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tane-2,4-dione)] europium(III) complexes containing a chiral bis(oxazolinyl) pyridine

(pybox) ligand—I[(Eu""(R)-Ph-pybox)(HFA);], [(Eu"(R)-i-Pr-pybox)(HFA);], and
[(EuIH(R)-Me-Ph-pybox) (HFA);])—exhibit strong circularly polarized luminescence
(CPL) at the magnetic-dipole (°Do — "F,) transition, where the [(EuHI(R)—Ph—pybox)—
(HFA);] complexes show virtually opposite CPL spectra as compared to those with the
same chirality of [(Eum(R)-i-Pr-pybox) (HFA);] and [(Eu™(R) -Me-Ph-pybox) (HFA);].
Similarly, the [(TbHI(R)—Ph—pybox) (HFA)3] complexes were found to exhibit CPL
signals almost opposite to those of [ (Tb"'(R)-i-Pr-pybox)(HFA);] and [(Tb"™(R)-Me-
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Ph-pybox)(HFA);] complexes with the same pybox chirality. Single-crystal X-ray structural analysis revealed ligand—ligand

interactions between the pybox ligand and the HFA ligand in each lanthanide(III) complex: 77— stacking interactions in the Eu

11T

and Tb™ complexes with the Ph-pybox ligand, CH/F interactions in those with the i-Pr-pybox ligand, and CH/z7 interactions in
those with the Me-Ph-pybox ligand. The ligand—ligand interactions between the achiral HFA ligands and the chiral pybox results in
an asymmetric arrangement of three HFA ligands around the metal center. The metal center geometry varies depending on the types

of ligand—ligand interaction.

B INTRODUCTION

Control of chirality around a metal center of complexes is an
important element in achieving a highly enantioselective catalytic
reaction' ® and in developing a chiroptical probe.®”® The
metal center chirality is basically induced by chirality of the host
ligand, which is often transferred to the coordination structure
and thus chirality of guest ligands through noncovalent ligand-to-
ligand interactions in addition to the coordination bonding
(Scheme 1).~?~"? Because of such complicated ligand effects,
the systematic evaluation and programming of the sense of
chirality around the metal center remains challenging.”~>°~'*
In the luminecent metal complexes, such complicated ligand field
structure is sensitively reflected in the sign and magnitude of
circularly polarized luminescence (CPL),"> ' and therefore
the CPL technique is often used as an indicator of the chirality at
the metal center.'””?* In this viewpoint, systematic comparison
of chiral structural information from CPL measurements with
absolute configuration determined by X-ray crystallographic
analysis could bring a clearer understanding of the molecular
mechanisms responsible for determining the sense of optical
chirality at the metal center.

Herein we report that noncovalent ligand-to-ligand interactions
alter the sense of optical chirality in luminescent tris(3-diketonate)
europium(I1I) and terbium(III) complexes containing chiral bis-
(oxazolinyl) pyridine ligands (Ph-, i-Pr-, and Me-Ph-pybox).

Luminescence from lanthanide(III) complexes often showed large
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circular polarization due to their magnetic and electronic dipole
transition nature.'>”'® Bis(oxazoline) ligands have been exten-
sively utilized in asymmetric synthesis of a variety of valuable chiral
compounds,"****’ while lanthanide(III) 3-diketonate complexes
have been exploited for applications as highly luminescent
materials.”**’ In this study, we used X-ray crystallography to
successfully determine absolute configuration around each metal
center. This is the first time extensive analysis on investigation of
opposite sense of chirality in luminescent metal complexes based
on CPL methods has been combined with X-ray crystallographic
analysis, providing valuable insight into how the chiral host ligand
(pybox) determines the sense of optical chirality at the metal
center.
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B EXPERIMENTAL SECTION

Materials. (R,R/S,S)-2,6-Bis(4-phenyl-2-oxazolin-2-yl) pyridine [(R/
S)-Ph-pybox] and (R,R/S,S)-2,6-bis(4-isopropyl-2-oxazolin-2-yl)pyridine
[(R/S)-i-Pr-pybox] were purchased from Tokyo Chemical Industry
Co.,, Ltd. 2,6-Bis[ (4R SR/4S,55)-4,5-dihydro-4-methyl-S-phenyl-2-oxazo-
lyl]pyridine [(R/S)-Me-Ph-pybox] and [*Hj]acetonitrile (CD;CN) used
as solvent were obtained from Aldrich. Tris(f3-diketonate) europium(III)
and terbium(II) ([Eu™(HFA);(H,0),] and [Tb™(HFA);(H,0),],
respectively) were prepared by the procedure described in a previous
report.”® Tris[ 3-diketonate (HFA, 1,1,1,5,5,5-hexafluoropentane-2,4-dione) ]
europium(III) and terbium(III) complexes containing a chiral bis-
(oxazolinyl) pyridine ligand (Ph-, Me-Ph-, and i-Pr-pybox) were synthesized
as follows. For [(Bu™(R)-i-Pr-pybox)(HFA);], [Eu™(HFA),] (650 mg,
0.74 mmol) and (R)-i-Pr-pybox (210 mg, 0.69 mmol) were dissolved in
methanol (20 mL) and refluxed under stirring for 8 h. The reaction
solution was evaporated in a rotary evaporator. The obtained powder
was recrystallized from a methanol solution (yield $9%). HRMS [ESI-
MS (positive)]: m/z caled for C,,;H,sEuF ;N304 ([M — HFA]Y),
868.076 63; found, 868.07707. [(Eu™(R)-Ph-pybox)(HFA),] and
[(Tb™(R)-Ph-pybox) (HFA);] were synthesized by the same procedure
as [(Bu"™(R)-i-Pr-pybox) (HFA), ). For the synthesis of [ (Eu"(R)-Me-
Ph-pybox) (HFA);], [(Tb™(R)-i-Pr-pybox)(HFA);], and [(Tb™(R)-
Me-Ph-pybox)(HFA);], acetonitrile was used instead of methanol to
dissolve (R)-Me-Ph-pybox. [(Eu"(R)-Ph-pybox)(HFA);], HRMS
[ESI-MS (positive)]: m/z caled for Cs3H, EuF1,N306 ([M — +HFA]™),
936.045 42; found, 936.044 66. [ (Eu™(R)-Me-Ph-pybox) (HFA);], HRMS
[ESI-MS (positive) ]: m/z caled for C3sHasEuF;,N3O6 ([M — HFA]™),
964.07675; found, 964.07681. [(Tb™(R)-Ph-pybox)(HFA);], HRMS
[ESI-MS (positive)]: m/z caled for C33H, F1oN3O6Th ™ ([M — HFA]™),
942.04922; found, 942.04901. [(Tb™(R)-i-Pr-pybox)(HFA);], HRMS
[ESI-MS (positive)]: m/z caled for CrH,sF1,N;O4Th ™, 874.080 52;
found, 874.08060. [(Tb™(R)-Me-Ph-pybox)(HFA);], HRMS [ESI-MS
(positive)]: m/z caled for CssHysF1N3O4TbT, 970.08052; found,
970.080 62. The (S)-isomers of the Eu™ and Tb™ complexes were prepared
by the same procedure as those of the (R)-isomers.

Spectral Measurements. Emission quantum yields of the Eu
and Tb™ complexes (1.0 x 10~> M) were measured on a calibrated
integrating sphere system in CD3CN at 298 K. In the emission lifetime
measurements, the samples were excited by a N, laser (Usho KEC-160;
wavelength 337 nm; pulse width 600 ps; 10 Hz). The emission profiles
were recorded with a streak camera (Hamamatsu, picosecond fluores-
cence measurement system, C4780). Measurement of absorption and
CD spectra were performed at room temperature on Jasco V-660, Jasco
J-725, and Jasco J-820 instruments. The emission spectra were mea-
sured at room temperature on a Jasco FP-6500 instrument. A schematic
diagram of the CPL measurement system used in this study is given in
Scheme S1 in Supporting Information.*

Crystallography. Suitable crystals for single-crystal X-ray structur-
al analysis were grown by slow evaporation of methanol solutions of the
Eu™ and Tb™ complexes. Single crystals of Eu™ and Tb™ complexes
were mounted with epoxy resin on a glass fiber. X-ray diffraction
intensity was collected with a Rigaku Raxis Rapid (3 kW) imaging plate
area detector with graphite monochromated Mo Ka radiation at 153 K.
All calculations were performed with the Rigaku CrystalStructure 3.8.1
software. Computation of molecular graphics was performed with
ORTEP-3 for Windows.

111

B RESULTS AND DISCUSSION

Opposite Sign in CPL and CD Spectra of the Eu"' and Tb"
Complexes. Figure la—d show the circularly polarized lumines-
cence (CPL) and emission spectra of CD3CN solutions of tris[3-
diketonate (HFA, 1,1,1,5,5,5-hexafluoropentane-2,4-dione) Eu™

complexes with each optical isomer of the pybox ligands [(S)- and
(R)-isomers of Ph-, i-Pr-, and Me-Ph-pybox] in the spectral range
of the Dy — “F, and *D, — "F, transitions, which are magnetic
and electronic-dipole transitions, respectively.”’ The magnetic
dipole transition satisfies the magnetic-dipole selection rule, AJ =
0, 1 (except 0 <> 0), which often shows particularly large circular
polarization.'* ¢ Almost complete mirror-image CPL signals are
obtained for the Eu'" complexes with their enantiomer pairs, where
the CPL spectra are normalized with respect to the Dy — F,
transitions (Figure la—c). Similarly, tris(HFA) Tb™ complexes
with each optical isomer of the pybox ligands exhibit strong CPL at
the D, — Fj transition, where their CPL spectra are in mirror
image to each other (Figure le—g). The luminescence dissym-
metry factors (gim) of the Eu™ and Tb™ complexes are summar-
ized in Table 1 together with their emission quantum yields (¢¢_¢).

Dissymmetry factor is defined as g, = 2(I, — R)/(I. + Ir),
where Ij, and Iy refer to the intensity of left and right circularly
polarized light, respectively. All of the Eu"" complexes examined
here exhibit relatively intense CPL activity and high emission
quantum yields. Among them, [(Eu"(R)-i-Pr-pybox)(HFA);]
shows the largest |gj,m| value (0.46) as well as the highest emission
quantum yield (41%) (Table 1). High emission quantum yields of
the Eu"™" complexes seem to be due to effective suppression of the
nonradiative transition via vibrational relaxation in the BEu"
complexes with the HFA ligands.****** In order to clarify this
effect, we have estimated radiative (k,) and nonradiative (k,,) rate
constants of the Eu™ complexes from the emission lifetimes (7o)
and the emission quantum yields as summarized in Table 1 (for
emission decay profiles of the Eu'"' complexes, see Supporting
Information, Figure S2). The relatively small nonradiative rate
constants [k, = (48—54) x 10> s '] suggest the effective
suppression of the nonradiative transition through the vibrational
relaxation processes in the present Eu'"' complexes.>> Conversely,
the Tb™ complexes also possess relatively strong CPL activity
(|g1um| = 0.044—0.082); however, their emission lifetimes (T,ps =
2.1 X 10> to 1.2 X 10" ms) are much shorter than those of
the Eu'™ complexes (T, = 1.22—1.27 ms) (Table 1). In the TbH™
complexes having HFA ligands, nonradiative deactivation
of the terbium emission through a back-energy transfer process
[T, Tb(°D,)] is a common quenching })rocessﬁs’34 because the
triplet state of HFA ligand (22200 cm™ ') is much closer to the
emitting level of Th(III) ion (20 500 cm™').*° In fact, the emission
of [(Tb H(R)—Ph—pybox) (HFA);] exhibits a remarkable tempera-
ture dependence showing a continuously decreasing intensity
with increasing the temperature, indicating the back-energy
transfer process [T; < Tb(°D,)] (see Supporting Information,
Figure $3).°

On the other hand, strong CPL activities of the Eu™ and TH™
complexes indicate that induced chirality of HFA ligands surround-
ing the metal center contributes to the sign and magnitude of the
CPL. The circular dichroism (CD) spectra of the Eu™ and Tb™
complexes reveal strong CD bands in the spectral range of the 77—
transition of the HFA ligands, suggesting the induced chirality in the
HFA ligands by pybox through coordination to the lanthanide(I1T)
[Ln™] metal centers (Figure 2). In the CPL spectra, the sign of the
CPL for [(Eu"™(R)-Ph-pybox) (HFA)5] follows the sequence -+, —
at the Dy, — F, and °D, — F, transitions (Figure 1a, dark red
line), which is reversed to —, + sign sequence for [(Bu™(R)-i-Pr-
pybox) (HFA);] and [ (Eu"(R)-Me-Ph-pybox) (HFA)5] (Figure 1b
and ¢, dark red lines, respectively). Similarly, the CD spectrum
of [(Bu™(R)-Ph-pybox) (HFA),] in the wavelength range around
230—360 nm at the 7—7* transition of the HFA ligands (Figure 2a,
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Figure 1. Dark red lines show normalized CPL spectra of CD3CN solutions (1.0 x 10> M) of (a) [(Eu""(R)-Ph-pybox) (HFA)5], (b) [(Eu™(R)-i-Pr-
pybox) (HEA), ], (¢) [(Eu(R)-Me.Ph-pybox) (HFA); , (¢) [(Tb(R)-Ph-pybox)(HFA), , (f) [(Tb(R)-i-Pe pybox) (HEA),], and (g) [(THI(R)-
Me-Ph-pybox)(HFA);] at 298 K. Excitation wavelength 4 = 375 nm. Blue lines show those of their optical isomers [(S)-isomers]. (d) Normalized
emission spectra of [ (Eu™(R)-Ph-pybox) (HFA);] (dark red solid line) [4.4 x 10> M], [(Eu™(R)-i-Pr-pybox) (HFA)] (blue dashed line) [3.1 x 10> M],

and [(Bu™(R)-Me-Ph-pybox) (HFA),] (green solid line) [2.8 x 10> M] in CD5CN at 298 K. Excitation wavelength

A =360 nm. (h) Normalized emission

spectra of [(Tbm(R)-Ph—pybox) (HFA);] (dark red solid line) [4.4 x 10> M], [(Tbm(R)-i-Pr-pybox) (HFA);] (blue dashed line) [3.1 x 10~° M], and
[(Tb™(R)-Me-Ph-pybox) (HFA),] (green solid line) [2.8 x 10™° M] in CD;CN at 298 K. Excitation wavelength 2 = 350 nm. Emission and CPL spectra are
normalized with respect to (a—d) *Do — “F, transition and (e—h) D, — "Fj transition.

dark red line) shows a quasi mirror image of the CD patterns of
[(Eum(R)-i-Pr-pybox)(HFA)3] and [(EuHI(R)-Me-Ph-gybox)-
(HFA);] (Figure 2b and c, dark red lines, respectively). 6739 A
similar sign inversion of CPL and CD spectra is observed in the
Tb™ complexes, where [(TbIH(R)-Ph-pybox)(HFA)3] complex
exhibits CPL and CD signals (dark red lines in Figures le and 2e,
respectively) nearly opposite to those of [(Tb™ (R)-i-Pr-pybox)

9894

(HFA);] and [(Tb™(R)-Me-Ph-pybox)(HFA);] having the
same chirality of the pybox ligands (dark red lines in
Figures 1f,g and 2f,g).40 These results indicate that (R)-Ph-pybox
plays an opposite role to those of [(Ln"(R)-i-Pr-pybox)-
(HFA);] and [(an(R)-Me-Ph-pybox)(HFA)3] in the chiral
discrimination of the three HFA ligands surrounding the metal
center of [(Ln"!(R)-Ph-pybox)(HFA);].

dx.doi.org/10.1021/ja201984u |J. Am. Chem. Soc. 2011, 133, 9892-9902
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Table 1. Emission Quantum Yields, Dissymmetry Factors of CPL Spectra for Three Transitions, Emission Lifetimes, Radiative
and Nonradiative Rates, and Coordination Geometries of Eu"" and Tb"™" Complexes

glumb
¢f—fa
complex (%) “Do—’F; °Do—F,
[(Eu™(R)-Ph-pybox) (HFA);] 34 0.15 —0.020
[(Bu"'(R)-i-Pr-pybox) (HFA),] 41 —0.46 0.034
[(Eu™(R)-Me-Ph-pybox) (HFA);] 39 —0.35 0.026
[(Tb™(S)-Ph-pybox) (HFA);] "
[(Tbm(S)—i-Pr—pybox) (HFA);] h
[(Tb™(S)-Me-Ph-pybox) (HFA),] "

—0.045 (540 nm)

Tobs k? knr coord

°D, — "Fs (ms) s () geon’
122 (1.22)8 28x10° 54 x10° I
124 (1.19)8 33x10° 48 x 107 v
127 (1.32)¢ 3.1x10°  48x 107 11
12x10%(12%x 10 %) II
0.044 (542nm) 2.1 x 107(2.0 x 1073’ A
0.082 (542nm)  3.5x 10 > (3.4 x 10°) v

? Emission quantum yields (¢¢_¢) of Eu™ complexes in CD;CN (1.0 X 10> M) were measured by excitation at 465 nm ("Fo—°D,). bcpL signals are
given by the difference between the left and right circularly polarized emission intensities (Icpy, = I, — Ir).  Emission lifetimes (,ps) were measured by
excitation at 337 nm. ¢ Radiative rate is given by k, = ¢¢_/Tope ‘Nonradiative rate is given by k,, = 1/Tops — ki I Definition of the sense of chiral

arrangement of HFA ligands is given in the caption of Figure 5. ¢ Values in parentheses denote emission lifetimes (7,p) of the (S)-isomers of the Eu

11

complex. " Too small to be determined accurately. ‘ Values in parentheses denote emission lifetimes (7 p;) of the (R)-isomers of the Tb™ complex.

Single-Crystal X-ray Structural Analysis of Eu" and Tb"
Complexes. In order to understand how pybox ligands determine
the sense of optical chirality at the metal center, we have deter-
mined the absolute configuration around the metal centers by using
X-ray crystallographic analysis. Suitable crystals were grown
by slow evaporation of methanol solutions of both the Eu™" and Tb™
complexes. The crystallographic data for the Eu'" and Tb™ complexes
are summarized in Tables 2 and 3, respectively. X-ray crystallography
reveals ligand—ligand interactions between the pybox ligands and the
HFA ligands in each lanthanide(III) complex. For Eu™ complexes
having (R)-pybox ligands one can see 77— stacking interaction
(dej = 3463 A, C26- - +Phl distance) in [(Eu"™(R)-Ph-pybox)-
(HFA);]; CH/F interaction (dcy/r = 2.665 A, H20- - -F17 dis-
tance) in [(Eu"(R)-i-Pr-pybox)(HFA);]; and CH/7 interaction
(deyy= = 2807 A, H2-++C27 distance) in [(Eu™(R)-Me-Ph-
pybox) (HFA);] (Figure 3a—c, respectively). For ™" complexes
with (S)-pybox ligands, one can see 77— stacking interaction (dy/, =
3447 A, C36- - -Ph2 distance) in [(Tb™(S)-Ph-pybox)(HFA);];
CH/F interactions (dcyy/r = 2.863 A, H6- « - F1S distance; depyp =
2.599 A, Hi8- - -F6 distance) in [(Tb"(S)-i-Pr-pybox) (HFA)J;
and CH/7 interaction (dcpy/r = 2.739 A, H23- - - C39 distance) in
[(Tb™(S)-Me-Ph-pybox) (HFA);] (Figure 3d—f, respectively e
In the case of lanthanide(III) complexes with Ph- and Me-Ph-pybox
ligands ([(LnHI—Ph—pybox)(HFA)3] and [(LnHI—Me—Ph—pybox)—
(HFA);), respectively), Ph and Me groups of pybox ligands are
bound to the HFA sz-plane (Figure 3a,c,d,f bottom). Conversely, the
i-Pr group of i-Pr-pybox interacts with the distal CF3 group of the
HFA ligand in [(Eu"'(R)-i-Pr-pybox) (HFA);] and [(Tb"(S)-i-Pr-
pybox) (HFA);] (Figure 3be bottom). It should be noted that
both Me groups of the (S)-Me-Ph-pybox ligand interact with
HFA ligands in the [(Tb"(S)-i-Pr-pybox)(HFA);] complex
(Figure 3e), although only one side arm of the pybox ligand is
attached to the HFA ligand in the other lanthanide(III) com-
plexes (Figure 3a—d,f).

In contrast to the ligand—ligand interactions within the
complex, there is no appreciable intermolecular interaction
between the lanthanide(III) complexes in the molecular 1}i)acking
diagrams. Thus, crystal structures of the Eu™" and Tb"" com-
plexes (Figure 3) should reflect the average arrangement of
the HFA ligands for the complexes in solution, albeit crystal-
packing effects on one hand and solvation effects on the
other hand somewhat influence the coordination of the
complexes. """~ %

The ligand—ligand interaction between the one side arm of
the pybox ligand and the HFA ligand should differentiate two
side arms of each pybox ligand, inducing discrimination of the
three HFA ligands surrounding the metal center (vide infra).**%”
Top views of the crystal structures of the Eu' and Tb™
complexes are shown in Figure 4, where individual side arms
are distinguished by red (Phl, i-Pr1, and Mel) and blue (Ph2, i-
Pr2, and Me2). Except in the [(Tb"(S)-i-Pr-pybox)(HFA)s]
case (Figure 4h), Ph2, i-Pr2, and Me2 side arms have no
appreciable molecular interaction with the HFA ligands, whereas
Phl, i-Prl, and Mel side arms are attached to HFA ligands
(denoted as A) by w—z stacking, CH/F, and CH/ interactions,
respectively (vide supra). These ligand—ligand interactions
cause in plane strain and ring bending of pybox ligands
[specifically (R)- and (S)-Ph-pybox ligands in Figure 4panels c
and g, respectively], making a distinction between inside and
outside of the ligand faces. Similarly, three HFA ligands sur-
rounding the metal center possess a different stereochemical
environment; one (denoted as A) interacts with the side arms
of the pybox ligand (Phl, i-Prl, and Mel) while the others
(denoted as B and C) have no specific interaction with the pybox
ligand (except [(Tb"'(S)-i-Pr-pybox) (HFA)5], Figure 4h). Core
structures of [(EuIH(S)-i-Pr-pybox)(HFA)3] and [(Bu"(R)-i-
Pr-pybox) (HFA);] around the Eu"" metal center are shown in
the middle of Figure 4panels a and b, respectively, in which
individual HFA ligands are distinguished (A—C). These core
structures are nonsuperimposable images of each other. Mirror-
image arrangement is also found in core structures of [(Tb™(R)-
Me-Ph-pybox)(HFA);] and [(TbHI(S)—Me—Ph—pybox) (HFA);]
(middle of Figure 4panels e and f, respectively). Such mirror
symmetry breaking in the coordination geometries of HFA
ligands around the metal center should be responsible for the
induced circular dichroism (ICD) and the strong CPL activity of
the Eu™ and Tb"™ complexes (Figures 1 and 2, respectively),
Thus, we focused on coordination structures of HFA ligands at
the metal centers (vide infra).

For further clarification of the coordination geometry, struc-
tural modeling was performed to try to classify the coordination
geometry of three HFA ligands around metal centers, where the
HFA ligands denoted as C are oriented in the same direction in
each complex (Figure S). It should be noted that a precise
definition of the sense of chiral arrangement of the three HFA
ligands by use of conventional R/S, P/M, A/C, or A/A
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Figure 2. Dark red lines show CD spectra of (a) [(Eu""(R)-Ph-pybox)(HFA)] (4.4 x 10> M), (b) [(Eu""(R)-i-Pr-pybox) (HFA);] (3.1 x 10> M),
(c) [(Eu™(R)-Me-Ph-pybox)(HFA),] (2.8 x 107> M), (e) [(Tb™(R)-Ph-pybox)(HFA);] (44 x 107> M), (f) [(Tb™(R)-i-Pr-pybox)(HFA);]
(3.1 x 10> M), and (g) [(Tb"™(R)-Me-Ph-pybox)(HFA);] (2.8 x 10 > M) in CD;CN at 298 K. Blue lines show those of their optical isomers [(S)-
isomers]. (d) UV—vis absorption spectra of [(Eu™(R)-Ph-pybox)(HFA);] (dark red solid line), [ (Eu"(R)-i-Pr-pybox) (HFA);] (blue dashed line),
and [(Eu"" (R)-Me-Ph-pybox) (HFA)5] (green solid line) in CD3CN at 298 K. (h) UV—vis absorption spectra of [(Tb"'(R)-Ph-pybox)(HFA),] (dark
red solid line), [(Tb™(R)-i-Pr-pybox) (HFA)5] (blue dashed line), and [(Tb™(R)-Me-Ph-pybox)(HFA);] (green solid line) in CD;CN at 298 K.

terminology could be difficult here because of the low symmetry
of the HFA coordination sphere. Instead of this, coordination
arrangements can be categorized into five typical classes (I—V)
in terms of the dihedral angle formed between HFA planes A and
C and that formed between B and C (Figure 5).* Coordination
arrangements III and IV are enantiomers of each other; however,
they could be identical if one assumes that two HFA ligands

(A and B) are the same. The coordination structures of (R)- and
(S)-isomers, [(Eu"™(R)-i-Pr-pybox)(HFA);] and [(Eu"(S)-i-
Pr-pybox)(HFA);], are categorized into coordination arrange-
ments IV and III, respectively (Figure S). Similarly, core struc-
tures of [(Tb"'(R)-Me-Ph-pybox)(HFA);] and [(Tb"™(S)-Me-
Ph-pybox) (HFA);] are classified into III and IV, respectively
(Figure S). Strong CPL activities of these complexes (Figurel),
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Table 2. Crystallographic Parameters and Refinement Details for [(EuHI(R) Ph-pybox) (HFA);], [ (Eu""(R)-i-Pr-pybox) (HFA);],
[(Eu"™(S)-i-Pr-pybox) (HFA);], and [(Eu"'(R)-Me-Ph-pybox)(HFA);]

[(Bu"(R)-Ph-pybox) (HFA);]

formula sum C3sH,EuF 5N305

formula weight 1142.54 1074.50
crystal system orthorhombic monoclinic
space group P2,2,2, (#19) P12 1 (#4)
a(A) 12.3639(4) 9.9380(3)

b (A) 17.8825(6) 15.7835(5)
c(A) 19.2140(7) 13.2164(5)
o (deg) 90.0000 90.0000

B (deg) 90.0000 105.4743(9)
¥ (deg) 90.0000 90.0000

V (A% 42482(3) 1997.93(11)
T (K) 153.1 153.1

V4 4 2

p caled (g-em™?) 1.786 1.786

Rl [I> 20(D)] 0.0168 0.0275

wR2 [I > 20(D)] 0.0410 00713

[(Eu™(R)-i-Pr-pybox) (HFA)s ]

C3:Hy6EuF 5N305

[(Bu™(S)-i-Pr-pybox) (HFA);]  [(Eu™(R)-Me-Ph-pybox)(HFA);]

C32Ha6EuF 1sN305 CyoHa6EuF gN305

1074.50 1170.59
monoclinic orthorhombic
P12 ,1 (#4) P2,2,2  (#19)
9.9298(2) 11.0802(2)
15.7715(4) 19.9750(4)
13.1941(4) 20.2549(4)
90.0000 90.0000
105.4737(7) 90.0000
90.0000 90.0000
1991.38(8) 4482.96(14)
153.1 153.1

2 4

1.792 1.734

0.0204 0.0276
0.0543 0.0728

Table 3. Crystallographic Parameters and Refinement Details for [ (Tb""(S)-Ph-pybox) (HFA);], [(Tb"'(S)-i-Pr-pybox) (HFA),],
[(Tb™(S)-Me-Ph-pybox) (HFA);], and [(Tb"™(R)-Me-Ph-pybox)(HFA);]

[(Tb™(S)-Ph-pybox) (HFA);]

formula sum C3gH,,TbFgN3Og C3,H,6TbFgN3Og
formula weight 1149.50 1081.47
crystal system orthorhombic monoclinic
space group P2,2,2, (#19) P12 |1 (#4)
a (A) 12.3065(2) 11.4701(4)
b (A) 17.8664(4) 16.2836(5)
c(A) 19.1838(4) 12.6644(4)
o (deg) 90.0000 90.0000

B (deg) 90.0000 118.1793(8)
y (deg) 90.0000 90.0000

V (A%) 4217.99(14) 2085.04(11)
T (K) 153.1 153.1

V4 4 2

p caled (g-cm ™) 1.810 1.722

R1 [I>20(1)] 0.0188 0.0421

wR2 [I > 20(I)] 0.0480 0.1141

[(Tb™(S)-i-Pr-pybox) (HFA)5]

[(Tb™(S)-Me-Ph-pybox) (HFA);]  [(Tb™(R)-Me-Ph-pybox)(HFA);]

CyoH,6TbF sN305 CyoH,6TbF sN30g
1177.56 1177.56
orthorhombic orthorhombic
P2,2,2; (#19) P2,2:2; (#19)
11.0328(2) 11.0743(2)
19.9521(4) 19.9965(4)
20.1044(4) 20.1457(4)
90.0000 90.0000
90.0000 90.0000
90.0000 90.0000
4425.53(14) 4461.20(14)
153.1 153.1

4 4

1.767 1.753

0.0273 0.0233

0.0719 0.0640

therefore, suggest that ligand—ligand interaction between one
side arm of the pybox ligand and the HFA ligand (A) contributes
to discrimination of two HFA ligands (A and B).

On the other hand, [(Eu"™(R)-Me-Ph- pybox) (HFA);] gives
almost the same coordination geometry as that of the core
structure of [(Eu""(S)-i-Pr-pybox)(HFA),] (Figure 5, IIT), but
whose CPL and CD spectra are quasi mirror images of each other
(Figures 1b,c and 2b,c,respectively). Electric field around the
lanthanide(III) metal center has been suggested to be deter-
mined mainly by anisotropic hgand polarlzablhty and point
charges from the environment atoms.">”'® This result indicates
that anisotropic ligand polarizability largely contributes to
the symmetry of electric field around the metal center in this
system. Typically in the case of the lanthanide(III) complexes
having the Me-Ph-pybox ligand, electronic polarizability of the
phenyl ring (neighboring methyl groups) in the Me-Ph-pybox

9897

ligand should also contribute to the overall chirality at the metal
center.

In the case of [(Tb"(S)-i-Pr-pybox)(HFA);], both side arms
(i-Pr groups) of the pybox ligand have CH/F interactions with
the HFA ligands (A and B) [vide supra], inducing a different
coordination geometry (V) than the other lanthanide(III) com-
plexes (I-IV). On the other hand, (R)-Ph-pybox induces a
coordination geometry (I) on the core structure of [(Eu""'(R)-
Ph p¥box) (HFA);], which is an almost mirror lmage of that of

b"'(S)-Ph- pybox) (HFA);] (II) [Figure S]. Coordination
structures of I and II are diastereomers of those of III, IV, and
V, in which CD and CPL signals of the lanthanide(III) complexes
containing Ph-pybox ligands (corresponding to I and II) are
opposite to those of the lanthanide(III) complexes having the
same chirality of i-Pr- and Me-Ph-pybox ligands (corresponding
to ITI, IV, and V).

dx.doi.org/10.1021/ja201984u |J. Am. Chem. Soc. 2011, 133, 9892-9902
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(a)

C26

d,. 3.463 A (C26-Ph1) doyye 2.665 A (H20+-F17) gy 2.807 A (H2+-€27)
3.493 A (C16-+F17) 3.715 A (C1--C27)

d,,: 3.447 A (C36--Ph2) deyy/s 2.863 A (H6--F15) gy 2.739 A (H23---C39)
3.444 A (C3--F15) 3.672 A (C25--C39)
2.599 A (H18---F6)
3.259 A (C16--F6)

Figure 3. Chemical structures (top) and ORTEP (middle) and space-filling (bottom) views of (a) [(Eu"™(R)-Ph-pybox) (HFA);], (b) [(Eu™(R)-i-Pr-
pybox)(HFA);], (c) [(Eu™(R)-Me-Ph-pybox)(HFA),], (d) [(Tb™(S)-Ph-pybox)(HFA);], (e) [(Tb™(S)-i-Pr-pybox)(HFA),], and (f) [(Tb™(S)-
Me-Ph-pybox) (HFA);). dy/n, dcrir and deypy) are relevant bond lengths in the Eu™ and Tb™ complexes.

B SUMMARY AND CONCLUSIONS ligands. The CPL and CD spectra of [ (Eu™(R)-Ph-pybox) (HFA);]

In conclusion, we have demonstrated that the opposite sense of show quasi mirror images to those of [(Eu"'(R)-i-Pr-pybox)-
chirality can be obtained for the same chirality of pybox ligands with (HFA);] and [(Eu™(R)-Me-Ph-pybox) (HFA)5]. Similarly, the
different side arms in Eu"" and Tb™ complexes with three achiral HFA [(Tb™(R)-Ph-pybox) (HFA);] complex exhibits CPL signals

9898 dx.doi.org/10.1021/ja201984u |J. Am. Chem. Soc. 2011, 133, 9892-9902
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(@

" z

[{Ew(S)-+Pr-pybox)(HFA),]  [(E"R)-+Pr-pybox}HFA);]

[{Tb"™{ A)-Me-Ph-pybox)(HFA);]  [(Tb™(S)-Me-Ph-pyboxHFA),]

'!
03
[(Eu(R)-Ph-pybox)(HFA);]  [(Eu"(A)-Me-Ph-pybox)(HFA);]

(@)

[(Tb™(S)-Ph-pybox)(HFA)]  [(TL"(S)-+Pr-pybox)(HFA);)

Figure 4. Top views of crystal structures (top) [dashed lines denote ligand—ligand interactions], core structures (middle), and coordination geometries
(bottom) of (a) [(Bu™(S)-i-Pr-pybox)(HFA);], (b) [(Eu™(R)-i-Pr-pybox)(HFA)3], (c) [(Eu™(R)-Ph-pybox)(HFA);], (d) [(Eu™(R)-Me-Ph-
pybox)(HFA);], (e) [(Tb™(R)-Me-Ph-pybox)(HFA)], () [(Tb"(S)-Me-Ph-pybox)(HFA);], (g) [(Tb"(S)-Ph-pybox)(HFA);], and (h)
[(TbHI(S)—i—Pr-pybox) (HFA);]. Sign of dissymmetry factors of CPL spectra (gj,m,) at the D, — ’F, transition (Eu™ complexes) and the D, —

“Fs transition (Tb"™ complexes) is shown.

almost opposite to those of [(Tb"(R)-i-Pr-pybox) (HFA),] and
[(Tb™(R) -Me-Ph-pybox) (HFA);] with the same chirality of the
pybox ligands. The single-crystal X-ray structural analysis re-
vealed that the asymmetric arrangement around the metal center
is primarily determined by the ligand—ligand interactions

between the HFA ligand and the chiral pybox ligand, where each
pybox ligand has different noncovalent interactions (77—
stacking, CH/F, and CH/7 interactions) with the adjacent
HFA ligand. The difference in ligand—ligand interactions alters
the sign of CD and CPL signals of the Eu"" and Tb"" complexes.
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Figure S. Classification of coordination structures of the HFA i §ands in [ (Eu™(R)-Ph-pybox) (HFA)5], [ (Eu™(R)-i-Pr-pybox) (HFA);], [ (Eu™(S)-i-

Pr-pybox) (HFA)5], [(Eu™(R)-Me-Ph-pybox)(HFA)], [(Tb"

(S)-Ph-pybox) (HFA)5], [(Tb"(S)-i-Pr- pzbox)(HFA)3] [(Tb“‘(s) -Me-Ph-pybox)-

(HFA)3 ], and [(Tb™(R)-Me-Ph-pybox)(HFA);]. Sign of dissymmetry factors of CPL spectra (gim) at the Dy — "F; transition (Eu"" complexes) and
D, — "Fs transition (Tb"™ complexes) is shown. Arrows denote enantiomer pairs. Definition of the sense of chiral arrangement of HFA ligands: I,
dihedral angle between A and C < 90° and between B and C > 90°; II, dihedral angle between A and C > 90° and between B and C < 90°; I, dihedral
angle between A and C < 90° and between B and C < 90°%; IV, dihedral angle between A and C > 90° and between B and C > 90°; V, the other

coordination arrangement.

B ASSOCIATED CONTENT

(5 ) Supporting Information. One scheme diagramming our
CPL measurement system and five figures showing emission
decay profiles of the Eu™" complexes, temperature dependence of
emission intensities of the Eu'" and Tb™ complexes, CD spectra
at the absorption bands from the 4f—4f transitions, solid-state
CD spectra, and 'H,'H COSY NMR spectrum of [(Eu™(R)-Ph-
pybox)(HFA);]. This material is available free of charge via the
Internet at http://pubs.acs.org.
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