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Abstract 

First‐Row	Transition	Metal	Complexes	Designed	for	Small	Molecule	Activation:		
Synthesis,	Characterization,	Reactivity,	and	Mechanisms	

by	

Micah	Samuel	Ziegler	
Doctor	of	Philosophy	in	Chemistry	
University	of	California,	Berkeley		
Professor	T.	Don	Tilley,	Chair	

	

Chapter 1.	The	synthesis	of	discrete,	cationic	binuclear	μ‐aryl	dicopper	complexes	[Cu2(µ‐
η1:η1‐Ar)DPFN]X	 (Ar	 =	 C6H5,	 3,5‐(CF3)2C6H3,	 and	 C6F5;	 DPFN	 =	 2,7‐bis(fluoro‐di(2‐
pyridyl)methyl)‐1,8‐naphthyridine;	 X	 =	 BAr4–	 and	 NTf2–;	 Tf	 =	 SO2CF3)	 was	 achieved	 by	
treatment	 of	 a	 dicopper	 complex	 [Cu2(µ‐η1:η1‐NCCH3)DPFN]X2	 (X	 =	 PF6–	 and	NTf2–)	with	
tetraarylborates.	Structural	characterization	revealed	symmetrically	bridging	aryl	groups,	
and	1H	NMR	spectroscopy	evidenced	the	same	structure	in	solution	at	24	°C.	Electrochemical	
investigation	of	the	resulting	arylcopper	complexes	uncovered	reversible	redox	events	that	
led	 to	 the	 synthesis	 and	 isolation	of	 a	 rare	mixed‐valence	organocopper	 complex	 [Cu2(µ‐
η1:η1‐Ph)DPFN](NTf2)2,	in	high	yield.	The	solid‐state	structure	of	the	mixed‐valence	μ‐phenyl	
complex	exhibits	 inequivalent	copper	centers,	despite	a	short	Cu···Cu	distance.	Electronic	
and	 variable‐temperature	 electron	 paramagnetic	 resonance	 spectroscopy	 of	 the	 mixed‐
valence	 μ‐phenyl	 complex	 suggest	 that	 the	 degree	 of	 spin	 localization	 is	 temperature‐
dependent,	 with	 a	 high	 degree	 of	 spin	 localization	 observed	 at	 lower	 temperatures.	
Electronic	structure	calculations	agree	with	the	experimental	results	and	suggest	that	the	
spin	is	localized	almost	entirely	on	one	metal	center.	
	
Chapter 2.	A	discrete,	dicopper	μ-alkynyl	complex,	[Cu2(μ‐η1:η1-C≡C(C6H4)CH3)DPFN]NTf2	
(DPFN	 =	 2,7‐bis(fluoro‐di(2‐pyridyl)methyl)‐1,8‐naphthyridine;	 NTf2–	 =	 N(SO2CF3)2–),	
reacts	with	p‐tolylazide	 to	yield	a	dicopper	complex	with	a	 symmetrically	bridging	1,2,3‐
triazolide,	 [Cu2(µ‐η1:η1‐(1,4‐bis(4‐tolyl)‐1,2,3‐triazolide))DPFN]NTf2.	 This	 transformation	
exhibits	bimolecular	reaction	kinetics	and	represents	a	key	step	in	a	proposed,	bimetallic	
mechanism	for	copper‐catalyzed	azide–alkyne	cycloaddition	(CuAAC).		The	μ-alkynyl	and	μ-
triazolide	complexes	undergo	reversible	redox	events	(by	cyclic	voltammetry),	suggesting	
that	 a	 cycloaddition	 pathway	 involving	 mixed‐valence	 dicopper	 species	 might	 also	 be	
possible.	Synthesis	and	characterization	of	the	mixed‐valence	μ-alkynyl	dicopper	complex,	
[Cu2(μ‐η1:η1-C≡C(C6H4)CH3)DPFN](NTf2)2,	 revealed	 an	 electronic	 structure	 with	 an	
unexpected	 partially	 delocalized	 spin,	 as	 evidenced	 by	 electron	 paramagnetic	 resonance	
spectroscopy.	 Studies	 of	 the	mixed‐valence	μ-alkynyl	 complex’s	 reactivity	 suggest	 that	 a	
mixed‐valence	pathway	is	less	likely	than	one	involving	intermediates	with	only	copper(I).	
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Chapter 3.	Discrete,	cationic	µ‐alkyl	dicopper	complexes	[Cu2(µ‐η1:η1‐R)DPFN]NTf2	(R	=	CH3,	
CH2C(CH3)3,	 DPFN	 =	 2,7‐bis(fluoro‐di(2‐pyridyl)‐methyl)‐1,8‐naphthyridine,	 NTf2–	 =	
N(SO2CF3)2–)	were	 synthesized	by	 treatment	of	 an	acetonitrile	bridged	dicopper	 complex			
[Cu2(µ‐η1:η1‐NCCH3)DPFN](NTf2)2	with	LiR	or	MgMe2.	Structural	characterization	by	X‐ray	
crystallography	and	NMR	spectroscopy	revealed	that	the	alkyl	ligands	symmetrically	bridge	
the	two	copper	centers,	and	the	complexes	persist	in	room	temperature	solution.	Notably,	
the	 µ‐methyl	 complex	 showed	 less	 than	 20%	 decomposition	 after	 34	 days	 in	 room	
temperature	THF	solution.	Treatment	of	the	µ‐methyl	complex	with	acids	demonstrates	the	
ability	 to	 install	 a	 range	 of	 monoanionic	 bridging	 ligands,	 and	 electrochemical	
characterization	revealed	oxidation‐reduction	events	that	evidence	putative	mixed‐valence	
dicopper	alkyl	complexes.	Computational	studies	suggest	that	the	dicopper–carbon	bonds	
are	highly	covalent,	possibly	explaining	their	relative	persistence.	

Chapter 4.	 Recent	 interest	 in	 the	 development	 of	 more	 environmentally	 sustainable	
chemical	catalysis	has	encouraged	the	study	of	inorganic	complexes	that	employ	relatively	
earth	abundant,	first‐row	transition	metals.	To	aid	these	efforts,	a	ligand	was	designed	and	
employed	to	support	low‐coordinate,	low‐valent	cobalt	complexes.	A	neutral	Co(II)	complex	
was	synthesized	using	the	dianionic	ligand	TIPSDAX	(2,7‐di‐tert‐butyl‐9,9‐dimethyl‐N4,N5‐
bis(triisopropylsilyl)‐4,5‐diamido‐9H‐xanthene)	 and	 reduced	 chemically	 to	 afford	 an	
anionic	Co(I)	complex.	Both	complexes	were	characterized	by	single‐crystal	X‐ray	diffraction.	
Measurements	of	 their	magnetic	moments	reveal	an	unexpectedly	high	spin	 for	 the	Co(I)	
complex.	
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Introduction	

	 Throughout	my	graduate	research,	I	have	focused	on	the	chemical	capabilities	of	first‐
row	 transition	metal	 complexes.	 Generally,	 the	 first‐row	 transition	metals	 are	 relatively	
abundant	 in	 the	 upper	 crust	 of	 the	 earth1	 and	 inexpensive,2	 making	 them	 promising	
candidates	in	the	search	for	broadly	applicable,	scalable	reagents	and	catalysts.	I	have	also	
endeavored	to	discover,	improve,	and	elucidate	the	mechanisms	of	catalysts,	in	order	to	help	
make	chemical	transformations	more	energy‐	and	material‐efficient.		

My	 graduate	 research	 began	 with	 an	 ambitious	 goal:	 designing	 a	 homogenous	
dicopper	 system	 to	 selectively	 catalyze	 the	 electrochemical	 reductive	 coupling	 of	 two	
molecules	of	carbon	dioxide	to	oxalate,	in	air.	Ideally,	this	process	could	enable	direct	capture	
of	carbon	dioxide	from	flue	gas	streams	for	use	as	a	feedstock	instead	of	emitting	it	to	the	
atmosphere.	More	idealistically,	this	reactivity	could	help	artificial	photosynthetic	systems	
use	carbon	dioxide	from	the	air	as	a	carbon	source	for	solar	fuels.	Inspired	by	a	report	in	
20103	 and	 two	 similar	 reactions	 reported	 earlier,4,5	 a	 ligand	 was	 designed	 to	 hold	 two	
copper(I)	centers	at	a	distance	 that	might	enable	reductive	coupling	of	carbon	dioxide	 to	
oxalate.	The	ligand,	dpeodp	(Figure	1),	was	synthesized	and	employed	to	support	both	Cu(I)‐	
and	Cu(II)‐containing	inorganic	complexes.		

	

	
Figure 1: The	ligand	2,2’‐bis(1,1‐di(2‐pyridyl)ethyl‐6,6’‐oxydipyridine	(dpeodp) 

This	 research	was	 documented	 in	my	 first‐year	 report,	which	 is	 appended	 to	 this	
dissertation,	and	presented	at	the	national	ACS	meeting	in	San	Francisco	in	2014.6	While	the	
ligand	 did	 support	 a	 dicopper(II,II)	 μ‐oxalato	 complex	 upon	 addition	 of	 oxalate,	 a	
dicopper(I,I)	 complex	 of	 this	 ligand	 did	 not	 appear	 to	 reductively	 couple	 carbon	 dioxide	
under	 a	 variety	 of	 conditions.	 A	 screen	 of	 other	mononuclear	 ligands,	 notably	 including	
N,N,N′,N′′,N′′‐pentamethyldiethylenetriamine	 (PMDTA),	 also	 did	 not	 reveal	 any	 reductive	
coupling	of	carbon	dioxide.	 In	2013,	additional	reports	suggested	that	the	syntheses7	and	
carbon	dioxide	reactivity8	reported	in	2010	might	be	less	straight‐forward	and	promising	
than	anticipated.		

	 In	January	2014,	I	began	to	develop	a	new	ligand	designed	to	support	low‐coordinate	
first‐row	transition	metal	complexes.	The	ligand,	TIPSDAX	(Figure	2),	would	ideally	enable	
the	synthesis	and	study	of	a	low	valent	metal	complex	that	might	react	with	carbon	dioxide.		
As	many	processes	that	fix	atmospheric	carbon	dioxide	employ	two‐electron	chemistry,	we	
aimed	to	favor	two‐electron	processes	at	a	first‐row	transition	metal.			
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Figure 2: The	ligand	2,7‐di‐tert‐butyl‐9,9‐dimethyl‐N4,N5‐bis(triisopropylsilyl)‐9H‐
xanthene‐4,5‐diamine	(H2TIPSDAX)	

The	 ligand	was	 inspired	 by	 the	 Tilley	 Group’s	 research	 into	 the	 reactivity	 of	 low‐
coordinate	complexes	supported	by	arylsilylamido	ligands,	which	were	believed	to	undergo	
two‐electron	transformations;9,10	and	intended	to	be	chelating	to	prevent	ligand	loss	upon	
reaction	with	small	molecules.	While	TIPSDAX	enabled	the	synthesis	of	a	Co(I)	complex	that	
did	react	with	carbon	dioxide,	the	products	of	this	reaction	were	not	promising	candidates	
for	 further	 study.	 Along	with	 a	 close	 colleague,	 Amélie	Nicolay,	 I	 continued	 studying	 the	
chemistry	of	TIPSDAX‐supported	cobalt	complexes	through	the	remainder	of	my	graduate	
research,	albeit	not	as	my	primary	project.	Chapter	4	describes	the	synthesis	of	TIPSDAX	and	
low‐coordinate	cobalt	complexes	supported	by	it.			

	 In	March	2014,	 I	embarked	on	the	project	that	would	compose	the	majority	of	my	
dissertation.	 Using	 a	 small	 supply	 of	 dinucleating	 ligand,	 DPFN	 (Figure	 3),	 gifted	 by	 Dr.	
Timothy	C.	Davenport,	I	synthesized	an	acetonitrile‐bridged	dicopper	complex	similar	to	that	
reported	by	Tim	and	Don	a	few	years	prior.11		

	

Figure 3: The	ligand	2,7‐bis(fluoro‐di(2‐pyridyl)‐methyl)‐1,8‐naphthyridine	(DPFN)	

In	 June	 2014,	 I	 discovered	 that	 this	 complex	 could	 abstract	 a	 phenyl	 group	 from	
tetraphenylborate,	 displaying	 unexpected	 and	 unusual	 electrophilicity.	 It	 could	 similarly	
activate	electron‐deficient	tetraarylborates	and	stabilize	the	resulting	metal–aryl	complexes.	
Previously,	this	reactivity	was	typically	limited	to	complexes	of	much	more	expensive	and	
rarer	transition	metals,	such	as	rhodium,	platinum,	and	gold.	The	resulting	organometallic	
complex,	 [Cu2(μ‐η1:η1‐Ph)DPFN]+	 (Figure	4),	 led	 to	 the	 synthesis	 and	 study	 of	 a	 range	 of	
cationic,	dicopper	complexes	containing	bridging	aryl	(Chapter	1),	alkynyl	(Chapter	2),	and	
alkyl	(Chapter	3)	ligands.		

	

	

	



 

vii 
 

	

Figure 4.	Solid‐state	structure	of	[Cu2(μ‐η1:η1‐Ph)DPFN]+	as	determined	by	single‐crystal	X‐
ray	diffraction.		

In	 the	 process,	 my	 colleagues	 and	 I	 have	 discovered,	 isolated,	 and	 characterized	
mixed‐valence	organocopper	 complexes	 and	explored	 the	 role	 of	 dicopper	 species	 in	 the	
mechanism	 of	 the	 renowned	 copper‐catalyzed	 azide−alkyne	 cycloaddition	 (CuAAC).	 We	
expect	 this	 dicopper	platform,	 and	 its	 derivatives,	 to	 inspire	 and	 enable	many	 additional	
research	 endeavors,	 especially	 those	 that	 seek	 to	 harness	 the	 reactivity	 of	 first‐row	
transition	metals.		
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Chapter 1.	Aryl	Group	Transfer	from	Tetraarylborato	Anions	to	an	Electrophilic	
Dicopper(I)	Center	and	Mixed‐Valence	μ-Aryl	Dicopper(I,II)	Complexes	
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INTRODUCTIONa 

Organometallic	copper	complexes	have	found	significant	utility	in	organic	synthesis	
and	transition‐metal–mediated	catalysis.1		As	a	result,	much	effort	has	been	devoted	to	the	
synthesis,	 isolation,	 and	 characterization	 of	 organocopper	 complexes	 that	 can	 help	 to	
elucidate	 mechanisms	 or	 serve	 as	 improved	 reagents	 and	 catalysts.2,3	 Historically,	 these	
complexes	have	primarily	been	anionic	organocuprates	of	the	form	[CuR2]–	(where	R	=	alkyl	
or	 aryl	 groups)	 or	 neutral	 [CuR]n	 species.4,5	 Moreover,	 most	 of	 the	 isolated,	 structurally	
characterized	 organocopper	 complexes	 contain	 copper(I),2	 and	 proposed	 reaction	
mechanisms	 often	 feature	 anionic	 or	 neutral	 	 organocopper(I)	 intermediates.6,7	 More	
recently,	 organocopper(III)	 intermediates	 have	 also	 been	 invoked	 for	 carbon–carbon	 and	
carbon–heteroatom	 bond	 forming	 reactions.7,8	 Less	 commonly,	 organocopper(II)	 species	
have	been	suggested	as	intermediates	in	a	few	catalytic	reactions,	including	the	Meerwein	
arylation,9	 Chan–Lam–Evans	 coupling,10	 and	 alkene	 amination,11	 as	 well	 as	 C–H	 bond	
activation.12–14		However,	complexes	of	this	type	have	rarely	been	isolated	and	structurally	
characterized.2	 	 The	 very	 few	 reported	 Cu(II)	 and	 Cu(III)	 arylcopper	 complexes	 all	
incorporate	the	aryl	moiety	into	a	multidentate	ligand,	such	as	azacalix[1]arene[3]pyridines,	
and	 contain	 only	 one	 copper	 center.12,14–16	 Similarly,	 despite	 the	 large	 body	 of	 known	
chemistry	 for	 neutral	 and	 anionic	 arylcopper	 complexes	 and	 aggregates,2,4	 cationic	
organocopper	complexes	are	uncommon,14	and	to	our	knowledge,	only	one	cationic	μ‐aryl	
copper(I)	complex	has	been	reported	to	date.17		

This	study	focuses	on	dicopper	complexes	supported	by	a	rigid	dinucleating	ligand	
that	holds	two	copper	centers	in	close	proximity	(Figure	1.1).	The	[Cu2(DPEN)]2+	fragment	
(DPEN	=	2,7‐bis(1,1‐dipyridylethyl)‐1,8‐naphthyridine)	has	been	shown	to	bind	various	two‐
electron	donors	in	a	bridging	position	to	yield	unusual	types	of	three‐center,	two‐electron	
bonds.18	For	example,	acetonitrile	adopts	a	highly	unusual	symmetrically	bridging	geometry	
in	[Cu2(µ‐η1:η1‐NCCH3)(DPEN)]2+.	Calculations	indicate	that	the	copper	centers	cooperate	to	
provide	 a	 delocalized	 acceptor	 orbital	 composed	 of	 sigma‐type,	 copper‐centered	 orbitals	
overlapping	in	an	angled	manner	(Figure	1.1).18	This	report	describes	a	related,	unexpectedly	
electrophilic	 dicopper(I)	 complex	 that	 abstracts	 aryl	 groups	 (even	 –C6F5)	 from	
tetraarylborato	 anions.	 Notably,	 the	 products	 are	 rare	 examples	 of	 cationic	 arylcopper	
complexes.	Moreover,	 investigations	 of	 the	 CuI2(µ‐phenyl)	 analog	 reveal	 that	 the	 unusual	
bonding	arrangement	allows	access	to	an	oxidized	species	formally	containing	copper(II):	
the	corresponding	mixed‐valence	Cu2(I,II)(µ‐phenyl)	complex.		

	

                                                            
a	This	chapter	is	reproduced	with	permission	from	Ziegler,	M.	S.;	Levine,	D.	S.;	Lakshmi,	K.	V.;	Tilley,	T.	
D.	Aryl	Group	Transfer	from	Tetraarylborato	Anions	to	an	Electrophilic	Dicopper(I)	Center	and	Mixed‐
Valence	 μ‐Aryl	 Dicopper(I,II)	 Complexes.	 J. Am. Chem. Soc.	 2016,	 138	 (20),	 6484–6491	 DOI:	
10.1021/jacs.6b00802.	Copyright	2016	American	Chemical	Society.	
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Figure 1.1.	General	structure	of	a	naphthyridine‐based	dinucleating	ligand	supporting	two	
Cu	centers	with	qualitative	molecular	orbitals.	

SYNTHESIS OF A DINUCLEAR COPPER COMPLEX  

The	 complexes	 described	 herein	 utilize	 the	 fluorinated	 ligand	 2,7‐bis(fluoro‐di(2‐
pyridyl)methyl)‐1,8‐naphthyridine	(DPFN,	Figure	1.1	where	R	=	F).	The	reported	synthesis	
of	DPFN	gave	a	low	yield	(9%)	over	the	last	two	steps,19	which	led	to	attempts	to	improve	the	
procedure’s	efficiency.	Notably,	deprotonation	of	dipyridylmethane	and	use	of	the	resulting	
carbanion	 in	 a	 nucleophilic	 aromatic	 substitution	 reaction	 with	 2,7‐dichloro‐1,8‐
naphthyridine	was	achieved	with	NaH	in	THF,	to	generate	2,7‐bis(di(2‐pyridyl)methyl)‐1,8‐
naphthyridine	(DPMN)	that	upon	oxidation	with	Selectfluor	provided	DPFN	 in	good	yield	
(63%,	eq	1.1).	

	
Addition	of	DPFN	 to	2.05	equiv	of	 [Cu(NCCH3)4]PF6	 in	THF	precipitated	an	orange	

powder	of	 [Cu2(µ‐η1:η1‐NCCH3)DPFN](PF6)2	(1.1)	(89%	yield),	analogous	to	the	dinuclear	
copper	complex	of	DPEN.18		Single‐crystal	X‐ray	diffraction	(Figure	SC1.1)	indicates	that	in	
the	solid‐state	the	two	copper	atoms	are	separated	by	2.4725(5)	A	and	are	slightly	further	
apart	 than	 in	 the	 DPEN	 complex	 (2.4457(4)	 A).	 Meanwhile,	 the	 bridging	 acetonitrile	
molecule	is	bound	similarly	in	both	complexes	(Cu1–N7:	1.959(2),	Cu2–N7:	1.992(2)	in	the	
DPFN	complex,	compared	to	2.004(3)	and	1.979(3)	with	DPEN).			
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ANION ACTIVATION TO GIVE CATIONIC BRIDGING ARYL COMPLEXES 

In	an	attempt	to	increase	its	solubility	in	less	polar	solvents,	complex	1.1	was	treated	
with	 2	 equiv	 of	 sodium	 tetraphenylborate	 (NaBPh4).	 Surprisingly,	 the	 originally	 orange	
mixture	became	dark	green.	Layering	pentane	over	a	solution	of	the	product	afforded	crystals,	
and	 X‐ray	 diffraction	 revealed	 the	 product	 to	 be	 [Cu2(µ‐η1:η1‐Ph)DPFN]BPh4·3(o‐C6H4F2)	
(1.2·3(o‐C6H4F2)),	 presumably	 resulting	 from	 arylation	 by	 the	 borato	 anion	 (eq	 1.2).	 	 An	
additional	product	in	the	reaction	mixture,	identified	by	1H	and	11B{1H}	NMR	spectroscopy,	
was	BPh3.	

	
The	solid‐state	structure	of	1.2	(Figure	1.2)	exhibits	a	nearly	symmetrically	bridging	

phenyl	ligand.	The	copper–carbon	distances	Cu1–C31	and	Cu2–C31	are	2.023(2)	and	2.016(2)	
A;	 respectively,	 and	 the	phenyl	moiety	does	not	bend	preferentially	 toward	either	 copper	
center:	 ∠C34–C31–Cu1	 and	 C34–C31–Cu2	 are	 144.4(1)	 and	 143.0(1)°,	 respectively.	 In	
addition,	the	Cu···Cu	distance	(2.3927(5)	A)	is	significantly	shorter	than	that	observed	for	
the	acetonitrile	complex,	as	might	be	expected	for	replacement	of	a	neutral	with	an	anionic	
bridging	 ligand.	 Meanwhile,	 the	 bridging	 aryl	 is	 nearly	 hexagonal	 with	 internal	 angles	
between	 114.3(2)	 and	 123.0(2)°	 and	 bond	 lengths	 between	 1.376(4)	 and	 1.416(3)	 A,	
consistent	with	aromatic	C–C	bonds.20	The	narrowest	angle	(∠C32–C31–C36:	114.3(2)°)	is	
found	 at	 the	 ipso‐carbon,	 as	 are	 the	 longest	 bonds	 (C31–C32:	 1.415(3)	 A	 and	 C31–C36:	
1.416(3)	 A),	 presenting	 a	 geometry	 similar	 to	 those	 found	 in	 the	 phenyl	 groups	 that	
constitute	the	cocrystallized	tetraphenylborato	anion.		
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Figure 1.2.	 Solid‐state	 structure	 of	1.2	 as	 determined	 by	 single‐crystal	 X‐ray	 diffraction.	
Three	cocrystallizing	o‐C6H4F2	molecules,	one	BPh4–	anion,	and	hydrogen	atoms	are	omitted	
for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	probability	level.		
	

To	the	best	of	our	knowledge,	the	only	previously	reported,	cationic	μ‐aryl	complex	of	
copper	to	be	crystallographically	characterized	is	[Cu3Ph2(PMDTA)2][Cu5Ph6]	(PMDTA	=	N, N, 
N′, N′′, N′′‐pentamethyldiethylenetriamine),	which	was	synthesized	in	an	attempt	to	isolate	
a	monomeric	form	of	phenylcopper	and	in	room	temperature	solution,	appears	to	convert	to	
(CuPh)4·(DMS)2	and	free	PMDTA.17	However,	the	solid‐state	structure	of	this	copper	complex	
could	 be	 determined	 crystallographically	 at	 130	 K	 and	 exhibits	 two	 equivalent	 μ‐phenyl	
groups.	 	Compared	to	the	tricopper	cation,	1.2	exhibits	a	shorter	Cu···Cu	distance	(for	the	
tricopper	cation,	Cu···Cu	=	2.444(1)	A),	while	the	Cu–C	distances	in	1.2	are	slightly	longer	
than	those	in	the	tricopper	cation	(2.006(7)	and	1.989(5)	A).		

The	solution	behavior	of	1.2	was	investigated	by	1H	NMR	spectroscopy.	At	24	°C	and	
low	concentration	(ca.	0.2	mM),	the	spectrum	is	consistent	with	the	solid‐state	structure	on	
the	 NMR	 time	 scale;	 the	 NMR	 resonances	 are	 sharp	 and	 exhibit	 well‐resolved	 1H–1H	
couplings.	 	 In	 addition,	 13C{1H}	 NMR	 spectroscopy,	 corroborated	 with	 HSQC	 and	 HMBC	
experiments,	locate	the	ipso‐carbon	shift	of	1.2	at	143.7	ppm.	This	resonance	is	upfield	of	
that	 observed	 for	 the ipso‐carbon	 of	 [Cu3Ph2(PMDTA)2]+	 	 (150.3	 ppm)	 and	upfield	 of	 the	
range	observed	for	neutral	[PhCu]n	(n	=	1,	3,	or	4)	aggregates	(146.8	–	151.0	ppm).21			

The	aryl	group	transfer	that	results	in	1.2	implies	that	this	dicopper	center	acts	as	an	
electrophile	 in	 accepting	 a	 nucleophilic	 phenyl	 group	 from	 the	 BPh4	 anion.	
Tetraphenylborate	activation	was	unexpected	because	others	have	reported	stable	copper	
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complexes	 containing	 open	 coordination	 sites	 or	 acetonitrile	 ligands	 in	 the	 presence	 of	
BPh4–,22	 tetrakis[(3,5‐trifluoromethyl)phenyl]borate	 (BArF24–),23	 and	
tetrakis(pentafluorophenyl)borate	 (BArF20–).24	 Only	 one	 previous	 example	 of	 BPh4–	
activation	by	a	putative	copper	complex	could	be	found	in	the	literature.	In	a	reaction	that	
resulted	 in	 phosphorus–carbon	 bond	 formation,	 Knight	 and	 co‐workers	 observed	 that	
addition	of	CuCl	to	the	tetraphenylborate	salt	of	an	N‐heterocyclic	phosphenium	ligand	at	
50	°C	resulted	in	net	aryl	transfer	to	the	electrophilic	phosphorus	atom.25		

Although	 phenyl	 transfer	 from	 BPh4–	 to	 transition	 metal	 centers	 is	 somewhat	
uncommon,26,27	transfer	from	tetraarylborates	containing	electron‐withdrawing	aryl	groups	
is	 rarer.	 These	 weakly	 coordinating	 anions	 are	 generally	 considered	 significantly	 more	
resistant	to	coordination	and	cleavage	of	the	carbon–boron	bond.28	Only	a	handful	of	noble	
metal	complexes	have	been	reported	to	abstract	an	aryl	group	from	BArF24–,29–31	whereas	Ag+	
(in	noncoordinating	solvents)32	and	a	diiron	complex	(heated	at	70	°C	for	72	h)33	similarly	
activated	BArF20–.	To	determine	whether	the	µ‐NCCH3	dicopper	complex	would	react	with	
such	 an	 electron‐deficient	 tetraarylborate,	 complex	 1.1	 was	 treated	 with	 2.1	 equiv	 of	
NaBArF24	in	o‐C6H4F2.		Over	the	course	of	1	day	at	22	°C,	the	reaction	mixture	turned	dark	
orange‐brown,	and	layering	pentane	over	a	fluorobenzene	solution	of	the	product	afforded	
crystals	 of	 [Cu2(µ‐η1:η1‐(3,5‐trifluoromethyl)phenyl))DPFN]BArF24·2(C6H5F)	 (1.3·2C6H5F)	
(eq	1.3)	in	good	yield	(68%).		

	
The	solid‐state	structure	of	1.3 (Figure	SC1.3) is similar	to	that	of	1.2.	The	aryl	ligand	

symmetrically	bridges	the	two	copper	centers,	and	the	Cu···Cu	distance	is	2.3966(8)	A.		Once	
again,	proton	NMR	spectra	display	sharp,	well‐defined	resonances	consistent	with	the	solid‐
state	structure.	With	the	aid	of	a	1H–13C	HMBC	experiment,	the	ipso‐carbon	resonance	was	
located	at	147.1	ppm.		

To	determine	whether	 a	 presumably	 even	 less	 reactive	 tetraarylborate	might	 be	 a	
competent	anion,	complex	1.1	was	also	treated	with	2	equiv	of	KBArF20	in	o‐C6H4F2.		After	24	
h	at	22	°C,	no	activation	of	the	BArF20–	anion	was	observed	by	1H	and	19F	NMR	spectroscopy	
(Figures	S1.1	and	S1.2).	However,	upon	heating	the	mixture	at	100	°C	for	2	days,	resonances	
consistent	with	 formation	of	 a	 new	dicopper	 complex	 and	pentafluorophenyl	 abstraction	
were	observed	by	1H	and	19F	NMR	spectroscopy	(Figure	S1.3),	 including	 the	 formation	of	
B(C6F5)3.	The	resulting	bridging	aryl	complex,	[Cu2(µ‐η1:η1‐pentafluorophenyl)DPFN]BArF20	
(1.4),	was	isolated	in	good	yield	(73%)	(eq	1.4).	



 

7 
 

	
Given	 the	 observed	 reactivity	 of	 tetraarylborato	 anions	 in	 this	 system,	 further	

investigations	 of	 the	 aryl	 dicopper	 cations	 used	 the	 bis(trifluoromethanesulfonyl)imide	
(triflimide,	NTf2–)	anion.	Employing	tetrakis(acetonitrile)copper(I)	triflimide	as	a	copper(I)	
source,	[Cu2(µ‐η1:η1‐NCCH3)DPFN](NTf2)2	(1.5)	was	synthesized	in	THF	and	isolated	in	high	
yield	 (91%).	 Addition	 of	 0.98	 equiv	 of	 NaBPh4	 to	1.5 in	 o‐C6H4F2	 afforded	 [Cu2(µ‐η1:η1‐
Ph)DPFN](NTf2)	(1.6),	also	in	high	yield	(97%	based	on	the	dicopper	complex).		

To	determine	whether	the	bridging	aryl	could	be	exchanged	via	a	C–H	bond	activation	
process,	1.6	was	treated	with	pentafluorobenzene	(150	equiv).	Upon	heating,	slow	exchange	
of	 the	μ‐phenyl	 for	μ‐pentafluorophenyl	was	observed,	with	85%	yield	 (99%	conversion)	
achieved	 after	 35	 days	 at	 110	 °C	 (eq	 1.5)	 as	 determined	 by	 19F	 NMR	 spectroscopy.	
Concomitant	formation	of	C6H6	was	also	observed	by	1H	NMR	spectroscopy.	

	
This	aryl	exchange	suggests	that	the	μ‐phenyl	complex	persists	even	at	high	temperatures	
and	is	also	capable	of	activating	aromatic	C–H	bonds.	

MIXED-VALENCE ARYLCOPPER COMPLEXES 

Cyclic	voltammetry	of	1.6	revealed	a	single	reversible	redox	process	(E°’	=	–14	mV	vs	
[Cp2Fe]0/1+,		ipa/ipc		=	1.02,	ΔEp	=	106	mV,	Figure	1.3a)	between	other	irreversible	oxidation	
and	reduction	features	(Figure	S1.4).	Moreover,	this	redox	event	is	reversible	over	a	range	of	
scan	rates	from	10	to	1000	mV/s	(Figure	S1.5),	as	confirmed	by	the	plots	of	cathodic	and	
anodic	peak	currents	of	this	couple	versus	the	square	root	of	scan	rate	(Figure	S1.6).	Under	
similar	 conditions,	 DPFN	 and	 1.5	 do	 not	 exhibit	 reversible	 reduction–oxidation	 couples	
(Figure	 S1.7),	 which	 suggests	 that	 the	 reversible	 couple	 observed	 for	 1.6	 is	 not	 solely	
attributable	to	the	DPFN	ligand	or	to	DPFN‐ligated	Cu(I)	metal	centers.		
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Figure 1.3.	Cyclic	voltammograms	of	0.5	mM	solutions	of	(a)	1.6,	(b)	1.3,	and	(c)	1.4 in	o‐
C6H4F2	 with	 0.1	 M	 [nBu4N][PF6]	 supporting	 electrolyte.	 The	 arrows	 indicate	 the	 initial	
potentials	and	scanning	directions.	Scan	rate:	100	mV/s.	

 

Similar	 redox	 processes	 were	 observed	 for	 1.3	 and	 1.4	 at	 347	 and	 516	 mV	 vs	
[Cp2Fe]0/1+,	respectively	(Figure	1.3b	and	1.3c).	These	progressively	more	positive	oxidation	
potentials	 are	 consistent	 with	 the	 electron‐withdrawing	 nature	 of	 the	 bridging	 (3,5‐
trifluoromethyl)phenyl	and	perfluorophenyl	groups.	The	analogous	 redox	events	 for	both	
1.3	and	1.4	were	also	reversible,	with	ipa/ipc	ratios	close	to	1	(1.3:	1.12	and	1.4:	1.18,	at	100	
mV/s)	 and	 small	 ΔEp	 values	 (1.3:	 0.084	mV	 and	1.4:	 0.070	mV,	 at	 100	mV/s),	 and	 they	
remained	reversible	over	a	variety	of	scan	rates	(Figures	S1.8–S1.11).	In	addition,	as	with	1.6,	
irreversible	oxidation	and	reduction	events	bounded	the	reversible	feature	(Figures	S1.12	
and	S1.13).	

Electrochemical	 characterizations	 of	 organocopper	 complexes	 are	 rare,	 and	 the	
oxidation	 of	 organocopper(I)	 complexes	 often	 leads	 to	 short‐lived	 species.34	 These	 short	
lifetimes	are	commonly	attributed	to	an	inherent	instability	of	organocopper(II)	species.2,34	
However,	 the	 chemical	 reversibility	of	 the	 redox	processes	observed	 for	1.3,	1.4,	 and	1.6	
suggested	that	the	products	might	be	persistent	enough	to	isolate.	Thus,	1.6	was	treated	with	
AgNTf2	(1.02	equiv)	in	o‐C6H4F2	(eq	1.6).	Layering	diethyl	ether	over	an	o‐C6H4F2	solution	of	
the	 dark	 orange	 product	 afforded	 crystalline	 [Cu2(µ‐η1:η1‐Ph)DPFN](NTf2)2	 (1.7)	 in	 high	
yield	(90%).		
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X‐ray	quality	crystals	were	grown	by	vapor	diffusion	of	diethyl	ether	into	an	o‐C6H4F2	

solution	of	1.7	at	–35	°C.	The	solid‐state	structure	of	1.7 (Figure	1.4)	reveals	that	the	bridging	
phenyl	ligand	is	now	bound	unsymmetrically	rather	than	symmetrically	as	in	1.2.		From	an	
average	copper–carbon	bond	length	of	2.020	A	in	1.2,	one	copper–carbon	bond	(Cu1–C31)	
has	 lengthened	 to	2.077(5)	A	whereas	 the	other	 (Cu2–C31)	has	contracted	 to	1.940(6)	A	
(Table	1.1).		Similarly,	from	an	average	C34–C31–Cu	angle	of	143.7°	in	1.2,	the	phenyl	group	
is	significantly	tilted,	with	angles	of	119.9(2)	and	167.5(3)°.	Meanwhile,	the	Cu···Cu	distance	
has	shortened	only	slightly,	to	2.3809(5)	A.	In	addition,	although	in	complex	1.2 both copper 
centers	 exhibit	 similar	 bond	 lengths	 to	 the	 naphthyridine	 nitrogen	 atoms,	 in	 1.7	 these	
distances	have	shortened	and	diverged	to	2.030(4)	and	1.977(4)	A,	respectively.	

	
Figure 1.4.	Solid‐state	structure	of	1.7	as	determined	by	single	crystal	X‐ray	diffraction.	Two	
NTf2–	anions	and	hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	
probability	level.	
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Table 1.1. Selected Distances, Bond Lengths, and Angles for the [Cu2(µ-η1:η1-
Ph)DPFN]+/++ Cation and Dication  

distance (Å) or angle (°) cation dication 

Cu···Cu	 2.3927(5)	 2.3809(5)	
Cu1–C31	 2.023(2)	 2.077(5)	
Cu2–C31	 2.016(2)	 1.940(6)	
Cu1–N1	 2.095(2)	 2.030(4)	
Cu2–N2	 2.074(2)	 1.977(4)	

C34–C31–Cu1	 144.4(1)	 119.9(2)	
C34–C31–Cu2	 143.0(1)	 167.5(3)	

	
The	unsymmetric	binding	of	the	bridging	phenyl	group,	at	least	at	low	temperatures	

and	in	the	solid‐state,	suggests	that	the	unpaired	electron	might	be	at	least	partially	localized	
on	 one	 copper	 center	 and	 that	 complex	 1.7	 might	 be	 best	 described	 as	 spin‐localized	
(Cu2(I,II))	rather	than	delocalized	(Cu2(1.5,1.5)).	This	localization	appears	to	exist	despite	a	
Cu···Cu	distance	in	1.7 that	is	shorter	than	those	observed	in	many	spin‐delocalized	copper	
complexes	 (2.4	 to	2.9	A),	which	would	ostensibly	 suggest	 that	 the	electron	hole	 could	be	
delocalized.35–37		

Similar	unsymmetric	binding	of	an	unsupported	bridging	phenyl	group	between	two	
first‐row	 transition	 metals	 was	 previously	 observed	 by	 Beck	 and	 Johnson.38	 Addition	 of	
Ph3SiH	 to	 [(iPr3P)2Ni]2(μ‐η1:η1‐N2)	 generated	 a	 dinickel	 complex,	 [(iPr3P)Ni]2(μ‐C6H5)(μ‐
SiHPh2).	 In	 the	 solid‐state,	 the	 two	 nickel	 centers	 are	 separated	 by	 2.408(1)	 A,	 which	 is	
slightly	 longer	 than	 the	 Cu···Cu	 distance	 observed	 in	1.7.	 Compared	 to	1.7,	 the	 dinickel	
complex	has	a	significantly	smaller	difference	between	the	two	Ni–Cipso	bonds	(1.958(7)	and	
1.892(5) A),	 but	 a	 larger	 difference	 between	 the	 Cpara–Cipso–M	 angles	 (109.1(3)	 and	
173.3(3)°).		

On	 the	 basis	 of	 the	 crystallographically‐determined	 solid‐state	 structure,	 two	
hypotheses	could	be	developed.		First,	the	unsymmetrical	binding	mode	for	the	phenyl	group	
in	 1.7	 might	 simply	 be	 a	 consequence	 of	 crystal	 packing	 forces.	 Alternatively,	 this	 bent	
structure	 could	 result	 from	 an	 electronic	 preference	 and	 possibly	 represent	 one	 of	 two	
equivalent,	energetic	minima	that	could	be	in	rapid	equilibrium	in	solution	(eq	1.7).	

	
Assuming	 spin	 localization,	 formal	 oxidation	 states	 can	be	 assigned	on	 the	basis	 of	 bond	
distances.	 Significantly	 shorter	 bonds	 to	 Cu2	 from	 both	 the	 ipso‐carbon	 (C31)	 and	 its	
naphthyridine	nitrogen	(N2)	suggest	that	it	can	be	assigned	as	Cu(II).	As	a	result	Cu1,	which	
appears	to	interact	slightly	more	with	the	π‐system	of	the	bridging	phenyl,	can	be	assigned	
as	Cu(I).		

Regardless	 of	 the	 degree	 of	 spin	 localization,	 complex	 1.7	 is	 a	 rare	 example	 of	 a	
persistent	mixed‐valence	organocopper	complex	and	to	our	knowledge	represents	the	first	
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discrete,	 isolable	 example.	 Numerous	 attempts	 to	 isolate	 mixed‐valence	 organocopper	
species	 have	 been	 unsuccessful,	 and	 such	 short‐lived	 species	 have	 only	 been	 studied	
spectroscopically	 or	 electrochemically.34	 In	 addition,	 1.7	 is	 an	 organocopper	 complex	 in	
which	 the	 Cu(II)‐bound	 hydrocarbyl	 is	 not	 a	 component	 of	 a	 multidentate	 ligand.	 In	
comparison,	 most	 Cu(II)	 and	 Cu(III)	 organocopper	 species	 rely	 on	 incorporating	 the	
hydrocarbyl	moiety	into	a	rigid	polydentate	ligand	(e.g., N‐confused	porphyrin	derivatives,	
azacalix[1]arene[3]pyridines,	 or	 tris(2‐pyridylthio)methane)	 or	 using	 very	 electron‐
withdrawing	organic	perfluorocarbyls	that	stabilize	high	oxidation	states	(i.e.	–CF3).2,3	In	fact,	
the	few	reported	high‐valent	(Cu(II)	or	Cu(III))	arylcopper	species	all	incorporate	the	aryl	
moiety	 into	a	polydentate	 ligand.14,39–41	Upon	heating	at	60	 °C	 in	THF‐d8	over	2	days,	1.7	
decomposes	to	a	mixture	diamagnetic	and	paramagnetic	products,	with	the	production	of	
benzene	(ca.	0.2	equiv),	and	no	evidence	was	obtained	of	C6H5D	formation,	as	determined	by	
1H,	2H,	and	19F	NMR	spectroscopy. 

SPECTROSCOPY OF A MIXED-VALENCE ORGANOCOPPER COMPLEX 

Mixed‐valence	dicopper	coordination	complexes	and	biological	active	sites	have	been	
well‐documented,35,42–49	 but	 such	 species	 are	 quite	 rare	 in	 organocopper	 chemistry.	 In	
spectroscopic	investigations	of	these	coordination	complexes,	particular	attention	has	been	
devoted	 to	 characterization	 of	 the	 degree	 of	 electron	 delocalization	 between	 the	 copper	
centers,	 which	 could	 help	 distinguish	 between	 the	 two	 aforementioned	 hypotheses.	 To	
characterize	 more	 fully	 the	 nature	 of	 the	 possibly	 distinct	 copper	 centers	 and	 spin	
localization	in	1.7,	various	spectroscopic	studies	were	conducted.		

Despite	the	paramagnetism	exhibited	by	1.7,	in	THF‐d8	at	23	°C,	two	distinct	fluorine	
resonances	at	–78.98	and	–172.66	ppm	(vs	CFCl3)	are	observed	by	19F	NMR	spectroscopy	
(Figure	 S1.14).	 Integration	 suggests	 that	 the	 former	 resonance	 can	 be	 assigned	 to	NTf2–,	
whereas	 the	 latter	 can	 be	 assigned	 to	 the	 complexed	 ligand.	 The	 ligand	 resonance’s	
appearance	as	a	broad	singlet	is	consistent	with	both	hypotheses:	the	phenyl	group	adopting	
a	 symmetric	 bridging	 mode	 in	 solution	 or	 rapidly	 interconverting	 between	 two	 bent	
structures	on	the	NMR	time	scale.	Upon	cooling	a	solution	of	1.7	to	–78	°C,	both	resonances	
shifted	 slightly	 upfield	 and	 broadened,	 but	 neither	 resolved	 into	 separate	 peaks	 (Figure	
S1.15).		

Upon	addition	of	increasing	quantities	of	1.6	to	1.7, the broad	resonance	at	–172.66	
ppm	 sharpened	 and	 shifted	 upfield,	 approaching	 the	 19F	 ligand	 resonance	 of	1.6,	 which	
suggests	that	self‐exchange	of	an	electron	occurs	(Figures	S1.16‐S1.19).50–52	Unfortunately,	
as	has	been	observed	for	other	dicopper	systems	with	fast	exchange,36	the	self‐exchange	rate	
could	 not	 be	 accurately	measured	 because	 the	 broadening	 attributable	 to	 exchange	was	
comparable	with	the	errors	in	our	line	width	estimates	(Figure	S1.19).			

Many	mixed‐valence	 complexes	 exhibit	 characteristic	 intervalence	 charge	 transfer	
(IVCT)	bands.	An	electronic	spectrum	of	a	solution	of	1.7	revealed	an	intense	near‐IR	(NIR)	
absorption	not	observed	in	1.6	(Figure	1.5),	tentatively	assigned	to	IVCT.	To	analyze	the	band,	
the	UV‐visible‐NIR	(UV‐vis‐NIR)	spectrum	of	1.7,	between	5,952	and	25,380	cm–1,	was	fit	to	
a	 sum	 of	 Gaussian	 curves,	 and	 a	 minimum	 of	 four	 curves	 were	 required	 to	 provide	 a	
satisfactory	fit	(Figure	S1.20).	The	Gaussian‐shaped	NIR	band	is	centered	around	11,086	cm–

1	(902	nm)	and	is	relatively	low	in	intensity	(εmax	=	2478	M–1·cm–1)	compared	to	reported	
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IVCT	bands53	and	broad	(fwhm:	3409	cm–1),	suggesting	that	the	complex	is	electronically	at	
least	 partially	 localized	 or	 Class	 II	 according	 to	 the	Robin–Day	 classification	 scheme.53–55	
Employing	the	theoretical	framework	developed	by	Hush,	the	IVCT	band	parameters	can	be	
used	to	estimate	the	ground‐state	delocalization	parameter	(α2).45,55	For	1.7	 in	THF,	 	α2	 	
0.057,	 which	 is	 also	 consistent	 with	 a	 Class	 II	 designation	 and	 supports	 the	 second	
hypothesis.		

	

	

Figure 1.5.	UV‐vis‐NIR	spectra	of	THF	solutions	of	1.6	and	1.7.		

 

Another	 well‐known	 characteristic	 of	 electronic	 localization	 in	 mixed‐valence	
complexes	is	IVCT	band	solvatochromism.56	A	deconvolution	of	the	UV‐vis‐NIR	spectrum	of	
1.7	 in	o‐C6H4F2	 located	 the	 IVCT	band	 centered	 at	 10,966	 cm–1	 (912	nm)	 (Figure	 S1.21).	
Compared	to	the	band	observed	in	THF	(902	nm),	there	is	a	small	shift	to	lower	energy,	which	
is	opposite	of	that	expected	by	Hush’s	theory	for	the	effect	of	solvent	polarity	on	IVCT	band	
energies.55	The	close	Cu···Cu	distance	may	explain	why	solvatochromism	 is	not	observed;	
Hush’s	 theory	 only	 predicts	 solvatochromism	 if	 the	 distance	 between	 metal	 centers	 is	
significantly	greater	than	their	respective	radii,	which	is	not	the	case	in	1.7. 

Dicopper	complexes	can	also	be	classified	as	either	Class	I,	 II,	or	III	on	the	basis	of	
temperature	dependence	of	their	respective	continuous‐wave	(cw)	EPR	spectral	signatures.	
In	particular,	Class	II	dicopper	complexes	present	temperature‐dependent	EPR	spectra.42,43	
The	spectra	acquired	at	lower	temperatures	typically	consist	of	four	peaks,	indicating	that	
the	unpaired	electron	spin	(S	=	1/2)	is	localized	primarily	on	the	Cu(II)	ion	(nuclear	spin	I	=	
3/2)	in	the	dicopper	Cu(I)–Cu(II)	complex.	At	higher	temperatures,	the	EPR	spectra	of	a	Class	
II	 complex	often	 exhibits	 seven	peaks,	 consistent	with	delocalization	of	 the	 electron	 spin	
between	both	of	the	Cu	ions.	In	contrast,	Class	III	dicopper	complexes,	sometimes	denoted	as	
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average‐valence	 or	 Cu(1.5)–Cu(1.5),	 display	 EPR	 spectra	 typically	 consisting	 of	 seven	
hyperfine	peaks	at	both	low	and	high	temperature.35,46,48		

Thus,	 to	 examine	 the	 extent	 and	 possible	 temperature‐dependence	 of	 spin	
localization,	the	electronic	structure	of	1.7	was	directly	probed	with	variable‐temperature	
cw X‐band	EPR	 spectroscopy.	The	EPR	 spectrum	of	 a	 frozen	 sample	 of	1.7 in	THF	 in	 the	
temperature	range	of	4–150	K	displayed	four	distinct	peaks	centered	at	g	≈	2	(Figure	S1.22).	
Similar	EPR	spectra	were	obtained	for	a	frozen	solution	of	1.7	in	1:1	o‐C6H4F2/diethyl	ether	
(Figure	 S1.23).	A	 spectral	 simulation	of	 an	 electron	 spin	with	 electron–nuclear	hyperfine	
interactions	for	a	single	Cu	center	provided	an	excellent	fit	of	the	experimental	EPR	spectrum	
of	1.7	 in	THF	at	100	K	(Figure	1.6).	The	hyperfine	parameters	employed	in	the	numerical	
simulation	 are	 in	 good	 agreement	 with	 parameters	 previously	 reported	 for	 dicopper	
complexes.42,43,57	

	

	

Figure 1.6.	Experimental	(black	trace)	and	simulated	(red	trace)	cw	EPR	spectra	of	1.7	 in	
THF	at	100	K.	The	numerical	simulation	was	obtained	with	g	values	of	g1	=	2.032,	g2	=	2.096,	
g3	=	2.159	and	principal	hyperfine	components	of	A1Cu	=	191.9,	A2Cu	=	65.8,	A3Cu	=	29.6	×	10–
4	T.	

 

At	 temperatures	 between	 150	 and	 278	 K,	 the	 four	 peaks	 observed	 in	 the	 EPR	
spectrum	of	1.7	(Figure	1.6)	merged	into	a	single	resonance	that	persisted	to	295	K	(Figure	
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S1.24).	However,	compared	to	the	spectrum	of	1.7	at	100	K,	the	spectrum	recorded	at	240	K	
displayed	 a	 larger	 number	 of	 hyperfine	 peak	 splittings	 (Figure	 1.7).	 The	 appearance	 of	
additional	 hyperfine	 structure	 in	 the	 EPR	 spectrum	 of	 1.7	 at	 240	 K	 suggests	 partial	
delocalization	of	 the	unpaired	 electron	 spin	over	 the	 two	 copper	 centers	 in	 the	 complex.	
Using	the	hyperfine	interaction	parameters	obtained	from	the	simulation	of	the	spectrum	
collected	at	100	K,	numerical	simulations	of	isotropic	spectra	suggest	that	the	EPR	spectrum	
of	1.7	 at	240	K	 is	a	combination	of	 spectra	with	 four‐	and	seven‐line	patterns	due	 to	 the	
presence	of	a	mixture	of	spectrally	distinct	species	with	the	electron	spin	on	either	one	or	
two	 Cu	 centers,	 respectively	 (Figure	 S1.25).	 In	 addition,	 it	 was	 observed	 that	 the	 EPR	
spectrum	of	1.7	 at	240	K	 is	 inhomogeneously	broadened,	 likely	as	a	 result	of	unresolved	
hyperfine	 interactions	 and/or	 fluxional	 behavior,	 such	 as	 flipping	 of	 the	 bridging	 phenyl	
between	the	metal	centers.	Previously	reported	mixed‐valence	dicopper	complexes	possess	
more	 rigid	 core	 structures	 in	 comparison	with	1.7,	 whose	μ‐phenyl	 ligand	 is	 potentially	
conformationally	flexible	and	can	alter	the	symmetry	of	the	dicopper	core.		

											

	

Figure 1.7.	Experimental	cw	EPR	spectrum	of	1.7	 in	THF	at	240	K.	The	blue	vertical	lines	
highlight	the	peak	splittings	due	to	hyperfine	interactions	with	one	and	two	Cu	nuclei.	

 

The	low‐temperature	EPR	spectra	with	four	peaks	and	increased	hyperfine	structure	
at	higher	temperatures	displayed	by	1.7	are	characteristic	of	a	Class	II	Cu(I)Cu(II)	complex.	
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Moreover,	 the	 observed	 coupling	 to	 only	 one	 copper	 center	 in	 the	 solid	 state	 and	 at	 low	
temperatures	further	supports	the	second	hypothesis,	that	the	phenyl	tilting	is	driven	by	an	
electronic	effect.						

ELECTRONIC STRUCTURE CALCULATIONS 

The	spin	localization	observed	by	cw	EPR	spectroscopy	prompted	exploration	of	the	
electronic	 structure	 of	 complex	 1.7.	 Initial	 DFT	 calculations	 suggested	 significant	 spin	
delocalization,	 inconsistent	 with	 the	 spectroscopic	 results.	 Previous	 analyses	 have	
documented	 a	 tendency	 of	 DFT	 calculations	 to	 artificially	 stabilize	 delocalized	 states,	
compared	to	localized	states,	when	calculating	spin	density.58,59	Specifically,	unpaired	spin	
density	 often	 suffers	 from	 overdelocalization	 due	 to	 the	 “self‐interaction	 error”	 (or	
“delocalization	error”),	which	arises	from	the	use	of	an	approximate	exchange‐correlation	
functional.60,61	 As	 a	 result,	 although	 reasonable	 energies	 and	 structures	 can	 typically	 be	
calculated	 from	 DFT	 approaches,	 electron	 localization	 cannot	 in	 general	 be	 reliably	
determined.	

The	 use	 of	 a	 range‐separated	 hybrid	 functional,	 which	 utilizes	 an	 attenuator	 that	
smoothly	transitions	the	Coulomb	potential	from	a	fraction	of	Hartree–Fock	(HF)	exchange	
(also	 referred	 to	 as	 “exact	 exchange”)	 at	 short‐range	 to	 full	 HF	 exchange	 at	 long‐range,	
partially	mitigates	this	delocalization	problem	and	can	lead	to	better	performance.62	Indeed,	
optimization	of	the	crystallographically	determined	structure	of	the	dication	of	1.7	with	the	
range‐separated	ωB97X‐D	functional63	in	the	6‐31+G**	basis	set,	reproduces	the	observed	
structure	closely,	but	analysis	of	the	unpaired	spin	density	shows	it	to	be	highly	delocalized	
(35%	on	Cu1	and	29%	on	Cu2).	However,	a	calculation	of	the	unpaired	spin	density	using	HF	
theory	or	SF‐CAS64	shows	the	spin	almost	completely	localized	on	one	metal	center	(1.1%	on	
Cu1	and	95%	on	Cu2,	Figure	1.8).	This	localization	is	consistent	with	both	the	estimate	of	the	
ground‐state	 delocalization	 parameter	 (α2	 ≈	 0.057)	 from	 the	 analysis	 of	 the	 IVCT	 band	
parameters	and	the	observation	of	coupling	to	only	one	Cu	center	by	low‐temperature	EPR	
spectroscopy.	



 

16 
 

	

Figure 1.8.	Spin‐density	map	calculated	using	SF‐CAS,	visualized	with	an	isosurface	of	0.002,	
which	encapsulates	all	spin	density	up	to	0.2%.	

To	 demonstrate	 that	 the	 difference	 between	 the	 computational	 approaches	 is	
attributable	to	the	delocalization	error	of	DFT,	the	unpaired	spin	localization	was	calculated	
employing	several	long‐range‐corrected	DFT	functionals	with	an	increasing	fraction	of	short‐
range	 HF	 exchange,	 along	 with	 a	 standard	 hybrid	 functional,	 B3LYP,	 which	 uses	 a	 fixed	
amount	(20%)	of	HF	exchange	at	all	ranges	of	the	Coulomb	operator	(Figures	SCD1.1	and	
SCD1.2).	 These	 results	 show	 that	 an	 increasing	 amount	 of	HF	 exchange	 and	 concomitant	
decrease	in	the	self‐interaction	error	produce	electron	spin	density	that	is	more	localized.		

CONCLUDING REMARKS 

The	aforementioned	 results	demonstrate	unexpected	electrophilicity	of	 a	 first‐row	
metal	 complex	 and	 merge	 two	 historically	 distinct	 concepts	 in	 copper	 chemistry:	
organocopper	complexes	and	mixed‐valence	dicopper	species.	 	An	unusually	electrophilic	
dicopper	complex	with	a	 labile,	bridging	acetonitrile	 ligand	was	 found	to	abstract	an	aryl	
group	from	a	range	of	tetraarylborato	anions	and	kinetically	stabilize	the	aryl	moiety	as	a	
bridging	ligand.	The	resulting	μ‐aryl	groups	bind	symmetrically,	and	the	cations’	solid‐state	
structures	 appear	 to	persist	 in	 solution.	 Surprisingly,	 the	 arylcopper	 complexes	 exhibited	
chemically	reversible	redox	couples,	and	the	oxidized	product	of	the	phenylcopper	complex	
could	be	synthesized,	isolated,	and	structurally	and	spectroscopically	characterized.	It	is	an	
example	of	both	a	discrete	mixed‐valence	and	Cu(II)‐containing	organocopper	complex.	Its	
solid‐state	structure	suggests	spin	localization	despite	a	Cu···Cu	distance	that	is	shorter	than	
that	reported	in	most	spin‐delocalized	complexes.	Analysis	of	a	well‐resolved	NIR	band	and	
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variable‐temperature	EPR	spectroscopy	evidence	that	the	spin	localization	is	temperature‐
dependent,	consistent	with	previously	reported	dicopper	Class	II	coordination	complexes.	
The	high	degree	of	spin	localization	observed	by	EPR	at	low	temperatures	and	estimated	by	
analysis	 of	 the	 IVCT	 transition	 is	 also	 consistent	with	 electronic	 structure	 calculations	 of	
unpaired	spin	density.	This	localization	could	be	enabled	by	the	conformationally	flexible	μ‐
phenyl	group.			

This	work	establishes	the	structure	of	mixed‐valence	organocopper	complexes,	and	
we	 expect	 that	 this	 class	 of	 compounds	 could	 provide	 new	 synthetic	 targets	 for	 the	
development	 of	 reagents	 and	 catalysts	 that	 might	 exhibit	 yet	 undiscovered	 reactivity.	
Moreover,	they	could	serve	as	intermediates	in	reactions	that	were	previously	only	partially	
explained	by	mononuclear	copper	complexes	or	binuclear	complexes	containing	only	Cu(I)	
or	Cu(II).10,65	
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EXPERIMENTAL DETAILS  

General Considerations.	 Unless	 otherwise	 stated,	 all	 reactions	 and	manipulations	were	
carried	out	in	a	dry	nitrogen	atmosphere	employing	either	standard	Schlenk	techniques	or	
VAC	Atmosphere	or	MBRAUN	gloveboxes.		

Pentane	(HPLC	grade),	toluene	(ACS	grade),	and	acetonitrile	(HPLC	grade)	were	purchased	
from	Fischer	Scientific.	Diethyl	ether	(HPLC	grade)	and	dichloromethane	(DCM)	(HPLC	grade)	
were	 purchased	 from	Honeywell.	 Hexanes	 (HPLC	 grade)	were	 purchased	 from	 JT	Baker.	
Tetrahydrofuran	 (THF)	 (ChromAR®)	 was	 purchased	 from	 Macron	 Fine	 Chemicals,	 and	
ortho‐difluorobenzene	(o‐C6H4F2)	was	purchased	from	Oakwood.	Pentane,	toluene,	diethyl	
ether,	 tetrahydrofuran,	 acetonitrile,	 dichloromethane,	 and	 ortho‐difluorobenzene	 were	
dried	and	deaerated	using	a	 JC	Meyers	Phoenix	SDS	solvent	purification	system.	Hexanes	
were	 dried	 and	 deaerated	 using	 a	 VAC	 Atmosphere	 solvent	 purification	 system.	
Nitrobenzene‐d5	(C6D5NO2),	tetrahydrofuran‐d8	(THF‐d8),	and	dichloromethane‐d2	(CD2Cl2)	
were	purchased	 from	Cambridge	 Isotope	Laboratories.	Nitrobenzene‐d5	was	degassed	by	
three	freeze‐pump‐thaw	cycles	and	stored	in	the	dark,	under	nitrogen	over	3	Å	molecular	
sieves.	Tetrahydrofuran‐d8	was	dried	over	sodium	and	benzophenone,	degassed	by	 three	
freeze‐pump‐thaw	cycles,	and	stored	under	nitrogen	over	3	Å	molecular	sieves.	Deaerated	
water	 was	 obtained	 from	 a	 Millipore	 Milli‐Q	 water	 purification	 system,	 sparged	 with	
nitrogen	for	24	hours,	and	stored	in	a	PTFE‐valved	flask.	All	other	solvents	were	obtained	
from	 commercial	 suppliers,	 distilled	 or	 transferred	 under	 reduced	 pressure	 from	
appropriate	drying	reagents,	and	stored	in	PTFE‐valved	flasks.	

Tetrakis(acetonitrile)copper(I)	 hexafluorophosphate	 ([Cu(MeCN)4]PF6)	 was	 purchased	
from	Sigma‐Aldrich.	Cupric	oxide	(analytical	reagent	grade,	wire	form)	was	purchased	from	
Mallinckrodt	Chemical	Works.	Triflimidic	acid	(95+%)	was	purchased	from	Matrix	Scientific.	
Sodium	 tetraphenylborate	 (99.5+%)	 was	 purchased	 from	 Alfa	 Aesar.	 Potassium	
tetrakis(pentafluorophenyl)borate	 (KBArF20)	 was	 generously	 donated	 by	 the	 Boulder	
Scientific	Company.	Silver	bis(trifluoromethanesulfonyl)imide	(silver	triflimide,	97%)	was	
purchased	 from	 Sigma‐Aldrich.	 Selectfluor®	 (1,4‐diazoniabicyclo[2.2.2]octane,	 1‐
(chloromethyl)‐4‐fluoro‐,	 tetrafluoroborate(1‐)	 (1:2))	was	purchased	 from	Sigma‐Aldrich,	
ground	with	 a	mortar	 and	 pestle,	 and	 dried	 in vacuo	 for	 six	 days.	 Tetrabutylammonium	
hexafluorophosphate	 (99.0+%)	 was	 obtained	 from	 Fluka	 and	 dried	 in vacuo.	
Pentafluorobenzene	was	obtained	from	Oakwood	Products,	Inc.,	degassed	by	three	freeze‐
pump‐thaw	cycles,	and	stored	under	nitrogen	over	3	Å	molecular	sieves	

Standard	literature	procedures	were	followed	to	synthesize tetrakis(acetonitrile)copper(I)	
triflimide	 ([Cu(MeCN)4]NTf2),1	 sodium	 tetrakis[(3,5‐trifluoromethyl)phenyl]borate	
(NaBArF24),2	di(pyridin‐2‐yl)methane,3,4	and	2,7‐dichloro‐1,8‐naphthyridine.5	Di(pyridin‐2‐
yl)methane	was	vacuum‐distilled	and	stored	under	nitrogen	at	–35	°C,	eventually	freezing	at	
this	temperature.	Unless	otherwise	noted,	all	other	reagents	were	obtained	from	commercial	
suppliers	and	used	without	further	purification.	
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Analytical Methods Details.	 Carbon,	 hydrogen,	 and	 nitrogen	 elemental	 analyses	 were	
performed	 by	 the	 College	 of	 Chemistry’s	 Microanalytical	 Facility	 at	 the	 University	 of	
California,	Berkeley.		

NMR Spectroscopy.	Unless	otherwise	stated,	NMR	spectra	were	acquired	between	294	and	
298.5	K	using	Bruker	AV‐400,	AV‐500,	 and	AV‐600	spectrometers.	 1H	NMR	spectra	were	
referenced	to	residual	solvent	peaks	(δ	8.11	for	C6D5NO2)	as	were	13C{1H}	NMR	spectra	(δ	
148.6	for	C6D5NO2).6	In	deuterated	solvents,	19F	NMR	spectra	were	internally	referenced	to	
the	1,3,5‐tris(trifluoromethyl)benzene	resonance	(δ	–63.17	ppm	vs	CFCl3	in	C6D6	at	24	°C,	δ	
–62.97	ppm	vs	CFCl3	in	THF‐d8	at	22	°C,	δ	–62.73	ppm	vs	CFCl3	in	C6D5NO2	at	23	°C),	which	
was	in	turn	referenced	to	dissolved	CFCl3,	which	was	set	to	0.00	ppm.	Spectra	of	compounds	
dissolved	in	neat	ortho‐difluorobenzene	were	obtained	without	lock	and	by	shimming	on	the	
proton	 spectrum.	 For	 1H	 NMR	 spectroscopy,	 these	 spectra	 were	 referenced	 to	
tetramethylsilane	and	 for	 19F	NMR	spectroscopy,	 these	spectra	were	referenced	 to	either	
1,3,5‐tris(trifluoromethyl)benzene	(δ	–63.58	ppm	vs	CFCl3	in	ortho‐difluorobenzene	at	23	°C)	
or	the	solvent	fluorine	resonance	(δ	–138.91	ppm	vs	CFCl3	in	ortho‐difluorobenzene	at	23	°C).	
Temperatures	were	calibrated	using	methanol	standards.	All	NMR	spectra	were	analyzed	
and	spin	simulations	were	performed	with	MestReNova	(v.	10.0.2).	Spectra	included	in	the	
SI	were	annotated	in	Adobe	Illustrator	CS6.		In	addition,	solution	magnetic	susceptibilities	
were	 determined	 by	 1H	 NMR	 spectroscopy	 using	 Evans’	 method7	 as	 modified	 for	
measurements	in	modern	spectrometers.8,9		

Samples	to	examine	self‐exchange	were	prepared	inside	a	nitrogen‐filled	glovebox.	 	Stock	
solutions	 of	 1.6	 and	 1.7	 were	 prepared	 with	 THF‐d8	 containing	 1,3,5‐
tris(trifluoromethyl)benzene	(1.6	mM).	Using	oven‐dried,	glass	100	μL	syringes,	appropriate	
amounts	of	these	stock	solutions	were	added	to	oven‐dried	JY	tubes	and	then	diluted	to	0.5	
mL.	Solutions	were	prepared	at	mole	fractions	of	0.0,	0.25,	0.50,	0.75,	and	1.00	of	complex	
1.6	in	a	solution	of	complex	1.7,	keeping	the	total	concentration	of	each	solution	at	0.8	mM.	
These	tubes	were	sealed	with	PTFE	low	pressure/vacuum	adapters	and	stored	cold	(–78	°C)	
and	in	the	dark	until	inserted	into	the	spectrometer.	All	measurements	of	these	samples	were	
obtained	at	29	°C	at	376.45	MHz	with	480	scans	and	a	relaxation	delay	of	3	seconds.		

EPR Spectroscopy.	The	EPR	spectra	were	obtained	on	a	custom‐designed	continuous‐wave	
(cw)/pulsed	X‐band	Bruker	Elexsys	580	EPR	 spectrometer.	The	variable‐temperature	cw	
EPR	 measurements	 were	 performed	 with	 a	 dual‐mode	 resonator	 ER	 4116‐DM	 (Bruker	
BioSpin,	 Billerica,	 MA)	 that	 was	 equipped	 with	 a	 continuous‐flow	 helium	 E900	 cryostat	
(Oxford	 Instruments,	 Oxfordshire,	 U.K.)	 employing	 liquid	 nitrogen	 for	 temperatures	
between	 80	 and	 278	 K	 and	 liquid	 helium	 for	 temperatures	 between	 4	 and	 70	 K.	 The	
operating	frequency	of	the	ER	4116‐DM	resonator	in	the	perpendicular	mode	was	9.38	GHz,	
and	 the	 spectra	were	 acquired	with	 a	modulation	 frequency	of	 100	kHz	 and	modulation	
amplitude	of	2‐4	G.	Under	strictly	anaerobic	conditions,	a	sample	of	1.7	was	dissolved	 in	
either	THF	or	 a	mixture	 of	 1:1	 diethyl	 ether/o‐C6H4F2.	 Samples	 in	THF	were	0.6	mM	 for	
spectra	recorded	below	150	K	and	7.5	mM	for	spectra	at	and	above	150	K.	Samples	in	1:1	
diethyl	ether/o‐C6H4F2	were	saturated	and	filtered	to	remove	any	undissolved	material.	The	
resulting	solutions	were	sealed	in	4	mm	quartz	EPR	tubes	(Wilmad	Labglass,	Vineland,	NJ)	
and	rapidly	frozen	at	77	K.	Samples	whose	spectra	were	recorded	in	solution	were	similarly	
prepared	and	sealed	in	EPR	tubes	with	PTFE	low	pressure/vacuum	adapters.	
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Spectral	simulations	were	performed	with	the	EasySpin	toolbox	(v.	5.0.11)10	in	MATLAB	(v	
8.5,	 R2015a).	 The	 EPR	 spectra	 of	 the	 frozen	 solutions	 were	 simulated	 using	 the	 pepper	
function	that	is	designed	to	simulate	EPR	powder	patterns.	The	solution	state	EPR	spectra	
were	simulated	with	the	garlic	function	that	is	designed	to	simulate	spectra	in	the	fast	motion	
limit,	including	isotropic	spectra.	The	numerical	simulations	included	either	one	or	two	Cu	
ions	with	a	rhombic	g	tensor	and	hyperfine	tensor(s)	for	the	interaction	of	the	electron	spin	
with	the	I	=	3/2	nuclear	spin(s).	

IR Spectroscopy.	Infrared	spectra	of	complexes	1.1, 1.2, 1.5, and 1.6	were	recorded	with	a	
Bruker	Vertex	80	FTIR	Spectrometer	either	with	a	 liquid‐nitrogen	cooled	MCT	or	a	room	
temperature	DLaTGS	detector	using	OPUS	software	(v.	7.2).	Measurements	via	ATR	were	
recorded	employing	an	A225/Q	Platinum	ATR	accessory.	Infrared	spectra	of	complexes	1.3, 
1.4,	 and	1.7	 were	 recorded	 on	 a	 Bruker	 Alpha‐P	 ATR	 using	 OPUS	 software	 (v.	 6.5).	 All	
measurements	were	made	at	4.0	cm–1	resolution.		

UV-Visible(-NIR) Spectroscopy.	 Samples	 for	 UV‐Visible(‐NIR)	 spectrophotometry	 were	
prepared	in	a	nitrogen‐filled	glovebox	and	sealed	in	1‐cm,	air‐free	quartz	cells.	UV‐Visible	
spectra	 of	 complexes	 1.1 – 1.6	 were	 obtained	 on	 a	 Shimadzu	 UV‐2450	 UV‐Visible	
spectrophotometer	 using	 UVProbe	 software	 (v.	 2.21).	 UV‐visible	 spectra	 of	 complex	1.7	
were	 obtained	 on	 a	 Varian	 Cary	 50	 UV‐Visible	 spectrophotometer	 using	 Cary	 WinUV	
software	(v.	3.00(182)).	UV‐Visible‐NIR	spectra	of	complexes	1.6 and	1.7	were	obtained	on	
a	Varian	Cary	5000	using	Cary	WinUV	software	(v.	3.00(339)).	Data	analysis,	including	peak‐
finding	 and	 non‐linear	 curve	 fitting	 of	 multiple	 Gaussian	 curves	 to	 UV‐Visible‐NIR	 data	
(converted	to	wavenumbers11),	was	performed	with	OriginPro	8	(v.	8.0951).	

X-Ray Crystallography.	X‐ray	diffraction	data	for	complexes	1.1,	1.2,	1.5,	1.6,	and	1.7	were	
collected	using	a	Bruker	AXS	diffractometer	with	a	Kappa	geometry	goniostat	coupled	to	an	
APEX‐II	CCD	detector	with	Mo	Kα	(λ	=	0.71073	Å)	radiation	generated	by	a	microfocus	sealed	
tube	and	monochromated	by	a	system	of	QUAZAR	multilayer	mirrors.	X‐ray	diffraction	data	
for	complex	1.3	were	collected	using	a	Bruker	AXS	diffractometer	with	a	Kappa	geometry	
goniostat	coupled	to	an	APEX‐II	CCD	detector	with	Cu	Kα	(λ	=	1.5418	Å)	radiation	generated	
by	 a	 microfocus	 rotating	 anode	 and	 monochromated	 by	 a	 system	 of	 HELIOS	 multilayer	
mirrors.	Unless	otherwise	noted,	crystals	were	kept	at	100(2)	K	throughout	collection.	Data	
collection	strategy	determination,	integration,	scaling,	and	space	group	determination	were	
performed	with	Bruker	APEX2	software	 (v.	2011.4,	2014.1,	or	2014.11).	Structures	were	
solved	by	SHELXS‐2013	direct	methods,	SHELXT‐2014,	or	Superflip	V04/17/13	and	refined	
with	SHELXL‐2014,	with	refinement	of	F2	on	all	data	by	full‐matrix	least	squares.12–14	The	3D	
molecular	 structure	 figures	 were	 visualized	 with	 ORTEP	 3.2	 and	 annotated	 with	 Adobe	
Illustrator	CS6.		

Disordered	solvent	molecules	were	observed	in	the	crystal	structures	of	complexes	1.1,	1.2,	
1.5,	 1.6,	 and	 1.7. Whenever	 possible,	 co‐crystallizing	 solvent	 molecules	 were	 modeled	
atomistically.	However	for	complex	1.7,	the	structure	contained	a	void	partially	occupied	by	
highly	 disordered	 solvent	 molecules,	 likely	 approximately	 two	 equivalents	 of	 ortho‐
difluorobenzene.	SQUEEZE	was	employed	to	treat	electron	density	in	the	voids	as	a	diffuse	
solvent	contribution	to	the	calculated	structure	factors.15	Specific	details	of	each	experiment	
can	be	found	below	(Table	E1.1)	and	in	the	crystallographic	information	files.	
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Table E1.1: X-Ray Crystallography Experimental Details 

Compound	
Detector	Distance	

(mm)	
Image	Width		

(°)	
Exposure	Time	
(seconds)	

1.1·2.5(C6H5NO2) 40	 0.4	 20	
1.2·3(o‐C6H4F2) 40	 0.4	 10	

1.3·3(o‐C6H4F2) 60	 1.0	
5,	10,	15,	20		
(depending	on	

angle)	
1.5·n(o‐C6H4Cl2) 40	 0.5	 20	
1.6·2.5(C6H5F) 40	 0.5	 30	
1.7·n(o‐C6H4F2) 40	 0.6	 30	

	

Electrochemistry.	 All	 electrochemical	 experiments	 were	 performed	 inside	 an	 MBRAUN	
glovebox	 using	 a	 pass‐through	 consisting	 of	 gold	 plated	 tellurium	 copper	 binding	 posts	
connected	 to	 tinned	copper	conductors	shielded	with	Beldfoil®	and	 tinned	copper	braid.	
Experiments	employed	a	glassy	carbon	working	electrode	(polished	with	0.30	then	0.05	μm	
alumina	slurries,	rinsed	with	water,	and	dried	in vacuo),	a	platinum	wire	counter	electrode,	
and	a	Ag/AgNO3	reference	electrode	(0.1	M	[nBu4N][PF6],	AgNO3	(satd.)	in	THF,	–0.067	V	vs.	
[Cp2Fe]0/1+,	 constructed	 and	 measured	 against	 [Cp2Fe]0/1+	 immediately	 before	 use).	
Measurements	were	made	with	a	BASi	EC	Epsilon	potentiostat/galvanostat	and	a	PWR‐3	
Power	Module.	Sweep	direction	and	scan	rates	are	included	in	the	relevant	figures	or	their	
captions.	 Cyclic	 voltammograms	 were	 recorded	 in	 a	 0.1	 M	 tetrabutylammonium	
hexafluorophosphate	 ([nBu4N][PF6])	 solution	 in	 ortho‐difluorobenzene	 at	 22	 °C	 with	
software‐determined	 iR compensation	 applied.	 Data	 analysis,	 including	 peak‐finding	 and	
baseline	determination	employing	linear	regression,	was	performed	with	EC‐Lab	(v.	10.40).	
 

Synthesis of 2,7-bis(fluoro-di(2-pyridyl)methyl)-1,8-naphthyridine (DPFN). A	350	mL,	
PTFE‐valved	tube	was	charged	with	di(pyridin‐2‐yl)methane	(6.811	g,	40.0	mmol,	2.5	equiv)	
in	THF	(8	mL)	and	then	solid	NaH	(1.011	g,	42.1	mmol,	2.6	equiv)	suspended	in	THF	(24	mL).	
The	resulting	orange,	opaque	mixture	was	stirred	for	3.5	h	at	20	°C	and	vented	(although	no	
significant	 gas	 release	 was	 observed).	 To	 the	 mixture,	 2,7‐dichloro‐1,8‐naphthyridine	
(3.1840	g,	16.0	mmol)	and	more	NaH	(1.011	g,	42.1	mmol,	2.6	equiv)	suspended	in	THF	(30	
mL)	 were	 added.	 The	 dark	 purple	 mixture	 was	 carefully	 heated	 to	 80	 °C,	 venting	 as	
appropriate	 as	 the	 temperature	 rose.	 (A	 significant	 quantity	 of	 pressure	was	 released	 at	
approximately	70	°C.)	The	mixture	was	stirred	at	80	°C	for	42	h	and	became	dark	green.	The	
reaction	mixture	was	cooled	to	ca.	0	°C	in	an	ice‐water	bath	and	deaerated	water	(16	mL)	
was	added	dropwise	over	4	m,	affording	an	orange	mixture.	Dimethylamine	hydrochloride	
(3.263	g,	40.0	mmol,	2.5	equiv)	was	added,	and	the	mixture	was	stirred	for	30	m	at	0	°C	and	
then	over	1	h	allowed	to	warm	to	20	°C.	Volatile	compounds	were	removed	in vacuo,	with	
gentle	heating	to	40	°C.	To	the	red	material,	dichloromethane	(240	mL)	was	added,	and	the	
resulting	mixture	was	filtered.	The	filtrate	was	concentrated	in vacuo	affording	a	dark	red	
material	that	was	then	dissolved	in	acetonitrile	(180	mL).	To	the	mixture,	Selectfluor	(17.01	
g,	 48.0	mmol,	 3.0	 equiv)	was	 added,	 resulting	 in	 a	 slight	 exotherm	 and	 a	 lighter	 orange	
mixture	that	was	then	stirred	at	23	°C	for	25	h.	The	reaction	mixture	was	slowly	quenched	
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with	1	M	NaHCO3(aq)	 (12	mL)	 and	diluted	with	 additional	 1	M	NaHCO3(aq)	 (348	mL).	The	
resulting	mixture	was	filtered,	and	the	filtrate	was	diluted	with	deionized	water	(120	mL)	
and	extracted	with	dichloromethane	(3	x	160	mL).	The	organic	layers	were	combined	and	
rinsed	with	500	mL	NaCl(aq)	(300	mL	sat.	NaCl	with	200	mL	water).	The	organic	layer	was	
collected,	dried	with	MgSO4,	and	concentrated	under	reduced	pressure.	The	resulting	oil	was	
triturated	 with	 1:1	 acetonitrile/ethanol	 (20	 mL),	 affording	 an	 off‐white	 solid	 that	 was	
collected	by	vacuum	filtration	and	rinsed	with	ethanol	(2	x	5	mL),	acetone	(5	x	5	mL),	and	
diethyl	ether	(3	x	5	mL).	Residual	volatile	compounds	were	removed	from	the	solid	in vacuo.	
The	filtrate	was	again	concentrated	to	an	oil	and	triturated	with	1:1	acetonitrile/ethanol	(3	
mL)	to	afford	a	second	crop	of	off‐white	precipitate	that	was	similarly	collected	and	rinsed.	
Both	crops	of	off‐white	solid	were	dissolved	in	125	mL	hot	acetonitrile	and	slow	cooling	and	
evaporation	of	 the	 solvent	 afforded	 large	 crystals	 of	DPFN,	which	were	 then	 rinsed	with	
acetonitrile.	Concentration	of	the	supernatant	afforded	a	second	crop	of	product	as	an	off‐
white,	light	tan‐orange	solid.	Residual	volatile	compounds	were	removed	from	both	crops	in 
vacuo,	 yielding	 DPFN	 (5.042	 g,	 10.0	 mmol,	 63%).	 1H	 NMR	 resonances	 of	 the	 product	
dissolved	in	CD2Cl2	matched	those	reported	previously.16	1H	NMR	(500.23	MHz,	C6D5NO2)	δ	
8.55	(d,	J	=	4.8	Hz,	4H,	6‐pyridyl–H),	8.24	(d,	J	=	8.5	Hz,	2H,	naphth–H),	7.91	(d,	J	=	8.4	Hz,	2H,	
naphth–H),	7.73	(td,	J	=	7.7,	1.9	Hz,	4H,	4‐pyridyl–H),	7.67	(d,	J	=	7.4	Hz,	4H,	3‐pyridyl–H),	
7.25	(dd,	J	=	7.4,	4.8	Hz,	4H,	5‐pyridyl–H).	19F	NMR	(564.63	MHz,	C6D5NO2)	δ	–141.73.	UV‐Vis	
(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	255	(17.2),	259	(17.1),	290	(sh,	4.36),	296	(sh,	5.92),	304	
(8.18),	310	(8.88),	316	(9.21).	

Synthesis of [Cu2(µ-η1:η1-NCCH3)DPFN](PF6)2 (1.1).	To	a	suspension	of	[Cu(MeCN)4]PF6	
(0.087	g,	0.23	mmol,	2.05	equiv)	in	THF	(3	mL),	a	suspension	of	DPFN	(0.057	g,	0.11	mmol)	
in	 THF	 (5	 mL)	 was	 added	 dropwise.	 Orange‐red	 precipitate	 formed,	 and	 the	 resulting	
mixture	 was	 stirred	 for	 15	 h	 at	 22	 °C.	 The	 mixture	 was	 then	 slowly	 concentrated	 to	
approximately	3	mL.	The	orange	precipitate	was	allowed	to	settle,	and	the	supernatant	was	
carefully	decanted.	The	resulting	powder	was	rinsed	with	additional	THF	(1	mL)	which	was	
then	similarly	removed.	The	orange	powder	was	then	stirred	with	diethyl	ether	(3	mL)	for	
1.5	h,	followed	by	careful	removal	of	supernatant.	Similar	rinsing	with	ether	was	repeated	
twice	more.	Residual	volatile	compounds	were	removed	from	the	solid	in vacuo	to	yield	1.1	
as	 an	 orange	 powder	 (0.097	 g,	 0.10	mmol,	 89%).	 Vapor	 diffusion	 of	 diethyl	 ether	 into	 a	
nitrobenzene	 solution	 of	 the	 product	 gave	 X‐ray	 quality	 crystals	 of	1.1·2.5(C6H5NO2).	 1H	
NMR	(600.13	MHz,	C6D5NO2)	δ	9.37	(d,	J	=	4.7	Hz,	4H,	6‐pyridyl‐C–H),	8.94	(d,	J	=	8.5	Hz,	2H,	
4‐naphth‐C–H),	8.45	(dd,	J	=	8.6,	2.9	Hz,	2H,	3‐naphth‐C–H),	8.25	(dd,	J	=	8.2,	3.2	Hz,	4H,	3‐
pyridyl‐C–H),	8.20	(t,	J	=	7.5	Hz,	4H,	4‐pyridyl‐C–H),	7.72	(dd,	J	=	7.5,	5.1	Hz,	4H,	5‐pyridyl‐C–
H),	3.46	(s,	3H,	NCCH3).	 13C{1H}	NMR	(150.92	MHz,	C6D5NO2)	δ	159.78	(d,	 J	=	31.0	Hz,	2‐
naphth‐C),	152.84	(d,	J	=	29.5	Hz,	2‐pyridyl‐C),	150.72	(6‐pyridyl‐C–H),	142.51	(4‐naphth‐C–
H),	140.72	(4‐pyridyl‐C–H),	126.18	(5‐pyridyl‐C–H),	121.62	(d,	J	=	14.3	Hz,	3‐pyridyl‐C–H),	
120.87	(d,	J	=	14.2	Hz,	3‐naphth‐C–H),	93.05	(d,	J	=	189.7	Hz,	(pyridyl)2(naphth)C–F).b	19F	
NMR	 (564.63	 MHz,	 C6D5NO2)	 δ	 –70.76	 (d,	 J	 =	 710.9	 Hz,	 12F,	 PF6–),	 –174.56	 (2F,	
(pyridyl)2(naphth)C–F).	31P	NMR	(242.92	MHz,	C6D5NO2)	δ	–142.40	(hept,	J	=	711	Hz,	PF6–).	
IR	(ATR,	solid,	 	(cm–1)):	3109	(vw,	br),	3026	(vw),	2939	(vw),	1595	(m),	1503	(w),	1466	
                                                            
b	Some	carbon	resonances	for	the	[Cu2(µ‐η1:η1‐NCCH3)DPFN]2+	cation	were	only	observed	via	HSQC	and	HMBC	
experiments,	which	are	reported	for	1.5.	
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(m),	1435	(m),	1301	(w),	1201	(w),	1135	(w),	1078	(w),	1015	(w),	834	(vs),	773	(s),	698	(m),	
685	 (m),	 653	 (w),	 620	 (w),	 556	 (s),	 503	 (w),	 472	 (w),	 427	 (m).	 Anal.	 Calcd	 for	
C32H23Cu2F14N7P2:	C,	40.01;	H,	2.41;	N,	10.21.	Found:	C,	40.33;	H,	2.03;	N,	10.52.	

Synthesis of [Cu2(µ-η1:η1-Ph)DPFN](BPh4) (1.2).	To	a	mixture	of	1.1	(0.040	g,	0.042	mmol)	
and	NaBPh4	(0.029	g,	0.084	mmol,	2.0	equiv),	ortho‐difluorobenzene	(10	mL)	was	added.	The	
orange	mixture	was	stirred	for	20	h	at	22	°C	and	then	filtered.	The	dark	green	filtrate	was	
collected	and	concentrated	in vacuo	to	3	mL	and	filtered	again.	Hexanes	(5	mL)	were	added	
to	afford	a	green	precipitate,	and	the	mixture	was	stirred	rapidly	for	5	m.	The	precipitate	was	
allowed	to	settle,	and	the	supernatant	was	carefully	decanted.	The	precipitate	was	rinsed	
four	times	by	stirring	with	hexanes	(3	mL	each	time)	for	1.5	h	after	which	the	supernatant	
was	 decanted.	 Then,	 the	 green	 powder	was	 rinsed	 briefly	with	 hexanes	 (2	 x	 1	mL),	 and	
remaining	 volatile	 compounds	 were	 removed	 in vacuo	 affording	1.2	 as	 a	 green	 powder	
(0.039	g,	0.038	mmol,	91%).	Layering	pentane	over	an	ortho‐difluorobenzene	solution	of	the	
product	afforded	X‐ray	quality,	green‐orange	crystals	of	1.2·3(o‐C6H4F2).	1H	NMR	(500.23	
MHz,	C6D5NO2)	δ	9.15	(d,	J	=	5.1	Hz,	4H,	6‐pyridyl‐C–H),	8.80	(d,	J	=	6.8	Hz,	2H,	o‐phenyl‐C–
H),	8.68	(d,	J	=	8.6	Hz,	2H,	4‐naphth‐C–H),	8.33	(dd,	J	=	8.5,	3.1	Hz,	2H,	3‐naphth‐C–H),	8.15	
(dd,	J	=	8.2,	3.4	Hz,	4H,	3‐pyridyl‐C–H),	8.05	(td,	J	=	7.9,	1.7	Hz,	4H,	4‐pyridyl‐C–H),	8.02	–	7.95	
(m,	8H,	BPh4–‐o‐phenyl‐C–H),	7.76	(t,	J	=	7.5	Hz,	2H,	m‐phenyl‐C–H),	7.56	(t,	J	=	7.5	Hz,	1H,	p‐
phenyl‐C–H),	7.56	–	7.49	(m,	4H,	5‐pyridyl‐C–H),	7.35	(t,	J	=	7.4	Hz,	8H,	BPh4–‐m‐phenyl‐C–
H),	7.22	(t,	J	=	7.2	Hz,	4H,	BPh4–‐p‐phenyl‐C–H).	13C{1H}	NMR	(150.92	MHz,	C6D5NO2)	δ	166.96	
–	164.19	(m,	BPh4–‐ipso‐phenyl‐C–B),	160.01	(d,	J	=	30.4	Hz,	2‐naphth‐C),	153.95	(d,	J	=	29.1	
Hz,	 2‐pyridyl‐C),	 150.71	 (8a‐naphth‐C),	 150.28	 (d,	 J	 =	 3.2	 Hz,	 6‐pyridyl‐C–H),	 145.43	 (o‐
phenyl‐C–H),	143.65	(ipso‐phenyl‐C–Cu2),	140.91	(4‐naphth‐C–H),	139.45	(4‐pyridyl‐C–H),	
137.54	(BPh4–‐o‐phenyl‐C–H),	127.38	(m‐phenyl‐C–H),	126.69	(dd,	J	=	5.7,	2.8	Hz,	BPh4–‐m‐
phenyl‐C–H),	126.38	(p‐phenyl‐C–H),	125.30	(5‐pyridyl‐C–H),	123.1	(4a‐naphth‐C),c	122.90	
(BPh4–‐p‐phenyl‐C–H),	 120.94	 (d,	 J	 =	 15.0	 Hz,	 3‐pyridyl‐C–H),	 120.12	 (d,	 J	 =	 15.4	 Hz,	 3‐
naphth‐C–H),	94.04	(d,	J	=	186.1	Hz,	(pyridyl)2(naphth)C–F).	19F	NMR	(564.63	MHz,	C6D5NO2)	
δ	–172.92	(2F,	(pyridyl)2(naphth)C–F).	11B{1H}	NMR	(192.54	MHz,	C6D5NO2)	δ	–5.97.	IR	(ATR,	
solid,	 	(cm–1)):	3056	(w),	3037	(w),	2982	(w),	2952	(w),	2867	(w),	2852	(w),	1591	(m),	
1577	(m),	1501	(w),	1461	(m),	1434	(m),	1377	(w),	1297	(w),	1258	(w),	1199	(w),	1157	(w),	
1133	(m),	1077	(m),	1058	(w),	1031	(w),	1010	(m),	860	(m),	844	(m),	807	(w),	768	(m),	746	
(m),	729	(s),	703	(s),	685	(s),	643	(w),	611	(s),	562	(w),	492	(w),	457	(w),	443	(w),	428	(m).	
Anal.	Calcd	for	C60H45BCu2F2N6:	C,	70.24;	H,	4.42;	N,	8.19.	Found:	C,	70.54;	H,	4.53;	N,	8.49.		

Synthesis of [Cu2(µ-η1:η1-((3,5-trifluoromethyl)phenyl)DPFN](BArF24)·2(C6H5F) 
(1.3·2(C6H5F)).	To	a	mixture	of	1.1	 (0.024	g,	0.025	mmol)	and	NaBArF24	 (0.047	g,	0.053	
mmol,	2.1	equiv),	ortho‐difluorobenzene	(5	mL)	was	added.	The	mixture	was	stirred	for	24	
h	at	22	°C	and	then	filtered.	The	dark	filtrate	was	concentrated	in vacuo,	yielding	an	oil	to	
which	 fluorobenzene	 (1	 mL)	 was	 added.	 The	 resulting	 mixture	 was	 filtered,	 and	 vapor	
diffusion	of	hexanes	into	the	filtrate	afforded	dark	crystals	after	24	h.	The	supernatant	was	
carefully	decanted,	and	the	crystals	were	rinsed	5	x	1	mL	2:1	pentane/diethyl	ether,	3	x	1	mL	
1:2	 diethyl	 ether/toluene,	 3	 x	 1	 mL	 toluene,	 and	 3	 x	 1	 mL	 pentane.	 Residual	 volatile	

                                                            
c	These	carbon	resonances	were	obscured	by	solvent	resonances,	other	complex	resonances,	or	otherwise	not	
observed	directly	and	instead	observed	and	assigned	via	1H–13C	HSQC	and	HMBC	experiments.	
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compounds	were	removed	from	the	crystals	in vacuo	to	yield	1.3·2(C6H5F)	(0.032	g,	0.017	
mmol,	 68%).	 	 Vapor	 diffusion	 of	 hexanes	 into	 an	 ortho‐difluorobenzene	 solution	 of	 the	
product	gave	X‐ray	quality	crystals	of	1.3·3(o‐C6H4F2).	 1H	NMR	(500.23	MHz,	C6D5NO2)	δ	
9.11	(s,	2H,	o‐(3,5‐trifluoromethyl)phenyl‐C–H),	8.97	(d,	J	=	5.1	Hz,	4H,	6‐pyridyl‐C–H),	8.80	
(d,	J	=	8.6	Hz,	2H,	4‐naphth‐C–H),	8.41	(dd,	J	=	8.6,	3.1	Hz,	2H,	3‐naphth‐C–H),	8.23	(s,	8H,	
BArF24–‐o‐(3,5‐trifluoromethyl)phenyl‐C–H),	8.23	–	8.17	(m,	4H,	3‐pyridyl‐C–H),	8.14	–	8.12	
(m,	4H,	4‐pyridyl‐C–H),	7.92	(s,	1H,	p‐(3,5‐trifluoromethyl)phenyl‐C–H),	7.61	(ddd,	J	=	7.8,	
5.1,	 1.2	 Hz,	 4H,	 5‐pyridyl‐C–H),	 7.57	 (s,	 4H,	 BArF24–‐p‐(3,5‐trifluoromethyl)phenyl‐C–H),	
7.38	–	7.28	(m,	4H,	C6H5F‐m‐C–H),	7.13	(t,	J	=	7.4	Hz,	2H,	C6H5F‐p‐C–H),	7.03	(t,	J	=	8.8	Hz,	4H,	
C6H5F‐o‐C–H).	13C{1H}		NMR	(150.92	MHz,	C6D5NO2)	δ	163.52	(d,	J	=	244.5	Hz,	C6H5F‐ipso‐C–
F),	163.51	–	162.37	(m,	BArF24–‐ipso‐(3,5‐trifluoromethyl)phenyl‐C–B),c	160.18	(d,	J	=	30.8	
Hz,	2‐naphth‐C),	153.80	(d,	J	=	28.9	Hz,	2‐pyridyl‐C),	150.62	(8a‐naphth‐C),c	149.80	(d,	J	=	2.9	
Hz,	 6‐pyridyl‐C–H),	 147.1	 (ipso‐(3,5‐trifluoromethyl)phenyl‐C–Cu2),c	 142.04	 (o‐(3,5‐
trifluoromethyl)phenyl‐C–H),	 141.62	 (4‐naphth‐C–H),	 139.94	 (4‐pyridyl‐C–H),	 135.64	
(BArF24–‐o‐(3,5‐trifluoromethyl)phenyl‐C–H),	130.86	 (d,	 J	 =	7.8	Hz,	C6H5F‐m‐C–H),	129.95	
(BArF24–‐m‐(3,5‐trifluoromethyl)phenyl‐C–CF3),c	 126.10	 (d,	 J	 =	 272.7	 Hz,	 m‐(3,5‐
trifluoromethyl)phenyl‐C–CF3),c	125.57	(5‐pyridyl‐C–H),	125.36	(q,	J	=	272.8	Hz,	BArF24–‐m‐
(3,5‐trifluoromethyl)phenyl‐C–CF3),	124.93	(d,	J	=	3.0	Hz,	C6H5F‐p‐C–H),	123.14	(d,	J	=	4.6	Hz,	
4a‐naphth‐C),c	121.30	(d,	J	=	15.3	Hz,	3‐pyridyl‐C–H),	120.25	(3‐naphth‐C–H),	118.28	(p‐(3,5‐
trifluoromethyl)phenyl‐C–H	and	BArF24–‐p‐(3,5‐trifluoromethyl)phenyl‐C–H,	overlapped),c	
115.81	(d,	J	=	20.8	Hz,	C6H5F‐o‐C–H),	93.86	(d,	J	=	186.9	Hz,	(pyridyl)2(naphth)C–F).	The	m‐
(3,5‐trifluoromethyl)phenyl‐C–CF3	 carbon	 resonance	was	not	 observed.	 19F	NMR	 (564.63	
MHz,	C6D5NO2)	δ	–61.93	(6F,	m‐(3,5‐trifluoromethyl)phenyl‐C–CF3),	–61.98	(24F,	BArF24–‐
m‐(3,5‐trifluoromethyl)phenyl‐C–CF3),	–112.79	(tt,	J	=	10.0,	5.8	Hz,	2F,	C6H5F),	–172.77	(2F,	
(pyridyl)2(naphth)C–F).	11B{1H}	NMR	(192.54	MHz,	C6D5NO2)	δ	–6.09	(BArF24–‐B).	IR	(ATR,	
solid,	 	(cm–1)):	3080	(vw),	2966	(vw),	2872	(vw),	1609	(w),	1594	(w),	1495	(w),	1463	(w),	
1439	(w),	1353	(m),	1336	(m),	1272	(s),	1218	(w),	1115	(s),	1074	(m),	1013	(w),	928	(w)	
885	(m),	853	(w),	837	(m),	806	(w),	769	(w),	753	(m),	714	(w),	697	(w),	680	(m),	668	(m),	
646	(w),	646	(w),	619	(w),	564	(w),	447	(w),	416	(w).	UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	
103):	260	(26.8),	266	(26.7),	278	(18.7),	305	(16.7),	316	(17.6),	364	(9.27),	540	(0.669).	Anal.	
Calcd	for	C82H45BCu2F34N6:	C,	51.89;	H,	2.39;	N,	4.43.	Found:	C,	51.51;	H,	2.34;	N,	4.10.	

Synthesis of	[Cu2(µ-η1:η1-pentafluorophenyl)DPFN](BArF20) (1.4). To	a	mixture	of	1.1	
(0.021	g,	0.022	mmol)	and	KBArF20	(0.034	g,	0.047	mmol,	2.1	equiv),	ortho‐difluorobenzene	
(3.5	mL)	was	added.	The	mixture	was	stirred	for	10	m	at	22	°C	and	then	heated	to	100	°C	in	
a	 sealed	 tube	with	 rapid	 stirring	 for	 2	 d,	 over	which	 the	 reaction	mixture	 changed	 from	
orange	to	dark	red.		Afterwards,	the	mixture	was	filtered	and	the	red	filtrate	concentrated	in 
vacuo	to	yield	an	oil.	To	the	oil,	toluene	(3	mL)	was	added,	and	the	resulting	mixture	filtered.	
The	dark	red‐purple	filtrate	was	collected	and	concentrated	in vacuo	to	yield	an	oil	that	was	
then	triturated	and	stirred	with	1:2	diethyl	ether/pentane	(6	mL)	for	3	h.	The	resulting	pink	
solid	was	allowed	to	settle,	and	the	supernatant	was	carefully	decanted.	The	pink	powder	
was	similarly	rinsed	three	 times	more	with	1:2	diethyl	ether/pentane	(6	mL).	Remaining	
volatile	compounds	were	removed	in vacuo	to	yield	1.4	as	a	dark	pink	powder	(0.024	g,	0.016	
mmol,	73%).	1H	NMR	(500.23,	C6D6)	δ	8.67	(d,	J	=	5.1	Hz,	4H,	6‐pyridyl‐C–H),	7.79	(dd,	J	=	8.6,	
3.1	Hz,	2H,	3‐naphth‐C–H),	7.59	(dd,	J	=	8.2,	3.4	Hz,	4H,	3‐pyridyl‐C–H),	7.55	(d,	J	=	8.6	Hz,	2H,	
4‐naphth‐C–H),	6.95	(td,	J	=	7.9,	1.7	Hz,	4H,	4‐pyridyl‐C–H),	6.41	(dd,	J	=	7.6,	5.2	Hz,	4H,	5‐
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pyridyl‐C–H).	19F	NMR	(564.63	MHz,	C6D6)	δ	–102.45	(d,	J	=	26.9	Hz,	2F,	o‐C6F5‐C–F),	–132.04	
(8F,	BArF20–‐C6F5‐C–F),	–156.96	(t,	J	=	20.8	Hz,	1F,	p‐C6F5‐C–F),	–161.38	(dd,	J	=	25.9,	20.9	Hz,	
2F,	m‐C6F5‐C–F)),	–162.83	(t,	 J	=	20.8	Hz,	4F,	BArF20–‐ p‐C6F5‐C–F)),	–166.67	(8F,	BArF20–‐
C6F5‐C–F),	–172.15	(d,	J	=	3.7	Hz,	2F,	(pyridyl)2(naphth)C–F).	11B{1H}	NMR	(192.54	MHz,	C6D6)	
δ	–16.52	(BArF20–‐B).	1H	NMR	(600.13	MHz,	C6D5NO2)	δ	8.92	(d,	J	=	5.2	Hz,	4H,	6‐pyridyl‐C–
H),	8.74	(d,	J	=	8.6	Hz,	2H,	4‐naphth‐C–H),	8.39	(dd,	J	=	8.6,	3.1	Hz,	2H,	3‐naphth‐C–H),	8.21	
(dd,	J	=	8.2,	3.4	Hz,	4H,	3‐pyridyl‐C–H),	8.15	–	8.12	(m,	4H,	4‐pyridyl‐C–H),	7.64	(t,	J	=	6.1	Hz,	
4H,	5‐pyridyl‐C–H).	13C{1H}	NMR	(150.92	MHz,	C6D5NO2)	δ	160.10	(d,	J	=	30.7	Hz,	2‐naphth‐
C),	153.78	(d,	J	=	29.0	Hz,	2‐pyridyl‐C),	150.58	–	150.41	(m,	6‐pyridyl‐C–H),	150.21	–	150.03	
(m,	8a‐naphth‐C),	141.62	(4‐naphth‐C–H),	140.02	(4‐pyridyl‐C–H),	125.73	(5‐pyridyl‐C–H),	
123.12	(4a‐naphth‐C),	121.25	(d,	J	=	15.1	Hz,	3‐pyridyl‐C–H),	120.42	(d,	J	=	16.4	Hz,	3‐naphth‐
C–H),	93.61	(d,	J	=	186.6	Hz,	(pyridyl)2(naphth)C–F).	Carbon	resonances	assignable	to	the	
perfluorophenyl	moieties	were	not	observed.	19F	NMR	(564.63	MHz,	C6D5NO2)	δ	–101.93	(m,	
2F,	o‐C6F5‐C–F),	–131.62	(8F,	BArF20–‐C6F5‐C–F),	–157.25	(t,	J	=	20.4	Hz,	1F,	p‐C6F5‐C–F),	–
160.99	(m,	2F,	m‐C6F5‐C–F),	–162.15	(t,	J	=	20.6	Hz,	4F,	BArF20–‐ p‐C6F5‐C–F),	–166.15	(t,	J	=	
19.7	Hz,	8F,	BArF20–‐C6F5‐C–F),	–171.54	(2F,	(pyridyl)2(naphth)C–F).	11B{1H}	NMR	(192.54	
MHz,	C6D5NO2)	δ	–16.15	 (BArF20–‐B).	 IR	 (ATR,	 solid,	 	(cm–1)):	1643	 (w),	1597	 (w),	1578	
(vw),	1511	(m),	1494	(m),	1461	(s),	1438	(m),	1429	(m),	1415	(m),	1374	(w),	1299	(vw),	
1274	(w),	1201	(w),	1160	(w),	1136	(w),	1081	(m),	1059	(w),	1041	(w),	978	(s),	943	(m),	
892	(w),	855	(m),	807	(w),	769	(m),	754	(m),	727	(w),	711	(w),	698	(w),	684	(m),	670	(w),	
660	(m),	646	(w),	635	(w),	620	(w),	611	(w),	601	(w),		573	(w),	515	(w),	500	(w),	478	(w),	
447	(w),	417	(w).	UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	262	(26.6),	305	(17.0),	316	(17.5),	
361	(sh	6.59),	514	(0.761).	Anal.	Calcd	for	C60H20BCu2F27N6:	C,	48.83;	H,	1.37;	N,	5.69.	Found:	
C,	48.47;	H,	1.26;	N,	5.48.	

Synthesis of [Cu2(µ-η1:η1-NCCH3)DPFN](NTf2)2 (1.5).	To	a	mixture	of	DPFN	(0.075	g,	0.15	
mmol)	and	[Cu(MeCN)4]NTf2	(0.155	g,	0.306	mmol,	2.05	equiv),	THF	(12	mL)	was	added.	The	
dark	red	mixture	was	stirred	for	13	h	and	then	concentrated	in vacuo.	The	resulting	foam	
was	triturated	and	stirred	with	diethyl	ether	(8	mL)	for	6	h.	The	orange	solid	was	allowed	to	
settle,	and	the	supernatant	was	carefully	decanted.	The	solid	was	again	rinsed	with	diethyl	
ether	(4	x	2	mL)	and	residual	volatile	compounds	removed	in vacuo	to	yield	1.5	as	an	orange	
powder	 (0.167	 g,	 0.136	 mmol,	 91%).	 Vapor	 diffusion	 of	 hexanes	 into	 an	 ortho‐
dichlorobenzene	solution	of	the	product	gave	X‐ray	quality	crystals	of	1.5·n(o‐C6H4Cl2).	1H	
NMR	(600.13	MHz,	C6D5NO2)	δ	9.33	(d,	J	=	5.0	Hz,	4H,	6‐pyridyl‐C–H),	8.95	(d,	J	=	8.5	Hz,	2H,	
4‐naphth‐C–H),	8.47	(dd,	J	=	8.6,	2.9	Hz,	2H,	3‐naphth‐C–H),	8.26	(dd,	J	=	8.1,	2.9	Hz,	4H,	3‐
pyridyl‐C–H),	8.21	(td,	J	=	7.9,	1.6	Hz,	4H,	4‐pyridyl‐C–H),	7.73	(ddd,	J	=	7.6,	5.0,	1.2	Hz,	4H,	5‐
pyridyl‐C–H),	3.51	(s,	3H,	NCCH3).	13C{1H}	NMR	(150.92	MHz,	C6D5NO2)	δ	159.79	(d,	J	=	30.4	
Hz,	2‐naphth‐C),	152.87	(d,	J	=	29.5	Hz,	2‐pyridyl‐C),	150.57	(d,	J	=	2.5	Hz,	6‐pyridyl‐C–H),	
148.62	(8a‐naphth‐C),c	142.54	(4‐naphth‐C–H),	140.75	(d,	J	=	3.2	Hz,	4‐pyridyl‐C–H),	126.15	
(5‐pyridyl‐C–H),	123.47	(4a‐naphth‐C),c	121.67	(d,	J	=	14.2	Hz,	3‐pyridyl‐C–H),	120.96	(q,	J	=	
322.3	Hz,	–SO2–CF3),	120.89	(d,	J	=	14.8	Hz,	3‐naphth‐C–H),	109.29	(NCCH3),c	93.03	(d,	J	=	
188.8	Hz,	(pyridyl)2(naphth)C–F),	4.96	(NCCH3).c	 19F	NMR	(564.63	MHz)	δ	–78.20	(12F,	–
SO2–CF3),	 –174.51	 (2F,	 (pyridyl)2(naphth)C–F).	 IR	 (ATR,	 solid,	 	(cm–1)):	 3545	 (w),	 3117	
(vw),	3081	(vw),	2931	(vw),	1598	(m),	1578	(w),	1505	(w),	1466	(w),	1441	(w),	1346	(s),	
1327	(s),	1227	(m),	1177	(vs),	1130	(vs),	1080	(m),	1050	(vs),	930	(m),	858	(m),	806	(w),	
770	(s),	739	(m),	712	(w),	698	(w),	686	(m),	652	(m),	611(s),	598	(s),	568	(s),	502	(w),	446	
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(w),	432	(w).	UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	260	(sh,	23.3),	310	(16.3),	465	(1.35).	
Anal.	Calcd	for	C36H23Cu2F14N9O8S4:	C,	35.15;	H,	1.88;	N,	10.24.	Found:	C,	35.29;	H,	1.77;	N,	
10.11. 

Synthesis of [Cu2(µ-η1:η1-Ph)DPFN](NTf2) (1.6).	 To	 a	mixture	 of	1.5	 (0.0500	 g,	 0.041	
mmol)	and	NaBPh4	(0.0136	g,	0.040	mmol,	0.98	equiv),	ortho‐difluorobenzene	(10	mL)	was	
added.	The	 resulting	mixture	was	 stirred	 for	16	h,	over	which	 time	 it	 changed	 from	red‐
orange	to	green,	and	was	then	filtered.	The	dark	green	filtrate	was	concentrated	in vacuo	to	
yield	a	green	oil	which	was	then	redissolved	in	ortho‐difluorobenzene	(1.5	mL)	and	filtered.	
The	filtrate	was	again	concentrated	in vacuo	to	yield	a	green	material	that	was	then	triturated	
by	stirring	with	diethyl	ether	(5	mL)	for	3.5	h.	The	resulting	green	solid	was	allowed	to	settle,	
and	the	supernatant	was	carefully	decanted.	The	solid	was	similarly	rinsed	twice	more	by	
stirring	with	 diethyl	 ether	 (5	mL)	 and	 then	 rinsed	briefly	with	 diethyl	 ether	 (2	 x	 2	mL).	
Remaining	 volatile	 compounds	 were	 removed	 in vacuo	 to	 yield	 1.6	 as	 a	 green	 powder	
(0.0387	g,	0.0392	mmol,	97%	based	on	1.5).	Vapor	diffusion	of	pentane	into	a	fluorobenzene	
solution	of	1.6	at	–35	°C	afforded	X‐ray	quality	crystals	of	1.6·2.5(C6H5F).	1H	NMR	(600.13	
MHz,	C6D5NO2)	δ	9.15	(d,	J	=	5.0	Hz,	4H,	6‐pyridyl‐C–H),	8.80	(d,	J	=	6.9	Hz,	2H,	o‐phenyl‐C–
H),	8.68	(d,	J	=	8.5	Hz,	2H,	4‐naphth‐C–H),	8.33	(dd,	J	=	8.5,	3.1	Hz,	2H,	3‐naphth‐C–H),	8.15	
(dd,	J	=	8.2,	3.4	Hz,	4H,	3‐pyridyl‐C–H),	8.05	(td,	J	=	7.9,	1.7	Hz,	4H,	4‐pyridyl‐C–H),	7.75	(t,	J	
=	7.3	Hz,	2H,	m‐phenyl‐C–H),	7.55	(t,	J	=	7.4,	1H,	p‐phenyl‐C–H),	7.53	(ddd,	J	=	7.6,	5.1,	1.2	Hz,	
4H,	5‐pyridyl‐C–H).	13C{1H}	NMR	(150.92	MHz,	C6D5NO2)	δ	160.02	(d,	J	=	30.5	Hz,	2‐naphth‐
C),	153.94	(d,	J	=	29.0	Hz,	2‐pyridyl‐C),	150.71	(8a‐naphth‐C),	150.29	(d,	J	=	2.9	Hz,	6‐pyridyl‐
C–H),	145.43	(o‐phenyl‐C–H),	143.62	(ipso‐phenyl‐C–Cu2),c	140.91	(4‐naphth‐C–H),	139.43	
(d,	 J	=	3.4	Hz,	4‐pyridyl‐C–H),	127.38	(m‐phenyl‐C–H),	126.37	(p‐phenyl‐C–H),	125.29	(5‐
pyridyl‐C–H)	,	123.05	(4a‐naphth‐C),c	121.55	(q,	J	=	322.2	Hz,	–SO2–CF3),	120.93	(d,	J	=	14.7	
Hz,	 3‐pyridyl‐C–H),	 120.12	 (d,	 J	 =	 15.7	 Hz,	 3‐naphth‐C–H),	 94.04	 (d,	 J	 =	 186.1	 Hz,	
(pyridyl)2(naphth)C–F).	19F	NMR	(564.63	MHz,	C6D5NO2)	δ	–78.17	(6F,	–SO2–CF3),	–173.65	
(qd,	J	=	3.5	Hz,	2F,	(pyridyl)2(naphth)C–F).	1H	NMR	(400.13	MHz,	THF‐d8)	δ	8.98	(d,	J	=	5.1	
Hz,	4H,	6‐pyridyl‐C–H),	8.85	(d,	J	=	8.6	Hz,	2H,	4‐naphth‐C–H),	8.49	(d,	J	=	7.0	Hz,	2H,	o‐phenyl‐
C–H),	8.44	(dd,	J	=	8.6,	3.2	Hz,	2H,	3‐naphth‐C–H),	8.11	(dd,	J	=	8.1,	3.4	Hz,	4H,	3‐pyridyl‐C–
H),	7.99	(td,	J	=	7.9,	1.8	Hz,	4H,	4‐pyridyl‐C–H),	7.48	(dd,	J	=	7.5,	5.0	Hz,	4H,	5‐pyridyl‐C–H),	
7.37	(t,	J	=	7.3	Hz,	2H,	m‐phenyl‐C–H),	7.18	(t,	J	=	7.3	Hz,	1H,	p‐phenyl‐C–H).	19F	NMR	(564.63	
MHz,	 1:3	 THF‐d8/THF)	 δ	 –79.05	 (6F,	 –SO2–CF3),	 –172.80	 (qd,	 J	 =	 3.5	 Hz,	 2F,	
(pyridyl)2(naphth)C–F).	IR	(ATR,	solid,	 	(cm–1)):	3109	(vw,	br),	3024	(w),	2939	(w),	1593	
(m),	1574	(w),	1501	(w),	1461	(w),	1438	(w),	1347	(m),	1332	(m),	1298	(w),	1225	(w),	1182	
(s),	1133	(s),	1075	(m),	1055	(s),	1009	(m),	928	(w),	854	(m),	806	(w),	773	(m),	756	(m),	
727	(m),	697	(w),	686	(m),	655	(w),	643	(w),	633	(w),	600	(m),	568	(m),	511	(w),	453	(w),	
433	(w).	UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	248	(26.0),	259	(sh	24.3),	287	(18.3),	306	
(18.3),	318	(18.7),	389	(4.18),	574	(0.668).	Anal.	Calcd	for	C38H25Cu2F8N7O4S2:	C,	46.25;	H,	
2.55;	N,	9.94.	Found:	C,	46.48;	H,	2.62;	N,	9.85.	

                                                            
d	While	this	resonance,	with	very	good	shimming,	appears	as	a	quartet,	spin	simulation	(of	an	AX2Y	system	with	
JAX	=	3.38	Hz	and	JAY	=	3.06	Hz	in	C6D5NO2	and	JAX	=	3.35	Hz	and	JAY	=	3.19	Hz	in	THF)	suggests	it	is	a	triplet	of	
doublets,	as	expected	for	the	19F	resonance	being	split	by	two	equivalent	pyridyl	protons	(3‐pyridyl‐C–H)	and	
one	naphthyridine	proton	(3‐naphth‐C–H).	
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Synthesis of	 [Cu2(µ-η1:η1-Ph)DPFN](NTf2)2 (1.7).	 In	 indirect	 light,	 a	 solution	 of	 1.6	
(0.0456	 g,	 0.046	 mmol)	 in	 ortho‐difluorobenzene	 (6	 mL)	 was	 quickly	 added	 to	 AgNTf2	
(0.0181	g,	0.047	mmol,	1.02	equiv).	The	mixture	was	stirred	rapidly	for	1.5	h,	still	in	indirect	
light.	Afterwards	under	normal	lighting	conditions,	the	mixture	was	filtered	through	a	plug	
of	Celite.	The	dark	orange	solution	was	concentrated	in vacuo	to	ca.	2.5	mL,	filtered	again,	
and	the	filtrate	was	cooled	to	–35	°C.	Similarly‐cooled	diethyl	ether	(ca.	18	mL)	was	carefully	
layered	over	the	cold	filtrate.	Storage	for	2	d	at	–35	°C	yielded	maroon,	crystalline	material.	
The	supernatant	was	carefully	decanted,	and	the	crystalline	material	was	rinsed	with	diethyl	
ether	 (3	 x	 3	mL).	 Residual	 volatile	 compounds	were	 removed	 in vacuo	 to	 yield	1.7	 as	 a	
maroon,	crystalline	solid	(0.0527	g,	0.042	mmol,	90%).	Vapor	diffusion	of	diethyl	ether	into	
an	 ortho‐difluorobenzene	 solution	 of	 1.7	 at	 –35	 °C	 yielded	 temperature‐sensitive,	 X‐ray	
quality	dark	orange	crystals	of	1.7·n(o‐C6H4F2).	19F	NMR	(564.63	MHz,	THF‐d8)	δ	–78.98	(12F,	
–SO2–CF3),	–172.66	(2F,	(pyridyl)2(naphth)C–F).	19F	NMR	(564.63	MHz,	o‐C6H4F2)	δ	–78.65	
(12F,	–SO2–CF3),	–172.90	(2F,	(pyridyl)2(naphth)C–F).	Effective	magnetic	moment,	(Evans’	
method,	o‐C6H4F2,	μeff	(μB)):	1.66.	IR	(ATR,	solid,	 	(cm–1)):	3510	(vw,	br),	3091	(vw,	br),	1600	
(w),	1578	(w),	1557	(w),	1507	(w),	1465	(w),	1441	(w),	1347	(s),	1331	(m),	1226	(m),	1182	
(s),	1133	(s),	1084	(m),	1053	(s),	1013	(m),	932	(w),	861	(w),	805	(w),	771	(m),	738	(m),	699	
(w),	685	(w),	652	(w),	612	(m),	599	(m),	568	(m),	510	(m),	418	(w).	UV‐Vis	(THF)	λmax,	nm	
(ε,	M–1cm–1	/	103):	261	(27.9),	308	(sh	17.7),	319	(19.9),	442	(2.99),	511	(sh	2.58),	901	(2.50).	
Anal.	Calcd	for:	C40H25Cu2F14N8O8S4:	C,	37.92;	H,	1.99;	N,	8.84.	Found:	C,	38.29;	H,	1.81;	N,	
8.89.			

Reaction of [Cu2(µ-η1:η1-Ph)DPFN](NTf2) (1.6) with C6F5H.	 A	 J.	 Young	NMR	 tube	was	
charged	with	a	solution	of	1.6	(0.0020	g,	2.0	μmol),	C6F5H	(0.0500	g,	298	μmol,	150	equiv),	
and	 1,3,5‐tris(trifluoromethyl)benzene	 (0.0020	 g,	 7.1	 μmol,	 3.6	 equiv)	 as	 an	 internal	
standard	in	ortho‐difluorobenzene	(0.5	mL).	The	sealed	tube	was	heated	to	110	°C,	and	the	
reaction	mixture	was	regularly	monitored	by	1H	and	19F	NMR	spectroscopy.		After	35	d,	99%	
conversion	 of	 1.6	 was	 observed.	 The	 primary	 product,	 identified	 by	 1H	 and	 19F	 NMR	
spectroscopy,	 was	 [Cu2(µ‐η1:η1‐pentafluorophenyl)DPFN](NTf2),	 and	 a	 yield	 of	 85%	was	
determined	by	integrating	the	(pyridyl)2(naphth)C–F	19F	resonance.	Concomitant	benzene	
formation,	 verified	 by	 addition	 of	 benzene	 to	 the	 completed	 reaction	 mixture,	 was	 also	
observed	 by	 1H	 NMR	 spectroscopy,	 but	 the	 resonance’s	 proximity	 to	 the	 ortho‐
difluorobenzene	resonance	precluded	reliable	integration.	Two	side	products,	suggested	by	
small	1H	resonances	and	more	clearly	identified	by	19F	resonances	at –172.80	and	–173.55	
ppm,	 were	 also	 observed,	 and	 assuming	 they	 correspond	 to	 DPFN‐containing	 products,	
account	for	approximately	5%	and	9%	of	the	total	product	mixture,	respectively. 
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SUPPLEMENTARY INFORMATION AND FIGURES 

Figure S1.1. 1H	NMR	spectra	of	the	reaction	of 1.1	with	2	equiv	KBArF20	in	o‐C6H4F2	

	
Details:	1H	NMR	(600.13	MHz,	o‐C6H4F2)	spectra	recorded	between	295	and	296	K.	1,3,5‐
tris(trifluoromethyl)benzene	(the	singlet)	was	added	as	an	internal	standard.	The	large	peak	
cut	off	upfield	is	an	o‐C6H4F2	(solvent)	resonance.	The	first	spectrum	was	recorded	within	40	
m	of	mixing	the	two	reagents.	No	change	was	observed	over	1	d	at	22	°C.		

Figure S1.2. 19F	NMR	spectra	of	the	reaction	of 1.1	with	2	equiv	KBArF20	in	o‐C6H4F2	

	
Details:	19F	NMR	(564.63	MHz,	o‐C6H4F2)	spectra	of	the	same	samples	as	in	Figure	S1.1.	No	
change	was	observed	over	1	day	at	22	°C.



 

 
 

 

Figure S1.3. 19F	NMR	spectra	of	the	reaction	of 1.1	with	2	equiv	KBArF20	in	o‐C6H4F2,	–85	to	–180	ppm	

 

Details:	 19F	NMR	(564.63	MHz,	o‐C6H4F2)	spectra	recorded	between	295	and	296	K.	1,3,5‐tris(trifluoromethyl)benzene	(not	
shown)	was	used	as	an	internal	standard.	After	heating	at	100	°C,	new	resonances	appear	(at	–134.6,	–157.0,	and	–164.1	ppm)	
that	match	those	of	authentic	B(C6F5)3	dissolved	in	o‐C6H4F2.	Both	the	reaction	mixture	and	solvent	in	which	spectra	of	authentic	
B(C6F5)3	were	recorded	also	contained	trace	diethyl	ether	and	THF,	as	observed	by	1H	NMR.	
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Figure S1.4. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	1.6	in	o‐C6H4F2	

 

Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	shown.	Two	complete	 cycles	are	displayed	 for	each	voltammogram.	The	
first	voltammogram	highlights	the	reversible	feature	assigned	to	the	one‐electron	oxidation	
of	1.6.	Upon	extending	the	scan	range	to	the	positive	edge	of	the	accessible	potential	range,	
an	electrochemically	irreversible	(up	to	1000	mV/s)	oxidation	feature	(at	E°	=	1.016	V	vs	
[Cp2Fe]0/1+)	 is	 observed	 (second	 voltammogram),	 the	 reduction	 feature	 of	 the	 reversible	
wave	(at	–85	mV	vs	[Cp2Fe]0/1+)	is	diminished,	and	a	second	reduction	feature	appears	at	ca.	
–606	 mV	 vs	 [Cp2Fe]0/1+.	 Upon	 extending	 the	 range	 to	 the	 negative	 edge	 (the	 third	
voltammogram),	two	electrochemically	irreversible	(up	to	1000	mV/s)	reduction	features	
are	 observed	 (at	 E°	 =	 –1.714	 V	 and	 –2.525	 V	 vs	 [Cp2Fe]0/1+)	 and	 give	 rise	 to	 similarly	
electrochemically	irreversible	oxidation	features	(at	–701	mV	and	–273	mV	vs	[Cp2Fe]0/1+).	
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Figure S1.5. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	of	
1.6	in	o‐C6H4F2 

 

Notes: Solution	contained 0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans. Each	voltammogram	displays	two	
complete	cycles	(5	segments). 
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Figure S1.6. Scan	 rate	 dependence	 of cyclic	 voltammograms’	 peak	 currents	 of	 a	 0.5	mM	
solution	of	1.6	in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	
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Figure S1.7. Cyclic	voltammograms	recorded	for	0.5	mM	solutions	of	DPFN	and	1.5	 in	o‐
C6H4F2	

 

Details:	 Solutions	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	 shown.	 Baselines	 were	 acquired	 before	 recording	 experimental	
voltammograms,	 employing	 the	 same	 electrolyte	 solution	 and	 electrodes.	 The	 baseline	
shown	 is	 included	 to	 convey	 the	 accessible	potential	 range.	 The	 voltammogram	of	DPFN	
displays	a	single	electrochemically	irreversible	(up	to	1000	mV/s)	reduction	feature	at	E°	=	
–2.391	V	vs	 [Cp2Fe]0/1+.	 	The	voltammograms	of	1.5 display	a	 series of	electrochemically	
irreversible	(up	to	1000	mV/s)	features	(at	–1.938,	–2.173,	and	–2.544	V	vs	[Cp2Fe]0/1+)	that	
give	rise	to	a	broad	oxidation	event	(centered	around	0.551	V	vs	[Cp2Fe]0/1+).	



 

36 
 

	Figure S1.8. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	1.3	in	o‐C6H4F2	

	

Notes: Solution	contained 0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans. Each	voltammogram	displays	one	
complete	cycle	(3	segments).	
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Figure S1.9. Scan	 rate	 dependence	 of cyclic	 voltammograms’	 peak	 currents	 of	 a	 0.5	mM	
solution	of	1.3	in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	
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Figure S1.10. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	1.4	in	o‐C6H4F2	

	

Notes: Solution	contained 0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans. Each	voltammogram	displays	one	
complete	cycle	(3	segments).	
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Figure S1.11. Scan	rate	dependence	of cyclic	voltammograms’	peak	currents	of	a	0.5	mM	
solution	of	1.4	in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	

 

 

 

 

	 	



 

40 
 

Figure S1.12. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	1.3	in	o‐C6H4F2	

 

Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	shown.	Two	complete	 cycles	are	displayed	 for	each	voltammogram.	The	
first	voltammogram	highlights	the	reversible	feature	assigned	to	the	one‐electron	oxidation	
of	1.3.	Upon	extending	the	scan	range	to	the	positive	edge	of	the	accessible	potential	range,	
an	electrochemically	irreversible	(up	to	2000	mV/s)	oxidation	feature	(at	E°	=	1.051	V	vs	
[Cp2Fe]0/1+)	 is	observed	(second	voltammogram).	Scanning	through	this	oxidation	feature	
reduces	 the	 peak	 current	 of	 the	 reduction	wave	 of	 the	 reversible	 feature	 (at	 303	mV	 vs	
[Cp2Fe]0/1+)	 and	 gives	 rise	 to	 another	 reduction	 event	 at	 –242	 mV	 vs	 [Cp2Fe]0/1.	 Upon	
extending	the	range	to	the	negative	edge	(the	third	voltammogram),	two	electrochemically	
irreversible	(up	to	1000	mV/s)	reduction	features	are	observed	(at	E°	=	–1.641	V	and	–2.397	
V	vs	[Cp2Fe]0/1+)	and	give	rise	to	similarly	electrochemically	irreversible	oxidation	features	
(at	–710	mV	and	–32	mV	vs	[Cp2Fe]0/1+).	
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Figure S1.13. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	1.4	in	o‐C6H4F2	

 

Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	shown.	Two	complete	 cycles	are	displayed	 for	each	voltammogram.	The	
first	voltammogram	highlights	the	reversible	feature	assigned	to	the	one‐electron	oxidation	
of	1.4.	Upon	extending	the	scan	range	to	the	positive	edge	of	the	accessible	potential	range	
(second	voltammogram),	no	clear	second	oxidation	is	observed,	as	in	the	voltammograms	of	
1.3	and	1.6.	However,	the	reverse	sweep	features	a	slightly	diminished	reduction	wave	of	
the	reversible	feature	(at	466	mV	vs	[Cp2Fe]0/1+)	and	another	reduction	event	appears	at	–
15	mV	vs	[Cp2Fe]0/1+,	suggesting	some	further	oxidation	of	1.4	might	occur	but	be	masked	
by	the	current	generated	by	other	solvent‐	or	electrolyte‐related	electrochemical	processes.	
Upon	 extending	 the	 range	 to	 the	 negative	 edge	 (the	 third	 voltammogram),	 two	
electrochemically	irreversible	(up	to	1000	mV/s)	reduction	features	are	observed	(at	E°	=	–
1.603	V	and	–2.348	V	vs	[Cp2Fe]0/1+)	and	give	rise	to	similarly	electrochemically	irreversible	
oxidation	features	(at	–692	mV	and	–116	mV	vs	[Cp2Fe]0/1+).	 	



 

 
 

 

Figure S1.14. 19F	NMR	spectrum	of	1.7	with	1,3,5‐(CF3)C6H3	standard	in	THF‐d8	at	296	K	

	



 

 
 

 

Figure S1.15. Excerpts	of 19F	NMR	spectra	of	1.7	with	1,3,5‐(CF3)C6H3	standard	in	THF‐d8	at	296	K	and	195	K	

	



 

 
 

 

Figure S1.16. Excerpts	of 19F	NMR	spectra	of	1.6	and	1.7	with	1,3,5‐(CF3)C6H3	standard	in	THF	at	ca.	297	K	

	



 

45 
 

Figure S1.17.	Plot	of	chemical	shift	(ppm)	of	the	ligand	19F	resonance	vs.	mole	fraction	of	
1.6 (vs. 1.7) at	302	K 

 

Details:	 Peak	 centers	 were	 determined	 by	 fitting	 a	 Lorentzian‐Gaussian	 curve	 to	 the	
resonance.		

 

  



 

46 
 

Figure S1.18.	Plot	of	chemical	shift	(ppm)	of	the	anion	19F	resonance	vs.	mole	fraction	of	1.6 
(vs. 1.7)	at	302	K  

 

Details:	 Peak	 centers	 were	 determined	 by	 fitting	 a	 Lorentzian‐Gaussian	 curve	 to	 the	
resonance.		

  



 

47 
 

Figure S1.19.	Line	widths	(full	width	at	half	max,	FWHM)	of	19F	resonances	vs.	mole	fraction	
of	1.6 (vs. 1.7)	at	302	K  

 

Details:	 Line	widths	of	 the	 anion	 and	 standard	 resonances	were	determined	by	 fitting	 a	
Lorentzian‐Gaussian	curve	to	the	resonance.	While	ostensibly	a	quartet,	the	resonance	for	
the	complexed	ligand	is	a	triplet	of	doublets	due	to	coupling	to	ligand	protons,	complicating	
efforts	to	calculate	a	self‐exchange	rate	constant.	For	the	resonances	assigned	to	the	cation	
(in	1.6),	dication	(in	1.7),	and	their	mixtures,	spin	simulations	(given	the	predicted	AX2Y	spin	
system	and	coupling	constants	measured	by	1H	NMR	of	1.6)	were	used	to	estimate	the	line	
width	of	a	single	transition	(plotted	above),	assuming	all	transitions	in	a	multiplet	have	the	
same	 line	width.	The	 formula	 applicable	 to	 singlet	 resonances	was	 then	applied	 to	 these	
estimated	line	widths.17,18	Despite	these	efforts,	the	difference	between	the	line	widths	of	the	
mixtures’	 transitions	 and	 the	 broadening	 attributable	 to	 a	weighted	 average	 of	 the	 pure	
species	 was	 too	 small	 relative	 to	 our	 error	 to	 accurately	 estimate	 a	 self‐exchange	 rate	
constant,	 as	 has	 been	 observed	 previously	 for	 other	 dicopper	 systems.19	 Treating	 the	
resonances	instead	as	broad	singlets,	which	would	likely	provide	a	crude	underestimate	of	
the	self‐exchange	rate,20,21	similarly	suggested	that	the	rate	was	too	large	to	accurately	be	
determined	by	NMR	line‐broadening	techniques.	
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Figure S1.20. Multiple‐Curve	Fit	of	UV‐Visible‐NIR	Spectra	of	1.7	in	THF 

 

Table S1.1. Peak	Details	for	Multiple‐Curve	Fit	of	UV‐Visible‐NIR	Spectra	of	1.7	in	THF 

Peak 
Type 

Center Max  
(Wavenumbers, cm–1) 

Max Height  
(Molar Abs. Coeff.,  

103 M–1·cm–1) 

Full Width at Half Max 
(Wavenumbers, cm–1) 

Gaussian	 11086.05	 2.4775	 3408.9	
Gaussian	 14616.63	 0.4264	 2424.5	
Gaussian	 19350.65	 0.9572	 2879.9	
Gaussian	 22862.36	 2.9249	 7300.9	

 

Other details: To	compare	to	the	solvatochromism	prediction	given	by	Hush’s	theory,	for	
THF	[1/(1.1n2)	–	1/εr]	was	calculated	to	be	0.327	at	22	°C	(where	n	is	the	refractive	index	of	
the	solvent	and	εr	is	the	static	dielectric	constant).22,23 
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Figure S1.21. Multiple‐Curve	Fit	of	UV‐Visible‐NIR	Spectra	of	1.7	in	o‐C6H4F2 

 

Table S1.2. Peak	Details	for	Multiple‐Curve	Fit	of	UV‐Visible‐NIR	Spectra	of	1.7	in	o‐C6H4F2	

Peak 
Type 

Center Max  
(Wavenumbers, cm–1) 

Max Height  
(Molar Abs. Coeff.,  

103 M–1·cm–1) 

Full Width at Half Max 
(Wavenumbers, cm–1) 

Gaussian	 10965.54	 2.3856	 3323.0	
Gaussian	 14384.93	 0.4634	 2680.8	
Gaussian	 19299.07	 1.0778	 3137.8	
Gaussian	 22965.48	 2.9964	 7397.3	

 

Other details: To	compare	to	the	solvatochromism	prediction	given	by	Hush’s	theory,	for	o‐
C6H4F2	[1/(1.1n2)	–	1/εr]	was	calculated	to	be	0.363	at	22	°C	(where	n	is	the	refractive	index	
of	the	solvent	and	εr	is	the	static	dielectric	constant).22,23 



 

 
 

 

Figure S1.22. The X‐band	EPR	spectra	of	solutions	of	1.7	in	THF	

	

Details:	 All	 spectra	 are	normalized	 along	 the	 y‐axis.	The	 sharp	 line	 at	 approximately	330	mT,	which	becomes	 increasingly	
apparent	as	the	temperature	decreases,	 is	attributed	to	an	impurity	in	either	the	solvent	or	quartz	tube.	All	spectra	are	of	a	
sample	with	a	concentration	of	0.6	mM	except	for	that	acquired	at	150	K,	which	is	of	a	sample	with	a	concentration	of	7.5	mM.
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Figure S1.23. The X‐band	EPR	spectra	of	a	saturated	solution	of	1.7	in	1:1	o‐C6H4F2/diethyl	
ether	

 

 

Details:	All	spectra	are	normalized	along	the	y‐axis.	
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Figure S1.24. The X‐band	EPR	spectra	of	a	7.5	mM	solution	of	1.7	in	THF	

	

Details:	All	spectra	are	normalized	along	the	y‐axis.	
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Figure S1.25. A	comparison	of	the	spectra	of	1.7	in	THF	at	240	K	with	simulated	spectra	

	

Details:	 All	 spectra	 are	 normalized	 along	 the	 y‐axis.	 (a)	 Experimental	 data	 (black	 trace)	
collected	at	240	K.	(b,	c)	Continuous	wave	EPR	isotropic	(and	fast	motion)	spectra	simulated	
using	the	g	values	and	hyperfine	coupling	constants	estimated	for	the	solid‐state	spectra	(see	
text)	assuming	coupling	to	(b,	red	trace)	one	or	(c,	blue	trace)	two	equivalent	copper	centers.	
Light	blue	vertical	lines	denote	inflection	points	that	could	reasonably	represent	peaks.	
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SINGLE-CRYSTAL X-RAY DIFFRACTION CRYSTAL STRUCTURE DETAILS 

Figure SC1.1. Solid	 state	 structure	 of	 [Cu2(µ‐η1:η1‐NCCH3)DPFN](PF6)2·2.5(C6H5NO2)	
(1.1·2.5(C6H5NO2))	as	determined	by	single‐crystal	X‐ray	diffraction 

 

 

Details:	 Hydrogen	 atoms,	 two	 PF6–	 counterions,	 and	 2.5	 cocrystallizing	 nitrobenzene	
molecules	have	been	omitted	for	clarity.		Thermal	ellipsoids	are	set	at	the	50%	probability	
level.		Selected	bond	lengths	[Å]	and	angles	[˚]:	Cu1···Cu2:	2.4725(5),	Cu1–N1:	2.032(2),	Cu1–
N3:	2.073(2),	 Cu1–N4:	2.066(2),	 Cu2–N2:	2.036(2),	 Cu2–N5:	2.058(2),	 Cu2–N6:	2.057(2),	
Cu1–N7:	1.959(2),	Cu2–N7:	1.992(2),	N7–C31:	1.138(3);	Cu1–N7–Cu2:	77.46(7),	N7–Cu1–
Cu2:	51.87(6),	N7–Cu2–Cu1:	50.67(6),	C31–N7–Cu1:	147.5(2),	C31–N7–Cu2:	135.1(2). 
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Table SC1.1.  Crystal	 data	 and	 structure	 refinement	 for	 [Cu2(µ‐η1:η1‐NCCH3)DPFN]	
(PF6)2·2.5(C6H5NO2)	(1.1·2.5(C6H5NO2))	
 

Empirical	formula		 C47H35.5Cu2F14N9.5O5P2	

Formula	weight		 1268.75	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Monoclinic	

Space	group		 P21/n	

Unit	cell	dimensions	 a	=	10.2462(4)	Å	 α	=	90°	

	 b	=	21.4566(9)	Å	 β	=	96.132(2)°	

	 c	=	22.8408(9)	Å	 γ	=	90°	

Volume	 4992.8(3)	Å3	

Z	 4	

Density	(calculated)	 1.688	Mg/m3	

Absorption	coefficient	 1.026	mm–1	

F(000)	 2553	

Crystal	size	 0.090	x	0.040	x	0.010	mm3	

Theta	range	for	data	collection	 1.306	to	25.392°	

Index	ranges	 –11<=h<=12,	–25<=k<=25,	–27<=l<=27	

Reflections	collected	 65807	

Independent	reflections	 9180	[R(int)	=	0.0334]	

Completeness	to	theta	=	25.000°	 100.0	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.6371	and	0.5780	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 9180	/	12	/	911	

Goodness‐of‐fit	on	F2	 1.038	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0355,	wR2	=	0.0935	

R	indices	(all	data)	 R1	=	0.0419,	wR2	=	0.0981	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 0.585	and	–0.589	e/Å3	
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Figure SC1.2. Solid	 state	 structure	of	 [Cu2(µ‐η1:η1‐Ph)DPFN](BPh4)·3(o‐C6H4F2)	 (1.2·3(o‐
C6H4F2))	as	determined	by	single‐crystal	X‐ray	diffraction 

 

 

Details:	 Hydrogen	 atoms,	 one	 BPh4–	 counterion,	 and	 three	 cocrystallizing	 o‐C6H4F2	
molecules	have	been	omitted	for	clarity.		Thermal	ellipsoids	are	set	at	the	50%	probability	
level.		Selected	bond	lengths	[Å]	and	angles	[˚]:	Cu1···Cu2:	2.3927(5),	Cu1–N1:	2.095(2),	Cu1–
N3:	2.138(2),	 Cu1–N4:	2.122(2),	 Cu2–N2:	2.074(2),	 Cu2–N5:	2.124(2),	 Cu2–N6:	2.144(2),	
Cu1–C31:	2.023(2),	 Cu2–C31:	2.016(2);	 Cu1–C31–Cu2:	72.65(8),	 C31–Cu1–Cu2:	53.55(7),	
C31–Cu2–Cu1:	53.80(7),	C34–C31–Cu1:	144.4(1),	C34–C31–Cu2:	143.0(1). 
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Table SC1.2.  Crystal	data	and	structure	refinement	for	[Cu2(µ‐η1:η1‐Ph)DPFN](BPh4)·3(o‐
C6H4F2)	(1.2·3(o‐C6H4F2))	
 

Empirical	formula		 C78H57BCu2F8N6	

Formula	weight		 1368.18	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Triclinic	

Space	group		 P 	

Unit	cell	dimensions	 a	=	9.9438(3)	Å	 α	=	87.5830(10)°	

	 b	=	16.1553(5)	Å	 β	=	76.6040(10)°	

	 c	=	20.9439(6)	Å	 γ	=	75.1680(10)°	

Volume	 3163.41(17)	Å3	

Z	 2	

Density	(calculated)	 1.436	Mg/m3	

Absorption	coefficient	 0.748	mm–1	

F(000)	 1404	

Crystal	size	 0.120	x	0.110	x	0.020	mm3	

Theta	range	for	data	collection	 1.629	to	25.443°	

Index	ranges	 –11<=h<=11,	–19<=k<=19,	–25<=l<=25	

Reflections	collected	 75850	

Independent	reflections	 11471	[R(int)	=	0.0318]	

Completeness	to	theta	=	25.000°	 99.0	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.8129	and	0.7638	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 11471	/	0	/	939	

Goodness‐of‐fit	on	F2	 1.022	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0398,	wR2	=	0.0982	

R	indices	(all	data)	 R1	=	0.0468,	wR2	=	0.1030	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole				 1.575	and	–0.656	e/Å3	
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Figure SC1.3. Solid	 state	 structure	 of	 [Cu2(µ‐η1:η1‐((3,5‐trifluoromethyl)phenyl)	
DPFN](BArF24)·3(o‐C6H4F2)	 (1.3·3(o‐C6H4F2))	 as	 determined	 by	 single‐crystal	 X‐ray	
diffraction 

	
	
	
Details:	 Hydrogen	 atoms,	 one	 BArF24–	 counterion,	 and	 three	 cocrystallizing	 o‐C6H4F2	
molecules	have	been	omitted	for	clarity.		Thermal	ellipsoids	are	set	at	the	50%	probability	
level.		Selected	bond	lengths	[Å]	and	angles	[˚]:	Cu1···Cu2:	2.3966(8),	Cu1–N1:	2.098(3),	Cu1–
N3:	2.118(4),	 Cu1–N4:	2.082(3),	 Cu2–N2:	2.070(3),	 Cu2–N5:	2.082(3),	 Cu2–N6:	2.158(4),	
Cu1–C31:	 2.046(3),	 Cu2–C31:	 2.038(3);	 Cu1–C31–Cu2:	 71.9(1),	 C31–Cu1–Cu2:	 53.92(9),	
C31–Cu2–Cu1:	54.22(9),	C34–C31–Cu1:	144.1(2),	C34–C31–Cu2:	143.6(2). 
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Table SC1.3.  Crystal	data	and	structure	refinement	for	[Cu2(µ‐η1:η1‐((3,5‐trifluoromethyl)	
phenyl)DPFN]	(BArF24)·3(o‐C6H4F2)	(1.3·3(o‐C6H4F2))	
	

Empirical	formula		 C88H47BCu2F38N6	

Formula	weight		 2048.20	

Temperature		 100(2)	K	

Wavelength		 1.54178	Å	

Crystal	system		 Monoclinic	

Space	group		 P21/c	

Unit	cell	dimensions	 a	=	20.3441(10)	Å	 α	=	90°	

	 b	=	21.4651(11)	Å	 β	=	112.805(2)°	

	 c	=	20.4182(10)	Å	 γ	=	90°	

Volume	 8219.4(7)	Å3	

Z	 4	

Density	(calculated)	 1.655	Mg/m3	

Absorption	coefficient	 1.892	mm–1	

F(000)	 4088	

Crystal	size	 0.080	x	0.030	x	0.010	mm3	

Theta	range	for	data	collection	 3.123	to	68.252°	

Index	ranges	 –24<=h<=22,	–25<=k<=25,	–24<=l<=24	

Reflections	collected	 64606	

Independent	reflections	 14802	[R(int)	=	0.0460]	

Completeness	to	theta	=	67.000°	 98.7	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.5780	and	0.4893	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 14802	/	0	/	1303	

Goodness‐of‐fit	on	F2	 1.022	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0644,	wR2	=	0.1753	

R	indices	(all	data)	 R1	=	0.0794,	wR2	=	0.1907	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 1.001	and	–0.921	e/Å3	
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Figure SC1.4. Solid	 state	 structure	 of	 [Cu2(µ‐η1:η1‐NCCH3)DPFN](NTf2)2·n(o‐C6H4Cl2)	
(1.5·n(o‐C6H4Cl2))	as	determined	by	single‐crystal	X‐ray	diffraction 

	
	
Details:	Hydrogen	atoms,	two	NTf2–	counterions,	and	cocrystallizing	ortho‐dichlorobenzene	
molecules	have	been	omitted	for	clarity.		Thermal	ellipsoids	are	set	at	the	50%	probability	
level.		Selected	bond	lengths	[Å]	and	angles	[˚]:	Cu1···Cu2:	2.4781(6),	Cu1–N1:	2.020(3),	Cu1–
N3:	2.064(3),	 Cu1–N4:	2.053(3),	 Cu2–N2:	2.046(3),	 Cu2–N5:	2.065(3),	 Cu2–N6:	2.064(3),	
Cu1–N7:	 2.000(3),	 Cu2–N7:	 1.958(3),	 N7–C31:	 1.143(5);	 Cu1–N7–Cu2:	 77.5(1),	 N7–Cu1–
Cu2:	50.48(8),	N7–Cu2–Cu1:	51.99(8),	C31–N7–Cu1:	131.7(3),	C31–N7–Cu2:	150.3(3). 
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Table SC1.4.  Crystal	 data	 and	 structure	 refinement	 for	 [Cu2(µ‐η1:η1‐NCCH3)DPFN]	
(NTf2)2·n(o‐C6H4Cl2)	(1.5·n(o‐C6H4Cl2))	
 

Empirical	formula		 C43.39H27.78Cl1.77Cu2F14N9O8S4	

Formula	weight		 1387.33	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Monoclinic	

Space	group		 C2/c	

Unit	cell	dimensions	 a	=	25.2803(9)	Å	 α	=	90°	

	 b	=	15.4022(6)	Å	 β	=	106.2270(10)°	

	 c	=	27.2625(10)	Å	 γ	=	90°	

Volume	 10192.4(7)	Å3	

Z	 8	

Density	(calculated)	 1.808	Mg/m3	

Absorption	coefficient	 1.206	mm–1	

F(000)	 5546	

Crystal	size	 0.130	x	0.080	x	0.020	mm3	

Theta	range	for	data	collection	 1.556	to	25.393°	

Index	ranges	 –30<=h<=26,	–18<=k<=18,	–32<=l<=32	

Reflections	collected	 101413	

Independent	reflections	 9357	[R(int)	=	0.0316]	

Completeness	to	theta	=	25.000°	 99.9	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.7782	and	0.6826	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 9357	/	6	/	787	

Goodness‐of‐fit	on	F2	 1.066	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0428,	wR2	=	0.1135	

R	indices	(all	data)	 R1	=	0.0488,	wR2	=	0.1174	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 1.496	and	–0.731	e/Å3	
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Figure SC1.5. Solid	 state	 structure	 of	 [Cu2(µ‐η1:η1‐Ph)DPFN](NTf2)·2.5(C6H5F)	
(1.6·2.5(C6H5F))	as	determined	by	single‐crystal	X‐ray	diffraction 

	
	
Details:	Hydrogen	atoms,	two	halves	of	disordered	NTf2–	counterions,	and	2.5	cocrystallizing	
C6H5F	 molecules	 have	 been	 omitted	 for	 clarity.	 	 Thermal	 ellipsoids	 are	 set	 at	 the	 50%	
probability	level.	 	Selected	bond	lengths	[Å]	and	angles	[˚]:	Cu1···Cu2:	2.3765(6),	Cu1–N1:	
2.083(2),	Cu1–N3:	2.101(2),	Cu1–N4:	2.143(2),	Cu2–N2:	2.085(2),	Cu2–N5:	2.118(2),	Cu2–
N6:	 2.136(2),	 Cu1–C31:	 2.035(2),	 Cu2–C31:	 2.020(2);	 Cu1–C31–Cu2:	 71.76(8),	 C31–Cu1–
Cu2:	53.83(6),	C31–Cu2–Cu1:	54.41(7),	C34–C31–Cu1:	140.1(1),	C34–C31–Cu2:	148.2(1). 
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Table SC1.5.  Crystal	 data	 and	 structure	 refinement	 for	 [Cu2(µ‐η1:η1‐Ph)DPFN]	
(NTf2)·2.5(C6H5F)	(1.6·2.5(C6H5F))	
	

Empirical	formula		 C53H37.50Cu2F10.50N7O4S2	

Formula	weight		 1227.10	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Monoclinic	

Space	group		 C2/c	

Unit	cell	dimensions	 a	=	23.1071(15)	Å	 α	=	90°	

	 b	=	19.4719(13)	Å	 β	=	91.370(3)°	

	 c	=	22.4403(14)	Å	 γ	=	90°	

Volume	 10093.9(11)	Å3	

Z	 8	

Density	(calculated)	 1.615	Mg/m3	

Absorption	coefficient	 1.020	mm–1	

F(000)	 4968	

Crystal	size	 0.140	x	0.050	x	0.020	mm3	

Theta	range	for	data	collection	 1.368	to	25.385°	

Index	ranges	 –27<=h<=27,	–23<=k<=23,	–27<=l<=25	

Reflections	collected	 75126	

Independent	reflections	 9275	[R(int)	=	0.0315]	

Completeness	to	theta	=	25.000°	 99.9	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.6647	and	0.6096	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 9275	/	6	/	832	

Goodness‐of‐fit	on	F2	 1.046	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0356,	wR2	=	0.0874	

R	indices	(all	data)	 R1	=	0.0429,	wR2	=	0.0929	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 0.508	and	–0.597	e/Å3	
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Figure SC1.6. Solid	state	structure	of	 [Cu2(µ‐η1:η1‐Ph)DPFN](NTf2)2·n(o‐C6H4F2)	(1.7·n(o‐
C6H4F2))	as	determined	by	single‐crystal	X‐ray	diffraction 

	
	
Details:	Hydrogen	atoms	and	two	NTf2–	counterions	have	been	omitted	for	clarity.		Thermal	
ellipsoids	 are	 set	 at	 the	50%	probability	 level.	 	 Selected	bond	 lengths	 [Å]	 and	 angles	 [˚]:	
Cu1···Cu2:	 2.3809(5),	 Cu1–N1:	 2.030(4),	 Cu1–N3:	 2.092(2),	 Cu1–N4:	 2.135(3),	 Cu2–N2:	
1.977(4),	Cu2–N5:	2.108(2),	Cu2–N6:	2.142(3),	Cu1–C31:	2.077(5),	Cu2–C31:	1.940(6);	Cu1–
C31–Cu2:	72.6(2),	C31–Cu1–Cu2:	51.0(1),	C31–Cu2–Cu1:	56.4(1),	C34–C31–Cu1:	119.9(2),	
C34–C31–Cu2:	167.5(3). 
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Table SC1.6.  Crystal	data	and	structure	refinement	for	[Cu2(µ‐η1:η1‐Ph)DPFN](NTf2)2·n(o‐
C6H4F2)	(1.7·n(o‐C6H4F2))	

	

Empirical	formula		 C40H25Cu2F14N8O8S4	

Formula	weight		 1267.00	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Triclinic	

Space	group		 P 	

Unit	cell	dimensions	 a	=	12.6780(4)	Å	 α	=	66.6810(10)°	

	 b	=	15.1192(5)	Å	 β	=	74.4900(10)°	

	 c	=	16.6712(6)	Å	 γ	=	71.7180(10)°	

Volume	 2748.56(16)	Å3	

Z	 2	 	

Density	(calculated)	 1.531	Mg/m3	

Absorption	coefficient	 1.026	mm–1	

F(000)	 1266	

Crystal	size	 0.130	x	0.090	x	0.010	mm3	

Theta	range	for	data	collection	 1.348	to	25.442°	

Index	ranges	 –14<=h<=15,	–18<=k<=18,	–17<=l<=20	

Reflections	collected	 40657	

Independent	reflections	 10065	[R(int)	=	0.0283]	

Completeness	to	theta	=	25.000°	 99.6	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.6839	and	0.5986	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 10065	/	0	/	821	

Goodness‐of‐fit	on	F2	 1.053	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0527,	wR2	=	0.1324	

R	indices	(all	data)	 R1	=	0.0649,	wR2	=	0.1407	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 1.417	and	–0.931	e/Å3	
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COMPUTATIONAL DETAILS 

All	calculations	were	carried	out	with	the	QChem	4.3	software.24	The	6‐31+G**	basis	set	was	
used	 for	 all	 atoms,	 including	 copper.	 Starting	 from	 the	 crystallographically	 determined	
atomic	coordinates	of	1.7,	both	anions	were	deleted,	and	the	geometry	of	the	dication	was	
optimized	with	the	ωB97X‐D	functional.25	All	open‐shell	calculations	were	carried	out	with	
restricted	 orbitals	 to	 ensure	 spin‐purity.	 The	 spin‐density	 map	 was	 generated	 with	 the	
IQmol	visualization	software.	Atomic	coordinates	and	structure	energies	are	given	below	
(Table	SCD1.1).	For	the	series	of	long‐range	corrected	functionals,	used	to	show	the	effect	of	
delocalization	error	on	spin	localization,	the	range‐separation	parameter	(ω)	was	set	to	0.3	
bohr–1,	correlation	was	PBE,	and	the	short‐range	exchange	was	set	to	0.0,	0.2,	0.4,	0.6,	0.8,	
1.0	ωPBE	with	the	remainder	being	Hartree‐Fock	exchange.	Plots	of	Hartree‐Fock	exchange	
vs	inter‐electron	distance	were	generated	in	Mathematica	(v.	10).	

 

Figure SCD1.1. Fraction	of	Hartree‐Fock	exchange	vs	inter‐electron	distance	
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Figure SCD1.2.	Plot	of	spin	localization	on	Cu1	and	Cu2	in	[Cu2(µ‐η1:η1‐Ph)DPFN]2+	versus	
percentage	of	short‐range	Hartree‐Fock	exchange	
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Table SCD1.1.	Atomic	coordinates	and	energy	of	the	calculated	structure	of	for	[Cu2(µ‐
η1:η1‐Ph)DPFN]2+	

Charge	=	2	Multiplicity	=	2	
	
	 x	 y	 z	

C	 1.29654	 0.31955	 2.87299	
C	 2.15555	 1.24069	 3.50873	
H	 2.37253	 1.13885	 4.56372	
C	 2.69035	 2.25967	 2.76268	
H	 3.35805	 2.98501	 3.21737	
C	 2.33502	 2.38841	 1.39793	
C	 2.73238	 3.45761	 0.5605	
H	 3.4171	 4.21333	 0.93345	
C	 2.21779	 3.5458	 –0.70591	
H	 2.46265	 4.37046	 –1.36117	
C	 1.33383	 2.54038	 –1.15407	
C	 1.47932	 1.41224	 0.84969	
C	 0.60537	 –0.79233	 3.6606	
C	 –0.92264	 –0.61417	 3.63994	
C	 –1.63056	 –0.45872	 4.82525	
H	 –1.1237	 –0.4559	 5.78084	
C	 –3.01373	 –0.31334	 4.75084	
H	 –3.59719	 –0.19339	 5.65742	
C	 –3.62996	 –0.32263	 3.5055	
H	 –4.70425	 –0.21757	 3.40852	
C	 –2.83661	 –0.47969	 2.3774	
H	 –3.27246	 –0.49013	 1.38478	
C	 1.0212	 –2.18484	 3.17575	
C	 1.71719	 –3.04227	 4.01598	
H	 2.00163	 –2.72614	 5.01072	
C	 2.0437	 –4.3107	 3.54515	
H	 2.60412	 –4.99489	 4.17255	
C	 1.63966	 –4.6812	 2.26868	
H	 1.85375	 –5.66561	 1.86964	
C	 0.95055	 –3.75744	 1.49524	
H	 0.60885	 –4.00624	 0.49697	
C	 0.64923	 2.67744	 –2.51474	
C	 –0.88001	 2.74196	 –2.36222	
C	 –1.58478	 3.86389	 –2.77813	
H	 –1.07109	 4.71721	 –3.20123	
C	 –2.97114	 3.85629	 –2.64447	
H	 –3.55219	 4.71538	 –2.96234	
C	 –3.59487	 2.73811	 –2.10351	
H	 –4.67203	 2.692	 –1.99553	
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C	 –2.80433	 1.66531	 –1.71536	
H	 –3.24363	 0.76546	 –1.29927	
C	 1.06773	 1.58234	 –3.49746	
C	 1.70155	 1.90286	 –4.68991	
H	 1.93892	 2.93104	 –4.92918	
C	 2.01496	 0.87193	 –5.57112	
H	 2.50971	 1.08956	 –6.51154	
C	 1.67238	 –0.43065	 –5.23151	
H	 1.88155	 –1.2596	 –5.89703	
C	 1.0405	 –0.65726	 –4.01773	
H	 0.74229	 –1.65373	 –3.71693	
C	 –0.81667	 –1.82951	 –0.89998	
C	 –2.21121	 –1.97495	 –1.11101	
H	 –2.89934	 –1.34146	 –0.55837	
C	 –2.74414	 –2.91279	 –1.98659	
H	 –3.81904	 –2.98574	 –2.11736	
C	 –1.89268	 –3.76522	 –2.68892	
H	 –2.30179	 –4.49989	 –3.37522	
C	 –0.51251	 –3.68165	 –2.49698	
H	 0.15003	 –4.34689	 –3.04212	
C	 0.00494	 –2.73945	 –1.6142	
H	 1.08599	 –2.69651	 –1.48707	
N	 1.00827	 0.37653	 1.58662	
N	 1.02382	 1.47856	 –0.43017	
N	 –1.50849	 –0.62691	 2.43658	
N	 0.6641	 –2.5204	 1.92698	
N	 –1.47207	 1.66265	 –1.83585	
N	 0.75272	 0.32561	 –3.15151	
F	 1.01946	 –0.66996	 4.97147	
F	 1.06009	 3.88482	 –3.04302	
Cu	 –0.15571	 –1.02778	 0.74747	
Cu	 –0.13631	 0.05437	 –1.29097	

Final	 Energy	 =	 –5194.825416	
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Chapter 2.	Dicopper	Cu(I)Cu(I)	and	Cu(I)Cu(II)	Complexes	in	Copper‐Catalyzed	
Azide−Alkyne	Cycloaddition	
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INTRODUCTIONa 

From	 initial	 reports	 in	 the	1980s1,2	 and	 seminal	work	 in	 the	2000s,3,4	 the	 copper‐
catalyzed	azide–alkyne	cycloaddition	(CuAAC)	has	become	renowned	for	its	utility	and	has	
found	applications	in,	for	example,	small‐molecule,	polymer,	and	materials	syntheses	as	well	
as	 biochemical	 labeling.5–18	 However,	 the	 CuAAC	 mechanism	 has	 resisted	 elucidation,	
prompting	 a	 range	 of	 experimental	 and	 theoretical	 studies.16,19–31	 A	 general,	 simplified	
mechanism	of	 CuAAC	under	 aprotic	 conditions	 (Scheme	2.1)	 is	 postulated	 to	 include	Cu‐
bound	alkynyl	and	triazolide	intermediates,	but	the	nuclearity	of	the	copper	intermediates	
([LnCu]m)	is	uncertain.25,27	Notably,	experimental	investigations	of	the	reaction’s	mechanism	
and	catalyst	nuclearity	are	often	complicated	by	aggregation	of	Cu(I)	acetylides,	commonly	
into	 insoluble	 polymeric	 materials,	 and	 interconversion	 of	 catalytic	 species.20,24,25,30,32–36	
Bases	can	also	introduce	complexity	by	enabling	additional	protonation	and	deprotonation	
steps	in	the	catalytic	cycle	(omitted	for	simplicity	in	Scheme	2.1).25,27	More	recently,	kinetics	
studies,20,23,37–39	 isotopic	 copper	 labeling,40	 mass	 spectroscopy,41,42	 and	 isolation	 of	
presumed	 copper	 intermediates39,43	 suggested	 the	 intermediacy	 of	 dicopper	 species	 in	
catalysis.	 Multicopper,	 and	 specifically	 dicopper,	 catalytic	 intermediates	 have	 also	 been	
supported	by	computational	studies.30,31,44–46		

	
Scheme 2.1. General Scheme	of	CuAAC	in	Aprotic	Conditions. 

On	the	basis	of	these	experimental	and	computational	studies,	many	intermediates	
(some	of	which	are	shown	in	Chart	2.1)	have	been	proposed	for	mechanisms	that	 involve	
cooperation	between	two	copper	centers.	Only	recently	have	presumed	dinuclear	complexes	
been	isolated	and	shown	to	undergo	discrete	steps	in	a	potential	CuAAC	cycle,	notably	the	
transformation	of	A	 into	H as	 reported by	 Jin	 and	 co‐workers.39	However,	 this	 and	other	
recent	 reports	 of	 proposed	CuAAC	 intermediates	have	 employed	 systems	 that	potentially	

                                                            
a	This	 chapter	 is	 reproduced	with	permission	 from	Ziegler,	M.	 S.;	 Lakshmi,	K.	V.;	Tilley,	T.	D.	Dicopper	
Cu(I)Cu(I)	and	Cu(I)Cu(II)	Complexes	in	Copper‐Catalyzed	Azide–Alkyne	Cycloaddition.	J. Am. Chem. Soc.	
2017,	139	(15),	5378–5386	DOI:	10.1021/jacs.6b13261.	Copyright	2017	American	Chemical	Society.	



 

75 
 

allow	both	monocopper	and	dicopper	pathways	to	operate.32,39,40	Moreover,	intermediate	I,	
while	 supported	 computationally,30,31,45,46	 has	 remained	 unobserved	 in	 these	 studies.	 In	
addition,	in	nearly	all	of	these	cases,	the	two	catalytically	active	copper	centers	are	presumed	
to	be	in	the	+1	oxidation	state	even	though	there	is	evidence	that	Cu(II)	might	accelerate	the	
CuAAC	reaction,37	possibly	by	playing	a	role	that	complements	Cu(I).47		

	

	
Chart 2.1: Proposed	Dinuclear	CuAAC	Intermediates.b	 

                                                            
b	Selected	references	are	in	parentheses.	



 

76 
 

As	 described	 here,	 the	 potential	 for	 mechanistic	 pathways	 that	 feature	 dicopper	
intermediates	in	the	CuAAC	reaction	has	been	investigated	with	the	rigid,	dinucleating	ligand	
(2,7‐bis(fluoro‐di(2‐pyridyl)‐methyl)‐1,8‐naphthyridine,	 DPFN)	 that	 supports	 discrete	
cationic	dicopper	complexes	with	bridging	hydrocarbyl	ligands	and	mixed‐valence	electronic	
states.48	This	work	involves	synthesis	of	a	μ‐alkynyl	dicopper(I,I)	complex	and	observation	
of	its	reaction	with	an	organic	azide.	This	reaction	gives	a	μ‐triazolide	species	that	is	also	very	
likely	 an	 intermediate	 on	 a	 CuAAC	 catalytic	 cycle.	 These	 results	 therefore	 provide	 strong	
support	 for	 the	 viability	 of	 a	 dicopper	 mechanism	 and	 establish	 structural	 information	
concerning	 key	 intermediates	 in	 such	 a	 cycle.	 Further	 investigations	 have	 shown	 that	
analogous,	mixed‐valence	dicopper(I,II)	complexes	are	much	less	likely	to	be	active	in	CuAAC	
catalysis.	

DICOPPER(I) ALKYNYL COMPLEX 

Previous	work	has	shown	that	a	dicopper	complex	of	DPFN	abstracts	a	phenyl	group	
from	tetraphenylborate	to	yield	the	μ‐Ph	complex	[Cu2(μ‐η1:η1‐Ph)DPFN]NTf2	and	that	the	
resulting	aryl	group	can	be	exchanged	for	C6F5H	with	concomitant	generation	of	benzene.48	
Analogously,	treatment	of	the	μ‐phenyl	complex	with	10	equiv	of	p‐tolylacetylene	and	heating	
at	100	°C	for	4.5	h	in	o‐C6H4F2	gave	elimination	of	benzene	and	the	bridging	alkynyl	complex	
[Cu2(μ‐η1:η1-C≡C(C6H4)CH3)DPFN]NTf2	(2.1,	eq	2.1),	which	was	isolated	in	91%	yield.	

	
The	solid‐state	structure	of	2.1	contains	two	independent	molecules	of	the	dicopper	

cation	in	the	asymmetric	unit	(one	is	shown	in	Figures	2.1	and	SC2.1).	Both	molecules	exhibit	
symmetrically	 bridging	 p‐tolylalkynyl	 ligands;	 the	 ∠C32–C31–Cu	 angles	 are	 all	 between	
140.9(3)	 and	 143.8(3)°,	 similar	 to	 the	 ∠Cpara–Cipso–Cu	 angles	 in	 the	 μ‐Ph	 complex	
(144.4(1)	and	143.0(1)°),	and	the	Cu–C31	bonds	are	all	in	the	range	of	1.949(3)–1.956(4)	A.	
The	1H	NMR	spectra	of	2.1	(ca.	10	mM)	in	THF‐d8	at	25	°C	are	consistent	with	the	solid‐state	
structure,	 suggesting	 that	 also	 in	 solution	 the	μ‐alkynyl	 ligand	 symmetrically	 bridges	 the	
copper	atoms.	This	symmetric	binding	is	notable	considering	the	tendency	of	multicopper	
alkynyl	complexes	to	bind	in	a	σ,π‐	(i.e.,	μ‐η1:η2)	fashion,	but	is	not	without	precedent.49,50	

The	Cu–C31	distances	(average:	1.953(2)	A)	are	significantly	shorter	than	analogous	
distances	 in	the	μ‐Ph	complex	(average:	2.020(1)	A).	 	This	difference	 in	Cu–C	distances	 is	
consistent	with	hybridization	at	carbon	and	could	also	result	from	greater	electron	donation	
from	 the	 Cu(I)	 atoms	 into	 the	 alkynyl	 π‐system.	 This	 more	 compact	 core	 structure	 also	
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extends	to	the	Cu···Cu	distance;	in	2.1	the	average	Cu···Cu	distance	is	2.3885(4)	A,	which	is	
shorter	than	that	observed	for	the	μ‐Ph	complex	(2.3927(5)	A).		

	

Figure 2.1.	Solid‐state	structure	of	2.1	as	determined	by	single‐crystal	X‐ray	diffraction.	Only	
one	dicopper	cation	in	the	asymmetric	unit	is	shown;	the	other	cation,	four	C6H5F	molecules	
of	 solvation,	 two	NTf2–	 counterions,	 and	hydrogen	atoms	are	omitted	 for	 clarity.	Thermal	
ellipsoids	are	set	at	the	50%	probability	level.	

 

A	 few	 other	 cationic	 bridging	 alkynyl	 copper	 compounds	 have	 been	 isolated	 and	
structurally	characterized.35,39,49–53	Compared	to	the	two	structurally	characterized	dicopper	
examples	reported	by	Jin	and	co‐workers	in	their	study	of	CuAAC,39	the	alkynyl	moiety	in	2.1	
bridges	in	a	significantly	more	symmetric	manner.	The	binding	in	2.1	is	similar	to	that	of	a	
complex	 synthesized	 by	 Kuang	 et al.,	 [Cu2(μ‐L)2(μ‐η1:η1‐C≡CPh)]ClO4,	 where	 L	 =	 2‐
(diphenylphosphino)‐6‐(pyrazol‐1‐yl)pyridine.52	However,	the	Cu···Cu	and	Cu–C	distances	in	
2.1	are	significantly	shorter	than	corresponding	distances	in	Kuang’s	complex	(2.517(2)	A	
and	2.045(9),	2.078(8)	A,	respectively).		

A	1H–13C	HMBC	experiment	slightly	modified	to	allow	for	couplings	as	low	as	JC–H	≈	
3.5	Hz	was	performed	on	a	solution	of	2.1 in THF‐d8	at	25	°C	and	700	MHz	(16.4	T,	Figures	
S2.1–	S2.5).	The	spectrum	revealed	six	cross	peaks	correlated	with	the	methyl	resonance,	
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suggesting	 that	 it	 reported	 every	 carbon	 in	 the	 μ‐alkynyl	 ligand’s	 conjugated	 π‐system,	
including	the	terminal	Cu2‐bound	carbon,	which	would	constitute	a	7JC–H	observation	(Figure	
2.2b).	While	observation	of	such	a	long‐range	correlation	is	unexpected,	electronic	effects	on	
the	chemical	shift	of	a	substituted	phenylacetylenes’s	terminal	carbon	resonance	have	been	
observed	 upon	 variation	 of	 the	 para-substituent.54	 Direct	 observation	 of	 the	 carbon	
resonances	in	2.1	was	achieved	via	a	1D	13C{1H}	experiment	recorded	at	900	MHz	(21.1	T,	
26,624	scans,	Figure	2.2a	and	Figures	S2.6	and	S2.7)	and	confirmed	that	all	six	correlations	
observed	in	the	HMBC	experiment	correspond	to	carbon‐13	resonances.	Combined	with	a	
1H–13C	 HSQC	 experiment,	 these	 data	 allow	 tentative	 assignment	 of	 the	 101.17	 ppm	
resonance	as	the	bridging	carbon	in	the	μ‐alkynyl	moiety	and	the	121.62	ppm	resonance	as	
the	 internal	 alkynyl	 carbon.	 These	 assignments	 are	 consistent	 with	 those	 observed	 in	 a	
recently	reported	cationic	copper	cluster	containing	bridging	acetylides.35	

	

 

Figure 2.2.	 13C{1H}	 (a)	 and	 1H–13C	HMBC	 (b)	 NMR	 spectra,	 acquired	 at	 21.1	 and	 16.4	 T	
respectively,	of	a	solution	of	2.1	in	THF‐d8.	Note	that	six	distinct	correlations	observed	in	the	
HMBC	are	also	observed	directly	as	resonances	in	the	13C{1H}	spectrum,	which	are	denoted	
with	∫.	
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SYNTHESIS AND REACTIVITY OF A BRIDGING TRIAZOLIDE COMPLEX 

As	dicopper	alkynyl	complexes	are	implicated	as	intermediates	in	the	CuAAC	reaction,	
we	sought	to	determine	whether	2.1	would	react	with	an	organic	azide.		Complex	2.1	serves	
as	a	promising	model	system	because	of	its	short	Cu–C31	distances	(1.953(2)	A),	which	are	
similar	to	those	computationally	proposed	in	relevant	CuAAC	intermediates	and	transition	
states.31,44	 In	 addition,	 the µ‐η1:η1	 binding	 of	 the	 μ‐alkynyl	 is	 similar	 to	 the	 nearly	
symmetrically	bound	alkynyl	fragments	suggested	by	calculations	to	form	upon	interaction	
of	an	often	dissymmetric	(µ‐η1:η2)	dicopper	alkynyl	complex	with	an	organic	azide.30,31,44–
46,55		

A	 solution	of	2.1	 and	p‐tolylazide	 (10	equiv)	was	heated	at	60	 °C	 for	23	h	 in	THF,	
resulting	 in	 a	 color	 change	 from	 green	 to	 orange.	 The	 1H	NMR	 spectrum	 of	 the	 primary	
product	 in	 nitrobenzene‐d5	 at	 24	 °C	 revealed	 a	 loss	 in	 symmetry	 between	 the	 side	 arm	
pyridines,	while	the	symmetry	of	the	naphthyridine	rings	remained	intact.	This	partial	loss	
of	symmetry	suggested	formation	of	a	bridging	triazolide	complex,	[Cu2(µ‐η1:η1‐(1,4‐bis(4‐
tolyl)‐1,2,3‐triazolide))DPFN]NTf2	 (2.2,	 eq	 2.2),	 which	 was	 isolated	 in	 62%	 yield.	 The	
triazolide	complex	was	also	generated	in	o‐C6H4F2,	with	77%	yield	(92%	conversion,	yield	
and	conversion	by	19F	NMR	spectroscopy)	after	treatment	of	2.1	with	p‐tolylazide	(10	equiv)	
and	heating	for	11.5	h	at	60	°C	(Figure	S2.8).		Similar,	but	significantly	slower,	reactivity	was	
observed	at	room	temperature,	with	77%	yield	and	99%	conversion	after	9.2	days	(by	19F	
NMR	spectroscopy;	Figure	S2.9).	

	
Layering	hexanes	onto	a	nitrobenzene	solution	of	2.2	afforded	X‐ray	quality	crystals,	

and	the	solid‐state	structure	confirmed	formation	of	a	μ‐triazolide	ligand	and	revealed	that	
the	5‐position	of	the	1,2,3‐triazolide	nearly	symmetrically	bridges	the	two	copper	centers	
(Figures	 2.3	 and	 SC2.2).	 Ostensibly	 to	 accommodate	 the	 sterically	 demanding	 bridging	
triazolide	ligand,	the	complex’s	core	structure	is	significantly	expanded	compared	to	those	
of	 the	 μ‐Ph	 and	 μ‐alkynyl	 complexes.	 For	 example,	 the	 Cu–C	 distances	 of	 2.046(2)	 and	
2.002(2)	A	are	longer	than	those	observed	in	2.1.	The	Cu···Cu	distance	(2.4139(5)	A)	is	also	
longer	than	those	observed	in	the	aforementioned	complexes	(μ‐Ph:	2.3927(5)	A,	μ‐alkynyl:	
2.3885(4)	A),	as	are	the	Cu–N(naphthyridine)	bond	lengths	(2.147(2)	and	2.135(2)	A	in	2.2,	
compared	to	2.095(2)	and	2.074(2)	A	in	the μ‐Ph	complex	and	2.075(3)–2.086(3)	A	in	the	μ‐
alkynyl	 complex).	 While	 the	 triazolide	 binds	 to	 the	 two	 Cu	 centers	 similarly,	 unlike	 the	
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bridging	aryl48	and	alkynyl	ligands,	it	tilts	significantly	to	one	side	of	the	naphthyridine.	This	
tilt	 accompanies	 a	 splaying	 of	 the	 side	 arm	 pyridine	 groups	 closest	 to	 the	 triazolide,	
suggesting	the	distortion	results	from	the	steric	effects	of	the	bulky	triazolide	ligand.	

	

	

Figure 2.3.	Solid‐state	structure	of	2.2	as	determined	by	single‐crystal	X‐ray	diffraction.	One	
NTf2–	counterion	and	hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	
the	50%	probability	level.	

 

At	 24	 °C,	 the	 1H	 NMR	 spectrum	 of	 2.2	 in	 nitrobenzene‐d5	 exhibits	 only	 two	
naphthyridine	 proton	 resonances,	 while	 the	 19F	 NMR	 spectrum	 contains	 one	 ligand‐
assignable	 fluorine	 resonance,	 indicating	 that	 in	 solution,	 the	 two	 copper	 centers	 are	
equivalent	on	 the	NMR	time	scale.	This	structure	 is	consistent	with	recent	computational	
studies	 that	predict	symmetrical	bridging	of	a	 triazolide	via	 the	C5	position	between	two	
copper	centers	to	be	a	low‐energy	intermediate	in	the	CuAAC	mechanism,30,31,45,46	as	opposed	
to	direct	 formation	of	 a	mononuclear	 copper	 triazolide	 or	 an	unsymmetrically	metalated	
triazolide.	Recently,	 Jin	and	co‐workers	reported	another	dicopper	triazolide	complex,	 (1‐
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(CH2C6H5)‐4‐(C6H5)‐3,5‐bis(CuL)2‐1,2,3‐triazolide,	 L=2,2‐diethyl‐4,4‐dimethyl‐5‐(N‐2,6‐
diisopropylphenyl)‐cyclic(alkyl)(amino)carbene),	which	possesses	a	solid‐state	structure	in	
which	the	1,2,3‐triazolide	ligand	is	bound	to	the	copper	atoms	at	the	3	and	5	positions	(Chart	
2.1,	H),	rather	than	only	at	the	5	position.39	In	contrast	to	2.2,	in	solution	at	25	°C,	the	two	
copper	centers	 in	the	3,5‐bis(metalated)	triazolide	are	reported	to	be	 inequivalent	on	the	
NMR	time	scale,	as	determined	by	distinct	carbene	ligand	resonances	for	each.		

While	cycloadditions	have	been	directly	observed	with	mononuclear	copper	alkynyl	
complexes	 supported	by	 an	N‐heterocyclic	 carbene	 ligand,32,40	 and	 for	 a	µ‐η1:η2‐dicopper	
alkynyl	 complex	 supported	 by	 cyclic	 (alkyl)(amino)carbenes,39	 a	 dicopper	 pathway	 that	
includes	 a	 symmetrically	 bridging	 triazolide	 is	 proposed	 to	 be	 a	more	 relevant	 catalytic	
manifold	(vide supra).31,40	Thus,	the	observed	alkynyl–azide	cycloaddition	between	2.1	and	
p‐tolylazide	could	represent	a	fundamental	step	in	the	dicopper	CuAAC	reaction	pathway.		

To	investigate	the	cycloaddition	mechanism,	the	reaction	order	in	both	reactants	was	
determined	by	following	the	reactions	in situ	by	19F	NMR	spectroscopy.	Upon	addition	of	10	
equiv	 of p‐tolylazide	 and	 heating	 to	 60	 °C,	 2.1	 converted	 to	 2.2	 with	 a	 reaction	 profile	
consistent	with	first‐order	kinetics	(Figures	S2.10	and	S2.11),	suggesting	that	the	reaction	is	
first	 order	 in	 2.1.	 The	 observed	 rate	 constants	 (kobs)	 of	 reactions	 with	 p‐tolylazide	
concentrations	 varied	 between	 10	 and	 100	 equiv	 give	 a	 linear	 dependence	 on	 the	 azide	
concentration	(Figures	S2.12	and	S2.13),	and	a	plot	of	ln(kobs)	vs	ln(azide	concentration)	gave	
a	 line	with	 a	 slope	 of	 0.90	 (Figure	 S2.14).	 These	 results	 strongly	 suggest	 that	 the	major	
reaction	 is	 also	 first	 order	 in	 p‐tolylazide.	 Combined,	 the	 kinetic	 studies	 suggest	 a	
bimolecular	reaction	between	the	symmetric	dicopper	μ‐alkynyl	complex	and	p‐tolylazide	
yields	the	μ‐triazolide,	which	is	consistent	with	aforementioned	computationally	proposed	
mechanisms.	

To	determine	whether	the	dicopper	triazolide	would	react	with	a	terminal	acetylene,	
2.2	 was	 treated	 with	 20	 equiv	 of	 p‐tolylacetylene	 in	 o‐C6H4F2.	 	 After	 9	 h	 at	 22	 °C,	
protodemetalation	 was	 nearly	 complete,	 yielding	 2.1	 in	 96%	 yield	 (by	 19F	 NMR	
spectroscopy)	 as	 well	 as	 1,4‐bis(4‐tolyl)‐1,2,3‐triazole,	 also	 in	 96%	 yield	 (by	 1H	 NMR	
spectroscopy)	(eq	2.3	and	Figure	S2.15).		

	
Given	 that	 the	 established,	 stoichiometric	 processes	 of	 eqs	 2.2	 and	 2.3	 seem	 to	

represent	 a	 viable	 catalytic	mechanism,	 the	 efficiency	of	2.1	 as	 a	 catalyst	 for	CuAAC	was	
investigated.		Addition	of	10	mol%	of	2.1	to	an	equimolar	solution	of	p‐tolylacetylene	and	p‐
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tolylazide	in o‐C6H4F2,	and	heating	to	100	°C	for	5.3	h,	produced	1,4‐bis(4‐tolyl)‐1,2,3‐triazole	
in	90%	yield	(by	1H	NMR	spectroscopy,	Figure	S2.16).	No	significant	catalyst	decomposition	
was	observed	by	1H	NMR	spectroscopy	(Figure	S2.17).	For	comparison,	heating	an	equimolar	
mixture	of	p‐tolylacetylene	and	p‐tolylazide	in	o‐C6H4F2	at	100	°C	without	2.1	gave	a	mixture	
that	contained	only	1%	yield	of	the	1,2,3‐triazole	after	10	h	and	9%	after	5	days	(by	1H	NMR	
spectroscopy).	Observation	of	a	catalyst	turnover	number	of	approximately	9	over	the	course	
of	5.3	h	at	100	°C	is	consistent	with	the	rate	of	stoichiometric	cycloaddition	with	10	equiv	of	
p‐tolylazide	at	60	°C.	

MIXED-VALENCE DICOPPER(I,II) COMPLEXES 

Recent	 discovery	 of	 persistent	 mixed‐valence	 μ‐aryl	 dicopper(I,II)	 complexes	 and	
hypotheses	concerning	the	possible	intermediacy	of	mixed‐valence	dicopper	complexes	in	
the	CuAAC	 reaction37	prompted	a	 study	of	 the	 electrochemistry	of	2.1 and 2.2.	 A	mixed‐
valence	Cu2(I,II)	complex	has	been	hypothesized	to	be	highly	efficient	in	catalysis,	since	the	
more	Lewis	acidic	Cu(II)	site	could	enhance	activation	of	the	azide	substrate.37	Notably,	upon	
oxidation	of	the	analogous	μ‐Ph	complex,	a	significant	geometric	difference	between	the	two	
copper	centers	was	revealed,	with	the	π‐system	of	the	aryl	ring	ostensibly	interacting	with	
the	Cu(I)	center,	while	the	ipso‐carbon	binds	more	directly	to	the	Cu(II)	center.48	A	similar	
structure	for	a	mixed‐valence	μ‐alkynyl	complex	could	potentially	result	in	higher	reactivity	
toward	an	organic	azide.	

Cyclic	 voltammetry	 of	 a	 solution	 of	 2.1	 revealed	 a	 single	 reversible	 oxidation–
reduction	process	at	E°’	=	0.022	V	vs	[Cp2Fe]0/1+	(ipa/ipc	=	1.04,	ΔEp	=	78	mV,	Figures	2.4a	and	
S2.18).	 Similarly,	 cyclic	 voltammetry	 of	 a	 solution	 of	 2.2	 revealed	 a	 single	 reversible	
oxidation–reduction	process	at	E°’	=	0.302	V	vs	[Cp2Fe]0/1+	(ipa/ipc	=	1.16,	ΔEp	=	81	mV,	Figures	
2.4b	and	S22).	 	The	redox	events	observed	 for	both	2.1	and	2.2	 remain	reversible	over	a	
range	of	 scan	 rates,	 from	10	 to	1000	mV/s	 (Figures	 S2.19–2.20	 and	S2.23–2.24)	 and	 are	
bounded	by	 irreversible	 oxidation	 and	 reduction	 features	 (Figures	 S2.21	 and	 S2.25).	 The	
higher	oxidation	potential	 for	2.2 is	 likely	due	 to	 the	 electron‐withdrawing	nature	of	 the	
triazolide	ligand	and	is	consistent	with	higher	oxidation	potentials	observed	for	increasingly	
electron‐withdrawing	μ-aryl	groups.48	
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Figure 2.4.	Cyclic	voltammograms	of	0.5	mM	solutions	of	(a)	2.1	and	(b)	2.2	in	o‐C6H4F2	with	
0.1	M	 [nBu4N][PF6]	 supporting	 electrolyte.	 The	 arrows	 indicate	 the	 initial	 potentials	 and	
scanning	directions.	Scan	rate:	100	mV/s.	
	

To	 enable	 investigation	 of	 the	 mixed‐valence	 complexes	 in	 CuAAC	 catalysis,	 the	
synthesis	 of	 a	mixed‐valence	μ‐alkynyl	 complex	was	 pursued.	While	 the	μ‐Ph	 complex	 is	
oxidized	 with	 AgNTf2,	 this	 oxidant	 did	 not	 cleanly	 oxidize	 2.1.	 However,	 1.02	 equiv	 of	
acetylferrocenium	 triflimide	 ([AcFc]NTf2)	 reacted	 with	 2.1	 to	 give	 [Cu2(μ‐η1:η1-
C≡C(C6H4)CH3)DPFN](NTf2)2	(2.3),	which	was	isolated	in	85%	yield	(eq	2.4).	

	
Vapor	diffusion	of	diethyl	ether	into	a	THF	solution	of	2.3	at	–35	°C	yielded	crystals,	

and	 X‐ray	 diffraction	 revealed	 the	 solid‐state	 structure	 (Figure	 SC2.3).	 Surprisingly,	 the	
mixed‐valence	 μ‐alkynyl	 complex	 exhibits	 small	 structural	 changes	 to	 the	 dicopper	 core	
structure	(Figure	2.5,	Table	2.1)	relative	to	those	of	the	oxidized	μ‐Ph	complex.	Notably,	the	
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bending	of	the	μ‐alkynyl	ligand	toward	one	Cu	center	is	not	nearly	as	pronounced	as	is	the	
bending	 in	 the	 Cu2(I,II)	μ‐Ph	 complex.	 The	∠C32–C31–Cu	 angles	 in	2.3	 are	 136.7(3)	 and	
148.8(3)°,	 deviating	 only	 slightly	 from	 the	 range	 of	 angles	 observed	 in	2.1 (140.9(3)	 to	
143.8(3)°).	In	comparison,	oxidation	of	the	μ‐Ph	complex	induced	a	much	more	significant	
tilt,	with	comparable	angles	changing	from	144.4(1)	and	143.0(1)°	to	119.9(2)	and	167.5(3)°	
upon	 oxidation.	 	 The	 Cu–C31	 distances	 in	 2.3 remain	 relatively	 similar,	 shortening	 and	
diverging	 from	 an	 average	 of	 1.953(2)	 A	 in	 2.1 to	 1.943(3)	 and	 1.916(3)	 A	 in	 2.3. The	
difference	between	the Cu–C31	bond	lengths	(0.027	A)	in	2.3	is	significantly	less	than	that	
observed	in	the	mixed‐valence	μ‐Ph	complex	(0.137	A).	In	addition,	the	Cu···Cu	distance	in	
the	 μ‐alkynyl	 complexes	 shortened	 considerably	 upon	 oxidation,	 from	 2.3885(4)	 A	 to	
2.3356(4)	A	(a	contraction	of	0.053	A),	which	is	more	than	the	contraction	observed	upon	
oxidation	of	the	μ‐Ph	complex	(0.012	A).		

The	C–C	triple	bond	distance	exhibited	little	change	in	the	solid‐state	structure	with	
oxidation,	lengthening	from	an	average	of	1.217(4)	to	1.234(5)	A.	However,	a	more	noticeable	
change	was	observed	in	the	C≡C	IR	stretch,	which	shifted	from	2030	cm–1	in	2.1	to	1971	cm–

1	in	2.3.		
	

	

Figure 2.5.	Solid‐state	structures	of	the	cores	of	(a)	2.1 and	(b)	2.3	as	determined	by	single‐
crystal	X‐ray	diffraction.	Thermal	ellipsoids	are	set	at	the	50%	probability	level.	
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Table 2.1. Selected Distances, Bond Lengths, and Angles for the [Cu2(µ-η1:η1-
C≡C(C6H4)CH3)DPFN]+/++ Cation and Dication  

distance (Å) or angle (°) cation* dication 
Cu···Cu	 2.3867(6)	 2.3356(4)	
Cu1–C31	 1.955(3)	 1.943(3)	
Cu2–C31	 1.949(3)	 1.916(3)	
Cu1–N1	 2.075(3)	 1.988(3)	
Cu2–N2	 2.078(3)	 1.983(3)	

C32–C31–Cu1	 140.9(3)	 136.7(3)	
C32–C31–Cu2	 143.8(3)	 148.8(3)	
C31≡C32	 1.222(5)	 1.234(5)	

*	Cation	metrics	for	the	molecule	displayed	in	Figures	2.1	and	2.5.	
	

The	 μ‐Ph	 complex	 was	 found	 by	 EPR	 spectroscopy	 to	 exhibit	 significant	 spin	
localization	 at	 low	 temperatures,	 consistent	 with	 its	 structural	 desymmetrization	 in	 the	
solid‐state,	 while	 increased	 spin	 delocalization	 and	 a	 more	 symmetric	 structure	 was	
evidenced	in	room	temperature	solution.48	 In	contrast,	 the	significantly	shortened	Cu···Cu	
distance	and	only	slight	desymmetrization	between	the	Cu	centers	in	2.3	suggest	that	the	
spin	might	be	more	delocalized	than	in	the	μ‐Ph	analogue.	Thus,	spectroscopic	investigations	
were	 pursued	 to	 estimate	 the	 extent	 of	 spin	 localization.	 UV–vis–NIR	 spectroscopy	 of	 a	
solution	of	2.3	in	THF	revealed	a	strong	band	in	the	NIR	that	was	not	present	in	a	solution	of	
2.1 (Figure	S2.26).	Modeling	 the	 region	between	6002	and	22,523	cm–1	as	a	 sum	of	 four	
Gaussian	 curves	 provided	 a	 good	 fit	 (Figure	 S2.27)	 for	 the	 lowest‐energy	 band,	which	 is	
tentatively	 assigned	 as	 an	 intervalence	 charge	 transfer	 (IVCT)	 band.	 The	 transition	 is	
centered	around	10,426	cm–1	and	is	slightly	lower	in	energy	than	the	IVCT	band	of	the	mixed‐
valence	μ‐Ph	complex	(11,086	cm–1).	The	band	is	also	significantly	less	intense	with	εmax	=	
822	M–1cm–1	(vs 2478	M–1cm–1	for	the	μ‐Ph	complex)	and	narrower	with	a	fwhm	of	2908	cm–

1	(vs	3409	cm–1	 for	 the	μ‐Ph	complex).	Compared	to	 those	observed	 for	other	complexes,	
these	band	parameters	suggest	that	2.3	has	at	least	partial	spin‐localization,	designating	it	
as	a	Class	II	complex	in	the	Robin–Day	classification	scheme.56–58	Estimating	the	ground‐state	
delocalization	 parameter	 (α2)	 from	 the	 IVCT	 band	 parameters	 gives	 α2	 ≈	 0.018,	 which	
ostensibly	suggests	that	the	spin	is	localized	in	a	manner	similar	to	that	of	the	mixed‐valence	
μ‐Ph	 complex	 (α2	 ≈	 0.057).	 However,	 this	 result	 is	 inconsistent	with	 the	 small	 structural	
changes	 observed	 upon	 oxidizing	 2.1	 to	 2.3,	 especially	 in	 comparison	 to	 the	 significant	
changes	observed	upon	oxidation	of	the	μ‐Ph	complex.	

The	classification	of	dicopper	complexes	as	Class	I,	 II,	or	III,	and	the	nature	of	spin	
localization,	can	also	be	addressed	with	EPR	spectroscopy.48,59–62	Spectra	of	Class	I	mixed‐
valence	dicopper	complexes	typically	exhibit	four	resonances,	indicating	that	the	unpaired	
electron	spin	(S	=	1/2)	is	localized	primarily	on	one	Cu(II)	ion	(nuclear	spin	I	=	3/2).60,63–65	
In	 contrast,	 spectra	 of	 Class	 III	 dicopper	 complexes	 commonly	 display	 seven	 peaks,	
suggesting	 equal	 delocalization	 across	 both	 copper	 centers	 on	 the	 EPR	 time	 scale.66–71	
Between	 these	 extremes,	 Class	 II	 complexes	 are	 often	 identified	 by	 the	 temperature	
dependence	of	their	EPR	spectra,	with	four	peaks	observed	at	lower	temperatures	and	seven	
at	high	temperatures.59,60,72,73		
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The	extent	of	spin	localization	of	2.3	was	more	directly	investigated	with	continuous‐
wave	 (cw)	 X‐band	EPR	 spectroscopy.	 The	EPR	 spectra	 of	 a	 frozen	 solution	 of	2.3	 in	 THF	
exhibited	a	rhombic	signal	with	at	least	seven	peaks	at	g	≈	2,	and	the	line‐shape	splittings	
remained	consistent	between	30	and	130	K	(Figure	S2.28).	The	appearance	of	more	than	four	
peaks	attributable	to	hyperfine	interactions	with	the	nuclear	spins	on	both	Cu	centers,	and	
their	persistence	down	to	30	K,	suggests	that	the	spin	is	more	delocalized	between	the	two	
metal	centers	than	in	the	mixed	valence	μ‐Ph	complex,	which	exhibited	four	distinct	peaks	at	
low	temperatures.		However,	the	spectrum	does	not	resemble	those	reported	for	many	Class	
III	complexes,	in	which	seven	hyperfine	peaks	are	easily	discernible.62,66,68–71,74–79	The	EPR	
spectra	observed	for	2.3	are	similar	to	those	observed	for	a	series	of	half‐met	hemocyanins	
as	reported	by	Westmoreland	et al.61,80	The	half‐met‐L	dicopper	sites	were	found	to	be	Class	
II,	with	the	extent	of	spin	delocalization	dependent	on	the	geometry	and	exogenous	ligand.		

Taken	together,	the	spectral	similarity	to	the	half‐met‐L	dicopper	sites	and	the	slight	
structural	differentiation	between	the	two	copper	centers	suggest	that	2.3	might	be	a	Class	
II	 complex	 that	 exhibits	 delocalization	 of	 the	 electron	 spin,	 even	 at	 low	 temperatures.	 A	
spectral	 simulation	of	 an	 electron	 spin	with	 electron–nuclear	hyperfine	 interactions	with	
inequivalent	Cu	centers	provided	a	good	fit	of	the	experimental	spectrum	obtained	for	2.3	in	
THF	at	110	K	(Figure	2.6).	The	g	values	and	hyperfine	interaction	parameters	employed	in	
the	simulation	are	consistent	with	those	reported	for	other	Class	II	dicopper	complexes,60,73	
and	 especially	 with	 the	 half‐met‐Br–	 and	 ‐I–	 hemocyanin	 dicopper	 sites.61	 The	 highly	
anisotropic	and	different	Cu1	and	Cu2	hyperfine	parameters	obtained	from	the	simulations	
suggest	that	the	distribution	of	the	electron	spin	density	on	the	two	copper	centers	is	slightly	
inequivalent.	Taken	together	with	the	structure	determined	by	X‐ray	crystallography,	the	EPR	
spectra	and	the	hyperfine	coupling	parameters	estimated	by	spectral	simulation	indicate	a	
greater	extent	of	spin	delocalization	than	is	estimated	by	analysis	of	the	IVCT	band.	As	was	
also	observed	by	Westmoreland	et al.,	analysis	of	 the	optical	band	parameters	appears	 to	
underestimate	the	degree	of	spin	delocalization	observed.61	
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Figure 2.6.	Experimental	(black	trace)	and	simulated	(red	trace)	cw	EPR	spectra	of	2.3	 in	
THF	at	110	K.	The	numerical	simulation	was	obtained	with	g	values	of	g1	=	2.044,	g2	=	2.107,	
g3	=	2.194	and	principal	hyperfine	components	of	A1Cu1	=	36.1,	A2Cu1	=	49.0,	A3Cu1	=	102.7	×	
10−4	T	and	A1Cu2	=	6.8,	A2Cu2	=	12.2,	A3Cu2	=	56.4	×	10−4	T.	
	

The	 nature	 of	 2.3	 in	 solution	 at	 room	 temperature	 was	 examined	 with	 19F	 NMR	
spectroscopy.		In	o‐C6H4F2	at	296	K,	two	fluorine	resonances	are	observed,	at	–78.79	ppm	and	
–176.40	ppm	(vs	CFCl3,	Figure	S2.29).	As	with	the	mixed‐valence	μ-Ph	complex,	integration	
suggests	 the	 former	resonance	can	be	assigned	 to	 the	 triflimide	anions	 (NTf2–),	while	 the	
latter	can	be	assigned	to	the	dication.	The	dication	resonance’s	appearance	as	a	broad	singlet	
is	consistent	with	equivalence	of	the	two	Cu	centers	in	2.3	on	the	NMR	time	scale,	which	is	
expected	 as	 little	 geometric	 change	 was	 observed	 in	 the	 solid	 state	 and	 significant	
delocalization	 was	 observed	 by	 EPR	 even	 at	 low	 temperatures,	 further	 supporting	 the	
assignment	of	2.3	as	a	Class	II	mixed‐valence	complex.	

To	probe	 the	effect	of	 the	dicopper	 core’s	 electronic	 structure	on	 its	 cycloaddition	
reactivity,	2.3	was	treated	with	p‐tolylazide	(10	equiv)	in	o‐C6H4F2,	and	the	resulting	solution	
was	heated	to	60	°C.	While	approximately	1	equiv	of	p‐tolylazide	was	consumed	over	 the	
course	 of	 the	 first	 8.7	 h,	 decomposition	 of	 2.3	 into	 a	 range	 of	 products	 was	 observed.	
Decomposition	 was	 evidenced	 by	 the	 appearance	 of	 1H	 and	 19F	 NMR	 resonances	 also	
observed	upon	 heating	2.3	 in	o‐C6H4F2	 in	 the	 absence	 of	p‐tolylazide	 (Figures	 S2.30	 and	
S2.31).	Addition	of	isopropylacetylene	to	the	reaction	mixture	revealed	that	1,4‐bis(4‐tolyl)‐
1,2,3‐triazole	 had	 formed	 among	 a	 mixture	 of	 products	 (determined	 by	 1H	 NMR	
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spectroscopy).	Similar,	albeit	slower,	decomposition	of	2.3	was	observed	upon	treating	2.3	
with	p‐tolylazide	(10	equiv)	and	allowing	the	mixture	to	stand	at	room	temperature	(Figure	
S2.32).	 (The	 fate	 of	 the	 acetylide	 upon	 heating	2.3	 in	 the	 absence	 of	p‐tolylazide	 for	 2	 d	
remains	unknown;	di‐p‐tolylbutadiyne	was	not	observed	by	1H	NMR	spectroscopy	or	GCMS.)	

In	 comparison	 to	 the	 decomposition	 observed	 upon	 attempting	 to	 monitor	
cycloaddition	 of	 2.3	 with	 p‐tolylazide,	 2.1	 persists	 under	 cycloaddition	 conditions	 (vide 
supra).	This	difference	in	reactivity	suggests	that	the	competent	catalyst	in	CuAAC	is	likely	a	
dicopper	complex	with	both	metal	centers	in	the	+1	oxidation	state.	

CONCLUDING REMARKS 

These	results	demonstrate	that	a	dicopper	complex	with	a	symmetrically	bridging,	μ‐
alkynyl	 ligand	 undergoes	 cycloaddition	 with	 an	 organic	 azide	 to	 yield	 a	 symmetrically	
bridged	1,2,3‐triazolide,	where	both	copper	centers	bind	to	the	C‐5	position	of	the	ring.	This	
reaction	 embodies	 a	 key	 step	 that	 has	 been	 postulated	 in	 computationally	 proposed	
mechanisms	 of	 the	 CuAAC	 reaction30,31,45,46	 and	 allows	 structural	 characterization	 of	 the	
predicted	 intermediate.	 To	 complete	 the	 proposed	 catalytic	 cycle,	 the	 resulting	 triazolide	
reacts	with	a	terminal	alkyne	to	regenerate	the	μ‐alkynyl	dicopper	complex.	Moreover,	the	μ‐
alkynyl	dicopper	complex	is	a	competent	catalyst	for	the	CuAAC	reaction.	

Both	 the	 μ‐alkynyl	 and	 μ‐triazolide	 dicopper	 complexes	 exhibit	 reversible	 one‐
electron	 oxidation	 events.	 Along	 with	 a	 previously	 reported	 hypothesis,37	 these	 results	
suggested	 that	 the	 CuAAC	 could	 potentially	 proceed	 through	 mixed‐valence	 dicopper	
complexes.	 Synthesis	 of	 the	mixed‐valence	μ‐alkynyl	 complex	 allowed	 investigation	 of	 its	
structure	and	electronic	state,	revealing	a	significantly	more	symmetric	dicopper	core	than	
was	 observed	 upon	 one‐electron	 oxidation	 of	 a	 related	 μ‐phenyl	 complex.	 This	 more	
symmetric	core	is	consistent	with	an	increased	degree	of	spin	delocalization,	as	evidenced	
by	EPR	spectroscopy.	Finally,	studies	of	the	reactivity	of	the	mixed‐valence	μ‐alkynyl	complex	
with	 p‐tolylazide	 show	 that	 decomposition	 of	 the	 complex	 significantly	 competes	 with	
cycloaddition,	under	conditions	that	 lead	to	cycloaddition	with	the	corresponding	Cu2(I,I)	
complex.		

This	 work	 furthers	 the	 investigation	 of	 discrete	 cationic	 dicopper	 complexes	
exhibiting	symmetrically	bridging	organic	ligands	and	their	mixed‐valence	derivatives.		We	
expect	that	these	compounds	will	continue	to	be	useful	for	the	discovery	of	new	reactivity,	
development	of	 reagents,	 and	elucidation	of	mechanisms	 that	may	 involve	mixed‐valence	
organocopper	 species.	 Moreover,	 a	 better	 mechanistic	 understanding	 of	 dicopper	
intermediates	 in	 CuAAC	 will	 hopefully	 inform	 efforts	 to	 develop	 increasingly	 efficient	
catalysts	 and	broaden	 the	 reaction’s	 application	 to	 systems	where	 copper	 concentrations	
must	be	minimized	and	catalysts	controlled	to	avoid	toxicity.12,16,81–83		
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EXPERIMENTAL DETAILS   

General Considerations.	 Unless	 otherwise	 stated,	 all	 reactions	 and	manipulations	were	
carried	out	in	a	dry	nitrogen	atmosphere	employing	either	standard	Schlenk	techniques	or	
VAC	Atmosphere	or	MBRAUN	gloveboxes.		

Pentane	(HPLC	grade)	was	purchased	 from	Fischer	Scientific.	Diethyl	ether	(HPLC	grade)	
was	 purchased	 from	 Honeywell.	 Hexanes	 (HPLC	 grade)	 were	 purchased	 from	 JT	 Baker.	
Tetrahydrofuran	 (THF)	 (ChromAR®)	 was	 purchased	 from	 Macron	 Fine	 Chemicals,	 and	
ortho‐difluorobenzene	 (o‐C6H4F2)	 was	 purchased	 from	 Oakwood.	 Pentane,	 diethyl	 ether,	
tetrahydrofuran,	 and	ortho‐difluorobenzene	were	dried	and	deaerated	using	a	 JC	Meyers	
Phoenix	SDS	solvent	purification	system.	Hexanes	were	dried	and	deaerated	using	a	VAC	
Atmosphere	solvent	purification	system.	Nitrobenzene	 (ACS	Reagent	grade,	≥99.0%)	was	
obtained	 from	Sigma‐Aldrich,	dried	with	3	Å	molecular	 sieves,	degassed	by	 three	 freeze‐
pump‐thaw	cycles,	and	stored	in	the	dark,	under	nitrogen,	over	fresh	3	Å	molecular	sieves.	
Nitrobenzene‐d5	(C6D5NO2),	tetrahydrofuran‐d8	(THF‐d8),	dimethyl	sulfoxide‐d6	(DMSO‐d6),	
chloroform‐d1	 (CDCl3),	 and	 benzene‐d6	 (C6D6)	 were	 purchased	 from	 Cambridge	 Isotope	
Laboratories.	 Nitrobenzene‐d5	 was	 dried	 with	 3	 Å	 molecular	 sieves,	 degassed	 by	 three	
freeze‐pump‐thaw	cycles,	and	stored	in	the	dark,	under	nitrogen,	over	3	Å	molecular	sieves.	
Tetrahydrofuran‐d8	was	dried	over	sodium	and	benzophenone,	degassed	by	three	freeze‐
pump‐thaw	cycles,	and	stored	under	nitrogen	over	3	Å	molecular	sieves.	Benzene‐d6	was	
degassed	by	three	freeze‐pump‐thaw	cycles	and	stored	under	nitrogen,	over	3	Å	molecular	
sieves.	All	other	solvents	were	obtained	from	commercial	suppliers,	distilled	or	transferred	
under	reduced	pressure	from	appropriate	drying	reagents,	and	stored	in	PTFE‐valved	flasks.	

p‐Tolylacetylene	 (≥96.5%)	 was	 obtained	 from	 GFS	 Organic	 Chemicals.	 Acetylferrocene	
(99.5%)	was	purchased	 from	Strem	Chemicals.	 Silver	bis(trifluoromethanesulfonyl)imide	
(silver	 triflimide,	 97%)	 was	 purchased	 from	 Sigma‐Aldrich.	 Tetrabutylammonium	
hexafluorophosphate	(99.0+%)	was	obtained	from	Fluka	and	dried	 in vacuo.	[Cu2(µ‐η1:η1‐
Ph)DPFN](NTf2)	was	synthesized	as	previously	reported.1 Standard	 literature	procedures	
were	 followed	 to	 synthesize 4‐azidotoluene	 (p‐tolylazide),2	which	was	 then	 degassed	 by	
three	freeze‐pump‐thaw	cycles,	dried	by	multiple	passages	through	activated	alumina,	and	
stored	neat,	under	nitrogen,	cold	(–35	°C),	and	in	the	dark.		p‐Tolylacetylene	was	degassed	
by	three	freeze‐pump‐thaw	cycles,	filtered	through	alumina,	and	stored	over	3	Å	molecular	
sieves.		1,3,5‐tris(trifluoromethyl)benzene	was	degassed	by	three	freeze‐pump‐thaw	cycles	
and	stored	over	3	Å	molecular	sieves.	Tetrakis(trimethylsilyl)silane	was	sublimed	in vacuo	
at	60	°C	and	stored	under	nitrogen.	Standard	literature	procedures	were	also	followed	to	
synthesize	di‐p‐tolylbutadiyne.3		

Unless	otherwise	noted,	all	other	reagents	were	obtained	 from	commercial	suppliers	and	
used	without	further	purification.	

	

Analytical Methods Details.	 Carbon,	 hydrogen,	 and	 nitrogen	 elemental	 analyses	 were	
performed	 by	 the	 College	 of	 Chemistry’s	 Microanalytical	 Facility	 at	 the	 University	 of	
California,	Berkeley.		
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Gas Chromatography–Mass Spectrometry (GCMS).	GCMS	was	performed	using	an	Agilent	
Technologies	 combined	 GC	 System	 (6890N)	 with	 a	 DB‐5MS	 column	 and	 Mass	 Selective	
Detector	(5973N).				

NMR Spectroscopy.	Unless	otherwise	stated,	NMR	spectra	were	acquired	between	294.0	
and	298.5	K	using	Bruker	AV‐400,	AV‐500,	AV‐600,	and	AV‐700	spectrometers	at	 the	UC	
Berkeley	College	of	Chemistry	NMR	facility.	 1H	and	13C{1H}	NMR	spectra	of	2.1	were	also	
acquired	at	300.1	K	using	a	Bruker	900	MHz	spectrometer	at	the	QB3	900	MHz	NMR	Facility	
at	UC	Berkeley.	

1H	NMR	spectra	were	referenced	to	tetramethylsilane	via	residual	proton	solvent	peaks	(δ	
8.11	for	C6D5NO2,	δ	7.30	for	C6D5Br),	while	13C{1H}	NMR	spectra	were	referenced	via	solvent	
resonances	 (δ	 148.6	 for	 C6D5NO2,	 δ	 67.21	 for	 THF‐d8).4	 In	 deuterated	 solvents,	 19F	NMR	
spectra	were	internally	referenced	to	the	1,3,5‐tris(trifluoromethyl)benzene	resonance	(δ	–
62.73	ppm	vs	CFCl3	in	C6D5NO2	at	23	°C,	δ	–62.97	ppm	vs	CFCl3	in	THF‐d8	at	22	°C,	–62.99	
ppm	vs	CFCl3	in	C6D5Br	at	24	°C),	which	was	in	turn	referenced	to	dissolved	CFCl3,	which	was	
set	 to	 0.00	 ppm.	 Spectra	 of	 compounds	 dissolved	 in	 neat	 ortho‐difluorobenzene	 were	
obtained	without	lock	and	by	shimming	on	the	proton	spectrum.	For	1H	NMR	spectroscopy,	
these	spectra	were	referenced	 to	 tetramethylsilane;	and	 for	 19F	NMR	spectroscopy,	 these	
spectra	were	referenced	to	either	1,3,5‐tris(trifluoromethyl)benzene	(δ	–63.58	ppm	vs	CFCl3	
in	ortho‐difluorobenzene	at	23	°C)	or	the	solvent	fluorine	resonance	(δ	–138.91	ppm	vs	CFCl3	
in	ortho‐difluorobenzene	at	23	°C).	Temperatures	were	calibrated	using	methanol	(4%	in	
methanol‐d4)	and	ethylene	glycol	(80%	in	DMSO‐d6)	standards.		

Spectra	 recorded	 at	 21.1	 T	 were	 acquired	 with	 a	 5	 mm	 CPTCI	 1H‐13C/15N/D	 Z‐GRD	
Z44910/0011	 probe.	 Spectra	 recorded	 at	 16.4	 T	were	 acquired	with	 a	 5	mm	CPTXI	 1H‐
13C/15N/D	Z‐GRD	Z44906/0002	probe.	Spectra	recorded	at	14.1	T	were	acquired	with	a	5	
mm	 PABBO	 BB‐1H/D	 Z‐GRD	 Z847801/0074	 probe.	 Spectra	 recorded	 at	 11.7	 T	 were	
acquired	 with	 a	 5	 mm	 TBI	 1H/31P/D‐BB	 Z‐GRD	 Z8641/0004	 probe.		
Spectra	 recorded	 at	 9.40	 T	 were	 acquired	 with	 a	 5	 mm	 QNP	 1H/13C/31P/19F	 Z‐GRD	
Z8400/0218	probe.		

The	1H–13C	HMBC	experiment	on	a	solution	of	2.1	at	16.4	T	employed	the	hmbcgplpndqf	
pulse	 sequence,	 focused	 on	 a	 spectral	width	 of	 20.0	 ppm	 for	 1H	 and	 400.0	 ppm	 for	 13C,	
centered	around	6.5	ppm	and	100	ppm	respectively.	

All	NMR	spectra	were	analyzed	and	spin	simulations	were	performed	with	MestReNova	(v.	
10.0.2).	 Spectra	 included	 in	 the	 SI	were	 annotated	 in	Adobe	 Illustrator	CS6.	 	 In	 addition,	
solution	magnetic	susceptibilities	were	determined	by	1H	NMR	spectroscopy	using	Evans’	
method5	as	modified	for	measurements	in	modern	spectrometers.6,7	The	shift	 in	chemical	
shift	was	measured	for	dissolved	tetrakis(trimethylsilyl)silane.	

EPR Spectroscopy.	The	EPR	spectra	were	obtained	on	a	custom‐designed	continuous‐wave	
(cw)/pulsed	X‐band	Bruker	Elexsys	580	EPR	 spectrometer.	The	variable‐temperature	cw	
EPR	 measurements	 were	 performed	 with	 a	 dual‐mode	 resonator	 ER	 4116‐DM	 (Bruker	
BioSpin,	 Billerica,	 MA)	 that	 was	 equipped	 with	 a	 continuous‐flow	 helium	 E900	 cryostat	
(Oxford	Instruments,	Oxfordshire,	U.K.)	employing	liquid	helium	for	temperatures	between	
30	and	130	K.	The	operating	frequency	of	the	ER	4116‐DM	resonator	in	the	perpendicular	
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mode	was	9.38	GHz,	and	the	spectra	were	acquired	with	a	modulation	frequency	of	100	kHz	
and	modulation	 amplitude	 of	 2	 G.	 The	 EPR	 spectra	were	 obtained	 under	 non‐saturating	
conditions.	Under	strictly	anaerobic	conditions	in	a	nitrogen‐filled	glovebox,	a	sample	of	2.3	
was	dissolved	 in	THF,	giving	a	solution	with	a	concentration	of	ca.	0.6	mM.	The	resulting	
solution	was	sealed	in	4	mm	quartz	EPR	tubes	(Wilmad	Labglass,	Vineland,	NJ)	with	PTFE	
low	pressure/vacuum	adapters.	The	samples	were	kept	cold,	between	–78	°C	and	–35	°C,	and	
in	 the	 dark	 until	 they	 were	 frozen	 in	 liquid	 nitrogen	 and	 inserted	 into	 the	 pre‐cooled	
resonator.	

Spectral	simulations	were	performed	with	the	EasySpin	toolbox	(v.	5.0.15)8	in	MATLAB	(v	
8.6,	 R2015b).	 The	 EPR	 spectra	 of	 the	 frozen	 solutions	 were	 simulated	 using	 the	 pepper	
function,	which	 is	 designed	 to	 simulate	 EPR	 powder	 patterns.	 The	 numerical	 simulation	
included	an	electron	spin	(S	=	½)	on	 two	Cu	 ions	with	a	rhombic	g	 tensor	and	hyperfine	
tensor(s)	for	the	interaction	of	the	electron	spin	with	the	I	=	3/2	nuclear	spin	of	each	Cu	ion.	

IR Spectroscopy.	Infrared	spectra	of	complex	2.1 were recorded	with	a	Bruker	Vertex	80	
FTIR	Spectrometer	with	a	liquid‐nitrogen	cooled	MCT	detector	using	OPUS	software	(v.	7.2)	
and	employing	an	A225/Q	Platinum	ATR	accessory.	Infrared	spectra	of	acetylferrocenium	
triflimide	were	recorded	similarly,	except	employing	a	room	temperature	DLaTGS	detector.	
Infrared	spectra	of	complexes	2.2 and	2.3	were	recorded	on	a	Bruker	Alpha‐P	ATR	using	
OPUS	software	(v.	6.5).	All	measurements	were	made	at	4.0	cm–1	resolution.		

UV-Visible(-NIR) Spectroscopy.	 Samples	 for	 UV‐Visible(‐NIR)	 spectrophotometry	 were	
prepared	in	a	nitrogen‐filled	glovebox	and	sealed	in	1‐cm,	air‐free	quartz	cells.	UV‐Visible	
spectra	 of	 complexes	 2.1 and 2.2	 were	 obtained	 on	 a	 Shimadzu	 UV‐2450	 UV‐Visible	
spectrophotometer	using	UVProbe	software	(v.	2.21).	UV‐Visible‐NIR	spectra	of	complexes	
2.1	and	2.3	were	obtained	on	a	Varian	Cary	5000	using	Cary	WinUV	software	(v.	3.00(339)).	
Data	analysis,	including	peak‐finding	and	non‐linear	curve	fitting	of	multiple	Gaussian	curves	
to	UV‐Visible‐NIR	data	(converted	to	wavenumbers9),	was	performed	with	OriginPro	8	(v.	
8.0951).	

X-Ray Crystallography.	X‐ray	diffraction	data	for	complexes	2.1,	2.2,	and 2.3	were	collected	
using	a	Bruker	AXS	diffractometer	with	a	Kappa	geometry	goniostat	coupled	to	an	APEX‐II	
CCD	detector	with	Mo	Kα	(λ	=	0.71073	Å)	radiation	generated	by	a	microfocus	sealed	tube	
and	monochromated	by	a	system	of	QUAZAR	multilayer	mirrors.	Unless	otherwise	noted,	
crystals	were	kept	at	100(2)	K	throughout	collection.	Data	collection	strategy	determination,	
integration,	scaling,	and	space	group	determination	were	performed	with	Bruker	APEX2	(v.	
2014.11‐0)	or	APEX3	(v.2015.9‐0)	software.	Structures	were	solved	by	SHELXT‐2014,	and	
refined	with	SHELXL‐2014,	with	refinement	of	F2	on	all	data	by	full‐matrix	least	squares.10–
12	The	3D	molecular	structure	figures	were	visualized	with	ORTEP‐3	v	2.0213	and	annotated	
with	 Adobe	 Illustrator	 CS6.	 Disordered	 solvent	 molecules	 were	 observed	 in	 the	 crystal	
structures	of	complexes	2.1	and	2.3	and	were	modeled	atomistically.	Disorder	in	the	triazole	
ring	of	2.2	was	modeled	similarly.	

	

	



 

95 
 

Table E2.1: X-Ray Crystallography Experimental Details 

Compound	
Detector	Distance	

(mm)	
Image	Width		

(°)	
Exposure	Time	
(seconds)	

2.1·2(C6H5F) 40	 0.4	 20	
2.2 45	 0.4	 20	

2.3·(C4H10O) 40	 0.5	 20	
	

Electrochemistry.	 All	 electrochemical	 experiments	 were	 performed	 inside	 an	 MBRAUN	
glovebox	 using	 a	 pass‐through	 consisting	 of	 gold	 plated	 tellurium	 copper	 binding	 posts	
connected	 to	 tinned	copper	conductors	shielded	with	Beldfoil®	and	 tinned	copper	braid.	
Experiments	employed	a	glassy	carbon	working	electrode	(polished	with	0.30	then	0.05	μm	
alumina	slurries,	rinsed	with	water,	and	dried	in vacuo),	a	platinum	wire	counter	electrode,	
and	 a	 Ag/AgNO3	 reference	 electrode	 (0.1	 M	 [nBu4N][PF6],	 AgNO3	 (satd.)	 in	 either	 THF	
(complex	 1)	 or	 o‐C6H4F2	 (complex	 2),	 constructed	 and	 measured	 against	 [Cp2Fe]0/1+	
immediately	 before	 use).	 Measurements	 were	 made	 with	 a	 BASi	 EC	 Epsilon	
potentiostat/galvanostat	and	a	PWR‐3	Power	Module.	Sweep	direction	and	scan	rates	are	
included	in	the	relevant	figures	or	their	captions.	Cyclic	voltammograms	were	recorded	in	a	
0.1	 M	 tetrabutylammonium	 hexafluorophosphate	 ([nBu4N][PF6])	 solution	 in	 ortho‐
difluorobenzene	at	22	°C	with	software‐determined	iR compensation	applied.	Data	analysis,	
including	 peak‐finding	 and	 baseline	 determination	 employing	 linear	 regression,	 was	
performed	with	EC‐Lab	(v.	10.40).	
	
Synthesis of [Cu2(µ-η1:η1-C≡C(C6H4)CH3)DPFN](NTf2) (2.1).	A	solution	of	 [Cu2(µ‐η1:η1‐
Ph)DPFN](NTf2) (0.147	g,	0.149	mmol)	and	p‐tolylacetylene	(0.173	g,	1.49	mmol,	10	equiv)	
in	ortho‐difluorobenzene	(10	mL)	was	sealed	in	a	PTFE‐valved	tube	and	stirred	at	100	°C	for	
6	h.	Then	the	reaction	mixture	was	filtered,	and	the	dark	filtrate	concentrated	in vacuo to	an	
oil.	The	oil	was	triturated	by	stirring	with	diethyl	ether	(8	mL)	for	1	h,	resulting	in	a	green	
powder.	The	powder	was	allowed	to	settle,	and	the	supernatant	was	carefully	decanted.	The	
solid	was	similarly	rinsed	again	with	diethyl	ether	(10	mL,	3	h).	The	green	powder	was	then	
dissolved	in	THF	(5.5	mL)	and	filtered,	and	the	filtrate	was	cooled	to	–35	°C.	Similarly	cooled	
pentane	(ca.	15	mL)	was	layered	over	the	cold	filtrate.	After	2	d	at	–35	°C,	dark	crystalline	
solid	formed,	and	the	supernatant	was	carefully	decanted.	The	solid	was	briefly	rinsed	with	
diethyl	ether	(3	x	5	mL),	and	residual	volatile	compounds	were	removed	in vacuo	to	yield	
2.1	as	a	dark	green	solid	(0.1389	g,	0.136	mmol,	91%).	Vapor	diffusion	of	hexanes	 into	a	
fluorobenzene	 solution	 of	 2.1	 afforded	 X‐ray	 quality	 crystals	 of	 2.1·2(C6H5F).	 1H	 NMR	
(700.13	MHz,	THF‐d8)	δ	9.11	(d,	 J	=	4.9	Hz,	4H,	6‐pyridyl‐C–H),	8.86	(d,	 J	=	8.6	Hz,	2H,	4‐
naphth‐C–H),	8.43	(dd,	J	=	8.6,	3.1	Hz,	2H,	3‐naphth‐C–H),	8.16	(ddt,	J	=	8.2,	3.4,	1.2	Hz,	4H,	3‐
pyridyl‐C–H),	8.05	(td,	J	=	7.9,	1.8	Hz,	4H,	4‐pyridyl‐C–H),	7.53	(ddd,	J	=	7.6,	5.0,	1.1	Hz,	4H,	5‐
pyridyl‐C–H),	7.45	 (d,	 J	 =	7.7	Hz,	2H,	ortho‐C≡C(C6H4)CH3),	7.05	 (d,	 J	 =	7.8	Hz,	2H,	meta‐
C≡C(C6H4)CH3),	2.29	(s,	3H,	 1JHC	=	125.9	Hz,	–C≡C(C6H4)CH3).	 13C{1H}	NMR	(226.39	MHz,	
THF‐d8)	δ	159.90	(d,	J	=	30.3	Hz,	2‐naphth‐C),	153.74	(d,	J	=	29.4	Hz,	2‐pyridyl‐C),	150.72	(d,	
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J	=	2.5	Hz,	6‐pyridyl‐C–H),	150.70	(8a‐naphth‐C)c,	141.73	(4‐naphth‐C–H),	139.69	(d,	J	=	3.3	
Hz,	 4‐pyridyl‐C–H),	 135.23	 (para‐C≡C(C6H4)CH3),	 131.71	 (ortho‐C≡C(C6H4)CH3),	 129.31	
(meta‐C≡C(C6H4)CH3),	 126.09	 (ipso‐C≡C(C6H4)CH3),	 125.29	 (5‐pyridyl‐C–H),	 123.72	 (4a‐
naphth‐C),	121.62	(Cu2–C≡C(C6H4)CH3),	121.07	(q,	 J	=	322.4	Hz,	–SO2–CF3),	120.86	(d,	 J	=	
13.8	Hz,	3‐pyridyl‐C–H),	120.01	(d,	J	=	14.7	Hz,	3‐naphth‐C–H),	101.17	(Cu2–C≡C(C6H4)CH3),	
94.20	 (d,	 J	 =	186.5	Hz,	 (pyridyl)2(naphth)C–F),	21.21	 (–C≡C(C6H4)CH3).	 19F	NMR	 (564.63	
MHz,	 THF‐d8)	 δ	 –79.04	 (6F,	 –SO2–CF3),	 –175.27	 (2F,	 (pyridyl)2(naphth)C–F).	 	 1H	 NMR	
(500.23	MHz,	C6D5NO2)	δ	9.33	(d,	J	=	4.9	Hz,	4H,	6‐pyridyl‐C–H),	8.69	(d,	J	=	8.6	Hz,	2H,	4‐
naphth‐C–H),	8.34	(dd,	 J	=	8.5,	3.0	Hz,	2H,	3‐naphth‐C–H),	8.20	(dd,	 J	=	8.2,	3.3	Hz,	4H,	3‐
pyridyl‐C–H),	8.11	–	8.08	(m,	4H,	4‐pyridyl‐C–H),	7.86	(d,	J	=	7.9	Hz,	2H,	–C≡C(C6H4)CH3),	
7.58	(dd,	J	=	7.7,	5.0	Hz,	4H,	5‐pyridyl‐C–H),	7.20	(d,	J	=	7.8	Hz,	2H,	–C≡C(C6H4)CH3),	2.32	(s,	
3H,	–C≡C(C6H4)CH3).	19F	NMR	(564.61	MHz,	o‐C6H4F2)	δ	–78.52	(6F,	–SO2–CF3),	–176.01	(2F,	
(pyridyl)2(naphth)C–F).	IR	(ATR,	 	(cm–1)):	3066	(vw),	2030	(w,	–C≡C(C6H4)CH3),	1592	(m),	
1573	(w),	1503	(w),	1461	(m),	1437	(m),	1351	(s),	1333	(m),	1297	(w),	1224	(w),	1184	(s),	
1173	(s),	1133	(s),	1077	(m),	1054	(s),	1013	(m),	927	(w),	857	(m),	821	(m),	806	(m),	768	
(s),	756	(m),	738	(m),	710	(w),	696	(m),	685	(m),	646	(w),	610	(s),	568	(s),	513	(w),	492	(w),	
454	(w),	434	(w).	UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	247	(46.7),	281	(35.4),	306	(36.0),	
316	(36.4),	352	(19.4),	572	(1.06).	Anal.	Calcd	for:	C41H27Cu2F8N7O4S2:	C,	48.05;	H,	2.66;	N,	
9.57.	Found:	C,	48.38;	H,	2.76;	N,	9.54.		

Synthesis of [Cu2(µ-η1:η1-(1,4-bis(4-tolyl)-1,2,3-triazolide))DPFN](NTf2) (2.2). A	
solution	of	2.1	(0.030	g,	0.029	mmol)	and	p‐tolylazide	(0.039	g,	0.29	mmol,	10	equiv)	in	THF	
(7	mL)	was	sealed	in	a	PTFE‐valved	tube	and	stirred	at	60	°C	for	23	h.	Then	the	reaction	
mixture	was	filtered,	and	the	dark	orange	filtrate	concentrated	in vacuo to	an	oil.	The	oil	was	
triturated	by	stirring	with	diethyl	ether	(3	mL)	for	1	h,	resulting	in	a	powder	that	was	allowed	
to	 settle	 at	which	 point	 the	 supernatant	was	 carefully	 decanted.	 The	 solid	was	 similarly	
rinsed	 again	with	 diethyl	 ether	 (3	mL,	 1	 h).	 This	 resulting	 solid	was	 dissolved	 in	 ortho‐
difluorobenzene	(3	mL)	and	the	mixture	filtered.	The	dark	orange	filtrate	was	cooled	to	–
35	°C	at	which	point	similarly	cooled	diethyl	ether	(ca.	17	mL)	was	 layered	over	the	cold	
filtrate.	 After	 2	 d	 at	 –35	 °C,	 very	 dark	 crystalline	 solid	 formed,	 and	 the	 orange‐yellow	
supernatant	was	 carefully	 decanted.	 The	 crystalline	 solid	was	 briefly	 rinsed	with	 diethyl	
ether	(3	x	1.5	mL),	and	residual	volatile	compounds	were	removed	in vacuo	to	yield	2.2	as	
dark	crystals	(0.021	g,	0.018	mmol,	62%).	Layering	hexanes	onto	a	nitrobenzene	solution	of	
2.2	afforded	orange	X‐ray	quality	crystals	of	2.2.	1H	NMR	(500.23	MHz,	C6D5NO2)	δ	8.91	(d,	J	
=	8.6	Hz,	2H,	4‐naphth‐C–H),	8.39	(dd,	J	=	8.6,	3.0	Hz,	2H,	3‐naphth‐C–H),	8.34	(d,	J	=	8.0	Hz,	
2H,	ortho‐C–(C6H4)CH3),	8.27	(d,	J	=	4.9	Hz,	2H,	a‐6‐pyridyl‐C–H),	8.10	(m,	b‐6‐pyridyl‐C–H),c	
8.06	(d,	J	=	8.1	Hz,	2H,	ortho‐N–(C6H4)CH3),c	8.07	–	8.00	(m,	2H,	a‐3‐pyridyl‐C–H),c	7.99	(m,	
4H,	a‐4‐pyridyl‐C–H	 and	b‐3‐pyridyl‐C–H),c	7.79	 (td,	 J	=	7.8,	1.7	Hz,	2H,	b‐4‐pyridyl‐C–H),	
7.50	(m,	meta‐N–(C6H4)CH3),c	7.48	(m,	a‐5‐pyridyl‐C–H),c	7.10	(dd,	J	=	7.7,	5.2	Hz,	2H,	b‐5‐
pyridyl‐C–H),	6.61	(d,	J	=	8.0	Hz,	2H,	meta‐C–(C6H4)CH3),	2.53	(s,	3H,	N–(C6H4)CH3),	1.79	(s,	

                                                            
c	These	proton	and	carbon	resonances	overlapped	with	or	were	obscured	by	solvent	resonances,	other	complex	
resonances,	or	otherwise	not	observed	directly	and	instead	observed	and	assigned	via	1H–1H	COSY	and	1H–13C	
HSQC	and	HMBC	experiments.	
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3H,	C–(C6H4)CH3).d		 13C{1H}	NMR	 (150.92	MHz,	 C6D5NO2)	 δ	161.68	 (Cu2–C–C–(C6H4)CH3),	
160.10	(d,	J	=	31.3	Hz,	2‐naphth‐C),	154.17	(d,	J	=	28.2	Hz,	a‐2‐pyridyl‐C),	153.38	(d,	J	=	29.4	
Hz,	b‐2‐pyridyl‐C),	151.19	(a‐6‐pyridyl‐C–H),	150.62	(8a‐naphth‐C),	149.66	(b‐6‐pyridyl‐C–
H),	 142.29	 (ipso‐N–(C6H4)CH3),	 141.66	 (4‐naphth‐C–H),	 139.78	 (a‐4‐pyridyl‐C–H),	 139.53	
(b‐4‐pyridyl‐C–H	 and	 para‐N–(C6H4)CH3),	 136.15	 (para‐C–(C6H4)CH3),	 133.92	 (ipso‐C–
(C6H4)CH3),	130.44	(meta‐N–(C6H4)CH3),	129.05	(meta‐C–(C6H4)CH3),	128.93	(Cu2‐µ‐η1:η1–
C),	 127.32	 (ortho‐N–(C6H4)CH3),	 127.12	 (ortho‐C–(C6H4)CH3),	 125.30	 (a‐5‐pyridyl‐C–H),	
125.02	(b‐5‐pyridyl‐C–H),	123.4	(4a‐naphth‐C),c	121.53	(q,	J	=	324.4	Hz,	–SO2–CF3),	121.18	
(d,	J	=	15.7	Hz,	a‐3‐pyridyl‐C–H),	120.60	(d,	J	=	14.5	Hz,	b‐3‐pyridyl‐C–H),	120.32	(d,	J	=	14.0	
Hz,	 3‐naphth‐C–H),	 93.91	 (d,	 J	 =	 186.7	 Hz,	 (pyridyl)2(naphth)C–F),	 21.30	 (N–(C6H4)CH3),	
20.92	(C–(C6H4)CH3).	19F	NMR	(564.63	MHz,	C6D5NO2)	δ	–78.18	(6F,	–SO2–CF3),	–173.41	(q,e	
J	=	3.5	Hz,	2F,	(pyridyl)2(naphth)C–F).		1H	NMR	(600.13	MHz,	THF‐d8)	δ	8.94	(d,	J	=	8.6	Hz,	
2H,	4‐naphth‐C–H),	8.43	(dd,	J	=	8.6,	3.1	Hz,	2H,	3‐naphth‐C–H),	8.07	(dd,	J	=	8.1,	3.4	Hz,	2H,	
d‐3‐pyridyl‐C–H),	8.03	(dd,	J	=	8.1,	3.3	Hz,	2H,	c‐3‐pyridyl‐C–H),	8.00	(d,	J	=	5.1	Hz,	2H,	c‐6‐
pyridyl‐C–H),c	7.97	–	7.92	(m,	4H,	c‐4‐pyridyl‐C–H	and	x-C≡C(C6H4)CH3),c	7.88	(td,	J	=	7.9,	1.8	
Hz,	2H,	d‐4‐pyridyl‐C–H),	7.83	–	7.77	(m,	4H,	y–C≡C(C6H4)CH3	and	d‐6‐pyridyl‐C–H),c	7.37	
(dd,	J	=	7.6,	5.2	Hz,	2H,	c‐5‐pyridyl‐C–H),	7.32	(d,	J	=	8.0	Hz,	2H,	y–C≡C(C6H4)CH3),	7.22	(dd,	J	
=	7.7,	5.1	Hz,	2H,	d‐5‐pyridyl‐C–H),	6.30	(d,	J	=	8.0	Hz,	2H,	x–C≡C(C6H4)CH3),	2.50	(s,	3H,	y–
C≡C(C6H4)CH3),	1.87	(s,	3H,	x–C≡C(C6H4)CH3).f		19F	NMR	(564.63	MHz,	THF‐d8)	δ	–79.00	(6F,	
–SO2–CF3),	 –173.07	 (q,e	 J	 =	 3.6	Hz,	 2F,	 (pyridyl)2(naphth)C–F).	 19F	NMR	 (564.63	MHz,	o‐
C6H4F2)	δ	–78.53	(6F,	–SO2–CF3),	–173.87	(2F,	 (pyridyl)2(naphth)C–F).	 IR	 (ATR,	 	(cm–1)):	
3111	(vw),	3068	(vw),	1593	(m),	1574	(w),	1512	(w),	1461	(w),	1437	(w),	1382	(vw),	1349	
(s),	1330	(m),	1302	(w),	1224	(w),	1187	(vs),	1159	(m),	1135	(s),	1078	(m),	1055	(s),	1013	
(m),	987	(m),	940	(w),	893	(w),	854	(w),	821	(m),	807	(w),	770	(s),	755	(m),	739	(w),	709	
(w),	696	(w),		685	(m),	644	(w),	612	(s),	569	(s),	513	(s),	453	(w),	417	(m),	408	(m).	UV‐Vis	
(o‐C6H4F2)	λmax,	nm	(ε,	M–1cm–1	/	103):	304	(70.4),	317	(65.7),	349	(sh	28.0),	413	(sh	10.2),	
521	(1.9),	685	(sh	0.8).	Anal.	Calcd	for:	C48H34Cu2F8N10O4S2:	C,	49.78;	H,	2.96;	N,	12.10.	Found:	
C,	50.09;	H,	3.10;	N,	11.85.	

Synthesis of Acetylferrocenium Triflimide ([AcFc]NTf2).	 Adapting	 from	a	 synthesis	 of	
acetylferrocenium	tetrafluoroborate,14	in	indirect	light	a	solution	of	acetylferrocene	(0.057	
g,	0.25	mmol)	in	diethyl	ether	(10	mL)	was	quickly	added	to	solid	sliver	triflimide	(0.091	g,	
0.24	mmol).	After	stirring	for	30	m,	the	reaction	was	concentrated	in vacuo.	The	resulting	
blue	material	was	dissolved	in	o‐C6H4F2	(2	mL),	and	the	solution	was	filtered	through	Celite,	
twice.	The	dark	blue‐green	filtrate	was	cooled	to	–35	°C	and	layered	with	pentane	(17	mL).	
After	1	d,	a	dark	blue	oil	formed,	and	the	yellow	supernatant	carefully	was	decanted.		The	oil	

                                                            
d	Loss	of	symmetry	splits	the	“side‐arm”	pyridine	moieties	into	two	sets	of	two	pyridines.		They	are	separately	
labeled	with	‘a’	and	‘b’.	This	notation	is	conserved	in	the	13C{1H}	NMR	assignments.	

e	While	this	resonance,	with	very	good	shimming,	appears	as	a	quartet,	spin	simulation	(of	an	AXYZ	system	with	
JAX	=	3.39	Hz,	JAY	=	3.32	Hz,	and	JAZ	=	3.12	Hz	in	THF‐d8)	suggests	it	is	a	doublet	of	doublet	of	doublets,	as	expected	
for	the	19F	resonance	being	split	by	two	inequivalent	pyridyl	protons	(3‐pyridyl‐C–H)	and	one	naphthyridine	
proton	(3‐naphth‐C–H).	

f	In	THF‐d8,	the	two	sets	of	“side‐arm”	pyridines	are	labeled	with	‘c’	or	‘d’	while	the	tolyl	groups	are	labeled	with	
‘x’	or	‘y’.	
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was	triturated	by	stirring	with	diethyl	ether	(3	x	2	mL,	for	45	m	each	time)	to	give	a	dark	
blue	 powder	 from	 which	 residual	 volatile	 compounds	 were	 removed	 in vacuo	 to	 yield	
[AcFc]NTf2	(0.093	g,	0.18	mmol,	75%),	which	was	stored	cold	(at	ca.	–35	°C)	and	in	the	dark.	
IR	(ATR,	 	(cm–1)):	3114	(w),	1455	(vw),	1420	(w),	1378	(w),	1358	(sh),	1345	(s),	1329	(m),	
1268	(w),	1242	(sh,	w),	1228	(m),	1209	(s),	1182	(vs),	1140	(s),	1122	(m),	1053	(vs),	1033	
(s),	1008	(m),	966	(w),	918	(vw),	888	(w),	862	(m),	790	(w),	763	(w),	739	(m),	665	(w),	614	
(vs),	569	(s),	514	(s),	425	(w),	409	(m).		Anal.	Calcd	for:	C14H12F6FeNO5S2:	C,	33.09;	H,	2.38;	
N,	2.76.	Found:	C,	33.21;	H,	2.12;	N,	2.97.		

Synthesis of [Cu2(µ-η1:η1-C≡C(C6H4)CH3)DPFN](NTf2)2 (2.3).	 In	 indirect	 light,	 to	 a	
solution	 of	2.1	 (0.0200	 g,	 0.0195	mmol)	 in	o‐C6H4F2	 (0.75	mL),	 a	 solution	 of	 [AcFc]NTf2	
(0.0101	g,	0.0199	mmol,	1.02	equiv)	in	o‐C6H4F2	(1.3	mL)	was	added.	Still	in	indirect	light,	
the	resulting	dark	purple	reaction	mixture	was	stirred	for	1.5	h.	The	reaction	mixture	was	
filtered,	and	the	filtrate	was	concentrated	in vacuo	to	an	oil.	The	oil	was	dissolved	in	o‐C6H4F2	
(2	mL),	filtered,	and	the	filtrate	was	cooled	to	–35	°C.	Similarly	cooled	diethyl	ether	(ca.	18	
mL)	was	layered	over	the	cold	filtrate.	After	2	d	at	–35	°C,	a	dark	solid	had	formed;	and	the	
clear,	 yellow	 supernatant	was	 carefully	 decanted.	 The	dark	 solid	was	 briefly	 rinsed	with	
fluorobenzene	(1	x	1	mL,	1	x	0.5	mL)	and	then	diethyl	ether	(3	x	1	mL).		Residual	volatile	
compounds	were	removed	in vacuo	to	yield	2.3	as	a	purple	solid	(0.0216	g,	0.0166	mmol,	
85%).	Vapor	diffusion	at	–35	°C	of	diethyl	ether	into	a	THF	solution	of	2.3	afforded	X‐ray	
quality	crystals	of	2.3·(C4H10O).	19F	NMR	(564.63	MHz,	o‐C6H4F2)	δ	–78.79	(12F,	–SO2–CF3),	
–176.40	(2F,	(pyridyl)2(naphth)C–F).	Effective	magnetic	moment,	(Evans’	method,	o‐C6H4F2,	
μeff	(μB)):	1.66.	IR	(ATR,	 	(cm–1)):	3112	(vw),	1971	(m,	–C≡C(C6H4)CH3),	1592	(m),	1504	(w),	
1462	(w),	1441	(w),	1347	(s),	1333	(m),	1227	(m),	1182	(vs),	1135	(s),	1084	(m),	1052	(vs),	
1025	(m),	1017	(m),	933	(vw),	898	(vw),	867	(w),	824	(w),	805	(w),	775	(m),	758	(m),	737	
(m),	713	(vw),	698	(w),	685	(m),	665	(vw),	638	(vw),	613	(vs),	569	(s),	547	(w),	514	(s),	465	
(vw),	447	(vw),	421	(w),	408	(vw).	UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	259	(10.5),	311	
(6.7),	 371	 (3.6),	 397	 (4.4),	 505	 (sh	 1.2),	 570	 (1.7),	 779	 (0.5),	 955	 (0.9).	 Anal.	 Calcd	 for:	
C43H27Cu2F14N8O8S4:	C,	39.58;	H,	2.09;	N,	8.59.	Found:	C,	39.43;	H,	1.90;	N,	8.19.	

4-Azidotoluene (p-Tolylazide).	As	noted	earlier,	p‐tolylazide	was	synthesized	according	to	
previously	published	procedures.2	1H	NMR	(600.13	MHz,	C6D6)	δ	6.76	(d,	J	=	8.0	Hz,	2H),	6.71	
–	6.67	(m,	2H),	1.97	(s,	3H).	

Di-p-tolylbutadiyne.	 As	 noted	 earlier,	 di‐p‐tolylbutadiyne	was	 synthesized	 according	 to	
previously	published	procedures.3	1H	NMR	(600.13	MHz,	CDCl3)	δ	7.42	(d,	J	=	8.1	Hz,	4H),	
7.14	(d,	J	=	7.9	Hz,	4H),	2.36	(s,	6H).	1H	NMR	(600.13	MHz,	o‐C6H4F2)	δ	7.35	(d,	J	=	8.1	Hz,	4H),	
2.21	(s,	6H,	–C≡C–C6H4–CH3).	The	second	aromatic	resonance	was	not	observed	in	o‐C6H4F2. 

Monitoring Reactivity of 2.1 with p-Tolylazide (10 equiv).	In	a	nitrogen‐filled	glovebox,	
complex	2.1	(0.0025	g,	2.4	μmoles)	was	dissolved	in	0.80	mL	of	o‐C6H4F2	containing	1,3,5‐
tris(trifluoromethyl)benzene	(6.6	mM,	0.0028	g	dissolved	in	1.5	mL	o‐C6H4F2).	To	this	green	
solution,	0.40	mL	of	a	solution	of	61	mM	(0.0081	g	in	1.0	mL) p‐tolylazide	in o‐C6H4F2	was	
added,	providing	24	μmoles	p‐tolylazide	(10	equiv).	The	mixture	was	then	split	evenly	into	
two	J.	Young	tubes	(0.6	mL	each),	which	were	then	sealed.	The	first	NMR	spectra	(1H	and	19F)	
of	 each	 solution	 were	 collected	 within	 1.5	 h,	 during	 which	 the	 mixtures	 stood	 at	 room	
temperature.	After	 the	 initial	NMR	spectra	were	recorded,	one	 tube	was	heated	 to	60	°C,	
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while	 the	other	was	allowed	 to	stand	at	 room	temperature.	Both	 reaction	mixtures	were	
monitored	by	1H	and	19F	NMR	spectroscopy,	with	spectra	recorded	at	appropriately	spaced	
intervals.	 19F	 NMR	 integrations	 were	 determined	 relative	 to	 the	 standard,	 1,3,5‐
tris(trifluoromethyl)benzene.	

Monitoring Reactivity of 2.1 with p-Tolylazide (10 to 100 equiv) to Determine 
Reaction Order in p-Tolylazide.	 In	 a	 nitrogen‐filled	 glovebox,	 stock	 solutions	 were	
prepared	of	complex	2.1	(0.0153	g	in	1.25	mL	o‐C6H4F2),	p‐tolylazide	(0.0801	g	in	2.0	mL	o‐
C6H4F2),	and	tetrakis(trimethylsilyl)silane	with	1,3,5‐tris(trifluoromethyl)benzene	(0.0193	
g	and	0.0334	g,	respectively,	in	1.0	mL	o‐C6H4F2).	Then,	seven	J.	Young	tubes	were	charged	
with	 sealed	 capillaries	 containing	 DMSO‐d6	 and	 mixtures	 of	 the	 aforementioned	 stock	
solutions	and	additional	o‐C6H4F2,	per	the	volumes	given	in	Table	E2.2	(below).	

Table E2.2: Details of Reactions Monitored to Determine Reaction Order in p-
Tolylazide 
Reaction	mix	number	 1 2 3 4 5 6 7 
Complex	2.1	soln	(mL)	 0.100	 0.100	 0.100	 0.100	 0.100	 0.100	 0.100	
p‐Tolylazide	soln	(mL)	 0.040	 0.040	 0.040	 0.100	 0.200	 0.300	 0.400	
Standards	soln	(mL)	 0.010	 0.010	 0.010	 0.010	 0.010	 0.010	 0.010	
o‐C6H4F2	(mL)	 0.450	 0.450	 0.450	 0.390	 0.290	 0.190	 0.090	

	
The	complex	2.1	solution	was	added	last	and	then,	within	ca.	5	minutes,	all	tubes	were	sealed	
and	 the	 mixtures	 frozen	 in	 a	 dry	 ice/isopropanol	 bath.	 A	 given	 J.	 Young	 tube	 was	 then	
warmed	to	room	temperature	in	a	water	bath	and	within	five	minutes	of	thawing	lowered	
into	 an	 NMR	 spectrometer	 with	 its	 probe	 temperature	 pre‐equilibrated	 to	 60.0	 °C.	 The	
sample’s	temperature	was	allowed	to	equilibrate	for	2	to	4	minutes	while	the	instrument	
was	locked	onto	DMSO‐d6	and	briefly	shimmed.	The	reaction	was	then	monitored	by	19F	NMR	
spectroscopy.	This	process	was	followed	for	reaction	mixtures	1	through	7.	Rate	constants	
were	obtained	by	taking	the	slope	of	a	plot	of	–ln([complex	2.1	at	time	0]	–	[complex	2.2])	
versus	time	and	are	presented	in	Table	E2.3	and	plotted	in	Figure	S2.13.	

Table E2.3: Rate Constants (kobs) Measured by 19F NMR to Determine Order in p-
Tolylazide	

Reaction 
number	

p-Tolylazide Concentration 
(mM) 

kobs of Product Formation  
(1/s, × 103)	

1	 0.040	 1.74	
2	 0.040	 1.70	
3	 0.040	 1.70	
4	 0.100	 3.38	
5	 0.200	 7.57	
6	 0.300	 9.91	
7	 0.400	 12.9	
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Protodemetalation of 2.2.	In	a	nitrogen‐filled	glovebox,	a	mixture	of	2.2	(0.001	g)	and	1,3,5‐
tris(trifluoromethyl)benzene	(0.0007	g)	in	o‐C6H4F2	(0.5	mL)	was	added	to	a	J.	Young	tube	
which	was	then	sealed	and	sonicated	until	all	2.2	appeared	to	dissolve.	Baseline	1H	and	19F	
NMR	spectra	were	recorded.	Then	0.2	mL	of	a	solution	of	p‐tolylacetylene	(containing	ca.	20	
equiv)	was	added	to	the	tube.	The	tube	was	sealed,	and	the	first	1H	and	19F	NMR	spectra	were	
recorded	within	5	minutes.	The	tube	was	allowed	to	stand	at	21	°C.	Subsequent	spectra	were	
recorded	in	approximately	1	h	intervals	until	the	reaction	was	>95%	complete,	as	assessed	
by	1H	and	19F	NMR	(Figure	S2.15).	

Cycloaddition of p-Tolylacetylene and p-Tolylazide Catalyzed by Complex 2.1.	 In	 a	
nitrogen‐filled	glovebox,	using	microsyringes,	a	J.	Young	tube	was	charged	with	120	μL	of	a	
solution	of	2.1	in	o‐C6H4F2	(10	mM),	100	μL	of	a	solution	of	p‐tolylacetylene	in	o‐C6H4F2	(120	
mM),	 100	 μL	 of	 a	 solution	 of	 p‐tolylazide	 in	 o‐C6H4F2	 (120	mM),	 60	 μL	 of	 a	 solution	 of	
tetrakis(trimethylsilyl)silane	in	o‐C6H4F2	(20	mM),	and	220	μL	of	neat	o‐C6H4F2,	bringing	the	
total	volume	to	600	μL.		The	tube	was	sealed,	and	a	1H	NMR	spectrum	was	acquired.		The	
tube	was	heated	at	100	°C	and	subsequent	1H	NMR	spectra	were	acquired	in	40	m	increments.		

This	and	seven	similar	reaction	mixtures	were	collected,	combined,	and	concentrated	to	a	
green‐tan	mixture	which	was	 then	triturated	with	diethyl	ether	(4	mL).	The	mixture	was	
filtered,	and	the	filtrate	collected.	The	brown	filtrand	was	rinsed	with	more	diethyl	ether	(2	
mL),	and	the	additional	filtrate	combined	with	the	first	filtrate	collection.	Evaporation	of	the	
volatile	compounds	yielded	an	off‐white	solid.	The	1H	NMR	spectrum	of	the	white	solid	in	
CDCl3	 was	 consistent	 with	 that	 reported	 for	 1,4‐bis(4‐tolyl)‐1,2,3‐triazole,15	 with	
tetrakis(trimethylsilyl)silane	also	observed	at	0.20	ppm.	

Monitoring Reactivity of 2.3 with and without p-Tolylazide (10 equiv).	In	a	nitrogen‐
filled	 glovebox,	 complex	2.3	 (0.0038	 g,	 2.9	μmoles)	was	 dissolved	 in	 1.2	mL	 of	o‐C6H4F2	
containing	 1,3,5‐tris(trifluoromethyl)benzene	 (3.8	 mM,	 0.0013	 g	 dissolved	 in	 1.2	 mL	 o‐
C6H4F2).	This	solution	was	split	and	to	one	half	p‐tolylazide	(0.0019	g,	14	μmoles,	10	equiv)	
was	added.	The	two	0.6	mL	solutions	were	added	to	J.	Young	tubes	that	were	then	sealed.	
The	first	NMR	spectra	(1H	and	19F)	of	each	solution	were	collected	within	30	m,	during	which	
the	mixtures	stood	at	room	temperature.	After	the	initial	NMR	spectra	were	recorded,	both	
tubes	were	heated	to	60	°C	and	the	reaction	mixtures	were	monitored	by	1H	and	19F	NMR	
spectroscopy	 recorded	 at	 appropriately	 spaced	 intervals.	 NMR	 integrations	 were	
determined	relative	to	the	standard,	1,3,5‐tris(trifluoromethyl)benzene.	

 

 

 

 

 

 

 



 

 
 

SUPPLEMENTARY INFORMATION AND FIGURES  
Figure S2.1.	Spectrum	obtained	from	a	1H–13C	HMBC	experiment	of	a	solution	of	2.1	in	THF‐d8	obtained	at	16.4	T	at	25	°C 

 
Details:	1D	1H	NMR	spectrum	was	obtained	at	16.4	T	at	25	°C.		1D	13C{1H}	NMR	spectrum	was	recorded	at	21.1	T	and	27	°C.		



 

 
 

Figure S2.2.	Excerpt	of	the	spectrum	obtained	from	a	1H–13C	HMBC	experiment	of	a	solution	of	2.1	in	THF‐d8	obtained	at	16.4	
T	at	25	°C	

	
Details:	1D	1H	NMR	spectrum	was	obtained	at	16.4	T	at	25	°C.		1D	13C{1H}	NMR	spectrum	was	recorded	at	21.1	T	and	27	°C.		



 

 
 

Figure S2.3.	Excerpt	of	the	spectrum	obtained	from	a	1H–13C	HMBC	experiment	of	a	solution	of	2.1	in	THF‐d8	obtained	at	16.4	
T	at	25	°C	

	
Details:	1D	1H	NMR	spectrum	was	obtained	at	16.4	T	at	25	°C.		1D	13C{1H}	NMR	spectrum	was	recorded	at	21.1	T	and	27	°C.	
Directly	observed	13C	resonances	assignable	to	the	μ‐tolylalkynyl	are	denoted	with	asterisks	(*).		



 

 
 

Figure S2.4.	Excerpt	of	the	spectrum	obtained	from	a	1H–13C	HMBC	experiment	of	a	solution	of	2.1	in	THF‐d8	obtained	at	16.4	
T	at	25	°C	

	
Details:	1D	1H	NMR	spectrum	was	obtained	at	16.4	T	at	25	°C.		1D	13C{1H}	NMR	spectrum	was	recorded	at	21.1	T	and	27	°C.		



 

 
 

Figure S2.5.	Excerpt	of	the	spectrum	obtained	from	a	1H–13C	HMBC	experiment	of	a	solution	of	2.1	in	THF‐d8	obtained	at	16.4	
T	at	25	°C	

	
Details:	1D	1H	NMR	spectrum	was	obtained	at	16.4	T	at	25	°C.		1D	13C{1H}	NMR	spectrum	was	recorded	at	21.1	T	and	27	°C.	
Directly	observed	13C	resonances	assignable	to	the	μ‐tolylalkynyl	ligand	in	2.1	are	denoted	with	asterisks	(*).	



 

 
 

Figure S2.6.	Excerpt	of	the	1D	13C{1H}	spectrum	of	a	solution	of	2.1	in	THF‐d8	recorded	at	21.1	T	and	27	°C	

	

 



 

 
 

Figure S2.7.	Excerpt	of	the	1D	13C{1H}	spectrum	of	a	solution	of	2.1	in	THF‐d8	recorded	at	21.1	T	and	27	°C	

	
Details:	Directly	observed	13C	resonances	assignable	to	the	μ‐tolylalkynyl	ligand	in	2.1	are	denoted	with	asterisks	(*).	
Resonances	assignable	to	trace	o‐C6H4F2	are	denoted	with	double	daggers	(‡).	The	remaining	resonances	are	assignable	to	the	
complexed	DPFN	and	anion	of	2.1.	



 

 
 

Figure S2.8.	Excerpts	of	19F	NMR	spectra	monitoring	the	reaction	of	complex	2.1	with	p‐tolylazide	(10	equiv)	in	o‐C6H4F2	at	
60	°C	

 
Details:	19F	NMR	spectra	acquired	at	564.63	MHz.	All	spectra	were	recorded	between	296.5	and	296.9	K.	All	are	normalized	to	
an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene	(not	shown).	



 

 
 

Figure S2.9.	Excerpts	of	19F	NMR	spectra	monitoring	the	reaction	of	complex	2.1	with	p‐tolylazide	(10	equiv)	in	o‐C6H4F2	at	
room	temperature	

 
Details:	19F	NMR	spectra	acquired	at	564.63	MHz.	All	spectra	were	recorded	between	296.5	and	298.0	K.	All	are	normalized	to	
an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene	(not	shown).	
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Figure S2.10.	Concentrations	of	relevant	complexes	determined	by	19F	NMR	spectroscopy	
while	monitoring	the	reaction	of	complex	2.1	with	p‐tolylazide	(10	equiv)	in	o‐C6H4F2	at	
60	°C	

	
Figure S2.11.	Plot	of	–ln([complex	2.1	at	time	0]	–	[complex	2.2])	vs	time	as	determined	by	
19F	NMR	spectroscopy	while	monitoring	the	reaction	of	complex	2.1	with	p‐tolylazide	in	o‐
C6H4F2	at	60	°C	

	
Details:	As	side	product	formation	was	also	observed,	the	plot	of	natural	logarithm	of	the	
difference	 between	 the	 initial	 concentration	 of	 complex	 2.1	 and	 the	 concentration	 of	
complex	 2.2	 against	 time	 was	 employed	 determine	 if	 the	 formation	 of	 complex	 2.2	
proceeded	with	a	profile	consistent	with	first‐order	kinetics.	The	linear	nature	of	the	plot	
suggests	it	does.	
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Figure S2.12.	Plots	of	–ln([complex	2.1	at	time	0]	–	[complex	2.2])	versus	time	determined	
by	19F	NMR	spectroscopy	while	monitoring	the	reaction	of	complex	2.1	with	p‐tolylazide	
(10	to	100	equiv)	in	o‐C6H4F2	at	60	°C	
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Figure S2.13.  Plot	of	kobs	vs	p‐tolylazide	concentration  

 
Details: In	 the	 plot	 of	 kobs	 vs	 p‐tolylazide	 concentration,	 a	 small	 nonzero	 intercept	 was	
observed	(an	intercept	of	0.6	x	10–3	s–1	compared	to	31.4	x	10–3	M–1s–1	for	the	slope),	which	
could	result	from	experimental	error	or	the	existence	of	unaccounted	for	intermediates	or	
pathways.	 Considering	 that	 the	 reaction	 also	 leads	 to	 trace	 but	 observable	 side	 product	
formation,	the	nonzero	intercept	likely	results	from	error	in	measuring	the	transformation	
of	interest.	
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Figure S2.14.  Plot of ln(kobs) vs ln(p-tolylazide concentration) 

 
  



 

 
 

Figure S2.15.	Excerpts	of	1H	and	19F	spectra	monitoring	the	protodemetalation	of	2.2	to	yield	2.1	and	1,4‐bis(4‐tolyl)‐1,2,3‐
triazole	in	o‐C6H4F2 

	
Details:	1H	NMR	spectra	acquired	at	600.13	MHz,	19F	at	564.63	MHz.	All	spectra	were	recorded	between	295.3	and	296.3	K.	All	
are	normalized	to	an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene	(not	shown).	



 

 
 

Figure S2.16.	Excerpts	of	1H	spectra	monitoring	the	cycloaddition	of	p‐tolylacetylene	and	p‐tolylazide	catalyzed	by	complex	
2.1	in	o‐C6H4F2 

	
Details:	1H	NMR	spectra	acquired	at	600.13	MHz.	All	spectra	were	recorded	between	296	and	297	K.	All	are	normalized	to	an	
internal	standard,	tetrakis(trimethylsilyl)silane	(not	shown).	



 

 
 

Figure S2.17.	Excerpts	of	1H	spectra	monitoring	the	cycloaddition	of	p‐tolylacetylene	and	p‐tolylazide	catalyzed	by	complex	
2.1	in	o‐C6H4F2,	focused	on	resonances	assignable	to	complex	2.1	

 
Details:	1H	NMR	spectra	acquired	at	600.13	MHz.	All	spectra	were	recorded	between	296	and	297	K.	All	are	normalized	to	an	
internal	standard,	tetrakis(trimethylsilyl)silane	(not	shown).	
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Figure S2.18. Cyclic	voltammogram	recorded	for	a	0.5	mM	solution	of	2.1	in	o‐C6H4F2	

Notes: Solution	contained 0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	 initial	potential	and	scanning	direction	 for	all	scans. The	voltammogram	displays	one	
complete	cycle	(3	segments)	and	was	recorded	at	100	mV/s. 
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Figure S2.19. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	2.1	in	o‐C6H4F2 

 
Notes: Solution	contained 0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans. Each	voltammogram	displays	two	
complete	cycles	(5	segments). 
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Figure S2.20. Scan	rate	dependence	of cyclic	voltammograms’	peak	currents	of	a	0.5	mM	
solution	of	2.1	in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	
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Figure S2.21. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	2.1	in	o‐C6H4F2	

 
Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	 shown.	 Two	 complete	 cycles	 (5	 segments)	 are	 displayed	 for	 each	
voltammogram.	The	 first	voltammogram	highlights	 the	reversible	 feature	assigned	 to	 the	
one‐electron	oxidation	of	2.1.	 Upon	 extending	 the	 scan	 range	 to	 the	positive	 edge	of	 the	
accessible	potential	 range,	an	electrochemically	 irreversible	(up	to	1000	mV/s)	oxidation	
feature	(at	E°	=	1.132	V	vs	[Cp2Fe]0/1+)	is	observed	(second	voltammogram),	the	reduction	
feature	 of	 the	 reversible	 wave	 (at	 –0.018	 V	 vs	 [Cp2Fe]0/1+)	 is	 diminished,	 and	 a	 second	
reduction	 feature	appears	at	ca.	–0.627	V	vs	 [Cp2Fe]0/1+.	Upon	extending	the	range	to	the	
negative	 edge	 (the	 third	 voltammogram),	 two	 electrochemically	 irreversible	 (up	 to	 1000	
mV/s)	reduction	features	are	observed	(at	E°	=	–1.656	V	and	–2.379	V	vs	[Cp2Fe]0/1+)	and	
give	 rise	 to	 similarly	electrochemically	 irreversible	oxidation	 features	 (at	–0.779	V	and	–
0.399	V	vs	[Cp2Fe]0/1+).	In	addition,	the	cathodic	wave	of	the	originally	reversible	feature	(at	
–0.022	V	vs	[Cp2Fe]0/1+	in	the	first	scan)	is	significantly	diminished	in	the	second	scan.	
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Figure S2.22. Cyclic	voltammogram	recorded	for	a	0.5	mM	solution	of	2.2	in	o‐C6H4F2	

	
Notes: Solution	contained 0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	 initial	potential	and	scanning	direction	 for	all	scans. The	voltammogram	displays	one	
complete	cycle	(3	segments)	and	was	recorded	at	100	mV/s. 
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Figure S2.23. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	2.2	in	o‐C6H4F2 

 
Notes: Solution	contained 0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans. Each	voltammogram	displays	one	
complete	cycle	(3	segments). 
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Figure S2.24. Scan	rate	dependence	of cyclic	voltammograms’	peak	currents	of	a	0.5	mM	
solution	of	2.2	in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	
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Figure S2.25. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	2.2	in	o‐C6H4F2	

 
Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	 shown.	 Two	 complete	 cycles	 (5	 segments)	 are	 displayed	 for	 each	
voltammogram.	The	 first	voltammogram	highlights	 the	reversible	 feature	assigned	 to	 the	
one‐electron	oxidation	of	2.2.	 Upon	 extending	 the	 scan	 range	 to	 the	positive	 edge	of	 the	
accessible	potential	range,	a	slight	increase	in	current	that	could	be	assigned	to	the	beginning	
of	electrochemically	 irreversible	(up	to	1000	mV/s)	oxidation	 feature	(at	E°	=	0.996	V	vs	
[Cp2Fe]0/1+)	 is	 observed	 (second	 voltammogram),	 the	 reduction	 feature	 of	 the	 reversible	
wave	 (at	 0.265	 V	 vs	 [Cp2Fe]0/1+)	 is	 diminished,	 and	 a	 two	 additional	 reduction	 features	
appear	at	ca.	0.639	and	–0.184	V	vs	[Cp2Fe]0/1+.	Upon	extending	the	range	to	the	negative	
edge	 (the	 third	 voltammogram),	 two	 electrochemically	 irreversible	 (up	 to	 1000	 mV/s)	
reduction	features	are	observed	(at	E°	=	–1.580	V	and	–2.380	V	vs	[Cp2Fe]0/1+)	and	give	rise	
to	similarly	electrochemically	irreversible	oxidation	features	(at	–0.734	V	and	–0.169	V	vs	
[Cp2Fe]0/1+).	In	addition,	the	cathodic	wave	of	the	originally	reversible	feature	(at	0.261	V	vs	
[Cp2Fe]0/1+	in	the	first	scan)	is	nearly	indistinguishable	from	the	baseline	in	the	second	scan.		
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Figure S2.26. UV−Visible−NIR	spectra	of	THF	solutions	of	2.1	and	2.3 
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Figure S2.27. Multiple‐Curve	Fit	of	UV−Visible−NIR	Spectra	of	2.3	in	THF 

 
Table S2.1. Peak	Details	for	Multiple‐Curve	Fit	of	UV‐Visible‐NIR	Spectra	of	2.3	in	THF 

Peak 
Type 

Center Max  
(Wavenumbers, cm–1) 

Max Height  
(Molar Abs. Coeff.,  

103 M–1·cm–1) 

Full Width at Half Max 
(Wavenumbers, cm–1) 

Gaussian	 10426.30	 0.8221	 2908.1	
Gaussian	 13390.86	 0.3641	 2297.4	
Gaussian	 17447.92	 0.7660	 1465.9	
Gaussian	 19336.12	 1.2027	 5366.1	
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Figure S2.28. The	X‐band	EPR	spectra	of	solutions	of	2.3 in	THF	

 
Details: All	spectra	are	normalized	along	the	y‐axis.		
 



 

 
 

Figure S2.29: Excerpts	of	19F	NMR	spectra	of	2.3 in	o‐C6H4F2	at	296	K		

 



 

 
 

Figure S2.30: Excerpts	of	1H	NMR	spectra	monitoring	the	reaction(s)	of	2.3	with	and	without	p‐tolylazide	(10	equiv)	present	
in	o‐C6H4F2	at	60	°C	

	
Details:	First	two	timepoints	were	acquired	at	600.13	MHz.	Remaining	spectra	were	acquired	at	400.13	MHz.	All	spectra	were	
recorded	between	295	and	297	K.	All	are	normalized	to	an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene.	Note	that	the	
doublet	at	8.65	ppm	and	doublet	of	doublets	at	8.40	ppm,	among	others,	are	both	tentatively	assignable	to	DPFN‐containing	
decomposition	products	that	are	observed	upon	heating	whether	or	not	p‐tolylazide	is	present.  



 

 
 

Figure S2.31: Excerpts	of	19F	NMR	spectra	monitoring	the	reaction(s)	of	2.3	with	and	without	p‐tolylazide	(10	equiv)	present	
in	o‐C6H4F2	at	60	°C	

	
Details:	First	two	timepoints	were	acquired	at	564.63	MHz.	Remaining	spectra	were	acquired	at	376.46	MHz.	All	spectra	were	
recorded	between	295	and	297	K.	All	are	normalized	to	an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene	(not	shown).	
Note	that	the	resonances	at	–171.76	and	–172.05	ppm,	among	others,	are	both	assignable	to	DPFN‐containing	decomposition	
products	and	are	observed	upon	heating	whether	or	not	p‐tolylazide	is	present.	



 

 
 

Figure S2.32: Excerpts	of	19F	NMR	spectra	monitoring	the	reaction(s)	of	2.3	in	the	presence	of	p‐tolylazide	(10	equiv)	in	o‐
C6H4F2	at	room	temperature	

	
Details:	All	19F	NMR	spectra	timepoints	were	acquired	at	564.63	MHz	and	were	recorded	between	296	and	298	K.	All	are	
normalized	to	an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene	(not	shown).
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SINGLE-CRYSTAL X-RAY DIFFRACTION CRYSTAL STRUCTURE DETAILS 

Figure SC2.1. Solid	 state	 structure	 of	 [Cu2(µ‐η1:η1‐C≡C(C6H4)CH3)DPFN](NTf2)·2(C6H5F)	
(2.1·2(C6H5F))	as	determined	by	single‐crystal	X‐ray	diffraction	

	

Details:	Only	one	dicopper	cation	in	the	asymmetric	unit	 is	shown;	the	other	cation,	 four	
cocrystallizing	C6H5F	molecules,	two	NTf2	anions,	and	hydrogen	atoms	are	omitted	for	clarity.	
Thermal	ellipsoids	are	set	at	the	50%	probability	level.	Selected	bond	lengths	[Å]	and	angles	
[˚]:	Cu1···Cu2:	2.3867(6),	Cu1–N1:	2.075(3),	Cu1–N3:	2.088(3),	Cu1–N4:	2.081(3),	Cu2–N2:	
2.078(3),	Cu2–N5:	2.079(3),	Cu2–N6:	2.084(3),	Cu1–C31:	1.955(3),	Cu2–C31:	1.949(3),	C31–
C32:	1.222(5);	Cu1–C31–Cu2:	75.4(1),	C31–Cu1–Cu2:	52.2(1),	C31–Cu2–Cu1:	52.4(1),	C32–
C31–Cu1:	140.9(3),	C32–C31–Cu2:	143.8(3). 
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Table SC2.1.  Crystal	data	and	structure	refinement	for	[Cu2(µ‐η1:η1‐C≡C(C6H4)CH3)DPFN]	
(NTf2)·2(C6H5F)	(2.1·2(C6H5F))		
 

Empirical	formula		 C53H37Cu2F10N7O4S2	

Formula	weight		 1217.09	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Triclinic	

Space	group		 P 	

Unit	cell	dimensions	 a	=	15.8062(6)	Å	 α	=	96.2240(10)°	

	 b	=	17.0599(6)	Å	 β	=	94.1830(10)°	

	 c	=	19.0021(6)	Å	 γ	=	95.3490(10)°	

Volume	 5053.7(3)	Å3	

Z	 4	

Density	(calculated)	 1.600	Mg/m3	

Absorption	coefficient	 1.016	mm–1	

F(000)	 2464	

Crystal	size	 0.110	x	0.060	x	0.040	mm3	

Theta	range	for	data	collection	 1.082	to	25.445°	

Index	ranges	 –19<=h<=16,	–19<=k<=20,	–19<=l<=22	

Reflections	collected	 78554	

Independent	reflections	 18432	[R(int)	=	0.0326]	

Completeness	to	theta	=	25.000°	 99.6	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.6839	and	0.6402	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 18432	/	0	/	1447	

Goodness‐of‐fit	on	F2	 1.038	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0489,	wR2	=	0.1346	

R	indices	(all	data)	 R1	=	0.0566,	wR2	=	0.1403	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 2.059	and	–0.907	e/Å3	
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Figure SC2.2. Solid	 state	 structure	 of	 [Cu2(µ‐η1:η1‐(1,4‐bis(4‐tolyl)‐1,2,3‐
triazolide))DPFN](NTf2)	(2.2)	as	determined	by	single‐crystal	X‐ray	diffraction	

 

Details:	 One	 NTf2–	 counterion	 and	 hydrogen	 atoms	 are	 omitted	 for	 clarity.	 Thermal	
ellipsoids	 are	 set	 at	 the	 50%	 probability	 level.	 Selected	 bond	 lengths	 [Å]	 and	 angles	 [˚]:	
Cu1···Cu2:	 2.4139(5),	 Cu1–N1:	 2.147(2),	 Cu1–N3:	 2.092(2),	 Cu1–N4:	 2.076(2),	 Cu2–N2:	
2.135(2),	Cu2–N5:	2.082(2),	Cu2–N6:	2.073(2),	Cu1–C31:	2.046(2),	Cu2–C31:	2.002(2);	Cu1–
C31–Cu2:	73.19(8),	C31–Cu1–Cu2:	52.56(6),	C31–Cu2–Cu1:	54.25(6). 
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Table SC2.2.  Crystal	data	and	structure	refinement	for	[Cu2(µ‐η1:η1‐(1,4‐bis(4‐tolyl)‐1,2,3‐
triazolide))DPFN](NTf2)	(2.2)	
	

Empirical	formula		 C48H34Cu2F8N10O4S2	

Formula	weight		 1158.05	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Monoclinic	

Space	group		 P21/n	

Unit	cell	dimensions	 a	=	9.8010(2)	Å	 α	=	90°	

	 b	=	29.7197(7)	Å	 β	=	95.3890(10)°	

	 c	=	16.1655(4)	Å	 γ	=	90°	

Volume	 4687.92(19)	Å3	

Z	 4	

Density	(calculated)	 1.641	Mg/m3	

Absorption	coefficient	 1.087	mm–1	

F(000)	 2344	

Crystal	size	 0.090	x	0.060	x	0.020	mm3	

Theta	range	for	data	collection	 1.370	to	25.414°	

Index	ranges	 –11<=h<=10,	–35<=k<=35,	–19<=l<=19	

Reflections	collected	 58782	

Independent	reflections	 8605	[R(int)	=	0.0322]	

Completeness	to	theta	=	25.000°	 100.0	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.7138	and	0.6666	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 8605	/	0	/	668	

Goodness‐of‐fit	on	F2	 1.027	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0332,	wR2	=	0.0850	

R	indices	(all	data)	 R1	=	0.0384,	wR2	=	0.0881	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 0.633	and	–0.500	e/Å3	
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Figure SC2.3.  Solid	state	structure	of	[Cu2(µ‐η1:η1‐C≡C(C6H4)CH3)DPFN](NTf2)2·(C4H10O)	
(2.3·(C4H10O))	as	determined	by	single‐crystal	X‐ray	diffraction	
	

 
Details:	Two	NTf2–	counterions,	disordered	cocrystallizing	solvent,	and	hydrogen	atoms	are	
omitted	for	clarity.	Thermal	ellipsoids	are	set	at	 the	50%	probability	 level.	Selected	bond	
lengths	[Å]	and	angles	[˚]:	Cu1···Cu2:	2.3356(4),	Cu1–N1:	1.988(3),	Cu1–N3:	2.066(2),	Cu1–
N4:	2.076(2),	Cu2–N2:	1.983(3),	Cu2–N5:	2.106(2),	Cu2–N6:	2.047(2),	Cu1–C31:	1.943(3),	
Cu2–C31:	 1.916(3),	 C31–C32:	 1.234(5);	 Cu1–C31–Cu2:	 74.5(1),	 C31–Cu1–Cu2:	 52.23(8),	
C31–Cu2–Cu1:	53.28(9),	C32–C31–Cu1:	136.7(3),	C32–C31–Cu2:	148.8(3). 
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Table SC2.3.  Crystal	data	and	structure	refinement	for	[Cu2(µ‐η1:η1‐C≡C(C6H4)CH3)DPFN]	
(NTf2)2·(C4H10O)	(2.3·(C4H10O))	
	

Empirical	formula		 C47	H37	Cu2	F14	N8	O9	S4	

Formula	weight		 1379.16	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Triclinic	

Space	group		 P 	

Unit	cell	dimensions	 a	=	12.6353(6)	Å	 α	=	65.929(2)°	

	 b	=	15.0526(7)	Å	 β	=	73.127(2)°	

	 c	=	16.6196(8)	Å	 γ	=	71.226(2)°	

Volume	 2685.9(2)	Å3	

Z	 2	

Density	(calculated)	 1.705	Mg/m3	

Absorption	coefficient	 1.059	mm–1	

F(000)	 1390	

Crystal	size	 0.130	x	0.040	x	0.020	mm3	

Theta	range	for	data	collection	 1.365	to	25.413°	

Index	ranges	 –15<=h<=14,	–18<=k<=18,	–20<=l<=18	

Reflections	collected	 53148	

Independent	reflections	 9775	[R(int)	=	0.0340]	

Completeness	to	theta	=	25.000°	 99.7	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.6839	and	0.6238	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 9775	/	12	/	837	

Goodness‐of‐fit	on	F2	 1.064	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0419,	wR2	=	0.1084	

R	indices	(all	data)	 R1	=	0.0486,	wR2	=	0.1135	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 1.083	and	–0.679	e/Å3	
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Chapter 3.	Dicopper	Alkyl	Complexes:	Synthesis,	Structure,	and	Unexpected	Persistence	
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INTRODUCTION 

Metal	 alkyl	 complexes	 have	 long	 interested	 chemists,	 since	 they	 provide	 useful	
synthetic	reagents	and	catalysts,	display	unusual	bonding	motifs,	and	represent	mechanistic	
intermediates	in	important	transformations.1,2	Of	the	many	transition	metal	alkyl	complexes	
that	have	been	discovered,	few	have	found	as	wide	use	in	organic	and	inorganic	synthesis	as	
those	based	on	copper.3	However,	in	addition	to	their	utility,	organocopper	compounds	have	
also	been	long	known	for	their	high	reactivity	and	instability.4,5	Early	work	by	Reich6	as	well	
as	Gilman	and	Straley7	highlighted	the	need	for	low‐temperature	preparations	that	exclude	
air	 and	 water	 as	 well	 as	 the	 lower	 stability	 of	 alkylcopper	 compounds	 as	 compared	 to	
arylcopper	analogues.		

This	elusiveness	of	isolable	alkylcopper	compounds	is	exemplified	by	methylcopper,	
which	upon	warming	above	0	°C	generally	decomposes	to	give	metallic	copper,	methane,	and	
ethane.8,9	Use	of	various	ligands,	notably	phosphines10	and	N‐heterocyclic	carbenes,11,12	has	
enabled	 the	 isolation	 and	 characterization	 of	monomeric	 alkylcopper	 complexes	 that	 are	
significantly	more	persistent	under	an	inert	atmosphere.	Historically,	nitrogen‐based	ligands	
have	 generally	 not	 provided	 similar	 stabilization.13–15	 Moreover,	 the	 bulky	 or	 chelating	
ligands	employed	to	stabilize	[CuMe]	and	propensity	for	Cu(I)	to	adopt	linear	or	tetrahedral	
bonding	 geometries	 often	 result	 in	 monocopper	 structures	 and	 therefore	 neutral	
complexes.5	

As	described	here,	a	rigid,	dinucleating	ligand	(2,7‐bis(fluoro‐di(2‐pyridyl)‐methyl)‐
1,8‐naphthyridine,	DPFN)	that	has	been	shown	to	support	a	series	of	cationic	dicopper	aryl16	
and	 alkynyl17	 complexes	 has	 provided	 access	 to	 isolable	 bridging	 methyl	 and	 neopentyl	
complexes,	 which	 have	 been	 thoroughly	 characterized.	 Structural	 characterization	 and	
investigation	of	the	electrochemical	properties	and	reactivity	of	the	μ‐methyl	complex	allow	
comparisons	of	alkyl,	aryl,	and	alkynyl	 ligands	bound	to	a	dicopper	center.	Computational	
studies	 have	 corroborated	 the	 trends	 observed	 in	 the	 solid‐state	 structures,	 and	 bonded	
energy	decomposition	analysis	(EDA)	suggests	a	high	level	of	covalency	in	the	interactions	
between	the	two	copper	centers	and	the	bridging	carbon.	

DICOPPER(I) ALKYL COMPLEXES 

Previous	work	demonstrated	that	an	acetonitrile	ligand	bridging	two	copper	centers	
supported	by	DPFN	is	displaced	by	treatment	with	a	tetraphenylborate,	from	which	an	aryl	
group	 is	 abstracted	 to	 yield	 a	 μ‐Ph	 ligand.16	 The	 latter	 complex	 performs	 certain	 C–H	
activations;	 for	example,	upon	heating	at	100	°C,	 the	μ‐Ph	complex	reacts	with	a	terminal	
alkyne	to	generate	a	μ‐alkynyl	complex	and	benzene.17	Significantly	harsher	conditions	were	
required	 to	 activate	 aryl	 C–H	 bonds.	 For	 example,	 exchange	 of	 the	μ‐Ph	 for	μ‐C6F5	 upon	
treatment	with	excess	pentafluorobenzene	required	heating	for	35	days	at	110	°C.	As	alkyl‐
bridged	 dicopper	 complexes	 were	 expected	 to	 be	 temperature‐sensitive,	 a	 lower‐
temperature	 approach	 was	 sought	 for	 the	 introduction	 of	 bridging	 ligands	 with	 sp3‐
hybridized	carbon	atoms.		

Treatment	 of	 [Cu2(µ‐η1:η1‐NCCH3)DPFN](NTf2)2	 with	 dimethylmagnesium	 (0.51	
equiv)	in	THF	at	–30	°C	resulted	in	a	rapid	darkening	of	the	reaction	mixture.	The	1H	NMR	
spectrum	of	the	primary	product	revealed	a	resonance	at	0.89	ppm	(vs	SiMe4,	 in	THF‐d8),	
which	 integrates	 to	 three	 protons	 per	 DPFN	 ligand.	 Meanwhile	 the	 aromatic	 resonances	
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suggest	 that	 the	 complex	 retains	 its	C2v	 symmetry	 on	 the	 NMR	 time‐scale.	 The	 19F	 NMR	
spectrum	revealed	a	slight	shift	of	the	ligand	resonance	from	–174.50	to	–174.32	ppm	(vs	
CFCl3,	in	THF),	further	implying	that	the	dicopper	complex	remained	mostly	intact.	Together,	
these	 spectra	 suggest	 that	 the	 product	 is	 [Cu2(µ‐η1:η1‐CH3)DPFN]NTf2	 (3.1),	 which	 was	
isolated	in	51%	yield	(eq	3.1).	

	
Other	methylating	agents	were	explored	for	the	synthesis	of	3.1	and	methyllithium	

(1.1	equiv,	1.6	M	in	diethyl	ether)	was	also	found	to	afford	3.2, in	slightly	higher yield	(63%).	
However,	the	resulting	product	was	sometimes	contaminated	with	a	small	percentage	(≤5%)	
of	 the	 bridging	 chloride	 complex,	 [Cu2(µ‐Cl)DPFN]NTf2	 (3.2),	 which	 was	 independently	
synthesized	by	treatment	of	the	bridging	acetonitrile	complex	with	a	solution	of	LiCl	in	THF	
(eq	3.2).		

	
In	the	synthesis	of	3.1,	the	appearance	of	3.2	very	likely	results	from	small	amounts	

of	LiCl	present	in	solutions	of	methyllithium	in	diethyl	ether.18,19	Measurably	different	1H	and	
19F	NMR	spectra	allow	identification	and	quantification	of	trace	3.2	in	solutions	of	3.1.	
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Figure 3.1.	Solid‐state	structure	of	3.1	as	determined	by	single‐crystal	X‐ray	diffraction.	Only	
one	dicopper	cation	in	the	asymmetric	unit	is	shown;	the	other	cation,	two	NTf2–	counterions,	
and	selected	hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	
probability	level.	
 

Layering	 diethyl	 ether	 over	 a	 THF	 solution	 of	3.1	 and	 storage	 at	 –35	 °C	 afforded	
crystals	suitable	for	X‐ray	diffraction.	The	solid‐state	structure	of	3.1	(at	100	K)	contains	two	
independent	copies	of	 the	dicopper	cation	(one	 is	shown	in	Figures	3.1	and	SC3.1)	 in	the	
asymmetric	unit	and	confirms	the	presence	of	a	bridging	methyl	group.	The	methyl	ligand	
bridges	 nearly	 symmetrically	 between	 the	 two	 copper	 atoms,	 with	 all	 Cu–C	 distances	
between	 2.060(3)	 and	 2.085(2)	 A	 and	 all	 ∠C31–CuA–CuB	 angles	 between	 54.84(8)	 and	
55.84(8)°.	The	average	Cu···Cu	distance	is	2.3549(3)	A.	In	addition,	the	hydrogen	atoms	on	
the	 bridging	 methyl	 ligands	 of	 both	 copies	 of	 the	 cation	 were	 located	 in	 the	 difference	
electron	 density	 map	 and	 refined	 independently.	 Their	 positions	 imply	 no	 significant	
interactions	with	the	copper	atoms.		

Recently	Molteni	and	coworkers	 reported	 the	 structure	of	 another	methyl‐bridged	
dicopper	 complex,	 [Cu(PPh3)2(µ‐CH3)CuCH3],	which	 is	 described	 as	 the	 coordination	 of	 a	
Cu(PPh3)2+	unit	to	a	nearly	linear	CuMe2–.20	Compared	to	this	donor‐acceptor	complex,	3.1	
exhibits	a	shorter	Cu···Cu	distance	(for	the	donor‐acceptor	complex:	Cu···Cu:	2.4121(4)	A)	
and	a	more	symmetrical	methyl‐binding	mode	(for	the	donor‐acceptor	complex:	Cu–µ‐CH3	
distances	 are	 2.137(2)	 and	 2.011(2)	 A).	 Ma	 and	 coworkers	 also	 observed	 µ‐CH3	 ligands	
bridging	 two	metal	 centers	 in	 six‐copper	clusters.21	Compared	 to	3.1,	 the	methyl	bridged	
units	of	the	clusters	also	exhibited	longer	Cu···Cu	distances	(2.4000(4)	and	2.4047(4)	A)	and	
more	dissymmetric	Cu–µ‐CH3	distances	(average:	1.986	and	2.052	A).	

Complex	3.1 joins	a	series	of	nearly	symmetrically	bridged	μ‐methyl	complexes	of	the	
heavier	 coinage	 metals:	 {[(SIPr)Ag]2(μ‐Me)}(OTf)22	 (SIPr	 =	 1,3‐bis(2,6‐
diisopropylphenyl)imidazolin‐2‐ylidene)	 and	 [Au2(μ‐Me)(PMe2ArDipp2)2](NTf2)23	 (ArDipp2	 =	
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C6H3‐2,6‐(C6H3‐2,6‐iPr2)2).	Both	the	silver	and	gold	dinuclear	complexes	have	significantly	
longer	M–C	and	M···M	distances	(for	both:	M–C:	ca.	2.22	A,	M···M:	2.71	A)	than	are	observed	
in	 3.1.	 The	 structure	 of	 3.1	 is	 also	 similar	 to	 that	 of	 trimethylaluminum,	 a	 classic	
organometallic	 example	 of	 three‐centered	 two‐electron	 bonding,	 which	 compared	 to	3.1	
exhibits	 longer	M–C	distances	 (for	 [AlMe3]2:	 an	average	of	2.14(1)	A)	and	a	 longer	M···M	
distance	for	[AlMe3]2:	2.600(4)	A).24	
	

	
Figure 3.2.	Solid‐state	structures	of	the	dicopper	cores	of	[Cu2(µ‐η1:η1‐CXHY)DPFN]+	cations	
as	 determined	 by	 single‐crystal	 X‐ray	 diffraction,	 with	 key	 metrics	 describing	 the	 cores’	
structures.	Selected	hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	
50%	probability	level.	
 

In	addition,	the	structure	of	3.1	can	be	compared	to	that	of	analogous	[Cu2(µ‐η1:η1‐
CXHY)DPFN]+	cations	that	establish	a	series	in	which	the	bridging	carbon	is	either	sp3,	sp2,	or	
sp	hybridized	(Figure	3.2).	Across	the	series,	the	Cu–C	distances	shorten	and	∠Cu1–C31–Cu2	
angles	widen,	bringing	the	central	carbon	closer	to	the	Cu	centers	as	the	carbon	adopts	more	
s‐character	 in	 the	 orbital	 presumably	 directed	 toward	 the	 three‐centered	 two‐electron	
bonding	 interaction.	 Meanwhile,	 the	 Cu···Cu	 distance	 does	 not	 show	 a	 clear	 trend	 with	
hybridization	 of	 the	 bridging	 carbon,	 with	 the	 longest	 distance	 observed	 for	 the	 µ‐Ph	
complex.	
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Figure 3.3.	13C{1H}	(a),	1H–13C	HSQC	(b),	and	proton‐coupled	1H–13C	HSQC	(c)	NMR	spectra	
acquired	at	14.1	T	(1D	experiment)	and	16.4	T	(2D	experiments)	of	a	solution	3.1	in	THF‐d8.	
	

The	1H	and	19F	NMR	spectroscopy	of	3.1	in	THF‐d8	revealed	that	symmetrical	binding	
of	the	methyl	is	maintained	in	solution	on	the	NMR	time	scale.	The	µ‐CH3	1H	resonance	at	
0.89	 ppm	 (vs	 SiMe4)	 is	 in	 a	 region	 expected	 for	 methyl	 resonances,	 while	 the	 13C{1H}	
resonance	is	found	significantly	upfield	at	–40.22	ppm	(vs	SiMe4).	The	carbon	resonance	was	
first	observed	indirectly	in	a	1H–13C	HSQC	experiment	(Figure	3.3b).	To	confirm	that	the	peak	
corresponds	 to	 a	methyl	moiety,	 a	modified	proton‐coupled	HSQC	 experiment	 revealed	 a	
3:1:1:3	 quartet	 pattern	 characteristic	 of	 a	 methyl	 group	 (Figures	 3.3c	 and	 S3.1).25	 	 This	
resonance	is	upfield	of	both	[AlMe3]2	resonances		(bridge:	–5.34	ppm,	terminal:	–8.03	ppm;	
at	–78	°C	in	toluene‐d8),26	a	range	of	methyl‐containing	cuprates,27	and	the	aforementioned	
dinuclear	gold	complex	(–0.1	ppm).23	The	shift	observed	for	3.1	is	also	upfield	of	the	range	
of	 	 solid‐state	 13C	 chemical	 shifts	 reported	 for	 Molteni	 and	 coworkers’	 donor‐acceptor	
complex	 (+1	 to	 –16	 ppm)20	 and	 the	 solution‐state	 shift	 reported	 for	Ma	 and	 coworkers’	
hexanuclear	cluster	(–18.99	ppm).21	

The	 JC–H	bond	 coupling	 constant	 for	 the µ‐CH3	 ligand	 is	115.8	Hz,	 below	 the	value	
expected	for	an	sp3	hybridized	carbon	atom	(i.e.	125	Hz	in	methane28).	The	coupling	constant	
is	similar	to	those	observed	in	[AlMe3]2	(bridge:	112.2	Hz,	terminal:	115.5	Hz;	between	–60	
and	 –70	 °C)29	 and	 slightly	 above	 those	 reported	 for	 a	 range	 of	methylcopper	 complexes	
generated	 in situ	 (108.5	 to	 113	Hz).30	 It	 is	 also	 lower	 than	 that	 reported	 for	 the	 [Au2(μ‐
Me)(PMe2ArDipp2	)2]	cation	(129	Hz).23	

The	lack	of	any	methyl	resonances	in	the	DPFN	ligand	and	triflimide	anion	presents	
an	 opportunity	 to	 observe	 the	 vibrational	 IR	 modes	 resulting	 from	 the	 bridging	 methyl	
moiety.	Upon	comparison	with	the	bridging	chloride	complex,	two	bands,	at	2859	and	2781	
cm–1,	in	the	C–H	region	were	found	only	in	the	spectrum	of	3.1	(Figure	S3.2).	These	bands	
are	tentatively	assigned	as	ν(CH3)	modes.	Their	relatively	low	frequencies	are	consistent	with	
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those	 observed	 for	 other	 bridging	 CH3	 groups,	 especially	 those	 of	 polymeric	
dimethylmagnesium (2850	and	2780	cm–1)	and	tetrameric	methyllithium	(2840	and	2780	
cm–1).31	 These	 frequencies	 are	 also	 similar	 to	 some	 of	 those	 reported	 for	 [Cu(PPh3)2(µ‐
CH3)CuCH3]	(specifically	2852	and	2781	cm–1).20	

Surprisingly, 3.1 is	 moderately	 persistent	 in	 solution.	 In	 room	 temperature	 THF	
solution,	after	1	day	approximately	5%	decomposition	is	observed,	with	20%	observed	after	
34	 days,	 as	 determined	 by	 1H	 and	 19F	 spectroscopy.	 	 Upon	 heating	 at	 60	 °C	 in	 THF,	3.1	
decomposes	 over	 the	 course	 of	 days,	 accompanied	by	methane	 and	 ethane	 formation,	 as	
observed	by	1H	NMR	spectroscopy.		The	ratio	of	methane	to	ethane	was	approximately	1:1.3.	
The	 persistence	 of	 3.1	 starkly	 contrasts	 with	 that	 of	 a	 range	 of	 alkylcopper	 complexes,	
notably	those	supported	by	nitrogen	donor	ligands.	Solid	methylcopper	has	been	reported	
to	persist	only	at	low	temperatures	and	decompose	upon	warming	above	approximately	0	
°C.8,9,14,32,33	 Previous	 attempts	 to	 stabilize	monomeric	 CuMe	with	 nitrogen	 donor	 ligands,	
such	as	2,2’‐bipyridine,	similarly	leads	to	thermally	unstable	species.13,14	A	putative	anionic	
dicopper	μ‐methyl	complex	supported	by	a	tropocoronand	macrocycle	was	also	reported	to	
require	low	temperature	storage.15		In	contrast,	coordination	of	tertiary	phosphines	to	CuMe	
imparts	 greater	 thermal	 stability,10,34,35	 as	 does	 coordination	 of	 	 N‐heterocyclic	 carbene	
(NHC)	ligands.11,12,36	Complex	3.1	is	a	rare	example	of	an	alkylcopper(I)	moiety	kinetically	
stabilized	by	a	nitrogen‐based	donor	ligand.	In	addition,	3.1	is	significantly	more	thermally	
stable	 than	 the	 aforementioned	 dicopper	 μ‐methyl	 complex,	 [Cu(PPh3)2(µ‐CH3)CuCH3],	
which	is	reported	to	decompose	rapidly	in	solution	at	room	temperature.20	

Considering	the	stability	of	the	bridging‐methyl	copper(I)	complex,	installation	of	a	
significantly	 bulkier	 alkyl	 group	 was	 attempted.	 Treatment	 of	 [Cu2(µ‐η1:η1‐
NCCH3)DPFN](NTf2)2	 in	 THF	 at	 –30	 °C	 with	 neopentyllithium	 (1.07	 equiv)	 in	 pentane	
provided	[Cu2(µ‐η1:η1‐CH2C(CH3)3)DPFN]NTf2	(eq	3.3),	which	was	isolated	in	50%	yield.	

	
Diffusion	of	diethyl	ether	vapor	into	a	solution	of	3.3	gave	crystals	suitable	for	X‐ray	

diffraction.	The	solid‐state	structure	contains	four	copies	of	the	cation	in	the	asymmetric	unit	
(one	of	which	is	shown	in	Figures	3.4	and	SC3.3‐3.4)	and	reveals	that	the	neopentyl	group	
symmetrically	 bridges	 the	 copper	 centers,	 with	 an	 average	 copper–carbon	 distance	 of	
2.101(2)	A.	This	Cu–C	distance	for	the	neopentyl	complex	is	longer	than	that	observed	for	
the	μ‐CH3	complex,	as	expected	considering	the	added	steric	bulk,	while	the	average	∠Cu1–
C31–Cu2	angle	(69.1(1)	°)	is	practically	the	same	as	that	of	the	μ‐CH3	complex	(69.27(6)°).	
The	average	Cu···Cu	distance	(2.383(1)	A)	is	longer	than	that	observed	for	the	μ‐CH3	complex,	
but	slightly	shorter	than	those	observed	for	the	μ‐phenyl	(2.3927(5)	A)	and μ‐tolylalkynyl	
(2.3885(4)	A)	complexes.	The	methylene	protons	for	the	cation	were	located	in	the	difference	
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electron	density	map	and	refined	independently.	As	with	the	μ‐CH3	complex,	the	structure	
does	not	imply	significant	interactions	between	the	hydrogen	and	copper	atoms.	
	

	
Figure 3.4.	Solid‐state	structure	of	3.3	as	determined	by	single‐crystal	X‐ray	diffraction.	Only	
one	dicopper	cation	in	the	asymmetric	unit	is	shown;	the	other	cations,	NTf2–	counterions,	
four	 THF	 molecules	 of	 solvation,	 and	 selected	 hydrogen	 atoms	 are	 omitted	 for	 clarity.	
Thermal	ellipsoids	are	set	at	the	50%	probability	level.	
 

Despite	 the	 popularity	 of	 neopentyl	 as	 a	 sterically	 demanding	 alkyl	 ligand	 for	
transition	metal	complexes,	 few	examples	of	species	with	bridging	neopentyl	groups	have	
been	 reported.37–42	 Notably,	 a	 handful	 of	 dimanganese	 complexes	 have	 been	 shown	 to	
support	bridging	neopentyl	groups,	 generally	with	Mn···Mn	distances	between	2.685	and	
2.718	 A,	 Mn–Cbridge	 distances	 between	 2.185	 and	 2.645	 A,	 and	 ∠Mn1–Cbridge–Mn2	 angles	
between	69.6	and	72.7°.37–40	While	the	metal–metal	and	metal–carbon	distances	observed	in	
these	dimanganese	complexes	are	significantly	longer	than	those	observed	in	3.3,	the	metal–
carbon–metal	angles	are	quite	similar.	

While	trimethylsilylmethylcopper	is	a	persistent	tetramer,43	neopentylcopper	has	to	
our	 knowledge	 not	 been	 reported.	 Neopentylcopper	 species	 are	 mentioned	 as	 plausible	
intermediates	in	reactions	between	copper	halides	and	Grignard	reagents,44,45	employed	as	
supporting	ligands	in	diorganocuprates	for	Michael	additions,46	and	reported	in	a	phosphine‐
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supported	 complex,	 Cu(CH2CMe3)(PMePh2)3.47	 However,	 these	 examples	 do	 not	 contain	
structural	characterization	of	a	CuNp	unit	by	X‐ray	crystallography.	Compared	to	the	bridging	
trimethylsilylmethyl	 groups	 found	 in	 the	 trimethylsilylmethylcopper	 tetramer	
([CuCH2Si(CH3)3]4),	 the	 Cu···Cu	 distance	 in	3.3	 is	 slightly	 shorter	 (cf.	 tetramer:	 2.418	 A),	
while	the	Cu–C	distances	in	3.3	are	longer	(cf.	tetramer:	2.042	and	1.982	A).	The	∠Cu1–C31–
Cu2	angle	in	3.3	is	also	more	acute	(cf.	tetramer:	73.84°).	

In	comparison	to	the	bridging	methyl	complex,	the	neopentyl	complex	is	less	stable	
in	solution,	with	approximately	30%	decomposing	at	room	temperature	over	the	course	of	1	
day	in	THF	and	70%	over	2	weeks,	as	determined	by	1H	and	19F	NMR	spectroscopy.	By	1H	
NMR	 spectroscopy,	 the	 decomposition	 of	3.3	 in	 THF‐d8	 produces	 a	 variety	 of	 tert‐butyl–
containing	products,	primarily	neopentane,	identified	by	its	1H	(0.92	ppm	vs	SiMe4)	and	13C	
(31.8	ppm	and	27.18	ppm)48	chemical	shifts,	which	were	observed	with	the	aid	of	1H–13C	
HSQC	and	HMBC	experiments.	Of	this	neopentane,	approximately	70%	was	neopentane‐d1	
as	determined	by	2H	NMR	spectroscopy.	

REACTIONS OF DICOPPER METHYL COMPLEX 

Considering	the	ability	of	the	μ‐Ph	dicopper	complex	to	activate	acidic	but	strong	C–
H	bonds	and	exchange	the	bridging	ligand,	the	reactivity	of	3.1	toward	various	protic	species	
was	investigated.	Notably,	treatment	of	3.1	with	excess	pentafluorobenzene	and	heating	at	
60	°C	afforded	[Cu2(µ‐η1:η1‐C6F5)DPFN]NTf2	in	67%	yield	(98%	conversion)	as	determined	
by	 19F	 NMR	 spectroscopy	 (Figure	 S3.3),	 with	 concomitant	 generation	 of	 methane	 as	
determined	by	1H	NMR	spectroscopy	(eq	3.4).		

	
The	difference	between	the	19F	NMR‐determined	yield	of	the	μ‐C6F5	complex	and	conversion	
of	3.1	 likely	results	from	ligand	exchange	of	‐CH3	for	‐C6F5	competing	with	decomposition	
pathways.	In	comparison,	the	same	transformation	can	be	accomplished	in	higher	yield,	85%	
(99%	conversion),	by	heating	[Cu2(µ‐η1:η1‐Ph)DPFN]NTf2	with	excess	pentafluorobenzene	
in	o‐C6H4F2	at	110	°C	for	35	days.16	

Considering	its	ability	to	activate	strong	C–H	bonds,	3.1	was	also	treated	with	water	
with	the	goal	of	generating	a	bridging	hydroxide	complex.	Unfortunately	and	unexpectedly,	
addition	 of	 water	 (ca.	 170	 equiv)	 to	 3.1	 in	 THF	 at	 room	 temperature	 does	 not	 cleanly	
generate	a	new	complex.	Rather,	 in	 the	presence	of	water,	3.1	very	slowly	decomposes	at	
room	 temperature	 to	 a	 variety	 of	 species,	 and	 after	14	days	 reaches	96%	conversion	 (as	
determined	by	19F	NMR	spectroscopy;	Figure	S3.4).		
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To	explore	whether	a	more	acidic	oxygen‐based	acid	would	cleanly	react	with	3.1,	a	
solution	 of	 3.1	 in	 THF	 was	 treated	 with	 pentafluorophenol	 (10	 equiv),	 which	 nearly	
quantitatively	yielded	the	bridging	phenoxide	complex,	[Cu2(µ‐η1:η1‐OC6F5)DPFN]NTf2	(3.4)	
and	methane	over	the	course	of	1	h	at	22	°C,	as	determined	by	1H	and	19F	NMR	spectroscopy	
(eq	3.5,	Figures	S3.5‐3.6).	The	same	product	was	obtained	upon	treatment	of	the	bridging	
phenyl	 complex	 in	o‐C6H4F2	with	pentafluorophenol,	 allowing	 the	 isolation	of	3.4	 in	85%	
yield.	

	
Compared	to	the	structures	of	the	bridging	Cu2(I,I)	alkyl,	aryl,	and	alkynyl	complexes,	

the	 solid‐state	 structure	 of	3.4	 (Figures	3.5	 and	 SC3.5‐3.6)	 reveals	 a	 bridging	 ligand	 that	
binds	with	a	much	more	obtuse	central	angle.	The	Cu–O	distances	(2.002(2)	and	1.989(3)	A)	
are	shorter	than	the	Cu–C	bonds	observed	in	the	bridging	methyl	and	phenyl	complexes,	and	
the	Cu1···Cu2	distance	 is	 significantly	 longer	 (2.675(1)	A).	As	a	 result,	 the	∠Cu1–O1–Cu2	
angle	(84.18(9)°)	 is	wider	 than	that	 found	 in	the	hydrocarbyl	series,	and	the	average	Cu–
Nnaphth	distance	is	shorter.	
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Figure 3.5.	Solid‐state	structure	of	3.4	as	determined	by	single‐crystal	X‐ray	diffraction.	The	
NTf2–	counterion,	two	o‐C6H4F2	molecules	and	one	half	of	a	pentane	molecule	of	solvation,	
and	hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	probability	
level.	
 

Upon	 treatment	 with	 an	 equivalent	 of	 an	 even	 stronger	 acid,	 HNTf2,	 complex	3.1	
reacts	 to	 form	 a	 tricationic	 helical	 complex	 incorporating	 three	 copper	 centers	 and	 two	
molecules	of	DPFN	(eq	3.6,	Figure	S3.7).	This	helix	was	also	generated	by	treatment	of	the	
bridging	 phenyl	 complex	with	HNTf2	 (1.0	 equiv)	 in	o‐C6H4F2,	 allowing	 the	 product	 to	 be	
isolated	in	58%	yield.	 	Ostensibly,	 the	loss	of	the	dicopper	core	structure	results	from	the	
inability	of	the	triflimide	anion	to	provide	a	viable	bridge	between	two	copper	centers	ligated	
by	DPFN.		
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Vapor	 diffusion	 of	 hexanes	 into	 an	 o‐C6H4F2	 solution	 of	3.5	 and	 storage	 at	 –35°C	

afforded	crystals	suitable	for	X‐ray	diffraction,	allowing	its	structure	to	be	elucidated	(Figure	
3.6	and	SC3.7‐3.8).	In	the	solid‐state,	the	side‐arm	pyridine	pairs	provide	pseudo‐tetrahedral	
ligand	environments	for	two	copper	centers	while	the	third	copper	is	bound	nearly	linearly	
between	two	naphthyridine	nitrogen	atoms	(∠N1–Cu–N7:	174.7(1)°).	In	addition,	the	∠Cu2–
Cu1–Cu3	angle	is	155.66(2)°.	In	1H	NMR	spectra	at	room	temperature,	only	one	doublet	is	
observed	for	the	4‐position	hydrogen	on	the	naphthyridine	subunits;	and	in	19F	NMR	spectra,	
a	singlet	(at	–148.47	ppm	vs	CFCl3	in	nitrobenzene‐d5)	is	observed	for	the	trication.	These	
data	suggest	that	on	the	NMR	time‐scale,	the	central	Cu	atom	interacts	similarly	with	all	four	
central	naphthyridine	nitrogen	atoms.	
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Figure 3.6.	Solid‐state	structure	of	3.5	as	determined	by	single‐crystal	X‐ray	diffraction.	The	
NTf2–	counterions,	two	o‐C6H4F2	molecules	of	solvation,	and	hydrogen	atoms	are	omitted	for	
clarity.	Thermal	ellipsoids	are	set	at	the	50%	probability	level.	
 

The	 reactivity	 of	 3.1	 toward	 a	 Lewis	 acid	 (BPh3)	 was	 also	 investigated.	
Transmetallation	from	boron	to	copper,	albeit	a	single	copper	center	in	its	+2	oxidation	state,	
is	 predicted	 to	 be	 a	 key	 step	 in	 the	 mechanism	 of	 the	 various	 oxidative	 cross	 coupling	
reactions	(e.g.	the	Chan‐Evans‐Lam	amination).49–52	Treatment	of	a	o‐C6H4F2	solution	of	3.1	
with	 triphenylborane	 (10	 equiv)	 produced	 the	 bridging	 phenyl	 complex	 in	 nearly	
quantitative	 yield	 (eq	 3.7,	 Figures	 S3.8‐3.9).	 A	 new	 11B	 resonance	 observed	 at	 ~6	 ppm	
downfield	of	 that	 for	BPh3	suggests	 that	 the	 transformation	occurs	with	 the	 formation	of	
BMePh2	(Figure	S3.10).53,54		
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This	 carbon–boron	bond	exchange	 is	 consistent	with	 the	 reactivity	observed	upon	

treatment	 of	 the	 acetonitrile‐bridged	 complex,	 [Cu2(µ‐η1:η1‐NCCH3)DPFN](NTf2)2,	 with	
tetraarylborato	 anions,	 which	 results	 in	 the	 formation	 of	 bridging	 aryl	 complexes	 and	
triarylboranes.16	The	reaction	is	also	similar	to	the	arylation	of	a	Cu(II)OtBu	β‐diketiminate	
complex,	where	 treatment	with	B(C6F5)3	 resulted	 in	 in	aryl	 transfer	 to	 the	 copper	 center,	
forming	a	Cu(II)C6F5	complex.55	

ELECTROCHEMISTRY OF DICOPPER ALKYL COMPLEXES 

Recent	discoveries	of	mixed‐valence	copper	aryl,16	alkynyl,17	and	hydride56	complexes	
inspired	electrochemical	 investigation	of	 the	dicopper	alkyl	complexes	3.1	and	3.3.	Cyclic	
voltammetry	of	3.1	revealed	a	reversible	oxidation‐reduction	process	at	E°'	= –0.148	V	vs	
[Cp2Fe]0/1+	(ipa/ipc	=	1.01,	ΔEp	=	81	mV,	both	measured	at	100	mV/s,	Figures	3.7a	and	S3.11).	
However,	 voltammetry	 of	3.3	 revealed	 a	 quasireversible	 wave	 at	 a	 slightly	 less	 negative	
potential	(E°'	= –0.113	V	vs	[Cp2Fe]0/1+	measured	at	2000	mV/s).	At	fast	scan	rates,	at	and	
above	1250	mV/s,	 the	event’s	 formal	potential	remains	at	–0.113	V	and	the	 ipa/ipc	ratio	 is	
approximately	1.5.	At	slower	scan	rates,	the	 ipa/ipc	ratio	increases,	and	the	reduction	wave	
becomes	significantly	distorted	(Figures	3.7b	and	S3.15‐3.16).	These	results	suggest	that	a	
putative	mixed‐valence	dicopper	neopentyl	complex	does	not	significantly	persist	in	room	
temperature	solution.	Similarly,	attempts	to	synthesize	and	isolate	a	mixed‐valence	methyl	
complex	via	chemical	oxidation	have	led	to	decomposition,	suggesting	that	it	too	might	not	
persist	over	longer	timescales.	
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Figure 3.7.	Cyclic	voltammograms	of	0.5	mM	solutions	of	(a)	3.1	and	(b)	3.3	in	o‐C6H4F2	with	
0.1	M	 [nBu4N][PF6]	 supporting	 electrolyte.	 The	 arrows	 indicate	 the	 initial	 potentials	 and	
scanning	directions.	Scan	rate:	100	mV/s.	
 

The	bridging	 alkyl	 groups	 lead	 to	 the	most	 easily	oxidized	 species	 in	 the	 series	of	
dicopper	DPFN	complexes	(Table	3.1),	consistent	with	alkyl	substituents	generally	donating	
more	 electron	 density	 than	 aryl	 or	 alkynyl	 groups.	Meanwhile,	 the	more	 electronegative	
heteroatom‐based	 bridging	 groups	 (e.g.,	 OC6F5,	 Cl),	 even	 though	 they	 could	 conceivably	
donate	density	from	electrons	localized	on	the	heteroatom	(i.e.,	lone	pairs),	have	relatively	
moderate	 oxidation	 potentials	 compared	 to	 the	 range	 of	 those	 observed	 for	 the	 organic	
bridging	groups	with	various	electron‐withdrawing	substituents.	
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Table 3.1. Electrochemical Metrics for Reversible and Quasireversible Redox 
Processes for Dicopper DPFN Complexesa  

bridging  
ligand 

formal  
potential 

(V vs Fc0/+) 

ratio of peak  
currents  
(ipa/ipc) 

µ‐CH3	 –0.148	 1.01	

µ‐CH2C(CH3)3	 	–0.113b	 2.03	

µ‐C6H5	 –0.014	 1.02	

µ‐(3,5‐(CF3)‐C6H3)	 		0.347	 1.12	

µ‐C6F5	 		0.516	 1.18	

µ‐(1,4‐bis(4‐tolyl)‐1,2,3‐triazolide)) 		0.302	 1.17	

µ‐C≡C(C6H4)CH3	 		0.022	 1.04	

µ‐C≡C(C6H4)CF3	 		0.120	 1.02	

µ‐OC6F5 		0.101	 1.40	

µ‐Cl 		0.181	 1.15	
a	Metrics	measured	for	0.5	mM	solutions	of	a	given	complex	in	o‐C6H4F2	containing	0.1	M	
[nBu4N][PF6]	 as	 a	 supporting	 electrolyte	with	 a	 scan	 rate	 of	 100	mV/s.	 b	Estimated	 from	
voltammograms	obtained	at	2000	mV/s.	
 

COMPUTATIONAL INSIGHTS 

Gas	phase	geometry	optimization	of	the	bridging	methyl,	phenyl,	and	p‐tolylalkynyl	
(truncated	in	the	computations	to	phenylalkynyl)	complexes	using	the	ωB97X‐D	functional57	
and	 the	 def2‐svp	 basis	 set	 provided	 dicopper	 core	 geometries	 (Table	 3.2)	 generally	
consistent	 with	 those	 observed	 in	 the	 solid‐state	 structures	 (Figure	 3.2).	 Notably,	 in	 the	
computed	structures,	the	∠Cu–Cbridging–Cu	angles	were	also	found	to	widen	progressing	from	
the	 methyl	 complex	 to	 the	 alkynyl,	 while	 the	 average	 copper–carbon	 bond	 distances	
shortened.	In	addition,	the	Cu···Cu	distance	is	shortest	in	the	methyl	complex	and	longer	in	
the	 phenyl	 and	 alkynyl	 complexes.	 These	 computational	 results	 suggest	 that	 the	 trends	
observed	in	the	solid‐state	are	not	artifacts	of	crystal	packing.	

	
Table 3.2. Calculated Geometry Metrics for Dicopper Hydrocarbyl DPFN Cations 

metric µ-methyl µ-phenyl µ-phenylalkynyl 

Cu···Cu	(A)	 2.35	 2.39	 2.40	

Cu–Cavg	(A)	 2.08	 2.03	 1.96	

∠Cu–C–Cu	(°)	 68.7	 72.2	 75.7	
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Investigation	of	the	canonical	orbitals	calculated	for	the	energy‐minimized	structure	
of	3.1	revealed	a	bonding	orbital	that	nearly	symmetrically	bridges	the	two	copper	centers	
and	bridging	carbon	(Figure	3.8).	Analogous	orbitals	were	also	found	for	the	µ‐phenyl	and	µ‐
phenylalkynyl	 complexes	 (Figures	 SCD3.1‐3.2).	 These	 orbitals	 are	 consistent	 with	 the	
expectation	 of	 a	 three‐center,	 two‐electron	 bond	 supporting	 the	 bridging	 hydrocarbyl	
ligand.58,59	

	
Figure 3.8.	Primarily	three‐centered,	two‐electron	canonical	orbital	of	3.1.	
	

The	nature	of	bonding	between	various	bridging	ligands	and	the	dicopper	core	was	
also	investigated	by	bonded	energy	decomposition	analysis	(EDA).60	This	method	separates	
the	 quantum	 mechanical	 interaction	 energy	 between	 two	 molecular	 fragments	 into	
components	 that	 correspond	 to	 traditional	 contributors	 to	 bonding	 interactions	 (e.g.	
electrostatics,	polarization,	 charge	 transfer).	For	a	given	bonding	 interaction,	 this	method	
obtains	a	chemical	“fingerprint”	that	characterizes	the	type	of	bond	present.	To	develop	this	
fingerprint,	bonded	EDA	separates	the	interaction	energy	into	five	components.	The	first	two	
components	 are	 1)	 preparation	 energy,	 which	 corresponds	 to	 geometrically	 and	
electronically	distorting	the	fragments	from	their	separated	states	to	the	states	they	assume	
upon	 interaction;	 and	 2)	 frozen	 energy,	 which	 is	 the	 sum	 of	 the	 individual	 components’	
electrostatic,	Pauli	repulsion,	and	dispersion	energies.	These	first	two	components	are	nearly	
always	positive	because	they	represent	the	geometric	and	electronic	destabilization	of	the	
fragments	upon	their	interaction.	The	next	three	components	are	generally	stabilizing	and	
include	 3)	 spin‐coupling	 energy,	 which	 estimates	 covalency	 by	 determining	 how	 much	
energy	is	gained	by	coupling	the	bonding	electrons;	4)	polarization	energy,	which	relates	how	
electrons	on	each	fragment	respond	to	those	on	the	other	fragment;	and	5)	charge‐transfer	
energy,	 which	 measures	 the	 energy	 gained	 from	 electrons	 fluctuating	 between	 the	 two	
fragments—a	process	that	occurs	even	in	symmetric	bonds.		
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Table 3.3. Bonded Energy Decomposition Analysis of the Interaction between 
[Cu2(DPFN)]2+ and Various Bridging Ligands 

energy  
component 
(kcal/mol) 

µ-methyl	 µ-phenyl	 µ-
phenylalkynyl	

µ-pentafluoro 
phenol	

preparation	and	
frozen	

		128.9	 		141.8	 		202.8	 					17.4	

spin‐coupling	 –175.8	 –176.3	 –216.5	 								0.0	

polarization	 			–18.7	 			–20.3	 			–74.7	 			–26.5	

charge‐transfer	 			–33.0	 			–59.1	 			–61.1	 –141.6	

total	energy	 			–98.6	 –114.0	 –149.5	 –150.6	

	
The	EDA	results	 for	complexes	3.1	 and	3.4,	 as	well	as	 for	 the	bridging	phenyl	and	

alkynyl	complexes	for	comparison,	are	displayed	in	Table	3.3.	Progressing	from	methyl	(sp3)	
to	aryl	(sp2)	to	alkynyl	(sp),	the	more	stabilizing	(more	negative)	spin‐coupling	component	
is	consistent	with	the	covalent	character	of	the	Cu2–C	bonding	interaction	increasing	with	
more	 s	 character	 at	 the	 bridging	 carbon.	 Similarly,	 larger,	more	 diffuse	 π‐systems	 in	 the	
bridging	ligands	increase	their	polarizability,	affording	additional	stabilization.		Finally,	the	
ionic	character	of	the	interaction	is	embodied	in	the	charge‐transfer	component,	for	which	a	
similar	trend	is	observed.	As	expected,	the	heteroatom	bridging	ligand	exhibits	the	largest	
charge‐transfer	 stabilization.	Overall,	 the	Cu2–C	bonds	 are	primarily	 covalent,	which	may	
explain	 why	 treatment	 with	 excess	 water	 does	 not	 immediately	 hydrolyze	 3.1	 and	 why	
exchange	of	the	μ‐Me	ligand	for	pentafluorophenyl	is	sluggish.	In	contrast,	the	computations	
suggest	 that	 the	 pentafluorophenoxide	 complex	 has	 no	 covalent	 stabilization,	 and	 its	
interaction	is	almost	exclusively	due	to	charge‐transfer,	with	some	polarization.	These	results	
suggest	that	the	Cu2–C	bond	in	3.4	is	primarily	ionic.	

CONCLUDING REMARKS 

These	results	demonstrate	that	a	dicopper	core	can	support	bridging	alkyl	 ligands,	
and	the	resulting	complexes	are	unexpectedly	persistent	in	solution.	Upon	treatment	with	
suitably	acidic	reagents,	 the	bridging	methyl	was	exchanged	for	other	bridging	 ligands.	 In	
addition,	 the	dicopper	μ‐methyl	 complex	was	 found	 to	undergo	 facile	 alkyl‐aryl	 exchange	
with	BPh3,	affording	a	dicopper	μ‐phenyl	complex.	Electrochemical	characterization	revealed	
a	reversible	oxidation–reduction	event	for	the	μ‐methyl	complex	and	a	quasireversible	event	
for	the	μ‐neopentyl	derivative,	evidencing	the	existence	of	transient	mixed‐valence	dicopper	
alkyl	complexes.		

The	dicopper(I,I)	alkyl	complexes	extend	a	series	of	hydrocarbyl	fragments	bridging	
two	copper	centers,	allowing	for	comparisons	of	binding	through	sp3‐,	sp2‐,	and	sp‐hybridized	
carbon	atoms.	Notably,	structural	comparisons	show	that	 the	Cu–C	distances	shorten	and	
∠Cu–C–Cu	angles	widen	with	increasing	s‐character	at	the	bridging	carbon.	Measurements	
of	the	complexes’	oxidation	potentials	reveals	the	μ‐alkyl	complexes	to	be	significantly	more	
reducing	than	the	μ‐aryl	and	μ‐alkynyl	complexes.	Computational	decomposition	of	bonding	
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contributions	 suggests	 that	 the	dicopper–carbon	bonding	 is	primarily	 covalent	 in	nature,	
possibly	contributing	to	their	relative	persistence.	

This	 work	 further	 extends	 the	 study	 of	 discrete	 cationic	 dicopper	 complexes	
containing	organic	ligands.	We	expect	that	the	[Cu2(DPFN)]2+	platform	could	serve	to	support	
a	 range	 of	 reactive	 fragments	 and	 enable	 fundamental	 studies	 of	 their	 structure	 and	
reactivity.	 These	 studies	 could	 aid	 the	 discovery	 of	 new	 reagents	 and	 catalysts	 and	 help	
elucidate	mechanisms	of	reactions	that	occur	at	a	dicopper	core.	
	
	
	
	
	
	
	
	
	

	
.	 	
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EXPERIMENTAL DETAILS 

General Considerations.	 Unless	 otherwise	 stated,	 all	 reactions	 and	manipulations	were	
carried	out	in	a	dry	nitrogen	atmosphere	employing	either	standard	Schlenk	techniques	or	
VAC	Atmosphere	or	MBRAUN	gloveboxes.		

Pentane	(HPLC	grade),	toluene	(ACS	grade),	and	acetonitrile	(HPLC	grade)	were	purchased	
from	Fischer	Scientific.	Diethyl	ether	(HPLC	grade)	and	dichloromethane	(HPLC	grade)	were	
purchased	 from	 Honeywell.	 Hexanes	 (HPLC	 grade)	 were	 purchased	 from	 JT	 Baker.	
Tetrahydrofuran	 (THF)	 (ChromAR®)	 was	 purchased	 from	 Macron	 Fine	 Chemicals,	 and	
ortho‐difluorobenzene	(o‐C6H4F2)	was	purchased	from	Oakwood.	Pentane,	toluene,	diethyl	
ether,	 tetrahydrofuran,	 acetonitrile,	 dichloromethane,	 and	 ortho‐difluorobenzene	 were	
dried	and	deaerated	using	a	 JC	Meyers	Phoenix	SDS	solvent	purification	system.	Hexanes	
were	 dried	 and	 deaerated	 using	 a	 VAC	 Atmosphere	 solvent	 purification	 system.	
Nitrobenzene‐d5	 (C6D5NO2)	 was	 purchased	 from	 Cambridge	 Isotope	 Laboratories.	
Tetrahydrofuran‐d8	 (d8‐THF)	 was	 purchased	 from	 Cambridge	 Isotope	 Laboratories	 (D,	
99.5%)	or	Aldrich	(99.5	atom	%	D).	Nitrobenzene‐d5	was	degassed	by	three	freeze‐pump‐
thaw	 cycles	 and	 stored	 in	 the	 dark,	 under	 nitrogen,	 over	 3	 Å	 molecular	 sieves.	
Tetrahydrofuran‐d8	 was	 degassed	 by	 three	 freeze‐pump‐thaw	 cycles	 and	 stored	 under	
nitrogen	over	3	Å	molecular	sieves.	Deaerated	water	was	obtained	from	a	Millipore	Milli‐Q	
water	purification	system,	sparged	with	nitrogen	for	24	hours,	and	stored	in	a	PTFE‐valved	
flask.	All	other	solvents	were	obtained	from	commercial	suppliers,	distilled	or	transferred	
under	reduced	pressure	from	appropriate	drying	reagents,	and	stored	in	PTFE‐valved	flasks.	

2,7‐bis(fluoro‐di(2‐pyridyl)methyl)‐1,8‐naphthyridine	 (DPFN),	 [Cu2(µ‐η1:η1‐
NCCH3)DPFN](NTf2)2,	 [Cu2(µ‐η1:η1‐C6H5)DPFN](NTf2),	 and	 [Cu2(µ‐η1:η1‐
C≡C(C6H4)CH3)DPFN](NTf2) were	 synthesized	 as	 previously	 reported.1,2	 Additional	
spectroscopic	 data	 for	 the	 first	 three	 of	 these	 complexes	 are	 reported	 below.	 1,3,5‐
tris(trifluoromethyl)benzene	was	degassed	by	 three	 freeze‐pump‐thaw	cycles	 and	 stored	
over	 3	 Å	 molecular	 sieves.	 Tetrabutylammonium	 hexafluorophosphate	 (99.0+%)	 was	
obtained	from	Fluka	and	dried	in vacuo.	Methyllithium,	as	a	1.6	M	solution	in	diethyl	ether,	
was	purchased	from	Aldrich	and	stored	at	–30	°C.	Triflimidic	acid	(95+%)	was	purchased	
from	 Matrix	 Scientific.	 Dimethylmagnesium	 was	 synthesized	 via	 dioxane	 addition	 to	
methylmagnesium	bromide,3	and	before	use	a	solution	of	the	product	in	THF	was	titrated	by	
1H	NMR.4	Neopentyllithium	was	synthesized	 in	the	usual	manner	by	heating	a	mixture	of	
lithium	dispersion	with	high‐sodium	content	and	deolefinated	neopentylchloride,	filtering,	
and	 recrystallizing	 the	 product	 from	 a	 concentrated	 pentane	 solution	 cooled	 to	 –30	 °C.	
Lithium	 chloride	was	 dried	 in vacuo	 at	 210	 °C	 for	 12	 h.	 Pentafluorophenol	 (≥99%)	 and	
triphenylborane	were	obtained	from	Aldrich	and	used	as	received.	

Unless	otherwise	noted,	all	other	reagents	were	obtained	 from	commercial	suppliers	and	
used	without	further	purification.	

	

Analytical Methods Details.	 Carbon,	 hydrogen,	 and	 nitrogen	 elemental	 analyses	 were	
performed	 by	 the	 College	 of	 Chemistry’s	 Microanalytical	 Facility	 at	 the	 University	 of	
California,	Berkeley.		
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NMR Spectroscopy.	Unless	otherwise	stated,	NMR	spectra	were	acquired	between	294	and	
298.5	 K	 using	 Bruker	 AV‐400,	 DRX‐500,	 AV‐500,	 AV‐600,	 and	AV‐700	 spectrometers.	 1H	
NMR	spectra	were	 referenced	 to	 tetramethylsilane	via	 residual	 solvent	peaks	 (δ	8.11	 for	
C6D5NO2,	 δ	 3.58	 for	 THF‐d8),	 while	 13C{1H}	 NMR	 spectra	 were	 referenced	 via	 solvent	
resonances	 (δ	 148.6	 for	 C6D5NO2,	 δ	 67.21	 for	 THF‐d8).5	 In	 deuterated	 solvents,	 19F	NMR	
spectra	were	internally	referenced	to	the	1,3,5‐tris(trifluoromethyl)benzene	resonance	(δ	–
62.73	ppm	vs	CFCl3	in	C6D5NO2	at	23	°C,	δ	–62.97	ppm	vs	CFCl3	in	THF‐d8	at	22	°C),	which	
was	in	turn	referenced	to	dissolved	CFCl3,	which	was	set	to	0.00	ppm.	Spectra	of	compounds	
dissolved	 in	 neat	 ortho‐difluorobenzene	 were	 obtained	 without	 lock	 and	 by	 automatic	
gradient	 shimming	 on	 the	 solvent	 resonances	 in	 the	 proton	 spectrum	 or	 by	 manually	
shimming	 on	 the	 FID.	 For	 1H	 NMR	 spectroscopy,	 these	 spectra	 were	 referenced	 to	
tetramethylsilane	(via	a	solvent	resonance),	and	 for	 19F	NMR	spectroscopy,	 these	spectra	
were	referenced	to	CFCl3	through	either	1,3,5‐tris(trifluoromethyl)benzene	(δ	–63.58	ppm	
vs	CFCl3	in	ortho‐difluorobenzene	at	23	°C)	or	the	solvent	fluorine	resonance	(δ	–138.91	ppm	
vs	CFCl3	in	ortho‐difluorobenzene	at	23	°C).	Similarly,	spectra	of	compounds	in	THF‐H8	were	
obtained	without	lock	and	by	shimming	as	described	above.	For	1H	NMR	spectroscopy,	they	
were	 referenced	 to	 tetramethylsilane	 (via	 a	 solvent	 resonance),	 and	 for	 19F	 NMR	
spectroscopy	they	were	referenced	to	CFCl3	via	1,3,5‐tris(trifluoromethyl)benzene	(δ	–62.91	
ppm	 vs	 CFCl3	 in	 THF‐H8	 at	 23	 °C).	 11B{1H}	 spectra	 were	 referenced	 to	 the	 IUPAC‐
recommended	 unified	 scale	 (reference	 compound:	 BF3·Et2O	 in	 CDCl3)6	 employing	 the	
samples’	tetramethylsilane‐referenced	1H	NMR	spectrum	and	the	Absolute	Reference	tool	in	
MestReNova	(v.	10.0.2).	Temperatures	were	calibrated	using	methanol	(4%	in	methanol‐d4)	
standards.		

Spectra	 recorded	 at	 21.1	 T	 were	 acquired	 with	 a	 5	 mm	 CPTCI	 1H‐13C/15N/D	 Z‐GRD	
Z44910/0011	 probe.	 Spectra	 recorded	 at	 16.4	 T	were	 acquired	with	 a	 5	mm	CPTXI	 1H‐
13C/15N/D	Z‐GRD	Z44906/0002	probe.	Spectra	recorded	at	14.1	T	were	acquired	with	a	5	
mm	 PABBO	 BB‐1H/D	 Z‐GRD	 Z847801/0074	 probe.	 Spectra	 recorded	 at	 11.7	 T	 were	
acquired	 with	 a	 5	 mm	 TBI	 1H/31P/D‐BB	 Z‐GRD	 Z8641/0004	 probe.		
Spectra	 recorded	 at	 9.40	 T	 were	 acquired	 with	 a	 5	 mm	 QNP	 1H/13C/31P/19F	 Z‐GRD	
Z8400/0218	probe.		

For	 the	 bridging	 methyl	 and	 neopentyl	 ligands	 in	 complexes	 3.1	 and	 3.3 respectively, 
carbon–hydrogen	 coupling	 constants	 (JC–H)	were	 determined	 from	 the	 13C	 satellite	 peaks	
directly	observed	in	1H	NMR	spectra.	For	ligand	resonances	in	complex	3.1,	when	possible	
carbon–hydrogen	 coupling	 constants	 were	 measured	 from	 satellites	 observed	 in	 1H–13C	
HMBC	spectra.	

1H–13C	HSQC	 spectra	of	 complex	3.1 were	obtained at	16.4	T	 and	298	K by	employing	 a	
modified	 hsqcetgpsisp2.2	 pulse	 sequence	 in	which	 the	 1H	 refocusing	 pulse	 during	 the	 t1	
evolution	period	was	omitted	and	replaced	with	a	delay.		The	1J	coupling	constant	(CNST2)	
was	set	to	115.8	Hz.	

All	NMR	spectra	were	analyzed	and	spin	simulations	were	performed	with	MestReNova	(v.	
10.0.2).	Spectra	included	in	the	SI	were	annotated	in	Adobe	Illustrator	CS6.			

IR Spectroscopy.	 Infrared	 spectra	 were recorded	 with	 a	 Bruker	 Vertex	 80	 FTIR	
Spectrometer	with	a	room	temperature	DLaTGS	detector	using	OPUS	software	(v.	7.2)	and	
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employing	an	A225/Q	Platinum	ATR	accessory.	All	measurements	were	made	at	4.0	cm–1	
resolution.	Spectra	included	in	the	SI	were	plotted	in	Microsoft	Excel	2016.	

UV-Visible Spectroscopy.	Samples	for	UV‐Visible	spectrophotometry	were	prepared	in	a	
nitrogen‐filled	glovebox	and	sealed	 in	1‐cm,	air‐free	quartz	cells.	UV‐Visible	spectra	were	
obtained	on	a	Shimadzu	UV‐2450	UV‐Visible	spectrophotometer	using	UVProbe	software	(v.	
2.21).		

X-Ray Crystallography.	 X‐ray	diffraction	data	 for	 complexes	3.2, 3.3, 3.4, and 3.5	were	
collected	using	a	Bruker	AXS	diffractometer	with	a	Kappa	geometry	goniostat	coupled	to	an	
APEX‐II	CCD	detector	with	Mo	Kα	(λ	=	0.71073	Å)	radiation	generated	by	a	microfocus	sealed	
tube	 and	monochromated	 by	 a	 system	 of	 QUAZAR	multilayer	mirrors.	 Unless	 otherwise	
noted,	 crystals	 were	 kept	 at	 100(2)	 K	 throughout	 collection.	 Data	 collection	 strategy	
determination,	 integration,	 scaling,	 and	 space	 group	determination	were	performed	with	
Bruker	APEX2	(v.	2014.11‐0)	or	APEX3	(v.	2016.5‐0)	software.	Structures	were	solved	by	
SHELXT‐2014,	 and	 refined	with	 SHELXL‐2014,	with	 refinement	 of	F2	 on	 all	 data	 by	 full‐
matrix	least	squares.7,8	The	3D	molecular	structure	figures	were	visualized	with	ORTEP	3.2	
and	annotated	with	Adobe	Illustrator	CS6.	Disordered	cation,	anion,	and	solvent	molecules	
observed	in	the	crystal	structures	were	modeled	atomistically.	Average	bond	distances	and	
angles	 computed	 for	 complex	 3.3	 only	 incorporate	 the	 primary	 components	 of	 the	
disordered	neopentyl	groups.	Data	for	complex	3.1	were	collected	at	Beamline	11.3.1	of	the	
Advanced	Light	Source	at	Lawrence	Berkeley	National	Laboratory.	

Table E3.1: X-Ray Crystallography Experimental Details 

Compound	 Detector	Distance	
(mm)	

Image	Width		
(°)	

Exposure	Time	
(seconds)	

3.1 50	 1	or	4		
depending	on	angle	

1	

3.2·(C4H8O) 40	 0.5	 30	
3.3·(C4H8O) 60	 0.5	 40	

3.4·2(o‐C6H4F2)·	
0.5(C5H12) 

65	 0.4	 30	

3.5·2(o‐C6H4F2) 40	 0.6	 30	
	

Electrochemistry.	 All	 electrochemical	 experiments	 were	 performed	 inside	 an	 MBRAUN	
glovebox	 using	 a	 pass‐through	 consisting	 of	 gold	 plated	 tellurium	 copper	 binding	 posts	
connected	 to	 tinned	copper	conductors	shielded	with	Beldfoil®	and	 tinned	copper	braid.	
Experiments	employed	a	glassy	carbon	working	electrode	(polished	with	0.30	then	0.05	μm	
alumina	slurries,	rinsed	with	water,	and	dried	in vacuo),	a	platinum	wire	counter	electrode,	
and	a	Ag/AgNO3	reference	electrode	(0.1	M	[nBu4N][PF6],	AgNO3	(satd.)	in	THF	or	o‐C6H4F2	
(for	 [Cu2(µ‐η1:η1‐C≡C(C6H4)CF3)DPFN](NTf2))	 constructed	 and	 measured	 against	
[Cp2Fe]0/1+	 immediately	 before	 use).	 Measurements	 were	 made	 with	 a	 BASi	 EC	 Epsilon	
potentiostat/galvanostat	and	a	PWR‐3	Power	Module.	Sweep	direction	and	scan	rates	are	
included	in	the	relevant	figures	or	their	captions.	Cyclic	voltammograms	were	recorded	in	a	
0.1	 M	 tetrabutylammonium	 hexafluorophosphate	 ([nBu4N][PF6])	 solution	 in	 ortho‐
difluorobenzene	at	22	°C	with	software‐determined	iR compensation	applied.	Data	analysis,	
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including	 peak‐finding	 and	 baseline	 determination	 employing	 linear	 regression,	 was	
performed	with	EC‐Lab	(v.	10.40).	
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Synthesis of [Cu2(µ-η1:η1-CH3)DPFN](NTf2) (3.1).	Method 1. A	solution	of	[Cu2(µ‐η1:η1‐
NCCH3)DPFN](NTf2)2 (0.050	g,	0.041	mmol)	in	THF	(2.0	mL)	was	cooled	to	–30	°C,	and	to	the	
cold	solution,	a	solution	of	dimethylmagnesium	in	THF	(0.5	mL,	41	mM,	0.021	mmol,	0.51	
equiv)	was	added	dropwise.	The	reaction	mixture	darkened	significantly	and	was	stirred	
rapidly	for	1	h	while	it	warmed	to	room	temperature	(ca.	22	°C).	The	resulting	mixture	was	
filtered,	and	the	filtrate	was	cooled	to	–30	°C.	Diethyl	ether	(approx.	17	mL)	was	layered	over	
the	cold	filtrate.	After	2	d	at	–35	°C,	dark	solid	formed,	and	the	dark	red	supernatant	was	
carefully	 decanted.	 The	 solid	 was	 briefly	 triturated	 with	 diethyl	 ether	 (3	 x	 2	 mL).	 The	
resulting	 solid	was	 suspended	 in	4	mL	diethyl	 ether	 and	 transferred	 to	 a	new	vial.	After	
allowing	 the	 solid	 to	 settle,	 the	 supernatant	was	 carefully	 decanted	 and	 residual	 volatile	
compounds	were	removed	 in vacuo	 to	yield	3.1	as	an	olive‐green	powder	(0.019	g,	0.021	
mmol,	51%).	Vapor	diffusion	of	diethyl	ether	 into	a	o‐C6H4F2	solution	of	3.1,	 synthesized	
employing	 dimethylmagnesium,	 for	 14	 d	 at	 –35	 °C	 afforded	 X‐ray	 quality	 crystals	 of	3.1	
suitable	for	diffraction	on	a	Bruker	AXS	diffractometer	with	Mo	Kα	radiation.	Method 2.	A	
solution	of	 [Cu2(µ‐η1:η1‐NCCH3)DPFN](NTf2)2 (0.050	g,	0.041	mmol)	 in	THF	(2.5	mL)	was	
cooled	to	–30	°C,	and	to	the	cold	solution,	a	similarly	cold	solution	of	methyllithium	in	diethyl	
ether	(28	μL,	1.6	M,	1.1	equiv)	was	added	dropwise.	The	red	solution	became	dark	and	was	
stirred	for	35	minutes	as	the	reaction	mixture	was	allowed	to	warm	to	room	temperature.	
The	 resulting	 mixture	 was	 filtered,	 and	 the	 filtrate	 was	 cooled	 to	 –30	 °C.	 Diethyl	 ether	
(approx.	18	mL)	was	layered	over	the	cold	filtrate.	After	2	d	at	–35	°C,	dark	crystalline	solid	
formed,	 and	 the	 supernatant	 was	 carefully	 decanted.	 The	 solid	 was	 briefly	 rinsed	 with	
diethyl	ether	(5	x	1	mL),	and	residual	volatile	compounds	were	removed	in vacuo	to	yield	
3.1	 as	 a	 dark	 crystalline	 solid	 (0.024	 g,	 0.026	 mmol,	 63%).	 Crystals	 obtained	 from	 the	
aforementioned	 steps	 were	 suitable	 for	 diffraction	 employing	 synchrotron	 radiation	 at	
Beamline	 11.3.1	 at	 the	 LBNL	 Advanced	 Light	 Source.	 Depending	 on	 the	 quality	 of	 the	
methyllithium	solution	used,	the	product	sometimes	contained	a	small	percentage	(ca.	≤5%)	
of	the	bridging	chloride	complex,	as	determined	by	1H	and	19F	NMR.	1H	NMR	(700.13	MHz,	
THF‐d8)	δ	8.83	(ddd,	J	=	5.0,	1.7,	0.9	Hz,	4H,	6‐pyridyl‐C–H),	8.77	(d,	J	=	8.5	Hz,	2H,	4‐naphth‐
C–H),	8.37	(dd,	J	=	8.5,	3.1	Hz,	2H,	3‐naphth‐C–H),	8.13	(ddt,	J	=	8.1,	3.4,	1.1	Hz,	4H,	3‐pyridyl‐
C–H),	8.02	(td,	J	=	7.9,	1.7	Hz,	4H,	4‐pyridyl‐C–H),	7.51	(ddd,	J	=	7.6,	5.0,	1.1	Hz,	4H,	5‐pyridyl‐
C–H),	0.89	(s,	3H,	Cu2–CH3,	JC–H	=	115.8	Hz).	1H	NMR	(600.13	MHz,	THF‐d8)	δ	8.83	(ddd,	J	=	
5.1,	1.9,	1.0	Hz,	4H),	8.77	(d,	J	=	8.6	Hz,	2H),	8.37	(dd,	J	=	8.6,	3.1	Hz,	2H),	8.13	(ddt,	J	=	8.2,	3.4,	
1.1	Hz,	4H),	8.02	(td,	J	=	7.9,	1.7	Hz,	4H),	7.51	(ddd,	J	=	7.6,	5.0,	1.2	Hz,	4H),	0.89	(s,	3H,	JC–H	=	
115.8	Hz).	13C{1H}	NMR	(150.92	MHz,	THF‐d8)	δ	159.80	(d,	J	=	30.3	Hz,	2‐naphth‐C),	154.27	
(d,	J	=	29.2	Hz,	2‐pyridyl‐C),	150.85	(8a‐naphth‐C),	149.87	(d,	J	=	3.0	Hz,	6‐pyridyl‐C–H,	JC–H	=	
183.3	Hz),	140.79	 (d,	 J	=	3.3	Hz,	4‐naphth‐C–H,	 JC–H	=	169.7	Hz),	139.32	 (d,	 J	=	3.3	Hz,	4‐
pyridyl‐C–H,	JC–H	=	167.6	Hz),	125.19	(5‐pyridyl‐C–H),	123.61	(4a‐naphth‐C),	121.08	(da,	J	=	
322.6	Hz,	–SO2–CF3),	120.87	(d,	J	=	14.1	Hz,	3‐pyridyl‐C–H),	119.85	(d,	J	=	14.6	Hz,	3‐naphth‐
C–H,	JC–H	=	172.4	Hz),	94.41	(db,	J	=	185.4	Hz,	(pyridyl)2(naphth)C–F),	–40.22	(br,	Cu2–CH3).	

                                                            
a	This	doublet	is	presumably	the	central	two	resonances	of	a	quartet	assignable	to	the	triflimde	anion	–SO2–CF3	
resonance.	

b	This	doublet	does	not	appear	as	an	equal	height	doublet;	the	downfield	peak	has	a	signal‐to‐noise	ratio	of	4	
while	the	upfield	has	a	ratio	of	11.	
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19F	 NMR	 (564.61	 MHz,	 THF‐d8)	 δ	 –79.03	 (s,	 6F,	 –SO2–CF3),	 –174.31	 (qc ,	 J	 =	 3.5	 Hz,	 2F,	
(pyridyl)2(naphth)C–F).	1H	NMR	(499.60	MHz,	THF‐H8)	δ	8.83	(d,	J	=	5.0	Hz,	4H),	8.77	(d,	J	=	
8.6	Hz,	2H),	8.37	(dd,	J	=	8.5,	3.1	Hz,	2H),	8.12	(dd,	J	=	8.2,	3.4	Hz,	4H),	8.01	(td,	J	=	7.8,	1.7	Hz,	
4H),	7.50	(dd,	J	=	7.6,	4.9	Hz,	4H),	0.89	(s,	3H).	19F	NMR	(564.61	MHz,	THF‐H8)	δ	–79.01	(6F),	
–174.32	(2F).	1H	NMR	(600.13	MHz,	o‐C6H4F2)	δ	8.77	(dd,	J	=	4.9,	1.7	Hz,	4H),	8.22	(d,	J	=	8.5	
Hz,	2H),	8.11	(dd,	J	=	8.6,	3.0	Hz,	2H),	7.95	(dd,	J	=	8.2,	3.3	Hz,	4H),	7.74	(td,	J	=	7.9,	1.7	Hz,	4H),	
7.24	(dd,	J	=	7.6,	5.0	Hz,	4H),d	1.05	(s,	3H).	19F	NMR	(564.61	MHz,	o‐C6H4F2)	δ	–78.54	(s,	6F),	
–175.13	(q,	J	=	3.5	Hz,	2F).	IR	(ATR,	 	(cm–1)):		3124	(vw,	br),	3066	(vw),	2978	(vw,	br),	2859	
(vw),	2781	(vw),	1605	(w,	sh),	1592	(m),	1575	(w),	1546	(vw),	1500	(w),	1472	(w,	sh),	1462	
(m),	1439	(w),	1410	(w),	1349	(s),	1331	(m),	1302	(w,	sh),	1294	(w),	1240	(w),	1228	(w),	
1179	(vs),	1146	(m,	sh),	1134	(vs),	1096	(w),	1074	(m),	1061	(s),	1008	(w),	977	(vw,	br),	
941	(vw),	927	(vw),	903	(vw),	891	(vw),	855	(m),	807	(w),	787	(m),	773	(s),	752	(m),	737	
(m),	711	(w),	698	(m),	686	(m),	651	(m),	642	(m),	620	(m),	597	(s),	582	(m),	569	(s),	532	
(w),	507	(s),	442	(vw,	br),	430	(vw),	413	(m).	UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	253	
(18.3),	295	(12.8),	306	(sh	10.8),	318	(10.8),	347	(sh	4.34),	404	(2.72),	635	(0.404).	Anal.	
Calcd	for:	C33H23Cu2F8N7O4S2:	C,	42.86;	H,	2.51;	N,	10.60.	Found:	C,	42.50;	H,	2.70;	N,	10.27.	
IR,	 UV‐Vis,	 elemental	 analysis,	 and	 cyclic	 voltammetry	 were	 performed	 using	 samples	
prepared	by	Method	1.	

Synthesis of [Cu2(µ-Cl)DPFN](NTf2) (3.2). To	 a	 stirred	 solution	 of [Cu2(µ‐η1:η1‐
NCCH3)DPFN](NTf2)2	(0.050	g,	0.041	mmol)	in	THF	(2	mL),	a	solution	of	anhydrous	lithium	
chloride	in	THF	(1.0	mL,	0.041	M,	0.041	mmol,	1.0	equiv)	was	added	dropwise.	The	reaction	
mixture	rapidly	became	dark	red	and	was	stirred	for	1.25	h.	The	mixture	was	then	filtered,	
and	the	filtrate	collected	and	concentrated	in vacuo.	The	resulting	dark	red‐purple	oil	was	
triturated	by	rapid	stirring	with	diethyl	ether	(4	mL)	for	1	h.	The	solid	was	allowed	to	settle,	
and	the	supernatant	was	carefully	decanted.	The	solid	was	similarly	triturated	twice	more	
with	diethyl	ether	(4	mL	for	1	h	each	time).	The	resulting	solid	was	rinsed	briefly	with	diethyl	
ether	(4	mL)	and	residual	volatile	compounds	were	removed	in	vacuo to	yield	3.2	as	a	dark	
gray	solid (0.035	g,	0.037	mmol,	90%).	Layering	of	diethyl	ether	over	a	cold	(–30	°C),	dilute	
solution	 of	 3.2	 in	 THF,	 and	 storage	 for	 2	 d	 at	 –35	 °C	 afforded	 X‐ray	 quality	 crystals	 of	
3.2·(C4H8O).	1H	NMR	(700.13	MHz,	THF‐d8)	δ	8.90	(dt,	J	=	5.0,	0.8	Hz,	4H,	6‐pyridyl‐C–H),	
8.89	(d,	J	=	8.6	Hz,	2H,	4‐naphth‐C–H),	8.47	(dd,	J	=	8.6,	3.2	Hz,	2H,	3‐naphth‐C–H),	8.16	(ddt,	
J	=	8.2,	3.4,	1.1	Hz,	4H,	3‐pyridyl‐C–H),	8.05	(td,	J	=	7.9,	1.8	Hz,	4H,	4‐pyridyl‐C–H),	7.54	(ddd,	
J	=	7.6,	5.0,	1.1	Hz,	4H,	5‐pyridyl‐C–H).	13C{1H}	NMR	(150.92	MHz,	THF‐d8)	δ	160.18	(d,	J	=	
30.0	Hz,	2‐naphth‐C),	153.85	(d,	J	=	29.7	Hz,	2‐pyridyl‐C),	150.20	(8a‐naphth‐C),	149.78	(d,	J	
=	3.0	Hz,	6‐pyridyl‐C–H),	141.67	(d,	J	=	3.5	Hz,	4‐naphth‐C–H),	139.67	(d,	J	=	3.3	Hz,	4‐pyridyl‐
C–H),	125.33	(5‐pyridyl‐C–H),	124.14	(4a‐naphth‐C),	121.08	(d,	J	=	14.1	Hz,	3‐pyridyl‐C–H),	

                                                            
c	With	very	good	shimming,	this	resonance	appears	as	a	quartet.	However,	spin	simulation	(of	an	AX2Y	system	
with	 JAX	 =	3.36	Hz,	 and	 JAY	=	3.14	Hz	 in	THF‐d8)	 suggests	 it	 is	 a	 triplet	 of	doublets,	 as	 expected	 for	 the	 19F	
resonance	being	split	by	two	equivalent	pyridyl	protons	(3‐pyridyl–C–H)	and	one	naphthyridine	proton	(3‐
naphth–C–H).	

d	This	resonance	was	observed	on	the	downfield	shoulder	of	the	solvent	(o‐C6H4F2)	resonance.	
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121.04	(q,	J	=	322.4	Hz,	–SO2–CF3),	120.46	(d,	J	=	16.3	Hz,	3‐naphth‐C–H),	93.79	(de,	J	=	186.6	
Hz,	 (pyridyl)2(naphth)C–F).	 19F	NMR	 (564.61	MHz,	 THF‐d8)	 δ	 –79.05	 (s,	 6F,	 –SO2–CF3),	 –
172.83	(qf,	J	=	3.5	Hz,	2F,	(pyridyl)2(naphth)C–F).	1H	NMR	(499.60	MHz,	THF‐H8)	δ	8.90	(d,	J	
=	5.1	Hz,	4H),	8.88	(d,	J	=	8.7	Hz,	2H),	8.46	(dd,	J	=	8.6,	3.3	Hz,	2H),	8.15	(dd,	J	=	8.3,	3.4	Hz,	
4H),	8.05	(t,	J	=	7.4	Hz,	4H),	7.54	(dd,	J	=	7.7,	5.0	Hz,	4H).	1H	NMR	(600.13	MHz,	o‐C6H4F2)	δ	
8.90	(d,	J	=	5.0	Hz,	4H),	8.34	(d,	J	=	8.6	Hz,	2H),	8.22	(dd,	J	=	8.6,	3.0	Hz,	2H),	7.98	(dd,	J	=	8.2,	
3.3	Hz,	4H),	7.76	(td,	J	=	7.9,	1.7	Hz,	4H),	7.24	(dd,	J	=	7.6,	4.9	Hz,	4H).d	19F	NMR	(564.61	MHz,	
o‐C6H4F2)	δ	–78.57	(s,	6F)	–173.65	(q,	J	=	3.5	Hz,	2F).	IR	(ATR,	 	(cm–1)):		3130	(vw,	br),	3074	
(vw),	3057	(vw),	1603	(w,	sh),	1593	(m),	1575	(w),	1544	(vw),	1502	(w),	1472	(w,	sh),	1463	
(m),	1439	(w),	1426	(w,	sh),	1407	(vw),	1350	(s),	1333	(m),	1303	(w),	1293	(w),	1241	(w,	
sh),	1228	(w),	1181	(vs),	1136	(vs),	1096	(w),	1075	(m),	1062	(s),	1012	(w),	1001	(w,	sh),	
979	(vw),	968	(vw),	941	(vw),	928	(vw),	902	(vw),	891	(vw),	858	(m),	807	(w),	787	(m),	773	
(s),	765	(m,	sh),	751	(m),	738	(m),	711	(w),	699	(w),	686	(m),	652	(m),	646	(m),	619	(m),	
596	(s),	581	(m),	569	(s),	532	(w),	507	(s),	456	(vw),	419	(w),	413	(w).	UV‐Vis	(THF)	λmax,	
nm	(ε,	M–1cm–1	/	103):	252	 (20.6),	261	 (20.6),	280	 (sh	16.5),	308	 (14.9),	317	 (15.3),	378	
(3.93),	531	(0.932),	719	(sh	0.218).	Anal.	Calcd	for:	C32H20ClCu2F8N7O4S2:	C,	40.66;	H,	2.13;	
N,	10.37.	Found:	C,	40.29;	H,	2.22;	N,	10.31.	

Synthesis of [Cu2(µ-η1:η1-CH2C(CH3)3)DPFN](NTf2) (3.3). A	 solution	 of	 [Cu2(µ‐η1:η1‐
NCCH3)DPFN](NTf2)2	(0.0400	g,	0.032	mmol)	in	THF	(3	mL)	was	cooled	to	–35°C.	 	To	the	
stirred	solution,	a	solution	of	neopentyl	lithium	(0.0027	g,	0.034	mmol)	in	pentane	(0.75	mL)	
was	 added	 dropwise,	 resulting	 in	 a	 darkening	 of	 the	 reaction	mixture.	 The	mixture	was	
stirred	for	an	additional	50	minutes	and	filtered.	The	filtrate	was	collected	and	cooled	to	ca.	
–35	°C,	and	diethyl	ether	(approx.	17	mL)	was	layered	over	the	cold	filtrate.	Dark	crystalline	
solid	formed	after	storage	for	2	d	at	–35	°C.	The	supernatant	was	carefully	decanted,	and	the	
solid	was	washed	with	diethyl	ether	(4	x	1	mL).		Residual	volatile	compounds	were	removed	
in	vacuo to	yield	3.3 as	a	dark	crystalline	solid	(0.016	g,	0.016	mmol,	50%).	Vapor	diffusion	
of	diethyl	ether	into	a	THF	solution	of	3.3 for	7	d	at	–35	°C	afforded	X‐ray	quality	crystals	of	
3.3·(C4H8O).	1H	NMR	(700.13	MHz,	THF‐d8)	δ	8.95	(dd,	J	=	5.1,	1.6	Hz,	4H,	6‐pyridyl‐C–H),	
8.79	(d,	J	=	8.5	Hz,	2H,	4‐naphth‐C–H),	8.38	(dd,	J	=	8.6,	3.1	Hz,	2H,	3‐naphth‐C–H),	8.08	(ddt,	
J	=	8.1,	2.4,	1.1	Hz,	4H,	3‐pyridyl‐C–H),	8.03	(td,	J	=	7.9,	1.8	Hz,	4H,	4‐pyridyl‐C–H),	7.55	(ddd,	
J	=	7.5,	5.0,	1.3	Hz,	4H,	5‐pyridyl‐C–H),	1.93	(s,	2H,	Cu2–CH2C(CH3)3,	JC–H	=	107.4	Hz),	1.36	(s,	
9H,	Cu2–CH2C(CH3)3).		1H	NMR	(600.13	MHz,	THF‐d8)	δ	8.95	(ddt,	J	=	5.1,	1.8,	0.9	Hz,	4H),	8.79	
(d,	J	=	8.6	Hz,	2H),	8.38	(dd,	J	=	8.6,	3.1	Hz,	2H),	8.08	(ddt,	J	=	8.1,	2.4,	1.1	Hz,	4H),	8.03	(td,	J	=	
7.8,	1.7	Hz,	4H),	7.55	(ddd,	J	=	7.5,	5.0,	1.3	Hz,	4H),	1.92	(s,	2H),	1.36	(s,	9H,	JC–H	=	123.3	Hz).	
13C{1H}	NMR	(150.92	MHz,	THF‐d8)	δ	160.72	(d,	J	=	30.5	Hz,	2‐naphth‐C),	155.40	(d,	J	=	28.3	
Hz,	2‐pyridyl‐C),	151.22	(8a‐naphth‐C),	150.11	(d,	J	=	2.4	Hz,	6‐pyridyl‐C–H),	141.29	(d,	J	=	
3.3	Hz,	4‐naphth‐C–H),	139.45	(d,	J	=	2.8	Hz,	4‐pyridyl‐C–H),	125.39	(5‐pyridyl‐C–H),	123.69	
(4a‐naphth‐C),	123.21	(da,	 J	=	322.2	Hz,	–SO2–CF3),	121.71	(d,	J	=	13.8	Hz,	3‐pyridyl‐C–H),	
                                                            
e	As	observed	with	complex	1,	the	doublet	is	considerably	asymmetric;	the	downfield	resonance	is	less	intense	
than	the	upfield	resonance.	

f	With	very	good	shimming,	this	resonance	appears	as	a	quartet.	However,	spin	simulation	(of	an	AX2Y	system	
with	 JAX	 =	3.37	Hz,	 and	 JAY	=	3.22	Hz	 in	THF‐d8)	 suggests	 it	 is	 a	 triplet	 of	doublets,	 as	 expected	 for	 the	 19F	
resonance	being	split	by	two	equivalent	pyridyl	protons	(3‐pyridyl–C–H)	and	one	naphthyridine	proton	(3‐
naphth–C–H).	
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120.05	(d,	J	=	14.9	Hz,	3‐naphth‐C–H),	95.31	(d,	J	=	184.4	Hz,	(pyridyl)2(naphth)C–F),	37.21	
(Cu2–CH2C(CH3)3),	34.45	 (Cu2–CH2C(CH3)3),	13.02	 (br,	Cu2–CH2C(CH3)3).	 19F	NMR	(564.61	
MHz,	THF‐d8)	δ	–79.01	(s,	6F,	–SO2–CF3),	–166.70	(qg,	J	=	3.0	Hz,	2F,	(pyridyl)2(naphth)C–F).	
IR	(ATR,	 	(cm–1)):	3111	(vw,	br),	3067	(vw,	br),	2950	(w),	2928	(w),	2869	(w),	2846	(w),	
2812	(vw,	br),	2690	(vw,	br),	1607	(w),	1592	(m),	1576	(w),	1550	(vw,	br),	1502	(w),	1473	
(w,	sh),	1464	(m),	1438	(m),	1411	(w,	br),	1386	(vw),	1350	(s),	1330	(m),	1298	(w),	1241	
(w,	sh),	1226	(m),	1186	(vs),	1160	(m,	sh),	1133	(s),	1101	(vw),	1072	(m,	sh),	1055	(s),	1005	
(m),	993	(w,	sh),	972	(w,	br),	942	(vw),	927	(w),	892	(w,	br),	856	(m),	808	(m),	773	(s),	753	
(m),	739	(m),	711	(w),	699	(m),	686	(m),	652	(m),	640	(m),	618	(s),	599	(m),	570	(s),	510	
(m),	483	(m),	453	(w),	430	(w),	416	(m).	UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	252	(14.7),	
295	(9.50),	304	(9.40),	317	(9.10),	343	(sh	4.40),	406	(sh	2.81),	541	(0.633).	Anal.	Calcd	for:	
C37H31Cu2F8N7O4S2:	C,	45.31;	H,	3.19;	N,	10.00.	Found:	C,	45.15;	H,	3.18;	N,	9.85.		

Synthesis of [Cu2(µ-η1:η1-OC6F5)DPFN](NTf2) (3.4).	 To	 a	 solution	 of	 [Cu2(µ‐η1:η1‐
C6H5)DPFN](NTf2)	(0.020	g,	0.020	mmol)	 in	ortho‐difluorobenzene	(1.5	mL),	a	solution	of	
pentafluorophenol	(0.038	g,	0.21	mmol,	10	equiv)	 in	ortho‐difluorobenzene	(1.0	mL)	was	
added	dropwise.	The	 reaction	mixture	changed	 from	dark	green	 to	dark	orange	and	was	
stirred	for	1.25	h.	The	mixture	was	then	concentrated	in	vacuo,	and	the	resulting	residue	was	
triturated	with	3:2	pentane/toluene	(2.5	mL	total)	for	1.25	h.	The	resulting	solid	was	allowed	
to	settle	and	the	supernatant	was	carefully	decanted.	The	dark	solid	was	rinsed	with	pentane	
(3	x	1	mL)	and	 then	dissolved	 in	THF	(1.25	mL).	This	THF	solution	was	 filtered,	and	 the	
filtrate	was	collected	and	cooled	to	–30	°C.	Pentane	(approx.	19	mL)	was	carefully	layered	on	
top	of	 the	cold	 filtrate	and	storage	 for	1	d	at	–35	°C	afforded	dark	brown‐grey	solid.	The	
supernatant	 was	 carefully	 decanted,	 and	 the	 solid	 was	 rinsed	with	 pentane	 (3	 x	 1	mL).	
Residual	volatile	compounds	were	removed	 in	vacuo to	yield	3.4 as	a	dark	solid	(0.019	g,	
0.017	mmol,	85%).	Vapor	diffusion	of	pentane	into	a	ortho‐difluorobenzene solution	of	3.4 
for	 15	 d	 at	 –35	 °C	 afforded	 X‐ray	 quality	 crystals	 of	3.4·2(o‐C6H4F2)·0.5(C5H12).	 1H	NMR	
(600.13	MHz,	THF‐d8)	δ	8.90	(d,	J	=	8.6	Hz,	2H,	4‐naphth‐C–H),	8.83	(dt,	J	=	5.0,	0.8	Hz,	4H,	6‐
pyridyl‐C–H),	8.47	(dd,	 J	=	8.6,	3.3	Hz,	2H,	3‐naphth‐C–H),	8.19	(dd,	 J	=	8.2,	3.4	Hz,	4H,	3‐
pyridyl‐C–H),	8.06	(td,	J	=	7.9,	1.8	Hz,	4H,	4‐pyridyl‐C–H),	7.56	(ddd,	J	=	7.7,	5.0,	1.2	Hz,	4H,	5‐
pyridyl‐C–H).	 13C{1H}	 NMR	 (150.92	MHz,	 THF‐d8)	 δ	 160.36	 (d,	 J	 =	 30.1	 Hz,	 2‐naphth‐C),	
154.17	(d,	J	=	30.1	Hz,	2‐pyridyl‐C),	150.62	(8a‐naphth‐C),	149.78	(d,	J	=	2.9	Hz,	6‐pyridyl‐C–
H),	141.81	(d,	 J	=	3.4	Hz,	4‐naphth‐C–H),	139.75	(d,	 J	=	3.4	Hz,	4‐pyridyl‐C–H),	125.56	(5‐
pyridyl‐C–H),	124.24	(4a‐naphth‐C),	121.44	(d,	J	=	14.8	Hz,	3‐pyridyl‐C–H),	121.03	(da,	J	=	
322.2	 Hz,	 –SO2–CF3),	 120.55	 (d,	 J	 =	 16.8	 Hz,	 3‐naphth‐C–H),	 93.31	 (de,	 J	 =	 187.0	 Hz,	
(pyridyl)2(naphth)C–F).	Carbon	resonances	assignable	to	the	pentafluorophenolate	moiety	
were	not	observed.	19F	NMR	(564.61	MHz,	THF‐d8)	δ	–79.08	(s,	6F,	–SO2–CF3),	–167.39	(dd,	J	
=	20.0,	9.5	Hz,	2F,	ortho‐OC6F5),	–168.31	(t,	J	=	21.5	Hz,	2F,	meta‐OC6F5),	–170.88	(qh,	J	=	3.3	

                                                            
g	With	very	good	shimming,	this	resonance	appears	as	a	slightly	broadened	quartet.	However,	spin	simulation	
(of	an	AX2Y	system	with	JAX	=	2.43	Hz,	and	JAY	=	3.13	Hz	in	THF‐d8)	appears	to	suggest	it	is	a	triplet	of	doublets,	
as	 expected	 for	 the	 19F	 resonance	 being	 split	 by	 two	 equivalent	 pyridyl	 protons	 (3‐pyridyl–C–H)	 and	 one	
naphthyridine	proton	(3‐naphth–C–H).	

h	With	very	good	shimming,	this	resonance	appears	as	a	slightly	broadened	quartet.	However,	spin	simulation	
(of	an	AX2Y	system	with	JAX	=	3.45	Hz,	and	JAY	=	3.30	Hz	in	THF‐d8)	suggests	it	is	a	triplet	of	doublets,	as	expected	
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Hz,	2F,	(pyridyl)2(naphth)C–F),	–181.02	(tt,	J	=	22.3,	9.5	Hz,	1F,	para‐OC6F5).	1H	NMR	(600.13	
MHz,	THF‐H8)	δ	8.90	(d,	J	=	8.6	Hz,	2H),	8.82	(d,	J	=	5.0	Hz,	4H),	8.46	(dd,	J	=	8.6,	3.3	Hz,	2H),	
8.18	(dd,	J	=	8.3,	3.4	Hz,	4H),	8.06	(t,	J	=	7.9	Hz,	4H),	7.55	(dd,	J	=	7.6,	5.1	Hz,	4H).	19F	NMR	
(564.61	MHz,	THF‐H8)	δ	–79.04	(s,	6F),	–167.35	(dd,	J	=	20.4,	9.5	Hz,	2F),	–168.20	(t,	J	=	21.6	
Hz,	2F),	–170.89	(q,	J	=	3.8	Hz,	2F),	–180.89	(tt,	J	=	22.8,	9.1	Hz,	1F).	1H	NMR	(600.13	MHz,	o‐
C6H4F2)	δ	8.91	(d,	J	=	5.1	Hz,	4H),	8.37	(d,	J	=	8.6	Hz,	2H),	8.22	(dd,	J	=	8.6,	3.0	Hz,	2H),	8.00	
(dd,	J	=	8.2,	3.4	Hz,	4H),	7.77	(td,	J	=	7.9,	1.7	Hz,	4H),	7.28	(dd,	J	=	7.6,	5.1	Hz,	4H).d	19F	NMR	
(564.61	MHz,	o‐C6H4F2)	δ	–78.56	(s,	6F),	–167.66	(t,	J	=	21.5	Hz,	2F),	–167.89	(dd,	J	=	19.6,	8.7	
Hz,	2F),	–171.72	(d,	J	=	3.8	Hz,	2F),	–179.74	(m,	1F).	IR	(ATR,	 	(cm–1)):		3116	(vw,	br),	3093	
(vw,	br),	2961	(vw,	br),	1647	(vw),	1605	(m),	1593	(m),	1575	(w),	1553	(vw),	1503	(s),	1472	
(m),	1463	(m,	sh),	1439	(m),	1429	(m,	sh),	1351	(s),	1341	(s,	sh),	1328	(m),	1302	(w),	1295	
(w),	1260	(w),	1240	(w,	sh),	1227	(m),	1202	(s,	sh),	1179	(vs),	1160	(m,	sh),	1133	(vs),	1103	
(m),	1085	(m),	1058	(s),	1010	(s),	983	(s),	941	(w),	928	(w),	900	(vw),	891	(vw),	853	(m),	
804	(m),	784	(s,	sh),	769	(s),	755	(m),	739	(m),	710	(w),	698	(m),	685	(m),	654	(m),	644	(m,	
sh),	617	(s),	598	(s),	570	(vs),	532	(m),	508	(s),	482	(m),	463	(m),	454	(m),	428	(m),	416	(m).	
UV‐Vis	(THF)	λmax,	nm	(ε,	M–1cm–1	/	103):	253	(24.4),	279	(sh	16.9),	305	(13.5),	317	(12.8),	
347	(sh	4.77),	391	(3.44),	521	(0.923).	Anal.	Calcd	for:	C38H20Cu2F13N7O5S2:	C,	41.77;	H,	1.84;	
N,	8.97.	Found:	C,	42.11;	H,	1.67;	N,	8.80.	

Synthesis of [Cu3(DPFN)2](NTf2)3 (3.5).	A	solution	of	triflimidic	acid	(0.0057	g,	0.020	mmol,	
1.0	equiv)	in	ortho‐difluorobenzene	(1	mL)	was	added	to	a	rapidly	stirred	solution	of	[Cu2(µ‐
η1:η1‐Ph)DPFN](NTf2)	 (0.0200	 g,	 0.020	 mmol)	 in	 ortho‐difluorobenzene	 (2	 mL).	 Upon	
addition	of	the	acid,	the	dark	green	solution	became	bright	orange.	The	mixture	was	stirred	
for	1	h,	and	then	concentrated	in vacuo to	an	orange	oil	that	was	then	triturated	by	stirring	
with	diethyl	ether	(7	mL)	for	5	hours.	The	resulting	orange	solid	was	allowed	to	settle,	and	
the	supernatant	was	carefully	decanted.	Then	orange	solid	was	washed	with	diethyl	ether	(3	
x	2	mL)	and	then	dried	in vacuo.	The	solid	was	then	dissolved	in	ortho‐difluorobenzene	(3	
mL),	 filtered,	 and	 the	 filtrate	was	 cooled	 to	 –30	 °C.	 Diethyl	 ether	 (17	mL)	was	 carefully	
layered	 on	 top	 of	 the	 cold	ortho‐difluorobenzene	 solution,	 and	 storage	 for	 2	 d	 at	 –35	 °C	
afforded	a	yellow‐orange	solid.	The	supernatant	was	carefully	decanted,	and	the	solid	was	
rinsed	with	diethyl	ether	(3	x	3	mL).	Residual	volatile	compounds	were	removed	in	vacuo	to	
yield	3.5	as	a	bright	yellow‐orange	solid	(0.0118	g,	0.0058	mmol,	58%).	Vapor	diffusion	of	
hexanes	into	a	o‐C6H4F2	solution	of	3.5 for	4	d	at	–35	°C	afforded	X‐ray	quality	crystals	of	
3.5·2(o‐C6H4F2).	1H	NMR	(700.13	MHz,	C6D5NO2)	δ	9.33	(d,	J	=	8.6	Hz,	4H,	4‐naphth‐C–H),	
8.45	–	8.39	(m,	8H,	a‐6‐pyridyl‐C–H	and	a‐3‐pyridyl‐C–H),	8.36	–	8.29	(m,	8H,	a‐4‐pyridyl‐C–
H	and	3‐naphth‐C–H),	8.28	–	8.24	(m,	4H,	b‐3‐pyridyl‐C–H),	8.22	(td,	J	=	7.7,	1.8	Hz,	4H,	b‐4‐
pyridyl‐C–H),	7.70	–	7.67	(m,	4H,	a‐5‐pyridyl‐C–H),	6.66	(m,	4H,	b‐6‐pyridyl‐C–H),	6.63	(m,	
4H,	 b‐5‐pyridyl‐C–H). i 	13C{1H}	 NMR	 (150.92	MHz,	 C6D5NO2)	 δ	 161.37	 (d,	 J	 =	 29.1	 Hz,	 2‐
naphth‐C),	156.41	(d,	J	=	30.4	Hz,	a‐2‐pyridyl‐C),	153.31	(d,	J	=	27.9	Hz,	b‐2‐pyridyl‐C),	152.50	

                                                            
for	the	19F	resonance	being	split	by	two	equivalent	pyridyl	protons	(3‐pyridyl–C–H)	and	one	naphthyridine	
proton	(3‐naphth–C–H).	

i	Loss	of	symmetry	splits	the	“side‐arm”	pyridine	moieties	into	two	sets	of	two	pyridines.	They	are	separately	
labeled	with	‘a’	and	‘b’.	This	notation	is	conserved	in	the	13C	NMR	assignments.	
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(8a‐naphth‐C),	150.90	(a‐6‐pyridyl‐C–H),	148.65	(b‐6‐pyridyl‐C–H),j	143.22	(4‐naphth‐C–H),	
141.09	(a‐4‐pyridyl‐C–H),	139.87	(b‐4‐pyridyl‐C–H),	126.95	(a‐5‐pyridyl‐C–H),	126.49	(d,	J	
=	4.2	Hz,	3‐naphth‐C–H),	125.62	(b‐5‐pyridyl‐C–H),	124.74	(d,	J	=	16.6	Hz,	b‐3‐pyridyl‐C–H),	
124.41	(s,	4a‐naphth‐C),	122.12	(d,	J	=	14.3	Hz,	a‐3‐pyridyl‐C–H),	121.50	(q,	J	=	321.9	Hz,	–
SO2–CF3),	96.19	(d,	J	=	180.8	Hz,	(pyridyl)2(naphth)C–F).	19F	NMR	(564.62	MHz,	C6D5NO2)	δ	
–78.18	 (s,	 18F,	 –SO2–CF3),	 –148.47	 (s,	 4F,	 (pyridyl)2(naphth)C–F).	 1H	NMR	 (400.13	MHz,	
THF‐H8)	δ	9.04	(d,	J	=	8.8	Hz,	4H),	8.19	(t,	J	=	8.0	Hz,	5H),	8.01	(d,	J	=	4.5	Hz,	8H),	7.50	(t,	J	=	
6.4	Hz,	4H),	6.44‐6.34	(m,	4H),	6.31	(d,	J	=	5.3	Hz,	4H).	19F	NMR	(376.44	MHz,	THF‐H8)	δ	–
78.81	(s,	18F,	–SO2–CF3),	–148.38	(s,	4F,	(pyridyl)2(naphth)C–F).	1H	NMR	(600.13	MHz,	o‐
C6H4F2)	δ	8.63	(d,	J	=	8.6	Hz,	4H),	7.86	(d,	J	=	8.3	Hz,	4H),	7.70	(d,	J	=	5.1	Hz,	4H),	7.65	–	7.59	
(m,	12H),	7.58	–	7.49	(m,	4H),	6.99	(dd,	J	=	7.6,	5.3	Hz,	4H),k	6.04	(m,	J	=	4.7	Hz,	8H).k	19F	NMR	
(564.61	MHz,	o‐C6H4F2)	δ	–78.68	(s,	18F,	–SO2–CF3),	–149.32	(s,	4F,	(pyridyl)2(naphth)C–F).	
IR	(ATR,	 	(cm–1)):	3111	(vw),	3080	(vw,	br),	3025	(vw),	1596	(w),	1575	(vw),	1507	(w),	
1465	(w),	1439	(w),	1382	(w),	1349	(s),	1331	(m),	1303	(w),	1269	(vw),	1226	(m),	1180	(vs),	
1132	(s),	1102	(w),	1052	(s),	1020	(m),	1011	(m),	969	(m),	941	(w),	933	(w),	902	(w,	br),	
858	(m),	807	(w),	772	(m),	754	(m),	739	(m),	710	(w),	695	(w),	686	(w),	651	(w),	613	(s),	
598	(s),	569	(s),	532	(w),	509	(s),	470	(w),	454	(w),	424	(w).	UV‐Vis	(o‐C6H4F2)	λmax,	nm	(ε,	
M–1cm–1	 /	 103):	 306.5	 (20.4),	 361	 (sh	 6.01),	 422	 (sh	 2.68).	 Anal.	 Calcd	 for:	
C66H40Cu3F22N15O12S6:	C,	38.93;	H,	1.98;	N,	10.32.	Found:	C,	39.13;	H,	1.90;	N,	10.08.	

Synthesis of [Cu2(µ-η1:η1-C≡C(C6H4)CF3)DPFN](NTf2). A	 solution	 of	 [Cu2(µ‐η1:η1‐
Ph)DPFN](NTf2) (0.089	g,	0.090	mmol)	and	1‐Ethynyl‐4‐(trifluoromethyl)benzene	(0.153	g,	
0.899	mmol,	10	equiv)	in	ortho‐difluorobenzene	(6	mL)	was	sealed	in	a	PTFE‐valved	tube	
and	stirred	at	100	°C	for	2.5	h.	Then	the	reaction	mixture	was	filtered,	and	the	dark	filtrate	
concentrated	in vacuo to	an	oily	residue.	The	oil	was	triturated	by	stirring	with	diethyl	ether	
(4	mL)	 for	 1	 h,	 resulting	 in	 a	 green	 powder.	 The	 powder	was	 allowed	 to	 settle,	 and	 the	
supernatant	was	carefully	decanted.	The	solid	was	similarly	rinsed	again	with	diethyl	ether	
(4	mL,	1	h)	and	then	rinsed	briefly	with	diethyl	ether	(4	mL).	The	green	powder	was	then	
dissolved	 in	ortho‐difluorobenzene	(4.5	mL)	and	 filtered,	and	 the	 filtrate	was	cooled	 to	–
35	 °C.	 Pentane	 (ca.	 15	mL)	was	 layered	 over	 the	 cold	 filtrate.	 After	 2	 d	 at	 –35	 °C,	 dark	
crystalline	solid	formed,	and	the	supernatant	was	carefully	decanted.	The	solid	was	briefly	
rinsed	with	diethyl	ether	(3	x	2	mL),	and	residual	volatile	compounds	were	removed	in vacuo.		
The	solids	were	again	triturated	by	stirring	with	diethyl	ether	(5	mL,	3	h,	3	times),	each	time	
carefully	decanting	the	supernatant	from	the	settled	powder.	Finally,	the	green	powder	was	
rinsed	briefly	with	diethyl	ether	(2	x	2	mL)	and	residual	volatile	compounds	were	removed	
in vacuo	 to	 yield	 [Cu2(µ‐η1:η1‐C≡C(C6H4)CF3)DPFN](NTf2) as	 a	 green	 powder	 (0.0658	 g,	
0.061	mmol,	69%).	1H	NMR	(600.13	MHz,	C6D5NO2)	δ	9.35	(d,	J	=	5.0	Hz,	4H,	6‐pyridyl‐C–H),	
8.73	(d,	J	=	8.5	Hz,	2H,	4‐naphth‐C–H),	8.37	(dd,	J	=	8.5,	2.9	Hz,	2H,	3‐naphth‐C–H),	8.22	(dd,	
J	=	8.2,	3.3	Hz,	4H,	3‐pyridyl‐C–H),	8.14	(td,	J	=	7.9,	1.7	Hz,	4H,	4‐pyridyl‐C–H),	8.00	(d,	J	=	8.0	
Hz,	2H,	ortho–C≡C(C6H4)CF3),	7.65	(ddd,	J	=	7.7,	5.0,	1.1	Hz,	4H,	5‐pyridyl‐C–H),	7.60	(d,	J	=	
8.1	Hz,	2H,	meta–C≡C(C6H4)CF3).	13C{1H}	NMR	(150.92	MHz,	C6D5NO2)	δ	159.65	(d,	J	=	30.4	

                                                            
j	These	proton	and	carbon	resonances	overlapped	with	or	were	obscured	by	solvent	resonances,	other	complex	
resonances,	or	otherwise	not	observed	directly	and	instead	observed	and	assigned	via	1H‐1H	COSY	and	1H‐13C	
HSQC	and	HMBC	experiments.	
k	These	references	were	observed	on	the	shoulders	of	the	solvent	(o‐C6H4F2)	resonance.	
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Hz,	2‐naphth‐C),	153.36	(d,	J	=	29.3	Hz,	2‐pyridyl‐C),		150.77	(d,	J	=	2.1	Hz,	6‐pyridyl‐C–H),	
149.5	(8a‐naphth‐C),j	141.13	(d,	J	=	2.8	Hz,	4‐naphth‐C–H),	139.85	(d,	J	=	2.7	Hz,	4‐pyridyl‐C–
H),	 133.01	 (‐C≡C(C6H4)CF3),	 132.24	 (ortho‐C≡C(C6H4)CF3),	 125.99	 (q,	 J	 =	 3.2	 Hz,	meta‐
C≡C(C6H4)CF3),	125.61	(5‐pyridyl‐C–H),	122.92	(4a‐naphth‐C),121.54	(q,	J	=	321.9	Hz,	–SO2–
CF3),	121.11	(d,	J	=	13.6	Hz,	3‐pyridyl‐C–H),	120.26	(d,	J	=	14.5	Hz,	3‐naphth‐C–H),	94.01	(d,	
J	 =	 187.7	 Hz,	 (pyridyl)2(naphth)C–F).	 Carbon	 resonances	 assignable	 to	 the	 bridging	
phenylalkynyl’s	 –CF3	 group,	 one	 of	 its	 aromatic	 resonances,	 as	 well	 as	 the	 internal	 and	
terminal	bridging	alkynyl	carbon	atoms	were	not	observed.	19F	NMR	(564.63	MHz,	C6D5NO2)	
δ	 –61.61	 (s,	 3F,	 –C≡C(C6H4)CF3),	 –78.17	 (s,	 6F,	 –SO2–CF3),	 –175.68	 (s,	 2F,	
(pyridyl)2(naphth)C–F).	19F	NMR	(564.63	MHz,	o‐C6H4F2)	δ	–62.37	(s,	3F,	–C≡C(C6H4)CF3),	–
78.52	 (s,	 6F,	 –SO2–CF3),	 –176.15	 (s,	 2F,	 (pyridyl)2(naphth)C–F).	 IR	 (ATR,	 	(cm–1)):	 3069	
(vw),	2037	(w),	2017	(w),	1605	(m),	1594	(m),	1575	(w),	1499	(w),	1461	(w),	1438	(w),	
1353	(m),	1337	(m),	1323	(vs),	1300	(w),	1293	(w),	1227	(m),	1193	(s),	1176	(vs),	1152	(m),	
1137	(m),	1119	(s),	1101	(m),	1075	(m),	1063	(vs),	1016	(w),	994	(vw),	929	(vw),	892	(vw),	
859	(m),	848	(m),	808	(w),	773	(m),	754	(m),	739	(w),	711	(vw),	698	(w),	686	(m),	647	(w),	
635	(w),	613	(s),	599	(m),	570	(m),	561	(m),	513	(m),	481	(vw),	453	(vw),	417	(m).	Anal.	
Calcd	for:	C41H24Cu2F11N7O4S2:	C,	45.64;	H,	2.24;	N,	9.09.	Found:	C,	45.45;	H,	1.99;	N,	8.98.	

2,7-bis(fluoro-di(2-pyridyl)methyl)-1,8-naphthyridine (DPFN).	 As	 mentioned	 earlier,	
DPFN	was	synthesized	using	previously	published	procedures.1	1H	NMR	(600.13	MHz,	THF‐
H8)	δ	8.43	(dd,	J	=	5.0,	1.7	Hz,	4H),	8.19	(d,	J	=	8.5	Hz,	2H),	7.77	(d,	J	=	8.5	Hz,	2H),	7.71	(td,	J	=	
7.7,	1.9	Hz,	4H),	7.58	(d,	J	=	7.9	Hz,	4H),	7.21	(dd,	J	=	7.6,	4.8	Hz,	4H).	19F	NMR	(564.61	MHz,	
THF‐H8)	δ	–143.65	(2F,	(pyridyl)2(naphth)C–F).	1H	NMR	(600.13	MHz,	o‐C6H4F2)	δ	8.40	(d,	J	
=	4.8	Hz,	4H),	7.89	(d,	J	=	8.5	Hz,	2H),	7.86	(d,	J	=	8.5	Hz,	2H),	7.58	(d,	J	=	8.0	Hz,	4H),	7.47	(td,	
J	 =	 7.8,	 1.8	 Hz,	 4H).	 The	 sixth	 expected	 1H	 resonance	 is	 likely	 obscured	 by	 the	 solvent	
resonance.	19F	NMR	(564.61	MHz,	o‐C6H4F2)	δ	–142.22	(2F,	(pyridyl)2(naphth)C–F).	IR	(ATR,	
	(cm–1)):		3083	(vw),	3056	(w),	3003	(w),	1604	(m),	1586	(s),	1571	(m),	1543	(w),	1500	
(m),	1466	(s),	1435	(s),	1419	(m),	1378	(vw),	1303	(w),	1271	(w),	1230	(w),	1210	(w),	1152	
(w),	1140	(w),	1126	(w),	1105	(w),	1092	(w,	sh),	1063	(w,	sh),	1053	(m),	1042	(m),	1021	
(m),	993	(s),	966	(w),	955	(w),	945	(w),	927	(m),	896	(w),	859	(s),	817	(m),	790	(s),	775	(vs),	
751	(s),	740	(s),	711	(m),	706	(m,	sh),	689	(s),	673	(w),	656	(vw),	634	(w),	621	(m),	609	(m),	
597	(m),	587	(m),	565	(m),	519	(m),	481	(w),	463	(vw).	

[Cu2(µ-η1:η1-NCCH3)DPFN](NTf2)2.	 As	 mentioned	 earlier,	 [Cu2(µ‐η1:η1‐
NCCH3)DPFN](NTf2)2	 was	 synthesized	 using	 previously	 published	 procedures.1	 1H	 NMR	
(600.13	MHz,	THF‐H8)	δ	9.26	(d,	J	=	5.1	Hz,	4H),	8.90	(d,	J	=	8.6	Hz,	2H),	8.46	(dd,	J	=	8.6,	3.0	
Hz,	2H),	8.19	(dd,	J	=	8.1,	3.3	Hz,	4H),	8.12	(td,	J	=	7.9,	1.7	Hz,	4H),	7.70	(dd,	J	=	7.6,	5.1	Hz,	4H),	
2.88	(s,	3H).	19F	NMR	(564.61	MHz,	THF‐H8)	δ	–78.95	(s,	12F,	–SO2–CF3),	–174.50	(q,	J	=	3.3	
Hz,	2F,	(pyridyl)2(naphth)C–F).	1H	NMR	(600.13	MHz,	o‐C6H4F2)	δ	9.25	(d,	J	=	5.0	Hz,	4H),	
8.50	(d,	J	=	8.5	Hz,	2H),	8.25	(dd,	J	=	8.6,	2.8	Hz,	2H),	8.03	(dd,	J	=	8.2,	3.3	Hz,	4H),	7.82	(td,	J	=	
8.0,	1.7	Hz,	4H),	7.56	(dd,	J	=	7.7,	5.1	Hz,	4H),	2.91	(s,	3H).	19F	NMR	(564.61	MHz,	o‐C6H4F2)	δ	
–78.68	(s,	12F,	–SO2–CF3),	–175.07	(s,	2F,	(pyridyl)2(naphth)C–F).	

[Cu2(µ-η1:η1-Ph)DPFN](NTf2).	 As	 mentioned	 earlier,	 [Cu2(µ‐η1:η1‐Ph)DPFN](NTf2)	 was	
synthesized	using	previously	published	procedures.1	1H	NMR	(600.13	MHz,	THF‐d8)	δ	8.98	
(dd,	J	=	5.2,	1.7	Hz,	4H,	6‐pyridyl–C–H),	8.86	(d,	J	=	8.6	Hz,	2H,	4‐naphth‐C–H),	8.49	(dd,	J	=	
7.5,	1.3	Hz,	2H,	o‐phenyl‐C–H),	8.44	(dd,	J	=	8.6,	3.2	Hz,	2H,	3‐naphth‐C–H),	8.11	(ddt,	J	=	8.2,	
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3.4,	1.1	Hz,	4H,	3‐pyridyl–C–H),	7.99	(td,	J	=	7.9,	1.8	Hz,	4H,	4‐pyridyl–C–H),	7.48	(ddd,	J	=	7.6,	
5.1,	1.2	Hz,	4H,	5‐pyridyl–C–H),	7.37	(t,	J	=	7.5	Hz,	2H,	m‐phenyl‐C–H),	7.17	(tt,	J	=	7.2,	1.4	Hz,	
1H,	p‐phenyl‐C–H).	13C{1H}	NMR	(176.07	MHz,	THF‐d8)	δ	160.36	(d,	J	=	31.2	Hz,	2‐naphth‐C),	
154.25	(d,	J	=	29.3	Hz,	2‐pyridyl–C),	151.42	(8a‐naphth‐C),j	150.31	(d,	J	=	2.9	Hz,	6‐pyridyl–
C–H),	145.13	(o‐phenyl‐C–H),	143.06	(ipso‐phenyl‐C–Cu2),j	141.69	(4‐naphth‐C–H),	139.46	
(d,	 J	=	3.5	Hz,	4‐pyridyl–C–H),	126.74	(m‐phenyl‐C–H),	125.85	(p‐phenyl‐C–H),	125.10	(5‐
pyridyl–C–H),	123.89	(4a‐naphth‐C),	120.79	(d,	J	=	14.7	Hz,	3‐pyridyl–C–H),	121.06	(da,	J	=	
322.0	 Hz,	 –SO2–CF3),	 119.93	 (d,	 J	 =	 15.5	 Hz,	 3‐naphth‐C–H),	 94.27	 (d,	 J	 =	 188.2	 Hz,	
(pyridyl)2(naphth)C–F).	19F	NMR	(564.61	MHz,	THF‐d8)	δ	–79.06	(s,	6F,	–SO2–CF3),	–172.82	
(q,	J	=	3.5	Hz,	2F,	(pyridyl)2(naphth)C–F).	1H	NMR	(600.13	MHz,	o‐C6H4F2)	δ	9.00	(d,	J	=	5.1	
Hz,	4H),	8.65	(d,	J	=	7.0	Hz,	2H),	8.33	(d,	J	=	8.6	Hz,	2H),	8.20	(dd,	J	=	8.6,	3.0	Hz,	2H),	7.95	(dd,	
J	=	8.2,	3.3	Hz,	4H),	7.71	(td,	J	=	7.9,	1.7	Hz,	4H),	7.61	(t,	J	=	7.3	Hz,	2H),	7.43	(t,	J	=	7.6	Hz,	1H).	
The	sixth	expected	DPFN	1H	resonance	is	likely	obscured	by	the	solvent	resonance.	19F	NMR	
(564.61	 MHz,	 o‐C6H4F2)	 δ	 –78.54	 (s,	 6F,	 –SO2–CF3),	 –173.42	 (q,	 J	 =	 3.5	 Hz,	 2F,	
(pyridyl)2(naphth)C–F).	1H	NMR	(600.13	MHz,	THF‐H8)	δ	8.98	(d,	J	=	5.1	Hz,	4H),	8.85	(d,	J	=	
8.6	Hz,	2H),	8.49	(d,	J	=	7.0	Hz,	2H),	8.44	(dd,	J	=	8.6,	3.2	Hz,	2H),	8.10	(dd,	J	=	8.2,	3.4	Hz,	4H),	
7.98	(td,	J	=	7.9,	1.7	Hz,	4H),	7.48	(dd,	J	=	7.5,	5.2	Hz,	4H),	7.36	(t,	J	=	7.3	Hz,	2H),	7.17	(t,	J	=	
7.1	Hz,	1H).		

  



 

172 
 

Reaction of [Cu2(µ-η1:η1-CH3)DPFN](NTf2) with Pentafluorobenzene.	In	a	nitrogen‐filled	
glovebox,	 3.1	 (0.001	 g)	 was	 dissolved	 in	 THF	 (0.5	 mL)	 containing	 a	 drop	 of	 1,3,5‐
tris(trifluoromethyl)benzene.	The	solution	was	added	to	a	J.	Young	tube	that	was	then	sealed,	
and	baseline	1H	and	19F	NMR	spectra	were	recorded.	Then	in	a	nitrogen‐filled	glovebox,	a	
few	drops	of	pentafluorobenzene	(220	equiv,	determined	by	1H	and	19F	NMR	spectroscopy)	
were	added	to	 the	 tube.	The	 tube	was	sealed,	and	the	 first	 1H	and	19F	NMR	spectra	were	
recorded	within	5	minutes	of	pentafluorobenzene	addition.	The	tube	was	allowed	to	stand	
at	room	temperature	and	spectra	were	recorded	at	various	intervals.	After	no	change	was	
observed	at	room	temperature,	the	tube	was	heated	at	60	°C	and	the	reaction	mixture	was	
monitored	by	1H	and	19F	NMR	spectra	recorded	at	appropriately	spaced	intervals	(Figure	
S3.3).	 After	 14	 days	 at	 60	 °C,	 the	 reaction	 mixture	 was	 concentrated	 in vacuo,	 and	 the	
resulting	oil	was	dissolved	in	o‐C6H4F2.	The	19F	NMR	spectra	of	the	product	in	o‐C6H4F2	was	
consistent	with	previously	reported	spectra	of	[Cu2(µ‐η1:η1‐C6F5)DPFN](NTf2).1	
	
Reaction of [Cu2(µ-η1:η1-CH3)DPFN](NTf2) with Pentafluorophenol.	In	a	nitrogen‐filled	
glovebox,	a	solution	of 3.1	 in	THF (0.5	mL, 2.2	mM,	1.1	µmol)	was	used	to	dissolve	1,3,5‐
trimethoxybenzene	(0.0005	g,	3	µmol).	The	solution	was	added	to	a	J.	Young	tube	that	was	
then	sealed,	and	baseline	1H	and	19F	NMR	spectra	were	recorded.	Then	in	a	nitrogen‐filled	
glovebox,	to	the	solution	pentafluorophenol	was	added	(0.0020	g,	11	µmol,	10	equiv).	The	J.	
Young	tube	was	sealed,	and	the	reaction	mixture	began	to	change	from	green	to	yellow.	The	
reaction	was	monitored	by	1H	and	19F	NMR	spectra	recorded	over	the	course	of	1	h	(Figures	
S3.5‐3.6).	The	1H	and	19F	product	resonances	of	the	product	observed	were	consistent	with	
those	reported	for	synthesis	of	[Cu2(µ‐η1:η1‐OC6F5)DPFN](NTf2)	(vide supra). 
 
Reaction of [Cu2(µ-η1:η1-CH3)DPFN](NTf2) with Triflimidic Acid. In	 a	 nitrogen‐filled	
glovebox,	3.1	(0.0023	g,	2.5	µmol)	and	1,3,5‐tris(trifluoromethyl)benzene	(0.0042	g,	15	µmol)	
were	dissolved	in	THF	(0.5	mL).	The	solution	was	added	to	a	J.	Young	tube	that	was	then	
sealed,	and	baseline	1H	and	19F	spectra	were	recorded.	Then	in	a	nitrogen‐filled	glovebox,	to	
the	solution,	a	solution	of	triflimidic	acid	was	added	(0.1	mL,	0.025	M,	2.5	µmol,	1.0	equiv).	
The	J.	Young	tube	was	sealed,	and	the	reaction	mixture	began	to	change	from	green	to	orange.	
1H	 and	 19F	 NMR	 spectra	 were	 acquired	 10	 minutes	 after	 addition	 (Figure	 S3.7).	 The	
resonances	 observed	 for	 the	 mixture	 were	 consistent	 with	 those	 reported	 for	
[Cu3(DPFN)2](NTf2)3	(vide supra).	

Reaction of [Cu2(µ-η1:η1-CH3)DPFN](NTf2) with Triphenylborane.	 In	 a	 nitrogen‐filled	
glovebox,	 a	 solution	 of 3.1	 (0.55	 mL, 2.0	 mM,	 1.1	 µmol)	 in	 o‐C6H4F2	 containing	 1,3,5‐
tris(trifluoromethyl)benzene	(2.6	mM)	was	prepared	and	added	to	a	J.	Young	tube	that	was	
then	 sealed.	 Baseline	 1H	 and	 19F	 NMR	 spectra	 were	 recorded.	 Then	 in	 a	 nitrogen‐filled	
glovebox,	 to	 the	 solution	 triphenylborane	was	 added	 (0.0026	 g,	 11	 µmol,	 10	 equiv).	 The	
triphenylborane	 dissolved;	 the	 reaction	mixture	 remained	 green.	 The	 J.	 Young	 tube	was	
sealed,	and	the	reaction	was	monitored	by	1H	and	19F	NMR	spectra	recorded	over	the	course	
of	ca.	4	h	(Figures	S3.8‐3.9).	The	1H	and	19F	product	resonances	of	the	product	observed	were	
consistent	 with	 those	 reported	 for	 [Cu2(µ‐η1:η1‐Ph)DPFN](NTf2)	 (vide supra).	 The	
appearance	 of	 a	 new	 downfield	 resonance	 at	 approximately	 72.9	 ppm	 (just	 beyond	 the	
resonance	 for	BPh3	at	67.3	ppm)	 in	 the	11B{1H}	NMR	spectrum	suggests	 the	 formation	of	
BMePh2	(Figure	S3.10).9,10  



 

 
 

SUPPLEMENTARY INFORMATION AND FIGURES  
Figure S3.1: Excerpt	from	a	spectrum	obtained	from	a	coupled	1H–13C	HSQC	experiment	of	a	solution	of	3.1	in	THF‐d8	at	16.4	
T	and	25	°C 

 

Details: The	horizontal	trace	is	a 1D	1H	NMR	spectrum	obtained	at	16.4	T	at	25	°C.	The	vertical	trace	is	the	maximum	trace	
extracted	from	the	HSQC	experiment.	  



 

 
 

Figure S3.2: FTIR	Spectra	of	Complexes	3.1	and	3.2 

 

Details:	The	spectrum	of	complex	3.1	is	scaled	by	a	factor	of	1.01	to	align	slightly	better	with	that	of	complex	3.2.	



 

 
 

Figure S3.3: Excerpts	of	19F	NMR	spectra	monitoring	the	reaction	of	complex	3.1	with	pentafluorobenzene	(220	equiv)	in	THF	
at	60	°C	

 
 
Details:	19F	NMR	spectra	acquired	at	376.45	MHz.	All	spectra	were	recorded	between	293.5	and	294.0	K	and	are	normalized	
to	an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene	(shown	at	left).	



 

 
 

Figure S3.4: Excerpts	of	19F	NMR	spectra	monitoring	the	reaction	of	complex	3.1	with	water	(170	equiv)	in	THF	at	room	temp.	

 
 
Details:	19F	NMR	spectra	acquired	at	564.61	MHz.	All	spectra	were	recorded	between	293.9	and	295.8	K	and	are	normalized	
to	an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene	(not	shown).	



 

 
 

Figure S3.5: Excerpts	of	1H	NMR	spectra	monitoring	the	reaction	of	complex	3.1	with	pentafluorophenol	(10	equiv)	in	THF	at	
22	°C	

 
 
Details:	1H	NMR	spectra	acquired	at	600.13	MHz.	All	spectra	were	recorded	between	295.0	and	296.2	K	and	are	normalized	to	
an	internal	standard,	1,3,5‐trimethoxybenzene	(not	shown).	



 

 
 

Figure S3.6: Excerpts	of	19F	NMR	spectra	monitoring	the	reaction	of	complex	3.1	with	pentafluorophenol	(10	equiv)	in	THF	at	
22	°C	

 
 
Details:	19F	NMR	spectra	acquired	at	564.61	MHz.	All	spectra	were	recorded	between	295.0	and	296.2	K	and	for	display	
purposes	are	normalized	to	the	anion	(triflimide)	resonance	(not	shown).	



 

 
 

Figure S3.7: Excerpts	of	19F	NMR	spectra	monitoring	the	reaction	of	complex	3.1	with	triflimidic	acid	(1	equiv)	in	THF	at	room	
temperature	

 
 
Details:	19F	NMR	spectra	acquired	at	376.44	MHz.	All	spectra	were	recorded	at	ca.	293.0	K	and	are	normalized	to	an	internal	
standard,	1,3,5‐tris(trifluoromethyl)benzene	(shown	at	far	left).	



 

 
 

Figure S3.8: Excerpts	of	1H	NMR	spectra	monitoring	the	reaction	of	complex	3.1	with	triphenylborane	(10	equiv)	in	o‐C6H4F2	
at	room	temp.	

 
 
Details:	1H	NMR	spectra	acquired	at	600.13	MHz.	All	spectra	were	recorded	between	294.3	and	295.6	K	and	are	normalized	to	
an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene.	



 

 
 

Figure S3.9: Excerpts	of	19F	NMR	spectra	monitoring	the	reaction	of	complex	3.1	with	triphenylborane	(10	equiv)	in	o‐C6H4F2	
at	room	temp.	

 
 
Details:	19F	NMR	spectra	acquired	at	564.61	MHz.	All	spectra	were	recorded	between	294.3	and	295.6	K	and	are	normalized	
to	an	internal	standard,	1,3,5‐tris(trifluoromethyl)benzene	(not	shown).	



 

 
 

Figure S3.10: Excerpts	of	11B{1H}	NMR	spectra	monitoring	the	reaction	of	complex	3.1	with	triphenylborane	(10	equiv)	in	o‐
C6H4F2	at	room	temp.	

 
 
Details:	11B{1H}	NMR	spectra	acquired	at	192.55	MHz.	All	spectra	were	recorded	between	294.4	and	295.2	K.	
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Figure S3.11. Cyclic	voltammogram	recorded	for	a	0.5	mM	solution	of	3.1 in	o‐C6H4F2		

 

Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction.	The	voltammogram	displays	two	complete	cycles	
(5	segments)	and	was	recorded	at	100	mV/s.	
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Figure S3.12. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	3.1	in	o‐C6H4F2	

	
	
Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans.	Each	voltammogram	displays	two	
complete	cycles	(5	segments).	
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Figure S3.13. Scan	rate	dependence	of	cyclic	voltammograms’	peak	currents	of	a	0.5	mM	
solution	of	3.1 in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	
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Figure S3.14. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	3.1 in	o‐C6H4F2	

	
Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	 shown.	 Three	 complete	 cycles	 (7	 segments)	 are	 displayed	 for	 each	
voltammogram.	The	 first	voltammogram	highlights	 the	reversible	 feature	assigned	 to	 the	
one‐electron	oxidation	of	3.1.	Upon	extending	the	scan	range	almost	to	the	positive	edge	of	
the	accessible	potential	range	(second	voltammogram),	an	increase	in	current	is	observed	
close	to	the	edge	of	the	range,	while	the	current	of	the	reversible	wave’s	reduction	(at	–0.183	
V	vs	[Cp2Fe]0/1+)	is	diminished.	In	addition,	a	second	reduction	feature	appears	(at	ca.	–0.606	
V	vs	[Cp2Fe]0/1+).	Upon	extending	the	range	to	the	negative	edge	(the	third	voltammogram),	
two	electrochemically	irreversible	(up	to	1000	mV/s)	reduction	features	are	observed	(at	E°	
=	 –1.725	 V	 and	 –2.389	 V	 vs	 [Cp2Fe]0/1+)	 and	 give	 rise	 to	 similarly	 electrochemically	
irreversible	oxidation	features	(at	ca.	–1.033	V	and	–0.677	V	vs	[Cp2Fe]0/1+).	In	addition,	the	
cathodic	wave	of	the	originally	reversible	feature	(at	–0.184	V	vs	[Cp2Fe]0/1)	is	diminished	in	
the	second	and	third	cycles.		
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Figure S3.15. Cyclic	voltammogram	recorded	for	a	0.5	mM	solution	of	3.3 in	o‐C6H4F2		

 

Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	 initial	 potential	 and	 scanning	 direction.	 The	 voltammogram	 displays	 the	 first	 three	
complete	cycles	(7	segments)	and	was	recorded	at	100	mV/s.	
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Figure S3.16. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	3.3	in	o‐C6H4F2	

	
	
Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans.	Each	voltammogram	displays	one	
complete	cycle	(3	segments).	
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Figure S3.17. Scan	rate	dependence	of	cyclic	voltammograms’	peak	currents	of	a	0.5	mM	
solution	of	3.3 in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	
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Figure S3.18. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	3.3 in	o‐C6H4F2	

	
Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	 shown.	 Three	 complete	 cycles	 (7	 segments)	 are	 displayed	 for	 each	
voltammogram.	The	first	voltammogram	displays	the	quasireversible	(nearly	irreversible	at	
100	mV/s)	feature	assigned	to	the	one‐electron	oxidation	of	3.3.	Upon	extending	the	scan	
range	almost	to	the	positive	edge	of	the	accessible	potential	range	(second	voltammogram),	
a	second	oxidation	event	is	observed	(at	ca.	0.928	V	vs	[Cp2Fe]0/1+).	Upon	sweeping	back	in	
the	cathodic	direction,	the	current	of	the	quasireversible	wave’s	reduction	(at	–0.160	V	vs	
[Cp2Fe]0/1+)	 is	 significantly	 diminished	while	 a	 second	 reduction	 feature	 appears	 at	 ca.	 –
0.624	 V	 vs	 [Cp2Fe]0/1+.	 Upon	 extending	 the	 range	 to	 the	 negative	 edge	 (the	 third	
voltammogram),	two	electrochemically	irreversible	(up	to	2000	mV/s)	reduction	features	
are	observed	(at	E°	=	–1.681	V	and	–2.371	V	vs	[Cp2Fe]0/1+)	and	give	rise	to	three	similarly	
electrochemically	irreversible	oxidation	features	(at	ca.	–1.006	V,	–0.765	V,	and	–0.490	V	vs	
[Cp2Fe]0/1+).	In	addition,	the	cathodic	wave	of	the	originally	quasireversible	feature	(at	ca.	–
0.200	V	vs	[Cp2Fe]0/1)	is	diminished	in	the	second	and	third	cycles.		
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Figure S3.19. Cyclic	voltammogram	recorded	for	a	0.5	mM	solution	of	3.2 in	o‐C6H4F2		

 

Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction.	The	voltammogram	displays	the	two	complete	
cycles	(5	segments)	and	was	recorded	at	100	mV/s.	The	peak‐to‐peak	separation	(ΔEp)	is	
0.085	V	and	the	ipa/ipc	ratio	is	1.15.	
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Figure S3.20. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	3.2	in	o‐C6H4F2	

	
	
Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans.	Each	voltammogram	displays	two	
complete	cycles	(5	segments).	
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Figure S3.21. Scan	rate	dependence	of	cyclic	voltammograms’	peak	currents	of	a	0.5	mM	
solution	of	3.2 in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	
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Figure S3.22. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	3.2 in	o‐C6H4F2	

	
Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	 shown.	 Two	 complete	 cycles	 (5	 segments)	 are	 displayed	 the	 top	 two	
voltammograms.	 Three	 complete	 cycles	 (7	 segments)	 are	 displayed	 for	 the	 third	
voltammogram.	The	first	voltammogram	displays	the	quasireversible	feature	assigned	to	the	
one‐electron	oxidation	of	3.2.	Upon	extending	the	scan	range	almost	to	the	positive	edge	of	
the	accessible	potential	range	(second	voltammogram),	an	increase	is	current	observed	at	
the	 edge	 of	 the	 range.	 Upon	 sweeping	 back	 in	 the	 cathodic	 direction,	 the	 current	 of	 the	
quasireversible	wave’s	reduction	(at	0.142V	vs	[Cp2Fe]0/1+)	is	significantly	diminished	while	
a	second	reduction	feature	appears	at	ca.	–0.236	V	vs	[Cp2Fe]0/1+.	Upon	extending	the	range	
to	the	negative	edge	(the	third	voltammogram),	 two	electrochemically	 irreversible	(up	to	
1000	mV/s)	reduction	features	are	observed	(at	E°	=	–1.611	V	and	–2.335	V	vs	[Cp2Fe]0/1+)	
and	give	rise	to	two	similarly	electrochemically	irreversible	oxidation	features	(at	ca.	–0.853	
V	 and	 –0.455	 V	 vs	 [Cp2Fe]0/1+).	 In	 addition,	 the	 cathodic	 wave	 of	 the	 originally	
quasireversible	feature	is	significantly	diminished	in	the	second	and	third	cycles.	 
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Figure S3.23. Cyclic	voltammogram	recorded	for	a	0.5	mM	solution	of	3.4 in	o‐C6H4F2		

 

Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction.	The	voltammogram	displays	two	complete	cycles	
(5	segments)	and	was	recorded	at	100	mV/s.	The	peak‐to‐peak	separation	(ΔEp)	is	0.075	V	
and	the	ipa/ipc	ratio	is	1.40.	
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Figure S3.24. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	3.4	in	o‐C6H4F2	

	
	
Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans.	Each	voltammogram	displays	two	
complete	cycles	(5	segments).	
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Figure S3.25. Scan	rate	dependence	of	cyclic	voltammograms’	peak	currents	of	a	0.5	mM	
solution	of 3.4 in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	supporting	electrolyte	
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Figure S3.26. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	3.4 in	o‐C6H4F2	

	
Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	shown.	Two	complete	cycles	 (5	segments)	are	displayed	 for	 the	 top	 two	
voltammograms	 while	 three	 complete	 cycles	 (7	 segments)	 are	 displayed	 for	 the	 third	
voltammogram.	The	first	voltammogram	displays	the	quasireversible	feature	assigned	to	the	
one‐electron	oxidation	of	3.4.	Upon	extending	the	scan	range	almost	to	the	positive	edge	of	
the	accessible	potential	range	(second	voltammogram),	a	broad	second	oxidation	event	is	
observed	(at	ca.	0.743	V	vs	[Cp2Fe]0/1+).	Upon	sweeping	back	in	the	cathodic	direction,	the	
current	of	the	quasireversible	wave’s	reduction	event	(at	0.033	V	vs	[Cp2Fe]0/1+)	is	partially	
diminished	while	a	second	reduction	feature	appears	at	ca.	–0.652	V	vs	[Cp2Fe]0/1+.	Upon	
extending	the	range	to	the	negative	edge	(the	third	voltammogram),	two	electrochemically	
irreversible	(up	to	2000	mV/s)	reduction	features	are	observed	(at	E°	=	–1.646	V	and	–2.408	
V	 vs	 [Cp2Fe]0/1+)	 and	 give	 rise	 to	 two	 similarly	 electrochemically	 irreversible	 oxidation	
features	(at	ca.	–0.763V	and	–0.473	V	vs	[Cp2Fe]0/1+).	In	addition,	the	cathodic	wave	of	the	
originally	quasireversible	feature	is	diminished	in	the	second	and	third	cycles.		
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Figure S3.27. Cyclic	 voltammogram	 recorded	 for	 a	 0.5	 mM	 solution	 of	 [Cu2(µ‐η1:η1‐
C≡C(C6H4)CF3)DPFN](NTf2)	in	o‐C6H4F2		

 

Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction.	The	voltammogram	displays	two	complete	cycles	
(5	segments)	and	was	recorded	at	100	mV/s.	The	peak‐to‐peak	separation	(ΔEp)	is	0.079	V	
and	the	ipa/ipc	ratio	is	1.02.	
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Figure S3.28. Cyclic	voltammograms	recorded	at	multiple	scan	rates	for	a	0.5	mM	solution	
of	[Cu2(µ‐η1:η1‐C≡C(C6H4)CF3)DPFN](NTf2)	in	o‐C6H4F2	

	
	
Notes: Solution	contained	0.1	M	[nBu4N][PF6]	supporting	electrolyte.	The	arrow	indicates	
the	initial	potential	and	scanning	direction	for	all	scans.	Each	voltammogram	displays	two	
complete	cycles	(5	segments).	
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Figure S3.29. Scan	rate	dependence	of	cyclic	voltammograms’	peak	currents	of	a	0.5	mM	
solution	of [Cu2(µ‐η1:η1‐C≡C(C6H4)CF3)DPFN](NTf2) in	o‐C6H4F2	with	0.1	M	[nBu4N][PF6]	
supporting	electrolyte	
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Figure S3.30. Cyclic	voltammograms	recorded	for	a	0.5	mM	solution	of	[Cu2(µ‐η1:η1‐
C≡C(C6H4)CF3)DPFN](NTf2)	in	o‐C6H4F2	

	
Details:	 Solution	 contained	 0.1	 M	 [nBu4N][PF6]	 as	 supporting	 electrolyte.	 The	 arrows	
indicate	 the	 initial	 potentials	 and	 scanning	 directions.	 Scan	 rate	 was	 100	 mV/s	 for	 all	
voltammograms	shown.	Two	complete	cycles	 (5	segments)	are	displayed	 for	 the	 top	 two	
voltammograms	 while	 three	 complete	 cycles	 (7	 segments)	 are	 displayed	 for	 the	 third	
voltammogram.	The	first	voltammogram	displays	the	reversible	feature	assigned	to	the	one‐
electron	 oxidation	 of [Cu2(µ‐η1:η1‐C≡C(C6H4)CF3)DPFN](NTf2).	 Upon	 extending	 the	 scan	
range	almost	to	the	positive	edge	of	the	accessible	potential	range	(second	voltammogram),	
a	small	second	oxidation	event	is	observed	(at	ca.	0.944	V	vs	[Cp2Fe]0/1+).	Upon	sweeping	
back	in	the	cathodic	direction,	the	current	of	the	reversible	wave’s	reduction	event	(at	0.075	
V	vs	[Cp2Fe]0/1+)	is	partially	diminished	while	a	very	small	second	reduction	feature	appears	
at	 ca.	 –0.218	 V	 vs	 [Cp2Fe]0/1+.	 Upon	 extending	 the	 range	 to	 the	 negative	 edge	 (the	 third	
voltammogram),	two	electrochemically	irreversible	(up	to	1000	mV/s)	reduction	features	
are	observed	(at	E°	=	–1.647	V	and	–2.390	V	vs	[Cp2Fe]0/1+)	and	give	rise	to	two	similarly	
electrochemically	 irreversible	 oxidation	 features	 (at	 ca.	 –0.787	 V	 and	 –0.285	 V	 vs	
[Cp2Fe]0/1+).	In	addition,	the	cathodic	wave	of	the	originally	reversible	feature	is	diminished	
in	the	second	and	third	cycles.  
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SINGLE-CRYSTAL X-RAY DIFFRACTION CRYSTAL STRUCTURE DETAILS 

Figure SC3.1. Solid	state	structure	of	[Cu2(µ‐η1:η1‐CH3)DPFN](NTf2)	(3.1)	as	determined	
by	single‐crystal	X‐ray	diffraction	
	

	

Details:	Only	one	dicopper	cation	 in	 the	asymmetric	unit	 is	shown;	 the	other	cation,	 two	
NTf2–	 anions,	 and	hydrogen	 atoms	 on	 the	DFPN	 ligand	 are	 omitted	 for	 clarity.	Displayed	
hydrogen	atoms	were	located	in	the	difference	electron	density	map	and	refined	isotopically.	
Thermal	ellipsoids	are	set	at	the	50%	probability	level.	Selected	bond	lengths	[Å]	and	angles	
[˚]	for	the	cation	shown:	Cu1···Cu2:	2.3527(3),	Cu1–N1:	2.125(2),	Cu1–N3:	2.099(2),	Cu1–N4:	
2.078(2),	Cu2–N2:	2.108(2),	Cu2–N5:	2.086(2),	Cu2–N6:	2.142(2),	Cu1–C31:	2.075(2),	Cu2–
C31:	 2.067(3),	 Cu1–C31–Cu2:	 69.22(9),	 C31–Cu1–Cu2:	 55.23(8),	 C31–Cu2–Cu1:	 55.54(8),	
H31A–C31–H31B:	101(4),	H31B–C31–H31C:	103(4),	H31C–C31–H31A:	108(4).	
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Table SC3.1.		Crystal	data	and	structure	refinement	for	[Cu2(µ‐η1:η1‐CH3)DPFN](NTf2)	(3.1)	

 

Empirical	formula		 C33H23Cu2F8N7O4S2	

Formula	weight		 924.78	

Temperature		 100(2)	K	

Wavelength		 0.7749	Å	

Crystal	system		 Triclinic	

Space	group		 P 	

Unit	cell	dimensions	 a	=	13.3097(7)	Å	 α=	76.428(2)°	

	 b	=	14.4543(7)	Å	 β=	77.660(3)°	

	 c	=	20.0509(10)	Å	 γ	=	69.092(2)°	

Volume	 3466.8(3)	Å3	

Z	 4	

Density	(calculated)	 1.772	Mg/m3	

Absorption	coefficient	 1.822	mm–1	

F(000)	 1856	

Crystal	size	 0.690	x	0.240	x	0.180	mm3	

Theta	range	for	data	collection	 2.040	to	37.331°	

Index	ranges	 –20<=h<=20,	–22<=k<=22,	–31<=l<=31	

Reflections	collected	 54384	

Independent	reflections	 27199	[R(int)	=	0.0400]	

Completeness	to	theta	=	35.000°	 99.2	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.7473	and	0.4597	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 27199	/	0	/	1070	

Goodness‐of‐fit	on	F2	 1.075	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0496,	wR2	=	0.1076	

R	indices	(all	data)	 R1	=	0.0773,	wR2	=	0.1209	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 1.252	and	–1.165	e/Å3	
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Figure SC3.2. Solid	state	structure	of	[Cu2(µ‐Cl)DPFN](NTf2)·(C4H8O)	(3.2·(C4H8O))	as	
determined	by	single‐crystal	X‐ray	diffraction	
	

	

Details:	The	NTf2–	anion,	cocrystallizing	molecule	of	THF,	and	hydrogen	atoms	are	omitted	
for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	probability	level.	Selected	bond	lengths	[Å]	
and	 angles	 [˚]	 for	 the	 cation	 shown:	 Cu1···Cu2:	 2.5704(5),	 Cu1–N1:	 2.053(2),	 Cu1–N3:	
2.083(2),	Cu1–N4:	2.088(2),	Cu2–N2:	2.051(2),	Cu2–N5:	2.086(2),	Cu2–N6:	2.093(2),	Cu1–
Cl1:	 2.2438(6),	 Cu2–Cl1:	 2.2469(6),	 Cu1–Cl1–Cu2:	69.83(2),	 Cl1–Cu1–Cu2:	55.14(2),	 Cl1–
Cu2–Cu1:	55.03(2).	
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Table SC3.2.	 	 Crystal	 data	 and	 structure	 refinement	 for	 [Cu2(µ‐Cl)DPFN](NTf2)·(C4H8O)	
(3.2·(C4H8O))		
	

Empirical	formula		 C36H28ClCu2F8N7O5S2	

Formula	weight		 1017.30	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Monoclinic	

Space	group		 P21/c	

Unit	cell	dimensions	 a	=	14.7626(5)	Å	 α	=	90°	

	 b	=	17.4755(5)	Å	 β	=	95.267(2)°	

	 c	=	14.7269(5)	Å	 γ	=	90°	

Volume	 3783.3(2)	Å3	

Z	 4	

Density	(calculated)	 1.786	Mg/m3	

Absorption	coefficient	 1.400	mm–1	

F(000)	 2048	

Crystal	size	 0.100	x	0.080	x	0.010	mm3	

Theta	range	for	data	collection	 1.385	to	29.129°	

Index	ranges	 –20<=h<=20,	–23<=k<=21,	–20<=l<=20	

Reflections	collected	 63161	

Independent	reflections	 10070	[R(int)	=	0.0289]	

Completeness	to	theta	=	29.000°	 99.1	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.6297	and	0.5658	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 10070	/	0	/	578	

Goodness‐of‐fit	on	F2	 1.053	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0375,	wR2	=	0.0970	

R	indices	(all	data)	 R1	=	0.0466,	wR2	=	0.1027	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 1.096	and	–1.115	e/Å3	
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Figure SC3.3. Solid	state	structure	of	[Cu2(µ‐η1:η1‐CH2C(CH3)3)DPFN](NTf2)·(C4H8O)	
(3.3·(C4H8O))	as	determined	by	single‐crystal	X‐ray	diffraction	
	

	

Details:	Only	one	dicopper	cation	in	the	asymmetric	unit	is	shown;	the	three	other	cations,	
four	NTf2–	 anions,	 four	 cocrystallizing	THF	molecules,	 and	 hydrogen	 atoms	 on	DPFN	 are	
omitted	for	clarity.	Displayed	hydrogen	atoms	bound	to	C31	were	located	in	the	difference	
electron	density	map	and	refined.	Thermal	ellipsoids	are	set	at	the	50%	probability	level.	
Selected	bond	lengths	[Å]	and	angles	[˚]	for	the	cation	shown:	Cu1···Cu2:	2.374(1),	Cu1–N1:	
2.156(4),	Cu1–N3:	2.141(4),	Cu1–N4:	2.157(4),	Cu2–N2:	2.163(4),	Cu2–N5:	2.199(4),	Cu2–
N6:	 2.054(4),	 Cu1–C31:	 2.099(5),	 Cu2–C31:	 2.112(5),	 C31–C32:	 1.547(7),	 Cu1–C31–Cu2:	
68.6(2),	 C31–Cu1–Cu2:	 55.9(1),	 C31–Cu2–Cu1:	 55.4(1),	 H31A–C31–C32:	 112(3),	 H31B–
C31–C32:	103(3),	H31A–C31–H31B:	100(4). 
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Figure SC3.4. Solid	state	structure	of	[Cu2(µ‐η1:η1‐CH2C(CH3)3)DPFN](NTf2)·(C4H8O) 
(3.3·(C4H8O))	as	determined	by	single‐crystal	X‐ray	diffraction	
	

 
Details: Only	one	dicopper	cation	in	the	asymmetric	unit	 is	shown,	the	same	as	in	Figure	
SC3.3.	The	three	other	cations,	 four	NTf2–	anions,	 four	cocrystallizing	THF	molecules,	and	
hydrogen	atoms	on	DPFN	are	omitted	for	clarity.	Displayed	hydrogen	atoms	bound	to	C31	
were	located	in	the	difference	electron	density	map	and	refined.	Thermal	ellipsoids	are	set	
at	 the	 50%	 probability	 level.	 Selected	 angle	 [˚]	 for	 the	 cation	 shown:	 C32–C31–centroid	
between	Cu1	and	Cu2:	129.5.	
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Table SC3.3.	 	 Crystal	 data	 and	 structure	 refinement	 for	 [Cu2(µ‐η1:η1‐CH2C(CH3)3)DPFN]	
(NTf2)·(C4H8O) (3.3·(C4H8O))	
	

Empirical	formula		 C41H39Cu2F8N7O5S2	

Formula	weight		 1052.99	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Monoclinic	

Space	group		 P21/c	

Unit	cell	dimensions	 a	=	15.8674(5)	Å	 α	=	90°	

	 b	=	23.5913(8)	Å	 β	=	97.698(2)°	

	 c	=	45.9462(15)	Å	 γ	=	90°	

Volume	 17044.2(10)	Å3	

Z	 16	

Density	(calculated)	 1.641	Mg/m3	

Absorption	coefficient	 1.186	mm–1	

F(000)	 8576	

Crystal	size	 0.050	x	0.050	x	0.030	mm3	

Theta	range	for	data	collection	 0.972	to	26.373°	

Index	ranges	 –19<=h<=19,	–28<=k<=29,	–57<=l<=57	

Reflections	collected	 133840	

Independent	reflections	 34708	[R(int)	=	0.0666]	

Completeness	to	theta	=	26.000°	 99.9	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.6745	and	0.6215	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 34708	/	12	/	2646	

Goodness‐of‐fit	on	F2	 1.039	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0657,	wR2	=	0.1704	

R	indices	(all	data)	 R1	=	0.1134,	wR2	=	0.1981	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 2.211	and	–1.206	e/Å3	
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Figure SC3.5. Solid	state	structure	of	[Cu2(µ‐η1:η1‐OC6F5)DPFN](NTf2)·2(o‐
C6H4F2)·0.5(C5H12)	(3.4·2(o‐C6H4F2)·0.5(C5H12))	as	determined	by	single‐crystal	X‐ray	
diffraction	

	
Details:	The	NTf2–	anion,	two	cocrystallizing	ortho‐difluorobenzene	molecules,	one‐half	of	a	
cocrystallizing	 pentane	 molecule,	 and	 hydrogen	 atoms	 are	 omitted	 for	 clarity.	 Thermal	
ellipsoids	 are	 set	 at	 the	 50%	 probability	 level.	 Selected	 bond	 lengths	 [Å]	 and	 angles	 [˚]:	
Cu1···Cu2:	 2.675(1),	 Cu1–N1:	 2.071(3),	 Cu1–N3:	 2.068(3),	 Cu1–N4:	 2.054(3),	 Cu2–N2:	
2.034(3),	Cu2–N5:	2.103(3),	Cu2–N6:	2.045(3),	Cu1–O1:	2.002(2),	Cu2–O2:	1.989(3),	Cu1–
O1–Cu2:	84.18(9),	O1–Cu1–Cu2:	47.69(7),	O1–Cu2–Cu1:	48.13(7).	
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Figure SC3.6. Solid	state	structure	of	[Cu2(µ‐η1:η1‐OC6F5)DPFN](NTf2)·2(o‐
C6H4F2)·0.5(C5H12)	(3.4·2(o‐C6H4F2)·0.5(C5H12))	as	determined	by	single‐crystal	X‐ray	
diffraction	

 

 

Details: As	 in Figure	 SC3.5,	 the	 NTf2–	 anion,	 two	 cocrystallizing	 ortho‐difluorobenzene	
molecules,	one‐half	of	a	cocrystallizing	pentane	molecule,	and	hydrogen	atoms	are	omitted	
for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	probability	level.	Selected	angle	[˚]:	C31–
O1–centroid	between	Cu1	and	Cu2:	148.18.	
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Table SC3.4.	 	 Crystal	 data	 and	 structure	 refinement	 for	 [Cu2(µ‐η1:η1‐OC6F5)DPFN]	
(NTf2)·2(o‐C6H4F2)·0.5(C5H12)	(3.5·2(o‐C6H4F2)·0.5(C5H12))	
	

Empirical	formula		 C52.50H34Cu2F17N7O5S2	

Formula	weight		 1357.06	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Tetragonal	

Space	group		 P43212	

Unit	cell	dimensions	 a	=	14.5357(8)	Å	 a=	90°	

	 b	=	14.5357(8)	Å	 b=	90°	

	 c	=	49.499(3)	Å	 g	=	90°	

Volume	 10458.5(13)	Å3	

Z	 8	

Density	(calculated)	 1.724	Mg/m3	

Absorption	coefficient	 1.012	mm–1	

F(000)	 5448	

Crystal	size	 0.120	x	0.110	x	0.100	mm3	

Theta	range	for	data	collection	 1.460	to	27.510°	

Index	ranges	 –17<=h<=17,	–18<=k<=18,	–61<=l<=64	

Reflections	collected	 94805	

Independent	reflections	 11936	[R(int)	=	0.0340]	

Completeness	to	theta	=	27.500°	 99.6	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.6653	and	0.6274	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 11936	/	6	/	888	

Goodness‐of‐fit	on	F2	 1.103	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0302,	wR2	=	0.0804	

R	indices	(all	data)	 R1	=	0.0328,	wR2	=	0.0815	

Absolute	structure	parameter	 0.002(2)	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 0.315	and	–0.621	e/Å3	
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Figure SC3.7. Solid	state	structure	of	[Cu3DPFN2](NTf2)3·2(o‐C6H4F2)	(3.5·2(o‐C6H4F2))	as	
determined	by	single‐crystal	X‐ray	diffraction	

	
Details:	The	three	NTf2–	anions,	two	cocrystallizing	ortho‐difluorobenzene	molecules,	and	
hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	probability	
level.	Selected	bond	lengths	[Å]	and	angles	[˚]:	Cu1···Cu2:	3.2327(6),	Cu1···Cu3:	3.5101(7),	
Cu2···Cu3:	 6.5915(7),	 Cu1–N1:	 1.923(3),	 Cu1–N7:	 1.921(3),	 Cu1–N2:	 2.562(3),	 Cu1–N8:	
2.561(3),	Cu2–N3:	2.098(4),	Cu2–N4:	2.007(3),	Cu2–N11:	2.013(3),Cu2–N12:	2.062(4),	Cu3–
N5:	 2.000(4),	 Cu3–N6:	 2.063(4),	 Cu3–N9:	 2.062(4),	 Cu3–N10:	 2.007(3);	 Cu2···Cu1···Cu3:	
155.66(2).	
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Figure SC3.8. Solid	state	structure	of	[Cu3DPFN2](NTf2)3·2(o‐C6H4F2)	(3.5·2(o‐C6H4F2))	as	
determined	by	single‐crystal	X‐ray	diffraction	

	
Details:	The	three	NTf2–	anions,	two	cocrystallizing	ortho‐difluorobenzene	molecules,	and	
hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	probability	
level.		
	 	



 

215 
 

Table SC3.5.	 Crystal	 data	 and	 structure	 refinement	 for	 [Cu3DPFN2](NTf2)3·2(o‐C6H4F2)	
(3.5·2(o‐C6H4F2))	
	

Empirical	formula		 C78H48Cu3F26N15O12S	

Formula	weight		 2264.29	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Triclinic	

Space	group		 P 	

Unit	cell	dimensions	 a	=	13.2293(8)	Å	 a=	91.311(3)°	

	 b	=	14.2590(8)	Å	 b=	100.758(3)°	

	 c	=	23.4954(13)	Å	 g	=	96.298(3)°	

Volume	 4323.6(4)	Å3	

Z	 2	

Density	(calculated)	 1.739	Mg/m3	

Absorption	coefficient	 1.003	mm–1	

F(000)	 2268	

Crystal	size	 0.11	x	0.10	x	0.03	mm3	

Theta	range	for	data	collection	 0.883	to	27.547°	

Index	ranges	 –17<=h<=15,	–18<=k<=18,	–30<=l<=30	

Reflections	collected	 74317	

Independent	reflections	 19642	[R(int)	=	0.0364]	

Completeness	to	theta	=	27.500°	 98.8	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.7041	and	0.6318	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 19642	/	15	/	1493	

Goodness‐of‐fit	on	F2	 1.031	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0623,	wR2	=	0.1466	

R	indices	(all	data)	 R1	=	0.0884,	wR2	=	0.1624	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 1.984	and	–0.919	e/Å3	
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COMPUTATIONAL DETAILS 

All	 calculations	 were	 performed	 with	 the	 QChem	 (v.	 5.0.1).11	 Starting	 from	 the	
crystallographically	determined	atomic	coordinates	of	 the relevant	complexes,	 the	anions	
and	cocrystallized	solvent	molecules	were	deleted,	and	 the	geometry	of	 the	cations	were	
optimized.	Calculations	employed	the	ωB97X‐D	functional12	and	the	def2‐svp	basis	set	for	
all	atoms	and	used	a	(99,590)	integration	grid.	Energy	decomposition	analysis	was	carried	
out	 as	 described	 previously,13	 with	 the	 final	 energy	 scaled	 as	 described	 therein.	
Visualizations	were	performed	with	the	IQmol	software	package.14	
	

Figure SCD3.1. Primarily	three‐centered,	two‐electron	canonical	orbital	of	[Cu2(µ‐η1:η1‐
Ph)DPFN]+	
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Figure SCD3.2. Primarily	three‐centered,	two‐electron	canonical	orbital	of	[Cu2(µ‐η1:η1‐	‐
C≡C(C6H4)CH3)DPFN]+	

	

 

  



 

218 
 

Table SCD3.1. Atomic	coordinates	and	energy	of	the	calculated	structure	of	[Cu2(µ‐η1:η1‐
CH3)DPFN]+  

	 x y z 
C	 –2.46209	 1.5204	 0.04901	
C	 –3.80942	 1.12277	 0.24952	
H	 –4.60682	 1.86228	 0.22582	
C	 –4.07083	 –0.20488	 0.46786	
H	 –5.09346	 –0.55474	 0.62622	
C	 –3.00114	 –1.13435	 0.48765	
C	 –3.15746	 –2.52621	 0.7026	
H	 –4.15513	 –2.94039	 0.8652	
C	 –2.05279	 –3.3369	 0.70268	
H	 –2.13572	 –4.40937	 0.86509	
C	 –0.7807	 –2.74706	 0.48498	
C	 –1.69079	 –0.6398	 0.27769	
C	 –2.13756	 2.99928	 –0.20518	
C	 –1.24114	 3.58274	 0.8974	
C	 –1.69549	 4.63428	 1.69212	
H	 –2.69016	 5.05111	 1.5451	
C	 –0.84175	 5.13559	 2.67174	
H	 –1.16506	 5.95961	 3.31064	
C	 0.42348	 4.57612	 2.82343	
H	 1.12126	 4.94198	 3.57746	
C	 0.78655	 3.52901	 1.98345	
H	 1.76819	 3.05303	 2.05648	
C	 –1.53321	 3.20831	 –1.60204	
C	 –2.19014	 3.99996	 –2.54278	
H	 –3.13751	 4.47717	 –2.29912	
C	 –1.59943	 4.16267	 –3.79365	
H	 –2.08761	 4.77582	 –4.55352	
C	 –0.38481	 3.53694	 –4.05907	
H	 0.10973	 3.64052	 –5.02557	
C	 0.19457	 2.76796	 –3.05549	
H	 1.14993	 2.25791	 –3.20579	
C	 0.47162	 –3.63419	 0.48548	
C	 1.43157	 –3.25048	 1.62007	
C	 1.73299	 –4.16503	 2.62811	
H	 1.28734	 –5.15801	 2.62511	
C	 2.61677	 –3.77169	 3.63016	
H	 2.87601	 –4.46439	 4.43309	
C	 3.16313	 –2.49222	 3.59129	
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H	 3.86212	 –2.14955	 4.35504	
C	 2.79887	 –1.65093	 2.54523	
H	 3.19952	 –0.63657	 2.46517	
C	 1.16757	 –3.6277	 –0.88286	
C	 1.28248	 –4.8054	 –1.61987	
H	 0.88064	 –5.74087	 –1.23519	
C	 1.92546	 –4.74831	 –2.85387	
H	 2.03302	 –5.65207	 –3.45677	
C	 2.42547	 –3.53037	 –3.30491	
H	 2.9365	 –3.44677	 –4.26474	
C	 2.26051	 –2.40978	 –2.49752	
H	 2.63409	 –1.42845	 –2.80271	
N	 –1.45692	 0.67767	 0.06337	
N	 –0.61099	 –1.46171	 0.28105	
N	 –0.02986	 3.04755	 1.04481	
N	 –0.37095	 2.60975	 –1.85794	
N	 1.95249	 –2.02517	 1.58545	
N	 1.64528	 –2.46233	 –1.31587	
F	 –3.32937	 3.68741	 –0.16888	
F	 0.0529	 –4.92413	 0.72402	
Cu	 0.56978	 1.46892	 –0.28953	
Cu	 1.41831	 –0.71083	 –0.05429	
C	 2.58951	 0.93793	 –0.48737	
H	 3.34345	 0.74044	 0.29804	
H	 2.59787	 2.0475	 –0.57217	
H	 3.04775	 0.60283	 –1.43688	

 

Final energy: –5002.1797672498 Ha  
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Table SCD3.2. Atomic	coordinates	and	energy	of	the	calculated	structure	of	[Cu2(µ‐η1:η1‐
Ph)DPFN]+  

	 x y z 
C	 –0.22429	 –3.13126	 0.33813	
C	 0.08462	 –4.2858	 –0.42635	
H	 –0.09158	 –5.27589	 –0.0121	
C	 0.60262	 –4.11655	 –1.68259	
H	 0.85405	 –4.97706	 –2.30658	
C	 0.81019	 –2.80683	 –2.18025	
C	 1.32695	 –2.52439	 –3.46836	
H	 1.59277	 –3.34617	 –4.13691	
C	 1.48084	 –1.22172	 –3.8615	
H	 1.86824	 –0.96543	 –4.84489	
C	 1.11811	 –0.19452	 –2.95279	
C	 0.47754	 –1.71485	 –1.34157	
C	 –0.81338	 –3.30437	 1.74346	
C	 0.12832	 –2.77267	 2.83359	
C	 0.62933	 –3.63551	 3.80675	
H	 0.38372	 –4.69566	 3.78631	
C	 1.44047	 –3.10104	 4.80491	
H	 1.84825	 –3.7482	 5.58376	
C	 1.71131	 –1.73665	 4.80048	
H	 2.32985	 –1.27635	 5.57162	
C	 1.16784	 –0.95732	 3.78446	
H	 1.33729	 0.12128	 3.74112	
C	 –2.20939	 –2.6766	 1.8693	
C	 –3.31194	 –3.47652	 2.1643	
H	 –3.19725	 –4.55227	 2.28407	
C	 –4.55266	 –2.86054	 2.30953	
H	 –5.43613	 –3.45794	 2.54283	
C	 –4.64608	 –1.48011	 2.16342	
H	 –5.59684	 –0.9584	 2.27798	
C	 –3.48913	 –0.76698	 1.86715	
H	 –3.5025	 0.31998	 1.756	
C	 1.27317	 1.26909	 –3.38203	
C	 2.3017	 2.01966	 –2.5249	
C	 3.44762	 2.5532	 –3.11198	
H	 3.64052	 2.41623	 –4.17429	
C	 4.32714	 3.27005	 –2.30436	
H	 5.23392	 3.70272	 –2.73134	
C	 4.02875	 3.4344	 –0.95566	
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H	 4.68248	 4.00337	 –0.29383	
C	 2.86277	 2.85932	 –0.46064	
H	 2.57441	 2.96818	 0.58783	
C	 –0.07292	 2.00748	 –3.40162	
C	 –0.56691	 2.53123	 –4.59501	
H	 –0.01504	 2.40638	 –5.52466	
C	 –1.77522	 3.22275	 –4.55993	
H	 –2.19045	 3.64722	 –5.476	
C	 –2.43751	 3.37058	 –3.34537	
H	 –3.38083	 3.91318	 –3.27511	
C	 –1.8652	 2.81053	 –2.20797	
H	 –2.33689	 2.90798	 –1.22722	
N	 –0.03126	 –1.90722	 –0.09738	
N	 0.64557	 –0.43085	 –1.75048	
N	 0.40232	 –1.46875	 2.81904	
N	 –2.30178	 –1.35598	 1.71678	
N	 2.02654	 2.15908	 –1.22885	
N	 –0.71314	 2.13887	 –2.24054	
F	 –0.9566	 –4.65762	 1.95319	
F	 1.74968	 1.25872	 –4.67423	
Cu	 –0.49848	 –0.25654	 1.2439	
Cu	 0.19161	 1.26981	 –0.46243	
C	 –0.40116	 1.76672	 1.40928	
C	 0.61988	 2.24075	 2.27011	
H	 1.60505	 1.76116	 2.23591	
C	 0.43288	 3.29161	 3.16932	
H	 1.25428	 3.61478	 3.81466	
C	 –0.80456	 3.92997	 3.2469	
H	 –0.96116	 4.75129	 3.94957	
C	 –1.84124	 3.50455	 2.41661	
H	 –2.81495	 3.99928	 2.46536	
C	 –1.63572	 2.45092	 1.52485	
H	 –2.4751	 2.14492	 0.88952	

 

Final energy: –5193.7318356684	Ha  
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Table SCD3.3. Atomic	coordinates	and	energy	of	the	calculated	structure	of	[Cu2(µ‐η1:η1‐
C≡C(C6H5))DPFN]+  

	 x y z 

C	 1.76772	 –2.96454	 –0.84919	

C	 2.32863	 –3.69611	 –1.92775	

H	 2.80532	 –4.65656	 –1.74431	

C	 2.25459	 –3.16202	 –3.18765	

H	 2.67759	 –3.68982	 –4.0453	

C	 1.62376	 –1.90761	 –3.37934	

C	 1.49185	 –1.2636	 –4.63472	

H	 1.89645	 –1.73853	 –5.53126	

C	 0.85981	 –0.04992	 –4.70876	

H	 0.74338	 0.47252	 –5.65562	

C	 0.35343	 0.52313	 –3.51374	

C	 1.08981	 –1.25516	 –2.24232	

C	 1.84798	 –3.53649	 0.57348	

C	 2.68104	 –2.63546	 1.49848	

C	 3.8447	 –3.11683	 2.09463	

H	 4.18693	 –4.13189	 1.90189	

C	 4.54809	 –2.26509	 2.94372	

H	 5.46315	 –2.61135	 3.42808	

C	 4.06865	 –0.97799	 3.16897	

H	 4.58971	 –0.28637	 3.83173	

C	 2.89796	 –0.58689	 2.52755	

H	 2.46587	 0.4072	 2.6713	

C	 0.45525	 –3.80608	 1.16395	

C	 0.07644	 –5.09687	 1.52721	

H	 0.75506	 –5.93521	 1.3813	

C	 –1.18764	 –5.27565	 2.08564	

H	 –1.51661	 –6.27246	 2.38583	

C	 –2.01879	 –4.17297	 2.26177	

H	 –3.01092	 –4.2741	 2.70328	

C	 –1.55301	 –2.9236	 1.8649	

H	 –2.15319	 –2.01661	 1.98172	

C	 –0.36538	 1.87811	 –3.57137	

C	 0.37037	 2.95093	 –2.75387	
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C	 0.87367	 4.09317	 –3.37331	

H	 0.76549	 4.2354	 –4.4471	

C	 1.5088	 5.0445	 –2.57787	

H	 1.91437	 5.95221	 –3.0289	

C	 1.61543	 4.82702	 –1.20727	

H	 2.1014	 5.55188	 –0.55336	

C	 1.08232	 3.65509	 –0.68048	

H	 1.12694	 3.43023	 0.38894	

C	 –1.83529	 1.76078	 –3.14074	

C	 –2.86128	 2.07944	 –4.02784	

H	 –2.63587	 2.39778	 –5.04409	

C	 –4.17485	 1.98307	 –3.57296	

H	 –5.00303	 2.22656	 –4.24128	

C	 –4.41531	 1.58034	 –2.26263	

H	 –5.42917	 1.50173	 –1.86849	

C	 –3.32516	 1.27956	 –1.45229	

H	 –3.44847	 0.96463	 –0.41219	

N	 1.17957	 –1.80066	 –1.00385	

N	 0.46605	 –0.05433	 –2.33998	

N	 2.2285	 –1.4001	 1.70895	

N	 –0.34498	 –2.75451	 1.32657	

N	 0.47958	 2.74211	 –1.44295	

N	 –2.06838	 1.36564	 –1.89039	

F	 2.49715	 –4.74668	 0.48583	

F	 –0.35489	 2.28572	 –4.88601	

Cu	 0.39635	 –0.82458	 0.77663	

Cu	 –0.39381	 0.96416	 –0.62133	

C	 –0.63191	 0.75643	 1.30997	

C	 –1.15259	 1.27874	 2.3	

C	 –1.75762	 1.88423	 3.45061	

C	 –1.18201	 3.01677	 4.05407	

H	 –0.26437	 3.43313	 3.63378	

C	 –1.77104	 3.60174	 5.17078	

H	 –1.31225	 4.48158	 5.62688	

C	 –2.94292	 3.06892	 5.70818	

C	 –3.52415	 1.94552	 5.11997	
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H	 –4.44124	 1.52382	 5.53692	

C	 –2.94031	 1.35869	 4.00154	

H	 –3.39628	 0.48021	 3.54029	

H	 –3.40257	 3.52846	 6.58541	
 

Final energy: –5269.8276128894	Ha   
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Table SCD3.4. Atomic	coordinates	and	energy	of	the	calculated	structure	of	[Cu2(µ‐η1:η1‐
OC6F5DPFN]+  

	 x y z 
C	 –0.08861	 –0.17906	 –3.59965	
C	 –0.58137	 –0.92749	 –4.6988	
H	 –0.25257	 –0.69043	 –5.70804	
C	 –1.4701	 –1.94151	 –4.45583	
H	 –1.87369	 –2.53993	 –5.27548	
C	 –1.86169	 –2.22211	 –3.1236	
C	 –2.7515	 –3.2621	 –2.75848	
H	 –3.18937	 –3.89581	 –3.53273	
C	 –3.04477	 –3.46615	 –1.43595	
H	 –3.71795	 –4.26008	 –1.12116	
C	 –2.44858	 –2.61646	 –0.46936	
C	 –1.32118	 –1.41968	 –2.09092	
C	 0.92104	 0.95029	 –3.85658	
C	 0.35544	 2.32899	 –3.48122	
C	 0.21075	 3.32856	 –4.44068	
H	 0.47305	 3.14233	 –5.48062	
C	 –0.27333	 4.56742	 –4.02472	
H	 –0.40211	 5.37431	 –4.74868	
C	 –0.58513	 4.76488	 –2.68224	
H	 –0.95792	 5.72378	 –2.32048	
C	 –0.41016	 3.70451	 –1.79943	
H	 –0.62835	 3.79749	 –0.73231	
C	 2.26822	 0.69375	 –3.15723	
C	 3.44114	 0.62348	 –3.90654	
H	 3.41207	 0.72553	 –4.98967	
C	 4.64393	 0.42887	 –3.23202	
H	 5.58132	 0.37597	 –3.78893	
C	 4.63515	 0.31152	 –1.84537	
H	 5.55645	 0.16689	 –1.28027	
C	 3.41516	 0.39114	 –1.18428	
H	 3.35603	 0.31007	 –0.09581	
C	 –2.74792	 –2.85262	 1.01892	
C	 –3.49428	 –1.67287	 1.66102	
C	 –4.75588	 –1.84639	 2.22612	
H	 –5.24893	 –2.81648	 2.20039	
C	 –5.35908	 –0.74352	 2.82794	
H	 –6.34629	 –0.84104	 3.28384	
C	 –4.68885	 0.47647	 2.84927	
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H	 –5.12805	 1.35704	 3.31921	
C	 –3.433	 0.55193	 2.25656	
H	 –2.85105	 1.47719	 2.24777	
C	 –1.47459	 –3.20167	 1.80992	
C	 –1.38432	 –4.41611	 2.48693	
H	 –2.20209	 –5.13295	 2.44417	
C	 –0.22876	 –4.67912	 3.21843	
H	 –0.12934	 –5.61964	 3.76356	
C	 0.78737	 –3.72895	 3.25	
H	 1.70402	 –3.89341	 3.81721	
C	 0.60858	 –2.54743	 2.53995	
H	 1.37452	 –1.7678	 2.53676	
N	 –0.4536	 –0.41039	 –2.35663	
N	 –1.63388	 –1.63318	 –0.7874	
N	 0.04217	 2.51691	 –2.2018	
N	 2.26107	 0.57605	 –1.82852	
N	 –2.86236	 –0.50185	 1.67293	
N	 –0.49633	 –2.29488	 1.8351	
F	 1.16434	 0.9678	 –5.21119	
F	 –3.58127	 –3.94569	 1.09067	
Cu	 0.3871	 0.87855	 –0.90514	
Cu	 –0.91385	 –0.48559	 0.84214	
C	 0.93413	 1.50962	 1.88599	
C	 2.07822	 2.27346	 1.57969	
C	 3.11604	 2.45969	 2.48739	
C	 3.02871	 1.92418	 3.77135	
C	 1.90136	 1.18138	 4.11777	
C	 0.87182	 1.00338	 3.19937	
O	 –0.0225	 1.30665	 1.01428	
F	 2.1887	 2.80458	 0.3586	
F	 4.18342	 3.15838	 2.13463	
F	 4.0112	 2.09961	 4.64157	
F	 1.80399	 0.65504	 5.32812	
F	 –0.19841	 0.29127	 3.56447	

 

Final energy: –5764.49685906570 Ha  
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Chapter 4.	Low‐Valent	Cobalt	Complexes	Supported	by	a	Moderately	Rigid	Xanthene‐
Based	Disilylamido	Ligand 
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INTRODUCTION  

Low‐coordinate,	first‐row	transition	metal	complexes	have	gained	popularity	as	their	
coordinative	unsaturation	and	open‐shell	electronic	structure	can	enable	unusual	reactivity	
and	magnetic	properties.1	Stabilization	of	these	metal	centers	generally	relies	on	strongly	
donating,	 sterically	 demanding	 ligands,	 such	 as	 silylamides,2–4	 terphenyls,5–7	 and	 cyclic	
carbenes.8–10	However,	in	some	of	these	complexes,	deviations	from	expected	coordination	
geometries,	often	via	interactions	with	the	π‐systems	of	aromatic	rings,	afford	metal	centers	
with	higher	coordination	than	otherwise	expected.3,5,11–14	Inspired	by	the	binding	observed	
in	 K{Ni[N(SiMe3)DIPP]2}	 (DIPP	 =	 2,6‐diisopropylphenyl),2	 where	 a	 potassium	 cation	 ties	
back	 the	 two	 aryl	 rings,	 a	 ligand	was	 designed	 to	 enforce	 a	 similar	 geometry	 and	 N···N	
distance	(ca.	3.7	Å)	while	minimizing	the	potential	for	interactions	between	the	metal	center	
and	ligand	arene	rings.		

LIGAND SYNTHESIS 

For	 this	purpose,	 9,9‐dimethylxanthene	was	 chosen	 to	provide	 a	moderately	 rigid	
core	structure	that	could	support	two	silylamide	groups	in	an	approximately	linear	geometry.	
The	 protonated	 ligand	 H2TIPSDAX	 (2,7‐di‐tert‐butyl‐9,9‐dimethyl‐N4,N5‐
bis(triisopropylsilyl)‐4,5‐diamino‐9H‐xanthene)	 was	 synthesized	 in	 two	 steps	 from	 4,5‐
dibromo‐2,7‐di‐tert‐butyl‐9,9‐dimethylxanthene	 (Scheme	 4.1).	 First,	 a	 Buchwald‐Hartwig	
amination	 afforded	 2,7‐di‐tert‐butyl‐9,9‐dimethyl‐4,5‐diaminoxanthene	 (85%	 yield),	 to	
which	silyl	groups	were	appended	via	deprotonation	with	n‐butyllithium	(2	equiv)	followed	
by	 addition	 of	 triisopropylsilyl	 chloride	 (2	 equiv),	 giving	 H2TIPSDAX	 in	 91%	 yield.	
Deprotonation	of	H2TIPSDAX	with	n‐butyllithium	(2	equiv)	afforded	Li2(TIPSDAX)(THF)2	in	
99%	yield	(Scheme	4.1).	

	

Scheme 4.1.	Synthesis	of	H2TIPSDAX	and	Li2(TIPSDAX)(THF)2.	
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LOW VALENT COBALT COMPLEXES 

Addition	of	a	solution	of	Li2(TIPSDAX)(THF)2	to	a	solution	of	CoBr2	(1.1.	equiv)	in	room	
temperature	THF,	followed	by	extraction	with	pentane	and	cooling	to	–35	°C,	afforded	yellow	
crystals	of	Co(TIPSDAX)(THF)	(4.1)	 in	53%	yield	(eq	4.1).	 In	THF	solution,	4.1	exhibits	a	
magnetic	moment	(μeff)	of	4.0	μB,	as	determined	by	Evans’	method,15–17	which	is	consistent	
with	4.1	containing	a	high	spin	d7	metal	center.		

Slow	evaporation	of	a	cold	(–35	°C)	pentane	solution	of	4.1	provided	crystals	suitable	for	
X‐ray	 diffraction.	 The	 solid‐state	 structure	 of	4.1	 (Figures	 4.1	 and	 SC4.2)	 reveals	 a	 four‐
coordinate	cobalt	center,	ligated	by	the	two	silylamide	moieties	in	TIPSDAX	as	well	as	two	
oxygen	atoms,	one	from	the	central	xanthene	ring	and	another	from	a	coordinated	molecule	
of	 THF.	 The	 Co–N	 distance	 (1.953(4)	 Å)	 is	 longer	 than	 that	 observed	 in	 the	 related	
Co[N(SiMe3)DIPP]2	complex	(1.834	Å).2	In	addition,	the	∠N–Co–N	angle	in	4.1	is	141.0(2)°,	
significantly	more	acute	than	the	linear	structure	observed	in	Co[N(SiMe3)DIPP]2.		

	
The	∠N–Co–N	angle	in	4.1	accompanies	a	folding	of	the	xanthene	core,	resulting	in	an	

interarene	 angle,	 herein	 defined	 as	 the	 angle	 between	 least‐squares	 planes	 of	 the	 two	
xanthene	arene	rings,	of	142.13°.	In	comparison,	only	a	very	slight	bend	is	observed	in	the	
solid‐state	 structure	 of	H2TIPSDAX,	which	 exhibits	 an	 interarene	 angle	 of	 176.1°	 (Figure	
SC4.1).	Moreover,	the	1H	NMR	spectrum	of	H2TIPSDAX	dissolved	in	C6D6	contains	a	single	
resonance	assignable	to	the	9‐position	methyl	group,	suggesting	either	that	it	adopts	either	
a	 flat	 or	 fluxional	 structure	 in	 solution.	 The	 xanthene	 fold	 in	4.1	 enables	 a	 significantly	
shorter	 N···N	 distance	 (3.683(5)	 Å)	 compared	 to	 that	 in	 H2TIPSDAX	 (4.396(2)	 Å).	 This	
distortion	of	the	xanthene	core	is	also	consistent	with	the	range	of	conformations	observed	
when	 other	 4,5‐diamido–substituted	 xanthene‐based	 ligands	 are	 employed	 to	 support	 a	
single	metal	center.18–28	
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Figure 4.1.	Solid‐state	structure	of	4.1	as	determined	by	single‐crystal	X‐ray	diffraction.	One	
cocrystallizing	 pentane	 molecule	 and	 hydrogen	 atoms	 are	 omitted	 for	 clarity.	 Thermal	
ellipsoids	are	set	at	the	50%	probability	level.	

	

As	arylsilylamido	ligands	have	supported	first‐row	transition	metal	complexes	in	a	
variety	of	oxidation	states,2,4,29	the	chemical	reduction	of	4.1	was explored.	Treatment	of	4.1	
with	KC8	(1.2	equiv)	followed	by	addition	of	18‐crown‐6	afforded	a	microcrystalline	solid	no	
longer	significantly	soluble	 in	pentane,	 suggesting	 the	 formation	of	an	 ion‐pair.	Cooling	a	
solution	of	this	material	in	2:7:1	pentane/toluene/THF	to	–35	°C	afforded	crystals	suitable	
for	 X‐ray	 diffraction,	 which	 revealed	 the	 product	 to	 be	 [Co(TIPSDAX)]·½[K⊂18‐crown‐
6]·½[K⊂[18‐crown‐6](THF)2]	 (4.2).	 For	 simplicity,	 the	mixture	 of	 cations	 is	 abbreviated	
[K⊂18‐crown‐6(THF)]+.	 Applying	 similar	 recrystallization	 conditions	 at	 a	 larger	 scale	
affords	4.2	in	58%	yield	(eq	4.2). 

	

The	solid‐state	structure	of	4.2	(Figures	4.2	and	SC4.3)	exhibits	a	three‐coordinate	Co	
center	ligated	by	the	two	silylamido	nitrogen	donors	and	xanthene	oxygen	atom.	The	THF	
molecule	bound	in	4.1	has	been	lost,	ostensibly	due	to	increased	electron	density	on	the	Co	
center.	 The	Co–N	distance	 (1.958(2)	Å)	 is	within	 error	 the	 same	as	 that	 observed	 in	4.1 
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(1.953(4)	Å).	In	addition,	the	Co–O	distance	in	4.2	(2.073(2)	Å)	is	only	slightly	longer	than	
that	observed	 in	4.1	 (2.043(4)	Å);	and	the	 interplanar	angle	 in	4.2	 (142.95°)	 is	also	very	
similar	to	that	in	4.1	(142.13°).	However,	the	∠N1–Co1–N2	angle	differs	significantly,	having	
expanded	 from	 141.0(2)°	 in	 4.1	 to	 162.88(7)	 in	 4.2. Similarly,	 the	 N···N	 distance	 has	
expanded	by	nearly	0.2	Å,	to	3.870(2)	Å.	These	changes	are	concomitant	an	apparent	‘flip’	of	
the	central	boat	structure	of	the	xanthene	core	versus	the	chelate	rings	supporting	the	Co	
center.	This	flipped‐boat	geometry	is	similar	to,	albeit	less	pronounced	than,	that	observed	
with	thioxanthene‐based	uranium	complexes.25	

	

Figure 4.2.	Solid‐state	structure	of	4.2	as	determined	by	single‐crystal	X‐ray	diffraction.	The	
two	halves	of	two	cations,	cocrystallizing	solvent,	and	hydrogen	atoms	are	omitted	for	clarity.	
Thermal	ellipsoids	are	set	at	the	50%	probability	level.	 	

	

In	THF	solution,	4.2	exhibits	an	unexpectedly	high	magnetic	moment	of	5.1	μB.	The	
moment	is	nearly	double	that	expected	for	a	high‐spin	d8	system	(2.83	μB)	and	could	result	
from	orbital	angular	momentum	contributing	to	the	overall	spin	of	the	complex,	as	has	been	
observed	 in	 other	 low‐coordinate	 Co(I)	 complexes.30	 It	 could	 also	 result	 from	 the	
delocalization	of	spin	density	 from	the	metal	 to	the	 ligand.	Considering	 interest	 in	single‐
molecule	magnetism	and	the	catalytic	capabilities	of	first‐row	transition	metal	complexes,	
further	 investigation	of	 the	magnetic	properties	 and	 reactivity	 of	 these	 cobalt	 complexes	
mentioned	is	planned.	
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EXPERIMENTAL DETAILS 

General Considerations.	 Unless	 otherwise	 stated,	 all	 reactions	 and	manipulations	were	
carried	out	in	a	dry	nitrogen	atmosphere	employing	either	standard	Schlenk	techniques	or	
VAC	Atmosphere	or	MBRAUN	gloveboxes.		

Pentane	 (HPLC	 grade)	 and	 toluene	 (ACS	 grade)	 were	 purchased	 from	 Fischer	 Scientific.	
Diethyl	ether	 (HPLC	grade)	was	purchased	 from	Honeywell.	Hexanes	 (HPLC	grade)	were	
purchased	from	JT	Baker.	Tetrahydrofuran	(THF)	(ChromAR®)	was	purchased	from	Macron	
Fine	 Chemicals.	 Pentane,	 toluene,	 diethyl	 ether,	 and	 tetrahydrofuran	 were	 dried	 and	
deaerated	using	a	JC	Meyers	Phoenix	SDS	solvent	purification	system.	Hexanes	were	dried	
and	deaerated	using	a	VAC	Atmosphere	solvent	purification	system,	except	for	those	used	in	
the	Method	B	synthesis	of	2,7‐Di‐tert‐butyl‐9,9‐dimethyl‐4,5‐diaminoxanthene,	which	were	
neither	 dried	 nor	 deaerated.	 Benzene‐d6	 (C6D6),	 tetrahydrofuran‐d8	 (THF‐d8),	 and	
chloroform‐d1	(CDCl3),	were	purchased	from	Cambridge	Isotope	Laboratories.	Benzene‐d6	
was	degassed	by	three	freeze‐pump‐thaw	cycles,	stored	under	nitrogen	over	3	Å	molecular	
sieves,	and	passed	through	activated	alumina	immediately	before	use.	Tetrahydrofuran‐d8	
was	dried	over	sodium	and	benzophenone	or	3	Å	molecular	sieves,	degassed	by	three	freeze‐
pump‐thaw	cycles,	and	stored	under	nitrogen	over	3	Å	molecular	sieves.	All	other	solvents	
were	obtained	from	commercial	suppliers,	distilled	or	transferred	under	reduced	pressure	
from	appropriate	drying	reagents,	and	stored	in	PTFE‐valved	flasks.	

9,9‐dimethylxanthene	 (96%)	 was	 obtained	 from	 Aldrich.	 2,7‐Di‐tert‐butyl‐9,9‐
dimethylxanthene	was	either	obtained	from	Sigma‐Aldrich	(97%)	or	synthesized	from	9,9‐
dimethylxanthene	following	the	procedure	reported	by	Nowick	et al.1	4,5‐Dibromo‐2,7‐di‐
tert‐butyl‐9,9‐dimethylxanthene	 (97%)	 and	 fuming	 nitric	 acid	 (purum,	 ≥99%,	 84392‐
500ML)	 were	 also	 purchased	 from	 Sigma‐Aldrich.	 An	 initial	 portion	 of	 (R)‐1‐[(SP)‐2‐
(Dicyclohexylphosphino)ferrocenyl]ethyldi‐tert‐butylphosphine	 (CyPF‐t‐Bu)	 was	
generously	provided	by	Dr.	Rebecca	A.	Green	of	the	Hartwig	Group	and	was	subsequently	
purchased	 from	Sigma‐Aldrich	 (≥97%).	Ammonia	 as	 a	0.5	M	 solution	 in	1,4‐dioxane	was	
purchased	from	Acros	Organics.	Fuming	nitric	acid	(purum	p.a.,	fuming,	≥99%)	was	obtained	
from	Sigma‐Aldrich.	n‐Butyllithium	(1.6	M)	in	hexanes	was	purchased	from	Sigma‐Aldrich	
and	 titrated	by	NMR	prior	 to	use.2	Triisopropylsilyl	 chloride	was	purchased	 from	Matrix	
Scientific	and	distilled	under	reduced	pressure	 from	calcium	hydride.	Potassium	graphite	
(KC8)	was	synthesized	by	the	method	of	Bergbreiter	and	Killough,3	with	the	exception	that	
the	mixture	was	heated	to	200	°C	while	stirring.	Dibromo(1,5‐cyclooctadiene)palladium(II)	
was	synthesized	following	previously	published	procedures4	and	dried	in vacuo.	Bis[tri(o‐
tolyl)phosphine]palladium	was	also	synthesized	and	dried	following	previously	published	
procedures.5	Tetrakis(trimethylsilyl)silane	was	sublimed	in vacuo	at	60	°C	and	stored	under	
nitrogen.		

Unless	otherwise	noted,	all	other	reagents	were	obtained	 from	commercial	suppliers	and	
used	without	further	purification.	
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Analytical Methods Details.	 Carbon,	 hydrogen,	 and	 nitrogen	 elemental	 analyses	 were	
performed	 by	 the	 College	 of	 Chemistry’s	 Microanalytical	 Facility	 at	 the	 University	 of	
California,	Berkeley.		

Gas Chromatography–Mass Spectrometry (GCMS). GCMS	was	performed	using	an	Agilent	
Technologies	 combined	 GC	 System	 (6890N)	 with	 a	 DB‐5MS	 column	 and	 Mass	 Selective	
Detector	(5973N).	
	
NMR Spectroscopy.	Unless	otherwise	stated,	NMR	spectra	were	acquired	between	294	and	
298.5	K	using	Bruker	AV‐500,	AV‐600,	and	AV‐700	spectrometers	at	the	UC	Berkeley	College	
of	Chemistry	NMR	facility.		

1H	NMR	spectra	were	referenced	to	tetramethylsilane	via	residual	proteo	solvent	peaks	(δ	
7.16	for	C6D6),	while	13C{1H}	NMR	spectra	were	referenced	via	solvent	resonances	(δ	128.06	
for	C6D6).6	 In	deuterated	solvents,	 15N	spectra	obtained	via	a	DEPT	experiment	and	were	
referenced	 to	 the	 IUPAC‐recommended	 unified	 scale	 (reference	 compound:	 MeNO2)7	
employing	the	samples’	1H	NMR	spectrum	and	the	Absolute	Reference	tool	in	MestReNova	
(v.	10.0.2).	7Li	spectra	were	obtained	directly	and	similarly	referenced	to	the	unified	scale	
(reference	 compound:	 LiCl	 in	 D2O),	 while	 29Si	 chemical	 shifts	 were	 obtained	 via	 1H–29Si	
HMBC	 experiments	 and	 also	 similarly	 referenced	 (reference	 compound:	 SiMe4	 in	 CDCl3).	
Temperatures	were	calibrated	using	methanol	(4%	in	methanol‐d4)	standards.		

Spectra	 recorded	 at	 16.4	 T	 were	 acquired	 with	 a	 5	 mm	 CPTXI	 1H‐13C/15N/D	 Z‐GRD	
Z44906/0002	probe.	Spectra	 recorded	at	14.1	T	were	acquired	with	a	5	mm	PABBO	BB‐
1H/D	Z‐GRD	Z847801/0074	probe.	Spectra	recorded	at	11.7	T	were	acquired	with	a	5	mm	
TBI	1H/31P/D‐BB	Z‐GRD	Z8641/0004	probe.	

All	NMR	spectra	were	analyzed	with	MestReNova	(v.	10.0.2).	In	addition,	solution	magnetic	
susceptibilities	were	determined	by	1H	NMR	spectroscopy	using	Evans’	method8	as	modified	
for	measurements	in	modern	spectrometers.9,10	The	shift	in	chemical	shift	was	measured	for	
dissolved	tetrakis(trimethylsilyl)silane.	

IR Spectroscopy.	 Infrared	 spectra	 were recorded	 with	 a	 Bruker	 Vertex	 80	 FTIR	
Spectrometer	with	a	room	temperature	DLaTGS	detector	using	OPUS	software	(v.	7.2)	and	
employing	an	A225/Q	Platinum	ATR	accessory.	All	measurements	were	made	at	4.0	cm–1	
resolution.		

UV-Visible Spectroscopy.	Samples	for	UV‐Visible	spectrophotometry	were	prepared	in	a	
nitrogen‐filled	glovebox	and	sealed	 in	1‐cm,	air‐free	quartz	cells.	UV‐Visible	spectra	were	
obtained	on	a	Shimadzu	UV‐2450	UV‐Visible	spectrophotometer	using	UVProbe	software	(v.	
2.21).		

X-Ray Crystallography.	 X‐ray	diffraction	data	 for	 complexes	4.1	 and	4.2 were	 collected	
using	a	Bruker	AXS	diffractometer	with	a	Kappa	geometry	goniostat	coupled	to	an	APEX‐II	
CCD	detector	with	Mo	Kα	(λ	=	0.71073	Å)	radiation	generated	by	a	microfocus	sealed	tube	
and	monochromated	by	a	system	of	QUAZAR	multilayer	mirrors.	X‐ray	diffraction	data	for	
H2TIPSDAX	 were	 collected	 using	 a	 Bruker	 AXS	 diffractometer	 with	 a	 Kappa	 geometry	
goniostat	coupled	to	an	APEX‐II	CCD	detector	with	Cu	Kα	(λ	=	1.5418	Å)	radiation	generated	
by	 a	 microfocus	 rotating	 anode	 and	 monochromated	 by	 a	 system	 of	 HELIOS	 multilayer	
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mirrors.		Unless	otherwise	noted,	crystals	were	kept	at	100(2)	K	throughout	collection.	Data	
collection	strategy	determination,	integration,	scaling,	and	space	group	determination	were	
performed	with	Bruker	APEX2	(v.	2014.1‐1,	2014.11‐0)	or	APEX3	(v.	2016.5‐0)	software.	
Structures	were	solved	by	SHELXT‐2014,	and	refined	with	SHELXL‐2014,	with	refinement	
of	F2	on	all	data	by	full‐matrix	least	squares.11,12	The	3D	molecular	structure	figures	were	
visualized	with	ORTEP	3.2	and	annotated	with	Adobe	 Illustrator	CS6.	Disordered	solvent	
molecules	 were	 observed	 in	 the	 crystal	 structures	 of	 complexes	 4.1 and	 4.2 and	 were	
modeled	atomistically.		
	

Table E4.1: X-Ray Crystallography Experimental Details 

Compound	
Detector	Distance	

(mm)	
Image	Width		

(°)	
Exposure	Time	
(seconds)	

H2TIPSDAX 60	 0.75	
3,	4,	5,	10	

(depending	on	
angle)	

4.1·(C5H12) 50	 0.4	 30	
4.2·n(C7H8)·n(C5H12) 40	 0.4	 20	
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Synthesis of 2,7-Di-tert-butyl-9,9-dimethyl-4,5-diaminoxanthene. Method A. Step 1.	
Adapting	 from	 Chang	 et al.,13	 to	 a	 500	mL	 oven‐dried,	 round	 bottom	 flask	 cooled	 under	
nitrogen,	2,7‐di‐tert‐butyl‐9,9‐dimethyl‐9H‐xanthene	(3.00	g,	9.30	mmol)	was	added	along	
with	a	PTFE‐coated	stirbar.	Via	an	addition	 funnel,	335	mL	glacial	 acetic	acid	was	added	
slowly.	 Then,	 to	 the	 addition	 funnel	 an	 additional	 34	 mL	 glacial	 acetic	 acid	 was	 added	
followed	by	34	mL	of	fuming	nitric	acid.	The	acid	mixture	was	added	dropwise	to	the	stirred	
reaction	mixture	over	the	course	of	1.5	h	and	the	resulting	mixture	was	stirred	for	42	h	at	
room	 temperature.	 The	 resulting	 precipitate	was	 collected	 by	 vacuum	 filtration,	washed	
with	water,	and	dried	in vacuo	yielding	2,7‐Di‐tert‐butyl‐9,9‐dimethyl‐4,5‐diaminoxanthene	
as	a	white	solid	(0.483	g,	1.17	mmol,	13%).	NMR	spectroscopic	data	were	consistent	with	
those	previously	reported.13	1H	NMR	(600.13	MHz,	CDCl3)	δ	7.77	(d,	J	=	2.3	Hz,	2H,	xanthene‐
ar‐C–H),	7.64	(d,	J	=	2.3	Hz,	2H,	xanthene‐ar‐C–H),	1.70	(s,	6H,	9,9‐(CH3)2),	1.36	(s,	18H,	2,7‐
(C(CH3)3). Step 2.	 To	 an	 oven‐dried	 Schlenk	 tube,	 2,7‐di‐tert‐butyl‐9,9‐dimethyl‐4,5‐
dinitroxanthene	(0.480	g,	1.16	mmol)	and	 tin(II)	chloride	dihydrate	 (2.630	g,	11.7	mmol,	
10.1	equiv),	a	stirbar,	and	absolute	ethanol	(8	mL)	were	added	against	a	positive	pressure	of	
nitrogen.	 The	 tube	was	 sealed,	 and	 the	mixture	was	 heated	 at	 70	 °C	 for	 3	 h.	 The	 cooled	
reaction	mixture	was	 transferred	 to	 ice	 (10	 grams)	 and	 diluted	with	 additional	 absolute	
ethanol	(3	mL).	The	cold	mixture	was	then	basified	with	slow	addition	of	NaHCO3(aq)	(1.0	M),	
until	the	pH	of	the	mixture	was	between	7	and	8.	The	mixture	was	then	extracted	with	ethyl	
acetate	(4	x	55	mL).	The	combined	organic	layers	were	rinsed	with	saturated	NaCl	brine	(2	
x	100	mL)	and	 then	dried	with	 sodium	sulfate.	The	mixture	was	 filtered,	 and	 the	 filtrate	
concentrated	under	reduced	pressure,	resulting	in	a	white	solid.	This	solid	was	dissolved	in	
diethyl	ether	(10	mL),	filtered,	and	slow	evaporation	of	volatile	compounds	from	the	filtrate	
produced	a	shiny,	pink‐tinted,	off‐white	solid	 that	was	dried	 in vacuo	 to	yield	2,7‐di‐tert‐
butyl‐9,9‐dimethyl‐4,5‐diaminoxanthene	(0.376	g,	1.07	mmol,	92%).	1H	NMR	spectroscopic	
data	were	consistent	with	those	previously	reported.13	1H	NMR	(600.13	MHz,	CDCl3)	δ	6.84	
(d,	J	=	2.2	Hz,	2H),	6.69	(d,	J	=	2.2	Hz,	2H),	3.81	(s,	4H),	1.61	(s,	6H),	1.30	(s,	18H).	Method B.	
Adapting	 from	 the	 procedure	 reported	 by	 Vo	 et al.,14	 4,5‐dibromo‐2,7‐di‐tert‐butyl‐9,9‐
dimethylxanthene	 (3.000	 g,	 6.246	 mmol),	 Pd[P(o‐tol)3]2	 (0.0894	 mg,	 0.125	 mmol,	 0.02	
equiv),	CyPF‐t‐Bu	(0.0693	g,	0.125	mmol,	0.02	equiv)	and	NaOtBu	(1.681	g,	17.5	mmol,	2.8	
equiv)	were	transferred	into	a	Schlenk	flask	under	an	inert	atmosphere.	Then	an	ammonia	
solution	 in	 1,4‐dioxane	 (125	mL,	 0.5	M,	 62.5	mmol,	 10	 equiv)	was	 added	 via	 a	 gas‐tight	
syringe.	The	mixture	was	then	heated	at	100	°C	for	14	h.	The	cooled	reaction	mixture	was	
diluted	with	225	mL	ethyl	acetate	and	filtered	through	Celite.	The	filtrate	was	concentrated	
under	reduced	pressure	to	give	an	orange	solid	that	was	then	dissolved	in	diethyl	ether	and	
filtered.	 Evaporation	 of	 volatile	 compounds	 from	 the	 filtrate	 gave	 a	 mixture	 of	 orange	
crystals	and	light	orange	solid,	which	were	then	dried	in vacuo.	The	resulting	solid	was	rinsed	
with	hexanes	(25	mL)	and	again	dried	in vacuo	to	yield	to	2,7‐di‐tert‐butyl‐9,9‐dimethyl‐4,5‐
diaminoxanthene,	(1.866	g,	5.293	mmol,	85%).	1H	NMR	spectroscopic	data	were	consistent	
with	those	observed	for	the	product	as	produced	by	Method	A.	1H	NMR	(600.13	MHz,	C6D6)	
δ	6.93	(d,	J	=	2.2	Hz,	2H,	1,8‐xanthene‐ar‐C–H),	6.51	(d,	J	=	2.2	Hz,	2H,	3,6‐xanthene‐ar‐C–H),	
3.30	 (s,	 4H,	 4,5‐NH2),	 1.64	 (s,	 6H,	 9,9‐(CH3)2),	 1.33	 (s,	 18H,	 2,7‐(C(CH3)3).	 13C{1H}	 NMR	
(150.92	MHz,	 C6D6)	 δ	 145.61	 (2,7‐xanthene‐ar-C–(C(CH3)3),137.16	 (4a‐xanthene‐ar‐C–O),	
134.87	 (4,5‐xanthene‐ar‐C–NH2),	 130.08	 (9a‐xanthene‐ar-C–C–(CH3)2),	 111.99	 (1,8‐
xanthene‐ar‐C–H),	111.11	(3,6‐xanthene‐ar‐C–H),	35.03	(9‐xanthene‐C–(CH3)2),	34.60	(2,7‐
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C–(C(CH3)3),	32.26	(9,9‐C–(CH3)2),	31.83	(2,7‐C–(C(CH3)3).	15N{1H}	NMR	(60.82	MHz,	C6D6)	
δ	–334.88	(signal‐to‐noise	ratio:	19.5,	ar‐C–NH2).	GCMS	(EI):	m/z	352	(M+).	

Synthesis of 2,7-di-tert-butyl-9,9-dimethyl-4,5-bis(triisopropylsilylamino)xanthene 
(H2TIPSDAX).	Adapting	from	a	synthesis	of	1,8‐bis(silylamino)naphthalenes,15	a	solution	of	
2,7‐di‐tert‐butyl‐9,9‐dimethyl‐4,5‐diaminoxanthene	(0.235	g,	0.67	mmol)	in	THF	(8	mL)	was	
cooled	to	–30	°C.	To	the	cold,	stirred	solution,	a	solution	of	n‐butyllithium	(0.810	mL,	1.68	M	
in	hexanes,	1.36	mmol,	2.03	equiv)	was	added	dropwise.	After	the	addition	of	approximately	
one	 equiv	 of	 n‐butyllithium,	 the	 reaction	 mixture	 became	 dark	 red.	 After	 the	 second	
equivalent	was	added,	the	mixture	lightened	considerably	to	a	light	orange.	The	mixture	was	
stirred	 for	1.5	h	 and	allowed	 to	warm	 to	 room	 temperature	 (ca.	22°C).	The	mixture	was	
cooled	 again	 to	 –30	 °C,	 and	 then	 a	 similarly	 cooled	 solution	 of	 triisopropylsilyl	 chloride	
(0.257	g,	1.33	mmol,	1.99	equiv)	in	THF	(10	mL)	was	added	dropwise	over	2	m	with	stirring.	
The	resulting	mixture	was	allowed	to	warm	to	room	temperature,	stirred	rapidly	for	2	d,	and	
then	concentrated	in vacuo.	Pentane	(10	mL)	was	added	to	the	residue,	and	the	mixture	was	
stirred	 and	 then	 filtered.	 The	 filtrate	was	 concentrated	 and	 residual	 volatile	 compounds	
were	 removed	 in vacuo	 to	 yield H2TIPSDAX	 (0.404	 g,	 0.607	 mmol,	 91%).	 X‐ray	 quality	
crystals	of	H2TIPSDAX	were	obtained	from	a	slow	evaporation	of	pentane	at	–30	°C.	1H	NMR	
(500.23	MHz,	C6D6)	δ	7.03	(d,	J	=	2.2	Hz,	2H,	3,6‐xanthene‐ar‐C–H),	6.95	(d,	J	=	2.2	Hz,	2H,	
1,8‐xanthene‐ar‐C–H),	4.09	(s,	2H,	4,5‐NHSi),	1.64	(s,	6H,	9,9‐(CH3)2),	1.46	–	1.34	(m,	24H,	
2,7‐(C(CH3)3	 and	 ‐Si(CH(CH3)2)3),	 1.21	 (d,	 J	 =	 7.5	 Hz,	 36H,	 ‐Si(CH(CH3)2)3).	 13C{1H}	 NMR	
(150.92	MHz,	C6D6)	δ	145.35	(2,7‐xanthene‐ar-C–(C(CH3)3),	137.84	(4a‐xanthene‐ar‐C–O),	
135.86	 (4,5‐xanthene‐ar‐C–NH),	 129.81	 (9a‐xanthene‐ar-C–C–(CH3)2),	 111.94	 (3,6‐
xanthene‐ar‐C–H),	111.50	(1,8‐xanthene‐ar‐C–H),	35.25	(9‐xanthene‐C–(CH3)2),	34.77	(2,7‐
C–(C(CH3)3),	32.57	(9,9‐C–(CH3)2),	31.85	(2,7‐C–(C(CH3)3),	18.80	(‐Si(CH(CH3)2)3),	13.48	(‐
Si(CH(CH3)2)3).	29Si	NMR	(99.38	MHz,	C6D6)	δ	6.23.a	IR	(ATR,	 	(cm–1)):		3407	(w),	2964	(s,	
sh),	2955	(s,	sh),	2943	(s),	2923	(s,	sh),	2890	(m),	2865	(s),	2846	(m,	sh),	2727	(vw,	br),	1621	
(s),	1585	(w),	1513	(s),	1497	(s),	1487	(s),	1464	(s),	1450	(s),	1434	(m),	1426	(m,	sh),	1376	
(s),	1360	(s),	1345	(s),	1334	(s,	sh),	1298	(m),	1284	(m),	1258	(m),	1217	(vs),	1204	(vs,	sh),	
1144	(w),	1120	(w),	1103	(vw),	1072	(w),	1059	(w),	1037	(s),	1023	(m),	1013	(m),	993	(m),	
970	(w),	940	(m),	918	(m),	880	(s),	860	(s),	849	(s),	811	(m),	786	(s),	744	(m),	693	(s),	681	
(s,	sh),	655	(m),	643	(s),	628	(s),	619	(m,	sh),	598	(m),	575	(m),	559	(m,	sh),	551	(m),	520	
(m),	506	(s,	sh),	499	(s),	461	(m),	443	(m),	425	(m).	EA:	Anal	Calcd	for	C41H72N2OSi2	:	C,	74.03;	
H,	10.91;	N,	4.21.	Found:	C,	73.98;	H,	10.81;	N,	4.37	

Synthesis of Li2(TIPSDAX)(THF)2. H2TIPSDAX	 (0.400	 g,	 0.601	mmol)	 was	 dissolved	 in	
diethyl	ether	(10	mL),	and	the	solution	was	then	cooled	to	–30	°C.	To	the	cold	stirred	solution,	
a	solution	of	n‐butyllithium	(0.740	mL,	1.68	M	in	hexanes,	1.24	mmol,	2.07	equiv)	was	added	
dropwise	over	ca.	5	m.	The	reaction	mixture	was	allowed	to	warm	to	room	temperature	(ca.	
22°C)	and	stirred	for	2	h.	The	mixture	was	then	filtered	and	the	filtrate	concentrated	in vacuo.	
The	residue	was	dissolved	in	THF	(4	mL)	and	promptly	concentrated	again	in vacuo.	To	the	
resulting	 orange	 oil,	 pentane	 (1	 mL)	 was	 added	 and	 the	 residue	 was	 briefly	 triturated.	
Residual	volatile	compounds	were	removed	in vacuo	to	yield Li2(TIPSDAX)(THF)2	(0.489	g,	
0.595	mmol,	 99%).The	 product	 can	 be	 recrystallized	 by	 cooling	 a	 concentrated	 pentane	

                                                            
a	29Si	NMR	chemical	shift	determined	from	1H–29Si	HMBC	experiment.	
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solution	to	approx.	–35	°C.	1H	NMR	(600.13	MHz,	C6D6)	δ	7.10	(d,	J	=	2.0	Hz,	2H,	3,6‐	xanthene‐
ar‐C–H),	6.62	(d,	J	=	1.9	Hz,	2H,	1,8‐xanthene‐ar‐C–H),	3.07	(t,	J	=	6.1	Hz,	8H,	2,5‐Li–THF‐C–
H),	 1.68	 (s,	 6H,	 9,9‐(CH3)2),	 1.55	 (hept,	 J	 =	 7.5	Hz,	 6H,	 ‐Si(CH(CH3)2)3),	 1.40	 (s,	 18H,	 2,7‐
(C(CH3)3),	 1.37	 (d,	 J	 =	 7.5	Hz,	 36H,	 ‐Si(CH(CH3)2)3),	 1.03	 –	0.97	 (m,	8H,	3,4‐Li–THF‐C–H).	
13C{1H}	NMR	(150.92	MHz,	C6D6)	δ	148.93	(4,5‐xanthene‐ar‐C–N),	146.90	(2,7‐xanthene‐ar-
C–(C(CH3)3),	 145.91	 (4a‐xanthene‐ar‐C–O),	 134.39	 (9a‐xanthene‐ar-C–C–(CH3)2),	 117.89	
(3,6‐	xanthene‐ar‐C–H),	104.69	 (1,8‐xanthene‐ar‐C–H),	68.39	 (2,5‐Li–THF‐C–H),	37.55	 (9‐
xanthene‐C–(CH3)2),	35.04	(2,7‐(C(CH3)3),	32.23	(2,7‐(C(CH3)3),	27.87	(9,9‐C–(CH3)2),	25.08	
(3,4‐Li–THF‐C–H),	 19.94	 (‐Si(CH(CH3)2)3),	 15.69	 (‐Si(CH(CH3)2)3).	 29Si	 NMR	 (99.38	 MHz,	
C6D6)	δ	–0.36.a	7Li	NMR	(233.24	MHz,	C6D6)	δ	1.43.	Anal	Calcd	for	C49H86Li2N2O3Si2:	C,	71.66;	
H,	10.56;	N,	3.41.	Found:	C,	72.05;	H,	10.55;	N,	3.05.	

Synthesis of Co(TIPSDAX)(THF) (4.1).	Cobalt	(II)	bromide	(0.060	g,	0.27	mmol,	1.1	equiv)	
was	 dissolved	 in	 THF	 (6	mL)	 by	 stirring	 over	 the	 course	 of	 1.5	 h.	 To	 the	 resulting	 blue	
solution,	a	solution	of	Li2TIPSDAX·2THF	(0.205	g,	0.250	mmol)	in	THF	(9	mL)	was	slowly	
added	dropwise	at	ca.	22	°C,	over	 the	course	of	12	m.	The	reaction	mixture	became	dark	
green	and	was	stirred	 for	3.5	h.	The	mixture	was	concentrated	 in vacuo	 to	a	dark	green‐
yellow	oil.	The	oil	was	then	triturated	by	stirring	with	pentane	(3	mL)	for	30	m,	after	which	
it	 was	 concentrated	 in vacuo.	 This	 process	 was	 repeated	 again,	 adding	 pentane	 (3	mL),	
stirring	 for	 90	m,	 and	 concentrating.	 After	 removing	 any	 residual	 volatile	 compounds	 in 
vacuo,	to	the	solid	was	pentane	(8	mL)	was	added	and	the	mixture	was	filtered.	Storage	for	
2	d	at	–35	°C	gave	mostly	yellow	needle	crystals	along	with	a	few	green	blocks.	The	mixture	
of	crystals	was	triturated	by	stirring	with	pentane	(2	mL,	1.25	h)	and	volatile	compounds	
were	removed	in vacuo.	Trituration	of	the	residue	was	repeated	(2	mL	pentane,	1	h)	followed	
by	concentration	in vacuo.	To	the	residue,	pentane	(7	mL)	was	added	and	the	mixture	was	
filtered.	 The	 yellow	 filtrate	was	 collected	 and	 storage	 for	 2	 d	 at	 –35	 °C	 gave	 needle‐like	
crystals.	 The	 dark	 supernatant	 was	 quickly	 decanted	 while	 cold	 and	 residual	 volatile	
compounds	were	 removed	 in vacuo	 to	yield	4.1	 as	yellow	crystals	 (0.104	g,	0.131	mmol,	
53%).	 Slow	 concentration	 of	 a	 pentane	 solution	 of	4.1	 at	 –35	 °C	 afforded	 X‐ray	 quality	
crystals	of	4.1·(C5H12).	Effective	magnetic	moment,	(Evans’	method,	THF‐H8,	μeff	(μB)):	4.04.	
UV‐Vis	(toluene)	λmax,	nm	(ε,	M–1cm–1	/	103):	299	(8.0),	347	(1.6),	424	(1.4),	445	(1.4),	579	
(0.2),	686	(sh	0.04).	Anal.	Calcd	 for:	C45H78CoN2O2Si2:	C,	68.05;	H,	9.90;	N,	3.53.	Found:	C,	
67.66;	H,	9.97;	N,	3.46.		

Synthesis of [Co(TIPSDAX)]·½[K 18-crown-6]·½[K [18-crown-6](THF)2] (simplified 
[CoTIPSDAX][K 18-crown-6(THF)]) (4.2). Complex	 4.1	 (0.030	 g,	 0.038	 mmol)	 was	
dissolved	 in	THF	(2.5	mL)	and	cooled	 to	–30	°C.	This	solution	was	 then	quickly	added	to	
similarly	cooled	KC8	(0.0062,	0.045	mmol,	1.2	equiv)	with	stirring.	The	dark	yellow‐brown	
mixture	was	allowed	to	warm	to	room	temperature,	ca.	22	°C,	and	stirred	for	2	h.	The	mixture	
was	then	filtered,	and	the	dark	yellow	filtrate	was	collected	and	concentrated	in vacuo.	The	
resulting	 oil/foam	 mixture	 was	 briefly	 swirled	 with	 0.5	 mL	 pentane	 and	 then	 residual	
volatile	compounds	were	removed	in vacuo.	The	yellow‐brown	residue	was	redissolved	in	
the	minimum	of	pentane	(ca.	2.5	mL)	and	filtered.	To	the	filtrate,	a	solution	of	18‐crown‐6	
(0.0114	 g,	 0.043	mmol,	 1.1	 equiv)	 in	pentane	 (4	mL)	was	dropwise.	A	 yellow	 crystalline	
precipitate	formed	and	was	allowed	to	settle.	The	light	green	supernatant	was	decanted	and	
the	crystals	were	rinsed	again	with	pentane	(1.5	mL),	which	was	also	removed	by	decanting.	
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The	crystalline	solid	was	dissolved	in	the	minimum	volume	of	1:1:1	pentane/toluene/THF	
(ca.	1.5	mL,	by	volume).	The	solution	was	filtered	into	a	new	vial,	cooled	briefly	to	–30	°C,	
and	then	pentane	(1	mL)	was	carefully	added	to	top	of	the	mixture,	causing	a	darker	golden‐
brown	layer	to	form	at	the	bottom	of	the	mixture.	Storage	at	–35	°C	for	2	d	afforded	long	
yellow	needles.	The	supernatant	was	decanted,	and	the	crystals	were	rinsed	with	pentane	(3	
x	1	mL)	and	residual	volatile	compounds	were	removed	in vacuo	to	yield	4.2 (0.024	g,	0.022	
mmol,	58%).		Cooling	a	solution	of	4.2	in	a	mixture	of	2:7:1	pentane/toluene/THF	afforded	
x‐ray	quality	crystals	of	4.2·n(C7H8)·n(C5H12).	Effective	magnetic	moment,	(Evans’	method,	
THF‐H8,	μeff	(μB)):	5.12.	Anal.	Calcd	for:	C57H102CoKN2O8Si2:	C,	62.37;	H,	9.37;	N,	2.55.	Found:	
C,	62.21;	H,	9.55;	N,	2.69.	
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SINGLE-CRYSTAL X-RAY DIFFRACTION CRYSTAL STRUCTURE DETAILS 

Figure SC4.1. Solid	 state	 structure	 of	 H2TIPSDAX	 as	 determined	 by	 single‐crystal	 X‐ray	
diffraction	

  

 

Details:	Selected	hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	
50%	probability	level.	Selected	distances	[Å]	and	angles	[˚]:	N1···N2:	4.396(2),	angle	between	
least‐squares	planes	of	xanthene	aromatic	rings	(C1,2,3,4,5,6)	and	C(8,9,10,11,12,12):	176.1. 
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Table SC4.1. Crystal	data	and	structure	refinement	for	H2TIPSDAX 

Empirical	formula		 C41H72N2OSi2	

Formula	weight		 665.18	

Temperature		 100(2)	K	

Wavelength		 1.54178	Å	

Crystal	system		 Monoclinic	

Space	group		 P21/n	

Unit	cell	dimensions	 a	=	13.616(2)	Å	 a=	90°	

	 b	=	21.857(3)	Å	 b=	95.980(6)°	

	 c	=	14.140(2)	Å	 g	=	90°	

Volume	 4185.4(11)	Å3	

Z	 4	

Density	(calculated)	 1.056	Mg/m3	

Absorption	coefficient	 0.987	mm–1	

F(000)	 1472	

Crystal	size	 0.100	x	0.100	x	0.020	mm3	

Theta	range	for	data	collection	 3.737	to	69.585°	

Index	ranges	 –16<=h<=16,	–26<=k<=26,	–16<=l<=12	

Reflections	collected	 43685	

Independent	reflections	 7649	[R(int)	=	0.0379]	

Completeness	to	theta	=	69.585°	 97.0	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.7951	and	0.7193	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 7649	/	0	/	474	

Goodness‐of‐fit	on	F2	 1.051	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0516,	wR2	=	0.1446	

R	indices	(all	data)	 R1	=	0.0557,	wR2	=	0.1488	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 0.882	and	–0.431	e/Å3	
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Figure SC4.2. Solid	state	structure	of	CoTIPSDAX·C5H12	(4.1·C5H12)	as	determined	by	single‐
crystal	X‐ray	diffraction	

  

 

Details:	Selected	hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	
50%	probability	level.	Selected	bonds	distances	[Å]	and	angles	[˚]:	Co1–N1:	1.953(4),	Co1–
O1:	2.043(4),	Co1–O2:	2.076(4),	N1···N1a:	3.683(5);	N1–Co1–N1a:	141.0(2),	angle	between	
least‐squares	 planes	 of	 xanthene	 aromatic	 rings	 (C1,2,3,4,5,6)	 and	 C(1a,2a,3a,4a,5a,6a):	
142.13. 
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Table SC4.2. Crystal	data	and	structure	refinement	for	CoTIPSDAX·C5H12	(4.1·C5H12) 

Empirical	formula		 C50H90CoN2O2Si2	

Formula	weight		 866.34	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Orthorhombic	

Space	group		 Pnma	

Unit	cell	dimensions	 a	=	33.182(5)	Å	 a=	90°	

	 b	=	17.570(3)	Å	 b=	90°	

	 c	=	8.8127(14)	Å	 g	=	90°	

Volume	 5137.8(14)	Å3	

Z	 4	

Density	(calculated)	 1.120	Mg/m3	

Absorption	coefficient	 0.418	mm–1	

F(000)	 1900	

Crystal	size	 0.090	x	0.080	x	0.050	mm3	

Theta	range	for	data	collection	 1.227	to	27.532°	

Index	ranges	 –41<=h<=43,	–22<=k<=22,	–10<=l<=11	

Reflections	collected	 52120	

Independent	reflections	 6101	[R(int)	=	0.0495]	

Completeness	to	theta	=	27.500°	 100.0	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.9010	and	0.8160	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 6101	/	12	/	300	

Goodness‐of‐fit	on	F2	 1.317	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0883,	wR2	=	0.1989	

R	indices	(all	data)	 R1	=	0.0974,	wR2	=	0.2023	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 0.719	and	–0.928	e/Å3	
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Figure SC4.3. Solid	state	structure	of	
[Co(TIPSDAX)]·½[K⊂[C2H4O]6]·½[K⊂[C2H4O]6(C4H8O)2]·n(C7H8)·n(C5H12)	
(4.2·n(C7H8)·n(C5H12))	as	determined	by	single‐crystal	X‐ray	diffraction	
	

 

 
Details:	The	halves	of	the	two	cations,	cocrystallizing	toluene	and	pentane	molecules,	and	
hydrogen	atoms	are	omitted	for	clarity.	Thermal	ellipsoids	are	set	at	the	50%	probability	
level.	Selected	bond	lengths	[Å]	and	angles	[˚]:	Co1–N1:	1.958(2),	Co1–N2:	1.956(2),	Co1–O1:	
2.073(2),	N1···N1a:	3.870(2);	N1–Co1–N2:	162.88(7),	angle	between	least‐squares	planes	of	
xanthene	aromatic	rings	(C1,2,3,4,5,6)	and	C(8,9,10,11,12,13):	142.95. 
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Table SC4.3.  Crystal	data	and	structure	refinement	for	
[Co(TIPSDAX)]·½[K⊂[C2H4O]6]·½[K⊂[C2H4O]6·2(C4H8O)]·n(C7H8)·n(C5H12)	
(4.2·n(C7H8)·n(C5H12))		
	

Empirical	formula		 C63.54H110.92CoKN2O8Si2	

Formula	weight		 1185.14	

Temperature		 100(2)	K	

Wavelength		 0.71073	Å	

Crystal	system		 Triclinic	

Space	group		 P 	

Unit	cell	dimensions	 a	=	12.8822(5)	Å	 α	=	95.781(2)°	

	 b	=	13.1825(5)	Å	 β	=	94.815(2)°	

	 c	=	21.7792(8)	Å	 γ	=	111.509(2)°	

Volume	 3394.2(2)	Å3	

Z	 2	

Density	(calculated)	 1.160	Mg/m3	

Absorption	coefficient	 0.399	mm–1	

F(000)	 1288	

Crystal	size	 0.110	x	0.090	x	0.030	mm3	

Theta	range	for	data	collection	 0.948	to	27.484°	

Index	ranges	 –15<=h<=16,	–16<=k<=17,	–28<=l<=27	

Reflections	collected	 51087	

Independent	reflections	 15432	[R(int)	=	0.0360]	

Completeness	to	theta	=	27.484°	 99.2	%		

Absorption	correction	 Semi‐empirical	from	equivalents	

Max.	and	min.	transmission	 0.9144	and	0.8362	

Refinement	method	 Full‐matrix	least‐squares	on	F2	

Data	/	restraints	/	parameters	 15432	/	0	/	798	

Goodness‐of‐fit	on	F2	 1.047	

Final	R	indices	[I>2sigma(I)]	 R1	=	0.0439,	wR2	=	0.1033	

R	indices	(all	data)	 R1	=	0.0586,	wR2	=	0.1107	

Extinction	coefficient	 n/a	

Largest	diff.	peak	and	hole	 0.609	and	–0.874	e/Å3	
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Conclusion	

This	research	began	with	the	goal	of	studying	carbon	dioxide	reduction	enabled	by	
dicopper	complexes.	Throughout	the	vast	chemistry	of	copper,	only	a	handful	of	examples	of	
discrete	 homogenous	 copper	 complexes	 have	 been	 reported	 to	 reductively	 couple	 two	
molecules	 of	 carbon	 dioxide	 to	 oxalate.	 In	my	 hands,	 studies	 of	 this	 reactivity	 were	 not	
fruitful.	A	flexible	dinucleating	ligand	was	designed,	synthesized,	and	employed	to	support	
two	 copper(I)	 ions.	 However,	 no	 reductive	 coupling	 of	 carbon	 dioxide	 to	 oxalate	 was	
observed	with	this	system.	Additional	mononuclear	copper	complexes	were	explored	and	
still	no	carbon	dioxide	reduction	was	observed.		

These	studies	of	dicopper	complexes	were	joined	by	a	purposeful	attempt	to	enable	
a	 first‐row	transition	metal	complex	to	mimic	reactivity	typically	associated	with	second‐	
and	third‐row	transition	metals,	specifically	two‐electron	chemistry	with	small	molecules.	
To	this	end,	a	ligand,	TIPSDAX,	was	designed	and	synthesized	to	enforce	a	low‐coordinate	
geometry	for	a	first‐row	transition	metal.	A	cobalt	ion	was	installed,	the	cobalt	complex	was	
chemically	reduced,	and	the	resulting	anionic	cobalt(I)	species	was	found	to	exhibit	unusual	
magnetic	 properties.	 The	 reactivity	 and	 magnetism	 of	 these	 complexes	 remain	 under	
exploration	in	the	Tilley	Group.	

	 The	discovery	that	inspired	most	of	the	chemistry	described	herein	was	a	surprise.	A	
dicopper‐DPFN	core	containing	only	a	bridging	acetonitrile	ligand	abstracted	a	phenyl	group	
from	a	molecule	of	tetraphenylborate	that	was	intended	to	be	an	innocent	anion.	Further	
investigation	revealed	that	the	dicopper‐DPFN	complex	can	even	abstract	an	aryl	group	from	
the	 famously	 inert	 tetrakis(pentafluorophenyl)borate.	While	 similar	 reactions	 have	 been	
observed	 with	 heavier,	 noble	 metal	 complexes,	 this	 degree	 of	 electrophilicity	 was	
unexpected	 for	 a	 first‐row	 transition	 metal	 complex.	 The	 persistence	 of	 the	 resulting	
organocopper	 complexes	 is	 also	 reminiscent	 of	 that	 observed	 with	 noble	 metal	
organometallic	complexes.	

Anionic	and	neutral	copper	complexes	dominate	the	field	of	organocopper	chemistry.	
Clusters,	aggregates,	and	fluxional	behavior	in	solution	are	common.	Thermal	sensitivity	is	
also	 typical,	 especially	 with	 alkylcopper	 compounds.	 The	 complexes	 described	 herein	
diverge	from	these	trends.	The	dicopper‐DPFN	platform	has	enabled	the	synthesis	and	study	
of	complexes	that	are	cationic,	appear	to	maintain	their	discrete	structures	in	solution,	and	
are	unexpectedly	persistent.	Reactions	of	the	bridging	phenyl	complex	can	run	for	weeks	at	
elevated	temperatures.	The	bridging	alkynyl	complex	is	synthesized	at	100	°C.	The	bridging	
methyl	 complex	decomposes	over	days	upon	heating.	This	persistence	has	 allowed	us	 to	
study	 the	structural	and	spectroscopic	properties	of	organic	 ligands	bound	 to	a	dicopper	
core.	In	the	process,	we	have	constructed	a	set	of	dicopper	complexes	with	μ‐hydrocarbyl	
ligands	where	the	bridging	carbon	atom	varies	from	sp3‐	to	sp2‐	to	sp‐hybridization	and	the	
organic	fragments	exhibit	a	range	of	electronic	and	steric	effects.	This	series	has	allowed	the	
comparison	of	many	chemical	properties,	including	structure	and	reactivity,	as	the	bridging	
ligand	 changes	 while	 the	 dicopper	 core	 remains	 (mostly)	 constant.	 Moreover,	 these	
complexes	 have	 allowed	 us	 to	 elucidate	 the	mechanisms	 of	 reactions	 thought	 to	 involve	
cationic	dicopper	 intermediates,	notably	 the	copper‐catalyzed	azide−alkyne	cycloaddition	
(CuAAC).		
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Organocopper	chemistry	is	also	dominated	by	copper	in	its	+1	oxidation	state.	Of	the	
few	 examples	 of	 organocopper	 complexes	with	 copper	 in	 its	 +2	 and	+3	 oxidation	 states,	
many	rely	on	incorporating	a	hydrocarbyl	ligand	into	a	multidentate	architecture.	In	contrast,	
the	 DPFN‐supported	 organocopper	 complexes	 exhibit	 chemically	 reversible	 oxidation–
reduction	events,	giving	rise	to	dicopper(I,II)	cores	still	bridged	by	their	organic	ligands.	In	
the	case	of	the	bridging	phenyl	and	p‐tolylalkynyl	complexes,	the	mixed‐valence	derivatives	
persisted	 significantly,	 allowing	 their	 isolation	 and	 structural	 characterization.	 Their	
electronic	 structures	 were	 probed	 directly	 with	 EPR	 spectroscopy.	 Together,	 these	
techniques	revealed	different	degrees	of	spin	 localization	depending	on	 the	nature	of	 the	
bridging	ligand.	These	complexes	also	allowed	us	to	test	a	mechanistic	hypothesis	suggesting	
the	intermediacy	of	a	mixed‐valence	dicopper	complex	in	CuAAC.	

I	expect	 that	 the	dicopper‐DPFN	core	will	 continue	 to	aid	 in	 the	study	of	chemical	
structures,	 reactivity,	 and	 mechanisms.	 The	 platform’s	 ability	 to	 elicit	 extraordinary	
electrophilicity	from	two	copper	ions	will	hopefully	help	guide	efforts	to	design	and	employ	
properties	 of	 multinuclear	 complexes.	 The	 core’s	 penchant	 for	 kinetically	 stabilizing	
ostensibly	 reactive	 fragments	 will	 ideally	 enable	 further	 studies	 of	 mechanistic	
intermediates.	 Meanwhile,	 the	 establishment	 of	 the	 structure	 of	 discrete,	 mixed‐valence	
organocopper	complexes	could	suggest	new	synthetic	 targets,	catalysts,	and	mechanisms.	
Generally,	 I	 hope	 this	 research	will	 inspire	 additional	 exploration	 and	 application	 of	 the	
chemical	capabilities	of	earth‐abundant,	first‐row	transition	metals.		
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Appendix 1: First-Year Report: Synthesis of Dinuclear Metal Systems Designed for 
Electrochemical Conversion of Carbon Dioxide to Oxalatea 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                            
a	This	first‐year	report	is	appended	to	this	dissertation	to	convey	research	performed	in	2011	and	2012.	Since	
its	writing,	the	community’s	understanding	of	carbon	dioxide	reduction	has	advanced	considerably.	
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Introduction 

Atmospheric	greenhouse	gas	concentrations	continue	to	rise,	and	the	climate	change	they	
cause	poses	a	growing	risk	to	the	planet	and	society.	1,2,3		Reducing	and	eventually	halting	emissions	
of	 greenhouse	 gases	 to	 the	 atmosphere	 is	 necessary	 to	 prevent	 “dangerous	 anthropogenic	
interference”	with	 the	 climate	 and	 the	 impacts	 such	 interference	will	 have.2,4	 	 	 Of	 the	 long‐lived	
greenhouse	 gases,	 carbon	 dioxide	 has	 the	 greatest,	 sustained	 impact	 on	 the	 climate	 system.5	
Moreover,	anthropogenic	carbon	dioxide	emissions	result	primarily	from	fossil	fuel	combustion,	gas	
flaring,	and	cement	production.5		If	these	activities	continue,	as	is	expected,	methods	to	capture	and	
sequester	carbon	dioxide	from	the	atmosphere	could	help	manage	and	reduce	climate	change.6	

Chemical	catalysis	 is	one	option	for	capturing,	sequestering,	and	possibly	utilizing,	carbon	
dioxide.7	 	A	good	model	 is	 set	by	photosynthesis,	 in	which	plants	use	water,	 carbon	dioxide,	 and	
sunlight	to	synthesize	energetic	compounds	for	a	cell,	effectively	storing	solar	energy	 in	chemical	
bonds.		As	such,	artificial	photosynthesis	is	an	area	of	active	research.8,9			

						6	CO2	+	6	H2O	→	C6H12O6	+	6	O2	 	 	 	 								(1)	

Photosynthesis	(eq	1)	can	be	broken	into	two	processes.	The	first	is	water	oxidation.	In	most	
photosynthetic	 plant	 cells,	 water	 oxidation	 occurs	 at	 photosystem	 II’s	 oxygen	 evolving	 complex	
which	uses	sunlight	to	split	water	molecules	into	molecular	oxygen,	protons,	and	electrons.10,11	In	the	
second	reaction,	carbon	dioxide	is	reduced	by	the	electrons	generated	from	splitting	water	and	then	
combined	with	protons	to	 form	more	complex	molecules	the	cell	uses	to	build	biomass	and	store	
energy.10		Numerous	research	efforts	focus	on	studying	and	mimicking	both	halves	of	photosynthesis	
in	 the	hopes	of	harnessing	 solar	 energy	 for	 fuel	production.12	 	 In	 addition,	 similar	 systems	 could	
reduce	 carbon	 dioxide	 to	 useful	 chemicals,	 such	 as	 oxalic	 acid,	 or	 incorporate	 it	 into	 synthetic	
processes,	like	carboxylation.7		Both	approaches	could	help	reduce	net	carbon	dioxide	emissions	to	
the	atmosphere.		

There	 already	 exist	 many	 homogeneous	 and	 heterogeneous	 systems	 that	 chemically	
transform	carbon	dioxide	into	useful	products.7		For	example,	zinc‐based	catalysts	can	copolymerize	
carbon	 dioxide	 with	 oxiranes	 to	 make	 polycarbonates.13,14	 	 In	 bicarbonate	 solutions,	 copper	
electrodes	 catalyze	 CO2	 reduction	 to	methane.7,15	 	 A	 variety	 of	 homogeneous	 and	 heterogeneous	
catalysts	can	hydrogenate	carbon	dioxide	to	formic	acid	or	methanol.7,14,16		However,	these	systems	
often	have	one	or	more	requirements	that	present	a	barrier	to	widespread	adoption,	such	as	high	
pressures,	 temperatures,	 overpotentials,	 or	 carbon	 dioxide	 concentrations	 or	 they	 rely	 on	 high‐
energy	 starting	 materials.7,14	 	 In	 addition,	 some	 catalysts,	 such	 as	 heterogeneous	 hydrogenation	
catalysts,	show	poor	selectivity	for	the	desired	product	(i.e.	methanol	or	ethanol).7		This	last	barrier	
could	 be	 addressed	 by	 homogeneous	 catalysts,	which	 are	 often	more	 tunable	 and	 selective	 than	
heterogeneous	catalysts.17,18		Homogeneous	catalysts,	however,	often	have	their	own	barriers.		For	
example,	homogeneous	 carbon	dioxide	hydrogenation	 catalysts	often	 stop	at	 formic	 acid.7	 	Other	
catalysts	are	sensitive	to	protons	or	oxygen	which	competitively	oxidize	the	metal	centers.19,20		

In	2010,	Angamuthu	et al.	 reported	a	dinuclear	 copper	 catalyst	 that	provides	 insight	 into	
addressing	some	of	these	barriers,	specifically	reactant	and	product	selectivity.		The	catalyst	reduces	
four	carbon	dioxide	molecules	into	two	oxalic	acid	molecules	which	in	turn	dimerize	the	dinuclear	
complexes	 into	a	supramolecular	tetranuclear	complex	(Scheme	1).20	The	significant	advance	this	
catalyst	presents	is	that	the	carbon	dioxide	is	captured	selectively	from	the	air.	Moreover,	the	process	
exhibited	 limited	 electrocatalytic	 potential;	 with	 the	 potential	 held	 at	 –0.03	 V	 versus	 a	 normal	
hydrogen	electrode	(NHE),	12	equivalents	of	oxalate	per	tetranuclear	complex	were	generated	over	
7	hours.	
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In	 this	 work	 we	 propose	 to	 study	 carbon	 dioxide	 reduction	 in	 an	 effort	 to	 selectively	
transform	carbon	dioxide	captured	from	the	air	into	multi‐carbon	molecules.	We	propose	that	the	
complex	presented	by	Angamuthu	et al.	selectively	reacts	with	carbon	dioxide,	as	opposed	to	oxygen,	
because	 the	 ligand	 architecture	 prevents	 shorter	 copper···copper	 (Cu···Cu)	 distances	 that	 would	
support	the	intermediates	or	products	formed	when	two	copper	(I)	centers	reduce	molecular	oxygen	
(Figure	1).	

Complexes	of	copper	(I)	and	nitrogen‐
donating	 ligands	 often	 react	 with	 molecular	
oxygen	to	form	dinuclear,	bridged	complexes,	
specifically	 peroxo	 or	 bis(μ‐oxo)	 adducts,	
which	 are	 kinetically	 stable	 at	 low	
temperatures.21–24	 In	 peroxo‐species,	 the	
copper	atoms	are	formally	copper	(II),	and	the	
Cu···Cu	 separations	are	 around	3.31	 to	3.6	Å	
for	 μ-η2:η2	 adducts	 and	 4.36	 Å	 for	 μ‐1,2	
adducts.21,23–26	 A	 third	 binding	 option	 is	 a	
bis(μ‐oxo)	bridged	species	where	 the	 copper	
atoms	 are	 formally	 copper	 (III),	 and	 Cu···Cu	
distances	tend	to	be	around	2.75	to	2.91	Å.21,24		
When	protons	are	present,	these	adducts	can	
react	 further	 to	give	bridging	bis(μ‐hydroxo)	
species.		In	bis(μ‐hydroxo)	complexes,	Cu···Cu	
separations	range	from	2.84	to	3.06	Å.27–31		In	
addition,	dinuclear	copper	(I)	complexes	have	
also	been	shown	to	react	with	carbon	dioxide,	
giving	bridging	μ‐carbonato	complexes,	where	
the	Cu···Cu	distances	are	around	4.0	to	4.5	Å.32–
35		Mechanistic	studies	have	shown	that	these	
μ‐carbonato	 complexes	 likely	 result	 from	 an	
initial	 reaction	 of	 a	 copper	 (I)	 complex	with	
oxygen	to	give	an	intermediate,	either	a	μ‐oxo	
or	bis(μ‐hydroxo)	species,	 that	 in	turn	reacts	
with	 carbon	 dioxide	 to	 yield	 the	 bridging	
carbonato	complex.32,36	

Figure 1. Cu···Cu	distances	in	bridging,	dinuclear	
copper	adducts	with	oxo,	hydroxo,	peroxo,	 and	
carbonate	bridges.	

Scheme 1	
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In	 the	 complex	 reported	 by	 Angamuthu	 et al.,	 the	 Cu···Cu	 distances	 are	 5.3205(6)	 and	
5.4295(6)	Å	and	are	necessarily	set	in situ, as	the	complexes	come	together	to	reduce	CO2	or	form	
oxalic	acid.20	 	These	Cu···Cu	distances	are	longer	than	those	observed	for	bridging	oxo‐,	hydroxo‐,		
peroxo‐,	 or	 carbonato‐adducts,	 which	 may	 explain	 the	 complex’s	 selective	 reaction	 with	 carbon	
dioxide,	 as	 opposed	 to	oxygen	or	water,	 in	 air	 and	 its	 selective	production	of	 oxalate	 anion.	 	We	
hypothesize	that	a	rigid	dinucleating	ligand	that	positions	two	copper	(I)	atoms	approximately	5.3	Å	
apart	will	show	similar	selectivity	for	carbon	dioxide	reduction	and	oxalate	production	and	exhibit	
better	catalytic	activity.		If	catalysis	is	observed,	we	will	attempt	to	optimize	the	system	and	elucidate	
its	mechanism.	

Towards	testing	this	hypothesis,	we	present	two	dinucleating	ligands	(Figure	2)	designed	to	
hold	metal	atoms	approximately	5	Å	apart	and	metal	complexes	that	demonstrate	the	potential	for	
these	ligand	architectures	to	test	our	hypothesis.			

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.	Proposed	dinucleating	ligands.	
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Results and Discussion 

Modeling of Ligand Architectures. To	examine	 the	potential	of	 these	 ligands	 to	support	 copper	
centers	bridged	by	an	oxalate	anion,	DFT	calculations	were	performed	employing	the	B3LYP	hybrid	
functional	and	LanL2DZ	basis	set.37–40	 	Calculations	suggest	both	ligands	can	support	two	oxalate‐
bridged	 copper	 (II)	 centers	 without	 significant	 distortion	 of	 the	 ligand	 geometries	 (Figure	 3).		
Specifically,	the	flexible	ligand,	dpeodp,	is	predicted	to	support	a	Cu···Cu	distance	of	5.137	Å,	and	the	
more	rigid	dpedodp	is	predicted	to	support	a	Cu···Cu	distance	of	5.145	Å.	Both	of	these	separations	
are	 larger	 than	 those	 reported	 for	 carbonate‐	 and	 peroxo‐bridged	 copper	 adducts,	 so	 dinuclear	
copper	(I)	complexes	with	the	ligands	could	theoretically	preferentially	react	with	carbon	dioxide	as	
opposed	to	molecular	oxygen.	

	

	

	

	

	

Figure 3. DFT‐optimized	structures	of	oxalate‐bridged	copper	(II)	centers	supported	
by	 dpeodp	 and	 dpedodp.	 	 The	 Cu···Cu	 distances	 are	 illustrated	 on	 the	 structures.		
Relevant	 ligand	 angles	 include	 [Cu2(C2O4)dpeodp]2+:	 C1‐O1‐C18	 	 121.571˚;	
[Cu2(C2O4)dpedodp]2+:	C1‐O1‐C18		117.339˚. 
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Synthesis of Dinucleating Ligands. The	novel	
ligand	dpeodp	is	a	simpler	synthetic	target	and	
was	synthesized	first.		Adapting	a	synthesis	of	
di‐2‐pyridyl	ether	to	the	coupling	of	6‐chloro‐
2‐hydroxypyridine	 and	 2,6‐dichloropyridine	
yielded	 6,6'‐oxybis(2‐chloropyridine)	 (1)	 in	
24%	yield	(Scheme	2).41		The	reaction	has	been	
successfully	 scaled	up	 to	produce	grams	of	1,	
which	 were	 purified	 by	 column	
chromatography	 and	 recrystallization.	 	 In	
addition,	 single‐crystal	 x‐ray	 diffraction	 of	
compound	1	revealed	its	solid‐state	geometry	
(Figure	 4),	 notably	 the	 relatively	 unstrained	
ether	 linkage	 (C1‐O1‐C6)	 with	 an	 angle	 of	
117.96(9)˚.	 	 Dipyridylethane	 side‐arms	 were	
added	to	this	oxydipyridine	core	via	lithiation	
followed	by	nucleophilic	aromatic	substitution,	
also	as	modified	from	literature	procedures.42	
Purified	dpeodp	(2)	was	obtained	after	column	
chromatography,	 and	 recrystallization	 from	
acetonitrile	gave	analytically‐pure	2·CH3CN.	
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Synthesis and Characterization of [Ni2(μ-Cl)2(Cl)(H2O)(dpeodp)]Cl·H2O (3·H2O).		To	study	the	
ability	of	dpeodp	to	coordinate	two	metal	centers	and	the	geometry	of	these	complexes,	dpeodp	was	
reacted	with	metal	 salts.	 	A	nickel	 species	was	pursued	because,	 in	 the	solid	 state,	nickel	 centers	
supported	by	nitrogen‐donating	 ligands	have	a	 tendency	 to	 form	dinuclear,	 cationic	 species	with	
bridging	chlorides	or	bromides.43		Addition of	two	equivalents	of	nickel	(II)	chloride	hexahydrate	to	
dpeodp	in	ethanol	gave	a	light	blue	solid.		Dissolution	of	this	solid	in	nitromethane	followed	by	slow	
evaporation	afforded	large,	green	crystals	which,	upon	exposure	to	air,	yielded	a	powder	of	3·H2O,	in	
27%	percent	yield.		Single	crystal	x‐ray	diffraction	analysis	prior	to	desolvation	reveals	a	solid‐state	
structure	where	 the	dpeodp	 ligand	supports	 two	pseudo‐octahedral	nickel	atoms	bridged	by	 two	
chloride	 ligands	(Figure	5).	 	 	Each	nickel	center	 is	 supported	by	 three	nitrogen	donors	 in	a	 facial	

Figure 4.	 X‐ray	 crystal	 structure	 of	 6,6'‐
oxybis(2‐chloropyridine)	 (1).	 	 Hydrogen	
atoms	have	been	omitted	for	clarity.		Thermal	
ellipsoids	are	set	at	the	50%	probability	level.		
Selected	bond	lengths	[Å]	and	angles	[˚]:	C1–
O1	 1.383(1),	 C6–O1	 1.376(1),	 C5–Cl1	
1.742(1),	 C10–Cl2	 1.745(1);	 C1‐O1‐C6	
117.96(9).	

Scheme 2 
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binding	modality,	and	one	nickel	center	has	an	axial	chloride	ligand	while	the	other	has	an	aqua.		The	
cationic	complex	co‐crystalizes	in	the	P21/c space	group	along	with	four	nitromethane	molecules	and	
a	chloride	anion	(Table	1).		 

The	 complex	 demonstrates	 that	 dpeodp	 can	 serve	 as	 a	 dinucleating	 ligand	 and	 that	 it	 is	
flexible	enough	to	support	two	metal	centers	with	single‐atom	bridges.		However	to	support	the	di‐
μ‐chloride	bridge	and	short	Ni···Ni	separation	of	3.4995(5)	Å,	both	the	ligand	and	nickel	coordination	
geometries	exhibit	significant	distortions	from	ideal	geometries.		Notably,	the	ether	linkage	(C1–O1–
C18)	has	an	angle	of	130.4(3)˚,	compared	with	an	angle	of	117.96(9)˚	in	1.		Moreover,	the	N1–Ni1–Cl	
angle	 is	 171.37(7)˚	 and	 the	 N2–Ni2–O2	 angle	 is	 176.1(1)˚,	 compared	 the	 180˚	 expected	 for	 a	 6‐
coordinate,	octahedral	nickel	center.				

The	 Ni···Ni	 distance	 in	 the	 solid	 state	 structure	 is	 significantly	 shorter	 than	 the	 Cu···Cu	
distance	 reported	 by	 Angamuthu	 et al., suggesting	 that	 dpeodp	might	 be	 too	 flexible	 to	 test	 our	
hypothesis	by	preventing	reaction	of	a	dinuclear	copper	(I)	complex	with	molecular	oxygen.	 	The	
strain	required	to	support	 this	distance,	however,	might	still	allow	such	a	complex	to	show	some	
selectivity	for	carbon	dioxide	reduction.	

	

			

	

	

	

	

	

	

	

	

	

	

Figure 5. Crystal	 structure	 of	 [Ni2(μ‐Cl)2(Cl)(H2O)(dpeodp)]Cl·4(CH3NO2)	 (3·4CH3NO2).		
Hydrogen	atoms,	the	chloride	counterion,	and	four	co‐crystallizing	nitromethane	molecules	have	
been	omitted	 for	clarity,	except	 for	 the	aqua	 ligand’s	hydrogen,	which	were	 located	using	the	
electron	density	difference	map.		Thermal	ellipsoids	are	set	at	the	50%	probability	level.		Selected	
bond	lengths	[Å]	and	angles	[˚]:	Ni1···Ni2	3.4995(5),	Ni1–N1	2.151(3),		Ni1–N3	2.050(3),	Ni1–N4	
2.048(2),	 	 Ni2–N2	 2.131(3),	 Ni2–N5	 2.058(2),	 Ni2–N6	 2.050(3),	 Ni1–Cl3	 2.4477(7),	 Ni2–O2	
2.098(2),	O1–C1	1.361(4),	O1–C18	1.364(4);	 C1‐O1‐C18	130.4(3),	N1‐Ni1‐Cl3	 171.37(7),	N2‐
Ni2‐O2 176.1(1), Ni1‐N1‐C3 169.3(1), Ni2‐N2‐C20 177.7(1).
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Table 1. Crystal Data for Compound  1 and Complexes 3·4CH3NO2, 4·CH3NO2,  and 5·CH3OH 

Compound 1 3·4CH3NO2 4·CH3NO2 5·CH3OH 

Empirical	
formula	 C10H6Cl2N2O	

C34H30Cl4N6Ni2O2	
·4(CH3NO2)	

C34H28Cl4Cu2N6O	
·CH3NO2	

C37H32Cu2N8O12	
·CH4O	

Formula	mass	 241.07	 1058.04	 866.55	 939.83	

Crystal	system	 Monoclinic	 Monoclinic	 Triclinic	 Triclinic	

a	(Å)	 7.3064(5)	 11.2859(9)	 8.5184(5)	 12.1818(6)	

b	(Å)	 19.1947(12)	 23.7567(18)	 8.7187(5)	 12.4775(6)	

c	(Å)	 7.3028(5)	 16.9473(13)	 25.1102(14)	 14.1174(6)	

α	(˚)	 90.00	 90.00	 86.113(2)	 95.718(2)	

β	(˚)	 103.4080(10)	 106.5520(10)	 89.003(2)	 110.491(2)	

γ	(˚)	 90.00	 90.00	 81.305(2)	 103.124(2)	

Unit	cell	volume	
(Å3)	 996.26(11)	 4355.5(6)	 1839.20(18)	 1919.44(16)	

Temperature	
(K)	 100(2)	 100(2)	 100(2)	 100(2)	

Space	Group	 P21/c	 P21/c	 P 	 P 	

Number	of	
formula	units	
per	unit	cell,	Z	

4	 4	 2	 2	

No.	of	reflections	
measured	 10518	 31830	 14268	 24421	

No.	of	
independent	
reflections	

1822	 7964	 6677	 6933	

Rint	 0.0156	 0.0247	 0.0617	 0.0503	

Final	R1	values	(I	
>	2σ(I))	

0.0213	 0.0429	 0.0514	 0.0475	

Final	wR(F2)	
values	(I	>	
2σ(I))	

0.0549	 0.1240	 0.0920	 0.1120	

Final	R1	values	
(all data)	 0.0220	 0.0488	 0.1001	 0.0746	

Final	wR(F2)	
values	(all data)	 0.0554	 0.1300	 0.1086	 0.1245	
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Synthesis and Characterization of Cu2Cl4(dpeodp)·2.5H2O (4·2.5H2O).	 Addition	 of	 two	
equivalents	of	copper	(II)	dichloride	dihydrate	to	dpeodp	gave	a	light	blue	precipitate	of	4·2.5H2O	in	
98%	percent	yield.	Crystals	suitable	for	analysis	by	x‐ray	diffraction	were	grown	from	slow	diffusion	
of	 di‐isopropyl	 ether	 into	 a	 nitromethane	 solution	 of	4·2.5H2O.	 	 In	 the	 solid‐state	 structure,	 the	
copper	centers	are	coordinated	to	the	two	side‐arm	pyridines,	each	have	two	chloride	ligands,	and	
are	supported	at	opposite	sides	of	a	relatively	unstrained	ligand.	Notably,	the	ether	linkage	(C1–O1–
C18)	has	an	angle	of	113.9(4)˚,	which	is	close	to	that	found	in	1.		The	copper	atoms	are	primarily	four	
coordinate,	with	the	two	central	pyridines	in	the	oxydipyridine	core	not	coordinating.		However,	the	
copper	atoms’	coordination	geometries	deviate	slightly	from	planarity.		Examination	of	the	extended	
packing	structure	reveals	a	weak	intermolecular	interaction	between	a	copper	center	and	a	chloride	
bound	 to	 another	 molecule’s	 copper	 center.	 	 The	 intermolecular	 copper‐chloride	 distance	 is	
2.9807(1)	Å,	while	the	intramolecular	distances	are	2.2715(1)	Å	and	2.2576(1)	Å,	which	indicates	
the	copper	atoms	are	weakly	pseudo‐five	coordinate.		Thus,	the	structure	of	4·CH3NO2	also	suggests	
that	dpeodp	 is	 too	 flexible	 to	keep	metal	 centers	at	 the	desired	distance	and	might	not	allow	 for	
selective	reaction	of	a	dinuclear	copper	(I)	complex	with	carbon	dioxide.	

To	 probe	 the	 potential	 of	 4	 to	 serve	 as	 an	 electrocatalyst	 similar	 to	 that	 presented	 by	
Angamuthu	et al.,	its	solution	electrochemical	properties	were	studied.		A	cyclic	voltammogram	of	4 
in	 0.1	 M	 H3PO4	 shows	 a	 broad	 reduction	 wave	 between	 –200	 and	 –800	 mV	 and	 two	 separate	
oxidation	peaks	at	Ep=	118	and	215	mV	(Figure	7).	The	reduction	and	oxidation	of	the	complex	are	
both	irreversible	processes.	Moreover,	crossover	that	occurs	at	approximately	–800	mV	and	growth	
of	 the	 oxidation	 peaks	 over	 the	 course	 of	 four	 consecutive	 cycles	 suggest	 that	 the	 complex	 is	

Figure 6. Crystal	structure	of	Cu2Cl4(dpeodp)·CH3NO2 (4·CH3NO2).		Hydrogen	atoms	and	one	
co‐crystalizing	nitromethane	molecule	have	been	omitted	for	clarity.	  Thermal	ellipsoids	are	
set	 at	 the	 50%	 probability	 level.	 	 Selected	 bond	 lengths	 [Å]	 and	 angles	 [˚]:	 Cu1···Cu2	
9.1630(9),	Cu1–N1	3.418(4),	Cu1–N3	2.006(4),	Cu1–N4	2.021(4),	Cu2–N2	3.523(4),	Cu2–N5	
2.012(4),	Cu2–N6	2.023(4),	Cu1–Cl1	2.271(1),	Cu1–Cl2	2.243(1),	Cu2–Cl3	2.257(1),	Cu2–Cl4 
2.271(1),	O1–C1	1.399(6),	O1–C18	1.377(6);	C1‐O1‐C18	113.9(4). 
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decomposing,	plating	copper	onto	the	glassy	carbon	electrode	during	the	cathodic	sweep,	and	then	
oxidizing	this	Cu0	during	the	anodic	sweep.		

 

	

 

 

 

 

 

 

 

 

Synthesis and Characterization of Cu2(μ-C2O4)(NO3)(CH3OH)(dpeodp)][NO3]·CH3OH 
(5·CH3OH).  To	determine	whether	dpeodp	could	support	two	copper	centers	bridged	by	an	oxalate	
anion,	the	synthesis	of	a complex	with	such	a	bridge	was	pursued.		Adapting	a	literature	procedure	
for	synthesis	of	oxalate‐bridged	copper	complexes,	copper	(II)	nitrate	trihydrate	was	reacted	with	
dpeodp	and	then	K3[Co(C2O4)3]·3H2O.44	 	Then,	5·CH3OH was	isolated	in	38%	yield	as	blue	crystals	
from	vapor	diffusion	of	diethyl	ether	into	methanol	and	analyzed	by	x‐ray	diffraction.		

The	solid‐state	structure	reveals	dpeodp	supporting	two	pseudo‐octahedral	copper	centers	
bridged	by	an	oxalate	anion	(Figure	8).		Each	copper	center	has	an	oxygen‐donating	ligand	in	the	axial	
position;	Cu1	binds	a	nitrate	while	Cu2	binds	a	methanol.	 	The	structure	has	a	Cu···Cu	distance	of	
5.0966(7)	Å,	confirming	that	the	ligand	can	support	two	copper	centers	close	to	the	desired	distance	
where	they	could	conceivably	react	with	carbon	dioxide	to	produce	oxalate,	albeit	not	necessarily	
selectively	due	to	the	dpeodp’s	aforementioned	flexibility.			The	ligand’s	oxydipyridine	core	does	not	
exhibit	much	strain,	as	indicated	by	its	ether	linkage	(C1–O1–C18)	angle	of	119.2(3)˚.		In	addition,	
both	the	Cu···Cu	distance	an	ether	 linkage	angle	agree	reasonably	well	with	the	DFT	calculations’	
results.		However,	the	copper	centers	deviate	significantly	from	the	expected	octahedral	geometry.		
Both	exhibit	elongated	axial	bonds	to	the	pyridines	of	dpeodp’s	oxydipyridine	core,	and	the	angles	
between	the	planes	of	the	pyridine	rings	and	the	copper‐nitrogen	bonds	(Cu1‐N1‐C3	162.4(2)˚	and	
Cu2‐N2‐C20	 147.5(2)˚)	 deviate	 significantly	 from	 180˚,	 suggesting	 that	 the	 axially‐positioned	
pyridines	do	not	strongly	coordinate	to	the	copper	centers.	

Figure 7. Cyclic	 voltammogram	 of	 1	mM	 Cu2Cl4(dpeodp)	 (4)	 in	 0.1	 M	 H3PO4,	
recorded	over	four	consecutive	cycles.		 
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Synthesis of Dioxinodipyridine Isomers.  As	 the	 solid‐state	 structures	 of	 metal	 complexes	
synthesized	with	dpeodp	suggest	the	architecture	may	be	too	flexible	to	prevent	a	dinuclear	copper	
(I)	 complex	 from	 reacting	with	 oxygen,	 synthesis	 of	 a	more	 rigid	 ligand	 has	 begun.	 	 The	 ligand,	
dipyridylethane	dioxinodipyridine	(dpedodp),	will	be	built	from	a	dioxinodipyridine	core.		While	the	
synthesis	of	one	dioxinodipyridine	isomer	with	C2h	symmetry,	[1,4]dioxino[2,3‐b:5,6‐b']dipyridine,	
has	 been	 reported	 by	 Weis,45	 the	 C2v	 isomer,	 [1,4]dioxino[2,3‐b:6,5‐b']dipyridine,	 appears	 to	 be	
unprecedented	in	the	literature.	Adapting	from	the	synthesis	of	diazaphenoxathiins,	a	mixture	of	both	
isomers	 was	 successfully	 synthesized	 in	 26%	 yield	 by	 condensing	 2,3‐dihydroxypyridine	 and	 2‐
chloro,	3‐nitropyridine	(Scheme	3).46,47		The	dihydroxypyridine	was	deprotonated	stepwise	in situ	in	
an	attempt	to	synthesize	only	the	C2v	 isomer,	but	no	selectivity	was	observed.	 	Separating	the	two	
isomers	has	proven	challenging	and	is	ongoing	along	with	attempts	to	activate	both	isomers	at	the	6	
and	6’	positions.	 

 

Figure 8. Crystal	 structure	 of	 [Cu2(μ‐C2O4)(NO3)(CH3OH)(dpeodp)][NO3]·CH3OH	 (5·CH3OH).		
Hydrogen	atoms,	the	NO3	‾	counterion,	and	a	co‐crystallizing	methanol	have	been	omitted	for	
clarity.		Thermal	ellipsoids	are	set	at	the	50%	probability	level.		Selected	bond	lengths	[Å]	and	
angles	[˚]:	Cu1···Cu2	5.0966(7),	Cu1–N1	2.401(4),	Cu1–N3	1.965(2),	Cu1–N4	1.968(4),	Cu2–N2	
2.557(3),	 Cu2–N5	 1.977(4),	 Cu2–N6	 1.958(3),	 Cu1–O2	 2.005(3),	 Cu1–O3	 1.976(2),	 Cu1–O6	
2.355(3),	 Cu2–O4	 1.975(2),	 Cu2–O5	 1.991(3),	 Cu2–O9	 2.343(3),	 O1–C1	 1.388(5),	 O1‐C18		
1.387(5);	C1‐O1‐C18	119.2(3),	Cu1‐N1‐C3	162.4(2),	Cu2‐N2‐C20	147.5(2). 
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Concluding Remarks and Future Work 

A	novel	dinucleating	ligand	designed	to	coordinate	two	first‐row	metals	at	a	given	distance	
was	 synthesized	 and	 successfully	 reacted	 with	 simple	 salts	 to	 give	 nickel	 (II)	 and	 copper	 (II)	
complexes.		The	solid‐state	structures	of	these	complexes	suggest	that	dpeodp	will	be	too	flexible	to	
test	our	hypothesis	that	selective	reduction	of	carbon	dioxide	can	be	achieved	by	copper	atoms	held	
at	a	given	distance.		Encouragingly,	the	solid‐state	structure	of	5·CH3OH	indicates	that	the	dpeodp	
ligand	architecture	can	support	the	Cu···Cu	distances	desired	and	strongly	suggests	dpedodp	will	also	
be	able	to	support	similar	Cu···Cu	separations.	

To	further	probe	the	reactivity	of	metal	complexes	formed	with	dpeodp,	we	have	pursued	the	
synthesis	and	characterization	of	dpeodp	complexes	with	two	copper	(I)	metal	centers.		Synthesis	of	
such	 a	 compound	 has	 been	 achieved,	 but	 characterization	 has	 proven	 challenging.	 	 Reactivity	 of	
copper	(I)	dpeodp	complexes	with	carbon	dioxide,	excluding	oxygen	and	water,	is	also	being	studied	
to	determine	whether	oxalate	production	is	possible	with	the	system.	

In	pursuit	of	a	ligand	architecture	that	can	better	test	our	hypothesis	and	possibly	selectively	
catalyze	carbon	dioxide	reduction	to	oxalate,	synthesis	of	a	ligand	built	around	a	dioxinodipyridine	
core	is	also	in	progress.		Scaling	up	the	separation	of	the	dioxinodipyridine	C2v	and	C2h	isomers	has	
presented	additional	challenges,	and	multiple	attempts	to	directly	halogenate	the	dioxinodipyridine	
isomers	at	 the	6	 and	6’	positions	of	 the	pyridine	 rings	have	proven	unsuccessful.	 	An	alternative	
halogenation	 route,	 proceeding	 through	 amination	 and	 the	 Sandmeyer	 reaction,	 is	 now	 being	
pursued.	 	 This	 more	 rigid	 ligand	 will	 also	 be	 used	 to	 synthesize	 dinuclear	 metal	 complexes,	
specifically	those	containing	copper	(I).		The	metal–metal	separations,	coordination	geometries,	and	
reactivity	of	the	complexes	presented	herein	will	be	compared	to	the	complexes	synthesized	with	the	
more	rigid	dinucleating	ligand.	 	Finally,	the	reactivity	of	these	more	rigid	metal	complexes	will	be	
studied	in	order	to	test	our	hypothesis.	

 

 

 

Scheme 3. 	
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Experimental 

General.	Unless	otherwise	noted,	reagents	and	solvents	were	obtained	from	commercial	suppliers	
and	used	without	further	purification.		Deuterated	solvents	were	purchased	from	Cambridge	Isotope	
Laboratories	and	used	as	received.		Ultrapure	water	for	electrochemistry	and	to	serve	as	a	reaction	
solvent	was	obtained	from	a	Millipore	Milli‐Q	water	purification	system.			Deionized	water	was	used	
for	 workup	 purposes.	 	 Tetrahydrofuran	 was	 dried	 by	 passage	 through	 a	 Vacuum	 Atmospheres	
Company	 solvent	 purification	 column	 system.	 	 Timothy	 C.	 Davenport	 supplied	 1,1‐di‐(2‐
pyridyl)ethane,	 which	 was	 vacuum	 distilled	 prior	 to	 use.	 	 Unless	 otherwise	 indicated,	 flash	
chromatography	was	carried	out	on	basic	alumina	(Brockmann	I,	standard	grade,	~150	mesh	particle	
size,	58	Å	pore	size).				

Analytical Methods Details. Carbon,	hydrogen,	and	nitrogen	elemental	analyses	were	performed	by	
the	College	of	Chemistry’s	Microanalytical	Laboratory	at	the	University	of	California,	Berkeley.		High‐
resolution	mass	spectrometry	was	performed	by	the	QB3/Chemistry	Mass	Spectrometry	Facility	at	
the	University	of	California,	Berkeley.		Low‐resolution	mass	spectrometry	was	performed	using	an	
Agilent	 Technologies	 combined	 GC	 System	 (6890N)	 with	 a	 DB‐5MS	 column	 and	 Mass	 Selective	
Detector	(5973N).			NMR	spectra	were	acquired	at	room	temperature	using	Bruker	AV‐600	and	AVB‐
400	 spectrometers.	 	 1H	 NMR	 spectra	 were	 referenced	 to	 residual	 solvent	 peaks	 (δ	 7.26	 for	 d‐
chloroform)	as	were	13C{1H}	NMR	spectra	(δ	77.16	for	d‐chloroform).	 	When	13C{1H}	NMR	spectra	
were	obtained	on	an	isomer	mixture,	only	resonances	of	the	predominant	component	were	observed	
and	reported.		Thermogravimetric	analysis	was	performed	using	a	Seiko	Instruments	Inc.	EXSTAR	
Thermogravimetry	/	Differential	Thermal	Analyzer	(6300	Series)	under	a	stream	of	dry	nitrogen,	
warming	from	room	temperature	to	120	˚C	at	5	˚C/minute	and	holding	at	120	˚C	for	60	minutes.	

6,6'-Oxybis(2-chloropyridine) (1).	Adapting	from	Hodges	et al.,41	powdered	potassium	carbonate	
(2.77	g,	20.0	mmol)	was	added	to	20	mL	of	N,N‐Dimethylformamide	(DMF)	stirring	under	nitrogen.		
Then,	6‐chloro‐2‐hydroxypyridine	(2.60	g,	20.1	mmol)	and	2,6‐dichloropyridine	(2.96	g,	20.0	mmol)	
were	added	to	the	solution.		The	solution	was	heated	at	reflux	for	5.5	hours	after	which	the	cooled	
reaction	mixture	was	exposed	to	air	and	filtered.		The	solution	was	diluted	with	100	mL	of	deionized	
water	and	150	mL	of	brine	and	then	extracted	with	400	mL	dichloromethane.		A	second	extraction	
was	 repeated	 with	 200	 mL	 of	 dichloromethane.	 The	 orange	 organic	 layers	 were	 combined	 and	
washed	twice	with	deionized	water	(2	x	400	mL).		Solvent	was	evaporated	from	the	organic	fraction	
to	 give	 a	 dark	 orange	 oil.	 	 The	 product	 was	 separated	 from	 the	 oil	 using	 a	 Biotage	 SP1	 flash	
purification	system	with	a	FLASH	40+M,	KP‐NH	cartridge	and	a	solvent	gradient	from	1:49	to	1:4	
ethyl	acetate/hexanes.		The	elution	solvent	was	evaporated	to	give	a	slightly	yellow	crystalline	solid.		
The	solid	was	recrystallized	by	slow	evaporation	of	dichloromethane	to	afford	1	(1.14	g,	4.73	mmol,	
24%)	as	colorless	crystals.	1H	NMR	(600.13	MHz,	CDCl3)	δ	7.71	(dd,	2H,	J	=	7.9	Hz),	7.15	(dd,	2H,	J	=	
7.7,	0.6	Hz),	7.01	(dd,	2H,	J	=	8.0,	0.6	Hz).	13C{1H}	NMR	(150.90	MHz,	CDCl3)	δ	160.5,	149.2,	141.8,	
120.6,	112.2.		Anal.	Calcd	for:	C10H6Cl2N2O:	C,	49.82;	H,	2.51;	N,	11.62.		Found:	C,	49.90;	H,	2.59;	N,	
11.49. 

2,2’-bis(1,1-di-(2-pyridyl)ethyl-6,6'-oxydipyridine (dpeodp) (2).  All	 manipulations	 in	 this 
synthesis	were	carried	out	using	standard	Schlenk	techniques	under	a	purified	N2	atmosphere	until	
quenching	 occurred.	 	 Freshly‐distilled,	 degassed	 1,1‐di‐(2‐pyridyl)ethane	 (1.21	 g,	 6.6	mmol,	 2.12	
equiv.)	was	dissolved	in	15	mL	of	tetrahydrofuran.		To	the	solution,	a	1.6	M	solution	of	n‐butyllithium	
in	hexanes	(4.1	mL,	6.6	mmol)	was	added	slowly.		The	reaction	mixture	was	stirred	at	0	˚C	for	1.5	
hours	and	then	transferred	to	a	tube	containing	powdered	1	(0.750	g,	3.1	mmol)	and	cooled	to	0	˚C.	
Over	 18.5	 hours,	 the	 reaction	 mixture	 was	 stirred	 and	 allowed	 to	 warm	 to	 room	 temperature.		
Afterwards,	the	reaction	was	exposed	to	air	and	quenched	with	0.30	mL	of	water	added	dropwise,	
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producing	 an	 off‐white	 precipitate.	 	 The	 reaction	 mixture	 was	 diluted	 with	 20	 mL	 of	
dichloromethane,	washed	with	water	(3	x	50	mL),	and	dried	with	anhydrous	MgSO4.		Evaporation	of	
the	solvent	by	rotary	evaporation	and	dynamic	vacuum	gave	a	light	yellow	oil.		Flash	chromatography	
of	the	oil	on	basic	alumina	packed	with	cyclohexane	and	run	with	a	solvent	gradient	increasing	from	
1:4	to	2:3	ethyl	acetate/cyclohexane	afforded	2	(1.14	g,	2.12	mmol,	68%)	as a	white	powder.	This	
material	was	used	in	subsequent	syntheses	and	recrystallized	from	acetonitrile	to	afford	analytically‐
pure	samples	of	C34H28N6O·CH3CN	(2·CH3CN).	1H	NMR	(600.13	MHz,	CDCl3)	δ	8.55	(ddd,	4H,	J	=	4.8,	
1.9,	0.9	Hz),	7.52	–	7.45	(m,	6H),	7.08	(ddd,	4H,	J	=	7.4,	4.8,	1.1	Hz),	6.94	(d,	4H,	J	=	8.0	Hz),	6.80	(d,	2H,	
J	=	7.5	Hz),	6.75	(d,	2H,	J	=	8.1	Hz),	2.22	(s,	6H),	1.99	(s,	3H).	13C{1H}	NMR	(150.90	MHz,	CDCl3)	δ	165.9,	
164.2,	160.6,	148.8,	139.14,	136.0,	123.7,	121.3,	119.2,	116.4,	111.5,	77.4,	77.2,	77.0,	59.9,	27.1,	2.00.	
Anal.	Calcd	for:	C36H31N7O:	C,	74.85;	H,	5.41;	N,	16.97.	Found:	74.95,	H:	5.42,	N:	16.98.		HRMS	(ESI):	
Calcd.	for	C34H29N6O	[M+H]+:	m/z	537.2397;	Found:	m/z 537.2399. 

[Ni2(μ-Cl)2(Cl)(H2O)(dpeodp)]Cl·H2O (3·H2O). In	a	round‐bottom	flask,	2 (0.108	g,	0.20	mmol)	was	
dissolved	in	100	mL	of	absolute	ethanol.		A	solution	of	nickel	(II)	chloride	hexaaqua	(0.096	g,	0.40	
mmol)	in	10	mL	of	absolute	ethanol	was	then	added	to	the	reaction	mixture.		The	solution	was	stirred	
overnight	and	concentrated	by	rotary	evaporation	affording	a	light	blue	precipitate.		The	precipitate	
was	 dissolved	 in	 nitromethane	 and	 slow	 evaporation	 under	 ambient	 conditions	 afforded	 green	
crystals	 of	 [Ni2(μ‐Cl)2(Cl)(H2O)(dpeodp)]Cl·4CH3NO2	 (3·4CH3NO2)	 suitable	 for	 x‐ray	 diffraction	
analysis.	 	Upon	exposure	to	air,	 the	crystals	desolvated	giving	3·H2O	(0.045	g,	0.054	mmol,	27%).		
Anal.	Calcd	for:	C34H32Cl4N6Ni2O3:	C,	49.09;	H,	3.88;	N,	10.10.	Found:	C,	48.65;	H,	4.09;	N,	9.91.	

Cu2Cl4(dpeodp)·2.5H2O (4·2.5H2O).	To	a	round‐bottom	flask,	2	 (0.107	g,	0.20	mmol)	was	added	
and	dissolved	 in	80	mL	of	absolute	ethanol	with	gentle	heating.	 	Copper	(II)	dichloride	dihydrate	
(0.070	g,	0.410	mmol)	dissolved	in	11.0	mL	of	absolute	ethanol	was	added	to	the	solution	of	2,	which	
became	dark	green.	After	stirring	for	2.25	hours,	a	light	blue	precipitate	was	collected	on	a	fine	fritted	
funnel,	rinsed	twice	with	absolute	ethanol	(10	mL,	2	mL)	and	twice	with	diethyl	ether	(2	x	3	mL)	and	
dried	by	dynamic	vacuum,	yielding	4·2.5H2O 	(0.115	g,	0.135	mmol,	68%).		Slow	evaporation	of	the	
solvent	under	ambient	conditions	affording	two	additional	crops	of	4·2.5H2O for a	total yield	of 0.166	
g	(195	mmol,	98%).		Vapor	diffusion	of	di‐isopropyl	ether	into	a	nitromethane	solution	of	4·2.5H2O 
gave	x‐ray	quality	crystals	of	Cu2Cl4(dpeodp)·CH3NO2	(4·CH3NO2).		Anal.	Calcd	for:	C34H33Cl4Cu2N6O3.5:	
C,	 48.01;	H,	 3.91;	N,	 9.88.	 Found:	 C,	 47.97;	H,	 3.79;	N,	 9.74.	 	 The	partial	 hydrate	 is	 supported	by	
thermogravimetric	analysis	which	suggests	4·2.28H2O.	

[Cu2(μ-C2O4)(NO3)(CH3OH)(dpeodp)][NO3] (5). In	a	round‐bottom	flask,	2	(13.4	mg,	0.025	mmol)	
was	added	along	with	copper	nitrate	trihydrate	(12.1	mg,	0.050	mmol)	dissolved	in	1.0	mL	of	water.	
The	mixture	was	then	diluted	with	2.5	mL	of	absolute	ethanol	and	heated	at	96	˚C	for	10	minutes.	
Afterwards,	K3[Co(C2O4)3]	(4.1	mg,	0.0083	mmol)	dissolved	in	1.5	mL	of	water	was	added	dropwise,	
and	the	blue	reaction	solution	was	heated	at	96	̊ C	for	20	minutes.	The	solution	was	filtered	while	hot,	
cooled,	and	the	solvent	was	evaporated	yielding	a	light	blue	powder.	The	powder	was	dissolved	in	
methanol,	 and	 slow	 vapor	 diffusion	 of	 diethyl	 ether	 into	 the	 solution	 afforded	 a	mixture	 of	 blue	
prisms	 and	 white	 rods.	 A	 blue	 prism	 of	 [Cu2(μ‐C2O4)(NO3)(CH3OH)(dpeodp)][NO3]	 ·CH3OH 
(5·CH3OH) was	used	for	x‐ray	diffraction	analysis.		The	blue	crystals	were	selectively	re‐dissolved	in	
methanol,	and	the	white	crystals	were	removed	by	 filtration.	 	A	second	vapor	diffusion	of	diethyl	
ether,	 followed	by	drying	under	dynamic	 vacuum,	 yielded	blue	 crystals	 of	5·CH3OH	 (0.009	g,	 9.6	
mmol,	38%).b	

                                                            
b	A	sample	has	been	submitted	for	elemental	analysis;	results	are	pending.	
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[1,4]Dioxino[2,3-b:5,6-b']dipyridine and [1,4]Dioxino[2,3-b:6,5-b']dipyridine (6a,b). In	 a	
round‐bottom	flask,	2,3‐dihydroxypyridine	(5.558	g,	50.0	mmol)	was	added	to	150	mL	of	DMF	under	
nitrogen.	 Freshly‐crushed	 potassium	 hydroxide	 (2.8219	 g,	 50.3	 mmol)	 was	 added,	 turning	 the	
mixture	blue.			After	2	hours	of	stirring	at	room	temperature,	2‐chloro,	3‐nitropyridine	(7.940	g,	50.1	
mmol)	 was	 added,	 turning	 the	 reaction	 mixture	 yellow‐brown.	 	 After	 3.75	 hours,	 additional	
potassium	hydroxide	(2.969	g,	52.9	mmol)	was	added,	turning	the	reaction	red‐brown.		The	mixture	
was	stirred	for	2.75	hours	at	room	temperature,	heated	at	reflux	for	4.75	hours,	and	allowed	to	cool.		
The	mixture	was	then	diluted	with	400	mL	of	water	and	extracted	with	400	mL	of	dichloromethane.	
The	aqueous	 layer	was	extracted	twice	more	with	400	mL	(2	x	200	mL)	of	dichloromethane.	The	
combined	organic	layers	were	filtered,	washed	with	water	(2	x	200	mL),	and	concentrated	by	rotary	
evaporation.	 	 1H	 NMR	 analysis	 of	 the	 crude	mixture	 suggested	 an	 isomer	 ratio	 of	 1:1.1	 (6a:6b).		
Column	chromatography,	first	with	a	elution	solvent	of	1:9	ethyl	acetate/hexanes	and	subsequently	
with	a	gradient	between	100%	cyclohexane	and	1:1	ethyl	acetate/cyclohexane	afforded	a	mixture	of	
isomers	6a and 6b	 (2.403	 g,	 12.91	mmol,	 26%).	 	 An	 analytically‐pure	mixture	was	 obtained	 by	
dynamic	vacuum	sublimation	at	50	˚C.	Anal.	Calcd	for:	C10H6N2O2:	C,	64.52;	H,	3.25;	N,	15.05.	Found:	
C,	64.50;	H,	3.06;	N,	14.99.	Careful	column	chromatography	of	1.008	g	of	product	with	a	gradient	
between	1:9	to	3:7	ethyl	acetate/cyclohexane	afforded	pure	isomer	6a	and	a	1:10	(6a:6b)	isomer	
mixture.		

Less polar isomer (6a):		1H	NMR	(600.13	MHz,	CDCl3)	δ	7.87	(dd,	1H,	J	=	4.9,	1.6	Hz),	7.29	(dd,	2H,	J	
=	7.8,	1.6	Hz),	6.98	(dd,	2H,	J	=	7.8,	4.9	Hz).	13C{1H}	NMR	(150.90	MHz,	CDCl3)	δ	148.8,	142.5,	138.1,	
125.2,	121.4.	Anal.	Calcd	for:	C10H6N2O2:	C,	64.52;	H,	3.25;	N,	15.05.	Found:	C:	64.29;	H,	3.40;	N,	14.80.	
GCMS	(EI):	m/z	186	(M+).			

Predominantly more polar isomer mixture (6b):	1H	NMR	(600.13	MHz,	CDCl3)	δ	7.90	(dd,	2H,	J	=	
4.8,	1.6	Hz),	7.87	(dd,	2H,	J	=	4.8,	1.6	Hz),	7.30	(dd,	2H,	J	=	7.9,	1.6	Hz),	7.20	(dd,	2H,	J	=	7.8,	1.6	Hz),	
7.01	–	6.92	(m,	2H).	13C{1H}	NMR	(150.90		MHz,	CDCl3)	δ	149.5,	142.5,	137.6,	124.1,	121.4.	Anal.	Calcd	
for:	C10H6N2O2:	C,	64.52;	H,	3.25;	N,	15.05.		Found: C,	64.40;	H,	3.20;	N,	14.95.		GCMS	(EI):	m/z	186	
(M+)	(found	for	6a	and	6b).			

X-Ray Crystallography Details. X‐ray	 diffraction	 data	 for	 crystals	 of	 1	 and	 3·4CH3NO2	 were	
collected	 using	 a	 Bruker	 AXS	 three‐circle	 diffractometer	 coupled	 a	 CCD	 detector	 with	 graphite‐
monochromated	Mo	Kα	(λ	=	0.71073	Å)	radiation.		X‐ray	diffraction	data	for	4·CH3NO2	and	5·CH3OH	
were	collected	using	a	Bruker	AXS	modified	four‐circle	diffractometer	coupled	a	CCD	detector	with	
Mo	 Kα	 (λ	 =	 0.71073	 Å)	 radiation	 monochromated	 by	 a	 system	 of	 QUAZAR	 multilayer	 mirrors.		
Crystals	were	kept	at	100(2)	K	throughout	collection.	Data	collection,	refinement,	and	reduction	were	
performed	with	Bruker	APEX2	software	(v.	2011.4).		Structures	for	1,	3·4CH3NO2	and	4·CH3NO2	were	
solved	by	direct	methods	using	SHELXS	while	the	structure	of	5·CH3OH	was	solved	using	SIR2011.		
All	 structures	were	 refined	with	 SHELXL‐97	with	 refinement	 of	F2	 against	 all	 reflections	 by	 full‐
matrix	least	squares.		In	all	models,	non‐hydrogen	atoms	were	refined	anisotropically	and	hydrogen	
atoms	were	 included	at	 their	geometrically‐calculated	positions	and	refined	using	a	riding	model,	
except	for	the	hydrogen	atoms	of	the	aqua	ligand	in	3·4CH3NO2	and	the	hydrogen	on	the	methanol	
ligand	in	5·CH3OH,	which	were	located	from	the	electron	density	difference	map.		The	3D	molecular	
structure	 figures	were	visualized	with	Ortep	3.2,	rendered	with	POV‐Ray	3.6,	and	annotated	with	
Adobe	Illustrator	CS5.1.		Additional	details	can	be	found	in	the	CIF	files,	available	upon	request.	

Calculation Details. DFT	calculations were	performed	at	the Molecular	Graphics	and	Computation	
Facility	at	the	University	of	California,	Berkeley	using	the	Gaussian	09	(rev.	C.01)	suite	of	ab initio	
programs.		Atoms	were	modeled	using	the	B3LYP	hybrid	functional	and	LanL2DZ	basis	set.37–40		The	
structures	 were	 optimized	 as	 gas	 phase	 species,	 and	 the	 ligands	 were	 modeled	 without	
simplifications.		The	overall	charge	was	set	to	2+,	and	the	ground	state	electronic	configuration	was	
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set	to	triplet.		The	3D	molecular	structure	figures	were	visualized	with	Gaussview	5.0.8	and	annotated	
with	Adobe	Illustrator	CS5.1.	

Electrochemical Experiments.	 Electrochemical	 experiments	 were	 performed	 in	 a	 0.1	 M	 H3PO4	
aqueous	 solution	 which	 was	 made	 with	 Milli‐Q	 water	 and	 purged	 with	 nitrogen	 prior	 to	 use.		
Experiments	 used	 a	 glassy	 carbon	 working	 electrode,	 a	 platinum	 wire	 counter	 electrode,	 and	 a	
Ag/AgCl	 reference	 electrode.	 Measurements	 were	 made	 with	 a	 BASi	 EC	 Epsilon	
potentiostat/galvanostat,	PWR‐3	Power	Module,	and	C‐3	Cell	Stand.	All	experiments	began	with	a	
cathodic	sweep	and	proceeded	at	a	scan	rate	of	100	mV/s.			
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