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Bimetallic Synergy Enables Silole Insertion into THF and the
Synthesis of Erbium Single-Molecule Magnets
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Abstract: The potassium silole K2[SiC4-2,5-(SiMe3)2-3,4-
Ph2] reacts with [M(η8-COT)(THF)4][BPh4] (M=Er, Y;
COT=cyclo-octatetraenyl) in THF to give products that
feature unprecedented insertion of the nucleophilic
silicon centre into a carbon-oxygen bond of THF. The
structure of the major product, [(μ-η8 :η8-COT)M(μ-
L1)K]∞ (1M), consists of polymeric chains of sandwich
complexes, where the spiro-bicyclic silapyran ligand
[C4H8OSiC4(SiMe3)2Ph2]

2� (L1) coordinates to potassium
via the oxygen. The minor product [(μ-η8 :η8-COT)M(μ-
L1)K(THF)]2 (2M) features coordination of the silapyran
to the rare-earth metal. In forming 1M and 2M, silole
insertion into THF only occurs in the presence of
potassium and the rare-earth metal, highlighting the
importance of bimetallic synergy. The lower nucleophi-
licity of germanium(II) leads to contrasting reactivity of
the potassium germole K2[GeC4-2,5-(SiMe3)2-3,4-Me2]
towards [M(η8-COT)(THF)4][BPh4], with intact transfer
of the germole occurring to give the coordination
polymers [{η5-GeC4(SiMe3)2Me2}M(η8-COT)K]∞ (3M).
Despite the differences in reactivity induced by the
group 14 heteroatom, the single-molecule magnet prop-
erties of 1Er, 2Er and 3Er are similar, with thermally
activated relaxation occurring via the first-excited
Kramers doublet, subject to effective energy barriers of
122, 80 and 91 cm� 1, respectively. Compound 1Er is also
analysed by high-frequency dynamic magnetic suscepti-
bility measurements up to 106 Hz.

Introduction

The landmark discovery that some terbium and dysprosium
complexes containing one metal ion display slow magnetic

relaxation sparked a proliferation in the development of
single-molecule magnets (SMMs) during the last two
decades.[1–3] Beyond fundamental interest in the physics of
SMMs, this type of molecular magnet has also shown
potential for applications in nanoscale devices and quantum
technologies.[4,5] Understanding the complex magnetic relax-
ation phenomena shown by SMMs has been a major
challenge in the development of the field, with significant
progress being achieved using sophisticated theoretical
models.[6–10] Application of these models has allowed
synthetic approaches to lanthanide SMMs to reach a level
where chemical control of the properties is becoming
possible. Notable methodologies include symmetry-based
designs to increase the effective energy barrier to reversal of
the magnetization (Ueff),

[11–14] the use of radical ligands[15–17]

and encapsulation of lanthanides in fullerenes to improve
the hysteresis properties and the blocking temperature
(TB).

[18–20]

Arguably, the most successful general approach to SMM
synthesis has focused on pseudo-two-coordinate dysprosium
metallocene cations, [Dy(η5-CpR)2]+, where CpR is a bulky
cyclopentadienyl ligand such as C5

iPr5 or 1,2,4-C5
tBu3H2.

[21–27]

Advances with dysprosocenium SMMs have also stimulated
interest in isolobal replacement of cyclopentadienyl ligands
with analogues containing heteroatoms such as boron,[28]

germanium,[29] lead[30] and phosphorus.[31,32] Significant find-
ings include the borolide-ligated SMM [{η5-1-(piperidino)-
2,3,4,5-BC4Ph4}2Dy]

� ,[33] in which the dianionic ligands are
thought to induce very strong crystal field splitting at the
Dy3+ centre, leading to a Ueff of 1600 cm

� 1.
The use of main group heterocyclopentadienyl ligands in

lanthanide chemistry also offers the intrigue of new chemical
bonding environments, including metal-heteroatom interac-
tions with potential to lead to new reactivity. Silicon as a
donor atom is notable by its absence from the family of
heteroatom-containing lanthanide metallocene SMMs. In-
deed, rare-earth complexes of dianionic silole ligands
[SiC4R4]

2� (R=alkyl, aryl, silyl) are limited to a single
example containing lanthanum,[34] and even in transition
metal chemistry the silole ligand is rare.[35–38] This gap in
knowledge motivated us to target the silole-ligated erbium
SMM [{η5-SiC4(SiMe3)2Ph2}Er(η8-COT)]� , (COT=cyclo-oc-
tatetraenyl) containing the dianionic silole ligand [SiC4-2,5-
(SiMe3)2-3,4-Ph2]

2� (CpSi), the synthesis of which was
reported previously by Müller et al.[39] For comparative
purposes, we also targeted the germole-ligated sandwich
complex [{η5-GeC4(SiMe3)2Me2}Er(η8-COT)]� , containing
[GeC4-2,5-(SiMe3)2-3,4-Me2]

2� (CpGe),[39] to establish whether
the group 14 heteroatom impacts on the SMM properties.
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Whereas the synthesis of the germole-ligated sandwich
complex proceeded as expected, divergent reactivity was
observed with the silicon chemistry, resulting in an unprece-
dented insertion of the silole ligand into THF.

Results and Discussion

Refluxing [K2Cp
Si] and [Er(η8-COT)(THF)4][BPh4] in THF/

toluene overnight produced, after work-up, yellow crystals
of the heterobimetallic coordination polymer [(μ-η8 :η8-
COT)Er(μ-L1)K]∞ (1Er) (Scheme 1), where L

1 is the spiro-
bicyclic silapyran ligand [C4H8OSiC4(SiMe3)2Ph2]

2� , gener-
ated by insertion of the silole silicon atom into a C� O bond
of THF. The yield of 1Er was 68%. Storing the nascent
solution for a further seven days gave a second, dimeric
product [(μ-η8 :η8-COT)Er(μ-L1)K(THF)]2, which also con-
tains L1 (2Er), in 5.5% yield. By reducing the reaction time
to two hours, 1Er could be isolated as the only erbium-
containing product in a yield of 77%. To aid structural
characterization in solution, the isostructural yttrium com-
plexes 1Y and 2Y were also synthesized in yields of 72 and
5%, respectively, using the longer reaction time. Separation

of the two compounds was confirmed by 1H, 13C{1H}
(Figures S1–S8) and 29Si{1H} NMR spectroscopy in THF-D8,
with 29Si resonances for 1Er observed at δ=12.48 ppm for the
spiro silicon and � 12.09 ppm for the trimethylsilyl group
(Figure S4). The analogous environments in 2Y occur at
37.29 and � 16.37 ppm, respectively, in THF-D8 (Figure S8).
Using the shorter reaction time allowed 1Y to be isolated as
the sole product in 82% yield.
The solid-state structures of 1Er and 1Y were determined

by X-ray crystallography and found to be similar, hence only
1Er is described in detail. Consistent with their similar crystal
structures, the two compounds also have very similar FTIR
spectra (Figure S9). Structural parameters for 1Y are pro-
vided in the Supporting Information (Figure 1, Figure S17,
Tables S1–S4). The structure of 1Er consists of polymeric
chains with an η4-L1 ligand bridging through four carbon
atoms between erbium and potassium. The spiro-silicon
atom Si3 is tetrahedral and, hence, not coordinated to either
metal. The Er� C and K� C distances to L1 are in the range

Scheme 1. Synthesis of [(μ-η8 :η8-COT)Er(μ-L1)K]∞ (1M), [(μ-η8 :η8-
COT)Er(μ-L1)K(THF)]2 (2M) and [(μ-η8 :η8-COT)Er{μ-η5 :η5-GeC4-
(SiMe3)2Me2}K(THF)]2 (3M). M=Er or Y, E=Si or Ge, R’=SiMe3, and
R=Me or Ph.

Figure 1. Thermal ellipsoid representation (50% probability) of a seg-
ment of the polymer chain of 1Er (upper), the dimeric structure of 2Er

(middle) and a segment of the polymer chain of 3Er (lower). Unlabeled
black atoms are carbon. For clarity, hydrogen atoms are not shown.
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2.525(3)–2.570(3) Å and 3.016(3)–3.508(3) Å, respectively,
and the six-membered silapyran ring coordinates through
oxygen to potassium, with a K� O distance of 2.587(2) Å.
The structural parameters reported by Müller et al. for the
THF solvate of [K2Cp

Si] include C� C bond lengths in the
narrow range 1.423(16)–1.438(17) Å, indicating delocaliza-
tion of the π-electrons around the planar SiC4 ring.

[39] In
contrast, the C1� C2, C2� C3 and C3� C4 bond lengths in 1Er
alternate as 1.474(4), 1.413(4) and 1.481(4) Å, respectively.
Combined with the non-planar SiC4 ring, these data are
consistent with a loss of aromaticity upon insertion of the
silole into THF. The metal atoms are also bridged by an η8-
COT ligand with Er� C and K� C distances in the range
2.530(4)–2.580(3) and 3.023(4)–3.178(3) Å.
Molecules of 2Er and 2Y are also isostructural, crystalliz-

ing as centrosymmetric dimers involving cation-π interac-
tions between potassium and a phenyl ring (via C14), and a
K···HC close contact with a trimethylsilyl substituent (via
C20), reminiscent of an anagostic interaction (Figure 1,
Figure S18, Tables S1, S2, S5, S6). Unlike with 1Er, the
activated ligand L1 in 2Er coordinates to erbium via the
oxygen atom, with an Er� O distance of 2.4034(12) Å. The
Er� C distances to the η4-L1 and η8-COT ligands are in the
range 2.5480(18)–2.6579 (18) Å and 2.5827(19)–2.640(2) Å,
respectively. In addition, the coordination environment of
potassium consists of an η8-COT ligand, with K� C distance
in the range 3.090(2)–3.248(2) Å, and two THF ligands.
The reactions of [K2Cp

Ge] with [M(η8-COT)(THF)4]-
[BPh4] (M=Er, Y) gave the coordination polymers [{η5-
GeC4(SiMe3)2Me2}M(η8-COT)K]∞ (3M) as the only yttrium-
and erbium-containing products. The structures of 3M (Fig-
ure 1, Figures S19, S20, Tables S1, S2, S7, S8) consist of [{η5-
GeC4(SiMe3)2Me2}M(η8-COT)]� sandwich complexes
bridged by potassium cations, with the germole ligands
remaining intact. In 3Er, the Er� C and Er� Ge distance to the
η5-germole ligand are 2.568(4)–2.603(4) and 2.8863(5) Å,
respectively, and the analogous distances to potassium are
3.091(4)–3.207(4) and 3.2979(9) Å, respectively. The C1� C2,
C2� C3 and C3� C4 distances in 3Er are 1.428(6), 1.421(6) and
1.435(6) Å, respectively, indicating π-electron delocalization
around the germole ring, which is consistent with its
planarity and the sum of the internal angles being 540°.[39]

The Er� C and K� C distances to the η8-COT ligand are
2.507(5)–2.564(5) Å and 3.067(4)–3.351(4), respectively. In-
ter-chain interactions are also present in the structure of 3Er
owing to the germanium-centered electron lone pair engag-
ing in dative interactions with potassium, resulting in a
Ge� K distance of 3.5640(10) Å. The same pattern of bond
lengths occurs in the structure of 3Y. The

1H and 13C-
{1H} NMR spectroscopy data for 3Y in solution are also
consistent with the solid-state structure (Figures S12–S14),
including a single resonance in the 29Si{1H} NMR spectrum
at δ= � 13.65 ppm (Figure S15).
The sensitivity of THF to polar main group organo-

metallics, especially organolithium reagents, is well-known
and often results in cleavage of the ring to give a metal
enolate and ethene.[40,41] Other ring-opening reactions of
THF include activation by frustrated Lewis pairs[42] and
heterobimetallic main group reagents.[43] Selective deproto-

nation of THF without ring opening by sodium zincate
reagents and subsequent functionalization have also been
described.[44] Ring expansion of THF is, however, rare,
having been observed previously in a handful instances with
aluminium(I) reagents.[45,46] To the best of our knowledge,
the formation of 1M and 2M are the first examples of silicon
inserting into the THF ring, formally representing a silicon-
(II)-silicon(IV) oxidative addition. Notably, 1H NMR spec-
troscopy reveals that when [K2Cp

Si] alone is subjected to
prolonged heating under reflux, silole insertion into THF-D8
does not occur (Figure S11). Hence, formation of 1M and 2M
requires potassium and the rare earth metal to be present,
providing an example of mixed-metal synergic reactivity.
Since THF activation is not observed in the analogous
reactions of [K2Cp

Ge] with [Er(η8-COT)(THF)4][BPh4] to
give 3M, the stronger nucleophilicity of the silole presumably
plays an important role. A mechanism to account for the
formation of 1M can therefore be proposed in which THF
coordination to potassium brings the substrate into prox-
imity with the nucleophilic silicon atom, which then attacks
the 2-position (Scheme 2). An alternative mechanism with
initial coordination of THF to the rare-earth metal is also
conceivable, leading to formation of 2M.
Erbium complexes consisting of the {Er(η8-COT)}+

building block are well-known for their slow magnetic
relaxation properties, which is thought to arise from
complementarity between the prolate spheroidal electron
density of Er3+ and the equatorial crystal field provided by
[COT]2� .[47,48] It is, therefore, of interest to determine the
impact of silole insertion on the crystal field experienced by
erbium in 1Er and 2Er, and to compare this to the properties
of the intact germole-ligated complex 3Er.
Firstly, the molar magnetic susceptibility of the three

compounds was measured in an applied field of 1 kOe and
found to be characteristic of Er3+, with cMT reaching 11.16,
11.51 and 11.53 cm3Kmol� 1 at 300 K for 1Er, 2Er and 3Er,
respectively, close to the theoretical value of
11.48 cm3Kmol� 1 for an isolated Er3+ ion (4I15/2 ground
state) (Figures S21–S23).[49] At 2 K, the magnetization for
each compound increases rapidly as the DC field increases
to about 15 kOe before increasing more gradually at higher
fields, and approaching saturation at 70 kOe, reaching 5.00,
5.06 and 4.98 Nβ in 1Er, 2Er and 3Er, respectively (Figur-
es S21–S23). The occurrence of magnetic blocking in 1Er and
3Er was indicated by bifurcations in the field-cooled/zero-
field-cooled (FC/ZFC) magnetic susceptibility as a function
of temperature at 2.5 K, using an applied field of 1 kOe
(Figures S24, S26). A less pronounced FC/ZFC bifurcation

Scheme 2. Possible mechanism to account for silole insertion into
THF, leading to formation of 1M (M=Er or Y).
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was observed for 2Er at 2 K (Figure S25). Broadly consistent
with these observations, magnetic hysteresis measurements
revealed slightly open, S-shaped loops at 2 K for all three
compounds, which close at higher temperatures (Figur-
es S27–S29).
Using a Magnetic Property Measurement System

(MPMS), the real and imaginary components of the AC
susceptibility were determined as functions of frequency and
of temperature, i.e., c0 vð Þ, c

0 0

vð Þ, c0 Tð Þ and c
0 0

Tð Þ, in zero DC
field, an AC field of 3 Oe, and frequencies up to 941 Hz.
SMM behaviour was observed for all three compounds
(Figure 2, Figures S30, S31, S35, S36, S40, S41). For 1Er, the
maxima in c

0 0

vð Þ are almost temperature independent in the
region 2–4.5 K, before shifting to higher frequencies as the
temperature increases to 14.5 K. Above 14.5 K, maxima
were not observed in the standard frequency range. From
these data, Cole-Cole plots of c

0 0

c0ð Þ were produced and
fitted, allowing relaxation times (t) to be extracted (Fig-
ure S32, Table S9). The ensuing plot of lnt versus T � 1

revealed a near-linear dependence in the region 9.5–12 K
followed by curvature down to 4.5 K, and almost temper-
ature-independent relaxation down to 2 K (Figure 2, Figur-
es S33–S34). The magnetic relaxation times for 1Er show the
hallmarks of an SMM in which the high-temperature
relaxation is dominated by Orbach relaxation, whereas
quantum tunneling of the magnetization (QTM) is dominant
at lower temperatures, with Raman processes occurring at
intermediate temperatures. A fit of the relaxation times was
obtained using t� 1 ¼ t� 10 e� Ueff=kBT þ CTn þ t� 1QTM, where the
attempt rate is t� 10 , Ueff is the effective energy barrier, C and
n denote the Raman coefficient and Raman exponent,
respectively, and the rate of QTM is t� 1QTM. For 1Er, the
parameters obtained from this analysis are t0=1.09×10� 9 s,

Ueff=122�4 cm
� 1, C=0.20�0.05 s� 1 K� n, n=3.18�0.1, and

tQTM=9.1�0.15 ms (Table 1).
The AC susceptibility properties and relaxation times

determined for 2Er and 3Er are similar to those of 1Er, with
2Er displaying c

0 0

vð Þ and c
0 0

Tð Þ maxima at temperatures in
the range 2–14 K and 3Er in the range 2–15 K (Figure 2,
Figures S35–S36, S40, S41). The parameters extracted from
fits of lnt versus T� 1 for 2Er are t0=8.51×10� 8 s, Ueff=80�
1.5 cm� 1, C=1.95�0.5×s� 1 K� n, n=2.31�0.11, and tQTM=

7.2�0.22 ms (Figures S37–S39, Table 1, Table S10), and for
3Er they are t0=5.52×10� 9 s, Ueff=91�3.5 cm

� 1, C=0.04�
0.01 s� 1K� n, n=3.55�0.36, and tQTM=28�2.2 ms (Figur-
es S42–S44, Table 1, Table S11).
For SMMs based on erbium-COT units, such as [Er(η8-

COTR)2]
� (COTR=C8H8, 1,4-C8H6(SiMe3)2), [(η5-CpR)Er(η8-

COTR)2] (Cp
R=C5Me5, C5

tBu3H2, phospholyl), and [(η8-
COT)ErXLx]y (X=Cl, I; L=THF, pyridine, MeCN, ; x=1,
y=2; x=2, y=1), Ueff values are typically in the range 10–
250 cm� 1, with the larger barriers occurring in the absence of
a strong, competing axial crystal field.[47,48,50–57] The energy
barriers determined for 1Er–3Er using a standard AC
susceptometry are therefore consistent with literature prece-
dent. The larger barrier(s) determined for 1Er can be
rationalized in terms of the relatively short Er� COT
centroid distance of 1.77599(19) Å, which enhances the
equatorial component of the crystal field, and the relatively
long Er� L1 centroid distance of 2.27656(19) Å, which
diminishes the axial component. The analogous Er� COT
and Er� L1 distances in 2Er are 1.85829(15) and 2.27195
(15) Å, hence the equatorial crystal field should be less
dominant and the barrier smaller, as observed. In 3Er the
Er� COT and Er� CpGe distances are 1.74178(19) and 2.24837
(19) Å, respectively, hence a comparable equatorial crystal
field to 1Er but a relatively strong axial crystal field, leading
to a smaller barrier.
A common feature in the AC susceptbility responses of

erbium-COT SMMs is that both c0 and c
0 0

clearly continue
their frequency dependence well beyond the upper limit of
the commercial instrument, i.e., typically 1–1.5 or 10 kHz for
an MPMS or Physical Property Measurement System
(PPMS), respectively. Noting that AC susceptibility studies
of molecular magnets have been reported at frequencies in
the region of 70–95 kHz,[58,59] if the frequency window could
be extended further, deeper insight into the magnetization
dynamics in the activated relaxation regime at higher
temperatures would be obtained. Compound 1Er was there-
fore selected for high-frequency (HF) AC susceptibility

Figure 2. Plots of c
0 0

vð Þ data for 1Er (top left), 2Er (top right) and 3Er

(bottom left) in zero DC field; solid lines are a guide for the eye.
Temperature dependence of the relaxation time for all three com-
pounds; solid lines represent fits to the data using the parameters
stated in the text.

Table 1: SMM relaxation parameters for 1Er, 2Er and 3Er.

1Er 1Er
[a] 2Er 3Er

t0/s 1.09×10� 9 3.76×10� 11 8.51×10� 8 5.52×10� 9

Ueff/cm
� 1 122�4 156�1.5 80�1.5 91�3.5

C/s� 1 K� n 0.2�0.05 0.05�0.02 1.95�0.5 0.04�0.01
n 3.18�0.1 3.82�0.19 2.31�0.11 3.55�0.36
tQTM/ms 9.1�0.15 7.88�0.26 7.2�0.22 28�2.2

[a] Determined with inclusion of high-frequency susceptibility meas-
urements.
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measurements, which were performed on a bespoke AC
susceptometer installed within a PPMS and operating at
frequencies from 10 kHz up to 103 kHz, going beyond the
MPMS frequency window by three orders of magnitude.
The details of this instrument have been described previ-
ously by Riordan et al.[60]

Using an AC field of 1 Oe, the HF measurements on 1Er
revealed additional maxima in c

0 0

vð Þ up to 25 K (Figure 3,
Figure S45). The noise in the HF data is a consequence of
the dielectric background associated with the unsymmetrical
shape of the flame-sealed NMR tube sample container.
Cole-Cole plots of c

0 0

c0ð Þ from 15–25 K are parabolic and
were fitted using the same method as for the lower-
frequency measurements (Figures S46–S47, Table S12), al-
lowing relaxation times to be extracted and merged with
those corresponding to the lower-frequency data. A revised
plot of lnt versus T� 1 for 1Er shows that the linear depend-
ence of the relaxation time and, therefore, the Orbach
relaxation continue up to 25 K. The resulting fit parameters
for the frequency range 0.1 Hz to 103 kHz are t0=

3.76×10� 11 s, Ueff=156�1.5 cm
� 1, C=0.05�0.02 s� 1 K� n, n=

3.82�0.19, and tQTM=7.88�0.26 ms. A noteworthy out-
come from the HF susceptibility measurements is the
increase in the energy barrier from 122 to 156 cm� 1, with the
latter being a more reliable owing to the inclusion of more

data points over a wider temperature range. This result may
have implications for the determination of Ueff values within
the conventional frequency windows of AC susceptometry,
particularly when few data points and a narrow temperature
range are included in the fitting process.
To delve deeper into the electronic structure of 1Er, 2Er

and 3Er, multireference ab initio calculations of the
CASSCF/QDPT/SINGLE_ANISO type were carried out on
computationally tractable fragments of the crystal structures
using the ORCA 5.0.2 software package.[61,62] For 1Er, the
selected fragment is [(η8-COT)Er(μ-L1)K] (1’Er), for 2Er the
fragment is [(η8-COT)Er(μ-L1)K(THF)] (2’Er), and for 3Er
the fragment is [{η5-GeC4(SiMe3)2Me2}M(η8-COT)]� (3’Er)
(Figure 4).
The effect of the crystal field on the 4I15/2 ground state of

Er3+ in 1’Er, 2’Er and 3’Er is to split the eight Kramers
doublets (KDs) across energies of 293, 384 and 259 cm� 1,
respectively (Table S13). In the ground KDs of 1’Er and 3’Er,
the axial symmetry of the crystal field is reflected in the g-
tensors, which are calculated to be gx ¼0.004, gy ¼0.006 and
gz ¼17.29, and gx ¼0.002, gy ¼0.004 and gz ¼17.75, respec-
tively (Tables S14, S16). The analogous parameters for 2’Er
are gx ¼0.091, gy ¼0.136 and gz ¼16.831 (Table S15), with

Figure 3. High-frequency c
0 0

vð Þ data for 1Er (top), and temperature
dependence of the relaxation time in the temperature range 2–25 K
(bottom). Solid lines represent fits to the data using the parameters
stated in the text.

Figure 4. Calculated easy axis of magnetization (blue lines) in the
ground KD and magnetic relaxation barriers for 1’Er (top), 2’Er (middle)
and 3’Er (bottom). Red lines represent transition magnetic moments,
with stronger shading indicating a more probable transition. For clarity,
hydrogen atoms are not shown, and transitions involving higher-energy
states not involved in the relaxation mechanism are omitted.
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the greater transverse components presumably a conse-
quence of the Er� O interaction with the equatorial silapyran
ring. The wavefunction compositions of the ground KDs for
1’Er and 3’Er consist of 91% and 97% MJj j ¼ 15=2 character
(Tables S14, S16), respectively, with the easy axis of magnet-
ization passing almost through the centres of the ηn-ligands
(Figure 4). In contrast, the ground KD for 2’Er consist of
only 84% MJj j ¼ 15=2 character, with non-negligible mixing
of higher-lying KDs into the ground KD (Table S15) and
the easy axis of magnetization oriented towards the edges of
the two ηn-ligands (Figure 4). The first-excited KDs in 1’Er,
2’Er and 3’Er lie at energies of 120, 76 and 87 cm� 1,
respectively, with all three showing greatly diminished axial
character owing to extensive mixing of MJ wavefunctions
(Tables S14–S16). The calculated transition magnetic mo-
ment matrix elements for barrier crossing within the first-
excited KD are also appreciable (Tables S17–S19). Consid-
ering the good match between experimental and calculated
effective energy barriers, Orbach relaxation in all three
SMMs should, therefore, proceed via the first-excited KD,
as shown in Figure 4.
Returning to the question of how the group 14 heter-

oatom within the dianionic metallole ligand impacts on the
SMM properties, compounds 1Er and 3Er and their simplified
fragments 1’Er and 3’Er allow the most meaningful compar-
ison since neither feature equatorial coordination at the
erbium centres. Key relaxation parameters determined
through bulk magnetic measurements differ for 1Er and 3Er,
yet their Ueff values are similar, and both are comparable to
the barriers determined for other erbium-COT SMMs.
Furthermore, although the calculated properties of 1’Er and
3’Er, such as g-tensors and crystal field parameters, are
quantitatively different (Tables S14, S16, S20), they are
clearly similar overall. Therefore, despite the activation of
[CpSi]2� to give [L1]2� in the synthesis of 1Er, as opposed to
intact transfer of [CpGe]2� when forming 3Er, the overall
impact on the dynamic magnetic properties is not appreci-
able. This observation points towards the formal dianionic
charge of the axial [L1]2� and [CpGe]2� ligands playing a
dominant role in the crystal field, rather than a heteroatom-
specific effect, at least for the compounds considered in this
study.

Conclusion

In conclusion, mixed-metal synergy arising from reactions of
the potassium silole [K2Cp

Si] with the yttrium and erbium
half-sandwich compounds [M(η8-COT)(THF)4][BPh4] results
in the η5-silole ligand inserting the nucleophilic silicon centre
into a C� O bond of THF. The resulting sandwich complexes
1M and 2M contain an unusual spiro-bicyclic silapyran ring
formed by formal oxidative addition across silicon(II) to
give silicon(IV), with coordination of the pyran oxygen
atom to potassium in 1M or to the rare-earth metal in
product 2M. In contrast, the analogous reactions involving
the η5-germole ligand [CpGe]2� proceed with intact germole
transfer to the rare-earth metal, forming 3M. The erbium
derivatives are SMMs, with energy barriers of 122, 80 and

91 cm� 1 for 1Er, 2Er and 3Er, respectively. High-frequency AC
susceptometry revealed that Orbach relaxation in 1Er is
dominant up to at least 25 K. A magneto-structural
correlation revealed similarities between the electronic
structure of 1Er and 3Er. The presence of different heter-
oatoms in the metallole ligands does not impact significantly
on the SMM properties. Instead, the relatively short distance
from erbium to the centroid of the dianionic germole ligand
in 3Er is likely to be responsible for the lower barrier
compared to 1Er.
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