Downloaded via MICHIGAN STATE UNIV on August 5, 2022 at 17:30:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Heteroleptic Rare-Earth Tris(metallocenes) Containing a
Dibenzocyclooctatetraene Dianion

Elizabeth R. Pugliese, Florian Benner, Ernesto Castellanos, Francis Delano, IV, and Selvan Demir*

Cite This: Inorg. Chem. 2022, 61, 2444-2454 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Isolable heteroleptic tris(metallocenes) containing
five-membered and larger rings remain extremely scarce. The
utilization of tripositive rare-earth-metal ions with ionic radii >1 A
allowed access to unprecedented and sterically congested
dibenzocyclooctatetraenyl (dbCOT) metallocenes, [K(crypt-222)]-
[Cp*“,RE(7-dbCOT)] (RE = Y (1), Dy (2); Cp* =
tetramethylcyclopentadienyl), through a salt metathesis reaction
involving Cp*,RE(BPh,) and the potassium salt of the dbCOT
dianion. The solid-state structures were investigated by single-
crystal X-ray diffraction, magnetometry, and IR spectroscopy and
provided evidence for the first crystallographically characterized
(dbCOT)*™ anion in a complex containing d- or f-block metals.
Remarkably, the (Cp"")~ ligands force a distortion from planarity
within the (dbCOT)*” moiety, engendering a rare 7>-bonding motif, as opposed to the classical #® conformation observed in
complexes bearing a (COT)>™ ion. The 7* coordination mode was proven crystallographically between 100 and 298 K and
computationally (DFT and NBO). Furthermore, nucleus independent chemical shift (NICS) calculations uncovered significant ring
current within the dbCOT ligand. The solution-state properties of 1 and 2 were analyzed via cyclic voltammetry, NMR, and UV—vis
spectroscopy. Cyclic voltammograms of 1 and 2 exhibit a quasi-reversible feature indicating the accessibility of complexes with
dbCOT in two oxidation states (dbCOT>7/3~*). Importantly, the dysprosium congener, 2, is a zero-field single-molecule magnet
(SMM).

(TRIS)YMETALLOCENE

B INTRODUCTION trimethylsilyl to cycloalkyl have been devised and employed in

The [8]annulene 1,3,5,7-cyclooctatetraene (COT), having (?rganomet'allic synthesis."'~'” Various functi.onalized COT
alternating C—C single and double bonds, bears eight z- ligands (Figure 1) have been shown to be instrumental in

electrons, affording a nonplanar tub conformation in its neutral attaining unique geometries such as double-""”" triple-,"*”
state. The addition of two electrons generates a remarkably and quadruple-decker complexes.'”

planar and aromatic ligand, (COT)*", in which its large size, Relative to the outlined COT variants, larger arene-
dianionic nature, and ability to occupy several metal containing COT ligands have been underexplored.”® A
coordination sites have resulted in widespread use for the remarkable arene-functionalized COT derivative, dibenzocy-
organometallic synthesis of both d- and f-block compounds.' clooctatetraene (dbCOT),”"* features two fused benzo
The arguably most famous organoactinide complex is moieties on a central COT ring. The presence of fused
uranocene, U(COT),, albeit lanthanide variants comprising aromatic substituents on the COT ring increases the z surface
the bare or functionalized COT ligand have more recently of the molecule, which leads to enhanced 7z character in
garnered vast attention for their bonding situation and physical transition-metal (TM) catalysis.26 The benzene rings attached

properties.4’5 The added stability engendered by the large to the central COT also provide additional binding sites for
number of coordination sites blocked by the (COT)*” ligand metals, as evidenced by the first TM-dbCOT complex,

affords a synthon which has been used 6tg) access complexes (Cr(CO),),(dbCOT), where the coordination of the Cr°
that feature heteroleptic ligand scaffolds.”” The utility of the

(CoT)*~ ligand surpasses that of organometallic chemistry; in - ———

fact, the implementation of prolate Er'" ions gave rise to the Rece_we‘l: October 18, 2021 ' /
highest blocking erbium-based single-molecule magnets Published: January 18, 2022 %5 2
(SMMs), due to the equatorial ligand field imposed by the

COT-based ligands.” "’ The modular COT scaffold allows for

substitution to alter the steric bulk and solubility of the ligand.

Thus, numerous derivatives with substituents varying from
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Figure 1. COT derivatives used in organometallic chemistry.

centers to the ancillary benzene rings was assigned on the basis
of 'H NMR spectroscopy, albeit its crystal structure remains
hitherto unknown.”’

The neutral 16-z-electron antiaromatic dbCOT ligand has
been employed to synthesize complexes, mainly with precious
second- and third-row d-block metals.”® A two-electron
reduction of the neutral dbCOT ligand engendered the planar
dianion, (dbCOT)?*", where its aromaticity was quantified
through experimental and computational methods.””*" The
18-7-electron-containing (dbCOT)*™ satisfies Huckel’s rule,
providing an inherent stability to the compound, similar to that
of the parent (COT)?", and has only been crystallographically
confirmed as a salt with alkali metals, such as
K,[dbCOT].*~*! Aside from group I compounds, molecules
comprising (dbCOT)*” dianions are unknown for the
remaining elements, and the redox chemistry of dbCOT has
not been exploited in coordination chemistry. With regard to
the f-block metals in particular, coordination complexes with
dbCOT in any oxidation state have yet to be discovered.

Herein, we describe the syntheses and structural character-
ization of the mononuclear yttrium and dysprosium complexes
[K(erypt-222)][Cp*,RE(i*-dbCOT)], (RE = Y (1), Dy (2);
crypt-222 = 2.2.2-cryptand; Cp™* = tetramethylcyclopenta-
dienyl; dbCOT = dibenzocyclooctatetraenyl). This series of
compounds employing the (dbCOT)>~ ligand is the first
report on group 3 metal dbCOT complexes, as well as the first
crystallographic proof of (dbCOT)?” coordinating to d- and f-
block elements, respectively. Remarkably, these compounds
represent the first set of bulky tris(metallocenes) composed of
sterically demanding polyalkyl-substituted Cp rings and a large
COT-based ligand. Furthermore, this work constitutes the first
magnetic study of a lanthanide—dbCOT complex and the first
use of the dbCOT ligand in the area of single-molecule
magnetism.

B EXPERIMENTAL SECTION

General Procedures. The manipulations described herein were
performed under an inert nitrogen atmosphere with rigorous
exclusion of air and water using Schlenk line and glovebox techniques.
House nitrogen was purified through a MBraun HP-500-MO-OX gas
purifier. n-Hexane was dried over calcium hydride. Toluene and THF
were distilled over potassium. Benzophenone was used as an indicator
for the dryness of THF. THF-dgy was purchased from Sigma-Aldrich
and dried over a sodium—potassium alloy. 2.2.2-Cryptand
(4,7,13,16,21,24- hexaoxa-1,10-diazabicyclo[8.8.8 Jhexacosane) was
purchased from Sigma-Aldrich and recrystallized from n-hexane.
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Potassium bis(trimethylsilylamide) (KN[Si(CH,);],) was purchased
from Sigma-Aldrich, dissolved in toluene, centrifuged, filtered, and
recrystallized at —35 °C. Tetramethylcyclopentadiene (HCp™") was
purchased from Sigma-Aldrich and dried over 4 A sieves. Anhydrous
rare-earth chlorides (RECl;, RE = Dy, Y) and allylmagnesium chloride
(2.0 M in THF) were purchased from Sigma-Aldrich and used as
received. KCp™ was synthesized by deprotonation of HCp™ with
K[N(SiMe;),].*> KCy> (HNEt,)(BPh,),** Cp™,Y(BPh,),** and
K,dbCOT*”*° were prepared according to literature procedures. All
NMR spectra were recorded on a 500 MHz Agilent DirectDrive2 500
spectrometer at 25 °C in THF-dg. All NMR samples were prepared
under an inert atmosphere using standard NMR tubes that were
sealed airtight. IR spectra were collected on solid crystalline samples
with an Agilent Cary 630 FTIR spectrometer. UV—vis spectra were
measured on an Agilent Cary 60 instrument, equipped with a setup
consisting of fiber optics and a remote sample holder for handling in
an argon-filled glovebox. A PerkinElmer 2400 Series II CHNS/O
analyzer was used for CHN elemental analyses.

Synthesis of [K(crypt-222)1[Cp™,Y (#?-dbCOT)] (1). Method A
(Salt Metathesis). In a nitrogen-filled glovebox, K,dbCOT (18.1 mg,
0.0461 mmol) was first dissolved in 2 mL of THF and then added
dropwise to a stirred THF solution of Cp™,Dy(BPh,) (30.0 mg,
0.0461 mmol) and 2.2.2-cryptand (17.3 mg, 0.0461 mmol) to afford a
dark brown solution. After 15 min of stirring, white insoluble solids,
presumably KBPh,, were removed via filtration. The resulting brown
filtrate was evaporated to dryness under reduced pressure. Red block-
shaped crystals of 1 (3.1 mg, 7% yield) suitable for X-ray analysis were
grown from a concentrated THF solution at —35 °C over the course
of 72 h.

Method B (Salt Metathesis Followed by Reduction). In a
nitrogen-filled glovebox, K,dbCOT (61.3 mg, 0.157 mmol) was first
dissolved in 4 mL of THF and then added dropwise to a stirred THF
solution of Cp*,Y(BPh,) (204.1 mg, 0.3135 mmol) to produce a
brown solution. After 20 min, white insoluble solids, presumably
KBPh,, were removed by filtration. Subsequently, KCq (21.2 mg,
0.157 mmol) was added in the presence of 2.2.2-cryptand (59.2 mg,
0.157 mmol), giving rise to a dark red-brown solution. After S min of
stirring, graphite was removed by filtration. The resulting brown
filtrate was evaporated to dryness under reduced pressure and washed
with hexane to yield a brown solid. Red block-shaped crystals of 1
(56.1 mg, 38% yield) suitable for X-ray analysis were grown from a
concentrated THF solution at —35 °C over the course of 72 h. IR:
3024 w, 2957 m, 2879 s, 2812 s, 2724 m, 1582 w, 1515 m, 1503 m,
1474 m, 1438 s, 1353 vs, 1295 s, 1256 s, 1234 m, 1167 w, 1131 s,
1100 vs, 1079 vs, 1027 s, 1006 s, 949 vs, 932 vs, 826 s, 773 vs, 753 s,
729 vs, 691 s cm™'. Anal. Calcd. for Cs,H,,YKN,O,: C, 65.66; H,
7.84; N, 2.95. Found: C, 65.47; H, 7.82; N, 2.29.

Synthesis of [K(crypt-222)][Cp*e,Dy(*>-dbCOT)] (2). Method
A (Salt Metathesis). Complex 2 was synthesized by following the
same procedure (Method A) as described for 1, using 1 equiv each of
K,dbCOT (17.8 mg, 0.0385 mmol), Cp"",Dy(BPh,) (27.9 mg,
0.0385 mmol), and 2.2.2-cryptand (14.4 mg, 0.0385 mmol). 2 was
isolated as brown block-shaped crystals (3.6 mg, 9% yield) from a
concentrated THF solution at —35 °C over the course of 72 h.

Method B (Salt Metathesis Followed by Reduction). Complex 2
was prepared by following the same procedure (Method B) described
for 1, using 2 equiv of Cp**,DyBPh, (115.1 mg, 0.1589 mmol) and 1
equiv of K,dbCOT (31.2 mg, 0.0794 mmol) in THF. Subsequently, 1
equiv of 2.2.2-cryptand (28.6 mg, 0.0794 mmol) and 1 equiv of KCy
(10.8 mg, 0.0794 mmol) were added. 2 was isolated as brown block-
shaped crystals (21.8 mg, 27% vyield) from a concentrated THF
solution at —35 °C over the course of 72 h. IR: 3029 w, 2960 w, 2882
br, 2815 w, 2725 w, 1579 w, 1506 s, 1475 s, 1440 br, 1355 s, 1294 s,
1258 s, 1234 w, 1166 w, 1132 s, 1102 s, 1080 s, 1029 w, 1008 w, 949
s, 821's, 7735, 728 s, 692 w cm ™. Anal. Calcd. for C,H,,DyKN,O:
C, 60.95; H, 7.28; N, 2.73. Found: C, 60.97; H, 7.67; N, 2.78

X-ray Crystallography. A red block-shaped crystal and a brown
block-shaped crystal with dimensions 0.132 X 0.094 X 0.087 mm?® and
0.458 X 0.203 X 0.171 mm? for 1 and 2, respectively, were mounted
on a nylon loop with Paratone oil. Data were collected using a
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XtaLAB Synergy, Dualflex, HyPix diffractometer equipped with an
Oxford Cryosystems low-temperature device, operating at T
100.0(1) and 100.1(1) K, respectively.

Data were measured using @ scans using Mo Ka radiation
(microfocus sealed X-ray tube, SO kV, 1 mA). The total number of
runs and images was based on the strategy calculation from the
program CrysAlisPro (Rigaku, V1.171.41.90a, 2020). Cell parameters
were retrieved using CrysAlisPro (Rigaku, V1.171.41.90a, 2020)
software and refined using CrysAlisPro (Rigaku, V1.171.41.90a,
2020). Data reduction was performed using the CrysAlisPro (Rigaku,
V1.171.41.90a, 2020) software, which corrects for Lorentz—polar-
ization. A numerical absorption correction based on Gaussian
integration over a multifaceted crystal model empirical absorption
correction using spherical harmonics was implemented in the
SCALE3 ABSPACK scaling algorithm.

The structures were solved in the space group P1 by using dual
methods with the ShelXT (Sheldrick, 2015) structure solution
program.*® The structure was refined by least squares using version
20189/2 of XL*” incorporated in Olex2.>® All non-hydrogen atoms
were refined anisotropically. Hydrogen atom positions were calculated
geometrically and refined using the riding model.

Temperature-dependent data were measured and solved analo-
gously to the aforementioned data. The strategy for data collection
was determined by the program CrysAlisPro (Rigaku, V1.171.41.90a,
2020). The Oxford Cryosystems low-temperature device allowed for
data collection at T = 100.0(1), 135.1(5), 170.0(1), 205.0(1),
240.0(1), and 279.9(1) K, respectively.

Electrochemistry. Cyclic voltammetry was performed using a
Metrohm Autolab PGSTAT204 potentiostat with a glassy-carbon
working electrode, platinum-wire pseudoreference electrode, and
platinum wire as the counter electrode. All electrochemistry
experiments were conducted within the confines of an MBraun
glovebox under an argon atmosphere with an atmosphere of <0.1 ppm
of O, and H,0. Complexes 1 and 2 (3 mM) were dissolved in 1 mL
of a 250 mM solution of ["Bu,N][PF] in THF. The voltammograms
were referenced externally to a 3 mM solution of ferrocene. Cyclic
voltammetry of the ferrocene reference solution was performed, and
the Fc/Fc" redox couple was found to be 1.56 V for 1 and 1.12 V for
2. Subsequent experiments were referenced to this value.

Magnetic Measurements. Magnetic susceptibility data were
obtained on a Quantum Design MPMS3 SQUID magnetometer. A
magnetic sample of [K(crypt-222)][Cp™,Dy(*-dbCOT)] (2) was
prepared by first drying the polycrystalline material under high
vacuum and second covering the sample (9.1 mg, 8.9 X 107 mol)
with molten eicosane to immobilize the crystallites prior to
measurement. The sample was sealed airtight and transferred to the
magnetometer.

Computational Data. All DFT calculations of 1 were performed
using the Gaussian 16 program suite’ and considered only the
organometallic rare-earth complex [Cp™,Y(57>-dbCOT)]", which was
calculated as an anionic singlet with a 28 in-core electron
pseudopotential (ECP28MDF*’). To determine a suitable method
for the characterization of [Cp™,Y(3?-dbCOT)]", five functionals
and three basis set combinations were tested. The B3LYP*' and
PBE™* functionals were considered due to their previous implementa-
tion in characterizing the dianionic (dbCOT)>~ ligand.zg";0 As a
result, the hybrid PBEO* functional was assessed. The TPSS** and
TPSSh* functionals were also evaluated due to their performance
with transition-metal complexes.'®'” The three basis set combinations
included (a) a polarized split valence basis set (defZ—SV(P))46’47
description for all atoms, (b) the def2-SV(P)***” basis set for Y and
the 6-31G(d,p)**~>° basis set for all C and H atoms, and (c) the def2-
SV(P)***” basis set for Y and the 6-31+G(d,p)**™*" basis set for C
and H atoms. Grimme’s D3 correction was implemented in all DET
calculations to account for dispersion effects.*”

Geometry optimizations of the anionic complex [Cp',Y(r*-
dbCOT)]™ began from the crystallographic coordinates, and the
structures were optimized with each of the five functionals, using the
split valence 3-21G*>** basis set. The optimized structures were
subsequently reoptimized with the following basis sets for each of the
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five functionals: def2-SV(P), def2-SV(P)&6-31G(d,p), and def2-
SV(P)&6-31G+(d,p). Here, an analysis of the bond metrics between
the experimental and computed distances was carried out, from which
the hybrid PBEO functional and def2-SV(P)&6-31G(d,p) method was
determined to be most accurate on the basis of mean deviation (MD),
mean square error (MSE), root-mean-square error (RMSE), and
mean absolute percentage error (MAPE). Thus, a final geometry
optimization was conducted of valence triple-{ quality using the def2-
TZVP&6-311G(d,p) basis sets and PBEO functional, with the
ECP28MDF pseudopotential for Y. The analytical frequencies were
computed to confirm the minima structures. The nucleus
independent chemical shift (NICS) calculations and natural bond
orbital analyses were executed using the PBEO def2-TZVP/6-
311G(d,p) level of theory. All NBO calculations were performed
using the NBO 6 program.>® All magnetic shielding tensors of the
(dbCOT)*” moiety were calculated with the gauge-inducing atomic
orbitals (GIAO) method,™® as implemented in the Gaussian 16
software package. The shielding tensors were calculated at the ring
centroids as well as +1.5 A perpendicular to the ring plane in intervals
of 025 A. Time-dependent density functional theory (TD-DFT)
calculations were performed under solvent considerations (SMD,
THF) starting from the crystallographic coordinates of 1. Only the
transitions of the anion of 1, [Cp*,Y(#*-dbCOT)]", were calculated,
using the PBEO def2-TZVP/6-311G(d,p) level of theory with the
ECP28MDF pseudopotential for Y. The first S0 transitions were
computed, and the molecular orbital pair with the greatest percent
contribution was used to assign the transition. The crystallographic
coordinates obtained from the temperature-dependent X-ray measure-
ments were employed for geometry optimization calculations. Each
structure was optimized to the PBEO def2-TZVP&6-311G(d,p) level
of theory and included the ECP28MDF pseudopotential for Y, as well
as Grimme’s D3 correction. The analytical frequencies of all structures
were also calculated.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Our
synthetic approach to the stabilization of a heteroleptic
tris(metallocene) relied on organometallic rare-earth (RE)
chemistry that is largely dominated by the implementation of
(polyalkyl/polysilyl)cyclopentadienyl (Cp) ligands and shaped
in recent years byseveral subdisciplines such as catalysis®” and
single-molecule magnetism.”*” Here, the Cp ligands occupy
several metal coordination sites and the substituents allow for
sufficient steric bulk and increased solubility in arene solvents,
benefiting the aforementioned applications. A clean and viable
introduction of ligands into the realm of a metallocene unit has
been particularly successful with rare-earth tetraphenylborate
salts, Cp",RE(BPh,) (where R = Me;, Me,H), mainly due to
the weakly coordinating (BPh,)” anion that accommodates
both the insertion of neutral ligands and a salt metathesis
reaction with anionic ligands. Salt elimination reactions, with
various N-heterocycles such as azobenzene,®’ azobis-
(pyridine),”" bipyrimidine,*”** phenazine,"**> and tetrapyr-
idylpyrazine® have proven to be fruitful synthetic routes to
isolate both mono- and multinuclear RE organometallic
complexes. Recently, Cp",RE(BPh,) complexes were also
successfully used for the generation of rare lanthanide bismuth
molecules.”’

The bis(tetramethylcyclopentadienyl) rare-earth dbCOT
compounds 1 and 2 were synthesized by treating Cp"‘,RE-
(BPh,) with K,dbCOT(THF),s in the presence of 2.2.2-
cryptand in THF (eq 1). Higher yields for 1 and 2 were
achieved by the addition of KCg, which formed a Cp*;RE
byproduct that was successfully removed by extraction with n-
hexane (eq S1). Dark red and brown block-shaped crystals of 1
and 2, suitable for single crystal X-ray diffraction, were
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obtained from concentrated THF solutions at —35 °C over the
course of 3 days in 38% and 27% yields, respectively. 1 and 2
crystallize in the PI space group and are isostructural, each
exhibiting a mononuclear RE complex where the tripositive
metal center is eight-coordinate with two monoanionic 7°-
(Cp™)~ rings and is ligated by two central carbons of the
dianionic 7*-(dbCOT)*" ligand. The potassium ion is in the
outer sphere and encapsulated in the 2.2.2-cryptand. Selected
interatomic distances (A) and angles (deg) for 1 and 2 are
provided in the caption for Figure 2A.

Figure 2. (A) Structure of the [Cp™,Dy(n*-dbCOT)]™ anion in a
crystal of 2. Green and gray spheres represent Dy and C atoms,
respectively. H atoms and the [K(crypt-222)]* countercation have
been omitted for clarity. (B) Space-filling model of 2. Two H and C
atoms of the distorted (dbCOT)>” ligand, which deviate from
planarity, are highlighted. (C) Distortion of (dbCOT)>~ with H and
C atoms highlighted. Complex 1 is isostructural. Selected interatomic
distances (A) and angles (deg) for 1 and 2, respectively: RE—Cp"',,.,
2.385(1), 2.396(1); RE—Clycor = 2467(3), 2.462(3); M—
CZdhCOT = 2‘566(3)1 2'574(3)) Cptetcent_RE_Cptetcent = 128'7(1))
128.0(1) (where Cp*., = Cp" ring centroid).
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The X-ray diffraction data revealed the 7* nature of the C'—
C® ring in both compounds, which was confirmed through
computational methods. The two shortest RE—Cgycor
distances amount to 2.467(3) A (C') and 2.566(3) A (C?)
for Y and 2.462(3) A (C') and 2.574(3) A (C?) for Dy,
respectively. These are shorter than the average RE—Ccor
distances of 2.654(7) and 2.650(6) A in [K(18-c-6)]-
[COT,RE)’ for RE = Y and Dy, respectively, and are in
good agreement with the average Dy—Ccor distances of
2.532(8) and 2.494(33) A in Cp*RE(COT) for Y and Dy,
respectively, where Cp* = pentamethylcyclopentadienyl.>**
The next longest RE—Cgy,cor distances are 2.897(3) and
2.833(4) A for Y and Dy, respectively, which are substantially
longer than those observed for RE—C interactions in allyl and
aryl compounds In addition, these secondary RE—Cgyycor
distances in 1 and 2 are also longer than the average RE—Cg.
distances of 2.671(2) and 2.681(3) A, in the same molecule.
The rare #*-coordination of a COT derivative to a metal center
in 1 and 2 has also been monitored in cyclooctatetraenyl-
bridged porphyrmogen samarium complexes featuring bulky
ancillary ligands.”” Other than the usual 71 mode for 2 CcoT
ligand in coordination compounds, n', 7%, 1°, 1, and 77 modes
have also been observed, although they are rare.

To probe the temperature dependence of the hapticity of the
(dbCOT)*" ligand in the solid state, a single-crystal X-ray
analysis of 1 was conducted at 100, 135, 170, 205, and 298 K
(Figure 3). The metrical parameters for all data are given in
Table S6. Over the entire probed temperature range, the 7
coordination mode of the (dbCOT)*" ligand is retained, as
evidenced by the measured angles and distances. For
visualization, the structures are overlaid in Figure 3G and
Figure S9. Although no major differences in the hapticity of the
ligand are observed, there is some variation in distance
between the yttrium ion and the coordinating carbon atoms of
the (dbCOT)*" ligand. The Y—C, and Y—C, distances are in
the ranges 2.274(2)—2.570(2) and 2.470(2)—2.576(2) A,
respectively. The difference in distances is attributed to a
wagging of the dbCOT ligand with rising temperatures, a
consequence of the increased thermal vibrations at temper-
atures above 100 K. Plotting the Y—C,; and Y—C, distances
against temperature testifies to this structural phenomenon
(Figure 3H), which is also consistent with the Y—C distances
calculated from the optimized geometries at each temperature
(Table S15). Notably, the distance of the Y ion to the C atom,
second adjacent in range at 100 K, decreases with increasing
temperatures, whereas the shortest distance of Y to the closest
carbon of dbCOT remains largely unaffected over the entire
probed temperature range (Figure S10). Importantly, the
ligand binds in a 7* fashion across all investigated temper-
atures. The next closest carbon (C16) atom of the (dbCOT)*~
ligand to the yttrium ion is much farther away with distances of
2.890(2) and 3.321(1) A at 100 and 298 K, respectively.

Upon complexation, the central COT ring of the
(dbCOT)?*" ligand shows a deviation from planarity in 1 and
2, which was unexpected given the flatness of the (dbCOT)*~
dianion in the alkali salt.>”*° However, a remarkable ring strain
is sterically imposed by the methyl groups of the cyclo-
pentadienyl rings, as evidenced by the space-filling depiction
(Figure 2B), causing the disturbance of planarity in the
(dbCOT)*" ligand (Figure 2C). Despite the structural
perturbations to the 7 system of the ligand, the aromatic
character is retained. The (Cp™)~ units remain rigid, which is
further attested by the RE—Cp™',, (where Cp*'.,, = Cp™
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(F), respectively. (G) Overlay of the structures collected at 100 and 298 K. (H). Plots of Y—C, and Y—C, distances versus temperature.

ring centroid) distances of 2.385(1) and 2.396(1) Ain 1 and 2,
consistent with the average RE—Cp"'_, distances of 2.344 and
2.365 A detected in other rare-earth metallocenes featuring
two (7°-Cp™)~ ligands, for Y and Dy, respectively.®>”°
However, the RE—Cp™,,, distances are shorter than the
respective distances observed in Cp™,RE (2.440 A (Y) and
2.444 A (Dy))*>”" and longer than the corresponding
distances detected in Cp“,RE(BPh,) (2.353 A (Y) and
2.355 A (Dy)),>>° likely arising from the steric bulk, which
also causes the Cp™.,—RE—Cp™,, angles to be larger
(128.7° (1) and 128.0° (2) vs 120.0° (Y) and 118.0° (Dy) in
Cp"';RE).”>”” The slight differences in all distances and angles
between 1 and 2 originate from the decrease in ionic radii
traversing from eight-coordinate Dy™ (1.027 A) to Y™ (1.019
A)7® (Table S5).

Notably, heteroleptic tris(metallocenes) consisting of one
metal center, two cyclopentadienyl derivatives, and a cyclo-
octatetraene ligand are extremely scarce and could only be
accomplished by either implementing a large actinide ion”” or
using a substantially smaller Ln ion where the steric hindrance
on the Cp ligand needed to be reduced.*>®' In these three
compounds, each metal center occupies a traditional 77°- and 7*
coordination mode as is typically observed for Cp- and COT-
based ligands, respectively. To the best of our knowledge, no
bulkier tris(metallocenes) have been isolated, for instance
composed of alkyl-substituted Cp ligands and a larger COT
ligand for any metal. The parent compounds are remarkable, as
the sizes of both ligand types are significantly larger with four
methyl groups on each Cp and two fused benzyl rings on the
COT ligand. In addition, the employed metal center is the
midsized lanthanide DyHI and transition metal YU, respec-
tively—both substantially smaller than an actinide or
lanthanum ion.”® To render coordination possible, the metal
ion is forced to establish a lower coordination motif and
interestingly forms this with the bulkier (dbCOT)>" ligand
while it maintains an 7° binding mode to the Cp rings. The
driving force for the metal to a lower coordination mode to the
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dbCOT may be the result of the Cp ligands having been
preassembled on the metal prior to reaction with K,dbCOT. In
addition, since the steric hindrance is pushed to an extreme in
1 and 2, both are expected to function as reductants of
substrates where the redox power is postulated to derive from
the dbCOT ligand coordinated to the congested Dy. This
hypothesis is based on the demonstrated reductive capability of
U tris(metallocenes) containing sterically more demanding
alkyl substituents on Cp which cleaved chalcogenide bonds,
whereas less bulky Cp rings showed no reactivity.””

Spectroscopic Studies. The solution behavior of 1 and 2
was probed via NMR and UV—vis spectroscopy (Figures S11,
$12, $18—520, and S23). The 'H NMR spectrum of 2 features
four resonances in the diamagnetic region that correlate with
the (dbCOT)*" ligand and differ from the three resonances of
the free ligand (Figures S13, S21, and S22). The additional
resonance supports the 7’-coordination of the ligand. The
experimental IR spectra of 1 and 2 show resonances between
1583 and 1225 cm™' that coincide with the calculated and
scaled DFT frequencies for 1, which represent various
symmetric and asymmetric dbCOT vibrations (Figures S14—
S17). The electronic absorption spectra of 1 and 2 exhibit
significant interligand (Cp''—dbCOT) and intraligand
(dbCOT) 7—n* transitions in the UV region. Similarly, the
transitions of the visible region result from LMCT transitions
that were confirmed through TD-DFT calculations of 1
(Figure 4A, Figure S19, and Table S14).

Electrochemical Studies. The electrochemistry of 1 and 2
was explored via cyclic voltammetry. The cyclic voltammo-
grams of both compounds (Figure 4B and Figures S24 and
S25) indicate that mononuclear complexes with dbCOT in
two oxidation states (dbCOT?/37) can be obtained on the
time scale of the electrochemical experiment. The individual
dbCOT reduction potentials are —1.527 V (1) and —2.054 V
(2) vs Fc/Fc* (v = 50 mV/s), where the discrepancy may be
attributed to two distinct solution-state structures possibly due
to the ionic size difference of the employed metal ions.
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voltammograms of 1 (orange) and 2 (teal), measured in THF (3 mM;
250 mM ["Bu,N][PF]), with quasi-reversible features at —1.527 and
—2.054 V, respectively.

Magnetic Studies. The magnetic properties of 2 were
probed to explore its utility for SMM applications. Dc
magnetic susceptibility (y,;) data were collected for 2 from 2
to 300 K under 0.5 and 1 T dc fields. The room-temperature
T value of 14.41 cm® K mol™ at 1 T is in good agreement
with the expected value for a free Dy™ ion (14.17 cm® K
mol™") (Figure 5).*” The magnetization (M) curves obtained
from zero-field-cooled (zfc) and field-cooled (fc) measure-
ments are superimposable, suggesting the absence of magnetic
blocking. Field (H)-dependent magnetization data were
recorded between 2 and 10 K up to 7 T (Figure S33),
where even at the highest fields a saturation was not reached.
The magnetization climbs with increasing magnetic field
strengths to a maximum of 5.56 Ny (2 K). Notably, this
value is slightly higher in comparison to the expected
saturation magnetization for one Dy'III ion (5.23 Nyg), hinting
at crystal/ligand field effects lifting the degeneracy of the
®H,s/, ground state.> The H/T versus M curves at the
respective temperatures do not overlap to a single curve. This
behavior is typically attributed to significant magnetic
anisotropy and/or the presence of low-lying excited states.*”
Ac magnetic susceptibility measurements revealed peaks in the
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Figure S. Variable-temperature dc magnetic susceptibility data of
[K(crypt-222)][Cptet,Dy(*-dbCOT)] (2), recorded under 0.5 T
(green circles) and 1.0 T (orange triangles) applied dc fields.

out-of-phase component (") between 1.8 and 7.5 K under a
0 Oe dc field (Figure 6A), indicative of slow magnetic
relaxation. The data were employed to generate Cole—Cole
plots at each temperature, which in the following were fit to a
generalized Debye model to extract the relaxation times (7)
that ultimately provide information regarding the operative
magnetic relaxation processes (Figure S31). Below 4 K, the 7
values are temperature-independent, which is commonly
associated with quantum tunneling of the magnetization
(QTM). Hence, fitting only the temperature-dependent 7 at
the highest temperatures to the Arrhenius expression 7 = 17,
exp(U.q/kgT) describing a desirable Orbach relaxation process
yielded a moderate spin-reversal barrier of U4 = 20 K and 7, =
107° s (Figure 7). The relatively large 7, value suggests that
relaxation is possibly occurring through a virtual excited state
at these temperatures, and indeed, a satisfactory fit to all 7
values was obtained by considering a QTM and a Raman
relaxation process, yielding C = 107" s™' K™ (n = S) and o™
=107*3 s (Figure S29). The application of an optimum 1000
Oe dc field (Figure 6B,C and Figures S30 and S32) resulted in
the suppression of the QTM process on the time scale of the ac
measurements, where y,,” peak maxima are observed up to 9 K
and are moving over the entire probed frequency range. Fitting
the highest temperature 7 values resulted in U4 = 50 K and 7,
= 107° s. An adequate fit of all 7 values is attained through a
single Raman process (Figure S32). The dynamic magnetic
behavior may be elucidated by the orientation of the magnetic
axis, which hinges on the electrostatic forces imposed by the
ligand scaffold. The sandwiching of the oblate Dy" ion
between the negatively charged Cp ligands has been
demonstrated to boost the performance of SMMs.>***

The ultimate test for magnetlike behavior lies in the
evaluation of variable-field magnetization measurements
carried out on 2 between —4 and +4 T at 1.8 K (Figure
S34). A very slight hysteresis emerges for nonzero values of H
at 1.8 K, with a coercivity in the magnitude of ~400 Oe. The
loop closes at zero applied field, leaving no remanent
magnetization, which is in line with our observations from
the ac measurements and hints at the presence of quantum
tunneling of the magnetization.
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— . To gain insight, the preferred orientation of the magnetic
g 10— moment in 2 was calculated with the program MAGELLAN.*®
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= def2-TZVP&6-311G(d,p) DFT calculations, in order to
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C1.25 ligands around the Dy ion and in the equatorial plane
presumably induce strong transverse anisotropy, causing
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1.00 is known for Dy complexes containing equatorial ligands.**~*’
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g 0.50 — Computational Studies. To further investigate the
- electronic structure of 1, DFT calculations were performed
3 . using the Gaussian 16 software package.”” A suitable method
0.25 - for the characterization of 1 was determined by comparing the
experimental and computed bond metrics of various functional
1 and basis set combinations (Tables S8—S12). A final geometry
0.00 - L A i — optimization of the anionic singlet complex [Cp",Y(1*-
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Figure 6. (A) Out-of-phase (y,,”) components of the ac magnetic
susceptibility for [K(crypt-222)][Cp*,Dy(n*-dbCOT)] (2) under
zero applied dc field from 1.8 K (blue circles) to 7.5 K (red circles).
Solid lines represent fits to the data, as described in the main text. (B)
Out-of-phase ac magnetic susceptibility yy" collected on2at 1.8 K
under dc fields ranging from 0 to 1000 Oe, in 250 Oe increments.
Solid lines are guides for the eye. (C) Out-of-phase y,,” components
of the ac magnetic susceptibility for 2 under 1000 Oe applied dc field,
from 4.0 K (blue circles) to 9.0 K (red circles). Solid lines represent
fits to the data, as described in the main text.
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dbCOT)]~ was carried out using the hybrid PBE0™ functional
and valence triple-{ polarization basis set def2-TZVP* and
effective core potential ECP28MDF" on Y. The C and H
atoms were described using the valence triple-{ basis set 6-
311G(d,p) with polarization functions on all atoms.”’ The
minimum structures were confirmed from the absence of
imaginary frequencies, and the analytical frequencies were
scaled by a factor of 0.95 to account for anharmonicity
(Figures S16 and S17).

A natural bond orbital (NBO) analysis of 1 reveals an ionic
bonding picture between the trivalent metal center and the
coordinating (dbCOT)*™ and (Cp')~ ligands. Here, the rare
1 coordination mode of the dbCOT ligand is supported by
the presence of strongly delocalized Y—Cgycor interactions
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Figure 8. Depiction of select natural bond orbitals (NBOs) in [Cp",Y(#7*-dbCOT)]": (A) Relevant donor and acceptor NBOs for the C* lone pair
and Y atom, respectively; (B) relevant donor and acceptor NBOs for the C'—C? bond and Y atom, respectively; (C) plot of the NICS values for
[Cp*,Y(17>-dbCOT)]", measured to +1.5 A from the centroid of the ring planes in the (dbCOT)>™ moiety in 0.25 A intervals. Isovalues for the
carbon- and yttrium-based NBOs were set to 0.02 and 0.08, respectively.

between the 7 electrons of the C' and C* atoms and the vacant
Ss4d hybridized and 4d orbitals of Y, respectively (Figure 8
and Figure S36). A second-order perturbation theory analysis
also suggests that the significant stabilizing donations between
C'-Y and C>-Y afford stabilization energies of 10.40 and
21.92 kcal/mol, respectively. In addition, the C'—C? bond
engages in a nearly equivalent stabilizing interaction with an
empty 4d orbital on Y of 9.06 kcal/mol (Figure S36). This
contrasts with the significantly weaker donations from the C*—
C'¢ and C"'—C"* bonds with the unoccupied 4d orbitals on Y
of 3.00 and 6.33 kcal/mol, respectively. Furthermore, the
largest Wiberg Bond Index (WBI) values of 0.1947 and 0.0681
are ascribed to the C'=Y and C>-Y interactions—further
supporting the (7*-dbCOT)*" assignment.

To probe the aromaticity in complex 1, nucleus independent
chemical shift (NICS)” calculations were performed for the
six- and eight-membered rings of the (dbCOT)>” moiety
(Figure 8 and Figure S37). The negative NICS(0) values
(recorded at the centroid of each ring) of —8.2, —12.0, and
—7.7 for rings A, B, and C, respectively (Figure 8), suggests
that the aromatic character is retained.”” Similarly, the average
NICS(1) calculations (measured +1 A perpendicular to the
ring planes) resulted in substantially more negative values of
—26.0, —31.2, and —22.9 for rings A, B, and, C, respectively.
This strong deshielding indicates the presence of significant
ring currents above and below the dbCOT plane, as expected
for an aromatic system. Notably, the magnitudes of the
NICS(1) values were calculated to be larger below the
(dbCOT) plane, possibly due to the influence of the
neighboring aromatic ancillary (Cp*)~ ligands. However, the
asymmetry of the NICS values above and below the centroids
of each ring, as well as the different values between rings A and
C, may be a consequence of the asymmetric coordination of
the (dbCOT)?™ ligand (Table S13). Further insight into the
electronic structure of complex 1 reveals that the highest
occupied molecular orbital is predominantly localized to the
(dbCOT)*" ligand, with no contributions from the (Cp™)~
ligands, while the LUMO is comprised of an in-phase
combination of the dianionic dbCOT #* orbitals and the
4d, orbital of Y (Figure S38).

M CONCLUSION

The first series of organometallic rare-earth complexes
containing the dianionic dibenzocyclooctatetraene ligand
[K(crypt-222) ][Cp*,RE(7*-dbCOT)] (RE = Y (1), Dy
(2)), representing simultaneously scarce examples of a
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heteroleptic tris(metallocene), were synthesized and charac-
terized. Their unique electronic structure was examined
through DFT calculations, uncovering highly ionic bonding
between the (dbCOT)*” ligand and the Y ion and confirming
the unprecedented 7* coordination mode. This unique
coordination mode exists in a wide temperature range from
100 to 298 K in the solid state, as was demonstrated through
the collection of six independent structures via single-crystal X-
ray diffraction. These compounds constitute also the first
complexation and crystallization of a dianionic dbCOT to any
d- and f-block element. Furthermore, compound 2 exhibits
slow magnetic relaxtion under zero dc field, yielding a
moderate spin-reversal barrier. Although the Dy complex
shows signatures of SMM behavior, the high anionic charge of
the (dbCOT)*" ligand is adverse with respect to the preferred
orientation of the magnetic moment, even competing with the
(Cp*™)~ framework depending on the degree of dbCOT
charge delocalization. Results obtained from cyclic voltamme-
try and UV—vis and NMR spectroscopy imply differing
solution-state dynamics for 1 and 2, where advanced analytical
methods may give insight. Notably, a reduction of 1 and 2 on
the time scale of the electrochemical measurement was
successful, allowing the synthetic pursuit of compounds with
a dbCOT ligand in the unprecedented radical oxidation state
of =3 for the dbCOT ligand. In addition, investigations toward
the reductive capability of 1 and 2 derived from the sterically
congested metal center and a dbCOT coordination mode of
only 7* may give rise to unusual products. In sum, future work
will be directed toward the (a) synthesis and characterization
of dinuclear-bridged and mononuclear (dbCOT)* -containing
d- and f-block complexes, (b) isolation of (dbCOT)*~* radical
complexes, and (c) exploration of ligand-based redox
chemistry with 1 and 2.
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