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ABSTRACT: The reactivity of the “tuck-over” species [Ti,(75-CsMes)(CH,Ph);(g-75-CsMe,CH,-«C)(1~0)] (1) and [Ti.(75-
C;Me;)(CH,CMe,)(y-r>-CsMe,CH,-«C) (x-CH,CMe,CH,)(1-O)] (2) towards isocyanides has been examined both syntheti-
cally and theoretically. Treatment of 1 with the isocyanides RNC, R = Me;SiCH,, 2,6-Me,C¢H;, tBu, iPr, leds to a series of
rP-iminoacyl species (3-6) where the molecule of isocyanide inserts into one of the terminal metal-alkyl bonds. The anal-
ogous reaction of the “tuck-over” metallacycle species 2 with 2,6-Me,C¢H;NC and ¢BuNC results in the initial insertion of
one isocyanide into the terminal Ti-alkyl bond to form the iminoacyl complexes 7 and 8, followed by a second insertion
into the metallacycle moiety to generate 9, in the case of tert-butylisocyanide. DFT calculations support the selective
reactivity observed experimentally with a kinetic and thermodynamic preference for RNC insertion on the terminal alkyl
groups bound to both metallic centers over the alternative insertion on the “tuck-over” ligand.

INTRODUCTION

C-H activation of a 75-C;Me; ligand is not as surprising as
was initially thought. Since the pioneering works of Britz-
inger and Bercaw in the 1970’s about the tetramethylful-
vene derivatives [Ti(75-CsMe;){CsMe,(CH,)}R] (R = Me,"
H3) and later the proposal suggested by Watson of the
tuck-in intermediate “[Lu(75-CsMes){CsMe,(CH,)}]” in the
homogeneous activation of methane,+5 there is now con-
siderable precedent in the literature for this type of meta-
lated pentamethylcyclopentadienyl complexes.®3 Moreo-
ver, the description of the permethylated ligand as #7*:7p
bonding in a fulvene formulation or as 7p:7* bonding in a
tucked-in ligand have extensively been illustrated.®

An alternative type of activation of the pentamethylcyclo-
pentadienyl ligand in which the methylene group formed
by C-H activation is attached to a second metal atom has
been less studied. The first crystallographically character-
ized tuck-over derivative in the literature, [Ti(75-
C;Me;),(u-17-CsMe,,CH,-«C) (1-O),], was obtained by the
reaction of N,O and a toluene solution of [Ti(7s-
CsMe;),].4 In contrast to the tuck-in analogous, which
exhibited interesting reactivity,'>> Bottomley’s showed a
remarkable inertness toward O,, CO, ethylene or even
H..>+ Later, Evans reported the crystal structure of [(7-

CsMes),Lu(u-H)(u-77°-CsMesCHo-xC) Lu(75-CsMes) ], a
tuck-over complex of a f-block element. Examples of
many f-block tuck-in and tuck-over complexes have now
been reported with extensive reactivity.2627

Our research group has found that the thermal treatment
of the tetralkyl dinuclear complexes [Ti(75-CsMes)R,].(u-
O) (R = CH,Ph, CH,CMe;) led to an intramolecular C-H
activation resulting in the formation of alkane (RH) and
the crystallographically characterized tuck-over complex-
es, [Ti(75-CsMes)(CH,Ph);(u-7°-CsMesCHa-«C)(1-0)] (1)
and [Ti(75-CsMe,) (CH.CMe;) (1- 1°-CsMesCHo-C) (-
CH.CMe,CH,)(1-O)] (2).2® Herein, we now report the
results of the reactivity of these species towards isocya-
nides and considerations of the insertion processes on the
basis of DFT calculations.
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RESULTS AND DISCUSSION

Addition of RNC, R = 2,6-Me,C¢H;, Me;SiCH,, ¢Bu, iPr, at
room temperature to a hexane or toluene solution of 1 in
11 molar ratio or an excess, and cooling at -20 °C for sev-
eral days, enabled selective monoinsertion, and complex-
es 3-6 were isolated as red (3-5) or reddish-orange (6)
solids in low-moderate yields (35-57 %), as outlined in
Scheme 1. Compounds 3-6 show thermal instability in
solution (degradation is observed after few minutes at
room temperature) leading to an intractable mixture of
products and, therefore, they must be stored in solid state
at low temperatures (< -20 °C). The monoinsertion pro-
cesses were characterized by 'H (4-6) and 2D gHSQC (5,
6) experiments, IR spectroscopy and elemental analysis.
The confirmation of their molecular structures, relative
position and bonding of the molecule of isocyanide, came
from the X-ray diffraction analysis for 3-5.
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Scheme 1. Reactivity of complex 1 with isocyanides.

Crystals of 3-5 suitable for X-ray diffraction were grown
from a concentrated toluene (3) or hexane (4, 5) solutions
stored at -20 °C for several days. The crystal structures
are shown in Figure 1, and selected bond lengths and
angles of each complex are listed in Table 1. As shown in
Figure 1, the solid-state structures of these compounds
show a (u-°-CsMe,CH,-«C) ligand engaged in a tuck-over
binding mode to the titanium atoms and clear up that the
insertion of the isocyanide molecule only has taken place
into a titanium-benzyl bond. Curiously, complex 5 shows
the insertion of the isocyanide molecule into the unique

Ti2-CH,Ph bond, while complexes 3 and 4 experienced it
at the adjacent metal center. Additionally, the 72-
iminoacyl moiety in 4 exhibits an exo disposition while in
3 adopts an endo configuration, favored by the existence
of two 7 stacking interactions in this compound (for more
details see Figure S1 and Table Sz in Supporting Infor-
mation).

Each metal center exhibits different structural environ-
ments; the five-coordinated titanium atom is in typical
four-legged piano-stool geometry while the other adopts
a three-legged piano-stool one. Geometrical parameters
for the Ti-7?-iminoacil bonding system are in the range
found for monocyclopentadienyl titanium complexes.?935
The coordination to titanium of this group increases the
electronic density on the metal center and elongates one
of the Ti-O distances, although being both comparable
with those of the dinuclear starting complexes 1 and 2 and
other organometallic dinuclear or trinuclear titanium
oxoderivatives (Ti-O = 1.83(2) A)3¢+. Additionally, the
presence of the 7?-iminoacyl fragment makes longer the
distances Ti---Ti and the Ti-O-Ti angles are opened be-
tween 2-6° with respect to 1. Moreover, while the Ti-
CH.C,Me, bond lengths of compounds 3 (2.142(4) A) and
4 (2.134(6)A) compare well with other titanium(1v)-C(sp3)
o bond species, the existence of the iminoacyl ligand in 5
elongates this distance to 2.243(6) A due to a major elec-
tronic density and steric hindrance around Ti2.

Table 1. Selected Lengths (A) and Angles (°) for 1, 3, 4, and 5.

Complexes 1 3 4 5
Ti1-O1 1.809(2) 1.852(3) 1.886(4) 1.797(4)
Ti2-O1 1.828(2) 1.800(3) 1.769(4) 1.853(4)
Ti--Ti 3.208(1)  3.271(1) 3.244(5) 3.307(1)
Ti-N1 - 2.085(3) 2.041(5) 2.122(5)
Ti-CH,CsMe, 2158(3)  2.142(4) 2.134(6) 2.243(5)
N1-C61/C1 - 1.266(5) 1.246(6) 1.276(7)
Ti-C61/C1 --- 2.085(4)  2.070(6) 2.073(6)
Ti-CH,Ph 2.159(3)  2.196(4) 2.177(6) 2.142(5)
2.148(3)  2.133(4) 2.146(6) 2.141(6)
2.128(3)
Ti1-O1-Tiz 123.8(1)  127.2(2) 125.1(2) 129.9(2)
Ti2-C16-Cn 105.3(2)  106.4(3) 106.5(4) 110.4(3)




Figure 1. From left to right, ORTEP plots for complexes 3, 4, and 5. Thermal ellipsoids set at 50% probability. All hydrogen at-

oms are omitted for clarity.

The 'H NMR spectrum of complexes 3-6 in solution dis-
plays the same splitting pattern for the five-membered
rings, consisting of one 75-CsMe; signal (6 = 1.69-1.87),
four nonequivalent methyl groups (& = 1.05-2.10), and a
diastereotopic methylene for the (u-75-CsMe,CH,-xC)>
ligand, in a similar region to that found for the starting
compound 1. Also, the spectra reveal PhCH, groups linked
to titanium and the characteristic signals assigned to the
alkyl/aryl substituents NR=C-CH,Ph (R = 2,6-Me,CsH;,
Me;SiCH,, tBu and iPr). The existence of the 7-iminoacyl
ligand is confirmed by a stretching band for the C=N
bond in the range 1585-1593 cm™ in the IR spectra.?935
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Scheme 2. Reactivity of complex 2 with isocyanides.

Complex 2 also reacts quickly with 1 equiv of 2,6-
dimethylphenyl or tert-butyl isocyanide to generate com-
pounds 7 and 8 (Scheme 2) as reddish orange solids in
high yields (over 80%). These compounds are soluble in
common solvents such as hexane, toluene, or thf and
turned out to be stable in the crystalline state at room
temperature under an argon atmosphere. The products
were widely characterized by the usual spectroscopic
technics and elemental analysis, but the definitive identi-
fication was not possible till the single crystal X-ray dif-
fraction study of compound 7 was carried out after crys-
tallization from hexane. The molecular structure is shown
in Figure 2 and selected data in Table 2.

This species shows some structural analogies to the start-
ing compound 2, and confirms the preference of the iso-
cyanide molecule to be inserted into the Ti-neopentyl
bond. Once again, both metal centers exhibit different
geometries, while Ti1 shows a typical four-legged piano-
stool geometry, Tiz adopts a three-legged piano-stool
geometry, in a similar way to those observed for complex-
es 3-5. On the other hand, the planes of the Cu-Ci5 and
C21-C25 rings show an angle of 76.3(4)° in order to mini-
mize the steric hindrance. Additionally, the 2,2-
dimethylpropane-1,3-diyl fragment adopts an angle of
18.6(1)° with the Cu1-Ci5 ring.

The existence of the 7?-iminoacyl ligand opens =2° the
bond angle Ti1-O1-Ti2 (116.2(1)°) with respect to com-
pound 2 (114.1(1)°) and, therefore, a larger Tii-O1 bond
distance (1.841(2) A) and a shorter Ti2-O1 length (1.802(3)
A) are observed, according with a different number of
electrons at the metal centers. The higher electron densi-
ty at Ti1 also makes Ti1-C31 (2.212(4) A) =~0.1 A longer than
Ti2-C33 (2.108(4) A), being the latter similar to that found
in 2. Again, the geometrical parameters for the Ti-7p-
iminoacil bonding system are in the range found for
monocyclopentadienyl titanium complexes.?935

Figure 2. ORTEP plot of 7. Thermal ellipsoids set at 50%
probability. All hydrogen atoms are omitted for clarity.

Table 2. Selected Lengths (A) and Angles (°) for 2, 7, and
9.

Complexes 2 7 9
Ti1-O1 1.823(2) 1.841(2) 1.854(3)
Ti2-O1 1.813(2) 1.802(3) 1.831(4)
Tir---Ti2 3.050(1) 3.093(1) 3.266(2)
Ti-N 2.089(3) 2.120(5)
2.140(5)
Ti2-C16 2.158(3) 2.147(4) 2.232(6)
N-C 1273(5) 1273(7)
1.286(8)
Ti-Cs1/C61 - 2.103(4) 2.090(5)
2.036(6)
Ti-CH, 2.127(3) 2.108(4) 2.202(5)
2.117(3) 2.212(4)
2.134(3)
Ti1-O1-Tiz 14.1(1) 16.2(1) 124.8(2)
Ti2-C16-Cu1 104.0(2) 102.7(2) 108.4(3)

The 'H NMR spectra of derivatives 7 and 8 in benzene-ds
revealed an analogous “tuck-over” splitting pattern to that
of complexes 3-6: one resonance for the 75-CsMes ligand,
four singlets for the methyl groups and a diastereotopic
methylene unit for the (u-75-CsMe,CH,-«C) ligand. Anal-
ogously, these spectra show two inequivalent methylene
groups and two signals for the methyl groups of the Ti-
CH,-CMe,-CH,-Ti fragment, according with the asym-
metry of 7 and 8. Further signals were assigned to the



neopentyl, 2,6-dimethylphenyl, and tert-butyl substitu-
ents of the 77-iminoacyl moiety. The existence of the 7p-
iminoacyl ligands is confirmed by the resonances for the
carbon atoms at 247.2 (7) and 245.3 (8) ppm in the 3C{'H}
NMR spectrum and a stretching band for the C=N bond at
1566 and 1596 cm™ in the IR spectrum, respectively.?935

On the other hand, we proceeded to carry out the reac-
tion of compound 2 with two equivalents or a slightly
excess of tert-butyl- or 2,6-dimethylphenyl isocyanides.
The reactions were monitored by ‘H NMR spectroscopy in
benzene-ds at room temperature, showing firstly the for-
mation of 7 and 8, and later the incorporation of a second
isocyanide molecule. While the reaction with the aryl
isocyanide generated a complex reaction mixture, an
analogous procedure with tert-butyl isocyanide evidenced
the presence of a new species 9 (see Scheme 2). All at-
tempts to obtain this compound on a preparative scale
failed, but a few crystals collected at the bottom of an
NMR tube allowed us to elucidate its structure.

The molecular structure of complex 9 is displayed in Fig-
ure 3 and selected structural data in Table 2, and shows
that the Tii(u-75-CsMe,CH,-xC)Ti2 bonding system is
chemically inert when insertion processes are carried out
on complex 2 and its derivatives. Now, both metal centers
present a four-legged piano stool environment, with the
same number of electrons, leading to more similar Ti-O
distances, although longer than those found for 2 and 7,
with less steric hindrance. Also, the Ti1-O1-Ti2 bond angle
is clearly affected, being =10° or 8° wider than those ob-
served for 2 and 7, respectively, lengthen =~o0.2 A the
Tir---Ti2 distance. In the same sense, Ti2-C16 elongates
0.08 A to alleviate the steric congestion, and the Ti-7>-
iminoacil bonding system presents slightly longer dis-
tances with respect to 7 although are still in the range
found for 72-iminoacyl titanium complexes.2935

Figure 3. ORTEP plot of 9. Thermal ellipsoids set at 50%
probability. All hydrogen atoms are omitted for clarity.

As previously stated, isocyanide insertions occur exclu-
sively into the titanium-carbon bonds of the terminal
benzyl or neopentyl groups of 1 and 2, and not on the
tuck-over ligand. To gain a better understanding of this

selective reactivity at a mechanistic level, DFT calcula-
tions were performed on the complexes 1 and 2, and the
simplest isocyanide substrate MeNC, as a model.

Figure 4 shows a schematic Gibbs energy diagram with
alternate mechanistic scenarios for the insertion of the
isocyanide into different Ti-C bonds of compound 1.
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Figure 4: Gibbs energy profile at 25°C (kcal-mol”) for the
insertion of MeNC on complex 1.

Reactions occur, as previously reported,®® with a first
coordination of the nucleophilic isocyanide to one of the
two electron-deficient metal centers and subsequent RNC
insertion into the corresponding titanium-carbon bonds
with possible formation of different 7?-iminoacyl com-
plexes. In all cases, the stepwise global reactions are com-
puted to be thermodynamically favorable at 25 °C as can
be seen in Figure 4. The first step of the process, MeNC
binding to both inequivalent Ti atoms is endergonic as a
result of the steric hindrance imposed by the addition of
the isocyanide ligand to one of the metallic centers in the
already sterically congested dimer in conjunction with the
bimolecular nature of this associative stage. Calculations
show that the approach to the titanium atom linked to
two benzyl ligands is kinetically favored by =3 kcal mol*
with respect to the approach to the other metal center,
leading to a model A1 intermediate thermodynamically
more stable than Bi. Once these intermediates are
formed, they can revert back to the reagents with decoor-
dination of the isocyanide or alternatively, they can over-
come transition states TSA1A11 or TSBiBu to yield re-
spectively the A1l or Bu insertion products. In spite of a
kinetic and thermodynamic preference for A1 formation,
the global kinetic barriers to yield the final A1 and Bu 7-
iminoacyl complexes are comparable, AG*,gs¢ = 27.5 and
26.9 kcal mol™ respectively.

It is interesting to observe that the barrier for isocyanide
binding and subsequent insertion into the Ti-CH,C;Me,
bond generating species B,, through transition state
TSgipi is also
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Figure 5: Simplified Gibbs energy profile at 25°C (kcal-mol™) for the insertion steps of MeNC on complex 2. A full energy

profile can be seen in Figure Su.

moderate (AG* sk = 29.8 kcal mol™). However, the other
two previously discussed alternatives shown in Figure 4,
A, and B, formation, are preferred from a kinetic
(AAGH 48k = 2-3 keal mol?) and thermodynamic (AAG*,gsk =
3-6 kcal mol?) global point of view, in agreement with our
experimental results. In this sense, we have observed on
the crystal structures of 3, 4 and 5 that the insertion pro-
cess let us to isolate only complexes of A,- or B,-type
depending on the isocyanide employed.

The reaction mechanism for the insertion of isocyanides
into Ti-C bonds in compound 2 was also analyzed compu-
tationally with the simplest isocyanide model MeNC. The
Gibbs Energy profile obtained is essentially identical to
that shown in Figure 4 for the insertion of MeNC on
complex 1. A simplified Gibbs energy diagram with the
most representative minima and transition states for
MeNC insertion on species 2 is presented in Figure 5. A
full energy profile can be seen in the Supporting Infor-
mation (Figure Su). The isocyanide approach again shows
two possibilities depending on the Ti center where the
incoming ligand attacks. Binding to the metal bearing a
terminal Np ligand is less endergonic (AG%qsk = 16.2 kcal
mol”) and more kinetically favorable (AG*gsx = 18.6 kcal
mol™) than binding of the isocyanide to the Ti center with
a Cp” ligand (AG%qsx = 21.6 kcal mol” and AGH,gsx = 23.2
kcal mol"), similarly as it has already been discussed
above for compound 1.

The insertion of MeNC into the terminal Ti-Np bond of 2
with formation of complex A31 is the preferred pathway

and exhibit a kinetic barrier for the whole process, isocy-
anide binding and insertion, of AG*.gsx = 25.4 kcal-mol?,
1.5-2.0 kcal-mol* lower than that computed for complex 1
(see Figure 4). At 25 °C, the alternative insertions into the
Ti-CH,C;Me, or Ti-(un-CH,CMe,CH,) bonds are less exer-
gonic and present higher computed barriers, as shown in
Figure 5. Again, the isocyanide insertion on the “tuck-
over” ligand is computed to be the less thermodynamical-
ly and kinetically favored transformation. As it can be
checked, the structure of the preferred species, A31, as
predicted by DFT-calculations, is in agreement with that
experimentally obtained for complex 7 (see Figure 2).

Next, we studied the possible path for a second insertion
process. Once the first molecule of isocyanide had been
incorporated on one of the titanium atoms yielding com-
plex A31 as shown in Figure 5, the approach of the second
MeNC was oriented to the other metal center, less elec-
tronically saturated and sterically hindered. As shown in
Figure 5, the following step, insertion of the isocyanide,
can be performed into the Ti-CH,CsMe, or Ti-(u-
CH,CMe,CH,) bonds. Both possibilities present moderate
to low energy barriers, but the latter insertion is kinetical-
ly preferred by 3.5 kcal mol™” leading to the thermodynam-
ically most stable complex As1. Not surprisingly, the
structure of As1 matches with that crystallographically
determined for complex 9 (see Figure 3).

CONCLUSION



The species 1 and 2 show a remarkable inertness in isocy-
anides insertion processes on the titanium-carbon bond
of the tuck-over functionality. In contrast, the reactivity
of these species with isocyanides takes place on the Ti-
alkyl bonds. DFT calculations support this selective reac-
tivity observed experimentally and show a kinetic and
thermodynamic preference for isocyanide insertion reac-
tions into the titanium-alkyl bonds of complexes 1 and 2
over the alternative insertion into the “tuck-over” ligand.

EXPERIMENTAL SECTION

General Procedures. All operations were performed in a M.
Braun double drybox or using vacuum standard Schlenk tech-
niques under argon atmospheres. Toluene and hexane were
freshly distilled under argon from sodium and sodi-
um/potassium alloy, respectively. Benzene-ds was dried with
Na/K alloy, vacuum distilled and stored under argon. [Ti.(7-
CsMe,)(CH,Ph);(z-1°-CsMesCHa-xC) (1-O)] (1) and  [Ti(7p-
CsMe,)(CH,CMe;) (- 1°-CsMesCHa- kC) (u-CH,CMe,CH.,) (1-O)]
(2) were prepared according to the literature.?® The isocyanides
RNC, R = 2,6-Me,CsH;, Me;SiCH,, tBu, iPr, were purchased by
Aldrich and used as received. Infrared spectra were prepared as
samples in KBr pellets on the FT-IR Perkin-Elmer SPECTRUM
2000 and IR-FT Perkin-Elmer Frontier spectrophotometers.
CHN analyses were performed with a Perkin-Elmer 2400-Series
I1C, H, N, S/O. 'H and 3C NMR spectra were obtained by using
Varian NMR System spectrometers: Unity-300 Plus, Mercury-VX
and Unity-500, and reported with reference to solvent resonanc-
es (residual C¢DsH in benzene-ds, 7.15 ppm (*H) and 128.0 ppm
(3C)). '"H-3C gHSQC were recorded from benzene-ds solutions
using a Unity-500 MHz NMR spectrometer operating at 25 °C.
General procedure for the synthesis of the compounds 3-8. A 25
mL-Schlenk was charged with 1 (200 mg, 0.31 mmol) or 2 (200
mg, 0.38 mmol) and were solved in 15-20 mL of hexane or tolu-
ene. RNC (R = Xyl, Me;CH,, tBu, iPr) was added slowly in small
portions. The reaction mixture was stirred for a few minutes,
filtered, concentrated up to approx. 5 ml and immediately was
cooled at -20 °C for several days. After filtration, the microcrys-
talline solid was dried in vacuum and stored at -20 °C.

Synthesis of complexes 3 and 4. 1 (200 mg, 0.31 mmol) and
XyINC (40 mg, 0.31 mmol) or Me;CH,SINC (45 uL, 36 mg, 0.31
mmol) were solved in toluene (3) or hexane (4) and were placed
in a 25 mL-Schlenk to yield dark red crystals of 3 (139 mg, 57%)
or orange reddish crystals of 4 (124 mg, 52%).

3: IR (KBr, cm™): v = 3061 (W), 3020 (W), 2955 (m), 2906 (vs),
2861 (m), 1592 (m, C=N), 1564 (m,), 1487 (m), 1448 (m), 1378 (m),
1207 (m), 173 (m), 1093 (m), 1027 (m), 745 (m), 710 (¥S), 655 (W),
618 (W), 594 (W), 528 (w). Satisfactory NMR spectra could not be
obtained due to rapid decomposition in solution. Elemental
analysis (%) caled. for C5,H5oNOTi, (785.74): C, 76.43; H, 7.57; N,
1.78; found: C, 76.32; H, 7.59; N, 1.74.

4: IR (KBr, cm™): v = 13061 (W), 2905(s), 1585 (s, C=N), 1486 (m),
1444 (W), 1375 (m), 1253 (m), 1201 (M), 1096 (W), 1023 (m), 966
(m), 849 (s), 800 (W), 745 (vs), 703 (vs), 589 (W), 510 (m). 427 (W).
'H NMR (C¢Ds, 300 MHz, 298 K): § = 7.56-6.86 (m, 15H, Ph), 3.68
(s, 2H, CH,), 3.16, 3.02 (AB syst., 2H, ¥/ = 13.0 Hz, CH,), 2.60 (s,
2H, CH,), 2.22, overlapping (2H, 2/ = 1.7 Hz, CH.), 2.10, 1.82, 1.56,
1.05, (s, 3H, CsMe,CH,), 1.82 (s, 15H, n5-CsMe;s), 1.36, overlapping
(2H, ¥ = 1.7 Hz, CH,), -0.01 (s, 9H, CH,SiMe;). Elemental analy-
sis (%) caled. for C,sHaNOSITI, (767.80): C, 71.96; H, 8.01; N,
1.82; found: C, 71.92; H, 7.90; N, 1.95.

Synthesis of complexes 5 and 6. A solution of 1 (200 mg, 0.31
mmol) and tBuNC (35 pL, 26 mg, 0.31 mmol) or iPrNC (30 pL, 22
mg, 0.31 mmol) in hexane were placed in a 25 mL-Schlenk to
yield orange crystals of 5 (92 mg, 40%) or orange reddish crystals
of 6 (79 mg, 35%).

5: IR (KBr, cm™): v = 3053 (W), 2905 (s), 1639 (m), 1592 (s, C=N),
1484 (s), 1447 (m), 1363 (m), 1263 (m), 1207 (M), 1029 (M), 977
(w), 802 (5), 746 (vS), 711 (¥5), 696 (v5), 655 (W), 506 (), 468 (W),
388 (s). 'H NMR (C¢Ds, 500 MHz, 298 K): § = 7.75-6.75 (m, 15H,
Ph), 3.97, 3.79 (AB syst., 2H, ¥/ = 18.0 Hz, CH,), 2.63, 1.81 (AX
syst., 2H, 2] = 10.0 Hz, CH,), 2.53, 1.93 (AX syst., 2H, ?J = 10.5 Hz,
CH,), 2.09, 1.72, 1.74, 1.56 (s, 3H, CsMe,CH,), 2.36, 1.85 (AX syst.,
2H, 2] = 10.0 Hz, CH.), 1.69 (s, 15H, 75-CsMe;), 1.28 (s, 9H, CMe;).
Elemental analysis (%) calcd. for C,sHsoNOTi, (737.70): C, 74.89;
H, 8.06; N, 1.90; found: C, 74.89; H, 8.19; N, 3.20.

6: IR (KBr, cm™): v = 3055 (W), 3015 (W), 2955(w), 2011 (w), 2848
(W), 1593 (s, C=N), 1485 (m), 1447 (W), 1376 (m), 1214 (m), 1204
(m), 1027 (m), 967 (W), 798 (M), 744 (vs), 692 (vs), 625 (W), 445
(m). 'H NMR (C¢Ds, 500 MHz, 298 K): § = 7.55-6.85 (m, 15H, Ph),
3.95 (ht, 1H, 3] = 6.5 Hz, CHMe,), 3.68, 3.39 (AB syst., 2H, */=15.0
Hz, CH,), 2.56, 2.46 (AB syst., 2H, ?J = 10.0 Hz, CH,), 2.10, 1.90,
1.51, 1.05 (s, 3H, CsMe,CH,), 1.87 (s, 15H, 75-CsMe;), 2.11, 2.05 (AB
syst., 2H, 2] = 10.0 Hz, CH,), 1.84, 1.28 (AX syst., 2H, %/ = 15.0 Hz,
CH.), 1.13 (d, 3H, 3] = 6.5 Hz, CHMeMe), 0.84 (d, 3H, 3/ = 6.5 Hz,
CHMeMe). Elemental analysis (%) caled. for C,H;,NOTi,
(723.67): C, 74.69; H, 7.94; N, 1.94; found: C, 75.02; H, 7.79; N,
111

Synthesis of complexes 7 and 8. 2 (200 mg, 0.38 mmol) and
XyINC (50 mg, 0.38 mmol) or tBuNC (45 pL, 33 mg, 0.39 mmol)
were solved in hexane and were placed in a 25 mL-Schlenk to
yield dark red microcrystalline solid of 7 (235 mg, 95%) or red-
dish microcrystalline solid of 8 (193 mg, 84%).

=: IR (KBr, cm™): v= 2944 (s), 2894 (s), 2864 (s), 1566 (m, C=N),
1437 (m), 1376 (m), 1363 (m), 1203 (m), 172 (M), 1093 (W), 1022
(d), 766 (m), 699 (vs), 652 (), 624 (), 599 (W), 585 (W), 510 (W),
427 (w). 'H NMR (CsDs, 500 MHz, 298 K): § = 7.05 (t, 1H, 3] = 4.5
Hz, 2,6-Me,Ph), 6.97 (d, 2H, 3] = 4.5 Hz, 2,6-Me,Ph), 2.50, 2.30
(AB syst., 2H, ¥ = 14.5 Hz, CH,), 2.37, 1.90 (s, 3H, 2,6-Me,Ph),
2.32, 1.98, 1.82, 1.52 (s, 3H, CsMe,CH.,), 2.08, 1.12 (AX syst., 2H, ?J =
15.5 Hz, CH,), 1.92 (s, 15H, 7>-CsMe;), 1.65, 1.53 (AB syst., 2H, %/ =
12.0 Hz, CH,), 2.03, 0.01 (AX syst., 2H, 2] = 12.0 Hz, CH.,), 1.24, 1.13
(s, 3H, CMe,), 1.04 (s, 9H, CH,CMe;). 3C{'H} NMR (CgDs, 125
MHz, 298 K): § = 247.2 (XyINC), 146.4-125.0 (2,6-Me,PhNC),
126.2-16.0 (CsMe,CH.), 120.4 (75-CsMe;), 98.9, 63.8, 56.4, 50.2
(CH,), 20.3, 19.4 (2,6-Me,PhNC), 14.6, 14.2, 13.1, 1.5 (CsMe,CH.,),
45.2, 36.7 (CH,CMe,CHs,), 30.9 (CMe;), 54.9, not observed (CMe,
and CH,CMe,CHs,), 11.8 (75-C;Me;). Elemental analysis (%) calcd.
for C3HsoNOTi, (653.62): C, 71.66; H, 9.10; N, 2.14; found: C,
71.40; H, 8.96; N, 2.17.

8: IR (KBr, cm™): v = 2937(s), 2902 (s), 1596 (s, C=N), 1374 (m),
1362 (s), 1231 (W), 1157 (W), 1194 (m), 1021 (w), 803 (W), 707 (vs),
655 (W), 618 (W), 566 (W), 544 (s), 425 (w). *H NMR (CeDs, 500
MHz, 298 K): § = 3.15, 2.25 (AX syst., 2H, 3 = 14.5 Hz, CH,), 2.29,
1.83, 1.70, 1.47 (s, 3H, CsMe,CH.), 2.15, 1.02 (AX syst., 2H, ¥ = 1.0
Hz, CH.), 1.97 (s, 15H, 75-CsMes), 1.53, 1.35 (AX syst., 2H, 2] = 11.5
Hz, CH.), 2.13, -0.13 (AX syst., 2H, 2] = 12.5 Hz, CH,), 1.43 (s, 9H,
CMe;), 1.09 (s, 9H, CH,CMe,). 3C{*H} NMR (C4Ds, 125 MHz, 298
K): § = 245.0 (tBuNC), 127.1, 123.4, 18.2, 117.1, not observed
(CsMe,CH,), 120.2 (17-CsMes), 98.0, 65.9, 54.0, 49.5 (CH.), 62.6
(CMe,), 54.5 (CH,CMe;), 32.5 (CH,CMe,CH.), 45.5, 35.0 (CMe,),
31.0, 30.6 (CMe;), 14.2, 13.6, 12.7, 11.8 (CsMe,CH,), 11.8 (75-CsMes).
Elemental analysis (%) caled. for C;sHsoNOTI, (605.58): C, 69.42;
H, 9.82; N, 2.31; found: C, 69.34; H, 10.91; N, 2.39.
Crystallography. Crystals of 3, 4, 5, 7 and 9 were obtained as
described along the text. Crystals were removed from the
Schlenks and covered with a layer of a viscous perfluoropolyeth-
er (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 200 K on a Bruker-Nonius
KappaCCD diffractometer equipped with an Oxford Cry-
ostream 700 unit. Crystallographic data for all complexes are6



presented in Table S1. The structures were solved, by using the
WINGX package,” by direct methods (SHELXS-2013)445 and
refined by least-squares against F> (SHELXL-2017).4445 Each
molecule of compound 4 crystallized with half disordered mole-
cule of hexane and no sensible chemical model could be ob-
tained, thus Squeeze#® procedure was used to remove its contri-
bution to the structure factors. All non-hydrogen atoms were
anisotropically refined, while hydrogen atoms were placed at
idealized positions and refined using a riding model. Molecules
of 77 presented disorder in the C21-C30 pentamethylcyclopenta-
dienyl ligand; two sites were found for each carbon atom with
optimized occupancies of 54% and 46% respectively, EADP4445
restraints were also applied to obtain a sensible chemical model.

Computational Details. Electronic structure calculations were
performed using the B3LYP density functional#49 and the
LANL2DZ basis set and associated pseudopotential for Ti5*5' and
a standard 6-31G(d) basis set for the rest of the atoms. We refer
to this basis set combination in this work as BSI. Geometry
optimizations were performed without any symmetry re-
strictions, and all stationary points were optimized by compu-
ting analytical energy gradients. The obtained minima were
characterized by performing energy second derivatives, confirm-
ing them as minima by the absence of negative eigenvalues of
the Hessian matrix of the energy. Transition states were charac-
terized by single imaginary frequency, whose normal mode
corresponded to the expected motion. To further refine the
energies obtained from the B3LYP/BSI calculations, single-point
calculations were performed using the larger LANL2TZ basis set
with an additional f polarization functions* and 6-3u+G(2d,p)
basis set for Ti and the rest of the atoms respectively. We refer to
this basis set combination in this work as BSII. To determine
AG°(298 K) values, computed electronic energies obtained using
the larger BSII basis set were corrected for zero-point energy,
thermal energy and entropic effects estimated from the normal
mode analysis using the smaller BSI basis set. The reliability of
the thermodynamic and kinetic data computed by this approach
has been previously assessed for a series of related molecules
and processes.?® All calculations were performed with the Gauss-
ian o9 suite of programs.s
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