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Lanthanum and gadolinium complexes with neutral bidentate phosphine ligands and cyclopentadienyl
(Cp™) or dianionic cyclooctatetraene (COT?") ligands were investigated. Solvent-free precursors [Ln(COT)I]
and LnCpsz (Ln = La, Gd) were reacted with the bisphosphines 1,2-bis(dimethylphosphino)ethane
(dmpe) and bis(dimethylphosphino)methane (dmpm). The resulting complexes [Gd(COT)l(dmpe)],
{Gd(COT)(u-N}2(p-dmpm)], [{LnCpz}o(p-dmpe)] (Ln = La, Gd) and the precursor [Gd(COT)I(thf),] were
crystallographically characterised. Depending on the ancillary ligands and bisphosphine backbone, chelat-
ing and bridging coordination modes were observed for the bisphosphine ligands. The magnetism of the
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dimeric gadolinium complexes was investigated via SQUID magnetometry. A weak antiferromagnetic
coupling was found between the Gd** ions in {GA(COT)(p-N}s(u-dmpm)l. Quantum chemical bonding
analysis using Quantum Theory of Atoms in Molecules showed a correlation between the (overall small)
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Introduction

Tertiary phosphine ligands (PR;3) are omnipresent in the chem-
istry of transition metals, especially in catalysis."”> The substi-
tuents at P can be easily varied to adjust the steric and elec-
tronic properties of the phosphine. With bidentate phosphine
ligands, chirality can be introduced, which is key for enantio-
selective catalysts and applied in industrial processes.’
Therefore, a large range of different phosphine ligands are
easily available, either commercially or synthetically. In lantha-
noid complexes, however, neutral phosphine ligands remain
scarce. While the first example, [YbCp;(PPhj)], was reported in
1965,% it took another 18 years for the first crystal structure of
this compound class to be reported. UV/Vis and NMR-spectro-
scopic studies of [YbCp;(PRR',)] (R = H, Cy, Ph, R’ = Me, Cy,
Ph) and [YbCp*,(PR;)] (R = Me, Et) complexes suggested a
high lability especially of monodentate phosphine ligands,
which can be attributed to the mismatch of the hard Lewis
acidic lanthanoid ions with the soft Lewis basic phosphine
ligands according to the HSAB concept.®’” Anchoring the phos-
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bond covalency and the Ln-P bond length.

phines to anionic and hard Lewis bases, such as amides, to
form multidentate ligands, has proven successful in stabilising
a variety of lanthanoid complexes with phosphine donor
groups. A variety of these mixed donor group PN-, PNP-, PO-
and other multidentate ligands has been established for
various lanthanoids (Fig. 1a).>'® These ligand frameworks
were also demonstrated to support a variety of reactivity such
as the formation of heterobimetallic complexes or as catalysts
in polymerisation reactions."” "

Neutral phosphine ligands without an anionic donor
group, however, were largely ignored in the further develop-
ment of lanthanoid coordination chemistry. Of the 160
reported crystal structures in the CCDC database with an
Ln-PR; motif, only 12 complexes and one cluster contain non-
anchored neutral tertiary phosphines (Fig. 1b).>>7*" For some
of the lanthanoids, such as gadolinium, none have been
reported so far. In a more recent study, Rinehart and co-
workers showed that by employing different phosphine
ligands the structure of a series of erbium complexes with
cyclooctatetraene dianion ((CgHg)*~ = COT>") ligands could be
tuned, impacting their magnetic properties.>® Apart from this,
further systematic studies into the trends in structures,
bonding and lability of lanthanoid phosphine complexes are
lacking. Therefore, we set out to gain more insights into this
underexplored ligand class. In this first study, we chose an
early (La) and a mid-series (Gd) lanthanoid to compare poten-
tial size effects. As supporting ligands, COT*>~ and cyclopenta-
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Fig. 1 (a) Selected examples of lanthanoid complexes supported by multidentate ligands with tertiary phosphines and anionic donor groups. (b) All

crystallographically characterised lanthanoid complexes with neutral tertiary phosphine ligands. Colour code for lanthanoids: green: structure
reported previously with neutral tertiary phosphine ligands. Red: no structure reported previously with neutral tertiary phosphine ligands. (c)

Overview of the scope of this work.

dienide ((CsHs)™ = Cp~) were chosen due to their well-estab-
lished ability to support a range of organometallic lanthanoid
complexes. The bisphosphines 1,2-bis(dimethylphosphino)ethane
(dmpe) and 1,2-bis(dimethylphosphino)methane (dmpm) were
chosen to allow for comparison of effects of the bite angle and
due to the expected higher stability of chelating ligands com-
pared to monodentate PR;. Since all but three of the previously
crystallographically characterised lanthanoid phosphine com-
plexes were obtained using methylphosphines, we chose these,
as well as to avoid steric hindrance preventing coordination of
the phosphines to the metals.
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Results and discussion

Synthesis and characterisation of COT>-supported lanthanoid
complexes

The precursors [Ln(COT)I(thf),] (Ln = La, Gd, n = 2 (Gd), 3 (La))
were synthesised either in analogy to a procedure initially
reported by Nakamura and adapted by Roesky directly from
the elements and cyclooctatetraene (for lanthanum) or the iso-
lated lanthanoid iodide and potassium cyclooctatetraenide
(for gadolinium) (Scheme 1).**?* For the previously unre-
ported complex [Gd(COT)I(thf),] (1), single crystals were

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthesis of COT? -supported gadolinium phosphine complexes 2 and 3 via THF abstraction from 1.

obtained by storing a THF solution at —30 °C (Fig. 2a). Despite
repeated attempts, only twinned crystals could be obtained.
Nonetheless, a structure determination was possible and
showed that 1 crystallises with two molecules in the asym-
metric unit and is isostructural to other known heteroleptic

OT> /iodide/THF complexes of the later lanthanoids
[Ln(COT)I(thf),] (Ln = Tb, Dy, Ho, Er, Tm) with a three-legged
piano-stool structure.**®* The Gd-I (3.077(3)/3.085(3) A),
Gd-COTeenmroia (1.829(1)/1.870(1) A) and Gd-O (01/3:
2.47(2)/2.45(3) A, 02/4: 2.42(3)/2.39(3) A) bond lengths are all
in the expected ranges.’*** In accordance with the smaller
ionic radius of Gd**, only two THF molecules are coordinated,
as opposed to three coordinated THF molecules for the larger
early lanthanoids La, Ce, Nd and Sm.**™*® With both precur-
sors at hand, we attempted the in situ removal of coordinated
THF with AlMe; following a procedure by Rinehart and co-
workers and subsequent complexation reaction with the biden-
tate phosphine ligands dmpe and dmpm.*® The initial abstrac-
tion of THF was necessary, as a direct reaction of the [La(COT)I
(thf)s] precursor with dmpe proved to be not possible, even at
elevated temperatures, as observed by NMR. For Yb phosphine
complexes similar observations have been reported previously,
where THF easily replaced coordinated dmpe.** Similarly, it
was reported that for the formation of the Lu phosphine
complex from a THF containing precursor, a large excess of at
least 30 equivalents of phosphine were necessary.>® For lantha-
num, no phosphine coordination was observed via 'H and
3'p{'"H} NMR spectroscopy for both the dmpe and dmpm
ligand. Additionally, no resonances for [Ln(COT)I] were
observed either, as its solubility in toluene-dg was too low.
Heating the reactions for five days only showed slow decompo-
sition of the precursor complexes through emerging resonances
in the '"H NMR spectrum attributed to free cyclooctatetraene.
This lack of complexation reactivity can possibly be attributed
to the formation of a dimeric La species, which is insoluble in
toluene. Mashima, Anwander and co-workers reported the for-
mation of a dimeric lanthanum complex [{La(COT)(thf),},(p-I),]
after reaction of [La(COT)I(thf);] with AlMe; in toluene and sol-
vation of the product in THF.*® They also noted that even in
excess THF, the dimer [{La(COT)(thf),},(p-I),] is stable and no

This journal is © The Royal Society of Chemistry 2026

Fig. 2 Molecular structures of (a) [G(COT)I(thf),] (1), (b) [GA(COT)I(dmpe)]
(2) and (c) {Gd(COT)(u-N}2(p-dmpm)] (3) in the solid state. For 1 and 2
only one of the two independent molecules in the asymmetric unit
are shown. Hydrogen atoms and disorders of the COT ligands are
omitted for clarity. Ellipsoids are drawn at the 50% probability level.
Colour code: carbon grey, iodine maroon, gadolinium purple, oxygen
red, phosphorus orange. Bond lengths and angles can be found in
the SI.

conversion to the monomeric [La(COT)I(thf);] was observed.
Thus, it seems likely that in our case, a dimeric species was
formed in the first step of THF abstraction, which then pre-
vented further reactivity with the dmpe. To test this assump-
tion, we thoroughly washed the obtained precipitate with
toluene (6x) and dissolved the remaining solid in THF-dg. The
3'p{"H} NMR spectrum of the THF-dg solution only showed a
very small signal for dmpe, corresponding to 4% of the total
dmpe amount, indicating that most of the dmpe had not
reacted and been washed off. A signal for the COT>~ ligand was
observed as well, indicating that the toluene-insoluble precipi-
tate contained a lanthanum complex with COT>~ ligand.
Additionally, we investigated the collected toluene wash solu-
tions by *'P{'"H} NMR and found that as anticipated, the
majority of the dmpe had been washed out with the toluene
washes. We therefore concluded that most likely the dimeric
species had formed, which is highly insoluble in toluene and
does not react with dmpe.

Reaction of gadolinium complex 1 with dmpe and
dmpm in refluxing toluene yielded the first gadolinium
complexes with neutral phosphines, [Gd(COT)I(dmpe)] (2) and
[{Gd(COT)(p-I)}»(p-dmpm)] (3). Due to the strong paramagnet-
ism of Gd, the "H NMR spectra showed only broad signals and
no resonances were observed in the *'P{'"H} NMR spectra, indi-
cating close proximity of the phosphines to gadolinium. Single
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crystals suitable for crystallographic analysis were obtained by
slow cooling of the hot reaction solutions on NMR scale or on
preparative scale by storing a concentrated solution overnight
(2) or vapor diffusion of pentane into a toluene solution (3).
X-ray diffraction analysis revealed a monomeric structure for 2,
in which dmpe acts as a chelating ligand, and a dimeric
complex for 3, where dmpm is a bridging ligand between the
two gadolinium ions (Fig. 2b and c).

Complex 2 crystallises with two molecules in the asymmetric
unit and is isostructural to its erbium homologue
[Er(COT)I(dmpe)] with a three-legged piano-stool structure.”
The Gd-P bond lengths (2.9965(9)/3.0205(9) and 3.0139(9)/
3.0273(9) A) are slightly longer compared to the Er-P bonds of
2.953 and 2.965 A, which corresponds well to the approximately
0.05 A larger ionic radius. The only other crystallographically
characterised gadolinium-phosphine bonds are slightly shorter
(2.965(1) and 2.967(1) A) compared to the ones in 2, potentially
indicating a weaker interaction in 2. However, a direct compari-
son is difficult, as in the reported structure the phosphine is
part of an anionic and stiff anilidophosphine ligand.

From the reaction of 1 with the smaller bite-angle
bisphosphine dmpm, the dinuclear gadolinium complex
[{Gd(cOoT)(p-I)},(p-dmpm)] (3) was obtained, in which two iodo
and one dmpm ligand are bridging the two gadolinium ions
(Fig. 2¢). The COT> ligands cap the gadolinium ions, resulting
in a distorted three-legged piano-stool geometry around the
metal centers. The same structural motif was observed by
Rinehart and co-workers for the related reactions of [Er(COT)I]
with the sterically more demanding bis(diphenylphosphino)
ethane (dppe) and bis(diphenylphosphino)methane (dppm).>
The Gd-P bond lengths in 3 (3.017(6) and 3.021(6) A) are only
very slightly longer compared to the monomeric complex 2.
This contrasts with the erbium analogues, where the Er-P
bond lengths in the dimeric complexes are elongated by up to
0.1 A, probably due to the increased steric demand of the
phenyl groups compared to methyl groups on the phosphine.

Magnetic properties of [{Gd(COT)(p-1)},(p-dmpm)] (3)

The magnetic properties of 3 were investigated with SQUID
magnetometry (Fig. 3). At room temperature, a y\7T value of
15.66 cm® K mol™ is observed, which matches well with the
expected yT values of 15.75 cm® K mol™ for Curie paramag-
netism of two uncoupled Gd*" ions.*” The y\,T values decrease
linearly when the temperature is lowered until approximately
20 K. This behaviour can be explained by a temperature inde-
pendent paramagnetism (TIP). Below 20 K, y\T decreases dras-
tically, indicating weak antiferromagnetic coupling between
two Gd** ions. The obtained data were analysed utilising a
spin-Hamiltonian for exchange interaction and Zeeman split-

ting (eqn (1)):
H=—278,8,+gus B(S1+ S5) (1)

A Landé factor of 1.97, a weak antiferromagnetic coupling
of —0.065 cm™' and a TIP of 1520 x 107° em® mol™" are the
best fit parameters. The obtained small coupling constant is in
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Fig. 3 Plot of ymT vs. T for 3. The solid red line represents the calcu-
lated curve fit (see text).

the same range as previously reported gadolinium complexes
featuring two bridging chloride or bromide ligands (Cl:
—0.0035 to —0.09 cm ™", Br: —0.029 cm™").***> Complex 3 also
completes the series of magnetically investigated double
halide bridged Gd(m) dimers, representing the first magnetic

characterisation of an iodide bridged Gd(mr) dimer.

Synthesis and characterisation of Cp~-supported lanthanoid
complexes

After the successful synthesis of the COT* -supported gadoli-
nium phosphine complexes, we sought to investigate the
ability of the smaller cyclopentadienyl ligand to support
lanthanoid phosphine complexes with bidentate phosphine
ligands. Additionally, we anticipated that the well-established
reactivity of [LnCp,] with various Lewis bases® and the for-
mation of La-P bonds in a lanthanum complex with Cp™-teth-
ered phosphines in THF'® would allow for the isolation of a
lanthanum complex with a phosphine ligand in contrast to the
presumable dimerisation of the donor-free lanthanum COT>~
precursor. We followed a similar approach as for the COT*"-
supported complexes through abstracting the coordinated THF
from [{GdCp,(thf)},(p-Cl),] with the stronger Lewis base AlMe;
in toluene and reacting the in situ generated solvent-free
GdCp,Cl with dmpe (Scheme 2a). The *'P{'H} NMR spectrum
of the reaction mixture showed a very broad signal at approxi-
mately —52 ppm, indicating an interaction between the para-
magnetic Gd** ion and the phosphine. Crystal structure deter-
mination of single crystals obtained via slow cooling of the
reaction solution revealed that a ligand redistribution has
occurred and two GdCp; fragments are bridged by one dmpe
ligand forming the dimeric complex [{GdCps},(p-dmpe)] (4)
(Fig. 4a). The Gd-P bond lengths in 4 (2.9515(12) A and
2.9799(8) A) are slightly shorter compared to the ones in the
COT?> -supported complexes 2 and 3, but still in the same
range as for the other two previously reported complexes with
Gd-PR; bonds (2.965(1) and 2.967(1) A).®

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Molecular structures of (a) [{GdCps}.(u-dmpe)] (4) and (b)
[{LaCps}2(u-dmpe)] (5) in the solid state. Hydrogen atoms are omitted for
clarity. Ellipsoids are drawn at the 50% probability level. Colour code:
carbon grey, lanthanum and gadolinium purple, phosphorus orange.
Bond lengths and angles can be found in the SI.

The magnetic measurement of 4 reveals two non-interacting
S = 7/2 ions, as expected from the bridging dmpe ligand with
an aliphatic ethylene moiety (SI Fig. SI-16). The reverse reac-
tion of GdCp; with GdCl; to form GdCp,Cl has been observed
at room temperature in THF previously,>® suggesting that in
the less polar solvent toluene and at higher temperatures the
equilibrium is shifted towards GdCps;. Consequently, 4 can
also be obtained from the reaction of in situ generated [GdCps;]
with dmpe (Scheme 2b).

For the reaction of LaCp; with dmpe, in the *'P{'"H} NMR
spectrum of the reaction mixture the phosphine signal was

This journal is © The Royal Society of Chemistry 2026
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observed at —47.4 ppm, very close to that of free dmpe. The 'H
NMR of the reaction mixture showed signals for the Cp~ ligands
and dmpe. The integrals indicate that the reaction mixture still
contains a large amount of free dmpe (approx. 18-fold excess of
free dmpe; SI Fig. SI-7). Crystals suitable for single crystal X-ray
diffraction were grown by pentane vapor diffusion into the hot-
filtered reaction solutions after cooling. While the isolated
single-crystalline yield was rather low (6%), powder XRD analysis
of the precipitate obtained during the formation of 5 showed
that complex 5 is formed in high yield (91%) and selectivity (see
SI Fig. SI-16). This is in contrast to 4, where the bulk material
was found to contain Gd by ICP-OES analysis, but in too low stoi-
chiometry. Powder XRD analysis showed only very few reflec-
tions, indicating that one or more Gd-containing side products
are formed. This could be caused by the size difference of La
and Gd, with the coordination sphere around the smaller Gd
becoming more crowded. For 5, only twinned crystals could be
obtained, but a structure solution and refinement was still poss-
ible and showed that the dimeric complex [{LaCp;},(p-dmpe)] (5)
was obtained (Fig. 4b), which is isostructural to 4. The bridging
coordination of dmpe between two f-elements has previously
only been reported for uranium(m) in the isostructural
[{UCps},(p-dmpe)], for uranium(iv) in [{U(ODipp),},(p-dmpe)]
and europium(n) in [{Eu(TeSi(SiMe;);),(dmpe),},(1-dmpe)].>”>>
The structurally most related lanthanoid(m) complex is
[YbCp*,Cl(dmpe)], where dmpe acts as a monodentate
ligand.** In the only other two structurally characterised dmpe
complexes of lanthanoids, monomeric complexes with dmpe
as chelating ligand are observed (Fig. 1b).***° Geometry optim-
isations using DFT with either PBE or B3LYP functionals and
ZORA-def2-TZVP(P, C, H)/SARC-ZORA-TZVP(La) basis sets of a
hypothetical monomeric [LaCp;(dmpe)] with dmpe in a chelat-
ing coordination mode converged to a structure with dmpe as
a monodentate ligand. This suggests that the steric demand of
three Cp~ and two phosphine ligands is too large, leading to a
bridging coordination mode in contrast to the chelating
coordination observed in 2.

The La-P bond lengths in 5 (La1-P1: 3.089(10) A, La2-P2:
3.125(6) A) are shorter than the La-P bond lengths in
the only other known lanthanum dmpe complex (La-P:
3.143(2)-3.216(2) A), which could be attributed to a mono-
dentate coordination in complex 5 in contrast to a chelating
coordination of dmpe in the reported complex.”® The La-P
bond lengths in other reported lanthanum complexes with
tertiary phosphine-containing ligands are in the range of
3.039(2)-3.481(2) A.%1019:18:32:57759 1 addition to the character-
isation in the solid state, we attempted to investigate lantha-
num complex 5 in solution via NMR spectroscopy. However,
due to very poor solubility of isolated 5 in toluene-dg, no
signals could be observed in the *'P{"H} NMR spectrum and
the poor signal-to-noise ratio in the "H NMR spectrum pre-
cluded assignment of signals.

From the reactions of LnCp; with dmpm, only inconclusive
*'p{'H} and "H NMR spectra were obtained for both La and
Gd. Despite repeated attempts, no crystalline material could
be obtained.
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Table 1 Experimental and calculated Ln—P bond lengths in A, formal shortness ratios (FSR) as well as QTAIM metrics obtained for the Ln—P BCPs in
2,3, 4 and 5. Values are in a.u. for the electron density (p), energy density (H), Laplacian (Vp), ellipticity (¢) at the Ln—P BCP and the delocalisation

index 5(Ln,P)
dexp(LD-P) deare(LN-P) FSR p H A £ 5(Ln,P)

2 Gd1-P1 2.9965(9) 2.982 1.099 0.032 —0.003 0.058 0.072 0.58
Gd1-P2 3.0139(9) 3.019 1.112 0.034 —0.004 0.062 0.067 0.51

3 Gd1-P1 3.017(6) 3.000 1.106 0.033 —0.004 0.060 0.042 0.61
Gd2-P2 3.021(6) 3.006 1.108 0.033 —0.004 0.060 0.042 0.61

4 Gd1-P1 2.9515(12) 2.917 1.075 0.038 —0.005 0.068 0.003 0.74
Gd2-P2 2.9799(8) 2.963 1.092 0.035 —0.004 0.064 0.020 0.63

5 Lal-P1 3.088(10) 3.066 1.099 0.034 —0.004 0.056 0.001 0.58
La2-P2 3.124(6) 3.090 1.107 0.032 -0.003 0.054 0.012 0.49

Ln-P bonding

To gain further insights into the nature of the lanthanoid-
phosphine bonds, quantum chemical bonding analysis of the
complexes 2-5 was performed. First, the geometries were opti-
mised starting from the crystal structures. Subsequent fre-
quency calculations confirmed all obtained structures to be
minima. A comparison of the calculated with the experimental
Ln-P bond lengths showed good agreement with a slight
underestimation of 0.01-0.03 A (Table 1). Overlays of the com-
puted and crystallographically obtained structures also showed
a good agreement.

Inspection of the molecular orbitals showed purely c-type
bonding and no Ln — P n-backbonding, which is expected for
the generally high ionic bonding character of lanthanoid-
ligand bonds (SI Fig. SI-17-SI-20). A Quantum Theory of Atoms
in Molecules (QTAIM) analysis showed bond critical points
(BCPs) for all Ln-P linkages, indicating bonding interactions
in all complexes. Plots of the Laplacians of the electron
density showed that the interaction is as expected for a phos-
phine a dative P — Ln bond (Fig. 5, SI Fig. SI-21 and SI-22).

Table 1 lists selected QTAIM metrics for the Ln-P BCPs.
The electron density p and energy density H at the BCP are
commonly used as measures for covalency of a bond, with p >
0.2 and H < 0 indicating a covalent bond. More negative values
of H are associated with a larger degree of covalency. p < 0.1 is
typical for closed shell interactions. The Laplacian of the elec-
tron density V?p is negative for strong covalent bonds.®**!

The energy density H is slightly negative (—0.003 to —0.005)
with the Laplacians just above 0 (0.054 to 0.068) for all Ln-P
bonds, indicating very weakly covalent bonding. The bond ellip-
ticities ¢ are a measure for the distribution of electron density
along the Ln-P bond: a value of 0 indicates completely sym-
metric distribution (i.e. a single or triple bond) and a value of 1
indicates an asymmetric distribution as would be expected for a
double bond. The obtained values of 0.001-0.072 indicate a
single bond for all Ln-P interactions, as expected from the mole-
cular orbitals. The bond delocalisation index §(Ln,P) indicates
the amount of electron pair sharing and is thus a measure of
bond order. With §(Ln,P) in the range of 0.49 to 0.74, the Ln-P
bonds in all complexes can be classified as single bonds.

While the general information from QTAIM on the nature
of the Ln-P bonds is as expected, we were curious if the vari-
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Fig. 5 Contour plots of the Laplacians of (a) 2, (b) 3, (c) 4 and (d) 5 in
one of the Ln—P-C planes each. BCPs are denoted as green dots, black
lines represent molecular graphs, positive values of the Laplacian
(charge depletion) are depicted as solid blue lines, and negative values
(charge accumulation) as broken red lines.

ations in bond metrics for the seemingly similar Ln-P bonds
can be explained. To compare Ln-P bonds of the different
metals, we therefore calculated the formal shortness ratios
(FSR) as defined by Cotton:*

das

FSRap = R+ RB
where dap is the Ln-P bond length and R; are the metallic
radii by Pauling.®

The calculated FSRs (Table 1) are in the narrow range of
1.075 to 1.112, which is at the lower end of the range of other
Ln-P bonds with neutral phosphines (1.051-1.153), indicating
stronger bonding.>*~>°

Plotting the different QTAIM metrics against the FSR
reveals the general trend that with lower FSR values the bond
becomes more covalent, as for example indicated by the
increased delocalisation index (Fig. 6; see SI Fig. SI-24-SI-26
for correlation plots with p, H and Laplacian). This can be
understood in the orbital overlap picture of covalency: a stron-
ger shortening of the Ln-P bond leads to better orbital overlap
between the Ln and P and thus a larger degree of delocalisa-
tion of the shared electrons.

While the number of data points in this study is still low
and only includes two lanthanoids, one type of phosphine
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Fig. 6 Plot of the values for the delocalisation index of the Ln—P bond
8(Ln,P) against the Ln—P FSR.

ligand and Cp~, COT*>" and iodide as ancillary ligands, it gives
some first insights into trends in Ln-P bonding. However,
more data points will be necessary to draw a conclusion for all
lanthanoid phosphine complexes.

Conclusions

Utilising solvent-free precursors, four new lanthanoid com-
plexes with neutral tertiary phosphine ligands were syn-
thesised. Out of these, the three gadolinium complexes rep-
resent the first examples of gadolinium complexes with
neutral phosphine ligands, with only one previously reported
gadolinium complex with an anilidophosphine ligand. Using
COT?™ as ancillary ligand enabled the isolation of both mono-
meric [Gd(COT)I(dmpe)] (2) with dmpe as chelating ligand and
dimeric [{Gd(COT)(p-I)},(p-dmpm)] (3) where dmpm bridges
the two Gd. For lanthanum however, the analogous complexes
remained elusive, presumably due to dimerisation of the THF-
free precursor. With Cp~ as ancillary ligands, the reaction with
dmpe lead to isolable dimeric complexes [{LnCps},(p-dmpe)]
(Ln = Gd (4) and La (5)). These are the first two examples for
lanthanoid (i) complexes with dmpe as a bridging ligand. The
observed bridging mode is in contrast to the COT> -supported
Gd complex 2, where dmpe acts as a chelating ligand. These
differences are most likely due to steric congestion around the
metal in the [LnCp;] fragments. SQUID measurements showed
a weak antiferromagnetic coupling between the Gd*" ions in 3,
which is as expected due to the bridging iodides, while no
coupling was observed in 4.

Quantum chemical bonding analysis of the Ln-P bonds
confirmed the mostly ionic nature of these bonds with only a
small covalent character. Nonetheless, a correlation between
the Ln-P bond lengths in complexes with monodentate phos-
phine coordination and covalency was found, indicating that
the ligand sterics can influence the degree of covalency.
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The poor solubility of the isolated complexes precluded
further characterisation in solution. Thus, we will modify the
ancillary ligands to allow for additional solution studies in the
future and to extend our studies towards the later lanthanoids.

Experimental details
General experimental details

All experiments were conducted under inert conditions of dry
argon 5.0, either using a GS Mega E-Line or MBraun Unilab
Plus glovebox or Schlenk techniques. All glassware was dried
by heating in an oven at 120 °C overnight and in part addition-
ally flame dried and cooled in vacuo.

Materials

Hexane and toluene were dried by using an MBraun solvent
purification system, degassing and subsequently storing over
4 A molecular sieves for at least five days prior to use. Pentane
and THF were dried by distillation from potassium.
Deuterated solvents were purchased from Deutero and dried
by storage over 4 A molecular sieves. All solvents were degassed
either by three cycles of freeze-pump-thaw or sparging with
argon. Gadolinium powder, LaCl; and GdCl; were purchased
from aber and cyclooctatetraene was purchased from TCI.
Dicyclopentadiene, 1,2-(dimethylphosphino)methane, 1,2-(di-
methylphosphino)ethane and 2.0 M trimethylaluminum in
toluene were purchased from Sigma Aldrich. Iodine was pur-
chased from J. T. Baker and sublimed in vacuo before use.
Cyclooctatetraene was stored over 4 A molecular sieves and the
remaining chemicals were used as purchased. [GdI;(thf); 5],**
NaCp,** [{GACp,(thf)},(1-Cl),],** [GACps(thf)]** and [LaCp,(thf)]*
were prepared according to reported procedures. Purification
of the lanthanoid-Cp complexes was performed by filtering the
reaction solutions, reducing the volume in vacuo and storing at
—30 °C to precipitate the products.

Methods

NMR spectroscopy. NMR spectra were recorded on a Bruker
Avance Neo 400, or a Bruker Avance III HD 500 referenced
against the residual solvent signal of the deuterated solvents.

Elemental analysis. Elemental combustion analysis (CHN) of
the samples was conducted by the analytical laboratory of the
University of Gottingen on an elementar 4.1 vario EL III and
showed a systematic deviation to lower carbon values for
measurements of various samples across different research
groups.

IR spectroscopy. ATR-IR spectra were recorded from solid
samples with an Agilent Cary 630 FTIR Spectrometer inside of
an argon glovebox.

Magnetometry. Temperature-dependent magnetic suscepti-
bility measurements were carried out with a Quantum-Design
MPMS3 SQUID magnetometer equipped with a 7 Tesla magnet
in the range from 300 to 2.0 K at a magnetic field of 0.5 T. The
powdered samples were contained in a polycarbonate capsule
and fixed in a non-magnetic sample holder. Each raw data file
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for the measured magnetic moment was corrected for the dia-
magnetic contribution of the polycarbonate capsule according
to M*?(capsule) = y,m-H, with an experimentally obtained
gram susceptibility of the polycarbonate capsule. The molar
susceptibility data were corrected for the diamagnetic contri-
bution according to y3i2(sample) = —0.5 x M x 10~° cm® mol .%°
Experimental data were modelled with the Dave program®’
using a fitting procedure to the spin Hamiltonian (eqn (1);
J = 0 for 4). Temperature-independent paramagnetism (TIP =
1520 x 10® ecm® mol™" for 3) was included according to
Xeale =y + TIP.

Crystallographic studies. Single crystal data and details of
the data collections are given in SI Tables SI-1 and SI-2, mole-
cular structures are shown in Fig. 2 and 4. Single crystal X-ray
data were collected on a BRUKER D8-QUEST diffractometer
(monochromated Mo-Ka radiation, 4 = 0.71073 A) by use of @
or w and ¢ scans at low temperature. The structures were
solved with SHELXT and refined on F* using all reflections
with SHELXL.®*®° Non-hydrogen atoms were refined anisotro-
pically. Hydrogen atoms were placed in calculated positions
and assigned to an isotropic displacement parameter of 1.5/
1.2Ucq.(C).

In case of 3 the COT>” ligand bound to Gd2 was found to
be disordered about two positions (occupancy factors: 0.49(2)/
0.51(2)) and was refined using SAME and RIGU restraints and
EADP constraints. In case of 4 one Cp~ ring (bound to Gd2)
was found to be disordered about two positions (occupancy
factors: 0.720(13)/0.280(13)) and was refined using RIGU
restraints and EADP constraints. Crystals of 1 and 5 were
found to be twinned (twin law 1: —1 0 0, —0.047 1 —0.043, 0 0
—1; twin law 5: —0.906 0 0.188, 0 —0, 0.953 0 0.906). RIGU
restraints for all atoms in 1 and for carbon atoms in 5 were
applied. BASF were refined to 0.211(3) and 0.373(4) for 1 and
5. Absorption corrections were performed by the multi-scan
method with SADABS.”®

The powder diffraction pattern measurements were carried
out with Panalytical MPD X'Pert Pro diffractometer in the
Bragg-Brentano geometry. The sample was protected from air
and moisture with a Kapton Polyimide foil. The Cu Ka radi-
ation was not monochromated. The measurements were per-
formed at room temperature in continuous scan mode over
the angular range of 4.5 < 260 < 60° with a step size of 0.0131°.
@ was set to 138.7°. The measurement time was 21 minutes
and the counting time was 72.420 s.

Syntheses of compounds

[Gd(COT)I(thf),] (1). Potassium cyclooctatetraenide was syn-
thesised following a procedure of Wayda et al. (52.7 mg;
56.97 uL; 0.51 mmol cyclooctatetraene; 39.6 mg; 1.02 mmol K).”*
The reaction mixture of K,COT was then slowly added to a stir-
ring suspension of [GdI;(thf); 5] (400 mg; 0.51 mmol) in THF
(15 mL). After 24 h the reaction mixture was heated to reflux
for 1 h and filtered hot. Reducing the yellow solution in vacuo
and storage at —30 °C yielded 1 as colourless fine needles
(55%; 149 mg; 0.28 mmol) suitable for single crystal X-ray
diffraction. IR (band assignment and spectra in the SI):
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v (em™") 2951 w, 2891 w, 1607 w, 1454 w, 1365 w, 1342 w, 1309
w, 1247 w, 1176 w, 1012 m, 893 m, 859 m, 772 w, 748 m, 705 s,
667 m. CHN (C;6H,4GdIO,): caled C 36.09, H 4.54; found:
C 35.12, H 4.47.

[Gd(COT)I(dmpe)] (2). Method A: To a suspension of [(COT)
GdI(thf),] (20 mg; 37.6 pmol) in toluene, AlMe; in toluene
(1 mL of a 2.0 M solution) was added. The suspension was
stirred overnight, after which the mother liquor was decanted
off. The solid was washed once with 3 mL of toluene and then
dried in vacuo. The powder was placed in a J. Young NMR
tube, suspended in toluene-dg (0.6 mL) and dmpe (5.65 mg;
37.6 umol) was added. The suspension was heated for 6 h to
reflux and frequently mixed up. Afterwards, the mixture was
cooled slowly to yield 2 as green X-ray quality crystals.

Method B: To a suspension of [(COT)GdI(thf),] (48.0 mg;
90.1 pmol) in toluene (5 mL), AlMe; in toluene (1 mL of a
2.0 M solution) was added, and the suspension was stirred for
24 h. The mother liquor was decanted off and the yellow solid
was washed twice with toluene (5 mL). Afterwards the solid
was suspended in toluene (30 mL) and dmpe (13.5 mg;
15.0 pL; 90.0 pmol) was added. The yellow solution was heated
to 115 °C for 1 h. Afterwards the reaction mixture was filtered
hot, and the volume was reduced in vacuo. Green crystals of 2
were obtained by storing the solution at room temperature
overnight (46%; 22.1 mg; 41.4 pmol). NMR: the strong para-
magnetism of Gd precludes the assignment of observed
signals. '"H NMR (300 MHz, toluene-dg): 5.73 (b), 3.05 (b),
1.30 (b), 0.46 (b), —13.78 (b). *'P{"H} (121.5 MHz, toluene-dy):
no resonance observed. IR (band assignment and spectra in
the SI): v (cm™") 3039 w, 2960 w, 2891 w, 1545 w, 1420 m, 1303
w, 1260 m, 1143 w, 1094 m, 1012 m, 945 m, 928 m, 891 m,
869 m, 796 m, 768 m, 746 m, 731 m, 695 s. CHN
(C14H»4GdIP,): caled C 31.23, H 4.49; found: C 30.59, H 4.42.

[{Gd(cOT)(p-D}2(p-dmpm)] (3). Method A: To a suspension
of [(COT)GdI(thf),] (20 mg; 37.6 pmol) in toluene, AlMe; in
toluene (1 mL of a 2.0 M solution) was added. The suspension
was stirred overnight, after which the mother liquor was dec-
anted off. The solid was washed once with 3 mL of toluene
and then dried in vacuo. The powder was placed in a J. Young
NMR tube, suspended in toluene-dg (0.6 mL) and dmpm
(5.12 mg; 37.6 umol) was added. The suspension was heated
for 6 h to reflux and frequently mixed up. Afterwards the
mixture was cooled slowly to yield 3 as green X-ray quality
crystals.

Method B: To a suspension of [(COT)GdI(thf),] (88.0 mg;
0.17 mmol) in toluene (5 mL), AlMe; in toluene (1 mL of a
2.0 M solution) was added, and the suspension was stirred for
24 h. The mother liquor was decanted off and the yellow solid
was washed twice with toluene (5 mL). Afterwards the solid
was suspended in toluene (50 mL) and dmpm (16.9 mg;
19.6 pL; 0.12 mmol) was added. The yellow suspension was
heated to 115 °C for 3 h. Afterwards, the reaction mixture was
filtered hot and green crystals of 3 were grown from a vapor
diffusion of pentane in the solution (26%; 20.2 mg;
22.1 pmol). NMR: due to the strong paramagnetism of Gd not
all expected resonances could be observed. 'H (300 MHz,
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toluene-ds): 8.27 (b), 7.15 (b), 6.40 (b), 3.35 (b), 0.69 (b), —0.23
(b). *'P{'H} (121.5 MHz, toluene-dg): no resonance observed.
IR (band assignment and spectra in the SI): v (cm™") 3087 w,
2964 w, 2902 w, 1495 w, 1415 m, 1359 w, 1284 m, 1262 m,
1096 m, 1016 m, 951 m, 930 m, 893 m, 798 m, 768 m, 748 m,
725 w, 701 s. CHN (C,;H30Gd,I,P,): caled C 27.63, H 3.31;
found: C 24.45, H 3.26.

[{GdCps},(p-dmpe)] (4). Method A: To a suspension of
[{GdCp,(thf)},(p-Cl),] (13 mg; 32.9 umol) in toluene, AlMe; in
toluene (1 mL of a 2.0 M solution) was added. The suspension
was stirred overnight, after which the mother liquor was dec-
anted off. The solid was washed once with 3 mL of toluene
and then dried in vacuo. The powder was placed in a J. Young
NMR tube, suspended in toluene-ds (0.6 mL) and dmpe
(4.94 mg; 32.9 pumol) was added. The suspension was heated
for 6 h to reflux and frequently mixed up. Afterwards, the
mixture was cooled slowly to yield 4 as colourless X-ray quality
crystals.

Method B: To a suspension of [GdCp;(thf)] (77 mg;
0.18 mmol) in toluene (4 mL), AlMe; in toluene (1 mL of a
2.0 M solution) was added, and the suspension was stirred for
24 h. The mother liquor was decanted off and the yellow solid
was washed twice with toluene (5 mL). Afterwards, the solid
was suspended in toluene (50 mL) and dmpe (20.4 mg;
22.7 pL; 0.13 mmol) was added. The suspension was heated to
115 °C for 6 h turning from slightly yellow to colourless. The
reaction mixture was filtered hot and 4 was obtained as colour-
less crystals from vapor diffusion of pentane into the solution
(17%; 13.4 mg; 15.7 pmol). The identity of the filter cake could
not be determined reliably. CHN analysis of the filter cake did
not match 4. ICP-OES measurement showed the presence
of Gd, but the nature of the Gd compound could not be
established.

NMR: Due to the strong paramagnetism of Gd, only very
broad signals are observed. 'H (300 MHz, toluene-dg) 3.51 (b),
2.19 (b), 0.33 (b). **P{*H} (121.5 MHz, toluene-ds) —52.1 (b)
ppm. IR (band assignment and spectra in the SI): v (cm™")
3074 w, 2908 w, 1642 w, 1419 w, 1286 w, 1189 w, 1115 w, 1059 w,
1008 m, 941 m. 902 m, 841 w, 749 s. CHN (C3zH46Gd,P,): caled
C 50.56, H 5.42; found: C 48.88, H 5.32.

[{LaCps},(p-dmpe)] (5). To a suspension of [LaCps(thf)]
(76 mg; 0.19 mmol) in toluene (2 mL), AlMe; in toluene (1 mL
of a 2.0 M solution) was added, and the suspension was stirred
for 24 h. The mother liquor was decanted off, and the white
solid was washed twice with toluene (4 mL). Afterwards, the
solid was suspended in toluene (40 mL) and dmpe (21.1 mg;
23.4 pL; 0.14 mmol) was added. The suspension was heated to
115 °C for 6 h, filtered hot and colourless low X-ray quality
crystals were obtained from vapor diffusion of pentane in the
solution (6%; 5 mg; 6.1 pmol).

Larger scale. Procedure as above but using 145 mg
(0.35 mmol) of [LaCpj;(thf)], 1.5 mL AlMe; in toluene (2.0 M)
and 33 mg dmpe (0.22 mmol) in 10 mL toluene. The reaction
mixture was filtered hot, and the remaining filter cake was
dried under vacuum. Yield: 135 mg (91%; 0.16 mmol) of
microcrystalline 5. NMR: isolated 5 was too insoluble in
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toluene-dg for a meaningful NMR characterisation. IR (band
assignment and spectra in the SI): v (cm™") 3081 w, 2906 w,
1637 w, 1506 w, 1422 w, 1286 w, 1187 w, 1113 w, 1059 w,
1007 m, 941 m, 893 m, 746 s. pXRD: matches with simulated
pXRD from single crystal diffraction data (see SI Fig. S16).
CHN analysis: inconclusive results with large variations
between measurements.

Computational details

Geometry optimisations and subsequent analytical frequency
calculations for confirmation of minima were carried out with
Orca 5.0.4 starting from the experimentally obtained crystal
structures.”>””* All structures were optimised with the PBE
functional and ZORA-def2-TZVP basis set.”>”® For lanthanum,
gadolinium and iodine, the SARC-ZORA-TZVP basis set was
used.”” Scalar relativistic effects were taken into account by
using the zero order relativistic approximation (ZORA).”8%°
Dispersion corrections were included using Grimme’s D3 dis-
persion correction with Becke-Johnson damping.®"%?
Quantum Theory of Atoms in Molecules (QTAIM) analysis and
the generation of plots of the Laplacian of the electron density
was done with multiWFN using the Orca-generated wfx files.®?
Structures and molecular orbitals were visualised with
Chemcraft.?
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