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Fluoride lon-Triggered Dual Fluorescence Switch ing of anions? In particular, the sensing of fluoride ion has attract-
Based on Naphthalimides Winged Zinc Porphyrin ed growing attention due to its great potential for biological
and industrial applications, and the unique properties of fluorine
as compared to its congeners as a result of relative size and
Yang Li, Lifeng Cao, and He Tian* electronegativity. Derivatives of 1,8-naphthalimide are frequent-

Labs for Adanced Materials and Institute of Fine Chemicals, ly used as fluorophores in probe pH, cation, and afiand

East China Uniersity of Science and Technology, Shanghai, e recently demonstrated that 4-benzoylamtiéibutyl-1,8-naph-
200237, People’s Republic of China thalimide could be used as both a colorimetric and a fluorescent

selective chemosensor for fluoride fobecause of the unique
intermolecular proton-transfer (IPT) signaling mechanism.

With regard to these two areas, photoinduced electron transfer
(PET) and excitation energy transfer (EET) are two significant
processes. PET signaling systems are of natural “all or none”
switch ability: guest-induced “offon” and “on—off” fluores-
cence are both designal§lalso, the importance of EET within
the photosynthetic reaction center has prompted its mimicry
within supramolecule®.Moreover, the excited states of mol-

tianhe@ecust.edu.cn

Receied June 6, 2006

(3) (a) Martnez-Mdiez, R.; Scanceémy F.Chem. Re. 2003 103 4419~
4476. (b) Sessler, J. L.; Camiolo, S.; Gale, PChord. Chem. Re 2003
240, 17-55. (c) Bondy, C. R.; Loeb, S. Loord. Chem. Re 2003 240,
77-99. (d) Suksai, C.; Tuntulani, Them. Soc. Re2003 32, 192-202.
(e) Lavigne, J. J.; Anslyn, E. \VAngew. Chem., Int. EQ001, 40, 3118~
3130.

(4) (a) Amendola, V.; Esteban‘@wz, D.; Fabbrizzi, L.; Licchelli, M.
Acc. Chem. Re2006 39, 343-353. (b) Cho, E. J.; Ryu, B. J.; Lee, Y. J,;
Nam, K. C.Org. Lett.2005 7, 2607-2609. (c) Badr, I. H. A.; Meyerhoff,
M. E. J. Am. Chem. So2005 127, 5318-5319. (d) Takeuchi, M.; Shioya,
T.; Swager, T. M.Angew. Chem., Int. Ed2001, 40, 3372-3376. (e)
Melaimi, M.; Gabbai, F. PJ. Am. Chem. So2005 127, 9680-9681. (f)
Mizuno, T.; Wei, W.-H.; Eller, L. R.; Sessler, J. . Am. Chem. So2002
124, 1134-1135. (g) Kim, T.-H.; Swager, T. MAngew. Chem., Int. Ed.
) ) ) 2003 42, 4803-4806. (h) Kubo, Y.; Yamamoto, M.; Ikeda, M.; Takeuchi,
A novel fluoride ion-triggered dual fluorescence molecular Mé; Sg;rgagbsd; \((f;imagughi, S.; Tamao,cﬁngemé Chemr-{zgg- E%O&?»

i imi i i 42, 40. (i) Xu, G.; Tarr, M. A.Chem. Commu 4 105
switch b"?‘sed on naphthallmldes nged zinc porphylbn ( 1051. (j) Arimori, S.; Davidson, M. G.; Fyles, T. M.; Hibbert, T. G.; James,
was designed and prepared. The fluorescence of the zinCr. p.: Kociok-Kéhn, G. I. Chem. Commur2004 1640-1641. (k) Zhou,

porphyrin unit could be regulated “ONOFF” on the G.; Cheng, Y.; Wang, L.; Jing, X.; Wang, Macromolecule2005 38,

[P « » ot 2148-2153. () Zhao, Y.-P.; Zhao, C.-C.; Wu, L.-Z.; Zhang, L.-P.; Tung,
excitation of 365 nm and “OFFON” on the excitation of C-H.: Pan, Y.-JJ. Ofg. Chem2006 71, 2143-2146.

504 nm, respectively, in the presence of fluoride ion. The  (5)(a) de Silva, A. P.; Nimal Gunaratne, H. Q.; Habib-Jiwan, J.-L.;

obvious color changes induced by the intermolecular proton McCoy, C. P.; Rice, T. E.; Soumillion, J.-Angew. Chem., Int. Ed. Engl.
1995 34, 1728-1731. (b) He, H.; Mortellaro, M. A.; Leiner, M. J. P.; Fraatz,

transfer on N-H fragments are clearly visible to the naked 7’ 3 Tusa, J. KJ. Am. Chem. So@003 125 1468-1469. (c) Esteban-
eye. Gomez, D.; Fabbrizzi, L.; Licchelli, MJ. Org. Chem2005 70, 5717~
5720. (d) Gunnlaugsson, T.; Kruger, P. E.; Jensen, P.; Tierney, J.; Ali, H.
D. P.; Hussey, G. MJ. Org. Chem2005 70, 10875-10878. (e) Guo, X.;

. . Qian, X.; Jia, L.J. Am. ChemSoc.2004 126, 2272-2273.
Electron- and energy-transfer processes in porphyrin-based (6) Liu, B.. Tian, H.J. Mater. Chem2005 15, 2681 2686.

donor-acceptor systems are receiving considerable attention be- (7) (a) Boiocchi, M.; Del Boca, L.; Esteban-@ez, D.; Fabbrizzi, L.;
cause of their importance in photosynthetic research and molec-Licchelli, M.; Monzani, E.J. Am. Chem. So@004 126, 16507-16514.

ular photo/electro-active devicésThe controlling of these (1%)5229%6;(3';1\/\’“* Y.; Fan, J.; Tian, M.; Han, W. Org. Chem2005 70,

processes at molecular level using external stimuli is an interest-~ (g) (a) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley,
ing scientific challenge. Recently, much effort has been devoted A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T(hem. Re. 1997,

i i i iti _ 97,1515-1566. (b) Callan, J. F.; de Silva, A. P.; Magri, D. Tetrahedron
to this are&. Another dramatic area is the recognition and sens 2005 61 85518586,
(9) (@) Springs, S. L.; Gosztola, D.; Wasielewski, M. R.;" Krd.;
* Corresponding author. Phone:86-21-64252756. Fax:-86-21-64252288. Andrievsky, A.; Sessler, J. L1. Am. Chem. S0d.999 121, 2281-2289.

(1) (a) Wasielewski, M. RChem. Re. 1992 92, 435-461. (b) Holten, (b) Kim, D.; Osuka, A./Acc. Chem. Re2004 37, 735-745. (c) Balaban,
D.; Bocian, D. F.; Lindsey, J. SAcc. Chem. Re2002 35, 57—-69. (c) T. S.Acc. Chem. Re2005 38, 612-623. (d) Speiser, hem. Re. 1996
Gust, D.; Moore, T. A.; Moore, A. LChem. Commur2006 1169-1178. 96, 1953-1976. (e) Imahori, H.; Norieda, H.; Yamada, H.; Nishimura, Y.;

(2) For examples: (a) van der Boom, T.; Hayes, R. T.; Zhao, Y.; Bushard, Yamazaki, |.; Sakata, Y.; Fukuzumi, $.Am. Chem. So2001, 123 100-

P. J.; Weiss, E. A.; Wasielewski, M. B.Am. Chem. So2002 124, 9582~ 110. (f) Tomioka, N.; Takasu, D.; Takahashi, T.; Aida,Angew. Chem.,
9590. (b) Gabrielsson, A.; Hartl, F.; Zhang, H.; Lindsay Smith, J. R.; Towrie, Int. Ed. 1998 37, 1531-1534. (g) Otsuki, J.; lwasaki, K.; Nakano, Y.;
M.; ViIcek, A., Jr.; Perutz, R. NJ. Am. Chem. SoQ006 128 4253— Itou, M.; Araki, Y.; Ito, O.Chem.-Eur. J2004 10, 3461-3466. (h) Vollmer,

4266. (c) Otsuki, J.; Suka, A.; Yamazaki, K.; Abe, H.; Araki, Y.; Ito, O. M. S.; Wirthner, F.; Effenberger, F.; Emele, P.; Meyer, D. U.;r8piig,
Chem. Commur2004 1290-1291. (d) Prodi, A.; Chiorboli, C.; Scandola, T.; Port, H.; Wolf, H. C.Chem.-Eur. J1998 4, 260-269. (i) Hwang, I.-

F.; lengo, E.; Alessio, E.; Dobrawa, R.; Whner, F.J. Am. Chem. Soc. W.; Park, M.; Ahn, T. K.; Yoon, Z. S.; Ko, D. M.; Kim, D.; Ito, F.; Ishibashi,
2005 127, 1454-1462. (e) Xiao, X.; Xu, W.; Zhang, D.; Xu, H.; Lu, H.; Y.; Khan, S. R.; Nagasawa, Y.; Miyasaka, H.; lkeda, C.; Takahashi, R.;
Zhu, D.J. Mater. Chem2005 15, 25572561. Ogawa, K.; Satake, A.; Kobuke, YChem.-Eur. J2005 11, 3753-3761.

10.1021/j0o061161+ CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/22/2006 J. Org. Chem200§ 71, 8279-8282 8279



JOCNote

ecules can fluoresce and undergo electron and energy trahisfer. SCHEME 1. Synthetic Routes and the Structures of
Each of these processes can be used for switching and storingcompounds 1 and 2
datal! As is scarcely studied, opposite switching actions can
be displayed by one molecular system observed at two different
wavelengthg? Here, we present a new fluoride ion-triggered
dual fluorescence molecular switch based on naphthalimide
zinc porphyrin-naphthalimide triad.. Porphyrin, being smaller
and less basic, is expected to remain uncharged under the
condition of anion. However, a variety of known anion binding
motifs appended to the porphyrin core to effectively anion
binding have been employéép.13

The two naphthalimide chromophores (as energy donor: D)
and the zinc porphyrin core (an energy acceptor: Al ghare
amide junctions, which can take intermolecular proton transfer
between the hydrogen of amide and fluoride ion. This situation
could lead to changes in the W\Wis spectra, and EET plays a Q
key role at different excitation wavelengths in the presence or Hsc/\é}g/\
absence of fluoride ion. It could serve as both the fluorescent 4 e
“on—off” switch and the “off-on” switch with fluoride ion on
the given adequate excitation control, and thus could actualize
the opposite fluorescence switch in one molecule. o

Compoundl was prepared according to Scheme 1. Also, ? 8:3/\9/\%
4-benzoylamiddN-dodecyl-1,8-naphthalimide€%14 and zinc Wu Y ?
tetraphenylporphyritt (ZnTPP) were synthesized for reference 2
experiments.

The spectroscopy investigation was first carried out in THF. presence of fluoride ions. It apparently depends on the extent
1 has almost the same absorption spectrum as thahoPP, of the IPT in the amido nitrogen near the naphthalimide, which
in which the Soret band is observed at 417 nm, while the cayses the significant increase in the charge density on the
Q-bands are observed around 550 and 590 nm (Figure 1a). Theyjtrogen with associated enhancement in the pyshil effect
similarity between the UVvis spectrum ofl and the additive of the ICT transitiorf®1” As a result, the band at 500 nm,
sum of 2 and ZnTPP indicates that the electronic coupling pertinent to the deprotonated receptor and responsible for the
between the two chromophores in the ground state is negligibly gark orange color, forms with the addition of fluoride ion.

SOCly, pyridine
toulene, reflux

small.

When BuNF (TBAF) as a fluoride source is added to THF
solution of1, a dramatic color change is observed from pale to
dark orange (see Figure 1b and Figure 2). As compared to
compound? (Figure S19), where the maximum of absorption
shifts from 368 to 504 nm, we also find that the new band with
the peak around 500 nm forms and increases along with the
absorption decreasing at 360 nm forThis result supports the
view that the two chromophores, the naphthalimide and the zinc
porphyrin, generate their absorption bands independently in the
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Porphyrin emits strongly from the first singlet-excited state,
and the naphthalimide is also emissive but exhibits distinctly
different spectra. Excitation at 365 nm leads to an enhanced
emission at 608 (655) nm as compare@td PP (Figure S29),
and the emission of naphthalimides is almost quenched amount-
ing to excitation energy transfer from naphthalimide chro-
mophore to the zinc porphyrin core for the sake of the overlaps
between the emission spectrum of the isolated naphthalimide
moiety and the absorption &nTPP via the Faster mecha-
nism18

Interestingly, at different excitation wavelengttisshows
different change trends in its fluorescence spectra. Upon
the addition of TBAF tol, the fluorescence intensity over
608 nm decreases at the excitation of 365 nm (Figure 3a).
On the contrary, a remarkable enhancement of the feature
ZnTPP fluorescence intensity is observed by adding fluoride
ion to a THF solution ofl under the excitation of 504 nm
(Figure 3b).

There exist two competitive processes (PET and EET), but
the changes in EET should take responsibility for these dual
changes in fluorescence spectra. Whes excited by 365 nm,
EET gets weaker featured with the decreasing absorption at 365
nm in the presence of & Furthermore, with associated
enhancement in the pusipull effect of the ICT transition, the
photoinduced electron transfer from negatively charged naph-
thalimide ([Naph]™) to the zinc porphyrin is also enhanckd.

(17) Grabowski, Z. R.; Rotkiewicz, K.; Rettig, WChem. Re. 2003
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FIGURE 1. (a) Absorption spectra df, 2, andZnTPP (1.0 x 1075 M in THF); (b) absorption titration spectra &f(1.0 x 10°5 M in THF) with

TBAF.

FIGURE 2. Color changes observed for samples in THF. Ldfand
1-TBAF. Middle: visible emission under the excitation of 365 nin,
and1-TBAF. Right: visible emission under the excitation of 504 nm,
1 and 1-TBAF.

It causes much lower fluorescence intensity relativénd PP

at the excitation of 365 nm (Figure 8P Also, EET turns over
under the excitation of 504 nm (Figure 4). At this wavelength,
zinc porphyrin core could obtain more energy from the excited
[Naph] ~ moieties. Furthermore, it is almost transparent in the
absorption of 504 nm before the addition of Eue to the
enhancement of symmetry for the zinc complexXpand thus

(Table S19). We found that thebg value of 1-TBAF signifi-
cantly undershot the parent quantum yield (from 0.037 to 0.026)
because of the existence of PET.

It is thus demonstrated that the “eoff” and “off—on”
behavior of the zinc porphyrin fluorophore can be controlled
on the basis of different excitation wavelength with the
cooperation of fluoride ion. With the addition of Fthe EET
entrance aflex = 504 nm is opened, and the EET entrance at
Aex = 365 nm gets closed simultaneously. On the other hand,
PET is also enhanced in the presence of fluoride ions, but EET
is dominant over PET. Also, the reversible chemical switch
could be obtained by proton stimuli (Figure'§4 The process
is fully reversible by the addition of water; the dark orange THF
solution of1- TBAF turns pale. Upon the addition of other halide
anions such as C] Br—, and I, no significant changes in the
absorption and the fluorescence spectra are observed, excluding
guenching by the heavy atom effect at the excitation of 365
nm (Figure S%). When less basic anion (GBOO") is
specifically employed, similar results are obtained except for
relatively lower affinity as compared to that of the fluoride ion
(Figures S6 and S9).

The interaction of receptot with fluoride ion (used as

the emission here is very weak, and development of a large tetrabutylammonium salt) was further investigateddyNMR

new absorption band around 504 nm results from the formation
of [Naph]~ on the effect of F. These courses were easily

spectroscopy (see Figure 88 Because of the paramagnetic
effect of the porphyrin cycle, the signals of amide NH shift

observed by the naked eye (using the excitations of 365 andupfield and partially superpose the signalsfepyrrole. Ac-

504 nm, respectively, shown in Figure 2).

cordingly, it is hard to observe the trend of change of the amide

Fluorescence excitation spectra provide a better overall view NH with the titration of F. However, it is found that the amide

of energy transfer in donetacceptor systen?8.Close matching

NH proton signals in the downfield part of the spectrum

of the fluorescence excitation spectrum and absorption spectrumdisappeared with an increase in the concentratiomofrrthe
together with the decrease at 365 nm and increase at 504 nm isspectra in Figure S8, very obvious downfield shifts are observed

observed fod and1-TBAF (Figure S39). These results indicate

a high yield of energy transfer, as absorption by the [Naph]
which contributes to the enhanced emission of ZndPP in

the presence of fluoride ion at the excitation of 504 nm.
Fluorescence quantum yield®§) and lifetimes were deter-
mined for the clarification of the PET and EET in these systems

(19) (a) Vaquez, M.; Fabbrizzi, L.; Taglietti, A.; Pedrido, R. M.;
GonZadez-Noya, A. M.; Bermejo, M. RAngew. Chem., Int. EQ004 43,
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Lett. 2005 7, 657—660. (d) Liu, B.; Tian, HChem. Lett2005 34, 686—
687.

(20) Stryer, L.; Haugland, R. RProc. Natl. Acad. Sci. U.S.A967, 58,

719-726.

for Hc and H,, which are close to the negatively charged nitrogen
atom because of a through-space effect. Also, the other protons
of naphthalimides are upshifted due to the through-bond
effects®6.7aUpon the addition of fluoride ions, the downfield
shift of protons His also observed, which is ascribed to the
through-space effects, the polarizatiorr & bond in proximity
to the hydrogen bond. Thegtdf the phenyl rings linked to the
amide NH upshifts because of the through-bond effects. These
observations clearly support the theory that the proton-transfer
interaction between compourddand F involves the amide NH
group?a

In summary, we have presented here a rational strategy for
the development of a new colorimetric (pale to dark orange)
fluoride ion sensorl, which operates by an intermolecular
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FIGURE 4. Schematic representation of the different emissionifor
in the presence of fluoride ion.

7.80 (m, 8H), 4.21 (t, 4H) = 7.6), 1.77 (m, 4H), 1.44 (m, 8H),
1.29 (m, 28H), 0.89 (t, 6HJ) = 6.9), —2.82 (s, 2H).13C NMR
(CDCly) 6 (ppm): 165.9, 164.0, 163.5, 146.8, 141.8, 138.4, 135.2,
134.6, 133.6, 132.2, 131.2, 128.9, 128.0, 126.9, 126.8, 125.7, 124.2,
123.6,120.9, 119.8, 119.4, 118.5, 40.6, 31.9, 29.7, 29.6, 29.4, 29.3,
28.2,27.2,22.7,14.1. MALDI-TOFm/z (%) 1428.4(100) [M +

1].

Compound 1.The free-base porphyrié (20 mg, 14«umol) was
taken up in dichloromethane (5 mL) followed by the addition of a
solution of zinc(ll) acetate dihydrate (60 mg, 2iZ&0l) dissolved
in methanol (2 mL). The resulting solution was stirred under argon
for 24 h. Solvents were removed in vacuo, leaving a red residue.
Water (10 mL) was added, and the mixture was stirred for 30 min
and then filtered. The crude red solid was extracted with Qi

proton-transfer signaling mechanism. It exhibits opposite changeswashed with water, saturated aqueous Nakli€@ution, followed

of fluorescence with fluoride ion atey = 365 Nnm andiey =

by saturated NacCl solution, and dried over anhydrousSia The

504 nm because of the changes in the energy pathway. Thissolution was removed under vacuo, leaving a red powder. Further

behavior of wavelength-dependent dual fluorescent switch is

easily observed by the naked eye. It provides a feasible way to

construct a switching system that would be operated by
appending zinc porphyrin with suitable chromophores, which
has anion bonding affinity.

Experimental Section

Compound 6.A solution of 32 (270 mg, 384.6:mol), thionyl
chloride (0.5 mL, 6.85 mmol), and pyridine (0.50 mL) in toluene
(30.0 mL) was refluxed fio3 h under argon atmosphere. The excess

recrystallization from ChCl,/hexane gave the product (20 mg,
96%): mp 196-193 °C. *H NMR (500 MHz, CDC}) o (ppm):

9.01 (d, 4HJ = 4.5), 8.97 (d, 4HJ = 4.6), 8.71 (s, 2H), 8.58 (m,
6H), 8.45 (d, 4HJ = 7.7), 8.38 (d, 4HJ = 7.9), 8.31 (d, 2HJ =

9.9), 8.26 (d, 4H, = 6.8), 7.80 (m, 8H), 4.13 (t, 4H] = 7.4),

1.73 (m, 4H), 1.55 (m, 8H), 1.26 (m, 28H), 0.90 (t, 6H= 6.9).

13C NMR (CDCk) & (ppm): 165.8, 163.9, 162.1, 150.4, 149.6,
147.7,142.4,135.1, 134.4, 133.3, 132.7, 131.9, 131.6, 130.9, 126.7,
125.6, 123.8, 123.2, 121.8, 119.4, 40.5, 36.5, 31.9, 29.6, 29.4, 28.1,
27.2, 22.7, 14.1. MALDI-TOF:m/z (%) 1490.6(100) [M + 1].
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