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Abstract: A new series of tripods were
designed to form anion-responsive, lu-
minescent lanthanide complexes. These
tripods contain pyridine, thiazole, pyra-
zine, or quinoline chromophores com-
bined with amide carbonyl oxygen and
tertiary nitrogen atoms. Crystallograph-
ic and EXAFS studies of the 10-coordi-

ed that the aromatic nitrogen plays a
significant role in lanthanide complexa-
tion. The experimentally determined
stability constants of complexes of the
tripod with La(NO;);, Eu(NO;);, and
Tb(NO;); were in good agreement with
the theoretically calculated interaction
energies. Complexation of each tripod

with lanthanide triflate gave a mixture
of several lanthanide complex species.
Interestingly, the addition of a coordi-
native NO;~ or Cl~ anion to the mix-
ture significantly influenced the lantha-
nide complexation profiles. The partic-
ular combination of tripod and a lumi-
nescent Eu’* center gave anion-selec-
tive  luminescence  enhancements.

nated tripod-La(NO;); complexes re-
vealed that each La** cation was coop-
eratively coordinated by one tetraden-
tate tripod and three bidentate NO;~
anions in the crystal and in CH;CN.
Quantum chemical calculations indicat-

nescence
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Pyridine-containing tripods exhibited
the highest NO;~ anion-selective lumi-
nescence and thus permit naked-eye
detection of the NO;™ anion.

EXAFS
lumi-

Introduction

On account of their intrinsic chemical, magnetic, and spec-
troscopic properties, specially designed lanthanide com-
plexes are recognized as promising candidates for highly in-
telligent materials.'! Some of these complexes function as
asymmetric catalysts, biomedical probes, therapeutic medi-
cines, and intense emitters. Because trivalent lanthanide cat-
ions have highly labile and versatile coordination features,
functional sophistication of lanthanide complexes requires
smart ligands to control their coordination structures.”!
Biinzli and co-workers developed triple-helicated heterobi-
nuclear complexes, in which 3d metal and 4f lanthanide cen-
ters efficiently communicated with each other. Raymond
et al. constructed three-dimensional cage-type lanthanide
complexes as nanoscaled molecular vessels that effectively
promoted bimolecular reactions. Shibasaki et al. character-
ized homopolymetallic lanthanide complexes supported by
chiral tetradentate ligands for asymmetric catalysis. Lumi-
nescent lanthanide complexes have recently received atten-
tion.’! Because of their long-lived, line-shaped, and posi-
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tion-defined luminescence, they have been successfully ap-
plied to nonradioactive labeling of biomolecules, naked-eye
detection of inorganic anions, and biotargeted imaging pro-
cesses. Parker et al. combined heptadentate 1,4,7,10-tetraza-
cyclododecane (cyclen) ligands with a Eu’* center to form
effective lanthanide complexes for in vivo and in vitro anion
detection. Ziessel et al. employed luminescent lanthanide
complexes with bis-bipyridine phosphine oxide ligands for
biopolymer tagging. Vogtle et al. and Petoud et al. further
developed dendrimer—lanthanide complexes as intense near-
infrared emitters.! These sophisticated ligands elegantly
generated outstanding lanthanide complex functions, but
their structures were too complicated to be modified. Al-
though there have been many experimental approaches to
control the coordination numbers, versatile stoichiometry,
and rapid dynamics of lanthanide complexes, most of the re-
ported complexes were coordinatively unsaturated and
often present as mixtures of polynuclear, highly ordered, hy-
drated, and oxo-bridged complexes in solution.”

We have previously demonstrated that tris(2-pyridylme-
thyl)amine (1) and its chiral derivatives formed luminescent
Eu’t and Tb’* complexes.’™ Based on the dynamic and
unsaturated coordination features, the tripod-lanthanide
complexes had several coordination sites available for exter-
nal coordinative anions and exhibited anion-responsive lu-
minescence profiles. We present below a new series of
mixed-donor tripods 2-6 for lanthanide complexation
(Scheme 1). The donor effects of the tripods on lanthanide
complexation and the luminescence profile were character-
ized by crystal structure determinations, UV/Vis and NMR
spectroscopy titrations, and luminescence experiments. The
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Scheme 1. Structures of tripods and lanthanide complexation.
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mixed-donor tripods predominantly formed 10-coordinated
complexes with lanthanide nitrates in a 1:1:3 (tripod/lantha-
nide cation/anion) stoichiometry. Furthermore, they were
characterized by EXAFS structural analysis and quantum
chemical calculations. Although such EXAFS analysis and
quantum chemical calculations have been examined in a
limited number of lanthanide complex systems,® our com-
bined studies of experimental and theoretical approaches
demonstrate that tripods can be structurally optimized to
form anion-responsive, luminescent lanthanide complexes.

Results and Discussion

Synthesis of the tripods: Various tripods incorporating phos-
phorus donors, pyrazoyl groups, alkoxides, triamines, tri-
amides, tripyridines, and other coordinating groups have al-
ready been prepared for lanthanide complexation.”! Among
them, several tripods with aromatic nitrogen atoms have
been reported to form 10-coordinated complexes with lan-
thanide chlorides and nitrates. Crystallographic studies of
these complexes revealed that the lanthanide centers were
three-dimensionally shielded from solvents and exhibited in-
tense lanthanide luminescence.”*! In addition to 1:1:3 com-
plexes, these tripods often gave mixtures containing 2:1 and
3:1 (tripod/lanthanide cation) complexes as well as hydrated
mononuclear and oxo-bridged binuclear species.”*!” For
this reason, an effective approach is required to control the
versatile coordination structure of the tripods for efficient
development of luminescent lanthanide complexes.

We combined one or two aromatic nitrogen moieties, such
as pyridine, thiazole, pyrazine, or quinoline, with glycine
amide in a tripod skeleton (2-6 in Scheme 1).'% The aro-
matic nitrogen moieties can provide “soft” coordination
with the lanthanide centers and also act as effective photo-
antennae for excitation of the lanthanide cations.""! Karma-
zin et al. compared 4{/5f metal complexation properties of 1
and its derivatives with three aromatic nitrogen moieties,”!
and observed significant donor effects of the aromatic nitro-
gen atoms. The introduced amide group is expected to func-
tion as a “hard” donor for lanthanide cations and provide
comparable stability constants of lanthanide complexes to
those with aromatic nitrogen atoms.'®"! These mixed-
donor tripods further form dissymmetric lanthanide com-
plexes. As indicated by Nakamura et al., such dissymmetric
complexes can exhibit more intense lanthanide lumines-
cence than the corresponding symmetric tripod com-
plexes.'!l Because sufficient space is available around the
coordinating amide group for incoming guest species, the
mixed-donor tripods are expected to form highly coordinat-
ed, structurally defined complexes that exhibit anion-respon-
sive luminescence functions. The synthetic routes of the tri-
pods were simple and straightforward as illustrated in
Scheme 2. Tripods 2, 3, and 5 were derived from glycine
amide and the corresponding formyl-substituted aromatic
nitrogen compound. Tripod 2, which contains two pyridine
rings, was typically prepared by repeated Schiff base forma-
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Scheme 2. Synthetic routes to tripods 2-6.

tion of diethyl glycine amide with formylpyridine and hydro-
genation with NaBH;CN. Tripod 4 was obtained by treating
pyrazine-ethanol mesylate with
glycine amide, whereas tripod 6
was synthesized by treating
2-aminomethylpyridine with
excess diethyl chloroacetamide.
The new ligands were fully
characterized by 'H and
BCNMR, and IR spectroscop-
ies; HRMS; and eclemental

analysis. Q

Crystal and optimized struc-
tures of tripod-lanthanide com-
plexes: Mazzanti etal. deter-
mined the crystal structure of
the [Eu(1)Cl;] (1:1:3) complex,
in which four nitrogen atoms
from the tripod and three CI™
anions cooperatively coordinate
to the Eu’* center.”™ Wong
et al. isolated similar 1:1 lantha-

a)

are omitted for clarity.

atoms and one carbonyl oxygen atom in the tripod coopera-
tively coordinate to the La** center along with three biden-
tate NO;™ anions to form a complex with a total coordina-
tion number of 10. Tripod 5 has been demonstrated to form
a similar 10-coordinated complex with La(NO;),.'"! Table 1
compares the La—N,,, bond lengths in a crystal of the
[La(2)(NO,);] complex (2.680(4) and 2.739(4) A) with those
of a crystal of [La(5)(NO,),] (2.772(2) and 2.825(2) A). Be-
cause the former bond lengths are significantly shorter than
the latter, we conclude that the pyridine nitrogen atom coor-
dinates more strongly than that of quinoline in our tripod
framework. The La—N,.,. and La—O,;,. bond lengths of
these two isolated complexes exhibited slight differences. As
described below, the amide oxygen atom was found to have
a higher charge distribution than either of the two types of
nitrogen atoms, and the La—O, ;4. bond lengths determined
in the two tripod complexes are short. These two complexes
included three bidentate NO;~ anions in somewhat different
fashions. Because tripod 5 led to a less symmetric arrange-
ment of the three NO;~ anions compared with tripod 2, the
quinoline moieties may cause more severe steric hindrance
in the anion coordination process than the pyridine moieties.
Thus, these mixed-donor tripods offered characteristic tetra-
dentate coordination for lanthanide cations.

Because the tripods have flexible and dynamic coordina-
tion modes, lanthanide tripod complexes often have differ-
ent coordination structures in solutions and in the crystal.
Figure 2a and b compare the radial structural functions

Figure 1. Crystal (a) and optimized (b) structures of the [La(2)(NOj3);] complex. Thermal ellipsoids in the crys-
tal structure are drawn at the 50 % probability level, and all hydrogen atoms and solvent acetonitrile molecules

Table 1. Bond lengths and charge distributions of tripod—-La(NOs); (1:1:3) complexes.

nide complexes with related tri-

Bond length[A]®

Charge distribution®

pOdS.[g] We determined the CI‘yS— LaiNarom LaiNamine Laioamide Narom Namine Oamide
tal structure of the [La(2)- 2  2782,2929(2680,2739)  2955(2738) 2652 (2465) —0.509, —0.511 -0.522  —0.697
(NOy),| (1:13) complex in 3 2753,2.887 3.117 2.624 —-0.516, -0.520  —0.526  —0.696

33 o P 4 2743,2.852 2.909 2.557 —0.468, —0.471 —0.525 —0.697
which no water or solvent mol- 5 784 2,801 (2.772, 2.825) 2906 (2.714)  2.645 (2.426) —0.510, —0.516 —0.516 —0.699

ecule was included in the coor-

[a] B3LYP (Stuttgart-RSC-ECP; La+cc-pVDZ; C, N, O, and H) results. The values in parentheses are experi-

dination sphere. As illustrated
in Figure la, three nitrogen
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mental results from the isolated crystals. [b] IEFPCM/B3LYP (Stuttgart-RSC-ECP; La+cc-pVDZ; C,N,O, and
H) results. Calculated as the free ligands in CH;CN.
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Figure 2. a) Radial structural functions of the [La(2)(NOs;);] complex in a
CH;CN solution and in the crystal. Phase shifts were not corrected. FT
ranges: 3.5-9.5 A~ b) EXAFS oscillations. Solid and dashed lines
denote experimental and calculated data, respectively.

(RSF) and the k*-weight EXAFS oscillations of the [La(2)-
(NOs3);] (1:1:3) complex in CH;CN and in the crystal. Two
significant peaks were observed in the RSF curves. The crys-
tal structure included disorder in the bond length in the pri-
mary coordination sphere, and the number of backscattering
interactions was considered to be two or three for the first
peaks and two for the second peaks during the fitting pro-
cess. The curve-fitting results (dashed lines) agreed well
with the raw data for the RSF and the EXAFS oscillations.
The data for the estimated coordination number (N), bond
length (R), and squared Debye-Waller factor (¢%) are listed
in Table 2. The shortest interaction found in the crystal data

Table 2. EXAFS fitting results of the [La(2)(NOs);] complex in the crys-
tal and in a CH;CN solution.

Crystal in CH;CN
N R[A] [Al N R[A] [AY
La—0 e 1 247 0.01
La—O,pue La—Opmiae™ 7 2.59 0.02 8 256 0.02
La—N,om 2 274 0.01 2 27 0.02
La—C,om 8 352 0.03 8 361 0.03
La—N-O 6 426 0.02 6 422 0.02

[a] N: coordination number (first decimal place rounded off); R: bond
distance; o*: Debye-Waller factor. The fitting qualities for all the data
were less than r=25%; r: residual={%|Yexi—Yineot |2 | Yexpiy |} X 100
[%]. [b] This bond length was estimated in solution.

arising from La—O,,;. scattering was not taken into account
in fitting the solution data. The La—O,,. bond length of
the sample in solution was slightly shorter than that of the
crystal, which suggests that dynamic averaging and rear-
rangement of the ligands in the primary coordination sphere
occurred in the solution state. Because the RSF and EXAFS
oscillation curves obtained in the solution state had almost
the same shapes and peak positions as those obtained in the
solid state, it was confirmed that the [La(2)(NO;);] complex
maintained its 10-coordinated structure in CH;CN. Interest-
ingly, all of the NO;™ anions were nicely accommodated, as
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observed in the crystal state, and were rarely displaced by
solvent and water molecules.

Quantum chemical calculations were performed to char-
acterize the tripod-La(NO;); (1:1:3) complexes from a theo-
retical point of view. We optimized the geometry of each
complex using density functional B3LYP, in which the initial
geometries were generated from the experimentally deter-
mined crystal structures of the [La(2)(NOs;);] and [La(5)-
(NOs);] complexes. The integral equation formalism polar-
ized continuum model (IEFPCM)™! was used to consider
the CH;CN solvent effect. Figure 1 compares the optimized
and crystal structures of the [La(2)(NOs;);] complex: both
have very similar 10-coordinated modes. Table 1 lists the
bond lengths of the optimized La(NO;); complexes with tri-
pods 2-5, and Figure S1 in the Supporting Information illus-
trates their optimized structures. Natural charge distribu-
tions were calculated from an NBO analysis'® of tripod
fragments for the optimized geometries of the tripod-La-
(NOs); complexes (Table 1). The amide oxygen atom of
each tripod was found to be a more effective binding site
than either type of nitrogen atom.!'”" In the structurally
optimized complexes, La—N,..;,. bonds were longer than La—
Narom bonds, and tripod 3 had the longest La—N, ;.. bond. A
comparison of the charge distributions in the aromatic nitro-
gen moieties showed that the nitrogen atom of thiazole was
the most electron-rich and the pyrazine nitrogen atom coor-
dinated most weakly with the La’* cation. These quantum
calculation results did not directly relate to the experimen-
tally determined stability constants, as described below. This
suggests that a suitable arrangement of the tetradentate
donors can stabilize the tripod—lanthanide complex.

Lanthanide complexation in CH;CN solutions: Figure 3
shows the "H NMR spectra of tripod 2 upon complexation
with La(NO;); and La(CF;SO;); in CD;CN. These spectra
indicate that the two La** salts exhibit somewhat different
complexation behavior. When tripod 2 formed complexes
with La(NO;);, several broad signals appeared at a molar
ratio of [La**]/[2]=0.33 and 0.50, in addition to the signals
assigned to the free and 1:1 complex species (Figure 3b and
¢). Although the employed CD;CN solutions contained 6.0 x
107 or 1.0x10?molL™" of H,O, an equimolar mixture of
La(NOs;); and tripod 2 gave a crystal of the non-hydrated
10-coordinated complex illustrated in Figure la. The unas-
signed signals completely disappeared at [La**]/[2]=1.0,
and only the peaks for the 1:1 complex remained at
[La*"]/[2] > 1.0 (Figure 3d and e). Mazzanti et al. determined
the crystal structures of 1:1 and 2:1 complexes of ligand 1
and its derivatives with lanthanide chlorides and nitrates;
hydroxo complexes were also isolated.”*™ Thus, tripod 2
forms an equilibrium mixture of La** complexes that had
slightly slower kinetics than the NMR spectroscopy time-
scale. ESI-MS measurements supported the formation of 2:1
and 1:1 complexes with lanthanide nitrates. When Tb(NOs3);
was mixed with an equimolar quantity of tripod 2 in
CH,CN, peaks assigned to [Tb** +22+20H +CH,;CN+
3H,0** and [Tb** +242NO; |+ were detected at m/z 912
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Figure 3. '"H NMR titrations of La** complexation of tripod 2. [Tripod
2]=4.0x10“*molL™"; a)no La** salt, b)0.33equiv [La(NO;)],
¢) 0.50 equiv [La(NOs);], d)1.0equiv [La(NOs);], e)2.0equiv [La-
(NOs);], f)1.0equiv [La(OTf);], g)1.0equiv [La(OTf);], 3.0equiv
[nBu,N(NO3)].

and 595 (Figure S2 in the Supporting Information). In con-
trast, an equimolar mixture of tripod 2 and La(CF;SO;),
gave a somewhat complicated 'H NMR spectrum, which in-
dicated that other complex species were formed in addition
to the 1:1 complex that had a more static nature (Figure 3f).
Addition of further tetrabutylammonium nitrate to this mix-
ture gave more broad signals in the '"H NMR spectrum (Fig-
ure 3g). Because the added NO;~ anion accelerated inter-
conversion between the resulting complex species, tripod 2
exhibited anion-dependent lanthanide complexation behav-
ior in solutions.

The complexation behavior of tripods 2-5 with lanthanide
nitrates were quantitatively characterized by monitoring
UV/Vis absorption changes of the aromatic nitrogen moiety.
When these changes were plotted against the added amount
of La(NO;);, Eu(NO;);, or Tb(NO;),, each titration curve
gave a good fit for a mixture of 1:1 and 2:1 complexes (Fig-
ure S3 in the Supporting Information). However, the spec-
tral changes observed with tripod 6 were too small to use in
the determination of the complex stability constant. Table 3
lists the estimated logK; and logK, values for La(NO,),,
Eu(NO;);, and Tb(NO;); in CH;CN. Tripods 2 and 4 had
similar logK; values for the three lanthanide nitrates, but
tripods 3 and 5 formed more stable complexes with La-
(NO3); than with Eu(NO;); and Tb(NOs;);. Although the ob-
served log K, and log K, values were lower than the values
for caged cryptand[2.2.2] (logK=10.8 for La’* complex in
CH,CN),!" the tripods formed lanthanide complexes that
were sufficiently stable to be used at luminescence concen-
trations.

5262 ——
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Table 3. Stability and luminescence profiles of lanthanide nitrate com-
plexes with tripods 2-5.

Stability constants! LE.l Luminescencel®!
La™* Eutt Th* La?* Eutt Th*
lifetime [ms] !9 lifetime [ms]
2 57401 55+£01 55+01 -89.1 1.5 55 1.9
4.7+0.1 3.9+0.1 39401
3 69+01 59+03 62+04 —-99.9 1.5 6.7 1.9
49+0.1 43+02 45+04
4 65+03 6.7+£03 6.7+02 —-92.8 1.4 5.7 1.9
4.8+0.1 4.8+0.1 48+0.1
5 64+0.1 55+02 55+01 -93.6 1.1 10 e

31+0.1 42+01 43+01

[a] log K, values are shown in normal text and log K, values are shown in
italic text. [b] LE.: interaction energy. The level of density functional
theory used in the calculations was B3LYP (Stuttgart-RSC-ECP; La+cc-
pVDZ; CN,O, and H). [c] Measured with tripod-Ln(NOs); (1:1) com-
plexes (25°C, CH;CN). [d] a=[Eu’* emission intensity at 616 nm]/[Eu**
emission intensity at 592 nm]. [e] Too weak to be determined.

The processes involved in tripod-lanthanide complexation
were further characterized from a theoretical point of view,
even though a limited number of quantum chemical calcula-
tions have been attempted in previous lanthanide complex
characterization.®! The interaction energy (LE.), as de-
fined in Equation (1), was theoretically calculated for a
series of tripod-La(NO;); complexes as a measure of the
complex stability.

L.E.= E[tripod—La*" —(NO,);]—(E[La(NO5); fragment]
+E]tripod fragment])

In this equation, E[tripod-La**—(NO,);], E[La(NO,);
fragment], and E[tripod fragment] represent the density
functional B3LYP total energy of the optimized tripod—La**
—(NO;); complexes and their components, the La(NOj3); and
the tripod fragments at the tripod-La**—(NO,); optimized
point, respectively. The calculated I.E. values for the four
tripod-La(NO;); complexes are compared with the experi-
mentally determined stability constants in Table 3. Although
tripod 3 exhibited a larger log K; value with La(NOj;); than
tripod 2, 4, or 5 in the titration experiments, the calculation
of L.LE. values revealed a comparable trend: tripod 2 < tripod
S~tripod 4<tripod 3. Because the calculation results sug-
gest that tripod 3 has the most negative charge distribution
for the N,,,,, atoms, but the longest La—N,;,. bond length,
the three-dimensional arrangement of the four donor atoms
essentially determined the stability of the tripod-lanthanide
complex.

Luminescence profiles of tripod-lanthanide complexes: Lan-
thanide luminescence is a phenomenon that is very sensitive
to the coordination environment around the lanthanide
center.!! The present type of mixed-donor tripods operat-
ed as coordinatively unsaturated ligands to form anion-re-
sponsive, luminescent lanthanide complexes with particular
anions.”! Since additional coordination from the external
anion often alters the stoichiometry, geometry, and structure

Chem. Eur. J. 2008, 14, 5258 — 5266
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of the ternary “tripod-lanthanide-anion” complex,'® a new
luminescence-based anion-sensing process can be construct-
ed.

Eu’* and Tb** complexes with tripods 2-6 showed char-
acteristic lanthanide emissions through ligand excitation and
subsequent ligand-to-metal energy-transfer processes.
Figure 4 illustrates the typical luminescence spectra of equi-

Intensity / a.u.

T T | T | |
450 500 550 600 650 700 750
Wavelength / nm

Figure 4. Corrected luminescence spectra of tripod [Tb(2)(NOs);] (—)
and [Eu(2)(NOs);] (-----) complexes in CH;CN. Conditions: [tripod 2]=
[Ln(NO;);]=5.0x10"*mol L"!; RT; A.,=261 nm; emission slit, 2.5 nm.

molar mixtures of Eu(NO;); and Tb(NO;); with tripod 2 in
CH;CN, in which 1:1:3 complexes predominantly formed.
As summarized in Table 3, the series of tripod—-Eu** com-
plexes showed shorter lifetimes than the corresponding Tb**
complexes. The relative intensities (o values) of the Eu’™*
emission bands at 616 nm and 592 nm are compared as indi-
cations of the complex symmetries.'¥! Tripods 2—4 exhibited
similar luminescence lifetimes and o values of lanthanide ni-
trate complexes; however, tripod 5, which has 2-quinoline
groups, gave a larger a value and shorter lifetime than the
others. Thus, the nature of the introduced aromatic nitrogen
moieties influenced not only complex stability but also the
Eu’* complex symmetry.

Anion-sensing application of luminescent lanthanide com-
plexes: We previously reported that tripod 1 and the Eu-
(CF;S03); system was effective as a luminescent sensory
device specific for NO;™ anion detection, whereas the corre-
sponding Tb** complex system exhibited modest Cl~ anion-
responsive luminescence.”™ The fact that coordination from
additional anions significantly influenced the structures of
the present tripod-lanthanide complexes provided a promis-
ing possibility for the development of new luminescence-
based anion-sensing processes. When tripod 2, 3, 4, 5, or 6
was mixed with an equimolar quantity of Eu(CF;SO;); in
CH,CN (5x10"°molL™), excitation of the ligand chromo-
phore resulted in a characteristic Eu’* luminescence spec-
trum. Addition of further tetrabutylammonium salt contain-
ing the I, Br-, CI', F, ClO,", NO;~, CH;CO,, SCN",
HSO,", or H,PO,™ anion induced anion-dependent changes
in the luminescence spectra (Figure 5).

Chem. Eur. J. 2008, 14, 5258 -5266

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

When the 2-Eu’t complex system was typically em-
ployed, the observed luminescence intensity at 616 nm in-
creased four-fold on addition of three equivalents of NO;~,
whereas the addition of other anions gave slight enhance-

[Eu?*-2](CF;S03), [Eu*-3](CF;S03),

none t =
-
Br~ —
cr
F-
Clo,. = =
NO;”  [—— j—
CH;CO,”
SCN-
HSO,” ==
H,PO
0 2 4 6 8 0 2 4 6 8
[Eu**—4](CF3805), [Eu**-5)(CF;80;);
none jumm =
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Figure 5. Anion-sensing profiles of luminescent tripod-Eu®* complexes.
[Eu(CF;803);]=5.0x 10" molL*; [tripod]=5.0x 10" molL'; 2: excita-
tion at 261 nm, slit widths 10/5 nm; 3: excitation at 246 nm, slit widths 10/
5nm; 4: excitation at 270 nm, slit widths 10/3 nm; 5: excitation at
305 nm, slit widths 10/7 nm; 6: excitation at 264 nm, slit widths 10/5 nm;
[nBu,NX]=1.5x10"" molL™".

ments (<1.5-fold). As the NO,;” anion concentration in-
creased, the intensity of the observed luminescence was pro-
portionally enhanced and was saturated at [NO; J/[Eu*t]=
3. As described above, the equimolar mixture of tripod 2
and Eu(CF;SO;); gave a mixture of several complex species,
but the added NO;™ anion was supported to promote the
formation of the highly luminescent 1:1:3 complex, in which
the NO;™ anions occupied the three exchangeable coordina-
tion sites of the Eu’* center and prevented quenching by
means of solvation. In contrast, the addition of the non-co-
ordinative ClO,” anion to the 2-Eu(CF;SO;); complex
system induced no significant change in the UV/Vis and lu-
minescence spectra, whereas the addition of F~ and
CH;CO,™ anions decomposed the tripod-lanthanide com-
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plexes themselves. Thus, the 2-Eu’* complex showed the
largest NO;~ anion-responsive luminescence enhancement,
which was applicable to naked eye detection at 10~° molL ™!
level (Figure 6).

+ 3 equiv nBusN"NO;~

 —

Figure 6. Naked-eye detection of the NO;~ anion with the 2-Eu** com-
plex. The pictures were taken under the following conditions: [2]=35.0x
10 °molL™Y; [Eu(CF;80,);]=5.0x10"°molL"}; [nBu,N(NO;)]=1.5x
10~ molL!; in CH;CN. A UV TLC detection lamp (4 W) was used for
the excitation.

Tripods 3-6 exhibited different anion-response lumines-
cence-sensing profiles. An equimolar mixture of Eu-
(CF;S0,); and tripod 4 or 5 exhibited enhanced lumines-
cence upon addition of both CI™ and NO;™ anions. Because
these two anions gave similar luminescence enhancements,
the anion selectivity of these tripod complexes was modest.
The luminescence of the Eu’* complexes with tripods 3 and
6 was slightly enhanced on addition of a series of anions,
which indicated that the nature of the tripod used has a sig-
nificant influence on the anion-sensing profile of the result-
ing Eu’* complex. The luminescence lifetimes of Eu** com-
plexes with tripods 2 and 4 were significantly enhanced by
the addition of NO;™ and moderately by the addition of Cl:
2-Eu’*, 1.5ms for NO;~ and 1.2ms for Cl™; and 4-Eu’t,
1.5ms for NO;~ and 1.1 ms for CI.") When Tb(CF,SO;),
was combined with these tripods, the observed Tb** lumi-
nescence signals were changed slightly by addition of exter-
nal guest anions, and the largest observed enhancement in
the intensity was only 1.5-fold for a combination of tripod 4,
Tb*+ cation, and NO;~ anion. Thus, the 2-Eu** complex of-
fered the most effective and selective luminescence-based
anion-sensing.

Conclusion

A new series of tripod-lanthanide complexes were fully
characterized by crystallographic and EXAFS examinations,
UV/Vis and NMR spectroscopy titration experiments, stabil-
ity constant estimations, quantum chemical calculations, and
anion-responsive luminescence measurements. The com-
bined studies of experimental and theoretical characteriza-
tions demonstrated that the present type of mixed-donor tri-
pods possess both effective chromophores for intense lan-
thanide luminescence and potential coordination sites for
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external anions. Although their lanthanide complexes can
have versatile coordination structures in CH;CN; the tripod
2-La(NO;); complex maintained a 10-coordinated structure
both in the crystal and in CH;CN. The addition of coordina-
tive anions specifically promoted the formation of lumines-
cent Eu’* complexes with 1:1 stoichiometry. Among the
complexes examined, the 2-Eu’" complex sensed the NO;~
anion with the highest selectivity. Because these lanthanide
complexes are superior to organic fluorescent receptors on
account of their long-lived, line-shaped, and position-de-
fined luminescence properties, it was concluded that the
tripod provided an effective basis for the development of
anion-responsive, luminescent lanthanide complexes.””

Experimental Section

General: 'H and "C NMR spectra were recorded on JEOL LA-300 and
400 spectrometers. Luminescence spectra were obtained on a Perkin—
Elmer LS-50B equipped with a Hamamatsu R-928 photomultiplier. UV/
Vis spectra were recorded with a Hitachi U-3500 apparatus. The CH;CN
employed for titration and luminescence experiments was purchased
from Nacalai Tesque (spectroscopic analysis grade). Karl Fischer water
determinations, carried out by UBE Scientific Analysis Laboratory (Ube,
Japan), indicated that the solutions in CH;CN contained 0.07-0.15 wt %
of H,0. La(NO;);:6 H,0O and Eu(NO;);-6 H,O were purchased from Na-
calai Tesque, and Tb(NO;);-6H,O was purchased from Mitsuwa Chemi-
cals. La(CF;S0O;);, Eu(CF;S0;);, and Tb(CF;SO;); were purchased from
Sigma-Aldrich Japan K.K. These lanthanide salts were employed as re-
ceived without further purification. Because 1:1:3 (tripod/La**/NO;")
complexes were obtained from CH;CN solutions, the NO;™ anion provid-
ed stronger coordination with the lanthanide centers than contaminant
water molecules.

Tripods: New tripods were synthesized as shown in Scheme 2 and fully
characterized as described below.

Tripod 2: This ligand was derived from glycine amide and formyl pyri-
dine. A mixture of N,N-diethylglycine amide hydrochloride (486 mg) and
2-pyridinecarboxaldehyde (938 mg) in MeOH (20 mL) was stirred at RT
for 3 h under N,. After cooling to 0°C, NaBH;CN (660 mg) in MeOH
(10 mL) was slowly added to the mixture. After stirring for 60 h at RT,
MeOH was evaporated, and the residue was dissolved in AcOEt, washed
with saturated aqueous NaHCO;, and dried over Na,SO,. The mixture
was purified by column chromatography (alumina, EtOAc/hexane) to
give 2 as a yellow oil (274 mg, 30%). R;=0.26 (EtOAc/hexane 8:2);
'"HNMR (400 MHz, CDCl,;, 25°C, TMS): 6=38.53 (dd, 2H, *J(HH)=
54 Hz, “J(HH)=1.8 Hz; Ar), 7.65 (td, 2H, 3J(H,H)=7.6 Hz, *J(H,H) =
1.7 Hz; Ar), 7.58 (d, 2H, *J(H,H)=7.8 Hz; Ar), 7.15 (t, J(H,H)=5.4 Hz,
2H; Ar), 3.94 (s, 4H; ArCH,), 3.41(s, 2H; CH,CO), 3.34 (q, *J(H,H)=
7.1 Hz, 2H; CH,CH;), 3.22 (q, *J(H,H)=7.1 Hz, 2H; CH,CH,), 1.09 (t,
*J(H,H)=7.1Hz, 3H; CH,CH,), 0.97 ppm (t, *J(H,H)=7.1Hz, 3H;
CH,CH;); "CNMR (100 MHz, CDCl;, 25°C, CHCL;): 6=169.3, 159.2,
149.0, 136.5, 123.7, 122.1, 60.5, 55.3, 41.2, 40.1, 14.1, 13.0 ppm; IR (KBr):
7=1634, 767cm™'; HRMS (EI): m/z: caled for C;H,N,O [M]*:
312.1950; found: 312.1953.

Tripod 3: This ligand was similarly prepared from glycine amide and
formyl thiazole (14%). Yellow oil; R;=0.29 (EtOAc/hexane 1:2);
'HNMR (400 MHz, CDCL, 25°C, TMS) 6=7.72 (d, *J(H,H)=3.2 Hz,
2H; Ar), 7.31 (d, ¥J(HH) =32 Hz, 2H; Ar), 429 (s, 4H; ArCH,), 3.55(s,
2H, CH,CO), 337 (q, *J(H,H)=7.1 Hz, 2H; CH,CH;), 3.20 (q, *J-
(HH)=7.1 Hz, 2H; CH,CH,), 1.11 (t, *J(H,H)=7.1 Hz, 3H; CH,CH,),
1.04 ppm (t, ¥(HH)=7.1Hz, 3H; CH,CH,); “CNMR (100 MHz,
CDCl;, 25°C, CHCLy): 6=170.2, 168.4, 142.5, 119.7, 55.7, 54.2, 41.2, 40.1,
14.1, 13.0 ppm; IR (KBr): #=1639, 773 cm™'; HRMS (EI): m/z: calcd for
C,,H,;(N,OS, [M]*: 324.1078; found 324.1069.
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Tripod 4: This ligand was obtained by treating pyrazine-ethanol mesylate
with glycine amide. Pyrazine ethanol (1.45 g) in dry CH,Cl, (30 mL) was
cooled to —15°C under N,. Triethylamine (1.74 g) was added and stirred
for 5min. Mesyl chloride (1.58 g) in dry CH,Cl, (10 mL) was slowly
added to the solution. After stirring for 2 h, the temperature was slowly
raised to 0°C. The reaction mixture was poured onto ice and extracted
with CH,Cl,. The colorless oil turned black within 1 h and was then used
without further purification and characterization. Pyrazine mesylate was
dissolved in dry CH;CN (30 mL). N,N-Diethylglycine amide hydrochlo-
ride (63 mg) and K,CO; (3.6 g) were added, and the mixture was heated
at reflux for 18 h under N,. The reaction mixture was filtered and the in-
organic salt was washed thoroughly with CH;CN. The filtrate and wash-
ing liquor were combined and evaporated. The residue was purified by
GPC (1H-2H JAIGEL, CHCL;) followed by silica gel chromatography to
give 4 as a yellow oil (83 mg, 70%). 'HNMR (400 MHz, CDCl,, 25°C,
TMS): 6=8.74 (brd, “J(H,H)=12Hz, 2H; Ar), 851 (dd, *J(HH)=
2.4 Hz, “/(H,H)=12 Hz, 2H; Ar), 8.46 (brd, *J(H,H)=2.4 Hz, 2H; Ar),
4.09 (s, 4H; ArCH,), 3.50 (s, 2H; CH,CO), 3.36 (q, *J(H,H)=7.2 Hz,
2H; CH,CH,), 320 (q, *(HH)=7.2Hz, 2H; CH,CH;), 1.11 (t, *J-
(H.H)=72Hz, 3H; CH,CH;), 1.02ppm (t, J(HH)=7.2Hz, 3H;
CH,CH3); "CNMR (100 MHz, CDCl;, 25°C, CHCLy): 6=168.7, 154.5,
145.5, 143.8, 1432, 57.9, 55.2, 41.2, 40.1, 14.1, 13.0 ppm; IR (KBr): 7=
1643, 1579, 1527, 1464, 1435, 1019 cm™'; HRMS (EI): m/z: caled for
CsH,uNgO [M]*: 314.1854; found 314.1855.

Tripod 5:'°! Colorless crystals (hexane); R;=0.16 (33% EtOAc in
hexane); 'H NMR (400 MHz, CDCl,, 25°C, TMS): 6=8.12 (d, JJ(H,H) =
8.6 Hz, 2H; Ar), 8.05 (d, *J(H,H)=8.6 Hz, 2H; Ar), 7.82-7.66 (m, 4H;
Ar), 7.68 (td, T=8.6, 1.3 Hz, 2H; Ar), 7.51 (td, J=8.6, 1.3 Hz, 2H; Ar),
4.12 (s, 4H; ArCH,), 3.51 (s, 2H; CH,CO), 3.40 (q, J(H,H)=7.1 Hz,
2H; CH,CH,), 324 (q, J(H,H)=7.1Hz, 2H; CH,CH,), 1.07 (t, *J-
(HH)=7.1Hz, 3H; CH,CH,), 093ppm (t, J(HH)=7.1Hz, 3H;
CH,CH,;); "*CNMR (100 MHz, CDCl,, 25°C, CHCLy): §=169.2, 160.1,
147.6, 136.3, 129.3, 129.1, 127.5, 127.4, 126.2, 121.9, 61.4, 55.6, 41.2, 40.1,
14.1, 13.0 ppm; IR (KBr): #=1656, 773 cm™'; elemental analysis calcd
(%) for CyHyN,O (412.5): C 75.70, H 6.84, N 13.58; found: C 75.43, H
6.89, N 13.43.

Tripod 6: This ligand was synthesized by treating 2-aminomethylpyridine
with diethyl chloroacetamide. A mixture of 2-aminomethylpyridine
(432 mg), diethyl chloroacetamide (1.56 g), and Na,CO; (2.12¢g) in
CH;CN (60 mL) was heated at reflux for 7h under N,. CH;CN was
evaporated, and the residue was dissolved in CH,Cl, and filtered. The fil-
trate was purified by column chromatography (alumina, EtOAc) to give
6 as a yellow oil (855 mg, 64%). R;=0.37 (EtOAc); 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 6=852 (dd, *J(H,H)=5.0 Hz, “J(H,H)=1.4 Hz,
1H; Ar), 7.69-7.64 (m, 2H; Ar), 7.16 (td, *J(H,H)=5.0 Hz, *J(H,H)=
2.7Hz, 1H; Ar), 3.98 (s, 2H; ArCH,), 3.55 (s, 4H; CH,CO), 3.35 (q, *J-
(H,H)=7.1 Hz, 4H; CH,CHS,), 327 (q, *J(H,H)=7.1 Hz, 4H; CH,CH,),
1.10 (t, *J(H,H)=7.1 Hz, 6H; CH,CH;), 1.06 ppm (t, *J(H,H)=7.1 Hz,
6H; CH,CH;); "CNMR (100 MHz, CDCl,, 25°C, CHCL,): 6=169.5,
159.3, 148.8, 136.5, 124.1, 122.1, 60.8, 55.6, 41.4, 40.1, 14.2, 13.1 ppm; IR
(KBr): #=1635, 771 cm™'; HRMS (EI): m/z: caled for C;sHyN,O, [M]*:
334.2369; found 334.2369.

X-Ray crystal structure determination: A single crystal of the [La(2)-
(NO;);] complex was recrystallized from CH;CN/hexane, mounted in
inert oil, and transferred to the cold gas stream of the diffractometer
(—=150°C). X-ray data were collected with graphite-monochromated
Moy, radiation (0.71070 A) on a Rigaku/MSC Mercury CCD system.
The structure was solved by the heavy-atom Patterson method (DIRDIF-
99)! and expanded with Fourier techniques. The non-hydrogen atoms
were refined anisotropically by the full-matrix least-squares method of
SHELXL-97.”2l Hydrogen atoms were located on calculated positions
and were not refined.

Crystal data for the tripod [La(2)(NO;);] complex:® CyHygsLaNgsOyo;
M =698.93; crystal size 0.15x0.15x0.10 mm?®; monoclinic; a=40.202(4),
b=8.4382(5), ¢=19.6041(16) A; p=116.997(3)°; V=5925.6(8) A>; T=
123 K; space group C2/c (no. 15); Z=8; peyea=1.567 Mgm>; absorption
coefficient =1.505 mm™'; F(000)=2808; 6 range for data collection: 3.02
to 27.48°; reflections collected: 21238, independent reflections: 6404
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(Riny=0.0397); completeness to §=27.48°: 94.3%; max. and min. trans-
mission: 0.8640 and 0.8057; data/restraints/parameters: 6404/0/353; good-
ness-of-fit on F?: 1.280; final R values were R1=0.0557 and wR2=0.1248
(all data) and R1=0.0517 and wR2=0.1215 [I>20(])].

EXAFS measurements and data analyses: The EXAFS spectra at the K-
edge of La (38.9 keV) were measured in the fluorescence mode with a
19-element Ge array detector at the BL11XU of SPring-8, Japan. Syn-
chrotron radiation was monochromatized with a double crystal Si(333)
monochromator cooled by liquid nitrogen. Movement of the insertion
device was synchronized with monochromator scanning. EXAFS data re-
duction and curve fitting were carried out by the data analysis package
WinXAS 3.0 (Ressler, 1997). Theoretical phases and backscattering am-
plitude for curve fitting were calculated by FEFF 8.02 (Zabinsky, 1995)
on the basis of the coordinates from X-ray crystallography. The solution
of the [La(2)(NO,);] complex (5.00x 10> molL ") in CH,CN was sealed
in a polyethylene bag, whereas the crystal sample mixed with boron ni-
trate was shaped into a disc form (approximately 5 mm diameter and
1 mm thickness) by a forming holder and a hydraulic compactor.

Computational details: The basis sets used in our quantum chemical cal-
culations were Stuttgart-RSC-ECP (relativistic small-core effective core
potential)? for La and cc-pVDZ™! for the other atoms (C, N, O, and
H). Scalar relativistic effects, which are important for the determination
of the electronic structure of heavy elements (such as La) systems, were
included through ECP. Natural bond orbital (NBO) analyses!'®! were per-
formed with the optimized geometries to investigate charge distributions
in the La(NOj;); complexes and to understand interactions between La-
(NOs); and tripods 2, 3, 4, and 5. All of the B3LYP calculations were per-
formed with the Gaussian 037 quantum chemical program package.

Titration experiments: More than fifteen samples with different ratios of
tripod to lanthanide salt were prepared in each titration experiment. Typ-
ically, a solution (5mL) in CH;CN containing tripod 2 (2.00x
10*molL™") and lanthanide salt (0-6.00x10~*molL™") was prepared
and stirred for 5 min before starting the measurements. The absorbance
values of the aromatic nitrogen chromophores were plotted against the
mole ratios of the tripod to the lanthanide cation and the stepwise log K
values were calculated. The calculations were performed with IGOR Pro
(version 4, WaveMetrics). Although the standard deviations of the esti-
mated log K values are within 0.01, two independent results were aver-
aged; their error ranges are shown in Table 2.

Luminescence experiments: The luminescence experiments of the Eu’*
and Tb** complexes were performed in CH;CN upon ligand excitation:
261 nm for tripod 2, 246 nm for tripod 3, 270 nm for tripod 4, and 305 nm
for tripod 5. The concentrations of the lanthanide salts and the tripods as
well as the other conditions are shown in each figure. Because lanthanide
complexation offered slight UV/Vis spectral changes, the ligand-excita-
tion luminescence spectra recorded were normalized by absorbance in
the excitation region.

The indicated lifetimes (7) are the averaged values of at least three inde-
pendent measurements, each of which was made by monitoring the emis-
sion intensity at 616 nm (for Eu**) or 543 nm (for Tb**) after twenty dif-
ferent delay times spanning a range of at least two lifetimes (1., =261 nm
for tripod 2 and 270 nm for tripod 4). Slit widths of 10 nm were used and
the gate time was 0.1 ms. The decay curves were fitted by an equation of
the form I(r)=1(0)exp (—t/t) with a curve-fitting program. A high corre-
lation coefficient was observed in each case.
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