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We present the synthesis and characterization of the parent isol-
able monomeric triplet titanocene complex, stabilized by the
N-heterocyclic carbene (NHC) IMe,. Investigated by SQUID
magnetometry and quantum-chemical calculations, reactivity
studies of the titanium precursor [Cp,Ti(btmsa)] (2) with the NHC
I'Pr,Me, and the zirconocene complex [Cp,Zr(py)(btmsa)l (1)
revealed divergent reactivity patterns, highlighting the role of
steric and electronic effects in stabilization.

Although the Group 4 elements titanium, zirconium, and
hafnium show a strong thermodynamic preference for the +IV
oxidation state, their complexes in the +II state are becoming
increasingly significant in synthetic applications, ranging from
catalysis to materials development." Combining Lewis acid
reactivity in the +IV state and reductive transformations in the
+1I state, systems capable of reversible redox cycling between
these have the potential to unlock exciting new possibilities
for utilizing these Earth-abundant elements in efficient redox
catalysis."® Additionally, paramagnetic titanium(ur) organome-
tallics have also found recent attention as molecular spintronic
components based on Earth-abundant metals, adding further
relevance to finding novel examples.?

However, due to the thermodynamic stability of the +IV oxi-
dation state, accessing low-valent species typically requires
‘masking’ through the incorporation of redox non-innocent
ligands or ligands with pronounced backbonding capabilities
(e.g. alkenes and alkynes). These ligands provide access to con-
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trolled sources of the low-valent form, serving as synthons for
its generation.">* A key factor in advancing this field is a deep
understanding of the electronic structure and nature of truly
isolable low-valent Group 4 compounds and intermediates.
Unlike their later transition metal homologues, titanocene and
zirconocene [Cp,M] (Cp = n’-cyclopentadienyl; M = Ti, Zr) are
not isolable and decompose through C-H activation pro-
cesses.” It must be noted that even the permethylated deriva-
tive [Cp*,Ti] (Cp* = n’-pentamethylcyclopentadienyl) is
unstable and, for example, readily coordinates dinitrogen.®
However, its magnetic moment could be determined and was
found to be in between 2.48 (129 K) and 2.60ug (298 K),
slightly lower than the spin-only value of 2.83ug, and consist-
ent with the presence of two unpaired electrons.® Through the
incorporation of bulky silyl groups at the cyclopentadienyl
ligands, several triplet titanocene derivatives have been iso-
lated and structurally characterized, such as
[{CsMe,(SiMe, Bu)},Ti], which has a magnetic moment of
2.40 up.” The reactive parent Group 4 metallocene fragment
[Cp,M] is typically generated in situ by use of soluble, closed-
shell-singlet synthons through the release of CO, PMe;,
alkenes, alkynes, or by mixing [Cp,MCl,] with strong reducing
agents.'“*®° Notable examples include ([Cp,ZrCl,])/"BuLi),"
[Cp,Ti(PMe;),],"* [Cp,Ti(CO),] (Scheme 1),* and btmsa (bis
(trimethylsilyl)acetylene) complexes [Cp,Zr(py)(btmsa)] (1)
(py = pyridine), and [Cp,Ti(btmsa)] (2)."%"*'* Their chemistry
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Scheme 1 Examples of bis(cyclopentadienyl)titanium(i) complexes.
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has been extensively reviewed on many occasions.
contrast to these commonly employed diamagnetic Group
4 metallocenes, we present the synthesis and isolation of a
crystalline paramagnetic parent titanocene, stabilised by an
NHC which better mimics the electronic state of free [Cp,Ti].?
We further demonstrate how the choice of the metal precursor
and NHC is crucial to metallocene formation, as varying these
caused either ligand exchange, imidazole tautomerisation, or
C-H activation. The reaction of 1 with IMe, (1,3,4,5-tetra-
methylimidazol-2-ylidene) in C¢Ds at room temperature
resulted in an expected clean ligand exchange reaction in
which the NHC replaces pyridine to yield [Cp,Zr(IMe,4)(btmsa)]
(3) (Scheme 2). The ligand exchange is visibly evident by an
immediate colour change of the reaction mixture from intense
purple to yellow-brown upon NHC addition. Inspection of the
"H NMR spectrum revealed the chemical shifts of free pyri-
dine, in addition to divergence of the Me;Si signals of the
btmsa ligand, indicating that free rotation is now sterically
prohibited (Fig. S21). The "*C chemical shift of the NHC
carbene centre is located at §"*C{'H} = 197.8 ppm, confirmed
by "H/"*C HMBC NMR (Fig. S4t), shifted when compared to
that of the free carbene (§"*C{'H} = 213.3 ppm)."” It is worth
noting that neither the addition of a second equivalent of
IMe, to 3 nor the direct addition of two equivalents of IMe, to
1 led to any exchange of btmsa for IMe,, even at elevated temp-
eratures (Fig. S5f). Yellow crystals of 3 suitable for single-
crystal X-ray diffraction (SCXRD) were obtained from a satu-
rated n-hexane solution at —30 °C, which allowed for structural
confirmation. The coordination environment at zirconium is
best described as distorted square pyramidal according to the
75 structural parameter (z; = 0.11) (Fig. S61).'® The Cyuc—Zr
bond length of 2.466(3) A is in good agreement to other IMe,
ligated zirconium complexes, e.g. [(n’-C;H;)(n>-CsHs)Zr(IMe,)]
(2.4452(17) A)."”'® Interestingly, no reaction readily occurs
between 1 and the slightly larger NHC I'Pr,Me, (1,3-diisopro-
pyl-4,5-dimethylimidazol-2-ylidene). However, upon prolonged
heating of this mixture up to 90 °C, 1 and I'Pr,Me, are comple-
tely consumed, and the characteristic signals of free pyridine
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are observed by "H NMR spectroscopy. In addition, three
signals in the typical range of cyclopentadienyl ligands and
two new signals typical of hydride species are found, indicative
of the formation of multiple products (Fig. S77). After several
attempts, a few dark yellow crystals were obtained from a satu-
rated n-hexane solution at —30 °C, and the structure of the k-
imidazole complex 4 was confirmed by SCXRD (Fig. S8%), with
structural parameters in good agreement to those of 3."° The
formation of 4 suggests that propene is formed as a by-
product. However, the expected ABX coupling pattern in the
'H NMR spectrum could not be unambiguously assigned due
to the formation of additional byproducts and overlapping
signals. Therefore, the headspace of the reaction, performed in
toluene as the solvent, was analysed via GC-MS, confirming
the presence of propene (Fig. S19 and S207). Furthermore, tri-
methylsilane, ethyltrimethylsilane, vinyltrimethylsilane, pyri-
dine and the employed solvents were detected, with the pres-
ence of the various silanes underscoring the complexity of the
reaction’s outcome.” It is worth noting that although the
NHC-to-imidazole transformation is unusual, the reverse imid-
azole to NHC reactivity pattern has precedence in the litera-
ture.>® We then explored the reactions of these NHCs with the
lighter, titanium, analogue [Cp,Ti(btmsa)] (2). Contrary to the
formation of 4, the reaction of 2 with one equivalent of
I'Pr,Me, in aromatic solvents occurs at room temperature,
resulting in the immediate release of btmsa, as confirmed by
its "H NMR chemical shift at 0.16 ppm (Fig. S97). Although the
reaction onset occurred rapidly, full conversion of 2 proceeds
slowly and plateaus at around 50% after 72 hours. Heating the
mixture to 90 °C for an extended period eventually drives the
reaction toward near completion; however, approximately half
an equivalent of the NHC remains unreacted, and signs of a
paramagnetic product begin to emerge.'® Upon work-up at
this stage, dark violet crystals suitable for SCXRD are consist-
ently obtained, revealing the formation of the hydride-bridged
dititanium complex 5 (Fig. 1). Additionally, formal loss of dihy-
drogen and C-H activation of one cyclopentadienyl ligand led
to the formation of bridging fulvalene and cyclopentadienyl
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Scheme 2 Reactions of [Cp,Ti(btmsa)] (1) and [Cp,Zr(py)(btmsa)] (2) towards IMe4 and I'Pr,Me; to give complexes 3, 4, 5, and 6.
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Fig. 1 Molecular structure of 5 in the crystal. Anisotropic displacement
parameters are drawn at the 50% probability level, with data collected at
100 K (hydrogen atoms attached to carbon omitted for clarity). Selected
bond lengths (A) and angles (deg): Til---Ti2 3.1183(6), Til-C1 2.318(2),
Til-H1 1.92(4), Ti2-C13 2.166(2), Ti2-H1 1.84(4), Til-H1-Ti2 112.6,
Ctl1-Ti1l-Ct2 136.0, Ct3-Ti2—-Ct4 133.5 (Ctl = C12-C15, Ct2 = C22-
C26, Ct3 = C17-C20, Ct4 = C27-C31).

ligands to both titanium atoms and only one NHC ligation,
which explains why approximately half an equivalent of the
NHC remains unreacted. The Ti1-C1 bond length is 2.318(2) A
and clearly exceeds the respective single bond covalent radii of
the respective elements (Zo(Ti-C) = 2.11 A),*' indicating
expected donor-acceptor interactions. This bond length aligns
well with other NHC-ligated titanium hydrides, such as
[(CgH4(1,4-Si'Pr3),),{(IMe,)Ti(w-H)TiH}] ()  reported by
Tsoureas et al, in which also only one of the titanium/(im)
centres is coordinated by an NHC (2.300(2) A).?>* The Ti-H
bond lengths (Til-H1 1.92(4) A; Ti2-H1 1.84(4) A) also
compare favourably to I, as well as to [(n>-CsH3-1,2-Me,),Ti(u-
H)Ti(n’-CsH;-1,2-Me,)(n°,n'-CsH,-1,2-Me,)] (II) (1.79(2) A and
1.91(2) A).?>?* Both titanium atoms exhibit a distorted tetra-
hedral coordination environment according to the z, and 7,
structural parameters (Til: 0.83, 0.73; Ti2: 0.79, 0.73).>* The
Ti2-C13 bond length of 2.166(2) A is typical of a single bond,
falling between the single-bond covalent radii of titanium and
carbon (vide supra) and matching the analogous bond length
in I (2.204(2) A).2%* The folding of the fulvalene ligand is
evident from a dihedral angle of 17.6(2)° between the two
planes defined by both five-membered rings, as well as the
inter-ring carbon-carbon bond length of 1.452(4) A, both of
which are diagnostic of fulvalene dititanium complexes (cf:
{Cp.Ti(w-F)ha(un®m>-CioHg)]  (1.464(8) A and 15.3(3)%).
Inspection of the "H NMR spectrum from crystalline 5 in C¢Dg
at room temperature revealed several broad signals between
6'H = —25 and +35 ppm, indicative of a paramagnetic com-
pound (Fig. S147).

Finally, we turned our attention to the remaining combi-
nation: [Cp,Ti(btmsa)] (2) and IMe,. Upon adding one equi-
valent of IMe, to a C¢D¢ solution of 2, three new broad signals
at —29.48, 9.92, and 93.46 ppm were detected alongside the
characteristic signal of free btmsa in the '"H NMR spectrum,
indicating a rapid ligand exchange reaction that occurs within

This journal is © The Royal Society of Chemistry 2025
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a few minutes, yielding [Cp,Ti(IMe,)] (6) (Scheme 2 and
Fig. S16, S17). Slow diffusion of n-pentane into a benzene solu-
tion of 6 produced dark yellow crystals, allowing for the unam-
biguous elucidation of the molecular structure by SCXRD
(Fig. 2, top). Notably, complex 6 crystallises as dark yellow
plates in the triclinic space group P1, with three independent
molecules in the unit cell, mainly due to different orientations
of the Cp ligands (eclipsed and staggered conformers
observed); the other structural parameters of all three mole-
cules are in very good agreement. The average titanium-Cyuc
bond length is 2.27 A, which is slightly shorter compared to
the herein reported complex 5. In relation to a related formal
three-coordinate and NHC-ligated titanium complex, such as
[(CeHe),Ti(IMe,H,)] (2.323(3) A), this bond length is reduced
and corresponds to the different titanium oxidation states in
the two complexes.”® The titanium centre is in a trigonal
planar coordination environment with a pronounced widening
of the Ct1-Ti1-Ct2 angle (144.5°). The IMe, ligand is aligned
almost perpendicular to the Ct1-Ti1-Ct2 axis, exhibiting a di-
hedral angle of 81.8°. The UV-vis spectrum of Cp,Ti(IMe,)
reveals an absorption maximum at 389 nm (c =1 g L"), in
accordance to its (dark) yellow colour (Fig. S187).

To gain further insight into the electronic ground state of
complex 6, it was investigated using SQUID magnetometry (see
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Fig. 2 Top: Molecular structure of [Cp,Ti(IMey)] (6) in the crystal.
Anisotropic displacement parameters are drawn at the 50% probability
level, with data collected at 100 K (hydrogen atoms omitted for clarity).
Selected bond lengths (A) and angles (deg): Til-C1 2.2712(9), C1-N1
1.3624(10), C1-N2 1.3603(10), C4-C5 1.3543(13), Ct1-Til-Ct2 144.5,
Ct1-Til-C1 106.8, Ct2-Til-Cl1l 108.6; Bottom: variable-temperature
amT product for 6 (open circles) and best fit curve (red line); Insert: cal-
culated spin density (Triplet; UPBEO-D3BJ/Def2-TZVP; isovalue =
0.15A73).
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ESIf for details). The T value of 0.85 cm® mol™" K at 295 K
for 6 clearly indicates S = 1 spin state (expected spin-only value
of 1.0 em® mol™" K). When the temperature was lowered, the
xmT value decreased below ~70 K due to the sizeable zero-field
splitting of —43.2 cm™" (Fig. 2, bottom)." To evaluate this
computationally, the crystallographically derived geometries of
5 and 6 were optimised by density functional theory (DFT)
with singlet and triplet wavefunctions, at the (U)PBE0-D3B]J/
def2-TZVP level of theory, finding that the triplet states are
energetically favoured by AE = 9.5 and 13.5 kcal mol ™, respect-
ively."® Analysis of the Kohn-Sham molecular orbitals of com-
pound 6 found two occupied quasi-degenerate a-SOMOs with
A; and B, symmetry (assuming a C,, point group), localised at
the d,* and d,, orbitals of the Ti centre. The spin density
(Fig. 2, bottom) is also localised around the Ti centre and
shows exclusively a-electron density. This is reflected in
further analysis by natural bond orbital (NBO) theory, finding
two (a) lone particles (two unpaired electrons) at Ti, account-
ing for 0.91 and 0.84 electrons, respectively. The latter (d,?) is
lower than the former, accounting for delocalisation of elec-
tron density onto the metallocene rings, this was located by
natural localised molecular orbital (NLMO) theory. Natural
population analysis (NPA) gave a low natural charge, and a
natural spin close to two (0.63 and 1.79, respectively), also
indicative of a Ti(u) triplet system. The spin density on the
carbene carbon is negligible. Analysis of dititanium complex 5
by NBO and NPA showed that both titanium centres have com-
parable NPA charges and are more positive than 6 (0.74, 0.78).
Their natural spin densities (0.9, 0.97) place an unpaired elec-
tron on each Ti centre, indicating two Ti(ur) centres (rather
than a mixed valence species). There is no NBO describing a
Ti-Ti interaction, thus, each Ti centre can be described as Ti
(um) with 17 valence electrons. Inspection of the spin density
reveals localisation at the titanium centres, with qualitatively
the same d-orbitals which combine on one metal in the case
of 6 (d,” and d,,) (Fig. S301).

In conclusion, we have synthesised and characterised a
series of Zr and Ti metallocenes, produced by the reaction of
small NHCs with metallocene sources [Cp,Zr(py)(btmsa)] (1)
and [Cp,Ti(btmsa)] (2) which showed varied outcomes.
Amongst these, we have developed a highly selective protocol
for the synthesis of the parent isolable monomeric triplet Ti(u)
metallocene and present our initial analysis of its electronic
and magnetic properties. This communication acts as the first
step of an in-depth study on Ti(u) triplet organometallics,
which will be further explored as novel reagents and molecular
spintronic components.

Data availability

The data supporting this article have been included as part of
the ESI.{ Additional references have been cited within the
ESL{ %" Crystallographic data have been deposited at the
Cambridge Crystallographic Data Centre (CCDC) under depo-
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sition numbers 2419251-2419254 for (3-6)f and can be
obtained from https:/www.ccdc.cam.ac.uk/structures/.
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