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Activation and functionalisation of carbon dioxide
by bis-tris(pyrazolyl)borate-supported divalent
samarium and trivalent lanthanide silylamide
complexes†

Tajrian Chowdhury, Claire Wilson and Joy H. Farnaby *

Synthesis and reactivity with carbon dioxide (CO2) of divalent samarium in the bis-tris(pyrazolyl)borate

ligand environment has been reported. In addition, CO2 activation and functionalisation by lanthanide sily-

lamides in the bis-tris(pyrazolyl)borate ligand environment was demonstrated. Reduction of the Sm(III)

precursor [Sm(Tp)2(OTf)] (Tp = hydrotris(1-pyrazolyl)borate; OTf = triflate) with KC8 yielded the insoluble

Sm(II) multi-metallic coordination polymer [{Sm(Tp)2}n] 1-Sm. Addition of 1,2-dimethoxyethane (DME) to

1-Sm enabled isolation of the monomeric complex [Sm(Tp)2(DME)] 1-Sm(DME). Complex 1-Sm(DME)

reduced CO2 to yield the oxalate-bridged dimeric Sm(III) complex [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm.

The reactions of heteroleptic Ln(III) silylamide complexes [Ln(Tp)2(N’’)] (Ln = Y, Sm; N’’ = N(SiMe3)2) with

CO2 yielded monomeric Ln(III) silyloxides [Ln(Tp)2(OSiMe3)] 3-Ln and trimethylsilyl isocyanate

(OvCvNSiMe3). Complexes 3-Ln are the first crystallographically characterised examples of Ln(III)–

OSiMe3 bonds accessed via CO2 activation and functionalisation. Full characterisation data are presented

for all complexes, including solid-state molecular structure determination by single-crystal X-ray

diffraction.

Introduction

Carbon dioxide (CO2) activation and functionalisation by com-
plexes of transition metals (TM),1 rare-earth metals lantha-
nides (Ln, where Ln = Sc, Y, La–Lu) and actinides,2 and hetero-
bimetallic systems,3 have attracted significant interest from
scientific communities worldwide, since CO2 is the largest
single source contributor to the greenhouse effect and climate
change. CO2 is a renewable one-carbon (C1) building block
and can bind to metal ions in various ways during activation,4

which upon functionalisation yields valuable synthetic pro-
ducts and commercially important chemicals.5

Divalent Sm(II) ion, which is a powerful one electron reduc-
tant,6 can activate CO2 to yield oxos (O2−), oxalates (C2O4

2−),
and carbonates (CO3

2−), the mechanism of which is well-mod-
elled by computational methods (Fig. 1(a)).7 For Sm(II) in an
organometallic ligand environment, the first step of CO2 acti-
vation at a Sm(II) metal centre involves the cooperative double
reduction of CO2 to CO2

2− by two Sm(II) ions to form a reactive

bimetallic intermediate [Sm]–(μ-η2:η1-CO2)–[Sm] ([Sm] = SmIII).
This intermediate further reacts in two possible ways, where
either (i) reaction with another molecule of CO2 induces a C–C
coupling reaction to form an oxalate-bridged dimeric complex
[Sm]–(μ-η2:η2-O2CCO2)–[Sm] (Fig. 1(a)(i)) or (ii) where it loses a
CO molecule and the resultant bimetallic oxo complex [Sm]–
(μ-O)–[Sm] reacts with a free CO2 molecule to form a bimetallic
carbonate complex [Sm]–(μ-CO3)–[Sm] (Fig. 1(a)(ii)).7c In the
activation of CO2 by [Sm(Cp*)2(THF)2] (Cp* = C5Me5), pathway
(i) from Fig. 1(a) was shown to be the predominant pathway
both experimentally and computationally,7c and any radical
dimerization pathways have been deemed unlikely at the Sm(II)
metal centre.7 Outcome of the reactivity of CO2 with low valent
rare-earth metals is challenging to predict from first prin-
ciples. The selectivity of CO2 activation reactions of Sm(II) to
yield oxalates vs. carbonates, can sometimes be rationalised
based on the steric influence of the ancillary ligands of the Sm
(II) ion, for example the more sterically bulky organometallic
cyclopentadienyl ligand derivatives and macrocyclic ligands
result in formation of carbonates.7f,h For trivalent U(III) it was
shown that tuning the steric bulk of the ancillary cyclopenta-
dienyl ligand (more sterically bulky ancillary ligands favoured
the formation of carbonates over oxalates)8 or where utilising
different reaction temperatures led to the isolation of the
thermodynamic (carbonate) vs. kinetic (oxalate) products.9

†Electronic supplementary information (ESI) available. CCDC 2347954–2347960.
For ESI and crystallographic data in CIF or other electronic format see DOI:
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Lewis acidic lanthanides activate CO2 in various ways such
as (a) the insertion of CO2 into Ln(III)–X σ-bonds (X = amide,
alkyl, alkyl/aryloxy, hydride, chalcogenide, carbene)2a and (b)
cooperative reduction of CO2 by Ln(II).7a,c,e Since Ln–N(amide)
bonds exhibit remarkable substrate insertion scope10 and cata-
lytic activity,11 the homoleptic Ln(III) silylamides [Ln(N″)3] (N″
= N(SiMe3)2)

12 have been studied for small-molecule
activation.2a,13 The activation and functionalisation of CO2 at
the Ln(III) metal centre of a Ln–N(amide) bond proceeds via
three steps. As shown in Fig. 1(b), these are: (i) insertion of
CO2 into [Ln]–NR2 σ-bonds to form a carbamate complex [Ln]–
(κ2-O,OCNR2) (Fig. 1(b)(i)), (ii) migration of the more electropo-
sitive amide substituent from the nitrogen atom to the oxygen
atom within the carbamate complex (Fig. 1(b)(ii)), and (iii) de-
insertion of isocyanate to yield Ln(III) oxides (Fig. 1(b)
(iii)).2a,10b Isolation of carbamate complexes has proven chal-
lenging in the reactivity of CO2 with [Ln(N″)3], owing to the
facile thermodynamic migration of the SiMe3 group (as in (ii)),
leading to the formation of insoluble polymeric Ln(III) silylox-
ides [{Ln(OSiMe3)3}n].

2a,10b,14 Therefore, in absence of isolation
of discrete Ln(III) silyloxides, CO2 activation by Ln–N″
bonds have been exclusively studied by isolating the corres-
ponding organic products: OvCvNSiMe3, (Me3Si)2O,
Me3SiNvCvNSiMe3, analogous to main-group metal–N″

mediated CO2 activation.
2a,10b,15 Ln(III) silyloxides are potential

precursors towards silicate materials and catalysts for organic
transformations.14b Various synthetic routes to access Ln–
OSiR3 bonds exist, however insertion of CO2 into Ln–N(amide)
bonds to access molecular Ln(III) silyloxides remains a rare
route.14b,16

Trofimenko’s tridentate scorpionate N-donor hydrotris(1-
pyrazolyl)borate (Tp) ligand and its derivatives (TpR) are robust
ancillary ligands in Ln chemistry, which provide great struc-
tural diversity to Ln complexes and result in useful physical
(optical, magnetic) and chemical (small-molecule activation,
catalysis) properties.17 The Sm(II) complexes [Sm(TpR)2] display
activation of a wide range of small-molecules (CO,18 NO,19

O2,
20 S8,

21 dichalcogenides,22 azobenzene,23 aldehyde,24

ketones,24,25 quinones,24,25 azines24). Reduction of heavy-metal
(Hg(I), Tl(I)) salts with [Sm(Tp*)2] (Tp* = hydrotris(3,5-
dimethyl-1-pyrazolyl)borate) was utilised to synthesise organo-
metallic complexes: (a) the first Tp/cyclopentadienyl-mixed
complex of a lanthanide26 and (b) an alkynide.27 Reactions of
[Sm(Tp*)2] with TM carbonyl complexes enabled isolation of
heterometallic TM/Sm complexes.28 The synthetic routes to
[Ln(TpR)2] complexes, with one exception,29 have predomi-
nantly relied on Ln(II) precursors.17a,23,29,30 Reduction of Ln(III)
[Ln(Tp)2(OTf)] (OTf = triflate) was shown as a viable route to
access Ln(II) [Ln(Tp)2] (Ln = Eu, Yb) complexes.31 Utilising two
small unsubstituted Tp ligands enabled isolation of the reac-
tive Ln(III) amide complexes [Ln(Tp)2(N″)],

32 which were inac-
cessible in the bulky [Ln(Tp*)2]

+ ligand environment.33

Here we report the reduction of [Sm(Tp)2(OTf)],
32c to the

Sm(II) complex [Sm(Tp)2(DME)] 1-Sm(DME). The reactivity of 1-
Sm(DME) with small-molecules such as pnictogens and CO2

has been investigated. Furthermore, the activation and functio-
nalisation of CO2 by the bis-Tp Ln(III) amide complexes [Ln
(Tp)2(N″)] (Ln = Y, Sm) has been reported.

Results and discussion
Synthesis of [Sm(Tp)2(DME)] 1-Sm(DME)

The formal reduction potential (E0) of Sm3+/Sm2+ (−1.55 V) in
aqueous solution vs. the Normal Hydrogen Electrode (NHE)
makes it the most accessible classical Ln(III) candidate for
reduction after Ln = Eu (−0.35 V) and Yb (−1.15 V).34 Recently,
the synthesis of soluble adduct-free Ln(II) [Ln(Tp)2] (Ln = Eu,
Yb) complexes was reported by reduction of Ln(III)
[Ln(Tp)2(OTf)] (OTf = triflate) with KC8 in toluene.31 However,
in pursuit of non-classical Ln(II) ions,35 as investigated herein,
the bis-Tp ligand environment has been shown to be unsuc-
cessful in stabilising non-classical Ln(II) ions. For example, the
reaction between Ln(III) [Ln(Tp)2(OTf)] (Ln = Y,32a Dy 32b) and
KC8 yielded complicated reaction mixtures containing
[Ln(Tp)3]

32b,36 and this was observed irrespective of reaction
conditions and solvent choices (see ESI section A3† for NMR
data for the reaction of [Dy(Tp)2(OTf)] with KC8 in toluene).
Additionally for Ln = Y, fragmentation of the Tp ligand was
observed resulting in formation of [Y(Tp)2(κ2-pz)] (pz = pyrazolyl).

Fig. 1 Mechanistic pathway of CO2 activation and functionalisation by
(a) Sm(II)7c and (b) Ln(III)-amides.10b
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Such fragmentation of the Tp ligand by cleavage of a B–N
bond, in the absence of a metal-based reduction, often leading
to the isolation of pz-bound byproducts, has been observed in
rare-earth Tp/TpR chemistry.33,36c,37 Purification of [Y(Tp)2(κ2-
pz)] away from complicated reaction mixtures containing
[Y(Tp)3] proved challenging, however, single-crystals were iso-
lated on one occasion (see ESI section A1.3† for NMR data for
[Y(Tp)2(κ2-pz)] and Fig. S65† for the molecular structure of
[Y(Tp)2(κ2-pz)]).

Reduction of the Sm(III) triflate complex [Sm(Tp)2(OTf)]
32c

in toluene yielded highly insoluble dark brown solids, preclud-
ing isolation of a molecular complex. However, the reduction
of [Sm(Tp)2(OTf)] in THF under ambient conditions, resulted
in a dark red-brown solution containing the Sm(II) complex
[Sm(Tp)2(THF)2] 1-Sm(THF) (Scheme 1). The reaction mixture
was filtered to exclude excess KC8 and graphite. THF was
removed in vacuo and the dark red-brown solids were extracted
into toluene. Filtration of the dark orange-brown suspension
to exclude K(OTf) and removal of toluene in vacuo (10−2 mbar)
from the extract led to desolvation of THF from 1-Sm(THF)
(observed on the NMR-scale) and isolation of the insoluble
dark-brown multi-metallic coordination polymer [{Sm(Tp)2}n]
1-Sm (91%, Scheme 1).

Since the solid-state molecular structure of [{Eu(Tp)2}2]
exhibits two bridging μ-κ1:η5 Tp ligands,31 it is anticipated that

1-Sm can adopt similar extended bridging modes of the Tp
ligand leading to insolubility of polymeric 1-Sm, owing to the
slightly larger ionic radius of Sm(II) compared to Eu(II).38 In
order to isolate a molecular complex of 1-Sm, after removal of
toluene in the synthesis, excess DME (1,2-dimethoxyethane)
was added resulting in the formation of the DME-adduct
complex [Sm(Tp)2(DME)] 1-Sm(DME). Since 1-Sm(DME) does
not undergo desolvation upon application of vacuum (10−2

mbar), drying in vacuo led to the isolation of 1-Sm(DME) (89%,
Scheme 1). Complex 1-Sm(DME) has excellent solubilities in
coordinating (THF) and non-coordinating (benzene, toluene)
solvents, but poor solubilities in hydrocarbon solvents
(hexane). Elemental analysis of 1-Sm(DME) is consistent with
the [Sm(Tp)2(DME)] formulation. Desolvation of Lewis base
adducts from 1-Sm(LB) (LB = THF, DME) is observed in solu-
tion of non-coordinating aromatic solvents slowly over time
(LB = THF, 2 days; DME, 2 weeks) under ambient conditions or
quickly with heating (1 hour in both cases), leading to liber-
ation of free Lewis bases and formation of insoluble 1-Sm and
[Sm(Tp)3].

36b

Spectroscopy of [Sm(Tp)2(DME)] 1-Sm(DME)

By relative integration, in the 1H NMR spectrum of paramag-
netic 1-Sm(DME) in d8-THF, the Tp-pyrazolyl protons in 1-Sm
(DME) are observed at δ = 0.30, 4.14 and 11.49 ppm, the Tp-
borohydride at δ = −1.20 ppm, and the DME ligand protons at
δ = 3.29 and 3.42 ppm, in the expected 6 : 6 : 6 : 2 : 6 : 4 ratio.
The proton and carbon resonances of the Tp ligands and DME
of 1-Sm(DME) were assigned using DEPT-135 13C{1H} and
1H-13C HSQC NMR experiments (see ESI Fig. S10 and
Fig. S11,† respectively). The 11B NMR spectrum of 1-Sm(DME)
exhibits a resonance at δ = −25.36 ppm, corresponding to the
Tp ligands, consistent with [Sm(TpR)2].

29,30e The ATR-IR
spectra of 1-Sm and 1-Sm(DME), both exhibit weak absorp-
tions between 2350–2450 cm−1 assigned to the characteristic
borohydride stretching frequencies (υBH) for the Tp ligands in
Ln(II) [Ln(TpR)2]

29,30f and [Ln(Tp)2] complexes.31 Additionally,
weak absorptions are observed between 2820–2930 cm−1,
which are assigned to the aliphatic sp3-carbon hydrogen bond
stretching frequencies (υsp3-CH) of the DME ligand in 1-Sm
(DME), consistent with literature.39

Crystallography of [Sm(Tp)2(LB)x] (LB = THF, x = 2; DME, x = 1)
1-Sm(LB)

Lath-shaped red single-crystals of 1-Sm(THF) suitable for X-ray
diffraction were grown from a saturated THF solution at
−35 °C overnight and shard-shaped red single-crystals of 1-Sm
(DME) suitable for X-ray diffraction were grown from a satu-
rated toluene solution with a hexane antisolvent at −35 °C over
three weeks. The structures of 1-Sm(LB) are monomeric, con-
taining an 8-coordinate Sm(II) ion bound to two κ3-coordinated
Tp ligands and two oxygen atoms for two THF adducts
(Fig. 2(a)) or one DME adduct (Fig. 2(b)), arranged around the
Sm(II) ion in a distorted square antiprismatic geometry.
Important structural metrics are tabulated in the ESI in
section B,† with bond metrics and relevant structural data

Scheme 1 Synthesis of Sm(II) [Sm(Tp)2(DME)] 1-Sm(DME) via [Sm
(Tp)2(THF)2] 1-Sm(THF) by reduction of [Sm(Tp)2(OTf)] with KC8 in THF
and DME complexation to [{Sm(Tp)2}n] 1-Sm. Note: The box shows num-
bering of the pyrazolyl carbon atoms of the Tp ligand.
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comparisons in Table 1 and crystallographic information in
Table 2.† The Sm–N(Tp) bond distances in 1-Sm(LB) (LB =
THF, 2.662(6)–2.744(7) Å; DME, 2.6805(16)–2.7180(16) Å) are
indistinguishable to those in the Eu(II) complex
[Eu(Tp)2(THF)2] and longer than those in the Yb(II) complexes
[Yb(Tp)2(LB)] (LB = THF, DME) consistent with the size of the
different Ln(II) ionic radii Sm(II) ∼ Eu(II) ≫ Yb(II).31,38 The Sm–

N(κ3-Tp) bond distances in 1-Sm(LB) are consistent with
adduct-free [Sm(TpR)2] (see ESI Table 1†).23,29,30e Since a range
of Ln–N(κ3-Tp) bond distances is normally observed in litera-
ture [Ln(TpR)2] complexes (ESI Table 1†), therefore small struc-
tural differences e.g. neighbouring Ln(II) ionic radii or substi-
tution of the Tp ligand (TpR) do not result in statistically sig-
nificant Ln–N(κ3-Tp) distances. The increase in ionic radius
upon reduction of Sm(III) to Sm(II) is reflected by the longer
Sm–N(Tp) bond distances in 1-Sm(LB) when compared to the
THF-adduct of the Sm(III) precursor [Sm(Tp)2(OTf)(THF)]
(2.512(2)–2.583(2) Å).32c

Reactivity of 1-Sm(DME) with molecular pnictogens

Owing to the diverse reactivity exhibited by [Sm(TpR)2],
18–28 the

scope of 1-Sm(DME) in small-molecule activation was investi-
gated in collaboration with the Roesky group. Since the reactiv-
ity of Ln(II) [Ln(TpR)2] with pnictogens has not been reported
to date, the reactivity of 1-Sm(DME) with white phosphorus
(P4) was tested, targeting motifs such as [{(Cp*)2Sm}4(μ4-
η2:η2:η2:η2-P8)].13a,40 Reactions of 1-Sm(DME) with freshly sub-
limated P4 or P4 vapour, resulted in formation of insoluble
Sm(III) products, where [Sm(Tp)3]

41 was crystallised on several
occasions as the major product, irrespective of reaction con-
ditions and solvents. Reactions of [Yb(Tp)2]

31 with white P4,
led to the formation of [Yb(Tp)3]

36a and recovery of unreacted
[Yb(Tp)2], consistent with the lower reducing strength of Yb(II)
vs. Sm(II).34 Reactivity of 1-Sm(DME) with heavier pnictogens
like elemental nanoparticles of arsenic (As0nano),

42 were also
unsuccessful.

Reactivity of 1-Sm(DME) with carbon dioxide (CO2) in the
synthesis of [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm

Activation and functionalisation of CO2 by Sm(II) in various
ligand environments have been reported in literature to yield
oxalate-bridged Sm(III) dimers (Fig. 1(a)).7a–e The synthesis of
the oxalate-bridged dimeric Ln(III) complexes [{Ln(Tp)2}2(μ-
η2:η2-O2CCO2)] (Ln = Y, Sm, Dy, Yb, Lu) were previously
reported by salt metathesis between Ln(III) chlorides
[LnCl3·(H2O)n], K(Tp), and Na2(C2O4) in a 2 : 4 : 1 ratio in
water.43 Since the reactivity of Ln(II) [Ln(TpR)2] with CO2 has
not been reported to date, the reaction of 1-Sm(DME) with CO2

was studied in d8-THF to yield the Sm(III) complex [{Sm
(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm (92%, Scheme 2). Complex 2-Sm
has poor solubilities in all solvents. Elemental analysis of 2-
Sm is consistent with the [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)]
formulation.

Spectroscopy of [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm

Due to the insolubility of 2-Sm post-work-up, the NMR data
discussed here are from the NMR-scale reaction of 1-Sm(DME)
with CO2 in d8-THF (see ESI section A2.1†). In the 1H NMR
spectrum of 2-Sm in d8-THF, the Tp-pyrazolyl protons in 2-Sm
are observed at δ = 4.87, 6.04 and 8.84 ppm, consistent with
NMR of this complex reported elsewhere.43 The proton and
carbon resonances of the pyrazolyl rings of the Tp ligands of 2-
Sm were assigned as far as possible, by using 13C{1H} and
1H–13C HSQC NMR experiments (see ESI Fig. S45 and
Fig. S46,† respectively). In the 13C{1H} NMR spectrum of 2-Sm,
the resonance corresponding to the oxalate ligand carbon
could not be identified. This observation is similar to the 13C
{1H} NMR spectra of [{Sm(CpR)2}2(μ-η2:η2-O2CCO2)],

7a,b where
the oxalate ligand carbon atoms were not observed unless reac-
tions were performed with 13CO2.

7a The 11B NMR spectrum of
2-Sm exhibits a resonance at δ = 2.91 ppm, corresponding to
the Tp ligands, consistent with other [Sm(Tp)2]

+ examples.32c

In the ATR-IR spectrum of 2-Sm, besides weak absorptions
between 2350–2450 cm−1 assigned to the characteristic boro-
hydride stretching frequencies (υBH) for the Tp ligands, a weak
absorption is also observed at 1649 cm−1, which is assigned to

Fig. 2 Molecular structures of [Sm(Tp)2(LB)x] 1-Sm(LB) LB = THF (a),
DME (b). Hydrogen atoms and lattice solvent molecules omitted for
clarity and carbon atoms of Tp pyrazolyl, THF, and DME displayed in wir-
eframe. Displacement ellipsoids drawn at 50% probability level. Selected
bond distances: (a) Sm–N(Tp) 2.662(6)–2.744(7) Å, Sm–O(THF) 2.692(4)
Å, (b) Sm–N(Tp) 2.6805(16)–2.7180(16) Å, Sm–O(DME) 2.6696(14),
2.7044(14) Å.

Scheme 2 Reaction of 1-Sm(DME) with CO2 to yield oxalate-bridged
dimeric Sm(III) complex [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm.
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the carbonyl stretching frequencies (υCvO) of the oxalate
ligand in 2-Sm, analogous to reported [{Ln(Tp)2}2(μ-η2:η2-
O2CCO2)] (Ln = Y, La, Ce, Nd, Sm, Dy, Yb, Lu) (υCvO =
1620–1660 cm−1).43

Crystallography of [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm

The solid-state structure of 2-Sm was not previously reported.43

Block-shaped colourless single-crystals of 2-Sm suitable for
X-ray diffraction were grown from a saturated THF solution
with a hexane antisolvent at −35 °C over four months. The
structure of 2-Sm (Fig. 3) is dimeric, containing two 8-coordi-
nate Sm(III) ions where each Sm(III) ion is bound to two κ3-co-
ordinated Tp ligands and two oxygens of the μ-η2:η2-O2CCO2

2−

oxalate ligand bridging the two Sm(III) ions, in a distorted
square antiprismatic geometry. The Sm–N(κ3-Tp) bond dis-
tances of 2.480(6)–2.592(7) Å in 2-Sm are consistent with [Sm
(Tp)2]

+.32c The Sm–O(C2O4) bond distances of 2.423(6) and
2.425(5) Å in 2-Sm are consistent with the literature of oxalate-
bridged dimeric Sm(III) complexes (see ESI Table 1†).7b,d The
Sm–N(κ3-Tp) and Sm–O(C2O4) bond distances in 2-Sm are
longer than those in [{Dy(Tp)2}2(μ-η2:η2-O2CCO2)] (see ESI
Table 1†) and consistent with differences in size of the
different Ln(III) ionic radii Sm(III) > Dy(III).38

Reactivity of [Ln(Tp)2(N″)] (Ln = Y, Sm; N″ = N(SiMe3)2 with
CO2) in the synthesis of [Ln(Tp)2(OSiMe3)] 3-Ln

The heteroleptic Ln(III) amide complexes [Ln(Tp)2(N″)] (Ln = Y,
Yb, Dy) are reactive towards protonolysis with alcohols32a and
primary amines.32b To aid investigation of CO2 activation by
the paramagnetic [Sm(Tp)2(N″)], the analogous diamagnetic
reaction with Ln = Y was also studied. Reactions of d6-benzene
solutions of [Ln(Tp)2(N″)] (Ln = Y,32a Sm)32c with CO2 led to the
complete consumption of [Ln(Tp)2(N″)]. The reaction proceeds
likely by insertion of CO2 to form the carbamate intermediate
[Ln(Tp)2(κ2-O,OCN″)] (see Fig. 1(b)(i)),2a,10b which is not
observed, but the subsequent intermediate complex

[Ln(Tp)2(κ2-O,O(SiMe3)CvNSiMe3)] resulting from an intra-
molecular silyl-migration (see Fig. 1(b)(ii)), was observed on
the NMR-scale (see ESI section A2.2† for Ln = Y and section
A2.3 for Ln = Sm). Upon work up of the reaction mixtures by
removing d6-benzene, excess CO2, and OvCvNSiMe3 in vacuo,
and washing the crude with hexane, the monomeric Ln(III)
silyloxides [Ln(Tp)2(OSiMe3)] 3-Ln (Ln = Y, 59%, Sm 53%;
Scheme 3) were isolated. Complexes 3-Ln have excellent solubi-
lities in toluene and moderate solubilities in hexane.

The [Ln(Tp)2(N″)] complexes are air/moisture-sensitive and
adventitious moisture-mediated decomposition of [Y(Tp)2(N″)]
yields the hydroxide-bridged dimer [{Y(Tp)2(μ-OH)}2].

32a On
one occasion during exploration of the reactivity of
[Sm(Tp)2(N″)] with small-molecules, similar adventitious
moisture-mediated decomposition of [Sm(Tp)2(N″)] yielded a
hydroxide-bridged cluster [Sm5(Tp)6(μ2-OH)6(μ3-OH)2(μ4-OH)]
4-Sm (see ESI section A1.6† for NMR data for 4-Sm and Fig. S69†
for the connectivity-only molecular structure of 4-Sm). The for-
mation of a hydroxide-bridged {Sm5} cluster instead of a hydroxide-
bridged {Ln2} dimer as seen for Y(III) is consistent with the larger
size of the Sm(III) ion when compared to the Y(III) ion.38

Spectroscopy of [Ln(Tp)2(OSiMe3)] 3-Ln (Ln = Y, Sm)

In the 1H NMR spectrum of 3-Y in d6-benzene, the Tp-pyrazolyl
protons in 3-Y are observed at δ = 5.81, 7.26 and 7.49 ppm, the
Tp-borohydride at δ = 4.82 ppm, and the trimethylsilyl protons
at δ = −0.06 ppm, in the expected 6 : 6 : 6 : 2 : 9 ratio. In the 1H
NMR spectrum of 3-Sm in d6-benzene, the Tp-pyrazolyl
protons in 3-Sm are observed at δ = 2.61, 5.64 and 8.96 ppm,
the Tp-borohydride at δ = 8.22 ppm, and the trimethylsilyl
protons at δ = 2.56 ppm, in the expected 6 : 6 : 6 : 2 : 9 ratio. The
OSiMe3 ligand resonance in 3-Y is comparable to that observed
in [Y{2,2′-bis-((tBuMe2Si)N)-6,6′-Me2-biphenyl}(OSiMe3)(THF)2]
(δ = 0.26 ppm).44 The proton and carbon resonances of the Tp
ligands and the OSiMe3 ligand of 3-Ln were assigned by using
13C{1H} and 1H-13C HSQC NMR experiments. The 11B NMR
spectra of 3-Ln exhibit a resonance (δ = −2.93 ppm 3-Y, δ =
5.43 ppm 3-Sm), corresponding to the Tp ligands, similar to

Fig. 3 Molecular structure of [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm.
Hydrogen atoms and lattice solvent molecules omitted for clarity and
carbon atoms of Tp pyrazolyl displayed in wireframe. Displacement
ellipsoids drawn at 50% probability level. Selected bond distances: Sm–

N(Tp) 2.480(6)–2.592(7) Å, Sm–O(C2O4) 2.423(6), 2.425(5) Å.

Scheme 3 CO2 activation by Ln(III) complexes [Ln(Tp)2(N’’)] (Ln = Y, Sm;
N’’ = N(SiMe3)2) to yield monomeric Ln(III) silyloxides [Ln(Tp)2(OSiMe3)]
3-Ln.
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the chemical shifts observed in the amide complexes
[Ln(Tp)2(N″)] (Ln = Y, δ = −2.96 ppm;32a Sm, δ = 6.25 ppm).32c

In the ATR-IR spectrum of 3-Ln, besides weak absorptions
between 2350–2470 cm−1 assigned to the characteristic boro-
hydride stretching frequencies (υBH) for the Tp ligands, weak
absorptions were also observed between 2890–2960 cm−1,
which are assigned to the aliphatic sp3-carbon hydrogen bond
stretching frequencies (υsp3-CH) of the OSiMe3 ligand.

16,44

Crystallography of [Ln(Tp)2(OSiMe3)] 3-Ln (Ln = Y, Sm)

Rod-shaped colourless single-crystals of 3-Y suitable for X-ray
diffraction were grown from a saturated d6-benzene solution
with a hexane antisolvent at −35 °C overnight, and tablet-
shaped colourless single-crystals of 3-Sm suitable for X-ray
diffraction were grown from a saturated hexane solution at
−35 °C over three months. The structures of 3-Ln are mono-
meric, containing a 7-coordinate Ln(III) ion bound to two κ3-co-
ordinated Tp ligands and a monodentate OSiMe3 anion,
arranged around the Ln(III) ion in a pentagonal bipyramidal
geometry (Fig. 4). The [Ln(Tp)2(κ2-O,O(SiMe3)CvNSiMe3)]
intermediate in the formation of 3-Ln could not be isolated by
crystallisation of the crude reaction mixtures, since 3-Ln was
crystallised from all attempts. The Ln–N(Tp) bond distances
(3-Sm: 2.538(3)–2.589(3) Å, 3-Y: 2.451(6)–2.567(8) Å) and Ln–O
(OSiMe3) bond distances (3-Sm: 2.155(2) Å, 3-Y: 2.094(6) Å), are
consistent with differences in size of the different Ln(III) ionic
radii Sm(III) > Y(III) and the fact that a range of Ln–N(κ3-Tp)
bond distances is normally observed in the literature
[Ln(Tp)2]

+ complexes.38 The Ln–N(κ3-Tp) bond distances in 3-
Ln are consistent with [Ln(Tp)2(X)].

32 The Ln–O(OSiMe3) bond
distances in 3-Ln are consistent with heteroleptic monomeric
Ln(III) silyloxides containing Ln–O(OSiMe3) (Ln = Y,44,45 Sm)46

bonds and homoleptic monomeric Ln(III) silyloxides
[Ln(OSiR3)3(LB)x] (Ln = Y, R = OtBu,47 Ph;48 Sm, R = SiMe3,

49

Ph)50 (see ESI Table 1† for detailed data comparisons). The

Sm–N(Tp) bond distances in 3-Sm are shorter than those in 1-
Sm(LB), consistent with the smaller ionic radius of Sm(III) vs.
Sm(II).38

Conclusions

The reduction of heteroleptic Ln(III) triflate complexes
[Ln(Tp)2(OTf)] (Tp = hydrotris(1-pyrazolyl)borate; OTf = triflate)
was successfully extended to Sm(II). The reduction of [Sm
(Tp)2(OTf)] with KC8 in THF yielded the insoluble Sm(II) [{Sm
(Tp)2}n] 1-Sm multi-metallic coordination polymer, which was
successfully isolated as the monomeric 1,2-dimethoxyethane
(DME) adduct complex [Sm(Tp)2(DME)] 1-Sm(DME). The reac-
tivity of 1-Sm(DME) was investigated with various small mole-
cules such as pnictogens and CO2. The reactions of 1-Sm
(DME) with molecular pnictogens (white P4, As

0
nano) yielded

intractable Sm(III) products and [Sm(Tp)3]. The reaction of 1-
Sm(DME) with CO2 yielded the oxalate-bridged dimeric Sm(III)
homobimetallic complex [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm.
Furthermore, CO2 activation by lanthanide silylamide com-
plexes in the bis-Tp ligand environment was investigated.
Reactions of the heteroleptic Ln(III) amides [Ln(Tp)2(N″)] (Ln =
Y, Sm; N″ = N(SiMe3)2) with CO2, was proposed to proceed via
formation a carbamate intermediate [Ln(Tp)2(κ2-O,OCN″)],
which was not observed, but the subsequent intermediate
[Ln(Tp)2(κ2-O,O(SiMe3)CvNSiMe3)] in this pathway, resulting
from an intramolecular silyl-migration was observed on the
NMR-scale. Upon workup of the reaction mixtures and
removal of the CO2-functionalised product OvCvNSiMe3, the
monomeric Ln(III) silyloxides [Ln(Tp)2(OSiMe3)] 3-Ln were iso-
lated. The bis-Tp ligand environment on the Ln(III) ion
enabled isolation of 3-Ln as discrete molecular silyloxides,
which are the first crystallographically characterised examples
of Ln(III)–OSiMe3 bonds accessed via CO2 activation and
functionalisation.

Experimental
General experimental considerations

All air-sensitive manipulations were carried out in an MBraun
glovebox (inert atmosphere of N2, O2 < 0.1 ppm, H2O <
1.5 ppm) or by using standard Schlenk techniques under N2.
All glassware was dried at 130 °C overnight, in a Binder ED53
Drying Oven/Hot Air Steriliser, prior to use. An Innovative
Technology Inc. Pure Solv 400-5-MD solvent purification
system (activated alumina columns) was used to obtain anhy-
drous toluene and tetrahydrofuran (THF). Anhydrous hexane
(95%) and 1,2-dimethoxyethane (DME, 99.5%) were purchased
from Merck. Anhydrous solvents were degassed, sparged with
N2, and stored in ampoules over activated 3.0 Å molecular
sieves (25–35% weight by volume) under N2. Absence of water/
levels of residual water in bulk solvents were confirmed by
using a sodium benzophenone ketyl solution in THF after
24–48 hours. Deuterated benzene (d6-benzene) and deuterated

Fig. 4 Molecular structure of 3-Sm (see ESI Fig. S67† for the molecular
structure of 3-Y). Hydrogen atoms omitted for clarity and pyrazolyl
carbon atoms of Tp displayed in wireframe. Displacement ellipsoids
drawn at 50% probability level. Selected bond distances in 3-Sm: Sm–N
(Tp) 2.538(3)–2.589(3) Å, Sm–O(OSiMe3) 2.155(2) Å; Selected bond dis-
tances in 3-Y: Y–N(Tp) 2.451(6)–2.567(8) Å, Y–O(OSiMe3) 2.094(6) Å.
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THF (d8-THF) were purchased from Merck and dried by
directly transferring from sealed glass ampoules onto activated
3.0 Å molecular sieves and stored in ampoules in a N2 atmo-
sphere glovebox. Deuterated toluene (d8-toluene) was pur-
chased from Merck and degassed by three freeze–pump–thaw
degassing cycles and dried by storing in ampoules over acti-
vated 3.0 Å molecular sieves in a N2 atmosphere glovebox.
Deuterated acetonitrile (d3-MeCN) was purchased from Merck
and dried by refluxing over CaH2, degassed by three freeze–
pump–thaw degassing cycles, filtered across a frit coated with
Celite® into a Büchner flask, to exclude excess CaH2 and
stored in ampoules over activated 3.0 Å molecular sieves in a
N2 atmosphere glovebox. Absence of water in deuterated sol-
vents was confirmed by 1H NMR after 48 hours. Carbon
dioxide (CO2, 99.98%, vapour withdrawal) was purchased from
BOC. Potassium hydrotris(1-pyrazolyl)borate K(Tp), K(N″) (N″ =
N(SiMe3)2), Ln(OTf)3 (OTf = CF3SO3; Ln = Y, Sm, Dy),
[Ln(Tp)2(OTf)] (Ln = Y, Sm, Dy), [Ln(Tp)2(N″)] (Ln = Y, Sm),
were synthesised according to published procedures.32

Physical methods

NMR data were recorded on an AVIII 400 MHz spectrometer
operating at frequencies 400.1 MHz (1H), 100.6 MHz (13C{1H}),
128.4 MHz (11B and 11B{1H}). The NMR data were referenced
internally to the appropriate residual proteo-solvent and
reported relative to tetramethylsilane (δ = 0 ppm) for 1H and
13C{1H} NMR. 11B and 11B{1H} NMR data were reported relative
to 15% BF3·OEt2 in CDCl3 (δ = 0 ppm). All spectra were
recorded at a constant temperature of 25 °C (298 K). Coupling
constants ( J) are reported in hertz (Hz). Standard abbreviations
for multiplicity were used as follows: m = multiplet, t = triplet,
d = doublet, s = singlet. For broad intensities, abbreviated as
br, the full width at half-maximum intensity (FWHM) is pro-
vided in Hz. ATR-IR spectra were collected in air at ambient
temperature using ThermoFisher Scientific Nicolet Summit
LITE FTIR Spectrometer (containing a LiTaO3 detector)
equipped with Everest ATR. Abbreviations for the intensity of
stretching frequencies were used as follows: s = strong, m =
medium, w = weak. Single-crystal X-ray diffraction data for 1-
Sm(THF), 1-Sm(DME), Y-pz, 3-Y, and 3-Sm were collected at
150 K using Mo-Kα radiation (λ = 0.71073 Å) on a Bruker D8
VENTURE diffractometer equipped with a Photon II CPAD
detector, with Oxford Cryosystems n-Helix device mounted on
an IμS 3.0 (dual Cu and Mo) microfocus sealed tube generator.
Single-crystal X-ray diffraction data for 2-Sm (on beamline I19
at the Diamond Light Source) and 4-Sm were collected by the
EPSRC UK National Crystallography Service (University of
Southampton). Deposition numbers 2347954–2347960†
contain the supplementary crystallographic data for this
paper. Elemental analyses were performed by Orla
McCullough at the London Metropolitan University, using a
Flash 2000 Organic Elemental Analyzer, Thermo Scientific ana-
lyser. The samples for the measurements were prepared using
V2O5 (to ensure complete combustion of all complexes) in tin
capsules inside an inert argon glovebox atmosphere.

Synthesis of Sm(II) [{Sm(Tp)2}n] 1-Sm and [Sm(Tp)2(LB)x] (LB =
THF, x = 2; DME, x = 1) 1-Sm(LB)

Synthesis of [{Sm(Tp)2}n] 1-Sm via [Sm(Tp)2(THF)2] 1-Sm
(THF). In the glovebox, a 20 mL scintillation vial was charged
with a stirrer bar, and then the white powder [Sm(Tp)2(OTf)]
(92.1 mg, 0.127 mmol, 1.0 eq.) was dissolved in THF (3 mL)
and stirred. To this colourless solution, the bronze powder
KC8 (34.4 mg, 0.255 mmol, 2.0 eq.) was added by spatula in
small portions over two minutes, with stirring at ambient
temperature. The resultant dark-red suspension was stirred at
ambient temperature for 0.5 h, after which the colour of the
suspension darkened to a deep red-brown colour and was fil-
tered across a frit into a Büchner flask, to exclude excess KC8

and graphite. Further product was extracted from the black
solids on the frit with THF (2 mL), the deep orange filtrates
were combined, and THF (5 mL) was removed in vacuo. The
resultant red-brown solids containing [Sm(Tp)2(THF)2] 1-Sm
(THF) were dried in vacuo (10−2 mbar, 1 h). Toluene (8 mL) was
added, and the resultant dark orange-brown suspension was
vigorously shaken and subsequently filtered across a frit into a
Büchner flask, to exclude K(OTf). Further product was
extracted from the solids on the frit with toluene (1 mL), the
dark orange-brown filtrates were combined, and toluene
(9 mL) was removed in vacuo. The resultant dark-brown solid
was scraped with a spatula and the powder was dried in vacuo
(10−2 mbar, 2 h) yielding adduct-free [{Sm(Tp)2}n] 1-Sm
(66.4 mg, 0.116 mmol, 91%). The multi-metallic coordination
polymer 1-Sm has extremely poor solubility in all solvents.
Anal. Calcd for (C18H20B2N12Sm)n: C, 37.51%; H, 3.50%; N,
29.16%. Found: C, 38.39%; H, 3.66%; N, 25.78%. Note: The
discrepancy in the percentage of nitrogen in the elemental
analyses of [Ln(Tp)2(X)] and [Ln(Tp)2] complexes have been
routinely observed to be off by ca. 2.5–3.0%.31,32 IR (ATR): 3143
(w, υsp2-CH), 3116 (w, υsp2-CH), 2445 (w, υBH), 2406 (w, υBH), 2372
(w, υBH), 1726 (w), 1614 (w), 1505 (m, υCvC), 1402 (s), 1384 (s),
1293 (s), 1209 (s), 1118 (s), 1045 (s), 973 (s), 925 (w), 876 (w),
803 (w), 752 (s), 722 (s), 668 (s), 620 (s) cm−1. The multinuclear
NMR data below for 1-Sm(THF) was obtained by extracting
product into d8-toluene from the dried filtrate in THF (after
synthesis) and the data were collected within 12 hours. 1H
NMR (d8-toluene): δ −3.64 (2H, very br m, FWHM = 289.4 Hz,
Tp-BH) −1.56 (6H, s, FWHM = 25.0 Hz, Tp-CH), 0.18 (8H, s,
FWHM = 19.9 Hz, THF-CH2), 2.27 (8H, s, FWHM = 27.2 Hz,
THF-CH2), 4.02 (6H, s, FWHM = 26.3 Hz, Tp-CH), 15.10 (6H,
very br s, FWHM = 106.4 Hz, Tp-CH) ppm; 13C{1H} NMR (d8-
toluene): δ 25.3 (s, THF-C), 74.2 (s, Tp-C), 85.0 (very br s, THF-
C), 112.7 (s, Tp-C), 204.7 (br s, Tp-C) ppm; 11B NMR (d8-
toluene): δ −32.00 (d, 1JB–H = 82.4 Hz, Tp-B) ppm; 11B{1H} NMR
(d8-toluene): δ −32.00 (s, Tp-B) ppm. Desolvation of THF-
adducts from 1-Sm(THF) is observed in solution in 48 hours in
d8-toluene. When heated up to 65 °C in d8-toluene, 1-Sm(THF)
desolvates completely in an hour, liberating free THF, 1-Sm,
and [Sm(Tp)3]. Lath-shaped red single-crystals of [Sm
(Tp)2(THF)2·(THF)] 1-Sm(THF) suitable for X-ray diffraction
were grown from a saturated THF solution at −35 °C overnight.
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Synthesis of [Sm(Tp)2(DME)] 1-Sm(DME) via 1-Sm(THF).
With the reagents and measures [Sm(Tp)2(OTf)] (95.6 mg,
0.132 mmol, 1.0 eq.) and KC8 (35.5 mg, 0.263 mmol, 2.0 eq.),
1-Sm(THF) was generated in situ analogously as above and
extracted into toluene with filtration to exclude K(OTf).
Toluene (7.5 mL) was removed in vacuo from the combined
dark brown filtrate, to yield a dark brown solid. DME (0.5 mL)
was added to the dark brown solid to immediately result in the
formation of a dark violet-brown solution, which was evapor-
ated to dryness yielding dark violet-brown solids. The solids
were scraped with a spatula and the resultant violet-brown
powder was dried in vacuo (10−2 mbar, 2 h) yielding [Sm
(Tp)2(DME)] 1-Sm(DME) (78.5 mg, 0.118 mmol, 89%). Complex
1-Sm(DME) is very air/moisture sensitive. In the solid-state it is
stable under the glovebox conditions and stable for up to
3 months in dry coordinating solvents such as THF. Complex
1-Sm(DME) is also stable in non-coordinating solvents such as
benzene and toluene at ambient temperature, where slow des-
olvation of DME from 1-Sm(DME) is observed and complete
desolvation, with some decomposition, is observed within 1–2
weeks in d6-benzene. Complex 1-Sm(DME) reacts with d3-
MeCN, leading to complicated reaction mixtures containing
multiple Sm(III) species. Shard-shaped red single-crystals of
[Sm(Tp)2(DME)·(toluene)] 1-Sm(DME) suitable for X-ray diffrac-
tion were grown from a saturated toluene solution with a
hexane antisolvent at −35 °C over three weeks. 1H NMR (d8-
THF): δ −1.20 (2H, very br m, FWHM = 309.9 Hz, Tp-BH), 0.30
(6H, br s, FWHM = 36.8 Hz, Tp-CH), 3.29 (6H, s, DME-CH3),
3.42 (4H, s, DME-CH2), 4.14 (6H, s, FWHM = 17.2 Hz, Tp-CH),
11.49 (6H, br s, FWHM = 35.3 Hz, Tp-CH) ppm; 13C{1H} NMR
(d8-THF): δ 59.1 (s, DME-CH3), 72.9 (s, DME-CH2), 75.8 (br s,
Tp-C), 115.4 (br s, Tp-C), 193.1 (br s, Tp-C) ppm; 11B NMR (d8-
THF): δ −25.36 (d, 1JB–H = 74.7 Hz, Tp-B) ppm; 11B{1H} NMR
(d8-THF): δ −25.42 (s, Tp-B) ppm. Anal. Calcd for
C22H30B2N12O2Sm: C, 39.64%; H, 4.54%; N, 25.22%. Found: C,
39.01%; H, 4.26%; N, 23.94%. IR (ATR): 3147 (w, υsp2-CH), 3117
(w, υsp2-CH), 2928 (w, υsp3-CH), 2888 (w, υsp3-CH), 2825 (w, υsp3-CH),
2446 (w, υBH), 2411 (w, υBH), 2375 (w, υBH), 1728 (w), 1616 (w),
1503 (m, υCvC), 1402 (s), 1386 (s), 1296 (s), 1211 (s), 1118 (s),
1040 (s), 973 (s), 923 (w), 887 (w), 854 (w), 805 (w), 752 (s), 720
(s), 664 (s), 620 (s) cm−1.

Reaction of [Dy(Tp)2(OTf)] with KC8 in toluene resulting in the
observation of [Dy(Tp)3]

In the glovebox, a 20 mL scintillation vial was charged with a
stirrer bar, and then the white powder [Dy(Tp)2(OTf)] (31.6 mg,
0.043 mmol, 1.0 eq.) was suspended in toluene (3 mL) and
stirred. To this white suspension, the bronze powder KC8

(10.9 mg, 0.081 mmol, 1.9 eq.) was added by spatula in small
portions over two minutes, with stirring at ambient tempera-
ture. The resultant dark-brown suspension was stirred at
ambient temperature for 22.5 h, after which the resultant
black-brown suspension was filtered across a frit into a
Büchner flask, to exclude excess KC8, graphite, and K(OTf).
Toluene (3 mL) was removed in vacuo to yield a dark orange-
brown solid, which was dried in vacuo (10−2 mbar, 4.5 h).

Subsequently, d6-benzene (0.5 mL) was added, and the resul-
tant orange solution was analysed via multinuclear NMR to
show the NMR resonances consistent with [Dy(Tp)3]

36b as a
major product amongst other unidentified Dy(III) products.

Reaction of [Y(Tp)2(OTf)] with KC8 in THF resulting in iso-
lation of [Y(Tp)2(κ2-pz)] Y-pz (pz = pyrazolyl)

In the glovebox, a 20 mL scintillation vial was charged with a
stirrer bar, and then the white powder [Y
(Tp)2(OTf)·(toluene)0.07] (42.2 mg, 0.063 mmol, 1.0 eq.) was dis-
solved in THF (3.5 mL) and stirred. To this colourless solution,
the bronze powder KC8 (20.0 mg, 0.148 mmol, 2.4 eq.) was
added by spatula in small portions over two minutes, with stir-
ring at ambient temperature. The resultant dark-brown sus-
pension was stirred at ambient temperature for 20 h, after
which the suspension was filtered across a frit into a Büchner
flask, to exclude excess KC8 and graphite. THF (3.5 mL) was
removed in vacuo to yield a yellow-brown oil, which was dried
in vacuo (10−2 mbar, 1.5 h). The yellow-brown oil was washed
with hexane (3 × 1 mL) and the washings filtered through a
pipette containing a Kimwipe. The pale-yellow filtrate was
cooled down to −35 °C and the product [Y(Tp)2(κ2-pz)] Y-pz
crystallised overnight as colourless plates, including crystals of
[Y(Tp)3] (see ESI Fig. S17(b)† for overlay of 1H NMR data for Y-
pz and [Y(Tp)3]

32b). 1H NMR (d6-benzene): δ 4.77 (2H, very br
m, FWHM = 269.9 Hz, Tp-BH), 5.74 (6H, t, 3JH–H = 2.1 Hz, Tp-
C4H), 6.59 (1H, t, 3JH–H = 1.6 Hz, pz-C4H), 6.88 (6H, d, 3JH–H =
1.8 Hz, Tp-C3H), 7.42 (6H, dd, 3JH–H = 2.2 Hz, 4JH–H = 0.6 Hz,
Tp-C5H), 7.70 (2H, d, 3JH–H = 1.6 Hz, pz-C3H and pz-C5H) ppm;
11B NMR (d6-benzene): δ −2.86 (d, 1JB–H = 84.9 Hz, Tp-B) ppm;
11B{1H} NMR (d6-benzene): δ −2.82 (s, Tp-B) ppm.

Reaction of 1-Sm(DME) and [Ln(Tp)2(N″)] (Ln = Y, Sm) with
carbon dioxide (CO2) gas

General carbon dioxide (CO2) gas reaction protocol. In the
glovebox, a JY NMR tube was charged with the respective Ln-
reagent powder, dissolved/suspended in deuterated solvent
(0.5 mL), and cycled out. The JY NMR tube was cycled (x3)
onto a Schlenk line via utilising a three-way tap connected sep-
arately to the JY NMR tube, the Schlenk line, and the outlet for
the carbon dioxide (CO2) gas. After final cycling of the system,
the JY NMR tube was partially evacuated and then sealed.
Then the entire system was evacuated and then sealed under
static vacuum (10−2 mbar). The CO2 gas was passed through a
round-bottomed flask immersed in a dry-ice 2-propanol bath
(−78 °C) and was used to pressurise the system (0.5 bar). The
JY NMR tube tap was gently opened, and the Ln-solution/sus-
pension exposed to the dry CO2 atmosphere for a duration of
1 minute and then sealed. The reaction mixtures were then
analysed by multinuclear NMR as quickly as possible.

Reaction of 1-Sm(DME) with CO2 in d8-THF and isolation of
[{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm. Reaction of a dark red-
brown d8-THF suspension of [Sm(Tp)2(DME)] 1-Sm(DME)
(17.9 mg, 0.027 mmol) with CO2 resulted in immediate deco-
lourisation to yield a white suspension. d8-THF (0.5 mL) was
removed in vacuo from the suspension to yield pale cream

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 11884–11894 | 11891

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

12
:5

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01382d


solids, which were dried in vacuo (10−2 mbar, 1 h) yielding
dimeric [{Sm(Tp)2}2(μ-η2:η2-O2CCO2)] 2-Sm (15.3 mg,
0.012 mmol, 92%). Complex 2-Sm has extremely poor solubi-
lity in all solvents, therefore redissolving 2-Sm after synthesis
was unsuccessful. Due to the insolubility of 2-Sm post-work-
up, the NMR data obtained are from the NMR-scale reaction of
1-Sm(DME) with CO2 in d8-THF. Block-shaped colourless
single-crystals of 2-Sm suitable for X-ray diffraction were grown
directly from a saturated d8-THF solution with a hexane anti-
solvent at −35 °C over four months. 1H NMR (d8-THF): δ 4.87
(6H, s, Tp-C3/5H), 6.04 (6H, approx. t, 3JH–H = 1.7 Hz, Tp-C4H),
8.84 (6H, d, 3JH–H = 2.1 Hz, Tp-C3/5H) ppm (Note: Tp-BH reso-
nance was not observed in the 1H NMR of 2-Sm); 13C{1H} NMR
(d8-THF): δ 104.5 (s, Tp-C4), 136.9 (s, Tp-C3/5), 141.7 (s, Tp-C3/5)
ppm (Note: C2O4

2− resonance was not observed in the 13C{1H}
NMR spectrum of 2-Sm); 11B NMR (d8-THF): δ 2.91 (s, Tp-B)
ppm; 11B{1H} NMR (d8-THF): δ 2.91 (s, Tp-B) ppm. Anal. Calcd
for C38H40B4N24O4Sm2: C, 36.78%; H, 3.25%; N,
27.09%. Found: C, 35.08%; H, 2.84%; N, 24.32%. IR (ATR):
3143 (w, υsp2-CH), 3116 (w, υsp2-CH), 2928 (w), 2857 (w), 2443 (w,
υBH), 2408 (w, υBH), 2362 (w, υBH), 1649 (w, υCvO), 1505 (m,
υCvC), 1431 (w), 1424 (w), 1404 (m), 1383 (m), 1294 (s), 1213
(s), 1198 (m), 1186 (m), 1120 (s), 1062 (m), 1045 (s), 1007 (m),
974 (s), 924 (w), 901 (w), 878 (w), 854 (w), 839 (w), 805 (w),
778 (m), 768 (s), 750 (s), 740 (s), 724 (s), 669 (s), 620 (m),
549 (w) cm−1.

Reaction of [Y(Tp)2(N″)] with CO2 in d6-benzene and iso-
lation of [Y(Tp)2(OSiMe3)] 3-Y. Reaction of a colourless d6-
benzene solution of [Y(Tp)2(N″)] (21.5 mg, 0.032 mmol) with
CO2 resulted in no colour or other observable changes. d6-
benzene (0.5 mL) and dissolved OvCvNSiMe3 were removed
in vacuo from the colourless solution to yield a colourless oil.
Hexane (1 mL) was added to precipitate white solids, which
were washed with hexane (1 mL) and the washing sub-
sequently decanted away to remove impurities. All solvents
were removed in vacuo and the resultant white powder was
scraped with a spatula and dried in vacuo (10−2 mbar, 1 h)
yielding [Y(Tp)2(OSiMe3)] 3-Y (11.3 mg, 0.019 mmol, 59%).
Complex 3-Y has excellent solubility in toluene and moderate
solubility in hexane. Rod-shaped colourless single-crystals of 3-
Y suitable for X-ray diffraction were grown from a saturated d6-
benzene solution with a hexane antisolvent at −35 °C over-
night. 1H NMR (d6-benzene): δ −0.06 (9H, s, OSi(CH3)3), 4.82
(2H, very br m, FWHM = 228.1 Hz, Tp-BH), 5.81 (6H, t, 3JH–H =
2.1 Hz, Tp-C4H), 7.26 (6H, d, 3JH–H = 1.4 Hz, Tp-C3H), 7.49 (6H,
d, 3JH–H = 2.1 Hz, Tp-C5H) ppm; 13C{1H} NMR (d6-benzene): δ
3.2 (s, OSi(CH3)3), 104.5 (s, Tp-C4), 135.2 (s, Tp-C5) 142.0 (s,
Tp-C3) ppm; 11B NMR (d6-benzene): δ −2.93 (d, 1JB–H = 44.8 Hz,
Tp-B) ppm; 11B{1H} NMR (d6-benzene): δ −2.72 (s, Tp-B) ppm.
Anal. Calcd for C21H29B2N12OSiY: C, 41.75%; H, 4.84%; N,
27.82%. Found: C, 36.68%; H, 3.08%; N, 24.81%. Lower CHN
values than calculated are the result of minor byproducts that
could not be eliminated by recrystallisation of 3-Y. IR (ATR):
3616 (w), 3139 (w, υsp2-CH), 2947 (w, υsp3-CH), 2456 (w, υBH), 2416
(w, υBH), 2373 (w, υBH), 1720 (w), 1504 (m, υCvC), 1404 (m),
1387 (m), 1299 (s), 1252 (w), 1240 (w), 1214 (s), 1200 (m), 1187

(m), 1120 (s), 1065 (w), 1046 (s), 975 (s), 950 (s), 924 (w), 887
(2), 824 (w), 781 (m), 737 (s), 722 (s), 670 (s), 621 (s) cm−1.

Reaction of [Sm(Tp)2(N″)] with CO2 in d6-benzene and iso-
lation of [Sm(Tp)2(OSiMe3)] 3-Sm. Reaction of a white d6-
benzene suspension of [Sm(Tp)2(N″)] (18.5 mg, 0.025 mmol)
with CO2 resulted in no colour or other observable changes.
d6-benzene (0.5 mL) and dissolved OvCvNSiMe3 were
removed in vacuo from the white suspension to yield a colour-
less oil. Hexane (1 mL) was added to precipitate white solids,
which were washed with hexane (1 mL) and the washing sub-
sequently decanted away to remove impurities. All solvents
were removed in vacuo and the resultant white powder was
scraped with a spatula and dried in vacuo (10−2 mbar, 1 h)
yielding [Sm(Tp)2(OSiMe3)] 3-Sm (8.8 mg, 0.013 mmol, 53%).
Complex 3-Sm has excellent solubility in toluene and moderate
solubility in hexane. Tablet-shaped colourless single-crystals of
3-Sm suitable for X-ray diffraction were grown from a saturated
hexane solution at −35 °C over three months. 1H NMR (d6-
benzene): δ 2.56 (9H, s, overlapped with the resonance at δ

2.61 ppm integrating to 6H, FWHM = 16.1 Hz, OSi(CH3)3), 2.61
(6H, br s, overlapped with the resonance at δ 2.56 ppm inte-
grating to 9H, FWHM = 26.3 Hz, Tp-C4H), 5.64 (6H, d, 3JH–H =
1.8 Hz, Tp-C3/5H), 8.22 (2H, very br m, FWHM = 283.8 Hz, Tp-
BH), 8.96 (6H, d, 3JH–H = 1.9 Hz, Tp-C3/5H) ppm; 13C{1H} NMR
(d6-benzene): δ 6.0 (s, OSi(CH3)3), 103.4 (s, Tp-C3/5), 136.3 (s,
Tp-C3/5), 139.9 (s, Tp-C4) ppm; 11B NMR (d6-benzene): δ 5.43
(d, 1JB–H = 76.5 Hz, Tp-B) ppm; 11B{1H} NMR (d6-benzene): δ
5.43 (s, Tp-B) ppm. Anal. Calcd for C21H29B2N12OSiSm: C,
37.89%; H, 4.39%; N, 25.25%. Found: C, 39.00%; H, 3.83%; N,
23.65%. IR (ATR): 3626 (w), 3146 (w, υsp2-CH), 2949 (w, υsp3-CH),
2893 (w, υsp3-CH), 2452 (w, υBH), 2412 (w, υBH), 2367 (w, υBH),
1503 (m, υCvC), 1403 (m), 1383 (m), 1297 (s), 1254 (w), 1240
(w), 1212 (s), 1198 (m), 1187 (m), 1118 (s), 1065 (m), 1044 (s),
974 (s), 956 (s), 924 (w), 825 (m), 805 (w), 760 (s), 738 (s), 721
(s), 670 (s), 621 (s) cm−1.

Isolation of cluster [Sm5(Tp)6(μ2-OH)6(μ3-OH)2(μ4-OH)] 4-Sm
in the adventitious moisture-mediated decomposition of
[Sm(Tp)2(N″)]

On one occasion a toluene solution of [Sm(Tp)2(N″)] reacted
with adventitious moisture in the solvent yielding
[Sm5(Tp)6(μ2-OH)6(μ3-OH)2(μ4-OH)] 4-Sm. Plate-shaped colour-
less single-crystals of 4-Sm suitable for X-ray diffraction were
grown from a dilute hexane solution at −35 °C over a week. 1H
NMR (d6-benzene): δ −1.47 (9H under integrating as 3H, br s,
FWHM = 21.4 Hz, μ-OH), 5.14 (18H, very br s, overlapped with
the resonance at δ 5.71 ppm integrating to 18H, FWHM =
282.0 Hz, Tp-CH), 5.71 (18H, br s, overlapped with the reso-
nance at δ 5.14 ppm integrating to 18H, FWHM = 26.4 Hz, Tp-
CH), 6.79 (6H, overlapped with the d6-benzene resonance,
FWHM = 329.2 Hz, Tp-BH), 8.40 (18H, s, FWHM = 10.4 Hz, Tp-
CH) ppm; 13C{1H} NMR (d6-benzene): δ 103.6 (s, Tp-C), 135.3
(s, Tp-C), 141.2 (br s, Tp-C) ppm; 11B NMR (d6-benzene): δ 1.55
(d, 1JB–H = 39.5 Hz, Tp-B) ppm; 11B{1H} NMR (d6-benzene): δ
1.36 (s, Tp-B) ppm. IR (ATR): 3146 (w, υsp2-CH), 3118 (w, υsp2-CH),
2441 (w, υBH), 2409 (w, υBH), 2374 (w, υBH), 1505 (m, υCvC),
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1431 (w), 1423 (w), 1402 (m), 1383 (m), 1295 (s), 1212 (s), 1198
(m), 1186 (m), 1119 (s), 1062 (m), 1045 (s), 974 (m), 923 (w),
900 (w), 879 (w), 806 (w), 778 (m), 768 (s), 750 (s), 739 (m), 723
(s), 669 (m), 620 (m) cm−1.
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