic	 intermediates:	 Our	 studies	 of	 the	
mechanism	 of	 boracarboxylation	 began	 with	 attempted	
isolation	 of	 reactive	 intermediates	 using	 the	 catalytically	

competent	 ICyCuCl	 precatalyst.	 The	 proposed	 catalytic	 cycle	
(Scheme	1)	is	initiated	by	the	generation	of	an	active	copper-
alkoxide	complex	from	ICyCuCl		in	the	presence	of	sodium	tert-
butoxide.19,21	To	the	best	of	our	knowledge,	only	ICyCuOtBu29	
has	been	definitively	characterized	while	catalytically	relevant	
ICyCuIBpin	and	 ICyCuI(β-borylbenzyl)	 (Scheme	1,	 step	 II	and	
III,	respectively)	have	not	been	isolated.	ICyCuOtBu	(1ICy)	was	
synthesized	following	the	literature	from	treatment	of	ICyCuCl	
with	NaOtBu	(1	equiv.).29	Following	this,	attempts	were	made	
to	 isolate	 ICyCuB(pin),	 a	 presumed	 intermediate	 during	
catalytic	reduction	of	CO2	to	CO.22	Similar	to	previous	reports,	
rapid	 decomposition	 of	 ICyCu–species	 was	 observed,22,30	
rendering	 isolation	 of	 ICyCuI–boryl	 complex	 and	 subsequent	
reactivity	 studies	 impractical.	 In	 lieu	of	 isolation,	 addition	of	
vinyl	 arene	 to	 a	 mixture	 ICyCuOtBu	 and	 B2pin2	 led	 to	 a	
complicated	 spectrum	 featuring	 an	 intractable	 mixture	 of	
products.		
Given	 these	difficulties,	we	 turned	our	 attention	 to	 the	well-
known	 IPr-copper	 system.15,22,23	 Notably,	 the	 IPrCuCl	
precatalyst	 proved	 ineffective	 in	 our	 original	 methodology	
catalyst	screening,19	making	the	IPr	ligand	a	good	candidate	for	
isolation	of	more	stable	complexes.	In	order	to	understand	the	
reactivity	of	CuI(β-borylbenzyl)	carboxylation,		we	first	needed	
to	 generate	 the	 insertion	 complexes	 that	 were	 reported	 by	
Sadighi.23	 IPrCuOtBu	 (1IPr),	 prepared	 from	 previous	
literature,31	was	treated	with	bis(pinacolato)diboron	(B2pin2)	
(1.1	 equiv.)	 in	 n-pentane	 under	 an	 inert	 atmosphere	 of	
dinitrogen	to	form	IPrCuB(pin)	in	situ,	after	which	vinyl	arene	
was	added.23	Gratifyingly,	generation	of	IPrCuI(β-borylbenzyl)	
complexes	directly	from	1IPr	was	possible,	providing	moderate	
to	 excellent	 yields.	 This	 synthetic	 route	 avoided	 isolation	 of	
more	 reactive,	 less	 stable	 IPrCuIBpin,	 and	 circumvented	 the	
decomposition	observed	when	using	the	ICy	ligand.	Consistent	
with	Sadighi’s	reported	insertion	rates	of	vinyl	arenes	into	the	
Cu-Bpin	bond,	the	more	electron	deficient	substrates,	such	as	
para-fluorostyrene,	 reacted	more	quickly	 than	more	electron	
rich	substrates,	such	as	4-N,N-dimethylaminostyrene.	Some	of	
the	electron-deficient	vinyl	arenes	 that	we	employed	did	not	
yield	the	desired	complexes,	such	as	p-Cl	and	p-Br,	which	led	to	
unproductive	 side	 reactions	 with	 no	 discernable	 product	
formed.	 The	 same	 was	 true	 in	 the	 case	 of	 p-cyanostyrene,	
findings	 consistent	 with	 previous	 literature.23	 Despite	 this,	
electron	deficient	CuI(β-borylbenzylX)	complexes	(X	=	acetoxy	
(AcO),	 methoxycarbonyl	 (CO2Me),	 and	 trifluoromethyl	 (CF3)	
substitution	 in	 the	 para	 position	 of	 the	 arene	 ring)	 were	
synthesized	as	tan	powders	in	yields	ranging	from	44%	to	67%	
(Scheme	2).	
	
Scheme	2:	Methods	to	synthesize	spiroboralactonate-copper(I)	
complexes	utilizing	CO2	and	boron	reductant.	
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Characterization	 and	 reactivity	 of	 spiroboralactonate-
copper(I)	 complexes:	 Inspired	 by	 reports	 indicating	
carboxylation	occurs	following	insertion	of	alkynes	into	the	Cu-
E	group	(E=SiR3,	B(pin)),15b,16b	we	sought	to	validate	a	similar	
carboxylation	pathway	from	CuI(β-borylbenzyl)	complexes,	2.	
We	 successfully	 synthesized	 a	 series	 of	 vinyl	 arene-derived	
boracarboxylated	 complexes	 through	 in	 situ	 generation	 of	
IPrCuBpin	 and	 the	 CuI(β-borylbenzyl)	 complexes	 under	 1	
atmosphere	of	CO2	(Scheme	2,	Route	A).	Complexes	3a-3f	were	
isolated	after	16	hours	as	white	powders	in	moderate	to	good	
yields	 (Table	 1).	 Complexes	 bearing	more	 electron	 deficient	
aryl	substituents	(i.e.	3g-3i)	were	isolated	after	modifications	
were	made	to	the	stoichiometric	conditions	(Scheme	2,	Method	
A	and	Table	1),	including	longer	reaction	time	(48	hours)	and	
inclusion	of	PPh3	as	an	additive	(vide	infra).		
Recognizing	 that	 carboxylation	 of	 vinyl	 arenes	 can	 occur	
through	 a	 tert-butoxide-catalyzed	 pathway	 unaided	 by	
copper,32	 the	 requisite	 CuI(β-borylbenzyl)	 complexes	 were	
isolated	 and	 purified	 following	 the	 protocol	 reported	 by	
Sadighi23	 (Scheme	2,	Method	B).	Carboxylation	was	achieved	
by	exposing	benzene	solutions	of	2a-2i	with	CO2	gas	(1	atm)	at	
room	temperature.	Following	the	reaction,	white	solids	were	
isolated	 and	 characterized	 as	 3a-3i,	 thus	 providing	 strong	
support	 for	 the	 role	 of	 copper	 in	 the	 carboxylation	 reaction.	
Interestingly,	 complex	 2i	 bearing	 the	 strongly	 electron	
deficient	 p-CF3-benzyl	 moiety	 was	 carboxylated	 at	 a	
prohibitively	slow	rate	such	that	only	low	yields	of	3i	could	be	
obtained	for	characterization	purposes.		
	
Table	 1.	 Carboxylated	 copper(I)	 complexes	 isolated	 through	
stoichiometric	boracarboxylation	of	vinyl	arenes.a			

	
a	Note:	All	spiroboralactonate	complexes	are	represented	as	neu-
tral	for	clarity.	Formal	charges	are	presumed	to	reside	on	the	cop-
per	center	(+1)	and	on	the	tetracoordinate	boronate	(-1).	b	48	hr	
reaction	time.	c	PPh3	additive	(1.0	equiv.).			
	
Carboxylated	 complexes	3a-3i	 were	 characterized	 using	 1H-	
and	multi-nuclear	NMR	techniques	as	well	as	IR	spectroscopy.	
The	parent	complex	3a,	for	example,	revealed	a	strong	feature	
at	1711	cm-1	in	the	IR	spectrum,	indicative	of	the	C=O	stretch	of	
a	 carbonyl	 functional	 group,	 likely	 resulting	 from	 inserted	
carbon	dioxide.	Comparison	of	11B	NMR	spectra	of	2a	and	3a	
showed	a	significant	upfield	shift	of	the	B(pin)	resonance	from	
34.7	ppm	to	13.9	ppm,	respectively,	suggesting	the	formation	
of	a	four-coordinate	boronate	species	rather	than	an	open,	κ1-
carboxylate	 complex.33	 This	 observation	 aligns	well	with	 11B	
NMR	spectra	reported	for	analogous	boralactonates	generated	
from	 alkyne	 substrates15b	 as	well	 as	 other	 examples	 of	 non-
coordinating	 arylspiroborate	 ligands.34	 The	 diastereotopic	
methylene	 group	 attached	 to	 boron	 also	 exhibits	 an	 shift	
upfield	 in	 both	 1H	 and	 13C	NMR	 spectra,	 owing	 to	 increased	
electron	 density	 at	 boron	 upon	 formation	 of	 the	
spiroboralactonate	ring.		
The	 spiroboralactonate	 structure	 was	 confirmed	 upon	
collection	of	X-ray	crystallographic	data		of	3a.	The	molecular	
structure	 features	 an	 sp3-hybridized	 boronate	 center,	
supported	by	the	angles	about	the	boron	atom	averaging	107°	
(Figure	 1).	 This	 contrasts	 with	 crystallographic	 data	 of	 the	
unsubstituted	 boracarboxylic	 acid	 reported	 by	 Popp	 et	 al.	
previously,19	from	which	it	is	clear	from	average	bond	angles	of	
120°	 that	 the	boron	 is	 sp2-hybridized.	This	assignment	of	an	
anionic	 tetracoordinate	 boron	 was	 also	 supported	 by	 the	
analogous	 copper	 complexes	 generated	 via	 the	



 

boracarboxylation	 of	 alkynes.15b	 The	 nature	 of	 the	 copper-
oxygen	 binding	 was	 confirmed	 to	 be	 through	 one	 of	 the	
pinacolate	 oxygens	 rather	 than	 the	 anticipated	 carboxylate	
oxygens.	 Once	 again,	 this	 type	 of	 binding	 is	 consistent	 with	
previously	reported	structures.		
	

	
Figure	1.	Molecular	structure	of	3a	with	thermal	ellipsoids	set	
at	 50%	 probability.	 H	 atoms	 have	 been	 omitted	 for	 clarity.	
Selected	bond	lengths	(Å)	and	angles	(deg):	Cu1-C1,	1.910(3);	
Cu1-O1,	 1.8568(14);	 O1-B1,	 1.508(3);	 B1-O2,	 1.4373;	 B1-O4	
1.5313,	 B1-C32	 1.618(3),	 O1-Cu1-C1	 177.39(8);	 Cu1-O1-B1	
129.31(12).	
	
Variable-temperature	 (VT)	 1H	 NMR	 experiments	 were	
conducted	 in	 dichloromethane-d2	 to	 determine	 whether	
coordination	of	 the	 copper	 center	 to	 the	pinacol	oxygen	was	
maintained	in	solution.	As	the	temperature	is	decreased	from	
+25°C	 to	 -90°C,	 the	 spectrum	 of	3a	 becomes	more	 complex	
(Figure	 2A).	 The	 singlet	 methyl	 resonances	 at	 0.80	 ppm	
representing	two	unique	sets	of	methyl	protons	on	the	pinacol	
ring	 splits	 into	 four	 distinct	 singlet	 resonances,	 implying	
dynamic	solution	behavior.	A	similar	effect	was	observed	in	VT	
13C	 NMR	 spectra,	 wherein	 inequivalent	 quaternary	 pinacol	
carbon	resonances	at	-90	°C	(83.4	and	77.0	ppm)	collapse	to	a	
single	 resonance	at	+25	 °C	 (81.3	ppm).	Desymmetrization	of	
the	pinacol	ring	upon	copper	binding	is	further	supported	by	
2D	 NMR	 experiments.35	 Geometry	 optimization	 of	 the	 solid-
state	 structure	 for	 3a	 using	 DFT	 and	 subsequent	 natural	
bonding	orbital	(NBO)	analysis	revealed	natural	charges	on	the	
relevant	 oxygens	 (see	 Figure	 1	 for	 atom	 labels)	 that	 are	
consistent	 with	 copper	 binding	 at	 the	 more	 basic	 oxygen	
moiety.	The	natural	charge	on	pinacol	oxygens	(O1:	-0.89	|	O2:	
-0.83)	was	noticeably	larger,	reflecting	higher	basicity,	than	the	
charges	on	carboxylate	oxygens	(O3:	-0.65	|	O4:	-0.74).	This	is	
also	 consistent	 with	 natural	 charges	 calculated	 for	 the	 free	
spiroboralactonate	anion	(O1:	-0.78	|	O2:	-0.78	|	O3:	-0.65	|	O4:	
-0.74).	
The	dynamic	behavior	observed	during	1H	VT-NMR	studies	of	
complex	 3a	 was	 further	 explored	 computationally.	 Close	
inspection	 of	 spiroboralactonate	 3a	 shows	 that	 two	 sets	 of	
diastereomeric	 structures	 are	 possible	 because	 the	 5-
membered	 borapinocolate	 ring	 can	 adopt	 two	 unique	
conformations.	Thus,	four	ground-state	structures	for	3a	were	
identified	 from	 DFT	 geometry	 optimization	 using	 the	 SMD	
solvation	 model,	 with	 the	 most	 energetically	 feasible	
diastereomer	 pair	 shown	 in	 Figure	 2B.36	 Interconversion	
between		

	
Figure	 2.	 A)	 Experimental	 (left)	 and	 simulated	 (right)	VT	 1H	
NMR	 spectrum	 demonstrating	 dynamic	 behavior	 in	
dichloromethane-d2.	 Only	 the	 region	 containing	 the	
pinacolborane	methyl	resonances	is	shown	for	clarity.	For	full	
VT	 1H	 NMR	 spectra,	 see	 Figure	 S8.	 B)	 DFT-derived	
interconversion	 mechanism	 in	 dichloromethane	 (SMD	
solvation	model),	showing	copper	bound	to	each	oxygen	in	the	
pinacol	ring	via	a	carboxylate-bound	intermediate.		
	
diastereomers	3aDFT	and	3a´DFT	proceeds	by	an	 inner-sphere	
mechanism	via	less-stable	k1-carboxylate	intermediate	Int(3a-
3a´)DFT.	 Comparison	 of	 experimental	 and	 computationally	



 

predicted	barriers	 (11.5	vs	9.4	kcal/mol,	 respectively)	are	 in	
good	agreement.	Attempts	to	identify	an	outer-sphere	ion-pair	
interconversion	 mechanism	 that	 bypasses	 Int(3a-3a´)DFT	
using	SMD	solvent	model	were	unsuccessful,		yielding	only	high	
energy	 (>	40	 kcal/mol)	 ion-pair	 intermediates.	 Ground	 state	
and	transition	state	energies	varied	by	less	than	2	kcal/mol	in	
both	 cases,	 which	 implies	 exchange	 occurs	 rapidly	 at	 room	
temperature	and	samples	each	isomeric	geometry.	Knowledge	
of	 such	 behavior	 could	 be	 consequential	 for	 future	
developments	 using	 spiroboronate	 salts	 for	 asymmetric	
catalysis	utilizing	a	chiral	anion.			
Completion	 of	 the	 catalytic	 cycle	 is	 proposed	 to	 proceed	
through	 a	 salt	 metathesis	 reaction	 of	 spiroboralactonate	
copper	 salt	 with	 excess	 NaOtBu	 to	 produce	 a	 sodium	
spiroboralactonate	salt	and	active	ICyCuOtBu	catalyst	(Scheme	
1,	 Step	 IV).	 In	 previous	 stoichiometric	 studies	 of	 alkyne	
boracarboxylation,	an	aggregate	of	the	salt	metathesis	product	
stabilized	 by	 both	 tetrahydrofuran	 and	 lithium	 ion	
coordination	 was	 isolated	 and	 characterized.15b	 Similar	
treatment	of	3a	with	NaOtBu	(1	equiv.)	in	THF	for	30	minutes	
revealed	formation	of	IPrCuOtBu	via	1H	NMR	characterization	
(Figure	S9).	Unfortunately,	 lack	of	solubility	of	 the	presumed	
metathesis	 product,	 sodium	 spiroboralactonate,	 prevented	
further	isolation	and	characterization.37		
1H	 NMR	 spectroscopy	 was	 employed	 to	 monitor	 the	 salt	
metathesis	 reaction	 in	 situ.	 Given	 the	 low	 solubility	 of	 the	
spiroboralactonate	 product,	 the	 complex	 was	 dissolved	 in	 a	
mixture	of	40%THF/benzene-d6.	Upon	mixing	3a	and	NaOtBu,	
resonances	 associated	 with	 the	 ethenyl	 protons	 of	 the	 NHC	
heterocycle	of	IPrCuOtBu	were	observed	to	increase	over	time	
with	concomitant	decrease	of	those	associated	with	3a	(Figure	
S10).	 Accompanying	 this	 change	 in	 the	 spectrum	 was	 the	
formation	 of	 a	 white	 solid,	 presumably	 sodium	
spiroboralactonate	product.	Further,	upon	addition	of	B2pin2	
(1	equiv.)	to	the	in	situ	NMR	tube	reaction	mixture,	IPrCuB(pin)	
increased	with	 concomitant	 decrease	 of	 IPrCuOtBu	based	 on	
observation	 of	 the	 ethenyl	 protons	 of	 the	 IPr	 heterocycle.	
Adding	B2pin2	to	a	solution	of	3a	excluding	NaOtBu	did	not	lead	
to	the	formation	of	IPrCuB(pin),	suggesting	that	salt	metathesis	
is	 necessary	 for	 catalytic	 turnover.	 This	 is	 consistent	 with	
conclusions	 from	 computational	 work	 by	 Lin	 showing	 the	
importance	 of	 the	 alkoxide	 base	 in	 promoting	 the	 salt	
metathesis	step	in	the	boracarboxylation	of	styrene.26	
		
Kinetic	 analysis	 of	 carboxylation:	 Recent	 computational	
reports	 as	 well	 as	 experimental	 data	 obtained	 in	 our	 lab	
suggests	 that	 carboxylation	 serves	 as	 the	 turnover-limiting	
step	of	the	catalytic	boracarboxylation	reaction	(Scheme	1,	Step	
III).19,26,27,28	 The	 electronic	 character	 of	 vinyl	 arene	 was	
important	 in	 terms	 of	 both	 yield	 and	 catalytic	 efficiency.19	
Specifically,	 higher	 yields	 were	 observed	 under	 ambient	
conditions	with	more	electron-rich	vinyl	arenes	whereas	lower	
yields	 were	 observed	 for	 a	 limited	 group	 of	 moderately	
electron-deficient	 vinyl	 arenes	 (eg.,	 m-fluorostyrene)	 under	
heating.	 This	 is	 in	 contrast	 to	 observations	 made	 for	
stoichiometric	vinyl	arene	insertion	into	IPrCuB(pin),	in	which	
electron	deficient	vinyl	 arenes	 reacted	more	quickly.23	Given	
the	orthogonal	reactivity	of	these	two	steps	(Scheme	1,	Step	II	
and	 III),	 a	 better	 understanding	 of	 the	 carboxylation	 step	 is	
necessary.		
The	 ethenyl	 protons	 of	 the	 IPr	 heterocycle	 on	 the	 CuI(β-
borylbenzyl)	 complexes	 made	 the	 carboxylation	 reaction	
amenable	to	monitoring	by	1H	NMR	spectroscopy.	Benzene-d6	
solutions	of	2a-2i	were	exposed	to	CO2	 (1	atm)	 in	a	 J.	Young	

NMR	 tube,	 and	 carboxylation	 was	 monitored	 to	 reaction	
completion.	Over	 the	 course	 of	 the	 reaction,	 the	 growth	of	 a	
single	 resonance	 for	 IPr	 ethenyl	 protons	 was	 observed	
downfield	 from	 that	 of	 the	 starting	 complex,	 consistent	with	
formation	 of	 the	 carboxylate	 species	 3a-3i	 based	 on	
isolation/characterization	 studies	 described	 above.	 Reaction	
timecourses	 followed	 exponential	 behavior,	 and	 analysis	 of	
selected	time	courses	demonstrated	that	the	decay	of	starting	
material	 and	 concomitant	 increase	 of	 product	 occurred	 at	
similar	 rates	 (cf.,	 Scheme	 S12).	 Carboxylation	 of	 CuI(β-
borylbenzylp-NMe2)	 complex	 2b	 occurred	 in	 less	 than	 10	
minutes,	whereas	no	appreciable	carboxylation	(<5%	based	on	
NMR	 integration)	 and	 some	 intractable	 decomposition	 was	
observed	for	CuI(β-borylbenzylp-CF3)	complex	2i.		
Several	 pathways	 were	 considered	 for	 carboxylation	 of	 the	
CuI(β-borylbenzyl)	complexes	(Figure	3):	 the	direct	 insertion	
pathway	 involving	 an	 interaction	 between	 copper	 and	 the	
carbon	 dioxide	 molecule	 during	 the	 transition	 state;	 and	
electrophilic	 substitution	 proceeding	 with	 no	 copper	
mediation,	 both	 SE1	 and	 SE2.	 	 In	 order	 to	 elucidate	 the	
mechanism,	a	Hammett	analysis	using	pseudo-first	order	rate	
constants	 (k2nd)38	 and	 the	 σp	 parameter	 was	 performed	 for	
complexes	2a-2h	(Figure	4).	A	negative	rho	(p)	value	would	be	
expected	 for	 direct	 insertion	 or	 SE2	 carboxylation,	 assuming	
minimal	pre-ionization	of	the	Cu-Cbenzyl	bond	at	the	transition	
state,	due	to	reduction	of	negative	charge	at	the	benzylic	carbon	
with	 electron-withdrawing	 para	 substituents.	 However,	 if	
initial	ionization	of	the	Cu-Cbenzyl	bond	is	required		prior	to	CO2	
bond	 formation,	 as	would	 be	 the	 case	 in	 an	 SE1	mechanism,	
then	 a	 positive	 p	 value	 (indicating	 negative	 charge	 buildup)	
would	be	expected	due	 to	 the	enhanced	 stability	 the	anionic	
benzylic	carbon	by	the	electron-withdrawing	aryl	ring.		
	

	 	
Figure	3.	 	 Potential	 pathways	 for	 the	 carboxylation	of	 CuI(β-
borylbenzyl)	complexes.	
	
The	 Hammett	 plot	 revealed	 a	 large	 ρ	 value	 (-1.61),	 which	
suggests	positive	charge	buildup,	or	loss	of	negative	charge,	in	
the	 carboxylation	 transition	 state	 (Figure	 4),	 which	 was	
inconsistent	with	an	SE1	mechanism.32	The	Hammett	analysis,	
however,	cannot	distinguish	between	direct	insertion	and	SE2		
pathways.	Further,	details	related	to	the	intimate	interactions	
along	the	pathways	are	not	available	 from	experiment	alone.	
Computational	 modeling	 became	 necessary	 to	 answer	
questions	such	as:	does	direct	insertion	of	CO2	proceed	through	
Dewar-Chatt-Duncanson	π-backbonding	to	CO2	and	formation	
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of	a	copper(III)-like	intermediate/transition	state,	and	does	the	
boron	moiety	play	a	significant	role	in	either	pathway?	
	

	
Figure	 4.	 Hammett	 plot	 of	 relative	 rates	 of	 carboxylation	 of	
CuI(β-borylbenzyl)	complexes	2a-2h.	The	labels	in	the	plot	re-
flect	the	substitution	in	the	4-position	of	the	aryl	ring.	

DFT	was	used	to	model	the	carboxylation	of	CuI(β-borylbenzyl)	
complexes.	This	 serves	 to	 compliment	 the	experimental	data	
obtained	 here	 as	 well	 as	 bridge	 a	 gap	 in	 the	 existing	
computational	 literature	 on	 boracarboxylation	 of	 vinyl	
arenes.39	 Initial	 comparison	 of	 barriers	 resulting	 from		
Computational	 expense	 was	 reduced	 by	 replacing	 IPr	 and	
B(pin)	 with	 IMe	 ligand	 (IMe	 =1,3-bis(dimethyl)imidazol-2-
ylidene)	and	B(eg)	(eg	=	ethyleneglycato),	which	is	a	strategy	
used	 in	 other	 studies	 of	 related	 CuI-catalyzed	
transformations.26,27,28,40	Para	substituents	of	same	or	similar	
electronic	 character	 were	 used	 to	 mimic	 experimental	
complexes.	In	a	recent	publication,	we	reported	that	the	SE-like	
carboxylation	 pathways	 were	 disfavored	 relative	 to	 direct	
insertion	 (Figure	 3).28	 Thus,	 following	 optimization	 of	 each	
CuI(β-borylbenzyl)	 model	 complex	 (denoted	 4a-i	 	 and	
corresponding	 to	 the	experimental	 complex	2a-i),	direct	CO2	
insertion	 transition	 states	 for	 each	 complex	 were	
identified.41,42,43,44	The	SMD	solvation-corrected	relative	Gibbs	
free	 energies	 of	 carboxylation	 (ΔΔG‡smd)	 were	 compared	 to	
σpara	as	well	as	to	experimentally	derived	ΔΔG‡	values	(Figure	
5A).	Attempts	to	identify	a	meta-stable	CO2	intermediate	prior	
to	4a•TS	were	unsuccessful,	and	IRC	calculations	validated	the	
concerted	 conversion	 from	 CuI(β-borylbenzyl)	 to	 the	
carboxylation	transition	state	4a•TS	(Figure	5B).	
DFT-calculated	 free	 energy	 changes	 were	 in	 reasonable	
agreement	 with	 experimental	 data	 (Figure	 5A),	 with	 more	
electron-rich	 arenes	 (eg.,	 -NH2,	4b,	 and	 -OMe,	4c)	 exhibiting	
systemically	lower	barriers	than	electron-deficient	arenes	(eg.,	
-CO2H,	4h	and	-CF3,	4i).	Calculated	carboxylation	barriers	for	
the	full	IPrCuI(β-borylbenzyl)	complexes	(2aDFT,	2bDFT,	2iDFT)	
revealed	a	qualitatively	similar	electronic	dependence.	We	also	
evaluated	the	SE	pathway	for	IMe	and	IPr	ligated	systems	with		

trifluoromethyl	 and	 amino	 para-substituents,	 which	 showed	
essentially	no	electronic	dependence	on	the	barrier	height	(less	
than	 1	 kcal/mol)	 (see	 Table	 2,	 below).	 In	 sum,	 these	
computational	results	strongly	suggest	that	the	experimentally	
observed	carboxylation	data	is	consistent	with	direct	insertion	
as	 the	 kinetically	 favored	 pathway	 for	 IPr-ligated	 copper	
complexes.		
		

	
Figure	5.	A)	Comparison	of	experimental	(IPr-ligated,	blue)	and	
computational	 (IPr-ligated,	 green	 and	 IMe-ligated,	 red)	 ΔΔG‡	
energies	 for	 the	 carboxylation	 of	 CuI(β-borylbenzyl)	
compounds.	 B)	Rendering	 of	 the	 highest	 occupied	molecular	
orbital	 (HOMO)	 for	 IMeCu(β-borylbenzyl)	 4a	 and	 direct	
insertion	 transition	 state	 4a•TS.	 Metrical	 parameters	 and	
natural	charges	(q)	for	relevant	fragments	obtained	from	NBO	
analysis.	 C)	 Ball-and-stick	 structure	 of	 direct	 insertion	
transition	 state	 4a•TS	 with	 cartoon	 depiction	 the	 key	
stereoelectronic	 interactions	 interactions	 at	 the	 transition	
state.		
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Visualization	of	4a	(cf.,	Figure	5B)	showed	slight	deviation	from	
the	 idealized	 linear	 geometry	 expected	 in	 the	 IMe-Cu-Cbenzyl	
bond	angle,	allowing	a	weak	non-covalent	interaction	of	the	Cu	
center	with	neighboring	Cipso	of	the	Ar	ring.	At	transition	state	
4a•TS,	 lengthening	 of	 Cu-Cbenzyl	 (1.96	 ®	 2.10	 Å)	 with	
concomitant	shortening	of	Cu-Cipso	(2.57	®	2.17	Å)	bonds	were	
noted.	 Similar	metrical	 changes	were	observed	 for	 the	other	
direct	 insertion	 carboxylation	 transition	 states.	 Notably,	
electron-rich	 benzyl	 complexes	 (eg.,	 -NH2,	 4b),	 that	 react	
fastest	with	CO2,	also	featured	the	greatest	asymmetry	in	the	
Cu-Cbenzyl/ipso	 bonds	whereas	electron-poor	benzyl	 complexes	
(eg.,	-CF3,	4i),	that	react	slowest	with	CO2,	feature	similar	Cu-
Cbenzyl/ipso	bond	lengths		(Table	S3).	We	ascribe	these	systematic	
geometric	 changes	 to	 the	 increasing	 importance	 of	 benzyl	
anion	 stabilization	 in	 electron-deficient	 arenes,	 and	
consequently	 carboxylation	 barrier	 destabilization,	 through	
delocalization	and	multi-point	copper	coordination	similar	to	
that	 observed	 in	 π-benzyl	 complexes.10e,45	 Molecular	 orbital	
analysis	 of	 the	 HOMO	 of	 both	 4a	 and	 4a·TS	 supports	 this	
conclusion.	The	HOMO	of	4a·TS	 possesses	 significant	benzyl	
and	 copper	 character.	 Coplanarity	 of	 the	 benzyl	 π-system	
allows		delocalization	of	the	HOMO	across	the	aryl	unit,	which	
leads	 to	 significant	 electronic	 impacts	 upon	 arene	 ring	
substitution	as	reflected	in	the	Hammett	study.	
Natural	 bond	 orbital	 (NBO)	 analysis	 of	 the	 electronically	
perturbed	transition	states	was	also	performed	to	gain	deeper	
insight	into	the	direct	insertion	carboxylation	pathway.	Natural	
charges	 (q)	 were	 compared	 (Figure	 5B	 and	 Table	 S3)	 to	
address	 specific	 sites	 of	 charge	 buildup	 and	 localization	
inferred	 from	 the	 experimental	 Hammett	 analysis.	 The	
combined	natural	charge	of	the	Cbenzyl	and	Cipso	(qC)	carbons	and	
the	 extent	 of	 charge	 transfer	 to	 CO2	 at	 the	 transition	 state	
systematically	decreased	with	increased	electron	withdrawing	
character	of	the	para	substituent.	The	IMe-Cu	fragment	natural	
charge	becomes	more	positive	at	the	transition	state	(cf.,	Figure	
5B,	 ∆q	 =	 +0.14)	 suggesting	 the	 possibility	 that	 the	 copper	
center	 is	 formally	 oxidized	 through	 π-backbonding	 to	 the	
incoming	 CO2	 electrophile.	 However,	 further	 MO	 and	 NBO	
investigations	 showed	 no	 significant	 copper-based	 orbital	
overlap	with	CO2.	Rather,	increased	charge	buildup	at	the	Cipso	
carbon	 (∆q	 =	 –0.10)	 suggests	 that	 the	 copper	 center	
backdonates	electron	density	to	the	aryl	ring	upon	formation	
of	a	π-benzyl-like	structure	at	the	transition	state.		
The	 emerging	 stereoelectronic	 picture	 (Figure	 5C)	 suggests	
that	the	aryl	para-substituents	impact	the	nucleophilicity	of	the	
benzylic	 carbon,	 thus	 the	 early	 (better	 nucleophile,	 lower	
barrier)	vs.	late	(poorer	nucleophile,	higher	barrier)	nature	of	
the	 transition	 state.	 Given	 this	 description	 of	 the	 direct	
insertion	carboxylation	transition	state,	we	speculated	that	the	
boron	moiety,	being	positioned	inside	the	B-O	van	der	Waals	
radii,	 may	 help	 further	 stabilize	 the	 early	 transition	 state	
through	 cooperative	 polarization	 of	 the	 C=O	 bond	 as	 we	
conceptually	 demonstrated	 recently.28	All	 metrical	 and	 NBO	
parameters	 (eg.,	 natural	 charge,	 boron	 valency,	 B-O	 orbital	
overlap),	 however,	 showed	 no	 correlation	 to	 the	 observed	
kinetic	 trend.	 This	 finding	 suggests	 that	 while	 boron	 (Bpin)	
may	help	orient	CO2	for	insertion,	the	boronic	ester	utlized	in	
this	study	is	not	sufficiently	Lewis	acidic	to	impart	significant	
activation	of	CO2	in	the	direct	insertion	transition	state.			
	
Additive	 influence	 in	 stoichiometric	 carboxylation	 of	
CuI(β-borylbenzyl)	 complexes:	 The	 use	 of	 Lewis	 basic	
additives	 in	 catalytic	 reactions	 is	 a	 common	 strategy	 to	

enhance	 reactivity,	 increase	 enantioselectivity,	 and	 expand	
methodology	 scope.46	 In	 our	 attempts	 to	 improve	 on	 scope	
limitations	of	 the	original	boracarboxylation	conditions,19	we	
observed	that	the	addition	of	PPh3	to	catalytic	reactions	led	to	
enhanced	 reactivity	 of	 4-trifluoromethylstyrene,	 allowing	 for	
isolation	of	 the	respective	carboxylic	acid	 in	modest	yields.21	
Given	 that	 the	 electron	 deficient	 p-CF3	 complex	 2i	 was	 not	
amenable	 to	 standard	 stoichiometric	 carboxylation	 nor	 to	 in	
situ	 NMR	 reaction	 monitoring,	 we	 suspected	 that	 PPh3	 may	
facilitate	 stoichiometric	 carboxylation	 as	 well.	 Thus,	 the	
reaction	 was	 repeated	 by	 introducing	 PPh3	 (1	 equiv.)	 to	 a	
benzene-d6	 solution	 containing	 2i,	 which	 was	 subsequently	
monitored	by	1H	NMR	spectroscopy	after	addition	of	CO2	gas.	
Indeed,	product	3i,	identified	by	comparison	to	independently	
synthesized	material	(Scheme	2,	Method	A),	was	observed.	The	
reaction	was	slow	with	a	6%	yield	of	3i	after	the	first	3	hours	
of	the	reaction.	In	contrast,		no	discernable	quantity	of	3i	was	
produced	over	several	days	when	no	PPh3	was	added.	A	further	
six-fold	 rate	 enhancement	 relative	 to	 PPh3	 (1	 equiv.)	 was	
observed	when	 1	 equiv.	 of	 the	more	 electron	 rich,	 sterically	
smaller	PEt3	was	added	to	the	carboxylation	of	2i	(Figure	S14-
S15).	 Monitoring	 a	 benzene-d6	 solution	 of	 2a	 by	 31P	 NMR	
spectroscopy	showed	no	new	31P	resonances	in	the	presence	or	
absence	of	CO2	with	1.0	equivalent	of	phosphine	additve,	which	
is	 consistent	 with	 the	 formation	 of	 a	 meta-stable	 CuI–PPh3	
adduct	intermediate	prior	to	carboxylation.	
This	kinetic	effect	with	phosphine	additives	has	been	observed	
in	other	Cu-catalyzed	reactions;	however,	the	mechanisms	are	
not	 well	 understood.47	 Our	 stoichiometric	 model	 reaction	
offered	 an	 excellent	 opportunity	 to	 gain	 insight.	 Thus,	 we	
examined	the	kinetic	impact	of	PPh3	concentration	over	a	range	
of	 0.5-5.0	 equivalents	 (Figure	 6).	 The	 initial	 rate	 of	
carboxylation	increases	with	a	mild	saturation	dependence	on	
PPh3	 concentration	 up	 to	 3	 equivalents.	 Given	 the	 lack	 of	
reactivity	observed	in	stiochiometric	studies	discussed	in	the	
previous	 section,	 this	 perhaps	 indicates	 that	 an	 alternate	
carboxylation	 pathway	 is	 operative	 and	 outcompetes	 direct	
insertion	of	CO2	into	the	electron	deficient	CuI(β-borylbenzyl)	
complex.	Addition	of	PPh3	 at	higher	 concentration	 (5	equiv.)	
led	to	diminished	initial	reaction	rate	with	no	appreciable	side	
products	 detected.	 The	 impact	 of	 PPh3	 concentration	 on	 the	
reaction	rate	for	carboxylation	of	eletron	rich	p-tBu	complex	2d	
was	 then	 examined	 (Figure	 5B).	 No	 rate	 acceleration	 was	
observed,		
	



 

	
Figure	6.	Rates	of	carboxylation	for	A)	p-CF3	complex	2i	with	
varying	amounts	of	PPh3	and	B)	tBu	complex	2d	with	varying	
amounts	of	PPh3.		
	
but	rather,	PPh3	significantly	inhibits	the	reaction.	The	addition	
of	multiple	equivalents	of	PPh3	(up	to	5.6	equiv.)	resulted	in	an	
overall	15-fold	decrease	in	the	initial	rate	of	carboxylation	as	
compared	to	the	reaction	containing	no	additive.	Interestingly,	
the	inhibition	of	2d	carboxylation	proceeds	at	a	rate	that	is	2-
fold	 faster	 than	 the	 enhancement	 of	 2i	 carboxylation.	 This	
disparity	 in	 the	observed	rate	profiles	 implies	 that	PPh3	 acts	
directly	 on	 the	 CuI(β-borylbenzyl)	 complex	 and	 either	
accelerates	 or	 inhibits	 caboxylation	 depending	 on	 the	
electronic	 characteristics	 of	 the	 benzyl	moiety.	We	 reasoned	
that	prior	reversible	coordination	of	PPh3	at	the	copper	center	
would	shut	down	the	direct	 insertion	carboxylation	pathway	
(Figure	7).	At	the	same	time,	the	ionization	of	the	benzyl	ligand	
may	also	become	more	favorable	due	to	the	congestion	caused	
by	PPh3.	This	would	explain	why	a	benzyl	derivative	bearing	an	
anion	stablizing	withdrawing	group	on	the	arene	would	lead	to	
carboxylation	 product,	 presumably	 through	 an	 SE-like	
transition	 state.	 This	 proposed	 additive	 effect	 contrasts	
mechanistic	 findings	 in	 alkene	 hydrocarboxylation	 in	 which	
PPh3	 is	 thought	 to	 sequester	 promiscuous	 copper	 species	

during	 catalysis,21	 and	 therefore,	 appears	 to	 be	 a	 unique	
addition	to	additive	effect	mechanisms.	
	

	
	
Figure	 7.	 Proposed	 competitve	 pathways	 for	 carboxylation	
with	PPh3	additive.	
	
We	initiated	computational	studies	by	examining	the	ligation	of	
PPh3	 to	 the	 full	 IPrCu(β-borylbenzyl)	 2aDFT.	 In	 the	 PPh3-
mediated	 pathway,	 the	 additive	was	 predicted	 to	 generate	 a	
three-coordinate	 copper(I)-phosphine	 species	 following	
ligation	 to	 2a.	 A	 meta-stable	 ground	 state	 intermediate	
(2a•PPh3)	 was	 identified,	 destabilized	 on	 the	 free	 energy	
surface	 relative	 to	 2a	 by	 9.3	 kcal/mol	 (Figure	 S28).	 The	
intermediate	features	significant	bending	out	of	plane	of	IMe	to	
accommodate	 the	 PMe3.	 The	 intermediate	 has	 a	 Cu–P	 bond	
length	of	2.9	Å,	which,	although	longer	than	those	reported	for	
tri-coordinate	 copper(I)phosphine	 complexes	 (2.26	 Å	 on	
average),49	is	within	the	sum	of	Van	der	Waals	radii	for	the	two	
atoms	(3.2	Å).51	Unfortunately	subsequent	calculations	of	 the	
carboxylation	 pathway	 were	 generally	 unsuccessful	 due	 to	
poor	convergence	to	optimized	minima	and	saddlepoints.	
We	turned	to	the	truncated	IMe	ligand	model	system	as	well	as	
smaller	 PMe3	 was	 used	 in	 calculations	 to	 elucidate	 the	 full	
proposed	competitive	carboxylation	mechanism.	A	structurally	
similar	meta-stable	ground	state	intermediate	(4a•PMe3)	was	
identified	 (Figure	 S28),	 and	 destabilized	 on	 the	 free	 energy	
surface	relative	to	4a	by	6.1	kcal/mol	(Figure	8).	Counterpoise	
corrections	for	the	intermediate	were	calculated	to	be	approx.	
2	 kcal/mol	 (Table	 S4).	 As	 expected,	 the	 sterically	 less	
encumbered	intermediate	possesses	a	significantly	shorter	Cu-
P	bond	(2.36	Å).	Relaxed	potential	energy	surface	scans	of	PMe3	
coordination	to	4a	revealed	a	flat	energy	surface	in	which	the	
approximate	transition	state	and	intermediate	4a•PMe3	were	
essentially	isoenergetic.	Subsequently,	an	early	transition	state	
(4a•PMe3TS)	was	as	identified,	showing	little	deviation	in	the	
copper	complex	geometry	relative	to	4a	as	well	as	a	long	Cu–P	
bond	distance	(3.15	Å).	The	free	energy	barrier	is	less	than	8	
kcal/mol,	suggesting	that	more	sterically	bulky	systems,	such	
as	the	experimental	system,	should	be	able	to	access	2a•PPh3.	
The	DFT	model	energetics	are	consistent	with	our	inability	to	
observe	such	a	complex	by	NMR	spectroscopy.	
We	 next	 investigated	 the	 ability	 of	 CO2	 to	 undergo	 direct	
insertion	into	trigonal	intermediate	4a•PMe3.	All	attempts	to	
locate	a	transition	state	in	which	CO2	inserts	into	the	sterically	
congested	 copper	 center	 were	 unsuccessful.	 Alternative	
pathways	 in	which	 carboxylation	proceeds	 through	backside	
electrophilic	 substitution	 at	 the	 benzyl	 carbon	 (ie.,	 SE-like	
addition)	were	then	considered.		
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Figure	8.	Reaction	coordinates	for	carboxylation	via:	1)	direct	 insertion	(blue),	2)	unassisted	SE2	(red)	and	3)	PMe3-assisted	SE2	
(black).	Each	spiroboralactonate	structure	is	depicted	as	neutral	for	clarity;	the	formal	charges	in	these	complexes	would	be	drawn	
at	the	copper	(+1)	and	the	tetracoordinate	boron	(-1)	atoms.	
	
	
Electrophilic	(SE1)	addition	through	initial	full	ionization	of	the	
Cu-benzyl	bond	 	was	 considered	but	deemed	highly	unlikely	
due	 to	 our	 dynamics	 analysis	 of	 3a	 that	 showed	 ion-pair	
formation	between	IPrCu	cation	and	spiroborolactonate	to	be	
energetically	prohibitive.	Electrophilic	(SE2)	addition	was	next	
considered.	 Multiple	 transition	 states	 were	 identified	
depending	 on	 the	 orientation	 of	 the	 Beg	 moiety.	 The	 most	
stabilized	 transition	 state	 (4a•PMe3SE)	 resulted	 from	 Beg	
positioned	 close	 to	 the	 Cu	 center,	 providing	 an	 anchor	 as	
depicted	in	Figure	8.	A	transition	state	with	similar	geometry	
was	 previously	 identified	 for	 unassisted	 electrophilic	
substitution.28	 The	 free	 energy	 of	 activation	 for	 the	 PMe3-
assisted	 pathway	 (4a•PMe3SE)	 was	 over	 2	 kcal/mol	 more	
favorable	 than	 the	 unassisted	 pathway	 (ie.,	 4a•PMe3SE	 and	
4a•TSSE,	 respectively);	 however,	 the	 direct	 addition	 barrier	
was	 still	 more	 stable	 by	 over	 2	 kcal/mol.	 These	 results	 are	
consistent	 with	 the	 diverging	 reactivity	 observed	 in	 PPh3	
concentration	dependence	studies	in	which	inhibition	by	PPh3	
is	 expected	 due	 to	 the	 favorability	 of	 direct	 insertion	
carboxylation.	
After	 establishing	 a	 viable	 pathway	 for	 phosphine-mediated	
carboxylation,	we	performed	calculations	on	the	IPrCu	system	
with	PMe3	 ligand.	The	PMe3	 ligand	is	a	reasonable	steric	and	
electronic	model	 for	 the	 PEt3	 additive	 experiment	 described	
above	 (cf.,	 Figure	 S14).	 An	 intermediate	 (2a•PMe3)	 was	
identified	and	was	structurally	similar	 to	 those	 identified	 for	
the	minimalist	and	full	models	(cf.,	Figure	28).	The	phosphine-
assisted	 electrophilic	 carboxylyation	 transition	 state	
(2a•PMe3SE,	∆G‡	=	30.7)	was	notably	higher	in	energy	than	the	

unassisted	 transition	 state	 (2a•TSSE,	 ∆G‡	 =	 24.3)	 by	 6.4	
kcal/mol	(Table	2).		
Comparison	of	the	metrics	and	natural	charges	of	electrophilic	
substitution	 ground	 state	 and	 transition	 state	 structures	
revealed	 substantial	 differences	 (Figure	 9).	 Consistent	 with	
expectation,	 PMe3	 binding,	 forming	 4a•PMe3,	 resulted	 in	 a	
longer	Cu-Cbenzyl	bond	(∆r	=	0.1	Å)	relative	to	4a.	This	effect	was	
more	apparent	when	comparing	the	electrophilic	substitution	
transition	states	in	which		the	Cu-Cbenzyl	bond	increases	by	0.26	
Å,	 leading	 to	 the	 more	 accessible,	 energetically	 stabilized	
transition	 state	 4a•PMe3SE.	 The	 unassisted	 transition	 state	
4a•TSSE	features	a	similar	Cu-Cipso	interaction	observed	in	the	
direct	 insertion	 transition	state	4a•TS;	 in	 fact,	4a•TSSE	has	a	
quite	short	Cu-Cipso	bond	length	of	2.05	Å.	This	ipso-interaction	
is	not	structurally	 feasible	 in	 the	PMe3-assisted	pathway	and	
likely	is	the	major	reason	why	the	additive		



 

	
Figure	9.	Renderings	of	the	highest	occupied	molecular	orbital	
(HOMO)	 for	 electrophilic	 substitution	 pathways	 as	 well	 as	
metrical	 parameters	 and	 natural	 charges	 (q)	 for	 relevant	
fragments	obtained	from	NBO	analysis.	
leads	to	a	stabilized	carboxylation	barrier.	Visualization	of	the	
respective	HOMO	of	 unassisted	 and	 PMe3-assisted	 transition	
states	shows	reduced	copper	character	and	significant	benzyl	
anion	 character,	 as	 would	 be	 anticipated	 for	 an	 SE1-like	
transition	state	in	the	latter	case	(Figure	9).	PMe3	plays	a	key	
role	in	stabilizing	the	cationic	copper	center	at	this	transition	
state	as	indicated	by	the	significantly	reduced	natural	charge	(q	
=	+0.56)	at	the	IMe-Cu	fragment	(cf.,	q	=	+0.82	at	4a•TSSE),	as	
well	as	leading	to	greater	charge	transfer	from	the	benzyl	anion	
to	the	CO2	moiety.		
Evaluation	 of	 electrophilic	 carboxylation	 of	 electronically	
perturbed	NHCCuI(β-borylbenzylX)	complexes	(NHC	=	IPr,	2x,	
and	IMe,	4x,	for	x	=	-H	(a)	-NH2	(b)	and		-CF3	(i))	by	DFT	shed	
further	 light	on	 the	 role	of	PMe3	(Table	2).	 In	 the	unassisted	
pathway,	minimal	electronic	effects	were	observed	with	 free	
energy	 barriers	 separated	 by	 less	 than	 1.5	 kcal/mol.	 This	
reflects	differing	electronic	contributions	at	the	transition	state	
arising	from	increasing	π-benzyl-like	character	due	to	the	Cu-
Cipso	 interaction.	 In	the	PMe3-assisted	carboxylation	pathway,	
electronic	effects	were	more	important,	with	the	most	electron-
deficient	 complex	 2i	 being	 lowest	 in	 energy	 and	 the	 most	
electron	rich	complex	2b	being	highest	in	energy	(∆G‡	=	30.4	vs.	
30.7	kcal/mol,	 respectively).	The	 former	 transition	state	also	
features	the	longest	Cu-Cbenzyl	bond	(2.78	Å)	and	least	negative	
charge	 on	 Cbenzyl	 atom.	 These	 results	 are	 consistent	 with	
observations	made	above	that	support	an	SE1-like	description	
of	 the	 phosphine-assisted	 pathway.	 NHC	 ligand	 size	 and	
phosphine	 additive	 size	 clearly	 impact	 the	magnitude	 of	 the	
respective	transition	states.	However,	it	is	important	to	recall	
that	 PEt3	 additive	 does	 indeed	 enhance	 the	 rate	 of	 2i	
carboxylation	 experimentally	 whereas	 in	 the	 absense	 of	
additive	no	carboxylation	is	observed,	suggesting	that	absolute	
energetic	 comparisons	 with	 current	 DFT	 models	 should	 be	
viewed	cautiously.						

	
Table	 2.	 Computationally	 derived	 Gibbs	 free	 energy	 barriers	
associated	with	electrophilic	carboxylation	and	corresponding	
key	metrical	and	natural	charge	(q)	parameters	for	the	PMe3-
assisted	transition	state.	

p-Ar	
Subs.	

ΔG‡a		
2|4•TSSE	

ΔG‡a		
2|4•PMe3SE	a	

Cu-Cbenzyl	(Å)	
2|4•PMe3SE	

Cbenzyl	q	
2|4•PMe3SE	

CF3	 	25.0	|	27.3	 30.4	|	23.9	 2.78	|	2.46	 -0.46	|	-0.48	

H	 24.3	|	28.0	 30.7	|	25.8	 2.53	|	2.44	 -0.52	|	-0.50	

NH2	 25.7	|	27.5	 34.5	|	26.9	 2.34	|	2.33	 -0.55	|	-0.53	

a	Relative	to	the	sum	of	2x	or	4x,	CO2	(and	PMe3)	in	kcal/mol.		
	

CONCLUSIONS		
In	 this	 work,	 we	 have	 presented	 an	 experimental	 and	
computational	mechanistic	study	of	key	steps	proposed	in	the	
copper(I)-catalyzed	 boracarboxylation	 of	 vinyl	 arenes.	
Preparation	 of	 a	 library	 of	 unique	 IPrCuI-spiroboralactonate	
salts	was	achieved	through	stoichiometric	reactions	from	both	
IPrCuOtBu	 and	 IPrCuI(β-borylbenzylX)	 complexes.	
Multinuclear	NMR	techniques	as	well	as	X-ray	crystallography	
were	used	to	characterize	the	solution	behavior	and	solid-state	
structure	of	the	carboxylated	copper	complexes.		
Kinetic	studies	provided	insight	into	the	mechanisms	by	which	
carboxylation	is	possible.	A	strong	dependence	was	observed	
on	 the	 electronic	 character	of	 the	 arene,	which	 is	due	 to	 the	
impact	on	the	benzylic	carbon	poised	 for	nucleophilic	attack.	
An	 experimental	 Hammett	 analysis	 corroborated	 prior	
computational	 evidence	 that	 direct	 insertion	 was	 the	
energetically	 preferred	 pathway	 by	 which	 carbon	 dioxide	 is	
incorporated	 under	 standard	 boracarboxylation	 conditions.	
Further	 analysis	 of	 NBO-derived	 natural	 charges	 for	 the	
ground-	 and	 transition-state	 structures	 associated	 with	
carboxylation	 indicated	 that	 copper	 interacts	 with	 the	 ipso	
carbon	of	the	arene	ring	in	a	manner	similar	to	that	observed	
in	 π-benzyl	 complexes.	 This	 interaction	 was	 critical	 in	
explaining	the	experimental	Hammett	data.		
A	 second	 feasible	 SE-like	 mechanism	 was	 identified	 when	
carboxylation	was	performed	in	the	presence	of	electron-rich	
additive,	PPh3	or	PEt3.	We	showed	computational	evidence	of	
the	 formation	 of	 a	 tri-coordinate	 copper-PPh3	 intermediate	
that	 facilitates	weakening	of	 the	Cu-Cbenzyl	bond,	allowing	 for	
more	 facile	 backside	 attack	 on	 CO2.	 Our	 results	 suggest	 that	
alternative	pathways	are	likely	accessible	and	a	more	nuanced	
approach	to	methodology	development,	with	consideration	of	
reaction	 conditions	 as	 well	 catalyst	 and/or	 substrate	
steric/electronic	 characteristics,	 will	 be	 necessary	 to	 fully	
understand	the	kinetic	preferences	of	 involved	carboxylation	
pathways.		

EXPERIMENTAL SECTION 
General	Information:	All	air-	and	moisture-sensitive	manipu-

lations	were	performed	under	a	dry	atmosphere	of	nitrogen	using	
Schlenk	 line	 techniques	 and	 under	 a	 nitrogen	 atmosphere	 in	 an	
Mbraun	glovebox.	Solvents	used	were	purchased	from	Fisher	and	
were	 further	 dried	 through	 a	Glass	 Contour	 Solvent	 Purification	
System	and	stored	over	4Å	molecular	sieves.	Dichloromethane	was	
further	dried	with	CaH2,	vacuum	transferred,	and	stored	over	4Å	
molecular	 sieves.	 Liquid	 reagents	 were	 degassed	 via	
freeze/pump/thaw	method,	 and	 solids	 are	 dried	 under	 vacuum	
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prior	to	transfer	to	the	glovebox.	Dry	carbon	dioxide	was	passed	
through	drying	column	containing	desiccant	prior	to	use.		

1H,	 13C,	 19F,	and	 11B	NMR	spectra	were	 recorded	using	Agilent	
400	MHz,	JEOL	400	MHz,	and	Varian	INOVA	600	MHz	NMR	spec-
trometers.	 Deuterated	 benzene	 (C6D6)	 and	 dichloromethane	
(CD2Cl2)	were	distilled	from	sodium	metal	and	calcium	hydride,	re-
spectively,	 and	 stored	 in	 the	 glovebox.	 IPrHCl,50	 IPrCuCl,51	
IPrCuOtBu,31	 and	 IPrCu-(β-borylbenzyl)	 complexes	 2a-2f	 were	
prepared	 following	 reported	 literature	 procedures.23	 PPh3	 and	
PEt3	were	 purchased	 from	 standard	 chemical	 suppliers,	 trans-
ferred	to	an	inert	atmosphere	glovebox	and	used	as	received.		
Synthesis	 of	 Complexes	 2g-2i:	 Compounds	 were	 prepared	

from	the	following	procedure	modified	from	literature:23	Under	an	
atmosphere	of	N2,	1	equiv.	of	IPrCuOtBu	(100	mg,	0.19	mmol)	was	
combined	with	1.1	equiv.	of	B2pin2	(54	mg,	0.21	mmol)	in	5	mL	of	
n-pentane.	After	stirring	at	ambient	temperature	for	10	minutes,	
1.1	equiv.	of	the	appropriate	styrene	(0.21	mmol)	was	added.	The	
reaction	was	stirred	for	1	hour,	after	which	time	the	solid	was	col-
lected	on	a	 fine	porosity	glass	 frit	 through	vacuum	filtration	and	
was	washed	with	n-pentane	(2x).		

2g	 -	 IPrCuI(CH(pOCOMePh)CH2Bpin).	 Yield:	 78	 mg	 (0.11	 mmol,	
55%).	1H	NMR	(400	MHz,	benzene-d6)	δ	7.92	(d,	 J	=	8.2	Hz,	2H),	
7.26	(t,	J	=	7.8	Hz,	2H),	7.03	(ddd,	J	=	7.7,	6.4,	1.5	Hz,	4H),	6.72	–	6.67	
(d,	J	=8.3	Hz,	2H),	6.17	(s,	2H),	3.71	(s,	3H),	2.77	(t,	J	=	7.3	Hz,	1H),	
2.41	(h,	J	=	7.0	Hz,	4H),	1.57	(t,	J	=	6.6	Hz,	2H),	1.23	(dd,	J	=	14.3,	6.8	
Hz,	12H),	1.03	(dd,	J	=	7.0,	2.7	Hz,	12H),	0.96	(s,	12H).	11B	NMR	(128	
MHz,	benzene-d6)	δ	35.27	ppm.	13C	NMR	(101	MHz,	benzene-d6)	δ	
185.37	 (Ccarbene),	 169.38,	 156.95,	 145.61,	 143.22,	 135.31,	 130.42,	
124.59,	124.23,	122.00,	120.45,	81.82,	29.70,	28.97,	25.15,	24.94,	
23.73,	23.67,	20.99,	16.01(br).		
2h	 -	 IPrCuI(CH(p-CO2MePh)CH2Bpin):	 Yield:	 62	 mg	 (0.08	 mmol,	
44%).	1H	NMR	(400	MHz,	benzene-d6)	δ	7.29	(t,	J	=	7.8	Hz,	2H),	7.14	
(dd,	J	=	7.7,	3.1	Hz,	4H),	6.81	(d,	J	=	8.6	Hz,	2H),	6.72	(d,	J	=	8.5	Hz,	
2H),	6.20	(s,	2H),	2.51	(dp,	J	=	13.7,	7.2	Hz,	5H),	1.85	(s,	3H),	1.61	
(d,	J	=	5.4	Hz,	2H),	1.32	(dd,	J	=	9.9,	6.9	Hz,	12H),	1.09	(dd,	J	=	6.9,	
1.8	 Hz,	 12H),	 0.98	 (s,	 12H).	 13C	 NMR	 (151	 MHz,	 benzene-d6)	 δ	
184.77,	 168.11,	 164.89,	 145.49,	 135.13,	 130.57,	 130.02,	 124.19,	
122.99,	 122.18,	 117.96,	 82.03,	 28.93,	 25.12,	 25.09,	 24.90,	 24.86,	
23.74,	23.70.	11B	NMR	(128	Hz,	benzene-d6)	δ	34.70	ppm.		
2i	-	IPrCuI(CH(p-CF3Ph)CH2Bpin):	*50	mg	of	IPrCuOtBu	was	used	
in	this	reaction.	Yield:	48	mg	(0.06	mmol,	67%).	1H	NMR	(400	MHz,	
benzene-d6)	δ	7.24	(t,	J	=	7.8	Hz,	2H),	7.19	(d,	J	=	8.2	Hz,	2H),	7.06	–	
7.00	(m,	4H),	6.68	–	6.63	(m,	2H),	6.17	(s,	2H),	2.65	(t,	J	=	7.5	Hz,	
1H),	2.42	(dp,	J	=	8.6,	6.8	Hz,	4H),	1.57	(d,	J	=	2.0	Hz,	1H),	1.55	(s,	
1H),	1.25	(d,	J	=	6.9	Hz,	6H),	1.21	(d,	J	=	6.9	Hz,	6H),	1.04	(dd,	J	=	6.9,	
1.6	 Hz,	 12H),	 0.97	 (s,	 12H).	 13C	NMR:	 (101	 MHz,	 benzene-d6)	 δ	
184.8,	163.4,	145.5,	135.1,	130.5,	124.7,	124.2,	124.1,	123.3,	122.1,	
82.0,	32.2,	28.9,	25.0,	24.9,	23.7,	23.6,	14.7.	11B	NMR	(128	Hz,	ben-
zene-d6):	 33.43	 ppm.	 19F	 NMR	 (376	 MHz,	 benzene-d6):	 δ	 -59.85	
ppm.	
Synthesis	 of	 3a-3f:	Under	 an	 atmosphere	 of	N2,	 a	 Schlenk	 flask	
equipped	with	 a	magnetic	 stir	 bar	was	 charged	with	 1	 equiv.	 of	
IPrCuOtBu	 (100	mg,	 0.190	mmol)	 and	 1.1	 equiv.	 B2pin2	 (54	mg,	
0.21	mmol)	in	10	mL	of	benzene.	1.1	equiv.	of	the	appropriate	sty-
rene	(0.21	mmol)	was	added	to	the	reaction	vessel.	Using	Schlenk	
line	techniques,	the	reaction	underwent	3	freeze/pump/thaw	cy-
cles	to	remove	the	headspace	as	well	as	any	dissolved	nitrogen	gas.	
After	evacuation,	1	atmosphere	of	dry	CO2	gas	was	added,	and	the	
reaction	stirred	at	ambient	temperature	for	16	hours.	The	resulting	
suspensions	underwent	2	additional	freeze/pump/thaw	cycles	be-
fore	returning	to	the	glovebox.	The	solvent	was	removed	in	vacuo,	
and	the	resulting	compounds	were	washed	with	n-pentane	and	col-
lected	on	a	fine	porosity	glass	frit	as	white	solids.		
3a	 -	 IPrCuI((CO2)CHPhCH2Bpin)):	 Yield:	 99	 mg	 (0.14	 mmol,	
72%).	1H	NMR	(400	MHz,	dichloromethane-d2)	δ	(ppm)	7.50	(t,	J	=	
7.8	Hz,	2H),	7.35	(d,	J	=	6.4	Hz,	4H),	7.24	(d,	J	=	5.0	Hz,	2H),	7.20	(d,	
J	=	7.4	Hz,	1H),	7.12	–	7.06	(m,	2H),	2.78	(t,	J	=	8.8	Hz,	1H),	2.56	(p,	
J	=	7.0	Hz,	4H),	1.27	(dd,	J	=	26.6,	6.8	Hz,	21H),	0.85	(d,	J	=	7.0	Hz,	

10H),	0.55	–	0.45	(m,	2H).	13C	NMR	(101	MHz,	dichloromethane-d2)	
δ	146.2,	134.9,	131.3,	128.7,	128.3,	125.9,	125.0,	124.9,	124.3,	81.	
3,	54.4,	54.2,	54.0,	53.8,	53.6,	49.7,	29.4,	25.4,	25.3,	25.0,	24.3,	24.3.	
11B	NMR	(128	MHz,	dichloromethane-d2)	δ	(ppm)	13.9.	IR	n	(KBr	
pellet,	CH2Cl2):	1711	cm-1.	Colorless	single	crystals	suitable	for	X-
ray	analysis	were	obtained	by	slow	diffusion	of	n-pentane	 into	a	
concentration	dichloromethane	solution	at	-35°C.	
3b	 -	 IPrCuI((CO2)CH(pNMe2Ph)CH2Bpin)):	 Yield:	 99	 mg	 (0.13	
mmol,	68%).		1H	NMR	(400	MHz,	dichloromethane-d2)	δ	7.52	(t,	J	=	
7.8	Hz,	2H),	7.36	(d,	J	=	7.7	Hz,	4H),	7.26	(s,	2H),	6.95	(d,	J	=	8.4	Hz,	
2H),	6.68	–	6.61	(m,	2H),	2.89	(s,	6H),	2.68	(t,	J	=	8.8	Hz,	1H),	2.57	
(hept,	J	=	7.0	Hz,	4H),	1.31	(d,	J	=	6.9	Hz,	12H),	1.24	(d,	J	=	6.9	Hz,	
12H),	0.85	(d,	J	=	6.0	Hz,	12H),	0.46	(d,	J	=	8.8	Hz,	2H).	13C	NMR	(101	
MHz,	 dichloromethane-d2)	 δ	 181.4,	 179.2,	 149.6,	 146.2,	 134.9,	
133.5,	131.3,	128.9,	124.9,	124.3,	113.2,	81.2,	48.6,	41.4,	30.3,	29.3,	
25.5,	25.3,	25.0,	24.3.	11B	NMR	(128	MHz,	dichloromethane-d2):	δ	
(ppm)	13.73.	 	 IR	n	(KBr	pellet,	dichloromethane	film):	1699	cm-1	

(C=O).		
3c	 -	 IPrCuI((CO2)CH(pOCH3Ph)CH2Bpin)):	 Yield:	 120	 mg	 (0.16	
mmol,	83%).	1H	NMR	(400	MHz,	dichloromethane-d2)	δ	7.50	(t,	J	=	
7.8	Hz,	2H),	7.35	(d,	J	=	7.7	Hz,	4H),	7.24	(s,	2H),	7.02	(d,	J	=	8.3	Hz,	
2H),	6.76	(d,	J	=	8.5	Hz,	2H),	3.77	(s,	3H),	2.72	(t,	J	=	8.8	Hz,	1H),	2.56	
(p,	J	=	6.9	Hz,	4H),	1.30	(d,	J	=	6.9	Hz,	12H),	1.24	(d,	J	=	6.9	Hz,	12H),	
0.85	(d,	J	=	6.9	Hz,	12H),	0.47	(d,	J	=	8.9	Hz,	2H).	13C	NMR	(101	MHz,	
dichloromethane-d2)	 δ	 181.0,	 179.2,	 158.1,	 146.2,	 137.1,	 134.9,	
131.3,	129.4,	128.9,	124.9,	124.2,	113.6,	81.3,	55.7,	48.7,	30.3,	29.3,	
25.4,	25.3,	25.0,	24.3.	11B	NMR	(400	MHz,	dichloromethane-d2)	δ	
(ppm)	14.32.	 IR	n	 (KBr	pellet,	 dichloromethane	 film):	1709	cm-1	

(C=O).		
3d	 -	 IPrCuI((CO2)CH(ptBuPh)CH2Bpin)):	 Yield:	 122	 mg	 (0.16	
mmol,	82%).	1H	NMR	(400	MHz,	benzene-d6	/	dichloromethane-d2)	
δ	7.26	(td,	J	=	7.8,	1.4	Hz,	2H),	7.14	(s,	4H),	7.12	(s,	2H),	7.10	(t,	J	=	
7.5	Hz,	2H),	6.50	(d,	J	=	1.6	Hz,	2H),	3.01	(t,	J	=	8.6	Hz,	1H),	2.45	–	
2.29	(m,	4H),	1.27	–	1.14	(m,	21H),	1.08	–	0.96	(m,	12H),	0.91	–	0.83	
(m,	12H),	0.78	(dd,	 J	=	14.4,	7.8	Hz,	1H),	0.68	–	0.60	(m,	1H).	13C	
NMR	(101	MHz,	benzene-d6	/	dichloromethane-d2)	δ	180.0,	147.6,	
145.3,	 141.8,	 134.2,	 130.6,	 127.8,	 127.7,	 124.5,	 80.7,	 48.8,	 33.9,	
31.1,	28.5,	24.9,	24.8,	24.4,	23.5.	11B	NMR	(128	MHz,	benzene-d6	/	
dichloromethane-d2)	 δ	 17.55.	 IR	 n	 (KBr	 pellet,	 dichloromethane	
film):	1707	cm-1	(C=O).		
3e	-	IPrCuI((CO2)CH(pMePh)CH2Bpin)).	Yield:	110	mg	(0.15	mmol,	
78%).	1H	NMR	(400	MHz,	dichloromethane-d2)	δ	7.50	(t,	J	=	7.8	Hz,	
2H),	7.35	(d,	J	=	7.7	Hz,	4H),	7.24	(s,	2H),	7.06	–	6.93	(m,	4H),	2.73	
(t,	J	=	8.8	Hz,	1H),	2.56	(hept,	J	=	7.2	Hz,	4H),	2.29	(s,	3H),	1.27	(dd,	
J	=	25.9,	6.9	Hz,	24H),	0.85	(d,	J	=	7.1	Hz,	12H),	0.48	(d,	J	=	8.9	Hz,	
2H).	 13C	 NMR	 (101	 MHz,	 dichloromethane-d2)	 δ	 180.9,	 179.2,	
146.2,	142.0,	134.9,	131.3,	128.9,	128.9,	128.4,	124.9,	124.3,	81.3,	
49.2,	29.3,	25.4,	25.3,	25.0,	24.3,	21.3.	11B	NMR	(128	MHz,	dichloro-
methane-d2)	δ	13.85.	IR	n	(KBr	pellet,	dichloromethane	film):	1717	
cm-1	(C=O).		
3f	 -	 IPrCuI((CO2)CH(pFPh)CH2Bpin)).	 Yield:	 59	mg	 (0.08	mmol,	
42%).	1H	NMR	(400	MHz,	dichloromethane-d2)	δ	7.48	(t,	J	=	7.8	Hz,	
2H),	7.34	(s,	4H),	7.24	(s,	2H),	7.11	(dd,	J	=	8.4,	5.6	Hz,	2H),	6.91	(t,	
J	=	8.8	Hz,	2H),	2.78	(t,	J	=	9.0	Hz,	1H),	2.55	(p,	J	=	7.0	Hz,	4H),	1.29	
(d,	J	=	6.9	Hz,	12H),	1.23	(d,	J	=	6.8	Hz,	12H),	0.85	(d,	J	=	7.0	Hz,	12H),	
0.49	(q,	J	=	7.1,	5.8	Hz,	2H).	13C	NMR	(101	MHz,	dichloromethane-
d2)	δ	162.8,	160.4,	146.2,	140.6,	134.9,	131.3,	130.1,	130.0,	124.9,	
124.3,	114.8,	114.6,	81.4,	48.7,	29.3,	25.4,	25.3,	25.0,	24.3.	The	res-
onance	 associated	with	 the	methylene	 carbon	 is	 not	 detectable,	
most	 likely	 due	 to	 its	 proximity	 to	 quadrapolar	 boron.	 11B	NMR	
(128	MHz,	dichloromethane-d2)	δ	14.55	ppm.	19F	NMR	(376	MHz,	
dichloromethane-d2)	δ	 -119.44	ppm.	 IR	n	 (KBr,	dichloromethane	
film):	1709.3	cm-1	(C=O).	
	
Complexes	3g-3i	were	synthesized	similarly	to	the	general	proce-
dure.	 However,	 the	 addition	 of	 PPh3	 was	 necessary	 in	 order	 to	
achieve	synthetically	reasonable	reaction	times.		
	



 

3g	 -	 IPrCuI((CO2)CH(pOCOMePh)CH2Bpin)).	 Yield:	 92	 mg	 (0.12	
mmol,	62%).	1H	NMR	(400	MHz,	benzene-d6/dichloromethane-d2)	
δ	7.71	(t,	J	=	7.7	Hz,	2H),	7.57	(t,	J	=	7.2	Hz,	4H),	7.51	(d,	J	=	8.3	Hz,	
2H),	7.24	(s,	2H),	3.20	(t,	J	=	8.7	Hz,	1H),	2.80	(dt,	J	=	13.6,	6.8	Hz,	
4H),	2.42	(s,	3H),	1.59	(d,	J	=	6.8	Hz,	12H),	1.47	(d,	J	=	6.8	Hz,	12H),	
1.17	(d,	J	=	6.0	Hz,	12H),	0.90	(d,	J	=	8.7	Hz,	2H).	13C	NMR	(101	MHz,	
benzene-d6/dichloromethane-d2)	δ	180.11	(CCO2),	178.90	(Ccarbene),	
169.74(COCOMe),	 149.01,	 145.85,	 142.23,	 134.60,	 131.09,	 129.31,	
124.65,	 123.79,	 121.13,	 81.09,	 53.52,	 48.74,	 29.05,	 25.20,	 25.11,	
24.86,	 24.00,	 21.09.	 11B	 NMR	 (128	 MHz,	 benzene-d6/dichloro-
methane-d2)	δ	11.23	ppm.	IR	n	(KBr	pellet,	dichloromethane	film)	
1710	cm-1	(C=O,	carboxylate),	1762	cm-1	(C=O,	ester).	
	
3h	 -	 IPrCuI((CO2)CH(pCOOMePh)CH2Bpin)).	 Yield:	 111	 mg	 (0.14	
mmol,	74%).	1H	NMR	(600	MHz,	dichloromethane-d2)	δ	7.89	(dd,	J	
=	8.1,	5.9	Hz,	2H),	7.47	(t,	J	=	7.8	Hz,	2H),	7.34	(t,	J	=	9.0	Hz,	4H),	7.25	
(s,	2H),	7.22	(d,	J	=	8.0	Hz,	2H),	3.88	(s,	3H),	2.84	(t,	J	=	9.0	Hz,	1H),	
2.56	(h,	J	=	6.8	Hz,	4H),	1.30	(d,	J	=	10.9	Hz,	12H),	1.24	(d,	J	=	6.8	Hz,	
12H),	0.86	(d,	J	=	12.3	Hz,	12H),	0.55	(qd,	J	=	14.1,	8.9	Hz,	2H).	13C	
NMR	(151	MHz,	dichloromethane-d2)	δ	179.73	(CCO2),	179.08(Ccar-
bene),	 167.65	 (CCO2Me),	 150.36,	 146.22,	 134.92,	 131.31,	 129.53,	
128.66,	127.97,	124.84,	124.31,	81.47,	52.26,	49.58,	29.35,	25.40,	
25.30,	25.05,	24.33,	24.29.	11B	NMR	(128	MHz,	dichloromethane-
d2)	δ	12.20	ppm.	IR	n	(KBr	pellet,	tetrahydrofuran	film)	1719	cm-1	

(overlapping).		
3i	-	IPrCuI((CO2)CH(pCF3Ph)CH2Bpin)).	Yield:	71	mg	(0.09	mmol,	
47%).	1H	NMR	(400	MHz,	dichloromethane-d2)	δ	7.51	–	7.39	(m,	
4H),	7.35	–	7.24	(m,	6H),	7.23	(s,	2H),	2.80	(t,	J	=	9.0	Hz,	1H),	2.52	
(hept,	J	=	7.1	Hz,	4H),	1.26	(d,	J	=	6.9	Hz,	12H),	1.21	(d,	J	=	6.9	Hz,	
12H),	0.82	(d,	J	=	8.2	Hz,	12H),	0.56	–	0.45	(m,	2H).	13C	NMR	(101	
MHz,	 dichloromethane-d2)	 δ	 179.69,	 148.99,	 146.20,	 134.85,	
131.24,	 128.93,	 125.09,	 124.93,	 124.79,	 124.28,	 81.44,	 54.27,	
49.26,	29.29,	25.32,	25.22,	25.05,	24.22.	The	methylene	carbon	is	
not	visible	in	13C	NMR	as	it	is	broad	due	to	the	quadrupolar	nature	
of	the	adjacent	boron.	19F	NMR	(376	MHz,	dichloromethane-d2)	δ	-
62.34.	11B	NMR	(128	MHz,	dichloromethane-d2)	δ	12.50.	IR	n	(KBr	
pellet,	dichloromethane	film)	1708	cm-1	(C=O).		
Carboxylation	Kinetics:	The	following	procedure	was	used	in	

performing	 kinetic	 experiments	 for	 the	 carboxylation	 of	 CuI(β-
borylbenzyl)	complexes.	Under	a	N2	glovebox	atmosphere,	5	mg	of	
each	CuI(β-borylbenzyl)	 complex	 (2a-2i)	was	dissolved	 in	C6D6	
and	combined	with	mesitylene	as	an	 internal	standard	(0.1	M	 in	
C6D6)	to	produce	a	10	mM	sample.	The	sample	was	transferred	to	
a	 J.	Young	NMR	tube	and	was	removed	from	the	glovebox.	Using	
Schlenk	techniques,	the	sample	was	freeze/pump/thawed	2	times.	
The	sample	was	then	cooled	to	-20°C	(1:3	NaCl/ice	bath),	and	the	
evacuated	headspace	was	filled	with	1	atm	of	dry	CO2.	The	tube	was	
resealed	and	kept	 frozen	until	 loading	 into	 the	NMR	 instrument.	
Spectra	were	then	collected	at	consistent	intervals	for	the	duration	
of	the	reaction	using	the	array	feature	in	VNMRJ	software.		
X-Ray	Crystallography: Single	crystals	suitable	for	X-Ray	diffrac-
tion	were	coated	with	polybutene	oil	(Sigma-Aldrich),	placed	on	a	
MiTeGen	nylon	loop,	and	then	quickly	mounted	on	the	goniometer	
head	 of	 a	 Bruker	 AXS	 D8	 Venture	 fix-chi	 X-ray	 diffractometer	
equipped	 with	 a	 Triumph	 monochromator,	 a	 Mo	 Kα	 radiation	
source	(I=0.71073	Å),	and	a	PHOTON	100	CMOS	detector.	Samples	
were	cooled	to	100	K	with	an	Oxford	Cryostream	700	system	and	
optically	aligned.	Three	sets	of	12	frames	each	were	collected	using	
the	omega	scan	method	with	a	10	second	exposure	time.		Integra-
tion	 of	 these	 frames	 followed	 by	 reflection	 indexing	 and	 least-
squares	refinement	produced	a	crystal	orientation	matrix	for	the	
monoclinic	crystal	lattice	that	was	used	for	the	structural	analysis.	
The	APEX3	software	program	(version	2016.9-0)52	was	used	 for	
diffractometer	control,	preliminary	frame	scans,	indexing,	orienta-
tion	matrix	calculations,	least-squares	refinement	of	cell	parame-
ters,	and	the	data	collection.		The	frames	were	integrated	with	the	
Bruker	SAINT	software	package	using	a	narrow-frame	algorithm.		
Data	were	 corrected	 for	 absorption	 effects	 using	 the	multi-scan	
method	 (SADABS).	 	The	 structure	was	 solved	by	direct	methods	

and	 difference	 Fourier	 analysis	 using	 the	 programs	 provided	 by	
SHELXL-2014/7.2.53	 Further	 collection	 and	 refinement	 infor-
mation	is	reported	in	the	supporting	information.	
Computational	 Methods:	 All	 calculations	 were	 performed	
using	 the	 Gaussian	 16	 package.54	 For	 ground	 state	 and	
transition	 state	 geometry	 optimizations	 with	 IMe-ligated	
copper	 complexes,	 the	M06	 functional	 and	 Pople-style	 basis	
sets	 6-311+G(d)	 (Cu)	 and	 6-311G(d)	 (all	 other	 atoms)	 were	
used.55,56	 For	 ground	 state	 and	 transition	 state	 geometry	
optimizations	with	IPr-ligated	copper	complexes,	B3LYP	with	
Grimme’s	D3	dispersion	and	Pople-style	basis	sets	6-311+G(d)	
(Cu)	 and	 6-311G(d)	 (all	 other	 atoms)	 were	 used.57,58	
Comparison	 of	 IMe-	 and	 IPr-ligated	 copper	 complexes	 with	
M06	functional	and	the	basis	set	described	above	were	possible	
in	a	limited	number	of	cases.	Additional	computational	method	
benchmarking	data	is	available	in	the	Supporting	Information.	
Frequency	calculations	at	the	same	level	of	theory	in	each	case	
were	 performed	 to	 validate	 stationary	 points,	 with	 zero	
imaginary	frequencies	reflecting	a	ground	state	minimum	and	
one	imaginary	frequency	representing	a	transition	state	saddle	
point.	 Transition	 states	 were	 further	 validated	 through	
intrinsic	reaction	coordinate	(IRC)	calculations.59	Single-point	
self-consistent	 reaction	 field	 calculations	 (SCRF)	 were	 also	
performed	 to	 identify	 solvent	effects	using	 the	SMD	model.60	
Benzene	 was	 used	 in	 solvent	 calculations	 to	 reflect	 the	
experimental	conditions	in	the	kinetic	studies.	JMol	was	used	to	
generate	optimized	molecular	structures.61	
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