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ABSTRACT:				We	report	that	a	2-phosphinoimidazole-scaffolded	bimetallic	Rh(II)	complex	enables	the	addition	of	trifluoro-
acetic	acid	across	an	allene	under	conditions	where	monometallic	Rh(I)	or	bimetallic	Rh(II)	tetracarboxylate	catalysts	fail.	
The	resulting	allyl	trifluoroacetate	products	are	isolated	in	good	yield	across	a	range	of	allene	substrates.	Mechanistic	stud-
ies	suggest	that	reversible	hydrometallation	of	the	allene	is	followed	by	reductive	elimination	of	the	trifluoroacetate,	which	
only	occurs	with	our	bimetallic	catalyst.	Monometallic	catalyst	undergo	beta-hydride	elimination	to	give	an	isomerized	
diene	as	the	only	product	rather	than	undergo	the	kinetically	slow	C–O	reductive	elimination.	DFT	studies	suggest	that	the	
barrier	for	C–O	reductive	elimination	is	much	lower	in	the	case	of	the	our	bimetallic	catalyst	due	to	electron-sharing	and	
substrate	coordination	across	both	metal	centers	in	the	transition	state.	These	studies	help	explains	why	the	otherwise	ki-
netically	disfavored	reductive	elimination	is	only	observed	with	our	bimetallic	catalyst	(and	not	with	monometallic	Rh	cata-
lysts)	to	give	the	more	thermodynamically	stable	allylic	trifluoroacetate	over	the	isomerized	diene	product.	

Allene	 hydrofunctionalization	 is	 an	 attractive	method	 for	
generating	 new	 C–C,	 C–N,	 and	 C–O	 bonds	 because	 of	 the	
ease	of	adding	a	variety	of	nucleophiles	across	either	of	the	
two	alkenes	in	the	allene.	1	In	general,	the	allene	functional	
group	 reacts	 faster	 than	 the	 corresponding	 alkenes	or	 al-
kynes	and	the	resulting	allyl-substituted	products	can	serve	
as	useful	intermediates	in	synthesis.	Allenes	can	be	readily	
accessed	by	homologation	of	the	corresponding	alkyne2	and	
this	 sequence	of	 transformations	 that	 includes	alkyne	ho-
mologation	 and	 hydrofunctionalization	 enables	 access	 to	
highly	 versatile	 allylic	 functional	 groups.	 This	 approach	
compliments	work	in	the	development	of	allylic	C-H	func-
tionalization	reactions.3	Allene	hydrofunctionalization	reac-
tions	are	known	to	occur	with	Ag,	Au,	Rh,	and	Pd	catalysts,	
yet	 typically	 require	 the	use	of	good	nucleophiles	such	as	
amines,	alcohols,	or	malonates	to	achieve	high	reactivity.1	
Few	 examples	 of	 allene	 hydrofunctionalization	 exist	 that	
enable	 direct	 installation	 of	 a	 good	 leaving	 group	 that	 is	
amenable	to	additional	functionalization	through	metal-cat-
alyzed	 pi	 allyl	 formation.1	 This	 limitation	 is	 attributed	 in	
many	cases	to	kinetically	slow	C–X	bond	reductive	elimina-
tion.4	Yamamoto5	and	Krische6	have	reported	allene	hydro-
carboxylations	under	Pd	and	Ir	catalysis,	respectively,	Breit	
and	coworkers	demonstrated	the	enantioselective	addition	
of	carboxylic	acid	nucleophiles	to	allenes	under	Rh	catalysis	
(Figure	1a),	and	more	recently	with	Ru	catalysts.7	Breit	also	
reported	the	observation	of	trifluoroacetate	addition	prod-
ucts	as	intermediates	for	additions	of	carbon	nucleophiles	
to	 internal	allenes	(Figure	1b).8	 In	this	report,	we	demon-
strate	 that	 a	 newly	 discovered	 2-phosphinoimidazole-

derived	bimetallic	Rh(II)	catalyst	enables	efficient	addition	
of	trifluoroacetic	acid,	a	weak	nucleophile,	across	terminal	
allenes	in	good	yield	and	with	high	regioselectivity	for	the	
branched	 allylic	 trifluoroacetate	 (Figure	 1c).	 Importantly,	
monometallic	and	other	bimetallic	Rh2(CO2R)4	catalysts	do	
not	generate	the	hydrofunctionalization	product	under	our	
optimized	conditions,	highlighting	the	unique	reactivity	of	
our	new	catalyst.	DFT	studies	also	demonstrate	that	the		

	
Figure	1.	a)	Allene	hydrocarboxylation	with	Rh	catalysts.	b)	
Precedent	 for	 trifluoroacetate	 addition	 to	 allenes.	 c)	 Tri-
fluoroacetate	additions	to	allenes	presented	in	this	work.	
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reductive	elimination	with	our	bimetallic	catalyst	involves	
binding	of	the	allyl	intermediate	across	both	metal	centers,	
which	likely	lowers	the	transition	state	energy	by	electron-
sharing	with	both	metals.	
One	important	pursuit	in	our	laboratory	is	the	discovery	of	
new	 reactions	 and	mechanisms	 via	 catalysis	with	 hetero-	
and	 homobimetallic	 metal	 complexes.9	 Our	 hypothesis	 is	
that	new	mechanisms	can	result	from	reactions	with	metal–
metal	bonds,	via	activation	of	a	substrate	across	both	met-
als,	 or	 by	 accessing	 uncommon	metal	 oxidation	 states	 as	
part	 of	 organometallic	mechanisms.10	 	 Previously,	 we	 re-
ported	 the	 synthesis	 of	 homobimetallic	 Pd(I)	 and	 Pd(II)	
complexes	 scaffolded	 on	 2-phosphinoimidazole	 ligands.	
These	bimetallic	complexes	enable	a	new	naphthalene	syn-
thesis	 reaction	by	accessing	dimeric	Pd(III)	 intermediates	
in	catalysis.11	We	also	demonstrated	that	the	oxidation	state	
of	the	Pd	dimer	(Pd(I)	vs	Pd(II))	can	have	a	dramatic	impact	
on	catalysis	in	Buchwal-Hartwig	amination	and	aminocar-
bonylation	reactions.12	In	an	attempt	to	expand	the	applica-
tions	of	these	ligands	to	bimetallic	catalysis,	we	attempted	
the	synthesis	of	the	corresponding	Rh	complexes.	When	2-
phosphinoimidazole	 ligand	 1	 was	 reacted	 with	
[Rh(cod)Cl]2,	monometallic	complex	2	was	formed	(Figure	
2a).	The	crystal	structure	of	2	shows	only	phosphine	bind-
ing,	which	suggests	that	coordination	of	both	the	P	and	the	
N	of	the	2-phosphinoimidazole	is	unfavorable	due	to	a	non-		
	

	
Figure	 2.	 a)	 Synthesis	 of	 mono	 and	 bimetallic	 Rh	 phos-
phinoimidazole	complexes.	b)	X-ray	crystal	structures	of	1	
and	2.	c)	Selected	Kohn−Sham	orbitals	(BP86/6-311G(d,p))	
for	the	computationally	optimized	structure	of	3	(P-aryl	and	
N-aryl	substituents	of	3	were	removed	for	clarity).	d)	Reac-
tivity	of	monometallic	and	bimetallic	Rh	complexes	with	al-
lene	substrates.	

ideal	 bite	 angle	 (Figure	 2b).	When	 the	 reaction	 of	1	with	
[Rh(cod)Cl]2	was	run	in	methanol,	however,	a	trace	amount	
of	 bimetallic	 complex	 3	 was	 observed,	 presumably	 via	
methanol	 oxidation.	 When	 the	 same	 reaction	 was	 per-
formed	in	DCE	solvent	and	under	an	atmosphere	of	CO,	bi-
metallic	 complex	3	 could	be	 isolated	 in	excellent	yield	by	
precipitation	 from	1,2-dichloroethane	by	slow	addition	of	
hexanes	(98	%	yield).	No	bimetallic	complex	is	observed	in	
the	absence	of	a	CO	ligand	under	the	same	conditions.	
The	 X-ray	 crystal	 structure	 of	3	 shows	 the	 presence	 of	 a	
bridging	 CO	 ligand,	 which	 we	 believe	 necessary	 for	 for-
mation	of	the	bimetallic	complex.	We	believe	that	coordina-
tion	of	a	bridging	CO	ligand	allows	the	two	rhodium	centers	
to	achieve	a	suitable	distance	on	 the	 ligand	 framework	 to	
form	a	stable	complex.	The	Rh-Rh	bond	distance	for	com-
plex	3	is	2.6227	Å,	and	the	formal	shortness	ratio	(FSR)	of	
the	Rh-Rh	bond	is	1.05.13	These	data	suggest	that	the	metals	
are	 in	 close	 enough	 proximity	 to	 form	 a	 Rh-Rh	 bond,	
wherein	the	CO	ligand	would	serve	as	a	“ketone-like”	ligand	
and	not	form	a	2-electron,	3-center	bond.14	This	would	sug-
gest	that	the	CO	ligand	facilitates	formation	of	high-spin	Rh	
centers,	which	enables	M–M	bond	formation	by	creating	un-
paired	electrons	at	each	metal.15	DFT	computed	Kohn-Sham	
orbitals	also	support	the	formation	of	a	metal-metal	bond	
(Figure	 2c).16–17	 The	 HOMO-3	 and	 HOMO-4	 orbitals	 of	 3	
show	shared	electron	density	between	the	two	metals,	sup-
porting	 our	 hypothesis	 that	 complex	3	 contains	 a	metal–
metal	bonding	interaction.	
When	exploring	the	reactivity	of	our	new	bimetallic	Rh	cat-
alyst	3,	we	found	that	3	readily	catalyzes	the	intramolecular	
hydroamination	reaction	to	form	five,	six,	and	select	seven-
membered	rings	(Figure	3a).7b	 In	exploring	additional	hy-
droamination	 reactions	 with	 substrates	 that	 would	 form	
larger	rings	(4),	we	found	that	no	cyclization	occurred,	but	
that	trifluoroacetic	acid	was	added	across	the	allene	to	give	
the	allyl	trifluoroacetate	product	5	(Figure	3b).7b	This	trans-
formation	represents	a	rare	example	of	addition	of	weak	nu-
cleophiles	to	allenes.1,	5–8	While	trifluoroacetates	can	be	pre-
pared	by	acetylation	of	the	corresponding	alcohol	with	tri-
fluoroacetic	anhydride,	this	approach	enables	access	to		

	
Figure	3.	a)	Allene	hydroamination	with	catalyst	3.	b)	Di-
vergent	reactivity	of	bimetallic	vs	monometallic	catalysts.	
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allylic	electrophiles	from	allenes	via	C-O	bond	formation.	Al-
lyl	 trifluoroacettes	have	also	 found	application	as	electro-
philes	in	metal-catalyzed	C-C	bond	forming	reactions.18	Im-
portantly,	 other	monometallic	 Rh(I)	 and	 bimetallic	 Rh(II)	
complexes	either	give	no	reaction	or	facilitate	isomerization	
to	the	corresponding	diene	product	6	(vide	infra).		
Based	on	the	unique	ability	of	our	bimetallic	Rh	complex	to	
facilitate	TFA	additions	to	allenes,	we	performed	further	op-
timization	 studies	 with	 substrate	 4a	 to	 enhance	 product	
formation	(Table	1).	We	first	investigated	how	the	amount	
of	TFA	added	to	the	reaction	would	affect	the	conversion	to	
product	 5	 (entries	 1–5).	 We	 found	 that	 consumption	 of	
starting	material	was	complete	with	as	little	as	65%	TFA	in	
the	reaction.	When	1	equiv.	TFA	was	used	to	try	and	max-
imize	product	yield	(entry	5),	significant	decomposition	of	
starting	material	was	observed	and	the	yield	of	the	reaction	
decreased.	We	found	that	between	60–80%	TFA	was	ideal	
to	 provide	 the	 highest	 isolated	 yield	 of	 the	 TFA	 addition	
product	(entry	4).	We	also	explored	other	reaction	temper-
atures	(entries	6–7)	and	solvents	(entry	8)	and	found	that	
running	the	reaction	at	80	°C	in	dichloroethane	(DCE)	pro-
vide	 the	 highest	 yield	 of	 the	 trifluoroacetate	 product.	We	
also	screened	a	variety	of	other	Rh(I)	catalysts	and	found		
Table	1.	Optimization	of	trifluoroacetate	addition	reaction.	

	
en-
trya	 %	cat.	 %	acid	 conv.	to	5ab	

1	 3	 0	 0%	
2	 3	 15	 15%	
3	 3	 45	 90%	
4	 3	 65	 100%	(64)c	
5	 3	 100	 100%	(50)c	
6d	 3	 65	 62%	
7e	 3	 65	 24%	
8f	 3	 65	 83%	
9	 3	(2.5%)	 65	 57%	
10	 3	(1%)	 65	 15%	
11	 [Rh(cod)cl]2	+	dppf	 65	 100%	(6a)g	

12	 [Rh(cod)cl]2	 +	 (R)-
SEGPHOS	DTBM	 65	 100%	(6a)g	

13	 Rh(BINAP)(cod)ClO4	 65	 100%	(6a)g	
14	 Rh2(OAc)4	 65	 0%	
15	 Rh2(5S-MEPY)4	 65	 0%	

a	a)	Reaction	run	on	a	0.2	mmol	scale	of	4	with	5	mol%	Rh	dimer	
3	and	the	indicated	amount	of	TFA	in	dichloroethane	(DCE,	0.2	
M)	at	80	ºC	for	18	h	unless	otherwise	noted.	b)	Conversions	de-
termined	by	1H	NMR	analysis	of	the	crude	reaction	mixture	by	
comparing	product	 formed	 to	remaining	starting	material.	 c)	
Isolated	yields	in	parentheses	based	on	amount	of	allene	start-

ing	material	employed).	d)	run	at	50	°C.	e)	Run	at	23	°C.	f)	Run	
in	toluene.		g)	Represents	conversion	to	diene	product	5a.	

that	 in	 all	 cases,	 no	 TFA	 addition	 product	 was	 observed.	
With	monometallic	Rh(I)	 complexes,	 the	starting	material	
allene	was	 converted	 to	 the	 isomerized	diene	product	5a	
(entries	11–13).	Bimetallic	Rh2(CO2R)4	catalysts	were	also	
screened	but	no	reactivity	was	observed	(entries	14,	15).19	
These	final	results	confirm	the	unique	reactivity	of	our	bi-
metallic	catalyst	for	addition	of	weak	nucleophiles	across	al-
lenes.	
We	next	investigated	the	efficiency	of	our	TFA	addition	cat-
alyst	with	 a	 variety	 of	 amine-containing	 substrates	 origi-
nally	designed	to	enable	cyclization.	Importantly,	the	yield	
for	each	substrate	was	calculated	based	on	the	amount	of	
allene	 employed	 to	 reflect	 the	 true	 synthetic	 value	 of	 the	
process,	 rather	 than	 calculating	 the	 yield	 based	 on	 the	
amount	of	limiting	reagent	(trifluoroacetic	acid)	used	in	the	
reaction.	 	As	seen	 in	Figure	4,	 trifluoroacetate	addition	 to	
the	allene	 is	 the	main	product	with	a	variety	of	protected	
sulfonamide	(5a–5l),	carbamate	(5n–5t),	aniline	(5y–5aa),	
and	 amide-containing	 substrates	 (5m,	 5ac,	 5ad).	 In	 all	
cases,	the	regioselectivity	for	formation	of	the	branched		

	

Figure	4.	Substrate	scope	and	limitations	for	allene	trifluoroa-
cetic	acid	addition.	
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secondary	allylic	 trifluoroacetate	product	was	>10:1.	Sub-
strates	 that	 failed	 to	 provide	 any	 of	 the	 trifluoroacetate	
product	 include	 substrates	 containing	 basic	 amines	 (3b),	
more	 hindered	 3,3-disubstituted	 allenes	 (3c),	 and	 sub-
strates	 containing	 electron-withdrawing	 heteroatoms	 at	
the	allenic	position	(3d,	3e).	We	also	found	that	certain	sub-
strates	containing	1,1,3-trisubstituted	allenes	 favored	 for-
mation	of	the	elimination	product	to	give	the	corresponding	
1,3-diene	 (6b–6e).	 Substrates	 without	 amide	 or	 sulfona-
mide	groups	do	react	in	this	transformation	(e.g.	1-octene),	
but	 are	 generally	 isolated	 in	 lower	 yield	 (<40%)	 because	
they	appear	to	be	less	stable	to	chromatography.	
To	further	understand	the	mechanism	of	TFA	addition	with	
catalyst	2,	we	next	conducted	the	reaction	with	TFA-D	and	
deuterated	substrate	3a-D	(Figure	5a).	As	observed	previ-
ously	by	Breit,7b	we	found	that	deuterium	incorporation	oc-
curred	at	all	carbons	of	the	allene.	This	result	provides	evi-
dence	for	reversible	hydrometallation	of	the	allene	to	form	
a	metal	 allyl	 intermediate.	 A	 proposed	 catalytic	 cycle	 for	
TFA	addition	to	allenes	based	on	our	observations	is	shown	
in	Figure	5b.	Initial	oxidative	addition	of	bimetallic	complex	
3	into	the	O–H	bond	of	TFA	can	generate	either	A	or	B,		

	

Figure	5.	a)	Mechanistic	study	and	b)	proposed	mechanism.	
c)	DFT	transition	states	and	energies	for	bimetallic	3	(trun-
cated	 where	 Ar	 =	 Me)	 and	 monometallic	
[(BINAP)Rh(allyl)(OTFA)]	 reductive	 elimination	 vs	 beta-
hydride	 elimination.	 d)	 DFT-calculated	 transition	 states	
TS1a	and	TS2a.	(basis	set	=	6-31g(d,p)	[Rh,lanl2dz]).	
depending	on	whether	oxidative	addition	occurs	across	one	
or	both	metals.	Subsequent	reversible	Rh-hydride	insertion	
into	the	allene	then	provides	intermediate	C.	Intermediate	
C	could	then	either	undergo	b-hydride	elimination	to	give	
the	 diene	 (as	with	monometallic	Rh(I)	 complexes)	 or	 un-
dergo	reductive	elimination	to	form	the	new	C–O	bond.	Re-
ductive	elimination	and	C–O	bond	formation	gives	interme-
diate	E,	and	loss	of	product	then	regenerates	3.	For	all	of	the	
monometallic	Rh(I)	catalysts	tested,	the	diene	product	ob-
served	results	from	b-hydride	elimination	at	allyl	interme-
diate	C	to	give	D	and	no	reductive	elimination	product	E	is	
observed.	
To	further	elucidate	the	selectivity	of	our	bimetallic	Rh	com-
plex	3	vs	monometallic	Rh(I)	complexes,	we	performed	DFT	
calculations16–17	of	key	catalytic	steps	that	determine	selec-
tivity	 between	 the	 trifluoroacetate	 product	 (5)	 and	 the	
diene	(6).	We	first	calculated	the	barriers	for	various	possi-
ble	reductive	elimination	vs	beta	hydride	elimination	steps	
for	a	simplified	structure	of	our	bimetallic	catalyst	3	(Figure	
5c,	aryl	rings	replaced	with	methyl	groups	on	3).	We	found	
that	 the	barrier	 for	 beta	 hydride	 elimination	 from	C	 to	D	
(TS1a)	was	2.5	kcal/mol	higher	 in	energy	 than	 the	corre-
sponding	barrier	for	reductive	elimination	of	TFA	to	form	
product	E	(TS2a).	This	result	supports	our	hypothesis	as	to	
why	an	otherwise	kinetically	slow	reductive	elimination	is	
favored	with	bimetallic	catalyst	3.	Figure	5d	shows	the	com-
puted	structures	 for	 the	reductive	elimination	(TS1a)	and	
beta-hydrogen	 elimination	 (TS2a)	 transition	 states	 with	
catalyst	3.	Interestingly,	the	formation	of	a	bridging	allyl	lig-
and	 during	 the	 reductive	 elimination	 step	 (TS2a),	 where	
both	metals	are	coordinated	to	the	allyl	ligand	undergoing	
reductive	elimination,	may	create	a	unique	geometry	 that	
helps	accelerate	this	step	during	catalysis	(see	TS2a).	In	ad-
dition,	this	transition	states	suggests	that	both	metals	share	
the	burden	of	oxidation	state	change	during	reductive	elim-
ination,	leading	directly	to	formation	of	a	diRh(II)	interme-
diate	containing	a	Rh-Rh	bond.		
For	monometallic	Rh(I)	catalysts,	we	found	that	reductive	
elimination	(TS1b)	for	the	Rh(BINAP)allyl(OTFA)	complex	
(see	Table	1,	entry	13)	was	3.4	kcal/mol	higher	in	energy	
than	 the	 corresponding	 beta-hydride	 elimination	 (TS2b,	
Figure	5c).	This	result	supports	our	hypothesis	that	slow	C–
O	bond	reductive	elimination	with	monometallic	Rh	com-
plexes	prohibits	formation	of	the	more	thermodynamically	
favorable	allylic	trifluoroacetate.	Instead,	monometallic	Rh	
complexes	lead	exclusively	to	the	kinetically	favored	diene	
product.			
In	conclusion,	we	have	demonstrated	that	a	2-phosphinoim-
idazole-derived	bimetallic	Rh(II)	complex	can	enable	the	ef-
ficient	addition	of	trifluoroacetate	across	terminal	alkenes	
with	high	regioselectivity	for	formation	of	the	branched	sec-
ondary	allylic	ester.	Importantly,	the	addition	of	TFA	is	not	
observed	with	monometallic	Rh(I)	complexes	or	bimetallic	
rhodium(II)	 tetracarboxylate	 complexes.	 Our	 mechanistic	
studies	 and	 DFT	 calculations	 suggest	 that	 reversible	



 

hydrometallation	 of	 the	 allene	 is	 followed	 by	 C-O	 bond	
forming	reductive	elimination.	This	report	represents	a	rare	
example	of	metal-catalyzed	addition	of	weak	nucleophiles	
to	allenes.	
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