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Synopsis:

Dimeric [{Ti(n®-CsMes)Cl(u-Cl)}2] and trimeric [{Ti(n®-CsMes)(u-Cl)2}s] aggregates have
been structurally characterized. CASPT2//CASSCF and BS DFT calculations support the
singlet character of the dimer and a relatively large singlet-triplet energy gap. However, in
hydrocarbon solutions, the dimer could establish an equilibrium with a paramagnetic

tetramer [{Ti(n>-CsMes)(u-Cl)2}4] according to NMR and computational studies.




Abstract:

Following the track of the useful titanocene [Ti(n®-CsHs)2Cl] reagent in organic synthesis,
the related half-sandwich titanium(l11) derivatives [Ti(n>-CsRs)Cl.] are receiving increasing
attention in radical chemistry of many catalyzed transformations. However, the structure of
the active titanium(l11) species remains unknown in the literature. Herein, we describe the
synthesis, crystal structure, and electronic structure of titanium(lll) aggregates of
composition [{Ti(n>-CsMes)Clz}n]. The thermolysis of [Ti(n°>-CsMes)Cl.Me] (1) in
benzene or hexane at 180 °C results in the clean formation of [{Ti(n>-CsMes)Cl(u-Cl)}2]
(2), methane and ethene. The treatment of 1 with excess pinacolborane in hexane at 65 °C
leads to a mixture of 2 and the paramagnetic trimer [{Ti(n®-CsMes)(u-Cl)2}3] (3). The X-
ray crystal structures of compounds 2 and 3 show Ti-Ti distances of 3.267(1) and
3.219(12) A, respectively. Computational studies (CASPT2//CASSCF and BS DFT
methods) for dimer 2 reveal a singlet ground state and a relatively large singlet-triplet
energy gap. Nuclear magnetic resonance (NMR) spectroscopy of 2 in aromatic hydrocarbon
solutions and DFT calculations for several [{Ti(n°>-CsMes)Cl,}n] aggregates are consistent
with the existence of an equilibrium between the diamagnetic dimer [{Ti(n*-CsMes)Cl(u-
CD}.] and a paramagnetic tetramer [{Ti(n>-CsMes)(u-Cl)2}4] in solution. In contrast,
complex 2 readily dissolves in tetrahydrofuran to give a green-blue solution from which

blue crystals of the mononuclear adduct [Ti(n>-CsMes)Clo(thf)] (4) were grown.



Introduction

Low-valent titanium complexes are important reagents because of their powerful
reducing properties toward organic substrates and their participation in small-molecule
activations. In particular, bis(cyclopentadienyl)titanium(l11) chloride [Ti(n®-CsHs)2Cl]
(Nugent—RajanBabu reagent) has become increasingly popular over the last decades for
promoting a broad range of organic synthetic transformations.>? The solid—state structure
and magnetic properties of bis(cyclopentadienyl)titanium(l11) chlorides of general formula
[Ti(n°-CsHs.nRn)2Cl] are strongly influenced by the substituents on the cyclopentadienyl
rings. Thus, derivatives with large R substituents on the carbon atoms of the Cs ring are
monomeric,® while those with small R substituents are chloride-bridged dimers [{Ti(n°-
CsHs-nRn)2(u-CI)}2] according to X-ray crystal structure determinations.* The monomeric
species exhibit magnetic properties according to one unpaired electron per complex, but
dinuclear derivatives have some degree of antiferromagnetic coupling between the two
metal centers. In solution, both monomeric [Ti(n°-CsHs.nRn)2Cl] and dimeric [{Ti(n°-CsHs.
nRn)2(u-Cl)}2] derivatives are in equilibrium through a half-open dimeric intermediate
[{CI(m°-CsHs.nRn)2Ti}(u-CH{Ti(n>-CsHs.nRn)2}], which appears to be the most reactive
species for titanocene-mediated epoxide ring opening.®

By comparison, the use of monocyclopentadienyltitanium(lll) halides [Ti(n?®-
CsRs)X2] in organic synthesis has remained almost unexplored, although these derivatives
have been known for decades.® Nevertheless, half-sandwich titanium(lll) species are
receiving increasing attention as catalyst in organic synthesis.” In particular, [Ti(n®-
CsMes)Cl2] have been recently proposed as the active species in several radical processes
although the aggregated structure of this compound remains unknown in the literature.’
Historically, the first member of the halide series, [Ti(n°>-CsHs)Cl2], was prepared
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accidentally by Bartlett in 1961,8 but the systematic studies on the syntheses and properties
of these derivatives were carried out by Coutts and Wailes a few years later.® The dihalide
complexes were prepared by reduction of the appropriate cyclopentadienyltitanium(1V)
trihalide with zinc in tetrahydrofuran and subsequent pyrolysis under high vacuum.
Magnetic susceptibility measurements of [Ti(n°>-CsHs)Xz] (X = Cl, Br) in the 100-300 K
temperature range show Curie-Weiss behavior indicating some kind of association. The
degree of association is unknown but dinuclear structures with two or four halide bridges
have been proposed.® Several reduced titanium species including [Ti(n®-CsHs)Cl2] were
also prepared by treatment of [Ti(n®-CsHs)Cls] with LisN in tetranydrofuran.®

The analogous pentamethylcyclopentadienyl [Ti(n°-CsMes)Clo(thf)] and [Ti(n®°-
CsMes)Cl,] derivatives have been also prepared by conventional reduction methods of the
trichloride derivative [Ti(n°-CsMes)Cls]. Thus, those compounds were initially isolated by
Teuben and co-workers from the reaction with zinc in tetrahydrofuran, but they were only
characterized by combustion analysis.!! Later, Baird reported a more convenient synthesis
for the dichloride complexes by reduction with manganese powder in thf.? In that study,
the compounds were characterized by spectroscopic methods (UV, *H NMR and EPR) and
were used as catalysts for the polymerization of styrene. In 2014, Mashima successfully
used 1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene derivatives as salt-free reductants
for generating a variety of low-valent early transition metal derivatives, including [Ti(n®-
CsMes)Cl2] and [Ti(n>-CsMes)Clz(thf)].23 The crystal structure of the latter tetrahydrofuran
adduct has been recently reported by Beckhaus, who obtained the crystals by reaction of
[Ti(n°-CsMes)Cls] with potassium diphenylphosphide in tetrahydrofuran.4

As part of a program devoted to the study of monopentamethylcyclopentadienyl

titanium derivatives, we have reported that the trimethyl derivative [Ti(n°-CsMes)Mes] in



toluene at > 95 °C gives the titanium(IV) methylidyne cubane [{Ti(n>-CsMes)(u3-CH)}4]
and methane.™® Herein, we describe that the thermolysis of the analogous monomethyl
derivative [Ti(n®-CsMes)Cl2Me] in hydrocarbon solvents results in the clean formation of
the titanium(lll) dinuclear derivative [{Ti(n°>-CsMes)Cl(u-Cl)}2] via elimination of
methane and ethene. This salt-free route provides the dichloride complex in good yield and
high purity, enabling us to undertake a detailed study of this poor-characterized
titanium(111) species. The crystal structure and electronic structure of this compound and its

interesting behavior in solution are discussed.



Results and Discussion

Synthesis and characterization of [Ti(n®>-CsMes)Cl2] complexes. The treatment of
[Ti(n°-CsMes)Cls] with 1 equiv of trimethylaluminum [AlMes] (2 M in toluene) in hexane
at 0 °C afforded the monomethyltitanium(1V) derivative [Ti(n>-CsMes)Cl.Me] (1).1® After
crystallization in hexane at —30 °C, complex 1 was isolated in good yield (60%) as orange
crystals suitable for X-ray diffraction studies. The molecular structure shows the classical
three-legged piano-stool arrangement for monocyclopentadienyltitanium(1V) derivatives
(Figure S1 and Table S2 in the Supporting Information). The titanium—chlorine and
titanium—carbon(methyl) bond lengths (2.254(1) and 2.097(2) A, respectively) are
unremarkable, and compare well with those found in the analogous complexes [Ti(n?’-
CsMes)Cls] (av. Ti—Cl = 2.246(1) A)Y and [Ti(n°-CsMes)Mes] (av. Ti—C(methyl) =
2.107(5) A).18

Compound 1 is stable at room temperature in the solid-state and in solution under
argon atmosphere. The thermal stability of 1 in benzene-ds was monitored by NMR
spectroscopy in a flame-sealed NMR tube. At temperatures higher than 75 °C, the initial
orange solution turned dark, and a new set of resonances was detected in the 'H NMR
spectrum. The complete consumption of 1 was observed after heating at 180 °C for 2 days.
After that time, the spectrum at room temperature showed a broad resonance at 6 = 6.88
(Avi2 = 24 Hz) and a sharp resonance signal at 5 = 2.09 (vide infra), along with resonances
assigned to methane and ethene (Scheme 1, see Figure S3 in the Supporting Information).
The composition of this solution did not show any change after 24 h at room temperature
according to *H NMR spectroscopy, but green crystals precipitated at the bottom of the

tube.
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Scheme 1. Synthesis of titanium(I11) complexes 2 and 3.

In a preparative scale reaction, the heating of 1 in hexane at 180 °C for 2 days
afforded the precipitation of green-red crystals of the titanium(Ill) complex [{Ti(n®-
CsMes)Cl(u-Ch}2] (2) in 90% yield. Compound 2 is highly air-sensitive in both the solid
state and in solution, and quickly decomposes in air to give a mixture of products where
[Ti(n°-CsMes)Cls] and the dinuclear oxoderivative [{Ti(n°>-CsMes)Cl2}2(u-0)]*° were
identified by NMR spectroscopy. Complex 2 also reacts immediately with chloroform-d; to
give a red solution of the trichlorotitanium(1V) derivative [Ti(n°>-CsMes)Cls]. Similarly,
addition of the stable nitroxyl radical TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) to a
solution of 2 in benzene-des readily provides a red solution of the titanium(lV) complex
[Ti(n°-CsMes)Cl.(TEMPO)], as determined by *H and *C{*H} NMR spectroscopy.?
Nevertheless, complex 2 can be manipulated under argon atmosphere and was
characterized by spectroscopic and analytical methods, as well as by an X-ray crystal
structure determination. Compound 2 sublimes at 180 °C under dynamic vacuum (ca. 0.1
mmHg). Accordingly, the mass spectrum (EI, 70 eV) of 2 shows the expected molecular

ion for a dimeric structure in the gas-phase, although the base peak of the spectrum
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corresponds to the [Ti(n°-CsMes)Cl2]* monomeric fragment. The X-ray crystal structure of
2 shows a dimer with two [Ti(n°>-CsMes)CI] moieties held together by two bridging
chloride ligands (Figure 1). The central Ti2(u-Cl)2 core is almost planar [torsion angle
Ti(1)-CI(3)-Ti(2)-Cl(4) = 0.97(4)°] and the n°>-CsMes ligands are arranged in a transoid
fashion about that core. Each titanium atom exhibits a three-legged piano-stool geometry
with one terminal chloride and two bridging chloride ligands at the legs. The titanium-—
chlorine bond lengths of the terminal ligands (av. 2.274(1) A) are similar to those found in
complex 1, and are clearly shorter than those associated with the bridging ligands (av.
2.392(4) A). The Tiz(u-Cl)2 core shows CI-Ti—Cl angles of av. 93.9(1)° while the Ti—CI-Ti

angles (av. 86.1(1)°) are narrower.

C20 c15

C16 c11 é i\/ C14 @C‘IS

Figure 1. Perspective view of 2 with thermal ellipsoids at the 50% probability level.
Hydrogen atoms are omitted for clarity. Selected averaged lengths (A) and
angles (deg) Ti-Ti 3266(1), Ti—Clterminal 2274(1), Ti—CIbridging 2392(4),

C|bridging—Ti—Clbridging 93.9(1), Ti—Clbridging—Ti 86.1(1).



The titanium—titanium distance in 2 of 3.266(1) A is slightly shorter than those found
in the analogous monocyclopentadienyltitanium(111) complexes [{Ti(n>-CsMesPh)CI(u-
Ch}] (3.335(1) A)2 [{Ti(m3-Cs(CH2Ph)s)CI(U-CD}2] (3.374(2) A)? and [{Ti(n®-
CsMes)(BH4)(u-Cl)}2] (3.452(1) A),?2 and significantly shorter than those determined in
several bis(cyclopentadienyl)titanium(111) derivatives [{Ti(n°-CsHs-nRn)2(U-C)}2] (3.912-
4.017 A).* While the former titanium dichloride complexes were described as diamagnetic
according to NMR and EPR spectroscopies in solution,?* [{Ti(n>-CsMes)(BH4)(u-Cl)}]
has some paramagnetic character according to the broadened signal observed in its ‘H
NMR spectrum,??> and the bis(cyclopentadienyl)titanium(lIl) chloride derivatives are
paramagnetic compounds with an antiferromagnetic behavior which has been studied in
detail in the solid-state. 3902324

Compound 2 was also prepared by reaction of [Ti(n*-CsMes)Cls] with LisN (3:1
molar ratio) or magnesium metal (2:1 molar ratio) in tetrahydrofuran and subsequent
removal of the solvent under reduced pressure. However, those procedures afforded the
compound contaminated by substantial amounts of the oxoderivative [{Ti(n?®-
CsMes)Cla}2(u-0)], which shows a similar solubility in organic solvents. Noteworthy, the
treatment of 1 with pinacolborane (HBpin) in hydrocarbon solvents led to a mixture of the
dimer 2 and the trimer [{Ti(n°-CsMes)(u-Cl)2}s] (3) along with volatile by-products
(Scheme 1). The reaction course of 1 with one equivalent of HBpin in benzene-de was
monitored by *H NMR spectroscopy. The spectra revealed a very slow reaction at room
temperature and only after heating at 65 °C for 24 h, complete consumption of 1 was
observed. The spectrum of the resultant solution shows the two resonance signals
mentioned above for 2, one broad resonance at 6 = 8.40 (Avi = 156 Hz) assignable to 3,

and two singlet resonances at § = 0.42 (BMe) and 1.06 (CMe) for MeBpin.? It appears that
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the reaction produces a [Ti(n°-CsMes)Cl,H] hydride species that subsequently could release
hydrogen with formation of the [{Ti(n°-CsMes)Cl,}4] titanium(111) aggregates.?® While the
resonance signal for Hz (3 = 4.46) was not detected, the spectrum reveals those for methane
and HBpin which could be consistent with partial hydrogenolysis of the MeBpin by-
product. However, when the argon atmosphere of the NMR tube was changed by hydrogen
and the tube heated at 65 °C, consumption of MeBpin was not observed. Alternatively,
hydrogenolysis of part of the [Ti(n°-CsMes)Cl-Me] (1) precursor, with the Hz generated in
the reaction with HBpin, could result in [{Ti(n°-CsMes)Cl}n] compounds and CHa.
Indeed, in a NMR tube experiment, exposure of a benzene-ds solution of 1 to 1 atm of
hydrogen at 65 °C cleanly gave the resonances due to CHs and compound 2 in solution.
Accordingly, a toluene solution of 1 under a hydrogen atmosphere at 110 °C for 3 days
afforded complex 2 in 85% isolated yield (Scheme 1).

Optimization of the reaction to form compound 3 in high ratio revealed that the
treatment of 1 with excess HBpin (5 equiv) at 65 °C in hexane for 7 days gave a brown
solid containing a 70:30 mixture of compounds 3 and 2 by *H NMR spectroscopy.
Compounds 2 and 3 exhibit a similar solubility in hydrocarbon solvents but crystallization
in toluene at —35 °C gave a very small fraction of pure 3 as brown crystals, which were
used for spectroscopic characterization and an X-ray crystal structure determination. The
mass spectrum (El, 70 eV) of 3 shows the expected molecular ion for a trimeric structure in
the gas-phase, although the base peak of the spectrum corresponds to the [M-Ti(n?’-
CsMes)Cls]* fragment. The *H NMR spectrum of trimer 3 in benzene-ds revealed a single
broad resonance at & = 8.39 (Aviz = 208 Hz) for the n°-CsMes ligands according to its

paramagnetic nature. Compound 3 is stable in benzene-ds solution at room temperature but
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readily converts into complex 2 at temperatures higher than 70 °C as determined by NMR
spectroscopy.

The molecular structure of 3 reveals a trimer with three [Ti(n°-CsMes)] moieties held
together by six bridging chloride ligands (Figure 2). Each titanium atom exhibits a four-
legged piano-stool geometry with four bridging chloride ligands at the legs. Thus, the
titanium—chlorine bond lengths of averaged 2.443(9) A in compound 3 are slightly longer
than those found with the bridging ligands in complex 2. The Ti2(u-Cl)2 cores show CI-Ti—
Cl angles of 84.5(1)° and Ti—CI-Ti angles of 82.4(3)° which are narrower than those of
complex 2. The titanium—titanium distance in 3 of 3.219(1) A is slightly shorter than that
found in the dimer 2. Analogous cyclic trinuclear structures have been structurally
documented for complexes [{Zr(n°-1,2,4-(tBu)sCsH2)(u-Cl)2}s]%” and [{V(n°-CsMesR)(p-

Cl)2}e] (R = Me, Et).2

C13

C15

cn

Figure 2. Perspective view of 3 with thermal ellipsoids at the 50% probability level.
Methyl groups of the pentamethylcyclopentadienyl ligands are omitted for
clarity. Selected averaged lengths (A) and angles (deg): Ti—Ti 3.219(12), Ti—Cl

2.443(9), Ti-CI-Ti 82.4(3).
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Computational Study of [{Ti(n®>-CsMes)Cl(n-Cl)}2]. Theoretical calculations were
conducted to establish the electronic structure and magnetic properties of the dinuclear
complex 2 whose structure is shown in Figure 1. Gordon and co-workers have previously
reported ab initio calculations for several homodinuclear titanium(lll) molecules with
bridging ligands?® showing the multiconfigurational nature of the wavefunction for these
species. Thus, in the current work, the first singlet and triplet states of complex 2 have been
optimized using the complete active space self-consistent field (CASSCF) method.*® An
active space of 2 electrons in 3 orbitals was selected after benchmark (Table S8). Regarding
to the singlet ground state, mainly two configurations describe this electronic state. For the
first configuration the HOMO orbital is doubly occupied whereas for the second one the
LUMO orbital is doubly occupied (Figure 3). Both configurations have a similar weight
leading to an orbital occupation of the HOMO and LUMO orbitals of 1.06 and 0.94,
respectively. In contrast to the singlet state, the triplet state is described by a single-
configuration which corresponds to the monoexcitation from the HOMO to the LUMO

orbital (Figure 3), leading to an occupation of 1.00 for each orbital.

LUMO

Figure 3. HOMO and LUMO involved in the singlet and triplet states of 2 computed at
the CASSCF(2,3)/TZVP level.

The titanium—titanium distance of the optimized singlet ground state minimum is

3.792 A, about 0.5 A longer than that determined in the X-ray structure shown in Figure 1.

Furthermore, this distance is even longer (3.810 A) in the optimized first triplet state
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minimum. In order to understand the failure to reproduce the intermetallic distance in the
optimized structure of 2, a scan along the Ti—Ti distance coordinate was performed at the
CASSCF(2,3)/ITZVP level of theory for both the singlet and the triplet state. Then, single
point energy corrections have been performed at the Multi-State Complete Active Space
Perturbation to the Second Order over geometries optimized at the CASSCF level (MS-

CASPT2//SA-CASSCF methodology).3*3! The results obtained are collected in Figure 4.

16 4 [
14+ —e—singPT2 /
® —e— tripPT2

J N\ /

Relative Energy (kcal/mol)
-\

T T T T T
2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

Ti-Ti distance (Angstrom)

Figure 4. CASPT2//CASSCF energy corrections in the singlet and triplet states of 2 over
the geometries optimized at the CASSCF level along the Ti-Ti distance.

Both the singlet and the triplet minima are slightly shifted to shorter Ti-Ti distance
values when the electron dynamic correlation is considered, that is at the
CASPT2//CASSCF level of theory (see Figure 4 and Table S9 in the Supporting
Information). Regarding to the singlet state, the minimum is located at a titanium—titanium
distance of around 3.4 A, closer to the experimental distance experimentally measured of
3.266(1) A (vide supra), than the distance found optimizing at the CASSCF level.
Similarly, the Ti—Ti distance of the triplet state minimum at the CASPT2//CASSCF level is

shifted up to 3.6 A (see Figure 4).
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As it can be seen in Figure 4, at the CASPT2//CASSCEF level of theory, the singlet
state is ca. 3 kcal/mol more stable than the triplet state. Likewise, the singlet-triplet energy
gap is around 4 and 6 kcal/mol at the ground state minimum and at the experimental Ti-Ti
distance of 3.27 A, respectively. Noteworthy, the Ti—Ti distance can be shortened up to 2.8
A with less than 1 kcal/mol for the singlet state whereas for the triplet state this structural
deformation is energetically more demanding (~10 kcal/mol).

As aforementioned, the singlet ground state is described mainly by two
configurations: the doubly-occupied HOMO and the double-occupied LUMO. In this
regard, we have also analyzed how the weight of each configuration varies along the Ti-Ti
distance coordinate. As expected, the shorter the distance is, the larger is the weight of the
double-occupied HOMO configuration (see Table S10). This finding is in line with the
larger bonding character of the HOMO orbital for the structure with the shortest Ti-—Ti

distance computed (Figure 5).

B)

TiTi37A wd 7 TiTi33A =
Ti-CI-Ti 96.6 deg Ti-CI-Ti 82.9 deg
CI-Ti-C1 83.4 deg CI-Ti-C1 97.1 deg

TiTi29A ~of
Ti-CI-Ti 73.6 deg
CI-Ti-Cl 106.4 deg

Figure 5. HOMO orbitals for 2 with Ti-Ti distances of A) 3.7, B) 3.3 and C) 2.9 A.
Broken symmetry (BS) DFT was also used to model the multiconfigurational
character of the singlet ground state of complex 2. Single point energy calculations on the
crystallographically determined atomic coordinates revealed a 3.3 kcal/mol energy

difference between the singlet ground state and a triplet excited state. The closed-shell
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singlet state is located at 16.0 kcal/mol above in energy that the open-shell singlet BS
solution describing the ground state. Moreover, the same qualitative behavior was observed
when calculations were performed on optimized geometries (see Sl). Independently of the
structure used in the BS DFT calculation, quite strong antiferromagnetic interaction
between the metal centers was obtained as reflected by the large computed values of the
coupling constant J of —1041, 507 or —310 cm™ when using the X-ray or DFT optimized
structures (see Table S7). These values can be compared with that calculated for a
diamagnetic dititanium(l11) paddlewheel complex reported by the Cummins and Cotton
groups (J = —1266 cm™),32 and are larger than those found in related titanocene halide
complexes [{Ti(n>-CsHaR)2(u-X)}2] (X=CI,R=H,J=-111cm™?; X=Cl, R=Me, J=—
160 cm™; X = Br, R = H, J = -138 cm™).* BS DFT calculations are in good agreement
with CASPT2//CASSCF data presented above, supporting the singlet character of 2 and the

relatively high singlet-triplet energy gap.

Solution NMR spectroscopy of [{Ti(n®-CsMes)Cl(u-Cl)}2]. The characterization of 2 by
NMR spectroscopy in solution presents a puzzle and our results differ considerably from
those reported previously by Baird and co-workers.!? In that literature reference, the *H
NMR spectra in toluene-ds and chlorobenzene-ds showed broad resonances for the n°-
CsMes ligands at 6 = 2.10 and 2.30 (Avi2 = 40-80 Hz), respectively. However, a
crystallized sample of complex 2 dissolved in benzene-ds and the *H NMR spectrum at
room temperature of the resultant brown solution (0.02 M) showed one broad resonance at
6 = 6.88 (Avi2 = 24 Hz) and one sharp resonance signal at 6 = 2.09 in a 40:60 intensity
ratio.3® The *C NMR spectrum at room temperature reveals two broad resonance signals at

& =89.9 (m) and 48.2 (q, 1J(C,H) = 122 Hz) and two sharp resonance signals at § = 136.5
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(m) and 14.6 (g, 1J(C,H) = 127 Hz). The chemical shifts of the sharp resonances are in the
typical range for m°-pentamethylcyclopentadienyl ligands of diamagnetic titanium(IV)
compounds (e.g., [Ti(n>-CsMes)Cls] shows 8n = 1.87 and ¢ = 137.4 and 14.0 in CsDg). In
contrast, the broad resonance at = 6.88 (Aviz = 24 Hz) found in the *H NMR spectrum of
2 resembles the resonance signal (5 = 2.58, Avi,, = 35 Hz) reported for the dimeric [{Ti(n°-
CsMes)(BH4)(u-CD3}2] in benzene-ds solution.? The quite strong antiferromagnetic
interaction between the metal centers computed for complex 2 (see above) accounts for the
signal at & = 2.09 found in the room temperature *H NMR spectrum of the complex.
However, the magnetic moment measurement for a 0.01 M solution of 2 in benzene-ds at
ambient temperature by the Evans Method®* gave perr = 1.37 ug per dimer [{Ti(n®-
CsMes)Cl(u-CD)}2].% This effective magnetic moment in solution at 295 K is significantly
larger than that expected for the dinuclear structure and also indicates the presence of some
additional paramagnetic species in solution.

Interestingly, the intensity ratio of the two resonance signals of the *H NMR spectrum
of 2 in solution is concentration and temperature dependent. Thus, a 0.02 M solution of 2 in
benzene-ds at room temperature showed a 40:60 intensity ratio, a 0.01 M solution revealed
a 33:67 ratio, and a 0.005 M solution displayed a 27:73 ratio between the broad resonance
at 6.88 ppm and the sharp resonance at 2.09 ppm. In addition, the spectrum of a 0.02 M
brown solution of 2 in toluene-ds at 22 °C reveals one broad resonance at & = 6.89 (Avi, =
25 Hz) and one sharp resonance signal at & = 2.11 in a 40:60 integration ratio. Upon heating
the toluene-dg solution at 80 °C, the spectrum showed the broad resonance centered at 6 =
6.20 and the resonance signal at 6 = 2.30 in a 4:96 ratio. The original ratio and chemical

shifts are restored on cooling the sample to room temperature.
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These variations of relative intensity of the signals with temperature and
concentration are consistent with a slow equilibrium in solution but the observed
enhancement of the intensity of the sharp signal at high temperatures rules out the
symmetric dissociation of 2 to give two paramagnetic mononuclear [Ti(n°>-CsMes)Clz]
species. Likewise, the concentration dependence of the NMR resonances disagrees with the
isomerization of 2 to yield the dinuclear [{Ti(n°-CsMes)(u-Cl)2}2] complex with two
[Ti(n°-CsMes)] moieties held together by four bridging chloride ligands. Alternatively, the
NMR data could be consistent with the diamagnetic dimer [{Ti(n°>-CsMes)Cl(u-Cl)}2] (2)
in equilibrium with a higher nuclearity [{Ti(n>-CsMes)Cl2}n] (n > 2) species in solution
(vide infra). However, in spite of many attempts, crystallization from benzene, toluene or
hexane solutions always afforded the dimeric compound 2 and other aggregates could not
be isolated and structurally characterized. As it has already been stated, the *H NMR
spectra of a sample of independently synthesized trinuclear complex 3 presented a single
broad resonance at 6 = 8.39 and this compound readily converts irreversibly into 2 at
temperatures higher than 70 °C. Moreover, 2 and 3 are not in equilibrium in solution at
room temperature, as confirmed by NMR spectroscopy. Thus, the broad resonance at 6 =
6.88 present in the *H NMR spectra of a benzene solution of 2 cannot be attributed to the
presence of complex 3.

Noteworthy, addition of [Ti(n°-CsMes)Cls] to a solution of 2 in benzene-ds does not
produce any significant change in the chemical shifts and intensity ratio of the resonances
due to 2 in the 'TH NMR spectrum, which also shows the resonance signal of [Ti(n?®-
CsMes)Cls] as a sharp singlet at the expected chemical shift (5 = 1.87). In contrast, the H
NMR spectrum recorded after addition of tetrahydrofuran to a benzene-ds solution of 2

showed a broadening of the resonance signal at 2.09 ppm while the resonance at 6.88 ppm
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does not show any change. This is consistent with the coordination of tetrahydrofuran
molecules in the dinuclear structure of 2, which could not be possible in the locked
structure of the high nuclearity aggregate. The broadening of the signal at 2.09 ppm
increases with the amount of tetrahydrofuran added and, in presence of a high excess of
tetrahydrofuran, this resonance virtually disappears in the spectrum. Most likely, the NMR
data reported by Baird and co-workers arise from the presence of significant amounts of
tetrahydrofuran in the samples of 2, which were obtained by reduction of [Ti(n?’-
CsMes)Cls] with manganese powder in that solvent.

Compound 2 readily dissolves in tetrahydrofuran-ds to give a green-blue solution, and
the 'H NMR spectrum shows a single broad resonance at § = 14.25 (Aviz = 171 Hz). The
color change and NMR data suggest the rupture of the dinuclear structure in
tetrahydrofuran to give a paramagnetic mononuclear specie. Indeed, blue crystals of the
monomeric adduct [Ti(n>-CsMes)Clo(thf)] (4) were grown from a solution of 2 in
tetrahydrofuran at —20 °C. Complex 4 was isolated in 50% yield and was characterized by
spectroscopic and analytical methods, as well as by an X-ray crystal structure determination
(Figure S2 and Table S5 in the Supporting Information). Its molecular structure is
essentially the same as that found in a previous study by Beckhaus and co-workers,
although the crystal packing is different. While the elemental analysis and the X-ray crystal
structure show that in the solid-state there is one molecule of thf coordinated per titanium
center in complex 4, the analogue titanium(111) dichloride complex with the n°-CsHs ligand
contains one and a half tetrahydrofuran molecules per titanium according to analytical
data.%® Indeed, Gambarotta and co-workers have demonstrated that [Ti(n®-CsHs)Cl2(thf)1.5]
crystallizes as an equimolar mixture of the four- and five-coordinate complexes [Ti(n°-

CsHs)Clo(thf)] and [Ti(n°-CsHs)Cl(thf)2].3%2" As previously observed in several studies,'!”
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14 the tetrahydrofuran ligand in 4 is only weakly coordinated. Thus, once crystals of 4 are
separated from the solution, the tetrahydrofuran is gradually lost within hours at room
temperature to give the dinuclear compound 2. Similarly, elimination under dynamic
vacuum of the volatile components of solutions of 4 leads to a green solid characterized as
2. Therefore, complex 4 must be stored as blue crystals under argon atmosphere at low
temperatures (20 °C) or as a thf solution. The *H NMR spectrum of crystals of 4 in
tetrahydrofuran-dg at room temperature reveals a single broad resonance at 6 = 14.12 (Avip
= 186 Hz) for the n°-CsMes ligand. The magnetic moment measurement in tetrahydrofuran-
ds at room temperature by the Evans Method confirms its paramagnetic nature (e = 2.05

us) with one unpaired electron.®*

DFT Study of [{Ti(m°-CsMes)Cl2}n] (n = 1-4) titanium(l11) aggregates. The existence of
two sets of NMR signals for benzene solutions of 2 and the variation of their relative
intensity with temperature and concentration could be consistent with the presence of
species of different nuclearity in solution. In this scenario, DFT calculations were
performed for several [{Ti(n°-CsMes)Cl2}n] (n = 1-4) titanium(l11) aggregates to determine
the identity of the species present in solution. Computed values of AG°(298 K) for several

transformations among the different compounds studied are collected in Scheme 2.
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In accord with the NMR data mentioned above, the symmetric dissociation of
[{Ti(m>-CsMes)Cl(u-CD3}2] (2) to give two paramagnetic mononuclear [Ti(n>-CsMes)Cl,]
species (reaction A) and the isomerization of 2 to yield the dinuclear [{Ti(n*-CsMes)(u-
Cl)2}2] complex with four bridging chloride ligands (reaction B) were computed by DFT to
be highly endergonic as it can be seen in Scheme 2.3 In addition, the asymmetric
dissociation of complex 3 yielding complex 2-cis and the mononuclear [Ti(n°-CsMes)Cl;]
species (reaction D in Scheme 2) is thermodynamically disfavored in terms of Gibbs
energy, as predicted by DFT calculations, in line with the observed stability of benzene

solutions of 3 at room temperature. Likewise, the conversion of complex 3 into 2 (equation
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1) is computed to be slightly endergonic at 298 K (AG°(298 K) = 6.6 kcal/mol) and

consequently higher temperatures (> 70 °C) were experimentally needed (vide supra).

2 [{Ti(m°-CsMes)(u-Cl)2}s] — 3 [{Ti(n>-CsMes)Cl(u-Cl)}2] (1)

In addition to the compounds crystallographically characterized in the current work, 2
and 3, the tetranuclear [{Ti(n°-CsMes)(u-Cl)2}4] (2°) aggregate was also calculated. The
tetrameric arrangement of this species would be similar to those determined by X-ray
crystallography for the analogous titanium(Ill) complexes [{Ti(n®-1,3-(tBu)2CsHs)(u-
F)2}4]* and [{Ti(n°-CsHaMe)(u-Cl)(u-OMe)}4],%° which are paramagnetic species with piesr
values of 1.74 and 1.40 pp per titanium, respectively. The two Ti---Ti distances of 3.763
and 3.777 A in the optimized structure of [{Ti(n®-CsMes)(u-Cl)2}4] are in perfect
agreement with that (3.772(1) A within the Tiz(u-Cl), fragment) of the crystal structure of
[{Ti(n>-CsHsMe)(u-Cl)(u-OMe)}4], and are significantly longer than those observed in the
molecular structures of 2 and 3 of 3.266(1) and 3.219(12) A, respectively. The association
process where two moles of 2 yield one mole of the tetranuclear derivative 2 is
thermodynamically favorable (reaction E in Scheme 2).

As discussed above, the n°-CsMes ligands in the molecular structure of the dinuclear
complex 2 (see Figure 1) are arranged in a transoid fashion about the central Ti>(u-Cl)2 core
and its transformation to the tetranuclear complex 2" requires a previous isomerization of 2
to give the corresponding isomer with a cisoid arrangement about the Tiz(u-Cl). moiety (2-
cis). As it can be seen in the Supporting Information, the structural parameters of the
optimized structures of both dinuclear species (2 and 2-cis) are quite similar (Table S6).
The largest difference between them corresponds to the Ti—CI-Ti"—CI" torsion angle of the
central Ti2(u-Cl)2 core that increases from 0 in 2 to 25.1° in 2-cis as a consequence of the
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steric hindrance imposed by the two pentamethylcyclopentadienyl ligands located at the
same side of the central Tix(u-Cl). butterfly core in the latter complex. The coupling
constant computed for 2-cis (J = —61 cm™%, see Supporting Information) is much less
negative than that calculated for 2 and reveals a weak antiferromagnetic interaction
between both titanium(lIl) centers. The conversion of 2 to 2-cis is slightly endergonic
(reaction C in Scheme 2) and present a moderate kinetic barrier (AG*(298 K) = 28.3
kcal/mol). A transition state for this isomerization was located in the triplet state*! and its
molecular structure is shown in Figure S9 in the Supporting Information. Finally, a
symmetric scan splitting the tetranuclear structure of 2” to yield simultaneously two 2-cis
moieties was performed by increasing two alternate Ti---Ti distances constrained to be
equal (See Figure S10). This scan reveals an almost zero activation enthalpy for the reverse
reaction, the symmetric association of two dinuclear 2-cis species to give the tetranuclear
aggregate 2", suggesting a fast process in solution.

Based on both computational calculations and experimental evidences, we suggest
that the NMR data are consistent with a diamagnetic dimer [{Ti(n°>-CsMes)Cl(u-Cl)}2] (2)
(8n = 2.09) in a slow equilibrium with a paramagnetic tetramer [{Ti(n°-CsMes)(u-Cl)2}4]
(27) (61 = 6.88) in solution (Scheme 3).

Cp* Cl Cp* Cp*
F\ wCl / sow\ wClu /[
2 Tl““\ )Ti —> 2 Tl“"\ /Ti
/e N\, VI AN
Cp cl Cl

Cl
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Scheme 3. Behavior of complex 2 in solution.
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In concentrations of ca. 0.02 M of 2 in CeDs, the ratio of dimer to tetramer is 75:25 at
room temperature. In addition, based on the peak integration of the spectra at different
concentrations, it is possible to conclude that when the concentration of the solution is
reduced to a half of the initial (0.01 M) the symmetric dimer represents 80%, and at a
concentration of 0.005 M it is 84% of the sample as expected for the associative
equilibrium shown in Scheme 3. Similarly, the amount of dimer 2 in solution increases at
high temperatures due to the favorable entropic term for the symmetric dissociation of the
tetranuclear titanium(111) complex 2° to yield two dinuclear [{Ti(n*-CsMes)Cl(u-CD}2]

species.

Conclusions

The thermolysis of [Ti(n°-CsMes)Cl2Me] in hydrocarbon solvents results in the clean
formation of the titanium(l1l) dimer [{Ti(n>-CsMes)Cl(u-Cl)}.] (2) and volatile by-
products. CASPT2//CASSCF and BS DFT calculations support the singlet character of 2
and a relatively high singlet-triplet energy gap. According to NMR studies and DFT
calculations, dimer 2 could establish an equilibrium in aromatic hydrocarbon solutions with
a paramagnetic tetramer [{Ti(n>-CsMes)(u-Cl)2}s]. While this tetramer could not be
isolated in a pure form, an analogous trimer [{Ti(n°-CsMes)(u-Cl)2}s] was obtained in the
reaction of [Ti(n°-CsMes)Cl,Me] with pinacolborane. In contrast, complex 2 in
tetrahydrofuran gives the paramagnetic mononuclear species [Ti(n°-CsMes)Clo(thf)]. Based
on the possibility of obtaining the half-sandwich titanium(l11) dichloride complex in good
yield and high purity by salt-free routes, systematic studies of the reactivity and application

of this and analogous low-valent titanium species are underway in our laboratory.
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Experimental Section

General Comments. All manipulations were carried out under argon atmosphere using
Schlenk line or glovebox techniques. Toluene and hexane were distilled from Na/K alloy
just before use. Tetrahydrofuran was distilled from purple solutions of sodium
benzophenone just prior to use. NMR solvents were dried with Na (thf-ds, toluene-ds),
Na/K alloy (CeDs) or calcium hydride (CDCl3) and vacuum-distilled. Oven-dried glassware
was repeatedly evacuated with a pumping system (ca. 1 x 10 Torr) and subsequently filled
with inert gas. Thermolyses in solution at high temperatures were carried out by heating
flame-sealed NMR or Carius tubes in a Roth autoclave model I11. Pinacolborane (HBpin)
was purchased from Aldrich and used as received. Hydrogen (> 99.9999%, H.0O < 0.5 ppm,
02 < 0.1 ppm) was purchased from Air Liquide and used as received. [Ti(n°-CsMes)Cls]*
and [Ti(n°-CsMes)Cl.Me]*® (1) were prepared according to published procedures.

Samples for infrared spectroscopy were prepared as KBr pellets, and the spectra were
obtained using an FT-IR Perkin-Elmer SPECTRUM 2000 or FT-IR Perkin-Elmer
FRONTIER spectrophotometer. *H and *3C NMR spectra were recorded on a Varian Unity-
300, Mercury-300, or Unity-500 Plus spectrometers. Chemical shifts (8) in the *H and
BC{*H} NMR spectra are given relative to residual protons or to carbon of the solvent,
CeDs (*H: & = 7.15; 13C: & = 128.0), CDCls (*H: & = 7.24; 13C: & = 77.0) or C4DgO (*H: & =
3.58; 13C: & = 67.2). The effective magnetic moments in solution were determined by the
Evans NMR method at 295 K (using a 300 MHz instrument with a field strength of 7.05
Tesla).* Electron impact mass spectra were obtained at 70 eV on a Thermo Scientific ITQ
900 mass spectrometer. Microanalyses (C, H, N) were performed in a Heraeus CHN-O

Rapid or a Leco CHNS-932 microanalyzers.
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Synthesis of [{Ti(n®>-CsMes)Cl(n-CD}2] (2). Method A: A 100 mL Carius tube was
charged with 1 (1.20 g, 4.46 mmol) and hexane (25 mL). The tube was flame-sealed and
was heated at 180 °C for 2 d. The reaction mixture was allowed to cool to ambient
temperature overnight to give green-red crystals and a brown solution. The Carius tube was
opened in the glovebox, and the crystals were isolated by filtration onto a glass frit to afford
2 (1.02 g, 90%). Method B: A 150 mL ampule (Teflon stopcock) was charged with 1 (0.50
g, 1.86 mmol) and toluene (25 mL). After it was cooled at —78 °C, the argon atmosphere
was changed by hydrogen. The reaction mixture was allowed to warm to room temperature
and was heated at 110 °C for 3 d to give a dark brown solution. After filtration, the volatile
components of the solution were removed under reduced pressure to afford 2 as a dark
brown solid (0.40 g, 85%). IR (KBr, cm™): v 2980 (w), 2913 (m), 1486 (w), 1425 (m), 1382
(m), 1262 (w), 1022 (m), 802 (w), 438 (vs), 367 (vs). *H NMR (300 MHz, CeDs, 20 °C, 8):
6.88 (s br., Avi, = 24 Hz; CsMes), 2.09 (s; CsMes). *H NMR (CsDsCDs3, 20 °C, 8): 6.89 (s
br., Aviz = 25 Hz; CsMes), 2.11 (s; CsMes). ¥C{*H} NMR (75 MHz, CeDs, 20 °C, §):
136.5 (CsMes), 90.5 (br.; CsMes), 48.0 (br.; CsMes), 14.5 (CsMes). *C NMR (125 MHz,
CsDs, 20 °C, §): 136.5 (m, CsMes), 90.9 (m br.; CsMes), 48.3 (q, *J(C,H) = 122 Hz;
CsMes), 14.6 (g, 1J(C,H) = 127 Hz; CsMes). MS (ElI, 70 eV): m/z (%): 508 (29) [M]", 253
(100) [Ti(CsMes)Cl2]*, 217 (61) [Ti(CsMes)CI]*. Anal. Calcd. for CaoHzoClaTiz (Mw =
508.03): C 47.28, H 5.95. Found: C 47.19, H 5.84. The effective magnetic moment of 2
was determined to be 1.37 ug (based on a unit formula of C20H30Cl4Ti2) on a CsDs solution.
Reaction of 1 with excess HBpin. A 50 mL ampule (Teflon stopcock) was charged with 1
(0.30 g, 1.11 mmol), HBpin (0.70 g, 5.57 mmol), and hexane (20 mL). The reaction
mixture was heated at 65 °C for 7 days to give a dark brown precipitate and a brown

solution. The solid (0.18 g) was isolated by filtration onto a glass frit and its *H NMR
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spectrum in benzene-ds revealed a 70 and 30% mixture of complexes [{Ti(n°-CsMes)(u-
Cl)2}3] (3) and 2, respectively. This solid was dissolved in toluene (3 mL) and the resultant
solution was cooled to —35 °C for 1 month to afford brown crystals of 3 (0.005 g, 2%). An
additional crop of crystals could be obtained by concentration and cooling of the resultant
solution, although the *H NMR spectra showed it to be a mixture of compounds 2 and 3.
Spectroscopic data for 3: IR (KBr, cm™): v 2976 (m), 2964 (m), 2905 (s), 2852 (m), 1488
(m), 1453 (m), 1429 (s), 1375 (vs), 1262 (m), 1100 (w), 1021 (s), 802 (s), 402 (s). *H NMR
(300 MHz, CeDs, 20 °C, 8): 8.40 (s br., Aviz = 156 Hz; CsMes). MS (El, 70 eV): m/z (%):
762 (21) [M]*, 726 (2) [M-CI]*, 508 (76) [M-Ti(CsMes)Clo]*, 472 (100) [M-
Ti(CsMes)Cls]*, 253 (34) [Ti(CsMes)Clo]*, 218 (79) [Ti(CsMes)CI]™.

Synthesis of [Ti(n>-CsMes)Clz(thf)] (4). A 25 mL Schlenk tube was charged with 2 (0.20
g, 0.39 mmol) and tetrahydrofuran (5 mL). The resultant green-blue solution was filtered,
concentrated under reduced pressure to ca. 1-2 mL, and allowed to crystallize at —20 °C for
4 days. After decantation, the resultant blue crystals were allowed to dry for 15 min at room
temperature and were characterized as 4 (0.13 g, 50%). Crystals of 4 must be stored at low
temperature in order to prevent loss of tetrahydrofuran. IR (KBr, cm™): v 3327 (w), 2977
(s), 2913 (s), 1602 (w), 1487 (m), 1427 (m), 1378 (s), 1262 (w), 1343 (w), 1248 (w), 1175
(w), 1067 (w), 1022 (w), 1009 (vs), 954 (w), 919 (m), 858 (vs), 802 (w), 761 (m), 683 (w),
619 (W), 436 (vs). 'H NMR (300 MHz, C4DsO, 20 °C, 8): 14.12 (s br., Avip = 186 Hz;
CsMes). Anal. Calcd for C14H23Cl.0Ti (Mw = 326.11): C 51.56, H 7.11. Found: C 51.72, H
6.45. The effective magnetic moment of 4 was determined to be 2.05 ug (based on a unit
formula of C14H23CI20Ti) on a C4DsgO solution.

X-ray crystal structure determinations. Orange crystals of 1 were obtained from a

hexane solution at —30 °C. Green-red crystals of compound 2, green crystals of 3, and blue
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crystals of 4 were obtained as described in the Experimental Section. The crystals were
removed from the Schlenk and covered with a layer of a viscous perfluoropolyether
(FomblinY). A suitable crystal was selected with the aid of a microscope, mounted on a
cryoloop, and immediately placed in the low temperature nitrogen stream of the
diffractometer. The intensity data sets were collected at 150 or 200 K on a Bruker-Nonius
KappaCCD diffractometer equipped with an Oxford Cryostream 700 unit. Crystallographic
data for all the complexes are presented in Table S1 of the Supporting Information.

The structures were solved, using the WINGX package,*® by intrinsic phasing
methods (SHELXT),* and refined by least-squares against F> (SHELXL-2014/7).*® In the
crystallographic study of complexes 1, 2, 3, and 4 all non-hydrogen atoms were
anisotropically refined, whereas all hydrogen atoms were included, positioned
geometrically and refined by using a riding model. Additionally, for 2 DELU restraints
were applied for the carbon atoms C(24) and C(29).

Computational Details. The relative stability of several oligomers of [Ti(n°-
CsMes)Clo] was computationally evaluated. The geometries of the different species were
optimized at the DFT level of theory using the PBE0* functional, the D3(BJ) empirical
dispersion correction*” and def2-SV(P)*® basis set. To further refine the energies obtained
from the PBEO-D3(BJ)/def2-SV(P) calculations, single-point calculations on the previously
optimized structures were finally performed using the larger def2-TZVP basis set.

For predicting exchange coupling constants J we employed the broken symmetry
(BS) methodology*® using the approach proposed by Yamaguchi and co-workers® (see
Supporting Information). When possible, the X-ray structure was used. Otherwise, the
structure was optimized at the DFT level of theory with the B3LYP-D3(BJ)*"*! functional
and def2-SV/(P)*® basis set. In both cases, the energies were computed with the larger def2-

TZ\V/P basis set.
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Due to the known multiconfigurational nature of the wavefunction of some dinuclear
Ti complexes,? the complete active space self-consistent field (CASSCF)*® method was
also used for the study of the electronic structure and the relative energy of the singlet and
triplet states of the dimer [{Ti(n>-CsMes)Cl(u-Cl)}2]. The TZVP basis set was selected as
well as the active space of 2 electrons in 3 orbitals. This basis set and active space were
selected after performing a benchmark (see Supporting Information). Single point energy
corrections were performed at the Multi-State Complete Active Space Perturbation to the
Second Order (MS-CASPT2//SA-CASSCF methodology).3

All calculations were performed with the Gaussian 162 suit of program except the

CASPT2//CASSCEF calculations that were done with Open Molcas.>
Associated Content:
Supporting Information.

The Supporting Information is available free of charge on the ACS Publications

website at DOI: 10.2021/acs.inorg-chem.XXxXXxX.

Experimental crystallographic data of complexes 1-4; perspective views of the crystal
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structures of 1-4; 'H NMR spectra of the thermolysis of 1; selected NMR spectra of
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