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A	central	tenet	of	chemistry	is	the	importance	of	the	local	environments	that	surround	

molecules.	 Rules	 for	 how	 such	 local	 environments	 control	 molecular	 properties	 have	 been	

developed	and	form	the	basis	for	coordination	chemistry,	an	area	of	chemistry	devoted	to	the	

study	of	molecules	containing	metal	ions.	Within	this	context,	the	volume	of	space	surrounding	

metal	 ions	 is	divided	 into	two	regions,	referred	to	as	the	primary	and	secondary	coordination	

spheres.	 The	 primary	 coordination	 sphere	 involves	 covalent	 interactions	 between	 atoms	 on	

ligands	that	are	directly	bound	to	the	metal	center.	The	secondary	coordination	sphere,	which	

involves	non-covalent	interactions,	is	part	of	the	volume	of	space	around	the	metal	center	and	

often	interacts	with	the	ligands	of	the	primary	coordination	sphere.	Together,	the	coordination	

spheres	 define	 the	 physical	 properties	 and	 reactivity	 of	 a	 metal	 ion.	 The	 importance	 of	

modulating	both	is	seen	within	the	active	sites	of	metalloproteins,	in	which	the	interplay	between	

the	two	coordination	spheres	allow	these	proteins	to	catalyze	difficult	reactions	under	ambient	

conditions,	with	selectivities	and	efficiencies	that	are	currently	unattainable	in	synthetic	systems.	
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One	approach	towards	understanding	how	the	two	coordination	spheres	affect	function	

involves	specially	designed	ligands	that	account	for	effects	in	both	coordination	spheres.	The	aim	

of	this	dissertation	is	to	study	synthetic	metal	complexes	that	incorporate	these	types	of	ligands,	

and	explore	their	fundamental	physical,	structural,	and	chemical	properties.	The	ligands	used	are	

based	 on	 the	 tripodal	 sulfonamido-based	 ligand	 N,N’,N”-[2,2’,2”-nitrilotris(ethane-2,1-

diyl)]tris(2,4,6-trimethylbenzenesulfonamido)	 ([MST]3–).	 This	 ligand	 contains	 a	 tris(2-

aminoethyl)amine	 (tren)	backbone	 that	allows	 for	 the	preparation	of	 four-	or	 five-coordinate	

metal	complexes	with	local	C3	symmetry	to	control	the	primary	coordination	sphere.	The	trigonal	

environment	 leads	 to	high-spin	metal	 complexes,	and	 the	presence	of	 three	anionic	nitrogen	

donors	helps	to	stabilize	relatively	high	oxidation	states.	Secondary	coordination	sphere	effects	

are	modulated	through	the	sulfonamido	moieties.	The	[MST]3–	ligand	can	support	monometallic	

metal	complexes	with	terminal	hydroxido,	aqua,	or	ammine	ligands,	as	the	sulfonamido	moieties	

can	accept	H-bonds	from	H-atom	containing	exogenous	ligands.	Additionally,	the	sulfonamido	O-

atoms	can	serve	as	a	secondary	metal	binding	site,	allowing	discrete	bimetallic	complexes	to	be	

prepared	with	[MST]3–.	

In	this	dissertation,	new	monometallic	and	bimetallic	complexes	with	sulfonamido-based	

tripodal	 ligands	 were	 prepared,	 with	 the	 goal	 of	 understanding	 how	 the	 choice	 of	 ligands	

influences	the	properties	of	metal	complexes.	The	first	study	 investigated	the	effect	of	 ligand	

modification	on	the	physical	properties	of	a	series	of	FeII–OH2	complexes	supported	by	ligands	

related	to	[MST]3–.	The	aryl	groups	of	the	five	new	N,N',N"-[2,2',2"-nitrilotris(ethane-2,1-diyl)]-

tris-({R-Ph}-sulfonamido))	 ([RST]3–)	 ligands	 had	 para-substituents	 of	 varying	 electron-

withdrawing	 and	 donating	 strengths.	 The	 physical	 properties	 of	 the	 subsequent	 FeII–OH2	
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complexes	were	probed	by	various	characterization	methods,	which	revealed	that	the	greatest	

impact	of	the	ligand	modification	occurred	in	the	metal	complexes’	electrochemical	properties.	

Monometallic	Ni	 complexes	with	 [MST]3–	 and	 a	 related	urea-based	 ligand,	 [H3buea]3–,	

were	 then	 studied.	The	 solid-state	 structures	of	 these	 compounds	 showed	 that	 these	 ligands	

allowed	for	the	preparation	of	NiII	complexes	with	terminal	aqua	or	hydroxido	ligands	in	distorted	

trigonal	bipyramidal	geometries.	Additionally,	 the	oxidation	chemistry	of	both	NiII	compounds	

was	investigated,	allowing	for	the	preparation	and	characterization	of	uncommon	NiIII	complexes.	

Bimetallic	complexes	with	[MST]3–	are	prepared	by	treating	a	solution	of	a	monometallic	

[MST]3–	 complex,	 secondary	 metal	 salt,	 and	 secondary	 multidentate	 ligand	 with	 O2.	 The	

secondary	ligand	serves	to	“cap”	the	secondary	metal	center,	resulting	in	discretely	bimetallic	

units.	A	new	series	of	bimetallic	complexes	with	FeII(OH)FeIII,	CoII(OH)FeIII,	and	NiII(OH)FeIII	cores	

was	 prepared,	 using	 the	 bidentate	 capping	 ligand	 tetramethylethylenediamine	 (TMEDA).	

Previously,	all	other	capping	ligands	used	in	this	system	had	denticities	of	three	and	above.	The	

bidentate	capping	 ligand	TMEDA	allows	the	previously	outer-sphere	trifluoromethansulfonate	

(OTf–)	counter	anion	to	become	inner-sphere,	occupying	the	sixth	coordination	site	of	the	second	

metal	center.	

The	 ability	 to	 form	 heterobimetallic	 complexes	 and	 the	 presence	 of	 the	 weakly	

coordinating	OTf–	ligand	prompted	an	investigation	of	the	substitution	chemistry	of	the	system.	

In	the	FeII(OH)FeIII	species,	the	OTf–	ligand	could	be	directly	substituted	for	either	isothiocyanate	

(NCS–)	or	azide	(N3
–)	ligands.	Additionally,	a	Br–	ligand	can	occupy	the	sixth	coordination	site	of	

the	FeII	center	if	the	preparation	of	the	diiron	complex	was	modified.	Furthermore,	the	TMEDA	

capping	 ligand	can	be	directly	substituted	for	two	ethylenediamine	(en)	 ligands.	These	results	
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stress	the	importance	of	the	choice	of	the	capping	ligand	in	these	types	of	compounds,	which	has	

important	implications	on	the	substitution	chemistry	of	this	bimetallic	system.
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CHAPTER	1	

Introduction	

Basic	Concepts:	The	Primary	and	Secondary	Coordination	Spheres	

A	central	tenet	of	coordination	chemistry	is	the	importance	of	ligand	environment	to	a	

coordinated	metal	center.	Ligand	coordination	geometry	and	donor	strength	define	the	ligand	

field	splitting	of	a	metal	center,	which	dictates	the	magnetic,	electronic,	and	physical	properties	

of	the	metal	complex.	These	strong,	covalent	interactions	between	a	metal	center	and	its	ligands	

are	known	as	the	primary	coordination	sphere.1,2	Factors	such	as	solvent	molecules	and	counter	

ions,	which	are	in	the	vicinity	of	but	not	directly	in	the	primary	coordination	sphere,	also	affect	

the	chemistry	of	metal	centers.	This	microenvironment	is	known	as	the	secondary	coordination	

sphere	and	 is	dominated	by	weaker,	non-covalent	 interactions,	 including	hydrogen	bonds	 (H-

bonds).	On	aggregate,	these	weaker	interactions	often	influence	reactivity,	as	is	demonstrated	

by	Nature.3–6	

In	biology,	metalloenzymes	often	have	 isolated	active	sites	with	amino	acid	 functional	

groups	that	can	contribute	to	both	 intermolecular	and	 intramolecular	H-bonding	 interactions.	

The	interplay	between	the	primary	and	secondary	coordination	spheres	of	such	proteins	drive	

their	ability	to	catalyze	difficult	reactions	under	ambient	conditions	with	selectivity	and	efficiency	

that	 are	 currently	 unattainable	 in	 synthetic	 systems.7	 In	 natural	 systems,	 productive	 reaction	

pathways	are	generally	facilitated	when	highly	reactive	species,	generated	through	effects	from	

both	coordination	spheres,	are	directed	towards	a	substrate	which	is	often	positioned	within	the	

secondary	 coordination	 sphere.8–13	 Additionally,	 the	 secondary	 coordination	 sphere	 further	

promotes	productive	chemistry	by	preventing	harmful	oxidative	reactions	to	the	protein	host,	as	
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highly	 reactive	 ligands	 can	 be	 stabilized	 through	 H-bonds	 while	 sequestered	 into	 sterically	

protected	pockets.14–17	

A	 beautiful	 example	 of	 this	 balance	 is	 found	 in	 the	metalloenzyme	 nickel	 superoxide	

dismutase	(NiSOD)	(Figure	1.1).	This	enzyme	protects	cells	from	oxidative	damage	by	facilitating	

the	disproportionation	of	superoxide	(O2
•−)	into	dioxygen	(O2)	and	hydrogen	peroxide	(H2O2).18	

To	 do	 this,	 highly	 reactive	 NiII–OO•−	 and	 NiIII–OO•−	 species	 are	 generated,19	 but	 such	 potent	

oxidizing	 species	 are	 harnessed	 without	 damage	 to	 the	 protein	 through	 the	 synergy	 of	 the	

primary	and	secondary	coordination	spheres.	

Figure	1.1	shows	the	N3S2	primary	coordination	sphere	of	the	oxidized	form	of	NiSOD,	

which	 is	 derived	 from	 one	 histidine	 (His)	 and	 two	 cysteine	 (Cys)	 residues.19,20	 Two	 thiolate	

moieties	from	Cys2	and	Cys6	provide	the	two	donor	S-atoms,	while	the	three	of	the	donor	N-

atoms	are	from	the	backbone	amidate	of	Cys2,	N-terminus	of	His1,	and	His1	imidazole	moiety.	

In	the	resting,	reduced	state	of	NiSOD,	it	is	unclear	if	His1	is	bound	as	an	axial	fifth	ligand.21–23		

	
Figure	1.1.	The	active	site	of	oxidized	nickel	superoxide	dismutase.	(PDB:	1Q0D)20	

Although	NiII	is	generally	not	redox-active	in	aqueous	media,24	the	Ni	center	of	NiSOD	is	

still	capable	of	accessing	the	NiIII	oxidation	state.	This	is	due	to	the	presence	of	the	thiolate	ligands	
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in	its	primary	coordination	sphere.	Most	redox-active	NiII-based	metalloenzymes	are	ligated	to	

sulfur-based	 donors	 because	 these	 ligands	 tune	 the	 redox	 potential	 of	 the	 NiII/III	 couples	 to	

potentials	that	are	accessible	by	biological	oxidants.25		Additionally,	the	thiolate	ligands	of	NiSOD	

can	 be	 protonated	 without	 S–Ni	 bond	 cleavage	 in	 the	 reduced	 state	 of	 the	 enzyme.21,26–28	

Protonation	 of	 the	 thiolate	 ligands	 reduces	 electron	 density	 on	 the	 donor	 S-atoms,	 and	 the	

subsequent	SH	moieties	can	further	withdraw	electron	density	by	donating	H-bonds.	This	fine	

tuning	of	 S-atom	electron	density	 allows	metal-based	oxidations	 to	be	preferred	over	 sulfur-

based	 oxidations	 in	 the	 active	 site,	 an	 example	 of	 how	 primary	 and	 secondary	 coordination	

sphere	effects	can	protect	enzymes.27–30	Finally,	the	presence	of	the	nearby	His1	residue	helps	to	

stabilize	the	NiIII	state,	as	its	binding	as	a	fifth	ligand	upon	metal	oxidation	dramatically	changes	

the	ligand	field	and	contributes	electron	density	to	the	electron-deficient	NiIII	center.19,28	

The	secondary	coordination	sphere	of	NiSOD	 is	defined	by	nearby	aspartate	(Asp)	and	

tyrosine	(Tyr)	residues.	Asp3	H-bonds	with	nearby	residues,	helping	to	stabilize	the	“Ni-hook”	

structure	that	houses	the	active	site	of	NiSOD.19	Tyr9,	which	sterically	encumbers	access	to	the	

active	 site,	 has	 been	 implicated	 as	 the	 “gatekeeper”	 for	 substrate	 binding	 and	 product	

release.20,31	 Furthermore,	 the	 Tyr9	 OH	 group	 helps	 stabilize	 the	 reactive	 Ni–OO•−	 complexes	

present	 in	 the	 catalytic	 cycle	 of	 NiSOD	 through	H-bonding	 to	 the	 superoxido	 ligand.19	 These	

factors	clearly	show	that	the	relationship	between	the	coordination	spheres	is	essential	to	the	

function	of	NiSOD.	

Understanding	 the	 primary	 and	 secondary	 coordination	 spheres	 is	 also	 crucial	 for	

synthetic	chemistry.	Many	synthetic	groups	have	turned	to	ligand	design	to	tune	the	properties	

of	the	coordination	spheres,	though	generally	more	attention	is	paid	to	modifying	the	primary	



	

	 4	

coordination	sphere.13,32,33	Due	to	the	large	protein	matrix	that	isolates	active	sites	and	provides	

amino	acid	functional	groups	capable	of	intermolecular	and	intramolecular	H-bonding,	relatively	

well-ordered	 secondary	 coordination	 sphere	 environments	 are	 observed	 in	 the	 solid-state	

structures	of	metalloenzymes.34–36	In	contrast,	synthetic	systems	often	involve	discrete,	flexible	

small	molecules	that	can	interact	randomly	with	the	various	species	present	in	solution.	Thus,	

the	 secondary	 coordination	 spheres	 of	 these	 types	 of	 systems	 are	 often	 disordered	 and	

unpredictable.32	

One	strategy	 that	has	been	used	 to	address	 this	 issue	 in	 small	molecule	 systems	 is	 to	

append	functional	groups	that	can	promote	intramolecular	H-bonds	to	a	rigid	ligand	scaffold.	If	

designed	 appropriately,	 such	 ligands	 should	 allow	 for	 controlled,	 reproducible	 secondary	

coordination	sphere	interactions.	

An	early	example	of	this	strategy	was	the	design	of	“picket-fence”	porphyrins	developed	

by	Collman.	 In	this	work,	the	meso	positions	of	the	rigid	 ligand	porphyrin	were	functionalized	

with	 various	 substituents,	 including	 those	 capable	 of	 donating	 H-bonds	 such	 as	 pivalamide	

groups	 (Figure	 1.2A).37	 In	 the	 presence	 of	 1-methylimidazole,	 the	 subsequent	 Fe-porphyrin	

complex	could	reversibly	bind	O2.	In	the	solid-state	structure,	the	pivalamide	moieties	were	all	

oriented	towards	one	face	of	the	ligand,	forming	a	secondary	coordination	sphere	structure	that	

functioned	similarly	to	a	hydrophobic	pocket	in	a	protein.	This	positioning,	in	conjunction	with	

the	steric	bulk	of	the	substituents,	helped	to	stabilize	a	Fe–O2	adduct	by	preventing	irreversible	

O2	binding	via	O–O	bond	cleavage	 to	 form	oxidized	FeIII	 oxo-bridged	dimers.37,38	 The	 stability	

afforded	by	these	secondary	coordination	sphere	effects	also	allowed	the	Fe–O2	species	to	be	
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crystallographically	characterized	as	the	first	example	of	its	kind	in	either	a	protein	or	synthetic	

system.39,40	

	
Figure	1.2.	Fe–O2	porphyrin	complexes	with	(A)	the	original	“picket-fence”	porphyrin	from	the	Collman	group37	and	
(B)	the	phenyl	urea	modified	“picket-fence”	porphyrin	from	the	Reed	group.41	

The	long	distance	of	greater	than	5	Å	between	the	pivalamide	NH	groups	and	the	O2	ligand	

indicated	 that	 there	 are	 no	 intramolecular	 H-bonds	 observed	 in	 the	 solid-state	 structure.	

However,	a	later	derivative	of	this	system	was	successful	in	introducing	intramolecular	H-bonds,	

as	Reed	eventually	developed	a	phenyl	urea	modified	“picket-fence”	porphyrin.	 In	this	 ligand,	

one	of	the	pivalamide	substituents	was	replaced	with	a	phenyl	urea	moiety	(Figure	1.2B).41	This	

modification	brought	the	NH	group	of	the	urea	closer	to	the	center	of	the	porphyrin,	potentially	

allowing	 for	 intramolecular	 H-bonding	 between	 this	 NH	 group	 and	 an	 O2	 ligand.	 Indeed,	 O2	

binding	 studies	 showed	 that	 iron	 complexes	 with	 this	 phenyl	 urea	 modified	 ligand	 had	

substantially	 greater	 affinity	 for	 O2	 when	 compared	 to	 other	 iron-porphyrin	 complexes,	

illustrating	the	importance	of	intramolecular	H-bonding	in	stabilizing	reactive	M–O2	species.	Note	

that	no	further	structural	or	spectroscopic	studies	were	done	to	further	explore	this	finding.	

This	result	demonstrated	that	well-ordered	secondary	coordination	sphere	effects	were	

achievable	in	synthetic	systems	through	appropriate	ligand	design,	and	paved	the	way	for	other	
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groups	to	develop	systems	with	this	feature.	Some	early	adopters	of	this	motif	include	the	groups	

of	Kitajima,42–44	Masuda,45–47	Mareques-Rivas,48–50	as	well	as	our	group.	

	

Ligand	Design	in	the	Borovik	Group	

For	 over	 two	 decades,	 the	 Borovik	 group	 has	 specialized	 in	 designing	 ligands	 that	

modulate	both	the	primary	and	secondary	coordination	spheres.	An	example	that	is	particularly	

relevant	 to	 the	 research	 in	 this	dissertation	 is	 the	 sulfonamide-based	 tripodal	 ligand	N,N’,N”-

[2,2’,2”-nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido)	 ([MST]3−,	 Figure	

1.3A).51	

	
Figure	1.3.	(A)	The	ligand	[MST]3–	and	general	examples	of	(B)	monometallic	[MST]3–	complexes	that	can	accept	H-
bonds	 from	 an	 exogenous	 ligand	 X	 (e.g.	 OH–,	 OH2,	 or	 NH3)	 and	 (C)	 bimetallic	 [MST]3–	 complexes	 that	 binds	 a	
secondary	MII	center	through	interactions	with	the	electronegative	sulfonamido	O-atoms	with	a	capping	 ligand	L	
(e.g.	crown	ethers).		

The	 ligand	 [MST]3−	 has	 several	 design	 elements	 that	 are	 typically	 used	 in	 the	 Borovik	

group	 to	 modulate	 the	 primary	 coordination	 sphere.	 This	 ligand	 contains	 a	 tris(2-

aminoethyl)amine	 (tren)	backbone	 that	allows	 for	 the	preparation	of	 four-	or	 five-coordinate	

metal	 complexes	with	 local	 C3	 symmetry.	 The	 trigonal	 environment	 leads	 to	 high-spin	metal	

complexes,	while	the	presence	of	three	anionic	nitrogen	donors	allows	oxidation	chemistry	to	be	

investigated	by	helping	to	stabilize	relatively	high	oxidation	states.51–57	
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	The	design	of	[MST]3−	accounts	for	secondary	coordination	sphere	effects	through	the	

three	 sulfonamido	moieties	 extending	 from	 the	 three	 equatorial	 nitrogen	 atoms	 of	 the	 tren	

backbone.	 As	 shown	 in	 Figure	 1.3B,	 the	 three	 mesityl	 groups	 of	 typical	 [MST]3−	 complexes	

typically	splay	away	from	the	metal	center.	This	orients	the	O-atoms	of	the	S=O	groups	towards	

the	metal	center	to	form	a	partially	negatively	charged	pocket,	a	structural	feature	which	has	

similarities	 to	 a	 protein	 binding	 pocket.	 Because	 the	 sulfonamido	 O-atoms	 serve	 as	 H-bond	

acceptors,	 complexes	with	 [MST]3−	 favor	binding	exogenous	 ligands	 that	 can	donate	H-bonds	

such	as	hydroxido,	aqua,	and	ammine	ligands.54–57	Note	that	six-membered	rings	are	formed	by	

these	H-bonds,	contributing	to	a	well-ordered	secondary	coordination	sphere.	

Earlier	 ligand	systems	designed	by	our	group	were	unable	to	stabilize	exogenous	aqua	

and	ammine	 ligands,	 for	 these	designs	tended	to	 feature	relatively	positively	charged	cavities	

through	the	inclusion	of	H-bond	donating	groups.58–61	A	good	example	of	this	is	the	urea-based	

tripodal	 ligand	 tris[(N)-tertbutylureaylato)-N-ethyl)]aminato	 ([H3buea]3−,	 Figure	 1.4A).58	 The	

ability	of	the	urea	NH	groups	to	donate	H-bonds	made	this	system	ideal	for	stabilizing	exogenous	

oxido	and	hydroxido	ligands	(Figure	1.4B).	Additionally,	the	strong	electron-donating	ability	of	

the	three	anionic,	urea-based	nitrogen	donors	allowed	for	the	stabilization	of	higher	oxidation	

states	beyond	the	MIII	state.62–64	These	features	allowed	our	group	to	use	this	ligand	system	to	

stabilize	and	study	biologically	relevant	high	valent	oxido	species,	including	the	first	examples	of	

a	high-spin	FeIII–O	unit65	and	a	high-spin	MnV=O	unit.64	
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Figure	1.4.	(A)	The	ligand	[H3buea]

3−	and	(B)	[FeIVH3buea(O)]
−.62	

The	choice	to	reverse	the	polarity	of	cavity	in	[MST]3−	had	a	further	benefit;	it	reignited	

interest	 in	 our	 groups	 towards	 the	 study	 bimetallic	 complexes.	 Bimetallic	 complexes	 are	 of	

general	interest	to	synthetic	groups	because	of	their	many	attractive	properties.	The	two	metal	

centers	 may	 cooperate	 to	 allow	 for	 the	 mediation	 of	 multi-electron	 processes	 with	 earth	

abundant,	 first	 row	 transition	 metals.66,67	 In	 catalysis,	 bimetallic	 units	 can	 provide	 different	

reaction	 pathways,	 faster	 reaction	 rates,	 and	 greater	 selectivity	 than	 their	 monometallic	

counterparts.68–70	Additionally,	since	a	second	metal	center	provides	an	additional	parameter	to	

modulate,	greater	fine	tuning	of	physical	properties	should	be	possible	in	bimetallic	complexes	

in	comparison	to	monometallic	complexes.71	

Previously,	 our	 group	 mainly	 prepared	 bimetallic	 complexes	 through	 the	 use	 of	

dinucleating	 ligands.	 Such	 ligand	 often	 required	 complicated	 ligand	 synthesis,60,72,73	 but	 the	

[MST]3−	scaffold	allowed	us	to	prepare	bimetallic	complexes	with	a	ligand	that	is	comparatively	

facile	 to	 synthesize.51	 As	mentioned	 previously,	 the	 electronegative	 sulfonamido	 O-atoms	 of	

[MST]3−	can	interact	with	Lewis	acids,	including	protons	but	also	metal	ions.	Early	work	with	this	

system	demonstrated	that	counter	cations,	such	as	Na+	or	K+,	could	interact	with	the	sulfonamido	

O-atoms	to	form	multimetallic	species,	and	subsequent	work	harnessed	this	property	to	allow	

discretely	 bimetallic	 complexes	 to	 be	 prepared.	When	 a	 monometallic	 NMe4[MIIMST]	 salt	 is	

treated	with	 a	 second	metal	 ion	 in	 the	presence	of	O2,	 discrete	bimetallic	 complexes	 can	be	
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formed	if	an	additional	multidentate	ligand	is	present	in	the	reaction	(Figure	1.3C).	The	additional	

ligand	 serves	 as	 a	 “cap”	 on	 the	 second	metal	 center,	 preventing	 aggregation.	 This	 discovery	

allowed	for	the	preparation	of	an	entire	family	of	bimetallic	complexes.51–53,74		

	

Overview	of	Remaining	Chapters	

The	 remaining	 chapters	 of	 this	 dissertation	 discuss	 the	 preparation	 and	 properties	 of	

several	 new	 compounds	 prepared	with	 [MST]3–	 and	 related	 systems.	 These	 studies	 focus	 on	

further	understanding	the	effects	of	ligand	design	choices	on	the	properties	of	metal	complexes.	

Both	 monometallic	 (Chapters	 2	 and	 3)	 and	 bimetallic	 complexes	 (Chapters	 4	 and	 5)	 were	

investigated.		

	

Work	described	in	Chapter	2.	The	effect	of	 ligand	modification	on	the	physical	properties	of	a	

series	 of	 FeII–OH2	 complexes	 supported	 by	 ligands	 related	 to	 [MST]3–,	 N,N',N"-[2,2',2"-

nitrilotris(ethane-2,1-diyl)]-tris-({R-Ph}-sulfonamido))	([RST]3–,	R	=	–OCH3,	–	CH3,	–H,	–Cl,	or	–CF3,	

Figure	 1.5),	 was	 investigated.56	 The	 aryl-groups	 of	 the	 various	 [RST]3–	 ligands	 contained	 a	

different	para-substituent	of	varying	electron-withdrawing	strengths.	As	these	substituents	are	

relatively	far	away	from	the	primary	coordination	sphere,	this	study	aimed	to	determine	if	these	

long-range	modifications	would	mostly	 influence	 the	 secondary	coordination	 sphere	over	 the	

primary	 coordination	 sphere.	 The	 effects	 of	 these	 modifications	 on	 the	 series	 of	 FeII–OH2	

complexes	 were	 probed	 by	 Fourier	 transform	 infrared	 (FTIR)	 spectroscopy,	 X-ray	 diffraction	

methods,	 and	 cyclic	 voltammetry	 (CV),	 and	 trends	 in	 the	 data	 were	 analyzed.	 These	 results	
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demonstrated	the	difficulty	of	isolating	effects	of	the	two	coordination	spheres;	in	small	systems	

changes	in	one	coordination	sphere	also	affect	the	other.	

	
Figure	1.5.	(A)	The	ligand	series	[RST]3–	(R	=	–OCH3,	–CH3,	–H,	–Cl,	or	–CF3)	and	(B)	subsequent	Fe

II–OH2	complexes.		

	

Work	 described	 in	 Chapter	 3.	 Continuing	 with	 monometallic	 systems,	 the	 chemistry	 of	 Ni	

complexes	with	[MST]3–was	investigated.	The	salt	NMe4[NiIIMST(OH2)]	was	prepared	and	studied	

and	 compared	 to	 K2[NiIIH3buea(OH)]	 (Figure	 1.6B).57	 The	 solid-state	 structures	 of	 these	

compounds	 revealed	 that	 they	 are	 rare	 examples	 of	 five-coordinate,	 trigonal	 bipyramidal	NiII	

complexes	with	terminal	aqua	or	hydroxido	ligands.	

The	oxidation	chemistry	of	both	salts	was	 investigated	to	prepare	rare	NiIII	complexes.	

Such	species	are	proposed	as	intermediates	in	Ni	enzymes	catalytic	cycles75,76	and	are	uncommon	

species	in	synthetic	systems.77–81	Both	[MST]3–	and	[H3buea]3–	seemed	capable	of	stabilizing	NiIII	

complexes	since	these	systems	have	previously	been	shown	to	stabilize	MIII–OH	species.62,63,82,83	

CV	studies	on	NMe4[NiIIMST(OH2)]	and	K2[NiIIH3buea(OH)]	suggested	that	both	complexes	could	

be	 oxidized	 by	 one-electron	 oxidants.	 Such	 oxidation	 experiments	 were	 conducted,	 and	 the	

properties	of	the	resulting	NiIII	species	were	investigated.	
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Figure	1.6.	The	NiII	compounds	(A)	NMe4[Ni

IIMST(OH2)]	and	(B)	K2[Ni
IIH3buea(OH)].	

	

Work	described	in	Chapter	4.	As	mentioned	previously,	[MST]3–	can	support	bimetallic	complexes	

through	the	interaction	of	a	secondary	metal	center	with	the	sulfonamido	O-atoms.	In	order	to	

prepare	discretely	bimetallic	complexes	with	this	system,	it	is	necessary	to	include	an	additional	

multidentate	capping	ligand	(L).	The	choice	of	L	is	important,	as	different	capping	ligands	are	used	

for	the	preparation	of	different	types	of	bimetallic	complexes.	Specifically,	crown	ethers	have	

been	 used	 to	 cap	 redox-inactive	 metal	 ions	 (Figure	 1.7A),51–53,74	 while	 multidentate	 ligands	

containing	nitrogen	donors	have	been	used	to	cap	transition	metal	ions	(Figure	1.7B	and	C).84	

Two	series	of	mixed-valent	transition	metal	bimetallic	complexes	were	compared,	both	

containing	FeIII	bound	to	[MST]3–.	The	first	series,	previously	prepared	by	Dr.	Yohei	Sano,	used	

the	 tridentate	 ligand	 1,4,7-trimethyl-1,4,7-triazacyclononane	 (TMTACN)	 to	 cap	 the	 first-row	

divalent	 transition	 metal	 ions	 MnII,	 FeII,	 CoII,	 NiII,	 CuII,	 or	 ZnII.84,85	 These	 complexes,	 of	 the	

formulation	[(TMTACN)MII−(μ-OH)−FeIIIMST]OTf	(Figure	1.7B),	were	primarily	studied	using	X-ray	

diffraction	methods,	electrospray	 ionization	mass	spectrometry	(ESI-MS),	and	X-band	electron	

paramagnetic	resonance	(EPR)	spectroscopy.	The	solid-state	structures	revealed	that	the	divalent	

metal	ions	were	coordinatively	saturated,	having	an	O3N3	primary	coordination	sphere	where	the	

bridging	hydroxido	 ligand	and	 two	sulfonamido	groups	donate	 the	 three	oxygen	atoms	while	

TMTACN	provides	the	three	nitrogen	donors.		
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Figure	1.7.	Bimetallic	[MST]3–	complexes	(A)	[(15-crown-5)⊃MA

II−(μ-OH)−MIIIMST]OTf	(MA
IIMIII	=	CaIIMnIII,	SrIIMnIII,	

BaIIMnIII	(with	18-crown-6),	CaIIFeIII,	SrIIFeIII,	or	BaIIFeIII	(with	18-crown-6)),53	(B)	[(TMTACN)MB
II−(μ-OH)−FeIIIMST]OTf	

(MB
II	=	MnII,	FeII,	CoII,	NiII,	CuII,	or	ZnII),84,85	and	(C)	[(TMEDA)MC

II(OTf)−(μ-OH)−FeIIIMST]	(MC
II	=	FeII,	CoII,	or	NiII).	

To	prepare	similar	complexes	towards	unsaturated	divalent	metal	ions,	a	new	series	of	

bimetallic	 complexes	 using	 the	 bidentate	 ligand	 tetramethylethylenediamine	 (TMEDA)	 was	

prepared.	 These	 three	 salts	 had	 the	 formulation	 [(TMEDA)MII(OTf)−(μ-OH)−FeIIIMST]	 (Figure	

1.7C),	where	MII	=	FeII,	CoII,	or	NiII.	The	solid-state	structures	of	the	TMEDA	complexes	revealed	

that	while	the	divalent	metal	ions	had	a	saturated	pseudo-octahedral	ligand	environment,	the	

sixth	ligand	was	a	weakly	coordinating	trifluoromethansulfonate	(OTf–)	anion.	

	

Work	described	in	Chapter	5.	 It	was	determined	that	[(TMEDA)FeII(OTf)−(μ-OH)−FeIIIMST]	does	

not	react	with	external	substrates	with	weak	C–H	bonds	such	as	dihydroanthracene	or	xanthene.	

However,	due	to	the	presence	of	the	weakly	coordinating	OTf–	ligand,	the	substitution	chemistry	

of	this	salt	was	probed.	Two	preparative	methods	were	used	to	produce	new	[(TMEDA)FeII(X)−(μ-

OH)−FeIIIMST]	 (X–	 =	 Br–,	 NCS–,	 or	 N3
–)	 (Figure	 1.8A)	 salts	 that	 were	 studied	 by	 EPR	 and	 FTIR	

spectroscopies	 as	well	 as	X-ray	diffraction	methods.	 If	 FeBr2	 is	 used	 in	 the	 initial	 preparation	

instead	 of	 Fe(OTf)2·2MeCN,	 a	 Br–	 anion	 occupies	 the	 sixth	 coordination	 site	 to	 form	

[(TMEDA)FeII(Br)−(μ-OH)−FeIIIMST].	If	instead	[(TMEDA)FeII(OTf)−(μ-OH)−FeIIIMST]	is	treated	with	

NMe4(X)	(X–	=	NCS–	or	N3
–),	a	successful	metathesis	reaction	occurs	that	results	in	the	production	

of	diiron	isothiocyanato	or	azido	compounds.	
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The	ability	to	substitute	the	sixth	ligand	motivated	studies	on	the	substitution	chemistry	

of	 the	 capping	 ligand.	 TMEDA	 can	 be	 substituted	 in	 the	 presence	 of	 two	 equivalents	 of	

ethylenediamine	(en).	The	resulting	compound,	[(en)2FeII−(μ-OH)−FeIIIMST]OTf	(Figure	1.8B),	has	

a	 completely	 different	 primary	 coordination	 sphere	 in	 comparison	 to	 the	 other	 bimetallic	

complexes	with	[MST]3–.	These	results	and	those	from	Chapter	4	show	clearly	that	the	system	

based	on	[(TMEDA)FeII(OTf)−(μ-OH)−FeIIIMST]	is	highly	modular.	

	
Figure	 1.8.	 (A)	 [(TMEDA)FeII(OTf)−(μ-OH)−FeIIIMST]	 (X–	 =	 OTf–,	 Br–,	 NCS–,	 or	 N3

–)and	 (B)	 [(en)2Fe
II−(μ-

OH)−FeIIIMST]OTf.	
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CHAPTER	2	

Sulfonamido	tripods:	tuning	redox	potentials	via	ligand	modifications	

Introduction	

As	 discussed	 in	 Chapter	 1,	 the	 relationship	 between	 the	 primary	 and	 secondary	

coordination	spheres	has	an	important	effect	on	the	properties	of	the	metal	center,	particularly	

on	its	redox	properties.1–3	This	is	illustrated	by	several	studies	involving	metalloenzymes	which	

demonstrated	 that	 modifications	 in	 either	 the	 primary	 or	 secondary	 coordination	 spheres	

directly	influence	the	electrochemical	properties	of	metal	centers.	For	instance,	Lu	showed	that	

changes	 in	 the	primary	and	secondary	coordination	spheres	of	a	single	Cu	center	had	a	 large	

impact	on	the	CuI/CuII	redox	couple	in	blue	copper	proteins.4–6	Lowe	investigated	the	effect	of	

modifying	 the	 para-substituents	 of	 a	 tyrosine	 residue	 located	 in	 the	 secondary	 coordination	

sphere	of	the	FeIII	center	in	rubredoxin.7	Though	only	small	changes	in	the	redox	potential	were	

effected,	they	observed	a	strong	correlation	between	the	FeII/FeIII	redox	couple	and	the	Hammett	

constants	 (σp)	of	 the	non-native	para-substituents	of	 the	tyrosine-based	residues.	Even	 larger	

changes	were	reported	by	Miller	 in	a	series	of	mutated	Fe	superoxide	dismutases,	 in	which	a	

single	point	mutation	caused	a	change	of	greater	than	500	mV	for	the	FeII/FeIII	redox	couple.8		

Additionally,	numerous	synthetic	systems	have	shown	that	varying	the	structural	features	

on	ligands	can	control	redox	processes.9–12	Work	by	Costas	illustrated	how	physical	properties	of	

Fe	complexes	can	be	varied	through	modification	of	ring	substituents	of	a	coordinated	pyridine	

ligand.13	Moreover,	intramolecular	hydrogen	bonds	(H-bonds)	within	the	secondary	coordination	

sphere	can	alter	the	redox	potential	of	transition	metal	complexes.14–17	
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Continuing	on	this	 line	of	 inquiry,	 this	chapter	details	 the	study	of	 the	effect	of	 ligand	

modifications	on	the	properties	of	a	series	of	FeII–OH2	complexes	supported	by	ligands	based	on	

the	 tetradentate	 sulfonamide-based	 tripodal	 ligand	 N,N',N''-(nitrilotris(ethane-2,1-

diyl))tris(2,4,6-trimethyl-benzenesulfonamido)	 ([MST]3–).18–24	 	 	 Originally	 prepared	 by	

Mountford,25,26	 these	types	of	sulfonamide-based	tripodal	 ligands	can	be	easily	modulated	by	

using	 different	 commercially	 available	 sulfonyl	 chloride	 in	 the	 synthesis	 of	 ligand	 precursors	

(Scheme	2.1).	 This	method	allowed	 for	 the	preparation	of	 the	 family	of	 sulfonamido	 tripodal	

ligands	N,N',N"-[2,2',2"-nitrilotris(ethane-2,1-diyl)]-tris-({R-Ph}-sulfonamido)	([RST]3–,		R	=	–CF3,	–

Cl,	–H,	–CH3,	or	–OCH3,	Figure	2.1)	that	contained	different	para-substituents	on	the	aryl	group	

of	the	sulfonamido	arms.	The	physical	properties	of	the	five	corresponding	monomeric	FeII–OH2	

complexes	were	studied	to	determine	if	trends	arising	from	the	varying	electron-withdrawing	or	

-donating	properties	 of	 the	different	R	 groups	 could	be	observed.	 The	data	 showed	 that	 the	

electrochemical	properties	of	the	complexes	can	be	predictably	tuned	through	the	modulation	

of	the	ligands	at	sites	that	are	distant	from	the	metal	center.	

	
Scheme	2.1.	Preparation	of	H3RST	ligand	precursors.	

	
Figure	2.1.	[RST]3–	ligands	(R	=	–CF3

	([F3ST]
3–),	–Cl	([CST]3–),	–H	([PST3–]),	–CH3	([TST]

3–),	or	–OCH3	([MOST]	3–)).	
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Results	and	Discussion	

Preparation	and	Properties	of	the	NMe4[FeIIRST(OH2)]	Compounds	

The	 five	NMe4[FeIIRST(OH2)]	 salts	were	prepared	using	 the	synthetic	 route	described	 in	

Scheme	 2.2,	 based	 on	 preparative	 routes	 for	 [MST]3–	 complexes.18–24	 First,	 the	 putative	 four-

coordinate	NMe4[FeIIRST]	salts	were	isolated	from	a	dimethylacetamide	(DMA)	solution	through	

precipitation	with	Et2O,	and	their	properties	were	consistent	with	a	formulation	of	NMe4[FeIIRST].	

For	 instance,	 vibrational	 features	 greater	 than	 3300	 cm–1	were	 not	 observed,	 suggesting	 that	

neither	 water	 molecules	 nor	 hydroxide	 ions	 were	 coordinated	 to	 the	 iron	 centers.	 However,	

acceptable	elemental	analysis	for	any	of	these	salts	could	not	be	obtained,	presumably	because	

small	amounts	of	the	complexes	were	five-coordinate,	which	could	arise	from	weakly	interacting	

solvent	molecules.		

	
Scheme	2.2.	Preparation	of	NMe4[Fe

IIRST(OH2)]	compounds.		

To	prepare	 the	 FeII–OH2	 complexes,	 CH2Cl2	 solutions	of	 the	 [FeIIRST]–	 complexes	were	

treated	with	four	equivalents	of	water.	CH2Cl2	solutions	of	the	aqua	species	were	layered	under	

pentane	to	afford	crystalline	products	in	yields	ranging	from	74–96%.		

The	 NMe4[FeIIRST(OH2)]	 salts	 were	 characterized	 by	 X-band	 electron	 paramagnetic	

resonance	 (EPR)	 and	 Fourier	 transform	 infrared	 (FTIR)	 spectroscopies,	 solution	 effective	

magnetic	moment	measurements,	and	elemental	analysis.	The	perpendicular-mode	EPR	spectra	

measured	at	77	K	did	not	contain	any	features,	which	is	consistent	with	each	complex	having	a	
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high-spin	 FeII	 center.	 This	 premise	 is	 supported	 by	 the	 room	 temperature	 solution	 effective	

magnetic	moment	of	the	complexes	determined	using	Evans’	method.27	The	effective	magnetic	

moments	for	the	complexes	were	virtually	identical	and	closely	matched	the	spin-only	magnetic	

moment	value	of	4.9	µB.	These	values	can	be	attributed	to	an	S	=	2	spin	ground-state	from	the	

five-coordinate	FeII	complexes.	FTIR	spectra	of	the	complexes	recorded	as	a	Nujol	mull	revealed	

the	presence	of	peaks	that	ranged	between	3300	to	3250	cm−1,	which	 is	consistent	with	O–H	

vibrations	from	a	coordinated	water	molecule.		

	

Solid-State	Molecular	Structures	of	[FeIIRST(OH2)]–	Complexes		

The	molecular	 structures	 of	 the	NMe4[FeIIRST(OH2)]	 salts	were	 characterized	 by	 X-ray	

diffraction	 methods.	 Selected	 bond	 lengths	 and	 bond	 angles	 are	 given	 in	 Table	 2.1	 and	

representative	 thermal	 ellipsoid	 diagrams	 of	 [FeIITST(OH2)]–	 and	 [FeIIPST(OH2)]–	 are	 shown	 in	

Figure	2.2.	All	the	salts	crystallized	with	their	anionic	complexes	as	monomers,	with	one	distinct	

metal	 complex	 per	 asymmetric	 unit	 cell	 for	 three	 of	 the	 five	 salts:	 NMe4[FeIICST(OH2)],	

NMe4[FeIIPST(OH2)],	 and	 NMe4[FeIITST(OH2)].	 Two	 crystallographically	 distinct	 but	 chemically	

equivalent	 complexes	 were	 contained	 per	 asymmetric	 unit	 cell	 in	 NMe4[FeIIF3ST(OH2)]	 and	

NMe4[FeIIMOST(OH2)].	

Each	[FeIIRST(OH2)]	−	complex	had	a	similar	N4O	primary	coordination	sphere	around	the	

FeII	center,	whereby	the	trigonal	plane	was	defined	by	the	three	deprotonated	nitrogen	atoms	

(N2,	N3,	N4)	from	the	sulfonamido	groups.		One	apical	position	(N1)	was	occupied	by	the	amine	

nitrogen	atom	of	the	[RST]3–	ligands	and	the	other	site	is	taken	by	oxygen	atom	(O1)	from	the	

exogenous	aqua	ligand.		The	FeII	center	was	displaced	from	the	trigonal	plane	in	each	complex	(~	
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0.35	 Å)	 toward	 the	 O1.	 Each	 complex	 showed	 a	 modest	 distortion	 from	 idealized	 trigonal	

bipyramidal	(tbp)	coordination	geometry	based	on	the	structural	parameter	τ5	=	0.826	–	0.859,	

where	 τ5	 =	 1	 for	 ideal	 tbp	 geometry	 and	 τ5	 =	 0	 for	 ideal	 square	 pyramidal	 geometry.28	 The	

distortions	from	idealized	tbp	could	be	partially	caused	by	the	Jahn-Teller	effect	that	should	be	

present	 in	high-spin	d6	metal	complex	having	 local	C3	symmetry.29	This	effect	should	be	small	

because	it	arises	from	the	dxz	and	dyz	orbitals	that	are	formally	non-bonding.		A	larger	contributor	

to	the	distortion	is	the	contraction	of	the	N1–Fe1–O1	angle,	which	in	each	complex	was	less	than	

175˚.	 Note	 that	 the	 "bend"	 in	 the	 angle	was	 such	 that	 O1	 is	 positioned	 towards	 two	 of	 the	

sulfonamido	arms	containing	O2	and	O4,	with	O1···O2	distances	ranging	from	2.672	–	2.763	Å	

and	the	O1···O4	distances	ranging	from	2.676	–	2.782	Å.		Both	these	distances	were	indicative	of	

H-bonds	formed	between	the	aqua	ligand	and	oxygen	atoms	of	the	sulfonamido	groups	from	two	

different	arms	of	the	[RST]3–	 ligands.	These	two	 intramolecular	H-bonds	undoubtedly	assist	 in	

positioning	 the	 aqua	 ligand	 within	 the	 complexes.30	 The	 other	 metrical	 parameters	 were	

consistent	with	values	found	in	similar	FeII	complexes.31	

	
Figure	2.2.	Thermal	ellipsoid	diagram	depicting	the	molecular	structure	of	(A)	[FeIIPST(OH2)]

−	and	(B)	
[FeIITST(OH2)]

−.	Ellipsoids	are	drawn	at	the	50%	probability	level,	and	only	the	aqua	H-atoms	are	shown	for	clarity.	
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Table	2.1.	Selected	metrical	parameters	for	the	[FeIIRST(OH2)]
–	complexes.		

[FeIIRST(OH2)]−	 R	=	 	 	 	 	
	 –CF3*	 –Cl	 –H	 –CH3	 –OCH3

*	
Bond	distances	(Å)	

Fe1–O1	 2.120(3)	 2.096(2)	 2.139(1)	 2.099(2)	 2.164(4)	
Fe1–N1	 2.208(3)	 2.219(2)	 2.214(1)	 2.227(2)	 2.226(4)	
Fe1–N2	 2.010(3)	 2.112(2)	 2.107(1)	 2.086(2)	 2.071(4)	
Fe1–N3	 2.071(3)	 2.094(2)	 2.098(1)	 2.108(2)	 2.091(4)	
Fe1–N4	 2.082(3)	 2.070(2)	 2.065(1)	 2.069(2)	 2.041(4)	
O1···O2	 2.672	 2.708	 2.697	 2.763	 2.673	
O1···O4	 2.782	 2.773	 2.676	 2.701	 2.707	
O1···O6	 3.005	 3.087	 3.089	 3.090	 3.089	
Average	Fe–Neq	 2.084(3)	 2.092(2)	 2.090(1)	 2.088(2)	 2.068(4)	
	 	 	 	 	 	
Bond	angle	(°)	 	 	 	 	 	
N1-Fe1-O1	 174.91(1)	 169.74	(6)	 170.91(5)	 170.25(7)	 173.19(1)	
N1-Fe1-N2	 80.25(1)	 80.11	(6)	 79.08(5)	 79.17(7)	 80.50(1)	
N1-Fe1-N3	 79.75(1)	 78.93	(6)	 80.76(5)	 80.20(7)	 79.63(1)	
N1-Fe1-N4	 80.98(1)	 80.13(6)	 80.58(5)	 79.85(7)	 80.85(1)	
N2-Fe1-N3	 115.48(1)	 115.57(7)	 114.60(5)	 115.98(7)	 112.21(2)	
N2-Fe1-N4	 120.95(1)	 120.18(7)	 116.96(5)	 115.70(7)	 116.40(2)	
N3-Fe1-N4	 115.24(1)	 114.93(7)	 119.85(5)	 119.02(8)	 123.04(2)	
τ5	value	 0.859	 0.826	 0.851	 0.854	 0.836	

*Indicates	average	values,	because	of	two	crystallographically	distinct	but	chemically	equivalent	complexes	in	the	
asymmetric	unit	cell	of	these	structures.	
	

Effects	of	the	Substituents	on	the	[RST]3–	Ligands:	Vibrational	Properties	

The	 para-substituents	 on	 aryl	 groups	 of	 the	 [RST]3–	 ligands	 varied	 in	 their	 electronic	

effects,	which	should	cause	predictable	changes	in	the	physical	and	chemical	properties	of	these	

compounds.	 However,	 no	 correlations	 between	 the	 substituents	 and	 either	 the	 vibrational	

properties	of	the	coordinated	aqua	ligands	or	the	structural	parameters	of	the	complexes	were	

observed.	The	energies	of	 the	ν(OH)	bands	would	be	expected	 to	be	 related	 to	ability	of	 the	

primary	 coordination	 sphere	 to	 donate	 electron	 density	 to	 the	 FeII	 center,	 which	 should	 be	

influenced	by	 the	various	para-	 substituents.	More	electron-donating	 substituents	 (e.g.	R	=	–
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OCH3)	should	increase	the	electron	density	at	the	metal	center.	This	effect	should	decrease	the	

acidity	of	the	protons	of	the	aqua	ligand	and	be	observable	as	an	increase	in	the	energy	of	the	

ν(OH)	band	relative	to	those	complexes	with	more	electron-withdrawing	substituents.	Yet	this	

analysis	 is	 complicated	 by	 the	 presence	 of	 intramolecular	H-bonds	 involving	 the	 coordinated	

aqua	 ligand.	 	 The	 electron-donating	 and	 -withdrawing	 properties	 of	 the	 substituents	 on	 the	

[RST]3–	 ligands	 also	 affect	 their	 ability	 to	 act	 as	 H-bond	 acceptors,	 with	 the	 more	 electron-

donating	ligands	being	able	to	form	stronger	H-bonds,	resulting	in	an	increase	in	acidity	of	the	

aqua	 ligand	 protons.	 Therefore,	 it	 appears	 that	 the	 effect	 of	 this	 ligand	modification	 on	 the	

primary	 and	 secondary	 coordination	 spheres	 counteract	 each	 other,	which	 could	 explain	 the	

observed	lack	of	correlations.		

	

Effects	of	the	Substituents	on	the	[RST]3–	Ligands:	Structural	Properties	

There	are	no	statistically	significant	trends	between	the	electronic	properties	of	the	para-

substituent	on	the	[RST]3–	ligand	and	the	structural	parameters	of	the	[FeIIRST(OH2)]–	complexes.	

For	example,	the	Fe1–O1	bond	distances	should	change	 in	accordance	with	the	effects	of	the	

substituent	 on	 the	 [RST]3–	 ligand,	 with	 shortest	 bond	 distance	 predicted	 to	 be	 found	 in	

[FeIIF3ST(OH2)]–.	However,	[FeIITST(OH2)]–	and	[FeIICST(OH2)]–	had	statistically	equivalent	Fe1–O1	

bond	lengths	and	were	the	shortest	values	in	the	series.	In	addition,	the	average	Fe1–Neq	bond	

distances	 in	 [FeIITST(OH2)]–,	 [FeIIPST(OH2)]–,	 [FeIICST(OH2)]–,	 [FeIIF3ST(OH2)]–	 are	 statistically	

equivalent.	There	could	be	a	slight	correlation	between	ligand	electron-withdrawing	properties	

with	the	Fe1–N1	bond	length,	as	marginally	shorter	lengths	were	observed	with	[FeIIPST(OH2)]–,	

[FeIICST(OH2)]–,	[FeIIF3ST(OH2)]–.	
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Effects	of	the	Substituents	on	the	[RST]3–	Ligands:	Redox	Properties.		

The	 electrochemical	 properties	 of	 the	 [FeIIRST(OH2)]−	 complexes	 were	 explored	 using	

cyclic	voltammetry	(CV)	(Figure	2.3).	A	quasi-reversible	one-electron	process	was	observed	for	

each	complex,	which	was	assigned	as	the	FeII/FeIII	couple.	In	contrast	to	the	discussion	above,	the	

redox	potentials	for	this	couple	did	trend	with	the	electronic	effects	of	the	ligand,	as	shown	by	a	

linear	Hammett	plot	of	the	E1/2	of	the	FeII/FeIII		couple	vs.	the	σp	of	the	ligand	para-	substituents	

(Figure	2.4).32	The	high	r2	value	of	0.99	for	the	 linear	best-fit	demonstrates	a	high	correlation	

between	the	oxidation	potentials	and	the	electronic	properties	of	the	different	[RST]3−	ligands.	

Complexes	 with	 ligands	 that	 contained	 para-substituents	 with	 greater	 electron-withdrawing	

ability	 shifted	 the	 FeII/FeIII	 couple	 to	more	 positive	 potentials,	which	 is	 consistent	with	 these	

ligands	stabilizing	the	FeII–OH2
		complexes.33	

The	 potential	 difference	 between	 the	 complex	 with	 the	 most	 electron-withdrawing	

ligand,	[F3ST]3−,	and	the	most	electron-donating	ligand,	[MOST]3−,	was	157	mV	or	a	free	energy	

difference	of	3.62	kcal	mol−1.	This	corresponds	to	an	approximately	450-fold	decrease	in	the	rate	

of	 electron	 transfer	 between	 the	 complex	 with	 [F3ST]3−	 and	 [MOST]3−	 at	 room	 temperature.	

Moreover,	the	slope	of	the	linear	trend	line	is	4.5	kcal	mol−1	per	Hammett	unit.	This	is	greater	

than	 the	 slope	 of	 the	 linear	 trend	 line	 of	 0.7	 kcal	 mol−1	 per	 Hammett	 unit	 observed	 in	 the	

previously	mentioned	 study	by	 Lowe	on	 synthetic	 rubredoxins	 that	examined	only	 secondary	

coordination	sphere	effects,7	but	less	than	the		slope	of	the	linear	trend	line	of	9.9	kcal	mol−1	per	

Hammett	unit	observed	in	a	study	by	Chambers	on	a	series	of	FeII	bis-terpyridyl	complexes	that	

examined	primary	coordination	sphere	effects.11	
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Figure	2.3.	Cyclic	voltammagram	of	(A)	NMe4[Fe

IIF3ST(OH2)],	(B)	NMe4[Fe
IICST(OH2)],	(C)	NMe4[Fe

IIPST(OH2)],	(D)	
NMe4[Fe

IITST(OH2)],	(E)	NMe4[Fe
IIMOST(OH2)]	measured	in	acetonitrile	(MeCN,	0.1	M	tetrabutylammonium	

hexafluorophosphate	(TBAP)	solution).	All	voltammagrams	were	collected	at	100	mV	s–1	and	internally	referenced	
against	the	cobaltocenium/cobaltocene	couple	([CoCp2]

0/+),	then	scaled	against	the	ferrocene/ferrocenium	couple	
([FeCp2]

+/0).34	
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Figure	2.4.	Plot	of	the	E1/2	of	the	Fe

II/FeIII	couple	vs.	σp	of	the	ligand	para-substituents,	with	the	para-substituent	R	
group	specified.	

	
Summary	and	Conclusions	

This	chapter	presents	the	synthesis	and	characterization	of	a	series	of	FeII–OH2	complexes	

with	sulfonamido	tripodal	ligands.	These	ligands	were	designed	to	vary	the	properties	at	the	iron	

center	via	modifying	the	para-substituent	of	the	aryl	group	on	the	ligand	sulfonamido	arms.	The	

[FeIIRST(OH2)]–	complexes	have	many	similar	properties	despite	the	modulation	of	the	ligands.	

Structurally,	all	the	complexes	in	this	series	have	nearly	the	same	distorted	tbp	geometry	with	

small	 metrical	 differences	 in	 their	 primary	 coordination	 spheres.	 The	 complexes	 were	

determined	to	have	high-spin	S	=	2	FeII	 centers,	as	each	of	 their	effective	magnetic	moments	

agreed	closely	with	the	spin-only	magnetic	moment	value	of	4.9	µB.	Moreover,	the	vibrational	

properties	of	the	[FeIIRST(OH2)]–	complexes,	specifically	the	energies	of	the	bands	associated	with	

the	ν(OH),	did	not	show	a	correlation	with	the	substituent	effects	on	the	[RST]3–	ligands.	This	lack	

of	correlative	relationships	is	attributed	to	the	presence	of	intramolecular	H-bonds	within	each	

complex.	 Comparing	 the	 H-bond	 donating	 properties	 of	 the	 Fe–OH2	 unit	 with	 the	 H-bond	

accepting	ability	of	the	[RST]3−	ligands	throughout	the	series	of	complexes	suggests	that	the	H-
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bonds	 mitigate	 the	 influence	 that	 the	 substituents	 may	 have	 on	 these	 properties	 of	 the	

complexes.	 However,	 the	 effect	 of	 ligand	modification	 is	 strongly	 correlated	 with	 the	 redox	

potentials	 within	 the	 series	 of	 [FeIIRST(OH2)]–	 complexes.	 A	 linear	 trend	 between	 the	 redox	

potentials	 of	 the	 FeII/FeIII	 couples	 and	 the	 σp	 for	 the	 ligand	 para-substituent	 was	 observed,	

suggesting	that	the	electrochemical	properties	of	the	complexes	can	be	tuned	by	modifying	the	

[RST]3−	ligands.		

	

Experimental	

General	Methods		

All	 reagents	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received	 unless	

otherwise	noted.	Solvents	were	sparged	with	argon	and	dried	over	columns	containing	Q-5	and	

molecular	sieves.	The	syntheses	of	the	ligands	were	carried	out	 in	air	and	the	preparations	of	

metal	complexes	were	conducted	in	a	Vacuum	Atmospheres,	Co.	drybox	under	nitrogen	or	argon	

atmosphere.	NaH	as	a	60%	dispersion	in	mineral	oil	was	filtered	with	a	medium	porosity	glass-

fritted	 funnel	 and	 washed	 5	 times	 each	 with	 pentane	 and	 Et2O.	 Solid	 NaH	was	 dried	 under	

vacuum	 and	 stored	 under	 inert	 atmosphere.	Water	was	 degassed	 by	 five	 freeze-pump-thaw	

cycles	and	stored	under	inert	atmosphere.	Fe(OAc)235	and	the	ligand	precursors	H3PST,	36	H3TST,37	

and	H3MOST,38	were	synthesized	following	literature	procedures.		

	

Preparation	of	Ligand	Precursors	

N,N',N''-(nitrilotris(ethane-2,1-diyl))tris(4-(trifluoromethyl)-benzene-sulfonamide)	 (H3F3ST).	To	 a	

250	mL	 round	bottom	 flask	 containing	 tris(2-aminoethyl)amine	 (tren)	 (0.25	 g,	 1.7	mmol)	 and	
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NaOH	(0.33	g,	8.2	mmol)	in	water	(20	mL),	4-(trifluoromethyl)benzenesulfonyl	chloride	(1.3	g,	5.4	

mmol)	dissolved	in	Et2O	(10	mL)	was	added	dropwise	at	room	temperature	with	vigorous	stirring.	

After	 allowing	 the	 reaction	mixture	 to	 stir	 for	 2	 days,	 the	 Et2O	was	 removed	 under	 reduced	

pressure	and	the	resulting	white	precipitate	was	collected	on	a	medium	porosity	glass-fritted	

funnel	and	washed	with	water.	The	 resulting	white	power	was	dried	under	 reduced	pressure	

overnight,	 then	dissolved	 in	 CH2Cl2	 (100	mL)	 and	dried	with	 anhydrous	 sodium	 sulfate.	 After	

filtering	off	 the	 insoluble	 species,	 the	 solvent	was	 removed	and	 the	 residue	was	dried	under	

vacuum	at	45	°C	for	5	h.	The	residue	was	brought	into	the	dry	box,	redissolved	in	CH2Cl2	(10	mL),	

and	precipitated	with	pentane	 to	 give	0.81	 g	 (62%)	of	 an	 ivory	powder.	 FTIR	 (KBr	disc,	 cm−1,	

selected	bands):	3353,	3303,	3262,	3106,	2965,	2824,	1610,	1405,	1323,	1165,	1106,	1062,	958,	

846,	713,	602,	554.	1H	NMR	(500	MHz,	CDCl3,	ppm):	2.61	(t,	2H),	3.06	(t,	2H),	5.91	(br	s,	1H	NH),	

7.79	(d,	2H),	8.08	(d,	2H).	13C	NMR	(500	MHz,	CDCl3,	ppm):	41.5,	54.8,	126.8,	128.0,	129.3,	143.6.	

HRMS	(ES+,	m/z):	Exact	mass	calcd	for	C27H27N4O6S3F9:	771.10,	Found:	771.04.	

	

N,N',N''-(nitrilotris(ethane-2,1-diyl))tris(4-chloro-benzenesulfonamide)	 (H3CST).	 Prepared	 in	 an	

analogous	 manner	 to	 H3F3ST	 using	 tren	 (0.26	 g,	 1.8	 mmol),	 NaOH	 (0.34	 g,	 8.4	 mmol),	 4-

chlorobenzenesulfonyl	chloride	(1.2	g,	5.6	mmol)	to	give	0.66	g	(55%)	product.	FTIR	(KBr	disc,	

cm−1,	selected	bands):	3291,	3093,	2957,	2850,	1587,	1477,	1396,	1327,	1162,	1094,	955,	825,	

753,	618,	567.	1H	NMR	(500	MHz,	CDCl3,	ppm):	2.55	(t,	2H),	2.98	(t,	2H),	5.91	(br	s,	1H	NH),	7.49	

(d,	2H),	7.86	 (d,	2H).	 13C	NMR	 (500	MHz,	CDCl3,	ppm):	41.4,	54.7,	129.0,	129.9,	138.5,	139.6.		

HRMS	(ES+,	m/z):	Exact	mass	calcd	for	C24H27N4O6S3Cl3:	669.02,	Found:	669.01.	
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Preparation	of	Complexes	

NMe4[FeIIF3ST(OH2)].	A	solution	of	H3F3ST	(300	mg,	0.39	mmol)	dissolved	in	6	mL	of	anhydrous	

DMA	was	treated	with	solid	NaH	(28	mg,	1.2	mmol).	The	mixture	was	stirred	until	gas	evolution	

ceased.	 Fe(OAc)2	 (68	mg,	 0.39	mmol)	 and	NMe4OAc	 (52	mg,	 0.39	mmol),	were	added	 to	 the	

cloudy	white	reaction,	and	the	solution	was	stirred.	After	3	h,	5	mL	of	Et2O	was	added	to	the	

yellow	solution	to	aid	the	precipitation	of	NaOAc.	The	reaction	mixture	was	filtered	through	a	

medium	porosity	glass-fritted	funnel	to	remove	the	insoluble	species	and	the	filtrate	was	dried	

under	vacuum.	The	resulting	pale	yellow	solid	was	redissolved	in	5	mL	of	MeCN,	stirred	for	20	

min,	and	filtered	using	a	fine	porosity	glass-fritted	funnel.	The	filtrate	was	concentrated	under	

vacuum	to	ca.	1	mL	and	treated	with	Et2O	(10	mL)	then	pentane	(40	mL)	to	precipitate	a	pale	

yellow	solid.	This	solid	was	collected	on	a	medium	porosity	glass-fritted	funnel	and	dried	under	

vacuum	to	give	182	mg	(91%)	of	product.	FTIR	(KBr	disc,	cm−1,	selected	bands):	3413,	3046,	2964,	

2902,	2861,	1608,	1490,	1403,	1326,	1263,	1134,	1062,	976,	821,	710,	622,	605.	MS	(ES-,	m/z):	

Exact	mass	calcd	for	C27H24N4O6S3F9Fe:	823.0,	Found:	823.1.	This	salt,	presumably	NMe4[FeIIF3ST]	

(103	mg,	0.12	mmol)	in	5	mL	of	CH2Cl2,	was	treated	with	H2O	(8	µL,	0.46	mmol)	in	one	portion	via	

a	 syringe	 and	 the	mixture	was	 stirred.	 After	 15	min,	 volatiles	 were	 removed	 under	 reduced	

pressure	 and	 the	 solid	 residue	 was	 redissolved	 in	 CH2Cl2	 (6	mL),	 filtered	 through	 a	medium	

porosity	glass-fritted	funnel,	and	layered	under	pentane.	White	needle	crystals	were	collected	

via	 filtration	 and	 dried	 under	 vacuum,	 to	 give	 98	mg	 (94%)	 of	 crystalline	 product.	 Elemental	

analysis	calcd	for	NMe4[FeIIF3ST(OH2)]	C31H38N5O7S3F9Fe:	C,	40.66;	H,	4.18;	N,	7.65%,	Found:	C,	

40.74;	H,	4.06;	N,	7.32%.	FTIR	(KBr	disc,	cm−1,	selected	bands):	3340,	3044,	2964,	2899,	2860,	
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1608,	1490,	1403,	1327,	1261,	1136,	1062,	977,	825,	710,	622,	605.	(Nujol,	cm−1):	3295	(OH).	µeff	

(µB):	4.7(2).	E1/2	(MeCN):	–0.284	V	vs.	[FeCp2]0/+.	

	

NMe4[FeIICST(OH2)].	This	salt	was	prepared	in	an	analogous	manner	to	NMe4[FeIIF3ST(OH2)]	using	

H3CST	(180	mg,	0.27	mmol),	NaH	(20	mg,	0.81	mmol),	Fe(OAc)2	(47	mg,	0.27	mmol),	NMe4OAc	

(38	mg,	0.28	mmol)	to	isolate	a	pale	yellow	powder,	which	presumably	was	the	NMe4[FeIICST]	

salt	(141	mg,	66%).	FTIR	(KBr	disc,	cm−1,	selected	bands):	3341,	3036,	2960,	2898,	2856,	1636,	

1581,	1477,	1392,	1251,	1141,	1084,	975,	823,	751,	630,	593.	MS	(ES-,	m/z):	Exact	mass	calcd	for	

C24H24N4O6S3Cl3Fe:	 720.9,	 Found:	 721.0.	 The	 isolated	 NMe4[FeIICST]	 (33	mg,	 0.04	mmol)	 was	

treated	with	H2O	(3	µL,	0.17	mmol)	in	an	analogous	manner	to	NMe4[FeII	F3ST(OH2)]	to	give	28	

mg	 (83%)	 of	 crystalline	 product.	 Elemental	 analysis	 calcd	 for	 NMe4[FeIICST(OH2)]	

C28H38N5O7S3Cl3Fe:	C,	41.26;	H,	4.70;	N,	8.59%,	Found:	C,	41.09;	H,	4.57;	N,	8.22%.	FTIR	(KBr	disc,	

cm−1,	selected	bands):	3313,	3036,	2964,	2899,	2855,	1580,	1476,	1391,	1247,	1138,	1083,	975,	

821,	751,	629,	593.	 (Nujol,	 cm−1):	3303	 (OH).	µeff	 (CDCl3,	µB):	4.8(3).	E1/2	(MeCN):	 -0.338	V	vs.	

[FeCp2]0/+.	

	

NMe4[FeIIPST(OH2)].	This	salt	was	prepared	in	an	analogous	manner	to	NMe4[FeIIF3ST(OH2)]	using	

H3PST	(300	mg,	0.53	mmol),	NaH	(38	mg,	1.6	mmol),	Fe(OAc)2	(92	mg,	0.53	mmol),	NMe4OAc	(71	

mg,	0.53	mmol)	to	isolate	a	pale	yellow	powder,	which	presumably	was	the	NMe4[FeIIPST]	salt	

(340	mg,	93%).	FTIR	(KBr	disc,	cm−1,	selected	bands):	3297,	3035,	2955,	2897,	2853,	1489,	1445,	

1246,	1132,	974,	821,	761,	715,	694,	608,	586.	MS	(ES-,	m/z):	Exact	mass	calcd	for	C24H27N4O6S3Fe:	

619.0,	Found:	619.1.	The	isolated	NMe4[FeIIPST]	salt	(26	mg,	0.04	mmol)	was	treated	with	H2O	(3	
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µL,	0.14	mmol)	in	an	analogous	manner	to	NMe4[FeIIF3ST(OH2)]	to	give	27	mg	(85%)	of	crystalline	

product.	Elemental	analysis	calcd	for	NMe4[FeIIPST(OH2)]	C28H41N5O7S3Fe:	C,	47.25;	H,	5.81;	N,	

9.84%,	Found:	C,	47.19;	H,	5.53;	N,	9.63%.	FTIR	(KBr	disc,	cm−1,	selected	bands):	3313,	3034,	2957,	

2897,	2854,	1489,	1445,	1247,	1132,	975,	821,	761,	714,	694,	608,	586.	(Nujol,	cm−1):	3290	(OH).	

µeff	(CDCl3,	µB):	4.9(9).	E1/2	(MeCN):	-0.394	V	vs.	[FeCp2]0/+.	

	

NMe4[FeIITST(OH2)].	This	salt	was	prepared	in	an	analogous	manner	to	NMe4[FeIIF3ST(OH2)]	using	

H3TST	(300	mg,	0.49	mmol),	NaH	(30	mg,	1.2	mmol),	Fe(OAc)2	(71	mg,	0.41	mmol),	NMe4OAc	(55	

mg,	0.41	mmol)	to	isolate	a	pale	yellow	powder	which	presumably	was	the	NMe4[FeIITST]	salt	

(310	mg,	86%).	FTIR	(KBr	disc,	cm−1,	selected	bands):	3264,	3037,	2958,	2896,	2850,	1599,	1492,	

1325,	1246,	1138,	975,	818,	664,	600,	555.	MS	(ES-,	m/z):	Exact	mass	calcd	for	C27H33N4O6S3Fe:	

661.1,	Found:	661.2.	The	isolated	solid	NMe4[FeIITST]	salt	(56	mg,	0.08	mmol)	was	treated	with	

H2O	(5	µL,	0.30	mmol)	in	an	analogous	manner	to	NMe4[FeII	F3ST(OH2)]	to	give	42	mg	(74%)	of	

crystalline	product.	Elemental	analysis	calcd	for	NMe4[FeIITST(OH2)]	C31H47N5O7S3Fe:	C,	49.40;	H,	

6.28;	N,	9.29%,	Found:	C,	49.21;	H,	6.04;	N,	9.02%.	FTIR	(KBr	disc,	cm−1,	selected	bands):	3281,	

3036,	2957,	2896,	2852,	1599,	1491,	1244,	1138,	975,	817,	664,	599,	554.	(Nujol,	cm−1):	3249	

(OH).	µeff	(CDCl3,	µB):	4.8(1).	E1/2	(MeCN):	-0.419	V	vs.	[FeCp2]0/+.	

	

NMe4[FeIIMOST(OH2)].	This	 salt	was	prepared	 in	an	analogous	manner	 to	NMe4[FeIIF3ST(OH2)]	

using	H3MOST	 (200	mg,	0.30	mmol),	NaH	 (22	mg,	0.91	mmol),	 Fe(OAc)2	 (53	mg,	0.30	mmol),	

NMe4OAc	(41	mg,	0.30	mmol)	to	isolate	a	pale	yellow	powder	(NMe4[FeIIMOST])	in	76%	yield.	

FTIR	 (KBr	disc,	 cm−1,	 selected	bands):	3264,	3036,	2958,	2898,	2847,	1597,	1496,	1304,	1250,	
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1134,	1013,	975,	818,	667,	601,	564.	MS	(ES-,	m/z):	Exact	mass	calcd	for	C27H33N4O9S3Fe	709.1,	

Found	709.1.	The	isolated	solid	NMe4[FeIIMOST]	(62	mg,	0.08	mmol)	was	treated	with	H2O	(6	µL,	

0.31	mmol)	in	an	analogous	manner	to	NMe4[FeII	F3ST(OH2)]	to	give	61	mg	(96%)	of	crystalline	

product.	Elemental	analysis	calcd	for	NMe4[FeIIMOST(OH2)]	C31H47N5O10S3Fe:	C,	46.44;	H,	5.91;	N,	

8.73%,	Found:	C,	46.34;	H,	5.62;	N,	8.66%.	FTIR	(KBr	disc,	cm−1,	selected	bands):	3302,	3039,	2961,	

2897,	2843,	1597,	1496,	1306,	1254,	1134,	1025,	972,	832,	667,	603,	564.	(Nujol,	cm−1):	3247	

(OH).	µeff	(CDCl3,	µB):	4.9(3).	E1/2	(MeCN):	-0.441	V	vs.	[FeCp2]0/+.	

	

Physical	Methods	

Elemental	analyses	were	performed	on	a	Perkin-Elmer	2400	CHNS	analyzer.	1H-NMR	and	

13C-NMR	were	 recorded	on	a	Bruker	DRX500	 spectrometer.	 FTIR	 spectra	were	 collected	on	a	

Varian	800	Scimitar	Series	FTIR	spectrometer.	High-resolution	mass	spectra	were	collected	using	

Waters	Micromass	 LCT	 Premier	Mass	 Spectrometer.	 Perpendicular-mode	X-band	 EPR	 spectra	

were	collected	using	a	Bruker	EMX	spectrometer	at	77K	using	liquid	nitrogen.	Solution	effective	

magnetic	moments	were	measured	by	 the	Evans’	method	on	a	Bruker	DRX500	 spectrometer	

using	flame	sealed	standard	cores	of	1:1	CHCl3:CDCl3.27	CV	experiments	were	conducted	using	a	

CH1600C	electrochemical	analyzer.	A	2.0	mm	glassy	carbon	electrode	was	used	as	the	working	

electrode	at	scan	velocities	0.1	Vs−1	unless	otherwise	noted.	[CoCp2]0/+	was	used	as	an	internal	

reference	 then	 scaled	 against	 [FeCp2]+/0.34	 TBAP	 was	 use	 as	 the	 supporting	 electrolyte	 at	 a	

concentration	of	0.1	M.	Electrochemical	values	are	reported	as	the	average	of	three	independent	

measurements.			
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Crystallography	

		 A	Bruker	 SMART	APEX	 II	 diffractometer	 and	 the	APEX2	program	package	was	used	 to	

determine	 the	 unit-cell	 parameters	 and	 for	 data	 collection.	 	 Crystallographic	 details	 are	

summarized	in	Appendix	A.	
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CHAPTER	3	

Terminal	NiII−OH/−OH2	complexes	in	trigonal	bipyramidal	geometry	prepared	from	H2O	

Introduction	

Monomeric	metal	complexes	of	first-row	transition	metal	ions	with	terminal	hydroxido	

and	aqua	ligands	are	often	difficult	to	prepare	because	of	the	strong	tendency	of	these	ligands	

to	bridge	between	metal	centers.1–10	However,	hydroxido	and	aqua	bridging	may	be	prevented	

using	steric	effects,	as	evidenced	by	the	ubiquity	of	terminal	metal	hydroxido	and	aqua	units	in	

biology.11–15	Using	 steric	effects	 in	 this	manner	 is	 also	effective	 in	 synthetic	 systems,	as	most	

synthetic	 terminal	 nickel	 hydroxido	 and	 aqua	 complexes	 use	 sterically	 encumbered	 ligand	

frameworks	 around	 the	 metal	 center	 to	 prevent	 bridging.	 Cámpora	 prepared	 the	 earliest	

examples	of	monomeric	square	planar	terminal	NiII−OH	moieties,16,17	and	a	number	of	similar	4-

coordinate	terminal	NiII−OH	complexes	have	been	developed	for	catalysis.18–21	To	date,	there	are	

only	 two	 examples	 of	 crystallographically	 characterized	monometallic	 five-coordinate	NiII−OH	

complexes.	Riordan	prepared	a	square	pyramidal	complex	with	a	1,4,8,11-tetramethyl-1,4,8,11-

tetraazadodecane	ligand	in	which	the	exogenous	hydroxido	 ligand	is	derived	from	dioxygen,22	

and	 Levy	 prepared	 a	 trigonal	 bipyramidal	 complex	with	 a	 bulky	 Schiff	 base	 ligand	where	 the	

exogenous	 hydroxido	 ligand	 is	 derived	 from	 adventitious	 water.23	 The	 earliest	 structurally	

characterized	five-coordinate	terminal	NiII−OH2	complex	was	reported	by	Stucky	in	1969,24	and	

since	 then	 many	 other	 structurally	 characterized	 terminal	 NiII−OH2	 complexes	 have	 been	

prepared.25–27	

The	Borovik	 group	has	 also	 successfully	used	 this	 approach	 to	prepare	many	 terminal	

metal	 hydroxido	 and	 aqua	 complexes,	 including	 a	 pair	 of	 terminal	 NiII−OH	 complexes	 using	
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sterically	bulky	tridentate	ligands	(Figure	3.1A).28	Such	ligands	were	derived	from	the	previously	

mentioned	urea	based	tripodal	ligand	tris[(N)-tertbutylureaylato)-N-ethyl)]aminato	([H3buea]3−)	

(Figure	3.1B).29	Various	monometallic	terminal	metal	hydroxido	and	oxido	complexes	have	been	

stabilized	with	[H3buea]3−,	as	the	three	bulky	tert-butyl	groups	of	[H3buea]3−	hinders	access	to	

the	hydroxido	or	oxido	ligand.30–32	An	additional	feature	of	[H3buea]3−	is	its	ability	to	promote	the	

formation	of	intramolecular	hydrogen	bonds	(H-bonds).	For	instance,	in	our	previously	prepared	

M–OH	complexes	the	terminal	hydroxido	ligand	was	further	stabilized	through	intramolecular	H-

bonding	networks	that	are	formed	between	the	urea	N−H	groups	of	[H3buea]3−	and	the	oxygen	

atom	of	the	hydroxido	ligand.	

	
Figure	3.1.	The	ligands	(A)	[H21

R]2−	(R	=	iPr,	tBu),	(B)	[H3buea]
3−,and	(C)	[MST]3−.	

Our	group	has	also	designed	systems	that	can	accept	H-bonds	from	an	apical	exogenous	

ligand.	 The	 sulfonamido-based	 tripodal	 ligand	 N,N',N"-[2,2’,2”-nitrilotris(ethane-2,1-

diyl)]tris(2,4,6-trimethylbenzenesulfonamido)	([MST]3−)	(Figure	3.1C)	can	stabilize	hydroxido	or	

aqua	 ligands	 through	 intramolecular	H-bonds	 involving	 the	O–H	 groups	 and	 the	 sulfonamido	

oxygen	 atoms.33–35	 Several	 examples	 of	monomeric	 species	with	 terminal	 hydroxido	 or	 aqua	

ligands	 exist	 with	 this	 system,	 and	 the	 steric	 bulk	 [MST]3−	 S=O	 and	 mesityl	 groups	 aid	 in	

preventing	 bridging.36–38	 However,	 this	 bulk	 is	 less	 significant	 than	 in	 [H3buea]3−),	 for	 as	

mentioned	in	Chapter	1	bimetallic	complexes	with	bridging	hydroxido	or	aqua	ligands	may	also	

be	prepared	with	[MST]3−.33–36	
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The	following	work	describes	the	synthesis	and	characterization	of	a	NiII−OH	complex	with	

the	ligand	[H3buea]3−	and	a	NiII−OH2	complex	with	the	ligand	[MST]3−,	where	the	hydroxido	and	

aqua	 ligands	were	both	derived	 from	water.	Previous	work	with	other	metals	 suggested	 that	

these	ligands	would	be	logical	candidates	to	stabilize	monomeric	NiII	complexes	with	terminal	

hydroxido	and	aqua	ligands.	Their	oxidative	chemistry	was	explored,	with	the	goal	of	establishing	

the	properties	of	NiIII–OH	species.	Such	species	are	believed	to	be	a	key	intermediate	in	Ni	based	

oxidations,39–43	but	to	date,	NiIII−OH	species	have	not	been	structurally	characterized.	While	new	

oxidized	NiIII	species	can	be	detected	for	both	systems,	the	data	does	not	conclusively	show	that	

a	NiIII–OH	unit	remained	intact.		

	

Results	and	Discussion	

Preparation	and	properties	of	K2[NiIIH3buea(OH)]	

	
Scheme	3.1.	Preparation	of	K2[Ni

IIH3buea(OH)].	

The	 preparation	 of	 K2[NiIIH3buea(OH)]	 followed	 literature	methods	 reported	 for	 other	

MII–OH	with	 [H3buea]3−	 (Scheme	3.1).44	 	A	dimethylacetamide	 (DMA)	 solution	of	H6buea	was	

deprotonated	with	4	equivalents	of	KH	and	 treated	with	NiII(OAc)2	and	H2O	 to	 form	a	green-

yellow	solution	of	K2[NiIIH3buea(OH)].	Green	crystals	of	this	salt	suitable	for	X-ray	diffraction	were	

obtained	by	slow	diffusion	of	Et2O	vapors	into	a	DMA	or	dimethylformamide	(DMF)	solution	of	

the	compound.		
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The	absorbance	spectrum	of	[NiIIH3buea(OH)]2−	displayed	peaks	 in	the	visible	region	at	

λmax	=	424	(εM	=	61),	493	(εM	=	35),	and	677	nm	(εM	=	23).	These	absorbance	features	are	similar	

to	those	of	other	NiII	centers	in	local	C3	symmetry.45,46	The	X-band	perpendicular-mode	electronic	

paramagnetic	resonance	(EPR)	spectrum	collected	at	77	K	had	no	signals,	which	is	expected	for	a	

d8	metal	 center	of	 integer	 spin.	 Evans’	method	was	used	 to	determine	 the	 solution	effective	

magnetic	moment	of	3.1	μB.47	This	value	is	consistent	with	the	spin-only	value	for	an	S	=	1	system	

of	2.8	μB,	indicating	that	the	NiII	metal	center	is	high-spin.	The	Fourier	transform	infrared	(FTIR)	

spectra	of	K2[NiIIH3buea(OH)],	recorded	both	with	ATR-IR	and	as	a	Nujol	mull,	did	not	show	peaks	

corresponding	 to	 an	 O−H	 vibration	 from	 the	 hydroxido	 ligand.	 Note	 that	 all	 other	 MII–OH	

complexes	with	[H3buea]3−	also	fail	to	reveal	any	peaks	for	the	ν(OH);44	the	reason	for	the	absence	

of	these	signals	in	not	known.	

	

Preparation	and	properties	of	NMe4[NiIIMST(OH2)]	

	
Scheme	3.2.	Preparation	of	NMe4[Ni

IIMST(OH2)].	

The	preparation	of	NMe4[NiIIMST(OH2)]	also	followed	a	previously	reported	route	from	

our	 group	 (Scheme	3.2).38	 A	 dimethylacetamide	 solution	 of	H3MST	was	 deprotonated	with	 3	

equivalents	of	KH	and	treated	with	NiII(OAc)2	and	NMe4OAc	form	a	green-yellow	solution	of	the	

putative	 four-coordinate	 NMe4[NiIIMST].	 This	 product	 was	 isolated	 as	 a	 yellow	 solid,	 then	

redissolved	 in	 CH2Cl2	 and	 treated	with	 four	 equivalents	 of	water.	 Green	 crystals	 of	 the	 aqua	
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complex	 suitable	 for	 X-ray	 diffraction	 were	 obtained	 by	 layering	 a	 CH2Cl2	 solution	 of	 the	

compound	under	pentane.	

The	absorbance	 spectrum	of	 [NiIIMST(OH2)]−	was	 characterized	by	peaks	 in	 the	 visible	

region	at	λmax	=	431	(εM	=	110),	506	(εM	=	33),	and	724	nm	(εM	=	52)	and	had	no	EPR	features	in	

perpendicular-mode.	The	solution	effective	magnetic	moment	was	3.2	μB,	supporting	an	S	=	1	

spin	 ground-state.47	 The	 FTIR	 spectrum	 of	 NMe4[NiIIMST(OH2)],	 recorded	 as	 a	 Nujol	 mull,	

revealed	a	peak	at	3241	cm−1	that	is	assigned	to	the		O−H	vibration	from	the	aqua	ligand.37,38	

	

Solid-state	molecular	structure	of	[NiIIH3buea(OH)]2−	and	[NiIIMST(OH2)]−	

The	 molecular	 structure	 of	 [NiIIH3buea(OH)]2−	 was	 determined	 by	 X-ray	 diffraction	

methods	and	the	thermal	ellipsoid	diagram	of	the	complex	is	shown	in	Figure	3.2A,	with	selected	

metrical	 parameters	 shown	 in	 Table	 3.1.	 The	 [NiIIH3buea(OH)]2−	 complex	 crystallized	 as	 a	

monomer,	with	trigonal	bipyramidal	(tbp)	coordination	geometry.	The	N4O	primary	coordination	

sphere	around	the	NiII	center	is	defined	by	a	trigonal	plane	derived	from	three	deprotonated	urea	

nitrogen	atoms	with	the	amine	nitrogen	and	the	oxygen	atoms	from	the	exogenous	hydroxido	

ligand	occupying	the	axial	positions.	

The	 complex	 shows	 a	 distortion	 from	 idealized	 tbp	 geometry	 based	 on	 the	 structural	

parameter	 τ5	 =	 0.81,	 in	 which	 an	 ideal	 tbp	 geometry	 has	 τ5	 =	 1	 and	 ideal	 square	 pyramidal	

geometry	has	τ5	=	0.48	This	distortion	is		partially	caused	by	the	Jahn-Teller	effect	that	should	be	

present	in	a	high-spin	d8	metal	complex	having	local	C3	symmetry.49	Another	possible	contributor	

to	this	distortion	is	the	presence	of	intramolecular	H-bonds	formed	between	the	urea	hydrogen	

atoms	of	[H3buea]3−	and	O-atom	from	the	NiII–OH	unit.	Two	relatively	short	H-bonds	are	formed,	



	

	45	

as	gauged	by	the	N···O	distances:	N6···O1	and	N7···O1	distance	of	2.789	and	2.786	Å	that	are	

statistically	shorter	than	the	N5···O1	distance	of	2.829	Å.	All	three	interactions	may	be	considered	

H-bonds	because	the	N···O	distances	are	under	3.07	Å.	However,	the	two	shorter	distances	are	

in	 the	 region	 often	 associated	 with	 strong	 H-bonding50	 and	 could	 reflect	 the	 fact	 that	 the	

hydroxido	ligand	only	has	two	available	lone	pairs.	

	
Figure	3.2.	Thermal	ellipsoid	diagram	depicting	the	molecular	structure	of	(A)	[NiIIH3buea(OH)]

2−	and	(B)	
[NiMST(OH2)]

−.	Ellipsoids	are	drawn	at	the	50%	probability	level,	and	only	urea,	hydroxido,	and	aqua	H-atoms	are	
shown	for	clarity.	

The	molecular	 structure	 of	 [NiIIH3buea(OH)]2−	 represents	 only	 the	 third	 example	 of	 a	

structurally	 characterized,	 five-coordinate	 monometallic	 NiII−OH	 unit.	 Riordan	 was	 the	 first	

report	 of	 such	 a	 species,	 but	 that	NiII–OH	 complex	has	 a	 square	planar	primary	 coordination	

sphere	coordination	with	a	τ5	value	of	0.0.22		Levy’s	nickel-hydroxido	complex	has	a	τ5	value	of	

0.86,	and	is	thus	the	only	other	NiII–OH	complex	with	tbp	geometry.23	The	Ni1–O1	bond	distance	

of	 2.018(1)	 Å	 is	 significantly	 longer	 in	 [NiIIH3buea(OH)]2−	 than	 in	 either	 Riordan’s	 or	 Levy’s	

complexes,	which	 have	Ni1–O1	 bond	 distances	 of	 1.955(2)	 and	 1.911(4)	 Å,	 respectively.	 This	

difference	is	because	[H3buea]3−	contains	anionic	nitrogen	donors	as	well	as	intramolecular	H-

bonds	to	the	hydroxido	ligand,	both	of	which	are	absent	in	the	other	complexes.	Anionic	nitrogen	
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donors	 should	 provide	 greater	 electron	density	 to	 the	NiII	 center	 relative	 to	 neutral	 nitrogen	

donors,	 leading	 to	 a	 reduced	 NiII–OH	 interaction	 that	 lengthens	 the	 Ni–O	 bond.	 Similarly,	

intramolecular	H-bonding	 should	decrease	 the	electron	density	on	 the	hydroxido	 ligand,	 also	

leading	to	a	reduced	NiII–OH	interaction	that	lengthens	the	Ni–O	bond.	

The	 molecular	 structure	 of	 [NiIIMST(OH2)]−	 was	 also	 determined	 by	 X-ray	 diffraction	

methods	(Figure	3.2B,	Table	3.1).	The	[NiIIMST(OH2)]−	complex	crystallized	as	a	monomer,	with	

the	N4O	donors	around	the	NiII	center	adopting	a	tbp	primary	coordination	sphere.	The	three	

deprotonated	 sulfonamido	nitrogen	atoms	define	 the	 trigonal	plane	with	 the	amine	nitrogen	

atom	and	the	oxygen	atom	from	the	exogenous	aqua	ligand	occupying	the	apical	positions.	The	

complex	shows	a	slight	distortion	from	tbp	geometry	based	on	the	structural	parameter	τ5	=	0.86.	

As	with	[NiIIH3buea(OH)]2−,	 this	distortion	 is	expected	to	be	caused	by	a	combination	of	 Jahn-

Teller	effect	and	the	intramolecular	H-bonding	network	that	surrounds	the	NiII–OH2	unit.	Two	H-

bonds	are	formed	between	the	aqua	ligand	to	the	sulfonamido	oxygen	atom	on	two	of	the	ligand	

arms,	as	gauged	by	the	O···O	atom	distances	of	2.686	and	2.679	Å.		

Five-coordinate	terminal	NiII−OH2	complexes	tend	to	having	τ5	values	closer	to	0.0	and	

thus	having	distorted	square	pyramidal	primary	coordination	spheres.	[NiIIMST(OH2)]−	currently	

has	 the	highest	 τ5	 value	 among	 reported	 five-coordinate	 terminal	NiII−OH2	 complexes,	 and	 is	

therefore	the	closest	to	having	tbp	coordination	geometry.		For		comparison,	the	N-methyl-1,4-

diazabicyclo[2.2.2]octane	based	complex	of	Stucky24	and	the	scorpionate	based	complex	of	Yap51	

have	τ5	values	of		0.73	and	0.66,	representing	higher	limits	for	τ5	values.	The	Ni1–O1	distance	of	

2.074(1)	Å	is	shorter	in	[NiIIMST(OH2)]−	than	in	either	Stucky’s	or	Yap’s	complexes,	which	have	
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Ni1–O1	distances	of	2.100(6)	and		2.092(2)	Å	respectively.	This	difference	is	also	attributed	to	the	

presence	of	intramolecular	H-bonds	involving	the	aqua	ligand.		

Table	3.1.	Selected	metrical	parameters	for	[NiIIH3buea(OH)]
2−,	[NiIIMST(OH2)]

−	complexes	

	 [NiIIH3buea(OH)]2−	 [NiIIMST(OH2)]−	
Bond	distances	(Å)	 	 	
Ni1–O1	 2.018(1)	 2.074(2)	
Ni1–N1	 2.106(1)	 2.114(2)	
Ni1–N2	 2.089(1)	 2.027(2)	
Ni1–N3	 2.055(1)	 2.051(2)	
Ni1–N4	 2.059(1)	 2.026(2)	
Ave.	Ni–Neq	 2.068(1)	 2.035(2)	
N5···O1	 2.829	 	
N6···O1	 2.789	 	
N7···O1	 2.786	 	
O1···O2	 	 2.686	
O1···O4	 	 2.679	
O1···O6	 	 2.998	
	 	 	
Bond	angles	(˚)	 	
N1–Ni1–O1	 177.9(5)	 176.8(8)	
N1–Ni1–N2	 80.5(5)	 82.9(8)	
N1–Ni1–N3	 82.1(6)	 82.6(8)	
N1–Ni1–N4	 83.0(6)	 83.8(8)	
N2–Ni1–N3	 129.1(6)	 120.5(9)	
N2–Ni1–N4	 104.6(5)	 109.8(9)	
N3–Ni1–N4	 120.2(6)	 125.4(9)	
τ5	value	 0.81	 0.86	

	

Electrochemical	properties	of	[NiIIH3buea(OH)]2−	and	[NiIIMST(OH2)]−	

The	 cyclic	 voltammogram	 (CV)	 of	 K2[NiIIH3buea(OH)]	 in	 a	 0.1	M	 tetrabutylammonium	

hexafluorophosphate	 (TBAP)	 solution	 in	 DMF	 (Figure	 3.3A)	 showed	 an	 irreversible	 oxidative	

event	at	−830	mV	versus	the	ferrocene/ferrocenium	couple	([FeCp2]+/0).	In	addition,	the	CV	for	

NMe4[NiIIMST(OH2]	measured	in	a	0.1	M	TBAP	solution	in	CH2Cl2	showed	a	quasi-reversible	one-

electron	oxidation	event	at	+370	mV	versus	[FeCp2]+/0	(Figure	3.3B).	This	positive	shift	in	redox	
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potential	for	the	complex	made	with	[MST]3−	versus	analogous	[H3buea]3−	complex	is	expected,	

as	the	N-atoms	of	the	sulfonamido	groups	of	[MST]3−	are	weaker	donors	to	the	metal	center	than	

the	ureido	N	atoms	of	[H3buea]3–.52,53	Moreover,	the	[NiIIMST(OH2)]–	complex	is	a	mono-anion	

while	the	[NiIIH3buea(OH)]2–	 is	a	di-anion,	and	thus	[NiIIMST(OH2)]–	should	be	more	difficult	to	

oxidize.	 As	 these	 results	 suggested	 that	 the	 NiII	 complexes	 could	 be	 oxidized	 to	 NiIII	 species,	

attempts	to	chemically	prepare	these	products	were	undertaken.	

	
Figure	3.3.	Cyclic	voltammogram	of	(A)	K2[Ni

IIH3buea(OH)],	collected	at	100	mV	s−1	in	a	0.1	M	TBAP	solution	in	DMF	
using	[CoCp2]

0/+	as	an	internal	reference,	then	scaled	to	[FeCp2]
+/0,	and	of	(B)	NMe4[Ni

IIMST(OH2)],	collected	at	100	
mV	s−1	in	a	0.1	M	TBAP	solution	in	CH2Cl2	using	[FeCp2]

+/0	as	an	internal	reference.	

	

Preparation	and	characterization	of	a	NiIII	species	with	[H3buea]3−		

The	addition	of	elemental	iodine	(I2)	to	a	sample	of	K2[NiIIH3buea(OH)]	in	DMF	resulted	in	

an	immediate	color	change	from	yellow-green	to	purple-red.	Monitoring	this	reaction	with	UV-

visible	(UV-vis)	spectroscopy	at	room	temperature	showed	the	growth	of	an	intense	peak	at	λmax	

=		326	nm	(εM	~	2000)	and	a	peak	at	λmax	=	502	nm	(εM	~	570)	(Figure	3.4A).	The	perpendicular-

mode	EPR	spectrum	collected	at	10	K	of	the	purple-red	solution	contained	a	rhombic	EPR	signal	

with	g-values	at	2.29,	2.17,	and	2.04	(Figure	3.4B).	This	spectrum	is	consistent	with	a	complex	
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containing	a	d7	NiIII	center	with	an	S	=	1/2	spin	ground-state.45,54,55	Nearly	identical	EPR	spectra	

were	obtained	when	 the	oxidation	of	K2[NiIIH3buea(OH)]	was	performed	 in	DMA,	acetonitrile	

(MeCN),	and	tetrahydrofuran	(THF),	or	when	ferrocenium	([FeIII(C5H5)2]+)	was	used	as	the	oxidant.	

	
Figure	3.4.	(A)	UV-vis	spectrum	for	oxidation	of	a	0.4	mM	DMF	solution	of	K2[Ni

IIH3buea(OH)]	by	I2	at	25	˚C,	
showing	the	conversion	of	the	initial	NiII−OH	species	(solid	black)	to	a	NiIII	species	(dashed	black)	after	5	min.	(B)	
Perpendicular-mode	X-band	EPR	spectra	collected	at	10	K	of	the	putative	NiIII	species	with	[H3buea]

3−	prepared	in	
DMF	with	I2	as	the	oxidant	(solid	black)	and	simulated	spectrum	(dashed	red).	

The	NiIII	 species	derived	 from	 [NiIIH3buea(OH)]2−	 is	 unstable	 at	 room	 temperature	 and	

reacts	further	to	form	species	with	no	perpendicular-mode	EPR	signals.	This	reaction	followed	

first-order	kinetics	with	respect	to	the	NiIII	species	in	DMF	and	a	half-life	of	10	h	was	determined	

for	the	oxidized	species	at	25	˚C.	The	NiIII	species	is	more	stable	at	lower	temperatures:	solution	

samples	 stored	 at	 –30˚C	 retained	 their	 rhombic	 EPR	 spectra	 even	 after	 several	 months.	 In	

addition,	this	oxidized	product	was	also	stable	in	the	solid	state	and	could	be	stored	under	an	

inert	atmosphere	at	room	temperature.			Attempts	at	crystallizing	the	NiIII	species	at	−80	˚C,	−30	

˚C,	and	room	temperature	were	unsuccessful,	with	only	light	yellow	powders	being	isolated.	UV-

vis	spectra	of	 this	species	 indicated	that	 it	was	not	 [NiIIH3buea(OH)]2−.	 1H-NMR	spectra	of	 the	

powder	revealed	that	it	was	identical	to	that	of	H6buea,	suggesting	some	amount	of	the	ligand	

precursor	was	present.	The	oxidized	NiIII	species	also	does	not	reconvert	to	[NiIIH3buea(OH)]2−	
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upon	 reduction.	 Treating	 the	 NiIII	 complex	 immediately	 after	 its	 formation	 with	 cobaltocene	

([CoII(C5H5)2])	led	to	a	product	that	had	different	optical	properties	to	those	of	[NiIIH3buea(OH)]2−.	

The	 reactivity	 of	 the	 NiIII	 species	 with	 external	 substrates	 including	 9,10-dihydroanthracene	

(DHA)	and	xanthene	was	also	probed,	yet	no	reaction	was	observed	with	these	species.		

The	one-electron	oxidations	of	[MIIH3buea(OH)]2−	complexes	(MII	=	FeII,	MnII,	CoII)	have	

previously	 been	 shown	 to	 produce	 the	 corresponding	 MIII–OH	 analogs.56	 The	 combined	

spectroscopic	data	 for	 the	oxidized	product	of	 [NiIIH3buea(OH)]2−	does	not	allow	 for	a	 similar	

assignment.	While	these	results	support	the	initial	formation	of	a	NiIII	species,	there	is	no	data	

that	confirms	that	the	hydroxido	 ligand	 is	still	coordinated.	 In	particular,	a	characteristic	peak	

associated	with	 the	O–H	 vibration	has	 not	 been	observed	 in	 the	 FTIR	 spectrum.	A	new	peak	

appears	 in	 the	 FTIR	 spectrum	at	 3320	 cm−1	 after	 oxidation,	 but	 its	 shape	 and	 energy	 do	 not	

correspond	to	bands	for	O–H	vibrations	previously	observed	for	other	MIII−OH	complexes	with	

[H3buea]3−.	The	energy	of	this	peak	is	also	in	the	same	region	of	observed	NH	signals	from	H6buea,	

suggesting	the	possibility	that	the	ligand	has	been	protonated,	as	found	from	our	NMR	studies	

above.		

	

Preparation	and	characterization	of	a	NiIII	species	with	[MST]3−	

The	 oxidation	 of	 [NiIIMST(OH2)]–	 was	 also	 explored	 under	 similar	 conditions	 to	

[NiIIH3buea(OH)]2−.	The	NiII–OH2	complex	could	be	oxidized	with	[TBPA]PF6	to	induce	a	clear	color	

change	from	lime-green	to	orange.	When	the	reaction	was	monitored	by	UV-vis	spectroscopy	at	

room	temperature,	the	growth	of	a	peak	at	λmax	=		312	nm	(εM	>	12000)	and	shoulders	at	440	nm	

and	530	nm	are	observed	(Figure	3.5A).	The	perpendicular-mode	EPR	spectrum	(Figure	3.5B)	at	
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10	K	showed	a	rhombic	signal	with	g	=	2.29,	2.17,	and	2.04.	Attempts	at	crystallization	yielded	

only	 green	 crystals,	 which	 is	 likely	 a	 NiII	 species	 as	 this	 compound	 has	 no	 signals	 in	 its	

perpendicular-mode	EPR	spectrum.	

	
Figure	3.5.	(A)	UV-vis	spectrum	for	oxidation	of	a	0.4	mM	CH2Cl2	solution	of	NMe4[Ni

IIMST(OH2)]	by	[TBPA]PF6	at	25	
˚C,	showing	the	conversion	of	the	initial	NiII−OH2	species	(solid	black)	to	some	NiIII	species	after	30	s.	(B)	
Perpendicular-mode	X-band	EPR	spectra	collected	at	77	K	of	the	putative	NiIII	species	with	[MST]3−	prepared	in	
CH2Cl2	with	[TBPA]PF6	as	the	oxidant	(solid	black)	and	simulated	spectrum	(dashed	red).	

The	 properties	 of	 the	 NiIII	 species	 with	 [MST]3−	 are	 similar	 to	 those	 of	 the	 analogous	

[H3buea]3−	species.	 It	reacts	further	to	form	a	species	with	perpendicular-mode	EPR	signals	at	

room	temperature,	which	occurs	within	hours.	Attempts	at	crystallizing	the	oxidized	species	at	

−80˚C,	−30˚C,	and	room	temperature	were	also	unsuccessful,	with	only	a	 light-yellow	powder	

again	being	isolated	from	the	reaction	mixture.	The	UV-vis	spectrum	of	this	species	is	like	that	of	

the	 original	 NiII−OH2	 compound.	 However,	 attempts	 to	 immediately	 reduce	 the	 putative	 NiIII	

species	using	CoCp2	led	to	a	species	that	is	different	from	the	starting	NiII−OH2	compound,	and	

its	formulation	is	still	unknown.		

We	have	previously	shown	that	[FeIIIMST(OH)]−	is	prepared	by	the	one-electron	oxidation	

of	[FeIIMST(OH2)]−.37	However,	as	with	[NiIIH3buea(OH)]2−,	the	spectroscopic	data	for	the	oxidized	

product	of	[NiIIMST(OH2)]−	does	not	allow	us	to	make	a	similar	assignment.	An	O−H	vibration	at	
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3463	cm–1	was	observed	for	[FeIIIMST(OH)]–,	but	a	similar	feature	was	not	found	in	FTIR	spectra	

of	the	oxidized	[NiIIMST(OH2)]−.	Moreover,	we	did	not	observe	any	further	reactivity	with	the	NiIII	

species	with	external	substrates	that	would	support	a	high	valent	Ni–OH	species.	

	

Summary	and	Conclusions	

	 This	 work	 described	 the	 preparation	 and	 characterization	 of	 K2[NiIIH3buea(OH)]	 and	

NMe4[NiIIMST(OH2)],	 complexes	 containing	 terminal	 NiII−OH	 and	 NiII−OH2	 moieties.	 These	

complexes	adopt	a	distorted	tbp	geometry,	as	determined	by	the	τ5	value,	which	is	an	uncommon	

geometry	for	these	types	of	complexes.	Both	complexes	were	oxidized	by	one-electron	oxidants	

to	form	high-valent	NiIII	species,	as	determined	by	perpendicular-mode	EPR	spectroscopy.	The	

oxidation	reactions	revealed	rhombic	perpendicular-mode	EPR	spectra	at	10	K,	consistent	with	

an	S	=	1/2	spin-state	derived	from	a	low-spin	NiIII	metal	center.	Additional	characterization	by	UV-

vis	spectroscopy	and	FTIR	spectroscopy	were	performed,	but	single	crystals	have	yet	to	be	grown	

for	 either	 compound.	 Moreover,	 the	 lack	 of	 detectable	 vibration	 peaks	 for	 NiIII	 O–H	 bonds	

prevents	the	definitive	assignment	of	these	complexes	as	high	valent	Ni–OH	species.	

	

Experimental	

General	Methods	

All	 reagents	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received,	 unless	

otherwise	noted.	Solvents	were	sparged	with	argon	and	dried	over	columns	containing	Q-5	and	

molecular	 sieves.	 The	 tripodal	 compounds	 H6buea	 and	 H3MST	 were	 synthesized	 following	

literature	procedures.29,33	The	preparations	of	metal	 complexes	were	conducted	 in	a	Vacuum	
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Atmospheres,	Co.	drybox	under	argon	atmosphere.	Potassium	hydride	(KH)	as	a	60%	dispersion	

in	mineral	oil	was	filtered	with	a	medium	porosity	glass-fritted	funnel	and	washed	5	times	each	

with	pentane	and	diethyl	ether	(Et2O).	Solid	KH	was	dried	under	vacuum	and	stored	under	inert	

atmosphere.	Ni(OAc)2	was	prepared	by	literature	procedures.57	I2	was	sublimed	under	vacuum	

and	stored	under	inert	atmosphere.	Water	was	degassed	by	five	freeze-pump-thaw	cycles	and	

stored	under	inert	atmosphere.		

	

Preparation	of	Complexes	

Preparation	of	K2[NiIIH3buea(OH)].	A	solution	of	H6buea	(300	mg,	0.69	mmol)	in	anhydrous	DMA	

(20	mL)	was	treated	with	solid	KH	(110	mg,	2.9	mmol).	The	mixture	was	stirred	until	gas	evolution	

ceased.	Ni(OAc)2	(120	mg,	0.69	mmol)	was	added	to	the	clear	pale	yellow	reaction	mixture,	and	

the	solution	was	stirred.	After	2	h,	H2O	(13	µL,	0.72	mmol)	was	added	to	the	red	solution	via		

syringe,	and	the	mixture	was	stirred	for	15	min.	After	the	addition	of	DMF	(4	mL),	the	reaction	

mixture	was	 filtered	 through	 a	medium	porosity	 glass-fritted	 funnel	 to	 remove	 the	 insoluble	

KOAc.	The	green-yellow	filtrate	was	concentrated	under	vacuum	to	ca.	1	mL	and	treated	with	

Et2O	 (20	mL)	 followed	 by	 pentane	 (20	mL)	 to	 precipitate	 a	 green	 solid.	 The	 green	 solid	was	

collected	on	a	fine	porosity	glass-fritted	funnel	and	dried	under	vacuum.	After	1	h,	the	solid	was	

washed	with	MeCN	to	remove	an	orange	filtrate.	The	green	solid	was	redissolved	in	DMA	(20	mL)	

and	recrystallized	by	slow	diffusion	with	Et2O.	After	2	d,	green	crystals	were	collected	to	give	360	

mg	 (87%)	 of	 product.	 Elemental	 Anal.	 Calc.	 for	 K2[NiIIH3buea(OH)]·2DMF,	 K2NiC29H61N9O6:	 C,	

45.31;	H,	8.00;	N,	16.40.	Found:	C,	45.01;	H,	8.19;	N,	16.15%.	FTIR	(KBr	disc,	cm−1,	selected	bands):	

3233,	3146,	2962,	2921,	2849,	1592,	1509,	1447,	1388,	1357,	1247,	1223,	1149,	1118,	1034,	971,	
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796,	731.	λmax	(DMF,	nm,	ε	M−1cm−1):	324	(1400),	424	(61),	493	(35),	677	(23).	µeff	(DMSO,	µB):	

3.1.	Ea	(DMF):	−0.830	V	versus	[FeCp2]0/+.	

	

Oxidation	of	K2[NiIIH3buea(OH)].	A	solution	of	K2[NiIIH3buea(OH)]	(50	mg,	0.085	mmol)	in	DMF	(2	

mL)	was	treated	with	solid	I2	(11	mg,	0.045	mmol).	The	yellow-green	solution	immediately	turned	

purple-red	and	was	allowed	to	stir	for	5	min.	The	solution	was	concentrated	under	vacuum	until	

near	dryness	and	Et2O	(5	mL)	was	added	to	precipitate	a	purple-red	powder.	After	decanting	the	

liquid,	the	powder	was	redissolved	in	THF	(2	mL).	The	reaction	mixture	was	filtered	through	a	

fine	porosity	glass-fritted	funnel	to	remove	the	insoluble	KI.	The	filtrate	was	concentrated	under	

vacuum	until	near	dryness	then	treated	with	Et2O	(5mL).	The	resulting	red	powder	was	collected	

on	a	medium	porosity	glass-fritted	funnel.	EPR	(DMF,	77	K):	g	=	2.29,	2.17,	2.04.	FTIR	(ATR,	cm−1,	

selected	bands):	3308,	2958,	2888,	1587,	1474,	1451,	1386,	1351,	1259,	1223,	1151,	1103,	1032,	

961,	837,	777,	754.	λmax	(DMF,	nm,	ε	M−1cm−1):	326	(~	2000),	502	(~	570).		

	

Preparation	of	NMe4[NiIIMST(OH2)].	A	solution	of	H3MST	(210	mg,	0.30	mmol)	in	anhydrous	DMA	

(4	mL)	was	treated	with	solid	KH	(37	mg,	0.91	mmol).	The	mixture	was	stirred	until	gas	evolution	

ceased.	Ni(OAc)2·4H2O	(73	mg,	0.29	mmol)	and	NMe4OAc	(40	mg,	0.30	mmol)	were	added	to	the	

clear	pale	yellow	reaction,	and	the	solution	was	stirred.	After	3	h,	Et2O	(5	mL)	was	added	to	the	

green-yellow	solution	to	aid	the	precipitation	of	KOAc.	The	reaction	mixture	was	filtered	through	

a	 medium	 porosity	 glass-fritted	 funnel	 to	 remove	 the	 insoluble	 species.	 The	 filtrate	 was	

concentrated	under	vacuum	to	ca.	1	mL	and	treated	with	Et2O	(10	mL)	followed	by	pentane	(40	

mL)	 to	precipitate	a	yellow	solid.	The	yellow	solid	was	collected	on	a	medium	porosity	glass-
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fritted	 funnel	and	dried	under	vacuum	to	give	207	mg	(85%)	of	product.	FTIR	 (KBr	disc,	cm−1,	

selected	bands):	3259,	3030,	2973,	2937,	2854,	1603,	1563,	1490,	1468,	1254,	1128,	1054,	977,	

830,	815,	742,	656,	610.	MS	(ES-,	m/z):	Exact	mass	calcd	for	NiC33H45N4O6S3:	747.2.	Found:	747.2.	

This	salt,	presumably	NMe4[NiIIMST]	(77	mg,	0.092	mmol)	was	redissolved	in	CH2Cl2	(10	mL)	and	

treated	with	H2O	(2	µL,	0.10	mmol)	in	one	portion	via	a	syringe,	and	the	mixture	was	stirred.	After	

15	min	the	green	solution	was	filtered	through	a	medium	porosity	glass-fritted	funnel	to	remove	

any	 insoluble	species	and	the	filtrate	was	 layered	under	pentane.	After	2	d,	green	and	yellow	

needle	crystals	were	collected	via	filtration	and	dried	very	briefly	under	vacuum,	to	give	74	mg	

(94%)	 of	 crystalline	 product.	 Elemental	 Anal.	 Calc.	 for	NMe4[NiIIMST(OH2)]	NiC37H59N5O7S3:	 C,	

52.86;	H,	7.07;	N,	8.33.	Found:	C,	52.95;	H,	7.16;	N,	8.18%.	FTIR	(KBr	disc,	cm−1,	selected	bands):	

3266,	3025,	2970,	2934,	2855,	1604,	1562,	1490,	1468,	1405,	1377,	1342,	1258,	1230,	1132,	1054,	

977,	813,	742,	657,	607.	(Nujol,	cm−1):	3241	(OH).	(CH2Cl2,	20	mM,	cm−1):	3280.	λmax	(DMF,	nm,	ε	

M−1cm−1):	312	(3300)	431	(120),	506	(39),	724	(33).	µeff	(µB):	3.22.	E1/2	(MeCN):	0.370	V	versus	

[FeCp2]0/+	

	

Preparation	 of	 tris-(4-bromophenyl)ammoniumyl	 hexafluorophosphate	 ([TBPA]PF6).	 [TBPA]PF6	

was	prepared	according	to	literature	procedures	with	the	following	modifications.58,59	A	solution	

of	tris-(4-bromophenyl)amine	(200	mg,	0.42	mmol)	in	CH2Cl2	(2	mL)	was	cooled	to	–30	°C.	Upon	

addition	of	nitrosonium	hexafluorophosphate	([NO][PF6],	74	mg,	0.41	mmol),	the	clear	solution	

immediately	became	dark	blue.	After	1	h	of	stirring	at	–30	°C,	pentane	(20	mL)	was	added	to	

precipitate	a	dark	blue	solid.		The	solid	was	collected	by	filtering	through	a	medium	porosity	glass-

fritted	funnel,	washed	with	pentane	(20	mL),	dried	under	vacuum	to	yield	211	mg	(81%)	dark	
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blue	powder,	and	stored	at	–30°C.	EPR	(CH2Cl2,	77	K):	g	=	2.00.	λmax	(CH2Cl2,	nm,	ε	M−1cm−1):	309	

(6.4	×	104),	367	(7.2	×	104),	725	(1.1	×	105).	

	

Oxidation	 of	 NMe4[NiIIMST(OH2)].	 A	 solution	 of	 NMe4[NiIIMST(OH2)]	 (25	 mg,	 0.030	 mmol)	 in	

CH2Cl2	(2	mL)	was	cooled	to	–30°C,	then	treated	with	a	solution	of	[TBPA]PF6	(21	mg,	0.033	mmol)	

in	CH2Cl2	(1	mL)	at	–30°C.	The	yellow-green	solution	immediately	turned	orange-red,	and	was	

allowed	 to	 stir	 at	 –30°C	 for	 5	min.	 The	 solution	 was	 concentrated	 under	 vacuum	 until	 near	

dryness,	washed	with	Et2O	(5mL),	and	collected	on	a	medium	porosity	glass-fritted	funnel.	EPR	

(CH2Cl2,	77	K):	g	=	2.66,	2.15,	1.99.	FTIR	(ATR,	cm−1,	selected	bands):	3250,	3021,	2968,	2934,	

2853,	1602,	1579,	1485,	1415,	1380,	1311,	1265,	1184,	1152,	1098,	1071,	1054,	1006,	976,	950,	

830,	734,	654,	609.	λmax	(CH2Cl2,	nm,	ε	M−1cm−1):	312	(>12000),	440(sh),	530(sh)	

	

Physical	Methods	

Elemental	analyses	were	performed	on	a	Perkin-Elmer	2400	CHNS	analyzer.	1H	NMR	and	

13C	NMR	were	 recorded	on	a	Bruker	DRX500	spectrometer.	 FTIR	 spectra	were	collected	on	a	

Varian	 800	 Scimitar	 Series	 FTIR	 spectrometer	 in	 air	 or	 a	 Thermo	 Scientific	 Nicolet	 iS5	

spectrophotometer	with	an	 iD5	Attenuated	Total	Reflectance	 (ATR)	attachment	 in	a	nitrogen	

filled	 glovebox.	 High-resolution	 mass	 spectra	 were	 collected	 using	 Waters	 Micromass	 LCT	

Premier	Mass	Spectrometer.	UV-vis	spectra	were	recorded	with	a	Cary	50	or	an	Agilent	8453	

spectrophotometer	 using	 a	 1.00	 cm	 quartz	 cuvette.	 Perpendicular-mode	 X-band	 EPR	 spectra	

were	collected	using	a	Bruker	EMX	spectrometer	at	10K	using	liquid	helium.	Solution	effective	

magnetic	moments	were	measured	by	Evans’	method	on	a	Bruker	DRX500	spectrometer	using	
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flame	 sealed	 standard	 cores	 of	 1:1	 DMSO:DMSO-d6	 or	 1:1	 CHCl3:CDCl3.47	 Cyclic	 voltammetry	

experiments	were	conducted	using	a	CH1600C	electrochemical	analyzer.	A	2.0	mm	glassy	carbon	

electrode	was	used	as	the	working	electrode	at	scan	velocities	0.5	Vs−1	unless	otherwise	noted.	

A	cobaltocenium/cobaltocene	couple	([CoCp2]+/0)	was	used	as	an	internal	reference	then	scaled	

against	[FeCp2]0/+.60	TBAP	was	use	as	the	supporting	electrolyte	at	a	concentration	of	0.1	M.	

	

Crystallography	

A	Bruker	 SMART	APEX	 II	 diffractometer	 and	 the	APEX2	program	package	was	used	 to	

determine	 the	 unit-cell	 parameters	 and	 for	 data	 collection.	 Crystallographic	 details	 are	

summarized	in	Appendix	A.	
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CHAPTER	4	

Unsymmetrical	heterobimetallic	complexes	with	TMEDA	and	[MST]3−	

Introduction	

Metalloenzymes	 containing	 bimetallic	 transition	 metal	 active	 sites	 perform	 many	

important	 functions	 in	 biology.	 Examples	 of	 such	 active	 sites	 include	 the	 MnFe	 site	 of	

ribonucleoide	reductase	which	mediates	the	synthesis	of	deoxyribonucleotides,1	the	FeFe	site	of	

hemerytherin	which	transports	O2	in	certain	invertebrates,2	the	NiFe	site	of	[NiFe]	hydrogenase	

which	reversibly	 forms	H2	 from	protons,3	and	the	ZnFe	site	of	purple	acid	phosphatase	which	

degrades	 organophosphates.4	 The	 two	 metal	 centers	 in	 bimetallic	 active	 sites	 often	 have	

different	 primary	 coordination	 spheres	 and	 are	 bridged	 by	 one	 or	more	 oxido	 or	 hydroxido	

ligands.	Synthetic	bimetallic	species	have	been	prepared	as	structural	or	functional	models	for	

these	types	of	metalloenzymes.	Though	many	of	these	synthetic	bimetallic	compounds	contain	

symmetrical	 coordination	 sites	 for	 the	 two	 metals	 centers	 due	 to	 the	 use	 of	 symmetric	

dinucleating	ligands,5–16	several	groups	have	been	able	to	prepare	synthetically	more	challenging	

bimetallic	complexes	with	unsymmetrical	coordination	sites.17–29	

As	discussed	in	the	previous	two	chapters,	our	group	has	used	the	tripodal	ligand	N,N',N"-

[2,2’,2”-nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido)	 ([MST]3−)	 and	

related	ligands	to	prepare	a	variety	of	monometallic	complexes.30–35	The	monomeric	complexes	

can	be	oxidized	with	O2	in	the	presence	of	a	second	metal	ion	(MII)	and	a	capping	ligand	(L)	to	

form	bimetallic	species	with	the	formulation	[(L)MII−(μ-OH)−MIIIMST]+	(Figure	4.1).30,31,36–39	The	

two	metal	 centers	have	different	 coordination	environments	 and	are	bridged	by	a	hydroxido	

ligand	formed	via	the	activation	of	O2.	The	five-coordinate	site	always	contains	an	N4O	primary	
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coordination	 sphere,	 composed	 of	 the	 bridging	 OH–	 ligand	 and	 N-donors	 of	 [MST]3–.	 The	

secondary	site	is	composed	of	the	bridging	OH–	ligand,	sulfonamido	O-atoms	of	the	[MST]3–	arms,	

and	the	donor	atoms	of	the	capping	ligands,	and	it	ranges	from	six	to	ten-coordinate	depending	

on	the	identity	of	the	metal	ion.37–39	

	
Figure	4.1.	Specific	examples	of	[MST]3−	bimetallic	complexes	with	(A)	one	transition	metal	ion	(MIII	=	MnIII,	FeIII)	
and	one	redox	inactive	metal	ion	(MII	=	CaII,	SrII,	BaII	(with	18-crown-6))37	and	(B)	two	transition	metal	ions	(MIII	=	
FeIII,	MII	=	MnII,	FeII,	CoII,	NiII,	CuII,	ZnII).	

Our	 initial	 report	 detailed	 the	 preparation	 and	 characterization	 of	 a	 heterobimetallic	

complex	of	the	formulation	[15-crown-5⊃CaII−(μ-OH)−MnIIIMST]+	(denoted	as	[C⊃MII(OH)FeIII]+),	

which	has	biological	relevance	to	the	oxygen	evolving	complex	of	photosystem	II	(Figure	4.1A).36	

Later	work	 demonstrated	 that	 several	 heterobimetallic	 combinations	 of	 redox-inactive	metal	

ions	and	transition	metal	ions	could	be	synthesized:	MnMIII	=	CaIICoIII,	SrIIMnIII,	BaIIMnIII,	CaIIFeIII,	

SrIIFeIII,	BaIIFeIII,	and	NaIInIII.30,31,37		

This	system	was	expanded	to	include	biologically	relevant	bimetallic	complexes	with	two	

transition	metal	ions.	38,39	The	capping	ligand	1,4,7-trimethyl-1,4,7-triazacyclononane	(TMTACN)	

was	used	for	these	types	of	compounds,	enabling	the	preparation	of	an	entire	series	of	mixed-

valent,	 unsymmetrical	 bimetallic	 complexes	 of	 formulation	 [(TMTACN)MII−(μ-OH)−MIIIMST]+	

(denoted	as	[TMTACN-MII(OH)FeIII]+),	where	MIIMIII	=	MnIIMnIII,	MnIIFeIII,	FeIIFeIII,	CoIIFeIII,	NiIIFeIII,	

CuIIFeIII,	and	ZnIIFeIII)	(Figure	4.1B).38,39	
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Both	classes	of	compounds	used	capping	ligands	with	denticities	of	three	or	above,	and	

the	resulting	complexes	contained	secondary	metal	ions	that	were	in	coordinatively	saturated	

environments.	 Bimetallic	 complexes	 with	 lower	 denticity	 capping	 ligands	 were	 pursued	 to	

determine	 if	 such	 a	modification	 could	 affect	 complex	 reactivity.	 It	 was	 hypothesized	 that	 a	

bidentate	 ligand	such	as	N,N,Nʹ,Nʹ-tetramethylethane-1,2-diamine	(TMEDA)	would	change	the	

primary	coordination	sphere	of	the	secondary	metal	center,	allowing	it	to	be	five-coordinate	with	

an	open	coordination	site	that	could	facilitate	the	binding	of	an	additional,	external	ligand.	

In	 this	 chapter,	 the	 preparation	 of	 a	 new	 bimetallic	 compound	 with	 the	 formulation	

[(TMEDA)FeII(OTf)−(μ-OH)−FeIIIMST]	 (denoted	 as	 [TMEDA-FeII(OTf)(OH)FeIII])	 (Figure	 4.2)	 is	

described.	Despite	the	presence	of	the	bidentate	capping	ligand	TMEDA,	the	FeII	center	remains	

six-coordinate	in	the	solid-state.	However,	the	primary	coordination	sphere	of	the	FeII	center	in	

[TMEDA-FeII(OTf)(OH)FeIII]	compound	is	notably	different	from	that	of	[TMTACN-FeII(OH)FeIII]OTf.	

Specifically,	 the	 trifluoromethanesulfonate	 (OTf–)	 counter	 anion	 is	 bound	 directly	 to	 the	 FeII	

center	as	the	sixth	ligand	[TMEDA-FeII(OTf)(OH)FeIII],	whereas	in	[TMTACN-FeII(OH)FeIII]OTf		the	

OTf–	is	outer	sphere,	not	coordinated	to	any	metal	center.	

	
Figure	4.2.	The	new	diiron	complex	prepared	with	L	=	TMEDA,	[TMEDA-FeII(OTf)(OH)FeIII].	

Two	 other	 related	 heterobimetallic	 compounds	 were	 prepared,	 [TMEDA-

CoII(OTf)(OH)FeIII]	and	[TMEDA-NiII(OTf)(OH)FeIII],	and	this	series	of	three	bimetallic	complexes	

mirrors	 the	 previously	 reported	 work	 with	 the	 six	 [TMTACN-MII(OH)FeIII]+	 complexes.39	
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Regardless	 of	 the	 capping	 ligand	 or	 secondary	 metal	 center,	 all	 the	 complexes	 had	 similar	

electronic	 absorbance	 and	 Fourier	 transform	 infrared	 (FTIR)	 spectra,	 as	 well	 as	 solid-state	

structures.	 However,	 the	 magnetic	 properties	 vary	 for	 the	 different	 combinations	 of	 metal	

centers,	 shown	 clearly	 by	 perpendicular	 mode	 X-band	 electronic	 paramagnetic	 (EPR)	

spectroscopy.	Antiferromagnetic	coupling	is	observed	between	the	high-spin,	S	=	5/2	FeIII	centers	

to	the	high-spin	divalent	metal	centers,	resulting	in	a	stepwise	series	of	different	ground-state	

spin-states.	For	the	[TMEDA-MII(OTf)(OH)FeIII]	compounds,	S	=	1/2–3/2	were	achieved,	while	for	

the	[TMTACN-MII(OH)FeIII]+	complexes	S	=	0–5/2	were	found.	These	magnetic	studies,	coupled	

with	electrospray	ionization-mass	spectrometry	(ESI-MS)	results,	strongly	suggest	that	the	series	

of	complexes	retain	their	discretely	bimetallic	cores.	

	

Results	and	Discussion	

Preparation	of	[TMEDA-MII(OTf)(OH)FeIII]	compounds	

The	series	of	three	[TMEDA-MII(OTf)(OH)FeIII]	complexes	were	prepared	via	the	synthetic	

route	outlined	in	Scheme	4.1,	which	is	derived	from	the	synthesis	of	the	series	of	six	[TMTACN-

MII(OH)FeIII]OTf	 compounds.38,39	 In	 a	 typical	 reaction,	 a	 CH2Cl2	 or	 tetrahydrofuran	 (THF)	

suspension	of	NMe4[FeIIMST],	TMEDA,	and	MII(OTf)2·xMeCN	(MII	(x)	=	FeII	(2),	CoII	(2),	or	NiII	(5))	

was	treated	with	0.5	equivalents	of	O2	for	1	h.	Crystals	suitable	for	X-ray	diffraction	were	obtained	

by	layering	either	a	CH2Cl2	or	THF	solution	of	the	resulting	product	under	pentane,	resulting	in	

either	block	or	needle-shaped	crystals	in	yields	ranging	from	60–87%.		
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Scheme	4.1.	Preparation	of	[TMEDA-MII(OTf)(OH)FeIII]	complexes	(MII	(x)	=	FeII	(2),	CoII	(2),	NiII	(5)).	

The	bimetallic	formulation	of	both	series	of	was	supported	by	ESI-MS,	in	which	the	m/z	

of	the	molecular	ion	and	experimental	isotope	patterns	matched	those	calculated	for	[TMEDA-

MII(OH)FeIII]+	(Figure	4.3).	All	the	complexes	had	similar	optical	properties	with	a	characteristic	

absorbance	band	around	λmax	=	380	nm	and	extinction	coefficients	ranging	from	4700–6800	M–

1cm–1	 (Figure	4.4).	These	bands	were	similar	 to	previously	reported	features	observed	for	the	

related	[L⊃MII−(μ-OH)−FeIIIMST]+	complexes	(L⊃MII	=	15-crown-5⊃CaII,	15-crown-5⊃SrII,	or	18-

crown-6⊃BaII)	 (λmax	 =	 383–386	 nm,	 ε	 =	 4750–5250	M–1cm–1)37	 and	 [TMTACN-MII(OH)FeIII]OTf	

complexes	 (λmax	 =	 381–391	 nm,	 ε	 =	 4170–7480	 M–1cm–1).38,39	 These	 bands	 are	 all	 similar	

regardless	 of	 the	 identity	 of	 the	 second	metal	 center,	 suggesting	 this	 peak	 involves	 the	 FeIII	

center.	

	
Figure	4.3.	ESI-MS	spectra	of	(A)	[TMEDA-FeII(OH)FeIII]+,	B)	[TMEDA-CoII(OTf)(OH)FeIII]+	or	(C)	[TMEDA-
NiII(OTf)(OH)FeIII]+.	Simulated	spectra	are	in	grey.	
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Figure	4.4.	UV-visible	(UV-vis)	spectra	for	bimetallic	compounds	[TMEDA-MII(OTf)(OH)FeIII]	with	MII	center	
specified.	All	spectra	were	collected	on	0.1	mM	CH2Cl2	solutions	at	25	˚C.	

Vibrational	properties	of	[TMEDA-MII(OTf)(OH)FeIII]	and	[TMTACN-MII(OH)FeIII]OTf	compounds	

Similar	 vibrational	 properties	 for	 all	 the	 [TMEDA-MII(OTf)(OH)FeIII]	 compounds	 were	

observed	by	FTIR	spectroscopy	(Figure	4.5).	Broad	ν(OH)	bands	were	observed	between	3272–

3341	cm–1,	where	 the	energies	and	relative	broadness	of	 the	bands	suggests	 the	presence	of	

intramolecular	 H-bonds	 between	 the	 bridging	 hydroxido	 ligands	 and	 one	 of	 the	 sulfonamido	

oxygen	 atoms	 from	 [MST]3–.40,41	 While	 no	 significant	 change	 in	 the	 shape	 of	 this	 band	 was	

observed	across	the	series	of	compounds,	a	small	trend	in	the	energies	of	ν(OH)	was	present.	The	

highest	 energy	 ν(OH),	 and	 thus	 the	 strongest	 O–H	 bond,	 was	 present	 in	 [TMEDA-

NiII(OTf)(OH)FeIII]	 (3341	 cm–1),	 while	 the	 lowest	 energy	 ν(OH)	 occurred	 in	 [TMEDA-

FeII(OTf)(OH)FeIII]	(3272	cm–1).	This	trend	runs	counter	to	expected	effect	of	divalent	metal	center	

ionic	radii	on	ν(OH).	As	NiII	is	the	smallest	ion	of	the	series,42	it	was	expected	to	have	the	greatest	

Lewis	acidity	and	thus	result	 in	the	weakest	O–H	bond.	A	similar	trend	between	metal	center	

ionic	 radii	 and	 ν(OH)	was	 also	 present	 in	 the	 series	 of	 six	 [TMTACN-MII(OH)FeIII]+	 complexes.	

NiII 

FeII

CoII

0.0

2000

4000

6000

8000

 ε
 (M

−1
·c

m
−1

)

300 500 600
Wavelength (nm)

400

(382 nm, εM = 6500)

(387 nm, εM = 4700)

(380 nm, εM = 6800)



	

 69	

These	results	may	partially	be	explained	by	trends	in	the	metrical	parameters	of	the	solid-state	

structures	(see	below).		

	
Figure	4.5.	FTIR	spectra	of	[TMEDA-FeII(OTf)(OH)FeIII]	(solid	black),	[TMEDA-CoII(OTf)(OH)FeIII]	(dashed	black),	and	
[TMEDA-NiII(OTf)(OH)FeIII]	(solid	grey),	showing	(A)	the	expanded	region	around	ν(OH)	and	(B)	the	full	spectra.	All	
spectra	were	collected	by	attenuated	total	reflectance	(ATR).	

Solid-state	molecular	structures	of	[TMEDA-MII(X)(OH)FeIII]	compounds	

The	molecular	structures	of	the	[TMEDA-MII(X)(OH)FeIII]	complexes	were	determined	by	

X-ray	diffraction	methods	and	revealed	the	expected	bimetallic	structures	(Figure	4.6).	Selected	

metrical	 parameters	 and	 calculated	 values	 are	 shown	 in	 Table	 4.1.	 Because	 the	 structure	 of	

[TMEDA-NiII(OTf)(OH)FeIII]	was	not	of	sufficient	quality,	a	high	quality	solid-state	structure	of	the	

analogous	compound	[TMEDA-NiII(Br)(OH)FeIII]	was	obtained.	

In	 the	 three	 bimetallic	 complexes,	 the	 five-coordinate	 FeIII	 centers	 adopted	 distorted	

trigonal	bipyramidal	(tbp)	geometries		(τ5	=	0.864–0.892,	where	τ5	=	1	for	ideal	tbp	geometry	and	

τ5	=	0	for	ideal	square	pyramidal	geometry),43	formed	by	N4O	primary	coordination	spheres	from	

the	N-donors	of	[MST]3–	and	the	O-atom	of	the	bridging	hydroxido	ligand.	The	six-coordinate	MII	
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centers	had	distorted	octahedral	geometry	(λoct	=	1.012–1.036,	where	λoct	=	1	for	ideal	octahedral	

geometry	 and	 larger	 values	 indicate	 greater	 distortion)44	 with	 N3O2Y	 primary	 coordination	

spheres,	derived	from	the	S=O	groups	of	[MST]3–,	the	N-donors	of	TMEDA,	the	O-atom	of	the	

OTf–	ion	or	the	Br-atom	of	the	Br–	ion,	and	the	O-atom	of	the	bridging	hydroxido	ligand.	

	
Figure	4.6.	Thermal	ellipsoid	diagrams	depicting	the	molecular	structures	of	(A)	[TMEDA-FeII(OTf)(OH)FeIII]	,	(B)	
[TMEDA-CoII(OTf)(OH)FeIII],	and	(C)	[TMEDA-NiII(Br)(OH)FeIII].	Ellipsoids	are	drawn	at	the	50%	probability	level,	and	
only	the	hydroxido	H-atoms	are	shown	for	clarity.	

The	different	ionic	radii	of	the	divalent	metal	ions	are	reflected	most	strongly	in	the	bond	

distances	to	the	N	atoms	of	the	TMEDA	ligand.	FeII	has	the	largest	 ionic	radius,	and	therefore	

[TMEDA-FeII(OTf)(OH)FeIII]	contains	the	longest	average	MII–NTMEDA	bond	distances	(2.221(2)	Å).	

In	 contrast,	 [TMEDA-NiII(OTf)(OH)FeIII]	 has	 the	 shortest	 average	 MII–NTMEDA	 bond	 distances	
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(2.137(2)	Å),	reflecting	the	small	ionic	radius	of	NiII.	These	bond	lengths	are	typical	of	MII–TMEDA	

complexes,	which	are	around	2.0–2.3	Å.45–48	

A	 similar	 observation	was	made	 for	 the	 [TMTACN-MII(OH)FeIII]+	 complexes,	where	 the	

average	MII–NTMTACN	 bond	 distances	 decreased	with	 decreasing	 ionic	 radii.	 For	 smaller	metal	

centers,	 the	 increased	 interaction	 with	 capping	 ligand	 donor	 atoms	 may	 be	 related	 to	 the	

strengthening	of	the	ν(OH)	observed	by	FTIR	spectroscopy.	Perhaps	the	metal	center’s	stronger	

interaction	with	the	N-atom	donors	decreases	its	interaction	with	the	bridging	hydroxido	ligand,	

resulting	in	stronger	O–H	bonds.	

Table	4.1.	Selected	metrical	parameters	for	[TMEDA-MII(X)(OH)FeIII]	(MII	(X–)	=	FeII	(OTf–),	CoII	(OTf–),	NiII	(Br–))	
complexes.	

[TMEDA-	 M	(Y)	=	 	 	
MII(X)(OH)FeIII]	 Fe2	(O8)	 Co1	(O8)	 Ni1	(Br1)	
Bond	distances	(Å)	 	 	 	
Fe1–N1	 2.227(2)	 2.221(2)	 2.258(2)	
Fe1–N2	 	 2.031(2)	 2.035(2)	 2.049(2)	
Fe1–N3	 2.001(2)	 1.992(2)	 1.995(2)	
Fe1–N4	 2.005(2)	 1.994(2)	 1.998(2)	
Fe1–O1	 	 1.855(2)	 1.879(2)	 1.893(1)	
O1···O2	 2.659	 2.619	 2.673	
M–O1	 1.928(2)	 1.971(2)	 1.987(1)	
M–O4	 2.207(2)	 2.217(2)	 2.172(1)	
M–O6	 	 2.147(2)	 2.153(2)	 2.620(1)	
M–N5	 2.211(2)	 2.194(2)	 2.129(2)	
M–N6	 	 2.231(2)	 2.216(2)	 2.144(2)	
M–Y	 2.086(2)	 2.067(2)	 2.451(3)	
Fe1···Fe2	 3.337	 3.419	 3.498	
Avg.	Fe1–Neq-MST	 2.012(2)	 2.007(2)	 2.014(2)	
Avg.	M–NTMEDA	 2.221(2)	 2.205(2)	 2.137(2)	
d[Fe1–Neq-MST]a	 0.357	 0.351	 0.393	
	 	 	 	
Bond	angles	(˚)	 	 	 	
O1–Fe1–N1	 175.20(8)	 173.62(7)	 174.09(6)	
N2–Fe1–N3	 121.10(9)	 120.67(8)	 117.40(6)	
N2–Fe1–N4	 121.72(9)	 121.80(8)	 120.55(6)	
N3–Fe1–N4	 107.86(8)	 108.48(8)	 110.87(7)	
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Fe1–O1–Fe2	 126.40(9)	 125.23(9)	 128.72(7)	
O1–Fe2–Y	 171.04(8)	 170.23(7)	 156.12(4)	
O4–Fe2–O6	 96.13(7)	 92.94(6)	 103.61(5)	
N5–Fe2–N6	 82.76(9)	 82.90(8)	 85.23(7)	
	 	 	 	
Calculated	values	 	 	 	
τ5b	 0.891	 0.864	 0.892	
Voct

c	 12.8	 12.8	 14.6	
λoctd		 1.012	 1.012	 1.036	
	
a	distance	of	Fe1	from	the	plane	formed	by	the	equatorial	nitrogen	atoms	N2,	N3,	and	N4	
b	trigonality	parameter,	τ5	=	(β–a)/60.	β	is	the	largest	bond	angle	observed,	and	α	is	the	second	largest	bond	angle.

43	

c	octahedral	volume,	calculated	using	the	IVTON	program.49	
d	mean	oct	quadratic	elongation,	λoct	=	Σ1

6(li/l0)
2/6.	λoct	=	1	for	an	ideal	octahedron.	l0	represents	the	center-to-vertex	

distance	 of	 an	 octahedron	with	 Oh	 symmetry	 whose	 volume	 is	 equal	 to	 that	 of	 the	 distorted	 octahedron	with	
distances	li.

44	
	

Electrochemical	properties	of	[TMEDA-MII(OTf)(OH)FeIII]	compounds	

The	electrochemical	properties	of	the	series	of	bimetallic	compounds	were	probed	using	

cyclic	 voltammetry	 (CV)	 (Figure	 4.7).	 The	 three	 bimetallic	 complexes	 both	 exhibited	 a	 quasi-

reversible	 one-electron	 reductive	 event	 which	was	 assigned	 to	 the	MIIFeIII/MIIFeII	 couple.	 The	

MIIFeIII/MIIFeII	 redox	 potential	 for	 [TMEDA-FeII(OTf)(OH)FeIII]	 (–0.84	 V	 versus	 the	

ferrocenium/ferrocene	 couple	 ([FeCp2]+/0))	 and	 [TMEDA-CoII(OTf)(OH)FeIII]	 (–0.86	 V	 versus	

[FeCp2]+/0)	are	comparable	to	those	of	[TMTACN-FeII(OH)FeIII]+	and	[TMTACN-CoII(OH)FeIII]+,	(–0.86	

V	and	–0.89	V	versus	[FeCp2]+/0	respectively).38,39	The	potential	for	the	[TMEDA-NiII(OTf)(OH)FeIII]	

species	(–0.94	V	versus	[FeCp2]+/0)	is	cathodically	shifted	relative	to	the	rest	of	the	TMEDA	series,	

and	a	similar	shift	was	also	observed	for	[TMTACN-NiII(OH)FeIII]+	(–0.99	V	versus	[FeCp2]+/0)	when	

compared	to	the	other	complexes	in	the	TMTACN	series.38,39	The	reason	for	these	shifts	for	the	

NiII-based	compounds	are	unclear,	as	this	reductive	event	does	not	directly	 involve	the	second	

metal	center.	This	unusual	redox	behavior	is	illustrated	by	the	fact	that	the	MIIFeII/MIIFeIII	redox	

potentials	for	the	other	[TMTACN-MII(OH)FeIII]OTf	compounds	fell	within	a	0.04	V	range.	
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Figure	4.7.	Cyclic	voltammograms	of	(A)	[TMEDA-FeII(OTf)(OH)FeIII],	(B)	[TMEDA-CoII(OTf)(OH)FeIII],	and	(C)	
[TMEDA-NiII(OTf)(OH)FeIII].	The	cyclic	voltammograms	were	collected	at	100	mV	s–1	in	the	presence	of	[FeCp2].	

The	similarity	in	the	reduction	potentials	of	the	TMEDA	and	TMTACN	series	of	complexes	

suggests	that	in	the	TMEDA	complexes,	the	OTf–	ligand	is	not	bound	to	the	MII	center	in	solution.	

Formally	neutral	 [TMEDA-MII(OTf)(OH)FeIII]	species	should	be	more	difficult	to	reduce	than	the	

positively	charged	[TMTACN-MII(OH)FeIII]+	complexes.	However,	since	no	major	cathodic	shift	is	

observed	for	the	TMEDA	series	of	complexes,	the	overall	charge	of	the	two	types	of	complexes	

should	be	the	same,	suggesting	that	[TMEDA-MII(OH)FeIII]+,	and	not	[TMEDA-MII(OTf)(OH)FeIII],	is	

the	dominant	species	in	solution.	
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An	 irreversible	 oxidative	 feature	was	observable	 for	 the	diiron	 compound	 (EA	 =	 0.82	V	

versus	 [FeCp2]+/0)	 and	 was	 assigned	 to	 the	 FeIIFeIII/FeIIIFeIII	 couple.	 No	 oxidative	 feature	 was	

observed	for	the	heterobimetallic	species.	As	late	transition	metal	ions	tend	to	have	more	positive	

oxidization	potentials,	the	oxidation	potentials	of	CoII	and	NiII	should	be	anodically	shifted	when	

compared	to	that	of	FeII.	Thus,	the	MIIFeIII/MIIIFeIII	couples	were	likely	too	positive	to	be	detected.			

	

EPR	Spectra	of	[TMEDA-MII(OTf)(OH)FeIII]	compounds	

The	magnetic	properties	of	the	[TMEDA-MII(OTf)(OH)FeIII]	complexes	were	probed	using	

X-band	EPR	spectroscopy.	Previous	studies	with	the	TMTACN	series	of	complexes	revealed	that	

antiferromagnetic	coupling	was	observed	between	the	two	high-spin	metal	centers.38,39	

[TMEDA-FeII(OTf)(OH)FeIII]	 was	 likewise	 expected	 to	 exhibit	 antiferromagnetic	 coupling	

between	the	high-spin	FeIII	center	(S	=	5/2)	and	FeII	center	(S	=	2),	resulting	in	a	S	=	1/2	ground-

state.	The	rhombic	perpendicular-mode	EPR	spectrum	has	signals	centered	around	g	=	2	(Figure	

4.8A)	was	 consistent	with	 this	 spin-state,	 suggesting	 that	 antiferromagnetic	 coupling	was	 also	

present	 in	 this	 series	 of	 compounds.	 As	 expected,	 [TMEDA-NiII(OTf)(OH)FeIII]	 revealed	 a	 signal	

consistent	with	an	S	=	3/2	ground-state,	derived	from	antiferromagnetic	coupling	between	the	

high-spin	FeIII	center	(S	=	5/2)	and	the	NiII	(S	=	1)	center.	This	observation	of	magnetic	coupling	

indicates	that	these	compounds	remain	assembled	as	bimetallic	species	in	solution.	

The	 signals	 from	 these	 two	 compounds	 are	 similar	 to	 those	 of	 their	 related	 TMTACN	

compounds	 (Figure	4.9).	 The	differences	 in	 line	 shape	may	be	attributed	 to	differences	 in	 the	

primary	coordination	sphere	of	 the	divalent	metal	 centers,	as	EPR	spectroscopy	 is	 sensitive	 to	

geometric	changes	around	metal	centers.50–52	
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Figure	4.8.	Perpendicular-mode	EPR	spectra	for	(A)	[TMEDA-FeII(OTf)(OH)FeIII]	with	zoomed	inset	and	(B)	[TMEDA-
NiII(OTf)(OH)FeIII],	all	collected	at	10	K	in	CH2Cl2.	

	
Figure	4.9.	Perpendicular-mode	EPR	spectra	for	(A)	[TMTACN-FeII(OH)FeIII]OTf	collected	at	20	K	in	CH2Cl2	and	(B)	
[TMTACN-NiII(OH)FeIII]OTf	collected	at	11	K	in	CH2Cl2.

38,39	

No	 EPR	 signal	 was	 observed	 in	 either	 perpendicular-	 or	 parallel-mode	 for	 [TMEDA-

CoII(OTf)(OH)FeIII].	However,	antiferromagnetic	coupling	between	the	high-spin	FeIII	 center	 (S	=	

5/2)	and	the	CoII	(S	=	3/2)	center	should	result	in	and	S	=	1	ground-state,	and	such	signals	are	often	
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difficult	 to	 observe.	 Evans’	 method53	 was	 used	 to	 determine	 the	 solution	 effective	 magnetic	

moment	of	[TMEDA-CoII(OTf)(OH)FeIII]	at	room	temperature	to	be	5.8	μB.	This	value	is	consistent	

with	the	expected	spin-only	value	for	an	S	=	5/2	system	of	5.9	μB,	and	not	of	an	S	=	1	system	of	2.8	

μB.	This	 result	shows	that	 the	coupling	between	the	MII	and	FeIII	 centers	 is	very	weak	at	 room	

temperature,	unsurprising	as	strongly	coupled	EPR	signals	could	not	be	observed	at	even	77	K	for	

either	[TMEDA-FeII(OTf)(OH)FeIII]	or	[TMEDA-NiII(OTf)(OH)FeIII].		

	

Summary	and	Conclusions	

This	 chapter	 presents	 the	 synthesis	 and	 characterization	 of	 a	 series	 of	 three	 new	

bimetallic	compounds	of	the	formulation	[TMEDA-MII(OTf)(OH)FeIII],	where	MII	=	FeII,	CoII,	or	NiII.	

All	 compounds	 in	 this	 series	have	 similar	 optical,	 vibrational,	 and	electrochemical	 properties.	

These	physical	properties	are	also	similar	to	those	of	the	related	series	of	[TMTACN-MII(OH)FeIII]+	

complexes.38,39		

The	solid	state	structures	determined	by	X-ray	diffraction	methods	showed	that	all	the	

compounds	contain	a	MII−(μ-OH)−FeIII	core.	The	two	metal	centers	have	different	coordination	

environments,	with	the	FeIII	centers	having	five-coordinate,	distorted	tbp	primary	coordination	

spheres	 and	 the	MII	 center	 having	 six-coordinate,	 distorted	 octahedral	 primary	 coordination	

spheres.	Notably,	 the	OTf–	 counter	 anion	occupies	 the	 sixth	 coordination	 site	of	 the	divalent	

metal	centers.	The	metrical	parameters	of	the	FeIII	site	remain	consistent	throughout	the	series,	

while	the	metrical	parameters	around	the	MII	site	vary	predictably	depending	on	the	ionic	radii	

of	the	MII	center.		
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The	magnetic	properties	of	the	complexes	were	investigated	by	EPR	spectroscopy.	The	

two	high-spin	metal	centers	exhibit	antiferromagnetic	coupling,	allowing	the	series	of	complexes	

to	access	spin	states	ranging	from	S	=	1/2	for	[TMEDA-FeII(OTf)(OH)FeIII]	to	S	=	5/2	for	[TMEDA-

NiII(OTf)(OH)FeIII].	These	results	also	suggest	that	the	compounds	remain	assembled	as	bimetallic	

species	in	solution.	Having	established	that	different	MII	centers	can	be	accommodated	in	this	

system,	the	ability	to	modulate	the	other	key	components	of	this	system,	namely	the	OTf–	ligand	

and	capping	ligand,	will	be	explored	in	the	following	chapter.	

	

Experimental	

General	Methods		

All	 reagents	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received,	 unless	

otherwise	noted.	Solvents	were	sparged	with	argon	and	dried	over	columns	containing	Q-5	and	

molecular	sieves.	Potassium	hydride	(KH)	as	a	dispersion	in	mineral	oil	was	filtered	with	a	medium	

porosity	glass-fritted	funnel	and	washed	5	times	each	with	pentane	and	diethyl	ether	(Et2O).	Solid	

KH	was	dried	under	vacuum	and	stored	under	inert	atmosphere.		The	synthesis	of	the	ligand	was	

carried	out	in	the	air	and	the	preparations	of	the	metal	complexes	were	conducted	in	a	Vacuum	

Atmospheres,	 Co.	 drybox	 under	 an	 argon	 atmosphere.	 Dioxygen	was	 dried	 on	 a	 Drierite	 gas	

purifier	purchased	from	Fischer	Scientific.	TMEDA	was	distilled	over	CaO	and	KOH	under	static	

vacuum	 at	 30	 °C	 onto	 4	 Å	 molecular	 sieves	 and	 stored	 under	 inert	 atmosphere.	

FeII(OTf)2·2MeCN,54	 CoII(OTf)2·2MeCN,54	 NiII(OTf)2·5MeCN,54	 and	 NMe4[FeIIMST]37	 were	

synthesized	according	to	previous	reports.	
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Complex	Synthesis	

[TMEDA-FeII(OTf)(OH)FeIII].	This	complex	was	prepared	using	literature	procedures	for	the	related	

salt	[TMTACN-FeII(OH)FeIII]OTf	38	using	FeII(OTf)2·2MeCN	(46.1	mg,	106	mmol),	TMEDA	(13.2	mg,	

114	 mmol),	 and	 NMe4[FeIIMST]	 (86.6	 mg,	 106	 mmol)	 to	 produce	 the	 desired	 complex	 in	

crystalline	yields	of	62–87%.	Dark	orange	needle	crystals	of	[TMEDA-FeII(OTf)(OH)FeIII]	suitable	

for	X-ray	diffraction	were	grown	from	a	THF	solution	layered	under	pentane.	Elemental	analysis	

calcd.	 for	 [TMEDA-FeII(OTf)FeIII]·0.5CH2Cl2,	 C40.5H63ClF3Fe2N6O10S4:	 C,	 43.19;	H,	 5.64;	N,	 7.46%,	

found:	C,	42.89;	H,	5.34;	N,	7.34%.	 	UV-vis	 (CH2Cl2,	λmax,	nm	(εmax,	M–1cm–1))	274(sh),	283(sh),	

380(6800).	 FTIR	 (ATR,	 cm–1,	 selected	 bands):	 3272(OH),	 2980,	 2935,	 2869,	 1603,	 1564,	 1467,	

1313,	1276,	1239,	1129,	1034,	953,	816,	662,	635,	609.	(Nujol,	cm−1):	3260(OH).	Exact	mass	calcd	

for	[TMEDA-FeII(OH)FeIII]+,	C39H62Fe2N6O7S3:	934.3	found:	934.2.	E1/2	(MeCN,	V	versus	[FeCp2]+/0):	

–0.84.	EA	(MeCN,	V	versus	[FeCp2]+/0):	0.82.	

	

[TMEDA-CoII(OTf)(OH)FeIII].	This	complex	was	prepared	using	 the	method	described	above	 for	

[TMEDA-FeII(OTf)(OH)FeIII]	 using	 CoII(OTf)2·2MeCN	 (39.2	mg,	 0.0895	mmol),	 TMEDA	 (10.9	mg,	

0.0936	mmol),	and	NMe4[FeIIMST]	(73.2	mg,	0.0893	mmol)	to	produce	the	desired	complex	in	

crystalline	yields	of	62–85%.		Dark	orange	needle	crystals	of	[TMEDA-CoII(OTf)(OH)FeIII]	suitable	

for	X-ray	diffraction	were	grown	from	a	THF	solution	layered	under	pentane.	Elemental	analysis	

calcd.	for	[TMEDA-CoII(OTf)(OH)FeIII]·0.5C5H12,	C42.5H68CoF3FeN6O10S4:	C,	45.45;	H,	6.10;	N,	7.48%,	

found:	 C,	 45.52;	 H,	 5.96;	N,	 8.00%.	 	 UV-vis	 (CH2Cl2	 solution	 λmax/nm	 (εmax/M–1cm–1))	 275(sh),	

387(4700).	 	FTIR	 (ATR,	cm–1,	 selected	bands):	3316(OH),	2975,	2935,	2871,	1603,	1467,	1311,	

1278,	 1239,	 1220,	 1129,	 1073,	 1037,	 967,	 953,	 935,	 851,	 817,	 662,	 635,	 609.	 (Nujol,	 cm−1):	
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3312(OH).	Exact	mass	calcd	 for	 [TMEDA-CoII(OH)FeIII]+,	C39H62FeCoN6O7S3:	937.3	 found:	937.1.	

E1/2	(MeCN,	V	versus	[FeCp2]+/0):	–0.86.	µeff	(µB):	5.85.	

	

[TMEDA-NiII(OTf)(OH)FeIII].	 This	 complex	was	prepared	using	 the	method	described	above	 for	

[TMEDA-FeII(OTf)(OH)FeIII]	 using	 NiII(OTf)2·5MeCN	 (50.2	mg,	 0.0893	mmol),	 TMEDA	 (10.9	mg,	

0.0936	mmol),	and	NMe4[FeIIMST]	(73.6	mg,	0.0898	mmol)	to	produce	the	desired	complex	in	

crystalline	yields	of	60–67%.		Dark	orange	block	crystals	of	[TMEDA-NiII(OTf)(OH)FeIII]	suitable	for	

X-ray	diffraction	were	grown	from	a	CH2Cl2	solution	layered	under	pentane.	Elemental	analysis	

calcd.	for	[TMEDA-NiII(OTf)(OH)FeIII]·0.5C5H12,	C42.5H68NiF3FeN6O10S4:	C,	45.46;	H,	6.10;	N,	7.48%,	

found:	 C,	 45.74;	 H,	 5.59;	N,	 7.96%.	 	 UV-vis	 (CH2Cl2	 solution	 λmax/nm	 (εmax/M–1cm–1))	 275(sh),	

285(sh),	382(6500).		FTIR	(ATR,	cm–1,	selected	bands):	3341(OH),	2974,	2935,	2871,	2361,	1603,	

1308,	1242,	1221,	1130,	1073,	1044,	968,	954,	936,	817,	648.	(Nujol,	cm−1):	3341(OH).	Exact	mass	

calcd	 for	 [TMEDA-NiII(OH)FeIII]+,	 C39H62FeNiN6O7S3:	 936.3	 found:	 936.2.	 E1/2	 (MeCN,	 V	 versus	

[FeCp2]+/0):	–0.94.	

	

[TMEDA-NiII(Br)(OH)FeIII].	 This	 complex	 was	 prepared	 using	 the	 method	 described	 above	 for	

[TMEDA-FeII(OTf)(OH)FeIII]	using	NiIIBr2	(73.5	mg,	0.0896	mmol),	TMEDA	(12.0	mg,	0.103	mmol),	

and	NMe4[FeIIMST]	(73.5	mg,	0.0896	mmol)	to	produce	the	desired	complex	in	a	crystalline	yield	

of	47%.	 	Dark	orange	block	 crystals	of	 [TMEDA-NiII(OTf)(OH)FeIII]	 suitable	 for	X-ray	diffraction	

were	 grown	 from	 a	 CH2Cl2	 solution	 layered	 under	 pentane.	 UV-vis	 (CH2Cl2	 solution	 λmax/nm	

(εmax/M–1cm–1))	275(sh),	285(sh),	387(6200).		FTIR	(ATR,	cm–1,	selected	bands):	3336(OH),	2973,	

2912,	2866,	2361,	1601,	1562,	1465,	1308,	1269,	1130,	1072,	1051,	968,	953,	934,	818,	661.	
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(Nujol,	 cm−1):	 3345(OH).	 Exact	mass	 calcd	 for	 [TMEDA-NiII(OH)FeIII]+,	 C39H62FeNiN6O7S3:	 936.3	

found:	936.1.	E1/2	(MeCN,	V	versus	[FeCp2]+/0):	–0.94.	

	

Physical	Methods	

Elemental	 analyses	 were	 performed	 on	 a	 Perkin-Elmer	 2400	 CHNS	 analyzer.	 UV-vis	

spectra	were	recorded	with	a	Cary	50	spectrophotometer	or	an	Agilent	8453	spectrophotometer	

equipped	with	an	Unisoku	Unispeks	cryostat	using	either	a	0.10	cm	or	1.00	cm	quartz	cuvette.	

FTIR	spectra	were	collected	on	a	Varian	800	Scimitar	Series	FTIR	spectrometer	in	air	or	a	Thermo	

Scientific	 Nicolet	 iS5	 spectrophotometer	 with	 an	 iD5	 ATR	 attachment	 in	 a	 nitrogen	 filled	

glovebox.	 High-resolution	mass	 spectra	were	 collected	 using	Waters	Micromass	 LCT	 Premier	

Mass	Spectrometer.	CV	experiments	were	conducted	using	a	CH1600C	electrochemical	analyzer.	

A	2.0	mm	glassy	carbon	electrode	was	used	as	the	working	electrode	at	scan	velocities	0.1	V	s–1.	

[FeCp2]+/0	 was	 used	 as	 an	 internal	 reference	 to	 monitor	 the	 reference	 electrode	 (Ag0/+).	

Tetrabutylammonium	hexafluorophosphate	 (TBAP)	was	use	as	 the	supporting	electrolyte	at	a	

concentration	of	0.1	M.	Perpendicular-mode	X-band	EPR	spectra	were	collected	using	a	Bruker	

EMX	 spectrometer	 at	 10	 K	 using	 liquid	 helium.	 Solution	 effective	 magnetic	 moments	 were	

measured	by	Evans’	method	on	a	Bruker	DRX500	spectrometer	using	flame	sealed	standard	cores	

of	1:1	DMSO:DMSO-d6	or	1:1	CHCl3:CDCl3.53	
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Crystallography	

		 A	Bruker	 SMART	APEX	 II	 diffractometer	 and	 the	APEX2	program	package	was	used	 to	

determine	 the	 unit-cell	 parameters	 and	 for	 data	 collection.	 	 Crystallographic	 details	 are	

summarized	in	Appendix	A.	
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CHAPTER	5	

Modular	diiron	complexes	

Introduction	

As	mentioned	 in	 the	previous	 chapter,	 bimetallic	 complexes	 are	 key	 targets	 for	many	

synthetic	inorganic	groups	due	to	their	many	attractive	properties.	For	example,	the	presence	of	

two	metal	centers	in	these	systems	can	facilitate	cooperative	multielectron	processes	with	earth	

abundant,	 first	 row	 transition	 metal	 ions.1,2	 In	 catalysis,	 bimetallic	 complexes	 can	 provide	

different	reaction	pathways,	faster	reaction	rates,	and	greater	selectivity	than	their	monometallic	

counterparts.3–5	 In	 addition,	 it	 is	 possible	 to	 fine	 tune	 the	 physical	 properties	 of	 bimetallic	

complexes	by	independently	modulating	the	two	metal	ions.6	

Several	 ligand	 design	 approaches	 have	 been	 used	 to	 target	 bimetallic	 complexes.	 For	

instance,	 symmetrical	 dinucleating	 ligands	 have	 been	 designed	 to	 bind	 two	metal	 centers	 in	

identical	primary	and	secondary	coordination	spheres.7–14	Often,	such	ligands	are	treated	with	a	

single	metal	 ion	 to	 prepare	 symmetrical	 homobimetallic	 complexes,	 but	 some	 systems	 allow	

heterobimetallic	complexes	to	be	prepared	via	the	stepwise	addition	of	different	metal	ions.15–

17	

It	 is	synthetically	more	challenging	to	synthesize	systems	capable	of	binding	two	metal	

centers	 in	 different	 primary	 and	 secondary	 coordination	 sphere	 environments,	 thus	 forming	

unsymmetrical	 bimetallic	 complexes.	 Some	 groups	 have	 designed	 “double-decker”	 ligands,	

which	are	dinucleating	ligands	with	two	different	metal	binding	sites	situated	proximal	to	each	

other,	and	the	close	proximity	of	the	metal	centers	often	results	in	the	formation	of	metal-metal	

bonds.18–23	 Another	 approach	 involves	 tethering	 two	 very	 different	 binding	 environments	
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together	 to	 form	 unsymmetrical	 ligands,	 but	 this	 process	 often	 requires	 extensive	 ligand	

synthesis.24–26	

The	 approach	 most	 relevant	 to	 the	 current	 work	 involves	 preparing	 unsymmetrical	

bimetallic	 complexes	 by	 combining	 two	 different	 monometallic	 complexes.27–33	 If	 one	

monometallic	 fragment	 contains	 a	 ligand	 capable	 of	 interacting	with	 a	 second	metal	 center,	

addition	 of	 a	 second	 monometallic	 fragment	 can	 result	 in	 the	 formation	 of	 unsymmetrical	

bimetallic	complexes.	Since	the	systematic	substitution	of	starting	complexes	can	allow	for	the	

preparation	of	families	of	related	unsymmetrical	bimetallic	complexes,	highly	modular	systems	

can	be	prepared	with	this	method.	

As	mentioned	in	the	last	chapter,	the	Borovik	group	has	used	this	approach	to	prepare	a	

series	 of	 modular	 bimetallic	 compounds,	 using	 the	 tripodal	 ligand	 N,N’,N”-[2,2’,2”-

nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido)	([MST]3−)	as	a	scaffold.34	The	

sulfonamido	oxygen	atoms	are	also	able	to	interact	with	a	second	metal	center,	and	can	be	used	

to	prepare	discretely	bimetallic	complexes	of	the	formulation	[(L)MII−(μ-OH)−MIIIMST]+	(Figure	

5.1).	Several	different	bimetallic	complexes	have	be	synthesized	by	this	method,	including	certain	

combinations	of	MII	=	CaII,	SrII,	BaII,	MnII,	FeII,	CoII,	NiII,	CuII,	ZnII	and	MIII	=	MnIII,	FeIII,	CoIII,	GaIII,	

InIII.34–37	

The	 initial	 studies	 with	 these	 types	 of	 compounds	 involved	 the	 preparation	 of	

heterobimetallic	complexes	with	redox	inactive	divalent	metal	ions	(MII	=	CaII,	SrII,	BaII)	that	were	

capped	 with	 crown	 ethers	 (L	 =	 15-crown-5	 or	 18-crown-6)	 (Figure	 5.1A).36	 Later,	 bimetallic	

complexes	 where	 both	 metal	 centers	 were	 transition	 metal	 ions	 were	 prepared	 using	 the	

nitrogen-based	 tridentate	 ligand	 1,4,7-trimethyl-1,4,7-triazacyclononane	 (TMTACN)	 as	 the	
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capping	 ligand	(Figure	5.1B).38,39	These	compounds	used	 ligands	with	relatively	high	denticity,	

resulting	in	the	second	divalent	metal	ion	being	coordinatively	saturated.	Therefore,	a	new	series	

of	bimetallic	complexes	were	synthesized	with	low-denticity	ligands	bound	to	the	second	metal	

ion,	most	notably	 the	bidentate	 ligand	N,N,Nʹ,Nʹ-tetramethylethane-1,2-diamine	 (TMEDA).	As	

discussed	in	the	previous	chapter,	solid-state	structures	revealed	that	this	series	of	complexes	

had	 the	 formulation	 [(TMEDA)MII(OTf)−(μ-OH)−FeIIIMST]	 (MII	 =	 FeII,	 CoII,	 or	 NiII,	 denoted	 as	

[TMEDA-MII(OTf)(OH)FeIII])	 (Figure	5.1C),	 in	which	a	weakly	binding	trifluoromethanesulfonate	

(OTf–)	counter	anion	completes	the	primary	coordination	sphere	of	the	MII	center.	OTf–	ligands	

are	 known	 to	weakly	 coordinate	metal	 ions,	 prompting	 an	 investigation	 into	 the	 substitution	

chemistry	of	these	complexes	with	other	anions.	

	
Figure	5.1.	Specific	examples	of	[MST]3−	bimetallic	complexes	with	(A)	one	transition	metal	ion	(MIII	=	MnIII,	FeIII)	
and	one	redox	inactive	metal	ion	(MII	=	CaII,	SrII,	BaII	(with	18-crown-6))36	and	(B)	two	transition	metal	ions	where	L	
=	TMTACN,	MIII	=	FeIII,	MII	=	MnII,	FeII,	CoII,	NiII,	CuII,	or	ZnII,38,39	or	(C)	L	=	TMEDA,	MIII	=	FeIII,	MII	=	FeII,	CoII,	or	NiII.	

In	 this	 chapter,	 the	 reactivity	 of	 the	 diiron	 complex	 [TMEDA-FeII(OTf)(OH)FeIII]	 was	

investigated.	 The	 coordinating	OTf–	 ion	 is	 indeed	 substitutionally	 labile,	 demonstrated	by	 the	

following	preparation	of	two	additional	diiron	compounds.	Ligand	substitution	occurs	if	[TMEDA-

FeII(OTf)(OH)FeIII]	is	treated	with	the	NMe4X	salts	(X–	=	NCS–	or	N3
–),	as	the	metathesized	product	

[TMEDA-FeII(X)(OH)FeIII]	 is	 formed.	 [TMEDA-FeII(Br)(OH)FeIII]	 can	 prepared	 if	 FeIIBr2	 is	 used	

instead	of	FeII(OTf)2·2MeCN	in	the	initial	synthesis.	
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These	 diiron	 compounds	 were	 characterized	 by	 X-ray	 diffraction	 methods,	 and	 the	

resulting	structures	show	that	the	the	different	X–	ligands	bind	to	the	FeII	centers	in	the	solid-

state.	Though	this	series	of	complexes	have	similar	optical	spectra,	they	are	differentiated	using	

perpendicular	mode	X-band	electronic	paramagnetic	(EPR)	spectroscopy	and	Fourier	transform	

infrared	(FTIR)	spectroscopy.	

These	results,	along	with	those	of	the	previous	chapter,	demonstrate	the	versatility	of	this	

system	as	both	the	MII	center	and	X–	ligand	can	be	modulated.	The	substitution	of	the	bidentate	

ligand	on	the	second	metal	ion	was	also	examined.	Previous	results	showed	that	this	system	can	

accommodate	 different	 capping	 ligands,	 but	 direct	 substitutions	 of	 capping	 ligands	were	 not	

attempted.	Treatment	of	 [TMEDA-FeII(OTf)(OH)FeIII]	with	two	equivalents	of	the	 less	hindered	

bidentate	 ligand	 ethylenediamine	 (en)	 resulted	 in	 the	 formation	 of	 [(en)2FeII−(μ-

OH)−FeIIIMST]OTf	 (denoted	 as	 [(en)2-FeII(OH)FeIII]OTf).	 This	 new	 compound	 has	 a	 different	

primary	coordination	sphere	around	the	FeII	center	when	compared	to	either	related	TMEDA	or	

TMTACN	diiron	analogue.	Thus,	three	key	components	of	the	system	can	be	modulated.	

	

Results	and	Discussion	

Preparation	and	characterization	of	[TMEDA-FeII(X)(OH)FeIII]	compounds	

	[TMEDA-FeII(OTf)(OH)FeIII]	was	prepared	by	the	preparative	route	described	previously	in	

Chapter	4	(Scheme	5.1).	If	FeIIBr2	was	used	instead	of	FeII(OTf)2·2MeCN,	[TMEDA-FeII(Br)(OH)FeIII]	

was	prepared.	Crystals	suitable	for	X-ray	diffraction	were	obtained	by	layering	a	CH2Cl2	solution	

of	[TMEDA-FeII(Br)(OH)FeIII]	under	pentane,	resulting	in	block	crystals	in	yields	ranging	from	46–

62	%.	This	result	demonstrated	that	the	diiron	complexes	could	be	prepared	with	different	types	
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of	anionic	ligands	bound	to	the	FeII	center,	hinting	that	other	ligands	could	also	bind	at	this	sixth	

coordination	site.		

	
Scheme	5.1.	Preparation	of	[TMEDA-FeII(X)(OH)FeIII]	complexes	(X–	=	OTf−,	Br−).	

The	lability	of	the	coordinated	OTf–	 ion	was	probed	by	conducting	metathesis	reactions	

with	other	 anions.	 In	 these	 reactions,	 salts	with	 SCN−	or	N3
−	 anions	were	used	because	 these	

anions	have	distinct	vibrational	features.	The	availability	of	a	spectroscopic	handle	allowed	the	

success	of	these	reactions	to	be	quickly	assessed	by	FTIR	spectroscopy.	Treating	the	bimetallic	

complex	 [TMEDA-FeII(OTf)(OH)FeIII]	 with	 NMe4(X)	 (X−	 =	 SCN−,	 N3
−)	 in	 THF	 resulted	 in	 the	

precipitation	of	solid	NMe4(OTf)	from	the	dark	orange	solutions	(Scheme	5.2).	After	filtration,	the	

filtrates	were	dried	under	vacuum.	The	resulting	orange	powders	were	redissolved	in	CH2Cl2	and	

layered	under	pentane	to	afford	block	or	needle-shaped	crystals	in	yields	ranging	from	48–78%.	

	
Scheme	5.2.	Preparation	of	[TMEDA-FeII(X)(OH)FeIII]	complexes	(X–	=	NCS−,	N3

−)	via	metathesis	with	NMe4(X)	salts.	
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FTIR	 spectroscopy	 on	 these	 putative	 [TMEDA-FeII(X)(OH)FeIII]	 products	 revealed	

characteristic	bands	for	the	NCS−	(2064	cm−1)	and	N3
−	(2069	cm	−1)	 ligands	(Figure	5.2C).	These	

bands	were	at	higher	energy	than	the	analogous	bands	in	NMe4(SCN)	(2058	cm	−1)40	and	NMe4(N3)	

(1998	cm−1),41	suggesting	that	that	these	anions	are	coordinated	to	the	FeII	center.41	Additionally,	

the	loss	of	bands	at	1239,	1034,	635	cm	−1	suggest	that	OTf−	ligand	is	substituted	in	these	reactions,	

as	such	bands	are	associated	with	the	OTf−	ion.42	

The	four	diiron	compounds	otherwise	have	similar	vibrational	properties.	Each	has	a	ν(OH)	

band	 observed	 around	 3200–3300	 cm–1	 (Figure	 5.2A),	 where	 the	 broadness	 of	 these	 bands	

suggest	the	presence	of	 intramolecular	H-bonding	between	the	bridging	hydroxido	ligands	and	

one	of	the	sulfonamido	oxygen	atoms	from	[MST]3–.43,44	

	
Figure	5.2.	FTIR	spectra	of	[TMEDA-FeII(OTf)(OH)FeIII]	(solid	black),	[TMEDA-FeII(Br)(OH)FeIII]	(dashed	black),	
[TMEDA-FeII(NCS)(OH)FeIII]	(solid	grey),	and	[TMEDA-FeII(OTf)(OH)FeIII]	(dashed	grey),	showing	(A)	the	expanded	
region	around	ν(OH),	(B)	the	full	spectra,	and	(C)	the	region	around	ν(SCN)	and	ν(N3).	All	spectra	were	collected	by	
attenuated	total	reflectance	(ATR).	
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The	bimetallic	formulation	of	the	four	crystalline	[TMEDA-FeII(X)(OH)FeIII]	compounds	was	

further	supported	by	electrospray	ionization	mass	spectrometry	(ESI-MS),	in	which	the	m/z	of	the	

molecular	 ion	 and	 experimental	 isotope	 patterns	 matched	 those	 calculated	 for	 [TMEDA-

FeII(OH)FeIII]+.	Since	these	complexes	only	ionize	as	[TMEDA-FeII(OH)FeIII]+,	the	identity	of	the	X−	

ligand	could	not	be	determined	by	positive	mode	ESI-MS.	The	series	of	compounds	all	have	similar	

optical	properties,	as	each	have	a	characteristic	absorption	band	at	λmax	=	380–392	nm	(ε	=	6100–

7000	M–1cm–1)	(Figure	5.3).	These	optical	features	are	similar	to	the	previously	reported	bands	

observed	for	the	related	[(TMTACN)MII−(μ-OH)−FeIIIMST]+	complexes	(MII	=	MnII,	FeII,	CoII,	NiII,	CuII,	

or	ZnII,	denoted	as	[TMTACN-MII(OH)FeIII]+)(see	Chapter	4).38,39	

	
Figure	5.3.	UV-visible	(UV-vis)	spectra	for	diiron	compounds	[TMEDA-FeII(X)(OH)FeIII]	with	X–	ligand	specified.	All	
spectra	were	collected	on	0.1	mM	CH2Cl2	solutions	at	25	˚C.	

Solid-state	molecular	structures	of	[TMEDA-FeII(X)(OH)FeIII]	compounds	

The	molecular	structures	of	the	[TMEDA-FeII(X)(OH)FeIII]	complexes	were	determined	by	

X-ray	diffraction	methods	and	revealed	the	expected	bimetallic	structures	(Figure	5.4).	Selected	

metrical	parameters	and	calculated	values	are	shown	in	Table	4.1.	

The	five-coordinate	FeIII	centers	contain	a	N4O	primary	coordination	sphere	formed	by	the	

[MST]3–	 ligand	and	bridging	hydroxido	ligand,	and	adopts	a	distorted	trigonal	bipyramidal	(tbp)	
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geometry	 based	 on	 the	 structural	 parameter	 τ5	 =	 0.854–0.914	 (see	 Chapter	 4).45	 The	 six-

coordinate	FeII	centers	have	a	N3O2Y	(Y	=	O	(OTf–),	Br	(Br–),	N	(NCS–	and	N3
–))	primary	coordination	

sphere	 that	 adopt	 a	 distorted	 octahedral	 coordination	 geometry	 based	 on	 the	 octahedral	

quadratic	 elongation	 parameter	 λoct	 =	 1.012–1.036	 (see	 Chapter	 4).46	 The	 equatorial	 plane	 is	

formed	by	the	SO2Mes	groups	of	 [MST]3–	and	the	TMEDA	 ligand,	while	 the	bridging	hydroxido	

ligand	 and	 the	 X–	 ligand	 are	 trans	 to	 each	 other	 (175.38(5)–173.49(5)˚)	 and	 occupy	 the	 axial	

positions.	

	
Figure	5.4.	Thermal	ellipsoid	diagrams	depicting	the	molecular	structures	of	(A)	[TMEDA-FeII(OTf)(OH)FeIII],	(B)	
[TMEDA-FeII(Br)(OH)FeIII],	(C)	[TMEDA-FeII(NCS)(OH)FeIII],	and	(D)	[TMEDA-FeII(N3)(OH)Fe

III].		Ellipsoids	are	drawn	at	
the	50%	probability	level,	and	only	the	hydroxido	H	atoms	are	shown	for	clarity.	

The	Fe1–Y	distances	reflect	the	different	bound	atoms	of	the	various	counter	anions.	The	

longest	bond	is	from	Fe1–Br1,	which	is	expected	as	the	bromide	ion	has	the	largest	ionic	radius	of	

the	different	binding	atoms	of	the	anionic	ligands.47	This	long	bond	distance	causes	the	greatest	
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octahedral	distortion	of	this	series	of	compounds.	The	Fe1–Y	bond	distances	for	the	NCS–	and	N3
–	

compounds	are	similar,	suggesting	that	the	thiocyanate	ligand	is	not	bound	through	the	S-atom,	

but	rather	through	the	N-atom.	

Table	5.1.	Selected	metrical	parameters	for	[TMEDA-FeII(X)(OH)FeIII]	(X–	=	OTf–,	Br–,	NCS–,	N3
–)	complexes.	

[TMEDA-	 X−	(Y)	=	 	 	 	
FeII(X)(OH)FeIII]	 OTf–	(O8)	 Br−	(Br1)	 NCS−	(N7)	 N3

−	(N7)	
Bond	distances	(Å)	 	 	 	 	
Fe1–N1	 2.227(2)	 2.251(1)	 2.220(1)	 2.232(2)	
Fe1–N2	 	 2.031(2)	 2.043(1)	 2.032(1)	 2.030(2)	
Fe1–N3	 2.001(2)	 1.997(1)	 1.997(1)	 2.017(2)	
Fe1–N4	 2.005(2)	 2.003(1)	 2.016(1)	 1.994(2)	
Fe1–O1	 	 1.855(2)	 1.888(1)	 1.886(1)	 1.887(2)	
O1···O2	 2.659	 2.658	 2.611	 2.617	
Fe2–O1	 1.928(2)	 1.983(1)	 1.962(1)	 1.983(2)	
Fe2–O4	 2.207(2)	 2.276(1)	 2.402(1)	 2.293(2)	
Fe2–O6	 	 2.147(2)	 2.499(1)	 2.283(1)	 2.404(2)	
Fe2–N5	 2.211(2)	 2.263(2)	 2.277(2)	 2.236(2)	
Fe2–N6	 	 2.231(2)	 2.238(2)	 2.236(2)	 2.262(2)	
Fe2–Y	 2.086(2)	 2.479(3)	 2.040(2)	 2.058(2)	
Fe1···Fe2	 3.337	 3.482	 3.458	 3.482	
Avg.	Fe1–Neq-MST	 2.012(2)	 2.014(1)	 2.015(1)	 2.013(2)	
Avg.	Fe2–NTMEDA	 2.221(2)	 2.251(2)	 2.257(2)	 2.249(2)	
d[Fe1–Neq-MST]a	 0.357	 0.387	 0.363	 0.371	
	 	 	 	 	
Bond	angles	(˚)	 	 	 	 	
O1–Fe1–N1	 175.20(8)	 175.38(5)	 173.49(5)	 174.72(7)	
N2–Fe1–N3	 121.10(9)	 117.31(6)	 117.74(6)	 121.29(8)	
N2–Fe1–N4	 121.72(9)	 120.49(6)	 122.27(6)	 117.55(7)	
N3–Fe1–N4	 107.86(8)	 111.35(6)	 110.40(6)	 111.18(8)	
Fe1–O1–Fe2	 126.40(9)	 128.09(7)	 127.94(7)	 128.24(8)	
O1–Fe2–Y	 171.04(8)	 157.19(4)	 160.78(6)	 158.44(7)	
O4–Fe2–O6	 96.13(7)	 108.73(4)	 103.07(4)	 104.32(6)	
N5–Fe2–N6	 82.76(9)	 81.53(6)	 81.48(6)	 81.31(8)	
	 	 	 	 	
Calculated	values	 	 	 	 	
τ5b	 0.891	 0.914	 0.854	 0.891	
Voct

c	 12.8	 15.3	 13.7	 13.7	
λoctd		 1.012	 1.036	 1.029	 1.034	
	
a	distance	of	Fe1	from	the	plane	formed	by	the	equatorial	nitrogen	atoms	N2,	N3,	and	N4	
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b	trigonality	parameter,	τ5	=	(β–a)/60.	β	is	the	largest	bond	angle	observed,	and	α	is	the	second	largest	bond	angle.
45	

c	octahedral	volume,	calculated	using	the	IVTON	program.48	
d	mean	oct	quadratic	elongation,	λoct	=	Σ1

6(li/l0)
2/6.	λoct	=	1	for	an	ideal	octahedron.	l0	represents	the	center-to-vertex	

distance	 of	 an	 octahedron	with	 Oh	 symmetry	 whose	 volume	 is	 equal	 to	 that	 of	 the	 distorted	 octahedron	with	
distances	li.	λ’oct	is	the	oct	quadratic	elongation	toward	one	axis.

46	
	

The	distances	between	the	O1···O6	atoms,	ranging	from	2.611–2.659	Å,	are	suggestive	of	

intramolecular	H-bonds	formed	between	the	hydrogen	atom	of	the	bridging	hydroxido	ligand	and	

a	sulfonamido	oxygen	atom	of	the	[MST]3–	ligand.49	These	distances	are	shorter	than	the	reported	

distances	 for	 the	 related	 heterobimetallic	 complexes	 [L⊃MII−(μ-OH)−MIIIMST]+	 (L⊃MII	 =	 15-

crown-5⊃CaII,	 15-crown-5⊃SrII,	 or	 18-crown-6⊃BaII,	 MIII	 =	 MnIII	 or	 FeIII),	 which	 have	 O1···O6	

distances	ranging	from	2.685–2.700	Å.36	These	distances	suggest	that	the	H-bonding	is	stronger	in	

the	diiron	complexes.	The	FeII	ion	has	a	smaller	ionic	radius	than	any	of	the	redox	inactive	metal	

ions	and	should	therefore	be	the	best	Lewis	acid.	Thus,	the	diiron	complexes	should	have	weaker	

O–H	bonds	 in	the	bridging	hydroxido	 ligands	then	those	complexes	with	alkaline	earth	metals,	

which	explains	the	difference	in	H-bonding	strength.	

	

Electrochemical	properties	of	[TMEDA-FeII(X)(OH)FeIII]	compounds	

The	electrochemical	properties	of	the	series	of	bimetallic	complexes	were	probed	using	

cyclic	voltammetry	(CV)	(Table	5.2).	All	the	diiron	compounds	exhibited	a	one-electron	reductive	

event	that	was	assigned	to	the	FeIIFeIII/FeIIFeII	couple	(Figure	5.5).	In	general,	the	redox	potentials	

of	 the	 [TMEDA-FeII(X)(OH)FeIII]	 compounds	 were	 similar	 to	 that	 of	 [TMTACN-FeII(OH)FeIII]OTf,	

which	 has	 a	 FeIIFeIII/FeIIFeII	 couple	 at	 –0.86	 V	 versus	 the	 ferrocenium/ferrocene	 ([FeCp2]+/0)	

couple.38	The	voltammograms	for	the	compounds	with	OTf–,	Br–,	and	NCS–	were	quasi-reversible,	

with	 FeIIFeII/FeIIFeIII	 redox	 potentials	 ranging	 from	 –0.84	 to	 –0.89	 V	 versus	 [FeCp2]+/0,	 but	 the	

voltammogram	of	the	N3
–	compound	was	irreversible	with	an	EC	=	–0.99	V	versus	[FeCp2]+/0.	The	
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compounds	with	NCS–	and	N3
–	were	slightly	cathodically	shifted	compare	to	those	with	OTf–	and	

Br–.		

Table	5.2.	Electrochemical	data	for	the	[TMEDA-FeII(X)(OH)FeIII]	compounds	in	MeCN.	

X–	=		 E1/2(FeIIFeIII/FeIIFeII,	
V	versus	[FeCp2]+/0)	

EA(FeIIFeIII/FeIIIFeIII,	
V	versus	[FeCp2]+/0)	

OTf–	 –0.84	 0.82	
Br–	 –0.84	 0.84	
NCS–	 –0.89	 0.98	
N3

–	 –0.99*	 0.84	
	 *EC,	not	E1/2	 	

	
An	 irreversible	 oxidative	 feature	 was	 also	 observable	 for	 the	 four	 diiron	 compounds,	

assigned	to	the	FeIIFeIII/FeIIIFeIII	couple.	They	occur	at	similar	potentials,	except	for	that	of	the	NCS–	

complex	which	is	anodically	shifted.	These	potentials	are	all	anodically	shifted	relative	to	that	of	

[TMTACN-FeII(OH)FeIII]OTf	(0.35	V	versus	[FeCp2]+/0.38	

These	results	reinforce	the	hypothesis	from	Chapter	4	that	the	X–	ligands	do	not	remain	

bound	in	solution.	Since	the	reduction	potentials	are	all	very	similar,	the	overall	charge	of	the	two	

series	of	complexes	should	be	the	same,	suggesting	that	[TMEDA-MII(OH)FeIII]+	 is	the	dominant	

species	in	these	experiments.	The	anodic	shift	in	the	oxidation	potentials	of	the	TMEDA	complexes	

relative	 to	 that	of	 the	TMTACN	complex	 is	 also	explained	by	 this	hypothesis.	 Formally	neutral	

[TMEDA-FeII(OTf)(OH)FeIII]	 complexes	 should	 easier	 to	 oxidize	 than	 the	 positively	 charged	

[TMTACN-FeII(OH)FeIII]+	complex,	resulting	in	cathodically	shifted	oxidation	potentials.	However,	

the	opposite	effect	is	observed.	Furthermore,	the	five-coordinate	FeII	centers	of	putative	[TMEDA-

FeII(OH)FeIII]+	complexes	should	have	less	electron	density	than	the	six-coordinate	FeII	center	of	

[TMTACN-FeII(OH)FeIII]+.	 Therefore,	 the	 [TMEDA-FeII(OH)FeIII]+	 complexes	 should	 be	 harder	 to	

oxidize	than	[TMTACN-FeII(OH)FeIII]+,	explaining	the	observed	anodic	shift.	
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Figure	5.5.	Cyclic	voltammograms	of	(A)	[TMEDA-FeII(OTf)(OH)FeIII],	(B)	[TMEDA-FeII(Br)(OH)FeIII],	(C)	[TMEDA-
FeII(NCS)(OH)FeIII],	and	(D)	[TMEDA-FeII(N3)(OH)Fe

III].		The	cyclic	voltammograms	were	collected	at	100	mV	s–1	in	
the	presence	of	[FeCp2].	

EPR	spectra	of	[TMEDA-FeII(X)(OH)FeIII]	compounds	

The	magnetic	properties	of	the	[TMEDA-FeII(X)(OH)FeIII]	complexes	were	probed	using	X-

band	EPR	spectroscopy.	Previous	studies	with	both	the	TMEDA	and	TMTACN	series	of	complexes	

revealed	that	antiferromagnetic	coupling	was	observed	between	the	two	metal	centers,	both	of	

which	were	 found	 in	 the	 high-spin	 state.38,39	 The	 series	 of	 [TMEDA-FeII(X)(OH)FeIII]	 complexes	
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likewise	exhibited	 this	 type	of	 coupling,	as	 rhombic	perpendicular-mode	EPR	spectra	 centered	

around	g	=	2	were	observed	for	the	four	compounds	(Figure	5.6).	These	signals	were	consistent	

with	an	S	=	1/2	spin-	state	resulting	antiferromagnetic	coupling	between	the	high-spin	FeIII	center	

(S	=	5/2)	and	FeII	center	(S	=	2).	The	line	shapes	of	these	signals	were	all	different	from	each	other,	

and	also	different	from	that	of	[TMTACN-FeII(OH)FeIII]+	(see	Chapter	4).	As	the	line	shape	of	EPR	

spectroscopy	 is	sensitive	to	geometric	changes	around	metal	centers,	 this	 result	could	suggest	

that	the	anionic	sixth	ligands	remained	bound	to	the	complexes	in	solution,	although	this	notion	

is	disputed	by	the	conclusions	drawn	by	the	previous	discussions	of	CV	results.50–52	

	
Figure	5.6.	Perpendicular-mode	EPR	spectra	for	[TMEDA-FeII(X)(OH)FeIII]	with	the	X–	ligand	specified	in	the	figure,	
all	collected	at	10	K	in	CH2Cl2.	

	
Preparation	and	characterization	of	[(en)2-FeII(OH)FeIII]OTf	

Considering	the	ability	of	the	[TMEDA-MII(X)(OH)FeIII]	system	to	accommodate	different	

MII	centers	and	X–	ligands,	the	ability	to	modulate	the	capping	ligand	was	explored.	Preparation	

of	complexes	with	other	bidentate	capping	ligands	were	attempted,	by	using	different	bidentate	

ligands	 besides	 TMEDA	 in	 Scheme	 5.1.	 Though	 en,	 symmetric	N,Nʹ-dimethylethylenediamine,	
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unsymmetric	 N,N-dimethylethylenediamine,	 and	 2,2'-bipyridine	 were	 all	 attempted,	 only	 en	

produced	a	well-defined	bimetallic	product.	

A	 CH2Cl2	 solution	 of	 en,	 NMe4[FeIIMST],	 and	 FeII(OTf)2·2MeCN	 was	 treated	 with	 0.5	

equivalents	of	O2	for	1	h.	After	workup,	needle	crystals	suitable	for	X-ray	diffraction	were	obtained	

by	 layering	a	 THF	 solution	of	 the	product	under	pentane.	 The	 solid-state	 structure	 revealed	a	

discretely	 bimetallic	 product,	 though	 this	 structure	 differed	 significantly	 from	 any	 previous	

bimetallic	compound	prepared	with	[MST]3–.	The	compound	maintained	a	FeII(OH)FeIII	bimetallic	

core,	but	instead	of	a	single	capping	ligand,	two	en	ligands	were	bound	to	the	FeII	center,	resulting	

in	a	salt	with	the	formulation	[(en)2-FeII(OH)FeIII]OTf	(Figure	5.7).		

	
Figure	5.7.	Thermal	ellipsoid	diagram	depicting	the	molecular	structure	of	[(en)2-Fe

II(OH)FeIII]OTf.		Ellipsoids	are	
drawn	at	the	50%	probability	level,	and	only	the	en	H-atoms	are	shown	for	clarity.	

Selected	metrical	 parameters	 and	 calculated	 values	 are	 shown	 in	 Table	 5.3.	 The	 N4O2	

primary	coordination	sphere	of	 the	FeII	 center	 is	 composed	of	 four	N-donors	 from	the	 two	en	

ligands,	one	O-donor	from	the	bridging	hydroxido	ligand,	and	one	O-donor	from	a	sulfonamido	

arm	of	[MST]3–.	The	primary	coordination	sphere	of	the	FeII	center	in	[(en)2-FeII(OH)FeIII]OTf	is	thus	

different	from	those	of	all	other	examples	of	bimetallic	compounds	with	[MST]3–,	which	have	two	
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O-atoms	from	the	sulfonamido	moieties	bound.	The	remaining	two	sulfonamido	arms	in	[(en)2-

FeII(OH)FeIII]OTf	form	intramolecular	H-bonds	with	either	the	bridging	hydroxido	ligand	(O1···O2	

=	2.936	Å)	or	an	NH	group	of	one	of	 the	en	 ligands	 (N6···O4	=	2.831	Å).49	Additionally,	a	 third	

intermolecular	H-bond	is	observed	between	the	one	of	the	en	ligands	and	the	OTf–	counter	anion	

(N5···O8	=	2.971	Å).	The	introduction	of	the	en	ligands	thus	creates	a	more	complicated	H-bonding	

network	in	[(en)2-FeII(OH)FeIII]OTf	than	in	the	other	related	bimetallic	compounds.		

Table	5.3.	Selected	metrical	parameters	for	[(en)2-Fe
II(OH)FeIII]OTf.	

[(en)2-FeII(OH)FeIII]OTf	
Bond	distances	(Å)	 	 Bond	angles	(˚)	 	
Fe1–N1	 2.329(2)	 O1–Fe1–N1	 177.20(8)	
Fe1–N2	 	 2.024(2)	 N2–Fe1–N3	 118.35(9)	
Fe1–N3	 2.018(2)	 N2–Fe1–N4	 112.30(9)	
Fe1–N4	 2.038(2)	 N3–Fe1–N4	 116.84(9)	
Fe1–O1	 	 1.792(2)	 Fe1–O1–Fe2	 138.40(1)	
O1···O2	 2.936	 O1–Fe2–O6	 92.32(9)	
Fe2–O1	 1.806(2)	 N5–Fe2–N6	 78.09(8)	
Fe2···O4	 3.791	 N7–Fe2–N8	 81.62(9)	
Fe2–O6	 	 2.111(2)	 	 	
Fe2–N5	 2.236(2)	 Calculated	values	 	
Fe2–N6	 	 2.166(2)	 τ5b	 0.981	
Fe2–N7	 2.165(2)	 Voct

c	 12.3	
Fe2–N8	 2.152(2)	 λoctd		 1.013	
Fe1···Fe2	 3.363	 	 	
Avg.	Fe1–Neq-MST	 2.027(2)	 	 	
Avg.	Fe2–Nen	 2.180(2)	 	 	
d[Fe1–Neq-MST]a	 0.419	 	 	
	

Revising	 the	 stoichiometry	 of	 the	 preparation	 of	 [(en)2-FeII(OH)FeIII]OTf	 allowed	 this	

product	 to	 be	 formed	 in	 crystalline	 yields	 of	 63–87%.	 It	 could	 also	 be	 prepared	 by	 treating	

[TMEDA-FeII(OTf)(OH)FeIII]	with	two	equivalents	of	en	(Scheme	5.3),	a	process	that	was	monitored	

by	UV-vis	spectroscopy	(Figure	5.8A).		The	final	trace	of	this	process	was	identical	to	the	UV-vis	

spectrum	of	the	independently	prepared	[(en)2-FeII(OH)FeIII]OTf.	
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Scheme	5.3.	Preparation	of	[(en)2-Fe
II(OH)FeIII]OTf	from	[TMEDA-FeII(OTf)(OH)FeIII].	

The	other	physical	properties	of	[(en)2-FeII(OH)FeIII]OTf	were	similar	to	that	of	the	related	

[TMEDA-FeII(X)(OH)FeIII]	compounds.	New	vibrational	bands	that	were	close	in	energy	to	the	NH	

vibrations	of	free	en	were	observed	in	the	FTIR	spectrum	of	[(en)2-FeII(OH)FeIII]OTf,	consistent	with	

its	 formulation	 (Figure	 5.8B).	 The	 rest	 of	 the	 spectrum	 was	 similar	 to	 those	 of	 [TMEDA-

FeII(X)(OH)FeIII].	 As	 with	 the	 [TMEDA-FeII(X)(OH)FeIII]	 complexes,	 perpendicular-mode	 EPR	

spectroscopy	on	[(en)2-FeII(OH)FeIII]OTf	revealed	an	S	=	1/2	signal	that	had	a	line	shape	that	was	

different	than	any	of	the	other	diiron	compounds	(Figure	5.9).	CV	studies	revealed	an	irreversible	

one-electron	reductive	event	at	–1.1	V	versus	[FeCp2]+/0	that	was	assigned	to	the	FeIIFeII/FeIIFeIII	

couple,	as	well	as	an	irreversible	one-electron	oxidative	event	at	0.82	V	versus	[FeCp2]+/0	(Figure	

5.10).	Finally,	the	experimental	isotope	patterns	of	the	ESI-MS	spectrum	was	one	mass	unit	less	

than	 those	 calculated	 for	 [(en)2-FeII(OH)FeIII]+,	 which	 could	 be	 attributed	 to	 a	 putative	 [(en)2-

FeIII(O)FeIII]+	species.	
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Figure	5.8.	(A)	UV-vis	spectra	for	the	substitution	of	TMEDA	for	en	in	a	0.1	mM	CH2Cl2	solution	of	[TMEDA-
FeII(OTf)(OH)FeIII]	at	25	˚C,	showing	the	conversion	of	[TMEDA-FeII(OTf)(OH)FeIII]	(solid	black)	to	[(en)2-
FeII(OH)FeIII]OTf	(dashed	black)	after	42	min.	(B)	FTIR	spectra	of	[TMEDA-FeII(OTf)(OH)FeIII]	(solid	black)	and	[(en)2-
FeII(OH)FeIII]OTf	(solid	black),	showing	the	expanded	region	around	ν(OH)	collected	by	ATR.	

	
Figure	5.9.	Perpendicular-mode	EPR	spectrum	of	[(en)2-Fe

II(OH)FeIII]OTf	collected	at	10	K	in	CH2Cl2.	

	
Figure	5.10.	Cyclic	voltammograms	of	[(en)2-Fe

II(OH)FeIII]OTf.	The	cyclic	voltammograms	were	collected	at	100	mV	
s–1	in	the	presence	of	[FeCp2].	
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Summary	and	Conclusions	

This	chapter	has	described	the	substitution	chemistry	of	the	bimetallic	complex	[TMEDA-

FeII(OTf)(OH)FeIII],	which	can	be	used	as	a	synthon	to	modulate	many	key	components.	[TMEDA-

FeII(OTf)(OH)FeIII]	contains	a	OTf–	ligand	that	is	substitutionally	labile.	This	feature	was	used	to	

prepare	 two	 new	 diiron	 complexes,	 [TMEDA-FeII(X)(OH)FeIII]	 (X–	 =	 NCS–	 or	 N3
–).	 Additionally,	

modifying	 the	 initial	 preparation	 of	 [TMEDA-FeII(OTf)(OH)FeIII]	 with	 FeIIBr2	 allowed	 for	 the	

preparation	 of	 [TMEDA-FeII(Br)(OH)FeIII].	 The	 four	 diiron	 compounds	 all	 have	 S	 =	 1/2	

perpendicular-mode	EPR	signals,	though	the	line	shapes	are	different.	This	may	suggest	that	the	

X–	ligand	remain	bound	in	solution,	but	this	conclusion	is	disputed	by	electrochemical	data.	The	

other	physical	properties	of	the	series	of	compounds	are	similar.		

In	 addition	 to	 altering	 the	 X–	 ligand,	 modification	 of	 the	 capping	 ligand	 was	 also	

attempted.	 The	 related	 compound	 [(en)2-FeII(OH)FeIII]OTf	 	was	prepared	by	 treating	 [TMEDA-

FeII(OTf)(OH)FeIII]	with	2	equivalents	of	en.	The	solid-state	structure	of	this	complex	revealed	that	

two	en	ligands	are	bound	to	the	FeII	center,	in	contrast	to	the	single	capping	ligand	observed	for	

all	other	bimetallic	complexes	prepared	with	[MST]3–.	The	primary	and	secondary	coordination	

spheres	of	[(en)2-FeII(OH)FeIII]OTf	are	different	from	the	related	diiron	compound	with	TMEDA,	

as	one	sulfonamido	 ligand	arm	no	 longer	binds	 to	 the	FeII	 center.	 Instead,	 it	 is	 involved	 in	H-

bonding	with	one	NH	groups	of	the	en	ligands.	This	result	stresses	the	importance	of	the	identity	

of	the	capping	ligand	in	these	types	of	compounds,	and	emphasizes	the	high	degree	of	flexibility	

observed	in	this	bimetallic	system.	
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Experimental	

General	Methods	

All	 reagents	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received,	 unless	

otherwise	noted.	Solvents	were	sparged	with	argon	and	dried	over	columns	containing	Q-5	and	

molecular	sieves.	Potassium	hydride	(KH)	as	a	dispersion	in	mineral	oil	was	filtered	with	a	medium	

porosity	glass-fritted	funnel	and	washed	5	times	each	with	pentane	and	diethyl	ether	(Et2O).	Solid	

KH	was	dried	under	vacuum	and	stored	under	inert	atmosphere.		The	synthesis	of	the	ligand	was	

carried	out	in	the	air	and	the	preparations	of	the	metal	complexes	were	conducted	in	a	Vacuum	

Atmospheres,	 Co.	 drybox	 under	 an	 argon	 atmosphere.	 Dioxygen	was	 dried	 on	 a	 Drierite	 gas	

purifier	purchased	from	Fischer	Scientific.	TMEDA	and	en	were	distilled	over	CaO	and	KOH	under	

static	 vacuum	 at	 30	 °C	 onto	 4	 Å	 molecular	 sieves	 and	 stored	 under	 inert	 atmosphere.	

FeII(OTf)2·2MeCN,53	NMe4[FeIIMST],36	NMe4(SCN),40	and	NMe4(N3)41	were	synthesized	according	

to	previous	reports.	

	

Preparation	of	Complexes	

[TMEDA-FeII(OTf)(OH)FeIII].	This	complex	was	prepared	using	literature	procedures	for	the	related	

salt	[TMTACN-FeII(OH)FeIII]OTf	38	using	FeII(OTf)2·2MeCN	(46.1	mg,	106	mmol),	TMEDA	(13.2	mg,	

114	 mmol),	 and	 NMe4[FeIIMST]	 (86.6	 mg,	 106	 mmol)	 to	 produce	 the	 desired	 complex	 in	

crystalline	yields	of	62–87%.	Dark	orange	needle	crystals	of	[TMEDA-FeII(OTf)(OH)FeIII]	suitable	

for	X-ray	diffraction	were	grown	from	a	THF	solution	layered	under	pentane.	Elemental	analysis	

calcd.	 for	 [TMEDA-FeII(OTf)FeIII]·0.5CH2Cl2,	 C40.5H63ClF3Fe2N6O10S4:	 C,	 43.19;	H,	 5.64;	N,	 7.46%,	

found:	C,	42.89;	H,	5.34;	N,	7.34%.	 	UV-vis	 (CH2Cl2,	λmax,	nm	(εmax,	M–1cm–1))	274(sh),	283(sh),	
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380(6800).	 FTIR	 (ATR,	 cm–1,	 selected	 bands):	 3272(OH),	 2980,	 2935,	 2869,	 1603,	 1564,	 1467,	

1313,	1276,	1239,	1129,	1034,	953,	816,	662,	635,	609.	(Nujol,	cm−1):	3260(OH).	Exact	mass	calcd	

for	[TMEDA-FeII(OH)FeIII]+,	C39H62Fe2N6O7S3:	934.3	found:	934.2.	E1/2	(MeCN,	V	versus	[FeCp2]+/0):	

–0.84.	EA	(MeCN,	V	versus	[FeCp2]+/0):	0.82.	

	

[TMEDA-FeII(Br)(OH)FeIII].	 This	 complex	 was	 prepared	 using	 the	 method	 described	 above	 for	

[TMEDA-FeII(OTf)(OH)FeIII]	using	FeIIBr2	(20.5	mg,	0.0951	mmol),	TMEDA		(10.5	mg,	0.0902	mmol),	

and	NMe4[FeIIMST]	(73.2	mg,	0.0893	mmol)	to	produce	the	desired	complex	in	crystalline	yields	

of	46–62%.		Dark	orange	block	crystals	of	[TMEDA-FeII(Br)(OH)FeIII]	suitable	for	X-ray	diffraction	

were	grown	from	a	CH2Cl2	solution	layered	under	pentane.	Elemental	analysis	calcd.	for	[TMEDA-

FeII(Br)(OH)FeIII]·0.5CH2Cl2,	C39.5H63ClBrFe2N6O7S3:	C,	44.63;	H,	5.81;	N,	7.97%,	found:	C,	44.88;	H,	

6.01;	N,	7.95%.		UV-vis	(CH2Cl2,	λmax,	nm	(εmax,	M–1cm–1))	276(sh),	284(sh),	386(6100).	FTIR	(ATR,	

cm–1,	selected	bands):	3286(OH),	2981,	2933,	2893,	2865,	1602,	1562,	1464,	1277,	1126,	1071,	

953,	 935,	 818,	 660.	 (Nujol,	 cm−1):	 3288(OH).	 Exact	 mass	 calcd	 for	 [TMEDA-FeII(OH)FeIII]+,	

C39H62Fe2N6O7S3:	934.3	found:	934.1.	E1/2	(MeCN,	V	versus	[FeCp2]+/0):	–0.85.	EA	(MeCN,	V	versus	

[FeCp2]+/0):	0.84.	

	

[TMEDA-FeII(NCS)(OH)FeIII].	A	solution	of	[TMEDA-FeII(OTf)(OH)FeIII]	 (88.0	mg,	0.0812	mmol)	 in	

THF	(10	mL)	was	treated	with	NMe4(SCN)	(10.9	mg,	0.0824	mmol)	and	stirred	for	1	h.	The	solvent	

was	 removed	 under	 vacuum,	 then	 the	 resulting	 solid	was	 redissolved	 in	 CH2Cl2	 then	 filtered	

through	a	medium	porosity	glass-fritted	funnel	to	remove	the	insoluble	NMe4(OTf).	The	filtrate	

was	 layered	under	pentane,	and	dark	orange	block	crystals	suitable	for	X-ray	diffraction	were	
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obtained.	The	crystals	were	collected	on	a	medium	porosity	glass-fritted	funnel	and	dried	under	

vacuum,	 resulting	 in	 crystalline	 yields	 of	 58–78%.	 Elemental	 analysis	 calcd.	 for	 [TMEDA-

FeII(NCS)(OH)FeIII]·CH2Cl2,	 C41H64Cl2Fe2N7O7S4:	 C,	 45.69;	H,	 5.99;	N,	 9.10%,	 found:	 C,	 45.45;	H,	

6.04;	N,	9.01%.	UV-vis	(CH2Cl2,	λmax,	nm	(εmax,	M–1cm–1))	275(sh),	285(sh),	392(7000).		FTIR	(ATR,	

cm–1,	 selected	bands):	3278(OH),	2978,	2912,	2886,	2860,	2056(CN),	1603,	1564,	1470,	1456,	

1350,	1259,	1102,	962,	817,	657,	638.	(Nujol,	cm−1):	3271(OH),	2064(CN).	Exact	mass	calcd	for	

[TMEDA-FeII(OH)FeIII]+,	C39H62Fe2N6O7S3:	934.3	found:	934.2.	E1/2	(MeCN,	V	versus	[FeCp2]+/0):	–

0.89.	EA	(MeCN,	V	versus	[FeCp2]+/0):	0.98.	

	

[TMEDA-FeII(N3)(OH)FeIII].	 This	 complex	 was	 prepared	 using	 the	method	 described	 above	 for	

[TMEDA-FeII(NCS)(OH)FeIII]	using	[TMEDA-FeII(OTf)(OH)FeIII]	(100.	mg,	0.925	mmol)	and	NMe4(N3)	

(11.1	mg,	0.955	mmol)	 to	produce	 the	desired	complex	 in	crystalline	yields	of	48–58%.	 	Dark	

orange	block	crystals	of	[TMEDA-FeII(N3)(OH)FeIII]	suitable	for	X-ray	diffraction	were	grown	from	

a	 CH2Cl2	 solution	 layered	 under	 pentane.	 Elemental	 analysis	 calcd.	 for	 [TMEDA-

FeII(N3)(OH)FeIII]·CH2Cl2,	C40H64Cl2Fe2N9O7S3:	C,	45.25;	H,	6.08;	N,	11.87%,	found:	C,	45.55;	H,	6.10;	

N,	12.15%.		UV-vis	(CH2Cl2,	λmax,	nm	(εmax,	M–1cm–1))	275(sh),	285(sh),	389(6500).	FTIR	(ATR,	cm–

1,	selected	bands):	3270(OH),	2913,	2938,	2909,	2863,	2842,	2069	(N3),	1602,	1562,	1465,	1339,	

1276,	1130,	1093,	1070,	1051,	952,	933,	850,	818,	661.	(Nujol,	cm−1):	3271(OH),	2080(N3).	Exact	

mass	calcd	for	[TMEDA-FeII(OH)FeIII]+,	C39H62Fe2N6O7S3:	934.3	found:	934.2.	Ec	(MeCN,	V	versus	

[FeCp2]+/0):	–0.99.	EA	(MeCN,	V	versus	[FeCp2]+/0):	–0.99.	EA	(MeCN,	V	versus	[FeCp2]+/0):	0.84.	
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[(en)2-FeII(OH)FeIII]OTf.	Method	A.	This	complex	was	prepared	using	the	method	described	above	

for	the	[TMEDA-FeII(OTf)(OH)FeIII]	using	FeII(OTf)2·2MeCN	(39.0	mg,	0.0894	mmol),	en	(10.8	mg,	

0.180	mmol),	 and	NMe4[FeIIMST]	 (73.1	mg,	0.0892	mmol)	 to	produce	 the	desired	complex	 in	

crystalline	yield	of	63–87%.	Dark	orange	needle	crystals	of	[(en)2-FeII(OH)FeIII]OTf	suitable	for	X-

ray	diffraction	were	 grown	 from	a	 THF	 solution	 layered	under	methylcyclohexane.	 Elemental	

analysis	calcd.	for	[(en)2-FeII(OH)FeIII]OTf·C5H12,	C43H74F3Fe2N8O10S4:	C,	44.52;	H,	6.43;	N,	9.66%,	

found:	C,	44.84;	H,	6.13;	N,	9.78%.	 	UV-vis	 (CH2Cl2,	λmax,	nm	(εmax,	M–1cm–1))	274(sh),	283(sh),	

339(9500),	382(sh),	524(50.).	FTIR	(ATR,	cm–1,	selected	bands):	3325(NH),	3268(NH),	3159(NH),	

2962,	2934,	2862,	1603,	1449,	1253,	1225,	1153,	1135,	1082,	1028,	968,	939,	822,	797,	656,	637.	

(Nujol,	 cm−1):	 3235(NH),	 3265(NH),	 3160(NH).	 Exact	 mass	 calcd	 for	 [(en)2-FeIII(O)FeIII]+,	

C37H61Fe2N8O7S3:	937.4	found:	937.3.	EC	(MeCN,	V	versus	[FeCp2]+/0):	–1.06.	EA	(MeCN,	V	versus	

[FeCp2]+/0):	0.82.	

	

Method	B.	A	solution	of	[TMEDA-FeII(OTf)(OH)FeIII]	(88.0	mg,	0.0812	mmol)	in	CH2Cl2	(10	mL)	was	

treated	with	en	 (10.9	mg,	0.0824	mmol)	and	stirred	 for	2	h.	The	solvent	was	 removed	under	

vacuum,	then	the	resulting	solid	was	redissolved	 in	THF.	This	THF	solution	was	 layered	under	

pentane	to	produce	the	desired	complex	with	a	crystalline	yield	of	31–39%.	This	reaction	could	

also	 be	 monitored	 by	 UV-vis	 spectroscopy,	 conducted	 in	 an	 Agilent	 8453	 equipped	 with	 an	

Unisoku	 Unispeks	 cryostat.	 In	 an	 Ar-filled	 drybox,	 a	 3	 mL	 DCM	 solution	 of	 [TMEDA-

FeII(OTf)(OH)FeIII]	 (0.3	μmol,	 0.1	mM)	was	 transferred	 to	 a	 1.0	 cm	quartz	 cuvette,	which	was	

sealed	 by	 a	 rubber	 septum.	 This	 cuvette	 was	 removed	 from	 the	 drybox	 and	 placed	 in	 the	

spectrophotometer.	2	equivalents	of	en	(0.6	μmol,	30	mM),	also	prepared	in	the	drybox,	were	
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injected	to	the	cuvette	via	a	gas-tight	syringe	and	the	spectral	changes	monitored	every	120	s.	

The	spectroscopic	properties	of	the	dark	orange,	needle	crystals	prepared	by	Method	B	are	the	

same	as	those	obtained	for	[(en)2-FeII(OH)FeIII]OTf	prepared	by	Method	A.	

	

Physical	Methods	

Elemental	analyses	were	performed	on	a	Perkin-Elmer	2400	CHNS	analyzer.	UV-vis	spectra	were	

recorded	with	a	Cary	50	spectrophotometer	or	an	Agilent	8453	spectrophotometer	equipped	

with	an	Unisoku	Unispeks	cryostat	using	either	a	0.10	cm	or	1.00	cm	quartz	cuvette.	FTIR	spectra	

were	collected	on	a	Varian	800	Scimitar	Series	FTIR	spectrometer	in	air	or	a	Thermo	Scientific	

Nicolet	iS5	spectrophotometer	with	an	iD5	ATR	attachment	in	a	nitrogen	filled	glovebox.	High-

resolution	mass	spectra	were	collected	using	Waters	Micromass	LCT	Premier	Mass	Spectrometer.	

Cyclic	voltammetry	(CV)	experiments	were	conducted	using	a	CH1600C	electrochemical	analyzer.	

A	2.0	mm	glassy	carbon	electrode	was	used	as	the	working	electrode	at	scan	velocities	0.1	V	s–1.		

A	[FeCp2]+/0	couple	was	used	as	an	internal	reference	to	monitor	the	reference	electrode	(Ag0/+).	

Tetrabutylammonium	hexafluorophosphate	 (TBAP)	was	use	as	 the	supporting	electrolyte	at	a	

concentration	of	0.1	M.	Perpendicular-mode	X-band	EPR	spectra	were	collected	using	a	Bruker	

EMX	spectrometer	at	10	K	using	liquid	helium.	

	

Crystallography	

A	Bruker	SMART	APEX	II	diffractometer	and	the	APEX2	program	package	was	used	to	determine	

the	 unit-cell	 parameters	 and	 for	 data	 collection.	 Crystallographic	 details	 are	 summarized	 in	

Appendix	A.	
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APPENDIX	A	

Crystallography	

Chapter	2	

Table	A.1.	Crystallographic	data	for	NMe4[Fe
IIRST(OH2)]	salts.	

NMe4[Fe
IIRST(OH2)]	 R	=	–CF3	 –Cl	 –H	 –CH3	 –OCH3	

formula	
C31H38F9FeN5	
O7S3•½(CH2Cl2)	

C29H42Cl5FeN5	
O8S3	

C28H41FeN5	
O7S3	

C32H51Cl2FeN5	
O8S3	

C31H47FeN5	
O10S3	

fw	 958.15	 917.95	 711.69	 856.70	 801.76	

T	(K)	 88(2)		 143(2)		 88(2)		 143(2)	 88(2)		

crystal	system	 Triclinic	 Triclinic	 Monoclinic	 Triclinic	 Monoclinic	

space	group	 Pī	 Pī	 P21/n	 Pī	 Pc	

a	(Å)	 9.3473(4)	 9.8185(5)		 8.8715(4)		 9.7228(10)	 18.489(3)		
b	(Å)	 13.7450(6)		 11.9558(7)		 19.4880(9)		 11.9881(12)	 10.8005(15)		
c	(Å)	 31.0075(14)		 18.9546(10)		 18.8873(8)		 19.114(2)	 18.417(3)		

α	(deg)	 98.6366(6)	 97.3441(6)	 90	 73.7474(12)	 90	

β	(deg)	 91.6897(6)	 100.9682(6)	 98.7312(6)	 78.9829(12)	 92.9591(19)	

γ	(deg)	 96.5594(6)	 114.2141(6)	 90	 66.5432(12)	 90	

Z	 4	 2	 4	 2	 4	

V	(Å3)	 3908.4(3)	 1938.84(18)	 3227.5(2)	 1954.1(3)		 3672.8(9)		

δcalc	(mg/m3)	 1.628		 1.572		 1.465	 1.456	 1.450		

indep.	reflections	 15932	 8937	 8250	 9015	 16272	

R1	 0.0612		 0.0356	 0.0301		 0.0410		 0.0443		

wR2	 0.1605	 0.0994	 0.0755		 0.1034		 0.0910		

Goof	 1.018		 1.052	 1.022		 1.041	 0.983	

CCDC#	 982221	 982222	 982223	 982224	 982225	

	 	 	 	 	 	
	
R1	=	S||Fo|-|Fc||	/	S|Fo|	

wR2	=	[S[w(Fo
2-Fc

2)2]	/	S[w(Fo
2)2]	]1/2	

Goof	=	S	=	[S[w(Fo
2-Fc

2)2]	/	(n-p)]1/2	where	n	is	the	number	of	reflections	and	p	is	the	total	number	of	parameters	refined.	

	

Structure	of[NMe4[FeIIF3ST(OH2)].		A	colorless	crystal	of	approximate	dimensions	0.272	x	0.185	x	

0.050	 mm	 was	 mounted	 on	 a	 glass	 fiber	 and	 transferred	 to	 a	 Bruker	 SMART	 APEX	 II	

diffractometer.		The	APEX21	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(90	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	
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data	was	 processed	 using	 SAINT2	 and	 SADABS3	 to	 yield	 the	 reflection	 data	 file.	 	 Subsequent	

calculations	were	carried	out	using	the	SHELXTL4	program.		There	were	no	systematic	absences	

nor	any	diffraction	 symmetry	other	 than	 the	Friedel	 condition.	 	 The	centrosymmetric	 triclinic	

space	group	P 	was	assigned	and	later	determined	to	be	correct.	

The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	

techniques.	 	 The	 analytical	 scattering	 factors5	 for	 neutral	 atoms	 were	 used	 throughout	 the	

analysis.	H(1)-H(4)	were	located	from	a	difference-Fourier	map	and	refined	(x,y,z	and	Uiso).		All	

other	 hydrogen	 atoms	 were	 included	 using	 a	 riding	 model.	 	 There	 was	 half	 a	 disordered	

dichloromethane	molecule	per	formula	unit	which	was	included	using	multiple	components	with	

partial	site-occupancy-factors.	 	C(59)-C(62)	and	F(10)-F(12)	were	also	disordered	and	 included	

using	multiple	components	with	partial	site-occupancy-factors.	

At	convergence,	wR2	=	0.1605	and	Goof	=	1.018	for	1054	variables	refined	against	15932	

data	(0.8	Å),	R1	=	0.0612	for	those	12825	data	with	I	>	2.0s(I).	

	

Structure	of	NMe4[FeIICST(OH2)].	A	colorless	crystal	of	approximate	dimensions	0.337	x	0.246	x	

0.143	 mm	 was	 mounted	 on	 a	 glass	 fiber	 and	 transferred	 to	 a	 Bruker	 SMART	 APEX	 II	

diffractometer.		The	APEX26	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(20	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	

data	was	 processed	 using	 SAINT7	 and	 SADABS3	 to	 yield	 the	 reflection	 data	 file.	 	 Subsequent	

calculations	were	carried	out	using	the	SHELXTL4	program.		There	were	no	systematic	absences	

nor	any	diffraction	 symmetry	other	 than	 the	Friedel	 condition.	 	 The	centrosymmetric	 triclinic	

space	group	P1 	was	assigned	and	later	determined	to	be	correct.	

1
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The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	

techniques.	 	 The	 analytical	 scattering	 factors5	 for	 neutral	 atoms	 were	 used	 throughout	 the	

analysis.	H(1)	and	H(2)	were	located	from	a	difference-Fourier	map	and	refined	(x,y,z	and	Uiso).		

H(3)	and	H(4)	were	also	located	from	a	difference	Fourier	map	and	did	not	refine	well	,	so	they	

were	restrained	during	refinement	and	the	O(8)-H(3)	and	O(8)-H(4)	distances	were	fixed	at	0.8	

Å.		All	other	hydrogen	atoms	were	included	using	a	riding	model.	 	There	was	one	molecule	of	

dichloromethane	per	formula	unit	and	one	water	molecule	per	formula	unit.	

At	convergence,	wR2	=	0.0994	and	Goof	=	1.052	for	478	variables	refined	against	8937	

data	(0.75	Å),	R1	=	0.0356	for	those	7745	data	with	I	>	2.0s(I).	

	

Structure	of	NMe4[FeIIPST(OH2)].	A	colorless	crystal	of	approximate	dimensions	0.257	x	0.239	x	

0.068	 mm	 was	 mounted	 on	 a	 glass	 fiber	 and	 transferred	 to	 a	 Bruker	 SMART	 APEX	 II	

diffractometer.		The	APEX21	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(20	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	

data	was	 processed	 using	 SAINT2	 and	 SADABS3	 to	 yield	 the	 reflection	 data	 file.	 	 Subsequent	

calculations	were	carried	out	using	the	SHELXTL4	program.		The	diffraction	symmetry	was	2/m	

and	the	systematic	absences	were	consistent	with	the	monoclinic	space	group	P21/n	that	was	

later	determined	to	be	correct.	

The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	

techniques.	 	 The	 analytical	 scattering	 factors6	 for	 neutral	 atoms	 were	 used	 throughout	 the	

analysis.	 	Hydrogen	atoms	were	 located	 from	a	difference-Fourier	map	and	refined	 (x,y,z	and	

Uiso).		
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At	convergence,	wR2	=	0.0755	and	Goof	=	1.022	for	561	variables	refined	against	8250	

data	(0.73	Å),	R1	=	0.0301	for	those	6897	data	with	I	>	2.0s(I).			

	

Structure	of	NMe4[FeIITST(OH2)].	A	colorless	crystal	of	approximate	dimensions	0.286	x	0.260	x	

0.159	 mm	 was	 mounted	 on	 a	 glass	 fiber	 and	 transferred	 to	 a	 Bruker	 SMART	 APEX	 II	

diffractometer.		The	APEX26	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(15	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	

data	was	 processed	 using	 SAINT7	 and	 SADABS8	 to	 yield	 the	 reflection	 data	 file.	 	 Subsequent	

calculations	were	carried	out	using	the	SHELXTL9	program.		There	were	no	systematic	absences	

nor	any	diffraction	 symmetry	other	 than	 the	Friedel	 condition.	 	 The	centrosymmetric	 triclinic	

space	group	P 	was	assigned	and	later	determined	to	be	correct.	

The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	

techniques.4	 The	 analytical	 scattering	 factors8	 for	 neutral	 atoms	 were	 used	 throughout	 the	

analysis.	 	There	was	one	water	molecule	and	one	disorder	dichloromethane	solvent	molecule	

present.		The	dichloromethane	molecule	was	included	using	multiple	components	with	partial	

site-occupancy-factors.		The	water	protons	H(1)-H(4)	were	allowed	to	freely	refine	(x,y,z	and	Uiso).		

The	remaining	hydrogen	atoms	were	included	using	a	riding	model.	

At	convergence,	wR2	=	0.1034	and	Goof	=	1.041	for	510	variables	refined	against	9015	

data	(0.74	Å),	R1	=	0.0410	for	those	6664	data	with	I	>	2.0s(I).	

	

Structure	of	NMe4[FeIIMOST(OH2)].	A	colorless	crystal	of	approximate	dimensions	0.230	x	0.210	

x	 0.184	 mm	 was	 mounted	 in	 a	 cryo	 loop	 and	 transferred	 to	 a	 Bruker	 SMART	 APEX	 II	

1
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diffractometer.		The	APEX21	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(20	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	

data	was	 processed	 using	 SAINT2	 and	 SADABS3	 to	 yield	 the	 reflection	 data	 file.	 	 Subsequent	

calculations	were	carried	out	using	the	SHELXTL4	program.		The	diffraction	symmetry	was	2/m	

and	the	systematic	absences	were	consistent	with	the	monoclinic	space	groups	Pc	and	P2/c.		It	

was	later	determined	that	space	group	Pc	was	correct.	

The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	

techniques.	 	 The	 analytical	 scattering	 factors2	 for	 neutral	 atoms	 were	 used	 throughout	 the	

analysis.		H(1)–H(4)	were	located	from	a	difference-Fourier	map	and	refined	(x,y,z	and	Uiso).		All	

other	hydrogen	atoms	were	 included	using	a	riding	model.	 	There	were	two	molecules	of	the	

formula-unit	present	(Z	=	4).	

At	convergence,	wR2	=	0.0910	and	Goof	=	0.983	for	931	variables	refined	against	16272	

data	 (0.75	Å),	R1	=	0.0443	 for	 those	13641	data	with	 I	>	2.0s(I).	 	The	absolute	structure	was	

assigned	by	refinement	of	the	Flack	parameter.10	

	

Chapter	3	

Table	A.2.	Crystallographic	data	for	K2[Ni
IIH3buea(OH)]	and	NMe4[Ni

IIMST(OH2)]	salts.	

	 K2[Ni
IIH3buea(OH)]	 NMe4[Ni

IIMST(OH2)]	

formula	 [C27H57	K2	N9	Ni	O6	•	½(C4H10O)]∞	 C37H59N5NiO7S3	

fw	 777.78	 840.78	

T	(K)	 88(2)		 88(2)		

crystal	system	 Triclinic	 Monoclinic	

space	group	 Pī	 C2/c	

a	(Å)	 11.7237(8)	 26.5309(11)	
b	(Å)	 13.5910(9)		 9.6415(4)	
c	(Å)	 14.5409(9)		 31.6736(13)	

α	(deg)	 88.9341(8)	 90	
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β	(deg)	 68.6217(7)	 90.3364(7)	

γ	(deg)	 70.7167(8)	 90	

Z	 2	 8	

V	(Å3)	 2022.7(2)	 8101.9(6)	

δcalc	(mg/m3)	 1.277		 1.379	

indep.	reflections	 8869	 9750	

R1	 0.0318		 0.0436	

wR2	 0.0822	 0.1017	

Goof	 1.032		 1.013	

CCDC#	 1501483	 1501484	
	

Structure	of	K2[NiIIH3buea(OH)].	A	green	crystal	of	approximate	dimensions	0.252	x	0.465	x	0.803	

mm	was	mounted	on	a	glass	fiber	and	transferred	to	a	Bruker	SMART	APEX	II	diffractometer.		The	

APEX211	program	package	was	used	to	determine	the	unit-cell	parameters	and	for	data	collection	

(60	sec/frame	scan	time	for	a	sphere	of	diffraction	data).	 	The	raw	frame	data	was	processed	

using	SAINT12	and	SADABS13	to	yield	the	reflection	data	file.		Subsequent	calculations	were	carried	

out	 using	 the	 SHELXTL14	 program.	 	 There	 were	 no	 systematic	 absences	 nor	 any	 diffraction	

symmetry	other	than	the	Friedel	condition.		The	centrosymmetric	triclinic	space	group	P1 	was	

assigned	and	later	determined	to	be	correct.	

The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	

techniques.	 	 The	 analytical	 scattering	 factors5	 for	 neutral	 atoms	 were	 used	 throughout	 the	

analysis.	Hydrogen	atoms	H(1),	H(5),	H(6)	and	H(7)	were	located	from	a	difference-Fourier	map	

and	refined	(x,y,z	and	Uiso).		The	remaining	hydrogen	atoms	were	included	using	a	riding	model.		

The	molecule	was	polymeric	repeating	about	inversion	centers.		Atoms	C(22),	C(23),	C(24)	and	

N(8)	 were	 disordered	 and	 included	 using	 multiple	 components	 with	 partial	 site-occupancy-

factors.	 	There	was	one	half	molecule	of	diethylether	present.	 	The	solvent	was	located	on	an	

inversion	center	and	was	disordered.	
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At	convergence,	wR2	=	0.0863	and	Goof	=	1.032	for	506	variables	refined	against	8869	

data	(0.78Å),	R1	=	0.0318	for	those	7775	data	with	I	>	2.0s(I).	

	

Structure	 of	NMe4[NiIIMST(OH2)].	A	 green	 crystal	 of	 approximate	 dimensions	 0.254	 x	 0.083	 x	

0.073	mm	was	mounted	in	a	cryoloop	and	transferred	to	a	Bruker	SMART	APEX	II	diffractometer.		

The	 APEX211	 program	 package	was	 used	 to	 determine	 the	 unit-cell	 parameters	 and	 for	 data	

collection	(90	sec/frame	scan	time	for	a	sphere	of	diffraction	data).	 	The	raw	frame	data	was	

processed	using	SAINT12	and	SADABS13	to	yield	the	reflection	data	file.		Subsequent	calculations	

were	 carried	 out	 using	 the	 SHELXTL14	 program.	 	 The	 diffraction	 symmetry	 was	 2/m	 and	 the	

systematic	absences	were	consistent	with	the	monoclinic	space	groups	Cc	and	C2/c.		It	was	later	

determined	that	space	group	C2/c	was	correct.	

The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	

techniques.	 	 The	 analytical	 scattering	 factors5	 for	 neutral	 atoms	 were	 used	 throughout	 the	

analysis.		Hydrogen	atoms	H1A	and	H1B	on	O1	were	located	from	a	difference-Fourier	map	and	

refined	(x,y,z	and	Uiso).	The	remaining	hydrogen	atoms	were	included	using	a	riding	model.	The	

NMe4+	 counterion	was	 disordered	 and	 included	 using	multiple	 components	with	 partial	 site-

occupancy-factors.	

At	convergence,	wR2	=	0.1017	and	Goof	=	1.013	for	494	variables	refined	against	9750	

data	(0.75	Å),	R1	=	0.0436	for	those	7238	data	with	I	>	2.0s(I).	
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Chapter	4	

Table	A.3.	Crystallographic	data	for	[(TMEDA)MII(OTf)−(µ-OH)−FeIIIMST]	compounds	(MII	=	FeII,	CoII,	or	NiII).	

	
[(TMEDA)FeII(OTf)	
−(µ-OH)−FeIIIMST]	

[(TMEDA)CoII(OTf)	
−(µ-OH)−FeIIIMST]	

[(TMEDA)NiII(Br)	
−(µ-OH)−FeIIIMST]	

formula	 [C40H62F3Fe2N6O10S4]	 C40H62CoF3FeN6O10S4	 C39H62BrFeN6NiO7S3	•	CH2Cl2	

fw	 1083.89	 1086.97	 1102.52	

T	(K)	 133(2)	 133(2)	 88(2)	

crystal	system	 Monoclinic	 Monoclinic	 Monoclinic	

space	group	 C2/c	 C2/c	 P21/c	

a	(Å)	 39.226(3)	 39.277(5)	 21.8160(18)	
b	(Å)	 16.9526(13)	 16.972(2)	 13.1714(11)	
c	(Å)	 18.8719(14)	 18.844(2)	 17.6057(14)	

α	(°)	 90	 90	 90	

β	(°)	 110.8868(9)	 110.7870(15)	 107.5355(10)	

γ	(°)	 90	 90	 90	

Z	 8	 8	 4	

V	(Å3)	 11724.9(15)	 11744(2)	 4823.9(7)	

δcalc	(mg/m3)	 1.228	 1.230	 1.518	

indep.	reflections	 14240	 12057	 12122	

R1	 0.0459	 0.0396	 0.0307	

wR2	 0.1302	 0.0974	 0.0833	

Goof	 1.025	 1.032	 1.036	

CCDC#	 1554807	 1554810	 1554811	
	

Structure	of	[(TMEDA)FeII(OTf)−(µ-OH)−FeIIIMST].	A	red	crystal	of	approximate	dimensions	0.176	

x	 0.203	 x	 0.399	mm	was	mounted	 in	 a	 cryoloop	 and	 transferred	 to	 a	 Bruker	 SMART	APEX	 II	

diffractometer.		The	APEX215	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(30	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	

data	was	 processed	 using	 SAINT7	 and	 SADABS8	 to	 yield	 the	 reflection	 data	 file.	 	 Subsequent	

calculations	were	carried	out	using	the	SHELXTL9	program.		The	diffraction	symmetry	was	2/m	

and	the	systematic	absences	were	consistent	with	the	monoclinic	space	groups	Cc	and	C2/c.		It	

was	later	determined	that	space	group	C2/c	was	correct.	
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The	structure	was	solved	by	dual	space	methods	and	refined	on	F2	by	full-matrix	least-

squares	techniques.		The	analytical	scattering	factors5	for	neutral	atoms	were	used	throughout	

the	analysis.		Hydrogen	atom	H(1)	was	located	from	a	difference-Fourier	map	and	refined	(x,y,z	

and	riding	Uiso)	with	d(O-H)	=	0.85Å.		The	remaining	hydrogen	atoms	were	included	using	a	riding	

model.	

At	convergence,	wR2	=	0.1302	and	Goof	=	1.025	for	602	variables	refined	against	14240	

data	(0.74Å),	R1	=	0.0459	for	those	9978	data	with	I	>	2.0s(I).	

There	were	several	high	residuals	present	in	the	final	difference-Fourier	map.		It	was	not	

possible	to	determine	the	nature	of	the	residuals	although	it	was	probable	that	tetrahydrofuran	

and/or	 pentane	 solvents	 were	 present.	 	 The	 SQUEEZE16a	 routine	 in	 the	 PLATON16b	 program	

package	was	used	to	account	for	the	electrons	in	the	solvent	accessible	voids.	

	

Structure	of	[(TMEDA)CoII(OTf)−(µ-OH)−FeIIIMST].	An	orange	crystal	of	approximate	dimensions	

0.102	x	0.177	x	0.342	mm	was	mounted	in	a	cryoloop	and	transferred	to	a	Bruker	SMART	APEX	II	

diffractometer.		The	APEX215	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(60	sec/frame	scan	time).		The	raw	frame	data	was	processed	using	SAINT7	

and	SADABS8	to	yield	the	reflection	data	file.		Subsequent	calculations	were	carried	out	using	the	

SHELXTL9	 program.	 	 The	 diffraction	 symmetry	 was	 2/m	 and	 the	 systematic	 absences	 were	

consistent	with	the	monoclinic	space	groups	Cc	and	C2/c.	 	 It	was	 later	determined	that	space	

group	C2/c	was	correct.	

The	structure	was	solved	by	dual	space	methods	and	refined	on	F2	by	full-matrix	least-

squares	techniques.		The	analytical	scattering	factors5	for	neutral	atoms	were	used	throughout	
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the	analysis.		Hydrogen	atom	H(1)	was	located	from	a	difference-Fourier	map	and	refined	(x,y,z	

and	riding	Uiso)	with	d(O-H)	=	0.85Å.		The	remaining	hydrogen	atoms	were	included	using	a	riding	

model.	

At	convergence,	wR2	=	0.0974	and	Goof	=	1.032	for	603	variables	refined	against	12057	

data	(0.80Å),	R1	=	0.0396	for	those	9013	data	with	I	>	2.0s(I).	

There	were	several	high	residuals	present	in	the	final	difference-Fourier	map.		It	was	not	

possible	to	determine	the	nature	of	the	residuals	although	it	was	probable	that	tetrahydrofuran	

and/or	 pentane	 solvents	 were	 present.	 	 The	 SQUEEZE16a	 routine	 in	 the	 PLATON16b	 program	

package	was	used	to	account	for	the	electrons	in	the	solvent	accessible	voids.	

	

Chapter	5	

Table	A.4.	Crystallographic	data	for	[(TMEDA)FeII(X)−(µ-OH)−FeIIIMST]	compounds	(X–	=	Br–,	NCS–,	N3
–)	and	

[(en)2Fe
II−(μ-OH)	−FeIIIMST]OTf.	

	
[(TMEDA)FeII(Br)	
−(µ-OH)−FeIIIMST]	

[(TMEDA)FeII(NCS)	
−(µ-OH)−FeIIIMST]	

[(TMEDA)FeII(N3)	
−(µ-OH)−FeIIIMST]	

[(en)2Fe
II−(μ-OH)	

−FeIIIMST]OTf	

formula	 C40H64BrCl2Fe2N6O7S3	 C40	H62	Fe2	N7	O7	S4	 C39	H62	Fe2	N9	O7	S3	 C46H78Cl2F3Fe2N8O10S4	

fw	 1099.66	 992.90	 976.85	 1271.00	

T	(K)	 88(2)	 88(2)	 88(2)	 133(2)	

crystal	system	 Monoclinic	 Trigonal	 Trigonal	 Triclinic		

space	group	 P21/c	 R3	 R3	 Pī	

a	(Å)	 21.7773(13)	 34.669(3)	 34.1173(18)	 9.0701(8)	
b	(Å)	 13.2666(8)	 34.669(3)	 34.1173(18)	 17.9865(15)	
c	(Å)	 17.6201(11)	 20.8648(16)	 21.137(11)	 18.8049(16)	

α	(°)	 90	 90	 90	 107.8561(11)	

β	(°)	 107.4513(8)	 90	 90	 94.8064(12)	

γ	(°)	 90	 120	 120	 97.9985(10)	

Z	 4	 18	 18	 2	

V	(Å3)	 4856.3(5)	 21183(2)	 21183(2)	 2865.5(4)	

δcalc	(mg/m3)	 1.504	 1.366	 1.378	 1.473	

indep.	reflections	 12173	 10658	 10386	 12888	

R1	 0.0290	 0.0290	 0.0358	 0.0474	

wR2	 0.0712	 0.0781	 0.0969	 0.1326	

Goof	 1.038	 1.041	 1.019	 1.041	
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CCDC#	 1554806	 1554808	 1554809	 1554812	
	

Structure	of	[(TMEDA)FeII(Br)−(µ-OH)−FeIIIMST].	A	red	crystal	of	approximate	dimensions	0.395	

x	0.298	x	0.256	mm	was	mounted	in	a	cryoloop	and	transferred	to	a	Bruker	SMART	APEX	II	

diffractometer.		The	APEX215	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(25	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	

data	was	processed	using	SAINT7	and	SADABS8	to	yield	the	reflection	data	file.		Subsequent	

calculations	were	carried	out	using	the	SHELXTL9	program.		The	diffraction	symmetry	was	2/m	

and	the	systematic	absences	were	consistent	with	the	monoclinic	space	group	P21/c	that	was	

later	determined	to	be	correct.	

The	structure	was	solved	by	dual	space	methods	and	refined	on	F2	by	full-matrix	least-

squares	techniques.		The	analytical	scattering	factors5	for	neutral	atoms	were	used	throughout	

the	analysis.		Hydrogen	atom	H1	was	located	from	a	difference-Fourier	map	and	refined	(x,y,z	

and	Uiso).		The	remaining	hydrogen	atoms	were	included	using	a	riding	model.	There	was	one	

molecule	of	dichloromethane	present	that	was	disordered	over	two	positions	(0.50:0.50).	The	

tetramethylethylenediamine	ligand	was	disordered	over	two	positions	(0.7:0.3).	

At	convergence,	wR2	=	0.0745	and	Goof	=	1.039	for	613	variables	refined	against	12173	

data	(0.73	Å),	R1	=	0.0290	for	those	10639	data	with	I	>	2.0s(I).	

	

Structure	of	[(TMEDA)FeII(NCS)−(µ-OH)−FeIIIMST].	An	orange	crystal	of	approximate	dimensions	

0.152	x	0.196	x	0.305	mm	was	mounted	in	a	cryoloop	and	transferred	to	a	Bruker	SMART	APEX	

II	diffractometer.		The	APEX215	program	package	was	used	to	determine	the	unit-cell	

parameters	and	for	data	collection	(25	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		
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The	raw	frame	data	was	processed	using	SAINT7	and	SADABS8	to	yield	the	reflection	data	file.		

Subsequent	calculations	were	carried	out	using	the	SHELXTL9	program.		The	systematic	

absences	were	consistent	with	the	hexagonal	space	groups	R3	and	R3 .		The	centrosymmetric	

space	group	R3 	was	assigned	and	later	determined	to	be	correct.	

The	structure	was	solved	by	dual	space	methods	and	refined	on	F2	by	full-matrix	least-

squares	techniques.		The	analytical	scattering	factors5	for	neutral	atoms	were	used	throughout	

the	analysis.	Hydrogen	atoms	H(1)	was	located	from	a	difference-Fourier	amp	and	refined	(x,y,z	

and	Uiso)	with	d(O-H)	=	0.85Å.		The	remaining	hydrogen	atoms	were	included	using	a	riding	model.		

Atoms	C(36)	and	C(37)	were	disordered	and	 including	using	multiple	components	with	partial	

site-occupancies-factors.	

At	convergence,	wR2	=	0.0.0969	and	Goof	=	1.019	for	576	variables	refined	against	10386	

data	(0.78	Å),	R1	=	0.0358	for	those	8242	data	with	I	>	2.0s(I).	

There	were	several	high	residuals	present	in	the	final	difference-Fourier	map.		It	was	not	

possible	to	determine	the	nature	of	the	residuals	although	it	was	probable	that	pentane	and/or	

dichloromethane	 solvents	were	 present.	 	 The	 SQUEEZE16a	 routine	 in	 the	 PLATON16b	 program	

package	was	used	to	account	for	the	electrons	in	the	solvent	accessible	voids.			

	

Structure	of	[(TMEDA)FeII(N3)−(µ-OH)−FeIIIMST].	A	red	crystal	of	approximate	dimensions	0.158	x	

0.159	 x	 0.352	 mm	 was	 mounted	 in	 a	 cryoloop	 and	 transferred	 to	 a	 Bruker	 SMART	 APEX	 II	

diffractometer.		The	APEX215	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(30	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	

data	was	 processed	 using	 SAINT7	 and	 SADABS8	 to	 yield	 the	 reflection	 data	 file.	 	 Subsequent	
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calculations	 were	 carried	 out	 using	 the	 SHELXTL9	 program.	 	 The	 systematic	 absences	 were	

consistent	with	the	hexagonal	space	groups	R3	and	R 3 .		The	centrosymmetric	space	group	R 3 	

was	assigned	and	later	determined	to	be	correct.	

The	structure	was	solved	by	dual	space	methods	and	refined	on	F2	by	full-matrix	least-

squares	techniques.		The	analytical	scattering	factors5	for	neutral	atoms	were	used	throughout	

the	analysis.	Hydrogen	atom	H(1)	was	located	from	a	difference-Fourier	map	and	refined	(x,y,z	

and	Uiso).	 	The	 	remaining	hydrogen	atoms	were	 included	using	a	riding	model.	 	Atoms	C(34),	

C(36),	C(37)	and	C(39)	were	disordered	and	included	using	multiple	components	with	partial	site-

occupancy-factors.	

At	convergence,	wR2	=	0.0781	and	Goof	=	1.041	for	596	variables	refined	against	10658	

data	(0.78	Å),	R1	=	0.0290	for	those	9003	data	with	I	>	2.0s(I).	

There	were	several	high	residuals	present	in	the	final	difference-Fourier	map.		It	was	not	

possible	to	determine	the	nature	of	the	residuals	although	it	was	probable	that	pentane	and/or	

dichloromethane	was	present.		The	SQUEEZE16a	routine	in	the	PLATON16b	program	package	was	

used	to	account	for	the	electrons	in	the	solvent	accessible	voids.			

	

Structure	 of	 [(en)2FeII−(µ-OH)−FeIIIMST]OTf.	 A	 red	 crystal	 of	 approximate	 dimensions	 0.152	 x	

0.209	 x	 0.285	 mm	 was	 mounted	 in	 a	 cryoloop	 and	 transferred	 to	 a	 Bruker	 SMART	 APEX	 II	

diffractometer.		The	APEX21	program	package	was	used	to	determine	the	unit-cell	parameters	

and	for	data	collection	(60	sec/frame	scan	time	for	a	sphere	of	diffraction	data).		The	raw	frame	

data	was	 processed	 using	 SAINT2	 and	 SADABS3	 to	 yield	 the	 reflection	 data	 file.	 	 Subsequent	

calculations	were	carried	out	using	the	SHELXTL4	program.		There	were	no	systematic	absences	
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nor	any	diffraction	 symmetry	other	 than	 the	Friedel	 condition.	 	 The	centrosymmetric	 triclinic	

space	group	P1 	was	assigned	and	later	determined	to	be	correct.	

The	structure	was	solved	by	dual	space	methods	and	refined	on	F2	by	full-matrix	least-

squares	techniques.		The	analytical	scattering	factors5	for	neutral	atoms	were	used	throughout	

the	analysis.	Hydrogen	atoms	were	included	using	a	riding	model.		The	hydrogen	associated	with	

O(1)	was	not	located	or	included	in	the	refinement.		In	addition	to	the	triflate	anion,	there	was	

one	molecule	of	dichloromethane	and	one	molecule	of	methylcyclohexane	present	per	formula-

unit.	

At	convergence,	wR2	=	0.1326	and	Goof	=	1.029	for	686	variables	refined	against	12888	

data	(0.75	Å),	R1	=	0.0474	for	those	10581	data	with	I	>	2.0s(I).	
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