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Carbon dioxide reduction by dinuclear Yb(II) and
Sm(II) complexes supported by siloxide ligands†‡
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Two dinuclear homoleptic complexes of lanthanides(II) supported by the polydentate tris(tertbutoxy) sil-

oxide ligand ([Yb2L4], 1-Yb and [Sm2L4], 1-Sm, (L = (OtBu)3SiO
−)) were synthesized in 70–80% yield and 1-

Sm was crystallographically characterized. 1-Yb and 1-Sm are stable in solution at −40 °C but cleave the

DME C–O bond over time at room temperature affording the crystal of [Yb2L4(μ-OMe)2(DME)2], 2. The 1-

Yb and 1-Sm complexes effect the reduction of CO2 under ambient conditions leading to carbonate and

oxalate formation. The selectivity of the reduction towards oxalate or carbonate changes depend on the

solvent polarity and on the nature of the ion. For both the lanthanides, carbonate formation is favoured

but oxalate formation increases if a non-polar solvent is used. Computational studies suggest that the for-

mation of oxalate is favoured with respect to carbonate formation in the reaction of the dimeric lantha-

nide complexes with CO2. Crystals of the tetranuclear mixed-valence oxalate intermediate [Yb4L8(C2O4)],

3 were isolated from hexane and the presence of a C2O4
2− ligand bridging two [YbIIL2Yb

IIIL2] dinuclear

moieties was shown. Crystals of the tetranuclear di-carbonate product [Sm4L8(μ3-CO3-κ4-O,O’,O’’)2], 4

were isolated from hexane. The structures of 3 and 4 suggest that the CO2 activation in non-polar sol-

vents involves the interaction of two dimers with CO2 molecules at least to some extent. Such a coopera-

tive interaction results in both oxalate and carbonate formation.

Introduction

The potential application of CO2 as a low-cost, widely available,
abundant C1 feedstock for the synthesis of value-added
organic compounds and fuels1 has generated increasing inter-
est towards the reduction of heteroallenes and other C1 sub-
strates (such as CO) by f-element complexes.2,3a,c,d,j,4,5

The first example of CO2 reduction by a lanthanide ion was
reported by Evans more than twenty years ago. A Sm(II) bis-
cyclopentadienyl complex ([Cp*2Sm(thf)2]) was shown to
promote the reductive coupling of CO2 to afford selectively
oxalate.4j,6 Examples of reduction of CO2 to oxalate remain rare
both in d-7 and f-block3a,n,4h,j,6,8 metal chemistry. Moreover,
oxalate formation is usually not selective and accompanied by
the formation of other reduction or insertion products. Solvent

effects were shown to play a key role in the outcome of the CO2

reduction by d-block metal complexes.7c The importance of
steric effects in determining the formation of oxalate versus
carbonate formation in the reduction of CO2 by mixed sand-
wich uranium(III) complexes incorporating a cyclo-pentadienyl
ligand and a dianionic aromatic cyclooctatetraene was recently
demonstrated in an elegant study by Cloke and coworkers.8b

Cloke and coworkers also demonstrated, using a “harder” bis-
aryloxide supporting ligand, the importance of temperature
and CO2 pressure in determining the oxalate/carbonate ratio
in CO2 reduction by U(III) complexes.4h

In a related study on CO2 reduction by mononuclear sand-
wich complexes of Sm(II), Nocton and coworkers showed the
selective formation of carbonate and CO, when bulky cyclopen-
tadienyl ligands are used as supporting ligands rather than
Cp*, as a result of both steric and electronic effects.9 A similar
selectivity towards carbonate formation had been reported for
the macrocyclic organosamarium(II) complex.3d In contrast, we
showed previously that both oxalate and carbonate products
were formed from the CO2 reduction by an electron-rich mono-
nuclear complex of Yb(II) supported by a polydentate tris(tert-
butoxy) siloxide ligand.8c

These studies underline the important role that the nature
of the metal and of the supporting ligand play in the CO2

reduction.
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It has also become increasingly evident that another key
parameter in the reduction of heteroallenes is the nuclearity of
the metal complex. Notably, cooperative binding of hetero-
allenes by bimetallic complexes provides an attractive route for
promoting their activation and reduction.5g,10,11

In most cases, the reduction of heteroallenes and other
small molecules such as N2, O2, NO, or CO by f-elements
involves two one-electron transfers by two metal complexes
and results in dinuclear compounds where the two metals are
bridged by the reduction product.2b,3a,c,d,m,4a,j,g,5c,6,8b,12,13

Computational studies corroborated the importance of bi-
metallic cooperativity in the reduction of heteroallenes by
uranium and lanthanide complexes.3h–j,l,n,5g,8d,14

However, the use of polymetallic complexes of f-elements in
the activation of small molecules is extremely rare5f,8a,15 and only
one example of a dinuclear complex able to reduce CO2 has been
reported for lanthanide ions. Notably, the dinitrogen complex
[{(C5Me4H)2Lu(THF)}2(N2)] reacts with CO2 affording selectively
the oxalate bridged complex [{(C5Me4H)2Lu}2(C2O4)].

8a,16

Here we report two dinuclear complexes of lanthanides(II)
supported by the polydentate tris(tertbutoxy)siloxide ligand
([Yb2L4], 1-Yb and [Sm2L4], 1-Sm, (L = (OtBu)3SiO

−)). We show
that these complexes are able to reduce CO2 in spite of the
presence of only two electron-rich siloxide ligands and that the
nature of the lanthanide ion, the solvent and the number of
siloxide ligands play an important role in the ratio of oxalate
versus carbonate formed in the reduction. Unprecedented tet-
ranuclear Yb2(II)Yb2(III)-μ-C2O4 oxalate-bridged and Sm4(III)(μ3-
CO3-κ4-O,O′,O″)2 carbonate bridged complexes were isolated
and crystallographically characterized.

It is remarkable that in the presence of dinuclear low co-
ordinated metal complexes the CO2 reduction involves more
than two metal centres. Experimental and computational
studies show that both intermolecular and intramolecular acti-
vation of carbon dioxide may occur in these dinuclear
complexes.

Results and discussion
Syntheses of divalent lanthanide complexes

The divalent lanthanide complexes [Yb2L4], 1-Yb and [Sm2L4],
1-Sm, (L = (OtBu)3SiO

−) were obtained in 81% and 74% yield
respectively, by treating [Yb{N(SiMe3)2}2(THF)2] or [Sm{N
(SiMe3)2}2(THF)2] with two equivalents of HOSi(OtBu)3 in DME
at −40 °C. Coordinated DME was removed completely by mul-
tiple recrystallizations of the reaction mixture residues from
n-hexane (Scheme 1). Elemental analysis and 1H NMR in Tol-
d8 and C6D12 of the resulting solids confirmed the complete
removal of DME. Crystals of 1-Sm suitable for X-ray diffraction
were obtained by storage of a concentrated n-hexane solution
of the 1-Sm complex at −40 °C.

The complex 1-Sm crystallizes in the triclinic space group
P1̄. The structure of 1-Sm is presented in Fig. 1 and shows the
presence of a dimer where two lanthanide ions are bridged by
three oxygen atoms from three different siloxide ligands. One

lanthanide ion in the structure of 1-Sm is five-coordinated by a
terminal siloxide ligand in a bidentate fashion and by three
bridging siloxides while the second metal ion is six-co-
ordinated by three bridging siloxide ligands in a bidentate
fashion. The crystal structure of the solvate complex
[Sm2L4(DME)],17 was reported previously. The removal of the
bound DME solvent from [Sm2L4(DME)] does not result in a
decreased stability of the resulting Sm(II) complex 1-Sm
because of the multiple coordination modes of the siloxide
ligand. Notably, in both complexes the two Sm(II) ions show
the same coordination number and in 1-Sm the two DME
oxygen donors are replaced by siloxide ones.

On the other hand, the Sm–Osiloxide bond lengths in 1-Sm
fall in a slightly larger range (2.387(5)–2.735(5) Å) compared to
the mononuclear [SmL4K2] complex (2.381(2)–2.6659(18) Å)8c

and the dimeric [Sm2L4(dme)] complex (2.383(12)–2.692(13) Å).17

The complexes 1-Yb and 1-Sm are highly soluble in both
polar and non-polar solvents. The 1H NMR spectra at 25 °C of
both complexes 1-Yb and 1-Sm in THF-d8 show a single signal
for all siloxide ligands in agreement with the presence of flux-
ional species and solvent binding. The 1H NMR spectrum of 1-
Yb in Tol-d8 and C6D12 at 25 °C shows a single narrow signal
corresponding to the 108 protons of the siloxide ligands in
agreement with the presence of fluxional species in solution.
The 1H NMR spectrum of 1-Sm at 25 °C shows one broad
signal in Tol-d8 and two signals in C6D12 corresponding to the
108 protons of the siloxide ligands suggesting a reduced flux-

Scheme 1 Synthesis of complexes 1-Yb and 1-Sm.

Fig. 1 Solid-state molecular structure of 1-Sm (50% probability ellip-
soids). Hydrogen atoms and methyl groups are omitted for clarity.
Selected Sm–Osiloxide bond lengths (Å): 2.387(5)–2.735(5).
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ionality of the samarium species in solution. The 1H NMR
spectrum of 1-Yb in Tol-d8 at −60 °C shows also the presence
of two signals in agreement with the presence of similar solu-
tion species compared to 1-Sm but higher fluxionality. The
presence of the dimeric complex 1-Yb in C6D12 solution was
confirmed by DOSY NMR spectroscopy. The value of the mole-
cular diameter measured for 1-Yb (12.7 Å) was found to be con-
sistent with the value estimated from the solid-state structure
of 1-Sm (12 Å).

Although 1-Yb and 1-Sm are stable in the solid state and in
solution at −40 °C, 1H NMR studies indicated a lower stability
in solution at room temperature showing evidence of
decomposition in THF and in toluene after 36 h. Notably, a
decrease of the 1H NMR signal assigned to the siloxide ligands
is observed over time for both 1-Yb and 1-Sm.

The complex [Sm2L4(DME)] was previously shown to slowly
react at room temperature with toluene affording, after a few
days, the tetranuclear divalent samarium sandwich complex
[{Sm2L3}2(μ–η6:η6-C7H8)].

17 The spectroscopic 1H NMR study of
1-Sm in Tol-d8 at room temperature shows that the removal of
the DME molecule from the coordination environment of the
samarium metal centre does not impact the formation of this
multiple decker complex. Notably, the 1H NMR spectra of 1-Sm
in Tol-d8 over time show the appearance after 5 days of a
signal at δ = 1.08 ppm assigned to the complex
[{Sm2L3}2(μ–η6:η6-C7H8)].

17 The complex 1-Yb also decomposes
in toluene but we were not able to isolate the reaction
products.

The complex 1-Yb also reacts with DME over time at room
temperature. After 3 weeks at room temperature, highly in-
soluble colourless crystals of [Yb2L4(μ-OMe)2(DME)2], 2, were
isolated in low yield (Scheme 2). The complex 2 crystallizes in
the triclinic space group P1̄ and is presented in Fig. 2. The
centrosymmetric structure features a trivalent binuclear ytter-
bium complex with six-coordinated metal ions. Each ytterbium
ion is coordinated by two siloxide ligands in a k1 fashion, a k2-
DME molecule and two µ2–κ1-methoxy groups. The Yb–Osiloxide

distances are consistent with values reported for YbIII tris(tert-
butoxy)siloxide ligands.8c,18

The cleavage of the C–O bond in DME by divalent ytterbium
complexes has been observed previously in the litterature.19

The Yb–O3A distances (2.205(4) and 2.272(4) Å) in 2 are
similar to the Yb–OMe distances in the analogous complexes
[Yb2I4(μ-OMe)2(DME)2] (2.152(4) and 2.210(6) Å),19a [Yb2{N
(SiMe3)C6H4-2-OMe}4(μ-OMe)2] (2.217(2) and 2.221(2) Å),19c

and [Yb2(OAr)4(μ-OMe)2(DME)2] (2.191(2) and 2.258(2) Å).19b

The moderate stability of complexes 1-Yb and 1-Sm in Tol-
d8, DME and THF-d8 prompted us to investigate their stability
in cyclohexane at room temperature. The 1H NMR spectra of
the solutions of 1-Yb and 1-Sm in C6D12 did not show any
decrease of the area of the signals, highlighting their stability
for weeks in C6D12 at room temperature.

Reactivity with carbon dioxide

In previous studies we reported the synthesis and structure of
the mononuclear homoleptic complexes [LnII(OSi(OtBu)3)4K2]
([LnL4K2]) for Sm, Eu and Yb. The presence of four electron-
rich tris(tert-butoxy)siloxide ligands imparts stability and
unusual reactivity to the metal center leading to the first
example of CS2 and CO2 activation by a Yb(II) complex.
Notably, [YbL4K2], reacts with CO2 affording quantitatively
oxalate and carbonate in the ratio 1 : 2.2 and CO. However, the
bulky siloxide ligands enforce the labile binding of the
reduction products preventing the isolation of reaction inter-
mediates where the substrate or reduction products are metal-
bound.

In the dinuclear complexes 1-Yb and 1-Sm the presence of
only two tris(tert-butoxy)siloxide ligands should allow the iso-
lation of reaction intermediates. However, the presence of only
two siloxide ligands will result in an overall lower reducing
power of the 1-Yb and 1-Sm complexes compared to the ate
analogues [YbL4K2] and [SmL4K2] that could prevent CO2

reduction. Indeed, the reactivity of Ln(II) complexes is ligand
dependent20 and it was recently shown, that the dinuclear,
neutral, low coordinated [SmII(OTf)2(DME)2]2 complex15d does
not reduce carbon dioxide in contrast with reports describing
CO2 reduction by neutral Sm(II) complexes supported by Cp,4j,9

or porphyrinogen ligands.3d

In order to understand how the number of siloxide ligands
and the complex nuclearity affect the reduction of CO2 by diva-
lent lanthanides we investigated the reactivity of 1-Yb and 1-
Sm with CO2. 1-Yb and 1-Sm react immediately with CO2 atScheme 2 Decomposition of 1-Yb in DME at room temperature.

Fig. 2 Solid-state molecular structure of 2 (50% probability ellipsoids).
Hydrogen atoms and methyl groups from tBu are omitted for clarity.
Selected bond lengths (Å): Yb–Osiloxide = 2.101(4)–2.125(4); Yb1–O3A =
2.205(4); Yb1–O3A1 = 2.272(4); O3A–C5A = 1.430(7). Symmetry trans-
formation used to generate equivalent atoms: 11 − x, 1 − y, 1 − z.
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room temperature affording CO and carbonate or oxalate.
However, the ratio between carbonate and oxalate is different
for 1-Yb and 1-Sm compared to [YbL4K2] and [SmL4K2] in the
same solvent. Moreover, the carbonate : oxalate ratio was found
to vary depending on the solvent and the lanthanide ions
(Table 1).

When 13CO2 (∼5 equivalents) was added to a THF-d8 solu-
tion of 1-Yb, an immediate colour change was observed from
orange to yellow (Scheme 3). The 1H NMR spectrum of the
reaction mixture in THF-d8, recorded immediately after
addition, shows the complete disappearance of the signal
assigned to 1-Yb and the appearance of new signals. A signal
assigned to the trivalent species [YbL3(THF)2] (δ =
−16.93 ppm) increases over time reaching approximately 50%
yield after 10 days. These data suggest that mononuclear Yb(III)
complexes containing bound reduction products are also
present in the solution.

The 13C NMR spectrum of the reaction mixture in THF-d8
shows the presence of free 13CO and 13CO2 as well as a signal
at δ = 169.95 ppm that was assigned to the bound carbonate
product. No change in the 13C NMR spectrum could be
detected over time. The quantitative 13C NMR spectrum of the
residue (after removal of the solvent) in basic (pD = 13) deute-
rated water confirmed the presence of carbonate (δ =
168.26 ppm) as the single product of carbon dioxide reduction
in 90% yield.

When 13CO2 (∼5 equivalents) was added to a C6D12 solution
of 1-Yb an immediate colour change was observed from brown
to yellow (Scheme 4). The 1H NMR spectrum in C6D12 of the
reaction mixture, immediately after the addition of 13CO2,
showed the appearance of three new signals and unreacted 1-
Yb. After three days, the 1H NMR spectrum showed the com-
plete disappearance of 1-Yb.

The 13C NMR spectrum after two weeks shows only excess
CO2. The solvent and the excess 13CO2 were removed and the

residue was dissolved in deuterated water at pD = 13 in order
to release the products of carbon dioxide reduction from the
ytterbium metal centres. A very basic pD is required to release
completely the bound oxalate and carbonate. The quantitative
13C NMR spectrum showed the presence of carbonate (δ =
167.62 ppm) and oxalate (δ = 179.72 ppm) in a ratio of 50 : 1
with 94% total yield (carbonate + oxalate).

These results show that in THF the reduction of CO2 by 1-
Yb only leads to the formation of carbonate, but oxalate is also
formed when a non-polar solvent is used. Compared to the
tetra-siloxide [YbL4K2] complex (ratio oxalate : carbonate
1 : 2.2),8c the bis-siloxide, 1-Yb, leads to a higher selectivity for
carbonate formation probably as a result of lower steric hin-
drance at the metal centre. In the reaction of [YbL4K2] with
CO2 the reduction products are rapidly released and it was
impossible to isolate intermediates.8c Attempts to isolate the
Yb-bound carbonate species from THF or hexane solutions
were also unsuccessful probably due to the presence of mul-
tiple products (only single crystals of [YbL3(THF)2] could be
isolated).

However, overnight storage at −40 °C of a concentrated
hexane solution of the reaction mixture obtained after the reac-
tion of 1-Yb with ∼5 equivalents CO2 at room temperature per-
formed in C6D12 allowed the isolation of crystals suitable for
X-ray diffraction of the tetranuclear mixed-valence complex
[Yb4L8(C2O4)], 3 (Fig. 3). The complex 3 crystallizes in the tri-

Table 1 Oxalate : carbonate molar ratios from the reaction of [Ln2L4]
(Ln = Yb, Sm, 25 mM) and [LnL4K2] (Ln = Yb, Sm, 25 mM) with CO2 after
the release of the CO2 reduction products in basic (pD = 12–13) water

Reagents Solvent C2O4
2− : CO3

2−

[Yb2L4] THF-d8 0 : 1
[YbL4K2] THF-d8 1 : 3
[Yb2L4] C6D12 1 : 50
[YbL4K2] Tol-d8 1 : 1.5
[Sm2L4] THF-d8 1 : 104
[Sm2L4] C6D12 1 : 17
[SmL4K2] C6D12 1 : 0.8
[SmL4K2] Tol-d8 1 : 0.8

Fig. 3 Solid-state molecular structure of 3 (50% probability ellipsoids).
Hydrogen atoms and methyl groups were omitted for clarity. Selected
bond lengths (Å): Yb1–Osiloxide = 2.0945(12)–2.3649(12); Yb2–Osiloxide =
2.2143(12)–2.7426(14); Yb1–O1A = 2.2993(13); Yb1–O2A1 = 2.3025(13);
O1A–C1A = 1.256(2); O2A–C1A = 1.251(2); C1A–C1A1 = 1.554(3).
Symmetry transformation used to generate equivalent atoms: 11 − x, 1 −
y, 1 − z.Scheme 3 Reaction of 1-Yb with carbon dioxide in THF-d8.

Scheme 4 Reaction of [Yb2L4], 1-Yb, with carbon dioxide in
cyclohexane.
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clinic space group P1̄ as a tetramer. The solid-state structure
shows the presence of a C2O4

2− ligand bridging two
[YbIIL2Yb

IIIL2] dinuclear moieties. The two moieties are com-
posed of two six-coordinated ytterbium ions. The first ytter-
bium is coordinated to one terminal k1-siloxide ligand, two
bridging k2-siloxide ligands and one bridging k1-siloxide
ligand. The second ytterbium metal center is coordinated to
one bridging k2-siloxide ligand, two bridging k1-siloxide
ligands and one k2-C2O4 ligand. The Yb1–Osiloxide (2.0945(12)–
2.3649(12) Å) distances and the Yb2–Osiloxide (2.2143(12)–
2.7426(14) Å) distances fall in the range of YbIII–Osiloxide (2.029(3)–
2.339(2) Å)18 and YbII–Osiloxide distances (2.251(6)–2.571(6) Å),

8c

respectively, in agreement with the presence of mixed-valence
[YbIIL2Yb

IIIL2] dimeric moieties. The C1A–C1A1 bond length is
1.554(3) Å which is consistent with the formation of a single
C–C bond (1.54 Å in ethane). The isolation of complex 3
suggests that two complexes 1-Yb interact with two CO2 mole-
cules in their dinuclear form when the reaction is carried out
in a non-coordinating solvent. However, only one of the Yb(II)
centers in 1-Yb transfers one electron to the CO2 molecule
while the second Yb center remains in the oxidation state + II
probably due to its lowered redox potential in the presence of
the Yb(III) ion. Thus, two Yb(II) centers from two dinuclear
complexes transfer one electron to two CO2 molecules result-
ing in their reductive coupling to oxalate. The dinuclear form
seems to favour the oxalate formation. Notably when the reac-
tion is carried out in THF, a coordinating-solvent, where the
complex 1-Yb is likely to adopt a mononuclear form,21 only
carbonate is formed. This may be due both to the electronic
and steric differences at the Yb(II) center in 1-Yb and in the
mononuclear analogue [YbIIL2(THF)x].

The high yield in oxalate + carbonate (94%) indicates that
complex 3 is a moderately stable intermediate that must react
further with CO2 to afford additional reduction products.
Indeed, once the reaction is complete, all Yb(II) complexes
have reacted to afford oxalate or carbonate reduction products.

In order to assess the influence of the nature of the lantha-
nide ion on the reactivity we also investigated the reactivity of
1-Sm.

The reaction of [Sm2L4], 1-Sm with 13CO2 (∼5 equivalents)
in THF-d8 afforded a colour change from dark brown to colour-
less over few minutes (Scheme 5). The 1H NMR spectrum of
the reaction mixture in THF-d8, immediately after the addition,
shows the complete disappearance of the signal assigned to
1-Sm and the apparition of signals assigned to [SmL3(THF)2].
The signals continuously increased over two days, reaching
approximately 50% yield for [SmL3(THF)2]. The

13C NMR spec-
trum in THF-d8 shows the presence of free 13CO and 13CO2 as

well as new signals at δ = 174.61 ppm and 174.38 ppm that
shift over time.

The solvent and the excess 13CO2 were removed after two
days and the residue was dissolved in basic (pD = 13) deute-
rated water. The quantitative 13C NMR spectrum in D2O
showed the presence of carbonate and oxalate in a 104 : 1 ratio
and in 90% total yield (carbonate and oxalate).

These results indicate that while in THF the reduction of
CO2 by 1-Yb only leads to the formation of carbonate, the
reduction of CO2 by 1-Sm also leads to the formation of a low
amount of oxalate. No intermediate Sm(II) complexes contain-
ing bound carbonate or carboxylate could be isolated from
THF.

The reaction of [Sm2L4], 1-Sm with 13CO2 (∼5 equivalents)
in C6D12 afforded a less radical colour change, compared to
THF-d8, from dark brown to light brown (Scheme 6). The 1H
NMR spectrum of the reaction mixture in C6D12 shows the
immediate disappearance of 1-Sm and the appearance of new
signals. The 13C NMR spectrum in C6D12 shows the presence
of 13CO2 in excess and free 13CO as well as the presence of
additional signals assigned to Sm-bound CO2 reduction pro-
ducts. After four days at room temperature the solution turned
colourless. The broad 1H NMR spectrum did not show any
detectable change over time, but important changes were
observed in the number and chemical shift of the 13C NMR
signals over time. These changes may be due to the presence
of detectable intermediate CO2 reduction products or to
changes occurring over time in the binding mode of the CO2

reduction products to the Sm complex. The quantitative 13C
NMR spectrum of the reaction mixture in basic (pD = 13) D2O
after 10 days showed the presence of oxalate and carbonate in
a 1 : 17 ratio and in 98% total yield.

These results indicate that the reduction of CO2 by 1-Sm in
C6D12 leads to higher amounts of oxalate compared to the
reduction in THF-d8 or to the reduction of CO2 by 1-Yb in THF
or C6D12 but no intermediate containing bound oxalate could
be isolated.

In contrast, storage for 2 days at −40 °C of a concentrated
hexane solution of 1-Sm after reaction with 13CO2 (∼5 equiva-
lents) in C6D12 at room temperature allowed the isolation of
X-ray diffraction suitable crystals of [Sm4L8(μ3-CO3-κ4-O,O′,
O″)2], 4. The molecular structure of 4 (Fig. 4) shows the pres-
ence of a Sm(III) tetrameric complex where each metal center is

Scheme 5 Reaction of [Sm2L4], 1-Sm, with carbon dioxide in THF-d8.
Scheme 6 Reaction of [Sm2L4], 1-Sm, with carbon dioxide in
cyclohexane.
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six-coordinated. The dimer is built from two identical
[Sm2L2(µ-L)2] moieties each composed of two samarium(III)
ions coordinated to one terminal siloxide ligand in a k1

fashion, one bridging k1-siloxide ligand and one bridging k2-
siloxide ligand. The two [Sm2L2(µ-L)2] moieties are bridged by
two carbonate groups in a µ3-κ4-O,O′,O″ fashion. The
Sm–Osiloxide distances (2.150(6)–2. 479(6) Å) are similar to
those found in the previously reported Sm(III) complexes.22 A
similar tetranuclear carbonate Sm(III) complex was reported
very recently using triflate as the supporting ligand
([Sm4(CO3)2(OTf)8(THF)10]).

15d However, the Sm(II) precursor
[Sm(OTf)2(DME)2] did not react directly with CO2 but only via
the formation of a oxo complex of Sm(III) after the reaction
with a O-transfer agent. The carbonate C–O distances
(1.274(10)–1.287(11) Å) and the O–C–O angles (117.3(8)–122.2
(8)°) in 4 are similar to those found in the samarium triflate
complex (1.263(2)–1.315(2) Å and 115.8(2)–125.1(2)°). Furthermore,
the Sm–Ocarbonate bond lengths are in the range of previously
reported trivalent samarium carbonate complexes.9,15d

In order to compare the reactivity with carbon dioxide
between the bis-siloxide complex 1-Sm and the previously
reported tetra-siloxide [SmL4K2] complex, the reaction of
[SmL4K2] with

13CO2 (∼5 equivalents) in C6D12 was performed
(Scheme 7). This afforded a color change of the solution from
red to colourless. 1H NMR spectroscopy studies showed the
complete disappearance of the signal assigned to [SmL4K2]
and the appearance of a single signal at δ = 0.55 ppm corres-
ponding to the trivalent species [SmL4K] in approximately 50%
yield, determined by NMR using naphthalene as the internal

standard. The 13C NMR spectrum in C6D12 shows the for-
mation of new signals assigned to Sm-bound reduced CO2

species. No evolution in the 1H NMR or 13C NMR spectra could
be observed suggesting a faster reaction compared to 1-Sm.

The quantitative 13C NMR spectrum in basic D2O (pD = 12)
showed the presence of oxalate (δ = 173.36 ppm) and carbonate
(δ = 168.22 ppm) in a ratio of 1 : 0.8 and in 92% total yield (car-
bonate and oxalate). The same ratio was observed when the
reaction was performed in Tol-d8.

These results indicate that the use of the bulkier tetra-silox-
ide [SmL4K2] complex leads to the formation of the oxalate in
a higher yield compared to 1-Sm, becoming the major product
of CO2 reduction.

Computational studies

DFT calculations were carried out in order to determine poss-
ible reaction pathways and to explain the observed trend of
product formation. Previous studies on Sm(II) catalyzed CO2

reduction3d,9 have demonstrated that carbonates are formed,
that are kinetic products, while others3h,n,4j reported the for-
mation of oxalate, that is the thermodynamic product. The pre-
ferential carbonate formation was easily explained by the fact
that the “key intermediate”, a Sm(III)-(CO2)

2−-Sm(III) complex,
is η2(C–O) bonded to the Sm centre(s) and therefore favouring
O–C rather than C–C bond formation with an incoming CO2.
Recent reports on Ti(III)23 and Th(III)3a chemistry have shown
that the donation ability of the ligand can allow the formation
of a transient dioxocarbene species that favours the C–C bond
formation over the O–C one. In the same way, a seminal work
by Tsoureas et al. on uranium(III) complexes24 demonstrated
that the carbonate : oxalate ratio can also be tuned by changing
the sterics around the metal centres. In all the above studies,
only mononuclear complexes were involved in the reaction
with CO2. Experimentally, during the reaction of the dimeric 1-
Sm and 1-Yb with CO2, the formation of tetrametallic com-
plexes was observed, which are difficult to handle computa-
tionally. A calculation was undertaken on the tetrametallic
“key intermediate” [L4Sm2(CO2)L4Sm2]. The geometry of this
complex indicates a dioxocarbene structure that would favour
oxalate formation. Moreover, the stabilization of this tetrame-
tallic “key intermediate” with respect to the separated reac-
tants (2 dimers and CO2) is similar to the one found for the bi-
metallic intermediate [L2Sm(CO2)L2Sm] formed from the reac-
tion of one dimer and a CO2.

The carbonate and oxalate formation pathways with 1-Sm
were therefore computed on dimers and are reported in Fig. 5.
It should however be kept in mind that the formation of the
“key intermediate” from two dimers, although favourable ener-
getically would be disfavoured entropically as it goes from
three particles to one with respect to the “key intermediate”
formed from one dimer.

The reaction mechanism for the carbonate formation from
the reaction of 1-Sm with CO2, is classical and similar to pre-
vious reports for mononuclear complexes.3d,9 The formation of
the key intermediate is exoergic by 106.2 kcal mol−1 and in
this compound the CO2

2− moiety is (μ:μ:η(C–O)) bonded to the

Fig. 4 Solid-state molecular structure of 4 (50% probability ellipsoids).
Hydrogen atoms and methyl groups were omitted for clarity. Selected
bond lengths (Å): Sm–Osiloxide = 2.150(6)–2. 479(6); Sm1–O1A =
2.258(7); Sm1–O2A1 = 2.420(7); Sm2–O2A = 2.485(6); Sm2–03A =
2.295(7); C1A–O = 1.274(10)–1.287(11). Symmetry transformation used
to generate equivalent atoms: 13/2 − x, 1/2 − y, 1 − z.

Scheme 7 Reaction of [SmL4K2], with carbon dioxide in cyclohexane.
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two samarium centres. No oxo formation is observed in line
with the bulkiness of the ligand but a concerted reaction
mechanism where the incoming CO2 forms a C–O bond with
the CO2

2− and then releases CO is found. The highest barrier
is 12.8 kcal mol−1 for the latter and is associated with the need
to have the two Sm fragments relatively close increasing the
steric repulsion. On the other hand, the formation of the
oxalate implies the formation a dioxocarbene intermediate as
found with the tetramer. The dioxocarbene intermediate (see
Fig. 5) is 15.9 kcal mol−1 less stable that the “key intermediate”
making this pathway less favourable than the carbonate for-
mation even though the subsequent formation of the CO2

adduct to the dioxocarbene is highly favourable (−41.9 kcal
mol−1). The oxalate formation is then achieved with an equi-
valent barrier (10.9 kcal mol−1) as the carbonate. This is
associated with the formation of a transient dioxocarbene that
decreases the steric congestion at the transition state but this
intermediate is less stable than the “key intermediate”
involved in the carbonate formation. Thus, the formation of
the oxalate from the dimer and CO2 is favoured thermo-
dynamically but kinetics and the formation of tetrametallic
intermediate still allow carbonate formation.

Conclusions

In summary we have shown that dinuclear complexes contain-
ing low-coordinate lanthanide(II) ions can be stabilized by the
polydentate tris(tertbutoxy) siloxide ligand. In spite of the pres-
ence of only two siloxide ligands bound to the metal centre
the complexes [Yb2L4], 1-Yb and [Sm2L4], 1-Sm, (L =
(OtBu)3SiO

−) are highly reactive as indicated by the observed
cleavage of the DME C–O bond over time at room temperature
to afford crystals of [Yb2L4(μ-OMe)2(DME)2], 2. More impor-

tantly the 1-Yb and 1-Sm complexes effect the reduction of
CO2 under ambient conditions leading to both carbonate and
oxalate formation. The selectivity of the reduction towards
oxalate or carbonate changes depend on the solvent polarity
and on the nature of the ion. For both lanthanides, carbonate
formation is favoured but oxalate formation increases in non-
polar solvents. These results suggest that dimeric species
favours oxalate formation. Notably, in non-polar solvents the 1-
Yb and 1-Sm complexes are present in solution as dimers,
while the formation of monomeric species is anticipated in
polar solvents. Computational studies confirmed that the for-
mation of oxalate is favoured with respect to carbonate for-
mation in the reaction of the dimeric lanthanide complexes
with CO2. However, the formation of tetrametallic intermedi-
ates is likely to result in the concomitant formation of carbon-
ate. Crystals of the tetranuclear mixed-valence oxalate inter-
mediate [Yb4L8(C2O4)], 3, were isolated from hexane and the
presence of a C2O4

2− ligand bridging two [YbIIL2Yb
IIIL2] dinuc-

lear moieties was shown. Crystals of the tetranuclear di-car-
bonate product [Sm4L8(μ3-CO3-κ4-O,O′,O″)2], 4, were isolated
from hexane. The structures of 3 and 4 suggest that the CO2

activation in non-polar solvents involves the interaction of two
dimers with CO2 molecules at least to some extent. Such a
cooperative interaction results in both oxalate and carbonate
formation.

Experimental part
General considerations

Unless otherwise noted, all reactions were performed either
using standard Schlenk line techniques or in an inert atmo-
sphere glovebox under an atmosphere of purified argon
(<1 ppm O2/H2O). Glassware was dried overnight at 150 °C

Fig. 5 Computed enthalpy profile (room temperature) for the CO2 reaction with 1-Sm. The black profile is the carbonate formation whereas the red
one is the oxalate formation pathway.
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prior to use. Unless otherwise noted, reagents were acquired
from commercial suppliers and used without further purifi-
cation. The solvents were purchased from Aldrich or Eurisotop
(deuterated solvents) in their anhydrous form, conditioned
under argon and vacuum distilled from K/benzophenone or
Na dispersion/benzophenone (n-hexane, toluene, DME, cyclo-
hexane and THF) and degassed prior to use or dried over mole-
cular sieves for one week (DMSO). Syntheses were performed
using glass covered stirring bars. HOSi(OtBu)3, and naphtha-
lene were purchased from Aldrich and purified by sublimation
prior to use. [Yb(HMDS)2(THF)2], [Sm(HMDS)2(THF)2],

25 and
[SmL4K2]

8c (L = OSi(OtBu)3) were prepared using literature pro-
cedures. The amount of THF was determined by 1H NMR
using naphthalene as the internal reference. NMR experiments
were carried out using NMR tubes adapted with J. Young
valves. NMR spectra were recorded on Bruker 400 and
600 MHz spectrometers. 1H and 13C chemical shifts are
reported in ppm and were measured relative to residual
solvent peaks. 29Si NMR chemical shifts are reported in ppm
relative to (TMS)2O. Elemental analyses were performed under
helium by the analytical service at EPFL. Infrared analyses
were performed with a PerkinElmer Frontier FT-IR.

Syntheses

Synthesis of [Sm2L4] (1-Sm). A cold (−40 °C) solution of HL
(84.6 mg, 0.32 mmol, 2 eq.) in DME (2.5 mL) was added to a
stirring solution of [Sm(HMDS)2(THF)2] (100 mg, 0.16 mmol,
1 eq.) in DME (1.5 mL). The resulting dark brown solution was
stirred overnight at −40 °C. The solvent was removed under
vacuum affording a dark brown powder. The solid was dis-
solved in cold n-hexane (3 mL), stirred at −40 °C for 15 min
and then dried. This operation was repeated three times to
completely remove coordinated DME affording a dark brown
solution. Removal of DME by heating under vacuum was
avoided because it leads to decomposition. The solution was
filtered and concentrated. Storage of the solution at −40 °C
yielded dark brown crystals of [Sm2L4], 1-Sm in 74% yield
(89 mg, 0.068 mmol). Anal. Calc. for [Sm2(OSi(OtBu)3)4]
(1354.4 g mol−1): C48H108O16Si4Sm2: C, 42.57; H, 8.04. Found:
C, 42.45; H, 8.03. 1H NMR (Tol-d8, 400 MHz, 298 K): δ =
2.80 ppm (s, 108 H). 1H NMR (THF-d8, 400 MHz, 298 K): δ =
2.07 ppm (s, 108 H). 1H NMR (C6D12, 400 MHz, 298 K): δ =
2.39 ppm (s), 1.65 ppm (s). Dark brown crystals suitable for
X-ray diffraction analysis were obtained from a saturated solu-
tion of 1-Sm in n-hexane at −40 °C.

Synthesis of [Yb2L4] (1-Yb). A cold (−40 °C) solution of HL
(294.9 mg, 1.11 mmol, 2 eq.) in DME (4 mL) was added to a
stirring solution of [Yb(HMDS)2(THF)2] (355.8 mg, 0.56 mmol,
1 eq.) in DME (2 mL). The resulting orange solution was
stirred overnight at −40 °C. The solvent was removed under
vacuum affording an orange powder. The solid was dissolved
in cold n-hexane (3 mL), stirred at −40 °C for 15 min and then
dried. This operation was repeated three times affording a
dark brown solution to completely remove coordinated DME.
The removal of DME by heating under vacuum was avoided
because it leads to decomposition. The solution was filtered

and concentrated. Storage of the solution at −40 °C yielded
green crystals of [Yb2L4], 1-Yb in 81% yield (315 mg,
0.23 mmol). Anal. Calc. for [Yb2(OSi(O

tBu)3)4] (1399.7
g mol−1): C48H108O16Si4Yb2: C, 41.19; H, 7.78. Found: C, 41.25;
H, 7.75. 1H NMR (Tol-d8, 400 MHz, 298 K): δ = 1.52 ppm (s,
108 H). 1H NMR (THF-d8, 400 MHz, 298 K): δ = 1.37 ppm (s,
108 H). 1H NMR (C6D12, 400 MHz, 298 K): δ = 1.47 ppm (s, 108
H). 1H NMR (Tol-d8, 400 MHz, 213 K): δ = 1.66 ppm, 1.53 ppm.
13C NMR (THF-d8, 400 MHz, 298 K): δ = 72.13 ppm,
70.35 ppm, 35.52 ppm, 32.63 ppm. 13C NMR (C6D12, 400 MHz,
298 K): δ = 32.56 ppm. 29Si NMR (THF-d8, 400 MHz, 298 K): δ =
−90.90 ppm.

Stability studies of complexes 1-Yb and 1-Sm

Stability of 1-Yb. The evolution of solutions of 1-Yb (15 mg,
0.01 mmol) in Tol-d8 (0.3 mL), THF-d8 (0.3 mL), and C6D12

(0.3 mL) at room temperature was followed by 1H NMR spec-
troscopy over time (400 MHz, 298 K). 1-Yb only shows evidence
of decomposition after 36 hours at room temperature in Tol-d8
and THF-d8. After 5 days at room temperature, the 1H NMR
spectra show a decrease of 15% of the signals of 1-Yb in Tol-d8
and THF-d8. No appearance of new signals was observed over
time that could be assigned to the decomposition products.
Furthermore, the orange solution of 1-Yb (30 mg, 0.021 mmol)
in DME (0.3 mL) slowly fades over time at room temperature.
After 15 days colorless single crystals suitable for X-ray diffrac-
tion of [Yb2L4(μ-OMe)2(DME)2] (2) could be isolated in a low
yield. 1H NMR spectroscopy of 1-Yb in C6D12 showed that the
complex is stable for weeks at room temperature in a C6D12

solution.
Stability of 1-Sm. The evolution of solutions of 1-Sm (15 mg,

0.01 mmol) in Tol-d8 (0.3 mL), THF-d8 (0.3 mL), C6D12

(0.3 mL) at room temperature was followed by 1H NMR spec-
troscopy over time. 1-Sm only shows evidence of decompo-
sition after 36 hours at room temperature in THF-d8. After
5 days at room temperature, the 1H NMR spectra show a
decrease of 20% of the signals of 1-Sm in THF-d8. No signifi-
cant new signals were observed over time that could be
assigned to the decomposition products. 1H NMR spec-
troscopy of 1-Sm in C6D12 showed that the complex is stable
for weeks at room temperature in a C6D12 solution. 1H NMR
study of 1-Sm in Tol-d8 at room temperature showed a decrease
of the intensity of the signals assigned to 1-Sm, reaching 20%
of decomposition in Tol-d8 after 5 days, and the apparition of
a signal at δ = 1.08 ppm corresponding to the reduced toluene
adduct [{Sm2L3}2(μ–η6:η6-C7H8)].

17

Reactivity

Reactivity of 1-Yb with CO2 in THF-d8.
13CO2 (∼5 equiva-

lents) was added to a liquid nitrogen frozen solution of 1-Yb
(10 mg, 0.007 mmol, 1 eq.) in THF-d8 (0.3 mL). The solution
was allowed to warm up at room temperature resulting in a
color change of the solution from orange to yellow. The 1H
NMR spectrum of the resulting solution (THF-d8, 400 MHz,
298 K) shows complete disappearance of the signals of 1-Yb,
the appearance of a signal assigned to the [YbL3(THF)2]
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complex at δ = −16.93 ppm and of a new set of signals at δ =
1.23 ppm, 0.82 ppm and −0.01 ppm. The formation of
[YbL3(THF)2] increased over 10 days reaching a conversion of
approximately 50%, determined by 1H NMR using naphtha-
lene as the internal standard. 13C NMR (THF-d8, 400 MHz,
298 K): δ = 185.02 ppm (free CO), 169.95 ppm (bound CO3

2),
125.84 ppm (free CO2), 99.97 ppm (siloxide), 37.67 ppm (silox-
ide), 31.65 ppm (siloxide) and 10.47 ppm (siloxide). No change
in the 13C NMR spectrum is perceived over time. The quanti-
tative 13C NMR of the evaporated reaction mixture after remov-
ing the excess of 13CO2 in D2O (D2O, 600 MHz, 298 K, pD-13)
shows a single signal at δ = 168.26 ppm assigned to CO3

2− in
90% yield using 13C-labelled sodium acetate as the internal
standard.

Reactivity of 1-Yb with CO2 in C6D12.
13CO2 (∼5 equivalents)

was added to a liquid nitrogen frozen solution of 1-Yb (10 mg,
0.007 mmol, 1 eq.) in C6D12 (0.3 mL). The solution was
allowed to warm up at room temperature resulting in a color
change of the solution from dark brown to yellow. The 1H
NMR spectrum of the resulting solution (C6D12, 400 MHz,
298 K) shows signals at δ = 7.31 ppm, 1.54 ppm, 1.47 ppm (1-
Yb) and 1.41 ppm. After 3 days at room temperature the
signals at 1.54 ppm, 1.47 ppm (1-Yb) and 1.41 ppm dis-
appeared and two new signals at δ = 1.51 ppm and 1.44 ppm
can be identified. The 13C NMR (C6D12, 400 MHz, 298 K) spec-
trum of the reaction mixture immediately after the addition of
13CO2: δ = 159.2 ppm, 125.82 ppm (free CO2), 31.77 ppm (silox-
ide). 13C NMR spectroscopy studies over time (C6D12,
400 MHz, 298 K) show the continuous decrease of the signal at
δ = 159.20 ppm and the complete disappearance of it after 2
weeks at room temperature. The quantitative 13C NMR spec-
trum of the evaporated reaction mixture after removing the
excess of 13CO2 in D2O (D2O, 600 MHz, 298 K, pD-13) shows
two signals at δ = 167.62 ppm assigned to CO3

2− and
179.72 ppm assigned to C2O4

2− in 94% total yield (oxalate and
carbonate, using 13C-labelled sodium acetate as internal stan-
dard) with a ratio of 1 : 50 (oxalate : carbonate). Here, the
chemical shift of the signal assigned to oxalate is shifted from
about 6 ppm compared to free oxalate suggesting that oxalate
binding to Yb(III) may still occur at pH = 13. Pale yellow crystals
of [Yb4L8(C2O4)] (3) suitable for X-ray diffraction were obtained
overnight from a concentrated hexane solution of 1-Yb at
−40 °C after the addition of ∼5 equivalents of CO2 at room
temperature (yield <1%).

Reactivity of 1-Sm with CO2 in THF-d8.
13CO2 (∼5 equiva-

lents) was added to a liquid nitrogen frozen solution of 1-Sm
(10 mg, 0.007 mmol) in THF-d8 (0.3 mL). The solution was
allowed to warm up at room temperature resulting in a color
fading of the solution from dark brown to colorless in few
minutes. The 1H NMR spectrum of the resulting solution
(THF-d8, 400 MHz, 298 K) shows the complete disappearance
of the signal assigned to 1-Sm and the formation of signals at
δ = 1.51 ppm ([SmL3(THF)2]) and 1.31 ppm, growing over two
days. The quantitative 1H NMR spectrum shows, after two
days, a yield of approximately 50%, determined by NMR using
naphthalene as the internal standard, for [SmL3(THF)2].

13C

NMR (THF-d8, 400 MHz, 298 K); immediately after addition:
δ = 185.20 ppm (free CO), 175.86 ppm, 174.43 ppm, 174.21 ppm,
125.94 ppm (free CO2), 72.37 ppm (siloxide) and 32.97 ppm
(siloxide). The quantitative 13C NMR after 10 days of the evap-
orated reaction mixture after removing the excess of 13CO2 in
D2O (D2O, 600 MHz, 298 K, pD-13) shows two signals at δ =
168.32 ppm assigned to CO3

2− and 173.36 ppm assigned to
C2O4

2− in 90% total yield (oxalate and carbonate, using 13C-
labelled sodium acetate as the internal standard) with a ratio
of 1 : 104 (oxalate : carbonate).

Reactivity of 1-Sm with CO2 in C6D12.
13CO2 (∼5 equivalents)

was added to a liquid nitrogen frozen solution of 1-Sm (10 mg,
0.007 mmol) in C6D12 (0.3 mL). The solution was allowed to
warm up at room temperature resulting in a color change of
the solution from dark brown to light brown. The 1H NMR
spectrum of the resulting solution (C6D12, 400 MHz, 298 K)
shows the formation of three sets of peaks at δ = −4.17 ppm,
−4.45 ppm and −5.75 ppm. 13C NMR (C6D12, 400 MHz, 298 K);
immediately after addition: δ = 192.43 ppm (bound C2O4

2−/
CO3

2−), 191.72 ppm (bound C2O4
2−/CO3

2−), 185.02 ppm (free
CO), 128.70 ppm, 125.80 (free CO2) and 32.14 ppm (siloxide).
After 4 days, the color of the solution turned colorless. No
change in the 1H NMR spectrum was observed. 13C NMR
(C6D12, 400 MHz, 298 K); after four days at room temperature:
δ = 185.02 ppm (free CO), 166.52 ppm, 164.99 ppm,
164.24 ppm, 128.70 ppm, 125.80 (free CO2) and 32.14 ppm (sil-
oxide). The quantitative 13C NMR of the evaporated reaction
mixture after removing the excess of 13CO2 in D2O (D2O,
600 MHz, 298 K, pD-13) shows signals at 173.25 ppm (C2O4

2−)
and 168.31 ppm (CO3

2−) in a 1 : 17 ratio with a total yield of
98% (oxalate and carbonate, using 13C-labelled sodium acetate
as the internal standard). Colourless crystals of [Sm4L8(CO3)2]
(4) suitable for X-ray diffraction were obtained from a concen-
trated hexane solution of 1-Sm left at −40 °C for 2 days after
the addition of ∼5 equivalents of CO2 at room temperature
(yield <1%).

Reactivity of [SmL4K2] with CO2 in C6D12.
13CO2 (∼5 equiva-

lents) was added to a liquid nitrogen frozen solution of
[SmL4K2] (10 mg, 0.008 mmol) in C6D12 (0.3 mL). The solution
was allowed to warm up at room temperature resulting in a
color change of the solution from red to colorless. The quanti-
tative 1H NMR in C6D12 shows the complete disappearance of
the signal assigned to [SmL4K2] (δ = 2.41 ppm) and the for-
mation of [SmL4K] (δ = 0.55 ppm) in approximately 50% yield,
determined by NMR using naphthalene as the internal stan-
dard. 13C NMR (C6D12, 400 MHz, 298 K): δ = 202.05 ppm,
198.84 ppm, 168.43 ppm, 157.97 ppm, 156.52 ppm,
156.02 ppm, 125.80 (free CO2), 72.29 ppm (siloxide),
32.37 ppm (siloxide). 1H NMR and 13C NMR spectroscopy
studies did not show any changes in the spectra. The quanti-
tative 13C NMR of the evaporated reaction mixture after remov-
ing the excess of 13CO2 in D2O (D2O, 600 MHz, 298 K, pD-13)
shows two signals at δ = 173.36 ppm assigned to C2O4

2− and
δ = 168.22 ppm assigned to CO3

2− in 92% total yield (oxalate
and carbonate, using 13C-labelled sodium acetate as the
internal standard) with a ratio of 1 : 0.8 (oxalate : carbonate).
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