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ABSTRACT: Two-photon fluorescence microscopy has
become an indispensable technique for cellular imaging.
Whereas most two-photon fluorescent probes rely on well-
known fluorophores, here we report a new fluorophore for
bioimaging, namely azulene. A chemodosimeter, comprising a
boronate ester receptor motif conjugated to an appropriately substituted azulene, is shown to be an effective two-photon
fluorescent probe for reactive oxygen species, showing good cell penetration, high selectivity for peroxynitrite, no cytotoxicity,
and excellent photostability.

■ INTRODUCTION

Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are important mediators in many physiological and
pathological processes.1 The one-electron reduction of O2 in
vivo leads to the formation of O2

•− (superoxide), which in turn
undergoes disproportionation catalyzed by superoxide dis-
mutase to give O2 and H2O2 (hydrogen peroxide). Another
fate of O2

•− is to react with endogenously produced NO (nitric
oxide) to form ONOO− (peroxynitrite) via a nonenzymatic
process. Ordinarily, the flux of H2O2 is tightly regulated;
aberrant H2O2 production or overexposure is implicated in the
pathogenesis of many diseases such as cancer and neuro-
degenerative conditions.2 Similarly, while ONOO− has roles in
signal transduction, its strongly oxidizing and nitrating
properties mean it can react in an uncontrolled manner with
various biomolecules.3 Elevated levels of ONOO− have been
linked to cardiovascular, neurodegenerative, and inflammatory
diseases as well as cancer.4 In view of this, there is a significant
need for tools and techniques to elucidate the roles of
ONOO−, H2O2, and other ROS/RNS in biological systems.
Of the various techniques that have been employed for the

study of ROS/RNS, the use of fluorescent probes has several
advantages. They can enable realtime fluorescence imaging of
ROS/RNS with high sensitivity, are nondestructive, and are
usually operationally straightforward. Such fluorescent probes
may be categorized as chemosensors (those which reversibly
bind their analytes) and chemodosimeters (irreversible

reaction-based probes). Probes of this second type often
have high analyte selectivity and are applicable even to those
ROS/RNS that have very short lifetimes.5 We and others have
reported many fluorescent probes for imaging ROS/RNS,6

including H2O2
7 and ONOO−.8 In the field of fluorescence

imaging, the use of two-photon excitation fluorescence
microscopy (TPM)9 brings particular advantages. Specifically,
TPM allows higher spatial resolution, and the use of excitation
wavelengths in the near-infrared (NIR) region allows much
greater tissue penetration, since minimal absorption by
hemoglobin and water occurs in the NIR window.10

Furthermore, excitation by lower energy photons means
photobleaching and damage to the sample are minimized,
and the autofluorescence of intrinsic fluorophores is avoided.11

The design and development of small-molecule based
fluorescent probes that can be used in TPM has been an
area of much recent research activity.12 Among these, various
two-photon fluorescent probes for ROS/RNS have been
exploited, since one-photon excitation with short wavelength
could generate artificial ROS/RNS.13 For H2O2, two-photon
fluorescent probes have been reported that utilize the reaction
with boronic acids or their esters, with nitroxide radicals, or
Baeyer−Villiger type rearrangements.14 For ONOO−, two-
photon fluorescent probes have been reported that also utilize
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the reaction with boronic acids or their esters, as well as ones
which function by oxidation of electron-rich arenes, α-
ketocarbonyls, selenides, or by nucleophilic addition to
electron-poor alkenes and arenes.15 These reported probes
incorporate a variety of fluorophores, including well-known
ones that have been extensively used in one-photon
fluorescence, such as naphthalimides, rhodamines, coumarins,
etc. In contrast, in the work presented here, we report a
fluorescent probe for ROS/RNS that incorporates a previously
unexploited class of fluorophore, namely an azulene.
Azulene is a nonalternant bicyclic aromatic hydrocarbon,

isomeric with naphthalene, yet with appreciably different
properties.16 The S0 − S1 energy gap is smaller than in
naphthalene, leading to an absorption in the visible region, and
hence the blue color for which azulene is named. The
nonradiative S1 → S0 transition is extremely fast,17 whereas the
nonradiative S2 → S1 transition is much slower.18 Con-
sequently, S2 → S0 fluorescence is the principal mode of
emission,19 in violation of Kasha’s rule.20 The predominance of
emission from higher excited states has also been noted for
many azulene derivatives.21 These properties have led to
azulenes being used extensively as both colorimetric22 and
fluorescent23 probes for various analytes. Azulene derivatives
have also been exploited as fluorescence sensitizers24 and
quenchers25 as well as in photoswitches26 and molecular logic
gates.27 In the context of bioimaging, 18F-labeled azulene
derivatives have been used for PET imaging,28 but to our
knowledge, azulenes have not previously been used for
fluorescence imaging. In the specific context of ROS/RNS
detection, no reports employing azulene-containing probes
have appeared to date. The two-photon fluorescence of
azulene29 and some derivatives30 has been studied, yet it has
never been utilized in any sensing context (although it has
been exploited for fluorescence lithography31 and applications
in optical data storage have been suggested32).

■ RESULTS AND DISCUSSION
Design Principles. Our design strategy for an azulene

chemodosimeter imaging probe is centered on the concept of
an inversion of internal charge transfer (ICT) directionality
upon reaction with the analyte. This exploits the inherent
dipole moment of azulene of 1.08 D, unusually high for a
hydrocarbon. Thus, the charge distribution in azulene is as
shown in Scheme 1a, with the smaller ring having the higher
electron density as a result of the contribution of the resonance
structure shown, in which both rings (tropylium and
cyclopentadienide) are discrete 6π aromatic systems. Our
approach involves the use of a pinacol boronate ester as a
receptor motif, whose reaction with ROS/RNS leads to the
desired reversal of the direction of ICT. In many cases,
boronate-based probes function by the carbon−boron bond
undergoing oxidation by the ROS/RNS to give a carbon−
oxygen bond, which in turn leads to the cleavage of a self-
immolative linker and a change in fluorescence response. In the
present case, we reasoned that a boronate group appended
directly to the azulene seven-membered ring could effect the
desired perturbation of the fluorophore upon reaction with
ROS/RNS (Scheme 1b). This approach exploits the fact that
the boronic ester is electron-withdrawing (Scheme 1c),
whereas the hydroxyl group is electron-donating by resonance
(Scheme 1d). Our strategy anticipates that the electronic
influence of the boronic ester will attenuate the inherent
polarization of the azulene, leading to the Az-6-Bpin system

having reduced ICT character overall. On the other hand, the
effect of the hydroxyl group in the Az-6-OH system will
reinforce the inherent polarization of the fluorophore, and
hence lead to increased ICT character overall and enhanced
fluorescence.
The simplest embodiment of the design strategy described

above would be to synthesize and evaluate 6-azulenyl
pinacolborane itself as a fluorescent probe. However, the
reaction product, 6-hydroxyazulene, is reportedly unstable,
which may be due in part to the fact that it exists in tautomeric
equilibrium with its keto form.33 We therefore refined our
design strategy, introducing esters at the azulene 1- and 3-
positions, as this substitution pattern is known to stabilize 6-
hydroxyazulenic compounds.34 Finally, we introduced an
electron-donating group (amine) at the 2-position. The final
probe structure 1 and its oxidation product 2 are depicted in
Scheme 2a. The purpose of the amine substituent is to enhance
the contribution of the resonance effect that conflicts with the
inherent polarity of azulene, as shown in Scheme 2b, with an
additional ammonium-boronate resonance contribution com-
pared to Scheme 1c. Furthermore, the ester groups will not
only stabilize the hydroxyazulene product 2 of reaction with
ROS/RNS, they will also enhance the contribution of the
resonance effect that reinforces the inherent polarity of
azulene, as shown in Scheme 2c.
Probe molecule 1 and its oxidation product 2 were modeled

using DFT as well as azulene itself. NBOs (natural bonding
orbitals) were computed, and selected molecular orbitals
(HOMO, LUMO, and LUMO+1) for each compound are
shown in Figure 1.
The probe molecule 1 may be accessed in three steps from

commercial materials (see ESI).35 We have termed this
substance “AzuFluor 483-Bpin” (to indicate the nature of the
receptor motif and the emission maximum of its turn-on
response). AzuFluor 1 was then reacted with H2O2 (THF, 24
h, 95%) and the novel product isolated and fully characterized
as the stable 6-hydroxyazulene 2. Crystals of 2 suitable for X-
ray diffraction were grown from THF/hexane and the solid
state structure of 2 is shown in Figure 2.

Probe Characterization. The AzuFluor probe 1 itself
exhibits near-negligible fluorescence, whereas the oxidation

Scheme 1. Initial Concept for Azulene-Based Fluorescent
Probe for ROS/RNS
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product 2 exhibits fluorescence emission at λem = 483 nm,
upon excitation at 350 nm, in a mixed aqueous buffer/
methanol system, as shown in Figure 3. Fluorescence excitation
spectra were also acquired (Figures S1−S3), as well as UV−vis
absorption spectra (Figure S4). A value of λmax = 335 nm was

observed in the absorption spectrum of 2; thus, the oxidation
product displays an appreciable Stokes shift of 148 nm.
Fluorescence emission of 2 was also examined in various
solvents (Figure S5), and we observed the solvatofluorochrom-
ism expected for an ICT fluorophore; the observed λem value
underwent a bathochromic shift from 480 to 491 nm with
increasing solvent polarity.
A pH titration showed that the fluorescence intensity is

greatest at pH 7−8 (Figure 4; see also Figures S6−S8), which

corresponds to the pH range at which a probe for cellular
imaging would need to function in most cases. Fluorescence
intensity decreases markedly at lower pH, and is also
attenuated above pH 8. An NMR study of 2 at different pH
values (Figures S9−S11) shows it to be stable upon prolonged
standing in solution across a range of pH values, albeit with a
downfield shift of the aryl resonances at low pH. Thus, we do
not believe the decrease in fluorescence at extremes of pH is
due to decomposition of 2. Rather, we ascribe these
phenomena to changes in the ionization state of 2. Thus, at

Scheme 2. Final Sensor Design for Azulene-Based
Fluorescent Probe for ROS/RNS

Figure 1. Selected molecular orbitals for azulene (left), 1 (center) and
2 (right). DFT calculations used the BP86 functional and 6-31G**
basis set; see ESI for full details.

Figure 2. Solid state structure of 2. Ellipsoids are represented at 50%
probability. H atoms are shown as spheres of arbitrary radius.
CCDC 1899490.

Figure 3. Comparison of one-photon fluorescence emission spectrum
of 1 with 2. Emission spectrum of 2 (500 nM) and 1 (500 nM) with
and without H2O2 (200 μM) in PBS buffer 52% H2O: MeOH, pH 8.2
at 25 °C. Fluorescence intensities were measured with λex = 350
(bandwidth: 20) nm on a BMG Labtech CLARIOstar plate reader.

Figure 4. Effect of various pH on fluorescence intensity of 2 (500
nM) in 52% MeOH: 48% 0.1 M NaCl with λmax = 483 nm.
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low pH the amino group in 2 would be protonated; in [2+H]+

the ICT interaction between the amine and the esters would
be abolished. Conversely, at high pH, deprotonation of the aryl
hydroxyl group to give [2-H]− would also affect the
fluorescence response. The computed pKa values for the
amine and hydroxyl groups in 2 are 3.60 and 10.95,
respectively (Figures S12−S13), which supports the above
explanation.
It is well established in the literature14,15 that boronate

receptors respond to both ONOO− and H2O2, although the
greater nucleophilicity of ONOO− leads to a reaction rate
∼106 greater than for H2O2.

36 We therefore evaluated 1 as a
probe for both potential analytes, with the expectation of a
faster and more sensitive response to peroxynitrite. Fluo-
rescence titration experiments (Figure S14) with 1 and H2O2
established the limit of detection to be 1.72 μM. A time drive
experiment (Figure S15) showed the fluorescence response of
1 (500 nM) to H2O2 to be slow, with fluorescence intensity
continuing to increase after 30 min even at [H2O2] = 500 μM.
In contrast, 1 was much more sensitive to ONOO− as
expected, with fluorescence titration experiments (Figure S16)
establishing the limit of detection to be 21.7 nM. The
selectivity of 1 for various ROS was then examined, and 1 was
found to be highly selective for ONOO− and H2O2 over
HOCl, HO•, O2

•−, ROO•, and 1O2 (Figure S17). Furthermore,
with equimolar concentrations of all ROS, 1 exhibited
pronounced selectivity for ONOO− over H2O2 at both 5 and
30 min time points (Figures 5, S18−S19). The UV−vis
spectroscopic response of 1 to ONOO− and H2O2 was also
studied (Figures S20−S25; Tables S1−S2).

Two-photon action spectra (Φδ, where Φ is the fluorescence
quantum yield and δ is the two-photon absorption cross-
section) of probe 1 in the presence and absence of H2O2 or
ONOO− were investigated (Figure S26) to determine the
maximum optical brightness. Upon addition of ROS, the
spectroscopic maximum (Φδmax) was red-shifted from 700 to
810 nm, along with an increase of the Φδ value (at 810 nm)
from 1.2 to 3.2 GM. A similar result was observed with two-
photon microscopy imaging (Figure S27). The measured
maximum two-photon optical brightness of Φδmax = 3.2 GM
compares favorably with the reported values37 for other
commonly used fluorophores of similar or greater molecular

weight, such as dansyl hydrazine, Lucifer yellow, Cascade blue,
or Indo-1 (see SI, Table S3 for a tabulated comparison). The
fluorescence quantum yield of 2 was determined to be 0.010
(Figures S34−S36). Thus, at 810 nm the two-photon
absorption cross-section of 2 (Φδ÷Φ) is 320 GM.

Probe Evaluation in Cell Studies. In vitro studies were
performed to validate the ability of 1 in aqueous solution to
detect endogenous and exogenous H2O2 and ONOO− by
TPM. MTT assays confirmed that 1 is not cytotoxic under the
identified imaging conditions (Figure S28). Two-photon
excited fluorescence intensities were determined by staining
HeLa cells with 1 at a concentration of 5 μM (by adding 5 μL
of a 1 mM DMSO stock solution of 1 per 1 mL of total volume
of medium) in the presence and then absence of ONOO−

(100 μM), to find the optimal two-photon excitation
wavelength (Figure S27a). This was determined to be λex =
800 nm, at which wavelength the mean fluorescence intensity
was nearly 4-fold higher after treatment with ONOO− (Figure
S27b). Probe 1 showed high photostability, without any decay
of fluorescence intensity even after irradiation for 1 h at 2 s
intervals, both with and without pretreatment with ONOO−

(Figure S29). Co-localization experiments were performed
with 1 and representative organelle markers (ER, mitochon-
dria, and lysosomes). The Pearson correlation coefficients with
the markers for the ER, mitochondria and lysosomes are 0.79,
0.70 and 0.41, respectively (Figure S30). This indicates that 1
is distributed through the cytosol, including in these organelles,
rather than any specific localization.
With ideal imaging conditions established, the ability of 1 to

detect ROS in living cells was then demonstrated. Thus, the
mean fluorescence intensity was measured for TPM images of
1 in RAW 264.7 macrophages pretreated with H2O2 (2 mM)
and ONOO− (100 μM). The fluorescence intensity of cells
pretreated with ROS was shown to increase nearly 3-fold
(Figure 6b-c), compared to negative control (Figure 6a, cells
stained with probe 1 only). Next, RAW 264.7 macrophages
were pretreated with endogenous ROS-inducing reagents to
observe whether probe 1 could respond to the endogenous
ROS of macrophages. Phorbol myristate acetate (PMA),38 and
lipopolysaccharide/gamma interferon (LPS/IFN-γ)39 are
known to stimulate macrophages to release ROS such as
NO•, O2

•−, H2O2, and ONOO−, whereas 3-morpholinosydno-
nimine (SIN-1)40 is employed as a positive control (exogenous
source of ONOO−). Each cell was individually incubated with
either PMA (1 μg mL−1), LPS (1 μg mL−1) + IFN-γ (50 ng
mL−1), or SIN-1 (50 μM) and then stained with probe 1. As a
result, 1 showed strong fluorescence intensity, increasing by
approximately 2-fold, as compared with the control group
(Figure 6d,e,g). ROS-induced fluorescence intensity did not
rise above basal levels upon cotreatment with ebselen (50
μM), a commonly used scavenger of superoxide (the precursor
of ONOO− and H2O2;

41 Figure 6f,h). Overall, the obtained
outcomes showed that 1 can directly detect the presence of
H2O2 and ONOO− in biological systems.
Finally, we investigated the ability of probe 1 to visualize

ONOO− and H2O2 in living tissues. A fresh slice of rat
hippocampus was stained with 1 at a concentration of 50 μM
(by adding 5 μL of a 10 mM DMSO stock solution of 1 per 1
mL total volume) for 1 h at 37 °C. The TPM images obtained
in the CA1 regions displayed only weak signals, as we observed
in cultured cells (Figure 7a,e). However, bright fluorescence
was observed upon pretreatment with PMA (10 μg mL−1) and
SIN-1 (200 μM), increased by approximately 2 times

Figure 5. Selectivity data for 1 (500 nM) in the presence of ONOO−,
H2O2, HOCl, OH

•, O2
•−, 1O2, and ROO• (each 500 nM). Data

acquired 5 min after mixing, in PBS buffer 52% H2O: MeOH, pH 8.2
at 25 °C, at λmax = 483 nm. Fluorescence intensities were measured
with λex = 350 (bandwidth 20) nm, on a BMG Labtech CLARIOstar
plate reader.
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compared to negative control (Figure 7b,c) whereas fluo-
rescence did not increase above basal levels upon cotreatment
with SIN-1 and ebselen (200 μM) (Figure 7d,f). This confirms
that our probe can directly detect endogenous ROS in living
tissues with TPM.

■ CONCLUSIONS
We have synthesized and evaluated the first two-photon
fluorescent bioimaging probe containing an azulene fluoro-
phore. The rationally designed probe, AzuFluor 483-Bpin (1),

has been shown to possess high selectivity for peroxynitrite and
hydrogen peroxide over other reactive oxygen species.
Furthermore, 1 is cell-permeable, photostable, and non-
cytotoxic in vitro on the time scale of the two-photon
fluorescence microscopy experiments. In view of the
susceptibility of the azulene fluorophore to perturbation by
attached substituents, the wide array of known receptor motifs
that could be attached, and the availability of synthetic
methodology to attach them, we anticipate that azulene
fluorophores based on the design principles we have described
here will find many further applications in two-photon
fluorescence imaging.

■ EXPERIMENTAL SECTION
Preparation of Diethyl 2-amino-6-hydroxyazulene-1,3-di-

carboxylate (2). Diethyl 2-amino-6-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)azulene-1,3-dicarboxylate 135 (100 mg, 0.24 mmol, 1.00
equiv) was dissolved in THF (2.5 mL) to which 30% aq. H2O2
solution (50 μL, 0.48 mmol, 2.0 equiv) was added. The bright-orange
solution was left to stir in air for 24 h, affording a pale-yellow solution,
after which water (10 mL) was added. The mixture was extracted with
CH2Cl2 (2 × 20 mL), and the combined organic extracts were dried
over MgSO4 and then filtered. The filtrate was concentrated under
reduced pressure, then the crude material was purified via silica
column chromatography, eluting with EtOAc/Petrol (1:4 → 2:3) to
afford 2 as an orange powder (70 mg, 95%). Rf = 0.16 (EtOAc/Petrol
1:4); m. pt. 117 °C (dec.); δH (500 MHz, (CD3)2SO) 11.02 (1H, s,
OH), 8.99 (2H, dt, J 11.6, 1.4 Hz, H4, H8), 7.41 (2H, s, NH2), 7.28
(2H, dt, J 11.6, 1.4 Hz, H5, H7), 4.35 (4H, q, J 7.1 Hz, CH2), 1.37
(6H, t, J 7.1 Hz, CH3) ppm; δC (125 MHz, (CD3)2SO) 165.6, 163.8,
158.6, 139.9, 131.9, 121.4, 98.6, 59.2, 14.5 ppm; IR νmax (film) 3499,
3353, 3243, 2959, 2925, 1660, 1636, 1580, 1536, 1508, 1491, 1416,
1383, 1354, 1327, 1262, 1197, 1166, 1100, 1025, 955, 908, 848, 803,
790, 745, 718, 692 cm−1; HRMS (ESI+) m/z calcd for
(C16H17NO5+Na)

+, 326.0999; found 326.0996.
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Figure 6. TPM images of RAW 264.7 macrophages stained with 1 (5
μM, 30 min). (a) Control image. (b−h) Cells were pretreated with
(b) exogenous added H2O2 (2 mM, 30 min), (c) exogenous added
ONOO− (100 μM, 30 min), (d) PMA (1 μg mL−1, 30 min), (e) LPS
(1 μg mL−1, 4 h) and IFN-γ (50 ng mL−1, 1 h), (f) LPS, IFN-γ and
ebselen (50 μM, 30 min), (g) SIN-1 (50 μM, 30 min), and (h) SIN-1
and ebselen. (i) Average fluorescence intensity in the corresponding
TPM images. Images were obtained using 800 nm as the excitation
wavelength and 400−600 nm emission windows. Scale bars = 20 μm.
Asterisks represent statistical significance (***p < 0.001) and n is the
number of counted cells.

Figure 7. TPM images of rat hippocampal slices stained with 1 (50
μM, 1 h). (a) Control image. (b−d) Tissues were pretreated with (b)
PMA (10 μg mL−1, 30 min), (c) SIN-1 (200 μM, 30 min), and (d)
SIN-1 and ebselen (each 200 μM, 30 min). (e) Bright-field image of
the CA1 and CA3 regions of rat hippocampal slices. (f) Average
fluorescence intensity in the corresponding TPM images. Images were
obtained in the CA1 layer using 800 nm as the excitation wavelength
and 400−600 nm emission windows. Scale bars = 25 (a−d) and 250
μm (e). Asterisks represent statistical significance (***p < 0.001) and
n is the number of ROI from three samples for each imaging
condition.
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M. N.; Radi, R. Fluorescence and chemiluminescence approaches for
peroxynitrite detection. Free Radical Biol. Med. 2018, 128, 59−68.
(c) McQuade, L. E.; Lippard, S. J. Fluorescent probes to investigate
nitric oxide and other reactive nitrogen species in biology. Curr. Opin.
Chem. Biol. 2010, 14, 43−49.
(9) Denk, W.; Strickler, J. H.; Webb, W. W. Two-photon laser
scanning fluorescence microscopy. Science 1990, 248, 73−76.
(10) Weissleder, R. A clearer vision for in vivo imaging. Nat.
Biotechnol. 2001, 19, 316−317.
(11) Zipfel, W. R.; Williams, R. M.; Christie, R.; Nikitin, A. Y.;
Hyman, B. T.; Webb, W. W. Live tissue intrinsic emission microscopy
using multiphoton-excited native fluorescence and second harmonic
generation. Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 7075−7080.
(12) For reviews, see: (a) Kim, H. M.; Cho, B. R. Small-molecule
two-photon probes for bioimaging applications. Chem. Rev. 2015, 115,
5014−5055. (b) Yao, S.; Belfield, K. D. Two-photon fluorescent
probes for bio-imaging. Eur. J. Org. Chem. 2012, 2012, 3199−3217.
(13) Jou, M. J.; Jou, S. B.; Guo, M. J.; Wu, H. Y.; Peng, T. I.
Mitochondrial reactive oxygen species generation and calcium
increase induced by visible light in astrocytes. Ann. N. Y. Acad. Sci.
2004, 1011, 45−56.
(14) (a) Li, H.; Yao, Q.; Fan, J.; Du, J.; Wang, J.; Peng, X. A two-
photon NIR-to-NIR fluorescent probe for imaging hydrogen peroxide
in living cells. Biosens. Bioelectron. 2017, 94, 536−543. (b) Zhao, W.;
Li, Y.; Yang, S.; Chen, Y.; Zheng, J.; Liu, C.; Qing, Z.; Li, J.; Yang, R.
Target-activated modulation of dual-color and two-photon fluores-
cence of graphene quantum dots for in vivo imaging of hydrogen
peroxide. Anal. Chem. 2016, 88, 4833−4840. (c) Ahn, H.-Y.; Fairfull-
Smith, K. E.; Morrow, B. J.; Lussini, V.; Kim, B.; Bondar, M. V.;
Bottle, S. E.; Belfield, K. D. Two-photon fluorescence microscopy
imaging of cellular oxidative stress using profluorescent nitroxides. J.
Am. Chem. Soc. 2012, 134, 4721−4730. (d) Dong, B.; Song, X.; Kong,
X.; Wang, C.; Tang, Y.; Liu, Y.; Lin, W. Simultaneous near-infrared
and two-photon in vivo imaging of H2O2 using a ratiometric
fluorescent probe based on the unique oxidative rearrangement of
oxonium. Adv. Mater. 2016, 28, 8755−8759. (e) Zhang, K.-M.; Dou,
W.; Li, P.-X.; Shen, R.; Ru, J.-X.; Liu, W.; Cui, Y.-M.; Chen, C.-Y.;
Liu, W.-S.; Bai, D.-C. A coumarin-based two-photon probe for
hydrogen peroxide. Biosens. Bioelectron. 2015, 64, 542−546.
(15) (a) Lee, D.; Lim, C. S.; Ko, G.; Kim, D.; Cho, M. K.; Nam, S.-
J.; Kim, H. M.; Yoon, J. A Two-photon fluorescent probe for imaging
endogenous ONOO− near NMDA receptors in neuronal cells and

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b09813
J. Am. Chem. Soc. 2019, 141, 19389−19396

19394

http://dx.doi.org/10.1021/jacs.9b09813


hippocampal tissues. Anal. Chem. 2018, 90, 9347−9352. (b) Li, X.;
Tao, R.-R.; Hong, L.-J.; Cheng, J.; Jiang, Q.; Lu, Y.-M.; Liao, M.-H.;
Ye, W.-F.; Lu, N.-N.; Han, F.; Hu, Y.-Z.; Hu, Y.-H. Visualizing
peroxynitrite fluxes in endothelial cells reveals the dynamic
progression of brain vascular injury. J. Am. Chem. Soc. 2015, 137,
12296−12303. (c) Xie, X.; Tang, F.; Liu, G.; Li, Y.; Su, X.; Jiao, X.;
Wang, X.; Tang, B. Mitochondrial peroxynitrite mediation of
anthracycline-induced cardiotoxicity as visualized by a two-photon
near-infrared fluorescent probe. Anal. Chem. 2018, 90, 11629−11635.
(d) Sun, C.; Du, W.; Wang, P.; Wu, Y.; Wang, B.; Wang, J.; Xie, W. A
novel mitochondria-targeted two-photon fluorescent probe for
dynamic and reversible detection of the redox cycles between
peroxynitrite and glutathione. Biochem. Biophys. Res. Commun. 2017,
494, 518−525. (e) Sun, W.; Shi, Y.-D.; Ding, A.-X.; Tan, Z.-L; Chen,
H.; Liu, R.; Wang, R.; Lu, Z.-L. Imaging viscosity and peroxynitrite by
a mitochondria-targeting two-photon ratiometric fluorescent probe.
Sens. Actuators, B 2018, 276, 238−246. (f) Cheng, D.; Pan, Y.; Wang,
L.; Zeng, Z.; Yuan, L.; Zhang, X.; Chang, Y.-T. Selective visualization
of the endogenous peroxynitrite in an inflamed mouse model by a
mitochondria-targetable two-photon ratiometric fluorescent probe. J.
Am. Chem. Soc. 2017, 139, 285−292.
(16) For reviews, see: (a) Abou-Hadeed, K.; Hansen, H.-J. Product
subclass 4: Azulenes and benzazulenes. Sci. Synth 2010, 45, 1060.
(b) Hansen, H.-J. Birth of a structure. The 60th anniversary of the
establishment of the azulene formula by Pfau and Plattner. Part 2.
Chimia 1997, 51, 147. (c) Hansen, H.-J. Birth of a structure. The 60th
anniversary of the establishment of the azulene formula by Pfau and
Plattner. Part 1. Chimia 1996, 50, 489. (d) Lloyd, D. The Chemistry of
Conjugated Cyclic Compounds; Wiley: Chichester, U.K., 1989; Chapter
13. (e) Carbocyclic π-Electron Systems; Kropf, H., Ed.; Georg Thieme:
Stuttgart, 1985; Vol. V/2c, p 127. (f) Lloyd, D. Nonbenzenoid
Conjugated Carbocyclic Compounds; Elsevier: Amsterdam, 1984; pp
352−377. (g) Mochalin, V. B.; Porshnev, Y. N. Advances in the
chemistry of azulene. Russ. Chem. Rev. 1977, 46, 530.
(17) Bearpark, M. J.; Bernardi, F.; Clifford, S.; Olivucci, M.; Robb,
M. A.; Smith, B. R.; Vreven, T. The Azulene S1 state decays via a
conical intersection: A CASSCF study with MMVB dynamics. J. Am.
Chem. Soc. 1996, 118, 169−175.
(18) (a) Wagner, B. D.; Tittelbach-Helmrich, D.; Steer, R. P.
Radiationless decay of the S2 states of azulene and related
compounds: Solvent dependence and the energy gap law. J. Phys.
Chem. 1992, 96, 7904−7908. (b) Griesser, H. J.; Wild, U. P. The
energy gap dependence of the radiationless transition rates in azulene
and its derivatives. Chem. Phys. 1980, 52, 117−131. (c) Murata, S.;
Iwanaga, C.; Toda, T.; Kokubun, H. Fluorescence yields of azulene
derivatives. Chem. Phys. Lett. 1972, 13, 101−104 erratum, 1972, 15,
152.
(19) Beer, M.; Longuet-Higgins, H. C. Anomalous light emission of
azulene. J. Chem. Phys. 1955, 23, 1390−1391.
(20) Kasha, M. Characterization of electronic transitions in complex
molecules. Discuss. Faraday Soc. 1950, 9, 14−19.
(21) Itoh, T. Fluorescence and phosphorescence from higher excited
states of organic molecules. Chem. Rev. 2012, 112, 4541−4568.
(22) For selected recent examples, see: (a) Gao, H.; Ge, C.; Hou, B.;
Xin, H.; Gao, X. Incorporation of 1,3-free-2,6-connected azulene units
into the backbone of conjugated polymers: Improving proton
responsiveness and electrical conductivity. ACS Macro Lett. 2019, 8,
1360−1364. (b) Xin, H.; Li, J.; Yang, X.; Gao, X. Azulene-based BN-
heteroaromatics. J. Org. Chem. 2019, DOI: 10.1021/acs.joc.9b01724.
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