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The reduction of titanocene dichloride Cp,TiCl, with lanthanide metals has led to the discovery of a sur-
prising lanthanide effect: while with most lanthanides, a divalent [Cp,Ti] equivalent was obtained, the use
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of samarium or ytterbium only led to the reduction to trivalent [Cp,TiCl]-type complexes, including the
structurally characterized heterobimetallic complex [Cp,Ti(p-Cl)oSmClL(THF)s]. These results were corro-
borated by reactivity studies (alkyne coupling and radical reactions), EPR spectroscopy and electrospray
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Introduction

Low-valent titanocene complexes have found widespread appli-
cations in organic and organometallic transformations.’
Trivalent [Cp,TiCl] is a reliable source of radicals, which can
be applied in stoichiometric or catalytic amounts for the syn-
thesis of complex organic molecules, involving, for example,
epoxide openings, free radical additions, cycloadditions or
reductive umpolung reactions.” The synthesis of [Cp,TiCl] is
mainly achieved by reduction of the tetravalent precursor
Cp,TiCl, employing Grignard reagents, metal hydrides, dihy-
dropyrazines or mild metallic reducing agents, such as Zn or
Mn metal. Electrochemical preparation,® and more recently,
photocatalytic = pathways have also been described
(Scheme 1a).*

On the other hand, divalent [Cp,Ti] equivalents, such as
[Cp,Ti(CO),], [Cp,Ti(alkyne)], and [Cp,Ti(P(OEt);),], have been
investigated in dinitrogen activation and cleavage, water split-
ting, diene transformations or carbonyl olefination.” For acces-
sing these divalent [Cp,Ti] equivalents from Cp,TiCl,, strong

“Université de Reims Champagne Ardenne, CNRS UMR 7312, ICMR, URCATech,
51100 Reims, France

bDepartment of Biological and Chemical Engineering, Aarhus University, 8000
Aarhus C, Denmark

‘Institut de Recherche de Chimie Paris, UMR CNRS 8247, Chimie ParisTech, PSL
University, 75005 Paris, France

[CGM, Univ. Montpellier, CNRS, ENSCM, 34090 Montpellier, France.

E-mail: florian.jaroschik@enscm. fr

tElectronic supplementary information (ESI) available: Details of X-ray diffrac-
tion, EPR spectroscopy, and ESI-MS analysis. CCDC 2369904. For ESI and crystal-
lographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d4dt02004a

This journal is © The Royal Society of Chemistry 2024

mass spectrometry, providing new insights into the reduction chemistry of lanthanide metals.

reducing agents, such as Mg or Na, and the presence of stabi-
lising ligands or Lewis bases (phosphines, alkynes, and CO)
are required (Scheme 1a).° Base-free titanocenes were only
obtained with highly bulky Cp ligands.”

Lanthanide metals are strong reducing agents (E°(Ln**/Ln°)
= —2.3 V), and have been employed in organic chemistry, e.g.
for radical generation, for the formation of Grignard-type
reagents, in C-F bond activation and in bimetallic systems
combined with transition metals.®® They are also excellent
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Scheme 1 (a) Reduction of Cp,TiCl, leading to low-valent titanocene
species and (b) Takeda carbonyl olefination using Cp,TiCl,/Ln systems.
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starting materials for the synthesis of organometallic com-
plexes using redox transmetallation approaches.'® Despite the
similar redox potential of these metals along the series from
La to Lu, their reactivity and efficiency are not necessarily the
same, which may be related to their different size, density or
activation methods.®""

The reduction of Cp,TiCl, with lanthanides, especially Sm,
has been investigated since 1995, and this bimetallic system
has been employed successfully in radical reactions.'* The for-
mation of a bimetallic complex comprising Ti(m) and Sm(u)
moieties was suggested,'> but to date, no structurally charac-
terized complex has been reported. Another rare example of
the combination of TiCl, with Yb metal has shown its utility in
the McMurry carbonyl olefination reaction, in which the invol-
vement of a Ti(m) complex was proposed.™

At the same time, in 2015, we reported on the reduction of
Cp,TiCl, with different lanthanide metals in the absence of
any Lewis base to access a new [Cp,Ti] equivalent, solely stabil-
ised by the in situ formed LnCl; salt."* Dysprosium was shown
to be most efficient among a selection of lanthanides, as evi-
denced by the application of the Cp,TiCl,/Dy system in the
Takeda carbonyl olefination reaction (Scheme 1b). In this reac-
tion, initially, Ti(wv) was reduced to Ti(u), which then reacted
with dithioacetals to form an intermediate Ti-carbene species,
which reacted with carbonyl groups to form the corresponding
alkene. Under classical Takeda conditions,'® Ti(u) was stabil-
ised by triethyl phosphite; however, in our case, no phosphite
was necessary. In addition, even a one-pot reaction with all
reagents present from the start was successful. During the
initial metal screening, we observed a surprising lanthanide
effect: while La, Nd and Dy enabled the olefination reaction in
moderate to good yields, no product was obtained with Yb and
Sm, suggesting that the latter cannot afford Ti(u) species
(Scheme 1b).**

We have now investigated this outcome in detail, conduct-
ing further reactivity studies and employing EPR spectroscopy,
electrospray mass spectrometry (ESI-MS) and X-ray diffraction
analysis on the in situ formed low-valent titanocene complexes,
unveiling new insights into the reduction chemistry of lantha-
nide metals. This study provides, in fine, the possibility to
choose between the formation of Ti(u) or Ti(u) complexes by
selecting the right lanthanide metal.

Results and discussion
Reactivity studies

Reductive dimerization of alkynes is a well-known reaction
with low-valent group 4 metallocenes (Ti and Zr).'"”” While
this reaction is mostly restricted to internal alkynes, the pre-
viously reported bimetallic Cp,ZrCl,/La system also allowed
the efficient coupling of terminal alkynes, which we have suc-
cessfully applied for the synthesis of 2,4-disubstituted phosp-
holes.’® We therefore set out to investigate the reaction of
4-octyne with the Cp,TiCl,/Ln system. To our surprise, when
using La metal as the reducing agent, we observed the for-
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Scheme 2 Reductive dimerization and trimerization of 4-octyne using
Cp,TiCly/Ln systems.

mation of not only the expected butadiene but also a hexa-sub-
stituted benzene derivative in a 1:1 ratio (Scheme 2). On the
other hand, when using Ce or Dy, the major product was by far
the butadiene with only trace or small amounts of benzene
byproduct. Importantly, the use of Sm or Yb did not provide
any coupling product, in agreement with the ineffective
reduction to Ti(u) complexes, even upon heating at 50 °C for
several hours. In the case of the previously reported Cp,ZrCl,/
La system, trimerization was only observed for terminal
alkynes.'”” A possible explanation for this surprising reaction
behaviour of the Cp,TiCl,/La system could be derived from the
results of the ESI-MS studies (see below).

As mentioned above, titanocene(m) species are often
involved in radical reactions. We therefore screened Cp,TiCl,/
Ln systems for the homocoupling of cinnamyl bromide, a reac-
tion known to occur with Mn as the reducing agent.'® In the
case of Sm and Yb, the reaction always provided the expected
radical-radical homocoupling products in similar ratios, com-
parable to Mn, even when a large excess of Ln metal was
employed (Scheme 3). In the case of Dy, two different results
were observed. When equimolar amounts of Cp,TiCl, and Dy
were employed, the same homocoupling reaction was observed
as with Yb and Sm. A similar result was obtained with equi-
molar amounts of Nd. However, with an excess of Dy no coup-
ling reaction occurred, which is in agreement with the for-
mation of a Ti(u) species, which does not undergo radical reac-
tions. We previously showed by EPR studies that the amount
of Dy was important to obtain selectively Ti(m) or Ti(u)
species."* It should be noted that when the reaction was
carried out with SmlI, instead of the Cp,TiCl,/Ln system, the
coupling products were obtained in a different ratio (1:4.5:1),
pointing to the likely absence of a divalent Sm species in the
Cp,TiCl,/Sm system.

1) stirin THF Ph
o Ph
2h,25°C x
CpsTiCly + M N P NSNPR H + B
2) ph "y Ph
1.0 mmol 1.0 mmol ph
30min, 25 °C 1 1 0.33

excess M (1.0 mmol) : Sm (90%), Yb (89%), Mn (77%), Dy (0%)
equimolar M (0.33 mmol) : Dy (85%), Nd (82%)
with Sml, instead of Cp,TiClo/M : 87%; ratio 1: 4.5 : 1

Scheme 3 Radical coupling of cinnamylbromide using Cp,TiCl,/Ln
systems.
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Electrospray-MS studies

ESI-MS has become an important tool for the elucidation of
reaction mechanisms and the characterization of reactive
organometallic complexes.'® This is due to the rather mild
experimental conditions and the compatibility with air-sensi-
tive compounds via introduction under an inert atmosphere.
We have studied four reduction processes of Cp,TiCl, with Sm,
Yb, Dy and La metals in THF at room temperature for 3 hours.
Samples of these solutions were taken directly from the
Schlenk tube under argon and injected without further
dilution. The ESI-MS spectra were recorded in positive and
negative modes. As expected, in the case of Sm and Yb, the
major signal could be attributed in the negative mode to the
[LnCl,]” anionic species. However, upon closer inspection,
signals corresponding to bimetallic {[Cp,TiCl][LnCL;]Cl}~ type
complexes were also detected in both cases (m/z = 506.8 for Sm
and 528.8 for Yb), albeit in low intensities. The isotope distri-
bution is in perfect agreement between calculated and
observed values (Fig. 1 and ESIt). This is a first indication of
the formation of a [Ti(m)/Ln(m)] type bimetallic complex,
which will be further corroborated by XRD studies (see below).
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Fig. 1 ESI-MS spectrum (negative mode) for the reduction of Cp,TiCl,
with Sm in THF (above); observed (middle) vs. calculated (bottom)
isotope distribution of the bimetallic complex.
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In the case of Dy, [DyCl,]” was detected as the major
species in the negative mode, whereas in the positive mode
titanocene-derivatives could be observed, including [Cp,Ti]" at
m/z = 178.0 (from the oxidation of divalent [Cp,Ti] in the
spectrometer), and [Cp,TiO,]" at m/z = 209.9 (from trace
amounts of oxygen) (see the ESIT). The former was previously
observed from [Cp,TiMe,] under EI-MS conditions.>® On the
other hand, for other supposedly [Cp,Ti] species in the litera-
ture, the corresponding bimetallic fulvalene titanium hydride
complex was observed by mass spectrometry,”' which is not
present in our case (no peak at m/z = 354 or 356). From these
experiments, the formation of stable divalent [Cp,Ti][DyCl;]
type complexes in solution can be deduced.

When La metal was used for the reduction of titanocene
dichloride, a very intriguing observation was made in the
ESI-MS spectrum in the negative mode. In addition to the
major signal corresponding to [LaCl,]™, several other products
corresponding to [CpLaCl;]™, [Cp,LaCl,]” and [Cp;LaCl]” were
observed (Fig. 2). Such byproducts resulting from Cp abstrac-
tion from the Ti centre were not observed for the other lantha-
nides or observed only in trace amounts. This phenomenon,
which has been sporadically reported in the literature,”” may
explain why in the case of La the formation of trimerization
occurs (Scheme 2). It is well established now that [TiX,]

[LaCly)"
- 281.0 s,
[CpLaCl,]
020,
[CpoLaCl,)
339.1
1L "
[CpsLaCI]
10 369.2
[Cp,LaCly]
339.2
[CpLaCl3] M12 b 4
[LaCly) 3091311
2811 233213 284 PR 3!5:, 2 [
" [ | N K ullrw: e -
280 0 20 n 0 0 M0 0 e 380 30 420

Fig. 2 ESI-MS spectrum (negative mode) for the reduction of Cp,TiCl,
with La in THF, showing the formation of [LaCl,]”, [CpLaCls]~,
[Cp,LaCl,]™ and [CpsLaCl]™ species: after several minutes (top) and after
1.5 hours (bottom).
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species can trigger the trimerization of alkynes,”® whereas
[Cp,Ti] does not.

EPR studies

The paramagnetism of Ti(m) precludes further characterisation
by NMR spectroscopy studies; however, EPR spectroscopy has
been extensively employed for such complexes.”* The reduction
of Cp,TiCl, was conducted in THF with an excess of Yb or Sm
at room temperature and the resulting solutions were measured,
after dilution, by EPR with the X-band at 150 K. In both cases, a
signal centred at 3400 G, which can be attributed to a trivalent
[Cp,TiCl]-type complex, was observed (see the ESIt). The gis,
value of 1.976 derived from the spectra is identical to the data
from the literature for [Cp,TiCI(THF)].>** We previously reported
a similar signal for the reduction with 0.33 equivalent of Dy
metal. However, when an excess of Dy metal was employed, the
EPR signal disappeared, in agreement with the reduction to tita-
nocene(n)." In the case of Yb and Sm, the signal did not disap-
pear in the presence of excess metal. It should be noted that
most trivalent lanthanides (except Gd) cannot be detected in
EPR spectroscopy above 15 K due to line-broadening.

XRD structure of [Cp,Ti(p-Cl),SmCL,(THF);]-THF

As described above, the quest for identifying unambiguously
the reaction product of the reduction of Cp,TiCl, with Sm in
THF has been going on for 30 years.'** Our ESI-MS experiments
have already pointed towards a bimetallic Ti(u)-Sm(ur) species.
This has now been confirmed by XRD studies on an isolated
complex. From a concentrated THF solution, a mixture of two
types of crystals was obtained after standing for several weeks,
which were separated manually under a microscope for XRD
determination: a green complex identified as the known titano-
cene dimer [Cp,TiCl],, confirmed by the determination of its
unit cell”® and a purple bimetallic complex identified as [Cp,Ti
(p-Cl1),SmCL,(THF);]-THF (Scheme 4).

In this bimetallic structure, the Sm ion is seven-coordinate
in a distorted pentagonal bipyramidal coordination environ-
ment with the terminal chloride ligands in the apical posi-
tions. The structure has many similarities to a previously
described di-samarium(m) complex [CpSMCI(p-
Cl),SmCI,(THF);] with respect to bond distances and coordi-
nation,>” and it also compares well with the heterotrimetallic
complexes [(Cp,TiCl),MCl,] (with M = Zn, Mn, and Ni).*®

Discussion

The reduction of titanocene dichloride has intrigued chemists
for over fifty years. In this contribution, we have shown by
various experimental and analytical techniques that depending
on the choice of lanthanide metal as the reducing agent,
different outcomes are possible (Scheme 5). The two elements
Sm and Yb lead to trivalent [Cp,TiCl] species, according to
radical coupling experiments, and ESI-MS, EPR and XRD ana-
lyses. Why these two metals are not capable of reducing the
intermediate [Cp,TiCl] species further to the divalent complex
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(6); Cl1-Til-Cl2 81.72(2); and Ti1-Cl2-Sm1 102.24(2).
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Scheme 5 Reduction of Cp,TiCl, by lanthanides.

[Cp.Ti] has not been elucidated so far. The standard redox
potentials of these metals (E°(Sm**/Sm°) = —2.30 V and E°
(Yb**/Yb®) = —2.19 V) were reported to be in the same range as
those of other lanthanide metals, e.g. E°(Dy**/Dy°) = —2.29 V.*°
Furthermore, if direct oxidation of the lanthanide metal to
divalent Ln intermediates occurred, the potentials would be
even more negative (E°(Sm**/Sm®) = —2.68 V and E°(Yb>*/Yb")
= -2.76 V)* and more favorable to access [Cp,Ti"].
Consequently, at this stage, we cannot rule out that other
factors or other reaction pathways influence the further
reduction of [Cp,TiCl] to divalent titanocene species.

In contrast to Sm and Yb, other lanthanide metals, such as
Dy, Ce, and Nd, which also proceed via the [Cp,TiCl] species
as shown by the radical coupling experiment and EPR analysis,
provide a relatively stable divalent titanocene complex, with a
suggested composition of [Cp,Ti][LnCl;], based on ESI-MS and
reactivity studies (alkyne coupling and carbonyl olefination).
Intriguingly, La metal, the largest and often the most reactive
lanthanide metal, reduces titanocene dichloride to divalent
species but also exchanges not only chloride but also Cp
ligands with the titanium ion. The resulting low-valent tita-
nium species have been shown to facilitate the trimerization of
internal alkynes.

This journal is © The Royal Society of Chemistry 2024
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Experimental
General

All reactions were conducted under an atmosphere of argon
using standard Schlenk techniques and an argon-filled
Jacomex BS531-type dry box. Tetrahydrofuran was collected
under argon from a PURSOLV MD-3 (Innovative Technologies
Inc.) solvent purification unit. Titanocene dichloride, iodine
and manganese were purchased from Strem Chemicals.
4-Octyne, cinnamylbromide and diethylether were purchased
from Aldrich and used as received. Neodymium, samarium,
europium, dysprosium and ytterbium ingots were purchased
from Aldrich or Strem and, prior to use, were freshly filed in a
drybox under argon. Sml, was prepared in situ by reacting
elemental samarium with iodine in THF.

ESI-MS

All experiments (MS and HRMS) were performed on a hybrid
tandem  quadrupole/time-of-flight (Q-TOF) instrument,
equipped with a pneumatically assisted electrospray (Z-spray)
ion source (Micromass, Manchester, UK) operated in positive
mode. The electrospray potential was set to 3 kV in positive
ion mode and the extraction cone voltage was usually varied

between 30 and 60 V, with an injection flow rate of 5 pL min™".

EPR

EPR spectra were recorded using a Bruker ESP300e spectro-
meter (X-band) equipped with a Bruker E035M gaussmeter
and an HP 5350B microwave frequency counter. Samples were
prepared at a concentration of 2 mmol L™ in THF frozen solu-
tions (150 K, Bruker ER4111VY variable-temperature unit). The
best resolution was obtained at T = 150 K by using a modu-
lation amplitude of 16.789 G, a time constant of 81.92 ms, a
conventional time of 20.48 ms and a sweep time of 20.972 s.

XRD

A single crystal coated with viscous hydrocarbon oil was
mounted on a cryoloop. Single crystal X-ray diffraction was per-
formed on a Bruker D8 Venture diffractometer. The D8
Venture was equipped with a Cu microsource (K, radiation 1 =
1.54056 A) and a PHOTON100 CMOS detector. Data were col-
lected at —173.15 °C (100 K). Data collection and integration
were performed using Bruker Apex2 software.’ The structures
were solved using SHELXS-97 and refined by full-matrix least-
squares on all F2 data using SHELXL-97.>" All hydrogen atoms
were placed in calculated positions using the riding model.

Alkyne coupling

A Schlenk tube was loaded with dichlorotitanocene
(1.0 mmol), lanthanide (1.5 mmol (excess)) and THF (5 mL)
under an argon atmosphere. The resulting mixture was stirred
vigorously at room temperature until a deep green color
appeared. 4-Octyne (2.0 mmol) was added to the mixture and
the solution was vigorously stirred for 4 hours at room temp-
erature. The reaction was then quenched by the addition of a
hydrochloric acid solution (1 M). An extraction with diethyl-

This journal is © The Royal Society of Chemistry 2024
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ether (3 x 25 mL) was performed and the organic phases were
collected, washed with brine, dried over magnesium sulfate,
and filtered over cotton. The solvent was concentrated under
vacuum and the crude mixture was purified by column chrom-
atography with petroleum ether as the eluent, leading to
1,2,3,4-tetrapropylbutadiene (colorless oil) and 1,2,3,4,5,6-
hexapropylbenzene (white solid). The NMR data were in agree-
ment with the literature.'®%32

Radical coupling

A Schlenk tube was loaded with dichlorotitanocene
(1.0 mmol), lanthanide (0.33 mmol (equimolar) or 1.0 mmol
(excess)) and THF (5 mL) under an argon atmosphere. The
resulting mixture was stirred vigorously at room temperature
for 2 h, leading to a deep green solution. Cinnamylbromide
(1.0 mmol) was solubilized in THF (2 mL) and then introduced
into the mixture. The solution was vigorously stirred for
30 minutes at room temperature and the reaction was
quenched by the addition of a hydrochloric acid solution (1
M). The aqueous phase was extracted with diethylether (3 x
25 mL). The organic phases were collected, washed with brine,
dried over magnesium sulfate, and filtered over cotton. The
solvent was concentrated under vacuum and the crude was
purified by column chromatography with petroleum ether as
the eluent, leading to a mixture of three dienes as a colorless
oil. The NMR data were in agreement with the literature.®

Conclusions

The reduction of titanocene dichloride by different lanthanide
metals has been investigated revealing a substantial lantha-
nide effect. While with Sm and Yb, the reduction stopped at
trivalent titanocene species, with Dy, Ce and Nd, the formation
of divalent titanocenes was evidenced. In the case of La, an
additional feature is the abstraction of the Cp ligand from the
titanium centre during the reduction process. Further studies
on selective synthetic applications are currently underway.

Data availability

The data supporting this article have been included as part of
the ESIL.t Crystallographic data for [Cp,Ti(p-Cl),SmCl,(THF);]
have been deposited at the CCDC under 2369904 and can be
obtained from https:/www.ccdc.cam.ac.uk/.
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