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An	 Axially	 Chiral	 1,1ʹ-Biazulene	 and	 Its	 π-Extended	 Derivative:	

Synthesis,	Structures	and	Properties	
Chaolumen,	ab	Hideto	Ito	*ab	and	Kenichiro	Itami	*abc	

Chiral	organic	π-conjugated	molecules	have	been	 intensively	 investigated	 in	 the	 fields	of	 chiral	electronic	materials	and	
devices.	Herein	we	report	a	new	motif	for	the	axially	chiral	1,1’-biazulene	and	its	π-extended	derivative,	in	which	biphenyl	
was	 annulated	 by	 electron-rich	 five	 membered-ring	 of	 azulene	 moiety.	 These	 two	 compounds	 were	 unexpectedly	
synthesized	from	2-terphenyl	azulene	by	stepwise	intermolecular	and	intramolecular	oxidative	C–H/C–H	couplings.	X-ray	
diffraction	analysis	revealed	that	the	crystals	of	both	compounds	contain	a	pair	of	enantiomers.	Furthermore,	the	axially	
chiral	1,1’-biazulene	derivatives	were	 successfully	 separated	 into	enantiomers	 that	exhibited	clear	mirror-image	circular	
dichroism	spectra	up	to	near-infrared	region.		

Introduction	
The	demand	for	organic	π-conjugated	molecules	with	axial	chirality	
becomes	 significantly	 important	 in	 association	 with	 the	
developments	of	 chiral	 electronic	materials	 and	devices.	 For	 this	
reason,	organic	molecules,	such	as	helicenes1	and	their	axially	chiral	
analogues2	have	been	extensively	investigated	over	the	last	several	
decades.	Among	 various	organic	π-conjugated	molecules,	 azulene,	
an	structural	isomer	of	naphthalene,	has	unusual	structural,	optical	
and	electronic	properties.3	Azulene	possesses	a	10π	non-benzenoid	
structure	 which	 consists	 of	 one	 electron-rich	 five-membered	 ring	
and	 one	 electron-deficient	 seven-membered	 ring	 with	 a	 dipole	
moment	 of	 1.08D	 so	 as	 to	 receive	 aromatic	 stabilization.4	
Consequently,	 these	 electronic	 features	 distinguish	 azulene	 from	
other	typical	fused	benzenoids	by	non-mirror-related	HOMO/LUMO	
geometry.	 In	 addition,	 azulene	 exhibits	 a	 small	 HOMO–LUMO	gap	
and	 a	 weak	 S0→S1	 transition	 in	 the	 visible	 region,	 which	 makes	
azulene	as	one	of	the	smallest	conjugated	systems	having	a	visible	
chromophore	 with	 blue	 color.5	 These	 interesting	 electronic	 and	
photophysical	 properties	make	 azulene	 a	 promising	 building	 block	
for	 construction	 of	 new	 optoelectronic	 materials.	 Currently,	 a	
number	 of	 azulene-based	 π-conjugated	 materials	 have	 been	
synthesized	 and	developed	 as	 useful	materials	 in	 various	 research	
fields.3,6-15	

Among	 these	 azulene-based	 π-conjugated	 molecules,	 biaryl	
compounds,	 such	 as	 the	 1,1ʹ-biazulene,	 are	 considered	 to	 be	
isomers	of	1,1ʹ-binaphthyl	compounds	that	have	been	widely	used	
in	 asymmetric	 synthesis	 as	 axially	 chiral	 auxiliaries.16	 Considering	
azulene’s	 unique	 structural	 and	 optoelectronic	 features,	 potential	
properties	 and	 applications	 of	 axially	 chiral	 1,1ʹ-biazulene	
derivatives	 would	 be	 promising	 and	 worthy	 for	 exploration.	
However,	 the	 intrinsic	 instability	 of	 1-haloazulene	 limits	 efficient	
aryl-aryl	 coupling	 of	 azulene.8f	 Additionally,	 very	 few	 axially	 chiral	
1,1ʹ-biazulene	derivatives17,18	(Fig.	1a)	have	been	reported	because	
five-	 and	 seven-membered	 rings	 of	 azulene	 moiety	 exhibit	 less	
hindered	 rotation	 around	 aryl–aryl	 bond,	 compared	 to	 1,1ʹ-
binaphthalene.	 Herein	 we	 report	 a	 1,1ʹ-biazulene	 1	 and	 its	 π-
extended	derivative	2,	which	were	unexpectedly	 synthesized	 from	
2-terphenyl	azulene	by	stepwise	intermolecular	and	intramolecular	
C–H/C–H	 couplings	 (Fig.	 1b).	 In	 addition,	 X-ray	 crystallographic	
structures,	 the	 isolation	of	stable	axially	chiral	1,1ʹ-biazulenes,	and	
photophysical	 and	 electrochemical	 properties	 derived	 from	
intriguing	π-systems	are	also	investigated.		

	

	
	
Fig.	1	(a)	Chemical	structures	of	representative	axially	chiral	biazulene	derivatives	and	
(b)	the	molecules	reported	in	this	work.
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Results	and	Discussions	
Synthesis	and	Structures	

The	 synthesis	 of	 1,1ʹ-biazulenes	 was	 conducted	 by	 using	 2-
terphenyl	 azulene	 3	 which	 was	 easily	 derived	 from	 azulen-2-yl-
boronic	 acid	 pinacol	 ester	 and	 2,6-dipheny-1-iodobenzene	 by	
Suzuki–Miyaura	 cross-coupling	 (Scheme	 1).	 On	 the	 course	 of	
oxidative	 dehydrogenation	 of	 3	 according	 to	 the	 previous	 related	
reports,19	 treatment	 with	 FeCl3	 as	 an	 oxidant	 induced	 the	
intermolecular	C–H/–C–H	coupling	of	3	to	afford	1,1ʹ-biazulene	1	in	
88%	 yield	 as	 a	 deep	 blue	 solid.	 In	 contrast,	 cyclodehydrogenation	
product	4	was	isolated	only	in	8%	yield,	which	was	initially	designed	
as	a	potential	molecule	for	organic	filed-effect	transistor	application.	
Furthermore,	 under	 the	 same	 oxidative	 conditions,	 we	 observed	
that	the	isolated	1	underwent	intramolecular	cyclodehydrogenation	
to	 give	 a	 π-extended	 1,1ʹ-biazulene	 derivative	2	 in	 33%	 yield	 as	 a	
greenish-yellow	 solid.	 Oligomers	 of	 3	 were	 not	 observed	 in	 the	
mass	 and	 1H	 NMR	 spectra.	 Several	 attempts	 for	 the	 one-pot	
synthesis	of	2	from	3	resulted	in	the	formation	of	trace	amount	of	2.	
The	reason	for	 this	 is	 likely	 that	 the	 intermediate	1	 is	 immediately	
protonated	 by	 in	 situ-generated	 HCl	 under	 oxidative	 conditions,	
which	 inhibits	 further	 oxidation	 of	 1	 to	 undergo	 intramolecular	
cyclization.20	 Due	 to	 the	 electron-rich	 properties	 of	 the	 five-
membered	ring	in	azulene,	oxidative	reactions	usually	prefer	to	take	
place	 at	 the	 C1	 and	 C3	 positions	 on	 azulene	 of	 3.	 Actually,	 DFT	
calculations	 for	 the	 radical	 cation	 3•+	 indicate	 that	 large	 spin	
densities	 locate	 on	 C1	 and	 C3	 positions,	 which	 lead	 aryl–aryl	
coupling	 between	 azulene	 moieties	 (see	 Fig.	 S11	 in	 SI	 for	
details).19b,21	 In	 the	 case	 of	 1•+,	 the	 Mülliken	 spin	 density	 resides	
almost	completely	on	the	azulene	core,	and	negligible	spin	density	
is	delocalized	over	the	phenyl	groups,	indicating	that	radical	cation	
pathway	 is	 not	 suitable	 to	 explain	 the	 reaction	 mechanism	 of	
intramolecular	 cyclization	 (Fig.	 S11	 and	 Table	 S8).	 In	 the	
measurements	 of	 cyclic	 voltammetry	 (CV),	 1	 exhibited	 two-stage	
oxidation	waves	with	poor	 reproducibility	 (Fig.	 S9	and	S10).	 These	
theoretical	 and	 experimental	 studies	 indicated	 that	 the	
intramolecular	 cyclization	 of	1	 is	 likely	 to	 proceed	 by	 the	 dication	
pathway.19b	

 

Scheme	 1	Oxidative	C–H/C–H	coupling	of	2-terphenyl-azulene	3	 for	 synthesis	of	1,1’-
biazulenes	 1	 and	 2.	 Abbreviations:	 Bpin=4,4,5,5-tetramethyl-1,3,2-	 dioxaborolan-2-yl; 

dba=dibenzylideneacetone. 
 

The	1H	NMR	spectra	of	1	and	2	indicated	the	existence	of	single	
conformers,	 respectively.	 Due	 to	 the	 bulky	 terphenyl	 groups	 and	
the	 sterically	 congested	 helical	 structure,	 we	 expected	 there	 are	
stable	 and	 isolable	 atropisomers	 of	 1	 and	 2.	 To	 our	 delight,	 the	
molecular	structures	of	1,	2	and	4	were	unambiguously	determined	
by	 the	 single	 crystal	 X-ray	diffraction	analysis	 (Fig.	 2	 and	 S1–S6).22	
These	results	also	reveal	that	the	crystals	of	1	and	2	contain	a	pair	
of	enantiomers.	The	distance	between	the	phenyl	rings	and	azulene	
moieties	 for	 1	 and	 2	 is	 3.15	 Å	 and	 3.34	 Å,	 and	 these	 effective	
intramolecular	 π-π	 interactions	 lock	 the	 dihedral	 angles	 between	
the	 azulene	moieties	 (64.7°	 for	1	 and	64.9°	 for	2)	 and	 restrict	 the	
free	rotation	of	phenyl	rings.	Actually,	in	measurements	of	1H	NMR	
spectra,	 we	 observed	 five	 non-equivalent	 proton	 signals	 derived	
from	fixed	phenyl	rings	of	2	(see	SI	for	details).	In	the	intramolecular	
C–H/C–H	 coupling	 reaction	 of	 1,	 the	 formation	 of	 twisted-2	 with	
two-fold	symmetry	was	not	observed	at	all,	which	was	calculated	to	
be	 unstable	 by	 ∆E	 =	 23.2	 kcal/mol	 compared	 with	 (S)-2	 or	 (R)-2	
probably	 because	 of	 the	 large	 strain	 energy	 that	 results	 from	 the	
highly	 bent	 structure	 of	 phenanthroazulene	 around	 the	 C–C	 bond	
between	azulene	moieties	(Fig.	S12).	In	addition,	no	transition	state	
was	observed	in	the	transformation	from	(S)-2	or	(R)-2	to	twisted-2	
regardless	 of	 several	 calculations	 with	 different	 initial	 structures,	
methods	and	 levels.	 It	 should	be	mentioned	that	each	enantiomer	
of	compound	1	and	2	 is	rather	unstable	 in	solution	and	easy	to	be	
decomposed	in	the	heating	condition	at	40	°C.	However,	in	the	solid	
state,	 they	 do	 not	 show	 decomposition	 even	when	 heated	 above	
the	melting-point	temperatures	(Fig.	S18	and	S19).		

 

Fig.	2	ORTEP	drawings	of	single-crystal	structures	of	1	and	2	with	50%	probability.22	(a)	
Molecular	structure	of	(R)-1.	(b)	Molecular	structure	of	(S)-2.	

	

Electronic	and	Photophysical	Properties	

Next,	cyclic	voltammetry	(CV)	of	1,	2,	3	and	4	were	performed	
to	clarify	the	electronic	properties	(Fig.	S9	and	S10).	In	the	oxidation	
process,	anodic	peak	potentials	(Epa)	were	recorded	for	comparison.	
Compound	 3	 shows	 one-stage	 oxidation	 wave	 (Epa	 =	 +0.68	 V	 vs.	
Fc/Fc+)	 with	 poor	 reproducibility,	 while	 the	 dimer	 1	 exhibits	 two-
stage	oxidation	waves	(Epa	=	+0.33	V	and	+0.85	V).	Additionally,	the	
second	oxidation	wave	of	1	 is	 irreversible	with	 low	reproducibility,	
indicating	that,	in	the	presence	of	strong	oxidant	like	FeCl3,	unstable	
dication	 12+	 can	 be	 generated	 and	 likely	 to	 involve	 as	 the	
intermediate	in	the	intramolecular	cyclization	of	1	to	2.	Compound	
4	 showed	 featureless	 but	 reproducible	 wave	 (Epa	 =	 +0.28	 V)	 in	
several	 circles,	 probably	 due	 to	 the	 effect	 of	 aggregation.		
Compound	2	 shows	three-stage	waves	 (Epa	=	+0.21	V,	+0.64	V,	and	
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+1.40	V),	whereby	 the	 first	oxidative	wave	 is	negatively	 shifted	by	
ΔEpa	=	0.12	V	and	0.47	V	with	respect	to	that	of	1	and	3,	 indicating	
its	 strong	electron-donating	ability	due	 to	 the	effective	elongation	
of	 π-conjugation	 over	 two	 electron-rich	 five-membered	 rings	 on	
1,1ʹ-azulene.	 In	 the	 reduction	 process,	 compound	 1,	 2,	 and	 3	
showed	 irreversible	waves	 between	 –2.16	 V	 and	 –2.43	 V,	 but	 the	
difference	 is	 apparently	 smaller	 than	 those	 observed	 in	 the	
oxidation	 process,	 indicating	 their	 similar	 LUMO	 energy	 levels.	
While	compound	4	exhibit	the	reduction	wave	protentional	at	–1.88	
V,	indicating	the	lower	LUMO	level	with	respect	to	those	of	1,	2	and	
3.	These	results	are	also	supported	by	DFT	calculations	(Fig.	S13).	

The	absorption	 spectra	of	1	and	3	are	quite	 similar,	 exhibiting	
main	absorption	around	310	nm	with	a	shoulder	from	330–440	nm	
and	the	longest	absorption	centered	around	590	nm	(Fig.	3).	While	
compared	to	1	and	3,	to	due	the	effective	π-extension,	compound	4	
showed	red-shifted	the	main	absorption	at	372	nm	and	the	longest	
absorption	 at	 695	 nm.	 	 Additionally,	 reflecting	 the	 π-extended	
structure	 and	 high-lying	 HOMO,	 2	 exhibited	 the	 main	 absorption	
peak	at	349	nm	(log	ε	=	4.94)	with	a	broad	shoulder	peaks	around	
400–500	nm.	 The	 longest	 absorption	 centered	 at	 683	 nm	 (log	 ε	 =	
2.61),	 tailing	up	to	900	nm,	 is	 remarkably	red-shifted	compared	to	
those	of	3	and	1	by	98	and	90	nm,	respectively.	All	these	results	are	
well	supported	by	TD-DFT	calculations	(Fig.	S13).	In	stark	contrast	to	
1,1ʹ-binaphthyl	 compounds,	 the	 1,1ʹ-biazulene	 derivatives	1	 and	2	
are	 not	 emissive.	 It	 is	 well	 known	 that	 azulene	 exhibits	 weak	
emission,	 however,	 all	 the	 reported	 1,1ʹ-biazulene	 derivatives	 are	
not	emissive	probably	because	of	their	strong	vibrations	around	the	
aryl-aryl	bond.8f,17,18,22	
 

 

Fig.	 3	 The	UV-Vis-NIR	 absorption	 spectra	 of	1,	2，3	 and	4	 in	 CH2Cl2.	 The	 pictures	 of	
their	CH2Cl2	solutions	and	powders	are	included.	

	

Finally,	 the	 racemic	 mixtures	 of	 1	 and	 2	 were	 successfully	
separated	 by	 chiral	 HPLC	 (Fig.	 S7	 and	 S8).	 The	 absolute	
configuration	 of	 the	 axial	 chirality	 of	 1	 and	 2	 was	 determined	
through	 comparison	 of	 the	 experimental	 CD	 spectra	 with	 those	
obtained	in	TD-DFT	calculations	(Fig.	S14	and	S15).	The	first	eluted	
peaks	for	1	and	2	in	the	chiral	HPLC	analyses	were	suggested	to	be	
(R)-1	and	(R)-2,	 respectively.	For	enantiomers	of	both	1	and	2,	 the	
circular	dichroism	(CD)	spectra	(Fig.	4)	exhibited	the	mirror-imaged	
spectra	having	strong	Cotton	effects	at	256,	308	and	337	nm	for	1	

and	 282,	 333,	 358	 and	 404	 nm	 for	 2	 in	 the	 UV-Vis	 region,	
respectively,	 indicating	 that	 each	 fraction	 consists	 of	 enantiomers	
with	 opposite	 chirality.	 Due	 to	 the	 strong	 absorption	 coefficients,	
the	intensity	of	the	main	bands	for	1	and	2	(308	nm	for	1:	|	∆ε	|	=	
74.4	M–1·cm–1,	|	gCD	|	=	|	∆ε	/	ε	|	=	1.0	×	10

–3;	404	nm	for	2:	|	∆ε	|	=	
33.1	M–1·cm–1,	|	gCD	|	=	1.2	×	10

–3)	are	stronger	than	those	of	other	
helical-based	 signals	 (Tables	 S2	 and	 S3),	 though	 the	 dissymmetry	
factor	 |	 gCD	 |	 is	 small.	 It	 is	 notable	 that	 the	 compounds	 1	 and	 2	
shows	 quite	 weak	 absorption	 coefficients	 and	 Cotton	 effects	 at	
longer	wavelength	regions,	but	detectable	mirror	 image-like	bands	
were	 also	 observed	 around	 600–700	 nm.	 From	 the	 calculations,	
those	gCD	values	(596	nm	for	(R)-1:	|	∆ε	|	=	1.7		M–1·cm–1,	|	gCD	|	=	
2.8		×	10–3;	626	nm	for	(S)-1:	|	∆ε	|	=	0.4	M–1·cm–1,	|	gCD	|	=	7.4	×	
10–4	;	686	nm	for	(R)-2:	|	∆ε	|	=	0.3	x	M–1·cm–1,	|	gCD	|	=	5.5	×	10

–4	;	
666	nm	for	(R)-2:	|	∆ε	|	=	0.3	x	M–1·cm–1,	|	gCD	|	=	7.0	×	10

–4)	were	
not	 low	 compared	 to	 those	 at	 shorter	 wavelength	 regions.	 These	
observations	 indicate	 that	 the	 contribution	of	 the	 frontier	 orbitals	
of	 azulene	 moieties	 are	 effectively	 incorporated	 to	 the	 helical	
segments,	and	π-extensions	at	 five-membered	 rings	on	chiral	1,1ʹ-
biazuene	represents	one	of	potential	 strategies	 for	 the	creation	of	
azulene-based	chiroptical	materials.	

 

 

Fig.	4	(a)	CD	spectra	of	enantiopure	(R)-1	(red	line,	the	first	fraction)	and	(S)-1	(blue	line,	
the	 second	 fraction)	 eluted	 from	 n-hexane/CH2Cl2	 (7:3)	 at	 30	 °C.	 (b)	 CD	 spectra	 of	
enantiopure	(R)-2	(red	line,	the	first	fraction)	and	(S)-2	(blue	line,	the	second	fraction)	
eluted	 from	n-hexane/CH2Cl2	 (1:1)	 at	 40	 °C.	 All	 separations	were	 conducted	 in	 HPLC	
equipped	with	a	CHIRALPAK®	 ID	column	at	 the	 flow	 rate	of	0.6	mL/min	 for	1	 and	1.0	
mL/min	for	2.

	

Conclusions	
In	summary,	we	have	synthesized	axially	chiral	1,1ʹ-biazulene	1	

and	 its	 π-extended	 derivative	 2,	 which	 were	 synthesized	 by	
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stepwise	 intermolecular	 and	 intramolecular	 oxidative	 C–H/C–H	
couplings	from	2-terphneyl	azulene.	The	structures	of	1	and	2	were	
unambiguously	confirmed	by	single-crystal	X-ray	diffraction	analysis,	
which	also	revealed	that	their	crystals	contain	a	pair	of	enantiomers.	
The	 enantiomers	 of	1	 (S	 and	R)	 and	2	 (S	 and	R)	were	 successfully	
separated	 by	 chiral	 HPLC	 and	 exhibited	 clear	 mirror-image	 CD	
spectra	 up	 to	 800	 nm	 and	 900	 nm,	 respectively.	 Furthermore,	 CV	
measurements	indicated	that	the	π-extended	derivative	2	exhibited	
a	 high-lying	HOMO	on	 account	 of	 the	π-extended	 network	 by	 the	
electron-rich	 five-membered	 ring	 of	 the	 azulene	 moiety,	 which	 is	
reflected	in	the	longest	absorption	centred	at	683	nm,	tailing	up	to	
900	nm.	 The	electronic	 and	photophysical	 properties	 of	2	make	 it	
attractive	 for	 future	 application	 as	 optoelectronic	 materials.	 The	
efficient	 synthetic	method	 reported	here	 should	be	highly	 general	
and	 applicable	 to	 prepare	 various	 chiral	 molecules	 based	 on	
azulenes.	
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