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ABSTRACT: A series of dilanthanide benzene inverse sandwich
complexes of the type (CpiPr5Ln)2(μ−η6:η6-C6H6) (1-Ln) (Ln = Y,
Gd, Tb, Dy, Tm) are reported. These compounds are synthesized by
reduction of the respective trivalent dimers CpiPr5

2Ln2I4 (Ln = Y, Gd,
Tb, Dy, Tm) in diethyl ether with potassium graphite in the presence
of benzene, and they feature an unusual linear coordination geometry
with a highly planar benzene bridge as verified by single-crystal X-ray
diffraction. The Ln−Bzcentroid distances of 1-Ln are the shortest
distances observed to date, ranging from 1.943(1) Å for 1-Tm to
2.039(6) Å for 1-Gd. Structural, spectroscopic, and magnetic analyses
together with density functional theory calculations support the
presence of a rare, unsubstituted tetraanionic benzene in each
compound, which is stabilized by strong covalent δ bonding
interactions involving the filled π* orbitals of (C6H6)4− and vacant dxy and dx2−y2 orbitals of the Ln3+ ions. Notably, 1-Ln are the
first examples of compounds of the later lanthanides to feature an unsubstituted tetraanionic benzene.

■ INTRODUCTION
Although the first reported lanthanide−arene compounds were
characterized in the mid-1980s,1 they continue to be of
significant interest to chemists due to their widely ranging
reactivity2−5 and unusual electronic structures.6,7 Lanthanide−
arene compounds are scarce compared to those of the
transition metals,8 which can be ascribed to the fact that the
core-like 4f valence orbitals do not participate in the covalent
interactions that are responsible for the existence of stable
transition metal−arene compounds.9 Structurally characterized
lanthanide−arene compounds in the literature can be divided
into two classes: those with formally neutral arenes and those
with formally anionic arenes.8 The first of the neutral arene
adducts to be reported was the chloroaluminate complex (η6-
C6Me6)Sm(AlCl4)3, which features neutral hexamethylbenzene
in a weak induced dipole interaction with a central Sm3+

cation.1 Compounds of the type Ln(1,3,5-tBu3C6H3)2 (Ln = Y,
Gd), which feature formally zerovalent yttrium and gadoli-
nium, have also been known since the late 1980s. These
compounds were synthesized via a challenging co-condensa-
tion reaction between the corresponding metal vapor and
1,3,5-tris-tertbutylbenzene at 77 K.10

The first Ln−arene complex featuring an anionic benzene
was the inverse sandwich compound [CptBu2

2La(μ−η6:η6-
C6H6)].

1,8−11 Since this initial report, the number of
crystallographically characterized inverse sandwich complexes
with lanthanides bound to anionic arenes has increased

c o n s i d e r a b l y . I n t h e r e l a t e d c o m p o u n d s
[(CpTMS

2Ln)2(μ−η6:η6-C6H6)]2− (Ln = La, Ce), formed via
the reaction of in situ generated [K(2,2,2-Crypt)][CpTMS

3Ln-
(THF)] with benzene, the lanthanide ions sandwich a
distorted benzene dianion, and their coordination spheres are
filled by trimethylsilyl substituted cyclopentadienide anions on
the per iphery . The structura l character is t ics of
[(CpTMS

2Ln)2(μ−η6:η6-C6H6)]2− are typical of inverse sand-
wich compounds with anionic unsubstituted benzene.12,13 In
particular, these compounds are frequently complex anions,
with a distorted benzene subunit bridging two lanthanides
coordinated by multiple bulky capping ligands in a
pseudotrigonal environment. The distortion of the bound
arene dianion is a consequence of its Hückel type
antiaromaticity, and is virtually ubiquitous in complexes with
anionic benzene.13−15 To our knowledge, the only prior
examples in the literature of lanthanide compounds featuring a
planar and symmetric anionic arene bridge are [Ln2(BzN6-
Mes)]2− and [Ln2(BzN6-Mes)]− (Ln = Y, Gd; BzN6-Mes =
1,3,5-tris[2′,6′-(N-mesityl)dimethanamino4′-tert-butylphenyl]-
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benzene).16 Here, the constrained ligand geometry and
trigonal symmetry of the hexapodal BzN6-Mes ligand enforces
a planar arene geometry, stabilizing an S = 1 benzene dianion
o r a n S = 7 / 2 m o n o a n i o n . T h e c o m p o u n d
[(CpTMS2

2La)2(μ−η6:η6-C6H6)]− was previously reported to
host a monoanionic benzene bridge, which exhibits an out-of-
plane distortion consistent with the Jahn−Teller effect.17

In addition to mono and dianionic arenes, formally
tetraanionic arene bridges have also been described in the
literature.8 For example, compounds of the type
[(NNTBSLn)2(μ−η6:η6-biph)]2− (Ln = Y, Gd, Dy) (NNTBS =
1,1′-fc(NSitBuMe2)2) have been isolated, all three of which
feature a bridging biphenyl tetraanion.18,19 The π system of
both biphenyl rings is fully conjugated in these compounds,
which permits charge delocalization. As a result of the high
nucleophilicity of the tetraanionic biphenyl bridge, the metal
arene distances for these compounds are slightly shorter than
those of previously reported dianionic arenes. Additionally, the
arene bridges in [(NNTBSLn)2(μ-biph)]2− (Ln = Y, Gd, Dy)
are considerably more planar than singlet arene dianions. This
result is unsurprising, as the tetraanion has an aromatic 4n+2 π-
electron count and therefore should not be subject to an
electronically driven distortion. More recently, neutral inverse
sandwich compounds supported by β-diketiminate ligands and
featuring a bridging benzene tetraanion have been isolated for
Y and Sm,20,21 although inverse sandwich compounds featuring
a bridging benzene tetraanion are not known for the later
lanthanides.

Here, we report the synthesis and characterization of a series
of neutral lanthanide−benzene inverse sandwich compounds
with the formula (CpiPr5Ln)2(μ−η6:η6-C6H6) 1-Ln (Ln = Y,
Gd, Tb, Dy, Tm), which feature an unusual linear coordination
geometry and a highly planar and symmetric unsubstituted
bridging benzene anion. Single-crystal X-ray diffraction
analysis, magnetometry, UV−vis spectroscopy, NMR spectros-
copy and density functional theory (DFT) calculations
strongly support the presence of a rare, unsubstituted benzene
tetraanion in these compounds and an overall oxidation state
configuration that is best described as Ln3+−Bz4−−Ln3+. The
planar geometry and unusual stability of the tetraanion is found
to be the result of a δ-bonding interaction between the vacant
dxy and dx2−y2 orbitals of the Ln3+ ions and the π* orbitals of
(C6H6)4−.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. The com-

pounds 1-Ln were synthesized from the reaction of
CpiPr5

2Ln2I4 (Ln = Y, Gd, Tb, Dy, Tm)22 in diethyl ether
(Et2O) with excess benzene followed by the addition of KC8
(Scheme 1; see the Supporting Information for details). After 4
days, the diethyl ether and excess benzene were removed from
the reaction mixture under reduced pressure, and the resulting
residue was extracted into boiling n-hexane. The solution was
filtered to remove potassium iodide, and the filtrate was then
concentrated under reduced pressure. After heating to
redissolve any precipitate, the solution was allowed to cool
to 25 °C overnight. Subsequent storage of these solutions at
−35 °C yielded analytically pure crystals of 1-Ln suitable for
X-ray diffraction analysis as dark red (1-Y), red-brown (1-Gd,
1-Tb, 1-Dy), or brown (1-Tm) prisms. Notably, in the course
of this workup, it was found that n-hexane solutions of 1-Ln
could be boiled at ambient pressure without evident
decomposition.

Compounds 1-Ln are isostructural (see Figure 1 for the
structure of 1-Gd and Figures S1−S5 for Ln = Y, Tb, Dy, and
Tm) and crystallize in the space group P2/n with similar unit
cell parameters (Table S3). In each structure, the metal centers
are related by a C2 rotation axis that passes through the plane
of the benzene ring, and the bridging benzene exhibits in-plane
rotational disorder, which was successfully resolved as two
benzene positions with equivalent chemical occupancies. There
are two unique Ln−benzene distances in all five structures due
to this in-plane rotational disorder (see Figure S2). The
average Ln−Bzcentroid distances in compounds 1-Y, 1-Gd, 1-Tb,
1-Dy, and 1-Tm are 1.989(5), 2.038(7), 2.013(6), 1.99(1),
and 1.9421(7) Å, respectively (numbers in parentheses are
estimated standard deviations). For compounds 1-Gd, 1-Tb,
1-Dy, and 1-Tm, the gradual decrease in Ln−Bzcentroid distance
is consistent with the contraction in the lanthanide ionic radii
proceeding across the series. The closest comparable Ln−
Arcentroid distances in the literature are from the

Scheme 1. Synthesis of 1-Ln from CpiPr5
2Ln2I4 (Ln = Y, Gd,

Tb, Dy, Tm)

Figure 1. (a) X-ray crystal structure of 1-Gd. Orange and gray spheres
represent Gd and C, respectively. Minor rotationally disordered
positions of the benzene ring and CpiPr5 groups have been omitted for
clarity. Hydrogen atom positions were also omitted for clarity. (b)
Top-down representation of the 1-Gd structure highlighting the C−C
distances of the benzene bridge. The CpiPr5 groups and rotationally
disordered benzene position are omitted for clarity. The C−C
distances are given in Å. (c) Inverse sandwich core of 1-Gd with the
mean plane illustrated.
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[(NNTBSLn)2(μ-(C6H5)2)]2− series of compounds, namely
2.053(2), 2.113(2), and 2.054(1) Å for Ln = Y, Gd, and Dy,
respectively.18,19 The Ln−Ar distances in 1-Ln are all shorter
than in the corresponding [(NNTBSLn)2(μ-(C6H5)2)]2−

compounds. The recently reported β-diketiminate inverse
sandwich compound [(BDI)Y(THF)]2(μ−η6,η6-C6H6) (BDI
= HC(C(Me)N[C6H3-(3-pentyl)2-2,6])2)

20 has an Y−Arcentroid
distance of 2.011(1) Å, which is also longer than that in 1-Y.20

To the best of our knowledge, when comparing compounds for
a given metal, the Ln−Ar distances in 1-Ln are the shortest
reported for any lanthanide−arene compound in the Cam-
bridge Structural Database (see Table 1). This suggests an
unusually strong Ln−Ar interaction in 1-Ln.

The CpiPr5 groups of 1-Ln exhibit disorder, which could be
resolved into one major and one minor position. The major
position has a freely refined chemical occupancy of ∼0.7 in all
compounds, while the minor position has a corresponding
chemical occupancy value of ∼0.3. The average Ln−Cpcentroid
distances reported in Table 2 are weighted averages, with the

weighting coefficients equal to the CpiPr5 chemical occupancy
values associated with each disordered CpiPr5 position. The
average Ln−Cpcentroid distances in 1-Ln are 2.370(2), 2.421(1),
2.401(6), 2.383(2), and 2.327(1) Å for Ln = Y, Gd, Tb, Dy,
and Tm, respectively. The decrease in these distances from Gd
to Tm is consistent with the expected trend based on the
lanthanide contraction.

To gain preliminary insight into the metal oxidation state in
1-Ln, we compared the Ln−Cpcentroid distances with literature
compounds featuring well-defined divalent or trivalent metal
ions in similar coordination environments, namely LnCpiPr5

2
(Ln = Y, Gd, Tb, Dy, Tm)26,27 and [LnCpiPr5

2]+ (Ln = Y, Tb,
Dy).26,28 In general, Ln−Cpcentroid distances in are longer than
in the corresponding compounds.20,21 Further distinction can
be made based on the electronic configuration of the divalent
compounds: for complexes with 4fn5dz21 configurations (Ln =
Gd, Tb, Dy; 4dz21 in the case of Y), the Ln−Cpcentroid distances
are shorter than in complexes possessing 4fn+1 configurations
(e.g., TmCpiPr5

2) as a result of d orbital participation in

bonding. In the case of 1-Ln (Ln = Y, Gd, Tb, Dy), the Ln−
Cpcentroid distances are close to the Ln−Cpcentroid distances in
the corresponding LnCpiPr5

2 compounds and are longer than
the distances in (Table 2). The Tm−Cpcentroid distance in 1-
Tm is shorter than that in TmCpiPr5

2 (2.327(1) versus
2.449(3) Å), but longer than in the trivalent compound
CpiPr5

2Tm2I4
22 (2.27(2) Å; [TmCpiPr5

2]+ has not been
reported). Altogether, these results could suggest the
possibility of d orbital occupation in all the 1-Ln compounds.

The average benzene C−C bond length for all members of
the series 1-Ln was found to be 1.46 Å (see Table S1 for full
details), within the range of reported C−C distances for
lanthanide-bound η6-arenes in the Cambridge Structural
Database (1.223 to 1.517 Å).29 In general, average C−C
distances similar to those in the corresponding free arene are
characteristic of neutral bound arenes, whereas C−C distances
that are significantly longer than in the free arene are indicative
of anionic arenes, which have populated π* orbitals. The C−C
distances of the C6H6 units in 1-Ln are all considerably longer
than the C−C distance of free benzene (1.3946(7) Å),30

indicating that the benzene moieties are anionic. The distances
are also similar to those reported for the inverse sandwich
compound [NNTBSTh(THF)]2(μ-C6H6), which features a
tetraanionic benzene with an average benzene C−C distance
of 1.46 Å,31 and slightly longer than those reported for the
inverse sandwich complexes [(BDI)Sm(THF)]2(μ−η6:η6-
C6H6) (BDI = HC(C(Me)N[C6H3-(3-pentyl)2-2,6])2) and
[(BDI)Sm]2(μ−η6:η6-C6H6), which feature tetraanionic ben-
zene bridges with average benzene C−C distances of 1.44 and
1.45 Å, respectively.20,21 The expanded benzene C−C
distances are therefore consistent with three possible oxidation
state assignments for 1-Ln, namely Ln3+−Bz4−−Ln3+, Ln2+−
Bz2−−Ln2+, and Ln2.5+−Bz3−−Ln2.5+.

In order to quantify the degree of distortion from planarity
for the bridging benzene in 1-Ln, we used the program
Mercury26,32 to identify the mean plane for each benzene
ligand and then calculated the so-called molecular-planarity
parameter (MPP),33 which is the root-mean-square deviation
of the carbon atoms in the arene ring from the mean plane (see
Section 3 of the Supporting Information (SI) for details and
Table S2). We also determined MPP values for Ln−(η6-Ar)
complexes based on structures available in the Cambridge
Structural Database29 (see Tables S3−S9). We use the MPP
for benzene, which is 10−3 Å (based on a solid-state structure
obtained at 100 K), as a measure of perfect planarity.
Significantly larger MPP values for an anionic six-membered
ring would be indicative of a distortion, and therefore an
antiaromatic benzene dianion. In contrast, MPP values
approaching that of benzene would indicate an aromatic
tetraanionic benzene.

A representative image of the mean plane determined for 1-
Gd is shown in Figure 1c. The MPP values for 1-Y, 1-Tb, and

Table 1. Comparison of Ln−Arcentroid (Ln = Y, Gd, Tb, Dy, Tm) Distances in Åa

[(NNTBSLn)2(biph)]2− ArLn(AlCl4)3 [Ln2(BzN6)]2− 1-Ln

refs 18,19 23−25 16
Y 2.053(2) 2.281(1) 1.989(5)
Gd 2.113(2) 2.309(1) 2.038(7)
Tb 2.4882(9)b,d 2.013(6)
Dy 2.054(1) 2.476(2)c 1.990(1)
Tm 2.463(5)c,e 1.9421(7)

aAll data collected at T = 100 K unless otherwise noted. bAr = C6Me6;
cAr = MeC6H5;

dT = 143 K; eT = 163 K

Table 2. Literature Comparison of Ln−Cpcentroid (Ln = Y,
Gd, Tb, Dy, Tm) Distances Measured in Åa

LnCpiPr5
2 [LnCpiPr5

2]+ CpiPr5
2Ln2I4

b 1-Ln

refs 20,21 20 16
Y 2.371(6) 2.3307(1) 2.328(9) 2.370(2)
Gd 2.423(2) 2.365(2) 2.421(1)
Tb 2.4177(1) 2.325(2) 2.36(2) 2.401(6)
Dy 2.3848(1) 2.321(4) 2.34(1) 2.383(2)
Tm 2.449(3) 2.27(2) 2.327(1)

aAll data collected at T = 100 K unless otherwise noted. bAverage
metal centroid distance with parenthesized standard deviations.
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1-Dy were found to be comparable to one another, ranging
from 6 × 10−3 to 7 × 10−3 Å, and near the low end of the range
of values calculated for literature compounds (≥4 × 10−3 Å).
The benzene in 1-Tm exhibits the greatest amount of out-of-
plane distortion, with a MPP of 2 × 10−2 Å, while the η6-C6H6
unit in 1-Gd is the most planar in the series, with a MPP of 3 ×
10−3 Å that is significantly lower than for all previously
reported Gd compounds (>5 × 10−3 Å). In all, the low MPP
values for 1-Y, 1-Gd, 1-Tb, and 1-Dy indicate that the benzene
ring is unusually planar in these complexes. Combined with the
elongated average benzene C−C bond lengths, the high
planarity of the benzene bridge in 1-Ln is consistent with the
presence of a tetraanionic benzene, and therefore an oxidation
state assignment of Ln3+−Bz4−−Ln3+.

Spectroscopic Characterization. Ultraviolet−visible ab-
sorption spectra were collected for n-hexane solutions of 1-Ln
from 300−800 nm. All compounds exhibit an intense
absorption feature between 320 and 350 nm (Figure 2), with
molar extinction coefficients (ε) ranging from ∼6 × 104 M−1

mol−1 (1-Y) to ∼0.9 × 104 M−1 mol−1 (1-Dy). A gradual
decrease in the intensity of this feature occurs upon moving
from 1-Gd to 1-Dy, although the intensity increases again for
1-Tm. The absorption maximum was found to shift to higher
energy from 1-Gd (350 nm) to 1-Tm (320 nm). Strong visible

absorption within this range, in tandem with the metal
dependence of the band energy and intensity, is consistent
with ligand-to-metal charge transfer from the central benzene
anion π* orbitals to an unoccupied molecular orbital of mainly
5d (4d in the case of 1-Y) character.

The diamagnetic derivative 1-Y was further characterized by
1H, 13C, and 89Y NMR spectroscopy. The 1H spectra collected
at 25 °C in C6D6 or toluene-d8 exhibit sharp, well resolved
features (Figures S20 and S24). Interestingly, the C6H6
protons in both spectra appear as a narrow singlet, shifted
upfield from the 1H resonance for free benzene (3.75 or 3.70
ppm in C6D6 or toluene-d8, respectively). Likewise, the 13C
spectrum in C6D6 obtained at 25 °C features a C6H6 signal far
upfield of uncoordinated benzene (59.39 ppm, see Figure
S24), which appears as a triplet (J = 4.4 Hz) due to coupling
with two equivalent 89Y nuclei, as observed in other reduced
arene-bridged yttrium compounds.19 Taken together, these
spectral signatures are consistent with a highly reduced, 6-fold
symmetric η6:η6-C6H6 bridge coordinated to two equivalent
Y(CpiPr5) moieties.

Proton NMR spectra for 1-Y were also obtained over a range
of temperatures (25 to 75 °C in C6D6; 25 to 105 °C in
toluene-d8) to probe structural dynamics in solution (Figures
S23 and S27). With increasing temperature, two doublets
assigned to the methyl protons of the CpiPr5 rings (−CH-
(CH3)2) coalesce to form a broad singlet, consistent with
thermally activated rotation of the Cp−iPr bonds. In contrast,
the C6H6 resonance remains a narrow singlet up to 105 °C.
Notably, there was no evidence of decomposition or C6H6
substitution in C6D6 or toluene-d8 solutions, even after samples
were held for several hours at 105 °C or stored for several
months at ambient temperatures. The 89Y spectrum of 1-Y
features a single broadened resonance at −103 ppm (C6D6 at
25 °C) that lies upfield of the 89Y resonance for the
(biphenyl)4−-bridged complex (NNTBSY)2(μ-(C6H5)2)2− (189
ppm)19 and downfield of the 89Y resonance for Cp3Y(THF) at
−407 ppm (THF-d8 at −45 and 25 °C, respectively).13

Magnetic Properties. In order to probe the ground-state
electron configurations in the compounds 1-Gd, 1-Tb, 1-Dy,
and 1-Tm, zero-field cooled dc magnetic susceptibility data
were collected under applied fields of 0.1, 0.5, and 1 T at
temperatures ranging from 2 to 300 K (see Figures 3 and S7
for 1-Gd and Figures S9, S11, S13, and S17 for the remaining
compounds). At 300 K, the molar magnetic susceptibility-
temperature product (χMT) for 1-Gd is 14.4 emu·K/mol
(Figure 3). This value is consistent with the theoretical value
for two uncoupled S = 7/2 GdIII centers (15.8 emu K/mol) and
an S = 0 bridging arene. By contrast, the theoretical 300 K χMT
value for a mixed-valence ground state (Ln2.5+−Bz3−−Ln2.5+)
without strong exchange coupling is higher at 16.8 emu·K/mol.
Additionally, for a delocalized mixed-valence configuration
with strong ferromagnetic exchange coupling, we would expect
an even higher χMT value of 30.74 emu·K/mol at ambient
temperature, with a similar temperature dependence to that
observed for the previously reported mixed-valent compound
CpiPr5

2Gd2I3.
22 With decreasing temperature, χMT decreases

monotonically to a value of 0.233 emu K/mol at 2 K, a trend
that is indicative of antiferromagnetic coupling between the
GdIII centers. Using the program PHI,34 the χMT versus T data
could be fit using an isotropic exchange Hamiltonian for a
dinuclear cluster featuring two S = 7/2 ions (eq 1) with an
exchange coupling constant, Jex, of −2.94(2) cm−1. The good
agreement between the experimental data and fit supports the

Figure 2. UV−visible spectra of n-hexane solutions of 1-Ln (Ln = Y,
Gd, Tb, Dy, Tm) compounds. Solid lines correspond to experimental
ε values (left axis). Bar plots correspond to calculated oscillator
strengths (right axis) for each transition obtained from time-
dependent DFT calculations. Dashed lines correspond to calculated
ε values derived from the transitions obtained from time-dependent
DFT. A Gaussian spectral width of 0.2 eV was used. The calculated
absorption spectrum of 1-Tb was scaled by a factor of 0.33 while that
of 1-Dy was scaled by a factor of 0.20.
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presence of a closed shell benzene anion in 1-Gd. Together
with the structural data for 1-Ln and the presence of a largely
planar bridging benzene anion, this result is most consistent
with the presence of a bridging benzene tetraanion, as an S = 0
benzene dianion would exhibit significant out-of-plane
distortion.35 Of note, most Jex values mediated by closed
shell bridging ligands are <1 cm−1 in magnitude, and therefore
the exchange observed for 1-Gd is unusually strong.36

Isothermal magnetization data for 1-Gd are also consistent
with strong antiferromagnetic exchange, as the magnetic
moment remained unsaturated under a 7 T applied field at
all measured temperatures (Figure S8). The unusually strong
antiferromagnetic exchange observed for 1-Gd is likely the
result of Gd−Gd superexchange enabled by the appreciable
interaction between the diffuse frontier orbitals of the ligand
and the 4f orbitals of each gadolinium.

= · + + ·H J S S g S S B2 ( ) ( )ex Gd1 Gd2 B Gd1 Gd2 (1)

At 300 K, 1-Tb, 1-Dy, and 1-Tm exhibit χMT values of 21.3,
29.3, and 14.5 emu K/mol, respectively, close to the predicted
values for two TbIII (4f8, 7F6), DyIII (4f9, 6H15/2), or TmIII (3H6,
4f12) centers (22.0, 29.4, and 14.5 emu·K/mol, respectively, see
Figures S10−S20) and again consistent with an Ln3+−Bz4−−
Ln3+ oxidation state assignment. With decreasing temperature,
χMT for each compound decreased monotonically, reaching
minimum values of 0.549, 0.907, and 0.606 emu K/mol for 1-
Tb, 1-Dy, and 1-Tm, respectively, at 2 K. Consistent with the
results for 1-Gd, the data are indicative of antiferromagnetic
exchange between the lanthanide ions.

Density Functional Theory Calculations. Computa-
tional studies are often critical for elucidating the electronic
structure of arene-bridged inverse sandwich compounds of the
f-elements and for exploring metal−ligand interac-
tions.13,18,19,38 Commonly, simplified models of large inverse
sandwich lanthanide complexes have been investigated, instead
of using the full experimental structures. However, calculations
based on such simplified models can result in structural
artifacts and consequently lead to inaccuracies in simulated
absorption spectra or computed magnetic properties.19,20,39

Here, we treated the 1-Ln complexes in their entirety by
carrying out DFT optimizations for all possible spin states for
each complex, starting from the full experimental crystal
structures. This thorough modeling was ultimately necessary to
accurately compute the structural parameters of 1-Ln and
identify their ground states. All calculations were carried out
using the TURBOMOLE 7.7 quantum chemistry package.40

Geometry optimizations used the hybrid TPSSh exchange−
correlation functional,41 employing def2-SVP and def2-TZVP
basis sets42,43 for C and H atoms and Ln atoms, respectively.
Small-core effective core potentials44 were included to model
the 4f orbitals of the metals explicitly. For all-electron
calculations, x2c-type basis sets45 were used (see Section 9
of the Supporting Information for details).

Starting with the 1-Ln crystal structures, we optimized the
geometries of the complexes for all possible spin states. This
included examining scenarios in which the lanthanide ions
were trivalent or divalent, consistent with 4fn, 4fn+1 or 4fn5d1

configurations. We also considered both ferromagnetic and
antiferromagnetic coupling between the metal ions. Addition-
ally, singlet and triplet states of the benzene were also explored
(see Section 9 of the Supporting Information for details). The
DFT results indicated that the structural parameters of the
optimized complexes, particularly the Ln···Ln distances and the
C−C of the C6H6 ligand, are highly sensitive to their electronic
configurations.

Among the optimized 1-Ln (Ln = Y, Gd, Tb, Dy) structures,
those with a singlet ground state (S = 0) were found to most
accurately reproduce the experimental structures obtained
from single-crystal X-ray diffraction analysis, with all metrical
parameters differing from the experimental values by only ∼1−
2%, within the error margin of the methodology used39 (see
Table 3). For example, the calculations predicted a Ln−
Bzcentroid distance of 2.019 Å for the 1-Gd singlet structure,
compared with the experimental distance of 2.038(7) Å from
X-ray diffraction analysis. The singlet ground-state assignment
is also consistent with antiferromagnetic coupling of para-
magnetic lanthanides (Gd, Tb, and Dy). Interestingly, 1-Tm
was found to be an outlier: in particular a quintet ground state
was computed to be energetically similar to the singlet state,
and the structural parameters are identical for optimized 1-Tm
compounds with quintet and singlet states and agree well with

Figure 3. Plot of the molar magnetic susceptibility−temperature
product (χMT) versus T for 1-Gd under an applied field of 0.5 T
(orange circles). The black trace represents a fit using the spin-
Hamiltonian given in eq 1 with two S = 7/2 GdIII centers and Jex =
−2.94(2) cm−1. A TIP correction of 0.0028(1) emu·K/mol was
applied.

Table 3. Comparison of the Ln···Ln Distances and Average Benzene C−C Distances for the 1-Ln Singlet Structures with the
Values Determined Experimentally from Single-Crystal X-ray Diffractiona

Y Gd Tb Dy Tm

Ln···Lnb 3.9707(4) 4.0710(3) 4.0177(3) 3.9810(4) 3.8748(3)
Ln···Lnc 3.963 4.038 3.986 3.963 3.995
C−Cb 1.46(1) 1.46(2) 1.46(1) 1.46(1) 1.46(1)
C−Cc 1.472 1.468 1.469 1.467 1.464

aAll Values are Given in Å. bStructural parameters from crystallographic data. cStructural parameters from DFT models.
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experimental data. As a result, based on these data it remains
unclear if the Tm ions in 1-Tm are coupled ferromagnetically
or antiferromagnetically, and our results suggest the possibility
of a dynamic equilibrium between the two configurations.

DFT computations showed that the benzene rings in the
optimized structures of singlet 1-Y, 1-Gd, and 1-Dy are planar,
while a slight distortion is apparent for 1-Tb, and 1-Tm. The
average C−C bond lengths for all 1-Ln structures are
consistent with those determined experimentally (see Table
3). In particular, the average C−C lengths in the benzene ring
are longer by 0.08−0.07 Å than the length of ∼1.39 Å typically
seen in neutral benzene, consistent with previous observations
in benzene-bridged inverse sandwich complexes12,13 and
indicative of charge localization on the arene bridge.
Additionally, DFT predicts the six C−C bonds of benzene in
each 1-Ln are equally elongated, consistent with a reduced,
aromatic benzene ligand.

We briefly note that, in the cases of 1-Ln (Ln = Gd, Tb,
Dy), the singlet state was not the absolute lowest energy state
(see Tables S15, S19, and S23), although it produced
structural parameters most consistent with the experimental
results. DFT predictions of the relative ordering of spin state
energetics in open-shell transition metal and lanthanide
organometallics may not be as reliable as its description of
most ground-state properties,46 and this is particularly true for
lanthanide complexes,47 where the contracted nature of the 4f
orbitals may lead to several low-lying electronic states with
near-degeneracies.

Mulliken population analysis48 of the HOMO and HOMO−
1 for the 1-Ln complexes indicated significant mixing between
metal d orbitals and the π* orbitals of the reduced C6H6 (see
Figure 4a for 1-Gd and Figures S48, S53, and S55 for 1-Y, 1-
Tb, and 1-Dy, respectively). For example, in the singlet
structure of 1-Y, the HOMO and HOMO−1 exhibit a 62%
contribution from the benzene π* orbitals and 38% from 4dxy
and 4dx2−y2 orbitals of the Y ions (see Table S12; the molecular
orbital (MO) energies are also summarized in this table). The
orbital mixing in the HOMO and HOMO−1 are indicative of
δ-symmetric bonding, characterized by two nodal planes
perpendicular to the benzene ring, suggesting a strong
metal−arene interaction in all 1-Ln congeners. In the 1-Gd
complex, as illustrated in Figure 4a, the frontier orbitals clearly
illustrate the formation of a unique δ covalent bond between
the Gd ions and the benzene ligand in a linear geometry, which
helps to rationalize the very short Gd−Arcentroid distance,
relative to reported inverse sandwich arene-bridged lanthanide
complexes (Table 1).

To complement the DFT analysis, time-dependent DFT
calculations were performed to simulate the UV−vis spectra of
1-Ln complexes with all the different candidate spin multi-
plicities. The computed electronic spectra for 1-Ln with singlet
states are in excellent agreement with the experimental spectra
for all compounds (see Figure 2 and Table S33), corroborating
the spin state assignment made using DFT. In contrast, for
optimized structures with higher spin states, the simulated
absorption spectra exhibit features at longer wavelengths than
those in the experimental spectra (see Figures 4b and S54 for
1-Gd and Figures S56, S58, and S60 for 1-Tb, 1-Dy, and 1-
Tm, respectively). In the case of 1-Tm, the quintet state
yielded an electronic spectrum identical to that for the singlet
state, both of which are consistent with the experimental data
(Figure S60). For singlet 1-Y, transitions from the HOMO and
HOMO−1 to LUMO+2 and LUMO+3, respectively, give rise

to the intense band located at 345 nm in the simulated
spectrum, while a very weak and broad absorption around 500
nm arises due to transitions from HOMO and HOMO−1 to
LUMO and LUMO+1, respectively (Figure 5). Similarly,
strong electronic transitions between molecular orbitals with
similar characters give rise to the intense absorption features in
the higher energy region (300−400 nm) for the other 1-Ln
compounds and are consistent with strong Ln−C6H6 δ
bonding. These results collectively show that the singlet states
are the best model for the 1-Ln (Ln = Y, Gd, Tb, Dy)
complexes, demonstrating the usefulness of DFT in under-
standing the electronic structures of triple-decker lanthanide
molecular complexes.

The unusually short Ln−Bzcentroid distances as well as the
elongated Ln−Cpcentroid distances observed in the experimental
structures for all five 1-Ln compounds are readily explained
within this covalent bonding picture. Indeed, formal
population of δ bonding orbitals would necessarily yield a
relatively short Ln−C6H6 distance and an elongated Ln−CpiPr5

distance, as the HOMOs are bonding with respect to the metal
ions and benzene and are weakly antibonding with respect to
the metal ions and CpiPr5. Finally, the benzene ring in this
configuration would not be susceptible to an electronically
driven distortion, given that its e2u set is fully occupied.

Figure 4. (a) Frontier molecular orbitals of the 1-Gd singlet ground
state with a contour value of 0.03. H atoms are omitted for clarity. (b)
Comparison of the experimental UV−vis spectrum for 1-Gd (orange
data) with calculated spectra using time-dependent DFT (solid
purple, light blue, black, turquoise and red traces) for different
possible ground states of 1-Gd. The time-dependent DFT calculations
included hexane solvent effects with the COSMO37 model and used
the same choice of functional and basis sets as ground-state
computations.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c12278
J. Am. Chem. Soc. 2024, 146, 32708−32716

32713

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12278/suppl_file/ja4c12278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12278/suppl_file/ja4c12278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12278/suppl_file/ja4c12278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12278/suppl_file/ja4c12278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12278/suppl_file/ja4c12278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12278/suppl_file/ja4c12278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12278/suppl_file/ja4c12278_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12278?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12278?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12278?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12278?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ultimately, our experimental and computational data strongly
support an oxidation state assignment for all five compounds of
Ln3+−Bz4−−Ln3+, in which the bridging tetraanion is stabilized
through a highly covalent interaction with the neighboring
metal ions.

■ CONCLUSIONS
In summary, we have synthesized and characterized a series of
lanthanide−benzene inverse sandwich compounds of the type
(CpiPr5Ln)2(μ−η6:η6-C6H6) (1-Ln; Ln = Y, Gd, Tb, Dy, Tm),
through the reduction of CpiPr5

2Ln2I4 with KC8 in the presence
of benzene. The compounds feature an unusual linear
coordination geometry and overall neutral charge state, and
the structural features and magnetic properties of 1-Ln,
supported by computational analysis, are consistent with the
presence of an S = 0 tetraanionic benzene bridge, the first
example of such a bridge for any compound of the later
lanthanides. Further, computations revealed that the frontier
orbitals of the benzene tetraanion in 1-Ln, rather than being
fully localized, are δ-bonding combinations of the 5dxy and
5dx2−y2 (4dxy and 4dx2−y2 for 1-Y) orbitals of the two Ln ions
and the π* orbitals of benzene. Ultimately, our data support an
oxidation state assignment for all five compounds of Ln3+−
Bz4−−Ln3+, in which the bridging benzene tetraanion is
stabilized through a highly covalent interaction with the
neighboring metal ions. Notably, the one-electron oxidation of
these complexes can be anticipated to result in species
featuring an unprecedented benzene trianion radical with, in
the cases of Ln = Gd, Tb, and Dy, strongly coupled high-
magnetic moment ground states.
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