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Abstract: The CsH σ-bond activation of methane and the NsH σ-bond activation of ammonia by (Me3-
SiO)2Ti(dNSiMe3) 1 were theoretically investigated with DFT, MP2 to MP4(SDQ), and CCSD(T) methods.
The CsH σ-bond activation of methane takes place with an activation barrier (Ea) of 14.6 (21.5) kcal/mol
and a reaction energy (∆E) of -22.7 (-16.5) kcal/mol to afford (Me3SiO)2Ti(Me){NH(SiMe3)}, where DFT-
and MP4(SDQ)-calculated values are given without and in parentheses, respectively, hereafter. The electron
population of the CH3 group increases, but the H atomic population decreases upon going to the transition
state from the precursor complex, which indicates that the CsH σ-bond activation occurs in heterolytic
manner unlike the oxidative addition. The Ti atomic population considerably increases upon going to the
transition state from the precursor complex, which indicates that the charge transfer (CT) occurs from
methane to Ti. These population changes are induced by the orbital interactions among the dπ-pπ bonding
orbital of the TidNSiMe3 moiety, the Ti dz2 orbital and the CsH σ-bonding and σ*-antibonding orbitals of
methane. The reverse regioselective CsH σ-bond activation which leads to formation of (Me3SiO)2Ti(H)-
{NMe(SiMe3)} takes place with a larger Ea value and smaller exothermicity. The reasons are discussed in
terms of TisH, TisCH3, TisNH3, NsH, and NsCH3 bond energies and orbital interactions in the transition
state. The NsH σ-bond activation of ammonia takes place in a heterolytic manner with a larger Ea value
of 19.0 (27.9) kcal/mol and considerably larger exothermicity of -45.0 (-39.4) kcal/mol than those of the
CsH σ-bond activation. The NsH σ-bond activation of ammonia by a Ti-alkylidyne complex, [(PNP)Ti(t
CSiMe3)] 3 (PNP ) N-[2-(PH2)2-phenyl]2-]) ,was also investigated. This reaction takes place with a smaller
Ea value of 7.5 (15.3) kcal/mol and larger exothermicity of -60.2 (-56.1) kcal/mol. These results lead us
to predict that the NsH σ-bond activation of ammonia can be achieved by these complexes.

Introduction

CsH σ-bond activation of alkane by a transition metal
complex is one of the most challenging reactions in organo-
metallic chemistry, inorganic chemistry, and catalytic chemistry,
because a functional group can be introduced into alkane via
CsH σ-bond activation.1 In the recent review articles,1 we found
three categories ofσ-bond activation, as follows; (1) CsH
σ-bond activation via oxidative addition reaction by late
transition metal complexes, (2) CsH σ-bond activation via
σ-bond metathesis by lanthanide and actinide complexes, and
(3) CsH σ-bond activation via addition of the CsH σ-bond
across MdN and MdC multiple bonds by early to middle
transition metal complexes.

The oxidative addition of a CsH σ-bond to late transition
metal complexes such as platinum(0) and platinum(II) com-
plexes has been theoretically investigated by many groups.2-15

From those theoretical studies, we have now detailed knowledge
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about the oxidative addition reaction. The CsH σ-bond addition
across the MdN bond in the early transition metal complexes
has been theoretically investigated by Cundari and his col-
laborators in the past decade.16 They also investigated
an interesting bonding nature of the transition metal imido
complexes, transition metal alkylidene complexes, and their
methane adducts.17 Recently, the CsH σ-bond activation of
benzene by the Ti-alkylidyne complex was also experimentally
succeeded and theoretically investigated with the DFT method.18

However, many issues to be investigated still remain; for
instance, comparison of the CsH σ-bond activation between
early and late transition metal complexes has not been made
yet, to our knowledge, despite that such a comparison is of
considerable interest. Also, it is not clear what orbital interaction
plays an important role in the CsH σ-bond activation by the
MdN bond.

N-H σ-bond activation of ammonia by transition metal
complexes is another challenging research target. Though
one successful result has been reported recently,19 the N-H
σ-bond activation of ammonia is still difficult. Ammonia
can form stable complexes with late transition metal elements,
while early transition metal complexes of ammonia are less
known than the late transition metal complexes. Because
the formation of a too stable reactant complex of ammonia
is one of the important reasons for difficulty in the N-H σ-
bond activation of ammonia,19 it is of considerable interest
to investigate whether or not early transition-metal com-
plexes can be utilized for the N-H σ-bond activation of
ammonia.

In this theoretical work, we investigated the C-H σ-bond
activation of methane and the N-H σ-bond activation of
ammonia with a Ti-imido complex by DFT, MP2 to MP4(SDQ),

and CCSD(T) methods. Our purposes here are to show the
differences in the C-H σ-bond activation between early and
late transition metal complexes, to clarify what orbital interaction
plays an important role in the C-H σ-bond activation by this
complex, and to present a theoretical prediction of whether or
not the Ti-imido complex can be applied to the N-H σ-bond
activation of ammonia. The N-H σ-bond activation by Ti-
alkylidyne complex was also theoretically investigated, because
the C-H σ-bond activation of benzene was achived by the Ti-
alkylidyne complex.18

Computational Details

Geometries were optimized with the DFT method, where the
B3LYP functional was used for exchange-correlation terms.20-22

We ascertained that each equilibrium geometry exhibited no imagin-
ary frequency and each transition state exhibited one imaginary
frequency. We carried out IRC calculations, to check that the transition
state connected the reactant and product. Energy and population changes
were evaluated with the DFT(B3LYP), MP2 to MP4(SDQ), and
CCSD(T) methods, using the DFT-optimized geometries. In MP2 to
MP4(SDQ) and CCSD(T) calculations, core orbitals were excluded
from active space. Two kinds of basis set systems were used. The
smaller system (BS1) was used for geometry optimization. In this BS1,
core electrons of Ti (up to 2p) and Pt (up to 4f) were replaced with
effective core potentials (ECPs),23 and their valence electrons were
represented with (541/541/311) and (541/541/111) basis sets,23,24

respectively. For Si and P, core electrons (up to 2p) were replaced
with ECPs,25 and their valence electrons were represented with
(21/21/1) basis sets,25 where a d-polarization function was added.26

For H, C, N, and O, 6-31G* basis sets27 were employed, where a
p-polarization function was added for the active H atom that
reacts with Ti complexs to form either C-H or N-H bond, and a
diffuse function was added to the N atom. The better basis set system
(BS2) was used for evaluation of energy changes. In the BS2 system,
(5311/5311/311/1) and (5311/5311/111/1) basis sets23,24,28 were em-
ployed for Ti and Pt, respectively, where the same ECPs as those of
BS1 were employed for core electrons. For H, C, N, O, Si, and P, the
6-311G* basis sets were employed,29-31 where a p-polarization function
was added to the active H atom and a diffuse function was added to
the imido N and alkylidyne C atoms. Zero-point energy was evaluated
with the DFT/BS1 method, under the assumption of a harmonic
oscillator.

The Gaussian 03 program package32 was used for all calculations.
Population analysis was carried out with the method of Weinhold et
al.33 Molecular orbitals were drawn with the MOLEKEL program
package.34
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(34) Flükiger, P.; Lüthi, H. P.; Portann, S.; Weber, J.MOLEKEL, v.4.3; Scientific

Computing: Manno, Switzerland, 2002-2002. Portman, S.; Lu¨thi, H. P.
CHIMIA 2000, 54, 766.

A R T I C L E S Ochi et al.

8616 J. AM. CHEM. SOC. 9 VOL. 129, NO. 27, 2007



Results and Discussion

Geometry and Energy Changes by the CsH σ-Bond
Activation of Methane by Ti-Imido Complex, [(Me 3SiO)2Ti-
(dNSiMe3)] 1. The CsH σ-bond activation of methane by a
Ti-imido complex, [(Me3SiO)2Ti(dNSiMe3)] 1, takes place
through a precursor complex (PC1a) and transition state (TS1a),
to afford a product complex (PRD1a), as shown in Figure 1.

In [(Me3SiO)2Ti(dNSiMe3)] 1, the TisNsSi moiety is
almost linear (175°), which agrees well with the experimental
value (175°) of a similar complex.35 This linear geometry of
the TidNSiMe3 group indicates that the NSiMe3 moiety is
considered to be an anion, as reported.17a,dThe optimized Tis
N bond (1.697 Å) is moderately shorter and the optimized Ns
Si bond (1.746 Å) is moderately longer than those of the similar
complex,36 though the differences are not large. We optimized
the model complex with several functionals and a variety of
basis sets but found moderately longer TisN and moderately
shorter NsSi distances in all the optimized geometries (see
Supporting Information Figure S1 and Tables S1 and S2). In
PC1a, methane approaches the Ti center, where the TisCR and
TisH distances are 2.621 Å and 2.209 Å, respectively, where
CR represents the C atom of methane, hereafter. The CRsH bond
slightly lengthens to 1.108 Å, which is similar to that of the
agostic interaction system. Because the d orbital is not occupied
in the Ti(IV) center in a formal sense, the charge transfer (CT)
from the CsH bonding orbital to the empty d orbital of Ti is
considered to be the origin of the bonding interaction. This is
essentially the same as the agostic interaction.37-39 In TS1a,
the TisCR distance shortens to 2.269 Å which is similar to that
of PRD1a. The CRsH distance considerably lengthens to 1.442
Å, whereas the NsH distance (1.385 Å) is still long. The H
atom that is moving from the CR atom to the N atom is at the
middle position between CR and N atoms. The similar geometry
changes were reported in the theoretical study of the heterolytic
CsH σ-bond activation of methane by Pd(η2-O2CH)2 and Pt-

(η2-O2CH)2.7e The productPRD1a takes a pseudo-tetrahedral
structure, as expected from the d0 electron configuration.

Binding energy (BE), activation barrier (Ea), and reaction
energy (∆E) are defined as the energy differences betweenPC1a
and the sum of reactants, betweenPC1aandTS1a, and between
PRD1aand the sum of reactants, respectively. A negative∆E
value means that the CsH σ-bond activation is exothermic and
vice versa. First, we calculated BE,Ea, and∆E values in the
reaction of a model Ti-imido complex, [(H3SiO)2Ti(dNSiH3)]
1m, in which the methyl groups are replaced by the H atoms,
because1 is too large to perform CCSD(T) calculations;
geometry changes of this model reaction are given in Supporting
Information Figure S2. In the reaction of1m, the BE value
fluctuates little upon going to CCSD(T) from MP2, as shown
in Table 1, while the DFT-calculated BE value is somewhat
smaller than the others.40 These results indicate that the BE
values calculated by the DFT and MP4(SDQ) methods are
reliable. TheEa and∆E values somewhat fluctuate around MP2
and MP3 levels but much less upon going to CCSD(T) from
MP3. The DFT- and MP4(SDQ)-calculated BE,Ea, and ∆E
values show little difference between1 and1m, suggesting that
the model system is useful to investigate this type of CsH
σ-bond activation. It is noted that the DFT-calculatedEa and
∆E values are similar to those of the CCSD(T)-calculated values,
while the MP4(SDQ)-calculatedEa value is considerably larger

(35) (a) Haymore, B. L.; Maatta, E. A.; Wentworth, R. D.J. Am. Chem. Soc.
1979, 101, 2063. (b) Parkin, G.; van Asselt, A.; Leahy, D. J.; Whinnery,
L.; Hua, N. G.; Quan, R. W.; Henling, L. M.; Schaefer, W. P.; Santarsiero,
B. D.; Bercaw, J. E.Inorg. Chem.1992, 31, 82.
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(38) Goddard, R. J.; Hoffmann, R.; Jemmis, E. D.J. Am. Chem. Soc.1980,

102, 7667.
(39) Obara, S.; Koga, N.; Morokuma, K.J. Organomet. Chem.1984, 270, C33.

(40) (a) The interaction energy betweenπ-conjugated systems and Pt(PH3)2 is
also underestimated by the DFT method, similarly.40b (b) Kameno, Y.;
Ikeda, A.; Nakao, Y.; Sato, H.; Sakaki, S.J. Phys. Chem.2005, 109, 8055.

Figure 1. Geometry changes in the CsH σ-bond activation of methane by (Me3SiO)2Ti(dNSiMe3) 1. Bond lengths are in angstroms, and bond angles are
in degrees.

Table 1. Binding Energy (BE), Activation Barrier (Ea), and
Reaction Energy (∆E) of the CsH σ-Bond Activation of Methane
by (Me3SiO)2Ti(dNSiMe3) 1 and (H3SiO)2Ti(dNSiH3) 1ma

(Me3SiO)2Ti(dNSiH3) +
CH4

(H3SiO)2Ti(dNSiH3) +
CH4

BEb Ea
c ∆Ed BEb Ea

c ∆Ed

MP2 -9.8 17.6 -16.5 -9.6 18.7 -14.9
MP3 -7.1 12.7 -36.5 -7.0 12.9 -35.4
MP4(DQ) -7.8 18.0 -25.3 -7.8 18.7 -24.2
MP4(SDQ) -9.4 21.5 -16.5 -9.4 22.8 -14.6
CCSD(T) - - - -9.0 17.0 -22.7
DFT(B3LYP) -4.5 14.6 -22.7 -5.5 15.5 -22.6

a In kcal/mol unit.bBE ) Et(precursor complex)- Et(sum of reactants).
cEa ) Et(transition state)- Et(precursor complex).d∆E ) Et(product)-
Et(sum of reactants).
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J. AM. CHEM. SOC. 9 VOL. 129, NO. 27, 2007 8617



and the MP4(SDQ)-calculated exothermicity is considerably
smaller than the CCSD(T)-calculated values.41

Though the DFT method underestimates the BE value, we
employed the DFT method to discuss theEa and∆E values of
the reaction of1, because our main purpose is to investigate
how much easily the CsH σ-bond activation takes place; note
that 1 + CH4 is too large to perform CCSD(T) calculation.

Important Orbital Interactions in the C -H σ-Bond
Activation by Ti-Imido Complex. It is of considerable
importance to clarify the characteristic features of the C-H
σ-bond activation of methane by the Ti-imido complex. We
compared the C-H σ-bond activation reaction with the oxidative
addition of methane to Pt(PH3)2 2, because the latter reaction
is one of the most typical C-H σ-bond activations through the
oxidative addition. We optimized the precursor complex, the

transition state, and the product of this oxidative addition, using
the DFT/BS1 method. The explanation of geometry and energy
changes are omitted here because this reaction was theoretically
investigated previously,4,7a,d and no essential difference from
the previous works was observed; see Supporting Information
Figure S3 for the geometry changes.

Electron population changes are compared between the C-H
σ-bond activation reactions by1 and2, as shown in Figure 2.
In the oxidative addition of methane to2, the electron popula-
tions of H and CH3 groups increase but the Pt atomic population
considerably decreases, as the reaction proceeds (Figure 2B).
These population changes are consistent with our understanding
that this is the oxidative addition. Population changes in the
C-H σ-bond activation by1 are significantly different from
those in the reaction by2, as follows: (1) The electron
population of CH3 increases very much, as shown in Figure
2A. (2) The H atomic population considerably decreases upon
going from PC1a to PRD1a in the reaction of1. (3) The Ti
atomic population considerably increases upon going toTS1a

(41) Usually, the energy changes are less converged in the MP4 calculations
than in the DFT calculations upon going from poor basis sets to good ones.
Also, the energy changes tend not to converge upon going from MP2 to
MP4, when the quality of the Hartree-Fock wavefunction is not good. On
the other hand, the DFT method tends to underestimate the interaction
energy between the transition metal and coordinating substrate.40 Thus, we
must carefully check if the energy changes calculated by the MP2 to MP4
and DFT methods are considerably different or not. It is noted however
that a considerable difference is not observed when the electron correlation
effect is not large and the sufficiently good basis sets are used.

Figure 2. Population changes in CsH σ-bond activations of methane by
(A) (Me3SiO)2Ti(dNSiMe3) 1 and (B) Pt(PH3)2 2. The positive value
represents the increase in electron population, and vice versa. The B3LYP/
BS2 method was employed.

Figure 3. Orbital energy changes in C, IIIHσ-bond activations of methane
by (Me3SiO)2Ti(dNSiMe3) 1.

Figure 4. Important MOs inTS1aandTS2, and fragment MOs of (Me3-
SiO)2Ti(dNSiMe3) 1 and methane. The B3LYP/BS2 method was employed.
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from PC1a but then considerably decreases upon going to
PRD1a in the reaction of1. And, (4) the electron population
of the NSiMe3 moiety moderately decreases upon going toTS1a
from the reactant but considerably increases upon going to
PRD1a from TS1a. The most important differences in popula-
tion changes between the Ti and Pt(0) complexes are found in
the electron populations of the Ti, H, and CH3 groups. The
increase in the Ti atomic population atPC1a is attributed to
the CT from methane to the Ti center; remember that the CR-H
bond of methane interacts with the Ti center in1 like an agostic
interaction, which involves the CT from the C-H bonding
orbital to the Ti center.37-39 In TS1a, the CH3 electron
population considerably increases but the H atomic population
considerably decreases, while both electron populations of the
H and CH3 groups increase inTS2. These differences indicate
that the C-H σ-bond activation by the Ti complex can be
understood in terms of heterolytic C-H σ-bond activation unlike
the oxidative addition by2. Also, it is noted that the Ti atomic
population increases inTS1a, but the Pt atomic population
decreases inTS2. These results suggest that the CT from
methane to the Ti center participates inTS1abut the CT from
the Pt center to methane participates inTS2, which will be
discussed below in more detail.

Although important orbital interaction was well understood
in the oxidative addition reaction,2,7f,42 the orbital interaction
has not been discussed yet in the heterolytic C-H σ-bond
activation. Thus, it is worth investigating what type of orbital
interaction is important in the heterolytic C-H σ-bond activa-
tion. As shown in Figure 3, the 83-rd MO inPC1a becomes
stable in energy upon going fromPC1a to PRD1a. This MO
mainly consists of the sp3 orbital of the CH3 group and the dπ-
pπ orbital of the Ti-N moiety, as shown in Figure 4A. To
inspect the orbital picture, we analyzed this MO by representing
it with a linear combination of molecular orbitals of fragments43

whereψi(AB) represents thei-th MO of the system AB,æm(A)
is the m-th MO of the fragment A, andCim

A is the expansion
coefficient ofæm(A). Here, we separate the reaction system into
methane and the Ti-imido complex. The weights of fragment
orbitals are summarized in Table 2;44 see Figure 4 for the
important MOs of the reaction system and fragments. In the
reaction by1, the 83-rd MO of the reaction system largely
involves the dπ-pπ bonding orbital of the Ti-imido moiety and
somewhat the HOMO and LUMO of methane. Also, the dz2

orbital of Ti, which is an unoccupied orbital in a formal sense,
moderately participates in the 83-rd MO. These orbital mixings
are schematically shown in Scheme 1; the dπ-pπ bonding orbital
suffers from antibonding overlap with the C-H σ-bonding
orbital (HOMO) of methane, because the HOMO of methane
is at lower energy than the dπ-pπ bonding orbital. The C-H
σ*-antibonding orbital (LUMO) of methane mixes with the dπ-
pπ bonding orbital in a bonding way, because the LUMO is at

higher energy than the dπ-pπ bonding orbital. These orbital
mixings decrease the contribution of the H 1s orbital to the MO
of the reaction system and increase that of the CH3 sp3 orbital.
As a result, the CH3 electron population increases and the H
atomic population decreases; in other words, the H atom
becomes proton-like and the CH3 group becomes anionic. The
empty dz2 orbital overlaps with the CH3 sp3 orbital in a bonding
way to form the CT interaction with the negatively charged CH3

group, which increases the Ti atomic population. Also, the
negatively charged CH3 group forms an electrostatic stabilization
interaction with the positively charged Ti center. Thus, the
interactions shown in Scheme 1 clearly explain population
changes by the heterolytic C-H σ-bond activation and Ti-
CH3 and C-H bond formations. In the reaction by2, the 32-nd
MO of the reaction system is important. This mainly consists
of the Pt dπ orbital and the LUMO of methane which is C-H
σ*-antibonding orbital, as shown in Table 2; see Figure 4 and
Figure S4 for these orbital pictures. It is noted that the HOMO
of methane, which is a C-H σ-bonding orbital, participates little
in this 32-nd MO. This means that only CT from Pt(PH3)2 to

(42) (a) McKinney, R. J.; Thorn, D. L.; Hoffmann, R.; Stockis, A.J. Am. Chem.
Soc.1981, 103, 2595. (b) Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille,
J. K. Bull. Chem. Soc. Jpn.1981, 54, 1857.

(43) Similar methods were reported in several literatures: Kato, S.; Yamabe,
S.; Fukui, K.J. Chem. Phys.1974, 60, 572. Dapprich, S.; Frenking, G.J.
Phys. Chem.1995, 99, 9352.

(44) The weight was evaluated with a Mulliken approximation.

Table 2. Weight of Fragment MOs Calculated with the B3LYP/
BS2 Method

(Me3SiO)2Ti(dNSiMe3) Pt(PH3)2
a

82-nd MO 3.1% 28-th MO 0.0%
unocc 80-th MO 7.3%

occ 78th-MO 56.8% 27-th MO 78.4%
23-rd MO 1.0%
22-nd MO 0.0%

CH4 CH4

10-th MO 1.2% 10-th MO 0.8%
7-th MO 2.0% 7-th MO 2.5%

unocc 6-th MO 10.4% 6-th MO 11.4%

occ 5-th MO 10.3% 5-th MO 0.6%
3-rd MO 5.3% 3-rd MO 4.2%

a The analysis was made at the same C-H distance of methane as that
of TS1a. The geometry is almost the same as that ofTS2; see Supporting
Information Figure S3.

Scheme 1

ψi(AB) ) ∑
m

Cim
A æm(A) + ∑

n

Cin
B æn(B) (1)
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methane is important in the reaction by2, which is consistent
with the population changes of this reaction (see Figure 2B);
remember that the Pt atomic population decreases and both H
and CH3 electron populations increase in the reaction.

Because the occupied dπ-pπ bonding orbital and the unoc-
cupied dz2 orbital play important roles in these orbital mixings
around the transition state, the higher the occupied dπ-pπ

bonding orbital energy is and the lower the unoccupied dz2 orbital
energy is, the easier heterolytic C-H σ-bond activation
becomes.

Upon going toPRD1a from TS1a, the Ti atomic population
considerably decreases but the electron populations of NSiMe3

considerably increase in the reaction by1. Those population
charges are different from those observed upon going toTS1a
from PC1a, indicating that the origin of those population
changes are different from the above-discussed orbital interac-
tion. One of the plausible reasons of these population changes
is that the proton-like H atom binds with NSiMe3 to suppress
the electron donation from these ligands to the Ti center. As a
result, the Ti atomic population considerably decreases and the
electron population of the NSiMe3 moiety considerably in-
creases.

Effects of the OR Ligand on the CsH σ-Bond Activa-
tion: Here, we wish to mention ligand effects of the CsH
σ-bond activation, because the O atom effect on the OsH
σ-bond activation was discussed recently.45 To clarify how much
the OR ligand of1 facilitates the CsH σ-bond activation, we
compared the reactivity of (HO)2Ti(dNSiH3) 1OH with that of
(HS)2Ti(dNSiH3) 1SH, where1OH is a good model of1 because
the CsH σ-bond activation reaction by1OH occurs with similar
BE, Ea, and ∆E values to those of the reaction by1; see
Supporting Information Tables S3 and S4 and Figure S5 for
energy, population, and geometry changes by the reactions of
1OH and1SH. Interestingly, the CsH σ-bond activation by1SH

takes place with a considerably largerEa value (19.6 kcal/mol)
and considerably smaller exothermicity (∆E ) -12.4 kcal/mol)
than those of the reaction by1OH (Ea ) 15.5 kcal/mol and∆E
) -21.9 kcal/mol), where the DFT/BS2//DFT/BS1 method was
employed. The dπ-pπ and dz2 orbitals of1SH are at lower energy
(-8.13 and-3.33 eV, respectively) than those of1OH (-7.35
and-2.94 eV, respectively), where Kohn-Sham orbital ener-

gies are given. It is noted also that the Ti center is much more
positively charged and the N atom is more negatively charged
in 1OH than in1SH; the Ti and N atomic charges are+1.779e
and-1.227e, respectively, in1OH and+1.194e and-1.062e,
respectively, in1SH, where the DFT/BS2-calculated charges are
given. These results suggest that1OH forms the stronger CT
from the dπ-pπ orbital to the C-H σ*-antibonding orbital and
the stronger electrostatic stabilizations between the negatively
charged CH3 group and the positively charged Ti atom and
between the positively charged H and negatively charged N
atoms than does1SH. Because of these factors,1OH is more
reactive than1SH; in other words, the OR group facilitates the
heterolytic C-H σ-bond activation than the similar SR group.

Why does the H atom bind not with the Ti center but
with the N atom? In the C-H σ-bond activation reaction by
1, the methyl group is bound with the Ti center and the H atom
is bound with the N atom.36 It is of considerable interest to
clarify the reason why the methyl group is not bound with the
N atom but with the Ti center, and why the H atom is not bound
with the Ti center but with the N atom.

We investigated the C-H σ-bond activation of methane
leading to the formation of (Me3SiO)Ti(H){NMe(SiMe3)}
PRD1b, which involves the Ti-H and N-CH3 bonds. This is
called the reverse regioselective reaction. In the precursor
complexPC1b, methane approaches the Ti center in a different
orientation from that inPC1a, as shown in Figure 5. In the
transition stateTS1b, the CR-H distance of methane lengthens
by 0.639 Å. This distance is longer than that ofTS1a. The Ti-H
distance inTS1b is almost the same as that of the product,
PRD1b. These features indicate thatTS1b is characterized to
be more product-like thanTS1a. PRD1b takes a pseudo-
tetrahedral geometry similar to that ofPRD1a.

As shown in Table 3, the BE value ofPC1b is almost the
same as that ofPC1a. However, theEa value forTS1b is much
larger than that forTS1a. Consistent with the largerEa value,
the ∆E value of the reverse regioselective reaction is less
negative than that of the normal one. These results indicate that
the reverse regioselective reaction is thermodynamically and
kinetically less favorable than the normal one. To understand
the reasons why the normal regioselective reaction more
favorably occurs than the reverse one, we evaluated here the
Ti-H, Ti-CH3, N-CH3, and N-H bond energies, considering
following assumed reactions; the Ti-H and Ti-CH3 bond(45) Teo, S.-X.; Wnag, G.-C.; Bu, X.-H.J. Phys. Chem. B2006, 110, 26045.

Figure 5. Geometry changes in the CsH σ-bond activation of methane by (Me3SiO)2Ti(dNSiMe3) 1 leading to formations of TisH and NsCH3 bonds.
Bond lengths are in angstroms, and bond angles are in degrees.
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energies of the Ti-imido complex were calculated with eqs 2
to 5. The other bond energies were defined as energy changes
by eqs 6 and 7.

These bond energies are summarized in Table 4. The N-H
bond energy depends little on the computational methods. The
N-CH3 bond energy moderately fluctuates upon going to the
MP3 level from the MP2 level but converges upon going to
the CCSD(T) level from the MP3 level. Moreover, the MP4-
(SDQ)-, CCSD(T)-, and DFT-calculated N-CH3 bond energies
are similar to each other, suggesting that these methods present
reliable N-CH3 bond energies. Though the Ti-H and Ti-CH3

bond energies moderately fluctuate around the MP2 level, they
converge upon going to the MP4(SDQ) and CCSD(T) levels
from the MP3 level. Also, the CCSD(T)-calculated Ti-H and
Ti-CH3 bond energies are similar to the MP4(SDQ)-calculated
values, indicating that these values are reliable. Though the DFT-
calculated Ti-H, Ti-CH3, and Ti-NH2 bond energies are
moderately smaller than the CCSD(T)- and MP4(SDQ)-
calculated values, the relative values of these bond energies are
similarly calculated by the DFT, MP4(SDQ), and CCSD(T)

methods.41 Thus, the conclusion does not depend on the
computational method.

Apparently, the N-H bond is considerably stronger than the
N-CH3 bond, while the Ti-CH3 bond is moderately stronger
than the Ti-H bond. As a result, the normal regioselective
reaction is more favorable than the reverse regioselective one
from the thermodynamic point of view.

The higherEa value of the reverse regioselective reaction is
easily interpreted in terms of the smaller overlap of the C-H
σ*-antibonding orbital with the dπ-pπ bonding orbital of the
Ti-imido moiety than that in the normal regioselective reaction.
Methane approaches the Ti-N moiety with the H atom in the
lead, as shown in Figure 1, because the H atom is less bulky
than the CH3 group. This approach leads to formation of a larger
overlap between the H 1s orbital and the Ti-N dπ-pπ orbital
in the normal regioselective reaction than that in the reverse
one, as shown in Scheme 2A, because the p orbital of the imido
group contributes more to the dπ-pπ orbital than the dπ orbital
of Ti (Figure 4). In the reverse regioselective reaction, on the
other hand, the H 1s orbital must interact with the dπ orbital of
Ti. The methyl sp3 orbital interacts with the imido p orbital,
but it is much more distant from the imido group in the reverse
regioselective reaction than the H atom is in the normal one
(see Figures 5). As a result, the overlap is much small in the
reverse regioselective reaction, as shown in Scheme 2B. Because
of the smaller overlap, the reverse regioselective reaction needs
a larger Ea value, and therefore, the reverse regioselective
reaction is less favorable kinetically than the normal one.46

N-H σ-Bond Activation of Ammonia. It is of considerable
interest to investigate whether or not the N-H σ-bond activation
of ammonia can be achieved by a Ti-imido complex, because
this σ-bond activation is believed to be very difficult and only
one successful result was recently reported with (PCP)(η2-
propene)Ir.19 We investigated here the N-H σ-bond activation
of ammonia by1. The Ti-NR distance is 2.199 Å inPC1c, as
shown in Figure 6, where NR represents the N atom of ammonia
and N represents that of the imido ligand, hereafter. The short
Ti-NR distance indicates that the typical coordinate bond is
formed between Ti and NH3, in contrast with the weak
interaction between the Ti moiety and methane. Starting from
PC1cthe N-H σ-bond activation takes place through transition
stateTS1c, to afford the productPRD1c. In TS1c, the NR-H

(46) The heterolytic C-H σ-bond cleavage of methane leading to H+ + CH3
-

gives rise to the destabilization energy of 442.3 kcal/mol but that leading
to H- + CH3

+ gives the destabilization energy of 364.3 kcal/mol, where
the DFT/BS2//DFT/BS1 method was employed; see Supporting Information
Table S6 for the destabilization energies calculated with various methods.
This trend is reverse to the normal regioselectivity, indicating that the
interaction with the Ti center in the transition state and the bond energies
are important factors for the regioselectivity.

Table 3. Binding Energy (BE), Activation Barrier (Ea), and
Reaction Energy (∆E) of the Reverse Regioselective C-H σ-bond
Activation of Methane by (Me3SiO)2Ti(dNSiMe3) 1 Leading to
Formation of (Me3SiO)2Ti(H){N(CH3)(SiMe3)}a

(Me3SiO)2Ti(dNSiMe3) + CH4

BEb Ea
c ∆Ed

MP2 -9.8 70.7 3.1
MP3 -7.2 61.8 -15.5
MP4(DQ) -7.9 69.3 -5.9
MP4(SDQ) -9.5 75.5 1.4
DFT(B3LYP) -4.2 60.4 -1.2

a In kcal/mol unit.bBE ) Et(precursor complex)- Et(sum of reactants).
cEa ) Et(transition state)- Et(precursor complex).d∆E ) Et(product)-
Et(sum of reactants).

Table 4. Ti-H, Ti-CH3, Ti-NH3, N-H, and N-CH3 Bond
Energiesa

B3LYP MP2 MP3 MP4(DQ) MP4(SDQ) CCSD(T)

Imido Complex
Ti-H 73.4 79.9 74.8 76.0 81.1 80.4
Ti-CH3 77.2 92.4 81.8 81.0 86.3 87.6
Ti-NH2 100.6 119.1 102.0 102.7 110.4 111.0
N-H 114.8 116.0 112.9 113.0 113.0 113.2
N-CH3 89.0 98.2 90.5 89.9 90.3 91.6

a The BS2 was used. In kcal/mol unit.

Scheme 2
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distance lengthens to 1.349 Å, which is considerably longer than
that of free ammonia. The N-H distance between the ammonia
and imido groups inTS1c is still long (1.338 Å). The Ti-NR

distance ofTS1c is moderately longer than that ofPRD1cbut
moderately shorter than that ofPC1c. In PRD1c, the NH2

moiety is planar, indicating that the NH2 moiety is considered
to be an imido anion.

As shown in Table 5, the BE value is considerably larger
than those of the C-H σ-bond activation of methane. This is
because ammonia coordinates with the Ti center by the CT from
the lone pair of ammonia to the empty d orbital of Ti. Actually,
the electron population of ammonia decreases very much in
PC1c, as shown in Figure 8. TheEa value somewhat fluctuates
around the MP2 and MP3 levels but much less upon going to
the MP4(SDQ) level from the MP3 level. The DFT method
presents a considerably smallerEa value. However, it is noted
that all the computational methods present a moderately larger
Ea value and much larger exothermicity than those of the C-H
σ-bond activation. This result suggests that the N-H σ-bond
activation can be acheived by the Ti-imido complex, in which
the activation barrier is moderately larger than the C-H σ-bond
activation.

To search another complex which can easily perform the
N-H σ-bond activation, we investigated the NsH σ-bond
activation by the Ti-alkylidyne complex (PNP)Ti(tCSiMe3) 3,
because the CsH σ-bond activation of benzene by3 was
recently reported in the experimental field.18 This NsH σ-bond
activation takes place through precursor complexPC3 and
transition stateTS3, to afford product complexPRD3, as shown
in Figure 7. Because the geometry changes are similar to those
of the NsH σ-bond activation by1, we wish to omit a detailed

explanation but mention several important points. InTS3, the
NRsH distance (1.310 Å) is shorter and the CsH distance
(1.556 Å) is longer than the corresponding NRsH and NsH
distances ofTS1c, indicating thatTS3 is more reactant-like than
TS1c. In PRD3, the TisH distance is 2.309 Å and the Ti-
C-H angle is 99°. These geometrical features indicate that the
R-agostic interaction is formed inPRD3, which is in contrast
to the absence of the agostic interaction inPRD1c. This
interesting difference is easily interpreted in term of the energy
levels of NsH and CsH σ-bonding orbitals. The CsH
σ-bonding orbital is at-10.7 eV but the N-H σ-bonding orbital
is at-17.1 eV, where Kohn-Sham orbital energies are given.
Because the agostic interaction is formed by the CT from the
CsH σ-bonding orbital to the empty d orbital, the CsH σ-bond
is more favorable for the agostic interaction than the NsH
σ-bond.

Consistent with the more reactant-like TS, theEa value of
this reaction is much smaller than that of the N-H σ-bond
activation by1. It is noted that the Ea value is much smaller
than that of the C-H σ-bond activation by1, which actually
occurs experimentally. Thus, we wish to propose that the N-H
σ-bond activation of ammonia can be easily achieved by the
Ti-imido and Ti-alkylidyne complex and that the latter complex
is much more reactive than the former one.

In this N-H σ-bond activation, the NR-H bond should be
broken, and the Ti-NRH2 bond and either N-H or C-H bond
are formed. The N-H bond energy is slightly larger than the
C-H bond energy, as shown in Table 5. Thus, the considerably
large exothermicity of the N-H σ-bond activation arises from
the formation of the very strong Ti-NRH2 bond. Because of
this very strong Ti-NRH2 bond, the product is more stable than
the reactant complex.

Population changes show somewhat different features from
those of the C-H σ-bond activation, as shown in Figure 8. As
mentioned above, the electron population of ammonia consider-
ably deceases in the precursor complexesPC1c and PC3,
indicating that the strong CT interaction is formed between the
Ti center and ammonia. In the transition state, the electron
population of the NH2 moiety considerably increases. The H
atomic population further decreases in the reaction by1 but
slightly increases in the reaction by3, while its atomic charge
is still positive; the H atomic population is 0.449e and 0.389e
in the reactions by1 and3, respectively. These features indicate
that the NH2 moiety is becoming anion-like and the H atom is

Figure 6. Geometry changes in the NsH σ-bond activation of ammonia by (Me3SiO)2Ti(dNSiMe3) 1. Bond lengths are in angstroms, and bond angles are
in degrees.

Table 5. Binding Energy (BE), Activation Barrier (Ea), and
Reaction Energy (∆E) of the N-H σ-Bond Activation of Ammonia
by (Me3SiO)2Ti(dNSiMe3) 1 and (PNP)Ti(tCSiMe3) 3a

(Me3SiO)2Ti(dNSiMe3) +
NH3

(PNP)Ti(tCSiMe3) +
NH3

BEa Ea
b ∆Ec BEa Ea

b ∆Ec

MP2 -36.0 25.0 -39.1 -30.7 13.3 -52.5
MP3 -37.1 18.9 -56.6 -29.8 5.8 -74.1
MP4(DQ) -35.8 24.7 -46.4 -29.8 13.7 -57.8
MP4(SDQ) -35.7 27.9 -39.4 -31.2 15.4 -56.3
DFT(B3LYP) -31.4 19.0 -45.0 -24.8 7.5 -60.2

a In kcal/mol unit.bBE ) Et(precursor complex)- Et(sum of reactants).
cEa ) Et(transition state)- Et(precursor complex).d∆E ) Et(product)-
Et(sum of reactants).
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becoming proton-like in the transition state; in other words, the
N-H σ-bond activation occurs in a heterolytic manner like the
C-H σ-bond activation. Upon going toPRD1candPRD3 from
TS1candTS3, respectively, the Ti atomic population decreases.
The reason is the same as that discussed in the C-H σ-bond
activation of methane by1. The H atomic population is
recovered in the reaction by1, because the H atom is again

bound with the N atom. On the other hand, it considerably
increases in the reaction by3, because it is bound with the C
atom which is less electronegative than the N atom.

Conclusions

The CsH σ-bond activation of methane and the NsH σ-bond
activation of ammonia by (Me3SiO)2Ti(dNSiMe3) 1 was
theoretically investigated with the DFT, MP2 to MP4(SDQ),
and CCSD(T) methods. The CsH σ-bond activation of methane
proceeds through the precursor complex and the transition state,
to afford the product (Me3SiO)2Ti(Me)(NHSiMe3). The activa-
tion barrier (Ea) is 14.6 (21.5) kcal/mol and the reaction energy
(∆E) is -22.7 (-16.5) kcal/mol, where the DFT- and MP4-
(SDQ)-calculated values are given without and in parentheses,
respectively.

The analysis of the electron redistribution of this reaction
shows interesting features, as follows: (1) The electron popula-
tion of the CH3 group considerably increases in the reaction,
while the population of the H atom that reacts with the Ti-
imido moiety considerably decreases in the transition state.
These population changes indicate that the C-H σ-bond
activation can be understood in terms of heterolytic C-H σ-bond
activation unlike the oxidative addition. (2) The Ti atomic
population considerably increases upon going to the transition
state from the precursor complex, which indicates the CT from
methane to the Ti center becomes stronger in the transition state.
These characteristic features arise from orbital interactions
among the dπ-pπ bonding and dz2 nonbonding orbitals of the
Ti-imido moiety and the C-H σ-bonding andσ*-antibonding
orbitals of methane. The CT interaction is formed between the
dπ-pπ bonding orbital and the C-H σ*-antibonding orbital,
into which the C-H σ-bonding orbital mixes in an antibonding
way with the dπ-pπ bonding orbital. This orbital mixing
decreases the H atomic population and increases the CH3

electron population; in other words, the C-H bond to be broken
is polarized by this orbital mixing. The negatively charged CH3

group interacts with the empty dz2 orbital of the Ti center, to
form the CT interaction. Also, it forms an electrostatic interac-
tion with the positively charged Ti center to yield the electro-
static stabilization. These population changes and interactions
are completely different from those of the oxidative addition
of methane to Pt(PH3)2. We wish to mention that the OR ligand
is more favorable for the heterolytic C-H σ-bond activation
than the SR ligand because of the stronger CT from the Ti-
imido moiety to the C-H σ*-antibonding orbital and the

Figure 7. Geometry changes in the NsH σ-bond activation of ammonia by (PNP)Ti(tCSiMe3) 3. Bond lengths are in angstroms, and bond angles are in
degrees.

Figure 8. Population changes in NsH σ-bond activation of ammonia by
(A) (Me3SiO)2Ti(dNSiMe3) 1 and (B) (PNP)Ti(tCSiMe3) 3. The positive
values represent the increase in electron population, and vice versa. The
B3LYP/BS2 method was employed.
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stronger electrostatic interactions between the negatively charged
CH3 group and the positively charged Ti center and between
the positively charged H and negatively charged N atoms.

The reverse regioselective C-H σ-bond activation leading
to (Me3SiO)2Ti(H){NMe(SiMe3)} takes place with a largerEa

value and smaller exothermicity than the normal one. These
results are interpreted in terms of bond energy and orbital
overlap in the transition state. The Ti-CH3 and N-H bonds
are stronger than the Ti-H and N-CH3 bonds, respectively,
indicating that the normal regioselective C-H σ-bond activation
is thermodynamically more favorable than the reverse one. Also,
the H 1s orbital overlaps better with the dπ-pπ bonding orbital
of the Ti-imido moiety in the normal regioselective reaction
than in the reverse one, indicating that theEa value of the normal
regioselective reaction is smaller than that of the reverse one.

The NsH σ-bond activations of ammonia by1 and (PNP)-
Ti(tCSiMe3) 3 (PNP) N-[2-(PH3)2-phenyl]) take place with
a moderate activation barrier and a considerably large exother-
micity. Several important results are summarized, as follows:
(1) The BE value is considerably large,-31.4 (-35.7) and
-24.8 (-31.2) kcal/mol for1 and3, respectively. (2) Consistent
with the large BE value, the electron population of the ammonia
considerably decreases in precursors,PC1c and PC3, which
indicates that the strong CT interaction is formed between the
Ti center and NH3. (3) TheEa and∆E values are 19.0 (27.9)
and-45.0 (-39.4) kcal/mol, respectively, in the reaction by1
and 7.5 (15.4) and-60.2 (-56.3) kcal/mol, respectively, in the
reaction by3. And, (4) the NsH σ-bond activation of ammonia
occurs in a heterolytic manner like the CsH σ-bond activation
of methane. From these computational results, we wish to

propose that the NsH σ-bond activation can be achieved by
Ti-imido and Ti-alkylidyne complexes.

In summary, we presented here a clear picture of orbital
interaction in the heterolytic C-H σ-bond activation and
theoretical proposals that Ti-imido and Ti-alkylidyne complexes
can be applied to many heterolyticσ-bond activation reactions
including N-H σ-bond activation.
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