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Abstract Two BODIPY derivatives for Cu*" ion chemosensors
containing 4-[2-(diethylamino)-2-oxoethoxy]phenyl (BDP1)
and 3,4-bis[2-(diethylamino)-2-oxoethoxyJphenyl (BDP2) were
synthesized by coupling appropriate N,N-diethyl-2-(4-
formylphenoxy)acetamide and 2,4-dimethylpyrrole moieties in
the presence of trifluoroacetic acid and anhydrous
dichloromethane at room temperature. The binding abilities be-
tween these chemosensors and 50 equivalents of Na', K, Ag+,
Ca®', Fe*', Ni**, cu**, zn*", Cd*, Hg2+ and Pb>" ions were
studied using UV-vis and fluorescence spectrophotometry. The
results show that, compared to other ions, both the UV-vis
absorption and fluorescence emission intensity of BDP2 de-
creased dramatically when Cu®" jon was added. To explain this
behavior, ab initio quantum chemical calculations were
performed using correlated second-order Moller-Plesset pertur-
bation theory (MP2/LanL.2DZ). The calculated orbital energies
indicated that the decrease in UV-vis absorption intensity and the
quenching of fluorescene emission were due to the single-
electron reduction of Cu?* to Cu” ion.

Keywords BODIPY - Fluorescence - Chemosensor - DFT -
MP2 - LanL2DZ
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Introduction

The design of chemosensors capable of selectively recog-
nizing particular metal ions has attracted much interest in
recent years [1-3]. Such chemosensors are generally organic
molecules comprising functional groups capable of binding
metal ions—a binding subunit—and capable of giving a
signal when a binding event occurs—a signaling subunit.
The signaling subunit can be chosen to suit the required
application; signaling mechanisms used include electro-
chemical [4, 5] or optical [6, 7] methods, or surface-
enhanced Raman scattering (SERS) [8—11]. Of these, optical
changes are attractive due to the simplicity of detection,
which can be done with the naked eye or using rugged
and cheap spectroscopic instrumentation [12—15].

One metal that has attracted particular interest in the field of
chemosensor design is the copper ion [16—18]. Copper is an
essential trace mineral of importance for both physical and
mental health, and a cofactor that takes an active part in the
activity of a large variety of enzymes [19-21]. As a conse-
quence, Cu®" plays an important role in fundamental physio-
logical processes in all organisms. If levels of Cu®" exceed
cellular requirements, toxicity to biological systems can occur
[22-24]. Thus, the development of new, selective, sensitive
detection and optical chemosensors for Cu®" in chemical and
biological systems is actively investigated [25, 26].

In optical chemosensors, the signaling subunit can be
either a chromophore or a fluorophore. Among these, 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) is very
attractive due to its high molar absorptivity, high fluores-
cence quantum yields, and stability against light- and
chemical-reactions. Moreover, its spectroscopic and
photophysical properties can be fine-tuned by attachment
of ancillary residues at the appropriate positions of the
difluoroboron dipyrromethene core [27-30]. A mechanism
often used to control the signaling of BODIPY-based
chemosensors is the process of photoinduced electron
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transfer (PET) [31-34]. In principle, PET can take place in
two directions: from a donor to the excited-state fluorophore
(reductive PET), or from an excited-state fluorophore to a
binding subunit (oxidative PET). Both events are accompa-
nied by quenching of the fluorophore emission.

This work attempted to design and synthesize an optical
chemosensor for copper(Il) ion. BODIPY was chosen as the
signaling subunit, and 4-[2-(diethylamino)-2-oxoethoxy Jphenyl
or 3,4-bis[2-(diethylamino)-2-oxoethoxy]phenyl groups were
chosen as the binding subunit. The optical changes upon binding
with metal ions (Na*, K', Ag", Ca?*, Fe*", Ni*', Cu**, Zn*",
Cd*", Hg*" and Pb*") were observed using UV-vis and fluores-
cence spectrophotometries. Computational calculations were
used to investigate the geometrical structures of these synthetic
compounds and their complexes with metal ions. The binding
energies and changes in the thermodynamic properties of com-
plexation between chemosensors with Na™, K, Ag®, Ca®", Fe*",
Ni¥*, Cu*, Zn**, Cd**, Hg”" and Pb*" ions were calculated
using density functional theory (DFT).

Materials and methods
Reagents

Unless otherwise specified, all solvents and materials used
were reagent grade and purchased from Fluka (Buchs,
Switzerland), BHD (VWR, Radnor, PA), Aldrich (St.
Louis, MO), Carlo Erba (Rodano, Italy), Merck
(Darmstadt, Germany) or J.T. Baker (Phillipsburg, NJ) and
were used without further purification. Commercial grade
solvents such as acetone, dichloromethane, hexane, metha-
nol and ethylacetate were purified by distillation before use.
Acetonitrile and dichloromethane used for setting up the
reaction were dried over calcium hydride and freshly dis-
tilled under nitrogen atmosphere prior to use. Column chro-
matography was carried out on silica gel (Kieselgel 60,
0.063-0.200 nm, Merck). Thin layer chromatography
(TLC) was performed on silica gel plates (Kieselgel 60,
F»54, 1 mm, Merck). Compounds on TLC plates were
detected by UV-light. All manipulations were carried out
under nitrogen atmosphere.

Synthesis
2-chloro-N,N-diethylacetamide, 3

To a suspension of diethylamine (11.43 ml, 110 mmol),
Na,COj3 (10.60 g) and ether (100 ml) at —10 °C was added
chloroacetyl chloride (7.95 ml, 100 mmol). The reaction
mixture was maintained below room temperature during
the addition. The mixture was stirred for 45 min after the
addition was complete. The solid was removed by filtration,
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and the filtrate was concentrated resulting in a residue. The
residue was dissolved in CH,Cl,, extracted with 1 M HCI
following by dilute Na,CO; solution and dried over solid
Na,SO,4, which resulted in an organic layer. Concentration
of the organic layer afforded a light yellow liquid. The
residue was purified by distillation (60—70 °C, 2 mm Hg)
to provide 8.18 g light yellow oil. The NMR spectrum of
this light yellow liquid was consistent with the desired
product and indicated that the compound was >95 % pure.
"H-NMR spectrum (400 MHz, CDCls, ppm): & 1.13-1.17 (¢,
3H, CH,CH;, J=14 Hz), 1.23-1.27 (t, 3H, CH,CH;, J=
14.4 Hz), 3.38-3.42 (q, 4H, NCH,CHj;, J=14 Hz), 4.10 (s,
2H, CICH,C=0).

N, N-diethyl-2-(4-formylphenoxy)acetamide, Sa

A suspension of 4-hydroxybenzaldehyde, 4a (122 mg,
I mmol), Na,CO3 (2.76 g) and 2-chloro-N,N-
diethylacetamide, 3 (0.3 ml, 2 mmol) in CH3CN 50 ml
was refluxed overnight. The solid was removed by filtration.
Subsequently, the filtrate was concentrated under reduced
pressure resulting in a residue. The residue was dissolved in
CH,Cl, (100 ml), washed with 0.5 M HCI1 (100 ml),
followed by water (200 ml). After drying with Na,SO,,
the solvent was removed under reduced pressure. The crude
product was purified by tritulation with MeOH to give
compound 5a in pale yellow oil. '"H-NMR spectrum
(400 MHz, CDCl;, ppm): & 1.13-1.16 (t, 3H, CH,CHj,
J=14 Hz), 1.18-1.26 (t, 3H, CH,CHj3, J=30.4 Hz), 3.38-
3.42 (q, 4H, NCH,CH3;, J=14.4 Hz), 4.80 (s, 2H, OCH,C=
0), 7.05-7.07 (d, 2H, ArH, J=8.4 Hz), 7.83-7.85 (d, 2H,
ArH, J=9.2 Hz), 9.88 (s, 1H, ArCHO).

10-{4-[2-(diethylamino)-2-oxoethoxy]phenyl}-5,5-difluoro-
1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:2",1'-
f1[1-3]diazaborinin-4-ium-5-uide, BDP1

The N,N-diethyl-2-(4-formylphenoxy)acetamide, 5a (504 mg,
2 mmol) and 2,4-dimethylpyrrole (0.42 ml, 4 mmol) were
dissolved in anhydrous CH,Cl, (160 ml) under N, atmo-
sphere. Then, one drop of TFA was added to the solution,
which was then stirred for 15 min at room temperature. A
solution of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ, 454 mg, 2 mmol) in CH,Cl, was added with a syringe,
and the reaction was continued for another 2 h. Then Et;N
(2 ml) was added followed by BF;OEt, (4 ml) during 30 min
and stirred overnight. After concentrating under in vacuum,
the residue was purified by column chromatography (silica,
5 % MeOH/CH,C1,) the desired product BDP1 was obtained
as a brown solid (314 mg, 33% yield). "H-NMR spectrum
(400 MHz, CDCls, ppm): & 1.12-1.16 (t, 3H, CH,CHj;, J=
14 Hz), 1.21-1.25 (t, 3H, CH,CHj;, J=14 Hz), 1.41 (s, 6H,
PyCH;), 2.55 (s, 6H, PyCHj), 3.42-3.44 (q, 4H, NCH,CH3, J
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=9.2 Hz), 4.75 (s, 2H, OCH,C=0), 5.97 (s, 2H, PyH), 7.06—
7.09 (d, 2H, ArH, J=8.8 Hz), 7.17-7.19 (d, 2H, ArH, J=
8.8 Hz), '>C-NMR spectrum (400 MHz, CDCls, ppm): 5 12.6
(2C, CH,CH35), 14.6 (2C, PyCH;), 40.4, 41.8 (2C,
NCH,CHj), 67.3 (C, OCH,CO), 115.7, 121.3, 127.4, 129.5
(6C, ArC) 131.6, 141.2, 142.6, 155.0, 158.4, 166.7 (8C, PyC)
MALDI-TOF MS (m/z): 452.789 (100) caled : 453.240.

2,2"-[(4-formyl-1,2-phenylene)bis(oxy)]bis(N,N-
diethylacetamide), 5b

A suspension of 3,4-dihydroxybenzaldehyde, 4b (748 mg, 5
mmol), K,CO3 (3.255 g) and 2-chloro-N,N-
diethylacetamide, 3 (2.8 ml, 20 mmol) in CH3CN 50 ml
was refluxed overnight. The solid was removed by filtration.
Subsequently, the filtrate was concentrated under reduced
pressure resulting in a residue. The residue was dissolved in
100 ml CH,Cl,, washed with 0.5 M HCIl (100 ml),
followed by water (200 ml). After drying with Na,SO,,
the solvent was removed under reduced pressure. The
crude product was purified by column chromatography
(silica, 0-5 % MeOH/CH,Cl1,,) the desired product 5
(1.39 g) was obtained as a yellow oil at 77 % yield.
"H-NMR spectrum (400 MHz, CDCls, ppm): 5 1.11-1.27
(m, 12H, CH,CH;, J=62.8 Hz), 3.34-3.47 (m, 8H,
NCH,CH;, J=46.8 Hz), 4.82 (s, 2H, OCH,C=0), 4.88
(s, 2H, OCH,C=0), 7.04-7.06 (d, 1H, ArH, J=8.4 Hz),
7.40 (s, 1H, ArH), 7.45-7.48 (d, 2H, ArH, J=10.4 Hz),
9.82 (s, 1H, ArCHO).
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Scheme 1 Synthesis of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY)-based chemosensors, BDP1 and BDP2

10-{3,4-bis[2-(diethylamino)-2-oxoethoxy]phenyl}-5, 5-
difluoro-1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:2",1'-
f][1-3]diazaborinin-4-ium-5-uide, BDP2

2,2'-[(4-Formyl-1,2-phenylene)bis(oxy)]bis(N,N-
diethylacetamide), 5b (310 mg, 0.75 mmol) and 2,4-
dimethylpyrrole (3 ml, 2 mmol) were dissolved in anhydrous
CH,Cl, (160 ml) under N, atmosphere. Then, one drop of TFA
was added to the solution, which was then stirred for 5 h at
room temperature. A solution of DDQ, 360 mg, 2.16 mmol) in
CH,CIl, was added with a syringe, and the reaction was con-
tinued for another 4 h. Then EtzN (2 ml) was added, followed
by BF;0Et, (4 ml) over 30 min then stirring overnight. After
concentrating under vacuum, the residue was purified by
column chromatography (silica, 10% EtOAc/CH,Cl1,)
and the desired product BDP2 (123 mg) was obtained
as a brown solid at 23 % yield. '"H-NMR spectrum
(400 MHz, CDCl;3, ppm): 6 1.07-1.26 (m, 12H,
CH,CH;, J=73.6 Hz), 1.45 (s, 6H, PyCHj3), 2.55 (s,
6H, PyCHs3), 3.32-3.47 (m, 8H, NCH,CH3, J=62.4 Hz),
4.74 (s, 2H, OCH,C=0), 4.83 (s, 2H, OCH,C=0), 5.97
(s, 2H, PyH), 6.78 (s, 1H, ArH), 6.82-6.84 (d, 1H,
ArH, J=8.4 Hz), 7.08-7.10 (d, 1H, ArH, J=8.0 Hz), "*C-
NMR spectrum (400 MHz, CDCls, ppm): 6 12.6, 13.9 (4C,
CH,CH;), 14.3, 29.4 (4C, PyCH;), 40.3, 41.5, 41.8 (4C,
NCH,CH,3), 67.9, 68.6 (C, OCH,CO), 114.0, 115.4, 121.2,
121.6, 128.8 (6C, ArC) 131.6, 141.2, 142.9, 148.4, 149.1,
154.9 166.3, 166.6 (8C, PyC) MALDI-TOF MS (m/z):
582.337 (100) caled : 582.319.
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Fig. 1 Absorption (solid line) and fluorescence (dotted line) spectra of
BDP1 (top) and BDP2 (bottom) in dry methanol
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Fig. 2 UV-vis spectrum
changes of 1.0x10~> M BDP1
(left) and 1.0x10"> M BDP2 Lo
(right) upon addition of various
cations (50 equivalent) in dry
methanol

BDPI, Na', Zn*, Ca®, Ag’
A Cd*,K', Hg", Ni*, Pb*

Wavelenght {(nm)

Apparatus

Nuclear magnetic resonance (NMR) spectra were recorded
on a Varian 400 MHz NMR spectrometer. In all cases,
ligands were dissolved in deuterated chloroform (CDCls).
Matrix assisted laser desorption ionization time of flight
(MALDI-TOF) mass spectrometer readings were deter-
mined on a Bruker Daltonics MALDI-TOF using acetoni-
trile as solvent (Bruker, http://www.bruker.com). UV-vis
titration spectra were measured by a Perkin Elmer Lambda
25 spectrophotometer at 25 °C (Perkin Elmer, http://
www.perkinelmer.com). Fluorescence spectra were
recorded by Perkin Elmer SL50B fluorescence spectropho-
tometer with excitation and emission slit set at 5.0 nm.

Computational details

Structures of BODIPY-based chemosensors and their com-
plexes with cation guests, i.e., Na*, K, Ag*, Hg*", Ca®",
Pb%*, Fe¥', Ni*", Cu?', Zn®" and Cd*" were optimized by
DFT. Calculations with the hybrid density functional
B3LYP recommended Becke’s three-parameter exchange
functional [35] with the Lee-Yang-Parr correlation function-
al, [36] using the Los Alamos LanL.2DZ split-valence basis
set [37-39]. All calculations were performed using the
GAUSSIAN 03 program [40]. Ab initio quantum chem-
ical calculations at correlated second-order Moller-
Plesset perturbation theory (MP2/LanL2DZ) level were
performed for electronic property calculations of BODIPY

_ BDP2, Na', Zn*, Fe*, Ca®,
"iu Cd* K', Hg", Ni*', Pb*"
| I|I Ag'

450 500 550 600
Wavelenght {(nm)

derivatives and analysis of their metal ion complexes. The
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy gaps were also
investigated at the same level of theory. Thermodynamic
property changes (AX), i.e., total energy (AE), enthalpy (AH)
and Gibbs free energy (AG) changes, of complexation in the
fully optimized geometry were obtained from Eq. (1).

AX = X (chemosensor/cation) — [X (chemosensor) + X (cation)]
(1)

Where X(chemosensor/cation), X(chemosensor) and
X(cation) are the thermodynamic properties of the
chemosensor/cation complex, free chemosensor and cation,
respectively.

In addition, natural bond orbital (NBO) analysis
implemented in the GAUSSIAN 03 program was applied
through a series of intermolecular interactions under the
MP2/LanL.2DZ system to evaluate NBO charges.

Results and discussion

Synthesis

This work aimed to synthesize metal ion chemosensors
containing organic dyes giving an optical signal.

4-(2-(Diethylamino)-2-oxoethoxy)phenyl (BDP1) and 3.4-
bis(2-(diethylamino)-2-oxoethoxy)pheny, (BDP2)

Fig. 3 Fluorescence spectrum 800
changes of 1.0x10~” M BDP1

(left) and 1.0x10"" M BDP2

(right) upon addition of various 500
cations (50 equivalents) in dry
methanol (A.,=485 nm)
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u
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Table 1 The zero point vibra-

tional correction energy (AEzpg) ~ Metal ions AEzpg * AH® AG*®

and enthalpy (AH) and Gibbs

free energy (AG) changes of BDPI BDP2 BDPI1 BDP2 BDP1 BDP2

complexations between recep-

tors BDP1, BDP2 and metal ions Na* —35.74 —85.73 —14.51 =57.70 =71.31 -129.47
K" —20.74 —61.00 0.66 —32.76 —56.39 —105.00
Ag" —47.42 -99.83 —26.06 =71.57 —82.26 —142.98
Ca** —118.19 —220.40 —96.99 -192.75 —153.42 —262.64
Fe?* —252.89 —372.90 —233.20 —345.48 —284.11 —414.25
Ni** —337.93 —416.18 -316.71 —388.27 -373.10 —459.45
cu** —342.37 —407.02 —321.00 —378.69 —377.40 —451.29
Zn** —209.90 —341.46 —190.16 -313.73 —241.16 —383.93
cd** —172.94 —291.50 —152.47 —263.65 —206.36 —333.31
Hg*" —225.65 —286.75 —204.09 —258.69 —260.90 —328.79
Pb** —177.54 —255.36 —156.21 —227.21 —212.23 —297.97

In kecal mol ™!

synthesized by coupling appropriate N,N-diethyl-2-(4-
formylphenoxy)acetamide moieties were used as the
metal ion binding subunit because they interact effec-
tively with cationic species by electrostatic interaction
and contain one or two binding subunits for different
metal ions. BODIPY-based signaling units were
designed to link directly to the binding subunits; the
synthetic pathway is shown in Scheme 1.

Chemosensors BDP1 and BDP2 were synthesized in a
one-pot reaction modified according to the procedure
reported by Gabe et al. [41]. The condensation reaction of
benzaldehyde derivatives and 2,4-dimethylpyrrole in the
presence of TFA as catalyst was carried out in anhydrous
CH,Cl, under N, atmosphere. After oxidization with DDQ
followed by reacted with BF;OEt,, the residue was purified
by column chromatography. The desired product BDP1 was
obtained as a red-brown solid at 33 % yield; BDP2 was
obtained at 23 % yield.

Fig. 4 Chemical -optimized
models and atomic labeling of
receptor BDP1 and BDP2
complexed with metal ions

Spectroscopic and selective properties

The absorption and fluorescence spectra of BDP1 and BDP2
solutions in MeOH (Fig. 1) show the characteristic spectro-
scopic properties of the BODIPY chromophore with slight
Stoke shifts. Both BDP1 and BDP2 show a strong S¢—S;
transition with maximum at 498 nm (e=94,800 M ' cm™'
and £€=78,100 M ' cm ™' for BDP1 and BDP2, respectively)
[42]. After excitation at 485 nm, the fluorescence spectra of
both BDP1 and BDP2 display an emission at 510 nm. The
fluorescence intensity of BDP2 is slightly lower than the
analogous BDP1 upon excitation at 485 nm due to the stron-
ger PET process from more oxygen donor atoms in the bind-
ing subunits to the BODIPY fluorophore [43]. The optical
change of both BODIPY-based chemosensors (1.0x 107> M)
was studied by adding of 50 equivalents of various metal ions
such as Na*, K7, Ag+, Ca®*, Fe**, Ni2*, Cu2+, Zn?t, Cd*,
Hg>" and Pb*" ions to the solution of chemosensor in dry

@ Springer
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BDP1/Na"; AG=-71.31 BDPI/K"; AG=-56.39 BDP1/Ag"; AG = -82.26

BDP1/Ca>; AG =-153.42 BDP1/Fe*; AG=-284.11 BDP1/Ni*; AG =-373.10 BDP1/Cu*'; AG =-377.4C

BDP1/Zn*; AG = -241.16 BDP1/Cd*"; AG = -206.36 BDP1/Hg*"; AG =-260.90 BDP1/Pb*"; AG =-212.23

Fig. 5 B3LYP/LanL2DZ-optimized structures of chemosensor BDP1 and its metal ions complexes. Bond distances and binding free energies are
in Angstroms and kcal mol !, respectively
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BDP2/Na*; AG =-129.47

BDP2/Zn*"; AG = -383.93 BDP2/Cd*"; AG =-333.31

L2562
@2:803.9, 2561
N

12,795

BDP2/K*; AG=-105.00 BDP2/Ag"; AG =-142.98

"2.209
22.4629_2.208
-

BDP2/Hg?"; AG = -328.79 BDP2/Pb*"; AG =-297.97

Fig. 6 B3LYP/LanL2DZ-optimized structures of chemosensor BDP2 and its metal ions complexes. Bond distances and binding free energies are

in Angstroms and kcal mol ™!, respectively

methanol. The spectral changes of BDP1 and BDP2 are
shown in Fig. 2. Free BDP1 and BDP2 both show an absorp-
tion band center at 498 nm. After addition of the metal ion, the
absorption at 498 nm is decreased (most pronounced for
BDP2/Cu”" ion; e=10,100 M ' cm™).

The fluorescence behavior of synthetic chemosensors and
their complexes with an excess of metal ions was also inves-
tigated (Aex at 485 nm, A, 490-600 nm). The fluorescence

spectra of BDP1 and BDP2 (1.0x10"7 M in MeOH) in the
absence and presence of 50 equivalents of various metal ions
are shown in Fig. 3. Both spectra revealed Cu”" ion to be the
most efficient in quenching, especially in BDP2. The quantum
yields were estimated to be 4-fold (®,/®=4.222) quenching
for BDP2 and 2-fold (®¢/®=1.211) quenching for BDP1. In
contrast, the fluorescence intensity of BDP2 is almost not
influenced by the addition of other metal ions.

@ Springer
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Fig. 7 B3LYP/LanL2DZ-
optimized structures of the
chemosensor BDP2 and its
metal ion complexes with
saturated metal coordination by
H,O0 solvent molecules. Bond
distances and binding free
energies are in Angstroms and
kcal mol ™", respectively

BDP2

Binding energies of chemosensors BDP1, BDP2
and their complexations with various cations

The most important parameter used to predict metal ion selec-
tivity is changes in either Gibbs free energy (AG) or binding
energies of complexation. The Gibbs free energy changes of
BDP1 and BDP2 for metal ion complexes in vaccuo were
computed. The computed values of binding energies, binding
enthalpies and Gibbs free energies are listed in Table 1. The
binding energies of both BDP1 and BDP2 with metal ions
indicated that binding occurred via exothermic processes. The
BDP1 and metal ion binding strengths are, in decreasing order:
BDP1/Cu*" ~ BDP1/Ni*" > BDP1/Fe*" > BDP1/Hg*" >
BDP1/Zn*" > BDP1/Cd*" ~ BDP1/Pb’" > BDP1/Ca®" > >
BDP1/Ag" > BDP1/Na" > BDP1/K".

BDP2/Ni*"; AG = -450.59

BDP2/Cu*'; AG = -406.67

BDP2/Zn*"; AG =-1091.80

For BDP2, the trend of the binding energy with different
metal ions also shows the highest selectivity to Cu®" ion. The
binding strengths for BDP2 and metal ions are in decreasing
order: BDP2/Cu”* ~ BDP2/Ni*" > BDP2/Fe** > BDP2/Zn*" >
BDP2/Cd** ~ BDP2/Hg** > BDP2/Pb>" > BDP2/Ca*" >
BDP2/Na" ~ BDP2/Ag" > BDP2/K".

Geometries of chemosensors BDP1, BDP2
and their complexations with various cations

The chemical, optimized models and atomic labeling of
chemosensors BDP1 and BDP2 complexes with metal ions
are shown in Fig. 4. The B3LYP/LanL.2DZ optimized struc-
tures of BDP1 and BDP2 and their complexes with metal
ions are shown in Figs. 5 and 6, respectively. The selected

Table 2 Selected natural bond

orbital (NBO) charge (in ¢) Atomno. BDP1  BDPI/Cu** BDP1/Zn** BDP2  BDP2/Cu** BDP2/Zn*" BDP2/Ni*'

analysis of metals in complexes

BDP1 and BDP2 computed at N1? -0.718 -0.733 -0.707 -0.718 -0.736 -0.712 -0.712

the MP2/LanL.2DZ level N2? -0.718 -0.733 -0.713 -0.718 -0.736 -0.712 -0.711
B? 1.458 1.449 1.457 1.458 1.449 1.457 1.456
F1? -0.637 -0.614 -0.626 -0.635 -0.619 -0.632 —0.632
F2? -0.636 -0.614 -0.626 -0.636 -0.614 -0.623 —0.622
N3? -0.631 -0.577 -0.557 -0.611 —0.592 -0.562 —0.549
or° -0.728 —0.683 -0.774 —0.648 —0.643 -0.734 -0.705
o2? -0.626 -0.908 —0.958 -0.612 —0.593 -0.561 —0.549

®N1,N2, B, F1,F2,01,02,N3,  N4" —0.649 —0.642 -0.735 —0.696

N4, O3 and O4 are atoms on the 03?2 —0.765 —0.838 —0.945 ~0.933

receptor BDP1 and BDP2 which (5 4a ~0.764  —0.843 ~0.942 ~0.953

are defined in Fig. 4 b

bOWL, OW2, OW3 and OW4 0W1b -1.160 -1.087 -1.027 -1.085 -1.083

are atoms on the explicit H,0 ~ OW2 -1.049 -1.085 -1.027 -1.085 -1.048

solvent molecules ow3sP —1.046 -1.092

‘M is metal ion on the com- ow4° -1.067 -1.077

plexes BDP1 and BDP2 which e 0.921 1.854 0.922 1.851 1.614

are defined in Fig. 6
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Fig. 8 Natural bond orbital

(NBO) charge transfer of 1.2

BDP2/Cu*"-2H,0, BDP2/ il

Zn*"-2H,0 and BDP2/ 2

Ni?"-2H,0 complexed 508

calculated at MP2/LanL.2DZ § b

level of theory e
& 04
..B‘ﬁ

e
o

0.0

geometrical parameters of the data of all optimized struc-
tures are listed in Tables S1 and S2. The complexations of
BDP1 and BDP2 with metal ions show the significant
change in their structures. Specifically, the metal ion com-
plexation induces a more symmetrical structure than that of
the free chemosensor; for BDP2 binding subunits especially,
alignment of the metal ion depends on the common metal
ion geometry.

To determine whether the solvent molecule alters the
geometry significantly or not, some metal complexes were
chosen for optimization as saturated coordination spheres.
The structure of BDP2/Cu®*, BDP2/Ni*" and BDP2/Zn>"
complexes with two water molecules optimized at the
B3LYP/LanL2DZ level of theory are shown in Fig. 7. The
presence of two water molecules with four oxygen donor
atoms of the binding subunit of BDP2 results in a distorted

0.088

7 Ni
Zn*

tetragonal geometry. The average N1-B and N2-B bond
lengths of metal ion complexes of both chemosensors are
longer than the N1-B and N2-B bond lengths (1.534 A) of
the free chemosensor. The Cu®" complex, especially, has the
longest average N1-B and N2-B bond lengths (1.542 A).
The average F1-B and F2-B bond lengths of metal ion
complexes of both chemosensors are shorter than the F1-B
and F2-B bond lengths (1.449 A) of the free chemosensor.
The Cu®* complex has the shortest average F1-B and F2-B
bond lengths (1.436 A). The N1-B-N2 bond angles of the
complexes are smaller than the N1-B-N2 bond angles
(108.3 A) of the free chemosensors but the F1-B-F2 bond
angles of the complexes are bigger than the F1-B-F2 bond
angles (107.3 A) of the free chemosensors. From these data,
it is evident that metal ion complexation at the binding
subunit affects not only the bond length within the binding

0460 22
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0 g0
04962208 405
-0.503 g

0513 29
0277 82 y 2L D 0536 99
i | 0397980 t
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Fig. 9 Frontier orbital energy level diagrams and electron-transfer paths in BDP2 (a), BDP2/Ni** (b) and BDP2/Cu”" (c) complexes
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subunit itself but also the bond length within the signaling
subunit.

Electronic properties and partial charge transfer

The electron density of BDP1 and BDP2 and BDP2/Cu”",
BDP2/Ni*" and BDP2/Zn”" complexes in saturated coordination
sphere complexes were calculated using MP2/LanL.2DZ level of
theory. The NBO charges on selected atoms of free BDP1 and
BDP2 and their metal ion complexes are listed in Table 2. From
these data, the NBO charges of selected atoms of oxoethoxy
phenyl amide binding subunits and the BODIPY chromophore
subunit are significantly changed. These results indicate that
metal ion recognition via ion—dipole interactions induces a
charge transfer process from not only oxoethoxy phenyl amide
binding subunits to the metal ion but also from the BODIPY
chromophore subunit. The absolute NBO charge changes are
presented in Fig. 8. In the case of the ligand to metal charge
transfer (LMCT), the complexation of Cu** ion and BDP2
shows the highest LMCT. This result indicates that Cu®* is
capable of single-electron reduction from Cu?* to Cu’" ion.

The energy level of the corresponding molecular orbitals
(MO), as first developed by Weller [44], can provide a clue to
the quenching process in fluorescence emission experiments.
Following Weller’s approach, the HOMO-LUMO electron dis-
tributions were computed on the total system. The donor orbitals
and acceptor orbitals were distinguished by simply inspecting the
orbital distribution diagram. The frontier orbital energy level
diagrams and electron-transfer paths in BDP2, BDP2/Ni*" and
BDP2/Cu”" complexes were chosen to illustrate this process, as
shown in Fig. 9. First, we considered electron transfer processes
in the free chemosensor BDP2 (Fig. 9a). After excitation, the
excited electron is able to go back to the ground state. Therefore,
free chemosensor is able to exhibit fluorescence. The same is true
for the BDP2/Ni*" complex (Fig. 9b).

For Cu*" ion, complexation leads to the transfer of elec-
trons from BDP2 to the Cu®" ion in a mechanism known as
one-electron reduction process, as depicted in Fig. 9c. The
picture also shows that, after the electron transfer process,
Cu”" is reduced to Cu" ion, while the ground state MO of
the signaling subunit is a singly occupied molecular orbital
(SOMO) and all 3d orbitals of copper are doubly occupied
(HOMO1-HOMOS). Accompanying this is the wider ener-
gy gap of BDP2. The complex is now unable to be excited
by a photon of the energy able to excite the free
chemosensor. That is, the Cu®" ion decreases in absorbance
as well as quenching the fluorescence emission intensity.

Conclusions

Two BODIPY derivatives containing 4-[2-(diethylamino)-2-
oxoethoxy]phenyl (BDP1) and 3,4-bis[2-(diethylamino)-2-

@ Springer

oxoethoxy]phenyl (BDP2) were designed and synthesized
for use as metal ion chemosensors. The one-pot reaction of
benzaldehyde derivative and 2,4-dimethylpyrrole in the
presence of TFA as catalyst was modified for synthesis of
these chemosensors. The binding abilities between synthetic
chemosensors and 50 equivalents of Na*, K*, Ag+, Ca?",
Fez+, NiZ", Cu*', Zn%", Cd**, Hg2+ and Pb>" ions in meth-
anol were studied using UV-vis and fluorescence spectro-
photometric methods. The results show the decrease in both
UV-vis absorption and fluorescence emission intensity when
both BDP1 and BDP2 complexed with Cu®* ion. The struc-
ture of free BDP1, BDP2 and their complexes with Na*, K,
Ag+, Ca2+, F e2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+ and Pb*" jons
in vaccuo were optimized using DFT calculations at
B3LYP/LanL2DZ. The saturated coordination spheres with
two water solvent molecules of BDP2/Cu2+, BDP2/Ni*"
and BDP2/Zn”>" complexes were also optimized at the same
level of theory. The electronic properties of the BODIPY
derivatives and their metal ion complexes were calculated at
second-order Moller-Plesset perturbation theory level
(MP2/Lanl.2DZ). The calculations show that copper ions
can quenched fluorescence due to the single-electron reduc-
tion process with reduction of Cu®" to Cu” ion.
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