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Ratiometric fluorescent chemosensor for mercury(i) cations
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The crown-containing bis(chromophoric) chemosensor for mercury(i) cations in an
aqueous solution was synthesized using the azide—alkyne 1,3-dipolar cycloaddition click
reaction. The synthesized compound contains the 4-methoxy-1,8-naphthalimide fragment
acting as the electron excitation energy donor and styrylpyridine being the chromorphore-
acceptor. Upon the excitation of the naphthalimide residue with the visible light, the
resonance energy transfer (RET) occurs, and its efficiency decreases as a result of complex
formation with Hg2" cations. The changes in the fluorescence spectrum observed upon
the addition of Hg?™ allow one to detect the ratiometric fluorescence response due to an
increase in the ratio of emission intensities in the donor and acceptor channels. Based on
the spectrophotometric and spectrofluorimetric titration data, the logarithms of the stabil-
ity constants (logK) for the 1 : 1 metal—ligand complex were calculated to be 5.37+0.05
and 5.81%0.06, respectively. The proposed fluoroionophore is characterized by the detec-
tion limit of Hg2" ions in water at pH 4.5 equal to 40 nmol L~ The ability of the synthe-
sized chemosensor to perform fluorescence imaging of mercury(11) cations in living cells
was also analyzed.

Key words: sensor, fluorescence imaging, 1,8-naphthalimide, styryl dye, mercury(ir)
cation, resonance energy transfer, intramolecular charge transfer, HEK 293 cells, Heck
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The development of fluorescent chemosensors for
the detection of heavy and transition metal cation is
presently a topical trend in the chemistry of photo-
active organic compounds.!=® In this respect, the
mercury(i1) cation is one of the most significant
analytes. Mercury is widely abundant in the environ-
ment because of human activity. The Hg!! ions are
easily transformed by sea microorganisms into meth-
ylmercury (MeHg"), which is more harmful than

* On the occasion of the 70th anniversary of the foundation of
A. N. Nesmeyanov Institute of Organoelement Compounds of
the Russian Academy of Sciences.

inorganic or elemental mercury.”-3 Further heaving
via the food cycle, MeHg" can be accumulated in
fish organisms.? This is dangerous for human health.
The extremely high toxicity of the mercury com-
pounds is caused by high affinity to thiol groups of
proteins and enzymes, 1 which induces cell disfunc-
tion and, as a consequence, results in damages of the
digestive, cardiovascular, and central nervous sys-
tems.!1>12 Many sensors for this cation are described
in the modern literature, and this information was
systematized in the recent reviews.!13—15

The most important requirements imposed in
sensor devices for the detection of metal cations
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under in vitro and in vivo conditions are possibilities
of working in a highly competitive aqueous medium
and exhibiting the ratiometric fluorescence response
to the presence of the analyte. According to the ra-
tiometric procedure of measurements, the fluores-
cence intensity can be measured at different excita-
tion or emission wavelengths, and the ratio of these
intensities would change depending on the content
of the determined substance.19—19 In this case, it is
not necessary to know the concentration of fluoro-
ionophore molecules in the system under study to
calculate the equilibrium concentration of the de-
termined substance. Note that the widely abundant
fluorescent PET chemosensors,2? which function on
the basis of the mechanism of photoinduced electron
transfer (PET) and are built according to the fluoro-
phore—spacer—receptor type, demonstrate fluores-
cence enhancement or quenching upon the reaction
with the analyzed substrate without changing the
shape and position of the emission band maximum.
This does not allow one to perform analysis in a bio-
logical medium, for instance, in living cells.

The simplest method to achieve a ratiometric
response is the introduction into the molecule of the
ICT fluorophore (compound, whose absorption and
fluorescence in the long-wavelength spectral range
are associated with the intramolecular charge trans-
fer (ICT)) of the receptor group in such a way that
one or several electron-donor atoms of the receptor
are included into the chromophoric system of the
dye. The compounds exhibiting the properties of ICT
chemosensors are formed in this case. Their charac-
teristic feature of the shift is maxima in the absorption
and emission spectra upon complex formation due
to a change in the energy of the ICT transition.2!
The examples of the monochromophoric ratiometric
ICT chemosensors for the mercury(11) cations were
described.22—25 However, their practical use is ac-
companied by two problems. The first problem is the
fluorescence quenching of the photoactive fragment
due to the contact of its zz-system with the Hg?"
cation in the complex (so-called internal heavy atom
effect).26 As known, the use of fluorescence quench-
ing as an analytical signal is less preferable than the
enhancement of fluorescence since leads to an in-
crease in the relative error of analysis.2”»28 The
second problem is that for the monochromophoric
ICT chemosensors the shift of the fluorescence band
maximum (A ) is often observed in a range of
20—50 nm,29—32 which results in an insignificant

change in the ratio of fluorescence intensities at two
different wavelengths, i.e., in a weakly pronounced
ratiometric response. One of possible causes for this
type behavior can be the recoordination of the metal
cation in the receptor cavity leading to the cleavage
of the bond between the cation and fluorophore32
due to which the optical characteristics of the latter
in the complex are close, to a significant extent, to
its characteristics in the free ligand.

The use of the resonance energy transfer (RET) of
electron excitation between the chromorphore-donor
(CD) and chromophore-acceptor (CA) is a very
successful strategy to achieve the ratiometric fluores-
cence response.33—35 In the case of the bis(chromo-
phoric) RET chemosensors, the interaction with the
substrate induces a change in the efficiency of the
resonance energy transfer (Pggt) in the system, which,
in turn, leads to a change in the ratio of intensities
of the emission peaks of CD and CA in the spectrum.
Several ratiometric RET chemosensors for the mer-
cury(11) cations have been described to date. The prin-
ciple of the operation of the majority of them is based
on using the cation-induced opening of the spiro-
lactam cycle of the rhodamine dyes, which act as
excitation energy acceptors in these compounds.36—40

In our recent work,4! we showed a possibility of
switching over the RET process in the bis(chromo-
phoric) system based on the naphthalimide-contain-
ing PET sensor for the Hg?" cation acting as CD and
styryl dye (CA) due to a change in the competition
between RET and PET upon complex formation. In
the present study, we propose the method for increas-
ing the ratiometric response of the ICT chemosensor
due to using the resonance energy transfer. Styryl-
pyridinium dye 1 was chosen as the ICT fluoroiono-
phore, since its unshared electron pair of the nitrogen
atom of the crown ether receptor is conjugated with
the electron-acceptor pyridine fragment. The sensor
properties of compound 1 were studied by us earlier.42
The studies showed that chemosensor 1 in an aqueous
solution at pH 6.0 formed with the mercury(i1) cations
the stable complex 1+Hg?", which is characterized
by the logarithm of the stability constant (logK) equal
t0 6.03£0.06. The binding of the cations is accompanied
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by the hypsofluoric and hyperfluoric effects. Never-
theless, the hypsofluoric shift on going from ligand
1 to complex 1+ Hg?™ turned out to be low (36 nm).

In order to improve the sensor properties of ICT
chemosensor 1, we modified its structure (Scheme 1) by
the introduction of the 4-styryl-1,8-naphthalimide chro-
mophoric fragment with the formation of RET pair 4.

The 1,8-naphthalimide derivatives are among the
most popular classes of organic luminophores, which
is widely used in the development of optical mo-
lecular devices of different design,43—4¢ including
fluorescent chemosensors.47—53 The results of study-
ing the sensor properties of compound 4 with respect
to mercury(11) cations in an aqueous solution and in
living cells are presented below.

Results and Discussion
The Cu!-catalyzed click reaction of 1,3-dipolar

azide—alkyne cycloaddition (see Scheme 1) was used
for the preparation of RET system 4. Derivative 3,

which was formed (Scheme 2) upon the condensation
of aldehyde 6 with the earlier4! synthesized y-picol-
inium salt 5, served as "azide." The second compo-
nent of the click reaction ("alkyne") was the deriva-
tive of 4-styryl-1,8-naphthalimide 2 with the propar-
gyl group, easily available via the Heck reaction
between styrene 7 and 4-bromonaphthalic anhydride
8 followed by the imidation of anhydride 9 with
propargylamide (Scheme 3). Aldehyde 6 was synthe-
sized via the previously described34 procedure.

The spectral and complexation properties of
bis(chromophoric) derivative 4 and model com-
pounds 1 and 2 (being individual monochromophoric
components of RET pair 4) were studied in an aque-
ous acetate buffer at pH 4.5. On the one hand, at the
indicated pH the azadithia-15-crown-5-ether frag-
ment in compounds 1 and 4 efficiently binds the
mercury(11) ions> (in the neutral medium the com-
plex formation is suppressed because of the hydro-
lysis of mercury(1) perchlorate% used in the work).
On the other hand, no protonation of the nitrogen

Scheme 2
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Scheme 3
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Reagents and conditions: /) Pd(OAc),, P(o-Tol);, NEt;, DMF,
A; ii) propargylamine, 2-methoxyethanol, A.

atom of the receptor is observed.4%:55 The optical
response of styryl dye 1 to the presence of Hg?"
under the described conditions was first analyzed.
Binding of mercury(11) cations with compound 1
was accompanied by the appearance in the absorption
spectrum of the band at 350 nm corresponding to the
1 : 1 metal—ligand complex (Fig. 1, a; Table 1). The
intensity of the long-wavelength band with a maxi-
mum at 457 nm, which is associated with the intra-
molecular charge transfer in the free ligands, de-
creases. In the fluorescence spectrum of compound 1,
complex formation induces the shift of the band
maximum to the short-wavelength range and an
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increase in its intensity (Fig. 1, b). These spectral
changes are the result of increasing the energy of the
ICT transition in the complex due to a decrease in
the electron-donor properties of the nitrogen atom
of the macrocyclic receptor. The stability constant
of complex 1+Hg?" was determined from the data
of spectrophotometric and spectrofluorimetric titra-
tion of compound 1 with mercury(i1) perchlorate (see
Table 1) (for the procedure of determination of the
stoichiometry of the complex, see Experimental).
The determined values turned out to be higher than
the earlier calculated stability constant of complex
1+ Hg?" in water (logK = 6.03%0.06),42 which is likely
related to the difference in the pH at which the com-
plex formation was studied (pH 6.0 in Ref. 42 and
4.5 in this work).

The choice of the 4-methoxystyryl-1,8-naph-
thalimide as CD in the structure of RET pair 4 is
based on an analysis of the spectral characteristics
of individual dyes 1 and 2. So, the absorption spec-
trum of compound 1 (CA) is overlapped with the
emission spectrum of derivative 2 (Fig. 2). This
overlap provides a possibility of RET to occurin free
ligand 4. At the same time, the hypsochromic shift
of the absorption maximum of CA upon complex
formation with Hg?" (see Fig. 1) induces a decrease
in the overlapping the spectral bands and a decrease
in the RET efficiency, which should be observed as
an increase in the intensity of the emission band of
CD in the spectrum against the background of the
signal of CA (Scheme 4). The overlapping inte-

[ (rel. units) b
R
4.2 + 3.0
2.5
3.6 F 2.0
15
30 F

2 equiv. Hg?*
24 F \
1.8

121

510 15 20
[HgZ*]/umol L

0.6

650 700 XA/nm

450 500 550 600

Fig. 1. Changes in the absorption (a) and fluorescence (b) spectra of compound 1 (10.0 umol L—!) upon the gradual addition of
mercury(11) perchlorate in water at pH 4.5 (acetate buffer, 0.01 mol L—1). The excitation wavelength is 405 nm. Insets: absorbance at
475 nm (A475) and ratio R of the fluorescence intensities at 550 and 605 nm (/55(//y5) vs concentration of Hg(ClOy), in a solution

(points are experimental data, and curves are calculation).
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Table 1. Spectral characteristics of compounds 1, 2, and 4 and stability constants of complexes
1 and 4 with mercury(11) cations in water at pH 4.5¢

Compound ~ A2bs . Mo of logk® for L+ Hg2*

(L) nm spectrophotometry spectrofluorimetry
data data

2 425 595 0.039 — —

1 460 610 0.0066 7.410.4 7.610.6

4 469 637 0.00085 5.3710.05 5.8110.06

@ Acetate buffer, 0.01 mol L1,

b The dimensionality of constant K is L mol~!.

g+1073/L mol~! cm™!

n
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Fig. 2. Overlapping of the absorption spectra of compound 1 (/)
and complex 2+Hg?"™ (2) with the normalized fluorescence
spectrum of compound 2 (3) in water at pH 4.5 (acetate buffer,
0.01 mol L~!). The excitation wavelength is 415 nm. The con-
centration of all compound in the solution is 10.0 pmol L1,

grals J(A), Forster critical radii Ry, and efficiencies
resonance energy transfer @gpr for the pairs of
chromophores 1—2 and 1+Hg?"—2 determined in
terms of the inductive resonance model of RET,57
are given in Table 2 for clarity. The data on the op-
timized geometry of compound 4 (Fig. 3) and the
spectral characteristics of the individual chromo-
phores were used for the calculation of these para-

r=15.0A
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Fig. 3. Geometry of compound 4 optimized by the PM6 method.

meters. The details of the calculation are given in
Experimental.

The absorption spectrum of chemosensor 4 con-
tains a broad long-wavelength band bathochromically
shifted relatively to the band of styryl dye 1 (Fig. 4, a).
The shift by 27 nm to the red range on going from
compound 1 to 4 was also observed in the fluores-

Table 2. Spectroscopic characteristics of the RET pairs naph-
thalimide—styryl dye in water

RET pair JON) Ry/A  ®ger
/nm* L mol~! cm™!

2 (CD)—1 (CA) 1.65-1014 20.7 0.89

2 (CD)—1-Hg?" (CA) 8.87-1013 12.7 0.30

Scheme 4
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Fig. 4. Absorption spectra (a) and normalized fluorescence spectra (b) of compounds 1 (/), 2 (2), and 4 (3) in water at pH 4.5 (acetate
buffer, 0.01 mol L~!). The concentration of all compound is 10.0 pmol L~!. The excitation wavelength is 405 (2, 4) and 460 nm (1).

cence spectrum (Fig. 4, b; see Table 1). The men-
tioned bathochromic shift is not related to the
contribution of the absorption band of the chromo-
phore-donor, because the latter lies in a shorter-
wavelength range (in the absorption spectrum of
naphthalimide 2 this band represents a maximum at
420 nm, see Fig. 4, a). It is most likely that some
change in the degree of polarization of the m-electron
system of the styrylpyridinium chromophore is ob-
served due to the addition of the second photoactive
fragment, since this chromophore is highly sensitive
to the microenvironment.

The above mentioned assumption is confirmed
by the fact that the chemical shifts of protons of the
naphthalimide core in compounds 2 and 4 are nearly
indiscernible in the 'H NMR spectra, whereas the
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signals of the styrylpyridinium fragment undergo
a significant shift on going from compound 3 to 4
(Table 3), and also by the fact that the stabilities of com-
plexes 1 and 4 with the mercury(i1) cation differ by
approximately two orders of magnitude (see Table 1).

The addition of Hg?" to an aqueous solution of
compound 4 (acetate buffer, pH 4.5) resulted in the
hypsochromic shift of the long-wavelength absorp-
tion band caused by the coordination of the cation
with the crown ether fragment of the styrylpyridinium
residue (Fig. 5, a). The presence of Hg2" resulted in
the shift of the maximum in the fluorescence spec-
trum of compound 4 to the short-wavelength range
and an increase in the emission intensity (Fig. 5, b).
Taking into account the data presented, the logarithm
of the stability constant of the 1 : 1 complex of com-

1 (rel. units) b
6.0 ¥ .o
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4.0 +
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3.0 [Hg2*]/umol L-!

20+
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Fig. 5. Changes in the absorption (a) and fluorescence (b) spectra of compound 4 (10.0 umol L—!) upon the gradual addition of
mercury(11) perchlorate in water at pH 4.5 (acetate buffer, 0.01 mol L—1). The excitation wavelength is 405 nm. Insets: absorbance at
460 nm (A4q) and ratio R of the fluorescence intensities at 565 and 687 nm (/s545//¢g7) vs concentration of Hg(ClOy), in a solution
(points are experimental data, and curves are calculation). The peak at 470 nm corresponds to the Raman signal of the solvent.
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Table 3. Chemical shifts of protons in the "H NMR spectra of compounds 2—4 in DMSO-dg

Hydrogen o 16, — 8,°
atom* Monochromophore, Bis(chromophore),
compound compound 4 (8,)
20r3(8))

Naphthalimide fragment
OCH; 3.82 3.82 0
H(17) 4.79 5.30 0.51
H(13), H(15) 7.02 7.03 0.01
H(10) 7.59 7.60 0.01
H(12), H(16) 7.83 7.83 0
H(6) 7.88—7.95 7.88—7.95 0.06
H©) 8.08 8.09 0.01
HQ@3) 8.23 8.24 0.01
H(2) 8.49 8.50 0.01
H(7) 8.57 8.56 0.01
H(5) 9.03 9.04 0.01

Styrylpyridinium fragment
H(26") 2.10—2.22 1.13—1.25 0.97
H(16"), H(23") 2.71—2.79 2.72—2.78 0.01
H(17"), H22") 2.80—2.89 2.79—2.87 0.01
HQ27") 3.43-3.51 3.44—-3.50 0.01
H(157), H(24") 3.53—3.62 3.55—3.60 0.02
H(18"), H(19"), H(20"), H(21") 3.62—3.75 3.63—3.73 0.01
H(25") 4.43—4.54 4.37—4.47 0.06
H@117), H(13") 6.72 6.71 0.01
H(8") 7.17 7.11 0.06
H(10"), H(14") 7.59 7.53—7.64 0.06
H(7") 7.94 7.86—7.96 0.08
H(3"), H(5") 8.08 8.01 0.07
H(2"), H(6") 8.78 8.69 0.09

?The numeration of atoms in the naphthalimide and styrylpyridinium fragments of com-

pounds 2—4 is shown in Scheme 1.

5The differences in chemical shifts corresponding to the protons, whose signals most
strongly change their positions in the spectrum on going from the monochromophoric
derivative (2 or 3) to bis(chromophore) 4, are emphasized by bold.

pound 4 with the Hg2t cation was estimated (see
Table 1). The observed enhancement of fluorescence
of compound 4 is a partial result of increasing the
radiative deactivation efficiency of the styrylpyri-
dinium chromophore itself upon complex formation
(see Fig. 1, b) and a result in part of an increase in
the emission intensity of CD due to the suppression
of RET (emission bands of compounds 2 and 1+ Hg?"
are strongly overlapped, see Fig. 4, b and Fig. 1, b).
The change in the shape of the fluorescence spectrum
of complex 4 upon Hg?" binding makes it possible
to consider this sensor as ratiometric. In fact, the R
ratio of fluorescence intensities at 565 and 687 nm
(R = Is¢s5/16g7) increases by approximately 9 times

during spectrofluorimetric titration (see inset in
Fig. 5, b). Note that, under similar conditions,
monochromophoric ratiometric chemosensor 1 de-
monstrated a lower contrast in switching over the
analytic signal (ratio R, which was equal to 1550/ /¢,
increased by 3.5 times upon the addition of mercury(i1)
perchlorate, see Fig. 1, b).

The spectral response of sensor 4 to the Hg?"
ion was selective: no changes were observed in
the absorption and fluorescence spectra in the
presence of Zn2*, Cd?*, Cu?*, Ag*, Ni?*, Pb2",
Ca2?™, Mg?", and Fe?" cations. The histogram pre-
sented in Fig. 6 shows the increase in /545//557 upon
the addition of 5 equivalents of perchlorate of the
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Fig. 6. Fluorescence response of sensor 4 (10.0 pmol L~!) to the
presence of metal cations in an aqueous solution at pH 4.5 (acet-
ate buffer, 0.01 mol L~!). The R value is calculated as the ratio
of the fluorescence intensities at 565 and 687 nm for free ligand 4,
and R is the analogous ratio after the addition of metal perchlor-
ate (5 equiv.) to a solution of sensor 4. The excitation wavelength
is 405 nm.

indicated metals to an aqueous solution of com-
pound 4.

The dependence of the R ratio on the fluorescence
intensities at wavelengths of 565 and 687 nm for
sensor 4 exhibits a good linear correlation (correla-
tion coefficient 0.97) with the Hg?™ concentration
in a range of 1—10 pmol L-! (Fig. 7). Taking into

2 4 6  [Hg*]/umol L-!

Fig. 7. Ratio (R) of the fluorescence intensities at 565 and 687 nm
(1565/1¢g7) of asolution of compound 4 (10.0 pmol L-1) in water
at pH 4.5 (acetate buffer, 0.01 mol L~1) vs concentration of
Hg(Cl0,), in a solution (points are experimental data, and curves
are the linear approximation by least squares). The excitation
wavelength is 405 nm.

account the slope ratio » of the presented calibration
straight line (see Fig. 7) and the standard deviation
of the analytical signal s (R ratios), we found by
Eq. (1)38 that the detection limit (Cp;) of Hg2*
cations using sensor 4 under specified conditions
was 40 nmol L~!. The determined value of Cp
turned out to be close to the maximum permissible
concentration of mercury in the drinking water
(30 nmol L—1).59

Cpr, = 3s/r (1

Finally, we analyzed a possibility of using sensor 4
for fluorescent imaging of mercury(i1) cations in the
living cells. The HEK293 embryonal cells from the
human kidney were used for the study. As compound
4 is added to the cells from the stock solution in
DMSO, its significant portion in the cellular medium
precipitates, which is likely related to a high hydro-
phobicity of the compound. It was found by laser
scanning confocal microscopy (LSCM) that com-
pound 4 penetrated into the HEK293 cells and was
accumulated in the cytoplasm. In this case, the
compound was concentrated in vesicles and localized
in the elongated cellular organoids, and the diffusion
coloration of the cytoplasm was observed (Fig. 8, a, b).
The character of the intracellular distribution of the
compound does not substantially change upon the
variation of the incubation concentrations and in-
cubation duration of the cells. The obtained intracel-
lular fluorescence spectra of the compound localized
in the submicron vesicular structures differ in shape
and position of the maximum (Al 572 nm) from the
spectra in other parts of the cytoplasm (kﬂmax 577 nm)
(Fig. 8, ¢, d). The intensity of the intracellular fluo-
rescence spectra varies in different parts of the cell.

To reveal the origin of vesicles that accumulate
compound 4, we performed the colocalization anal-
ysis of the compounds under study with the Lyso
Tracker Red (LR) fluorescent marker of lysosomes.
It is elucidated by the LSCM method that the
granular distribution of the compound observed in
the cells reflects its predominant accumulation in
lysosomes (Fig. 9). The colocalization coefficient of
the compound with lysosomes is 0.7+0.1. Note that
monochromophoric styryl dye 1 penetrated into liv-
ing cells and was accumulated predominantly in
mytochondria.4? As shown by the previous results,42
it was impossible to detect Hg?" in the cells us-
ing compound 1 because of the basic level of pH
(about 8.0) in the indicated organellas. When study-
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Fig. 8. Confocal fluorescent images (a, b, d, e) and intracellular fluorescence spectra of compound 4 (c, f, solid lines) and complexes
4+-Hg?* (c, f, dashed lines) in the vesicular structures (c) and cytoplasm (f) in the HEK293 cells; a, d are fluorescent images; b, ¢ are
images of the cells in transmitted light. The cells were incubated with compound 4 (5 umol L=!) for 1 h (a, b) or pre-incubated with
Hg(ClOy), (50 umol L) for 30 min and then incubated with compound 4 (5 umol L=1!) for 1 h (d, e). The scale mark is 5 um. The
fluorescence excitation wavelength is 405 nm, and fluorescence was detected in a range of 420—730 nm. The fluorescence spectra
were normalized relatively to the intensity of the signal at the maximum point (/). Green ovals show some lysosomes, and red ovals show
the region of diffuse distribution of the compound in the cytoplasm or an organoid different from a vesicle. Letter "N" indicates nuclei.

ing the intracellular complex formation of sensor 4,
we started from the assumption that the binding
of Hg?* cations by the azadithiacrown-ether re-
ceptor was not suppressed by the hydrolysis of the
mercury salt, since the pH in lysosomes is approxi-
mately 4.5.90 The complex formation of the fluores-
cent sensors based on azadithia-15-crown-5-ether

with Hg?" in the lysosomes was described previ-
ously.41:42

The pre-incubation of the HEK293 cells with
Hg(Cl0y), (20—50 umol L~!, 60 min) and further
incubation with complex 4 (5 pmol L~!, 60 min)
resulted in the shift of the intracellular fluorescence
spectra to the short-wavelength range by 10 nm (see

Fig. 9. Typical distributions of compound 4 (a) and fluorescent marker of lysosomes LR (6) in the HEK293 cells obtained by the
LSCM method; (¢) superposition of the images (@) and (b). Yellow color indicates the colocalization of compound 4 and LR marker.
The fluorescent images were corrected to the overlapping of the spectra of the fluorophores; (d) image of the cells in transmitted light.

The scale mark corresponds to 10 um. Letter "N" indicates nuclei.
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Fig. 8). An analogous result was observed for the
incubation of the cells with compound 4 and subse-
quent incubation with Hg(ClO,4),. The maximum of
the intracellular fluorescence spectrum of compound
4 in the presence of Hg?" was detected at 562 and
567 nm in the lysosomes and cytoplasm, respectively
(see Fig. 8, ¢, d). The insignificant change in the
emission band shape and a slight shift of the maxi-
mum in the presence of Hg?" ions in the cells are
probably related to the fact that the fluorescence
spectrum of the styryl dye acting as CA in chemosen-
sor 4 shifts to the short-wavelength range on going
from an aqueous solution to the intracellular medium
(similarly to that described previously4!+42 for simi-
lar styryl derivatives). As a result, the difference in
the positions of the emission maxima of CA, CD,
and CA bound to the Hg2" ion is insufficient for the
detection of the ratiometric fluorescence response.
Thus, we synthesized bis(chromophoric) chemosen-
sor 4 exhibiting the selective ratiometric fluorescent
response to the presence of mercury(ir) cations in an
aqueous solution. As compared to monochromo-
phoric ICT chemosensor 1, the synthesized com-
pound demonstrated a high contrast in changing the
analytical signal (ratio of the fluorescence intensities
at two different wavelengths), which is caused by the
enhancement of fluorescence of the chromophore-
donor due to a change in the energy transfer efficiency
in the system. It is found that the introduction of the
naphthalimide chromophore fragment into styryl dye
1 induces a change in the character of the intracel-
lular distribution and provides the accumulation of
sensor reagent 4 in the lysosomes and in the cyto-
plasm, where the binding of Hg2" ions is also pos-
sible. The intracellular emission spectra of free and
Hg?"-bound chemosensor 4 differ in the position of
the maximum,; i.e., chemosensor 4 reacts to the pres-
ence of Hg?" in the living cells. Nevertheless, the
hypsofluoric shift of the emission maximum of the
styrylpyridinium residue, which occurs on going from
an aqueous solution to the intracellular medium,
worsens the ratiometric response. The presented data
on studying the cation-dependent spectral properties
of compound 4 in an aqueous solution show advan-
tages of using the RET process for the development
of ratiometric fluorescent chemosensors.

Experimental

IH and 13C NMR spectra were recorded on an Avance
400 spectrometer (Bruker; 'H, 400.13 MHz; 13C, 100.60 MHz).

Chemical shifts for 'H and 13C were determined with an
accuracy of 0.01 ppm relative to the residual signals of the
solvent and recalculated to the internal standard (Me,4Si).
Spin-spin coupling constants were determined with an
accuracy of 0.1 Hz. The solvent was DMSO-dg4. The 2D
gs-HMQC, gs-HMBC, and gs-COSY procedures with
pulse field gradients were used for signal assignment in the
NMR spectra.

The reaction course was monitored by TLC on the
DC-Fertigfolien ALUGRAM 60 UV254 plates (Macherey-
Nagel). The compounds were purified on an IsoleraTM
Prime preparative low-pressure liquid flash chromatograph
(Biotage). Melting points were measured in capillaries on
a Mel-temp II instrument and were not corrected. Elem-
ental analysis was conducted on a Carlo Erba 1108 elemen-
tal analyzer at the Laboratory of Microanalysis of the
A. N. Nesmeyanov Institute of Organoelement Compounds
of the Russian Academy of Sciences. Mass spectra with
electrospray ionization (ESI) were detected on Agilent
1100 (series LC/MSD) and Shimadzu LCMS-2020 mass
spectrometers with direct sample injection into the ioniza-
tion zone. High-resolution mass spectra were measured
on a Shimadzu LCMS-9030 instrument (ESI).

Electronic absorption spectra were recorded on a Cary
300 two-channel spectrophotometer (Agilent). Fluores-
cence spectra were detected on a FluoroLog-3-221 spec-
trofluorimeter (Horiba Jobin Yvon). The observed fluores-
cence was detected at a right angle relative to the excita-
tion beam. Fluorescence spectra were corrected with re-
spect to the sensitivity of the measuring photoelectron
multiplier.

Fluorescence quantum yields were determined in air-
saturated acetonitrile solutions at room temperature. The
quantum yields were calculated by the following equa-
tion®!:

n_gn S (=107"R)w

— 7 2
RS =10y 2 @

¢

where @l and (pﬂR are the fluorescence yields of the anal-
yzed solution and standard, respectively; A and Ay are the
absorbances of the analyzed solution and standard, re-
spectively; Sand Sg are the surface areas under the curves
of the fluorescence spectra of the analyzed solution and
standard, respectively; and »n and ng are the refractive
indices of the substance under study and standard com-
pound, respectively Coumarin 481 in acetonitrile (quan-
tum yield 0.08)%2 was used as the standard for the calcula-
tion of quantum yields.

The stability constants of the complexes of ligands 1
and 4 (L) with the mercury(11) cation were determined
using spectrophotometric and spectrofluorimetric titra-
tion.03:64 A solution of the ligand was prepared in an
acetate buffer with the exactly known concentration
(1073 mol L—1) in a quartz cell (/ = 1 cm) by the dilution
of a more concentrated solution of the ligand in DMSO
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(the fraction of DMSO in the resulting solution was
1 vol.%), and the absorption (or fluorescence) spectrum
was detected. Small portions (5—20 uL) of a solution of
the metal salt in water (also with the known concentration)
were added to the resulting solution. The absorption
(fluorescence) spectrum was detected after every addition.
Titration was accepted finished when the spectrum stopped
changing upon the addition of the next portion of the ti-
trant. The logarithm of the stability constant of the com-
plex was calculated using the SPECFIT/32 program
(Version 3.0.37). The possibility of formation of com-
plexes according to the equilibria

L + Hg?* === L-Hg?",

2L+ Hg2t === L, Hg?".

was taken into account in the calculation.

The experimental data on the dependence of the ab-
sorbance of the solution at wavelengths of 475 and 460 nm
(in the case of the spectrophotometric titration of com-
pounds 1 and 4) or on the dependence of R (in the case
of the spectrofluorimetric titration of compounds 1 and
4) on the mercury(i1) ion concentration in the solution
are consistent with the theoretical calculation results only
if taking into account the formation of 1 : 1 metal—ligand
complexes (see Figs 1, a, b; 5, a, b, insets).

Quantum chemical calculations were performed using
the MOPAC2016 software by the semiempirical PM6
method.%5 The iteration procedure was continued until
the difference in energy of the molecule for two adjacent
iterations became lower than 0.01 kcal mol~!. The influ-
ence of the solvent nature was taken into account accord-
ing to the COSMO (COnductorlike Screening Model)
model implemented into MOPAC. It was accepted in the
calculations that the solvent had the dielectric constant
& = 80 and such a refractive index (n) that n2 = 2.

The efficiency of the RET process was calculated by
the equation?

Qger = Rg/(Rg + "6), (3

where r is the distance between the chromophoric fragments
equal to 15 A and determined with allowance for the data on the
optimized geometry of compound 4 (see Fig. 3). The Forster
critical radius (R,) was determined by the equation’

R§=8.79-107[’n ol o/ (1)) 4)

where «? is the orientational factor determining the mu-
tual arrangement of the dipole moments of the transitions
of the energy donor and acceptor (accepted to be 2/3,
which corresponds to the equiprobable orientation of the
dipoles due to rotational diffusion of the molecular frag-
ments before the energy transfer), (pﬂCD,O is the fluores-
cence quantum yield of CD in the absence of CA (for the

quantum yield of compound 2, see Table 1), # is the re-
fractive index of the solvent, and J(A) is the overlap-
ping integral of the surface area-corrected emission
spectrum of CD with the absorption spectrum of CA
(nm* L mol~! cm™1!). The J()) values were calculated from
the measured fluorescence spectrum of compound 2
(Icp(M) and absorption spectra of compound 1 and com-
plex 1+ HgZ* (ecA(A)) by the equation’’

709 = { Iep e cantdr | [ 1p00dn )
0 0

The HEK293 embryonal cells of human kidney were
grown in the DMEM/F12 medium (PanEko, Russia) with
the addition of a 10% HyClone defined embryonal calf
serum (GE Healthcare Life Sciences, USA) and glutamine
(2 mmol L—1) (PanEko, Russia). Reinoculations were
made twice a week. For experiment, the cells being in the
logarithmic growth were sowed on cover glasses in 24-well
plates (2x 105 cells in a well) and were grown at 37 °C for
24 h in the presence of CO, (5%).

A freshly prepared stock solution of compound 4 in
DMSO with a concentration of 1 mmol L~! was used for
the studies. To study the intracellular penetration of the
compound, the cells were incubated with compound 4
(1—20 pmol L-1) for 0.5—3.0 h. To study the intracel-
lular complex formation of compound 4 with Hg2* ions,
either the HEK293 cells were incubated with compound
4 (10 umol L1 for 1.5 h and then washed with Hanks’
solution, Hg(Cl04), (10—50 umol L~!) was added, and
the resulting mixture was incubated for 30—60 min; or the
HEK293 cells were pre-incubated for 30—60 min with
Hg(ClO,), (10—50 pmol L—1), then washed with Hanks"
solution, and incubated with compound 4 for 0.5—2.0 h.
When studying the colocalization of the compound with
the Lyso Tracker Red (LR) fluorescent marker of lyso-
somes (Molecular Probes), the cells were incubated for
1 h with compound 4 (10 pmol L1 and LR (50 nmol L 1).

Confocal fluorescent images were obtained on an
LSM-710 confocal laser scanning microscope (Carl Zeiss
AG, Oberkochen, Germany) using an a-Plan-Apochromat
100x/1.4 oil-immersion lens with a resolution of 1.5 pm
in the direction of the optical axis of the microscope and
of 0.3 um in the perpendicular plane. When studying the
intracellular penetration of compound 4 and its complex
formation with Hg?" ions, fluorescence was excited with
a laser at a wavelength of 405 nm and detected in a spec-
tral range of 420—730 nm. The intracellular fluorescence
spectra of compound 4 were examined using the spectral
mode of preparing confocal images: fluorescence was
excited with a laser at a wavelength of 405 nm and de-
tected in the spectral mode with an increment of 5 or
10 nm in a range of 420—730 nm.

When studying colocalization with lysosomes, fluores-
cence of compound 4 and LR was excited with lasers at
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wavelengths of 405 and 543 nm and detected in ranges of
450—520 and 630—730 nm, respectively. The fluorescence
spectra of compound 4 and LR are partially overlapped
and, hence, the "unmixing" function was applied for
the correction of the confocal images according to the

equation

1y =(I450_520 —Blgso_730 )/ (1—aB), (6)

Iig = ([ 650—730 — A 450_520 )/ (1 - GB), 7

where I g and I are the real fluorescence intensities of
LR and compound 4 in spectral ranges of 450—520 and
650—730 nm, respectively; I450_500 and Ig50_730 are the
measured fluorescence intensities in spectral ranges of
450—520 and 650—730 nm, respectively; a is the fluores-
cence diffluencing coefficient of the compound in a spec-
tral range of 650—730 nm; and [ is the fluorescence
diffluencing coefficient of LR in a spectral range of
450—520 nm. To determine the fluorescence diffluencing
coefficients, the HEK293 cells were separately incubated
only with compound 4 or with LR and measured under
the same conditions.
(E)-6-(4-Methoxystyryl)-2-(prop-2-inyl)- 1 H-benzo-
[d,e]isoquinoline-1,3(2 H)-dione (2). A mixture of an-
hydride 9 (215 mg, 0.652 mmol) and propargylamine (170 pL,
2.658 mmol) was refluxed for 10 h in 2-methoxyethane
(10 mL) under an argon atmosphere. The reaction mixture
was diluted with water, and the formed precipitate was
filtered off, washed on the filter, dried in air, and recrystal-
lized from methanol. Naphthalimide 2 as an orange
powder was formed in a yield of 184 mg (77%), m.p.
225—226 °C. "TH NMR (18 °C), 8: 3.64 (s, 1 H, C=CH);
3.82 (s, 3 H, OCHj3); 4.78 (s, 2 H, CH,); 7.02 (d, 2 H,
C(13)H, C(15)H, J = 8.5 Hz); 7.58 (d, 1 H, C(10)H,
J=16.2Hz);7.82(d,2 H, C(12)H, C(16)H, J= 8.5 Hz);
7.86—7.94 (m, 1 H, C(6)H); 8.05 (d, 1 H, C(9)H,
J=16.2Hz);8.21(d, 1 H,C(3)H,/J=8.1 Hz); 8.48 (d, 1 H,
C(2)H, J = 8.1 Hz); 8.55 (d, 1 H, C(7)H, J = 7.1 Hz);
9.00 (d, 1 H, C(5)H, J=8.9 Hz). 3C NMR (100.60 MHz,
18 °C), &: 29.55 (CH,); 55.48 (C=CH); 55.78 (OCHj3);
73.51 (C=CH); 114.77 (C(13), C(15)); 120.30 (C(1));
121.07 (C(9)); 122.44 (C(8)); 123.58 (C(3)); 127.44
(C(6)); 128.37 (C(8a)); 129.47 (C(4a)); 129.67 (C(12),
C(16)); 130.77 (C(11)); 131.54 (C(7)); 131.91 (C(5));
133.34 (C(2)); 135.77 (C(10)); 142.43 (C(4)); 160.43
(C(14)); 162.93 (C(8b)); 163.28 (C(8c)). MS (ESI, from
a solution in CHCIls): found m/z 368.18; calculated
368.13 [M + H]*. Found (%): C, 77.08; H, 4.90; N, 3.45.
Cy4H{7NO3+0.4 CH;OH. Calculated (%): C, 77.08;
H, 4.93; N, 3.68.
(E)-4-[4-(1,4-Dioxa-7,13-dithia-10-azacyclopenta-
decan-10-yl)styryl]-1-(3-azidopropyl)pyridinium bromide
(3). A mixture of y-picolinium salt 5 (0.10 g, 0.39 mmol),
aldehyde 6 (0.15 g, 0.42 mmol), piperidine (16 uL), and

n-butyl alcohol (5 mL) was refluxed in an oil bath for 4 h.
Then the solvent was evaporated in vacuo, and the residue
was chromatographed on a column with SiO, in a dichlo-
romethane—methanol system of solvents using the gradi-
ent increasing the eluent polarity (from neat CH,Cl, to
a volume ratio of 4 : 1). Product 3 was isolated as a red
powder (0.16 g, 69%). 'H NMR (20 °C), 6: 2.16 (m, 2 H,
C(26)H); 2.75 (m, 4 H, C(16)H, C(23)H); 2.83 (m, 4 H,
C(17)H, C(22)H); 3.47 (t,2 H, C(27)H, J=6.3 Hz); 3.58
(s,4H, C(19)H, C(20)H); 3.67 (m, 4 H, C(18)H, C(21)H);
3.7 (m, 4 H, C(15)H, C(24)H); 4.48 (t, 2 H, C(25)H,
J=16.6 Hz);6.72 (d, 2 H, C(11)H, C(13)H, J = 8.6 Hz);
7.17(d, 1 H, C(7)H, J=15.6 Hz); 7.59 (d, 2 H, C(10)H,
C(14)H, J=8.6 Hz); 7.93 (d, 1 H, C(8)H, J=15.6 Hz);
8.08 (d, 2 H, C(3)H, C(5)H, J= 5.9 Hz); 8.78 (d, 2 H,
C(2)H, C(6)H, J = 5.9 Hz). 13C NMR (100.60 MHz,
20 °C), 6: 29.08 (C(17), C(22)); 29.51 (C(26)); 30.77
(C(16), C(23));47.62 (C(27)); 51.27 (C(18), C(21)); 56.88
(C(25)); 70.00 (C(19), C(20)); 72.95 (C(15), C(24));
111.82 (C(11), C(13)); 117.27 (C(7)); 122.47 (C(3), C(5));
122.71 (C(9)); 130.59 (C(10), C(14)); 142.09 (C(8));
143.69 (C(2), C(6)); 149.02 (C(12)); 153.85 (C(4)). High-
resolution (HR) MS (ESI, from a solution in MeCN):
found m/z 514.2302; calculated for [Cy6H34N50,S,]*
514.2310.
4-[4-(1,4-Dioxa-7,13-dithia-10-azacyclopentadecan-
10-yl)styryl]-1-[3-(4-{[6-(4-methoxystyryl)-1,3-dioxo-
1H-benzo|d,e]isoquinolin-2 (3 H)-yl|methyl}-1H-1,2,3-
triazol-1-yl)propyl]pyridinium bromide (4). A mixture of
propargyl derivative 2 (48 mg, 0.131 mmol), azide 3
(77 mg, 0.130 mmol), diisopropylethylamine (45 pL,
0.259 mmol), copper(1) iodide (10 mg, 0.052 mmol), and
DMF (3 mL) was held at 80 °C for 25 h under an argon
atmosphere. The solvent was evaporated in vacuo, and the
residue was chromatographed on a column with silica gel
using a CH,Cl,—EtOH (50: 1, vol/vol) mixture as eluent.
The yield was 63 mg (50%), m.p. 243—244 °C. 'TH NMR
(19 °C), d: 2.69—2.78 (m, 4 H, C(16")H, C(23")H);
2.78—2.90 (m, 4 H, C(17")H, C(22")H); 3.54—3.60 (m,
4 H, C(19")H, C(20")H); 3.62—3.78 (m, 8 H, C(18")H,
C(21")H, C(15")H, C(24")H); 3.82 (s, 3 H, OCH;);
4.37—4.47 (m, 4 H, C(27")H, C(25)H); 5.30 (s, 2 H,
C(17)H); 6.71 (d, 2 H, C(11")H, C(13")H, J = 8.6 Hz);
7.03(d,2 H, C(13)H, C(15)H,J=8.2 Hz); 7.11 (d, 1 H,
C(7")H, J = 16.1 Hz); 7.52—7.64 (m, 3 H, C(10")H,
C(14")H, C(10)H); 7.83 (d, 2 H, C(12)H, C(16)H,
J=28.2 Hz); 7.86—7.96 (m, 2 H, C(8")H, C(6)H); 8.01
(d,2H,C(3")H, C(5")H, J=6.1 Hz); 8.04—8.14 (m, 2 H,
C(19)H, C(9)H); 8.23 (d, 1 H, C(3)H, J=17.9 Hz); 8.49
(d, 1 H, C2)H, J = 7.9 Hz); 8.56 (d, 1 H, C(7)H,
J=7.4Hz); 8.69 (d,2 H, C(2")H, H(6"), /= 6.1 Hz);
9.03 (d, 1 H, C(5)H, J = 8.3 Hz). 13C NMR (18 °C), &:
29.47 (C(177), C(227)); 30.90 (C(26")); 31.34 (C(16"),
C(237)); 46.55 (C(277)); 51.82 (C(15"), C(24")); 53.17
(C(257)); 55.70 (OCHy;); 60.53 (C(17)); 70.47 (C(19"),
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C(207));72.33 (C(18"), C(217)); 112.29 (C(117), C(13"));
114.78 (C(13), C(15)); 117.69 (C(77)); 120.59 (C(1));
121.20 (C(9)); 122.31 (C(8)); 122.89 (C(3"), C(5"));
122.93 (C(97)); 123.46 (C(3)); 123.49 (C(19)); 127.79
(C(6)); 128.72 (C(8a)); 129.32 (C(4a)); 129.71 (C(12),
C(16)); 130.53 (C(11)); 130.57 (C(107), C(147)); 131.07
(C(7)); 131.33 (C(2)); 131.90 (C(5)); 135.66 (C(10));
142.26 (C(87)); 142.35 (C(4)); 143.60 (C(18)); 144.07
(C(27), C(67)); 149.34 (C(127)); 154.54 (C(47)); 160.48
(C(14)); 163.38 (C(8b)); 163.81 (C(8c)). HR MS (ESI,
from a solution in MeCN): found m/z 881.3522; calculated
for [C5oHs3NgO5S,] " 881.3519.

(E)-6-(4-Methoxystyryl)benzo[d,e]isochromene-1,3-
dione (9). A solution of 4-bromonaphthalic anhydride (8)
(70 mg, 0.253 mmol), Pd(OAc), (3 mg, 0.003 mmol),
tris(o-tolyl)phosphine (5 mg, 0.016 mmol), triethylamine
(420 uL), and styrene 7 (50 uL, 0.373 mmol) in anhydrous
DMF (5 mL) was stirred at 105 °C for 8 h under an argon
atmosphere. The reaction mixture was diluted with water,
and the precipitate was filtered off, washed with water and
ethanol, and dried. Product 9 was synthesized in a yield
of 59 mg (71%), m.p. 184—185 °C. 'H NMR (18 °C),
0: 3.82 (s, 3 H, OCH3); 7.03 (d, 2 H, C(13)H, C(15)H,
J=28.6 Hz); 7.63 (d, 1 H, C(10)H, J= 16.1 Hz); 7.84 (d,
2 H, C(12)H, C(16)H, J= 8.6 Hz); 7.90—7.97 (m, 1 H,
C(6)H); 8.09 (d, 1 H, C(9)H, J=16.1 Hz); 8.27 (d, 1 H,
C(3)H, J=17.8 Hz); 8.48 (d, 1 H, C(2)H, J = 7.8 Hz);
8.55(d, 1 H, C(7)H, J = 7.4 Hz); 9.09 (d, 1 H, C(5)H,
J=8.4Hz). BC NMR (18 °C), &: 55.39 (OCH;); 114.27
(C(13), C(15)); 116.19 (C(1)); 119.23 (C(8)); 120.22
(C(9)); 123.16 (C(3)); 127.15 (C(6)); 129.01 (C(4a));
129.30 (C(12), C(16)); 129.78 (C(11)); 130.65 (C(4a));
132.06 (C(5)); 132.33 (C(2)); 132.54 (C(7)); 135.83
(C(10)); 142.73 (C(4)); 160.07 (C(14)); 160.64 (C(8b));
161.04 (C(8c)). MS (ESI, from a solution in CHCly):
found m/z331.18; calculated 331.10 [M + H]*. Found (%):
C, 72.41; H, 4.59. C,;H 404+ H,0. Calculated (%):
C, 72.41; H, 4.63.
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