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We report herein a theoretical study of the reaction of acetaldehyde witladNan extension of our two
recent papers on the decarbonylation of acetaldehyde by late first-row transition metal ions [Zhao, Zhang,
Guo, Wu, LuChem. Phys. LetR005 414, 28; Zhao, Guo, Zhang, Wu, LGhemPhysCher2006 7, 1345].
Geometries of all the stationary points involved in the reaction have been fully optimized at the B3LYP/6-
311+G(2df,2pd) level and the decarbonylation mechanism is analyzed in terms of the topology of potential
energy surface. Combining with the previous studies, it is found that for the@yr", and*Fe" mediated
systems decarbonylation of GEHO only takes place via -€C activation, and aldehyde-€H activation is
unlikely to be important, whereas both-C and aldehyde €H activations by Ni and®Fe* could result in

the decarbonylation of G3€HO, where hydride-containing species (f)(CO)(CHp) is found to be a common
minimum along the reaction pathways.

1. Introduction to be of good validity for the Ni-containing system in previous
papers? The structures of all the reactants, products, intermedi-
ates, and transition states involved in the title reaction were fully
optimized at the B3LYP/6-3G(2df,2pd) level of theory.
Frequency calculations were carried out at the same level to
identify the stationary points optimized (minima or transition

P e states) and to estimate zero-point energy (ZPE) corrections that
through C-C activation rather than aldehyde-@ activation are applied to all the reported energies. To confirm the transition
and the reaction takes place through four elementary steps:

) o ‘states and their connected minima, intrinsic reaction coordinate
encounter complexation,-€C activation, concerted aldehyde-H

shift, and nonreactive dissociation, while the chemistr§Fe (IRC) calculations were performed to follow the reaction
L X e : th 1A full natural ital (NB lysi I
with acetaldehyde involves a different, stepwise aldehyde-H- pathways ull natural bond orbital (NBO) analysis was also

. . . . carried out for some important stationary points to gain a further
shift (two-step) mechanism, i.e., an aldehyde H-shift for the .. = . - 1214
formation of hydride-containing species (M tH(CO) and a insight into the bonding propertié3;1* We also detected the

. . - . values of(¥for all the calculated species to evaluate if spin
subsequent hydride-H shift to form exit-channel species,JCH o : :
. ; . contamination can influence the quality of the results and found
M*(CO). It seems that the above-mentioned difference is a y

. . S . : . itis less than 5% (see Table 1), esti in contamination
dictated by the hydride-containing species. For instance, it |sI 1S 1ess 0(s ). suggesting spi minat

really a local minimum on theFe /CHLCHO potential energy is small in all of the calculations. All the calculations were
3 carried out with the Gaussian 03 package.
surface (PES), whereas for the CcCr™, and4Fet/CH;CHO P 9
systems no such a minimum <_:ou|d be fOl_Jnd. In spite of the 3 Resuylts and Discussion
knowledge of the decarbonylation mechanism that has already o )
been obtained, basic questions that still should be addressed OPtimized geometries as well as structural parameters for the
are whether only EC activation plays a role in the decarbo- reactants, intermediates, and products involved in the fitle
nylation of acetaldehyde with first-row transition metal ions and réaction at the B3LYP/6-314G(2df,2pd) level are shown in

in which situations &H activation would result in decarbo- ~ Figure 1, tabulated in Table 1 are energies for these species,
nylation products. and Figure 2 gives the corresponding PES. It can be found that

the reaction starts with formation of the encounter complexes
of Ni™ with acetaldehyde. Once the encounter complexes are
formed, both G-C and aldehyde €H insertions can convert

Recently, wé? have theoretically investigated the gas-phase
reaction of acetaldehyde with €oCr", and Fé to unveil the
first-row transition metal ions mediated decarbonylation mech-
anism that has been experimentally studied e&rli€®©ur results
show that for Cd, Crt, and*Fe" the decarbonylation proceeds

To answer these questions, in this paper, we extend our
theoretical work to the chemistry of Niwith acetaldehyde,

which has been confirmed with an ion beam apparatus to give . . . Lo
exclusively the decarbonylation products (CH Ni*(CO))7 the system into hydride-containing spedlesvhich is followed

The structures of the involved species and the corresponding®y @ H-shift and a subsequent nonreactive-giissociation giving
PES are studied in detail. rise to the decarbonylation products of £#H Ni*(CO). In the

following we will first present the theoretical results of the
encounter complexes and then discuss the decarbonylation
mechanism in detail.

The density functional method in its three-parameter hybrid ~ As shown in Figure 1, interaction of Ni(?D) with acetal-
B3LYP functiona?® was employed in conjunction with the dehyde leads to two isomeric encounter complexis and
6-311+G(2df,2pd) basis set. This approach has been valuatedtrans1), in accordance with the situation of acetaldehyde

10.1021/jp066616d CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/14/2007

2. Computational Details
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TABLE 1: Calculated Energies, E, Zero-Point Energies, where initial C-C activation is followed by a concerted H-shift
ZPEs (hartlree), anfd ESZfolJf /L}}]" the Spﬁfles L”V0|V9d in the process to form the decarbonylation precursor of(®0)-
Decarbonylation of Acetaldehyde by NI at the B3LYP/ (CHj4).22 Earlier electronic structure studies also consistently
6-311+G(2df,2pd) Level of Theory . - h . .

failed to find potential minima corresponding to'iH)(CHs)-

species [FE° E ZPE (CzH4) and MF(H)x(C2Hz) (M = Fe, Co, and Ni}¢-8 Interest-
NiT(®D) + CH;,CHO  0.75+ 0.0 —1661.85201  0.05312 ingly, we did identify such an analogous minimum ag (€9iO)-
trans- 0.75 —1661.93847  0.05478 (CHa)2 and®Fet(H)(CO)(CH), the later of which has a planar-
cis-1 0.75 —1661.93740 0.05499

skeleton structure rather than an umbrella structure as located

2 0.78 —1661.87964 0.04963 f h | Ni L €310 il
3 0.78 —1661.86937 0.05061 qr the analogous . Fcontaining .Spe.CI 0 As wi be
4 0.79 ~1661.84318 0.04588 discussed below, this type of species is a common minimum
5 0.75 —1661.95499  0.05136 on both C-C and aldehyde €H activation pathways of
TS,—2 0.76 —1661.87856 0.04891 aceta|dehyde by metal ions.
TS:—3 0.76 —1661.86287 0.05111 One i tant tion i hv the tri dinated mini
TS,—4 0.76 —1661.84080 00469 ne important question is why the tricoordinated minimum
TS, 4 0.77 —1661.84304  0.04525 can only be located for some special metal ions, suctiFas
TS, 5 0.77 —1661.84169  0.04453 and Ni". It is expected that the existence of the minimum is
Ni*CH,+CO 0.75+0.00 —1661.89061  0.04885 determined by the stability of them, which depends on the bond
NitCO+CH, 0.75+0.00 —1661.91864 0.04938

strength of the three connected groups (H, CO, and)@lith
2 The expectation value & before annihilation® The first number metal center as well as the repulsion between the connected
corresponds to the first species, and the second one to the secongyroups. ForéFe", the 3d4s! electronic configuration would
species® ZPE corrections have not been taken into account. result in a sgd2_2dy? (scf) hybridization of the metg-orbitals
to form the respective bonding orbital with H, CO, and £H
and a lone pair of the metal (where tlig symmetry plane is
defined by thexz coordinates with the-axis polarized along
CO), which then leads to the planar-skeleton structure as
reported previously.This structural feature not only strengthens
the bonding interaction between the metal and the connected
groups as discussed in ref 2 but also reduces the repulsion
Mhetween the groups to the largest extent, leading to a quite stable
tricoordinated minimum on the sextet [Fep, G4, O] PES?
For Nit, NBO calculations indicate that when binding with H,
CO, and CH the metal (38 will experience a 4s3thybridiza-
tion to form the respective-bonding orbitals with H and CO
(leaving four metal orbitals as lone pairs) as well as the
respectives-bonding orbitals with H, CO, and CHleaving
three lone pairs on the metal). This type of hybridization could
help the metal bond nicely with three radicals in a fully
coordinated fashion, which stabilizes the system to some extent.
However, the umbrella structure (see Figure 1) arising from the
scP hybridization of the metal destabilizes the species as
indicated in Figure 2 that there is a very shallow region on the
PES corresponding f6S3-4 — 4 — TS,-s. For the other metal
ions, the inability to find the species may be due to the fact
that the surface is very shallow and it is difficult to locate them
or that it is indeed not a local minimum.

complexes with Cb and Cr" but unlike that of F&-acetalde-
hyde complexes, for which only the trans form was found on
both the quartet and sextet PESBoth the Ni~-acetaldehyde
isomers fA’) are formed by the linkage of the metal ion to the
O atom of acetaldehyde favored by an ove@lsymmetry with
the symmetry plane defined by-G@C'—Ni*—C? The absolute
energies of the two isomers are nearly the same (the trans for
is only 0.8 kcal/mol more stable than the cis conformer),
indicating coexistence of them in the gas phase. For the isomers
the equilibrium Ni—O distances are almost identical (1.884
1.883 A). Accordingly, nearly a same N+O binding energy
is found (53.2 kcal/mol fotrans-1 and 52.4 kcal/mol focis-
1). Upon binding with Ni, the largest change in GBHO is
the increase in ©C! bond length (by 2.32.5%) as a result of
oxygen polarizing charge toward Ni

Similar to the situation of Co Cr*, and Fe,'? C-C
activation ofcis-1 can result in specie (?A'), in which the
nickel ion has been inserted into the-C bond of acetaldehyde
as reflected by the substantially stretched bond length (2.994
A). The new intermediate is also featured by an ove@all
symmetry with O-C'—Ni*—C? as the symmetry plane as well
as by nearly the same N+C distances (1.9171.918 A),
suggesting the interaction of Nivith the CH; and CHO groups
is comparable. Energetically, this complex is calculated to be

12.5 kcal/mol more stable than the entrance channel or 39.9_ The conversion o to 4 is through transition stat@S,—s.
kcal/mol less stable thacis-1. The corresponding imaginary frequency of this transition state

TS:_, connectscis-1 and 2, which has been confirmed by is 344 cm_*1 and the normal mode of the vibration corresponds
IRC calculations. The &-C2bond of TS, is stretched to 2.143 O the shift of the hydrogen atom onto the metal ion and the
A, indicating the breaking of the bond. It can be found that formation of the Ni—H bond. This transition state takes a
TS1, takes a large structural similarity & thus it is indeed ~ 1arge structural similarity te}, suggesting it is very “late” on
a late transition state on the PES. Accordingly, the transition the PES. CorrespondinglyfS,-4 is located at 0.3 kecal/mol
state lies 44.3 and 4.4 kcal/mol respectively above the connectedP€low 4 due to the ZPE effect, and 13.2 and 0.7 kcal/mol
intermediatesis-1 and2, or 8.1 kcal/mol lower in energy than ~ réspectively abov@ and the separated reactants.

the separated reactants. The metal-H migration that stabilizes the system by as much
Along the reaction coordinate, the-C activation is followed as 66.7 kcal/mol can convert compléxto 5, the precursor
by a stepwise (two-step) H-shift to form NiICO)(CHy) (5), species. This new species has an ovetall symmetry, and

the exit-channel complex. The first H-shift step involves an the methane moiety is found to ijé coordinated to the nickel
aldehyde H migration onto the metal center that destabilizes ion, similar to the theoretical finding of (CHCo"(CO)* NBO

the system by 13.5 kcal/mol, leading to intermedidtéNi- analysis shows that in the species thg4erbital and the 2p
(H)(CO)(CHy)). A striking feature of this new intermediate is ~ orbital of G form a onitc bonding orbital (where the-axis

the tricoordination of Nf with CO, H, and CH, favored by an polarizes along CO), while the linkage of methane with i
umbrella structure possessing no symmetry element other tharstrengthened by donations from both the coordinated bonds into
Ci1. Note that such a tricoordinated minimum was not found in the oy;.c orbital. The structure of the N{CO) group of5 is

the decarbonylation of acetaldehyde by*'C&rt, and“Fe", almost identical with that of free N{CO), and the respective
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TS

2-4

TS, - (84icm!)

4-5

NitCO

NiT—C2, Nit—H?2, and Ni"—H? distances are calculated to be
2.203, 1.904, and 1.905 A. Accordingly, the@+Ni*(CO)
binding energy is computed to be 21.5 kcal/mol.

Speciegt and5 are connected by transition stdi8,-s, which

(342i em'!)

Ni*CH,

Figure 1. Optimized geometries and selected structural parameters at the B3LYP{&84df,2pd) level of theory for the reactants, products,
intermediates, and saddle points involved in the decarbonylation of acetaldehyde WwitBddid lengths are in angstroms and bond angles in
degrees.

by 44.2 kcal/mol. Note that the alternative channel for
producing Ni(CH;) and CO is also exothermic (by 26.9

kcal/mol), though it was not detected in the ion beam experi-
ment’

has been carefully confirmed by IRC calculations. The geometry  We now turn to the alternative -€H activation branch for

of TSy—s is largely similar to that ofl, so it is an early transition
state on the PES. Correspondingly, the relative enerdysefs
amounts tot+1.1 kcal/mol, which translates into an activation
barrier of 0.1 and 66.8 kcal/mol fromh and5, respectively.
Nonreactive dissociation of the (GH-Ni*(CO) bond
of 5 would give rise to the decarbonylation products:*{xO)
+ CH,. The overall decarbonylation process of"4D) +
CH3;CHO — CH4 + Ni*(CO) is calculated to be exothermic

formation of the hydride-containing speciésThis possibility
involves the initialtrans1 complex, followed by insertion of
Ni* into the aldehyde €H bond leading to specie&s the C-H
insertion minimum. Structurallyg (?A’) is featured by an overall
Cs symmetry with -C1—C2—Ni+ as the symmetry plane as
well as by the rupture of the aldehyde—-& bond and the
formation of the Ni—H bond as reflected by the corresponding
bond lengths. Energetically, speci@ss calculated to be 19.5
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trans-1 P 5 & ¥
— m S—
657 288
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Figure 2. Calculated reaction branches of the (Ni, Q, B,)* PES at
the B3LYP/6-313#G(2df,2pd) level of theory. All the relative energies
are reported with ZPE corrections with the scaling factor of 0955.
" Reaction Coordinate
-0.036 2 ,O Figure 4. Calculated G-H activation reaction branch of théFg, O,
0.038 k 4 9 Co, Ha)* PES at the CCSD(T)/BSI//B3LYP/6-331G(2df,2pd) level
0.040 | ‘TSH. of theory, where BSl is the basis sets of 6-313(2df,2pd) for Fe and
Eid [ 6-311++G(d,p) for C, H, and O. All the relative energies are reported
T -0.042 | \ with ZPE corrections with the scaling factor of 0.95Bond lengths
2
g -0.044 o’ are in angstroms and bond angles in degrees.
Z -0.046 |  a
® 0.048 } o ? 4 2 followed by methyl shift. The energy for the first step of the
8 0,050 | = C—H insertion pathway is lower than that for the-C insertion,
+ 0052} _-' ] whereas for the second step the-ig insertion pathway is a
?_0_054 f !'____, sy 9 3 little more energetically needed. Once the hydride-containing
5 .0.056 - > & species is reached, it would convert into the decarbonylation
0,058 | ® precursor species readily. Nonreactive dissociation of the
0060k /. o-Q (CH4)—Ni™(CO) bond of the precursor species would give rise
T 3 3 9 to the exothermic products N{CO) + CH,; as observed
-0.080 | ————T———T—— experimentally’.
1.4 1.6 1.8 2.0 22 2.4 2.6

The above-mentioned decarbonylation pathways show that
the hydride-containing species is a common minimum that
Figure 3. Selected structures as well as potential energy surface (PES)locates on both the routes of and aldehyde €H activation
from the IRC calculations starting with transition stdt8s-4 at the of acetaldehyde by metal ions. Considering the similarity that
B3LYP/6-311G(2df,2pd) level of theory. is held by theSFe" and Nif/CH;CHO systems, we recalcu-
lated the aldehyde €H activation pathway of the decarbony-
lation of ®Fe™ + CH3CHO more carefully. The corresponding
PES, as well as the optimized structures, is shown in Figure 4

C-C distance (Angstrom)

kcal/mol below the separated reactants, or 7.0 kcal/mol more
stable than the corresponding-C insertion minimun?.

TS1-3 constitutes the first-order saddle point of the-® s a revision of our former woOn the sextet EH activation
activation process as confirmed by the transition vector associ-pathway, encounter compled can convert to the €H
ated with an imaginary frequency of 37%&m 1. This transition insertion minimum of62 (E. = 3.4 kcal/mol) by passing

state is expected to be very “late” along the reaction coordinate through transition statéTS, ,, which is calculated to locate
because it bears already a large structural similarity to speciesat g, = 10.8 kcal/mol. Similar to the situation of the MCHa-
3as well as lying only 0.2 kcal/mol abo& It is interestingto  CHO system, speci€ could convert into precursor complex
note that the energy barrier of the-€i activation is 11.2 kcal/ 64 through a two-step process: a—C activation for

mol lower than that for the €C activation, suggesting that the formation of the hydride-containing Speci@s and a

aldehyde G-H activation is indeed more feasible in the gas- hydride H-shift to form the precursor specfés(Ee = —28.8
phase reaction of Niwith acetaldehyde. kcal/mol). The energy barriers for these two steps are calculated
It is important to note that the €H insertion intermediate  to locate aE, = 14.0 and 19.1 kcal/mol, respectively, the later
3 can also convert into the hydride-containing spediggough of which makes it the crest along the reaction coordinate.

transition statelTSz—4 as suggested by the vibration vector of Nonreactive dissociation of the (GH-%Fe"(CO) bond oft4

the imaginary frequency (18&m™1) that corresponds to the  would give rise to decarbonylaiton products: FeC@II) +

breaking of the &C bond as well as by the intrinsic IRC as CH,. Comparing with the PES for the-€C activation routé,

shown in Figure 3. This possibility is analogous to the situation we find that the aldehyde-€H activation mechanism is indeed

of 6Fe" + CH3;CHO as discussed below but different from that more favorable for the decarbonylation of acetaldehyde mediated

of Crf, Co, and “Fe" + CH;CHOZ?2 Energetically, the by Fe" (°D, 3dPf4dh).

transition state is calculated to be 3.1 kcal/mol above the e also explored the possibility for the—@ insertion

separated reactants, or 2.4 kcal/mol higher than the correspondspecies conversion to the precursor species in an H-shift

ing transition state along the-C activation pathwayT(S;-4). concerted way for the other transition metal ions. However,
In summary, for the Ni/CH;CHO system, both €C and we were unable to locate such a transition state that connects

aldehyde C-H insertions could lead to the hydride-containing these minima in spite of our careful searches. We have thus

species through two elementary steps, i.e;QCinsertion discarded this route as a possible decarbonylation pathway for

followed by aldhyde H-shift and aldehyde—E insertion these metal ions.
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4. Conclusions

The present theoretical work on the™N+ CH3CHO reaction
provides further insight into the mechanistic details of decar-
bonylation of acetaldehyde with late first-row transition metal
ions. Combining with our previous studies concerning the
reaction of the series of Cr-Fe™ with acetaldehydé?we can
find that for the Cr, Co", and “Fe" mediated systems
decarbonylation of CECHO only takes place via-€C activa-
tion, and aldehyde €H activation is unlikely to be important.
On the other hand, both-&C and aldehyde €H activations
could result in the decarbonylation of @EHO with Ni* and
6Fe", where potential minimum N(H)(CO)(CH) is located
to be a common species on the decarbonylation pathways.
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