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Abstract

Characterization of paramagnetic compounds, in particular regarding the detailed
conformation and electronic structure, remains a challenge - still today it often re-
lies solely on the use of X-ray crystallography, thus limiting the access to electronic
structure information. This is particularly true for lanthanide elements that are often
associated with peculiar structural and electronic features in relation to their partially
filled f-shell. Here, we showcase the use of state-of-the-art magnetic resonance spec-
troscopy (EPR and solid-state NMR) and computational approaches as well as mag-
netic susceptibility measurements to determine the structure of a paramagnetic Yb(III)
alkyl complex, Yb(III)[CH(SiMes)s|3, that features a notable structure according to X-
ray crystallography. Each of these techniques revealed specific information about the
geometry and electronic structure of the complex; taken together, they provide a de-
tailed understanding of this paramagnetic compound. Namely, this complex displays
a three-centre-two-electron Yb-v-Me-5-Si secondary metal-ligand interaction, whose
NMR spectroscopic signature was acquired for the first time for a lanthanide param-
agnetic species. The electronic configuration of Yb(III)[CH(SiMey)s|s is demonstrated
to be close to the one of the free Yb(III) ion, with the partially filled f-shell of the Yb
atom having little influence on its bonding properties and with minimal delocalization

of f-electron density from Yb to the directly bonded carbons.

Introduction

Perhydrocarbyl organometallics (MR,, with M = metal; R = hydrocarbyl) are a cornerstone
of molecular inorganic chemistry with applications in the synthesis of catalysts and materi-
als, and raise fundamental questions about metal-ligand bonding.!? These compounds often
adopt unusual geometries or bonding patterns due to their low coordination numbers and
the electronic nature of the perhydrocarbyl ligands. While the Lewis structures are typically
drawn with M-C o-bonds, their reactivity patterns and spectroscopic signatures are consis-

tent with a sizable 7 character in the metal-carbon bond, indicating that alkyl groups are



better described as both o- and 7-donors to the metal.®* The design strategy behind the
synthesis of most homoleptic organometallics was based on choosing alkyl groups lacking
p-hydrogens (to prohibit undesirable S-elimination reactions). A few examples include per-
methylated M(CH,), (M = Ti, Zr, Hf),> " Ta(CH;),,® Mo(CH;)5,? and trigonal prismatic
W(CH,);. 1912 Neopentyl derivatives supply additional steric protection and are generally
more stable than permethylated organometallics. M(CH,'Bu), (M = group 4, Cr)!*!* con-
tain M—C o-bonds, while Ta(=CH’Bu)(CH,Bu),,'* M(=C'Bu)(CH,Bu); (M = Mo, W),!6
and Re(=C'Bu)(=CH’Bu)(CH,'Bu)!” also contain metal-carbon multiple bonds. Some of
these latter complexes display quite unusual geometries due to interactions of the a-CH with
the electron deficient d° metal center.!®

Similar design constraints are common for homoleptic organolanthanides. The lan-
thanides are usually in the (+3) oxidation state and prefer high coordination numbers.
Larger alkyl ligands, such as the sterically bulky bis-trimethylsilylmethyl ligand, resulted in
the isolation of monomeric Ln|CH(SiMe;),|; (Ln = Y, La,?" Ce,! Sm,? Lu?) (Fig. 1a).
Crystallographically characterized Ln|CH(SiMe;),|; compounds contain three short Ln~C,
contacts between one Si-CHjz group of each of the three proximal —SiMe, groups. The Ln~C,
contacts result in lengthening of the Si-CHjz bonds close to the lanthanide by ~ 0.04 A with
respect to the other Si-CHjs, indicating that these proximal Si-CHjs groups interact with
the lanthanide. This interaction helps to satisfy the high coordination numbers required

to isolate these f-block homoleptic complexes; a strategy that also facilitates isolation of

Yb|C(SiMe,);]5,%* Ln(AlMe,),,? and Ln|C(SiHMe,),],. %42



CHs
Me:.,
"'SiMe, SiMe;
/Me M(—:\ S
SiMe, NN H
\ /Ln'-mHC /SIMez ]
HC \HC/ Hi‘c CH
SiM93 | SiMe3 \ 3
Me;Si H

Figure 1: (a) Typical structure of monomeric Ln|CH(SiMe,),|5 species, together with sec-
ondary Ln~C, interactions indicated by arrows. (b) Newman projection viewed down the
Sis - C, bond, showing the Lu~C,-Siz interaction in the Lu|CH(SiMe,),|5 compound.?!

Detailed studies of Lu|CH(SiMe3)s]3%' described the nature of the interaction between
lutetium and the proximal Si-Mejs groups. High quality X-ray diffraction data showed that
C-H bond lengths and angles at the proximal Si-CHj engaged in the Ln- - - C, contacts were
values expected for tetrahedral carbon. Variable temperature solution nuclear magnetic
resonance (NMR) data showed that Lu-C rotation in Lu|CH(SiMe,),|; was slow on the
NMR timescale at —140°C in 2-methylbutane-d!? and ' Jo 5 of the proximal and distal ~SiMes
groups were both 117 £ 1 Hz. In the solid state, *C cross-polarisation magic-angle spinning
(CPMAS) NMR spectra contain three —SiMe; peaks, consistent with slow Lu-C and slow
Si—C rotation in the crystalline solid. Solid-state J-resolved 'H-'3C NMR spectra showed
that all ' Joy coupling constants were essentially identical (117 + 4 Hz). Density functional
theory (DFT) models of Lu[CH(SiMe,),]|; reliably reproduce the structural and spectroscopic
trends obtained experimentally and natural bond orbital (NBO) analysis shows that the
charges on C, and C, are negative, while the charges on Sig and H, are positive. These
results indicate that the Lu---C, interactions are not a result of C-H agostic interactions
(2-electron donation from a C-H bond to an electron deficient metal center),? but are rather
due to a three-center-two-electron (3c-2e) interaction between the Si-Me and Lu. In other

words, the Lu- - - C, interaction is best described as a pseudo bridging Lu-Me-Si group (Fig.
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1b), analogous to Al-Me—Al observed in dimeric AlMe3?"* or Ln(AlMey)s.2°

In contrast to Lu (and La), the intermediate Ln series are paramagnetic and have a
partially filled f-shell. This raises questions of whether Ln---C, interactions in paramag-
netic lanthanides can be described similarly to those discussed for Lu, and if additional
partial electron transfer processes are possible considering that some lanthanides adopt
multiconfigurational ground states. For instance, multiconfigurational states are present
in compounds as simple as Ce(acac)s that are actually ground-state mixtures of f!'-Ce3*™
and f0-Ce**.30 This also appears to be fairly common in the chemistry of organoytterbium
compounds. Cp3Yb(bipy) is an admixture of f14-Yb(II)(bipy) and f3-Yb(III)(bipy) —,3 33
CpsYb contains ~14% of the charge transfer f4-Yb(II)(Cpsz)'~,?* and [CpiYb]s(u—Me)
and [Cp;Ybls(—H) are multi-configurational doublets containing a delocalized electron in
a d,2 orbital on Yb.?® Such specific configurations have been proposed to explain the lack of
reactivity of [Cp3Yb|s(pi—Me) towards olefins, compared to the Lu equivalent Cp3Lu-Me.3¢:37

Yb|CH(SiMe;),|; was previously mentioned as a synthetic intermediate, but was not
characterized.® This study describes the syntheses of Yb[CH(SiMe;),|s,
Yb|CH(SiMey),|,[0—2,6—tBu,—C4H;| and Yb|CH(SiMey),|[O—2,6—tBu,—CyHsl|,.  X-ray
diffraction analysis shows that all compounds contain short Yb---C, contacts, and further
stimulates to understand the nature of that interaction in these paramagnetic complexes.

Magnetic Resonance spectroscopies such as NMR and Electron Paramagnetic Resonance
(EPR) are in principle uniquely positioned to access molecular and electronic structures
at atomic resolution. However, Yb(III) is difficult to study using NMR, as the unpaired
electrons have strong hyperfine couplings to the surrounding nuclei, which have the effect
of inducing very broad signals with short relaxation times often impossible to detect. In
addition, the short electronic spin relaxation times and large hyperfine couplings make also
the EPR signals not detectable at room temperatures using routine continuous wave (CW)
methods.

Over the last twenty years, spectacular progress has been made in the development of



instrumentation and spectroscopic methods in both NMR and EPR, which allows us to
start targeting these paramagnetic lanthanide complexes. Specifically, solid-state NMR with
fast magic-angle spinning (MAS) and broadband adiabatic irradiation sequences® can now
be used to obtain data of microcrystalline powders. Similarly, EPR has seen impressive
progress in the development of pulsed techniques.® In parallel, the recent advances in quan-

41-46

tum chemical /density functional theory (DFT) methods and dedicated formalisms allow

today to interpret NMR and EPR data in terms of the spatial and electronic structure of
paramagnetic complexes. 4753

In this study we explore the use of the most advanced available EPR, solid-state NMR
and quantum chemical calculation approaches for the full molecular and electronic struc-
ture characterization of Yb[CH(SiMe;),|;, as a prototypical organolanthanide compound
to understand the nature of the Yb---C, contacts. All these methods point out that the
short Yb- - - C, contact in Yb|CH(SiMey),|5 is best discussed as a 3c-2e Yb-Me-Si interaction

without involvement of the Yb f-electrons in this bonding.

Results and discussion

Synthesis and X-ray diffraction studies of Yb[CH(SiMe;),]|s

The syntheses of Yb|CH(SiMe;),|5, together with Yb|CH(SiMes),]o|O—2,6—tBu,—CgH,| and
Yb|CH(SiMe,;),|[0—2,6—tBu,—CzH,],, are shown in Fig. 2a (see SI Section 1 for detailed
synthetic procedures). Similar to the lutetium complexes isolated previously,?! the alkylation
depends on the stoichiometry of the organolithium reagent. A key to successful isolation of
these compounds is sufficient volumes of pentane to dissolve the sparingly soluble polymeric
Li|CH(SiMej,),|.5* Addition of Li|CH(SiMes),]| as a slurry in smaller volumes of pentane re-
sults in poor yields and formation of mixtures of these compounds. All organoytterbium

compounds shown in Fig. 2a are isolated as crystalline solids from concentrated pentane

solutions. Yb|CH(SiMes),|; is blue, Yb|CH(SiMe,),|,|/0—2,6—tBu,—CzH;] is brown, and



Yb[CH(SiMe,),]|0—2,6—tBu,—C¢Hj;], is red. The study below focuses on the structure and
spectroscopic features of Yb|CH(SiMey),|5. X-ray structures of
Yb|CH(SiMe;),|,[0O—2,6—tBu,—C4H;| and Yb|CH(SiMe;),|[0—2,6—tBu,—C4H,|, are pro-
vided in SI Chapter 2.2 (see Figs. S3 - S6), and their NMR spectra are provided in SI
Chapter 7 (see Figs. S14 - S19).

A view of the Yb|CH(SiMe,),|5 complex is shown in Figs. 2a & S2. The relevant bond
distances obtained from this structure are shown in Fig. 2c-d (see also Tab. S2). For
comparison the previously reported bond distances for Lu|CH(SiMes),];2?! (Fig. 2e) are also
shown in Fig. 2f-g (see also Tab. S2). Yb|CH(SiMes),|; crystallizes in the P31. space
group and is isostructural with other isolated Ln|CH(SiMe;),]5. Yb[CH(SiMey),|; adopts a
C3 symmetric structure with the ytterbium displaced from the plane defined by the three
Yb-C bonds by 0.783(3) A. The Yb-C,, (Yb-C;) distance is 2.324(3) A, which is nearly the
same as the Lu-C, distance in Lu[CH(SiMey),|s (2.319(3) A) and the Sm-C, distance in
Sm[CH(SiMes),|s (2.33(2) A).

Yb[CH(SiMe,),]; contains short Yb--- C., contacts at 2.963(3) A, which is slightly longer
than Lu---C, (2.936(2) A) and Sm---C, (2.85(3) A) distances in Lu[CH(SiMe;),]; and
Sm|CH(SiMey),|s, respectively. The Neumann projection shown in Fig. 2d contains distances
and angles for the proximal Si-CHj group interacting with Yb. The C-H bond distances
and angles are close to those expected for a tetrahedral sp? hybridized carbon, again similar
to results obtained for Lu|CH(SiMes),|5. These structural data infer that a similar 3c-2e
Yb-Me-Si interaction is present in Yb|CH(SiMe,),|5 under the conditions of low-temperature

X-ray diffraction studies (i.e. 100 K).
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Figure 2: (a) Synthesis scheme of Yb[CH(SiMe3)s|.[O-2,6-tBus-CsHsls—. (2 = 1, 2, 3). (b)
Structure of the Yb[CH(SiMes)s|3 complex with displacement ellipsoids at 50 % probability
level. For clarity the hydrogen atoms and the solvent molecules CHy(SiMes), are omitted.
(c) Sketch of relevant bond lengths and angles of Yb|CH(SiMes)s|s. The bond lengths are
reported in A, and the bond angles (in red) are reported in degrees (see also Tab. S2). (d)
Newman projection down the C(2)-Si(2) bond with bond lengths and angles (in red) ob-
tained from the crystal structure of Yb|CH(SiMej)s]s. (e) Structure of the Lu[CH(SiMes)2]3
complex with displacement ellipsoids at 50 % probability level. For clarity the hydrogen
atoms and the solvent molecules CHy(SiMes)s are omitted. (f) Sketch of relevant bond
lengths and angles of Lu|CH(SiMes)s|3. The bond lengths are reported in A, and the bond
angles (in red) are reported in degrees (see also Tab. S2) (f) Newman projection down the
C(2)-Si(2) bond with bond lengths and angles (in red) obtained from the crystal structure of
Lu|CH(SiMes)s|3. For comparison panels e)-g) are reproduced with permission from Conley
et al.?! .
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Magnetic susceptibility studies on Yb[CH(SiMe;),]|s

We performed magnetic susceptibility studies for all ytterbium compounds Yb|CH(SiMes),];,
Yb[CH(SiMey),]o|O—2,6—tBu,—C4H,], Yb|CH(SiMe,),|[O—2,6—tBu,—CgH;],, and
Yb[O—2,6—tBu,—C4H,l4 (see SI Chapter 6, Figs. S10 - S13 and Tab. S15 for more details).
All four ytterbium complexes exhibit experimental values of the effective magnetic moment
at 300 K that are in the range between p.;;(300 K) = 4.30 pp (xT = 2.31 cm?® K mol™!)
and 4.53 pp (YT = 2.57 cm® K mol™!). In particular, the effective magnetic moment of the
Yb|CH(SiMe;),|; complex is pierr(300 K) = 4.53 pup. These values are in good agreement
with the expectation value of free Yb(III) ion, described by a single ?F7/5 term (4f'%), for
which fier¢(300 K) = 4.54 pup (xT = 2.58 cm® K mol™"). Hence all Yb complexes including
Yb|CH(SiMey),]; can be described by a single 4 /'3 configuration, similar to those of the free
Yh(III) ion.

EPR characterization of the Yb[CH(SiMe;),|; complex

We characterized the Yb(III) alkyl complex Yb|CH(SiMes),|3 by EPR spectroscopy, which
has seen an impressive progress in the development of pulsed techniques*® and which, to-
gether with computational studies, has enabled the successful characterization of the spatial
and electronic structure of paramagnetic complexes.3%3 The continuous-wave (CW) EPR
spectrum of Yb|CH(SiMes),|; (Fig. 3a, blue) was reasonably reproduced by simulation (Fig.
3a, red) by modeling the Yb ion as an electronic spin S = 1/2, with ¢ tensor principal
values of g; = 0.7316 and g = 7.5698. The spectrum also exhibits a well-resolved satellite
structure, due to hyperfine coupling to the two spin-active isotopes '™ Yb (spin I = 1/2 and
natural abundance of 14.31%) and YD (spin I = 5/2 and natural abundance of 16.13%)
of the lanthanide. From spectral simulation (Fig. 3a, red), the '™!™Yh hyperfine tensors
were determined to be A, (*"¥Yb) = 221 MHz, A (***Yb) = 1650 MHz, and accordingly
A (*""Yb) = 842 MHz, Aj(*™Yb) = 6285 MHz.
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Figure 3: (a) CW EPR spectrum of Yb|CH(SiMe;),|; (blue) and simulation (red), together
with an expansion of the low-field region. The black arrow marks the field position of
the HYSCORE measurement. (b) Echo-detected EPR spectrum of Yb[CH(SiMe,),|5. The
field position for HYSCORE and EDNMR are marked with a black and red arrow, respec-
tively. (¢) HYSCORE spectrum of Yb|CH(SiMe;),|; (blue to yellow, see also Fig. S8)
and simulation (red) based on a single 'H hyperfine coupling Aj,,(*H) = 3.8 + 0.3 MHz.
Anti-diagonal lines indicate the 'H and ?Si nuclear Zeeman frequencies. Spurious peaks
at 21.5/2.0 MHz and 23.5/23.5 MHz are electronic artefacts. (d) 'H region of EDNMR
spectrum of Yb[CH(SiMe,),|; (blue), together with simulation (red) of a single effective 'H
coupling with A.g(*H) = 13 + 1 MHz (gray) and a 'H matrix peak (gray dashed) at a 'H
nuclear Zeeman frequency of 39.4 MHz.
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A higher-resolution picture can be provided by pulsed EPR spectroscopy, which has
evolved into a robust tool for the determination of geometry and electronic configuration
of organometallic complexes of paramagnetic d- and f-block metals. In particular, 2D hy-
perfine sub-level correlation spectroscopy (HYSCORE)®® allows us to detect magnetically
active nuclei (e.g. 'H, 13C, ?%Si etc.) that are coupled to paramagnetic centers by hyperfine
interaction, due to close spatial proximity to these centers. The technique can separate the
isotropic (primarily Fermi-contact) and anisotropic (primarily spin-dipolar) parts of the hy-
perfine interaction tensors that are linked to the electronic properties of the systems (e.g.
metal-ligand spin density transfer), and bonding between the nuclei and the paramagnetic
center. The HYSCORE spectrum of Yb[CH(SiMe;),|; (Fig. 3c and Fig. S8) reveals the
presence of hyperfine coupling to protons in the CH(SiMes), alkyl ligands. From the sim-
ulation of the HYSCORE spectrum a single 'H hyperfine tensor was determined to have
Asgo(*H) = 3.840.3 MHz, Tyip(*H) = 4.0+0.5 MHz (Agyp = [—4.0£0.5; —4.0+0.5: 8.0 1.0]
MHz), with the tensors principal axis system rotated by 45° + 15° with respect to the z axis
of the principal axis system of the g tensor. This interpretation of the HYSCORE data is
consistent with the ELDOR-detected NMR (EDNMR)®® spectrum shown in Fig. 3d, from
which we can extract a single splitting due to an effective hyperfine coupling to 'H with
Aeg('H) = 13 £1 MHz. Based on previous observations of similar isotropic and dipolar
parts of hyperfine coupling tensors for the S = 1/2 Ti(III) alkyl complexes,>*" the observed
'H hyperfine couplings could be assigned to the hydrogen atoms that are close in space to
the Yb(III) center, such as a-H atoms of CH(SiMe,), ligands. This finding indicates that
the transferred spin density is significant only for the closest to the Yb(III) atoms, such as
C; and H;, while it is substantially lower for the rest of the ligands. The observed isotropic
'H hyperfine couplings that are even smaller than those observed for d! metal alkyls®57
suggest that, in contrast to the case of CpsYb,3?* there is no significant charge and spin den-
sity transfer to the ligands in Yb|CH(SiMe,),|5. This is also consistent with the preferential

presence of the unpaired electron in the 4f orbital rather than in the valence 5d orbital,
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which would result in more significant distribution of the spin density into the ligands of
Yb(III). A difficulty of promoting 4 f electrons of Yb(III) to the 5d orbital, which effectively
prevents the formation of double Yb=C bonds, was previously discussed based on CASSCF
calculations.3” Taking into account the results of magnetic susceptibility measurements, we
propose that the ground state of the Yb|CH(SiMe,),|; complex has a single electronic config-
uration of 413 (S = 1/2), close to the one of Yb(III) free ion, consistent with the magnetic

susceptibility measurements (vide supra).

DFT-optimized geometry

Since the electronic structure of Yb in Yb|CH(SiMey),]; is described by a single 413 (S =
1/2) configuration, we carried out a geometry optimization of Yb|CH(SiMe,),|; structure
at the DF'T level of theory as a first step to clarify whether it exhibits the same geometry
and bonding motif between the Yb center and the C, atom as in the previously charac-
terized Lu|CH(SiMes),|5.2' The structure was computed for a single molecular complex. Tt
was optimized using the low-temperature X-ray coordinates as a starting point, and using
the PBE05% functional with D3BJ dispersion correction®! and considering the relativistic
ZORA Hamiltonian® (see SI Chapter 1.8 for more details). Symmetry restrictions were
not enforced during the geometry optimization, unveiling an optimized molecular geometry
which deviates slightly from ideal Cj5, point-group symmetry. Specifically, the three ligands
have different spatial relationship relative to the Yb, as shown in Fig. S9. This effect, as well
as the shortened Yb-C-H angles for the a-H atoms of the [CH(SiMey),|; ligands (Fig. S9 &
Tab. S7), might be explained by a simultaneous electrostatic repulsion from the Yb center
and the two Si atoms of the CH(SiMe,), ligand. A similar effect was previously observed for
the [CH(SiMey),]; ligands of the Lu(III)?' or Ti(IIl) analogues.?” This is consistent with a
progressive helical rotation of the three ligands at low temperature (the DFT structure cor-
responds to a nominal 7" of 0 K). This deviation from Cs, symmetry is not evident from the

X-ray structure; nevertheless, the close proximity of Sis to Yb compared to Si; is reproduced
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in the calculated structure. In order to interpret these results, we calculated the EPR param-
eters (g tensor and magnetic susceptibility) for the relativistic DFT optimized structure (see
Fig. S9), using multi-reference perturbation theory (CASSCF/NEVPT2)% % and consider-
ing a single S = 1/2 4f13 configuration and an active space comprising only of f orbitals,
CAS(13,7), including both scalar relativistic effects, using the second order Douglas-Kroll-

69 as well as spin-orbit coupling (see SI Chapter 1.8 for more details). The

Hess Hamiltonian,
results are summarized in Tab. 1. The calculated g tensor agrees well with the experiments,
which constitutes additional evidence that the complex can be well described with a single
configuration and that our proposed relativistic DF'T optimized geometry is consistent with
the EPR characterization. Calculations additionally yield the isotropic magnetic suscepti-
bility, which compares favorably with that determined experimentally (see Tab. 1 & Fig.
S10). This allows us to confirm that the ground state of the Yb|CH(SiMe;),|; complex has

a single electronic configuration of 412 (S = 1/2), close the one of the free ion.

Table 1: Comparison of experimental and calculated ¢ tensor (g, g, and g, represent
the components of ¢ tensor its principal axes frame) and magnetic properties of the
Yb|CH(SiMe;),|; complex. Calculated values were obtained using multi-reference pertur-
bation theory (CASSCF/NEVPT2). Experimental values were obtained via EPR character-
ization and magnetic measurements.

Experiment Calculated

Gz 0.7316 0.6544

9y 0.7316 0.6559

g 7.5698 7.7972
XT (300 K) [em® K mol™?] 2.57 2.34

We also calculated the hyperfine coupling tensors for all the spin-active nuclei in the
ligands (Tab. S9). These tensors were calculated using spin-component scaled MP27%™ and
DFT using the PBEO functional.?® % Predicting the hyperfine coupling in lanthanide systems
is extremely challenging since it requires that the method is able to reproduce the spin-density
correctly. DFT based approaches are inherently limited by the self-interaction error which

72-74

may compromise their accuracy. For this reason we also employed a post Hartree-Fock

wave function based method in order to ensure the consistency of our calculations. From

13



these results we can tentatively assign the hyperfine interactions observed by HYSCORE
and EDNMR to H; atoms, which has computed isotropic values in the range of —1.44
to 0.51 MHz, while all the rest exhibit a magnitude below 0.13 MHz. The quantitative
discrepancy with experiments is due to the proximity of H; to Yb, which requires high-level
relativistic electronic structure methods for accurate determination of the spin polarization
and spin delocalization and the multireference character of the wave function. ™ Nevertheless,
our tentative assignment is supported by the calculated approximately axial spin-dipolar
hyperfine coupling tensor of Ty;,(*H;) ~4 MHz, which is in very good agreement with the
experiments. This indicates that the positions of the a-H (H;) atoms of the CH(SiMe;),
ligands of Yb[CH(SiMe;),|;, including the related Yb-H distances and the Yb-C-H angles
(see Tab. S7), are nicely reproduced within the relativistic DF'T optimized structure, shown

in Fig. S9.

NMR characterization of Yb[CH(SiMe;),|; complex

Over the last twenty years, the development of instrumentation and spectroscopic methods
in NMR allows us to target paramagnetic lanthanide complexes such as Yb|CH(SiMey),|5.
Specifically, solid-state NMR with fast magic-angle spinning (MAS) and broadband adiabatic

39 can now be used to obtain data of microcrystalline powders, where the

irradiation sequences
complex dynamics are simplified and only the relevant internal ligand motions are retained.
Nonetheless, obtaining high-quality magnetic resonance data on these systems represents
only part of the challenge, since the resulting spectra are often very difficult to interpret
using standard textbook assignment methods. In this respect, recent progress in quantum
chemical /density functional theory (DFT) methods for the computation of NMR parameters
of paramagnetic complexes has also been impressive. For NMR, there have been significant
advances both in the development of the formalism of the paramagnetic shifts*' ¢ and the

computational implementation.*” ®2 However, the application of the developed methods on

lanthanides has been representing a much more daunting prospect so far.
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For the Yb|CH(SiMe;),|; complex, we have drawn the conclusions regarding its electronic
structure and on the positions of 'H nuclei closest to the metal center (H;) based on the EPR
data and relativistic quantum chemistry calculations. However, the weak hyperfine interac-
tions between the unpaired electron and the more distant nuclei prevented us from obtaining
any high-resolution information about the rest of the molecule by EPR spesctroscopy. This
gap could, however, be filled by paramagnetic NMR spectroscopy.3?

The ligands of the complex are expected to exhibit substantial dynamics, which has the
effect of averaging the signals. This was observed in the case of the Lu analogue, where
variable temperature 'H solution NMR was required to freeze out these motions and the
individual 'H resonances were obtained by cooling the sample. However, this approach
was not successful for the present Yb complex, where no such resolution was obtained over
a temperature range between 285 and 182 K, and no detection was possible beyond that
because of increased line-broadening due to enhanced relaxation (see SI Chapter 3 & Fig.
S7).

We therefore proceeded to examine the Yb[CH(SiMe,),|; complex via solid-state magic-
angle spinning (MAS) NMR, which has the advantage of eliminating molecular rotation
diffusion, so that only the internal ligand dynamics are present. Such spectra relate to the
room-temperature crystal structure, thereby providing a direct bridge to the low-temperature
XRD data.

One-dimensional solid-state MAS NMR spectra of 'H, 3C and ?°Si are shown in Fig.
4a-c. Each of these spectra exhibits poorly resolved patterns, due to hyperfine interactions
with the unpaired electron, which induce large shifts and shift anisotropies and extremely
large inhomogeneous line-broadenings. We see shift anisotropies that are very large for all
three nuclei, of the order of hundreds of ppm, in contrast to the Lu analogue, where the 'H
and '¥C diamagnetic chemical shift anisotropies (CSAs) were too small to be measured and
for 2°Si were of the order of tens of ppm. In particular, for the Lu analogue, 2°Si CSAs were

used to characterize the metal-ligand interaction. That approach is not applicable to the
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paramagnetic Yb complex, since the interpretation of the shift anisotropy is more complex.
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Figure 4: NMR spectra of Yb|CH(SiMe;),|5: (a) 'H MAS spectra at 30 kHz MAS,(b) *C
MAS spectra of at 14.286 kHz MAS and (c) *Si MAS spectra at 30 kHz MAS, showing
two distinct 2°Si signals. The spinning sidebands are marked with asterisks (x). 2D aMAT
spectrum: (d) 'H at 30 kHz, (e) ¥*C at 20 kHz and (f)?Si at 20 kHz. The indirect dimension
projections were deconvolved using asymmetric Gaussian functions to extract the isotropic
shifts and quantify shift dispersion. (g)-(i) extracted slices with isotropic shift corresponding
to the maxima of the deconvolved projections and labelled with Roman numerals. Each slice
was subsequently fitted considering a simple CSA model using the Haeberlen convention”®
(0is0 = %(gm + 5yy + 522), AS = 0,, — 0o and 1 = (Syy - Sxx)/A& where 0,,, 0., and are
the components of the CSA tensor in the principal axes frame). See SI chapter 1.6 for more
details.

The first problem to be addressed is the lack of resolution of the individual signals in each

of the three spectra, due to the overlapping spinning sideband manifolds of neighboring res-
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onances. To solve this problem, we employed the 2D adiabatic magic-angle turning (aMAT)
experiment,”” which correlates each spinning side-band manifold to its isotropic shift, thus
removing the overlap, as seen in Fig. 4d-f for 'H, ¥C and ?°Si, respectively. In all three
cases, the aMAT spectra are able to resolve two resonances with distinct isotropic shifts. For
29Gi, the interpretation is relatively straightforward, with the two signals V and VI being
due to the two inequivalent Si nuclei (specifically, one due to Si; and the other to Siy). By
extension, it is reasonable to tentatively interpret each 3C signal (III and IV) as being from
the three methyl groups attached to each of the Si (Cy3/4 and Cs//7), and each 'H signal

(I and II) to the corresponding group of protons (Hy/s/4 and Hse)7).
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Figure 5: (a) 'H-C correlation spectrum achieved by using the TEDOR experiment™ at
30 kHz MAS, yielding two distinct correlations of the resonances (III/I) and (IV/II), shown
in Fig. 4, which were subsequently used to model the paramagnetic shifts in the following
section. The spinning sidebands are marked with asterisks (x). (b) 'H NMR shift distribu-
tions considering solely the contributions arising from the presence of the unpaired electron
and neglecting long-range PCS effects stemming from parametric centers in neighboring unit
cells (8con + dpes). The shifts were calculated considering the Moon and Patchkovski*! and
Vaara et a.??** formalism using the g tensor obtained using multi-reference perturbation
theory and the experimental 'H hyperfine tensor. A distribution of relative orientations of
the g and A tensors were considered using Zaremba, Conroy, Wolfsberg orientational aver-
aging scheme with 1154 orientations. ™ ®! The relative orientation of the z axes of the g and
A tensors was kept fixed at 45°, in order to match with the EPR results.

For each of the signals I-VI, a slice extracted from the aMAT spectra was fitted to
determine the parameters of the shift tensor (isotropic shift &, shift anisotropy Ad and

asymmetry parameter 1) (Fig. 4g-i). For each of the three nuclei, within each pair one
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signal (I, III and VI) possesses a larger isotropic shift and shift anisotropy compared to the
second (II, IV and V). We can tentatively assign the former set of three signals to the same
SiMe, group, and the latter set of signals to the other SiMe; group. This interpretation
is supported by a transferred-echo double resonance (TEDOR) experiment™ (Fig. 5a),
which displays a first unambiguous correlation between I and III, a second unambiguous
correlation between II and IV, and no other correlations. These solid-state NMR spectra
and our tentative interpretation indicate that each group of 'H, '3C and ?°Si resonances
represents a single SiMe; group in which there are rotations about the C;-Si bond and about
the Si-C bonds of each of the three methyls. The rate constants describing each rotation are
larger than the spread of the individual chemical shifts of the exchanging sites.

If the tentative assignment is correct, this would indicate that the two resonances corre-
sponding to C; and H; are absent from all the NMR spectra. This may be due to a severe
reduction of sensitivity due to the large paramagnetic relaxation enhancement expected for
these nuclei in close proximity to Yb, or due to the fact that potentially large shifts push
them out of the excitation window. Moon and Patchkovski*' and Vaara et al.#*™* have
developed a formalism to calculate the shift tensor in paramagnetic systems from the EPR
tensors. We used this formalism with the g tensor and hyperfine A tensor assigned to H;
that were extracted from both the CW and HYSCORE spectra to predict the expected shift
for H;. Since the HYSCORE spectra indicate that the z axes of the principal axes frame
(PAF) of the g and A tensor have a fixed relative orientation of 45°, the PAF of the A
tensor needs to be transformed to the PAF of the g tensor, and subsequently rotated again
considering a distribution of Euler angles (ZYZ convention) with J fixed at 45°. This still
leaves two unknown Euler angles, which are systematically sampled over the full allowed
range. Thereby, we predicted a range of possible shifts between 225 and 200 ppm, as shown
in Fig. 5b. A shift in this range was not seen in any of the "H NMR spectra (1D, aMAT,
TEDOR), therefore we conclude that we did not observe any NMR signal from H;.

In order to confirm our tentative interpretation and provide a site-specific assignment,
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we calculated the NMR shift tensors of all the spin-active nuclei in the complex. The total

NMR shift can be expressed as:

0= 5orb + 6con + 5pcs + 6pcs,lr ) (1>

where d,,, corresponds to the orbital chemical shift, i.e. the contribution from the orbital
motion of the electrons. deo, is the Fermi contact (FC) shift due to the through-bond
hyperfine interaction, d,cs and dpcs)r are the intra- and inter-molecular pseudo-contact shift
(PCS) due to the through-space hyperfine interactions, respectively.

The orbital terms were calculated at the meta-GGA level of theory with the TPSS
functional.®? The terms eon + dpes Were calculated following the formalism of Moon and
Patchkovski*' and Vaara et al.,*>** using the previously calculated A and ¢ tensors. Long-
range pseudo-contact shifts, d,es 1, were modeled considering a point-dipole approximation
(see SI chapter 5 for more details).

Finally, in accordance with the tentative assignment of the experimental data, a 3-site
fast exchange model was employed to average the shift tensors both within the methyl groups
(along the Si-C; bonds) and the Me3Si groups (along the C;-Si bond). The total computed

shift tensors are summarized in Tab. 2.
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Table 2: Calculated and experimental SA parameters for the proximal (Me3Si()) and distal
(Me3Si(1y) Me3Si groups of Yb[CH(SiMe,),|; in the Haeberlen convention™ (experimental
spectra are shown in Fig. 4). The calculated SAs were decomposed according to equation 1
using the formalism of Moon and Patchkovski*! and Vaara et al.**%* Hyperfine tensors are
calculated at post Hartree-Fock spin-component scaled MP2 level of theory, orbital chemi-
cal shifts with TPSS meta-GGA functional and ¢ tensor with multi-reference perturbation
theory (CASSCF+NEVPT2). Similar trends are observed with NMR shifts computed with
hyperfine tensors calculated at hybrid-GGA level of theory (see Tab. S13). 3C and 'H
tensors of the MegSi groups were averaged both within the methyl groups (along the Si-C;
bonds) and the Me3Si groups (along the C;-Si bond). Isotropic shifts were averaged consid-
ering the three different SiMes groups, which due to small deviations of (3, symmetry in
the optimized geometry result in differences in the SA tensors. These deviations account for
the range of anisotropies Ad and asymmetry 1 parameters. Full list SA parameters is given
in SI chapter 5.

Environment Ocon dpes  Opestr  Jorb 5 Ad n
MesSi) (Cale) —1.0 69 10 22 9.0 [79.4, 87.0] 0.6, 0.7]
- (Site 11 30 + 20 153+ 1 0.31 + 0.02
MesSi(p) (Cale) —01 22 09 20 5.0 139.5, 41.2] (0.6, 0.7]
(Site I) —20 420 —56=+1 0.6£0.1
MesSi) (Cale) —0.2  —46 09 51 1.2 [£103.3, 105.8]  [0.7, 1.0]
s (SiteIV) 40 £ 20 183 +4 0.4£0.1
MesSi(p) (Cale) —87 09 09 20 4.9 [-51.3,49.7] (0.9, 1.0]
(Site I11) 20420  140[+30,-270]  0.8+0.3
Me3Si(2) (Calc) -30.3 —68.2 0.9 —5.6 —103.2 [—237.2, —188.7] 0.3
- (Site V) —220 430 542+ 3 0.74 £ 0.01
MesSi(r) (Cale) —47.7 —9.7 —08 —21  —587  [-218.7,1247  [0.3, 0.9]
(Site VI) —30 £+ 30 409 £ 3 0.51 £0.03

We note that there are quantitative discrepancies between the experimental and com-
puted shift tensor values, likely due to the shortcomings in calculation methods for the
Fermi contact term, the complexity of the Yb electronic structure,®® the neglect of the spin-
orbit contributions to the hyperfine tensor, and the simplified nature of our dynamic hopping
model. We note that consistent trends in the shift anisotropy parameters were observed when
considering the hyperfine tensor calculated at hybrid DFT level of theory (see Tab. S14).

Despite these discrepancies, however, we do observe that the magnitude of the shifts and
shift anisotropies for the nuclear species from the Me3Si(9) group are consistently larger than
those from the MesSi(;) group. For Si, this is a straightforward consequence of Siy being
in closer proximity to Yb than Si;. A pictorial representation of these computed tensors

superimposed to the DFT-optimized structure is shown in Fig. 6. For 'H and '3C, this
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can be understood according to our dynamic model, where upon rotation about the C;-Si
bond, the three methyls on Siy are on average closer to the Yb ion than those on Si;. This
is therefore evidence that the same structural distortions, observed in the low-temperature
XRD structure and associated with the presence of 3c-2e Yb—Me—Si interaction, persist at
the higher temperature of the solid-state NMR measurements (ca. 300 K). Therefore, the
Yb|CH(SiMej,),|5 complex possesses the Yb- - - C, interaction, described as a pseudo bridging
Yb-Me-Si group and previously observed?' for Lu|CH(SiMe,),]; (see Fig. 1), at both low-

and room-temperature and irrespective of the presence of the incomplete electronic f-shell.

Figure 6: DFT-optimized structure of Yb|CH(SiMe,),|; complex overlapped with ovaloid
surface representations of the 2Si NMR tensors in shift convention (proximal MesSi groups
colored in green/red and distal Me3Si groups in blue/yellow).® The radius from the center
of the tensor to a point on the ovaloid surface is proportional to the chemical shift when the
magnetic field is aligned along that direction in space, and the sign of the shift is indicated
by the color of the surface, red/yellow corresponds to positive shift and green/blue to a
negative shift.

Conclusions

In summary, low-temperature XRD, magnetic susceptibility measurements, pulsed EPR,
solid-state NMR and quantum-chemical calculations solved both the molecular and elec-

tronic structure of the paramagnetic ytterbium alkyl compound Yb[CH(SiMe,),|5. These
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four techniques were shown to be complementary, each one revealing specific aspects of the
geometry or the electronic structure at different temperatures.

The XRD data for Yb|CH(SiMe;),|; contains short distances between Yb and one carbon
in one of the silyl groups (Yb- - - C,), consistent with a three-center - two-electron Yb-Me-Si
interaction that was also observed in the diamagnetic Lu analogue. This experimental struc-
ture was supplemented by relativistic DFT calculations, which added the position of the
protons and constrained bonds and angles around the proximal silyl group. In particular,
this computed structure allowed us to determine the positions of the a-H atoms of the three
CH(SiMe,), ligands, which were otherwise accessible only indirectly by experiments. These
a-H atoms participate in acute Yb-C-H angles, associated to the electrostatic repulsion from
the surrounding electropositive Yb and Si atoms.

The characterization of the electronic structure was made possible by low-temperature
EPR and room-temperature paramagnetic NMR spectroscopies. EPR revealed a significant
hyperfine coupling between the Yb ion and the a-H spins in its first coordination sphere,
allowing also to confirm the positions of the a-H atoms, determined from the relativistic
DFT optimization. In combination with multi-reference perturbation theory calculations and
magnetic susceptibility measurements, the EPR data indicated that the electronic structure
of the complex is close to that of the Yb(III) free ion with a single configuration of 4f13
(*F7)2).

Paramagnetic MAS NMR revealed two sets of signals for all *H, 3C and 2°Si spins
further away from the Yb ion. This is consistent with a dynamical behavior of the ligand at
room temperature, but also with a persistent distortion of the coordination of the proximal
SiMe, group with significantly less symmetry. This confirms that the secondary metal-ligand
interaction, referred to as the three-center - two-electron Yb-Me-Si interaction is present in
the structure of Yb|CH(SiMe;),|; at both low and room temperatures. These structural
features are favored by the electropositive nature of the Yb(III) ion, being likely a general

feature of lanthanide metal-alkyl complexes. At the same time, the partially filled f-shell of
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the Yb atom in Yb[CH(SiMe;),|; does not significantly influence its bonding properties.
This study integrates state-of-the-art achievements in magnetic resonance spectroscopies,
inorganic and computational chemistry. Besides reporting the preparation on a large scale
of the paramagnetic ytterbium alkyl compound Yb|CH(SiMe,),|s, this study represents the
first study of the structure and electronic properties of an Yb complex in the solid-state
by convergent use of XRD, EPR, solid-state NMR and quantum chemistry, which allows
correlation of low-temperature geometry with room-temperature behavior. It contains the
prediction of NMR shift tensors of a lanthanide complex in the solid state with sufficient
accuracy to permit the assignment of the experimental resonances and their constructive
interpretation. It presents the experimental signature of a secondary metal-ligand interaction
in a lanthanide paramagnetic species. Overall, this work demonstrates the crucial importance
of employing complementary atomic-resolution techniques to solve structural problems in
chemistry. More specifically, it pushes the frontier for characterization of organometallic
complexes towards paramagnetic lanthanide complexes, which so far have been intractable

at this level of precision.
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