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ABSTRACT:	Atomically	precise	gold	nanoclusters	are	an	exciting	and	growing	class	of	nanomaterial.	While	normally	pro-
tected	with	ligands	such	as	thiols	or	phosphines,	gold	nanoclusters	protected	with	N-heterocyclic	carbenes	(NHCs)	have	re-
cently	garnered	attention	due	to	potential	improvements	in	stability	and	optical	properties	of	the	resulting	clusters.		However,	
as	this	field	is	in	its	infancy,	little	work	has	been	done	with	reducing	agents	beyond	sodium	borohydride	(NaBH4),	a	reagent	
that	dominated	synthetic	efforts	in	other	clusters	as	well.		Herein,	we	report	the	use	of	potassium	intercalated	graphite	(KC8)	
in	 the	 synthesis	 of	 nanoclusters,	 and	 the	 novel	 Au11-nanocluster	 protected	 with	monodentate	 NHC	 ligands	 it	 produces,	
[Au11(NHC)8Br2]Br.	The	cluster	is	characterized	by	ESI-MS,	UV-Vis	spectroscopy,	1H	and	13C{1H}	NMR.	Starting	from	a	partially	
resolved	X-ray	crystal	structure	showing	the	heavy	atoms,	DFT	calculations	enable	us	to	propose	a	total	structure.	

1. INTRODUCTION 
Gold	nanoclusters	are	a	class	of	nanomaterials	which	have	

promise	in	a	variety	of	applications	including	imaging,	cancer	
chemotherapy	and	catalysis.1	Nanoclusters	offer	the	advantage	
over	 nanoparticles	 in	 that	 monodisperse	 clusters	 of	 specific	
chemical	formula	and	distinct	properties	can	be	reproducibly	
synthesized	 in	 solution	 and	 characterized	 using	 crystallog-
raphy	 and	 spectroscopy.2	 N-Heterocyclic	 carbene	 (NHC)	 lig-
ands	are	attracting	interest	as	surface	ligands	for	nanoclusters	
because	their	properties	appear	to	mimic	phosphines	in	terms	
of	ligation	behavior	and	thiols	in	terms	of	cluster	stability.3,	4	

The	 first	 mixed	 valence	 Au(0)/Au(I)	 clusters	 stabilized	
fully	by	NHC	ligands	were	Au3	clusters	reported	by	Sadighi	and	
subsequently	Bertrand.5,	6	In	2019,	our	group	reported	the	first	
use	of	NHCs	to	protect	Au114	and	Au133	nanoclusters.	Since	then,	
our	group	along	with	Han,	Zang,	Tsukuda,	Mak,	and	Zheng	have	
reported	the	synthesis	of	Au107,	Au118,	Au138-10,	Au2311,	Au2412,	13,	
Au2513-15,	and	Au4416	nanoclusters	protected	by	NHCs.			

Synthetic	 routes	 to	 these	NHC-stabilized	Au	nanoclusters	
have	employed	one	method	only:	the	reduction	of	Au(I)-NHC	
complexes	 by	 sodium	borohydride.	 Since	 the	 reducing	 agent	
has	a	large	effect	on	the	size	and	size	distribution	of	nanoclus-
ter	products,	examining	alternative	reducing	agents	is	a	critical	
next	step	in	advancing	this	work.17	In	traditional	thiolate-stabi-
lized	clusters,	milder	reducing	agents	such	as	carbon	monoxide	
and	amine	boranes	have	been	employed,	but	remarkably,	there	
have	 been	 few	methods	 published	 employing	 alternative	 re-
ducing	agents	in	this	domain	either.16,	18-25		

	

Scheme	1.	(A)	Use	of	dissolving	metal	reducing	agent	to	form	
unligated	nanoparticles26,	(B)	our	group’s	previous	work	with	
NHC	protected	gold	nanoclusters3	and	(C)	this	work.	
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Before	the	widespread	use	of	NaBH4,	the	organometallic	re-
agent	Ti(η-C6H5CH3)2	was	employed	as	a	reducing	agent	in	the	
synthesis	of	phosphine	protected	Au9,	Au11,	and	Au13	nanoclus-
ters.27-29	More	 recent	 examples	 include	 the	 use	 of	 dissolving	
metal	reductants	where	 the	metal	 is	actually	 incorporated	 in	
the	cluster.	For	example	Schnepf	et	al.	synthesized	the	gallium	
doped	nanocluster	[Au9Ga(PPh3)8Cl2]2+	using	GaCp	(Cp	=	cyclo-
pentadienyl)	as	the	reducing	agent	and	gallium	source.30	 In	a	
rare	example	of	a	clean	one	electron	reducing	agent	that	is	not	
incorporated	in	the	cluster,	a	novel	Ag18	nanocluster	was	pre-
pared	using	radicals	generated	in	a	Norrish	type	I	photochem-
ical	cleavage	as	the	reducing	agent	by	Stamplecoskie	et	al.31		
 Herein we describe the first example of the use of KC8 as a 
reducing agent for the synthesis of ligand-protected nanoclusters 
(Scheme 1). Precision one electron reducing agents such as Na and 
Li naphthalenide are common in organic and inorganic chemistry 
for the quantitative transfer a single electrons and halide removal,32, 

33 but they are virtually unexplored in materials synthesis. To date, 
these reagents have only been reported use for the preparation of 
nanoparticles of unligated metal nanoparticles such as Sm(0) and 
Fe(0) (Scheme 1).26, 32 

2. RESULTS AND DISCUSSION 
We	began	our	study	by	using	KC8	as	the	reducing	agent	and	

NHC-Au-Br	as	the	NHC/Au	source.	This	resulted	in	the	produc-
tion	 of	 a	 new	 monodentate	 NHC-ligated	 [Au11(NHC)8Br2]Br	
cluster.	 While	 phosphine	 protected	 [Au11(PPh3)8Cl2]Cl	 and	
Au11(PPh3)7Cl3	clusters	are	known35,	as	of	yet,	there	are	no	ex-
amples	 of	 the	 corresponding	 Au11	 cluster	 fully	 protected	 by	
NHCs.	 The	 synthesis	 of	 an	NHC	 analogue	 to	 these	 important	
phosphine-protected	clusters	 represents	a	valuable	 compari-
son	tool	to	learn	more	about	their	stability	and	reactivity.34,35 

NHC	gold(I)	complex	(2a)	was	synthesized	following	liter-
ature	procedures	(see	SI).36	The	low	temperature	reduction	(0	
°C)	of	2a	in	THF	using	2	equivalents	of	KC8	in	the	presence	of	
0.7	equivalents	of	dibenzo-18-crown-6	causes	the	colorless	so-
lution	to	turn	vibrant	red.	The	strong	color	changes	led	us	to	
examine	the	reaction	by	UV-Vis	spectroscopy,	monitoring	the	
increase	in	the	absorbance	band	at	416	nm	as	representative	of	
the	gold	nanocluster	compared	to	a	loss	of	the	UV	absorbance	
peak	at	290	nm	attributable	to	the	gold	complex	2a.	After	the	
reaction	was	deemed	complete,	 it	was	quenched	by	filtration	
through	Celite®	to	remove	excess	KC8.	Through	1H	NMR	anal-
ysis	 of	 crude	 reaction	mixtures	 after	 reduction,	 it	was	 found	
that	2a	was	mostly	consumed	when	the	band	at	416	nm	was	10	
%	of	 the	 intensity	of	 the	peak	at	290	nm	 (Figure	S5	&	S32),	
which	corresponded	to	2	–	6	h	depending	on	stirring	speed.	It	
was	important	to	accurately	determine	the	endpoint	of	the	re-
action	 because	 allowing	 the	 reduction	 to	 continue	 past	 this	
point	causes	visible	decomposition	of	the	gold	nanocluster	rep-
resented	by	a	color	change	of	the	solution	from	red	to	brown. 

	

Figure	1.	Synthesis	and	characterization	of	[Au11(NHC)8Br2]Br	
via	reduction	of	2a	(A)	General	reaction	conditions	for	the	syn-
thesis	(B)	ESI-MS	of	the	Au11	cluster	(C)	UV-Vis	spectrum	of	the	
nanocluster	in	THF.	
 

ESI-MS	analysis	resulted	in	a	set	of	signals	at	m/z	4709.59	
which	 were	 assigned	 to	 the	 novel	 gold	 nanocluster	
[Au11(NHC)8Br2]Br	 (3)	 (Figure	 1).	 Purification	 of	 the	 cluster	
was	achieved	by	removing	more	soluble	species	like	2a,	[NHC-
Au-NHC]Br,	 and	 crown	 ether	 in	 2:1	 pentane:THF	 washes	 at	
room	temperature.	The	process	was	repeated	until	these	impu-
rities	were	 removed,	 as	 evidenced	 by	 the	 loss	 of	 a	 shoulder	
peak	at	280	nm	in	the	UV-Vis	spectrum	(see	Figure	S5	and	S32).	
Under	these	work-up	conditions,	the	cluster	can	be	obtained	in	
62%	yield	at	ca.	80	%	purity	based	on	1H	NMR	integration	of	
the	methylene	protons	of	3.	Further	purification	of	3	can	be	ac-
complished	by	exhaustive	extraction	into	toluene	and	mixtures	
of	pentane	and	THF	(pentane:THF	1:9),	but	due	to	the	low	in-
crease	in	sample	purity	after	these	extractions,	further	manip-
ulations	of	3	were	conducted	with	the	80%	pure	material	(Fig-
ure	S29).	Attempts	to	optimize	the	reaction	further,	by	decreas-
ing	concentrations	and	temperatures,	resulted	in	slower	reac-
tions	with	no	improvement	in	selectivity	or	yields.		Longer	re-
action	times	and	higher	temperatures	(22	°C)	resulted	in	lower	
selectivity	for	the	Au11	nanocluster	giving	rise	to	the	formation	
of	disperse	and	intractable	cluster	mixtures	(Figure	S33).	 
	 From	 these	 samples,	 pure	 crystals	 can	 be	 grown	 in	 low	
yields	by	layering	-40	°C	pentane	over	a	dilute	solution	of	3	in	-
40	°C	THF	(pentane:THF	4:5).	Impurities	can	be	removed	from	
the	crystals	by	washing	with	cold	THF	(-40	°C).	These	crystals	
were	characterized	by	ESI-MS,	UV-Vis	spectroscopy	and	NMR	
spectroscopy.		

ESI-MS	of	crystalline	3	revealed	that	the	only	high	molecu-
lar	weight	molecular	species	present	was	consistent	with	the	
mass	of	[Au11(NHC)8Br2]+.	Further	characterization	by	UV-Vis	
spectroscopy	of	the	crystalline	sample,	which	is	red	in	both	the	
solid	state	and	in	solution,	demonstrated	characteristic	absorp-
tion	bands	at	425	nm	and	at	520	nm.	This	is	similar	to	the	ab-
sorption	 bands	 seen	 for	 the	 previously	 reported	
[Au11(PPh3)8Cl2]Cl	 cluster	 which	 has	 an	 absorbance	 band	 at	
416	 nm	 and	 a	 broad	 band	 at	 500	 nm.35	 The	 phosphine-pro-
tected	cluster	also	demonstrated	a	small	absorbance	band	at	
312	nm,	which	is	not	clearly	seen	for	3.		
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The	purified	cluster	demonstrates	only	one	ligand	environ-
ment	in	1H	NMR	and	13C{1H}	spectra	(Figures	3,	S24	and	S25).	
The	nanocluster	has	a	single	carbene	carbon	signal	at	211	ppm	
which	is	clearly	visible	without	carbon	isotope	labelling	of	the	
carbenic	carbon	(Figure	2).	This	highly	deshielded	carbene	sig-
nal	 is	 consistent	with	 all	 other	 reported	NHC-protected	 gold	
nanoclusters.3,7,12	A	 single	 resonance	peak	 for	 the	carbene	 in	
13C{1H}		NMR	is	consistent	with	the	single	phosphine	chemical	
shift	 seen	 in	 31P	NMR	 for	 the	 [Au11(PPh3)8Cl2]Cl	 cluster,	 and	
suggests	that	exchange	processes	are	taking	place	in	solution	
on	 the	 NMR	 time	 scale.35	 The	 NHC-containing	 cluster		
[Au11(PPh3)7(NHC)Cl2]Cl	 demonstrated	 similar	 behaviour.4	
Variable	low	temperature	(VT)	1H	NMR	experiments	with	the	
cluster	3	 resulted	 in	 decoalescence	 of	 the	 benzyl-methylene	
peak	supporting	the	presence	of	an	exchange	process	for	this	
cluster	(Figure	2D).		

	

	
	

Figure	 2.	 (A)	 13C{1H}	 NMR	 carbene	 chemical	 shift	 of	
[Au11(NHC)8Br2]Br	(B)	1H	NMR	spectrum	of	[Au11(NHC)8Br2]Br	
crystals	(C)	1H	NMR	spectrum	of	Br-Au-NHC	(D)	variable	tem-
perature	analysis	of	the	benzylic	Au11	-CH2-	resonance	peak	in	
1H	NMR.	
	

Attempts	to	gain	a	full	understanding	of	solid-state	struc-
ture	by	single	crystal	X-ray	crystallography	were	hampered	by	
difficulties	obtaining	high	quality	crystals.	These	include	inher-
ent	difficulties	in	crystalizing	gold	nanoclusters37,38,	the	lack	of	
stability	of	3	in	various	solvents,	and	decomposition	during	at-
tempted	anion	exchange	experiments	(see	Figure	S7-13,	S34).	
Solution	stability	studies	(Figure	S7-13)	confirmed	that	while	
cluster	3	showed	no	sign	of	decomposition	in	typical	organic	
solvents	 at	 room	 temperature,	 decomposition	was	 observed	
upon	heating	or	in	the	presence	of	water.		

The	 thermal	 stability	 of	 3	 was	 directly	 compared	 to	
[Au11(PPh3)8Cl2]Cl	by	heating	both	clusters	in	acetonitrile	and	
toluene,	 and	 monitoring	 decomposition	 by	 UV-Vis	 spectros-
copy.3,4,39	Thermal	treatment	of	both	clusters	in	acetonitrile	at	
70	°C	resulted	in	decomposition	in	a	similar	timeframe	indicat-
ing	comparable	stability	(Figure	S35).3	The	decomposition	of	3	
could	not	be	monitored	effectively	at	70	°C	in	toluene	due	to	the	
conversion	of	3	to	other	species	with	overlapping	absorbance	
bands	including	[Au13(NHC)9Br3]Br2	(Figures	S36-38).		

However,	lower	quality	crystals	could	be	generated	by	lay-
ering	hexanes	over	a	solution	of	3	 in	THF	(both	solvents	at	a	
temperature	of	-40	°C).	From	these	crystals,	X-ray	crystallog-
raphy	confirmed	the	expected	Au11Br2	core.	Reliable	confirma-
tion	of	exact	placement	of	the	atoms	in	the	organic	shell	was	
not	possible.	Considering	these	limitations,	we	turned	to	den-
sity-functional	theory	(DFT)	studies	to	provide	insight	into	the	
full	structure.	

DFT	 and	 time-dependent	 density	 functional	 theory	
(TDDFT)	calculations	were	performed	to	study	the	structure	as	
well	as	the	electronic	and	optical	properties	of	the	synthesized	
cluster	[Au11(NHC)8Br2]+.	The	calculations	were	performed	us-
ing	 the	 software	 GPAW40	 with	 two	 different	 xc-functionals;	
Perdew-Burke-Ernzerhof	(PBE)41	and	BEEF-vdW42.	The	initial	
structure	 was	 built	 based	 on	 the	 partially	 resolved	 experi-
mental	structure,	from	which	only	positions	of	the	metal	atoms	
and	 halides	 could	 be	 reliably	 determined.	 It	 was	 relatively	
straightforward	to	complete	the	structure	of	the	metal-ligand	
interface	with	8	carbenes	in	top	positions	as	there	are	in	total	
10	surface	Au-atom	sites	in	the	Au-core	and	two	bromide	atoms	
were	already	resolved	(See	SI).		

The	 stability	 and	 dynamics	 of	 the	 generated	 structure	
model	was	confirmed	by	a	molecular	dynamics	(MD)	simula-
tion	with	DFT	forces	that	included	heating	to	~300	K,	a	produc-
tion	run,	and	annealing	the	system	back	to	 low	temperatures	
below	50	K.	The	MD	run	was	done	to	confirm	the	thermal	sta-
bility	of	the	model	structure	and	the	dependence	of	the	results	
on	the	exact	ligand	layer	conformation.	The	MD	results	are	dis-
cussed	 later	on.	All	 the	 calculated	 structures	were	optimized	
before	the	detailed	analysis.	

The	 electronic	 structure	 of	 the	 optimized	 initial	 model	
structure	was	analyzed	by	projecting	the	density	of	electronic	
states	to	spherical	harmonics	(Ylm)	functions	centered	at	the	
center	of	mass	of	the	cluster.	The	analysis	can	be	used	to	char-
acterize	the	superatom	states	of	the	cluster	which	are	delocal-
ized	on	the	metal	core.42		As	expected	by	the	composition	of	the	
cluster,	 11	 free	 valence	 s-electrons	 in	 Au-atoms,	 2	 electron	
withdrawing	bromides,	and	the	1+	total	charge	result	in	an	8e	
superatom	 system.	 This	 is	 confirmed	 by	 the	 Ylm-analysis	
shown	in	Figure	3a	(PBE	functional)	that	clearly	shows	three	P-
symmetric	states	as	the	highest	occupied	states	and	D-symmet-
ric	states	as	the	lowest	unoccupied	states.	The	BEEF-vdW	func-
tional	 gives	 almost	 identical	 results	 with	 only	 moderate	
changes	in	positions	and	degeneracy	of	the	states	as	shown	in	
Figure	S39A.		

Differences	between	the	nature	of	the	ligands	is	seen	in	the	
Bader	charges	of	atoms	listed	in	Table	S2.	Bromides	are	nega-
tively	 charged	 -0.516	 |e|	 whereas	 carbenes	 are	 positively	
charged	by	+0.315	|e|.	Metal	atoms	in	the	surface	of	the	core	are	
nearly	neutral	-0.018	|e|	regardless	of	the	capping	ligand	group	
bound	to	them	while	the	central	Au-atom	is	negatively	charged	
by	-0.311	|e|.	

The	 electronic	 structure	 directly	 affects	 the	 optical	 re-
sponse.	The	calculated	optical	absorption	spectrum	of	the	opti-
mized	model	structure	is	shown	in	Figure	3B.	The	overall	agree-
ment	to	experimental	spectrum	is	reasonably	good.	There	are	
three	 identifiable	 low	energy	 features	 in	 the	calculated	spec-
trum,	 the	 lowest	one	 in	energy	being	much	broader	 than	the	
two	other.	 The	 second	 lowest	 peak	 is	 located	below	450	nm	
both	experimentally	and	computationally.	Below	350	nm	there	
is	a	steep	enhancement	in	the	absorption	intensity	followed	by	
distinguished	high	energy	absorption	peaks	close	 to	300	nm.	
Compared	 to	experiments,	 the	optical	gap	 is	underestimated,	
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the	edge	of	the	absorption	tail	being	at	650	nm	(1.9	eV)	exper-
imentally	and	750	nm	(1.7	eV)	computationally.		

The	HOMO-LUMO	energy	gap	of	the	system	matches	with	
the	optical	gap,	which	is	determined	by	the	dipole	allowed	tran-
sitions	between	P	 to	D	 states	 based	on	 the	 general	 selection	
rules.	The	underestimation	of	the	HOMO-LUMO	gap	with	PBE	
functional	 is	expected	because	of	the	tendency	to	expand	the	
metal	core	structure	compared	to	true	realistic	size.	Some	mi-
nor	discrepancy	is	also	seen	in	the	shape	of	the	high	energy	fea-
tures	that	are	merged	into	one	main	peak	in	experimental	spec-
trum.	The	measured	spectrum	still	 clearly	shows	a	non-sym-
metric	shape	with	faint	side	features	on	both	sides	of	the	maxi-
mum.	These	may	coincide	with	the	more	pronounced	features	
seen	in	the	calculated	spectrum.	The	spectrum	calculated	with	
BEEF-vdW	 (see	 Figure	 S39B)	 is	 almost	 identical	 to	 the	 PBE	
spectrum.	Because	of	the	consistency	in	the	results	we	decided	
to	concentrate	on	the	PBE	functional	with	molecular	dynamics	
(MD)	simulations	that	are	described	next.	

MD	simulations	were	carried	out	to	confirm	the	stability	of	
the	model	cluster	and	to	examine	the	effects	of	the	exact	ligand-
layer	conformation	to	the	absorption	spectrum.	The	MD	simu-
lations	were	run	using	Langevin	thermostat	in	total	for	11.7	ps	
using	the	PBE	functional.	The	MD	simulation	included	heating	
using	target	temperature	of	300	K,	a	production	run	at	~300	K	
and	annealing	the	system	back	to	low	temperatures.	The	simu-
lation	was	stopped	when	the	temperature	was	dropped	below	
50K.		

The	structure	stayed	intact	during	the	whole	MD-run	and	
only	the	organic	part	of	the	ligand	layer	becomes	reoriented.	No	
drastic	 changes	were	 seen	 in	 the	 overall	 structure.	 The	opti-
mized	initial	model	structure	and	the	final	MD-step	structures	
are	visualized	in	Figure	S40A	and	S40B	respectively.	After	an-
nealing	the	structure	back	to	low	temperatures,	the	electronic	
structure	and	optical	absorption	spectrum	were	calculated	for	
the	optimized	snapshot	structure	of	the	final	step	for	which	re-
sults	are	shown	in	Figure	S41.	The	electronic	structure	(Figure	
S41A)	is	comparable	to	the	electronic	structure	before	the	MD-
run	(Figure	3).	The	HOMO-LUMO	gap	and	the	positions	of	the	
states	follow	closely	the	results	of	the	initial	model	structure.	
As	a	consequence,	changes	in	the	absorption	spectrum	are	also	
minimal.	The	lowest	energy	peak	becomes	slightly	sharper	and	
the	other	peaks	smoothen.	This	may	relate	to	redistribution	of	
the	ligand	states.	Otherwise	the	spectrum	remained	unchanged	
and	assignment	of	 the	 features	with	respect	 to	the	measured	
spectrum	remained	the	same.		

To	conclude,	we	showed	that	the	model	structure	is	stable,	
reproduces	 the	 experimental	 results	 and	 can	 explain	 the	 de-
tailed	structure	of	the	measured	cluster.	

	

	
Figure	 3.	 Calculated	 results	with	 PBE	 functional	 for	 A)	 pro-
jected	 density	 of	 states	 of	 optimized	 model	 cluster	
[Au11(NHC)8Br2]⁺	mapping	the	symmetries	of	superatom	states	
based	on	spherical	harmonics	functions	centered	at	the	center	
of	the	mass	of	the	cluster	and	(B)	optical	absorption	spectrum	
of	the	same	structure.	Different	colors	denote	different	angular	
momenta.	
	

To	test	the	effect	of	the	halide	on	the	nature	of	the	product	
formed,	we	also	reduced	NHC-Au-Cl	with	KC8.	As	with	the	bro-
mide	 starting	material,	 reduction	with	KC8	took	place,	 giving	
[Au11(NHC)8Cl2]Cl	as	 the	major	product	 (Figure	S43-46).	The	
cluster	peak	is	seen	in	ESI-MS	and	is	identified	in	the	NMR	spec-
tra	based	on	the	carbene	chemical	shift	of	211	ppm.	However,	
nanocluster	formation	occurred	at	a	slower	rate	with	the	chlo-
ride	 compared	 to	 the	 reduction	 of	 bromide	2a	 (Figure	 S43).	
More	side	products	were	also	observed	with	the	chloride	(Fig-
ure	S44-46).		

Similarly,	 reduction	 of	 bromide	 salt	 2a	 with	 NaBH4	 in	
EtOH/DCM,	conditions	which	previously	produced	Au13	 clus-
ters,3	 gave	 [Au13(NHC)9Br3]Br2	as	 the	 major	 cluster	 product,	
not	Au11	(Figure	S47).	The	reduction	of	2a	with	NaBH4	in	THF	
under	inert	atmosphere	does	not	result	in	the	formation	of	any	
nanoclusters	 (Figure	 S48).	 These	 experiments	 demonstrate	
that	the	observed	Au11	nanocluster	is	formed	because	of	the	na-
ture	of	the	reducing	agent	(KC8	vs.	NaBH4)	rather	than	the	hal-
ide.		

To	examine	the	generality	of	the	synthetic	method,	related	
gold	 complexes	 2b	 and	 2c	 were	 treated	 with	 KC8	 at	 -40	 °C	
(Scheme	2).	Reduction	of	2b	resulted	in	a	polydisperse	mixture	
of	Au9,	Au10,	and	Au11	nanoclusters	with	Au11	being	the	minor	
product	as	seen	 in	ESI-MS	(Figure	S1	and	S2).	Compound	2c	
gave	fast	decomposition	to	a	brown	solution	with	no	evidence	
of	cluster	formation	at	the	point	of	analysis	(Figure	S3).		
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Scheme	2.	General	conditions	for	the	reduction	of	2b	and	2c,	
and	the	results	thereof.	
	

While	it	is	perhaps	not	surprising	that	replacing	the	N-ben-
zyl	substituent	in	2a	with	isopropyl	substituents	as	in	2b		was	
unsuccessful	(although	we	note	the	successful	use	of	this	ligand	
in	cluster	synthesis	by	the	Zheng	group)9,	14,	16	the	failure	of	the	
naphthyl-substituted	cluster	was	more	surprising.	One	possi-
bility	we	considered	is	that	the	π-extended	aromatics	served	as	
a	second	point	of	reaction	with	KC8,	since	species	like	LiNp	are	
well	known.	Instability	of	any	initially	generated	clusters	in	the	
presence	of	the	strong	reducing	agent	is	another	possibility.	Re-
gardless,	these	results	suggest	that	while	KC8	is	clearly	an	effec-
tive	 reducing	agent	 for	 the	preparation	of	nanoclusters	 from	
molecular	Au	NHC	species,	optimization	of	individual	reactions	
is	likely	necessary,	taking	into	consideration	the	stability	of	the	
starting	materials	and	the	final	nanoclusters.			

3. CONCLUSIONS 
In	 conclusion,	 we	 have	 demonstrated	 that	 a	main	 group	

metal	reducing	agent,	specifically	KC8,	can	be	employed	for	the	
generation	of	Au	nanoclusters	stabilized	by	N-heterocyclic	car-
benes.	Using	the	same	molecular	NHC–Au	precursor,	clusters	
with	 different	 cores	 were	 obtained.	 Specifically,	 the	 KC8	
method	 gave	 clusters	 with	 the	 formula	 [Au11(NHC)8Br2]Br,	
reminiscent	of	Hutchinson's	Au11	phosphine	clusters35,	while	
reduction	 of	 this	 same	 precursor	 with	 NaBH4	 gives	
[Au13(NHC)9Cl3]Cl2.3	Unlike	these	NHC-stabilized	Au13	clusters,	
the	 Au11	 clusters	 produced	 herein	 have	 higher	 reactivity,	 a	
property	our	group	will	be	exploring	in	catalytic	applications	of	
these	clusters.	The	study	of	alternative	single	electron	reducing	
agents	for	the	synthesis	of	metal	clusters	inaccessible	by	reduc-
tion	with	NaBH4	is	ongoing	in	our	lab.		

4. EXPERIMENTAL METHODS 
4.1 Materials	and	Methods	

All	NHC	ligands	and	Au(I)	NHC	complexes	were	synthesized	
under	ambient	conditions.	Reductions	using	KC8	and	manipu-
lations	 of	 [Au11(NHC)8Br2]Br	 were	 done	 under	 inert	 atmos-
phere	in	a	N2	filled	glovebox.		Unless	otherwise	stated,	all	rea-
gents	were	 purchased	 from	 commercial	 suppliers	 at	 highest	
possible	purity.			

Electrospray	 ionization	mass	 spectrometry	 (ESI-MS)	was	
performed	on	a	Bruker	compact	ESI-Q-TOF	mass	spectrometer	
with	positive	mode.	A	THF	solution	of	cluster	samples	was	pre-
pared	by	dissolving	the	powder	sample	in	degassed	THF	just	
before	the	direct	infusion	(3	µL/min).	

4.2 NHC	salts	

Synthesis	of	NHC	salts	were	adapted	from	a	published	pro-
cedure.4	 	 In	a	15	mL	pressure	 tube,	5	mL	of	acetonitrile	was	
added	to	benzimidazole	(0.590	g,	5.00	mmol).	Powdered	potas-
sium	carbonate	(1.04	g,	7.50	mmol),	was	added	to	the	mixture	
with	2	mL	of	acetonitrile.	The	reaction	mixture	was	sealed	and	
heated	to	80	°C	for	30	min.	In	the	synthesis	of	1a,	benzyl	bro-
mide	(1.25	mL,	10.5	mmol)	was	then	added	dropwise,	and	the	
pressure	tube	was	sealed	and	stirred	at	85	°C	for	further	72	h.	
Other	NHC	salts	were	synthesized	with	10.5	mmol	of	 the	de-
sired	wingtip	group.	The	reaction	mixture	was	removed	from	
heat	 and	 concentrated	 using	 compressed	 air	 flow.	 Following	
this,	7	mL	of	water	and	7	mL	of	dichloromethane	were	added	
to	the	pressure	tube,	and	the	solid	product	was	collected	by	fil-
tration,	washed	with	diethyl	ether	(10	mL	x	3	times)	and	dried	
in	vacuo	(1.68	g,	88.8	%).		

4.3 Gold	Complexes	

Synthesis	of	 the	NHC-Au-X	gold	 complexes	were	adapted	
from	 a	 published	 procedure.3	 The	 NHC	 salt	 (0.134	 g,	 0.353	
mmol),	gold(I)	dimethylsulfide	(0.104	g,	0.353	mmol),	and	po-
tassium	carbonate	(0.500	g,	3.6	mmol)	were	suspended	in	100	
mL	of	acetone	in	a	250	mL	round-bottomed	flask.	This	reaction	
mixture	was	stirred	at	room	temperature	for	1	h	and	then	re-
fluxed	at	65	°C	for	16	h.	The	hot	reaction	mixture	was	filtered	
through	a	coarse	frit	and	dried	in	vacuo.	The	beige	product	was	
then	dissolved	in	min.	dichloromethane	and	filtered	through	a	
1	cm	silica	plug.	The	filtrate	was	dried	in	vacuo,	and	the	white	
product	was	collected.	Excess	DCM	was	removed	by	washing	
with	10	mL	pentane	and	drying	the	sample	thoroughly	(0.147	
g,	72.3	%).	

4.4 [Au11(NHC)8Br2]Br	

WARNING:	Potassium	graphite	(KC8)	is	a	pyrophoric	solid	and	
should	be	handled	under	inert	atmosphere.	Unreacted	KC8	and	
any	vessel	which	came	in	contact	with	KC8	were	quenched	us-
ing	a	solution	of	butylated	hydroxytoluene	(BHT)	in	THF	under	
inert	atmosphere.		

In	a	N2	filled	glovebox,	2a	(0.059	g,	0.1	mmol)	and	dibenzo-
18-crown-6	(0.024	g,	0.066	mmol)	were	dissolved	in	18.5	mL	
of	dry	THF	and	cooled	to	 -40	°C	 in	 the	glovebox	 freezer.	The	
solution	was	added	to	KC8	 (0.028	g,	0.20	mmol)	 in	a	100	mL	
Schlenk	flask	and	stirred	in	an	ice	bath.	The	reaction	was	mon-
itored	by	examining	aliquots	of	the	reaction	mixture	every	30	
minutes,	removed	by	syringe,	by	UV-Vis.	After	confirmation	of	
the	completed	reaction,	when	the	observed	420	nm	peak	was	
10	%	of	the	290	nm	peak,	the	THF	was	removed	by	exposure	of	
the	reaction	mixture	to	vacuum	in	a	Schlenk	line.	Upon	dryness,	
the	flask	was	taken	back	into	the	glovebox,	where	the	crude	of	
the	reaction	was	dissolved	in	20	mL	of	THF	and	filtered	through	
Celite®	into	a	100	mL	round	bottom	flask	(RBF).	To	the	RBF,	
40	mL	of	pentane	were	added	to	precipitate	out	3.	The	precip-
itate	was	collected	in	a	Celite®	plug,	and	the	solid	was	washed	
with	 10	 mL	 of	 ether.	 The	 collected	 solid	 was	 subsequently	
washed	through	with	7	mL	of	THF,	and	the	resulting	extracts	
precipitated	with	14	mL	of	pentane.	The	supernatant	was	re-
moved,	 and	 precipitation	was	 repeated	 twice	more	 until	 the	
starting	material	and	dibenzo-18-crown-6	were	no	longer	seen	
in	the	UV-Vis	spectrum	as	evidenced	by	the	removal	of	a	shoul-
der	peak	at	282	nm.	This	procedure	 results	 in	a	 red	powder	
which	is	primarily	[Au11(NHC)8Br2]Br	(0.027	g,	62	%	yield,	81	
%	purity	by	1H	NMR	integration).		

To	achieve	3	of	higher	purity,	the	red	powder	was	dissolved	
in	9	mL	of	THF,	and	1	mL	of	pentane	was	added	to	this	solution.		
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The	solution	was	then	filtered	through	Celite®	and	the	filtrate	
removed	in	vacuo.	This	process	was	repeated	two	times	or	until	
impurities	were	under	85.1	%	based	on	 1H	NMR	determina-
tions.	 Pure	 crystals	 can	 be	 obtained	 in	 low	yield	 by	 layering	
cold	heptane	(-40	°C)	over	a	dilute	solution	of	2a	in	THF	(4:5	
heptane:THF).	The	crystals	were	washed	with	2	x	5	mL	of	cold	
THF		(-40	°C),	dried	in	vacuo	and	dissolved	in	CD2Cl2.	Pure	1H	
NMR	and	13C{1H}		NMR	were	obtained	using	these	crystals.	

ASSOCIATED CONTENT  
Supporting	 Information.	 Characterization	 data	 including	
NMR	characterization	of	all	materials,	UV-Vis	spectra	and	ESI-
MS	of	3.	This	material	is	available	free	of	charge	via	the	Internet	
at	http://pubs.acs.org.	
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