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Abstract

The enantiomers of N,N’-bis(1-phenylethyl)-2,6—pyridinedicarboxamide (L), namely (R,R)-1,
and (S,5)-1, react with Ln(l11) ions to give stable [LnL3]3* complexes in anhydrous acetonitrile
solution and in the solid state, as evidenced by ES-MS, NMR and luminescence titrations, and
their X—ray crystal structures, respectively. All [LnL3]3* complexes (Ln(l11) = Eu, Gd, Tb, Yb,
and L = (R,R)-1, and (S,S)-1)) are isostructural and crystallize in the cubic space group 123.
Although the small quantum yields of the Ln(I11)—centered luminescence clearly point to the poor
efficiency of the luminescence sensitization by the ligand and the intersystem crossing (ISC) and
ligand—to—metal energy transfers, the ligand triplet—-excited—state energy seems relatively well
suited to sensitize many Ln(I11) ion’s emission, for instance, in the VIS (Eu, Th), NIR (Nd, Yb), or
in both regions (Pr, Sm, Dy, Er, Tm).

INTRODUCTION

Luminescent lanthanide(l11), Ln(l11), complex—based molecular probes are commonly
employed for analytical and biomedical applications, where there are used either as
diagnostic or as therapeutic tools.1=25 Although it is now commonplace to use them in fields
like biochemistry, biology, medicine, and related biomedical disciplines, there is still a
considerable surge of interest to develop luminescent Ln(I11) compounds possessing chiral
properties in addition to their interesting spectral features. These unusual spectral
characteristics often consist of, e.g., long excited-state lifetimes, line—like emission bands
that are easily recognizable and well separated from the broad fluorescence bands of the
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organic fluorophores, large Stokes’ shift, sensitivity to the local environment, or time—
resolved separation between Ln(I11) luminescence and short-lived background fluorescence.

Dipicolinic acid (Hodpa) and its derivatives are good candidates for the design of
luminescent Ln(I11)—containing systems as evidenced, for instance, by their use for chirality
sensing.26 Since these 9—coordinate Ln(l11) compounds exist as racemic mixtures of
complexes with A and A helicity in solution, one can use them toward the molecular
recognition of chiral biological substrates. This is possible due to the observation of induced
chirality in the latter upon outer sphere coordination with a variety of optically active
organic molecules such as tartrate substrates, amino acid or sugar derivatives,26-32 3
phenomenon referred to as the “Pfeiffer effect”.33 Of special importance, it was shown that
the chiral recognition of such biomolecular substrates can be modulated by the nature of the
ligand interface of the racemic 9—coordinate Ln(l11) complexes.34 More recently, it was
reported that the chiroptical spectroscopic circularly polarized luminescence (CPL)
technique, the emission analog to circular dichroism (CD), has potential for the chiral
recognition of optical isomers of a given amino acid.25: 27 This was possible because CPL is
responsive to the nature and amount of the added chiral probes present in solution.

Since racemic Ln(I11) complexes of ligands derived from dipicolinic acid are promising
model systems for such studies and, also, that the modular nature of the dipicolinic acid’s
backbone allows for facile synthesis of derivatives with tunable photophysical and/or
chiroptical properties,3® we reported on the preparation of the optical isomers of N,N’—
bis(1-phenylethyl)-2,6—pyridinedicarboxamide (L), namely (R,R)-1 and (S,S)-1, and their
Eu(111) complexes.36 Of special importance, it was shown that these optical isomers of L
formed stable 1:3 Eu(l11):L complexes in anhydrous acetonitrile solution and resulted in a
CPL activity independent of the “age” of the solution (e.g. several months) and a lack of
noticeable photochemical degradation under continuous UV excitation (e.g. three days). In
addition to these interesting features, these Eu(l11)—containing compounds also possess
chiroptical properties as evidenced by their CPL activity that may open new perspectives in
the design of Ln(111) complexes acting as probes for chiral recognition, since they may probe
the chirality of biomolecules by preferential interaction with one enantiomer. In particular,
one can envisage that these Ln(l11)-based systems with more extended structures and, also,
containing chiral substituents may lead to a diastereomeric resolution of the 9—coordinate
Ln(11T) complexes, as already evidenced for the substituted pyridine-2,6—dicarboxamide
ligand, L*4, where a chiral group was grafted onto the para—position of the pyridine group.3’
Although this ligand led to the formation of stable 1:3 complexes with logps in the range
19-20, there was only a very small excess of one diastereoisomer induced in solution by L4,
This was corroborated by a weak CPL activity of the Ln(l11)—containing systems of interest.
The calculated luminescence dissymmetry factor, gjym, amounted to 0.02, a value much
more smaller than those reported for the 9—coordinate Eu(l11) complexes with the two
optical isomers of L, (R,R,)-1 and (S,S,)-1. (—0.19 and +0.19, respectively) or other related
systems,36-40

In this paper we report on the interaction of the ligand L with trivalent Ln(l11) ions with an
emphasis on the structural, thermodynamic, and photophysical properties of the resulting tris
complexes with Ln(I11) ions emitting in the VIS and/or NIR regions. In addition to their
potential use in chiral sensing applications, it is worth noting that such a study is of basic
interest since the preliminary CPL results of the Eu(l1l)—containing complexes led to the
suggestion that these latter can be employed as reliable CPL calibration standards to perform
accurate routine tests of CPL instrumentation at low cost.36
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EXPERIMENTAL SECTION

General

Solvents and starting materials were purchased from Acros or Sigma—Aldrich and used
without further purification unless otherwise stated. Acetonitrile, dichloromethane, and
methanol were purified in the usual way. Ln(111) trifluoromethanesulfonate, Ln(Otf)3
(Ln(111) = La and Eu), were prepared from the lanthanum and europium oxides (Stanford
Materials Corporation, 99.995%) and dried according to published procedures. The Ln
content of solutions was determined by complexometric titrations with a standardized
solution of ethylenediaminetetraacetic acid (EDTA) in the presence of 0.1 M ammonium
acetate and arsenazo I11. Unless otherwise specified, all sample solutions for the
photophysical studies were prepared and stored in a glove box. The three isomers of L, (R,R,
S,S, and R,S)-1, were synthesized as described previously.36

X—ray Experimental Section

Crystals suitable for X-ray analysis were mounted on a Kapton loop using Paratone N
hydrocarbon oil and measured at low temperature using a Siemens SMART or APEX
CCD*! area detector with graphite monochromated Mo KR radiation (Tables 1 and S3 and
S4). Cell constants and orientation matrices were obtained from least-squares refinement.
The resulting data were integrated by the program SAINT#2 and corrected for Lorentz and
polarization effects. Data were also analyzed for agreement and possible absorption using
XPREP.43 An empirical absorption correction based on the comparison of redundant and
equivalent reflections was applied using SADABS.#4 Equivalent reflections where
appropriate were merged, and no decay correction was applied. The structures were solved
within the WinGX4® package by direct methods using SIR200446 and expanded using a
full-matrix least-squares techniques with SHELXL-97.4’ Hydrogen atoms were positioned
geometrically for all H atoms. Resulting drawings of molecules were produced with
ORTEP-3.%8 In the lattice of these complexes, there are a few unresolved disordered
methanol and water molecules which were treated with the SQUEEZE routine included in
PLATON;? the final refinement by this approach provided significantly better residuals.

Spectroscopic and Analytical Measurements

Optical rotation values were measured from 6.67 x 1073 M solutions in anhydrous MeCN at
298 K with the help of a Rudolph Autopol 111 polarimeter (sodium D line). 1H- and 13C-
NMR spectra and experiments ({1H-1H}COSY, {1H-13C}HSQC, and DEPT-135) were
performed on a 300 MHz Mercury NMR spectrometer. Chemical shifts are given in ppm
with respect to TMS. GC-MS data were obtained using an Agilent Technologies 6890N GC
5975B MSD instrument. Pneumatically—assisted electrospray mass spectra (ES—MS) were
recorded from anhydrous acetonitrile solutions on an Agilent 6520 Q-TOF mass
spectrometer by infusion at 0.5 mL-min~1. Elemental analyses were conducted at Desert
Analytics, Inc (Tucson, AZ). Electronic spectra in the UV/VIS rlange were recorded at 298
K with a Varian Cary 50 Bio UV-Visible Spectrophotometer with an attached Cary Single
Cell Peltier Accessory for temperature control. Fluorescence at 298 K and above was
measured on a Varian Cary Eclipse Fluorescence Spectrophotometer with an attached
Quantum Northwest Temperature Control and/or on Horiba—Jobin-Yvon-IBH-FluoroLog-
3 spectrofluorimeter, equipped with 3-slit double grating excitation and emission
monochromators and a continuous wave 450 W xenon arc lamp as the light source for
excitation. 77 K Phosphorescence scans were taken on a Perkin EImer LS50B instrument.
During luminescence titrations, a Masterflex® L/S® compact, variable speed pump was
used with Chem—Durance Bio and Tygon Chemical 2001 tubing to transfer solutions to a 1.0
cm flow cuvette (Starna Cells, Inc.), and a Masterflex® L/S® Digital Drive with a
Masterflex® L/S® Easy-Load® 1l pump head for precision tubing was used to automatically
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dispense Eu(NO3)3 solutions. Luminescence lifetimes were determined with a Horiba—
Jobin-Yvon-IBH-FluoroLog-3 spectrofluorimeter, adapted for time—correlated single—
photon—counting (TCSPC) and multichannel scaling (MCS) measurements. A sub—
microsecond Xe flashlamp (Jobin Yvon, 5000 XeF) was used as the light source, with an
input pulse energy (100 nF discharge capacitance) of ca. 50 mJ, yielding an optical-pulse
duration of less than 300 ns at FWHM. Emission was monitored perpendicular to the
excitation pulse, using either a TBX-04-D (or R928P) detector in the UV-VIS region (‘S’
side) or a Hamamatsu H9170-75 PMT (or C9940-01 PMT) as the NIR detector (‘T” side).
For measurements in the UV-VIS region, spectral selection was achieved by passage
through the double—grating emission monochromator (2.1 nm/mm dispersion, 1200 grooves/
mm) and the spectra were corrected for emission spectral response (detector and grating).
For measurements in the NIR, spectral selection was achieved by passage through a double
grating emission monochromator (600 grooves/nm, 1 um blaze), and the observed emission
in this case was not corrected for the efficiency of the detector or grating. A
thermoelectrically cooled single—photon—detection module (Horiba Jobin Yvon IBH, TBX-
04-D) incorporating a fast-rise—time photomultiplier tube (PMT), a wide bandwidth
preamplifier, and a picosecond constant—fraction discriminator was used as the detector.
Signals were acquired with an IBH-DataStation—Hub photon—counting module in TCSPC
mode, and data analysis was performed with the commercially available DAS-6 decay-
analysis software package from Horiba Jobin Yvon IBH. Goodness of fit was assessed by
minimizing the reduced chi squared function, x2, and a visual inspection of the weighted
residuals. Each trace contained at least 10000 points, and the reported lifetime values
resulted from at least three independent measurements.

The quantum yields (@) were measured by the optically dilute relative method° by use of
the equation (1) where [ q; is the numerically integrated intensity from the luminescence
spectra, | is the luminescent intensity at the excitation wavelength, A is the absorbance at the
excitation wavelength, and n is the index of refraction of the solution. The subscript R
denotes reference.

I, daA
(DSumplf_ f Sample ( [R.m )( AR,AM )(nSumple )2
n

Do f I,dA

Quantum yields of the ligand—centered emission were measured relative to quinine sulfate in
0.05 M HS04 (Qa5s=54.6%).%1 Quantum yields of the metal-centered emission were
determined at excitation wavelengths at which (i) the Lambert—Beer law is obeyed and (ii)
the absorption of the reference closely matches that of the sample. Cs3[Eu(DPA)3] and
Cs3[Th(DPA)3] in 0.1 M TRIS buffer were used as standards for the Eu(l11) and Tb(l11)-
containing complexes (Qaps=24.0 and 22.0%),52 whereas quinine sulfate in 0.05 M H,SO,
and ligand L in MeCN were used as standards for [LnL,]3* (Ln(lIl) = Nd, Sm, Gd, Dy, Er,
and Yb). The complex [Yb(tta)3(H,0),] (tta = thenoyltrifluoroacetylacetonate, Q,ps=0.35%)
in toluene was also used as a standard for [YbL,]3*.53 Cs3[Ln(DPA)3] (Ln(l11) = Eu and Tb)
and [Yb(tta)3(H,0),] were synthesized according to the published methods.>* 55 The
estimated error for quantum yields is £10%.

Smaple,exc Sample,dexc R

Luminescence titrations were performed overnight with an automatic titration system where
a solution containing 5.0 x 107> M L, as well as 0.05 M Et;NCIO,4 to maintain ionic
strength, was constantly pumped back and forth from a sealed round-bottom flask and
through a 10 mm quartz flow cuvette placed in the cell holder of a Varian Cary Eclipse
Fluorescence Spectrophotometer set to scan every 15-18 minutes. At consistent time
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intervals, a solution of 1.0 x 1073 M Ln(NO3)3 (Ln(I11) = Eu and Tb) in 0.05 M Et;NCIO,4
was dispensed into the L solution by an automatic peristaltic pump designed for precision.
For each titration, at least 13 minutes were allowed for the solution in the flask to
homogenize with that in the cuvette as well as allow for the Ln(l11)-species to equilibrate.
Factor analysis and stability constant determinations were carried out with the program
Hyperquad2006.%6 All data reported are the average of three independent measurements.
Computations were run on a Dell Precision 390 using the Spartan 06 program.>’

Preparation of [EuLg]3*

0.097 g of L (0.25 mmol) and 0.030 g of EuCl3-6H,0 (0.081 mmol) were added to a 50-ml
round bottom flask. The mixture powder was then degassed by vacuum and the flask was
placed under N, atmosphere. 5 ml of anhydrous methanol was added to the flask. The
mixture was then stirred vigorously under nitrogen flow until the solution became clear.
Liquid N, was used to freeze the solution and once again air was removed by vacuum. This
step was repeated for three to five times and then filled the flask with N5 again. The whole
mixture was then refluxed under N, overnight at 328 K. After evaporating the solvent and
drying the crude product, this latter was recrystallized by slow diffusion of tert—butyl methyl
ether into a concentrated, hot and anhydrous MeOH solution to give 0.079 g of [EuL3]Cl3
(71%).

The other [LnL3]3* complexes (Ln(111) = Eu, Gd, Th, Yb, and L = (R,R)-1 and (S,S)-1)
were prepared in 50-71% yield according to the same procedure. Each of the complexes
gave satisfactory elemental analyses. These elemental analyses were conducted on samples
dried at about 313 K and under reduced pressure. It should be mentioned that a similar
synthetic procedure was used to prepare [LnL3]3* with (R,S)-1, but the elemental analyses
suggested the formation of 1:2 species which were not characterized and studied further,
since the purpose of this work was to study the formation of tris Ln(l11) complexes and
investigate their photophysical properties in solution.

[Eu((R,R)-1)3]Cl3. Yield 0.091 g, 71%. Anal. Calcd for CggHgoNgOgClI3Eu: C, 60.1; H, 5.0;
N, 9.1. Found: C, 60.0; H, 4.9; N, 9.2. ES-MS (MeCN): m/z 424.1 ([Eu((R,R)-1)3]*).

[Eu((S,S)-1)3]Cls. Yield 0.064 g, 50%. Anal. Calcd for CggHggNgOgClsEuU: C, 60.1; H, 5.0;
N, 9.1. Found: C, 60.1; H, 5.1; N, 9.3. ES-MS (MeCN): m/z 424.2 ([Eu((S,9)-1)3]3").

[Eu((R,R)-1)3](CF3S03)3. Yield 0.095 g, 60%. Anal. Calcd for C7,HggF3NgO15S3EU: C,
50.3; H, 4.0; N, 7.3. Found: C, 50.3; H, 3.7; N, 7.3. ES-MS (MeCN): m/z 424.2 ([Eu((R,R)-
1)31%).

[Eu((S,S)-1)3](CF3S0O3)3. Yield 0.082 g, 52%. Anal. Calcd for C7oHggF3NgO15S3EU: C,
50.3; H, 4.0; N, 7.3. Found: C, 50.2; H, 3.7; N, 7.3. ES-MS (MeCN): m/z 424.2 ([Eu((S,S)-
1)3]*").

[Gd((R,R)-1)3]Cls. Yield 0.085 g, 66%. Anal. Calcd for CgoHggNgOgCIl3Gd: C, 59.9; H,
5.0; N, 9.1. Found: C, 59.7; H, 4.9; N, 9.0. ES-MS (MeCN): m/z 425.8 ([Gd((R,R)-1)3]3").

[Gd((S,S)-1)3]Cl3. Yield 0.084 g, 65%. Anal. Calcd for CggHggNgOgCl3Gd: C, 59.9; H, 5.0;
N, 9.1. Found: C, 59.8; H, 5.1; N, 8.9. ES-MS (MeCN): m/z 425.9 ([Gd((S,S)-1)3]**).

[Tb((R,R)-1)3]Cl3. Yield 0.086 g, 66%. Anal. Calcd for CgoHggNgOgCl3Th: C, 59.8; H, 5.0;
N, 9.1. Found: C, 59.8; H, 4.8; N, 9.2. ES-MS (MeCN): m/z 426.2 ([Tb((R,R)-1)3]*).

[Tb((S,S)-1)3]Cls. Yield 0.070 g, 54%. Anal. Calcd for CggHggNgOgCl3Th: C, 59.8; H, 5.0;
N, 9.1. Found: C, 59.7; H, 4.9; N, 9.0. ES-MS (MeCN): m/z 426.1 ([Tb((S,S)-1)3]3").

Inorg Chem. Author manuscript; available in PMC 2013 January 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hua et al.

Page 6

[Yb((R,R)-1)3]Cls. Yield 0.082 g, 63%. Anal. Calcd for CgoHggNgOgCl3Yb: C, 59.2; H,
5.0; N, 9.0. Found: C, 59.4; H, 4.9; N, 9.0. ES-MS (MeCN): m/z 431.2 ([Yb((R,R)-1)3]**).

[Yb((S,S)-1)3]Cls. Yield 0.066 g, 51%. Anal. Calcd for CggHggNgOgCl3Yh: C, 59.2; H, 5.0;
N, 9.0. Found: C, 59.1; H, 4.7; N, 9.3. ES-MS (MeCN): m/z 431.3 ([Yb((S,S)-1)3]3%).

RESULTS AND DISCUSSION

Structure of L

The synthesis of the three isomers of L, namely (R,R, S,S, and R,S)-1, was described in a
preliminary report.36 It was shown that the opposite optical rotation values of (R,R)-1 and
(S,S)-1 (—213.4° and +213.6°, respectively) confirmed the chirality arising from the
asymmetric carbons and the preparation of each enantiomeric form of L, while an optical
rotation value of —0.8° for (R,S)-1 corroborated the synthesis of the meso ligand with high
purity. The room—temperature 1H and 13C-NMR spectra of the three isomers of L in
CD3CN and/or CD,Cl,, which display 6 and 10 signals respectively, are consistent with the
presence of a single species having a Cy, symmetry: X22', X33’ X66" X7.7" (X = C, H),
C>%", and Ph88’ give rise to only one signal each. This is also corroborated by variable—
temperature TH-NMR experiments, since the latter do not affect the signals of the various
protons present in (R,R)-1 and (R,S)-1 (Fig. S1). The only significant shift observed is for
the proton of the NH group moving upfield from ~8.2 to ~7.9 ppm with increasing
temperature (253-328 K). Finally, the absence of a nuclear Overhauser effect between H3:3’

and N-H points to a syn,syn,ZZ conformation for each isomer of L, as already reported for
858

This conformation also prevails in the solid state as evidenced by the X-ray crystal structure
of the meso—isomer, (R,S)-1 (Fig. 1). The unit cell contains two independent molecules A
and B, the bond lengths and angles which differ only slightly (Tables 1 and S1). It is worth
noting that such a syn,syn,ZZ conformation was already observed for 2,6—
dicarboxamidopyridine derivatives®8-80 and is driven by the existence of two strong
intramolecular hydrogen bonds involving the N atom of the pyridine ring and the NH
portion of each carboxamide unit (NH...N(pyridine) = 2.33 and 2.29 A or 2.34 and 2.35 A
for each independent molecule, respectively). The importance of these intramolecular
hydrogen bonding interactions is evidenced by the observation of almost coplanar
arrangements of the carboxamide side arms with the central pyridine ring (interplanar angles
of 3.53(0.16)° and 3.63(0.15)° between C10-C9-0O1-N1 or C14-C15-02-N3 and C10-
C14-N2, whereas the other independent molecule shows interplanar angles of 3.83(0.15)°
and 6.39(0.14)°, respectively). Similarly, interplanar angles of 6.03(8) and 12.53(9)° and
contact distances of 2.32 and 2.36 A were reported for L8 %8 whereas ligand L° showed an
average interplanar angle of 24° with intramolecular hydrogen—bonding contact distances of
2.33-2.38A.59 It is worth noting that the structure of (R,S)-1 does not reveal that each NH
unit of one molecule interacts with one carbonyl oxygen of another molecule to form
intermolecular hydrogen bonds, as it was evidenced for the two 2,6—dicarboxamidopyridine
derivatives, L8 and L9.58. 59

Although we were not able to obtain suitable single X-ray—quality crystals for the two other
isomers of L, (R,R)-1 and (S,S)-1, their conformation predicted from gas—phase density
functional theory (DFT) calculations, utilizing B3LYP81 62 and the 6-31G(d) basis set,63 64
pointed to a similar structural pattern than the X-ray crystal structure of (R,S)-1, namely a
syn,syn,ZZ conformation, and, also, confirmed the enantiomeric nature of (R,R)-1 and (S,S)-
1 (Fig. S2). It is worth noting that the predicted conformation from gas—phase molecular
mechanics calculations and the resolved X-ray crystal structure for (R,S)-1 are in good
agreement with each other (Figs. 1 and S2). However, the predicted conformations show
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that the two carbonyl groups in (R,R)-1 and (S,S)-1 are bent to opposite sides, whereas the
two carboxamide O atoms are on the same side of the pyridine ring for the meso—isomer as
evidenced in the X-ray crystal structure and predicted conformation of (R,S)-1. The position
of the carboxamide O atoms in the meso—isomer is consistent with what was observed in

L8 58 put the interplanar angles are smaller (3.53(0.16) and 3.63(0.15)° or 3.83(0.15)° and
6.39(0.14)° vs. 6.03(8) and 12.53(9)°) and pointing to the fact that the carbonyls are even
more in the plane with the pyridine ring than in L8,

Interaction Between L and Ln(lll) lons

Electrospray mass spectra (ES—MS) were recorded in order to probe the various Ln(I11)—
containing species that may be present in solution. Solutions of L (2 x 1073 M in anhydrous
MeCN, L = (R,R)-1) were titrated with either Eu(NQO3)3:6H,0 or Eu(CF3S03)3:6H,0 at
298 K for ratios R = [Eu]¢/[L]; = 0-4. The spectra suggest the presence of [LnL,]3* (n = 1-
4) species, some of them with solvation molecules and/or in the form of nitrate/triflate
adducts (Tables 2 and S2 and Fig. S3). Nitrate/triflate adducts and isotropic disctribution
help in identifying the species, as shown in Fig. S4. Although the ES-MS analysis is only
qualitative, it is worth noting that [LnL3]3* is the most abundant species in the spectra of
solutions with small R values, whereas solutions with larger R values show the coexistence
of the latter species with [LnL,]3* and [LnL]3*. These data suggest the presence of the 1:1,
1:2, and 1:3 complexes in solution, as well as of a species with four ligands. Such species
have been observed for ligands derived from, e.g., pyridine 2,6—dicarboxamide and
bis(benzimidazole)pyridine, and were assigned to an outersphere association of a fourth
ligand molecule with a 1:3 complex.37- 65-67 However, it is most likely that such a species
with four ligands is only formed during the ES-MS experiments, as corroborated by the
luminescence (no effect on the fitting of the data) and NMR titrations (an excess of ligand
only results in the presence of the 1:3 complex and free ligand, see below). More
importantly, the ES-MS data indicate the presence of the 1:3 complex in solution since this
latter is always observed in anhydrous acetonitrile solution and, also, represents the most
abundant Ln(I11)—containing species in solution at every R value.

To confirm these observations and, also, to quantitatively characterize the formation of
complexes with L, luminescence titrations of L with Eu(NO3)3:6H,0 at 298 K in anhydrous
MeCN, in the presence of 0.05 M Et4NCIQy4, and under N, atmosphere were performed.
Taking account of the species identified in the ES-MS and NMR spectra (see below for
NMR discussion), the luminescence data (Figs. S5 and S6) were fitted with non—linear
least—squares methods to equilibria (2)—(4), where solvation and anion coordination were
omitted.

1duasnuey Joyiny vd-HIN

Eu**+L = [EuL]** logB, @
Eu**+2L = [EuL,]**  logB, 3)
Eu**+3L = [EuL3]**  logBs @)

Although the factor analysis indicates the presence of three or four emitting species, a model
including [EuL4]3* does not improve the fit, in agreement with the postulated outer-sphere
nature of this species detected in the gas phase. Close examination of the time-resolved
luminescence data shows that plots of luminescence intensity vs. the ratio R = [Eu]¢/[L]; at
several wavelengths (Fig. S7) have essentially two breaks at R = 0.33 and 0.5 (1:3 and 1:2
complexes). The cumulative stability constants are summarized in Table 3.
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The logps value of the Eu(l11) complex (23.8) is in good agreement with those reported for
corresponding compounds with 2,6—dicarboxamidopyridine derivatives (e.g. 22.3, 19.7, and
17.6 for L, L4, and L5).37. 58.68 Of special importance, it confirms that the steric
hindrances resulting from the wrapping of the tridentate strands play a predominant role in
the formation of the triple-helical complexes [LnL!5]3* (i = 5-8).58. 68 |t was shown that the
bulkiness of the terminal tertiary amide groups resulted in increased interstrand steric
repulsions and, consequently, destabilized significantly the stability of the 1:3 complex (the
logpBs values were lowered by several orders of magnitude) to the point where the formation
of this species was not observed.>8 In this latter case, the terminal dibenzylamine groups in
L7 precluded the formation of 1:3 species due to their bulkiness, and only resulted in the
observation of 1:1 and 1:2 species. However, the removal of two benzyl groups led to the
formation of tris complexes as evidenced by the crystal structure of [Tb(L8)3]2(CF3S03)g,
but it was a slow process in solution due to the existence of several inert conformational
isomers resulting from the blocked rotations around the OC-N bonds.>8 This slow
complexation process ascribed from the stabilization of the ligand L8 in its syn,syn,ZZ
conformation and, as a result, strongly limited its characterization in solution. The
replacement of the benzyl groups of the carboxamide units by phenylethyl substituents with
respect to L confirmed the formation of tris complexes with L (L = (R,R)-1 and (S,S)-1) in
the solid state (see below), but also in solution (logBs of 23.8). This can be attributed to the
fact that in L8 the replacement of one of the two H atoms of the benzyl group by a Me
substituent probably results in a smaller activation energy barrier for the rotation about the
OC-N bonds (steric hindrances due to the presence of the Me group) and, therefore, L (L =
(R,R)-1 and (S,S)-1) is not locked in its syn,syn,ZZ conformation as seen for L8. Thus, the
two intramolecular NH...N(pyridine) hydrogen bonds, which led to the formation of a
blocked syn,syn,ZZ conformation for L8,58 are weakened and do not prevent the formation
of stable 1:3 complexes with L (L = (R,R)-1 and (S,S)-1) in solution (a faster complexation
reaction is favored) as evidenced by the luminescence titrations and 1H-NMR spectra.

The speciation and, in particular, the formation of stable 1:3 species with L (L = (R,R)-1
and/or (S,S)-1) in solution under anhydrous conditions was confirmed by monitoring the
titration of (R,R)-1 with La(l11) by TH-NMR at 298 K (Fig. 2). The successive formation of
the three complexes, namely 1:1, 1:2, and 1:3, were observed for ratios, R =[La]{/[L];, going
from 0.33, 0.5 to 1.0. When R reaches 0.33, all ligands are complexed and are in the 1:3
species, whereas the solutions with R = 1.0 and 0.5 show the various La(lll)-containing
species (1:1 and 1:2, and 1:1, 1:2 and 1:3, respectively). It is worth noting that no free ligand
is observed in solution for the various ratios (within the experimental error) confirming the
successive formation of the three Ln(lll)—-containing compounds with L. Addition of more
ligand (R = 0.2) validated these observations since the TH-NMR spectrum of this solution
only showed the 1:3 species and the excess of free ligand. A similar situation was also
observed for Eu(ll) (Fig. S8). The observation of only one set of signals for each complex
in these TH-NMR spectra corroborates that L (L = (R,R)-1 and/or (S,S)-1) adopts an anti—
anti conformation upon complexation to the Ln(l11) ions, but also that the solution contains
only one major diastereoisomer of [LnL3]3* (either A—[Ln((R,R)-1)3]3* or A-[Ln((S,S)-
1)3]3*, see below for further details), as already seen in several other studies on complexes
with, i.e., chiral tertendate ligands derived from terpyridine (L1), bis(benzimidazole)pyridine
(L2 and L3) or 2,6-pyridinedicarboxamide (L4 and L), and chiral octadentate 1-hydroxy—
2—pyridinone (1,2-HOPO) and 2-hydroxyisophthalamide (IAM)-based

ligands.37: 39. 65, 69-71 A similar conclusion was also drawn from the CPL

measurements.3®: 38 |t was found that the strong CPL activity exhibited by [EuL3]3* (e.g.
Jium Value amounted to —0.19 at 590 nm for L = (R,R)-1) is comparable when either a direct
excitation of the Eu(I11) ion in the spectral range of the °Dy— ’F4 transition or an indirect
excitation through the ligand absorption bands was used but also is independent of the
polarization of the excitation beam (e.g. right—, left—, or plane—polarized light). This was
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consistent with the presence of only one diastereomeric species in solution.2”: 2838, 71,72 op
the other hand, one would have expected that the CPL would have been dependent on the
excitation polarization if the solution would have contained a mixture of
diastereoisomers.”3: 74 This is also in good agreement with the X—ray crystal structures of
[LnL3]3* (Ln(111) = Eu, Gd, Th, Yb and L = (R,R)-1 and (S,S)-1) showing the formation of
triple helical complexes in the solid state (see below). In summary, the apparent easy
formation of the 1:3 species contrasts with what was observed with L8 8 and confirms that
L is not blocked in the syn,syn,ZZ conformation. Additionally, these 1TH-NMR experiments
confirmed that a solution of the 1:3 species can be prepared in situ by mixing a MeCN
solution of the Ln(111) salt with one of L in a Ln(I11):L molar ratio of 1:3 and under
anhydrous conditions.

Isolation, Characterization, and Structure of [LnL3]3*

The 1:3 complexes were obtained under the form of microcrystalline powders in 50-71%
yield from the diffusion of tert-butyl methyl ether into concentrated, hot, and anhydrous
MeOH solutions containing L (L = (R,R)-1 and (S,S)-1) and LnX3-xH,0O (Ln(l11) = Eu, Gd,
Th, Yb, X = CI7, NO3™, and/or CF3SO3~, and x = 5 or 6) in a molar ratio of 3.1:1. The
isolated [LnL3]3* complexes (Ln(I11) = Eu, Gd, Th, and Yb) yielded good elemental
analysis and dissolution in anhydrous MeCN gave ES-MS and/or TH-NMR data similar to
those obtained from complex solutions prepared in situ with a Ln(l11):L molar ratio of 1:3 or
1:5. It is worth noting that the high resolution °Dg«’F¢ excitation spectra of the Eu(l11)-
containing complex solution formed in situ under nonanhydrous conditions confirmed that
the Eu(l11) ions were in the form of the 1:3 species in a 6.67 x 1073 M MeCN solution with
a stoichiometric 1:5 ratio.36 Taking account of these observations, some of the [LnL3]3*
(Ln(111) = Pr, Nd, Sm, Dy, Er, and Tm) complexes were not isolated, but only prepared in
situ using anhydrous conditions for the purpose of the photophysical studies. These solutions
were prepared in the glove box using a Ln(l11):L ratio of 1:5 to ensure that only the 1:3
complex species was present in solution, since it was observed in a previous study that a
ratio of 1:3 resulted in the presence of 1:2 and 1:3 complex species in solution when
nonanhydrous conditions were used.36

Single crystals suitable for X-ray diffraction analysis were obtained for the [LnL3]3*
(Ln(11) = Eu, Gd, Th, and Yb) complexes with the two enantiomeric forms of L, (R,R)-1
and (S,S)-1. The details of the crystallographic data collection are summarized in Tables 1,
S3, and S4. All complexes are isostructural and crystallize in the cubic space group 123. The
unit cell contains isolated [LnL3]3* cations with disordered noncoordinated solvent
molecules and chloride anions, which explain the fractional values found (see Experimental
section). All Ln(l11) ions are coordinated by six carboxamide O atoms and three pyridine N
atoms. The structure of the different [LnL3]®* (Ln(Ill) = Eu, Gd, Th, Yb, and L = (R,R)-1
and (S,S)-1) cations with the atom—numbering scheme are display in Figures 3—4 and S9-
S10 and selected bond lengths and angles are reported in Tables 4 and S5-S10, while
selected interplanar angles are listed in Tables S11. In each cation, the three ligand
molecules are meridionally coordinated to and in a helical way around the Ln(l1l) ion
leading to the observation of almost ideal D3—like complexes for the four Ln(l11)—containing
species. This is corroborated by equivalent Ln—X bond lengths and X-Ln-Y angles (X = N,
O and Y =N, O) for each of the three ligand molecules coordinated to the Ln(l11) cation. It
is worth noting that the average Ln—X distances become shorter along the studied Ln(lll) ion
series (Eu-Yb). For instance, the Ln—N(Pyridine) distance in [LnL3]®" is decreasing from
2.564(2), 2.543(2), 2.528(2) to 2.467(2) A for Ln(IIl) = Eu, Gd, Th, Yb and L = (R,R)-1,
respectively. A similar pattern was observed for the 1:3 species with the other enantiomeric
form of L, (S,S)-1. One can conclude from these observations that the coordination cavity is
modular and fits Ln(l11) ions of various sizes such as Eu(l11) or Yb(II1). Both X-ray crystal
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structures of Eu(l11) and Yb(II1) only show slightly differences in the interplanar angles
between the carboxamide side arms and the central pyridine ring (5.86(0.12) and 7.35(0.16)°
vs. 4.16(0.12) and 6.75(0.14)° for L = (R,R)-1), whereas the angle between the ligand strand
planes is very similar (75.28 vs. 76.76°), respectively. It is also evidenced by the slightly
smaller values of the effective ionic radius (1.09, 1.08, 1.07, and 1.01) of the Ln(l1) ions
(Ln=Eu, Gd, Th, Yband L = (R,R)-1 and (S,S)-1), calculated according to Shannon’s
definition with r(N) = 1.46 and r(O) = 1.31 A, 7> from the expected ionic radii for nine—
coordinated Ln(I11) ions (1.12, 1.07, 1.095, and 1.042A), respectively. These smaller values
are due to a slight contraction of the Ln(l11) coordination sphere which is induced by the
wrapped of the three tridentate ligand molecules, as already reported for [EuL.>3]3* (1.09 vs.
1.12A).68

Moreover, the average Ln—N(Pyridine) and Ln—-O(amide) bonds of 2.56 or 2.54 and 2.40 or
2.38 A are close to those found in the related Ln(l11) complexes (Ln = Eu or Th) with
carboxamide ligand derivatives, respectively.%8: 76 The crystal packing is governed by
intramolecular (C1-C6 phenyl ring with C10-C14-N2 central pyridine ring of another
ligand strand, but in the same complex molecule) and intermolecular (C1-C6 phenyl ring
with C18-C23 phenyl ring of another complex molecule) n—stacking interactions and weak
intermolecular H-bonding interactions between the Cl atom of the noncoordinated chlorides
and the amide H atom or the O atom of the noncoordinated solvent molecules (Fig. 5).

Finally, it should be added that the asymmetric carbon atoms of the ligands retain their
absolute configuration R or S in all the complex cations. Thus, the A or A metal
stereochemistry is induced by the chiral nature of the ligand molecules in all of the
complexes studied by X-ray crystallography. That is, ligand (S,S)-1 induces a A chirality
about the Ln(111) ions, whereas ligand (R,R)-1 induces a A chirality about the Ln(l11) ions.
These findings, which confirm the diastereomeric nature of [LnL3]3* with (R,R)-1 and
(S,S)-1, are also in agreement with those reported for related highly symmetrical
isostructural chiral 1:3 Ln(I11) complexes with a chiral pyridyldiamide ligand derivative,
pyridine-2,6—dicarboxylic acid bis—[(1-naphthalen—1-yl-ethyl)-amide] (L”). This ligand
only differs from L by its carboxamide moieties in which the phenyl groups of L are
replaced by naphthalene substituents.39 It is also worth noting that the diastereomeric nature
of [LnL3]3* with (R,R)-1 and (S,S)-1 also prevails in solution as evidenced by the CPL
results from the Eu(l11)—containing species (observation of mirror—image CPL spectra that
are independent of the polarization of the excitation beam and if a direct or indirect
excitation is used).36: 38 A complete study of the chiroptical properties of these compounds
of interest will be described in a forthcoming publication. 77

Ligand—Centered Emission

The electronic spectrum of L in solution displays a broad band defined by two broad
maxima around 276 and 284 nm, and assigned to n—=* and r—=x* transitions centered onto
the pyridine—dicarboxamide units (Figure S11). UV irradiation of L at room temperature
yields one broad unresolved fluorescence band, centered around 337 nm, and originating
from the 1nn* state (Fig. 6). At 77 K, the fluorescent band is more structured and emission
from the 3nn* state appears with a maximum around 391 nm. As one would expect, the
findings for both enantiomeric forms of L, (R,R)-1 and (S,S)-1), are identical within the
experimental error. Thus, we only report the photophysical data for one of them thereafter
with L meaning either (R,R)-1 or (S,S)-1). The same practice is applied to the discussion of
the photophysical properties of the [LnL3]3* complexes.

Upon complexation to Gd(l11) in the 1:3 complex, the broad band observed in the electronic
spectrum of L is only slightly red-shifted with the appearance of two broad maxima around
277 and 286 nm. Similar results were obtained for the other [LnL3]3* complexes
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investigated (Fig. S11). On complexation to the nonluminescent Gd(111) ion, the transitions
of the lnn* and 3nn* states are red—shifted by 175 and 885 cm™1, respectively (frozen
MeCN solution, 77 K, see Fig. 6). These changes in the position of the lna* and 3an* states
between the free and complexed ligands confirm the formation of the complex. On the other
hand, one can also envisioned that the localization of the 0—phonon of the 3xr* state of the
complexed ligand in the Gd(l11)—containing compound at 27025 cm™~1 (or 370 nm) is well
suited to sensitize many Ln(I11) ions emitting, for instance, in the VIS (Eu, Tb), NIR (Nd,
YD), or in both regions (Pr, Sm, Dy, Er, Tm).

Eu and Th—Centered Luminescence

The luminescence spectra of [EuL3]3* and [TbL3]3* were recorded in MeCN solutions at a

concentration of 1073 M which represents a compromise between decomplexation and self-
quenching. According to the stability constants determined for [EuL,]3* in MeCN (n = 1-3,
Table 3), about 99% of the species present in solution for a stoichiometric ratio Eu:L of 1:3

is under the form of [EuL3]3* (ligand speciation).

Excitation via the ligand—centered n,n—m* transitions of [EuL3]3* and [TbL3]3* result in
the observation of the typical luminescence spectra of Eu(l11) and Tb(Ill) with sharp line
emission bands arising from the °Dg and °D, excited states on the ’F; manifold ground
states (J = 0-6 and 6-0), respectively (Fig. 6). It can been seen that these luminescence
spectra of [EuL3]3* and [TbL3]3" also show the residual emission of the ligand-

centered nn* and 3nn* states, suggesting incomplete intersystem crossing (ISC) and
ligand—to—Ln(I11) energy transfers, respectively. These poor energy conversion processes are
confirmed by the relatively modest to small quantum yields of both the ligand— and metal—
centered luminescence measured at RT, and the ratio between the integrated 3an* and 1™
state emissions, 1(T/1(5) for the free ligand and its Gd(I11) complex at 77 K.

The quantum yield of [GdL3]3* (®F = 2.2%) decreases by a factor of 10 with respect to that
of the free ligand (®F = 21.2%), whereas the ligand—centered phosphorescence increases, as
indicated by the 10—fold increase of I(0/I() from 4.0 x 1073 to 4.7 x 102 on complexation
of L to with Gd(I11). This better ISC efficiency in the Gd(l11) complex may probably result
from a more favorable energy gap between the lzn* and 3an* states, AE(Pan*~1rn*) = 5070
cm™1, as compared to 4190 cm™1 in the free ligand (optimal I1SC energy transfer process
needs to have a AE(3nn*—1nn*) greater than 5000 cm™1),’8 and from the mixing of the
ligand—centered 1xn* and 3> wavefunctions promoted by spin—orbit and/or paramagnetic
effects.”® 80

The overall quantum yield of the Ln(lll)-centered luminescence obtained upon ligand
excitation, ®", , amounts to 1.0% for [EuL3]3*, as compared to 8.6% for the corresponding
compound with Th(II1). This 9-fold difference may probably be explained by the fact that
(i) Eu(l11) has a tendency to favor the quenching of the singlet excited state of the sensitizing
chromophore (a process usually not observed for Th(lll) since it is very difficult to reduce
this ion), (ii) the possibility of having an energy transfer in the Th(l11) compounds from the
ligand triplet state to a higher metal electronic state (i.e. °D3) than the emissive state of
Tb(111), °D4 (the higher metal state is populated and then undergoes a rapid internal
conversion and vibrational relaxation to the emissive metal state °Dy), and (iii) a better
efficiency of the ligand—to—metal energy transfer.8l: 82 The energy gap between the 3an*
state of the complexed ligand and the excited state of Th(l11), °Dy, is closer, although
relatively large (AE(rn*—>D,) = 6535 cm™2) to the ideal value of 2500-3500 cm™2 for an
efficient ligand—-to—metal energy transfer,’® than the one for [EuL3]®* (AECrn*—°Dy) =
9800 cm™1). One can conclude that the small quantum yields of the Ln(I11)-centered
luminescence clearly point to the poor efficiency of the ISC and ligand-to—metal energy
transfers. Another factor that may also largely contribute to relatively modest quantum
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yields of the Eu(l11) and Th(Ill) complexes is the weak efficiency of the luminescence
sensitization by the ligand (nsens = 4.0 x 1072, see Supporting Information for a detailed
determination of this value). However, the slight decrease in the Eu(°Dg) and Th(°D,)
lifetimes from 1.84 and 1.95 to 1.75 and 1.89 ms between 77 K and RT suggests that
temperature—dependent quenching mechanisms (e.g. energy back transfer, ligand—to—metal
charge transfer, or other intermolecular interactions...) do not significantly contribute to the
nonradiative deactivation processes responsible for the fairly small Ln(l11)—centered
luminescence quantum yields of [EuL3]3* and [TbL3]3*. The long Eu(°Dy) and Th(°Dy)
lifetimes also suggest that the metallic site in [EuL3]3* and [TbL3]3* is efficiently protected
from external interactions (e.g. no solvent molecules present in the first coordination sphere)
due to the helical arrangement of the three ligand molecules around the Ln(l1l) ion. This is
in line with the NMR data since these latter do not point to a partial decomplexation of one
of the arms of the coordinated ligand molecules through the binding of a solvent molecule.
A similar phenomenon was reported for MeCN solutions of analogous 1:3 complexes with a
ligand derived from pyridine 2,6—dicarboxamide (L) for which Eu(°Dg) and Th(°D,)
lifetime values of 1.58 and 1.55 ms were observed.3’ It is interesting to note that the
quantum yields for [Eu(L)3]3* and [Tb(L)3]3* are 4.5 and 7.2 times larger than those for
[Ln(L%3]3* (0.22 and 1.2%) despite larger AE(3nn*~Dg) and AE(3nn*~°D,) energy gaps
(9800 and 6535 vs. 8000 and 4850 cm™1). This can be explained by the fact that L# itself is
essentially nonluminescent and is only weakly luminescent in the compounds with La and
Lu (®F =5.5 x 1072 and 6.5 x 1072%),37 whereas the quantum yields of L and its Gd(l11)
complex amount to 21.2 and 2.2%, respectively. It is also worth pointing out that the Ln—
containing compounds with ligands incorporating carboxamide moieties generally exhibit
weaker luminescence than those with carboxylic groups. In addition to the effect on the
electronic and structural properties, the carboxamide—carboxylate substitution significantly
affects the efficiency of the energy transfer processes and, in particular, the sensitization
process. Although a generalization would be difficult, it seems that this latter is improved in
systems containing carboxylate groups.>8: 67 68,83

Pr, Nd, Sm, Dy, Er, Tm, and, Yb—Centered Luminescence

Since the ligand triplet—excited—state energy seems well suited to populate most of the
Ln(111) ions, we prepared all the complexes [LnL3]3* with the Ln(l11) cations emitting from
the f—f orbitals and yielding sensitization of Pr, Nd, Sm, Dy, Er, Tm, and, Yb. With the
exception of Nd and Yb that only emit in the NIR region, all of them possess transitions in
the VIS and NIR regions. The luminescence spectra for complexes [LnL3]3* (Ln(l11) = Pr,
Nd, Sm, Dy, Er, Tm, and, Yb) are plotted in Fig. 7. The luminescence quantum yields and
lifetimes in MeCN solutions were measured, when possible, and are discussed thereafter.
Below we discuss briefly the feature of these VIS—and NIR-emitting Ln(l11)-complexes. It
is worth mentioning that the assignment of the Ln(lI1)—centered VIS and NIR luminescence
bands of the systems of interest is consistent with what one would expect from such Ln(I11)—
containing compounds.’- 84

Luminescence spectra of [NdL3]3* and [YbL3]3* after excitation into the ligand—centered
n,m—7* transitions display typical narrow—band emission in the NIR region. Three
characteristic emission bands are observed for [NdL3]3* at about 890, 1056, and 1340 nm,
which correspond to the 4Fz,—*13 (J = 9/2, 11/2, and 13/2) f—f transitions of the Nd(I11) ion.
Similarly, one structured and one broad emission bands are observed for [YbL3]3* and
[ErL3]3* around 977 and 1511 nm, corresponding to the 2Fs;,—2F7/, and 4113/o—%1152
transitions of Yb(I11) and Er(l11), respectively. It is worth noting that the observation of a
structured emission band for [YbL3]3* may be attributed to the crystal—field or stark
splitting as already reported for other Yb(II1)-based systems. 888 Although Er(111) is
known for having VIS emission bands,’ the luminescence spectrum of [ErL3]3* in the VIS
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region is dominated by the broad emission from the complexed ligand. It is worthwhile
noting that the luminescence spectra of [LnL3]®* (Ln(l1l) = Pr, Sm, Dy, and Tm) reveal the
characteristic emission bands of Pr(111), Sm(l1l), Dy(l1l), and Tm(lII) in the VIS and NIR
regions upon excitation via the ligand—centered n,n—x* transitions. ’ The assignment of the
emission observed from the [PrL3]®* complex is more complicated compared with other
Ln(111) ions, since Pr(I11) can emit from three different excited states, namely the 3P, 1Dy,
and 1G4 levels. Accordingly, the luminescence spectrum of [PrL3]3* shows the
characteristic VIS emission bands of Pr(l11) at about 488, 604, and 650 nm, which can be
attributed to the 3Py—3H,, 1Dy—3H,, and 3Pq—>3F, transitions. The presence of the
luminescence peaks of 1D,—3H* (604 nm) and 3Pq—3F, (650 nm) in the spectrum of
[PrL3]3* confirms that the ligand triplet-excited—state energy is relatively well positioned to
populate the 3P level of Pr(I11), which is located at about 21000 cm™~1 (or 476 nm). This is
in line with other published data for which the absence of these two luminescence peaks led
to the conclusion that the position of the 3zr* state of the ligand in the Pr(111) complexes
was too low to populate the 3P level of Pr(l11) effectively. 8% 9 Thus, the VIS
luminescence spectra of these Pr(l11)—containing compounds only showed the emission band
of the 3Pg—3H, transition at about 490 nm. On the other hand, the observed NIR emission
bands in the luminescence spectrum of [PrL3]®* at 1028 and 1450 nm can be assigned to
the 1D,—3F, and 1D,—1G, transitions.9 Under the same conditions, the luminescence
spectrum of [SmL3]3* displays the typical VIS 4Gsjo—5Hs/2, SHzp0, 8Hgjp, and 6Hq1/5 and
NIR 4Gs/p—5Fs),, 6F7), and ®Fg, transitions centered at 561, 603, 644, and 710 and 950,
1030, and 1206 nm, respectively. Although the luminescence of [TmL3]3* is very weak, the
characteristic Tm(111) emission from the 1G, level is observed with the VIS 1G4—3Hg

and 3H, (478 and 650 nm) and NIR 1G,—3F, transitions (1125 nm). Finally, the
luminescence spectrum of [DyL3]3* displays the characteristic VIS (480, 573, and 660 nm)
and NIR (1000, 1148, and 1310 nm) emission bands, and corresponding to the 4Fg/,—5H; (J
=15/2, 13/2, 11/2, and 9/2) and *F5,—°F; (J = 3/2 and %) transitions, respectively.

Furthermore, time—resolved luminescence measurements showed that the observed
luminescence lifetimes of the complexes [LnL3]3* (Ln(111) = Nd, Sm, Dy, and Yb) in MeCN
at RT are in the range of microseconds, with the Yb(I11) and Nd(l11) compounds having the
shortest lifetimes and the Sm(111) and Dy(l11) complexes the longest (0.6, 51.4, 45.1, and 4.2
ps). The lifetimes and/or luminescence spectra of [LnL3]3* (Ln(l11) = Pr, Er, and Tm) were
too short and/or too weak to be measured with our instrumental setup. However, it is not
surprising that [SmL3]3* and [DyL3]3* have much shorter luminescence lifetimes than their
corresponding compounds with Eu(l11) and Th(ll1), since the Ln(l11) ions with smaller
energy gaps (e.g. Dy and Sm) are quenched more efficiently than those with larger energy
gaps (e.g. Eu and Th).90: 92,93 The vibrational deactivation of the luminescent state by OH
and/or XH (X = N or C) oscillators is more efficient when the energy gap between the
luminescent-state and ground-state manifolds is small. It is also worth noting that the
absolute quantum yields of [LnL3]3* (Ln(111) = Nd, Sm, Dy, Er, and Yb) determined in
MeCN upon ligand excitation are much smaller (1.4 x 1072, 2.4 x 1072, 1.0 x1072, 3.5 x
1073, and 1.9 x 1073%, see Experimental Section) than those of [EuL3]3* and [TbL3]3* (1.0
and 8.6%) since their luminescence signal is affected by additional vibrational quenching
processes, as already pointed out during the lifetime discussion. It is worth mentioning that
these observations are consistent with other published data.”4 94 95 As stated earlier, the
nonradiative deactivation processes are amplified for Ln(I11) ions with small energy gaps,
and even more accentuated for NIR—emitting Ln(l11)-complexes.90: 92. 93,96 However, the
overall weak Ln(l11)—-centered NIR luminescence of [LnL3]3* is also due to the poor
efficiency of the energy transfer processes within the ligand bands (1ISC) and between the
ligand and the Ln(l11) ions. This is evidenced by the observation of the complexed ligand’s
emission in the VIS region of the luminescence spectra of these systems of interest (Fig. 7).

Inorg Chem. Author manuscript; available in PMC 2013 January 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hua et al. Page 14

CONCLUSIONS

Contrary to L858 the optical isomers of L, namely (R,R)-1 and (S,S)-1, restored the
formation of stable tris complexes in anhydrous acetonitrile solution, as evidenced by logps
values in the range of 23.8. The replacement of the benzyl groups of the carboxamide units
in L8 by phenylethyl substituents revealed that L was not locked in a syn,syn,ZZ
conformation as seen for L8. This can be attributed to the steric hindrances resulting from
the replacement of one of the two H atoms of the benzyl group in L8 by a Me substituent
and, consequently, leading to a smaller activation energy barrier for the rotation about the
OC-N bonds. In addition to the formation of isostructural [LnL3]3* complexes for the
Ln(l111) series studied (Eu-Yb) in the solid state, the introduction of a chiral asymmetric
carbon in each carboxamide moiety led to a diastereomeric resolution of the 9—coordinate
Ln(111) complexes. Of special importance, the A or A metal stereochemistry was induced by
the chiral nature of the ligand ((S,S)-1 or (R,R)-1), respectively.

In addition to these findings supported by the structural and spectroscopic studies
performed, it was also shown that the ligand triplet—excited—state energy was relatively well
suited to sensitize many Ln(l11) ions emitting in the VIS and/or NIR regions. Although the
sensitization of these Ln(111) ions was relatively weak due to poor energy transfer processes,
one can envision to use these stable [LnL3]3* complexes for their chiroptical properties (i.e.
large CPL activities observed)36: 38. 77 to develop reliable empirical relationships between
chiral structures and CPL sign patterns. Of special importance, one may be able to develop a
“helicity rule” aimed at determining a A or A helicity configuration based upon CPL sign
patterns from such Ln(l1l)—containing systems or related compounds emitting in the VIS and
NIR regions. Research in these directions is currently underway.

It is also interesting to note that studies on Ln(I11) complexes with C4—symmetrical chiral
tetraamide derivative ligands based on 1,4,7,10-tetraazacyclododecane may suggest that
there is a correlation between the sign of the torsional angle NCCO or NCCN and the metal
stereochemistry.7- 98 It was shown that an (R)—configuration at the C center resulted in
negative and positive signs for the ring NCCO and C4—related NCCN torsion angles,
associated with A and & configurations, respectively. A similar behavior was found for C3—
symmetric Ln(I11) complexes of a pyridylphenylphosphinate triazacyclononane based ligand
even though this ligand did not exhibit chirality about an amide moiety.%? In this case an
(R)—configuration at the P atom results in positive and negative signs for the ring NCCN and
substituent NCCNpy, torsion angles, associated with an A configuration. Although it is
premature to conclude that a similar phenomenon applies to D3-like symmetric Ln(I11)
compounds such as those with L and L’, one may wonder if, e.g, a negative NCXO or
NCCN torsion angle is generally associated with an (R)—configuration. However, it is worth
pointing out that the same behavior was observed in each of these Ln(l11)—containing
systems. That is, A or A stereochemistry about Ln(111) was selectively induced by ligand
chirality. This potential for a priori selection of metal stereochemistry will continue to be
explored in the forthcoming years.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Molecular structure and numbering scheme for the two types of (R,S)-1 molecules found in
the unit cell. Ellipsoids are represented with 50% probability.
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Figure 2.

1H-NMR spectra of solutions containing various ratios, R = [La]y/[L]; of 0.2, 0.33, 0.5, and
1.0 (from top to bottom) in anhydrous CD3CN (* symbol) at 298 K. The symbols L, #, *,
and + denote signals arising from the L, 1:1, 1:2, and 1:3 species, respectively. L = (R,R)—
1).
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Figure 3.

Structure of the A-[Eu((R,R)-1)3]3* (top) and A-[Eu((S,S)-1)3]** (middle) cations and
atomic numbering scheme for A—[Eu((R,R)-1)3]®* (bottom). Ellipsoids are represented with
50% probability.
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Figure 4.
Structure of the A-[Yb((R,R)-1)3]3* (top) and A-[Yb((S,S)-1)3]3* (bottom) cations.
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Figure 5.

Example of n—stacking interactions (top) and H-bonding interactions (bottom) observed in
the crystal structure of the A-[Eu((R,R)-1)3]3* cation. The distances for the CI~ anion H-
bonded to N1, N3, and O1S are 3.172, 3.162, and 3.133A, respectively. Ellipsoids are
represented with 50% probability.
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Figure 6.

Time-resolved (top) and steady-state (bottom) luminescence spectra of L and [LnL3]3* in
the solid state at 77 K (frozen MeCN solution) and in MeCN solution at RT, and recorded
with time delays of 0.0 and 0.1 ms, respectively. From top to bottom: [LnL3]®* (Ln(lIl) =
Th, Eu, and Gd) and L.
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Wavelength (nm)

VIS and NIR luminescence spectra of [LnL3]3* (Ln(I11) = Pr, Nd, Sm, Dy, Er, Tm, and Yb)
in 6.7 x 1072 M anhydrous MeCN at RT after excitation into the ligand—centered n,n—nr*

transitions (Aexc = 308 nm).
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R! = CH,C*H(CO,Me)(NHCO,CMe;) R%*=R3=C,H; L
R'=H R?=R?=C,H; LS
R!'=H R?=R}*=CH(CH;), LS
R'=H R?=R*= CH,-C¢H; L’
R!'=H R’=H R®=CH,-C¢Hs L8
R'=H R2=H R3=CgH; L’

=z
CONAA
N A
O
Me O O Me

L'=(R,R)-1' and (S,S)-1

ZT

Me Me

L =(R,R)-1, (S,5)-1, and (R,S)-1

Scheme 1.
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Crystallographic Data for (R,S)—1 and [LnL3]®* (Ln(lll) = Eu, Yb and L = (R,R)—1)

Table 1

(RS)-1 [EuLg]® [YbLg]**
empirical formula | Cy3H,3N30, C705H75CI3EUNGO7 5 | C70.5H75.75CIaNgO7 g8Yb
fw 373.44 1426.70 1454.54
T(K) 149(2) 153(2) 147(2)
cryst syst orthorhombic | cubic cubic
space group P2,2,2, 123 123
alA 10.053(4) 25.946(2) 25.839
b/A 10.513(4) 25.946(2) 25.839
c/A 37.598(16) 25.946(2) 25.839
a/deg 20 20 20
fB/deg 90 90 90
yldeg 20 20 20
VIA3 3974 17466 17251.5
z 8 8 8
abs coeff (mm~1) | 0.081 0.857 1.225
D/mg-m=3 1.248 1.085 1.120
refins collected 19008 43513 46664
unique reflns 4213 5338 6812
Rint 0.0536 0.0335 0.0384
params 560 274 276
final R [1 > 20(1)] | 0.0350 0.0298 0.0292
wR2 0.0594 0.0834 0.0787
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Table 2

Page 28

Species Observed in the ES-MS Spectra of Solutions ([L]; = 2 x 1073 M in Anhydrous MeCN, L = (R,R)-1)
with Ratios R = [Eu]y/[L]; = 0-4 at 298 K.

Species | m/z2 | Species m/z2
[(L) +H]* 3742 | [Eu(L)(NOj),]* | 650.1
[(L) + NaJ* 396.2 | [Eu(L)3(NOg)J2* | 667.2
[Eu(L)sP* 4242 | [2(L) + NaJ* 769.3
[Eu(L),(NO3)]?* | 480.6 | [Eu(L)»(NOs),]* | 1023.2
[Eu(L)a? 5485 | [Eu(L)s(NOg),]* | 1396.4

a . . . .
m/z values given for the maximum of the peak at unit mass resolution.
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Table 3

Cumulative Stability Constants of [Eu(X),]3* (n = 1-3 and X = L, Li with i = 4-7) in anhydrous MeCN at 293
or 298 K.

X Logp; | LogP, | LogBs
L=RR-12 | 800 | 159(2) | 238@2)

L4b 8.24) | 14.6(5) | 19.7(5)
L5c¢ 83@3) | 1530 | 223(3)
Lod 8.3(6) | 13.9(6) | 17.6(7)
L7d 49(5) | 2.8(6) -

aSimiIar results were obtained for (S,S)—1.
bTaken from ref. 37.
cTaken from ref. 68.

dTaken from ref. 58.
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