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Quick accessible dual mode turn-on red fluorescent
chemosensor for Cu(i) and its applicability in live cell
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A novel fluorescent chemosensor 9,10-Diphenyl-7H-benzo[d,elimidazo[2,1-alisoquinolin-7-one (BIDQ-1),
which exhibits rapid colorimetric and fluorimetric response for copper ions over other competitive metal

ions under mild conditions has been synthesized easily by a simple one pot condensation method. On

addition of Cu(i), BIDQ-1 shows a distinct color change from yellow to green, thus permitting the probe to

be used for naked eye detection of Cu(n). The new fluorescent probe exhibits a turn-on fluorescence
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response towards Cu®* under physiological conditions with high sensitivity and selectivity. The turn-on

fluorescence behaviour of BIDQ-1 with Cu(i) was found to be via an intramolecular charge transfer (ICT)

DOI: 10.1039/c3ra42109k

www.rsc.org/advances living cells.

Introduction

Copper is one of the essential trace elements required for
many biochemical and physiological functions." Copper ions
contained in proteins act as cofactors for many enzymes such
as cytochrome oxidase, zinc-copper superoxide dismutase,
lysyl oxidase and catechol dioxygenase.> It is involved in
critical biological processes in living organisms, such as
respiration, antioxidant defense and iron metabolism.?
However, free copper ions are toxic to the cells since they
catalyze the generation of highly reactive hydroxyl radicals,
which cause cellular damage.* Copper ions are highly toxic to
organisms such as certain algae, fungi, many bacteria and
viruses. The interruption of the copper balance in the body
results in severe disorders such as Menkes syndrome, Wilson’s
disease, amyotrophic lateral sclerosis, prion diseases and
Alzheimer’s disease. Excessive intake of copper into the body
leads to tumours, new blood vessel growth, kidney and liver
damage, gastrointestinal disturbance and Non-Indian
Childhood Cirrhosis (NICC).”> In view of these effects it is
worth developing a suitable technique to monitor Cu(ir) within
the body.The conventional methods for detection of copper
ions such as photometric methods, atomic absorption spectro-
scopy (AAS), inductively coupled plasma emission or mass
spectrometry (ICP-ES, ICP-MS), total reflection X-Ray fluori-
metry (TXRF) and anodic stripping voltammetry (ASV)® provide
good detection limits. However, these methods are not
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mechanism, by TD-DFT calculations. The probe was found to be applicable for imaging intracellular Cu?* in

preferred as not only do they require high cost analytical
instrumentation but they also have operational difficulties.
These techniques, though applicable for biological samples,
usually result in destruction of cells. As an alternative to these
methods fluorescent sensors have been demonstrated to be
powerful tools for the non-destructive imaging of intracellular
distribution in single cells.” Due to the biological significance
of Cu(m), colorimetric and fluorimetric detection of copper
ions have been widely documented.® Cu(m) is a notorious
fluorescence quencher due to its paramagnetic nature and de-
excitation pathways involving electron transfer/excited-state
energy transfer and as such, most of the earlier reports of Cu®*
sensors are quenching of fluorescence.’
Subsequently, the design of highly sensitive and selective
turn-on fluorescence probes for copper ions has been
reported.'® Near-infrared (NIR) or red detection of metal ions
is preferable due to its applicability in biological systems as
they minimize auto-fluorescence, cytotoxicity and photo
damage of living cells."* Nevertheless only very few reports of
NIR/red fluorescent turn-on sensors for Cu>* are available.™” In
the present work the receptor BIDQ-1, synthesized by a new
procedure,"® has been shown to be an excellent, sensitive and
selective turn-on sensor for Cu(1). This is the first report of
using an imidazoquinone derivative as a fluorescent sensor.

based on

Results and discussion

One pot condensation of acenaphthoquinone, benzil with
ammonium acetate in ethanol in the presence of acetic acid
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Scheme 1 Synthesis of BIDQ-1.

under refluxing conditions furnished the product in an
excellent yield (ESIf) (Scheme 1).

The structure of BIDQ-1 was confirmed by spectro-
analytical techniques. The response action of BIDQ-1 towards
different metal ions was investigated by UV-vis and fluores-
cence spectrophotometric techniques. The UV-visible absorp-
tion spectrum of BIDQ-1 in CH;CN:H,O (1 : 1, v/v; PBS buffer,
pH = 7.54) shows bands at 423, 347, 333, 290 nm. In order to
check the selective sensing ability of BIDQ-1 metal ions such
as Na*, K¥, Mg*", Ca®>",Ba*", Zn>*, Cd>*, Hg*", Pb**, Ni**, Co™",
Fe**, Mn>", and Ag" were added to BIDQ-1 and found no
observable changes in its uv-vis spectrum. On addition of Cu**
ions the band at 423 nm is suppressed along with the
appearance of a new broad absorption band at 397 nm with
the isobestic point at 429 nm. (Fig. 1).

The appearance of the isobestic point centred at 429 nm
was reliable with equilibrium between BIDQ-1 and copper
complexes in solution. UV-vis studies clearly show that the
probe BIDQ-1 shows a selective and high binding affinity for
Cu”" ions even in the presence of other metal ions. The
fluorescence spectra of the probe BIDQ-1 (1 uM) in the
presence of tested metal ions other than Cu(1) ions exhibit a
delicate emission at 588 nm, in CH3CN:H,O (1 : 1, v/v; PBS
buffer, pH = 7.54) medium when excited at 440 nm. (Fig. 2).
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Fig. 1 UV-vis absorption spectra of BIDQ-1 (10 pM) in the presence of Cu®*, Ag*,
Ba®*, Ca®*, Cd**, Co™*, Fe**, Hg®*, K*, Mg?*, Mn?*, Na*, Ni**, Pb**and Zn®* (10
uM) in aqueous PBS buffer (10 mM PBS pH 7.54).

RSC Adv.

View Article Online

3500 ~
cu™
3000
2 2500 -
[72]
c
2
£ 2000
[}
g + 2+ 2+ 3+
s 1500 + Ag’,Ba”,Ca”’,Cr”,
@ Co”, cd”’ Fe* Hg™
§ 1000 - K',Mg*,Mn** Na’,
e Ni**,Pb*,Zn"*and BIDQ-1
500 -
0+

T b T T v T
450 500 550 600 650 700 750 800

wavelength (nm)

Fig. 2 Fluorescence spectra of BIDQ-1 in the presence of Fe’*, Ag*, Ca®*, Cd?*,
Co?*, Cu?*, Hg?*, K*, Mg?*, Mn?*, Na*, Ni?*, Pb?*and Zn?* (10 uM) in aqueous
PBS buffer (10 mm PBS pH 7.54). Excitation was performed at 440 nm.
Excitation/Emission Slit width: 5/5.

The weak fluorescence band of BIDQ-1 is probably due to
the ICT-type excited state. The gradual incremental addition of
Cu”* ions led to a gradual enhancement of the fluorescence
intensity at 610 nm with a slight red shift whereas bare BIDQ-1
shows an emission band at 588 nm (Fig. 3). This intense
enhancement of the fluorescence intensity of BIDQ-1 induced
by Cu®* ions is attributed to the improved ICT effect.

The binding constant'! of BIDQ-1 with Cu®" ions was
estimated to be 5.5 x 10> mol L™" from the fluorescence
titration and the limit of detection (LoD)'® was found to be 2.1
x 1072 mol L™". The other metal ions such as Na*, K*, Mg*",
Ca**,Ba*", zn**, cd**, Hg*", Pb**, Ni**, Co®*, Fe’", Mn*", and
Ag' were added to BIDQ-1 but insignificant changes were
observed in the fluorescence spectra. To elucidate the binding
stoichiometry between BIDQ-1 and Cu**, a continuous varia-
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Fig. 3 Fluorescence emission spectrum of BIDQ-1 (1 x 107> mol L™") upon
addition of Cu?* (0-1 equivalent) in aqueous PBS (10 mM PBS, pH = 7.54)
Excitation was performed at 440 nm. Excitation/Emission Slit width: 5/5.
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tion method (Job’s) was employed using the fluorescence
emission data. The maxima was observed when the mole
fraction of Cu(1r) reached 0.5 exposed 1 : 1 binding. (ESIt) This
stoichiometry was further supported by the nonlinear fit of the
fluorimetric titration and ESIf mass spectral analysis. The peak
at m/z = 436.29 clearly indicates the formation of 1 : 1 BIDQ-1
— Cu®" complex (ESIt). In order to achieve excellent recogni-
tion of the analyte over potential competing species, selectivity
of the probe is a key factor. The turn-on fluorescence
recognizing efficiency of BIDQ-1 for Cu() is not affected in
the presence of common cations, such as Na*, K, Mg*", Ca*",
Ba**, Zn**, Cd**, Hg>", Pb**, Ni**, Co”*, Fe’", Mn”>*and Ag". The
effect of pH on the probe BIDQ-1 was tested and the probe was
found to be unaffected by pH. The fluorescence enhancement
of BIDQ-1 in the presence of Cu(u) was studied at different
time intervals and quick response times were revealed (ESIf).
In order to investigate their molecular structure and possible
electronic transitions in BIDQ-1 and BIDQ-1 + Cu®', DFT
calculations were carried out using the Gaussian03 program.'®
The ground state structure optimization of BIDQ-1 and BIDQ-1
+ Cu”" were carried out using B3LYP and LANL2DZ functio-
nalised with 6-31G* basis set respectively.

The lowest energy minimized structures for BIDQ-1 and
BIDQ-1 + Cu®" are shown in Fig. 4. The TD-DFT/B3LYP/6-31G*
calculations based on the optimized structure of BIDQ-1,
predict that electron density in HOMO is spread over the
whole n-system while that of LUMO is localised on the
acenaphthene ring The transition between HOMO to LUMO
excitations (490.29 nm) has very low oscillator strength, f =
0.00624. This suggests that the probability of HOMO to LUMO
transition is very low. Furthermore, the first excited state
optimization of BIDQ-1 was carried out using the CIS/B3LYP-6-
31G* method.

The TD-DFT results using excited state optimised geometry
of BIDQ-1 clearly shows weak HOMO to LUMO transition
(585.88 nm, f = 0.0962). This non radiative excited state
transition leads to the weak fluorescence nature of the probe.

BIDQ-1+Cu**

BIDQ-1

Fig. 4 Energy optimized geometry of BIDQ-1 and BIDQ-1 + Cu®* by the B3LYP/
6-31G and LANL2DZ methods respectively.
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Fig. 5 Frontier molecular orbital diagram of BIDQ-1 and BIDQ-1 + Cu®,

Both ground states as well as the excited state DFT
calculations predict the low probability for HOMO to LUMO
transition. This in-turn leads to the inference that fluorescence
will also unlikely be observed. The large degree of electron
transfer between the phenyl unit and acenaphthoquinone in
the first excited state was observed.(Fig. 5) The fluorescence
enhancement of BIDQ-1 by Cu®** could be illustrated by means
of frontier orbitals obtained from the TD-DFT calculations.
The HOMO-LUMO excitation (462.25 nm, f = 0.3164) was
found to be relevant to the charge transfer, and the
contribution to the lowest energy excitation was 40%. This
excitation corresponds to charge transfer from the excited
imidazo quinoline moiety to the Cu®" center. It is clearly
evidencing that the internal charge transfer, occurred during
the addition of Cu(u), leads to the enhancement of fluores-
cence. TD-DFT and frontier molecular orbital calculations
clearly support the observed fluorescence intensity enhance-
ment is due to the ICT mechanism. The applicability of bio
sensing probes for selective detection of guest species in live
cells is of great interest and importance for biological
application in the present scenario. Due to the quick response
and high sensitivity of BIDQ-1 towards Cu’" ion, its wide
application in imaging Cu®** in HeLa cells was studied. The
HeLa cell lines were incubated with the probe BIDQ-1 for 30
min at 37 °C (5.0 uM in H,O/DMSO (2 : 1, v/v) buffered with
PBS, pH = 7.54) in a Dulbecco’s Modified Eagle’s Medium for
30 min at 37 °C.

In order to remove the extra cellular probe BIDQ-1, the
HeLa cells was again washed with a phosphate-buffered saline
buffer. The fluorescence images of HeLa cells were recorded.
BIDQ-1 shows a hardly detectable fluorescence signal in living
cells. The cells were incubated again with the Cu®* (10.0 uM in
H,O0) for 10 min to observe a bright red fluorescence in living
cells.(Fig. 6) The fluorescence imaging results suggested that
BIDQ-1 can permeate the cell membrane and can be applied
for in vitro imaging of Cu®" in living HeLa cells.
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Fig. 6 (a) Fluorescence microscopic image of Hela cells treated with BIDQ-1 (5.0
M) for 20 min at 37 °C; (b) Bright field image of BIDQ-1 treated Hela cells. (c)
Fluorescence microscopic image of BIDQ-1 (5.0 uM) treated Hela cells then cu*t
(d) bright field image of Hela cells treated with BIDQ-1 (5.0 uM) and Cu®* (10.0
UM) Aex = 440 NnM ey, = 550-650 nm.

Conclusions

In conclusion, an imidazoquinoline BIDQ-1 has been synthe-
sized very easily by a simple one pot condensation method and
was well characterized. BIDQ-1 acts as a highly selective
fluorescent and colorimetric sensor for Cu** in an aqueous
acetonitrile medium. It is observed that BIDQ-1 displays
“Turn-on” fluorescence and color change towards Cu®', which
may be due to the ICT mechanism. The DFT, TD-DFT
calculations on ground and excited state structures of BIDQ-
1, BIDQ-1 + Cu() by 6-31G and LANL2DZ methods obviously
indicate that the fluorescence enhancement can be attributed
to the ICT process. The probe BIDQ-1 has great potential
applications in live cell imaging of Cu®** due to its excellent
sensitivity and good selectivity.

Materials and methods

Acenaphthoquinone obtained from Aldrich were used as such.
Benzil, ammonium acetate and metal chloride salts were
procured from Merck. Absorption spectra were recorded using
a JASCO V-650 spectrophotometer while fluorescence analyses
were done using F-4500 Hitachi fluorescence spectrofluori-
meter. The excitation and emission slit width were kept
constant as 5 nm. NMR spectra were recorded on a Bruker
(Avance) 300 MHz NMR instrument. Electrospray ionisation
mass spectral (ESI-MS) analysis was performed in the positive
ion mode on a liquid chromatography-ion trap mass spectro-
meter (LCQ Fleet, Thermo Fisher Instruments Limited, US).
Microanalysis (C, H, and N) was performed using a Perkin-
Elmer 4100 elemental analyser. Fluorescence microscopic
images were taken using Zeiss LSM 510 META confocal
fluorescence microscope.
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Computational details

Density functional theory (DFT) calculations Were carried out
with 6-31G* basis set using Gaussian 03 program in order to
understand the fluorescence enhancement performance of
BIDQ-1 on complexation with Cu®'. The ground state
geometries of BIDQ-1 and BIDQ-1 + Cu®* complex were
optimized by DFT-B3LYP using 6-31G* and LANL2DZ basis
sets respectively. The excited state geometry of BIDQ-1 was
optimised using CIS-B3LYP using 6-31G* method. Using the
ground state and excited state optimized geometries absorp-
tion behaviour, emission behaviour and corresponding transi-
tions of BIDQ-1 and BIDQ-1 + Cu** complex obtained from TD-
DFT using above basis sets.

Synthesis of BIDQ-1

1 mmol of acenaphthoquinone, 1 mmol of benzil and 4 mmol
of ammonium acetate was refluxed in ethanol in an oil bath for
15 min in the presence of catalytic amount of acetic acid.
The reaction mixture color was suddenly changed to red. The
reaction mixture was allowed to reach room temperature. The
precipitated red colour solid was filtered. Further purification of
the crude product was carried out by column chromatography
using Petether-EtOAc (9 : 1) as eluent yields 9,10-Diphenyl-
7H-benzo[d,elimidazo[2,1-a]lisoquinolin-7-one (BIDQ-1) as a
reddish yellow solid. "H-NMR (300 MHz,CDCl,): ppm 6 8.777-
8.750 (dd, 1H, J = 1 Hz), 8.600-8.572(dd, 1H, J = 1 Hz), 8.241-
8.213 (d, 1H, J = 8.5 Hz), 8.052-8.025 (d, 1H, J = 8.5 Hz),
7.79-7.69(m, 3H), 7.624-7.597 (dd, 3H, J = 9.6 Hz), 7.532-7.497
(m, 4H),7.304-7.211(m, 2H). *C-NMR (75 MHz, CDCl;): ppm §
160.3, 141.1, 135.3, 135.1, 133.1, 132.0, 131.9, 131.2, 130.8,
130.3, 128.5, 128.2, 128.194, 127.7, 127.5, 127.3, 126.6, 125.8,
125.6, 123.2, 120.925. MS (ESI): 373.1707(M + H') calculated:
372.0412.

Cell culture and fluorescence imaging

HeLa cells were grown in modified Eagle’s medium supple-
mented with 10% FBS (fetal bovine serum) at 37 °C. The cells
were washed with PBS buffer. The HeLa cells were then
incubated with BIDQ-1 (5.0 uM in H,O/DMSO (2 :1, v/v)
buffered with PBS, pH = 7.54) in the culture medium for 30
min at 37 °C. After washing with PBS three times to remove
any excess of the probe BIDQ-1 in the cells, the cells were
further incubated with CuCl, (10.0 uM in H,O) for 10 min at 37
°C and imaged with a Zeiss LSM 510 META confocal
fluorescence microscope.

Acknowledgements

GS thanks UGC senior research fellowship. GS, TA, DC
acknowledge DST-IRHPA, FIST, and PURSE for instrumental
facilities and funding.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ra42109k

Published on 08 July 2013. Downloaded on 26/08/2013 06:24:28.

Notes and references

1 S. Hu, P. Furst and D. Hamer, New Biol., 1990, 2, 544.

2 (@) G. Muthaup, A. Schlicksupp, L. Hess, D. Beher,
T. Ruppert, C. L. Masters and K. Beyreuther, Science,
1996, 271, 1406; (b) R. A. Lovstad, Bio Metals., 2004, 17, 111;
(¢) D. G. J. Barceloux, Clin. Toxicol., 1999, 37, 217; (d) B.
Sarkar, H. Siegel and A. Siegel, (ed.), Metal Ions in Biological
Systems, Marcel Dekker, New York, 1981, vol. 12, p. 233; (e)
E. L. Que, D. W. Domaille and C. J. Chang, Chem. Rev.,
2008, 108, 1517.

3 H. Tapiero and K. Tew, Biomed. Pharmacother., 2003, 57,
386.

4 (a) V. L. Goodman, G. J. Brewer and S. D. Merajver, Endocr.
Relat. Cancer, 2004, 11, 255; (b) D. G. J. Barceloux, Clin.
Toxicol., 1999, 37, 217; (c) X. B. Zhang, J. Peng, C. L. He, G.
L. Shen and R. Q. Yu, Anal. Chim. Acta, 2006, 567, 189.

5 C. Barranguet, F. P. van den Ende, M. Rutgers, A.
M. Breure, M. Greijdanus, J. J. Sinke and W. Admiraal,
Environ. Toxicol. Chem., 2003, 22, 1340.

6 (a) J. Becker, M. Zoriy, C. Pickhardt, N. Palomero-Gallagher
and K. Zilles, Anal. Chem., 2005, 77, 3208; (b) B. Twining,
S. Baines, N. Fisher, J. Maser, S. Vogt, C. Jacobsen, A. Tovar-
Sanchez and S. Sanudo-Wilhelmy, Anal. Chem., 2003, 75,
3806; (c) B. Twining, S. Baines, N. Fisher, C. Jacobsen and
J. Maser, J. Phys. IV, 2003, 104, 435; (d) J. Camakaris,
M. Petris, L. Bailey, P. Shen, P. Lockhart, T. Glover,
C. Barcroft, J. Patton and ]J. Mercer, Hum. Mol. Genet.,
1995, 4, 2117.

7 (a) W. shi and H. Ma, Chem. Commun., 2012, 48, 8732; (b)
G. Sivaraman, T. Anand and D. Chellappa, RSC Adv., 2012,
2, 10605; (¢) G. Sivaraman, T. Anand and D. Chellappa,
Analyst, 2012, 137, 5881.

8 (@) Q. Xu, K. M. Lee, F. Wang and ]. Yoon, J. Mater. Chem.,
2011, 21, 15214; (b) H. S. Jung, P. S. Kwon, J. W. Lee, J.
I. Kim, C. S. Hong, J. W. Kim, S. Yan, J. Y. Lee, J. H. Lee,
T. Joo and J. S. Kim, J. Am. Chem. Soc., 2009, 131, 2008; () Z.
Q. Guo, W. H. Zhu, Y. Y. Xiong and H. Tian,
Macromolecules, 2009, 42, 1448; (d) X. Chen, S.-W. Nam,
G.-H. Kim, N. Song, Y. Jeong, I. Shin, S. K. Kim, J. Kim,
S. Park and J. Yoon, Chem. Commun., 2010, 46, 8953; (e)
Z.Xu, J. Yoon and D. R. Spring, Chem. Commun., 2010, 46,
2563; (f) Y. Xiang, A. Tong, P. Jin and Y. Ju, Org. Lett., 2006,
8, 2863; (g) M. Royzen, Z. Dai and J. W. Canary, J. Am. Chem.
Soc., 2005, 127, 1612; (k) J. F. Zhang, Y. Zhou, ]. Yoon,
Y. Kim, S. J. Kim and J. S. Kim, Org. Lett., 2010, 12, 3852; (i)
X. Chen, J. Wang, J. Cui, Z. Xu and X. Peng, Tetrahedron,
2011, 67, 4869; (/) W. Lin, L. Yuan, W. Tan, J. Feng and
L. Long, Chem.-Eur. J., 2009, 15, 1030; (k) N. Shao, J. Jin,
H. Wang, Y. Zhang, R. Yang and W. Chan, Anal. Chem.,
2008, 80, 3466; (I) Z. Xu, Y. Xiao, X. Qian, J. Cui and D. Cui,
Org. Lett., 2005, 7, 889; (m) Z. C. Wen, R. Yang, H. He and Y.
B. Jiang, Chem. Commun., 2006, 106; (1) Q. Wu and E.
V. Anslyn, J. Am. Chem. Soc., 2004, 126, 14682; (0) S. H. Kim,
J. S. Kim, S. M. Park and S.-K. Chang, Org. Lett., 2006, 8,
371; (p) Z. Xu, J. Pan, D. R. Spring, J. Cui and ]. Yoon,
Tetrahedron, 2010, 66, 1678; (gq) T. Gunnlaugsson, J.
P. Leonard and N. S. Murray, Org. Lett., 2004, 6, 1557; (r)
M. Frigoli, K. Ouadahi and C. Larpent, Chem.-Eur. J., 2009,
15, 8319; (s) E. J. Jun, H. N. Won, J. S. Kim, K.-H. Lee and
J. Yoon, Tetrahedron Lett., 2006, 47, 4577; (t) . Huang, Y. Xu

This journal is © The Royal Society of Chemistry 2013

10

11

12

13

14

15

16

View Article Online

and X. Qian, Dalton Trans., 2009, 1761; (u) S. V. Wegner,
H. Arslan, M. Sunbul, J. Yin and C. He, J. Am. Chem. Soc.,
2010, 132, 2567; (v) J. Kovacs, T. Rodler and A. Mokhir,
Angew. Chem., Int. Ed., 2006, 45, 7815; (w) L. Shang and
S. Dong, J. Mater. Chem., 2008, 18, 4636; (x) G. Ajayakumar,
K. Sreenath and K. R. Gopidas, Dalton Trans., 2009, 1180;
(») K. Sreenath, T. G. Thomas and K. R. Gopidas, Org. Lett.,
2011, 13, 1134; (z) C. C. Chang, H. Yueh and C. T. Chen,
Org. Lett., 2011, 13, 2702.
(@) S. H. Kim, J. S. Kim, S. M. Park and S. K. Chang, Org.
Lett., 2006, 8, 371-374; (b) J. Xie, M. Ménand,
S. Maisonneuve and R. Métivier, J. Org. Chem., 2007, 72,
5980-5985; (c) Z. T. Jiang, R. R. Deng, L. Tang and P. Lu,
Sens. Actuators, B, 2008, 135, 128-132; (d) H. S. Jung, P.
S. Kwon, J. W. Lee, J.I. Kim, C. S. Hong, ]J. W. Kim, S.
H. Yan, J. Y. Lee, J. H. Lee, T. H. Joo and ]. S. Kim, J. Am.
Chem. Soc., 2009, 131, 2008-2012; (¢) W. B. Chen, X. J. Tu
and X. Q. Guo, Chem. Commun., 2009, 1736-1738; (f) J.
H. Jung, M. H. Lee, H. J. Kim, H. S. Jung, S. Y. Lee, N.
R. Shin, K. No and ]. S. Kim, Tetrahedron Lett., 2009, 50,
2013-2016.
(@) M. Y. Yu, M. Shi, Z. G. Chen, F. Y. Li, X. X. Li, Y. H. Gao,
J. Xu, H. Yang, Z. G. Zhou, T. Yi and C. H. Huang, Chem.-
Eur. J., 2008, 14, 6892; (b) M. Kumar, R. Kumar, V. Bhalla,
P. R. Sharma, T. Kaur and Y. Qurishi, Dalton Trans., 2012,
41, 408.
B. A. Smith, W. J. Akers, W. M. Leevy, A. J. Lampkins, S.
Z. Xiao, W. Wolter, M. A. Suckow, S. Achilefu and B.
D. Smith, J. Am. Chem. Soc., 2010, 132, 67-69.
(@) S. C. Yin, V. Leen, S. Van Snick, N. Boens and
W. Dehaen, Chem. Commun., 2010, 46, 6329-6331; (b)
S. Goswami, D. Sen and N. K. Das, Org. Lett., 2010, 12,
856-859; (¢) S. Goswami, D. Sen, N. K. Das and G. Hazra,
Tetrahedron Lett., 2010, 51, 5563-5566.
M. Adiba, B. Mohammadi, S. Ansari, H. R. Bijanzadeh and
L. Zhu, Tetrahedron Lett., 2011, 52, 2299-2301.
K. A. Conners, Binding Constants, The Measurement of
Molecular Complex Stability, Wiley: New York, 1987.
M. Shortreed, R. Kopelman, M. Kuhn and B. Hoyland, Anal.
Chem., 1996, 68, 1414.
Gaussian 03, Revision C.02, M. ]J. Frisch, G. W. Trucks, H.
B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, ]J.
A. Montgomery Jr, T. Vreven, K. N. Kudin, J. C. Burant, ]J.
M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson,
H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J.
. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G.
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski,
Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D.
. Malick, A.D. Rabuck, K. Raghavachari, J. B. Foresman, J.
. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, S.
. Btefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
Nanayakkara, M. Challacombe, P. M. W. Gill,
. Johnson, W. Chen, M. W. Wong, C. Gonzalez and ]J.
. Pople, Gaussian Inc., Wallingford CT, 2004.

PEWPAELALPORNE T

RSC Adv.


http://dx.doi.org/10.1039/c3ra42109k

