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A great deal of interest has focused on the role of metal ions
as the active centers in the fixation of CO, and its trans-
formation.!' Activation of CO, by hydroxo and oxo metal
complexes to afford metal hydrogencarbonato and carbonato
species, respectively, is related to the function of the carbonic
anhydrase metalloenzyme, which catalyzes the physiologi-
cally important hydration of CO, to hydrogencarbonate

[Eq. (1)].
[M]-OH or [M]-O-M]<2%[M]-CO;H or [M]-CO;-[M] (1)

This type of reaction is common for the late-transition
metals® and is known for main-group organometallic spe-
cies.! Nevertheless, the carbonato derivatives reported for
complexes of Group 4-6 metals are synthesized by alternative
methods® based on reactions of metal precursor compounds
with carbonate salts X,CO; (X =K, Bu,N) and NH,HCO; or
by methods that involve the disproportionation of CO,.

Herein, we describe the use of the bis(chlorodimethyl-
silyl)cyclopentadienyl titanium(1v) compound 1, which was
reported previously for the insitu activation of CO,. The
carbonato titanium(ir) derivative 3 was serendipitously
obtained when a dilute solution of 1 in wet toluene was
exposed to air for several days (Scheme 1). This reaction
proceeded in better yield (43 % after purification) when a
solution of 1 in toluene was treated with a saturated aqueous
solution of CO, to give 3, which was isolated as an analytically
pure and highly air-stable diamagnetic orange crystalline
solid. However, hydrolysis of 1 carried out in the presence of
NEt; resulted in no reaction with CO, and the p-oxo
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Scheme 1. Possible reaction pathways for the synthesis of 2 and 3.

titanium(v) derivative 2 and NEt;HCl being obtained
(Scheme 1). The reaction of 1 with K,CO; in THF or toluene
afforded a mixture of unidentified compounds that did not
contain 3.

Hydrolysis of the Group 4 metal/chloro complexes usually
proceeds with initial transformation of the metal-chlorine
bonds so that intermediate complexes are formed which
contain rather uncommon, discrete terminal Group 4 metal-
hydroxo bonds."! These species subsequently condense to
give polynuclear compounds stabilized by p-oxo bridges.® We
propose that the carbonato complex 3 results from the in situ
formation of intermediate Si—OH/Ti—OH terminal bonds
(see A and B in Scheme 1) and a further insertion reaction of
CO, with simultaneous reduction to the highly stable
titanium(11r) compound 3. This mechanism of formation is
consistent with the high stability of 3, which remains
unaltered when left for weeks in air; with the formation of
the p-oxo complex 2 in the presence of a deprotonating agent;
and also with the observed stability of 2, as it did not react
with CO, to give 3 after several days at temperatures higher
than 120°C.

The '"HNMR spectrum (CDCl,;, 25°C) of complex 3
shows behavior expected for a C,,-symmetric molecule with
an A,B spin system for the cyclopentadiene (Cp) protons and
with two resonances of the two nonequivalent methyl groups
of the four equivalent {SiMe,} fragments (see Experimental
Section). The resonances of the carbon atoms of the two
equivalent bridging carbonato ligands are observed in the
3C NMR spectrum as one signal at 6 =183.7 ppm. The IR
spectrum shows the characteristic ¥(C—O) absorption of the
carbonato ligand at 1375 cm™". The 'H and *C NMR spectra
(CDCl;, 25°C) of complex 2 show behavior expected for a
disymmetric molecule with two resonances for the diaster-
eotopic methyl groups of two equivalent {SiMe,O} fragments
rather than the singlet observed for the related symmetrical
complex [{TiCL[p-(OSiMe,-n>-CsH,)]),]®! reported previ-
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ously. The resonances for the SiMe,Cl protons of 2 appear as
two singlets with chemical shifts analogous to those observed
for 1 and for [TiCl;(v’-CsH,SiMe,Cl)]."!

The molecular structure of 3" was determined by X-ray
diffraction (Figure 1), which indicates a square-base pyramid
coordination for the titanium center. The {Ti,0,} core is
planar, with the two carbonato ligands and the four Si atoms
also located in a second plane (maximum deviation=
0.0447 A) with the dihedral angle between the planes at
128°. The Ti—Ti distance (3.2901(9) A) is longer than that
expected for a conventional Ti—Ti bond (ca. 2.68-2.85 A).l"]

Figure 1. ORTEP view of 3, with 30% probability ellipsoids. Selected
bond lengths [A] and angles [°]. Ti-Ti 3.2901(9), C1-02 1.353(3), C1-09
1.357(3), C1-O1 1.407(3), Ti1-O1 2.0495(14); 02-C1-09 116.9(2), O2-
C1-01 121.6(2), 09-C1-O1 121.4(2), CI2-Ti1-Cl1 89.21(3).

To clarify the nature of the Ti(d")-Ti(d") electron coupling
and, consequently, the diamagnetism of the molecule, we
carried out a theoretical investigation of the electronic
properties of 3. Single-determinant wave functions (Har-
tree—Fock), as well as DFT methods,!'? failed to explain the
stability of the singlet state of this molecule.” This fact
reflects the importance of the correlation energy in the study
of the d'-d' electron coupling. Only by including the
correlation energy!'* through the second-order-perturbation
method (MP2)!" is it possible to explain the high stability of
the singlet species, which is 57.6 kcalmol ' more stable than
the triplet state (49.2 kcalmol™', as obtained from the X-ray
crystal structure), and hence its diamagnetic character. The
d!'-d' electron coupling basically arose from the in-phase
interacting d.-like orbitals located in each Ti atom (Figure 2).
This in-phase orbital interaction collects almost all of the
electronic density between the two Ti atoms,'® as it is the
principal interaction responsible for the spin pairing. Also,

.?_.p .

Figure 2. Depiction of the highest-occupied molecular orbitals showing
the Ti—Ti in-phase orbital interaction at two different wave-function
amplitudes (0.04 and 0.02 (left and right, respectively)). Minor contri-
butions from the two annular oxygen atoms are present.
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minor contributions from the two bridging oxygen atoms
increase the strength of the interaction (Figure 2).

The Ti-Ti in-phase orbital interaction is strong enough to
provide a high stability to the singlet species, as this state is
only populated at room temperature. An Sy/T; intersystem
crossing should not be an efficient path to populate the triplet
state, as a result of low spin-orbit coupling!'’! as well as the
high S;—T, energy gap.

In summary, we have demonstrated that a bis(chlorodi-
methylsilyl)cyclopentadienyl titanium(iv) derivative can fix
CO, and transform it into a carbonato ligand with simulta-
neous reduction to give an air-stable diamagnetic titanium(I1r)
compound. A theoretical investigation of the electronic
properties of the molecule demonstrates the high stability of
the singlet versus the triplet state and justifies the diamag-
netism exhibited by the carbonato complex 3.

Experimental Section

2: Distilled and degassed water (27 uL, 1.49 mmol) and NEt;
(0.42mL, 2.96 mmol) were added to a solution of 1 (0.6g,
1.48 mmol) in toluene (50 mL). The cloudy reaction mixture was
stirred over 24 h at room temperature and then filtered to give a pale-
orange solution. The solvent was removed under vacuum and the
residue was extracted with hexane. The resulting solution was
concentrated to 20 mL and cooled to —35°C to give a light-orange
solid which was isolated by filtration and identified as 2 (0.58 g,
0.827 mmol) 56% yield. Elemental analysis (%) calcd for
C,sH3,0,81,Ti,Cly: C 3092, H 4.32; found: C 30.75, H 4.48;
'HNMR (300 MHz, CDCly): 6 =0.55, 0.60, 0.78, 0.83 (4s4x6H,
SiMe,), 7.06,7.19, 7.35 ppm (3 m, 3 x 2H, CsH;); *C NMR (300 MHz,
CDCL): 0=0.2, 0.6, 2.5, 2.9 (4 x SiMe,), 127.4, 130.7, 134.0 (CsH,),
133.7,135.4 ppm (Cys0r CsHi).

3: An excess of distilled and degassed water (67 pL, 3.70 mmol)
was added to a pale-yellow solution of 1 (0.3 g, 0.74 mmol) in toluene
(200 mL) saturated with CO,. Formation of the same white solid
suspension described above was observed. The reaction mixture was
stirred over 42 h at room temperature. After that time, the reaction
mixture changed to pale orange. The solvent was removed to give an
orange solid that was extracted with a mixture of toluene/pentane and
isolated as an orange crystalline solid identified as 3 (0.27 g,
0.086 mmol) 43% yield. Single crystals of 3 suitable for X-ray
diffraction studies were grown from a solution of CHCI;. Elemental
analysis (%) caled for C,,H;,04Si,Ti,Cl,: C 27.67, H 3.38; found: C
27.87,H 3.44;'"H NMR (300 MHz, CDCL;): 6 =0.51,0.60 (25,2 x 12 H,
SiMe,), 6.88 (m, 2H, CsH;), 7.88 ppm (m, 4H, CsH;); “C NMR
(300 MHz, CDClLy): 6 =-1.39, —0.50 (SiMe,), 135.6, 136.5 (CsHs),
1414 (Cy GCsHj), 183.7ppm (CO;); IR: v=3218, 2961 (C-H
(CsH3)), 1375 (C=0 (CO;™)), 1262, 1221 (Si—CH; (SiMe,)), 834, 800
(Ti-O-Ti), 676 cm ™' (Si—Cp ligand).
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