
Employing Lewis Acidity to Generate Bimetallic Lanthanide
Complexes
Bonnie E. Klamm,‡ Thomas E. Albrecht-Schmitt, Ryan E. Baumbach, Brennan S. Billow,‡

Frankie D. White, Stosh A. Kozimor, Brian L. Scott, and Aaron M. Tondreau*

Cite This: Inorg. Chem. 2020, 59, 8642−8646 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: With the advent of lanthanide-based technologies, there is a clear need to advance the fundamental understanding of
4f-element chelation chemistry. Herein, we contribute to a growing body of lanthanide chelation chemistry and report the synthesis
of bimetallic 4f-element complexes within an imine/hemiacetalate framework, Ln2TPT

OMe [Ln = lanthanide; TPTOMe =
tris(pyridineimine)(Tren)tris(methoxyhemiacetalate); Tren = tris(2-aminoethylamine)]. These products are generated from
hydrolysis and methanolysis of the cage ligand tris(pyridinediimine)bis(Tren) (TPT; Tadanobu et al. Chem. Lett. 1993, 22 (5),
859−862) likely facilitated by inductive effects stemming from the Lewis acidic lanthanide cations. These complexes are interesting
because they result from imine cleavage to generate two metal binding sites: one pocketed site within the macrocycle and the other
terminal site capping a hemiacetalate moiety. A clear demarcation in reactivity is observed between samarium and europium, where
the lighter and larger lanthanides generate a mixture of products, Ln2TPT

OMe and LnTPT. Meanwhile, the heavier and smaller
lanthanides generate exclusively bimetallic Ln2TPT

OMe. The cleavage reactivity to form Ln2TPT
OMe was extended beyond methanol

to include other primary alcohols.

The selective complexation of lanthanide ions in
coordination chemistry is important for many different

areas, including the design of metal complexes for diagnostic
and imaging2,3 applications, therapeutic agents,4,5 and the
preparation of selective metal extractants for hydrometallurgy6

and nuclear waste management.7−10 However, the selective
complexation of Ln3+ cations is challenging because of their
similar physical and chemical properties. According to the
classification by Pearson,11 they behave as hard Lewis acids of
similar radii with contraction of the ionic radius from La3+ to
Lu3+ by 16%. The decrease in size substantially influences the
lanthanide reactivity, such that the behavior of early
lanthanides often differs from that of late lanthanides.12−14

Developing chelating ligands for selective lanthanide
coordination continues to be an important area of research.
Ligands with appropriate binding sites have been designed to
form a variety of lanthanide cryptates and received substantial
interest as multidentate ligands with unique topological
properties and as chelates for bimetallic systems.15 Cryptands
have previously been generated via template synthesis using
lanthanide metals as catalysts to assist with the formation of
imine bonds, using the inherent Lewis acidity of lanthanide
metals to template the formation of macrocycle compounds in
situ.16−18 Here, we invert this paradigm and exploit the
lanthanide Lewis acidity to achieve imine-cleavage reactions
that generate bimetallic f-element complexes with imine-based
cryptand ligands. The cleaved cage retains an (imino)pyridine
coordination site that envelopes the Ln3+ cation. A hemi-
acetalate functionality is also formed, which caps the
macrocycle with a second Ln3+ ion. Hemiacetalate coordina-
tion remains rare in lanthanide chemistry, where only a handful

of similar complexes have been reported with lanthanide
metals.19−21

The synthesis of cryptand tris(pyridinediimine)bis(Tren)
(TPT) was previously described by the condensation of 2,6-
diformylpyridine with tris(2-aminoethyl)amine (Tren).1 These
previous efforts described syntheses using TPT and lanthanide
cations with either aprotic acetonitrile, protic methanol
(MeOH), or a mixture of both solvents. Those reactions
were also heated at reflux to generate encapsulated lanthanide
complexes. Several TPT lanthanide cryptates were synthesized
by this method, forming the reported encapsulated metal
complexes LnTPT (Ln = Nd, Eu−Tb) as red blocklike crystals
that were sparsely characterized because of poor solubility
(Scheme 1a).22−25

In this study, a divergence of the TPT coordination activity
of the lanthanides is shown, where both mono- and bimetallic
complexes that arise from cleavage of the ligand were
generated (Scheme 1). These compounds were prepared by
the addition of TPT to Ln(NO3)3 in MeOH at room
temperature, generating either orange or yellow solutions.
Crystals formed overnight from MeOH, and the solid-state
structures were investigated by single-crystal X-ray diffraction.
These studies revealed that imine cleavage occurred to
generate the bimetallic Ln2TPT

OMe [Ln = lanthanide; TPTOMe
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= tris(pyridineimine)(Tren)tris(methoxyhemiacetalate); Tren
= tris(2-aminoethylamine)].
Ce2TPT

OMe and Pr2TPT
OMe were isolated as orange blocks

and yellow needles, respectively, as minor products from this
method. Both crystals refined in monoclinic space group P2/n
in low crystalline yield. The Ln1 site (within the macrocycle)
was fully occupied and bound by six pyridyl and imine nitrogen
atoms. The structure also showed evidence for Ln−O bonding
interactions from the three hemiacetalate oxygen atoms. These
nitrogen and oxygen atoms are arranged around the pocketed
Ln1 cation in a pseudotricapped trigonal prism. The capping
Ln2 site sits above the macrocycle pocket. This Ln2 cation is
bound by three oxygen atoms from the hemiacetalate, six
oxygen atoms from nitrate ligands, and one oxygen atom from
a coordinated MeOH. These 10 oxygen atoms create a
distorted bicapped square antiprism around Ln2 (Figure 1).

Examination of the mother liquor revealed formation of the
trinitrate [H3Tren][NO3]3 biproduct. A scheme accounting for
the mass balance of the reaction is provided (Scheme S1).
The crystals obtained from analogous reactions with

neodymium and samarium nitrates were more complicated
than that observed for the larger cerium and praseodymium
cations. Here, two crystal morphologies were observed in a
roughly 2:1 ratio. The majority products were yellow plates
identified as Nd2TPT

OMe and Sm2TPT
OMe that refined in the

orthorhombic space group P222, which were separated from
orange blocks of NdTPT and SmTPT, analogous structures to

the reported compounds.24 Nd2TPT
OMe and Sm2TPT

OMe

were isostructural to the solid-state structures of Ce2TPT
OMe

and Pr2TPT
OMe.

Progression along the lanthanide series to the smaller cations
(Eu−Lu) resulted in the formation of Ln2TPT

OMe (Ln = Eu−
Lu), which were isolated as yellow crystalline needles in high
yield. Single-crystal X-ray diffraction data obtained of these
crystals were modeled in the P222 space group. The terminal
metal, Ln2, is nine-coordinate, owing to the absence of a
coordinated MeOH. For the whole series, the Ln1−Ln2
distance decreases linearly with decreasing ionic radius, with
the largest separation of 3.689(1) Å for cerium and the
smallest separation of 3.347(1) Å for lutetium (Table 1).

Several other structural metrics for the complexes change
proportionally to the ionic radius of the metal. The pocket size
of the ligand adjusts to the size of the lanthanide, and the
Ln1−N1 distance (N1 = tertiary nitrogen of Tren) and C−
N1−C angle increase with decreasing ionic radius (Figure 2).
The smaller the cation, the more closely to the metal center
the pyridyl nitrogen atom coordinates, causing an increase to
the pyrimidalization angle of N1. The twist angles of the ligand
are also affected by the size of the metal ion; a linear trend in

Scheme 1. Summary of the Synthesis of (a) the Prior
Synthesis of LnTPT and (b) This Work’s Synthesis of
Ln2TPT

OMe

Figure 1. Molecular structure of Ln2TPT
OX(MeOH) (left; Ln = Ce−

Sm) and Ln2TPT
OX (right; Ln = Eu−Lu) drawn with 50% probability

ellipsoids. Hydrogen atoms, pendant X groups (OX = OMe,
OMeOEt, OBz), and the lattice solvent are omitted for clarity.

Table 1. Metrical Comparisons of Averaged Ln2TPT
OMe (Ln

= Ce−Sm) and Ln2TPT
OMe (Ln = Eu−Lu) Complexesa

Ln1
Ln−

NTren(Å)
a

Ln−NPyr
(Å)a

Ln1−Ln2
(Å)

Ln1−O−Ln2
(deg)

Ce 2.738(2) 2.650(2) 3.689(1) 97.89(6)
Pr 2.721(3) 2.621(3) 3.656(1) 97.59(8)
Nd 2.677(4) 2.581(4) 3.587(2) 96.66(9)
Sm 2.657(4) 2.560(4) 3.548(1) 96.64(2)
Eu 2.632(5) 2.547(5) 3.506(1) 96.04(1)
Gd 2.616(4) 2.540(4) 3.487(1) 95.80(1)
Tb 2.606(5) 2.524(5) 3.457(1) 95.75(5)
Dy 2.602(5) 2.504(5) 3.447(1) 95.61(1)
Ho 2.599(4) 2.461(4) 3.437(1) 95.30(1)
Er 2.579(8) 2.465(8) 3.394(2) 95.23(2)
Tm 2.567(4) 2.476(4) 3.383(1) 95.26(1)
Yb 2.564(7) 2.419(7) 3.363(1) 94.90(2)
Lu 2.554(6) 2.458(6) 3.347(1) 94.70(2)

aNTren = N2, N4, N6; NPyr = N3, N5, N7.

Figure 2. (Blue) Plot of the N1−Ln1 distance (Å) for Ln2TPT
OMe

(Ln = Ce−Sm) and Ln2TPT
OMe (Ln = Eu−Lu). (Red) Plot of the

average C−N1−C angle (nitrogen pyramidalization) for Ln2TPT
OMe

(Ln = Ce−Sm) and Ln2TPT
OMe (Ln = Eu−Lu).
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the twist angle is observed during the comparison of the planes
formed from the imine nitrogen atoms, the pyridyl nitrogen
atoms, and the hemiacetalate bridging oxygen atoms as the
metal is changed (Table S1 and Figures S32−S35).
The 1H and 13C NMR spectra of Lu2TPT

OMe in deuterated
dimethyl sulfoxide (DMSO-d6) show unexpected but reprodu-
cible minor peaks that suggest the formation of isomeric
complexes. Perhaps these peaks result from DMSO coordinat-
ing the Lu2TPT

OMe complex, but we cannot rule out the
possibility of Lu2TPT

OMe decomposition products or dissoci-
ation of the terminal metal. Importantly, CHN analysis
confirms the compositional purity of the bulk sample. We
attempted crystallization of the complex from DMSO, and the
resulting structure was identical with the structure obtained
from MeOH and had no sign of DMSO coordination. The
sample showed signs of decomposition when analyzed by 1H
NMR spectroscopy in deuterated water (D2O). We suspected
that the water content of DMSO contributed to the extra peaks
in the 1H NMR spectrum. The extra peaks, however, were
reproducible in different batches of DMSO that had been dried
and degassed.
To probe the source of unexpected resonances, we

performed the synthesis of Lu2TPT
OMe in MeOH-d4 to

incorporate the label into the hemiacetal group and to acquire
NMR data in this solvent and forego the possibility of
decomposition in DMSO. The poor solubility of the complex
in MeOH did not improve the results from 1H NMR analysis;
the complex almost quantitatively precipitated from solution,
and analysis of the mother liquor revealed only peaks for
[H3Tren][NO3]3 (Figure S21). We were still able to confirm
the origin of the methoxy groups of the ligand. Analysis of the
precipitated product in DMSO-d6 showed the expected
disappearance of the −OMe singlet at 3.57 ppm in the 1H
NMR spectrum and 53.55 ppm in the 13C NMR spectrum,
with a new multiplet centered at 53.39 ppm in the 13C NMR
spectrum. The small peaks were present in the same ratio as
that in previous spectra.
We next extended the reactivity of alcoholytic cleavage to

probe other primary alcohols, using 2-methoxyethanol and
benzyl alcohol as solvents. These experiments were conducted
with diamagnetic lutetium, which facilitated characterization by
NMR spectroscopy. This resulted in the formation of
hemiacetal-bridged species with 2-methoxyethyl or benzyl
groups in place of the methyl group of the hemiacetalate
fragment (Figure 3). Lu2TPT

OMeOEt and Lu2TPT
OBz were

refined in the monoclinic space group P21/n. Lu2TPT
OBz

crystallized with low crystalline yield as pale-yellow needles

physically separated from an amorphous powder and was
obtained as an impure mixture. A comparison of the solid-state
metrics shows that Lu2TPT

OBz has significantly shorter Lu1−
Lu2 and Lu1−NTren (NTren = N2, N4, N6; Figure 1) bond
distances than what is observed for Lu2TPT

OMe (Table 2). In

terms of size correlation, the steric demands of the benzyl
group distort the complex metrics from those observed with
Lu2TPT

OMe to a greater degree than the methoxyethanol
group. Other alcohols such as phenol, isopropyl alcohol, and
tert-butanol were unsuccessfully attempted. 1H NMR analysis
of Lu2TPT

OMeOEt reveals a much cleaner spectrum than
Lu2TPT

OMe, suggesting either a lower ratio of isomer
formation or enhanced stability of the complex, both likely
arising from the greater steric influence of the larger alcohol.
All expected resonances for the complex were observed
alongside minor signals, peaks far less intense than those
observed in Lu2TPT

OMe.
Single-crystal UV/vis/near-IR spectra from Ln2TPT

OMe

complexes reveal intense, broad absorption peaks with λmax
near 400 nm (see the Supporting Information). Weaker peaks
at lower energy were resolved from this intense absorption
band between 450 and 1100 nm. These features were
attributed to Laporte-forbidden 4f → 4f transitions and were
most prominent for Ln = Nd, Dy, and Ho. Excitation at 420
nm shows several intense features observed only for
Eu2TPT

OMe, and fluorescence peaks were identified at 593,
617, and 698 nm (Figure S11). Solid-state IR spectra were
similar for all complexes, with bands at 1600 and 1590 cm−1,
frequencies attributed to the imine stretches of the complexes.
SQUID data were obtained for Gd2TPT

OMe and Dy2TPT
OMe

to probe variable-temperature magnetic behavior (Figures
S29−S31). While helicate complexes have shown unusual
magnetic characteristics at lower temperatures,26 prior work by
Winpenny et al.27 on related oxo-bridged bimetallic complexes
has shown only minor coupling between the metal centers.
Consistent with this, Gd2TPT

OMe and Dy2TPT
OMe displayed

magnetic behavior in agreement with little interaction between
the metal cations. Average respective moments of 8.3 and
11.08 μB (300 K) were obtained for gadolinium and
dysprosium, values near the accepted moments of the free
metal cations (8.0 μB for gadolinium and 10.6 μB for
dysprosium).28−30

The methodology presented on the synthesis, isolation, and
characterization of bimetallic Ln2TPT

OMe complexes contrib-
utes to the field of 4f-element chelation chemistry. Expanding
the landscape of lanthanide self-assembly reactions to include a
new form of reactivity with TPT ligands allows for further
studies of a series of related bimetallic lanthanide compounds.
Our work involved the formation of half-cage complexes via
imine cleavage to form a lanthanide-bound, bridging hemi-
acetalate functionality. Although the generality of this reaction

Figure 3. Molecular structures of Lu2TPT
OMeOEt (left) and

Lu2TPT
OBz (right) drawn at 50% probability, with hydrogen atoms,

nitrate groups, disorder, and solvent molecules omitted for clarity.
Viewed along the Lu1−Lu2 axis.

Table 2. Metrical Comparisons of Averaged Lu2TPT
X (X =

OMe, OMeOEt, OBz) Complexes

TPTOMe TPTOMeOEt TPTOBz

Ln−NTren (Å) 2.554(6) 2.552(4) 2.533(3)
Ln−NPyr (Å) 2.458(6) 2.467(4) 2.467(3)
Ln1−Ln2 (Å) 3.347(1) 3.340(1) 3.327(1)
Ln1−O−Ln2 (deg) 94.7(2) 94.2(1) 94.0(1)
N1−Ln1 (Å) 3.889(7) 3.870(4) 3.887(4)
C−N1−C (deg) 117.8(7) 117.6(4) 118.3(4)
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type has yet to be fully explored, this methodology has
potential value in terms of accessing additional high-nuclearity
f-element complexes, with future potential supporting
innovation within the subfields of molecular magnetism,
separations, and radiopharmaceuticals. We are particularly
excited about the opportunities this type of reactivity may have
for 5f elements, and we are continuing to pursue additional
self-assembly reactions with lanthanide and actinide cations.
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Rodríguez-Dieǵuez, A.; Seco, J. M.; Oyarzabal, I.; Colacio, E. Effect of
the Change of the Ancillary Carboxylate Bridging Ligand on the SMM
and Luminescence Properties of a Series of Carboxylate-Diphenoxido
Triply Bridged Dinuclear ZnLn and Tetranuclear Zn2Ln2 Complexes
(Ln = Dy, Er). Dalt. Trans. 2019, 48 (1), 190−201.
( 2 2 ) H u , X . ; Q i u , L . ; S u n , W . ; N g , S .
[1,4 ,12,15 ,18,26 ,31 ,39,42 ,43 ,44-Undeca-aza-penta-cyclo-
[13.13.13.16,10.120,24.133,37]Tetra-tetra-conta-4,6,8,10-
(44),11,18,20,22,24(43),25,31,33,35,37(42),38-Penta-deca-ene-
K9N4, N11, N18, N26, N31, N39, N42, N43, N44]Gadolinium(III)
Trichloride Trihydrate. Acta Crystallogr., Sect. E: Struct. Rep. Online
2006, 62 (12), m3351−m3353.
(23) Hu, X.; Li, Y.; Luo, Q. Characerization and Crystal Structure of
Lanthanide Cryptates of a Ligand Derived from 2,6-Diformyl
Pyridine. Polyhedron 2004, 23 (1), 49−53.
(24) Hu, X.; Li, Y.; Luo, Q. Synthesis and Crystal Structure of a New
Neodymium Cryptate of a Ligand Derived from 2,6-Diformylpyridine.
J. Coord. Chem. 2003, 56 (15), 1277.
(25) Xuelei, H.; Li, Q.; Zhong, C.; Qimao, H.; Zhiquan, P. Synthesis
of Alkaline Earth and Lanthanide Cryptates with Pyridine-Based
Group. J. Rare Earths 2007, 25 (6), 674−678.
(26) Martin, N.; Bünzli, J.-C. G.; McKee, V.; Piguet, C.;
Hopfgartner, G. Self-Assembled Dinuclear Lanthanide Helicates:
Substantial Luminescence Enhancement upon Replacing Terminal
Benzimidazole Groups by Carboxamide Binding Units. Inorg. Chem.
1998, 37 (3), 577−589.
(27) Giansiracusa, M. J.; Moreno-Pineda, E.; Hussain, R.; Marx, R.;
Martínez Prada, M.; Neugebauer, P.; Al-Badran, S.; Collison, D.;
Tuna, F.; van Slageren, J.; Carretta, S.; Guidi, T.; McInnes, E. J. L.;
Winpenny, R. E. P.; Chilton, N. F. Measurement of Magnetic
Exchange in Asymmetric Lanthanide Dimetallics: Toward a Trans-
ferable Theoretical Framework. J. Am. Chem. Soc. 2018, 140 (7),
2504−2513.
(28) Bünzli, J.-C. G.; Andre,́ N.; Elhabiri, M.; Muller, G.; Piguet, C.
Trivalent Lanthanide Ions: Versatile Coordination Centers with
Unique Spectroscopic and Magnetic Properties. J. Alloys Compd.
2000, 303−304, 66−74.
(29) Orchard, A. F. Magnetochemistry; Oxford University Press,
2003.
(30) Carlin, R. L. Rare Earths or Lanthanides. Magnetochemistry;
Springer: Berlin, 1986; pp 237−261.

Inorganic Chemistry pubs.acs.org/IC Communication

https://dx.doi.org/10.1021/acs.inorgchem.0c00775
Inorg. Chem. 2020, 59, 8642−8646

8646

https://dx.doi.org/10.1016/j.poly.2013.09.019
https://dx.doi.org/10.1016/j.poly.2013.09.019
https://dx.doi.org/10.1016/j.poly.2013.09.019
https://dx.doi.org/10.1016/B978-008096519-2.00127-2
https://dx.doi.org/10.1016/S0277-5387(99)00016-9
https://dx.doi.org/10.1016/S0277-5387(99)00016-9
https://dx.doi.org/10.1016/S0277-5387(99)00016-9
https://dx.doi.org/10.1016/S0277-5387(97)00409-9
https://dx.doi.org/10.1016/S0277-5387(97)00409-9
https://dx.doi.org/10.1016/S0277-5387(97)00409-9
https://dx.doi.org/10.1016/j.ccr.2005.02.021
https://dx.doi.org/10.1016/j.ccr.2005.02.021
https://dx.doi.org/10.1081/SIM-100107209
https://dx.doi.org/10.1081/SIM-100107209
https://dx.doi.org/10.1081/SIM-100107209
https://dx.doi.org/10.1081/SIM-100107209
https://dx.doi.org/10.1016/S0020-1693(97)05909-4
https://dx.doi.org/10.1016/S0020-1693(97)05909-4
https://dx.doi.org/10.1039/C8DT03800G
https://dx.doi.org/10.1039/C8DT03800G
https://dx.doi.org/10.1039/C8DT03800G
https://dx.doi.org/10.1039/C8DT03800G
https://dx.doi.org/10.1039/C8DT03800G
https://dx.doi.org/10.1107/S1600536806047477
https://dx.doi.org/10.1107/S1600536806047477
https://dx.doi.org/10.1107/S1600536806047477
https://dx.doi.org/10.1107/S1600536806047477
https://dx.doi.org/10.1107/S1600536806047477
https://dx.doi.org/10.1016/j.poly.2003.09.024
https://dx.doi.org/10.1016/j.poly.2003.09.024
https://dx.doi.org/10.1016/j.poly.2003.09.024
https://dx.doi.org/10.1080/00958970310001650349
https://dx.doi.org/10.1080/00958970310001650349
https://dx.doi.org/10.1016/S1002-0721(08)60005-8
https://dx.doi.org/10.1016/S1002-0721(08)60005-8
https://dx.doi.org/10.1016/S1002-0721(08)60005-8
https://dx.doi.org/10.1021/ic971401r
https://dx.doi.org/10.1021/ic971401r
https://dx.doi.org/10.1021/ic971401r
https://dx.doi.org/10.1021/jacs.7b10714
https://dx.doi.org/10.1021/jacs.7b10714
https://dx.doi.org/10.1021/jacs.7b10714
https://dx.doi.org/10.1016/S0925-8388(00)00609-5
https://dx.doi.org/10.1016/S0925-8388(00)00609-5
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c00775?ref=pdf

