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List of abbreviations

General

Ac2O	 	 	 	 acetic	anhydride
AcOH	 	 	 	 acetic	acid
Alloc	 	 	 	 allyloxycarbonyl
apt	 	 	 	 attached	proton	test
Ar	 	 	 	 aromatic
Asc	 	 	 	 ascorbate
aq	 	 	 	 aqueous
ATAC	 	 	 	 asymmetric	triazacyclophane
Boc    tert-butyloxycarbonyl
BOP	 	 	 	 (benzotriazol-1-yloxy)tris(dimethylamino)
	 	 	 	 phosphonium	hexafluorophosphate
b    broad
Cbz	 	 	 	 benzyloxycarbonyl
CHCA	 	 	 	 α-cyano-4-hydroxycinnamic	acid
CLIPS	 	 	 	 chemical	linkage	of	peptides	onto	scaffolds
COSY	 	 	 	 correlation	spectroscopy
CRECS	 	 	 	 recombinant,	enzymatic	and	chemical	synthesis
CRF1	 	 	 	 corticotropin	releasing	hormone	receptor	1
CTV	 	 	 	 cyclotriveratrylene
CuAAC	 	 	 	 Cu(I)-catalyzed	azide–alkyne	cycloaddition
d    doublet
DBU	 	 	 	 1,8-diazabicyclo[5.4.0]undec-7-ene
DCC	 	 	 	 dicyclohexyl	carbodiimide
DCM    dichloromethane
dd    double doublet
DiPEA	 	 	 	 N,N-diisopropyl-N-ethylamine
DMA	 	 	 	 N,N-dimethylacetamide
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DMAP	 	 	 	 4-dimethylaminopyridine
DMB	 	 	 	 2,4-dimethoxybenzyl
DMF    N,N-dimethylformamide
DMSO	 	 	 	 dimethyl	sulfoxide
DNA	 	 	 	 deoxyribonucleic	acid
ELISA	 	 	 	 enzyme-linked	immunosorbent	assay
ESI	 	 	 	 electrospray	ionization
ESI-MS	 	 	 	 electrospray	ionization	mass	spectrometry
EDT    1,2-ethanedithiol
Et3N    triethylamine
Et2O    diethyl ether
EtOAc	 	 	 	 ethylacetate
EtOH    ethanol
Fmoc	 	 	 	 9-fluorenylmethloxycarbonyl
Fmoc-OSu	 	 	 9-fluorenylmethloxycarbonyl	

N-hydroxysuccinimide	ester
HFIP	 	 	 	 hexafluoroisopropanol
HIV	 	 	 	 human	immunodeficiency	virus
HMBC	 	 	 	 heteronuclear	multiple-bond	correlation
HOBt	 	 	 	 1-hydroxybenzotriazole
HPLC	 	 	 	 High	performance	liquid	chromatography
HRMS	 	 	 	 high	resolution	mass	spectrometry
HSQC	 	 	 	 heteronuclear	single	quantum	correlation
KLH	 	 	 	 keyhole	limpit	hemocyanin
LC-MS	 	 	 	 liquid	chromatography-mass		spectrometry
m		 	 	 	 multiplet
MALDI-TOF	 	 	 matrix-assisted	laser	desorpation/ionization	–	time
	 	 	 	 of	flight
MeCN    acetonitrile
MeOH    methanol
MPAA	 	 	 	 4-mercaptophenylacetic	acid
MS    mass spectrometry
MTBE    methyl-tert-butyl ether
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n-BuLi    n-butyl lithium
NCL	 	 	 	 native	chemical	ligation
NMP    N-methylpyrrolidone
NMR	 	 	 	 nuclear	magnetic	resonance
NOESY	 	 	 	 nuclear	overhauser	effect	spectroscopy
oNBS    ortho-nitrobenzyl sulfonyl
Pbf    2,2,4,6,7-pentamethyldihydrobenzofuran-5-  
    sulfonyl
PDB	 	 	 	 protein	data	bank
PDGF	 	 	 	 platelet-derived	growth	factor
Ph    phenyl
PTSA	 	 	 	 anilinium	p-toluenesulfinate
PPI	 	 	 	 protein-protein	interaction
PTMSE    (2-phenyl-2-trimethylsilyl)ethyl
q	 	 	 	 quartet
RAFT	 	 	 	 regioselectively	addressable	functionalized		 	
    template
RCM    ring closing metathesis
r.t.	 	 	 	 room	temperature
RuAAC	 	 	 	 ruthenium-catalyzed	alkyne-azide	cycloaddition
s    singlet
sex	 	 	 	 sextet
SPAAC	 	 	 	 strain-promoted	alkyne-azide	cycloaddition
SPPS	 	 	 	 solid	phase	peptide	synthesis
t    triplet
TAC	 	 	 	 triazacyclophane
TACO	 	 	 	 triazacyclophanoxy
TASP	 	 	 	 template-assembled	synthetic	protein
TBAF	 	 	 	 tetrabutylammonium	fluoride	hydrate
TBTA	 	 	 	 tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
tBu    tert-butyl
tBuOH    tert-butanol
TCEP	 	 	 	 tris(2-carboxyethyl)-phosphine	hydrochloride
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TDM    4,4’-methylenebis(N,N-dimethylaniline)
TES    triethylsilyl
TFA	 	 	 	 trifluoroacetic	acid
TFAc	 	 	 	 trifluoroacetyl
THF    tetrahydrofuran
Thz    thiazolidine
TIS    triisopropylsilane
TIPS    triisopropylsilyl
TLC    thin layer chromatography
TMS    tetramethylsilane
TOCSY	 	 	 	 total	correlation	spectroscopy
Trt    triphenylmethyl (also trityl)
UV	 	 	 	 ultra	violet
VIS	 	 	 	 visible
δ	 	 	 	 chemical	shift

Amino acids

Ala	 	 A	 	 L-alanine
Arg	 	 R	 	 L-arginine
Asn	 	 N	 	 L-asparagine
Asp	 	 D	 	 L-aspartic	acid
Cys  C  L-cysteine
Gln	 	 Q	 	 L-glutamine
Glu	 	 E	 	 L-glutamic	acid
Gly	 	 G	 	 glycine	
His	 	 H	 	 L-histidine
Ile  I  L-isoleucine
Leu  L  L-leucine
Lys	 	 K	 	 L-Lysine
Met  M  L-methionine
Phe  F  L-phenylalanine
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Pro  P  L-proline
Ser  S  L-serine
Thr  T  L-threonine
Trp  W  L-tryptophan
Tyr  Y  L-tyrosine
Val	 	 V	 	 L-valine
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1.1 Protein-protein interactions (PPIs)

Protein-protein	 interactions	 (PPI’s)	 are	 essential	 in	 virtually	 every	 level	 of	 cell	
function.	 Going	 from	 DNA	 replication	 to	 signal	 transduction,	 in	 practically	 all	
processes	 protein	 complexes	 have	 been	 identified	 as	 crucial	 components.	 So,	 it	
will	be	no	surprise	that	defects	in	protein-protein	interactions	are	responsible	for	
many diseases e.g.	Huntington’s	 disease,	 cancer,	 osteoporosis,	malaria,	 HIV	 and	
other	infectious	or	auto-immune	diseases.1-5	Thus,	a	better	understanding	of	PPIs	
may not only provide new insights into molecular binding mechanisms, but also can 
give	rise	to	new	tools	for	treatment	of	diseases.6,7 Therefore, the development of 
modulators	of	PPIs,	such	as	peptide-based	mimics	of	protein	interaction	sites,	have	
become	an	important	section	of	drug	design.7	Although	the	advances	in	the	field	
of protein mimicry are clearly visible, the design and synthesis of drugs, which can 
modulate	protein-protein	interactions,	remains	a	difficult	task.	This	is	mainly	due	to	
the	complicated	character	of	the	protein	interaction	sites.	
The	surface	areas	involved	in	protein-protein	interactions	are	large	(approximately	
1600 Å2)8	and	mainly	based	on	non-covalent	interactions	such	as	hydrogen	bonds,	
hydrophobic	interactions,	electrostatic	interactions,	Van	der	Waals	interactions	and	
metal	coordination.	For	small	molecules	it	is	an	ambitious	task	to	modulate	protein-
protein	interactions,	since	the	interface	of	these	molecules	is	not	large	enough	to	
make	them	selective	for	one	protein	 interaction	site.	Moreover,	proteins	 interact	
with	each	other	through	hot	spots	regions,	which	are	often	located	on	the	surface	
of	a	protein.9-11 Hot spots are described as contact amino acid residues, which are 
important	for	tight	binding	and	essential	 for	protein	function	and	can	be	 located	
by	using	an	alanine	scan.12	These	hot	spots	regions	are	also	known	as	binding	sites	
or	epitopes.6	Epitopes	in	proteins	can	be	in	a	continuous	or	discontinuous	fashion.	
A	 continuous	 epitope	 consists	 of	 one	 single	 stretch	 of	 amino	 acids.	 The	 more	
complicated	discontinuous	epitope	consists	of	multiple	stretches	of	amino	acids	on	
the	surface	of	a	protein,	which	are	distant	in	the	linear	sequence,	but	are	relatively	
nearby	 in	 the	spatial	bioactive	conformation	of	 the	protein	 (Figure	1).	 In	nature,	
most	protein-protein	interactions	take	place	through	discontinuous	epitopes.13 This 
makes	the	protein	mimicry	by	traditional	small	“drug-like”	molecules	an	even	more	



Introduction

| 15 

complicated	challenge.

Figure 1	The	continuous	and	discontinuous	character	of	PPI	sites.	PDB:	3IYW14.

1.2 Molecular scaffolds
1.2.1	–	Molecular	scaffolds	in	protein	mimicry
An	alternative	approach	 for	 the	mimicry	of	proteins	 is	 to	assemble	 the	essential	
peptide	 fragments	 of	 the	 protein	 onto	 a	 molecular	 scaffold.15 These molecules 
should in principle be large enough to cover a large surface area, which is needed 
in	the	mimicry	of	discontinuous	epitopes.6 By using this approach, the molecular 
scaffold	should	of	course	give	the	proper	bioactive	spatial	conformation	of	these	
essential	parts	of	 the	native	protein	 to	obtain	peptido-	or	protein	mimetics	 that	
bind	and	function	in	the	same	matter	as	their	parent	biomolecules	(Figure	2).	
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scaffold

replace by scaffold

Figure 2 The	replacement	of	a	large	part	of	the	protein	by	a	scaffold	and	the	mimicry	of	its	discontinuous	
epitope.

One	of	 the	first	examples	of	protein	mimicry,	by	using	a	molecular	 scaffold,	was	
performed	by	Mutter	and	Vuilleumier.16	They	designed	and	synthesized	a	peptide	
template	molecule,	which	was	able	to	direct	the	attached	amino	acid	sequences	in	a	
protein-like	manner.	These	impressive	molecules	were	named	Template-Assembled	
Synthetic	Proteins	(TASP).	Since	then,	different	classes	of	molecular	scaffolds	have	
been reported including carbohydrates17, porphyrins18,19,	 calixarenes20, steroids21 
and	other	small	organic	molecules	(Figure	3).	Although	many	scaffolds	are	already	
known,	only	few	have	been	successfully	used	in	protein	mimicry.	One	outstanding	
example	 was	 shown	 by	 Hamilton	 and	 co-workers.22 They managed to obtain a 
calix[4]arene	scaffold	with	four	peptide	loops	attached	to	it,	which	selectively	binds	
in	the	high	nanomolar	range	to	platelet-derived	growth	factor	(PDGF).	In	another	
example	 porphyrins	were	 applied	 in	 the	mimicry	 of	 the	homotetrameric	 human	
Kv1.3	 potassium	 channel.23	 The	 small	 en	 relatively	 rigid	 Kemp’s	 triacid	 scaffold24 
was	also	used	in	the	protein	mimicry.	This	scaffold	 induced	triple	helix-formation	
of	collagen	peptides.25	The	cyclotriveratrylene	(CTV)	scaffold,	which	was	developed	
in	 our	 group,	was	used	 to	obtain	 trivalent	 artificial	 receptors26,27, tripodal amino 
acid	glycoconjugates28	and	also	a	collagen	mimic.29 Despite the fact that there are 
multiple	examples	of	scaffold-based	protein	mimics	in	literature	known,	the	focus	
mainly	lies	on	scaffolds	decorated	with	multiple	identical	linear	peptides.	Figure	3	
shows	an	overview	of	molecular	scaffolds,	which	has	been	decorated	with	multiple	
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identical	peptides.
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Figure 3 Molecular	scaffolds	used	in	protein	mimicry.

1.2.2	–	Orthogonal	protected	scaffolds
For	the	mimicry	of	discontinuous	epitopes,	a	molecular	scaffold	 is	needed	which	
allows	 the	 stepwise	 introduction	 of	 multiple	 different	 ligands.	 Mutter	 and	 co-
workers	developed	the	first	example	of	such	a	scaffold.	They	introduced	different	
orthogonal	protected	sites	in	their	scaffold,	allowing	a	one	by	one	attachment	of	
different	peptides	to	the	scaffold.	This	Regioselectively	Addressable	Functionalized	
Template	 (RAFT)	 was	 an	 important	 step	 forwards	 in	 the	 design	 of	 orthogonally	
protected	 scaffolds.32	 In	 addition,	 the	 rise	 of	 the	 Solid	 Phase	 Peptide	 Synthesis	
(SPPS)	 inspired	chemists	to	develop	molecular	scaffolds	that	are	compatible	with	
this	method.	For	example,	Peluso	et al. developed	a	RAFT	molecule,	which	can	be	
attached	 to	 the	 solid	 support	 by	 the	 side	 chain	of	 a	 glutamic	 acid.33 Savage and 
co-workers	designed	and	synthesized	a	SPPS	compatible	scaffold	based	on	cholic	
acid.34	 Lönnberg	 and	 co-workers	 developed	 even	 two	 orthogonally	 protected	
scaffolds	with	handles	for	solid	support	attachment.35,36	Figure	4	shows	a	collection	
of	orthogonal	protected	scaffolds,	which	contain	a	handle	for	conducting	SPPS.
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Figure 4	Orthogonal	molecular	scaffolds	for	protein	mimicry.

1.2.3	–	TAC-scaffold
In	 the	 search	 for	a	new	orthogonal	protected	 scaffold,	our	group	developed	 the	
TriAzaCyclophane	 (TAC)	 scaffold.39	 The	 development	 of	 this	 scaffold	 started	with	
synthesis	of	tweezers-like	artificial	receptors.40,41	Due	to	this	success,	the	question	
raised	whether	 a	 three-armed	 receptor	would	enhance	 the	binding	 affinity.	 This	
led to the development of a tripodal oNBS protected molecule,42,43 which was the 
basis	for	the	design	of	the	orthogonal	protected	TAC-scaffold.	Figure	5	shows	the	
development	timeline	of	the	TAC-scaffold.	
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Figure 5 The	development	of	the	TAC-scaffold.	Starting	form	the	tweezer-like	artificial	receptors	via the 
tripodal	towards	the	TAC-scaffold.
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The	 TAC-scaffold	 contains	 three	 semi-orthogonally	 protected	 tertiary	 amines,	
which	allows	the	introduction	of	three	different	peptide	chains.	 In	principle	even	
a	fourth	peptide	chain	can	be	introduced	on	the	TAC-scaffold	since	it	also	contains	
a	carboxylic	acid	moiety.	For	the	protection	of	the	amines	a	combination	of	Fmoc,	
Alloc	and	oNBS	was	chosen	(Figure	6).	This	orthogonal	protection	strategy	allows	
the	 introduction	of	 amino	acids	with	 acid	 labile	 side	 chain	protection	as	well	 as	
lengthening	of	 the	peptides	attached	to	 the	scaffold	by	Fmoc	peptide	chemistry.	
Furthermore,	the	TAC-scaffold	may	arrange	the	epitopes	in	such	a	way	that	a	large	
surface	area	might	be	 covered.	 The	TAC-scaffold	 is	 also	believed	 to	be	 relatively	
rigid.	A	more	rigid	scaffold	can	reduce	a	certain	amount	of	flexibility	in	the	peptide	
arms	and	will	lose	less	entropy	upon	binding	compared	to	a	more	flexible	system.44 
Therefore,	the	TAC-scaffold	is	believed	to	be	a	promising	candidate	for	the	design	
and	synthesis	of	protein	mimics.

O
S
O

O2N

O

O
O

O

oNBS

N N

N

OHO

oNBSFmoc

Alloc

Alloc Fmoc

Figure 6 Structure	of	the	TAC-scaffold.

The	 TAC-scaffold	 was	 constructed	 in	 such	 a	 way	 that	 solid	 phase	 chemistry	 is	
possible.	In	the	general	synthesis	strategy	for	introducing	the	different	peptides	on	
the	TAC-scaffold,	first	the	carboxylic	acid	moiety	of	the	scaffold	is	attached	to	the	
solid	phase.	In	the	following	step	the	Fmoc	protective	group	can	be	cleaved	by	using	
20%	piperidine	in	NMP	to	yield	a	secondary	amine,	which	allows	the	attachment	
of	 the	 first	 peptide	 chain.	 Next,	 the	 oNBS	 protective	 group	 is	 cleaved	 with	
mercaptoethanol	and	DBU,	giving	 rise	 to	 the	 introduction	of	 the	second	peptide	
chain.	Finally,	the	Alloc	protective	group	can	be	cleaved	by	using	palladium	(0),27,39 
giving	 again	 a	 secondary	 amine,	 which	 can	 be	 furnished	with	 the	 third	 peptide	
(Scheme	1).
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Scheme 1 General	strategy	for	introducing	three	different	peptides	on	the	TAC-scaffold.

So	 far,	 the	 TAC-scaffold	 has	 been	 used	 in	 different	 fields	 of	modulating	 protein-
protein	interactions.	For	example,	the	scaffold	has	been	used	in	the	construction	of	
synthetic	receptor	molecules.	The	TAC-scaffold	has	also	been	used	in	an	effective	
mimic	of	cystatin	which	is	a	papain	inhibitory	protein,45 in an approach towards a 
synthetic	vaccine	of	pertussis,46 a mimic of a copper-binding site of a metalloprotein47 
and	in	multiple	approaches	towards	a	mimic	of	the	HIV	gp120	protein.48-50 
Recently,	the	design	of	scaffolds	for	protein	mimicry	has	shifted	to	the	sequential	
conjugation	of	peptide	fragments	to	a	scaffold	by	using	an	orthogonal	chemoselective	
ligation	strategy.51	An	example	 in	 literature	has	already	been	shown	by	Beal	and	
Jones.	This	paper	describes	a	flexible	template,	which	allowed	the	attachment	of	
fragments	 by	 using	 successively	 a	 Strain-Promoted	 Alkyne-Azide	 Cycloaddition	
(SPAAC)	 reaction,	 a	 Cu(I)-catalyzed	 Alkyne-Azide	 Cycloaddition	 (CuAAC)	 reaction	
and	a	thiol-maleimide	conjugation.52	A	big	advantage	of	a	chemoselective	ligation	
strategy	is	that	it	allowes	the	use	of	unprotected	peptides,	which	greatly	increased	
the	applicability	of	this	approach	in	the	field	of	protein	mimicry.
Despite	the	fact	that	there	are	several	scaffolds	known	which	allow	the	stepwise	
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introduction	of	two	different	peptide	segments,	only	few	templates	contain	three	
(or	 more)	 ligand	 connection	 sites,	 which	 can	 be	 functionalized	 independently.	
Moreover,	the	introduction	of	structurally	more	pre-organized	fragments	on	these	
molecular	scaffolds	is	even	more	rare.

1.3 Cyclic peptides

1.3.1	–	Cyclic	peptides	in	protein	mimicry
Perhaps one of the most important things in protein mimicry is the structural 
orientation	of	 the	amino	acids	 in	 the	peptide	 fragments.	 These	 should	have	 the	
proper	 bioactive	 conformation	 to	 obtain	 mimics	 that	 bind	 and	 function	 in	 the	
same	way	as	 their	 corresponding	proteins.	When	using	 inherently	flexible	 linear	
peptides,	it	is	almost	impossible	to	obtain	a	similar	three-dimensional	shape	as	is	
present	in	the	complementary	epitopes.	A	possible	solution	to	this	problem	may	be	
the	structural	fixation	of	linear	peptides	to	obtain	protein	mimics	that	present	the	
important	amino	acid	residues	in	the	correct	three-dimensional	orientation.	Since	
discontinuous	epitopes	in	proteins	often	consists	of	loop-like	structures	(Figure	7),	
the	most	general	applied	fixation	of	linear	fragments	in	this	field	is	peptide	cyclization.	
Peptide	cyclization	not	only	gives	structurally	fixated	peptides,	it	also	improves	their	
enzymatic	and	chemical	stability	compared	to	their	linear	peptides.44,53-58
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Figure 7	The	interaction	between	a	discontinuous	epitope	on	human	monoclonal	antibody	CR4354	
and	the	West	Nile	Virus.	PDB:	3IYW14.	The	interacting	fragments	are	indicated	in	colour.

1.3.2	–	Strategies	for	peptide	cyclization
Although	 there	 are	 many	 bioactive	 cyclic	 peptides	 known,	 efficient	 synthesis	
of	 these	types	of	molecules	 is	 still	a	difficult	 task.	The	synthetic	success	of	cyclic	
peptides	depends	on	the	amino	acid	residues	in	the	peptide,	ring-size,	ring-closing	
method	 and	 specific	 site	 of	 ring-closure.	One	of	 the	 classical	ways	of	 cyclizing	 a	
peptide	 is	 the	 intramolecular	 coupling	 between	 an	 amine	 and	 a	 carboxylic	 acid	
(macrolactamization).59	This	 type	of	peptide	cyclization	can	be	conducted	 in	 four	
different	ways;	 head-to-side	 chain,	 side	 chain-to-side	 chain,	 side	 chain-to-tail	 or	
head-to-tail	(Figure	8).	
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Figure 8 Schematic	representation	of	the	four	possible	ways	for	peptide	macrocyclization.	R1 and R2 
contain	a	carboxylic	acid	or	amine	functionality.	

In	 addition,	 new	methods	 of	 peptide	 cyclization	 have	 been	 developed	 that	 are	
based	 on	 orthogonal	 ligation	 reactions.	 Compared	 to	 the	 macrolactamization	
described	 above,	 these	 reactions	 do	 not	 need	 protected	 amino	 acid	 residues	 in	
the	cyclization	reaction.	The	use	of	unprotected	peptides	 is	a	huge	advantage	 in	
terms	of	general	synthetic	applicability	in	peptide	cyclization	due	to	the	improved	
solubility	of	these	compounds.60	Until	now,	different	ligation	reactions	have	been	
used	 in	peptide	cyclization.	One	of	 the	best-known	orthogonal	 ligation	 reactions	
used	in	peptide	chemistry	is	Native	Chemical	Ligation	(NCL).61-63	This	chemoselective	
reaction	 between	 a	 N-terminal	 cysteine	 containing	 peptide	 and	 a	 C-terminal	
thioester	 containing	 peptide	 yields	 a	 native	 amide	 bond	 in	 between	 the	 ligated	
fragments	and	was	used	for	the	first	time	in	peptide	cyclization	by	Tam	and	Zhang.64 
A	drawback	of	this	ligation	method	is	the	presence	of	a	reactive	cysteine	residue	in	
the product, which can give e.g.	unwanted	disulfide	formation.	To	circumvent	this	
problem,	 researchers	have	developed	methods	 for	 selective	 removal	of	 sulfur	 in	
the	cysteine	residue.65-67	Cyclization	of	peptides	by	therms	of	thioether	formation	
has	also	been	a	successfully	applied	strategy	for	obtaining	circular	peptides	in	an	
orthogonal	way.	In	this	method,	the	thioether	is	often	formed	in	a	selective	reaction	
between a C-terminal cysteine and an N-terminal bromoacetyl- or chloroacetyl 
group.68-70	Another	 ligation	tool	for	obtaining	cyclic	peptides	is	CuAAC.	This	Cu(I)-
catalyzed	orthogonal	reaction	between	an	azide	and	alkyne	gives	the	formation	of	
a 1,4-triazole71,72	ring	at	the	cyclization	site	and	has	been	used	in	our	group	in	the	
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synthesis	of	a	vancomycin	mimic.73	In	addition	to	this,	the	less	popular	Ruthenium-
Catalyzed	 Alkyne-Azide	 Cycloaddition	 reaction	 (RuAAC)	 was	 also	 used	 to	 obtain	
cyclic	peptidomimetic	compounds.	In	the	latter	case,	a	cyclized	peptide	containing	
1,5-triazole	 ring	 was	 formed.73-75 Ring Closing Metathesis (RCM) has also been 
applied	 for	 constraining	 peptidic	 compounds.76 By using this ruthenium-based 
reaction,	our	group	was	able	to	construct	a	mimic	of	the	multicyclic	antimicrobial	
peptide	nisin.77,78 
One	of	 the	most	often-used	 strategies	 for	 the	 cyclization	of	peptides	 is	disulfide	
formation	 between	 two	 cysteine	 residues.79	 A	 big	 advantage	 of	 this	 method,	
compared	to	the	strategies	discussed	above,	 is	that	there	is	no	need	of	modified	
amino	 acids	 in	 the	 linear	 peptide	 precursors.	 However,	 a	 disadvantage	 of	 this	
method	is	the	possibility	of	thiol-disulfide	exchange,	giving	rise	to	multiple	products	
and	thus	making	it	a	less	suitable	strategy.	In	al	these	described	macrocyclization	
reactions	it	is	important	to	work	under	(highly)	diluted	conditions	to	minimize	the	
unwanted	side	reactions	such	as	poly-	and	oligomerizations.80	Another	strategy	to	
reduce	the	amount	of	unwanted	side	reactions	is	to	perform	the	cyclization	on	the	
solid	phase.81-83	 Figure	9	 shows	an	overview	of	 the	discussed	orthogonal	 ligation	
reactions.
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1.3.3	–	The	use	of	cyclic	peptides	in	discontinuous	epitope	mimicry
Since	binding	sites	in	proteins	often	consists	of	loop-like	structures,	cyclic	peptides	
are	believed	to	mimic	the	selectivity	and	affinity	of	these	binding	regions	much	better	
than	 their	 linear	 counterparts.84-87	 Applying	 this	 to	 the	mimicry	 of	 discontinuous	
epitopes,	 one	would	expect	 that	 structures	 that	 contain	multiple	 cyclic	 peptides	
would	generate	the	best	possible	mimics.	With	respect	to	this,	multicyclic	peptides	
are	 an	 interesting	 class	 of	 compounds.	 The	 cyclotides	 are	 an	 excellent	 example	
of these types of highly constrained molecules and are formed by a head-to-tail 
cyclization	 combined	with	 a	 conserved	 cysteine	 knot	 (Figure	 10).56,88 Due to this 
unique	knot,	which	 is	 formed	by	 three	cysteine	disulfide	bridges,	 the	compound	
is	 found	to	be	extremely	stable.	The	cyclotides	also	allow	substantial	variation	 in	
the	amino	acid	sequence	with	exception	of	the	highly	conserved	cysteine	residues.	
This,	 together	with	 the	exceptional	 stability	 to	chemical,	 thermal,	and	enzymatic	
degradation,	makes	the	cyclotides	very	interesting	for	protein	mimicry.	A	limitation	
of	the	usage	of	cyclotides	as	protein	mimics	is	that	a	fixed	20-30-residue	sequence	
is	needed	for	correct	folding.	Another	elegant	way	for	constructing	discontinuous	
epitope	mimics	is	by	applying	CLIPS-technology	(Chemical	Linkage	of	Peptides	onto	
Scaffolds).89	In	this	technique,	unprotected	peptides	are	cyclized	and	attached	to	a	
scaffold	at	the	same	time.	Peptides	containing	cysteine	residues	in	the	linear	chain	
are constrained in a fast en a mild way by using a di, tri or tetra (bromomethyl)
benzene	scaffold.	For	instance,	a	linear	peptide	containing	three	cysteine	residues	
gives	a	bicyclic	scaffolded	compound	after	treatment	with	1,3,5-tris(bromomethyl)
benzene	 (Figure	 10).	 The	 CLIPS	 technology	 has	 been	 successfully	 applied	 in	
combination	 with	 phage	 display	 libraries	 of	 randomized	 peptides	 containing	
three	 cysteine	 residues.	 The	 filamentous	 phage	 displayed	 linear	 peptides	 were	
constrained	 on	 the	 1,3,5-tris(bromomethyl)benzene	 scaffold	 prior	 to	 phage	
affinity	 selection.	 This	 yielded,	 for	 example,	 an	 inhibitor	 against	 human	 plasma	
kallikrein	 in	the	 low-nanomolar	range.53	Although	the	CLIPS	strategy	 is	a	fast	and	
easy	method	 for	obtaining	 scaffolded	mono-	and	bicyclic	peptides,	 the	 synthesis	
of	 three-looped	 scaffolded	 peptides,	 by	 using	 the	 1,2,4,5-tetrakis(bromomethyl)
benzene	scaffold,	 is	rather	 limited	due	to	the	formation	of	multiple	regioisomers	
in	 this	 reaction.	 Recently	 Ghosh	 and	 Hamilton	 have	 developed	 an	 approach	 for	
obtaining	discontinuous	epitope	mimics.	They	showed	a	noncovalent	self-assembly	
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method	of	two	different	peptide	loops	on	an	oligonucleotide	template	(Figure	10).	
Even	though	this	study	only	included	two	model	peptides,	it	should	in	principle	be	
possible to use this approach for obtaining combinatorial libraries of double looped 
structures.90 
Although	 there	 are	 many	 examples	 of	 scaffolded	 epitope	 mimicry,	 only	 few	
scaffolds	allow	the	stepwise	introduction	of	different	constrained	peptidic	ligands.	
In	addition,	approaches	that	do	allow	a	regioselective	attachment	of	preorganized	
ligands are mostly limited to bycyclic systems, such as the two cases discussed 
above.	 Beyermann	 and	 co-workers	 showed	 one	 of	 the	 few	 examples	 in	 which	
three	cyclic	peptides	were	attached	to	a	scaffold	in	a	regioselective	way.	They	used	
a	 Recombinant,	 Enzymatic	 and	 Chemical	 Synthesis	 (CRECS)	 method	 to	 obtain	 a	
mimic	of	the	corticotropin	releasing	hormone	receptor	(CRF1).

91 In this study three 
different	peptide	loops	were	constructed	with	NCL	and	attached	to	a	branched	linear	
peptidic	scaffold	(about	20	amino	acids)	by	using	the	orthogonal	thiol-maleimide	
ligation.	The	used	scaffold	allowed	a	regioselective	attachment	of	different	peptide	
segments.	This	was	accomplished	by	using	selectively	removable	amino	protecting	
groups	for	the	stepwise	introduction	of	maleimide	groups.	After	the	introduction	of	
the	peptide	loops,	a	large	peptide	(more	than	100	amino	acids)	was	obtained	by	a	
recombinant	synthesis	and	attached	to	the	scaffold	by	using	an	enzymatic	ligation	
(Sortase	A),	 yielding	 the	final	mimic	of	CRF1	 (Figure	10).	The	use	of	 this	 strategy	
allowed	 the	 stepwise	 introduction	of	 three	different	unprotected	 cyclic	 peptides	
to	a	scaffold,	which	was	quite	an	achievement.	The	only	drawback	of	this	method	
is	that	is	does	not	allow	any	lysine	residues	in	the	first	or	second	loop	(in	order	of	
attachment),	making	this	strategy	not	completely	orthogonal.
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The	TAC-scaffold	(Figure	5)	has	also	been	used	in	combination	with	cyclic	peptides	
to	obtain	a	mimic	of	the	discontinuous	epitope	of	the	HIV	gp120	protein.	In	2009	
Chamorro et al. presented a non-stop solid phase synthesis approach in which three 
different	peptide	loops	were	introduced	in	a	regioselective	way	to	the	TAC-scaffold.48 
In this synthesis a glutamic acid residue containing a (2-phenyl-2-trimethylsilyl)ethyl 
(PTMSE)	protecting	group	was	used	as	a	cyclization	hinge.	The	PTMSE	is	orthogonal	
to	 the	 acid-labile	 amino	 acid	 side-chain	 protecting	 groups,	 which	 allowed	 the	
selective	cleavage	of	this	group	prior	to	the	on-resin	cyclization	(Figure	11).	Although	
this	synthesis	method	produced	one	of	the	first	examples	of	a	molecular	scaffold	
containing	up	to	three	different	cyclic	peptides,	the	constructed	gp120	mimic	was	
not	able	to	prevent	HIV-infection	in	tissue	culture.	Moreover,	by	assembling	such	
a	complicated	molecule	completely	on	the	solid	support,	an	extensive	purification	
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was	needed,	which	yielded	in	relatively	small	amounts	of	the	desired	protein	mimic.	
Therefore,	Gwenn	Mulder	and	colleagues	in	our	group	developed	a	combinatorial	
approach	for	obtaining	a	smart	library	of	gp120	mimics.49,50	A	CuAAC	click	reaction	
was	perfomed	between	the	TAC-scaffold,	containing	three	alkyne	groups,	and	three	
different	unprotected	peptide	loops	with	an	azide	handle.	By	doing	so,	a	library	of	
HIV	gp120	mimics	was	obtained	(Figure	11).
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Figure 11 Multicyclic	 TAC	 scaffolded	 peptides	 in	 discontinuous	 epitope	mimicry:	 a)	 non-stop	 solid	
phase	 synthesis	 approach.48 b) Combinatorial approach for obtaining a smart library by using the 
CuAAC	click	reaction.49,50

Although	the	above-discussed	strategies	are	excellent	examples	of	discontinuous	
epitope	mimicry	by	using	scaffolded	multiloop	systems,	there	is	still	a	need	for	efficient	
synthetic	methods	for	obtaining	these	kind	of	highly	complicated	molecules.	Recent	
studies49,50,53,90	show	the	importance	of	combinatorial	approaches	for	finding	new	
protein	mimics.	Therefore,	we	believe	that	a	library	strategy,	as	shown	by	Mulder	
et al.,49,50	 followed	by	a	stepwise	orthogonal	 introduction	of	unprotected	peptide	
loops	 to	 a	 molecular	 scaffold	 could	 be	 a	 powerful	 combination	 for	 developing	
new	discontinuous	epitope	mimics.	In	this	way,	a	fast	and	initial	screening	can	be	
performed.	 When	 finding	 a	 “hit”,	 the	 more	 elaborated	 regioselective	 stepwise	
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synthesis	can	be	used	to	obtain	the	specific	desired	protein	mimics.

1.4 Discontinuous epitope mimicry in drug design

Since	 protein-protein	 interactions	 play	 a	 role	 in	 virtually	 all	 diseases,	 inhibition	
of	 undesired	 protein-protein	 interaction	has	 become	an	 important	 topic	 in	 drug	
research.	 As	 was	 discussed	 before,	 the	mimicry	 of	 a	 discontinuous	 binding	 site	
of	 a	 protein	 is	 rather	 difficult	 by	 using	 small	molecules.	 Therefore,	 the	 research	
focus of designing drugs, which can modulate or interfere with protein-protein 
interactions,	is	nowadays	slowly	shifting	to	somewhat	larger	molecules;	scaffolded	
multiloop	peptides.	First,	only	the	synthetic	methods	were	described	for	obtaining	
these	large	and	complicated	molecules.	More	recently,	also	the	applications	of	the	
discontinuous	epitope	mimics	in	biological	systems	were	reported.	One	application	
of	protein	mimics	is	the	inhibition	of	cellular	processes.	An	outstanding	example	of	
this	 is	the	above-described	CLIPS	bicyclic	peptide-based	inhibitor	of	the	kallikrein	
serine	protease.53 The use of triple-looped structures as inhibitors is even more rare 
compared	to	the	bicyclic	version.	As	far	as	we	know,	the	CRECS	strategy91 and the 
recent	examples	with	TAC-scaffold48-50	are	the	only	two	available	methods.

1.4.1	–	Protein	mimics	as	synthetic	vaccines
One	of	the	most	attractive	applications	of	scaffolded	multiloop	peptides	as	protein	
mimics	 might	 by	 as	 synthetic	 vaccines.	 Vaccines	 conquered	 many	 infectious	
diseases	 in	the	past	and	contributed	greatly	to	the	increased	life	expectancy	and	
quality	of	life	that	we	take	for	granted	nowadays.	Despite	these	great	successes,	the	
development	of	new	effective	vaccines	for	the	emerging	diseases	remained	elusive	
and	 new	 strategies	were	 needed.	 The	 advances	 in	NMR	 spectroscopy	 and	 X-ray	
crystallography, over the past decade, have increased the throughput of protein 
structure	determination	and	led	to	identification	and	three-dimensional	structural	
information	 of	 epitopes	 of	 antigens.	 This	 knowledge	 was	 the	 basis	 for	 a	 major	
change	in	vaccine	research	and	initiated	the	start	of	a	new	branch	of	vaccine	design	
termed	‘structural	vaccinology’.	Structural	vaccinology	 involves	the	elucidation	of	
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antigen	 binding	 domains	 in	 order	 to	 design	 highly	 efficacious	 synthetic	 vaccines	
exclusively	constituted	by	antigen	epitopes.92	The	first	successful	examples,	in	which	
this	structure-based	antigen	design	was	used,	have	recently	been	published.93-98

Synthetic	 peptide-based	 mimics	 of	 epitopes	 are	 in	 this	 line	 of	 research	 highly	
interesting	molecules.	 Peptide	mimics	 of	 continuous,	 linear,	 epitopes	 have	 been	
successful	 used	 as	 synthetic	 vaccines.46,99-101	 However,	 synthetic	 vaccines	 of	
discontinuous	protein	epitopes	are	still	difficult	to	achieve.102 This is mostly due to 
the	inability	of	peptides	to	obtain	the	same	three-dimensional	structure	as	present	
in	 the	 complementary	 epitopes.	 Therefore,	 the	 preorganization	 that	 scaffolded	
multicyclic	 peptides	 may	 have	 to	 offer	 could	 give	 a	 significant	 improvement	 in	
mimicking	 the	 antigen	 binding	 site,	 and	 thus	may	 lead	 to	 new	 potent	 synthetic	
vaccines	of	discontinuous	protein	epitopes.

1.5 Aim and outline of this thesis

The aim of the research described in this thesis is to develop general methods for the 
synthesis	of	mimics	of	discontinuous	epitopes.	From	the	many	biological	systems	
that	rely	on	discontinuous	protein	binding	sites,	the	HIV-1	exterior	envelope	gp120	
protein	and	the	pertactin	protein	were	chosen	as	targets.	
As	discussed	above,	the	mimicry	of	discontinuous	epitope	is	a	challenging	task.	First	
of	all,	 since	 the	discontinuous	epitopes	are	often	present	as	 loop-like	structures,	
it	is	important	to	use	cyclic	peptides	in	the	mimicry	of	discontinuous	epitopes.	In	
addition,	 the	 cyclic	 peptides	 need	 to	 be	 combined	 into	 one	molecule	 and	 need	
to	 be	 presented	 in	 the	 proper	 bioactive	 spatial	 conformation	 to	 obtain	 protein	
mimics	that	bind	and	function	in	the	same	manner	as	their	parent	biomolecules.	
An	important	role	in	this	process	is	the	use	of	a	molecular	scaffold,	which	provides	
a	proper	orientation,	arrangement	and	even	pre-organization	of	the	cyclic	peptides	
that	mimic	the	discontinuous	protein	binding	site.
In chapter 2	the	influence	of	reducing	the	size	of	the	cyclophane	ring	of	the	TAC-
scaffold	on	the	rigidity	of	the	scaffold	was	investigated.	To	realize	this	we	developed	
an	 efficient	 multigram	 scale	 synthesis	 of	 a	 novel,	 selectively	 deprotectable	
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asymmetric	triazacyclophane	scaffold,	the	ATAC-scaffold.	The	synthesis	was	found	to	
be	very	high	yielding	and	does	not	contain	difficult	steps	or	purifications.	When	this	
approach	was	evaluated	in	the	TAC-scaffold	synthesis	again	high	yields	were	found.	
Although	the	ATAC-scaffold	is	very	similar	to	the	TAC-scaffold	(the	cyclophane	ring	
is only one CH2-unit	smaller),	 it	was	found	that	ATAC	is	considerably	 less	flexible,	
which	may	in	the	end	have	an	affect	on	the	orientation	of	the	ligands	on	the	ATAC-
scaffold.
Chapter 3 describes	 an	 efficient	multigram	 synthesis	 of	 a	 new	 triazacyclophane	
scaffold,	the	TACO-scaffold.	This	selectively	deprotectable	scaffold	is	related	to	our	
TAC-scaffold,	 it	 contains	a	 substituent	on	 the	para	position	of	 the	benzoic	hinge.	
The	 substituent	on	 the	para	position	makes	 the	 TACO-scaffold	much	more	 rigid,	
which we showed by performing variable 1H	NMR	experiments.	By	 insertion	of	a	
(protected)	functional	group	at	the	4-position	of	the	aromatic	hinge,	the	versatility	
of	the	TACO-scaffold	was	further	extended.	This	was	shown	by	a	successful	coupling	
of	an	azidopeptide	using	a	CuAAC	click	reaction	to	a	TACO-scaffold	containing	three	
dipeptides	and	an	alkyne,	leading	to	a	TACO-scaffold	containing	four	peptides.
Chapter 4 shows	the	synthesis	of	cyclic	peptides,	containing	a	handle	for	conjugation	
to	a	molecular	scaffold.	It	describes	an	efficient	and	general	method	for	the	SPPS	
of	cyclic	peptides	bearing	a	thioester	handle,	which	can	be	conjugated	to	a	scaffold	
containing	 N-terminal	 cysteine	 residues,	 by	 using	 NCL.	 With	 this	 method	 three	
different	cyclic	peptides,	which	correspond	to	the	peptide	loops	present	in	the	HIV-
gp120-CD4	complex,	were	 successfully	 synthesized.	The	 successful	 application	 in	
native	chemical	ligation	was	illustrated	by	a	high	yielding	ligation	between	one	of	
the	cyclic	peptide	 thioesters	and	an	N-terminal	 cysteine	containing	antimicrobial	
HHC-10	peptide.
Chapter 5	describes	the	synthesis	of	a	tri-cysteine	containing	scaffold	as	well	as	the	
simultaneous	native	chemical	ligation	of	three	cyclic	peptides	(chapter	4)	thereby	
affording	a	clean	 library	of	multiple	cyclic	peptides	on	 this	 scaffold,	 representing	
potential	mimics	of	gp120.	Members	of	this	collection	of	protein	mimics	showed	a	
decent	inhibition	of	gp120-CD4	interaction.
In chapter 6	 the	next	step	 is	described.	 In	this	research	an	efficient	strategy	was	
designed	for	the	sequential	introduction	of	cyclic	peptides	to	a	molecular	scaffold.	
The	stepwise	 introduction	of	 three	different	cyclic	peptide	 thioesters	 (chapter	4)	
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to	the	TAC-scaffold	was	shown,	by	using	only	one	type	of	conjugation	method;	the	
chemoselective	NCL	reaction.	Also	a	new	scaffold,	that	is	“a	scaffold	of	a	scaffold”	
was	 obtained	 by	 alkylating	 the	 sulfhydryl	 groups	 of	 a	 HIV	 gp120	 mimic	 with	
1,3,5-	tris(bromomethyl)benzene.	The	obtained	mimics	in	this	research	were	also	
evaluated	for	their	binding	to	CD4	in	competitive	ELISA	assay.
Chapter 7	describes	a	new	and	versatile	convergent	strategy	for	the	construction	
of	discontinuous	epitope	mimics	by	scaffolded	multicyclic	peptides.	An	orthogonal	
alkyne	protection	strategy	was	developed,	which	allowed	the	stepwise	introduction	
of	peptide	loops	onto	the	TAC-scaffold	via	the	CuAAC	reaction.	In	this	way	a	mimic	
of	the	perussis	pertactin	protein	was	synthesized.	
Based	 on	 the	 highly	 efficient	 cyclization	 method	 described	 in	 chapter	 7,	 this	
approach	 was	 combined	 with	 native	 chemical	 ligation.	 Thus,	 in	 chapter 8 the 
successful	design	and	synthesis	of	two	different	bis-electrophile	peptide	cyclization	
handles	is	described,	which	both	have	a	thioester	functionality	for	attachment	to	a	
molecular	template.	Although	both	handles	could	be	used	for	cyclization	of	different	
N-	 and	C-terminal	 cysteine	 containing	 peptides,	 solubility	 and	 stability	 problems	
were	observed	afterwards.	This	makes	both	handles	less	suitable	for	the	synthesis	
of	scaffolded	discontinuous	epitope	mimics.
Chapter 9	describes	an	efficient	method	for	obtaining	a	sequential	native	chemical	
ligation	 TAC-scaffold	 (based	 on	 chapter	 6),	 containing	 an	 alkyne	 functionality	 in	
the	 fourth	 position	 of	 this	 triazacyclophane	 template.	 After	 the	 sequential	 NCL	
procedure,	 the	alkyne	handle	can	be	used	to	“click”	a	fluorescence	group	to	 the	
protein	mimic	 for	 visualization	purposes	or	 to	 conjugate	a	 carrier	protein	 to	 the	
protein	mimic	for	conducting	immunization	studies.
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2.1 Introduction

Several	 scaffolds	 have	 been	 described	 in	 the	 literature	 to	 which	 three	 or	 more	
identical	ligands,	such	as	peptides	can	be	attached,	but	only	relatively	few	scaffolds	
capable	of	selective	attachment	of	three	different	ligands	are	available.1-7 One of the 
first	representatives	of	this	class	of	selectively	deprotectable	scaffolds,	originating	
from	 our	 group,	 is	 the	 TAC	 (TriAzaCyclophane)	 scaffold	 (1), which was originally 
developed	for	the	preparation	of	synthetic	receptors.8-9	It	consists	of	a	disubstituted	
benzoic acid hinge connected to a symmetric cyclophane bridge containing three 
amine	 functions,	 which	 carry	 three	 different	 selectively	 removable	 protecting	
groups	(Figure	1).7,10
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Figure 1	Structures	of	the	TAC	(1)	and	the	ATAC	(asymmetric-TAC)	(2)	scaffolds.

In	addition	to	the	use	of	the	TAC-scaffold	in	the	preparation	of	synthetic	receptors	
we	have	extended	its	applications	greatly	to	the	preparation	of	synthetic	vaccines,11 
involving	 mimicry	 of	 discontinuous	 epitopes,12-14 as well as combinatorial 
libraries,8,9,15	 for	 example,	 toward	 artificial	 enzymes.15	 So	 far	 our	work	 has	 been	
mainly	focused	on	selective	introduction	of	different	ligands	with	relatively	defined	
distances	between	points	of	attachment,	especially	for	peptide	ligands.
Since	we	have	described	several	successful	applications	of	site	selective	introduction	
of	 ligands	onto	 the	TAC-scaffold,	we	are	now	 increasingly	directing	our	attention	
to	the	much	more	difficult	 issue	of	attempting	to	orient	the	 ligands	with	respect	
to	each	other	in	space.	Recently,	we	strongly	varied	the	rigidity	of	the	scaffold	to	
influence	the	relative	position	in	space	of	peptide	loops.14

While	 the	 relatively	 rigid	 scaffolds,	 such	 as	 CTV,16-18	 calixarene19 and the steroid 
skeleton20	 are	 strongly	 organizing,	we	were	wondering	whether	we	 could	 effect	
directionality	in	space	in	a	more	subtle	way	by	influencing	the	conformation	of	the	
cyclophane	 ring.	One	of	 the	first	 things	we	wanted	 to	 investigate	was	 reduction	
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of	cyclophane	flexibility	by	removal	of	a	rotatable	single	bond	in	the	TAC-scaffold	
(1),	that	is,	removal	of	one	carbon	atom	leading	to	ATAC	(Asymmetric-TAC)	scaffold	
2	(Figure	1).	Relatively	undemanding	molecular	modeling	experiments	(molecular	
mechanics	energy	minimization)	 showed	 that	 in	 the	TAC-scaffold	 the	 ligands	are	
localized on average more above and below the plane of the cyclophane ring as 
compared	to	being	present	within	the	plane.	In	the	ATAC-scaffold	this	is	the	other	
way around, that is, the ligands are predominantly located in the plane of the 
cyclophane	ring.	This	increased	inclination	towards	a	more	defined	position	on	the	
cyclophane	ring	might	be	favorable	for	a	better	orientation	of	ligands	in	a	similar	
direction	(Figure	2).

Figure 2	 Molecular	 modeling	 images	 for	 comparison	 of	 the	 spatial	 orientation	 of	 three	 attached	
peptides	between	the	TAC	 (18,	 left)	and	ATAC	 (19,	 right)	 scaffolds.	Both	scaffolds	contain	 three	di-
alanine	peptides	(see	experimental	section	for	both	structures).

This	 asymmetric	 triazacyclophane	 (ATAC)	 scaffold	 (2) has been prepared and 
applied	earlier	by	us,	containing	three	identical	peptide	sequences.8 However, for 
our	applications	it	is	essential	that	any	future	scaffold	including	the	ATAC-scaffold	
should	 be	 selectively	 deprotectable	 for	 introduction	 of	 at	 least	 three	 different	
ligands.	 For	 synthesis	 of	 the	 ATAC-scaffold	 with	 three	 selectively	 removable	
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protecting	groups	on	the	amino	functionalities,	it	was	decided	to	adapt	the	original	
TAC-synthetic	 route.	The	first	 step	 in	 this	 synthesis	was	a	mono-oNBS-protection	
(o-nitrobenzenesulfonyl)	 of	 bis(3-aminopropyl)	 amine	 (3, Scheme 1, old route), 
which	was	a	low	yielding	step	due	to	the	tedious	workup.7	This	adaptation	was	also	
required	for	the	synthesis	of	the	ATAC-scaffold,	since	the	required	triamine	is	not	
symmetrical and mono-oNBS-	protection	according	to	the	previous	route	(Scheme	
1,	 old	 route)	 will	 result	 in	 a	 complex	 mixture	 and	 an	 even	 further	 lower	 yield.	
Therefore,	a	stepwise	and	much	more	selective	approach	was	chosen,	starting	with	
a	reaction	between	oNBS-protected	3-bromopropylamine	(4) and propyl or ethyl 
di-amine.	 This	novel	 approach	was	first	evaluated	 for	an	alternative	 synthesis	of	
the	TAC-scaffold.	An	improvement	of	its	synthesis	was	also	desirable	in	view	of	our	
continuing	demands	for	large	amounts	of	the	TAC-scaffold.

2.2 Results & discussion

oNBS-protected	 3-bromopropylamine	 (4)21	 was	 reacted	 with	 10	 equiv	 of	
1,3-diaminopropane	(5)	 in	DMA	as	a	solvent	(Scheme	1).	After	stirring	overnight,	
1	equiv	of	NaOH	(4.0	M)	was	added	to	liberate	all	protonated	amines,	which	was	
necessary	for	removal	of	excess	diamine	by	evaporation.	After	co-evaporation	with	
DMA	 until	 the	 receiving	 flask	was	 pH	 neutral,	 the	 crude	 -	 almost	 pure	 -	mono-
protected triamine 6	was	obtained.	This	was	directly	used	for	selective	introduction	
of	 a	 trifluoroacetyl	 group	 on	 the	 free	 primary	 amine	 by	 treatment	 with	 ethyl	
trifluoroacetate.	The	workup	was	again	only	evaporation	of	the	solvents	and	excess	
ethyl	trifluoroacetate,	 leading	to	bis-protected	triamine	7	 in	relatively	high	purity	
(based	on	TLC).	Introduction	of	the	last	protecting	group,	the	Alloc-group,	took	place	
by	reaction	with	Alloc-chloride	under	Schotten	Baumann	conditions	using	NaHCO3 
as	 a	 base	 in	 a	 water/dioxane	 mixture.	 Purification	 by	 column	 chromatography	
afforded	tri-protected	amine	8 in a high yield of 75% (91% average per step), which 
was	a	huge	 improvement	over	 the	previous	synthetic	route	with	an	overall	yield	
of	44%.	Subsequently,	reaction	of	8 with dibromide 922 using cesium carbonate as 
a	base	gave	the	TAC-scaffold.	Treatment	with	Tesser’s	base23	for	saponification	of	
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the	methyl	ester	and	cleavage	of	the	trifluoroacetyl	group	was	followed	by	Fmoc-
protection,	 which	 afforded	 the	 desired	 protected	 TAC-scaffold	 1 in 41% yield, 
containing the oNBS,	Alloc	and	Fmoc	protecting	groups	in	addition	to	the	carboxylic	
acid	moiety,	which,	for	example,	can	be	used	for	attachment	to	the	solid	phase	or	
other	purposes.
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Scheme 1 Synthesis	routes	(old	and	new)	of	the	TAC-scaffold	(1).

This	 approach	 was	 now	 applied	 to	 the	 synthesis	 of	 the	 ATAC-scaffold	 (Scheme	
2).	 Thus,	 oNBS-protected	 3-bromopropylamine	 (4)	 was	 reacted	 with	 10	 equiv	
of	 1,2-diaminoethane	 (10)	 in	 DMA,	 to	 give	 mono-oNBS-protected triamine 11.	
Removal	of	excess	of	the	more	volatile	diamine	by	co-evaporation	with	DMA	was	
clearly	 easier	 than	 removal	 of	 1,3-diaminopropane.	 The	 purity	 of	 crude	 11 was 
very good (TLC) and comparable to 6	 in	the	TAC-synthesis.	Trifluoroacetylation	to	
afford	bis-protected	triamine	12,	was	followed	by	introduction	of	the	Alloc-group,	
yielding tri-protected amine 13	 in	 high	 yield	 (74%,	 90%	 per	 step),	 after	 column	
chromatography.	Cyclization	with	dibromide	922 in the presence of cesium carbonate 
afforded	ATAC-scaffold	14	in	54%	yield.	Treatment	with	Tesser’s	base,23 followed by 
Fmoc-protection	afforded	the	desired	protected	ATAC-scaffold	2	in	82%	yield.
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Scheme 2	Synthesis	of	the	ATAC-scaffold	(2).

After	 characterization	 of	 both	 ATAC-scaffolds	 (2 and 14), we were wondering 
whether	ring	flipping	would	occur	as	easily	as	with	the	TAC-scaffold	(Figure	3).	Ring	
flipping	is	a	phenomenon,	which	can	occur	with	macrocycles,	leading	to	different	
conformers, which can be observed in 1H	NMR	spectra.24-27	The	ease	of	ring	flipping	
is	proportional/correlated	to	the	rigidity	of	the	triazacyclophane	ring.27
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Figure 3.	Superimposed	conformers	resulting	from	-cyclophane-	ring	flipping	of	TAC	(15,	left)	and	the	
ATAC	(16,	right)	scaffolds	(P1-3=oNBS)8.

Thus,	ring	flipping	properties	of	both	oNBS-protected	TAC-	and	ATAC-scaffolds	(15 
and 16,	Figure	3)8 were studied by 1H	NMR.	Since	the	ATAC-ring	is	one	carbon	atom	
smaller	than	that	of	TAC,	it	was	expected	that	ring	flipping	would	be	more	difficult.	
Ring	 flipping	 was	 monitored	 using	 variable	 temperature	 1H	 NMR	 experiments	
(Figure	4).24-27	At	room	temperature,	the	benzylic	CH2	groups	in	the	scaffold	were	
visible	as	a	 singlet	 for	 the	TAC-scaffold,	 and	 two	 slightly	broader	 singlets	 for	 the	
ATAC-scaffold,	due	to	the	asymmetry	of	this	scaffold.	When	measured	at	-40	°C,	the	
TAC-scaffold	still	showed	a	singlet	(broader),	but	in	the	1H	NMR	spectrum	of	ATAC	
three	very	broad	peaks	were	visible	now	instead	of	 the	earlier	 two	singlets.	This	
indicated	that	ATAC-scaffold	ring	flipping	at	about	-40	°C	is	very	slow	on	the	NMR	
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timescale,	in	contrast	to	the	TAC-scaffold.	The	singlet	of	the	TAC-scaffold	started	to	
broaden	significantly	after	further	cooling	to	-80	°C,	indicating	a	slower	ring	flipping,	
whereas	 the	 ATAC-scaffold	 stopped	 ring	 flipping	 at	 about	 -80	 °C,	 shown	 by	 the	
double	AB	system	for	the	benzylic	CH2	protons.	Determination	of	the	coalescence	
temperatures	 gave	 -80	 °C	 for	 the	 TAC-scaffold,	 and	 -35	 °C	 for	 the	ATAC-scaffold.	
These	results	showed	that	the	ATAC-scaffold	represents	a	more	constrained	system,	
which	might	be	beneficial	for	alignment	of	ligands	attached	to	it.

Figure 4	Variable	temperature	1H NMR (acetone-d6) signals for the diastereotopic benzylic CH2 protons 
from	TAC-scaffold	15	(a)	and	ATAC-scaffold	16	(b).	*	=	A	solvent	peak,	which	shifts	with	temperature	
change.

2.3 Conclusions

In	 search	of	approaches	 for	 influencing	 the	conformation	of	 the	cyclophane	 ring	
of	 the	 TAC-scaffold,	we	have	 reduced	 the	 size	 of	 the	 cyclophane	 ring.	 To	 realize	
this,	we	have	described	an	efficient	method	for	 the	multigram	scale	synthesis	of	
a	novel	asymmetric	selectively	deprotectable	ATAC-scaffold.	Although	this	scaffold	
is	very	similar	to	our	TAC-scaffold,	its	cyclophane	ring	is	only	CH2-unit smaller, it is 
considerably	less	flexible.	The	same	new	synthetic	approach	was	also	very	useful	
for	a	convenient	large-scale	high	yielding	synthesis	of	the	TAC-scaffold.	The	crucial	
step	in	the	synthesis	of	both	scaffolds	is	the	stepwise	synthetic	approach	of	a	mono	
oNBS-protected	triamine.	
Investigation	of	the	conformational	behavior	by	1H	NMR	of	both	the	TAC-	and	ATAC-
scaffolds	showed	that	ring	flipping	of	the	latter	was	more	difficult.	This	increasing	
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rigidity,	 due	 to	 the	 smaller	 size	 of	 the	 triazacyclophane	 ring,	 may	 affect	 the	
orientation	of	ligands	to	the	ATAC-scaffold	and	is	therefore	interesting	for	mimicry	
of	discontinuous	epitopes	in	protein	mimics.

2.4 Experimental section

General
All	 reagents	 were	 obtained	 from	 commercial	 sources	 and	 used	 without	 further	
purification.	 Peptide	 grade	 and	HPLC	 grade	 solvents	were	purchased	 form	Actu-
All	 (Oss,	 The	 Netherlands).	 Reactions	 were	 carried	 out	 at	 ambient	 temperature	
unless	 stated	 otherwise.	 Solvents	 were	 evaporated	 under	 reduced	 pressure	 at	
40	 °C.	 Reactions	 in	 solution	were	monitored	 by	 TLC	 analysis	 and	 Rf-values were 
determined	on	Merck	pre-coated	silica	gel	60	F-254	(0.25	mm)	plates.	Spots	were	
visualized	by	UV	light	and	by	heating	plates	after	dipping	in	a	ninhydrine	solution	
or Cl2/TDM

28	 treatment.	 Column	 chromatography	 was	 performed	 on	 Siliaflash	
P60	 (40-63μm)	 from	 Silicycle	 (Canada).	 13C NMR (75 MHz), COSY and 19F NMR 
(282	MHz)	were	 recorded	on	a	Varian	M-300	 spectrometer,	 1H NMR (500 MHz), 
TOCSY	 and	 HSQC	 spectra	 were	 recorded	 on	 a	 Varian	 Inova	 500	 spectrometer.	
Variable	temperature	1H	NMR	spectra	(400	MHz)	were	recorded	on	a	Varian	S400	
spectrometer.	Chemical	 shifts	 (δ)	are	 reported	 in	ppm	relative	 to	DMSO-d6	 (2.50	
ppm) for 1H NMR, to DMSO-d6	(39.52	ppm)	for	13C	NMR	and	to	α,α,α-trifluorotoluene	
(-63.72	ppm)	for	19F	NMR.	Some	of	the	13C NMR spectra were recorded using the 
attached	proton	test	(apt)	pulse	sequence.	The	1H NMR spectra of 13	and	scaffolds	
containing	a	TFAc-group	(14, 17)	contained	many	additional	peaks,	most	likely	due	
the	cis/trans	 isomers	of	the	TFA-amide.	The	 1H	NMR	spectra	of	scaffolds	1 and 2 
also	contained	additional	peaks	most	likely	due	to	the	presence	of	Fmoc-rotamers.	
Some 13C	 spectra	 contain	 an	 additional	 peak	 at	 79.2	ppm,	which	was	 caused	by	
an	interference	with	the	spectrometer.	This	peak	was	not	visible	in	the	13C spectra 
obtained	using	the	attached	proton	sequence.	Analytical	HPLC	was	accomplished	
on	a	Shimadzu-10Avp	(Class	VP)	with	a	UV-detector	operating	at	214	and	254	nm	
by	using	a	Phenomenex	Gemini	C18	column	(110	Å,	5	μm,	250×4.60	mm)	at	a	flow	
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rate	of	 1	mL.min-1	 using	 a	 standard	protocol:	 100%	buffer	A	 for	 5	min,	 followed	
by	a	 linear	gradient	of	buffer	B	 (0-100%	 in	48	min).	The	mobile	phase	was	H2O/
CH3CN/TFA	(95:5:0.1,	v/v/v,	buffer	A)	and	H2O/CH3CN/TFA	(5:95:0.1,	v/v/v,	buffer	
B).	 Routine	 electrospray	 ionization	 mass	 spectrometry	 (ESI-MS)	 was	 performed	
on	 a	 Shimadzu	 LCMS-QP8000	 single	 quadrupole	 bench-top	 mass	 spectrometer	
operating	in	a	positive	ionization	mode	or	a	Thermo-Finnigan	LCQ	Deca	XP	Max	ion	
trap	mass	spectrometer.	High-resolution	electrospray	ionization	(ESI)	mass	spectra	
were	measured	on	a	Bruker	micrOTOF-Q	II	in	positive	mode	and	calibrated	with	ESI	
tuning	mix	from	Agilent	Technologies.	Elemental	analyses	were	carried	out	at	Kolbe	
Mikroanalytisches	Laboratorium	(Mülheim	an	der	Ruhr,	Germany).

TAC-scaffold 1
TAC-scaffold	17

N N

N

oNBS

Aloc

OMeO

CF3

O

A	suspension	of	triamine	8	(4.68	g,	10.0	mmol,	1.0	equiv),	
dibromide 922 (3.22	g,	10.0	mmol,	1.0	equiv),	 and	Cs2CO3 
(13.0	g,	40.0	mmol,	4.0	equiv)	in	DMF	(1.0	L)	was	stirred	at	
r.t.	 overnight	 (16h).	 The	 color	 of	 the	 reaction	 mixture	
changed	from	yellow	to	light	orange.	After	evaporation	of	
the DMF in	vacuo,	EtOAc	(500	mL)	and	water	(300	mL)	were	

added.	The	organic	layer	was	washed	with	an	aqueous	solution	of	KHSO4 (1 M, 250 
mL)	and	with	brine.	Drying	(Na2SO4)	and	concentration	in	vacuo	afforded	the	crude	
product	as	an	orange	oil	or	foam,	which	was	purified	using	column	chromatography	
(acetone/CH2Cl2,	 2:98,	 v/v).	 The	 cyclic	 product	 (17) was obtained as a yellowish 
foam	 (3.37	 g,	 51%).	 Rf	 =	 0.30	 (acetone/CH2Cl2,	 5:95,	 v/v);	

1H NMR (500 MHz, 
DMSO-d6):	δ	1.25	(m,	3H,	1½	× NCH2CH2CH2N),	1.46	(m,	1H,	½	× NCH2CH2),	2.81	(t,	J 
=	7.6	Hz,	1H,	½	× NCH2CH2),	2.94	(m,	3H,	1½	× NCH2CH2),	3.30	(m,	3H,	1½	× NCH2CH2), 
3.51	(t,	J	=	6.4	Hz,	1H,	½	× NCH2CH2),	3.86,	3.88	(2s,	3H,	OCH3),	4.41	(d,	J	=	3.9	Hz,	
2H, OCH2	(Alloc)),	4.56,	4.59,	4.76,	4.82	(4s,	4H,	PhCH2),	5.12	(dd,	JAX	=	10.5	Hz,	JAB = 
1.3	Hz,	1H,	=CHA	(Alloc)),	5.17	(dd,	JBX	=	17.3	Hz,	JAB	=	1.3	Hz,	1H,	=CH

B	(Alloc)),	5.83	
(m,	1H,	=CH	(Alloc)),	7.90	-	8.12	(2m,	7H,	Ar-CH);	13C NMR (75 MHz, DMSO-d6):	δ	
27.9,	28.3	(NCH2CH2CH2N),	44.6,	45.1,	46.3,	46.7,	47.4,	47.6	(NCH2),	51.0,	51.8,	52.4	
(PhCH2),	52.3	(OCH3),	65.0	(OCH2	(Alloc)),	110.7,	114.6,	118.4,	122.2	(q,	J = 288 Hz, 
CF3),	 116.6,	116.7	 (=CH2	 (Alloc)),	124.5,	128.9,	129.1,	129.3,	129.5,	129.7,	130.8,	
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131.0,	 132.7,	 133.3,	 133.9,	 134.8,	 136.9,	 138.3,	 138.9,	 147.9	 (Ar-C,	 =CH	 (Alloc)),	
154.7,	154.8	(C=O	(Alloc)),	155.5,	156.0,	156.4,	156.9	(q,	J	=	35	Hz,	C(O)CF3),	156.3,	
156.8,	157.3,	157.7	(q,	J	=	35	Hz,	C(O)CF3),	165.5,	165.6	(CO2Me);	19F NMR (282 MHz, 
DMSO-d6):	δ	-69.2	(s),	-70.2	(s);	HRMS	m/z calcd for C28H32F3N4O9S	[M	+	H]+	657.1842,	
found	657.1824.

TAC-scaffold	1

N N

N

FmocoNBS

Alloc

OHO A	 solution	 of	 cyclic	 product	 17	 (2.51	 g,	 4.0	 mmol,	 1.0	
equiv)	 in	 Tesser’s	 base	 (140	 mL,	 28	 mmol,	 7.0	 equiv,	
dioxane/methanol/4	M	NaOH;	15/4/1,	v/v/v)	was	stirred	
overnight	(16h)	at	r.t.	The	reaction	mixture	changed	from	
clear	yellow	to	turbid	yellow.	The	pH	of	the	mixture	was	

adjusted	to	neutral	(indicator	paper)	by	addition	of	an	aqueous	solution	of	HCl	(1.0	
M,	 24	mL,	 24	mmol,	 6.0	 equiv),	 leading	 to	 a	 slight	 warming-up	 of	 the	 reaction	
mixture	and	a	yellow	solution.	After	addition	of	CH3CN (65 mL) and water (65 mL), 
the	pH	was	adjusted	to	approximately	eight	using	DiPEA	(using	pH	electrode).	Then,	
a	solution	of	Fmoc-OSu	(1.48	g,	4.4	mmol,	1.1	equiv)	in	CH3CN (15 mL) was added, 
followed	by	dropwise	addition	of	DiPEA	to	maintain	the	pH	around	8.	The	reaction	
was considered complete when no more DiPEA	was	needed	 to	maintain	 the	pH	
above	 7.5	 during	 10	 min,	 under	 nitrogen	 atmosphere.	 Addition	 of	 an	 aqueous	
solution	of	HCl	(1.0	M,	30	mL)	and	water	(400	mL)	was	followed	by	extraction	with	
EtOAc	(twice;	first	with	250	mL,	then	with	150	mL).	The	combined	organic	 layers	
were washed with brine, dried (Na2SO4), and concentrated in	 vacuo	 affording	 a	
yellow	oil	or	foam.	Column	chromatography	(EtOAc/hexanes	2/1	to	3/1	(v/v),	and	
finally	to	EtOAc)	afforded	TAC-scaffold	1	as	a	yellowish	foam	(2.48	g,	81%).	Rf	=	0.30	
(EtOAc);	1H NMR (500 MHz, DMSO-d6):	δ	0.82	(m,	1.3H,	NCH2CH2CH2N),	1.17,	1.30	
(2m,	2.7H,	NCH2CH2CH2N),	2.32,	2.84,	3.27	(3m,	8H,	2	× NCH2CH2CH2N),	4.31	(m,	1H,	
CH	(Fmoc)),	4.42	-	4.66	(m,	8H,	OCH2	(Alloc),	2	× PhCH2, CH2	(Fmoc)),	5.15	(m,	2H,	
=CH2	 (Alloc)),	5.84	(m,	1H,	=CH	(Alloc)),	7.27	-	8.31	(m,	15H,	Ar-CH);	13C NMR (75 
MHz, DMSO-d6):	δ	27.7,	28.1	(NCH2CH2CH2N),	44.5,	44.9,	45.7,	47.7	(NCH2CH2CH2N), 
46.8	(CH	(Fmoc)),	51.5,	52.8	 (PhCH2),	64.9,	66.2,	66.9	 (OCH2	 (Alloc),	CH2 (Fmoc)), 
116.7	(=CH2	(Alloc)),	120.0,	124.5,	124.9,	127.0,	127.4,	128.8,	129.1,	129.6,	130.9,	
131.7,	 132.1,	 132.6,	 134.7,	 138.1,	 140.3,	 140.9,	 144.0,	 147.9	 (Ar-C),	 133.5	 (=CH	
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(Alloc)),	154.7,	155.4,	156.0	(C=O	(Alloc,	Fmoc)),	166.8	(CO2H);	HRMS	m/z calcd for 
C40H41N4O10S	[M	+	H]+	769.2543,	found	769.2564;	Anal.	calcd	for	C40H40N4O10S.H2O: C 
61.06,	H	5.38,	N	7.12,	found:	C	61.20,	H	4.95,	N	7.00.

ATAC-scaffold 2

N N
FmocoNBS

OHO

N
Alloc

TFAc-removal	 and	 hydrolysis	 of	 the	 methyl	 ester	 was	
performed as was described for the synthesis of 1, using 
the cyclic product (14,	2.57	g,	4.0	mmol,	1.0	equiv),	and	
Tesser’s	 base	 (140	 mL,	 28	 mmol,	 7.0	 equiv,	 dioxane/
methanol/4	M	NaOH;	15/4/1,	v/v/v).	The	reaction	mixture	

changed	 overnight	 from	 clear	 yellow	 to	 turbid	 yellow.	 Fmoc-protection	 was	
performed as described for the synthesis of 1, using CH3CN (65 mL) and water (65 
mL), DiPEA	as	a	base,	and	a	solution	of	Fmoc-OSu	(1.48	g,	4.4	mmol,	1.1	equiv)	in	
CH3CN	 (15	 mL).	 After	 workup,	 a	 yellow	 oil	 or	 foam	 was	 obtained.	 Column	
chromatography	 (EtOAc/hexanes	2/1	 to	3/1	 (v/v),	 and	finally	 to	 EtOAc)	 afforded	
ATAC-scaffold	2	as	an	off-white	foam	(2.46	g,	82%).	Rf	=	0.33	(EtOAc);	

1H NMR (500 
MHz, DMSO-d6):	δ	1.07	(m,	2H,	NCH2CH2CH2),	2.36,	2.50	(m,	2H,	NCH2CH2N),	3.18,	
3.27,	3.51	(3m,	4H,	NCH2CH2CH2N),	3.35,	3.58	(2m,	2H,	NCH2CH2N),	4.22	–	4.67	(m,	
9H, OCH2	(Alloc),	2	× PhCH2, CHCH2	(Fmoc)),	4.88	-	5.12	(m,	2H,	=CH2	(Alloc)),	5.68,	
5.83	(2m,	1H,	=CH	(Alloc)),	7.33	-	8.31	(m,	15H,	Ar-CH);	13C NMR (75 MHz, DMSO-d6): 
δ	24.7,	25.3	(NCH2CH2CH2N),	42.8,	45.3,	48.8	(NCH2),	46.7	(CH	(Fmoc),	51.3,	51.6,	
53.3	(PhCH2),	65.1,	67.2,	67.8	(OCH2	(Alloc),	CH2	(Fmoc)),	116.2,	116.5,	116.9	(=CH2 
(Alloc)),	120.8,	124.6,	125.0,	125.1,	125.4,	127.2,	127.7,	128.0,	129.2,	129.3,	131.1,	
131.2,	132.3,	132.8,	134.7,	139.1,	139.4,	139.8,	140.6,	140.8,	143.7,	143.9,	148.0	
(Ar-C),	133.2	(=CH	(Alloc)),	154.7,	155.7	(C=O	(Alloc,	Fmoc)),	166.8	(CO2H);	HRMS	
m/z calcd for C39H39N4O10S	 [M	 +	 H]+	 755.2387,	 found	 755.2344;	 Anal.	 calcd	 for	
C39H38N4O10S.1½H2O:	C	59.91,	H	5.29,	N	7.17,	found:	C	60.16,	H	5.06,	N	6.72.

oNBS protected bromopropylamine 4

oNBS
N
H

Br
N-(3-bromopropyl)-2-nitrobenzenesulfonamide	 (4) was prepared 
according	to	the	 literature.21	This	procedure	was	slightly	modified	

for	use	on	a	large	scale.
To	a	cooled	(icebath)	mixture	of	the	HBr	salt	of	3-bromopropylamine	(113	g,	518	
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mmol,	1.3	equiv),	2-nitrobenzenesulfonyl	chloride	(88.6	g,	388	mmol,	1.0	equiv)	and	
dichloromethane	(800	mL)	was	added	dropwise	triethylamine	(140	mL,	1.0	mol,	2.6	
equiv).	During	addition,	HBr	salt	of	3-bromopropylamine	dissolves	slowly.	Directly	a	
precipitate formed, which probably was Et3N.HBr.	The	mixture	was	stirred	overnight	
at	rt,	affording	a	yellow	suspension.	After	evaporation	in	vacuo,	EtOAc	(1.2	L)	was	
added	and	the	mixture	was	washed	with	a	KHSO4	solution	(1.0	M,	600	mL,	twice),	
a NaHCO3	solution	(5%	w/w,	600	mL,	twice)	and	brine.	Drying	(Na2SO4) followed by 
concentration	in	vacuo	and	by	co-evaporation	with	CHCl3 yielded 4	as	an	off-white	
solid	(117.7	g,	92%).	All	spectrometric	data	were	in	agreement	with	the	literature.20

Tri-amine 8

oNBS
N
H

N N
H

CF3

O

Alloc

To	a	cooled	(icebath)	solution	of	1,3-diaminopropane	
(5,	50.5	mL,	600	mmol,	10	equiv)	in	DMA	(250	mL),	was	
added	 dropwise	 a	 solution	 of	 N-(3-bromopropyl)-2-

nitrobenzenesulfonamide (4)	(19,5	g,	60	mmol,	1.0	equiv)	in	DMA	(180	mL).	During	
addition	the	solution	slowly	turned	green.	After	stirring	overnight	at	r.t.,	the	reaction	
mixture	turned	yellow	with	a	white	precipitate.	A	solution	of	NaOH	(4.0	M,	15	mL,	
60	mmol,	 1.0	 equiv)	was	 added,	 after	which	 the	 precipitate	 fully	 dissolved.	 The	
mixture	was	concentrated	in	vacuo	until	a	third	of	the	volume.	DMA	(200	mL)	was	
added	and	again	the	mixture	was	concentrated	until	a	third	of	the	volume.	This	co-
evaporation	was	 repeated	 (usually	 three	times)	until	 the	collected	DMA	was	not	
basic	 anymore	 (pH	 indicator	 paper).	 After	 evaporation	 in	 vacuo	 of	 all	 the	DMA,	
crude 6	was	obtained	as	a	yellow	oil.	To	crude	6 was added acetonitrile (200 mL), 
water	(1.08	mL,	60	mmol,	1.0	equiv)	and	ethyl	trifluoroacetate	(28.6	mL,	240	mmol,	
4.0	equiv).	After	stirring	overnight	under	reflux,	the	mixture	was	concentrated	 in 
vacuo	to	afford	crude	7.	To	a	cooled	(icebath)	solution	of	crude	7, NaHCO3	(20.2	g,	
240	mmol,	4.0	equiv),	water	(200	mL)	and	dioxane	(200	mL),	was	added	dropwise	a	
solution	of	allyl	chloroformate	(7.68	mL,	72	mmol,	1.2	equiv)	 in	100	mL	dioxane.	
After	stirring	overnight,	the	dioxane	was	evaporated	in	vacuo	and	EtOAc	(400	mL)	
was	added.	The	organic	layer	was	washed	with	a	solution	of	NaHCO3	(5%,	w/w,	200	
mL),	KHSO4	 (1.0	M,	200	mL,	twice)	and	brine.	Drying	(Na2SO4)	and	concentration	
afforded	crude	8	as	a	yellow	oil	(30	g).	Column	chromatography	(EtOAc/hexanes,	
4/6	(v/v)	until	first	a	yellow	band	was	eluted,	then	1/1	(v/v)	until	the	product	started	
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to	elute,	then	6/4	(v/v)	until	all	product	had	eluted)	afforded	8	as	a	thick	yellowish	
oil,	which	slowly	solidified	(22.3	g,	75%).	Rf	=	0.28	(acetone/CH2Cl2,	5/95,	v/v);	

1H 
NMR (500 MHz, DMSO-d6):	δ	1.65	(m,	4H,	2	× NCH2CH2CH2N),	2.88	(t,	7.0	Hz,	2H,	
oNBSNHCH2CH2CH2NAlloc),	3.16	(m,	6H,	TFANHCH2CH2, CH2N, CH2NHoNBS),	4.46	(d,	
J	=	5.0	Hz,	2H,	OCH2	(Alloc)),	5.14,	5.22	(2d,	JAX	=	10.4	Hz,	JBX	=	16.25	Hz,	2H,	=CH2 
(Alloc)),	5.86	(m,	1H,	=CH	(Alloc)),	7.86,	7.98	(2m,	4H,	Ar-CH	(oNBS));	13C NMR (75 
MHz, DMSO-d6):	 δ	 27.1,	 27.6,	 27.9,	 28.5	 (CH2CH2CH2N),	 37.0	 (NCH2),	 40.5	
(oNBSNHCH2CH2CH2NAlloc),	44.1,	44.3	(2	× NCH2),	65.1	(OCH2	(Alloc)),	110.2,	114.0,	
117.9,	121.7	(q,	J = 288 Hz, CF3),	117.0	(=CH2	 (Alloc)),	124.4,	132.6,	133.4,	134.0,	
147.8	(Ar-C	(oNBS)),	129.5	(=CH	(Alloc)),	155.0	(C=O	(Alloc)),	155.5,	156.0,	156.5,	
156.9	(q,	J	=	36	Hz,	C(O)CF3);	

19F NMR (282 MHz, DMSO-d6):	δ	-77.0	(s);	HRMS	m/z 
calcd for C18H24F3N4O7S	 [M	 +	 H]+	 497.1318,	 found	 497.1317;	 Anal.	 calcd	 for	
C18H23F3N4O7S:	C	43.55,	H	4.67,	F	11.48,	N	11.29,	found:	C	43.43,	H	4.41,	F	11.12,	N	
11.00.

Tri-amine 13

oNBS
N
H

N
H
N CF3

OAlloc

Tri-amine 13 was prepared using the same procedure as 
used for the synthesis of 8.	The	synthesis	was	performed	
on	56.7	mmol	scale,	solvent	volumes	were	the	same	as	

used for 8.	 1,2-diaminoethane	 (10)	 was	 used	 as	 the	 diamine.	 Purification	 was	
performed using the same eluent for column chromatography as used for 8, 
affording	13	as	a	yellowish	solid	(20.4	g,	74%).	Rf	=	0.22	(acetone/CH2Cl2,	5/95,	v/v);	
1H NMR (500 MHz, DMSO-d6):	 δ	 1.71	 (m,	 2H,	 NCH2CH2CH2),	 2.90	 (m,	 2H,	
oNBSNHCH2CH2CH2NAlloc),	3.19	(m,	2H,	CH2NHoNBS),	3.41	(m,	4H,	HNCH2CH2NH), 
4.46	(d,	J	=	5.0	Hz,	2H,	OCH2	(Alloc)),	5.16	(2d,	J =	8.7	Hz	(both),	1H,	=CH

A	(Alloc)),	
5.24	(2d,	J =	15.8	Hz	(both),	1H,	=CHB	(Alloc)),	5.87	(m,	1H,	=CH	(Alloc)),	7.86,	7.98	
(2m,	4H,	Ar-CH	 (oNBS)),	8.10	 (bs,	1H,	NH),	9.45	 (bs,	1H,	NH).	 13C NMR (75 MHz, 
DMSO-d6):	 δ	 27.7,	 28.3	 (CH2CH2CH2N),	 36.2,	 36.9,	 37.5,	 37.8	 (NCH2CH2N),	 40.4	
(CH2CH2CH2NAlloc),	44.0,	44.4,	44.6,	45.0,	45.2,	45.6	(oNBSNHCH2, NCH2CH2N),	65.2	
(OCH2	(Alloc)),	110.2,	114.0,	117.8,	121.6	(q,	J = 288 Hz, CF3),	116.8	(=CH2	(Alloc)),	
124.4,	129.5,	132.6,	133.2,	134.0,	147.8	(Ar-C	(oNBS)),	129.5	(=CH	(Alloc)),	155.1,	
155.3	(C=O	(Alloc)),	155.7,	156.2,	156.7,	157.2	(q,	J	=	35.9	Hz,	C(O)CF3).

 19F NMR (282 
MHz, DMSO-d6):	 δ	 -70.0	 (s),	 -70.9	 (s),	 -77.1	 (s),	 -77.2	 (s).	 The	

19F NMR spectrum 
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showed	four	peaks,	while	only	one	or	two	peaks	were	expected	(cis/trans	isomers	
of	 the	 TFA-amide	 bond).	 Therefore,	 its	 purity	was	 confirmed	 by	 analytical	 HPLC	
(retention	time:	33.3	min.),	showing	that	the	extra	peaks	were	not	from	an	impurity,	
but	 possibly	 from	 a	 conformer.	 This	 conformer	 was	 also	 visible	 in	 the	 1H NMR 
spectrum,	which	contained	some	small	additional	peaks	with	a	similar	pattern	 in	
the TOCSY spectrum as 13;	HRMS	m/z calcd for C17H22F3N4O7S	[M	+	H]+	483.1161,	
found	483.1117;	Anal.	 calcd	 for	C17H21F3N4O7S.½H2O:	C	41.55,	H	4.51,	 F	 11.60,	N	
11.40,	found:	C	41.74,	H	4.15,	F	11.23,	N	11.40.

ATAC-scaffold 14

N N
oNBS

OMeO

N
O

CF3Alloc

Cyclization	was	performed	as	described	for	the	synthesis	of	
1, using triamine 13	(4.82	g,	10.0	mmol,	1.0	equiv),	dibromide	
922 (3.22	g,	10.0	mmol,	1.0	equiv),	and	Cs2CO3	(13.0	g,	40.0	
mmol,	4.0	equiv)	 in	DMF	(1.0	L).	The	color	of	the	reaction	
mixture	 changed	 overnight	 from	 yellow	 to	 light	 orange.	

After	extraction,	the	crude	product	was	obtained	as	an	orange	oil	or	foam,	which	
was	 purified	 using	 column	 chromatography	 (acetone/CH2Cl2,	 2/98,	 v/v).	 ATAC-
scaffold	14	was	obtained	as	 a	 yellowish	 foam	 (3.48	 g,	 54%).	Rf	 =	 0.31	 (acetone/
CH2Cl2,	 5/95,	 v/v);	

1H NMR (500 MHz, DMSO-d6):	 δ	 1.08	 (m,	 2H,	NCH2CH2CH2N), 
1.36,	2.50	(2m,	2H,	NCH2CH2N),	3.13,	3.23,	3.49	(3m,	4H,	NCH2CH2CH2N),	3.60	(m,	
2H, NCH2CH2N),	3.87,	3.97	 (2s,	3H,	OCH3),	4.46	 (m,	2H,	OCH2	 (Alloc)),	4.66,	4.81,	
4.94	(3s,	4H,	PhCH2),	5.14,	5.16	(2d,	J	=	8.3	Hz	(both),	=CH

A	(Alloc)),	5.20,	5.29	(2d,	J 
=	17.4	Hz	(both),	1H,	=CHB	(Alloc)),	5.86	(m,	1H,	=CH	(Alloc)),	7.86	-	8.08	(m,	7H,	Ar-
CH);	 13C NMR (75 MHz, DMSO-d6):	δ	24.7,	25.2,	25.8	 (NCH2CH2CH2N),	40.8,	41.0,	
42.5,	42.7,	43.2,	43.4,	45.7,	48.8,	48.9	(NCH2),	51.4,	52.0,	53.1,	53.3	(PhCH2),	52.5	
(2×)	(OCH3),	65.2,	65.4,	65.6	(OCH2	(Alloc)),	110.7,	114.5,	118.3,	122.2	(q,	J = 288 Hz, 
CF3),	110.8,	114.6,	118.5,	122.3	(q,	J = 288 Hz, CF3),	116.3,	117.0,	117.2	(=CH2	(Alloc)),	
124.6,	128.4,	128.9,	129.3,	129.4,	131.2,	131.3,	131.5,	132.9,	133.0,	134.8,	136.6,	
138.0,	 139.9,	 140.0,	 148.1	 (Ar-C),	 133.4	 (=CH	 (Alloc)),	 154.6,	 154.7,	 154.9	 (C=O	
(Alloc)),	154.9,	155.3,	155.8,	156.3	(q,	J	=	35	Hz,	C(O)CF3),	155.8,	156.3,	156.8,	157.2	
(q,	J	=	35	Hz,	C(O)CF3),	155.9,	156.4,	156.8,	157.3	(q,	J	=	36	Hz,	C(O)CF3),	165.5,	165.6	
(CO2Me); 19F NMR (282 MHz, DMSO-d6):	δ	-69.2	(s),	-70.2	(s);	HRMS	m/z calcd for 
C27H30F3N4O9S	[M	+	H]+	643.1686,	found	643.1665;	Anal.	calcd	for	C27H29F3N4O9S.½H2O: 
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C	49.77,	H	4.64,	F	8.75,	N	8.60,	found:	C	49.77,	H	4.43,	F	8.58,	N	8.38.

Molecular modeling
Molecular modeling was performed using the program Yasara Structure (version 
8.5.29;	www.yasara.org).	Both	the	TAC-and	ATAC-scaffolds	(18 and 19) were drawn 
with	three	Ala-Ala	peptides	attached	to	each	scaffold.	The	following	settings	were	
used:	Yamber3	force	field;	Force	cutoff	at	7.86	Å;	temperature	control:	simulated	
annealing;	 the	 simulation	 cell	 was	 50x50x50	 Å;	 no	 extra	 water	 molecules	 were	
added.	 The	minimization	was	 done	 from	300	 Kelvin	 until	 it	 reached	 0	 Kelvin.	 In	
figure	5	the	structures	of	18 and 19 are	shown.
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Figure 5	Structures	of	scaffold	18 and 19.
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Chapter 3

Synthesis	of	the	TACO-scaffold	as	
a	new	selectively	deprotectable	
conformationally	restricted	

triazacyclophane	based	scaffold
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3.1 Introduction

Molecular	scaffolds	have	been	described	in	the	literature	to	which	three	or	more	
identical	ligands	such	as	peptides	can	be	attached,	but	only	a	few	are	suitable	for	
the	selective	attachment	of	three	different	 ligands.1-7	The	TAC	(TriAzaCyclophane)	
scaffold,	 developed	 in	 our	 group,	 was	 one	 of	 the	 first	 selectively	 deprotectabe	
scaffolds.8	This	scaffold	consists	of	a	benzoic	acid	hinge	connected	to	a	symmetric	
cyclophane	bridge	containing	three	secondary	amines,	which	carry	three	different	
selectively	removable	protecting	groups	(Figure	1).	We	have	used	the	TAC-scaffold	
for	the	development	of	synthetic	receptors,9,10	synthetic	vaccines11 involving mimicry 
of	discontinuous	epitopes,13-15 and combinatorial libraries,9,10,12	for	example	toward	
artificial	enzymes.12	Toward	the	mimicry	of	a	discontinuous	epitope	of	HIV-gp120,	
we	compared	a	small	number	of	chemically	diverse	scaffolds,	which	underlined	the	
importance	of	the	nature	of	scaffolding.15	Using	different	approaches	we	are	now	
able	to	 introduce	different	 ligands,	especially	(cyclic)	peptides,	onto	our	scaffolds	
and	 therefore	 we	 can	 now	 increasingly	 focus	 our	 attention	 on	 the	 much	 more	
difficult	issue	of	attempting	to	orient	the	ligands	with	respect	to	each	other	in	space.	
In	order	to	try	to	achieve	this	we	have	so	far	(1)	varied	the	rigidity	of	the	scaffold15 
and	 (2)	 attempted	 to	 influence	 the	 conformational	 space	of	 the	 cyclophane	 ring	
and	 therefore	 the	 orientation	 of	 the	 ligands,	 by	 changing	 its	 ring	 size.	 Here	we	
describe	the	“TACO”-scaffold,	a	new	O-alkylated	TAC-scaffold,	in	which	the	O-alkyl	
substituent	may	function	as	an	important	orientation	director	(Figure	1).	The	TAC-
scaffold	consists	of	a	benzoic	acid	hinge	connected	to	a	symmetric	bridge	containing	
three	amine	functional	groups	with	semi-orthogonal	protecting	groups.	Naturally,	
despite the presence of the benzene ring as part of these large (14-membered) 
cyclophane	macrocycles,	 they	 are	 very	 flexible.	 As	 a	 consequence,	 ring	 flipping	
occurs easily in these macrocycles16-18	leading	to	different	conformers.	In	order	to	
reduce	 ring	 flipping,	 the	 triazacyclophane	 ring	was	 reduced	 by	 one	 CH2 moiety, 
which	 led	 to	 the	A(symmetric)TAC-scaffold.19	 The	ATAC-scaffold	was	 less	 flexible,	
but	not	surprisingly,	ring	flipping	still	occurred.	We	envisioned	that,	by	introduction	
of	a	substituent	on	the	para	position	of	the	aromatic	ring,	thus	affording	a	TAC-O-
alkylated	molecular	scaffold	(Figure	1),	ring	flipping	might	be	further	reduced.	Both	
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simple	physical	molecular	models	and	preliminary	molecular	modeling	experiments	
show	that	an	O-alkyl	group	pushes	P1 and P3 upward, whereas P2 will stay down 
(Figure	1).

O O
P4

O

N N

N
R

P1 P3

P2

O O
P4

N N

N

P1 P3

P2

TACO scaffoldTAC scaffold

Figure 1 TAC-scaffold	vs	TACO-scaffold.

In	principle	substituents	such	as	alkyl,	amine,	ether,	and	ester	can	be	introduced.	
However,	an	ether	linkage	was	preferred	since	it	is	very	stable,	neutral,	and	easily	
accessible.	 Instead	of	 introducing	 the	 alkoxy	 substituent	 at	 the	para	 (4)	 position	
of	 3,5-dimethylbenzoic	 acid,	 which	 is	 the	 starting	 material	 in	 the	 TAC-scaffold	
synthesis,10 it was decided that the methyl groups would be introduced at both 
meta	 (3	 and	 5)	 positions	 of	methyl	 4-hydroxybenzoate	 (1,	 Scheme	 1).	 This	 was	
synthetically	 attractive,	 and	 the	 use	 of	 methyl	 4-hydroxybenzoate	 as	 a	 starting	
material	was	also	substantially	cheaper	than	using	3,5-dimethylbenzoic	acid.

3.2 Results & discussion

Thus,	methyl-4-hydroxybenzoate	(1)	was	subjected	to	a	modified	Duff	reaction20 by 
treatment	with	hexamine	 in	 refluxing	TFA	as	a	solvent,	 leading	 to	bis-formylated	
benzoate 2	in	70%	yield	(Scheme	1).	For	the	possibility	of	coupling	an	alkyl	group	
to	 the	phenolic−OH	at	 the	 last	 stage	of	 the	 synthesis,	 temporary	protection	was	
attempted	 using	 silyl	 protecting	 groups	 (TBDMS	 and	 TMSE).	 Unfortunately,	 all	
attempts	were	unsuccessful,	pointing	 to	 the	 low	nucleophilicity	of	 the	phenolic−
OH,	 likely	due	 to	delocalization	of	 the	negative	charge	of	 the	phenolate	on	both	
aldehyde	functionalities	in	2.	To	increase	its	nucleophilicity,	it	was	decided	that	both	
aldehydes of 2 would be reduced using NaBH4	 in	methanol,	 affording	 trihydroxy	
benzoate 3	in	high	yield	(87%).	Selective	protection	of	a	phenolic−OH	in	the	presence	
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of benzylic alcohols is impossible,21,22	therefore	alkylation	of	the	phenolic−OH	was	
decided	for	this	stage	of	the	synthesis,	since	the	resulting	ether	moiety	will	be	inert	
to	 subsequent	 synthetic	 transformations.	 Standard	 phenol	 alkylation	 conditions	
using	an	alkyl	halide	 in	acetone	or	DMF	with	K2CO3 as a base23,24	were	optimized	
leading	to	treatment	with	a	slight	excess	of	the	alkyl	bromide	(1.2	equiv)	 in	DMF	
at	75	°C	(Table	1).	Good	to	high	yields	(66%	to	100%)	were	obtained	with	several	
alkylating	agents.	Not	surprisingly,	the	methyl	ether	(4a) was prepared in high yield 
too.	 Alkylation	 with	 functionalized	 alkyl	 bromides	 Boc-2-bromoethylamine	 and	
propargyl bromide also proceeded smoothly leading to ethers 4f and 4g, which now 
contained	an	additional	handle	for	convenient	functionalization	(CuAAC,	thiol−ene,	
conjugation,	etc.)	after	completion	of	a	TACO-molecular	construct.
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Scheme 1	Synthesis	of	different	TACO-scaffolds.



Synthesis of the TACO-scaffold as a new selectively deprotectable conformationally restricted  triazacyclophane ....

| 61 

Table 1	Yields	of	alkylations	of	3	with	different	alkyl	halides	(R-X),	affording	4a-g	(1	equiv	of	3,	1.2	equiv	
of	alkyl	halide,	and	K2CO3,	DMF,	75	°C).
!

! Entry! ! R(X! ! ! Time! ! product! Yield!
! ! ! ! ! ! !!(h)! ! ! ! !!(%)!

!!!
!!1a! ! !!5! ! !!!!4a! ! !88! !

!!2b! ! !!2! ! !!!!4b! !!!!!!!!!! !87!

!! !!3! ! !!2! ! !!!!4c!!!!!!!!!!! !91!

!!4! ! 0.75! ! !!!!4d!!!!!!!!!!!!!!!!Quant.!
!!!

!!5! ! !!1! ! !!!!4e!!!!!!!! !75!

! !!! !

!!6! ! !!3! ! !!!!4f!!!!!!!!!!!!! !66!

! !!7! ! !!1! ! !!!!4g!!!!!!!!!!!!!! !95!

! !!8! ! !!16! ! !!!!4h! ! !!0!

!

!

!

Br

MeI

Br

Br

Br tBu

tBu

NO2

Br

Br NHBoc

Br SiMe3

atemperature:	40	°C.	btemperature:	50	°C.

In	attempts	to	equip	the	benzyl	alcohols	with	mesylate	leaving	groups,	bis-benzylic	
alcohols 4a−g were reacted with methanesulfonyl chloride and triethylamine as 
a	base.	Not	unexpectedly,	no	bis-mesylates	were	 found,	but	 instead	bis-benzylic	
chlorides 5a−g were isolated25	which	were	 sufficiently	 pure	 for	 direct	 use	 in	 the	
macrocyclization	reaction	leading	to	7a−i	(Scheme	1).	For	evaluation	of	the	scope	
of	this	reaction,	the	more	easily	accessible	triamine	containing	three	oNBS-groups 
(6a, P1 = P2 = oNBS)	was	used.3	The	macrocyclization	reaction	was	performed	using	
1	equiv	of	both	the	bis-benzylic	chloride	and	triamine	6a in DMF, in the presence 
of	potassium	iodide	and	cesium	carbonate	as	a	base.	The	macrocyclization	reaction	
using the bis-benzylic chlorides 5a−g	proceeded	equally	well	as	when	using	a	bis-
benzylic bromide,19	 and	 TACO-scaffolds	 7a−g, including those containing groups 
suitable	for	further	functionalization	(7f and 7g), were obtained in moderate yields 
(42−67%,	 over	 two	 steps)	 (Table	 2),	 after	 column	 chromatography.	 Even	 TACO-
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scaffold	7e	with	the	sterically	demanding	3,5-di-tert-butylbenzyl	group	was	afforded	
in	a	moderate	yield	of	51%.

Table 2	Yields	of	TACO-scaffolds	7a-i	after	the	macrocyclization	reaction	with	protected	triamines	6a 
(entries 1-7) and 6b	(entries	8-9)	(1	equiv	of	5a-g and 6a or 6b,	4	equiv	of	Cs2CO3,	0.1	equiv	of	KI,	DMF,	

rt).!

! Entry! !!R! ! ! !!!P1! !!!!!!P2! ! product! Yield!
! ! ! ! ! ! ! ! ! !!! !!(%)!

!!!
!!1! ! oNBS! !!!oNBS!!!!! !!!!7a! ! !!59! !

! !!2! ! oNBS! !!!oNBS!! !!!!7b! !!!!!!!! !!67!

! !!3! ! oNBS! !!!oNBS!!! !!!!7c!! ! !!51!

! !!4! ! oNBS! !!!!oNBS! !!!!7d!!!! ! !!67!
! !!!

!!5! ! oNBS! !!!!oNBS! !!!!7e!!!!!!!! !!51!

! !! ! !

!!6! ! oNBS! !!!!oNBS! !!!!7f!!!!!!!!!!!! !!42!

! !!7! ! oNBS! !!!!oNBS! !!!!7g!!! ! !!51!

! !!8a ! Alloc! !!!!TFA! ! !!!!7h! ! !!41!

!!9 ! Alloc! !!!!TFA! ! !!!!7i! ! !!49!

!
!

!

NHBoc

Me

tBu

tBu

NO2

Me

aCH3CN,	reflux,	1h.

To	 investigate	 whether	 an	 additional	 substituent	 indeed	 can	 be	 introduced	 on	
the	 alkyne	 group	 of	 a	 TACO-scaffold	 already	 containing	 three	 peptides,	 TACO-
scaffold	10	was	synthesized.	Thus,	TACO-scaffold	8b was coupled to Tentagel resin 
containing	a	Rink	amide	linker,	using	BOP	as	a	coupling	reagent	and	DiPEA	as	a	base,	
affording	resin	9	 (Scheme	2).	Removal	of	the	oNBS-groups by 2-mercaptoethanol 
and	DBU	in	DMF	was	followed	by	subsequent	coupling	of	Fmoc-Ser(tBu)-OH	and	
Fmoc-Lys(Boc)-OH using BOP and DiPEA.	Removal	of	the	Fmoc-groups	by	piperidine	
and	then	acetylation	afforded	TACO-tris-dipeptide	10.	Cu(I)-catalyzed	Alkyne-Azide	
Cycloaddition	(CuAAC)26,27	was	carried	out	after	treatment	of	resin	10	with	TFA/TIS/
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H2O	to	afford	11,	which	was	purified	by	preparative	HPLC.	Reaction	with	azidoPhe-
Leu-OMe (12), using CuSO4	and	sodium	ascorbate	in	a	DMF/water	mixture	under	
microwave	 irradiation	conditions,	afforded	TACO-scaffold	13 now containing four 
peptides	in	a	good	yield	of	66%,	after	preparative	HPLC.
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Scheme 2	 Attachment	 of	 three	 dipeptides	 to	 the	 triazacyclophane	 ring	 and	 an	 additional	 peptide	
connected	to	the	alkyne	moiety	using	CuAAC	chemistry.

To	determine	whether	an	additional	substituent	at	the	para	position	of	the	benzoic	
acid	hinge	is	capable	of	inhibition	of	the	ring	flipping	process,	TACO-scaffold	7a was 
compared	with	a	TAC-scaffold	containing	three	oNBS-groups	(Figure	2).	Ring	flipping	
can be easily monitored using variable temperature 1H	NMR	experiments	(Figure	
3).16-19

TAC Ring flippingTACO Ring flipping
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Figure 2 Superimposed	ring	flipping	isomers	of	the	TACO-	and	TAC-scaffolds	(P1-3= oNBS).

At	 room	 temperature,	 the	benzylic	 CH2	 groups	 in	 the	 scaffolds	were	 visible	 as	 a	
singlet	 for	the	TAC-scaffold	and	an	AB	system	for	the	TACO-scaffold.	This	at	 least	
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indicated	that	the	TAC-scaffold	can	ring	flip	easily	at	rt,	but	that	the	TACO-scaffold	
is	conformationally	more	restricted	because	the	benzylic	protons	are	magnetically	
nonequivalent.	The	singlet	of	the	TAC-scaffold	starts	to	broaden	significantly	after	
cooling	to	−80	°C,	indicating	slower	ring	flipping.	The	TACO-scaffold	was	measured	
at	a	high	temperature	(110	°C),	in	order	to	stimulate	ring	flipping.	Surprisingly,	there	
was hardly any change in the 1H	NMR	spectrum.	The	coupling	constants	for	the	AB	
systems of the benzylic CH2	groups	were	identical	at	both	temperatures,	showing	
that	even	at	high	temperatures	likely	no	ring	flipping	occurred	in	a	TACO-scaffold	
even	containing	a	substituent	as	small	as	a	methoxy	group	at	the	4-position	of	the	
benzoate hinge (7a).	These	results	indicate	that	the	TACO-scaffold	may	be	promising	
for	use	as	a	more	preorganized	scaffold	for	the	construction	of	protein	mimics.

Figure 3	Variable	temperature	1H NMR signals for the distereotopic benzylic CH2	protons	from	TACO-
scaffold	7a	and	the	TAC-scaffold	(Figure	2,	P1-3= oNBS).

3.3 Conclusions

In	 conclusion,	 we	 have	 described	 an	 efficient	 and	 high	 yielding	method	 for	 the	
multigram	scale	synthesis	of	a	new	(selectively	deprotectable)	and	conformationally	
more	 restricted	 TACO-scaffold.	 Although	 this	 scaffold	 is	 very	 similar	 to	 the	 TAC-
scaffold	 frequently	 used	 by	 us,	 the	 ether	 substituent	 at	 the	 4-position	 of	 the	
benzene	 ring	 has	 a	 great	 influence	 on	 the	 flexibility	 of	 the	 cyclophane	 ring.	 VT	
NMR	measurements	showed	that	indeed	the	TACO-scaffold	is	more	preorganized	
than	 the	 TAC-scaffold.	 In	 addition,	 a	 suitably	 functionalized	 ether	 substituent	 at	
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this	position	provided	an	anchoring	position	for	another	substituent,	so	that	four	
different	ones	can	be	introduced	lining	the	cyclophane	ring,	while	there	is	still	the	
possibility	of	a	fifth	substituent	to	be	incorporated	onto	the	carboxyl	moiety	of	the	
benzoate.	We	believe	we	have	provided	a	very	valuable	addition	to	our	repertoire	
of	scaffolds,	which	can	be	applied	to	the	synthesis	of	highly	functionalized	protein	
mimics	 or	 other	 densely	 functionalized	 (bio)molecular	 constructs.	 The	 present	
investigation	 includes	 their	application	 in	 the	assembly	of	synthetic	vaccines	and	
other	challenging	biomimics.

3.4 Experimental section

General
All	 reagents	 were	 obtained	 from	 commercial	 sources	 and	 used	 without	 further	
purification.	Peptide	grade	and	HPLC	grade	solvents	were	purchased	form	Actu-All	
(Oss,	 The	Netherlands).	 TentaGel	 S	 RAM	 resin	 (particle	 size	 90μm,	 capacity	 0.25	
mmol.g-1)	was	purchased	from	Rapp	Polymere	GmbH	(Tübingen,	Germany).	Solid	
phase	peptide	 synthesis	was	 carried	out	 in	 a	plastic	 syringe	with	 a	polyethylene	
frit	obtained	from	Screening	Devices	B.V.	The	capping	solution	used	was	a	mixture	
of	 0.5	mol.L-1	 acetic	 anhydride,	 0.125	mol.L-1 DiPEA,	 0.015	mol.L-1	 HOBt	 in	NMP.	
Reactions	on	the	solid	phase	were	monitored	by	the	bromophenol	blue	test	and	the	
Kaiser	 test.28-31	Reactions	were	carried	out	at	ambient	 temperature	unless	 stated	
otherwise.	Solvents	were	evaporated	under	reduced	pressure	at	40	°C.	Reactions	
in	 solution	 were	 monitored	 by	 TLC	 analysis	 and	 Rf-values were determined on 
Merck	pre-coated	 silica	 gel	 60	 F-254	 (0.25	mm)	plates.	 Spots	were	 visualised	by	
UV	light	and	by	heating	plates	after	dipping	in	a	ninhydrine	solution	or	in	a	cerium	
molybdate	solution	(Hanessian’s	stain).	Column	chromatography	was	performed	on	
Siliaflash	P60	(40-63μm)	from	Silicycle	(Canada).	1H	NMR	data	was	acquired	on	a	
Varian	Mercury	300	MHz	spectrometer,	an	Agilent	400	MHz	spectrometer	or	on	a	
Varian	 Inova	500	MHz	spectrometer	 in	CDCl3, DMSO-d6 or acetone-d6	as	solvent.	
Chemical	 shifts	 (δ)	are	 reported	 in	parts	per	million	 (ppm)	 relative	 to	TMS	 (0.00	
ppm) or to the solvent residual signal of DMSO-d6	(2.50	ppm).	Coupling	constants	
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(J)	 are	 reported	 in	 Hertz	 (Hz).	 Splitting	 patterns	 are	 designated	 as	 singlet	 (s),	
doublet	 (d),	 triplet	 (t),	multiplet	 (m),	 and	 broad	 (b).	 13C	NMR	data	was	 acquired	
on	a	Varian	Mercury	300	MHz	spectrometer	at	75	MHz	or	on	an	Agilent	400	MHz	
spectrometer at 100 MHz in CDCl3, DMSO-d6 or acetone-d6	 as	 solvent.	Most	 of	
the 13C	 NMR	 spectra	 were	 recorded	 using	 the	 attached	 proton	 test	 (apt)	 pulse	
sequence.	Chemical	shifts	(δ)	are	reported	in	parts	per	million	(ppm)	relative	to	the	
solvent residual signal, CDCl3	 (77.00	 ppm),	DMSO-d6	 (39.52	 ppm),	 or	 acetone-d6 
(29.84	ppm).	19F	NMR	data	was	acquired	on	a	Agilent	400	MHz	spectrometer	at	282	
MHz.	Chemical	shifts	(δ)	are	reported	in	parts	per	million	(ppm)	relative	to	α,α,α-
trifluorotoluene	(-63.72	ppm).	2-D	NMR	data	(HSQC,	COSY,	TOCSY)	were	acquired	
on	Varian	Mercury	300	MHz	 spectrometer,	 an	Agilent	400	MHz	 spectrometer	or	
on	 a	Varian	 Inova	 500	MHz	 spectrometer.	 Analytical	HPLC	was	 accomplished	on	
a	Shimadzu-10Avp	(Class	VP)	with	a	UV-detector	operating	at	214	and	254	nm	by	
using	an	Alltech	Prosphere	C4	column	(300	Å,	5	μm,	250×4.60	mm,	column	A)	or	a	
Phenomenex	Gemini	C18	column	(110	Å,	5	μm,	250×4.60	mm,	column	B)	at	a	flow	
rate	of	 1	mL.min-1	 using	 a	 standard	protocol:	 100%	buffer	A	 for	 1	min,	 followed	
by	a	 linear	gradient	of	buffer	B	 (0-100%	 in	30	min).	The	mobile	phase	was	H2O/
CH3CN/TFA	(95:5:0.1,	v/v/v,	buffer	A)	and	H2O/CH3CN/TFA	(5:95:0.1,	v/v/v,	buffer	B).	
Purification	of	the	peptidic	compounds	was	performed	on	a	Prep	LCMS-QP8000α	
HPLC	system	(Shimadzu)	an	Alltech	Prosphere	C4	column	(300	Å,	10	μm,	250×22	
mm,	column	A)	or	a	Phenomenex	Gemini	C18	column	(110	Å,	10	μm,	250×20	mm,	
column	B)	at	a	flow	rate	of	12.5	mL.min-1	using	a	standard	protocol:	100%	buffer	
A	for	5	min,	followed	by	a	linear	gradient	of	buffer	B	(0-40%	in	100	min,	method	
A)	or	100%	buffer	A	for	5	min,	 followed	by	a	 linear	gradient	of	buffer	B	 (0-100%	
in	 100	min,	method	B)	 using	 the	 same	buffers	 as	 described	 for	 analytical	HPLC.	
Analytical	LC-MS	was	performed	on	a	Thermo-Finnigan	LCQ	Deca	XP	Max	ion	trap	
mass	 spectrometer	 using	 same	buffers	 and	 protocols	 as	 described	 for	 analytical	
HPLC.	Routine	electrospray	ionization	mass	spectrometry	(ESI-MS)	was	performed	
on	 a	 Shimadzu	 LCMS-QP8000	 single	 quadrupole	 bench-top	 mass	 spectrometer	
operating	in	a	positive	ionization	mode	or	a	Thermo-Finnigan	LCQ	Deca	XP	Max	ion	
trap	mass	spectrometer.	High-resolution	electrospray	ionization	(ESI)	mass	spectra	
were	measured	on	a	Bruker	micrOTOF-Q	 II	 in	positive	mode	and	calibrated	with	
ESI	 tuning	 mix	 from	 Agilent	 Technologies.	 Elemental	 analyses	 were	 carried	 out	
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at	 Kolbe	Mikroanalytisches	 Laboratorium	 (Mülheim	 an	 der	 Ruhr,	 Germany).	 The	
melting	points	were	determined	using	a	Büchi	Schmelzpunktbestimmungsapparat	
according	to	Dr.	Tottoli	and	were	uncorrected.	Experimental	details	of	compounds	2 
and 3	have	been	reported	elsewhere.20

General procedure for the synthesis of compounds 4a-g
To	a	mixture	of	methyl	4-hydroxy-3,5-bis(hydroxymethyl)benzoate20 (3,	531	mg,	2.5	
mmol,	1.0	equiv)	and	potassium	carbonate	(415	mg,	3.0	mmol,	1.2	equiv)	in	DMF	
(10	ml)	was	added	an	alkylhalide	 (R-X (see	Table	1),	 3.0	mmol,	 1.2	equiv).	After	
stirring	for	0.75-5h	at	40-75	°C	(depending	on	the	alkyl	halide	(4a-g)) the	reaction	
was concentrated in	vacuo.	The	reaction	mixture	was	dissolved	in	EtOAc	(100	mL),	
and	washed	with	KHSO4	 (1.0	M,	2	× 100 mL), brine (100 mL), dried over Na2SO4 
and concentrated in	vacuo.	The	solid	residue	was	triturated	with	hexanes	to	afford	
alkylation	products	4a-f	as	yellowish	solids.	After	trituration,	4f	still	contained	some	
Boc-2-bromoethylamine,	 and	was	 purified	 by	 column	 chromatography	 to	 obtain	
alkylation	product	4f	as	a	white	solid.

Alkylation product 4a 
O O

OHHO

O

Scale:	 2.50	 mmol;	 Yield:	 498	 mg	 white	 solid	 (88%);	 reaction	
conditions:	 5h	 at	 40	 °C	 with	methyl	 iodide;	 Rf	 =	 0.38	 (hexanes/
EtOAc,	1:4,	v/v);	m.p.	=	103	°C; 1H	NMR	(300	MHz,	DMSO-d6):	δ	3.73	
(s,	3H,	ArOCH3),	3.84	(s,	3H,	COOCH3),	4.56	(d,	J =	5.5	Hz,	4H,	2	×	

HOCH2),	5.27	(t,	J =	5.8	Hz,	2H,	2	×	OH),	7.98	(s,	2H,	2	×	Ar-CH);	
13C NMR (75 MHz, 

DMSO-d6):	δ	51.9	(COOCH3),	57.5	(HOCH2),	61.3	(OCH3),	124.9,	128.0,	135.5,	158.2	
(Ar-C),	166.2	(COOCH3);	ESI-MS	m/z calcd for C11H15O5	[M	+	H]+	227.09,	found	227.03;	
Anal.	calcd	for	C11H14O5:	C	58.40,	H	6.24,	found:	C	57.68,	H	6.45.
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Alkylation product 4b

O O

OHHO

O

Scale:	 2.50	 mmol;	 Yield:	 583	 mg	 white	 solid	 (87%);	 reaction	
conditions:	2h	at	75	°C	with	1-bromobutane;	Rf	=	0.52	 (hexanes/
EtOAc,	2:3,	v/v);	m.p.	=	76	°C; 1H	NMR	(300	MHz,	CDCl3):	δ	1.00	(t,	J 

=	 7.4	 Hz,	 3H,	 CH2CH3),	 1.52	 (m,	 2H,	 CH2CH2CH3),	 1.81	 (m,	 2H,	
CH2CH2CH2),	2.25	(t,	J =	6.1	Hz,	2H,	2	×	OH),	3.90	(s,	3H,	COOCH3), 
3.94	(t,	J =	6.6	Hz,	2H,	OCH2CH2),	4.73	(d,	J =	5.8	Hz,	4H,	2	× HOCH2), 

8.02	(s,	2H,	2	×	Ar-CH);	13C NMR (75 MHz, CDCl3):	δ	14.0	(CH2CH3),	19.2	(CH2CH2CH3), 
32.5	 (CH2CH2CH2),	 52.18	 (COOCH3),	 59.8	 (HOCH2),	 74.8	 (OCH2CH2),	 125.6,	 129.5,	
134.5,	158.4	(Ar-C),	167.1	(COOCH3);	ESI-MS	m/z calcd for C14H21O5	[M	+	H]+	269.14,	
found	269.09;	Anal.	calcd	for	C14H20O5:	C	62.67,	H	7.51,	found:	C	62.34,	H	7.37.

Alkylation product 4c
O O

OHHO

O

Scale:	 2.50	 mmol;	 Yield:	 688	 mg	 white	 solid	 (91%);	 reaction	
conditions:	2h	at	75	 °C	with	benzyl	bromide;	Rf	=	0.49	 (hexanes/
EtOAc,	2:3,	v/v);	m.p.	=	93	°C; 1H	NMR	(300	MHz,	DMSO-d6):	δ	3.86	
(s,	3H,	COOCH3),	4.59	 (d,	 J =	5.2	Hz,	4H,	2	× HOCH2),	4.92	 (s,	2H,	
ArOCH2C6H5),	5.33	(t,	J =	5.5	Hz,	2H,	2	×	OH),	7.26-7.54	(m,	5H,	C6H5), 
8.02	 (s,	 2H,	 2	 ×	 Ar-CH);	 13C NMR (75 MHz, DMSO-d6):	 δ	 52.0	

(COOCH3),	57.8	(HOCH2),	75.4	(ArOCH2Ph),	125.1,	128.1,	128.5,	135.9,	137.1,	157.0	
(Ar-C),	166.2	(COOCH3);	ESI-MS	m/z calcd for C34H36O10Na	[2M	+	Na]+	627.22,	found	
626.8;	Anal.	calcd	for	C17H18O5:	C	67.54,	H	6.00,	found:	C	67.69,	H	6.05.

Alkylation product 4d

O O

OHHO

O

NO2

Scale:	2.50	mmol;	Yield:	870	mg	yellowish	solid	(quant.);	reaction	
conditions:	 0.75h	 at	 75	 °C	with	 4-nitrobenzyl	 bromide;	 Rf	 =	 0.36	
(hexanes/EtOAc,	 2:3,	 v/v);	 m.p.	 =	 169	 °C; 1H	 NMR	 (300	 MHz,	
DMSO-d6):	 δ	 3.86	 (s,	 3H,	 COOCH3),	 4.59	 (d,	 J =	 5.2	 Hz,	 4H,	 2	 × 
HOCH2),	5.10	(s,	2H,	ArOCH2C6H4NO2),	5.33	(t,	J =	5.5Hz,	2H,	2	× OH), 
7.77	(d,	J =	8.5	Hz,	2H,	C6H4NO2),	8.02	(s,	2H,	2	×	Ar-CH),	8.29	(d,	J = 
8.8	Hz,	C6H4NO2);	

13C NMR (75 MHz, DMSO-d6):	δ	52.0	(COOCH3), 
57.8	 (HOCH2),	 73.9	 (ArOCH2C6H4NO2),	 123.6,	 125.4,	 128.4,	 135.8,	 144.9,	 147.1,	
156.8	(Ar-C),	166.1	(COOCH3);	ESI-MS	m/z calcd for C17H17NO7Na	[M	+	Na]+	370.09,	
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found	370.58;	Anal.	 calcd	 for	C17H17NO7.½H2O:	C	57.30,	H	5.09,	N	3.93,	 found:	C	
57.68,	H	5.16,	N	3.97.

Alkylation product 4e

O O

OHHO

O

Scale:	 2.50	 mmol;	 Yield:	 776	 mg	 white	 solid	 (75%);	 reaction	
conditions:	1h	at	75	°C	with	3,5-di-t-butylbenzyl	bromide;	Rf	=	0.71	
(hexanes/EtOAc,	2:3,	v/v);	m.p.	=	147	°C; 1H	NMR	(300	MHz,	CDCl3): 
δ	1.33	(s,	18H,	2	×	C(CH3)3),	1.97	(t,	J =	6.2	Hz,	2H,	2	×	OH),	3.91	(s,	
3H,	 COOCH3),	 4.71	 (d,	 J =	 6.1	 Hz,	 4H,	 2	 × HOCH2),	 5.02	 (s,	 2H,	
ArOCH2C6H3(C(CH3)3)2),	7.23	(d,	J =	1.9	Hz,	2H,	ArOCH2C6H3(C(CH3)3)2), 
7.44	(t,	J =	1.9	Hz,	1H,	ArOCH2C6H3(C(CH3)3)2),	8.06	(s,	2H,	2	×	Ar-CH);	

13C NMR (75 MHz, CDCl3):	δ	31.7	C6H3(C(CH3)3)2),	35.1	C6H3(C(CH3)3)2),	52.4	(COOCH3), 
60.6	(HOCH2),	77.8	(ArOCH2C6H3(C(CH3)3)2),	122.8,	126.3,	130.4,	135.0,	135.7,	151.6	
,	158.6	(Ar-C),	167.1	(COOCH3);	ESI-MS	m/z calcd for C50H68O10Na	[2M	+	Na]+	851.47,	
found	851.03;	Anal.	calcd	for	C25H34O5:	C	72.43,	H	8.27,	found:	C	72.16,	H	8.24.

Alkylation product 4f

O O

OHHO

O

Scale:	 2.50	 mmol;	 Yield:	 594	 mg	 white	 solid	 (95%);	 reaction	
conditions:	1h	at	75	°C	with	propargyl	bromide	(80	wt.	%	in	toluene);	
Rf	 =	0.18	 (hexanes/EtOAc,	2:3,	 v/v);	m.p.	=	127	 °C; 1H	NMR	 (300	
MHz,	Acetone-d6):	δ	3.12	(t,	 J =	2.5	Hz,	1H,	CH2CCH),	3.87	(s,	3H,	
COOCH3),	4.33	(t,	J =	5.8	Hz,	2H,	2	×	OH),	4.74-4.83	(m,	6	H,	ArOCH2C 
and 2 × HOCH2),	 8.10	 (s,	 2H,	 2	 ×	 Ar-CH);	 13C NMR (75 MHz, 

Acetone-d6):	δ	52.2	(COOCH3),	59.6	(HOCH2),	62.5	(OCH2CCH),	77.4	(ArOCH2C),	79.8	
(CH2CCH),	127.2,	129.7,	136.7,	157.9	(Ar-C),	167.0	(COOCH3);	ESI-MS	m/z calcd for 
C13H15O5	 [M	+	H]+	251.09,	found	250.99;	Anal.	calcd	for	C13H14O5:	C	62.39,	H	5.64,	
found:	C	62.22,	H	5.65.
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Alkylation product 4g
O O

OHHO

O

NH

OO

Scale:	 2.50	 mmol;	 Yield:	 585	 mg	 white	 solid	 (66%);	 reaction	
conditions:	 3h	 at	 75	 °C	 with	 Boc-2-bromoethylamine;	 column	
chromatography eluent: hexanes/EtOAc	gradient	from	1:1	to	2:3;	Rf 
=	0.40	(hexanes/EtOAc,	2:3,	v/v);	m.p.	=	118	°C	(decomp.); 1H NMR 
(300	MHz,	CDCl3):	δ	1.47	(s,	9H,	C(CH3)3),	2.52	(bs,	2H,	2	×	OH),	3.43-
4.58	(m,	2H,	CH2CH2NH),	3.90	(s,	3H,	COOCH3),	4.04	(t,	J =	5.2	Hz,	

2H,	ArOCH2CH2),	4.71	(bs,	4H,	2	× HOCH2),	5.29	(t, J =	5.8	Hz,	1H,	CH2NHCO),	8.01	(s,	
2H, 2 ×	Ar-CH);	13C NMR (75 MHz, CDCl3):	δ	28.3	(C(CH3)3),	40.9	(CH2CH2NH),	52.1	
(COOCH3),	 59.9	 (HOCH2),	 73.3	 (ArOCH2CH2),	 79.8	 (OC(CH3)3),	 125.8,	 130.4,	 134.2,	
156.5,	158.5	(Ar-C	and	NHCO),	166.7	(COOCH3);	ESI-MS	m/z calcd for C17H25NO7Na 
[M	+	Na]+	378.15,	found	378.20;	Anal.	calcd	for	C17H25NO7:	C	57.45,	H	7.09,	N	3.94,	
found:	C	54.45,	H	6.59,	N	3.33.	

General procedure for synthesizing compounds 7a-i
To	a	mixture	of	alkylation	product	4a-g	(2.5	mmol)	and	methanesulfonyl	chloride	
(774	 µL,	 10	 mmol,	 4.0	 equiv)	 in	 CH2Cl2	 (10	 mL)	 at	 0	 °C	 was	 added	 drop	 wise	
triethylamine	(1.39	mL,	10	mmol,	4.0	equiv).	After	stirring	for	overnight	at	rt	the	
reaction	was	 concentrated	 in	 vacuo.	 The	 reaction	 crude	was	 dissolved	 in	 EtOAc	
(100	mL)	and	washed	with,	KHSO4 1N (100 mL), H2O (100 mL), 5% NaHCO3 (100 
mL), brine (100 mL) and dried over Na2SO4.	The	organic	layer	was	concentrated	in 
vacuo	 to	afford	 the	bis-chloride	product	 (5a-g),	which	was	used	 in	 the	next	 step	
without	further	purification.	A	mixture	of	the	bis-chloride	(5a-g), anhydrous Cs2CO3 
(3.26	g,	10	mmol,	4.0	equiv),	potassium	iodide	(42	mg,	0.25	mmol,	0.1	equiv)	and	
protected triamine 6a or 6b	(1.72	g,	2.5	mmol,	1.0	equiv)	in	DMF	(50	mL)	was	stirred	
overnight.	The	reaction	mixture	was	concentrated	in	vacuo and dissolved in CH2Cl2 
(100	ml).	The	solution	was	washed	with	water	(100	mL),	brine	(100	mL)	and	dried	
over Na2SO4.	The	organic	layer	was	concentrated	in	vacuo,	followed	by	purification	
by	column	chromatography	to	afford	7a-i.
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TACO 7a

N N

OO

N
S

O

SS
O

O

OO

O

O
NO2

O2N

O2N

Scale:	 2.50	 mmol;	 Yield:	 1.29	 g	 yellowish	 foam	
(59%);	 column	 chromatography: hexanes/EtOAc	
2:8;	Rf	=	0.30	(hexanes/EtOAc,	3:7,	v/v);	m.p.	=	139	
°C	(decomp.); 1H	NMR	(300	MHz,	CDCl3):	δ	1.03-1.22	
(m,	 2H,	 2	 ×	 CH2CHACH2),	 1.66-1.84	 (m,	 2H,	 2	 × 

CH2CHBCH2),	2.84-3.00,	3.04-3.22,	3.22-3.41	(3	× m, 
8H, 4 × CH2CH2N),	3.82	(s,	3H,	ArO-CH3),	3.91	(s,	3H,	

COOCH3),	4.53	(A	part	of	AB,	JAB	=	14.3	Hz,	2H,	2	×	ArCH2N),	4.62	(B	part	of	AB,	JAB	= 
14.3	Hz,	2H,	2	×	ArCH2N),	7.46-7.83,	7.97-8.10	(2	× m, 12H, oNBS),	8.14	(s,	2H,	Ar-
CH);	 13C NMR (75 MHz, CDCl3):	δ	28.3	 (CH2CH2CH2),	46.7,	47.2,	47.3	 (CH2N),	52.4	
(COOCH3),	 63.7	 (ArOCH3),	 124.1,	124.3,	127.7,	130.1,	130.9,	131.8,	131.9,	133.5,	
133.7,	133.9,	130.6,	132.2,	148.3,	161.4	(Ar-C),	165.6	(COOCH3);	ESI-MS	m/z calcd 
for C35H37N6O15S3	 [M	+	H]+	 877.15,	 found	 877.50;	 Anal.	 calcd	 for	 C35H36N6O15S3: C 
47.94,	H	4.14,	N	9.58,	found:	C	44.73,	H	3.87,	N	8.64.

TACO 7b

N N

OO

N
S

O

SS
O

O

OO

O

O
NO2

O2N

O2N

Scale:	 2.50	 mmol;	 Yield:	 1.54	 g	 yellowish	 foam	
(67%);	 column	 chromatography: hexanes/EtOAc	
gradient	from	2:3	to	3:7;	Rf	=	0.54	(hexanes/EtOAc,	
3:7,	 v/v);	 m.p.	 =	 104	 °C	 (decomp.);	 1H	 NMR	 (300	
MHz, CDCl3):	δ	1.0	(t,	J =	7.4	Hz,	3H,	CH2CH3),	1.02-
1.23	 (m,	 2H,	 2	× NCH2CHACH2),	 1.38-1.54	 (m,	 2H,	
CH2CH2CH3),	1.68-1.87	(m,	4H,	2	× NCH2CHBCH2 and 

2 × CH2CH2CH2CH3),	2.82-2.97,	3.03-3.43	(2	×	m,	8H,	4	×	CH2CH2N),	3.83	(t,	J =	6.7	Hz,	
2H,	ArOCH2CH2),	 3.90	 (s,	3H,	COOCH3),	4.53	 (A	part	of	AB,	 JAB	=	14.3	Hz,	2H,	2	× 
ArCH2N),	4.61	(B	part	of	AB,	JAB	=	14.3	Hz,	2H,	2	×	ArCH2N),	7.52-7.89,	8.02-8.11	(2	× 
m, 12H, oNBS),	8.13	(s,	2H,	Ar-CH);	13C NMR (75 MHz, CDCl3):	δ	13.8	(CH2CH3),	19.1	
(CH2CH2CH3),	28.1	(CH2CH2CH2N),	31.8	(CH2CH2CH2CH3),	46.6,	47.0,	47.1	(CH2N),	52.3	
(COOCH3),	77.1	(ArOCH2CH2),	124.1,	124.3,	127.6,	130.1,	131.0,	131.9,	131.9,	133.4,	
133.7,	133.9,	130.6,	132.2,	148.2,	160.2	(Ar-C),	165.6	(COOCH3);	ESI-MS	m/z calcd 
for C38H43N6O15S3	[M+H]+	919.19,	found	919.05;	Anal.	calcd	for	C38H42N6O15S3.2½H2O: 
C	47.34,	H	4.91,	N	8.72,	found:	C	47.14,	H	4.41,	N	8.64.



Chapter 3

72 | 

TACO 7c

N N

OO

N
S

O

SS
O

O

OO

O

O
NO2

O2N

O2N

Scale:	 2.50	 mmol;	 Yield:	 1.21	 g	 yellowish	 foam	
(51%);	 column	 chromatography: hexanes/EtOAc	
gradient	from	2:3	to	3:7;	Rf	=	0.53	(hexanes/EtOAc,	
3:7,	 v/v);	 m.p.	 =	 127	 °C	 (decomp.);	 1H	 NMR	 (300	
MHz, CDCl3):	 δ	 0.97-1.19	 (m,	 2H,	 2	× CH2CHACH2), 
1.64-1.88	(m,	2H,	2	× CH2CHBCH2),	2.75-2.91,	3.03-
3.42	(2	×	m,	8H,	4	×	CH2CH2N),	3.91	(s,	3H,	COOCH3), 

4.39	(s,	4H,	2	×	ArCH2N),	4.93	(s,	2H,	ArOCH2C6H5),	7.24-7.36,	7.53-7.83,	7.90-7.98	(3	
× m, 17H, oNBS and C6H5),	8.15	 (s,	2H,	Ar-CH);	

13C NMR (75 MHz, CDCl3):	δ	28.3	
(CH2CH2CH2N),	46.8,	47.2,	47.3	 (CH2N),	52.4	 (COOCH3),	78.9	 (ArOCH2C6H5),	124.2,	
124.3,	127.9,	128.8,	130.2,	130.9,	131.8,	131.8,	133.4,	133.7,	133.8,	131.0,	132.1,	
135.0,	148.3,	159.4	(Ar-C),	165.6	(COOCH3);	ESI-MS	m/z calcd for C41H41N6O15S3 [M + 
H]+	 953.18,	 found	953.15;	Anal.	 calcd	 for	 C41H40N6O15S3.2H2O:	C	 49.79,	H	 4.48,	N	
8.50,	found:	C	49.48,	H	4.34,	N	8.40.
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Scale:	 2.50	 mmol;	 Yield:	 1.67	 g	 yellowish	 crystals	
(67%);	 column	 chromatography: hexanes/EtOAc	
gradient	from	2:3	to	3:7;	Rf	=	0.52	(hexanes/EtOAc,	
3:7,	 v/v);	 m.p.	 =	 253	 °C	 (decomp.);	 1H	 NMR	 (300	
MHz, DMSO-d6):	δ	0.88-1.10	(m,	2H,	2	× CH2CHACH2), 
1.46-1.71	(m,	2H,	2	× CH2CHBCH2),	2.77-3.06,	3.06-
3.25	(2	× m, 8H, 4 × CH2CH2N),	3.88	(s,	3H,	COOCH3), 

4.36	(A	part	of	AB,	JAB	=	14.4	Hz,	2H,	2	×	ArCH2N),	4.57	(B	part	of	AB,	JAB	=	14.4	Hz,	2H,	
2 ×	ArCH2N),	5.16	(s,	2H,	ArOCH2C6H4NO2),	7.69	(d,	J =	8.3	Hz,	2H,	C6H4NO2),	8.02	(m,	
14H, oNBS	and	Ar-CH),	8.22	(d,	J =	8.3	Hz,	2H,	C6H4NO2);	

13CNMR (75 MHz, DMSO-d6): 
δ	 28.3	 (CH2CH2CH2N),	 46.5,	 46.6	 (CH2N),	 52.4	 (COOCH3),	 76.3	 (ArOCH2C6H4NO2), 
123.6,	124.5,	124.5,	127.1,	129.1,	129.3,	129.4,	129.7,	132.4,	132.4,	132.6,	134.1,	
134.6,	134.7,	130.6,	130.8,	131.4,	143.4,	147.3,	147.7,	159.0	(Ar-C),	165.1	(COOCH3);	
ESI-MS m/z calcd for C41H39N7O17S3Na	[M	+	Na]+ 1020.15,	found	1020.55;	Anal.	calcd	
for C41H39N7O17S3.H2O:	C	48.47,	H	4.07,	N	9.65,	found:	C	48.20,	H	3.96,	N	9.57.
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Scale:	 2.50	 mmol;	 Yield:	 1.36	 g	 yellowish	 foam	
(51%);	 column	 chromatography: hexanes/EtOAc	
gradient	from	1:1	to	3:2;	Rf	=	0.72	(hexanes/EtOAc,	
3:7,	 v/v);	 m.p.	 =	 129	 °C	 (decomp.);	 1H	 NMR	 (300	
MHz, CDCl3):	δ	1.03-1.31	(m,	20	H,	2	× CH2CHACH2 
and 2 × C(CH3)3),	1.69-1.89	(m,	2H,	2	× CH2CHBCH2), 
2.76-2.90,	3.02-3.28	(2	× m, 8H, 4 × CH2CH2N),	3.91	

(s,	3H,	COOCH3),	4.36	(A	part	of	AB,	JAB	=	14.3	Hz,	2H,	2	×	ArCH2N),	4.41	(B	part	of	AB,	
JAB	=	14.3	Hz,	2H,	2	×	ArCH2N),	4.92	(s,	2H,	ArOCH2C6H3(C(CH3)3)2),	7.71	(d,	J =	1.4	Hz,	
2H,	ArOCH2C6H3(C(CH3)3)2),	7.74	(t,	J =	1.8	Hz,	1H,	ArOCH2C6H3(C(CH3)3)2),	7.52-7.84,	
7.91-8.02	(2	× m, 12H, oNBS),	8.16	(s,	2H,	Ar-CH);	13C NMR (75 MHz, CDCl3):	δ	28.1	
(CH2CH2CH2N),	 31.2	 (C(CH3)3),	 46.8,	 46.9,	 47.0	 (CH2N),	 52.3	 (COOCH3),	 79.7	
(ArOCH2C6H3(C(CH3)3)2),	 122.6,	 123.1,	 124.1,	 124.2,	 130.1,	 130.8,	 131.7,	 131.8,	
133.3,	133.6,	133.7,	131.1,	132.3,	134.0,	148.2,	151.3,	159.4	(Ar-C),	165.6	(COOCH3);	
ESI-MS m/z calcd for C49H56N6O15S3	[M	+	H]+	1064.30,	found	1064.60;	Anal.	calcd	for	
C49H56N6O15S3.2H2O:	C	53.44,	H	5.49,	N	7.63,	found:	C	53.08,	H	5.09,	N	7.51.
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Scale:	 0.69	 mmol;	 Yield:	 293	 mg	 yellowish	 foam	
(42%);	 column	 chromatography:	 hexanes/EtOAc	
gradient	from	55:45	to	6:4;	Rf	=	0.51	(EtOAc);	m.p.	=	
113	°C	(decomp.);	1H	NMR	(300	MHz,	CDCl3):	δ	1.13,	
1.26,	1.79	(3m,	4H,	2	× CH2CH2CH2),	2.94,	3.13,	3.37	
(3m,	8H,	4	× CH2CH2NSO2),	3.59	(m,	2H,	CH2NHBoc), 
3.91	 (s,	 3H,	 CO2CH3),	 3.93	 (m,	 2H,	 OCH2),	 4.49	 (A	

part	of	AB,	JAB	=	14.1	Hz,	2H,	ArCH2N),	4.63	(B	part	of	AB,	JAB	=	14.1	Hz,	2H,	ArCH2N), 
5.41	(bs,	1H,	NHBoc),	7.59,	7.69,	7.77,	7.85,	8.06	(5m,	12H,	3	× oNBS),	8.14	(s,	2H,	
Ar-CH);	13C NMR (100 MHz, CDCl3):	δ	28.2	(C(CH3)3),	28.3,	29.3,	29.6	(CH2CH2CH2), 
40.5	(CH2NHBoc),	46.9,	47.1	(CH2CH2NSO2),	47.7	(PhCH2),	52.4	(CO2CH3),	75.5	(OCH2), 
79.3	(C(CH3)3),	124.1,	124.2,	127.8,	130.2,	130.5,	130.9,	131.8,	132.0,	133.6,	133.9,	
148.2,	148.3,	159.8	(Ar-C),	156.1	(C=O	(Boc)),	165.5	(CO2CH3);	HRMS	m/z calcd for 
C41H48N7O17S3	[M	+	H]+	1006.2263,	found	1006.2250.
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Scale:	15.0	mmol;	Yield:	6.85	g	white	 foam	(51%);	
column	 chromatography:	 hexanes/EtOAc	 6:4;	Rf = 
0.58	 (EtOAc);	 m.p.	 =	 115	 °C;	 1H	 NMR	 (300	 MHz,	
CDCl3):	δ	1.10,	1.80	(2m,	4H,	2	× CH2CH2CH2),	2.58	(t,	
J =	2.3	Hz,	1H,	C≡CH),	2.92,	3.13,	3.26,	3.37	(4m,	8H,	
4 × CH2CH2N),	3.91	(s,	3H,	CO2CH3),	4.56	(A	part	of	
AB,	JAB	=	14.4	Hz,	2H,	ArCH2N),	4.69	(m,	2H,	OCH2), 

4.72	(B	part	of	AB,	JAB	=	14.4	Hz,	2H,	ArCH2N),	7.57-7.76,	8.04	(2m,	12H,	3	× oNBS), 
8.17	(s,	2H,	Ar-CH);	13C NMR (100 MHz, CDCl3):	δ	28.3,	28.7	(CH2CH2CH2),	40.7,	45.4,	
47.0,	47.2	(CH2CH2N),	47.9	(PhCH2),	52.4	(CO2CH3),	63.1	(OCH2),	77.2,	78.1	(C≡CH),	
124.1,	125.3,	128.3,	129.8,	130.8,	131.6,	131.7,	131.8,	132.3,	132.9,	133.2,	133.9,	
147.9,	148.2,	158.4	(Ar-C),	165.5	(CO2CH3);	HRMS	m/z calcd for C37H37N6O15S3 [M + 
H]+	901.1474,	found	901.1455;	Anal.	Calcd	for	C37H36N6O15S3·4H2O:	C	45.67,	H	4.56,	
N	8.64,	found:	C	45.96,	H	4.42,	N	8.69.
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Scale:	 1.5	mmol.	 The	 cyclization	 reaction	was	 slightly	
adjusted	from	the	general	procedure.	The	reaction	was	
performed	 in	acetonitrile	 (150	mL),	and	 it	was	stirred	
for	 1h	 at	 reflux	 temperature.	 After	 rapid	 cooling	 to	
room temperature using a waterbath, half of the 
acetonitrile was removed in	 vacuo	 after	 which	 an	

aqueous	KHSO4	solution	(40	mL)	was	added.	Dichloromethane	(200	mL)	was	added,	
and	the	layers	were	separated.	The	organic	layer	was	washed	with	brine,	dried	over	
Na2SO4 and concentrated in	vacuo.	Column	chromatography	(EtOAC/hexanes	1:1)	
afforded	TACO	scaffold	7h	as	an	off-white	solid	(435	mg,	41%	).	Rf	=	0.30	(hexanes/
EtOAc,	4:6,	v/v);	m.p.	=	228	°C	(decomp.);	1H NMR (400 MHz, CDCl3/CD3OD):	δ		0.73,	
1.04,	1.29,	1.74	(4m,	4H,	2	× CH2CH2CH2),	2.62,	2.64	(2t,	J =	2.3	Hz	(2×),	1H,	C≡CH),	
2.80-3.40	(m,	8H,	4	× CH2CH2N),	3.91,	3.93	(2s,	3H,	CO2CH3),	4.48-4.89	(m,	7H,	1½	× 
ArCH2N, OCH2-C≡CH,	 OCH2	 (Aloc)),	 5.20	 (m,	 2H,	 =CH2	 (Aloc)),	 5.27	 (m,	 1H,	 ½	 × 

ArCH2N),	5.86	(m,	1H,	=CH	(Aloc)),	7.69-8.24	(2m,	6H,	Ar-CH,	oNBS);	13C NMR (100 
MHz, CDCl3/CD3OD):	 δ	27.9,	 28.2,	 28.5,	 28.8,	 29.3,	 29.6,	 29.7	 (CH2CH2CH2),	 44.1,	
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44.7,	45.9,	46.1,	46.3,	46.7,	46.9,	47.3,	47.4,	47.6,	47.7	(CH2CH2N, PhCH2),	52.4,	52.5	
(CO2CH3),	63.4,	63.5,	66.6,	67.9	(ArOCH2, CH2C≡CH),	76.8,	78.2	(C≡CH),	112.2,	115.1,	
117.9,	120.8	(q,	J = 288 Hz, C(O)CF3),	112.3,	115.1,	118.0,	120.8	(q,	J = 288 Hz, C(O)
CF3),	 117.6,	 117.7,	 118.3	 (OCH2	 (Aloc)),	 124.3,	 125.2,	 128.3,	 128.5,	 129.7,	 130.0,	
130.9,	131.2,	131.4,	131.8,	132.2,	132.4	,	132.6,	132.7,	133.1,	133.6,	133.8,	148.2	
(Ar-C,	=CH	(Aloc)),	155.7,	155.8,	156.3,	156.6,	158.2,	158.3,	158.5	(Ar-C,	C=O	(Aloc,	
TFA)),	165.5,	165.6	(CO2CH3);	ESI-MS	m/z calcd for C31H33F3N4O10S	[M	+	H]+	710.19,	
found	710.85;	HRMS	m/z calcd for C31H34F3N4O10S	[M	+	H]+	711.1941,	found	711.1937.	
Anal.	Calcd	for	C31H33F3N4O10S·H2O:	C	51.10,	H	4.84,	N	7.69,	found:	C	50.78,	H	5.14,	
N	7.64.

TACO 7i

N N

OO

N
O

S
O

O
NO2

CF3

O

OO

Scale:	 8.4	 mmol,	 the	 reaction	 was	 performed	 more	
diluted (750 mL DMF) than stated in the general 
procedure;	 Yield:	 3.07	 g	 white	 foam	 (53%);	 column	
chromatography:	hexanes/EtOAc/CH2Cl2 gradient from 
6:5:79	 to	 5:6:79;	Rf	 =	 0.29	 (hexanes/EtOAc,	 4:6,	 v/v);	
m.p.	 =	 98	 °C;	 1H	NMR	 (500	MHz,	 DMSO-d6):	 δ	 0.83-

1.05,	1.25,	1.43-1.59	(3m,	4H,	2	× CH2CH2CH2),	2.80-3.44	(m,	8H,	4	× NCH2CH2),	3.77,	
3.81	(2s,	3H,	ArOCH3),	3.84,	3.86	(2s,	3H,	CO2CH3),	4.42	(m,	2H,	OCH2	(Aloc)),	4.43-
4.81,	5.10-5.19	(2m,	6H,	2	× PhCH2, =CH2	(Aloc)),	5.83	(m,	1H,	=CH	(Aloc)),	7.90-8.15	
(m,	6H,	Ar-CH,	oNBS).	13C	NMR	(75	MHz,	DMSO-d6):	δ	27.0,	27.7,	27.8,	28.5,	29.0	
(NCH2CH2CH2N),	44.1,	45.1,	45.7,	46.1,	46.5,	46.9,	47.4	(NCH2),	52.4(2×) (CO2CH3), 
63.7,	63.9	(ArOCH3),	65.1	(OCH2	(Aloc)),	110.8,	114.6,	118.4,	122.3	(q,	J = 288 Hz, 
CF3),	 116.7	 (=CH2	 (Aloc)),	 124.5,	 124.6,	 126.5,	 126.8,	 129.3,	 129.6,	 131.1,	 131.3,	
131.4,	 131.5,	 131.8,	 132.3,	 132.7,	 132.8,	 133.2,	 133.3,	 134.7,	 147.9	 (Ar-C,	 =CH	
(Aloc)),	154.7,	154.9	(C=O	(Aloc)),	155.2,	155.6,	156.1	(q,	J	=	35	Hz,	C(O)CF3),	156.0,	
156.4,	156.9,	157.3	(q,	J	=	35	Hz,	C(O)CF3),	160.9,	161.5	(Ar-C),	165.1	(2×)	(CO2Me);	
HRMS m/z calcd for C29H34F3N4O10S	[M	+	H]+	687.1942,	found	687.1923;	Anal.	Calcd	
for C29H33F3N4O10S:	C	50.73,	H	4.84,	N	8.16,	found:	C	51.20,	H	5.48,	N	7.77.
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A	solution	of	7a	(3.07	g,	4.5	mmol,	1.0	equiv)	in	Tesser’s	
base	(156	mL,	31	mmol,	6.9	equiv,	dioxane/methanol/4	
M	NaOH;	15/4/1;	v/v/v)	was	stirred	overnight	(16h)	at	
r.t.	The	reaction	mixture	changed	from	clear	yellow	to	
foggy	 yellow.	 The	 mixture	 was	 pH	 neutralized	 (using	
indicator	paper)	by	addition	of	an	aqueous	solution	of	

HCl	 (1.0	M,	25	mL,	5.6	equiv),	by	which	 the	mixture	warmed	up	a	 little	bit,	 and	
changed	back	to	a	clear	yellow	solution.	After	addition	of	CH3CN (75 mL) and water 
(75	mL),	the	pH	was	brought	to	approximately	8	using	DiPEA	(using	pH	electrode).	A	
solution	of	Fmoc-OSu	(1.65	g,	4.9	mmol,	1.1	equiv)	in	CH3CN (20 mL) was added, 
and DiPEA	was	added	dropwise	in	such	a	rate	to	keep	the	pH	around	8.	When	no	
more DiPEA	was	needed,	the	mixture	was	stirred	under	nitrogen	atmosphere	for	10	
extra	min.	If	the	pH	lowered	substantially	(below	7.5),	more	DiPEA	was	added.	The	
reaction	was	complete	when	no	more	DiPEA	was	needed	to	keep	the	pH	above	7.5	
during	10	min.	Addition	of	an	aqueous	solution	of	HCl	(1.0	M,	30	mL)	and	water	
(400	mL)	was	followed	by	extraction	with	EtOAc	(twice;	first	with	250	mL,	then	with	
150	mL).	The	combined	organic	layer	was	washed	with	brine,	dried	(Na2SO4), and 
concentrated	in	vacuo	affording	a	yellow	oil/foam.	Column	chromatography	(eluent:	
gradient	 from	 EtOAc/hexanes	 2:1,	 containing	 1%	 acetic	 acid),	 followed	 by	
coevaporation	with	toluene	for	removing	the	remaining	acetic	acid	afforded	TACO	
scaffold	8a	as	an	off-white	foam	(3.44	g,	96%).	m.p.	=	138	°C	(decomp.);	Rf	=	0.28	
(EtOAc);	1H	NMR	(400	MHz,	DMSO-d6):	δ	0.48,	0.62,	0.76,	0.91,	1.06,	1.39	(6m,	4H,	
2 × CH2CH2CH2),	2.27-3.13	(m,	8H,	4	× CH2CH2N),	3.60,	3.70	(2s,	3H,	OCH3),	4.26	(m,	
1H,	CH	(Fmoc)),	4.38	-	4.58	(m,	8H,	OCH2	(Aloc),	2	× PhCH2, CH2	(Fmoc)),	5.11	(m,	2H,	
=CH2	(Aloc)),	5.79	(m,	1H,	=CH	(Aloc)),	7.32-8.11	(m,	14H,	Ar-CH,	3	× oNBS);	13C NMR 
(75	MHz,	DMSO-d6):	δ	27.6,	27.8,	28.3,	28.5,	28.6	 (CH2CH2CH2),	45.2,	45.4,	46.0,	
46.3,	47.0	(CH2CH2N),	46.9	(CH	(Fmoc)),	51.5,	52.8	(PhCH2),	63.1,	63.4	(OCH3),	65.0,	
66.2,	66.5,	67.0	(OCH2	(Aloc),	CH2	(Fmoc)),	116.6	(=CH2	(Aloc)),	120.1,	124.5,	124.6,	
125.0,	125.3,	127.1,	127.5,	127.6,	128.2,	128.9,	129.6,	130.7,	131.1,	132.3,	132.5,	
132.6,	 132.7,	 133.4,	 134.7,	 137.4,	 140.9,	 144.0,	 147.9	 (Ar-C,	 =CH	 (Aloc)),	 154.7,	
154.8,	155.2,	155.8	(C=O	(Aloc,	Fmoc)),	160.8	(Ar-C),	166.5	(CO2H);	HRMS	m/z calcd 
for C41H43N4O11S	[M	+	H]+	799.2644,	found	799.2627;	Anal.	Calcd	for	C41H42N4O11S·½H2O: 
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C	60.96,	H	5.37,	N	6.94,	found:	C	61.05,	H	5.99,	N	6.47.
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Hydrolysis of the methyl ester was performed as 
described for the synthesis of 8a, using the ring 
closed product (7g,	1.0	g,	1.1	mmol,	1.0	equiv),	and	
Tesser’s	base	(40	mL,	8.0	mmol,	7.3	equiv,	dioxane/
methanol/4	M	NaOH;	15/4/1;	v/v/v).	TACO	scaffold	
8b	was	obtained	as	a	yellowish	foam	(929	mg,	95%).	
m.p.=	219	°C	(decomp.);	Rf	=	0.15	(EtOAc);	

1H NMR 
(400 MHz, DMSO-d6):	δ	1.00,	1.59	(2m,	4H,	2	× CH2CH2CH2),	2.85,	2.93,	3.20,	3.33	
(4m, 8H, 4 × NCH2CH2),	3.66	(bt,	1H,	C≡CH),	4.59	(A	part	of	AB,	JAB	=	14.6	Hz,	2H,	
ArCH2N),	4.67	(B	part	of	AB,	JAB	=	14.6	Hz,	2H,	ArCH2N),	4.78	(s,	2H,	OCH2),	7.78-7.95,	
8.04-8.14	(2m,	14H,	3	× oNBS,	Ar-CH);	13C NMR (100 MHz, DMSO-d6/CDCl3):	δ	28.2	
(CH2CH2CH2),	40.2,	45.1,	46.6,	46.8	(CH2CH2N, PhCH2),	63.3	(OCH2),	78.2	(C≡CH),	80.3	
(C≡CH),	124.3,	124.4,	124.6,	128.5,	129.3,	129.4,	129.6,	129.7,	130.7,	131.0,	131.5,	
131.7,	132.4,	132.5,132.6,	132.7,	134.1,	134.5,	134.6,	134.7,	147.4,	147.7,	147.8,	
158.0	(Ar-C),	166.2	(CO2H);	HRMS	m/z calcd for C36H35N6O15S3	[M	+	H]+ 887.13173,	
found:	887.1315;	Anal.	Calcd	for	C36H35N6O15S·H2O:	C	47.78,	H	4.01,	N	9.29,	found:	C	
47.90,	H	4.51,	N	9.31.

General procedure for Fmoc-removal
The	resin	(0.25	mmol,	1.0	equiv)	was	swollen	in	NMP	(10	mL	for	2	min).	After	draining	
the	solvent	the	resin	was	shaken	with	piperidine/NMP	(1:4,	v/v,	3	× 10 mL, each 10 
min)	and	washed	with	NMP	(3	×	10	mL,	each	2	min)	and	DCM	(3	× 10 mL, each 2 
min).	Positive	Kaiser	test	and	/	or	Bromophenol	Blue	test	indicated	Fmoc	removal.

Procedure for oNBS removal
Resin-bound	TACO	scaffold	9	(0.25	mmol,	1.0	equiv)	was	swollen	in	DMF	10	mL	for	
2	min).	After	draining	the	solvent,	DMF	(10	mL),	2-mercaptoethanol	(526	µL,	7.50	
mmol,	30	equiv,	10	equiv	per	oNBS-group)	and	DBU	(561	µL,	3.75	mmol,	15	equiv,	
5.0	equiv	per	oNBS-group)	were	added.	After	shaking	the	mixture	for	30	min,	the	
solution	was	replaced	by	an	identical	fresh	solution	and	shaken	again	for	30	min.	
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The	resin	was	washed	with	DMF	(3	×	10	mL,	each	2	min)	and	DCM	(3	× 10 mL, each 
2	min).	Positive	Bromophenol	Blue	test	indicated	oNBS	removal.

General procedure for amino acid coupling and TACO scaffold 8b
The	Fmoc	deprotected	resin	(0.25	mmol,	1.0	equiv)	was	swollen	 in	DMF	or	DCM	
(for 8b)	 (10	mL	 for	2	min).	After	draining	 the	solvent,	 the	resin	was	shaken	with	
an	Fmoc-protected	amino	acid	(Fmoc-Lys(Boc)-OH	or	Fmoc-Ser(tBu)-OH)	or	TACO	
scaffold	8b	(1.0	mmol,	4.0	equiv),	BOP	(442	mg,	1	mmol,	4.0	equiv)	and	DiPEA	(348	
µL,	2.0	mmol,	8.0	equiv)	in	DMF	or	DCM	(for	8b) (10 mL) for 60 min and washed 
with	NMP	(3	×	10	mL,	each	2	min)	and	DCM	(3	×	10	mL,	each	2	min).	Negative	Kaiser	
test	and	/	or	Bromophenol	Blue	test	 indicated	a	complete	coupling	of	the	Fmoc-
amino	acid	or	TACO	scaffold	8b.

Procedure for capping of the resin
The	resin	 (0.25	mmol,	1.0	equiv)	was	swollen	 in	NMP	(10	mL	for	2	min)	and	the	
solvent	was	drained.	Capping	solution	(10	mL)	was	added	and	the	resin	was	shaken	
for	30	min.	The	resin	was	washed	with	NMP	(3	×	10	mL,	each	2	min)	and	DCM	(3	× 
10	mL,	each	2	min).	Negative	Kaiser	test	and	/	or	Bromophenol	Blue	test	indicated	
a	complete	capping.

TACO 11
The	obtained	anchored	alkyne-TACO	scaffold,	containing	three	dipeptides	(10,	0.25	
mmol,	1.0	equiv),	was	deprotected	and	cleaved	from	the	solid	support	by	treatment	
with	 TFA/H2O/TIS	 (90:2.5:2.5,	 v/v/v/,	 10	mL)	 for	 2	 h.	 The	 reaction	mixture	 was	
filtered	and	washed	twice	with	TFA	 (5	mL).	The	filtrates	were	combined	and	the	
volume	was	reduced	to	2	mL	by	evaporation.	The	mixture	was	then	added	dropwise	
to	a	solution	of	MTBE/hexanes	(1:1,	v/v).	After	centrifugation	(3500	rpm,	5	min)	the	
supernatant	was	decanted	and	the	pellet	was	resuspended	in	MTBE/hexanes	(1:1,	
v/v)	and	centrifuged	again.	Next,	the	pellet	was	washed	twice	with	MTBE/hexanes	
(1:1,	v/v),	each	time	collected	by	centrifugation,	dissolved	in	tBuOH/H2O	(1:1,	v/v)	
and	lyophilized	to	afford	327	mg	of	crude	product	11.	Finally,	crude	TACO	11 was 
dissolved in H2O/TFA	 (100:0.1,	 v/v)	 and	purified	by	preparative	HPLC	 (column	A,	
method	A,	using	H2O/TFA	(100:0.1,	v/v)	as	buffer	A).	Fractions	corresponding	to	11 
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were	pooled	and	lyophilized	to	yield	the	TFA	salt	of	TACO	scaffold	11 as a white solid 
(156	mg,	43%	overall	yield,	3	TFA	molecules	were	added	to	the	molecular	weight	
of	the	scaffold).	tR	=	15.2	min	(column	A,	using	H2O/TFA	(100:0.1,	v/v)	as	buffer	A);	
HRMS m/z calcd for C51H84N13O14	[M	+	H]+	1102.6255,	found	1102.6215.

TACO 13
In	a	microwave	vessel	alkyne-TACO	scaffold	11	(14.4	mg,	10	µmol,	1.0	equiv,	3	TFA	
molecules	were	 added	 to	 the	molecular	weight),	 azido-peptide	12	 (3.18	mg,	 10	
µmol,	1.0	equiv),	CuSO4.5H2O	(0.75	mg,	3.0	µmol,	0.30	equiv),	sodium	ascorbate	
(1.78	mg,	9.0	µmol,	 0.90	equiv)	 and	TBTA	 (0.78	mg,	1.5	µmol,	 0.15	equiv)	were	
dissolved	in	DMF/H2O	(2.0	mL,	3:2,	v/v).	The	microwave	vessel	was	sealed	and	the	
resulting	mixture	was	allowed	to	react	 in	the	microwave	at	80°C	for	25	min.	The	
resulting	mixture	was	directly	purified	using	preparative	HPLC	(column	B,	method	
B)	and	fractions	corresponding	to	the	product	were	pooled	and	lyophilized	to	yield	
TACO	13	as	a	fluffy	white	solid	(11.7	mg,	66%,	3	TFA	molecules	were	added	to	the	
molecular	weight).	tR	=	14.0	min	(column	B);	HRMS	m/z calcd for C67H106N17O17 [M + 
H]+	1420.7947,	found	1420.7902.
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4.1 Introduction

One	of	 the	most	 important	 things	 in	 the	development	of	 discontinuous	 epitope	
mimics	 is	 a	 general	 and	 efficient	 synthesis	 of	 cyclic	 peptides	 representing	 the	
epitopes.	In	addition,	since	protected	peptides	often	give	solubility	problems,	these	
cyclic	 peptides	 need	 to	 be	 outfitted	 with	 an	 orthogonal	 ligation	 handle.	 In	 this	
way,	unprotected	cyclic	peptides	can	be	attached	to	a	molecular	template.	A	well-
known	orthogonal	 ligation	reaction	used	 in	peptide	chemistry	 is	Native	Chemical	
Ligation	 (NCL),	 which	 is	 a	 chemoselective	 reaction	 between	 two	 unprotected	
peptides,	one	containing	an	N-terminal	cysteine	residue	and	the	other	containing	
a	 C-terminal	 peptide	 thioester.	 Native	 chemical	 ligation	 starts	 with	 a	 reversible	
transthioesterification	reaction	between	a	C-terminal	thioester	and	the	sulfhydryl	
group of the N-terminal cysteine residue, followed by a rapid and irreversible 
reaction	comprising	a	S- to N-acyl	shift	to	yield	a	native	peptide	bond	(Scheme	1).1-3

NH2

SH

O

S

O
R

S

O

NH2

O

transthioesterification

S- to N- acyl shift

H
N

O

OHS

Scheme 1 Mechanism	of	the	native	chemical	ligation	reaction.1-3

While	C-terminal	peptide	thioesters	traditionally	have	been	accessed	by	Boc-based	
solid	phase	peptide	synthesis	(SPPS),4-8 their synthesis with Fmoc-based methods 
is	 difficult	 due	 to	 the	 reactivity	 of	 the	 thioesters	 to	 piperidine	 during	 the	 Fmoc	
deprotection	step.	To	circumvent	this	problem,	safety-catch	linkers	were	developed	
for	 the	 Fmoc-based	 SPPS	 of	 peptide	 thioesters.9-11	 An	 excellent	 example	 of	 such	
a	 linker	 is	 the	N-acyl	 sulfonamide	 linker,	developed	by	Kenner et al.12	 This	 linker	
is	 completely	 stable	 toward	 basic	 or	 strongly	 nucleophilic	 conditions	 and	 thus	
compatible	with	Fmoc-based	SPPS.	Only	after	N-alkylation	of	the	N-acyl sulfonamide 
does	the	linker	becomes	sensitive	to	mild	nucleophilic	cleavage,	for	example	by	a	
thiol	to	yield	a	C-terminal	peptide	thioester.
The	 original	 synthesis	 of	 the	 Kenner	 linker	 resulted	 in	 poor	 loading	 efficiencies	
and	 racemization	 in	 the	 loading	 step.	Backes	and	Ellman	addressed	 these	 issues	
by	using	a	more	nucleophilic	aliphatic	N-acyl	sulfonamide	 linker	and	by	 lowering	
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the	temperature	during	the	loading	step	to	minimize	the	amount	of	racemization.13 
Although	these	modifications	meant	a	large	improvement	compared	to	the	original	
protocol,	 the	 loading	 yield	 and	 epimerization	 of	 the	 first	 amino	 acid	 was	 still	 a	
major	concern.	To	address	these	issues	we	have	previously	developed	a	method	in	
which	the	“sulfo-click”	reaction	was	used	to	obtain	a	N-acyl	sulfonamide	linker.	The	
sulfo-click	reaction	is	a	fast,	high	yielding	and	chemoselective	reaction	between	a	
sulfonyl azide and a thioacid, which yields an N-acyl	sulfonamide	(Scheme	2).14-17 
For	preparation	of	the	resin	bound	linker,	a	resin-bound	sulfonyl	azide,	was	allowed	
to react with an N-terminal protected amino thioacid to form an N-acyl sulfonamide 
linker	with	high	 loading	efficiencies	and	without	epimerization	of	 the	first	amino	
acid.18

R1 SH

O

R2S
N3

OO
R2S

N
H

OO
R1

O

Scheme 2 Reaction	between	a	sulfonyl	azide	and	a	thioacid14,15	denoted	as	the	“sulfo-click”	reaction16,17.

To	our	knowledge,	synthesis	of	C-terminal	peptide	thioesters	has	not	been	applied	
to	more	 complex	 systems	 such	as	 cyclic	peptides,	 containing	a	 thioester	handle.	
Cyclization	of	peptides	is	believed	to	lead	to	increased	potency,	metabolic	stability,	
bioavailability	 and	 receptor	 selectivity.19-22 Moreover, the inclusion of a thioester 
functionality	 allows	 for	 example	 the	 facile	 introduction	 of	 an	 additional	 peptide	
sequence	(vide	infra),	a	label,	chelating	moiety	or,	most	importantly	for	the	research	
in	this	thesis,	the	connection	to	a	molecular	scaffold.

4.2 Results & discussion

In	this	chapter	we	describe	a	general	method	for	the	SPPS	of	cyclic	peptides	containing	
thioester	handle.	This	approach	provides	access	 to	cyclic	peptides,	which	can	be	
coupled to N-terminal cysteine containing molecular constructs via	native	chemical	
ligation.	To	illustrate	the	general	applicability	of	this	method,	three	different	cyclic	
peptide	 sequences	 were	 synthesized	 corresponding	 to	 the	 loops	 present	 in	 the	
HIV-gp120	interacting	with	CD4	as	was	found	in	the	X-ray	structure	of	the	gp120-
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CD4	complex.	Based	on	this	structure	the	365SGGDPEIVT373, 424INMWQEVGKA433 and 
454LTRDGGN460	peptide	sequences	were	selected	 for	preparation	of	cyclic	peptide	
thioesters.23-25	By	attachment	to	the	CD4	receptor,	HIV-gp120	plays	a	crucial	role	in	
the	first	steps	of	HIV-infection.	Preventing	attachment	of	gp120	to	cells	and/or	using	
gp120	as	a	starting	point	to	develop	a	vaccine	may	represent	alternative	approaches	
to	avoid	further	spread	of	HIV.
Crucial	for	a	successful	solid	phase	approach	for	obtaining	cyclic	peptide	thioesters	is	
a	linker,	which	is	high	yielding,	stable	during	SPPS	conditions,	gives	no	racemization	
and	liberates	C-terminal	thioester	after	a	mild	cleavage.	Although	the	Backes	and	
Ellman	protocol	 largely	meets	 these	 requirements,	we	 found	 that	 the	 sulfo-click	
approach,	was	especially	useful	for	obtaining	good	loading	yields.18 
The Cbz-protected sulfonyl azide (1)	 required	 for	 the	 linker	 was	 convienently	
synthesized	 on	 a	 large	 scale	 starting	 from	 taurine.26,27	 Next,	 the	 Cbz	 group	 was	
cleaved	 by	 using	 hydrogen	 bromide	 in	 acetic	 acid,	 followed	 by	 a	 reaction	 with	
succinic anhydride to yield sulfonyl azide 3.	Attachment	of	3 to an amino methyl 
resin,	using	a	BOP	coupling,	gave	sulfo-click	linker	containing	resin	4	(Scheme	3).
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Scheme 3	Synthesis	of	the	sulfo-click	linker.

Next,	 a	 sulfo-click	 reaction	 was	 performed	 between	 resin-bound	 sulfonyl	 azide	
4	 and	a	 spacer	 amino	 thioacid,	 Fmoc-β-Ala-SH	 (8), to obtain N-acyl sulfonamide 
resin 9.	Fmoc-β-Ala-SH	(8)	was	obtained	in	a	one-pot	synthesis,	starting	from	the	
corresponding amino acid (5) via	a	mixed	anhydride	(7), followed by a treatment 
with	 hydrogen	 sulfide	 (Scheme	 4).28 In general, thioacids are instable due to to 
dimerization	and	hydrolysis.	Thus,	it	was	decided	to	use	the	relatively	pure	crude	
Fmoc-β-Ala-SH	directly	 in	the	chemo-selective	sulfo-click	reaction.	The	loading	of	
this	resin	was	obtained	by	an	Fmoc	determination	and	was	0.19	mmol.g-1,	indicative	
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of	a	yield	of	94%	per	reaction	step	in	this	three-step	sequence.
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Scheme 4	Preparation	of	the	amino	thioacid	Fmoc-β-Ala-SH	(8) and resin-bound N-acyl sulfonamide 9.

For	the	preparation	of	the	cyclic	peptides	we	decided	to	use	the	earlier	applied	on-
resin	tail-to-side	chain	cyclization	method.23 In this approach a glutamic acid residue 
containing	a	(2-phenyl-2-trimethylsilyl)ethyl	(PTMSE)	protecting	group	was	used	as	
a	 cyclization	hinge. The PTMSE group is orthogonal to the acid-labile amino acid 
side-chain	protecting	groups.23,29,30
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Scheme 5	General	SPPS	procedure	for	the	preparation	of	cyclic	peptides	containing	a	thioester	handle.

Thus,	after	introduction	of	the	Glu(OPTMSE)	residue	on	N-acyl sulfonamide resin 9, 
the	peptide	sequence	corresponding	to	each	of	the	loops	was	assembled	by	SPPS.	
Selective	cleavage	of	the	PTMSE	group	by	TBAF	in	DCM	was	followed	by	N-terminus-
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to-side	chain	cyclization	of	the	resin-bound	peptide	(11a-c)	using	BOP	and	HOBt.	
The N-acyl	 sulfonamide	 linker	 (12a-c)	 was	 then	 alkylated	 by	 treatment	 with	
trimethylsilyldiazomethane,	 followed	by	 cleavage	of	 the	protected	 cyclic	peptide	
thioester (13a-c)	 from	 the	 resin	 using	 a	mixture	 of	 ethyl-3-mercaptopropionate,	
DiPEA	 and	 sodium	 thiophenolate	 in	 DMF.	 Finally,	 the	 acid-labile	 side-chain	
protecting	groups	of	peptide	(13a-c)	were	removed	without	affecting	the	thioester	
and	the	resulting	free	cyclic	peptide	thioesters	14a-c	were	purified	by	preparative	
HPLC	(Scheme	5).
It was found that it was necessary to repeat the thiolysis step at least twice to 
obtain	an	optimal	yield	of	the	cyclic	peptide	thioester.	This	rather	difficult	thiolysis	
might	be	attributed	to	the	large	sterical	hindrance	imposed	by	the	tertiary	amide	
to	be	cleaved	by	the	thiolate	nucleophile.	Nevertheless,	in	this	way	cyclic	peptide	
thioesters	 having	 amino	 acid	 sequences	 SGGDPEIVT	 (14a),	 INMWQEVGKA	 (14b) 
and	 LTRDGGN	 (14c)	 were	 obtained	 in	 overall	 yields	 of	 6.7%,	 5.6%	 and	 7.0%,	
respectively.	This	corresponded	to	a	good	average	yield	per	step	of	90%,	89%	and	
87%,	respectively	(Figure	1).
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Figure 1	 Structures	 of	 the	 SGGDPEIVT	 (14a),	 INMWQEVGKA	 (14b)	 and	 LTRDGGN	 (14c)	 peptide	
thioester	loops.
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To	illustrate	the	ability	of	these	cyclic	peptide	thioesters	to	act	as	a	substrate,	NCL	
was	carried	out	with	cyclic	peptide	thioester	14c and N-terminal cysteine containing 
antimicrobial	 HHC-10	 peptide	 (H-CKRWWKWIRW-NH2, 15).31	 Ligation,	 performed	
under	 conditions	 comprising	1	mM	peptide	concentration	 in	 ligation	buffer	 (200	
mM	 sodium	 phosphate,	 200	 mM	 4-mercaptophenylacetic	 acid	 (MPAA),	 40	 mM	
tris(2-carboxyethyl)-phosphine	hydrochloride	(TCEP),	and	pH	7.4),	did	not	furnish	
the	expected	product.	It	was	found	that	peptide	15	did	not	dissolve	sufficiently	in	
the	ligation	buffer	and	that	addition	of	ca	20%	DMF	to	the	ligation	buffer	resulted	in	
a	clear	reaction	mixture	and	a	complete	conversion	to	ligation	product	16	within	3	
hours.	After	preparative	HPLC,	16	was	obtained	in	an	excellent	yield	of	92%	(Scheme	
5).

R WIK R W W K W NH2S

O

N
H

OH
N

O

ON
H

O

O

LTRDGGN loop

sodium phosphate
MPAA

20% DMF in water
TCEP, pH 7.4

3h
92%

O

N
H

OH
N

O

ON
H

LTRDGGN loop

N
H

H2N
O

R WIK R W W K W NH2
O

SH

SH

14c 15

16

Scheme 6	NCL	between	LTRDGGN	loop	14c	and	H-CKRWWKWIRW-NH2	peptide	15.

Prior	 to	 purification	 of	 the	 ligated	 peptide	 (16),	 the	 reaction	 mixture	 was	 first	
treated	with	an	aqueous	TFA	solution,	followed	by	an	extraction	with	ether	in	order	
to	completely	remove	MPAA,	leading	to	a	relatively	clean	crude	product	(Figure	2).32



Chapter 4

90 | 

Figure 2	NCL	between	LTRDGGN	loop	14c	and	N-terminal	cysteine	containing	antimicrobial	HHC-10	
peptide	15.	Analytical	HPLC	profile	(λ	=	214	nm)	of	the	crude	reaction	mixture	after	three	hours.	

4.3 Conclusions

In	 conclusion,	 we	 have	 described	 a	 general	 and	 efficient	 method	 for	 the	 SPPS	
of	 cyclic	peptides	containing	a	 thioester	handle	 featuring	 the	use	of	a	 sulfo-click	
linker.18	By	this	method,	three	different	HIV-gp120	peptide	loops	present	in	the	HIV-
gp120-CD4	complex,	were	 successfully	 synthesized.	The	 successful	 application	 in	
native	chemical	ligation	was	illustrated	by	a	high	yielding	ligation	of	cyclic	peptide	
thioester 14c	and	N-terminal	cysteine	containing	antimicrobial	HHC-10	peptide	15.
By	using	this	approach,	in	principle	cyclic	peptides	can	be	attached	to	a	N-terminal	
cysteine	 containing	 molecular	 scaffold.	 And	 so,	 the	 research	 described	 in	 this	
chapter	provides	a	starting	point	for	synthesis	of	multicyclic	scaffolded	peptides.
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4.4 Experimental section

General
All	reagents	were	used	without	further	purification.	Peptide	grade	DiPEA	and	TFA	
were	 purchased	 from	Biosolve	B.V.	 (Valkenswaard,	 The	Netherlands)	 and	CH2Cl2, 
NMP	and	HPLC	grade	solvents	were	purchased	form	Actu-All	(Oss,	The	Netherlands).	
Fmoc-protected	 amino	 acids	 were	 purchased	 from	 GL	 Biochem	 Ltd.	 (Shanghai,	
China).	Used	side	chain	protected	amino	acids	were	as	follows:	Fmoc-Ser(tBu)-OH,	
Fmoc-Asp(OtBu)-OH,	 Fmoc-Glu(OtBu)-OH,	 Fmoc-Thr(tBu)-OH,	 Fmoc-Asn(Trt)-OH,	
Fmoc-Trp(Boc)-OH,	 Fmoc-Gln(Trt)-OH,	 Fmoc-Lys(Boc)-OH,	 Fmoc-Arg(Pbf)-OH.	 To	
prevent	aspartimide	formation	in	the	sequence	of	 loop	14c (457Asp-Gly458), Fmoc-
(Dmb)Gly-OH	 was	 used	 instead	 of	 Fmoc-Gly-OH.	 TentaGel	 S	 NH2	 resin	 (particle	
size	130	μm,	capacity	0.25	mmol.g-1)	was	purchased	 from	Rapp	Polymere	GmbH	
(Tübingen,	 Germany).	 Solid	 phase	 peptide	 synthesis	was	 carried	 out	 in	 a	 plastic	
syringe	with	a	polyethylene	 frit	obtained	 from	Screening	Devices	B.V.	 Loading	of	
a	 resin	 sample	was	assessed	by	Fmoc-spectrophotometric	quantification33 of the 
absorbance	 of	 the	 dibenzofulvene-piperidine	 adduct	 at	 300	 nm	 in	 Perkin	 Elmer	
Lambda	2	UV/VIS	spectrometer.	Kaiser34 and Bromophenol Blue tests35,36 were used 
for	detection	on	the	solid	phase	of	primary	and	secondary	amines,	respectively.	The	
capping	solution	used	was	a	mixture	of	0.5	mol.L-1	acetic	anhydride,	0.125	mol.L-1 
DiPEA,	0.015	mol.L-1	HOBt	in	NMP.	Lyophilizations	were	performed	on	a	Christ	Alpha	
1-2	apparatus.	Reactions	were	carried	out	at	ambient	 temperature	unless	stated	
otherwise.	Solvents	were	evaporated	under	reduced	pressure	at	40	°C.	Reactions	in	
solution	were	monitored	by	TLC	analysis	and	Rf-values	were	determined	on	Merck	
pre-coated	silica	gel	60	F-254	(0.25	mm)	plates.	Spots	were	visualized	by	heating	
plates	 after	 dipping	 in	 a	 ninhydrine	 solution	 or	 after	 a	 Cl2/TDM

37	 treatment.	 1H 
NMR	data	was	acquired	on	a	Varian	Mercury	300	MHz	spectrometer	in	DMSO-d6 as 
solvent.	Chemical	shifts	(δ)	are	reported	in	parts	per	million	(ppm)	relative	to	TMS	
(0.00	ppm).	Coupling	constants	(J)	are	reported	in	Hertz	(Hz).	Splitting	patterns	are	
designated	as	singlet	 (s),	 triplet	 (t),	quartet	(q),	and	broad	(b).	13C NMR data was 
acquired	on	a	Varian	Mercury	300	MHz	 spectrometer	at	75	MHz	 in	DMSO-d6 as 
solvent.	Chemical	shifts	(δ)	are	reported	in	ppm	relative	to	the	solvent	residual	signal,	
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DMSO-d6	(39.52	ppm).	2-D	NMR	data	(HSQC,	HMBC	and	TOCSY)	were	acquired	on	a	
Varian	Innova	500	MHz	spectrometer.	1H NMR and 13C	NMR	spectra	of	cyclic	peptide	
thioesters 14a-c	were	recorded	on	a	Varian	Innova	500	MHz	spectrometer	in	H2O/
D2O	(9:1,	v/v)	using	

1H-13C	HSQC,	NOESY	and	TOCSY	sequences	at	283.15	K.	Chemical	
shifts	(δ)	are	reported	in	ppm	relative	to	1,4-dioxane	(1H	NMR:	3.75	ppm,	13C NMR: 
67.19).	 Analytical	 HPLC	was	 accomplished	 on	 a	 Shimadzu-10Avp	 (Class	 VP)	with	
a	UV-detector	operating	at	214	and	254	nm	by	using	a	Phenomenex	Gemini	C18	
column	(110	Å,	5	μm,	250×4.60	mm)	at	a	flow	rate	of	1	mL.min-1 using a standard 
protocol:	100%	buffer	A	for	1	min,	followed	by	a	linear	gradient	of	buffer	B	(0-100%	
in	30	min,	method	A)	or	100%	buffer	A	for	2	min,	next	a	linear	gradient	of	buffer	
B	(0-100%	in	48	min,	method	B).	The	mobile	phase	was	H2O/CH3CN/TFA	(95:5:0.1,	
v/v/v,	buffer	A)	and	H2O/CH3CN/TFA	(5:95:0.1,	v/v/v,	buffer	B).	Purification	of	the	
peptides	was	performed	on	a	Prep	LCMS-QP8000α	HPLC	system	(Shimadzu)	using	
a	Phenomenex	Gemini	C18	column	(110	Å,	10	μm,	250×20	mm)	at	a	flow	rate	of	
12.5	mL.min-1	 using	 a	 standard	protocol:	 100%	buffer	A	 for	 5	min	 followed	by	 a	
linear	gradient	of	buffer	B	(0-100%	in	100	min)	using	the	same	buffers	as	described	
for	 analytical	HPLC.	Analytical	 LC-MS	 (electrospray	 ionization)	was	preformed	on	
Thermo-Finnigan	LCQ	Deca	XP	Max	using	same	buffers	and	protocols	as	described	
for	 analytical	 HPLC.	 Routine	 electrospray	 ionization	mass	 spectrometry	 (ESI-MS)	
was	performed	on	a	Shimadzu	LCMS-QP8000	single	quadrupole	bench-top	mass	
spectrometer	operating	 in	 a	positive	 ionization	mode	or	 a	 Thermo-Finnigan	 LCQ	
Deca	XP	Max	 ion	trap	mass	spectrometer.	MALDI-TOF-MS	spectra	were	recorded	
on	a	Kratos	Analytical	(Shimadzu)	AXIMA	CFR	mass	spectrometer	using	sinapic	acid	
or	α-cyano-4-hydroxycinnamic	acid	(CHCA)	as	a	matrix	and	synthetic	peptide	P14R 
(monoisotopic	[M	+	H]+	1,533.8582)	as	a	reference.	High-resolution	mass	spectrum	
was	measured	on	 a	Bruker	micrOTOF-Q	 II	 in	 negative	mode	 and	 calibrated	with	
ESI	tuning	mix	from	Agilent	Technologies.	The	pH	was	measured	using	a	PHM210	
standard	pH	meter	from	Radiometer	Analytical	equipped	with	a	micro	combined	pH	
electrode	pHC3359-8	from	Radiometer	Analytical.	The	melting	point	was	measured	
on	 a	 Büchi	 Schmelzpunktbestimmungsapparat	 according	 to	 Dr.	 Tottoli	 and	 was	
uncorrected.
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General procedure for Fmoc-removal
The	resin	(1.0	equiv)	was	swollen	in	NMP	(20	mL.mmol-1	for	2	min).	After	draining	
the	solvent,	the	resin	was	shaken	with	piperidine/NMP	(1:4,	v/v,	3	×	40	mL.mmol-1, 
each	10	min)	and	washed	with	NMP	(3	×	20	mL.mmol-1,	each	2	min)	and	DCM	(3	
×	20	mL.mmol-1,	each	2	min).	Positive	Kaiser	test	and	/	or	Bromophenol	Blue	test	
indicated	Fmoc	removal.

General procedure for amino acid coupling
The	Fmoc	deprotected	resin	(1.0	equiv)	was	swollen	in	NMP	(20	mL.mmol-1 for 2 
min).	After	draining	the	solvent,	the	resin	was	shaken	with	an	Fmoc-amino	acid	(4.0	
equiv),	BOP	(4.0	equiv)	and	DiPEA	(8.0	equiv)	 in	NMP	(40	mL.mmol-1) for 90 min 
and	washed	with	NMP	(3	×	20	mL.mmol-1,	each	2	min)	and	DCM	(3	×	20	mL.mmol-1, 
each	2	min).	Fmoc-Glu(OPTMSE)-OH	was	coupled	overnight	using	2.0	equivalents	
of	amino	acid,	2.0	equivalents	of	BOP	and	4.0	equivalents	of	DiPEA	with	DCM	as	the	
solvent.	Fmoc-Asp(OtBu)-OH	was	‘double	coupled’	on	DMB-Gly	(loop	14c), following 
the	normal	coupling	procedure.	Negative	Kaiser	 test	and	/	or	Bromophenol	Blue	
test	indicated	a	complete	coupling	of	the	Fmoc-amino	acid.

General procedure for capping of the resin
The	resin	(1.0	equiv)	was	swollen	in	NMP	(20	mL.mmol-1 for 2 min) and the solvent 
was	drained.	Capping	solution	(20	mL.mmol-1)	was	added	and	the	resin	was	shaken	
for	30	min.	The	resin	was	washed	with	NMP	(3	×	20	mL.mmol-1, each 2 min) and 
DCM	(3	×	20	mL.mmol-1,	each	2	min).

General procedure for PTMSE-removal 
The	resin	(1.0	equiv)	was	swollen	in	DCM	(20	mL.mmol-1	for	2	min).	After	draining	
the	 solvent,	 the	 resin	was	 shaken	 twice	with	 TBAF·3H2O	 (4.0	 equiv)	 in	DCM	 (40	
mL.mmol-1)	for	15	min.	The	resin	was	washed	with	DCM	(4	×	20	mL.mmol-1, each 2 
min).11

General procedure for Solid-phase cyclization
The	resin	(1.0	equiv)	was	swollen	in	DMF	(20	mL.mmol-1 for 2 min) and the solvent 
was	drained.	BOP	(4.0	equiv),	HOBt	(4.0	equiv)	and	DMF	(40	mL.mmol-1) were added 
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and	the	mixture	was	shaken	until	complete	dissolution,	then	DiPEA	(8.0	equiv)	was	
added	and	the	reaction	was	shaken	overnight.	The	resin	was	washed	with	DMF	(3	
×	20	mL.mmol-1,	each	2	min)	and	DCM	(3	×	20	mL.mmol-1,	each	2	min).	Negative	
Kaiser	test	and	Bromophenol	Blue	test	indicated	successful	cyclization.

General procedure for the alkylation of the resin with TMS-CHN2 
The	resin	(1.0	equiv)	was	swollen	in	THF	(20	mL.mmol-1	for	2	min).	After	draining	
the	solvent,	the	resin	was	shaken	overnight	with	TMS-CHN2	(50	equiv,	2	M	solution	
in	diethyl	ether)	in	THF	(20	mL.mmol-1),	then	washed	with	THF	(3	×	20	mL.mmol-1, 
each	2	min)	and	DCM	(3	×	20	mL.mmol-1,	each	2	min).	

General procedure for the cleavage from the resin 
The	resin	(1.0	equiv)	was	swollen	in	DMF	(20	mL.mmol-1	for	2	min).	After	draining	
the	 solvent,	 the	 resin	 was	 shaken	 overnight	 with	 ethyl	 3-mercaptopropionate	
(50	 equiv),	 DiPEA	 (10	 equiv)	 and	 sodium	 thiophenolate	 (0.5	 equiv)	 in	 DMF	 (20	
mL.mmol-1).	Finally,	the	resin	was	washed	with	DMF	(4	×	20	mL.mmol-1, each 2 min) 
and	the	filtrates	were	combined	and	evaporated	in	vacuo.

General procedure for the side-chain deprotection of a peptide thioester
The	crude	protected	peptide	 thioester	 (1.0	equiv)	was	 treated	with	TFA/H2O/TIS	
(95:2.5:2.5,	v/v/v)	(20	mL.mmol-1)	for	2	h.	Next,	the	mixture	was	reduced	to	2	mL	by	
evaporation	and	was	added	dropwise	to	a	cold	(4	°C)	solution	of	MTBE/hexanes	(1:1,	
v/v).	After	centrifugation	(3500	rpm,	5	min)	the	supernatant	was	decanted	and	the	
pellet	was	resuspended	in	MTBE/hexanes	(1:1,	v/v)	and	centrifuged	again.	Finally,	
the	pellet	was	washed	twice	with	MTBE/hexanes	(1:1,	v/v),	each	time	collected	by	
centrifugation,	dissolved	in	tBuOH/H2O	(1:1,	v/v)	followed	by	lyophilization.

Synthesis of sulfonyl azide 3

N
H

SN3

OO O
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O

HBr	 (33	wt.	%	 in	AcOH,	105	mL,	600	mmol,	 8.6	equiv)	was	
added	dropwise	to	a	solution	of	Cbz-protected	taurylsulfonyl	
azide 126,27	(19.9	g,	70	mmol,	1.0	equiv)	in	DCM	(350	mL)	at	0	

°C.	 After	 stirring	 for	 3	 hours	 at	 room	 temperature	 the	 reaction	 mixture	 was	
evaporated in	vacuo	to	dryness	and	co-evaporated	with	toluene.	The	residue	was	
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dissolved in H2O	 and	 washed	 three	 times	 with	 DCM.	 The	 aqueous	 layer	 was	
evaporated in	vacuo	and	co-evaporated	three	times	with	 toluene,	yielding	crude	
hydrobromide salt 2, which was dried over P2O5	overnight.	Next,	succinic	anhydride	
(7.0	g,	70	mmol,	1.0	equiv)	and	Et3N	(11.1	mL,	154	mmol,	2.2	equiv)	were	added	to	
a	solution	of	the	crude	hydrobromide	2 in	DCM	(350	mL)	at	room	temperature	and	
the	mixture	was	 stirred	overnight.	The	 reaction	mixture	was	acidified	using	HCl/
Et2O	 (100	mL),	 followed	by	 the	 evaporation	of	 the	 solvents	 in	 vacuo.	 The	 crude	
product	was	dissolved	by	heating	in	EtOAc	and	washed	with	1N	HCl.	The	water	layer	
was	washed	twice	with	EtOAc,	after	which	the	organic	layers	were	combined,	dried	
over Na2SO4 and evaporated in	vacuo.	The	crude	sulfonyl	azide	3 was re-crystallized 
from	EtOAc-hexanes,	giving	sulfonyl	azide	3	as	a	colorless	crystalline	solid	(12.30	g,	
70%	over	2	steps).	Rf =	0.41	(DCM/MeOH/AcOH,	90:10:0.1,	v/v/v);	mp	=	127-129	°C;	
HPLC (see below): tR	=	11.6	min	(method	B);	HRMS	m/z calcd for C6H9N4O5S	[M	-	H]- 
249.0299,	found	249.0307;	1H	NMR	(300	MHz,	DMSO-d6):	δ	2.33	(t,	J	=	6.6	Hz,	2H,	
CH2CH2COOH),	 2.42	 (t,	 J	 =	 6.7	 Hz,	 2H,	 CH2CH2COOH),	 3.50	 (q,	 J	 =	 6.0	 Hz,	 2H,	
N3SO2CH2CH2),	3.83	(t,	J	=	6.3	Hz,	2H,	N3SO2CH2CH2),	8.22	(bs,	1H,	NHCO),	12.08	(bs,	
1H,	COOH);	13C NMR (75 MHz, DMSO-d6):	δ	28.9	(CH2CH2COOH),	29.9	(CH2CH2COOH), 
33.5	(N3SO2CH2CH2),	54.1	(N3SO2CH2CH2),	171.6	(NHCO),	173.8	(COOH).	Moreover,	
HSQC,	HMBC	and	TOCSY	were	in	accord	to	the	proposed	structure.

General procedure for the synthesis of resin-bound sulfonylazide 4 
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Amino	methyl	resin	(0.25	mmol.g-1, 1.0	equiv)	was	swollen	
in	NMP	 (20	mL.mmol-1 for 10 min) and the solvent was 
drained.	Subsequently,	the	resin	was	washed	with	HOAc/

NMP	(1:1,	v/v,	2	×	40	mL.mmol-1,	each	10	min),	NMP	(3	x	40	mL.mmol-1, each 2 min), 
DiPEA/NMP	(1:4,	v/v,	2	×	40	mL.mmol-1,	each	10	min),	NMP	(3	×	40	mL.mmol-1, each 
2	min),	DCM	(3	×	40	mL.mmol-1,	each	2	min).18	A	solution	of	compound	3	(2	equiv),	
BOP	(2	equiv),	DiPEA	(4	equiv)	in	DCM	(40	mL.mmol-1)	was	stirred	for	5	min.	Next,	
the	solution	was	added	to	the	resin	and	the	resin	was	shaken	overnight.	The	resin	
was washed with DCM (4 × 20	mL.mmol-1, each 2 min), dried in	vacuo and stored for 
further	 use.	 Negative	 Kaiser	 and	 Bromophenol	 Blue	 tests	 indicated	 a	 successful	
coupling.
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General procedure for the synthesis of thioacid 8 

SH

O

FmocHN

Fmoc-β-Ala-OH (5,	1.0	equiv)	was	dissolved	in	THF	(2.5	mL.mmol-1) 
and	the	mixture	was	cooled	to	-10	°C.	Next,	N-methylmorpholine (2 

equiv)	 and	 isobutyl	 chloroformate	 (1.0	 equiv)	 were	 added	 at	 -10	 °C	 under	 N2;	
immediately	a	white	precipitate	was	 formed.	The	mixture	was	stirred	for	30	min	
under N2	at	-10	°C	and	a	slow	stream	of	in situ generated H2S (prepared by dropwise 
addition	of	a	solution	of	H2SO4/H2O	(1:1,	v/v)	to	NaSH·xH2O	(10	equiv))	was	bubbled	
through	the	solution.28	After	stirring	the	reaction	mixture	for	30	min	under	N2 at -10 
°C,	the	mixture	was	concentrated	in	vacuo.	Next,	the	crude	was	dissolved	in	EtOAc,	
washed	with	5%	aqueous	KHSO4, dried over NaSO4 and concentrated in	vacuo to 
yield	relatively	pure	crude	thioacid	8,	which	was	used	immediately	in	the	sulfo-click	
reaction.	Rf	=	0.52	(EtOAc/AcOH,	100:0.1,	v/v).

General procedure for the synthesis of N-acylsulfonamide resin 9 
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Resin-bound sulfonyl azide 4	(1.0	equiv)	was	swollen	in	DMF	
(20	mL.mmol-1	 for	10	min)	 after	which	 it	was	drained.	 The	
resin	was	shaken	with	2,6-lutidine	(80	equiv),	thioacid	8	(4.0	

equiv)	 and	DMF	 (20	mL.mmol-1)	overnight.	After	 this	 the	 resin	was	washed	with	
DMF	(3	×	20	mL.mmol-1,	each	2	min),	DCM	(3	×	20	mL.mmol-1, each 2 min), MeOH 
(3	×	20	mL.mmol-1,	each	2	min)	and	diethyl	ether	(3	×	20	mL.mmol-1,	each	2	min).18 
After	drying	the	resin	in	vacuo	for	3	hours,	the	loading	was	determined	by	an	Fmoc-
spectrophotometric	 quantification.	 Starting	 from	 0.5	 mmol	 amino	 methyl	 resin	
(0.25	mmol.g-1)	the	found	loading	was	0.19	mmol.g-1 and corrected for the added 
mass	0.21	mmol.g-1,	indicative	for	a	yield	of	94%	per	reaction	step	in	this	three-step	
sequence.

Synthesis of cyclic peptide thioester 14a 
Following	the	above	described	general	procedures	crude	lyophilized	cyclic	peptide	
thioester	 SGGDPEIVT	 14a	 was	 obtained.	 Crude	 peptide	 14a was dissolved in 
H2O/CH3CN/TFA	 (50:50:0.1,	 v/v/v)	 and	 purified	 by	 preparative	 HPLC.	 Fractions	
corresponding	to	cyclic	peptide	14a were	pooled	and	lyophilized	to	yield	SGGDPEIVT	
loop 14a	as	a	white	fluffy	solid	(29.2	mg,	6.7%	overall	yield	starting	from	0.37	mmol	
N-acyl sulfonamide resin 9). tR	=	16.5	min	 (method	A);	MALDI-TOF	MS	m/z calcd 
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for C49H78N11O20S	 [M	+	H]+	 1172.51,	 found	1172.59;	 calcd	 for	 C49H77N11NaO20S [M 
+	Na]+	 1194.50,	 found	1194.61;	 calcd	 for	C49H77N11KO20S	 [M	+	K]+	 1210.47,	 found	
1210.56.	 1H NMR (500 MHz, H2O/D2O	(9:1,	v/v)):	δ	Ser-1:	8.37	 (NH),	4.50	 (αCH),	
3.82/3.91	(βCH2);	Gly-2:	8.72	(NH),	3.93	(αCH2);	Gly-3:	8.44	(NH),	3.93	(αCH2);	Asp-4:	
8.13	(NH),	5.05	(αCH),	2.81/3.03	(βCH2);	Pro-5:	4.45	(αCH),	1.99/2.30	(βCH2),	2.03	
(γCH2),	3.84	(δCH2);	Glu-6:	8.01	(NH),	4.30	(αCH),	2.03/2.19	(βCH2),	2.50	(γCH2);	Ile-
7:	7.77	(NH),	4.20	(αCH),	1.92	(βCH),	0.91	(γCH3),	1.16/1.44	(γCH2),	0.86	(δCH3);	Val-
8:	8.23	(NH),	4.17	(αCH),	2.15	(βCH),	0.97	(γCH3),	0.97	(γCH3);	Thr-9:	7.90	(NH),	4.33	
(αCH),	4.19	(βCH),	1.21	(γCH3);	Glu-10:	8.42	(NH),	4.23	(αCH),	1.96/2.13	(βCH2),	2.46	
(γCH2);	β-Ala-11:	8.17	(NH),	3.50	(αCH2),	2.84	(βCH2);	thioester	tail:	2.68	(CH2),	3.11	
(CH2),	4.15	(CH2),	1.24	(CH3).

	13C NMR (500 MHz, H2O/D2O	(9:1,	v/v)):	δ	Ser-1:	56.2	
(αCH),	62.3	(βCH2);	Gly-2:	43.1	(αCH2);	Gly-3:	43.1	(αCH2);	Asp-4:	overlap	with	H2O 
(αCH),	36.3	(βCH2);	Pro-5:	62.1	(αCH),	29.9	(βCH2),	25.1	(γCH2),	48.8	(δCH2);	Glu-6:	
54.3	(αCH),	26.3	(βCH2),	31.3	(γCH2);	Ile-7:	59.2	(αCH),	36.7	(βCH),	15.5	(γCH3),	25.2	
(γCH2),	10.6	(δCH3);	Val-8:	60.9	(αCH),	30.5	(βCH),	18.9	(γCH3),	18.9	(γCH3);	Thr-9:	
59.9	(αCH),	67.4	(βCH),	19.7	(γCH3);	Glu-10:	53.8	(αCH),	27.5	(βCH2),	32.3	(γCH2);	
β-Ala-11:	36.3	(αCH2),	43.1	(βCH2);	thioester	tail:	34.5	(CH2),	24.4	(CH2),	62.6	(CH2), 
13.9	(CH3).

Synthesis of cyclic peptide thioester 14b 
Following the above described general procedures crude lyophilized cyclic 
peptide	 thioester	 INMWQEVGKA	 14b	 was	 obtained.	 Crude	 peptide	 14b was 
dissolved in H2O/CH3CN/TFA	 (50:50:0.1,	 v/v/v)	and	purified	by	preparative	HPLC.	
Fractions	corresponding	to	cyclic	peptide	14b were pooled and lyophilized to yield 
INMWQEVGKA	loop	14b	as	a	white	fluffy	solid	(36.2	mg,	5.6%	overall	yield	starting	
from	0.43	mmol	N-acyl sulfonamide resin 9).	tR	=	16.8	min	(method	A);	MALDI-TOF	
MS m/z calcd for C65H101N16O19S2	 [M	+	H]+	1473.69,	 found	1473.61.	 1H NMR (500 
MHz, H2O/D2O	(9:1,	v/v)):	δ	 Ile-1:	8.25	(NH),	4.17	(αCH),	1.82	(βCH),	0.90	(γCH3), 
1.18/1.44	(γCH2),	0.85	(δCH3);	Asn-2:	8.55	(NH),	4.65	(αCH),	2.79	(βCH2),	7.04/7.68	
(δNH2);	Met-3:	8.26	 (NH),	4.32	 (αCH),	1.83/1.89	 (βCH2),	2.24	 (γCH2),	1.97	 (εCH3);	
Trp-4:	 8.03	 (NH),	 4.63	 (αCH),	 3.30/3.35	 (βCH2),	 7.27	 (H2),	 7.58	 (H4),	 7.15	 (H5),	
7.23	 (H6),	7.48	 (H7),	10.24	 (NH);	Gln-5:	8.15	 (NH),	4.02	 (αCH),	1.87/2.01	 (βCH2), 
1.91/2.03	(γCH2),	6.85/7.40	(εNH2);	Glu-6:	8.02	(NH),	4.37	(αCH),	1.96/2.07	(βCH2), 
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2.42	(γCH2);	Val-7:	8.26	(NH),	4.07	(αCH),	2.07	(βCH),	0.96	(γCH3),	0.92	(γCH3);	Gly-
8:	8.62	(NH),	3.87/4.00	(αCH2);	Lys-9:	8.07	(NH),	4.36	(αCH),	1.73/1.84	(βCH2),	1.39	
(γCH2),	 1.64	 (δCH2),	 2.95	 (εCH2),	 7.58	 (ζNH2);	Ala-10:	8.39	 (NH),	 4.25	 (αCH),	 1.36	
(βCH3);	Glu-11:	8.36	(NH),	4.08	(αCH),	1.98	(βCH2),	2.37/2.40	(γCH2);	β-Ala-12:	8.20	
(NH),	3.46/3.54	(αCH2),	2.85	(βCH2);	thioester	tail:	2.66	(CH2),	3.09	(CH2),	4.14	(CH2), 
1.23	(CH3).	

13C NMR (500 MHz, H2O/D2O	(9:1,	v/v)):	δ	Ile-1:	59.7	(αCH),	36.5	(βCH),	
15.4	(γCH3),	25.2	(γCH2),	11.1	(δCH3);	Asn-2:	51.1	(αCH),	36.5	(βCH2);	Met-3:	54.2	
(αCH),	30.2	(βCH2),	29.3	(γCH2),	14.6	(εCH3);	Trp-4:	55.6	(αCH),	26.6	(βCH2),	125.0	
(C2),	118.6	(C4),	119.9	(C5),	122.6	(C6),	112.6	(C7);	Gln-5:	54.4	(αCH),	26.2	(βCH2), 
31.5	 (γCH2);	 Glu-6:	 53.6	 (αCH),	 27.0	 (βCH2),	 30.9	 (γCH2);	 Val-7:	 60.6	 (αCH),	 30.2	
(βCH),	18.7	(γCH3),	18.8	(γCH3);	Gly-8:	43.1	(αCH2);	Lys-9:	53.6	(αCH),	31.0	(βCH2), 
22.6	(γCH2),	26.8	(δCH2),	40.0	(εCH2);	Ala-10:	50.4	(αCH),	17.0	(βCH3);	Glu-11:	54.2	
(αCH),	27.5	 (βCH2),	31.8	 (γCH2);	β-Ala-12:	36.2	 (αCH2),	43.0	 (βCH2);	 thioester	 tail:	
34.5	(CH2),	24.4	(CH2),	62.5	(CH2),	13.8	(CH3).

Synthesis of cyclic peptide thioester 14c 
Following the above described general procedures crude lyophilized cyclic 
peptide	 thioester	 LTRDGGN	14c	was	 obtained.	 Crude	 peptide	14c was dissolved 
in H2O/CH3CN/TFA	 (50:50:0.1,	 v/v/v)	 and	purified	by	preparative	HPLC.	 Fractions	
corresponding	to	cyclic	peptide	14c were	pooled	and	lyophilized	to	yield	LTRDGGN	
loop 14c	as	a	white	fluffy	solid	(31.0	mg,	7.0%	overall	yield	starting	from	0.43	mmol	
N-acyl sulfonamide resin 9).	tR	=	14.6	min	(method	A);	MALDI-TOF	MS	m/z calcd for 
C41H68N13O16S	[M	+	H]+	1030.46,	found	1030.40;	calcd	for	C41H67N13NaO16S	[M	+	Na]+ 
1052.44,	found	1052.39;	calcd	for	C41H67N13KO16S	[M	+	K]+	1068.42,	found	1068.35.	
1H NMR (500 MHz, H2O/D2O	(9:1,	v/v)):	δ	Leu-1:	8.39	(NH),	4.31	(αCH),	1.67/2.61	
(βCH2),	1.60	(γCH),	0.94	(δCH3),	0.90	(δCH3);	Thr-2:	8.05	(NH),	4.43	(αCH),	4.32	(βCH),	
1.17	(γCH3);	Arg-3:	8.44	(NH),	4.29	(αCH),	1.83	(βCH2),	1.61	(γCH3),	3.20	(δCH2),	7.24	
(εNH),	6.93	(ηNH),	6.51	(ηNH);	Asp-4:	8.58	(NH),	4.71	(αCH),	2.79/2.95	(βCH2);	Gly-
5:	8.31	(NH),	3.88/4.01	(αCH2);	Gly-6:	8.27	(NH),	4.00	(αCH2);	Asn-7:	8.40	(NH),	4.70	
(αCH),	2.79/2.85	(βCH2),	6.99/7.69	(δNH2);	Glu-8:	8.66	(NH),	4.20	(αCH),	1.99/2.09	
(βCH2),	2.40	(γCH2);	β-Ala-9:	8.25	(NH),	3.45/3.53	(αCH2),	2.83	(βCH2);	thioester	tail:	
2.68	 (CH2),	 3.12	 (CH2),	 4.14	 (CH2),	 1.23	 (CH3).	

13C NMR (500 MHz, H2O/D2O (9:1, 
v/v)):	δ	Leu-1:	54.1	(αCH),	40.3	(βCH2),	24.8	(γCH),	22.8	(δCH3),	21.2	(δCH3);	Thr-2:	
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59.2	(αCH),	68.1	(βCH),	19.4	(γCH3);	Arg-3:	54.8	(αCH),	28.0	(βCH2),	25.1	(γCH3),	41.2	
(δCH2);	Asp-4:	51.3	(αCH),	36.4	(βCH2);	Gly-5:	43.6	(αCH2);	Gly-6:	43.1	(αCH2);	Asn-7:	
51.3	(αCH),	36.6	(βCH2);	Glu-8:	54.3	(αCH),	26.9	(βCH2),	32.0	(γCH2);	β-Ala-9:	36.4	
(αCH2),	43.1	(βCH2);	thioester	tail:	34.5	(CH2),	24.6	(CH2),	62.6	(CH2),	14.0	(CH3).

Synthesis of N-terminal cysteine containing HHC-10 peptide 15 
Immobilized	 HHC-10	 peptide	 15 was	 available	 in	 our	 group.	 The	 peptide	 was	
assembled	on	an	automatic	ABI	433A	Peptide	Synthesizer	using	the	ABI	FastMoc	0.25	
mmol protocol38	and	synthesis	was	carried	out	on	a	Tentagel	S	RAM	resin	(particle	
size	 90μm,	 capacity	 0.25	 mmol.g-1), which was purchased from Rapp Polymere 
GmbH	(Tübingen,	Germany).	The	obtained	anchored	peptide	was	deprotected	and	
cleaved	from	the	solid	support	by	treatment	with	TFA/H2O/TIS/EDT	(90:5:2.5:2.5,	
v/v/v/v)	(20	mL.mmol-1)	for	2	h.	The	reaction	mixture	was	filtered	and	washed	with	
TFA	 (20	mL.mmol-1).	 The	 filtrates	 were	 combined	 and	 the	 volume	 was	 reduced	
to	 2	mL	by	 evaporation.	Next,	 the	mixture	was	 added	dropwise	 to	 a	 cold	 (4	 °C)	
solution	of	MTBE/hexanes	 (1:1,	 v/v).	 After	 centrifugation	 (3500	 rpm,	 5	min)	 the	
supernatant	was	decanted	and	the	pellet	was	resuspended	in	MTBE/hexanes	(1:1,	
v/v)	and	centrifuged	again.	Finally,	the	pellet	was	washed	twice	with	MTBE/hexanes	
(1:1,	v/v),	each	time	collected	by	centrifugation,	dissolved	in	tBuOH/H2O	(1:1,	v/v)	
followed	by	 lyophilization	 to	 afford	 crude	HHC-10	 peptide	15.	 Crude	 peptide	15 
was dissolved in H2O/CH3CN/TFA	 (50:50:0.1,	 v/v/v)	 and	 purified	 by	 preparative	
HPLC.	Fractions	corresponding	to	peptide	15 were pooled and lyophilized to yield 
N-terminal	cysteine	containing	antimicrobial	HHC-10	peptide	15	as	a	white	fluffy	
solid.	tR	=	21.6	min	(method	B);	MALDI-TOF	MS	m/z calcd for C77H108N23O10S	[M	+	H]+ 
1546.84,	found	1546.84.

Synthesis of ligated cyclic-linear peptide 16 
N2	was	bubbled	through	a	freshly	prepared	solution	of	NaH2PO4·2H2O	(200	mM,	62.4	
mg),	4-mercaptophenylacetic	acid	(MPAA,	200	mM,	67.3	mg),	tris(2-carboxyethyl)-
phosphine	hydrochloride	(TCEP,	40	mM,	23	mg),	pH	7.4	in	2.0	mL	of	H2O/DMF	(4:1,	
v/v)	for	5	min.	Next,	this	solution	(2.0	mL)	was	added	to	the	TFA	salt	of	cyclic	peptide	
thioester	 LTRDGGN	14c	 (1.0	mM,	 2.52	mg,	 2	 TFA	molecules	were	 added	 to	 the	
molecular	weight	of	the	cyclic	peptide)	and	HHC-10	peptide	15 (1.0	mM,	4.69	mg,	7	
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TFA	molecules	were	added	to	the	molecular	weight	of	the	peptide)	and	the	mixture	
was	stirred.	After	3	hours	the	reaction	mixture	was	diluted	with	H2O/TFA	(9:1,	v/v,	
3.0	 mL)	 to	 precipitate	MPAA.	 After	 two	 extractions	 with	 Et2O, TCEP was added 
and	the	solution	was	stirred	for	5	min.	After	two	additional	extractions	with	Et2O, 
purification	by	using	preparative	HPLC	was	performed.	Fractions	corresponding	to	
ligated	cyclic-linear	peptide	16 were	pooled	and	lyophilized	to	yield	the	TFA	salt	of	
ligation	product	16	as	a	white	fluffy	solid	(6.2	mg,	92%,	8	TFA	molecules	were	added	
to	the	molecular	weight).	tR	=	21.7	min	(method	B);	MALDI-TOF	MS	m/z calcd for 
C113H165N36O24S	[M	+	H]+	2442.25,	found	2442.37.
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5.1 Introduction

In	 the	 quest	 for	 protein	mimics	 possessing	 desirable	 properties,	 the	 generation	
of	 collections	 or	 even	 large	 libraries	 is	 instrumental	 in	 screening	 approaches	 to	
uncover	“hits”,	which	represent	first	steps	towards	these	protein	mimics.	It	remains	
important	to	realize	that	“generation	of	collections	or	libraries”	and	“screening	or	
evaluation	of	many	possibilities”	are	very	reminiscent	of	processes	in	nature	where	
many	possibilities	are	available	or	generated	and	scanned	to	select	the	compound	
members	with	optimal	properties.	
Although	 the	 availability	 of	 arrays	 or	 libraries	 of	 linear	 peptides	 has	 provided	
excellent	starting	points	for	development	of	new	(peptide)	ligands	and	identification	
of	 peptide	 segments	 in	 peptides	 and	 proteins	 which	 are	 crucial	 determinants	
of	 their	 biological	 activities,	 it	 is	 expected	 that	 these	 starting	 points	 might	 be	
considerably	improved	by	using	as	a	starting	point	arrays	of	cyclic	peptides,	which	in	
principle	provide	better	mimics	of	the	loop-like	structures	ubiquitously	present	in,	
and	especially,	on	the	surface	of	proteins.1 Here the (large) phage display libraries 
of	cyclic	disulfide	bridged2 and, more recently, the bicyclic phage display libraries 
obtained	by	alkylation	of	cysteine	containing	linear	peptide	phage	display	libraries3 
represented	tremendous	progress.	However,	the	number	of	(bio)organic	chemical	
approaches	 for	 the	preparation	of	 cyclic	peptide	 libraries,	 let	alone	 combined	 in	
ensembles,	for	mimicry	of	discontinuous	epitopes	is	still	pretty	limited.	So	far	most	
examples	 in	 the	 literature,	which	have	used	 chemoselective	 ligation	methods	 to	
conjugate	peptides	to	a	scaffold	molecule,	mainly	have	focussed	on	attachment	of	
multiple	identical	peptides.4–6

We	 have	 been	 increasingly	 interested	 in	 the	 preparation	 of	 cyclic	 peptides	
especially	as	ensembles	of	different	combinations.	Recently,	we	reported	the	first	
strides	towards	modest	 libraries	of	ensembles	of	scaffolded	cyclic	peptides	using	
the	bio-orthogonal	Cu(I)-catalyzed	azide–alkyne	cycloaddition	(CuAAC).7,8 However, 
probably	the	best	biocompatible/bio-orthogonal	reaction	to	date	is	native	chemical	
ligation	 (NCL),9,10	 so	 next	 to	 CuAAC,	 we	 have	 great	 interest	 in	 applying	 native	
chemical	 ligation	 for	 the	 construction	 of	 protein	mimics.	 The	 recently	 described	
convenient	 synthesis	 of	 cyclic	 peptides	 containing	 a	 thioester	 handle	 for	 native	
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chemical	 ligation11	 enables	 now	 their	 attachment	 onto	 a	 suitably	 functionalized	
scaffold	 for	 the	 preparation	 of	 libraries,	which	will	 be	 described	 in	 this	 chapter.	
The	clean	preparation	of	a	 library	allowed	us	 to	carry	out	a	 facile	 screening	and	
evaluation	of	the	resulting	cyclic	peptide	ensembles	as	potential	protein	mimics	of	
gp120	in	a	gp120-CD4	receptor	ELISA	binding	assay.	The	cyclic	peptides	in	the	gp120	
mimics	correspond	 to	 the	sequences	of	 the	peptide	segments	of	 loops	 in	gp120	
together	forming	the	discontinuous	epitope	interacting	with	CD4	(Fig.	1).12–14

Figure 1 Conserved	discontinuous	epitope	of	the	CD4	binding	site	on	gp120.12-14

5.2 Results & discussion

The	 required	 triazacyclophane	 (TAC)	 scaffold,	 capable	of	accepting	cyclic	peptide	
thioesters	 in	 a	 NCL	 reaction,	 was	 prepared	 by	 attachment	 of	 (three)	 cysteine	



Chapter 5

106 | 

residues	to	the	deprotected	TAC-scaffold	3.	This	was	easily	accessible	starting	from	
the tri-oNBS	protected	TAC-scaffold	(1).15	Amidation	of	the	carboxylic	acid	moiety	
and removal of the oNBS	 groups	 from	 scaffold	2, using in situ prepared sodium 
thiophenolate, was followed by the simultaneous coupling of three protected 
cysteine	 (Boc-Cys(Trt)-OH)	 residues	 to	 afford	 scaffold	 4.	 Finally,	 the	 acid-labile	
protecting	groups	were	removed	and	the	tri-cysteine	TAC-scaffold	(5)	was	purified	
by	preparative	HPLC	and	obtained	in	a	yield	of	74%	(Scheme	1).

N N

OHO

N

oNBS

oNBS

oNBS

S
O

O

O2N

oNBS =

N N

O
H
N

N

O O
NHBoc

O
NHBoc

STrt

TrtS

BocHN

STrt

BOP, DiPEA, DCM

Methylamine

N N

O
H
N

N

oNBS

oNBS

oNBS
1. PhSH / NaH
    DMF

2. DCM / HCl in Et2O

BOP, DiPEA, DCM

Boc-Cys(Trt)-OH

80% over 3 steps

TFA / H2O / TiS / EDT
(95 / 5 / 2.5 / 2.5)

74%

N N

O
H
N

N

O O
NH2

O
NH2

SH

HS

H2N

SH

HCl . HN NH . HCl

O
H
N

N
H

1 2

3 4

5

HCl
.

Scheme 1	Synthesis	of	tri-cysteine	TAC-scaffold	5.

Cyclic	peptide	thioesters	for	native	chemical	ligation	to	scaffold	4 were prepared by 
a	solid	phase	peptide	synthesis	method	involving	the	use	of	a	N-acyl sulfonamide 
linker,	which	is	conveniently	accessible	by	a	sulfo-click	reaction	(Figure	2,	chapter	
4).11,16–20	Briefly,	our	general	procedure	(Scheme	2,	chapter	4)	for	the	preparation	of	
cyclic	peptide	thioesters	encompassed	first	attachment	of	an	orthogonally	protected	
glutamic	acid	residue	required	for	peptide	cyclization	followed	by	assembly	of	the	
linear	peptide.	Cyclization	was	performed	on	the	solid	phase	after	removal	of	the	
(2-phenyl-2-trimethylsilyl)ethyl	(PTMSE)	protecting	group	with	fluoride,	using	BOP	
as	a	coupling	reagent.	After	alkylation	the	N-acyl	sulfonamide	linker	can	be	cleaved	
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using	nucleophilic	reagents,	such	as	β-mercaptopropionic	acid	ethyl	ester,	leading	
to	the	desired	thioester.	Finally,	the	acid-labile	side-chain	protecting	groups	were	
cleaved	and	the	resulting	unprotected	cyclic	peptide,	containing	a	thioester	handle,	
was	purified	by	preparative	HPLC	(Scheme	2).	In	this	way,	the	gp120	cyclic	peptide	
thioesters	with	 amino	acid	 sequences	 LTRDGGN	 (11a),	 INMWQEVGKA	 (11b) and 
SGGDPEIVT	(11c)	were	obtained	(Figure	2)	in	5.6-7.0%	overall	yield,	corresponding	
to	87-90%	average	yield	per	reaction	step.11
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Scheme 2	General	SPPS	procedure	for	obtaining	cyclic	peptides,	containing	a	thioester	handle.11

A	library,	but	especially	a	library	of	protein	mimics,	should	not	contain	impurities,	
which	for	example	can	give	rise	to	false	positives	or	negatives	in	the	screening	assay.	
We	have	previously	described	the	preparation	of	smart	libraries	of	discontinuous	
epitopes.7,8	 Crucial	 characteristics	 of	 these	 libraries,	 which	 have	 been	 obtained	
through	CuAAC,	 are	 that	 the	prepared	 collections	of	 library	members	were	 very	
clean,	virtually	 free	of	 (unknown)	 impurities	and	obtained	 in	a	very	reproducible	
manner.	The	alternative	method	using	NCL	might	be	even	more	attractive	since	it	is	
devoid	of	any	traces	of	Cu(I)	or	Cu(II).



Chapter 5

108 | 

OH
N

H2N
O

H
N

S

HN
O

NH

HN
O

O

H2N

NHO

HN

O
O

N
H

O H
N

OH

O
NH

O

HN O

NHO

NH2

N
H

O

S

O

O

O

11b, loop 2

O

11c, loop 3

NH
H
N

HN

OO

O

HN

O

O
HO

OH

HN
ON

O

NH

O
HN

O H
N

O
NH

O

OH

O

HO N
H

O O

S

O

O

HNN
H

NH

NH

NH
H
N

O
O

O

O

O

N
H

H2N

NH

HO

HO O

O

HN

O

HN O
N
H

O

NH2

O

11a, loop 1
O

S

O

O

Figure 2	Structures	of	the	LTRDGGN	(11a,	loop	1),	INMWQEVGKA	(11b,	loop	2),	and	SGGDPEIVT	(11c, 
loop	3)	gp120	peptide	thioester	loops.11

However,	 in	 a	 NCL	 strategy,	 normally	 a	 buffer	 system	 is	 used	 with	 a	 large	
excess	 of	 a	 thiol	 to	 increase	 the	 reactivity	 of	 the	 peptide	 thioester.	 Nowadays,	
4-mercaptophenylacetic	acid	 (MPAA)	 is	 the	most	popular	 thiol	 additive	 in	NCL.21 
A	drawback	of	MPAA	 is	 that	 the	HPLC	retention	time	of	 this	 thiol	 is	 in	 the	same	
range	 as	 that	 of	 most	 peptidic	 compounds.	 Therefore,	 when	 performing	 HPLC	
analysis	or	purification,	it	is	possible	that	MPAA	co-elutes	with	the	ligated	product.	
This	 co-	elution	 is	an	even	bigger	 risk	when	a	 library	of	 compounds	 is	prepared.	
Fortunately,	we	found	that	it	was	possible	to	remove	MPAA	quickly	and	completely	
by	washing	the	TFA-acidified	NCL-reaction	mixture	with	ether.11	First	a	test	ligation	
reaction	 of	 cyclic	 peptide	 thioester	 11a	 and	 tri-cysteine	 scaffold	 5 was carried 
out	in	ligation	buffer	(200	mM	sodium	phosphate,	200	mM	MPAA,	40	mM	tris(2-
carboxyethyl)-phosphine	hydrochloride	(TCEP),	pH	7.4)	with	1	mM	scaffold	and	3	
mM	cyclic	peptide	thioester	followed	by	TFA-acidification	and	washing	with	ether	
to	 remove	MPAA.	Within	 two	 hours	 almost	 complete	 conversion	 to	 the	 ligated	
product 12	was	observed.	Only	 small	 amounts	 of	 the	double-	 and	 single-ligated	
products	were	found	upon	LC-MS	of	the	reaction	mixture.	After	preparative	HPLC,	
the triple ligated product 12	was	obtained	in	an	excellent	yield	of	88%	(Scheme	3).	
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To	avoid	interference	with	biological	assays,	the	sulfhydryl	group	of	the	scaffolded	
cysteine	residues	was	capped.	To	achieve	complete	capping	and	to	avoid	formation	
of any by-products, 12	was	first	treated	for	20	min	with	a	TCEP	buffer	to	reduce	any	
possible	disulfides,	followed	by	addition	of	a	sodium	phosphate	buffer	containing	
iodoacetamide.	 After	 one	 hour,	 complete	 and	 clean	 conversion	 to	 triple-capped	
product 13	was	observed.	Preparative	HPLC	purification	afforded	13	in	a	quantitative	
yield	(Scheme	3).
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These	initial	results	suggested	that	it	would	be	possible	to	obtain	a	clean	collection	
of	cyclic	peptides	ligated	to	the	three	cysteine	residue-containing	scaffold	5.	Thus,	an	
equimolar	mixture	of	three	different	cyclic	peptide	thioesters	11a-c, corresponding 
to	the	discontinuous	epitope	of	gp120,	was	subjected	to	a	NCL	reaction	with	TAC-
scaffold	5	as	was	described	above.	After	acidification	and	washing	with	ether,	LC-
MS	analysis	showed	that	almost	all	 combinations	of	peptide	 loops	 ligated	to	 the	
TAC-scaffold	had	been	obtained	 (Scheme	4).	After	alkylation	with	 iodoacetamide	
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a	relatively	clean	reaction	mixture	of	the	capped	protein	mimics	was	formed,	with	
an	improved	separation	of	the	peaks	of	the	individual	mimics	as	compared	to	the	
starting	mixture	(Scheme	4).
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Although	the	LC-MS	chromatogram	of	the	iodoacetamide	capped	reaction	mixture	
showed	only	one	peak	in	the	chromatogram	for	the	mimic	with	the	three	different	
ligated	 loops,	 it	was	expected	that	our	NCL	approach	has	yielded	three	different	
isomers	of	the	[1-2-3]	construct:	one	with	peptide	loop	1	in	the	middle,	one	with	
peptide	 loop	2	 in	the	middle	and	one	with	peptide	 loop	3	 in	the	middle.	Due	to	
the	ring	flipping	ability	of	the	TAC-scaffold	for	example	isomer	[1-2-3]	 is	 identical	
to	 isomer	 [3-2-1].	 It	 is	 expected	 that	 the	 different	 isomers	 have	 similar	 physical	
properties	and	therefore	it	is	likely	that	the	three	[1-2-3]	mimics	also	have	similar	
HPLC	 retention	 times.	 Analogously,	 for	 example	 the	 [1-1-2]	 purified	 construct	
probably	consists	of	two	different	compounds	(Figure	3).
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Figure 3	Analytical	HPLC	profiles	(λ	=	214	nm)	of	the	purified	[1-1-1],	[1-1-3],	[1-3-3],	[1-1-2],	[1-2-3],	
[2-3-3],	[1-2-2]	and	[2-2-3]	mimics.

Binding	of	the	resulting	gp120	discontinuous	epitope	mimics	to	CD4	was	studied	
in	 a	 gp120-capture	 ELISA	 experiment.	 Most	 of	 the	 gp120	 mimics	 were	 able	 to	
compete with the recombinant monomeric gp120(IIIB) for binding to CD4, whereas 
the	individual	non-ligated	loop	thioesters,	the	TAC-scaffold,	an	equimolar	mixture	
of	 loop	 thioesters	 or	 an	 equimolar	mixture	 of	 TAC-scaffolds	 together	with	 cyclic	
peptide	loops	showed	hardly	any	activity	(Figure	4).	This	experiment	clearly	showed	
a	synergistic	effect	of	 ligating	the	gp120	discontinuous	epitope	 loops	to	the	TAC-
scaffold.	When	comparing	the	different	gp120	mimics,	it	becomes	evident	that	the	
protein	mimics	that	contain	peptide	loop	3	are	stronger	binders	of	CD4	than	the	
other	 protein	mimics.	 The	 binding	 affinity	 of	 these	molecular	 constructs	was	 in	
the	same	range	(low	micromolar)	as	the	TAC-scaffolded	gp120	mimics,	which	have	
been	obtained	using	the	CuAAC	reaction.7	Using	the	CuAAC	method,	protein	mimics	
containing	 loop	2	and	 loop	3	were	the	best	 inhibitors	of	binding	of	 recombinant	
monomeric	gp120(IIIB)	 to	CD4.	 In	contrast,	 the	[1-2-2]	and	[2-2-3]	gp120	mimics	
obtained	 in	 this	work	 showed	hardly	 any	binding	 to	 the	CD4	 receptor.	 This	may	
indicate	that	the	cyclic	peptide	11b	representing	loop	2	in	this	work	is	a	less	ideal	
mimic of the natural 424INMWQEVGKA433	 loop,	as	compared	to	the	cyclic	peptide	
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used	for	representing	loop	2	in	the	CuAAC	method.	The	observation	that	the	[1-2-
3]	protein	mimic	containing	all	three	loops	of	the	discontinuous	epitope	of	gp120	
did	 not	 show	 the	 highest	 inhibition	 in	 this	 ELISA	 assay	might	 be	 indicative	 of	 a	
non-optimal	positioning	of	the	different	peptide	loops	on	the	scaffold.	Moreover,	
the	molecular	 construct	 [1-2-3]	 likely	 consists	of	 three	 isomers.	An	approach	 for	
synthesising	the	individual	isomers	thereby	enabling	the	synthesis	of	the	different	
isomers	should	enable	evaluation	of	the	importance	of	the	relative	positioning	of	
the	peptide	loops	on	the	scaffold.
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Figure 4 Results	 of	 the	 competitive	gp120(IIIB)-CD4	ELISA	 for	 all	 purified	protein	mimics,	 different	
cyclic	peptide	thioesters	loops,	TAC-scaffold,	equimolar	mixture	of	the	cyclic	peptide	thioesters	and	
equimolar	mixture	of	the	cyclic	peptide	thioesters	as	well	as	the	TAC-scaffold.	The	concentration	of	the	
mimics	was	125	μg	mL−1,	which	corresponds	to	31	μM	for	the	[1-2-3]	mimic.	The	concentration	of	the	
thioester	loops	(L1,	L2	and	L3)	was	31	μM.	In	the	mixtures	each	individual	component	(L1,	L2,	L3	and	
TAC-scaffold)	was	present	in	a	concentration	of	31	μM.
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5.3 Conclusions

In	conclusion,	we	have	developed	a	native	ligation	method	for	obtaining	molecular	
constructs	 containing	 multiple	 cyclic	 peptides	 on	 a	 scaffold;	 these	 may	 act	 as	
protein	mimics	 capable	 of	 mimicry	 of	 discontinuous	 epitopes.	 The	 required	 tri-
cysteine	 containing	 TAC-scaffold	 was	 conveniently	 synthesized	 in	 a	 high	 yield.	
Native	 chemical	 ligation	using	 cyclic	 peptide	 thioesters	 followed	by	 capping	was	
both	a	highly	efficient	and	very	clean	reaction,	by	which	these	relatively	complex	
molecular	constructs	of	intermediate	size	were	obtained	in	a	both	straightforward	
and	 reproducible	 manner.	 Several	 of	 the	 obtained	 protein	 gp120	 discontinuous	
epitope	mimics	 showed	an	 inhibition	of	 the	 recombinant	monomeric	gp120(IIIB)	
–	CD4	binding.	These	 library	members	may	be	used	as	promising	 starting	points	
for	 optimization	 studies	 of	 these	 protein	 mimics.	 Finally,	 the	 library	 approach	
developed	for	the	construction	of	protein	mimics	might	represent	a	promising	tool	
for	constructing	mimics	of	other	discontinuous	epitopes.

5.4 Experimental section

General
All	 reagents	 were	 obtained	 from	 commercial	 sources	 and	 used	 without	 further	
purification.	 Peptide	 grade	 DiPEA	 and	 TFA	 were	 purchased	 from	 Biosolve	 B.V.	
(Valkenswaard,	The	Netherlands)	and	CH2Cl2, NMP and HPLC grade solvents were 
purchased	form	Actu-All	(Oss,	The	Netherlands).	Lyophilizations	were	performed	on	
a	Christ	Alpha	1-2	apparatus.	Reactions	were	carried	out	at	ambient	temperature	
unless	 stated	 otherwise.	 Solvents	 were	 evaporated	 under	 reduced	 pressure	 at	
40	 °C.	 Reactions	 in	 solution	were	monitored	 by	 TLC	 analysis	 and	 Rf-values were 
determined	on	Merck	pre-coated	silica	gel	60	F-254	(0.25	mm)	plates.	Spots	were	
visualized	by	UV-light	and	by	heating	plates	after	dipping	in	a	ninhydrine	solution.	
NMR	data	was	aquired	at	373	K	because	at	room	temperature	very	broad	signals	
were	observed.	This	is	most	likely	due	to	the	cis/trans	isomerization	of	the	tertiairy	
amides.	1H	NMR	data	was	acquired	on	a	Varian	VNMRS400	400	MHz	spectrometer	
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in DMSO-d6	as	solvent.	Chemical	shifts	(δ)	are	reported	in	parts	per	million	(ppm)	
relative	 to	 DMSO-d6	 (2.50	 ppm).	 Splitting	 patterns	 are	 designated	 as	 singlet	 (s)	
and	multiplet	 (m).	 13C	NMR	data	was	acquired	on	a	Varian	VNMRS400	400	MHz	
spectrometer at 100 MHz in DMSO-d6	as	solvent.	Chemical	shifts	(δ)	are	reported	
in	parts	per	million	(ppm)	relative	to	the	solvent	residual	signal,	DMSO-d6	 (39.52	
ppm).	 2-D	 NMR	 data	 (HSQC	 and	 COSY)	 were	 acquired	 on	 a	 Varian	 VNMRS400	
400	MHz	spectrometer.	Analytical	HPLC	was	accomplished	on	a	Shimadzu-10Avp	
(Class	 VP)	with	 a	UV-detector	 operating	 at	 214	 and	 254	 nm	by	 using	 an	Alltech	
Prosphere	C4	column	 (300	Å,	5	μm,	250×4.60	mm,	column	A)	or	a	Phenomenex	
Gemini	 C18	 column	 (110	Å,	 5	 μm,	 250×4.60	mm,	 column	B)	 at	 a	 flow	 rate	 of	 1	
mL.min-1	using	a	standard	protocol:	100%	buffer	A	for	5	min,	followed	by	a	linear	
gradient	 of	 buffer	B	 (0-100%	 in	 20	min,	method	A)	 or	 100%	buffer	A	 for	 2	min,	
next	a	linear	gradient	of	buffer	B	(0-100%	in	48	min,	method	B).	The	mobile	phase	
was H2O/CH3CN/TFA	(95:5:0.1,	v/v/v,	buffer	A)	and	H2O/CH3CN/TFA	(5:95:0.1,	v/v/v,	
buffer	B).	Purification	of	the	peptidic	compounds	was	performed	on	a	Prep	LCMS-
QP8000α	 HPLC	 system	 (Shimadzu)	 using	 an	 Alltech	 Prosphere	 C4	 column	 (300	
Å,	10	μm,	250×22	mm,	column	A)	or	a	Phenomenex	Gemini	C18	column	(110	Å,	
10	μm,	250×20	mm,	 column	B)	 at	 a	flow	 rate	of	12.5	mL.min-1 using a standard 
protocol:	100%	buffer	A	for	5	min,	followed	by	a	linear	gradient	of	buffer	B	(0-60%	
in	100	min,	method	A)	or	100%	buffer	A	for	5	min,	 followed	by	a	 linear	gradient	
of	buffer	B	(0-100%	in	20	min,	method	B)	using	the	same	buffers	as	described	for	
analytical	HPLC.	Analytical	LC-MS	was	performed	on	a	Thermo-Finnigan	LCQ	Deca	
XP	Max	ion	trap	mass	spectrometer	using	same	buffers	and	protocols	as	described	
for	 analytical	 HPLC.	 Routine	 electrospray	 ionization	mass	 spectrometry	 (ESI-MS)	
was	performed	on	a	Shimadzu	LCMS-QP8000	single	quadrupole	bench-top	mass	
spectrometer	operating	 in	 a	positive	 ionization	mode	or	 a	 Thermo-Finnigan	 LCQ	
Deca	XP	Max	ion	trap	mass	spectrometer.	MALDI-TOF-MS	spectrum	was	recorded	
on	a	Kratos	Analytical	(Shimadzu)	AXIMA	CFR	mass	spectrometer	using	sinapic	acid	
as	a	matrix	and	bovine	insulin	oxidized	B	chain	(monoisotopic	[M	+	H]+	3,494.6513)	
as	 a	 reference.	 High-resolution	 electrospray	 ionization	 (ESI)	 mass	 spectra	 were	
measured	 on	 a	 Bruker	 micrOTOF-Q	 II	 in	 positive	 mode	 and	 calibrated	 with	 ESI	
tuning	 mix	 from	 Agilent	 Technologies.	 The	 pH	 was	 measured	 using	 a	 PHM210	
standard	pH	meter	from	Radiometer	Analytical	equipped	with	a	micro	combined	
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pH	electrode	pHC3359-8	from	Radiometer	Analytical.	The	microtiter	plate	reader	
used	in	the	ELISA	experiments	was	a	BioTEK	μQuant	(Beun	de	Ronde,	Abcoude,	The	
Netherlands).	Software	used	for	data	analysis	was	the	Full	Mode-KC4	version	3.4.

(oNBS)3-TAC(N(H)Me) 2

N N

O
H
N

N

oNBS

oNBS

oNBS

Triple oNBS	protected	TAC	scaffold	115	(3.1	g,	3.7	mmol,	1.0	
equiv),	BOP	(1.8	g,	4.1	mmol,	1.1	equiv)	were	dissolved	in	
DCM	(25	ml)	at	room	temperature.	Next,	DiPEA	(2.6	mL,	15	
mmol,	4.0	equiv)	and	methylamine	(2	M	in	THF,	9.4	mL,	19	
mmol,	5.0	equiv)	were	added	and	the	reaction	mixture	was	
stirred	overnight.	After	the	evaporation	of	the	solvents	 in 

vacuo,	the	crude	product	was	dissolved	in	EtOAc	(100	mL)	and	washed	twice	with	
1N	KHSO4 (100 mL), twice with 5% NaHCO3	(100	mL)	and	brine	(100	mL).	Finally,	the	
organic layer was dried over Na2SO4 and evaporated in	vacuo,	yielding	the	relatively	
clean	amidated	scaffold	2,	which	was	used	as	such	for	the	preparation	of	3.

TAC(N(H)Me) 3

HCl . HN NH . HCl

O
H
N

N
H

HCl
.

NaH	 (60%	dispersion	 in	mineral	oil,	1.35	g,	34	mmol,	9.0	
equiv	 (3.0	 equiv	per	 oNBS group) was added slowly to a 
solution	 of	 thiophenol	 (3.8	 mL,	 37	 mmol,	 10	 equiv	 (3.3	
equiv	per	oNBS	group))	in	DMF	(45	mL)	at	room	temperature.	
After	ca.	30	min	stirring	at	room	temperature,	bubbling	of	
H2 gas has subsided and (oNBS)3-TAC(N(H)Me) 2 (3.7	mmol,	

1.0	equiv)	was	dissolved	in	DMF	(5	mL)	and	added	to	the	above	freshly	prepared	
sodium	 thiophenolate	 solution.	 Upon	 this	 addition,	 the	 homogeneous,	 yellow	
reaction	mixture	became	a	brown-red	suspension.	After	stirring	overnight	at	room	
temperature, the solvents were evaporated in	vacuo and DCM (90 mL) and Et2O 
saturated with HCl (75 mL) were added to the crude product, yielding a yellowish 
suspension,	which	was	filtered	through	a	glass	filter.	The	residue	was	washed	with	
DCM and dried in	vacuo,	yielding	the	crude	unprotected	TAC	scaffold	amide	3 as a 
white	 solid,	 which	 was	 directly	 used	 in	 the	 next	 reaction.	 Although	 the	 crude	
product	contained	a	fair	amount	of	NaCl	(approximately	9	equiv),	it	was	not	expected	
that	this	would	give	rise	to	problems	in	the	next	reaction	step.
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(Boc-Cys(Trt))3-TAC(N(H)Me) 4

N N

O
H
N

N

O O
NHBoc

O
NHBoc

STrt

TrtS

BocHN

STrt

To	a	solution	of	Boc-Cys(Trt)-OH	(5.2	g,	11	mmol,	
3.0	 equiv	 (1.0	 equiv	 per	 amine	 of	 the	 TAC-	
scaffold))	and	BOP	(5.0	g,	11	mmol,	3.0	equiv	(1.0	
equiv	per	amine	of	the	TAC-scaffold))	in	DCM	(40	
mL),	DiPEA	(7.8	mL,	45	mmol,	12	equiv	(4.0	equiv	
per	amine	of	the	TAC-scaffold))	was	added.	Next,	
crude	TAC(N(H)Me)	3	 (3.7	mmol,	1.0	equiv)	was	

added	to	the	reaction	mixture,	yielding	a	white	suspension.	The	reaction	mixture	
was	 stirred	 overnight	 at	 room	 temperature,	 followed	 by	 the	 evaporation	 of	 the	
solvents in	vacuo.	Next,	 the	crude	product	was	dissolved	 in	EtOAc	 (100	mL)	and	
washed	twice	with	1	N	KHSO4 (both 100 mL) and twice with 5% NaHCO3 (both 100 
mL)	and	brine	(100	mL).	Finally,	the	organic	layer	was	dried	over	Na2SO4, evaporated 
in	vacuo	and	the	product	was	purified	by	column	chromatography	(hexanes–EtOAc,	
1	:	1,	v/v)	to	afford	the	TAC-scaffold	(Boc-Cys	(Trt))3-TAC(N(H)Me)	4 as a white foam 
(4.85	g,	80%	over	3	steps).	Rf =	0.26	(Hexanes/EtOAc,	1:1,	v/v);	HRMS	m/z calcd for 
C97H108N7O10S3	[M	+	H]+	1626.7314,	found	1626.7358;	1H NMR (400 MHz, DMSO-d6): 
δ	0.86,	1.22	(2m,	4H,	2	× CH2CH2CH2),	1.33,	1.34	(2s,	27H,	3	× C(CH3)3),	2.34,	2.55	
(2m,	6H,	3	× CHCH2S),	2.72,	3.02,	3.24	(3m,	8H,	4	× NCH2CH2),	2.78	(s,	3H,	C=ONHCH3), 
4.11	-	4.67	(2m,	7H,	3	× CHCH2S and 2 × PhCH2),	6.37,	6.73	(2m,	3H,	3	×	NHBoc),	7.20	
-	 7.33,	 7.69	 (2m,	 48H,	 Ar-CH),	 7.87	 (m,	 1H,	 C=ONHCH3).	

13C NMR (100 MHz, 
DMSO-d6):	δ	25.7	(C=ONHCH3),	26.9	(3	× CH2CH2CH2),	27.7	(3	× C(CH3)3),	33.7,	33.8	
(3	× CHCH2S),	44.5	(4	× NCH2CH2),	49.7,	50.5	(3	× CHCH2S),	50.7	(2	× PhCH2),	66.0,	
66.3	 (3	× C(Ph)3),	 78.3,	 78.4	 (C(CH3)3),	 126.2,	 126.3,	 126.9,	 127.4,	 127.4,	 128.0,	
128.2,	128.7,	128.8,	129.5,	130.1,	135.6,	137.8,	144.1	(Ar-C),	154.1,	154.5	(3	× C=O 
Boc),	165.9	(C=O	TAC),	169.2,	169.9	(3	×	C=O	Cys).



Scaffolded multiple cyclic peptide libraries for protein mimics by native chemical ligation

| 117 

(H-Cys)3-TAC(N(H)Me) 5
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TAC	scaffold	4 (150 mg, 92 µmol) was dissolved in a 
solution	 of	 TFA/H2O/TIS/EDT	 (10	 mL,	 90:5:2.5:2.5,	
v/v/v/v)	for	2	h	at	room	temperature.	The	volume	of	
the	reaction	mixture	was	reduced	to	approximately	2	
mL	 by	 evaporation.	 Next,	 this	 mixture	 was	 added	
dropwise	 to	a	cold	 (4	 °C)	 solution	of	MTBE/hexanes	
(1:1,	v/v).	After	centrifugation	(3500	rpm,	5	min)	the	

supernatant	was	decanted	and	the	pellet	was	resuspended	in	MTBE/hexanes	(1:1,	
v/v)	 and	 centrifuged	 again.	 This	 was	 repeated	 twice	 after	 which	 the	 pellet	 was	
dissolved H2O/TFA	 (100:0.1,	 v/v)	 and	 purified	 by	 preparative	 HPLC	 (column	 A,	
method	A,	using	H2O/TFA	(100:0.1,	v/v)	as	buffer	A).	Fractions	corresponding	to	5 
were	pooled	and	lyophilized	to	yield	the	TFA	salt	of	triple-cysteine	TAC-scaffold	5 as 
a	white	fluffy	solid	(64.6	mg,	74%,	3	TFA	molecules	were	added	to	the	molecular	
weight	of	the	scaffold).	tR	=	14.1	min	(column	A,	method	A,	using	H2O/TFA	(100:0.1,	
v/v)	 as	 buffer	 A));	 HRMS	 m/z calcd for C25H42N7O4S3	 [M	 +	 H]+	 600.2455,	 found	
600.2493.

Triple-ligated product 12
N2	was	bubbled	 through	a	 freshly	prepared	 solution	of	NaH2PO4·2H2O (200 mM, 
62.4	mg),	MPAA	(200	mM,	67.3	mg),	TCEP	 (40	mM,	23	mg),	pH	7.4	 in	2.0	mL	of	
H2O	for	5	min.	Next,	this	solution	(2.0	mL)	was	added	to	cyclic	peptide	thioester	111 
(compound 11a,	7.55	mg,	6.0	µmol,	final	conc.:	3.0	mM,	the	molecular	weight	of	
11a	was	assumed	to	include	2	molecules	of	TFA)	and	triple-cysteine	TAC	scaffold	5 
(1.88	mg,	2.0	µmol,	final	conc.:	1.0	mM,	the	molecular	weight	of	5 was assumed 
to	 include	 3	 molecules	 of	 TFA)	 and	 the	 reaction	 mixture	 was	 stirred	 at	 room	
temperature.	After	2	hours	the	reaction	mixture	was	diluted	with	H2O/TFA	(9:1,	v/v,	
2.0	mL)	to	precipitate	MPAA.	After	two	washing	steps	with	Et2O	(4.0	mL)	to	remove	
MPAA,	TCEP	(ca.	10	mg)	was	added	and	the	solution	was	stirred	for	5	min.	After	two	
additional	washing	steps	with	Et2O	(4.0	mL),	purification,	using	preparative	HPLC	
(column	B,	method	A)	was	performed.	Fractions	corresponding	to	ligated	product	
12 were pooled and lyophilized to yield triple-loop 1 mimic 12	as	a	white	fluffy	solid	
(7.00	mg,	88%,	6	TFA	molecules	were	added	 to	 the	molecular	weight).	 tR	 =	17.9	
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min	(column	B,	method	B);	MALDI-TOF	MS	m/z calcd for C133H213N46O46S3	[M	+	H]+ 
3286.49,	found	3286.49.

Triple-capped product 13
The triple-ligated product 12	(1.00	mg,	0.252	μmol,	MW.6TFA)	was	dissolved	in	252	
μL	of	a	freshly	prepared	solution	of	NaH2PO4·2H2O	(200	mM,	62.4	mg)	and	TCEP	
(40	mM,	23	mg),	pH	7.6	in	2.0	mL	of	H2O	and	the	mixture	was	stirred	for	20	min	at	
room	temperature.	Next,	252	μL	of	a	freshly	prepared	solution	of	NaH2PO4·2H2O 
(200	mM,	62.4	mg)	and	iodoacetamide	(60	mM,	22	mg),	pH	7.6	in	2.0	mL	of	H2O 
was	added	to	the	reaction	mixture.	After	stirring	for	1	hour	in	the	dark,	the	mixture	
was	directly	transferred	and	purified	by	preparative	HPLC	(column	B,	method	A).	
Fractions	corresponding	to	13 were	pooled	and	lyophilized	to	yield	alkylated	triple-
loop 1 mimic 13	as	a	white	fluffy	solid	(1.15	mg,	quant,	MW.6TFA).	tR	=	16.5	min	
(column	B,	method	B);	HRMS	m/z calcd for C139H224N49O49S3	[M	+	3H]3+	1153.1902,	
found	1153.1889.

General native chemical ligation procedure of (H-Cys)3-TAC(N(H)Me) 5 and cyclic 
peptides 11a-c
N2	was	bubbled	through	a	freshly	prepared	solution	of	NaH2PO4·2H2O (200 mM, 125 
mg),	MPAA	(200	mM,	135	mg)	and	TCEP	(40	mM,	46	mg),	pH	7.4	in	4.0	mL	of	H2O, 
for	5	min.	Next,	this	solution	(4.0	mL)	was	added	to	a	falcon	tube,	containing	cyclic	
peptide	thioester	111 (compound 11a,	5.03	mg,	4.0	μmol,	1.0	mM,	MW.2TFA),	cyclic	
peptide	thioester	211 (compound 11b,	6.35	mg,	4.0	μmol,	1.0	mM,	MW.1TFA),	cyclic	
peptide	thioester	311 (compound 11c,	4.69	mg,	4.0	μmol,	1.0	mM)	and	tri-cysteine	
TAC-scaffold	5	 (3.76	mg,	4.0	μmol,	1.0	mM,	MW.3TFA)	and	the	resulting	reaction	
mixture	was	stirred	at	 room	temperature.	After	3	hours	TFA	(500	μL)	was	added	
to	the	reaction	mixture	to	precipitate	MPAA.	After	two	wash	steps	with	Et2O (each 
5.0	mL),	TCEP	(ca.	10	mg)	was	added	and	the	solution	was	stirred	for	5	min.	After	
two	additional	wash	steps	with	Et2O	(each	5.0	mL),	a	sample	was	taken	from	the	
reaction	mixture	for	LC-MS	analysis	(column	B,	method	B)	to	verify	the	absence	of	
MPAA.	Finally,	the	reaction	mixture	was	directly	purified	by	a	fast	preparative	HPLC	
run	 (column	B,	method	B)	and	all	peptide	 fractions	were	pooled	and	 lyophilized	
to	yield	collection	14	 as	a	white	fluffy	solid,	which	was	directly	used	 in	 the	next	
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reaction.

General procedure for the alkylation of the sulfhydryl group of the cysteine 
residues in protein mimics with iodoacetamide
Collection	14	(4.0	μmol,	3	cysteine	residues	per	molecule)	was	dissolved	in	a	freshly	
prepared	solution	of	NaH2PO4·2H2O (200 mM, 125 mg) and TCEP (40 mM, 46 mg), 
pH	7.6	in	4.0	mL	of	H2O	and	was	stirred	for	20	min	at	room	temperature.	Next,	a	
freshly	prepared	solution	of	NaH2PO4·2H2O (200 mM, 125 mg) and iodoacetamide 
(60	mM,	44	mg),	pH	7.6	in	4.0	mL	of	H2O	was	added	to	the	reaction	mixture.	After	
stirring	for	1	hour	 in	the	dark,	a	sample	was	taken	from	the	reaction	mixture	for	
LC-MS	analysis	(column	B,	method	B).	Finally,	the	reaction	mixture	was	lyophilized,	
dissolved in H2O/CH3CN/TFA	(75:25:0.1,	v/v/v)	and	the	individual	components	were	
purified	by	preparative	HPLC	(column	B,	method	A).

[1-1-1] mimic: tR	=	16.5	min	(column	B,	method	B);	HRMS	m/z calcd for C139H224N49O49S3 
[M	+	3H]3+	1153.1902,	found	1153.1889.	
[1-1-3] mimic: tR	=	17.9	min	(column	B,	method	B);	HRMS	m/z calcd for C147H234N47O53S3 
[M	+	3H]3+	1200.5407,	found	1200.5335.	
[1-3-3] mimic: tR	=	18.9	min	(column	B,	method	B);	HRMS	m/z calcd for C155H244N45O57S3 
[M	+	3H]3+	1247.8913,	found	1247.8859.	
[1-1-2] mimic: tR	=	19.9	min	(column	B,	method	B);	HRMS	m/z calcd for C163H257N52O52S4 
[M	+	3H]3+	1300.9316,	found	1300.9133.	
[1-2-3] mimic: tR	=	20.8	min	(column	B,	method	B);	HRMS	m/z calcd for C171H267N50O56S4 
[M	+	3H]3+	1348.2822,	found	1348.2861.	
[2-3-3] mimic: tR	=	21.7	min	(column	B,	method	B);	HRMS	m/z calcd for C179H276N48O60S4 
[M	+	3H]3+	1395.2968,	found	1395.6229.	
[1-2-2] mimic: tR	=	22.1	min	(column	B,	method	B);	HRMS	m/z calcd for C187H290N55O55S5 
[M	+	3H]3+	1448.6730,	found	1448.6644.	
[2-2-3] mimic: tR	=	22.9	min	(column	B,	method	B);	HRMS	m/z calcd for C195H300N53O59S5 
[M	+	3H]3+	1496.0236,	found	1496.0155.
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HIV-1 gp120 capture ELISA
The	HIV-1	gp120	capture	ELISA	experiments	were	performed	according	 literature	
procedures.7,8 Before	 the	 binding	 of	 the	 TAC-scaffold	 was	 studied	 in	 this	 ELISA	
experiment,	 the	 template	 was	 first	 alkylated	 with	 iodoacetamide	 according	 to	
the	 above	 described	method.	 After	 preparative	HPLC	 (column	A	 and	method	A)	
purification	the	alkylated	scaffold	was	obtained	as	a	white	fluffy	solid.	tR	=	13.3	min	
(column	A,	method	A,	using	H2O/TFA	(100:0.1,	v/v)	as	buffer	A).	MS	(ESI)	m/z calcd 
for C31H51N10O7S3	[M	+	H]+	771.31,	found	771.25;	calcd	for	C31H50N10NaO7S3	[M	+	Na]+ 
793.30,	found	793.40.
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6.1 Introduction

The	enormous	diversity	of	molecular	character	of	protein	surfaces	offers	fantastic	
challenges	 for	developing	 synthetic	approaches	 for	 their	mimicry	by	 significantly	
smaller	molecular	 constructs	 than	 the	 original	 proteins.	 This	 diversity	 is	 evident	
from greatly varying molecular patches or areas on their surface and responsible 
for	 a	whole	 range	 of	 protein-protein	 or	 protein-ligand	 interactions.	 In	 the	 latter	
interactions	the	ligand	can	be	virtually	any	small	to	large	molecule.	The	most	striking	
examples	of	protein-ligand	interactions	are	probably	antibody-antigen	interactions,	
in	which	molecularly	different	areas	of	an	antibody,	reminiscent	to	different	peptide	
segments	 present	 in	 the	 antigen	 binding	 loops,	 the	 so-called	 complementary	
determining	regions,	are	usually	capable	of	high	affinity	and	highly	selective	binding	
of	a	peptide,	protein,	carbohydrate,	nucleic	acid	or	even	small	molecule	antigen.	
Increasingly	the	different	areas	or	sites	of	a	protein,	which	together	are	essential	for	
binding	of	a	ligand,	are	indicated	by	the	term	“discontinuous	epitope”.
As	part	of	a	program	to	address	the	synthetic	challenges	for	construction	of	protein	
mimics	encompassing	different	peptide	segments	corresponding	to	different	sites	
on the surface of a protein, we have been involved in (1) the development of 
syntheses	of	different	scaffolds	for	attachment	of	(cyclic)	peptides,1,2	(2)	synthetic	
approaches	for	attachment	of	different	(cyclic)	peptides	to	scaffolds,3-5	and	(3)	the	
generation	of	libraries	of	the	resulting	protein	mimics.6,7

In	developing	synthetic	approaches	for	the	construction	of	these	relatively	complex	
biomolecular	 constructs	 of	 “intermediate	 size”,8 increasingly accompanying 
challenges	are	found	in	the	inclusion	of	practicality	and	efficiency	of	the	synthesis	in	
terms	of	yields	and	purities	but	also	with	respect	to	rapid	expansion	to	collections	
or	libraries.
To	 our	 knowledge,	 the	 availability	 of	 convergent	 methods	 for	 introducing	 both	
different	 and	 several	 peptide	 loops	 onto	 suitable	 scaffolds	 is	 still	 very	 limited.	
The	most	seminal	contribution	in	this	area	was	probably	the	template-assembled	
synthetic	 protein	 (TASP)	 originally	 developed	 by	 Mutter	 and	 Vuilleumier10 and 
further developed by, among others, Dumy et al.	to	the	so-called	regioselectively	
addressable	 functionalized	 template	 (RAFT).11,12	 Another	 elegant	 example	 by	
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Beyermann et al.13	 described	 the	 introduction	 of	 three	 different	 cyclic	 peptides,	
albeit	without	lysine	residues,	onto	a	linear	peptide	scaffold.13

6.2 Results & discussion

Here	we	describe	a	very	efficient	and	versatile	synthesis	of	defined	protein	mimics	
containing	up	to	three	different	cyclic	peptide	loops.	We	think	that	this	convergent	
synthetic	approach	will	open	up	a	plethora	of	possibilities	 for	construction	of	all	
kinds	 of	 protein	mimics	 varying	 from,	 for	 example,	 the	 preparation	 of	 synthetic	
vaccines	to	perhaps	even	synthetic	antibodies.

Figure 1 Conserved	discontinuous	epitope	of	the	CD4	binding	site	on	gp120.5,16,17
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As	 an	 illustration	 toward	 the	 former	 application,	 we	 have	 incorporated	 here	 by	
native	chemical	ligation	(NCL)14,15	different	cyclic	peptides	in	the	synthesized	protein	
mimics,	which	correspond	to	the	sequences	of	 the	peptide	segments	of	 loops	 in	
gp120	 together	 forming	 the	 discontinuous	 epitope	 interacting	 with	 CD4	 (Figure	
1).5,16,17

We started from our earlier developed semi-orthogonally protected triazacyclophane 
(TAC)	scaffold	(1, Figure 2),2 which we have also used for the nonstop solid phase 
synthesis	 of	 three	different	 cyclic	 peptides	on	 the	 TAC-scaffold	 corresponding	 to	
loops	of	the	discontinuous	epitope	of	HIV-gp120.5 However, this approach has the 
inherent	 disadvantage	 of	 utilizing	 a	 linear	 continuous	 peptide	 synthesis	 strategy	
and	requires,	even	with	high	yields	per	coupling	step,	extensive	purification	yielding	
relatively	 small	 amounts	 of	 the	 desired	 protein	mimic.	 The	 TAC-scaffold	 (1) was 
now	converted	to	scaffold	6,	which	is	amenable	to	a	convergent	synthetic	approach	
in	 which	 by	 native	 chemical	 ligation	 three	 cyclic	 peptides	 can	 be	 introduced	
subsequently.

N N
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oNBSFmoc

Alloc

oNBS

O

O
S
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O
O2N

O

O
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AllocFmoc

Figure 2	Structure	of	the	triazacyclophane	(TAC)	scaffold.2

To	be	able	to	introduce	three	different	cyclic	peptides	on	the	TAC-scaffold	by	NCL,	
three	selectively	addressable	cysteine	residues	were	required.	This	was	achieved	by	
having one cysteine residue unprotected, one cysteine residue with its amino group 
protected with the acid labile Boc-group, and both the amino group and thiol group 
of the third residue protected as a thiazolidine (Thz)18,19	moiety.	The	unprotected	
cysteine	was	of	course	immediately	capable	of	undergoing	NCL;	the	Boc-	protected	
cysteine residue had a free thiol, but needed the free amino group for the S to 
N-acyl	shift	for	completion	of	the	NCL	reaction,	which	became	only	available	after	
treatment	with	TFA.	The	third	cysteine	residue	underwent	NCL	after	treatment	with	
methoxyamine	hydrochloride	liberating	both	amino	and	thiol	group.
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The	synthesis	(Scheme	1)	of	the	required	tricysteine	containing	scaffold	for	stepwise	
NCL	started	by	attachment	of	the	TAC-template	(1)2 to a 2-chlorotrityl chloride resin, 
using	DiPEA	as	the	base	to	yield	resin-bound	TAC-scaffold	2.	Next,	the	Fmoc	protective	
group	was	cleaved,	followed	by	the	coupling	of	the	thiazolidine	residue	affording	
resin-bound	scaffold	3.	Next,	the	oNBS-group of 3 was removed by treatment with 
2-mercaptoethanol and DBU, followed by coupling with Boc-Cys(StBu)-OH to yield 
resin-bound	scaffold	4.	Palladium-assisted	cleavage	of	 the	Alloc	protective	group	
allowed	the	introduction	of	the	last	cysteine,	still	completely	protected,	residue	to	
yield	resin-bound	protected	scaffold	5.	This	last	cysteine	residue	will	be	the	residue	
for	the	first	NCL-step.	Its	Fmoc-group	was	removed	by	treatment	with	piperidine,	
followed	by	cleavage	of	the	scaffold	from	the	resin	using	30%	hexafluoroisopropanol	
(HFIP)	 in	DCM.	 Finally,	 the	 two	 StBu	 sulfhydryl	 protective	 groups	were	 removed	
by	 treatment	 with	 tris(2-carboxyethyl)-phosphine	 hydrochloride	 (TCEP)	 and	 the	
resulting	scaffold	6,	which	was	now	ready	for	conducting	stepwise	NCL,	was	purified	
by	preparative	HPLC	and	obtained	in	an	excellent	overall	yield	of	72%	(Scheme	1).
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Scheme 1	Synthesis	of	TAC-scaffold	6.
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In this synthesis strategy, it was not possible to introduce the thiazolidine residue 
with	an	Fmoc	protective	group	on	the	N-	terminus	 instead	of	a	Boc-group,	since	
the	 next	 reaction	 step,	 the	 oNBS cleavage, would also lead to cleavage of the 
Fmoc-group.	Because	our	designed	sequential	NCL	strategy	already	included	a	Boc	
deprotection	 step,	 it	was	 decided	 to	 couple	 a	 Boc	 protected	 thiazolidine	 to	 the	
scaffold.	By	doing	so,	both	Boc	groups,	from	the	cysteine	and	thiazolidine	residues,	
will	be	cleaved	simultaneously.
Scaffold	6	was	now	ready	for	successive	NCL	with	different	cyclic	peptide	thioesters	
for	which	an	efficient	solid	phase	synthesis	method	was	described	in	chapter	4.20 
Using	this	approach	cyclic	peptide	thioesters	having	amino	acid	sequences	LTRDGGN	
(7a,	loop	1),	INMWQEVGKA	(7b,	loop	2),	and	SGGDPEIVT	(7c,	loop	3)	were	obtained	
(Figure	3).
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Figure 3	Structures	of	the	LTRDGGN	(7a,	loop	1),	INMWQEVGKA	(7b,	loop	2),	and	SGGDPEIVT	(7c, loop 
3)	gp120	peptide	thioester	loops.20

Since	the	“left”	and	“right”	positions	are	interchangeable	in	the	scaffold	because	of	
the	possibility	of	ring-flipping	of	the	cyclophane	ring,	the	protein	mimic	construct	
[1−2−3]	 is	 identical	 to	 the	 molecular	 construct	 [3−2−1],	 in	 which	 the	 number	
indicates	the	peptide	loop	number	(Figure	3).	Thus,	the	following	protein	mimics	
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were	 synthesized	 by	 successive	 NCL:	 [2−1−3],	 [1−2−3],	 and	 [1−3−2]	 as	 will	 be	
described	below.
The	first	NCL	reaction	with	the	unprotected	cysteine	in	TAC-	scaffold	6	(3	μmol,	1	
mM)	was	carried	out	with	cyclic	peptide	thioester	7a, 7b, or 7c	(3	μmol,	1	mM)	in	
ligation	buffer	(200	mM	sodium	phosphate,	200	mM	4-mercaptophenylacetic	acid	
(MPAA),	40	mM	TCEP,	and	pH	7.4)	to	give	the	single	ligated	product.	Next,	both	Boc	
protective	groups	were	removed	using	25%	TFA	in	water	to	yield	the	deprotected	
single ligated products 8a-c.	Then	 the	second	cyclic	peptide	was	attached	to	 the	
scaffold	 by	 NCL,	 followed	 by	 the	 thiazolidine	 ring-opening-deprotection	 of	 the	
third	 cysteine	 residue	by	methoxyamine	hydrochloride	 to	yield	9a-c.	 Finally,	NCL	
incorporation	of	 the	 third	peptide	 loop	afforded	 the	 triple	 ligated	gp120	mimics	
10a-c	(Scheme	2).
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Scheme 2 General	procedure	for	performing	stepwise	NCL	on	TAC-scaffold	6 to obtain gp120 mimics 
10a-c.

For	 biological	 evaluation	purposes,	 it	 is	 sensible	 to	 alkylate	 (“cap”)	 the	 resulting	
thiols	of	the	cysteine	residues	present	in	these	gp120	protein	mimics.	Besides	the	
normal iodoacetamide capping (chapter 5), we were also inspired by the highly 
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selective	reaction	between	1,3,5-tris(bromomethyl)benzene	(12) and a tricysteine 
containing	peptide,	shown	by	Timerman	et al.21 We wondered if this method could 
also	be	used	 to	 alkylate	 the	 thiol	 groups	of	 our	 complicated	molecules.	 And	 so,	
a	 test	 reaction	 was	 conducted	 between	 the	 earlier	 prepared	 triple-loop	 1	 TAC-
scaffold	11 (chapter 5)22 and tris(bromomethyl)benzene 12.	Even	when	an	excess	
of tris(bromomethyl)benzene 12 was used, complete conversion to the mono-
tris(bromomethyl)benzene	alkylated	product	13	was	 found	 (Scheme	3).	By	using	
this	alkylation	method,	a	completely	new	constrained	and	multicyclic	scaffold	was	
formed,	 in	 which	 the	 three	 cysteine	 residues	 are	 incorporated	 in	 the	 template.	
It	was	 expected	 that	 this	 simultaneous	 alkylation	will	 constrain	 the	 TAC-scaffold	
considerably.	Preliminary	molecular	modeling	results	showed	that	this	simultaneous	
alkylation	led	to	a	flattening	of	protein	mimic	construct	(Figure	4).
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Figure 4 Molecular	modeling	image	of	the	tris(bromomethyl)benzene	alkylated	TAC-scaffold.	

Next,	 the	 gp120	 mimics	 10a-c were	 alkylated	 using	 iodoacetamide	 or	
1,3,5-tris(bromomethyl)benzene	 (12).	 Iodoacetamide	 alkylation	 gave	 the	
iodoacetamide	alkylated	gp120	mimics	[2−1−3]	(14a),	[1−2−3]	(14b),	and	[1−3−2]	
(14c)	 in	 overall	 yields	 of	 14,	 12,	 and	 20%,	 respectively,	 corresponding	 to	 good	
average	yields	per	step	of	75,	73,	and	79%	(Scheme	4).	tris(bromomethyl)benzene	12 
alkylation	led	to	monoalkylated	protein	gp120	mimics	[2−1−3]	(15a),	[1−2−3]	(15b), 
and	[1−3−2]	(15c)	in	overall	yields	of	15,	12,	and	15%,	respectively	(corresponding	
to	an	average	yield	per	step	of	76,	73,	and	76%),	in	which	all	three	cysteine	thiols	
had	reacted	(Scheme	4).
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The ability of these triple ligated molecular constructs to act as protein mimics of 
gp120	was	 evaluated	 in	 a	 gp120-capture	 ELISA	 assay.	 The	 binding	 of	 the	 gp120	
discontinuous	 epitope	 mimics	 to	 CD4	 was	 addressed	 in	 a	 gp120-capture	 ELISA	
experiment	 (Figure	5).	The	 individual	 loops,	TAC-scaffold	as	well	as	an	equimolar	
mixture	of	 loops	gave	hardly	any	 inhibition	of	 the	gp120−CD4	 interaction.	These	
results	indicated	that	an	assembly	of	at	least	two	cyclic	peptides	was	required	for	
biological	 acitivity.	 The	 data	 obtained	 from	 the	 ELISA	 experiments	 of	 the	 gp120	
protein mimics 14a - 14c (capped with iodoacetamide), showed a moderate 
inhibitory	 activity	 and,	 although	 statistically	 not	 significant,	 a	 trend	of	 reduction	
of	inhibitory	activity	may	be	observed	going	from	14a to 14c, which seemed to be 
less	the	case	in	the	tris(bromomethyl)benzene	alkylated	protein	gp120	mimics	15a 
- 15c.	In	the	latter	protein	mimics,	preliminary	molecular	experiments	indicated	a	
more	flattened	structure,	possibly	leading	to	more	similar	inhibitory	activities.
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Figure 5 Results	of	the	competitive	gp120(IIIB)-CD4	ELISA	for	all	gp120	mimics,	different	cyclic	peptide	
thioesters	 loops,	 TAC-scaffold,	 equimolar	 mixture	 of	 the	 cyclic	 peptide	 thioesters	 and	 equimolar	
mixture	of	the	cyclic	peptide	thioesters	as	well	as	the	TAC-scaffold.	The	concentration	of	the	mimics	
14a-c,	the	thioester	loops	(L1,	L2	and	L3)	and	TAC-scaffold	was	31	µM.	The	concentration	of	the	mimics	
15a-c	was	32	µM.	In	the	mixtures	each	individual	component	(L1,	L2,	L3	and	TAC-scaffold)	was	present	
in	a	concentration	of	31	µM.

6.3 Conclusions

In	conclusion,	we	have	designed	an	efficient	synthetic	strategy	for	the	sequential	
introduction	of	cyclic	peptides	to	a	newly	designed	molecular	scaffold.	In	this	method,	
up	to	three	different	cyclic	peptide	thioesters	can	be	introduced	sequentially	to	this	
new	 three-cysteine	derivative	 containing	 a	modified	TAC-scaffold,	 using	 the	 very	
versatile	NCL	reaction.	However,	it	should	be	emphasized	that	this	procedure	is	not	
limited	to	attachment	of	peptide	thioesters,	and	the	scope	can	be	extended	to	other	
small	to	large	thioesters.	The	required	TAC-scaffold	(6)	was	efficiently	synthesized	
on	the	solid	support	and	obtained	in	a	high	yield.	Moreover,	all	synthesized	gp120	
protein	mimics	were	 obtained	 in	 good	 overall	 yields.	 Fortuitously,	 alkylating	 the	
sulfhydryl	 groups	 of	 protein	 mimics	 10a-c	 with	 1,3,5-tris(bromomethyl)benzene	
gave	only	monoalkylated	products.	In	fact	this	led	to	a	novel	constrained	multicyclic	
scaffold,	which	might	be	more	flat,	reflecting	the	observed	similar	inhibitory	activity	
of	 the	 resulting	protein	mimics.	 The	 sequential	NCL	 strategy	used	 for	 successful	
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introduction	 of	 different	 cyclic	 peptides	 described	 in	 this	 paper	 may	 indicate	
its	 potential	 for	 the	efficient	 chemical	 construction	of	other	protein	mimics	of	 a	
variety	of	discontinuous	epitope	containing	proteins	and	may	ultimately	lead	even	
to	synthetic	antibodies	by	furnishing	suitable	scaffolds	with	the	appropriate	CDR-
peptides	loops.

6.4 Experimental section

General
All	 reagents	 were	 obtained	 from	 commercial	 sources	 and	 used	 without	 further	
purification.	 Peptide	 grade	 DiPEA	 and	 TFA	 were	 purchased	 from	 Biosolve	 B.V.	
(Valkenswaard,	The	Netherlands)	and	CH2Cl2, NMP and HPLC grade solvents were 
purchased	form	Actu-All	(Oss,	The	Netherlands).	2-Chlorotrityl	chloride	resin	(100-
200	mesh,	 1%	 DVB,	 capacity	 1.0-1.6	mmol.g-1) was purchased from Iris Biotech 
GmbH.	 Solid	 phase	 peptide	 synthesis	was	 carried	out	 in	 a	 plastic	 syringe	with	 a	
polyethylene	frit	obtained	from	Screening	Devices	B.V.	Loading	of	a	resin	sample	
was	 assessed	by	 Fmoc-spectrophotometric	 quantification23 of the absorbance of 
the	dibenzofulvene-piperidine	adduct	at	300	nm	in	Perkin	Elmer	Lambda	2	UV/VIS	
spectrometer.	Kaiser24 and Bromophenol Blue tests25,26	were	used	for	detection	on	
the	solid	phase	of	primary	and	secondary	amines,	respectively.	For	lyophilizations	
a	 Christ	 Alpha	 1-2	 apparatus	 was	 used.	 Reactions	 were	 carried	 out	 at	 ambient	
temperature	 unless	 stated	 otherwise.	 Analytical	 HPLC	 was	 accomplished	 on	 a	
Shimadzu-10Avp	(Class	VP)	with	a	UV-detector	operating	at	214	and	254	nm	using	
a	Phenomenex	Gemini	C18	column	(110	Å,	5	μm,	250×4.60	mm)	at	a	flow	rate	of	
1	mL.min-1	 using	 this	 standard	protocol:	 100%	buffer	A	 for	 2	min,	 followed	by	 a	
linear	gradient	of	buffer	B	(0-50%	in	48	min,	method	A)	or	100%	buffer	A	for	2	min,	
followed	by	a	 linear	gradient	of	buffer	B	(0-100%	in	48,	method	B).	Eluents	were	
H2O/CH3CN/TFA	 (95/5/0.1,	 v/v/v,	 buffer	 A)	 and	H2O/CH3CN/TFA	 (5/95/0.1,	 v/v/v,	
buffer	B).	Purification	of	the	peptidic	compounds	was	performed	on	a	Prep	LCMS-
QP8000α	HPLC	system	(Shimadzu)	using	a	Phenomenex	Gemini	C18	column	(110	
Å,	10	μm,	250×20	mm)	at	a	flow	rate	of	12.5	mL.min-1 using this standard protocol: 
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100%	buffer	A	for	5	min,	followed	by	a	linear	gradient	of	buffer	B	(0-100%	in	100	min,	
method	A)	or	100%	buffer	A	for	5	min,	followed	by	a	linear	gradient	of	buffer	B	(0-
60%	in	100	min,	method	B)	using	the	same	buffers	as	described	for	analytical	HPLC.	
Analytical	LC-MS	was	performed	on	a	Shimadzu-10Avp	(Class	VP)	with	a	Thermo-
Finnigan	LCQ	Deca	XP	Max	ion	trap	mass	spectrometer	and	a	UV-detector	operating	
at	214	nm	using	the	same	column	as	described	for	analytical	HPLC	at	a	flow	rate	of	1	
mL.min-1	using	this	standard	protocol:	100%	buffer	A	for	2	min,	followed	by	a	linear	
gradient	of	buffer	B	(0-50%	in	28	min,	method	A)	or	100%	buffer	A	for	2	min,	followed	
by	a	linear	gradient	of	buffer	B	(0-100%	in	28,	method	B).,	using	the	same	buffers	as	
described	for	analytical	HPLC.	For	single	charged	molecules	the	monoisotopic	mass	
was	used	([M+H]+).	For	multiple	charged	molecules	the	average	mass	was	used	([M	
+	2H]2+	or	[M	+	3H]3+).	Routine	electrospray	ionization	mass	spectrometry	(ESI-MS)	
was	performed	on	a	Shimadzu	LCMS-QP8000	single	quadrupole	bench-top	mass	
spectrometer	operating	 in	 a	positive	 ionization	mode	or	 a	 Thermo-Finnigan	 LCQ	
Deca	XP	Max	ion	trap	mass	spectrometer.	MALDI-TOF-MS	spectra	were	recorded	on	
a	Kratos	Analytical	(Shimadzu)	AXIMA	CFR	mass	spectrometer	using	sinapic	acid	as	a	
matrix	and	bovine	insulin	oxidized	B	chain	(monoisotopic	[M	+	H]+	3,494.6513)	as	a	
reference.	High-resolution	electrospray	ionization	(ESI)	mass	spectra	were	measured	
on	 a	 Bruker	micrOTOF-Q	 II	 in	 positive	mode	 and	 calibrated	with	 ESI	 tuning	mix	
from	Agilent	Technologies.	For	measurements	of	pH-values	were	measured	using	
a	PHM210	standard	pH	meter	from	Radiometer	Analytical	with	a	micro	combined	
pH	electrode	pHC3359-8	was	used.	The	microtiter	plate	reader	used	in	the	ELISA	
experiments	was	a	BioTEK	μQuant	 (Beun	de	Ronde,	Abcoude,	The	Netherlands).	
Software	used	for	data	analysis	was	the	Full	Mode-KC4	version	3.4.

[Fmoc-Alloc-oNBS]-TAC scaffold-trityl resin 2

N N

OO

N

oNBSFmoc

Alloc

To	a	shaken	solution	of	TAC-scaffold2 (1,	307	mg,	0.40	mmol,	
1.0	 equiv)	 in	 DCM	 (10	mL)	 in	 a	 round	 bottom	 flask	 was	
added DiPEA	 (69.7	 µL,	 0.40	 mmol,	 1.0	 equiv).	 Next,	
2-chlorotrityl	 chloride	 resin	 (1.00	 g,	 1.0	 –	 1.6	mmol)	was	
added	 in	one	portion	to	the	shaken	mixture.	After	5	min,	
another	portion	DiPEA	(105	µL,	0.60	mmol,	1.5	equiv)	was	
added	and	the	mixture	was	shaken	overnight,	followed	by	
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capping	of	remaining	2-chlorotrityl	chloride	resin	by	addition	of	MeOH	(1.0	mL)	and	
DiPEA	(245	µL,	1.40	mmol,	3.5	equiv)	to	the	mixture.	The	mixture	was	shaken	for	30	
min,	transferred	to	a	plastic	solid	phase	synthesis	tube	and	the	resin	was	washed	
with	DCM	(3	×	10	mL,	each	2	min),	MeOH	(3	× 10 mL, each 2 min) and diethyl ether 
(3	×	10	mL,	each	2	min).	After	drying	the	resin	in	vacuo	for	3	hours,	the	weight	was	
found	to	be	1.33	g.	The	loading	was	determined	by	the	Fmoc-spectrophotometric	
determination	(see	general	experimental	procedures)	and	was	found	to	be	(0.265	
mmol.g-1).	 This	 corresponded	 to	 0.352	mmol	 of	 resin-bound	 TAC-scaffold	 2 and 
corresponded	to	a	loading	yield	of	88%.

[BocThz-Alloc-oNBS]-TAC scaffold-trityl resin 3

N N

OO

N

oNBS
OBoc

N

S

Alloc

Resin-bound	TAC-scaffold	2	 (0.35	mmol,	1.0	equiv)	was	
swollen	 in	NMP	 (10	mL	 for	 10	min).	 After	draining	 the	
solvent	the	resin	was	shaken	with	piperidine/NMP	(1/4,	
v/v,	3	×	10	mL,	each	10	min)	and	washed	with	NMP	(3	× 
10	mL,	each	2	min)	and	DCM	(3	×	10	mL,	each	2	min).	
Positive	Bromophenol	Blue	test	indicated	Fmoc	removal.	
Next,	 the	 Fmoc	deprotected	 resin	was	 swollen	 in	NMP	

(10	mL	for	2	min).	After	draining	the	solvent	the	resin	was	shaken	with	Boc-Thz-OH	
(328	mg,	1.41	mmol,	4.0	equiv),	BOP	(623	mg,	1.41	mmol,	4.0	equiv)	and	DiPEA	
(490	µL,	2.82	mmol,	8.0	equiv)	in	NMP	(10	mL)	for	90	min	and	washed	with	NMP	(3	
×	10	mL,	each	2	min)	and	DCM	(3	×	10	mL,	each	2	min).	Negative	Bromophenol	Blue	
test	indicated	a	complete	coupling	of	Boc-Thz-OH.

[BocThz-Alloc-BocCys(StBu)]-TAC scaffold-trityl resin 4
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For removal of the oNBS-group,	 resin-bound	 TAC-
scaffold	 3	 (0.35	 mmol,	 1.0	 equiv)	 was	 swollen	 in	
DMF	(10	mL	for	2	min).	After	draining	the	solvent,	
DMF	 (10	 mL),	 2-mercaptoethanol	 (247	 µL,	 3.52	
mmol,	10	equiv)	and	DBU	(263	µL,	1.76	mmol,	5.0	
equiv)	were	added.	After	shaken	the	mixture	for	30	
min,	the	solution	was	replaced	by	an	identical	fresh	

solution	and	shaken	again	for	30	min.	The	resin	was	washed	with	DMF	(3	× 10 mL, 
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each	2	min)	 and	DCM	 (3	×	 10	mL,	 each	2	min).	 Positive	Bromophenol	Blue	 test	
indicated oNBS	removal.	After	swelling	of	the	resin	(2	min)	 in	10	mL	NMP,	it	was	
filtered	off	and	the	resin	was	shaken	with	Boc-Cys(StBu)-OH	(436	mg,	1.41	mmol,	
4.0	equiv),	BOP	(623	mg,	1.41	mmol,	4.0	equiv)	and	DiPEA	(490	µL,	2.82	mmol,	8.0	
equiv)	in	NMP	(10	mL)	for	90	min,	filtered	and	washed	with	NMP	(3	× 10 mL, each 
2	min)	and	DCM	(3	×	10	mL,	each	2	min).	Negative	Bromophenol	Blue	test	indicated	
a	complete	coupling	of	Boc-Cys(StBu)-OH.

[BocThz-FmocCys(StBu)-BocCys(StBu)]-TAC scaffold-trityl resin 5
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Resin-bound	TAC-scaffold	4	 (0.35	mmol,	1.0	equiv)	
was	swollen	in	NMP	(10	mL	for	2	min)	and	after	its	
removal treated with anilinium	 p-toluenesulfinate	
(1.76	 g,	 7.0	 mmol,	 20	 equiv)	 in	 NMP	 (10	 mL).	 A	
gentle stream of argon was bubbled through the 
mixture	 for	 10	 min	 and	 Pd0(Ph3P)4	 (122	 mg,	 0.11	
mmol,	0.30	equiv)	was	added.	Argon	bubbling	was	
continued	through	the	reaction	for	45	min	under	the	

exclusion	of	light.	Next,	the	resin	was	washed	with	NMP	(3	× 10 mL, each 2 min), 
0.1%	 sodium	 diethyldithiocarbamate	 trihydrate	 in	 NMP	 (10	mL	 for	 2	min),	 20%	
DiPEA	 in	NMP	 (10	mL	 for	 2	min)	 and	NMP	 (3	×	 10	mL,	 each	2	min).	 This	 entire	
procedure	 was	 repeated	 once.	 Then	 a	 small	 aliquot	 of	 the	 resin	 (ca	 5	 mg)	
microcleavage	was	treated	with	30%	HFIP	in	DCM	for	30	min	and	LC-MS	analysis	
showed	complete	removal	of	the	Alloc	protecting	group.	Next,	the	Alloc	deprotected	
resin	was	now	swollen	in	NMP	(10	mL	for	2	min).	Removal	of	this	NMP	was	followed	
by	shaken	the	resin	with	Fmoc-Cys(StBu)-OH	(608	mg,	1.41	mmol,	4.0	equiv),	BOP	
(623	mg,	1.41	mmol,	4.0	equiv)	and	DiPEA	(490	µL,	2.82	mmol,	8.0	equiv)	in	NMP	
(10	mL)	for	90	min.	This	was	followed	by	washing	with	NMP	(3	× 10 mL, each 2 min) 
and	DCM	(3	×	10	mL,	each	2	min).	A	negative	Bromophenol	Blue	test	indicated	a	
complete	coupling	of	Fmoc-Cys(StBu)-OH.
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[BocThz-Cys-BocCys]-TAC scaffold 6 
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Resin-bound	 TAC-scaffold	5	 (0.352	mmol,	 1	 equiv)	
was	 swollen	 in	 NMP	 (10	 mL	 for	 10	 min).	 After	
draining	 the	 NMP	 the	 resin	 was	 shaken	 with	
piperidine/NMP	(1/4,	v/v,	3	× 10 mL, each 10 min) 
and	washed	with	NMP	(3	× 10 mL, each 2 min) and 
DCM	(3	×	10	mL,	each	2	min).	A	positive	Bromophenol	
Blue	 test	 indicated	 Fmoc	 removal.	 Next,	 the	 resin	

was	treated	with	30%	HFIP	in	DCM	(10	mL	for	30	min).	The	resin	was	washed	with	
DCM (4 ×	10	mL,	each	2	min)	and	the	filtrates	were	combined	and	evaporated	in 
vacuo.	The	crude	was	then	dissolved	 in	tBuOH/H2O	(1/1,	v/v)	and	 lyophilized,	 to	
yield	349	mg	of	crude	StBu	protected	scaffold.	Next,	this	crude	scaffold	(39	mg,	40	
µmol,	1.0	equiv)	was	treated	with	a	freshly	prepared	solution	of	NaH2PO4·2H2O	(30	
mM,	94	mg),	TCEP	(30	mM,	172	mg,	600	µmol,	7.5	equiv	per	StBu	disulfide),	pH	7.5	
in 20 mL of H2O/MeCN	 (1:1)	 and	 the	mixture	was	 stirred	 for	 3	 hours.	Next,	 the	
mixture	was	reduced	to	ca	10	mL	by	evaporation	and	then	lyophilized.	Finally,	crude	
scaffold	 6 was dissolved in H2O/CH3CN/TFA	 (75/25/0.1,	 v/v/v)	 and	 purified	 by	
preparative	HPLC	(method	A).	Fractions	corresponding	to	the	product	were	pooled	
and	lyophilized	to	yield	scaffold	6 as	a	white	fluffy	solid	(22.7	mg,	corresponding	to	
a	overall	yield	of	72%). tR	=	27.6	min	(method	B);	HRMS	m/z calcd for C35H55N6O9S3 
[M	+	H]+	799.3187,	found	799.3168.

General procedure for the stepwise NCL
First	NCL	step,	followed	by	Boc-deprotection 
N2	was	bubbled	through	a	freshly	prepared	solution	of	NaH2PO4·2H2O (200 mM, 94 
mg),	MPAA	(200	mM,	requires	101	mg),	TCEP	(40	mM,	requires	34	mg),	pH	7.4	in	3.0	
mL of H2O/4	M	NaOH	(the	NaOH	solution	was	used	to	adjust	the	pH)	for	5	min.	Next,	
the	required	volume	(3.0	mL)	of	this	solution	was	added	to	a	falcon	tube,	containing	
the	first	cyclic	peptide	thioester	(7a,7b or 7c,	3.0	µmol,	molecular	weight	corrected	
for	the	TFA	salt)	and	TAC-scaffold	6 (2.74	mg,	3.0	µmol,	1	TFA	molecule	was	added	
to	the	molecular	weight	of	the	scaffold)	thereby	obtaining	a	1.0	mM	concentration	
of	both	reactants.	The	mixture	was	stirred	for	3	hours	and	then	diluted	with	3.0	
mL of H2O/TFA	(9/1,	v/v)	to	precipitate	the	MPAA.	After	two	wash	steps	with	Et2O 
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(each	time	6.0	mL),	TCEP	(ca	10	mg)	was	added	and	the	solution	was	stirred	for	5	
min.	After	two	additional	wash	steps	with	Et2O	(each	time	6.0	mL),	the	mixture	was	
lyophilized.	Next,	the	residue	was	redissolved	in	25%	TFA	in	H2O	(6.0	mL)	and	stirred	
for 6 hours, diluted with H2O	(ca	20	mL)	and	lyophilized	again	to	yield	crude	ligation	
products 8a-c,	which	were	directly	used	in	the	second	NCL-step.

Second	NCL	step,	followed	by	thiazolidine-deprotection 
A	solution	of	crude	product	8a-c,	MPAA	(200	mM,	requires	101	mg,	TCEP	(40	mM,	
requires	34	mg),	pH	7.4	in	3.0	mL	of	H2O/4	M	NaOH	(the	NaOH	solution	was	used	to	
adjust	the	pH)	was	prepared.	Next,	following	the	above-described	NCL	procedure	
(first	NCL	 step)	 the	 second	cyclic	peptide	 thioester	was	 connected	 to	8a-c.	After	
lyophilization,	the	ligation	products	were	redissolved	in	H2O/4	M	NaOH,	pH	7.4	(the	
NaOH	 solution	was	 used	 to	 adjust)	 and	methoxyamine	 hydrochloride	 (200	mM,	
requires	67	mg)	was	added,	which	led	to	lowering	of	the	pH-value	to	ca	5.3.	After	
stirring	for	24	hours,	the	entire	reaction	mixture	was	subjected	to	purification	by	
preparative	HPLC	(method	B).	Fractions	containing	the	doubly	ligated	product	(9a-c) 
were pooled and lyophilized to yield 9a-c	as	white	fluffy	solids,	which	were	directly	
used	in	the	next	reaction.

Third	NCL step
Following	the	above-described	NCL	procedure	(first	NCL	step)	the	third	cyclic	peptide	
thioester was connected to 9a-c.	After	the	last	washing	step	with	Et2O,	the	entire	
reaction	mixture	was	 subjected	 to	 purification	 by	 preparative	HPLC	 (method	 B).	
Fractions	containing	the	triple	ligated	product	were	pooled	and	lyophilized	to	yield	
10a-c	as	white	fluffy	solids. 10a, 10b and 10c	were	all	divided	into	equal	amounts	
and	directly	used	for	alkylation	by	iodoacetamide	or	tri(bromomethyl)benzene	in	
subsequent	reactions.

Iodoacetamide	alkylation 
The	required	amount	(see	below)	of	a	freshly	prepared	solution	of	NaH2PO4·2H2O 
(200	mM,	 requires	 62	mg),	 TCEP	 (40	mM,	 requires	 23	mg),	 pH	 7.6	 in	 2.0	mL	of	
H2O/4	M	NaOH	 (the	NaOH	 solution	was	used	 to	 adjust	 the	pH)	was	 added	 to	 a	
falcon tube, containing 10a, 10b or 10c	 to	obtain	a	1.0	mM	concentration.	After	
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stirring	for	20	min,	the	required	amount	(see	below)	of a	freshly	prepared	solution	
of NaH2PO4·2H2O	(200	mM,	requires	62	mg),	iodoacetamide	(60	mM,	requires	22	
mg),	pH	7.6	in	2.0	mL	of	H2O/4	M	NaOH	(the	NaOH	solution	was	used	to	adjust	the	
pH)	was	added	to	the	reaction	mixture	to	obtain	a	concentration	of	0.50	mM	10a-
c.	After	stirring	for	1	hour	 in	the	dark,	the	entire	reaction	mixture	was	subjected	
to	purification	by	preparative	HPLC	(method	B).	Fractions	containing	the	alkylated	
product were pooled and lyophilized to yield 14a-c	as	white	fluffy	solids.

1,3,5-tris(bromomethyl)benzene	alkylation 
The	 required	 volume	 (see	 below)	 of	 a	 freshly	 prepared	 solution	 of	 ammonium	
bicarbonate	buffer	(20	mM,	79	mg	in	50	mL	H2O,	pH	7.8)	was	added	to	a	falcon	tube,	
containing 10a, 10b or 10c (1	equiv)	so	that	a	concentration	of	0.67	mM	is	obtained.	
Next,	 the	 required	 volume	 (see	 below)	 of	 a	 solution	 of	 1,3,5-tris(bromomethyl)
benzene	in	MeCN	(40	mg	in	50	mL	MeCN)	was	added	to	the	reaction	mixture	so	that	
a	concentration	of	0.50	mM	of	10a-c	is	obtained	(1.1	equiv	1,3,5-tris(bromomethyl)
benzene,	ammonium	bicarbonate	buffer/MeCN	(3/1,	v/v)).	After	stirring	for	1	hour,	
the	 entire	 reaction	 mixture	 was	 subjected	 to	 purification	 by	 preparative	 HPLC	
(method	B).	Fractions	containing	the	alkylated	product	were	pooled	and	lyophilized	
to yield 15a-c	as	white	fluffy	solids.

Triple-loop 1 mimic 13
201	µL	of	a	freshly	prepared	solution	of	ammonium	bicarbonate	buffer	(20	mM,	79	
mg in 50 mL H2O,	pH	7.8)	was	added	to	a	falcon	tube,	containing	triple-loop	1	mimic	
1122	(chapter	5,	0.53	mg,	0.13	µmol,	1.0	equiv,	6	TFA	molecules	were	added	to	the	
molecular	weight)	so	that	a	concentration	of	0.67	mM	was	obtained.	Next,	67	µL	of	
a	1,3,5-tris(bromomethyl)benzene	solution	in	MeCN	(48	mg	in	50	mL	MeCN)	was	
added	to	the	reaction	mixture	so	that	a	concentration	of	0.50	mM	of	12 was obtained 
(1.3	equiv	1,3,5-tris(bromomethyl)benzene,	ammonium	bicarbonate	buffer/MeCN	
(3/1,	v/v)).	After	stirring	for	1	hour	the	reaction	was	analyzed	by	LC-MS	and	HPLC. 
tR	=	18.7	min	 (method	A);	MALDI-TOF	MS	m/z calcd for C142H219N46O46S3	 [M	+	H]+ 
3400.54,	found	3400.84.
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Synthesis of [2-1-3] gp120 mimic 14a and 15a
The	sequence	of	ligation	was:	loop	1	(7a),	loop	3	(7c), loop 2 (7b).	In	the	last	NCL,	
9a	 (3.91	mg)	 was	 converted	 to	 10a	 (2.83	mg),	 using	 1.36	mL	 of	 ligation	 buffer.	
Single-ligated product: tR	 =	 15.5	min	 (LC-MS	method	 B);	MS	 (ESI)	m/z calcd for 
C71H112N19O23S3	[M	+	H]+	1694.73,	found	1694.91.	Boc-deprotected	8a: tR	=	12.5	min	
(LC-MS	method	A);	MS	(ESI)	m/z calcd for C61H96N19O19S3	[M	+	H]+	1494.63,	found	
1495.01;	calcd	for	C61H97N19O19S3	[M	+	2H]2+	748.38,	found	748.13.	Double-ligated	
product: tR	=	17.2	min	(LC-MS	method	A);	MS	(ESI)	m/z calcd for C105H164N30O37S3 [M 
+	2H]2+	1267.42,	found	1267.40.	Thz-deprotected	9a: tR	=	17.1	min	(LC-MS	method	
A);	MS	(ESI)	m/z calcd for C104H164N30O37S3	[M	+	2H]2+	1261.41,	found	1261.57.	Triple-
ligated 10a: tR	=	22.4	min	(LC-MS	method	A);	MS	(ESI)	m/z calcd for C164H255N46O54S4 
[M	+	3H]3+	1287.79,	found	1287.23.

Iodoacetamide	alkylated	14a
By	 using	 1.31	 mg	 of	 10a,	 312	 µL	 of	 TCEP	 buffer	 and	 312	 µL	 of	 iodoacetamide	
buffer	in	the	alkylation	procedure	described	above,	14a (0.83	mg)	was	obtained	in	
overall	yield	of	14%,	corresponding	to	an	average	yield	of	75%	per	step.	tR	=	32.8	
min	(method	A);	MS	(ESI)	m/z calcd for C170H264N49O57S4	[M	+	3H]3+	1344.84,	found	
1344.31;	MALDI-TOF	MS	m/z calcd for C170H262N49O57S4	 [M	 +	 H]+	 4029.80,	 found	
4029.03.

1,3,5-tris(bromomethyl)benzene	alkylated	15a
By	using	1.52	mg	of	10a,	542	µL	of	ammonium	bicarbonate	buffer	and	181	µL	of	
the	1,3,5-tris(bromomethyl)benzene	in	MeCN	solution	in	the	alkylation	procedure	
described above, 15a (1.01	mg)	was	obtained	in	overall	yield	of	15%,	corresponding	
to	an	average	yield	of	76%	per	step. tR	=	35.2	min	(method	A);	MS	(ESI)	m/z calcd 
for C173H261N46O54S4	[M	+	3H]3+	1325.84,	found	1325.85;	MALDI-TOF	MS	m/z calcd for 
C173H259N46O54S4	[M	+	H]+	3972.78,	found	3972.31.

Synthesis of [1-2-3] gp120 mimic 14b and 15b
The	sequence	of	ligation	was:	loop	2	(7b),	loop	3	(7c), loop 1 (7a).	In	the	last	NCL,	
9b	 (3.92	mg)	was	 converted	 to	10b	 (2.60	mg),	 using	 1.22	mL	 of	 ligation	 buffer. 
Single-ligated product: tR	 =	 16.9	min	 (LC-MS	method	 B);	MS	 (ESI)	m/z calcd for 
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C95H146N22O26S4	[M	+	2H]2+	1070.30,	found	1070.05.	Boc-deprotected	8b: tR	=	17.6	min	
(LC-MS	method	A);	MS	(ESI)	m/z calcd for C85H129N22O22S4	[M	+	H]+	1937.85,	found	
1937.76;	calcd	for	C85H130N22O22S4	[M	+	2H]2+	970.18,	found	970.24.	Double-ligated	
product: tR	=	20.2	min	(LC-MS	method	A);	MS	(ESI)	m/z calcd for C129H197N33O40S4 [M 
+	2H]2+	1489.22,	found	1488.52;	calcd	for	C129H198N33O40S4	[M	+	3H]3+	993.15,	found	
992.99.	Thz-deprotected	9b: tR	=	20.4	min	(LC-MS	method	A);	MS	(ESI)	m/z calcd for 
C128H197N33O40S4	[M	+	2H]2+	1483.22,	found	1482.85;	calcd	for	C128H198N33O40S4 [M + 
3H]3+	989.15,	found	989.37.	Triple-ligated	10b: tR	=	22.4	min	(LC-MS	method	A);	MS	
(ESI) m/z calcd for C164H255N46O54S4	[M	+	3H]3+	1287.79,	found	1287.28.

Iodoacetamide	alkylated	14b
By	 using	 1.03	 mg	 of	 10b,	 245	 µL	 of	 TCEP	 buffer	 and	 245	 µL	 of	 iodoacetamide	
buffer	in	the	alkylation	procedure	described	above,	14b (0.60	mg)	was	obtained	in	
overall	yield	of	12%,	corresponding	to	an	average	yield	of	73%	per	step.	tR	=	32.7	
min	(method	A);	MS	(ESI)	m/z calcd for C170H264N49O57S4	[M	+	3H]3+	1344.84,	found	
1344.96;	MALDI-TOF	MS	m/z calcd for C170H262N49O57S4	 [M	 +	 H]+	 4029.80,	 found	
4030.36.

1,3,5-tris(bromomethyl)benzene	alkylated	15b
By	using	1.57	mg	of	10b,	560	µL	of	ammonium	bicarbonate	buffer	and	187	µL	of	
the	1,3,5-tris(bromomethyl)benzene	in	MeCN	solution	in	the	alkylation	procedure	
described above, 15b (0.86	mg)	was	obtained	in	overall	yield	of	11%,	corresponding	
to	an	average	yield	of	73%	per	step.	tR	=	35.3	min	(method	A);	MS	(ESI)	m/z calcd 
for C173H261N46O54S4	[M	+	3H]3+	1325.84,	found	1325.68;	MALDI-TOF	MS	m/z calcd for 
C173H259N46O54S4	[M	+	H]+	3972.78,	found	3972.19.

Synthesis of [1-3-2] gp120 mimic 14c and 15c
The	sequence	of	ligation	was:	loop	3	(7c), loop 1 (7a), loop 2 (7b).	In	the	last	NCL,	
9c	 (3.42	mg)	 was	 converted	 to	 10c	 (4.07	mg),	 using	 1.07	mL	 of	 ligation	 buffer. 
Single-ligated product: tR	 =	 17.2	min	 (LC-MS	method	 B);	MS	 (ESI)	m/z calcd for 
C79H122N17O27S3	[M	+	H]+	1836.79,	found	1836.61.	Boc-deprotected	8c: tR	=	15.1	min	
(LC-MS	method	A);	MS	(ESI)	m/z calcd for C69H106N17O23S3	[M	+	H]+	1636.68,	found	
1636.89;	calcd	for	C69H107N17O23S3	[M	+	2H]2+	819.45,	found	819.18.	Double-ligated	
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product: tR	=	16.8	min	(LC-MS	method	A);	MS	(ESI)	m/z calcd for C105H164N30O37S3 [M 
+	2H]2+	1267.42,	found	1267.08.	Thz-deprotected	9c: tR	=	17.0	min	(LC-MS	method	
A);	MS	(ESI)	m/z calcd for C104H164N30O37S3	[M	+	2H]2+	1261.41,	found	1261.47.	Triple-
ligated 10c: tR	=	22.3	min	(LC-MS	method	A);	MS	(ESI)	m/z calcd for C164H255N46O54S4 
[M	+	3H]3+	1287.79,	found	1287.03.

Iodoacetamide	alkylated	14c
By	 using	 1.69	 mg	 of	 10c,	 402	 µL	 of	 TCEP	 buffer	 and	 402	 µL	 of	 iodoacetamide	
buffer	in	the	alkylation	procedure	described	above, 14c (1.07	mg)	was	obtained	in	
overall	yield	of	20%,	corresponding	to	an	average	yield	of	79%	per	step. tR	=	32.7	
min	(method	A);	MS	(ESI)	m/z calcd for C170H264N49O57S4	[M	+	3H]3+	1344.84,	found	
1344.38;	MALDI-TOF	MS	m/z calcd for C170H262N49O57S4	 [M	 +	 H]+	 4029.80,	 found	
4030.61.

1,3,5-tris(bromomethyl)benzene	alkylated	15c
By	using	2.38	mg	of	10c,	848	µL	of	ammonium	bicarbonate	buffer	and	283	µL	of	
the	1,3,5-tris(bromomethyl)benzene	in	MeCN	solution	in	the	alkylation	procedure	
described above, 15c (1.11	mg)	was	obtained	in	overall	yield	of	15%,	corresponding	
to	an	average	yield	of	76%	per	step. tR	=	35.5	min	(method	A);	MS	(ESI)	m/z calcd 
for C173H261N46O54S4	[M	+	3H]3+	1325.84,	found	1325.83;	MALDI-TOF	MS	m/z calcd for 
C173H259N46O54S4	[M	+	H]+	3972.78,	found	3973.50.

HIV-1 gp120 capture ELISA experiments
The	HIV-1	gp120	capture	ELISA	experiments	were	performed	according	 literature	
procedures.6,7	 Before	 binding	 of	 the	 TAC-scaffold	 was	 studied	 in	 this	 ELISA	
experiment,	the	template,	containing	three	free	N-terminal	cysteine	residues	was	
first	alkylated	with	iodoacetamide	according	to	the	above	described	method	and	
purified	by	preparative	HPLC	(chapter	5).
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Molecular modeling
Molecular modeling was performed using the program Yasara Structure (version 
9.7.12;	www.yasara.org).	The	tris(bromomethyl)benzene	alkylated	TAC-scaffold	was	
drawn	with	three	β-alanines	to	the	scaffold	(Figure	6).	The	following	settings	were	
used:	Yamber3	 forcefield;	Force	cutoff	at	7.86	Å;	 temperature	control:	 simulated	
annealing;	the	simulation	cell	was	27.84×23.59×23.59	Å;	no	extra	water	molecules	
were	added.	The	minimization	was	done	from	300	Kelvin	until	it	reached	0	Kelvin.
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Figure 6	 Structure	 of	 the	 tris(bromomethyl)benzene	 alkylated	 TAC-scaffold	 with	 three	 β-alanines,	
which	was	used	in	the	molecular	modeling.
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7.1 Introduction

By	 employing	 the	 orthogonally	 protected	 TAC-scaffold	 developed	 several	 years	
ago,1	we	have	been	able	to	introduce	three	different	linear	peptide	segments	in	a	
successive	manner.2	These	peptides	segments	together	mimicked	a	discontinuous 
epitope	of	the	Pertactin	protein	(illustrated	in	Figure	1),	which	led	to	the	preparation	
of	a	synthetic	vaccine	against	Bordetella	Pertussis.2,3 This was followed by a non-stop 
solid	phase	synthesis	of	three	different	cyclic	peptides	on	the	TAC-scaffold,	which	
may	better	resemble	the	loop-like	conformations	of	the	discontinuous	epitope	of	-	
in	this	case	-	HIV-gp120.4 This represented a big step forward but this approach has 
two	inherent	disadvantages:	(1)	The	approach	utilizes	continuous	peptide	synthesis	
strategies	and	requires	even	with	high	yields	per	coupling	step	extensive	purification	
yielding	 relatively	 small	 amounts	 of	 the	 desired	 protein	mimic;	 (2)	Members	 of	
collections	 or	 libraries	 of	 protein	mimics	 for	 example	 to	 optimize	 the	 biological	
activity	have	 to	be	 synthesized	one	after	 the	other,	which	 is	time-consuming.	To	
remedy these disadvantages a combinatorial convergent approach was devised, 
which	 inherent	 to	 its	 convergence	 afforded	 higher	 yields	 and	 protein	mimics	 of	
high	purity.	Moreover,	it	produced	a	clean,	reproducible	collection	(‘smart	library’)	
of	protein	mimics	facilitating	uncovering	compounds	with	an	improved	biological	
activity.5	This	combinatorial	approach	also	allowed	scaffold	optimization.6 

Figure 1	Structure	of	the	discontinuous	epitope	of	the	Pertactin	protein	of	Bordetella	Pertussis. The 
peptide	loops	of	the	epitope	are	highlighted	in	colour	and	were	determined	by	Hijnen	et al.3

The	next	challenge,	which	is	remedied	here,	is	the	convergent	synthesis	of	single	
protein	 mimics	 containing	 three	 peptide	 loops,	 which	 have	 been	 identified,	 in	
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view	of	their	biological	activity,	as	being	candidates	for	re-synthesis	and	therefore	
have	 to	 be	 prepared	 in	 appreciable	 quantities.	 As	 was	 mentioned	 above,	 the	
earlier	 developed	 continuous	 linear	 synthesis	 is	 less	 suitable	 for	 this	 purpose.4 
To	our	knowledge	 the	availability	of	 convergent	methods	 for	 the	 introduction	of	
both	different	and	several	peptide	loops	onto	suitable	scaffolds	is	very	limited.	The	
most	 seminal	 contribution	 in	 this	 area	was	probably	 the	 cyclic	peptide	 template	
TASP	(Template	Assembled	Synthetic	Protein),	originally	developed	by	Mutter	and	
Vuilleumier7 and further developed by, among others, Dumy et al. to the so-called 
RAFT	(Regioselectively	Addresssable	Functionalized	Template).8,9	Another	landmark	
example	is	the	convergent	introduction	of	albeit	identical	peptides	onto	the	highly	
pre-organized	calixarene	system	by	Hamilton	et al.10 Beyermann et al. described an 
elegant	method	for	the	convergent	introduction	of	three	different	cyclic	peptides	-	
obtained	by	native	chemical	ligation	-	onto	a	linear	peptide	scaffold.11 

7.2 Results & discussion

Here	we	describe	a	versatile	convergent	synthesis	enabling	the	introduction	of	three	
different	cyclic	peptides	on	an	orthogonally	protected	TAC-scaffold	in	a	sequential	
manner	by	successive	Cu(I)-catalyzed	azide-alkyne	cycloaddition	(CuAAC),	 leading	
to	the	corresponding	protein	mimics.	In	addition,	the	method	described	here	can	
discriminate	 between	 protein	 mimics	 that	 differ	 only	 in	 the	 positioning	 of	 the	
individual	cyclic	peptides	on	the	scaffold,	which	was	not	possible	 in	our	 recently	
described	combinatorial	approach.5,6 
We	were	especially	attracted	by	the	versatility	of	introducing	peptide	loops	onto	the	
scaffold	using	CuAAC,	since	this	proved	to	be	highly	successful	in	the	preparation	
of	 ‘smart	 libraries’.5	 However,	 our	 current	 scaffold	was	 not	 suited	 for	 successive	
introduction	 of	 cyclic	 peptides	 by	 CuAAC	 so	 an	 ‘adapted’	 TAC-scaffold	 equipped	
with	orthogonally	removable	alkyne	protecting	groups	was	designed.	This	scaffold	
was	inspired	by	the	elegant	orthogonal	system	of	Valverde	et al.,	which	employed	
triisopropylsilyl	and	triethylsilyl	functionalized	alkynes.12 
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Since	 synthesis	 and	 purification	 of	 cyclic	 peptides	 irrespective	 of	 their	 size	 and	
amino	acid	composition	remains	a	hurdle,	we	also	felt	the	need	of	an	alternative	
expedient	method	 for	 the	 preparation	 of	 these.	 Based	 on	 the	 alkylation	 of	 two	
cysteine	 residues,	 similar	 to	 the	 refined	 ‘CLIPS’	method	 by	 Timmerman	 et al.,13 
peptides	were	 cyclized	 by	 an	 azide-containing	 alkylating	 agent	 (5)	making	 them	
suitable	for	ligation	via	CuAAC.
The	combination	of	these	molecular	entities	now	enables	the	synthesis	of	in	principle	
any	discontinuous	epitope	containing	protein	mimic	composed	of	three	loops	in	a	
high	yielding	and	convergent	manner.	This	will	be	illustrated	by	the	synthesis	of	the	
discontinuous	epitope	mimic	containing	 loops	 that	correspond	 to	 the	epitope	of	
whooping	cough	protein	pertactin.
The	 adapted	 TAC-scaffold	 containing	 the	 orthogonal	 alkyne	 moieties	 was	
conveniently	accessible	from	our	Alloc-,	Fmoc-	and	oNBS-protected	scaffold,1 which 
was loaded on a 2-chlorotrityl chloride resin leading to 1	(Scheme	1).	After	removal	
of	 the	 Alloc-group	 and	 reaction	 with	 succinic	 anhydride,	 propargylamine	 was	
introduced in a BOP-coupling leading to 2.	Removal	of	the	Fmoc-group,	followed	
by	reaction	with	succinic	anhydride	and	coupling	of	TIPS-protected	propargylamine	
yielded	resin	bound	scaffold	3.	Finally,	TES-propargylamine	was	introduced	followed	
by	 cleavage	 from	 the	 resin	 using	 30%	HFIP	 in	DCM	 to	 give,	 after	 purification	by	
preparative	HPLC,	pure	scaffold	4 in 58% overall yield (11 steps, average yield of 
95%	per	step,	Scheme	1).
The	cyclic	peptide	loops	used	in	this	work	were	based	on	peptide	segments	in	the	
pertactin	protein	of	 the	whooping	cough	causative	organism	Bordetella	Pertussis	
(Figure	1).3	The	linear	peptide	sequences	were	previously	used	in	the	preparation	of	
the	synthetic	pertusis	vaccine	and	were	capable	of	inducing	formation	of	protective	
antibodies.2	A	general	representation	of	the	synthesis	of	the	cyclic	peptides	is	shown	
in	Scheme	2.	
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Scheme 1 Synthesis	of	TAC-scaffold	4.
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Scheme 2	General	synthesis	of	cyclic	peptides	containing	an	azide	handle.

After	 introducing	both	a	C-terminal	and	a	N-terminal	cysteine	residue	during	the	
peptide	 synthesis	 and	 subsequent	 cleavage	 and	 deprotection	 of	 the	 peptide,	
bisalkylation	 with	 bisbenzylbromide	 derivative	 5 was carried	 out	 in	 aqueous	
acetonitrile	in	the	presence	of	the	volatile	inorganic	base	NH4HCO3.	This	afforded	
cyclic	peptides	6-8	after	preparative	HPLC	in	high	yields	(Figure	2,	14-26%,	averaged	
yields	 per	 step	 90-94%).	 Bisbenzylbromide	 derivative	 5 also contained an azide 
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‘handle’	allowing	for	convenient	incorporation	of	the	cyclic	peptides	onto	alkyne-
containing	TAC	scaffold	4	using	CuAAC.14 
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Figure 2 Structures	of	cyclic	peptide	6, 7 and 8.

The	 stage	 was	 now	 set	 for	 successive	 introduction	 of	 the	 peptide	 loops	 onto	
completed	 adapted	 scaffold	 4	 (Scheme	 3).	 First,	 peptide	 loop	 2	 (7), containing 
pertactin	peptide	segment	GERQH,	was	introduced	on	4 via	CuAAC	(CuSO4, sodium 
ascorbate	 and	 tris-(benzyltriazolylmethyl)amine	 (TBTA))	 in	 DMF/H2O using the 
microwave	on	the	‘unprotected’	alkyne	moiety	of	TAC-scaffold	4 leading to 9.	After	
removal	of	the	TES	group	by	AgNO3,	leading	to	deprotected	scaffold	10 in a high yield 
(90%),	peptide	loop	3	(8) containing	the	GDTWDDD	sequence	was	 introduced	by	
CuAAC	affording	TAC-scaffold	11,	bearing	two	cyclic	peptides. Finally,	peptide	loop	
1 (6)	representing	sequence	GGFGP	was	attached	for	completion	of	the	pertussis	
protein	mimic.	This	was	achieved	by	removal	of	the	TIPS	protecting	group	by	TBAF	
in	DMF	to	give	TAC-scaffold	12 in	a	good	yield	(67	%),	followed	by	CuAAC	of	cyclic	
peptide	6 to	furnish	the	desired	molecular	construct	carrying	three	different	cyclic	
peptides	(13).
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Scheme 3	Sequential	introduction	of	three	azide-bearing	peptide	loops	(6, 7 and 8)	onto	TAC-scaffold	
4	using	CuAAC	and	orthogonally	protected	alkyne	protecting	groups.

7.3 Conclusions

In	 summary,	we	have	described	a	new	versatile	 addition	 to	 the	 relatively	 scarce	
approaches	 for	 the	 convergent	 synthesis	 of	 discontinuous	 epitope	 containing	
protein	mimics,	containing	three	different	peptide	loops.	The	method	may	provide	
access	 to	 appreciable	 quantities	 of	 these	 biomolecular	 constructs,	 especially	
when	re-synthesis	 is	 required	after	 identifying	 ‘hits’	 from	our	smart	 libraries.	For	
assembly	 of	 the	 protein	 mimics	 a	 protected	 alkyne	 functionalized	 TAC-scaffold	
proved	 to	 be	 very	 versatile,	 which	 could	 be	 equipped	 with	 three	 (different)	
peptide	loops	in	a	successive	manner	using	CuAAC.	The	cyclic	peptide	loops	were	
conveniently	accessible	by	alkylation	of	 the	dicysteine	peptide	derivatives	with	a	
bis-electrophile	containing	an	azide	handle.	Although	this	approach	is	exemplified	
by	the	construction	of	a	protein	mimic	of	pertussis	pertactin	protein,	it	should	be	
emphasized	that	this	method	is	applicable	to	a	wide	range	of	discontinuous	epitope	
mimics	containing	three	loops.
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7.4 Experimental section

General
All	reagents	were	used	without	further	purification.	Peptide	grade	DiPEA	and	TFA	
were	 purchased	 from	Biosolve	B.V.	 (Valkenswaard,	 The	Netherlands)	 and	CH2Cl2, 
NMP	and	HPLC	grade	solvents	were	purchased	form	Actu-All	(Oss,	The	Netherlands).	
Fmoc-protected	 amino	 acids	 were	 purchased	 from	 GL	 Biochem	 Ltd.	 (Shanghai,	
China).	Used	side	chain	protected	amino	acids	were	as	follows:	Fmoc-Arg(Pbf)-OH,	
Fmoc-Asp(OtBu)-OH,	 Fmoc-Cys(Trt)-OH,	 Fmoc-Gln(Trt)-OH,	 Fmoc-Glu(OtBu)-OH,	
Fmoc-His(Trt)-OH,	 Fmoc-Thr(tBu)-OH,	 Fmoc-Trp(Boc)-OH.	 TentaGel	 S	 RAM	 resin	
(particle	 size	90μm,	capacity	0.25	mmol.g-1) was purchased from Rapp Polymere 
GmbH	(Tübingen,	Germany).	Solid	phase	peptide	synthesis	was	performed	on	an	
Applied	 Biosystems	 433A	 peptide	 synthesizer.	 The	 capping	 solution	 used	 was	 a	
mixture	of	0.5	mol.L-1	acetic	anhydride,	0.125	mol.L-1 DiPEA,	0.015	mol.L-1 HOBt in 
NMP.	Lyophilizations	were	performed	on	a	Christ	Alpha	1-2	apparatus.	Reactions	
were	carried	out	at	ambient	temperature	unless	stated	otherwise.	Solvents	were	
evaporated	under	reduced	pressure	at	40	°C.	Reactions	in	solution	were	monitored	
by TLC analysis and Rf-values	 were	 determined	 on	 Merck	 pre-coated	 silica	 gel	
60	 F-254	 (0.25	mm)	 plates.	 Spots	were	 visualized	 by	UV-light	 and/or	 by	 heating	
plates	 after	 dipping	 in	 a	 ninhydrine	 solution	 or	 in	 a	 cerium	molybdate	 solution	
(Hanessian’s	stain).	Column	chromatography	was	performed	on	Siliaflash	P60	(40-
63μm)	from	Silicycle	(Canada).	1H	NMR	data	was	acquired	on	a	Varian	Mercury	300	
MHz spectrometer in CDCl3	as	solvent.	Chemical	shifts	(δ)	are	reported	in	parts	per	
million	 (ppm)	 relative	 to	 TMS	 (0.00	 ppm).	 Splitting	 patterns	 are	 designated	 as	 a	
singlet	(s).	13C	NMR	data	was	acquired	on	a	Varian	Mercury	300	MHz	spectrometer	
at 75 MHz in CDCl3	as	solvent.	Chemical	shifts	(δ)	are	reported	in	ppm	relative	to	the	
solvent residual signal, CDCl3	(77.00	ppm).	Analytical	HPLC	was	accomplished	on	a	
Shimadzu-10Avp	(Class	VP)	with	a	UV-detector	operating	at	214	and	254	nm	by	using	
a	Phenomenex	Gemini	C18	column	(110	Å,	5	μm,	250×4.60	mm)	at	a	flow	rate	of	1	
mL.min-1	using	a	standard	protocol:	100%	buffer	A	for	2	min,	next	a	linear	gradient	
of	buffer	B	(0-100%	in	48	min,	method	B).	The	mobile	phase	was	H2O/CH3CN/TFA	
(95:5:0.1,	v/v/v,	buffer	A)	and	H2O/CH3CN/TFA	(5:95:0.1,	v/v/v,	buffer	B).	Purification	



Versatile convergent synthesis of a protein mimic by a successive Cu(I)-catalyzed alkyne-azide cycloaddition  .....

| 155 

of	the	peptidic	compounds	was	performed	on	a	Prep	LCMS-QP8000α	HPLC	system	
(Shimadzu)	using	a	Phenomenex	Gemini	C18	column	(110	Å,	10	μm,	250×20	mm)	
at	a	flow	rate	of	12.5	mL.min-1	using	a	standard	protocol:	100%	buffer	A	for	5	min	
followed	by	a	linear	gradient	of	buffer	B	(0-100%	in	75	min)	using	the	same	buffers	
as	 described	 for	 analytical	 HPLC.	 Analytical	 LC-MS	 (electrospray	 ionization)	 was	
preformed	on	Thermo-Finnigan	LCQ	Deca	XP	Max	using	same	buffers	and	protocol	
as	described	for	analytical	HPLC.	Routine	electrospray	ionization	mass	spectrometry	
(ESI-MS)	was	performed	on	a	Shimadzu	LCMS-QP8000	single	quadrupole	bench-top	
mass	spectrometer	operating	in	a	positive	ionization	mode	or	a	Thermo-Finnigan	
LCQ	Deca	XP	Max	ion	trap	mass	spectrometer.	MALDI-TOF-MS	spectra	were	recorded	
on	a	Kratos	Analytical	(Shimadzu)	AXIMA	CFR	mass	spectrometer	using	α-cyano-4-
hydroxycinnamic	acid	(CHCA)	as	a	matrix	and	synthetic	peptide	P14R (monoisotopic 
[M	+	H]+	1,533.8582),	human	ACTH	(18-39,	monoisotopic	[M	+	H]+	2,465.1989)	or	
bovine	insulin	oxidized	B	chain	(monoisotopic	[M	+	H]+	3,494.6513)	as	references.	
High-resolution	 electrospray	 ionization	 (ESI)	 mass	 spectra	 were	 measured	 on	 a	
Bruker	micrOTOF-Q	 II	 in	 positive	mode	 and	 calibrated	with	 ESI	 tuning	mix	 from	
Agilent	Technologies.	GC-MS	experiments	were	performed	on	a	Perkin	Elmer	Clarus	
680	coupled	to	a	Perkin	Elmer	Clarus	SQ8T	mass	spectrometer,	using	a	PE	Elite	5	MS	
column (15 m ×	0.25	mm	ID	×	0.25	µm)	using	a	standard	protocol:	started	at	150	
°C	rising	to	280	°C	with	10°C	per	minute	and	held	at	280	°C	for	40	min.	Microwave	
reactions	were	performed	in	a	Biotage	Initiator	(300W)	reactor.

Triisopropylsilyl propargylamine

Si

H2N

According	to	literature	procedure,12	a	solution	of	propargylamine	(5.0	
g,	91	mmol,	1.0	equiv)	in	anhydrous	THF	(200	mL)	was	cooled	to	-78	
°C	 and	 n-BuLi	 (36	mL,	 2.5	M	 in	 hexanes,	 91	mmol,	 1.0	 equiv)	was	
added	dropwise.	The	solution	was	allowed	to	stir	for	15	min	at	-78	°C,	

was	allowed	to	warm	up	to	0	°C	after	which	triisoproylsilyl	chloride	(21.4	mL,	100	
mmol,	1.1	equiv)	was	added	dropwise.	The	reaction	mixture	was	stirred	overnight	
at	r.t.	then	quenched	with	a	saturated	aqueous	NaHCO3	solution.	The	aqueous	layer	
was	extracted	with	EtOAc	twice	and	the	combined	organic	layers	were	dried	over	
Na2SO4,	filtered	and	concentrated	in	vacuo.	Purification	using	flash	silica	gel	column	
chromatography	(EtOAc:Hexanes	1:1)	yielded	the	product	as	a	yellow	liquid	(12.4	g,	
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64%).	Spectroscopic	data	were	in	accordance	with	literature	data.12

Triethylsilyl propargylamine

Si

H2N

According	to	literature	procedure,12	a	solution	of	propargylamine	(2g,	
2.3	mL,	36	mmol,	1.0	equiv)	in	anhydrous	THF	(200	mL)	was	cooled	to	
-78	°C	and	n-BuLi	(14.5	mL,	2.5	M	in	hexanes,	36	mmol,	1.0	equiv)	was	
added	dropwise.	The	solution	was	allowed	to	stir	for	15	min	at	-78 °C,	

was	allowed	to	warm	up	to	0	°C	after	which	triethylsilyl	chloride	(7.3	mL,	43.6	mmol,	
1.2	equiv)	was	added	dropwise.	The	reaction	mixture	was	stirred	overnight	at	r.t.	
then	quenched	with	a	saturated	aqueous	NaHCO3	solution	(150	mL).	The	aqueous	
layer	was	extracted	with	EtOAc	twice	and	the	combined	organic	layers	were	dried	
over Na2SO4,	filtered	and	concentrated	in	vacuo.	This	gave	the	crude	product	as	a	
yellow	 oil	 (4.36	 g,	 71%).	 Spectroscopic	 data	 were	 in	 accordance	 with	 literature	
data.12

Tetrakis(triphenylphosphine)palladium
DMSO	 (40	mL)	was	 deoxygenated	 by	 nitrogen	 purging	 for	 1	 hour	 in	 a	 two-neck	
roundbottom	flask	and	PdCl2	 (0.5	g,	2.8	mmol,	1.0	equiv)	and	PPh3	(3.7	mg,	14.1	
mmol,	 5.0	 equiv.)	 were	 subsequently	 added	 under	 an	 argon	 atmosphere.	 The	
flask	was	fitted	with	a	reflux	condenser,	warmed	to	150	°C	and	stirred	for	1h	after	
which	an	homogeneous	orange	solution	was	obtained.	The	oil	bath	was	removed	
and	hydrazine	monohydrate	(0.55	mL,	11.3	mmol,	4.0	equiv)	was	added	dropwise	
to	form	a	yellow	precipitate.	The	mixture	was	cooled	to	0 °C	and	the	precipitated	
yellow	solid	was	collected	by	filtration	and	washed	with	degassed	EtOH	(3	× 50 mL) 
and degassed Et2O	(3	×	50	mL)	to	yield	the	product	as	a	yellow	solid	in	quantative	
yield	(3.2	g).

anilinium p-toluenesulfinate4

S
O

O H3N

p-Toluenesulfinic	acid	sodium	salt	trihydrate	(15	g,	84	mmol,	
1.0	 equiv)	was	 dissolved	 in	 boiling	water	 (250	mL)	 and	HCl	
(1N,	 85	mL,	 85	mmol,	 1.01	 equiv)	was	 added.	 The	 reaction	

was cooled down to room temperature and the p-toluenesulfinic	acid	crystals	were	
collected	 by	 filtration,	 washed	 with	 cold	 water	 and	 dried	 in	 vacuo.	 The	
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p-toluenesulfinic	acid	(4.0	g,	26	mmol,	1.0	equiv)	was	dissolved	in	DCM	(25	mL)	and	
aniline	(2.33	mL,	26	mmol,	1.0	equiv)	was	added.	Slow	addition	of	hexanes	to	this	
solution	yielded	the	title	compound	as	white	crystals	after	collection	by	filtration	
and	drying.

Alkyne protected scaffold 4

N N

OHO

N

O

HN

O

OH
N

O

TIPS
O H

N

O

TES

Loading	of	the	resin
To	a	shaken	solution	of	TAC	scaffold15	(307	mg,	0.4	mmol,	1.0	equiv)	in	DCM	(10	mL)	
was added DiPEA	(69.7	µL,	0.4	mmol,	1.0	equiv).	Next,	2-chlorotrityl	chloride	resin	
(1.00	g,	1.0	–	1.6	mmol)	was	added	in	one	portion	to	the	shaken	mixture.	After	5	
min, again DiPEA	 (105	µL,	0.6	mmol,	1.5	equiv)	was	added	and	 the	mixture	was	
shaken	overnight.	After	that,	the	excess	of	2-chlorotrityl	chloride	resin	was	capped	
by	adding	MeOH	(1.0	mL)	and	DiPEA	(245	µL,	1.4	mmol,	3.5	equiv)	to	the	mixture.	
After	shaken	for	30	min,	the	mixture	was	transferred	to	a	plastic	solid	phase	tube	
and	the	resin	was	washed	with	DCM	(3	×	10	mL,	each	2	min),	MeOH	(3	× 10 mL, 
each	2	min)	and	diethyl	ether	(3	×	10	mL,	each	2	min).	After	drying	the	resin	in	vacuo 
for	3	hours,	the	weight	was	found	to	be	1.31	g	and	the	loading	was	determined	by	
an	Fmoc-spectrophotometric	quantification	(0.241	mmol.g-1).	This	corresponded	to	
0.316	mmol	of	resin-bound	TAC	scaffold	2	and	was	indicative	for	a	loading	yield	of	
79%.
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Alloc-deprotection
Resin-bound	 TAC	 scaffold	 1	 (0.32	 mmol,	 1.0	 equiv)	 was	 swollen	 in	 NMP	 (10	
mL	 for	 2	 min).	 After	 draining	 the	 solvent	 the	 resin	 was	 treated	 with	 anilinium 
p-toluenesulfinate	(1.68	g,	6.3	mmol,	20	equiv)	and	NMP	(10	mL).	A	gentle	stream	
of	argon	was	bubbled	through	the	mixture	for	10	min	and	Pd0(Ph3P)4	(110	mg,	0.095	
mmol,	0.30	equiv).	Argon	bubbling	was	continued	through	the	reaction	for	45	min	
with	 the	exclusion	of	 light.	 The	 resin	was	washed	with	NMP	 (3	× 10 mL, each 2 
min),	 0.1%	 sodium	diethyldithiocarbamate	 trihydrate	 in	NMP	 (10	mL	 for	 2	min),	
20% DiPEA	 in	NMP	 (10	mL	 for	 2	min)	 and	NMP	 (3	×	 10	mL,	 each	 2	min).	Next,	
this	procedure	was	conducted	once	more,	including	the	washing	steps.	After	that,	
a	microcleavage	was	performed	 (a	 small	part	of	 the	 resin	was	 treated	with	30%	
HFIP	in	DCM	for	30	min)	and	LC-MS	analysis	showed	complete	removal	of	the	Alloc	
protecting	group.

General	procedure	for	coupling	of	succinic	anhydride
The	resin	was	washed	with	NMP	(3	×	10	mL,	each	2	min).	Succinic	anhydride	(316	
mg,	3.2	mmol,	10	equiv)	and	NMP	(10	mL)	were	added	to	the	resin.	The	mixture	was	
bubbled through with N2 and DiPEA	(550	µL,	3.2	mmol,	10	equiv)	was	added.	The	
mixture	was	shaken	for	1	hour	after	which	the	resin	was	washed	with	NMP	(3	× 10 
mL, each 2 min) and DCM (3	×	10	mL,	each	2	min).	Negative	Bromophenol	Blue	test	
indicated	a	complete	coupling	of	succinic	anhydride.

General	procedure	for	the	coupling	of	(protected)	propargylamine	
The	resin	was	washed	with	NMP	(3	×	10	mL,	each	2	min).	Next,	to	the	resin	were	
added	BOP	(560	mg,	1.26	mmol,	4.0	equiv),	DCM	(10	mL)	and	DiPEA	(440	µL,	2.53	
mmol,	 8.0	 equiv).	 After	 2	 min	 the	 (protected)	 propargylamine	 (1.26	 mmol,	 4.0	
equiv)	was	added	and	the	resulting	mixture	was	shaken	overnight.	The	resin	was	
washed with DCM (4 ×	10	mL,	each	2	min)	and	NMP	(3	×	10	mL,	each	2	min).

Fmoc-deprotection
Resin-bound	 TAC	 scaffold	 2	 (0.32	 mmol,	 1.0	 equiv)	 was	 swollen	 in	 NMP.	 After	
draining	the	solvent	the	resin	was	shaken	with	piperidine/NMP	(1:4,	v/v,	3	× 10 mL, 
each	10	min)	and	washed	with	NMP	(3	×	10	mL,	each	2	min)	and	DCM	(3	× 10 mL, 
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each	2	min).	Positive	Bromophenol	Blue	test	indicated	Fmoc	removal.

oNBS-deprotection
Resin-bound	TAC	scaffold	3	(0.32	mmol,	1.0	equiv)	was	swollen	in	DMF.	After	draining	
the	solvent,	DMF	(10	mL),	2-mercaptoethanol	(221	µL,	3.16	mmol,	10	equiv)	and	
DBU	(236	µL,	1.58	mmol,	5.0	equiv)	were	added.	After	shaken	the	mixture	for	30	
min,	the	solution	was	replaced	by	an	identical	fresh	solution	and	shaken	again	for	
30	min.	The	resin	was	washed	with	DMF	(3	×	10	mL,	each	2	min)	and	DCM	(3	× 10 
mL,	each	2	min).	Negative	Bromophenol	Blue	test	indicated	oNBS	removal.

Cleavage	from	the	resin
The	resin	was	treated	with	30%	HFIP	 in	DCM	(10	mL	for	30	min).	Next,	the	resin	
was washed with DCM (4 ×	10	mL,	each	2	min)	and	the	filtrates	were	combined	and	
evaporated in	vacuo.	The	crude	was	dissolved	in	tBuOH/H2O	(1:1,	v/v)	and	subjected	
to	lyophilization.	Purification	was	performed	by	preparative	HPLC	to	yield	scaffold	4 
as a white powder (177 mg, overall yield of 58%, corresponding to an average yield 
of	95%	per	step).	tR	=	45.9	min;	MALDI-TOF	MS	m/z calcd for C51H78N6NaO8Si2 [M + 
Na]+	981.53,	found,	981.58.

1-(azidomethyl)-3,5-bis(bromomethyl)benzene (5)

BrBr

N3

1,3,5-tris(bromomethyl)benzene	 (2.0	 g,	 5.6	mmol,	 1.1	 equiv)	 was	
dissolved	 in	 DMF	 (100	mL).	 Sodium	 azide	 (0.33	 g,	 5.0	mmol,	 1.0	
equiv)	was	added	and	the	resulting	mixture	was	stirred	for	3	hours.	
The solvent was evaporated in	vacuo	and	DCM	(100	mL)	was	added.	

The	salts	were	filtered	off	and	 the	filtrate	was	concentrated	 in	vacuo.	The	crude	
product	was	purified	using	column	chromatography	(1.5%	(v/v)	EtOAc	in	hexanes)	
to	obtain	the	pure	product	as	a	yellow	clear	oil	(670	mg,	42%).	Rf =	0.52	(EtOAc/
Hexanes,	1:9,	v/v);	1H	NMR	(300	MHz,	CDCl3):	δ	4.37	(s,	2H,	CH2N3),	4.47	(s,	4H,	2	× 
CH2Br),	7.28	(s,	2H,	2	×	ArH),	7.39	(s,	1H,	ArH);	

13C NMR (75 MHz, CDCl3):	δ	32.3	
(CH2Br),	 54.1	 (CH2N3),	 128.5,	 129.4	 (Ar-CH),	 137.0,	 139.1	 (Ar-C);	GC-MS	 calcd	 for	
C9H9Br2N3	[M]+	316.9163,	found	316.9220.



Chapter 7

160 | 

Solid phase peptide synthesis
The	 linear	 peptides	 were	 assembled	 on	 a	 Tentagel	 S	 RAM	 resin	 with	 a	 peptide	
synthesizer	using	the	ABI	FastMoc	0.25	mmol	protocol.16

General procedure for cleavage and side-chain deprotection of the linear peptide 
from the solid support
The	 obtained	 anchored	 peptide	 was	 deprotected	 and	 cleaved	 from	 the	 solid	
support	by	treatment	with	TFA/H2O/TIS/EDT	(90:5:2.5:2.5,	v/v/v/v)	 (10	mL)	 for	2	
h.	 The	 reaction	mixture	was	filtered	 and	washed	with	 TFA	 (10	mL).	 The	filtrates	
were	combined	and	 the	volume	was	 reduced	 to	2	mL	by	evaporation.	Next,	 the	
mixture	was	added	dropwise	to	a	cold	(4	°C)	solution	of	MTBE/hexanes	(1:1,	v/v).	
After	 centrifugation	 (3500	 rpm,	 5	 min)	 the	 supernatant	 was	 decanted	 and	 the	
pellet	was	resuspended	in	MTBE/hexanes	(1:1,	v/v)	and	centrifuged	again.	Finally,	
the	pellet	was	washed	twice	with	MTBE/hexanes	(1:1,	v/v),	each	time	collected	by	
centrifugation,	dissolved	in	tBuOH/H2O	(1:1,	v/v)	and	lyophilized	to	afford	the	crude	
linear	peptide.

General procedure for peptide cyclization
To	a	1.0	mM	solution	of	the	crude	linear	peptide	(1.0	equiv)	in	a	(1:3,	v/v)	mixture	
of	 MeCN/	 NH4HCO3	 (aq,	 20	 mM,	 pH	 7.8)13	 a	 solution	 of	 1-(azidomethyl)-3,5-
bis(bromomethyl)benzene	 (1.25	 equiv)	 in	 MeCN	 (2.0	 mL)	 was	 added	 dropwise.	
The	 resulting	mixture	was	 stirred	at	 room	temperature	 for	3	hours	before	being	
concentrated	and	lyophilized.	The	crude	cyclic	peptide	was	purified	using	preparative	
HPLC.	Fractions	corresponding	to	the	product	were	pooled	and	lyophilized	to	yield	
the	purified	cyclic	peptide	as	white	fluffy	powder.	

Loop	1	(6,	cyclic	Ac-CGGFGPC-NH2)	
35	mg	(17%	overall	yield,	corresponding	to	an	average	yield	of	91%	per	step).	tR = 
27.0	min;	MALDI-TOF	MS	m/z calcd for C37H48N11O8S2	[M	+	H]+	838.31,	found,	838.41.

Loop	2	(7,	cyclic	Ac-CGERQHC-NH2)	
35.8	mg	(14%	overall	yield,	corresponding	to	an	average	yield	of	90%	per	step). tR 
=	17.9	min;	MALDI-TOF	MS	m/z calcd for C41H60N17O11S2	 [M	+	H]+	1030.41,	found,	
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1030.40.	 Note:	 Preparative	 HPLC	 was	 performed	with	 0.1%	 (v/v)	 TFA	 in	 H2O as 
buffer	A.	Buffer	B	and	the	protocols	were	the	same	as	described	above.

Loop	3	(8,	cyclic	Ac-CGDTWDDDC-NH2)	
78	mg	 (26%	overall	yield,	corresponding	 to	an	average	yield	of	94%	per	step). tR 
=	23.0	min;	MALDI-TOF	MS	m/z calcd for C50H63N14O19S2	 [M	+	H]+	1227.38,	found,	
1227.24.

(alkyn(TIPS)-loop2-alkyn(TES))-TAC scaffold 9
In	a	microwave	vessel	alkyne-protected	scaffold	4	 (10	mg,	10.4	µmol,	1.0	equiv),	
cyclic	peptide	7	(12.6	mg,	10.4	µmol,	1.0	equiv),	CuSO4.5H2O	(0.78	mg,	3.12	µmol,	
0.30	equiv),	sodium	ascorbate	(1.85	mg,	9.36	µmol,	0.90	equiv)	and	TBTA	(0.83	mg,	
1.56	µmol,	0.15	equiv)	were	dissolved	in	DMF/H2O	(2.0	mL,	3:2,	v/v).	The	microwave	
vessel	was	sealed	and	the	resulting	mixture	was	allowed	to	react	in	the	microwave	
at	80°C	 for	25	min.	The	 resulting	mixture	was	directly	purified	using	preparative	
HPLC	and	fractions	corresponding	to	the	product	were	pooled	and	 lyophilized	to	
yield the product (9)	as	a	fluffy	white	solid	(9.6	mg,	46%).	tR	=	34.0	min;	MALDI-TOF	
MS m/z calcd for C92H138N23O19S2Si2	[M	+	H]+	1988.95,	found,	1988.84.

(alkyn(TIPS)-loop2-alkyn)-TAC scaffold 10
To	a	solution	of	TES-protected	scaffold	9	(14.4	mg,	7.2	µmol,	1.0	equiv)	in	MeOH/
H2O	(20	mL,	4:1,	v/v)	was	added	a	solution	of	AgNO3	(12.2	mg,	72	µmol,	10	equiv)	
in H2O	(1.0	mL).	After	stirring	the	resulting	mixture	for	3	hours,	it	was	concentrated	
in	vacuo	to	a	volume	of	about	10	mL.	Next,	NaCl	(4.2	mg,	72	µmol,	10	equiv)	was	
added	to	precipitate	the	silver	ions	as	AgCl.	In	the	following	step,	the	mixture	was	
centrifuged (5 min, 5000rpm) and the supernatant was concentrated in	vacuo to a 
volume	of	2	mL.	Finally,	the	mixture	was	diluted	with	HPLC	buffer	A	to	a	volume	of	
5	mL	and	was	purified	by	preparative	HPLC.	Fractions	corresponding	to	the	product	
were pooled and lyophilized to yield the product (10)	as	a	fluffy	white	solid	(12.2	
mg,	90%).	 tR	 =	28.6	min;	MALDI-TOF	MS	m/z calcd for C86H124N23O19S2Si	 [M	+	H]+ 
1874.86,	found,	1874.73.
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(alkyn(TIPS)-loop2-loop3)-TAC scaffold 11
In	a	microwave	vessel	TES-deprotected	scaffold	10	(12.2	mg,	6.5	µmol,	1.0	equiv),	
cyclic	peptide	8	 (8.0	mg,	6.5	µmol,	1.0	equiv),	CuSO4.5H2O	(0.49	mg,	1.95	µmol,	
0.30	 equiv),	 sodium	 ascorbate	 (1.16	mg,	 5.85	 µmol,	 0.90	 equiv)	 and	 TBTA	 (0.52	
mg,	 0.975	µmol,	 0.15	 equiv)	were	 dissolved	 in	DMF/H2O	 (2.0	mL,	 3:2,	 v/v).	 The	
microwave	vessel	was	sealed	and	the	mixture	allowed	to	react	in	the	microwave	at	
80°C	for	25	min.	The	resulting	mixture	was	directly	purified	using	preparative	HPLC	
and	fractions	corresponding	to	the	product	were	pooled	and	lyophilized	to	yield	the	
product (11)	as	a	fluffy	white	solid	(6.5	mg,	32%).	tR	=	26.8	min;	HRMS	m/z calcd for 
C136H187N37O38S4Si	[M	+	2H]2+	1551.1239,	found,	1551.1212.

(alkyn-loop2-loop3)-TAC scaffold 12
To	 a	 solution	of	 TIPS-protected	 scaffold	11	 (6.5	mg,	 2.1µmol,	 1.0	 equiv)	 in	DMF	
(2.0	mL)	was	added	a	solution	of	TBAF.3H2O	(6.6	mg,	21	µmol,	10	equiv)	 in	DMF	
(0.50	mL).	 The	 resulting	mixture	was	 stirred	overnight,	 after	which	 the	 progress	
was	checked	by	LCMS.	After	completion	of	the	reaction	the	mixture	was	purified	
by	preparative	HPLC	and	fractions	corresponding	to	the	product	were	pooled	and	
lyophilized to yield the product (12)	as	a	fluffy	white	solid	(4.1	mg,	67%).	tR	=	19.5	
min;	HRMS	m/z calcd for C127H167N37O38S4	[M	+	2H]2+	1473.0572,	found,	1473.0506.

(loop1-loop2-loop3)-TAC scaffold 12
In	a	microwave	vessel	deprotected	scaffold	12	(4.1	mg,	1.4	µmol,	1.0	equiv),	cyclic	
peptide	 6	 (1.2mg,	 1.4	 µmol,	 1.0	 equiv),	 CuSO4.5H2O	 (0.1	 mg,	 0.42	 µmol,	 0.30	
equiv)	and	sodium	ascorbate	(0.26	mg,	1.29	µmol,	0.90	equiv)	and	TBTA	(0.03	mg,	
0.06	µmol,	0.15	equiv)	were	dissolved	in	DMF/H2O	(0.50	mL,	v/v).	The	microwave	
vessel	was	sealed	and	the	mixture	was	allowed	to	react	in	the	microwave	at	80°C	
for	25	min.	The	resulting	mixture	was	directly	purified	using	preparative	HPLC	and	
fractions	 corresponding	 to	 the	product	were	pooled	 and	 lyophilized	 to	 yield	 the	
product (12)	as	a	fluffy	white	solid	(3.4	mg,	64%). tR	=	21.5	min;	HRMS	m/z calcd for 
C164H214N48O46S6	[M	+	2H]2+	1891.7098,	found,	1891.7154.
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8.1 Introduction

The	discontinuous	epitope	of	a	protein	consists	of	multiple	small	peptide	regions,	
which	are	remote	in	the	protein	sequence,	but	are	brought	into	spatial	proximity	
by	 folding	 of	 the	 protein	 into	 its	 tertiary	 structure. 1	 Since	 these	 small	 peptide	
regions	 are	 often	present	 as	 loop-like	 structures,	 cyclic	 peptides	 are	 believed	 to	
be	suitable	candidates	for	mimicking	these	peptide	fragments.2-6	In	addition,	cyclic	
peptides	are	chemically	and	enzymatically	more	stable	as	compared	to	their	linear	
counterparts.7,8	Moreover,	the	use	of	cyclic	peptides	in	protein	mimics	will	reduce	
the	loss	of	entropy	upon	binding	and	thereby	may	improve	receptor	affinity.9-12 In 
the	design	and	development	of	molecules	that	can	mimic	discontinuous	epitopes,	
it	is	important	that	several	different	cyclic	peptides	are	incorporated	into	one	single	
molecular	 construct.	A	promising	approach	 to	achieve	 this	 is	 to	use	a	molecular	
scaffold.13	 As	 a	 result	 the	 scaffold	 should	 present	 the	 cyclic	 peptides	 in	 proper	
bioactive	conformation	to	obtain	protein	mimics	 that	bind	and	function	similarly	
as	 their	 parent	 biomolecules.	 Despite	 the	 recent	 developments	 in	 the	 field	 of	
scaffolded	 discontinuous	 epitope	 mimicry,14-16	 there	 is	 still	 a	 need	 for	 efficient	
methods	for	obtaining	these	complex	molecular	constructs.	
This	chapter	describes	the	design,	synthesis	and	use	of	two	new	peptide	cyclization	
handles.	These	handles	can	be	applied	to	the	synthesis	of	the	cyclic	peptides,	which	
have	to	be	introduced	onto	a	scaffold.	Both	handles	can	be	used	to	bisalkylate	the	
sulfhydryl	groups	of	 the	N-	as	well	as	 the	C-terminal	 cysteine	 residue	containing	
peptides,	 leading	 to	 cyclic	 peptides	 containing	 a	 thioester	 functionality	 for	 its	
connection	to	a	molecular	scaffold	in	a	native	chemical	ligation	approach.	

8.2 Results & discussion

8.2.1	–	Di(bromomethyl)benzene	cyclization	handle
Inspired	by	the	highly	selective	and	fast	reaction	between	a	dicysteine-containing	
peptide	 and	 the	 electrophilic	 di(bromomethyl)benzene	 molecule17 (chapter 7), 
we	 wondered	 if	 this	 reaction	 could	 be	 extended	 to	 a	 di(bromomethyl)benzene	
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compound,	 containing	 a	 thioester	 functionality	 (Scheme	 1).	 In	 this	 way,	 after	
cyclization,	the	cyclic	peptide	can	be	attached	to	a	cysteine-containing	scaffold	using	
native	chemical	ligation.	Although	this	cyclization	method	is	completely	compatible	
with	all	functional	groups	of	unprotected	amino	acids,	to	our	knowledge	it	has	not	
been	evaluated	 in	the	presence	of	a	thioester	 functionality.	Upon	perusal	of	 this	
cyclization	reaction,	it	became	clear	that	a	side	reaction	might	take	place,	namely	a	
transthioesterification	reaction	between	the	thioester	and	one	of	the	two	cysteine	
residues.	Moreover,	when	the	N-terminal	cysteine	residue	in	the	peptide	has	a	free	
amino	group	even	an	intramolecular	NCL-reaction	may	take	place.

BrBr

O S R

buffer / organic solvent

pH 7.8 - 8.0
C C

SH SH

S S

S

C C

O R

Scheme 1	 Schematic	 representation	 of	 the	 cyclization	 of	 N-	 and	 C-terminal	 cysteine	 containing	
peptides	by	a	(dibromomethyl)benzene	handle	with	a	thioester	functionality.

To	prevent	or	minimize	 these	side	 reactions	 it	 is	necessary	 that	 the	 thioester	on	
the	 di(bromomethyl)benzene	 cyclization	 handle	 is	 a	 relatively	 stable	 thioester.	
Recently,	 Kent	 and	 co-workers	 showed	 that	 alkyl	 thioesters,	 formed	 from	 thiols	
with a high pKa	value,	are	less	reactive	in	transthioesterification	reactions	compared	
to	 phenylthioesters.18 Thus, it was decided to use the 1-propyl thioester (pKa of 
1-propanethiol	≈	10.2,	pKa	of	thiophenol	≈	6.6)	for	the	synthesis	of	the	thioesters	
and	 use	 linear	 peptides	 with	 an	 acetylated	 N-terminal	 aminogroup.	 From	 a	
retrosynthetic	 point	 of	 view,	 the	 most	 easiest	 way	 to	 obtain	 target	 compound	
3 was to couple 1-propanethiol (2) to bis(bromomethyl)benzoic acid (1)19.	 To	
prevent	alkylation	of	2 by one of the (bromomethyl)benzene groups of 1, a non-
basic	 and	mild	 coupling	procedure	was	needed.	 This	was	 achieved	using	 a	N,N’-
dicyclohexylcarbodiimide	 (DCC)	 coupling	 in	 the	 presence	 of	 0.1	 equiv	 of	 DMAP.	
After	column	chromatography,	di(bromomethyl)benzothioate 3 was obtained in an 
acceptable	yield	of	66%	(Scheme	2).	
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O OH

Br Br

HS
DCC, DMAP

DCM
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Br Br
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Scheme 2 Synthesis of di(bromomethyl)benzothioate 3.

Electrophilic thioester 3	was	now	used	in	the	cyclization	reaction	of	three	different	
linear	 peptide	 sequences,	 corresponding	 to	 the	 loops	 present	 in	 HIV-gp120	
interacting	with	CD4	as	was	found	in	the	X-ray	structure	of	the	gp120-CD4	complex.	
Based on this structure the 365SGGDPEIVT373, 424INMWQEVGKA433 and 454LTRDGGN460 
peptide	sequences	were	selected.16,20,21	The	linear	peptides	were	assembled	using	
Fmoc	SPPS.	As	part	of	the	peptide	sequence,	N-terminal	and	a	C-terminal	cysteine	
residues	 were	 introduced	 as	 anchor	 points	 for	 cyclization	 and	 the	 N-terminal	
cysteine	was	acetylated	to	prevent	any	possible	NCL	during	the	cyclization	reaction.	
Next,	simultaneously	cleavage	and	deprotection	of	the	peptides	using	a	TFA	cocktail	
(TFA/H2O/TIS/EDT	(90:5:2.5:2.5,	v/v/v/v))	gave	crude	linear	peptides	4a-c.	Finally,	
bisalkylation	 of	 these	 peptides	 (4a-c) with di(bromomethyl)benzothioate 3 was 
carried	out	 in	 an	aqueous	acetonitrile	or	DMF	 solvent	mixture	with	NH4HCO3 as 
a	 base	 leading	 to	 cyclic	 peptides	5a-c,	which	were	 purified	 by	 preparative	HPLC	
(scheme	3).	

SPPS
Ac

TFA cocktailH
NFmocHN C C

STrt

Pg

Pg

Ac NH2C C

SH SH

S S

Ac NH2
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Scheme 3	General	synthesis	of	cyclic	peptide	thioesters	5a-c.	TFA	cocktail	consists	of	TFA/H2O/TIS/EDT	
(90:5:2.5:2.5,	v/v/v/v).

All	 three	cyclization	 reactions	 showed	complete	conversion	 to	 the	cyclic	product	
and	 no	 transthioesterification	 products	were	 found	 after	 LC-MS	 analysis,	 clearly	
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demonstrating	the	compatibility	of	this	thioester	with	the	alkylation	conditions.	Using	
this	method	cyclic	peptide	thioesters	having	amino	acid	sequences	CLTRDGGNC	(5a, 
loop	1),	CINMWQEVGKAC	(5b,	loop	2)	and	CSGGDPEIVTC	(5c,	loop	3)	were	obtained	
in	overall	yields	of	24%,	3.2%	and	22%,	respectively.	This	corresponded	to	a	good	
average	yield	per	step	of	94%,	82%	and	94%,	respectively	(Figure	1).
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Figure 1	Structures	of	the	CLTRDGGNC	(5a, loop	1),	CINMWQEVGKAC	(5b,	loop	2)	and	CSGGDPEIVTC	
(5c,	loop3)	gp120	peptide	thioester	loops.

To	 investigate	 if	 these	 cyclic	 peptide	 thioesters	 can	 act	 as	 a	 substrate	 in	NCL,	 it	
was	attempted	to	couple	cyclic	peptide	thioester	5a to the earlier prepared triple-
cysteine	scaffold	622	(chapter	4).	When	this	reaction	was	carried	out	under	conditions	
consisting	of	 1	mM	scaffold and	3	mM	cyclic	 peptide	 thioester	 in	 ligation	buffer	
(200	mM	 sodium	 phosphate,	 200	mM	 4-mercaptophenylacetic	 acid	 (MPAA),	 40	
mM	tris(2-carboxyethyl)-phosphine	hydrochloride	(TCEP),	and	pH	7.4),	no	product	
formation	 was	 observed	 (Scheme	 4).	 It	 was	 found	 that	 cyclic	 peptide	 thioester	
5a	did	not	dissolve	 in	the	 ligation	buffer.	This	was	not	entirely	unexpected,	since	
problems	were	encountered	when	trying	to	dissolve	the	cyclic	peptide	thioesters	
(5a-c)	in	an	aqueous	acetonitrile	solvent	mixture	for	purification.	Alternatively	the	
NCL	 reaction	was	 conducted	with	 20%	DMF	 in	 the	 ligation	 buffer23	 (Scheme	 4).	
Again	cyclic	peptide	thioester	5a did not dissolve and thus no ligated product was 
performed.	As	a	final	attempt,	it	was	decided	to	use	the	NCL	conditions	developed	
by	Engelhard	and	co-workers.24,25	This	group	reported	efficient	conditions	 for	 the	
NCL	of	hydrophobic	peptides	in	DMF.	When	cyclic	peptide	thioester	5a and triple-
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cysteine	scaffold	6	were	treated	with	the	described	DMF	ligation	buffer	(180	mM	
LiCl,	 20	mM	MPAA,	20	mM	triethylamine	 (TEA)	 in	DMF	at	40	 °C)	5a	 still	did	not	
dissolve	(Scheme	4).	In	addition,	cyclic	peptide	thioester	5c did not dissolve in any 
of	the	three	ligation	systems.	Thus,	a	good	solubility	of	the	cyclic	peptide	thioester	is	
a	prerequisite	for	a	successful	native	chemical	ligation.	Clearly,	the	aromatic	moiety	
of	the	thioester	is	reducing	the	solubility	in	aqueous	systems.
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Scheme 4	Tested	reaction	conditions	for	the	NCL	between	scaffold	6	and	cyclic	peptide	thioester	5a 
or 5c.

Recently,	 Smeenk	et al. reported a more water-soluble di(bromomethyl)benzene 
peptide	cyclization	handle.26	This	research	was	 initiated	by	solubility	problems	of	
these	types	of	di(bromomethyl)benzene	molecules.	Therefore,	we	also	believe	that	
these solubility problems can be addressed by using a more water-soluble thioester, 
such as the thioester of 2-mercaptoethanesulfonic acid (8) or 2-(dimethylamino)
ethanethiol (9,	Figure	2),	although	this	remains	to	be	investigated.
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Figure 2	 Structures	 of	 the	 presumably	 more	 water-soluble	 cyclic	 peptides	 containing	 a	 thioester	
functionality	of	2-mercaptoethanesulfonic	acid	(8) or 2-(dimethylamino)ethanethiol (9).
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8.2.2	–	Di(bromacetyl)imide	cyclization	handle
Since	 the	 thiol	 functional	 group	 in	 a	 cysteine	 residue	 can	 be	 capped	 used	
Iodoacetamide or bromoacetamide, we wondered whether we could design a 
small	molecule	consisting	of	two	bromoacetamide	moieties	as	well	as	a	thioester	
moiety	for	NCL	as	an	alternative	more	water	soluble	cyclization	handle.	The	smallest	
molecule, which mets these demands, was a di(bromoacetyl)imide containing 
a	 thioester	 group	 (Scheme	 5).	 Although	 it	 is	 known	 that	 imides,	 in	 general,	 are	
sensitive	to	hydrolysis,27	they	are	also	found	in	various	stable	natural	products.28-30 
Since	the	imide	was	only	going	to	be	exposed	to	very	mild	basic	aqueous	conditions	
(pH	7.9),	it	was	hoped	that	it	was	hardly	going	to	be	affected	by	hydrolysis	(Scheme	
5).

buffer / organic solvent

pH 7.8 - 8.0
C C
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Scheme 5	 Schematic	 representation	 of	 the	 cyclization	 of	 N-	 and	 C-terminal	 cysteine	 containing	
peptides	by	a	di(bromoacetyl)imide	handle	with	a	thioester	functionality.

The	use	of	this	proposed	cyclization	handle	(scheme	5)	may	give	rise	to	the	same	side	
reactions	as	the	above	described	handle	3.	Thus,	in	this	case	also	an	N-terminally	
acetylated	linear	peptide	and	an	alkyl	thioester	were	used.	It	was	assumed	that	the	
alkyl	thioester	in	the	di(bromoacetyl)imide	did	not	have	to	be	more	water-soluble,	
since this imide is much more hydrophilic than the di(bromomethyl)benzene 
handle.	So,	the	1-propyl	thioester	was	used	here	too.	
The	 synthesis	 started	 with	 a	 DCC	 coupling	 between	 Boc-Gly-OH	 (10) and 
1-propanethiol (2)	to	afford	thioester	11.	Next,	the	Boc	group	from	11 was cleaved 
by	a	treatment	with	trifluoroacetic	acid	(TFA)	and	resulting	free	amine	of	12 was 
coupled to bromoacetyl bromide to give bromoacetamide 13	in	an	attractive	overall	
yield	of	74%.	In	the	last	step	amide	12 needed to be acylated with a bromoacetyl 
group.	For	this,	a	procedure	reported	by	Padwa	et al.	was	followed.31 They described 
a	successful	acylation	of	an	amide	by	treating	it	with	an	acyl	chloride	in	refluxing	
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benzene.	To	avoid	any	possible	bromide-chloride	exchange,	bromoacetyl	bromide	
was	used	 in	 the	 coupling	 instead	of	 bromoacetyl	 chloride.	After	performing	 this	
reaction,	 di(bromoacetyl)imide	 14	 was	 afforded	 in	 a	 yield	 of	 17%	 (Scheme	 6).	
Although	the	yield	was	rather	low,	it	was	decided	not	to	optimize	the	reaction	but	
to	investigate	the	reactivity	and	hydrolytic	stability	of	this	cyclization	handle.

BocHN OH

O

HS
DCC, DMAP

DCM, 1h
BocHN S

O
TFA, DCM

1h

H3N S

O
TFA .

Br Br

O

DCM, DiPEA
0 °C to rt, 1h

74% over 3 steps

H
N S

O

O
Br

Br Br

O

benzene, reflux
overnight

17%

N

OO
BrBr

S

O

10 2 11

12 13 14

Scheme 6 Synthesis of di(bromoacetyl)imide 14.

Thus,	a	cyclization	reaction	was	conducted	between	dicysteine-containing	peptide	
4c and di(bromoacetyl)imide 14.	After	one	hour,	HPLC	analysis	showed	complete	
conversion	of	the	linear	peptide.	Although	mainly	cyclic	peptide	thioester	15 was 
formed,	 also	 some	 side	 products	 were	 observed.	 When	 the	 reaction	 time	 was	
reduced	to	30	minutes,	 it	was	found	that	the	reaction	was	already	complete	and	
now	without	any	side	products.	This	indicates	that	these	extra	products	were	formed	
after	the	cyclization	and	thus	were	not	related	to	the	possible	transthioesterification	
reaction.	 After	 preparative	 HPLC	 purification,	 cyclic	 peptide	 thioester	 15 was 
obtained in an overall yield of 19%, corresponding to an average yield per step of 
94%	(Scheme	7).
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Scheme 7	Synthesis	of	cyclic	peptide	thioester	15.

To	 obtain	 more	 insights	 in	 the	 side	 products	 that	 were	 formed,	 cyclic	 peptide	
thioester 15	was	dissolved	in	a	phosphate	buffer	(200	mM	sodium	phosphate,	pH	
7.6)	and	monitored	by	LC-MS	analysis.	Already	after	90	minutes	a	large	part	of	15 was 
converted	to	different	products.	Two	of	them	could	be	clearly	identified	as	hydrolysis	
products.	As	was	already	indicated,	imides	are	known	to	be	sensitive	to	hydrolysis.	
Therefore,	cyclic	peptide	15	was	probably	cleaved	at	the	imide	functionality	(Figure	
3).	The	other	products	that	were	observed	have	masses	of	cyclic	peptide	thioester	
15	minus	60.5	and	minus	76.4.	The	minus	76.4	mass	may	have	originated	cleavage	
of the thioester, since the mass of 1-propanethiol (2)	is	76.0.
A	small	scale	cyclization	was	also	carried	out	of	linear	peptide	4a with di(bromoacetyl)
imide 14	and	similar	side	products	were	observed.	Therefore	this	imide	thioester	
(14)	 is	 not	 suitable	 for	 application	 as	 handle	 in	 the	 construction	 of	 scaffolded	
discontinuous	epitope	mimics.	
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Figure 3 Treatment	of	cyclic	peptide	thioester	15	with	a	phosphate	buffer	(200	mM	sodium	phosphate,	
pH	7.6).	UV-trace	(λ	=	214	nm)	from	the	LC-MS	analysis	after	90	minutes.

8.3 Conclusions

This	 chapter	 shows	 the	 successful	 design	 and	 synthesis	 of	 two	 different	 bis-
electrophile	containing	peptide	cyclization	handles,	with	a	 thioester	 functionality	
for	attachment	to	a	molecular	scaffold	by	native	chemical	ligation.	
The di(bromomethyl)benzothioate handle (3) was obtained in an acceptable yield 
and	was	able	to	cyclize	different	N-	and	C-terminal	cysteine	containing	peptides	in	
good	yields.	When	these	di(bromomethyl)benzene	based	cyclic	peptides	were	used	
in	native	chemical	ligation,	it	was	found	that	the	resulting	cyclic	peptides	were	not	
able	to	dissolve	in	the	NCL	buffer.	Even	when	the	NCL	was	performed	in	DMF,	the	
cyclic	peptides	were	insoluble,	making	these	di(bromomethyl)benzene	based	cyclic	
peptides	not	suitable	in	the	synthesis	of	scaffolded	discontinuous	epitope	mimics.	
The	di(bromoacetyl)imide	cyclization	handle	was	obtained	in	a	rather	low	yield,	due	
to	a	–	not	surprisingly	–	difficult	acylation	step.	When	this	handle	was	subsequently	
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used	in	the	cyclization	of	peptide	4c, side products were found, which were absent 
after	 reducing	 the	 reaction	time	 to	30	minutes,	and	di(bromoacetyl)imide	based	
cyclic	peptide	15	was	obtained	 in	a	good	yield.	However,	 treatment	of	15 with a 
buffer	at	pH	7.6	for	only	90	minutes	led	again	to	multiple	side	products,	in	which	
two	of	them	could	be	identified	as	ring	opening	hydrolysis	products	starting	from	
di(bromoacetyl)imide	 based	 cyclic	 peptide	 15.	 Unfortunately,	 this	 sensitivity	 to	
hydrolysis	 of	 the	 di(bromoacetyl)imide	 cyclization	 handle	 renders	 it	 unsuitable	
for	the	incorporation	of	cyclic	peptides	to	afford	scaffolded	discontinuous	epitope	
mimics.

8.4 Experimental section

General
All	 reagents	 were	 obtained	 from	 commercial	 sources	 and	 used	 without	 further	
purification.	 Peptide	 grade	 DiPEA	 and	 TFA	 were	 purchased	 from	 Biosolve	 B.V.	
(Valkenswaard,	 The	 Netherlands)	 and	 CH2Cl2, NMP and HPLC grade solvents 
were	 purchased	 form	 Actu-All	 (Oss,	 The	 Netherlands).	 Fmoc-protected	 amino	
acids	were	 purchased	 from	GL	 Biochem	 Ltd.	 (Shanghai,	 China).	 Used	 side	 chain	
protected	 amino	 acids	were	 as	 follows:	 Fmoc-Ser(tBu)-OH,	 Fmoc-Asp(OtBu)-OH,	
Fmoc-Glu(OtBu)-OH,	 Fmoc-Thr(tBu)-OH,	 Fmoc-Asn(Trt)-OH,	 Fmoc-Trp(Boc)-OH,	
Fmoc-Gln(Trt)-OH,	 Fmoc-Lys(Boc)-OH,	 Fmoc-Arg(Pbf)-OH.	 To	prevent	 aspartimide	
formation	in	the	sequence	of	 loop	1 (457Asp-Gly458),	Fmoc-(Dmb)Gly-OH	was	used	
instead	of	Fmoc-Gly-OH.	TentaGel	S	RAM	resin	(particle	size	90μm,	capacity	0.25	
mmol.g-1)	was	purchased	from	Rapp	Polymere	GmbH	(Tübingen,	Germany).	Solid	
phase	peptide	 synthesis	was	performed	on	an	Applied	Biosystems	433A	peptide	
synthesizer.	 Lyophilizations	 were	 performed	 on	 a	 Christ	 Alpha	 1-2	 apparatus.	
Reactions	 were	 carried	 out	 at	 ambient	 temperature	 unless	 stated	 otherwise.	
Solvents	were	evaporated	under	reduced	pressure	at	40	°C.	Reactions	in	solution	
were monitored by TLC analysis and Rf-values	 were	 determined	 on	Merck	 pre-
coated	silica	gel	60	F-254	(0.25	mm)	plates.	Spots	were	visualized	by	UV-light	and/or	
by	heating	plates	after	dipping	in	a	cerium	molybdate	solution	(Hanessian’s	stain).	
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Column	chromatography	was	performed	on	Siliaflash	P60	(40-63μm)	from	Silicycle	
(Canada). 1H	NMR	data	was	acquired	on	a	Varian	Mercury	300	MHz	spectrometer	in	
CDCl3	as	solvent.	Chemical	shifts	(δ)	are	reported	in	parts	per	million	(ppm)	relative	
to	 TMS	 (0.00	 ppm).	 Coupling	 constants	 (J)	 are	 reported	 in	 Hertz	 (Hz).	 Splitting	
patterns	are	designated	as	singlet	(s),	doublet	(d),	triplet	(t),	quartet	(q),	multiplet	
(m),	sextet	(sex),	and	broad	(b).	13C	NMR	data	was	acquired	on	a	Varian	Mercury	300	
MHz	spectrometer	at	75	MHz	or	on	an	Agilent	400	MHz	spectrometer	at	100	MHz	in	
CDCl3	as	solvent.	Chemical	shifts	(δ	are	reported	in	parts	per	million	(ppm)	relative	
to the solvent residual signal, CDCl3	(77.00	ppm).	Analytical	LC-MS	was	performed	
on	a	Thermo-Finnigan	LCQ	Deca	XP	Max	ion	trap	mass	spectrometer	equipped	with	
a	UV-detector	operating	at	214	nm	by	using	a	Phenomenex	Gemini	C18	 column	
(110	Å,	3	μm,	150×4.60	mm)	at	a	flow	rate	of	1	mL.min-1 using a standard protocol: 
100%	buffer	A	for	2	min,	followed	by	a	linear	gradient	of	buffer	B	(0-100%	in	28	min,	
method	A)	or	100%	buffer	A	for	2	min,	next	a	linear	gradient	of	buffer	B	(0-50%	in	
28,	method	B).	The	mobile	phase	was	H2O/CH3CN/TFA	 (95:5:0.1,	v/v/v,	buffer	A)	
and H2O/CH3CN/TFA	(5:95:0.1,	v/v/v,	buffer	B).	Analytical	HPLC	was	accomplished	
on	a	Shimadzu-10Avp	(Class	VP)	with	a	UV-detector	operating	at	214	and	254	nm	
by	using	a	Phenomenex	Gemini	C18	column	(110	Å,	5	μm,	250×4.60	mm)	at	a	flow	
rate	of	1	mL.min-1	using	a	standard	protocol:	100%	buffer	A	for	5	min,	followed	by	a	
linear	gradient	of	buffer	B	(0-100%	in	20	min)	using	the	same	buffers	as	described	
for	LC-MS.	Purification	of	the	peptidic	compounds	was	performed	on	a	Prep	LCMS-
QP8000α	HPLC	system	(Shimadzu)	using	a	Phenomenex	Gemini	C18	column	(110	
Å,	10	μm,	250×20	mm)	at	a	flow	rate	of	12.5	mL.min-1 using a standard protocol: 
100%	buffer	A	for	5	min,	followed	by	a	linear	gradient	of	buffer	B	(0-100%	in	100	
min)	using	the	same	buffers	as	described	for	LC-MS.	Routine	electrospray	ionization	
mass spectrometry (ESI-MS) was performed on a Shimadzu LCMS-QP8000 single 
quadrupole	bench-top	mass	spectrometer	operating	in	a	positive	ionization	mode	
or	a	Thermo-Finnigan	LCQ	Deca	XP	Max	ion	trap	mass	spectrometer.	The	pH	was	
measured	using	a	PHM210	standard	pH	meter	from	Radiometer	Analytical	equipped	
with	a	micro	combined	pH	electrode	pHC3359-8	from	Radiometer	Analytical.
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Di(bromomethyl)benzothioate 3 

O S

Br Br To	a	solution	of	di(bromomethyl)benzoic	acid	119	(1.54	g,	5.0	mmol,	
1.0	equiv)	in	DCM	(30	mL),	subsequently	1-propanethiol	(2,	453	µL,	
5.0	mmol,	1.0	equiv),	a	solution	of	DCC	(1.03	g,	5.0	mmol,	1.0	equiv)	

in	 DCM	 (5.0	mL)	 and	DMAP	 (61	mg,	 0.50	mmol,	 0.10	 equiv)	were	 added.	 After	
stirring	for	2	hours,	the	reaction	mixture	was	filtered,	diluted	with	DCM	until	100	mL	
and	washed	twice	with	1N	KHSO4	(100	mL)	and	twice	with	brine	(100	mL).	Next,	the	
organic layer was dried over Na2SO4, evaporated in	vacuo,	the	residue	purified	by	
column	chromatography	(hexanes	to	hexanes/acetone,	98:2,	v/v)	and	crystallized	
from	hot	hexanes	and	left	overnight	at	-20	°C	to	afford	3 as white crystalline needles 
(1.21g,	66%).	Rf =	0.28	(hexanes/acetone,	97:3,	v/v);	MS	(ESI)	m/z calcd C12H14Br2OSNa 
[M	+	Na]+	386.90,	found	387.60;	1H	NMR	(300	MHz,	CDCl3):	δ	1.04	(t,	J	=	7.3	Hz,	3H,	
CH2CH3),	1.72	(sex,	J	=	7.3	Hz,	2H,	CH2CH3),	3.08	(t,	J	=	7.2	Hz,	2H,	COSCH2CH2),	4.50	
(s, 4H, 2 × CH2Br),	7.63	(s,	1H,	Ar-CH),	7.91	(s,	2H,	2	× Ar-CH);	13C NMR (100 MHz, 
CDCl3):	δ	13.4	(CH3),	22.9,	31.1,	31.8	(CH2),	127.5,	134.0,	138.3,	139.1	(Ar-CH	or	Ar-
C),	190.9	(CO).	

Solid phase peptide synthesis
The	 linear	 peptides	 were	 assembled	 on	 a	 Tentagel	 S	 RAM	 resin	 with	 a	 peptide	
synthesizer	using	the	ABI	FastMoc	0.25	mmol	protocol.32 

General procedure for cleavage and side-chain deprotection of the linear peptide 
from the solid support
The	 obtained	 anchored	 peptide	 was	 deprotected	 and	 cleaved	 from	 the	 solid	
support	by	treatment	with	TFA/H2O/TIS/EDT	(90:5:2.5:2.5,	v/v/v/v)	(20	mL.mmol-1) 
for	2	h.	The	reaction	mixture	was	filtered	and	washed	with	TFA	(20	mL.mmol-1).	The	
filtrates	were	combined	and	the	volume	was	reduced	to	2	mL	by	evaporation.	Next,	
the	mixture	was	added	dropwise	to	a	cold	(4	°C)	solution	of	MTBE/hexanes	(1:1,	
v/v).	After	centrifugation	(3500	rpm,	5	min)	the	supernatant	was	decanted	and	the	
pellet	was	resuspended	in	MTBE/hexanes	(1:1,	v/v)	and	centrifuged	again.	Finally,	
the	pellet	was	washed	twice	with	MTBE/hexanes	(1:1,	v/v),	each	time	collected	by	
centrifugation,	dissolved	in	tBuOH/H2O	(1:1,	v/v)	and	lyophilized	to	afford	the	crude	
linear	peptide.
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Linear peptide 4a
Following	the	above	described	procedures	crude	lyophilized	linear	peptide	4a was 
obtained	 (0.25	mmol	Tentagel	S	RAM	resin	gave	200.5	mg).	After	LC-MS	analysis	
crude 4a was	found	to	be	sufficiently	pure	to	proceed	with	the	cyclization	reaction.	
LC-MS tR	=	9.1	min	(method	A);	MS	(ESI)	m/z calcd C36H63N14O14S2	[M	+	H]+	979.41,	
found	979.45.

Linear peptide 4b
Following	the	above	described	procedures	crude	lyophilized	linear	peptide	4b was 
obtained	 (0.25	mmol	Tentagel	S	RAM	resin	gave	263.2	mg).	After	LC-MS	analysis	
crude 4b was	 not	 found	 to	 be	 sufficiently	 pure	 to	 proceed	 with	 the	 cyclization	
reaction.	And	so,	crude	linear	peptide	4b (50.0	mg)	was	dissolved	in	DMF	(2	mL),	
diluted with H2O/CH3CN/TFA	(50:50:0.1,	v/v/v)	until	5	mL	and	purified	by	preparative	
HPLC.	 Fractions	 corresponding	 to	4b were pooled and lyophilized to yield linear 
peptide	4b	as	a	white	fluffy	solid	(9.2	mg,	14%	overall	yield).	LC-MS	tR	=	14.2	min	
(method	A);	MS	(ESI)	m/z calcd C60H96N17O17S3	[M	+	H]+	1422.63,	found	1422.87.

Linear peptide 4c
Following	the	above	described	procedures	crude	lyophilized	linear	peptide	4a was 
obtained	 (0.25	mmol	Tentagel	S	RAM	resin	gave	241.5	mg).	After	LC-MS	analysis	
crude 4c was	found	to	be	sufficiently	pure	to	proceed	with	the	cyclization	reaction.	
LC-MS tR	=	10.8	min	(method	A);	MS	(ESI)	m/z calcd C44H73N12O18S2	[M	+	H]+	1121.46,	
found	1121.16.

Cyclic peptide thioester 5a
To	 a	 solution	 of	 di(bromomethyl)benzothioate	3	 (36.6	mg,	 100	µmol,	 1.0	 equiv)	
in	MeCN	(40	mL)	was	added	a	solution	of	 linear	peptide	4a	 (97.9	mg,	100	µmol,	
1.0	equiv)	in	an	ammonium	bicarbonate	buffer	(60	mL,	20	mM	NH4HCO3,	pH	7.9).	
After	 stirring	 for	 2	 hours,	 the	 reaction	mixture	was	 concentrated	 in	 vacuo	 until	
about 60 mL and lyophilized to yield crude 5a.	Next,	crude	cyclic	peptide	5a was 
dissolved	in	DMF	(4.0	mL),	diluted	with	H2O/CH3CN/TFA	(50:50:0.1,	v/v/v)	until	10	
mL	and	purified	by	preparative	HPLC.	Fractions	corresponding	to	5a were pooled 
and	lyophilized	to	yield	cyclic	peptide	thioester	5a	as	a	white	fluffy	solid	(35.2	mg,	
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24%	overall	yield,	average	yield	of	94%	per	step).	LC-MS	tR	=	14.1	min	(method	A);	
MS (ESI) m/z calcd C48H75N14O15S3	[M	+	H]+	1183.47,	found	1183.72.

Cyclic peptide thioester 5b
To	a	 solution	of	di(bromomethyl)benzothioate	3	 (4.81	mg,	13.1	µmol,	1.0	equiv)	
and	linear	peptide	4b	(18.7	mg,	13.1	µmol,	1.0	equiv)	in	DMF	(5.3	mL)	was	added	
dropwise	an	ammonium	bicarbonate	buffer	(7.9	mL,	20	mM	NH4HCO3,	pH	7.9).	After	
stirring	for	2	hours,	the	reaction	mixture	was	diluted	with	H2O and lyophilized to 
yield crude 5b.	Next,	crude	cyclic	peptide	5b	was	dissolved	in	DMF	(2.0	mL),	diluted	
with H2O/CH3CN/TFA	(50:50:0.1,	v/v/v)	until	5	mL	and	purified	by	preparative	HPLC.	
Fractions	corresponding	to	5a were	pooled	and	lyophilized	to	yield	cyclic	peptide	
thioester 5a	as	a	white	fluffy	solid	(5.10	mg,	24%,	3.2%	overall	yield,	average	yield	
of	82%	per	step).	LC-MS	tR	=	15.8	min	(method	A);	MS	(ESI)	m/z calcd C72H108N17O18S4 
[M	+	H]+	1626.69,	found	1626.95.

Cyclic peptide thioester 5c
To	 a	 solution	 of	 di(bromomethyl)benzothioate	3	 (36.6	mg,	 100	µmol,	 1.0	 equiv)	
in	MeCN	 (40	mL)	was	added	a	 solution	of	 linear	peptide	4c (112 mg, 100 µmol, 
1.0	equiv)	in	an	ammonium	bicarbonate	buffer	(60	mL,	20	mM	NH4HCO3,	pH	7.9).	
After	 stirring	 for	 2	 hours,	 the	 reaction	mixture	was	 concentrated	 in	 vacuo	 until	
about 60 mL and lyophilized to yield crude 5c.	Next,	crude	cyclic	peptide	5c was 
dissolved	in	DMF	(4.0	mL),	diluted	with	H2O/CH3CN/TFA	(50:50:0.1,	v/v/v)	until	10	
mL	and	purified	by	preparative	HPLC.	Fractions	corresponding	to	5a were pooled 
and	lyophilized	to	yield	cyclic	peptide	thioester	5a	as	a	white	fluffy	solid	(33.7	mg,	
22%	overall	yield,	average	yield	of	94%	per	step).	LC-MS	tR	=	15.4	min	(method	A);	
MS (ESI) m/z calcd C56H84N12O19S3	[M	+	H]+	1324.51,	found	1324.85.

Tested NCL conditions between scaffold 6 and cyclic peptide 5a or 5c
The	reactions	were	performed	under	conditions	comprising	of	1.0	mM	scaffold and 
3.0	mM	cyclic	peptide	thioester	 in	 ligation	buffer.	The	used	ligation	buffers	were:	
200	mM	sodium	phosphate,	200	mM	4-mercaptophenylacetic	acid	(MPAA),	40	mM	
tris(2-carboxyethyl)-phosphine	hydrochloride	(TCEP),	and	pH	7.4	 in	H2O, 200 mM 
sodium	phosphate,	200	mM	4-mercaptophenylacetic	acid	 (MPAA),	40	mM	tris(2-
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carboxyethyl)-phosphine	hydrochloride	(TCEP),	and	pH	7.4	in	H2O/DMF,	8:2,	v/v,23	

180	mM	LiCl,	20	mM	MPAA,	20	mM	TEA	 in	DMF	at	40	 °C24,25.	All	 reactions	were	
stirred	for	overnight	at	ambient	temperature.

Bromoacetamide thioester 13

H
N S

O

O
Br

To	a	solution	of	Boc-Gly-OH	(10,	1.75	g,	10	mmol,	1.0	equiv)	in	
DCM	 (60	 mL),	 subsequently	 1-propanethiol	 (2,	 0.91	 mL,	 10	
mmol,	1.0	equiv),	a	solution	of	DCC	(2.1	g,	10	mmol,	1.0	equiv)	

in	DCM	(10	mL)	and	DMAP	(122	mg,	1.0	mmol,	0.10	equiv)	were	added.	After	stirring	
for	 1	 hour,	 the	 reaction	mixture	was	 filtered,	 evaporated	 in	 vacuo, dissolved in 
MeCN	(50	mL),	again	filtered	and	evaporated	in	vacuo	to	afford	relatively	pure	crude	
Boc-Gly-thioester	11,	which	was	directly	used	in	the	following	reaction.
Boc-Gly-thioester	11	(from	previous	reaction,	10	mmol)	was	dissolved	in	DCM	(25	
mL),	followed	by	the	addition	of	TFA	(25	mL).	After	stirring	for	1	hour,	the	reaction	
mixture	was	evaporated	 in	vacuo	and	coevaporated	with	 toluene	 (3	× 25 mL) to 
afford relatively pure crude glycine thioester 12,	which	was	directly	used	in	the	next	
reaction.
A	 solution	 of	 glycine	 thioester	12	 (from	previous	 reaction,	 10	mmol)	 and	DiPEA	
(4.35	mL,	25	mmol,	2.5	equiv)	in	DCM	(25	mL)	was	added	slowly	to	a	solution	of	
bromoacetylbromide	(1.05	mL,	12	mmol,	1.2	equiv)	in	DCM	(25	mL)	at	0	°C.	After	
stirring	for	1	hour	at	room	temperature,	 the	reaction	mixture	was	evaporated	 in 
vacuo	 and	 purified	 by	 column	 chromatography	 (DCM	 to	DCM/MeOH,	 99:1,	 v/v)	
to	afford	bromoacetamide	thioester	13	as	an	off	white	solid	 (1.89	g,	74%	over	3	
steps,	91%	per	reaction	step).	Rf =	0.24	(DCM/MeOH,	99:1,	v/v);	MS	(ESI)	m/z calcd 
C7H13BrNO2S	[M	+	H]+	253.98,	found	253.85;	1H	NMR	(300	MHz,	CDCl3):	δ	0.98	(t,	
J	=	7.4	Hz,	3H,	CH2CH3),	1.63	(sex,	J	=	7.3	Hz,	2H,	CH2CH3),	2.93	(t,	J	=	7.2	Hz,	2H,	
COSCH2CH2),	3.94	(s,	2H,	CH2Br),	4.25	(d,	J	=	5.6	Hz,	2H	NHCH2),	7.07	(bs,	1H,	NH);	

13C 
NMR (75 MHz, CDCl3):	δ	13.2	(CH3),	22.6,	28.4,	30.5,	49.5	(CH2),	166.0,	196.0	(CO).
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Di(bromoacetyl) imide 14

N

OO
BrBr

S

O

To	a	solution	of	bromoacetamide	thioester	13	(1.02	g,	4.0	mmol,	1.0	
equiv)	in	benzene	(20	mL)	was	added	bromoacetyl	bromide	(666	µL,	
8.0	 mmol,	 2.0	 equiv).	 After	 stirring	 at	 refluxing	 temperature	 for	
overnight,	the	reaction	mixture	was	evaporated	in	vacuo	and	purified	

by	 column	 chromatography	 (hexanes/EtOAc,	 9:1	 to	 hexanes/EtOAc,	 8:2,	 v/v)	 to	
afford	di(bromoacetyl)imide	14	as	a	brownish	oil	(252	mg,	17%).	Rf =	0.33	(hexanes/
EtOAc,	8:2,	v/v);	MS	(ESI)	m/z calcd C9H14Br2NO3S	[M	+	H]+	373.91,	could	not	find	the	
correct	 mass,	 but	 LC-MS	 analysis	 showed	 one	 single	 peak,	 proton	 NMR	 was	 in	
agreement	 with	 this	 compound	 and	 by	 using	 this	 compound	 in	 the	 cyclization	
reaction,	 the	 mass	 of	 the	 correct	 derivative	 was	 observed;	 1H	 NMR	 (300	 MHz,	
CDCl3):	δ	0.98	(t,	J	=	7.4	Hz,	3H,	CH2CH3),	1.64	(sex,	J	=	7.3	Hz,	2H,	CH2CH3),	2.95	(t,	J 
=	7.2	Hz,	2H,	COSCH2CH2),	4.25	(s,	2H,	2	× CH2Br),	4.77	(s,	2H	NCH2);	

13C NMR (75 
MHz, CDCl3):	δ	13.2	(CH3),	22.6,	30.1,	31.1,	53.6	(CH2),	168.5,	194.5	(CO).

Cyclic peptide thioester 15
To	a	solution	of	di(bromacetyl)imide	14	in	MeCN	(12.5	mL	of	a	solution	of	252	mg	
in	168	mL	MeCN,	50	µmol,	1.0	equiv)	was	added	a	solution	of	 linear	peptide	4c 
(56.1	mg,	50	µmol,	1.0	equiv)	 in	an	ammonium	bicarbonate	buffer	 (37.5	mL,	20	
mM NH4HCO3,	pH	7.9).	After	stirring	for	30	min,	the	reaction	mixture	was	acidified,	
concentrated in	vacuo	until	about	20	mL	and	 lyophilized	to	yield	crude	15.	Next,	
crude	 cyclic	 peptide	 15 was dissolved in H2O/CH3CN/TFA	 (75:25:0.1,	 v/v/v)	 and	
purified	 by	 preparative	 HPLC.	 Fractions	 corresponding	 to	 15 were pooled and 
lyophilized	to	yield	cyclic	peptide	thioester	15	as	a	white	fluffy	solid	(15.0	mg,	19%	
overall	yield,	average	yield	of	94%	per	step).	LC-MS	tR	=	13.8	min	(method	A);	MS	
(ESI) m/z calcd C53H84N13O21S3	[M	+	H]+	1334.51,	found	1334.94.

Determination of the side products originating from cyclic peptide 15
Cyclic	peptide	thioester	15	(1.33	mg,	1.0	µmol)	was	dissolved	in	a	phosphate	buffer	
(1.0	mL,	200	mM	sodium	phosphate,	pH	7.6).	After	90	min	the	mixture	was	analysed	
by	LC-MS	(method	B).
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Test cyclization between 4a and 14
To	a	solution	of	linear	peptide	4a	(0.98	mg,	1.0	µmol,	1.0	equiv)	in	an	ammonium	
bicarbonate	 buffer	 (750	 µL,	 20	mM	NH4HCO3,	 pH	 7.9)	 was	 added	 a	 solution	 of	
di(bromacetyl)imide 14	in	MeCN	(250	µL	of	a	solution	of	252	mg	in	168	mL	MeCN,	
1.0	µmol,	1.0	equiv).	After	stirring	for	2	hours,	the	mixture	was	analysed	by	LC-MS.	
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9.1 Introduction

As	part	of	future	research	towards	synthetic	vaccines	will	involve	the	use	the	gp120	
mimics	as	synthetic	immunogen	to	raise	antibodies	and	to	investigate	the	binding	
properties	of	these	antibodies	to	gp120.	Small	proteins	and	relatively	small	peptide-
based	compounds,	like	our	gp120	mimics,	are	generally	not	sufficiently	immunogenic	
and	require	the	introduction	of	a	carrier	protein	to	obtain	a	sufficient	immunogenic	
response.	Nowadays,	the	most	commonly	used	carrier	protein	for	peptide	antigens	
is	 the	Keyhole	Limpit	Hemocyanin	 (KLH).	 For	 connecting	 the	peptide	antigens	 to	
the	KLH	protein,	normally	the	chemoselective	thiol-maleimide	reaction	is	used,	in	
which	the	KLH	protein	is	decorated	with	multiple	maleimide	groups.	Since	the	TAC-
scaffold	has	a	fourth	functionalization	position	available,	which	is	relatively	far	apart	
from	the	peptide	antigens	in	the	molecule,	this	site	would	be	ideal	to	introduce	a	
cysteine	residue	for	conjugation	to	the	KLH	protein.	However,	in	our	sequential	NCL	
strategy	(chapter	6)	we	already	use	multiple	different	protected	cysteine	residues.2 
Consequently,	for	this	scaffold	it	was	decided	to	insert	an	alkyne	functionality	in	the	
fourth	position	of	the	TAC-scaffold.	In	this	way,	after	the	sequential	NCL	and	capping	
of	the	sulfhydryl	groups,	a	cysteine	residue,	containing	an	azide	functionality,	can	
be	coupled	to	the	mimic	by	using	the	chemoselective	CuAAC	reaction.	In	addition,	
the	 alkyne	 can	 also	 be	 used	 for	 coupling	 a	 fluorescence	 group	 to	 the	mimic	 for	
visualization	purposes.

9.2 Results & discussion

The	 required	 alkyne	 amino	 acid	 was	 efficiently	 synthesized	 by	 first	 coupling	
propargylamine	to	the	side-chain	carboxylic	acid	of	Fmoc-Glu-OtBu	(1), followed by 
the cleavage of the tert-butyl	ester	by	treatment	with	TFA.	After	crystallization,	3 
was	obtained	in	a	high	yield	of	86%	over	two	steps	(Scheme	1).



Towards synthetic vaccines; synthesis of an alkyne containing sequential native chemical ligation TAC-scaffold

| 187 

BOP, DiPEA, DCM

propargylamine

FmocHN OtBu

O

N
H

O

FmocHN OtBu

O

O OH

DCM, TFA

86% over 2 steps

FmocHN OH

O

N
H

O

1 2 3

Scheme 1	Synthesis	of	Fmoc-Glu(propargylamide)-OH	(3).

Synthesis	 of	 the	 new	 sequential	 NCL	 scaffold	 started	 by	 connection	 of	 Fmoc-
Glu(propargylamide)-OH	 (3) to a 2-chlorotrityl chloride resin, using DiPEA.	Next,	
the	Fmoc	protective	group	of	the	glutamic	acid	residue	was	cleaved	and	the	TAC-
scaffold1 was introduced by using a BOP coupling, which yielded resin-bound 
scaffold	5.	Cleavage	of	again	an	Fmoc	protective	group,	followed	by	the	introduction	
of	the	thiazolidine	residue	giving	resin-bound	scaffold	6.	In	the	following	step,	the	
oNBS group of 6 was cleaved by treatment with 2-mercaptoethanol and DBU, 
yielding again a secondary amine, which was coupled with Boc-Cys(StBu)-OH to 
yield	 resin-bound	 scaffold	 7.	 Palladium-assisted	 cleavage	 of	 the	 Alloc	 protective	
group	was	followed	by	the	introduction	of	the	last	cysteine	residue	to	yield	resin-
bound	protected	scaffold	8.	Next,	the	Fmoc	protective	group	of	the	last	introduced	
cysteine	 residue	 was	 removed	 and	 the	 scaffold	 was	 cleaved	 from	 the	 resin	
using	30%	hexafluoroisopropanol	 (HFIP)	 in	DCM.	 Finally,	 the	 two	StBu	 sulfhydryl	
protective	groups	were	removed	by	treatment	with	tris(2-carboxyethyl)-phosphine	
hydrochloride	(TCEP)	and	the	resulting	scaffold	9,	was	purified	by	preparative	HPLC	
and	obtained	in	an	acceptable	overall	yield	of	13%	(Scheme	2).
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Scheme 2	Synthesis	of	TAC-scaffold	9.

Scaffold	9	will	 be	used	 soon	 in	 the	earlier	developed	 sequential	NCL	 strategy	as	
was	 described	 in	 chapter	 6.	 Afterwards,	 a	 cysteine	 residue,	 containing	 an	 azide	
functionality,	will	be	coupled	via the	CuAAC	reaction	to	the	gp120	mimic.	In	the	last	
step	the	mimic	will	be	conjugated	to	the	KLH	protein,	thus	affording	the	complex	
suitable	for	immunization	studies	(Scheme	3).
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Scheme 3	Proposed	reaction	scheme	for	obtaining	a	gp120	mimic	–	KLH	complex,	which	is	ready	for	
performing	immunization	studies.

 

9.4 Conclusions

In	 conclusion,	we	have	described	 an	efficient	method	 for	 obtaining	 a	 sequential	
native	chemical	ligation	TAC-scaffold	(chapter	6),	containing	an	alkyne	functionality	
in	 the	 fourth	 position	 of	 this	 triazacyclophane	 template.	 The	 required	 alkyne	
amino	 acid,	 Fmoc-Glu(propargylamide)-OH,	 was	 achieved	 in	 high	 yield	 and	 the	
scaffold	 was	 efficiently	 synthesized	 on	 the	 solid	 support.	 After	 applying	 the	 in	
chapter	6	developed	sequential	native	chemical	 ligation	strategy	 to	 this	 scaffold,	
the	alkyne	group	can	be	used	to	“click”	a	fluorescence	group	to	the	protein	mimic	
for	visualization	purposes.	Moreover,	this	alkyne	handle	can	be	used	to	conjugate	
the protein mimic to a carrier protein (e.g.	Keyhole	Limpit	Hemocyanin	protein)	for	
conducting	immunization	studies.
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9.3 Experimental section

General
All	 reagents	 were	 obtained	 from	 commercial	 sources	 and	 used	 without	 further	
purification.	 Peptide	 grade	 DiPEA	 and	 TFA	 were	 purchased	 from	 Biosolve	 B.V.	
(Valkenswaard,	The	Netherlands)	and	CH2Cl2, NMP and HPLC grade solvents were 
purchased	form	Actu-All	(Oss,	The	Netherlands).	2-Chlorotrityl	chloride	resin	(100-
200	mesh,	 1%	 DVB,	 capacity	 1.0-1.6	mmol.g-1) was purchased from Iris Biotech 
GmbH.	 Solid	 phase	 peptide	 synthesis	was	 carried	out	 in	 a	 plastic	 syringe	with	 a	
polyethylene	frit	obtained	from	Screening	Devices	B.V.	Loading	of	a	resin	sample	
was	 assessed	 by	 Fmoc-spectrophotometric	 quantification3 of the absorbance of 
the	dibenzofulvene-piperidine	adduct	at	300	nm	in	Perkin	Elmer	Lambda	2	UV/VIS	
spectrometer.	 Kaiser4 and Bromophenol Blue tests5,6	were	used	 for	detection	on	
the	solid	phase	of	primary	and	secondary	amines,	respectively.	Lyophilizations	were	
performed	on	a	Christ	Alpha	1-2	apparatus.	Reactions	were	carried	out	at	ambient	
temperature	 unless	 stated	 otherwise.	 Solvents	 were	 evaporated	 under	 reduced	
pressure	 at	 40	 °C.	 Reactions	 in	 solution	were	monitored	by	 TLC	 analysis	 and	Rf-
values	were	determined	on	Merck	pre-coated	silica	gel	60	F-254	(0.25	mm)	plates.	
Spots	were	visualized	by	UV-light	and	by	heating	plates	after	dipping	in	a	ninhydrine	
solution.	1H	NMR	data	was	acquired	on	a	Varian	Mercury	300	MHz	spectrometer	in	
in DMSO-d6	as	solvent.	Chemical	shifts	(δ)	are	reported	in	parts	per	million	(ppm)	
relative	to	DMSO-d6	(2.50	ppm).	Coupling	constants	(J)	are	reported	in	Hertz	(Hz).	
Splitting	patterns	are	designated	as	doublet	 (d),	 triplet	 (t),	and	multiplet	 (m).	 13C 
NMR	data	was	acquired	on	a	Varian	Mercury	300	MHz	 spectrometer	at	75	MHz	
in DMSO-d6	as	solvent.	Chemical	shifts	(δ)	are	reported	in	parts	per	million	(ppm)	
relative	to	the	solvent	residual	signal,	DMSO-d6	(39.52	ppm).	Analytical	HPLC	was	
accomplished	on	a	Shimadzu-10Avp	(Class	VP)	with	a	UV-detector	operating	at	214	
and	254	nm	by	using	a	Phenomenex	Gemini	C18	column	(110	Å,	5	μm,	250×4.60	
mm)	at	a	flow	rate	of	1	mL.min-1	using	a	standard	protocol:	100%	buffer	A	 for	5	
min,	followed	by	a	linear	gradient	of	buffer	B	(0-100%	in	48	min).	The	mobile	phase	
was H2O/CH3CN/TFA	(95:5:0.1,	v/v/v,	buffer	A)	and	H2O/CH3CN/TFA	(5:95:0.1,	v/v/v,	
buffer	 B).	 Purification	 of	 the	 scaffold	 was	 performed	 on	 a	 Prep	 LCMS-QP8000α	
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HPLC	system	(Shimadzu)	using	a	Phenomenex	Gemini	C18	column	(110	Å,	10	μm,	
250×20	mm)	at	a	flow	rate	of	12.5	mL.min-1	using	a	standard	protocol:	100%	buffer	
A	for	5	min,	followed	by	a	linear	gradient	of	buffer	B	(0-60%	in	100	min)	using	the	
same	buffers	as	described	for	analytical	HPLC.	Analytical	LC-MS	was	performed	on	a	
Thermo-Finnigan	LCQ	Deca	XP	Max	ion	trap	mass	spectrometer	using	same	buffers	
and	 protocol	 as	 described	 for	 analytical	 HPLC.	 Routine	 electrospray	 ionization	
mass spectrometry (ESI-MS) was performed on a Shimadzu LCMS-QP8000 single 
quadrupole	bench-top	mass	spectrometer	operating	in	a	positive	ionization	mode	
or	a	Thermo-Finnigan	LCQ	Deca	XP	Max	ion	trap	mass	spectrometer.	High-resolution	
electrospray	ionization	(ESI)	mass	spectra	were	measured	on	a	Bruker	micrOTOF-Q	
II	in	positive	mode	and	calibrated	with	ESI	tuning	mix	from	Agilent	Technologies.

Fmoc-Glu(propargylamide)-OtBu 2

FmocHN OtBu

O

N
H

O

Fmoc-Glu-OtBu	(1,	2.13	g,	5.0	mmol,	1.0	equiv),	BOP	(2.21	g,	5.0	
mmol,	1.0	equiv)	were	dissolved	in	DCM	(100	mL)	at	0	°C.	Next,	
DiPEA	(1.74	mL,	10	mmol,	2.0	equiv)	and	propargylamine	(336	
µL,	5.25	mmol,	1.05	equiv)	were	added	and	the	reaction	mixture	
was	 stirred	overnight.	After	 the	evaporation	of	 the	 solvents	 in 

vacuo,	the	crude	product	was	dissolved	in	EtOAc	(100	mL)	and	washed	twice	with	
1N	KHSO4 (100 mL), twice with 5% NaHCO3	(100	mL)	and	brine	(100	mL).	Finally	the	
organic layer was dried over Na2SO4 and evaporated in	vacuo,	yielding	the	relatively	
clean	 Fmoc-Glu(propargylamide)-OtBu	 2,	 which	 was	 directly	 used	 in	 the	 next	
reaction.	 Rf =	 0.49	 (MeOH/CH3Cl/AcOH	 ,	 10:90:1,	 v/v/v);	 MS	 (ESI)	 m/z calcd 
C27H31N2O5	[M	+	H]+	463.22,	found	462.95.

Fmoc-Glu(propargylamide)-OH 3

FmocHN OH

O

N
H

O

Fmoc-Glu(propargylamide)-OtBu	2 (from	previous	reaction,	5.0	
mmol)	 was	 dissolved	 in	 DCM/TFA	 (50	 mL,	 1:1,	 v/v)	 and	 the	
reaction	mixture	was	stirred	for	2	hours.	After	the	evaporation	of	
the solvents in	vacuo,	the	crude	product	was	dissolved	in	EtOAc	
(100	mL)	and	washed	twice	with	1N	KHSO4 (100 mL) and brine 

(100	mL).	Finally	the	organic	layer	was	dried	over	Na2SO4 and evaporated in	vacuo 
and	crystallized	from	DCM	and	hexanes	to	yield	Fmoc-Glu(propargylamine)-OH	(3) 
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as	a	white	solid	(1.99	g,	86%	over	2	steps).	Rf =	0.15	(MeOH/CH3Cl/AcOH	,	10:90:1,	
v/v/v);	MS	(ESI)	m/z calcd C23H23N2O5	[M	+	H]+	407.16,	found	407.50;	1H	NMR	(300	
MHz, DMSO-d6):	δ	1.79	(m,	1H,	βCH2),	1.97	(m,	1H,	βCH2),	2.20	(t,	J	=	7.6	Hz,	2H,	
γCH2),	3.09	(t, J	=	2.3	Hz,	1H,	≡CH),	3.84	(d,	J	=	3.2	Hz,	NCH2),	3.93,	4.25	(m,	4H,	OCH2, 
CHFmoc,	CHα),	7.33	(t,	J	=	7.4	Hz,	2H,	2	×	Ar-CH),	7.42	(t,	J	=	7.3	Hz,	2H,	2	×	Ar-CH),	7.68	
(d, J	=	8.0	Hz,	1H,	NHCHα),	7.73	(d,	J	=	7.4	Hz,	2H,	2	×	Ar-CH),	7.90	(d,	J	=	7.4	Hz,	2H,	
2 ×	Ar-CH),	8.29	(t,	J	=	5.3	Hz,	1H,	NHCH2);	

13C NMR (75 MHz, DMSO-d6):	δ	26.6,	27.9,	
31.5,	46.7,	53.5,	65.7,	72.9,	81.3	(CH2,	CH	and	C),	120.2,	125.4,	127.2,	127.7,	140.8,	
143.9	(Ar-CH	and	Ar-C),	156.2,	171.1,	173.7	(NHCOO,	CONH	and	COOH).

Fmoc-Glu(propargylamide)-trityl resin 4 

NHFmoc
O

O

N
H

O

To	a	shaken	solution	of	Fmoc-Glu(propargylamine)-OH	(3,	163	
mg,	0.40	mmol,	1.0	equiv)	in	DCM	(10	mL)	was	added	DiPEA	(70	
µL,	 0.40	 mmol,	 1.0	 equiv).	 Next,	 2-chlorotrityl	 chloride	 resin	
(1.00	g,	1.0	–	1.6	mmol)	was	added	in	one	portion	to	the	shaken	

mixture.	After	5	min,	another	portion	DiPEA	 (105	µL,	0.60	mmol,	1.5	equiv)	was	
added	and	the	mixture	was	shaken	overnight,	followed	by	capping	of	the	remaining	
2-chlorotrityl	chloride	resin	by	addition	of	MeOH	(1.0	mL)	and	DiPEA	(245	µL,	1.4	
mmol,	3.5	equiv)	to	the	mixture.	The	mixture	was	shaken	for	30	min,	transferred	to	
a	plastic	solid	phase	tube	and	the	resin	was	washed	with	DCM	(3	× 10 mL, each 2 
min),	MeOH	(3	×	10	mL,	each	2	min)	and	diethyl	ether	(3	×	10	mL,	each	2	min).	After	
drying the resin in	vacuo	for	3	hours,	the	weight	was	found	to	be	1.15	g	and	the	
loading	 was	 determined	 by	 an	 Fmoc-spectrophotometric	 quantification	 (0.168	
mmol.g-1).	This	corresponded	to	0.192	mmol	of	resin-bound	TAC-scaffold	2 and was 
indicative	for	a	loading	yield	of	48%.
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[Fmoc-Alloc-oNBS]-TAC-Glu(propargylamide)-trityl resin 5 
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Resin-bound	Fmoc-Glu(propargylamide)-OH	(4,	0.19	mmol,	
1.0	equiv)	was	swollen	 in	NMP	(10	mL	 for	10	min).	After	
draining	the	solvent	the	resin	was	shaken	with	piperidine/
NMP	(1:4,	v/v,	3	× 10 mL, each 10 min) and washed with 
NMP	(3	×	10	mL,	each	2	min)	and	DCM	(3	× 10 mL, each 2 
min).	A	positive	Bromophenol	Blue	test	indicated	removal	
of	the	Fmoc-group.	Next,	the	resulting	resin	was	swollen	in	
NMP	(10	mL	for	2	min).	After	draining	the	solvent	the	resin	

was	shaken	with	the	TAC-scaffold1	(590	mg,	0.77	mmol,	4.0	equiv),	BOP	(340	mg,	
0.77	mmol,	4.0	equiv)	and	DiPEA	(268	µL,	1.54	mmol,	8.0	equiv)	in	NMP	(10	mL)	for	
90	min,	filtered	and	washed	with	NMP	(3	×	10	mL,	each	2	min)	and	DCM	(3	× 10 mL, 
each	2	min).	A	negative	Bromophenol	Blue	test	indicated	a	complete	coupling	of	the	
TAC-scaffold.

[BocThz-Alloc-oNBS]-TAC-Glu(propargylamide)-trityl resin 6 
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Resin-bound	TAC-scaffold	5	 (0.19	mmol,	1.0	equiv)	was	
swollen	 in	NMP	 (10	mL	 for	10	min).	After	draining	 the	
solvent	the	resin	was	shaken	with	piperidine/NMP	(1:4,	
v/v,	3	×	10	mL,	each	10	min)	and	washed	with	NMP	(3	× 
10	mL,	each	2	min)	and	DCM	(3	×	10	mL,	each	2	min).	A	
positive	Bromophenol	Blue	test	indicated	removal	of	the	
Fmoc-group.	 Next,	 the	 resulting	 resin	 was	 swollen	 in	
NMP	 (10	mL	 for	2	min).	After	draining	 the	 solvent	 the	

resin	was	shaken	with	Boc-Thz-OH	(179	mg,	0.77	mmol,	4.0	equiv),	BOP	(340	mg,	
0.77	mmol,	4.0	equiv)	and	DiPEA	(268	µL,	1.54	mmol,	8.0	equiv)	in	NMP	(10	mL)	for	
90	min,	filtered	and	washed	with	NMP	(3	×	10	mL,	each	2	min)	and	DCM	(3	× 10 mL, 
each	2	min).	A	negative	Bromophenol	Blue	test	 indicated	a	complete	coupling	of	
Boc-Thz-OH.
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[BocThz-Alloc-BocCys(StBu)]-TAC-Glu(propargylamide)-trityl resin 7
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For removal of the oNBS	 group,	 resin-bound	 TAC-
scaffold	 6	 (0.19	 mmol,	 1.0	 equiv)	 was	 swollen	 in	
DMF	(10	mL	for	2	min).	After	draining	the	solvent,	
DMF	 (10	 mL),	 2-mercaptoethanol	 (135	 µL,	 1.92	
mmol,	10	equiv)	and	DBU	(144	µL,	0.96	mmol,	5.0	
equiv)	were	added.	After	shaken	the	mixture	for	30	
min,	the	solution	was	replaced	by	an	identical	fresh	
solution	and	shaken	again	for	30	min.	The	resin	was	

washed	with	DMF	(3	×	10	mL,	each	2	min)	and	DCM	(3	×	10	mL,	each	2	min).	A	
positive	Bromophenol	Blue	test	indicated	oNBS	removal.	After	swelling	of	the	resin	
(2	min)	in	10	mL	NMP,	it	was	filtered	off	and	the	resin	was	shaken	with	Boc-Cys(StBu)-
OH	(238	mg,	0.77	mmol,	4.0	equiv),	BOP	(340	mg,	0.77	mmol,	4.0	equiv)	and	DiPEA	
(268	µL,	1.54	mmol,	8.0	equiv)	in	NMP	(10	mL)	for	90	min,	filtered	and	washed	with	
NMP	 (3	 ×	 10	 mL,	 each	 2	 min)	 and	 DCM	 (3	 ×	 10	 mL,	 each	 2	 min).	 A	 negative	
Bromophenol Blue test indicated a complete coupling of Boc-Cys(StBu)-OH.

[BocThz-FmocCys(StBu)-BocCys(StBu)]-TAC-Glu(propargylamide)-trityl resin 8
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Resin-bound	TAC-scaffold	7	 (0.19	mmol,	1.0	equiv)	
was	swollen	in	NMP	(10	mL	for	2	min).	After	draining	
the solvent the resin was treated with anilinium 
p-toluenesulfinate	 (957	mg,	 3.84	mmol,	 20	 equiv)	
and	 NMP	 (10	 mL).	 A	 gentle	 stream	 of	 argon	 was	
bubbled	 through	 the	 mixture	 for	 10	 min	 and	
Pd0(Ph3P)4	 (66.6	mg,	 0.058	mmol,	 0.30	 equiv)	was	
added.	Argon	bubbling	was	continued	through	the	
reaction	for	45	min	with	the	exclusion	of	light.	The	

resin	 was	 washed	 with	 NMP	 (3	 ×	 10	 mL,	 each	 2	 min),	 0.1%	 sodium	
diethyldithiocarbamate trihydrate in NMP (10 mL for 2 min), 20% DiPEA	in	NMP	(10	
mL	for	2	min)	and	NMP	(3	×	10	mL,	each	2	min).	Next,	this	procedure	was	conducted	
once	more,	including	the	washing	steps.	After	that,	a	microcleavage	was	performed	
(a	small	part	of	the	resin	(ca	5	mg)	was	treated	with	30%	HFIP	in	DCM	for	30	min)	
and	LC-MS	analysis	showed	complete	removal	of	the	Alloc	protecting	group.	Next,	
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the	Alloc	deprotected	resin	was	swollen	in	NMP	(10	mL	for	2	min).	Removal	of	this	
NMP	 was	 followed	 by	 shaken	 the	 resin	 with	 Fmoc-Cys(StBu)-OH	 (331	mg,	 0.77	
mmol,	 4.0	equiv),	BOP	 (340	mg,	0.77	mmol,	 4.0	equiv)	 and	DiPEA	 (268	µL,	1.54	
mmol,	8.0	equiv)	 in	NMP	(10	mL)	for	90	min.	This	was	followed	by	washing	with	
NMP	 (3	 ×	 10	 mL,	 each	 2	 min)	 and	 DCM	 (3	 ×	 10	 mL,	 each	 2	 min).	 A	 negative	
Bromophenol Blue test indicated a complete coupling of Fmoc-Cys(StBu)-OH.

[BocThz-Cys-BocCys]-TAC scaffold 9
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Resin-bound	TAC-scaffold	8 (0.19	mmol,	1.0	equiv)	
was	 swollen	 in	 NMP	 (10	 mL	 for	 10	 min).	 After	
draining	 the	 solvent	 the	 resin	 was	 shaken	 with	
piperidine/NMP	(1:4,	v/v,	3	× 10 mL, each 10 min) 
and	washed	with	NMP	(3	× 10 mL, each 2 min) and 
DCM	(3	×	10	mL,	each	2	min).	A	positive	Bromophenol	
Blue	test	indicated	Fmoc	removal.	Next,	the	resulting	
resin	was	treated	with	30%	HFIP	in	DCM	(10	mL	for	

30	min),	washed	with	DCM	(4	×	10	mL,	each	2	min)	and	the	filtrates	were	combined	
and evaporated in	vacuo.	The	crude	residue	was	dissolved	in	tBuOH/H2O	(1:1,	v/v)	
and	subjected	to	lyophilization,	to	yield	144	mg	of	crude	StBu	protected	scaffold.	
Next,	 this	 crude	 scaffold	 (23	mg,	20	µmol,	 1.0	equiv)	was	 treated	with	a	 freshly	
prepared	 solution	of	NaH2PO4·2H2O	 (30	mM,	47	mg),	 TCEP	 (30	mM,	86	mg,	300	
µmol,	7.5	equiv	per	StBu	disulfide),	pH	7.5	 in	10	mL	of	H2O/MeCN	(1:1)	and	the	
mixture	 was	 stirred	 for	 3	 hours.	 Next,	 the	mixture	 was	 reduced	 to	 ca	 5	mL	 by	
evaporation,	 diluted	 with	 water	 and	 lyophilized.	 Finally,	 crude	 scaffold	 9 was 
dissolved in H2O/CH3CN/TFA	 (75:25:0.1,	 v/v/v)	and	purified	by	preparative	HPLC.	
Fractions	corresponding	to	the	product	were	pooled	and	lyophilized	to	yield	scaffold	
9 as	a	white	fluffy	solid	(4.4	mg,	corresponding	to	a	overall	yield	of	13%). tR	=	27.0	
min;	HRMS	m/z calcd for C43H65N8O11S3	[M	+	H]+	965.3929,	found	965.3892.
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Summary

The	 interaction	 between	 proteins	 is	 important	 in	 all	 biological	 functions.	 In	
practically	 every	 cellular	 process	 protein	 complexes	 have	 been	 identified	 as	
essential	components.	Defects	or	disturbance	in	the	regulation	of	protein-protein	
interactions	 are	 responsible	 for	many	diseases	e.g.	Huntington’s	disease,	 cancer,	
osteoporosis,	malaria,	HIV	and	other	infectious	or	autoimmune	diseases.	Therefore,	
the development of modulators of PPIs has become an important topic in drug 
design.
Proteins	interact	with	each	other	through	hot	spots	regions,	which	are	often	located	
on	the	surface	of	a	protein.	Hot	spots	are	described	as	contact	amino	acid	residues,	
which	are	important	for	tight	binding	and	essential	for	protein	function	and	are	also	
known	as	binding	sites	or	epitopes.	Epitopes	in	proteins	can	be	in	a	continuous	or	
discontinuous	fashion.	A	continuous	epitope	consists	of	one	single	stretch	of	amino	
acids.	The	more	complicated	discontinuous	epitope	consists	of	multiple	stretches	of	
amino	acids	on	the	surface	of	a	protein,	which	are	distant	in	the	linear	sequence,	but	
are	relatively	nearby	in	the	spatial	bioactive	conformation	of	the	protein.	In	nature,	
most	 protein-protein	 interactions	 take	 place	 through	 discontinuous	 epitopes.	
Mimicry	of	discontinuous	epitopes	is	a	challenging	task.	In	order	to	achieve	this	the	
multiple	binding	segments	of	the	native	protein	should	be	combined	into	one	single	
molecule,	 by	 employing	 a	 molecular	 scaffold	 approach.	 Using	 an	 appropriately	
protected	scaffold	allows	the	attachment	of	different	peptides.	The	scaffolds	used	
in	the	discontinuous	epitope	mimicry	should	of	course	present	these	essential	parts	
of	 the	native	protein	 in	 the	proper	bioactive	conformation	 to	obtain	meaningful	
protein	mimics	that	bind	and	function	in	the	same	manner	of	way	as	their	parent	
biomolecules.	 Discontinuous	 epitopes	 are	 often	 present	 as	 loop-like	 structures.	
Therefore,	 when	 using	 flexible	 linear	 peptides	 in	 the	 mimicry	 of	 discontinuous	
epitopes,	 it	 is	 almost	 impossible	 to	 obtain	 the	 correct	 3D-folded	 structure	 as	 is	
present	 in	 the	binding	 site.	Thus,	 it	 is	believed	 that	 the	use	of	 cyclic	peptides	 in	
discontinuous	epitope	mimicry	would	improve	the	affinity	of	the	mimics.
The aim of this thesis was the development of a general applicable method for the 
mimicry	of	discontinuous	epitopes	employing	scaffolded	cyclic	peptides.	Although	
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the	 mimicry	 of	 discontinuous	 protein	 binding	 sites	 is	 gaining	 more	 and	 more	
interest,	the	design	and	synthesis	of	molecules,	which	are	functionally	capable	of	
mimicking	 the	epitopes	of	natural	proteins,	 is	 still	 a	great	challenge.	 In	addition,	
most	 examples	 of	 discontinuous	 epitope	 mimicry	 by	 scaffolded	 cyclic	 peptides	
concern	bicyclic	systems,	only	few	approaches	allow	a	regioselective	attachment	of	
more	than	two	pre-organized	ligands	to	a	molecular	scaffold.	
With	 respect	 to	 design	 and	 synthesis	 of	 scaffolded	 cyclic	 peptides	mainly	 three	
issues	are	involved:	1)	molecular	scaffold,	2)	cyclic	peptides	containing	a	handle	for	
conjugation,	3)	an	efficient	conjugation	method	for	attaching	the	cyclic	peptides	to	
the	scaffold.	These	topics	were	studied	in	this	thesis.
In chapter 2	 the	 size	of	 the	 cyclophane	 ring	of	 the	TAC	 scaffold	was	 reduced	 to	
investigate	the	influence	of	this	reduction	on	the	conformation	of	the	cyclophane	
ring.	By	doing	so,	an	efficient	method	for	the	multigram	scale	synthesis	of	a	novel	
asymmetric	 selectively	deprotectable	ATAC	scaffold	was	developed.	By	using	 this	
synthetic	approach	also	the	TAC	scaffold	was	obtained	in	a	high	yield.	The	key	to	this	
successful synthesis method was the stepwise approach of a mono oNBS-protected 
amine.	Although	this	ATAC	scaffold	is	very	similar	to	the	TAC	scaffold	(the	cyclophane	
ring is only one CH2-unit	smaller),	it	is	considerably	less	flexible.	Investigation	of	the	
conformational	behaviour	of	both	scaffolds	by	variable	temperature	1H NMR showed 
that	the	ring	flipping	of	the	ATAC	scaffold	was	more	difficult.	This	increasing	rigidity,	
due	to	the	smaller	size	of	the	cyclophane	ring,	may	affect	the	orientation	of	ligands	
on	 the	 ATAC	 scaffold	 and	 therefore	 be	 interesting	 for	mimicry	 of	 discontinuous	
epitopes	in	protein	mimics.
In chapter 3	an	efficient	and	high	yielding	method	was	described	for	the	multigram	
scale	synthesis	of	a	new	(selectively	deprotectable)	scaffold:	the	TACO	scaffold.	This	
scaffold	is	also	similar	to	the	frequently	used	TAC	scaffold.	However,	it	contains	an	
additional	 substituent	 in	 the	4-position	of	 the	benzoate	hinge,	making	 the	TACO	
scaffold	much	more	rigid.	This	 improved	rigidity	was	demonstrated	by	a	variable	
temperature 1H	NMR	study	of	both	the	TAC	and	TACO	scaffolds.	By	insertion	of	a	
(protected)	functional	group	at	the	4-postion	of	the	aromatic	hinge,	the	applications	
of	the	TACO	scaffold	can	be	further	extended.	For	example,	this	functional	group	
can	be	used	for	attachment	of	an	additional	binding	group	(e.g.	(cyclic)	peptide),	
a	dye	or	fluorescent	label,	or	for	conjugation	to	a	protein	for	inducing	an	immune	



200 | 

response.	As	a	proof	of	concept,	an	azidopeptide	was	successfully	coupled	using	a	
CuAAC	click	reaction	to	a	TACO	scaffold	containing	three	dipeptides	and	an	alkyne	
functionality	 at	 the	 4-position	of	 the	 aromatic	hinge,	 leading	 to	 a	 TACO	 scaffold	
containing	four	peptides.
In chapter 4	the	synthesis	of	cyclic	peptides	was	realized,	containing	a	handle	for	
conjugation.	Here	a	general	and	efficient	method	was	described	for	the	SPPS	of	cyclic	
peptides	containing	a	thioester	handle,	which	was	introduced	by	using	a	sulfo-click	
linker.	With	this	method,	three	different	cyclic	peptides,	which	correspond	to	the	
peptide	loops	of	gp120	present	in	the	HIV-gp120-CD4	complex,	were	successfully	
synthesized.	The	successful	application	 in	native	chemical	 ligation	was	 illustrated	
by	a	high	yielding	ligation	of	one	of	the	cyclic	peptide	thioesters	and	an	N-terminal	
cysteine	containing	antimicrobial	HHC-10	peptide.
In chapter 5	the	attachment	of	cyclic	peptide	thioesters	(chapter	4)	to	a	molecular	
scaffold	 using	 NCL	 was	 described.	 This	 efficient	 method	 gave	 a	 clean	 library	
of	 discontinuous	 epitope	 mimics.	 The	 TAC	 scaffold,	 used	 in	 this	 research,	 was	
conveniently	equipped	with	three	N-terminal	cysteine	residues.	By	ligating	only	one	
specific	cyclic	peptide	thioester	to	the	triple-cysteine	TAC	scaffold,	followed	by	the	
alkylation	of	the	sulfhydryl	group	of	the	cysteine	residues	with	 iodoacetamide,	 it	
was	shown	that	this	ligation	/	capping	method	is	extremely	clean	and	high	yielding	
and	thus	can	be	applied	in	a	reliable	strategy	for	the	preparation	of	a	library.	The	
resulting	 library	 of	 gp120	 mimics	 was	 evaluated	 in	 a	 gp120-capture	 ELISA	 for	
binding	to	CD4.	Multiple	mimics	showed	an	inhibition	in	the	micromolar	range	of	
the	recombinant	gp120(IIIB)	-	CD4	binding.
In chapter 6	an	efficient	strategy	for	the	sequential	introduction	of	cyclic	peptides	to	
a	molecular	template	was	described.	In	this	method,	three	different	cyclic	peptides	
thioesters	(chapter	4)	were	attached	in	a	stepwise	fashion	to	the	TAC	scaffold,	by	
using	only	one	type	of	conjugation	method;	the	chemoselective	NCL	reaction.	The	
TAC	scaffold	was	outfitted	with	orthogonally	protected	cysteine	residues	and	was	
efficiently	 synthesized	on	 the	 solid	 support.	 The	 synthesized	gp120	mimics	were	
obtained	in	good	overall	yields.	In	addition,	by	alkylating	the	sulfhydryl	groups	of	a	
mimic	with	1,3,5-	tris(bromomethyl)benzene,	a	new	modified	scaffold	was	obtained.	
This	constrained	and	multicyclic	scaffold	was	obtained	in	a	chemoselective	way	after	
the	three	loops	were	ligated	to	the	TAC	scaffold	and	needs	to	be	further	investigated	
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for	its	potential.	All	the	obtained	gp120	mimics	showed	a	reasonable	(micromolar)	
inhibition	of	the	recombinant	monomeric	gp120(IIIB)	-	CD4	binding.	Although	there	
was	not	a	clear	specific	preference	for	one	or	a	few	of	the	gp120	mimics	in	binding	
to	the	CD4	receptor,	we	expect	to	observe	larger	differences	in	biological	activity	
when	mimics	are	obtained	with	a	higher	inhibitory	activity.
In chapter 7	a	new	versatile	convergent	strategy	was	described	for	the	construction	
of	protein	mimics	containing	three	different	cyclic	peptides.	Using	an	orthogonal	
alkyne	 protection	 strategy,	 peptide	 loops,	 containing	 an	 azide	 handle,	 were	
introduced	 successively	 onto	 the	 TAC	 scaffold	 via	 the	 Cu(I)-catalyzed	 Alkyne-
Azide	 Cycloaddition	 (CuAAC)	 reaction.	 The	 protected	 alkyne	 functionalized	 TAC-
scaffold	 was	 efficiently	 synthesized	 on	 the	 solid	 support	 and	 the	 cyclic	 peptide	
were	 conveniently	 accessible	 by	 alkylation	 of	 the	 dicysteine	 peptide	 derivatives	
with	a	bis-electrophile	containing	an	azide	functionality.	Although	this	approach	is	
exemplified	by	the	construction	of	a	protein	mimic	of	pertussis	pertactin	protein,	it	
should be emphasized that this method, as well as the method described in chapter 
6,	are	applicable	to	a	wide	range	of	discontinuous	epitope	mimics	containing	three	
loops.
In chapter 8	the	successful	design	and	synthesis	was	discussed	of	two	different	bis-
electrophile	peptide	cyclization	handles,	which	both	have	a	thioester	functionality	
for	attachment	to	a	molecular	scaffold.	The	di(bromomethyl)benzothioate	handle	
was	obtained	in	an	acceptable	yield	and	could	be	used	to	cyclize	different	N-	and	
C-terminal	cysteine	containing	peptides	in	good	yields.	When	these	di(bromomethyl)
benzene	based	cyclic	peptides	were	used	in	the	NCL	reaction,	it	was	found	that	the	
cyclic	peptides	did	not	dissolve	in	NCL	buffer.	Even	when	NCL	was	performed	in	DMF,	
the	cyclic	peptides	were	still	insoluble,	making	these	di(bromomethyl)benze	based	
cyclic	peptides	not	suitable	 for	 the	synthesis	of	scaffolded	discontinuous	epitope	
mimics.	The	other	cyclization	handle,	the	di(bromoacetyl)imide,	was	obtained	in	a	
rather	low	yield,	which	was	due	to	the	last	synthetic	step,	the	acylation	of	an	amide.	
When	this	handle	was	used	in	a	peptide	cyclization	reaction,	it	was	found	that	this	
reaction	gave	multiple	side	products.	Two	of	them	could	be	identified	as	hydrolysis	
products,	starting	from	the	cyclized	peptide.	Therefore,	due	to	this	instability	the	
di(bromoacetyl)imide	 cyclization	handle	 is	 also	not	 suitable	 for	 connecting	 cyclic	
peptides	in	the	synthesis	of	scaffolded	discontinuous	epitope	mimics.
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In chapter 9	an	efficient	method	for	obtaining	a	sequential	native	chemical	ligation	
TAC-scaffold	(based	on	chapter	6),	containing	an	alkyne	functionality	in	the	fourth	
position	of	this	triazacyclophane	template	was	described.	After	the	sequential	NCL	
procedure,	 the	alkyne	handle	can	be	used	to	“click”	a	fluorescence	group	to	 the	
protein	mimic	 for	 visualization	purposes	or	 to	 conjugate	a	 carrier	protein	 to	 the	
mimic	for	conducting	immunization	studies.
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Samenvatting

Het	belang	van	eiwit-eiwit	interacties,	het	gebruik	en	nut	van	moleculaire	scaffolds	
en	 cyclische	 peptiden	 alsmede	 de	 toepassingen	 van	 protein	 mimetica	 werden	
besproken	in		hoofdstuk 1.
De	mate	van	flexibiliteit	van	een	scaffold	kan	van	invloed	zijn	op	de	oriëntatie	van	de	
aangehechte	peptiden	en	kan	zodoende	beïnvloeden	in	welke	mate	eiwit	mimetica	
lijken	op	het	originele	eiwit.	Deze	flexibiliteit	 is	daarom	een	belangrijk	aspect	bij	
het	synthetiseren	van	eiwit	mimetica.	Een	betere	gelijkenis	van	het	mimeticum	met	
het	originele	eiwit	is	wellicht	voordelig.	In	hoofdstuk 2	werd	de	ontwikkeling	van	
een	nieuw	ATAC	scaffold	molecuul	beschreven	dat	veel	op	het	eerder	ontwikkelde	
TAC	scaffold	lijkt.	Een	belangrijk	verschil	tussen	beide	scaffold	moleculen	is	dat	het	
ATAC	 scaffold	 aanzienlijk	minder	 flexibel	 is	 dan	 het	 TAC	 scaffold	molecuul.	 Deze	
verhoogde	rigiditeit	van	het	ATAC	scaffold	kan	van	invloed	zijn	op	de	oriëntatie	van	
peptiden,	die	gebonden	zitten	aan	het	scaffold	en	is	daardoor	interessant	voor	de	
ontwikkeling	van	eiwit	mimetica.
In hoofdstuk 3	werd	een	ander	nieuw	ontwikkeld	scaffold	molecuul	beschreven	dat	
ook	op	het	TAC	scaffold	lijkt.	Doordat	het	aromaat	deel	van	dit	nieuwe	TACO	scaffold		
een	extra	 substituent	bevat	was	het	dit	 scaffold	 zelfs	meer	 rigider	dan	het	ATAC	
scaffold	molecuul.	Daarnaast	is	de	mogelijke	toepasbaarheid	van	het	TACO	scaffold	
significant	 groter,	 omdat	 het	 een	 extra	 aanhechtingsplaats	 voor	 bijvoorbeeld	
koppeling	van	een	peptide	bevat.	Op	deze	manier	zijn	maximaal	vijf	verschillende	
peptide	sequenties	in	te	bouwen.	
Een	groot	deel	van	dit	onderzoek	heeft	zich	gericht	op	het	namaken	van	gedeelten	
van	het	gp120	eiwit.	Dit	eiwit	speelt	een	belangrijke	rol	bij	het	binnendringen	van	HIV	
in	het	menselijk	lichaam.	Het	gp120	eiwit	op	HIV	bindt	aan	het	CD4	eiwit	dat	zich	op	
cellen	van	het	menselijk	lichaam	bevindt	en	dit	is	de	eerste	stap	in	de	binnendringing	
van	het	HIV	virus	in	het	menselijk	lichaam.	Uit	biomoleculair	structuur	onderzoek	
is	gebleken	dat	drie	kleine	stukjes	eiwit	van	gp120	verantwoordelijk	zijn	voor	de	
binding	met	het	CD4	eiwit.	In	hoofdstuk 4 werd de synthese beschreven van drie 
cyclische	peptiden,	gebaseerd	op	deze	stukjes	eiwit	van	gp120,	voorzien	van	een	
reactieve	 thioester	 groep.	 Doordat	 deze	 cyclische	 peptiden	 een	 thioester	 groep	
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bevatten,	 kunnen	 ze	 door	middel	 van	 native	 chemische	 ligatie	 aan	 een	 scaffold	
worden	gekoppeld.
In Hoofdstuk 5	werd	beschreven	hoe	de	cyclische	peptiden,	verkregen	in	hoofdstuk	
4,	 aan	 een	 scaffold	 konden	 worden	 gekoppeld	 door	 native	 chemische	 ligatie	 te	
gebruiken.	 Het	 is	 uitermate	 belangrijk	 hoe	 de	 cyclische	 peptide(n)	 ten	 opzichte	
van	elkaar	zijn	gepositioneerd.	Dit	varieert	echter	van	scaffold	tot	scaffold	en	moet	
daarom	eerst	onderzocht	worden	Daarom	werd	er	in	dit	hoofdstuk	een	methode	
ontwikkeld	waarin	alle	peptiden-combinaties	aan	het	TAC	scaffold	gemaakt	konden	
worden.	 Het	 TAC	 scaffold	 heeft	 drie	 mogelijkheden	 waaraan	 peptiden	 kunnen	
worden	gekoppeld.	Door	het	TAC	scaffold	te	laten	reageren	met	een	mengsel	van	drie	
verschillende	peptiden,	kunnen	alle	verschillende	combinaties	worden	gemaakt.	In	
dit	hoofdstuk	werd	deze	methode	uitgevoerd	met	de	cyclische	peptiden	beschreven	
in	 hoofdstuk	 4	 en	 er	 werd	 er	 dus	 een	 bibliotheek	 bestaande	 uit	 verschillende	
gp120	eiwit	mimetica	verkregen.	Deze	verbindingen	werden	getest	in	een	bindings	
experiment,	waarbij	gp120	eiwit	mimetica	competeren	voor	binding	aan	het	CD4	
eiwit	met	het	normale	gp120	eiwit.	Er	werd	 	gevonden	dat	verschillende	van	de	
gesynthetiseerde	 gp120	 eiwit	mimetica	 redelijk	 aan	 CD4	 bonden,	 en	 dat	 er	 dus	
gelijkenis	is	met	de	structuur	van	het	HIV	gp120	eiwit.
In Hoofdstuk 6	werd	de	volgende	stap	gezet	met	de	beschrijving	van	een	efficiënte	
methode	om	drie	verschillende	cyclische	peptiden	één	voor	één	drie	aan	een	TAC	
scaffold	te	koppelen.	Aangezien	de	positionering	van	cyclische	peptide	ten	opzichte	
van	elkaar	op	de	scaffold	erg	belangrijk	kan	zijn,	kon	op	deze	wijze	elke	gewenste	
eiwti	mimetica	verkregen	worden.	Deze	methode	werd	toegepast	op	de	cyclische	
peptiden	uit	hoofdstuk	4	en	de	afzonderlijke	gp120	eiwit	mimetica	werden	op	deze	
manier	verkregen.	De	biologische	bindingsassay	liet	zien	dat	er	niet	een	specifieke	
voorkeur	was	voor	één	bepaalde	combinatie	van	de	drie	cyclische	peptiden	aan	het	
TAC	scaffold.	Niettemin	waren	alle	verbindingen	actief	in	deze	assay.
In hoofdstuk 7	 werd	 een	 methode	 beschreven	 waarbij	 net	 als	 in	 hoofdstuk	 6	
ook	 verschillende	 cyclische	 peptiden	 één	 voor	 één	 worden	 gekoppeld	 aan	 een	
TAC	 scaffold.	 In	 dit	 hoofdstuk	 werd	 er	 alleen	 gebruik	 gemaakt	 van	 een	 andere	
koppelings-reactie	(de	click	reactie)	om	de	cyclische	peptiden	aan	het	TAC	scaffold	
te	bevestigen.	Hierdoor	moesten	de	gebruikte	cyclische	peptiden	uitgerust	worden	
met	een	ander	andere	reactieve	groep		dan	die	beschreven	in	hoofdstuk	4.	Daartoe	
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werd	een	nieuwe	methode	ontwikkeld	om	cyclische	peptiden	na	cyclisatie	meteen	
te	kunnen	hechten	aan	een	scaffold.	Alhoewel	in	dit	hoofdstuk	alleen	als	voorbeeld	
een	eiwit	werd	nagemaakt	die	aanwezig	is	de	ziekte	kinkhoest,	is	het	belangrijk	om	
te	benadrukken	dat	de	beschreven	methode	 in	zowel	hoofdstuk	6	als	7	gebruikt	
kunnen	 worden	 voor	 het	 verkrijgen	 van	 allerlei	 verschillende	 soorten	 eiwit	
mimetica.	Dit	betekent	dat	beide	ontwikkelde	methodes	kunnen	worden	 ingezet	
tegen	verschillende	ziektes.
Door	de	zeer	snelle	en	efficiënte	manier	van	het	verkrijgen	van	cyclische	peptiden,	
beschreven	in	het	vorige	hoofdstuk,	wilden	we	onderzoeken	of	deze	methode	ook	
kon	worden	gebruikt	om	cyclische	peptiden	te	ontwikkelen	met	het	zelfde	handvat	
als	in	hoofdstuk	4.	In	hoofdstuk 8 werden twee manieren onderzocht om dit voor 
elkaar	 te	 krijgen.	 Alhoewel	 beiden	 succesvol	 waren	 in	 het	 maken	 van	 cyclische	
peptiden,	waren	ze	uiteindelijk	niet	bruikbaar	voor	ons	onderzoek.	We	ondervonden	
namelijk	problemen	met	de	gevormde	cyclische	peptiden.	De	cyclische	peptiden	
die gevormd waren via de eerst manier wilden niet meer oplossen en waren dus 
onbruikbaar	 om	 vervolg	 reacties	 mee	 uit	 te	 voeren.	 De	 cyclische	 peptiden	 die	
gevormd waren via de tweede manier waren te onstabiel en werden dus snel weer 
lineair	in	plaats	van	cyclisch	te	blijven.
Hoofdstuk 9	beschrijft	een	efficiënte	methode	om	een	TAC	scaffold	(gebaseerd	op	
hoofdstuk	6)	te	synthetiseren	waarmee	eerst	stapsgewijs	de	cyclische	peptiden	aan	
het	scaffold	kunnen	worden	bevestigd,	waarna	het	mogelijk	is	om	een	extra	groep	
aan	het	scaffold	te	klikken.	Op	deze	manier	kan	bijvoorbeeld	een	immunologisch	
eiwit	aan	het	eiwit	mimetica	worden	gekoppeld	om	zo	een	synthetisch	vaccin	te	
ontwikkelen.	
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Uiteenzetting van het onderzoek voor niet-ingewijden

Eiwitten	 (ook	wel	 proteïnen	 genoemd)	 vormen	een	 grote	 klasse	 van	biologische	
moleculen	 die	 allerlei	 belangrijke	 taken	 uitvoeren	 in	 organismen.	 Ze	 komen	
voor	 in	alle	cellen	en	weefsels	en	kunnen	 functioneren	als	enzymen,	hormonen,	
bouwstoffen,	transportmiddelen	of	als	antistoffen.
Eiwitten	 hebben	 niet	 alleen	 binnen	 één	 organisme	 interacties	met	 elkaar,	maar	
kunnen	 ook	 binden	 met	 eiwitten	 van	 buitenaf,	 zoals	 eiwitten	 van	 bacteriën	 en	
virussen.	 Juist	 deze	 vorm	 van	 interacties	 speelt	 een	 belangrijke	 rol	 in	 allerlei	
ziekteprocessen.	Dus	door	eiwit	–	eiwit	interacties	(interacties	tussen	verschillende	
eiwitten)	 te	 bestuderen	 kunnen	 we	 ziekteprocessen	 beter	 begrijpen,	 waardoor	
uiteindelijk	nieuwe	medicijnen	kunnen	worden	ontwikkeld.	
Voorafgaand	aan	de	ontwikkeling	van	nieuwe	medicijnen	 is	het	belangrijk	om	te	
weten	hoe	eiwitten	interacties	met	elkaar	aangaan,	en	daarvoor	is	het	noodzakelijk	
om	te	weten	hoe	eiwitten	eruit	zien.	Een	eiwit	is	opgebouwd	uit	een	lange	keten	
van	aminozuren	die	met	elkaar	verbonden	zijn	door	middel	van	peptidebindingen.	
Een	eiwit	kan	het	beste	vergeleken	worden	met	een	lange	kralenketting,	waarbij	de	
kralen	de	aminozuren	zijn	(zie	Figuur	1).	In	totaal	zijn	er	in	eiwitten	20	verschillende	
aminozuren,	die	allemaal	net	 iets	andere	eigenschappen	hebben.	De	 functie	van	
een eiwit wordt mede bepaald door de volgorde van de verschillende soorten 
aminozuren.	Het	soort	aminozuren	en	de	volgorde	hiervan	in	het	eiwit	wordt	ook	wel	
de primaire	structuur	genoemd	(zie	Figuur	1).	Normaal	gesproken	is	een	eiwit	niet	
één	rechte	lange	ketting	van	aminozuren,	maar	is	het	gevouwen	in	een	specifieke	
driedimensionale	structuur,	ook	wel	de	tertiaire	structuur	genoemd	(zie	Figuur	1).	
Deze	3D-structuur	van	het	eiwit	is	heel	karakteristiek;	het	bepaalt	welke	interacties	
het	eiwit	kan	aangaan	en	is	dus	ontzettend	belangrijk	voor	de	functie	van	het	eiwit.	
Kleine	veranderingen	in	de	ruimtelijke	structuur	van	een	eiwit	kunnen	zorgen	dat	
de	 functie	 ervan	 (deels)	wegvalt.	 Daarom	 is	 het	 dus	 niet	 verbazingwekkend	 dat	
verkeerd	 gevouwen	 eiwitten	 vaak	 de	 oorzaak	 zijn	 van	 het	 ontstaan	 van	 ziektes,	
zoals	Alzheimer	en	de	ziekte	van	Parkinson.
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Figuur 1	De	structuur	van	eiwitten.	Bovenaan	is	de	chemische	structuur	weergegeven,	in	het	midden	
de	schematische	weergave	van	de	primaire	structuur	(volgorde	van	aminozuren)	en	onderaan	is	de	
tertiaire	structuur	van	het	gevouwe	eiwit	weergeven.

Onderzoek	 naar	 de	 relatie	 tussen	 eiwitten	 en	 ziektes	 is	 een	 zeer	 complexe	
taak.	Het	erg	belangrijk	om	 te	weten	welke	eiwitten	betrokken	 zijn	bij	 bepaalde	
ziekteprocessen.	Wanneer	deze	eiwitten	zijn	geïdentificeerd,	kan	worden	gekeken	
naar	het	gedrag	en	de	exacte	ruimtelijke	structuur	van	de	eiwitten.	In	de	volgende	
stap	is	het	belangrijk	te	weten	te	komen	welke	stukjes	van	het	eiwit	betrokken	zijn	
bij	de	interactie.	Wanneer	dit	bekend	is,	kan	het	eiwit	op	moleculair	niveau	worden	
nagemaakt.	De	op	deze	manier	verkregen	imitatie-eiwitten,	ook	wel	eiwit	mimetica 
genoemd,	kunnen	worden	gebruikt	om	een	gedetailleerd	beeld	te	krijgen	van	het	
ziekteproces	of	kunnen	zelfs	als	medicijn	dienen.
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Het	 namaken	 van	 eiwitten	 is	 een	 behoorlijk	 ingewikkeld	 proces	 en	 kan	 worden	
uitgevoerd	 door	 chemici.	 Ten	 eerste	 moeten	 de	 kleine	 stukjes	 eiwit	 die	
verantwoordelijk	 zijn	 voor	 de	 binding	 met	 een	 ander	 eiwit,	 bij	 elkaar	 worden	
gebracht	in	één	molecuul.	Vervolgens	moeten	die	zelfde	stukjes	eiwit	ten	opzichte	
van	elkaar	ook	goed	gepositioneerd	worden	om	een	zo	goed	mogelijk	eiwit	mimetica	
te	krijgen.	Om	dit	alles	voor	elkaar	te	krijgen	gebruikt	men	vaak	een	steiger	of	kapstok		
molecuul (moleculair	scaffold).	Een	goed	moleculair	scaffold	moet	de	stukjes	eiwit	
op	een	dusdanige	manier	presenteren	dat	het	eiwit	mimetica	op	dezelfde	manier	
bindt	en	functioneert	als	het	natuurlijke	eiwit.
De	kleine	stukjes	eiwit	die	chemici	namaken	worden	ook	wel	peptiden	genoemd.	
Normaal	 gesproken	 zijn	peptiden	 in	een	 lineaire	 vorm	aanwezig.	Bij	 veel	 eiwit	 –	
eiwit	interacties	liggen	de	stukjes	eiwit,	die	verantwoordelijk	zijn	voor	de	binding,	
meestal	aan	de	oppervlakte	van	het	gevouwen	eiwit	en	zijn	vaak	als	 lusjes	(bijna	
cirkelvormig)	 aanwezig.	 In	 dit	 geval	 is	 het	 nodig	 om	 met	 cyclische	 peptiden te 
werken	om	een	zo	goed	mogelijke	gelijkenis	met	het	natuurlijke	eiwit	te	verkrijgen.	
Het	doel	van	dit	proefschrift	was	om	een	algemene	methode	te	ontwikkelen	om	
eiwit	 mimetica	 te	 verkrijgen	 door	 cyclische	 peptiden,	 te	 binden/vast	 te	 zetten	
aan	een	steiger	molecuul.	Tot	nu	toe	zijn	veruit	de	meeste	voorbeelden	die	in	de	
literatuur	te	vinden	zijn	gebaseerd	op	twee	verschillende	cyclische	peptiden	die	aan	
een	steiger	molecuul	zijn	gebonden.	In	dit	onderzoek	kunnen	tot	drie	verschillende	
cyclische	peptiden	aan	een	moleculaire	steiger	gebonden	worden.
Drie	 aspecten	 zijn	 belangrijk	 bij	 het	 ontwerp	 en	 de	 synthese	 van	 verschillende	
cyclische	peptiden	die	aan	steiger	moleculen	gebonden	zijn,	namelijk:	1)	De	steiger	
moleculen	 zelf,	 2)	 cyclische	 peptiden	 die	 een	 handvat	 hebben	 voor	 aanhechting	
aan	 de	 moleculaire	 steiger	 en	 3)	 een	 efficiënte	 aanhechtings	 methode	 om	 de	
cyclische	peptiden	aan	een	steiger	molecuul	te	zetten.	Deze	aspecten	worden	in	dit	
proefschrift	behandeld.
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apparatuur.	De	service	die	je	hebt	gegeven	was	fantastisch.	Ontzettend	fijn	dat	jij	
altijd	de	tijd	voor	me	nam!	

Natuurlijk	heb	ik	de	afgelopen	jaren	niet	alleen	doorgebracht	in	het	lab.	Ik	heb	ook	
altijd	nog	een	grote	hobby	gehad:	De	Dikke	Deur	(de	kroeg	van	broer	Richard).	Ik	
heb	er	van	genoten	om	daar	geregeld	in	de	weekenden	achter	de	bar	te	staan.	Bij	
deze	wil	ik	alle	collega’s	en	gasten	bedanken	voor	de	mooie	tijden!
HJ,	Sander,	Jozef	en	vele	andere	vrienden,	allemaal	bedankt	voor	een	luisterend	oor	
als	ik	weer	is	eens	een	keer	iets	over	mijn	onderzoek	vertelde	en	jullie	er	geen	snars	
van	 begrepen.	 Jullie	 zorgden	 voor	 de	 nodige	 ontspanning	 en	 de	 super	 gezellige	
momenten	tijdens	mijn	promotietraject.	

Ruud	en	Stella,	jullie	ook	bedankt	voor	alle	tijd,	energie,	aandacht	en	belangstelling.	
Zeker	 tegen	 aan	 het	 einde	 van	 dit	 proefschrift	 hebben	 jullie	mij	 nog	 ontzettend	
geholpen!	

Graag	wil	 ik	 ook	mijn	 familie	 bedanken.	 Pa	 en	ma,	 jullie	 wil	 ik	 in	 het	 bijzonder	
bedanken	 voor	 alle	 aandacht,	 liefde	 en	 zorg.	 Zonder	 jullie	 onvoorwaardelijke	
steun	had	ik	hier	nooit	gestaan.	Ik	weet	dat	het	vroeger	niet	makkelijk	was	en	dat	
jullie	alles	over	hebben	gehad	zodat	ik	kon	studeren.	Ik	zal	dit	nooit	van	mijn	hele	
leven	vergeten!	Richard,	Michel	en	René,	bedankt	voor	 jullie	steun,	aandacht	en	
belangstelling.	 De	 kopjes	 koffie	 op	 het	 terras,	 de	 pizzaatjes	 en	 alle	 gezelligheid	
hieromheen	hebben	zeker	geholpen!

Lieve	Layla,	dan	is	het	nu	jouw	beurt.	Woorden	komen	te	kort	om	jou	te	bedanken.	
Jij	hebt	alles	van	dichtbij	meegemaakt,	het	 lief,	maar	zeker	ook	het	 leed.	Jij	hebt	
mij	onophoudelijk	gesteund	en	was	er	altijd	voor	mij.	Ik	ben	dan	ook	ontzettend	en	
trots	en	blij	dat	jij	mij	straks	bijstaat	om	dit	te	voltooien.	

Helmus,	augustus	2014.


