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hts into C–C bond formation
through isonitrile insertion into a Cp*Ti complex†

Ming-Ran Du,‡a Xiang-Biao Zhang, *a Sheng-Meng Si,‡a Feng Yang‡a

and Lei Wang*b

The migratory insertion of isonitriles into the metal–C bond is important for constructing C–C bonds in

organic and pharmaceutical syntheses. We examine the reaction of Cp*(Cl)Ti(diene) with isonitriles using

density functional theory calculations. At room temperature, the bis-insertion reaction occurs easily for

N-tert-butyl (tBu), methyl (Me), ethyl (Et), 2,6-dimethylphenyl (Ar), and N-1-adamantyl (1-Ad)-substituted

isonitriles. The elementary reactions include the isomerisation of Cp*(Cl)Ti(diene), migratory insertion of

the first isonitrile into a Ti–C bond, C–C reductive elimination, b-H elimination, migratory insertion of

the second isonitrile into a Ti–H bond, and C–C reductive coupling. Two reliable fragmentation

mechanisms are suggested for the bis-insertion products. For the bulkier tBuNC, ArNC, and 1-AdNC, the

b-H elimination reaction pathway is dominant. For the smaller MeNC and EtNC, the g-H elimination

reaction pathway competes with the b-H elimination. For ArNC, the isomerisation reaction pathway to

a newly predicted “s complex” is kinetically favourable.
Introduction

Ti complexes have displayed powerful and tunable reactivities,
in addition to other advantages such as the abundance of Ti in
the earth and its low toxicity and cost.1–11 Tonks et al. reported
the [py2TiCl2NPh]2-catalysed synthesis of a,b-unsaturated
imines and a-(iminomethyl)cyclopropanes through multi-
component reactions, which couple alkynes, alkenes, and dia-
zenes and show substrate control selectivity.1d Xie et al. devel-
oped a methodology for the efficient synthesis of mono/bicyclic
guanidines catalysed by a Ti-amide, and obtained chiral gua-
nidines.2c Xia and Li et al. described an efficient method to
synthesise substituted piperazines through Ti(NMe2)4-mediated
C–C bond formation, and explored the reaction mechanism
using density functional theory (DFT).3d Other researchers have
reported Ti alkoxyimido (Ti]N–OR) complexes and their reac-
tivities towards internal alkynes;4c Ti hydrazides and their
reactivities towards CO2, CS2, isocyanates, and organic nitri-
les;5b,5c and a dimeric Ti complex with terminal Ti]O with
reactivity towards CO2.6a Meanwhile, isonitriles could react with
radicals, electrophiles, and nucleophiles with several
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advantages compared to the isoelectronic CO.12–18 For example,
the isonitrile reactions do not have to be performed under
pressure, and the reactivities can be easily modulated by
introducing substituents of different sizes and electron-
donating/withdrawing properties onto the nitrogen.

Complex nitrogen-containing cyclic compounds are preva-
lent in natural products and pharmaceuticals.19,20 For their
synthesis, C–C bond formation reactions mediated by transi-
tion metals are the most important transformations.21–25

Currently, the migratory insertion of isonitriles into metal–C
bonds is a potentially important method for forming C–C
bonds.26–29 The resulting iminoacyl and metallaaziridine
complexes are versatile intermediates in numerous transition
metal-promoted stoichiometric and catalytic transformations.
Xie et al. reported the migratory insertion of isonitriles into Ta–
C bonds. They pointed out that alkyl and aryl isonitriles have
different reactivity patterns, and the reaction products depend
on the type and stoichiometry of the isonitriles.27a,27b Norton
et al. described the migratory insertion of isonitriles into Zr–C
bonds, and revealed the reversibility of the migratory insertion
of tert-butyl (tBu) isonitrile.27d In particular, the migratory
insertion of isonitrile into titanacyclobutane complexes bearing
two Cp* allows the stereocontrolled synthesis of valuable
cyclobutanimines.30 Recently, Norton et al. reported the reac-
tion of Cp*(Cl)M(2,3-dimethylbutadiene) (M¼ Ti,M1a; M¼Hf,
1a) with isonitriles.31 M1a can react with N-tBu- and N-1-ada-
mantyl (1-Ad)-substituted isonitriles at room temperature to
form the bis-insertion product titanaaziridines. At elevated
temperatures in benzene with pyridine, the titanaaziridine
fragments to afford the complex cyclic compound of a-
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Proposed mechanism for the formation of N-tBu-substituted a-methylene cyclopentenimine via the four-membered titanacycle.
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methylene cyclopent-3-enimine. The proposed mechanism for
the reaction of M1a with N-tBu-substituted isonitrile (tBuNC) is
shown in Scheme 1. However, for the reaction of 1a with N-2,6-
dimethylphenyl (Ar)-substituted isonitrile (ArNC), dia-
zahafnacyclopentane with the Ar groups is the nal product,
and the bis-insertion product of the isonitrile (the Hf analogue
of titanaaziridine) is regarded as an intermediate instead. The
work of Norton et al. not only expands the application of Ti
complexes for C–C bond formation through the migratory
insertion of isonitriles into Ti–C bond, but also provides a new
method for synthesising complex cyclic compounds with
potential bioactivity.

However, several important aspects about the reaction of
M1a with isonitriles remain poorly understood: (1) the detailed
mechanisms for the formation of titanaaziridines via bis-
insertion and their fragmentations; (2) the effects of substit-
uent groups on the nitrogen of isonitrile, in terms of the reac-
tion mechanisms; (3) whether diazatitanacyclopentane, the Ti
analogue of diazahafnacyclopentane, can be generated; and (4)
if yes, which isonitriles should be used for this purpose. Herein,
we used DFT calculations to theoretically examine the reactions
of M1a with various isonitriles, in the hope of helping chemists
explore new methods to form C–C bonds and synthesise new
substances. Isonitriles bearing tBu, methyl (Me), ethyl (Et), Ar,
and 1-Ad groups were used as substrates to reveal their steric
and electronic effects on the reaction mechanism and products.
The substituent Et is more electron-donating than Me; tBu, Ar
and 1-Ad are bulkier than Me and Et; and tBuNC, ArNC, and 1-
AdNC have been experimentally adopted by Norton et al.31
Computational details

All calculations were performed using the Gaussian 09 program
package.32 Molecular structures were optimised by the B3LYP/
BS1 method.32a,33,34 Solvent effects were taken into account by
invoking the PCM solvation model using n-pentane and
benzene,35 which were experimentally used as solvents for
crystallisation and reaction medium, respectively.31 In the basis
sets (BS1), the Ti and Cl atoms are described by the LANL2DZ
This journal is © The Royal Society of Chemistry 2017
basis sets improved with a set of f- or d-polarisation functions (a
¼ 1.506 for Ti, a ¼ 0.640 for Cl) with effective core potentials
(ECPs),36–40 while the other atoms are represented with the 6-
311+G(d,p) basis sets, except for atoms on the tBu, Me, Et, Ar,
and 1-Ad substituent groups which are described by 6-31G basis
sets.41–43 As shown in ESI,† this theoretical model has been
proven to be reliable, as it gives results in good agreement with
experimental data. Meanwhile, frequency calculations were
performed to conrm that the calculated species are minima
(no imaginary frequency) or transition states (one and only one
imaginary frequency), and to provide thermodynamic correc-
tions at 1 atm and 298.15 K. Moreover, intrinsic reaction coor-
dinate (IRC) calculations were carried out to ensure that the
obtained transition states are correctly connected to the iden-
tied intermediates.44 Finally, more accurate energies were
calculated using the 6-311G(d,p) instead of the 6-31G basis sets
in the BS1 (BS5). In order to take the dispersion effects into
account, the B3LYP-D3/BS5//B3LYP/BS1 calculations on the
optimum reaction pathways and important species were carried
out at the same time.32b,45 Natural bond orbital (NBO) analysis
was performed at the stationary points, and the Wiberg bond
indices (WBIs) and interaction energies between the Ti centre
and other molecular moieties were computed by the NBO
program as implemented in the G09 package.32a Corrected
Gibbs free energies were used to describe the energetic proles
of the reactions.
Results and discussion
Mechanism of the reaction of M1a with tBuNC

We begin with the reaction of M1a with tBuNC, whose calcu-
lated reaction pathway is shown in Scheme 1. The coordination
of the isonitrile to M1a and its subsequent migratory insertion
into the Ti–C bond [Scheme S1(a)†] require an energy of 29.6
kcal mol�1, which is too high for the reaction to occur. Instead,
M1a is converted to M1b via TSM1a–1b, with the energy barrier
of 16.6 kcal mol�1 and endergonic by 5.3 kcal mol�1 [Fig. 1(a)].
The dispersion-corrected energy barrier is 19.1 kcal mol�1,
which is larger than the uncorrected value. Therefore, the
RSC Adv., 2017, 7, 34816–34829 | 34817
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Fig. 1 (a) Energetic profiles for the isomerisation of M1a to M1b,
migratory insertion of the first tBuNC into the Ti–C bond, C–C
reductive elimination, b-H reductive elimination, and other elementary
reaction steps. (b) Energetic profiles for the migratory insertion of the
second tBuNC into Ti–H bond, C–C reductive coupling, and other
elementary reaction steps. The Gibbs free energies are given in kcal
mol�1 and the above values include the dispersion correction. Solvent:
pentane.
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dispersion effects increase the energy barrier of the isomer-
isation from M1a to M1b. M1a and M1b both feature the
coordinated C2–C3 p-double bond, as evidenced by the lengths
of Ti–C2 and Ti–C3 (2.35 and 2.35 Å in M1a, 2.38 and 2.38 Å in
M1b, respectively; see Fig. S1†). The C2]C3 p-bond coordina-
tion to Ti is further conrmed by the WBIs of Ti–C2 (0.29 for
M1a and 0.28 for M1b) and Ti–C3 (0.29 for M1a and 0.28 for
M1b). The interaction energies between the C2]C3 p orbitals
and the valence orbitals on Ti are calculated to be 52.2 kcal
mol�1 for M1a and 54.4 kcal mol�1 for M1b, respectively. The
isonitrile coordinates to M1b with the carbon atom end-on,
a process that is endergonic by 11.9 kcal mol�1 due to the
entropy reduction (�42.0 cal mol�1 K�1). Aer the dispersion
corrections, this endergonicity is reduced to 4.0 kcal mol�1.
Therefore, the dispersion effects signicantly inuence the
isonitrile coordination. InM2a, the lengths of Ti–C1 (2.27 Å) and
Ti–C4 (2.53 Å) are longer than that (2.15 Å) in M1b, and the
structure of M2a is consistent with the coordinated C2–C3 p-
bond (Ti–C2 ¼ 2.29 Å, Ti–C3 ¼ 2.41 Å). The calculated WBIs of
Ti–C2 and Ti–C3 (0.42 and 0.24) conrm the C2–C3 p-bond
coordination to the Ti centre inM2a. The subsequent migratory
insertion of the isonitrile into the neighbouring Ti–C bond
34818 | RSC Adv., 2017, 7, 34816–34829
requires 6.9 kcal mol�1 to afford M3a with an exergonicity of
16.7 kcal mol�1. The dispersion effects decrease the energy
barrier of the isonitrile insertion into the Ti–C bond by 0.5 kcal
mol�1 and increase the exergonicity by 0.7 kcal mol�1. This
energy requirement is much lower, and the endergonicity is
larger compared to those of a similar insertion into the PdIII–C
bond reported by Yan et al. (15.4 and 7.7 kcal mol�1, respecti-
vely).26c However, the reported activation energy for the PdIII

complex is much lower than that for the migratory insertion of
isonitrile into Ti–C bond in M2b [23.4 kcal mol�1; see Scheme
S1(a)†]. Obviously, the energy required for isonitrile insertion
into the metal–C bond varies greatly with the metal complex
and the conguration. The energy barrier for the migratory
insertion of isonitrile into the Ti]N bond reported by Clot and
Mountford et al. is larger than our calculated value (14.0 vs. 6.9
kcal mol�1).5c The reversibility of the migratory insertion of the
isonitrile into Ti–C bond is consistent with that of tBuNC into
the Zr–C bond.27d In TSM2a–3a, the C5–C4 s-bond (1.92 Å) is
formed, the Ti–C4 distance (2.47 Å) is shortened, and C5

changes from sp to sp2 hybridisation, accompanied by the
bending of the Ti–C5–N1 structure. In M3a, the N atom is
coordinated to the Ti centre (Ti–N1 ¼ 2.06 Å), and the C2–C3 p-
double bond is repelled from the Ti centre to create a 14-valence
electron conguration. The calculated WBIs of Ti–C2 and Ti–C3

(0.03 and 0.05, respectively) are so small that the interaction
between the Ti centre and the C2–C3 p-double bond can be
ignored, and C5–N1 is a characteristic double bond (WBI ¼
1.72). The calculated interaction energy between the empty
d orbital on the Ti centre and the lone pair on the nitrogen is
about 97 kcal mol�1, and the WBI of Ti–N1 is 0.62. While the
distorted ve-membered titanacyle is converted to a six-
membered one, ring tension is released so that the system is
exergonic by 16.7 kcal mol�1. Overcoming the energy barrier of
10.1 kcal mol�1, M3a is converted to an isomer M3b (Ti–C1 ¼
2.21 Å) via TSM3a–3b. The increased ring tension leads to the
endergonicity of 7.4 kcal mol�1. Aer considering the disper-
sion effects, the energy barrier of this isomerisation increases by
1.9 kcal mol�1 and the endergonicity increases by 2.1 kcal
mol�1. The reductive elimination from M3b produces the tita-
naaziridine M4 (Ti–C1 ¼ 2.43 Å, C5–C1 ¼ 1.50 Å) through
TSM3b–4 (Ti–C1¼ 2.36 Å, C5–C1¼ 1.97 Å). This process involves
breaking the Ti–C1 bond and forming the C5–C1 bond, with the
energy barrier and exergonicity of 11.4 and 3.0 kcal mol�1,
respectively. It is easily found that dispersion effects have
a marginal inuence on this process. In M4 there is a strong
agostic interaction between the Ti centre and C1–H1 bond, as
evidenced by the lengths of Ti–H1 (1.98 Å) and C1–H1 (1.17 Å).
The calculated WBI of Ti and H1 is 0.19, and the interaction
energy between valence orbitals on Ti and C1–H1 s orbitals is
70.9 kcal mol�1. The subsequent b-H elimination via TSM4–5
requires a relatively lower energy of 1.6 kcal mol�1 (Ti–C5 ¼ 2.26
Å, Ti–C1 ¼ 2.36 Å, Ti–H1 ¼ 1.72 Å, and C1–H1 ¼ 1.51 Å) to
furnish the Ti hydride M5 (Ti–C5 ¼ 2.42 Å, Ti–C1 ¼ 2.62 Å) with
an exergonicity of 3.7 kcal mol�1. The small energy barrier and
the exergonicity stem from the conjugation with another p-
double bond. In TSM4–5, the Ti–C5 and Ti–N1 bonds are
lengthened, the length of Ti–C1 is shorter than that in M4, and
This journal is © The Royal Society of Chemistry 2017
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the C5–C1 single bond is changed to ap-double bond. InM5, the
lengths of Ti–C5 and Ti–C1 indicate that there is a weak inter-
action between the Ti centre and the C5–C1 p-double bond. The
coordination of a second isonitrile to M5 generates M6a (Ti–C7

¼ 2.14 Å, Ti–H1 ¼ 1.68 Å) with an endergonicity of 12.5 kcal
mol�1 [Fig. 1(b)]. Aer the dispersion corrections, the ender-
gonicity is decreased to 6.1 kcal mol�1. In M6a, the C5–C1 p-
double bond is repelled from the Ti centre to maintain a 14-
valence electron conguration. Then, the migratory insertion of
the isonitrile into the Ti–H bond generates M7a via TSM6a–7a
(Ti–C7 ¼ 2.06 Å, Ti–H1 ¼ 1.71 Å, and C7–H1 ¼ 1.66 Å) with an
energy barrier of only 1.8 kcal mol�1, and the system is exer-
gonic by 9.8 kcal mol�1. The dispersion effects increase the
exergonicity of the system by 5.1 kcal mol�1. Compared toM6a,
the bond parameters of TSM6a–7a imply that it is an early
transition state. Through the N coordination, M7a is easily
converted to the 14-valence electron complex M8a via TSM7a–
8a, overcoming a negligible energy barrier of 1.1 kcal mol�1.
The exergonicity (5.6 kcal mol�1) originates from the higher
stability of M8a compared to M7a. The dispersion corrections
lead to an increase of the exergonicity by 1.9 kcal mol�1.
Subsequently, M8a undergoes the C–C reductive coupling to
afford the titanaaziridine M9a via TSM8a–9a (Ti–N1 ¼ 2.15 Å,
and C7–C1¼ 2.10 Å), a process that requires 11.7 kcal mol�1 and
releases 5.8 kcal mol�1 in energy. The dispersion-corrected
energy barrier is 10.9 kcal mol�1, which is 0.8 kcal mol�1 less
than the uncorrected value.

Among the elementary reaction steps, the coordination of
the isonitrile, migratory insertion of the isonitrile into Ti–C
bond, isomerisation of the six-membered titanacycle, C–C
reductive elimination, and C–C reductive coupling require
relatively higher energies. With the formation of M9a, the
reaction is exergonic by 7.5 kcal mol�1. Three steps, namely the
Fig. 2 Energetic profiles for the fragmentation of the titanaaziridine M9a
given in kcal mol�1 and the above values include the dispersion correcti

This journal is © The Royal Society of Chemistry 2017
isomerisation of M1a to M1b, the coordination of the rst iso-
nitrile, and its subsequent migratory insertion into the Ti–C
bond determine the apparent activation energy of the whole
reaction, which is 24.1 kcal mol�1. Considering the dispersion
effects, the exergonicity for the formation ofM9a is increased to
28.5 kcal mol�1. Owing to the much reduced endergonicity for
the isonitrile coordination, the isomerisation of M1a to M1b
becomes the sole elementary reaction for determining the
reaction rate. This feature is consistent with the fact that no
intermediates (M3a, M4, M5 or M8a) have been found experi-
mentally.31 The coordination of the second isonitrile toM3a and
its subsequent migratory insertion to generate bis(iminoacyl)
titanacycle M7b require the energy of 39.1 kcal mol�1 [Scheme
S1(b)†], which is too high under typical experimental condi-
tions. Indeed, products related to the titanacycle M7b were not
found experimentally, although two relevant enantiomers
includingM9a were experimentally isolated as green powders.31

The calculated activation energy for the migratory insertion of
the isonitrile into the Ti–C bond in M6b (16.6 kcal mol�1) is
comparable to the reported value for the PdIII system.26c

Next, the fragmentation of M9a into the Ti imido complex
M15 and N-tBu-substituted a-methylene cyclopentenimineM16
is studied. Initially, the dissociation of Ti–N(ketimine) bond in
M9a affords M10 (Fig. 2) with the endergonicity of 6.7 kcal
mol�1, whereas N(ketimine) denotes the nitrogen atom in the
ketimine. Aer the dispersion corrections, the endergonicity is
increased to 11.6 kcal mol�1. Then, the b-H elimination
produces the Ti hydride complex M11 (Ti–N1 ¼ 3.56 Å, Ti–N2 ¼
1.93 Å, and Ti–H2 ¼ 1.67 Å) with a 12-valence electron cong-
uration via TSM10–11 (Ti–H2 ¼ 1.75 Å, C1–H2 ¼ 1.49 Å). This
process requires 14.5 kcal mol�1 and is endergonic by 6.4 kcal
mol�1. The dispersion-corrected energy barrier and ender-
gonicity both decrease by about 1 kcal mol�1 relative to the
via the b-H elimination reaction pathway. The Gibbs free energies are
on. Solvent: pentane.

RSC Adv., 2017, 7, 34816–34829 | 34819
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uncorrected values. In TSM10–11, the C1–H2 bond is almost
broken and the Ti–H2 bond is almost formed. In the product
M11, the length of Ti–N1 indicates that there is no interaction
between the Ti centre and the N(ketimine) atom. In the work by
Norton et al., a four-membered titanacycle (M14 or M18) is
supposed to be an intermediate in the fragmentation reaction
of M9a.31 Indeed, M14 is the relatively stable species in this
study (with an energy of �1.6 kcal mol�1 referred to M1a and 2
molecules of tBuNC), and it easily fragments to form the target
products with an energy barrier of 8.7 kcal mol�1 [Fig. S2(a)†].
The reaction pathway to the four-membered titanacycleM14 via
a zwitterionic intermediate M13 (generated by the addition of
Ti–H across the double bond in M11) requires a high energy (at
least 35.4 kcal mol�1), due to the charge separation in M13.
Another reaction pathway to formM18 through an intermediate
M17 (produced by the hydrogen transfer to Cp* in the metal
hydride M11) needs to overcome an energy barrier of at least
40.1 kcal mol�1. The apparent energy barriers of these two
routes are too high, thus the corresponding reactions cannot
proceed under experimental conditions. Thus, our attempts to
nd a feasible fragmentation pathway for M11 via four-
membered titanacycle intermediate failed. The proposed frag-
mentation mechanism for M9a is shown in Scheme 2(a). Along
the b-H elimination reaction pathway,M11 isomerises intoM19
(Ti–N1 ¼ 2.13 Å, Ti–N2 ¼ 2.15 Å, Ti–H2 ¼ 1.63 Å, and C7–N2 ¼
1.32 Å) via TSM11–19 (Ti–N1 ¼ 2.40 Å, Ti–N2 ¼ 1.97 Å), over-
coming an energy barrier of 9.5 kcal mol�1 and with an
endergonicity of 6.3 kcal mol�1 (Fig. 2). Considering the
dispersion effects, the energy barrier and endergonicity
decrease by 1.7 and 2.3 kcal mol�1, respectively. In this process,
the N1 atom, i.e., N(ketimine), gradually approaches the Ti
Scheme 2 Proposed mechanisms for (a) the fragmentation of the titana

34820 | RSC Adv., 2017, 7, 34816–34829
centre. InM19, the Ti–N2 bond is slightly longer than the Ti–N1

bond, and the structure of six-membered titanacycle is stabi-
lised by electron delocalisation. Then, M19 undergoes the
addition of Ti–H across the azaallyl double bond, and is thus
converted to M20 (Ti–N2 ¼ 1.86 Å, Ti–H2 ¼ 2.17 Å, and C7–N2 ¼
1.49 Å) via TSM19–20 (Ti–N2 ¼ 1.89 Å, Ti–H2 ¼ 1.70 Å, C7–H2 ¼
1.89 Å, and C7–N2 ¼ 1.41 Å), with an energy barrier of 7.2 kcal
mol�1 and the exergonicity of 17.0 kcal mol�1. The dispersion-
corrected energy barrier is reduced to 6.2 kcal mol�1, and the
exergonicity is increased to 19.6 kcal mol�1. In TSM19–20, the
C7–H2 distance is much longer than that of the usual C–H bond,
and the Ti–H2 and C7–N2 bonds in TSM19–20 are slightly longer
than those in M19. In M20, the length of Ti–H2 implies the
existence of a strong agostic interaction between the Ti centre
and the C7–H2 s bond, and the interaction energy is calculated
to be 42.3 kcal mol�1. M20 is lower in energy than the four-
membered titanacycles M14 and M18. Therefore, the conver-
sion of M11 to M20 via M19 is kinetically and thermodynami-
cally more favourable, with an energy barrier of 13.5 kcal mol�1

and the exergonicity of 10.7 kcal mol�1. M20 fragments to M15
andM16 via TSM20–21 (Ti–N1 ¼ 2.26 Å, C7–N2 ¼ 2.07 Å, and Ti–
H2 ¼ 2.18 Å). In this step, the system overcomes an energy
barrier of 14.3 kcal mol�1 and releases 18.2 kcal mol�1 in
energy. The large exergonicity is mainly ascribed to increased
entropy (65.2 cal mol�1 K�1). Our calculated results are similar
to the reported energy barrier (11.3 kcal mol�1) and exergonicity
(17.7 kcal mol�1) for the fragmentation of the titanacycle
produced through the cycloaddition reaction of Ti alkoxyimido
complex and ketone.46 In sharp contrast to the large exer-
gonicity, aer the dispersion corrections this fragmentation
step becomes endergonic by 5.7 kcal mol�1, and the energy
aziridine M9a and (b) forming diazatitanacyclopentane M27.

This journal is © The Royal Society of Chemistry 2017
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barrier increases by 1.0 kcal mol�1. The structure of TSM20–21
is stabilised by a strong agostic interaction between the Ti
centre and the C7–H2 s bond. The formed M15 is trapped by
a pyridine to generate M22, with an exergonicity of 9.4 kcal
mol�1. Considering the dispersion corrections, the exergonicity
is increased to 20.7 kcal mol�1. In this reaction mechanism, the
b-H elimination and fragmentation of six-membered titanacycle
have higher energy barriers; and the addition of Ti–H and the
trapping of the Ti imido complex by pyridine release more
energies. This reaction pathway requires the apparent activa-
tion energy of 27.2 kcal mol�1 (aer the dispersion corrections),
thus it is kinetically feasible under the experimental conditions,
and the large exergonicity of 13.6 kcal mol�1 (aer the disper-
sion corrections) makes the fragmentation thermodynamically
favourable and irreversible. Because the reaction was experi-
mentally carried out in benzene, we re-calculated the overall
energetic prole of the reaction using benzene as solvent. The
results are almost the same as that in n-pentane (Table S1†),
because both n-pentane and benzene are nonpolar solvents. In
the g-H elimination reaction pathway, M9a is converted to M23
with the Ti–C bond breaking via TSM9a–23, overcoming an
energy barrier of 24.7 kcal mol�1 [Fig. S2(b)†], and the process is
endergonic by 21.3 kcal mol�1. Then, M23 undergoes g-H
elimination and is converted to M19 via TSM23–19, and this
step has an energy barrier of 13.6 kcal mol�1 and is exergonic by
1.9 kcal mol�1. The required apparent activation energy for this
fragmentation pathway (34.9 kcal mol�1) is larger than that of
the b-H elimination reaction pathway discussed above (26.7 kcal
mol�1 without dispersion correction), thus the g-H elimination
reaction pathway is kinetically unfavourable for the titanaazir-
idine with the tBu groups. The direct conversion ofM11 to M20
through the addition of Ti–H across the C]C double bond
requires an energy of 19.3 kcal mol�1, which is larger than 13.3
kcal mol�1 for the conversion fromM11 toM20 viaM19 (Fig. 2),
thus this possibility is also ruled out. In addition, three
stationary points (M24,M25, andM26) were localised; however,
none of them is located on the optimum reaction pathway.
Fig. 3 Energetic profiles for the formation of the diazatitanacyclopentane
(b) via the isomerisation reaction pathway. The Gibbs free energies are giv
Solvent: benzene.

This journal is © The Royal Society of Chemistry 2017
In order to explore the possible formation of the dia-
zatitanacyclopentane M27, three reaction mechanisms are
considered [Scheme 2(b)]. (1) In the insertion reaction pathway,
the intermediate M28 is 17.3 kcal mol�1 higher in energy than
M9a [Fig. 3(a)]. M28 undergoes the insertion of C]N into the
Ti–C bond via TSM28–27 to generate M27, with an energy
barrier of 20.6 kcal mol�1 and exergonic by 0.8 kcal mol�1. (2) In
the C–C coupling reaction pathway, through the C–C coupling,
M23 is converted to M27, overcoming an energy of 11.2 kcal
mol�1 and exergonic by 4.8 kcal mol�1. (3) In the isomerisation
reaction pathway, M8a rstly isomerises into M8b via TSM8a–
8b, with an energy barrier of 19.6 kcal mol�1 and endergonic by
14.9 kcal mol�1 [Fig. 3(b)]. Then, M8b undergoes C–C reductive
coupling to give M9b (an isomer of M9a) via TSM8b–9b. This
step requires an energy of 8.0 kcal mol�1, and is exergonic by 9.4
kcal mol�1. Through the insertion of C]N into the Ti–C bond,
M9b is converted to the target compound M27 via TSM9b–27,
with an energy barrier of 25.2 kcal mol�1 and the endergonicity
of 5.1 kcal mol�1. In contrast, the C–C coupling reaction
pathway is more favourable, but it still requires a high apparent
activation energy of 32.5 kcal mol�1, with an endergonicity of
16.5 kcal mol�1 referred to M9a. The analyses above show that
for tBuNC, the formation of diazatitanacyclopentane M27 is
kinetically and thermodynamically unfavourable.
Effects of substituent groups on reaction mechanisms and
products

In order to reveal the steric and electronic effects of isonitrile N-
substituent groups on the mechanisms and products, the
energetic proles of the reactions usingMeNC, EtNC, ArNC, and
1-AdNC instead of tBuNC were calculated (Fig. S3–S10†). The
reaction pathways are shown in Scheme 3, and the results are
summarised in Tables 1 and 2.

For the bis-insertion reaction of MeNC, we found the
following results from Table 1. (1) The isonitrile coordinates to
M1b and Ti hydride 6Me [Scheme 3(a)], endergonic by 11.7 and
6.4 kcal mol�1, respectively. The endergonicity is less than that
M27 (a) via the insertion and the C–C coupling reaction pathways, and
en in kcal mol�1 and the above values include the dispersion correction.
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Scheme 3 The calculated pathways for (a) forming cyclic a-methylene cyclopentenimine through the reaction of M1a with N-R-substituted
isonitriles and (b) forming diazatitanacyclopentane 25R (R ¼ tBu, Me, Et, Ar, and 1-Ad).
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in the case of tBuNC. Although the Me group is less electron-
donating than the tBu group, the smaller size of the former
leads to less repulsion between the substituents relative to the
latter. The reduced repulsion causes less energy increase for the
MeNC-coordinated complexes (1Me and 7Me). The entropy
change caused by the coordination of tBuNC to M8a is only 6.6
cal mol�1 K�1 larger than that caused by the coordination of
MeNC to 6Me (�36.5 cal mol�1 K�1 for tBuNC and �29.9 cal
mol�1 K�1 for MeNC). (2) The isonitrile migratory insertion into
the Ti–C bond, the isomerisation of Ti complex, C–C reductive
elimination, b-H elimination, and C–C reductive coupling
require less energies for MeNC than for tBuNC (4.3 vs. 7.3, 7.0
vs. 9.8, 9.3 vs. 11.5, 1.2 vs. 1.6, and 10.9 vs. 11.7 kcal mol�1,
34822 | RSC Adv., 2017, 7, 34816–34829
respectively). The bulkier groups make the structures of tran-
sition states more congested than that of the reactants, thus the
activation energies of elementary reactions are larger for tBuNC
than for MeNC. The MeNC migratory insertion into the Ti–H
bond needs to overcome almost the same energy barrier as that
for tBuNC (1.9 vs. 1.8 kcal mol�1). These elementary reactions
are either much more exergonic or endergonic relative to that
for tBuNC, except for the isonitrile insertion into the Ti–H bond
that has a smaller exergonicity (7.5 vs. 9.6 kcal mol�1). The N
coordination in 8Me is very exergonic (10.6 kcal mol�1). These
differences are mainly attributed to the distinct steric effects of
the Me and tBu groups on the intermediates. (3) Without
considering the dispersion corrections, the overall bis-insertion
This journal is © The Royal Society of Chemistry 2017
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Table 1 The calculated Gibbs free energies (DG; in kcal mol�1) for species in the reaction pathways of bis-insertion and fragmentation of bis-
insertion product in the case of tBuNC, MeNC, EtNC, ArNC, and 1-AdNC [referred to M1a and RNC (or 2RNC)]a

Mol.

DG

tBu Me Et Ar 1-Ad

1R 17.1 16.7 16.7 17.6 17.0
TS1R–3R (for R ¼ Ar, TS1R–2R) 24.4 21.0 20.9 21.7 24.6
2R 12.4
TS2R–3R 12.9
3R 1.0 �3.1 �2.3 5.0 1.5
TS3R–4R 10.8 3.9 8.9
4R 8.0 0.9 2.3 6.4 9.0
TS4R–5R 19.5 10.2 11.3 14.7 19.9
5R 5.2 �4.9 �3.5 �1.5 5.4
TS5R–6R 6.8 �3.7 0.3
6R 1.4 �10.1 �4.1
7R 14.1 �3.7 8.0
TS7R–8R (for R¼Ar, TS7R–9R) 15.9 �1.8 8.1
8R 4.5 �11.2
TS8R–9R 5.5 �8.1
9R �1.0 �21.8 �17.5 0.1 �1.0
TS9R–10R 10.7 �10.9 12.8
10R �6.9 �31.0 �25.2 �6.1 �5.7
11R �0.1 �15.4 �12.2 �5.0 3.0
TS11R–12R (for R ¼ Ar, TS11R–20R) 14.5 1.3 3.8 11.3 15.2
12R 6.5 �9.1 �6.2 7.1
TS12R–13R (for R ¼ Me, Et, TS12R–19R) 15.7 �9.9 17.8
13R 12.6 �22.8 �17.2 4.9 15.0
TS13R–14R 19.8 �10.1 �4.3 16.4 21.8
14R �4.8 �40.6 �36.7 �13.7 �2.5
TS14R–15R 9.9 �19.7 0.3
15R �4.1 �34.2 �10.3
16R + 17R �23.6 �33.2 �35.8
18R + 17R �32.2 �42.2 �40.9 �43.0 �31.5
19R 7.6 �31.7 �25.4
20R �12.1 �9.9 �2.9
21R 18.0 �20.4 �16.7 �7.3
TS21R–13R �20.7 �13.7 5.8
TS10R–22R 17.8 �10.5 �4.7
22R 14.4 �14.3 �11.9 16.9
TS22R–13R (for R ¼ Et, Ar, TS22R–23R) 28.0 0.1 4.4 26.4
23R �16.4 0.6
TS23R–14R 16.7

a (1) TSA–B denotes a transition state connected species A and B; (2) 23R is an isomer of 13R; (3) solvent: benzene.
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reaction of MeNC requires 21.0 kcal mol�1, which is smaller
than that of tBuNC, and releases more energy (31.0 kcal mol�1).
In the b-H elimination reaction pathway, the energy required for
dissociating the Ti–N(ketimine) bond in 10Me is much larger
than that in 10tBu (15.6 vs. 6.8 kcal mol�1). Overcoming an
energy barrier of 16.7 kcal mol�1, 11Me undergoes the b-H
elimination to afford the Ti hydride 12Me via TS11Me–12Me with
an endergonicity of 6.3 kcal mol�1. In TS11Me–12Me, the length
of Ti–H2 (1.76 Å; Fig. S11†) is marginally longer than that in
TSM10–11 (1.75 Å), and that of C1–H2 (1.47 Å) is shorter than
that in TSM10–11 (1.50 Å). 12Me is easily converted to the six-
membered titanacycle 19Me through the rotation of the
Cp*TiClH segment about the Ti–N2 s-bond, and the re-
coordination of the N(ketimine) atom to the Ti centre. The
energy barrier in this step is negligible, and the system is highly
exergonic (22.6 kcal mol�1) mainly due to the coordination of
This journal is © The Royal Society of Chemistry 2017
the N(ketimine). The electron delocalisation stabilises the
nearly planar six-membered structure of 19Me. The dissociation
of the Ti–N(ketimine) bond in 19Me generates 20Me with an
endergonicity of 19.6 kcal mol�1. Through the rotation of
Cp*TiClH segment about the N2–C7 bond and re-coordination
of the N(ketimine) atom to the Ti centre, 20Me is converted to
21Me with an exergonicity of 8.3 kcal mol�1. 21Me rapidly iso-
merises to 13Me, slightly exergonic by 2.4 kcal mol�1. Subse-
quent addition of Ti–H requires an energy of 12.7 kcal mol�1

and is exergonic by 17.8 kcal mol�1, both values are larger than
those in the case of tBuNC. Unlike M20, there is no agostic
interaction between the Ti centre and the C7–H2 bond in 14Me,
since the weaker repulsion between the Cp* and Me groups on
nitrogen makes the six-membered titanacycle more planar. The
lengths of Ti–H2 and C7–H2 indicate that TS13Me–14Me is an
early transition state. Overcoming an energy barrier of 20.9 kcal
RSC Adv., 2017, 7, 34816–34829 | 34823
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Table 2 The calculated Gibbs free energies (DG; in kcal mol�1) for
species in the reaction pathways of forming diazatitanacyclopentane
25R in the case of tBuNC, MeNC, EtNC, ArNC, and 1-AdNC [referred to
M1a and RNC (or 2RNC)]a

Mol.

DG

tBu Me Et Ar 1-Ad

10R �6.9 �31.0 �25.2 �6.1 �5.7
TS10R–24R 21.3 �9.8 �1.8 18.9 23.1
24R 10.4 �22.1 �16.4 �5.4 10.9
TS24R–25R 31.0 �9.6 �6.0 9.4 32.6
25R 8.9 �28.2 �23.2 �13.7 11.1
TS10R–22R 17.8 �10.5 �4.7 19.4
22R 14.4 �14.3 �11.9 16.9 19.2
TS22R–25R 25.6 �6.8 �2.3 21.9 28.1
9R �1.0 �21.8 �17.5 0.1 �1.0
TS9R–26R

(R ¼ Ar, TS9R–26ISR)
18.6 �11.6 �6.5 3.1 20.0

26ISR 1.6
TS26ISR–26R 14.5
26R 13.9 �12.8 �7.7 7.0 15.5
TS26R–27R 21.9 �5.7 �0.9 15.6 23.5
27R 4.5 �23.7 �19.4 �9.1 5.8
TS27R–25R 29.7 �13.4 �8.7 3.9 30.9

a (1) TSA–B denotes a transition state connected species A and B; (2)
26ISR is an isomer of 26R; (3) solvent: benzene.
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mol�1, 14Me fragments to form the Ti imido complex 16Me and
N-Me-substituted a-methylene cyclopentenimine 17Me, with the
endergonicity of 7.4 kcal mol�1. This endergonicity is in sharp
contrast to the large exergonicity for M20, which is ascribed to
increased electronic energy due to the formation of the inter-
mediate 15Me featuring the coordinated N(ketimine) atom. The
lengths of Ti–N1 and C7–N2 in 15Me are shorter than those in
M21 (2.24 vs. 2.58 Å and 3.18 vs. 3.32 Å, respectively), indicating
that the increase of entropy during the fragmentation of 14Me is
less than that in the case of M20 (5.3 vs. 10.5 cal mol�1 K�1). In
the absence of pyridine, the nal reaction product with MeNC is
possibly the titanacycle 14Me. Clearly, the dissociation of the Ti–
N(ketimine) bond and the subsequent b-H elimination deter-
mine the apparent activation energy barrier of the reaction.
Aer the dispersion corrections, this b-H elimination reaction
pathway to 14M requires the energy of 32.6 kcal mol�1 and is
exergonic by 10.5 kcal mol�1 with reference to 10Me (Fig. S4†). In
the g-H elimination reaction pathway, compared to that for
tBuNC, the breaking of Ti–C bond requires less energy and is
less endergonic (20.5 vs. 16.7 kcal mol�1) for MeNC. The length
of Ti–C bond in 10Me is longer than that in M9a (2.120 vs. 2.095
Å), indicating that the Ti–C bond in 10Me is stronger than that in
M9a. Also, the g-H elimination requires slightly more energy
(14.4 kcal mol�1) and releases a large amount of energy (8.5 kcal
mol�1). Considering the dispersion effects, the overall g-H
elimination reaction pathway needs to overcome an energy of
32.3 kcal mol�1 (Fig. S4†). Given the small difference in the
apparent activation energies (0.3 kcal mol�1) and the calcula-
tion errors, these two fragmentation pathways for 10Me compete
with each other. Compared to the case of M9a, the
34824 | RSC Adv., 2017, 7, 34816–34829
fragmentation of 10Me needs to overcome a higher energy
barrier and releases less energy. For the formation of the dia-
zatitanacyclopentane 25Me, among three suggested reaction
pathways [Scheme 3(b)], the insertion reaction pathway is
kinetically most favourable (Table 2). However, this reaction is
thermodynamically unfavourable compared to the formation of
N-Me-substituted a-methylene cyclopentenimine.

Conclusions for the substrate EtNC are the same as those for
MeNC. When the Me group is replaced by Et, the required
energy for the migratory insertion of the rst isonitrile (EtNC)
into Ti–C is slightly reduced (4.2 vs. 4.3 kcal mol�1; Table 1), but
the system is less exergonic (19.0 vs. 19.8 kcal mol�1). It is well
known that the Et group is larger in size but also more electron-
donating than the Me group. Their combined effect is a slight
reduction of the activation energy for EtNC insertion into Ti–C
bond compared to MeNC insertion. The C–C reductive elimi-
nation from 4Et affords 5Et, overcoming an energy barrier of 9.0
kcal mol�1 and exergonic by 5.8 kcal mol�1. The more electron-
donating Et group leads to a reduction of 0.3 kcal mol�1 for the
energy barrier of C–C reductive elimination compared to MeNC.
It can be inferred that, without considering the dispersion
corrections, the formation of the titanaaziridine 10Et requires
an energy of 20.9 kcal mol�1 and exergonic by 25.2 kcal mol�1.
Compared to the fragmentation of 10Me, (1) the dissociation of
the Ti–N(ketimine) bond and b-H elimination in the b-H elim-
ination reaction pathway, and the dissociation of Ti–C bond in
the g-H elimination reaction pathway are both less endergonic;
(2) the coordination of the N(ketimine) atom in the b-H elimi-
nation reaction pathway and the g-H elimination are less exer-
gonic; and (3) the required energy for b-H elimination decreases
by 0.7 kcal mol�1. In the transition state for b-H elimination,
there is the formation of an azaallyl structure. A more electron-
donating group connected to the forming azaallyl double bond
is benecial to b-H elimination. (4) The dissociation of the Ti–C
bond and the addition of Ti–H are much less affected. However,
the g-H elimination requires more energy (16.3 vs. 14.4 kcal
mol�1), and the addition of Ti–H is more exergonic (19.5 vs. 17.8
kcal mol�1). These differences can be ascribed to the more
severe congestions in TS10Et–22Et and 13Et than in the corre-
sponding 10Et and 14Et. In addition, due to the stronger
electron-donating capacity of the Et group, the electron-richer
Ti centre in 22Et retards g-H elimination. It is obvious that
aer the dispersion corrections, the b-H elimination reaction
pathway to titanacycle 14Et requires an energy of 30.8 kcal
mol�1, the g-H elimination reaction pathway has an energy
barrier of 30.0 kcal mol�1, and the system is exergonic by 12.3
kcal mol�1 with reference to 10Et [Fig. S6(c)†]. Compared to the
case of 10Me, formation of 14Et requires less apparent activation
energy and has higher exergonicity. In contrast, the C–C
coupling reaction pathway is kinetically more favourable for
forming the diazatitanacyclopentane 25Et. Compared to the
case of M9a, in the C–C coupling reaction pathway, the
elementary reactions require less energy, the breaking of Ti–C
bond is less endergonic, and the C–C coupling is more exer-
gonic. Herein, the fragmentation pathway of 27Et, which
includes b-H elimination, rotation of Cp*ClH segment, addition
of Ti–H across azaallyl double bond, and other elementary
This journal is © The Royal Society of Chemistry 2017
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reaction steps was also explored, in order to obtain theoretical
insights into the fragmentation of the analogues with other
substituent groups. The calculated apparent activation energy
barrier is more than 31 kcal mol�1 with reference to 10Et

(Fig. S12†). As a consequence, the fragmentation of 27Et is
unfavourable compared to that of 10Et.

The energy barrier for the insertion of ArNC into the Ti–C
bond is slightly reduced compared to that of EtNC (4.1 vs. 4.2
kcal mol�1), which is ascribed to the fact that the conjugation
with the Ar group stabilises the transition state of insertion. The
formed 2Ar is a N-uncoordinated six-membered titanacycle. This
is related to the reduced N-coordination ability of the ArNC
moiety. The isomerisation of N-coordinated titanacycle 3Ar

requires less energy (3.9 kcal mol�1) and is less endergonic (1.4
kcal mol�1) compared to the values calculated for tBuNC and
MeNC. The C–C reductive elimination from 4Ar overcomes an
energy barrier of 8.3 kcal mol�1 to form 5Ar, and this step is
exergonic by 7.9 kcal mol�1. The required energy is less than
those in the cases of tBuNC (11.5 kcal mol�1), MeNC (9.3 kcal
mol�1), and EtNC (9.0 kcal mol�1). The reduced activation
energy barriers are related to the expanded conjugation of the p
electrons in transition states. The insertion of ArNC into the Ti–
H bond occurs rapidly to directly afford the N(ketimine)-
coordinated 9Ar, with the exergonicity of 7.9 kcal mol�1. The
direct formation of 9Ar is related to the more electron-decient
Ti centre for ArNC relative to tBu and EtNC. The required energy
for C–C reductive coupling is 1.8 kcal mol�1 higher than that of
MeNC, and 1.0 kcal mol�1 lower than that of tBuNC. In the b-H
elimination reaction pathway, the dissociation of Ti–N(keti-
mine) requires much less energy (1.1 kcal mol�1) compared to
the cases of tBuNC, MeNC, and EtNC. 11Ar is a stable interme-
diate due to p electron delocalisation. Subsequent b-H elimi-
nation directly leads to the formation of 20Ar, overcoming the
energy barrier of 16.3 kcal mol�1 and endergonic by 2.1 kcal
mol�1. 21Ar isomerises into 13Ar, requiring more energy (13.1
kcal mol�1) and being more endergonic (12.2 kcal mol�1). The
strong repulsion between the Cp* and Ar groups and the
conjugation of system make the isomerisation difficult. The
addition of the Ti–H bond requires 4.3 kcal mol�1 more energy
in ArNC than in tBuNC, because the Ti–H bond is stronger in
the case of ArNC. Similar to the cases of MeNC and EtNC, there
is no agostic structure in the Ti–H bond addition product 14Ar.
Because p-electron delocalisation stabilises the transition state
in the fragmentation of 14Ar, this step requires less energy (14.0
kcal mol�1) for ArNC than for tBuNC and MeNC. TS22Ar–13Ar,
a transition state for g-H elimination from 22Ar, is higher in
energy by 32.5 kcal mol�1 than 10Ar, indicating that the g-H
elimination reaction pathway requires too much energy to
occur. For the formation of the diazatitanacyclopentane 25Ar, it
can be found that the isomerisation reaction pathway is kinet-
ically the most favourable, in which 9Ar isomerises into 26Ar

with the endergonicity of 6.9 kcal mol�1. The endergonicity is
smaller than those in the cases of tBuNC, MeNC, and EtNC. The
C–C reductive coupling requires 8.6 kcal mol�1 in energy and is
muchmore exergonic for ArNC (16.1 kcal mol�1) than for tBuNC
(9.4 kcal mol�1), MeNC (10.9 kcal mol�1), and EtNC (11.7 kcal
mol�1). The insertion of C]N requires the energy of 13.0 kcal
This journal is © The Royal Society of Chemistry 2017
mol�1, with the exergonicity of 4.6 kcal mol�1. Apparently, for
ArNC, aer including the dispersion effects, the formation of a-
methylene cyclopentenimine needs to overcome an energy
barrier of 24.2 kcal mol�1 and is exergonic by 55.9 kcal mol�1

(Fig. S7 and S8†), and the formation of diazatitanacyclopentane
requires 22.5 kcal mol�1 and is exergonic by 41.9 kcal mol�1

[Fig. S7–S9(b)†]. We theoretically predicted the possibility of
generating a new “s complex” (25Ar), because its formation is
kinetically favourable. Experimentally, the dia-
zahafnacyclopentane with the Ar groups has been observed and
characterised by X-ray crystallography.31 In 25Ar, the lengths of
Ti–C7 (2.45 Å) and Ti–C5 (2.49 Å) indicate that there is a C–C/Ti
agostic interaction,47 and the length of the C7–C5 bond (1.57 Å)
is longer than those of C7–C1 and C5–C1 bonds (1.52 and 1.53 Å).
The lengths of Ti–C7 and Ti–C5 are shorter than the reported
lengths of the corresponding Hf–C (2.49 and 2.53 Å), and the
C7–C5 bond is longer than the corresponding C–C bond (1.55 Å)
in diazahafnacyclopentane.31 These differences can be ascribed
to the stronger C–C/Ti agostic interaction in dia-
zatitanacyclopentane than that in the Hf counterpart. The
calculated WBIs of Ti–C7 and Ti–C5 in 25Ar are 0.15 and 0.13,
respectively, and the C–C/Ti interaction energy was calculated
to be 44.8 kcal mol�1.

The obtained conclusions for 1-AdNC are the same as those
for tBuNC. From Fig. S10,† it can be inferred that considering
the dispersion corrections, forming the bis-insertion product
101-Ad requires an energy of 19.1 kcal mol�1 and is exergonic by
30.2 kcal mol�1. In fact, 101-Ad has been experimentally iso-
lated.31 The fragmentation of 101-Ad into the Ti complex 181-Ad

and 1-Ad-substituted a-methylene cyclopentenimine 171-Ad via
the b-H elimination reaction pathway requires 27.7 kcal mol�1

and releases 11.9 kcal mol�1 in energy with reference to 101-Ad.
The mechanisms of the reactions ofM1a with tBuNC, MeNC,

EtNC, ArNC, and 1-AdNC are summarised in Scheme S2.† As
shown in Scheme S2(a),† in the b-H reaction pathways for
tBuNC and 1-AdNC, there are no intermediates like 19R, 20R,
and 21R (R¼Me and Et), because the bulky tBu and 1-Ad groups
hinder the rotation of the Cp*TiClH segment. The b-H elimi-
nation reaction pathway for ArNC does not produce interme-
diates like 12Me and 19Me for MeNC and 12Et and 19Et for EtNC.
This is related to the combined effects of the bulkier ArNC
moiety and its reduced N-coordination ability. The g-H elimi-
nation reaction pathway for tBuNC, ArNC, and 1-AdNC is
unfavourable, because the strong repulsion between the Cp*
and tBu, Ar, or 1-Ad group makes the transition state for g-H
elimination higher in energy. For ArNC, the formation of 25Ar (s
complex) via the isomerisation reaction pathway is favourable,
due to the fact that the p electron delocalisation lowers the
activation energy barrier of the reaction and stabilises the
product 25Ar.

Conclusions

The migratory insertion of isonitrile into metal–carbon bond is
becoming a potentially important method for constructing C–C
bonds in organic and pharmaceutical syntheses. In this work,
we theoretically studied the reaction of Cp*(Cl)Ti(2,3-
RSC Adv., 2017, 7, 34816–34829 | 34825
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dimethylbutadiene) with different isonitriles using DFT calcu-
lations. For tBuNC, MeNC, EtNC, ArNC, and 1-AdNC, the bis-
insertion reaction of isonitrile all easily occurs at room
temperature. Aer the dispersion corrections, the isomerisation
of Cp*(Cl)Ti(2,3-dimethylbutadiene) determines the apparent
activation energies of the bis-insertion reactions of the studied
isonitriles, which is 19.1 kcal mol�1. The bis-insertion reactions
with the bulky tBuNC and 1-AdNC release less energy in
comparison to those with the smaller MeNC and EtNC, and the
exergonicity of the bis-insertion of electron-withdrawing ArNC
is similar to that of the bulky tBuNC and 1-AdNC. The
elementary reactions include isomerisation of Cp*(Cl)Ti(2,3-
dimethylbutadiene), isonitrile coordination, isonitrile migra-
tory insertion into the Ti–C and Ti–H bonds, isomerisation of
six-membered titanacycle, C–C reductive elimination, b-H
elimination, and C–C reductive coupling. The fused three-ve
metallabicyclic bis-insertion product titanaazidine can be
experimentally observed, except that the product with the Ar
groups is rapidly converted to diazatitanacyclopentane. In the
presence of pyridine, the titanaazidines fragment into Ti imido
complex and a-methylene cyclopentenimine for tBuNC, ArNC,
and 1-AdNC. For isonitriles with bulky substitution groups such
as tBu and 1-Ad, the fragmentation of titanaazidines requires
>27 kcal mol�1 and is exergonic by >11 kcal mol�1. For the small
MeNC and EtNC, considered the dispersion effects, the tita-
naazidines are converted to six-membered titanacycles, with
a higher energy barrier of >30 kcal mol�1 and an exergonicity of
<13 kcal mol�1. In the case of ArNC, the fragmentation of tita-
naazidines requires the largest amount of energy (33.5 kcal
mol�1) and releases the largest amount of energy (24.7 kcal
mol�1), and the diazatitanacyclopentane with the Ar groups is
an important intermediate. For the bulky tBuNC, ArNC, and 1-
AdNC, the b-H elimination reaction pathway is responsible for
the fragmentation of titanaazidines. The associated elementary
reactions include dissociation of Ti–N(ketimine) bond, b-H
elimination, isomerisation of Ti complex, addition of Ti–H
bond, and fragmentation of titanacycle. For the small-sized
MeNC and EtNC, the g-H elimination reaction pathway
competes with the b-H elimination reaction pathway. The
former includes rotation of the Cp*TiClH segment and g-H
elimination. It is found that ArNC can be used to generate the
diazatitanacyclopentane via the isomerisation reaction path, in
which the system undergoes isomerisation of Ti complex, C–C
reductive coupling, and insertion of the C]N bond. The results
presented here are expected to be useful for chemists to syn-
thesise new substances via the reaction of Ti complex and iso-
nitriles. A theoretical study of the reaction of Cp*(Cl)Hf(diene)
with isonitriles is underway.
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J. Andrés, F. Ruipérez and D. Roca-Sanjuán, J. Phys. Chem.
A, 2013, 117, 5354–5364; (c) A. V. Chuchuryukin, R. Huang,
M. Lutz, J. C. Chadwick, A. L. Spek and G. van Koten,
Organometallics, 2011, 30, 2819–2830; (d) T. Miyazaki,
Y. Tanabe, M. Yuki, Y. Miyake and Y. Nishibayashi,
Organometallics, 2011, 30, 3195–3199.

12 (a) S. K. Guchhait, V. Chaudhary and C. Madaan, Org.
Biomol. Chem., 2012, 10, 9271–9277; (b) W. Sha, J.-T. Yu,
Y. Jiang, H. Yang and J. Cheng, Chem. Commun., 2014, 50,
9179–9181; (c) Y. Li, A. Chao and F. F. Fleming, Chem.
Commun., 2016, 52, 2111–2113; (d) G. Lesma, I. Bassanini,
R. Bortolozzi, C. Colletto, R. Bai, E. Hamel, F. Meneghetti,
This journal is © The Royal Society of Chemistry 2017
G. Rainoldi, M. Stucchi, A. Sacchetti, A. Silvani and
G. Viola, Org. Biomol. Chem., 2015, 13, 11633–11644; (e)
M. Tobisu and N. Chatani, Chem. Lett., 2011, 40, 330–340.

13 (a) T. Buyck, D. Pasche, Q. Wang and J. Zhu, Chem.–Eur. J.,
2016, 22, 2278–2281; (b) B. Zhang and A. Studer, Org. Lett.,
2014, 16, 1216–1219; (c) B. Zhang and A. Studer, Org. Lett.,
2014, 16, 3990–3993; (d) Q. Dai, J.-T. Yu, X. Feng, Y. Jiang,
H. Yang and J. Cheng, Adv. Synth. Catal., 2014, 356, 3341–
3346.

14 (a) A. Dewanji, C. Mück-Lichtenfeld, K. Bergander,
C. G. Daniliuc and A. Studer, Chem.–Eur. J., 2015, 21,
12295–12298; (b) A. Hinz, A. Schulz and A. Villinger, J. Am.
Chem. Soc., 2015, 137, 9953–9962; (c) N. Shao, G.-X. Pang,
C.-X. Yan, G.-F. Shi and Y. Cheng, J. Org. Chem., 2011, 76,
7458–7465; (d) S. U. Dighe, A. K. K. S., S. Srivastava,
P. Shukla, S. Singh, M. Dikshit and S. Batra, J. Org. Chem.,
2015, 80, 99–108.

15 (a) Y. Li and F. F. Fleming, Angew. Chem., Int. Ed., 2016, 55,
14770–14773; (b) D. Riedel, T. Wurm, K. Graf, M. Rudolph,
F. Rominger and A. S. K. Hashmi, Adv. Synth. Catal., 2015,
357, 1515–1523; (c) M. Seidl, M. Schiffer, M. Bodensteiner,
A. Y. Timoshkin and M. Scheer, Chem.–Eur. J., 2013, 19,
13787–13791; (d) S. Tong, Q. Wang, M.-X. Wang and
J. Zhu, Angew. Chem., Int. Ed., 2015, 54, 1293–1297.

16 (a) S. Tong, Q. Wang, M.-X. Wang and J. Zhu, Chem.–Eur. J.,
2016, 22, 8332–8338; (b) R. M. Wilson, J. L. Stockdill, X. Wu,
X. Li, P. A. Vadola, P. K. Park, P. Wang and S. J. Danishefsky,
Angew. Chem., Int. Ed., 2012, 51, 2834–2848; (c) B. Zhang,
C. Mück-Lichtenfeld, C. G. Daniliuc and A. Studer, Angew.
Chem., Int. Ed., 2013, 52, 10792–10795; (d) A. S. K. Hashmi,
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