inorganics
Article

Phenylacetylene and Carbon Dioxide Activation by
an Organometallic Samarium Complex
Violaine Goudy 1 , Mathieu Xémard 1 , Simon Karleskind 1 , Marie Cordier 1 ,
Carlos Alvarez Lamsfus 2 ID , Laurent Maron 2 and Grégory Nocton 1, * ID
1

2

*

LCM, CNRS, Ecole Polytechnique, Université Paris-Saclay, Route de Saclay, 91128 Palaiseau CEDEX, France;
violaine.goudy@polytechnique.edu (V.G.); mathieu.xemard@polytechnique.edu (M.X.);
simon.karleskind@polytechnique.edu (S.K.); marie.cordier@polytechnique.edu (M.C.)
LPCNO, UMR 5215, Université de Toulouse, CNRS, INSA, UPS, 31077 Toulouse, France;
carlos.alvarez@insa-toulouse.fr (C.A.L.); laurent.maron@irsamc.ups-tlse.fr (L.M.)
Correspondence: greg.nocton@polyetchnique.edu; Tel.: +33-1-6933-4402



Received: 3 July 2018; Accepted: 18 August 2018; Published: 21 August 2018

Abstract: Small molecule activation is a topic of growing importance and the use of low-valent
f-elements to perform these reactions is nowadays well established. The complex Cptt 2 Sm(thf)
(1, Cptt = 1,3-(t Bu)2 Cp) is shown to activate the alkyne C–H bond of phenylacetylene to form the
Cptt 2 Sm(C≡C–Ph)(thf) complex. The subsequent reaction of this Sm(III) complex with CO2 leads to
the CO2 insertion, yielding a dimeric [Cptt 2 Sm(O2 C–C≡C–Ph)]2 complex (2), in which the carbon
dioxide has been inserted in the Sm–C bond. Along with the experimental chemical structure analysis,
theoretical calculations have been performed in order to rationalize the formation of 1 and 2.
Keywords: small molecule activation; samarium complexes; C–H activation

1. Introduction
Small-molecule activation is a topic of growing importance from both academic and societal
aspects [1–3]. The transformation of pollutant gases such as nitrous oxide (N2 O), methane (CH4 ),
carbon monoxide (CO), and carbon dioxide (CO2 ) into fine chemicals by low-valent coordination
complexes is of particular interest and has been well investigated with both electron-rich transition
metal compounds and low-valent f-elements, but the topic is still very active [4–9]. In this matter,
the use of soluble divalent samarium complexes is well established, since the early 1980s, with the
reports of the useful Cp*2 Sm(L) complexes by W. J. Evans [10].
For example, in 1985, Evans reported the reaction between the Cp*2 Sm(thf)2 (Cp* = C5 Me5 ) and
N2 O to form an oxo-bridged bimetallic organosamarium complex [11]. A decade later, the same
group reported the reaction of the Cp*2 Sm(thf)2 with CO2 , which led to a bridged oxalate dimer [12].
This seminal report of CO2 activation with divalent lanthanide marked out the field very strongly since
the latter reaction is a single electron transfer followed by a radical-radical coupling, a very appealing
transformation that is rare with transition metal complexes, which would prefer two electron processes.
However, in 2006, Gardiner reported the reaction between a macrocyclic divalent organosamarium
complex and CO2 , yielding the formation of a carbonate complex [13] in strong contrast with Evans
initial report with Cp*2 Sm(thf)2 and indicating the possibility of multiple mechanisms pathways.
As such, initially, the different steric demand of the complexes has been incriminated.
The mechanisms have been studied [14] while the studies with different complexes having various
steric demands have continued and recently, the formation of both oxalate and carbonate compounds
from the reaction of a divalent ytterbium complex and CO2 has been demonstrated by Mazzanti,

Inorganics 2018, 6, 82; doi:10.3390/inorganics6030082

www.mdpi.com/journal/inorganics

Inorganics 2018, 6, x FOR PEER REVIEW
Inorganics 2018, 6, 82

2 of 9
2 of 9

Mazzanti, reinforcing the subtle differences between the different pathways and the crucial role of
the sterics in these complexes [15]. In 2017, Cloke made a similar reaction with a low-valent uranium
reinforcing the subtle differences between the different pathways and the crucial role of the sterics in
complex [16].
these complexes [15]. In 2017, Cloke made a similar reaction with a low-valent uranium complex [16].
Based on these very important studies, we recently have reported the reductive
Based on these very important studies, we recently have reported the reductive
disproportionation
disproportionation of CO2 with bulky divalent samarium
incorporating Cptt and Cpttt ligand (Cptt =
tt and Cpttt ligand (Cptt = 1,3-(t Bu) Cp and Cpttt
of CO
with
bulky
divalent
samarium
incorporating
Cp
2
2
1.3-(tBu)
2Cp and Cpttt = 1.2.4-tBu)3Cp) [17]. In both cases, we observed the clean formation of dimeric
= 1,2,4-t Bu)3 Cp) [17]. In both cases, we observed the clean formation
oftttdimeric carbonate complexes
tt
carbonate complexes while the steric
bulk between the Cp and Cp is obviously different. The
while the steric bulk between the Cptt and Cpttt is obviously different. The theoretical studies helped
theoretical studies helped us to rationalize this observation and led us to conclude that the
us to rationalize this observation and led us to conclude that the differentiation between the oxalate
differentiation between the oxalate and carbonate formation mostly comes from the negative charge
and carbonate formation mostly comes from the negative charge delocalization (on the carbon for the
delocalization (on the carbon for the oxalate or on the oxygen for the carbonate) and therefore has
oxalate or on the oxygen for the carbonate) and therefore has both steric and electronic contributions.
both steric and electronic contributions.
In a different direction, this kind of divalent samarium complexes can also undergo C–H
In a different direction, this kind of divalent samarium complexes can also undergo C–H bond
bond activation mediated by single-electron transfer reactivity. In 1990, Evans reported the
activation mediated by single-electron transfer reactivity. In 1990, Evans reported the
dehydrocoupling of phenylacetylene by the Cp* Sm complex yielding a dinuclear samarium (III)
dehydrocoupling of phenylacetylene by the Cp*22Sm complex yielding a dinuclear samarium (III)
trienediyl complexes [18]. In 2015, Maron investigated the mechanism of this interesting reaction [19].
trienediyl complexes [18]. In 2015, Maron investigated the mechanism of this interesting reaction
An important note in Evans work was the role of solvent in the product formation as well as
[19]. An important note in Evans work was the role of solvent in the product formation as well as the
the bulk of the true alkene in the outcome of the reaction. As we were interested in these
bulk of the true alkene in the outcome of the reaction. As we were interested in these intermediates,
intermediates, we wondered what role would play a different bulk on the samarocene complexes
we wondered what role would play a different bulk on the samarocene complexes and were curious
and were curious of the possibility in sequencing C–H activation and CO activation to yield organic
of the possibility in sequencing C‒H activation and CO2 activation to 2yield organic carboxylate
carboxylate derivatives.
derivatives.
Therefore, the present work intents to report the C–H bond activation by an organometallic
Therefore, the present work intents to report the C‒H bond activation by an organometallic
tt Sm(thf),
divalent samarium complex containing bulkier substituted cyclopentadienyl ligand, Cp
2
divalent samarium complex ttcontaining bulkier substituted cyclopentadienyl ligand, Cptt2Sm(thf),
to
to form the monomerictt Cp 2 Sm(C≡C–Ph)(thf) complex, which then reacts with CO2 , leading to
form the monomeric Cp 2Sm(C≡C–Ph)(thf) complex, which then reacts with CO2, leading to the CO2
the CO insertion in the samarium-alkynyl bond yielding a dimeric organic carboxylate
insertion2in the samarium-alkynyl bond yielding a dimeric organic carboxylate complex (Scheme 1).
complex (Scheme 1).
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samarocene complexes (2.54 Å in Cptt2Sm(thf) complex). The Cptt‒Sm‒Cptt angle is of 130° at the
samarocene complexes (2.54 Å in Cptt 2 Sm(thf) complex). The Cptt –Sm–Cptt angle is of 130◦ at the lower
lower side of the 130–138° range usually observed for similar complexes [21]. In the Cp*2Sm(C≡C–
side of the 130–138◦ range usually observed for similar complexes [21]. In the Cp*2 Sm(C≡C–Ph)(thf)
Ph)(thf) complex, the Cp*‒Sm‒Cp* angle is at the opposite end of the range with 138°. The Sm‒O
complex, the Cp*–Sm–Cp* angle is at the opposite end of the range with 138◦ . The Sm–O distance
distance is 2.504(2) Å close to Evans observation for Cp*2Sm‒O (2.47(2) Å) and similar to what has
is 2.504(2) Å close to Evans observation for Cp*2 Sm–O (2.47(2) Å) and similar to what has already
already been observed for this type of complexes [22,23]. The Sm‒C≡C–Ph distance is a little shorter
been observed for this type of complexes [22,23]. The Sm–C≡C–Ph distance is a little shorter than
than that reported in Evans complex (2.450(3) Å in 1, vs. 2.49(2) Å in Cp*2Sm(C≡C–Ph)(thf) complex).
that reported in Evans complex (2.450(3) Å in 1, vs. 2.49(2) Å in Cp*2 Sm(C≡C–Ph)(thf) complex).
On the contrary the C≡C bond is really different between complex 1 and Cp*2Sm(C≡C–Ph)(thf). In
On the contrary the C≡C bond is really different between complex 1 and Cp*2 Sm(C≡C–Ph)(thf).
Cp*2Sm(C≡C–Ph)(thf), the C≡C distance is 1.11(2) Å that is shorter than the 1.202(4) Å observed in
In Cp*2 Sm(C≡C–Ph)(thf), the C≡C distance is 1.11(2) Å that is shorter than the 1.202(4) Å observed
complex 1. This distance is similar to the 1.19–1.21 Å distances in free alkynes. This is one of the
in complex 1. This distance is similar to the 1.19–1.21 Å distances in free alkynes. This is one of the
major difference between Cp*2Sm(C≡C–Ph)(thf) and Cptt2Sm(C≡C–Ph)(thf). Whereas most of the
major difference between Cp*2 Sm(C≡C–Ph)(thf) and Cptt 2 Sm(C≡C–Ph)(thf). Whereas most of the
small differences between the metric of 1 and the one of Cp*2Sm(C≡C–Ph)(thf) can find their source
small differences between the metric of 1 and the one of Cp*2 Sm(C≡C–Ph)(thf) can find their source
in the variation of the hindrance caused by the Cptt ligand, the different C≡C distance would better
in the variation of the hindrance caused by the Cptt ligand, the different C≡C distance would better
be explained by different electronic properties of the two complexes. This difference of electronic
be explained by different electronic properties of the two complexes. This difference of electronic
density between 1 and Evans complex would indeed impact the C≡C distance and the difference in
density between 1 and Evans complex would indeed impact the C≡C distance and the difference in
the sterics would impact less this distance, especially since the distance in 1 is shorter compared to
the sterics would impact less this distance, especially since the distance in 1 is shorter compared to
that in Cp*2Sm(C≡C–Ph)(thf) but the bulk is slightly larger.
that in Cp*2 Sm(C≡C–Ph)(thf) but the bulk is slightly larger.
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The intermediate A at −22 kcal·mol−1 is the initiation step in the dehydrocoupling of
phenylacetylene by Cp*2Sm as shown by Maron in 2015. This intermediate A is formed by a reduced
phenylacetylene coordinated to two samarium through an exothermic process. The dimeric complex
B is similar to the isolated complex of Evans [18] with Cp*Sm and is also proposed as an
intermediate to the formation of 1. Three different types of reaction pathways have been
investigated by Maron for the formation of this intermediate B with Cp*2Sm in a previous article
[18]. All the mechanisms studied have the initiation step in common, which leads to the formation of
the intermediate A (Figure 4). From this intermediate, three pathways have been studied depending
on the first step: a C–C coupling, an H–H coupling, or a C–H coupling [18]. According to the
calculations performed in this article, the overall mechanism proposed for the formation of 1 is very
similar to the one observed for the reaction of Cp*2Sm and phenylacetylene. The first step is a C–H
activation, then an isomerization and a C‒C coupling in order to obtain the intermediate B. This
intermediate cannot be isolated from the reaction of the solvent free Cptt2Sm complex and
phenylacetylene. Indeed, the complex 1 lays −54.3 kcal·mol−1 below the starting material and −18.1
kcal·mol−1 below the intermediate B. This would explain the formation of the monomeric complex 1
instead of the dimeric complex B: the presence of coordinating solvent (thf) easily breaks this
dimeric complex and leads to the formation of 1.
Then CO2 insertion on 1 shows two monomeric intermediates before the formation of 2.
Theoretical calculations show the easy insertion of the CO2 into the Sm‒C bond with a moderate
energy barrier of 24.6 kcal·mol−1 before the elimination of the solvent to form 2.
Figure4.4. Energy
Energyprofile
profileof
ofCO
CO22 insertion
insertion pathway
pathway for
for the
the complex
complex Cp
Cptttt22Sm(C≡C–Ph)(thf)
Figure
Sm(C≡C–Ph)(thf)(1).
(1).

In conclusion, we have successfully obtained
Cptt2Sm(C≡C–Ph)(thf) by C‒H bond activation
The intermediate A at −22 kcal·mol−1 is the initiation step in the dehydrocoupling of
mediated by single-electron transfer reactivity. The subsequent CO2 insertion in the Sm‒C bond
phenylacetylene by Cp*2 Sm as shown by Maron in 2015. This intermediate A is formed by a reduced
forms a dimeric carboxylate complex. The mechanism for those reactions has been investigated by
phenylacetylene coordinated to two samarium through an exothermic process. The dimeric complex B
theoretical computations and led to a similar mechanism as the one calculated for Cp*2Sm. The
is similar to the isolated complex of Evans [18] with Cp*Sm and is also proposed as an intermediate to
structural difference between Cp*2Sm(C≡C–Ph)(thf) studied by Evans [21] and Cptt2Sm(C≡C–Ph)(thf)
the formation of 1. Three different types of reaction pathways have been investigated by Maron for the
have also been investigated. This work has also shown the importance of the steric hindrance of the
samarocene complexes on the reactivity of those precursors with alkynes. The possibility to release
the obtained carboxylic acid to recycle the active SmII complex is under study; it would then be an
elegant pathway to the synthesis of carboxylic acid from CO2 activation [25].
3. Experimental Section
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formation of this intermediate B with Cp*2 Sm in a previous article [18]. All the mechanisms studied
have the initiation step in common, which leads to the formation of the intermediate A (Figure 4).
From this intermediate, three pathways have been studied depending on the first step: a C–C coupling,
an H–H coupling, or a C–H coupling [18]. According to the calculations performed in this article,
the overall mechanism proposed for the formation of 1 is very similar to the one observed for the
reaction of Cp*2 Sm and phenylacetylene. The first step is a C–H activation, then an isomerization
and a C–C coupling in order to obtain the intermediate B. This intermediate cannot be isolated
from the reaction of the solvent free Cptt 2 Sm complex and phenylacetylene. Indeed, the complex
1 lays −54.3 kcal·mol−1 below the starting material and −18.1 kcal·mol−1 below the intermediate
B. This would explain the formation of the monomeric complex 1 instead of the dimeric complex
B: the presence of coordinating solvent (thf) easily breaks this dimeric complex and leads to the
formation of 1.
Then CO2 insertion on 1 shows two monomeric intermediates before the formation of 2.
Theoretical calculations show the easy insertion of the CO2 into the Sm–C bond with a moderate
energy barrier of 24.6 kcal·mol−1 before the elimination of the solvent to form 2.
In conclusion, we have successfully obtained Cptt 2 Sm(C≡C–Ph)(thf) by C–H bond activation
mediated by single-electron transfer reactivity. The subsequent CO2 insertion in the Sm–C bond forms
a dimeric carboxylate complex. The mechanism for those reactions has been investigated by theoretical
computations and led to a similar mechanism as the one calculated for Cp*2 Sm. The structural
difference between Cp*2 Sm(C≡C–Ph)(thf) studied by Evans [21] and Cptt 2 Sm(C≡C–Ph)(thf) have also
been investigated. This work has also shown the importance of the steric hindrance of the samarocene
complexes on the reactivity of those precursors with alkynes. The possibility to release the obtained
carboxylic acid to recycle the active SmII complex is under study; it would then be an elegant pathway
to the synthesis of carboxylic acid from CO2 activation [25].
3. Experimental Section
3.1. General Considerations
All reactions were performed using standard Schlenk-line techniques or in an argon-filled
glovebox (MBraun, Garching, Germany). All glassware has been dried at 120 ◦ C for at least 12 h prior
to use. KCptt and Cptt 2 Sm(thf) were prepared according to published procedures [20]. Toluene and
toluene-d8 were dried over sodium and transferred under reduced pressure in a cold flask and all
solvents were degassed prior to use. Phenylacetylene was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany) and purified prior to use. CO2 was purchased from Air liquid (Air liquid,
Paris, France) as Alphagaz N48.
NMR spectra were recorded in 5 mm tubes adapted with a J. Young valve on Bruker 300 MHz
Avance III spectrometers (Bruker, Billerica, MA, USA). Chemical shifts are expressed relative to TMS in
ppm. Elemental analyses were performed at Mikroanalytisches Labor Pascher (Remagen, Germany).
3.2. Synthesis of Cptt 2 Sm(C≡C–Ph)(thf) (1)
To a brown solution of Cptt 2 Sm(thf) (75.7 mg, 0.13 mmol, 1 equiv.) in toluene was added
phenylacetylene (14.3 µL, 0.13 mmol, 1 equiv.). A discoloration of the solution from brown to yellow
was observed. After storage overnight at −35 ◦ C, yellow crystals (69.1 mg, 71%) suitable for X-ray
diffraction crashed out from the mother liquor.
1 H NMR (300 MHz, toluene-d , 293 K): 12.96 (s, 2H, Cp), 9.10 (s, 4H, Cp), 8.32 (d, J = 6 Hz, 2H, Ph),
8
7.39 (t, J = 8 Hz, 2H, Ph), 7.19 (t, J = 9 Hz, 1H, Ph), 0.60 (m, 36H, t Bu), 0.18 (s, 4H, thf), −0.35 (s, 4H, thf).
Elemental analysis: calculated for C38 H55 OSm: C: 67.29; H: 8.17. Found: C: 64.28; H: 8.09.
The elemental analysis is low for carbon even when measured on crystals.
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3.3. Synthesis of [Cptt 2 Sm(O2 C–C≡C–Ph)]2 (2)
Cptt 2 Sm(C≡C–Ph)(thf) (20 mg, 0.04 mmol) was dissolved in 1 mL of toluene-d8 . The obtained
solution was transferred into a J. Young tapered NMR tube and degassed by three freeze-pump-thaw
cycles, before being reacted with an atmosphere of CO2 . After cooling the solution to −35 ◦ C,
yellow crystals (12 mg, 28%) suitable for X-ray diffraction were obtained.
1 H NMR (300 MHz, toluene-d , 293 K): 14.75 (s, 4H, Cp), 12.44 (s, 8H, Cp), 6.16 (s, br, 2H), 5.93 (s,
8
br, 4H, Ph), 5.25 (s, 4H, Ph), 0.10 (s, 72H, t Bu).
Elemental analysis: calculated for C70 H94 O4 Sm2 : C: 64.80; H: 7.07. Found: C: 52.95; H: 6.18.
The elemental analysis is low for carbon and hydrogen even when measured on crystals.
3.4. X-Ray Diffraction
Single crystals of the compounds 1 and 2 were mounted on a Kapton loop using a Paratone-N
oil. An APEX II CCD BRUKER detector and a graphite Mo-Kα monochromator (Nonius, Delft,
Netherlands) were used for the data acquisition. All measurements were done at 150 K and a refinement
method was used for solving the structure. The structure resolution was accomplished using the
SHELXT-2014 [26,27] program and the refinement was done with the SHELXL-2014/7 [28] program.
The structure solution and the refinement were achieved with the PLATON software [29]. Finally,
ORTEP of the compounds were obtained using the MERCURY software [30]. During the refinement
steps, all atoms—except hydrogens—were refined anisotropically. The position of the hydrogens
was determined using residual electronic densities which are calculated by a Fourier difference.
Finally, in order to obtain a complete refinement, a weighting step followed by multiples loops of
refinement was done. Details on crystal data and structure refinements are summarized in Table S1 in
the Supplementary Material. CIF files are deposited at the Cambridge Data Base Centre under the
reference CCDC numbers 1852482–1852483.
3.5. Theoretical Computations Diffraction
Calculations were performed with the Gaussian 09 program [31] at the DFT level of theory using
the hybrid functional B3PW91 [32,33]. Samarium was treated with a large-core Stuttgart-Dresden
relativistic effective core potential (RECP), adapted to the +3 oxidation state, used in combination
with its optimized basis set augmented by set of f polarization functions (α = 1.000) [32]. Hydrogen,
oxygen and carbon atoms were described with a 6-31G+(d,p) double-ζ-quality basis set. Electronic
energies and enthalpies were computed at T = 298 K in the gas phase. Geometry optimizations
were performed without any symmetry constraints, and analytical frequency calculations allowed
verification of the nature of the extrema. Intrinsic reaction coordinate (IRC) calculations were carried
out to verify the connections of the optimized transition states.
Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/3/82/s1,
Figures S1 and S2: 1H NMR of 1 and 2 in toluene-d8 , X-ray Crystal Structure details, Table S1: Selected crystal
data collection parameters for 1 and 2, Tables S2 and S3: Bond length and angles for 1 and 2, Figures S3 and S4:
ORTEP of 1 and 2 with 50% probability ellipsoids, Cif and checkcif files of complexes 1 and 2. References [26–29]
are cited in the supplementary materials.
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Funding: This research was funded by the French National Agency with grant number ANR-15-CE29-0019.
Acknowledgments: The authors thank the CNRS and Ecole polytechnique for funding. M.X. is grateful to the
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