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ABSTRACT

Thioxo/dithioxo-naphthalimide is a class of rarely visited fluorophore, first synthesized in 1999. Facile
chemistry was devised to achieve mono or dual thionation of the two carbonyl groups of 1,8-
naphthalimide. Thionation effectively shifts absorption maximum to longer spectral wavelength,
significantly increase absorption coefficients, and dramatically enhances intersystem crossing efficiency
with respect to their oxo-analogues. They were first explored as potent photocleavers to induce DNA
strand break and novel photosensitizers for photodynamic therapies. In recent years, the unique
chemistry of thioxo groups has been harnessed to achieve new applications, such as fluorescent sensors
for heave metal ions. These unique photochemical and photophysical characteristics revitalize them
intriguing functional molecules to investigate. In this short review, we wish to revisit their first discovery,
facile synthesis, and the endeavors on the use of thioxo/dithioxo-naphthalimides for novel chemical and
biomedical applications.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

Small-molecule fluorophores are indispensable tools in biolog-
ical and translational research by the virtue of their capability of
highly temporal and spatial resolution visualizing of cellular or
subcellular events [1-5]. Classic organic small-molecule fluores-
cent scaffolds, including coumarin, fluorescein, rhodamines,
BODIPY, 1,8-naphthalimide, cyanine et al., have found ubiquitous
applications among such fields as labeling [6], bio-sensing [7-9],
super-resolution fluorescence imaging [10], disease diagnose [11],
drug discovery [12] and photodynamic/photothermal cancer
therapy [13-15]. In light of the flourishing breakthroughs of
fluorescence techniques, fluorophores with unique structure and
functions are urgently sought after.

Apart from the de novo development of novel fluorophore
scaffolds, judicious modifications of the existing small-molecule
fluorophores have also been proven to be an effective approach for
novel fluorophores [16-18]. Among those modifications, replacing
one or more heteroatoms with other atoms from the same group of
the periodic table has been demonstrated as a straightforward and
robust strategy of creating new fluorophores by tuning the push-
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pull capacity of the electron donor (D)/acceptor (A), hence
modulating the HOMO-LUMO energy gap of a D-m-A scaffold
[19-21] (Fig. 1). Notably, the O—S type perturbation has been the
most sought-after modification and the pertinent efforts have
resulted in novel scaffolds exhibiting facile spectral and photo-
physical properties. For example, replacing the oxygen bridge of an
oxazine dye by a less electron-donating sulfur atom produces
thioxazine dyes, a notable example of which class is methylene
blue, whose absorption maximum red-shifted by ca. 90 nm (Fig.1a)
[22] and is an efficient photosensitizer. Tolmachev et al. reported a
series of NIR absorbing thio-cyanine dyes containing sulfur atoms,
whose maximal absorption/emission wavelengths are red-shifted
by ca. 80 nm compared to their oxygen congeners (Fig. 1b) [23].
Replacing the carbonyl of a coumarin into a thiocarbonyl group
yields a thio-coumarin of moderately red-shifted absorption and
dramatically red-shifted fluorescence emission from blue to yellow
(Fig. 1c) [24,25]. Currently, thio-coumarin derivatives have been
extensively explored as potential treatments [26,27] against
depressing, bacterial infection, and more. It was also a fluorescent
sensor for CIO~ [28,29], mCPBA [30] or Hg?* [31], etc. Besides
effecting bathochromism, thionation promotes efficient popula-
tion of triplet states via inter-system crossing [32]. Photoexcitation
of sulfur-purturbed scaffolds initiated a series of effective photo-
sensitized reactions yielding reactive oxygen species. The excellent
photosensitizing properties bestow thio-containing fluorophores
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Fig. 1. Chemical structural modification by replacing oxygen atoms with sulfur
atoms yields multiple novel fluorophores.

enormous potentials for cancer treatment, as demonstrated by
sulfur-substituted nucleobases [33-35].

1,8-Naphthalimide has been one of the most widely exploited
fluorescent scaffolds due to its unique photophysical properties,
versatile synthesis, facile derivatization, and biological activities
[36-39]. Functional 1,8-naphthalimide derivatives have found
extensive applications in biochemical and medical scenarios as
fluorescent sensors, imaging probes, anticancer agents, DNA
intercalators [40-43]. A variety of 1,8-naphthalimides with a
-SH or -SR substitution at 4-position (either non-ring fused or
thio-heterocyclic fused derivatives) were synthesized since 1960s
(Fig. 1d). They were found to blue-shifted spectra, more potent
DNA photocleaving capability and antitumor activities compared
to their oxygen analogues [44-47]. Yet, the thio-analogues of 1,8-
naphthalimides by a substitution of the carbonyl with thiocarbonyl
were not explored until 1999 by Qian et al. (Fig. 1d) [48].
Thiocarbonyl is isoelectronic to carbonyl. Though sulfur atom is
less electronegative than oxygen. Thiocarbonyl is actually a
stronger electron withdrawing group presumably due to the
presence of vacant d-orbitals. Their unique structural and photo-
physical properties, such as a distinct red-shifted absorption,
diminished fluorescence quantum yield, and higher intersystem
crossing efficiency, enable thioxo-naphthalimide tremendous
potentials in fields like phototherapy and sensing. In this short
review, we introduce the synthesis and photophysical properties of
thioxo-naphthalimides, and cover their application as efficient
DNA photocleaver, potent photosensitizer and Hg?* sensor.

2. Synthesis of thioxo/dithioxo-1,8-naphthalimides

Two general synthetic pathways of thioxo-1,8-naphthalimide
(Fig. 2) were reported. Route 1 is condensation of various primary
amines with thioxo/dithioxo/trithioxo-1,8-naphthalic anhydride
and it was via this route that Qian et al. prepared their first thioxo-
1,8-naphthalimide in 1999 [48]. Route 2 is the thionation of the
carbonyl group in 1,8-naphthalimide with commercial thiation
regents such as the Lawesson’s reagent (LR, 2,4-bis(p-methox-
yphenyl)-1,3-dithia-2,4-diphosphetane-2,4-disulfide). Their use in
synthesis should be subject to a judicious analysis of the functional
group compatibility.

The first few thio-analogues of 1,8-naphthalic anhydride (1-5)
were reported by Cara et al. in 1984 [49] and synthetic details

starting from 1,8-naphthalic anhydride revealed in 1989 (Fig. 2)
[50]. The thionoanhydrides (1, 4) underwent rapid rearrangements
to isomeric thioanhydrides (2, 5) with tertiary amine as the
catalyst, and the stable analogue trithioanhydride 3 was obtained
by further thionation of 2 by the Lawesson’s reagent. Compounds
1-3 were later employed as the imidation substrates in general
synthetic route 1 for the preparation of the first representative
thioxo-1,8-naphthalimides (6-11) by Qian et al. with good yields
ranging from 80%-98% [48]. It is noteworthy that the reactions of 1
and its isomeric 2 with the same amine substrate produced the
identical thioxo-1,8-naphthalimides product, which is obviously
resulted from the rearrangement of thiocarbonyl to carbonyl after
the nucleophilic attack of primary amine, similar to the triaryl-
amine induced isomerization between thionoanhydrides 1 and 2.
Special thioxo-1,8-naphthalimides with an imine moiety (10, 11)
could be synthesized by condensing trithioanhydride 3 and
appropriate diamines such as ethylenediamine or o-phenylenedi-
amine with relatively high yield of 79% and 76%, respectively.
Sulfuration of the corresponding naphthalimides (12, 13) did not
yield the intended products in a synthetically useful yield, though.

For naphthalimides with an amino group at the 4-position, the
use of the route 2 is typically preferred, i.e., the direct thionation of
the carbonyl group in a 1,8-naphthalimides with the Lawesson’s
reagent. For example, thioxo-1,8-naphthalimides (15, 16, 17, Fig. 2)
could be selectively obtained from the reaction of the naphtha-
limide 14 with the Lawesso’s reagent (Fig. 2), the equivalence of
which has a large effect on the yield of three products [51].
Substrates with such functional groups as alcohols, esters, amides
are not compatible with Lawesson’s reagent. Nevertheless, routes 1
and 2 are powerful and together should suffice the routine need for
preparation of thioxo/dithioxo-1,8-naphthalimides.

3. Photophysical properties of substituted thioxo/dithioxo-1,8-
naphthalimides

In general, replacing the oxygen atoms of the carbonyl groups of
1,8-naphthalimide with sulfur atoms results in a bathochromic
shift of the absorption spectra and a diminished fluorescence
quantum yield due to the intersystem crossing (ISC) to a low-lying
triplet state.

Thioxo/dithioxo-1,8-naphthalimides had apparent red-shifted
absorption spectra compared to their oxygen analogues (Table 1).
Apparently, thiocarbonyl group is a stronger electron acceptor than
carbonyl. This could be counterintuitive since sulfur atom is less
electronegative than oxygen atom. Two factors may help account
for this phenomenon. First, the p-bond between the sulfur and
carbon is less strong than that between oxygen and carbon. This is
because the 3p orbital of sulfur atom does not overlap with the 2p
orbital of carbon as efficient as the 2p orbital of oxygen atom. So,
there is a bigger partial positive charge on the carbon atom of
thiocarbonyl than the carbonyl group. Second, sulfur atom has
empty 3d orbital to acceptor electron density. 4-Amino-substitut-
ed 1,8-naphthalimides, e.g., 14, had a maximum absorption at ca.
440 nm, with its monothionation derivatives (15 and 16) bath-
ochromically shifted by ca. 60-80 nm, respectively [51]. And the
dithionated product 17 red-shifted about nearly 140 nm with a
maximum at 577 nm.

As in 1,8-naphthalimides, the introduction of electron-donating
groups at the 4-position also redshifts the maximal absorption
wavelengths, due to the enhanced internal charge transfer (ICT)
effect. This method is also applicable to thioxo/dithioxo-1,8-
naphthalimides. For example, with the 4-position substitution
varied from hydrogen atom (NI-O) to methoxyl (MONI-O) to
dimethylamino (MANI-O), the absorption spectra of naphthali-
mides red-shifted for 20 nm and 60 nm, respectively (Table 1) [52].
In the case of dithioxo-1,8-naphthalimide, the maximal absorption
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Fig. 2. Two general synthetic routes of various substituted thioxo-1,8-naphthalimide or dithioxo-1,8-naphthalimides.

wavelength shifted from 442 nm (NI-S) to 468 nm (MONI-S) to
536 nm (MANI-S).

It is also noteworthy that the replacement of oxygen by sulfur
was accompanied by a notable enhancement of the absorption
coefficient. It has been empirically summarized from works with
xanthene dyes that derivatization of a chromophores with high
atomic-weight atoms increases their molar absorptivity. For
example, the molar absorptivities of tetrahalogen-substituted

Table 1
Photophysical properties of thioxo-1,8-naphthalimides.

fluoresceins are bigger than that of fluorescein [53]. So, the
observation with thiocarbonyl is in line with this trend though
there still lacks a theoretical explanation to this phenomenon.
1,8-Naphthalimides with strong electron donating groups at 4-
position typically emit strong fluorescence [54]. However, mono-
thioxo- or dithioxo-1,8-naphthalimides were essentially non-
fluorescent, exemplified by 18 and NI-S with quantum yields
<0.001 and <0.01, respectively. This fluorescence quenching

Compd. X Y R R? Nmaxabs (NM) (/104 Lmol 'em™")  Apaxem (NM) @ 5 ? D,° Solvent Ref.
14 0O 0 nBu NH(n-Bu) 439 537 ND ND H,0:MeCN=3:7 (viv)  [51]
15 S 0 n-Bu NH(n-Bu) 507 ND ND ND

16 0 S n-Bu NH(n-Bu) 520 ND ND ND

17 S S n-Bu NH(n-Bu) 577 ND ND ND

18 S (0] benzoyloxy H 392 (1.9) 491 <0.001¢ ND ethanol [61]
19 S S OH (CHo),NMe, 345 (4.8), 410 (0.72) 395 0.28°¢ ND ethanol [59]
20 (0} (0] Me NMe, 405 (1.01) ND ND ND toluene [58]
21 (0} S Me NMe, 465 (1.46) ND ND ND

22 S S Me NMe, 525 (1.47) ND ND ND

NI-O (0} (¢] n-Bu H 342 (1.61) 392 0.04¢ ND toluene [52]
MONI-O (0} (0] n-Bu OMe 362 (1.24) 422 0.99¢ ND

MANI-O (0} (6] n-Bu NMe, 403 (1.95) 486 0.95¢ ND

NI-S S S n-Bu H 442 (2.42) 506 <0.014 0.32

MONI-S S S n-Bu OMe 468 (1.70) ND ND 0.74

MANI-S S S n-Bu NMe, 536 (2.80) ND ND ~1.00

ND: not determined.
¢ Relative fluorescent quantum yield.

b Singlet oxygen quantum yield was determined with respect to Ru(bpy)s%* for NI-S and MONI-S (@ = 0.73 in MeOH) and rose bengal for MANI-S (@ = 0.54 in MeCN).
¢ Measurements were performed in EtOH with quinine sulfate as the standard with excitation at 340 nm.
4 Fluorescence quantum yield estimated with rhodamine 6G as the standard (®p_ = 0.94 in EtOH).
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Fig. 3. Chemical structures of heavy-atom-free photosensitizer S-NDI and S-PDIs.

phenomenon is because thionation promotes the intersystem
crossing (ISC) from the singlet excited state to the triplet excited
state. Actually, this phenomenon has also been observed in other
chromophores containing thiocarbonyls groups such as thionated
naphthalenediimide (S-NDI) [55] and thionated perylene diimides
(S-PDI) derivatives (Fig. 3) [56].

Thionation of carbonyl can enhance ISC through tuning the
energy gaps between the S, and T,, states and promoting their
electronic coupling [57]. For example, S-NDI has S;/T5 states with
similar energy while no such S,,/Ty, states with similar energy were
founded in its oxo-analogue, which explained an increased singlet
oxygen yield of 56% from 7.0% after thionation. S-PDIs displayed
rapid ISC to triplet states. Notably, S1-PDI exhibited the fastest ISC
rate constant of 1.69 x 10'? s—! among all the structures listed in

Fig. 3. Interestingly, it seems that the rate of triplet formation does
not have a strong correlation with the degree of thionation. These
two series of thionated derivatives demonstrated that replacing
oxygen atoms in fluorophores with sulfur atoms is a facile method
to develop photosensitizers by promoting ISC. Based on the
experimental and advanced computational studies by Patsenker
et al., the presence of low-level triplet C=S-nrr*-states gave rise to
the strong quenching of the S;* state of thioxo-naphthalimide
derivatives [58], revealing that these thio-analogues could be the
chemical space for discovery of novel functional dyes utilizing this
fluorescence quenching and recovery strategy (Section 5). Also,
dyes with high ISC efficiency find wide applications as DNA
photocleavers or efficient photosensitizers (vide infra).

4. Thioxo-1,8-naphthalimides as photosensitizers for DNA
photocleavage or photodynamic therapy

The structural features of 1,8-naphthalimide skeleton, i.e.,
rigidity, planarity and hydrophobicity, render it a promising
scaffold as a DNA intercalator. Based on this hypothesis, abundant
potent anticancer drugs have been developed. Over the past
decades, our group have dedicated to exploring strategies of
constructing effective naphthalimide antitumor derivatives, which
were summarized in a lately published review [40]. Among those
methods, simple substitution of carbonyl by thiocarbonyl was
shown to be an efficient and interesting method.

DNA photocleavers refer to the molecules which can intercalate
into the DNA duplex in the dark and then efficiently cleave DNA
upon the irradiation of photochemical activation. In 2000, the next
year after the Qian et al. first reported the series of thioxo-
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C3 X=8, Y=Cl C9 X=S, Y=m, p-OMe,
g 8 C4 X=S,Y=CH;  C10 X=S8, Y=0-Cl, m-Pyridine
C5 X=5, Y=0CH; CI11 X=8, Y=o-furanyl
d Compound UV ZAgaa/nm (loge) FL ig/nm () Photocleaving activity (100 pmol/L, hv 1 h) Electronic density
of oxygen radical®
Ci 392 (4.29) 491 (<0.001) 50.4 49.6 -0.069
c 400 (4.37) 454 (<0.001) 100 0 -0.067
c3 390 (4.34) 466 (<0.001) 86.2 13.8 ~0.066
c4 390 (4.23) 466 (<0.001) 63.4 36.7 -0.071
cs 390 (4.21) 454 (<0.001) 49.5 51.5 -0.072
Co 397.5 (4.19) 435.6 (0.0014) 29.7 70.3 —0.060
c7 397.0 (4.17) 435.6 (0.0016) 39.1 60.9 -0.070
c8 398.5 (4.21) 435.4 (0.0014) 39.5 60.5 -0.066
(o) 398.5 (4.18) 436.0 (0.0016) 60.2 39.8 -0.068
c1o 398.0 (4.15) 466.0 (<0.001) 41.6 58.4 ~0.068
Cii 397.5 (4.16) 468.3 (<0.001) 42.2 57.8 -0.058
" In absolute ethanol.
" With quinine sulfate in sulfuric acid as quantum yield standard.
¢ By semi-empirical SCF AMI method (hyperchem 5.5).
e (I T O I T f E 2 3 & 56 1T &9
— Font I - — — -
i Teeeew _'-=n----.
Font 11— - .-, - Font [l =

1% 98.145.049.261.378.992.5
Nn% 1.955.050838.721.1 75

1% 95.062.7 52.045.0 40.0 36.0 26.5 20.7 95.0
O% 5.037.348.055.060064.073.579.2 5.0

Fig. 4. Thioxo-1,8-naphthalimide derivatives as efficient DNA photocleavers. (a) Chemical structures of 8' and 8. (b) Effect of 366 nm irradiation on single-strand cleavage by 8'
and 8. Electrophoresis of mixtures of pUC19 plasmid DNA (4 wmol/L) with 50 wmol/L 8' or 8. Reproduced with permission [59]. Copyright 2000, The Royal Society of
Chemistry. (¢) Chemical structures of C0—-C11. (d) Photocleaving activities, spectra data and calculated parameters of C0-C11. (e) Time-dependant photocleavage of DNA using

C6 (100 pmol/L). Lane 1: DNA alone (no hv); Lane 2: C6 and DNA (hv, 90 min); Lane 3
30min); Lane 6: DNA alone (hv, 1.5h). (f) Concentration dependant photocleavage

: €6 and DNA (hv, 75 min); Lane 4: C6 and DNA (hv, 60 min); Lane 5: C6 and DNA (hv,

of DNA using C6 (hv, 1h). Lane 1: DNA alone (no hv); Lane 2-8: DNA and C6 at

concentrations of 2, 5, 10, 20, 50, 100, and 200 pmol/L, respectively. Lane 9: DNA alone (hv). (d-f) Reproduced with permission [61]. Copyright 2003, Elsevier.
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naphthalimide derivatives, their potential as DNA photocleavers
were evaluated. The dithioxo-naphthalimide (8) and its oxo-
analogue (8') were synthesized as the candidate photoactive
compounds, and their DNA cleaving activities under photo-
irradiation were quantified by measuring the transformation of
pUC 19 DNA (form I) to the relaxed circular DNA (form II) (Fig. 4)
[59]. Upon irradiation with 366 nm for 2 h, 8 exhibited a much
stronger DNA cleaving ability (132-fold) than its oxo-counterpart
(Figs. 4a and b). The conversion did not involve singlet oxygen,
superoxide, hydrogen peroxide or hydroxyl radicals, suggesting
that DNA photocleavage by these two compounds involved the
direct electron transfer from bases to the triplet state of the thioxo-
1,8-naphthalimide, i.e. a photodynamic type I reaction.

In 2001 [60] and 2004 [61], our group continued the thioxo-
replacement strategy and synthesized and evaluated a family of N-
benzoyloxythioxonaphthalimides (CO-C11, Fig. 4c) as novel highly
efficient ‘time-resolved’ DNA photocleavers, by releasing aroyloxyl
radicals. By integrating the structural feature of DNA photocleavers
based on the release of hydroxy or aroyloxy radicals, the excellent
DNA intercalative binding abilities of 1,8-naphthalimide with a
red-shifted absorption and the thionation promoted intersystem
crossing efficiency, the structures of N-benzoyloxythioxonaph-
thalimides (CO-C11) were designed. The synthesis was realized by
condensation of N-hydroxy-thionaphthalimide (obtained by the
reaction of 4 and hydroxylamine) with substituted benzoyl
chlorides. All thioxo-analogues (C1-C11) exhibited weak fluores-
cence and the excited deactivated via hemolysis of the N-O bond.
With AM1 semi-empirical quantum calculation, it was found that
their photocleaving activities were correlated with the densities of
electron clouds on the N-O bonds bonds in the triplet state
(Fig. 4d). The photocleaving activities were fine-tuned by
substituents of the radicals. Among these candidates, C6 was
particularly effective and as low as 2 pmol/L was sufficient to
damage DNA. This presumably was attributed to its capability to
generate a stream of aroyloxyl radicals at a relatively steady rate
rather than a rapid burst (Figs. 4e and f). This could be useful in
‘time-resolved’ DNA cleavage related researches.

In summary, the upper two series of photocleavers based on the
scaffolds of monothioxo- or dithioxo-naphthalimides revealed that
replacing carbonyl with thiocarbonyl is a general and effective
strategy for constructing novel photocleaving agents of DNA.

The enhanced intersystem crossing efficiency by simply
thionation of naphthalimides rendered it a potential strategy of
developing novel potent photosensitizers. Yoon et al. designed and
synthesized three dithioxo-1,8-naphthalimides, i.e., RNI-S, MONI-S
and MANI-S (Table 1 and Fig. 5a), and evaluated their potentials as
heavy-atom-free photosensitizers in solution and cells [52].
Replacing both carbonyl groups with thiocarbonyl groups resulted
in nearly complete fluorescence quenching (&g ~ 0), an
approximately 100nm bathochromic shift in the absorption
maximum and an increase of the molar absorption coefficients
(Table 1). With the enhancement of electron-donating ability by
substituting the 4-position of the skeleton of dithioxo-1,8-
naphthalimide with electron donating groups, the singlet oxygen
quantum yield increased from 0.32 (RNI-S) to 0.74 (MONI-S) to
nearly 1.00 (MANI-S) (Table 1). The mechanism was explained by
theoretical calculations which revealed that small singlet-triplet
energy gaps and large spin-orbit coupling constants could account
for the efficient population of the triplet state of RNI-S. MANI-S
self-assembled to H-aggregates with a quenched ROS generation
efficiency and disassembled into monomers upon the reaction
with protein (Fig. 5b), leading MANI-S to be a tunable “off-on” type
photosensitizer. MANI-S could produce both 0, and !0,
indicating that it could be a photosensitizer via type-I and type-
II mechanism. Later cellular experiments illustrated that MANI-S
significantly inhibited HeLa cell proliferation both in normoxia

a 5 i
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Fig. 5. (a) Chemical structures of RNI-S. (b) Schematic illustration of the assembly
and partial disassembly processes of MANI-S. (c) Cell viability of HeLa cells after
treatment with different concentrations of MANI-S and MB under normoxia (20%
0,) and hypoxia (1% O,) along with irradiation. wM: pmol/L. (d) Fluorescence
microscope images of HeLa cells after treatment with MANI-S (0.5 wmol/L) under
hypoxia and loaded with calcein-AM (2 pmol/L, live cell marker), PI (4 umol/L, dead
cell marker), DCFH-DA (total ROS probe) or DHE (superoxide probe). Reproduced
with permission [52]. Copyright 2019, American Chemical Society.

(20% 03, 89% cell inhibition) and hypoxia (1% O,, 87% cell
inhibition) (Fig. 5¢).

The photocytotoxicity and ROS producing ability of MANI-S
were further demonstrated by confocal fluorescence imaging
(Fig. 5d). Recently, a lysosome-localized thionaphthalimide
photosensitizer (LSNI-S) was synthesized by the same group
[62]. Dithioxo-1,8-naphthalimide was proved to be a promising
photosensitizer even under hypoxia, which would greatly promote
its application in PDT. Thionation of 1,8-naphthalmides was proven
to be a general strategy of increasing ISC efficiency, which could be
applied to any other scaffolds. Such a simple and efficient
modification based on the current structures might find tremen-
dous potential applications in the development of novel DNA
intercalating and efficient photosensitizer.

5. Thioxo-1,8-naphthalimides as fluorescent probes for
mercaptophilic metal ions via desulfurization

Numerous 1,8-naphthalimide derivatives have been developed
as fluorescent probes or targeting imaging agents, due to their
excellent photochemical and spectroscopic properties, ease of
synthesis and versatile structural modifications. However, with the
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substitution of oxygen with sulfur atoms, the fluorescence of the
thioxo-1,8-naphthalimides is barely visible, which hampers their
applications as bright fluorophores assisting in lighting up targeted
molecules or cellular biological process. So, thioxo-1,8-naphtha-
limides-based fluorescent sensing and imaging was limited in
occasions where their fluorescence can be recovered upon reacting
with the targeted substrates. Multiple sulfur-containing organic
small-molecule probes were designed taking advantage of the
strong thiophilic affinity of Hg?" [63-65]. Mercury-promoted
desulfurization of thiocarbonyl groups have been used in the
construction of highly selective chemodosimeters for Hg?*, e.g.,
thioamide [66], thiocoumarin [31], thiosemicarbazide [67] and
thione structures [68].

In 2013, Chang et al. designed and synthesized a series of new
thioxo-1,8-naphthalimides (15-17, Fig. 6a) for the purpose of
selective sensing of Hg?" through desulfurization of the thioimide
to imide (Fig. 6b) [51]. Among these three thioimide-based probes,
an anti-type monothioxo-naphthalimide (15, Figs. 6b—e) exhibited
relatively optimized Hg?* chromogenic signaling behavior both in
selectivity and signaling time. In 30% aqueous acetonitrile solution,
it showed a “naked-eye” solution color change from red to yellow
with a long-wavelength absorption band at 507 nm diminished
and a new band at 439 nm emerged (Fig. 6¢). The absorption ratio
of the two distinct wavelengths (A439/As07) of 15 increased by 155-
fold within 5min in the presence of 30 equiv. of Hg?*.
Concomitantly, the fluorescence at 537 nm exhibited a prominent
over 300-fold turn-on (Fig. 6d). The detection limit of mercury ions
in 30% aqueous acetonitrile was estimated to be 2.7 pmol/L
(Fig. 6e). The sensing mechanism of desulfurization of the
thioimide induced by Hg?>* was confirmed by NMR, UV-vis, and
fluorescence spectra measurements. The other isomeric mono-
thio-analogue 16 easily formed a complex with Hg?* in a short time
and its desulfuration required 2 days. And the dithio-derivative 17
was rapidly desulfurized to the monothiol-derivative 16. Further
desulfurization to 14 was rather slow. So, neither 16 nor 17 was a
good Hg?" sensor, yet. Probe 15 exhibited considerable signal
change upon other thiophilic gold ions, such as Au* and Au*. This
was also the situation for thiocoumarin-based Hg?* probes, which
is a limitation of this kind of Hg?" probes relying on the
desulfuration of thiocarbonyl group.

6. Conclusions and perspectives

Substitution of the oxygen atoms of carbonyl groups in 1,8-
naphthalimides with sulfur atoms yields monothioxo- or dithioxo-
1,8-naphthalimides, which were first developed by Qian et al. in
1999. The synthesis could be easily realized by a one-pot
thionation with Lawesson’s reagent on the current skeleton of
naphthalimides. Compare to their oxo-analogues, thioxo-1,8-
naphthalimides have unique photochemical and photophysical
characteristics including a progressively bathochromic absorption
shift, increased molar absorption coefficients, dramatically en-
hanced intersystem crossing efficiency, which could be utilizing in
the design of novel fluorescent probes based on the reaction of
thiocarbonyl, highly potent DNA photocleavers and promising
photosensitizers in cancer therapy.

Currently, the researches on thioxo-1,8-naphthalimides are still
limited on exploring their preliminary photophysical properties
and the limited structural diversity hindered their scope of
application. Versatile hidden features of this novel scaffold are
still awaiting much further exploration. For instance, thionation of
carbonyl group might reshape the surface charge distribution of
the original naphthalimides and create a new chemical skeleton
endowing them with new pharmaceutical properties. The con-
struction of a diversity-oriented thioxo-1,8-naphthalimides library
could provide potential platform for screening novel molecular
drugs. As excellent photosensitizers with high ISC efficiency,
thioxo-1,8-naphthalimides can easily produce various ROS. The
thiocarbonyl group could be oxidized by ROS (such as hydroxyl
radical or singlet oxygen) followed by further hydrolysis [69],
resulting in the formation of their oxo-naphthalimide analogues
accompanied by recovered fluorescence, which might render them
potential in super-resolution imaging as photoactivatable fluo-
rophores.

In conclusion, thionation of carbonyl into thiocarbonyl is a
general effective strategy of manipulation the photochemical and
photophysical properties of the existing fluorophores. We hope
that this short review about the rarely explored thioxo-1,8-
naphthalimides could stimulate renewed interest in the scaffold
and provide some insight for the related researchers to promote
their biological, pharmaceutical applications.
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