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Complexes with short intermetallic distances between transition metal fragments and lanthanide (Ln)
fragments are fascinating objects of study, owing to the ambiguity of the nature of the interaction. The
addition of the divalent lanthanide fragments Cp*,Ln(OEt,) (Ln = Sm or Yb) to a Pd(1) complex bearing the
deprotonated form of the redox-active, non-symmetrical ligand, 2-pyrimidin-2-yl-1H-benzimidazole
(Hbimpm), leads to two isostructural complexes, of the general formula (Cp*,Ln),[u-Pd(pyridyl),] (Ln = Sm
(4) and Yb (5)). These adducts have interesting features, such as unique linear Ln—Pd-Ln arrangements and
short Ln—Pd distances, which deviate from the expected lanthanide contraction. A mixed computational
and spectroscopic study into the formation of these adducts gathers important clues as to their formation.
At the same time, thorough characterization of these complexes establishes the +3 oxidation state of all
the involved Ln centers. Detailed theoretical computations demonstrate that the apparent deviation from
lanthanide contraction is not due to any difference in the intermetallic interaction between the Pd and the
Ln, but that the fragments are joined together by electrostatic interactions and dispersive forces. This
conclusion contrasts with the findings about a third complex, Cp*,Yb(u-Me),PdCp* (6), formed during the
reaction, which also possesses a short Yb—Pd distance. Studies at the CASSCF level of theory on this
complex show several orbitals containing significant interactions between the 4f and 4d manifolds of the
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interaction, knowing that 4f-orbitals are mostly core orbitals,
meaning that the bonding in 4f-elements is principally of an

Introduction

The f-elements are known for their large size, high number of
electrons and unquenched orbital moment."” These typical
characteristics provide them with peculiar physical properties.
Consequently, rare-earth-based materials are important assets for
technology,>* especially those which use their magnetic and
optical properties.*® Recently, the field has strongly evolved with
breakthrough reports of record magnetic properties for Dy*'* and
Er,”* unusual tetravalent oxidation states for Tb and Pr,*™*
divalent®™® and monovalent" for U, and intermediate valence
states in 4f-elements.”** Among these singularities, Kempe re-
ported unsupported metal-metal bonds between 4f elements and
transition metals as molecular mimics for intermetallic
compounds, which constitute rare examples of lanthanide ions in
direct interaction with other metals.”® These new examples raised
an important question about the nature of the metal-metal
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electrostatic nature. Testament to this large ionic contribution
remains the typical lanthanide contraction of the metal-ligand
distance, which is usually observed in coordination or organo-
metallic compounds when increasing the number of f-electrons
from La to Lu.** A break in this lanthanide contraction would
suggest a larger orbital contribution and lead to discrepancies in
the distances. The question remains if the lanthanide contraction
remains applicable in metal-metal interactions.

Early studies on bimetallic complexes with lanthanide-
transition metal bonds were performed by Beletskaya et al. and
featured Lu-Ru interactions.® A distance of 2.955(2) A was re-
ported in the solid state while IR and NMR data were in agree-
ment with a metal-metal interaction not supported by bridging
CO ligands.”® Kempe expanded on these results with the
description of metal-metal communication in heterobimetallic
complexes with Nd and Rh or Pd; the reported intermetallic
distance was very similar, at 3.0345(12) A.>* A series of relevant
studies followed,”?® leading to the report of remarkable mole-
cules with rare-earth atoms solely bonded to Re and obtained by
protonolysis of alkyl rare-earths with ReCp,H.*® The reported
distances were only slightly larger than the sum of the covalent
radii of both metals.”® In these molecules, the density analyses
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indicated a polar covalent bond between the metals. If, in the later
examples, the bond was unsupported, a series of examples also
featured adapted ligands to approach the lanthanide (Ln) and the
transition metal ions. A relevant recent example was reported by
Roesky and coworkers: a PN ligand was used to form a hetero-
metallic complex with Lu and Pd with a reported short distance of
2.9031(11) A,* showing that bridging ligands can help decrease
the intermetallic distance. Following this trend, Lu et al. reported
very short contact Lu-Ni complexes with a distance as short as
2.4644(2) A by reacting a Ni(0) precursor with an adapted NP
ligand coordinated to Lu.*' The comparison with similar tripodal
ligands clearly exemplified the large modulation of the interme-
tallic distance as a function of the chemical environment. An
important message of this article is that this modulation is also
expressed in the chemical reactivity of the compounds towards
the hydrogenation of alkenes, as the CASSCF computations also
showed a polarized bonding interaction between the Ni 3d,” and
the Lu 5d,” orbitals. A very recent example by the group of Pin-
kowicz employed Kempe's synthetic strategy to obtain similar Er-
based tetranuclear adducts, whose promising magnetic properties
could open new avenues in the field of f-element SMMs.*

With the multiplication of short distances between lanthanide
metal and transition metal fragments,*** the discussion on the
intermetallic distance is often contentious. A short distance is
often associated with strong metal-metal bonding, although this
notion merits precision; the bridging and surrounding ligands
can deeply influence the metrics without necessarily increasing
the mutual interaction between the two metal fragments. This is
an important note, since most of the “short-contact” metal-metal
interactions are found within or below the sum of the covalent
radii.>*** As such, the use of this empirical metric as a guide for
the bonding strength can be counterintuitive: reporting a short
distance does not inform on the nature of the bonding, and the
net definition of a lanthanide-transition metal bond can then be
somewhat confusing in the literature. Based on these important
remarks, Hall and co-workers recently studied a series of
unsupported bimetallic complexes containing lanthanide and
transition metal ions,* which were designed by the group of
Nippe.* This study is an important addition to the discussion on
the nature of metal-metal bonding and insists on the relative
comparison along the series to validate the theoretical results.

In this article, we report access to a unique trinuclear linear
arrangement between Pd and two lanthanide ions, Sm and Yb.
Although both complexes are isostructural and despite the large
differences in the reported covalent and ionic radii between Sm
and Yb, up to 0.11 A," the two complexes possess a similar metal-
metal distance, which then appears as a break in the lanthanide
contraction. The article describes and discusses the formation of
these unique compounds, analyzes the bonding situation resulting
from this singularity, and compares the situation with a dinuclear
heterometallic Yb/Pd complex with a similar short distance.

Results and discussion
Synthesis and spectroscopic characterization

In our recent series of articles, we have been interested in
synthesizing heterometallic compounds by combining

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lanthanide and transition metals with the aim of modulating
the chemical behavior of transition metal fragments.****** We
have proposed the use of an unsymmetrical ligand, the 2-pyr-
imidin-2-yl-1H-benzimidazole (Hbimpm), as a bridge between
the lanthanide and the transition metal fragment.*” When
deprotonated, this ligand acts as an L;X ligand, with three
neutral L-sites and one anionic X site coordinated to the
lanthanide ion and to the transition metal. The palladium
precursor is prepared from the protonated ligand and the
known (tmeda)PdMe, complex in pyridine (Scheme 1). A gas
evolution indicates the deprotonation of the ligand and the
subsequent formation of methane. The (bimpm)Pd(py)Me
complex, 1, is obtained as golden crystals suitable for X-ray
diffraction (Fig. 1). In this complex, the bimpm ligand
features an LX coordination mode to the palladium ion - as
shown by the different distances of 2.176(2) A for the Pd-
N(pyrimidine) and 2.035(2) A for the Pd-N(imidazole). The
departure of methane results in a vacant coordination site on
the palladium +II fragment, occupied by a pyridine solvent
molecule with a Pd-N distance of 2.041(2) A. The remaining
methyl is ¢rans relative to the nitrogen of the pyrimidine (Pd-
C(Me), 2.021(3) A). The coordination angles around the Pd are
close to 90° (see Tables S2 and S371 for more details), with a sum
of coordination angles of 360.0° in support of a slightly dis-
torted square-planar coordination geometry.

Compound 1 reacts with one equivalent of the Cp*,Yb
fragment to immediately form a black suspension (Scheme 1). A
rapid filtration of the mixture (within one minute) is necessary
to obtain an analytically pure compound as a dark brown
powder once the volatiles are evaporated. The dark brown
powder can be dissolved in toluene to form X-ray suitable dark
brown plates when the solution is cooled to —40 °C, and is
analyzed as [Cp*,Yb(bimpm)Pd(py)(Me)],, 2, in which two
fragments have coupled on the pyrimidine moieties (Fig. 1).
This coupling reaction was previously shown to proceed with
a similar Ni species using the bimpm ligand*® and has been well
documented with the phenanthroline ligand.* This coupling is
induced by a single electron transfer from the reductive divalent
lanthanide species to the ligand. Strong localization of the spin
density in one specific position leads to radical homo-coupling.
The "H NMR spectrum indicates two dominant peaks at 5.31
and 3.21 ppm for two magnetically different Cp* signals,
a sharp signal at —4.46 ppm attributed to the methyl and 9
signals for the non-equivalent protons of the bimpm and pyri-
dine ligands. We can note that 2 signals are then missing, which
might be due to overlapping signals that are sometimes difficult
to locate in paramagnetic species. At room temperature, the "H
NMR spectrum of 2 slowly evolves to a spectrum with a similar
pattern, but different chemical shifts: the Cp* signals are at 5.48
and 2.49 ppm, the methyl is at —33.38 ppm and 8 signals can be
detected for the coupled bimpm and pyridine ligands. Inter-
estingly, the methyl chemical shift is significantly moved away,
indicating a change in its position relative to the lanthanide
paramagnetic center. The resulting species can be crystallized
from the cold toluene solution and was analyzed as [Cp*,-
Yb(bimpm)Pd(Me)(py)], 3, in which the relative positions of the
methyl and the pyridine have been inverted (Scheme 1). Fig. S47
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Scheme 1 Syntheses of 1-3.

shows a slow kinetic evolution of 2 to 3 in a pure diffusion
regime and under mechanical stirring with approximate half-
lives of 60 h and 25 h, respectively. Both compounds were
found to be thermally sensitive and degraded upon heating to
unknown species.

Compounds 2 and 3 have comparable solid-state structures
exhibiting a Cp*,Yb(bimpm)Pd(Me)(py) moiety, which is
coupled to another similar moiety, leading to the formation of
a tetranuclear structure (Fig. 1). The coupling occurs on the
pyrimidine ring in the para position relative to the nitrogen
atom coordinated to the ytterbium metal center. The principal
difference between the structures is the inversion of the posi-
tion of the methyl groups relative to the nitrogen of the
pyrimidine ring: in 2, the methyl is in ¢rans, while it is in cis in 3.
The ipso carbon is then tetragonalized and the corresponding N-
heterocycle loses aromaticity. The coupling occurs in exo and
the C(ipso)-C(ipso) distances are 1.583(9) A and 1.556(15) A in 2
and 3, respectively. The Cp*(ctr)-Ln average distance is
2.328(12) and 2.336(2) A in 2 and 3, respectively, indicating the
+III oxidation state of the ytterbium ion, which results from the
electron transfer from the divalent Cp*,Yb fragment to the
bimpm ligand, followed by the radical coupling of two ligands.
The Pd-N and Pd-C coordination distances remain similar to
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those of 1 (see Tables S4 and S6t) and do not indicate any
oxidation state modification. However, it is noteworthy that the
inversion of the methyl position dramatically influences the Pd-
N(imidazole) vs. Pd-N(pyrimidine) distances, which are also
inverted: average Pd-N(imidazole) of 2.033(4) A in 2 (similar to
those in 1) and 2.187(7) A in 3 and average Pd-N(pyrimidine) of
2.16(2) A in 2 and 2.042(4) A in 3, which can be traced back to
the large trans influence of the methyl group.** The mean
deviation (of all atoms) from the NNPdN(py)C(Me) plane is
0.025(7) and 0.09(1) A in 2 and 3, respectively. Compound 3 is
slightly more distorted than 2, which may be due to the more
pronounced steric crowding in this configuration, with possible
7 interactions between the two pyridines, which are almost
parallel to one another and separated by less than 4 A. The
coordination geometry around the palladium remains square
planar with similar angles as in 1 (Tables S5 and S77).

When the reaction of one equivalent of 1 with the more
reducing samarocene Cp*,Sm was performed, the correspond-
ing coupling products were not observed. Similarly to the
addition of ytterbocene, a gaseous evolution was observed while
the solution turned black. However, the "H NMR spectrum was
poorly informative. Concentrating and cooling the solution to
—40 °C led to brown crystals in very low yield, which were X-ray

Yb2

Fig.1 X-ray crystal structures of 1-3. ORTEPs are given with ellipsoids at a 50% probability level. For 2 and 3, the hydrogen atoms are not shown

and the Cp* and pyridine ligands are depicted in a wireframe. Main distances (A) for 1: Pd—N(pyrimidine), 2.176(2); Pd—N(imidazole), 2.035(2); Pd—
N(py), 2.041(2) A; Pd—C(Me), 2.021(3). 2: Clipso)-Clipso), 1.583(9); Cp*(ctr)—Ln, 2.328(12); Pd—N(imidazole), 2.033(4); Pd—N(pyrimidine), 2.16(2);
mean deviation (of all atoms) from the NNPdN(py)C(Me) plane, 0.025(7). 3: Clipso)—-Clipso) 1.556(15); Cp*(ctr)-Ln 2.336(2); Pd—N(imidazole),
2.187(7); Pd—N(pyrimidine), 2.042(4); mean deviation (of all atoms) from the NNPdN(py)C(Me) plane, 0.09(1).
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suitable and analyzed as a unique trinuclear species with
aremarkable linear Sm-Pd-Sm pattern with two Cp* ligands on
each lanthanide ion and two pyridyl CsH,N ligands on the Pd
ion and identified as (Cp*,Sm),[p-Pd(pyridyl),], 4 (see Scheme 2
and Fig. 2). Since the stoichiometry was given as one transition
metal for two lanthanide ions, the reactions were repeated with
2 equivalents of samarocene and resulted in a relatively higher
yield (10%). An insoluble precipitate was obtained as a by-
product of this reaction, which we tentatively attribute to Pd°
species.

The difference in reactivity observed between the Yb and Sm
divalent lanthanide fragments posed the question of the possi-
bility of forming a similar compound with ytterbium. Two reac-
tions were attempted: the addition of 2 or 3 to one more
equivalent of Cp*,Yb(OEt,) or a direct reaction between Cp*,-
YDb(OEt,) and 1, but with an extended reaction time (as opposed to
the fast formation of 2). Both of these reactions led to a gaseous
evolution, indicative of methane formation, and yielded an
ytterbium complex isostructural to 4. X-ray-suitable brown crys-
tals were formed by crystallization in cold toluene in both cases
and were analyzed as (Cp*,Yb),[u-Pd(pyridyl),], 5. Performing the
reaction of 2 with an excess of Cp*,Yb(OEt,) at different
temperatures or solvents did not affect the formation of 5.

The X-ray crystal structures of 4 and 5 are isostructural in C2/
¢ with two Cp*,Ln (Sm = Yb and Sm) fragments bridged by
a linear Pd(pyridyl), fragment (Fig. 2). The anionic pyridyl
ligand results from a C-H activation of the pyridine ligand and
concomitant departure of methane. One pyridyl nitrogen is
coordinated to one lanthanide atom and the other nitrogen to
the second lanthanide. Overall, the point symmetry is D,;,. The
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Ln-Cp*(ctr) distance is 2.45 A in 4 and 2.34 A in 5, in agreement
with the lanthanide contraction and the 0.11 A covalent radius
difference between the early Sm and the late Yb.*> The distance
is consistent with the corresponding distances of 2.45 A in
trivalent Cp*,SmI(thf)*” and 2.31 A in [Cp*,Yb(phen)I].> The
Ln-N(pyridyl) distances also agree with the lanthanide
contraction and are 2.386(4) A for 4 and 2.275(3) A for 5. The Pd-
C(pyridyl) distances are 2.080(5) A and 2.079(4) A in 4 and 5,
respectively. These distances are longer than those in the rele-
vant reported Pd"-pyridyl fragments found in the literature that
are in the 1.95-2.01 A range.” The Ln-Pd-Ln angles are
175.61(2) (4) and 177.25(2) (5), confirming the linearity of the
Ln-Pd-Ln pattern. The most striking feature of these structures
lies in the Ln-Pd distances, which are short in both cases:
2.9078(3) A and 2.9244(2) A for 4 and 5, respectively. The
distances are within the sum of the covalent radii of Ln and
Pd.* Most reports of Ln-Pd interactions in the literature are
larger than 3 A,*® with two notable exceptions: the Pd-Lu and
Pd-Y series of compounds published by Roesky and co-
workers,*® in which the reported metal-metal distances are
2.9031(11) A, 2.9712(8) A and 2.9898(6) A and the series of Ln-Pd
phosphinoamido complexes with Ln-Pd (Ln = Sc, Y, Sm, Yb,
Gd, Lu) distances ranging from 2.432(2) to 2.862(3) A that have
been reported by Cui and co-workers.>~** It is worth noting that
a shorter Pd-U distance of 2.69 A was reported, in which
a covalent interaction was suggested.> A feature that merits
attention is that the Ln-Pd distances in 4 and 5 differ by only
0.017 A, significantly smaller than the 0.11 A difference of the
covalence radii between both lanthanide ions. This highlights
an apparent break in the lanthanide contraction. This rare
occurrence raises the question of a possible covalent interaction
between the metals to explain this singularity.

The temperature-dependent magnetic data for 4 and 5 are
shown in Fig. S28 and S29.f The xT vs. T plot of 4 evolves
linearly from 0.113 to 0.969 cm® K mol ™" in the 5 to 300 K range,
indicating a Van-Vleck type of paramagnetism (temperature
independent paramagnetism) typical of the +III oxidation state
of samarium.* Below 5 K, the xT value drops to 0.06 cm® K
mol ™', which results from possible dipolar antiferromagnetic
coupling. The xT vs. T value of 5 at 300 K is 5.36 cm® K mol ,
which means 2.68 cm® K mol ™ per ytterbium center, and is

Fig. 2 X-ray crystal structures of 4—6. ORTEPs are given with ellipsoids at a 50% probability level. Hydrogen atoms are not shown for 4 and 5.
Main distances (A) and angle (deg) for 4—6: Ln—Cp*(ctr), 2.45 A (4), 2.34 A (5), and 2.33 A (6); Ln-N(pyridyl), 2.386(4) (4) and 2.275(3) (5); Pd—
Clpyridyl), 2.080(5) (4) and 2.079(4) (5); C(Me)-Yb 2.559(2) and 2.552(2) (6); Ln—Pd, 2.9078(3) (4), 2.9244(2) (5), 2.8766(3) (6); Ln—Pd-Ln 175.61(2)

(4) and 177.25(2) (5).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Syntheses and isolation of 5-7.

slightly higher than the corresponding theoretical value of 2.54
em® K mol ', in good agreement with the +III oxidation state of
ytterbium.

Thus, from the X-ray and the magnetic data, the lanthanide
centers are in the +III oxidation state, and the Pd center is in the
zero-oxidation state. The bridging Pd fragment is thus a unique
example of a linear d'° bis-pyridyl Pd° fragment. Although a few
complexes based on group 11 centers with bis-p-tetra-
fluoropyridyl architectures have been isolated,***” to the best of
our knowledge, the only structurally authenticated unsub-
stituted bis-pyridyl motifs are in mercury-supported adducts,
where the pyridyls are coordinated in the para position.*®*

The "H NMR spectra of 4 and 5 were recorded in THF-dg,
showing five main signals at 4.87, 4.64, 1.11, —0.81, and
—9.06 ppmina2:2:60:2:2ratio for 4 and 228.3, 116.8, 25.78,
24.89,and 9.02ina2:2:2:2:60 ratio for 5. The identity of the
pyridyl signals was verified by synthesizing the deuterated
CsD;sN analog of 1 and then engaging it in a reaction with 2
equivalents of Cp*,Sm(OEt,) to form the deuterated analog of 4
(the resulting "H NMR spectrum is shown in Fig. S13%).

The formation of 4 and 5 was tracked in situ and it is rather
clear that they correspond to the major products (Fig. S17, S18
and $23-526%). Furthermore, other significant signals could
also be monitored in the case of 5. Two side-products issued
from the formation of 5 (but none from 4) have been isolated by
modifying the treatment of the reaction (Scheme 3). The
supernatant resulting after multiple crystallizations of 5 con-
tained two main products, which could be isolated cleanly after
washing with cold pentane. The ensuing brown powder was
extracted with a minimum amount of diethyl ether at room
temperature and redissolved in toluene, resulting in a brown
solution, which, upon cooling, yielded X-ray suitable crystals of
Cp*,Yb(u-Me),PdCp*, 6. In this complex, the bimpm ligand is
removed and two methyl groups bridge the ytterbium and
palladium ions. The average Cp*(ctr)-Yb distance is 2.33 A, in

2680 | Chem. Sci, 2023, 14, 2676-2685
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agreement with that in a trivalent ytterbium fragment. The
C(Me)-Yb distance is 2.559(2) A and is similar to previously
reported values in the literature.®® The Pd is in the +II oxidation
state with one Cp* ring coordinated and an intermetallic Pd-Yb
distance of 2.8766(3) A is reported. The distance can be
compared with the short reported Pd-Yb distances of 2.7879(6)
A5 and 2.8397(4) A5

The remaining brown powder can be crystallized from cold
toluene and corresponds to a coupling product, already pub-
lished by our group,* in which the palladium fragments have
been removed and replaced by a Cp*Yb(S) (S = THF or Et,0)
fragment, and is given as Cp*Yb(S)[Cp*,Yb(bimpm)],, 7
(Scheme 3).

Thus, the reaction of 1 with divalent Cp*,Ln (Ln = Yb, Sm)
fragments leads to the formation of multiple products, five of
which are identified. When the reaction of two equivalents of
Cp*,Yb(OEt,) and 2 (containing 10% of 3) was monitored by "H
NMR spectroscopy (Fig. S67), the relative ratios of the products
after 10 h are the following: 0% of 2, 42% of 5, 25% of 7, 13% of
6, 7% of 3 and 10% of unreacted Cp*,Yb(OEt,) (Fig. S7 and S87).
Overall, the conversion is high in ytterbium and the reaction
forms multiple products from ligand rearrangements. Per-
forming the addition of Cp*,Yb(OEt,) to 3, on the other hand,
results in significantly longer reaction times (the reaction is
incomplete after two weeks) and very different relative ratios of
the final complexes 5-7 (Fig. S9 and S107). The reduction of 2
and 3 with other non-coordinating reductants (CoCp*,, sodium
naphthalene) did not lead to the formation of 4 and 5, but to
unidentified products, demonstrating the importance of the
divalent lanthanide fragment in the occurrence of this reduc-
tion reactivity.

Theoretical studies

In order to explain the formation of 4 and 5, we turned to
theoretical computations. The electronic structure of 1 was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The Kohn-Sham frontier orbitals of 1: HOMO (left), LUMO
(center), and LUMO+1 (right).

investigated at the DFT level. The Kohn-Sham frontiers orbitals
are shown in Fig. 3. The HOMO is localized on the imidazolium
site, in agreement with the anionic X nature of the ligand. The
energy difference between the LUMO and LUMO+1 (Fig. 3) is
0.44 eV in PBE0-D3. The implication is particularly interesting -
either of the orbitals may be populated when the electron
transfer occurs since the coordination of the lanthanide frag-
ment can modulate their relative energy.”»*-*® If the shape of
the LUMO+1 suggests the dimerization of the pyrimidine ring (1
to 2) owing to the large density coefficient at this site, the LUMO
indicates a possible transfer to the pyridine ring, thus triggering
the observed C-H activation (2 to 5).

Without the presence of an excess of Cp*,Yb, the formation
of 5-7 is not observed. However, incorporating a further orga-
nolanthanide fragment into either 2 or 3 (dimers) is computa-
tionally unfeasible. Therefore, adding a Cp*,Yb fragment to
a monomeric heterobimetallic Yb-Pd complex (equivalent to
half of 2) is an adequate compromise. Although this approxi-
mation is not perfect, it would allow us to locate the energy of
a possible C-H activation transition state and verify if the
pathway is feasible. This species, 8, was optimized as a triplet, in

View Article Online
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agreement with the relevant literature.®® The computations
successfully reproduced the two-electron transfers (one from
each ytterbium), as the main structural features for each Yb
center are consistent with the trivalent state. Owing to the steric
repulsion, the second Yb fragment cannot approach the Pd
center and nestles in between the methyl group and the imi-
dazolyl moiety of the bimpm ligand. The placement of the
second organolanthanide fragment - significantly tilted with
respect to the bimpm-Pd plane® - validates the choice of 8 as
a scaffold for computing the C-H activation because the other
half of the dimeric species could be accommodated, despite the
addition of the bulky Cp*,Yb fragment. 8 relaxes towards
a more stable configuration, 9, where the Pd center decoordi-
nates from the pyrimidyl moiety and accommodates the
approach of the second Yb fragment. The computed transition
state (TS), 10, is the synergistic H transfer from the pyridine to
the methyl group nearby. From the TS saddle point, the closest
stable intermediates show that the activated H atom bridges the
two metal atoms (11) before transitioning towards the methyl
moiety (the TS, 10) and ultimately forming a methane molecule
(12). The energy profile of this transformation is shown in Fig. 4.
The release of the methane molecule leads to a p,-pyridyl Pd
fragment (13, not shown in Fig. 4). The formation of the pyridyl
is the starting point of the ligand rearrangement, which ulti-
mately forms the compounds 5 to 7 (see the ESIf for compu-
tational details).

The magnetic characterization of 4 and 5 leaves no doubt as
to the electronic configuration of the metal centers over a large
range of temperatures. Therefore, the computations were run
considering non-interacting Ln™ metal centers. This implies
a triplet for 5 and 10 unpaired spins for 4. The computed
structures reproduce the main features of the trimetallic
adducts. Of particular interest is the relative distance between
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Fig. 4 Free energy profile of the C—H activation step.
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Fig. 5 CASSCF orbitals 254 and 255 for 5, where contributions from
both Yb and Pd are observed. See the ESIT for relative energies.
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Fig. 6 CASSCF orbitals 161, 162 and 164 and for 6, displaying orbital
intermetallic interaction between Yb 4f and Pd 4d electrons. See the
ESI} for relative energies.

the Yb and Sm adducts. The computed Sm-Pd and Yb-Pd
distances of 2.925 A vs. 2.902 A, respectively, are similar to those
reported in the XRD structures, reproducing the apparent break
in the lanthanide contraction. The electronic structures of 4 and
5 were screened for orbitals with contributions from the Ln 4f
electrons and the Pd 4d. These sub-levels are low-lying in energy
- the 4f electrons are approximately 4.33 and 6.07 eV below the
SOMO in 4 and 5, respectively. There were no definitive signs of
orbital interaction in either case, despite a Pd 4d,” orbital
pointed towards the Ln™ centers (see Fig. $38 and S407).

Further analyses were carried out at the CASSCF level, using
the DFT-optimized geometries (see details for the active spaces
of 4 and 5 in the ESIf). From the CASSCF computations, no
significant interactions were noted between the palladium and
the lanthanide ions, and only a few orbitals show both metallic
contributions (4% of d contribution in CASSCF orbital 254,
Fig. 5, left).

ELF analyses found valence basins, integrating a larger
number of electrons, for the Ln-Np, and Pd-Cp,, bonds for
both complexes (Fig. 7, left). Two valence basins were also found
for Yb-Pd (no equivalent basin was found for 4), accounting for
approximately 2 electrons, with a strong localization index
(Fig. 7, center). This indicates that the electronic density is
principally concentrated on the Yb™ center, with low partici-
pation from the Pd. Overall, the forces that ensure that the
atypical structures of the trimetallic complexes are kept in place
include a number of covalent interactions. Another component
that may contribute is the stabilizing effect of dispersive forces.
To this end, the non-covalent interaction mapping was per-
formed in the density overlap region indicator (DORI) frame-
work. In both cases, the [Pd(pyr),]*~ fragment is englobed by
a significant amount of non-covalent interactions with the Cp*
co-ligands on the Ln centers. Stabilizing interactions are also
found between the Cp* groups on the same and on the opposite
metal centers. This is not surprising, as the large and relatively

2682 | Chem. Sci, 2023, 14, 2676-2685

View Article Online

Edge Article

encumbered structures are conducive to these types of
interactions.

Thus, the molecule can best be described as two [Cp*,Ln""]"
fragments interacting with a [Pd’(pyr),]>~ fragment. The
obtention and stabilization of the latter following the degra-
dative mechanism triggered by the addition of Cp*,Yb to 2 or 3
is particularly remarkable, as such species would not be stable
in solution. Two types of interactions should be distinguished:
the ones between the fragments (the two [Cp*,Ln™]" and one
[Pd°(pyr),]*”) and the ones within the fragments themselves.
Within each fragment, strong interactions are present, that
maintain each of the fragments together, notably the covalent
Pd-Cpy, bond. The dominant interactions in between the frag-
ments are electrostatic, alongside other attractive forces
between the fragments themselves, which are not particularly
strong (Ln-Ny,, coordination bonds and relatively weak Ln-Pd
interactions).

The electronic structure of 6, computed for the doublet state
at the DFT/PBE0-D3 level, does not suggest any interaction
between the two metal centers near the frontier orbitals. The
most striking feature is that the Pd 4d,? orbital is pointed
towards the Yb (HOMO-8 in Table S29%), which would create
the spatial conditions for an orbital interaction. Indeed, the
electronic structure at the CASSCF (9,12) level is significantly
different. In the active space, the 9 electrons populate only Cp*-
based antibonding orbitals, while the vacant orbitals involve
similar interactions.

The remarkable feature of this compound is found within
a series of closely packed (all within 1.1 eV) orbitals below the
active space, containing significant participation from both the
Pd 4d and Yb 4f shells. Some of the orbitals involve an inter-
action over the bridging methyl groups (Fig. 6, left). Overall,
these orbitals amount to 3 pairs of bonding and anti-bonding
orbitals. This suggests a global bond order of zero between Yb
and Pd. It is worth noting that, contrary to the DFT calculations,
the Pd 4d,? is involved in both bonding orbitals with the Yb and
with the Cp*. This orientation of the 4d,? orbital seems to be
a key element in enabling the intermetallic interaction and
could be construed to be the effect of the Cp* co-ligand, whose
centroid is aligned along the Yb-Pd axis (see Fig. S367),
directing the orbital towards the Yb center.

Previous examples of heterometallic complexes where wave-
function methods were used found an interaction that placed
the contribution of the lanthanide at less than 10%,* a figure
which is clearly exceeded in this case. The bonds in the cited
examples were qualified as dative.

The analysis of the orbitals shown in the center and the right
of Fig. 6 shows Yb/Pd orbital contribution ratios of 63/37 and
60/40, figures which are unheard of in the literature. To better
quantify the contributions of each type of force, energy
decomposition analysis (EDA) was carried out for 6 by consid-
ering a [Cp*,Yb™]" fragment and a (Cp*PdMe,)” fragment.
When the fragments are computed as neutral species, the
orbital interactions play the dominant role in the overall
bonding energy — they constitute 66% of the attractive interac-
tion, compared to 31% when the fragments are computed as
charged species. The EDA analysis carried out by the group of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Electronic density analysis of the trimetallic complexes: the ELF basin of 4 showing the Pd-C,,, interaction (left), basin corresponding to
a Yb—Pd interaction on 5 (center) and DORI plot of 4 (right). Color-codes for the DORI plot: repulsive forces — red, covalent interaction — blue,

and non-covalent interaction — green.

Hall in a recent study®® resulted in comparable differences in
the relative contribution of the attractive orbital energy,
depending on the charge of the fragments. In this study, the
authors marked the difference between a situation with 26% of
orbital interaction, analyzed as predominantly electrostatic,
and another with 35% of orbital interaction, analyzed as
predominantly covalent. In our study, the percentage is 31% for
6 - an intermediate value between predominantly ionic and
covalent interactions.

Other indicators commonly used to quantify intermetallic
interactions are bond indices. Two of the more frequently used
are the Wiberg bond order (WBO)**** and the formal shortness
ratio (FSR).*® In both metrics, the complexes presented in this
work are competitive with the references in the field (Table
S38%). There are some inconsistencies worth highlighting, since
the complex with the highest apparent bond order, 4, offers no
sign of any orbital interaction in the electronic structure and its
ELF data shows no valence basin corresponding to the Sm-Pd
interaction. On the other hand, the complex with the lowest
WBO, 6, displays a set of orbitals, showing strong participation
from both metals - a unique situation in lanthanide-based
intermetallics. These results highlight the difficulty in assess-
ing the nature and strength of the interaction on the basis of
such empirical metrics.

Conclusions

This work presents the reactivity of an unsymmetrical ligand
bearing a Pd" fragment with divalent lanthanide fragments.
Adding one equivalent of Cp*,Yb(OEt,) results in an electron
transfer and a clean coupling reaction. However, using an
excess of Cp*,Yb(OEt,) or the more reductive Cp*,Sm(OEt,)
complex results in the formation of isostructural complexes, 4
and 5, with linear Ln-Pd-Ln arrangements accompanied by
a methyl-bridged adduct also featuring a short Yb-Pd distance,
6. In all cases, the Ln-Pd distance is under 3 A and below the
sum of covalent radii.

The magnetic analyses performed for the heterotrinuclear
complexes revealed that these adducts are best described as
Ln"-pd’-Ln"™ complexes. Within this context, the nearly
identical Ln-Pd distances reported in both complexes are
surprising, given the expected difference in the ionic radii of
trivalent Sm and Yb.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The theoretical computations performed on 4 and 5 showed
no significant orbital interaction - i.e., sharing of electrons —
between the metals. Instead, the interactions should be quali-
fied as weak and dative. The trinuclear edifices are held together
by a comparable mixture of dispersive forces, covalent interac-
tions between Ln-N,, and electrostatic interactions between
the two [Cp*,Yb]" cations and the dianionic [Pd(pyr),]*” frag-
ment, which results in similar Ln-Pd distances in both 4 and 5.

In contrast, the electronic structure of 6, whose Yb-Pd
distance is similar to that in 5, shows an intriguing series of
orbitals, displaying strong and equitable interactions between
the Yb 4f and the Pd 4d electrons. The multireference electronic
structure is consistent with the overall low bond order between
the two metals, which is corroborated by the topological
analyses.

Ultimately, these three complexes help illustrate the diffi-
culty in assessing the inter-metallic interaction in such adducts
and show that the short distance between the metal centers is
not indicative of the nature of the chemical interaction between
them. Accordingly, the same is true for the computed bond
indices, which are extrapolated on the basis of covalent radii,
the latter consisting of empirically created averages for each
element. This is due to the fact that the coordination environ-
ment of either of the metal fragments can be tailored to
approach the metals together without necessarily increasing the
intermetallic interaction.

Without extensive experimental and theoretical support, the
bonding schemes that the short intermetallic distances infer
should be interpreted cautiously. The continuous evolution of
the theoretical bases of the organometallic chemistry of
lanthanides would suggest that there is much yet to learn about
their behavior in complex situations, such as lanthanide-based
intermetallics.
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