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ABSTRACT:	A	proline-based	engineered	amphiphile	featuring	a	thiourea	functional	group	has	been	synthesized	for	the	pur-
pose	of	controlled	reduction	of	Au(III)	to	Au(I)	with	subsequent	stabilization	of	the	resulting	nanomaterial.	This	study	eluci-
dates	the	significant	role	played	by	the	designer	amphiphile,	alongside	chloride	ions,	in	imparting	a	dendritic	morphology	to	
the	final	nanocatalyst.	Such	morphology	is	pivotal	for	the	catalytic	activity	of	Au(I),	as	demonstrated	in	the	cyclization	reaction	
of	alkynylanilines,	conducted	in	water	as	a	benign	reaction	medium.	The	structural	characterization	of	the	nanomaterial	re-
vealed	intriguing	associations	between	dendritic	nanocatalyst	and	nanomicelles,	as	observed	through	cryogenic	transmission	
electron	microscopy.	Spectroscopic	analyses,	including	X-ray	photoelectron	and	X-ray	absorption	spectroscopy,	corroborate	
the	presence	of	Au	in	the	+1	oxidation	state	within	the	dendritic	nanomaterial.	The	metal-amphiphile	binding	is	further	sup-
ported	by	X-ray	absorption	fine	structure	analysis.	Cyclic	voltammetry	analysis	confirms	the	amphiphile-mediated	reduction	
of	Au(III)	to	Au(I).	Significantly,	the	dendritic	morphology	is	inaccessible	when	employing	bromide	ions,	whose	greater	nu-
cleophilicity	disrupts	the	bridging	linkages	formed	by	the	chloride	counterpart.	Under	these	conditions,	the	catalytic	activity	
is	adversely	affected.	

INTRODUCTION	

Unlike	palladium	and	nickel,	gold	(Au)	is	a	non-toxic	metal,	
and	 it	 exhibits	 desired	 catalytic	 activity	 across	 a	 broad	
range	 of	 substrates	 under	 mild	 reaction	 conditions.1-5	 In	
general,	ligands'	expense,	solvents'	toxicity,	and	counter-an-
ion	 influence	 remain	 significant	 considerations	 in	 cataly-
sis.6-12	Tailor-made	ligands	may	be	required	for	fine-tuning	
metal	complexes9	electronic	and	steric	properties.13-15	Fur-
thermore,	solvent	choice	profoundly	impacts	reaction	out-
comes	in	transition	metal	catalysis,	including	Au(I)	cataly-
sis.7,	16	Solvents	dissolve	reactants,	facilitating	molecular	in-
teractions	and	influencing	the	stability	and	reactivity	of	in-
termediates	in	the	catalytic	cycle.	Dipolar-aprotic	solvents	
like	dichloromethane	(DCM),	tetrahydrofuran	(THF),	dime-
thylformamide	(DMF),	and	dimethyl	sulfoxide	(DMSO)	are	
commonly	 used	 for	 their	 ability	 to	 dissolve	 diverse	 sub-
strates,	lower	transition	state	energy	barriers,	and	accom-
modate	 various	 functional	 groups.6,17	 These	 solvents	 also	
aid	in	solvating	reactive	intermediates	and	promoting	cru-
cial	bond-forming	steps.	Hence,	solvent	and	ligand	selection	
are	critical	but	often	overlooked	aspects	of	transition	metal	
catalysis.	

Ligand-free	gold	catalysis	in	water	can	be	a	promising	ap-
proach	 in	 contemporary	 synthetic	 chemistry,	 albeit	 with	
challenges.	Removing	ligands	compromises	selectivity	and	

efficiency,	while	water	as	a	solvent	introduces	solubility	is-
sues,	catalyst	deactivation,	competitive	side	reactions,	and	
limited	reaction	scope.14,18	In	addition,	catalytically	inactive	
clumps	of	Au(0)	are	formed	in	the	absence	of	an	appropriate	
ligand.	Overcoming	these	hurdles	can	enhance	the	environ-
mental	sustainability	and	operational	feasibility	of	Au(I)	ca-
talysis.	 Thus,	 designing	 a	 benign	 and	 inexpensive	 am-
phiphile	capable	of	serving	as	a	ligand	and	solvent	in	gold	
catalysis	 addresses	 challenges	 associated	with	 traditional	
ligands	 and	 solvents.	 Tailoring	 amphiphile	 structure	 ena-
bles	the	 incorporation	of	a	 functional	group	for	Au	center	
coordination	and	provides	a	suitable	solvent	environment	
in	water.	The	designer	amphiphiles	can	stabilize	in	situ-gen-
erated	nanoparticles	(NPs)	possessing	Au(I)	through	a	co-
ordinating	group	while	 creating	 a	 confined	 reaction	envi-
ronment.	This	 approach	offers	enhanced	catalyst	 stability	
and	 improved	 selectivity	 through	 the	 confinement	 effect,	
promising	enhanced	performance	and	sustainability	in	syn-
thetic	 chemistry	 applications.19-22	 Also,	 encapsulating	 Au	
NPs	within	micelle	 cores	 could	 stabilize	 them,	preventing	
aggregation	and	preserving	their	properties.	This	stability	
can	allow	facile	manipulation	and,	moreover,	growth	of	NP	
into	dendritic	morphology	due	to	a	confined	environment,	
making	 them	versatile	 building	blocks	 for	 advanced	 cata-
lytic	 nanomaterials.	 The	 hydrophobic	 interior	 of	micelles	
containing	dendritic	Au	has	the	potential	 to	promote	spe-
cific	 interactions	 between	 reactants	 and	 catalytic	 sites,	 in	



 

addition	to	increased	surface	area,	stability	against	aggre-
gation,	and	efficient	mass	transport.	

Figure	1.	Designer	amphiphile	assisted	formation	of	den-

dritic	Au(I).	

Traditionally,	synthesizing	dendritic	Au	species	typically	in-
volved	a	controlled	reduction	of	Au	precursors	in	the	pres-
ence	of	dendritic	templates	or	stabilizers	in	aqueous	envi-
ronment.23-24	 Templates	 like	 poly(amidoamine)	 (PAMAM)	
dendrimers	or	polyethyleneimine	(PEI)	promote	nucleation	
and	growth	of	Au	NPs	with	dendritic	morphology.25-28	Re-
duction	 of	 a	 Au	 precursor	 like	 chloroauric	 acid	 (HAuCl¤)	
with	a	reducing	agent	like	sodium	borohydride	(NaBH¤)	in-
itiates	 NP	 formation	 on	 the	 template	 surface.	 The	 highly	
branched	nature	 of	 dendritic	 templates	 promotes	 growth	
along	multiple	axes,	forming	intricate	structures.	However,	
Au	NPs	or	dendritic	Au	possessing	all	Au	in	zero	oxidation	
state	 are	 catalytically	 dead	 for	 reactions	 requiring	 Au(I)	
species.29	However,	generating	dendritic	Au(I)	aggregates	is	
challenging	but	can	be	achieved	in	the	right	micellar	envi-
ronment	due	to	mild	conditions	and	a	highly	confined	envi-
ronment.	The	inclusion	of	a	coordinating	group	on	the	am-
phiphile	and	chloride	on	Au	could	also	facilitate	controlled	
cross-linking.30		

To	achieve	catalytically	active	dendritic	Au(I),	we	propose	
that	a	sulfur-containing	amphiphile,	driven	by	entropy,	self-
aggregates,	creating	a	highly	confined	environment.	Within	
this	 controlled	 space,	 a	 reducing	 amphiphile	 can	 convert	
Au(III)	 to	 Au(I)	in	 a	 precisely	 regulated	manner.	 Concur-
rently,	 these	 amphiphile	 molecules	 or	 micelles	 can	 bind	
with	Au(I),	preventing	further	reduction	of	all	the	Au(I)	ions	
to	Au(0).	Moreover,	the	tightly	controlled	micellar	microen-
vironment	potentially	promotes	nucleation	at	the	Au(I)	cen-
ter,	fostering	dendritic	growth	(Figure	1).	Consequently,	en-
gineered	micelles	serve	as	miniature	reactors,	encapsulat-
ing	 hydrophobic	 Au(I)	 species	 and	 serving	 as	 ideal	 tem-
plates	for	synthesizing	and	stabilizing	dendritic	Au(I).	The	
combination	of	micelles	and	dendritic	Au(I)	presents	a	syn-
ergistic	nanoarchitecture	with	enhanced	reactivity	and	ver-
satility,	potentially	unlocking	opportunities	across	various	
disciplines.	

MATERIALS	AND	METHODS		

Our	study	commenced	with	the	design	and	synthesis	of	the	
tailored	amphiphile	GG-750-M,	strategically	omitting	thiol	
or	sulfide	 functionalities	while	 incorporating	sulfur	 in	 the	
form	 of	 thiourea	 (Scheme	 1A,	 also	 see	 Supporting	 Infor-

mation,	page	S2).	The	resultant	micellar	self-assembly	pre-
sents	a	crucial	aspect,	as	thiol	or	sulfide	functional	groups	
within	can	inadvertently	provoke	uncontrolled	binding	and	
reduction	of	Au(III)	to	Au(0),	posing	potential	interference	
in	catalytic	processes.	We	engineered	an	amphiphile	 inte-
grating	the	thiourea	functional	group	within	its	hydropho-
bic	 domain	 to	 circumvent	 this	 challenge.	 Notably,	 we	 se-
lected	proline	as	a	linker	bridging	the	hydrophilic	and	hy-
drophobic	segments	for	several	compelling	reasons:	firstly,	
its	nitrogen	atom	serves	as	a	pivotal	component	in	the	thio-
urea	moiety;	secondly,	the	cyclic	structure	of	proline	likely	
constrains	the	formation	of	rotamers	in	the	Au-bound	am-
phiphile;	 thirdly,	 it	 offers	 a	 site	 for	 appending	 the	hydro-
philic	mPEG	chain	via	the	carboxylic	acid	functional	group,	
and	 finally,	proline's	 cost-effectiveness	and	benign	nature	
are	advantageous.	Leveraging	proline	alongside	mPEG	and	
aliphatic	 amine,	we	 successfully	 synthesized	 the	 designer	
amphiphile	 GG-750-M,	 achieving	 an	 optimal	 balance	 be-
tween	its	hydrophilic	and	lipophilic	attributes,	as	illustrated	
in	Scheme	1A.	

The	subsequent	application	of	GG-750-M	was	showcased	in	
the	controlled	synthesis	of	dendritic	Au(I)	species	(Scheme	
1B).	HAuCl4	was	chosen	as	the	Au(III)	precursor	due	to	its	
water	solubility,	while	tetra-n-butyl	ammonium	chloride	(n-
Bu4NCl)	served	as	the	phase	transfer	agent.	Upon	reaction	
of	n-Bu4NCl	with	HAuCl4,	a	lipophilic	adduct	[AuCl4]-[NBu4]+	
formed,	releasing	HCl.	The	possible	encapsulation	of	this	ad-
duct	within	GG-750-M	assemblies	and	the	presence	of	thio-
urea	 functional	 group	 (a	 possible	 reductant)	 in	 the	 am-
phiphile	facilitated	the	reduction	of	Au(III)	to	Au(I)	and	the	
oxidation	of	thiourea	moiety,	followed	by	the	growth	of	den-
drimers	containing	Au(I)	(for	details,	see	Supporting	Infor-
mation,	pages	S4-S16).	

	

Scheme	1.	Designer	amphiphile	mediated	growth	of	den-
dritic	Au(I).	(A)	Design	of	amphiphile	GG-750-M.	(B)	Syn-

thesis	of	dendritic	Au(I).	

The	anticipated	dendritic	Au(I)	species	underwent	compre-
hensive	 characterization	 using	 advanced	 analytical	 tech-
niques.	Cryogenic	transmission	electron	microscopy	(cryo-
TEM)	was	employed	to	examine	their	dendritic	and	micellar	
structures.	 Scanning	 transmission	 electron	 microscopy-
high	angle	annular	dark	field	imaging	(STEM-HAADF)	was	
utilized	for	morphological	analysis	and	particle	size	distri-
bution	assessment,	while	energy	dispersive	X-ray	spectros-
copy	(EDX	mapping)	provided	 insights	 into	 the	elemental	



 

composition.	Moreover,	the	dendritic	nanomaterial	under-
went	 characterization	 via	 X-ray	 absorption	 spectroscopy	
(XAS)	and	X-ray	photoelectron	spectroscopy	(XPS)	to	eluci-
date	its	coordination	environment	and	the	oxidation	state	
of	Au.	While	both	XAS	and	XPS	techniques	offer	insights	into	
the	oxidation	states	of	each	metal,	XAS	provides	bulk	analy-
sis,	while	XPS	offers	surface-sensitive	information.31,32	

In	cryo-TEM	analysis,	dendritic	species	were	distinctly	ob-
served,	surrounded	by	aqueous	micelles	(Figure	2	A-C,	also	
see	 Supporting	 Information,	 pages	 S7,	 S8),	 and	uniformly	
dispersed	throughout	the	bulk	aqueous	solution.	The	aver-
age	size	of	these	dendritic	structures	fell	in	the	50-100	nm	
range,	with	some	much	larger	structures	observed	as	well.	
For	 examination	 of	 dendritic	 material	 in	 the	 solid	 state,	
STEM-HAADF	analysis	of	the	solid	material	was	conducted	
(Figure	2	D-F).	This	analysis	unveiled	the	presence	of	Au	in	
the	 dendrimeric	 form	 within	 the	 nanomaterial.	 Further	
scrutiny	indicated	that	the	Au	within	the	dendrimer	was	not	
aggregated	but	comprised	an	NP	assembly	of	fairly	uniform	
colloids	 approximately	 7	 nm	 in	 size	 (Figure	 2F).	 The	 Au	
building	blocks	were	slightly	anisotropic,	having	an	average	
length	and	width	of	7.6	±	1.7	nm	and	5.6	±	1.0	nm,	respec-
tively,	yielding	an	aspect	ratio	of	1.4	±	0.3	(see	Supporting	

Information,	Figure	S3	on	page	S9).	To	ascertain	the	Au/sul-
fur	ratio,	EDX	analysis	was	employed,	revealing	a	1:1	Au:S	
ratio,	suggesting	direct	binding	of	at	least	one	amphiphile	to	
each	 surface	Au(I)	 ion	 (Figure	 2G).	Detailed	 analysis	 also	
unveiled	the	presence	of	chloride	ions	and	small	atoms	such	
as	carbon,	oxygen,	and	nitrogen	within	the	dendritic	struc-
ture	(for	details,	see	Supporting	Information,	page	S10).	XPS	
analysis	delineated	the	oxidation	state	of	Au	within	the	den-
drimer	(Figure	2H),	indicating	an	oxidation	state	of	+1,	evi-
denced	by	the	binding	energy	at	84.2	eV.33,34	This	low	bind-
ing	energy	was	also	previously	 reported	 for	 the	4f7/2	 XPS	
line	of	Au(I).35	However,	when	the	material	was	prepared	
without	 n-Bu4NCl,	 XPS	 analysis	 detected	 both	 Au(I)	 and	
Au(III)	 species	 (for	 details,	 see	 Supporting	 Information,	
page	S11).	The	presence	of	Au(III)	and	Au(I)	species,	repre-
sented	by	binding	energies	at	86.9	eV	and	84.6	eV,33,34	re-
spectively,	 may	 be	 attributed	 to	 the	 poor	 solubility	 of	
HAuCl4	 in	 the	micellar	 interior,	where	 the	 reducing	 func-
tional	group	of	the	amphiphile	resides.	In	contrast,	n-Bu4NCl	
forms	an	adduct	with	HAuCl4	 (as	depicted	 in	Scheme	1A),	
facilitating	its	transfer	into	the	micellar	interior	for	subse-
quent	reduction.	

	

Figure	2.	Characterization	of	dendritic	Au(I).	(A-C)	Cryogenic	TEM	images	(D-F)	STEM-HAADF	images.	(G)	EDS	mapping	to	

determine	Au/S	ratio	(H)	XPS	analysis.	

	

Au	L3-edge	XAS	analysis	was	conducted	to	provide	deeper	
insights	into	the	binding	dynamics	between	the	amphiphile	
and	Au,	as	well	as	the	coordination	environment	of	Au.	The	
findings	derived	from	the	fitting	of	the	Au	L3-edge	XAS	spec-
tra	of	dried	nanomaterial	containing	dendritic	Au	are	sum-
marized	in	Figure	3	(A3E).	Linear	combination	fitting	(LCF)	
on	the	XANES	region	was	employed	on	the	first	derivative	
of	first	derivative	of	the	X-ray	absorption	near	edge	struc-
ture	(XANES)	of	 the	Au	nanomaterial,	utilizing	two	stand-
ards:	Au	metal	representing	a	valence	of	0,	and	Au2S	repre-
senting	a	valence	of	+1.	This	method	aimed	to	ascertain	the	
valence	of	Au	and	the	potential	phases	present	in	the	sam-
ple.	The	analysis	 revealed	 that	 the	 sample	predominantly	
comprises	a	mixed	oxidation	state	of	0	and	+1	for	Au,	as	de-
picted	in	Figures	3	A	and	B.	

A	 zero	oxidation	 state	of	Au	 likely	 correlates	with	 the	Au	
nanocrystals	 discerned	 through	 TEM	 analysis	 alongside	
dendritic	formations.	Notably,	Figure	2B	showcases	Au(0)	
nanocrystals	resembling	hexagonal	platelets.	Furthermore,	
certain	Au(0)	NPs	manifest	as	dark	cores	enveloped	by	den-
dritic	shells,	as	depicted	in	Figures	2A,	C,	and	E.	While	the	
LCF	outcome	 indicates	 the	coexistence	of	multiple	phases	
within	the	sample,	 the	radius	distribution	 function	(RDF),	
without	 applying	 phase	 correction	 (Figure	 3C),	 unveils	 a	
complex	 local	environment	surrounding	Au.	Notably,	 four	
prominent	RDF	peaks	emerge	at	1.69	Å,	2.18	Å,	2.60	Å,	and	
2.96	Å,	 signifying	 intricate	 spatial	 arrangements.	 Initially,	
the	RDF	derived	from	the	Au	nanomaterial	exhibits	charac-
teristics	of	both	Au(I)	and	metallic	(zero	valent	)	Au.36	This	
observation	is	further	underscored	by	the	overlapping	RDF	



 

profiles	obtained	from	Au	NPs,	Au	foil,	and	Au2S,	suggesting	 the	concurrent	presence	of	distinct	oxidation	states	of	Au.	

	

Figure	3.	XAS	analysis	of	nanomaterial	containing	dendritic	Au(I):	(A,	B)	Au	XANES	and	linear	combination	fitting	of	edge	

region;	(C,	D)	Au	XAFS	fitting	to	the	FT	and	Au	XAFS	spectra;	(E)	best-fit	parameters	to	the	Au	XAFS	spectra.	

	

X-ray	 absorption	 fine	 structure	 (XAFS)	 analysis	 provides	
valuable	 insights	 into	Au's	 local	 environment.	 Analysis	 of	
the	 XAFS	 fits	 suggests	 a	multi-phase	 composition,	 promi-
nently	 featuring	 sulfur-bound	Au	particles	 (Figure	3D,	E).	
Specifically,	 the	 fitting	 results	 unveiled	 two	 distinct	 Au-S	
scatterings,	one	located	at	2.18	Å	with	a	coordination	num-
ber	(CN)	of	2.0	and	another	at	2.44	Å	having	a	CN	of	0.9.	No-
tably,	the	Au-S	path	at	2.18	Å	aligns	precisely	with	the	theo-
retically	predicted	distance	between	Au	and	S	in	Au2S,	while	
the	2.44	Å	path	closely	mirrors	the	Au-S	distance	observed	
in	sulfur-bound	Au	in	the	dendritic	material.	Regarding	Au-
Au	scatterings,	all	three	sub-paths	diverge	from	the	theoret-
ical	Au-Au	scatterings	found	in	bulk	Au	metal	at	2.95	Å.	In-
stead,	they	manifest	at	2.71	Å,	2.83	Å,	and	3.26	Å,	with	cor-
responding	CNs	of	2.8,	5.7,	and	1.4,	respectively.	Of	particu-
lar	note,	the	2.83	Å	Au-Au	path	precisely	matches	the	sulfur-
coated	 Au	 NPs,37,38	 while	 the	 remaining	 two	 paths	 likely	
originate	from	distorted	Au	NPs	(at	2.71	Å)	and	Au-S	mole-
cules	(at	3.26	Å),	suggesting	the	presence	of	both	the	NP	and	
single	molecule	of	catalytic	species	in	the	nanomaterial.	Fur-
thermore,	the	observed	Au-Cl	distance	of	1.85	Å	having	a	CN	
of	 0.5	 indicates	 the	 linkage	 of	 Au(I)	 ions	within	 the	 den-
drimer	structure	via	chloride	ions.	The	relatively	low	coor-
dination	number	also	suggests	the	multiple	bridging	events	
facilitated	 by	 chloride	 ions	within	 the	 dendritic	material.	
Thus,	 these	 findings	 collectively	 indicate	 that	 the	 am-
phiphile	is	bound	to	Au(I),	while	chloride	ions	play	a	pivotal	
role	in	shaping	the	unique	dendritic	morphology.	

Our	 thiourea-containing	 amphiphile,	 GG-750-M,	 uniquely	
mediated	the	reduction	of	Au(III)	to	Au(I),	a	phenomenon	
conclusively	 demonstrated	 through	 cyclic	 voltammetry	
(CV).	This	analysis	compared	the	behavior	of	Au(III)	in	so-
lutions	containing	GG-750-M	and	our	previously	reported	
non-sulfur-based	 amphiphile,	 PS-750-M.39,40	 HAuCl4	 was	
dissolved	in	a	0.4	M	NaCl	solution	within	a	pre-dried	glass	
vial	 for	 the	CV	examination.	Utilizing	a	glassy	carbon	disc	
and	 Pt	 wire	 as	 working	 and	 counter	 electrodes,	 respec-
tively,	with	an	Ag/AgCl	reference	electrode	(Figure	4A,	B;	
for	details,	see	Supporting	Information,	pages	S14,S15),	the	
electrochemical	reactions	were	monitored.	 In	the	absence	
of	GG-750-M,	a	distinct	negative	peak	current	emerged	at	
1.22	V,	corresponding	to	the	reduction	of	Au(III)	to	Au(0).	
Conversely,	with	the	 introduction	of	1.0	equivalent	of	GG-
750-M,	an	additional	peak	at	1.51	V	surfaced,	indicating	the	
reduction	of	Au(I)	to	Au(0).	This	observation	strongly	sup-
ports	the	role	of	GG-750-M	in	mediating	the	formation	and	
stabilization	of	Au(I).	In	contrast,	the	presence	of	PS-750-M	
micelles	led	to	a	reduction	peak	at	1.18	V,	suggesting	inter-
action	with	Au(III)	but	lacking	evidence	for	Au(I)	formation.	
Hence,	the	thiourea	handle	of	GG-750-M	proved	to	be	piv-
otal	to	the	formation	and	stabilization	of	Au(I).	This	deline-
ation	of	in-situ	Au(I)	formation	from	Au(III)	was	exclusively	
observed	via	CV	in	the	presence	of	GG-750-M,	with	no	dis-
cernible	Au(I)	formation	evident	in	the	presence	of	PS-750-
M	or	in	the	absence	of	amphiphiles.	



 

	
Figure	 4.	 Role	 of	 amphiphile	 in	 reduction	 of	 Au(III)	 to	

Au(I).	(A)	Cyclic	voltammetry	of	HAuCl4	in	the	presence	of	

the	 GG-750-M	 amphiphile.	 (B)	 Cyclic	 voltammetry	 of	

HAuCl4	in	the	presence	of	PS-750-M	amphiphile.	(C)	High-

resolution	 mass	 spectrometry	 of	 dendritic	 Au(I):	 the	

role	of	GG-750-M	in	a	controlled	reduction	of	Au(III)	to	

Au(I).	

The	mechanism	of	Au(I)	species	formation	was	also	investi-
gated.	 It	 is	hypothesized	that	 this	process	 involves	a	 two-
electron	reduction	mediated	by	the	sulfur	group	of	the	thi-
ourea	moiety	in	the	GG-750-M	amphiphile.	This	reduction	
converts	the	thiourea	group	into	the	corresponding	thiou-
rea	monoxide	group,	as	confirmed	by	high-resolution	mass	
spectrometry	(HRMS)	of	dendritic	Au(I)	species	containing	
the	amphiphile.	The	analysis	revealed	a	mass	 fragment	of	
oxidized	 GG-750-M,	 specifically	 M-mPEG,	 at	 341.2245,	
which	 substantiates	 the	 role	 of	 GG-750-M	 in	 reducing	
Au(III)	to	Au(I)	(Figure	4C).	Additionally,	other	fragments	of	
oxidized	 GG-750-M	 containing	 repeated	 units	 of	 ethylene	

glycol	ether	were	detected	in	the	HRMS	(also	see	Support-
ing	Information,	pages	S16).	Notably,	the	reduction	of	Au	is	
controlled	to	+1,	as	the	thiourea	and	thiourea	monoxide	are	
not	strong	reducing	agents;	a	much	stronger	reducing	agent,	
such	as	NaBH4,	is	required	for	further	reduction.41	

After	 thoroughly	 characterizing	 the	 dendritic	 Au(I)	 nano-
material,	we	 investigated	 their	 catalytic	activity	 in	 the	 in-
dole-forming	cyclization	of	alkynylaniline	1	(For	details,	see	
Supporting	Information,	pages	S18-S21).2,29,42,43	This	trans-
formation	yields	highly	functionalized	indoles	with	various	
functional	 handles,	 recently	 showcased	 by	 their	 applica-
tions	 in	material	science,44-46	prompted	us	 to	examine	the	
catalytic	 efficacy	 of	 our	 aqueous	material	 under	 environ-
mentally	sustainable	conditions.	Typically,	cationic	Au	spe-
cies	 ligated	with	phosphine	or	N-heterocyclic	carbene	 lig-
ands	are	requisite	for	similar	transformations,47,48	often	ne-
cessitating	the	use	of	silver	salt	to	activate	the	catalyst.49,50	
However,	our	nanocatalyst	operates	efficiently	without	the	
need	 for	 a	 ligand	and	 toxic	 organic	 solvent.	 For	 synthetic	
convenience,	we	employed	a	methodology	to	generate	den-
dritic	Au(I)	in	situ	for	catalytic	activity.	Optimal	conditions	
were	 determined	 as	 3	 mol%	 HAuCl4"H2O,	 1.0	 equiv.	 n-
Bu4NCl,	3	wt	%	aq.	GG-750-M,	60	°C	temperature,	and	1	M	
global	concentration.	After	24	h	of	stirring,	an	85%	yield	of	
product	2	was	obtained	(Table	1,	entry	1).	

Table	1.	Optimization	study	 for	 the	catalytic	 transforma-

tiona	

	

entry conditions 2 (%)b 

1 No deviation 91 (85%)c 

2 No Au NPs - 

3 3 mol % HAuCl4"H2O, no n-Bu4NCl 30 

4 n-Bu4NBr instead of n-Bu4NCl 12 

5 3 mol % AuBr3, instead of AuCl3 6 

6 3 wt % PS-750-M as solvent 53 

7 3 wt % Pluronic as solvent 19 

8 1.5 M instead of 1 M 81 

9 0.6 equiv. n-Bu4NCl instead of 1.0 

equiv. 

36 

10 n-(hexyl)4NCl instead of n-Bu4NCl 30 

11 n-Et4NCl instead of n-Bu4NCl 50 

12 1.0 equiv. NaBr (1 equiv.) 50 

aConditions.	1	(0.25	mmol),	HAuCl4"H2O	(3	mol	%),	n-Bu4NCl	(1	

equiv.),	0.25	mL	3	wt	%	aq.	GG-750-M,	60	°C,	24	h.	 bGCMS	yield.	
cIsolated	yield.	

In	contrast,	no	reaction	of	1	was	observed	in	the	absence	of	
dendritic	Au	(entry	2).	The	conversion	of	Au(III)	to	Au(I)	is	



 

sluggish	without	n-Bu4NCl,	which	 detrimentally	 impacted	
catalytic	activity.	In	the	absence	of	n-Bu4NCl,	the	conversion	
rate	decreased,	yielding	only	30%	of	product	2	 (entry	3).	
Thus,	chloride	ions	were	crucial	for	forming	dendritic	Au(I)	
and	catalytic	activity.	Replacing	n-Bu4NCl	with	n-Bu4NBr	re-
sulted	in	only	a	12%	yield	of	product	2	(entry	4),	likely	due	
to	the	facile	reduction	of	Au(III)	and	Au(I)	to	Au(0)	and	the	
reduced	propensity	of	bromide	ions	to	bridge	with	multiple	
Au(I)	 species	 owing	 to	 their	 higher	 nucleophilicity	 and	
larger	size	relative	 to	chloride	 ions.	Likewise,	 sulfide	 ions	
diminished	 the	catalytic	activity,	 yielding	no	product,	 and	
only	the	unreacted	starting	material	was	found	in	the	reac-
tion	 (see	 Supporting	 Information,	 page	 S18).	 Similarly,	
changing	the	Au	source	from	HAuCl4	to	AuBr3	decreased	the	
conversion	to	6%	(entry	5).	Other	surfactants,	such	as	PS-
750-M	and	Pluronic,	likewise	were	inefficient	(entries	6,	7).	
Higher	reaction	concentrations	diminished	catalytic	activ-
ity,	 likely	 due	 to	 slower	 exchange	processes	 between	mi-
celles	 (entry	 8).	 Reducing	 the	 amount	 of	n-Bu4NCl	 to	 0.6	
equivalents	decreased	the	yield	of	2	to	36%,	possibly	due	to	
the	formation	of	fewer	dendritic	Au(I)	structures	(entry	9).	
Other	ammonium	salts	proved	 inferior	 to	n-Bu4NCl,	 likely	
due	to	their	differing	lipophilicities,	which	may	not	comple-
ment	the	interior	of	GG-750-M	(entries	10,	11).	The	addition	
of	1.0	equivalent	of	NaBr	to	the	reaction	mixture	reduced	
the	yield	of	2	to	50%,	likely	due	to	dendritic	structure	break-
down,	which	is	essential	for	catalytic	activity	(entry	12).	

The	versatility	of	this	catalytic	approach	was	demonstrated	
across	a	wide	range	of	substrates,	with	a	focus	on	the	sub-
stitution	patterns	at	the	nitrogen	atom,	aniline	ring,	and	al-
kyne	terminus	(Table	2,	entries	2-23).	Both	electron-donat-
ing	and	electron-withdrawing	groups	on	the	aniline	ring	ex-
hibited	 excellent	 compatibility.	 Electron-releasing	 methyl	
(4)	or	electron-donating	methoxy	(9)	groups	yielded	good-
to-excellent	product	yields.	Substrates	featuring	functional	
groups	 such	 as	 bromo	 (5,	7,	 12),	 chloro	 (6,	15),	 and	hy-
droxy	(14)	showed	robust	reactivity,	with	even	the	free	hy-
droxy	group	in	example	14	exhibiting	no	interference	with	
the	desired	cyclization	reaction.	Regarding	the	alkyne	ter-
minus,	 the	presence	of	a	 thiophene	(11,	12,	16)	 ring	was	
well	tolerated,	yielding	the	desired	products	in	good-to-ex-
cellent	yields	Furthermore,	alkyl	(14,	15,	23),	cycloalkenyl	
(13),	aromatic	(2-10,	17-21),	and	heteroaromatic	(11,	12)	
substituents	were	all	 compatible.	Notably,	 in	example	13,	
the	 cycloalkenyl	 substituent	 remained	 inert,	 avoiding	any	
side	 reactions.	Beyond	anilines,	 sulfonamide	 (16-21)	 and	
carbamate	(22)	nitrogens	participated	effectively	in	the	de-
sired	reaction,	affording	the	products	 in	good-to-excellent	
yields.	The	nitrile	functional	group	on	the	aromatic	ring	of	
the	sulfonamide	residue	yielded	90%	of	the	desired	product	
17.	Remarkably,	the	highly	chelating	dimethyl	amino	group	
of	dansyl	unit	21	and	the	pyrazole	ring	in	20	did	not	com-
promise	 the	catalytic	activity.	Furthermore,	even	complex	
molecules,	such	as	derivatives	from	the	Merck	Informer	Li-
brary,	were	amenable	 to	 the	 reaction	 conditions,	 yielding	
product	23	in	a	46%	yield.	The	two	thiophene	rings	in	ex-
ample	16	were	also	well	tolerated.	Thus,	the	broad	scope	of	
this	 catalytic	 activity,	 coupled	with	 its	 tolerance	 towards	
various	functional	groups,	suggested	promising	opportuni-
ties	 for	 further	 structural	 diversification.	 Notably,	 func-
tional	groups	like	chloro,	bromo,	hydroxy,	carbamate,	and	

ester	could	serve	as	valuable	handles	for	such	diversifica-
tion	efforts.	

Table	2.	Substrate	scopea	

	

aConditions.	2-Alkynyl	anilines	(0.25	mmol),	HAuCl4"H2O	(3	mol	

%),	n-Bu4NCl	(1	equiv.),	0.25	mL	3	wt	%	aq.	GG-750-M	(0.5	mL	for	

substrate	21	and	23),	60	°C.	All	yields	are	isolated.	

To	investigate	the	impact	of	the	unique	dendritic	morphol-
ogy,	the	dendritic	Au(I)	nanomaterial	was	subjected	to	a	re-
action	with	2.0	 equivalents	of	NaBr	 (For	details,	 see	Sup-
porting	 Information,	 page	 S22).	 It	 was	 hypothesized	 that	
the	 highly	 nucleophilic	 bromide	 ions	 would	 displace	 the	
chloride	ions,	thereby	disrupting	the	bridges	between	Au(I)	



 

ions	and	altering	the	dendritic	structures.	Subsequent	anal-
ysis	using	HRTEM	and	HAADF-STEM	revealed	that	the	re-
sulting	 material	 exhibited	 sparse	 dendritic	 structures	
alongside	a	predominance	of	small	Au	NPs	with	an	average	
length	of	3.2	±	0.7	nm	and	2.5	±	0.5	nm	width	(Figure	5).	
Notably,	these	NPs	were	proven	ineffective	in	catalyzing	the	
cyclization	reaction	of	1.		

	

Figure	5.	Characterization	of	dendritic	Au(I)	nanomaterial	

after	 treatment	 with	 NaBr.	 (A)	 STEM-HAADF	 image.	 (B)	

HRTEM	image.		

CONCLUSION	

The	 dendritic	 structure	 in	 the	 nanomaterial	 containing	
Au(I)	 imparts	 stability	 through	 chloride	 bridging.	 The	 re-
sulting	material	exhibits	high	catalytic	efficacy	in	Au(I)	cat-
alyzed	 reactions,	 particularly	 in	 aqueous	 environments,	
serving	as	a	benign	reaction	medium.	This	capability	is	ex-
emplified	 by	 its	 facilitation	 of	 the	 indole-forming	 valued	
transformation.	The	amphiphile	GG-750-M,	featuring	an	es-
sential	thiourea	fragment,	plays	a	pivotal	role	in	forming	the	
dendritic	structure	and	maintaining	the	+1	oxidation	state	
of	Au.	 This	 obviates	 the	need	 for	 harsh	 reductants,	 phos-
phine	and	carbene	ligands,	and	toxic	organic	solvents	in	na-
nomaterial	synthesis.	The	sustainability	profile	of	the	cata-
lytic	process	is	significantly	enhanced	by	eschewing	the	use	
of	costly	ligands	and	organic	solvents.	Comprehensive	spec-
troscopic	analyses	have	elucidated	the	structure	and	oxida-
tion	state	of	Au	within	the	nanomaterial.	Additionally,	cyclic	
voltammetry	 has	 underscored	 the	 critical	 role	 of	 the	 de-
signer	amphiphile	GG-750-M	in	preserving	the	+1	oxidation	
state	 of	 Au.	 The	 dendritic	 nanomaterial	 is	 not	 recyclable	
post-catalysis.	 This	 is	 most	 likely	 due	 to	 the	 breakage	 of	
dendritic	morphology	after	adding	EtOAc	or	other	organic	
solvents	needed	for	product	extraction.	The	catalytic	mate-
rial	is	only	partially	stable	for	an	extended	period,	as	only	
55%	of	2	was	observed	when	aged	nanoparticles	were	used.	
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Thiourea-based	designer	micelle	enabled	the	formation	of	dendritic	Au(I)	for	ligand-free	Au(I)	catalysis	in	water.	

	


