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New 4,4-difluoro-4-bora-3a,4a-diazsindacene (BODIPY)
derivatives { and 2) were synthesized as an “eftn”

Note

based on the BODIP¥have been applied as a Agensoi!
Na' sensoi® NO sensoB" Hg?" sensoi239 Zn2t sensoige-3e
C&" sensoff F~ sensof and pH sensot.

PB** is one of the important targets because of the adverse
health effects of lead exposure, particularly in childtefhe
design of a C#&" sensor has also received intensive attraction
since this metal ion is a significant environmental pollutant and
an essential trace element in biological systddowever, C4"
and PB* are known as inherent quenching metal i&h%and
therefore, relatively few reports are available for “effn™-type
fluorescent chemosensors, which can selectively recogniz€ Cu
and PB" ions®

We report herein utilizing new BODIPY derivative$ &nd
2) as an “off-on” fluorescent chemosensor and fluorescent
chemodosimeter for Cti and PB*. Compoundl displayed
selective and large chelation enhanced fluorescence (CHEF)
effects with PB™ and C@" among the metal ions examined.
On the other hand, compougda fluorescent chemodosimeter,
effectively recognized CU via a selective hydrolysis of acetyl
group.

The direct synthesis of the targgétbased on the reported
route¥ using 4N,N-bis-(2-hydroxyethyl)aminobenzaldehyde and
2,4-dimethylpyrrole failed due to the poor solubility of the
aldehyde in methylene chloride. Therefore, the hydroxyl groups
on the aldehyde were then first acetylated to improve the
solubility. Although the monoacetylated product was also
soluble enough in condensation condition, the bisacetylated
derivative was preferential, considering the ease of the separation
of 2 (Scheme 1). In the X-ray structure ®shown in Figure 1
(see S-Figure 1 in the Supporting Information 1y a C2 axis
passes through the B1, C7, C8, and C11 atons The phenyl
and pyrrole rings are planar, with an average deviation of 0.0033

fluorescent chemosensor and fluorescent chemodosimeter fond 0.0102 A, respectively. Similarly, the phenyl and pyrrole

Cw" and PB*. Compoundl displayed selective and large
chelation enhanced fluorescence effects with"Rind C@*
among the metal ions examined. On the other hand,
compound 2, a fluorescent chemodosimeter, effectively
recognized C# via a selective hydrolysis of the acetyl

group.
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Sensors based on the ion-induced changes in fluorescencé-; Nagano, TJ. Am. Chem. So@004 126, 3357. (i) Coskun, A.; Akkaya,

appear to be particularly attractive due to the simplicity and
high detection limit of the fluorescenéeOver the past few
years, 4,4-difluoro-4-bora-3a,4a-diazédacene (BODIPY)

derivatives have been utilized as useful fluorophores because

of their advantages, such as high excitation coefficients, high
fluorescence quantum yields, and high stability against light and
chemical reaction%.Recently, the fluorescent chemosensors
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FIGURE 1. Structures ofl and2 and the X-ray crystal structure @f

SCHEME 1. Syntheses of Compounds 1 and 2

s )

OCOCH;

H;COCO OCOCH;
(i) 2,4-dimethylpyrrole,
TFA, MC, rt, overnight
(i) DDQ, MC, rt, 4h

(iii) TEA, BF30Et,,
rt, overnight

CHO 28%

HO OH

LiOH, MeOH/THF/H,0O
10 min, rt.

74%

1 f

rings in1 are also planar, with an average deviation of 0.0070

compounds. The fluorescence emission changésnti2 upon
the addition of various metal ions (100 equiv) are illustrated in
Figures 2 and 3, respectively. The fluorescence spectra were

200

600

Wavelenrth (nm)

FIGURE 2. Fluorescent emission changes of 1u{l) upon addition
of Ag*, C&", Cd", Co?t, Cs", CU*, Hg?", KT, Mg?", Mn?", Na',
Ni2*, P?t, and Z#* (100 equiv) in acetonitrile (excitation at 504 nm).

and 0.0540 A, respectively. The dihedral angle between the obtained by excitation into the BODIPY fluorophore at 504 nm,

phenyl and pyrrolyl rings (867% in 2 is bigger than that il
(74.6"), which may be caused by different interaction of
hydrogen bonds. The two kinds of intramolecular hydrogen
bonds (C+H1A:--F1 and C+H1C---F1) between F atoms and
methyl groups (3, '3 in 2 (S-Table 1, 2) are much weaker than
those inl (C1—H1A---F1 and C12-H12A---F2). By intermo-
lecular hydrogen bonds, the molecule2qiC15-H15C--F1)
are linked into a complex sheet (Figure 1).

Agt, Cat, Ct, Ca?t, CU#t, Cst, Hg?', KT, Mg?t, Mn?2™,
Nat, Ni2t, PI?*, and Zr#t ions were used to evaluate the metal
ion binding properties of and2. All fluorescent studies were
conducted in acetonitrile and using auM concentration of

2882 J. Org. Chem.Vol. 71, No. 7, 2006

and both the excitation and emission slits were 1.5 or 3 nm. As
shown in Figure 2, compouridisplayed a large CHEF effect
only with Pl (also see S-Figure 2), even though there were
relatively small CHEF effects with Zn and Cé*. Since the
compound itself did not exhibit any fluorescence, the large
CHEF effects with P®™ can be explained by the blocking of
the photoinduced electron transfer (PET) proéé&n the other
hand,2 showed a highly selective CHEF effect only withCu
among the metal ions examined (Figure 3). As shown in the
Supporting Information (S-Figure 3), the fluorescence emission
intensity of2 reached its maximum when 5 equiv of €was
added, and a gradual decrease in its emission intensity as well
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120 SCHEME 2. Proposed Mechanism of Recognition/
» Reactivity of Compound 2 toward Cl?*
Cu” Seq. . —
100 A
2*0, D’g H\o o‘H
3 @) K/
2 N N
g .
2 | fast
= 2 only,
Y Ag', Ca™, Cd®, Co®, S
Cs'.H%Z’,K’,Mg”,Mn", = v S RNy
Na*, Ni**, Pb® Zn* 100eq. N N= ) N, N=
B, B
20 A F'F FF
2 L ] 1
0 T . . : \
500 520 540 560 580 600

< 10%) in the presence of 0.5% water, which was further
confirmed in the case of compouBd® In the presence of 0.5%
FIGURE 3. Fluorescent emission changesafl xM) upon addition water, fluorescent emission intensitiesladr 2 were decreased

Wavelength (nm)

of Ag*, C&*, Ck, C&*, Cs", C*", Hg?", K+, Mg?", Mn?", Na', (~50%) compared to those in acetonitrile. The job plots using
Ni2*, P?t, and Zri#* in acetonitrile (containing 0.5% water) (excitation  the fluorescence changes indicated 1:1 bindindLfaith P2+
at 504 nm). and Cd@*. The relative quantum yields of fluorescence in
12 acetonitrile were calculated as 0.4 \vith P?t (600 equiv)]
— 200 and 0.11 1 with Cw?* (10 equiv)], respectively, in that of
ol | ::gu:?.Seq. fluorescein (0.85) in 0.1 M NaOF!
o ;g: Unlike that of1, the recognition oR-Cl2* was an irreversible
— 2+Cu™5eq, process because the solution2e€ 2™ after 10 min of mixing
o 28 —2 +C“: 10eq. appeared in the same position on TLC as thdt &furthermore,
g R i oo a chloroform and EDTA aqueous solution was added tcthe
o4 AW | 2 +Cu™ 200eq. Cw?+, and the'H NMR of the extracted product was found to
4 — = 2+ Cu* 300eq. be identical to that of. In the ESI mass spectrum of compound
< 04 4 2 upon the addition of Cu(Clg),, a peak atrvz 245.5 (calculated
value= 245.4) corresponding td [+ Cul?" was observed (S-
02 Figure 6). On the other hand, the solution 2Zn?" and 2-
| P+ displayed no changes on TLC even after 24 h, which was
- e also confirmed by fluorescence study. Chemodosimeters are
0-“420 w0 w0 a0 0 o 540 ::"“580 devices that utilize abiotic receptors to achieve analyte recogni-
tion with concomitant irreversible transduction of a human-
Wavelength (nm) observable signal. As shown in Scheme 2, possibly a small

amount of water coming from copper perchlorate hydrate as
well as tightly bound C#' in the binding site may promote
hydrolysis of acetyl groups if.. A selective C&" recognition/

as a red-shift{9 nm) were observed as the concentration of reactivity of compoun@ demonstrated that this compound has
Cw?* increased. A similar red shift and an absorbance decreased potential to be utilized as a selective fluorescent chemodo-
of 2 were also observed in its UV spectra (Figure 4). A simeter for Cé*. In the presence of 2 equiv of €y the
ratiometric change in UV spectra was observed upon the conversion fron? to 1 was effectively complete within 4 min
addition of C@" in acetonitrile. Compound displayed similar ~ in acetonitrile (S-Figure 5).

fluorescent titration spectra (S-Figure 4) and UV spectra with  In conclusion, the new fluorescent sensalisplayed selective
CWw?*t. The large CHEF effects with relatively small equivalents large CHEF effects with Pty and Cd*. The selectivity for Ph"

of ClL2* can be explained in the same way described féPb ~ was calculated to be 15 times that 0fZnOn the other hand,

On the other hand, it is report&hat when C&* binds tightly the fluorescent chemodosimefshowed an extreme selectivity

to the host compound, intracomplex quenching takes place (viafor C?* over the other metal ions examined. A highly selective
energy or electron transfdr From the fluorescence titration ~ CU?* recognition/reactivity of fluorescent chemodosimeger
experiments, the association constants wfth Pt?™ and Zri#* demonstrated that this approach can cooperatively enhance and
were observed to be 8800 and 510 Mrespectively (errors: control a selectivity toward metal ions.

10%)1° The selectivity for PB™ over Zr#™ was more than 15

times. The association constantlofvith Cu?* was calculated Experimental Section

as 55 000 M? from the fluorescent titration experiment (error

FIGURE 4. UV titrations of 2 (15 uM) upon addition of C&" in
acetonitrile.

4-N,N-Bis-(2-acetoxyethyl)aminobenzaldehyde (3}. Acetic
anhydride (0.227 mL, 2.4 mmol) was added to a solution bfM-
bis-(2-hydroxyethyl)aminobenzaldehyde (418.5 mg, 2 mmol), DCC

(9) Varnes, A. W.; Dodson, R. B.; Wehry, E. . Am. Chem. So&972
94, 946.

(10) (a) Conners, K. ABinding ConstantsWiley: New York, 1987.
(b) Association constants were obtained using the computer program (11) Same compound was synthesized by the formylation reaction. Yin,
ENZFITTER, available from Elsevier-BIOSOFT, 68 Hills Road, Cambridge D.-D.; Ren, Y.; Zhai, J.-F.; Qiu, L.; Shen, Y.-Gluaxue Xueba@004 62,

CB2 1LA, United Kingdom. 518-522.
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(515.8 mg, 2.5 mmol), and DMAP (25 mg, 0.2 mmol) in anhydrous bora-3a,4a-diazaindacene (128 mg, 0.25 mmol) was dissolved
THF (40 mL) at room temperature under nitrogen atmosphere. After in a mixture of THF (1 mL) and MeOH (4 mL). The solution was
24 h, the reaction mixture was passed through a short silica geldegassed for 10 min under nitrogen atmosphere. A solution of
column ¢~10 g) and rinsed with ethyl acetate (50 mL). The eluent LIOH-H,O (10.5 mg, 0.25 mmol) in water (1 mL, degassed for 10
was concentrated to dry and was redissolved by a mixture of ethyl min prior to use) was added dropwise during 20 min at ambient
acetate/hexane (25:25 mL). The suspension was filtered through atemperature underNAfter 10 min (monitored by TLC, MC/MeOH
cotton plug and concentrated again. The crude residue was purified= 10:1), the reaction mixture was concentrated and purified by
by silica gel chromatography (ethyl acetate/hexané:3 to 2:1) silica gel chromatography (MC to MC/MeO# 50:1) to afford a

to afford a colorless oil (539.7 mg, yield 92%), which could be red solid (79.1 mg, 0.185 mmol, yield 74.1%). The analytical sample

directly used for further condensatiottd NMR (CDCl): ¢ 2.02 was recrystallized from ethyl acetate/hexane to get a red crystal:
(s, 6H), 3.68 (t, 4H) = 6.2 Hz), 4.23 (t, 4HJ) = 6.2 Hz), 6.66 (d, mp 200°C; 'H NMR (CDClg): 6 1.48 (s, 6H), 2.54 (s, 6H), 3.63
2H,J = 8.6 Hz), 7.70 (d, 2HJ = 8.9 Hz). MS (FAB)m/z = (t, 4H,J = 4.4 Hz), 3.64 (br, 2H), 3.89 (t, 4Hl = 4.5 Hz), 5.97
294.3 (M+ H)*. (s, 2H), 6.76 (d, 2HJ) = 8.5 Hz), 7.04 (d, 2H] = 8.6 Hz).13C
4,4-Difluoro-8-[4-N,N-bis-(2-acetoxyethyl)aminophenyl]-1,3,5,7- NMR (CDCl): 6 14.5, 14.7, 30.9, 55.6, 60.7, 112.8, 120.9, 123.0,
tetramethyl-4-bora-3a,4a-diazas-indacene (2). 4-N,N-Bis-(2- 129.0, 132.0, 142.5, 143.1, 148.1, 154.9. HRMS: calcd fbr

acetoxyethyl)aminobenzaldehyde (293.3 mg, 1 mmol) and 2,4- Cy3H2sBF.N3O,, 427.2243; found, 427.2235.

dimethylpyrrole (190.3 mg, 2 mmol) were dissolved in anhydrous  Preparation of Fluorometric Metal lon Titration Solutions.
methylene chloride (30 mL) under argon atmosphere. One drop of Stock solutions (1 mM) of the perchlorate salts of AGa ", Cc?t,
trifluoroacetic acid was added, and the solution was stirred at room Cc?*, Cs", CW#, Hg?", KT, LiT, Mg?", Mn2", Na*, Ni?", P,
temperature overnight. A solution of 2,3-dichloro-5, 6-dicyano-1,4- Rb", and Z&* in acetonitrile were prepared. Stock solution of host
benzoquinone (227.0 mg, 1 mmol) in anhydrous MC (40 mL) was (0.1 mM) was also prepared in acetonitrile. Test solutions were
added by syringe, and the stirring was continued for another 4 h. prepared by placing 440 uL of the probe stock solution into a
After the addition of triethylamine (6 mL), BFOEL (6 mL) was test tube, adding an appropriate aliquot of each metal stock, and
gradually added during 30 min in an ieevater bath followed by diluting the solution to 4 mL with acetonitrile.

continuous stirring at room temperature overnight. The reaction  For all measurements, the excitation wavelength was 504 nm.
solution was shaken with 5% aqueous sodium bicarbonate (100Both excitation and emission slit widths were either 1.5 or 3 nm.
mL), and the mixture was passed through a Celite pad and washed

with MC (30 mL) to remove the black solid. The organic layer Acknowledgment. This work was supported by the Korea
was washed with water and dried over anhydrous sodium sulfate. Research Foundation Grant funded by the Korean Government
After concentration in vacuo, the residue was purified by flash (MOEHRD) (KRF-R14-2003-014-01001-0) and by the SRC
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= 6.2 Hz), 5.97 (s, 2H), 6.82 (d, 2H,= 8.6 Hz), 7.06 (d, 2HJ

— 1 .

=8.4Hz). "C NMR (CDC4): 014.5, 14.7, 20.8, 49.5, 61.2, 112.0, Supporting Information Available: General experimental

120.9,122.8,129.1,132.0, 142.6, 143.1, 147.7, 154.8, 160.8, 170.9., i1 4 tra. X dat imental d

HRMS: calcd M- for CoHaBFN:Oy, 511.2454; found, 511.2457.  —ooy o, NUOTESCENCe spectra, #-ray data, expenmenta; procedures,
4,4-Difluoro-8-{4-N N%E)isiz(z-hzy dsrof('y ethyaminophenyl-L3.5.7- and characterization data for compouridsnd2. This material is

tetramethyl-4-bora-3a 4a-diazas-indacene (1).4,4-Difluoro-8- available free of charge via the Internet at http://pubs.acs.org.
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