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Taming Salophen in Rare Earth Metallocene Chemistry
Ernesto Castellanos, Florian Benner, and Selvan Demir*

A series of multinuclear metallocenes composed of a tBusalophen dianion bound to two rare earth metal ions, where each is 
encased in a bis-pentamethylcyclopentadienyl scaffold, was realized. The isolated molecules (Cp*2RE)2(-tBusalophen), 
where RE = Gd (1), Dy (2), and Y (3), constitute the first salophen-bridged metallocene complexes for any metal ion. 1-3 were 
characterised by X-ray crystallography, cyclic voltammetry, IR, NMR, and UV-Vis-NIR spectroscopy. Cyclic voltammograms 
of 1-3 excitingly exhibit quasi-reversable features attributed to the (tBusalophen2–/ tBusalophen3–•) redox couple. DFT 
calculations on 3 uncovered the highest occupied molecular orbital to be primarily localized on the metallocene and 
phenolate moieties of the tBusalophen ligand. Furthermore, the nuclear spin I = ½ for yttrium allowed the collection of 89Y 
NMR spectra for 3. Magnetic studies revealed slow magnetic relaxation, placing 2 among dysprosocenium-based single-
molecule magnets containing a doubly anionic ligand in the equatorial plane.

Introduction
Multidentate Schiff base ligands, such as salen-type ligands, 
where salen = N,N’-bis(salicylidene)-ethylenediamine, form 
stable complexes with transition metals,1 lanthanides (Ln),2 and 
actinides,3 comprising various metal oxidation states and 
featuring compounds of differing nuclearity. In particular, the 
tert-butyl-functionalized salophen ligand, N,N′-o-phenylene-
bis(3,5-di-tert-butylsalicylidene-imine) (tBusalophen), has been 
exploited in coordination chemistry due to its facile synthesis,4,5 
multidentate nature, and redox-activity.6 Metal-salophen 
complexes also undergo reversible redox processes,5,7–10 
rendering them potentially useful for catalysis in systems with 
redox-inactive metal centres. Furthermore, salophen-
containing complexes have also been probed for applications in 
medicine,11,12 luminescence,13,14 and molecular magnetism.15–17

Mononuclear transition metal salophen complexes typically 
feature an encapsulated metal ion in the N,N,O,O-binding 
pocket of the salophen ligand leaving axially accessible metal 
sites for applications in catalysis.4 In contrast, employing 
lanthanides in salophen chemistry typically results in distinct 
coordination environments owing to the large ionic size of the 
lanthanides. The most prevalent coordination motif of salophen 
to lanthanide ions, results in mono- and multinuclear 
coordination complexes, with the lanthanide centre 
encapsulated between two N,N,O,O-coordination pockets of 
the salophen ligand.5,16,18 Notably, the organometallic 
chemistry of salophen ligands with lanthanides is yet to be 
discovered, possibly due to the challenging synthesis, 

purification, and characterisation of organolanthanide 
complexes, owing to the reduced coordinative ability of the 
non-rigid ligand and sterically constrained metal sites dictated 
by two cyclopentadienyl (Cp) units. Consequently, metallocenes 
comprising large bridging moieties are scarce and involve either 
rigid ligands without the possibility to rotate or flexible units 
with high coordination sites (≥six). In particular, the utilization 
of salophen ligands in biscyclopentadienyl lanthanide 
chemistry, also referred to as metallocenes, is not only 
fundamentally interesting but also highly desirable in the 
context of the development of new single-molecule magnets 
(SMMs). The latter bear huge potential applications in the area 
of high-density information storage, magnetic refrigeration, 
spin-based electronics, and quantum computing.19,20 In fact, the 
best mono- and multinuclear SMMs in terms of highest blocking 
temperature and largest spin-reversal barrier thus far, are 
metallocene complexes comprising Cp ligands, functionalized 
with bulky polyalkyl and trimethylsilyl groups, respectively.21–25 
The axial ligand fields imposed by the Cp-based ligands 
enhances the single-ion anisotropy of the DyIII and TbIII ions 
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Fig. 1. Organometallic complexes featuring a bridging salophen ligand. 
(Left) dirhodium 1,5-cyclooctadiene (COD) complex, ((η4-COD)Rh)2(-
salophen) and (right) bimetallic rare earth (RE) metallocenes, (Cp*2RE)2(-
tBusalophen), RE = Gd (1), Dy (2), and Y (3).
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which is pivotal in mononuclear complexes. Importantly, the 
combination of axial magnetic anisotropy enforced by alkyl-
substituted Cp ligands with the strong magnetic exchange 
coupling provided by a N2

3–• radical-bridge resulted in record 
multinuclear SMM with open magnetic hysteresis loops up to 
30 K and largest coercive field (Hc = 7.9 T at 10 K) for any 
molecular system.25 If the magnetic coupling to the lanthanide 
ion is strong enough, the implementation of such radical-
bridges results in suppression of quantum tunnelling of the 
magnetization, leading to magnetic memory effect. Despite this 
promising strategy, the number of radical-bridged SMMs is 
miniscule when contrasted to all other lanthanide-based SMMs, 
largely owing to the synthetic challenges of isolating and 
characterising such species, but also simply due to scarcity of 
known organometallic lanthanide complexes featuring Cp-
based scaffolds and redox-active ligands bridging at least two 
metal centres. Hence, we are particularly interested in exploring 
the use of multi-dentate, redox-active ligands with the potential 
to bridge two or even more metals in organolanthanide 
chemistry. 

Large aromatic organic ligands leave room for chemical 
tunability and potential access to multiple open shell oxidation 
states, allowing for correlations of various radical oxidation 
states and magnetic exchange. Notably, implementation of a 
large bridging ligand may result in important ramifications on 
the electronic and magnetic properties, as demonstrated with 
ytterbocene charge-transfer molecular wire complexes.26 
Hence, we focused on devising a route to salophen-bridged 
organometallic rare earth (RE) complexes with trivalent Gd, Dy, 
and Y. The implementation of a) gadolinium allows for the 
quantification of magnetic exchange coupling owing to the near 
isotropic nature of GdIII ions, b) dysprosium potentially gives rise 
to SMM behaviour due to its high magnetic anisotropy 
originating from large unquenched orbital angular momentum 
and strong spin-orbit coupling and c) yttrium facilitates NMR 
and computational studies due to nuclear spin I = ½ of 89Y and 
inherent diamagnetism. 

Herein, we describe the synthesis, structural, spectroscopic, 
computational, and magnetic characterisation, as well the 
redox-behaviour of three new rare earth (RE) metallocene 
complexes, (Cp*2RE)2(-tBusalophen), where RE = Gd (1), Dy (2), 
and Y (3); Cp*= 1,2,3,4,5-pentamethylcyclopentadienyl. 
Importantly, these complexes represent the first 
crystallographically characterised salophen-bridged 
metallocenes Eq. 1. The synthetic route to obtain 1–3 employ 
the well-known tetraphenylborate complexes, Cp*2RE(BPh4), 
which readily undergo salt metathesis reactions due to the 
presence of a weakly coordinated tetraphenylborate anion, 
(BPh4)–.27 These tetraphenylborate complexes are useful 
building blocks to access mono-,28 di-,29,30 and trimetallic,31 
systems bearing RE-metallocene units that are bridged through 
radical- and non-radical ligands. Notably, the Cp*2Ln(BPh4) 
complexes (Ln = Nd, Tb, Dy) exhibit SMM behaviour where the 
axial ligand field imposed by the bis-
pentamethylcyclopentadienyl scaffold is most adequate for 
lanthanide ions with an oblate 4f-electron density.32,33

Experimental Section
Material and Methods

All manipulations were performed using an MBraun glovebox 
under a dry nitrogen atmosphere. House nitrogen was purified 
through an Mbraun HP-500-MO-OX gas purifier. N-Hexane and 
THF were distilled over calcium hydride and potassium, 
respectively. Benzophenone was used as an indicator for THF. 
Toluene was dried over potassium and distilled prior to use. 
Deuterated solvents were purchased from Cambridge Isotope 
Laboratories and dried over 3 Å sieves prior to use. Ethanol was 
purchased from Sigma Aldrich and used as received. 
Pentamethylcyclopentadiene (HCp*), allylmagnesium chloride 
(2.0 M in THF), anhydrous RECl3 (RE = Gd, Dy and Y), 3,5-di-tert-
butylsalicylic acid, and o-phenylenediamine were purchased 
from Sigma Aldrich and used as received. Potassium 
bis(trimethylsilyl)amide (KN*) was also purchased from Sigma 
Aldrich, dissolved in toluene, centrifuged, and the resulting 
supernatant was filtered through celite prior to crystallization 
from toluene at –35 °C. Potassium graphite (KC8),34 potassium 
pentamethylcyclopentadienide (KCp*),34 and 
triethylammonium tetraphenylborate (HNEt3)(BPh4)35 were 
prepared according to literature procedures. Cp*2RE(μ-Cl)2K, 
Cp*2RE(η3-C3H5), and Cp*2RE(BPh4), where RE = Gd, Dy and Y, 
were prepared according to literature procedures.30 UV-vis 
spectra were collected with a Perkin-Elmer Lambda 1050 UV-
Vis-NIR spectrophotometer at ambient temperature from 250 
to 750 nm. Samples were prepared in a dry argon-filled glove 
box and measured in a 1 cm quartz cuvette, outfitted with a 
Teflon screw cap. The spectra were baseline corrected from a 
sample of dry and filtered THF. IR spectra were recorded with 
an Agilent Cary 630 FTIR spectrometer on crushed crystalline 
solids in a nitrogen-filled glovebox. Elemental analysis was 
performed at Michigan State University, using a PerkinElmer 
2400 Series II CHNS/O analyser. Crystalline sample materials 
were heated to 60 °C under vacuum for 5 h in order to ensure 
complete desolvation prior to EA measurement. Frozen solution 
X-band EPR were recorded on a Bruker Elexsys E-680X at 10 K in 
Young quartz EPR tubes using thoroughly dried solvent (THF). 
Simulation of the spectra was attempted by using the EasySpin 
software package36 for MATLAB. 

Synthesis of tBuSalophen. tBusalophen was synthesized from a 
modified literature procedure under ambient conditions.4 A 10 
mL ethanol solution of 3,5-di-tert-butylsalicylicaldehyde 
(6.9284 g, 0.030 mol, 2 equiv.) was added to a 250 mL round 
bottom flask containing a stirring 5 mL ethanol solution of o-
phenylenediamine (1.5990 g, 0.015 mol, 1 equiv.). An additional 
20 mL of ethanol was added and refluxed at 85 °C overnight. 
The cloudy dark orange solution was allowed to cool to room 
temperature before being cooled further over dry ice for 30 min 
prior to vacuum filtration, yielding a yellow-orange solid. 
Residual water was removed under dynamic vacuum and heat. 
Yield: 6.7828 g, 0.013 mol, 85%. 1H NMR (500 MHz, C6D6, Fig. 
S4, ESI†) δ 14.04 (s, 2H, (C6H2)-OH), 8.12 (s, 2H, N=CH), 7.63 (d, 
4JH–H = 2.4 Hz, 2H, p-H (C6H2)), 7.05 (d, 4JH–H = 2.4 Hz, 2H, o-H 
(C6H2), 6.99 (dd, 3JH–H = 5.9, 3.4 Hz, 2H, m-CH (C6H4)), 6.73 (dd, 
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3JH–H = 5.9, 3.4 Hz, 2H, o-CH (C6H4)), 1.66 (s, 18H, CMe3), 1.34 (s, 
18H, CMe3). See NMR section for details. 

Synthesis of K2
tBuSalophen. K2

tBusalophen was synthesized from 
a modified literature procedure.5 In a 20 mL vial, potassium 
bis(trimethylsilyl)amide (0.2932 g, 1.470 mmol, 2.15 equiv.) was 
dissolved in 5 mL of toluene and added dropwise to a stirring 10 
mL toluene solution of tBusalophen (0.3697 g, 0.684 mmol, 1 
equiv.). An immediate formation of insoluble orange solids was 
observed, after which the orange suspension was allowed to stir 
for 15 min. Volatiles and solvent were removed under vacuum 
and the orange solids were washed with n-hexane before drying 
under dynamic vacuum. Yield: 0.3570 g, 0.579 mmol, 85%. 1H 
NMR (500 MHz, C6D6, Fig. S4, ESI†) δ 8.49 (s, 2H, N=CH), 7.65 (d, 
4JH–H = 2.8 Hz, 2H, p-CH (C6H2)), 7.26 (d, 4JH–H = 2.8 Hz, 2H, o-CH 
(C6H4)), 1.78 (s, 18H, CMe3), 1.49 (s, 18H, CMe3). 

Synthesis of (Cp*2Gd)2(-tBusalophen), 1. A 2 mL solution of 
K2

tBusalophen (63.9 mg, 0.104 mmol, 1 equiv.) was added 
dropwise to a stirring 5 mL THF solution of Cp*2Gd(BPh4) (155.8 
mg, 0.207 mmol, 2 equiv.) and was stirred at room temperature 
for 3 h. An immediate color change from a pale clear solution to 
dark red was observed. A gradual precipitation of a colorless 
insoluble solid, presumably potassium tetraphenylborate, was 
observed within 10 min. The insoluble solids were removed by 
filtration and the resulting red filtrate was evaporated to 
dryness to afford a red solid. The product was extracted with n-
hexane, filtered, and the resulting red filtrate was evaporated 
to dryness. Red block-shaped crystals suitable for X-ray analysis 
were grown from a concentrated toluene solution at –35 °C 
within 3 d. Crystalline yield: 69.5 mg, 0.050 mmol, 48%. Anal. 
Calc. for C76H106Gd2N2O2: C, 65.47; H, 7.66; N, 2.01. Found: C, 
65.12; H, 7.43; N, 1.93. IR spectrum (cm−1, Fig. S17, ESI†): 
2902w, 1579s, 1526s, 1415s, 1321m, 1254m, 1155s, 1001m, 
889m, 839m, 786m, 755m. Due to the paramagnetic nature of 
1, no signals were observed in the 1H NMR spectrum. 

Synthesis of (Cp*2Dy)2(-tBusalophen), 2. The synthesis of 2 was 
performed employing the same procedure as described for 1, 
using Cp*2Dy(BPh4) (92.2 mg, 0.123 mmol, 2 equiv.) and 
K2

tBusalophen (37.8 mg, 0.061 mmol, 1 equiv.). Red block-
shaped crystals of 2 suitable for X-ray analysis were grown from 
a concentrated toluene solution at –35 °C within 3 d. Crystalline 
yield: 54.1 mg, 0.039 mmol, 63%. Anal. Calc. for C76H106Dy2N2O2: 
C, 64.98; H, 7.61; N, 1.99. Found: C, 65.08; H, 7.82; N, 1.90. IR 
spectrum (cm−1, Fig. S18, ESI†): 2902w, 1579, 1526s, 1413s, 
1321m, 1256m, 1155s, 1001m, 889m, 837m, 788m, 755m, 
726s, 693m. 1H NMR (500 MHz, C6D6) δ 84.98, 77.69, 7.32, 7.00, 
1.18, 0.82, −32.09 (br), −51.20 (br), −100.75.

Synthesis of (Cp*2Y)2(-tBusalophen), 3. The synthesis of 3 was 
performed employing the same procedure as described for 1, 
using Cp*2Y(BPh4) (100.6 mg, 0.148 mmol, 2 equiv.) and 
K2

tBusalophen (44.6 mg, 0.072 mmol, 1 equiv.). Red block-
shaped crystals of 3 suitable for X-ray analysis were grown from 
a concentrated toluene solution at –35 °C within 3 d. Crystalline 
yield: 68.1 mg 0.054 mmol, 73%. Anal. Calc. for C76H106Y2N2O2: 

C, 72.59; H, 8.50; N, 2.23. Found: C, 73.04; H, 8.54; N, 2.11. IR 
spectrum (cm−1, Fig. S19, ESI†): 2890w, 1579, 1526s, 1412s, 
1319m, 1256m, 1155s, 1001m, 889m, 837m, 786m, 755m, 
726s, 693m. 1H NMR (800 MHz, C6D6) δ 8.88 (d, 3JY–H = 2.2 Hz, 
2H, N=CH), 7.51 (d, 4JH–H = 2.6 Hz, 2H, p-CH (C6H2)), 7.10 (dd, 3JH–H 
= 5.8, 3.4 Hz, 2H, m-CH (C6H4)), 6.92 (d, 4JH–H = 2.6 Hz, 2H, o-CH 
(C6H2)), 6.65 (dd,3JH–H = 5.8, 3.4 Hz, 2H, o-CH (C6H4)), 2.06 (s, 
30H, C5Me5), 1.86 (s, 30H, C5Me5), 1.72 (s, 18H, CMe3), 1.14 (s, 
18H, CMe3).13C NMR (201 MHz, C6D6) δ 174.32 (N=CH), 168.29 
((C6H2)C-O), 141.47 ((C6H4)C-N), 139.59 ((C6H2)C-CMe3), 137.37 
((C6H2)C-CMe3), 132.73 (p-CH (C6H2)), 130.70 (o-CH (C6H2)), 
128.35 (m-CH (C6H4)), 127.11 (o-CH (C6H4)), 122.14 (C6H2)C-CH), 
118.52 (C5Me5), 118.23 (C5Me5), 35.95 (CMe3), 34.04 (CMe3), 
31.40 (CMe3), 31.00 (CMe3), 11.99 (C5Me5), 11.76 (C5Me5). 89Y 
NMR (24.5 MHz, C6D6) δ −151.92 (d, 3JY–H = 2.2 Hz, N=CH). 89Y-
{1H} (24.5 MHz, C6D6) δ –151.90 (s).

X-ray Crystallography. Dark red block-shaped crystals were 
mounted on a nylon loop with paratone oil. Data were collected 
using a XtaLAB Synergy, Dualflex, HyPix diffractometer 
equipped with an Oxford Cryosystems low-temperature device, 
operating at T = 100.00(10) K. Data were measured using w and 
f of 0.5° per frame for 0.1 s using Mo Ka radiation (micro-focus 
sealed X-ray tube, 50 kV, 1 mA). The total number of runs and 
images was based on the strategy calculation from the program 
CrysAlisPro 1.171.40.74a (Rigaku OD, 2020). Cell parameters 
were retrieved using the CrysAlisPro 1.171.40.74a (Rigaku OD, 
2020) software and refined using CrysAlisPro 1.171.40.74a 
(Rigaku OD, 2020). Data reduction was performed using the 
CrysAlisPro 1.171.40.74a (Rigaku OD, 2020) software which 
corrects for Lorentz polarization. Correction for absorption 
effects was done using a numerical correction based on 
gaussian integration over a multifaceted crystal model and an 
empirical correction using spherical harmonics, implemented in 
SCALE3 ABSPACK scaling algorithm (spherical harmonics and 
frame scaling). The structure was solved in the space group P−1 
by using intrinsic phasing, using the ShelXT37 2018/2 (Sheldrick, 
2018) structure solution program. The structure was refined by 
Least Squares ShelXL38 incorporated in Olex2 software 
program.39 All non-hydrogen atoms were refined 
anisotropically. Hydrogen atom positions were calculated 
geometrically and refined using the riding model, except for the 
hydrogen atom on the non-carbon atom(s) which were found 
by difference Fourier methods and refined isotropically when 
data permits.

1H, 13C, and 89Y NMR Spectroscopy. 1H and 13C NMR spectra 
were recorded on a 500 MHz Agilent DirectDrive2 500 and a 
Bruker Advance III HD 800 MHz spectrometer with a TCI 
CryoProbe and calibrated to the residual solvent signals (C6D6: 
δH = 7.16 ppm). Signal multiplicities are abbreviated as: s 
(singlet), d (doublet), m (multiplet), br (broad). Chemical shift 
assignments were denoted using the following abbreviations: o 
(ortho), m (meta), p (para), and Me (methyl). Air-sensitive 
samples were prepared in a nitrogen-filled glovebox and sealed 
air-tight. 
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89Y NMR measurements were performed with a Varian 
Inova-500 NMR spectrometer, using a 5 mm diameter J. Young 
NMR tube containing a 20 mmol solution of (Cp*2Y)2(-
tBusalophen), 3, in C6D6. The chemical shifts were referenced to 
a sample of 3 M YCl3 in D2O. The reference solution was filtered 
into a capillary, flame-sealed, and added to the 20 mmol 
solution of 3 prior to measurement. Due to the long relaxation 
times reported for 89Y,40–42 pulse delays were set to 60 s and 
pulsed at an angle of 30°. Data acquisition times were set to 1 
and 2 s for inverse gated proton-decoupled yttrium-89 (89Y-{1H}) 
and yttrium-89 NMR experiments, respectively. Thus, each 89Y 
NMR experiment was conducted over 36 h at 25 °C. 

Magnetic Susceptibility Measurement. The preparation of 
magnetic samples of 1 and 2 proceeded via addition of crushed 
crystalline samples to gel capsules. Ample molten eicosane (at 
60 °C) served to saturate and cover the samples to prevent 
crystallite torquing and provide good thermal contact between 
the sample and the bath. Subsequently, the capsules were 
placed and fixed in a straw with aprox. 66 mm bottom offset.
After ensuring an air-tight seal of the straws, those were 
transferred out of the glovebox and mounted onto the SQUID 
sample holder. Magnetic susceptibility measurements were 
performed with a Quantum Design MPMS3 SQUID 
magnetometer. Dc magnetic susceptibility data were collected 
at temperatures ranging from 2 to 300 K using applied fields of 
0.5 and 1 T. Ac magnetic susceptibility data were collected 
under a 3 Oe switching field and 1000 Oe applied dc field. All 
data were corrected by taking into account diamagnetic 
contributions from the eicosane, and core diamagnetism 
determined by employing Pascal constants.43 Cole-Cole plots 
were fitted employing formulae describing χ’ and χʺ with regard 
to frequency, constant temperature susceptibility (χT), adiabatic 
susceptibility (χS), relaxation time (τ), and a variable constituting 
the distribution of relaxation times (α).44 All data were fitted to 
α values of ≤0.09.

Computational Methods. All density functional theory (DFT) 
calculations were performed with the Gaussian 16 software 
package.45 To determine a suitable method for the 
characterisation of 3, three functionals and four basis sets were 
tested and 3 was calculated as a neutral singlet. In addition, all 
calculations included Grimme’s D3 dispersion correction.46 

Beginning from the crystallographic coordinates of 3, 
geometry optimizations were done using the hybrid B3LYP47 
and TPSSh48 functionals, as well as the pure DFT functional, 

TPSS.49 Four basis set combinations were tested comprising 1) 
the split valence def2-SV(P)50,51 basis set on all atoms, with 
polarization functions on heavy atoms, including the intrinsic 28 
in-core electrons effective core potential for Y atoms, 2) a def2-
SV(P)50,51 atomic orbital description for Y atoms, and the 6-
31G(d,p)52–54 basis set for O, N, C, and H atoms, 3) a def2-
SV(P)50,51 basis set for Y atoms, and the 6-31+G(d,p)52–55 basis 
set for O, N, C, and H atoms, 4) the valence triple zeta def2-
TZVP50,51 basis set and intrinsic 28 in-core electrons 
pseudopotential for Y atoms, and 6-311G(d,p)55,56 basis set for 
O, N, C, and H atoms. A statical analysis of the optimized 
geometries was performed considering the mean absolute 
deviation (MAD), mean squared error (MSE), root mean 
squared error (RMSE), and mean absolute percentage error 
(MAPE) (Tables S4-S6, ESI†). Here, the TPSSh functional, in 
conjunction with the def2-SV(P)&6-311G(d,p) basis sets was 
found to be in excellent agreement with the experimental 
crystallographic distances and angles. Thus, the TPSSh/def2-
TZVP&6-311G(d,p) method was used for all subsequent DFT 
calculations, including the analytical frequency calculations to 
confirm that the stationary points are indeed local minima. 

Results and Discussion
Structural Analysis

1–3 were synthesized by reacting Cp*2RE(BPh4) with 
K2

tBusalophen in THF, Eq. 1. Crystallization from concentrated 
toluene solutions at –35 °C gave red block-shaped crystalline 
solids suitable for single crystal X-ray analysis over the course of 
three days in 48%, 63%, and 73% yield for 1, 2, and 3, 
respectively. Compounds 1–3 are isostructural (Tables 1 and S2, 
ESI†), crystallizing in the P–1 space group, with three co-
crystallized toluene molecules in the crystal lattice. Each metal 
ion is coordinated by an N,O,-bound (tBusalophen)2– ligand and 
two (η5-Cp*)– ligands in an eight-coordinate, distorted see-saw 
geometry (Figs. 2 and S1–S3, ESI†). Thus, 1–3 constitute the first 
crystallographically characterised salophen-bridged 
metallocene complexes for any metal, for which a bimetallic six-
coordinate rhodium COD complex (COD = 1,5-cyclooctadiene), 
((η4-COD)Rh)2(-salophen),57 serves as the closest analogue 
(Fig. 1). In addition, 1 and 2 simultaneously serve as the first 
organometallic f-element salophen complexes. For 2, the 
average M–Cnt (where Cnt = Cp* ring centroid) distance is 
2.405(1) Å, and the average Cnt–M–Cnt angle is 135.9(1)°, 
slightly exceedings the respective angle of 134.0° observed in 

RE = Gd (1), Dy (2), Y (3)

Cp*2 RERE
N N

O

R

R R

O

R
– 2 KBPh4
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N N
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Cp*2Dy(BPh4). Furthermore, the Dy–O distances of 2.183(3) Å 
and 2.190(4) Å are in the range of 2.181(10)-2.444(11) Å for 
dysprosium salophen sandwich complexes, as well as Dy–
Oalkoxide distances in [Dy(OCPh3)2(THF)4](BPh4).58 Similarly, the 
Dy–N distances of 2.484(2) Å and 2.452(3) Å are in agreement 
with comparable Dy–N distances of neutral N-donor ligands 
that are coordinating to Dy.59 The average N–RE–O angle of 
75.8(1)° is slightly smaller than 78.4° found in the less sterically 
congested indigo-bridged Dy complex, (Cp*2Dy)2(μ-indigo),60 
which also contains a six-membered heterocyclic ring. Overall, 
the shrinkage of metal-ligand donor atom distances traversing 
from Gd(III) to Dy(III) to Y(III) is consistent with the gradual 
decrease in ionic radii of the trivalent RE ions.61 In addition, the 
intramolecular M...M distances also drop from 7.895(1) Å to 
7.872(2) Å to 7.858(1) Å traversing from 1 to 2 to 3, respectively. 

Solution State Properties

The solution state structures of 1–3 were investigated by 1H and 
13C NMR (Figs. S5–S7 and S10, ESI†), as well as UV-Vis-NIR 
spectroscopy (Fig. 4, top). For the analogues containing 
paramagnetic lanthanides, the signals of the 1H NMR could not 

be ascribed. For 1, the proton spectrum was featureless, while 
2 exhibited both broad and sharp peaks between 100 and –100 
ppm, which could not be assigned. For the diamagnetic Y 
congener, 3, the proton and carbon peaks could be readily 
assigned in both the 1D and 2D NMR spectra (Figs. S7–S13, 
ESI†). The 100% natural abundance and I = ½ of the 89Y isotope 
enabled further structural characterisation via 89Y NMR 
spectroscopy. The long T1 relaxation times of the 89Y isotope 
require extended data acquisition times or signal enhancement 
through dynamic nuclear polarization.62 Therefore, 20 mmol 
solutions of 3 were measured in the presence of a 3 M Ycl3 in 
D2O external standard using a 30° pulse angle and relaxation 
delays of 60 s over the course of 36 h. In addition, inverse gated 
proton-decoupled 89Y (89Y-{1H}) and 89Y NMR experiments were 
undertaken to probe the presence of Y–H coupling, where such 
couplings may occur in yttrium metallocenes, such as confirmed 
for [CpMe

2Y(-H)(THF)]2 and {[Cp2Y(-H)3](3-H)}–.63 The proton-
coupled 89Y NMR spectrum of 3 exhibited a broad doublet at 
approximately –151.9 ppm (Figs. S14 and S15, ESI†), which 
coalesced to a sharp singlet in the proton-decoupled 89Y 
spectrum (Fig. 3). This significant line broadening observed in 
the absence of proton-decoupling suggests the possibility of Y–
H coupling. In fact, a 2.2 Hz coupling constant in the 89Y NMR 
spectrum was deconvoluted through the implementation of a 
Lorentzian-Gaussian fit, as implemented in MestReNova V. 
14.1.1, and is consistent with the 2.2 Hz coupling constant 
calculated for the doublet of the imine group in 3 (Fig. S7, ESI†). 
Furthermore, the absence of off-diagonal peaks in the 2D 1H–1H 
COSY (Figs. S8 and S9, ESI†) of 3 suggests that the doublet 
feature is not a consequence of proton-proton coupling. Thus, 
these doublet feature in the 1H and 89Y spectra can be ascribed 
to the presence of 3JY–H coupling. Characterisation of 89Y 
chemical shifts on Cp*-based systems are still rare,64 possibly 
due to elaborate exposure times and the challenge of handling 
air-sensitive compounds for an extended period of time, 
rendering comparative studies even scarcer. Here, the chemical 
shift monitored for the 89Y spectrum of 3 appears upfield when 
contrasted to −129.3 ppm recorded for the structurally closest 
yttrium metallocene complex, Cp*2Y(OAr) where OAr = o-2,6-
(CH3)3C)2C6H3, albeit mononuclear.65 

The electronic absorption spectra of 1-3 all exhibit similar 
absorption features, with strong ligand-centred π–π* and n–π* 

Fig. 3. Proton-decoupled 89Y (89Y-{1H}) (20 mmol, 24.5 MHz, C6D6, 25 °C) 
spectrum of (Cp*2Y)2(-tBusalophen), 3, measured from 1 ppm to –350 
ppm. 89Y NMR signal is referenced to a 3 M YCl3 in D2O standard solution.

Fig. 2. Structure of (Cp*2Dy)2(-tBusalophen), 2. (Top) front perspective 
and (bottom) arial perspective. Green, red, blue, and grey spheres 
represent Dy, O, N, and C atoms, respectively. (Cp*)– ligands have been 
faded for clarity. Hydrogen atoms and solvent molecules in the crystal 
lattice have been omitted for clarity. Selected distances (Å) and angles (°): 
M–Cnt: 2.439(1) (1), 2.405(1) (2), 2.403(1) (3); M–N: 2.484(2)/2.452(3) (1), 
2.454(4)/2.457(4) (2), 2.447(2)/2.452(2) (3); M–O: 2.207(2)/2.217(2) (1), 
2.183(3)/2.190(4) (2), 2.168(2)/2.176(2) (3); M. . .M: 7.895(1) (1), 7.872(1) 
(2), 7.858(1) (3); Cnt–M–Cnt: 135.7(1) (1), 135.9(1) (2), 137.0(1) (3); N–M–
O: 75.4(1)/73.5(1) (1), 76.1(1)/75.4(1) (2), 76.5/75.7(1) (3). Cnt = Cp* ring 
centroid.
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transitions in the near-UV-visible spectral region.14,18 In fact, for 
3, the shoulder and sharp transition at approximately 3.8 x 104 

cm−1 and 3.3 x 104 cm−1, respectively, are ascribed to π–π* 
transitions originating from the imino moieties of the bridging 
salophen ligand.14,18 Furthermore, the broad absorption 
features near 2.5104 cm−1 and 2.1 x 104 cm−1 are attributed to 
the n–π* transitions arising from the non-bonding electrons of 
the phenolate groups of the salophen ligand. These ligand-
centred transitions are congruent with lanthanide-salophen 
complexes.14,18 

The redox activity of 1–3 was investigated via cyclic 
voltammetry to probe whether oxidation state changes on the 
central salophen ligand may be observable on the time scale of 
the electrochemical experiment. Thus, cyclic voltammetry was 
performed in THF using (nBu4N)(PF6) as an electrolyte. Here, a 
quasi-reversible feature was observed at −1.5, −1.4, and −1.2 V 
versus [Fc]/[Fc+] for 1, 2, and 3, respectively (Figs. 4 bottom and 
S28, ESI†), suggestive of an accessible open shell salophen3–•-
bridged complex.10 This paves the way for chemical studies 
regarding accessibility of radical-bridged variants of 1–3. 

Magnetic Properties

The temperature-dependent dc molar magnetic susceptibilities 
of 1 and 2 were measured on polycrystalline samples under an 
applied magnetic field of 0.5 and 1.0 T from 2 to 300 K (Figs. 5, 
S20, and S21, ESI†). Under a dc field of 1.0 T, the room 
temperature χMT values for 1 and 2 are 16.08 cm3Kmol−1 and 
28.26 cm3Kmol−1 which are in excellent agreement with the 
presence of two uncoupled trivalent lanthanide ions (GdIII: 8S7/2, 
S = 7/2, L = 0, J = 7/2, g = 2, χMTcalc = 15.76 cm3 K mol−1; DyIII: 
6H15/2, S = 5/2, L = 5, J = 15/2, g = 4/3, χMTcalc= 28.34 cm3 K mol−1). 
For 1, a steady decrease in χMT to 15.51 cm3 K mol−1 at 12 K is 
observed before declining rapidly to 11.04 cm3 K mol−1 at 2 K. 
This behaviour is typically associated with the depopulation of 
low-lying excited states. The χMT(T) data for 1 were fit with PHI66 
(Table S2, ESI†), which employs the spin Hamiltonian 

 = –2 Gd Gd, and yielded a magnetic exchange coupling 𝐻 J  S S
constant, J, and g values of −0.0053(4) cm−1 and 2.0077(7), 
respectively, at 1.0 T. Compared to other dinuclear 
bismetallocenes (Table S3), the quantified coupling strength is 
remarkably weak, which is, however, expected, given the size of 
the diamagnetic bridge. For 2, a similar trend is monitored at 
1.0 T in the temperature dependence of the product of 
magnetic susceptibility and temperature, where a gradual drop 
in χMT to 21.87 cm3 K mol−1 at 10 K is observed which is followed 
by a sharp decrease to 10.13 cm3 K mol−1 at 2 K, indicative of a 
depopulation of low-lying excited states.44 

Fig. 5. Plots of MT vs. T for (Cp*2Gd)2(-tBusalophen), 1 (blue triangles), 
and (Cp*2Dy)2(-tBusalophen), 2 (red circles), between 1.8 and 300 K under 
a dc field of 1.0 T. The black line represents the best fit of the data for 1.

 
Fig. 4. (Top) UV-Vis-NIR spectra (Cp*2RE)2(-tBusalophen), where RE = Gd 
(1), Dy (2), and Y (3) in THF. (Bottom) Cyclic voltammogram of 2 in 1 mM 
(nBu4N)(PF6) THF solution at 100 mV/s scan rate.
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Field-dependent magnetization data for 1 and 2 were 
recorded from 0 to 7 T between 1.8 and 10 K, (Figs. S22 and S23, 
ESI†). At 1.8 and 2 K, a rapid rise in magnetization was observed 
for 2 at lower fields, while measurements at higher temperature 

saturated slowly due to the substantial magnetic anisotropy of 
the DyIII ions and/or antiferromagnetic coupling between the 
metal ions.67 The maximum magnetic moment at 1.8 K (10.81 
NµB) is in good agreement with the expected value for two 
uncoupled DyIII ions (2 x 5.23 NµB) in an environment affected 
by crystal field effects.68–70 This is also reflected in the reduced 
magnetization plots (M vs. H/T, Fig. S23, ESI†) where curves do 
not superimpose to a single curve, which is typically attributed 
to significant magnetic anisotropy and/or the presence of low-
lying excited states.71–73 For 1 in contrast, the M vs. H/T plots 
superimpose well between 1.8 and 10 K, indicative of negligible 
magnetic anisotropy and therefore, very small zero-field 
splitting (Fig. S22, ESI†). In principle, the observed downturn 
in χMT plots may also be attributed to the apparent weak 
magnetic exchange coupling between the lanthanide ions. The 
influence of small magnetic coupling in dinuclear 
GdIII complexes may be investigated through electron 
paramagnetic resonance (EPR) spectroscopy, where through 
simulation of the collected spectra the influence of J and the 
zero field parameters D and E may be analysed in greater 
detail.71 For mononuclear GdIII complexes the zero-field 
splitting parameters, obtained through EPR spectroscopy, are 
within 0.016-0.061 cm−1 (D) and 0.0046-0.017 cm−1 (E),72 and 
thus, close in magnitude to the J value determined from 
magnetometry for 1. Therefore, small variations of J are 
expected to dramatically influence the EPR spectrum of 1. To 
quantify the coupling between the GdIII ions of 1 and their zero 
field splitting parameters more accurately, we conducted X-
band frozen THF solution EPR measurements at 10 K. The 
obtained broad spectra (between 2 and 7.5 x 103 G, Fig. S29, 
ESI†) showed a complex pattern of splittings likely originating 
from (anisotropic) hyperfine and exchange coupling, as well as 
zero field splitting. However, the multitude of parameters 
precluded a satisfactory fit.

To probe the magnetization dynamics of 2, ac magnetic 
susceptibility measurements were performed between 0.1 and 
1000 Hz at low temperatures. However, no out-of-phase (χM”) 
signals were observed under a zero Oe dc field. The lack of zero 
field slow magnetic relaxation may be ascribed to the presence 
of substantial quantum tunnelling of the magnetization (QTM), 
possibly stemming from the strong transverse anisotropy 
imposed by the equatorially binding salophen ligand to each 
metal centre. Dysprosocenium scaffolds are inherently 
supported by the two axially coordinating Cp ligands which 
increases the single-ion anisotropy of the Dy centre.74 However, 
strongly equatorially binding ligands to the dysprosocenium 
entity typically enhances the magnetic relaxation stemming 
from unfavourable strong transverse anisotropy.75 This 
influence has been analysed before and was correlated with 
reduced axiality of the magnetic easy axis and increased mixing 
of ground- and excited states,75,76 while relaxation seems to be 
amplified through negative charges on the equatorially binding 
ligand. An effective way to suppress QTM is to apply a dc field.77 
Applied dc fields ranging from 500 to 2000 Oe emerged an out-
of-phase (χM”) peak which changed intensity as a function of 
field strength where the optimum field was found to be 1000 
Oe (Fig. S24, ESI†). Thus, ac magnetic susceptibility 

Fig. 6. (Top) In-phase (M
’, top) and out-of-phase (M

”, middle) 
components of the ac magnetic susceptibility for (Cp*2Dy)2(-
tBusalophen), 2, under a 1000 Oe dc field from 1.8 (blue) to 4.2 K (red). 
Solid lines represent fits to the data.19 (Bottom) Arrhenius plot of 
relaxation time data for 2. The solid blue line represents the fit to a Raman 
relaxation process affording C = 9.07 s–1K–n, n = 4.21. 

1.8 – 4.2 K 
K

1.8 – 4.2 K 
K

Page 7 of 12 Inorganic Chemistry Frontiers



ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

measurements were performed under the optimum 1000 Oe dc 
field, which gave rise to out-of-phase (χM”) components of the 
ac magnetic susceptibility between 1.8 and 4.2 K (Fig. 6, 
middle).78 The peak maxima of χM” are moving over the entire 
probed temperature range. The quantitative analysis of the 
obtained magnetic relaxation times (τ) proceeded through the 
construction of Cole-Cole plots (Fig. S25, ESI†) for each 
temperature, which were subsequently fit to a generalized 
Debye model. The extracted relaxation times were used to 
generate an Arrhenius plot (Fig. 6, bottom). The plot curvature 
suggests the presence of multiple magnetic relaxation 
pathways. Thus, multiple fits were performed including Raman- 
and Orbach processes alone, as well as their sum, (Fig. S26, 
ESI†). The inclusion of a direct process did not improve the 
quality of the fit and hence, was excluded. Fitting only the high 
temperature data (3.3 to 4.2 K) to an Orbach process afforded 
an effective spin-reversal barrier of Ueff = 8.9(4) cm−1 and a pre-
exponential factor of τ0 = 1.3(2)‧10–5 s, (Fig. S26A, ESI†). When 
the data was fitted over the entire probed temperature range 
from 1.8 to 4.2 K the barrier to spin relaxation was marginally 
smaller with Ueff = 7.8(2) cm−1 and an attempt time of τ0 = 2.3(2)
‧10–5 s (Fig. S26B, ESI†). The large τ0 value implies that the origin 
of relaxation is possibly in virtue of simultaneous emission and 

absorption of energy rather than through an actual excited 
state, which interpretation is additionally supported by the 
more pronounced curvature at low temperatures. Thus, to 
explore the possibility of such a relaxation pathway, 
the τ values were fitted to a power law representing a Raman 
process only (Fig. 6, bottom). The satisfactory fit over the entire 
temperature range suggests that the magnetic moment at 
these temperatures likely relaxes via a Raman process. The 
combination of an Orbach process with the Raman process 
yielded Ueff of 12.91(5) cm–1 and τ0 = 4.2(1)‧10–5 s, but did not 
alter the parameters for C and n substantially (Fig. S26C–S26D, 
ESI†). The moderate spin-reversal barrier and the large τ0 value 
indicate that the actual barrier is much larger but not accessible 
through SQUID magnetometry owing to frequency range 
limitations. Given the intricacy of relaxation pathways,79,80 with 
the data on hand, we conclude that the relaxation times are 
most precisely described by considering solely a Raman 
mechanism. In accordance with the dynamic magnetic 
susceptibility data, the variable-field hysteresis measurements 
afforded a closed magnetic hysteresis at 1.8 K (Fig. S27, ESI†).

The moderate Ueff values, large 0 values and the closed 
magnetic hysteresis loop point towards the absence of a pure 
Ising-type-limit ground state (|±15/2⟩) due to the admixture of 
excited states, thereby providing additional relaxation 
pathways aside from the desirable Orbach process. Studies on 
dinuclear metallocene Dy complexes highlighted the influence 
of hard equatorial ligand donor atoms,75 and potential 
exchange coupling pathways through the bridging ligand, 
where both factors may dramatically disturb the DyIII single ion 
anisotropy causing fast magnetic relaxation.73 For 2, the lower 
DyIII single-ion anisotropy likely arises from deviation of 
idealized axiality provided by the bis-
pentamethylcyclopentadienyl framework (compared Cnt-Ln-
Cnt 135° vs. 180° for perfect linear) and the strong interactions 
of the Dy ions with two hard donors (O, N) in the equatorial 
plane engendering strong transverse anisotropy. The weak 
antiferromagnetic coupling through the salophen bridge cannot 
counterbalance the transverse anisotropy. Boosting the 
magnetic exchange through the insertion of an unpaired spin 
onto the salophen-bridge has great potential to mitigate these 
fast relaxation pathways arising from transverse anisotropy, as 
has been demonstrated for other radical-bridged SMMs.81 

Computational Insight

The yttrium congener, (Cp*2Y)2(-tBusalophen), 3, possessing 
diamagnetic metal centres, offers a valuable platform to further 
elucidate the electronic structure by computational means. 
Hence, DFT calculations were performed where 3 was 
optimized as an uncharged singlet using the hybrid functionals, 
B3LYP47 and TPSSh, 48 as well as the pure DFT functional TPSS,49 
in conjunction with various basis sets to determine an 
appropriate theoretical model for the characterisation of 3 
(Table S4–S6, ESI†). The crystallographic distances and angles of 
3 were most accurately reproduced with the hybrid TPSSh 
functional, using a mixed basis set description with the 6-
31G(d,p)52–54 basis set for O, N, C and H atoms, and def2-

Fig. 7. Frontier molecular orbitals of 3. Calculated lowest unoccupied 
molecular orbital (top) and highest occupied molecular orbital (bottom) of 
and (Cp*2Y)2(-tBusalophen), 3, as computed with TPSSh/def2-TZVP&6-
311G(d,p).
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SV(P)50,51 basis set for Y atoms, including the intrinsic 28 in-core 
electron pseudopotential. Thus, the TPSSh/def2-TZVP&6-
311G(d,p) method was employed to compute all subsequent 
calculations and the minimum structures were confirmed by the 
absence of imaginary frequencies in analytical frequency 
calculations. The highest occupied molecular orbital of 3 was 
computed to be predominantly localized on the metallocene 
and phenolate moieties of the salophen ligand (Fig. 7). The 
orbital contribution from metallocene moieties features an in-
phase combitaion of yttrium 4d-orbitals with the π-system of 
the Cp* ligands, while an out of phase interaction between the 
donor atoms of the (tBusalophen)2– ligand and the metal centre 
could be observed. This lack of orbital symmetry and overlap 
between the metal centres and diamagnetic bridging ligand, 
may suggest that the contracted 4f-orbitals of 1 and 2 could also 
exhibit such ionic bonding interactions, consistent with the 
weak intramolecular antiferromagnetic coupling observed in 1. 
In addition, the lowest unoccupied molecular orbital of 3 was 
determined to be almost entirely centred on the bridging 
salophen ligand, with a negligible contribution from the Cp* 
ligands (Fig. 7). 

Conclusions 

The first crystallographically characterised salophen-bridged 
metallocene complexes, (Cp*2RE)2(-tBusalophen),where RE = 
Gd (1), Dy (2), and Y (3), for any metal were isolated. The 
compounds represent simultaneously the first organometallic 
lanthanide complexes bearing a salophen ligand, and the only 
second instances of organometallic compounds utilizing a 
salophen bridge. The 1H, 13C and 89Y NMR signals for 3 were 
unequivocally assigned, and its diamagnetism allowed for DFT 
calculations which revealed that the highest occupied 
molecular orbital is mainly localized on the metallocene and 
phenolate moieties of the tBusalophen ligand possibly indicating 
the presence of weak coupling between metal centres in 1 and 
2 through the tBusalophen bridge. The magnetic exchange was 
quantified for 1 and appears to be remarkably weak which is 
ascribed to the large entity bridging the two lanthanide ions, as 
supported by the DFT calculations. The present orbital picture 
is expected to change dramatically upon uptake of an electron, 
ushering in a diffuse orbital able to penetrate the core electron 
density of the contracted 4f-orbitals and thus, to boost the 
magnetic exchange coupling enormously. Notably, cyclic 
voltammograms for all compounds uncovered quasi-reversible 
features, which is exiting to the notion that radical-bridged 
complexes may be indeed realized by chemical means as the 
redox potentials are readily accessible with commonly used 
chemical reducing agents. We hypothesize that the quasi-
reversable feature may be attributed to the (tBusalophen2–

/tBusalophen3–•) redox couple, where the 3– oxidation state may 
correspond to an open shell ligand able to promote magnetic 
exchange due to its diffuse spin orbital. Increasing the 
magnitude of J will mitigate quantum tunnelling pathways and 
result in slower magnetic relaxation oftentimes, yielding 
magnetic hysteresis with remanence. Compound 2 showed 
signatures of single-molecule magnet behaviour under a 1000 

Oe dc field. The out-of-phase components of the ac magnetic 
susceptibility were described by considering Raman and Orbach 
relaxation processes, hinting at the relaxation to occur through 
virtual excited states and thermally activated regimes, 
respectively, at the given temperatures. Augmenting the 
magnetic coupling between the metal centres will alter 
drastically the temperature window for these relaxation 
processes to occur, and likely suppress QTM pathways. The 
highly tuneable salophen ligand allows for multiple 
substitutions which would directly impact the electronic and 
magnetic properties and thus, affords a unique platform to 
investigate magneto-structural correlations in multinuclear 
organolanthanide single-molecule magnets. 
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