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The divalent samarium triﬂate salt does not react with CO2 or
water, but does react with traces of O2 or N2O to form a tetrameric
bis-oxo samarium motif. The reaction with O2 is a 4e− reductive
cleavage where the electrons are coming from four diﬀerent
samarium centers. This highlights a rare synergistic eﬀect for
cleaving O2, which has no precedent in divalent lanthanide complexes. Additionally, the addition of CO2 to the tetrameric bis-oxo
intermediate leads to the formation of a tetrameric bis-carbonate
samarium triﬂate. Thus, the concomitant reaction of CO2 with
traces of O2 leads to the same bis-carbonate tetrameric assembly.

The chemistry of low-valent coordination compounds has multiple advantages, of which small molecule activation is prominent because of the growing importance of transforming abundant molecules, such as N2, H2O and O2,1–6 and/or pollutant
molecules, such as N2O,7 NOx,8 CO9,10 and CO2,11 at low economical and environmental cost. In this context, electron rich
transition metal complexes or low-valent uranium are often
used since they allow multiple electron-transfer steps, leading
to the complete reductive cleavage of the considered small
molecule.12–17
On the other hand divalent lanthanides do not allow multiple electron transfers4,6,18,19 as the trivalent form is the most
stable one, except in the case of CeIII, which is easily oxidized
to formal CeIV.5,6,20–24 However, once the single electron transfer step has occurred, the development of a radical on the
small molecule often leads to further reactivity in terms of
either radical-coupling reactions25,26 or the formation of a dianionic species via the combination of the radical intermediate
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with a second coordination metal compound.27 The synergy
between two metallic fragments provides two electrons for the
reduction of the substrate, and the reaction with N2O forms
oxo dimers,7 while the reaction with CO2 leads to oxalate or
carbonate species depending on various factors.11,28–30
The mechanism of the carbonate formation is particularly
interesting since it involves a bent CO22− fragment formed in
between two lanthanide metal centers, which further reacts
with another CO2 to yield CO and CO32−.31 The overall reaction
is a two-electron disproportionation of CO2 and has the important drawback of releasing CO, which is also a pollutant. In a
recent report, we detailed the reaction of bulky samarium complexes with CO2 to form carbonate species.30 In this previous
work, the use of low quality CO allowed for the serendipitous
formation of a rare peroxo samarium dimer from the reaction
with traces of oxygen.30 In an opposite strategy to the typical
one, in which the bulk increase allows for cleaner reactions via
kinetic control, we reasoned that the decrease in the bulk of
the ligand set on the samarium center would possibly allow
for the involvement of more than two samarium centers, i.e.
more than two electrons. The triflate ligand set is particularly
interesting in this matter since it is a multidentate ligand32
that usually facilitates the formation of large assemblies.33
The present work reports the reactivity studies of O2, CO2
and N2O with a SmII(OTf )2(dme)2 complex and highlights the
formation of two tetrametallic assemblies of SmIII. The reductive cleavage of O2 and the formation mechanism of a carbonate containing tetramer will be discussed.
The reaction of a deep purple solution of SmII(OTf )2(dme)2
in THF with one atmosphere of clean CO2 does not lead to any
discolouration, and there is no change in the 19F NMR spectrum. This contrasts with the many other reports in the literature, including ours, which describe a fast reactivity of CO2
with divalent samarium complexes at room temperature.
However, the redox potential of samarium is known to be
extremely dependent on the ligand.34 Additionally, the
addition of several equivalents of water does not modify the
outcome of the reactions. However, when CO2 of lower quality
is used or when traces of O2 are allowed in through the experi-
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mental protocol, the purple THF solution of SmII(OTf )2 slowly
fades until it becomes clear. After filtration of the solution,
pentane layering allowed for the formation of transparent crystals that were analyzed as a tetrameric assembly of a samarium-containing two carbonate dianion, [Sm4(µ3-CO3-κ4O,O′,
O″)2(µ2-OTf )6(OTf )2Sm(THF)10], (2) (Scheme 1). The formation
of a carbonate dianion from CO2 with samarium complexes
has precedent in the literature and several mechanisms are
proposed: (i) oxo formation from CO2 with CO release and subsequent CO2 insertion, or (ii) reductive disproportionation of
two CO2 molecules with CO release. The key point here is that
clean CO2 in a rigorous experimental setup does not react with
SmII(OTf )2(dme)2. This means that CO2 is not the only reactant
in this reaction and that the oxo intermediate mechanism
should be favoured. Therefore, we started to investigate the formation mechanism of this tetrameric assembly using N2O but
also O2 as a more challenging way of forming oxo compounds
with divalent lanthanide complexes.
Reacting a degassed deep purple THF solution of Sm
(OTf )2(dme)2 with N2O leads to the complete discoloration of
the solution in approximately 15 hours and an intractable
white precipitate crashes out. Filtration and slow evaporation
of the solvents allowed for the crystallization of the bis-oxo
tetramer [Sm4(µ3-O)2(µ2-OTf )6(µ3-OTf )2(THF)4(dme)2] (1) in
good yields (85%) and in a pure analytical form. On the other
hand, the reaction of Sm(OTf )2(dme)2 with one atmosphere of
dry O2 in THF is not clean and leads to an intractable clear
powder and trivalent samarium triflate.
X-Ray suitable crystals of 1 were grown via slow diﬀusion of
pentane in a THF solution, giving access to the topology of the
oxo complex (Fig. 1A). It crystallizes in the monoclinic P21/n
space group (Table S1†). The [Sm2(µ3-O)]2 core of the tetramer
is composed of four samarium centers bridged by two µ3-oxo
anions (Fig. 1A). In the asymmetric unit (half of the molecule)
one samarium center is 8-coordinated and bears only one coordinated THF molecule, while the second one is 8-coordinated and bears one coordinated THF molecule and one
dme molecule. The Sm–O distances on the O2− centers are

Scheme 1

Synthetic scheme for 1 and 2.
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Fig. 1 (A) ORTEP of 1; hydrogen, carbon and ﬂuorine atoms are
removed for clarity; Sm is green, O is red and S is yellow. Selected distances (Å) and angles (°): Sm01–O13 2.271(7), Sm02–O13 2.207(7),
Sm01–O13#3 2.250(8), Sm01–SM01#3 3.497(1), Sm01–SM02#3 3.940
(1), Sm01–O13–Sm02 133.2(4), Sm01–O13–Sm01#3 101.3(3) and
Sm01#3–O13–Sm01 124.2(3). (B) ORTEP of 2-THF; hydrogen, carbon
(except for C1) and ﬂuorine atoms are removed for clarity; Sm is green,
O is red and S is yellow. Selected distances (Å) and angles (°): Sm1–Sm2
4.580, Sm1–Sm1#2 10.102, Sm2–Sm2#2 4.522, Sm1–O1 2.379(2), Sm1–
O3 2.392(2), Sm2–O2#2 2.295(2), Sm2–O3 2.362(2), O1–C1–O2 125.1(2)
and O1–C1–O3 115.8(2).

2.207(7) Å, 2.258(8) Å and 2.271(7) Å, which are much longer
than the Sm–O distances previously reported for µ2-oxo
(2.094 Å for the (Cp*2Sm)2(µ-O) complex).7 However, these are
similar to the Sm–O distances observed for the µ3-oxo samarium cluster (which has an average distance of 2.211 Å)
reported by Hosmane.35 The Sm–O–Sm angles (varying
between 101.3(3)° and 133.2(4)°) show an important dissymmetry around the oxo where the Sm–O–Sm angles in
Hosmane’s cluster are between 118.9(2)° and 119.4(2)°. As
expected, the triflate anions favor the tetrametallic assembly
by bridging between diﬀerent lanthanide centres (two of them
bridge between two Sm centers whereas the third OTf − anion
of the asymmetric unit bridges between three centres). The
Sm–O distances vary between 2.400(8) Å and 2.490(8) Å for µ2OTf − and between 2.484(7) Å and 2.596(7) Å for µ3-OTf − with
an average of 2.47(5) Å. These distances are shorter than the
ones observed for the previously reported divalent Sm(OTf )2
complexes36 (which showed an average of 2.543 Å for [Sm
(OTf )2(THF)1.5]n), which is in agreement with the oxidation of
the samarium center. The mean Sm–O distance is longer for
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the µ3- OTf − anion than it is for the µ2- OTf − ones (2.52(7) Å
vs. 2.45(3) Å).
Reacting a THF suspension or a THF/pyridine solution of 1
with CO2 leads, after filtration and layering with pentane, to
[Sm4(µ3-CO3-κ4O,O′,O″)2(µ2-OTf )6(OTf )2Sm(THF)10]
(2-THF)
and [Sm4(µ3-CO3-κ4O,O′,O″)2(µ2-OTf )6(OTf )2Sm( py)10] (2-py),
respectively, as large colorless crystals (Fig. 1B). The 2-THF
cluster can also be obtained in good yield (80%) via direct reaction of the raw suspension obtained from the reaction of Sm
(OTf )2(dme)2 with N2O.
X-Ray diﬀraction analysis shows that 2-THF crystallizes in a
ˉ triclinic space-group and 2-py does so in a P21/n monoclinic
P1
one. For both assemblies, half the molecule is obtained as the
image of the other half via an inversion centre and the roughly
planar core can be described as [Sm2(μ3-η2(O,O′):η1(O):η1(O′)CO3)]2 with four 8-coordinate Sm surrounding two bridging
carbonate anions. The carbonate coordination mode is rather
unusual but has already been observed with only a few lanthanide clusters, mainly the Dy cluster, and some of them have
been obtained via atmospheric fixation of CO2 in aqueous
media, often implying poor control of the geometry of the
cluster and a long synthetic procedure.37–40 The C–O distances
in the CO32− bridges are between 1.263(2) Å and 1.315(2) Å for
2-THFand 1.264(8) Å and 1.301(8) Å for 2-py, which are in the
same range as the C–O distances in NaCO3 (1.29 Å).41 Here,
the asymmetric coordination mode causes a strong variation
between the longest C–O bonds (the oxygen bridging between
two of the Sm centers) and the shortest bonds. This leads to
the same disparity of bonding as the one observed by Gardiner
in his porphyrinogen samarium carbonate complex (1.317(7)
and 1.276(4) Å)28 and the one observed on the
[Cptt2Sm]2(μ-CO3) complex (between 1.15(1) and 1.18(1) Å).30
The carbonate Sm–O distances are similar in both 2-THF and
2-py with a relatively short Sm–O distance on the terminally coordinated oxygen (2.295(1) Å in 2-THF and 2.275(5) Å in 2-py)
while the other distances are longer (between 2.373(4) and
2.399(4) Å for 2-THF and between 2.39(1) and 2.41(1) Å for 2py). As for 1, two types of triflate anion are observed, a terminal triflate ion and µ2 bridging ones. The Sm–O distances on
µ2-TfO− are in the same range as the ones in 1 (2.410(2) Å to
2.472(1) Å with an average of 2.45(3) Å for 2-THF and 2.425(5)
to 2.501(5) with an average of 2.46(3) Å for 2-py). The number
of coordinated solvent molecules is also identical in 2-THF
and 2-py with two molecules on one samarium and three on
the other samarium.
In solution, coordinated solvent molecules and triflate
ligands are known to possibly exchange.33 Therefore, the concentration of the THF solution of Sm(OTf )2(dme)2 strongly
influences the topology of the re-crystalized species, and possibly that of the reactive species. Indeed, from a strongly
concentrated solution, only the reported polymer of
[Sm(OTf )2(THF)1.5]n can be recrystallized,36 but from a diluted
solution (ca. 10 mmol L−1), a tetrametallic assembly can also
be isolated (Fig. S16, Table S5†). The assembly, [Sm2(µ3OTf )2(µ3-OTf )(OTf )(THF)6]2 (3), features relatively long Sm–O
distances for the OTf− anions (with an average of 2.63(8) Å)
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compared to a distance of 2.54 Å for [Sm(OTf )2(THF)1.5]n.36
Although the 19F solution NMR of Sm(OTf )2(dme)2 shows only
one broad signal at δ = –70.33 ppm, indicating strong
exchange, the isolation of 3 as a tetrameric assembly gives an
insight into the mechanism involved in the formation of 1: the
topology of the assembly may be formed prior to the reactivity
with N2O and/or it may lead to the formation of 1 by a concerted mechanism. Moreover the strong similarity between
2-THF and 2-py is also good evidence that the core of the
cluster, once formed, can be retained in solution and that only
solvent molecules exchange in the solution phase. In order to
obtain better insight into the dynamics in solution, 2-THF was
recrystallized from a pyridine solution yielding 2-py, while the
fate of the triflate anions in 1 and 2 was monitored using 19F
NMR. For 1, only one broad signal was observed at δ =
−79.43 ppm in THF (Fig. S1†), indicating a fast exchange
between the two bridging modes of the triflates. On the other
hand, for 2-THF, two broad signals were observed in the 19F
NMR spectrum in THF (Fig. S2†) at δ = −79.20 ppm and δ =
−80.19 ppm. These two signals should correspond to the two
available coordination modes of the triflate anions. The range
of chemical shifts observed for both 1 and 2-THF are close to
the chemical shifts observed for Sm(OTf )3 in THF (δ =
−79.30 ppm and δ = −80.10 ppm) but are strongly shifted from
the values of the Sm(OTf )2(dme)2 starting material, which is in
agreement with the triflate anions being on the SmIII centres.
The formation of 2 from 1 validates the oxo intermediate
mechanism and is not surprising considering the recent
studies by Roesky42,43 and the seminal study of Meyer on
uranium bridged oxo complexes.44–46 The reaction of dry air
on 1 is not clean but leads to the re-crystallization of 2, which
is indicative of selective CO2 abstraction from air. However, the
presence of humidity in air complicates the reactivity, yielding
mostly Sm(OTf )3. Such a selective atmospheric fixation of CO2
on lanthanide hydroxo complexes has already been described
by Mazzanti.47
Theoretical calculations have been performed on the formation of 1 and 2. The addition of O2 between two samarium
centers is very favorable, in good agreement with our previous
work. The key point here is that the flexibility and low steric
bulk of the triflate anions allow for the addition of two more
divalent samarium centers to cleave O2 and form the bis-oxo
tetrameric samarium complex 1. As shown in Fig. 2, 1 lies
−170.7 kcal mol−1 below the starting materials, which explains
its easy formation. The CO2 insertion on the bis-oxo complex 1
has been computed and it is indicated that the transition state
is at only 11.8 kcal mol−1 while the reaction is exergonic by
19 kcal mol−1 (Fig. 2). At the transition state, the CO2 molecule
is strongly activated by two samarium atoms (the O–C–O angle
is around 157°), i.e. a double nucleophilic assistance occurs
(Sm1–O1: 2.60 Å, Sm2–O1: 2.55 Å). The oxo group O1 adopts a
pyramidal shape and lies 0.58 Å above the Sm1–Sm2–Sm3
plane (compared to 0.25 Å above in complex 1). This situation
is due to the μ3-coordination mode of the oxo O1 that causes
its remaining p lone pair to point out of the plane, inducing
an out-of-plane attack of CO2.
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Notes and references
Fig. 2 Computed enthalpy proﬁle for the O2 reductive cleavage by four
Sm(OTf )2 to form 1 and the subsequent reaction with CO2.

Since the reaction of 1 atmosphere of dry O2 with the
SmII(OTf )2(dme)2 complex in THF was not conclusive, a low
amount of O2 was used to mimic what may happen when
using a lower quality CO2 sample (i.e. one that contains trace
amounts of O2). The result was that the deep purple THF solution faded slowly and storage of the colorless solution at
−35 °C aﬀorded few crystals of 1 (the yield could not be calculated). The 19F NMR spectrum shows the formation of a broad
signal at δ = −79.81 ppm, characteristic of 1. This indicates
that the presence of traces of O2 allows for the formation of
the bis-oxo species from the synergistic actions of the four
samarium centers, each providing one electron to cleave the
O2. In this example, the low bulk and the dynamics in solution
of the triflate anions allow this synergy to occur. This opens
new possibilities for small molecule activation with divalent
lanthanides, in the opposite way to the typical strategy, which
consists of increasing the steric bulk for a better stabilization
of the divalent lanthanide center. This example also acts as a
warning with regards to the quality of the CO2 and the rigor of
the experimental protocol that should be used for these small
activation mechanistic studies.
In conclusion, this article reports the reaction of N2O
and O2 with the Sm(OTf )2 (dme)2 divalent samarium precursor to yield a rare tetrametallic bis-oxo complex of SmIII.
The reaction with O2 is, to our knowledge, a unique
example of the synergistic four electron reductive cleavage
of O2 with divalent lanthanide complexes. The subsequent
reaction of CO 2 on this bis-oxo complex yields the tetrameric bis-carbonate samarium complex from CO2 insertion
into the oxo-bridge. This work shows that the use of less
bulky divalent lanthanide complexes opens new routes for
small molecule activation using the synergistic eﬀort of
multiple metal centers to cleave molecules that need more
than 2e−, such as O2 , CO or N2. Further studies will be conducted in this direction.
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