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The mononuclear cyclic (alkyl)(amino)carbene (cAAC) supported
titanium(lll) chloride complex [(cAAC),TiCl;] has been synthesized
by treatment of free cAAC with TiCl3(THF);. Further reduction of
(cAAC),TiCl; with potassium graphite (KCg) afforded the desired
(cAAC),TiCl, complex, which features a small S-T energy gap. Both
complexes were structurally characterized and represent the first
cAAC supported Ti complexes.

Titanium complexes are widely used as catalysts in organic
synthesis such as McMurry coupling and Kulinkovich
cyclopropanation reactions.!!l While the chemistry of titanium
is dominated by the +4 and +3 oxidation states, the low-valent
titanium species are of significance to mechanistic studies, since
they are often considered as key intermediates in catalytic
cycles.2l The general synthetic approach to low-valent Ti
species is chemical reduction of their high valent titanium
precursors.3! Nevertheless, isolable low-valent complexes are
rare, and well-defined Ti" (3d?) complexes remain scarce and
less studied. Only a handful of reports on L,TiCl, complexes
were reported and L are limited to amine and pyridine ligands.!
In recent years, various cyclic (alkyl)(amino)carbenes (cAACs)
have been successfully synthesized. Thanks to their strong o-
donating and m-accepting character, they have been widely
applied as supporting ligands for stabilizing highly reactive main
group species as well as low-valent late transition metal (TM =
Au, Cu, Co, Fe, Ni, Mn and Zn) complexes.5! Notably, this
strategy has been far less utilized to stabilize low-valent early
transition metal centers. There are numerous group 4 transition
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metal complexes (in various oxidation states) that contain NHC
ligands.!®! Very recently, Deng and co-workers have synthesized
and structurally characterized the low-valent and low-
coordinate (cAAC),Hf"X, (X = ClI, CH,Ph) species as the first
examples of group IV transition metal complexes supported by
cAAC ligands. Furthermore, the Hf(ll) cAAC complexes have
turned out to be diamagnetic with closed-shell ground states.!”]
Given the fact that the first transition-series elements of a given
group show considerably different chemical properties from
their heavy congeners and based on our previous work, 8 we
were motivated to synthesize and investigate Ti(ll) examples.
Herein, we report the synthesis and characterization of a four-
coordinate titanium(ll) bis(cAAC) complex, which represents
the first example of a cAAC stabilized, formally Ti(ll) species.
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Scheme. 1 Synthesis of 1a and 2a.

The (cAAC),Ti(lll)Clz complex 1a was prepared as a purple
crystalline solid in high isolated yield (90%) from the reaction of
readily available TiCl3(THF)3!®! with 2 equivalents of cAAC ligand
in THF (Scheme. 1). An immediate color change from blue to
purple was observed and large crops of purple crystals were
obtained upon slow evaporation of a Et,0 solution of the crude
product at —-30 °C. Notably, complex 1a is sensitive to air and
moisture. Due to its paramagnetism, *H NMR spectrum showed
broad peaks that cannot be assigned. Complex 1a has been
characterized by EPR spectroscopy, elemental analysis, and X-
ray single-crystal structural analysis. The EPR spectrum (Fig. S1
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in SlI) of a toluene solution of 1a at room temperature display an
isotropic signal centered at a g value of 1.97, suggesting that the
unpaired elecrtron is primarily metal-centered, but more
distributed on the cAAC ligands than in (IPr),TiCls (g = 1.91; IPr
= 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene).10!

Fig. 1 Molecular structures of complex 1a (top) and 2a (bottom) in the solid
state (ellipsoids set at 50% probability). Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (°) for 1a: Til-C1 2.298(2),
Til-C2 2.301(2), Til-Cl1 2.3611(6), Til-Cl2 2.3488(6), Til-CI3 2.2342(6),
C1-N1 1.318(3), C2-N2 1.316(3); C1-Til-C2 147.35(7), Cl1-Til-Cl2
149.47(3); for 2a: Til-C1 2.095(3), Ti1l-C2 2.122(2), Ti1-Cl1 2.2647(8), Ti1-CI2
2.2854(8), C1-N1 1.372(3), C2-N2 1.353(3); C1-Til-C2 105.60(9),
Cl1-Ti1-Cl2 116.75(3).

The molecular structure of 1a is shown in Fig. 1 (top). The
geometry around the titanium center can be regarded as a
strongly distorted trigonal bipyramid with the two cAAC ligands
in the axial positions and three chlorides in equatorial positions.
However, in sharp contrast to the Ti'"' bis(NHC) complex
(IPr),TiCl; that features a nearly linear axis (176.3(2)°),[19 the
axial angle of 147.35(7)° in 1a greatly deviates from the ideal
180°. Correspondingly, two equatorial Cl atoms (Cl1, Cl2) scissor
out (120°->147.35(7)°), forming together with C1 and C2 atoms
a square, and thus leading to an overall geometry of a square-
based pyramid with CI3 atom as the pivot ligand. DFT calculation
suggested that the distortion is determined by electronic factor
(Table S5 and Fig. $10). The Ti—C(cAAC) bond lengths (2.298(2)A,
2.301(2)A) are somewhat shorter than those in the (IPr),Ti"'Cl;
complex [2.336(4) A (av.)],1*9 which is attributed to the stronger
o-donating and m-accepting character of cAACs versus NHCs,
but are remarkably longer than the Ti—C o-bonds in previously
reported titanium alkyl complexes (210-220 pm)..8l The
N-C(cAAC) bond lengths (1.318(3)A, 1.316(3)A) are within the
range of those for the free cAAC ligand (1.315(3) A).[1U

Reduction of (cAAC),TiCl; (1a) with an equimolar amount of
potassium graphite (KCg) in toluene at room temperature
afforded the desired product (cAAC),TiCl, (2a) as dark black
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crystalline solids in acceptable yield (35%). Complex 2a was fully
characterized by multinuclear NMR spectroscopy, elemental
analysis, and single-crystal X-ray diffraction analysis (Fig. 1,
bottom). The low-valent Ti complex 2a is extremely air and
moisture sensitive, but stable as a solid under nitrogen
atmosphere for 2 weeks without noticeable decomposition.

The single crystal structure of complex 2a displayed a
distorted tetrahedral geometry around the Ti center. The Ti—
C(cAAC) bond lengths (2.095(3)A, 2.122(2)A) are significantly
shorter in comparison to those in the (cAAC),TiCl; precursor.
Furthermore, the N-C(cAAC) bond lengths (1.372(3)A,
1.353(3)A) are elongated with respect to that of the free cAAC
ligand (1.315(3) A).11 These structural features indicate
delocalization of the two d electrons derived from the Ti center
within the N1-C1-Til-C2-N2 skeleton via w interactions.
Furthermore, the C(cAAC)-Ti—C(cAAC) angle of 105.60(9) is
more acute than that in the (cAAC),HfCl, congener
(113.81(4)°).1
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Fig. 2 Reversible temperature dependent change on *H NMR spectra of 2a
from 0 °C via 25 °C to 50 °C and back to 25°C.
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Fig. 3 Variable temperature 400 MHz *H NMR spectra of 2a in tol-dg from -60
°C to 50 °C with noticeable chemical shifts change at ~0.78 ppm (marked with
*)'

In contrast to the recently reported Hf(ll) bis(cAAC) complex,
the 'H NMR spectrum of complex 2a at ambient temperature
(25°C) showed broad signals that are poorly resolved. The
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broadening of resonances suggests partial thermal population
of a triplet state that is slightly higher in energy than the
diamagnetic singlet ground state. This assumption was
confirmed by variable temperature 400 MHz *H NMR spectra,
which showed strongly temperature dependent and fully
reversible spectroscopic behavior. The spectra displayed very
broad and unresolved signals at higher temperatures, and
sharpening of resonances upon cooling the sample. The 'H NMR
spectrum at 0 °C is nearly identical with the diamagnetic
(cAAC),HfCLL,"! and remains unchanged at lower temperatures
(Fig. 2). Furthermore, the singlet—triplet equilibrium that gives
rise to the paramagnetism was quantified from VT-'H NMR of
2a according to the literature,*2l which allows a determination
of the singlet-triplet energy gap (AErs). Noting that the singlet
signal at 0.78 ppm clearly shifts over the range of -60 °C to 50
°oC, fitting of the chemical shift vs temperature data gave a small
energy difference between the two states for CAAC,TiCl, of 0.52
kcal/mol (Fig. 3, see Sl for more fitting details).

To gain in-depth insight into the electronic structure of
complex 2a, DFT calculations were performed by optimizing the
structure of compound 2a in both singlet and triplet states and
comparing their relative stabilities. A singlet biradical state has
been located as the electronic ground state, slightly below a
low-lying triplet state by 0.47 kcal/mol. This result is in good
agreement with the experimentally determined value (0.52
kcal/mol). In addition, the singlet biradical state also has a
shorter Ti-C(cAAC) distance that better agrees with the crystal
structure.

To investigate the spin crossover behavior of complex 2a, we
further calculated the relative free energies between the singlet
biradical state and triplet state of complex 2a at various
temperatures (Table S4 and Fig. S9). The results show that at
zero Kelvin, the Gibbs free energy of the singlet biradical state
is still 0.30 kcal/mol lower than that of the triplet state,
consistent with the experimental fact that the Ti(ll) complex is
found to be diamagnetic at low temperature. On the other hand,
the Gibbs free energy gap of the triplet state relative to the
singlet biradical state keeps decreasing when the temperature
is raised, in agreement with the experimentally observed spin
crossover. According to the calculation results, the theoretically
predicted spin crossover occurs at around 70 K. Clearly, this
theoretically predicted spin crossover temperature is far below
the experimentally observed value (Fig. 3). As we will see later,
the stability of the triplet state at high temperature is purely a
result of entropic stabilization. We know that computationally
a very accurate evaluation of the entropic contribution is not
possible. However, our computational results qualitatively
agree with the experimental finding that the triplet state is
favored at high temperature.

To achieve a deeper understanding of the observed spin
crossover, a Spin Natural Orbital (SNO) analysis has been
performed on the two calculated electronic states of the Ti(ll)
complex. In the singlet biradical state, SNO analysis shows that
the unpaired electrons are localized on the two cAAC carbon
atoms, one with excess alpha spin density and the other one
with excess beta spin density, both partially delocalized to the
Ti center, as shown in Fig. 4(a). In the triplet state, the two
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unpaired electrons are both localized on the Ti atom as shown
in Fig. 4(b). It can be clearly seen that the Ti center has utilized
two Ti 3d orbitals for Ti-C(cAAC) m-bonding in the singlet
biradical state, each bonded with one NHC ligand, while only
one 3d orbital is involved in a delocalized C(cAAC)-Ti-C(cAAC) Tt-
bonding in the triplet state. This will lead to a stronger Ti-
C(cAAC) bond as well as a larger force constant for the Ti-
C(cAAC) bond vibration in the singlet biradical state than in the
triplet state, as indicated by the different Ti-C(cAAC) bond
distances (Fig. 5), which may explain why the singlet biradical
state is electronically favored but entropically disfavored
compared to the triplet state. In addition, a smaller C(cAAC)-Ti-
C(cAAC) bond angle is found for the singlet biradical state (Fig.
5), which may lead to more constrained molecular bending and
may also contribute to the higher free energy of the singlet
biradical state at higher temperature.

Fig. 4. Spin Natural Orbitals (SNO) calculated for the Ti(ll) complex at (a)
singlet biradical state, and (b) triplet state.

Fig. 5 Lewis structure of the complex 2a with selected structural parameters
labeled. C, S, and T stand for experimental crystal structure, calculated singlet
biradical, and calculated triplet, respectively.

In summary, we have synthesized and characterized the first
mononuclear  cyclic (alkyl)(amino) carbene-supported
titanium(ll) complex. Variable temperature *H NMR spectra
reveal a small energy gap of 0.52 kcal/mol between the singlet
ground state and the triplet state, which was further confirmed
by DFT calculations. According to the computational results, the
singlet biradical state is the ground state and is electronically
favored, but entropically disfavored when compared to the
triplet state. Further reaction chemistry of cAAC-supported low-
valent titanium complexes is in progress in our laboratory.
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