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Enhancing	low-energy	absorption	band	and	charge	mobility	of	
antiaromatic	NiII	norcorroles	by	their	substituents	effects	
Takuya	Yoshida,a	Daisuke	Sakamakib,	Shu	Sekib	and	Hiroshi	Shinokubo*a	

Dissymmetrical	substitution	of	norcorrole	enables	the	preparation	
of	 various	 norcorrole	 derivatives	 as	 air-	 and	 moisture-stable	
species.	 Intramolecular	 charge	 transfer	 interactions	 between	
electron-donating	 substituents	 and	 the	 norcorrole	 core	 in	 these	
norcorroles	 significantly	 enhanced	 their	 low-energy	 absorption	
bands,	 which	 were	 forbidden	 in	 symmetrical	 NiII	
dimesitylnorcorrole.		

In	 recent	 years,	 antiaromatic	 compounds	with	4n	π-electrons	
in	 their	 planar	 and	 cyclic	 conjugation	 have	 been	 investigated	
with	 great	 interests	 because	 they	 often	 provide	 distinctly	
different	 properties	 from	 those	 of	 conventional	 aromatic	
compounds.	They	typically	exhibit	narrow	HOMO–LUMO	gaps,	
reversible	redox	properties1	and	unique	reactivity.2	

Narrow	 HOMO–LUMO	 gaps	 are	 particularly	 attractive	 to	
achieve	 effective	 near	 IR	 (NIR)	 absorbing	 organic	 dyes.	
Unfortunately,	 however,	 antiaromatic	 compounds	 inherently	
exhibit	 very	 weak	 low-energy	 absorption	 due	 to	 their	
forbidden	 HOMO–LUMO	 transitions.	 This	 feature	 limits	 their	
utility	 as	 functional	 dyes	 for	 optical	 application.	 It	 is	 highly	
desirable	 to	 establish	 a	 strategy	 to	 enhance	 their	 low-energy	
absorbing	 property.	 In	 addition,	 narrow	 HOMO–LUMO	 gaps	
also	 allows	 the	 design	 of	 novel	 ambipolar	 semiconductor	
materials	on	the	basis	of	4nπ-electron	systems.3	Nevertheless,	
systematic	 fine-tuning	 of	 optical	 and	 electronic	 properties	 of	
antiaromatic	compounds	has	been	a	challenging	issue	because	
of	 their	 inherent	 instability	 associated	 with	 antiaromatic	
destabilization.	
	 Norcorrole	is	one	of	antiaromatic	porphyrinoids,1bc,4	which	
was	 firstly	 reported	 by	 Bröring	 et	 al.	 as	 an	 unstable	 FeIII	
complex.5	We	 have	 previously	 reported	 efficient	 synthesis	 of	
NiII	dimesitylnorcorrole	1,	which	exhibits	moderate	stability	 in	

air	and	distinct	16π	antiaromaticity	(Figure	1).6	With	this	easily	
prepared	antiaromatic	porphyrinoid	in	hand,	we	have	explored	
nucleophilic	 functionalization	 and	 hydrogenation	 of	
norcorroles,	 which	 resulted	 in	 modulation	 of	 physical	
properties	 and	 antiaromaticity	 through	 modification	 of	 their	
pyrrole	 rings.7	 The	 reactivity	 of	 norcorrole	 has	 also	 been	
investigated	by	Li	and	Chmielewski	et	al.8	

	
Figure	1.	Structure	of	NiII	dimesitylnorcorrole	1.	

The	modification	of	the	electronic	nature	of	meso-substituents	
is	a	conventional	but	effective	approach	 to	modify	properties	
of	 porphyrinoids.	 However,	 the	 substituent	 effect	 at	 meso	
positions	of	antiaromatic	porphyrinoids	has	not	been	explored	
in	detail.	 In	 the	case	of	NiII	 norcorroles,	meso-aryl	 groups	are	
limited	 only	 to	mesityl	 and	 phenyl	 groups.	 Consequently,	we	
have	synthesized	NiII	norcorroles	with	various	aryl	groups	and	
investigated	the	structural	and	electronic	effects	of	meso-aryl	
groups	 of	 antiaromatic	 norcorroles.	 Furthermore,	 we	 have	
demonstrated	that	intramolecular	charge	transfer	interactions	
are	 effective	 to	 improve	 the	 low-energy	 absorbing	 feature	of	
antiaromatic	porphyrinoids.	

We	 initially	 attempted	 to	 synthesize	 norcorroles	 2a–2d	
with	several	aryl	groups	in	a	symmetrical	manner	(Scheme	1).	
Electron-donating	 4-dimethylaminophenyl	 and	 electron-
withdrawing	 4-cyanophenyl,	 3,5-bistrifluorophenyl	 and	
pentafluorophenyl	groups	were	selected	as	substituents	to	be	
introduced	 at	 the	 meso	 positions.	 Ni0-Mediated	 reductive	
homo-coupling	 reactions	 were	 performed	 for	 α,α’-
dibromodipyrrin	 NiII	 complexes	 3a–3d	 to	 obtain	 2a–2d.	

However,	 all	 attempts	 to	 isolate	 symmetrically	 substituted	
norcorroles	 2a–2d	 resulted	 in	 failure	 due	 to	 their	 instability	
under	ambient	conditions.	



COMMUNICATION	 Journal	Name	

2 	|	J.	Name.,	2012,	00,	1-3	 This	journal	is	©	The	Royal	Society	of	Chemistry	20xx	

Please	do	not	adjust	margins	

Please	do	not	adjust	margins	

	
Scheme	1.	Structures	and	synthesis	of	norcorroles	2a–2i.	

The	instability	of	norcorroles	2a–2d	could	be	attributed	to	
the	change	in	energy	levels	of	frontier	orbitals	by	substituents.	
The	antiaromatic	norcorrole	system	has	inherently	high	HOMO	
and	 low	 LUMO	 energy	 levels,	 and	 the	 former	 is	 further	
destabilized	by	electron-donating	substituents	and	the	latter	is	
further	 stabilized	 by	 electron-withdrawing	 substituents,	 thus	
increasing	 the	 instability	 of	 norcorroles.	 On	 the	 basis	 of	 this	
consideration,	we	then	introduced	two	different	aryl	groups	to	
norcorrole	 to	 reduce	 electron-donating	 or	 -withdrawing	
substituent	 effects	 for	 frontier	 orbitals.	 Dissymmetric	
bisdipyrrin	 complexes	 3e–3i	 were	 prepared	 by	 treatment	 of	
two	different	α,α’-dibromodipyrrins	with	NiII	acetate	followed	
by	silica-gel	column	separation.	The	homo-coupling	reaction	of	
3e–3i	 afforded	 dissymmetrical	 norcorroles	 2e–2i	 with	 an	
electron-donating	 4-dimethylaminophenyl	 group	 on	 one	 side	
(Ar1),	 and	 mesityl,	 phenyl	 and	 three	 electron-withdrawing	
substituents	on	the	other	side	(Ar2).	The	stability	of	2e–2i	were	
enhanced	as	compared	with	2a–2d	and	2e–2i	could	be	isolated	
in	 15–45%	 yields	 by	 silica-gel	 column	 purification	 under	
ambient	 conditions.	 Consequently,	 the	 dissymmetric	
substitution	strategy	is	effective	to	obtain	various	antiaromatic	
and	stable	norcorroles.	

1H	NMR	spectra	of	2e–2i	 in	CDCl3	exhibited	 their	pyrroles	
protons	 in	 the	 high-field	 region	 (3–2	 ppm)	 due	 to	 the	
paratropic	ring	current	effect,	supporting	distinct	antiaromatic	
character	 with	 16π-electron	 systems.	 Interestingly,	 the	
spectrum	 of	2h	 showed	 concentration	 dependence,	 in	which	
the	 pyrrole	 protons	 signals	 were	 down-field	 shifted	 and	
significantly	broadened	at	higher	concentration	of	the	solution,	
suggesting	its	aggregation	behaviour	(Figure	S11).	

	
Figure.	2.	Packing	structures	of	norcorroles	2e–2i.	

	 The	 structures	 of	 all	 dissymmetric	 norcorroles	 NiII	
complexes	 2e–2i	 were	 unambiguously	 elucidated	 by	 X-ray	
structural	 analyses.	 Interestingly,	 their	 packing	 modes	 varied	
significantly	 depending	 on	 the	 subtle	 change	 of	 substituents	
(Figure	 2).	 In	 the	 cases	 of	 2e	 and	 2f,	 the	 norcorrole	
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macrocycles	are	 located	 separately	without	π-stacking	due	 to	
dominance	 of	 CH–π	 interactions.	 On	 the	 other	 hand,	 π–π	
stacking	 between	 norcorrole	 planes	 was	 observed	 in	 the	
packing	 structures	 of	 2g–2i,	 which	 contain	 electron-
withdrawing	 groups.	 Norcorrole	 planes	 of	 2g	 and	 2i	 show	
slipped	π-stacking	with	mean	plane	distances	of	3.29	and	3.34	
Å,	 respectively.	 Interestingly,	 2g	 formed	 an	 infinite	 π–π	
stacking	structure	in	the	crystal,	while	packing	of	2i	composed	
of	stacked	dimeric	units.	Furthermore,	2h	formed	triple-decker	
stacking	structure	with	a	distance	of	3.10	Å	between	Ni	atoms,	
reflecting	aggregation	behaviour	of	2h	observed	in	the	1H	NMR	
measurement.	The	two	outer	norcorroles	are	slightly	distorted	
but	 the	 inner	 norcorrole	 maintained	 planar	 conformation.	 A	
similar	 triple	 stacking	 was	 also	 observed	 in	 the	 crystal	
structure	of	diphenylnorcorrole	NiII.7d	

	
Figure	3.	UV-vis-NIR	absorption	spectra	of	norcorroles	1	and	2e–2i	in	CH2Cl2.	

UV-vis-NIR	absorption	spectra	of	norcorroles	2e–2i	and	1	in	
CH2Cl2	were	shown	in	Figure	3.	In	contrast	to	the	spectrum	of	1,	
dissymmetric	 norcorroles	 2e–2i	 exhibit	 characteristic	 intense	
absorption	 bands	 around	 650	 nm.	 These	 bands	were	 further	
bathochromically	 shifted	 by	 the	 introduction	 of	 electron-
withdrawing	groups.	Meanwhile,	the	absorption	envelope	and	
intensity	of	2e–2i	are	similar	to	that	of	1	except	for	the	bands	
around	 650	 nm.	 These	 results	 clearly	 demonstrated	 that	 the	
use	of	 the	 substituent	 effect	 is	 effective	 to	 enhance	 the	 low-
energy	absorption	band	of	norcorrole.	

To	investigate	the	unusual	absorption	bands	of	2e–2i,	time-
dependent	 (TD)-density	 functional	 theory	 (DFT)	 calculations	
were	performed	for	2e	and	2i	at	the	B3LYP/6-31G(d)+SDD	level	
(Figure	 S19).	 The	 result	 clearly	 demonstrates	 that	 the	
absorption	around	650	nm	should	be	assigned	to	the	transition	
from	HOMO–3	to	LUMO,	which	have	significant	intermolecular	
charge	 transfer	 character	 from	 the	 electron-donating	 4-
dimethylaminophenyl	 group	 to	 the	norcorrole	 core	 (Figure	 4,	
Figure	 S19	 and	 Table	 S1).	 The	 CT	 absorption	 band	 of	 2i	
appeared	 in	 a	 lower	 energy	 region	 than	 that	 of	 2e.	 This	
tendency	 was	 well-reproduced	 by	 the	 TD-DFT	 calculations,	
which	 indicated	that	 the	red-shifted	CT	absorption	band	of	2i	
resulted	 from	 the	 lowered	 LUMO	 level	 due	 to	 the	
pentafluorophenyl	group.	The	CT	character	of	 this	absorption	
band	was	also	experimentally	confirmed	by	absorption	spectra	
of	 2e	 measured	 in	 various	 solvents	 (Figure	 S15).	 These	
spectroscopic	and	theoretical	studies	imply	that	the	norcorrole	
macrocycle	 behaves	 as	 an	 electron-accepting	 unit	 when	
coupled	with	electron-donating	meso-substituents.	

	
Figurer	 4.	 Selected	 Kohn–Sham	 orbitals	 of	2e	 calculated	 at	 the	 B3LYP/6-31G(d)+SDD	
level.	(a)	HOMO–3	(b)	HOMO	and	(b)	LUMO.	

The	 substituent	 effect	 was	 further	 evaluated	 by	
electrochemistry	 of	 dissymmetric	 norcorroles	 2e–2i	 using	
cyclic	voltammetry	measurements	(Table	1	and	Figure	S17).	All	
norcorroles	exhibit	 several	 reversible	oxidation	and	 reduction	
waves.	 The	 first	 oxidation	 potentials	 of	 all	 dissymmetric	
norcorroles	 2e–2i	 exhibited	 marked	 cathodic	 shifts	 as	
compared	with	 that	of	1	 due	 to	 the	 strong	electron-donating	
nature	 of	 the	 4-dimethylaminophenyl	 group,	 while	 anodic	
shifts	 of	 the	 first	 reduction	 potentials	 were	 observed	 in	
norcorroles	 2g–2i	 by	 their	 electron-withdrawing	 groups.	 In	
addition	 to	 electronic	 properties	 of	 substituents,	 their	
structural	 feature	 also	 affects	 the	 electrochemistry:	 the	 first	
oxidation	 processes	 of	 2f	 and	 2h	 split	 into	 two	 waves.	
Norcorroles	 2f	 and	 2h	 have	 Ar2	 groups	 without	 ortho-
substituents,	in	which	dihedral	angles	with	the	norcorrole	core	
are	 smaller	 than	 those	of	2e	 and	2i	 (Table	 S2).	 The	oxidation	
wave	of	structurally	similar	2g	was	not	split	but	broad.	These	
twin	waves	of	2f	and	2h	should	be	considered	as	one-electron	
oxidation	process,	which	 is	 split	by	 intermolecular	 interaction	
during	 the	 oxidation.	 This	 interpretation	 was	 supported	 by	
spectroelectrochemical	 analyses	 of	 2e	 and	 2h.	 The	 spectral	
change	during	 the	Eox1	process	of	2e	was	almost	 the	same	as	
the	 change	 in	 the	 case	 of	 2h,	 indicating	 that	 both	 oxidation	
processes	 are	 essentially	 identical	 (Figure	 S16,	 Figure	 S17).	
These	split	resulted	in	the	considerably	low	oxidation	potential	
of	2f	and	2h	(–0.11	and	–0.07	V,	respectively).	

Table	1.	Summary	of	cyclic	voltammetry	data	for	norcorroles	1	and	2e–2i.a	

Compound	 Eox2	 Eox1	 Ered1	 Ered2	 ΔEb	
1	
2e	
2f	
2g	
2h	
2i	

0.79	
0.53	
0.63	
0.63	
0.67	
0.59	

0.16	
0.05	

0.03,	–0.11	
0.02	

0.14,	–0.07	
0.08	

–0.92	
–0.95	
–0.90	
–0.85	
–0.81	
–0.77	

–1.70	
–1.67	
–1.58	
–1.45	
–1.45	
–1.46	

1.08	
1.00	
0.79	
0.87	
0.74	
0.85	

a	Solvent:	CH2Cl2,	electrolyte:	Bu4NPF6,	working	electrode:	glassy	carbon,	counter	
electrode:	Pt,	reference	electrode:	Ag/AgClO4,	scan	rate:	0.1	V	s	–1.	The	potentials	
(V)	versus	the	value	for	the	ferrocene/ferrocenium	cation	couple	are	shown.	b	ΔE	
=	Eox1	–	Ered1.		

The	 charge	 carrier	 conductivities	 of	2e–2i	were	 evaluated	
using	 flash-photolysis	 time-resolved	 microwave	 conductivity	
(FP-TRMC)	 technique,9	 since	 a	 difference	 of	 intermolecular	
interactions	 significantly	 affect	 conductivity	 of	 materials.	
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Microcrystalline	 samples	 of	 2e,	 2f,	 2h	 and	 2i	 were	 used	 for	
measurement,	 but	 a	 similar	 sample	 of	 2g	 could	 not	 be	
obtained	because	of	its	low	solubility.	The	maximum	transient	
conductivities	of	(φΣµ)	2e–2i	were	summarized	in	Figure	5	and	
Figure	 S18.	Norcorroles	2g–2i	with	π–π	 stacking	 structures	 in	
their	crystals	exhibited	substantially	 larger	conductivities	than	
2e	and	2f,	which	have	none	of	such	interactions	(Figure	2).	The	
relatively	lower	φΣµ	value	of	2g	than	those	of	2h	and	2i	would	
be	attributed	to	its	lower	crystallinity	of	the	powder	sample	of	
2g.	The	result	suggests	that	existence	of	π–π	stacking	between	
norcorrole	 units	 should	 be	 important	 to	 attain	 higher	 φΣµ	
values.		

	
Figure	 5.	 The	 maximum	 transient	 conductivities	 (φΣµ)	 of	 2e–2i	 observed	 upon	
excitation	with	a	355	nm	laser	pulse.	

	 In	 summary,	 we	 have	 found	 that	 dissymmetrical	
substitution	 on	 meso-positions	 enables	 fine-tuning	 of	
properties	of	norcorroles	with	maintaining	 their	 stability.	The	
optical	 and	 electrochemical	 properties	 of	 dissymmetrical	
norcorrole	 NiII	 complexes	 were	 considerably	 altered	 in	
comparison	to	dimesitylnorcorrole	NiII	complex	by	substituent	
effects.	 Furthermore,	 novel	 norcorroles	 showed	 various	
packing	structures	in	crystal	depending	on	the	subtle	structural	
change	 of	 aryl	 groups.	 The	 effect	 of	 packing	 structures	 on	
carrier	 mobilities	 of	 dissymmetric	 norcorroles	 was	 examined	
using	TRMC	technique.	The	conductivities	correlated	with	the	
presence	 or	 absence	 of	 π–π	 stacking	 structures	 between	
norcorrole	moieties.	The	present	study	has	demonstrated	that	
manipulation	 of	 meso-substituents	 of	 NiII	 norcorroles	 is	
effective	 to	 improve	 their	 low-energy	 absorption	 property	 as	
well	 as	modulate	 their	 charge	 carrier	mobility.	 These	 insights	
provided	 by	 the	 modification	 of	 norcorroles	 should	 promote	
further	development	of	optical	and	electronic	materials	based	
on	antiaromatic	porphyrinoids.	
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