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The discovery of singular organic radical ligands is a formidable challenge due to high reactivity arising from
the unpaired electron. Matching radical ligands with metal ions to engender magnetic coupling is crucial for
eliciting preeminent physical properties such as conductivity and magnetism that are crucial for future
technologies. The metal-radical approach is especially important for the lanthanide ions exhibiting
deeply buried 4f-orbitals. The radicals must possess a high spin density on the donor atoms to promote
strong coupling. Combining diamagnetic 8°Y (/ = 1/2) with organic radicals allows for invaluable insight
into the electronic structure and spin-density distribution. This approach is hitherto underutilized,
possibly owing to the challenging synthesis and purification of such molecules. Herein, evidence of an
unprecedented bisbenzimidazole radical anion (Bbim®~*) along with its metalation in the form of an
yttrium complex, [K(crypt-222)1[(Cp*,Y)a(u-Bbim?)] is provided. Access of Bbim®~" was feasible through
double-coordination to the Lewis acidic metal ion and subsequent one-electron reduction, which is
remarkable as Bbim2~ was explicitly stated to be redox-inactive in closed-shell complexes. Two
molecules containing Bbim?~ (1) and Bbim®™* (2), respectively, were thoroughly investigated by X-ray
crystallography, NMR and UV/Vis spectroscopy. Electrochemical studies unfolded a quasi-reversible

feature and emphasize the role of the metal centre for the Bbim redox-activity as neither the free ligand
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o2 . . .
Accepted 5th April 2022 nor the Bbim=~ complex led to analogous CV results. Excitingly, a strong delocalization of the electron

density through the Bbim®™ ligand was revealed via temperature-dependent EPR spectroscopy and
confirmed through DFT calculations and magnetometry, rendering Bbim®™* an ideal candidate for single-
molecule magnet design.
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unique physical properties, which is reflected most notably in
conductivity”® and magnetism. Specifically regarding the latter

Introduction

The stabilization of organic radicals and molecules comprising
an open shell ligand, respectively, has always been exceptionally
challenging which can be ascribed to the high reactivity arising
from the unpaired electron that is able to initiate various side
reactions such as dimerization or electron transfer reactions.'
Notably,  specific = nitrogen-containing  heteroaromatic
compounds can house an unpaired electron and coordinate to
metal ions while preserving their open shell nature which led to
complexes with unprecedented chemical and physical proper-
ties.** For instance devised transition metal catalysts contain-
ing radical ligands show boosted chemical reactivity due to
ligand-based redox processes and as such are a real alterna-
tive to heavier d-block catalysts comprising expensive metals.®
Importantly, the implementation of radical units engenders
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and in stark contrast to the effects of closed-shell ligands,
diffuse radical spin orbitals provide an efficient platform for
direct magnetic exchange coupling.®'® Here, the spin density on
the coordinating nitrogen donor bridges needs to be sufficiently
large to allow for strong coupling which together with high
magnetic anisotropy may result in paramount magnetic mate-
rials whether it be solid-state of higher nuclearity or of molec-
ular nature.>'* A low spin density on the donors of the open
shell ligands, as is often observed for nitroxide-based radicals,*
usually leads in combination with paramagnetic lanthanide
ions innate to contracted 4f orbitals to weak magnetic exchange.
This diminishes the excellence of multi-metallic single-
molecule magnets (SMMs) which is a class of molecules that
feature magnetic memory and have potential applications in
high-density information storage and spin-based elec-
tronics.”™* Specifically, weak magnetic coupling typically
results in fast magnetic relaxation with a lack of remanent
magnetization, where the single-molecule magnet behaviour
originates primarily from the single-ion effect.'®*>-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Radical anions of the organic ligands 5,6,11,12,17,18-hexaaza-
trinaphthylene (han), 2,3,5,6-tetrakis(2-pyridyl)pyrazine (tppz), indigo
(ind), and 2,2’-bipyrimidine (bpym) employed for bi- and trimetallic
single-molecule magnets, and the discovered radical anion of 2,2’-
bisbenzimidazole (Bbim).

Notably, over the past decade, only a handful of new radical
ligands, with higher spin densities than seen for nitronyl
nitroxides, could be successfully generated encased between
lanthanide ions. In fact, the combination of the highly aniso-
tropic tripositive dysprosium and terbium ions with the radical
anions of bipyrimidine," " tetra-2-pyridinylpyrazine,* indigo,"”
and hexaazatrinaphthalene,” gave rise to powerful single-
molecule magnets with substantial coercivities and rema-
nence, Fig. 1. The largest coercivity for any molecule was
attained with the compact and highly anionic N,*> " radical
bridge.® Although impressive, this radical unit is highly reactive
precluding both synthetic modifications and access of larger
molecular clusters. Since the retention of magnetization aka
open magnetic hysteresis at high temperatures is of utmost
importance for realizing the applications of single-molecule
magnets, new controllable radical ligands are in high demand
that are able to engender strong magnetic coupling to fulfil the
aspiration for multinuclear single-molecules with large overall
ground states. Intriguingly, none of the probed organic radicals,
Fig. 1, has been studied in a complex containing diamagnetic
rare earth metal ions. In particular, the use of yttrium would be
beneficial as it possesses a stable isotope (*°Y) with a natural
abundance of 100% and a nuclear spin of 1 enabling a profound
insight into the electronic structure though subjecting the
corresponding yttrium molecules to invaluable characterisation
methods such as EPR spectroscopy and computations, respec-
tively. Despite a clear path, transferring the analogous synthetic
path for the lanthanide molecules to the respective yttrium
congeners is greatly challenging possibly due to the ionic size
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difference, albeit small, and to the greater electropositivity of
the rare earth. Remarkably, only two tetradentate radical ligand-
containing yttrium metallocene complexes were hitherto iso-
lated,*** where neither were employed in the development of
single-molecule magnets. Hence, our synthetic strategy relies
on generating new radical bridging ligands and capturing them
in between trivalent yttrium ions to access invaluable spin
density distribution by EPR spectroscopy** which will provide
a handle to assess the suitability of radical ligands for strong
magnetic exchange coupling when combined with para-
magnetic metals. Our approach includes in-depth computa-
tional studies to gain insight into the singly occupied molecular
orbital (SOMO). Here, we show the isolation of an unprece-
dented radical ligand trapped between two yttrium centres and
provide full investigation encompassing single crystal X-ray
diffraction, EPR spectroscopy, cyclic voltammetry, and DFT
studies. The quest for strongly coupled multinuclear single-
molecule magnets with large overall spin ground states neces-
sitates the evolution of new radical ligands that foster efficient
exchange pathways between metal ions. Hence, we focused on
the development of new nitrogen-based radicals by probing
synthetically and electrochemically the accessibility of
numerous oxidation states.

The organic molecule 2,2-bisbenzimidazole (Bbim) as
a potentially redox-active ligand sparked our interest since it
possesses coordinative ability where all four nitrogen donor
atoms bind to metal centres as seen in transition metal
complexes,>?” and an aromatic nature inherent to 7w* orbitals
which are required for the uptake of an electron. Although
innate to these paramount characteristics, to the best of our
knowledge, neither a Bbim nor a Bbim-based radical have been
hitherto isolated, crystallographically characterised and spec-
troscopically detected, respectively. Noteworthy, even electro-
chemical investigations on the bare Bbim ligand are unknown.
Strikingly, multiple studies on Bbim-bridged complexes indeed
highlight the redox-inactivity of Bbim.>*?***?* Recognizing the
synthetic yet inspiring challenge, we formulated synthetic
routes to isolate the first Bbim radical captured in between

sterically saturated Y ions.

Experimental methods
General information

All manipulations were performed under inert conditions using
either standard Schlenk techniques or nitrogen-filled glovebox.
House nitrogen was purified through a MBraun HP-500-MO-OX
gas purifier. "Hexane, toluene and THF were purified by
refluxing over potassium using benzophenone as an indicator
and distilled prior to wuse. The chemicals pentam-
ethylcyclopentadiene (Cp*H), allylmagnesium chloride (2.0 M
in THF), potassium bistrimethylsilylamide (KN(Si(CHz3)s3),),
anhydrous YCl;, and 2.2.2-cryptand (crypt-222) were purchased
from Sigma-Aldrich. 2.2.2-Cryptand (crypt-222) was recrystal-
lized from "hexane prior to use. KCp*?® (HNEt;)(BPh,),*
Cp*,Y(BPh,)," H,Bbim,** (Li(TMEDA)),Bbim* and KCg ** were
synthesized according to literature procedures.

Chem. Sci., 2022, 13, 5818-5829 | 5819
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Synthesis of K,Bbim

A solution of potassium bistrimethylsilylamide (KN(Si(CH3)s),)
(0.5386 g, 2.288 mmol, in THF) was added dropwise to a yellow
suspension of H,Bbim (1.0551 g, 5.0292 mmol in 10 mL THF)
while stirring. An immediate colour change to blue was
observed. After completed addition, the mixture was stirred for
21 h at room temperature, upon which a colourless solid
formed. The mixture was centrifuged, and the yellow superna-
tant was removed. The remaining yellowish solid was thor-
oughly washed with ~10 mL THF and centrifuged again. After
removal of the supernatant the solid was washed twice with
THF. The obtained off-white solid was dried under vacuum and,
after removal of the majority of solvent, dried under vacuum at
45 °C for 40 min to obtain a fluffy colourless solid (yield:
0.6428 g, 2.071 mmol, 90%). Anal. caled for C;4;HgK,N,: C,
54.17; H, 2.60; N, 18.05. Found: C, 54.50; H, 2.94; N, 17.61.

Synthesis of (Cp*,Y),(n-Bbim), 1

To a THF solution (13 mL) of the yttrium tetraphenylborate
complex Cp*,Y(BPh,) (0.2005 g, 0.2955 mmol) the off-white bis-
benzimidazole ligand K,Bbim (0.0458 g, 0.148 mmol) was added
as a solid. An immediate colour change to yellow and the
formation of colourless solids could be observed. The mixture
was stirred for 3.5 h, briefly left standing for the solids to settle,
and filtrated through a Celite plug. The clear yellow solutions
were evaporated to dryness to afford yellow and colourless solids
which were extracted three times with toluene. Colourless
insoluble solids were removed via filtration through Celite to give
rise to a clear, yellow filtrate which was evaporated to dryness.
The resulting yellow solids were redissolved in a minimum
amount of toluene and stored at —30 °C for crystallization.
Crystalline yield of 1: 0.0804 g (pale yellow block-shaped crystals,
0.0889 mmol, 60%). "H NMR (THF-ds, 500 MHz) 6 (ppm) = 7.47
(dd, *fy;r = 3.40 Hz, 6.09 Hz, 2H, H,/Hy), 7.26 (dd, ¥y =
3.40 Hz, 6.09 Hz, 1H, H,/Hy), 1.82 (s, 15H, Hy). Additional
signals: 6 (ppm) = 3.58 (s, THF-dg), 1.73 (s, THF-dg). '*C NMR
(THF-dg, 125 MHz) § (ppm) = 144.9 (C./Cq), 123.1 (s, Ca/Cp), 119.3
(s, Cep), 118.4 (s, C4/Cp), 11.7 (Cpre)- Additional signals: 6 (ppm) =
67.6 (q, THF-dg), 25.5 (q, THF-dg). Anal. caled for Cs4HggN,Y,: C,
68.20; H, 7.21; N 5.89. Found: C, 68.24; H, 7.18; N 5.76. IR
(ATR, cm™): 3050 (w), 2904 (m), 2856 (m), 2723 (vw), 1604 (vw),
1572 (vw), 1442 (m), 1362 (vs), 1346 (vs), 1279 (s), 1251 (m), 1165
(vw), 1140 (vw), 1120 (W), 1060 (vw), 1020 (m), 1008 (m), 978 (w),
913 (m), 801 (vw), 777 (m), 741 (vs), 689 (w).

Synthesis of [K(crypt-222)][(Cp*,Y),(n-Bbim’)], 2

To a THF solution of the yttrium complex, 1, (0.0541 g,
0.0569 mmol, in 5-8 mL THF), 2.2.2-cryptand (0.0215 g,
0.0571 mmol, in 1 mL THF) was added and stirred for 5 min.
Addition of KCg (0.0077 g, 0.057 mmol) resulted in an immediate
colour change to dark green and the formation of insoluble grey
materials, presumably graphite. After stirring for 20 min, the
mixture was filtered to remove insoluble solids and the clear,
dark green filtrate was stored at —30 °C for crystallization.
Crystalline yield of 2: 0.0254 mg (dark green block-shaped
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crystals, 0.0186 mmol, 33%). The low solubility and para-
magnetic nature of 2 precluded an assignment of the NMR
signals. The "*C NMR shifts were obtained from a "H/"*C-HSQC-
NMR spectrum while no signals were found in a standard **C
NMR spectrum. 'H NMR (THF-dg, 500 MHz) 6 (ppm) = 3.66 (s,
2.2.2-crypt), 3.53 (s, 2H, 2.2.2-crypt), 2.54 (s, 2H, 2.2.2-crypt),
2.05-0.64 (br s). Additional signals: 6 (ppm) = 3.58 (s, THF-dy),
1.78, (s, THF) 1.73 (s, THF-dg). *C NMR (THF-ds, 125 MHz)
6 (ppm) = 67.36 (crypt-222), 54.9 (s, crypt-222). Additional
signals: ¢ (ppm) = 67.4 (q, THF-dy), 25.4 (q, THF-dg). Anal. caled
for C,,H;04sN,KNgOsY,: C, 63.28; H, 7.67; N, 6.15. Found: C,
62.99; H, 7.87; N, 5.87. IR (ATR, cm ™ *): 3042 (vw), 2960 (vw), 2884
(w), 2851 (w), 2723 (vw), 1715 (vw), 1553 (m), 1478 (vw), 1439 (m),
1353 (w), 1294 (vw), 1258 (s), 1248 (s), 1221 (m), 1174 (vw), 1133
(m), 1102 (s), 1077 (s), 1025 (w), 1009 (m), 950 (m), 931 (m), 919
(m), 902 (m), 862 (w), 831 (w), 820 (w), 777 (vw), 764 (w), 752 (W),
718 (s), 670 (vw).

Single-crystal X-ray diffraction

Data of complex 1 were collected on a Bruker CCD (charge
coupled device) based diffractometer using MoK, radiation. The
instrument was equipped with an Oxford Cryostream low-
temperature apparatus operating at 173 K. Data were measured
using omega and phi scans of 1.0° per frame for 30 s. The total
number of images was based on results from the program
COSMO* where redundancy was expected to be 4.0 and
completeness of 100% out to 0.83 A. Cell parameters were
retrieved using APEX II software*® and refined using SAINT on all
observed reflections. Data reduction was performed using the
SAINT software®” which corrects for Lp. Scaling and absorption
corrections were applied using SADABS®® multi-scan technique.

Data on 2 were collected on a XtaLAB Synergy DualflexHyPix
four-circle diffractometer, equipped with a HyPix Hybrid Pixel
Array Detector. The crystal was kept at 100 K during data
collection. Data were measured using MoK, radiation. The
maximum resolution that was achieved was ® = 71.296° (0.81
A). The CrysAlisPro software package® was used to retrieve and
refine the cell parameters, as well as for data reduction.
Correction for absorption effects was done using a numerical
correction based on Gaussian integration over a multifaceted
crystal model and an empirical correction using spherical
harmonics, implemented in SCALE3 ABSPACK* scaling algo-
rithm (spherical harmonics and frame scaling).

Using Olex2,** the structures were solved with the ShelXT*
structure solution program using intrinsic phasing and refined
with version 2018/3 of ShelXL* using least squares minimiza-
tion. All non-hydrogen atoms are refined anisotropically.
Hydrogen atoms were calculated by geometrical methods and
refined as a riding model. The crystals used for the diffraction
study showed no decomposition during data collection. Crystal
data and structure refinement for all compounds are shown in
Table S1.}

NMR spectroscopy

NMR spectra were recorded on a 500 MHz Agilent DirectDrive2
and calibrated to the residual solvent signals (benzene-ds: 0y =

© 2022 The Author(s). Published by the Royal Society of Chemistry
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7.16 ppm, THF-dg: 0y = 3.58 ppm, 6c = 67.6 ppm). Signal
multiplicities are abbreviated as: s (singlet), d (doublet), m
(multiplet), br (broad). Air-sensitive samples were prepared in
a nitrogen-filled glovebox using either standard NMR tubes air-
tight sealed or by using Young NMR tubes. NMR solvents
(benzene-ds, THF-dg) were dried by storing over Na/K alloy for
several days and filtered prior to use.

EPR spectroscopy

Solution state EPR spectra were recorded on a Bruker Elexsys E-
680X in Young quartz EPR tubes using a 1 mmol L™ " solution of
2 in thoroughly dried THF. The spectra were simulated by using
the EasySpin software package** for MATLAB. Variable
temperature EPR spectra of the same concentration were
recorded ascending from 200 to 280 K and the obtained deriv-
ative spectra subsequently basline corrected and doubly inte-
grated for intensity analysis (Fig. S13 and Table S27).

IR spectroscopy

IR spectra were recorded with an Agilent Cary 630 ATR spec-
trometer in an argon-filled glovebox.

UV/vis spectroscopy

UV/vis spectra were recorded in an argon-filled glovebox with an
Agilent Cary 60 spectrometer, equipped with QP600-1-SR fiber
optics and a Square One cuvette holder from Ocean Insight.

SQUID magnetometry

Temperature-dependent magnetic susceptibility (xpZ vs. T) and
field-dependent magnetization (M vs. T) data were collected
with a Quantum Design MPMPS3 SQUID magnetometer. Crys-
talline material of 2 was washed with cold THF and dried under
vacuum for 1 h prior to sample preparation. Molten eicosane
(66.5 mg (0.2329 mmol)) was added at 60 °C to the sample
(29.5 mg (0.0216 mmol)) to immobilize the crystallites and to
ensure good thermal contact between sample and the bath. The
sample was sealed airtight and transferred to the SQUID
magnetometer.

The diamagnetic correction was done by measuring the
susceptibility data of a blank sample, comprising the same
amount of eicosane as the sample of 2 in an identical setup, and
subtracting the obtained susceptibility data of the blank from
the radical.

Cyclic voltammetry measurements

All cyclic voltammetry experiments were conducted under inert
atmosphere in either an argon- or nitrogen-filled glovebox. Data
of complex 1 and the free ligand (Li(TMEDA)),Bbim were
recorded on a Metrohm pAutolabIII/FRA2 in dichloromethane
with ("BusN)(PFg) as supporting electrolyte (0.1 mol L") with
a setup of Pt working electrode, Ag/AgNO; reference electrode
and Pt mesh counter electrode. Complex 2 was measured using
a PGSTAT204 from Metrohm with 1.3 mmol L' sample solu-
tion in THF with ("BuyN)(PFs) as supporting electrolyte
(0.25 mol L") in conjunction with a glassy carbon working

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrode, a Pt spring counter electrode and a Pt wire pseudo
reference electrode. All voltammograms were externally refer-
enced to a ferrocene solution with identical supporting elec-
trolyte concentration.

Elemental analysis

Elemental analysis were obtained at Michigan State University.
In a nitrogen-filled glovebox, solid samples (~1-3 mg) were
weighed into tin sample holders and folded multiple times to
ensure proper sealing from surrounding atmosphere. Samples
were transferred to the instrument under exclusion of air.

Computational methods

DFT calculations were carried out on a truncated model of the
Bbim radical-bridged complex 2 using the Gaussian program
suite (revision B01).* Starting coordinates for the geometry
optimizations were taken from the crystallographically ob-
tained molecule structure where all Cp* methyl groups were
substituted by H atoms in order to reduce computational costs
(herein called 2/). In order to evaluate the impact of the
exchange correlation functional the geometry optimizations
were carried out using the uB3LYP**** and uTPSS® functionals.
Geometry optimizations were carried out on the def2-SV(P)**"*
level on all atoms with the ECP28MDF?>* pseudo potential on the
Y atoms and grimme's dispersion correction GD3 *** using
tight convergence criteria (obtained energies for 2':
—1607.537621 H (UTPSS) and —1607.22118 H (uB3LYP), Fig. S20
and S21,7 Tables S6 and S7).f The obtained structures were
confirmed to be minimum structures from frequency calcula-
tions on the same level of theory. Both functionals predict
slightly shorter Y-N distances relative to the parameters
extracted from X-ray analysis (0.0152-0.0218 A) and thus,
marginally overestimate these bonding interaction, while the
central C2-C2’ bond is found to be longer by 0.0099-0.0154 A.
Single point calculations with the NLMO> keyword as imple-
mented in NBO6 *® on the optimized structures were carried out
on the (def2-SV(P)**"* (C, H atoms)/def2-TZVP>* (N atoms)/
ECP28MDF_VDZ* (Y atoms)) level. The obtained parameters
describing the bonding in 2’ are given in Tables S8-S14.}

Results and discussion
Synthesis and structural characterisation

The devised two-step synthetic route consists of a salt elimina-
tion reaction followed by a chemical reduction reaction, Fig. 2.
The initial salt metathesis reaction employs the organometallic
yttrium tetraphenylborate complex Cp*,Y(BPh,), (where Cp* =
pentamethylcyclopentadienyl) which is accessible through
a multi-step synthetic path.>” The weakly interacting BPh,™~
anion allows facile insertion of neutral donor ligands, metath-
esis reactions with salts, and in situ reductions with a strong
reducing reagent.'”?* The N-heterocyclic ligand H,Bbim was
prepared from commercially available o-phenylenediamine and
2,2,2,-trichloroacetimidate,® and subsequently deprotonated
with KN(Si(CH3)3), in THF to give K,Bbim in 90% yield. Treat-
ment of Cp*Y(BPh,) with K,Bbim afforded the first

Chem. Sci., 2022, 13, 5818-5829 | 5821
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Q 1) 2.2.2-cryptand
0 K,BBim 2) KCq
THF, /t, 35 h \ NN/ THF, t, 20 min_

. T -2KePh, Y\N/:LN/ ~-grphite \NIN/Y
Q S X X
1

Fig. 2 Top: synthesis of (Cp*,Y),(u-Bbim) (1) through salt metathesis reaction of Cp*,Y(BPh,) with K>,Bbim and subsequent reduction of 1 with
KCg to [Klcrypt-222)I[(Cp*,Y)2(1n-Bbim)] (2). Bottom left: magnification of the ligand core, signifying increased tilting of the Bbim ligand upon
chemical reduction from 1 to 2. Bottom right: structures of 1 and 2. Pink, blue, and gray, spheres represent yttrium, nitrogen, and carbon atoms,
respectively. All hydrogen atoms, solvent molecules and the counter ion ([K(crypt-222)]* for (2) are omitted for clarity. Selected interatomic
distances [A] and angles [°] for 1: C2—-C2': 1.445(6), avg. Y-N: 2.412(3), avg. Y-C: 2.655(4), Y-Y: 6.214(1), avg. Y—Cpcent: 2.366(1), Cpcent—Y—
Cpeent: 138.6(1), Y=N-N=Y: 11.8(5), Bimgane1—BiMpiane2: 0.1(1). For 2: C2-C2':1.402(3), avg. Y-N: 2.363(2), avg. Y-C: 2.677(2), Y-Y: 6.030(1), avg.

Y=Cpeent: 2.390(1), Cpcent=—Y—Cpcent: 135.8(1), Y1-N1-N3-Y2: 23.3(2), BiMgane1—BiMpiane2: 3.1(1).

bisbenzimidazolyl-bridged yttrium metallocene complex
(Cp*,Y),(n-Bbim) (1). This molecule represents the first example
of a homometallic lanthanide complex containing a bisbenzi-
midazole as a bridge. Pale yellow crystals of 1 suitable for X-ray
analysis were obtained from a concentrated toluene solution at
—35 °C in 52% yield. Compound 1 exhibits a diyttrium complex
that resides on a crystallographic inversion centre, such the two
yttrium ions are equivalent by symmetry. Each Y™ centre is
eight-coordinate composed of two n°-binding Cp* rings and two
ligating N atoms of the bridging dianionic imidazole ligand
Bbim?". Selected interatomic distances (A) and angles (°) for 1
are given in the caption of Fig. 2.

The average Cpeent—Y (Where Cpeene = centroid) and Y-N
distances of 2.366(1) A and 2.412(3) A, and Cpcent—Y~CPeent
angle of 138.6(1)° are of similar magnitude to values in yttro-
cene complexes with N-donor ligands in the equatorial plane
such as Cp*,Yphen (where phen = 1,10-phenanthroline) (2.343/
2.354 A, 2.403(2)/2.413(2) and 144.2°, respectively).>> The Bbim
ligand is planar and symmetrically coordinated to both metal
centres, featuring a slightly distorted Y1-N1-N3-Y2 angle of
11.8(5)°, possibly due to the steric demand of the Cp* rings in
close proximity.

The chemical reduction of 1 with KCg in the presence of 2.2.2-
cryptand (crypt-222) caused an instantaneous distinct colour
change from yellow to dark green and formed [K(crypt-222)]
[(Cp*,Y),(u-Bbim’)] (2) containing the first evidence for a Bbim®
radical, Fig. 2. Compound 2 constitutes simultaneously the first
Bbim radical-containing complex for any metal ion. Dark green
crystals of 2 suitable for single-crystal X-ray diffraction were
grown from concentrated THF solutions at —35 °C. The diyttrium
complex 2 exhibits two crystallographically inequivalent yttrium
centres that are ligated by two 7°-Cp* units and two N atoms of
the bridging Bbim®™* radical trianion. The dinuclear yttrium
moiety of 2 composes the anionic part, whereas the cationic unit
consists of the [K(crypt-222)]" counterion. Selected interatomic
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distances (A) and angles (°) for 2 are given in the caption of Fig. 2.
The structure of the [(Cp*,Y),(u-Bbim)]™ anion features notice-
able changes, albeit subtle, owing to the uptake of an electron,
Fig. 2 bottom left. The central C-C and Y-N distances are
decreased by 0.0488 A (2.363(2) A) and 0.0429 A (1.402(3) A),
whereas the Y-Cpeen, distances (0.0246 A) are slightly elongated
and the Cpcent—Y-Cpeent bending angle reduced by —2.8°. Struc-
tural changes such as the C-C bond reduction in heteroaromatic
ligands have been frequently observed and indicate the pop-
ulation of the vacant ligand m* orbital. A prime example
constitutes 4,4-bipyridine, where the central C-C bond is
shortened by 0.060 A." Furthermore, the one-electron reduction
of the Bbim ligand afforded more than doubled Y-Bbim®"-Y
dihedral angle of 26.4(2)° resulting in a distinct displacement of
the Y ions above and below the Bbim"~ plane, respectively.
Notably, the Y-Y distance is with 6.030(1) A also decreased by
0.185 A compared to 1.

Spectroscopic characterisation

UV-vis spectra collected on compounds 1 and 2 differ substan-
tially (Fig. 3): 1 exhibits mainly transitions in the UV region that
can be ascribed to the m-m* transitions of the Cp* ligands,
whereas 2 features broad absorption signals in the visible
region (403, 423, 434, 701 nm) and close to the NIR region (784
and 884 nm), respectively. In comparison, similar near IR
transitions have been detected for other organic radicals.”® For
instance, the trans-indigo (Ind) and the corresponding radical
ind™" exhibited transitions at 790 and 880 nm,
respectively, which were assigned to T — 7* transitions from
the SOMO to the vacant LUMO + 1.>° By contrast, the dinuclear
ruthenium complex meso-[(Ru(bpy),),(u-Ind™")](ClO,); (where
Ind = Indigo) featured the corresponding transitions consid-
erably shifted towards the near IR region (>1000 nm), while
mixed transitions including MLCT and LMCT occurred in the
visible region.*

variant,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV/vis spectra of (Cp*,Y),(n-Bbim), 1 (8.054 x 107° mol L%,
blue) and [K(crypt-222)][(Cp*,Y)»(u-Bbim)], 2, (5.091 x 107> mol L%,
red), taken in THF.

The 'H NMR spectra taken for 1 and 2 in thf-dg differ from
one another which originate from the presence of a para-
magnetic organic radical in 2. For 1, the two paramount sets of
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resonances at 7.56 and 7.28 ppm with *Jy_y = 3.05, 5.90 Hz, are
allocated to the aromatic protons of the Bbim*~ ligand. These
signals are absent in 2 accompanied by the emergence of new
peaks at 3.66, 3.53 and 2.54 ppm, which are attributed to 2.2.2-
cryptand (Fig. S8-S10%). The very broad signal between 2.05-
0.64 ppm likely arises from the paramagnetic radical.
Compound 2 features in THF-dg a low solubility, preventing
more elaborate NMR experiments where NMR spectra can only
be regarded as phenomenological proof for the presence of 2.
To gain further insight into the electronic structure of the
Bbim® "-bridged complex 2, variable-temperature solution X-
band EPR spectra were recorded between 190 K and 298 K,
and subsequently simulated by using the EasySpin software
package (Fig. 4, 5, S11 and S12+).** Each spectrum features one
symmetric signal innate to well-resolved hyperfine couplings
that gradually shrinks with decreasing temperatures. All spectra
consist of 19 main lines, however, a strong temperature
dependence of the signal shape was monitored. At room
temperature, further splitting by superhyperfine couplings of
the "H-nuclei of the aromatic moiety occurred, where such
couplings were gradually less resolved with decreasing
temperatures, while at 190 K the fine structure essentially van-
ished (Fig. S11%). This signal splitting suggests that the radical
interacts strongly with the four **N nuclei (S = 1) and the eight
'H nuclei (S = 1). The g-values obtained from simulating the

Experiment

294 K

3315 3325 3335
Field [G]
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294 K lw: 0.014
280 K Iw: 0.016
240 K Iw: 0.020
N — ~ N/ \ \ /’ \ {’ T \ \//V‘\\// s P —
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Fig.4 Top: variable-temperature solution X-band EPR spectra of 2 in THF (1 mmol L™ at 294 K (green trace), 280 K (purple trace), 240 K (orange
trace) and 200 K (blue trace). Bottom: simulated EPR spectra using a spin system of 4 1*N, 4 H;, 4 'H, and 2 #Y nuclei, AA*N) = 5.1 MHz, A,(*H) =
2.30 MHz, A,(*H) = 0.54 MHz, A(®°Y) = 0.42 MHz), g = 2.00554 (294 K), 2.00557 (280-200 K). Different linewidths (lw) were chosen for each
temperature to account for increasingly less resolved hyperfine couplings (given in mT).
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Fig. 5 Top: solution X-band EPR spectrum of 2 in THF (1 mmol L™ at
298 K (orange trace) at 9.769 GHz. Bottom: simulated EPR spectrum
using a spin system of 4 N, 4 Hy, 4 'H, and 2 %Y nuclei with A(*N) =
5.10 MHz, A;(*H) = 2.30 MHz, A5(*H) = 0.54 MHz, A(%Y) = 0.42 MHz, as
hyperfine coupling constants and g = 2.00525 (blue trace). The line-
width was set to 0.015 mT.

EPR spectra (g = 2.00554 (294 K), 2.00557 (280-200 K)) are close
to the value of a free electron (g = 2.0023), indicating negligible
interaction with the diamagnetic yttrium ion (*’Y: § = 1). This is
also reflected in the hyperfine coupling constants for the “*N-,
the two "H- and the *7Y species attesting a significant delocal-
ization of the spin density onto the outer phenyl rings. Such
a predominance of the 'N-/'H-over ®°Y hyperfine coupling
constants in organic radical-containing yttrium complexes is
reminiscent of observations for other yttrium radical complexes
such as [Y,((u-bpytz™"),)(THMD),] (where bpytz = 3,6-bis(3,5-
dimethyl-pyrazolyl)-1,2,4,5-tetrazine, and TMHD = 2,2,6,6-tet-
ramethyl-3,5-heptanedionate).!

Dimerization of organic radicals®* can occur for organic
radicals such as phenalenyl-** and olympicenyl® radicals, giving
rise to EPR silent m-stacked structures in solution. Among
those, solid -stacked radicals (“pancake bonds”)® are partic-
ularly intriguing owing to singular properties such as electric
conductivity and magnetic ordering. Notably, the intensity of VT
EPR spectra was used to determine dimerization constants.
Upon lowering the temperature, for a monomeric complex an
increase in intensity is expected according to Boltzmann's law,
whereas an incremental decrease in intensity originates from
diamagnetic m-stacked dimers as a result of dimerization. To
probe potential m-dimerization in 2, the integrated intensities
of the VT EPR spectra between 200 K and 280 K were meticu-
lously scrutinized (Fig. S13 and Table S2). With decreasing
temperature, the derivative (Fig. 4) and integrated (Fig. S131) VT
EPR spectra, feature a loss in hyperfine coupling resolution,
concomitant with a progressive disappearance of hyperfine
splittings. This may be a consequence of a gradual decreased
molecular motion of 2 and the associated rotational correlation
time, ultimately leading to incomplete averaging of the
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anisotropic hyperfine coupling tensor. This precludes an
assignment of the EPR intensity decrease to dimerization and is
rather attributed to originate from poorly-resolved hyperfine
coupling especially considering that a dimerization of 2 is
substantially hampered by the two coordinating Cp* ligands to
each metal center.

Electrochemical study

The electrochemistry of 2 was probed by performing cyclic
voltammetry (CV) measurements in THF solution with ("Bu,N)
PF¢ as supporting electrolyte, Fig. 6 and S19.7 A reproducible
quasi-reversible feature was observed at —1.30(7) V vs. F¢/Fc' on
the time scale of the electrochemical experiment, suggesting
that dinuclear yttrium complexes with Bbim in two oxidation
states (Bbim® "/*") are accessible. This result is remarkable
given that electrochemical approaches on most organometallic
rare earth complexes bearing redox-active ligands lead to
insufficient information regarding reduction potentials. By
contrast, electrochemical measurements conducted on 1 and
((TMEDA)Li),Bbim* lack (quasi)reversible features (Fig. S187),
which is in line with the alleged redox-inactivity of complexes
containing H,BBim or BBim”~.2*?¢ Albeit non-trivial compar-
ison as the challenges are different in transition metal chem-
istry and other ligands are involved, electrochemical
experiments on mono- and dinuclear complexes of moly-
bendum®**” and ruthenium® with redox-active bridging ligands
other than Bbim have shown shifts towards less negative redox
potentials upon complexation of the given ligand relative to the
free variant. Taken this into consideration along with our
experimental and electrochemical results, we conclude that the
redox potential for the free Bbim ligand is too negative to be
readily accessible with a strong chemical reducing agent.
Therefore, we propose that for the successful one-electron
reduction of Bbim?®~ to its trianionic radical state Bbim®~", its
coordination to a highly Lewis acidic metal centre such as Y™ is

Current (uA)

-1.4 -1.2
Potential vs. Fc/Fc™ (V)

-1.0 -0.8

Fig. 6 Cyclic voltammogram of 2 measured in THF at 300 K (0.25 M
("BusN)PFg, 1.3 mmol L™ analyte solution, v = 50 mV s™4).
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required as this lowers the LUMO orbitals of Bbim, rendering
them accessible for the population with an additional electron.

Magnetic characterisation

The solid-state magnetic properties of 2 were probed via SQUID
magnetometry (Fig. 7 and S14-S16%). Temperature-dependent
magnetic susceptibility measurements (xuT vs. T) were per-
formed between 2 K and 300 K at 0.5 T and 1.0 T. The room
temperature xy7 value is in good agreement with the expected
value for an isolated radical (0.419 cm® K mol™* (0.5 T) and
0.403 cm® K mol " (1.0 T), calculated: 0.375 cm® K mol ). The
value at 1 T is in better accordance with the calculated value
than the lower field which may account for overcoming
a potentially apparent weak inter radical magnetic coupling.
Indeed, the x\T vs. T was fitted with the program Phi® and the
best fits were obtained by consideration of small antiferro-
magnetic intermolecular coupling terms (z/', —0.088(12) em ™"
(0.5 T), —0.098(8) cm " (1.0 T)), Fig. S15.F The fitted g-values are
smaller (2.0035(28) (0.5 T), 1.9927(17) (1.0 T)) compared to the g-
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Fig.7 Variable-temperature dc magnetic susceptibility data (ymT vs. T)
for 2, collected from 2 to 300 Kunder a 1.0 T applied dc field (A). Field-
dependent magnetization data (M vs. T) for 2, collected from 2 K to 10
Kin 2 Kiincrements between O T and 7 T (B). The black lines represent
fits to a Brillouin law (Table S57).
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values obtained from EPR spectroscopy, hinting at additional
intermolecular interactions in the solution state. Fitting the
temperature-dependent inverse susceptibility curves (1/xy vs. T)
to a Curie-Weiss law gave excellent fits to small Weiss constants
(—1.897 K (0.5 T), —1.492 K (1.0 T)), indicative of antiferro-
magnetic coupling, Fig. S14.7

In addition, field-dependent magnetization measurements
(M vs. T) were conducted from 2 K to 10 K in 2 K increments and
with dc fields ranging from 0 to 7 T. The saturation magneti-
zation measured at 2 K is with Mg = 0.9 ug very close to the
calculated value of Mg = 1 ug for an organic radical. For an ideal
paramagnet, the temperature-dependent magnetization can be
described by the Brillouin law which was employed to fit the
experimental M vs. T curves of 2, Fig. 7B and S16.1 The resulting
fits are in excellent agreement with the experimental data and
reveal that approximately 90% of radical spins contribute to the
Curie-Weiss susceptibility. This high value suggests further
that the paramagnetism observed for 2 is indeed of molecular
origin. The reduced magnetization plot reveals that all
measured magnetization curves superimpose to one single
curve as expected for an organic radical with negligible
magnetic anisotropy.

Quantum chemical study of yttrium-Bbim bonding

The electronic structure and nature of bonding in 2 were further
examined by density functional theory (DFT) calculations and
natural localized molecular orbital (NLMO)* analysis using the
Gaussian software suite.*” Due to the size of the system,
a hypothetical model complex was employed for all calcula-
tions, where all methyl groups on the Cp rings were replaced by
H atoms [(Cp,Y),(p-Bbim’)]7, 2'). To shed light on the orbital
contributions and spin densities in 2/, NLMO analyses were
performed on the optimized geometries using the B3LYP***
functional and basis sets of triple zeta on the bonding N** and
double zeta quality on Y** atoms (Fig. S20 and S21, Tables S6
and S71). The structural changes accompanied by the chemical
reduction of complex 1 to 2 can be well-elucidated considering
the difference of the computed SOMO and SOMO-1 orbitals
(Fig. S227): the SOMO is populated with one electron and
contains bonding regions on the bridging C2-C2’ and the Y-N
bonds of opposite phase, while the SOMO-1 features opposing
phases along C2 and C2’ and N1/N1’ bonds. Hence, upon
chemical reduction of 1 these bonds experience a shortening
whereas the N1-C2/C2-N3 bonds undergo an elongation
(0.0313 A).

The computational results evince a highly ionic bonding
between the yttrium and nitrogen atoms leading to the absence
of bonding NLMOs between these atoms with strong donations
of the nitrogen lone pairs (LPs) into yttrium lone valences found
in the second order perturbation analysis (13.66-
19.49 keal mol ! in the a- and 13.04-19.40 kcal mol ! in the g-
spin-manifold, Fig. S23 and Tables S8-S11t). The NLMO anal-
ysis further reveals equally small atomic hybrid contributions of
the yttrium atom to nitrogen LPs for the a-spin manifold: each
two hybridized nitrogen LPs with 7.7% yttrium contribution
and two purely 7 nitrogen LPs with smaller donation (2.4-
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc07245e

Open Access Article. Published on 14 April 2022. Downloaded on 12/4/2025 7:18:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Fig.8 DFT calculated spin density map of 2’ (iso values: 0.02). Average
calculated Mulliken spin densities: Y: 0.0395, N: 0.0900, C2: 0.158, C4/
C9: —0.0279, C5/C8: 0.0679, C6/C7: 0.0163.

2.2%). By contrast, the f-manifold contains exclusively NLMOs
with higher yttrium contribution (7.4%). This further corrobo-
rates the assignment of a strongly ionic bond in the Bbim®™*
radical-bridged complex 2’ and accordingly in 2. In sum, the
calculated Mulliken spin densities (Fig. 8 and Table S12t)
confirmed the trend suggested by the hyperfine coupling
constants obtained via EPR spectroscopy: the majority of the
spin density is accumulated on the central N,C, moiety and
merely a small amount is delocalized onto the arene system. In
comparison to other radical-bridged yttrium complexes, such as
[{(Me3Si),N),Y(THF)},(u-n*n>-N, " )[K(THF)], where the spin
density is massively confined to the N,* " radical bridging
ligand,” the delocalization of the unpaired electron is greatly
augmented in 2/2’.

Conclusion

Taken together, the foregoing findings provide evidence of the
generation and isolation of a hitherto unknown radical ligand
upon complexation to rare earth metal ions. This work portrays
the first unambiguous report on an isolable Bbim®™" radical
bridging ligand for any metal ion. In particular, the unprece-
dented Bbim® ™" radical, stabilized through the coordination to
two yttrocene moieties, was proven by single-crystal X-ray
diffraction, variable-temperature EPR spectroscopy, SQUID
magnetometry, electrochemistry, and computations. Additional
characterisation by UV-vis- and NMR spectroscopy gave further
insight into the electronic structure. The combined experi-
mental and theoretical approach unfolded a mainly ionic
coordination with a substantial delocalized spin density on the
central atoms of the bridging ligand. The parent combined EPR
and DFT study represents a rare instance of an organic radical-
bridged dinuclear yttrium metallocene complex and will have

5826 | Chem. Sci, 2022, 13, 5818-5829
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huge ramifications for thorough understanding of future
lanthanide-radical materials. The outlined synthetic procedure
for Bbim® " generation provides a platform to novel functional
conductive and magnetic materials containing rare earth
metals. Future research will be geared towards the synthesis of
Bbim®"-bridged complexes containing heavy lanthanide ions
with high magnetic anisotropy. The isolation of such
compounds will pave the way for studying the utility of Bbim®~
radicals in promoting strong magnetic exchange coupling and
tied to that realizing new advances in the forefront of radical-
bridged single-molecule magnets.
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