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ABSTRACT: A small but growing number of molecular compounds have been
isolated featuring divalent lanthanides with 4f'Sd_*' electron configurations. While

4fn5d12“ ([Kridd,)

the majority of these possess trigonal coordination geometries, we previously
reported the first examples of linear divalent metallocenes Ln(Cp™*), (Ln = Tb,
Dy; Cp™ = pentaisopropylcyclopentadienyl). Here, we report the synthesis and

characterization of the remainder of the Ln(Cp™™), (1-Ln) series (including Y
and excluding Pm). The compounds can be synthesized through salt metathesis of

€

Lnl, and NaCp™™ followed by potassium graphite reduction for Ln =Y, La, Ce, Pr,

Nd, Gd, Ho, and Er, by in situ reduction during salt metathesis of Lnl; and
NaCp™® for Ln = Tm and Lu, or through salt metathesis from LnI, and NaCp™™

|_|-|(c:pipr5)2

for Ln = Sm, Eu, and Yb. Single crystal X-ray diffraction analyses of 1-Ln confirm a significant s-d mixing for non-traditional 4f"5d,.' configurations
linear coordination geometry with pseudo-Ds; symmetry for the entire series.

Structural and ultraviolet—visible spectroscopy data support a 4f"*! electron configuration for Ln** = Sm, Eu, Tm, and Yb and a
4f'5d' configuration for the other lanthanides ([Kr]4d,' for Y**). Characterization of 1-Ln (Ln = Y, La) using electron
paramagnetic resonance spectroscopy reveals significant s—d orbital mixing in the highest occupied molecular orbital and hyperfine
coupling constants that are the largest reported to date for divalent compounds of yttrium and lanthanum. Evaluation of the room
temperature magnetic susceptibilities of 1-Ln and comparison with values previously reported for trigonal Ln** compounds suggests

that the more pronounced 6s—5d mixing may be associated with weaker 4f—5d spin coupling.

B INTRODUCTION

The chemistry of the lanthanide elements and yttrium is
generally dominated by the trivalent oxidation state.' Indeed,
prior to the mid-1990s, molecules containing divalent
lanthanide ions had only been reported for Sm, Eu, and Yb.
For these elements, reduction leads to stable electron
configurations wherein the 4f orbitals are nearly half-filled
(Sm), half-filled (Eu), or fully filled (Yb),” and as such they
possess the highest Ln**/Ln*" reduction potentials of the
lanthanide series. The dearth of compounds featuring the other
divalent lanthanides led to speculation that such species could
not be isolated;* however, efforts in recent years have
overturned this assumption, and complexes containing divalent
metal ions have been realized for the entire lanthanide series
and yttrium, which is commonly grouped with the rare
earths.”™” This work has significantly expanded our under-
standing of these elements, revealing unforeseen chemical
reactivity'® and enabling access to unique electronic'’ and
magnetic properties.'”

One intriguing aspect of divalent lanthanides in molecular
compounds is their electronic structure. While so-called
classical divalent lanthanide ions Sm**, Eu®*, and Yb** (and
typically Tm>") possess a 4f"*! electron configuration, the

© 2022 American Chemical Society

WACS Publications

remainder of the lanthanides (and yttrium) can sometimes
possess a 4f'5d,," ([Kr]4d,") configuration wherein the added
electron resides in a d_ orbital. ™ Electron configurations in
which unpaired electrons populate two different, partially filled
valence shells on the same atom are rare for molecular
complexes and constitute an exception to the Aufbau principle,
and the 4f'5d?' configuration in divalent lanthanide complexes
gives rise to unusual properties. For instance, [K(2,2,2-
cryptand)][LnCp’;] (Ln = Dy, Ho; Cp’ = CiH,SiMe;)"”
exhibit record-high single-ion magnetic moments and the
neutral metallocenes Ln(Cp™™), (Ln = Dy, Tb; Cp™ =
pentaisopropylcyclopentadienyl) exhibit high-symmetry linear
coordination geometries as a result of 4f'5d,?' configurations."*
In the case of Tb(Cp™™),, the molecular symmetry in tandem
with the Kramers ground state of the highly anisotropic Tb**
ion gives rise to the second highest magnetic blocking
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temperature to date for a single-molecule magnet not based on
dysprosium.'* In addition, salts of the molecular qubit
candidates [MCp';]™ (M =Y, La, Lu) display long coherence
times as a result of 4'5d,”' ([Kr]4d,' for yttrium) electron
configurations and significant 6s—5d (Ss—4d) mixing, which
minimizes spin anisotropy.'’ Recently, we also discovered that
the mixed-valence dilanthanide compounds (Cp™*),Ln,I; (Ln
= Gd, Tb, Dy) exhibit Robin—Day Class III mixed valence
arising from the presence of a singly occupied o-bonding
orbital of Ln 5d parentage, which imparts strong parallel
alignment of the 4f and S5d electrons and record coercive
magnetic fields for Tb and Dy.'” Further studies of divalent
lanthanide complexes are essential toward understanding and
optimizing their electronic and magnetic properties.

Herein, we report the synthesis and characterization of the
neutral metallocenes Ln(Cp™?), (1-Ln) for the entire
lanthanide series (La—Lu, including Y and excluding Pm),
building upon our previous communication of the synthesis,
magnetism, and preliminary analysis of the electronic structure
of Tb(Cp™), and Dy(Cp™™),."* While the vast majority of
reported divalent lanthanide complexes possess a trigonal
coordination environment, 1-Ln possess a linear, pseudo-Dsy
geometry and are the first examples of neutral linear
metallocenes for ten new elements, Y, La, Ce, Pr, Nd, Gd,
Ho, Er, Tm, and Lu. Characterization of these compounds via
single-crystal X-ray diffraction analysis, cyclic voltammetry,
UV—vis and EPR spectroscopies, and magnetic susceptibility
measurements reveals trends in electronic structure, including
insights into the valence orbital occupancies that impact
internal spin—spin coupling.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. We pre-
viously reported the neutral, linear metallocenes Ln(Cp™™),
(Ln = Dy, Tb), which were synthesized via potassium graphite
(KCg) reduction of the putative complexes Ln(Cp™™),],
prepared from the reaction of Lnl; and NaCp™ in toluene
at high temperature."* This approach was inspired by reports
of the reduction of Tm- or Dy(Cp™),I (Cp™ = 1,2,4-tri(tert-
butyl)cyclopentadienyl) with KCg to yield the bent metal-
locene (Cp™),Tm(THF) or the iodide bridged “ate” complex
(Cp™),Dy(u-1)K(18-crown-6), respectively. ' Gratifyingly,
we were able to extend this approach to synthesize the neutral,
linear metallocenes 1-Ln for Ln = Y, La, Ce, Pr, Nd, Gd, Ho,
and Er (see Scheme 1, upper, and the Supporting Information
for details). In brief, the reaction of Lnl; with 2.5 equiv of
NaCp™ in toluene at high temperature for several days
followed by reduction with KCg in benzene at room
temperature yields 1-Ln. The resulting products were crystal-
lized from n-hexane to yield analytically pure red-orange (1-Y),
dark red (1-La), dark green (1-Ce), brown-orange (1-Pr),
brown (1-Nd), and orange (1-Gd, 1-Ho, 1-Er) single crystals
in low to moderate yields (16% to 49%).

We attempted to isolate the putative precursor compounds
Ln(Cp™?),I using conditions similar to those used in the salt
metathesis step described above (see the Supporting
Information for details), but this approach met with limited
success. Workup and purification of the resulting solids from n-
hexane resulted in colorless (Y, La), red (Ce), yellow (Pr),
yellow-green (Nd), yellow (Gd, Tb, Dy, Ho), or light pink
(Er) crystalline material containing Ln(Cp™*),], as verified by
mass spectrometry (MALDI-ToF), although only Ln(Cp'™?),I
(2-Ln; Ln = La, Y, Er) were obtained as analytically pure

Scheme 1. (Upper) Two-Step Synthesis of 1-Ln (Ln =Y, La,
Ce, Pr, Nd, Gd, Tb,"* Dy,14 Ho, and Er) via Salt Metathesis
with NaCp™ in Toluene at Elevated Temperature
Followed by Reduction with KCq in Benzene at Room
Temperature (~25 °C) over the Course of 6 d; (Middle)
Formation of 1-Ln (Ln = Tm, Lu) via in Situ Reduction;
(Lower) Salt Metathesis Reaction To Form 1-Ln (Ln = Sm,
Eu, Yb) Starting from the Divalent Lanthanide Iodides

EEEREEEE
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Lnl,
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Lnl, >
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1-Ln

compounds via this method. We were able to devise alternative
routes to obtain pure crystalline material for 2-Ln (Ln = Ce,
Pr, Nd, Gd, Tb, Dy), and full details are given in the
Supporting Information. In our hands, it was not possible to
isolate 2-Ho as an analytically pure compound.

Interestingly, the salt metathesis reaction of Tml; with 2.5
equiv of NaCp™ under similar conditions, as used for the
other lanthanides, did not yield 2-Tm. Instead, crystallization
of the resulting crude violet powder from hot benzene directly
afforded violet crystals of divalent 1-Tm. We surmise that salt
metathesis between Tml; and NaCp™™ is accompanied by in
situ reduction of 2-Tm by excess NaCp"™ to give 1-Tm
(Scheme 1, middle). As such, the reaction was subsequently
optimized by using 2.9 equiv of NaCp™ to match the
expected stoichiometry more closely, affording 1-Tm in 39%
yield. Likewise, the reaction of Lul; with 2.9 equiv of NaCp™™
in toluene at high temperature over the course of several days
was found to yield 1-Lu. Pure 1-Lu was obtained as yellow
crystals in 25% yield via crystallization from n-hexane.

For the remaining lanthanides in the series, Sm, Eu, and Yb,
the Ln(Cp™>), compounds have previously been reported,
prepared via oxidation of the respective metal with the
thermall;r stable pentaisopropylcyclopentadienyl radical (-
Cp™*)."” The resulting yields for the Sm and Yb complexes
were very low; however, and only Eu(Cp'**), was previously
structurally characterized. Here, we found that 1-Sm, 1-Eu,
and 1-Yb could be obtained in uniformly good yield (>70%) as
single crystals via stoichiometric salt metathesis reactions
between Lnl, and NaCp™™ in toluene at high temperature
(Scheme 1, lower). Violet (1-Sm), bright orange (1-Eu), and
orange-brown (1-Yb) crystals were obtained from hot
concentrated benzene solutions left to cool to room temper-
ature.

All the neutral divalent metallocenes 1-Ln display surprising
thermal stability. In most cases, the purified solids were found
to be stable at room temperature over many months under
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argon, as either solids or hydrocarbon solutions, and the 320 ®1-Ln
compounds can be recrystallized from boiling n-hexane (69 < ®2-Ln
°C) without noticeable decomposition. In addition, the 8 3104
formation of 1-Tm and 1-Lu via in situ reduction at >160 E '
°C further suggests that these two compounds are quite A 3004 o
thermally stable. T
The solid-state structures of 1-Ln and 2-Ln were determined 5 5904
from single-crystal X-ray diffraction analysis (see Figures 1 and R
S1—-S22). Positional disorder of the Cp™™ ligand was observed < 2601
for most compounds, and as a result, average Ln—C and Ln— 8
Cp distances were calculated using the occupancy of each g 2507
disordered component as a weighting factor (see Section 3 of a .
the Supporting Information for details), yielding values that & 24014
can be readily compared across the series. For 2-Ln, the _'é 230

average Ln—C distance decreases monotonically from
2.853(2) A in 2-La to 2.660(11) A in 2-Er (Tables S6 and
S7), as expected due to the lanthanide contraction. Similarly,
the Ln—I distance decreases monotonically from 3.126(1) A in
2-La to 2.956(1) A in 2-Er (Figure 2, upper). In contrast,
structural trends for 1-Ln are not monotonic. While the
average Ln—C distance in 1-Ln decreases in a linear fashion for
Ln = La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, and Lu, the Ln—C
distances for 1-Sm, 1-Eu, 1-Tm, and 1-Yb follow a separate
linear trend and are longer than those determined for adjacent
members of the series (Figure 2, lower). Shorter average Ln—C
and Ln—Cp distances have been reported for [K(2,2,2-
cryptand)][LnCp’y] compounds with a 4f'5d' electron
configuration relative to those with a 4+t configuration, as a
result of covalent interactions between the 8populated 5d;2
orbital and the cyclopentadienyl ligand.7’ Thus, these
structural trends support a 4f"*' electron configuration for 1-
Sm, 1-Eu, 1-Tm, and 1-Yb and a 4f'5d?' configuration for the
remainder of the 1-Ln series. The bond distances determined
for 1-Y are similar to those for Dy(Cp™),,'" as expected given
the similar ionic radii of Y** and Dy**.

A comparison of the structures of 1-Ln and 2-Ln reveals
substantial differences in the orientation of the isopropyl
groups of their Cp™™ ligands. In the case of 1-Ln, the isopropyl
groups of each cyclopentadienyl ring are mutually oriented in
either a slightly right- or left-facing direction to minimize steric
repulsion. In contrast, the isopropyl groups in 2-Ln are rotated
out of mutual alignment to accommodate the iodide ligand and
the resulting bent coordination geometry of the complex (see

Gd(CpPrs), (1-Gd) Gd(CpP),| (2-Gd)

Figure 1. Single-crystal X-ray diffraction structures of 1-Gd and 2-Gd.
Orange, gray, and purple spheres represent Gd, C, and I atoms,
respectively; hydrogen atoms and positional disorder are omitted for
clarity. Compounds 1-Ln and 2-Ln are isostructural to 1-Gd and 2-
Gd, respectively.

Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 2. (Upper) Average Ln—I bond distances in 2-Ln (blue) and
(lower) average Ln—Cp bond distances (A) in 1-Ln (red) and 2-Ln

(blue) determined from single crystal X-ray diffraction data. The gray
lines are guides for the eye.

Figure S523). The average angle between the isopropyl groups
and the plane of the cyclopentadienyl ligand is smaller in 1-Gd
than in 2-Gd (7.6(2)° versus 9.8(2)°), and a similar trend is
observed for other 1-Ln and 2-Ln compounds. A decrease in
Cp™™ ligand strain may serve to facilitate reduction of 2-Ln to
form 1-Ln, which may also help to explain the formation of 1-
Tm and 1-Lu via in situ reduction. Indeed, based on the ionic
radii of Tm* and Lu*, the putative iodide complexes
Tm(Cp'),I and Lu(Cp™?),I are expected to display the
greatest amount of ligand strain in the series.

All of the 1-Ln compounds possess a linear coordination
geometry with the Ln atom located on an inversion center,
resulting in a coplanar orientation of the Cp™™ ligands and a
Cp—Ln—Cp angle of 180°. While the cyclopentadienyl rings of
the Cp™ ligands show small differences in C—C bond
distances, the LnCp, core possesses approximate Dgy
symmetry, excluding isopropyl groups, with a dihedral angle
of approximately 36° (dihedral angle ranges from 35.8(3) to
36.2(3)° in 1-Gd). Of note, a linear geometry is uncommon
for lanthanide metallocene complexes.* >’ Even in the crystal
structure of Sm(Cp®©), (Cp*¢ = (4-nBu-C4H,);Cs), which
features parallel Cp rings, the thermal displacement parameters
of the Sm*" center are expanded in the plane between the
cyclopentadienyl ligands, suggesting a deviation from line-
arity.”**” In contrast, the thermal displacement parameters of
the Ln®" in 1-Ln are not expanded in this manner. The linear
coordination geometry of the 1-Ln complexes likely arises
from the high symmetry, steric bulk, and strong ligand field of
the Cp™™ ligand.

Cyclic Voltammetry. Cyclic voltammetry (CV) data were
collected for 1,2-difluorobenzene solutions of 1-Sm, 1-Eu, 1-
Tm, and 1-Yb at a scan rate of 100 mV/s (see Section 4 of the
Supporting Information for full experimental details). The
cyclic voltammograms of 1-Sm, 1-Tm, and 1-Yb feature
quasireversible Ln®*/Ln** redox couples with E,/, values of
—1.14, —1.57, and —0.51 V versus Fc'/Fc°, respectively,
whereas an irreversible Ln*/Ln** reduction occurs for 1-Eu at
—0.29 V (Figures 3 and $24—527). These reduction potentials
are significantly less negative than reported for Sm, Eu, Tm,
and Yb Ln*"/Ln*" couples in aqueous solution (—2.26, —1.06,
—2.93, and —1.86 V versus Fc'/Fc’, respectively).” ™ We
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]3.5 MA

I (normalized, offset)

—
-2.0 -15 -1.0 -0.5 0.0
E versus [FeCp,]*® (V)

Figure 3. Cyclic voltammograms for 1-Sm (purple), 1-Eu (gold), 1-
Tm (blue), and 1-Yb (green).

attribute the more accessible reductions of the 1-Ln metal-
locenes to the large steric profile of the Cp™™ ligand. Relative
to metallocene complexes with smaller ligands, we expect the
driving force for reduction to be greater, given that reduction
alleviates steric interactions by increasing the Ln—Cp" distance
and Cp"—Ln—Cp® angle. Reduction potentials reported for
Ln(Cp™€), complexes are also lower than typically observed
for other lanthanide metallocenes, supporting this hypoth-
esis.”® Notably, the reduction potential for 1-Tm is less
negative than the (Cp™)7/(Cp"*)* redox couple, which
occurs at —1.9 V versus Fc'/Fc’ in acetonitrile,”' supporting
the hypothesis that 1-Tm is formed via reduction by (Cp™*)".
Cyclic voltammetry data for the remainder of the 1-Ln series
could not be collected due to decomposition under
experimental conditions; however, data were collected for
[Tb(Cp™*),]1[B(C4Fs),],"" which features a Tb**/Tb** redox
couple with an E,/, value of —1.92 V versus Fc*/Fc® (Figure
S28).

Ultraviolet—Visible (UV—vis) Spectroscopy. UV—vis
spectra were collected for hexanes solutions of 1-Ln and 2-Ln
from 200 to 1250 nm (see Figures 4 and S and Section S of the
Supporting Information). The spectra of 2-Ln exhibit strong
absorption features below 400 nm (& > 25,000 M~ cm™") that
can be attributed to 7—7* transitions of the cyclopentadienyl
ligands. At higher wavelengths, absorption features are very
weak (¢ < 710 M™" cm™") or absent, as expected given the
Laporte-forbidden nature of f—f transitions. The spectra for 1-
Sm, 1-Eu, 1-Tm, and 1-Yb also display features associated with
strong 7—7* transitions below 400 nm (& > 3200 M~' cm™)
and weak absorption (¢ < 1300 M™' cm™) at higher
wavelengths (Figure 4). These spectra are consistent with
those reported previously for Ln®* compounds with 4"
electron configurations, which are characterized by f-—d
transitions in the visible region.””” By contrast, the spectra
for the rest of the 1-Ln series are characterized by strong
absorption (& > 1900 M~" cm™") above 350 nm, in addition to
strong 7—x* absorption (¢ > 5300 M~! cm™") below 350 nm
(Figures 4 and S). Such strong absorption in the visible region
is consistent with UV—vis spectra reported for [K(2,2,2-
cryptand)][LnCp’;] compounds with 4f'Sd>' electron config-
urations, which display strong metal—ligand charge transfer
transitions above 350 nm; however, for 1-Ln the absorption

1-La

Extinction Coefficient (Normalized, Offset)

10x

5x

250 500 750 1000
Wavelength (nm)

Figure 4. UV—vis spectra for 1-Ln (Ln = La, Ce, 4f'5d'; Sm, Eu,
Tm, Yb, 4f*"') (colored lines) and corresponding 2-Ln compounds
(gray lines). The A, value for selected absorption features for 1-Ln
are marked with vertical lines. Spectra are magnified for 1-Sm (1 >
400 nm, 5X), 1-Eu (4 > 375 nm, 5x), 1-Tm (4 > 400 nm, 10X), and
1-Yb (1 > 375 nm, 5X).

features are generally blue-shifted relative to those for
[K(2,2,2-cryptand) ][LnCp’;].” The UV—vis spectra for 1-La
and 1-Ce are unique and exhibit strong absorption features
across the range of visible wavelengths (Figure 4), while the
spectra for 1-Ln (Ln = Pr, Nd, Gd, Tb, Dy, Ho, Er, Lu; Figure
5) each exhibit only one transition in the visible region with an
absorption maximum that shifts to lower wavelengths (with the
exception of 1-Ho and 1-Er) from 460 nm for 1-Pr to 350 nm
for 1-Lu. The spectrum for 1-Lu is noteworthy, as it is
characterized by minimal absorption in the visible region, and
the absorption overall is significantly blue-shifted relative to the
rest of the 1-Ln series. Finally, the UV—vis spectrum of 1-Y
(Figure S, upper), which possesses a [Kr]4d;' electron
configuration, resembles the spectra of the other 1-Ln (Ln =
Pr, Nd, Gd, Tb, Dy, Ho, Er, and Lu). Altogether, these results
support a 4f*"! electron configuration for 1-Sm, 1-Eu, 1-Tm,
and 1-Yb and a 4f'5d,” configuration for the rest of the 1-Ln
series.

Electron Paramagnetic Resonance Spectroscopy.
Continuous-wave electron paramagnetic resonance spectra
were collected for frozen 3-methylpentane solutions of 1-Y, 1-
La, and 1-Lu at X-band frequency (9.388 GHz). The spectrum
of 1-Y obtained at § K features the expected doublet for an *’Y
nucleus (I = !/,), and the signal is centered at g = 1.998
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Figure 5. UV—vis spectra for 1-Ln (Ln = Y, 4d?'; Pr, Nd, Gd, Dy, Tb,

Ho, Er, Lu, 4f'5d,”") and the corresponding 2-Ln compounds (gray

lines). The A, value for selected absorption features for 1-Ln are
marked with vertical lines.

(Figure 6, upper). The isotropic g factor is consistent with a
[Kr]4d,' electron configuration in which an isotropic 4d,2/Ss
orbital is the highest-occupied molecular orbital (HOMO). A
fit to the data for 1-Y yielded an isotropic hyperfine coupling
constant of a,, = 5.05 X 10> MHz. Using |Al = 1250 MHz for
the isotropic hyperfine interaction for *’Y from Morton and
Preston,” we calculated the degree of 5s—4d_ mixing in the
HOMO of 1-Y (p = ag/lAl), which revealed 40.4% Ss
character (see Section 6 of the Supporting Information for
details). This result is consistent with prior DFT analyses of

1-Y - Data
= Simulation

9.37 GHz

T T T T T T T
320 330 340 350
B (mT)

1-La = Data
= Simulation

130 GHz

I ! I ! I ! I
5000 5500 6000 6500
B (mT)

Figure 6. Experimental (black) and simulated (red) EPR spectra for
1-Y (upper, X-band, S K) and 1-La (lower, D-band, S K).

Dy(Cp™?), and Tb(Cp™),, which predicted ~70% 6s
character in the 5d,2/6s HOMO of these complexes."*

The continuous-wave X-band EPR spectra of 1-La and 1-Lu
exhibit only weak spectral signatures (Figure S98); given the
large hyperfine interaction expected for these compounds, data
were also collected at D-band frequency (130 GHz) using
electron spin echo methods. In the case of 1-Lu, an electron
spin echo was not observed even at 2 K, likely due to rapid
spin—spin relaxation and precluding further analysis. The
spectrum for 1-La is axial with g, = 1.92 and g = 1.595,
consistent with a 4f°5d,”' electron configuration in which the
HOMO is an isotropic 5d,»/6s orbital (Figure 6, lower). The
hyperfine interaction is unresolved along g,, but an octet is
clearly visible along g (for *La, I = 7/,). Fits to the data
yielded an isotropic hyperfine coupling constant of a;, = 2.00
X 10° MHz, which corresponds to 33.3% 6s character in the
HOMO (for La, IAl = 6007 MHz), comparable to the value
determined for 1-Y.

Altogether, EPR analysis reveals substantial s-orbital
contributions to the HOMOs of 1-Y and 1-La that are larger
than previously reported values for trigonal compounds (8.2—
34.0% for Y** and 6.1—30.6% for La**; see Table S11).%73*7%°
Thus, changes to the ligand field and coordination geometry in
nontraditional divalent lanthanide compounds can dramatically
influence electronic properties. This large s-orbital mixing is
what gives rise to the large isotropic hyperfine coupling
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constants for 1-Y and 1-La, which surpass those reported to
date for other compounds of Y** and La®** (Table S11). We
note that the approximate symmetry of 1-Ln (Ds;) and
[LnCp’;]~ (C;) should restrict s—d mixing to the symmetry
compatible d orbital. Thus, the larger s character in the
HOMO of 1-Ln is likely a consequence of a smaller energy gap
between the metal-centered 5d,> (4d,?) and 6s (5s) orbitals
induced by the hgand field. In support of this rationale,
[K(2.2.2-crypt) ][ (**A4*BuAr0),Y] and [K(2.2.2-crypt)][Y(N-
(SiMe;),);] exhibit greater s—d mixing and hyperfine coupling
constants than [K(2,2,2-cryptand)][YCp’y] (Table SI1).
However, the precise origin of the impact of ligand field and
coordination geometry on s orbital character in compounds of
these divalent lanthanides requires further study.

Dc Magnetic Susceptibility Measurements. Dc mag-
netic susceptibility data were collected for 1-Ln (Ln = Ce, Pr,
Nd, Sm, Eu, Gd, Ho, Er, Tm) from 2 to 300 K under an
applied field of 10 kOe (Figure 7 and Figures $99—S106). At
300 K, the y\T values for 1-Eu and 1-Tm are 7.92 and 2.76
emu K/mol, respectively, closely matching the theoretical
values for Eu®* and Tm>" ions with 4f"*' electron
configurations predicted based on an L—S coupling scheme
(7.88 or 2.57 emu K/mol, respectively, see Table 1). No
measurable moment was detected for 1-Sm, consistent with a
diamagnetic (’F,) ground state predicted based on L—S
coupling.

In the case of the 1-Ln compounds with 4f'5d!
configurations, predicting the room temperature magnetic
susceptibilities is not as straightforward. Indeed, depending on
the relative strengths of the 4f and 5Sd spin—spin coupling and
4f spin—orbit coupling interactions, an L—S coupling model
may not hold. We found this to be the case based on our
previous characterization of the room temperature magnetic
susceptibilities of Tb(Cp™™), and Dy(Cp™*),."*** Prior
analyses of the room temperature magnetic susceptibilities of
the divalent lanthanide compounds [K(2,2,2-cryptand)]-
[LnCp’;] (Ln = La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Lu)*®
and [K(2,2,2-cryptand)][Ln(N(SiMe;),);] (Ln = Gd, Tb,
Dy)*' were carried out based on a formalism introduced by
Cloke et al. to describe the magnetism of zerovalent lanthanide

18
~~~~~~ Scenario 1
—— Scenario 2 o °
154 ® ([ ]
® [ ]
= L °
3 121
£
S5 o4
g 9
o
~
SR
34
i’ He=1T
v O PR Q.. T=300K
0 T T T T T T T T
Ce Pr Nd Gd Tb Dy Ho Er

Figure 7. Experimental y,,T values at 300 K for 1-Ln (red circles) and
previously reported trigonal divalent compounds [K(2,2,2-
cryptand)][Cp’;Ln]*® (blue circles) plotted with the predicted values
based on Scenario 1 (L—S coupling, dashed lines) or Scenario 2 (J—s
coupling, solid lines).

Table 1. Experimental (Exp.) Room Temperature T
Values for 1-Ln and Predicted T Values for Three
Possible Spin-Orbit Coupling Scenarios”

T 4F'5d 2 T 4£'5d 2!

Exp. Scenario 1 Scenario 2 T
Ln** n Sl (L=S coupling)” (J—s coupling) 41
La 0 - 0.38 0.38 0.80
Ce 1 1.02 0.33 1.18 1.60
Pr 2 2.05 0.88 1.98 1.64
Nd 3 1.77 0.90 2.01 0.90
Pm 4 - 0.39 1.28 0.09
Sm S - - 0.46 -
Eu 6 7.92 1.50 0.38 7.88
Gd 7 10.00 10.00 8.25 11.81
Tb 8 12.72 14.42 12.19 14.17
Dy 9 15.15 17.01 14.54 14.06
Ho 10 15.17 16.90 14.44 11.48
Er 11 13.20 14.06 11.85 7.15
Tm 12 2.76 9.23 7.52 2.57
Yb 13 - 391 2.95 -
Lu 14 - 0.38 0.38 -

“All y\T data are reported in units of emu K/ mol and were collected
at 300 K under an applied field of 10 kOe. "Scenario 3 predicts yyT
values that are identical to those predicted by Scenario 1.

compounds.”” In one of two scenarios considered (scenario 1),
spin—spin coupling between the Sd; and 4f electrons is
assumed to be stronger than spin—orbit coupling in the 4f shell
(and greater than kgT), giving rise to an Sy, = Sy + '/, that
couples with the orbital angular momentum of the 4f shell, L,
to give . In the second scenario (scenario 2), spin—spin
coupling between the 4f and Sd electrons is assumed to be
much weaker than 4f spin—orbit coupling and less than the
magnitude of kg T; in this case, the effect of the 5d.* electron on
magnetic susceptibility was treated as an additive; that is, the
predicted y\T value is the sum of the y\T value associated
with the given J,r and that of a free electron, 0.375 emu K/mol.
Here, with the goal of anchoring the evaluation and
discussion of spin—orbit coupling in these divalent systems
in the context of the greater literature, we note that scenario 1
is formally Russell—Saunders coupling, while scenario 2 can be
viewed as an approximation of a J,—s coupling model. For the
latter, the case of spin—spin coupling < k3T would give rise to
ground and first excited multiplets that are not thermally
isolated and approach equal population at room temperature.
Although trivalent and traditional divalent lanthanide com-
plexes are well described by L—S coupling, J—s coupling has
been invoked to describe spin—orbit couphn§ in the excited
states of gas-phase divalent lanthanide ions.”>** We note that
in the case of k3T < 4f spin—5d spin coupling <4f spin—orbit
coupling (referred to as scenario 3 hereafter), a J—s coupling
model predicts a room temperature y,T value that is the same
as that derived in the case of L—S coupling, or scenario 1. An
illustration of these different models, the relevant term
symbols, and expressions for the magnetic moment is given
in Figure 8 and Figure S107 for the case of dysprosium(II). For
the trigonal compounds [K(2,2,2-cryptand)][Ln(N-
(SiMe;),);] and [K(2,2,2-cryptand)][LnCp’;], the room
temperature magnetic susceptibilities were previously dis-
cussed as being somewhat better described by scenario 1
(L-S cou%)hng), with the exception of [K(2,2,2-cryptand)]-
[Cp’sCe]." """ However, we note that scenario 3 is equally
likely based purely on the reported y\T magnitudes. Thus,
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Figure 8. Flowchart illustrating the different spin—orbit coupling scenarios considered in this work for the case of Dy**; S,—Ssq = spin—spin
coupling between 4f and Sd electrons and L,—S, = spin—orbit coupling of the 4f shell.

while it is not possible to estimate the relative strengths of the
spin—spin and spin—orbit coupling in the trigonal compounds
using these models, we can conclude that the spin—spin
coupling strength is greater than kzT (~200 cm™ at 300 K).

The ex4perimenta1 xuT values for Tb(Cp™*), and Dy-
(Cpiprs)z1 and the new 1-Ln (Ln = Ce, Pr, Nd, Gd, Ho, Er)
complexes at 300 K are given in Table 1, along with the
predicted y)T values based on scenarios 1/3 and scenario 2. In
contrast to [K(2,2,2-cryptand)][Ln(N(SiMe;),);] and [K-
(2,2,2-cryptand)][LnCp’;], on the whole Tb(Cp**),, Dy-
(Cp™*),, 1-Ce, 1-Pr, 1-Nd, and 1-Ho exhibit y,,T values that
are more consistent with those predicted from scenario 2, the
approximation based on J—s coupling in the limit of spin—spin
coupling < kgT (Table 1, Figure 7). We surmise that larger 6s
character in the HOMO of the linear divalent compounds
Tb(Cp"™*),, Dy(Cp™*),, and 1-Ln relative to the trigonal
compounds—supported by our EPR spectroscopy results for
1-Y and 1-La—may explain this difference between the two
series. Indeed, because of the greater 6s character in the 5d 2/
6s HOMO of 1-Ln, spin—spin coupling between the 5d. and
the 4f electrons in those compounds is expected to be weaker
than in the previously studied trigonal compounds. Interest-
ingly, for the later Ln = Tb, Dy, Ho, and Er complexes, y\T
slightly increases toward the values predicted from L—S
coupling, an effect most pronounced for 1-Er. Finally, 1-Gd is
an outlier among the 1-Ln, with a room temperature T value
of 10.00 emu K/mol that is consistent with that previously
determined for the trigonal Ln** compounds. Spectroscopic
investigations into the nature of the electronic coupling in
these linear 1-Ln complexes are ongoing.

B CONCLUSIONS

We have reported the synthesis and characterization of the
linear metallocene complexes Ln(Cp™™), (1-Ln) for the entire
lanthanide series (excluding Pm) and yttrium. These
compounds were prepared via salt metathesis of Lnl; and
NaleiPrS followed by reduction with KCg (for Ln =Y, La, Ce,
Pr, Nd, Gd, Tb, Dy, and Er); salt metathesis of Lnl; and
NaCp™™ and in situ reduction with excess NaCp™™ (Ln = Tm,
Lu); or salt metathesis from Lnl, and NaCp™™ (Ln = Sm, Eu,
Yb). Notably, 1-Y, 1-La, 1-Ce, 1-Pr, 1-Nd, 1-Gd, 1-Ho, 1-Er,

1-Tm, and 1-Lu constitute the first examples of neutral linear
metallocenes for the corresponding elements. Detailed
characterization of 1-Ln using single-crystal X-ray diffraction
and UV—vis spectroscopy supports assignment of a 4f"*!
electron configuration for 1-Sm, 1-Eu, 1-Tm, and 1-Yb and
a 4f'Sd,' configuration for the remainder of the 1-Ln series.
Interestingly, analysis of 1-Y and 1-La using EPR spectroscopy
suggests that the linear coordination geometry of 1-Ln
facilitates greater s—d mixing than in the case of [K(2,2,2-
cryptand)][LnCp’;], which also possess a 4f'5d,' (or 4d,')
electron configuration. As a result of the high degree of s—d
mixing in 1-Y and 1-La, these compounds exhibit the largest
isotropic hyperfine coupling constants reported to date for
molecular compounds of Y** or La**. A comparison of the
experimental room temperature molar magnetic susceptibilities
of 1-Ln (Ln = Ce, Pr, Nd, Tb, Dy, Ho, and Er) with those
reported for trigonal Ln** compounds suggests that the greater
degree of s—d mixing also leads to weaker spin—spin coupling
between the 4f and 5d; electrons. In sum, this study
demonstrates the substantial impact of coordination geometry
on the electronic structure and magnetic properties of Ln**
compounds. Further investigation into the relationship
between coordination geometry and electronic structure in
these divalent metallocene complexes is ongoing in our
laboratories.
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