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Abstract.	

The	superoxyde	dismutase	(SOD)	activity	of	mononuclear	NiII	complexes,	whose	structures	are	

inspired	 by	 the	 NiSOD,	 has	 been	 investigated.	 They	 have	 been	 designed	 with	 a	 sulfur-rich	

pseudo-peptide	ligand,	derived	from	nitrilotriacetic	acid	(NTA),	where	the	three	acid	functions	

are	 grafted	 with	 cysteines	 (L3S).	 Two	 mononuclear	 complexes,	 which	 exist	 in	 pH-dependent	

proportions,	 have	 been	 fully	 characterized	 by	 a	 combination	 of	 spectroscopic	 techniques	

including	 1H	 NMR,	 UV-vis,	 CD,	 and	 XAS,	 together	 with	 theoretical	 calculations.	 They	 display	

similar	square-planar	S3O	coordination,	with	the	three	thiolates	of	 the	three	cysteine	moieties	

from	L3S	coordinated	to	the	NiII	ion,	together	with	either	a	water	molecule	at	physiological	pH,	as	

[NiL3S(OH2)]–,	or	a	hydroxo	ion	in	more	basic	conditions,	as	[NiL3S(OH)]2–.	The	1H	NMR	study	has	

revealed	that	contrary	to	the	hydroxo	ligand,	the	bound	water	molecule	is	labile.	The	CV	of	both	

complexes	displays	an	irreversible	one-electron	oxidation	process	assigned	to	the	NiII/NiIII	redox	

system	with	Epa	=	0.48	and	0.31	V	vs	SCE	 for	NiL3S(OH2)	and	NiL3S(OH),	respectively.	The	SOD	

activity	of	both	complexes	has	been	tested.	Based	on	the	xanthine	oxidase	assay,	an	IC50	of	about	

1	µM	has	been	measured	at	pH	7.4,	where	NiL3S(OH2)	is	mainly	present	(93%	of	the	NiII	species),	

while	the	IC50	is	larger	than	100	µM	at	pH	9.6,	where	NiL3S(OH)	is	the	major	species	(92%	of	the	

NiII	species).	Interestingly,	only	NiL3S(OH2)	displays	SOD	activity,	suggesting	that	the	presence	of	

a	labile	ligand	is	required.	The	SOD	activity	has	been	also	evaluated	under	catalytic	conditions	at	

pH	7.75,	where	the	ratio	between	NiL3S(OH2)	/	NiL3S(OH)	 is	about	(86:14),	and	a	rate	constant,	

kcat	 =	 1.8	 105	 M-1s-1	 has	 been	 measured.	 NiL3S(OH2)	 is	 thus	 the	 first	 low-molecular	 weight,	

synthetic,	bio-inspired	Ni	complex	that	displays	catalytic	SOD	activity	 in	water	at	physiological	

pH,	 although	 it	 does	not	 contain	 any	N-donor	 ligand	 in	 its	 first	 coordination	 sphere,	 as	 in	 the	

NiSOD.	Overall,	the	data	evidences	that	a	key	structural	feature	is	the	presence	of	a	labile	ligand	

in	the	coordination	sphere	of	the	NiII	ion,	consistent	with	an	inner	sphere	mechanism	for	at	least	

one	of	the	redox	reactions.		
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Introduction	

Superoxide	Dismutase	(SOD)	is	a	key	enzyme	in	all	aerobic	organisms	as	it	degrades	the	radical	

anion	superoxide	(O2●-),	one	of	the	toxic	reactive	oxygen	species	(ROS),	constantly	produced	as	a	

by-product	 during	 aerobic	 respiration.	 In	 the	 specific	 case	 of	 O2●-,	 the	 SODs	 protect	 the	 cell	

against	severe	damage	by	catalyzing	its	disproportionation	into	H2O2	and	O2	using	a	redox-active	

metallic	(M)	cofactor	(eq.	1	&	2).1	

MredSOD	+	O2●-	+	2H+	à	H2O2	+	MoxSOD	 eq.	1	

MoxSOD	+	O2●-à	O2	+	MredSOD		 	 eq.	2	

With	N/O	coordination	spheres,	the	metallic	cofactors	are	Mn,	Fe,	Cu/Zn	or	Cu	only.2-9	In	1996,	a	

SOD	with	a	thiolate-based	Ni	complex	was	discovered.10	This	Ni-SOD	has	attracted	attention	of	

bioinorganic	chemists	for	several	reasons.	First,	this	is	one	of	only	four	enzymes	that	contain	a	

mononuclear	 Ni	 catalytic	 center	 (in	 addition	 to	 acireductone	 dioxygenase,	 glyoxylase	 and	

methyl-coenzyme	M	 reductase).11	 Second,	 the	 coordination	 sphere	 of	 the	NiII	 ion	 is	 intriguing	

with	the	presence	of	two	cysteinates,	bearing	in	mind	that	metal-bound	thiolates	are	well	known	

to	react	with	O2●-	and	even	O2	and	H2O2,	leading	to	oxidative	damage.12-13	Third,	the	coordination	

sphere	of	the	Ni	site	is	completed	by	donor	ligands	from	only	the	first	six	amino	acids	of	the	N	

terminal	 part	 of	 the	 peptide	 chain,	 in	 an	 original	 motif	 involving	 the	 terminal	 amine	 and	 an	

amidate	 in	 the	 NiII	 reduced	 state.	 The	 square	 plane	 around	 the	 NiII	 ion	 becomes	 a	 square	

pyramid	 in	the	NiIII	state,	with	the	additional	coordination	of	an	 imidazole	of	a	histidine	 in	the	

axial	position	(Scheme	1).14-16	Apart	from	the	characterization	of	these	two	states	(oxidized	and	

reduced)	that	are	involved	in	a	ping-pong	mechanism,	nothing	is	known	about	the	mechanism	of	

the	NiSOD.	

	 	

Scheme	1.	Active	and	catalysed	reaction	centre	by	the	NiSOD	

With	 the	 aim	 of	 better	 understanding	 the	 key-elements	 of	 this	 active	 site,	 chemists	 have	

designed	 bio-inspired	 synthetic	 complexes	 to	 investigate	 the	 role	 of	 the	 amidate	 for	 the	 SOD	

activity,	 the	 stability	 of	 the	 thiolates	 in	 catalytic	 conditions,	 the	 role	 of	 the	 axial	 ligand,	 and	

finally,	the	different	possible	mechanisms	to	probe	inner	or	outer	sphere	processes.	To	address	



	 3	

these	questions,	two	strategies	have	been	followed	based	on	NiII	complexes	either	designed	with	

peptide-based	ligands17-27	or	synthetic	ligands.27-42	

Because	only	the	first	residues	of	the	N-terminal	part	are	involved,	the	reported	peptide-based	

models	mainly	 contain	 between	 7	 and	 12	 residues.	 They	 closely	 reproduce	 the	 spectroscopic	

features	 of	 the	Ni-SOD	 and	 the	 SOD	 reactivity,	 although	 still	with	 less	 efficiency.43	 From	 their	

investigation,	it	was	evidenced	that	the	presence	of	a	residue	that	can	axially	coordinate	to	the	

Ni	 site	drastically	enhances	 the	activity	but	 is	not	 critical.44-45	The	 first	 series	of	 synthetic	bio-

inspired	 complexes	have	evidenced	 that	mixed	amidate/amine	 coordination	 sphere	allows	 for	

fine-tuning	the	redox	properties	of	the	bis-thiolate	Ni	motif	in	order	to	protect,	at	least	partially,	

sulfur-centered	 degradation	 processes.46-47	 The	 role	 of	 the	 fifth	 ligand	 in	 the	 axial	 position	 to	

stabilize	the	NiIII	oxidation	state	has	been	also	reproduced.35,	41-42	However,	the	great	majority	of	

the	 low-molecular	 weight	 synthetic	 NiII	 complexes,	 despite	 their	 apparent	 appropriate	 redox	

properties	for	SOD	activity,	are	not	active	as	catalysts	even	if	they	can	mimic	the	partial40-41	or	

full48	 catalytic	 cycle	 under	 stoichiometric	 conditions.	 Their	 lack	 of	 reactivity	 has	 often	 been	

rationalized	either	by	their	sensitivity	to	the	superoxide	or	derivatives,	or	by	the	irreversibility	

of	 the	 NiIII/NiII	 redox	 process.37	 Finally,	 these	 two	 bio-inspired	 strategies	 have	 led	 to	 the	

proposal	 of	 different	mechanisms	 for	 the	NiSOD	 reactivity,	with	 the	 disproportionation	 of	 the	

superoxide	occurring	through	either	inner24,	40	or	outer48-49	sphere	pathways.		

To	evaluate	the	importance	of	the	amidate/amine	N-donor	environment	to	produce	active	SOD	

Ni-based	catalysts,	we	report	here	the	investigation	of	two	mononuclear	NiII	SOD	catalysts	based	

on	 a	 sulfur-rich	 pseudo-peptide	 ligand.	 This	 so-called	 pseudo-peptide	 is	 derived	 from	

nitrilotriacetic	acid	(NTA),	with	the	three	acid	functions	grafted	with	cysteines	(L3S	in	Scheme	2).	

Such	architectures	with	amino	acids	anchored	on	a	tripodal	chemical	scaffold	are	highly	soluble	

in	water,	and	hence,	their	complexes’	properties	can	be	studied	in	conditions	relevant	to	biology.	

They	have	been	demonstrated	 to	promote	 the	coordination	of	 three	sulfur	donors	 from	either	

cysteines,	D-penicillamines,	or	methionines	to	soft	metal	ions.50-55	In	particular,	the	coordination	

properties	of	L3S	for	CuI	resemble	those	of	the	detoxification	proteins,	i.e.	metallothioneins,56	and	

have	 been	 exploited	 to	 design	 a	 very	 efficient	 Cu	 intracellular	 chelator.57	 L3S	 stabilizes	 the	

trigonal	 planar	 coordination	 of	 CuI	 with	 three	 thiolates	 in	 very	 stable	 complexes	 in	 water	 at	

physiological	 pH:	 a	 mononuclear	 complex	 under	 (sub)stoichiometric	 conditions	 of	 CuI	 and	 a	

well-defined	CuI-thiolate	Cu6S9	cluster	in	excess	of	CuI.51	Interestingly,	a	similar	pseudo-peptide	

ligand	derived	from	histidine	in	place	of	cysteine	moieties	was	demonstrated	to	coordinate	both	

CuI	 and	 CuII	 oxidation	 states	 in	 very	 different	 geometries:	 CuI	 was	 found	 in	 a	 tetrahedral	

geometry	whereas	 CuII	was	 demonstrated	 to	 be	 in	 a	 distorted	 square	 planar	 geometry.58	 This	
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highlights	 the	 versatility	 of	 the	 coordination	 environments	 that	 can	 be	 accessed	 with	 such	

tripodal	peptide-like	architectures.		

	 	 	

Scheme	 2.	 Structure	 of	 the	 ligand	 L3S	 and	 complexes	 obtained	 after	 addition	 of	 NiII	 under	

different	pH	conditions.	

Through	 a	 detailed	 spectroscopic	 investigation,	 including	 1H	 NMR,	 UV-vis,	 CD,	 and	 XAS,	

combined	with	theoretical	calculations,	L3S	 is	demonstrated	here	to	form	two	mononuclear	NiII	

complexes:	 [NiL3S(OH2)]–	 at	 physiological	 pH	 (pH	 range	 5-8)	 and	 [NiL3S(OH)]2–	 in	more	 basic	

conditions	 (pH>8)	 (Scheme	 2).	 For	 both	 complexes,	 a	 similar	 S3O	 coordination	 sphere	 with	

three	thiolates	originating	from	the	cysteines	of	the	ligand	is	evidenced,	and	either	a	water	or	a	

hydroxo	molecule,	respectively.	Despite	this	sulphur-rich	coordination	and	absence	of	the	mixed	

amine/amidate	 environment	 present	 in	 the	 Ni-SOD,	 the	 redox	 properties	 of	 these	 complexes	

show	 that	 the	 NiII/NiIII	 redox	 potential	 is	 appropriate	 to	 disproportionate	 superoxide.	

Interestingly,	the	complex	found	at	physiological	pH,	NiL3S(OH2),	exhibits	catalytic	SOD	activity,	

whereas	the	hydroxo	species	NiL3S(OH)	does	not.	This	difference	in	reactivity	is	interpreted	on	

the	basis	of	the	spectroscopic	data.	

Results	

Evidence	 for	NiII	 complex	 formation	with	 L3S	 at	 pH	7.4.	The	synthesis	of	 the	L3S	 ligand	has	

been	previously	described.51	Because	of	the	sensitivity	of	the	thiolate-based	CuI	complexes	and	

clusters	characterized	before	with	L3S	and	derivatives	towards	O2	oxidation,	the	investigation	of	

the	 coordination	 of	 NiII	 with	 L3S	 has	 been	 carried	 out	 under	 anaerobic	 conditions.	 The	

complexation	 properties	 of	 L3S	 have	 been	 studied	 by	 UV-visible	 spectroscopy,	 since	 intense	

ligand-to-metal-charge	transfer	(LMCT)	features	from	the	thiolates	to	NiII	are	expected	in	the	UV	

region.59-60	Aliquots	of	NiII	(NiSO4)	have	been	added	to	a	solution	of	L3S	in	HEPES	buffer	(20	mM,	

pH	7.4,	[NaCl]=100	mM),	from	0	to	4	equiv.	per	ligand,	and	the	titration	is	reported	in	Figure	1.	

While	the	L3S	solution	displays	no	UV-vis	transition	above	250	nm,	addition	of	NiII	 leads	to	the	

appearance	of	two	intense	bands	at	289	nm	(ε	=	10	500	M-1cm-1)	and	345	nm	(ε	=	6	300	M-1cm-1),	

assigned	to	the	expected	LMCTs	and	a	broad	and	less	intense	band	at	462	nm	(ε	=	1	000	M-1cm-1)	

that	 could	 be	 tentatively	 attributed	 to	 a	 d-d	 transition.61	 The	 inset	 of	 Figure	 1	 displays	 the	
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variations	of	the	molar	absorption	coefficients	(ε)	of	these	main	bands	with	the	number	of	NiII	

equiv.	added.	The	regular	increase	of	the	ε	up	to	1	equiv.	points	to	the	formation	of	one	complex,	

which	evolves	into	a	second	species	from	1	to	2	equiv.	A	plateau	is	then	observed	after	2	equiv.	

These	data	are	consistent	with	the	successive	formation	of	two	NiII	complexes	depending	on	the	

number	 of	 equivalents	 of	 NiII	 per	 ligand	 (1	 equiv.	 and	 2	 equiv.,	 respectively).	 To	 confirm	 this	

analysis,	circular	dichroism	(CD)	experiments	have	been	carried	out.		

	

Figure	 1.	UV	titration	of	L3S	 (57	µM)	with	NiII	at	pH	7.4	(20	mM	Hepes	buffer,	100	mM	NaCl).	
Spectra	 in	black	 correspond	 to	 samples	between	0	and	1	equiv.	of	NiII	 per	L3S,	 spectra	 in	blue	
correspond	to	samples	between	1	and	2	equiv.	of	NiII.	Inset:	evolution	of	the	absorbance	at	289	
nm	and	345	nm.	

The	CD	 titration	 in	HEPES	buffer	 (20	mM,	pH	7.4,	 [NaCl]=100	mM)	 is	 represented	 in	Figure	2	

and	confirms	the	formation	of	two	successive	NiII	complexes	with	notably	different	CD	features.	

Only	one	complex	is	formed	in	NiII-limiting	conditions	as	shown	by	the	isodichroic	points	at	286,	

314,	and	462	nm.	The	spectrum	is	dominated	by	two	main	bands	at	298	nm	(+)	and	351	nm	(-)	

that	can	be	attributed	to	S–	à	NiII	LMCT,62	and	one	at	405	nm	(-)	assigned	to	a	d-d	transition	as	

an	indication	of	a	square	planar	geometry.63	The	spectrum	dramatically	changes	between	1	and	

2	NiII	equiv.	(main	bands	in	the	new	spectrum	at	248	nm	(+),	282	nm	(-),	307	nm	(-),	378	nm	(-),	

440	 nm	 (+),	 562	 nm	 (+)),	 with	 no	 further	 evolution	 with	 a	 larger	 excess	 of	 metal	 ion.	

Interestingly,	 isodichroic	points	 (at	333,	357,	404	and	533	nm)	are	also	observed	 from	1	 to	2	

equiv.	of	NiII,	in	agreement	with	an	equilibrium	between	two	distinct	complexes	only.	Based	on	

these	experiments,	 it	 can	be	proposed	 that	with	up	 to	1	equiv.	of	NiII,	 a	mononuclear	complex	

corresponding	 to	 a	 Ni:L3S	 1:1	 ratio	 is	 exclusively	 formed.	 This	 complex	 transforms	 into	 the	

higher	nuclearity	Ni:L3S	2:1	species	in	excess	of	NiII.		
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Figure	 2.	CD	titration	of	L3S	 (76	µM)	with	NiII	at	pH	7.4	(20	mM	Hepes	buffer,	100	mM	NaCl).	
Spectra	 in	black	 correspond	 to	 samples	between	0	and	1	equiv.	of	NiII	 per	L3S,	 spectra	 in	blue	
correspond	to	samples	between	1	and	2	equiv.	of	NiII.	Inset:	evolution	of	the	absorbance	at	300	
nm,	350	nm	and	440	nm.		

The	electrospray	ionization	mass	spectrometry	experiments	(ESI-MS)	performed	in	ammonium	

acetate	aqueous	solution	(20	mM,	pH	6.9)	are	consistent	with	these	spectroscopic	observations	

(Figure	S1).	Indeed,	in	NiII	limiting	conditions,	the	main	ion	detected	in	the	(-)ESI-MS	spectrum	is	

[NiL3S]–	 (m/z	 =	 552.0),	with	 small	 signals	 due	 to	 the	 free	 ligand	 [L3S+2H]–	 (m/z	 =	 496.0)	 and	

[L3S+3H+Cl]–	(m/z	=	532.1).	The	Ni2L3S	complex	is	detected	only	in	excess	of	NiII	with	the	anion	

[Ni2L3S	-	2H]–	(m/z	=	607.9)	(Figure	S2).	

Overall,	 these	 data	 acquired	 at	 pH	 7.4	 evidence	 that,	 up	 to	 1	 NiII	 equiv.,	 only	 one	 species	 is	

formed,	 corresponding	 to	 a	 mononuclear	 complex	 with	 a	 1:1	 stoichiometry.	 Considering	 the	

large	molar	absorption	coefficient	of	the	S–	to	NiII	LMCT	bands	and	based	on	the	following	NMR	

and	XAS	spectroscopic	studies,	this	complex	is	proposed	to	contain	three	S-donor	atoms	arising	

from	the	three	cysteines	and	one	O-donor	atom	arising	from	a	water	molecule	(vide	infra)	in	a	

square	 planar	 geometry:	 [NiL3S(OH2)]–.	 The	 following	 experiments	 focus	 on	 the	 latter	 species,	

formed	under	slightly	sub-stoichiometric	conditions	(Ni:L3S	0.9:1)	to	fully	avoid	the	formation	of	

the	2:1	complex.	

Evolution	with	 pH.	The	pH	effect	on	 the	speciation	of	 the	NiII	 complexes	was	 investigated	by	

UV-vis	 and	 CD	 spectroscopy	 from	 pH	 4	 to	 pH	 11	 by	 the	 successive	 addition	 of	 potassium	

hydroxide	(KOH)	 into	a	water	solution	of	Ni:L3S	0.9:1	(Figure	3).	The	characteristic	 transitions	

previously	identified	for	NiL3S(OH2)	at	pH	7.4,	at	289,	345	and	462	nm,	are	detected	starting	as	

low	as	pH	5.3.	The	maximum	amount	of	this	species	is	formed	at	pH	6.9.	Above	pH	7.5,	the	initial	
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species	evolves	exclusively	into	a	second	species,	NiL3S(OH),	as	attested	by	the	presence	of	three	

isobestic	points	at	290,	312	and	337	nm.	The	two	LMCT	bands	are	shifted	to	270	nm	(ε	=	15	800	

M-1cm-1)	and	325	nm	(ε	 =	8	600	M-1cm-1),	 and	 the	d-d	band	 to	483	nm	(ε	 =	270	M-1cm-1).	The	

formation	 of	 these	 two	 pH	 dependent	 species	 is	 confirmed	 by	 CD	 experiments	 (Figure	 S3).	

Between	pH	7.0	and	11.0,	 the	evolution	of	 the	CD	spectra	 leads	 to	 five	 isodichroic	points	with	

notable	changes	between	the	spectra	recorded	at	pH	7.1	and	that	at	pH	10.6.	ESI-MS	was	used	to	

investigate	 the	 nuclearity	 of	 the	 second	 species,	 and	 the	 spectrum	 recorded	 at	 pH	 9.5	 in	

ammonium	acetate	buffer	displays	the	same	peak	as	observed	at	pH	6.9,	corresponding	to	a	1:1	

nuclearity	(Ni:L3S).		

	

Figure	 3.	 UV	 spectra	 of	 L3S	 (72	 µM)	 and	 0.9	 equiv.	 of	 NiII	 in	 water	 at	 different	 pH.	 Spectra	
recorded	between	pH	4	and	7.5	are	shown	in	black,	spectra	recorded	between	pH	8	and	11	are	
shown	in	red.	Inset:	experimental	(dots)	and	simulated	(line)	evolution	of	the	absorbance	at	270	
nm	with	Specfit	software,	with	logβ110	=	14.6	and	logβ11-1	=	6.0.	

The	modeling	of	 the	 effect	 of	 the	pH	on	 the	 intensity	of	 the	 absorbance	across	 the	 full	UV-Vis	

spectral	 range	 has	 been	 carried	 out	 using	 SPECFIT	 software64-66	 (the	 evolution	 at	 270	 nm	 is	

depicted	in	the	inset	of	Figure	3).	Two	deprotonation	events	are	observed	around	pH	6.0	and	pH	

8.5,	 involving	3	and	1	proton(s),	 respectively.	These	data	are	 consistent	with	 the	 formation	of	

NiL3S(OH2),	which	requires	the	deprotonation	of	the	three	thiol	functions	of	the	cysteines	with	a	

corresponding	 logβ110	 value	 of	 14.6.	 This	 high	 equilibrium	 constant	 value	 evidences	 the	 high	

stability	of	the	complex;	for	comparison	the	NiII	complexes	with	two	successive	cysteines	–Cys-

Cys-	display	one	to	three	orders	of	magnitude	lower	affinity	for	NiII	with	logβ110	=	12.2-13.5.67	At	

higher	pH,	 the	 second	 increase	 reflects	 another	deprotonation	assigned	 to	 the	generation	of	 a	

hydroxo	ligand,	leading	to	the	NiL3S(OH)	species.	A	pKa	of	8.6	is	thus	experimentally	determined	

for	 a	 NiII-bound	 water	 molecule	 in	 a	 square	 planar	 environment.	 This	 value	 is	 difficult	 to	

compare	with	 literature	 data.	 Indeed,	 to	 the	 best	 of	 our	 knowledge,	 acidity	 constants	 for	NiII-
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bound	 water	 molecules	 are	 reported	 for	 six-coordinate	 NiII	 complexes	 only:	 for	 instance	 the	

experimental	 pKa	 value	 for	 [Ni(OH2)6]2+	 is	 9.9.68	 The	NiII	 species	 distribution	 profile	with	 pH,	

depicted	in	Figure	S4,	shows	that	the	major	complex	at	physiological	pH	is	NiL3S(OH2)	(>	97%	at	

pH	7	and	>	94%	at	pH	7.4),	whereas	NiL3S(OH)	becomes	predominant	above	pH	9.	

Solution	1H	NMR	investigation.	The	structures	of	both	complexes	have	been	investigated	by	1H	

NMR	 spectroscopy	 (Figures	 4	 and	5).	 Spectral	 characteristics	 of	 fully	 dissymmetric	 structures	

are	expected	because	of	the	three	cysteine	units	that	are	present	in	different	environments	due	

to	the	chirality	of	the	ligand	and	the	square-planar	geometry	of	the	complexes.	Both	spectra	are	

characteristic	of	diamagnetic	species	(0-12	ppm),	 in	agreement	with	a	square	planar	geometry	

around	a	low	spin	NiII	ion.	Interestingly,	the	1H	NMR	spectra	of	the	two	complexes	are	drastically	

different:	that	of	NiL3S(OH)	displays	well-resolved	features,	while	that	of	NiL3S(OH2)	shows	very	

broad	peaks.	This	discrepancy	suggests	drastically	different	intra-molecular	dynamics	in	the	two	

complexes’	coordination	spheres.		

	

Figure	4.	500	MHz	1H	NMR	of	NiL3S(OH2)	1.04	mM	in	H2O/D2O	(90:10)	at	pH	7.2,	298	K,	(*)	10%	
excess	 ligand.	The	complex	was	prepared	 in	situ	 from	NiSO4	 (1.04	mM)	and	L3S	 (1.14	mM,	1.1	
equiv.),	the	pH	was	increased	to	7.2	with	a	KOH	solution.	
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Figure	5.	500	MHz	1H	NMR	of	NiL3S(OH)	1.04	mM	in	H2O/D2O	(90:10)	at	pH	10.1,	278	K.	Each	
symbol	 corresponds	 to	one	of	 the	 three	different	 arms	of	 the	 ligand.	 (*)	10%	excess	 ligand.	A	
similar	spectrum	is	obtained	at	298	K,	but	one	Hα	is	hidden	by	the	water	signal.	The	complex	was	
prepared	 in	situ	 from	NiSO4	(1.04	mM)	and	L3S	 (1.14	mM,	1.1	equiv.),	 the	pH	was	 increased	to	
10.1	with	a	KOH	solution.	

The	spectrum	of	NiL3S(OH)	did	not	show	significant	evolution	with	temperature,	from	278	K	to	

308	K,	as	seen	in	Figure	S6.	All	peaks	of	the	1H	NMR	spectrum	at	278	K,	recorded	in	light	water	

at	pH	10.1,	have	been	attributed	based	on	a	detailed	analysis	of	2D-NMR	experiments	leading	to	

structural	information	(Table	S1).	Whereas	the	primary	amide	NH2	protons	are	not	detected	in	

light	water,	as	expected	for	such	a	high	pH,	the	NH	protons	of	the	3	secondary	amide	functions	

are	 detected	 as	 narrow	 doublets.	 Indeed,	 these	 latter	 protons	 exhibit	 low	 temperature	

coefficients	 (between	 -1	 and	 -3	 ppb/K),	 characteristic	 of	 their	 involvement	 in	 intra-molecular	
hydrogen	 bond	 interactions.69-70	 This	 also	 confirms	 that	 the	 secondary	 amides	 are	 not	

deprotonated	at	pH	10.1,	and	therefore	not	coordinated	to	the	NiII	ion.	Interestingly,	the	proton	

of	the	hydroxo	ligand	coordinated	to	the	NiII	ion	has	been	detected	as	a	large	signal	at	3.9	ppm,	

integrating	 for	1	proton,	which	disappears	with	D2O	addition.	A	 strong	NOE	correlation	 in	 the	

2D-NOESY	spectrum	indicates	that	this	hydroxo	proton	is	close	to	one	of	the	Hβ	protons	from	a	

cysteine	(see	NOESY	in	Figure	S5).	Besides,	its	temperature	coefficient	(δΔ/ΔT	=	-3	ppb/K)	also	

shows	an	 intra-molecular	hydrogen	 interaction.	All	 of	 these	 interactions	 lead	 to	 an	 embedded	

environment	around	the	Ni-OH	unit	allowing	the	observation	of	 its	1H	NMR	signal.	The	overall	

data	confirm	that	at	pH	10.1,	 the	coordination	sphere	of	 the	NiII	 ion	 is	completed	by	 the	 three	

thiolates	of	L3S	and	a	hydroxo	ligand	in	a	square	planar	geometry.		

While	 the	 structure	 of	 NiL3S(OH)	 is	 dissymmetric	 and	 rigid,	 as	 attested	 by	 sharp	 and	 well	

resolved	peaks,	the	1H	NMR	spectrum	of	NiL3S(OH2)	 indicates	that	dynamic	processes	occur	on	

the	NMR	timescale.	The	signals	of	NiL3S(OH2)	are	very	broad	at	room	temperature	and	although	
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some	of	them	are	better	resolved	by	lowering	the	temperature	to	278	K,	it	was	not	possible	to	

get	a	well-resolved	spectrum	for	this	complex	(Figure	S7).	This	is	consistent	with	the	presence	of	

an	exchangeable	water	molecule	at	pH	7.2	instead	of	a	strongly	coordinated	hydroxo	molecule	at	

pH	 10.1.	 The	 exchange	 of	 the	 Ni-bound	 water	 molecule	 between	 the	 4	 different	 positions	

accessible	in	the	square-planar	geometry	and	the	intrinsic	dissymmetry	of	the	complex	leads	to	

a	spectrum	displaying	unresolved	and	broad	peaks	that	could	not	be	investigated	in	more	detail.	

XAS	characterization	of	 the	 two	complexes.	Ni	K-edge	X-ray	absorption	spectroscopy	(XAS)	

has	been	used	to	probe	the	local	chemical,	electronic,	and	structural	environment	of	the	NiII	ion	

in	 NiL3S(OH2)	 and	 NiL3S(OH).	 While	 the	 X-ray	 absorption	 near-edge	 structure	 (XANES)	 is	

informative	regarding	the	geometry	as	well	as	the	spin	and	oxidation	state	of	the	metal	ion,	the	

X-ray	 absorption	 fine	 structure	 (EXAFS)	 provides	 information	 about	 the	 coordination	 sphere	

and	metal-ligand	distances.	The	XAS	spectra	of	NiL3S(OH2)	and	NiL3S(OH)	are	very	similar.	The	

XANES	spectra	display	a	weak	pre-edge	transition	at	8333	eV	that	is	assigned	to	a	Ni	(1sà3d)	

transition	(Figure	6).71	Such	a	feature	is	formally	dipole	forbidden,	but	can	gain	intensity	in	non-

centrosymmetric	coordination	environments	through	mixing	between	the	4p	and	3d	orbitals.	An	

additional	 shoulder	 at	 8338	 eV	 is	 observed,	 attributed	 to	 a	 Ni	 (1sà4pz)	 transition.	 Such	

transitions	 are	 only	 observed	 in	 complexes	 with	 four-coordinate	 planar	 or	 five-coordinate	

pyramidal	geometries.	The	presence	of	both	a	weak	pre-edge	peak	and	a	Ni	(1sà4pz)	transition	

evidences	 a	 square	 planar	 geometry	 for	 both	 complexes	 NiL3S(OH2)	 and	 NiL3S(OH).71	 The	

presence	of	more	than	two	S-donor	atoms	in	the	coordination	sphere	of	the	NiII	ion	in	NiL3S(OH2)	

and	 NiL3S(OH)	 is	 proposed	 based	 on	 the	 comparison	 of	 their	 XANES	 spectra	 with	 that	 of	 a	

reference	Ni	complex	with	a	N2S2	environment:35	(i)	the	slopes	of	the	edges	for	NiL3S(OH2)	and	

NiL3S(OH)	 are	 smaller	 than	 that	 of	 the	Ni(N2S2)	 complex	 and	 (ii)	 their	 edges	 are	 shifted	 to	 a	

lower	 energy.	 Such	 observations	 are	 consistent	with	 the	 fact	 that	 the	 presence	 of	 polarizable	

ligands	such	as	thiolates	decreases	the	positive	charge	density	on	the	NiII	ion.		
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Figure	 6.	 XANES	 spectra	of	NiL3S(OH2)	 (black	 line,	 offset	of	0.2),	NiL3S(OH)	 (red	 line,	 offset	of	
0.4)	and	Ni(N2S2)	(dashed	line,	offset	of	0.0)	

The	 best	 fit	 for	 the	 EXAFS	 region	 of	 the	 XAS	 spectrum	 of	 NiL3S(OH2)	 uses	 a	 four	 coordinate	

model	with	the	Ni	center	coordinated	by	three	S-scatterers	at	2.22	Å	and	one	N/O-scatterer	at	

1.98	Å.	 Fits	 are	 presented	 in	 Figure	 7	 and	Table	 1.	CN	were	 initially	 not	 fixed	with	 their	 sum	

equal	 to	4,	and	 then	 fixed	 to	 the	closest	 integers	3S/1O	and	2S/2O	(see	Figure	S8	 for	best	 fits	

with	unfixed	CN).	Regarding	NiL3S(OH),	the	best	fit	 leads	to	three	Ni-S	scatterers	at	2.21	Å	and	

one	Ni-N/O	scatterer	at	1.94	Å.	Even	if	the	EXAFS	data	are	comparable	for	both	complexes,	the	

slight	decrease	of	 the	Ni-(N/O)	distance	between	NiL3S(OH2)	 and	NiL3S(OH)	 is	 consistent	with	

the	deprotonation	of	a	water	molecule	since	the	Ni-Oaquo	and	Ni-Ohydroxo	distances	are	expected	to	

be	about	2.08	Å	and	1.89	Å,	respectively.72-73	

	

Figure	7.	XAS	data	for	NiL3S(OH2)	(top)	and	NiL3S(OH)	(bottom)	obtained	on	frozen	solutions	of	
1.0	mM	of	complex	at	pH	7.5	and	9.6,	respectively	in	water/glycerol	(80:20).	Left:	k3–weighted	
EXAFS	data.	Right:	real	and	imaginary	parts	of	the	Fourier	transforms	of	the	k3-weighted	EXAFS	
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data.	Experimental	data	in	blue	lines	and	fitted	data	in	red	lines	(parameters	used	for	the	fit	are	
those	of	Table	1	with	fixed	CNs).	

Table	1.	Structural	parameters	derived	from	Ni	K-edge	EXAFS	analysis.		

	 Ni-S Ni-O/N ΔE0	
(eV)	

Res	
(%)	 χ²	R (Å) CN σ2.103(Å²) R (Å) CN σ2.103 (Å²) 

NiL3S(OH2)	 2.22(1)	 2.8(8)a	 1(1)c	 1.99(1)	 1.2(8)a		 1(1)c	 3(3)	 1.2	 173	

NiL3S(OH)	 2.21(1)	 2.7(3)a		 3(1)		 1.95(2)	 1.3(3)a		 7(4)	 7(2)	 0.9	 92	

NiL3S(OH2)	 2.22(1)	 3b	 1(1)c	 1.98(2)	 1b	 1(1)c	 2.6(7)	 1.2	 143	

NiL3S(OH)	 2.21(1)	 3b	 4(1)		 1.94(2)	 1b	 7	(4)	 5.9(9)	 0.8	 84	

NiL3S(OH2)	 2.24(1)	 2	 0.0(4)c	 2.01(1)	 2	 0.0(4)c	 7(1)	 1.3	 163	

NiL3S(OH)	 2.24(1)	 2	 2.0(9)	 1.99(2)	 2	 4(2)	 12(2)	 1.8	 166	

Experimental errors on the last character are indicated in parentheses. a Sum of CNs was fixed to 4. b Fixed CN 
value. c σ2 values were set to be equal. Res = [Σ(χexp – χfit)²/Σ(χexp)²] x 100. χ²	: fitting	metric	normalized	by	the	
degrees	of	freedom	in	the	fit.	

	

Theoretical	 calculations.	 To	 validate	 the	 proposed	 structures	 of	 NiL3S(OH2)	 and	 NiL3S(OH)	

based	on	spectroscopic	investigation,	DFT	and	TD-DFT	calculations	have	been	carried	out.	Both	

optimized	structures	run	in	singlet	state	support	a	square	planar	geometry	around	the	NiII	 ion,	

which	is	coordinated	to	the	three	thiolates	arising	from	the	cysteine	arms	and	one	oxygen	atom	

coming	from	either	a	water	or	a	hydroxo	molecule	in	NiL3S(OH2)	or	NiL3S(OH),	respectively.	The	

Ni-S	bond	lengths	are	in	the	normal	range	for	Ni-S	(2.20	to	2.28	Å),	and	the	expected	decrease	of	

the	 Ni-O	 distance	 is	 observed	 when	 the	 hydroxo	 ligand	 replaces	 the	 water	 ligand	 (2.01	 and	

1.88Å,	 see	Figure	S9	and	Table	S2	 for	more	details).	These	structural	data	are	 fully	 consistent	

with	the	EXAFS	data.	

In	 agreement	 with	 the	 NMR	 and	 XANES	 data,	 only	 the	 singlet	 state	 leads	 to	 a	 true	 energy	

minimum	 checked	 with	 all	 real	 frequencies	 (see	 computational	 details	 in	 SI).	 The	 TD-DFT	

predicted	UV-vis	properties	of	both	 complexes	are	 consistent	with	 the	experimental	data.	The	

two	main	transitions	experimentally	observed	at	around	300	nm	and	340	nm	are	calculated	at	

295	nm	and	343	nm	for	NiL3S(OH2).	 In	the	case	of	NiL3S(OH),	the	experimental	shifts	to	higher	

energies	of	both	transitions	are	also	well	reproduced	at	272	nm	and	323	nm	(see	Figure	S13).	An	

analysis	of	these	transitions	confirmed	their	LMCT	nature,	being	mainly	S	(p	orbitals)	to	Ni	(dx²-

y²)	excitations.		
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Redox	properties	of	NiL3S(OH2)	and	NiL3S(OH).	The	cyclic	voltammograms	(CVs)	of	NiL3S(OH2)	

and	NiL3S(OH)	have	been	recorded	in	HEPES	solutions	buffered	at	pH	7.4	and	9.5,	respectively	

(Figure	8).	The	CV	of	NiL3S(OH2)	displays	only	one	irreversible	oxidation	process	at	Epa	=	0.48	V	

vs	SCE	that	can	be	attributed	to	the	oxidation	of	NiII	 into	NiIII.	The	CV	of	NiL3S(OH)	 reveals	 the	

presence	of	two	irreversible	oxidation	processes	at	Epa	=	0.31	V		and	Epa	=	0.59	V	vs	SCE.	Since	it	

is	 expected	 that	 the	 exchange	 of	 a	 water	 by	 a	 hydroxo	 ligand	 should	 decrease	 the	 oxidation	

potential	 of	 the	 NiII	 ion	 (charge	 effect),	 the	 first	 redox	 system	 is	 assigned	 to	 NiIIàNiIII.	

Furthermore,	 the	 current	 intensity	 of	 this	 irreversible	 oxidation	 was	 compared	 with	 the	

reversible	reduction	of	the	redox	probe	RuIII(NH3)6Cl3	in	HEPES.	Similar	current	intensity	for	this	

system	 corroborates	 the	 monoelectronic	 nature	 of	 the	 oxidation	 of	 both	 NiL3S(OH2)	 and	

NiL3S(OH).	The	second	redox	system	is	consistent	with	the	oxidation	of	the	ligand	(see	the	CV	of	

the	ligand	in	Figure	S10).	Because	the	first	oxidation	is	irreversible	at	all	scan	rates	in	the	range	

10	 mV.S-1	 –	 1	 V.s-1,	 the	 NiIII	 species	 is	 unstable	 and	 it	 can	 be	 proposed	 that	 its	 degradation	

releases	 the	 ligand	 into	 the	 solution.	 Interestingly,	 the	 anodic	 potentials	 to	 oxidize	 both	

complexes	are	in	an	appropriate	redox	range	to	achieve	SOD	activity	(Eox(O2●-)	=	-0.2	V;	Ered(O2●-)	

=	0.85	V	vs	SCE).		

	

	

Figure	8.	Cyclic	voltammograms	at	100	mV/s	of	NiL3S(OH2)	(black)	and	NiL3S	(OH)	(red)	at	570	
µM	in	Hepes	buffer	(20	mM,	pH	7.4	and	9.5	respectively,	[NaCl]	=	100	mM),	(dotted	gray)	CV	at	
100	mV/s	of	the	RuIII(NH3)6Cl3	probe	

SOD	 activity.	 The	 SOD	 activity	 of	 both	 complexes	 has	 been	 first	 evaluated	 based	 on	 the	

xanthine/xanthine	 oxidase	 system.	 In	 this	 assay,	 superoxide	 is	 produced	 constantly	 by	 the	
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enzyme	 and	 reacts	 with	 the	 para-nitro	 blue	 tetrazolium	 chloride	 (NBT)	 to	 generate	 the	 blue	

pigment	formazan	(λmax	≈	560	nm	(∼35	000	M-1cm-1)).	On	the	other	hand,	when	a	SOD	catalyst	is	

added	 to	 the	 system,	 the	 generation	 of	 formazan	 decreases	 because	 the	 catalyst	 prevents	 the	

oxidation	of	NBT	by	O2●-	through	its	consumption	(Scheme	S1).	An	IC50	of	about	1	µM	has	been	

measured	 at	 pH	 7.4	 for	 NiL3S(OH2)	 (Figure	 S11),	 which	 represents	 93%	 of	 the	 NiII	 species	 in	

these	 conditions.	 For	 comparison,	 controls	 with	 the	 ligand	 or	 the	 NiII	 salt	 alone	 showed	 no	

activity	(See	Figure	S12B	and	C).	The	catalytic	activity	of	NiL3S(OH2)	is	similar	to	that	reported	

for	 peptide-based	 nickel	models,44	 but	 lower	 than	 the	 one	 reported	 for	 CuZn-SOD	 (4	 10-8	M).	

However,	 the	 IC50	 is	 larger	 than	 100	µM	at	 pH	 9.6,	where	NiL3S(OH)	 is	 the	major	NiII	 species	

(92%).	 Although	 the	 structures	 of	 the	 two	 complexes	 only	 differ	 in	 their	 coordination	 by	 the	

presence	of	a	water	molecule	or	a	hydroxo	anion,	only	the	NiL3S(OH2)	displays	SOD	activity.	

To	 confirm	 these	 data,	 stopped-flow	 experiments	 have	 been	 conducted,	 where	 superoxide	 in	

DMSO	 is	mixed	with	 an	 aqueous	 solution	 of	 the	 complex.	 In	 this	method,	 the	 consumption	 of	

superoxide	is	monitored	by	UV-vis	spectroscopy	under	catalytic	conditions.	Without	any	catalyst,	

the	self-disproportionation	of	superoxide	follows	a	second	order	rate	law.	When	an	SOD-active	

molecule	 is	added,	 the	reaction	rate	becomes	pseudo	first	order.	For	such	measurements,	high	

pH	(around	pH	8)	 should	be	preferred	 to	 slow	down	 the	O2●-	 self-disproportionation	reaction.	

However,	since	the	NBT/formazan	assay	evidences	a	better	activity	for	NiL3S(OH2),	the	activity	

has	been	 tested	at	pH	7.75,	where	 the	ratio	between	NiL3S(OH2)	 /	NiL3S(OH)	 is	about	 (86:14).	

Under	 these	 conditions,	 the	 rate	 constant	 for	 the	 superoxide	 self-disproportionation	 reaction	

was	found	to	be	kcat	=	3(1)	104	M-1s-1.	As	expected,	the	reaction	between	O2●-	and	NiL3S(OH2)	 is	

faster	than	the	self-disproportionation	reaction	and	follows	a	first	order	rate	law	(Figure	9).	The	

experiments	have	been	done	at	different	concentrations	to	determine	the	rate	constant,	kcat	=	1.8	

105	M-1s-1.	Even	though	the	reaction	is	much	faster	between	O2●-	and	Ni-SOD	at	pH	8	(kcat	∼	1	109	

M-1s-1),74	 it	 is	 the	 first	 nickel	 complex	 displaying	 activity	 under	 catalytic	 conditions	 with	 a	

coordination	that	notably	differs	from	that	of	the	enzyme,	i.e.	with	no	N-based	donor	ligand	(S3O	

vs	S2N2).	NiL3S(OH2)	also	displays	a	sulfur	rich	environment,	a	specific	originality	of	the	NiSOD	

with	 respect	 to	 the	 other	 SOD	 enzymes,	 evidencing	 the	 key	 role	 of	 the	 cysteines	 in	 the	

environment	 of	 the	 Ni	 ion.	 Interestingly,	 the	 absorption	 of	 the	 solution	 at	 289	 nm	 is	 similar	

before	and	after	the	catalysis	suggesting	that	NiL3S(OH2)	is	robust	under	catalytic	conditions.	
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Figure	 9.	Disproportionation	of	O2●-	 (767	µM),	 self-disproportionation	 (orange	 line),	 and	with	
57	µM	NiL3S	 (black	 line)	 in	Hepes	buffer	 (60	mM,	pH	7.75,	 [NaCl]	 =	 100	mM)	 and	DMSO	 (5:1	
ratio).	Inset.	Experimental	kobs	as	a	function	of	the	concentration	of	NiL3S.	

Discussion.		

Currently,	only	bio-inspired	peptide-based	SOD	complexes	display	 catalytic	SOD	reactivity,17-26	

while	 the	 low-molecular	weight	synthetic	NiII	complexes	are	not	active	as	catalysts,28-42	even	 if	

they	can	react	with	O2●-,	 and	despite	efforts	made	 to	reproduce	 the	key	structural	elements	of	

the	 active	 site	 of	 the	 Ni-SOD.	 In	 this	 context,	 recent	 studies	 report	 on	 complexes	 with	

coordination	spheres	that	deviate	from	an	exact	mimicry	with	the	aim	of	probing	the	different	

mechanisms	 that	 can	 be	 involved	 and	 determining	 structure/activity	 correlations.	 Here,	 we	

proposed	an	original	approach	based	on	a	pseudo-peptide	ligand	that	leads	to	square-planar	Ni	

complexes	without	N-donor	atom	in	the	Ni	coordination	sphere,	but	instead,	an	aquo	or	hydroxo	

ligand	not	present	in	the	active	site	of	the	Ni-SOD.		

The	 characterization	 of	 the	 two	 planar	 S3O	 NiII	 complexes	 [NiL3S(OH2)]-	 (NiL3S(OH2))	 and	

[NiL3S(OH)]2-	 (NiL3S(OH))	 has	 revealed	 that	 the	 ratio	 of	 these	 two	 species	 is	 pH	 dependent	 in	

aqueous	 solutions	 with	 a	 pKa	 of	 8.6	 for	 the	 water	 molecule	 bound	 to	 the	 Ni	 site.	 The	 pH	

speciation	 also	 shows	 that	 at	 physiological	 pH,	 the	 three	 sulphur	 atoms	 bound	 to	 the	NiII	 ion	

belong	 to	 deprotonated	 thiolate	 functions	 from	 the	 cysteine	 residues.	 Therefore,	 in	 the	 SOD-

active	 complex	 NiL3S(OH2),	 the	 cysteine	 moieties	 are	 not	 protonated.	 This	 conclusion	 is	 in	

contrast	 to	 that	 arising	 from	an	 investigation	 carried	 out	 on	metallopeptide	 based	models	 for	

which	it	has	been	proposed	that	protonation	of	one	of	the	cysteines	occurs	during	the	catalytic	

mechanism.26	 However,	 this	 is	 perfectly	 consistent	 with	 a	 more	 recent	 study	 performed	 on	

similar	maquettes	that	evidences	that	the	cysteine	residues	are	not	protonated.75		
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The	SOD	efficiency	of	NiL3S(OH2)	(IC50	∼	1	10-6	M,	pH	7.4)	is	lower	than	that	of	the	NiSOD	(IC50	=	

4-8	10-8	M	per	metallic	site),16	and	the	reaction	is	slower	(kcat	=	1.8	105	M-1s-1,	pH	7.75)	than	that	

between	O2●-	and	NiSOD	(kcat	∼	1	109	M-1s-1,	pH	6.0-8.0)16	or	peptide-based	models	(in	the	range	

6	106	-	6	108	M−1	s−1,	pH	8.0).	However,	the	activity	of	the	present	NiII	SOD	catalyst	is	expected	to	

be	 enhanced	 at	 physiological	 pH,	 since	 the	 measured	 SOD	 activity	 at	 pH	 7.75	 contains	 a	

significant	contribution	of	the	inactive	NiL3S(OH)	complex.	Unfortunately,	since	O2●-	dismutation	

was	revealed	to	be	too	fast	at	pH	7.4	to	generate	reproducible	data,	the	activity	at	physiological	

pH,	where	NiL3S(OH2)	is	exclusively	present,	cannot	be	measured.	

The	 spectroscopic	 properties	 of	 both	 complexes	 highlight	 that	 the	 lability	 of	 the	 aquo	 and	

hydroxo	 ligands	 are	 notably	 different.	 In	 NiL3S(OH2),	 the	 water	 molecule	 is	 labile	 as	

demonstrating	 by	 the	 broadening	 of	 the	 1H	 NMR	 resonances,	 reflecting	 the	 dynamics	 of	 the	

complex,	while	in	NiL3S(OH),	the	structure	is	frozen,	as	attested	by	the	observation	of	sharp	1H	

NMR	peaks	and	of	the	hydroxo	proton,	consistent	with	a	non-labile	hydroxo	ligand.	Interestingly,	

this	 difference	 of	 lability	 between	 the	 aquo	 and	 hydroxo	 ligands	 is	 correlated	 with	 the	 SOD	

activity	 of	 the	 complexes,	 with	 NiL3S(OH2)	 being	 the	 much	 more	 active	 species.	 Because	 the	

redox	 potentials	 of	 the	 NiII/NiIII	 couple	 in	 both	 species	 are	 compatible	with	 SOD	 activity,	 this	

difference	 in	 reactivity	 provides	 insight	 into	 the	 mechanism.	 It	 suggests	 that	 a	 labile	 ligand	

(water	molecule	 in	 this	case)	 is	 required	 to	carry	out	efficient	SOD	activity.	Consequently,	 this	

supports	 the	 fact	 that	 O2●-	 should	 react	 with	 the	 Ni	 complex	 through	 its	 direct	 coordination,	

resulting	 in	an	 inner	sphere	mechanism	at	 least	 for	one	of	 the	 two	reactions.	Even	 though	 the	

NiII/NiIII	redox	system	is	irreversible,	SOD	activity	is	observed.	This	suggests	that	the	NiIII	species	

is	unstable	and	quickly	reacts	with	O2●-,	in	favor	of	an	outer	sphere	mechanism	for	the	oxidation	

of	 O2●-	 into	 O2.	 Consequently,	 we	 can	 propose	 that	 the	 reduction	 of	 O2●-	 occurs	 via	 an	 inner	

sphere	mechanism.	This	result	also	shows	that	the	reversibility	of	the	NiII/NiIII	redox	system,	i.e.	

the	 generation	 of	 a	 stable	 NiIII	 complex,	 is	 not	 a	 mandatory	 criterion	 for	 SOD	 activity	 under	

catalytic	conditions.	

	

Conclusion.	

Through	an	original	approach	based	on	the	use	of	pseudo-peptide	ligands,	we	described	here	the	

first	 bio-inspired,	 low-molecular	 weight,	 synthetic	 NiII	 complex	 that	 displays	 catalytic	 SOD	

activity.	Despite	the	fact	that	the	coordination	sphere	of	NiL3S(OH2)	strongly	differs	from	that	of	

the	NiSOD	(S3O	vs	N2S2),	NiL3S(OH2)	is	active	in	water	at	physiological	pH.	This	is	rationalized	

by	 the	 fact	 that	 the	 redox	potential	 of	 the	NiII/NiIII	 couple	 is	 appropriate	 to	perform	 such	O2●-	

disproportionation.	 Another	 key	 structural	 feature	 is	 the	 presence	 of	 a	 labile	 ligand	 in	 the	
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coordination	sphere	of	the	NiII	ion	that	is	essential	for	the	activity,	thus	implying	an	inner	sphere	

mechanism,	at	least	for	the	first	part	of	the	catalytic	SOD	cycle	generating	H2O2.	

Experimental	section	

The	synthesis	of	L3S	was	performed	as	previously	published.51	

	

Solutions	 preparation:	For	 the	preparation	of	all	 the	aqueous	solutions,	ultrapure	 laboratory	

grade	 water	 that	 has	 been	 filtered	 and	 purified	 by	 reverse	 osmosis	 using	 Millipore	 MilliQ	

reverse-osmosis	cartridge	system	(resistivity	18MΩ	cm)	(Millipore)	was	used.		

In	order	to	prevent	the	oxidation	of	the	cysteine	residues,	all	the	solutions	were	prepared	under	

an	 argon	 atmosphere	 in	 a	 glovebox.	 Solutions	 of	 ligands	 or	 complexes	were	 freshly	 prepared	

before	each	experiment	in	the	appropriate	deoxygenated	buffer.		

NiII	solutions	were	prepared	from	the	sulfate	corresponding	salt	dissolved	in	water.	

The	 ligand	 concentration	 for	 the	 different	 solutions	 was	 determined	 by	 the	 Ellman’s	

procedure.76	 5,5-dithiobis(2-nitrobenzoic	 acid)	 (DTNB)	 is	 used	 as	 an	 indicator.	 Each	 free	 thiol	

group	present	in	the	ligand	yields	1	equiv.	of	TNB2−	[λ	=	412	nm,	ε(TNB2−)	=	14150	M−1	cm−1].	

For	the	complex	solutions,	0.9	equiv.	of	NiII	were	added	to	the	ligand	in	the	proper	buffer	so	that	

only	the	mononuclear	complex	is	formed.	

	

UV	 and	 CD	 spectroscopy:	 The	 UV	 spectra	 were	 recorded	 with	 a	 Varian	 Cary50	

spectrophotometer	 equipped	 with	 optical	 fibers	 connected	 to	 an	 external	 cell	 holder	 in	 a	

glovebox.	The	circular	dichroism	spectra	were	acquired	with	an	Applied	Photophysics	Chirascan	

spectrometer.	 Spectra	 were	 recorded	 in	 the	 230–630	 nm	 wavelength	 range	 with	 1	 nm	

bandwidth	and	1	second	dwell	time	per	point.	For	each	sample,	2	parallel	spectra	were	recorded	

and	the	average	of	these	spectra	was	smoothed	by	the	Savitzky–	Golay	method	with	a	‘‘window	

size’’	7.	CD	spectra	are	reported	in	molar	ellipticity	[Θ]	defined	as	[Θ]	=	θobs/(10lc)	where	θobs	is	

the	ellipticity	in	millidegrees,	l	the	optical	path	length	of	the	cell	in	centimeters	and	c	the	species	

concentration	in	moles	per	litre.	Quartz	cells	with	1	cm	pathlength	were	used.		

For	the	ligand	titration	with	NiII,	2.5	mL	of	a	ligand	solution	(50-75	µM)	in	Hepes	buffer	(20	mM,	

pH	 7.4,	 [NaCl]	 =	 100	mM)	were	 titrated	with	 aliquots	 of	 the	NiII	 solution.	 The	UV-Vis	 and	 CD	

spectra	were	recorded	after	10	min	stabilization.	

For	the	pH	studies,	2.5	mL	of	a	complex	solution	(50-75	µM)	in	water	were	titrated	with	aliquots	

of	a	0.01	M	KOH	solution.	The	pH	was	measured	using	a	Metrohm	702	SM	Titrino	equipped	with	

a	Mettler	Toledo	InLabs	Micro-electrode.	The	UV-Vis	and	CD	spectra	were	recorded	after	10	min	

stabilization.	These	data	were	fitted	with	the	SPECFIT	program	with	fixed	values	for	the	pKa	of	
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L3S	(pKa1	=	10.2,	pKa2	=	9.2,	pKa3	=	8.5).51	The	best	fit	was	obtained	considering	the	two	global	

constants	β110	and	β11-1	defined	as:		

NiII	+	L3S	D	NiL3S	 (β110)	

NiII	+	L3S	D	NiL3SH-1	+	H+		 (β11-1)	

NiL3S	D	NiL3SH-1	+	H+	 Ka	(NiL3S/NiL3SH-1)	=	β11-1/β110	

	

Mass	spectrometry:	Mass	spectra	were	acquired	on	a	LXQ-linear	ion	trap	(THERMO	Scientific)	

instrument	equipped	with	an	electrospray	ion	source.	Electrospray	full	scan	spectra	in	the	range	

of	m/z	=	50–2000	amu	were	obtained	by	infusion	through	a	fused	silica	tubing	at	a	flow	rate	of	

2–10	 mL/min.	 The	 solutions	 were	 analyzed	 in	 negative	 and	 positive	 ion	 modes.	 The	 LXQ	

calibration	(m/z	=	50–2000)	was	achieved	according	to	the	standard	calibration	procedure	from	

the	 manufacturer	 (mixture	 of	 caffeine,	 MRFA	 and	 Ultramark	 1621).	 The	 temperature	 of	 the	

heated	capillary	for	the	LXQ	was	set	in	the	range	of	200–	250°C,	the	ion-spray	voltage	was	in	the	

range	 of	 3–6	 kV	 and	 the	 injection	 time	 was	 5–200	 ms.	 The	 ligand	 solution	 (≈	 150	 µM)	 was	

prepared	in	ammonium	acetate	buffer	(20	mM,	pH	6.9)	and	aliquots	of	Ni2+	were	then	added.	

	
1H	 NMR	 Spectroscopy:	 The	 NMR	 experiments	 were	 recorded	 on	 a	 500	MHz	 Bruker	 Avance	

spectrometer	equipped	with	a	BBI	probe	with	triple	axis	gradient	field.	Complex	samples	at	≈1	

mM	were	prepared	in	H2O/D2O	(v/v=9/1)	and	the	pH	was	adjusted	to	10.1	or	7.2	using	a	KOH	

solution.	Spectra	were	acquired	on	a	15	ppm	window	and	32k	data	points	 in	 the	 time	domain	

with	 a	 presaturation	 or	 a	 watergate	 pulse	 program	 to	 suppress	 the	 water	 signal.	 The	

temperature	coefficients	of	the	amide	and	the	hydroxo	protons	were	measured	using	watergate	

water	suppression	between	278	and	308	K.	

	

Electrochemistry:	Cyclic	voltammograms	were	recorded	with	a	Metrohm	Autolab	PGSTAT100	

potentiostat	 at	 100	 mV/s.	 A	 glassy	 carbon	 electrode	 was	 used	 as	 the	 working	 electrode,	 a	

platinum	wire	as	 the	auxiliary	electrode	and	SCE	as	 the	reference.	Solutions	of	NiL3S(OH2)	and	

NiL3S(OH)	(570	µM)	were	prepared	in	Hepes	buffer	(20	mM,	[NaCl]	=	100	mM)	at	pH	7.4	and	9.5,	

respectively.	

	

X-Ray	 Absorption	 Spectroscopy:	 Ni	 K-edge	 XANES	 (X-ray	 Absorption	 Near-Edge	 Structure)	

and	 EXAFS	 (Extended	 X-ray	 Absorption	 Fine	 Structure)	 spectra	were	 recorded	 at	 the	 BM30B	

(FAME)	beamline	at	the	European	synchrotron	radiation	facility	(ESRF,	Grenoble,	France)	using	

a	Si(220)	double-crystal	monochromator.	

The	 complexes	 were	 prepared	 at	 1.0	 mM	 in	 water/glycerol	 (80:20)	 in	 order	 to	 prevent	 ice	

crystallization.	 The	 pH	was	 then	 adjusted	with	 KOH	 to	 7.5	 or	 9.6	 to	 generate	 NiL3S(OH2)	 and	
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NiL3S(OH).	 The	 complex	 solutions	were	 placed	 in	 a	 sample	 holder	with	Kapton	 tape	windows	

and	 flash-frozen	 in	 liquid	 nitrogen,	 and	 the	 frozen	 glass	 was	 mounted	 in	 a	 continuous	 flow	

helium-vapor	 cryostat	 (8	 K	 ≤	 T	 ≤	 20	 K)	 to	 minimize	 sample	 photo-damage.	 Spectra	 were	

measured	 in	 fluorescence-yield	 detection	 mode	 with	 a	 30-element	 Ge	 Canberra	 detector.	 	 At	

least	nine	scans	were	averaged	for	each	samples.	Data	were	acquired	 in	5	eV	steps	 in	the	pre-

edge	region	(8100-8295	eV),	0.25	eV	steps	in	the	edge	region	(8295	–	8375	eV),	2	eV	steps	in	the	

post-edge	region	(8375	–	9182	eV).	The	energy	was	calibrated	with	a	Ni	metallic	foil,	such	that	

the	maximum	of	the	first	derivative	was	set	at	8333	eV.		

The	data	analyses	were	performed	using	the	Demeter	package,	 including	ATHENA	for	the	data	

extraction	 and	 ARTEMIS	 for	 the	 shell	 fitting.77	 The	 k3-weighted	 EXAFS	 spectra	 were	 Fourier-

transformed	over	the	k	range	2−13	Å−1	using	a	Hanning	window.	The	fits	were	performed	on	the	

Fourier-transformed	 spectra	 over	 the	 R	 range	 1−2.4	 Å.	 Ni(H2O)6,	 Ni(cyclam)(CH3CN)2,78	

Ni(Acac)2	and	NiS2N235	were	used	as	reference	complexes	to	determine	the	amplitude	reduction	

factor	S0²	which	was	averaged	and	set	to	0.76.	The	aquo	complex	was	prepared	at	1	mM	in	water	

from	NiSO4,	the	other	ones	were	analyzed	as	powder	in	BN	pellets.	
	

Xanthine/Xanthine	Oxidase	assay:	The	superoxide	was	generated	with	the	Xanthine/Xanthine	

Oxidase	system	developed	by	Fridovich	and	Beauchamp,79	and	adapted	by	Tabbi	et	al.80	In	this	

test,	the	IC50	is	defined	as	the	SOD	concentration	needed	to	inhibit	50%	of	the	NBT	conversion	to	

formazan.		

In	a	typical	experiment,	xanthine	oxidase	is	added	to	a	solution	(final	volume	of	2	mL)	of	50	µM	

xanthine,	100	µM	NBT	in	Hepes	buffer	(20	mM,	pH	7.4	or	9.4,	[NaCl]	=	100	mM)	in	order	to	have	

an	 increase	 of	 the	 absorbance	 of	 ΔA560	 =	 0.024	min-1	 before	 the	 addition	 of	 the	 complex.	 The	

reaction	 was	 monitored	 during	 150	 seconds	 or	 less	 to	 ensure	 a	 stationary	 state	 for	 the	

superoxide	production.	The	IC50	is	reached	when	the	slope	after	the	complex	addition	is	ΔA560	=	

0.012	min-1.	

To	be	sure	that	the	complexes	have	no	influence	on	the	superoxide	production,	the	formation	of	

urate	without	 NBT	was	 also	monitored	 at	 290	 nm	 in	 their	 absence	 and	 in	 their	 presence,	 no	

difference	in	the	slope	was	observed.	

	

KO2	solution	in	DMSO:	Fresh	KO2	solutions	were	prepared	before	each	experiment	by	stirring	

vigorously	 ≈100	mg	 of	 solid	 KO2	 in	 10	mL	 of	 dry	 DMSO.	 The	 solutions	were	 filtered	 after	 30	

minutes	(0.45	µM,	PTFE)	to	give	slightly	yellow	solutions	and	the	superoxide	concentration	was	

determined	by	UV	spectroscopy	(0.2	mm	length	path	cell,	ε250	=	2686	M-1cm-1)	and	was	typically	

≈5	mM.	
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Stopped-flow:	 Stopped-flow	 experiments	 were	 performed	 at	 25.0°C	 on	 a	 Biologic	 SFM-400	

using	the	first	three	syringes	and	a	high	density	mixer	to	minimize	optical	perturbations	due	to	

the	 mix	 of	 solvents.	 A	 J&M	 TIDAS	 diode	 array	 detector	 (integration	 time	 0.8	 ms)	 and	 a	

Hamamatsu	L10290	 light	source	were	used.	The	 first	syringe	was	 filled	with	Hepes	buffer	(60	

mM,	pH	7.75,	 [NaCl]	=	100	mM),	 the	second	one	with	 the	complex	 in	 the	same	buffer,	and	 the	

third	one	with	KO2	in	DMSO.	The	ratio	for	the	syringes	was	set	to	5:5:2,	respectively	in	order	to	

have	reproducible	shots	and	an	excess	of	superoxide	(constant	ratio	of	5:1	buffer/DMSO).	The	

dismutation	of	superoxide	was	monitored	by	measuring	the	absorbance	at	245	nm	during	2.2	s	

after	 the	 injection	 in	 the	 cell.	 	 At	 least	 9	 shots	were	 averaged	 for	 each	 complex	 concentration	

(range	 50-150	 µM).	 Shots	 of	 the	 NiII	 complex	 at	 different	 concentrations	 without	 superoxide	

evidence	that	the	complexes	remain	stable	in	DMSO	containing	solutions	for	the	duration	of	the	

entire	 experiment.	They	were	 averaged	and	used	as	baselines.	Data	were	processed	using	 the	

Biokine	software.	No	catalytic	activity	was	observed	in	the	control	experiment	with	NiSO4	(500	

µM).		

	

Computational	details:	Density	Functional	calculations	in	the	Kohn-Sham	approach	have	been	

carried	 out	 with	 Orca	 3.0.3.81	 Geometry	 optimizations	 have	 been	 performed	 with	 the	 hybrid	

functional	 B3LYP	 to	 which	 the	 Grimme	 dispersion	 correction	 with	 Becke-Johnson	 damping	

(D3BJ)82-83	 has	 been	 added,	 and	 using	 the	 Alhrich	 def2-tzvp	 basis	 set84-85	 for	 all	 atoms.	 The	

RIJCOSX	approximation86-87	has	been	used	for	all	calculations.	Harmonic	frequencies	have	been	

calculated	at	 the	same	 level	 to	check	the	nature	of	 the	stationary	points.	Electronic	 transitions	

have	been	calculated	through	the	TD-DFT	module	on	20	roots	using	the	range-separated	CAM-

B3LYP.88	The	latter	functional	was	shown	to	be	the	most	adapted	thanks	to	a	benchmark	on	the	

UV	 spectrum	 of	NiL3S(OH2)	 (see	 SI	 for	 details)	 including	 normal	 hybrids	 and	 range-separated	

ones.	TightSCF	criteria	have	been	used	 in	all	calculations.	Geometry	optimizations,	 frequencies	

and	TDDFT	spectra,	were	performed	with	a	solvent	continuum	(COSMO)89	modeling	the	water	

solvent.		

	

Supporting	Information	

ESI-MS	 spectra	 of	 the	 complexes,	 supplementary	 figures	 for	 CD,	 1H	 NMR,	 EXAFS,	 DFT,	

electrochemistry	 and	 xanthine	 oxidase	 assay.	 Comparison	 between	 TD	DFT	 and	 experimental	

UV	data.	xyz	coordinates	in	the	optimized	structures	of	the	two	complexes.	
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the	 first	 low-weight	 synthetic	 Ni(II)	 complex	 that	 displays	 catalytic	 SOD	 activity,	 in	
water,	at	physiological	pH.	The	overall	set	of	data	evidences	that	the	presence	of	a	labile	
ligand	 (water	 molecule)	 in	 the	 coordination	 sphere	 of	 the	 Ni(II)	 ion	 is	 required	 for	
optimal	activity,	in	agreement	with	an	inner	sphere	mechanism.	

	

	

	


