GDCh
~~—

Luminescence Sensors

Communications

International Edition: DOI: 10.1002/anie.201604093
German Edition: DOI: 10.1002/ange.201604093

Coordinatively Unsaturated Lanthanide(III) Helicates: Luminescence
Sensors for Adenosine Monophosphate in Aqueous Media
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Abstract: Coordinatively unsaturated double-stranded heli-
cates [(H,L),Eu,(NOs),(H,0),J(NOs),, [(H,L);Tby(H,0)4f-
(NO;)s, and [(H,L),Tb,(H,0)/Cl; (H,L = butanedioicacid-
1,4-bis[2-(2-pyridinylmethylene) hydrazide]) are easily
obtained by self-assembly from the ligand and the correspond-
ing lanthanide(11l) salts. The complexes are characterized by
X-ray crystallography showing the helical arrangement of the
ligands. Co-ligands at the metal ions can be easily substituted
by appropriate anions. A specific luminescence response of
AMP in presence of ADP, ATP, and other anions is observed.
Specificity is assigned to the perfect size match of AMP to
bridge the two metal centers and to replace quenching co-
ligands in the coordination sphere.

I n 1987 J-M. Lehn introduced the term helicate for
oligonuclear coordination compounds with two or more
linear ligands wrapping around two or more metal ions.!!
This marked the beginning of intensive studies of helical
metal complexes. Early on the interest mainly arose from
mechanistic aspects.”)

In the early investigations of helicates, properties and
function played only a minor role. An exception was the
pioneering work of Piguet and Biinzli on lanthanide helicates,
which focused on some special features, such as photophysics
or magnetism.”* Nowadays, more and more helicates are
used as structurally well-defined entities to interact with
biochemical or biological systems."!

Nucleoside phosphates are the building blocks of DNA,
a double-helical species found in nature. They themselves are
unique species, which regulate the energy conversion in
organisms. Furthermore, adenosine triphosphate (ATP),
adenosine diphosphate (ADP), or adenosine monophosphate
(AMP) play a key role in many cellular functions, for example
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transport across membranes, DNA synthesis, or cell signal-
ing.”! Adenosine monophosphate (AMP) controls important
processes in the regulation of carbohydrate metabolism
including glycogen phosphorylase and phosphofructoki-
nase.”!

Surprisingly, probes for the sensing of AMP (especially in
the presence of ADP and ATP) are rare.® Odashima and co-
workers'” and Shao’s group!"”! had reported electrochemical
detection methods. Fluorescent nano-silica sandwich com-
plexes by Qu and co-workers!'!! and a Cu complex by Lin?
were reported. A guanidinium-based tweezer type receptor
has been reported by Schmuck et al.™ and a pyridinium-
based tripodal chemosensor by Ghosh and co-workers.'I The
preferential binding order of receptors generally follows
ATP > ADP > AMP, owing to the decreasing charge—charge
interaction.

The present study introduces highly charged luminescent
cationic lanthanide helicates to selectively recognize the less-
charged AMP over ADP and ATP. Although various organo-
fluorophores™ were reported for sensing of AMP, most of
these fluorophores bind generally through the phosphate
terminals. In the present case, the receptor favors a bridging
of AMP by involving both terminal moieties of the phosphate
and the adenosine coordinating to the two metal centers. The
receptor itself is a novel kind of luminescent coordinatively
unsaturated double-stranded dinuclear helicate formed from
two bis(tridentate) ligands H,L (Figure 1) and two europium-
(IIT) or terbium(III) ions. The coordination sites at the metal
ions are filled up by water molecules or anions. Those co-
ligands in principle can be substituted by anionic species.
However, a thorough screening of possible anionic co-ligands
for the helicate revealed that only AMP results in a significant
change of the luminescent properties.

Ligand H,L was prepared by reaction of succinic acid
dihydrazide with 2-pyridine carboxaldehyde. Treating H,L
with Eu(NO;);, TbCl;, and Tb(NO;); results in the respective
dinuclear Ln™ complexes [Eu,(H,L),(NO;),(H,0),](NOs),,
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Figure 1. Ligand H,L and AMP.
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[Tb,(H,L),(H,0)]Cls, and [Tb,y(H,L),(H,0)e](NO3)s (Sup-
porting Information, S1-S9). Colorless crystals of the coordi-
nation compounds were obtained via slow diffusion of diethyl
ether into methanolic solutions The molecular structures
confirm the formation of dinuclear double-stranded helicates
as depicted in Figure 2.

Figure 2. Structures of the cationic helicates [Eu,(H,L),(H,0),(NO;),]*"
and [Tb,(H,L),(H,0)*" as observed in the crystal (C gray, H white,

122)

O red, N blue, Eu orange, Tb green)

In the crystal structure, the europium(III) complex exists
as discrete [Euy(H,L),(NO;),(H,0),]*" ion (Figure 2a) with
four nitrates as counter ions and water as solvent of
crystallization. [Eu,(H,L),(NO;),(H,0),](NO;), crystallizes
in the orthorhombic space group Aba2. The cation possesses
two symmetrically disposed ligand strands H,L helically
wrapping around the Eu-Eu axis with an intermetallic
M-M distance of 8.013(6) A. Each Eu** ion shows a coordi-
nation number of CN=10. Among them, six sites are
occupied by the N,O chelates of two tridentate pyridyl
acylhydrazone moieties of opposite ligand strands, two sites
are occupied by a chelating nitrate anion, and two further
sites are filled by two water molecules. Eu—O and Eu—N bond
lengths are in the range of 2.401(2)-2.678(4) A and 2.552(3) to
2.680(4) A, respectively. The helical twist is reflected in the
torsion angles at the central —-C—C— bond of the spacer (82.8°
and 74.08° respectively), which links the two pyridyl acylhy-
drazone moieties. An approximate orthogonal orientation
(82.8° and 76.2° respectively) is observed in the mean planes
of the metal chelated moieties of the ligand strands.

[Tb,(H,L),(H,0),]Cls (Figure 2b) crystallizes in the mon-
oclinic space group P2,/n, while crystals of [Tb,(H,L),-
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(H,0)4](NO;)s were obtained in P1. Those complexes are
structurally similar to the corresponding europium compound
with Tb--Tb distances of 7.577(5) or 7.8525(3)/7.7866(3) A,
respectively.

Both  [Euy(FLL),(NO;),(H,0),]*  and  [Tby(H,L),-
(H,0)4]°" are luminescent in solid and solution state, showing
typical emission of the corresponding lanthanide ion. To
understand the effect of pH on the photophysics, the change
in the luminescence intensity of [Eu,(H,L),(NO;),(H,0),]-
(NO;), at 614 nm was monitored in water by varying the pH
from 2-11 (Supporting Information, S11). The maximum
emission intensity was observed in the pH range 7-9,
matching well with the physiological pH. This encouraged
us to use the complexes in sensing studies with anionic
species. We realized that effects of additives on the photo-
physical properties of [Eu,(H,L),(NO;),(H,0),]*" are stron-
ger than for [Tb,(H,L),(H,0)]*". Based on this, we focused
on the europium(IIT) complex.

In a preliminary screening experiment, different anions
(100 equiv) were added to [Eu,(H,L),(NO;),(H,0),]J(NO3),
in aqueous HEPES buffer (10 mm, pH 7.4). As anionic
species F~, CI-, Br~, I", SO,>~ HSO,”, B,0;*", AcO",
CO;*", HCO;™,NO, , NO; ™, H,PO,”, HPO,*", PO,’", AMP,
ADP, and ATP were added as sodium salts. The correspond-
ing luminescent responses are presented in Figure 3. Only
AMP induces a significant luminescence change which is not
observed with the other anions (even ATP, ADP, or the
phosphates PO,*~, HPO,*", and H,PO,"). Addition of AMP
to [Eu,(H,L),(NO5),(H,0),](NO;), enhances the quantum
yield of the emission at 614 nm from @,,,=1.8% to D, =
6.1 % with an 64-fold enhancement of the emission intensity.
The remarkable discrimination of AMP from ADP, ATP, and
other inorganic phosphates PO,’~, HPO,’", and H,PO,”
(Figure 3, inset) by the luminescence change can be even
observed by naked eye under an UV lamp (4., =320 nm).
Competition experiments show that the emission intensity of
the [Eu,(H,L),(NOs),(H,0),]J(NO;)/AMP mixture is not
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Figure 3. The luminescence response of [Eu,(H,L),(NOs),(H,0),)-
(NO;), upon addition of various anions in HEPES buffer (10 mm,

pH 7.4) upon excitation at 4., =320 nm. The plot shows the relative
luminescence intensity (F/F,) of [Eu,(H,L),(NO;),(H,0),](NOs),
(2x107° M) at 614 nm (F,) against the emission upon addition of
100 equiv. of different anions (F). Inset: Corresponding luminescence
spectra of [Eu,(H,L),(NOs),(H,0),](NO;), (2x107° M) in the presence
of various analytes (100 equiv).
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significantly affected by addition of other anions (Supporting
Information, S12).

For a detailed evaluation of the binding interaction
between AMP and [Eu,(H,L),(NO;),(H,0),/(NO;),, a sys-
tematic titration study was performed by varying the concen-
tration of AMP from 0.1 equiv to 10equiv (Figure 4),
monitoring the emission bands at 592, 614, and 699 nm. All
peaks show systematic luminescence enhancement.
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Figure 4. Evolution of the Eu"-centered emission upon titration of

[Euy(H,L)2(NOs),(H,0) ] (NOs), (2x 1075 m) with AMP in HEPES buffer
(10 mm, pH 7.4) at A,,=320 nm, showing the switching-on of emis-
sion. Inset: binding isotherms at 592 nm, 614 nm and 699 nm (o, is
the observed emission intensity and I, is the initial emission intensity
before adding AMP).

The Benesi-Hildebrand Equation (1) (with F, and F
being the luminescent intensities before and after addition of
AMP; A is the concentration of AMP) enables the determi-
nation of the binding constant K.

1 1 Lo a
F=Fy, ~ (P FO) AT Fom—Fo )

By applying this equation for [Eu,(H,L),(NO;),(H,0),]-
(NOs), with increasing concentration of AMP, a linear fit is
obtained for (1/F—F,) versus 1/[AMP], revealing a 1:1 species
to be present. A binding constant of log K,=3.834+0.01 is
estimated (Figure 5a). The 1:1 stoichiometry was also con-
firmed by Job’s method of continuous variation (Figure 5b).
A 1:1 mixture of Eu,(H,L), and AMP shows in the positive
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Figure 5. Determination of K, for the interaction of [Eu,(H,L),(NO;),-
(H20)4(NO3), with AMP by the Benesi—Hildebrand method (a) and
the corresponding Job plot (b), confirming the 1:1 stoichiometry.
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ion HRMS spectrum at m/z =1294.1309 the peak of [(H,L-
2H),Eu,-AMPJH" (caled: m/z=1294.1320, S13). ESI-MS
analysis shows that the imide group of the ligand can be
deprotonated for charge compensation.!'”!

In the absence of AMP, the luminescence intensity of
[Eu,(H,L),(NO;),(H,0),](NOs), is relatively weak. The coor-
dinated labile water at the Eu™ center is responsible for the
observed low quantum yield (@) of [Eu,(H,L),(NOs),-
(H,0),](NO3),. Upon treatment with AMP, emission en-
hancement of up to 64-fold is induced by coordination of
AMP and simultaneous displacement of the quenching water.
The detection limit for AMP has been determined by
standard techniques!™ to be 2 pm.

A recent report of Tan et al."! describes a coordination
polymer made up of Eu** with AMP and used it for sensing of
tetracycline (Tc) and citrate (Cit), respectively. Interestingly,
the non-luminescent Eu-AMP polymer reported in the study
becomes luminescent upon binding of Tc or/and Cit as
lanthanide sensitizers. In contrast, the present Eu,(H,L),
double helicate already bears sensitizing units in the bridging
ligand and thus switches from low luminescence to a 64-fold
luminescence intensity upon binding of AMP. Thus AMP
itself is not a sensitizer, owing to the low lying triplet level of
AMP, which is lower than the resonance level of D, at Eu’*.

The binding of one AMP to a double-stranded helicate
should proceed as shown in Scheme 1. The phosphate unit
coordinates to one of the europium(III) ions displacing water
molecules and co-ligands. Now AMP is predisposed for
a second binding through its imidazole-type unit of adenosine
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Scheme 1. Binding of AMP to a double-stranded helicate, which leads
to displacement of water molecules. Force-field calculations® reveal
that binding of AMP is only possible if the homochiral double-stranded
helicate undergoes a transition into a hetero-chiral triple-stranded
complex with the metal complex units possessing opposite configura-
tion (see inset: computed force field model of [(H,L),Eu,(AMP)]*").
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to the second metal center. However, to do this, the
homochiral double-stranded helicate has to transform into
a heterochiral species with side-on binding of the two ligands
H,L as well as AMP. Owing to its “banana-type” shape, the
latter is already preorganized for this kind of binding. In this
arrangement the coordination sites at the metal centers are
sterically crowded leading to removal of water molecules.
This enables the observed luminescence increase. For a model
of a possible structure generated by force field calculations®”!
see the structure presented in Scheme 1. Similar lanthanide
bridging by AMP has already been observed.'! Furthermore,
the lifetime determined for a neat [Eu,(H,L),(NO3),(H,0),]-
(NOs), complex and 1:1 ratio of Eu-complex/AMP mixture in
aqueous medium provides 7=0.14ms (x*=1.055) and
0.32 ms (x*=1.085). The enhancement in the lifetime from
complex to AMP complex reflects an increment in their
quantum yield, which further indicates the displacement of
water quenchers upon binding of AMP.

In our experiments, we cannot detect the binding of ADP
or ATP to the complex. However, we cannot rule it out.
Modeling of an bridging ADP or ATP complex with a chelat-
ing internal phosphate unit reveals that the attached phos-
phate or diphosphate moiety sterically interacts with the
bridging ligand L leading to the destabilization of the complex
(Supporting Information, S14). This gives a tentative explan-
ation for the AMP specific behavior of [Eu,L,]"".

In conclusion, we have presented a new type of coordi-
natively unsaturated double-stranded helicate. The com-
plexes show a specific luminescence response to AMP,
which is assigned to the ability to coordinate simultaneously
to both metal centers in the dinuclear helicate. By this the
number of quenching co-ligands at the metal centers is
decreased and the luminescence is significantly enhanced,
even in water. The unusual selectivity towards AMP over
highly charged ADP and ATP is illustrated by [Eu,(H,L),-
(NO5),]*". The formation of the [Eu,(H,L),AMP]*" complex
demonstrates a unique conformational and charge—charge
interaction between the [(Eu,(H,L),(NO;),]*" helicate and
the nucleotide AMP.
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