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ABSTRACT: Ti(IV) and Ti(III) complexes using the tBuPCP ligand
have been synthesized (tBuPCP = C6H3-2,6-(CH2PtBu2)2). The
[tBuPCP]Li synthon can be reacted with TiCl4(THF)2 to form
(tBuPCP)TiCl3 (1) in limited yields due to significant reduction of
the titanium synthon. The Ti(III) complex (tBuPCP)TiCl2 (2) has been
further characterized. This can have half an equivalent of halide
abstracted to form [{(tBuPCP)TiCl}2{μ-Cl}][B(C6F5)4] (3) and can
also be methylated, forming (tBuPCP)TiMe2 (4). All the Ti(III)
complexes have been characterized using EPR and X-ray crystallog-
raphy, giving insight into their electronic structures, which are further
supported by DFT calculations.

■ INTRODUCTION
Since the work of Shaw in 1976, pincer complexes have been a
powerful weapon in the organometallic chemist’s arsenal.1

Formally defined as tridentate ligands which usually hold a
fixed meridional geometry, their high thermal stability and
extraordinary tunability has resulted in their use in myriad
applications.2−4 Pincer complexes have been applied exten-
sively in catalysis, particularly for hydrogenation/dehydrogen-
ation reactions.5−7 They have also been applied in the area of
small-molecule activation�for example, in the cleavage and
reduction of dinitrogen.8−10

The bulk of research carried out with pincer complexes has
focused on the late transition metals. More recently, work has
moved toward more earth-abundant metals, such as iron and
manganese.11,12 However, there is still a dearth of research on
pincer complexes of the early transition metals, particularly
those that involve a ligating phosphorus. Previous work using
“PNP”-type ligands (where “PNP” represents the three ligating
elements) with group 4 metals focused primarily on dinitrogen
activation,13,14 though other exciting reactivities such as C−H
activation by alkylidenes have also been demonstrated.15,16

These examples of challenging chemistry highlight the need to
further develop the area of early-transition-metal pincer
chemistry. Until very recently there were no examples of
group 4 “PCP”-type pincer complexes, despite this being the
original class developed by Shaw.1 We recently synthesized a
library of (RPOCOP)Ti complexes (RPOCOP = C6H3-2,6-
(OPR2)2; R = tert-butyl, isopropyl) and used this pincer
framework to form early-transition-metal hydride complexes.17

Others have recently reported (RPOCOP)Ti(CH2SiMe3)2 and

(RPCP)Ti(CH2SiMe3)2 (RPCP = C6H3-2,6-(CH2PR2)2; R =
tert-butyl) complexes as catalysts for styrene polymerization.18

Here we build on this work to further explore the (RPCP)Ti
motif, expanding it to Ti(IV) complexes, as well as present
EPR data for known and new Ti(III) complexes.

■ RESULTS AND DISCUSSION
Very recently the deployment of PCP-type ligands onto early
transition metals has been described by us and others.17−20

Reacting nBuLi with C6H3-1-Br-2,6-(CH2PtBu2)2 resulted in
the formation of [tBuPCP]Li. Others have described forming
this in situ, but it can be isolated as a highly reactive white solid
in 81% yield.18,21

Targeting the formation of Ti(IV) PCP complexes, [tBuPCP]
Li was reacted with TiCl4(THF)2 in Et2O, resulting in the
immediate formation of a red solution. Upon workup the
desired product (tBuPCP)TiCl3 (1) could be isolated in low
yield (30%). An in situ 1H NMR study of the reaction
demonstrates the reason for this poor yield, with broad
resonances being present as well as the resonances attributed
to 1 (see Figures S1 and S2). These broad resonances are the
result of the reduction of the Ti(IV) center to the Ti(III)
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complex (tBuPCP)TiCl2 (2; Scheme 1). The extent to which
this reduction occurs is highly solvent dependent; the use of

THF rather than Et2O solely results in Ti(III) products. The
synthesis of 1 was attempted in a range of solvents, with none
giving better yields than Et2O. It should be noted this
reduction is somewhat reminiscent of other Ti pincer
chemistry�for example, a “PNP”-type Ti(IV) chloride
complex could not be alkylated by Grignard reagents without
reduction.22

Single crystals of 1 can be grown by cooling a saturated
pentane solution. 1 crystallizes as blood red rods with two
molecules in the asymmetric unit, one of which is shown in
Figure 1. The complexes have almost equivalent structures;

thus, only one set of structural parameters is considered. The
metal center adopts an almost perfect octahedral geometry
with the sums of the angles in the C1−P1−Cl2−P2 plane and
C1−Cl1−Cl2−Cl3 plane being 360.1(6) and 360.0(6)°,
respectively. This regular structure of 1 is in direct contrast
to the equivalent “POCOP” complex C6H3-2,6-
(O2PtBu2)2TiCl3, which has an extremely distorted octahedral
structure.17 In order to probe the electronic structures of these
two analogous complexes, DFT calculations were performed.

The optimized geometry of 1 reproduces the crystallo-
graphic data with good accuracy (Figure S4), the Ti−P bond
lengths are 2.62 and 2.67 Å (vs 2.679(2) and 2.675(2) Å in
Figure 1), while the Ti−Cl bonds are 2.29−2.31 Å vs their
crystallographic counterparts of 2.268(2), 2.318(2), and
2.304(2) Å. The Ti−C bond distance of 2.21 Å is also close
to the crystallographic value (2.204(7) Å). Notably, the C−
Ti−Cl angle involving the equatorial Cl ligand is somewhat
distorted from linearity (calcd 162.1° vs exptl 173.6°), while
the axial Cl−Ti−Cl angle (173.1°) remains close to the
experimental value (177.7°). A wider survey of the potential
energy surface reveals a second shallow local minimum only
3.1 kcal mol−1 above the equilibrium structure, which adopts a
strongly distorted structure analogous to that of the tBuPOCOP
congener. In both of these distorted structures the axial and
equatorial C−Ti−Cl angles are significantly shifted off the
linear axis (∼145°). This geometry corresponds to the
equilibrium structure for (tBuPOCOP)TiCl3, lying energetically
∼8 kcal mol−1 below the C2-symmetric conformer (non-
minimum geometry that serves as a common reference point;
Figure S4). In contrast, the potential energy landscape of 1 is
much flatter (Figure S7), featuring the C2-symmetric (0.7 kcal
mol−1) and distorted C1-symmetric minima (3.1 kcal mol−1)
close to the ground state. The above observations imply that
the aryl and phosphite groups have a stronger donating effect
in the tBuPOCOP ligand. It is worth noting that the phosphite
shows a significantly shorter Ti−P bond distance (∼2.60 Å)
than the phosphine (∼2.65 Å). Recent studies suggest that
phosphites may be stronger net donors toward high-oxidation-
state complexes,23,24 contrary to the usual ranking found with
late transition metals.25 Deviations from ideal bond angles in
octahedral complexes with low electron counts have been
attributed to second-order Jahn−Teller effects,26−28 in which a
descent in symmetry allows for mixing of occupied (4p-based)
and vacant (3d-based) metal-centered frontier orbitals. The
effect is increased overlap with ligand orbitals and energetic
stabilization of the resulting bonding hybrid orbital. In the
present case the distortion in (tBuPOCOP)TiCl3 results in
strengthening of the Ti−C σ-bond between the phenyl ligand
and Ti, driven by mixing of the C-based lone pair (HOMO)
and the vacant LUMO (Figure S15). Despite this stabilization,
the Ti−C bond length is strikingly similar to that of 1, which is
likely due to the steric influence of the tBu residues on the
rigidity of the pincer backbone. In the absence of tBu groups,
using the truncated model (HPOCOP)TiCl3, the same
distortion from C2 symmetry leads to a substantial shortening
of the Ti−C bond distance from 2.29 to 2.22 Å. This is not
observed for (HPCP)TiCl3, for which the bond distance
remains at 2.28 Å upon relaxation to C1 symmetry (Figure S5).
Breaking the linkages between the bridges and phenyl ring
causes the resulting complexes (HOPtBu2)2Ti(Ph)Cl3 and
(CH3PtBu2)2Ti(Ph)Cl3 to relax to a distorted-octahedral
structure, in which the mutually trans-located Cl/Cl and Cl/
phenyl ligands distort toward the phosphorus ligands (Figure
S6).26 A more detailed analysis using the Morokuma/Ziegler
energy decomposition scheme provides further insight into the
interactions between the ligands and metal fragments (see the
Supporting Information). In conclusion, the meridional
coordination mode of the pincer ligands restricts the
conformational freedom of the complex, and the observed
geometries are a result of a nuanced balance between steric and
electronic factors.

Scheme 1. Synthesis of Ti(III) and Ti(IV) PCP Complexes

Figure 1. Single-crystal X-ray structure of 1. Thermal ellipsoids are at
50% probability, and hydrogen atoms are omitted for clarity. Element
colors: Ti (sky blue), P (purple), Cl (green), C (black). Selected
bond lengths (Å) and angles (deg): Ti(1)−Cl(1) 2.268(2), Ti(1)−
Cl(2) 2.318(2), Ti(1)−Cl(3) 2.304(2), Ti(1)−P(1) 2.679(2),
Ti(1)−P(2) 2.675(2), Ti(1)−C(1) 2.204(7); Cl(1)−Ti(1)−Cl(2)
92.16(10), Cl(1)−Ti(1)−P(1) 91.17(8), Cl(1)−Ti(1)−P(2)
87.64(8), Cl(1)−Ti(1)−C(1) 89.9(2), Cl(3)−Ti(1)−Cl(2)
90.02(10), Cl(3)−Ti(1)−P(1) 87.95(8), Cl(3)−Ti(1)−P(2)
92.10(8), Cl(3)−Ti(1)−C(1) 88.0(2).
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Given the ease of reduction of 1 to form 2, we wanted to
further investigate the synthesis and reactivity of this species as
a “(PCP)Ti” synthon. Recently Hu et al. described the
synthesis and crystal structure of (tBuPCP)TiCl2 (2) from the
reaction of [tBuPCP]Li with TiCl3(THF)3 in toluene, achieving
a 37% yield. Significantly improved yields can be achieved by
doing this reaction in pentane and crystallizing from pentane at
−40 °C (66% isolated yield, Scheme 2).

1H NMR characterization of 2 is moderately uninformative,
consisting primarily of broad humps. The 31P{1H} NMR
spectrum displays no signals. The solution-phase magnetic
moment of 2 (Evans method, C6D6) is 1.57 μB�comparable
to that of [2,5-(CH2PtBu)2C4H2N]TiCl2.

14 The room-temper-
ature and frozen-matrix EPR spectra of 2 are shown in Figure
2.
The room-temperature spectrum is isotropic due to the fast

tumbling in solution; freezing the sample allows the resolution
of the rhombic symmetry of the electron Zeeman interaction.
The single unpaired electron is predominantly located on the
metal center (evidenced by g0 = 1.9510 at room temperature,
significantly reduced from that of a carbon-centered radical and
similar to that found for the analogous POCOP complex and
the PNP-type complex [N(2-P(CHMe2)2-4-Me-C6H3)]-
TiCl2).

17,22 There is, however, some spin density on the P
centers, which gives rise to the triplet form of the room-
temperature spectrum. Additionally, satellite lines are ob-
served; these can be attributed to the hyperfine coupling with
47Ti (I = 5/2, 7.44% natural abundance) and 49Ti (I = 7/2,
5.41% natural abundance). Simulation of the room-temper-
ature CW-EPR spectrum taking into account these interactions

(Figure S3) allows us to estimate a coupling constant of 1.42
mT, equal for both isotopes because of their similar nuclear
gyromagnetic ratios; this value is in substantial agreement with
the previously reported value for Ti(III) chelates in aqueous
solution.29

Upon freezing, the spectrum becomes rhombic, giving three
overlapping triplets (Figure 2, right). The electronic structure
of complex 2 was further verified using spin-unrestricted DFT
calculations (Figure S8). The electronic ground state of 2 is a
spin doublet with S = 1/2, with the unpaired electron residing
in a largely nonbonding dxz MO centered on Ti, with a small
admixture of Cl 3p character (Figure 3).
In an attempt to isolate a low-coordinate Ti(III) pincer

complex, halide abstraction on 2 was attempted. In order to
achieve this, [(SiEt3)2(μ-H)][BArF4] (ArF = C6F5) was used�
this has been used to great effect to abstract halides from
particularly strong M−Cl bonds (e.g., lanthanides).30−35
Addition of [(SiEt3)2(μ-H)][BArF4] to 2 in benzene resulted
in the immediate formation of a brown oil, which could be
extracted with fluorobenzene as a deep brown-red solution. A
structural analysis found that only half an equivalent of
chloride had been abstracted and a dimeric species could be
isolated in the solid state, [((tBuPCP)TiCl)2(μ-Cl)][BArF4] (3,
Scheme 3). Even use of an excess of the halide abstraction
agent did not alter the resultant product, exclusively forming
the bridged dimer structure. 3 is insoluble in aliphatic and
nonhalogenated aromatic hydrocarbon solvents.
Single crystals of 3 suitable for X-ray diffraction were grown

by layering a fluorobenzene solution with hexane at room
temperature. The resultant structure is shown in Figure 4.
The two titanium centers both adopt a square-based-

pyramidal geometry, although one, Ti(1), is more distorted (τ
= 0.067 and 0.016, Ti(1) and Ti(2), respectively). The PCP
ligands are almost perpendicular to one another, demonstrated
by the angle between the C(1)−Ti(1)−Cl(2) and C(25)−
Ti(2)−Cl(2) planes: 79.58°. The central chloride is almost
linear (Ti(1)−Cl(2)−Ti(2) = 170.623°). 3 is unique in that it
is the only structurally characterized Ti dimer where the metal
centers are only bridged by a single chlorine atom. Similar
formulations have been invoked though not structurally
characterized.36 Vertex-sharing Ti−F−Ti motifs exist, though
these tend to be in fluoridotitanate ([TixFy]n−) anions, not in

Scheme 2. Synthesis of 2a

aAn analogous synthesis in toluene was recently reported.

Figure 2. Continuous-wave X-band EPR spectra of 2 in toluene measured at 298 K (left; g0 = 1.9510, a0 = 1.71 mT) and 100 K (right, gx = 1.9015
gy = 1.9215, gz = 1.9735, A = 2.6, 2.2, and 2.2 mT, respectively) measured in toluene (black, experimental; red, simulation).
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organometallic complexes.37−41 The individual bond lengths
are similar to those observed in 2.
Frustratingly, reliable EPR data of 3 could not be recorded.

Any attempt at gathering such data resulted in multiple signals,
giving evidence of more than one Ti(III) species existing in
solution. It is likely that this is partially due to solvent
interactions with the dimeric structure of 3, breaking it apart;
however, it could also be due to other side products in the
reaction (which may explain the poor isolated yield of 3).

The electronic structure of 3 was further investigated by
DFT calculations. Optimized geometries of the complex in
isoenergetic high-spin (S = 1) and broken-symmetry (Ms = 0)
spin states reproduce the crystallographic structure well
(Figure S9). The calculated bond parameters are similar for
both, implying the presence of two independent fragments
with local spin centers (Sloc = 1/2) on each Ti atom. The
calculated Ti···Ti separation is somewhat shorter in the
optimized geometries (∼4.65 Å) than in experiment (∼4.90
Å), which is attributed to the impact of the surrounding crystal
matrix on the molecular structure. The resulting canonical
frontier molecular orbitals and spin densities are consistent
with two Ti(III) centers in which each d1-electron resides in an
orbital of dyz character (assuming a local Cartesian coordinate
system), while the remaining d orbital manifold remains vacant
(Figures S16 and S17).
We also wanted to investigate the ability of 2 to act as a

synthon for further “(PCP)Ti” metathesis chemistry. Reaction
of 2 with MeMgCl in toluene resulted in a color change from
blue to green, forming (tBuPCP)TiMe2 (4) (Scheme 4). 4 can

be isolated in good yields (82%). When the reaction was
attempted with 1 equiv of MeMgCl, 4 was still the only
observed product (as well as unreacted 2). The 31P{1H} NMR
spectrum is featureless, and the 1H NMR spectrum consists of
four broad humps centered at δ 24.04, 9.06, 2.35, and −1.33
ppm. A solution-phase magnetic moment of μeff = 1.60 μB was
calculated (Evans method, C6D6), which is slightly lower than
that of the closely related [N(2-P(CHMe2)2-4-Me-C6H3)]-
TiMe2 complex (1.82 μB).42
Single crystals of 4 suitable for X-ray diffraction can be

grown by cooling a saturated pentane solution to −40 °C
(Figure 5). Similarly to 2, 4 adopts a distorted-square-
pyramidal structure (τ = 0.28). It is interesting to note that
the analogous POCOP complex adopts a near-perfect square-
based-pyramidal structure. The bond lengths to the titanium
center are in line with those observed for 2, other “(PCP)Ti”
complexes, and other Ti(III) methyl complexes.17,43

The continuous wave X-band EPR spectrum, as well as the
simulated spectrum, is shown in Figure 6. The signal is a triplet

Figure 3. (left) Calculated spin density surface (isosurface 0.001 au) and (right) α-spin SOMO (isosurface 0.05 au) of 2 (B3LYP-D3(BJ)/def2-
TZVPP). Hydrogen atoms omitted for clarity.

Scheme 3. Synthesis of 3 by Halide Abstraction from 2 by
[(SiEt3)2(μ-H)][BArF

4]

Figure 4. Single-crystal X-ray structure of 3. The thermal ellipsoids
are at 50% probability. The [BArF4]− anion, hydrogen atoms, and
methyl groups on the tert-butyl substituents of the phosphines are
omitted for clarity. Selected bond lengths (Å) and angles (deg):
Ti(1)−Cl(1) 2.2591(7), Ti(1)−Cl(2) 2.4758(7), Ti(1)−P(1)
2.6357(7), Ti(1)−P(2) 2.6199(7), Ti(1)−C(1) 2.173(2), Ti(1)−
Ti(2) 4.8972(6), Ti(2)−Cl(2) 2.4378(7), Ti(2)−Cl(3) 2.2719(7),
Ti(2)−P(3) 2.5924(7), Ti(2)−P(4) 2.6374(7), Ti(2)−C(25)
2.187(2); Cl(1)−Ti(1)−C(1) 128.19(7), P(1)−Ti(1)−P(2)
151.03(2), Cl(1)−Ti(1)−Cl(2) 105.77(3), P(1)−Ti(1)−Cl(2)
95.56(2), P(2)−Ti(1)−Cl(2) 100.51(2), C(1)−Ti(1)−Cl(2)
126.02(7), Ti(1)−Cl(2)−Ti(2) 170.62(3), Cl(3)−Ti(2)−C(25)
147.76(7), P(3)−Ti(2)−P(4) 146.80(2), Cl(2)−Ti(2)−Cl(3)
104.82(3), Cl(2)−Ti(2)−P(3) 101.05(2), Cl(2)−Ti(2)−P(4)
106.10(2), Cl(2)−Ti(2)−C(25) 107.10(7).

Scheme 4. Synthesis of (tBuPCP)TiMe2 (4) from 2
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of septets, with g0 = 1.9685. The unpaired electron couples to
the two 31P centers (a0 = 2.00 mT) and to the six methyl
protons (a0 = 0.57 mT), resulting in the observed triplet of
septets.

■ CONCLUSIONS
The RPCP ligand has been shown to bind to Ti(IV), and its
coordination chemistry to Ti(III) has also been further
developed. This work continues to extend the use of the
progenitor pincer ligand to the group 4 metals. For Ti(III)
complexes EPR has been shown to be an extremely useful
diagnostic tool in their reactivity. For example, a halide can be
abstracted from (tBuPCP)TiCl2 to give a chloride-bridged
dimer in the solid state; however, EPR indicates that this
species is broken apart by solvent interactions in the solution
phase. The Ti(IV) complexes do not show the propensity to
rearrange, unlike their POCOP cousins. We envisage these
compounds to be useful starting points for further (PCP)Ti
chemistry: in particular, their application in nonmetallocene
polymerization catalysis and small-molecule activation. This
study demonstrates that it is possible to alter the other ligands
around the Ti center with the pincer acting as an innocent
spectator, which will allow for fine-tuning of the metal’s steric
and electronic profile.

■ EXPERIMENTAL SECTION
Unless otherwise stated, all manipulations were carried out under an
inert atmosphere (N2) using standard dual-manifold Schlenk

techniques or employment of an MBraun Labmaster glovebox.
Glassware was dried in an oven at 180 °C overnight before use.
Anhydrous solvents (toluene, pentane, CH2Cl2) were obtained from a
Grubbs type SPS system and stored over activated 3 Å molecular
sieves (CH2Cl2) or potassium mirrors (toluene, pentane) under an
inert atmosphere. THF and Et2O were dried by refluxing over Na/
fluorenone and stored over activated 3 Å molecular sieves or a
potassium mirror, respectively, while being kept under an inert
atmosphere. Benzene was purchased as anhydrous and then
transferred to an ampule over a potassium mirror and subsequently
degassed by three freeze−pump−thaw cycles. Fluorobenzene was
dried over CaH2, distilled onto 3 Å molecular sieves, and degassed by
three further freeze−pump−thaw cycles. All other solvents, including
deuterated solvents, were dried by being stored over activated 3 Å
molecular sieves and subsequent degassing by three freeze−pump−
thaw cycles.
Solution NMR data were collected on a Bruker 400 MHz

spectrometer employing NMR tubes fitted with a J. Young style
stopcock. Data were collected at room temperature. Chemical shifts
(δ) are stated in ppm and referenced internally to residual solvent
protio resonances (1H) or externally to 85% H3PO4 (31P) or LiCl
(7Li). Coupling constants (J) and line widths are quoted in Hz. The
data were processed using MestReNova.
X-band CW-EPR measurements were collected on a Magnettech

ESR5000 spectrometer (Bruker) equipped with a TCH04 temper-
ature controller. X-band EPR spectra were recorded using the
following parameters: (tBuPCP)TiCl2 (2), 298 K, 100 mW microwave
power, 0.1 mT field modulation amplitude at 100 kHz, 0.21 mT/s
field sweep rate; (tBuPCP)TiCl2 (2), 100 K, 0.1 mW microwave
power, 0.1 mT field modulation amplitude at 100 kHz, 0.21 mT/s
field sweep rate; (tBuPCP)TiMe2 (4), room temperature, 10 mW
microwave power, 0.2 mT field modulation amplitude at 100 kHz,
0.83 mT/s field sweep rate. All data analysis was carried out using
EasySpin.44

Single-crystal X-ray diffraction data were collected as follows: a
typical crystal was mounted on a MiTeGen Micromount using
perfluoropolyether oil and cooled rapidly to 173 K in a stream of
nitrogen gas using a cryostream unit. Data were collected with an
Agilent Diffraction Xcalibur PX Ultra A or an Xcalibur 3 E
diffractometer (Cu Kα radiation, λ = 1.54180 Å). Raw frame data
were reduced using CrysAlisPro. The structures were solved using
SuperFlip and refined using full-matrix least-squares refinement on all
F2 data using the CRYSTALS program suite. In general, distances and
angles were calculated using the full covariance matrix.
tBuPCP-Br, [(SiEt3)2(μ-H)][BArF4], TiCl4(THF)2, and

TiCl3(THF)3 were prepared by literature procedures.
18,31,45,46 N.B.:

TiCl4 is highly moisture reactive and can be dangerous if not handled
correctly. nBuLi and MeMgCl were purchased from commercial
suppliers and titrated before use. Computational details can be found
in the Supporting Information.
Synthesis of [tBuPCP]Li. [tBuPCP]Li was prepared using a method

adapted from previous reports.18,21 nBuLi (1 mL, 2.5 M, 2.50 mmol,
1.25 equiv) was added to (tBuPCP)Br (989 mg, 2.09 mmol, 1.00
equiv) in pentane (25 mL) at −78 °C. The reaction mixture was
warmed to room temperature and stirred for 2 days to afford a yellow
solution with a colorless precipitate. The white solid was isolated by
filtration, washed with pentane (3 × 10 mL), and then dried under
vacuum to give [tBuPCP]Li (622 mg, 1.55 mmol, 81%) as a white
powder. 31P{1H} NMR (400 MHz, THF): δ 26.99 (s). 1H NMR (400
MHz, C6D6/THF): δ 7.46 (br m, 2H, phenyl-Hm), 6.89 (t, 2JHH =
2.59 Hz, 1H, phenyl-Hp), 3.36 (d, 2JHP = 2.39 Hz, 4H, −CH2), 1.43
(d, 3JHP = 9.94 Hz, 36H, −CH3). 7Li{1H} NMR (400 MHz, THF): δ
2.66 (s).
Synthesis of (tBuPCP)TiCl3 (1). To a suspension of TiCl4(THF)2

(291 mg, 0.874 mmol) in Et2O (25 mL) cooled to −78 °C was added
dropwise a suspension of (tBuPCP)Li (355 mg, 0.874 mmol) in Et2O
(25 mL). The mixture was kept cold for 1 h and then slowly warmed
to room temperature and stirred overnight, affording a murky dark
red-brown solution. The solution was filtered, the volatiles were
removed under vacuum, and the resultant red-brown residue was

Figure 5. Single-crystal X-ray structure of 4. The thermal ellipsoids
are at 50% probability. Hydrogen atoms are omitted for clarity.
Selected bond lengths (Å) and angles (deg): Ti(1)−C(1) 2.133(4),
Ti(1)−C(2) 2.170(4), Ti(1)−C(3) 2.229(3), Ti(1)−P(1)
2.6355(11), Ti(1)−P(2) 2.6762(11), P(1)−Ti(1)−P(2) 148.69(4),
P(1)−Ti(1)−C(1) 101.55(13) C(2)−Ti(1)−C(3) 132.15(15).

Figure 6. Continuous-wave X-band EPR spectrum of 4 (black,
experimental; red, simulation) measured in toluene at 298 K.
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extracted with pentane (3 × 10 mL). The deep red pentane solution
was stored in a 4 °C refrigerator overnight and the supernatant
decanted to afford deep red crystals of (tBuPCP)TiCl3. A crude yield
of 23% could be achieved; however, the NMR data always show the
presence of 2 in the sample. 1H NMR (C6D6): 6.90 (m, 1 H, Ar-H),
6.69 (d, 2JHH = 5.7 Hz, 1 H, Ar-H), 3.37 (s, 4 H, PCH2), 1.28 (s, 36
H, CCH3). 31P{1H} NMR (C6D6): 91.78 (s). No accurate elemental
analysis has been obtained due to persistent contamination with 2.
Synthesis of (tBuPCP)TiCl2 (2). A suspension of (tBuPCP)Li (521

mg, 1.30 mmol, 1.00 equiv) in pentane (10 mL) was added dropwise
to a suspension of TiCl3(THF)3 (530 mg, 1.43 mmol, 1.10 equiv) in
pentane (5 mL) at −78 °C. Ten minutes after addition, the resulting
mixture was warmed to room temperature and a change from light
blue to a suspension of a black solid in a blue solution was observed.
The mixture was left to react for 17 h, and then the blue solution was
isolated by filtration and the solid washed with pentane (3 × 15 mL).
The pentane was removed from the combined filtrates under vacuum
to give a blue solid. This was redissolved in the minimum volume of
pentane, filtered, and cooled to −40 °C to yield overnight blue
needles of (tBuPCP)TiCl2 (440 mg, 0.86 mmol, 66%). 1H NMR (400
MHz, C6D6): δ 24.04 (br s, LW at fwhm = 304.72 Hz, 4H), 9.06 (br
s, LW at fwhm = 26.19 Hz, 1H), 2.35 (br s, LW at fwhm = 113.82 Hz,
36H), −1.33 (br s, LW at fwhm = 59.43 Hz, 2H). No 31P NMR
resonances were identified. Magnetic susceptibility (Evans method):
μeff = 1.57 μB in C6D6 at 297 K. CW-EPR (9.4551 GHz, toluene, 298
K): , isotropic, g0 = 1.9510, a0 = 46.6 MHz (1.71 mT; coupling to two
equivalent I = 1/2 nuclei), Voigt lineshape with LW = 0.26 mT at
FWHM (Gaussian). IR (ATR, solid state): 2939, 2892, 2861, 1594,
1546, 1464, 1456, 1400, 1391, 1364, 1259, 1227, 1173, 1099, 1094,
1018, 1002, 956, 932, 887, 813, 810, 786, 746, 701, 612, 569, 514
cm−1. Elemental analysis found (calculated): C 56.60 (56.27); H 8.28
(8.46). No signals were observed in HRMS.
Synthesis of [(tBuPCPTiCl)2(μ-Cl)][BArF4] (3). To (tBuPCP)TiCl2

(100 mg, 0.195 mmol) in benzene (10 mL) was added [(SiEt3)2(μ-
H)][BArF4] (178 mg, 0.215 mmol) in benzene (10 mL), resulting in
the immediate formation of a suspension of a red-brown oil. The
mixture was stirred for 4 h, and then the volatiles were removed in
vacuo. The resulting crude brown-gold powder could be isolated;
however this appears to contain multiple species. 3 may be obtained
by recrystallizing this crude mixture by dissolving it in fluorobenzene
(0.5 mL) and layering with hexane. After 2 days this afforded brown
needle single crystals of [{(tBuPCP)TiCl}2(μ-Cl)][BArF4] suitable for
X-ray diffraction (recrystallized isolated yield 28 mg, 0.0168 mmol,
17%). No 1H or 31P NMR resonances were identified. Magnetic
susceptibility (Evans method): μeff = 0.039 μB in CD2Cl2 at 295 K. IR
(ATR, solid state): 2919, 2871, 1640, 1593, 1511, 1456, 1410, 1372,
1273, 1215, 975, 833, 809, 773, 767, 755, 724, 683, 661, 609, 601,
572, 476, 431, 414, 404 cm−1. A satisfactory elemental analysis could
not be achieved due to the highly air-sensitive nature of the
compound. TOF MS ES+: 1075.2733 ([{(tBuPCP)TiCl}2(μ-Cl)]; [M
+ H + CH2Cl2]+; calcd 1075.3482.
Synthesis of (tBuPCP)TiMe2 (4). MeMgCl (3.0 M in THF, 0.14

mL, 0.41 mmol, 2.05 equiv) was added dropwise to a solution of
(tBuPCP)TiCl2 (100 mg, 0.20 mmol, 1.00 equiv) in toluene (10 mL)
at room temperature. The solution turned from blue to green upon
addition and was stirred for 24 h. After 1,4-dioxane (0.5 mL, 5.87
mmol) was added, the reaction mixture was stirred for 30 min and
filtered and then the volatiles were removed in vacuo to give a white
solid and a green residue. Hexane (5 mL) was added to the solids, and
the solution was filtered; then the undissolved white solid was washed
with hexane (3 × 5 mL). The hexane was removed from the
combined filtrates under vacuum to afford green solid (tBuPCP)TiMe2
(77.2 mg, 0.16 mmol, 82%). Single crystals suitable for X-ray
diffraction could be grown by slow evaporation of a concentrated
pentane solution over 7 days. 1H NMR (400 MHz, C6D6): δ 32.53
(br s, LW at fwhm = 240.34 Hz, 4H), 8.45 (br s, LW at fwhm = 13.37
Hz, 1H), 3.34 (br s, LW at fwhm = 73.54 Hz, 36H), 0.32 (br s, LW at
fwhm = 24.60 Hz, 2H). No 31P resonances were identified. Magnetic
susceptibility (Evans method): μeff = 1.60 μB in C6D6 at 295 K. CW-
EPR (9.4502 GHz, 0.01 M in toluene, rt): isotropic, g0 = 1.9685, a0,1

= 55.2 MHz G (2.00 mT; coupling to two equivalent I = 1/2 nuclei),
a0,2 = 15.7 MHz (0.57 mT; coupling to six equivalent I = 1/2 nuclei),
Voigt lineshape with LW = 0.46 mT at FWHM (Gaussian) + 0.30 mT
at FWHM (Lorentzian). IR (ATR, solid state): 3033, 2978, 2943,
2891, 2864, 1547, 1461, 1430, 1388, 1365, 1310, 1227, 1178, 1091,
1008, 983, 935, 891, 839, 811, 783, 739, 704, 610, 571 cm−1.
Elemental analysis found (calculated): C 66.54 (66.20); H 10.50
(10.48). TOF MS ES+: 472.4046 ([C26H50P2Ti]+; [M + H]+; calcd
472.2867).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00662.

Additional characterization data, crystallographic data,
and computational details (PDF)

Computational coordinate data (XYZ)

Accession Codes
CCDC 2226962−2226964 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
F. Mark Chadwick − Molecular Sciences Research Hub,
Department of Chemistry, Imperial College London, London
W12 0BZ, United Kingdom; orcid.org/0000-0003-4627-
9855; Email: m.chadwick@imperial.ac.uk

Authors
Benedek Stadler − Molecular Sciences Research Hub,
Department of Chemistry, Imperial College London, London
W12 0BZ, United Kingdom

Hilary H. Y. Meng − Molecular Sciences Research Hub,
Department of Chemistry, Imperial College London, London
W12 0BZ, United Kingdom

Sara Belazregue − Molecular Sciences Research Hub,
Department of Chemistry, Imperial College London, London
W12 0BZ, United Kingdom

Leah Webster − Molecular Sciences Research Hub,
Department of Chemistry, Imperial College London, London
W12 0BZ, United Kingdom

Alberto Collauto − Molecular Sciences Research Hub,
Department of Chemistry, Imperial College London, London
W12 0BZ, United Kingdom

Keelan M. Byrne − Department of Chemistry, Maynooth
University, Maynooth, Co. Kildare W23 F2H6, Ireland

Tobias Krämer − Department of Chemistry, Maynooth
University, Maynooth, Co. Kildare W23 F2H6, Ireland;
orcid.org/0000-0001-5842-9553

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.organomet.2c00662

Author Contributions
⊥B.S. and H.H.Y.M. contributed equally.
Notes
The authors declare no competing financial interest.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.2c00662
Organometallics 2023, 42, 1278−1285

1283

https://pubs.acs.org/doi/10.1021/acs.organomet.2c00662?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.2c00662/suppl_file/om2c00662_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.2c00662/suppl_file/om2c00662_si_002.xyz
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2226962&id=doi:10.1021/acs.organomet.2c00662
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2226964&id=doi:10.1021/acs.organomet.2c00662
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="F.+Mark+Chadwick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4627-9855
https://orcid.org/0000-0003-4627-9855
mailto:m.chadwick@imperial.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benedek+Stadler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hilary+H.+Y.+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Belazregue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leah+Webster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Collauto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keelan+M.+Byrne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Kra%CC%88mer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5842-9553
https://orcid.org/0000-0001-5842-9553
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00662?ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
The EPR measurements were performed at the Centre for
Pulse EPR at Imperial College London (PEPR), supported by
EPSRC Grant EP/T031425/1. F.M.C. thanks Imperial College
London for provision of a research fellowship. The authors
wish to acknowledge the Irish Centre for High-End
Computing (ICHEC) for the provision of computational
facilities and support. T.K. thanks the Irish Research Council
for funding under grant number GOIPG/2022/470 (K.M.B.)
and the RSC for a Research Enablement Grant (E21-
7643704122).

■ REFERENCES
(1) Moulton, C. J.; Shaw, B. L. Transition Metal-Carbon Bonds. Part
XLII. Complexes of Nickel, Palladium, Platinum, Rhodium and
Iridium with the Tridentate Ligand 2,6-Bis[(Di-t-Butylphosphino)-
Methyl]Phenyl. J. Chem. Soc. Dalt. Trans. 1976, No. 11, 1020−1024.
(2) Peris, E.; Crabtree, R. H. Key Factors in Pincer Ligand Design.
Chem. Soc. Rev. 2018, 47 (6), 1959−1968.
(3) Pincer Compounds Chemistry and Applications, 1st ed.; Morales-
Morales, D., Ed.; Elsevier: 2018.
(4) Van Koten, G.; Gossage, R. A. The Privileged Pincer-Metal
Platform: Coordination Chemistry & Applications; Springer Interna-
tional: 2015. DOI: 10.1007/978-3-319-22927-0.
(5) Valdés, H.; García-Eleno, M. A.; Canseco-Gonzalez, D.; Morales-
Morales, D. Recent Advances in Catalysis with Transition-Metal
Pincer Compounds. ChemCatChem. 2018, 10 (15), 3136−3172.
(6) Hert, C. M.; Curley, J. B.; Kelley, S. P.; Hazari, N.; Bernskoetter,
W. H. Comparative CO2 Hydrogenation Catalysis with MACHO-
Type Manganese Complexes. Organometallics 2022, 41, 3332.
(7) Wang, Y.; Huang, Z.; Liu, G.; Huang, Z. A New Paradigm in
Pincer Iridium Chemistry: PCN Complexes for (De)Hydrogenation
Catalysis and Beyond. Acc. Chem. Res. 2022, 55 (15), 2148−2161.
(8) Ashida, Y.; Arashiba, K.; Nakajima, K.; Nishibayashi, Y.
Molybdenum-Catalysed Ammonia Production with Samarium
Diiodide and Alcohols or Water. Nature 2019, 568 (7753), 536−540.
(9) Burford, R. J.; Yeo, A.; Fryzuk, M. D. Dinitrogen Activation by
Group 4 and Group 5 Metal Complexes Supported by Phosphine-
Amido Containing Ligand Manifolds. Coord. Chem. Rev. 2017, 334,
84−99.
(10) Hebden, T. J.; Schrock, R. R.; Takase, M. K.; Müller, P.
Cleavage of Dinitrogen to Yield a (t-BuPOCOP)Molybdenum(IV)
Nitride. Chem. Commun. 2012, 48 (13), 1851−1853.
(11) Mukherjee, A.; Milstein, D. Homogeneous Catalysis by Cobalt
and Manganese Pincer Complexes. ACS Catal. 2018, 8 (12), 11435−
11469.
(12) Bauer, G.; Hu, X. Recent Developments of Iron Pincer
Complexes for Catalytic Applications. Inorg. Chem. Front. 2016, 3 (6),
741−765.
(13) Burford, R. J.; Yeo, A.; Fryzuk, M. D. Dinitrogen Activation by
Group 4 and Group 5 Metal Complexes Supported by Phosphine-
Amido Containing Ligand Manifolds. Coord. Chem. Rev. 2017, 334,
84−99.
(14) Sekiguchi, Y.; Meng, F.; Tanaka, H.; Eizawa, A.; Arashiba, K.;
Nakajima, K.; Yoshizawa, K.; Nishibayashi, Y. Synthesis and Reactivity
of Titanium- and Zirconium-Dinitrogen Complexes Bearing Anionic
Pyrrole-Based PNP-Type Pincer Ligands. Dalt. Trans. 2018, 47 (33),
11322−11326.
(15) Kurogi, T.; Won, J.; Park, B.; Trofymchuk, O. S.; Carroll, P. J.;
Baik, M.-H. H.; Mindiola, D. J. Room Temperature Olefination of
Methane with Titanium-Carbon Multiple Bonds. Chem. Sci. 2018, 9
(13), 3376−3385.
(16) Solowey, D. P.; Mane, M. V.; Kurogi, T.; Carroll, P. J.; Manor,
B. C.; Baik, M.-H. H.; Mindiola, D. J. A New and Selective Cycle for
Dehydrogenation of Linear and Cyclic Alkanes under Mild
Conditions Using a Base Metal. Nat. Chem. 2017, 9 (11), 1126−1132.

(17) Webster, L.; Krämer, T.; Chadwick, F. M. Synthesis and
Reactivity of Titanium ‘POCOP’ Pincer Complexes. Dalt. Trans.
2022, 51 (43), 16714−16722.
(18) Zhang, J.; Huang, W.; Han, K.; Song, G.; Hu, S. Scandium,
Titanium and Vanadium Complexes Supported by PCP-Type Pincer
Ligands: Synthesis, Structure, and Styrene Polymerization Activity.
Dalt. Trans. 2022, 51 (32), 12250−12257.
(19) Eder, W.; Stöger, B.; Kirchner, K. Synthesis and Character-
ization of Xylene-Based Group-Six Metal PCP Pincer Complexes.
Monatshefte fur Chemie 2019, 150 (7), 1235−1240.
(20) Himmelbauer, D.; Stöger, B.; Veiros, L. F.; Pignitter, M.;
Kirchner, K. Cr(II) and Cr(I) PCP Pincer Complexes: Synthesis,
Structure, and Catalytic Reactivity. Organometallics 2019, 38 (24),
4669−4678.
(21) Kuriyama, S.; Kato, T.; Tanaka, H.; Konomi, A.; Yoshizawa, K.;
Nishibayashi, Y. Catalytic Reduction of Dinitrogen to Ammonia and
Hydrazine Using Iron−Dinitrogen Complexes Bearing Anionic
Benzene-Based PCP-Type Pincer Ligands. Bull. Chem. Soc. Jpn.
2022, 95 (4), 683−692.
(22) Bailey, B. C.; Huffman, J. C.; Mindiola, D. J.; Weng, W.;
Ozerov, O. V. Remarkably Stable Titanium Complexes Containing
Terminal Alkylidene, Phosphinidene, and Imide Functionalities.
Organometallics 2005, 24 (7), 1390−1393.
(23) Aldrich, K. E.; Billow, B. S.; Staples, R. J.; Odom, A. L.
Phosphine Interactions with High Oxidation State Metals. Polyhedron
2019, 159, 284−297.
(24) Mo, L.; Barr, H. I.; Odom, A. L. Investigation of Phosphine
Donor Properties to Vanadium(V) Nitrides. Results Chem. 2022, 4,
100344.
(25) Leforestier, B.; Gyton, M. R.; Chaplin, A. B. Synthesis and
Group 9 Complexes of Macrocyclic PCP and POCOP Pincer
Ligands. Dalt. Trans. 2020, 49 (7), 2087−2101.
(26) Horrer, G.; Krahfuß, M. J.; Lubitz, K.; Krummenacher, I.;
Braunschweig, H.; Radius, U. N-Heterocyclic Carbene and Cyclic
(Alkyl)(Amino)Carbene Complexes of Titanium(IV) and Titanium-
(III). Eur. J. Inorg. Chem. 2020, 2020 (3), 281−291.
(27) Kubácek, P.; Hoffmann, R. Deformations from Octahedral
Geometry in D4 Transition-Metal Complexes. J. Am. Chem. Soc.
1981, 103 (15), 4320−4332.
(28) Kang, S. K.; Albright, T. A.; Eisenstein, O. The Structure of D0
ML6 Complexes. Inorg. Chem. 1989, 28 (9), 1611−1613.
(29) Watanabe, T.; Fujiwara, S. EPR studies of Ti(III) chelates in
aqueous solution; The nature of chemical bonding and EPR relaxation
mechanism. J. Magn. Reson. 1970, 2, 103−113.
(30) Nava, M.; Reed, C. A. Triethylsilyl Perfluoro-Tetraphenylbo-
rate, [Et3Si+][F20-BPh4-], a Widely Used Nonexistent Compound.
Organometallics 2011, 30 (17), 4798−4800.
(31) Connelly, S. J.; Kaminsky, W.; Heinekey, D. M. Structure and
Solution Reactivity of (Triethylsilylium)Triethylsilane Cations.
Organometallics 2013, 32 (24), 7478−7481.
(32) Gould, C. A.; McClain, K. R.; Yu, J. M.; Groshens, T. J.;
Furche, F.; Harvey, B. G.; Long, J. R. Synthesis and Magnetism of
Neutral, Linear Metallocene Complexes of Terbium(II) and
Dysprosium(II). J. Am. Chem. Soc. 2019, 141 (33), 12967−12973.
(33) Guo, F. S.; Chen, Y. C.; Tong, M. L.; Mansikkamäki, A.;
Layfield, R. A. Uranocenium: Synthesis, Structure, and Chemical
Bonding. Angew. Chem., Int. Ed. 2019, 58 (30), 10163−10167.
(34) Boreen, M. A.; Lussier, D. J.; Skeel, B. A.; Lohrey, T. D.; Watt,
F. A.; Shuh, D. K.; Long, J. R.; Hohloch, S.; Arnold, J. Structural,
Electrochemical, and Magnetic Studies of Bulky Uranium(III) and
Uranium(IV) Metallocenes. Inorg. Chem. 2019, 58 (24), 16629−
16641.
(35) Moerman, A.; Sosa Carrizo, E. D.; Théron, B.; Cattey, H.; Le
Gendre, P.; Fleurat-Lessard, P.; Normand, A. T. Template Synthesis
of NPN′ Pincer-Type Ligands at Titanium Using an Ambiphilic
Phosphide Scaffold. Inorg. Chem. 2022, 61 (19), 7642−7653.
(36) Cabrera, L.; Hollink, E.; Stewart, J. C.; Wei, P.; Stephan, D. W.
Cationic Methyl- and Chlorotitanium Phosphinimide Complexes.
Organometallics 2005, 24 (6), 1091−1098.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.2c00662
Organometallics 2023, 42, 1278−1285

1284

https://doi.org/10.1039/DT9760001020
https://doi.org/10.1039/DT9760001020
https://doi.org/10.1039/DT9760001020
https://doi.org/10.1039/DT9760001020
https://doi.org/10.1039/C7CS00693D
https://doi.org/10.1007/978-3-319-22927-0?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201702019
https://doi.org/10.1002/cctc.201702019
https://doi.org/10.1021/acs.organomet.2c00295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.2c00295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-1134-2
https://doi.org/10.1038/s41586-019-1134-2
https://doi.org/10.1016/j.ccr.2016.06.015
https://doi.org/10.1016/j.ccr.2016.06.015
https://doi.org/10.1016/j.ccr.2016.06.015
https://doi.org/10.1039/c2cc17634c
https://doi.org/10.1039/c2cc17634c
https://doi.org/10.1021/acscatal.8b02869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5QI00262A
https://doi.org/10.1039/C5QI00262A
https://doi.org/10.1016/j.ccr.2016.06.015
https://doi.org/10.1016/j.ccr.2016.06.015
https://doi.org/10.1016/j.ccr.2016.06.015
https://doi.org/10.1039/C8DT02739K
https://doi.org/10.1039/C8DT02739K
https://doi.org/10.1039/C8DT02739K
https://doi.org/10.1039/C7SC05238C
https://doi.org/10.1039/C7SC05238C
https://doi.org/10.1038/nchem.2795
https://doi.org/10.1038/nchem.2795
https://doi.org/10.1038/nchem.2795
https://doi.org/10.1039/D2DT03291K
https://doi.org/10.1039/D2DT03291K
https://doi.org/10.1039/D2DT01389D
https://doi.org/10.1039/D2DT01389D
https://doi.org/10.1039/D2DT01389D
https://doi.org/10.1007/s00706-019-02422-6
https://doi.org/10.1007/s00706-019-02422-6
https://doi.org/10.1021/acs.organomet.9b00651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/bcsj.20220048
https://doi.org/10.1246/bcsj.20220048
https://doi.org/10.1246/bcsj.20220048
https://doi.org/10.1021/om0490583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0490583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.poly.2018.11.027
https://doi.org/10.1016/j.rechem.2022.100344
https://doi.org/10.1016/j.rechem.2022.100344
https://doi.org/10.1039/C9DT04835A
https://doi.org/10.1039/C9DT04835A
https://doi.org/10.1039/C9DT04835A
https://doi.org/10.1002/ejic.201901207
https://doi.org/10.1002/ejic.201901207
https://doi.org/10.1002/ejic.201901207
https://doi.org/10.1021/ja00405a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00405a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00308a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00308a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-2364(70)90061-2
https://doi.org/10.1016/0022-2364(70)90061-2
https://doi.org/10.1016/0022-2364(70)90061-2
https://doi.org/10.1021/om200636u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200636u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400970j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400970j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201903681
https://doi.org/10.1002/anie.201903681
https://doi.org/10.1021/acs.inorgchem.9b02719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b02719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b02719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c00917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c00917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c00917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0492202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(37) Tang, L. Q.; Dadachov, M. S.; Zou, X. D. Crystal Structure of
Dipyr id ine Oxonium Undecaf luorodi t i tanate Hydrate ,
(C5H6N)2(H3O)[Ti2F11] • H2O. Zeitschrift fur Krist. - New Cryst.
Struct. 2001, 216 (1−4), 409−412.
(38) Shlyapnikov, I. M.; Mercier, H. P. A.; Goreshnik, E. A.;
Schrobilgen, G. J.; Mazej, Z. Crystal Structures and Raman Spectra of
Imidazolium Poly[Perfluorotitanate(IV)] Salts Containing the
[TiF6]2-, ([Ti2F9]-)∞, and [Ti2F11]3- and the New [Ti4F20]4- and
[Ti5F23]3- Anions. Inorg. Chem. 2013, 52 (15), 8315−8326.
(39) Davidovich, R. L.; Tkachev, V. V.; Logvinova, V. B.; Kostin, V.
I.; Stavila, V. Crystal Structure of Tetramethylammonium
Fluoridotitanate(IV) with Dimeric Complex Anions of Different
Compositions. J. Struct. Chem. 2014, 55 (5), 923−926.
(40) Shlyapnikov, I. M.; Goreshnik, E. A.; Mazej, Z. Guanidinium
Perfluoridotitanate(IV) Compounds: Structural Determination of an
Oligomeric [Ti6F27]3− Anion, and an Example of a Mixed-Anion Salt
Containing Two Different Fluoridotitanate(IV) Anions. Eur. J. Inorg.
Chem. 2018, 2018 (48), 5246−5257.
(41) Bodner, A.; Jeske, P.; Weyhermüller, T.; Wieghardt, K.; Dubler,
E.; Schmalle, H.; Nuberlc, B. Mono- and Dinuclear Titanium(III)/
Titanium(IV) Complexes with 1,4,7-Trimethyl-1,4,7-Triazacyclono-
nane (L). Crystal Structures of a Compositionally Disordered Green
and a Blue Form of [LTiCl3]. Structures of [LTi(O)(NCS)2],
[LTi(OCH3)Br2](ClO4), and [L2Ti2(O)2F2(μ-F)](PF6). Inorg. Chem.
1992, 31 (18), 3737−3748.
(42) Kurogi, T.; Carroll, P. J.; Mindiola, D. J. A Radical Coupled
Pathway to a Stable and Terminally Bound Titanium Methylidene.
Chem. Commun. 2017, 53 (24), 3412−3414.
(43) Mo, Z.; Shima, T.; Hou, Z. Synthesis and Diverse Trans-
formations of a Dinitrogen Dititanium Hydride Complex Bearing
Rigid Acridane-Based PNP-Pincer Ligands. Angew. Chem., Int. Ed.
2020, 59 (22), 8635−8644.
(44) Stoll, S.; Schweiger, A. EasySpin, a Comprehensive Software
Package for Spectral Simulation and Analysis in EPR. J. Magn. Reson.
2006, 178 (1), 42−55.
(45) Manzer, L. E. Tetrahydrofuran Complexes of Selected Early
Transition Metals. Inorg. Synth. 1982, 21, 135−140.
(46) Jones, N. A.; Liddle, S. T.; Wilson, C.; Arnold, P. L.
Titanium(III) Alkoxy-N-Heterocyclic Carbenes and a Safe, Low-Cost
Route to TiCl3(THF)3. Organometallics 2007, 26 (3), 755−757.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.2c00662
Organometallics 2023, 42, 1278−1285

1285

https://doi.org/10.1524/ncrs.2001.216.14.409
https://doi.org/10.1524/ncrs.2001.216.14.409
https://doi.org/10.1524/ncrs.2001.216.14.409
https://doi.org/10.1021/ic302468j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic302468j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic302468j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic302468j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S0022476614050199
https://doi.org/10.1134/S0022476614050199
https://doi.org/10.1134/S0022476614050199
https://doi.org/10.1002/ejic.201801207
https://doi.org/10.1002/ejic.201801207
https://doi.org/10.1002/ejic.201801207
https://doi.org/10.1002/ejic.201801207
https://doi.org/10.1021/ic00044a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00044a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00044a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00044a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00044a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CC00371D
https://doi.org/10.1039/C7CC00371D
https://doi.org/10.1002/anie.201916171
https://doi.org/10.1002/anie.201916171
https://doi.org/10.1002/anie.201916171
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1021/om060486d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060486d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

