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In gas phase reactions of first-row transition metal ions with
simple alkanes, spontaneous C—H and C—C bond cleavage
products are observed.!™ Reactivity is found to increase as
the size of the alkane increases.’® Under single-collision
conditions, all Mt + CH, reaction channels have been
experimentally determined to be endoergic,* a result consistent
with theory.> Of the second-row transition metal ions, only Zr*
has been reported to dehydrogenate methane spontaneously.®
For many third-row transition metal ions, however, multiple
dehydrogenation reactions lead to the oligomerization of
methane.’

The study of a new class of reactions was suggested when
we first observed H, activation by Sc* via a cluster-mediated
o-bond activation mechanism.® Equilibrium studies of Sc* in
a bath of H, indicated that both the adduct, Sc*H,, and the
inserted species, HSctH, were present. H activation occurred
only after the addition of the third H; ligand. At this point we
questioned whether this was a general process and if we could
apply it to methane activation. Experimentally, the activation
of methane by ground state Ti* to form the inserted species,
HTi*CHj, is estimated® to be exothermic by 12 kcal/mol, %!
but dehydrogenation at thermal energies is endothermic by 18.9
keal/mol.!?

In this communication, we suggest a mechanism for cluster-
mediated o-bond activation by Ti* as the first step to the
oligomerization of methane by a first-row transition metal ion.
We also report binding energies, measured in equilibrium
experiments, of all pertinent species involved.

Details of the experimental apparatus'? and the ion chroma-
tography!? experiment have been published. In the experiments
reported here, titanium ions were formed by surface ionization
of TiCly. The mass-selected ions were injected into a reaction
cell containing ~7 x 10'¢ molecules/cm® of methane (2.2 Torr
at 300 K). The ions were quickly translationally and electroni-
cally'* thermalized via collisions with CH,, and were moved
through the cell with a small electric field (E/N < 3 x 107V
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Table 1. Experimental Enthalpies from Equilibria

Reaction - AHQ @
(kcal/mol)
Ti+ + CHy = Ti(CHy* 168+ 0.8
Ti(CHy)* + CHy = Ti(CHy)2* 174+ 0.6
Ti(CHy)3* 6615
Z
Ti(CHgz* + CHy o
(CHa)2Ti*(H)(CH3) ~16°
(CHy)2Ti*(H)(CH3) + CHy = (CHy)3Ti*(H)(CH3) 9.8+08
51£07

(CHy)3Ti+*(H)(CH3) + CHy = (CHy),Ti*(H)(CHy)
Ti+ = CHy + CHy == (CHy)Ti+ = CH; >24¢
(CH)Ti* = CHz + CHy = (CHy)2Ti+=CH;

(CHy)2Ti+ = CHj + CHy #= (CHy)3Ti* = CH2

a The uncertainties reflect the uncertainties in AH% in addition to the
uncertainties due to the statistical mechanical modeling.

b This value is approximate because equilibrium was obtained at only two
temperatures.

¢ This equilibrium could not be observed, putting a lower limit on AH% (see text).

V-cm?). Ions exiting the cell were quadrupole mass analyzed
and counted.

In the equilibrium experiment,'® product/parent ion ratios were
measured as a function of reaction time (i.e., (E/N)™!). As the
drift time was increased, the product/parent ion ratios became
constant, indicating that equilibrium had been reached. The
ratios were converted to equilibrium constants and standard free
energies.!> A plot of AG® versus 7 yielded straight lines for
all systems with the intercept equal to AH°r and a slope equal
to AS°r. Standard statistical thermodynamic methods were used
to obtain AH from AH°r and AS°r. The data for the present
systems will be published elsewhere.!6

Although first-row transition metal ions cannot dehydrogenate
CH, at thermal energies for thermochemical reasons, when Ti+
is injected into a high pressure of CHs a strong signal
corresponding to (CH4);Tit=CH, is observed. Furthermore,
the formation rate for (CH,),Tit(H)(CHj) is slow and exhibits
a positive temperature dependence (discussed later). The
mechanism which we consider most likely responsible for these
interesting observations is given in Scheme 1.

Scheme 1

CH C
Tt et TiICH; = Ti(CH,); ‘_i.;_\ Ti(CH,);

H -H
TiCHY; 82 <CH4>2Ti*<CH3_z.> (CH,),Ti=CH,
-y

-CH
(CHY,Ti*CH, +— CH,TitCH, —#%) Ti‘CH,

All the CH4 loss/addition steps shown come to equilibrium
quickly (<500 us). Measured binding energies of methane to
Ti(CHy),*, n = 0—2, (CH,),Ti(H)(CH3)*, n = 2—3, and (CHz),~
Ti=CH,*, n = 1-2, are summarized in Table 1. The first
methane ligand is bound to ground state Ti*(*F,4s3d?) by 16.8
=+ 0.8 kcal/mol. It is bound strongly despite the presence of
the repulsive 4s electron, due to a crossing from the Ti*(4s3d%)-
CH, surface (evolving from the Ti*(*F,4s3d?) ground state) to
the Ti*(3d*)CH4 surface (evolving from the Ti*(*F,3d?) first
excited state) as shown in Figure 1. Although g-bond activation
is estimated to be exothermic by about 12 kcal/mol,? statistical
thermodynamics predicts the inserted species, HTit*CHs, to
comprise less than 0.07% of the first cluster (at 470 K) due to
the presence of the more stable Ti* —CH,4 adduct. In addition,
this insertion requires a crossing from the quartet to doublet
surface which may not be facile. As shown in Figure 1, a
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Figure 1. Reaction coordinate diagrams for Ti* + CHy (top part) and
Ti(CHs),* + CH; (bottom part). The state designations are for the Ti* atom.
Spin-allowed avoided crossings are shown with crossed dashed lines and
spin—orbit coupled crossings between different spin states by the open
circles. The energies shown are from the literature or from the data given
here (Table 1). The exact energy of the spin—orbit coupled crossings are
not known, and the crossing points shown are only estimates.

component of the 2G, 3d? state of Ti* correlates directly to the
inserted HTit*CHj; product ion, but one avoided crossing and
one spin—orbit coupled crossing are required for ground state
Tit to activate methane.!°

The second methane is also strongly bound to Ti*, by 17.4
=+ 0.6 kcal/mol, whereas the third methane is bound by only
6.6 & 1.2 kcal/mol. Theoretical calculations in progress'6 will
provide insight into the nature of the bonding and help interpret
the relative binding energies observed. With the addition of
the third methane ligand, our data indicate that o-bond activation
becomes competitive with adduct formation and Ti(CHs)s™,
(CH4),Ti(H)(CH3)*, and (CH4),Ti*=CHj, are all observed. The
driving force for this o-bond activation is the increased methane
binding in the inserted products relative to the Ti(CH.),"
adducts. We refer to this mechanism as cluster-assisted g-bond
activation.

The (CH,),Ti(H)(CH;)* and Ti(CHs);* clusters are clearly
distinguishable in our experiment even though they have the
same mass.!” At low temperatures (255—340 K) addition of
CH, to Ti(CHa4)2* comes quickly into equilibrium (¢ < 500 us),
indicating that simple adduct formation is occurring (reaction
la). Athigh temperatures (500—580 K) addition of CH4 occurs
very slowly and equilibrium is obtained only at very long times
(¢ > 3000 us), indicating that o-bond activation is occurring
(reaction 1b).

Ti(CHy)y
Ti(CHp; + CH, <t

SN JH

AH ~ -1 1
(CHY,Ti \CH3 6 kecal/mol (1b)

AH = -6.6 kcal/mol  (1a)

The rate of the slow approach to equilibrium has a positive
energy dependence, and modeling yields a barrier to insertion
of 8 kcal/mol. The fact that two distinct linear regions are
observed in the AG° vs T plot!® allows bond dissociation
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energies to be obtained for both reactions la and 1b. This
analysis indicates that o-bond activation is favored over adduct
formation by ~10 kcal/mol as shown in Figure 1.

Equilibrium measurements indicate a binding energy of 19.2
=+ 0.8 kcal/mol for CHy to CH Ti=CH,*. Because Ti=CH,"
is not observed in these experiments even at the highest
temperatures, the TiCH,*—CH,4 bond energy must be >24 kcal/
mol. This binding energy seems reasonable because the net
charge on Ti will be more positive for Ti=CH,* than Ti* and
should thus bind methane more strongly than does Ti*. A
summary of the known thermochemistry is indicated on the
reaction coordinate diagram, Figure 1. These data imply that
reaction 2 is endothermic by less than 9 kcal/mol. Because
formation of (CH4),Ti(H)(CHx)* is observed and it has an 8
kcal/mol barrier, it is reasonable that reaction 2 is also observed
in our experiment.

Ti(CH,),” + CH, — (CH,),Ti"=CH, + H,  (2)

Reaction of (CH4),Ti=CH," with methane initiates the
oligomerization process, reaction 3, converting methane to
ethylene.

+ o+ +/CHQ
(CHYT{=CH, + CH, — (CH;Ti=CH, —> (CH),Ti{| "+ H,
CH,

3)

Our observation of reaction 3 is in line with the reactivity
we observe for the second-row transition metal Zr™ which has
the same valence electronic configuration as Ti*.!6 In the Zr*
case, dehydrogenation is observed for the first methane ligand,
to form Zr=CH,*, which reacts with methane to form the
adducts, CH,Zr=CH," and (CH4),Zr=CH,*. As with (CH),-
Ti=CH,", reaction of (CH4),Zr=CH,* with methane leads to
ethylene formation, (CH4)2ZrC,Hs™, which further activates
methane to form (CH,),ZrCsHg*.'® Third-row metals with more
than three valence electrons have been shown to convert
methane to ethylene with the addition of only two methane
ligands, and the observed oligomerization is more extensive.’
Tat and W, for example, lead to TaCsHg™ and WCsH;6™.7

In summary, even though dehydrogenation is endothermic
for first-row transition metal ions reacting with methane in the
gas phase, Ti(CHs)2™ does activate methane and dehydrogena-
tion is observed. Further reaction with methane starts the
oligomerization process converting methane to ethylene. The
results presented here, along with the recently published Sc*
+ nH; results,® suggest that cluster-assisted g-bond activation
by transition metal centers is a powerful and general mechanism
that can efficiently activate even the most difficult bonds, those
found in H; and CHa.
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(18) Thermodynamics clearly indicates that MCsHyo* corresgxonds to
(CH4);M(CH3)* rather than (CHs)M(CH3),™ for M = Ti* and Zr* because
only reaction of (CHs);M(CH2)* with methane results in exothermic
dehydrogenation and formation of an ethylene ligand bound to the metal
center, (CH),M(C,Hy)™*.



