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ABSTRACT:	Chiral	monoprotected	aminoethyl	amine	(MPAAM)	ligands	were	recently	reported	to	facilitate	enantioselective	
Pd-catalyzed	arylation	of	strong	cyclopropane	C(sp3)–H	bonds.	Herein,	we	describe	detailed	experimental	and	theoretical	
investigations	into	the	influence	of	MPAAM	ligands,	L1	and	L2,	as	well	as	monoprotected	aminoethyl	thioether	(MPAThio)	
ligand,	L3,	on	reaction	kinetics,	product	enantioselectivity,	and	turnover	number.	We	show	an	unusual	negative	nonlinear	
effect	 in	 ligand	enantiopurity	on	rate	and	ee	 that	has	not	been	shown	previously	 in	CH	activation	reactions,	along	with	a	
negative	dependence	of	ligand	concentration	on	reaction	rate.	NMR	titrations,	kinetic	modeling,	crystal	structures,	and	DFT	
calculations	implicate	concentration-dependent	formation	of	stable,	off-cycle,	homoleptic	Pd(L)2	species	in	the	presence	of	
L1	or	L3.	However,	in	the	L2	system,	results	suggest	that	only	the	catalytically	active,	mono-substituted	[Pd(L)(OAc)]	spe-
cies	is	formed,	regardless	of	ligand	concentration,	demonstrating	the	subtle	influence	of	ligand	structure	on	reaction	kinet-
ics	and	mechanism.	The	impact	of	these	mechanistic	findings	on	ligand	design	is	demonstrated	by	the	results	using	a	new	
ligand	in	the	MPAAM	family,	L2,	which	exhibits	higher	reaction	rates.	
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INTRODUCTION	
Applications	 of	 chiral,	 small	 molecule	 ligand	 architec-

tures	in	new	catalyst	design	have	led	to	significant	advanc-
es	 in	 the	 field	 of	 site-specific	 and	 enantioselective	 C–H	
bond	 functionalization.1	 Amongst	 the	 ligands	 currently	
available,	 those	 utilizing	 the	 privileged	 AcNH	 motif	 have	
witnessed	 particular	 success.2-5	 Examples	 of	 such	 ligands	
introduced	 by	 the	 Yu	 group	 shown	 in	 Scheme	 1	 include:	
MonoProtected	 Amino	 Acids	 (MPAA),2	 Mono-N-Protected	
Aminomethyl	 Oxazoline	 (MPAO),3	 Acetyl-Protected	 Ami-
noethyl	 Quinolines	 (APAQ),4	 and	 MonoProtected	 Ami-
noethyl	 AMine	 (MPAAM)5	 and	 its	 sulfur	 derived	 analog	
MonoProtected	 Aminoethyl	 Thioether	 (MPAThio).6	 This	
suite	of	ligands	has	enabled	the	functionalization	of	a	wide	
variety	of	difficult	C–H	bonds,	including	the	strong	C(sp3)–
H	 bonds	 of	 cyclopropane.	 Systems	 employing	 this	 motif	
have	 been	 studied	 extensively	 by	 a	 number	 of	 other	 re-
search	groups.7		

Scheme	1.	Privileged	Ligands	in	C-H	Functionalization.	

	
	
	

	
	
	
	
	
	
While	 catalysts	 that	 employ	 these	 families	 of	 ligands	

have	 been	 efficacious	 in	 obtaining	 desired	 selectivity,	
much	 less	 is	 understood	 about	 the	 coordination	mode	 of	
the	 ligands,	 catalyst	 speciation	 in	 solution,	 or	 the	 overall	
reaction	mechanism.	 For	 labile,	 catalytically	 active	 Pd(II)	
complexes,	 catalyst	 speciation	 can	 be	 particularly	 prob-
lematic.	 Although	 the	 formation	 of	 off-cycle,	 homoleptic	
Pd(L)2	 species	with	mono-dentate	 pyridine	 ligand	 in	 C-H	
activation	 reactions	 was	 reported	 previously,8	 related	
phenomenon	with	bidentate	 ligands	 	 and	 their	 impact	on	
enantioselection	have	not	been	investigated	so	far.	Similar	
supporting	 ligands	 can	 give	 rise	 to	 mono-Pd	 as	 well	 as	
higher	 order	 species,2-7	 and	 observable	 species	 may	 not	
necessarily	be	catalytically	active	(i.e.,	they	can	be	off-cycle	
intermediates).	It	is	therefore	not	necessarily	obvious	giv-
en	 a	 particular	 ligand	 structure	 what	 the	 key	 on-	 or	 off-
cycle	 species	may	be.	 It	 has	been	 shown	 that	 a	nonlinear	
response	of	reaction	product	ee	 to	the	ee	of	 the	chiral	 lig-
ands	employed	can	be	diagnostic	for	presence	of	interme-
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diate	 species	 with	 multiple	 ligands.4b,9-11	 Such	 indirect	
mechanistic	data	are	powerful	in	probing	complex	systems	
such	as	the	above-mentioned	Pd-catalyzed	C–H	functional-
ization	reactions,	where	 the	applicability	of	other	analyti-
cal	tools	may	be	limited.		
In	 this	 study,	we	 highlight	 an	 unusual	 system	 in	which	

structural	 predictions	 from	 the	 observation	 of	 nonlinear	
effects	on	ee	and	rate	are	fully	substantiated	by	direct	crys-
tallographic	 and	 spectroscopic	 characterization	 and	 com-
putational	 data	 on	 the	 isolated	 Pd	 complexes.	We	 report	
here	 the	 first	 structural	 characterization	 of	 mononuclear	
PdII	 complexes	 bearing	 the	 AcNH	 functionalized	 MPAAM	
(L1,	 L2)	 and	 MPAThio	 (L3)	 ligands	 shown	 in	 Scheme	 2.		
Furthermore,	we	describe	detailed	experimental,	computa-
tional,	and	kinetic	analyses	that	examine	the	nature	of	the	
active	 catalyst	 and	 the	 origins	 of	 enantioselectivity	 for	
functionalization	of	extraordinarily	strong	cyclopropyl	C–H	
bonds.		
	

Scheme	2.	Reaction	Conditions	Employed	in	Mechanis-
tic	Investigations.	

	
	
	
	
	
	
RESULTS	AND	DISCUSSION	
The	 previously	 reported	 N,N-dimethyl	 substituted	 L1	

was	employed	with	Pd	in	the	reaction	shown	in	Scheme	2.	
Our	investigation	revealed	that	this	ligand	system	exhibits	
an	unusual	negative	nonlinear	effect	on	enantioselectivity	
(Figure	1).14	Similar	behavior	was	exhibited	by	the	analo-
gous	 thio	 ligand	L3.	 Interestingly,	 however,	 subtle	 differ-
ences	 in	 the	 steric	 environment	 of	 the	 tertiary	 amine	 (-
NR2)	for	L2	provided	a	system	that	shows	linear	behavior	
between	 catalyst	 and	 reaction	 product	 ee.	 Figure	 1	 also	
shows	that	for	reactions	with	L1,	employing	racemic	ligand	
resulted	in	an	unusual	 increase	 in	reaction	rate	compared	
to	enantiopure	 ligand,	while	systems	with	L2	gave	 identi-
cal	rates	for	racemic	and	enantiopure	ligand.	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	

	

Figure	1.	Top:	Relationship	between	product	3	ee	and	ligand	
ee	for	reactions	using	ligands	L1,	L2,	and	L3.	Bottom:		kinetic	
profiles	 for	 reactions	 using	 racemic	 and	 enantiopure	 ligands	
L1	and	L2.		[1]0	=	0.2	M;	[2]0	=	0.4	M;	[Pd]0	=	0.02	M	and	Pd:L	
=	1:4.	Symbols	represent	experimental	data;	dotted	line	in	top	
plot	 shows	 the	 linear	 relationship;	 dashed	 line	 in	 top	 plot	
shows	 the	model	 prediction	 of	 the	 negative	 nonlinear	 effect	
(see	discussion	in	text).14	

Since	the	observation	of	a	nonlinear	effect	in	asymmetric	
catalysis	implies	the	presence	of	species	with	multiple	lig-
ands,	either	on	or	off	the	catalytic	cycle,9-11	we	sought	evi-
dence	through	ligand	binding	titration	experiments	for	the	
formation	of	higher-order	PdLx	(x	>	1)	complexes.	The	in-
teraction	 of	 free	L1	 and	 Pd(OAc)2	 was	 initially	 evaluated	
by	 1H-NMR	spectroscopy,	however,	 rapid	 line	broadening	
and	 	the	overlapping	of	signals	convoluted	the	interpreta-
tion	of	the	data.	We	employed	19F	NMR	spectroscopy	using	
enantiopure	fluorine-labeled	derivatives	of	the	ligands,	L1-
F	and	L2-F	to	probe	the	interaction	between	Pd(OAc)2	and	
the	ligands	(Figure	2).	 	Addition	of	base	to	the	Pd-L1-F	or	
Pd-L2-F	 system	 resulted	 in	 little	 change	 to	 the	 19F	 or	 1H	
NMR	spectra.14	As	shown	in	Figure	2a,	 the	spectra	for	the	
L1-F	system	show	two	peaks	present	 in	the	reaction	mix-
tures.	At	 substoichiometric	L:Pd	ratios,	 the	signal	 for	 free	
ligand	at	-117.4	ppm	is	shifted	to	-117.2	ppm	but	gradually	
moves	back	towards	that	of	the	free	ligand	as	the	concen-
tration	of	L1-F	 increases.	The	second	peak	at	 -118.4	ppm	
also	 appears	 at	 a	 low	L:Pd	 ratio	 yet	 experiences	 less	of	 a	
change	 in	 chemical	 shift	with	 respect	 to	 increased	 ligand	
concentrations.	 DOSY	 measurements	 confirmed	 that	 the	
species	represented	by	the	two	peaks	exhibit	different	dif-
fusion	coefficients.14	HRMS	analysis	of	the	solution		of	L1-F	
and	Pd(OAc)2	 identified	a	bis-ligated	Pd	species	Pd(L1-F)2	
[M+H]	 (C26H36F2N4O2102Pd:	 mass	 577.1941	 (calculated),	
577.1953	(found)).		
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Figure	 2.	 19F-NMR	 spectra	 of	 interactions	 between	 Pd	 and	
fluorinated	versions	of	L1	and	L2.	 [Pd]	=	0.06	M.	Stock	solu-
tions	of	 ligand	and	Pd(OAc)2	 in	HFIP	were	added	to	the	NMR	
tube	with	a	trifluoroethylene	coaxial	insert.	Spectra	were	rec-
orded	after	10	min	at	55	oC.14	Pure	ligand	in	the	absence	of	Pd	
shown	as	the	lowest	spectrum	in	green	(L1-F	=	0.06	M;	L2-F	=	
0.3	M,	 scaled	by	 a	 factor	 of	 10).	 Pd:L	 ratios:	 a)	 1:0.5,	 1:0.67,	
1:0.83,	 1:1,	 1:1.17,	 1:1.33,	 1:1.5,	 1:1.67,	 1:1.83	 1:2,	 1:3,	 1:4;	
b)1:1,	1:2,	1:3,	1:4,	1:5.	

We	 confirmed	 that	 the	 19F-NMR	 spectra	 in	 Figure	 2	
showing	two	peaks	for	the	L1-F	system	and	a	single	peak	
for	 the	 L2-F	 system	 are	 identical	 under	 reaction	 condi-
tions.14	Since	addition	of	free	L1-F	to	Pd(OAc)2	gives	a	dy-
namic	system	with	more	than	one	species	present	in	solu-
tion,	we	developed	a	targeted	synthetic	approach	that	has	
allowed	 us	 to	 characterize	 several	 important	 Pd	 species,	
including	those	that	may	be		disfavored	under	the	reaction	
conditions	described	in	Scheme	2.	As	outlined	in	eq	1,	the	
ligands	were	 first	 deprotonated	with	 either	 potassium	or	
lithium	 bis(trimetylsilyl)amide	 and	 subsequently	 trans-
ferred	 to	 a	 solution	 of	 Pd(OAc)2	 or	 Pd(MeCN)2Cl2	 in	 a	
THF/Et2O	mixture.	In	each	case,	the	corresponding	Pd(L)2	
complex	precipitated	as	a	light	yellow	solid.	Single	crystals	
suitable	 for	 X-ray	 diffraction	 were	 prepared	 by	 solvent	
diffusion	 of	 pentane	 into	 concentrated	 dichloromethane	
solutions	of	Pd(L)2	(Figure	3).	These	complexes	represent	
the	first	structural	characterizations	of	Pd	complexes	with	
either	MPAAM	or	MPAThio	family	ligands.	In	these	materi-
als,	the	deprotonated	amide	coordinates	to	Pd	through	the	
nitrogen	 as	 an	 X-type	 ligand,	 while	 the	 tertiary	 amine	 in	
L1,	and	thioether	in	L3,	acts	as	an	L-type	donor,	forming	a	
5-membered	palladacycle.	
	
	 	 	 	 	 	 			(1)	
This	 synthetic	 method	 appears	 to	 be	 quite	 general.	 In	

addition	 to	 the	 homoleptic	 Pd(LR)2	 compounds,	 [(R,R)-
Pd(L1)2]	 and	 [(R,R)-Pd(L3)2],	 we	 have	 also	 been	 able	 to	
prepare	the	heterochiral	[(R,S)-Pd(L3)2]	shown	in	Figure	3.	
The	 latter	complex	was	prepared	by	sequentially	 treating	
Pd(OAc)2	with	one	equivalent	of	(R)-K(L3)	followed	by	one	
equivalent	of	(S)-K(L3).	
The	 crystal	 structures	 of	 the	 three	 complexes	 all	 show	

Pd(II)	 in	 a	 slightly	 distorted	 square-planar	 coordination	
environment.	The	two	ligands	are	coordinated	in	a	biden-
tate	 fashion	 through	 the	 terminal	 amino	 (L1	 and	 L2)	 or	
thio	group	 (L3),	 and	 the	N	atom	of	 the	deprotonated	am-
ide.	The	resulting	five-membered	palladacycles	form	N-Pd-
heteroatom	bond	angles	ranging	from	76.2(6)°	to	84.6(3)°.	
The	 Pd-N	 bond	 distances	 between	 the	 metal	 and	 the	
deprotonated	 amide	 ranged	 from	2.024(5)	 to	 2.059(7)	Å,	
similar	to	other	complexes	in	which	an	amide	was	part	of	

the	 five-membered	 palladacycle.15	 In	 the	 model	 for	 com-
plex	[(R,R)-Pd(L1)2],	Li	and	Cl	atoms	that	formed	as	a	by-
product	 of	 the	 synthetic	 route	 were	 found	 intercalated	
within	the	structure.	Tables	of	bond	lengths	and	angles	are	
shown	in	the	Supporting	Information.		
DFT	 structures	 were	 calculated	 for	 ligand	 systems	 L1	

and	L3	as	shown	in	Figures	4	and	5,	respectively.14	To	en-
sure	 that	 the	 relative	 energies	were	 always	 compared	 to	
systems	with	the	same	number	of	atoms,	the	energies	of	a	
Pd	monomer,	such	as	[R-Pd(L1)(OAc)],	plus	one	protonat-
ed	L1	ligand	was	compared	to	the	energies	Pd	dimer,	such	
as	[(R,R)-Pd(L1)2]	plus	one	acetic	acid	molecule.	We	have	
shown	 in	previous	papers	 that	acetate-bridged	Pd	dimers	
are	 much	 higher	 in	 energy	 than	 acetate-bridged	 Pd	 tri-
mers.16	 	We	used	 the	Pd	 acetate	 trimers	 as	 the	 reference	
and	 found	 that	 the	 formation	of	 the	bis-ligated	structures	
is	favorable.14	The	most	stable	species	for	ligand	L1	is	the	
homoleptic	trans-[(R,R)-Pd(L1)2],	as	characterized	crystal-
lographically,	 which	 lies	 1.3	 kcal/mol	 lower	 than	 it’s	 cis-	
isomer	 and	 2.6	 kcal/mol	 below	 the	 mono-ligated	 [(R)-
Pd(L1)(OAc)]	 (Figure	 4).	 This	 assignment	 is	 in	 good	
agreement	with	the	crystal	structure	shown	in	Figure	3a.	

 
 
 
 
 
 
 
 

	

	

	

 
 
 

	

Figure	 3.	 Crystal	 structures	 of	 (a)	 (R,R)-Pd(L1)2,	 (b)	 (R,R)-
Pd(L3)2,	 and	 (c)	 (R,S)-Pd(L3)2.	Thermal	ellipsoids	are	drawn	
at	 the	50%	probability	 level	with	hydrogen	atoms	and	outer	
sphere	LiCl	atoms	omitted	for	clarity.	For	(b),	one	of	the	phe-
nyl	rings	was	disordered	and	stable	refinement	required	iso-
tropic	modeling	of	the	thermal	parameters.	
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Figure	4.	 Relative	 stabilities	 of	 lowest	 energy	 conformers	of	
species	formed	from	Pd(OAc)2	and	L1.	[R-Pd(L1)(OAc)]	(top),	
[(R,R)-Pd(L1)2]	 (middle),	 and	 [(R,S)-Pd(L1)]	 	 (bottom).	 SMD	
(Generic,	ε=16.7)/M06/6-311+G(d,p)//B3LYP/6-31G(d).	

		
	
	
	
	
	
	
	
	
	

	

	

Figure	5.	 Relative	 stabilities	of	 lowest	 energy	 conformers	of	
species	formed	from	Pd(OAc)2	and	L3.	 [(R,S)-Pd(L3)2]	 	(top),	
[(R,R)-Pd(L3)2]	 	 (bottom).	 SMD	 (Generic,eps=16.7)/M06/6-
311+G(d,p)//	B3LYP/6-31G(d).	

	
The	 next	 lowest	 energy	 configuration,	 heterochiral	 cis-

[(R,S)-Pd(L1)2],	 lies	 4.8	 kcal/mol	 above	 trans-[(R,R)-
Pd(L1)2].	Dimeric	(PdL)2	complexes	are	significantly	(>	20	
kcal/mol,	see	Supporting	Information)	less	stable	than	the	
monomeric	Pd(L)2	complexes.	Thus,	the	homoleptic	trans-
[(R,R)-Pd(L1)2]	 and	 the	mono-ligated	 	 species	 likely	 com-
prise	most	 of	 the	 [Pd]	 population	 for	 the	L1	 system.	 The	
mono-ligated	[(R)-Pd(L1)(OAc)]	species	retains	an	acetate	
ligand	and	presumably	represents	the	active	entry	into	the	
catalytic	cycle.	
As	 shown	 in	 Figure	 5,	 calculations	with	 ligand	L3	 also	

implicate	 a	 homoleptic	 species,	 cis-[(S,S)-Pd(L3)2],	 as	 the	
most	stable,	lower	in	energy	by	4.3	kcal/mol	compared	to	
the	 heterochiral	 species,	 cis-[(S,R)-Pd(L3)2].	 As	 with	 L1,	
the	population	of	[Pd]	species	for	L3	is	likely	a	mixture	of	

monosubstituted	 [(S)-Pd(L3)(OAc)]	 and	 homochiral	 cis-
[(S,S)-Pd(L3)2].	In	contrast	to	L1,	both	bis-ligated	L3	com-
plexes	prefer	the	cis	conformation.	The	crystal	structure	of	
the	homochiral	cis-[(R,R)-Pd(L3)2]	 complex	 shown	 in	Fig-
ure	3b	supports	these	calculations.			
Figure	6	 shows	 that	Pd	 complexes	with	 two	L2	 ligands	

are	significantly	higher	 in	energy	than	PdL	complexes,	 in-
dicating	 that	 the	 mono-ligated	 Pd	 dominates	 in	 this	 sys-
tem.	This	 is	 in	keeping	with	 the	 lack	of	a	nonlinear	effect	
on	ee	and	the	similar	rates	obtained	using	enantiopure	and	
racemic	L2	systems.	
The	results	of	kinetic	studies17	using	MPAAM	ligands	L1	

and	L2	are	reported	qualitatively	in	Figure	7,	with	detailed	
reaction	 conditions	 and	 time	 course	 curves	 given	 in	 the	
Supporting	 Information.	 For	 reactions	 using	 L1	 (Figure	
8a),	 the	reaction	rate	is	positive	order	in	concentration	of	
the	carboxylic	acid	substrate	1,	zero	order	in	aryl	iodide	2	
concentration,	 and	 positive	 order	 in	 [Pd].	 Interestingly,	
decreasing	 the	 ligand	 concentration	 from	 Pd:L1	 =	 1:2	 to	
Pd:L1	 =	 1:1	 increases	 the	 rate	 significantly	 (Figure	 7a).		
Reactions	 using	 L2	 similarly	 showed	 positive	 order	 de-
pendence	on	 [Pd]	and	zero	order	dependence	on	 the	aryl	
iodide	[2]	but	gave	zero	order	dependence	on	both	[1]	and	
[L2]	(Figure	8b).	Kinetic	analysis	of	the	fluorinated	ligand	
systems	L1-F	and	L2-F	showed	enhanced	rates	compared	
to	 to	L1	 and	L2,	 	but	 the	same	kinetic	dependences	were	
observed.14	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	

Figure	6.	 Relative	 stabilities	 of	 lowest	 energy	 conformers	of	
species	 formed	 from	 Pd(OAc)2	 and	 L2.	 [(R)-Pd(L2)2]	 (top);	
[(R,S)-Pd(L2)2]	(middle);		[(R,R)-Pd(L2)2]	(bottom).	SMD	(Ge-
neric,eps=16.7)/M06/	6-311+G(d,p)//B3LYP/6-31G(d).	
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Figure	 7.	 Kinetic	 studies	 of	 the	 reaction	 of	 Scheme	 2	 under	
the	 variations	 shown	 of	 the	 standard	 conditions	 given	 in	
Scheme	2.	a)	using	L1;	b)	using	L2.	Higher	[ArI]	=	0.5	M;	high-
er	[1]	=	0.3	M;	lower	[Pd]	=	0.01	M;	lower	[L1]	=	0.01	M;	lower	
[L2]	 =	 0.02	M.	Time	 course	data	 given	 in	 the	 Supporting	 In-
formation.	

		
A	deuterium	kinetic	 isotope	effect	of	kH/kD	=	1.6	 for	L1	

and	3.3	for	L2	was	observed	using	cyclopropane-2,2,3,3-d4-
carboxylic acid (see Supporting Information).	Under	standard	
conditions	with	Pd:L	=	1:2,	the	reaction	with	L2		proceeded	
nearly	fourfold	faster	than	that	with	L1.		Ligand	L3	showed	
kinetic	 behavior	 similar	 to	L1,	 in	 particular	 exhibiting	 an	
increase	 in	 rate	with	 decreasing	 ligand	 concentration.	 All	
three	ligand	systems	gave	similar	enantiomeric	excess	val-
ues	between	70-80%	ee	under	 the	conditions	of	 these	ki-
netic	experiments,	which	are	more	dilute	than	those	origi-
nally	reported	by	the	Yu	group.	

These	 kinetic	 results	 showing	 first	 order	 behavior	 in	
[Pd]	support	the	computational	and	crystallographic	 find-
ings	 that	 mono-Pd	 species	 acts	 as	 the	 active	 catalyst	 in	
these	 systems.	 The	unusual	 negative	 dependence	 on	 [L1]	
may	be	rationalized	in	terms	of	the	observation	of	a	nega-
tive	 nonlinear	 effect	 on	 ee	 and	 the	 difference	 in	 reaction	
rate	between	racemic	and	enantiopure	catalysts	shown	in	
Figure	 1.	 Two	 prominent	models	 for	 nonlinear	 effects	 in	
asymmetric	 catalysis9-11	 developed	 by	 Kagan	 and	 Noyori	
attribute	the	effects	to	the	formation	of	higher	order	M(L)n	
species	 (where	 n	 >	 1),	 although	 explanations	 invoking	
phase	 behavior	 have	 also	 been	 proposed	 in	 cases	 where	
incomplete	 dissolution	 of	 the	 catalyst	 and/or	 ligand	 oc-
curs,	which	we	may	rule	out	in	the	present	case.18	The	Ka-
gan	ML2	model	proposes	that	nonlinear	effects	will	be	ob-
served	 in	 cases	 where	 bis-ligated	 species	 dominate	 the	
system	and	serve	as	the	active	catalyst.9	Negative	nonline-
ar	effects	may	be	observed	when	the	heterochiral	species	
exhibits	higher	activity	and	stability	than	homochiral	spe-
cies.	In	this	case,	the	rate	of	reaction	for	racemic	catalysts	

is	predicted	to	be	higher	than	that	for	the	enantiopure	lig-
and,	which	is	observed	in	the	L1	and	L3	system.	However,	
the	 instability	 of	 the	 calculated	 heterochiral	 bis-ligated	
species	makes	 it	unlikely	 that	 this	model	describes	 ligand	
systems	L1	and	L2.	
Noyori	 studied	nonlinear	 effects	 in	 the	 alkylation	of	 al-

dehydes	by	dialkylzinc	complexes	catalyzed	by	chiral	ami-
no	alcohols,	where	monomeric	species	are	active	catalysts	
and	dimeric	 species	 act	 as	off-cycle	 spectator	 species.19	A	
positive	nonlinear	effect	on	enantioselectivity	 is	observed	
when	the	heterochiral	dimeric	complex	of	chiral	Zn	alkox-
ides	is	more	stable	than	the	homochiral	complexes.	In	such	
a	 case,	 the	 rate	 for	 enantiopure	 catalysts	 will	 always	 be	
higher	 than	 that	 for	 racemic	 catalysts,	 in	 contrast	 to	 our	
observation.		
The	features	of	a	further	type	of	a	negative	nonlinear	ef-

fect,	 related	 to	 the	 Noyori	 monomer-active	 case,	 occurs	
where	 equilibria	 between	 mono-	 and	 bis-ligated	 species	
exist	only	between	homochiral	species	due	to	the	instabil-
ity	 of	 heterochiral	 bis-ligated	 species.	 Because	 of	 these	
equilibria,	 the	relative	concentrations	of	 the	active	mono-
ligated	 PdLR	 and	 PdLS	 differ	 from	 the	 total	 ligand	 ee.	 At	
lower	 ligand	concentrations,	 a	higher	 fraction	of	 the	 total	
[Pd]	 is	 present	 as	 the	 active	 mono-ligated	 species	 com-
pared	 to	 the	 bis-ligated	 species.	 For	 a	 given	 total	 LR	+	 LS	
ligand	 concentration,	 the	minor	 enantiomer	 of	 the	 ligand	
exhibits	 a	 higher	 relative	 concentration	 of	 active	 mono-
ligated	 [Pd(L)(OAc)]	 than	does	 the	major	 enantiomer,	 re-
sulting	in	a	negative	nonlinear	effect	on	product	ee.	This	is	
shown	in	eq	2.		
	
	 	 	 	 	 	 				(2)	
	
Given	these	considerations	and	the	values	of	Keq	derived	

from	 our	 computational	models,	we	were	 able	 to	 predict	
the	magnitude	of	the	nonlinear	effect	with	remarkable	ac-
curacy	as	shown	by	the	dashed	line	in	Figure	1	(top).	Our	
observation	represents	a	rare	case	of	such	a	nonlinear	ef-
fect.	To	the	best	of	our	knowledge,	the	only	other	report	of	
a	 similar	 type	 of	 nonlinear	 effect	 was	 that	 observed	 by	
Hayashi	 and	 coworkers	 in	 Rh-catalyzed	 1,4-addition	 of	
phenylboronic	acid	to	enones,	 in	which	an	inactive	homo-
chiral	 dimeric	hydroxorhodium	complex	was	observed	 to	
lie	off	of	the	catalytic	cycle.20		
The	formation	of	off-cycle,	homoleptic	Pd(L)2	species	al-

so	explains	the	effect	of	ligand	enantiomeric	purity	on	rate	
for	L1	 and	L3.	When	 the	 same	 absolute	 concentration	 of	
ligand	Ltot	 is	divided	between	LR	and	LS,	 the	concentration	
of	the	total	active	PdL	species	(PdLR	+	PdLS)	will	be	greater	
than	for	the	case	when	Ltot	is	comprised	of	a	single	enanti-
omer	 of	 the	 ligand.	 	 This	 consideration	 predicts	 that	 the	
reaction	 rate	 should	 be	 higher	 for	 a	 racemic	 mixture	 of	
PdLR	+	PdLS	 compared	with	the	enantiopure	case.	 Indeed,	
as	 was	 shown	 in	 Figure	 1b,	 the	 racemic	 mixture	 is	 1.5	
times	 faster	 than	 enantiopure	 ligand,	 in	 good	 agreement	
with	our	prediction	of	a	relative	rate	of	1.7.		
The	dependences	on	substrate	concentrations	observed	

in	Figure	7	 implicate	the	steps	shown	in	Scheme	3	as	key	
for	 determining	 rate	 and	 enantioselectivity.	 Reversible	
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substrate	binding	precedes	the	C-H	abstraction	step,	which	
is	 rate	 determining	 for	 the	 L2	 system	 and	 partially	 rate	
determining	 for	 L1.	 The	 relative	 populations	 of	
[Pd(L1)(OAc)]	and	[Pd(L1)(1-H)]	differ	for	L1	and	L2;	the	
higher	KIE	 value	 and	 lower	 order	 in	 substrate	 [1]	 for	L2	
suggest	 that	 the	 [Pd]	 complex	 rests	 predominantly	 at	
[Pd(L2)(1-H)],	while	for	L1	the	catalyst	is	divided	between	
[Pd(L1)(OAc)]	and	[Pd(L1)(1-H)].	All	subsequent	steps	 in	
the	catalytic	cycle,	 including	oxidative	addition	of	the	aryl	
iodide,	occur	after	the	rate	determining	step	and	are	kinet-
ically	invisible.  

Scheme	3.	Kinetically	Relevant	Steps	in	the	Reaction	of	
Scheme	2.  

 
 
 
	
	
	
We	also	explored	computationally	the	enantioselectivity	

in	 the	C–H	metalation-deprotonation	step	using	substrate	
1	and	ligand	L1.	The	optimized	structures	and	relative	free	
energies	of	the	most	favorable	transition	states	for	the	two	
enantiomers	 are	 shown	 in	 Figure	 8.	 In	 both	 transition	
states,	 the	 Pd(II)	 center	 is	 coordinated	 to	 the	 tertiary	
amine	of	the	ligand,	the	N-atom	of	the	deprotonated	amide,			
and	the	carboxylate	of	 the	substrate	1.	The	O-atom	of	 the	
amide	acts	as	an	intramolecular	base	in	a	concerted	meta-
lation/deprotonation	 to	 activate	 the	 (sp3)C–H	 bond	 and	
facilitate	the	Pd–C	bond	formation.	TS(S)	is	more	favorable	
than	TS(R)	 by	 4.5	 kcal/mol,	which	 overestimates	 the	 ex-
perimental	 selectivity	 but	 is	 consistent	 with	 the	 experi-
mental	trend	for	stereoselectivity.  
Enantioselectivity	 arises	 from	 the	 different	 orientation	

of	the	amide	group	in	the	R	and	S	 transition	states	shown	
in	 Figure	 8.	 There	 is	 more	 severe	 distortion	 of	 the	 six-
membered	 bis-chelate	 of	 L1	 in	 TS(R),	 where	 the	 amide	
group	rotates	into	the	plane	of	the	Pd	square	planar	com-
plex	 in	 order	 to	 deprotonate	 the	 pro-(R)	 proton.	 This	 is	
shown	more	dramatically	in	Figure	9,	which	is	an	illustra-
tion	of	overlays	of	the	reactant	complex	in	red	with	TS(S)	
in	blue	(on	the	left)	and	with	TS(R)	in	green	(on	the	right).	
The	amide	group	in	the	reactant	complex	is	pre-organized	
to	deprotonate	the	pro-(S)	hydrogen,	but	 in	TS(R),	distor-
tions	 of	 the	 amide	 group	 and	 the	 6-membered	 diazapal-
ladacycle	are	required	to	achieve	the	transition	state.		
	

 
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	

	

Figure	8	DFT-optimized	structures	and	relative	free	energies	
of	 the	 two	enantiomeric	C–H	metalation-deprotonation	 reac-
tant	complex	and	transition	states.	

	
	
	
	
	

	
	

	

Figure	 9.	 Overlay	 of	 reactant	 complex	 in	 red	 with	 TS(S)	 in	
blue	and	TS(R)	in	green.	

	
These	studies	lead	to	the	proposed	catalytic	mechanism	

shown	in	Scheme	4	for	L1.	Reversible	substrate	binding	to	
form	the	reactive	complex	[Pd(L1)(OAc)-1]	is	followed	by	
rate-determining	 C–H	 activation	 via	 the	 transition	 state	
shown	in	Figure	8.	Oxidative	addition	of	the	aryl	 iodide	is	
followed	by	reductive	elimination	and	regeneration	of	the	
active	mono-ligated	 catalyst	 PdL,	which	 is	 in	 equilibrium	
with	its	homochiral	di-ligated	species	in	the	case	of	L1	and	
L3.	 The	 fraction	of	 total	Pd	diverted	 to	 this	off-cycle	 spe-
cies	 increases	with	 increasing	 ligand	concentration,	 slow-
ing	the	rate.	Pd	complexes	with	L2,	by	contrast,	do	not	ex-
hibit	 this	off-cycle	di-ligated	species.	The	steps	within	 the	
catalytic	cycle	pertain	to	all	three	ligand	systems.	

Scheme	4.	 Proposed	 Catalytic	 Cycle	with	 Enantiopure	
L1.	
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The	 inverse	 behavior	 of	 rate	with	 ligand	 concentration	

for	L1	suggests	that	higher	Pd:L	ratios	would	provide	op-
timal	efficiency	by	effectively	allowing	a	higher	fraction	of	
the	 Pd	 to	 be	 present	 as	 the	 active	 monoligated	 species.	
However,	 the	 robustness	of	 the	system	must	also	be	con-
sidered.	For	L1,	 the	reaction	begins	to	exhibit	catalyst	de-
activation	at	Pd:L	ratios	less	than	1:2,	and	enantioselectivi-
ty	is	also	eroded.		In	the	case	of	L3,	excess	free	ligand	does	
not	 adversely	 influence	 rate	 and	may	 also	 help	maintain	
robustness	 in	 the	event	of	catalyst	deactivation	via	 ligand	
dissociation.	 	 Indeed,	 we	 found	 that	 the	 total	 turnover	
number	 could	 be	 tripled	 for	 reactions	 in	 the	 presence	 of	
eight	 equivalents	 of	 ligand	 L3	 (see	 Supporting	 Infor-
mation).	

	
CONCLUSIONS	
In	 summary,	 the	 formation	 of	 off-cycle,	 homoleptic	

Pd(L)2	 species	 are	 implicated	 for	 Pd	with	 ligands	L1	and	
L3	 under	 the	 standard	 reaction	 conditions	 outlined	 in	
Scheme	1.	The	 formation	of	 these	species	 in	solution	was	
probed	by	NMR	 titrations	 and	 kinetics	modeling,	 and	 the	
structures	 of	 several	 Pd(L)2	 species	 were	 determined	 by	
single-crystal	 X-ray	 diffraction.	 In	 ligand	 systems	 L1	 and	
L3,	 an	 unusual	negative	 nonlinear	 effect	 on	 enantioselec-
tivity,	DFT	calculations,	and	model	predictions	of	reaction	
rate	for	the	racemic	compared	to	the	enantiopure	case	also	
support	a	mechanistic	model	with	the	formation	of	stable,	
off-cycle,	 homoleptic	 Pd(L)2	 species.	 Additional	 NMR	 ex-
perimentation,	DFT	calculations,	and	crystallographic	data	
not	only	provide	support	that	accumulation	of	this	species	
is	 the	 direct	 result	 of	 increased	 ligand-to-metal	 loadings,	
but	they	are	also	consistent	with	our	observations	of	reac-
tion	 rate,	 turnover	 number	 (TON),	 and	 product	 enantio-
meric	excess	(ee).		
We	also	report	that	the	formation	of	these	Pd(L)2	species	

can	be	prevented	by	manipulating	the	steric	parameters	of	
the	 tertiary	amine	group	 in	 the	MPAAM	family	of	 ligands.	
For	example,	 these	combined	 findings	have	 led	 to	 the	de-
velopment	of	a	new	ligand	in	the	MPAAM	family,	L2,	which	
disfavors	 the	 formation	 of	 dimeric	 Pd(L2)2	 complexes.	
Instead,	 only	 the	 catalytically	 active,	 mono-substituted	
[Pd(L2)(OAc)]	 species	 is	 observed,	 allowing	 for	 a	 higher	
population	of	active	catalyst	to	be	present	in	solution	and	

results	in	superior	catalytic	performance.	The	use	of	ligand	
sterics	to	suppress	multi-ligated	off-cycle	species	may	be	a	
general	 approach	 to	 achieving	 higher	 efficiency	 in	 these	
systems.	 Finally,	 this	work	demonstrates	 the	 subtle	 influ-
ence	 of	 ligand	 structure	 on	 reaction	 kinetics	 and	mecha-
nism	 enabling	 the	 future	 design	 of	 efficient	 enantioselec-
tive	C–H	functionalization	catalysts.	
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