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ABSTRACT: A systematic journey from O-donor through S-
donor to N-donor chelator led to the development of a highly
selective Au** chemosensor that operates via a CHEF-induced
FRET mechanism. This sensing protocol avoids unwanted
possible side reactions observed in alkyne-based gold sensors.
DFT studies strongly support the experimental facts. The
probe RT-2 detects Au’" in the presence of the masking agent
KI to minimize Hg*" interference; however, RQ-2 selectively
detects Au** without any interference and shows reversibility
in the sensing in the presence of tetrabutylammonium cyanide.
The probe efficiently images Au®* in living HeLa cells under a
fluorescence microscope.

B INTRODUCTION

Studies on the trace level determination of gold ion, an
inhibitor of macrophages and polymorphonuclear leucocytes
that suppress inflammation in rheumatic joints," has gained
immense importance for its unique optical,” catalytic,’ and
biocompatible” features. Moreover, it forms functional nano-
particles, useful for drug/gene delivery.” Gold-based drugs are
used to combat a variety of diseases: viz,, asthma, malaria,
cancer, HIV, arthritis, and brain lesions.®™ Although metallic
gold is highly biocompatible, its oxidized species (i.e., Au*/ %)
are highly reactive and potentially toxic, causing serious damage
to the liver, kidney, and peripheral nervous system.'’ In
particular, Au®* strongly binds to DNA/several enzymes leadin%
to DNA cleavage and disruption of the nervous system.'
Several gold ion selective “turn-on” fluorescence 1probes based
on rhodamine,'> BODIPY," and naphthalimide * have been
reported. Noticeably, most of them contain a reactive alkyne
moiety appended to the fluorophore having a strong affinity to
alkynophilic gold ion that leads to cyclization, hydration, or
other irreversible chemical reactions'' and are known as
chemodosimeters.'” On the other hand, rhodamine derivatives
devoid of an alkyne unit, utilized for sensing cations and
oxidative species, undergo transformation from the spirolactam
(nonfluorescent) to open ring amide form (fluorescent)
through a dosimetric approach and return to the original
form in the presence of some metal chelating species, making
the process reversible.'® Thus, molecules of this class can be
called chemosensors instead of conventional chemodosimeters.
Obviously, the probes of this category are reusable and, hence,
more desirable than chemodosimeters. Moreover, most of the
reported probes face several shortcomings such as cross-
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sensitivity, slow response time, and weak fluorescence response
that impede their optimum performance."*”'> Hence, the
development of better gold sensors to overcome those
limitations is highly demanding. The limited number of gold
ion selective fluorescent chemosensors'*#"'** leads to ample
opportunity to develop more efficient and useful sensors for
biological applications.

B RESULTS AND DISCUSSION

The present probe senses Au®* through a chelation enhanced
fluorescence (CHEF) assisted fluorescence resonance energy
transfer (FRET) process. FRET sensing is highly desirable in
optical therapy, cell physiology, and analyte determination in
biosystems. Moreover, spirocyclic rhodamine derivatives are
extremely useful for selective analyte sensing due to their strong
red emission, high quantum yield, cell permeability, and better
performance as a FRET acceptor.”” In intensity-based probes,
the emission efficiency is highly dependent on the excitation
intensity, probe concentration, and environment. FRET probes
provide signals in the presence and absence of analyte to
minimize those factors for accurate and quantitative detection
of analyte.”” Reports are available on Au>*-selective ratiometric
FRET probes having a reactive alkyl moiety appended to the
fluorophore that function as chemodosimeters.'”*** The
present probe is weakly emissive due to the PET process.
Upon binding with Au**, PET is inhibited due to the initiation
of CHEF and consequently FRET starts. Thus, the present
chemosensor functions via a CHEF-induced FRET mechanism.
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Our initial strategy involving oxygen donors (e.g, furan-2-
carboxaldehyde) appended to N-(rhodamine B) lactam-ethyl-
enediamine for the detection of Au’* was rather found to sense
AP* selectively. Replacing oxygen with an S-donor (e.g,
thiophene—Z carboxaldehyde) drastically changes the selectivity
toward Au’* along with Hg**, explicable in the hght of a soft—
soft interaction as per the HSAB principle.”** This fact again
encouraged us to switch over from an S-donor to an N-donor
moiety, viz. quinoline, for its better FRET donor efficiency.
Initial interference from Cr’* has been eliminated using the bis-
quinoline derivative instead of the mono-quinoline species for
selective detection of Au’*. The designed chemosensor
suppresses the side reactions observed in the reaction-based
probes where alkyne hydration and unusual hydroarylation
occurs. Several probes based on quinoline (donor) and
rhodamine (acceptor) conjugates, used for selective detection

of Hg?*,* do not show the FRET process, probably due to the
lack of favorable orientation of transition dipoles in those
molecules.

The synthetic protocol of the present probes is shown in
Schemes 1—4. The probe RT-1 is synthesized by reductive

Scheme 1. Synthesis of Starting Compounds 1-3
©\/j\ Se0,, 1,4-Dioxane m
Z
N cno

Reflux, 8h (A")
65%

3

0
COOH gy NCHZCHZNHZ N"\—NH,
S
O O EtOH/ reflux O O
@
N 0 80%

&

NBS, CCl,, AIBN N
OO L
Hs  reflux, 12h 3 N
28%

amination of N-(rhodamine B) lactam-ethylenediamine (2)
with thiophene-2-carboxaldehyde, and further reductive amina-
tion of RT-1 with thiophene-2-carboxaldehyde results in RT-2.
The probes RQ-1 and RQ-2 are synthesized via reductive
amination between rhodamine ethylenediamine and quinoline-
2-carboxaldehyde (1) as mentioned above. Then, RQ-2 is
prepared in better yield by an alternate and improved method
via N-alkylation of rhodamine ethylenediamine (2) with 2-
(bromomethyl)quinoline (3). A model compound (PAQ-2) of
the principal probe RQ-2 has been prepared by N-alkylation of
2-picolylamine instead of rhodamine ethylenediamine using 2-
(bromomethyl)quinoline (3). To further strengthen the
sensing mechanism and establish the interaction feature of
the appended quinoline moieties with Au** ion, another model
compound (RNap-2) was synthesized. All of the probes and
intermediates have been characterized by 'H NMR, *C NMR,
and QTOF-MS spectra (Figures S1—S19 in the Supporting
Information).

While RT-1 is Hg*" selective (Figure S20 in the Supporting
Information), RT-2 senses Au**; however, Hg2+ interferes and
hence is masked with KL.'”*' On the other hand, RQ-1 senses
Au** with minor interference from Cr’* (Figure S21 in the
Supporting Information), while RQ-2 is highly selective for
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Scheme 2. Synthesis of Probes RT-1, RT-2, RQ-1, and RQ-2
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Au’* with no interference. The emission of quinoline at ~450
nm being close to the absorbance of open ring rhodamine B
moiety (~520 nm), with significant overlap and hence an
efficient FRET process, is anticipated for both RQ-1 and RQ-2
in the presence of Au’**. RT-2 shows strong red fluorescence in
the presence of both Hg?* and Au®" at 580 and 585 nm (slight
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red shift), respectively (Figure 1). Interestingly, the sensing of
Au’* by RQ-2 is reversible, as tetrabutylammonium cyanide
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Figure 1. Changes in the emission spectra of RT-2 (10 xM) upon
gradual addition of (a) 0—50 equiv of Hg*", (b) 0—10 equiv of Au*,
(c) 5 equiv of Hg*" (blue line) and § equiv of Au®* (red line), and (d)
S equiv of Hg*" + 10 equiv of KI (violet line) and S equiv of Au®* + 10
equiv of KI (red line). Conditions: A, 520 nm, ethanol/water 7/3 v/v,
0.1 M HEPES buffer, pH 7.4.

(TBACN) quenches the fluorescence of the adduct [RQ-2-
Au*'], leading to the generation of the free probe.

Naked-eye and UV-light-exposed colors of Hg** and Au**
adducts of RT-2 in the presence and absence of KI are
presented in Figure S22 in the Supporting Information. Both
RQ-1 and RQ-2 are weakly emissive (1., 440 nm, 4., 373 nm),
probably due to the PET process from the N-donor of the
spirolactam ring to the quinoline moiety.'”* Addition of Au**
enhances the emission intensity at 440 nm due to inhibition of
PET with initiation of CHEF. As soon as CHEF occurs, the
spirolactam ring opens, allowing quinoline and rhodamine units
to come closer to initiate the FRET process. The spectral
overlap between donor (quinoline) emission and acceptor
absorbance (open ring rhodamine B) is shown in Figure 2.
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Figure 2. Spectral overlap between donor emission (quinoline; green)
and acceptor absorbance (open ring rhodamine B; pink). The dotted
line (red) shows the emission spectrum of the adduct [RQ-2+Au®"].

Figure 3a reveals the high selectivity of RQ-2 for Au®*, and
the corresponding naked-eye and UV-light-exposed colors are
presented in Figure S23 in the Supporting Information. Figure
3b,c indicates that the emission intensities of RQ-2 at 440 nm
(due to the quinoline moiety) and $85 nm (due to the open
ring rhodamine unit) increases with increasing Au®* concen-
tration. This means that, as soon as Au®* initiates the CHEF
process, the PET stops and, simultaneously, the FRET process
starts. To further support this fact, th emodel compound PAQ-
2 was prepared (Scheme 4a), replacing the rhodamine unit of
RQ-2 with a picolyl moiety. At first the emission properties of
PAQ-2 were investigated in the presence and absence of Au®"
at pH 7.4 (Figure S24 in the Supporting Information). The
enhancement of emission intensity of PAQ-2 in the presence of
Au’* allows the conclusion that Au’* initiates the CHEF
process through inhibition of PET. In addition to this fact, the
compound RNap-2 (Scheme 4b) having a rhodamine unit with
no appended chelator (i.e, quinolone) exhibits insignificant
change in emission in the presence of Au®* (Figure S25 in the
Supporting Information), thereby indicating the key role of
appended quinolines (in RQ-2) in the selective sensing of Au®*.

At lower pH (pH 2.0—4.0) the spirolactam ring of the
rhodamine unit opens, which results in strong red emission as
usual. The effect of pH (pH 2.0—-6.0) on the emission
properties of RQ-2 and PAQ-2 in the presence of Au’* has
been thoroughly investigated (Figure S26 in the Supporting
Information). For both molecules, the emission intensity of the
quinoline unit does not increase significantly upon addition of
Au’** at pH 2.0, probably due to protonation of its “N” center.
The emission intensity of the quinoline unit increases slightly at
pH 3.0 and above. Thus, the quinoline “N” center is more
susceptible to protonation at low pH than spirolactam ring
opening. Therefore, on the basis of this fact, the sensing
mechanism is attributed to a CHEF-assisted FRET process,
particularly at physiological pH. Figure S27 in the Supporting
Information displays the reversibility of Au** complexation
upon gradual addition of CN™ in the form of TBACN to the
solution of the adduct [RQ-2+Au®*]. The corresponding
naked-eye color change from the red complex [RQ-2-Au’*]
to colorless is shown in Figure S28 in the Supporting
Information. The quenching of the fluorescence and
absorbance of the ensemble indicated the closing of the lactam
ring in RQ-2.

The detection limit for Au®** is 0.5 nM, much lower than that
of existin§ probes (Table S1 in the Supporting Informa-
tion)."”” "> Naked-eye and UV-light-exposed colors of RQ-2 in
the presence of Au®" are shown in Figure 529 in the Supporting
Information. A bar diagram showing the emission intensities of
RQ-2 and RQ-2-Au** adduct in the presence of common
cations are shown in Figure S30 in the Supporting Information.
Figure 3b (inset) shows the plot of emission intensity vs Au®"
concentration, the linear region (up to 10 uM Au*") of which
(Figure 3d and up to 0.5 nM in Figure S31 in the Supporting
Information) is useful for the determination of unknown Au®*
concentration. Changes in absorbance of RQ-2 upon gradual
addition of Au** (at 556 nm) are presented in Figure S32 in the
Supporting Information, attributed to the Au®* assisted
spirolactam ring opening. The effect of pH on the emission
intensities of free RQ-2 and RQ-2-Au®" systems (Figure S33 in
the Supporting Information) indicates the optimum pH for
Au’* detection ranges from 4.0 to 10.0. The free energy for
hydration for Au** is ~—4420 kJ/mol, which suggests that Au**
will be favorably solvated with increasing water content
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Figure 3. Changes in the emission spectra of RQ-2 (10 uM): (a) upon addition of 50 equiv of Au** and other cations (inset: emission intensities of
free RQ-2 (1) and its adduct with Hg** (2), Zn* (3), Pb?* (4), Ca®* (5), Ag" (6), Co** (7), Au* (8), Au** (9), Fe** (10), Mg** (11), Mn** (12),
Cu** (13), Cd* (14), Cr** (15) and AP* (16)); (b) upon gradual addition of Au** (0.0, 0.03, 0.1, 0.5, 1.0, 5.0, 10.0, 20.0, 50.0, 75.0, 100.0, 200.0,
300.0, and 500.0 uM) (inset: emission intensity vs Au>* concentration); (c) at low Au** concentration (0.0, 0.0005, 0.001, 0.005, 0.01, 0.05, and 0.1
uM); (d) linear region of the inset of Figure 3b (up to 10 uM Au**). Conditions: 7/3 (v/v) ethanol/water, 0.1 M HEPES buffer, pH 7.4, 4., 373 nm.
Error bar: n = 3.

Figure 4. "H NMR spectral changes of RQ-2: (I) free RQ-2; (II) RQ-2 + 1.0 equiv of Au**; (III) RQ-2 + 1.0 equiv of Au®>* in methanol-d, after 20

min.

(Figures S34 and S3S in the Supporting Information), and it is plot (Figure S36 in the Supporting Information) indicates 1:1
observed that ethanol/water 7/3 (v/v) in 0.1 M HEPES buffer stoichiometry of the [RQ-2-Au’*] adduct. The binding
at pH 7.4 are the optimum conditions for Au**detection. A Job constant of RQ-2 for Au® is calculated using the Benesi—
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Hildebrand equation,”* (F,,,. — Fo)/(F, — Fy) = 1 + (1/K)(1/
[M]"), where F,,, Fo, and F, are fluorescence intensities of
RQ-2 in the presence of Au’* at saturation, free RQ-2, and any
intermediate Au®* concentration (Figure S37 in the Supporting
Information). A plot of (F,,, — Fo)/(F, — F) vs 1/[M]" (here
n = 1) yields an apparent binding constant of 8.9 X 10* M~ (R*
= 0.995).

In order to strengthen the above mechanism, 'H NMR
titration has been performed by adding Au®" to the methanol-d,
solution of RQ-2 (Figure 4). A significant spectral change in
RQ-2 has been observed upon addition of Au®*. After addition
of 1 equiv of of Au** (Figure 4II), two “e” protons of quinoline
have shifted downfield about 0.66 ppm (3.72 to 4.38 ppm),
while the “c” proton is also shifted downfield from 2.26 to 2.76
ppm. The “d” protons of the ethylenediamine linker have been
shifted to two positions at 2.89 (upfield) and 3.46 ppm
(downfield). This shift is attributed to Au**-assisted spirolactam
ring opening of RQ-2 followed by rotation of the molecule.
The aromatic protons of quinoline moieties “m” and “n” have
also shifted significantly downfield by 0.08 ppm (7.74 to 7.82
ppm) and 0.24 ppm (7.99 to 8.23 ppm), respectively, clearly
indicating the coordination of quinoline “N” donors to Au’*.
The protons of rhodamine unit “h” and “I” have also shifted
downfield to 6.27 and 6.91 ppm from 6.06 and 6.84 ppm,
respectively. After 20 min (Figure 4III), “h” and “I” protons
further shifted to 6.30 and 6.94 ppm, respectively, indicating
molecular rotation and initiation of the FRET process. The
other remaining protons have also been shifted to some extent.
Significant proton shifts are noted in Table S2 (Supporting
Information). Formation of the RQ-2-Au** adduct is also
demonstrated from its mass spectrum, which shows m/z
481.05, attributed to the fragment [RQ- 2+Au’*-H']*"/2
(Figure S38 in the Supporting Information).

DFT studies further support the Au**-assisted FRET ON
process in RQ-2. The optimized geometries of RQ-2 (Figure
S39 in the Supporting Information) and RQ-2-Au** adduct
(Figure S40 in the Supporting Information) have been
generated using 6-31G/LanL2DZ and B3LYP/LanL2DZ basis
sets, respectively, with Gaussian 09 software.”> Table S3 in the
Supporting Information presents frontier molecular orbitals of
RQ-2 along with their energy levels. RQ-2 has an extended
form due to the two-carbon spacer, while the RQ-2-Au®*
adduct is relatively compact. The coordination of Au®* with
oxygen and nitrogen donors of RQ-2 brings quinoline groups
close to the rhodamine unit. Selected bond distances and bond
angles of the RQ-2-Au*" adduct are presented in Table S4 in
the Supporting Information. The interaction of RQ-2 with Au**
affects the HOMO/LUMO energy levels of quinoline and
rhodamine chromophores. When the lactam ring is closed, the
HOMO-LUMO energy gap of the acceptor (rhodamine unit)
is greater than that of the quinoline donor, suppressing the
energy transfer from quinoline to rhodamine. As RQ-2 binds
Au*" and the spirolactam ring opens, the energy gap in the
rhodamine unit markedly reduces to match that of the
quinoline unit, enabling an intramolecular FRET process. The
efficiency of energy transfer from the quinoline to the
rhodamine unit has also been calculated using the equation”
E =1 — (Fps/Fp), where Fp, and Fj represent emission
intensities of the donor in the presence and absence of
acceptor, respectively. The calculated value in the presence of
Au** (5 uM) is 0.52 (Figure S41 in the Supporting
Information)

8534

The excited state related calculations of the RQ-2-Au®*
adduct have been carried out using time-dependent DFT
(TDDFT), on the basis of the optimized ground state
geometry. From the calculated data, both the LUMO and
LUMO+1 of RQ-2-Au** adduct are localized on the quinoline
units, while the HOMO and HOMO-1 are localized on the
donor rhodamine unit (Table SS in the Supporting
Information). From an energy point of view, two main allowed
electronic transitions have been observed for RQ-2-Au®*: viz.
HOMO — LUMO (2.1193 €V, 585.03 nm, f = 0.6570) and
HOMO-1 — LUMO+1 (549 nm, 22193 eV, f = 0.6875)
(Table S6 in the Supporting Information). The calculated
coefficient of the wave function (CI) for the HOMO-1 to
LUMO+1 transition is 0.8342, which indicates that radiative
decay is possible and eventually leads to emission from RQ-2-
Au*" adduct. Moreover, the calculated energy difference
between HOMO-1 and LUMO+1 (2.28 €V) of RQ-2 -Au’*
is lower than that of the free RQ-2 (the HOMO to LUMO
energy gap is 3.21 eV) (Figure S). Hence, the complexation
between RQ-2 and Au** is also energetically favorable.

f_ LUMO+1
3.21eV .28

7
HOMO-1
[RQ-2+ Au¥]

@' HOMO

RQ-2

Figure 5. HOMO—-LUMO and HOMO-1-LUMO+1 energy gaps in
RQ-2 and RQ-2-Au*" adduct.

Thus, the above discussion supported by spectroscopic
evidence and theoretical TDDFT studies allowed us to portray
the plausible Au®* sensing mechanism by RQ-2, as shown in
Figure 6.

Intracellular Au** imaging using RQ-2 on HeLa cells has
been investigated. The cells were incubated with 20 yM Au®*
for 1h. Then the cells were washed three times with PBS buffer
and RQ-2 was added to the medium followed by further
incubation for 30 min. Figure 7 reveals that RQ-2 is cell-
permeable to efficiently image intracellular Au’* under a
fluorescence microscope.

The cytotoxicity of RQ-2 on HeLa cells was determined by
an MTT assay (Supporting Information). Upon exposure of 10
uM RQ-2 for 12 h, ~90% of the HeLa cells remained viable
(Figure 8). This nullifies the possibility of any significant
cytotoxic influence of RQ-2 on HeLa cells. Therefore, RQ-2
may be used as an ideal chemosensor for Au** in living systems.

H CONCLUSION

In summary, we have designed and synthesized a series of
rhodamine-based compounds, out of which RQ-2 has been

DOI: 10.1021/acs.joc.5b01141
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Figure 8. Cell viability of RQ-2 at different concentrations against
HeLa cells after 12 h incubation.

established as an excellent probe for detection of trace level
Au’*. A systematic approach to tune the receptor sites has been
pursued for highest selectivity toward Au®*. Systematic variation
of donor sites from O through S to N allowed us to achieve
higher Au* selectivity that operates via a CHEF-assisted FRET
mechanism. Thus, RQ-2 shows higher sensitivity as well as
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faster response time in comparison to those reported systems
where the interaction of the alkyne unit with gold ion is the
major focus. Thus, the present demonstration is a new
addendum for gold ion sensing in the horizon of rhodamine-
based receptors. Furthermore, the probe is cell-permeable and
is able to detect Au®" ion in living cells.

B EXPERIMENTAL SECTION

Materials and Equipment. All metal salts were used as either
their nitrate or their chloride salts except for tetrabutylammonium
cyanide. Other chemicals were of analytical reagent grade and were
used without further purification except when specified. '"H NMR
spectra were recorded at 300 and 75 MHz for *C NMR using the
solvent peak as an internal reference at 25 °C. Thin-layer
chromatography (TLC) was carried out on 0.25 mm thick precoated
silica plates, and spots were visualized under UV light. IR spectra were
determined on a spectrophotometer. Absorption and fluorescence
spectra were recorded on an UV—vis spectrometer and on a
spectrofluorimeter at room temperature. HRMS analysis was
performed in a QTOF mass analyzer using the ionization method
detailed in the Supporting Information.

Synthesis. Quinoline-2-carbaldehyde (1). Quinoline-2-carbalde-
hyde was prepared according to literature methods.”” Selective
oxidation of 2-methylquinolone (2.0 g, 13.968 mmol) with 4 equiv
of selenium dioxide (SeO,) in dioxane for 24 h afforded 1.427 g of
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quinoline-2-carboxaldehyde in 65% yield. The oxidation reaction was
smooth, except for the tedious removal of the dioxane solvent from the
compound.
2-(2-Aminoethyl)-3',6'-bis(diethylamino)spiro[isoindoline-1,9'-
xanthen]-3-one (2). A portion of rhodamine B (5.0 g 10.438 mmol)
was mixed with 2 equiv of ethylenediamine in ethanol and refluxed for
12 h to give 4.047 g (yield 80%) of N-(rhodamine B) lactam-
ethylenediamine as a reddish brown solid.”® The solid was crystallized
from acetonitrile.
2-(Bromomethyl)quinoline (3). 2-(Bromomethyl)quinoline was
prepared by the published method.”® The solid obtained was purified
by column chromatography in a yield of 28% and characterized by 'H
NMR (Figure S1 in the Supporting Information). 'H NMR (300
MHz, CDCly): § 4706 (2H, s), 7.510—7.563 (2H, m), 7.688—7.745
(1H, m), 7.791 (1H, m), 8.065 (1H, d, ] = 8.4 Hz), 8.146 (1H, d, ] =
8.4 Hz).
3',6'-Bis(diethylamino)-2-(2-((thiophen-2-ylmethyl)amino)ethyl)-
spiro[isoindoline-1,9'-xanthen]-3-one (RT-1). A 300 mg portion of 2
(0.619 mmol) and 69.42 mg of thiophene-2-carboxaldehyde (0.619
mmol) were taken up in dry methanol and refluxed for 12 h under an
argon atmosphere. After completion of the reaction monitored by
TLC, the reaction mixture was cooled to room temperature. Then
116.73 mg of sodium cyanoborohydride (1.857 mmol) was added by
portion at 0 °C. Then the reaction mixture was stirred for S h at room
temperature. After completion of the reaction was confirmed by TLC,
the solvent was removed under vacuum and water was added carefully
to the reaction mixture. The reaction mixture was extracted with ethyl
acetate (twice), washed with brine, and dried over anhydrous sodium
sulfate. Then the solvent was rotary evaporated to give a yellow oil.
The crude product was purified by column chromatography using 20%
ethyl acetate—80% petroleum ether as eluent to afford a light yellow
liquid (255 mg, yield: 70%). R; = 0.25 in 30% ethyl acetate—70%
petroleum ether. "H NMR (Figure S2 in the Supporting Information)
(300 MHz, CDCl,): 6 7.88—7.90 (m, 1H), 7.41—7.45 (m, 2H), 7.05—
7.12 (m, 2H), 6.84—6.87 (m, 1H), 6.77—6.78 (m, 1H), 6.36—6.43 (m,
4H), 6.22—6.26 (m, 2H), 3.73 (s, 2H), 3.28—3.36 (m, 10H), 2.44 (4,
6.3 Hz, 2H),1.15 (m, 12H); *C NMR (Figure S3 in the Supporting
Information) (75 MHz, CDCl,): § 168.5, 153.6, 153.3, 148.8, 144.0,
132.3, 131.1, 128.7, 127.9, 1264, 124.6, 124.0, 123.7, 122.7, 108.1,
105.6, 97.8, 64.9, 47.7, 47.2, 44.3, 39.9, 12.6. QTOF MASS (Figure S4
in the Supporting Information): m/z (M + H)" calculated for
CysH,N,0,S* 581.2950, found $81.2950.
2-(2-(Bis(thiophen-2-ylmethyl)amino)ethyl)-3',6'-bis-
(diethylamino)spirofisoindoline-1,9'-xanthen]-3-one (RT-2). A 400
mg portion of RT-1 (0.688 mmol) and 77.15 mg of thiophene-2-
carboxaldehyde (0.688 mmol) were taken up in dry methanol and
stirred at 0 °C under an argon atmosphere for 3 h. Then 129.74 mg of
sodium cyanoborohydride (2.064 mmol) was added by portion at 0
°C. Then the reaction mixture was stirred for 5 h at room temperature.
After completion of the reaction was confirmed by TLC, the solvent
was removed under vacuum and water was added carefully to the
reaction mixture. The reaction mixture was extracted with ethyl acetate
(twice) and dried over anhydrous sodium sulfate. Then the solvent
was rotary evaporated to give a brown oil. The crude product was
purified by column chromatography using 40% ethyl acetate—60%
petroleum ether as eluent to give a light yellow liquid (340 mg, yield:
73%). R¢ = 0.35 in 40% ethyl acetate—60% petroleum ether. 'H NMR
(Figure SS in the Supporting Information) (300 MHz, CDCl,): §
7.89-7.91 (m, 1H), 7.41-7.44 (m, 1H), 7.15—=7.27 (m, 2H), 7.06—
7.09 (m, 1H), 6.89—6.97 (m, 4H), 6.79—6.80 (m, 1H), 6.40—6.44 (m,
4H), 6.25—6.37 (m, 2H), 4.77 (s, 4H), 3.32—3.36 (m, 10H), 2.34 (m,
2H), 1.18 (m, 12H). ®C NMR (Figure S6 in the Supporting
Information) (7S MHz, CDCl,): § 168.1, 167.9, 153.6, 153.3, 148.9,
148.8, 1444, 141.8, 141.0, 137.9, 132.5, 132.3, 1289, 128.8, 128.1,
126.8, 1266, 126.5, 1259, 125.6, 1252, 124.6, 123.8, 122.8, 115.3,
108.3, 105.5, 97.9, 97.8, 65.1, 59.7, $3.9, 51.1, 51.0, 50.7, 49.2, 44.4,
38.6, 382, 12.7. QTOF MASS (Figure S7 in the Supporting
Information): m/z (M + H)* calculated for C,H,;sN,0,S,"
677.2983, found 677.2987.
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3',6'-Bis(diethylamino)-2-(2-((quinolin-2-ylmethyl)amino)ethyl)-
spirofisoindoline-1,9'-xanthen]-3-one (RQ-1). A 300 mg portion of 2
(0.619 mmol) and 97.28 mg of 1 (0.619 mmol) were taken up in dry
methanol and refluxed for 12 h under an argon atmosphere. After
completion of the reaction was monitored by TLC, the reaction
mixture was cooled to room temperature. Then 116.73 mg of sodium
cyanobhorohydride (1.857 mmol) was added by portion at 0 °C. Then
the reaction mixture was stirred for S h at room temperature. After
completion of the reaction was confirmed by TLC, the solvent was
removed under vacuum and water was added carefully to the reaction
mixture. The reaction mixture was extracted with ethyl acetate (twice)
and dried over anhydrous sodium sulfate. Then the organic layer was
vacuum-evaporated to give a brown oil. The crude product was
purified by column chromatography using 40% ethyl acetate—60%
petroleum ether as eluent to give a deep yellow solid (274 mg, yield:
70%). R¢ = 0.35 in 60% ethyl acetate—40% petroleum ether. Mp: 62
°C. 'H NMR (Figure S8 in the Supporting Information) (300 MHz,
CDCLy): § 7.97-8.06 (m, 2H), 7.91-7.92(m, 1H), 7.74—7.77 (m,
1H), 7.62—7.67 (m, 1H), 7.36—7.49 (m, 4H), 7.05—7.08 (m, 1H),
6.40—6.43 (m, 2H), 6.34 (s, 2H), 6.15—6.19 (m, 2H), 3.90 (s, 2H),
3.24-3.36 (m, 8H), 2.54(m, 2H), 1.13 (m, 12H); *C NMR (Figure
S9 in the Supporting Information) (75 MHz, CDCl,): § 171.0, 153.6,
1532, 148.7, 147.5, 136.1, 132.2, 129.1, 1289, 128.7, 127.9, 127.3,
125.8, 123.7, 122.7, 120.3, 108.0, 105.5, 97.8, 65., 55.0, 47.8, 44.2, 12.5.
QTOF MASS (Figure S10 in the Supporting Information): m/z (M +
H)* calculated for C,,H,,N;O,* 626.3495, found 626.3487.
2-(2-(Bis(quinolin-2-ylmethyl)amino)ethyl)-3',6'-bis-
(diethylamino)spiro[isoindoline-1,9'-xanthen]-3-one (RQ-2). Meth-
od A. A 300 mg portion of RQ-1 (0.479 mmol) and 75.34 mg of 1
(0.479 mmol) were taken up in dry methanol and stirred at 0 °C
under an argon atmosphere for 3 h. Then 90.40 mg of sodium
cyanobhorohydride (1.437 mmol) was added by portion at 0 °C. Then
the reaction mixture was stirred for S h at room temperature. After
completion of the reaction was confirmed by TLC, the solvent was
removed under vacuum and water was added carefully to the reaction
mixture. The reaction mixture was extracted with ethyl acetate (twice)
and dried over anhydrous sodium sulfate. Then the solvent was
vacuum-evaporated to give a brown oil. The crude product was
purified by column chromatography using 40% ethyl acetate—60%
petroleum ether as eluent to give a light yellow solid (111 mg, yield:
30%). R = 0.35 in 40% ethyl acetate—60% petroleum ether. Mp: 80
°C. '"H NMR (Figure S11 in the Supporting Information) (300 MHz,
CDCL): 6 7.89-8.02 (m, SH), 7.57—7.71 (m, 6H), 7.37—7.44 (m,
4H), 7.01-7.04 (m, 1H), 6.31—6.34 (m, 2H), 6.23 (s, 2H), 6.07—6.11
(m, 2H), 3.90 (s, 4H), 3.46—3.51 (m, 2H), 3.17—3.23 (m, 8H), 2.47
(m, 2H), 1.09 (m, 12H). *C NMR (Figure S12 in the Supporting
Information) (75 MHz, CDCl,): § 170.9, 162.3, 160.4, 153.3, 153.2,
148.6, 147.4, 136.0, 132.1, 131.3, 128.9, 1289, 127.8, 127.3, 127.2,
125.7, 123.7, 122.5, 120.8, 107.9, 105.5, 97.6, 64.8, 60.7, 60.2, 52.8,
44.1, 12.5. QTOF MASS (Figure S13 in the Supporting Information):
m/z (M + H)* calculated for Cs,Hg;N¢O,* 767.4073, found 767.4073.
Method B. A 300 mg portion of 2 (0.619 mmol) and 274.93 mg of
3 (1.238 mmol) were taken up in 2 mL of dry DMF, and 806 mg of
Cs,CO; (2476 mmol) was added to the mixture under an argon
atmosphere in the dark. Then the reaction mixture was stirred at room
temperature overnight in the dark. After completion of the reaction
was confirmed by TLC, the reaction mixture was quenched with cold
bicarbonate solution. The reaction mixture was extracted with 30 mL
of ethyl acetate (three times) and washed with cold brine solution.
The organic part was dried over anhydrous sodium sulfate and
vacuum-evaporated to give a brown oil. The crude product was
purified by column chromatography using 30% ethyl acetate—70%
petroleum ether as eluent to give a light yellow solid (384 mg, yield
80%). R¢ = 0.35 in 40% ethyl acetate—60% petroleum ether.
1-(Pyridin-2-yl)-N,N-bis(quinolin-2-ylmethyl) methanamine
(PAQ-2). A 100 mg portion of pyridin-2-ylmethanamine (0.926
mmol) and 409 mg of 3 (1.852 mmol) were taken up in 2 mL of dry
DMF, and 1.206 g of Cs,CO; (3.704 mmol) was added to the mixture
under an argon atmosphere in dark. Then the reaction mixture was
stirred at room temperature overnight in the dark. After completion of
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the reaction was confirmed by TLC, the reaction mixture was
quenched by cold bicarbonate solution. Then the mixture was
extracted with 30 mL of ethyl acetate (three times) and washed
with cold brine solution. The organic part was dried over anhydrous
sodium sulfate and vacuum-evaporated to give a brown oil. The crude
product was purified by column chromatography using 30% ethyl
acetate—70% petroleum ether to obtain a light yellow solid (307 mg,
yield: 85%). R¢ = 0.35 in 40% ethyl acetate—60% petroleum ether. Mp:
82 °C. The target product was confirmed by "H NMR (Figure S14 in
the Supporting Information) (300 MHz, CDCL;): § 3.986 (s, 2H),
4.106 (s, 4H), 7.111 (d, 1H), 7.457 (d, 2H), 7.646 (m, 4H), 7.757 (m,
4H), 8.088 (m, 4H), 8.540 (d, 1H). *C NMR (Figure S15 in the
Supporting Information) (75 MHz, CDCl,): § 60.25, 60.82, 120.84,
121.80, 122.98, 125.90, 127.16, 129.03, 136.09, 147.38, 148.87, 159.04,
159.86, 162.20. QTOF MASS (Figure S16 in the Supporting
Information): m/z (M + H)" calculated for C,H,3N," 391.1922,
found 391.1922.

2-(2-(Bis(naphthalen-2-ylmethyl)amino)ethyl)-3',6'-bis-
(diethylamino)spiro[isoindoline-1,9'-xanthen]-3-one (RNap-2). A
221 mg portion of 2-(bromomethyl)naphthalene (0.999 mmol) and
241 mg of 3 (0.499 mmol) were taken up in 2 mL of dry DMF, and
977 mg of Cs,CO; (2.99 mmol) was added to the mixture under an
argon atmosphere. Then the reaction mixture was stirred at room
temperature for 6 h. After completion of the reaction was confirmed
by TLC, the reaction mixture was quenched by cold brine solution.
Then the mixture was extracted using 30 mL ethyl acetate (three
times) and washed with cold brine solution. The organic part was
dried over anhydrous sodium sulfate and vacuum-evaporated to give a
deep yellow oil. The crude product was purified by column
chromatography using 30% ethyl acetate—70% petroleum ether to
obtain a light yellow liquid (300 mg, yield: 78%). R; = 0.30 in 30%
ethyl acetate—70% petroleum ether. '"H NMR (Figure S17 in the
Supporting Information) (300 MHz, CDCL,): § 7.97 (m, 1H), 7.57—
7.71 (m, 6H), 7.80—7.83 (m, 3H), 7.75 (m, 2H), 7.69 (m, 2H), 7.43—
7.45 (m, 8H), 7.07 (m, 1H), 6.40—6.43 (m, 2H), 6.40—6.43 (m, 2H),
625 (m, 2H), 3.711 (m, 4H), 3.50 (m, 2H), 3.21-3.27 (m, 8H), 2.47
(m, 2H), 1.12 (m, 12H); *C NMR (Figure S18 in the Supporting
Information) (7S MHz, CDCl,): § 167.6, 153.5, 153.3, 148.6, 137.0,
1334, 1327, 1322, 131.6, 128.8, 1280, 127.8, 127.7, 127.6, 127.2,
127.1, 125.7, 1253, 123.8, 122.6, 122.6, 108.0, 105.7, 97.8, 64.9, 57.6,
51.9, 463, 442, 37.98, 12.5. QTOF MASS (Figure S19 in the
Supporting Information) m/z (M + H)" calculated for Cs,Hs3N,0,"
765.4168, found 765.4164.
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