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and demonstrate their potential application as acid sensor materials. The unique characteristic of azulene compound is its
large dipole moment, and azulene derivatives with conjugation either along or orthogonally to the dipole direction of

azulene were synthesized and their electronic and optical properties were studied. Our results showed that azulene with

conjugation orthogonally to the dipole direction exhibits significantly optical properties change upon protonation due to

strong intermolecular charge transfer. The low band gap absorption can reach up to mid-IR range, albeit at high acid doping

concentration. On the other hand, conjugated azulenes along the dipole direction could be protonated easily even at very

low acid concentration (ppm level), which is attributed to the co-planar structures upon protonation and their high proton

affinity. Mechanism behind the discrepancy between the two configurations are elucidated and further supported by

computer simulation. The application of azulene chromophore for chemical sensor with sensitivity at ppm level was also

demonstrated in this work.

Introduction

Azulene is the best known nonalternant aromatic hydrocarbon
for its large dipole moment and unusual excited state
properties.13 The absolute values of atomic orbital coefficients
for azulene indicate that the electrons in the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) have relatively little overlap,
particularly at the nodal points of C2 and C6 in HOMO and C1
and C3 in LUMO (Scheme 1a).4% This leads to a relatively small
electron repulsion energy in the first excited singlet state and
thus a low transition energy to the S1 state in the visible region.
The large dipole moment (1.08 D) of azulene arises from the
fusion of the electron-rich five-membered ring
(cyclopentadienyl anion) and the electron-poor seven-
membered ring (electron tropylium cation), resulting in the
electron drift from the seven-membered ring to five-membered
ring. This unique configuration of azulene makes it an ideal
building block for designing functional molecules with direction-
dependent property. That is, the optical band gap and on-off
fluorescence could be easily modulated using different
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substitution patterns either along or orthogonally to the dipole
direction of azulene (Scheme 1b).
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Scheme 1 (a) The relative electron density of the HOMO and
LUMO of azulene ring. (b) Molecular design of azulene
derivatives with conjugation either along or orthogonally to the
dipole direction of azulene.

To date, azulene-based conjugated materials have been
reported for many applications such as conducting polymers,”
10 near IR absorption,> 12 fluorescent switching,13 14
electrochromic devices,>17 and organic solar-cell materials.18-20
In most of these functional materials, azulene was used as core
building block through the conjugation along the C1-C3
direction (orthogonally to the dipole direction of azulene) due
to their facile synthesis, pH-responsive behavior and interesting
optical properties. Particularly, we have reported a series of
near and middle IR responsive polymers in the range of 800 nm
to 2.5 um for applications in near IR absorption and
electrochromic devices (ECDs).12 These azulene-containing
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polymers were prepared through coupling at C1 and C3 of
azulene, and they could be protonated using high concentration
of organic acid such as trifluoroacetic acid (TFA). The near-IR
absorption was attributed to the protonation-induced
intramolecular charge transfer (ICT) transition. On the other
hand, as shown in Scheme 1la, C2-C6 conjugated connection
(along the dipole direction of azulene) of azulene is expected to
be more interesting than other configurations because the high
symmetry of C,, can be retained in the C2-C6 coupled of azulene
structures. As a result, the electrons could be delocalized on
dipolar C,, axis of azulene and thus leads to a large
hyperpolarizability and a large dipole moment, which takes full
advantage of azulene structure.l3> However, due to long and
elaborate synthetic procedures, it is only recently that the C2-
C6 conjugated coupled chromophores were
successfully synthesized.?-2* These C2-C6 conjugated azulene
oligomers showed strong intermolecular interactions and high-
order orientations in crystalline state, together with tunable-
polarity FET characteristic.22 23 It is also reported that the C2-C6
linked polyaminoazulene showed good proton conductivity.2*
While azulene-based materials with C1-C3 and C2-C6
conjugation have been reported respectively, the exploration of
the unique characteristics of azulene compounds conjugated at
either C1-C3 or C2-C6 positions for practical application has not
been reported.
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Scheme 2 The synthesis of the conjugated compounds.

We here report the synthesis and optical studies of azulene-
thiophene oligomers coupled at either C1-C3 or C2-C6
directions (Scheme 1b), and their unusual optical properties
upon protonation were also compared. We showed that the
large polar azulene core induced a strong intermolecular charge
transfer upon protonation, leading to a remarkable red shift to
near IR absorption upon protonation, albeit at high acid
concentration; while a high sensitivity to ppm level of acid was
achieved for the azulene-thiophene oligomer coupled along the
C2-C6 direction, which was attributed to the co-planar
structures upon protonation and their high proton affinity. To
the best of our knowledge, this is the first to report the unique
different characteristics of azulene compounds with

2| J. Name., 2012, 00, 1-3

conjugation at different positions. Moreover,, this; werks
represents the first study on stimuli-resgdplsiVel BeHa 08 T2
C6 conjugated azulene compounds in both solution and the
solid state. The mechanism behind is also elucidated, and their
application as
demonstrated.

ultra-sensitive acid sensor materials is

Results and discussion
Synthesis and characterization

The general synthetic procedure for the molecules is shown
in Scheme 2. The coupling reaction between ethyl cyanoacetate
(1) and 2-chlorocyclohepta-2,4,6-trien-1-one (2) gave the
product diethyl 2-aminoazulene-1,3-dicarboxylate  (3).
Bromination of diethyl 2-aminoazulene-1,3-dicarboxylate (3) in
solution of chloroform gave compounds 2-amino-6-bromo-
azulene-1,3-dicarboxylic acid diethyl ester (4). Successively,
diazotization of compound 4 in synthesis of 2-diazo-6-oxo-2,6-
dihydro-azulene-1,3-dicarboxylic acid diethyl ester (5) was
conducted in TFA under O °C. Photochemical reaction of
compound 5 in thiophene generated diethyl 6-hydroxy-2-
(thiophen-2-yl)azulene-1,3-dicarboxylate  (6).  Diethyl  2-
(thiophen-2-yl)-6-(((trifluoromethyl)sulfonyl)oxy)azulene-1,3-
dicarboxylate (7) was obtained through reacting compound 6
with triflic anhydride. The Stille coupling reaction between
compound 7 and tributyl(4-dodecylthiophen-2-yl)stannane
were carried out to give compound diethyl 6-(4-
dodecylthiophen-2-yl)-2-(thiophen-2-yl)azulene-1,3-
dicarboxylate (TAT-2) in good vyield (0.25g, 62%). Finally,
compound 8 (0.5 g) was dealkoxycarboxylated by hydrolysis in
ethanol/water and then in H3PO,4 at 130 °C to give 4-dodecyl-2-
(2-(thiophen-2-yl)azulen-6-yl)thiophene (TAT-3). TAT-1
containing 1,3-connected azulene is also synthesized as control
group to compared with TAT-2 and TAT-3 containing 2,6-
connected azulene. The chemical structures of new compounds
were identified by *H NMR, 13C NMR and HRMS (ESI ).

Protonation studies

As shown in Fig. 1, UV-vis spectra of TATs demonstrate
absorption bands in the region A < 600 nm. The absorption
maxima for TAT-1 is 306 nm. TD-DFT calculation reproduces
well with the spectrum of TAT-1 (€ = 5.6 x 10* M cm™). The
shoulder in 343 and 423 nm is ascribed to the HOMO —
LUMO+1, HOMO-1—LUMO and HOMO-3—LUMO transitions.
Bathochromic shift is observed when C1-C3 connectivity of
azulene in TAT-1is changed to C2-C6 connected azulene in TAT-
2 and TAT-3. Both TAT-2 and TAT-3 exhibit dual-band
absorption. The low energy absorption band and high energy
absorption band are attributed to the charge transfer and m-nt*
transition, respectively. Azulene itself possesses a D-A structure
with electron drifting from the seven-membered ring to the
five-membered ring. Therefore, conjugation connection of
azulene along its dipole direction (C2-C6) reinforced the
hyperpolarizability and dipole moment along the molecule
backbone, and thus leads to charge separation and red-shifted
absorption. Therefore, the maximum absorption for TAT-2 (€ =
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8.1 x 10* M cm) and TAT-3 (€ = 1.01 x 10> M cm1) shifted to
464 and 439 nm, respectively.

Remarkable spectral change is observed upon protonation.
The longest bathochromic shift is found for TAT-1. TAT-1 shows
newly formed high-energy absorption band (460 — 780 nm) and
low-energy absorption band (850 — 1400 nm) upon protonation,
which is comparable to our previous results.2>26 On the other
hand, TAT-3 exhibits a distinct absorption band with high molar
extinction coefficient (547 nm) in comparison with TAT-1 and
TAT-2. The measured molar extinction coefficients for
protonated compounds TAT-1 at 1125 nm are 0 (1% TFA), 5.3 x
103 (10% TFA) and 4.01 x 10* M cm? (30% TFA). TAT-3
demonstrates the molar extinction coefficient of 1.09 x 10° M
cmlwhen TFA concentration is 1%. However, TAT-2 does not
display obvious spectral change upon the protonation process,
which was attributed to the scarce electron density at the five-
membered ring of azulene in TAT-2. It is well known that
electron-rich position with high proton affinity is important for
the protonation.?7.28 Alkoxycarboxylated group may greatly
reduce electron density of the five-membered ring of azulene.
Reduced electron density and steric hindrance thus inhibit the
protonation of azulene in TAT-2.
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Fig. 1 Normalized optical absorption spectra of TATs in CHCl;3
solution (a) before and (b) after protonation with TFA.

The UV-vis-NIR spectra change for both TAT-1 and TAT-3

under different TFA concentration are studied. In general, an
increase of TFA concentration leads to the increased intensity

This journal is © The Royal Society of Chemistry 20xx
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of newly formed absorption bands and bleaching of original, 7=
TT* transition. Although both chromoph&fésl8r@3¥§SohsRE te
TFA, their sensitivities to acid is quite different. Remarkable
spectra change for TAT-1 can only be observed when TFA
concentration was above 3% (V). Also, when the TFA
concentration was beyond 30% (V), the spectra change
becomes unnoticeable again, suggesting an acidic saturation is
reached at this TFA concentration.’?25 Interestingly, TAT-3
shows an ultra-sensitivity to acid as compared to TAT-1. As can
be seen in Fig. 2, trace amount of TFA (0.07% v/v) can induce
significant spectral change, and the acid saturation reached at
low TFA concentration (~1% (v/v)). An isosbestic point observed
at 475 nm is consistent with two inter-converting optically
different phases being present in the solution. Moreover, these
acid-mediated optical changes of TAT-3 are reversible in
solution, with original spectral characteristics by being
recovered after neutralization of the protonated species using
triethylamine. This protonation-deprotonation process can be
repeated for more than 20 times without remarkable spectra
change.
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Fig. 2 UV-vis-NIR spectra of the chloroform TAT-1 (a) and TAT-3
(b) in chloroform solution as a function of TFA concentration.

The protonated azulenes also demonstrate interesting
emissive properties. Neutral TATs in CHCI; do not show any
detected fluorescence. However, upon protonation, TAT-1 and
TAT-3 give emissive spectra with Amax at 460 and 580 nm,
respectively (Fig. 3). Similar to their absorption spectra, the
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fluorescence intensities of TAT-1 and TAT-3 vary with TFA
concentrations. For example, the fluorescence intensity of TAT-
3 reaches to the highest point at TFA concentration of 0.033%
(v/v). The relative fluorescence efficiencies (¢s) of TAT-1 and
TAT-3 in CHCI; were measured by using quinine sulphate and
Rhodamine B as standard. The measured ¢+s of TAT-1 and TAT-
3 were at 0.006 and 0.04 in CHCIs/TFA, respectively. The
emission intensity of TAT-3 is more than 6 times higher than
TAT-1 which could be attributed to the co-planar electronic
structures of protonated TAT-3 as will be discussed below.

All these results suggest that both the C1-C3 and C2-C6
conjugated showed reversible protonation-
deprotonation process. However, due to the different
electronic configuration, their spectra change upon protonation
and sensitivity to acid are significantly different. These spectra
and sensitivities change make azulenes versatile materials. The
spectra change upon protonation allows the design of
absorption materials covering from visible to IR ranges. For
instance, the C2-C6 conjugated azulene help to cover the visible
range while the C1-C3 conjugated azulene will cover the near IR
spectra range. On the other hand, the sensitivity difference
makes it possible to design sensors that are applicable both in
the low and high acid concentration range (from ppm level to
high concentrated). The remarkably different spectra change
upon protonation is further elucidated in the following DFT
calculation, and the highly sensitivity of C2-C6 conjugated TAT-
3 was attributed to the high proton affinity (PA) of the C1 and

azulenes
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C3 position in azulene. The computer calculated PAfonthe TAT:
1 and TAT-3 were found to be 254.4 and 267 17 H¥Yéesgeeivehn
Fig. 3 Fluorescence spectra of (a) TAT-1 and (b) TAT-3 in the
presence of TFA. The excited wavelengths (Aex) are 360 and 545
nm, for TAT-1 and (b) TAT-3, respectively.

Computer simulation studies

In order to clarify the absorption difference between TAT-1
and TAT-3, DFT calculation is conducted. The geometry
optimisation and energy calculations were performed with
Gaussian 09 software suite using B3LYP/6-31+G(d,p) (Fig. 4).2°
For simplification, the long alkyl chains were replaced with
methyl groups. For neutral TAT-1, HOMO is delocalized on the
whole backbone, while LUMO is located on azulene. After
protonation, HOMO is mainly distributed on thiophene units
while LUMO is delocalized on protonated azulene. For neutral
TAT-3, both HOMO and LUMO are delocalized on the whole
backbone. Upon protonation, HOMO is delocalized on the
whole backbone while LUMO is located on protonated azulene
and part of thiophene units.

Neutral Protonated

Lumo N — SN ‘e e
P, e iy

Fat o S »-d

A o g %

4 )
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wmo ;B g{‘;’;,j ) :, ‘J“."J’,‘

oo 8989060 D240

TAT-3

Fig. 4 Optimized structures of frontier molecular orbitals for
model compounds TAT-1 and TAT-3 in their neutral and
protonated states (green and red lobes indicate orbital lobes).

Computer simulation indicated that the charge separation for
protonated TAT-1 is more efficient than that for protonated
TAT-3, thus leads to a greater reduction of band-gap and more
red-shifted absorption of protonated TAT-1. Moreover, dipole
moment for protonated TAT-1 (7.34 D) is four times larger than
that of protonated TAT-3 (1.82 D) which may be due to the
twisted donor/acceptor in protonated TAT-1. Fig. 5 shows the
simulated electrostatic potential (ESP) map of the protonated
TAT-1 and TAT-3 where the proton was added to C-1 of azulene.

This journal is © The Royal Society of Chemistry 20xx
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Clearly, we can see that the positive charge is mainly delocalized
on the seven-membered ring of azulene in protonated TAT-1
while the positive charge is delocalized on the whole molecule
in protonated TAT-3. The conformational analysis of both
protonated molecules were displayed in Fig. 5, where the
relative energy of the molecular as function of the torsion angle
between thiophene and azulene ring was calculated using DFT
theory. Protonated TAT-1 and TAT-3 showed significant
different stable states of molecular conformation. For
protonated TAT-1, the low energy conformation was found at
large twisted angles between azulene and thiophene rings,
while for protonated TAT-3, the stable state was found at the
co-planar conformation. Meanwhile, TD-DFT is also done to
calculate the excited states for molecules. For neutral TAT-3,
453.9 (oscillation strength, f =1.0576) and 303.7 nm (f = 1.0351)
are the main absorption bands. Upon the protonation,
simulation shows main absorption bands are 505.3 (f = 1.1928)
and 401.2 nm (f = 0.2085). The TD-DFT further validates the UV-
vis spectra of molecules.

Relative Energy (Kcalimol)

o
150 -100 50 O 50 100 150
Torsional Angle (deg)

(b)

Rlative Energy (Kcal/mol)

¢
o -
150 100 50 0 50 100 150

Torsional Angle (deg)

Fig. 5 The comparison of the electrostatic potential (ESP)
mapping of protonated (a) TAT-1 and (b) TAT-3. The right curve
show the conformational analysis of both protonated molecules
as function of the torsion angle between thiophene and azulene
ring.

Applications in TFA sensing

TAT-3 showed much higher sensitivity to low TFA concentration
at ppm level, in contrast to TAT-1. Furthermore, solid TAT-3 film
showed even higher sensitivity to TFA. The compound films
were prepared via dip-coating the TAT-3 solution onto TLC plate
and then dried under atmosphere. Fig. 6 shows the color change
of TAT-3 film when exposure to TFA at various gas
concentrations. The original plate showed a light yellow color.
Upon the addition of 10 ppm TFA, the plate color became darker
in seconds. At higher TFA concentration (> 30 ppm), the color
changed from dark yellow to pink. A bright-pink color can be
observed when TFA concentration was higher than 50 ppm.
These results suggest that TAT-3 shows a higher sensitivity to
TFA at solid state than in solution. Moreover, similar response
could also be observed in the fluorescence change. Under the

This journal is © The Royal Society of Chemistry 20xx
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same situation, solid TAT-3 film gave stronger regd. |ight When
TFA  concentration  gradually  in&eases039/(SUppesahg
Information). Most importantly, solid TAT-3 film displayed
reversible color change (either in absorption or emission). The
solid film can be easily protonated by TFA vapour, and
recovered to its original color upon treatment with ammonium
or argon gas flow. The reversibility and durability of the
colorimetric response of TAT-3 to TFA was investigated by
monitoring the color change upon repeating the protonation-
deprotonation process for many consecutive cycles as shown in
Fig. 6. Digital photographs of the film over the course of the
cycling experiment were subjected to a colorimetric evaluation
in RGB (red, green, blue) color levels based on literatures.3°
Color change in form of green channel as a function of cycle
number is displayed in Fig. 6b, where good reversibility and
durability of the protonation and deprotonation process can be
observed.

(b)

Average Green Value (RGB)

Cycle

Fig. 6 (a) Color change of TAT-3 film when exposure to various
TFA concentration. (b) RGB color analysis (green channel) of the
reversible protonation/deprotonation of a thin film of TAT-3
over 7 complete cycles (exposure to TFA vapor followed by
removal of TFA under a flow of argon). The colored squares
above and below the data points are actual images of the thin
film at each step.

Conclusions

In summary, we here reported the synthesis and optical studies
of azulene derivatives with different electronic configurations.
Our results showed that the C1-C3 conjugated azulenes
displaying a remarkable spectra shift to near IR range upon
protonation due to strong ICT effect, but they are less sensitive
to acid concentration as remarkable spectra revolution can only
be observed at high TFA concentration (> 3%, v/v). However, the
C2-C6 conjugated azulenes showed less spectra shift upon
protonation, but they are extremely sensitive to TFA. Obviously
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spectra change can be observed at low TFA concentration
(ppms), particularly for the solid state TFA-3 film. These
differences were illustrated by DFT simulation and the
application for TFA sensing was demonstrated with good
reversibility and durability. These results suggest that azulene is
a versatile building unit for molecular design to achieve various
applications, simply by tuning the molecular electronic
configuration.

Experimental details
Materials

Ethyl cyanoacetate (98%), 2-chlorocyclohepta-2,4,6-trien-1-one
(98%), thiophene (99%), triethylamine (99%) lithium chloride (99%),
trifluoroacetic  acid  (99%), triphenylarsine  (97%) and
trifluoromethanesulfonic anhydride (99%) were purchased from
Sigma-Aldrich. Dichloromethane (CH,Cly) was distilled with calcium
hydride to remove water. Other commercially available solvents and
reagents were used as received.

Instrumentation

1H-NMR (400.13 MHZ) and 3C-NMR (100.61 MHZ) spectra were
recorded on Bruker DRX 400-MHZ NMR spectrometer in the solvent
of CDCl; at room temperature. Tetramethylsilane (TMS) was used as
an internal standard to express chemical shift. Mass spectra were
measured on a Bruker micrOTOFQIl. UV-vis-NIR spectra were
conducted on Agilent Cary 5000. Fluorescence Spectroscopy was
conducted on RF-5301PC of Shimadzu. The monomer solution is dip-
coated on TLC glass plate. The monomer on substrate was sealed
with various TFA concentrations in provided sample holder with a
quartz cover.

Simulation

All calculations were performed with the Gaussian 09 program
employing the Becke Three Parameter Hybrid Functionals
Lee-Yang-Parr (B3LYP) in conjunction with the 6-31+G(d,p) basis
set.?6 Full geometry optimizations without symmetry constraints
were carried out in the gas phase for the singlet ground states (So).
The energies of highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO) and other frontier orbitals
were calculated at the optimized structure. In all cases, the normal
modes revealed no imaginary frequencies indicating that they
represent minima on the potential energy surface.

Synthesis of compounds

Diethyl 2-aminoazulene-1,3-dicarboxylate (3). In the RBF equipped
with thermometer and additional funnel placed about 6 ml
anhydrous ethanol and then 0.13 g sodium metal was added. After
the sodium was dissolved, the reaction flask was put into an ice-
water bath. Then 0.67 ml ethyl cyanoacetate (1) was added slowly.
After the addition was finished, solution of 2-chlorocyclohepta-2,4,6-
trien-1-one (2, 0.4 g, 2.84 mmol) in anhydrous ethanol was added
drop by drop and the solution was changed to yellow immediately
after the addition. The reaction continued at 5-10 °C for another 4
hours, followed by quench of reaction via adding 25 ml water and
extraction with CHCls. The volatile was removed through rotary
evaporator. The crude product was chromatographed on silica gel
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using hexane/ethyl acetate (4/1, v/v) as eluent to afford thedtitle
compound (65 %) as light brown solids. 1H-NMR {8,10D€R 995482
H, ) =10.8 Hz), 7.80 (m, 2 H), 7.55 (t, 2 H, J = 10.8 Hz), 7.44 (t, 1 H, ) =
8.4 Hz), 4.46 (q, 4 H), 1.48 (t, 6 H).

2-Amino-6-bromo-azulene-1,3-dicarboxylic acid diethyl ester (4).
Diethyl 2-aminoazulene-1,3-dicarboxylate (3, 0.1 g, 0.35 mmol) and
2 ml chloroform were added into 25 ml flask. After all the materials
dissolved, 0.06 g bromine dissolved in 0.5 ml chloroform was added
and reacted overnight. A dark orange solution was obtained and then
poured into water. Then the reaction was extracted with CH,Cl, (15
ml x 3). The organic layers were combined and washed with 20 ml
NaHCOs solution (three times), 30 ml water (three times) and dried
over magnesium sulfate. After filtration, the volatile CHCIs and CH,Cl,
were removed through rotary evaporator. The crude product was
chromatographed on silica using hexane/ethyl acetate (5/1, v/v) as
eluant. This was obtained as orange solid (95%). 'H-NMR (6, CDCls):
8.76(d, 2 H,J=11.2Hz),7.77 (m, 2 H), 7.75 (d, 2 H, ) =11.2 Hz), 4.56
(9,4 H),1.47 (t, 6 H).

2-Diazo-6-ox0-2,6-dihydro-azulene-1,3-dicarboxylic acid diethyl ester
(5). The 2-amino-6-bromo-azulene-1,3-dicarboxylic acid diethyl ester
(4, 0.4 g, 1.09 mmol) was dissolved in 4 ml TFA at 0 °C. The mixture
was degassed by Ar. NaNO; (0.25 g, 3.6 mmol) was added in portions
over 10 mins under Ar. Then the reaction was stopped by addition of
water and extracted with CHCI3 (15 ml x 3). The organic layers were
combined and washed with NaOH solution, 30 ml water (three times)
and dried over magnesium sulfate. After filtration, the volatile CHCI3
was removed through rotary evaporator. The crude product was
chromatographed on silica gel using hexane/ethyl acetate (2/1, v/v)
as eluant. This was obtained as bright yellow solid (80%). H-NMR (8,
CDCl3): 8.35 (d, 2 H, J = 12.3 Hz), 6.66 (d, 2 H, J= 12.2 Hz), 4.44 (m, 4
H), 1.44 (m, 6 H). 13C NMR: 6 189.5, 161.5, 133.6, 133.1, 131.6, 120.8,
61.6, 14.0. HRMS(APCI): calcd for C16H14N,0s, m/z 314.0903; found,
m/z 314.1056.

Dethyl  6-hydroxy-2-(thiophen-2-yl)azulene-1,3-dicarboxylate (6).
Thiophene (500 ml) was first degassed with Ar for about 4 hours and
then transferred into a quartz reaction tube charged with 2-diazo-6-
oxo-2,6-dihydro-azulene-1,3-dicarboxylic acid diethyl ester (5, 1 g,
2.70 mmol). The reaction tube was put into a UV-reactor equipped
with the 3000A UV lamp. After overnight reaction, the thiophene was
removed and the residue was purified by column chromatography
on silica gel using hexane/ethyl acetate (1/1, v/v) as eluent, affording
the desired product as yellow solid (45%). 1H-NMR (6, CDCls3): 9.36 (d,
2 H,J=11.2 Hz), 7.38 (m, 1 H), 7.29 (m, 2 H), 7.11 (m, 2 H), 6.97 (m, 2
H), 4.16 (m, 4 H), 1.06 (m, 6 H). 13C NMR: § 168.9, 166.5, 142.3, 139.1,
138.9, 137.6, 127.0, 126.0, 125.2, 119.6, 118.2, 60.3, 13.6.
HRMS(APCI): caled for CyoHi1sN4OsS, m/z 370.0875; found, m/z
370.0976.

Diethyl 2-(thiophen-2-yl)-6-(((trifluoromethyl)sulfonyl)oxy)azulene-
1,3-dicarboxylate (7). Dethyl 6-hydroxy-2-(thiophen-2-yl)azulene-
1,3-dicarboxylate (6, 0.37 g, 1 mmol) was suspended on 20 ml
anhydrous CH2CI2. The mixture was cooled down to -20 °C by dry ice-
acetone bath under Ar. EtsN (0.42 ml, 3 mmol) was added drop by
drop and form a clear red-orange solution. Then triflic anhydride
(0.25 ml, 1.5 mmol) was added via syringe slowly. After the addition,
the reaction was maintained at -20 °C for 10 mins. TLC showed all the
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starting materials has been converted to the products. Then the
reaction was stopped by addition of water and extracted with CHCl;
(15 ml x 3). The organic layers were combined and washed with
NaHCO; solution, 30 ml water (three times) and dried over
magnesium sulfate. After filtration, the volatile CHCl; was removed
through rotary evaporator. The crude product was chromatographed
on silica gel using hexane/ethyl acetate (2/1, v/v) as eluant. This was
obtained as bright yellow solid (80%). TH-NMR (6, CDCls): 9.48 (d, 2
H, ) =11.44 Hz), 7.58 (d, 2 H, J = 11.16 Hz), 7.48 (d, 2 H, J= 4.12 Hz),
7.10 (m, 2 H), 4.23 (m, 4 H), 1.09 (t, 6 H, J = 7.08 Hz). 13C NMR: &
164.9, 155.7, 148.2, 140.3, 136.8, 136.5, 128.2, 126.7, 126.3, 123.5,
122.7,60.6, 13.7. HRMS(APCI): calcd for C,1H17F307S,, m/z 502.0368;
found, m/z 502.0674.

1,3-Bis[2-(3-n-dodecylthienyl)]azulene (TAT-1). To a round bottom
flask added magnesium turning (37.5 mmol) and anhydrous THF (30
ml). Under argon protection, a solution of 2-bromo-3-
dodecylthiophene in anhydrous THF (10 ml) was added dropwise
with stirring. After finishing the addition, the resulting mixture was
stirred at room temperature for 1 hour and then reflux for 4 hours
until all magnesium turnings were disappeared. The formed Grignard
reagent was then transferred to mixture of 1,3-dibromoazulene (6
mmol) and Ni(dppp)Cl; (0.22 g) in anhydrous THF that has been
cooed in ice-water bath. After all Grignard reagent was transferred,
the reaction mixture was then warm to room temperature and reflux
overnight. The mixture was cooled down to room temperature and
then dilute HCI solution (200 ml) was added under stirring. The
organic layer was separated and the aqueous layer was extract with
ether for 3 times. Combined the organic layers and washed with
sodium bicarbonate solution, water, and brine successively. It was
dried over magnesium sulfate and purified by chromatography on
silica gel using hexane as eluant. The product was dark green oil
(60%). tH-NMR (8, CDCls): 8.36 (d, 2H, J = 9.64 Hz), 7.92 (s, 1H), 7.61
(t, 1H, ) =9.76 Hz), 7.34 (d, 2H, J = 5.24 Hz), 7.16 (t, 2H, J = 9.84 Hz),
7.09 (d, 2H, J = 5.16 Hz), 2.56 (t, 4H, J = 7.56 Hz), 1.52 (m, 4H), 1.22
(m, 36H), 0.87 (t, 6H, J = 5.32 Hz).

Diethyl! 6-(4-dodecylthiophen-2-yl)-2-(thiophen-2-yl)azulene-1,3-
dicarboxylate (TAT-2). To a 3-necked 100 ml RBF was added LiCl (84
mg, 1.98 mmol), AsPh3 (0.202 g, 0.66 mmol), Pd(PPh3)4 (76.2 mg,
0.066 mmol) and diethyl 2-(thiophen-2-yl)-6-
(((trifluoromethyl)sulfonyl)oxy)azulene-1,3-dicarboxylate (7, 0.33g,
0.66 mmol). The RBF was connected to a vacuum pump and then
flashed with Ar. After repeating 3 times, 15 ml degassed 1,4-dioxane
was added under Ar. Tributyl(4-dodecylthiophen-2-yl)stannane (0.36
g, 0.66 mmol) was added via syringe and the mixture then reacted at
80 °C for 8 hours. Upon the check with TLC, the reaction mixture was
first diluted with ethyl acetate and then 8 ml of saturated KF aqueous
solution was added to precipitate the excess tin reagents. The
organic volatile was removed through rotary evaporator. The crude
product was chromatographed on silica gel using hexane/ethyl
acetate (4/1, v/v) as eluent to afford brown solid (62%). *H-NMR (8,
CDCl3): 9.46 (d, 2 H, J = 11.08 Hz), 7.81 (d, 2 H, J = 11.12 Hz), 7.43 (m,
1 H), 7.40 (m, 1 H), 7.11-7.05 (m, 3 H), 4.21 (m, 4 H), 2.72 (t, 2 H, ) =
7.84 Hz), 1.63 (m, 4 H), 1.33 (m, 16 H), 1.04 - 0.87 (m, 9 H). 13C NMR:
6146.9,146.1,141.0,139.0,138.3,138.0, 129.5, 128.1, 127.8, 127.5,
126.5, 126.2, 125.0, 119.3, 60.5, 32.1, 31.0, 30.8, 30.1, 29.4, 28.2,
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27.2,23.0,17.9, 14.5, 14.1, 14.0. HRMS(APCI): calcd for, CagHasQaS2,
m/z 604.2681; found, m/z 604.2943. DOI: 10.1039/C8TC00895G

4-Dodecyl-2-(2-(thiophen-2-yl)azulen-6-yl)thiophene (TAT-3). To a 1-
necked 50 ml RBF was added diethyl 6-(4-dodecylthiophen-2-yl)-2-
(thiophen-2-yl)azulene-1,3-dicarboxylate (TAT-2, 500 mg, 0.8 mmol),
20 ml ethanol and 14 ml 2M KOH solution. The mixture was refluxed
overnight. Upon cooling, the 20 ml 1M HCI solution was added to
acidify the mixture. The precipitated crystals were collected by
filtration, washed with water, and dried in vacuo.

A mixture of above product (438 mg, 0.8 mmol) and freshly prepared
100% phosphoric acid, which was obtained by dissolving phosphorus
pentaoxide (1.28 g) in 85% phosphoric acid (3.2 g), was heated at 130
°C for 10 min with occasional stirring with a glass rod. After the
reaction mixture was cooled, the mixture was poured into ice-water
and extracted with CHCls. The organic layer was washed with water,
dried over MgS04, and concentrated via rotary evaporator. The
crude product was chromatographed on silica gel using hexane/
CHCl3 (1/2, v/v) as eluent to afford green solid (46%). *H-NMR (8,
CDCl3): 8.16 (d, 2 H, J = 10.68 Hz), 7.57-7.50 (m, 5 H), 7.34 (m, 2 H),
7.12 (m, 1 H), 7.00 (s, 1 H), 2.64 (t, 2 H, J = 7.72 Hz), 1.68-1.26 (m, 20
H), 0.87 (m, 3 H). 13C NMR: 6 145.3, 142.3, 140.3, 134.8, 128.8, 127.5,
126.8, 125.9, 122.8, 122.5, 115.1, 32.3, 32.0, 31.1, 30.9, 30.1, 29.9,
29.7,27.8,23.1, 14.5, 14.1, 9.2. HRMS(APCI): calcd for C3oH36S2, m/z
460.2258; found, m/z 460.2297.
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Configurations dependent optical properties and acid susceptibility
of azulene compounds

Tao Tang, Tingting Lin, Fuat Erden, FuKe Wang, and Chaobin He

Configurations dependent optical and sensing properties of azulene compounds were achieved
simply by change the conjugation directions either along or orthogonally to the dipole direction of
azulene. Their application for chemical sensor with sensitivity at ppm level was also demonstrated.
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