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ABSTRACT: A detailed study of the reaction of the dinuclear
[{Ti(η5-C5Me5)R2}2(μ-O)] (R = Me 1, CH2Ph 2) compounds
with a series of organic isonitriles (R′NC, R′ = tBu, iPr, CH2SiMe3,
Xyl) (Xyl = 2,6-Me2C6H3) and nitriles (R′CN, R′ = tBu, iPr,
SiMe3) has been carried out. Single-crystal X-ray structural studies
revealed a variety of reactivity and structural moieties. Theoretical
calculations (density functional theory, DFT) were used to
understand the mechanism of some uncommon reactions observed
experimentally. Reactions of 1 and 2 with isocyanides tBuNC,
iPrNC, and Me3SiCH2NC led to the formation of dimetallic η2-
iminoacyl species [{Ti(η5-C5Me5)(R′NCR)R}2(μ-O)] (R = Me,
R′ = tBu 3, iPr 4, CH2SiMe3 5; R = CH2Ph, R′ = CH2SiMe3 6).
Complex 4 underwent net rearrangements at room temperature to
give the imido-vinylamido derivative [Ti2(η

5-C5Me5)2(μ-O)(μ-NiPr) {N(iPr)CMeCMe2}Me] (7), whereas the reaction of
complex 2 with XylNC rendered the NC bond cleavage product [{Ti(η5-C5Me5)(CHCHPh)}(μ-O)(μ-κ2-N,C
N(MeC6H3)CH2){Ti(η

5-C5Me5)}] (8). The reactions of 1 with nitriles tBuCN and iPrCN gave the ketimido products [{Ti(η5-
C5Me5)Me(CN(Me)R′)}2(μ-O)] (R′ = tBu 9, iPr 10), whereas the analogous processes with 2 gave the alkenyl-imido complexes
[{Ti(η5-C5Me5)(CH2Ph)2}(μ-O){Ti(η

5-C5Me5)(NC(R′)C(H)Ph)(NCR′)}] (R′ = tBu 11, iPr 12) with the concomitant
coordination of a nitrile molecule. Complex 1 reacts with Me3SiCN to afford the nitrile−isonitrile isomerization product [{Ti(η5-
C5Me5)Me2}(μ-O){Ti(η

5-C5Me5)(κ
2-C,N-Me2CNSiMe3)(CNSiMe3)] (13).

■ INTRODUCTION

Migratory insertion processes leading to the formation of
iminoacyl (RCNR) or ketimido (NCR2) functionalities
have received widespread attention. The isocyanide migration
results in the formation of η1- or η2-iminoacyl species leading
the metal nature. Early transition metals usually tend to favor
the η2-coordination, while low-oxidation-state metals (late
transition metals, groups 8−10) tend to form η1-iminacyl
complexes. As compared to the insertion of isonitrile species,
nitrile species (NCR) generally lead to ketimido products by
1,2-insertion processes (Scheme 1A). All of them comprise a
standard methodology in which the generation of C−C bonds
takes place, even into various metal−carbon bonds to give rise
to multiple insertions.1−4

The resulting iminoacyl or ketimido complexes are able to
undergo subsequent transformations in mild conditions. For
instance, intramolecular coupling of bis(η2-iminoacyl) group 4
or 5 metal complexes led to the formation of enediamido
products.2,5−12 Mild thermolysis involving initial coupling of
η2-imine and η2-iminoacyl groups followed by fragmentation
leads to the imido/alkenylamido functionalities,13−16 or the
rearrangement of a nitrile−ketimide species renders the

Received: May 19, 2021
Published: July 28, 2021

Scheme 1. Migratory Insertions of Nitriles and Isonitriles
and Subsequent Transformations
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corresponding β-diketiminate products17−19 (Scheme 1B).
These reactions are important in the general context of the
C−C and C−N bond forming processes, and this reactivity
pattern mostly involves mononuclear transition-metal com-
plexes, while only a few examples of di- or polynuclear species
have been reported to date.3,20−24

It is expected that the cooperation of neighboring metals in
multimetallic systems shows synergic effects, namely, new
reactivity patterns, which cannot be achieved in monometallic
species. This fact turned our attention to study the reactivity of
the dinuclear alkyl titanium derivatives [{Ti(η5-C5Me5)R2}2(μ-
O)]25,26 (R = Me 1, CH2Ph 2) with a series of isocyanides and
nitriles. In this paper, we report situations in which an active
cooperation between the metal centers takes place. The
reaction mechanisms for some of these processes have been
studied by DFT calculations.

■ RESULTS AND DISCUSSION
Reactions with Organic Isonitriles. The reactions of

complexes [{Ti(η5-C5Me5)R2}2(μ-O)] (R = Me 1, CH2Ph 2)
with some isonitriles are summarized in Schemes 2−4. The

treatment of 1 with 2 equiv or an excess of R′NC (R′ = tBu,
iPr, CH2SiMe3) in hexane, and cooling at −35 °C for a few
days, afforded the η2-iminoacyl complexes 3−5 in moderate−
high yields (67−93%). The corresponding reactions of 2 were
also carried out. While the treatment with tBuNC and iPrNC
led to a complex mixture of products, the reaction with
Me3SiCH2NC gave the complex [{Ti(η5-C5Me5)(CH2Ph)(κ

2-
C,N-PhCH2CNCH2SiMe3)}2(μ-O)] (6) in moderate yield
(63%), as a single stable product. Compounds 3−6 are quite
soluble in the usual solvents such as benzene, toluene, hexane,
or pentane, but 3−5 should be stored at low temperature
under inert conditions to prevent their decomposition (3, 5)
or evolution (4) at room temperature, in both solution and
solid state. Their nature could be determined by single-crystal
X-ray diffraction analysis.
The solid-state structures of compounds 3 and 6 are

depicted in Figures 1 and 2, while the analogous molecular
structures of 4 and 5 can be found in the Supporting
Information. Selected data of 3−6 are listed in Table 1. The O
atom in 3 and 5 is located on an inversion center, such that the
two halves of the molecular are crystallographically equivalent.
The solid-state structure of these compounds reveals a η2-

RCNR′ group on each metal center in typical four-legged
piano-stool environments, connected by a bridging oxygen
atom. Complexes 3−6 can adopt several configurations that
depend on the syn or anti arrangement of the η5-C5Me5 rings as
well as the stereochemistry around each chiral metal atom.
Thus, while complexes 3 and 5 adopt an anti arrangement,
compounds 4 and 6 show a syn arrangement in solid state. The

bond distances Ti−C and Ti−O (see Table 1), although
slightly longer than those found in the starting materials 1
(2.11(1) Å, 1.80(1) Å)27 and 2 (2.133(5)−2.149(5) Å,
1.818(1) Å),28 are in the expected range for TiIV−C(sp3)29,30
and Ti−O29 bond lengths in other similar oxotitanium species.
The existence of the η2-iminoacyl ligand barely changes the
Ti−O−Ti angle in compounds 4 and 6, while these values in
complexes 3 and 5 are wider than in the precursor complex 1
(153.4(1)°).27 Geometrical parameters for the Ti-η2-iminoacil
bonding system are in the range found for monocyclopenta-
dienyl titanium complexes.1,31−34

Scheme 2. Reactions of Complexes 1 and 2 with Isonitriles

Figure 1. Molecular structure of compound 3. Thermal ellipsoids are
at 50% probability. Hydrogen atoms are omitted for clarity.

Figure 2. Molecular structure of compound 6. Thermal ellipsoids are
at 50% probability. Hydrogen atoms and carbon atoms of η5-C5Me5
ligands are omitted for clarity.

Table 1. Selected Averaged Lengths (Å) and Angles (deg)
for Compounds 3−6

complexes anti-3 syn-4 anti-5 syn-6

Ti−O 1.832(1) 1.816(4);
1.823(4)

1.821(1) 1.847(4);
1.838(4)

Ti−N 2.105(4) 2.092(6);
2.075(5)

2.054(3) 2.103(5);
2.083(6)

Ti−Ciminoacyl 2.049(5) 2.090(7);
2.067(7)

2.076(4) 2.050(7);
2.072(7)

C−N 1.266(6) 1.316(7);
1.276(7)

1.277(5) 1.254(8);
1.263(7)

Ti−O−Ti 180 158.0(2) 166.7(2) 156.4(2)
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The 1H NMR spectrum of freshly obtained crystals of 3−5
in benzene-d6 revealed the existence of isomers with a molar
ratio of ≈1:5 for compounds 3 and 5 (see the Experimental
Section) and, in the case of complex 4, the evolution
compound 7 (Scheme 3). Thus, the 1H NMR data reveal for

the major isomer of complexes 3 and 5 and for complex 4 one
signal for the C5Me5 rings, indicative of the same electronic
environment around the titanium atoms, one resonance for the
methyl groups bonded to titanium and another for the methyl
of the η2-iminoacyl moieties. In addition, the spectra reveal the
characteristic signals assigned to the alkyl substituents R′N
CR (R′ = tBu, iPr, CH2SiMe3) (see the Experimental Section
for the minor isomer). The existence of the η2-iminoacyl ligand
is confirmed in the IR spectra by a stretching band for the C
N bond in the range 1594−1637 cm−1.1−3,31−34

As mentioned above, compounds 3 and 5 are unstable and
rapidly decompose at room temperature to an unidentifiable
mixture of products. In contrast, complex 4 is an unstable
substance that steadily evolves in solution at room temper-
ature, and after a few days, complex 7 is entirely obtained in a
spectroscopically pure form (see Scheme 3). The preparative-
scale synthesis was carried out in hexane to give compound 7
as a dark red crystalline solid in good yield (90%).
Distinguishing features of the 1H NMR spectrum of 7 are

two well-separated C5Me5 signals indicative of different
electronic environments around the titanium centers. In
addition, a resonance at 0.79 ppm is consistent with a methyl
ligand bound to titanium.26,27 On the other hand, the migrated
methyl groups appear in the range 1.59−1.80 ppm, in
agreement with the data reported for the mononuclear
alkenylamido tantalum derivative [Ta(η5-C5Me5)Me(NR)-
(NRCMeCMe2)] (R = 2,6-Me2C6H3).

15 These latter signals
appear in the 13C{1H} NMR spectrum at a higher field (20.3−
26.9 ppm) than that corresponding to the methyl group bound
to titanium (38.0 ppm). Furthermore, the signals at 118.6
[C(Me)CMe2] and 141.5 [C(Me)CMe2] ppm are
assignable to the alkenyl carbon atoms. Additional evidence
for a CC double bond in 7 is a stretch band at 1644 cm−1 in
the infrared spectrum. The resulting evolution of 4 diverges
from that observed for group 4 complexes in which the
coupling of the two η2-iminoacyl groups undergoes net
rearrangement to afford a metal-bound enediamido moiety
(see Scheme 1B).5,13 In contrast, the analysis of the NMR data
of the isolated product 7 seems to indicate that both iminoacyl
groups in 4 have transformed into bridging imido and terminal
alkenylamido fragments. The formation of the imido/vinyl-
amido functions has precedent in mononuclear species,
especially with early transition metals.35−43

In view of the results achieved with the alkyl isonitriles, we
decided to extend the reactivity study of complexes 1 and 2
with the aromatic isonitrile, XylNC. Thus, while the reaction

with complex 1 gave a mixture of unidentified products, the
heating of 2 at 65 °C for 4 days with 2 equiv of XylNC let us
isolate only complex [{Ti(η5-C5Me5)(CHCHPh)}(μ-O)-
{Ti(η5-C5Me5)(μ-κ

2-N,CN(MeC6H3)CH2)}] (8) (Scheme
4), as determined later by X-ray diffraction analysis.

Monitoring the reaction by 1H NMR spectroscopy at room
temperature in a 1:1 ratio disclosed the gradual liberation of
toluene and the formation of complex 8, but the addition of a
second equiv of isonitrile and heating at 65 °C for 4 days is
required to achieve a complete transformation. Signals in the
1H NMR spectrum of the final reaction mixture, other than
those assignable to complex 8, could be attributable to thermal
decomposition of 8 after being heated at 65 °C for 4 days and/
or some organic byproducts; unfortunately we could not
identify them. On the other hand, complex 8 is stable both in
solution and in solid state at room temperature for long
periods of time. Curiously, the formation of a η2-iminoacyl
complex, analogous to compounds 3−6, was not detected. It is
noteworthy that, despite having all of the necessary reagents
and similar experimental conditions to those used to obtain the
“tuck over” complex [Ti2(η

5-C5Me5)(μ-η
5-C5Me4CH2−κC)

(CH2Ph)3(μ-O)]
28 and its η2-iminoacyl derivative,44 none of

them were detected (Scheme 4).
The 1H NMR spectrum of 8 in benzene-d6 shows two

resonances for the C5Me5 rings, indicative of different
electronic environments around the titanium atoms. The (2-
methylene-6-methylphenyl)imido fragment exhibits a single
signal at 2.27 ppm for the methyl group and an AX spin system
(δ 3.05, 2.01) for the methylene CH2 group of the xylyl ligand.
Typical signals for the alkenyl moiety in the 1H NMR (δ 7.68,
7.69, J = 14.0 Hz), 13C{1H} NMR (δ 190.3, 140.7), and IR
spectra (CC: ν ̅ = 1651 cm−1) are found.
The molecular structure of complex 8 is shown in Figure 3.

Aside from the two titanium atoms joined by an oxygen atom,
this species does not show any structural analogy to
compounds 3−6. The Ti1 atom adopts a three-legged piano-
stool geometry comprising the centroid of the pentamethylcy-
clopentadienyl ring, an oxygen, a μ-imido moiety, and a styryl
ligand. An analogous environment could be assigned to Ti2
with the η5-C5Me5 ring, O1, N1, and a methylene group,
locating the two carbon atoms, C31 and C36, at 2.431(4) and
2.464(4) Å from Ti2, respectively. The bond distances Ti2−
C38 (2.123(4) Å) and Ti1−C41 (2.144(4) Å) are in the range
found for single Ti−C bonds.29,30

Scheme 3. Spontaneous Rearrangement of 4 to 7 Scheme 4. Formation of Complex 8
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On the other hand, though all Ti−O and Ti−N lengths
compare well with a single bond, the coordination of the (2-
methylene-6-methylphenyl)imido moiety to both titanium
atoms discloses an asymmetry in the central ring; the Ti1−
O1 (1.833(2) Å) and Ti1−N1 (1.862(3) Å) bond distances
are shorter than Ti2−O1 (1.852(2) Å) and Ti2−N1 (1.988(3)
Å). This latter value together with the C31−N1 (1.389(4) Å),
C31−C36 (1.430(5) Å), and C36−C38 (1.454(6) Å) bond
lengths, between a double and single bond,45 do not let us to
discard π-electronic delocalization along this moiety. The
coordination of the (2-methylene-6-methylphenyl)imido moi-
ety through the nitrogen atom and the methylene group makes
the Ti1−O1−Ti2 (96.1(1)°) angle clearly narrower than that
found for the starting compound 2 (159.1(3)°).28 Addition-
ally, the bond distance C41−C42 1.324(5) Å, where the metal
center and the aromatic ligands adopt a cis configuration, is
coherent with a double bond.
Reactions with Organic Nitriles. The reactions of

complexes [{Ti(η5-C5Me5)R2}2(μ-O)] (R = Me 1, CH2Ph
2) with some nitriles are summarized in Schemes 5−7. The

addition of R′CN (R′ = tBu, iPr) at room temperature to a
toluene solution of 1 in a 1:2 molar ratio or an excess, and
heating at 90 °C for several days, enabled the selective
incorporation of one molecule of nitrile in each titanium
center, and complexes 9 and 10 were isolated as orange
microcrystalline solids in moderate yields. The NMR spectra
showed the presence of isomers, and subsequent heating of the
sample gave no evidence of interconversion or a significant
change in the ratio. Compound 9 was shown to be anti-
[{Ti(η5-C5Me5)Me(NC(Me)tBu)}2(μ-O)] once X-ray diffrac-

tion studies were performed on single crystals obtained from a
saturated solution in hexane. The molecular structure is shown
in Figure 4 and is discussed below.

The 1H and 13C{1H} NMR spectra of freshly obtained
crystals of 9 and 10 are consistent with those of symmetrical
structures, with an inversion center on the bridging oxygen.
These complexes exist as a mixture of isomers as revealed by
the doubling of all of the signals in the 1H and 13C NMR
spectra of these solutions (see the Experimental Section for the
minor isomers). Thus, the spectra show for the major isomer
the equivalence of the η5-C5Me5 ligands, with only one signal
in the 1H NMR spectra [δ = 1.96 (9), 1.98 (10)] and two in
the 13C{1H} NMR spectra [δ = 12.0 (9), 12.0 (10) C5Me5;
119.1 (9), 119.1 (10) C5Me5). Distinguishing features of 9 and
10 are the resonances for the ketimido ligands at δ 1.90/25.1
(9) and 1.83/27.3 (10) for the methyl group (NCMeR) in
the 1H/13C{1H} NMR spectra, and at 183.0 (9) and 180.9
(10) in the 13C{1H} NMR for the carbon atoms (NCMeR),
which evidence the incorporation of the organic nitrile. These
values are within the range known for group 4 metal−ketimido
complexes.46−48

As can be seen in Figure 4, the molecular structure of
complex 9 comprises a dinuclear species where each of the
titanium atoms adopts a three-legged piano stool arrangement
with a ketimido fragment, a methyl group, and an oxygen atom
occupying the basal positions and the C5Me5 ring in the apical
vertex. It is noteworthy that the incorporation of the organic
nitrile opens the Ti−O−Ti angle (180.0°) with respect to the
precursor complex 1 (153.4(1)°).27 Structural parameters
related to the ketimido fragment, Ti1−N1 1.865(2) Å, N1−
C31 1.257(3) Å, and Ti1−N1−C31 167.5(2)°, are similar to
those of other titanium(IV)−ketimido complexes.49−52

In an attempt to generalize the preparation of 9 and 10, we
treated complex 2 with tBuCN and iPrCN. To our surprise,
the reaction occurs upon heating at 65 °C in a 1:2 molar ratio
of the reagents to give the alkenylimido complexes 11 and 12
rather than the expected ketimido species. Moreover, the
incorporation of the nitrile only takes place on one of the

Figure 3. Molecular structure of compound 8. Thermal ellipsoids are
at 50% probability. Most hydrogen atoms are omitted for clarity.

Scheme 5. Reactions of Complexes 1 with Nitriles

Figure 4. Molecular structure of compound 9. Thermal ellipsoids are
at 50% probability. Hydrogen atoms are omitted for clarity. Selected
bond lengths (Å) and angles (deg): Ti1−O1 1.817(1), C31−C32
1.534(4), Ti1−C1 2.135(3); O1−Ti1−N1 108.8(1), N1−C31−C2
120.1(3), O1−Ti1−C1 100.2(1), N1−C31−C32 122.4(2), N1−
Ti1−C1 100.2(1), C2−C31−C32 117.5(2).
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titanium centers (see Scheme 6). By 1H NMR monitoring in
benzene-d6, we observed the slow formation of 11 and

elimination of toluene. Complex 11 was fully characterized by
NMR and IR spectroscopy, elemental analysis, and single-
crystal X-ray diffraction, while complex 12 could only be
characterized by a single-crystal X-ray diffraction study and IR
spectroscopy. Compound 12 shows thermal instability in
solution (degradation is observed after a few minutes at room
temperature) leading to an intractable mixture of products, and
therefore, they must be stored in solid state at temperatures
below −20 °C.
The solid-state structure of compound 11 is depicted in

Figure 5, while the analogous molecular structure of 12,

together with the listing of the core bond angles and distances,
can be found in the Supporting Information (see Figure S2 and
Table S3). Molecular structures of 11 and 12 comprise two
Ti(η5-C5Me5)L2 units bridged by an oxygen atom. Both metal
centers exhibit a pseudotetrahedral environment, showing Ti2
in its coordination sphere, an alkenylimido fragment, and a
nitrile ligand, while Ti1 remains with two unaltered benzyl
groups. In this latter case, the Ti−C bond distances show
values (2.126(5)−2.163(5) Å) quite similar to those found in
complex 2 (2.133(5)−2.149(5) Å),28 coherent with no
participation of Ti1 in the reaction.
The coordination of the nitrile ligand and the alkenylimido

fragment to Ti2 increases the electronic density on the metal
center and elongates the distance Ti2O1 (1.899(3) Å) with
respect to Ti1O1 (1.779(3) Å). Additionally, the TiO
Ti bond angle (149.2(2)°) is approximately 10° narrower than

that of the precursor 2 (Ti1O1Ti1a = 159.1(3)°),
probably due to the existence of CH···π stacking
interactions in these compounds (for more details, see Figure
S3 and Table S4 in the Supporting Information). The nature of
the titanium imido interaction is confirmed by the Ti2N1
(1.747(4) Å 11, 1.744(3) Å 12) and N1C61 (1.372(6) Å
11, 1.374(5) Å 12) bond distances and the angle Ti2N1
C61 (174.0(4)° 11, 172.1(3)° 12), within the known values
for imido-titanium(IV) species.53−55 Moreover, the bond
lengths C51C61 (1.361(7) Å 11, 1.356(6) Å 12) and
C51C52 (1.452(7) Å 11, 1.460(6) Å 12) show typical
values for C(sp2)C(sp2) or C(sp2)C(sp2) bonds,
respectively. Finally, the structural parameters for the nitrile
moiety (Ti2N2 = 2.151(4) 11, 2.131(3) Å 12; N2C71 =
1.139(6) 11, 1.151(5) Å 12; Ti2N2C71 = 173.2(5)° 11,
170.1(3)° 12; N2C71C72 = 177.6(6)° 11, 179.7(5)° 12)
are in the range found for other nitrile titanium complexes56−58

in which the linearity of the TiNC fragment is shown.
The 1H and 13C{1H} NMR spectra of 11 confirm that the

molecular structure obtained by the X-ray diffraction study is
maintained in solution. In this sense, and in an analogous
fashion to compound 7, the NMR spectra show the
inequivalence of the η5-C5Me5 ligands, with two signals in
the 1H NMR spectra (δ = 1.85, 2.10) and four in the 13C{1H}
NMR spectra (δ = 12.2, 11.9, C5Me5; 122.1, 120.1 C5Me5).
Additionally, the 1H NMR spectrum exhibits as more
remarkable features a singlet at δ 5.52 for the proton on the
alkenyl fragment [TiNC(tBu)CHPh] and one AX and other
AB spin systems for the methylene CH2 groups of the benzyl
ligands. Furthermore, the signals of the 13C{1H} NMR
spectrum at 106.2 and 123.9 ppm are assignable to the alkenyl
carbon atoms [TiNC(tBu)CHPh], and the resonance for
the carbon atom of the coordinated NCtBu moiety appears at
167.7 ppm. The existence of the nitrile ligand is confirmed by a
stretching band for the NC bond at 2256 (11) and 2266
(12) cm−1 in the IR spectra.
Finally, Me3SiCN was used to extend the study on nitrile

insertion processes. In this sense, the reactions did not proceed
to obtain products of type 9/10 or 11/12. Moreover, there was
no reaction with 2, and treatment of complex 1 with Me3SiCN
afforded the azatitanacyclopropane isocyanide complex [{Ti-
(η5-C5Me5)Me2}(μ-O){Ti(η5-C5Me5)(κ

2-C,N−Me2CN
SiMe3)(CNSiMe3)] (13), as determined later by an X-ray
diffraction analysis (Scheme 7). Complex 13 decomposes in
solution, precluding its characterization by 13C{1H} NMR,
although the 1H NMR spectrum could be recorded
immediately after NMR tube preparation.
Although, since the mid-1970s, it has been known that

trialkylsilylnitriles exist in equilibrium with R3SiNC,
59 exam-

ples of the nitrile−isocyanide rearrangement in the presence of
an organometallic complex are rare. Thus, Bochmann et al.
reported that trimethylsilylnitrile isomerizes to the isocyanide

Scheme 6. Reactions of Complexes 2 with Nitriles

Figure 5.Molecular structure of compound 11. Thermal ellipsoids are
at 50% probability. Hydrogen atoms are omitted for clarity, except
that of the alkenyl fragment.

Scheme 7. Reactions of Complexes 1 with Me3SiCN
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and forms the η2-iminoacyl complex [Cp2Ti(Me3SiNCMe)-
(CNSiMe3)]BPh4, possibly due to the fact that, in these
systems, the formation of titaniumcarbon bonds is favored
with respect to titaniumnitrogen bonds.47 Furthermore, the
double migratory insertions of two methyl groups to a
coordinated isocyanide to give an azametallacyclopropane
species are known for a few examples with early transition
metals.60−65

To confirm unambiguously the structural connectivity in this
species, quality crystals suitable for an X-ray study were
obtained. The solid-state structure of 13 is shown in Figure 6.

It consists of a dinuclear species where each metal center
exhibits different coordination environments. The five-
coordinated titanium atom, Ti1, adopts a four-legged piano-
stool geometry with a (κ2-C,N−Me2CNSiMe3) fragment, a
trimethylsilyl isocyanide group, and an oxygen atom occupying
the basal positions while the C5Me5 ring again is located at the
apical vertex. The Ti2 center shows a pseudotetrahedral
environment with a C5Me5 ligand, two methyl groups, and an
oxygen atom, with no significant structural differences with
respect to the starting material 1. The Ti1−O−Ti2 angle
(153.7(1)°) is nearly identical to that observed in precursor
complex 1 (153.4(1)°),27 even with the major steric hindrance
around Ti1. As expected, the different electronic environment
around each metal center produces notable structural differ-
ences. For example, Ti1−O1 (1.862(2) Å) is clearly longer
than Ti2−O1 (1.786(2) Å), according to the higher electronic
deficiency on Ti2, and these are comparable values to those
observed in other dinuclear oxotitanium asymmetric spe-
cies.44,66 The trimethylsilyl-isocyanide is end-on bonded and
nearly linear (Ti1−C51−N51 175.0(3)°), with Ti1−C51 of
2.092(3) Å and a short bond distance N51−C51 of 1.160(4) Å
typical of the carbon−nitrogen triple bond, comparable to
those found in coordinated isocyanide Ti(IV) complexes.67−70

The azatitana-cyclopropane moiety in 13 shows typical single
bond distances Ti1−N41 (1.956(2) Å), Ti1−C41 (2.185(3)
Å), and C41−N41 (1.408(4) Å),29 similar to the values found
for the few examples of titanaaziridine derivatives71−75 and for
other early transition metals, especially tantalum.13,76,77

The 1H NMR spectrum of 13 in benzene-d6 shows two
resonances for the C5Me5 rings, indicative of different
electronic environments around the titanium atoms. Analo-
gously, this spectrum reveals two resonances for the methyl

groups bound to titanium (0.30 and 0.29 ppm), two signals for
the methyl groups of the azatitanacyclopropane unit at δ 1.32
and 1.85, and one signal (0.52 ppm) for the methyl groups of
the SiMe3 fragment, in accord with the asymmetry of 13.
Moreover, the existence of the isocyanide ligand is confirmed
by a stretching band for the CN bond at 2036 cm−1 in the
IR spectrum, comparable to those found in Ti(IV) complexes
with coordinated isocyanides.67,78−81

Computational Studies. In order to clarify the mecha-
nism of some of the reactions experimentally observed and to
understand the diversity of products observed as a function of
the nitriles or isonitriles employed in the reactions, selected
transformations were also studied by DFT calculations at the
PBE0-D3(BJ)/Def2-TZVP//PBE0-D3(BJ)/Def2-SV(P) level
of theory.82−89

The migratory insertion processes to yield the previously
described η2-iminoacyl complexes 3−6, as a result of the
participation of the two metal centers, were fully analyzed first
using the complex [{Ti(η5-C5Me5)Me2}2(μ-O)] (1) and the
simplest R′NC isonitrile (R′ = Me) as a model. Then, several
calculations were also carried out with a bulkier isonitrile (R′ =
tBu) to test the influence of the R′ group on the isomers
obtained and in the subsequent reactivity of the η2-iminoacyl
complexes. Finally, selected calculations were also performed
for the analogous reactions with the complex [{Ti(η5-
C5Me5)(CH2Ph)2}2(μ-O)] (2). The thermodynamic and
kinetic parameters computed for the well-known isonitrile
insertion into the Ti-alkyl bonds of complex 1 to form the
corresponding η2-iminoacyl complexes are collected in Scheme
8 (for a graphical representation of the whole mechanism, see
Figure S4 in the Supporting Information).1−4

As can be seen in Scheme 8, all insertion processes studied
are thermodynamically favorable and present easily affordable
barriers at room temperature or below in agreement with
experimental findings. Once the first insertion has occurred,
the second isocyanide could be inserted on any of the
remaining Ti−Me bonds leading to three different isomers
(4a−4c) as shown in Scheme 8, being thermodynamically and
kinetically more favorable when it takes place on the second
metallic center, bounded to two alkyl groups leading to
compounds 4a or 4b. In this regard, there are no significant

Figure 6.Molecular structure of compound 13. Thermal ellipsoids are
at 50% probability. Hydrogen atoms are omitted for clarity.

Scheme 8. Computed ΔG(25 °C) Values for the R′NC
Insertion Reactions on Complex 1 (R′ = Me, tBu)a

aBetween brackets, ΔG⧧(25 °C) values. All data in kcal mol−1. Cp* =
(η5-C5Me5).
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differences in the ΔG(25 °C) or ΔG⧧(25 °C) values computed
for the first and the second MeNC insertion processes when
the second occurs in the titanium center containing two
uninserted alkyl moieties to give either complexes 4a or 4b. All
insertion processes shown in Scheme 8 are irreversible at 25
°C since the activation barriers for the reverse reactions are in
the range 35−40 kcal mol−1. Based on the irreversibility of the
insertion processes at 25 °C and the minor differences
computed for the activation Gibbs energy for the formation
of the two more kinetically favorable species syn-4a and syn-4b
(ΔΔG⧧(25 °C) = 0.5 kcal mol−1, see Figure S4), the
concomitant formation of isomer 4b together with 4a, the
latter with a molecular disposition equivalent to the solid-state
structure of 4 (see Figure S1 in the Supporting Information),
should also be expected. Likewise, the kinetic barriers
computed for the tBuNC insertions are essentially identical
to those previously described for the reactions with the less
sterically hindered MeNC isonitrile indicating an insignificant
effect on the reaction rate as a function of the steric hindrance
of the isonitrile. However, the activation Gibbs energy
calculated for the first MeNC addition to complex 2
(ΔG⧧(25 °C) = 15.8 kcal mol−1) is 2.4 kcal mol−1 higher
than that computed for the same reaction with complex 1 in
agreement with the observation that the reaction time needed
to quantitatively obtain the η2-iminoacyl complex 6 (hours) is
larger than that required to yield compound 5 (minutes) after
the insertion of Me3SiCH2NC to either complexes 2 or 1,
respectively (see Scheme 2).
Moreover, as stated above, anti (3 and 5) or syn (4 and 6)

arrangements were observed in the crystalline structures of the
iminoacyl complexes, taking into consideration the relative
disposition of the pentamethylcyclopentadienyl ligands.
Accordingly, the possible interconversion between the anti or
syn conformations was analyzed computationally for 4a and 4b
species as shown schematically in Scheme 9.

The rotations around the oxo bridge interconverting syn and
anti conformers are again easily affordable processes in mild
conditions, as can be inferred by the thermodynamic and
kinetic values computed and reported in Scheme 9. In this
sense, the almost identical Gibbs energy values for the syn and
anti conformers of both 4a and 4b diastereomers and the low
activation Gibbs energy values computed for that interconver-
sion support a dynamic equilibrium between syn and anti
conformers occurring faster than the NMR time scale.

Similarly, the interconversion between syn-3a and anti-3a (R′
= tBu) was also computed (see Scheme 9), and the results are
quite similar to those observed for the rotation around the oxo
bridge in compound 4a. Consequently, only one resonance
attributable to both species (syn and anti of each isomer 3a, 4a,
or 4b) should be expected in the NMR spectra at room
temperature in solution. However, the interconversion
between diastereomers 4a and 4b requires the elimination of
one isonitrile already inserted and a subsequent insertion in the
other Ti−Me bond of the same titanium center. Nevertheless,
as stated previously, all isonitrile insertions shown in Scheme 8
are irreversible under mild conditions, and thus, we can reject
the possibility of interconversion between different diaster-
eomers such as 4a and 4b at room temperature or below.
In addition to the plausible formation of the isomers

analyzed in Schemes 8 and 9, the rotation of the iminoacyl
ligands lead to different isomers (endo−exo) as described in
Scheme 10 for compounds anti-4a (R′ = Me) and anti-3a (R′
= tBu) and as previously reported for other η2-iminoacyl
complexes.1,90−93

The computed Gibbs energy differences among the three
isomers of the less sterically crowded complex anti-4a shown in
Scheme 10 are lower than 1 kcal mol−1 in line with the
possibility of their existence in equilibrium under experimental
conditions. Furthermore, the data also indicate a facile rotation
of both η2-iminoacyl ligands for anti-4a (R′ = Me), although
the activation barrier for the first endo−exo isomerization (anti-
4a → anti-I3) is about 5 kcal mol−1 lower than the
corresponding one for the second one (anti-I3 → I5). An
alternative scenario with endo−exo isomerizations occurring in
complex syn-4a and then a rotation to achieve the
corresponding syn−anti isomerization to finally yield com-
pound I5 was also explored in silico leading to similar results as
shown in Figure S5 in the Supporting Information. In the case
of the more sterically hindered iminoacyl complexes with a
bulkier substituent in the nitrogens such as that in anti-3a (R′
= tBu), larger thermodynamic differences are observed among
the three different isomers as shown in Scheme 10. Moreover,
the isomerization processes for anti-3a exhibit high kinetic
barriers, and the formation of anti-I3tBu and its conversion to
I5tBu would be too slow to occur under the experimental
conditions.
Thus, according to the values in Schemes 8−10, several

isomers are accessible, and some of them can coexist in
equilibrium as was also experimentally observed. Although this
DFT study has been performed mainly using [{Ti(η5-
C5Me5)Me2}2(μ-O)] (1) and MeNC as models, the data
obtained from calculations show a good agreement with the
experimental results as revealed by the crystalline structures
determined for complexes 3−6, with the same arrangement as
the computed species syn-4a (complex 4, see Figure S1), anti-

Scheme 9. Computed ΔG(25 °C) Values for the syn−anti
Isomerization Reactions for Compounds 3a, 4a, and 4ba

aBetween brackets, ΔG⧧(25 °C) values. All data in kcal mol−1.

Scheme 10. Computed ΔG(25 °C) Values for the endo−exo
Isomerization Reactions for Compounds 3a and 4aa

aBetween brackets, ΔG⧧(25 °C) values. All data in kcal mol−1.
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4a (complex 3, see Figure 1), syn-4b (complex 6, see Figure 2),
and anti-4b (complex 5, see Figure S1).
Once the insertion processes have been analyzed, it would

be interesting to know how the formation of the imido-
vinylamido complex [Ti2(η

5-C5Me5)2(μ-O)(μ-NiPr){N(iPr)-
CMeCMe2}Me] (7) by rearrangement of 4 takes place.
Given the reliability of the calculations performed with the
methyl substituted models, we decided to study the evolution
of complex syn-4a. In that sense, Schemes 9 and 10 show the
required isomerizations (syn → anti and endo → exo) to form
intermediate I5 from syn-4a, with easily affordable barriers at
room temperature for this slightly endergonic transformation
(ΔG(25 °C) = 1.6 kcal mol−1). As mentioned above, an
alternative possibility with endo → exo isomerizations
occurring before the syn → anti isomerization was also
computed, and the results obtained (see Figure S5 in the
Supporting Information) are similar to those presented in
Schemes 9 and 10. A plausible mechanistic scenario for the
reaction yielding the final imido-vinylamido product 7a is
collected in Figure 7 starting from the bis(anti-η2-iminoacyl)

intermediate I5 located at 1.6 kcal mol−1 related to the starting
reactant syn-4a (0.0 kcal mol−1). The presence of two adjacent
metallic centers favors that one of the two iminoacyl groups in
I5 could be converted into an amidocarbene bridging fragment
in I6. The proximity of this group to a TiMe bond gives rise
to a second insertion process to obtain intermediate I7. The
migration of the CMe2NMe moiety to the η2-iminoacyl group
renders the last intermediate I8 that easily evolves by a
surprising CN cleavage step to the imido-vinylamido
compound 7a. The activation Gibbs energy for the rearrange-
ment of the bis(η2-iminoacyl) complex I5 to yield 7a is
associated with the formation of the high-energy species
carbene I6 and the following insertion into the TiMe bond
overcoming TSI6I7. The Gibbs energy barrier computed for this
transformation (27 kcal/mol) is in agreement with the
rearrangement of complex 4 to yield species 7 (see Scheme
3) occurring in several days at room temperature. However,
the formation of the required I5tBu intermediate from the most
stable isomer syn-3a (R′ = tBu) is 5.7 kcal mol−1 uphill what
would increase the kinetic barrier for an analogous rearrange-
ment when R′ = tBu, and this could be the reason why this
reaction was not observed experimentally for η2-iminoacyl
complexes with the bulkier substituents and why it has only

been observed in the case of 4 containing the less sterically
hindered R′NC.
An alternative mechanism for the formation of 7a from 4a

through the plausible coupling between iminoacyl groups to
form an enediamido species (see Scheme 1B) was also
explored, but the higher Gibbs activation energy computed
(ΔG⧧(25 °C) = 42.4 kcal mol−1) leads to the rejection of this
path. For more details, see Figure S6 in the Supporting
Information.
Finally, we focus our attention on the formation of the

unexpected alkenyl imido derivatives 11 and 12. Following the
procedure carried out for the isonitrile reactions, we performed
DFT calculations using complex [{Ti(η5-C5Me5)-
(CH2Ph)2}2(μ-O)] (2) and MeCN as a model to simplify
the study. A schematic Gibbs energy diagram computed for
this process is shown in Figure 8. The first transformation

consists of an α-H abstraction, and it is the rate-determining
step of the whole process studied with a high kinetic barrier
(ΔG⧧(25 °C) = 28.0 kcal mol−1) consistent with the
experimental reaction conditions (see Scheme 6 and the
Experimental Section). The formation of alkylidene inter-
mediate B1 has been previously proposed in the thermal
treatment of complex 2 that, in the absence of other additional
ligands, produces the “tuck over” complex shown in Scheme
4.28 However, in the presence of nitrile ligands as in the
reaction conditions where compounds 11 and 12 were
obtained, the nitrile coordinates to the alkylidene intermediate
B1 in a barrierless process, yielding the intermediate B2. Then,
an intramolecular [2 + 2] addition between the MeCN and the
alkylidene ligands93 (TSB2B3) is easily produced to give the
intermediate B3. After that, an electronic redistribution within
the azatitanacyclobutene through TSB3B4 renders the alkenyl
imido B4. Finally, a second MeCN molecule fills the titanium
coordination sphere to yield 11a, as a model of complexes 11
and 12. Although this study has been carried out using MeNC
as a nitrile model, the results are expected to be similar for
other nitriles since, as stated before, the rate-determining step
is the first dissociative process to form the alkylidene
intermediate (B1), and the nitrile ligands play a role later in
the mechanisms.

Figure 7. Gibbs energy profile at 25 °C (kcal mol−1) in the formation
of 7a.94

Figure 8. Gibbs energy profile at 25 °C (kcal mol−1) for the reaction
of MeCN with complex 2.
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■ CONCLUSIONS
A new series of dinuclear μ-oxo titanium complexes have been
synthesized and characterized as a result of TiC insertions,
CN cleavage, or CC formation reactions with either
organic isocyanides or nitriles. The reactivity of the starting
complexes [{Ti(η5-C5Me5)R2}2(μ-O)] (R = Me, CH2Ph) with
the isocyanides R′NC (R′ = tBu, iPr, CH2SiMe3) afforded the
expected η2-iminoacyl compounds. However, complex [{Ti(η5-
C5Me5)(iPrNCMe)Me}2(μ-O)] cleanly evolved to give the
imido-vinylamido derivative [Ti2(η

5-C5Me5)2(μ-O)(μ-NiPr)-
{N(iPr)CMeCMe2}Me]. In this case, DFT calculations
support the formation of an amidocarbene bridge intermediate
and subsequent migration processes to render the imido-
vinylamido compound, excluding a traditional direct coupling
of two η2-iminoacyl units. Also, the treatment of [{Ti(η5-
C5Me5)(CH2Ph)2}2(μ-O)] with XylNC results in another
example of the rich reactivity of these derivatives. On the other
hand, the treatment of [{Ti(η5-C5Me5)Me2}2(μ-O)] with
tBuCN or iPrCN generated species in which one ketimido
moiety is linked to each metallic center. In a similar way, the
reactions of [{Ti(η5-C5Me5)(CH2Ph)2}2(μ-O)] with tBuCN
and iPrCN gave alkenylimido derivatives, likely through a
transient alkylidene fragment as the directing group for the
CH activation. Finally, the analogous reaction with
Me3SiCN leads to the azatitanacyclopropane isocyanide
complex [{Ti(η5-C5Me5)Me2}(μ-O){Ti(η

5-C5Me5)(κ
2-C,N

Me2CNSiMe3)(CNSiMe3)], as result of a preceding nitrile−
isonitrile isomerization process in solution.

■ EXPERIMENTAL SECTION
General Considerations. All manipulations were carried out

under a dry argon atmosphere using Schlenk-tube and cannula
techniques or in a conventional argon-filled glovebox. Solvents were
carefully refluxed over the appropriate drying agents and distilled prior
to use: C6D6 and hexane (Na/K alloy), tetrahydrofuran (Na/
benzophenone), and toluene (Na). Starting materials [{Ti(η5-
C5Me5)R2}2(μ-O)] (R = Me 1, CH2Ph 2)25 were prepared following
reported procedures. All of the isonitriles (RCN, R = iPr, tBu,
CH2SiMe3, Xyl) and nitriles (RCN, R = iPr, tBu, SiMe3) were
purchased from Aldrich and were used as received. Microanalyses (C,
H, N, S) were performed in a LECO CHNS-932 microanalyzer.
Samples for IR spectroscopy were prepared as KBr pellets and
recorded on the PerkinElmer IR-FT Frontier spectrophotometer
(4000−400 cm−1). 1H and 13C NMR spectra were obtained by using
Varian NMR System spectrometers, Unity-300 Plus, Mercury-VX, and
Unity-500, and reported with reference to solvent resonances.
1H−13C gHSQC was recorded using the Unity-500 MHz NMR
spectrometer operating at 25 °C.
Caution. Reactions with these nitriles and isonitriles should not be

undertaken without proper safety precautions put in place. In
particular, Me3SiCN is extremely toxic (fatal if swallowed, in contact
with skin, or inhaled).
Preparation of [{Ti(η5-C5Me5)Me(κ2-C,NMeCNtBu)}2(μ-O)]

(3). To a solution of 1 (0.200 g, 0.45 mmol) in 10 mL of hexane
placed into a 25 mL Schlenk tube, tBuNC (0.078 g, 0.92 mmol) was
added. The resulting solution was stirred for 1 min and then
immediately cooled at −35 °C to give, after a few days, orange crystals
(0.255 g, 93%) identified as 3. The 1H NMR revealed the presence of
a mixture of two isomers in a ca. 1:5 ratio. IR (KBr, cm−1): ν ̅ = 2911
(s, CH aliph.), 1637 (s, CN), 1457, 1365 (m, CC), 1103, 1025 (w,
CC), 739 (vs, TiOTi). 1H NMR (C6D6, 300 MHz, 298 K):
major isomer, δ = 0.40 (s, 6H, TiMe), 1.31 (s, 18H, tBu), 1.85 (s,
30H, C5Me5), 2.49 (s, 6H, η

2-NCMe); minor isomer, δ = 0.19 (s, 6H,
TiMe), 1.32 (s, 18H, tBu), 1.88 (s, 30H, C5Me5), 2.55 (s, 6H, η2-
NCMe). Elemental Anal. (%) Calcd for C34H60N2OTi2 (608.58): C,
67.10; H, 9.94; N, 4.60. Found: C, 67.05; H, 9.00; N, 4.80.

Preparation of [{Ti(η5-C5Me5)Me(κ2-C,NMeCNiPr}2(μ-O)]
(4). A 0.065 g (0.90 mmol) portion of iPrNC was added to a vial
containing a solution of 1 (0.200 g, 0.45 mmol) in hexane (∼10 mL).
The solution readily changed from yellowish to orange and
immediately was cooled to −35 °C to yield, after a few days, orange
crystals of 4 (0.175 g, 67% yield). The 1H NMR revealed the presence
of complex 7 in a ca. 1:5 ratio. IR (KBr, cm−1): ν ̅ = 2970, 2889 (vs,
CH aliph.), 1618 (s, CN), 1446, 1371 (vs, CC), 1103, 1023 (w,
CC) (w), 798 (vs, TiOTi). 1H NMR (C6D6, 300 MHz, 298 K):
δ = 4.06 (hept., J = 6.6 Hz, 2H, CHMe2), 2.21 (s, 6H, NCMe), 1.85
(s, 30H, C5Me5), 1.28 (d, J = 6.6 Hz, 6H, CHMeMe), 1.10 (d, J = 6.3
Hz, 6H, CHMeMe), 0.42 (s, 6H, TiMe). Anal. Calcd for
C32H56N2OTi2 (580.53): C, 66.21; H, 9.72; N, 4.83. Found: C,
65.97; H, 9.07; N, 4.97.

Preparation of [{Ti (η5-C5Me5)Me(κ2-C,NMeCN-
CH2SiMe3)}2(μ-O)] (5). Complex 1 (0.200 g, 0.45 mmol) was
dissolved in hexane (10 mL), and Me3SiCH2NC (0.103 g, 0.90
mmol) was added to the yellow solution. The resulting solution was
quickly stirred and then was cooled at −35 °C to give a crystalline
yellow solid (0.265 g, 88%) identified as 5. IR (KBr, cm−1): ν ̅ = 2856
(m, CH aliph.), 1937 (w, CH aliph.), 1630 (s, CN), 1443, 1377,
1097, 1027 (m, CC), 765 (vs, TiOTi). 1H NMR (C6D6, 300
MHz, 298 K): major isomer, δ = 0.02 (s, 18H, CH2SiMe3), 0.37 (s,
6H, TiMe), 1.88 (overlapping, s, 30H, C5Me5), 2.22 (s, 6H, η2-
NCMe), 3.57, 3.37 (AB syst., J = 12.6 Hz, 4H, CH2SiMe3); minor
isomer, δ = 0.05 (s, 18H, CH2SiMe3), 0.34 (s, 6H, TiMe), 1.88
(overlapping, s, 30H, C5Me5), 2.23 (s, 6H, η

2-NCMe), 3.58, 3.38 (AB
syst. , 4H, CH2SiMe3). Elemental Anal. (%) Calcd for
C34H64N2OSi2Ti2 (668.79): C, 61.06; H, 9.65; N, 4.19. Found: C,
61.03; H, 8.92; N, 4.58.

Preparation of [{Ti(η5-C5Me5)CH2Ph(κ
2-C,NPhCH2CN

CH2SiMe3)}2(μ-O)] (6). To a solution of 2 (0.100 g, 0.13 mmol) in
20 mL of toluene was added Me3SiCH2NC (0.031 g, 0.27 mmol).
The red solution was left stirring for 2 h at room temperature. After
that, the solvent was removed under reduced pressure, and the crude
was dissolved in hexane. The red solution was filtered, concentrated
to half volume, and cooled to −35 °C to yield reddish orange crystals
of 6 (0.085 g, 65%). IR (KBr, cm−1): ν ̅ = 2955, 2913 (s, CH aliph.),
2867 (m CH aliph.), 1594 m (CN), 1483 (s, CC), 1451, 1086 (m,
CC), 1026 (s, CC) 837, 807 (s, TiOTi). 1H NMR (C6D6, 300
MHz, 298 K): δ = −0.01 (s, 18H, CH2SiMe3), 1.82 (s, 30H, C5Me5),
2.61 (s, 4H, TiCH2Ph), 3.64 (s, 4H, NCCH2Ph), 4.33, 4.20 (AX
syst., 2J = 16.4 Hz, 4H, CH2SiMe3), 6.97−7.50 (m, 20H, Ph).
13C{1H} NMR (C6D6, 75 MHz, 298 K): δ = −0.49 (CH2SiMe3), 12.5
(C5Me5), 43.0 (CH2SiMe3), 43.0 (NCCH2Ph), 60.0 (TiCH2Ph),
118.9, 128.8, 127.0, 131.0, 137.6, 154.3 (Ph), 120.7 (C5Me5), 233.5
(NCCH2Ph). Elemental Anal. (%) Calcd for C58H80N2OSi2Ti2
(973.17): C, 71.58; H, 8.29; N, 2.88. Found: C, 71.03; H, 8.70; N,
3.61.

Preparation of [Ti2(η
5-C5Me5)2(μ-O)(μ-NiPr){N(iPr)C(Me)

CMe2}Me] (7). In a 50 mL Schlenk tube, 1 (0.200 g, 0.45 mmol)
was dissolved in hexane (∼10 mL), and 0.065 g (0.90 mmol) of
iPrNC was added to the solution. The mixture reaction was left
stirring at room temperature, and after 2 days, the red solution was
cooled at −35 °C to give dark red crystals of 7 (0.237 g, 90% yield).
IR (KBr, cm−1): ν ̅ = 2909 (s, CH aliph.), 2575 (w CH aliph.), 1644
(w, CC), 1491 (d, CC), 1449, 1375 (s, CC), 1127, 1104 (vs, CC),
913, 811 (s, TiOTi). 1H NMR (C6D6, 300 MHz, 298 K): δ =
5.22, 3.55 (m, 3J = 6.3 Hz, 2H, NCHMe2), 2.01, 1.98 (s, 15H,
C5Me5), 1.59, 1.71, 1.80 (s, 9H, MeCCMe2), 1.36, 1.16, 1.13, 1.09
(d, 3J = 6.6 Hz, 12H, NCCHMe2), 0.79 (s, 3H, TiMe). 13C{1H}
NMR (C6D6, 75 MHz, 298 K): δ = 141.5, 118.6 (MeC=CMe2),
122.8, 119.2 (C5Me5), 61.2, 59.9 (NCHMe2), 38.0 (TiMe), 29.3, 28.8
(NCHMe2), 26.9, 22.5, 20.3 (MeCCMe2), 12.3, 12.2 (C5Me5).
Anal. Calcd for C32H56N2OTi2 (580.53): C, 66.20; H, 9.72; N, 4.83.
Found: C, 66.15; H, 9.11; N, 5.29.

Preparation of [{Ti(η5-C5Me5)(HCCH(Ph))}(μ-O){Ti(η5-
C5Me5)(μ-κ

2-N,CN(MeC6H3)CH2)}] (8). In a 100 mL J-Young
Carious tube, 2 (0.100 g, 0.13 mmol) was dissolved in 20 mL of
toluene, and XylNC (0.036 g, 0.27 mmol) was added. The resulting
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red solution was stirred and heated at 65 °C for 4 days. After that, the
solution was filtered, and the solvent was removed under vacuum.
Then, the crude was dissolved in hexane, and the solution was
reduced in volume and cooled to −35 °C to give red single crystals
(0.040 g, 49%) of 8. IR (KBr, cm−1): ν ̅ = 2964 (m, CH aliph.), 2906
(vs, CH aliph.), 2858 (s, CH aliph.), 1651 (w, CC), 1374 (s, CC),
1293, 1257, 1234 (m, CC), 1076, 1022 (w, CC), 775 (vs, TiO
Ti). 1H NMR (C6D6, 300 MHz, 298 K): δ = 1.55, 1.83 (s, 15H,
C5Me5), 2.01, 3.05 (AX syst., 2J = 8.0 Hz, 2H, TiCH2(C6H3)Me),
2.27 (s, 3H, TiCH2(C6H3)Me), 7.03−7.90 (m, 8H, Ph), 7.60, 7.68
(dd, 3J = 14.0 Hz, 2H, TiCHCHPh). 13C{1H} NMR (C6D6, 75
MHz, 298 K): δ = 10.9, 11.6 (C5Me5), 19.1 (TiCH2(C6H3)Me),
65.4 (TiCH2(C6H3)Me), 120.7, 121.0 (C5Me5), 190.3, 140.7 (Ti
CHCHPh), 124.7−143.2 (Ph). Elemental Anal. (%) Calcd for
C36H45NOTi2 (603.48): C, 71.65; H, 7.52; N, 2.32. Found: C, 71.97;
H, 7.07; N, 2.74.
Preparation of [{Ti(η5-C5Me5)Me(NC(Me)tBu)}2(μ-O)] (9). In a

100 mL J-Young Carious tube, a solution of 1 (0.200 g, 0.45 mmol)
and tBuCN (0.078 g, 0.92 mmol) was prepared in 20 mL of toluene.
The mixture was heated and stirred at 90 °C for 4 days. The solution
was then filtered, concentrated to half volume, and cooled to −35 °C
to give a yellow crystalline solid identified as 9 (0.211 g, 77%). The
1H NMR revealed the presence of a mixture of two isomers in a ca.
1:5 ratio. IR (KBr, cm−1): ν ̅ = 2961, 2909 (s, CH aliph.), 1474, 1432,
1375, 1361, 1024 (m, CC), 1674 (vs, CN), 772 (vs, TiOTi).
1H NMR (C6D6, 300 MHz, 298 K): major isomer, δ = 0.44 (s, 6H,
TiMe), 1.09 (s, 18H, NCMetBu), 1.97 (s, 30H, C5Me5), 1.91 (s,
6H, NCMetBu); minor isomer, δ = 0.50 (s, 6H, TiMe), 1.10 (s,
18H, NCMetBu), 1.96 (s, 30H, C5Me5), 1.89 (s, 6H, NCMetBu).
13C{1H} NMR (C6D6, 75 MHz, 298 K): major isomer, δ = 12.0
(C5Me5), 25.1 (NCMetBu), 28.5, 44.1 (NCMetBu), 36.1 (TiMe),
119.1 (C5Me5), 183.0 (NCMetBu); minor isomer, δ = 12.0
(C5Me5), 25.0 (NCMetBu), 28.4, not observed (NCMetBu), 37.7
(TiMe), 119.0 (C5Me5), 182.6 (NCMetBu). Elemental Anal. (%)
Calcd for C34H60N2OTi2 (608.58): C, 67.10; H, 9.94; N, 4.60. Found:
C, 67.78; H, 9.33; N, 4.54.
Preparation of [{Ti(η5-C5Me5)Me(NC(Me)iPr)}2(μ-O)] (10).

Similarly, to the preparation of 9, complex 1 (0.300 g, 0.68 mmol)
and iPrCN (0.097 g, 1.36 mmol) were dissolved in 20 mL of hexane.
The yellowish-brown solution was stirred and heated at 90 °C for 8
days. After that, the solution was filtered, its volume reduced under
vacuum, and cooled to −35 °C to obtain yellowish orange crystals
identified as 10 (0.249 g, 63%). The 1H NMR revealed the presence
of a mixture of two isomers in a ca. 1:5 ratio. IR (KBr, cm−1): ν ̅ =
2958, 2908 (s, CH aliph.), 1453 (s, CC), 1429, 1373 (m, CC), 1088
(w, CC), 1680 (vs, CN), 781 (vs, TiOTi). 1H NMR (C6D6,
300 MHz, 298 K): major isomer, δ = 0.50 (s, 6H, TiMe), 1.00, 1.04
(d, 3J = 6.9 Hz, 6H, CHMeMe), 1.83 (s, 6H, NCMeiPr), 1.97 (s,
30H, C5Me5), 2.28 (m, 3J = 6.9 Hz, 2H, CHMe2); minor isomer, δ =
0.46 (s, 6H, TiMe), 0.99, 1.05 (d, J = 6.9 Hz, 6H, CHMeMe), 1.85
(s, 6H, NCMeiPr), 1.98 (s, 30H, C5Me5), 2.28 (m, J = 6.9 Hz, 2H,
CHMe2).

13C{1H} NMR (C6D6, 75 MHz, 298 K): major isomer, δ =
12.0 (C5Me5), 20.5, 20.6 (CHMeMe), 27.3 (NCMeiPr), 36.9
(TiMe), 41.6 (CHMe2), 119.1 (C5Me5), 180.9 (NCMeiPr); minor
isomer, δ = 11.9 (C5Me5), 20.6, overlapped (CHMeMe), 27.4 (N
CMeiPr), 35.5 (TiMe), not observed (CHMe2), 119.2 (C5Me5), 181.2
(NCMeiPr). Elemental Anal. (%) Calcd for C32H56N2OTi2
(580.53): C, 66.21; H, 9.72; N, 4.83. Found: C, 66.97; H, 8.50; N,
4.74.
Preparation of [{Ti(η5-C5Me5)(CH2Ph)2}(μ-O){Ti(η

5-C5Me5)(
N(tBu)CCHPh)(NCtBu)}] (11). tBuCN (0.023 g, 0.27 mmol) was
added to a solution of 2 (0.100 g, 0.13 mmol) in 20 mL of toluene
placed in a 100 mL J-Young Carious tube. The reaction mixture was
stirred and heated at 65 °C for 3 days. The resultant red solution was
then filtered and dried under reduced pressure to give 11 as a red
microcrystalline solid (0.083 g, 75%). IR (KBr, cm−1): ν ̅ = 2911 (s,
CH aliph.), 2256 (w, CN) 1483, 1377, 1205, 1160 (m, CC), 1026 (w,
CC), 749 (vs, TiOTi). 1H NMR (C6D6, 300 MHz, 298 K): δ =
0.77 (s, 9H, NCtBu), 1.26 (s, 9H, TiNC(tBu)CHPh), 1.85,
2.10 (s, 15H, C5Me5), 2.74, 2.65 (AB syst., 2H, 2J = 9.9 Hz, CH2Ph),

3.19, 2.66 (AX syst., 2H, 2J = 9.9 Hz, CH2Ph), 5.62 (s, 1H, TiN
C(tBu)CHPh), 7.94−6.62 (15H, Ph). 13C{1H} NMR (C6D6, 75
MHz, 298 K): δ = 11.9, 12.2 (C5Me5), 32.2 (NCtBu), 40.5 (TiN
C(tBu)CHPh), 71.3, 75.3 (CH2Ph), 106.2 (TiNC(tBu)
CHPh), 123.9 (TiNC(tBu)CHPh), 120.1, 122.1 (C5Me5),
121.5−150.3 (Ph), 167.7 (NCtBu). Elemental Anal. (%) Calcd for
C51H68N2OTi2 (820.83): C, 74.63; H, 8.35; N, 3.41. Found: C, 74.17;
H, 7.95; N, 3.67.

Preparation of [{Ti(η5-C5Me5)(CH2Ph)2}(μ-O){Ti(η
5-C5Me5)(

N(iPr)CC(CHPh))(NCiPr)}] (12). In a similar fashion to compound
11, in a 100 mL J-Young Carious tube, complex 2 (0.100 g, 0.13
mmol) was dissolved in 20 mL of hexane, and iPrCN (0.020 g, 0.28
mmol) was added. The red solution was heated and stirred at 65 °C
for 4 days. After that, the solution was filtered, and the solvent was
removed under reduced pressure to yield 12 (0.010 g, 10%) as a dark
red microcrystalline solid. IR (KBr, cm−1): ν ̅ = 2910 (s, CH aliph.),
2266 (w, CN), 1449, 1377 (m, CC), 1274, 1024 (w, CC), 1194 (m,
CC), 755 (vs, TiOTi). Elemental Anal. (%) Calcd for
C49H64N2OTi2 (792.78): C, 74.24; H, 8.14; N, 3.53. Found: C,
73.97; H, 8.26; N, 3.81.

Preparation of [{Ti(η5-C5Me5)Me2}(μ-O){Ti(η
5-C5Me5)(κ

2-C,N-
Me2CNSiMe3)(CNSiMe3)] (13). A 50 mL-Schlenk was charged with
1 (0.200 g, 0.45 mmol) and filled up within 10 mL of hexane, and
Me3SiCN (0.092 g, 0.904 mmol) was added. The reaction mixture
was left stirring overnight at temperatures below 20 °C, and the color
changed slowly from yellow to green. The solution was then filtered,
concentrated to half volume, and cooled to −35 °C to give a dark
green crystalline solid identified as 13 (0.226 g, 78%). IR (KBr,
cm−1): ν ̅ = 2953 (s, CH aliph.), 2908 (vs, CH aliph.), 2063 (s, CN),
1436, 1377, 1080 (m, CC), 1042 (s, CC), 836, 787 (vs, TiOTi).
1H NMR (C6D6, 300 MHz, 298 K): δ = 0.14 (s, 9H, CNSiMe3), 0.29,
0.30 (s, 3H, TiMe), 0.52 (s, 9H, κ2-C,NMe3SiNCMe2), 1.32, 1.85
(s, 3H, κ2-C,NMe3SiNCMeMe), 1.88, 1.99 (s, 15H, C5Me5).
Elemental Anal. (%) Calcd for C32H60N2OSi2Ti2 (640.73): C, 59.98;
H, 9.44; N, 4.37. Found: C, 60.34; H, 8.83; N, 4.98.

Crystal Structure Determination of Complexes 3−6, 8, 9,
and 11−13. All single crystals were obtained from saturated hexane
solutions cooled at −35 °C. Crystals were coated with mineral oil,
mounted on Mitegen MicroMounts with the aid of a microscope, 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 graphite-
monochromated Mo Kα radiation (λ = 0.710 73 Å) and an Oxford
Cryostream 700 unit. Crystallographic data are presented in Table S1
for all complexes in the Supporting Information.

The structures were solved, by using the WINGX package,95 by
direct methods (SHELXS-2013)96 or intrinsic phasing (SHELXT-
2014 for compound 4),97 and refined by least-squares against F2

(SHELXL-2014).98 All the nonhydrogen atoms were refined
anisotropically. Hydrogen atoms for all the structures were positioned
geometrically and refined by using a riding model, except those of
complex 8 involved in the reaction, which were localized in a
difference Fourier map and isotropically refined.

Crystals of 6 presented the existence of two crystallographically
independent molecules, together with two disordered hexane
molecules. Unfortunately, all attempts to obtain a sensible chemical
model for the solvent failed, and the SQUEEZE procedure was
applied to remove their contribution to the structure factors.99

Finally, a twin law was found for complex 3 by the ROTAX
program,100 with a refined value of 0.32 for the BASF parameter.

Computational Details. All Calculations were performed with
the Gaussian16 suite of programs101 within the framework of the
density functional theory (DFT).82,83 Electronic structure calculations
were performed using the PBE0 density functional84−86 with the D3
version of Grimme’s dispersion with Becke−Johnson damping.87

Geometry optimizations were performed by computing analytical
energy gradients using the Def2-SV(P) basis set.88,89 The obtained
minima were characterized by performing energy second derivatives,
confirming them as minima by the absence of negative eigenvalues of
the Hessian matrix of the energy. Transition states were characterized
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by a single imaginary frequency, whose normal mode corresponded to
the expected motion. To further refine the energies obtained from the
PBE0-D3(BJ)/Def2-SV(P) calculations, single-point calculations
were performed using the larger triple-ζ Def2-TZVP basis set.88 To
determine ΔG0 values, computed electronic energies obtained using
the larger basis set were corrected for zero point energy, thermal
energy, and entropic effects estimated from the normal-mode analysis
using the smaller basis set.
Moreover, to test the influence of the functional and basis set used

in the calculations, analogous calculations were performed with the
B3LYP102,103 density functional or optimizing the structures with a
larger basis set (Def2-TZVP) for Ti for some selected species as can
be seen in Table S6 in the Supporting Information. Likewise, single-
point calculations in toluene or hexane solution using the integral
equation formalism version of the polarizable continuum
model104−106 on the previously optimized gas phase structures were
finally carried out to simulate solvation effects (see Table S6 in the
Supporting Information).
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