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ABSTRACT: Gas-phase studies utilizing ion−molecule reac-
tions, supported by computational chemistry, demonstrate that
the reaction of the enolate complexes [(CH2CO2C,O)M-
(CH3)]

− (M = Ni (5a), Pd (5b)) with allyl acetate proceed via
oxidative addition to give MIV species [(CH2CO2C,O)M-
(CH3)(η

1-CH2CHCH2)(O2CCH3O,O′)]− (6) that re-
ductively eliminate 1-butene, to form [(CH2CO2C,O)M-
(O2CCH3O,O′)]− (4). The mechanism contrasts with the
MII-mediated pathway for the analogous reaction of [(phen)M-
(CH3)]

+ (1a,b) (phen = 1,10-phenanthroline). The different
pathways demonstrate the marked effect of electron-rich metal
centers in enabling higher oxidation state pathways. Due to the
presence of two alkyl groups, the metal-occupied d orbitals
(particularly dz

2) in 5 are considerably destabilized, resulting in more facile oxidative addition; the electron transfer from dz
2 to

the CC π* orbital is the key interaction leading to oxidative addition of allyl acetate to MII. Upon collision-induced
dissociation, 4 undergoes decarboxylation to form 5. These results provide support for the current exploration of roles for NiIV

and PdIV in organic synthesis.

■ INTRODUCTION

The ability of transition metals to access a range of oxidation
states contributes significantly to their flexible roles in metal-
mediated organic synthesis. For the group 10 metal nickel,
there is now significant evidence from the Sanford laboratory
that encourages the search for applications of NiIV in synthesis,1

subsequent to earlier suggestions of NiIV involvement.2 These
advances complement the established roles for the lower
oxidation states of nickel2a and the +IV oxidation state for its
congener palladium.1,3 For both NiIV and PdIV, the stability of
these high oxidation state complexes is enhanced by the
presence of strongly donating polydentate ligands.1a,b,3 In view
of this, we have explored the possibility of developing reaction
sequences involving the same organic transformation but
proceeding via MII or MIV species as the ancillary ligand is
altered.
The present study follows our recent report of a mass

spectrometric examination, in concert with a density functional
theory (DFT) exploration of mechanism, for the gas-phase
reaction of [(phen)M(CH3)]

+ (M = Ni (1a), Pd (1b); phen

=1,10-phenanthroline) with allyl acetate (Scheme 1).4−7 This
study established that an ion−molecule reaction (IMR) occurs
via alkene insertion to give 2 followed by β-acetate elimination
and subsequent dissociation of 1-butene to give 3.
Collision-induced dissociation (CID) of [(phen)M-

(O2CCH3O,O′)]+ (3) results in decarboxylation to give
1,8,9 which is also the procedure used for the initial synthesis of
1 from 3 that has been prepared via electrospray ionization
(ESI) of the metal acetate complex. DFT calculations are
supportive of a mechanism involving MII species throughout
and exclude the possibility of oxidative addition of allyl acetate
as the initial step in a MIV-mediated pathway.10

We report here the identification, via gas-phase and DFT
studies, of the same organic transformation where phen is
replaced by an anionic enolate bidentate group. Interestingly, in
this case, the mechanism proceeds via oxidative addition of allyl
acetate to [(CH2CO2C,O)M(CH3)]

− forming a MIV
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complex that undergoes reductive elimination to give 1-butene
and [(CH2CO2C,O)M(O2CCH3O,O′)]− (Scheme 2).

■ RESULTS AND DISCUSSION
Ion−Molecule Reactions between 5 and Allyl

Acetate: Products and Reaction Efficiencies. Metal-
lalactones [(CH2CO2C,O)M(O2CCH3O,O′)]− (M = Ni
(4a), Pd (4b)) were generated under soft electrospray
conditions (source voltage ∼2.3−2.9 kV) from solutions of
the MII acetates in methanol:water (3:1) solutions containing
0.5% acetic acid. The anions (4) were mass selected within the
linear ion trap mass spectrometer and decarboxylated via CID
to form the reactive organometallic anions [(CH2CO2

C,O)M(CH3)]
− (M = Ni (5a), Pd (5b)). Ion−molecule

reactions between mass selected 5 and allyl acetate gives rise to
a range of ionic products (Figure 1), including the reformation
of 4 via a C−C coupling reaction to give 1-butene.9

The reacting ion is the most intense peak (m/z 131 (5a), 179
(5b)), even after exposure to high concentrations of allyl
acetate indicating that the reactions of 5 with allyl acetate are
slow in the gas phase. Quantitative kinetic experiments
(Supporting Information Table S1) confirm that under
effectively identical conditions the nickel complex reacts more
quickly than the analogous palladium complex: 5a is consumed
nearly an order of magnitude faster (reaction efficiency of
0.14%) than 5b (reaction efficiency of 0.024%).11

Most interestingly, the observed ions 6a and 6b have an m/z
value appropriate for MII intermediates analogous to 2 in
Scheme 1 or the isomeric MIV intermediates [(CH2CO2
C,O)M(CH3)(η

1-CH2CHCH2)(O2CCH3O,O′)]− (M
= Ni (6a), Pd (6b)). These intermediates are detected in
very low abundance for both metal systems. The relative low
abundance of these ions can be explained by examining the
other observed product signals, which are all indicative of
subsequent decomposition processes from the initially formed
MII (cf 2, 3) or octahedral MIV intermediate (6). It is important
to note that some of the observed products can only be readily
envisaged as arising from an MIV species. Specifically, metal
containing anions corresponding to loss of CO2, butane or
acetate may be explained as arising from MII intermediates
analogous to 2 or 3, or MIV intermediates; however, loss of
[CH2CHCH2]

• or metal-containing anions indicating the loss

Scheme 1. Gas-Phase and DFT Study of the Reaction of the
Ion−Molecule Reaction of Allyl Acetate with
[(phen)M(CH3)]

+ (M = Ni (1a), Pd (1b)).4

Scheme 2. Mechanism for the Ion−Molecule Reaction of
Allyl Acetate with [(CH2CO2C,O)M(CH3)]

+ (M = Ni
(5a), Pd (5b)) Involving MIV Intermediates (6) To Give 1-
Butene and 4, and CID of 4 To Eliminate CO2 and Return to
5

Figure 1. Mass spectra showing ion−molecule reactions between allyl
acetate (6 × 1010 molecule/cm3) and [(CH2CO2C,O)M(CH3)]

−;
(a) M = Ni (5a) (m/z 131) giving intermediate 6a (m/z 231) and
final product 4a (m/z 175); (b) M = Pd (5b, m/z 179) giving 6b (m/z
279) and 4b (m/z 223). Reaction time is 10 s.
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of CH3
•, cyclopropene, or CH3CO2CH3 necessitate the

intermediacy of a MIV species (Scheme 3). An examination of

Figure 1 together with a detailed branching ratio analysis
(Table S2) for the anions resulting from these seven
decomposition routes indicate that formation of 1-butene12

and 4 is the dominant product pathway, in particular for
palladium. Finally, after the ion−molecule reaction, subjecting
the isolated product ions 4 to CID results in elimination of
CO2 to reform 5 (Supporting Information Figure S2).
DFT Studies on Mechanisms for Allylic Alkylation of 5

by Allyl Acetate. In the gas phase, the ions 1 or 5 and allyl
acetate are attracted to each other by ion−dipole and ion-
induced-dipole forces to form the initial complexes 2 and 6.
About 15−20 kcal/mol of energy is typically released in
forming the new bonds in these complexes, which is converted
into internal energy. The resultant energized complexes can
either decompose back to reactants, or if the barrier heights for
subsequent reactions are less than the available energy of the
energized complexes 2 and 6, they can proceed to form new
products.13 In DFT studies for the reaction of [(phen)M-
(CH3)]

+ (1) with allyl acetate we reported that barriers (ΔH,
relative to the separated reactants) for the oxidative addition/
reductive elimination (OA/RE) steps computed as −4.4/+4.7
and −3.9/−4.5 kcal/mol for M = Pd and Ni, respectively,
compared with −25.0 and −25.4 kcal/mol for the insertion step
(Scheme 1).4 Because the OA/RE transition structures were
substantially higher in energy than the insertion transition
structures, the MII pathway is likely to operate.
In commencing our analogous DFT studies of the present

system, we note that, for three-coordinate complexes
[(CH2CO2C,O)M(CH3)]

− (5), we expect a T-shaped
geometry14 with the strongly donating methyl group to be cis
to the enolate carbon (5) rather than trans to the strongly
donating enolate carbon (5′). Calculations show that 5′ do not
correspond to local minima, that is, attempted optimization
leads to 5, but that coordination of allyl acetate allows both cis
and trans isomers of 5′ to be located (Scheme 4).
Each isomer forms three potential linkage isomers: two O-

bound and one more stable η2-π bound (5π_sub, 5O1_sub,
5O2_sub), together with the transition structure for isomer-
ization of the π complex (5_TSiso), illustrated in Figure 2. All of
the cis-linkage isomers are computed to be much lower in
energy than the trans-linkage isomers, for example, 22.9 kcal/

mol for the O-bound palladium isomers. However, this energy
difference is reduced to 9.9 kcal/mol for the palladium π
isomer, where the higher energy isomer, which is more
electron-rich at the metal center, benefits from the π-accepting
ability of the alkene group. This fact is supported by the longer
CC bond distance in 5b′π_sub (1.403 Å) than in 5bπ_sub
(1.366 Å) as well as the shorter Pd−alkene bond distances in
5b′π_sub (2.163 and 2.138 Å) than in 5bπ_sub (2.315 and
2.346 Å).
The formation of 1-butene through MII and MIV pathways

were investigated for both geometrical isomers (Figure 2). The
ions 5_TSins and 5′_TSins are designated for transition
structures of insertion of the alkene into the MII−Me bond
of 5_sub and 5′_sub, respectively. Figure 2 shows that, for both
Ni and Pd systems the most stable transition structures,
oxidative addition to 515 and reductive elimination (6_TSred‑el),
all lie below other vital transition structures indicating that the
oxidative addition/reductive elimination mechanism for the cis
isomer is energetically more favorable. Indeed, due to the
overall charge of −1 and the presence of two alkyl groups, the
metal occupied d orbitals (particularly dz

2) in 5a and 5b are
considerably destabilized, resulting in more facile oxidative
addition; the electron transfer from dz

2 to the CC π* orbital
is the key interaction leading to oxidative addition of allyl
acetate to MII. The energies of the HOMO (mainly dz

2) in 5a/
5b are calculated to be −0.66/−1.08 eV, whereas those in 1a/
1b are −10.19/−10.29 eV.
Although the strong σ-donating alkyl groups render the

metal centers more prone to oxidation, they result in the alkene
being weakly coordinated to 5a/5b, and thus all of the
transition structures lie above the reference point (separated
reactants). For the enolate complexes, this accounts for the
slow reaction of 5 with allyl acetate in the gas phase, leading to
low reaction efficiencies, 0.14% (Ni) and 0.024% (Pd). Indeed,
owing to the lower electron affinity of 5a/5b with respect to
1a/1b as evident from the higher lying LUMO in 5a (3.24 eV)/
5b (2.95 eV) than in 1a (−6.30 eV)/1b (−6.55 eV), the
enolate complexes are less susceptible to coordination.
Alkene insertion via transition structure 5_TSins is an

unfavorable process because this reaction affords an inter-
mediate in which two strong trans-influencing alkyl ligands
occupy trans positions. Also, the instability of adduct 5′_sub
relative to 5_sub renders all the transition structures connected
to this unstable adduct higher in energy than the transition
structures of oxidative addition to 5. The activation barriers for
oxidative addition and reductive elimination are lower for
nickel, accounting for the higher reactivity of 5a (reaction
efficiency = 0.14%) compared to 5b (reaction efficiency =

Scheme 3. Observed Ionic Products of Gas-Phase Ion−
Molecule Reactions of Allyl Acetate with [(CH2CO2
C,O)M(CH3)]

− (M = Ni (5a), Pd (5b)), Where the MIV

Intermediates (6) Decompose Predominantly via Loss of 1-
Butene

Scheme 4. DFT Exploration of Isomers of Reagents 5 When
Coordinated by Allyl Acetate Substrate, sub, Isomerization
π-Coordinated Allyl Acetate (5_TSiso), and Overview of
Pathways Examined for Formation of 1-Butene
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0.024%). Finally, we also investigated a transition structure for
the palladium case in which, from 5bO1_sub, a direct coupling

between C(allyl) and C(methyl) leads to formation of final
product. We found that this transition structure, with a relative
Gibbs energy of 48.5 kcal/mol, is much higher in energy than
all other transition structures.
On a final note, due to the DFT calculated lower energy of

5bO2_TSox‑add as compared to 6b_TSred‑el, the PdIV

intermediate 6b could be anticipated to be more readily
trapped experimentally. A plausible explanation for the low
abundance of the intermediate 6b may be due to the normal
errors associated with DFT calculations.16

■ CONCLUSIONS

In conclusion, we find that on the basis of both gas-phase and
DFT studies, [(CH2CO2−C,O)M(CH3)]

− (M = Ni (5a), Pd
(5b)) react with allyl acetate under mass spectrometry
conditions via MIV intermediates (Scheme 2) to give 1-butene.
In contrast, [(phen)M(CH3)]

+ reacts via PdII species to give
the same organic product (Scheme 1). Consistent with
established organopalladium(IV) chemistry, and emerging
organonickel(IV) chemistry pioneered by Klein17 and
Sanford,1a,b the difference in mechanism can be attributed to
the higher donor ability of the enolate ligand in the anionic
reagents favoring the formation of higher oxidation state species
via concerted oxidative addition mechanism.18 We view the
results reported herein as providing timely support for the
exploration of roles for NiIV in organic synthesis and catalysis.

■ EXPERIMENTAL SECTION

Mass Spectrometry Experiments. In order to allow
direct comparisons, gas-phase ion−molecule reactions were
conducted in a similar manner to those reported for the
reactivity studies of [(phen)M(CH3)]

+.4 Briefly, palladium(II)
acetate or nickel(II) acetate tetrahydrate were dissolved in
methanol:water (3:1) containing 0.5% acetic acid to give a 0.5−
1.0 mM solution. The solution was transferred via syringe
pump operating at 5−10 μL min−1 to the electrospray source of
a Finnigan LTQ FT hybrid linear ion trap (Finnigan, Bremen,
Germany) previously modified to allow the introduction of
neutral reagents into the ion trap.19 Typical ESI, CID, and IMR
conditions used are given in the Supporting Information.

DFT Calculations. Gaussian 0920 was used to fully optimize
all the structures reported in this paper at the B3LYP-D3BJ
level of theory. The effective-core potential of Hay and Wadt
with a double-ξ valence basis set (LANL2DZ) was chosen to
describe Ni and Pd. The 6-31G(d) basis set was used for other
atoms. Polarization functions were also added for Ni (ξf =
3.130) and Pd (ξf = 1.472). This basis set combination will be
referred to as BS1. Frequency calculations were carried out at
the same level of theory as those for the structural optimization.
Transition structures were located using the Berny algorithm.
Intrinsic reaction coordinate (IRC) calculations were used to
confirm the connectivity between transition structures and
minima. To further refine the energies obtained from the
B3LYP-D3BJ/BS1 calculations, we carried out single-point
energy calculations for all of the structures with a larger basis
set (BS2). BS2 utilizes the def2-TZVP basis set on all atoms.
Effective core potentials including scalar relativistic effects were
used for palladium atom
To estimate the corresponding enthalpy, ΔH, and Gibbs

energies, ΔG, the corrections were calculated at the B3LYP-
D3BJ/BS1 level using the conditions of T = 298.15 K; P = 2 ×
10−3 Torr, which reflect the operating conditions of the ion trap

Figure 2. Computed energy profiles for the reaction of [(CH2CO2−
C,O)M(CH3)]

− (5) with allyl acetate via MIV intermediates to form 1-
butene and [(CH2CO2−C,O)M(CH3CO2−O,O′)]− (4). (a) M = Ni;
and (b) M = Pd. Computation for the transition structure for
isomerization of the π-complex of 5 (5_TSiso), a high energy MIV

transition structure for isomer 5′ (5′π_TSox‑add) and for the MII

pathway (5_TSins, 5′_TSins) are also shown. Energies ΔG (ΔH) are in
kcal/mol. Calculations were carried out at the B3LYP-D3BJ level of
theory using the basis sets described in the Experimental Section.
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(T ≈ 298 K; P ≈ 2 × 10−3 Torr)21 and finally added to the
single-point energies. We have used the corrected enthalpy and
Gibbs free energies obtained from the B3LYP-D3BJ/BS2//
B3LYP-D3BJ/BS1 calculations throughout the paper unless
otherwise stated.
Minimum energy crossing points (MECPs) between closed-

shell singlet and triplet states were located using the code of
Harvey et al.22 and used to estimate the reaction barrier of the
radical mechanism (Supporting Information Figure S3).18

Because the MECPs do not correspond to stationary points,
their energies are reported uncorrected.
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