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Abstract: Fluoroionophores of fluoro-
phore-spacer-receptor format were
prepared for detection of PdCl, by
fluorescence enhancement. The fluo-
rescent probes 1-13 consist of a fluoro-
phore group, an alkyl spacer and a di-
thiomaleonitrile PdCl, receptor. First,
varying the length of the alkylene
spacer (compounds 1-3) revealed a
dominant through-space pathway for
oxidative photoinduced electron trans-
fer (PET) in CH,-bridged dithiomaleo-
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rescent probes 4-9 containing two an-
thracene or pyrene fragments connect-
ed through CH, bridges to the dithio-
maleonitrile unit were synthesized.
Modulation of the oxidation potential
(Eoy) through electron-withdrawing or
-donating groups on the anthracene
moiety regulates the thermodynamic
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driving force for oxidative PET
(AGhpgr) in bis(anthrylmethylthio)male-
onitriles and therefore the fluorescence
quantum yields (@), too. The new con-
cept was confirmed and transferred to
pyrenyl ligands, and fluorescence en-
hancements (FE) greater than 3.2 in
the presence of PdCl, were achieved
by 7 and 8 (FE=5.4 and 5.2). Finally,
for comparison, monofluorophore li-
gands 10-13 were synthesized.

nitrile fluoroionophores. Second, fluo-

Introduction

Palladium is a rare inner transition metal that is becoming
increasingly important in materials science and chemistry,
since palladium-catalyzed reactions are able to subtly make
covalent bonds.[" Particularly for the synthesis of drugs, pal-
ladium-catalyzed reactions are widely used,”! but after pu-
rification residual palladium contaminates the final product
at a much higher level (typically 300-2000 ppm)© than the
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specified threshold in drugs (5-10 ppm).!! The proposed
maximum dietary intake of palladium is less than 1.5-15 pg
per person per day, as palladium may be a health hazard.”
Therefore, extensive purification is required to remove
these impurities® but for effective elimination of residual
Pd’ and Pd" in active pharmaceutical ingredients (APIs),
exact determination of the composition is necessary for the
different species.”’ At present, there is no analytical method
available to quantify these Pd species in APIs in native oxi-
dation states.”! Hence, the development of an analytical
method which only detects palladium in a specific oxidation
state is in the focus of pharmaceutical industry.

The established analytical methods for palladium detec-
tion in a laboratory require the use of expensive spectrome-
ters (atomic absorption spectroscopy, X-ray fluorescence,
plasma emission spectroscopy). It would be desirable to
detect palladium with the “naked eye” in a high-throughput
fashion.[®!

Palladium-selective fluorescence sensors could be useful
for online monitoring of the Pd" concentration in pharma-
ceutical processes or refining by using molecular-recognition
technology.”! One possibility to develop a sensitive analyti-
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cal fluorometric method is to amplify the fluorescence
signal. In addition, it is of interest that the recognition of
Pd" by a sensor does not quench the fluorescence."”

The design of selective and sensitive fluorescent chemo-
sensors for many heavy transition metal (HTM) ions is still
a challenge because many of them are typical fluorescence
quenchers."!! Up to now, only a few examples of ligands
that form fluorescent complexes with inner transition-metal
ions have been reported (Cu?* 12 Nj?>+ [120] F2+/3+ [2ed] apd
C03+[12e]).

Palladium(II) is a strong fluorescence quencher, and fluo-
rometric detection of Pd™ and its derivatives by fluorescent
ligands was realized by fluorescence quenching many
times.'” Recently, Garner et al. reported fluorescent detec-
tion of Pd" based on a chemical reaction.®”:%!

Recently, we were able to detect the strong fluorescence
quencher Pd" by fluorescence enhancement by using a new
concept for photoinduced electron-transfer (PET) fluoroio-
nophores in fluorophore-spacer-receptor systems.'”! Fluo-
rescent probes 1 and 10 (Scheme 1) consist of one or two
anthryl groups, CH, spacers and a dithiomaleonitrile recep-
tor which is selective for PdCl,. In these probes, oxidative
PET from anthryl to thiomaleonitrile is accelerated by inter-
nal charge transfer (ICT) of the push—pull s-electron system
of the dithiomaleonitrile unit (Figure 1a). Selective com-
plexation of the receptor by PdCl, switches off ICT and
stops oxidative PET, and fluorescence is enhanced (Fig-
ure 1b).

For ligands 1 and 10 fluorescence enhancement (FE) fac-
tors 1/, of 3.2 and 2, respectively, were observed. In the che-
late complexes [PdCL(L)] (L=1, 10) the ligands coordinate
to PdCl, through the two sulfur atoms of the 1,2-dithio-
ethene unit to form planar five-membered palladacycles.["”!
The fluorescence is not quenched by the planar-coordinated
palladium center because Pd" can not directly interact steri-
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Scheme 1. Structures of the PdCl,-selective fluorescent probes studied.
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Figure 1. Schematic representation of regulation of oxidative PET in an-
thrylmethylthiomaleonitrile by ICT in receptor. a) Free ligand: ICT in re-
ceptor accelerates oxidative PET, and the fluorescence is reduced.
b) PACl, complex: ICT is switched off, PET stops, fluorescence is en-
hanced.

cally or electronically with the anthryl moieties. While some
of the factors that influence PET have been uncovered,!'"'
to the best of our knowledge, control of oxidative PET by
ICT of the receptor has been realized for the first time with
fluorescent probes 1 and 10.

However, the new concept of PET fluoroionophores
in fluorophore-spacer-receptor
systems requires further studies.
Here we study the PET mecha-
nism in a set of fluorophore-al-
kylene-dithiomaleonitrile  sys-
tems 1-13 (Scheme 1) and the
consequences of their to com-
plexation with PdCl,. Further,
= we report the signaling charac-
teristics of these compounds.
First, we focused on the spacer-
length dependence of PET be-
tween an excited anthryl
moiety and the push—pull di-
thiomaleonitrile unit. Fluoroio-

NC  CN

= nophores 1-3 were synthesized

NI to  differentiate  between
through-space and through-
bond pathways of oxidative
PET in these fluorescent

13 probes. Secondly, the fluores-

cence properties and intramo-

Chem. Eur. J. 2010, 16, 1819-1825


www.chemeurj.org

Electron Transfer Controlled by Internal Charge Transfer

lecular PET were modulated by using fluorophores with dif-
ferent electron densities. The fluorescence quantum yields
@; were manipulated by introducing electron-withdrawing
or -donating groups onto the anthracene moiety (see ligands
4-6). To vary the steric hindrance during PdCl, complexa-
tion, isomers 7 and 8 were used, with particular focus on the
development of fluorescent sensors with a FE factor greater
than 3.2 towards PdCl,. Transfer of the new PET concept
from anthryl-substituted derivatives to pyrenyl ligands
should be possible with ligand 9. Finally, nonsymmetrical li-
gands 10-13 were synthesized to improve the solubility and
for comparison.

Results and Discussion

Herein we report a systematic investigation of the above
concept for a set of mono- and bis-anthryl or -pyrenyl di-
thiomaleonitrile PdCl, receptors (Scheme 1) with varying
1) length of the spacer (CH,), [n=1 (1), 2 (2), 3 (3)], 2) sub-
stitution of the anthryl unit in the 10-position [R=H (1),
CH; (4), CsHs (5), CN (6)], and 3) linkage of the anthryl
moieties to the bis(methylthio)maleonitrile unit [9-anthryl
(1), 1-anthryl (7), 2-anthryl (8)]. Moreover, the 1-pyrenyl
group was used as a second fluorophore (9). Finally, for
comparison mono(9-anthryl) compounds 10-12 and mono(1-
pyrenyl) compound 13 were synthesized. Dialkylated dithio-
maleonitrile PdCl, receptors 1-13 were synthesized by alky-
lation of disodium (Z)-1,2-dicyanoethene-1,2-dithiolate!!”)
with the corresponding chloro or bromo compounds.®!

The UV/Vis bands in the absorption spectra of ligands 1-
13 are formed by superposition of the fluorophore absorp-
tion bands in the range of 320-430 nm and the internal
charge-transfer band of the push—pull dithiomaleonitrile
unit near 340 nm.' Displacements of the absorption
maxima through substituents effects are in the normal
range.'®] The ICT character was confirmed by time-depen-
dent DFT calculations and through bathochromic shifting of
the ICT band with increasing polarity of the solvent.!"! In
the case of 1, broadening of the long-wavelength absorption
band results in some loss of
structure of the p-band, which
suggests some interaction be-
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Figure 2. UV/Vis absorption spectra of ligands 1-3 in THF; c¢(ligand)=
5%107°Mm.

ence compound 1,6-bis(9'-anthryl)-2,5-dithiahexane (®;=
0.038+£0.008)!" in CH,CN. The fluorescence of the refer-
ence compound is decreased by quenching interactions of
the lone pairs of the sulfur atoms with the anthracene rings
and sulfur heavy atom quenching.”?!! Moreover, in 1 an addi-
tional quenching process is observed.!'! Probably, oxidative
PET occurs from the fluorophore to the dithiomaleonitrile
unit.”? Ligands 2 and 3 have higher @; values than 1 (see
Table 1). The increase in @; is a result of bond lengthening
between donor and acceptor groups. It is established that
PET can be generally divided into through-bond and
through-space mechanisms.”! Fluorescence quenching with
increasing spacer length in such a flexible alkyl spacer
system is suggestive of through-space nature for electron
transfer, because through-bond PET disappears after three
or four carbon atoms.’®?! The fact that @; of 3 is less than
that of 9-methylanthracene (@;=0.33)?" suggests that the
PET mainly occurs through space. Thus, it is reasonable to
believe that fluorescence quenching through space domi-
nates the PET process also in the CH,-bridged fluoroiono-
phores.

Table 1. Fluorescence maxima 4, and fluorescence quantum yields @; for ligands 1-13 in THF and CH;CN;
fluorescence lifetimes 7, fluorescence rate constants k;, and decay constants(k;=1/7;) in CH;CN.

tween the PdCl, receptor and

the 9-anthryl groups.?” The ex- Amex [nm] @ @; 7 [ns] ki K,
tended-spacer molecules 2 and (THF) (THF) (CH,CN) (CH,CN) [10°s ] [10s"]
3 show hypsochromic shifts and 1 438, 414, 392 0.012£0.002 0.008 +0.002 55+0.8 15 0.18
o more defined structure of the 2 441, 416, 393 0.09+0.02 0.08+0.01 51407 16 0.20
’ 3 441, 416, 393 0.11+0.02 0.10+0.02 6.0+0.8 17 0.17
p-band (Figure 2). 4 455, 429, 406 0.012+0.002 0.008 +0.002 74+1.1 1.1 0.14
The fluorescence spectra of 5 429, 408 0.044 4 0.009 0.01640.004 59+0.8 2.7 0.17
1-13  exhibit  characteristic 6 447,423 0.097+£0.02 0.022 +0.004 104+1.6 2.1 0.10
structured emission bands at 7 431, 407, 387 0.006 £0.001 0.002 £ 0.0004 56+0.8 0.4 0.18
) 8 433, 410, 388 0.009 +0.002 0.003 +0.0005 88+13 0.3 0.11
390-460 nm, and their fluores- 405, 385 0.035£0.007 0.027£0.005 85+13 32 0.12
cence properties are listed in 19 438, 414, 392 0.008 £ 0.002 0.003 £ 0.0005 44407 0.7 023
Table 1. The fluorescence quan- 11 455, 429, 406 0.005£0.001 0.003 +0.0005 73+1.0 0.4 0.14
tum yield @, of probe 1is lower 12 429, 408 0.029+0.008 0.012 +£0.002 59408 2.0 0.17
13 405, 385 0.01240.002 0.009 40.002 8.9+1.4 1.0 0.11

than that of the relevant refer-
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To understand the ICT-controlled PET mechanism in the
CH,-bridged fluoroionophores, we focused particularly on
the oxidation potential E,, and the singlet excited energy
El' of the anthracene moiety."?? According to the Rehm~
Weller equation,®! the change in free energy AGpgy is inter
alia dependent on E,, of the electron donor and E!. The
calculated AGper values for the bis(fluorophore-methyl-
thio)-maleonitriles are negative.”” In general, PET can take
place in two directions. Here, oxidative PET occurs from the
excited fluorophore to the LUMO of an electron acceptor.

If the LUMO of the electron donor, which is the excited
fluorophore in this study, is close to the LUMO level of the
electron acceptor, the thermodynamic driving force is small,
and hence the PET efficiency is reduced (Scheme 2b). An

? PET b) PET
LUMO” —= |56, Lomo” 2 56,
HOMO _4_  LUMO  homo —f— ~ LUMO
—4— —— nomo —4— —— Homo
D' A D’ A
1 6

Scheme 2. Modulating the thermodynamic driving forces of PET in the
dithiomaleonitrile fluoroionophores by using different fluorophores.
a) AG, is large in 1, which has an anthryl fluorophore. b) |AG,|>|AG,]|
when the anthryl moiety is substituted by an electron-withdrawing cyano
group.

electron richer fluorophore such as that in 1 raises the
LUMO level and therefore contributes to higher PET effi-
ciency (Scheme 2a). The E,, of the anthryl moieties and the
@; values in CH;CN are related to each other. For 1 (&;=
0.008 £0.002, AGper(1)=-0.79 eV) is lower than that of 6
(9;=0.022+0.004, AGpe(6)=—-022¢eV). Indeed, the &
values of 1 and 6 were significantly modulated by changes in
the E,, and E}; values. The results of modulating oxidative
PET in the dithiomaleonitrile fluoroionophores support the
new postulated PET mechanism and supply indirect evi-
dence for this ICT-controlled PET concept.

The development of novel and useful functional PET flu-
oroionophores in fluorophore-spacer-receptor format for
PdCl, with high FE factors is only possible when fluores-
cence within a molecule is effectively quenched, here by oxi-
dative PET. Hence, we designed PdCl, fluoroionophores by
changing @; values through substituents and direction ef-
fects.

Fine-tuning of @; was achieved by introducing electron-
donating and -withdrawing groups onto the anthracene
moiety. It is also known that the &; value of anthracene de-
rivatives increases dramatically on substitution at positions 9
and 10.%°1 The highest fluorescence quenching is observed in
4 (&;=0.008 £0.002), considering the @, of 9,10-dimethylan-
thracene (@;=0.89) in polar solvents.*"

To study the influence of the relative position of the an-
thracene moiety on the @; values in bis(anthrylmethylthio)-

1822

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

maleonitriles, different isomers were explored. Isomers 1, 7,
and 8 exhibit different low @; values because oxidative PET
seems to be related to the direction. Efficient fluorescence
quenching in CH;CN is realized in 7.

Again, the @; value of 9 (®;=0.027+0.005) is lower than
that of 1-methylpyrene (®;=0.57)*"! because oxidative PET
also occurs from the excited pyrenyl to the dithiomaleoni-
trile unit. The AGpgr value is assumed to be —0.95 eV.??l By
using pyrenyl groups instead of anthryl fluorophores, we
were able to transfer the new concept to pyrenyl dithioma-
leonitriles.

Solvent effects on the @; value are found for the CH,-
bridged fluoroionophores and show that oxidative PET is
more efficient in a polar environment. In this series the
lowest @; in CH;CN is observed for 7, and good fluores-
cence enhancement can clearly be obtained with 7 by addi-
tion of PdCl,.

First, we evaluated the effect of PdCl, addition on the ab-
sorption characteristics of compounds 1-13. The ICT band
is decreased by complexation of PdCl, to the dithiomaleoni-
trile unit. Figure 3 shows the UV/Vis spectrum of 11, repre-
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Figure 3. UV/Vis absorption spectra of 11 [c(11)=5x10"m] in the pres-
ence of 0.0 (black), 0.2 (red), 0.4 (green), 0.6 (blue), 0.8 (light blue), 1
(violet), and 2 equivalents (yellow) of [PdCL(C,HsCN),] in THEF. Inset:
Titration curve at 344 nm.

sentative for 1-13, in the presence of increasing amounts of
[PACL(C¢HsCN),] and the titration curve at 344 nm. After
addition of one equivalent of PdCl,, the ICT band at 344 nm
disappears. All [PdCl,(L)] (L=1-13) complexes exhibit no
significant ICT absorption and have a 1:1 stoichiometry in
solution. These findings are supported by theoretical and ex-
cited-state calculations for [PdCl,(10)].['"

We determined the complex stability constants of the new
dialkylated dithiomaleonitrile ligands with PdCl, by spectro-
photometric titrations using the decreasing ICT intensity.?"!
For all ligands logK is larger than 4 and the most stable
complex is formed with 7 (logK=6.2+0.3). The length of
the spacer in bis(anthryl)dithiomaleonitriles 1-3 has only a
small influence on the complex stability constant. The

Chem. Eur. J. 2010, 16, 1819-1825
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monofluorophore ligands 10-13 form more stable complexes
than the corresponding difluorophore ligands 1, 4, 5, and 9,
respectively. For example, for the PdCl, complex with mo-
nopyrenyl ligand 13, log K=5.9+0.2, and for the PdCl, com-
plex with dipyrenyl ligand 9, logK=4.5+0.2 was deter-
mined. We assume that the steric hindrance on forming the
PdCl, complex with the monofluorophore ligands is lower
than that with the difluorophore ligands. This is also an ex-
planation for the increasing complex stability from 1 with
PdCl, (logK=5.4£0.2) to 7 with PdCl, (logK=6.2+0.3).
Furthermore, the fluorescence of chelate ligands 1 and 4
13 is enhanced on complexation with PdCl,, as required of a
fluorescent PET HTM-ion sensor. Figure 4 shows the fluo-

408
1.0 - .
084 0.8 .
431 rel.ly 0.6 *

rel. [,

. .
400 450 500 550
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Figure 4. Uncorrected fluorescence emission spectra of 7 [c(7)=5x
107°M, A,=362 nm] in the presence of 0.0 (black), 0.2 (blue), 0.4 (red),
0.6 (violet), 0.8 (yellow), 1 (light blue), 2 (purple) equivalents of [PdCl,-
(C¢HsCN),] in THE. Titration curve at 408 nm.

rescence enhancement of 7 in THF, representative for 1 and
4-13, as a function of added equivalents of [PdCl,-
(C¢HsCN),] and the titration curve at 408 nm. In the pres-
ence of one equivalent of PdCl,, the following FE factors
are achieved: 1: 3.2,4:3.3,5:2.2,6:1.6,7: 5.4, 8:5.1,9: 1.6,
10: 2.0, 11: 2.1, 12: 1.4, and 13: 1.2.

For various bis(anthrylmethylthio)maleonitriles the best
FE factors were obtained when AGpgr is near —0.8 eV
(Figure 5). The more negative AGpgr in the bis(anthrylme-
thylthio)maleonitriles is the more the FE factor increases.
Relatively small FE factors in the presence of PdCl, were
achieved with monofluorophore compounds 10-13. Bis-
(fluorophore-methylthio)maleonitriles give higher FE values
and they are more practically useful for fluorometric PdCl,
analysis. In this set of fluorescent chelate ligands, 7 has the
highest affinity for PdCl,. The stability constant log K=6.2+
0.3 and the FE factor of 5.4 with PdCl, are the highest in
this series. The comparatively high FE of ligand 7 with
PdCl, should be due to a typical complex-formation con-
stant for alkylated dithiomaleonitriles!™™ and preferential
steric interaction of PdCl, with the two sulfur atoms. The
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Figure 5. Relationship between the FE factors (/1)) of bis(anthrylme-
thylthio)maleonitriles 1 and 4-8 in the presence of one equivalent of
PdCl, and AGpgr

fluorescence enhancement of ligands 1 and 4-13 in the pres-
ence of PdCl, are not subject to interference by Hg’*, Ag*,
Pb**, Cu**, Ni**, or other platinum group metal ions such
as Rh** and Pt*+.! The fluorescence intensity of 7 in the
presence of 0-1 equivalents of PdCl, was linearly correlated
(R*=0.990; 106.4ng to 1.064 ug Pd). In contrast to the
methylene-connected chelate ligands, the fluorescence of tri-
methylene-bridged compound 3 is slightly affected by com-
plexation with PdCl, (FE factor <1.1). This is substantiated
by the @; value, which indicates weaker through-space PET
in 3, as discussed above. Therefore, on PdCl, complexation,
the resulting fluorescence changes are marginal. The fluores-
cence is not quenched in the [PdCl,(3)] complex by the
planar-coordinated Pd" ion. Even in such a flexible complex,
Pd" can not directly interact sterically or electronically with
the anthryl moieties.

This is also supported by theoretical calculations on the
PdCl, complexes. We considered different complexes with
various metastable conformers. Geometry optimizations
were performed at the B3LYPPY/CEP-31GP! level of theory
with added polarization functions on C, N, S, and Cl atoms.
Also excited states were calculated with the same functional
and basis set. Exemplary for the PdCl, complexes, only the
molecular orbital dominated by the Pd d.. atomic orbital of
three investigated conformers of the [PdCl,(3)] complex are
shown in Figure 6. No direct interaction with the anthryl
residues can be observed. This occupied molecular orbital
has only very small amplitudes on the anthryl unit and it is
dominated by the interaction with the Cl atoms. Therefore,
a significant electronic interaction of Pd™ with the anthryl
unit can be ruled out.

The PdCl, complexes show increased @; and 7; in CH;CN.
Solvent effects on the @; values are found for the ligands
because of oxidative PET accelerated in polar solvents (see
Table 1). For the corresponding complexes, solvent effects
are very small because the PET process is suppressed (see
Table 2).
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mer fluorescence (ICT-controlled PET and intramolecular
excimer formation) in a cycloanthracenophane-type fluo-
roionophore.
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