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Density Functional Study on the Reaction Mechanism for the Re-
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The mechanism of the reaction of Ni* (3D) with ethane in the
gas-phase was studied by using density functional theory. Both
the B3LYP and BLYP functionals with standard all-electron
basis sets are used to give the detailed information of the po-
tential energy surface (PES) of [Ni, C,, Hs]* . The mecha-
nisms forming the products CH; and H, in the reaction of Ni*
with ethane are proposed. The reductive eliminations of CH,
and H, are typical addition-elimination reactions. Each of the
two reactions consists of two elementary steps: C—C or C—
H bond activations to form inserted species followed by iso-
merizations to form product-like intermediate. The rate deter-
mining steps for the elimination reactions of forming CH, and
H, are the isomerizations of the inserted species rather than
C—C or C—H bond activations. The elimination reaction of
forming H, was found to be thermodynamically favored com-
pared to that of CH,.

Keywords Ni*, GHgs, reaction mechanism, density func-
tional theory
Introduction

C—H and C—C bond activations of hydrocarbons
by transition metal ions are of fundamental interest in
various areas of chemical researches. ! Many researches
have shown that transition metal ions are able to activate
~the C—C and C—H bonds of saturated alkanes.® Ex-
perimentally, the intrinsic gas-phase properties of these
ion-molecule reactions have been studied by using mass
spectrometry techniques. Tonkyn and coworkers found
that C;Hg could react with all first series transition metal
ions except Mn* in 100 Pa of He, and the following re-
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actions were observed [ Eqs. (1—7)].2°

M* + GHy— M(GH)* + H, (1)
M* + GHe— MCH,* + CH, (2)
M* + GHg——> MCH;* + CH, (3)
M* + GHe— MGH,* + 2H, (4)
M* + GHy~— MH,* + GH, (5)
M* + GH,— MH* + CH; (6)
M* + GHy— MH + GHs* @)

where M* denotes a transition metal ion. For a given
metal ion only some of the endothermic reactions could
be observed in most cases. By inspecting the experimen-
tal results, these reactions can be rationalized in terms of
the general mechanism depicted in Scheme 1.2

In this scheme, the metal ion first insert into a C—
H or C—C bond via C—C or C—H bond activations,
which lead to the formation of the intermediates A or B.
The species A can further isomerize to C via 3-H shift,
which is a precursor for the elimination of H, together
with the forming of the product D. In C, M* is inserted
Once D is formed, it can lead to the
elimination of the second H, and the formation of product

mto H,.

E. In order to explain the earlier experimental results
and generalized mechanism postulated in Scheme 1 for
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the reactions of the transitionm etal ions with ethane, a
detailed theoretical study of these elementary step mech-
anisms is needed. It is well known that it is usually very
difficult to theoretically calculate the electronic structure
with accurate quantum mechanical methods, such as ab
initio method for a system involving transition metals. As
an alternative, density functional theory (DFT) has re-
cently attracted considerable attention, which has been
widely applied to electronic structure calculation for sys-
tems that contain transition metals and has been proven
to be particularly effective in providing a wealth of infor-
mation about molecular structure and energetics . 112
Here, the reaction of Ni* with C,Hg as a prototype
of the reactions of transition metal ions with ethane was
chosen to study the elimination mechanism of CHy and
H,. So far as we know, a complete potential energy sur-
face relevant to the reaction of Ni* with ethane has not
been reported. Here, we report the explicit information
on the structural and energetic details of all intermediates
and transition states involved in this reaction. By using
DFT method, all minimum and saddle points were locat-
ed on the PES, and the details of reaction mechanisms
for this reaction were shown. In this work our focus is on
learning more details about the stationary points and sad-
dle points on the PES for the [Ni, G, Hg]"* cationic
system, and the main aim is to give a qualitative model
that explains how the M *- activates the C—C and C—H
bonds in alkanes. The theoretical predictions presented
here for the reaction of Ni* with ethane can act as a
guide for future comprehension of the reactions of transi-

tion metal ions with saturated alkanes.
Calculation details

The present DFT calculations were carried out by
using Gaussian 98 programs.'* Most of calculations were
performed using Becke-3-LYP functional,'* which is a
hybrid functional including three fitted parameters and a
mixture of Hartree-Fock exchange with DFT exchange-
correlation. Although this functional is not very accu-
rate, ' it gives relatively good results for geometries, en-
ergies and bond dissociation energies of transition metal
compounds. !¢ So this functional has widely been used
recently, especially for the systems involving transition
metals. For Ni, the Wachters-Hay'”"® all electron basis
set extended with an f polarization function and a d dif-
fuse function was used, which is scaled by factors of
Raghavachari and Trucks. ' For C and H, 6-31G” basis
sets were used. In special calculations, the full geometry
optimizations of the reactants, products, intermediates
and transition states were performed at the selected theo-
retical level without imposing symmetry constraints. All
the stationary points were positively identified for minima
with no imaginary vibration frequencies and the transition
states with one imaginary frequency. Corrections for ze-
ro-point energies have been taken into account. In order
to verify the reliability of the information of the PES pro-
vided by us, all the geometries of the intermediates and
transition states were also optimized by using BLYP
functional at the same basis set mentioned above.

Scheme 1 Generalized mechanism for the reaction of transition metal ions M* with CH,
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Results and discussion

The optimized structures of various species involved
in the reaction of Ni* with ethane are shown in Figs.
1—3, respectively. .The corresponding energies are list-
ed in Table 1. The overall energetic profile for the reac-
tion of Ni* with C,Hg is shown in Fig. 4. All processes
designed here occur on the doublet state surface of [ Ni,
C;, Hg]* since Ni* has a 2D (38) ground state. In
Figs. 2 and 3, both the geometrical parameters of
B3LYP and BLYP methods for various minima and first
order saddle points involved with the [ Ni, C,, Hg]*
system are shown. It is found that the geometrical pa-
rameters obtained using B3LYP functional are in good a-
greement with those obtained using BLYP functional, the
spin contamination is small in all calculations, and the
expectation values of < §2> before projection are close
to those of the corresponding pure spin state. Those val-
ues obtained using B3LYP method are shown in Table 1.
From these facts, it ‘can be concluded that the informa-
tion on the PES [Ni, C,, H¢]* given in the present
work is correct, at least qualitatively. In the following

discussions, only the results of B3LYP method for the
sake of simplicity are discussed.

Five intermediates (1, 2, 3, 4 and §) and four
first saddle points (TS1, TS2, TS3 and TS4) on the
PES were located. Intermediates 1 is an initial complex
formed when Ni* (?D) and C,H; approach each other. 2
and 4 correspond to A and B postulated in Scheme 1,
respectively. 3 and 5 are two product-like intermediates,
which could directly lead to the eliminations of CH, and
H;, respectively. But intermediate C proposed in
Scheme 1 was not found by using both B3LYP and BLYP
methods. In intermediate C, Ni* has inserted into the
H, bond. We use the inserted species as an initial geom-
etry and attempt to locate a minimum on the PES, but
the geometry optimizations always lead to either interme-
diate 4 or 5. We also optimized its geometry using MP2
method and the basis set mentioned above, but it is un-
successful again. It should be noted that C, the inserted
species, is obviously different from 5, which is a com-
plex among H,, Ni and C,H, other than an inserted
species. Thus, it can be concluded that C could not be
a real minimum on the PES.
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Fig. 1 Optimized geometries for the reactants and products of the reaction Ni* with C,H using B3LYP functional (in nm and degree) .
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Fig. 2 Optimized geometrical parameters for the intermediates on the PES of [Ni, Gy, Hy]* with the results of B3LYP functional and of

BLYP functional in parentheses (in nm and degree) .
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Fig. 3 Optimized geometries for the transition states on the PES of [Ni, Gy, Hg]* with the results of B3LYP functional and those of

TS1 and TS3 are the transition states of C—C and
C—H bond activations, respectively, while TS2 and

TS4 are H-shift transition states after Ni* inserting into

C—C and C—H bonds, respectively. We find that TS4



224

Density functional study

ZHANG et al .

bears some similarity to C proposed in Scheme 1. The
intrinsic reaction coordinate (IRC) analysis shows that
this transition state connects 4 and 5, providing further
evidence that C is not a real minimum on the PES.

Elimination mechanism of CH,

As indicated in Fig. 4, a typical addition-elimination
mechanism for the reaction of Ni* (D) with C,Hg is re-
vealed. Our calculations show that both the elimination
reactions of CHy and H, involve two elementary steps.
One is the C—C or C—H bond activation to form the
corresponding inserted intermediate and the other is the
isomerization of the inserted species.

NiC,Hs(3A;)+H

1934
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< NICH3 (%A )+
2 <" CHy
é 162 3~ NICH(PA,) + CH,
@ :_.~'76.7
5 |Ni(*D) +CaHs L
S | 00 TS1 TS3 ;337
2 y i 180
5 } Ni(C2Hy)"+H,
~ <594
i s
-118. -1201

Reaction coordinate

Fig. 4 Energetic profile for the reaction of Ni* with
GHs.

Table 1 Total and relative energies for optimized species®

Species < §25be Total energies Relati.ve ZPE¢
. energles

Ni* + GHg 0.7514 0.0 - 1587.714643 0.0 176.6
1 0.7547 - 1587.759687 -118.3 197.2
2 0.7812 ~ 1587.733180 -48.7 187.6
3 0.8877 - 1587.715311 -1.80 183.3
4 0.7723 - 1587.722667 -21.1 183.6
5 0.7527 - 1587.760398 -120.1 178.2
TS1 0.7544 - 1587.722599 -20.9 188.1
TS2 0.7826 - 1587.661959 138.3 170.9
TS3 0.7635 - 1587.722504 -20.6 182.8
TS4 0.7943 - 1587.685618 76.2 172.9
NiGH,* + H, 0.7543 0.0 - 1587.737269 -59.4 140.5, 26.7
NiH, * + GH, 0.7531 0.0 - 1587. 686401 74.1 35.0, 134.5
NiGHs* (PA’) + H 2.0034 0.7500 - 1587.640981 193.4 166.5
NiH* (%) + GHs 2.0025 0.7539 - 1587.609180 276.9 10.9, 156.6
NiCH, * (%A;) + CH, 0.8705 0.0 - 1587.685440 76.7 59.2, 118.8
NiCH,* + CH,(*B,) 0.7535 2.0052 - 1587.596073 311.3 119.7, 45.7
NiCH; * ((A;) + CH, 2.0040 0.7538 - 1587.651831 164.9 91.3, 78.3

* ZPE corrections have been taken into account, total energies are in hartree, and relative energies are in kJ/mol.

b The expectation val-

ue of < S2> before projection. Values after projection are 0.75 for double states and'2.00 for triplets. ¢ The first number corresponds to
the first species and the second number corresponds to the second species.

The elimination mechanism of CH, in the reaction
was first analyzed. The initial electrostatic interaction
between a Ni* with ethane leads to the formation of Ni-
(CHg)* adduct, intermediate 1, which was found in
C, symmetry. The geometry of this complex is similar to
those of the ethane complex with Cu* and Co* given by
Rosi® and Holthausen® , respectively, but unlike those

of the ethane complex with Cr*, Fe* and Mo* , which

have C, symmetry®? ., The formation of intermediate 1
is found to be a barrierless association. This adduct is
predicted to be more stable than the Ni* (?D) + C,Hg
entrance channel by 118.3 kJ/mol. Ni—C distance in 1
is 0.2250 nm, and the lengths of C—C bond and two
C—H bonds near to Ni are slightly longer than those in
free C;Hs. Since 1 is energy-rich and can rearrange to a
dimethyl species 2 corresponding to B in Scheme 1, in
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which the nickel has been inserted into the C—C bond.
This inserted species has C,, symmetry and its relative
energy is computed to be 69.6 kJ/mol less stable than
1, and to be 48.7 kJ/mol more stable than the entrance
channel. 1 and 2 are connected by a saddle point, TS1
with an activation barrier of 97.4 kJ/mol with respect to
1. TS1 is a three-member-ring transition state and has
C symmetry. The breaking C—C bond is elongated to
0.2156 nm and the forming Ni—C bond is shortened to
0.1950 nm. This saddle point bears similarity to 2,
which occurs very “late” on the PES. The imaginary fre-
quency of the saddle point is 375i em ™!, and the corre-
sponding transition vector indicated by the vibration
analysis corresponds to the breaking of the C—C bond
and the reorientation of the methyl groups. The relative
energy of this saddle point is 20.9 kJ /mol below the
energy of the separated reactants.

Once 2 is formed, it can undergo two possible pro-
duction channels immediately by isomerization or decom-
position. One is the process directly cleaving Ni—C
bond in 2, which leads to NiCH;* + CH;3* as proposed
in scheme 1. The process is endothermic by 164.9 kJ/
mol. The other is an energetically more favorable reac-
tibn path, which involves the isomerization of 2 into 3
via a three-center transition state TS2. As shown in Fig.
3, TS2 is a H-migration transition state on the PES, in
which a H atom moves from a C atom to the other C atom
and the breaking and forming C—H bond lengthes are
0.1393 nm and 0.1528 nm, respectively. The corre-
sponding imaginary frequency is 1300i cm ™. The vibra-
tion analyses have also shown that the corresponding
transition vectors are completely consistent with the no-
tion of a 1,3-H shift. It is very obvious from Fig. 4 that
the energy of TS2 is much higher than that of TS1, and
its relative energy is 138.3 kJ/mol above the entrance
channel. So the second step relevant to this rearrange-
ment process along the CH, elimination path is the rate-
determining step. The barrier height from 2 to TS2 is
187.0 kJ/mol, which is higher as compared to the C—
C bond activation process, a barrier of 97.4 kJ/mol. 3
is a complex between CHy and NiCH, * , which has a C,
symmetry. Both the methane moiety and the nickel-car-
bene unit in 3 are only slightly distorted compared to the
geometric parameters of the free CH, and NiCH, ", re-
spectively. 3 is computed to be 1.80 kJ/mol below the
energy of the separated reactants. After species 3 is
formed, the production channel of dissociating into

NiCH,* (1A) + CH, would be open, which requires
78.5 kJ/mol, and the overall reaction Ni* (D) + C,Hg
—>NiCH,* (*A) + CH, is endothermic by 76.7 kJ/mol.
The other exit channel, 3 breaking up into Ni(CHy) * +
CH,, requires 311.3 kJ/mol and should be much less
favorable energetically.

Elimination mechanism of H,

Now the other reaction paths on the PES of [ Ni,
C,, Hgl* are studied, which involves the elimination of
H;.

This elimination channel of H, also consists of two
elementary steps. From Fig. 4, it can be found that the
initial Ni{C;Hg) * complex 1 can also be converted into
4, a C—H bond inserted species, via a C—H cleavage
transition state TS3. It should be noted that in both 4
and TS3 the longest C—H bond in methyl group is lo-
cated in a trans arrangement for H-C-C-Ni. Their ge-
ometries obtained in the present work differ significantly
from those on the PES of [ Co, C;, Hg]* and [Co, C,,
Hg]* found by Holthausen et al . 21,22 The most favorable
geometry of the C—H inserted intermediate and corre-
sponding C—H activation transition state are a cis ar-
rangement for H-C-C-M, where M denotes Co and Fe.
But in our calculations, the cis geometries are not the
minima on the PES of [Ni, G, Hs]*. This C—H
bond inserted species is calculated to be 27.6 kJ/mol
less stable compared to the C—C bond inserted species,
2. The barrier height for this channel is 97.7 kJ/mol
relative to 1. TS3 has C; symmetry, and the transition
vector associated with the imaginary frequency of 756i
cm ™! confirms TS3 as the correct saddle point for the
C—H bond insertion reaction. The breaking C—H bond
is elongated to 0.1964 nm in TS3. The structure of this
transition state bares already large similarity to 4, and
indicates that TS3 is very loose. As a result, the energy
of TS3 is only 0.5 kJ/mol above the 4. It is also found
that the energy of TS3, the C—H bond cleavage transi-
tion state, is only higher by 0.3 kJ/mol than that of
TS1, the C—C bond cleavage transition state. Thus,
from a pure energetical point of view, both the C—C
and C—H bond activation pathways have almost equal
probability .

Proceeding further along the reaction coordinate,
the C—H inserted species 4, can either undergo direct
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bond cleavages leading to NiC,Hs* (*A) + H* or NiH*
(325) + CHs*, computed to be endothermic by 193.4
and 276.9 kJ/mol with respect to Ni* (D) + G,Hg, or
rearrange into a rather stable complex §, energetically
located 120.1 kJ/mol below the entrance channel. 4 and
5 are connected by a saddle point TS4. This transition
structure has an imaginary frequency of 688i cm~'. Just
as shown in Fig. 3, it is a four-center transition state.
This structure bears some semblance to C proposed in
Scheme 1. In TS4, the breaking C—H bond length is
0.1312 nm, and the distances between Ni* and two H
atoms are 0.1511 and 0.1546 nm, respectively. The
height of the activation barrier amounts to 76.2 kJ/mol
with respect to the entrance channel. Relative to 4, the
barrier is 97.3 kJ/mol. Thus, it is very obvious that the
energetic bottleneck is the second step in the reaction
path of H, elimination, similar to the situation of CH, e-
limination. 5 is a product-like complex among H,, Ni*
and C;H,;. Both minima, it can break up by expulsion of
either molecular hydrogen together with Ni(C,H,;)* and
product D proposed in Scheme 1 or ethylene with
NiH,* . The overall reaction Ni* (?D) + C,Hgz —
NiCH,* + H, is exothermic by 59.4 kJ/mol, while the
process corresponding to Ni* (2D) + GHg~>NiH,* +
G, H, is less favorable with high relative energy of 76.74
kJ/mol above the entrance channel.

Conclusions

The structural and energetic details of [Ni, G,
Hg]* have been investigated by employing DFT. The
following conclusions can be drawn from our theoretical
calculations.

(1) The typical addition-elimination mechanism
was revealed for the reaction of Ni* (D) with C,H,
and the mechanistic details on the eliminations of CH,
and H, for the reaction of Ni* + C,Hg were given.

(2) Both the CH, and H, elimination channels un-
dergo two elementary steps. The first steps are that Ni*
inserts into C—C or C—H bonds, respectively, then
the rearrangements of the inserted-intermediate lead to
the elimination of CH, and H,, which are the rate-deter-
mining steps.

(3) The first-order saddle points TS1 and TS3,
which lead to Ni* inserting into C—C bond and C—H

bond, respectively, are energetically located close.
From a kinetic point of view, two main reaction channels
should compete along the reaction coordinate and have
almost equal probability. But it seems that the CH, elim-
ination reaction is thermodynamically disfavored as com-
pared to the C—H bond activation, since the activation
energy of the second step of this reaction is higher than
that of H, elimination reaction.
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