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Abstract: A pyrene-appended ratiometric fluorescent chemosensor L based on a ditopic homooxacalix[3]arene has been
synthesized and characterized. The fluorescence spectrum changes of L suggested that chemosensor shows to detect
HTM ions ratiometrically and with variable sensitivity according to the substituents. 1H NMR titration experiment
indicated that the three triazole ligands prefer binding with Hg?*, Pb?*and Zn?*, resulting in a conformational change that
produces monomer emission of the pyrene increasing accompany the excimer quenching. However, the addition of Fe?*,
which may be is suitable accommodated by the cavity of L, makes the pyrene units move closer to each other, and a
discernible increase in the emission intensity of the static excimer is observed. Therefore, it is believed that the ditopic
scaffold of the calix[3]arene as a specific molecular spacer here plays an important role in blocking of the heavy atom
effect of HTM ion by insulating the fluorophore from ionophore through a long distance between the metal cation and

pyrene moiety.

1. Introduction

The selective and sensitive detection of heavy and transition metal (HTM) ions has bceen (and is)of great
interest given that such metal ions play an important role in many environmental and biological processes.
Methods including atomic absorption, ICP atomic emission, UV-vis absorption, and fluorescence
spectroscopy have been utilized to measure such ions. Among these approaches, fluorescence chemosensors
are widely used because of their high sensitivity and facile operation. In general, a fluorescence
enhancement (FE) response for detecting metal ions is highly preferable in practical applications rather than
fluorescence quenching in terms of increased sensitivity and selectivity.2 However, due to the heavy atom

effect of HTM ions, the fluorescence emission of sensors is usually quenched via enhanced spin-orbital



coupling,® energy or electron transfer* during the probing process. The development of turn—on fluorescent
chemosensors for HTM ions is still a challenge.® In particular, additional synthetic approaches are necessary
to be able to drive forward some general aspects of future such probe design. To prevent fluorescence
quenching and to preserve the ability for FE to take place upon binding of the HTM ions, the key point is to
block the heavy atom effect of the HTM ion. For example, Yoon et al. reported that a type of off-on
fluorescent probe for HTM ions can be exploited through increasing the oxidation potential of the
fluorophore of (1,8-naphthalimide) by introducing a carbonyl group as a sacrificial donor between the
analyte binding sites and the fluorophore to inhibited the heavy atom effect of HTM ions.® Meanwhile, our
previous studies suggested that chemosensors based on a homooxacalix[3]arene,” which possessing three
nitrogen triazole ligands as the ionophore and three pyrene groups as the fluorophore on the lower rim, could
isolate the Pb?* ion from the fluorophore and maintain the monomer emission of pyrene. However,
fluorescence quenching by the Pb?* ion could be observed if the fluorophore with two triazole moieties
incorporated onto a tailored calix[4]arene scaffold was employed.® These results provided unequivocal clues
to us that a FE chemosensor for HTM ions could indeed be obtained by rational structure design. In this
work, we present a new FE chemosensor through the synthetic approach of insulating the fluorophore from

the ionophore by a specific molecular spacer.

2. Results and discussion

Calixarenes are an important class of macrocyclic compounds and have found wide application in
molecular recognition and sensing as a result of their utility in rigid scaffolds.® For example, calix[4]arenes
and thiacalix[4]arenes are one of the most actively molecular platforms used in molecular recognition of
cations,'® anions,'! and in many biological applications such as enzyme mimics,*? and in drug delivery
systems.2* On the other hand, Shinkai et al.* and our studies'® suggested that the homooxacalix[3]arene has
the ability to create heteroditopic receptors capable of binding cations/anions or fullerene through an
allosteric effect by incorporating two different types of ionophore on the upper and lower rims. In other
words, use of the homooxacalix[3]arene as the platform has potential application in the development of
novel ratiometric chemosensors, typically by introducing an ionophore at the lower rim and a fluorophore at
the upper rim, respectively. Furthermore, among the different fluorogenic units, pyrene is one of the most

useful for constructing ratiometric sensors due to its novel signal excimer-to-monomer emission (IE/IM). In



particular, the IE/IM parameter is very sensitive to structural change.* 16 It is against this background that
the ratiometric chemosensor L has been synthesized. As shown in Scheme 1, chemosensor L was
synthesized in 40 % yield by a series of synthetic steps (Figures S1-S6). Pyrene was selected as the
fluorophore (signal report) at the upper rim, and the 1, 2, 3-triazole moiety was chosen as an ionophore

(metal binding site) at the lower rim; triazole was chosen as it can selectively bind various HTM ions.”817
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Scheme 1. Synthesis of chemosensor L

The fluorescence emission spectrum of L was determined in CH3CN solution (Fig. 1). The chemosensor
L itself exhibits a characteristic pyrene excimer band at 482 nm in the absence of metal ions. Upon addition
of 6.0 equiv of the various tested metal ions to the solution of L, it was found that no significant spectrum
changes for L were observed in the presence of alkali metal ions. However, the addition of HTM ions caused
an obviously increase of monomer emission at the expense of the excimer emission, the extent of which
depended on the nature of the ion. The exception was Fe®*, where a fluorescence intensity increase was
observed at 465 nm. Most importantly, it should be noted that the addition of HTM ions including both Cu?*
and Hg?", which are the most notorious fluorescence quenchers amongst the HTM ions, clearly increased the
monomer emission of pyrene in the present system. Interestingly, both Cu?* and Hg?* were shown to quench
the monomer emission of pyrene in a separate homooxacalix[3]arene derived chemosensor in CH3;CN

solution,” which possessed a similar molecular structure to L. Therefore, based on these observations, it can



be concluded that the use of the ditopic scaffold homooxacalix[3]arene in chemosensor L here plays a key

role in blocking the heavy atom effect of HTM ions.
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Fig. 1. Fluorescence intensity changes of the Chemosensor L (1.0 pM) in CH3CN at 298 K upon addition of various

metal perchlorates (6.0 M) with an excitation at 343 nm.
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Fig. 2. Fluorescence spectrum of chemosensor L (1.0 M) upon addition of increasing concentrations of (0-6 xM) (a)

Cu(ClOa)2, (b) Hg(ClO4)2, (c) Pb(CIO4)2, (d) Zn(ClOa4)2, in CHsCN with an excitation at 343 nm.
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Fig. 3. Fluorescence spectrum of chemosensor L (1.0 M) upon addition of increasing concentrations of Fe(ClO.)3s (0-6

#M) in CH3CN with an excitation at 343 nm.

Fig. 2 shows the fluorescence spectrum changes of L upon the addition of increasing concentrations of
Cu®, Hg?*, Pb% and Zn?* in CH3CN solution, respectively; it can be see that the four HTM cations exhibit
similar binding behaviour towards L. No shift of the maximum of monomer and excimer emissions of the
pyrene moiety was observed upon the addition of these cations, but the fluorescence intensity of the excimer
emission of L markedly decreased and the monomer emission intensity significantly increased. The
association constants for complexation'® were determined to be: L-Cu?* = 1.89x10° M™%, L-Hg?* = 1.67x10°
M, L-Pb% = 6.88x10° M, L-Zn?* = 2.05x10° M1, respectively (Figure S7). Interestingly, upon addition
of increasing concentrations of Fe®* to the solution L, as shown in Fig. 3, we observed unusual fluorescence
changes, namely the excimer emission of L gradually increased with a 17 nm blue shift from 482 nm to 465
nm. This phenomenon is likely to be a consequence of the effect of the formation of a static excimer of
pyrene in a manner that is similar to that found in examples described by Kim and co-workers.'® There are
two kinds of excimer: a dynamic excimer and a static excimer which exist depending upon the origin of the
pyrene dimer.2° The former results from a pyrene dimer produced in the excited state, whereas the latter
arises from a pyrene dimer in the ground state. Formation of a dynamic or static excimer depends on the
distance between the pyrene units, namely the distance between the pyrenes of a static excimer is generally
shorter than in the dynamic excimer.'% This result is thus consistent with complexation of Fe®* to L making
the distance of the three pyrenes on L shorter than in the uncomplexed version of L. From the titration, the

association constant?! of L-Fe®* was calculated to be 1.61x10° M (Figure S8).



Fig. 4. Partial chemical shifts of L (2.0 mM) at 300 MHz in CDCI3/CDsCN (v/v, 10:1) solution in the presence of 1.0

equiv of Fe(ClO4)3, Pb(ClO4)2, Hg(ClO4)2, Zn(ClO4)2, respectively.

To seek more detailed information on the binding properties of chemosensor L towards Fe* and other
HTM ions, *H NMR titration experiments were carried out in CDCIs/CD3CN (10:1, v/v). The spectrum
differences are shown in Fig. 4. For example, in the presence of 1.0 equiv of Fe®*, the peak of the protons on
the L appeared boarding due to the paramagnetic nature of Fe3*, but we can see that the cluster of peaks of
the pyrenyl protons was becoming crowded, in particular, the OCH,-bridge linker protons Hgay and Hgeq),
which have used to track the complexation behaviour of the calixarene with a guest by measurement of the
tilt angle of the parent cavity rings,?> were shifted either downfield by 0.12 ppm or upfield by 0.15 ppm,
respectively. In addition, the peak of the OCH-triazole linker proton H¢ was shifted downfield by 0.19 ppm
from 6 4.71 to 4.90 ppm. Furthermore, it should be noted that the protons on the phenol of calix[3]arene
parent also experienced a downfield shift and buried in the peaks of pyrene moiety. This result suggested
that the cavity of the homooxacalix[3]arene was mainly involved in the complexation of Fe®*. For example,
the downfield shift of Hgex and H¢can be attributed to their proximity to the Fe3* ions. The crowed chemical
shift of the protons on the pyrenes was due to the deshielding effect of the pyrene excimer moiety, namely,

the coordination forces of the Fe®* ion with the parent cavity of the calix[3]arene makes the pyrene moieties



move closer to each other to form the static excimer and the shorter distance between the pyrenes thus
causes a stronger deshielding effect at the pyrenes compared to that of the dynamic excimer.’® Earlier,
Kumar et al. reported a series of pyrene-appended artificial receptors based on thiacalix[4]arene in cone® or
1,3-alternate?* conformation and which shown selectivity towards Fe®* ions. However, in that case both
monomer and excimer emissions of the pyrene on the chemosensors have been quenched by the addition of
Fe3* ions. Therefore, these results further indicated that the ditopic homooxacalix[3]arene scaffold of L here

have an advantage in the blocking of heavy atom effect of Fe** ions.

Static excimer Dynamic excimer Monomer

Fig. 5. Proposed binding modes of L with different HTM ions.

On the other hand, upon addition of 1.0 equiv of the other HTM ions such as Hg?*, Pb?* and Zn?* ions to
the solution of L, it was noted that the peaks of the protons on the pyrene, Hi, Hq and H¢ were shifted
downfield. In particular, the triazole protons H. undergoes a larger downfield shift, whereas both the
OCH,-bridge linker protons Hgyax and Hgeq Were shifted upfield, indicating that the three triazole groups are
involved in the complexation of these metal ions. In this process, the complexation of the triazole moieties
with the HTM ion induces the pyrene groups to move away from each other and thereby inhibits the =...x
stacking required for generating the excimer emission. As a result, a characteristic increase of the monomer
emission with a concomitant decrease of the excimer emission of the pyrene moiety can be observed in the
fluorescence spectrum (Fig. 2). Accordingly, based on the above analysis, the selective binding structure of

L with HTM ions can be proposed as shown in Fig. 5.



3. Conclusion

In summary, we have developed a new type of fluorescent chemosensor based on a homooxacalix[3]arene
scaffold by incorporating with three pyrene fluorophore on the wide rim and three substituted triazole
pendents on the other side of the platform. From a structural viewpoint, chemosensor L represents a structure
complementary to the one reported by us previously,” and it definitely shows distinctive cation sensing
behavior. When a HTM ion is bound by L, which has two different recognition sites, the cation chooses the
more favorable binding location. For example, the three triazole ligands prefer binding with Cu?*, Hg?*,
Pb*and Zn?*, resulting in a conformational change that produces monomer emission of the pyrene
increasing accompany the excimer quenching. On the other hand, the addition of Fe®, which is suitable for
accommodation by the cavity of L, makes the pyrene units move closer to each other, and a discernible
increase in the emission intensity of the static excimer is observed. It is believed that the scaffold of the
ditopic calix[3]arene as a molecular spacer plays an important role in the blocking of the heavy atom effect
of HTM ion by insulating the fluorophore from ionophore through a long distance. Considering there
remains increased interest in establishing general concepts for fluorescence ‘turn-on’ chemosensors, this

study provides a new approach for the rational design of HTM ion probes.

4. Experimental section

4.1. Instruments

Proton nuclear magnetic resonance (*H NMR) spectrum was recorded on a Nippon Denshi JEOL FT-300
spectrometer. Chemical shifts are reported as 6 values (ppm) relative to internal Me;Si. Mass spectrum was
obtained on a Nippon Denshi JMS-01SA-2 mass spectrometer at ionization energy of 70 eV; m/z values reported
include the parent ion peak. Fluorescence spectrum was recorded on JASCO FP-750 spectrometer. Elemental

analyses were performed by Yanaco MT-5.

4.2. Materials

The preparation of compound 1 followed a literature procedure.® Compound 2 was prepared according to a

procedure developed for a related compound.?



Preparation of compound 2: A solution of compound 1 (0.63 g, 1 mmol) and Cs2CO3 (1.96 g, 6 mmol) was
refluxed for 1 h in dry acetone (50 ml). 3-bromo-1-propyne (propargyl bromide (0.71 g, 6 mmol) were added and
the mixture refluxed for 24 h. The solvent was evaporated and the residue partitioned between 10% HCI and
CH2Cl2. The organic layer was separated and dried (MgSOa) and the solvents were evaporated. The residue was
dried to afford a mixture of cone and partial-cone of propargyl substituted compound as a colorless oil (0.47 g,
0.64 mmol, 64%) which was used directly without further purification.

Preparation of compound 3: Copper iodide (20 mg) and 4-methoxybenzyl azide (0.65 g, 4 mmol) was added to
the mixture solution of compound 2 (0.47 g, 0.64 mmol) in 50 mL THF/H20 (v/v = 10:1). The mixture was heated
at 60 °C for 24 h. The resulting solution was cooled and extracted trice with CHCls. The organic layer was
separated and dried (MgSO4) and evaporated to give the solid crude product. The residue eluted from a column
chromatography of silica gel with hexane/CH2Cl2 (v/v =6:1) to give the desired product compound 3 as white
solid (520 mg, 66.2%). Mp 179-181°C. *H NMR (300 MHz, CDCls) 6 1.32 (t, 9H, CHa3), 3.77 (s, 9H,
benzene-OMe), 4.26 (q, 6H, -COOCH:2), 4.40 (d, 6H, ether bridge), 4.58 (d, 6H, ether bridge), 4.71 (s, 6H,
ArO-CHaz-triazole). 5.35 (s, 6H, triazole-CH2-benzen), 6.86 (d, 6H, benzen-H), 7.24 (d, 6H, benzen-H), 7.50 (s,
3H, triazole-H), 7.54 (6H, s, Ar-H). MS m/z 1228.96 [M*]. Anal. Calcd for CesHeoNoQ15 (1228.31): C, 64.54; H,
5.66; N, 10.26; Found: C, 64.78; H, 5.81; N, 10.14.

Preparation of compound 4: Compound 3 (520 mg, 0.42 mmol) was added to a solution of 400 mg NaOH
(ethanol/water, 4:1, 25 mL) and refluxed at 50 °C for 4 h. After being cooled to room temperature, the reaction
mixture was washed with 20 mL ethylacetate and then the aqueous layer was neutralized with 1N HCI solution and
extracted with CH2Cl2 (30 mLx3), washed with water (50 mL x 2), and brine (50 mL). After drying with MgSOa4,
the solvent was removed under reduced pressure. The residue was recrystallized from CH2Cl2/hexane (1:3, v/v) to
afford compound 4 as white solid (388 mg, yieald 80.8%). Mp 199-200°C, *H NMR (300 MHz, CDCl3) §3.81 (s,
9H, benzene-OMe), 4.56 (d, 6H, ether bridge), 4.64 (d, 6H, ether bridge), 4.85 (s, 6H, ArO-CH2-triazole). 5.47 (s,
6H, triazole-CH2-benzen), 6.84 (d, 6H, benzen-H), 7.22 (d, 6H, benzen-H), 7.47 (s, 3H, triazole-H), 7.62 (6H, s,
Ar-H). 13C NMR (75 MHz, CDClz3) 6 53.59, 55.31, 68.03, 68.34, 114.44, 123.32, 125.29, 126.82, 129.71, 131.84,
132.09, 143.41, 157.65, 159.90, 171.77. MS m/z 1144.82 [M*]. Anal. Calcd for CeoHs7N9O1s (1144.15): C,
62.99; H, 5.02; N, 11.02; Found: C, 62.51; H, 5.09; N, 11.13.

Preparation of compound L: Compound 4 (388 mg, 0.34 mmol) and 1-Pyrenemethanol (255 mg, 1.1 mmol) in
15 mL of CH2Cl.. The mixture was stirred for 30 min at 0 °C (ice/water bath) under N2. Then

1,3-dicyclohexylcarbodiimide (DCC) (330 mg, 2 mmol) and 4-(dimethylamino)-pyridine (DMAP) (90 mg, 0.75



mmol) were added, and the mixture was stirred for 30 min at 0 °C. The cooling bath was then removed and the
solution was stirred at room temperature. After being stirred for 24 h, the reaction mixture was filtered to yield a
clear filtrate and washed with water and brine. The organic layer was dried over MgSOau, filtered, and evaporated.
The residue was washed with hexane and methanol and recrystallized from CH2Cl2/hexane (1:4, v/v) to afford the
yellow solid L (243 mg, 40%). Mp 143-144°C. 'H NMR (300 MHz, CDCl3) §3.72 (s, 9H, benzene-OMe), 4.38
(d, 6H, ether bridge), 4.59 (d, 6H, ether bridge), 4.70 (s, 6H, ArO-CH:-triazole), 5.30 (s, 6H,
triazole-CHz-benzen), 5.63 (s, 6H, COO-CH:2- pyrene), 6.82 (d, 6H, benzen-H), 7.19 (d, 6H, benzen-H), 7.46 (s,
3H, triazole-H), 7.65 (6H, s, Ar-H), 7.77-7.94 (m, 27H, pyrene-H). 3C NMR (75 MHz, CDCls) & 53.48, 55.25,
64.95, 67.52, 69.00, 114.35, 122.34, 123.33, 124.29, 124.32, 124.37, 124.99, 125.03, 125.60, 126.10, 126.23,
126.88, 127.05, 127.14, 127.67, 128.47, 128.94, 129.69, 130.38, 130.93, 130.99, 131.65, 132.21, 143.63, 158.68,
159.82, 165.29. MS m/z 1787.45 [M*]. Anal. Calcd for C111Hs7NeO1s (1786.93): C, 74.61; H, 4.91; N, 7.05;

Found: C, 74.42; H, 4.98; N, 6.94.

Acknowledgements

This work was supported by the National Natural Science Foundation of China (No. 21361006) and the
International Collaborative Project Fund and “Chun-Hui” Funds of Chinese Ministry of Education and Guizhou

province (No 20137005). CR thanks the EPSRC for funding a travel grant (EP/L012804/1).

Supplementary data

Experimental procedures, *H and *C NMR spectral data, associate constant data are available.

Supplementary data associated with this article can be found, in the online version.

References and notes

1. (a) Fluorescent Chemosensors for lon and Molecule Recognition; Czarnik, A. W. Ed.; ACS Symposium Series 538;
American Chemical Society: Washington, DC, 1993; (b) Bioinorganic Chemistry, ed. A. X. Trautwein, Wiley-VCH,
Weinheim, 1997.

2. Rurack, K.; Resch-Genger, U.; Rettig, W. J. Photochem. Photobiol, A 1998, 118, 143.

3. McClure, D. S. J. Chem. Phys. 1952, 20, 682.

4. Varnes, A. W.; Dodson, R. B.; Wehry, E. L. J. Am. Chem. Soc. 1972, 94, 946.



10.

11.

12.

13.

14.

(a) Caballero, A.; Martinez, R.; Lloveras, V.; Ratera, I.; Vidal-Gancedo, J.; Wurst, K. Tarraga, A.; Molina, P.; Veciana, J. J.
Am. Chem. Soc. 2005, 127, 15666; (b) Thomas Ill, S. W.; Joly, G. D.; Swager, T. M. Chem. Rev. 2007, 107, 1339; (c) Kim,
H. N.; Ren, W. X,; Kim, J. S.; Yoon, J. Y. Chem. Soc. Rev. 2012, 41, 3210; (d) Fan, J.; Hu, M.; Zhan, P.; Peng, X. Chem.
Soc. Rev. 2013, 42, 29.

Xu, Z.; Han, S. J.; Lee, C.; Yoon, J.; Spring, D. R. Chem. Commun. 2010, 46, 1679.

Ni, X.-L.; Wang, S.; Zeng, X.; Tao, Z.; Yamato, T. Org. Lett. 2011, 13, 552.

Chang, K.-C.; Su, I.-H.; Senthilvelan, A.; Chung, W.-S. Org. Lett. 2007, 9, 3363; (b) Park, S. Y.; Yoon, J. H.; Hong, C. S;;
Souane, R.; Kim, J. S.; Matthews, S. E.; Vicens, J. J. Org. Chem. 2008, 73, 8212.

Gutsche, C. D. Calixarenes, An Introduction, Royal Society of Chemistry: Cambridge, UK, 2008; (b) Ikeda, A.; Shinkai, S.
Chem. Rev. 1997, 97, 1713; (c) Coquiére, D.; Le Gac, S.; Darbost, U.; Séneque, O.; Jabin, I.; Reinaud, O. Org. Biomol.
Chem. 2009, 7, 2485; (d) Cottet, K.; Marcos, P. M.; Cragg, P. J. Beilstein, J. Org. Chem. 2012, 8, 201; (e) Lhotak, P. Eur. J.
Org. Chem. 2004, 1675; (f) Wang, M.-X. Acc. Chem. Res. 2012, 45, 182; (g) Xue, M.; Yang, Y.; Chi, X.; Zhang, Z.; Huang,
F. Acc. Chem. Res. 2012, 45, 1294.

(a) Kim, J. S.; Quang, D. T. Chem. Rev. 2007, 107, 3780; (b) Joseph, R.; Rao, C. P. Chem. Rev. 2011, 111, 4658; (c) Kumar,
R.; Lee, Y. O.; Bhalla, V.; Kumar, M.; Kim, J. S. Chem. Soc. Rev. 2014, 43, 4824.

(a) Quinlan, E.; Matthews, S. E.;. Gunnlaugsson, T. J. Org. Chem. 2007, 72, 7497; (b) Hamon, M.; Ménand, M.; Gac, S. L;
Luhmer, M.; Dalla, V.; Jabin, I. J. Org. Chem. 2008, 73, 7067; (c) Gargiulli, C.; Gattuso, G; Liotta, C.; Notti, A.; Parisi, M.
F.; Pisagatti, I.; Pappalardo, S. J. Org. Chem. 2009, 74, 4350; (d) Kumar, M.; Kumar, R.; Bhalla, V. Tetrahedron 2009, 65,
4340; (e) Babu, J. N.; Bhalla, V.; Kumar, M.; Puri, R. K.; Mahajan, R. K. New J. Chem. 2009, 33, 675; (f) Feng, N.; Zhao,
H.; Zhan, J.; Tian, D.; Li, H. Org. Lett. 2012, 14, 1958.; (g) Adriaenssens, L.; Estarellas, C.; Jentzsch, A. V.; Belmonte, M.
M.; Matile, S.; Ballester, P. J. Am. Chem. Soc. 2013, 135, 8324; (h) Jin, C.; Zhang, M.; Deng, C.; Guan, Y.; Gong, J.; Zhu
D.; Pan, Y.; Jiang, J.; Wang, L. Tetrahedron Lett. 2013, 54, 796; (i) Gaeta, C.; Talotta, C.; Sala, P. D.; Margarucci, L.;
Casapullo, A.; Neri, P. J. Org. Chem. 2014, 79, 3704.

(a) Sansone, F.; Casnati, A. Chem. Soc. Rev. 2013, 42, 4623; (b) Zheng, D.-D.; Fu, D.Y.; Wu, Y,; Sun, Y.-L.; Tan, L.-L.;
Zhou, T.; Ma, S.-Q.; Zha, X.; Yang, Y.-W. Chem. Commun. 2014, 50, 3201.

(a) Nimse, S. B.; Kim, T. Chem. Soc. Rev. 2013, 42, 366; (b) Baldini, L.; Casnati, A.; Sansone, F.; Ungaro, R. Chem. Soc.
Rev. 2007, 36, 254.

Ikeda, A.; Hatano, T.; Shinkai, S.; Akiyama, T.; Yamada, S.; J. Am. Chem. Soc. 2001, 123, 4855; (b) Zhong, Z.; lkeda, A.;
Shinkai, S. J. Am. Chem. Soc. 1999, 121, 11906; (c) Ikeda, A.; Yoshimura, M.; Udzu, H.; Fukuhara, C.; Shinkai, S. J. Am.

Chem. Soc. 1999, 121, 4296.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

(a) Ni, X.-L.; Rahman, S.; Zeng, X.; Hughes, D. L.; Redshaw, C.; Yamato, T. Org. Biomol. Chem. 2011, 9, 6535; (b) Ni,
X.-L.; Rahman, S.; Wang, S.; Jin, C.-C.; Zeng, X.; Hughes, D. L.; Redshaw, C.; Yamato, T. Org. Biomol. Chem. 2012, 10,
4618; (c) Ni, X.-L.; Tahara, J.; Rahman, S.; Zeng, X.; Hughes, D. L.; Redshaw, C. Yamato, T. Chem. Asian. J. 2012, 7,
519.
(a) Varnes, AW.; Dodson, R. B.; Whery, E. L. J. Am. Chem. Soc. 1972, 94, 946, (b) Fages, F.; Bodenant, B.; Weil, T. J.
Org. Chem. 1996, 61, 3956; (c) Krauss, R.; Weinig, H. G;; Seydack, M.; Bending, J.; Koert. U. Angew. Chem., Int. Ed.,
2000, 39, 1835; (d) Ingale, S. A.; Seela, F. J. Org. Chem. 2012, 77, 9352; (e) Park, S. M.; Kim, M. H.; Choe, J. I.; No, K. T ;
Chang, S. K. J. Org. Chem. 2007, 72, 3550; (f) Moon, S. Y.; Youn, N. J,; Park, S. M.; Chang, S. K. J. Org. Chem. 2005, 70,
2394; (g) Schazmann, B.; Alhashimy, N.; Diamond, D. J. Am. Chem. Soc. 2006, 128, 8607; (h) Martinez, R.; Espinosa, A.;
Tarraga, A.; Molina, P. Org. Lett. 2005, 7, 5869; (i) Jung, H. S.; Park, M.; Han, D. Y.; Kim, E.; Lee, C.; Ham, S.; Kim, J. S.
Org. Lett. 2009, 11, 3378; (j) Zhou, Y.; Zhu, C.-Y.; Gao, X.-S.; You, X.-Y.; Yao, C. Org. Lett. 2010, 12, 2566.

Lau, Y. H.; Rutledge, P. J.; Watkinson, M.; Todd, M. H. Chem. Soc. Rev. 2011, 40, 2848.
Stern, O.; Volmer, M. Phys. Z. 1919, 20, 183.
(a) Choi, J. K.; Kim, S. H.; Yoon, J,; Lee, K.-H.; Bartsch, R. A.; Kim, J. S. J. Org. Chem. 2006, 71, 8011; (b) Kim, S. K;;
Bok, J. H.; Bartsch, R. A,; Lee, J. Y.; Kim, J. S. Org. Lett. 2005, 7, 4839; (c) Yang, J.-S.; Lin, C.-S.; Hwang, C.-Y. Org. Lett.
2001, 3, 889.
Winnik, F. M. Chem. Rev. 1993, 93, 587.
Benesi, H. A.; Hildebrand, J. H. J. Am. Chem. Soc. 1949, 71, 2703
K. Araki, N. Hashimoto, H. Otsuka, S. Shinkai, J. Org. Chem. 1993, 58, 5958.
Kumar, M.; Kumar, R.; Bhalla, V.; Sharma, P. R.; Kaur, T.; Qurishi, Y. Dalton Trans. 2012, 41, 408.
Kumar, M.; Kumar, R.; Bhalla, V. Org. Lett. 2011, 13, 366.
Jin, C.-C,; Kinoshita, T.; Cong, H.; Ni, X.-L.; Zeng, X.; Hughes, D. L.; Redshaw, C. Yamato, T. New J. Chem. 2012, 36,

2580.



