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Abstract

Reactions of Ti1 with methane were studied by both temperature-dependent equilibrium measurements and density
functional theory. Experimentally, we observed Ti(CH4)n

1 clusters (n 5 1–5) and the H2 elimination products
(CH4)Ti(CH3)2

1, Ti(CH3)2
1, and (CH4)2Ti(C2H4)

1. The binding energies for the Ti(CH4)n
1 clusters were measured to be

16.86 0.6, 17.46 0.6, 6.66 1.5, 9.86 0.8, 5.16 0.7 kcal/mol forn 5 1–5,respectively. From analysis of the association
entropies it was clear that the first solvation shell was completed atn 5 4 and the fifth CH4 ligand began the second shell.
For the addition of the third methane ligand to Ti1, we observeds-bond activation to be competitive with adduct formation
and dehydrogenation of the cluster produced (CH4)Ti(CH3)2

1. Theoretically we characterized the Ti(CH4)n
1 clusters (n 5

1–3) andreproduced the trend in binding energies observed experimentally. We also calculated many local minima and several
transition states on the potential energy surfaces for dehydrogenation forn 5 1–3. Inagreement with experiment, we found
dehydrogenation of the first methane to be highly unfavorable, dehydrogenation of the second to be slightly unfavorable, and
dehydrogenation of the third to be slightly favorable under the given conditions. Moreover, addition of a fourth methane
resulted in further dehydrogenation and formation of an ethylene ligand bound to the metal center, (CH4)2Ti(C2H4)

1. Hence,
it appears that methane can be converted to ethylene in a cluster mediateds-bond activation mechanism using first row
transition metal centers at thermal energies. (Int J Mass Spectrom 185/186/187 (1999) 989–1001) © 1999 Elsevier Science
B.V.
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1. Introduction

Gas-phases-bond activation of methane has not
been previously observed to be spontaneous for first

row transition metal ions. Experimentally, under sin-
gle collision conditions, all M1 1 CH4 reaction
channels have been determined to be endothermic for
first row transition metal ions [1], a result consistent
with theory [2,3]. Reactivity has been found to in-
crease as the size of the alkane increases, with many
first row metals capable of dehydrogenating and
demethanating propane [4]. Under multiple collision
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conditions, first row transition metal ions, Co1 and
Fe1, were observed to react with methane to produce
M(CH4)n

1 clusters,n 5 1–4, butneither Co1 or Fe1

activates methane; no elimination channels were ob-
served [5–7]. Of second row transition metal ions
only Zr1 has been reported to dehydrogenate CH4

spontaneously [8,9]. For many third row transition
metal ions, however, multiple dehydrogenation reac-
tions were observed, leading to the oligomerization of
methane [10,11].

Recently a new mechanism, cluster assisted
s-bond activation, was proposed to explain the chem-
istry of Sc1 reacting with dihydrogen [12]. A detailed
analysis of the apparently “simple” equilibrium be-
tween Sc1 and H2 indicated that both the adduct,
Sc(H2)

1, and the inserted species, H–Sc1–H, were
present. A kinetic analysis indicated H2 activation
occurred only after the addition of the third H2 ligand.
Even though the activation of H2 by ground state Sc1

to form the inserted species, H–Sc1–H, is exothermic,
theory predicts [13] an insertion barrier of approxi-
mately 19.0 kcal/mol. The addition of the third H2

ligand appears to provide sufficient stabilization en-
ergy to bring the insertion barrier below the energy of
the reactants, ground state3D (4s3d) Sc1 1 H2.

The possibility of a cluster assisteds-bond activa-
tion mechanism inspired us to further explore reac-
tions of first row transition metal ions with methane.
Experimentally, the activation of methane by ground
state Ti1 to form the inserted species, H–Ti1–CH3, is
estimated [14] to be exothermic by 12 kcal/mol
[15,16] but dehydrogenation at thermal energies is
endothermic by 18.9 kcal/mol [15]. A theoretical
study by Hendrickx et al. [3] predicts the H–Ti1–CH3

species to be endothermic by 1.1 kcal/mol and the
transition state to insertion to be located 15.3 kcal/mol
above the ground state asymptote,4F (4s3d2) Ti1 1
CH4. In the high-pressure environment of the flow
tube Tonkyn et al. [4] found that at 300 K, Ti1 ligates
five methane ligands but does not activate methane;
no elimination products were observed. A question of
particular interest is whether or not a cluster assisted
s-bond activation mechanism is possible for Ti1

reacting withnCH4, and if so under what conditions.
To address this question, reactions of Ti1 with

methane were studied by both temperature-dependent
equilibrium measurements and density functional the-
ory (DFT). Experimentally, we accurately measured
the binding enthalpies and entropies for the sequential
addition of five CH4 ligands and reproduced the trend
for the first three ligands with theory. For the addition
of the third methane to Ti1, we observed a slow
approach to equilibrium and measured the rate to
attain equilibrium as a function of temperature. The
observed H2 elimination channels are discussed and a
cluster assisteds-bond activation mechanism is pro-
posed that is consistent with theory.

2. Experiment

Details of the experimental apparatus [17] have
been published, and sources of error have also been
discussed extensively [12]. In the experiments re-
ported here, titanium ions were formed by surface
ionization of TiCl4 and their electronic state distribu-
tion was determined by ion chromatography [18]. The
ions were accelerated to 5 keV, mass selected with a
double focusing, reverse geometry mass spectrometer,
decelerated to approximately 3–5 eV, and injected
into a reaction cell containing;7 3 1016 molecules/
cm3 of methane (2.2 Torr at 300 K). The ions were
quickly translationally and electronically [18,19] ther-
malized via collisions with CH4, and were moved
through the cell under the influence of a small electric
field (E/N , 3 3 10217 V cm2). The CH4 pressure
in the reaction cell is monitored directly with a
capacitance manometer and the pressure was varied to
ensure equilibrium was attained. Cell temperatures
were varied using a flow of heated or cooled N2, and
temperatures measured using a thin-film platinum
resistor. Ions exiting the cell were quadrupole mass
analyzed and counted.

In the equilibrium experiment [20], product/parent
ion ratios were measured as a function of reaction
time, (E/N)21. This time was varied by changing the
drift voltage across the cell. As the drift time was
increased the product/parent ion ratios eventually
become constant, indicating equilibrium had been
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reached. The ratios were converted to equilibrium
constants and standard free energies [20]. A plot of
DG8 versusT yielded straight lines for all systems
with an intercept equal toDH8T and a slope equal to
DS8T. Standard statistical thermodynamic methods
were used to obtainDH80 from DH8T and DS8T. This
plot is functionally equivalent to a van’t Hoff plot, but
it is more convenient for our data analysis.

Rate coefficients were also determined for the third
clustering reaction. At very short reaction times the
equilibrium involves simple methane addition (reac-
tion 1).

Ti(CH4)2
1 1 CH4º Ti(CH4)3

1 (1)

As reaction time increases, C–H bond activation
competes with adduct formation. As will be dis-
cussed, experimental results show that methane is
more strongly bound in the inserted species,
(H)(CH3)Ti(CH4)2

1, than in the adduct, Ti(CH4)3
1.

Thus, the slope of the equilibrium constant as a
function of time, reflects the increasing fraction of the
formation of the inserted species, (H)(CH3)Ti(CH4)2

1.
To obtain the rate constant for C–H bond activation,
we used a standard ln(I /I0) versus time analysis.
Specifically, we measured then 5 3 to n 5 2 ratio
(corresponding to the addition of the third and second
methane, respectively) as a function of time at differ-
ent temperatures, ranging from 300 to 550 K. In
addition, we measured the pressure of the methane
and the mobilities as a function of temperature to
determine the reaction time as a function of temper-
ature. Together these yield the insertion rate coeffi-
cient in units of cm3/s. Plotting the logarithm of the
rate constant as a function of inverse temperature
yields the activation energy as the slope. Note that the
inserted species does cluster further but this does not
affect the rate measurement because subsequent meth-
ane clusters are in equilibrium (the equilibrium con-
centration of the (H)(CH3)Ti(CH4)2

1 species may be
off by a constant factor but the slope of the
ln{[Ti(CH 4)3

1 1 (H)(CH3)Ti(CH4)2
1]/[Ti(CH 4)2

1]}
versus time plot is independent of this constant offset.

3. Computational details

We have performed density functional calculations
to help characterize the reactions of Ti1 with up to
three methanes. All calculations were done using the
Becke-3-LYP functional [21]. Geometry optimiza-
tions were first performed using Hay and Wadt’s Ne
core ECP in conjunction with their standard valence
double-z basis set [22] for Ti and a 6-31G** basis set
[23] for C and H. Final single point energies were
evaluated using a valence triple-z contraction of the
Hay and Wadt basis set for Ti and a 6-3111 G**
basis set [24] for C and H. The triple-z contraction of
the Ti basis set proved to be significantly better than
the double-z contraction in regard to the calculation of
Ti1 state splittings. In particular, the ground state of
Ti1 is known to be4F (s1d2) with a low-lying 4F(d3)
state just 2.46 kcal/mol higher in energy. With the
standard double-z contraction, the states are reversed
with a splitting of217.62 kcal/mol. With the triple-z
contraction, the states are still reversed, but by only
20.53 kcal/mol (a total error in the state splittings of
only 2.99 kcal/mol).

Only the lowest energy state and the geometry of
each intermediate species are reported, although in
most instances a number of other low-lying states or
conformations were found. Zero point energies, tem-
perature corrections, and entropies were calculated for
all species at the same level used to find the geome-
tries. Frequencies were unscaled in the calculation of
these quantities. Transition states were optimized
using a linear/quadratic synchronous transit (LST/
QST) procedure. All calculations were done using the
Jaguar program from Schro¨dinger Inc. [25].

4. Results and discussion

4.1. Ti(CH4)n
1 association clusters

The observed free energy,DG, as a function of
temperature for the equilibria (reaction 2) are shown
in Fig. 1.

Ti(CH4)n21
1 1CH4º Ti(CH4)n

1 ~n 5 1–5! (2)

The association enthalpies,DH8T, and entropies,DS8T,
given by the intercepts and slopes, respectively, are
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listed in Table 1. The values ofDH80, obtained from
DH8T and DS8T using standard statistical thermody-
namic methods, and the theoretical data on the se-
quential methane binding energies are reported in
Table 2.

A linear fit to the DG8T versus temperature data
(Fig. 1) for the first Ti1–CH4 association givesDH8T
and DS8T values of 217.96 0.6 kcal/mol and
221.56 1.1 cal/mol K, respectively (Table 1). The
resulting bond dissociation energy (BDE) from the
statistical mechanical fit to the data [20] is 16.86 0.6
kcal/mol (Table 2). From our DFT calculations, the
ground state of Ti(CH4)

1 has the methane coordi-

nated to the Ti1 through three C–H bonds, in anh3

configuration, (shown in Fig. 2), but a slight Jahn–
Teller distortion reduces the symmetry fromC3v to
Cs. The spin of the complex is quartet, but the Ti1

configuration changes froms1d2 to dominantly d3

character. The enthalpy of complexation was calcu-
lated to beDH80 5 215.7 kcal/mol (or D0 5 15.7
kcal/mol, Table 2) with respect to the calculated
asymptote of the ground state,4F (s1d2) Ti1 1 CH4,
in good agreement with the experimental value of
16.86 0.6 kcal/mol.

The bonding in Ti(CH4)
1 is similar to that reported

by Perry, Ohanessian, and Goddard [26] for theh3

coordination of Co(CH4)
1. For Co1, a d8 metal ion,

the ds orbital, which points directly at the ligand, is
doubly occupied. This orbital hybridizes with the
empty 4s orbital to reduce its density in thez direction
and increase it in thex andy directions, thus reducing

Fig. 1. The plots ofDG8 vs. temperature for the sequential addition
of CH4 molecules to ground state Ti1 ions. The values ofDG8 are
deduced from measured equilibrium constants as described in the
text.

Fig. 2. Geometries of the Ti(CH4)n
1 complexes calculated:n 5 1

with Cs symmetry;n 5 2 with C2h symmetry;n 5 3 with C2v

symmetry.

Table 1
ExperimentalDH8T andDS8T for
Ti(CH4)n21

1 1 CH43 Ti(CH4)n
1

n 2DH8T
a 2DS8T

b Temperature rangec

1 17.96 0.6 21.56 1.1 470–580
2 17.26 0.4 27.56 0.8 470–580
3 6.86 1.3 22.76 4.2 255–340
4 9.66 0.6 18.96 1.7 300–415
5 4.76 0.5 11.06 2.0 255–320

a In units of kcal mol21.
b In units of cal mol21 K21.
c In units of K.

Table 2
Derived experimental (DH80) and theoretical binding energies
(De andD0) for Ti(CH4)n21

1 1 CH43 Ti(CH4)n
1

n
Experimenta,b

2DH80

Theorya

De

Theorya

D0

1 16.86 0.6 16.1 15.7
2 17.46 0.6 16.2 14.9
3 6.66 1.5 3.4 2.3
4 9.86 0.8 . . . . . .

5 5.16 0.7 . . . . . .

a In units of kcal mol21.
b The uncertainties reflect the uncertainties inDH8T in addition to

the uncertainties due to the statistical mechanical modeling.
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its repulsion to the ligand. The remainingd orbitals
form linear combinations such that the two orbitals
that are singly occupied have lobes that point toward
the methane C–H bonds while the two remaining
orbitals that are doubly occupied have lobes that point
to the space between the C–H bonds. This unique
configuration of the metal electrons allows for a
minimization of both metald–d repulsion and metal–
ligand repulsion. In the case of Ti(CH4)

1, the d3

metal has theds orbital singly occupied. This orbital
hybridizes with the empty 4s orbital to reduce repul-
sion to the ligand. The remainingd orbitals form
linear combinations such that the two singly occupied
orbitals have lobes that point towards the space
between the C–H bonds and the two remaining empty
orbitals have lobes that point directly at the C–H
bonds. Based on the results for Co(CH4)n

1, a second
methane may be expected to bond similarly to Ti1,
but bonding of a third and fourth methane may require
significant changes to the electronic structure [6].

The experimental data for the second association
(Fig. 1) yield DH8T and DS8T values of217.26 0.4
kcal/mol and227.56 0.8 cal/mol K, respectively
(Table 1). The resulting BDE, 17.46 0.6 kcal/mol
(Table 2), is slightly greater than the first methane
(16.86 0.6 kcal/mol). The DFT results indicate that
the first and second methane coordinate to the metal in
a similar fashion with staggered methanes and a
CH4–Ti–CH4 angle of 180° (Fig. 2). Again the geom-
etry is slightly Jahn–Teller distorted fromD3d sym-
metry to C2h symmetry. The enthalpy of complex-
ation for the second methane was calculated to be
DH80 5 214.9 kcal/mol (D0 5 14.9 kcal/mol, Ta-
ble 2), a slight decrease as compared to the first
methane. Even though experimentally we find a slight
increase in the BDE for the second methane as
compared to the first methane, both theory and exper-
iment predict similarly strong BDEs for both the first
and second methanes.

The experimental data for the third association
(Fig. 1) yield DH8T and DS8T values of26.8 6 1.3
kcal/mol and222.76 4.2 cal/mol K, respectively
(Table 1). The resulting BDE, 6.66 1.5 kcal/mol
(Table 2), is much smaller than the BDEs of either the
first or second methane (16.86 0.6 and 17.46 0.6

kcal/mol, respectively). Theory shows that the third
methane is significantly farther from the metal center
than the first two (Fig. 2), which is reflected in the low
BDE calculated,D0 5 2.3 kcal/mol (Table 2). As
with Co(CH4)3

1, the ideal bonding situation which
exists for the first two methanes is necessarily com-
promised in order to bond a third methane. In partic-
ular, thes–d hybridization reduces metal–ligand re-
pulsion along thez axis but it increasesmetal ligand
repulsion in thexy plane. Therefore at most only two
ligands can take advantage of it. For the first two
methane bonds to remain strong by maintainings–d
hybridization, the third methane must be weaker and
further from the metal center. Alternatively, the re-
duction or elimination ofs–d hybridization could lead
to three equivalent methane bonds, in which the first
two are weakened in order to strengthen the third.
Theory indicates that the former is slightly more
favorable for Ti(CH4)3

1, with a ground state geometry
having C2v symmetry. Overall, the calculations un-
derestimate the binding energies of the first three
methanes to Ti1 by 2–4 kcal/mol but reproduce the
trend well (Table 2).

The experimental data for the fourth cluster (Fig.
1) yieldDH8T andDS8T values of29.6 6 0.6 kcal/mol
and 218.96 1.7 cal/mol K, respectively (Table 1).
The resulting BDE, 9.86 0.6 kcal/mol (Table 2), is
significantly larger than the third methane (6.66 1.5
kcal/mol) but smaller than the BDE of either the first
or second methane (16.86 0.6 and 17.46 0.6 kcal/
mol, respectively). The trend in binding energies for
Ti(CH4)n

1, n 5 1–4, follows that for Co(CH4)n
1 very

closely (first' second.. third , fourth). In both
cases this trend appears to be dominated by the issue
of s–d hybridization, as explained. The fourth meth-
ane is found to be more strongly bound than the third
because the energy associated with a loss ofs–d
hybridization, or weakening of the first two bonds, is
shared between the third and fourth methane ligands
instead of just the third methane. Overall, methane is
systematically more strongly bound to Co1 than to
Ti1. This occurs primarily because the Co1 ion is
more compact resulting in shorter M1–methane
bonds and hence stronger bonds.

For the association of the fifth methane, the values
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of DH8T and DS8T are 24.7 6 0.5 kcal/mol and
211.06 2.0 cal/mol K, respectively (Table 1) and
the BDE is 5.16 0.7 kcal/mol (Table 2). A linear fit
to the DG8T versus temperature data (Fig. 1) for the
fifth methane clearly shows a significant decrease in
slope and a correspondingly small change in entropy
(211.06 2.0 cal/mol K) relative to the first four
methanes (ranging from218.9 to227.5 cal/mol K).
The decrease in BDE and the large increase inDS are
consistent with the fifth CH4 ligand going into the
second solvation shell. Hence, the first solvation shell
fills with the addition of the fourth CH4 ligand.

We have observed similar decreases in the bond
dissociation energies and increases in association
entropy in M(H2)n

1 systems [27–29]. For example, for
M 5 Co, Ni, and Cu the first solvation shell appears
to be completed with six, five, and four H2 molecules,
respectively [27–29]. The association entropy for H2

ligands in the first solvation shell ranged from218.1
to 225.1 cal/mol K. However, for the addition of H2
to Co(H2)6

1, Ni(H2)5
1, and Cu(H2)4

1, the values for
DS8T are significantly larger,28.3,210.5, and212.0
cal/mol K, respectively [27–29], indicating substan-
tially increased motion for this final H2 ligand about
the metal center.

4.2. Cluster assisteds-bond activation

With the addition of the third methane ligand, our
experimental data indicates-bond activation becomes
competitive with adduct formation, Ti(CH4)3

1,
(CH4)2Ti(H)(CH3)

1, and (CH4)Ti(CH3)2
1 are all ob-

served. The (CH4)2Ti(H)(CH3)
1 and Ti(CH4)3

1 clus-
ters are clearly distinguishable in our experiment even
though they have the same mass [17]. The observed
free energies,DG, as a function of temperature for
these equilibria [reactions (3a) and (3b)] are shown in
Fig. 3

Ti1(CH4)2 1 CH4º Ti1(CH4)3 (3a)

CH4Ti1
}
{

H

CH3

1 CH4º (CH4)2Ti1
}
{

H

CH3

(3b)

At low temperatures (255–340 K) addition of CH4 to
Ti(CH4)2

1 comes quickly into equilibrium (t ,, 500
ms) indicating simple adduct formation is occurring
[reaction (3a)] withDH8T andDS8T values of26.8 6

1.3 kcal/mol and222.76 4.2 cal/mol K, respec-
tively. At high temperatures (500–580 K) addition of
CH4 occurs very slowly and equilibrium is obtained
only at very long times (t . 3000 ms) indicating
s-bond activation is occurring [reaction (3b)]. A
linear fit to theDG8T versus temperature data (Fig. 3)
for reaction (3b) gives approximateDH80 and DS8T
values of216 kcal/mol and221 cal/mol K, respec-
tively (Table 3). Theoretically, reaction (3a) was
found to be 2.3 kcal/mol exothermic and reaction
(3b), 9.1 kcal/mol exothermic. The relative binding
energies agree with those determined by experiment,
although the absolute values are underestimated in
both cases by several kilocalories per mole.

The rate of the slow approach to equilibrium,
associated with C–H bond activation (reaction 4), has
a positive energy dependence, as shown in the plot of
2ln k versus 1/T (Fig. 4).

Ti(CH4)2
1 1 CH43 (CH4)2Ti1

}
{

CH

CH3

(4)

Fig. 3. The plots ofDG8 vs. temperature for the addition of CH4 to
Ti(CH4)2

1 and CH4Ti(H)(CH3)
1 ions.
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A linear least squares fit to the data yields a barrier to
insertion of 8 kcal/mol.

Once H2 is eliminated, the equilibria for methane
loss from, and methane addition to, (CH4)Ti(CH3)2

1

are observed [reactions (5a) and (5b)].

Ti1
}
{

CH3

CH3

1 CH4º CH4Ti1
}
{

CH3

CH3

(5a)

CH4Ti1
}
{

CH3

CH3

1 CH4º (CH4)2Ti1
}
{

CH3

CH3

(5b)

TheDG8T versus temperature data (Fig. 5) for reaction
(5a) yield DH80 and DS8T values of 219.16 0.8
kcal/mol and225.46 1.5 cal/mol K, respectively
(Table 3), in reasonable agreement with the theoreti-
cal binding energy ofD0 5 14.1 kcal/mol. The 0 K
association enthalpy,DH80 5 26.8 6 0.2 kcal/mol,
for adding a second methane to Ti(CH3)2

1 [reaction
(5b)] is much smaller than the value for adding the
first methane [reaction (5a)]. In addition, the associ-
ation entropy is much larger,DS8T 5 212.3 6 0.7
cal/mol K, indicating the second methane is farther
from the metal center than the first methane and hence

more mobile. Replacing one of the methyl groups
with a hydrogen atom, (CH4)Ti(H)(CH3)

1, reduces
steric hindrance and results in a stronger binding
energy for the remaining CH4 group, DH80 5 216
kcal/mol, and a more negative association entropy,
DS8T 5 221 cal/mol K (reaction 2b). The calculated
structure for (CH4)2Ti(H)(CH3)

1 is also shown in
Fig. 6.

To better understand the origin of the observed
equilibria, we have calculated important points on the
potential energy surfaces for dehydrogenation of clus-
ters of up to three methanes, as shown in Figure 7.
The energetics are given in Table 4. A first step in the
dehydrogenation of methane must be insertion into a
C–H bond to form a Ti(H)(CH3)

1 complex. The
formation of Ti–H and Ti–C bonds necessitates a
change of spin from quartet to doublet. For a single
methane, Ti(H)(CH3)

1 has Cs symmetry with a
H–Ti–C angle of 106.5°. The geometries of Ti(CH4)

1

and Ti(H)(CH3)
1 are shown in Fig. 8. The insertion

complex is calculated to be uphill with respect to the
Ti(CH4)

1 molecular complex by 13.1 kcal/mol at 0 K.
Even so, this is still 2.6 kcal/mol below the Ti1 1
CH4 asymptote. However, at 298 K, formation of the
insertion complex is calculated to be unfavorable with
DG 5 11.6 kcal/mol. These results are in reason-
able agreement with Hendrickx et al. [3] who calcu-

Fig. 4. A plot of 2ln k vs. 1/T for the activation of CH4 by
Ti(CH4)2

1. The activation energy barrier,Ea, to C–H insertion,
obtained from the slope of this plot is 8 kcal/mol.

Fig. 5. The plots ofDG8 vs. temperature for the addition of CH4 to
Ti(CH3)2

1 and CH4Ti(CH3)2
1 ions.
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lated Ti(H)(CH3)
1 to be 1.1 kcal/mol above the

Ti1 1 CH4 asymptote at 0 K, only 3.7 kcal/mol
higher in energy than our results. Hendrickx et al. [3]
also calculated the transition state for insertion to lie
15.3 kcal/mol above the Ti1 1 CH4 asymptote. Thus,
insertion into a C–H bond of Ti(CH4)

1 to form
Ti(H)(CH3)

1 is not expected to occur under the
conditions of our experiment.

With a second methane coordinated to the metal,
insertion into a single C–H bond is still energetically
unfavorable with respect to the molecular complex,
but overall more exothermic with respect to the
separated fragments. Insertion into a C–H bond of
Ti(CH4)2

1 to yield Ti(H)(CH3)(CH4)
1 is calculated to

be uphill by 13.4 kcal/mol, comparable to the relative
energetics of Ti(CH4)

1 and Ti(H)(CH3)
1. On the

other hand, the insertion complex is calculated to be

below the Ti1 1 2CH4 asymptote by 17.1 kcal/mol at
0 K. At 298 K, however, C–H bond activation
becomes favorable withDG 5 23.6 kcal/mol. Even
so, direct formation of the insertion complex is
probably prevented by a barrier which lies above the
zero of energy. This barrier is expected to be compa-
rable in relative height to that for activation of the first
methane.

Insertion into a C–H bond of Ti(CH4)3
1 to yield

Ti(H)(CH3)(CH4)2
1 is substantially easier, being up-

hill by only 6.1 kcal/mol. Overall, formation of this
inserted complex is exothermic by 26.3 kcal/mol at 0

Fig. 6. Geometries of the (CH4)2Ti(H)(CH3)
1, (CH4)Ti(CH3)2

1, and
Ti(CH3)2

1 complexes calculated.

Fig. 7. Theoretical potential energy surfaces at 0 K for the
dehydrogenation of methane. The initial molecular clusters are
quartet and a spin change to doublet occurs upon methane activa-
tion as shown by the sharply pointed transition states. The barriers
associated with this first C–H bond activation have not been
calculated and are shown here only schematically. Enthalpies (in
kcal/mol) including zero-point energy corrections relative to the
Ti1 1 nCH4 asymptotes are given explicitly.

Table 3
ExperimentalDH80 andDS8T for the reactions indicated

Reaction
Experimenta,b

2DH80

Experimentc

2DS8T

Temperature
rangec

Theorya

D0

Theoryc

2DS (298 K)

Ti1(CH3)2 1 CH4º (CH4)Ti1(CH3)2 19.16 0.8 25.46 1.5 470–580 14.1 22.0
(CH4)Ti1(CH3)2 1 CH4º (CH4)2Ti1(CH3)2 6.86 0.2 12.36 0.7 300–355 . . . . . .

(CH4)Ti1(CH3)(H) 1 CH4º (CH4)2Ti1(CH3)(H) ;16d ;21 500–580 9.2 28.8

a In units of kcal mol21.
b The uncertainties reflect the uncertainties inDH8T in addition to the uncertainties due to the statistical mechanical modeling.
c DS8T values are in units of cal mol21 K21 for the temperature range,T, in units of K.
d This value is approximate because equilibrium was obtained at only two temperatures.
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K with respect to the Ti1 1 3CH4 asymptote and
spontaneous at 298 K,DG 5 24.0 kcal/mol. The
barrier for activation of the third methane is expected
to be smaller than that for activation of either the first
or second methane due to the more favorable relative
energetics for formation of the insertion complex.
Should all initial internal energy be preserved upon
collision with the third methane (i.e. intermediate
Ti(CH4)n

1 clusters have not been stabilized through
collisions) then the insertion complex is likely directly
formed under the experimental conditions. Indeed,
formation of the Ti(H)(CH3)(CH4)2

1 complex opens
up a channel to form Ti(H)(CH3)(CH4)

1 through a
loss of a methane ligand resulting in the equilibrium
observed [reaction (3b)]. The methane complexation
energy for this reaction is calculated to be exothermic

by 9.1 kcal/mol in reasonable agreement with the
approximate experimental BDE of 16 kcal/mol.

Activation of a second C–H bond in these com-
plexes to lead to H–H bond formation is the next step
in the dehydrogenation process. While Ti(H)(CH3)

1

is not expected to be formed, it is useful to consider
the loss of H2 from this species to form a metal
methylidene. Dehydrogenation may be expected to
proceed through insertion into a second C–H bond of
the methyl group to form Ti(CH2)(H2)

1 followed by
loss of H2 to form doublet TiCH2

1. However, the
reaction Ti1 1 CH43 TiCH2

1 1 H2 was calculated
to be endothermic by 29.29 kcal/mol and not sponta-
neous,DG 5 127.2kcal/mol, at 298 K. Experimen-
tally, this reaction has been determined by Sunderlin
and Armentrout to be endothermic by 18.9 kcal/mol
[15]. Both theory and experiment agree in this case
that dehydrogenation of a single methane should not
be observed under the present conditions. To com-
plete the potential energy surface for the reaction, the
energetics of the Ti(CH2)(H2)

1 complex and
Ti(CH2)(H2)

1 º Ti(H)(CH3)
1 transition state were

calculated. The intermediate Ti(CH2)(H2)
1 complex

is unstable by 18.1 kcal/mol. In fact, the complex
collapses to the Ti(H)(CH3)

1 intermediate with vir-
tually no barrier (the transition state was calculated to
be unstable by 18.0 kcal/mol).

For addition of the second and third methane,
dehydrogenation could potentially proceed through a
similar pathway, but this appears to be energetically
unfavorable. The reaction Ti1 1 2CH4 3
Ti(CH2)(CH4)

1 1 H2 was calculated to be endother-
mic by 16.3 kcal/mol. The reaction Ti1 1 3CH4 3
Ti(CH2)(CH4)2

1 1 H2 was calculated to be endother-
mic by only 3.0 kcal/mol, but is strongly entropically
disfavored withDG 5 117.9 kcal/mol at 298 K.
Considering possible underestimation of the theoreti-
cal binding energies as compared with experiment
(;10 kcal/mol for the Ti¢ CH2 bond and;2–5
kcal/mol for each Ti–CH4 bond), dehydrogenation of
the third methane to form Ti(CH2)(CH4)2

1 may actu-
ally be energetically favorable and cannot be com-
pletely ruled out by the calculations. Yet another
pathway for dehydrogenation appears more likely for
complexes containing two and three methanes.Fig. 8. Calculated geometries of Ti(CH4)

1 and Ti(H)(CH3)
1.

Table 4
Energetic data for all species relative to the Ti1 1 nCH4

asymptotes

DH
(0 K)a

DH
(298 K)a

DS
(298 K)b

DG
(298 K)a

Ti(CH4)
1 215.7 215.4 217.3 210.3

Ti(H)(CH3)
1 22.6 23.1 215.5 11.6

Transition state [TS 1]‡ 117.7 118.0 217.2 123.2
Ti(CH2)(H2)

1 118.0 118.1 217.0 123.1
Ti(CH2)

1 1 H2 129.3 130.5 111.1 127.2
Ti(CH4)2

1 230.5 230.0 245.3 216.5
Ti(H)(CH3)(CH4)

1 217.1 216.9 244.5 23.6
Transition state [TS 2]‡ 22.5 22.3 247.3 111.9
Ti(CH3)2(H2)

1 212.8 212.1 242.5 10.5
Ti(CH3)2

1 1 H2 26.6 24.8 218.4 10.7
Ti(CH2)(CH4)

1 1 H2 114.4 116.3 218.3 121.8
Ti(CH4)3

1 232.8 231.5 263.4 212.6
Ti(H)(CH3)(CH4)2

1 226.3 225.8 273.3 24.0
Transition state [TS 3]‡ 213.7 213.1 274.2 19.0
Ti(CH3)2(H2)(CH4)

1 223.4 222.2 269.1 21.6
Ti(CH3)2(CH4)

1 1 H2 220.6 218.6 240.4 26.5
Ti(CH2)(CH4)2

1 1 H2 10.8 13.0 250.0 117.9

a In units of kcal mol21.
b In units of cal mol21 K21.
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After activation of one methane in the clusters
Ti(CH4)2

1 and Ti(CH4)3
1 to form the intermediate

complexes Ti(H)(CH3)(CH4)
1 and Ti(H)(CH3)(CH4)2

1,
it is possible to insert into a second C–H bond from a

second methane to form the dimethyl complexes
Ti(CH3)2(H2)

1 and Ti(CH3)2(H2)(CH4)
1, reactions

(6) and (7). The calculated heats and free energies of
reaction are indicated

Ti1 1 2 CH4 3 Ti1
}
{

CH3

CH3

1 H2

DH0

(kcal/mol)
26.6

DG298

(kcal/mol)
10.70

(6)

Ti1 1 3 CH43 (CH4)Ti1
}
{

CH3

CH3

1 H2 218.6 26.5 (7)

Both reactions are considerably more favorable than
dehydrogenation via formation of a metal methyli-
dene bond, and considering errors in the calculated
binding energies, both reactions are expected to be
exothermic at room temperature. These calculations
suggest that dehydrogenation occurs via formation of
a dimethyl structure. The geometries for the partici-

pants in reactions (6) and (7) are shown in Figs. 9 and
10, respectively. Experimentally we observe C–H
bond activation only after the addition of the third
methane probably due to the rapid thermalization of
the Ti(CH4)2

1 adduct. Once dehydrogenation occurs,
the equilibrium for the elimination/addition of a single
methane to this species is observed. For the dimethyl

Fig. 9. Calculated geometries of Ti(CH4)2
1, Ti(H)(CH3)(CH4)

1, transition state 2, [TS 2]‡, Ti(CH3)2(H2)
1, and Ti(CH3)2

1.
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product ion, (CH4)Ti(CH3)2
1, a single methane loss to

produce Ti(CH3)2
1 is reasonable. If the dehydrogena-

tion produced the methylydene structure, (CH4)2TiCH2
1,

we would expect to see the loss of two successive
methanes, inconsistent with the experimental results.
Thus, both theoretical and experimental results indi-
cate that dehydrogenation occurs via formation of a
dimethyl structure.

The important aspects of the potential energy
surfaces for the dehydrogenation of Ti(CH4)2

1 and
Ti(CH4)3

1 were completed by characterizing the
Ti(CH3)2(H2)

1 and Ti(CH3)2(H2)(CH4)
1 intermedi-

ates and the Ti(H)(CH3)(CH4)
1 º Ti(CH3)2(H2)

1

and Ti(H)(CH3)(CH4)2
1º Ti(CH3)2(H2)(CH4)

1 tran-
sition states ([TS 2]‡ and [TS 3]‡) with the structures
given in Figs. 9 and 10, respectively. The
Ti(CH3)2(H2)

1 complex was found to be stable by
12.8 kcal/mol at 0 K and the Ti(CH3)2(H2)(CH4)

1

complex was found to be stable by 23.4 kcal/mol at 0
K. The latter result suggests that Ti(CH3)2(H2)(CH4)

1

is not stable with respect to loss of H2 at room
temperature, as a significant amount of entropy is
released upon dehydrogenation. As for the transition

states for formation of these intermediates, the barrier
for Ti(CH3)2(H2)

1 lies 2.5 kcal/mol below the Ti1 1
2CH4 asymptote at 0 K and the barrier for
Ti(CH3)2(H2)(CH4)

1 lies 13.7 kcal/mol below the
Ti1 1 3CH4 asymptote at 0 K. Both of these barriers
are probably lower than calculated due to underesti-
mation of the binding energies.

The schematic potential energy surfaces for the
sequential addition of three CH4 molecules and the
subsequent loss of H2 based on experimentally deter-
mined energies is shown in Fig. 11. One important
difference between the potential energy surfaces
based on theory (Fig. 7) and those based on experi-
ment (Fig. 11) are the energies of the Ti(H)(CH3)

1,
(CH4)Ti(H)(CH3)

1 and (CH4)2Ti(H)(CH3)
1 com-

plexes relative to their respective association com-
plexes, Ti(CH4)n

1, n 5 1, 2, 3. Even though the
Ti(H)(CH3)

1 complex is calculated to be 2.6 kcal/mol
below the Ti1 1 CH4 asymptote (Fig. 7) it is esti-
mated to be 10 kcal/mol lower in energy experimen-
tally (Fig. 11). Analogously, the experimental
(CH4)Ti(H)(CH3)

1 and (CH4)2Ti(H)(CH3)
1 com-

plexes are also lower in energy. Both theory and

Fig. 10. Calculated geometries of Ti(CH4)3
1, Ti(H)(CH3)(CH4)2

1, transition state 3, [TS 3]‡, Ti(CH3)2(H2)(CH4)
1, and Ti(CH3)2(CH4)

1.
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experiment indicate formation of the inserted inter-
mediate, (CH4)Ti(H)(CH3)

1, to be energetically less
favorable than the association complex, Ti(CH4)2

1,
and therefore, simple adduct formation will dominate

for Ti1 reacting with two methanes. However, in
contrast to theory, experiments indicate
(CH4)2Ti(H)(CH3)

1 is energetically favored over
Ti(CH4)3

1, making s-bond activation competitive
with simple adduct formation.

From both the theoretical and experimental data,
we can extract the cluster assisteds-bond activation
mechanism for dehydrogenation of methane as shown
in Scheme 1.

Conclusion

We have determined sequential binding energies
and entropies for the clustering of Ti1 with methane,
Ti(CH4)n

1, n 5 1–5, via temperature-dependent
equilibrium measurements. The BDEs forn 5 1–5
are 16.8, 17.4, 6.6, 9.8, and 5.1 kcal/mol, respectively,
in good agreement with theory. A first solvation
sphere of four methanes is observed. The fifth meth-
ane is farther away from the metal center in a new
solvation sphere where it is less tightly bound and has
greater translational freedom, reflected in a much
larger association entropy. Theoretical results indicate
that the nonmonotonic variation in BDEs is due to the
fact thats–d hybridization is beneficial for the first
two methane ligands only and significant changes to
the electronic structure are required with the addition
of the third and fourth methane ligands.

For the addition of the third methane ligand to Ti1,
we observeds-bond activation to be competitive with
adduct formation. The Ti(CH4)3

1 adduct produced in a
fast equilibrium at low temperatures (255–340 K) is

Fig. 11. Schematic potential energy surface for the sequential
addition of three CH4 molecules to ground state Ti1(4F) and the
subsequent loss of H2 to produce CH4Ti(CH3)2

1. The successive
binding energies for the Ti(CH4)n

1 clusters measured are indicated.
These clusters are bound on the quartet surface and C–H bond
activation requires a spin change to the doublet surface as shown by
the sharply pointed transition states. All other transition states are
adiabatic. The C–H bond activation energy barrier is measured to
be 8 kcal/mol. The location at which the spin change from the
quartet to the doublet occurs and the transition state for C–H bond
activation are not necessarily the same, but are shown to be the
same for simplicity only. The location of the Ti(CH3)2

1 1 H2

asymptote was estimated from binding energies of Ti1–CH3 and
CH3Ti1–CH3 measured by Sunderlin and Armentrout [15,16]. The
dashed portion of the surface indicates greater uncertainty in the
energetics.

Scheme 1.
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clearly distinguishable from the (CH4)2Ti(H)(CH3)
1

cluster produced with a positive temperature depen-
dence at higher temperatures (340–550 K). A barrier
to insertion of 8 kcal/mol was determined. Dehydro-
genation of the (CH4)2Ti(H)(CH3)

1 cluster produced
(CH4)Ti(CH3)2

1 and the addition of a fourth methane
resulted in further dehydrogenation and formation of
an ethylene ligand bound to the metal center,
(CH4)2Ti(C2H4)

1.
The trend in BDEs observed for Ti(CH4)n

1, n 5
1–4,parallels that observed for Co(CH4)n

1. However,
the BDEs for Co(CH4)n

1 are larger (by;6 kcal/mol)
than the corresponding Ti(CH4)n

1 values, due to the
smaller size of Co relative to Ti. In contrast with the
Ti1/CH4 system,s-bond activation is not observed
for Co1 reacting with methane. For late first-row
transition-metal ions, including cobalt, formation of
inserted intermediates, (CH4)nM(H)(CH3)

1, cannot
compete effectively with adduct formation,
M(CH4)n

1, because they are relatively less stable.
The clustering of methane ligands to Ti1 clearly

shows the effects of progressive ligation and ulti-
mately provides a detailed understanding ofs-bond
activation processes.
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