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Abstract. Density functional theory (B3LYP) calculations has been carried out to explore the
potential energy surface (PES) associated with the decarbonylation of acetaldehyde by Ni+2. The
mechanism leading to the loss of CH 4 and CO is analyzed in terms of the topology of PES. The
structures and energies of the different stationary points of this PES have been obtained. Our
calculations show the reaction of decarbonylation with Ni2+ takes place through four steps, that is,
encounter complexation, C–C activation, aldehyde H-shift and nonreactive dissociation, in which
the H-shift migration process is rate-determining.
Introduction
In the past three decades, a variety of mass spectrometric techniques have been employed to
investigate the reaction of transition metal ions with hydrocarbons, which is one of the most active
research areas in contemporary gas-phase ion chemistry. The reactions of metal ions with organic
molecules are the fundamental importance in determining the factors to the petroleum chemistry. In
this field, understanding the mechanisms of C–C and C–H activation of decarbonylation by
transition metal ions are of particular interest. Researchers made a significant efforts the concerning
these aspects [1–7]. Many experimental techniques have been used to study the mechanism of the
bond activation of decarbonylation by transition metal ions. From these studies, we have seen a
variety of fundamental experimental and mechanistic information about decarbonylation by
transition metal ions. Sonnenfroh has reported the crossed beam studies of energy and angular
distributions of the decarbonylation products of acetaldehyde with metal ions (reaction 1), which is
a dominant process at low reaction energies.
M + + CH 3 CHO → CH 4 + MCO + (1)
However, the reaction mechanism isn’t clear, it is not sure that the reaction takes place via C–C
and C–H activation. The density functional theory offers quantum chemical calculations in principle
of obtaining information on the structure and energy details of the potential energy surfaces (PES)
for the reaction. This method has been widely used to calculate the electronic structure on systems
containing transition metals, which gets reasonable results with accuracy sufficient for describing
open-shell metal systems. In order to study the theoretical investigation on the M+-assisted
decarbonylation of acetaldehyde, Ni2+ was used as representative of first-row transition metal ions,
The structures of various species and the energies of key reaction was computed using DFT method
(B3LYP). In this paper. The results are to be analyzed in light of the available theoretical
information to characterize the minima and saddle points relevant to the C–H or C–C activation.
Computational method
Quantum-mechanics calculations were performed with the Gaussian 03 program. All species were
calculated using density functional theory with the B3LYP method[8] using the 6-31+G** basis set
in C, H, O atoms and Lanl2dz basis sets in Ni atom. which is flexible enough to give a good
account of longer range ion-ligand interactions and is also large enough to generally reduce the
basis set superposition error (BSSE) to less than the errors inherent in the method, so that BSSE
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corrections was unnecessary. Each stationary point was characterized by the frequency analysis
(minimum with zero; transition state with one imaginary frequency). In order to gain an insight into
the energetic requirements for Ni2+ reacting with acetaldehyde, intrinsic reaction coordinate (IRC)
calculations were performed to follow the reaction pathways.
Results and discussion
In the following sections, the theoretical results for various intermediates, transition state, and
products involved in decarbonylation of Ni2+ will be presented. And then, the mechanistic details
for each reaction will be discussed. It indicated the ability of basis set to describe the features of the
PES of [Ni2+, O, C2, H4]. For convenience, all of the results were obtained at 6-31+G** basis sets
in C, H, O atoms and Lanl2dz basis sets in Ni atom level. The optimized geometries and structural
parameters for the stationary point along the decarbonylation pathway are shown in Fig.1, the
calculated covalent bond orders for the decarbonylation are tabulated in Table.1, the relevant
energies and the sketch of the PES is given in Fig.2.
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Figure.1 the structures of the decarbonylation reaction of CH 3 CHO with Ni+2
From the Fig. 1, we know the potential energy surface is the triplet surface of [Ni2+, O, C2, H4],
there were three minima (noted as M1, M2, and products, respectively) and two first-order saddle
point (noted as TS1 and TS2, respectively) the decarbonylation coordinate on the PES in the Fig. 2.
The reaction proceeds through four elementary steps, i.e., encounter complexation, C–C activation,
H-shift and nonreactive dissociation, and the third step of the process constitutes the
rate-determining step. As shown in Fig. 2, the reaction starts with the association of Ni2+ with
acetaldehyde leading to encounter complex M1, which is the first step. M1 is the first the
intermediates, the 1Ni-4O distance is 1.803 Å, at the same time, the Ni2+–O binding energies is 48.3
kcal/mol, which is less than the sum of Ni2+ and CH 3 CHO. It is the result of oxygen polarizing
charge toward Ni2+. The overall symmetries of the encounter complexes are nearly Cs with the
symmetry plane defined by 1Ni–4O–2C–5C (M1).
Once complex M1 is formed, the 2C–5C bond could be activated by the metal ion. This process
results in intermediate M2, in which the activated bond has been ruptured as reflected by the very
large bond length (3.185 A˚). The concomitant association of Ni2+ with the acetaldehyde by an
overall Cs symmetry with the symmetry plane defined by 1Ni–4O–2C–5C, as well as the 2C––1Ni–5C
angle of 108.6 o is due to the approximate sd hybridization at Ni2+. Energetically, energy is lower
than TS1 10.5 kcal/mol. From the structure, it can be seen that Ni2+ ion inserts the 2C-5C band. M2
is the Cs symmetry, the symmetry surface is O-2C-Ni-5C. The direct break of (H 3 C)Ni2+–CHO bond
results Ni+2CH 3 and CHO. The 1Ni-6H、1Ni-5C、1Ni-2C and 1Ni-4O distances are 2.287 Å，1.971 Å，
2.003 Å and 1.951 Å, it shows that the atom Ni still interacts with all these atoms, however 2C-5C
distance is 3.185 Å, it shows 2C-5C bond has been broken. M2 can be rearranged to an H-shifted
species H 4 C–Ni2+ (CO) (p), which can be a direct precursor of the decarbonylation products (CH 4
and Ni2 + (CO)).
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Table 1 the calculated covalent bond orders for the decarbonylation with Ni+2
2
1
1
1
4
1
C-5C
Ni -5C
Ni -6H
Ni-4O
O-2C
Ni -2C
1.469
1.803
1.261
M1
2.328
2.041
2.362
1.893
1.26
2.131
TS1
3.185
1.971
2.287
1.951
1.259
2.003
M2
3.007
1.982
2.264
1.861
1.261
1.872
TS2
M1and M2 are connected through the multicenter transition state (TS1), which is formed by the
metal ion insertion into the C–C bond of acetaldehyde. A striking feature of the transition state is
Ni2+ binds concomitantly to the O, H and C atom, both the carbon atoms of the breaking C–C bond,
and one of the H atoms of the migrating methyl group. The 1Ni-6H、1Ni-5C、1Ni -2C and 1Ni -4O
distances are 2.362 Å，2.041Å，2.131 Å and 1.89 Å, and the 2C–Ni–5C angle o is 98.7o, which
indicate the Ni2+ center interacts with these atoms closely. Although the transition state TSl is the
first saddle between the intermediate M1 and M2, the bond distance is closed to the M2, so it is the
late transition state of potential energy surface, from the bond distance and the angle, it can be seen
that TS1 has an overall Cs symmetry with the symmetry plane defined by 1Ni–4O–2C–5C, This
transition state is expected to be stabilized to some extent by an agnostic interaction between the 2C
–H1 bond and the Ni2+ center as evident by the stretched bond length of 2C–5C, As a consequence,
it lies below the entrance channel by 11.2 kcal/mol, which translates into an energy barrier of 37.1
kcal/mol with respect to M1.

Figure.2 the diagram of relative energies along the channels for the decarbonylation
Transition state TS2 connects M2 and products, which was carefully confirmed by IRC
calculations. Along the decarbonylation coordinate, complex TS2 can be rearranged to an H-shifted
species H 4 C–Ni2+(CO), which can be a direct precursor of the decarbonylation products (CH4and
Ni2+ (CO)). It can be seen that complex 3has no symmetry elements. In contrast to the traditional
suggestion that the rate-determining step is initial C–C insertion. TS2 is found to be the most
demanding point along the whole CH 4 and CO elimination pathway, the energy is higher 24.7
kcal/mol than the initial C–C activation transition state and 13.5 kcal/mol than the separated
reactants. Therefore, on the basis of the B3LYP calculations, TS2 is in fact the rate-determining
tight transition state of the CH 4 and CO elimination. Structurally, the 2C–5C bond distance
and 2C–6H distance elongated, suggesting it is a saddle point that connects products to either M2 via
Ni+2 insertion into C–C bond. The 2C–5C bond distance is 3.007 Å, it shows the 2C–5C bond have
been broken. A key mechanistic question is whether the TS2 lies well above the initial bond
insertion one TS1 or vice versa. All our attempts to locate such a minimum as H(CH 3 ) Ni2+ (CO) on
the [Ni2+, O, C2, H4] lead instead to M2 or product, suggesting that only species product can be the
precursor of products CH4 and Ni2+ (CO).
It is very clear that the reaction occurs through Ni2+ insertion into C–C bond followed by an
aldehyde H-shift and then a nonreactive-dissociation of the H 4 C–Ni2+ (CO) bond. The H-shift is the
rate-determining step in the reaction, the energy barrier is 13.5 kcal/mol with respect to the
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separated reactants. It was nicely explained by invoking the initial C–H insertion transition state
(TSCH) as the rate-determining barrier to both H 2 and CH 4 elimination, it also verified the
accuracy of the computational strategy employed.
Conclusion
In this paper, we provided new insight into the reaction of Ni2+ with acetaldehyde using DFT The
theory. The CH 4 and CO loss by Ni2+proceeds through four elementary steps, i.e., encounter
complexation, C–C activation, H-shift and nonreactive dissociation, and the third step of the process
constitutes the rate-determining step. The stable precursor of the decarbonylation products CH 4 and
Ni2+ (CO) has a structure of (CH 4 ) Ni2+ (CO) rather than (CH 3 )H Ni2+CO). The decarbonylation of
CH 3 CHO with Ni+2 follows C–C activation rather than aldehyde C–H activation.
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