¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

NJC

View Article Online

View Journal | View Issue

A xanthene-based novel colorimetric and
fluorometric chemosensor for the detection of
hydrazine and its application in the bio-imaging
of live cells¥
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Efficient reactive fluorescent chemosensors are generating considerable attention for analyte detection
due to easy instrumentation, low cost and quick response. Hydrazine is a reactive chemical substance to
the industry and is toxic to human health. Herein, an ICT-based hydrazine-responsive chemodosimeter
2-{(7,8-dihydro-3-methoxy-6H-xanthen-5-yl)methylene}-2H-indene-1,3-dione (MXI) sensor with high
selectivity and quick response has been designed, synthesized and characterized. Upon treatment with
hydrazine, the probe displays a distinct colour change to the naked eye, from violet to colourless in
DMSO aqueous solution and a turn-on fluorescent signal is achieved. DFT calculations reveal that the
hypsochromic shift in absorbance spectra and fluorescent enhancement was due to ICT (intramolecular
charge transfer) blocking upon reaction with hydrazine and the probe. By its successful demonstrations
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DOI: 10.1039/d1nj02943f in real-time test kit sensing, this probe overcomes most of the drawbacks of the fluorescent probes of

recent times. Furthermore, this probe has also been effectively utilized for imaging intracellular
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Introduction

Hydrazine is a colourless, volatile, flammable and highly
reactive liquid compound that is extensively employed in many
areas including chemical, pharmaceutical, agriculture and food
industries."® In addition, hydrazine serves not just as an
efficient reagent in a variety of organic synthesis (e.g., Wolff-
Kishner reduction), but also as the most commonly used
propellant in rockets, missiles, space-shuttle and satellites
due to its detonable nature, hypergolic characteristics and the
high enthalpy of combustion.”*" Furthermore, it has been
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hydrazine in human bone osteosarcoma (MG63) cells.

reported that certain nitrogen-fixing bacteria, anammox
organisms and yeasts generate hydrazine as a by-product of
natural biochemical processes.’> Recently, various hydrazine
derivatives including hydralazine, isoniazid and isocarboxazide
are employed in the treatment of heart disease and
hypertension.'® In spite of its important function, water-
soluble hydrazine is extremely toxic to human health and
animals as it is rapidly ingested by inhalation, dermal and oral
intake, associated with significant deterioration to the body
parts (kidneys, lungs, liver), central nervous system, respiratory
tract and spleen."*™"” Moreover, long-term exposure to these
harmful chemicals can lead to adverse effects on proteins and
DN A.18_22

Thus, World Health Organization and U.S. Environmental
Protection Agency (EPA) have listed hydrazine as a potential
carcinogen and also proposed its threshold value in drinking
water as 10 ppb.>*** The design and development of an
effective method for the determination of hydrazine in
environmental and biological systems are therefore of major
concern. Thus far, numerous traditional analytical and spectro-
scopic techniques have been utilized for the qualitative/quantitative
estimation of hydrazine, such as HPLC (high-performance liquid
chromatography),® gas chromatography,”® ion chromatography,”
titrimetry,”**° electrochemical methods,**>* and surface-enhanced
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Raman spectroscopy (SERS),** but these approaches are costly,
time-consuming, complicated and not convenient for frequent
use and detection in biological specimens. Compared to these
common procedures, the fluorogenic/chromogenic techniques
of the spectral area are much more suitable owing to their
easiness, high selectivity, high sensitivity, accuracy, quick
response, reasonable cost, real-time detection, non-
destructive nature and capability of imaging living systems.>
To date, many fluorescent probes have been utilized to detect
hydrazine and most of them sense hydrazine via several
sensing strategies, such as (i) deprotection®® (ii) nucleophilic
addition-elimination on keto ester’° (iii) cyclization (iv)
group transformation (v) Gabriel amine synthesis (vi) hydrogen
bonding-based design and (vii) other approaches.*™** Beside
this, there are still a few shortcomings with the reported
probes, including low water solubility, ineffective detection
limits, poor fluorescence signal, long reaction time, minor
stoke shifts, high background signal and limited practical
applications.

In view of all of the above disadvantages in our mind,
herein, we have constructed an ICT-based chemodosimeter
MXI comprising of a 1,3-indanedione acceptor and a xanthene
donor for the highly selective and sensitive detection of
hydrazine via the hydrazone formation reaction strategy.
We anticipated that in the presence of hydrazine, a unique
reaction between 1,3-indanedione moiety and hydrazine
produced fluorescent hydrazone, which disrupted the intra-
molecular electron density distribution, leading to the fluoro-
metric and colorimetric changes in DMSO-H,O (10 mM HEPES
buffer, 3:7 v/v, pH 7.4, at 25 °C). The probe MXI displayed
a fast fluorescence response to hydrazine within 3 minutes
and a noticeable fluorescence enhancement at 519 nm along
with a large blue shift of 177 nm in the absorption band in
the presence of hydrazine. This chemodosimeter provides
excellent adequacy over some reported chemodosimeters in
terms of a simple synthetic route with good yield, dual-sensing
techniques (fluorometric and colorimetric), selectivity and
sensitivity. Nucleophilic addition followed by retro-aldol reaction
of hydrazine on dicyano malononitrile acceptor to yield
hydrazone derivative remained a common strategy in hydrazine
detection.” Here in our study, we have introduced a 1,3-
indanedione acceptor as a reactive unit instead of malononitrile
for hydrazine detection. Moreover, our probe MXI can also be
used in hydrazine detection in living human bone osteosarcoma
(MG63) cells.

Results and discussions

The probe MXI was synthesized via a multistep reaction from a
commercially available cyclohexanone molecule, as shown in
Scheme 1. The chemical structure of MXI was fully characterized
by '"H NMR, "*C NMR and mass spectroscopy. In addition, the
chemical structure of compound 2 was also confirmed by single-
crystal X-ray diffraction analysis (ESL Deposition Number
2069443).
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Scheme 1 Synthetic schemes for probe MXI: (a) DMF, PBrs;, CHCls,
addition at O °C then stirred at room temperature for 16 h. (b) 2-
hydroxy-4-methoxybenzaldehyde, Cs,COs, DMF, 25 °C, 16 h. (c) 1,3-
Indandione, dry EtOH, piperidine, reflux for 8 h. (d) DMSO, NH,NH.

Colorimetric and fluorometric response towards N,H,

The photophysical properties (absorption and emission) of
chemodosimeter MXI in the absence and presence of hydrazine
were measured in DMSO-H,O (10 mM HEPES buffer, 2: 8 v/v,
pH 7.4, at 25 °C). Initially, the absorption spectra of chemodo-
simeter MXI revealed a broad ICT band centred at 568 nm.
However, upon gradual addition of hydrazine (20 equiv.) to the
organo-aqueous solution of MXI, a new absorption band was
formed at 391 nm with a concomitant decrease of the original
absorption peak at 568 nm.

The existence of an isosbestic point at 452 nm indicates the
formation of a new compound in the reaction mixture due to
chemodosimetric reaction between MXI and hydrazine. Such a
strong blue shift of 177 nm in the absorption spectra results in
the change in color of the solution from violet to colorless.
Probe MXI can therefore act as a ‘“naked-eye” sensor for
hydrazine. The absorption intensity ratios at 568 nm and
391 nm (Ases nm/Ase1 nm) linearly increased with the concentration
of hydrazine ranging from (0.5-25 uM) (Fig. S8, ESIt) and the limit
of detection was estimated to be 75 nM. Moreover, other
competitive analytes did not demonstrate any substantial changes
in the absorption spectra, indicating excellent selectivity of MXI
for hydrazine (Fig. 1b). The free probe MXI displayed a weak
emission band centred at 498 nm upon excitation at 452 nm, as
shown in Fig. 2a. Meanwhile, the addition of hydrazine (2 equiv.)
to the probe solution resulted in a large increase in the fluores-
cence intensity at 519 nm with a small red shift. In this context,
fluorescence color of the solution changes from dark to green. In
order to analyze the selectivity of the chemodosimeter MXI, the
fluorescence response to different analytes (COs>, SO,>,
HPO,>~, AcO~, NO;~, N;~, N,H,, I", Br, Cl~, Cys, Lys, GSH
and His) were evaluated. Upon the addition of hydrazine to the
solution of MXI, only hydrazine generated a significant increase in
emission intensity at 519 nm, while others analytes (10 equiv.) did
not cause any noticeable changes on the emission spectra of MXI.
In addition, competitive studies were conducted upon the
addition of hydrazine to the probe’s solution in the presence of
50 equivalents of different analytes (anions and amino acids). It
was noticed that the fluorescence enhancement by hydrazine was
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Fig. 1 (a) Absorption spectra of MXI (10 uM) upon addition of hydrazine
(2 equiv.) in DMSO-H,0O (10 mM HEPES buffer, 3:7 v/v, pH 7.4, at 25 °C).
Inset: Visible photographic images of MXI and MXI + hydrazine.
(b) Selectivity bar diagram of MXI upon addition of different analytes
(1. COs%", 2. 50427, 3. HPO4?~, 4. AcO™, 5. NOs~, 6. N3~, 7. |-, 8. DIPEA,
9. phenol, 10. TEA, 11. urea, 12. NxHy, 13. PhSH, 14. PhNH,, 15. Thiourea, 16.
Br~, 17.Cl™, 18. Cys, 19. Lys, 20. GSH, 21. His, 22. Zn®*, 23. Cr®*, 24. Na*, 25.
Cu?*) in DMSO-H,0O (10 mM HEPES buffer, 3:7 v/v, pH 7.4, at 25 °C)
including error bars (error amount, 5%; Y error bar for both [+] deviations).
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Fig. 2 (a) Fluorescence spectra of MXI (10 pM) at Aex = 452 nm, upon
addition of hydrazine (2 equiv.) in DMSO-H,O (10 mM HEPES buffer,
3:7 vlv, pH 7.4, at 25 °C. (b) Fluorescence selectivity bar diagram of MXI
upon the addition of different analytes [1. COs>~, 2. SO42~, 3. HPO,42™, 4.
AcO~,5.NOz~,6.N3s~,7.17, 8. DIPEA, 9. phenol, 10. TEA, 11. urea, 12. PhSH,
13. NoHy4, 14. PANH,, 15. Thiourea, 16. Br~, 17. Cl™, 18. Cys, 19. Lys, 20. GSH,
21. His, 22. Zn?*, 23. Cr¥*, 24. Na*, 25. Cu®* (10.0 equiv. of each)] in
DMSO-H,0O (10 mM HEPES buffer, 3:7 v/v, pH 7.4, at 25 °C), including
error bars (error amount, 5%; Y error bar for both [+] deviations).

not influenced by the presence of other competitive analytes
(Fig. S7, S14 and S15, ESIY), suggesting that the probe MXI is
extremely specific to hydrazine.

Then, the detection ability of MXI (10 uM) to hydrazine at
different pH was evaluated. As depicted in Fig. S13 (ESIY), the
probe MXI is reluctant to respond at a different pH range
from 0-14. Again, in the presence of hydrazine no such pH-
responsive fluorescent change was observed within the given
pH range (0-14). Thus, MXI is able to sense hydrazine in a wide
range of pH, which delivers a basis for its application in
biology.*®

Sensing mechanism

The probable sensing mechanism of chemodosimeter MXI for
hydrazine is shown in Scheme 2. The chemodosimetric probe
MXI is weakly fluorescent, most probably due to the electron
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Scheme 2 Probable sensing mode of MXI.

transfer between the methoxy group of xanthenes to indan-
dione moieties through the donor-acceptor system.*” Upon
reaction with hydrazine via the Michael reaction pathway,
probe MXI releases the fluorescent quencher indandione
moiety to produce hydrazone of MXH, which exhibits a strong
fluorescent change. The above fluorogenic and chromogenic
response of MXI towards hydrazine was mostly attributed to the
formation of hydrazone (MXH). This hydrazine-induced
chemodosimetric reaction deactivates the ICT process, leading
to a 177 nm hypsochromic shift in the absorption bands and a
green fluorescence at 519 nm. To validate the sensing process
HRMS (high-resolution mass spectroscopy) analysis was carried
out (Fig. S6, ESIt). As shown in Fig. S3 (ESIt), the free probe
(MXI) exhibits a distinct peak at m/z = 371.1269 (calculated =
370.1205).

Whereas, upon the addition of 2 equivalent of hydrazine to
the solution of MXI, a new peak is generated at m/z = 257.1308
(cale. = 257.1212), revealing the formation of hydrazone 1-[(7,8-
dihydro-3-methoxy-6H-xanthen-5-yl)methylene]hydrazone (MXH)
(Fig. S6, ESIt). In addition, the progress of the reaction was
monitored by TLC (thin layer chromatography) (Fig. S9, ESIt).
We have checked the ability of compound 2 for hydrazone
formation with hydrazine and studied the reaction, but find that
the reaction was occurring.

The response rate of MXI to hydrazine

For reactive chemical sensor reaction kinetics is a proficient
parameter for real-time application of the probe. In this context,
time-dependent fluorescence measurement was measured to
evaluate the reaction time required between the probe MXI
and hydrazine.

From Fig. 3b, it was observed that the time needed for the
fluorescence intensity (519 nm) to reach the plateau was about
3.0 min. From the kinetic profile of the probe MXI (10 uM) with
NH,NH,(>20 equiv.), a pseudo-first-order rate constant of
0.00567 S~ " was found (Fig. 3a)

Density functional theory (DFT) calculations

In order to better understand the sensing process, we
implemented density functional theory (DFT) calculations
using the B3LYP/6-311+G(d,p) basis set of the Gaussian 09
program. The structures of the probe MXI and product MXH
were optimized and their highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
were also determined (listed in Table S2 (ESIY)).

New J. Chem., 2021, 45,15869-15875 | 15871
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Fig. 3 (a) Pseudo first-order kinetic profile of MXI (10 uM) upon the
addition of NoH4 (20 equiv.) in DMSO-H,O (10 mM HEPES buffer, 3:7 v/v,
pH 7.4, at 25 °C). Including error bars (error amount, 5%; Y error bar for both
[+] deviations). (b) Time-dependent fluorescence response of MXI (10 uM, in
DMSO-H,0) upon the addition of N,H4 (2 equiv.) including error bars (error
amount, 3%; Y error bar for both [+] deviations).
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Fig. 4 Quantum chemical calculation of MXI and its reaction product. (a)
The most stable conformational structures of MXI and its reaction product
(MXI + N2H,). (b) HOMO/LUMO and their energy difference (AE, unit: eV)
of MXI and product (MXI + N,H,4) obtained by DFT calculations (TDDFT//
B3LYP/6-311+G(d,p)). (c) Calculated electronic absorption spectra of MXI
and product (MXI + NyHy4) in water/DMSO.
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1,3-indanedione acceptor part in LUMO, suggesting a higher
ICT effect. Moreover, the HOMO-LUMO energy gap (3.04 eV) of
the hydrazone (MXH) was greater than that of the free probe
MXI (2.36 eV) and this significantly correlates with the experi-
mental results.

The electronic structural properties of the ground state and
the excited state of MXI were calculated based on single-
excitation time-dependent DFT (TDDFT). Fundamental electronic
transitions calculated by TDDFT (Table S1, ESI) were analogous
to the experimentally observed absorbance spectra. The studies
suggest that the vertical major transitions (HOMO-LUMO, f =
1.2242, AE = 2.36 €V) observed at ~524 nm are comparable to
those with experimentally observed spectra at ~568 nm for MXI.
Whereas, HOMO-LUMO (f = 0.7029, AE = 3.04 eV) observed at
407.68 nm is comparable with the experimental peak at 391 nm
for MXH.

Practical application

The intense color change of the probe MXI in solution
recommends as an excellent test kit sensor for hydrazine. For
this purpose, test strips were prepared by dipping the filter
paper into the acetonitrile solution of MXI (¢ = 1.0 x 10™* M)
and then exposed to air for drying. MXI immersed filter plates
were treated with various concentrations of hydrazine and a
noticeable color change was observed from deep violet to
colorless as seen by the naked eye (Fig. 5). Also, a dramatic
fluorescence change in strips was observed from blue to green
upon treatment with various concentrations of hydrazine.
These results suggest that the probe would be used as a
hydrazine responsive device for real-time applications.

Cell imaging study

The selectivity and sensitivity of MXI towards NH,NH, were
examined in live osteosarcoma cell line MG63. The compound
was incubated with cells in different volumes (2, 5, 7.5, 10,
15 pL) to assess the cellular uptake of MXI and cellular viability
towards MXI alone for 1 hour. Further, the MXI-treated MG63
cells were also assessed for cellular viability after the treatment
with NH,NH, for 1 hour. The cellular viability of MG63 cells
was assessed after both treatments with MXI, with or without

Fig. 5 Photographs of MXI/filter papers upon exposure to hydrazine in
the presence daylight (top) and fluorescent light (bottom). (a) MXI (1.0 x
107* M), (b) 10.0 x 10™* M N3Hyg, (c) 25.0 x 107* M N3H,, (d) 40.0 x 107*M
NzHg, (€) 80.0 x 107*M NyH,.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 6 Fluorescence microscopy images of MXI in osteosarcoma cell line
MG63. (Top) Live cells treated with only MXI at different volumes, (bottom)
live cells treated with MXI and hydrazine.

secondary treatment with NH,NH, and represented in Fig. S10
(ESIT). The Mg 63 cells showed 73.51% =+ 0.95, 65.87% =+0.5,
52.98% =+ 1.05, 44.4% =+ 1.19 and 32.9% =+ 0.85 corresponding
to 2, 5, 7.5, 10 and 15 puL of MXI alone respectively. Subsequent
incubation with NH,NH, showed a slight decrease in cellular
viability to 61.216% =+ 1.92, 56.77% =+ 1.41, 54.67% =+ 2.61,
41.32% =+ 1.25 and 31.32% =+ 2.25 corresponding to 2, 5, 7.5, 10
and 15 pL of NH,NH,, respectively. The lowering of cellular
viability stops with the increase in NH,NH, and MXI volumes
and is indicative of their reactive nature.

The MG63 cells, which have up-taken MXI were imaged by
fluorescence microscopy by exciting in the green (512-552 nm
with a bandwidth of 40 nm) region and with emission wave-
lengths between 565-615 nm (red emission) with a bandwidth
of 50 nm.

The cells showed a very weak red emission with an increase
in the volume of MXI treatment. When the cells were incubated
with MXI and subsequently followed by NH,NH, a strong
increase in the emission fluorescence in the green region
(ex: 465-495 nm (blue region) with bandwidth 30 nm, em:
515-555 nm (green emission) with bandwidth of 40 nm) was

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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observed and the red emission diminished correspondingly
with the increase in NH,NH, volume. The reason for these
changes from red to green emission might be attributed to the
formation of hydrazone in MG63 live cells. The images for the
fluorescence emissions are represented in Fig. 6.

Conclusion

In summary, we have devised and synthesized a new ICT-based
fluorogenic and ratiometric chromogenic chemodosimeter MXI
for the detection of hydrazine via a hydrazone formation
strategy. The sensing mechanism between MXI and hydrazine
has been extensively discussed by absorption and emission
spectra, HRMS and DFT calculations. The emission response of
MXI toward hydrazine is very fast (within 3 min), which
confirms that the probe MXI may sense hydrazine in real time.
From the UV-vis titration data, the limit of detection was
estimated to be 75 nM. Especially, the change in optical
properties of MXI in the presence of hydrazine is extremely
selective, because various comparative analytes cannot
interfere with hydrazone-forming reactions. Furthermore, cell
imaging experiments indicated that the probe MXI could be
employed to image hydrazine in living human bone osteosarcoma
(MG63) cells. We assume that our chemodosimeter can provide
an efficient technique for the detection of hydrazine in the
solution phase as well as in biological systems.

Experimental section
Materials and methods

Unless otherwise mentioned, materials were obtained from
commercial suppliers and were used without further purification.
'H and ®*C NMR spectra were recorded on Bruker 500 and
100 MHz instruments. For NMR spectra, DMSO-ds and CDCl;
were used as solvents using TMS as an internal standard.
Chemical shifts are expressed in § ppm units and 'H-'"H and
'H-C coupling constants in Hz. Mass spectra were measured
using a Waters QTOF Micro YA 263 mass spectrometer.
Fluorescence spectra were recorded on a PerkinElmer Model LS
55 spectrophotometer. UV spectra were recorded on a JASCO
V-530 spectrophotometer.

Cell imaging study

MG63 (human bone osteosarcoma obtained from NCCS, Pune)
cells were cultured in DMEM high glucose (Gibco-REF12800-
058) medium with 10% HI-FBS (GibcoREF16140-063) and 1%
antibiotic and antimycotic (Gibco-REF 25200-072) solution at
37 °C and 5% CO, in a humidified incubator (Esco-AC2-4S8).
Upon reaching 70-80% confluency, MG63 cells were harvested
using 0.05% Trypsin-EDTA (Gibco-REF25200-072) and used for
cellular viability and imaging studies. Then, the culture plates
were placed into a humidified atmosphere of 95% air and 5%
CO, at 37 °C for more than 2 hours, for cellular attachment.
Then, the unattached cells were washed with 1XPBS and fresh
cell culture medium was added and plates were kept in a

New J. Chem., 2021, 45,15869-15875 | 15873
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humidified incubator until the cell layer reached 80-90%
confluency.

After the cell layer reached the desired confluency, the cell
layer was washed with 1 x PBS, and replenished with different
concentrations (2, 5, 7.5, 10 and 15 pL) of MXI with incomplete
media and incubated for 1 hour. After 1 hour, the media with
MXI was removed and different concentrations of NH,NH,
(2, 5, 7.5, 10 and 15 pL) in incomplete media were added to
the cells for another hour of incubation. Following this
treatment, the treated cells were used for studying cellular
viability and microscopic image acquisition.

Cytotoxic effect on cells

The cellular viability of the MXI-NH,NH, treated cells was
studied by MTT assay (Himedia-CCK003) by following the
standard protocol. MG63 cells were seeded onto 96-well
plates (approximately 10* cells per well) and cultured for
24 hours. The next day, the media was discarded and various
concentrations of MXI and NH,NH, made in DMEM were
added to the cells and incubated as per the protocol mentioned
previously. Cells treated with the only medium were positive
control and DMSO served as a negative control. Following
incubation, the growth media was removed, and fresh
incomplete DMEM-containing MTT solution was added.
Subsequently, the supernatant was removed, the insoluble
coloured formazan product was solubilized in DMSO, and
its absorbance was measured in a microtiter plate reader
(Thermo) at 570 nm and a reference wavelength of 670 nm.
Cell viability was quantified by measuring the absorbance at
570 nm and a reference wavelength of 670 nm and cell
viability was calculated as a percentage relative to the positive
control.

Microscopic image acquisition

For imaging studies, MG63 cells 1 x 10* cells per mL of
medium were seeded on sterile coverslips and cultured in a
48 well plates and incubated at 37 °C for 24 hours in a
humidified CO, incubator. After treatment with various
concentrations of MXI and NH,NH,, the coverslips were
washed with 1 x PBS thrice and images were acquired using
a Nikon inverted microscope (Nikon EclipseTi, Japan) under 20x
objectives (DIC and S-Plan Fluo) in the following ranges (a)
excitation at green region (512-552 nm with a bandwidth of
40 nm), emission at red region (565-615 nm with a bandwidth
of 50 nm); (b) excitation at blue region (465-495 nm with
bandwidth 30 nm) and emission at green region (515-555 nm
with bandwidth of 40 nm).

Computational methods

Geometries have been optimized using the B3LYP/6-31G(d,p)
level of theory. The geometries are verified as proper minima by
frequency calculations. Time-dependent density functional
theory calculation has also been performed at the same level
of theory. All calculations have been carried out using the
Gaussian 09 program.
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Synthesis and structure
characterization
Synthesis of the probe

The probe was synthesized via a multistep reaction from
commercially available cyclohexanone as shown in Scheme 1.
The products formed during the synthesis of the probe were
purified by column chromatography [Silica gel (100-200 mesh,
Merck) was used for column chromatography] and all
compounds were fully characterized by HRMS, "H-NMR, and,
BC-NMR. To a mixture of DMF (11.2 mL) and CHCI; (50 mL)
was added PBr; (12.4 mL, 130.5 mmol) dropwise at 0 °C and the
mixture was stirred 45 min before adding cyclohexanone (5 mL,
48.4 mmol), the resulting solution was stirred at r.t for 16 h.
Then, poured into ice-cold 50 mL water neutralized with
NaHCO; and extracted with DCM, dried over Na,SO,, concen-
trated with a vacuum to give a yellow oil, and used directly in
the next step.

Synthesis of 6-methoxy-2,3-dihydro-1H-xanthene-4-
carbaldehyde (2)

To compound 1 (204 mg, 1.08 mmol) in DMF (6 mL) at 25 °C
were added 2-hydroxy-4-methoxybenzaldehyde (137 mg,
0.90 mmol) and Cs,CO; (880 mg, 2.7 mmol). The medium
was stirred for 16 h at 25 °C and an intense yellow spot
appeared on the TLC plate (hexane: AcOEt = 8:2). The insoluble
material was then filtered on a pad of silica gel and the filtrate
was concentrated. The resulting residue was diluted with
dichloromethane (30 mL) and washed with H,O (2 x 15 mL).
The organic layer was dried over Na,SO,, filtered, and
concentrated using a vacuum. Purification by silica gel column
chromatography (CH,Cl,: AcOEt = 20:1) provided compound 2
as a deep yellow solid (160 mg, 72%). "H NMR (400 MHz, CDCl,)
610.31 (s, 1H), 7.06 (d, J = 4.1 Hz, 1H), 6.65-6.64 (m, 3H), 3.82 (s,
3H), 2.57-2.54 (m, 2H), 2.45 (t, ] = 6.2 Hz, 2H), 1.74-1.69 (m, 2H);
HR-MS (ESI): m/z caled for C;5H,,05" [M + H]" 243.1016, found
243.1022. Recrystallized with DCM/MeOH mixture.

Synthesis of MXI

Compound 2 (40 mg, 0.16 mmol) and 1,3-indandione (24 mg,
0.16 mmol) was taken in dry EtOH; a catalytic amount of
piperidine was added to the mixture. The mixture was refluxed
for 8 h, a dark green color precipitate appeared, the solid was
filtered and washed with cold ethanol. "H-NMR (500 MHz,
CDCl;) 6 1.83 (m, 2H), 2.16 (m, 2H), 2.66 (m, 2H), 3.8 (s, 3H),
6.73 (s, 1H), 6.85 (m, 1H), 7.16 (m, 1H), 6.91 (s, 1H), 8.44 (s, 1H),
7.86 (d, 2H, J = 3 Hz), 7.68 (d, 2H, J = 2.5 Hz); HR-MS (ESI): m/z
caled for CyH;50, [M + H]" 371.1205, found 371.1269.
BC-NMR (100 MHz, CDCl,): 24.47, 28.8, 30.1, 56.09, 100.4,
113.09, 113.8, 115.4, 122.2, 122.9, 127.6, 127.9, 129.6(2C),
133.8, 134.2(2C), 139.9(2C), 154.7, 161.01, 162.31, 190.14(2C).
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