
Gold(III) Aryl Complexes as Reagents for Constructing Hybrid 
Peptide-Based Assemblies via Cysteine S-Arylation   
	
Julia	M.	Stauber*,	Arnold	L.	Rheingold,	and	Alexander	M.	Spokoyny*	

	

ABSTRACT:	Organometallic	complexes	have	recently	gained	attention	as	competent	bioconjugation	reagents	capable	of	in-
troducing	a	diverse	array	of	substrates	to	biomolecule	substrates.	Here,	we	detail	the	synthesis	and	characterization	of	an	
aminophosphine-supported	Au(III)	platform	that	provides	rapid	and	convenient	access	to	a	wide	array	of	peptide-based	as-
semblies	via	cysteine	S-arylation.	This	strategy	results	in	the	formation	of	robust	C‒S	covalent	linkages	and	is	an	attractive	
method	for	the	modification	of	complex	biomolecules	due	to	the	high	functional	group	tolerance,	chemoselectivity,	and	rapid	
reaction	kinetics	associated	with	these	arylation	reactions.	This	work	expands	upon	existing	metal-mediated	cysteine	aryla-
tion	by	introducing	a	class	of	air-stable	organometallic	complexes	that	serve	as	competent	bioconjugation	reagents	enabling	
the	synthesis	of	conjugates	of	higher	structural	complexity	including	macrocyclic	stapled	and	bicyclic	peptides,	as	well	as	a	
peptide-functionalized	multivalent	hybrid	nanocluster.	This	organometallic-based	approach	provides	a	convenient,	one-step	
method	of	peptide	functionalization	and	macrocyclization,	and	has	the	potential	 to	contribute	to	efforts	directed	towards	
developing	efficient	synthetic	strategies	of	building	new	and	diverse	hybrid	peptide-based	assemblies	of	high	complexity.	

INTRODUCTION		
	 Chemical	tools	that	enable	the	selective	and	ef-
ficient	modification	 of	 complex	 biomolecules	 provide	
important	 technologies	 driving	 the	 development	 of	
new	 drugs,	 diagnostics,	 and	 therapeutics	 relevant	 to	
nanomedicine,	pharmaceutical	and	materials	sciences,	
among	 other	 fields.1–4	 Chemical	 ligation	 of	 synthetic	
groups	to	specific	amino	acid	residues	in	biomolecule	
substrates	has	proven	to	be	a	powerful	method	for	pro-
tein	and	peptide	modification;	however,	challenges	 in	
this	area	arise	from	the	need	for	specific	and	controlla-
ble	chemical	processes	that	can	generate	stable	conju-
gates	under	mild,	and	biologically-compatible	reaction	
conditions.5	Transition-metal-mediated	arylation	reac-
tions	have	received	growing	attention	in	this	space	as	a	
versatile	 method	 of	 preparing	 modified	 peptide	 and	
protein	conjugates	through	the	formation	of	robust	and	
covalent	 X–C(sp2)	 linkages	 (X	 =	 carbon	 or	 heteroa-
tom).5–10	On	account	of	its	high	nucleophilicity	and	rel-
atively	low	natural	abundance,11	the	thiol	side	chain	of	
cysteine	has	become	a	highly	utilized	coupling	partner	
for	site-selective	arylation	of	biomolecules,	leading	to	a	
diverse	 array	 of	 peptide	 and	 protein	 bioconjugates	
(Figure	1A).12,13  
 In	2015,	Buchwald,	Pentelute	et	al.	reported	an	
auxiliary-free,	metal-assisted	approach	to	chemoselec-
tive	 cysteine	S-arylation	 of	 unprotected	 peptides	 and	
proteins	 using	 organometallic	 Pd(II)	 complexes	 sup-
ported	by	biarylphosphine	 ligands	 (Figure	1A).14	 Our	
group	followed	this	work	with	the	introduction	of	ami-
nophosphine-based	(Me-DalPhos)AuArCl	complexes15–
17	as	air-stable	and	versatile	cysteine	arylation	reagents	
(Figure	 1B).18	 The	 Au(III)-mediated	 bioconjugation	
chemistry	 displays	 rapid	 reaction	 kinetics,	 high	 func-
tional	group	tolerance,	and	is	compatible	within	a	wide	
pH	range	and	in	the	presence	of	a	variety	of		buffers	and	
solvents.	This	method	enabled	 the	selective	 introduc-
tion	of	a	broad	scope	of	substrates	(e.g.	drug	molecule,	
affinity	 tag,	 fluorophore,	 poly(ethyleneglycol)	 poly-
mer)	to	the	cysteine	residues	of	complex	biomolecule	

coupling	partners.	Here,	we	have	expanded	upon	this	
work	and	 introduced	a	new	class	of	air-stable	Au(III)	
cysteine	 arylation	 reagents	 based	on	 a	modified	 tert-
butyl	substituted	aminophosphine	(P,N)	ligand	frame-
work.	This	work	presents	a	range	of	mono-,	bi-,	tri-,	and	
dodeca-metalated	Au(III)	complexes	as	organometallic	
building	blocks	used	to	prepare	various	architectures	
of	arylated	hybrid	peptide	assemblies	of	high	complex-
ity	and	structural	diversity	including	stapled	and	bicy-
clic	peptides,	a	small	dendrimer,	as	well	as	multivalent,	
three-dimensional	inorganic	clusters	(Figure	1C).		

Figure	1.	(A)	General	metal-mediated	cysteine	S-arylation	reac-
tion	scheme	and	key	representative	transition-metal	arylation	re-
agents.9,10,14	 (B)	 Applications	 of	 [(Me-DalPhos)AuArCl]+	 com-
plexes	 in	 cross-coupling17	 and	 cysteine	 S-arylation	 reactions.18	
(C).	This	work,	which	introduces	Au(III)	complexes	supported	by	



 

the	 tert-butyl-substituted	(P,N)	 ligand	as	cysteine	arylation	rea-
gents	used	to	construct	hybrid	peptide-based	assemblies	of	high	
structural	diversity	and	complexity.	
	
RESULTS	AND	DISCUSSION	
	 The	 present	 di-tert-butyl-substituted	 amino-
phosphine	(P,N)	ligand	(Figure	1C)	was	first	introduced	
by	Stradiotto	et	al.16,19	to	support	iridium,19	palladium,16	
and	gold15	complexes	used	in	catalytic	transformations;	
however,	the	gold	catalyst	was	not	isolated	or	charac-
terized	 in	 the	original	report.	 In	 this	work,	we	report	
the	synthesis,	isolation	and	characterization	of	the	di-
tert-butyl-substituted	 (P,N)Au(I)Cl	 complex	 and	
demonstrate	its	use	in	the	preparation	of	Au(III)	cyste-
ine	 arylation	 reagents.	 The	 (P,N)-supported	 Au(I)Cl	
complex	was	 synthesized	 following	methods	 adapted	
from	a	previously	reported	procedure15	through	treat-
ment	 of	 HAuCl4•3H2O	with	 di-tert-butyl(2-dimethyla-
minophenyl)phosphine	 in	 the	presence	of	2,2’-thiodi-
ethanol,	which	resulted	 in	clean	 formation	of	a	single	
species	after	workup	as	assayed	by	ESI-MS(+)	and	NMR	
spectroscopic	characterization	(SI	Section	S2.1.1.).	An	
X-ray	diffraction	analysis	conducted	on	a	single,	color-
less	crystal	of	the	product	confirmed	its	identity	as	the	
(P,N)Au(I)Cl	 complex	 (1,	 SI	 Section	 5.1.).	 The	 solid-
state	structure	reveals	the	nearly	idealized	linear	two-
coordinate	geometry	typical	of	Au(I)	complexes	with	a	
P‒Au‒Cl	angle	of	177.20(2)°,	which	is	consistent	with	
P‒Au‒Cl	 angles	 for	 similarly	 substituted	 Au(I)	 phos-
phine	complexes	reported	in	the	literature.15,20–26	Com-
plex	1	 displays	 excellent	 stability	 under	 open	 atmos-
phere	 conditions	 and	 can	 be	 handled	 and	 stored	 (>6	
months)	without	any	indication	of	degradation.		
 
ARYLATION OF LINEAR PEPTIDES 
	 Incorporating	an	approach	to	enhance	the	re-
activity	 of	 Au(I)	 centers	 towards	 oxidative	 addition	
first	introduced	by	Bourissou	et	al.,17,27	we	prepared	a	
series	of	Au(III)	 aryl	halide	 complexes	 through	 treat-
ment	of	1	with	electron-rich	 (p-ethyl,	 tolyl)	 and	elec-
tron	deficient	(p-fluoro)	aryl	iodide	electrophiles	in	the	
presence	of	 the	halide	scavenger,	AgSbF6	(Figure	2A).	
The	 reactions	 proceed	 to	 completion	within	minutes	
(<5)	when	 conducted	 under	 open	 atmosphere	 condi-
tions	as	indicated	by	31P	NMR	spectroscopic	monitoring	
of	the	crude	reaction	mixtures.	The	31P	NMR	spectra	re-
vealed	the	disappearance	of	the	resonance	correspond-
ing	 to	1	 (δ	55.2	ppm,	CH2Cl2),	 and	 the	 appearance	of	
downfield-shifted	signals	(δ	84.3-81.3	ppm,	CH2Cl2)	at-
tributed	 to	 the	phosphorus	atoms	on	each	 respective	
cationic	Au(III)	complex	([1a-c][SbF6],	SI	Section	S2.1.).	
The	AgI	byproduct	formed	in	these	reactions	was	easily	
removed	from	the	crude	mixtures	via	filtration,	and	the	
Au(III)	complexes	were	isolated	as	pure,	air-stable	sol-
ids	 after	 crystallization.	 The	 hemilabile	 nature	 of	 the	
supporting	(P,N)	ligand	is	integral	to	stabilization	of	the	
square	planar	Au(III)	products	through	κ2	ligand	coor-
dination	via	chelation	of	the	NMe2	donor	to	the	d8	metal	

center,17–19,28	 and	 an	 X-ray	 diffraction	 analysis	 of	 the	
[(P,N)AuCl(p-ethylbenzene)][SbF6]	 ([1a][SbF6])	 com-
plex	(Figure	2B)	confirmed	this	binding	mode.		

Figure	 2.	 (A)	 Synthetic	 scheme	 for	 the	 preparation	 of	
[(P,N)Au(III)ArCl][SbF6]	complexes	([1a-c][SbF6]).	(B)	Solid-state	
structure	of	[1a]+	rendered	with	PLATON29	and	with	thermal	el-
lipsoids	 at	 the	 50%	 probability	 level.	 Hydrogen	 atoms	 and	 one	
SbF6–	counteranion	are	omitted	for	clarity.	(C)	General	scheme	for	
peptide	arylation	reactions	using	[1a-c]+.	(D)	LC	trace	of	purified	
S-(p-ethylbenzene)	GSH	conjugate.		
	 	
	 With	complexes	[1a-c][SbF6]	in	hand,	we	next	
explored	their	suitability	to	serve	as	cysteine	arylation	
reagents.	We	began	our	investigation	using	L-glutathi-
one	(GSH)	as	a	model	peptide	substrate	and	employed	
our	previously	developed	Au(III)-mediated	cysteine	ar-
ylation	 reaction	 conditions.18	 Quantitative	 conversion	
to	 the	 corresponding	 S-aryl	 bioconjugates	 was	 ob-
served	 upon	 treatment	 of	 GSH	 with	 [1a-c][SbF6]	 (3	
equiv)	 at	 ambient	 temperature	 in	 TRIS	 ((tris(hy-
droxymethyl)aminomethane),	 pH	 7)-buffered	 solu-
tions	of	70:30	H2O:MeCN	(v/v)	within	minutes	(Figure	
2C)	as	assayed	by	LC-MS	analyses	of	the	crude	reaction	
mixtures.	 The	 products	 were	 purified	 by	 reversed-
phase	HPLC	(Figure	2D	shows	a	representative	LC	trace	
of	 purified	p-ethylbenzene	 conjugate),	which	 enabled	
facile	separation	of	the	arylated	bioconjugates	from	1,	
which	is	the	only	observable	Au-containing	byproduct	
generated	(SI	section	S3)	following	arylation.	The	bio-
conjugation	reactions	proceed	with	nearly	quantitative	
conversion	efficiency	(>99%)	and	with	rapid	reaction	
kinetics	as	assayed	by	LC-MS	analyses	of	the	crude	re-
action	 mixtures.	 The	 efficiency	 of	 these	 reactions	 is	
comparable	with	that	observed	for	our	previously	re-
ported	 Au(III)-mediated	 cysteine	 arylation	 reactions	
using	complexes	supported	by	the	related	Me-DalPhos	
ligand,18	which	led	us	to	perform	a	comparative	kinetic	
analysis	between	the	two	systems.		



 

	 We	 performed	 two	 sets	 of	 cysteine-arylation	
competition	 reactions	using	 the	 tolyl	 and	p-ethylben-
zene	 derivatives	 of	 both	 (P,N)-supported	 Au(III)	 sys-
tems	on	account	of	the	similar	electronic	and	steric	pro-
file	of	the	aryl	substituents.	For	each	experiment,	gluta-
thione	was	 treated	with	equimolar	mixtures	of	either	
[1a][SbF6]	 and	 [(Me-DalPhos)Au(p-ethylben-
zene)Cl][SbF6],	 or	 [1b][SbF6]	 and	 [(Me-Dal-
Phos)Au(tolyl)Cl][SbF6]	 (Scheme	 1)	 under	 conditions	
compatible	with	both	systems,	and	the	product	selec-
tivity	was	assessed	by	LC-MS	analysis	of	the	crude	re-
action	mixtures.	Analysis	of	12	independent	reactions	
indicated	that	the	present	tert-butyl-substituted	(P,N)	
complexes	outcompeted	the	Me-DalPhos	derivatives	in	
a	nearly	6:1	ratio,	suggesting	the	cysteine	arylation	re-
action	kinetics	for	the	present	system	are	on	the	order	
of,	or	faster	than	the	reaction	kinetics	using	our	previ-
ously	 reported	 (Me-DalPhos)Au(III)ArCl	 reagents	
(103−104	M−1	s−1).14,18	
 
PEPTIDE STAPLING	
	 To	 highlight	 the	 versatility	 of	 the	 present	
organometallic	platform,	we	next	extended	this	approach	to	
peptide	 macrocyclization	 through	 the	 formation	 of	
intramolecular	 aryl-bridged	 cysteine	 linkages.	 Peptide	
stapling	 has	 emerged	 as	 an	 attractive	 strategy	 for	
developing	 state-of-the-art	 therapeutic	 agents	 as	 stapled	
peptides	have	been	shown	to	display	favorable	properties	
when	compared	with	those	of	their	linear	counterparts	such	
as	 enhanced	 cell	 permeability	 and	 higher	 resistance	
towards	proteolytic	degradation.30–38	There	 is,	however,	a	
need	 to	 expand	 the	 synthetic	 repertoire	 of	 readily	
accessible	 peptide	 stapling	 techniques	 that	 allow	 for	
systematic	and	modular	tuning	of	the	“staple”	linkage.39,40		
	 Here,	 we	 have	 expanded	 upon	 our	 recently	
demonstrated	method	of	Au(III)-mediated	peptide	stapling	
by	employing	 two	different	aryl-bridged	dinuclear	Au(III)	
complexes	with	organic	linkers	of	varying	length.	The	para-
substituted	phenylene	 ([2a][SbF6]2)	and	biphenyl-bridged	
([2b][SbF6]2)	 bimetallic	 stapling	 reagents	 were	 prepared	
following	 the	 synthetic	 procedure	 shown	 in	 Figure	 3A.	
Treatment	of	the	parent	diiodo	arene	with	1	(2	equiv)	in	the	
presence	of	AgSbF6	(2	equiv)	resulted	in	clean	conversion	to	
the	 corresponding	 dicationic	 bimetallic	 complexes	 as	
evidenced	by	the	single	resonance	observed	in	the	31P	NMR	
spectrum	 of	 each	 isolated	 product.	 Both	 air-stable	 salts	
were	structurally	characterized	after	isolation	of	single,	X-
ray	 quality	 crystals,	 and	 the	 solid-state	 structures	 of	 the	
cations	are	displayed	in	Figure	3B.	While	[2a]2+	adopts	a	cis	
orientation	 of	 the	 (P,N)	 ligands,	 a	 trans	 configuration	 is	
observed	 in	 biphenyl-bridged	 [2b]2+.	 However,	 the	

presence	of	a	single	resonance	in	the	31P	NMR	spectrum	of	
[2b]2+	 can	 be	 ascribed	 to	 rapid	 rotation	 of	 the	
(P,N)Au(C6H4)Cl	units	about	the	biphenyl	C‒C	single	bond	
on	the	NMR	time	scale	in	solution	(25	°C).	This	resonance	is	
therefore	represented	as	a	weighted	average	and	suggests	
that	 the	 trans	 ligand	 geometry	 of	 [2b]2+	 is	 only	 locked	 in	
place	in	the	solid	state. 	  

Figure	 3.	 (A)	 Synthetic	 scheme	 for	 the	 preparation	 of	 p-phenylene	
([2a][SbF6]2)	 and	 biphenyl-bridged	 ([2b][SbF6]2)	 bimetallic	 Au(III)	
stapling	 reagents.	 (B)	 Solid-state	 structure	 of	 [2a]2+	 and	 [2b]2+	
rendered	with	PLATON29	 	and	with	thermal	ellipsoids	at	the	50%	
probability	level.	Hydrogen	atoms	and	SbF6–	counteranions	are	omitted	
for	 clarity.	 (C)	 General	 procedure	 for	 stapling	 dicysteine	 peptide,	
CDAACD,	 with	 [2a][SbF6]2	 or	 [2b][SbF6]2,	 and	 LC	 trace	 of	 purified	
biphenyl-stapled	conjugate.	
	
	 Complexes	[2a]2+	and	[2b]2+	were	used	to	sta-
ple	a	model	di-cysteine	peptide,	H2N‒CDAACD‒CONH2,	
which	bears	 cysteine	 residues	at	 the	 i,	 i	 +4	positions.	
The	stapling	reactions	were	conducted	through	treat-
ment	 of	 H2N‒CDAACD‒CONH2	 with	 a	 stoichiometric	
amount	 of	 either	 [2a][SbF6]2	 or	 [2b][SbF6]2	 in	 TRIS-
buffered	 solutions	 of	 50:50	 H2O:MeCN	 (v/v)	 (Figure	
3C).	The	macrocyclization	reactions	were	judged	com-
plete	after	analysis	of	 the	crude	reaction	mixtures	by	
LC-MS,	 which	 revealed	 complete	 consumption	 of	 the	
parent	peptide,	and	formation	of	the	aryl-stapled	bio-
conjugate.	The	p-phenylene	and	biphenyl-stapled	pep-
tides	were	purified	away	from	the	1	byproduct	by	re-
versed-phase	HPLC,	and	the	LC	trace	of	the	purified	bi-
phenyl-stapled	 conjugate	 is	 shown	 in	 Figure	 3C.	 The	
present	 chemistry	 provides	 a	 straightforward	 ap-
proach	to	peptide	macrocyclization	and	offers	facile	ac-
cess	to	a	potential	library	of	air-stable	stapling	reagents	
of	 varying	 length,	 size,	 and	 rigidity	 that	 can	easily	be	
prepared	in	one	synthetic	step.		 	
 
 
 
 
 
 

Scheme	 1.	 Competition	 reaction	 between	 [1a][SbF6]	 and	 [(Me-Dal-
Phos)Au(p-ethylbenzene)Cl][SbF6]	with	L-glutathione	(GSH).		



 

PEPTIDE BICYCLE SYNTHESIS	

Figure	4.	(A)	Synthetic	protocol	for	the	preparation	of	[3][SbF6]3.	
(B)	 Solid-state	 structure	 of	 [3]3+	 rendered	with	 PLATON29	 with	
thermal	ellipsoids	at	the	50%	probability	level	and	with	hydrogen	
atoms,	three	SbF6‒	counteranions	and	disorder	removed	for	clar-
ity.	(C)	31P{1H}	NMR	spectrum	of	[3][SbF6]3	(DMSO-d6,	162	MHz,	
25	°C).	
	
	 Encouraged	by	the	straightforward	multi-met-
alation	 procedures	 described	 (vide	 supra),	 we	 envi-
sioned	 that	 access	 to	 a	 trimetallic	 Au(III)	 complex	
would	 provide	 a	 new	 entry	 point	 to	 the	 assembly	 of	
peptide	 macrocycles	 of	 higher	 structural	 complexity.	
Structure-driven	design	of	abiotic	peptide-based	mole-
cules	plays	an	integral	role	in	drug	discovery,	with	ap-
plications	ranging	from	the	advancement	of	antiviral41	
and	antitumor42,43	 agents	 to	 the	development	of	drug	
therapeutics	that	are	capable	of	mimicking	or	disrupt-
ing	specific	protein-protein	 interactions.44	 In	order	 to	
adequately	mimic	protein	function,	however,	complex	
structural	 topologies	 are	 often	 required	 for	 peptide-
based	 therapeutics.	 This	 need	 has	 thereby	 driven	 re-
search	efforts	towards	developing	highly-efficient	and	
versatile	synthetic	strategies	of	building	protein-like	bi-
oactive	conformations	(strands,	helices,	turns)	through	
peptide	cyclization	in	conjunction	with	the	use	of	mo-
lecular	constraints.45,46	With	this	in	mind,	we	were	spe-
cifically	 interested	 in	 applying	 the	 present	 Au(III)-
mediated	bioconjugation	strategy	to	the	synthesis	of	bi-
cyclic	peptides	on	account	of	the	rapidly	developing	in-
terest	in	their	ability	to	serve	as	next-generation	thera-
peutic	agents.47–50	
	 Following	a	metalation	procedure	similar	to	those	
previously	 described	 (vide	 supra),	 we	 prepared	 the	
trimetallic	(P,N)-supported	Au(III)	complex,	[3]3+,	in	which	
three	meta-substituted	 (P,N)Au(C6H4)Cl	 fragments	 flank	a	
central	 aryl	 anchor.	 Treatment	 of	 1,3,5-tris(4-
iodophenyl)benzene	 with	 1	 (3	 equiv)	 in	 the	 presence	 of	
AgSbF6	(3	equiv)	in	CH2Cl2	resulted	in	clean	conversion	to	
[3]3+	(Figure	4A)	at	ambient	temperature	as	assessed	by	31P,	
and	 1H	 NMR	 spectroscopic	 analysis	 of	 the	 product	 after	
workup.	Complex	[3][SbF6]3	displays	a	single	resonance	in	

its	31P{1H}	NMR	spectrum	(δ	83.8	ppm,	Figure	4C),	which	is	
consistent	 with	 the	 formation	 of	 a	 three-fold	 symmetric	
complex	in	which	full,	tri-metalation	was	achieved.	An	X-ray	
diffraction	 analysis	 conducted	 on	 a	 single	 crystal	 of	
[3][SbF6]3	 confirmed	 its	 identity	 as	 the	 C3-symmetric	
trimetallic	 complex,	 and	 the	 solid-state	 structure	 is	
displayed	in	Figure	4B.			

Figure	 5.	 (Top)	 Treatment	 of	 tricysteine	 peptide,	 H2N‒
GCAENCAFGCA‒CONH2,	with	 [3][SbF6]3	 to	 yield	 the	 bicyclic	 peptide,	
with	 LC-MS	 characterization	 data	 of	 the	 purified	 product.	 (Bottom)	
Multi-site	 peptide	 conjugation	 through	 treatment	 of	 [3][SbF6]3	with	
GSH	 (3	 equiv),	 with	 LC-MS	 characterization	 data	 of	 the	 purified	
conjugate.	
	 	
	 Efficient	cyclization	of	the	model,	linear	tricysteine	
peptide,	 H2N‒GCAENCAFGCA‒CONH2,	 via	 the	 three	
cysteine	thiols	was	established	through	its	treatment	with	
complex	 [3]3+	 in	 a	 TRIS-buffered	 50:50	 H2O:MeCN	 (v/v)	
solvent	 mixture	 (Figure	 5	 top).	 Analysis	 of	 the	 crude	
reaction	mixture	by	LC-MS	indicated	complete	conversion	
to	 the	 bicyclic	 peptide,	 and	 no	 Au-containing	 partially-
cyclized	 adducts	 were	 detected.	 The	 entropically-favored	
intramolecular	 cyclization	 combined	 with	 the	 highly	
thiophilic	nature	of	the	Au(III)	centers	likely	contribute	to	
the	 exceptionally	 efficient	 and	 rapid	 formation	 of	 the	
peptide	bicycle.51,52	The	tetraaryl-anchored	bicycle	peptide	
was	purified	by	reversed-phase	HPLC,	and	the	LC	trace	and	
corresponding	ESI-MS(+)	data	of	the	isolated	conjugate	are	
shown	in	Figure	5	(top).	This	experiment	showcases	how	an	
organometallic	 reagent	 can	 be	 used	 for	 bicycle	 peptide	
formation,	and	diversifies	the	repertoire	of	metal-mediated	
methods	 of	 peptide	 macrocyclization.53	 Importantly,	 this	
straightforward	 and	 synthetically	 facile	 one-step	 peptide	
cyclization	method	offers	the	potential	to	serve	as	a	general	
approach	 to	 the	 systematic	 assembly	 of	 larger	 and	
structurally	diverse	peptide	bicycle	libraries	and	provides	a	
versatile	 tool	 relevant	 to	 applications	 in	 chemical	 biology	
and	peptide-based	drug	discovery.	
	
MULTI-SITE PEPTIDE CONJUGATION	
	 We	next	leveraged	this	trimetallic	platform	to	
build	well-defined,	peptide-based	molecular	systems	of	
higher	structural	complexity	through	the	reaction	be-
tween	each	of	the	three	Au(III)	centers	of	complex	[3]3+	
with	the	cysteine	residue	of	three	independent	peptide	
substrates.	This	multi-site	peptide	bioconjugation	was	



 

established	through	treatment	of	[3]3+	with	excess	glu-
tathione	 following	 synthetic	 and	 purification	 proce-
dures	adapted	from	those	described	earlier	in	this	work	
(vide	supra)	and	the	LC-MS	data	of	the	purified	biocon-
jugate	are	displayed	in	Figure	5	(bottom).	This	multi-
peptide	branched	hybrid	molecular	species	is	reminis-
cent	 of	 the	 architectures	 of	 polypeptide-based	 den-
drimers,	which	have	received	widespread	attention	for	
their	 use	 in	 diagnostic,	 therapeutic,	 and	 prophylactic	
applications,	among	others,	on	account	of	their	well-de-
fined	size,	multivalency	and	chemical	composition.54–60	
This	facile	organometallic-based	synthetic	strategy	has	
the	potential	to	both	diversify	the	approach	to	building	
peptide-based	dendrimers,	and	to	improve	upon	the	ac-
cessibility	 of	 highly	 complex	 architectures	 while	 cir-
cumventing	 some	 of	 the	 synthetic	 challenges	 associ-
ated	with	assembling	exceptionally	intricate	supramo-
lecular	hybrid	systems.59,60	
	
3D-HYBRID NANOCLUSTER ASSEMBLY	
	 We	further	extended	the	Au(III)-mediated	syn-
thesis	of	multivalent	molecular	systems	to	the	assem-
bly	of	more	complex,	 three-dimensional	hybrid	nano-
particles	that	are	based	on	robust	boron	cluster	build-
ing	 blocks.	 Through	 functionalization	 of	 each	 boron	
vertex	of	an	 icosahedral	B12	 core	with	organometallic	
(P,N)Au(III)ArCl	 fragments,	 the	 boron-cluster-based	
approach	to	the	synthesis	of	multivalent	clusters	pro-
vides	 a	 systematic	 method	 of	 preparing	 biologically-
relevant	 hybrid	 nanoassemblies	 through	 Au(III)-
mediated	C‒S	bond-forming	conjugation	reactions.	We	
have	previously	shown	that	dodecaborate	clusters	per-
functionalized	with	 biologically-relevant	 thiolate	 sur-
face	 ligands	 (saccharides,	 peptides,	 poly(ethylenegly-
col)	 polymers)	 exhibit	 high	 structural	 stability	 under	
biologically-relevant	conditions	due	to	their	full	cova-
lency,	 which	 consequently	 provided	 an	 appropriate	
platform	for	us	to	interrogate	their	multivalent	binding	
interactions	with	complex	protein	targets.28,61–63	While	
many	other	nanoscale	 assemblies	display	multivalent	
binding	 capabilities,	 such	 systems	 are	 seldom	 atomi-
cally	 precise,64–69	 which	 has	 driven	 research	 efforts	

focused	 on	 developing	 versatile	 assembly	 processes	
that	provide	access	to	well-defined	and	programmable	
systems.	 With	 a	 constantly	 evolving	 field	 of	 nanobi-
otechnology	dedicated	to	addressing	these	challenges,	
we	were	motivated	to	expand	upon	the	synthetic	capa-
bilities	and	utility	of	the	boron-cluster-based	platform	
by	employing	the	present	(P,N)Au(III)-mediated	conju-
gation	strategy	to	assemble	atomically-precise,	robust	
hybrid	nanoclusters	with	multivalent	binding	capabili-
ties.	
	 We	 adapted	 the	 straightforward	 procedures	
described	 for	 the	 preparation	 of	 the	 mono-,	 bi-,	 and	
trimetallic	systems	([1a-c]+,	[2a,b]2+,	[3]3+),	and	applied	
a	similar	synthetic	approach	to	the	more	complex	bo-
ron	 cluster	 platform,	 in	which	 simultaneous	 and	 effi-
cient	metalation	at	all	twelve	vertices	of	the	B12	cluster	
is	 required	 for	 successful	 preparation	 of	 the	 desired	
permetalated	 Au(III)	 synthon.	 Accordingly,	 under	
open-atmosphere	 conditions,	 treatment	 of	 the	 previ-
ously	 reported	 per-4-iodobenzyloxy-substituted	 B12	
cluster,	B12(OCH2C6H4I)12,28	with	excess	1	 in	 the	pres-
ence	of	AgSbF6	in	refluxing	CH2Cl2	(Figure	6A)	resulted	
in	the	formation	of	one	clean	species	after	workup	as	
assessed	by	the	presence	of	a	single	resonance	 in	the	
31P	NMR	spectrum	that	is	shifted	by	ca.	30	ppm	down-
field	from	that	of	the	1	precursor	(Figure	6B).	The	loca-
tion	of	this	signal	falls	within	the	31P	NMR	region	that	is	
diagnostic	for	the	square	planar	(P,N)Au(III)ArCl	com-
plexes	reported	in	this	work,	and	is	consistent	with	suc-
cessful	oxidative	addition	of	Au(I)	across	all	12	periph-
eral	C‒I	bonds	of	the	B12(OCH2C6H4I)12	cluster,	and	for-
mation	 of	 the	 [B12(OCH2C6H4-(P,N)AuCl)12][SbF6]11	
([4][SbF6]11)	product.		
	 The	 UV-vis	 spectrum	 of	 the	 purple-red	
[4][SbF6]11	salt	displays	two	major	absorptions	located	
at	λmax	340	and	550	nm,	respectively	(Figure	6C).	The	
340	nm	transition	is	attributed	to	ligand-based	charge	
transfer,	while	the	absorption	located	at	550	nm	is	di-
agnostic	of	hypocloso-B12	 clusters	 in	 the	monoanionic	
charge	state.62,70–72	The	presence	of	 this	absorption	 in	
addition	 to	 the	 silent	 11B	 NMR	 spectrum	 of	 purified	
[4][SbF6]11	 (SI	 Section	 2.1.8.)	 suggests	 that	 the	 B12	

Figure	6.	(A)	Synthetic	scheme	for	the	preparation	of	[4][SbF6]11	and	conditions	for	subsequent	reactions	with	thiol-based	nucleophiles	to	afford	the	
GSH	([4a]2–)	and	1-thioglucose	([4b]2–)	conjugates.	(B)	31P{1H}	NMR	spectra	of	1	and	[4][SbF6]11	(162	MHz,	25	°C).	(C)	UV-vis	spectrum	of	[4][SbF6]11	
(0.1	mM,	MeCN,	25	°C).	(D)	LC-MS	data	of	purified	GSH	cluster	conjugate,	[4a]2–.	



 

cluster	underwent	single-electron	reduction	during	the	
synthetic	 procedure.	 It	 is	 well	 documented	 that	 per-
functionalized	B12	clusters	undergo	rich	redox	chemis-
try,62,70–74	and	this	redox	behavior	is	consistent	with	the	
chemistry	observed	during	the	preparation	of	the	anal-
ogous	 [B12(OCH2C6H4(Me-DalPhos)AuCl)12]11+	 cluster	
we	 have	 previously	 reported	 and	 likely	 due	 to	 a	 sol-
vent-based	 electron	 transfer	 process	 (See	 SI	 Section	
S2.1.8.).28	It	is	noted	that	the	one-electron	reduction	of	
the	B12	core	results	in	an	overall	11+	charge	for	[4]11+	
as	opposed	to	the	12+	charge	that	would	be	expected	in	
the	absence	of	any	cluster-based	redox.		
	 Having	successfully	functionalized	the	surface	
of	the	B12	core	with	a	dense	layer	of	organometallic	syn-
thetic	handles,	we	next	probed	this	system	for	its	ability	
to	serve	as	a	building	block	for	the	assembly	of	atomi-
cally-precise	hybrid	nanoclusters	bearing	biologically-
relevant	 groups.	 Peptide	 (GSH)	 and	 saccharide-based	
(β-D-thioglucose)	substrates	bearing	nucleophilic	thiol	
centers	were	employed	as	bioconjugation	partners	 to	
showcase	 the	 chemoselectivity	 and	 versatility	 of	 the	
present	assembly	approach.	Treatment	of	 in-situ-gen-
erated	 [4][SbF6]11	 with	 GSH	 in	 a	 TRIS-buffered	
DMF:H2O	 (50:50	 v/v)	 solution	 resulted	 in	 a	 gradual	
color	 change	 from	 dark	 purple	 to	 colorless	 over	 the	
course	of	15	min,	which	is	indicative	of	a	single-electron	
reduction	of	the	cluster	core	from	the	radical	monoan-
ionic	to	the	diamagnetic,	dianionic	charge	state.	Cluster	
reduction	 has	 been	 previously	 observed	 during	 thiol	
conjugation	 reactions	 of	 similar	 systems,	 and	 is	 con-
sistent	 with	 the	 reducing	 capacity	 of	 thiolate	 spe-
cies.28,61,63	Conversion	of	[4]11+	 to	the	twelve-fold-sub-
stituted	GSH	bioconjugate	([4a]2‒)	was	assessed	by	LC-
MS	analysis	of	the	reaction	mixture.	The	crude	product	
was	purified	by	reversed-phase	HPLC,	and	 the	LC-MS	
data	confirming	the	purity	and	identity	of	the	resulting	
bioconjugate	are	displayed	in	Figure	6D.		
	 We	next	focused	our	attention	on	the	preparation	
of	 a	 boron	 cluster	 bearing	 a	 dense	 surface	 layer	 of	
carbohydrate	 recognition	 groups.	 There	 is	 significant	
interest	 in	 developing	 synthetic	 approaches	 for	 the	
systematic	 assembly	 of	 well-defined	 saccharide-grafted	
nanostructures	 due	 to	 the	 potential	 for	 these	 systems	 to	
engage	 in,	 disrupt,	 or	 mimic	 multivalent	 protein-glycan	
recognition	 processes	 in	 biological	 systems.75–79	 Many	 of	
these	multivalent	interactions	play	vital	roles	in	biological	
processes	 such	 as	 those	 involving	 pathogen-host	
relationships,	which	makes	the	design	of	synthetic	species	
with	 precisely	 engineered	 spatial	 and	 topological	 ligand	
morphologies	 critical	 to	understanding	 structure-function	
relationships	 that	 dictate	 the	 binding	 between	 abiotic	
nanoassemblies	 and	 their	 complex	 biological	 targets.	 To	
demonstrate	 this	 synthetic	 approach,	 we	 treated	 in-situ-
generated	[4][SbF6]11	with	excess	[Na][1-thio-β-D-glucose]		
in	 a	 H2O:DMF	 (50:50,	 v/v)	 mixture,	 which	 resulted	 in	
saccharide	conjugation	at	every	boron	vertex,	concomitant	
with	 one-electron	 cluster	 reduction	 to	 result	 in	 the	
formation	 of	 the	 glucose-grafted	 nanocluster	 ([Na]2[4b]).	

The	water-soluble	product	was	purified	by	 size-exclusion	
chromatography,	which	afforded	the	cluster	conjugate	as	an	
air-stable	solid	that	was	characterized	by	11B	and	1H	NMR	
spectroscopy	 (SI	 Section	 S2.3.7.),	 and	 ESI-MS(‒).	 The	
present	 work	 serves	 as	 an	 important	 proof-of-principle	
demonstration	 that	 the	 densely	 functionalized,	
organometallic	 [4]11+	 cluster	 can	 serve	 as	 a	 competent	
synthon	 for	 the	 preparation	 of	 highly	 complex,	 yet	 well-
defined	 hybrid	 nanoassemblies,	 and	 provides	 a	 versatile	
strategy	for	the	synthesis	of	new,	biocompatible	multivalent	
systems.28,61,65,76,80–82		
	
	CONCLUSION	
	 Here,	 we	 have	 introduced	 an	 organometallic	
synthetic	 platform	 based	 on	 robust	 aminophosphine-
supported	Au(III)	complexes	that	demonstrate	efficient	and	
selective	cysteine	S-arylation	of	bimoleucle	substrates.	We	
report	 the	 synthesis	 and	 characterization	of	mono,	bi,	 tri,	
and	dodecametallic	complexes	that	provide	access	to	a	rage	
of	 arylated	 bioconjugates	 including	 stapled	 peptides,	 a	
macrocyclic	 peptide	 bicycle,	 a	 small	 dendrimer,	 and	 a	
peptide-grafted	 hybrid	 inorganic	 cluster.	 This	 work	
highlights	 how	 tailored	 inorganic	 and	 organometallic	
reagents	can	be	leveraged	for	site	specific	modifications	of	
biomolecules6,7,10,83a-f	 and	 offers	 an	 efficient	 and	 versatile	
approach	to	bioconjugation.		
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