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Owing to their structural, magnetic, and emissive properties,
complexes of lanthanide (Ln) ions with chiral ligands have
found use as 1) asymmetric catalysts[1] and 2) probes for the
characterization of ionic[2] or chiral environments.[3] However,
in view of the lability and the weak coordination preferences
of the LnIII centers,[4] the synthesis of stable “true” enantio-
pure lanthanide coordination compounds, in which all the
chirality sources (ligand, metal centers, supramolecular
chirality) are fixed, represents a difficult goal. Indeed, only
in a few cases has the synthesis of configurationally stable,
mononuclear lanthanide complexes been achieved with high
diastereoselectivity; these complexes were obtained from N-
substituted 1,4,7,10-tetraazacyclododecane derivatives[5] or
terpyridine-type chiral ligands.[6] With respect to complexes of
higher nuclearity, solely the formation of dinuclear f–f
helicates (from an enantiomerically pure ligand)[7] or d–f
helicates (using a resolved triple-helical CrIII complex, which
preorganizes the ligand strands)[8] have been reported.

Bipyridine ligands that are derivatized with chiral pinene
units have been found to be strong inductors of chirality for
the stereocontrolled synthesis of complexes of transition-
metal ions.[9] We sought to extend this range of ligands[10] to
the stereoselective synthesis of supramolecular arrays of
lanthanide ions. To this end, we designed ligand L� (see
Scheme 1), which features a carboxylate donor group
appended to the pinene moiety to take advantage of the
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oxophilic character of Ln ions. Besides increasing the stability
of the lanthanide complexes, the carboxylate group may also
serve to enhance the transmission of the chiral information to
the final supramolecular architecture. Herein we report the
structure and chiroptical properties of the trinuclear array
that results from self-assembly of L� and EuIII ions with
complete diastereoselectivity. This complex displays a very
interesting mode of helical chirality that originates from the
propeller-like arrangement of the ligands around the trinu-
clear metal core.

The one-pot synthesis of the new carboxylic ligand (+)-
HL (Scheme 1) is based on the known regio- and stereo-

selective deprotonation of (�)-5,6-pinene-2,2’-bipyridine
(1)[11] by lithium diisopropylamide (LDA).[12] Electrophilic
attack of the anion with CO2 generates a further chiral center
(S). Final treatment of the product with HCl prevents
decarboxylation[13] and yields the stable adduct (+)-
HL·HCl. Treatment of Eu(ClO4)3 with two or more equiv-
alents of (+)-HL·HCl in methanol in the presence of base
(Et3N or LiOH) instantaneously leads to the formation of a
white precipitate. Crystals of this product could be grown
from a solution in MeCN/MeOH, and X-ray crystallogra-
phy[14] revealed the trinuclear assembly [Eu3{(+)-L}6(m3-OH)-
(H2O)3](ClO4)2·3 H2O, as shown in Figure 1.

The assembly has crystallographically imposed C3 sym-
metry (space group: R3), which relates the three EuIII centers.
The Eu–Eu distance is 3.915(1) �, and the three metal ions
are bridged by a hydroxide ion that lies slightly (0.84 �) out of
the plane defined by these ions. Six L� ligands are incorpo-
rated into the overall array and these may be grouped into
two sets of three symmetry-related ligands. The first set of
three ligands, depicted in orange in Figure 1 and Figure 2,
coordinate solely through their carboxylate groups, which
bridge two EuIII centers in a symmetrical m2-h1:h1 fashion. The
uncoordinated bipyridyl units adopt an unusual cis confor-
mation (dihedral angle: 4.1(8)8), which appears to be
stabilized by hydrogen-bonding interactions with a water
molecule of crystallization (OH2O···N distance of 2.87(2) �).
These bipyridyl groups adopt a right-handed (P) helical
arrangement in the solid state (Figure 2). The second set of
three ligands, shown in green in Figure 1 and Figure 2,
coordinate through both their carboxylate and bipyridyl
donor groups. The carboxylate group links two EuIII centers
in a m2-h2:h1 fashion, while the bipyridyl group coordinates to
one of the metal ions in a typical bidentate mode. This set of
ligands adopts a left-handed (M) helical configuration which
is manifest in the circular dichroism (CD) spectrum as

discussed below. The coordination sphere of the europium
ions is completed by a molecule of water, and the geometry at
these centers is best described as a distorted, monocapped
square antiprism. Preliminary results suggest that the trinu-

Scheme 1. Synthesis of the ligand (+)-HL, and its numbering scheme
for NMR spectral assignments.

Figure 1. Crystal structure of [Eu3{(+)-L}6(m3-OH)(H2O)3](ClO4)2·3H2O
(O red, Eu turquoise, N dark blue; O-coordinated pinene-bipyridyl
groups orange, N,O-coordinated pinene-bipyridyl groups green). View
parallel to the crystallographic C3 axis with a simplified labeling
scheme. Hydrogen atoms, perchlorate counterions, and water mole-
cules of crystallization have been omitted for clarity. Selected bond
lengths [�]: Eu1–N16 2.767(12), Eu1–O21A 2.667(10), Eu1–O22A
2.451(13), Eu1–O43B 2.333(9), Eu1–N1 2.508(14), Eu1–O22 2.297(11),
Eu1–O45 2.411(5), Eu1–O46 2.504(6), Eu1–O44 2.379(9). Symmetry
operations: a) �y, x�y, z ; b) �x + y, �x, z.

Figure 2. Space-filling representation of [Eu3{(+)-L}6(m3-OH)(H2O)3]
2+

(O red, Eu turquoise, N dark blue). Ligands L� coordinated only
through their carboxylates groups are shown in orange; those coordi-
nated through both the carboxylate and bipyridine moieties are shown
in green.
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clear assembly persists in the solution state, but further
detailed investigations are necessary for a complete charac-
terization of its behavior in solution.

The NMR spectra of the crude precipitate and dissolved
crystals of the complexes were found to be identical. In the
1H NMR spectrum, two sets of signals were observed in a 1:1
ratio spread over a range of almost 25 ppm (see Figure 3 and

Experimental Section). This observation indicates the exis-
tence of two magnetically distinct environments for the
ligands in the complex, which may be related to the two
distinct sets of ligands observed in the X-ray crystal structure
of [Eu3{(+)-L}6(m3-OH)(H2O)3](ClO4)2·3 H2O, as well as a
high diastereoselectivity (d.e.> 95%) of this self-assembly
process.

The major peaks in the electrospray (ES) mass spectrum
may be assigned to the molecular cation with loss of the
coordinated water molecules, [Eu3L6(OH)]2+, and its perchlo-
rate adduct {[Eu3L6(OH)](ClO4)}+ (see Supporting Informa-
tion). A third intense signal is attributed to [Eu3L6(OH)-
(H2O)]2+, which probably arises from the fragmentation
processes in the gas phase.

The CD spectrum of [Eu3{(+)-L}6(m3-OH)(H2O)3](ClO4)2

exhibits a bisignate curve centered around 320 nm (Figure 4).
From the shape of this curve and the energy at which it
appears, it is likely that it arises from the exciton coupling of
the long-axis polarized p–p* transitions of the bipyridine-type
L� ligands.[15] Of the two distinct sets of ligands in the overall
array, the bipyridyl chromophores of the set that coordinate
only through their carboxylate groups will rotate freely in
solution, thus the average of their exciton-coupling interac-
tions will be zero. On the other hand, the second set of ligands
also coordinate through their bipyridine moieties and there-
fore will be rigidly held in a helical arrangement similar to
that observed by crystallography (see Figure 5). Conse-
quently, it is expected that exciton interactions between this
set of chromophores will be entirely responsible for the low-

energy exciton couplet. Exciton-coupling theory predicts that
the left-handed (L) arrangement of these chromophores will
give rise to a positive exciton couplet;[16] that is, a bisignate
curve which is positive at lower energies. This prediction is in
exact accord with the experimentally observed CD spectrum,
but in the present case the three bipyridyl chromophores are
coordinated to different metal centers, so the curve may be
ascribed solely to internuclear exciton coupling.[17] These
results underscore the importance of this phenomenon in
metallosupramolecular chemistry.

Upon UV irradiation, the EuIII array displays bright red
luminescence in both solution (total emission quantum yield:
�Eu

tot = 6.5%; lifetime: t = 1.5 ms in CH3CN) and the solid
state. These properties prompted us to investigate the
chiroptical properties in the excited state by circularly
polarized luminescence (CPL) spectroscopy. Excitation of

Figure 3. 1H NMR spectrum of [Eu3{(+)-L}6(m3-OH)(H2O)3]-
(ClO4)2·3H2O in CD2Cl2 (400 MHz, RT).

Figure 4. CD spectrum of [Eu3{(+)-L}6(m3-OH)(H2O)3](ClO4)2

(10�4
m in CH3CN).

Figure 5. View perpendicular to the C3 axis of the complex to highlight
the ligands in the M configuration (green) that are responsible for the
exciton coupling (O red, Eu turquoise, N dark blue).
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the organic chromophore (lex = 315 nm) gives rise to polar-
ized emission bands that correspond to the EuIII-centered
5D0!7FJ transitions (Figure 6). The largest luminescence
dissymmetry factor, defined as glum = 2(IL�IR)/(IL+IR), in

which L and R denote left and right, respectively, is found for
the magnetic-dipole allowed transition 5D0!7F1. Its value of
�0.16 (l = 585 nm) is comparable to those of some reported
mononuclear EuIII complexes,[5c,18] and much higher than
others.[5b,6] For the DJ = 2, 3, and 4 transitions, significantly
lower absolute magnitudes of glum (0.09–0.01) were observed.
CPL spectroscopy of polynuclear lanthanide complexes is still
in its infancy, and the correlation of spectroscopic phenomena
(transition type and sign sequence) with structural properties
such as absolute configuration would require the systematic
investigation of other enantiopure C3-symmetric LnIII com-
plexes.

In summary, we have presented the diastereoselective
self-assembly, structure, and chiroptical properties of a
trinuclear EuIII array, which exhibits an interesting mode of
supramolecular helical chirality related to the arrangement of
the ligands around the metallic core. This chirality is manifest
in the CD spectrum of the trinuclear complex and lends
strong support to a recently proposed internuclear exciton
coupling model.[17] The new chiral bipyridine-carboxylate
ligand discussed here successfully extends the family of
pinene-derivatized bipyridine ligands to incorporate those
capable of forming stable complexes with lanthanide ions.
Preliminary investigations have shown that this ligand leads
to similar trinuclear arrays with other lanthanide cations,
including LaIII, GdIII, and PrIII, through high-yielding self-
assembly processes. Furthermore, the availability of both
enantiomers of the ligand enables investigations of chiral
discrimination phenomena in various energy-transfer proc-
esses.[19]

Experimental Section
Caution! Perchlorate salts are potentially explosive.[20] Tetramethyl-
silane (TMS) was used as internal reference for 1H NMR experi-
ments. The CPL spectrum was measured using a Jasco CPL-200
spectrophotometer (bandwidth: 2 nm).

(+)-HL·HCl·H2O: 1H NMR (400 MHz, CD2Cl2, TMS, 25 8C): d =
8.97 (d, 3J1,2 = 5.8 Hz, 1H; H1), 8.40 (m, 2H; H3,H4), 8.13 (d, 3J7,8 =

7.9 Hz, 1H; H7), 7.85 (dd, 3J2,1 = 6.0 Hz, 3J2,3 = 6.0 Hz, 1H; H2), 7.63
(d, 3J8,7 = 7.9 Hz, 1H; H8), 4.34 (d, 3J13,12 = 2.5 Hz, 1H; H13), 2.99 (dd,
3J10,15a = 5.6 Hz; 3J10,15b = 5.6 Hz, 1H; H10), 2.91 (ddd, 2J15b,15a = 9.6 Hz,
3J15b,10 = 5.8 Hz, 3J15b,12 = 5.8 Hz, 1H; H15b), 2.74 (ddd, 3J12,15b =
5.8 Hz, 4J12,10 = 5.8 Hz, 3J12,13 = 2.8 Hz, 1H; H12), 1.60 (d, 2J15a,15b =
9.6 Hz, 1H; H15a), 1.52 (s, 3H; Me17), 0.72 ppm (s, 3H, Me16);
UV/Vis (CH3CN): lmax (e): 305 (10600), 250 nm (7500 m

�1 cm�1); CD
(CH3CN): l (De): 220 nm (5 m

�1 cm�1); [a]20
D = ++ 13.1 degdm2 mol�1

(c = 6.9 � 10�3
m in CH3CN); HR-MS: m/z calcd for C18H19N202:

295.1442 [M+H+]+; found: 295.1441.
[Eu3{(+)-L}6(OH)(H2O)3](ClO4)2: Triethylamine (77 mL,

0.53 mmol, 2.3 equiv) was added to a solution of (+)-HL·HCl·H2O
(80 mg, 0.23 mmol) in MeOH (3 mL). A solution of Eu(ClO4)3·9H2O
(0.115 mmol, 0.5 equiv) in methanol (1.2 mL, 0.0487m) was then
dropped onto the stirring mixture. The white precipitate formed was
collected by filtration, washed with cold MeOH, and dried (82 mg,
83% based on [Eu3{(+)-L}6(OH)(H2O)3](ClO4)2·5H2O). 1H NMR
(400 MHz, CD2Cl2, TMS, 25 8C): d = 13.31 (1H), 11.89 (1H), 11.33 (d,
J = 6.0 Hz, 1H), 10.83 (dd, J = 6.6 Hz, J = 6.6 Hz, 1H), 9.25 (dd, J =
6.9 Hz, J = 5.0, 1H), 7.31 (d, J = 7.5 Hz, 1H), 6.47 (dd, J = 6.7 Hz, J =
6.7 Hz, 1H), 6.02 (1H), 5.58 (d, J = 7.6 Hz, 1H), 5.49 (d, J = 7.6 Hz,
1H), 5.03 (d, J = 7.3 Hz, 1H), 4.53 (d, J = 6.7 Hz, 1H), 3.53 (3H, Me),
3.23 (d, J = 6.8 Hz, 1H), 3.11 (1H), 2.57 (3H, Me), 1.55 (1H), �0.39
(1H), �1.69 (3 H, Me), �2.15 (3H, Me), �2.11 (d, J = 10.3 Hz, 1H),
�3.37 (1H), �5.38 (1H),�7.25 (1H), �9.21 (1H),�11.78 ppm (1H);
13C NMR (100 MHz, CD2Cl2, 25 8C): d = 228.9, 190.1, 169.5, 160.7,
156.8, 154.4, 152.9, 152.2, 151.0, 147.4, 146.5, 141.9, 140.3, 136.0, 132.0,
128.3, 126.3, 124.9, 117.8, 105.4, 104.3, 93.1, 45.5, 43.3, 42.7, 41.9, 35.8,
30.1, 26.5, 23.3, 23.0, 21.2, 18.0, 1.1, �8.9, �40.5 ppm; IR: ñ = 2935w,
1618s (COO�), 1567m, 1454w, 1421s (COO�), 1238w, 1094s (Cl�O),
860w, 792m, 753m; UV/Vis (CH3CN, 1.8 � 10�6

m): lmax (e): 306
(67000), 278 (52500), 255 nm (48500 m

�1 cm�1); [a]20
D =

�97.3 degdm2 mol�1 (c = 1.1 � 10�3
m in CH3CN); ES-MS (10�4

m in
CH3CN): m/z (%): 1116.3 (100) [Eu3L6(OH)]2+, 1107.3 (75)
[Eu3L6(OH)�H2O]2+, 2331.4 (34) [Eu3L6(OH)(ClO4)]+, 1254.3 (15)
[Eu3L7]

2+; Elemental analysis: calcd for C108H109Eu3N12O23Cl2·5H2O
(%): C 50.36, H 4.66, N 6.52; found: C 50.36, H 4.49, N 6.24.
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