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Evaluating electrochemical accessibility of 4fn5d1

and 4fn+1 Ln(II) ions in (C5H4SiMe3)3Ln and
(C5Me4H)3Ln complexes†

Michael T. Trinh, Justin C. Wedal and William J. Evans *

The reduction potentials (reported vs. Fc+/Fc) for a series of Cp’3Ln complexes (Cp’ = C5H4SiMe3, Ln =

lanthanide) were determined via electrochemistry in THF with [nBu4N][BPh4] as the supporting electrolyte.

The Ln(III)/Ln(II) reduction potentials for Ln = Eu, Yb, Sm, and Tm (−1.07 to −2.83 V) follow the expected

trend for stability of 4f 7, 4f 14, 4f6, and 4f 13 Ln(II) ions, respectively. The reduction potentials for Ln = Pr,

Nd, Gd, Tb, Dy, Ho, Er, and Lu, that form 4fn5d1 Ln(II) ions (n = 2–14), fall in a narrow range of −2.95 V to

−3.14 V. Only cathodic events were observed for La and Ce at −3.36 V and −3.43 V, respectively. The

reduction potentials of the Ln(II) compounds [K(2.2.2-cryptand)][Cp’3Ln] (Ln = Pr, Sm, Eu) match those of

the Cp’3Ln complexes. The reduction potentials of nine (C5Me4H)3Ln complexes were also studied and

found to be 0.05–0.24 V more negative than those of the Cp’3Ln compounds.

Introduction

For many years, it was assumed that 4f7 Eu(II), 4f14 Yb(II), and
4f6 Sm(II) were the only +2 lanthanide ions accessible in
solution.1–3 The availability of these ions was attributed to the
quantum mechanical stabilization and symmetric nature of
the half-filled and filled-shells and the 4f6 configuration that
approached a half-filled shell. Chemical4–6 and
electrochemical7,8 studies were consistent with this idea, with
Eu(II) being the most stable, followed by Yb(II) and then Sm(II).
Ln(III)/Ln(II) reduction potentials for the 4fn → 4fn+1 couples,
estimated on the basis of thermochemical and electrochemical
data (see ESI† for a compilation), suggested the Ln(II) ions of
the other lanthanides were so negative that the Ln(II) ions
would react with any solvent.3,9,10 Tm(II), Dy(II), and Nd(II) were
known in the solid state, but were not expected to exist in
solution2,11 until 1997–2001 when Bochkarev and co-workers
showed that molecular species of 4f13 Tm(II), 4f10 Dy(II), and
4f4 Nd(II) could be synthesized.4,12,13 The 4f13 Tm(II) ion was
the next most likely Ln(II) species since it was approaching a
filled shell, but the other two ions did not have electron con-
figurations that could be rationalized by this method. Since no
other Ln(II) ions were known even in the solid state, it was
believed that Eu(II), Yb(II), Sm(II), Tm(II), Dy(II), and Nd(II) were

the only lanthanides that could be isolable in the +2 oxidation
state.

In 2008, Lappert reported La(II) and Ce(II) species via
reduction of tris(cyclopentadienyl) complexes14 and by 2013,
Ln(II) were known for all the rest of the lanthanide series
(excluding radioactive Pm) and yttrium using this reduction
method (Scheme 1).15–21 Lappert reported electrochemical
measurements on Cp″La and a reversible couple was observed
with an E1/2 value of −2.80 V vs. Fc+/Fc.22 However, electro-
chemical analysis of the other Ln(III)/Ln(II) reduction potentials
has focused predominantly on the traditional six Ln(II) (Ln =
Nd, Sm, Eu, Dy, Tm, and Yb) ions with 4fn+1 electron
configurations12,13 despite the availability of every lanthanide
metal in the +2 oxidation state.

The absence of electrochemical measurements on the non-
traditional Ln(III)/Ln(II) redox couples is due in part to the high
reactivity of the new 4fn5d1 Ln(II) ions and the very negative
reduction potentials needed to form them. The most polar
solvent that is inert to these Ln(II) ions23,24 is THF which leads
to a large internal resistance and large peak separations.25,26

In addition, Ln(II) species often react with common supporting
electrolytes. Recent electrochemical studies of low oxidation
state actinide complexes have shown that [nBu4N][BPh4] is suit-
able for strongly reducing f element systems.27–31

We now find that [nBu4N][BPh4] is an excellent supporting
electrolyte for lanthanide systems. Here, we report the success-
ful electrochemical determination of the Ln(III)/Ln(II) reduction
potential across the entire Cp′3Ln (Cp′ = C5H4SiMe3) series
using [nBu4N][BPh4] in THF. Additionally, the electrochemistry
of three Ln(II) complexes, [K(crypt)][Cp′3Ln] (crypt = 2.2.2-cryp-
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tand), is reported to verify the data obtained from Cp′3Ln
studies. Also reported are reduction potentials of nine Cptet3Ln
(Cptet = C5Me4H) compounds that were analyzed to investigate
the impact of the electron-donation strength of the ligand on
the reduction potentials of the lanthanide complexes.

Experimental details

All manipulations and syntheses described below were con-
ducted with the rigorous exclusion of air and water using stan-
dard Schlenk line and glovebox techniques under an argon
atmosphere. Solvents were sparged with UHP argon and dried
by passage through columns containing Q-5 and molecular
sieves prior to use. Cp′3Ln,

15–18,32 [K(crypt)][Cp′3Ln],
17,18 and

Cptet3Ln
33–36 were synthesized according to literature pro-

cedures. [nBu4N][BPh4] (Sigma, electrochemical grade >99%)
was recrystallized from acetone three times and dried at 80 °C
and 10−5 Torr overnight before use. (C5Me5)2Fe (Aldrich) was
purified by sublimation before use. Electrochemical measure-
ments were collected with a freshly made THF solution of sup-
porting electrolyte with a glassy carbon working electrode,
platinum wire counter electrode, and silver wire pseudo-refer-
ence electrode with a Princeton Applied Research PARSTAT
2273 Advanced Electrochemical System and referenced with
internal standard (C5Me5)2Fe. Internal resistance was
measured for each solution and resistance was manually com-
pensated by approximately 90% of the measured value. All
scans on Cp′3Ln and Cptet3Ln were in the cathodic direction
while scans on [K(crypt)][Cp′3Ln] were in the anodic direction.

General electrochemistry procedure

Inside the glovebox, a stock 100 mM [nBu4N][BPh4] electrolyte
solution was freshly prepared in THF. Between 1–2 mL of this
solution were transferred to a 20 mL scintillation vial and a
cyclic voltammogram of this solution was collected to verify
the electrolyte solution was free of impurities. Roughly
10–20 mg of the Ln compound were dissolved in the same
electrolyte solution to yield approximately a 10 mM solution.
Electrodes were placed into the vial and the vial was left open

to the glovebox atmosphere during data collection. The
internal resistance was measured and cyclic voltammetry
experiments were then recorded. (C5Me5)2Fe was added to the
same solution following all data collection, and a single scan
was recorded to measure the internal standard redox event.

Results
Electrochemical protocol

Cyclic voltammetry experiments were performed using a glassy
carbon disc working electrode, a platinum wire counter elec-
trode, and a silver wire pseudo-reference electrode. Freshly-
made 100 mM solutions of [nBu4N][BPh4] in THF provided the
supporting electrolyte. All potentials are reported versus the
ferrocenium/ferrocene (Fc+/Fc) couple, which is reported as
−0.40 V vs. SHE.37 Decamethylferrocene, (C5Me5)2Fe, which
has a reduction potential of −0.495 V vs. Fc+/Fc under the
present experimental conditions,27 was used as an internal
standard for all experiments.

(C5H4SiMe3)3Ln

The Cp′3Ln series was chosen for this study since Cp′3Ln can
be synthesized for the entire lanthanide series (excluding
radioactive promethium), as well as for yttrium.20 The
reduction potentials measured for the Cp′3Ln complexes are
given in Table 1.

The cyclic voltammograms of all the Cp′3Ln complexes, except
for Cp′3La and Cp′3Ce, exhibit a quasi-reversible event assigned to
the Ln(III)/Ln(II) redox couple (see ESI†). A representative example
of Cp′3Tb is shown in Fig. 1. The ΔEpp varies from 0.18 V to 1.08
V, as was previously found for the actinide and lanthanide electro-
chemistry in THF using [nBu4N][BPh4] or [

nBu4N][OTf].
27,38

Variations in scan rate resulted in minimal change to the E1/2
value, see ESI.† The cyclic voltammograms for Cp′3La and Cp′3Ce
displayed only cathodic events (Fig. 2). In both cases, the pro-
cesses are irreversible up to scan rates of ν = 800 mV s−1. To
confirm our assignments, Ln(II) complexes [K(crypt)][Cp’3Ln] (Ln
= Pr, Sm, Eu) were analyzed (Fig. 3). The measured E1/2 values in
Table 2 are in good agreement with the values in Table 1.

Scheme 1 Reduction of (C5R5)3Ln to form Ln(II) complexes.
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(C5Me4H)3Ln

The Cptet3Ln compounds were also studied via electro-
chemistry to determine how the ligand electron-donating
strength affects the Ln reduction potential (Fig. 4). Ln(II) com-

plexes with the Cptet ligand set, i.e. [K(crypt)][Cptet3Ln], have
been isolated only for the larger lanthanide metals Ln = La,
Ce, Pr, Nd, Sm, Gd, Tb, and Dy (Table 3). The redox couples
observed in the cyclic voltammograms for Cptet3Ln are sum-
marized in Table 3 and Fig. 4 shows a representative example
for Cptet3Gd. Interestingly, with this ligand set, both EPA and
EPC events are observed for Cptet3La and Cptet3Ce, the latter of
which has the most negative E1/2 of the series. Overall, the
reduction potentials for the Cptet3Ln series are more negative

Table 1 Ln(III)/Ln(II) reduction potentials of Cp’3Ln with 100 mM
[nBu4N][BPh4] supporting electrolyte in THF at ν = 200 mV s−1

Ln EPC (V) EPA (V) Ln(III)/Ln(II) E1/2 (V)

Y −3.12 −2.94 −3.06
La −3.36 N/Aa N/A
Ce −3.43 N/Aa N/A
Pr −3.35 −2.93 −3.14
Nd −3.33 −2.93 −3.14
Sm −2.76 −2.06 −2.41
Eu −1.61 −0.53 −1.07
Gd −3.31 −2.64 −2.98
Tb −3.10 −2.80 −2.95
Dy −3.05 −2.86 −2.96
Ho −3.12 −2.92 −3.02
Er −3.14 −2.90 −3.02
Tm −3.04 −2.63 −2.83
Yb −2.02 −1.27 −1.64
Lu −3.21 −3.03 −3.12

aDenotes the absence of a return oxidation in the cyclic
voltammogram.

Fig. 1 Cyclic voltammogram of Cp’3Tb with the internal standard
(C5Me5)2Fe at ν = 200 mV s−1. The event assigned to the Tb(III)/Tb(II)
couple is centered at −2.95 V. The event centered at −0.495 V is due to
the internal standard.

Fig. 2 Cyclic voltammogram of Cp’3La (solid) and Cp’3Ce (dotted) with
the internal standard (C5Me5)2Fe at ν = 200 mV s−1. The events centered
at −0.495 V are due to the internal standard.

Fig. 3 Cyclic voltammogram of Cp’3Pr (solid) and [K(crypt)][Cp’3Pr]
(dashed) with the internal standard (C5Me5)2Fe at v = 200 mV s−1. The
events centered at −3.14 V are assigned to the Pr(III)/Pr(II) couple, the
anodic event at −0.35 V in the voltammogram of [K(crypt)][Cp’3Pr] is
likely a ligand-based event,27 and the events centered at −0.495 V are
due to the internal standard.

Table 2 Ln(III)/Ln(II) Reduction potentials for Cp’3Ln and [K
(crypt)][Cp’3Ln] compounds with 100 mM [nBu4N][BPh4] supporting
electrolyte in THF at ν = 200 mV/s−1

EPC (V) EPA (V) Ln(III)/Ln(II) E1/2 (V)

Cp′3Pr −3.35 −2.93 −3.14
[K(crypt)][Cp′3Pr] −3.36 −2.93 −3.15
Cp′3Sm −2.76 −2.06 −2.41
[K(crypt)][Cp′3Sm] −2.76 −2.06 −2.41
Cp′3Eu −1.61 −0.53 −1.07
[K(crypt)][Cp′3Eu] −1.48 −1.03 −1.26

Fig. 4 Cyclic voltammogram of Cptet
3Gd with the internal standard

(C5Me5)2Fe at v = 200 mV s−1. The event centered at −3.04 V is assigned
to the Gd(III)/Gd(II) couple and the event centered at −0.495 V is due to
the internal standard.
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than the Cp′3Ln series which is consistent with the electron-
donating strength of the ligand.27,39–41

Discussion

Using [nBu4N][BPh4] as a supporting electrolyte, it was possible
for the first time to collect electrochemical data on all the
metals in the lanthanide series (except the radioactive Pm).
This is because the Cp′3 ligand set is the first to support Ln(II)
ions across the series in complexes stable enough for electro-
chemical analysis.

Except for Cp′3La and Cp′3Ce, quasi-reversible cyclic voltam-
mograms were obtained and the assignment of the redox
couple to a Ln(III)/Ln(II) process was confirmed by analyzing
the Ln(II) complexes [K(crypt)][Cp′3Ln] for Ln = Pr, Sm, and Eu.
For Cp′3La and Cp′3Ce, it is likely that the Ln(II) product par-
ticipated in a chemical reaction that interfered with the corres-
ponding oxidation in the redox couple.

The [nBu4N][BPh4] supporting electrolyte also led to suc-
cessful electrochemical analysis of Cptet3Ln complexes. Since
Cptet is a more electron-donating ligand than Cp′,27,39–41 more
negative reduction potentials for Cptet3Ln compared to their
Cp′3Ln analogs were observed with shifts of 0.05–0.24 V,
depending on the metal. In addition, the electrochemistry of
Cptet3La was more reversible than that of Cp′3La, even though
these are some of the most negative potentials measured.
Hence, the electrochemical results appear to be quite sensitive
to the specific metal and ligand. A plot of the EPC for Cp′3Ln
vs. EPC for Cptet3Ln is shown in Fig. 5 (see ESI† for plots of
E1/2). The low R2 = 0.62 value shows the variability of the data
with metal and ligand and the lack of a consistent correlation.

For the traditional 4fn+1 Ln(II) ions, the Ln(III)/Ln(II)
reduction potentials of the Cp′3Ln complexes follow the order
of stability expected based on half-filled shells being more
stable than filled shells. Hence, the couple for 4f7 Eu(II) (−1.07
V) was less negative than that of 4f14 Yb(II) (−1.64 V). The Ln(II)
ions with electron configurations approaching half-filled and
filled subshells are next, 4f6 Sm(II) (−2.41 V), and 4f13 Tm
(−2.83 V). These data are valuable since they show consistency
with previous studies and match the known reactivity studies
in the literature.

The reduction potentials of the non-traditional 4fn5d1 Ln(II)
ions were all more negative than those of the traditional ions,
a trend that is also consistent with chemical studies in the lit-
erature. These E1/2 values are plotted against the 4fn+1 →
4fn5d1 promotion energies for free Ln(II) ions in the gas
phase42 (Fig. 6). The metals (Ln = Eu, Yb, Sm, Tm) with the
largest promotion energy have the least negative reduction
potentials and are metals that form 4fn+1 Ln(II) ions. For all
the other entries, the plot shows no correlation with the 4fn +
e− → 4fn5d1 reduction potential and the 4fn+1 → 4fn5d1 pro-
motion energy. This lack of correlation and the narrow range
of −2.95 V to −3.14 V reduction potentials for the other metals
suggests that the electrochemical potential needed to add an
electron to a 4fn Ln(III) ion to make the 4fn5d1 Ln(II) ion is
similar for all these metals. There is also no obvious corre-
lation between the reduction potentials and the number of 4f
electrons in the 4fn5d1 electron configuration (Table 4), but it
does appear that the Ln(II) ions that have the most unpaired
electrons in their electron configurations are the least difficult
to reduce. Hence, 4f75d1 Gd(II) with a half-filled 4f shell and
4f85d1 Tb(II) with six formally unpaired 4f electrons have less
negative reduction potentials compared to the other ions
(Table 4). Since this analysis is at the single electron approxi-

Table 3 Ln(III)/Ln(II) reduction potentials of the Cptet
3Ln compounds

with 100 mM [nBu4N][BPh4] supporting electrolyte in THF at ν = 200 mV
s−1

Ln EPC (V) EPA (V) Ln(III)/Ln(II) E1/2 (V)

La −3.48 −3.22 −3.35
Ce −3.32 −3.22 −3.37
Pr −3.51 −3.22 −3.27
Nd −3.27 −3.11 −3.19
Sm −2.77 −2.43 −2.60
Gd −3.12 −2.95 −3.04
Tb −3.19 −3.04 −3.12
Dy −3.29 −3.10 −3.20
Ho −3.24 −3.11 −3.18

Fig. 5 EPC for Cp’3Ln vs. EPC for Cptet3Ln with “best fit” shown as the
dotted line (R2 = 0.62).

Fig. 6 E1/2 values of Cp’3Ln (blue) and Cptet
3Ln (orange) versus 4f n+1 →

4f n5d1 promotion energies for free Ln2+ ions in the gas phase.
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mation level, this should only be noted as an observation that
needs further evaluation in the future. It should also be noted
that, at present, Gd, Dy, and Tb form more types of Ln(II) com-
plexes with various ligands than the other metals.18,23,33,43,44

The reduction potentials of Cp′3Dy and Cptet3Dy are of
special interest since Dy(II) is a configurational crossover
ion17,20 that has a 4f95d1 electron configuration in [K
(crypt)][Cp′3Dy]

17 and a 4f10 configuration in [K
(crypt)][Cptet3Dy].

33 The more negative −3.20 V E1/2 for Cp
tet

3Dy
compared to −2.96 V for Cp′3Dy is consistent with the large
electron-donating power of Cptet. However, this means that it
is easier to populate a 5d orbital in Cp′3Dy than to add an elec-
tron to the 4f valence orbitals of Cptet3Dy. Again, this shows
the strong dependence of the reduction potentials on ligands.

Conclusion

The reduction potentials for all the metals in the lanthanides
series except Pm were determined in Cp′3Ln complexes by
electrochemical methods using [nBu4N][BPh4] as a supporting
electrolyte in THF. Reactions involving 4fn → 4fn+1 reductions
have the least negative E1/2 values, −1.07 V to −2.83 V, and
follow patterns for the stability of half-filled and filled-shell
electron configurations. Reactions involving 4fn → 4fn5d1

reductions have more negative potentials that fall in the nar-
rower range of −2.95 V to −3.14 V and the correlation with
electron configuration is less clear. Cptet3Ln complexes are
more difficult to reduce which is consistent with the stronger
electron-donating character of Cptet vs. Cp′, but there are vari-
ations on the Cptet vs. Cp′ data that are dependent on the
specific metal.
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