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Synthesis, Complexation and Spectrofluorometric Studies of a New NS;
Anthracene-Containing Macrocyclic Ligand

Abel Tamayo,!*! Lluis Escriche,*!*! Jaume Casabo,!*! Berta Covelo,”! and Carlos Lodeiro*!"!

Keywords: PET Systems / N,S ligands / Macrocycles / Fluorescence / Palladium

A new fluorescent device for detecting protons and metal
ions, 11-(9-anthracenylmethyl)-1,4,7-trithia-11-azacyclotetra-
decane (L), has been synthesised. In addition, the photophys-
ical properties of both the free and protonated species have
been examined by absorption and fluorescence titrations of
dichloromethane solutions of L with methanesulfonic acid.
The coordinating properties of L toward Pd", Zn", Ni'f and
Co™ have been studied both in solution and in the solid state.
Different behaviours have been observed in the absorption

and fluorescence titrations of L with the above-mentioned
transition-metal ions. To evaluate whether these differences
were due to the existence of equilibria between protonated
and complexed species, such titrations have been repeated
in the presence of an equivalent amount of acid. The struc-
ture of the [Pd(L)](BF,), complex has been solved by X-ray
crystallography.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The design of new fluorescence chemosensors capable of
signalling the presence of metal ions is a subject of particu-
lar interest for chemists.l'! These systems usually consist of
a fluorescent moiety (signalling unit), covalently connected
to a binding site (receptor unit).’! The more specific the
interaction between the receptor unit and the analyte, the
greater the selectivity of the chemosensor. Many fluores-
cence chemosensors have macrocycles as receptor units, as
the coordinating properties of macrocycles have been shown
to be more effective than those of the analogous acyclic
ligands. Most of these chemosensors are made up of po-
lyoxa,l®! polyazal* and oxa-azamacrocycles,!”! which have
been used for the detection of alkali and hard metal ions.
However, less attention has been paid to the study of thia-
macrocycle-containing chemosensors, which could be useful
for detecting soft transition-metal ions.) On the other
hand, the stronger the effects of the ion on the properties
of the fluorophore, the greater the sensitivity of the chemo-
sensor. Aliphatic amines closely bonded to anthracene moi-
eties are known to be involved in electron transfer quench-
ing, which facilitates the signalling of the presence of metal
ions in amine-containing systems.[”) Taking these considera-
tions into account, we here report the synthesis of a new
fluorescence device 11-(9-anthracenylmethyl)-1,4,7-trithia-
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11-azacyclotetradecane (L), which consists of an azathia-
macrocycle connected by its aliphatic amine to an anthracene
moiety. Protonation and coordination properties towards
PdY, Zn", Ni'! and Co™ have also been studied, with the
crystallographic data of the [Pd(L)](BF,), complex analysed
as well.

Results and Discussion

Synthesis of Ligands

Scheme 1 shows the two methods used to synthesise the
anthracene-containing macrocycle L. The first method
(pathway A in Scheme 1) is based on using macrocycle 2 as
a precursor of L. Compound 2 was obtained by cyclisation
of 2,2’-thiobis(ethanethiol) with the dichloride precursor 1,
following a procedure similar to that described by Buter
and Kellogg for the synthesis of sulfur-containing macro-
cycles. This method is based on the simultaneous reaction
between aliphatic a,o-dithiols and o,w-dihalides, using
DMF as a solvent and Cs,CO5 as a base.®! In our case,
CsOH was used instead of Cs,COs3, as the carbonate ions
react with 1 to produce 3-(3-chloropropyl)-[1,3]oxazin-2-
one.”l This modification allowed us to obtain 2 in 62% of
the yield. The preparation of 2 was previously reported in
the literature using other methods.'” Those methods avoid
the reaction between the carbonate ions and the dihalide 1
by using protection—deprotection strategies, which increase
the number of synthetic steps and decrease the final yields.
The last step in synthetic procedure A is the functionali-
sation of 2 with an anthracene derivative. This was per-
formed by a reaction of 2 with 9-(chloromethyl)anthracene
in the presence of KI, as we have recently shown that iodide
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Scheme 1.

ions can be used as catalysts for the nucleophilic substitu-
tion reactions of 9-(chloromethyl)anthracene and secondary
aliphatic amines.[''! The overall yield of pathway A was
45%.

The second method for the synthesis of L (pathway B in
Scheme 1) is based on the functionalisation of the dichlo-
ride precursor 1, prior its use in the cyclisation reaction
with 2,2'-thiobis(ethanethiol). Although the cyclisation
conditions of pathway B are very close to those optimised
for the synthesis of sulfur-containing macrocycles,® as
Cs,CO; could be used as a base,['?] the overall yield of this
second pathway (38%) was not significantly different from
that found in pathway A.

Complexation of L

The reaction of equimolar amounts of L and Pd(BF,),
4CH;CN in acetonitrile yielded a light brown solution. The
addition of diethyl ether to this solution led to the precipi-
tation of a crystalline product, whose elemental analysis is
consistent with the formula Pd(L)(H,O),(BF,),. Its IR
spectrum confirmed the presence of L, tetrafluoroborate
ions and water molecules, as well as the absence of aceto-
nitrile, as no signal was observed between 2250 and
2350 cm™'. This compound behaves as a 2:1 electrolyte in
acetonitrile solution, which indicates that the tetrafluorobo-
rate anions are not coordinated with the metal ions. The 'H
NMR spectrum of this complex in acetonitrile solution
shows a complex pattern in the aliphatic region, as most of
the signals become multiplets because of the nonequiva-
lence of the hydrogen atoms. However, its '*C{'H}NMR
spectrum shows the same number of signals as that of the
free ligand, which indicates that although the two protons
bonded to each carbon atom are magnetically nonequiva-
lent, each pair of carbon atoms is chemically equivalent.
On the other hand, those carbons directly bonded to a do-
nor atom of L show downfield displacement compared with
those of the free ligand, which suggests that the Pd" ion is
coordinated to all four donor atoms of L. This fact, to-
gether with the ESI-MS and electronic spectra of this com-
plex, points to the presence of the [Pd(L)]** unit, which
was confirmed by X-ray analysis of the pale brown crystals
2998
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obtained by slow diffusion of hexane into a dichlorometh-
ane solution of [Pd(L)](BF,),2H,0. It is important to note
that although the elemental analysis, as well as the IR spec-
trum of this complex, indicates the presence of water mole-
cules, these are not present in the crystal lattice of the com-
plex. Therefore, they were probably lost during the crystalli-
sation process.

The crystal structure of this complex consists of discrete
[PA(L)]** cations and tetrafluoroborate anions. A displace-
ment ellipsoid representation of the cation complex and a
list of selected bond lengths and angles are given in Fig-
ure 1. The metal coordination geometry is square-planar
with the N2, S6, S9, S12 and Pd atoms on a plane. The
largest deviation from this plane is 0.0941 A for the S9
atom. The Pd-N distance [2.133(2) A] is slightly larger than
that of the analogous Pd" complex without the pendant
arm.l'°l The Pd-S bond lengths [2.2718(9), 2.306(3) and

2+

Figure 1. Displacement ellipsoid representation of the [Pd(L)]
cation with the atom-numbering scheme adopted. Tetrafluorobo-
rate counterions and hydrogen atoms have been omitted for clarity.
Selected bond lengths [A] and angles [°]: Pd-N2 2.133(2), Pd-S9
2.2718(9), Pd-S12 2.306(3), Pd-S6 2.3221(9), N2-Pd-S9 174.34(6),
N2-Pd-S12 94.45(9), S9-Pd-S12 85.56(7), N2-Pd-S6 93.10(6), S9—
Pd-S6 87.21(3), S12-Pd-S6 171.92(8). Ellipsoids are shown at the
30% probability level.

Eur. J. Inorg. Chem. 2006, 2997-3004



A New NS; Anthracene-Containing Macrocyclic Ligand

FULL PAPER

2.3221(9) A] are similar to those found for other Pd! com-
plexes of thioether-containing macrocycles.'°®!31 In this
structure, L. adopts a conformation in which all carbon
atoms of the macrocyclic unit lie below the plane defined
by the four heteroatoms, whereas the whole anthracene
moiety lies over this plane. As expected, the anthracene unit
is essentially planar. In fact, the largest deviation from the
least-squares plane calculated using all 14 aromatic atoms
is 0.126 A for the C29 atom. A ring of the anthracene moi-
ety is located over the Pd' ion. The distance between the
centroid of such a ring [Cg(1): C25-C26-C27-C28-C29-
C30] and the metal ion is 3.635 A, whereas the angle be-
tween the normal of the ring and the Cg(1)--Pd vector is
41.26°. These considerations may suggest a weak intramo-
lecular cation-n interaction.'¥ On the other hand, non-
classical C-H---F hydrogen bonds lead to the formation of
a 2D supramolecular network along the crystallographic ab
plane (Figure 2).

Figure 2. A fragment of an infinite 2D network through C-H-F
hydrogen bonds of [Pd(L)](BF,), showing the close packing in the
plane ab. Tetrafluoroborate counterions in space-filling mode.
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All attempts to obtain solid complexes with Ni'l, Co!!
and Zn" were unsuccessful, as no homogeneous products
were isolated. This fact could be attributed to the proton-
ation of L, as was also observed in the titrations of other
tertiary amine-containing ligands with these metal ions.['!]

Spectrophotometric and Spectrofluorometric Studies

Ligand Protonation

The absorption spectrum of a dichloromethane solution
of L shows the characteristic band of the anthracene deriva-
tives above 330 nm. The absorption band of L has a vi-
brational fine structure with maxima at 333, 350, 368 and
388 nm. The effect of the protonation on the absorption
spectrum of this ligand was determined by titration with
methanesulfonic acid (Figure 3, A). This absorption ti-
tration revealed seven isosbestic points at 335, 342, 352,
361, 371, 380 and 391 nm, which suggests the presence of
two species in equilibrium. The protonation induced a red
shift of the absorption maxima, as well as a decrease in the
absorption coefficient of this band. As can be seen in the
inset of Figure 3 (A), an equivalent amount of acid is re-
quired to complete the protonation of L.

The fluorescence emission and excitation spectra of L
show the characteristic bands of the anthracene systems
(Figure 3, B). An “off-on” behaviour is observed when a
dichloromethane solution of L is titrated with acid, as the
nonprotonated ligand is slightly emissive in dichlorometh-
ane, whereas the protonated form is at least 30 times more

Table 1. Quantum yields in dichloromethane at 298 K.

D
L 0.010
L+ H* 0.341
L + Pd?* 0.005
L + Zn?* 0.254
L + Ni** 0.203
L + Co?* 0.208

00 400 500 600
Wavelength [nm]

Figure 3. (A) Absorption spectra of a dichloromethane solution of L as a function of added CH;SO;H. The inset shows the absorbances
at 372 and 388 nm. (B) Excitation and emission spectra of a dichloromethane solution of L as a function of added CH5SO3H. The inset
shows the normalised fluorescence intensity at 422 nm ([L] = 5.14x 105 M, T = 298 K, Jcyxe = 368 nm; A, = 423 nm).
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emissive than the free ligand. This increase in the fluores-
cence intensity is also reflected by comparing the quantum
yield of the nonprotonated and protonated ligands (see
Table 1), and is due to the fact that protonation prevents
photoinduced electron transfer (PET) from the lone pair of
electrons of the nitrogen atom to the anthracene moiety.

Metal Ion Titrations

To explore the utility of L as a fluorescence device, ti-
trations with several transition-metal ions were performed.
Two different behaviours were observed as a function of the
used metal ion.

Pd" Titrations

To identify the absorption bands that exclusively resulted
from the interactions between the Pd!' cations and the
macrocyclic moiety of L, we first performed a titration of
the nonfunctionalised macrocycle 2 with this metal ion. The
addition of Pd(BF,),4CH;CN to a dichloromethane solu-
tion of 2 led to the formation of two absorption bands at
258 and 330 nm, assigned to MLCT and d-d bands respec-
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tively.'>! The inset of Figure 4 shows that the titration was
completed after the addition of 1 equiv. of metal ion, which
is in agreement with the formation of mononuclear species.

Figure 5 (A) shows the absorption spectra of the titration
of L with Pd(BF,),. The addition of the metal ion causes a

350
Wavelength [nm)

250

Figure 4. Absorption spectra of a dichloromethane solution of 2 as
a function of added Pd(BF,),. The inset shows the absorbances at
258 and 330 nm ([2] = 5.50x 10 M, T = 298 K).
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Figure 5. (A) Absorption spectra of L as a function of increasing amounts of Pd(BF,),. The inset shows the absorbances at 288, 376 and
388 nm. (B) Emission spectra of L as a function of added Pd(BF,),. Those spectra between the maximum and the end of the titration
have been omitted for clarity. The last spectrum of each titration is shown as a dotted line. The inset shows the normalised fluorescence
intensity at 422 nm. (C) Absorption spectra of LH™ as a function of increasing amounts of Pd(BF,),. The inset shows the absorbances
at 288 and 382 nm. (D) Emission spectra of LH* as a function of added Pd(BF,),. The inset shows the normalised fluorescence intensity
at 422 nm (dichloromethane solution, [L] = [LH*] = 5.14x 105 M, T = 298 K, /ey = 368 nm).
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Figure 6. (A) Absorption spectra of a dichloromethane solution of L as a function of increasing amounts of Ni(BF,),. The inset shows
the absorbances at 374 and 388 nm. (B) Emission spectra of a dichloromethane solution of L as a function of added Ni(BF,),. The inset
shows the normalised fluorescence intensity at 422 nm. ([L] = 5.14x10° M, T = 298 K, /¢ = 368 nm).

red shift of the anthracene band, as well as an incremental
increase in the molar absorption coefficient in the region
around 300 nm. This increment is attributed to the forma-
tion of the absorption bands analogous to those observed
in the titration of 2. As can be seen in the inset of Figure 5
(A), a plateau is reached after the addition of an equivalent
amount of metal ion, which suggests that each macrocyclic
unit is coordinated to one metal ion. Figure 5 (B) shows the
fluorescence titration of L with Pd(BF,),. Although initial
additions of the metal ion increase the fluorescence of the
ligand, supplementary additions cause a strong quenching
of the fluorescence, as well as a blue shift of about 6 nm.
The chelation enhancement of the quenching (CHEQ) effect
can be explained by assuming that Pd!, as well as other
transition-metal ions with partially filled d orbitals, is
known to induce fluorescence quenching through photoin-
duced electron transfer or energy transfer mechanisms.['®!
The initial increase of the fluorescence could be explained
by the protonation of the amine, which prevents PET from
its nitrogen atom to the anthracene moiety. This proton-
ation is probably due to the presence of water in the metal
ion solutions, which acts as an acid.

To verify this hypothesis, both absorption and fluores-
cence titrations of L were repeated in the presence of 1
equiv. of methanesulfonic acid (see parts C and D in Fig-
ure 5). The absorption titration of LH* with Pd(BF,), fol-
lowed the same pattern as that observed for L. On the other
hand, the fluorescence titration of LH* was significantly
different from that of L, as the intensity of fluorescence
decreased after each addition of metal ion. These results
are in agreement with the simultaneous presence of proton-
ated and complexed species in the early stages of the ti-
tration of L with Pd(BF,),, and with the presence of only
complexed species in the last stages of this titration. The
insets of Figure 5 (parts C and D) show that 1 equiv. of Pd!!
is required to complete the complexation of LH*, which
indicates that the Pd' ions can efficiently replace the pro-
tons of the LH* moieties.
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Zn"l, Ni'' and Co" Titrations

No significant differences were found in the absorption
or in the fluorescence titrations of L when this ligand was
titrated with Zn(CF;S03),, Ni(BF,4), or Co(BF,),. As a rep-
resentative example, Figure 6 shows both the absorption
and fluorescence titrations of L with Ni'l, The addition of
any of these salts causes a red shift in the anthracene ab-
sorption maximum of L, as well as a decrease in its molar
absorption coefficient. These changes occur until the ad-
dition of 0.6 equiv. of Zn" or Ni'! or 0.7 equiv. of Co'..

As in the case of the fluorescence titration of L with Pd',
initial additions of Zn™, Ni'' or Co! increase the fluores-
cence of L. However, further additions cause neither the
shift nor the quenching of the emission band. These obser-
vations suggest that the addition of Zn', Ni'!l or Co'! also
leads to the initial protonation of L, after which no interac-
tion between L and these metal ions can occur. This hy-
pothesis was confirmed when the titrations were repeated
in the presence of an equivalent amount of acid, as the ad-
dition of these ions to dichloromethane solutions of LH*
did not cause significant changes either in the absorption
or in the emission spectrum of the ligand, which indicates
that these metal ions cannot efficiently replace the protons
in the protonated macrocycles.

The different behaviour observed between the titrations
with Pd" and those with Zn'!, Ni'l or Co" is probably due
to the different affinity between the metal ion and the do-
nor atoms of L. This is in agreement with the fact that the
soft nature of the NS; set of L leads to the formation of
complexes with only the softest of these metal ions, that of
Pd™,

Conclusions

The azathiamacrocycle 2 can be synthesised by reacting
N,N-bis(3-chloropropyl)amine with 2,2'-thiobis(ethane-
thiol) in the presence of CsOH. This new method allowed
3001
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us to obtain 2 without using any amine-protecting group,
which decreases the number of synthetic steps and improves
the final yield. The anthracene-containing macrocycle L
can be obtained either by functionalisation of 2 with 9-
(chloromethyl)anthracene or by cyclisation of N,N-bis(3-
chloropropyl)-9-anthracenemethanamine with 2,2’-thiobis-
(ethanethiol). Both methods allow the synthesis of L in
moderately high yields.

As observed in the spectra of the fluorescence titration of
L with methanesulfonic acid, the protonation of this ligand
greatly increase its fluorescence. This protonation also oc-
curs when L is titrated with Pd", Zn'!, Ni'! or Co" solu-
tions, as the water molecules present in such solutions are
acidic enough to produce the protonation of the ligand,
which reflects the basic nature of its tertiary amine group.

Only the Pd"™ ions can efficiently remove the protons
from the protonated LH* molecules to yield complexed
species, which indicates that the interactions between L and
the Pd" ions are stronger than those between L and pro-
tons, whereas the interactions between L and the Zn'!, Nill
or Co' ions are weaker than those between L and the pro-
ton ions. These differences explain why only characterisable
species with Pd! could be isolated. The high affinity of L
towards Pd" could be potentially useful in the development
of new molecular devices.

Experimental Section

General Remarks: Elemental analyses were performed with a
Carlo-Erba EA-1108 instrument by the Chemical Analysis Service
at the Universitat Autonoma de Barcelona. Mass spectra were re-
corded with a HP298S GC-MS system. NMR spectra were re-
corded with a Bruker 250 MHz AC instrument. Conductivity mea-
surements were carried out with a Cyberscan 500 conductimeter.
IR spectra were recorded with a Perkin—Elmer FT-1710 instrument.
Organic reagents and transition-metal salts were purchased from
Aldrich and used as received. All syntheses were carried out using
standard Schlenk techniques. N,N-Bis(3-chloropropyl)amine (1)
was prepared from 3-amino-1-propanol and 3-chloro-1-propanol
according to the published method but using chloroform instead
of benzene as solvent.['”) N, N-Bis(3-chloropropyl)-9-anthraceneme-
thanamine (3) was prepared from 1 and 9-(chloromethyl)anthra-
cene as previously reported in the literature.l'!l

X-ray Crystal Structure Determinations: A single crystal of
[PA(L)](BF,), was mounted on a glass fibre and used for data col-
lection. A summary of the crystallographic data is reported in
Table 2. Crystallographic measurements were performed with a
Bruker Smart CCD apparatus at 293 K, using graphite-monochro-
mated Mo-K,, radiation (2 = 0.71073 A) in RIAIDT (University of
Santiago de Compostela, Spain). Crystallographic data were cor-
rected for Lorentz and polarisation effects. The frames were inte-
grated with the Bruker SAINT Software package,'® and the data
were corrected for absorption using the SADABS program.!'”] The
structure was determined by direct methods using the SIR-97 pro-
gram.?1 All non-hydrogen atoms were refined with anisotropic
thermal parameters by full-matrix least-squares calculations on F?
using the SHELXL97 program.?!l Hydrogen atoms were inserted
at calculated positions and constrained with isotropic thermal pa-
rameters. Tetrafluoroborate anions and the S12 sulfur atom of the
macrocyclic ligand were modelled with disorder. Special computa-
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tions for the crystal structure discussions were carried out with
PLATON.22I

Table 2. Crystallographic data for [Pd(L)](BF,).
C25H31B2F8NPdS3

Empirical formula

Formula mass 721.71
Crystal system monoclinic
Space group C2/c

a[A] 17.614(5)

b [A] 14.495(5)

¢ [A] 21.754(5)
B 97.310(5)
VA3 5509(3)

Za Pealed [g/cm3] 89 1.740
F(000) 2912
Crystal size [mm] 0.34%x0.31%x0.14
Absorption coefficient [mm™']  0.974

0 range [°] 1.83-28.32
Max./min. transmission 0.873-0.748
Reflections collected 25542

Independent reflections (R;,;)
Final R indices [/ > 20([)]
Final R indices (all data)

6677 (0.0331)
R, =0.0330, wR, = 0.0768
R, = 0.0468, wR, = 0.0840

CCDC-266369 contains the supplementary crystallographic data
for this paper. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.uk/
data_request/cif.

Spectrophotometric and Spectrofluorometric Measurements: Ab-
sorption spectra were recorded with a Shimadzu UV-2501PC spec-
trophotometer and fluorescence emissions on a Horiba—Jobin—
Yvon SPEX Fluorolog 3.22 spectrofluorimeter at the Universidade
Nova de Lisboa. The linearity of the fluorescence emission versus
concentration was verified for the concentration range used (10#
to 107° M). A correction for the absorbed light was performed when
necessary. The absorption and fluorescence titrations were per-
formed by adding microlitre amounts of acetonitrile, or ethanol
solutions of the corresponding titrating agent, to dichloromethane
solutions of the ligand. [2] = 5.50% 105 M. [L] = 5.14 X 10> M, Jexe
=368 nm; A, = 423 nm. Luminescence quantum yields were mea-
sured using a solution of sublimated anthracene in cyclohexane as
a standard [®@ = 0.36].23

1,4,7-Trithia-11-azacyclotetradecane (2): A solution of 1 (3.32 g,
15.54 mmol) in deoxygenated DMF (50 mL) and a solution of 2,2'-
thiobis(ethanethiol) (3.02 g, 15.54 mmol) in deoxygenated DMF
(50 mL) were added simultaneously (at 2 mL/h using a perfusor)
to a round-bottomed flask equipped with a magnetic stirrer and
charged with CsOH (6.45 g, 39.06 mmol) and deoxygenated DMF
(700 mL). Subsequently, the solvent was removed and the residue
was dissolved in CHCl; (200 mL). The solution was filtered off and
the solvent was removed to obtain a pale brown oil. This residue
was purified by column chromatography on silica gel using a mix-
ture of CHCI3/CH3OH (10:1 v/v ratio) as eluent. Yield 3.07 g, 62%.
CoH, NS5 (251.48): caled. C 47.76, H 8.42, N 5.57, S 38.25; found
C 47.55, H 8.30, N 5.55, S 37.80. '"H NMR (250 MHz, CDCl;,
25°C):6=1.18 (s, | H, -CH,-NH-CH,-), 1.72 (m, 3Jyy 1y = 6.23 Hz,
4 H, -S-CH,-CH,-CH,-NH-), 2.63-2.74 (m, 8 H, -S-CH,-CH.-
CH,-NH-), 2.74 (m, 8 H, -S-CH,-CH>-S-) ppm. 3C{'H} NMR
(CDCls, 25°C): 6 = 28.9 (-S-CH,-CH,-CH,-NH-), 30.4 (-S-CH.-
CH,-CH,-NH-), 31.9 (-S-CH,-CH,-S-CH,-CH,-S-), 32.5 (-S-CH,-
CH,-S-CH,-CH,-S-), 46.9 (-S-CH,-CH,-CH,-NH-) ppm. UV/Vis
(CH,CL,): 4 =258 nm (¢ = 769 M '/cm). ESI-MS: m/z (%) = 252.4
[2 + H]". IR (KBr pellet): ¥ = 3316, 2925, 2819, 1675, 1424, 1265,
1191, 1122, 693 cm™!.
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11-(9-Anthracenylmethyl)-1,4,7-trithia-11-azacyclotetradecane (L).
Preparation from 2: A mixture of anhydrous Na,CO; (0.31 g,
2.94 mmol), KI (0.20 g, 1.20 mmol), 9-(chloromethyl)anthracene
(0.49 g, 2.15 mmol) and 2 (0.65 g, 1.47 mmol) in CH;CN (100 mL)
was refluxed for 4 h. The mixture was filtered off and the solvent
was removed with a rotary evaporator. The resultant yellow residue
was purified by column chromatography on silica gel using CHCl;
as eluent. Yield 1.14 g, 73%.

Preparation from 3: A solution of 2,2'-thiobis(ethanethiol) (0.77 g,
4.98 mmol) in deoxygenated DMF (50 mL) and a solution of 3
(1.79 g, 4.98 mmol) in deoxygenated DMF (50 mL) were added
simultaneously at 2 mL/h using a perfusor to a round-bottomed
flask equipped with magnetic stirrer and charged with a solution
of Cs,CO;5 (1.78 g, 5.50 mmol) in deoxygenated DMF (700 mL).
The solvent was removed and the residue was dissolved in CHCl;.
This solution was filtered off and the solvent was removed to yield
a yellow oil that was purified by column chromatography on silica
gel using CHCI; as eluent to afford 0.90 g (40% yield) of yellow
solid. C,sH3;NS; (441.72): caled. C 67.98, H 7.07, N 3.17, S 21.78;
found C 67.55, H 7.10, N 3.10, S 21.40. '"H NMR (250 MHz,
CDCl3, 25°C): 6 = 1.73 (m, 4 H, -S-CH,-CH,-CH,-N-), 2.26 (t,
3Jan = 793 Hz, 4 H, -S-CH,-CH,-CH,-N-), 2.59 (t, 3Jpy =
6.19Hz, 4 H, -S-CH,-CH,-CH,-N-), 2.69 (s, 8 H, -S-CH>-
CH>-S-), 4.51 (s, 2 H, An-CH,-N-), 7.50 (m, 4 H, An-CH,-N-),
8.00 (m, 2 H, An-CH,-N-), 8.44 (m, 3 H, An-CH,-N-) ppm.
3BC{'H} NMR (CDCls, 25°C): § = 28.5 (-S-CH,-CH,-CH,-N-),
29.8 (-S-CH,-CH,-CH,-N-), 31.1 (-S-CH,-CH,-S-CH,-CH,-S-),
31.8 (-S-CH,-CH,-S-CH,-CH,-S-), 52.0 (An-CH,-N-), 53.7 (-S-
CH,-CH,-CH,-NH-), 124.8, 125.6, 127.6, 129.1, 130.1, 131.2,
131.4 (An-CH,-N-) ppm. UV/Vis (CH,Cl,): 4 = 333 (¢ = 3024), 350
(5902), 368 (9418), 388 nm (9096 M'/cm). ESI-MS: m/z (%) = 442.7
[L + H]*. IR (KBr pellet): v = 3048, 2949, 2922, 2810, 1677, 1622,
1444, 1436, 1426, 1336, 1279, 1190, 1023, 893, 735, 541 cm .

[Pd(L)|(BF4),:2H,0: A dichloromethane solution of L (90 mg,
0.20 mmol, 4 mL) was added dropwise to an acetonitrile solution
of Pd(BF;),4CH;CN (91 mg, 0.20 mmol, 4 mL). The resulting
solution was stirred at room temperature for 2 h, and the solvent
was partially removed to about 3 mL. Diethyl ether was slowly in-
fused into the solution producing a powdery precipitate, which was
filtered off and washed with diethyl ether. This complex was recrys-
tallised by diffusion of diethyl ether into acetonitrile solutions. The
yield was 130 mg (88%). Crystals suitable for X-ray diffraction
were obtained by diffusion of hexane into a dichloromethane solu-
tion. C,sH3;B,FgNPdS;-2H,0 (757.72): caled. C 39.63, H 4.66, N
1.85, S 12.69; found C 39.40, H 4.85, N 1.80, S 12.25. Conductivity
(CH;CN, 1x1073m): 231 uS/cm. 'H NMR (250 MHz, CD;NO.,
25°C): 0 = 2.29 (m, 2 H, -S-CH,-CH,-CH,-N-), 2.47 (m, 2 H, -S-
CH,-CH,-CH,-N-), 2.70 (m, 2 H, -S-CH,-CH,-CH,-N-), 3.03 (m,
2 H, -S-CH,-CH,-CH,-N-), 3.11 (m, 4 H, -S-CH,-CH,-CH,-N-),
3.32 (m, 4 H, -S-CH,-CH,-S-CH,-CH,-S-), 3.35 (m, 2 H, -S-CH-
CH,-S-CH,-CH>-S-), 3.84 (m, 2 H, -S-CH,-CH,-S-CH,-CH,-S-),
5.02 (s, 2 H, An-CH>-N-), 7.46 (m, 2 H, An-CH,-N-), 7.63 (m, 2
H, An-CH,-N-), 8.04 (d, 3Jizir = 8.40 Hz, 2 H, An-CH,-N-), 8.56
(d, 3Jun = 8.95Hz, 2 H, An-CH,-N-), 8.61 (s, | H, An-CH,-N-)
ppm. BC{'H} NMR (CD3NO,, 25°C): 6 = 24.6 (-S-CH,-CH>-
CH,-N-), 32.6 (-S-CH,-CH,-CH,-N-), 39.8 (-S-CH,-CH,-S-CH,-
CH,-S-), 41.1 (-S-CH,-CH,-S-CH,-CH,-S-), 57.5 (An-CH,-N-),
61.0 (-S-CH,-CH,-CH,-NH-), 123.3, 123.4, 125.9, 128.4, 130.1,
131.1, 131.7, 132.5 (An-CH,-N-) ppm. UV/Vis (CH,Cl,): 1 = 357
(e = 9154), 376 (9019), 397 nm (6542 M '/cm). ESI-MS: m/z (%) =
634.9 [PA(BF4)(L)]". IR (KBr pellet): ¥ = 3424, 2923, 1623, 1446,
1295, 1084, 1063, 1038, 739, 534, 521 cm ™.

Eur. J. Inorg. Chem. 2006, 2997-3004

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Acknowledgments

This work was supported by the Spanish Government (CYCIT)
under project CTQ2004-04134, and by the Fundagido para a Cién-
cia e Tecnologia (Portugal) and FEDER under projects POCI/QUI/
55519/2004 and POCTI/QU1/47357/2002. Financial support by the
Departament d’Universitats Recerca i Societat de la Informacio of
the Catalan Government for Grant FI12002-00320 (A.T.) and Caix-
anova (Spain) for a postdoctoral grant (B.C.) are also acknowl-
edged.

[11 a) FE. Mancin, E. Rampazzo, P. Tecilla, U. Tonellato, Chem.
Eur. J 2006, 12, 1844-1854; b) V. Amendola, L. Fabbrizzi, F.
Foti, M. Licchelli, C. Mangano, P. Pallavincini, A. Poggi, D.
Sacchi, A. Taglietti, Coord. Chem. Rev. 2006, 273-299.

[2] a) A. W. Czarnik, Acc. Chem. Res. 1994, 27, 302-308; b) R. A.
Bissell, A.P. deSilva, H. Q. N. Gunaratne, P. L. M. Lynch,
G. E. M. Maguire, K. R. A. S. Sandanayake, Chem. Soc. Rev.
1992, 21, 187-195.

[3] a) J-H. Bu, Q.-Y. Zheng, C.-F. Chen, Z.-T. Huang, Org. Lett.
2004, 6, 3301-3303; b) S. A. McFarland, N. S. Finney, J Am.
Chem. Soc. 2002, 124, 1178-1179; c¢) S. A. de Silva, B. Amor-
elli, D. C. Isidor, K. C. Loo, K. E. Crooker, Y. E. Pena, Chem.
Commun. 2002, 1360-1361; d) C. Lodeiro, J. L. Capelo, J. In-
clusion Phenom. Macrocyclic Chem. 2004, 249-258.

[4] a) C. Bazzicalupi, A. Bencini, E. Berni, A. Bianchi, A. Danesi,
C. Giorgi, B. Valtancoli, C. Lodeiro, J. C. Lima, F. Pina, M. A.
Bernardo, Inorg. Chem. 2004, 43, 5134-5146; b) M. P. Clares,
J. Aguilar, R. Aucejo, C. Lodeiro, M. T. Albelda, F. Pina, J. C.
Lima, A.J. Parola, F. Pina, J. Seixas de Melo, C. Soriano, E.
Garcia-Espaia, Inorg. Chem. 2004, 43, 6114-6122; c¢) C. Lod-
eiro, F. Pina, A. J. Parola, A. Bencini, A. Bianchi, C. Bazzical-
upi, S. Ciattini, C. Giorgi, A. Masotti, B. Valtancoli, J.
Seixas de Melo, Inorg. Chem. 2001, 40, 6813-6819.

[5] a) E.S. Meadows, S. L. De Wall, L. J. Barbour, G. W. Gokel,
J. Am. Chem. Soc. 2001, 123, 3092-3107; b) M. Vicente, M. R.
Bastida, C. Lodeiro, A. Macias, A. J. Parola, L. Valencia, S. E.
Spey, Inorg. Chem. 2003, 42, 6768-6779.

[6] a) A.J. Blake, A. Bencini, C. Caltagirone, G. De Filippo, L. S.
Dolci, A. Garau, F. Isaia, V. Lippolis, P. Mariani, L. Prodi, M.
Montalti, N. Zaccheroni, C. Wilson, Dalton Trans. 2004, 2771~
2779; b) M. C. Aragoni, M. Arca, A. Bencini, A. J. Blake, C.
Caltagirone, A. Decortes, F. Demartin, F. A. Devillanova, E.
Faggi, L. S. Dolci, A. Garau, F. Isaia, V. Lippolis, L. Prodi, C.
Wilson, B. Valtancoli, N. Zaccheroni, Dalton Trans. 2005,
2994-3004.

[71 a) M. T. Albelda, P. Diaz, E. Garcia-Espana, J. C. Lima, C.
Lodeiro, J. S. de Melo, A. J. Parola, F. Pina, C. Soriano, Chem.
Phys. Lett. 2002, 353, 63-68; b) G.-Q. Zhang, G.-Q. Yang, L.-
Y. Yang, Q.-Q. Chen, J.-S. Ma, Eur. J. Inorg. Chem. 2005, 1919—
1926.

[8] J. Buter, R. M. Kellogg, J. Org. Chem. 1981, 46, 4481-4485.

[9] A.Tamayo, J. Casabo, L. Escriche, C. Lodeiro, B. Covelo, C. D.
Brondino, R. Kivekis, R. Sillampad, Inorg Chem. 2006, 45,
1140-1149.

[10]a) N. Li, M. Struttman, C. Higginbotham, A.J. Grall, J. F.
Skerlj, J. F. Vollano, S. A. Bridger, L. A. Ochrymowycz, A. R.
Ketring, M. J. Abrams, W. A. Volkert, J. Nucl. Med. 1997, 38,
85-92; b) B. Chak, A. McAuley, T. W. Whitcombe, Inorg. Chim.
Acta 1996, 349-360.

[11] A. Tamayo, C. Lodeiro, L. Escriche, J. Casabo, B. Covelo, P.
Gonzalez, Inorg. Chem. 2005, 44, 8105-8115.

[12] The functionalisation of the dihalide precursor avoids the reac-
tion between its amine nitrogen and the carbonate ions.

[13] a) M. Vetrichelvan, Y.-H. Lai, K. F. Mok, Dalton Trans. 2003,
295-303; b) M. Arca, A. J. Blake, J. Casabd, F. Demartin, F. A.
Devillanova, A. Garau, F. Isaia, V. Lippolis, R. Kivekas, V.
Muns, M. Schroder, G. Verani, J. Chem. Soc., Dalton Trans.
2001, 1180-1188; c) I. M. Atkinson, J. D. Chartres, A. M.

3003

www.eurjic.org



FULL PAPER

A. Tamayo, L. Escriche, J. Casabo, B. Covelo, C. Lodeiro

Groth, L. F. Lindoy, M. P. Lowe, G. V. Meehan, B. W. Skelton,
A. H. White, J Chem. Soc., Dalton Trans. 2001, 2801-2806.

[14]a) S. D. Zari¢, D. M. Popovi¢, E.-W. Knapp, Chem. Eur. J.
2000, 6, 3935-3942; b) J. C. Ma, D. A. Dougherty, Chem. Rev.
1997, 97, 1303-1324.

[15]a) A.B.P. Lever, Inorganic Electronic Spectroscopy, 2nd ed.,
Elsevier Science Publishers, The Netherlands, 1986; b) W. R.
Mason, H. B. Gray, J. Am. Chem. Soc. 1968, 90, 5721-5729.

[16]a) A. W. Czarnik, Fluorescent Chemosensors for Ion and Mole-
cule Recognition, American Chemical Society, Washington,
DC, 1993; b) L. Fabbrizzi, M. Licchelli, P. Pallavicini, A. Per-
otti, A. Taglietti, D. Sacchi, Chem. Eur. J. 1996, 2, 75-82.

[17] C. Granier, R. Guilard, Tetrahedron 1995, 51, 1197-1208.

[18] SMART (control) and SAINT (integration) software, Bruker
Analytical X-ray Systems, Madison, WI, 1994.

3004

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[19] G. M. Sheldrick, SADABS, A Program for Absorption Correc-
tions, University of Gottingen, Germany, 1996.

[20] A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarazo, C.
Giacovazzo, A. Guagliardi, A. G. Moliterni, G. Polidori, R.
Spagna, J. Appl. Crystallogr. 1999, 32, 115-119.

[21] G. M. Sheldrick, SHELXLY7, A Program for the Refinement of
Crystal Structures from X-ray Data, University of Gottingen,
Germany, 1997.

[22] A. L. Spek, PLATON, A Multipurpose Crystallographic Tool,
Utrecht University, The Netherlands, 2004.

[23]1. B. Berlan, Handbook of Fluorescence Spectra of Aromatic
Molecules, 2nd ed., Academic Press, New York, 1971.

Received: March 31, 2006
Published Online: June 12, 2006

Eur. J. Inorg. Chem. 2006, 2997-3004



