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Discrete	 π-conjugated	 zinc	 porphyrin	 nanotubes	 are	 investigated	 as	 molecular	 analogues	 of	 carbon	 nanotubes.	 These	 porphyrin	 nanotubes	 have	 a	

diameter	of	2.4	nm	(Zn-Zn	distance)	and	lengths	of	up	to	3.6	nm,	measured	to	the	van	der	Waals	surfaces	of	the	outer	β-pyrrole	hydrogen	atoms,	or	4.5	

nm	measured	 to	 the	 para	 hydrogen	 atoms	 of	 the	 aryl	 groups.	We	 explore	 three	 different	 strategies	 for	 synthesizing	 these	 nanotubes.	 The	 first	 two	

strategies	use	a	 template	 to	achieve	direct	or	 sequential	 stave-joining,	 respectively,	and	proceed	via	 linear	oligomers	 that	pre-define	 the	 length	of	 the	

nanotube.	These	strategies	are	applied	to	synthesize	porphyrin	nanotubes	containing	12-	or	18-porphyrin	subunits,	with	ethynylene	(C2)	or	butadiynylene	

(C4)	 links	 between	 the	 6-porphyrin	 nanorings.	 The	 third	 strategy	 involves	 the	 covalent	 stacking	 of	 pre-formed	 6-porphyrin	 nanorings	 to	 form	 a	 12-

porphyrin	 nanotube,	 without	 using	 a	 template	 to	 guide	 this	 coupling	 reaction.	 The	 nanotubes	 show	 strongly	 red-shifted	 absorption	 spectra	 and	 low	

fluorescence	quantum	yields,	indicating	structural	rigidity	and	extensive	π-conjugation.	
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Introduction	

Multi-	and	single-	walled	carbon	nanotubes	(CNTs)
[1–3]

	are	intensively	

investigated	 because	 their	 remarkable	 charge	 transport	 and	 mechanical	

behavior	 make	 them	 promising	 for	 applications	 in	 nano-electronics	 and	

mechanically	 reinforced	materials.
[4–7]

	 The	 properties	 of	 CNTs	 depend	 on	

their	specific	diameter	and	chirality,	and	current	synthetic	methods	result	

in	mixtures	of	species	and	hence	a	range	of	properties.	The	inaccessibility	

of	 uniform-diameter,	 single-chirality	 CNTs	 is	 a	 significant	 impediment	 to	

the	development	of	CNT-based	 functional	materials.
[8–10]

	 Synthetic	efforts	

towards	 atomically	 precise	 CNTs	 include	 a	 bottom-up	 “total	 synthesis”	

approach,	 and	 short	 CNT	 structural	 fragments,
[11–18]

	 such	 as	

[n]cycloparaphenylenes,
[19–21]

	can	act	as	templates	to	direct	the	growth	of	

structurally	uniform	CNTs.
[22–25]

	

The	 synthesis	 of	 organic	 molecular	 and	 supramolecular	 nanotubes	

has	 been	 widely	 investigated.
[26–30]

	 The	 structural	 versatility	 of	 organic	

nanotubes	 (ONTs)	 make	 them	 promising	 nano-porous	 materials.	 ONTs	

have	 attracted	 interest	 as	 conduits	 of	 chemical	 information	 and	 for	 their	

potential	in	encapsulation	and	storage.	Recent	advances	in	the	synthesis	of	

ONTs	 include	 the	preparation	of	 covalently	 linked	nanotubes	via	heat-	or	

light-induced	 polymerization	 of	 columnar	 stacked	 butadiyne-linked	

macrocycles,
[31–33]

	and	non-covalent	tubular	assemblies	through	hydrogen-

bond	 directed	 stacking	 of	 cyclic	 peptide
[34–36]

	 and	 non-peptide
[37–41]

	

precursors.	 However,	 these	 nanotubes	 lack	 precise	 synthetic	 control	 and	

do	 not	 exhibit	 (extensive)	 π-conjugation,	 making	 then	 unsuitable	 as	

substitutes	for	CNTs.
[42–45]

	Tubular	porphyrin	nanostructures	include	multi-

layer	amorphous	coatings	of	cobalt	porphyrins	on	CNTs	that	show	catalytic	

activity	 in	 water	 oxidation/proton	 reduction,
[46,47]

	 and	 supramolecular	

nanotubes	 of	 meso-tetra(4-sulfonatophenyl)porphine	 that	 display	

interesting	exciton	mobility.
[48–52]

	These	non-covalent	tubes	 lack	structural	

robustness,	monodispersity	or	full	π-conjugation.	

The	 most	 commonly	 used	 metal-ligand	 interaction	 in	 porphyrin	

chemistry	 is	 the	 axial	 binding	 of	 zinc	 porphyrins	 to	 nitrogen	 ligands.	 This	

metal-ligand	 interaction	 has	 been	 widely	 exploited	 in	 the	 template-

directed	 synthesis	 of	 various	 porphyrin	 nanostructures	 by	 the	 groups	 of	

Sanders,
[53,54]

	Lindsey,
[55–57]

	Gossauer
[58,59]

	and	Anderson.
[60,61]

	The	porphyrin	

subunits	 in	 most	 of	 the	 nanostructures	 studied	 in	 Oxford	 are	 linked	 by	

butadiyne	 (C4)	 bridges,	 leading	 to	 strong	 electronic	 communication	

between	 the	porphyrin	 centers.
[62,63]

	Various	 fully	π-conjugated	porphyrin	

nanorings	have	been	prepared	and	studied	for	their	electronic	and	optical	

properties.
[61,64–66]

	 Beyond	 the	 two-dimensionality	 of	 the	 porphyrin	

nanorings,	we	prepared	a	spiro-fused	array	of	11	porphyrin	units,
[67]

	and	a	

porphyrin	nanoball	consisting	of	two	 intersecting	nanorings	containing	six	

and	 10	 porphyrin	 units.
[68]

	 In	 both	 nanostructures,	 fluorescence	

upconversion	 spectroscopy	 experiments	 demonstrated	 rapid	 exciton	

delocalization	 (within	 0.3	 ps),	 indicating	 extensive	 electronic	

communication	around	the	entire	π-system.	

Recently,	we	 reported	 the	 template-directed	 synthesis	 of	 a	 discrete	

molecular	 nanotube	 with	 three-dimensional	 π-conjugation,	 constructed	

from	12	porphyrin	units	arranged	in	two	conjoined	6-porphyrin	nanorings;	

t-P12·(T6)2.
[60]

	 This	12-porphyrin	nanotube	was	prepared	via	 direct	 stave-

joining	 (Figure	 1a)	 from	 a	 porphyrin	 dimer	 (l-P2b,	 Scheme	 1);	 the	

structures	of	t-P12	and	the	hexapyridyl	template	T6	are	shown	in	Figures	2	

and	3,	 respectively.	 This	discrete	molecular	nanotube	has	a	 length	of	3.2	

nm	measured	to	the	para	hydrogen	atoms	of	the	aryl	groups,	which,	to	the	

best	 of	 our	 knowledge,	 is	 longer	 than	 all	 previously	 synthesized	 π-

conjugated	molecular	 belts,	 barrels	 or	 nanotubes.
[13,14,21,27]

	Ultrafast	 time-

resolved	 fluorescence	 spectroscopy	 showed	 strong	 coupling	between	 the	

components	of	the	nanotube,	manifested	by	rapid	energy	migration	from	

excited	states	associated	with	the	staves	of	 the	barrel	 (z-direction)	to	the	

6-porphyrin	nanoring	component	(xy-plane).	These	results	prompted	us	to	

explore	the	synthesis	and	properties	of	other	porphyrin	nanotubes.	
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Figure	 1.	 Schematic	 representation	 of	 three	 strategies	 to	 synthesize	 porphyrin	

nanotubes.	a)	Direct	stave-joining.	b)	Sequential	stave-joining.	c)	Ring	stacking.	

Here	 we	 report	 the	 design	 and	 synthesis	 of	 porphyrin	 nanotubes	

constructed	from	12	and	18	porphyrin	subunits	with	either	acetylene	(C2;	

denoted	as	*	 in	the	compound	label)	or	butadiyne	(C4)	 links	between	the	

conjoined	6-porphyrin	nanorings;	t-P12*,	t-P12,	t-P18	and	t-P18*	(Figure	2;	

t-PN	 denotes	 a	 porphyrin	 nanotube	 constructed	 from	 N	 porphyrin	

subunits).	The	C2-linked	porphyrin	nanotubes	show	enhanced	conjugation	

over	 the	 extended	 π-system.
[69–71]

	 We	 explore	 an	 unprecedented	 ring-

stacking	 strategy	 to	 a	 12-porphyrin	 nanotube	 that	 in	 theory	 could	 be	

extended	 to	 build	 infinite-length	 porphyrin	 nanotubes.	 Furthermore,	 we	

discuss	different	 template-directed	 strategies	 to	prepare	 an	18-porphyrin	

nanotube,	the	longest	π-conjugated	molecular	nanotube	to	date.	

We	explore	 three	 synthetic	 strategies	 for	 the	 synthesis	of	porphyrin	

nanotubes	 longer	 than	 t-P12·(T6)2.	 The	 first	 and	 second	 strategies	

comprise	stave-joining	from	linear	porphyrin	oligomers	that	predefine	the	

length	of	 the	nanotube	 in	either	a	direct	 (Figure	1a)	or	sequential	 (Figure	

1b)	fashion,	respectively.	From	a	synthetic	point	of	view,	the	direct	stave-

joining	approach,	 in	which	a	 linear	oligomer	predefines	 the	 length	of	 the	

nanotube,	 becomes	 increasingly	 challenging	 when	 targeting	 longer	

nanotubes,	as	each	increment	in	tube-length	requires	the	synthesis	of	the	

designated	porphyrin	oligomer.	More	 importantly,	 coupling	of	butadiyne-

linked	oligomers	 longer	 than	dimer	can	 lead	 to	mismatched	coupling	and	

polymerization.	Sequential	stave-joining	prevents	mismatched	coupling	by	

first	connecting	the	staves	at	their	centers,	enabling	the	synthesis	of	longer	

porphyrin	nanotubes	from	linear	precursors.	The	third	strategy	comprises	

the	 covalent	 “stacking”	of	pre-formed	porphyrin	nanorings	 (Figure	1c).	 In	

principle,	 this	 strategy	 could	 be	 extended	 to	 access	 extremely	 long	

nanotubes.	

Results	and	Discussion	

Stave-Joining	 and	 Ring-Stacking	 Synthesis	 of	 t-P12.	We	 previously	

prepared	t-P12·(T6)2	via	a	direct	templated	stave-joining	synthesis	from	 l-

P2b.
[60]

	 The	 final	 oligomerization	was	performed	 in	 the	presence	of	T6,	 a	

radial	six-legged	template.	The	key	intermediate	in	the	synthesis	of	l-P2b	is	

the	 tetra-meso-substituted	 zinc	 porphyrin	 monomer	 P1c,	 which	 was	

prepared	 from	 P1	 using	 a	 Senge	 arylation	 to	 introduce	 the	 bis(tri-

hexylsilyl)aryl	solubilizing	group	(Scheme	1).
[72,73]

	Arylation	was	followed	by	

metalation	with	zinc,	bromination	at	the	remaining	free	meso-position	and	

Sonogashira	 cross-coupling	 with	 TMS-acetylene	 to	 give	 P1c.	 Selective	

removal	 of	 the	 TMS	 group	 to	 give	 P1d,	 followed	 by	 homo-coupling	 and	

subsequent	 removal	 of	 the	 four	 TIPS	 groups	 gave	 l-P2b.	 Cyclo-

oligomerization	of	l-P2b	under	palladium-catalyzed	oxidative	conditions	in	

the	presence	of	T6	template	gave	t-P12·(T6)2	in	a	reproducible	yield	of	31%	

(Scheme	1).	The	number	of	components	(8	in	total)	that	must	successfully	

assemble,	via	 the	 formation	 of	 twelve	 new	C-C	 bonds,	 demonstrates	 the	

power	 of	 supramolecular	 self-assembly	 in	 the	 template-directed	 stave-

joining	 synthesis	 of	 large	 porphyrin	 nanostructures	 from	 simple	

components.		

The	 direct	 stave-joining	method	 appears	 to	 be	 inherently	 limited	 to	

12-porphyrin	 nanotubes	 because	 it	 would	 be	 hard	 to	 prevent	 coupling	

between	the	wrong	sites	in	a	longer	linear	precursor	stave.	Therefore,	we	

have	 explored	 a	 ring-stacking	 strategy	 which,	 in	 theory,	 could	 afford	

infinite-length	 porphyrin	 nanotubes.	 A	 ring-stacking	 synthesis	 targeting	

porphyrin	nanotubes	with	more	than	12	porphyrin	units	(i.e.	more	than	

	

	

Figure	2.	Molecular	structure	of	C2-	and	C4-linked	12-	and	18-porphyrin	nanotubes.	Ar	=	3,5-bis(trihexylsilyl)phenyl	or	3,5-bis(diisobutyloctadecylsilyl)phenyl.	
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Scheme	1.	Template-directed	stave-joining	synthesis	of	t-P12·(T6)2.	(i)	n-BuLi,	THS-Cl,	used	as	crude	in	the	next	step.	(ii)	n-BuLi,	then	H2O,	DDQ,	Et3N,	76%.	(iii)	Zn(OAc)2·2H2O,	

98%.	(iv)	NBS,	67%.	(v)	TMS-acetylene,	Pd2dba3,	CuI,	PPh3,	100%.	(vi)	K2CO3,	82%.	(vii)	Pd(PPh3)2Cl2,	CuI,	1,4-benzoquinone,	N,N-diisopropylamine,	94%.	(viii)	TBAF,	100%.	(ix)	T6,	

Pd(PPh3)2Cl2,	CuI,	1,4-benzoquinone,	N,N-diisopropylamine,	31%.
[60]

	

two	 rings)	 would	 require	 two	 building	 blocks:	 a	 capping	 ring	 which	 has	

solubilizing	groups	on	one	side	of	the	porphyrin	components	and	coupling	

moieties	 (e.g.	 free	acetylenes)	on	 the	other,	and	a	central	 ring	which	has	

coupling	moieties	on	both	sides	(Scheme	2a).	Coupling	of	these	two	rings	

would,	in	theory,	give	a	statistical	distribution	of	porphyrin	nanotubes	with	

a	monodisperse	diameter	and	polydisperse	length.	

The	 12-porphyrin	 nanotube	 (t-P12)	 is	 the	 simplest	 initial	 target	 to	

explore	 ring-stacking	 synthesis	 since	 it	 only	 requires	 the	 capping	 6-

porphyrin	nanoring	as	precursor	(c-P6b,	Scheme	2b).	The	key	intermediate	

to	c-P6b	is	tetra-meso-substituted	zinc	porphyrin	monomer	P1g,	which	has	

the	 opposite	 orthogonal	 protecting	 group	 distribution	 as	 P1c.	 The	

preparation	 of	 P1g	 requires	 removal	 of	 the	 TIPS	 groups	 on	 P1b,	 re-

protection	 of	 the	 acetylenes	 with	 TMS	 (to	 give	 P1f)	 and	 finally	 a	

Sonogashira	 coupling	 with	 THS-acetylene.	 This	 sequence	 of	 deprotection	

and	re-protection	is	required	since	bromination	of	the	analogue	of	P1a[Zn]	

with	TMS	protecting	groups	gives	a	complex	mixture	of	products.	Selective	

removal	of	the	TMS	groups	of	P1g	to	form	P1h	followed	by	coupling	in	the	

presence	of	T6	gave	the	targeted	6-porphyrin	nanoring-template	complex	

in	 10%	yield	 (c-P6a·T6,	 Scheme	2b).	 It	 is	 crucial	 that	T6	 is	 removed	 from	

this	unsymmetrical	nanoring,	to	enable	free	rotation	of	the	porphyrin	units,	

because	 the	 template-complex	 probably	 exists	 as	 a	 mixture	 of	

stereoisomers	 with	 the	 THS-acetylene	 substituents	 pointing	 is	 different	

directions.	 Template	 removal	 was	 achieved	 with	 the	 ligand	 1,4-

diazabicyclo[2.2.2]octane	 (DABCO).
[74]

	 Finally,	 removal	 of	 the	 THS	 groups	

gave	c-P6b,	which	was	subjected	to	palladium-catalyzed	oxidative	coupling	

under	 high-dilution	 conditions	 (45	 μM).	 The	 product	 was	 purified	 by	

recycling	 gel	 permeation	 chromatography	 (GPC)	 to	 yield	 t-P12	 in	 10%	

overall	yield	from	c-P6a	(Scheme	2b).	

t-P12	 prepared	 via	 the	 ring-stacking	 route	 (Scheme	 2b)	 was	 fully	

characterized	by	
1
H	NMR,	UV-vis-NIR	spectroscopy	and	MALDI-ToF	analysis	

(see	Supplementary	 Information)	and	could	conveniently	be	compared	to	

t-P12	prepared	via	direct	stave-joining	to	t-P12·(T6)2	 (Scheme	1)	followed	

by	 treatment	 of	 t-P12·(T6)2	 with	 DABCO	 to	 remove	 the	 template.	 The	

template-directed	stave-joining	route	to	t-P12	 is	better	yielding	(31%	yield	

of	 t-P12·(T6)2	 from	 l-P2b	 followed	 by	 86%	 yield	 in	 the	 template-removal	

step)	than	the	ring-stacking	route	to	t-P12	(10%	over	the	last	two	steps	of	

THS	 removal	 on	 c-P6a	 followed	 by	 coupling	 of	 c-P6b	 to	 t-P12)	 and	 it	

requires	 less	 protecting	 group	 manipulation.	 Hence	 stave-joining	 is	 the	

best	 strategy	 to	 access	 the	 12-porphyrin	 nanotube.	 The	 ring-stacking	

strategy	however,	could	provide	access	to	longer	nanotubes,	if	the	capping	

6-porphyrin	nanoring	is	coupled	to	a	central	ring,	which	would	circumvent	

the	 laborious	preparation	of	 increasingly	 long	porphyrin	oligomers	 that	 is	

required	for	(sequential	or	direct)	stave-joining	synthesis.	This	central	ring	

requires	acetylene	moieties	on	both	sides	of	 the	nanoring.	Since	 this	 ring	

would	 not	 carry	 any	 solubilizing	 substituents,	 we	 expect	 it	 to	 have	 poor	

solubility.	 Despite	 the	 possible	 access	 to	 increasingly	 long	 porphyrin	

nanotubes	via	 ring-stacking,	we	 focused	our	efforts	on	 the	exploration	of	

sequential	and	direct	stave-joining	strategies.	

Stave-Joining	Synthesis	of	t-P18.	Direct	stave-joining	in	the	presence	

of	 T6	 using	 a	 hexa-acetylene	 substituted	 C4-linked	 porphyrin	 trimer	

(obtained	by	 total	 removal	of	both	 the	TIPS	and	CPDMS	groups	on	 l-P3b,	

Scheme	3)	gave	predominantly	 insoluble	polymer	 rather	 than	t-P18·(T6)3,	

presumably	 due	 to	 irreversible	 mismatched	 coupling.	 Therefore,	 we	

adopted	 a	 sequential	 approach	 (Figure	 1b)	 to	 target	 t-P18·(T6)3.	 This	

approach	 requires	 a	 porphyrin	 trimer	 carrying	 orthogonal	 acetylene	

protecting	groups	on	the	central	and	outer	porphyrins,	l-P3b	(Scheme	3)	to	

enable	selective	removal	of	the	acetylene	protecting	groups	on	the	central		
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Scheme	2.	a)	Ring-stacking	strategy	towards	the	synthesis	of	6-ring	based	porphyrin	nanotubes.	b)	Ring-stacking	synthesis	of	t-P12.	(i)	TBAF,	98%.	(ii)	LiHMDS,	TMS-Cl,	82%.	(iii)	

Pd2dba3,	 CuI,	 PPh3,	 THS-acetylene,	 90%.	 (iv)	 K2CO3,	 98%.	 (v)	 T6,	 Pd(PPh3)2Cl2,	 CuI,	 1,4-benzoquinone,	 N,N-diisopropylamine,	 10%.	 (vi)	 DABCO,	 SEC,	 89%.	 (vii)	 TBAF	 (viii)	

Pd(PPh3)2Cl2,	CuI,	1,4-benqozuinone,	N,N-diisopropylamine,	10%	over	two	steps.	Ar	=	3,5-bis(trihexylsilyl)phenyl.	

porphyrin	and	sequential	template-directed	stave-joining	of	t-P18·(T6)3	via	

its	“pre-tube”	complex,	pt-P18·T6	(where	pt	denoting	pre-tube,	Scheme	3).		

The	porphyrin	trimer	l-P3a	was	prepared	through	statistical	coupling	

of	porphyrin	monomers	P1l	and	P1d	 in	a	1:3	ratio	which	gave	the	desired	

porphyrin	 trimer	 in	 a	 reproducible	28%	yield	 (from	P1l)	 after	purification	

by	 recycling	 GPC	 (Scheme	 3).	 In	 this	 reaction,	 l-P2a	 was	 obtained	 as	 a	

useful	side-product	from	homo-coupling	of	P1d	(for	the	template-directed	

synthesis	of	t-P12·(T6)2,	Scheme	1).	Monomer	P1l	was	prepared	from	P1,	

which	 was	 converted	 into	 its	 Mg	 complex	 P1i	 by	 treatment	 with	 MgI2	

followed	 by	 bromination	 of	 the	 remaining	 meso-positions.	 Direct	

bromination	of	the	Zn	equivalent	of	P1i	was	avoided	as	we	had	previously	

found	 that	 bromination	 of	 a	 zinc	 5,15-dialkynyl	 porphyrin	 leads	 to	

significant	amounts	of	bromination	at	the	β-positions	of	the	porphyrin	and	

on	 the	 alkynes.
[75,76]

	 The	 Mg	 ion	 could	 easily	 be	 removed	 through	

treatment	with	acid	(to	give	P1j)	after	which	Zn	was	inserted	(to	give	P1k)	

followed	by	removal	of	the	TIPS	groups	to	give	P1l	 (Scheme	3).	Monomer	

P1d	was	prepared	as	discussed	above	(Scheme	1).	l-P3b	was	obtained	from	

l-P3a	by	Sonogashira	cross-coupling	with	CPDMS-acetylene	on	the	central	

porphyrin	(Scheme	3).	

Selective	 removal	 of	 the	CPDMS	groups	on	 l-P3b	with	K2CO3	 gave	 l-

P3c,	which	was	subjected	to	palladium-catalyzed	oxidative	coupling	in	the	

presence	of	T6	to	give	the	“pre-tube”	complex	pt-18·T6-a	in	7%	yield.	The	

low	 yield	 in	 this	 reaction	 presumably	 originates	 from	 competing	 non-

constructive	binding-modes	of	the	porphyrin	trimer	to	the	template	(Figure	

3a).		

Removal	of	the	TIPS	groups	on	the	12	outer	porphyrins	of	pt-P18·T6-a	

to	 give	 pt-P18·T6-b,	 and	 subjecting	 the	 latter	 to	 the	 same	 palladium-

catalyzed	 oxidative	 homo-coupling	 conditions	 in	 the	 presence	 of	T6,	was	

carried	out	to	convert	the	highly	pre-organized	“pre-tube”	complex	to	the	

target	 t-P18·(T6)3.	During	 the	 reaction,	 the	 color	 of	 the	 solution	 changed	

from	dark	red	to	deep	pink,	in	line	with	previous	observations	of	nanotube	

formations.
[60]

	 Reaction	 progress	 was	 monitored	 by	 UV-vis-NIR	

spectroscopy	 and	 when	 no	 further	 change	 was	 observed,	 the	 reaction	

mixture	 was	 passed	 through	 a	 short	 SiO2	 plug	 in	 toluene/1%	 pyridine.	

Analysis	 by	 GPC	 and	 MALDI-ToF	 spectrometry	 indicated	 successful	

formation	of	t-P18·(T6)3.	Analytical	GPC	showed	the	formation	of	a	major	

product	 with	 slightly	 longer	 retention	 time	 (retention	 time	 of	 30.9	 min)	

than	 pt-P18·T6-a	 (30.5	 min).	 This	 indicates	 a	 reduction	 of	 the	

hydrodynamic	radius,	which	is	consistent	with	the	formation	of	t-P18·(T6)3	

from	pt-P18·T6-a.	Unfortunately,	t-P18·(T6)3	was	found	to	adsorb	strongly	

onto	the	polystyrene	stationary	phase	used	in	GPC,	resulting	in	long	tails	to	

the	GPC	peaks	and	poor	mass-recovery.	These	problems	prevented	us	from	

purifying	or	isolating	the	final	compound.		
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Scheme	3.	Sequential	template-directed	stave-joining	synthesis	of	t-P18·(T6)3.	(i)	NBS,	63%.	(ii)	TFA,	91%.	(iii)	Zn(OAc)2·2H2O,	reflux,	100%.	(iv)	TBAF,	93%.	(iv)	Pd(PPh3)2Cl2,	CuI,	

1,4-benzoquinone,	 28%	 (from	 P1l).	 (v)	 Pd2dba3,	 CuI,	 PPh3,	 CPDMS-acetylene,	 97%.	 (vi)	 K2CO3,	 100%.	 (vii)	 T6,	 Pd(PPh3)2Cl2,	 CuI,	 1,4-benzoquinone,	 7%.	 (viii)	 TBAF.	 (ix)	 T6,	

Pd(PPh3)2Cl2,	CuI,	1,4-benzoquinone.	Ar	=	3,5-bis(trihexylsilyl)phenyl.	

The	 modest	 yields	 in	 the	 synthesis	 of	 l-P3a	 and	 pt-P18·T6-a,	

prompted	 us	 to	 adapt	 our	 strategy	 towards	 18-porphyrin	 nanotubes.	 A	

larger	 solubilizing	 group,	 bis(di-iso-butyloctadecylsilyl)phenyl,	 was	

introduced	 to	 improve	 the	 solubility	 of	 the	 final	 compound.	 Mono-

acetylene	 (C2)	 linked	 porphyrin	 oligomers	 were	 expected	 to	 give	 higher	

yields	 in	 the	 (cross-coupling)	 synthesis	 of	 the	 linear	 trimer.	 We	 also	

anticipated	 higher	 yields	 in	 the	 template-directed	 synthesis	 of	 pre-tube	

complex	 since	 the	 C2	 link	 inhibits	 unfavorable	 binding	 to	 T6	 template	

(Figure	 3b).	 Furthermore,	we	expected	C2-linked	porphyrin	 nanotubes	 to	

exhibit	 enhanced	 electronic	 communication	 along	 the	 length	 of	 the	

nanotube,	 since	 C2-linked	 oligomers	 show	 red-shifted	 absorption	 and	

emission	spectra,	compared	with	C4-linked	oligomers.
[77]

	

	

Figure	 3.	 Schematic	 representation	of	 the	binding	of	 (a)	butadiyne-linked	porphyrin	

trimer	and	(b)	mono-acetylenic	porphyrin	trimer	to	the	T6	template.	10,20-meso-Aryl	

substituents	omitted	for	clarity.	
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Scheme	4.	Direct	templated	stave-joining	synthesis	of	t-P12*·(T6)2	(i)	Pd2dba3,	CuI,	PPh3,	86%.(ii)	TBAF,	100%.	(iii)	T6,	Pd(PPh3)2Cl2,	CuI,	1,4-benzoquinone,	7%.	Ar	=	3,5-bis(di-iso-

butyloctadecylsilyl)phenyl.	

Stave-Joining	 Synthesis	 of	 t-P12*·(T6)2	 and	 t-P18*·(T6)n.	To	examine	 the	

effect	 of	 a	 C2-linkage	 on	 the	 synthesis	 and	 properties	 of	 porphyrin	

nanotubes,	we	 first	 prepared	 t-P12*·(T6)2;	 a	 12-porphyrin	nanotube	with	

C2-linkages	 between	 the	 conjoined	 6-porphyrin	 nanorings.	 t-P12*·(T6)2	

was	synthesized	by	template-directed	stave-joining	from	C2-linked	dimeric	

precursor	 l-P2*b	 (Scheme	 4).	 At	 this	 stage,	 we	 introduced	 the	 larger	

solubilizing	group	3,5-bis(di-iso-butyloctadecylsilyl)phenyl	 (denoted	by	 '	 in	

the	 P1N	 compound	 label).	 Monomers	 P1b'	 and	 P1d'	 were	 synthesized	

following	an	analogous	synthetic	 route	as	 their	3,5-bis(trihexylsilyl)phenyl	

solubilized	counterparts	P1b	and	P1d	(Scheme	1)	as	described	in	the	SI.	

Sonogashira	 cross-coupling	 of	 P1b'	 and	 P1d'	 in	 3:1	 ratio	 gave		

l-P2*a	in	86%	yield	(from	P1d',	Scheme	4).	Excess	P1b'	was	used	to	disfavor	

homo-coupling	of	P1d'	and	part	of	the	excess	P1b'	was	re-isolated	during	

the	 purification.	 Homo-coupling	 of	 P1d'	 was	 not	 entirely	 prevented	

however,	 and	 l-P2'a	was	 obtained	 as	 a	minor	 byproduct,	which	 could	 be	

separated	 from	 l-P2*a	 via	 extensive	 recycling	 GPC.	 Removal	 of	 the	 four	

TIPS	 groups	 on	 l-P2*a,	 followed	 by	 cyclo-oligomerization	 at	 room	

temperature	 in	 the	 presence	 of	 T6	 gave	 t-P12*·(T6)2	 in	 7%	 yield	 after	

purification	by	recycling	GPC	(Scheme	4).	The	modest	yield	in	this	reaction	

might	arise	to	some	extent	from	the	requirement	of	the	porphyrins	across	

the	mono-acetylene	link	to	adopt	a	(close	to)	co-planar	conformation.	We	

found	that	higher	yields	were	obtained	when	the	reaction	was	performed	

at	 elevated	 temperature	 (65	 °C)	 and	 reaction	 times	 were	 shorter	 (2	 h).	

However,	sharp	
1
H	NMR	spectra	of	t-P12*·(T6)2	were	obtained	only	when	

the	 reaction	was	 performed	 at	 25	 °C	 (6	 h	 reaction	 time).	 Presumably,	 at	

higher	temperatures	defective	structures	are	formed	with	sizes	very	similar	

to	 the	 target	 compound	 which	 elute	 with	 the	 target	 compound	 on	

recycling	GPC.	

The	 torsion	 angle	 between	 the	 mean	 planes	 of	 the	 two	 porphyrin	

units	 in	 C2-linked	 porphyrin	 dimers	 has	 been	 a	 topic	 of	 debate.	

Computational	 studies	 predict	 that	 C2-linked	 porphyrin	 dimers	 adopt	 a	

conformation	 with	 a	 dihedral	 angle	 of	 approximately	 θ	 =	 35°	 in	 the	 gas	

phase,	 to	 alleviate	 the	 H-H	 clash	 across	 the	 link	 while	 still	 allowing	 for	

substantial	 π-overlap.
[70,77–80]

	 However,	 the	 high	 symmetry	 deduced	 from	

the	NMR	spectra	of	C2-linked	porphyrin	nanorings	suggests	that	the	steric	

congestion	creates	only	a	small	barrier	at	room-temperature	in	solution.
[70]

	

Therien	 and	 Anderson	 have	 reported	 similar	 observations	 on	 crystal	

structures	of	C2-linked	porphyrin	dimers	 in	which	the	mean	planes	of	the	

porphyrin	units	are	(essentially)	parallel.
[71,81]

	We	envision	that	in	the	cyclo-

oligomerization	 this	 repulsion,	 in	 combination	 with	 the	 enforced	 co-

planarity	by	the	T6	template,	may	account	for	the	relative	low	yield	in	the	

synthesis	 of	 t-P12*·(T6)2	 from	 l-P2*b,	 compared	 to	 that	 of	 its	 C4-linked	

analogue	t-P12·(T6)2	from	l-P2b.	

To	enable	a	sequential	template-directed	stave-joining	synthesis	of	t-

P18*·(T6)3,	 we	 synthesized	 a	 C2-linked	 porphyrin	 trimer	with	 orthogonal	

protecting	groups	on	the	central	and	outer	porphyrins,	l-P3*a	(Scheme	5).	

The	 central	 porphyrin	 (P1m)	 was	 obtained	 through	 re-protection	 of	

monomer	P1l	using	LiHMDS	and	TMS-chloride.	Sonogashira	cross-coupling	

of	 the	 porphyrin	 monomers	 P1d'	 and	 P1l	 in	 a	 3:1	 ratio	 gave	 porphyrin	

trimer	 l-P3*a	 in	96%	yield	 (from	P1l,	Scheme	5).	As	a	side	product,	 l-P2'a	

was	 obtained	 via	 the	 homo-coupling	 of	 P1d',	 which	 could	 be	 separated	

from	 l-P3*a	 by	 recycling	 GPC.	While	 some	 authors	 advocate	 copper-free	

conditions,
[82,83]

	and/or	elevated	temperatures	for	Sonogashira	coupling	of	

porphyrins,
[70]

	 the	 cross-coupling	 syntheses	 of	 C2-linked	 oligomers	 l-P2*a	

(Scheme	 4)	 and	 l-P3*a	 (Scheme	 5)	 were	 performed	 under	 copper	 co-

catalyzed	conditions	at	room	temperature.	 In	both	cases	high	yields	were	

obtained,	highlighting	the	synthetic	advantage	of	using	C2-linked	oligomers	

over	 C4-linked	 oligomers,	 as	 the	 latter	 require	 statistical	 couplings	 that	

have	intrinsically	lower	yield.	

Selective	 removal	 of	 the	 TMS	 groups	 on	 the	 central	 porphyrin	 of	 l-

P3*a	with	potassium	carbonate	in	methanol/THF	gave	 l-P3*b	 (Scheme	5).	

Cyclo-oligomerization	 of	 l-P3*b	 in	 the	 presence	 of	 T6	 yielded	 “pre-tube”	

complex	pt-P18*·T6-a	 (18%)	 after	 purification	by	 recycling	GPC	 as	 a	 dark	

red	 solid.	 This	 yield	 is	 significantly	 higher	 than	 when	 pt-P18·T6-a	 was	

prepared	 from	 l-P3c	 (7%,	Scheme	3),	presumably	since	 in	 the	case	of	 the	

C2-linked	porphyrin	 trimer	 there	 is	 less	unfavorable	wrapping	around	the	

template	 (Figure	 3).	 Removal	 of	 the	 remaining	 TIPS	 groups	 on	 the	 outer	

porphyrins	 of	 pt-P18*·T6-a	 was	 carried	 out	 with	 TBAF	 in	 a	 CH2Cl2/10%	

pyridine	solution.	For	the	final	palladium-catalyzed	coupling	to	convert	the	

highly	 pre-organized	 “pre-tube”	 complex	 to	 the	 18-porphyrin	 nanotube,	

two	conditions	were	examined.	Under	the	first	conditions,	T6	was	added	to	

the	 reaction	mixture	 to	 aid	 coupling	 of	 the	 remaining	 porphyrins.	 Under	

the	second	conditions,	the	reaction	was	performed	in	the	absence	of	T6	in	

a	 10%	pyridine	 solution	 in	 CHCl3	 to	 prevent	 aggregation	of	pt-P18*·T6-b.	
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Over	the	course	of	the	reaction	under	both	conditions,	the	mixture	turned	

from	deep	red	to	deep	pink,	indicating	porphyrin	nanotube	formation.	The	

reactions	were	followed	by	UV-vis-NIR	spectroscopy	and	when	no	further	

change	 was	 observed,	 the	 mixture	 was	 filtered	 over	 a	 short	 SiO2	 plug,	

purified	 by	 size-exclusion	 chromatography	 (SEC,	 THF/1%	 pyridine),	 and	

finally	subjected	to	recycling	GPC	(THF/1%	pyridine).	

The	 template-free	 conditions	 proved	 more	 efficient	 with	 an	

(analytical)	 yield	 of	 7.1%	 of	 t-P18*·T6	 versus	 4.7%	 yield	 of	 t-P18*·(T6)3	

obtained	 in	 the	presence	of	T6	 template.	We	suspect	 that	aggregation	of	

pt-P18*·T6-b,	which	can	easily	occur	due	to	the	flat	and	exposed	π-surface,	

leads	 to	cross-coupling,	 reducing	 the	yield.	 In	 the	absence	of	T6,	pyridine	

can	coordinate	to	the	zinc	centers	on	the	outer	side	of	the	tube,	hindering	

π-aggregation.	 In	 both	 cases,	 the	material	was	 found	 to	 adsorb	 onto	 the	

polystyrene	stationary	phase	of	the	recycling	GPC	columns	and	only	small	

amounts	of	material	could	be	isolated.	

We	 were	 curious	 whether	 the	 C2-link	 in	 l-P3*	 strongly	 encourages	

supramolecular	pre-organization	of	the	trimer	to	T6	 template	such	that	 it	

enables	the	direct	templated	stave-joining	synthesis	of	t-P18*·(T6)3	from	l-

P3*c.	We	 anticipated	 hexa-acetylene	 substitued	 l-P3c*	 (Scheme	 5)	 could	

form	 a	 tubular	 supramolecular	 complex	with	 T6	 template;	 (l-P3*c)6·(T6)3	

(Figure	4a).	UV-vis-NIR	titrations	show	a	clear	end-point	at	0.5	T6	to	l-P3c*	

ratio	 (Figure	 4b),	 which	 agrees	 with	 the	 formation	 of	 a	 (l-P3*c)6·(T6)3	

supramolecular	complex.	A	T6:l-P3c*	 ratio	of	0.5	 is	also	consistent	with	a	

1:2	complex,	however	this	would	require	a	wrapping	binding-mode	of	the	

porphyrin	trimers	to	the	template	which	is	geometrically	unlikely.	

Removal	of	both	the	TIPS	and	TMS	groups	on	 l-P3*a	with	TBAF	gave	

hexa-acetylene	 substituted	 l-P3*c	 which	 was	 subjected	 to	 palladium-

catalyzed	cyclo-oligomerization	in	CHCl3	in	the	presence	of	T6	(Scheme	5).	

Over	the	course	of	the	reaction	the	anticipated	color	change	from	deep	red	

to	 deep	 pink	 was	 observed.	 The	 reaction	 was	 followed	 by	 UV-vis-NIR	

spectroscopy	and	when	no	further	change	was	observed,	the	mixture	was	

filtered	 over	 a	 short	 SiO2	 plug,	 purified	 by	 SEC	 (THF/1%	 pyridine),	 and	

finally	 t-P18*·(T6)3	 was	 isolated	 by	 recycling	 GPC	 (THF/1%	 pyridine).	 The	

recycling	 GPC	 trace	 showed	 that	 besides	 t-P18*·(T6)3	 (formed	 in	 an	

analytical	 yield	 of	 1.7%),	 a	 large	 amount	 of	 higher	 molecular	 weight	

material	 is	 formed.	 It	 seems	 that	 unfavorable	 mismatched	 coupling	

prevails,	despite	the	apparent	supramolecular	pre-organization	of	l-P3*c	in	

a	 tubular	 arrangement.	 The	 high	 extent	 of	 polymerization	 made	 it	

impossible	 to	 isolate	 sufficient	material	 for	 further	 characterization	 of	 t-

P18*·(T6)3	prepared	via	this	direct	stave-joining	approach.		

	

	

Figure	 4.	 a)	 Calculated	 structure	 of	 (l-P3*c)6·(T6)3	 with	 hydrogen	 atoms	 omitted	

(modified	MM2	force	field,	aryl	groups	bearing	solubilizing	side	chains	were	omitted	

to	 simplify	 the	 calculations).	 b)	 UV-vis-NIR	 titration	 of	 l-P3*c	 with	 T6	 (measured	 in	

CHCl3	 at	 298	 K,	 black	 trace:	 start	 of	 the	 titration,	 red	 trace:	 end	 of	 the	 titration).	

(insert)	Absorption	at	790	nm	vs.	T6/l-P3*	mole	ratio.		

When	 we	 overlay	 and	 compare	 the	 analytical	 GPC	 traces	 and	 the	

corresponding	 UV-vis-NIR	 absorption	 spectra	 of	 t-P18*·T6	 obtained	 via	

sequential	stave-joining	and	t-P18*·(T6)3	obtained	via	direct	stave-joining,	

it	is	evident	that	both	strategies	result	in	the	same	final	product	(Scheme	5,	

insert).	To	confirm	that	the	compounds	observed	by	analytical	GPC	are	 in	

fact	 the	 18-porphyrin	 nanotube,	 pt-P18*·T6-a	 serves	 as	 a	 suitable	

reference.	 The	 “pre-tube”	 exhibits	 a	 shorter	 retention	 time	 due	 to	 its	

higher	molecular	weight	and	larger	hydrodynamic	diameter.	Unfortunately,	

t-P18*	 and	 its	 complexes	 with	 T6	 are	 unstable	 as	 dry	 solids	 at	 room	

temperature.	 When	 a	 solution	 of	 the	 purified	 product	 is	 evaporated	 to	

dryness	and	redissolved,	the	formation	of	high	molecular	weight	impurities	

is	evident	by	analytical	GPC.	We	found	that	the	compound	is	stable	when	

stored	as	a	solution	in	THF/1%	pyridine.	The	instability	of	these	compounds,	

and	 their	 challenging	 purification,	 make	 it	 difficult	 to	 carry	 out	 further	

studies	on	these	giant	porphyrin	nanotubes.	

1
H	 NMR	 Characterization.	 Regions	 of	 the	

1
H	 NMR	 spectra	 of	 t-

P12*·(T6)2,	t-P12·(T6)2,	t-P12,	pt-P18*·T6-a	and	t-P18*·T6	are	compared	in	

Figure	 5.	 The	
1
H	 NMR	 spectra	 are	 strikingly	 simple	 owing	 to	 their	 D6h	

symmetry	on	the	NMR	timescale.	The	assignment	of	the	aromatic	protons	

is	 supported	 by	 NOESY	 and	 COSY	 experiments	 (the	 assignment	 of	 t-

P12·(T6)2	was	published	previously;
[60]

	see	the	SI	for	a	detailed	assignment	

of	t-P12*·(T6)2	and	pt-P18*·T6-a).	
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Scheme	5.	Sequential	and	direct	template-directed	stave-joining	synthesis	of	t-P18*·(T6)n.	 (i)	LiHMDS,	then	TMS-Cl,	53%.	(ii)	Pd2dba3,	CuI,	PPh3,	96%.	(iii)	K2CO3,	90%.	(iv)	T6,	

Pd(PPh3)2Cl2,	CuI,	1,4-benzoquinone,	18%.	(v)	TBAF.	(vi)	Pd(PPh3)2Cl2,	CuI,	1,4-benzoquinone,	7.1%
#
.	(vii)	TBAF,	98%.	(viii)	T6,	Pd(PPh3)2Cl2,	CuI,	1,4-benzoquinone,	1.7%

#
.	Ar	=	3,5-

bis(di-iso-butyloctadecylsilyl)phenyl.	
#
	denotes	GPC	analytical	yield.	 Insert:	Analytical	GPC	traces	 (THF/1%	pyridine,	 recorded	at	500	nm)	of	t-P18*·(T6)3	 (through	direct	stave-

joining	synthesis,	 red	trace),	t-P18*·T6	 (through	sequential	stave-joining	synthesis,	blue	trace)	and	pt-P18*·T6-a	 (black	dashed	trace).	UV-vis-NIR	absorption	spectra	obtained	

from	the	analytical	GPC	at	a	retention	time	of	30.3	min.	

The	signals	of	 the	 templates	 in	 the	 template-complexes	are	strongly	

shielded	 by	 the	 porphyrin	 ring	 currents,	 especially	 the	 α-pyridyl	 protons	

closest	 to	 the	 porphyrin	 plane	 which	 resonate	 at	 about	 3	 ppm.	 The	

porphyrin	β-pyrrole	proton	signals	show	a	similar	pattern	throughout,	with	

the	 most	 significant	 divergence	 being	 proton	 a	 on	 t-P12*·(T6)2	 which	 is	

shifted	 0.7	 ppm	 downfield	 compared	 to	 the	 analogous	 proton	 in	 t-

P12·(T6)2	 (10.7	ppm	versus	10.0	ppm,	 respectively)	 (Figure	5a	and	Figure	

5b).	 This	 implies	 that	 proton	 a	 in	 t-P12*·(T6)2	 experiences	 stronger	

deshielding	by	 the	ring	currents	of	 the	 two	porphyrins	across	 the	C2-link.	

There	are	two	signals	for	the	ortho-aryl	protons	o'/o	of	t-P12*·(T6)2	and	t-

P12·(T6)2	 indicating	 that	 the	 inside	 and	 outside	 of	 the	 nanotube	 provide	

different	 environments.	While	 for	 t-P12·(T6)2,	 protons	o'/o	 and	p	 can	 be	

resolved,	 in	 its	 template-free	 analogue	 t-P12	 proton	 o	 overlaps	 with	 p	

(Figure	5c).	 In	pt-P18*·T6-a,	 the	outer	porphyrins	can	 freely	 rotate	which	

render	o'/o	equivalent	on	the	NMR	timescale	(Figure	5d).	

t-P18*·T6	 gives	 rise	 to	 a	 broad	
1
H	 NMR	 spectrum	 (Figure	 5e).	

However,	 in	 the	 aromatic	 region	 of	 the	 spectrum,	 signals	 for	 the	 β-	 and	

aryl-protons	 can	 be	 distinguished.	 The	 unresolved	 β-proton	 signals	 of	 t-

P18*·T6	 resonate	at	a	 chemical	 shift	 that	 is	 similar	 to	 the	β-protons	 in	 t-

P12*·(T6)2,	 and	 further	 downfield	 than	 the	 analogous	 protons	 in	 pt-

P18*·T6-a.	 Furthermore,	 a	 broad	 signal	 at	 8.1–7.8	 ppm	 can	 be	

distinguished	 which	 presumably	 corresponds	 to	 the	 ortho	 and	 para	 aryl	

protons.	A	possible	explanation	for	the	broad	
1
H	NMR	spectrum	is	that	the	

material	 exhibits	 some	 open-shell	 diradical	 character,	 as	 was	 recently	

observed	for	rylene	nanoribbons.
[84–86]

	Another	factor	may	be	formation	of	

π-π-stacked	aggregates,
[87]

	which	 typically	 causes	broadening	of	 the	NMR	

spectrum.
[88–90]

	 The	 observation	 of	 extremely	 broad	
1
H	 NMR	 spectra	 has	

been	reported	for	other	very	large	π-systems.
[91]

	

Optical	 Properties.	 In	 general,	 the	 cancellation	 of	 the	 transition	

dipole	moments	in	a	symmetrical	circular	π-conjugated	macrocycle	makes	
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the	 transition	 to	 the	 lowest	 electronic	 excited	 state	 symmetry-forbidden.	

Emission	 from	 this	 first	 excited	 state	 becomes	 partially	 allowed	 through	

vibronic	 coupling	 with	 higher	 excited	 states,	 known	 as	 Herzberg-Teller	

coupling.
[66,70,74]

	 This	 phenomenon	 is	 manifested	 in	 a	 low	 fluorescence	

quantum	 yield	 since	 the	 slow	 radiative	 S1-S0	 transition	 is	 competing	with	

non-radiative	decay	pathways,	as	well	as	a	red-shifted	fluorescence,	as	the	

vibronic	 coupling	 shifts	 the	 emission	 to	 lower	 energies.	 Removing	 the	

templates	 from	 a	 cyclic	 porphyrin	 nanostructure	 enables	 more	

conformational	 freedom,	 breaks	 the	 symmetry	 and	 hence	 increases	 the	

fluorescence	quantum	yield.	 In	 Figure	6,	we	compare	 the	absorption	and	

emission	 spectra	 and	 fluorescence	 quantum	 yields	 of	 t-P12*·(T6)2,	 t-

P12·(T6)2,	t-P12	and	t-P18*·(T6)n.	

	

Figure	5.	Region	of	the	
1
H	NMR	spectra	(400	MHz,	CDCl3	(+	1%	pyridine-d5),	298K)	of	t-

P12*·(T6)2,	 t-P12·(T6)2,	 t-P12,	 pt-P18*·T6-a,	 and	 t-P18*·T6.	 β-proton	 signals	 (red),	

aryl-proton	signals	(green),	and	template-proton	signals	(blue)	are	labeled	accordingly.	

*	=	pyridine	residual	signal.	

C2-linked	 12-porphyrin	 nanotube	 t-P12*·(T6)2	 displays	 a	

bathochromic	 shift	 in	 absorption	 of	 40	 nm	 compared	 to	 its	 C4-linked	

analogue	t-P12·(T6)2,	as	well	as	a	lower	fluorescence	quantum	yield	(Figure	

6).	These	differences	indicate	increased	conjugation	over	the	chromophore	

and	 enhanced	 rigidity	 of	 t-P12*·(T6)2.	 The	 high	 rigidity	 of	 porphyrin	

nanotubes	 is	 apparent	 when	 comparing	 the	 photophysical	 properties	 of	

the	 C4-linked	 12-porphyrin	 nanotubes	 with	 and	 without	 template,	 t-

P12·(T6)2	and	t-P12,	respectively.	t-P12	displays	a	blue-shifted	absorbance	

and	 loss	 of	 vibronic	 structure	 in	 the	 Q	 band	 (700–900	 nm),	 as	 well	 as	 a	

slightly	 higher	 fluorescence	 quantum	 yield	 (φf	 =	 0.26%)	 compared	 to	 t-

P12·(T6)2	 (φf	 =	 0.22%).	 These	differences	 are	much	 less	pronounced	 than	

those	 previously	 observed	 for	 a	 6-porphyrin	 nanoring,	 c-P6,	 and	 6-

porphyrin	nanoring-template	complex,	c-P6·T6,	for	which	the	fluorescence	

quantum	yields	were	0.42	%	and	1.99	%,	respectively.
[70]

	The	high	intrinsic	

rigidity	 of	 porphyrin	 nanotubes	 prevents	 significant	 desymmetrization	 in	

the	 absence	 of	 the	 T6	 and	 hence	 the	 transition	 to	 the	 lowest	 electronic	

excited	 state	 is	 still	 mostly	 symmetry-forbidden,	 evident	 from	 the	 small	

difference	 in	 fluorescence	 quantum	 yield	 between	 the	 template-complex	

and	 the	 template-free	 nanotube.	 The	 absorbance	 of	 t-P18*·T6	 shows	 an	

unusually	 broad	 and	 undefined	 Q	 band	 (Figure	 6).	 The	 absorbance	 and	

emission	 of	 t-P18*·T6	 are	 red-shifted	 compared	 to	 t-P12*·(T6)2	 and	 t-

P18*·T6	 has	 a	 low	 fluorescence	 quantum	 yield	 of	 0.08%.	 These	 optical	

properties	indicate	an	effective	extension	of	the	π-conjugated	system	and	

high	conformational	rigidity	of	t-P18*·T6.	

	

Figure	6.	Normalized	steady-state	absorption	(solid	lines)	and	emission	(dashed	lines)	

of	t-P12*·(T6)2,	t-P12·(T6)2	(λexc	=	525	nm,	measured	in	toluene	at	298	K),	t-P12,	(λexc	=	

525	 nm,	measured	 in	 toluene/1%	 pyridine	 at	 298	 K)	 and	 t-P18*·T6	 (λexc	 =	 580	 nm,	

measured	in	CHCl3/1%	pyridine	at	298	K).	
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Molecular	 Modeling	 and	 Electronic	 Structure	 Calculations.	 Recent	

computational	 studies	 on	 infinite	 and	 discrete	 porphyrin	 nanotubes	

demonstrated	that	their	electronic	properties	exhibit	strong	variations	with	

the	 number	 of	 linking	 carbon	 atoms	 (C0/C2/C4),
[92]

	 and	 nanotube	

diameter.
[93]

	Density	function	theory	(DFT)	calculations	(B3LYP/6-31G*	with	

Grimme’s	D3	dispersion	correction)	were	conducted	to	provide	insight	into	

the	 geometry	 and	 electronic	 structure	 of	 the	 porphyrin	 nanotubes	

discussed	above.	

The	geometry	optimization	of	t-P18	was	performed	in	D6h	symmetry.	

The	 optimized	 structure	 shows	 an	 undistorted	 tubular	 geometry	 (Figure	

7a)	 analogous	 to	 the	 converged	 structure	 of	 t-P12	 which	 was	 published	

previously.
[60]

	The	length	of	t-P18	is	3.6	nm	measured	to	the	van	der	Waals	

surfaces	of	the	outer	β-pyrrole	hydrogen	atoms.	The	HOMO	is	delocalized	

over	 the	entire	 conjugated	 system	albeit	with	a	higher	 coefficient	on	 the	

central	 porphyrin	 nanoring.	 This	 effect	 is	 even	 more	 pronounced	 in	 the	

LUMO	 and	 fully	 reversed	 in	 the	 LUMO+1.	 The	 LUMO	 and	 LUMO+1	 are	

practically	 degenerate	 and	 show	 negligible	 coefficients	 on	 the	 acetylene	

links	between	the	conjoined	rings	(Figure	7b).	

	

Figure	 7.	 a)	 Optimized	 geometry	 of	 t-P18	 calculated	 at	 the	 B3LYP/6-31G*	 level	 of	

theory.	b)	HOMO,	LUMO	and	LUMO+1	shown	at	a	density	 isovalue	of	0.008	au.	Aryl	

groups	were	replaced	with	hydrogen	atoms	to	simplify	the	calculations.	

The	geometry	optimization	of	t-P12*	was	performed	in	S6	symmetry.	

The	 top	 view	 of	 the	 optimized	 structure	 shows	 the	 distortion	 of	 the	

nanotube,	 in	which	 the	porphyrins	have	adopted	a	 twisted	 conformation	

with	 an	 average	 dihedral	 angle	 of	 θ	 =	 17.7°	 (measured	 on	 opposite	 β-

carbon	 atoms	 across	 the	 mono-acetylene	 link,	 Figure	 8a).	 This	

conformation	 is	 presumably	 adopted	 to	 alleviate	 steric	 clash	 of	 the	

hydrogen	atoms	across	 the	mono-acetylene	 link,	as	discussed	above.	The	

length	of	t-P12*	 is	2.0	nm	measured	to	the	van	der	Waals	surfaces	of	the	

outer	 β-pyrrole	 hydrogen	 atoms,	 which	 correlates	 perfectly	 with	 the	 C2	

link	 compared	 to	 its	 C4	 linked	 analogue	 t-P12,	 for	 which	 the	 nanotube	

length	 was	 measured	 to	 be	 2.3	 nm.	 The	 HOMO	 of	 t-P12*	 is	 distributed	

over	the	entire	π	system	while	the	LUMO	is	localized	over	both	rings,	with	

negligible	coefficients	on	the	acetylene	links	between	the	rings	(Figure	8b).	

This	frontier	orbital	distribution	resembles	that	of	the	C4-linked	analogue	t-

P12.
[60]

	We	were	unable	to	calculate	an	optimized	geometry	for	t-P18*	at	

the	same	level	of	theory	as	the	other	nanotubes	(B3LYP/6-31G*).	Twisting	

between	C2-linked	porphyrins	reduces	the	symmetry	of	t-P18*	from	D6h	to	

approximately	 S6,	 making	 the	 calculation	more	 demanding.	 Nonetheless,	

the	diameter	and	length	of	this	nanotube	could	be	estimated	to	be	2.4	nm	

and	 3.1	 nm,	 respectively,	 from	 a	 geometry	 optimized	 using	 less	 precise	

convergence	criteria.		

	

Figure	 8.	 a)	Optimized	 geometry	 of	 t-P12*	 calculated	 at	 the	 B3LYP/6-31G*	 level	 of	

theory	with	a	schematic	depiction	of	the	average	dihedral	angle	across	the	C2-link.	b)	

HOMO	and	LUMO	shown	at	a	density	isovalue	of	0.008	au.	Aryl	groups	were	replaced	

with	hydrogen	atoms	to	simplify	the	calculations.	

Conclusions	

We	 have	 examined	 different	 strategies	 to	 synthesize	 fully	 π-

conjugated	monodisperse	porphyrin	nanotubes	with	either	butadiyne	(C4)	

or	 acetylene	 (C2)	 links	 between	 the	 conjoined	 6-porphyrin	 nanorings.	 In	

the	 first	 strategy	 (stave-joining)	 the	 length	of	 the	nanotube	 is	predefined	

by	its	linear	porphyrin	oligomer	precursor.	This	strategy	was	used	to	make	

12-	and	18-porphyrin	nanotubes	t-P12·(T6)2,	t-P12*·(T6)2,	and	t-P18*·(T6)n	

(n	=	1,	3).	

We	 also	 explored	 the	 covalent	 stacking	 of	 pre-formed	 6-porphyrin	

nanorings	and	this	approach	was	successful	for	the	synthesis	of	t-P12.	This	

strategy	 for	 molecular	 nanotube	 formation	 is	 fundamentally	 different	 to	

previously	 published	 methods	 where	 non-covalent	 binding	 between	 the	

building	 blocks	 is	 established	 prior	 to	 covalent	 linkage.	 While	 covalent	

stacking	 could	 be	 a	 versatile	 approach	 to	 longer	 porphyrin	 nanotubes,	

extension	 of	 this	 strategy	 beyond	 the	 12-porphyrin	 nanotube	 would	

require	a	 second	nanoring	building	block	without	aryl	 solubilizing	groups,	

which	 is	 expected	 to	 have	 poor	 solubility.	 This	 strategy	 has	 not	 been	

further	explored.	

b)	
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Initially,	 we	 attempted	 to	 synthesize	 t-P18·(T6)3	 through	 sequential	

template-directed	 stave-joining	 via	 its	 “pre-tube”	 complex,	 pt-P18·T6-a.	

Low	 yields,	 solubility	 problems	 and	 purification	 issues	 resulted	 in	

insufficient	material	to	make	this	a	viable	route.	We	therefore	introduced	a	

larger	 solubilizing	 substituent	 and	 switched	 our	 attention	 to	 C2-linked	

porphyrin	 oligomer	 precursors.	 Nanotube	 t-P18*·(T6)n	 could	 be	

synthesized	via	both	sequential	and	direct	stave-joining.	 In	the	sequential	

route,	pt-P18*·T6-a	was	obtained	 in	18%	yield	from	 l-P3*b,	while	the	C4-

linked	 analogue,	 pt-P18·T6-a,	 was	 obtained	 in	 only	 7%	 yield	 from	 l-P3c,	

highlighting	 one	 of	 the	 benefits	 of	 using	 C2-linked	 linear	 oligomer	

precursors.	 The	 synthesis	 of	 t-P18*·T6	 via	 the	 sequential	 route	 proved	

most	 efficient	 (7.1%	 yield).	 Remarkably,	 we	 found	 that	 hexa-acetylene	

substituted	 l-P3*c	 coupled	 in	 the	 presence	 of	T6	 does	 form	 t-P18*·(T6)3,	

although	mismatched	coupling	probably	prevails,	and	only	small	amounts	

of	the	target	compound	are	formed	(1.7%	yield).	This	is	particularly	striking	

since	 the	 analogous	 reaction	 using	 C4-linked	 porphyrin	 trimer	 gave	

exclusively	 insoluble	 polymer.	 This	 illustrates	 how	 a	 change	 in	 synthetic	

strategy	as	“simple”	as	the	removal	of	4	carbon	atoms	from	the	essential	

precursor,	can	make	a	dramatic	difference.	Purification	of	the	18-porphyrin	

tubes,	 t-P18	 and	 t-P18*,	 was	 hampered	 by	 the	 tendency	 of	 these	

compounds	to	adsorb	onto	the	polystyrene	stationary	phase	used	for	GPC	

and	 to	polymerize	when	 solutions	are	evaporated	 to	dryness,	 and	by	 the	

broadness	 of	 their	
1
H	 NMR	 spectra.	 In	 these	 respects,	 the	 18-porphyrin	

tubes	behave	very	differently	from	their	12-porphyrin	analogues,	perhaps	

because	the	central	regions	of	the	 longer	tubes	are	not	shielded	by	bulky	

solubilizing	groups.	It	is	surprising	that	the	main	barrier	to	further	research	

on	these	 long	porphyrin	nanotubes	 is	not	the	synthetic	effort	required	to	

prepare	 the	 precursors,	 but	 the	 poor	 stability	 and	 chromatographic	

behavior	of	the	final	nanotubes.	

Porphyrin	 nanotube	 t-P18*·T6	 is	 to	 the	 best	 of	 our	 knowledge	 the	

largest	π-conjugated	molecular	nanotube	to	date,	with	dimensions	similar	

to	 those	 of	 enzymes	 (Zn-Zn	 diameter	 of	 2.4	 nm	 and	 a	 length	 of	 3.1	 nm	

measured	 to	 the	van	der	Waals	 surfaces	of	 the	outer	β-pyrrole	hydrogen	

atoms).	 The	 bottom-up	 synthetic	 approach	 to	 monodisperse	 molecular	

porphyrin	 nanotubes	 described	 here	 enables	 access	 to	 tailor-built	

monodisperse	 fully	 conjugated	 nanotubes	 with	 tunable	 properties	 and	

functionalities.	Considering	the	current	inaccessibility	of	uniform-diameter	

single-chirality	CNTs,	 the	strategies	presented	here	are	an	 important	step	

towards	well-defined	molecular	CNT	analogues.	

This	 article	 is	 dedicated	 to	 François	 Diederich	 in	 celebration	 of	 his	

inspirational	work	on	π-conjugated	porphyrin	 arrays
[94–96]

	 and	 carbon-rich	

acetylenic	scaffolds.
[97–99]
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See	Supplementary	Material	
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