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The mechanism of C-H bond activation of C,Hgcatalyzed by platinum halide cations [PtX" (X = F, Cl and Br)] has been carried out at the
DFT (B3LYP) level based on the RECP + 6-311+G(d,p). Both high-spin and low-spin potential energy surfaces are characterized. For
PtC1*/C,H, and PtBr*/C,H; system, the crossing point between the different potential-energy surfaces is required. For PtF*/C,Hs couple,
the whole reaction proceeds on the ground-states potential energy surfaces with a spin-allowed manner. Our calculations indicate that the
reactions take place more easily along the low-spin potential energy surface. For PtF* and PtCl* with ethane, the main product is HF +
HPt(C,H4)" and HCI1 + HPt(C,H.)*, respectively. While for the PtBr*/C,H system, the final product is a mixture of HBr + HPt(C,H,)* and

H2+BrPt(C2H4)+.

INTRODUCTION

Alkane, as one of the most significant chemicals, has been
extensively studied over the past decades due to its importance
in immense scientific and organic synthesis'. Hence, a great
number of experiments combined with computational studies
provide an efficient means to obtain a better insight into the
reactivity patterns, the role of different ligands and the
importance of aspects of electronic structure*®. In particular,
the activation of C—H and C—C bond of small alkane by bare
transition metals as well as their ions in the gas phase has
been the hot field of research that provides fundamental
information on catalytic reaction mechanism, kinetics and
thermodynamics® .

In 2008, Schroder and Schwarz observed the conceptual
aspect that compare to the oversimplified bare metal atoms
and their ions, there is a significant distinction in reactivity
catalysis with respect to same metal assembling additional
ligand". Obviously, coordination of a metal by a covalently
bound ligand X affects considerably the electronic structure
and can be effectively control activation efficiency as well as
nature of the chemical conversions to some extent'’. The effect
of halide ligands on the reactivity of 3d transition metal cations
has been systematically studied. For instance, the observation
that ground-state metal ions Cr* does not reveal any reactivity
toward saturated hydrocarbons'’, whereas the CrCl* could react
with methane larger than propane. On the contrary, bare Fe*
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activates small alkanes, but FeCl* is completely inert in this
respect'®. By comparison, in the activation of C—H bond in
alkane, the carbonyl complexes Fe(CO)* and Cr(CO)* are even
less reactive than the bare metals'". In 2011, Maria Schlangen
et al. have observed a good example to underline the ligand
and substrate effects in gas-phase reactions of NiX"/RH couples
(X =F, Cl, Br, ; R = CH;, C,Hs, C;H;, C4Hy) in experimental®
and theoretical® aspects. The results show that, the halide metal
cations NiX" activation of C-H bond in ethane can be classified
into two different categories: (a) bond activation of the organic
substrate without obvious occurrence of Ni-X bond cleavage,
that is, the losses of H,, which formally leads to the corres-
ponding NiX*/olefin complexes. (b) reactions involving Ni-X
bond cleavage, namely the expulsions of HX, affording nickel-
alkyl or nickel-alkenyl cations, respectively.

Recently, many scientists have reported the comprehensive
study*?* on reaction of ethane by metal ions Pt*. They found
that Pt" has strong catalytic effect on the activation reaction of
ethane. To our best of knowledge, there is no theoretical and
experimental study about ligand effects of X on Pt". Therefore,
in order to provide some useful information to experimentalists
who are interested in this field, we have systematically carried
out a theoretical investigation of the activation of C—H bond
in ethane by PtX" at the DFT level in this paper. Moreover, it
is meaningful to explore how PtX" differ from NiX"in catalytic
reactivity and reaction mechanism. To gain insight into the
mechanism of the reaction of platinum PtX" with ethane, we
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present here computational studies on the reaction (1) and the
detail of two possible mechanism (1,1- and 1,2-elimination)

are considered.
PtH(C,H)* + HX

PtX* + C,Hg

S~ PtX (C,H,)*

(X=F, Cl,Br) (1)

+H2

COMPUTATIONAL METHODS

All calculations for the stationary points involved in ethane
activation by gas-phase PtX" have been performed using the
density functional theory (DFT) method based on the hybrid
of Beckes three-parameter exchange functional and the Lee,
Yang and Parr correlation functional (B3LYP)*?. The large
6-311+G** basis set was performed using for C, H and X,
the Stuttgart/Dresden (SDD) relativistic effective core potentials
(ECP) were adopted to describe the role of Pt metal. Analytical
frequency calculations at the same level of theory were perfor-
med in order to confirm the optimized structures to either a
minimum or a first-order saddle point as well as to obtain the
zero-point energy correction. Furthermore, intrinsic reaction
coordinate (IRC) calculations® were performed to confirm that
the optimized transition states correctly connect the relevant
reactants and products. Natural population analysis was
performed with natural bond orbital (NBO) analysis to gain
further insight into the bonding properties™. Single-point
energy calculations were performed using the more rigorous
CCSD and highly correlated MP2 approach at the B3LYP
geometries. All computations reported here were carried out
using the Gaussian 03" and 09°* program suites.

RESULTS AND DISCUSSION

Reaction mechanism for PtX* (X = F, Cl and Br) with
C,Hg: We discuss the mechanism of PtX* (X = F, Cl, Br,) in
the activation process of C,He. Both high-spin and low-spin
potential energy surfaces are characterized in detail. The
energetics of intermediates and transition states, relative to
the ground state reactants have been collected on the potential
energy graphic. For the sake of simplicity, each species is
labeled with its spin multiplicity as a superscript preceding
the formula. For the convenience of our discussion in this
article, some abbreviations ‘TS, (a = 1,3, b = 1~10) represent
transition states.

Reaction mechanism of PtF* with C,Hg: In the reaction
mechanism of PtF* with ethane, both singlet and triplet states
have been considered. The structures of the various critical
points are depicted schematically in Fig. 1 and the calculated
corresponding potential-energy surfaces (PESs) are shown in
Fig. 2.

As shown in Fig. 1, in the triplet state, the reaction starts
with the PtF*" attaching to ethane to form a stable adduct
complex *FPt(C,He)*, in which the C-H;, bond is elongated
from the calculated 1.093 A for free ethane to 1.152 A (here-
after, the primary, secondary and other activated hydrides are
denoted as H), Hp), efc.), indicating existence of an agostic
interaction between PtF* and ethane. The natural bond orbital

population of the valence electrons is 6s**5d%*’6p*® for the
Pt center in *FPt(C,He)*. The low-spin 'PtF* with ethane tends
to form an 'FPtH(C,Hs)* intermediate directly, which has a
natural bond orbital population of the valence electrons of
65°354%*6p" % for the Pt center. (No encounter complex was
found similar to the PtF*/C,Hg system in the high-spin state).
To confirm the calculated results, we used MP2/sdd/6-311+G**
to calculate, but find the same one. Since the 'X and *Y states
of PtF*are practically isoenergetic, one can expect that, the
minimal energy reaction pathway (MERP) may start at the
molecular complex 'FPtH(C,Hs)* from the corresponding
ground reactants 'PtF*+ C,Hs. From intermediate 'FPtH(C,Hs)",
the reaction is bifurcated as two pathways, which will take
place according to both 1,2 and 1,1-elimination mechanism.
1,2-Elimination mechanism yielding HF and H,: In the
singlet states (Fig. 1), after the oxidative addition of the first
C-H bond to PtF", the next step is the migration of a-H from
platinum to fluorine, meanwhile the B-H close to platinum via
a four-member 'TS2, leading to the intermediate 'FHPt(C,Hs)*
with a barrier of 0.84 kcal/mol, in which the Pt—F distance is
elongated from 1.890 A for 'FPtH(C,Hs)* to 1.990 A, B-C-H,,
bond is elongated from the calculated 1.093 A for free ethane
to 1.382 A. The third step is the second hydrogen shift from
B-carbon to platinum via 'TS3 resulting in the complex
'FHPtH(C,H,)* with a barrier of 0.53 kcal/mol, which is the
global-minimum structure on the singlet potential energy
surface exothermic by 118.62 kcal/mol corresponding to the
ground reactants. Moreover, these tiny energy differences
between the transition states and the corresponding inter-
mediates indicate that no true minimum was found for the
C-H bond activation on the singlet surface. For "'FHPtH(C,H.)",
the Pt—C bond distance is 2.12 A, Pt-H distance is 1.51 A, Dy
pec-c = 90.25°. The natural bond orbital analysis reveals that
the dsorbitals of Pt have large contribution to the Pt-H bonds
in '"FHPtH(C,H,)*. As shown in Fig. 3, the Pt—C bond is formed
from p(C) and d,(Pt) in 'FHPtH(C,H,)*. This interaction results
in increasing the stability of the complex '"FHPtH(C,H,)*. From
the 'FHPtH(C,H,)", the reaction may divided into two pathways.
The first pathway involve Pt-F bond cleavage, finally the
'FHPtH(C,H.)* adduct dissociates into the product 'PtH(C,H.)*
+ HF. The overall reaction is exothermic by 87.74 kcal/mol.

The other pathway include the dehydrogenation step, that
may proceed as 'FHPtH(C,H,)* — 'TS4 — '"FPtH,(C,H,)* —
'TS5 — 'FPt(C,H,)(H,)* — '"FPt(C,H,)*+H,. By comparison,
there is a high barrier (46.34 kcal/mol)) corresponding from
the '"FHPtH(C,H,)* to the complex 'FPtH,(C,H,)*, which
implies the reaction channel involving the elimination of H, is
difficult to occur. Besides, the HF elimination channel is
calculated to be exothermic (87.74 kcal/mol), which is larger
than H, elimination channel (43.81 kcal/mol) on the overall
reaction path. Thus, we can safely draw the conclusion that
Pt—F bond cleavage channel is kinetically and thermodyna-
mically feasible.

In the triplet state, from *FPt(C,Hs)*, the next step is the
first C—H activation, a first hydrogen transfers from carbon to
the metal Pt through *TS1 leading to intermediate *FPtH (C,Hs)*
with an activation barrier of 10.47 kcal/mol. Subsequently,
the Pt-H bond is cleaved and hydrogen atom transfers to F
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Fig. 2. Potential energy surfawces of the reactions PtF*+ C,H, in both the low and high-spin states

Fig. 3. Sketches of the orbital interaction at the intermediates 'FHPtH(C,H,)*

atom via the *TS2 and renders the global-minimum structure
*FHPt(C,H;)*, which is 74.80 kcal/mol below the ground-state
reactants. Then the reaction is related to expulsions of HF or
elimination of H,. On one hand, after conquering a large disso-
ciation energy of 24.71 kcal/mol, the stable product *Pt(C,Hs)*
+ HF is formed, which is exothermic by 50.09 kcal/mol. On
the other hand, the reaction is following two reductive elimina-
tion channels (1,1 or 1,2-elimination) to release a H, molecule.
As shown in Fig. 2, in the triplet state, since the intermediates
and transition states in the dehydrogenation channel are too
higher in energy than the singlet state one, we are not going to
discuss the triplet further.

1,1-Elimination mechanism yielding HF: In the singlet
state, with the formation of 'FPtH(C,Hs)*, followed by another
o-H-transfer step from the carbon to fluoride via 'TS6, to form
'FHPtH (CHCH;)* with a high barrier is 52.35 kcal/mol. Then,
the reaction undergoes the third C-H, activation by '"TS7 to
generate the common complex 'FHPtH (C,H.)* with a barrier
of 17.95 kcal/mol. Since the rate-determining step ['FPtH(C,Hs)*
— 'FHPtH(CHCH,)*] has a higher barrier of 52.35 kcal/mol,
which restrains 1,1-elimination mechanism to carry through,
this reaction pathway should has less competitive abilities than
the 1,2-elimination one.

As a short summary, we see that the C-H bond of ethane
is readily activated by PtF". As illustrated in the Fig. 2, as to
the higher energy of the species on the triplet surface, the
reaction of PtF" with C,Hswould proceed in a spin-conserving
manner in the low-spin ground state. The minimum energy
path in the reaction easily occurs in the 1,2-elimination channel
and the major product is HF + HPt(C,H.)*. The overall reaction
is exothermic by 87.74 kcal/mol

PtCl" and PtBr* toward C,Hs: For C.H, activation
by PtCI* and PtBr", the mechanism and geometries on the
reaction surface are very similar to those for the case of PtF*/
C,Hp discussed above. As depicted in Table-1, the changes
of the natural bond orbital populations of Pt" of the species
for the reactions of the PtX* (X = F, CI and Br) and ethane
in 1,2-elimination potential energy surfaces are also very
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TABLE-1
VALENCE NATURAL BOND ORBITAL POPULATION OF Pt" IN THESE COMPLEXES
ON 1-2 ELIMINATION POTENTIAL ENERGY SURFACES

1-2 Elimination PtF* PtCl* PtBr*
States b ) D) D) 'y T
PtX+ 6s0,045d8.576p0,03 6SO.345d8,296p0.02 6s0,095d8.806p0,05 6s0,465d8.606p0,03 6S0.165d8,776p0.04 6S0.495d8,716p0.04
XPt(C2H6)+ 6S0.635d8,276p0.06 6s0,665d8.576p0,12 6S0.685d8,676p0.14
TSI 650.525d8.396p0.11 6SU.645d8.656pU.16 650.665d8.746p0.19
XPtH(CZH)+ 6s0.535d8.536p0.08 650.625d8.426p0.10 6s0.615d8.756p0. 14 6SU.665d8.676pU.18 650.615d8.816p0.15 650.675d8.766p0.18
TS2 6s0.565d8.796p0. 10 650.695d8.426p0.06 6s0.555d8.956p0. 17 6SU.615d8.656pU.11 650.545d9.036p0.17 650.605d8.706p0.13
)(I‘IPt(CzHS)+ 6s0,465d9.056p0,02 6S0.605d8,526p0.02 6s0,545d§.096p0,09 6s0,645d8.586p0,05 6S0.565d9,1 16p0.11 6S0.785d8,536p0.07
TSS 6s0,485d§.036p0,02 6S0.405d8,666p0.20 6s0,605d9.076p0,11 6s0,495d8.726p0,29 6S0.635d9,086p0.12 6S0.525d8,756p0.32
XI‘IPtH(CZH4)+ 6s0,575d8.946p0,06 6S0.755d8,486p0.10 6s0,635d§.006p0,11 6s0,645d8.706p0,19 6S0.635d9,086p0.12 6S0.655d8,736p0.22
TS4 6s0,635d8.776p0, 14 6S0.615d8,376p0.13 6s0,645d8.906p0,24 6s0,525d8.716p0,22 6S0.655d9,026p0.13 6S0.645d8,776p0.32
XPtHZ(CZH4)+ 6s0.615d8.646p0.20 6s0.665d8.806p0.34 650.655d9.026p0.13
TSS 6s0.585d8.616p0.27 6s0.625d8.756p0.24 650.645d8.936p0.27
XPt(C2H4)(H2)+ 6s0.445d8.686p0.18 650.635d8.276p0.06 6s0.495d8.836p0.29 6SU.545d8.646p0.29 650.515d8.866p0.33 650.565d8.726p0.34
XPt(C2H4)+(H2) 6s0,545d8.896p0,02 6S0.585d8,306p0.08 6s0,425d8.866p0,33 6s0,515d8.696p0,27 6S0.485d8,926p0.30 6S0.525d8,786p0.32
similar, clearly showing that the similarity in bonding pro- which is larger than that of 'CIPtH(C,Hs)*. As depicted in Fig.
perty. 4, a curve crossing from the triplet state to the singlet state is
For the PtCIl*/C,Hs system, in the singlet state, the required somewhere before formation the encounter complex.
molecular complex 'CIPtH(C,Hs)* lies 52.14 kcal/mol below In order to search the crossing point, an approach suggested
the ground-state reactants. The natural bond orbital population by Zhang et al.** and Yoshizawa et al.** for approximately
of the valence electrons is 6s*%'54*6p®'* for the Pt center in  locating the crossing point of two potential-energy surfaces
'CIPtH(C,Hs)*, with the Pt—C distance of 2.053 A. The high- of different multiplicities has been used. As shown in Fig. 5(a),
spin *CIPt(C,Hg)* complex lies 15.17 kcal/mol higher in energy the crossing point has the Pt-C distance of 3.25 A.
than the low-spin 'CIPtH(C,Hs)*, which has a natural bond Let us look at the 1,2-elimination mechanism in the singlet
orbital population of the valence electrons of 65°%54*76p™'>  state, after formation of the encounter complex 'CIPtH(C,Hs)*.
for the Pt center. *CIPt(C,Hs)* has the Pt—C distance of 2.275A, The second reaction step is associated with the migration of
P g
A
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Fig. 4. Potential energy surfaces of the reactions PtCl*+ C,Hg in both low and high-spin states
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an H atom from Pt to CI through '"TS2 to form the complex
'CIHPt(C,Hs)*. Then the reaction is associated with the Pt-H,
bond formation cooperated with the C-H;, bond breaking via
'TS3, yielding the global-minimum structure 'CIHPtH(C,H,)*
that serves as the direct precursor for loss of the HCI. The
natural bond orbital calculations show that the 'CIHPtH(C,H,)*
has a valence electrons population of 6s*“54°6p""" for the
Pt center, of which the Pt—C bond is consist of platinum 5d
(mainly is dy,) orbital and carbon p orbital. The energies of
'TS2 and 'TS3 are all very close to those of the early complex
'CIPtH(C,Hs)* and 'CIHPt(C,Hs)* respectively. These results
indicate that the transition states might be negligible on the
overall low-spin reaction path. The results listed in Fig. 4
indicate that 'CIHPtH (C,H,)*(which is 79.08 kcal/mol below
the entrance channel) is 45.11 kcal/mol lower in energy than
*CIHPtH (C,H.)". It is due to the large difference in binding of
CIHPtH(C,Hy4)". In the low spin state, the Pt" is capable of
forming covalent bond with hydrogen and the ethylene group,
yielding the three membered ring structure (there are nine
electrons in these bonding orbitals), whereas a triplet state need
these electrons shift to a nonbonding orbital. Thus, the bonding
is stronger in the singlet state. From the 'CIHPtH (C,H.)", two
processes are located to produce the two products. One is
followed the Pt-Cl bond cleavage to yield the stable product
'HPt(C,H,)* + HCI. The other channels followed by the reduc-
tive elimination step to release a H, molecule. Due to the exit
channel to form 'HPt(C,H,)* and HCI are more exothermic
(18.88 kcal/mol) than the dehydrogenation one, indicating that
the formation of HCl is easier than Ho.

Now, we will turn to the 1,1-elimination mechanism in
singlet state. After the first C-H insertion product 'CIPtH(C,Hs)*
is formed, followed by successive H-transfer step from the Pt
to Cl via "TS6 to form 'CIHPt(C,Hs)*, (this step is not like the
case of PtF*/C,Hg, but very similar to the PtBr*/C,H, system)
with a barrier of 10.69 kcal/mol. The second C—H,, bond
activation process through '"TS7 for the Hy, transfer to platinum,
which formation of intermediate 'CIHPtH (CHCH;)* with an
almost negligible activation barrier (0.99 kcal/mol). Later, the
migration of a third hydrogen occurs to give the common
complex 'CIHPtH(C,H.)* via 'TS8 with barrier of 19.48 kcal/
mol. Since the activation energies of 1,1-elimination are all
higher than that of 1,2-elimination in both states. Hence, we
predict that if the reaction is carried out at room temperature,
the most competitive channel should be 1,2-elimination one.
Like PtCI*, the ground state of PtBr" is also the triplet state,
which lies 23.90 kcal/mol lower in energy than the singlet
state. The triplet complex *BrPt(C,Hs)* lies 13.83 kcal/mol
higher than the singlet one. These results show that PtBr*, C,Hs
activation starting from the ground-state reactants also needs
the spin inversion processes (similar to the case of PtCI" +
C,He). As shown in Fig. 5(b), the minimum on the seam of
crossings is close to the reactants (the Pt-C distance is 2.90 A),
which is shorter than the crossing point of PtC1/C,Hs system.

Since the mechanism of the reaction are very similar to
the PtC1*/C,Hs system, we do not discuss their geometries in
further detail but show some differences. It can be seen from
the minimum energy path in the reaction (1,2-elimination in
the singlet state), compared to the case of PtCI*+ C,Hg, there
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Fig. 5. Singlet and triplet potential energies of the reactant complex as a
function of the distance between PtCl* (a)/ PtBr*(b)/ PtF*(c) and
carbon atom of C,Hg

there exist the smaller energy (8.51 kcal/mol) difference bet-
ween the products of HPt(C,H4)" + HBr and H, + BrPt(C,H.)".
In addition, these two exit channels are situated at more than
30 kcal/mol below the entrance channel, so it can be performed
spontaneously at room temperature. Therefore it is likely that
among the major channel (1,2-elimination) for the reaction of
PtBr" with C,Hs, the two reaction paths will occur in parallel
to give the final product is a mixture of HBr + HPt (C;H4)" and
H2 + BI'Pt(CQH4)+.
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From the minimum energy pathways of the reaction of
PtX* (X = F, Cl, Br) and ethane, since the energies of the
intermediates and transition states all are lower than the ground
reactant, the PtF*, PtCI* and PtBr" are likely to be excellent
mediators for C,H activation. Originally, the first H atom
migrate to the halogen atom, forming the intermediate
XHPt(C,Hs)". Then, the second C-H bond activation will occur
to form the global-minimum structure in concert with the
migration of a second hydrogen from C,Hs to the metal yields
XHPtH (C,Hy4)*. The Pt-X bond cleavage products of the
reaction of PtX* and ethane are all the three membered ring
complex PtH(C;H,4)". The exothermicities of the reactions are
87.74, 56.93 and 39.36kcal/mol for PtF*, PtCI* and PtBr*,
respectively.

Crossing points between potential-energy surfaces of
different multiplicities: To gain a better understanding of the
spin inversion processes described above, it is meaningful to
discuss the crossing points between the singlet and triplet states
potential-energy surfaces, on the reaction pathways. It can be
seen from Fig. 4, the ground state of PtCl* is triplet state, which
lies 16.39 kcal/mol lower in energy than the singlet reactant,
but the triplet encounter complex 'CIPt(C,Hs)* lies 15.17 kcal/
mol higher in energy than the singlet one. These results show
that the intersystem crossing arises before the formation of
first complex. If spin inversion to the singlet potential-energy
surface is involved, the energy barrier is greatly decreased in
the later parts of the reaction path. As a function of the distance
between Pt of PtCI" and C of C,Hg is depicted in Fig. 5(a). For
a given Pt-C bond length, all geometrical degrees of freedom
are optimized for each electronic state, the triplet and singlet
curves cross at the point Pt-C bond length of 3.25 A. For the
case of PtBr*/C,Hs, which have the same properties, as C,Hg
approaches PtBr*, the triplet and singlet curves cross at the
point Pt-C bond length of 2.90 A, it can be seen from Fig. 5(b).

However, for the PtF/C,H, system, the ground state of
PtF" is the singlet state, which lies only 1.02 kcal/mol higher
in energy than the triplet state. This result indicate that the
reaction will starting from the singlet PtF*, C,H, activation
proceeds rather quickly cross over to the low spin potential-
energy surface. As a consequence, no crossing point between

the triplet and singlet potential-energy surfaces occurs in the
PtF*/C,Hg system. In order to validate this point, we also scan
the Pt-C bond in PtF*/C,Hs system, as depicted in Fig. 5(c)
that the complex in the high spin state are always higher in
energy than that the low spin state, until the Pt-C bond get
long enough to the reactant (in which the both state molecular
complexes FPt(C,Hg)" are practically isoenergetic). These
calculated results show that the reaction of PtF* + C,Hg procee-
ding on the singlet potential-energy surface with a spin-allowed
manner.

As discussed above, since the different effects of the X
ligands on PtX", the Pt-C distances of the XPt(C.He)* (X =F,
Cl, Br) complex at the crossing point become longer from Br
to F. As PtBr*/C,Hg system, the Pt-C distance is 2.90 A (close
to the Pt-C bond of the stationary point *BrPt(C,He)* in the
triplet state); for PtC1"/C,Hs system, the Pt-C distance is 3.25
A [longer than the Pt-C bond of CIPt(C,H)" in the triplet state];
even if the Pt-C distance is longer than 4 A, the PtF(C,H,)*
complex of both state(triplet and singlet) are still isoenergetic.
Under this property of the crossing point, if we assumed that
the ground state of PtF* is the triplet state, the Pt-C distance is
much longer than that in the triplet state encounter complex
FPt(C,Hg)", which reactivity routes are quite similar to the
course of PtH/CH,*. That is to say, the crossing point becomes
step by step closer to the reactant from Br to F.

Single-point energies: In order to verify the accuracy of
the results, we also performed using the more rigorous CCSD™*
method and highly correlated MP2 approach to calculate the
single-point energy of the species in 1,2-elimination potential
energy surfaces at the B3LYP geometries. The energies relative
to high-spin PtX*/C,Hs are shown in Table-2. The MP2 and
CCSD results reveal that the energy of activation for the second
C-H bond in the case of PtCl"/C,Hsis negligible, 0.57 kcal/
mol for CCSD and 0.63 kcal/mol for MP2; these energies are
in good agreement with B3LYP result of 0.59 kcal/mol. In
like manner, the calculated energy of 'TS2 in the PtBr*/C,H;
system, 3.83 kcal/mol relative to 'BrPt(C2H6)* from CCSD,
compares well with the 2.31 kcal/mol energy of 'TS2 relative
to 'BrPt(C,Hy)* for B3LYP. The good agreement between the
B3LYP energies and the results obtained using the MP2 and

TABLE-2
SINGLE-POINT ENERGIES (kcal/mol) OF THE SPECIES ON THE 1-2 ELIMINATION POTENTIAL ENERGY
SURFACES OF THE REACTIONS PtX* (X =F, Cl AND Br) + C,H; FROM DFT-OPTIMIZED STRUCTURES

1-2 Elimination PtF* PtCI* PtBr*
States b ) D &) 'y )

Species ~ MP2 CCSD MP2 CCSD MP2 CCSD MP2 CCSD MP2 CCSD MP2 CCSD
XPt(C,Hy)* - - 0.00 0.00 - - 0.00 0.00 - - 0.00 0.00
TS1 - - 33.63 29.49 - - 15.43 16.94 - - 8.38 18.82
XPtH(C,H;)* -26.66  -18.19 12.36 11.92 -2591  -30.77 13.99 15.68 -42.16  -34.92 8.75 15.06
TS2 2548  -16.86 42.92 33.25 -28.31  -33.06 28.36 32.00 -4599  -31.29 16.69 23.25
XHPt(C,Hs)* -72.22 -61.87 -15.56 -16.31 -47.69 -48.94 17.75 20.70 -54.78 -44.47 -4.39 -11.92
TS3 -7226  -61.83 -4.58 -3.13 -47.06  -48.37 22.46 27.61 -54.09  -42.59 14.81 25.39
XHPtH(C,H,)* -85.59 -76.55 -21.52 -23.84 -57.47 -65.26 0.56 1.31 -63.81 -45.14 -6.14 -12.29
TS4 -36.33  -20.70 15.87 18.19 -37.88  -45.80 25.97 31.00 -53.15  -36.94 12.48 23.06

XPtH,(C,H,)* -49.57  -36.39. - - -43.54  -38.86 - - -56.91  -42.59 - -

TS5 -43.54  -26.35 - - -33.57  -45.18 - - -4593  -38.78 - -
XPt(C,H,)(H,)*  -45.49 -35.76 0.81 2.51 -34.19 -28.86 5.45 9.41 -45.68 -34.23 -12.23 -10.35
XPt(C,H,)+(H,) -3.62 5.83 9.23 11.23 -18.26 -12.33 13.86 14.03 -29.38 -20.31 -6.08 -4.23
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CCSD method indicate that B3LYP is feasible for modeling
the reaction of PtX*/C,Hg systems. Additional, we use the B3LYP
as the basis of most of our discussion, because we have more
experience with this method and more confidence in its
comparison with experimental results for the identification of
congener molecules”.

Comparison among the reactions of NiX* (X = F, Cl,
Br) + C,H,: We also summarize the findings of both our work
and previous studies concerning the behaviour of the potential-
energy surfaces for the ethane activation by first-row halides
diatomic cations NiX" (X = F, Cl, Br), the reaction paths and
the geometric structures of key points have many features in
common, especially along the low-spin-state potential-energy
surfaces. Despite the qualitative similarities among the reaction
paths, there are also have fundamental differences exist. For
the ion molecule reaction of NiX* (X = F, CI) with ethane, the
experimental® and theoretical results* detects the major
products are Ni(C,Hs)" and HX (X =F, CI). As for these aspects,
our values show that the third-row halide PtX* (X =F, Cl) and
ethane agree well with the previous studies of first-row congeners
reactions. However, for the NiBr*/C,H, systems, the channel
for giving products of Ni(C,Hs)" + HBr is negligible due to
the larger barrier and energy requirement compared to the
dehydrogenation one. This indicates that the pathways leading
to Ni(C,Hs)" + HBr products are uncompetitive. As a conse-
quence, reflected in the final product distributions, NiBr(C,H.)*
and H, are the main products. Whereas for the PtBr*/C,H,
couple, our results show that there is small difference in energy
between the two exit channels, which are situated at more than
30 kcal/mol below reactant energy. According to the gas phase
experiment carried out at relatively low pressure and with very

high reaction coefficients, all these reactions take place at
constant energy and angular momentum?®. The final product
is a mixture of HBr + HPt(C,H,)" and H, + BrPt(C,H,)".

The second difference is actual mechanism of the reaction.
In the process of the reactions of NiX" and ethane, with the
formation of XHNiH(C,H,)", a subsequent back transfer of a
hydrogen atom from HX to the hydride ligand through a
concerted reaction to give the XNi(C,H4)(H,)" complex.
However, for the PtX*/C,Hscouple, from the XHPtH(C,H.)*,
the hydrogen atom from halogen shifts to the metal, then the
two H atoms on the Pt rearrange to form the XPt (C,Hs)(H,)*
complex, in which Pt* is capable of forming the stable three
membered ring structure (in which the electron state of Pt* is
singlet), which reveal that the low-spin state of the PtX" (X =
F, Cl, Br) is more stable.

Conclusion

Two possible mechanisms (1,1- and 1,2-elimination) of
ethane activation by the halide platinum ions PtX* (X =F, Cl,
Br) have been investigated theoretically at the DFT (B3LYP)
level and based on the above mentioned basis set (RECP+6-
311+G**). Both high-spin and low-spin potential energy
surfaces have been characterized in detail. Some comparisons
with our work and first-row congeners have been performed.
The following conclusions can be drawn from the present work:
First, the activation energy barriers of reactions are located
energetically below the entrance and exit channels, thus PtX*
could be regard as the good mediators for the activity of ethane.
Second, since the energies of the intermediates and transition
states in the singlet state are all lower than the triplet ones, the
reaction takes place more easily along the low-spin potential
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Fig. 6. Potential energy surfaces of the reactions PtBr*+ C,Hg in both low and high-spin states
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energy surface. Moreover, For PtC1"/C,Hs and PtBr*/C,Hg
systems, an intersystem crossing from the triplet to singlet
states is required and the minimum crossing point can be
approximately viewed as the reactants. In comparison, the PtF*/
C,Hs couple proceeds on the ground-state potential energy
surface with a spin-allowed manner.

With the substantial differences in exothermicity and
energy barriers in formation of products provide a rational
basis to justify the conclusions that in the case of PtX*/C,Hg
(X =F, Cl), the main product is HF + HPt(C,H4)* and HCI +
HPt(C,H.)*, respectively. For the PtBr*/C,H, system, the final
product is a mixture of HBr + HPt(C,H4)" and Ho+BrPt(C,H,)".
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