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ABSTRACT: A series of trivalent lanthanide sandwich complexes [(η5-C4R4As)Ln(η8-C8H8)] using three different arsolyl ligands are 
reported. The complexes were obtained via salt elimination reactions between potassium arsolyl salts and lanthanide precursors 
[LnI(COT)(THF)2] (Ln = Sm, Dy, Er; COT = η8-C8H8). The resulting compounds exhibit classical sandwich complex structures 
with one notable exception. Characterization was conducted in both the solid state using single-crystal X-ray diffraction a nd in 
solution for the Sm compounds using NMR spectroscopy. Furthermore, the magnetic properties of an Er complex were investigated, 
revealing distinctive single-molecule-magnet behavior characterized by an energy barrier of Ueff = 323.3 K. Theoretical calculations 
were employed to support and interpret the experimental findings, with a comparative analysis performed against previously reported 
complexes.

INTRODUCTION
The organometallic chemistry of lanthanides has been
dominated by cyclopentadienyl (Cp, C5H5−) ligands for a
long time. In comparison, the chemistry of heterocyclopenta-
dienyl ligands with rare-earth elements has remained rather
underexplored. In 1989, Nief and Mathey reported the first
example of a phospholyl complex with Yb and Lu.1 Later they
also succeeded in the isolation of the first lanthanide complex
comprising the heavier arsolyl ligands for the classical divalent
lanthanides Yb and Sm but could not obtain their crystal
structure and solely characterized them by NMR spectrosco-
py.2 Since then, the coordination of various heterocyclic
ligands such as dianionic boroles3,4 and the well-studied group
14 metalloles5 such as siloles,6 germoles,6−8 and plumboles9 to
rare-earth elements has been accomplished (Figure 1).
However, among all of the anionic heteroles, phospholyl
ligands continue to be the most extensively studied to date.
The study of phospholyl complexes has yielded a wide range

of structurally diverse compounds involving both divalent and
trivalent lanthanides.10 For divalent lanthanides, both mono-
meric and dimeric phospholyl complexes have been
obtained.11−14 A convenient pathway to obtain trivalent
lanthanide phospholyl complexes is the oxidation of the
divalent ones.15−18 Additionally, trivalent lanthanide com-
plexes have been obtained through metathesis reactions with

the respective halides,19,20 borohydrides,21 and alkyls.22,23 In
2019, the Mills group reported a bis(phospholyl)-
dysprosocenium complex,24 for which a maximum hysteresis
temperature of 48 K was achieved. This intriguing discovery
showcased the utilization of phospholyl ligands as an
alternative axial ligand compared to Cp ligands, challenging
the dominance of Cp-based systems in the design of single-
molecule magnets (SMMs).25

In contrast, examples of complexes with arsolyl ligands
remain scarce. After the discovery of the first arsolyl complexes
with the classical divalent lanthanides Sm and Yb, Nief and co-
workers were able to synthesize the first divalent thulium
complexes with arsolyl ligands in 2002.26 However, to date,
there is only one known example of an arsolyl complex with a
trivalent lanthanide ion, which was synthesized by a redox
reaction between divalent [Cp*2Sm] (Cp* = C5Me5−) and a
1,1′-bisarsolyl.16 However, the resulting compound [Cp*2Sm-



((3,4-dimethylarsolyl))] is not a sandwich complex due to the
coordination of three cyclic ligands. In 2015, the first actinide
complex incorporating an arsolyl ligand was obtained by the
classical metathesis reaction upon reacting UI3 with a
potassium arsolyl complex and K2COTTIPS (COTTIPS = 1,4-
bis(triisopropylsilyl)cyclooctatetraendiide).27 The dianionic
cyclooctatetraendiide ligand has also been used in the synthesis
of linear-type lanthanide phospholyl sandwich compounds
[Ln(COT)(Dsp)] (Dsp = 3,4-dimethyl-2,5-bis(trimethylsilyl)-
phospholyl and COT = η8-C8H8).28 The erbium compound of
this type was of particular interest because it shows enhanced
magnetic properties compared to the fully carbon-based
[Er(COT)(Cp*)].29
These results raise the question of whether it is possible to

form similar complexes by using arsolyl ligands with the aim of
studying if and how the softer As atom affects the structure and
magnetism of the corresponding complexes. Herein, we
showcase the synthesis and structural characterization of a
series of trivalent lanthanide sandwich complexes ligated by
distinct arsolyl and COT ligands. In addition, the magnetic
behavior of a selected erbium complex was investigated and
compared to those of related known complexes.

RESULTS AND DISCUSSION
For synthesizing the desired arsolyl-functionalized sandwich
complexes, we employed three different arsolyl ligands. The
potassium salts of two of these arsolyl compounds, 1a2

(KTmas, where Tmas = 2,3,4,5-tetramethylarsolyl) and 1b26

(KDsas, where Dsas = 3,4-dimethyl-2,5-bis(trimethylsilyl)-
arsolyl]) were already described in the literature. In addition,
the previously unknown tBu-substituted potassium arsolyl

complex 1c (KDtas, where Dtas = 3,4-dimethyl-2,5-bis(tert-
butyl)arsolyl) was synthesized (Scheme 1).
These potassium arsolyl complexes were then reacted with

[Sm(COT)I(THF)2]
30 at room temperature in tetrahydrofur-

an (THF), to give the corresponding sandwich complexes
[Sm(COT)(Tmas)]2 (2-Sm), [Sm(COT)(Dsas)] (3-Sm),
and [Sm(COT)(Dtas)] (4-Sm) (Scheme 2) after extraction
with toluene as an air-sensitive material. Single crystals of all
three complexes were obtained in a moderate yield from their
concentrated toluene solutions at room temperature.
Single-crystal X-ray diffraction (SCXRD) analysis of

complex 2-Sm revealed a dimeric structure with the formula
[Sm(COT)(Tmas)]2, exhibiting a μ:η5-η1 coordination mode
of the arsolyl ligands (Figure 2). A similar coordination has
also been observed for phospholyls and arsolyls in a previous
study by Nief and Ricard of [Cp*2Sm((3,4-dimethylarsol-
yl))].16 Within the η5-coordinated sandwich scaffold, the Sm−
As bond length is 3.0364(3) Å, while the corresponding η1
Sm′−As bond, which is bridging the two sandwich units, is
about 0.2 Å longer [Sm′−As: 3.2192(3) Å]. As a consequence
of this unique coordination mode involving the As atoms, the
CtCOT−Sm−CtTmas angle becomes significantly bent
[146.54(2)°].
In contrast, samarium complexes 3-Sm and 4-Sm crystallize

as monomeric sandwich structures in the solid state (Figure 2).
This led us to conclude that the low steric demand of the two
methyl groups in the 2 and 5 positions of the Tmas ligand
combined with the size of the Sm ion itself is the reason for the
formation of the dimeric structure. A similar observation was
found in the neodymium phospholyl complex [(COT)Nd-
(Dsp)(THF)], where, due to the larger ionic radius of the Nd

Figure 1. Molecular structures of Er-based SMMs with heterocyclopentadienyl ligands [Er(Dsp)(COT)] (A),28 [Er(LGe)(COT)]− (B),8 and
[Er(LPb)(COTTIPS)]− (C).9 The cations of B and C are omitted for clarity. Dsp = 3,4-dimethyl-2,5-bis(trimethylsilyl)phospholyl, LGe = 3,4-
dimethyl-2,5-bis(trimethylsilyl)germolyl, LPb = 3,4-dimethyl-2,5-bis(tert-butyldimethylsilyl)plumbolyl, and COTTIPS = 1,4-bis(triisopropylsilyl)-
cyclooctatetraendiide.

Scheme 1. Synthesis of the Potassium Arsolyl Complexes 1a, 1b, and 1c

Scheme 2. Synthesis of Samarium Arsolyl Complexes 2-Sm, 3-Sm, and 4-Sm by a Salt Elimination Reaction



atom, an additional THF molecule is coordinated as an
equatorial ligand,31 which is in contrast to the solvent-free
complexes of the smaller lanthanides (Ln = Tb, Dy, Er, Tm).28

The monomeric samarium complexes also show a more linear
structure than dimeric 2-Sm, as evidenced by the CtCOT−Sm−
CtAs angles of 164.24(1)° for 3-Sm and 164.68(2)° for 4-Sm.
Despite their paramagnetism, these samarium complexes could
also be characterized by 1H and 13C{1H} NMR spectroscopy.
In the 1H NMR spectrum, the signal of the COT protons is
seen at 9.93 ppm for 2-Sm, 9.58 ppm for 3-Sm, and 9.36 ppm
for 4-Sm. The signal for the methyl protons at the 3 and 4
positions of the arsolyl ligand is found at 3.73 ppm for 3-Sm,
3.70 ppm for 4-Sm, and 3.95 ppm for 2-Sm.
To further explore the coordination behavior of the arsolyl

ligands with smaller lanthanides, our focus turned to
dysprosium and erbium, for which the respective phospholyl
complexes have already been reported previously.28 In general,
sandwich complexes of these elements, are among the best
single molecule magnets (SMMs).3,24,30,32,33 Employing
reaction conditions analogous to those used for synthesizing
the samarium complexes, we successfully obtained six new
complexes [Dy(COT)(Tmas)] (2-Dy), [Dy(COT)(Dsas)]
(3-Dy), [Dy(COT)(Dtas)] (4-Dy), [Er(COT)(Tmas)] (2-
Er), [Er(COT)(Dsas)] (3-Er), and [Er(COT)(Dtas)] (4-Er)
in moderate yields as air sensitive materials (Scheme 3). These
complexes were isolated as yellow (Dy) and orange (Er) single
crystals from concentrated toluene solutions, except for 2-Dy,
which was crystallized from a concentrated n-pentane solution
at −10 °C. Interestingly, all of the reaction products exhibited
a monomeric solid-state structure (Figures 3 and 4). This
exclusively monomeric behavior can be attributed to the
smaller ionic radius of Dy and Er in comparison to Sm.34

Thermogravimetric analysis of compound 4-Er was performed
to investigate the thermal stability (Figure S41). Compound 4-
Er is stable until about 84 °C and then slowly loses about 3%

of it mass upon heating to about 200 °C. Significant weight
loss was seen in the range between 315 and 370 °C.
Due to the similarities in the molecular structures, the

discussion herein is focused on the three erbium complexes 2-
Er, 3-Er, and 4-Er (Figure 3).34 All trends that will be
discussed in the following section were also observed for the
dysprosium compounds (Figure 4).
As anticipated, compound 2-Er exhibits the shortest Er−As

distance of 2.8699(5) Å, primarily attributed to the low steric
demand of the ligand. In contrast, compounds 3-Er and 4-Er
display slightly longer Er−As distances of 2.9138(6) and
2.9104(6) Å, respectively, due to the presence of the bulkier
tetramethylsilyl and tBu groups. A similar trend is observed for
the Er−CtAs distances, with 2-Er having the shortest distance
of 2.3297(4) Å, while 3-Er and 4-Er exhibit slightly longer
distances of 2.3523(4) and 2.3492(3) Å. The Er−CtCOT
distance of 1.6774(4) Å in complex 2-Er is also the shortest
among the three compounds, which is comparable to the Er−
CtCOT distance in the previously reported [Er(COT)Cp*]
complex with 1.662 Å.29 For 3-Er and 4-Er, the Er−CtCOT
distances are longer with 1.7051(3) and 1.7001(2) Å.
The bond angles between the centroids of the ligands and

the Er atom provide insights into the linearity of the complex.
Compound 2-Er exhibits a CtAs−Er−CtCOT angle of
164.86(2)°, while 3-Er and 4-Er display angles of
167.52(2)° and 167.647(12)°, respectively. The tilting angle
between the two ligand planes also demonstrates this trend,
with 3-Er and 4-Er having angles of 15.1° and 15.2°,
respectively, while 2-Er has a larger angle of 17.7°, deviating
further from a linear geometry. The shortest intermolecular
Er−Er distance in 4-Er is 7.6071(6) Å, while the shortest
intermolecular Dy−Dy distance in 4-Dy is 7.7243(3) Å,
consistent with the bigger ionic radius of Dy compared to Er.
We also compared the arsolyl COT complexes 3-Er and 4-

Er to the literature-known phosphoyl complex [Er(COT)-
(Dsp)] and the Cp*-based species [Er(COT)(Cp*)].
Compared to [Er(COT)(Dsp)], compounds 3-Er and 4-Er
demonstrate slightly longer Er−CtCOT distances of 1.7051(3)
and 1.7001(2) Å (compared to 1.686 Å in the phosphorus
compound) but slightly shorter than the distance in [Er-
(COT)Cp*].29 Furthermore, the Er−CtAs distances measure
2.3523(4) Å for 3-Er and 2.3492(3) Å for 4-Er, slightly longer
than that of Er−CtDsp (2.321 Å), while the Er−As bond
lengths of 2.9138(6) and 2.9104(6) Å are longer than the
corresponding Er−P bond length of 2.793 Å. In comparison to
the erbium phospholyl complex, which has a CtDsp−Er−CtCOT
angle of 170.8°, erbium complexes 3-Er and 4-Er are slightly
less linear sandwich complexes.
This distinction is also evident in the tilting angle between

the COT and Dsas ligands, measuring 15.1° in 3-Er and 15.2°
in 4-Er, compared to only 10.5° in [Er(COT)(Dsp)]. This
variation in the coordination geometry can be attributed to the
larger size of the As atom relative to the P atom as well as the

Figure 2. Molecular structures of 2-Sm (left) and 4-Sm (right) in the
solid state. For better clarity, H atoms are omitted. Selected bond
lengths (Å) and angles (deg) for 2-Sm: Sm−As 3.0364(3), Sm−As′
3.2192(3), Sm−CtTmas 2.5098(3), Sm−CtCOT 1.8730(3); CtTmas−
Sm−CtCOT 146.54(2). Selected bond lengths (Å) and angles (deg)
for 4-Sm: Sm−As 2.9904(7), Sm−CtDtas 2.4636(5), Sm−CtCOT
1.8158(3); CtDtas−Sm−CtCOT 164.683(14).

Scheme 3. Synthesis of Erbium and Dysprosium Arsolyl Complexes 2-Dy, 3-Dy, 4-Dy, 2-Er, 3-Er, and 4-Er



weaker coordination between erbium and the arsolyl ligands.
Overall, we can anticipate that the softer arsolyl ligand seems
to be a weaker axial ligand compared to the lighter phospholyl
congener, but simultaneously the equatorial COT ligand in the
arsolyl compound is also further away from the Er3+ ion than in
the phospholyl complex. Because the structures of 3-Er and 4-
Er are very similar, we decided to perform the following
magnetic measurements with 4-Er because this compound
crystallizes better and can also be obtained in higher yields.

MAGNETIC PROPERTIES OF 4-ER
Due to the high anisotropic nature of Ln3+ ions from strong
spin−orbit coupling, they show SMM behavior. As described
by Rinehart and Long, the presence of equatorial ligand fields
can stabilize the prolate mJ state, for example, in Er3+.

35 The

COT ligand serves as an outstanding example that exhibits a
distinct equatorial field. Exploiting this characteristic, we
performed an extensive investigation into the magnetic
properties of the erbium complex 4-Er.
The temperature-dependent magnetic behavior of 4-Er was

measured in the 300−2 K range in an external magnetic field of
1000 Oe (0.1 T). Complex 4-Er showed a molar χMT value at
room temperature of 9.77 K. These observed values are around
15% below the expected value of a single isolated Er3+ ion of
11.48 cm3 K mol−1. This might be attributed to the errors that
occurred during the sample preparation process, wherein the
sample was inadvertently smeared across the glass walls while
flame-sealing it in an NMR tube. Upon cooling, χMT slowly
decreases below 150 K to about 9.0 cm3 K mol−1 at 5 K. Then
an abrupt drop of susceptibility at very low temperatures can

Figure 3. Molecular structures 2-Er (left), 3-Er (middle), and 4-Er (right) in the solid state. For better clarity, hydrogen atoms are omitted.
Selected bond lengths (Å) and angles (deg) for 2-Er: Er−As 2.8699(5), Er−CtTmas 2.3297(4), Er−CtCOT 1.6774(4); CtTmas−Er−CtCOT 164.86(2).
Selected bond lengths (Å) and angles (deg) for 3-Er: Er−As 2.9138(6), Er−CtDsas 2.3523(4), Er−CtCOT 1.7051(3); CtTmas−Er−CtCOT 167.52(2).
Selected bond lengths (Å) and angles (deg) for 4-Er: Er−As 2.9104(6), Er−CtDtas 2.3492(3), Er−CtCOT 1.7001(2); CtDtas−Er−CtCOT
167.647(12).

Figure 4. Molecular structures 2-Dy (left), 3- Dy (middle), and 4- Dy (right) in the solid state. For better clarity, hydrogen atoms are omitted.
Selected bond lengths (Å) and angles (deg) for 2-Dy: Dy−As 2.9176(4), Dy−CtTmas 2.3800(3), Dy−CtCOT 1.7266(3); CtTmas−Er−CtCOT
163.79(2). Selected bond lengths (Å) and angles (deg) for 3-Dy: Dy−As 2.9450(5), Dy−CtDsas 2.3900(2), Dy−CtCOT 1.7385(2); CtDsas−Dy−
CtCOT 166.526(12). Selected bond lengths (Å) and angles (deg) for 4-Dy: As−Dy 2.9548(4), Dy−CtDtas 2.4037(2), Dy−CtCOT 1.7516(2); CtDtas−
Dy−CtCOT 167.047(12).

Figure 5. Frequency-dependent out-of-phase susceptibility (left) and Arrhenius plot (right).



be seen, which indicates magnetic blocking as a result of an
anisotropic ion in a strong ligand field. Considering the
shortest intermolecular Er−Er distances of 7.6 Å (vide supra),
antiferromagnetic coupling between neighboring Er ions could
contribute to the observed drop of χMT. The molar
magnetization versus the applied magnetic field measurements
on complex 4-Er showed a rapid increase in magnetization,
which strongly flattens upon reaching higher fields (Figure
S29, inset). With values around 4 μB mol−1 at 7 T, the values
are again about 10% below the expected value for a single
highly anisotroptic Er3+ ion of 4.5 μB mol−1,29,30 therefore
being in line with the susceptibilities that we observed. At low
fields below 0.5 T, a sigmoidal curvature is observed that is a
result of the magnetic blocking, allowing alignment of the
magnetic moments only at strong applied fields.
We also studied the dynamic behavior of compound 4-Er

with alternating-current susceptibility measurements. The
studies show a frequency-dependent out-of-phase component
of magnetic susceptibility in a zero direct-current field. In the
temperature region of 2−12 K, the maximum is almost
constant around 2 Hz, which describes the temperature-
independent region, where relaxation occurs via quantum
tunneling of magnetization (QTM). On the other hand, the
frequency shifts to higher values with increasing temperature
(Figure 5) from 12 to 23 K are typically associated with an
Orbach process of relaxation in SMMs. By fitting the in-phase
and out-of-phase signals using a generalized Debye model, we
obtained the parameter α between 0.18 at lower temperature
and 0.003 at higher temperature (Table S4). This suggests that
at lower temperatures other processes like Raman could have
been involved, whereas at higher temperatures, the Orbach
process is the dominant one. Following this assumption, we
performed fits of the temperature-dependent relaxation times
using a combination of Orbach, Raman, and QTM relaxation
with the equation:
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We have found a rather small contribution of the Raman
process (with C = 7.5 × 10−4 s−1 K−n and n = 3.17) and τQTM =
9.33 × 10−2 s. On the other hand, the higher temperature
analysis gives an energy barrier of ΔOrb = 323.32 K and τ0 =
7.42 × 10−11 s.
We performed hysteresis measurements in the range of −2

to +2 T at different temperatures with field sweep rates of 25
and 100 Oe/s (Figures S32 and S33). At 2 K, we observed a
butterfly-like hysteresis, open at zero field, at both slower and
faster sweep rates of 25 and 100 Oe/s, respectively. The
butterfly-like shape of the hysteresis is typical for lanthanide
ions, where the abrupt drops are caused by efficient QTM at
fields close to zero. Under faster sweep rates, hysteresis can be
observed until 10 K (Figures S32−S35). Extrapolation of the
Orbach relaxation data gives the calculated temperature of T =
11.5 K, where τ = 100 s,36,37 which is in decent agreement with
the hysteresis loop observed.
To verify the experimental values, we performed ab initio

complete active space self-consistent-field (CASSCF) calcu-
lations using the MOLCAS package, and the simulated χMT vs
T behavior of 4-Er is in good agreement after a small scaling
factor of 0.9 is applied. The deviation observed in the very low
temperature region is due to magnetic blocking, as previously
stated. The calculation of the low-lying Kramer’s doublet

shows pure mJ = |15/2⟩ states to be the ground states
characterized by gx < gy < 0.001 and gz= 17.91, suggesting
highly axial ground states as a result of the equatorial ligand
field.38 The low transverse component of the g tensor gives a
low probability for QTM, which is in good agreement with the
observation of the SMM behavior at zero field. Analysis of the
calculated transition probabilities suggests that the most likely
relaxation pathway occurs through the fourth excited state,
which is calculated at 329 K (Figure S36) and is in very good
agreement with the experimentally observed energy barrier.
The energy barrier of complex 4-Er (Ueff = 323.3 K) is

slightly smaller compared to the previously reported [Er-
(COT)(Dsp)] complex (Ueff = 358 K), even with slight
structural differences in the Er-COT distance of 1.7001(2) Å
in 4-Er (1.6855 Å in [(Dsp)Er(COT)]) and a tilting angle of
the planes of 15.2° for 4-Er (10.5° for (Dsp)Er(COT)). On
the other hand, upon comparison to [(Cp*)Er(COT)], 4-Er
shows a very similar energy barrier. Compared to the reported
complex [(Cpttt)Er(COT)] with an energy barrier of 328 K,
the arsolyl complex 4-Er shows a slightly worse barrier.
Therefore, introducing a softer atom like As has shown slightly
worse properties compared to that of the phospholyl complex
but has shown similar magnetic dynamics compared to the
parent complex [(Cp*)Er(COT)].
We have performed a similar magnetic analysis for 4-Dy

(Figures S37−S41 and Tables S6 and S7). Due to the intrinsic
anisotropy, Dy-SMMs benefit from an axial ligand field,
opposite to that of the erbium compounds. The equatorial
ligand field in 4-Ln is, therefore, nonbeneficial for Dy. We have
found 4-Dy to be a field-induced SMM with an energy barrier
of Ueff = 78.6 K at an optimal field of 600 Oe. At zero field,
slow relaxation is quenched due to efficient QTM. Ab initio
calculations suggest that the relaxation of 4-Dy occurs via the
second excited state (Figure S42).

CONCLUSION
In summary, we employed two preexisting potassium arsolyl
complexes alongside a newly synthesized variant to create a
range of lanthanide arsolyl complexes featuring cyclooctate-
traendiide ligands. This resulted in the classical sandwich
complexes [(η5-C4R4As)Ln(η8-C8H8)], with the exception of
one dimeric samarium complex, which can be rationalized due
to the relatively low steric demand of the tetramethyl-
substituted arsolyl ligand coupled with the larger ionic radius
of the Sm ion compared to Dy and Er, resulting in an
interesting μ;η5-η1 coordination mode of the As atoms.
Additionally, despite their paramagnetism, the samarium
complexes could be characterized by NMR spectroscopy. To
showcase the SMM behavior of the heavier congeners, we
conducted an in-depth magnetic analysis on two of the
complexes. The erbium analogue revealed hysteresis up to 11.5
K and an energy barrier of Ueff = 323.3 K. To complement
these experimental findings, ab initio CASSCF calculations
were also performed.
Considering magnetic properties similar to those of the

existing erbium complexes featuring cyclopentadienyl ligands,
our work underscores the potential of arsolyl ligands in SMM
design. This study not only expands the limited class of
trivalent lanthanide arsolyl complexes but also contributes to
the broader exploration of these ligands for future applications.
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