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Intermediates	 and	 Mechanism	 in	 Iron-Catalyzed	 C-H	
Methylation	with	Trimethylaluminum	
Shilpa	Bhatia, ‡	Joshua	C.	DeMuth,	‡	and	Michael	L.	Neidig∗		

A	mechanistic	study	is	performed	on	the	reaction	method	for	iron-
catalyzed	C-H	methylation	with	AlMe3	reagent,	previously	proposed	
to	involve	cyclometalated	iron(III)	intermediates	and	an	iron(III)/(I)	
reaction	cycle.	Detailed	spectroscopic	studies	(57Fe	Mössbauer,	EPR)	
during	 catalysis	 and	 in	 stoichiometric	 reactions	 identify	 iron(II)	
complexes,	 including	cyclometalated	 iron(II)	 intermediates,	as	the	
major	 iron	 species	 formed	 in	 situ	 under	 catalytic	 reaction	
conditions.	 Reaction	 studies	 identify	 a	 cyclometalated	 iron(II)-
methyl	species	as	the	key	intermediate	leading	to	C-H	methylated	
product	 upon	 reaction	with	 oxidant,	 consistent	with	 a	 previously	
proposed	 iron(II)/iron(III)/iron(I)	 reaction	 manifold	 for	 C-H	
arylation.		

While	impressive	advances	in	methods	development	in	the	field	of	
iron-catalyzed	C-H	activation/functionalization	have	been	achieved	
over	the	past	two	decades,1-25	the	underlying	reaction	mechanisms	
that	 enable	 effective	 catalysis	 in	 these	 systems	 remain	 poorly	
defined.	Recently,	a	few	noteworthy	studies	have	started	to	address	
this	challenge,	providing	key	insight	into	the	iron	intermediates	and	
reaction	pathways	involved	in	several	of	these	methods.26-28	In	2019,	
our	 group	 established	 the	 key	 on-cycle	 low-spin	 cyclometalated	
species	 in	a	triazole-assisted	C-H	arylation	system,	and	determined	
that	a	low-spin	iron-aryl	species	reacts	with	oxidant	consistent	with	
an	 iron(II)/iron(III)/iron(I)	 redox	 manifold.26	 In	 collaboration	 with	
Gutierrez	 and	 coworkers,	 these	 studies	were	 later	 extended	 to	 an	
iron-catalyzed	C-H	allylation	system,	determining	that	the	underlying	
reaction	 mechanism	 involves	 a	 low-spin,	 cyclometalated	 iron(II)	
intermediate	that	reacts	with	electrophile	via	an	inner-sphere	radical	
mechanism	to	form	allylated	product.27	In	addition,	Ackermann	and	
coworkers	have	also	recently	identified	a	key	cyclometalated	iron(II)	
hydride	 intermediate	 in	 iron-phosphine	catalyzed	C-H	alkylation	of	
arylphenones.28	

While	 these	 recent	 mechanistic	 studies	 represent	 critical	
advances	 toward	defining	 the	key	 iron	 intermediates	and	 reaction	
pathways	involved	in	iron-catalyzed	C-H	activation/functionalization	
methods,	all	these	reactions	were	found	to	 involve	cyclometalated	
iron(II)	 intermediates.	 However,	 alternative	 redox	 manifolds	 have	
been	 proposed	 in	 some	 iron-catalyzed	 C-H	
activation/functionalization	 reactions,	 including	 systems	 that	 may	
access	 low-valent	 iron	 catalysts	 or	 involve	 cyclometalated	 iron(III)	
intermediates.13,	29-31	For	the	latter,	Nakamura	and	coworkers	have	

reported	 two	 C-H	 activation/functionalization	 methods	 that	 have	
been	proposed	to	utilize	cyclometalated	iron(III)	intermediates	and	
follow	an	iron(III)/iron(I)	cycle;	quinoline-directed	iron-catalyzed	C-H	
alkylation	 and	 C-H	 arylation	 of	 benzamides	 with	 alkylaluminum	
nucleophiles	and	arylboronate	reagents,	respectively	(Scheme	1).29,	
30	While	 the	proposed	 iron(III)	 intermediates	and	 iron(III)/(I)	 redox	
cycle	in	these	systems	would	represent	a	unique	reaction	manifold	
compared	 to	 those	 currently	 defined,	 the	 proposals	 are	 based	 on	
sparse,	 preliminary	 experimental	 studies	 in	 which	 the	 key	 iron-
intermediates	 and	 reactions	 pathways	 have	 not	 been	 directly	
evaluated.		

Due	 to	 the	 importance	 of	 defining	 the	 breadth	 of	 catalytic	
manifolds	 that	 can	 be	 effective	 for	 iron-catalyzed	 C-H	
activation/functionalization	 methods,	 the	 current	 study	 utilizes	
detailed	 spectroscopic	 and	 reaction	 studies	 to	 interrogate	 the	
mechanism	 of	 iron-catalyzed	 C-H	 alkylation	with	 organoaluminum	
reagents.	These	studies	directly	evaluate	iron	speciation	and	reaction	
pathways	 in	 these	 systems,	 including	 direct	 evaluation	 of	 the	

Scheme	1	 Iron-catalyzed	 (a)	C-H	alkylation	with	organoaluminum	reagents	
and	(b)	C-H	arylation	with	organobornates.	(c)	The	proposed	iron(III)/iron(I)	
reaction	mechanism	utilizing	cyclometalated	iron(III)	intermediates	in	these	
systems.	(DCB	=	2,3-dichlorobutane;	DCIB	=	1,2-dichloroisobutane)	
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oxidation	state	of	the	cyclometalated	iron	intermediates	(iron(III)	as	
proposed	or	iron(II)	as	observed	in	other	systems)	central	to	effective	
catalysis	in	this	system.		

Our	 mechanistic	 investigations	 of	 C-H	 methylation	 of	
quinolinamides	with	AlMe3	began	with	 the	assessment	of	 the	 iron	
species	 formed	 in	 situ	 during	 catalysis.	 Following	 the	 published	
reaction	protocol,30	a	solution	of	Fe(acac)3	(iron(III)	acetylacetonate)	
and	 dppen	 (1,2-bis(diphenylphosphino)	 ethylene)	 was	 added	 to	 a	
solution	 of	 aminoquinoline	 substrate	 (sub-AQ)	 in	 THF	 at	 room	
temperature	(RT)	with	a	subsequent	addition	of	AlMe3	at	RT	(Fig.	1,	
top).	 Freeze-quenched	 80	 K	 57Fe	Mössbauer	 analysis	 revealed	 the	
formation	of	one	major	 iron	 species	1m	with	parameters	δ	=	1.09	
mm/s	 and	 |ΔEQ|	 =	 3.35	mm/s	 (Figure	 1A).	 These	 parameters	 are	
consistent	with	those	of	an	analogous	high-spin	iron(II)	amide-bound	
species	1a	previously	observed	in	the	triazole-assisted	iron-catalyzed	
C-H	arylation	of	benzamides	(Table	1	and	Scheme	2).26	Thus,	 facile	
reduction	to	iron(II)	has	already	occurred	at	this	initial	phase	of	the	
catalytic	 reaction	 protocol	 though	 no	 cyclometalated	 iron	 species	
have	yet	formed.	However,	subsequent	heating	of	the	solution	to	the	
catalytic	reaction	temperature	(70	°C)	for	five	minutes	resulted	in	the	
partial	 consumption	of	1m	and	 the	presence	of	 three	new	species	
2m,	3m,	and	4m	(Figure	1B).	The	Mössbauer	parameters	of	2m	and	
3m	are	consistent	with	previously	observed	cyclometalated	low-spin	
iron(II)	intermediates	2a	(contains	THF	adduct)	and	3a	in	the	triazole-
assisted	C-H	arylation	system	(Table	1).26	The	parameters	of	4m	are	
similar	to	those	of	the	aforementioned	cyclometalated	iron(II)-aryl		

complex sample δ (mm/s) |ΔEQ| (mm/s) 
Arylation Systema    

1a frozen soln 0.94 3.14 
2a frozen soln 0.30 1.92 

 solid 0.30 1.90 
3a frozen soln 0.24 1.19 
4a frozen soln 0.15 0.54 

This Work    
1m frozen soln 1.09 3.35 
2m frozen soln 0.31 1.71 
3m frozen soln 0.29 0.99 
4m frozen soln 0.16 0.36 

a
Values obtained from reference 26   

species	 4a	 (Table	 1),	 consistent	 with	 its	 formation	 via	
transmetalation	of	2m/3m	with	AlMe3.

26	These	results	suggest	that	
heating	promotes	facile	C-H	activation	and	indicates	that	analogous	
cyclometalated	 iron(II)	 species	 to	 those	 observed	 in	 other	 iron-
catalyzed	 C-H	 activation/functionalization	 systems	 can	 also	 be	
accessed	 in	the	current	system.	To	define	the	 iron	species	present	
during	catalysis,	the	reaction	was	performed	again	with	oxidant	2,3-
dichlorobutane	 (DCB)	 at	 70	 °C.	 Freeze-trapped	 57Fe	 Mössbauer	
analysis	after	five	hours	of	reaction	revealed	the	formation	of	a	high-
spin	 iron(II)	 species	1m’	 (δ	 =	 0.95	mm/s	 and	 |ΔEQ|	=	 2.96	mm/s),	
likely	a	product-bound	analogue	of	1m,	as	well	as	a	cyclometalated	
iron(II)	complex	3m	and	a	new	low-spin	iron(II)	species	5m	(δ	=	0.21	
mm/s	and	|ΔEQ|	=	0.74	mm/s)	(Figure	1C).	The	new	low-spin	species	
5m	could	be	identified	by	single-crystal	X-ray	diffraction,	1H	NMR,	31P	
NMR,	and	57Fe	Mössbauer	analyses	as	Fe(Me)2(dppen)2	 (ESI	Figure	
S1-S3	and	ESI	Section	3).	Lastly,	corresponding	10	K	EPR	studies	of	all	
these	reactions	 indicated	 less	than	2	%	EPR	active	species	after	10	
mins	at	RT	and	5	mins	at	70	oC	and	less	than	0.1%	EPR	active	species	
in	 the	 presence	 of	 oxidant,	 in	 the	 catalytic	 reaction	 at	 five	 hours,	
further	 consistent	with	 the	 initial	 ferric	 iron	being	 readily	 reduced	
and	 that	 the	 primary	 species	 present	 during	 	 catalysis	 are	 iron(II)	
complexes.		

Having	 determined	 that	 predominantly	 iron(II)	 species	 were	
present	 during	 catalysis,	 additional	 stoichiometric	 reactions	 were	
performed	to	further	investigate	the	formation	of	these	complexes	

Fig.	1	Freeze-quenched	80	K	57Fe	Mossbauer	spectra	of	the	catalytic	reaction	
(A)	without	oxidant	at	RT	for	10	min	(B)	5	min	heating	without	oxidant	and	
(C)	5	h	heating	with	oxidant.		

Table	 1	 80	 K	 57Fe	 Mössbauer	 Parameters	 of	 Identified	 Iron	
Species		

Scheme	 2	 Previously	 identified	 intermediates	 in	 triazole-assisted	 iron-
catalyzed	C-H	arylation	of	benzamides.26	(P-P	=	dppbz)	
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in	situ.	A	stoichiometric	reaction	using	Fe(acac)3,	1	equiv	of	sub-AQ,	
1.1	equiv	of	dppen	and	1	equiv	of	AlMe3	with	initial	reaction	at	RT	
followed	by	heating	to	70	oC	(i.e.	the	previously	described	catalytic	
protocol)	 was	 performed	 and	 subsequently	 freeze-trapped	 for	
Mössbauer	analysis.	However,	instead	of	providing	access	to	a	single	
iron	species,	 the	resultant	 57Fe	Mössbauer	spectrum	following	 five	
minutes	of	reaction	revealed	the	formation	of	a	complex	mixture	of	
iron(II)	species	including	2m,	3m,	4m,	and	5m	along	with	a	high-spin	
iron(II)	 complex	 6m	 (see	 ESI	 Figure	 S5).	 Therfore,	 an	 additional	
stoichiometric	reaction	was	performed	at	a	reduced	temperature	to	
help	 facilitate	 the	 formation	 of	 a	 less	 complex	mixture	 as	 well	 as	
avoid	potential	thermal	decomposition	pathways,	as	observed	in	our	
previous	studies.27	The	reaction	with	one	equivalent	of	AlMe3	at	55	
°C	generated	1m	(4	%	of	total	iron),	2m	(47	%),	3m	(30	%),	and	6m	
(18	%)	(Figure	S6).	A	corresponding	2H	NMR	of	this	solution	quenched	
in	D2O	 revealed	aromatic	deuterium	 incorporation	 consistent	with	
the	previous	assignment	of	2m	 and	3m	 as	 cyclometalated	 iron	 (II)	
species	 (Figure	 S7).	 Moreover,	 obtaining	 such	 iron	 distributions	
(including	the	formation	of	cyclometalated	species	whose	formation	
requires	 multiple	 methyl	 equivalents)	 is	 indicative	 that	 all	 three	
methyl	groups	from	AlMe3	can	be	transferred	in	these	reactions	(see	
Figure	S6	for	additional	substoichiometric	reactions).	These	studies	
indicate	that	the	first	methyl	group	facilitates	reduction	of	the	ferric	
salt	to	a	high-spin	iron(II)	complex,	while	subsequent	methyl	groups	

promote	 amide	 deprotonation	 and	 C-H	 activation	 to	 generate	
cyclometalated	species	2m	and	3m.	Intermediate	4m	(34	%)	can	be	
generated	through	the	use	of	an	additional	third	of	an	equivalent	of	
AlMe3	to	enable	further	transmetalation	of	2m/3m	to	form	an	iron-
methyl	bond	(Figure	S6).	Lastly,	4m	could	alternatively	be	accessed	
in	larger	amounts	(63	%)	through	the	reaction	of	sub-AQ,	Fe(acac)3,	
and	dppen,	with	four	equivalents	of	MeMgBr	(Figure	S8).		

Having	established	that	the	catalytic	reaction	generates	 iron(II)	
intermediates	analogous	to	those	of	triazole-assisted	C-H	arylation,	
it	was	hypothesized	that	4m	is	potentially	the	key	iron	intermediate	
that	reacts	with	oxidant	to	form	methylated	product,	analogous	to	
the	role	of	4a	inthe	C-H	arylation	system.26	To	test	this	hypothesis,	a	
reactivity	 study	 was	 performed	 by	 treating	 in	 situ	 generated	 4m	
(using	MeMgBr	as	previously	described)	with	excess	oxidant	(DCB,	50	
equiv)	 at	 35	 °C	 (a	 temperature	 employed	 to	 minimize	 4m	
decomposition).	 The	 corresponding	 57Fe	 Mössbauer	 analysis	
revealed	 the	 consumption	 of	4m	 upon	 addition	 of	 oxidant	with	 a	
concomitant	 production	 of	 a	 high-spin	 iron(II)	 species	 (Figure	 S8),	
and	a	 corresponding	 1H	NMR	analysis	 revealed	 that	 the	ortho-C-H	
methylated	 product	 was	 formed	 in	 91%	 yield	 with	 respect	 to	 the	
initial	 amount	 of	 4m	 (Scheme	 3).	 Note,	 no	 additional	 product	
formation	 was	 observed	 beyond	 60	 seconds	 revealing	 that	 the	
reaction	 is	 completed	by	 this	 time.	 These	 results	 indicate	 that	4m	
promptly	 reacts	 (even	 at	 reduced	 temperatures)	 with	 oxidant	 to	
make	the	desired	product,	consistent	with	its	assignment	as	the	key	
cyclometalated	 iron-methyl	 intermediate	 likely	 following	 an	
iron(II)/iron(III)/iron(I)	 redox	 manifold	 as	 previously	 proposed	 in	
iron-catalyzed	C-H	arylation	with	triazole	assistance	(Scheme	4).	

Lastly,	while	the	current	study	indicates	that	iron-catalyzed	C-H	
methylation	 with	 trimethylaluminum	 reagents	 also	 utilizes	
cyclometalated	iron(II)	intermediates	to	form	methylated	product	in	
constrast	 to	 the	previously	proposed	 iron(III)/iron(I)	mechanism,	 it	
was	also	interesting	to	consider	if	iron(II)	is	the	dominate	oxidation	
state	 for	 iron-catalyzed	 C-H	 arylation	 with	 arylboronate	 reagents	
(Scheme	 1b)	 as	 this	 reaction	 was	 also	 proposed	 to	 utilize	
cyclometalated	 iron(III)	 intermediates.	 To	 evaluate	 this,	 freeze-
trapped	57Fe	Mössbauer	analysis	was	used	to	track	the	iron	species	
present	during	 catalysis	 at	70	 °C	of	 iron-catalyzed	C-H	arylation	of	
sub-AQ	 with	 in	 situ	 generated	 phenylboronate	 reagent	 after	 one	
hour	(Figure	S9)	and	four	hours	(Figure	2)	of	reaction.	These	studies	
revealed	the	in	situ	formation	of	high-spin	iron(II)	species	as	well	as	
additional	 iron	compounds	with	parameters	suggestive	of	 low-spin	
cyclometalated	iron(II)	complexes	(Note	that	the	blue	component	is	

Scheme	 4	 Proposed	 mechanism	 for	 quinoline-directed	 iron-catalyzed	 C-H	
methylation	of	benzamides	with	trimethylaluminum	based	on	spectroscopic	
and	reactivity	studies	reported	herein.	(P-P	=	dppen)	

Scheme	3	Reaction	of	 in	 situ	generated	4m	with	 excess	 oxidant	 (DCB,	50	
equiv)	to	generate	ortho-C-H	methylated	product.	Yield	is	with	respect	to	the	
initial	amount	of	4m	and	was	quantified	using	1H	NMR.		

Fig.	2	80	K	57Fe	Mössbauer	analysis	of	iron-catalyzed	C-H	arylation	of	sub-AQ	
with	 a	 phenylboronate	 reagent	 after	 four	 hours	 of	 reaction.	 The	
corresponding	5	K	EPR	analysis	revealed	the	major	iron	species	is	EPR	silent.	
The	individual	component	parameters	are	the	following:	(a)	red	component,	
δ	=	1.02	mm/s	and	|ΔEQ|	=	2.80	mm/s,	(b)	pink	component,	δ	=	0.27	mm/s	
and	|ΔEQ|	=	1.10	mm/s	and	(c)	blue	component,	0.16	mm/s	and	|ΔEQ|	=	0.47	
mm/s.	
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the	 major	 iron	 species	 at	 one	 hour,	 see	 Figure	 S9).	 Thus,	 these	
preliminary	studies	suggest	that	dominance	of	iron(II)	species	during	
catalysis,	 indicating	 that	 cyclometalated	 iron(II)	 intermediates	 are	
likely	also	operative	for	C-H	arylation	with	arylboronate	reagents.		

In	 conclusion,	 iron-catalyzed	 C-H	 methylation	 with	
trimethylaluminum	 was	 found	 to	 predominantly	 access	 iron(II)	
species	 during	 catalysis	 that	 are	 analogous	 to	 those	 previously	
identified	 in	 triazole-assisted	 C-H	 arylation.	 Critically,	 a	 low-spin	
cyclometalated	iron(II)	intermediate	was	identified	that	reacts	with	
oxidant	 to	 generate	 C-H	 methylated	 product	 consistent	 with	 an	
iron(II)/iron(III)/iron(I)	reaction	manifold.	In	addition,	iron-catalyzed	
C-H	 arylation	 with	 arylboronate	 reagents	 accesses	 iron(II)	 species	
during	catalysis	implicating	that	a	reaction	manifold	involving	iron(II)	
intermediates	 may	 be	 operative	 as	 well.	 These	 results	 contrast	
previous	proposals	for	cyclometalated	iron(III)	intermediates	and	an	
iron(III)/iron(I)	 manifold	 for	 these	 reactions,	 further	 defining	 the	
central	 role	of	 cyclometalated	 iron(II)	 intermediates	 across	 a	wide	
range	 of	 C-H	 activation/functionalization	 systems.	 Overall,	 these	
studies	continue	to	expand	and	develop	a	mechanistic	foundation	for	
this	 important	 class	 of	 reactions	 in	 order	 to	 enable	 the	 rational	
design	 of	 the	 next	 generation	 of	 iron-catalysts	 for	 C-H	
activation/functionalization.	
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