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ABSTRACT: Gas-phase carbon−carbon bond forming reactions, cata-
lyzed by group 10 metal acetate cations [(phen)M(O2CCH3)]

+ (where M
= Ni, Pd or Pt) formed via electrospray ionization of metal acetate
complexes [(phen)M(O2CCH3)2], were examined using an ion trap mass
spectrometer and density functional theory (DFT) calculations. In step 1
of the catalytic cycle, collision induced dissociation (CID) of [(phen)M-
(O2CCH3)]

+ yields the organometallic complex, [(phen)M(CH3)]
+, via

decarboxylation. [(phen)M(CH3)]
+ reacts with allyl acetate via three

competing reactions, with reactivity orders (% reaction efficiencies)
established via kinetic modeling. In step 2a, allylic alkylation occurs to give
1-butene and reform metal acetate, [(phen)M(O2CCH3)]

+, with Ni (36%)
> Pd (28%) > Pt (2%). Adduct formation, [(phen)M(C6H11O2)]

+, occurs
with Pt (24%) > Pd (21%) > Ni(11%). The major losses upon CID on the
adduct, [(phen)M(C6H11O2)]

+, are 1-butene for M = Ni and Pd and
methane for Pt. Loss of methane only occurs for Pt (10%) to give [(phen)Pt(C5H7O2)]

+. The sequences of steps 1 and 2a close
a catalytic cycle for decarboxylative carbon−carbon bond coupling. DFT calculations suggest that carbon−carbon bond
formation occurs via alkene insertion as the initial step for all three metals, without involving higher oxidation states for the metal
centers.

■ INTRODUCTION

The synthesis of complex organic molecules from simpler ones
involves structural transformations that have been classified into
three main groups of reactions: (i) carbon−carbon bond
formation, (ii) oxidation/reduction, and (iii) functional group
transformations.1,2 The use of stoichiometric metal containing
reagents and metal catalysts can play key roles in each of these
classes of reactions.3 Within the context of the 12 principles of
“green chemistry”,4 the hunt continues for the ideal metal
catalyzed reactions that result in C−X bond formation with
excellent atom economy. Thermally induced metal catalyzed
decarboxylation reactions have attracted significant recent
interest because they exhibit excellent atom economy for the
organic substrate, which only produces CO2 as a byproduct,
involve the use of widely available carboxylic acids5 and their
derivatives,6 and are often more selective than thermolysis in
the absence of a metal catalyst. With regards to the latter point,
Tunge has developed Pd catalyzed decarboxylative allylation
reactions (eq 1),7,8 which are more selective than the
competing radical fragmentation pathways that occur under
pyrolysis of allyl carboxylates (e.g., eqs 2−4 for allyl acetate).9

Stoichiometric metal decarboxylation reactions involving the
formation of organometallic intermediates date back to the
pioneering work of Pesci, who reported in 1901 the isolation of
the organomercury derivative formed from decomposition of
phthalic acid (Scheme 1A).10,11 In the 1920s, Whitmore
showed that these organomercury derivatives could be
transformed via reaction with HCl and Br2 (Scheme 1A),12

while Kharasch recognized the potential of using mercury
mediated decarboxylation reactions in the construction of C−C
bonds.13 Thus, thermolysis of isolated organomercury com-
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pounds formed from decarboxylation proceeds via reductive
elimination to yield the C−C coupled product and metallic
mercury (Scheme 1B). The first examples of metal catalyzed
decarboxylative transformations of carboxylic acids include the
copper catalyzed protodecarboxylation of furans (Scheme
1C)14 and decarboxylative coupling reactions reported by
Nilsson (Scheme 1D).15 More recently, the discovery of
palladium catalyzed decarboxylative coupling reactions of aryl
carboxylic acids by Myers16 and Goossen17 have spurred
numerous studies of metal catalyzed decarboxylative coupling
reactions.5

Transition metal catalyzed allylic alkylation reactions have
become important carbon−carbon bond forming methods in
organic synthesis, and there is continued interest in developing
new variants that offer regioselective and enantioselective
control as a result of the operation of different mechanisms.18

Allyl carboxylates have been widely used as substrates in allylic
alkylation reactions, although the R group of resultant
carboxylate is often “wasted”. For example, Sawamura has
developed Pd(II) catalyzed allyl−aryl coupling between allylic
esters and aryl boronic esters.18 Based upon isolation of Pd(II)
complexes from stoichiometric reactions, a mechanism was

Scheme 1. Examples of Stoichiometric and Catalyzed Metal Decarboxylation Reactions Involving the Intermediacy of
Organometallic Species

Scheme 2. Pd Catalyzed Allylation Alkylation Reactions: (A) Pd(II) Catalyzed Allyl-Aryl Coupling between Allylic Esters and
Aryl Boronic Esters18 (L = phen); (B) Pd(0) Catalyzed Decarboxylative Allylation Reactions (eq 1) Involving Decarboxylation
of the Free Carboxylate Anion (L = Ph3P)

20
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proposed (Scheme 2A) in which C−C bond formation involves
coordination of allyl acetate as a conventional η2-alkene (step
2) followed by insertion (step 3) and then β-OAc elimination
(step 4).18a,b,d In contrast, Tunge6,7 and Chruma19 have
developed Pd(0) catalyzed decarboxylative allylation reactions
in which the R group of carboxylate is used (eq 1). Recent
theoretical work suggests a mechanism involving insertion into
the O−C bond to form a π-allyl Pd cation and a free
carboxylate anion (step 1, Scheme 2B), with the free
carboxylate anion undergoing decarboxylation (step 2)
followed by an outer sphere C−C bond coupling reaction
(step 3).20,21

We have been using the powerful combination of multistage
mass spectrometry (MSn) experiments in ion trap mass
spectrometers22 and DFT calculations23 to examine the
formation of organometallic ions via decarboxylation of metal
carboxylate ions24 and their subsequent unimolecular25 and
bimolecular reactions.26 Unimolecular reactions have been
discovered that result in C−C bond formation including
dehydrodecarboxylative coupling of acetate ligands (eq 5) by
the sequential reactions shown in eq 625b and Glaser like
decarboxylative coupling of two alkynoate ligands (eq 7)25c by
the sequential reactions shown in eq 8.
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Stoichiometric C−C bond coupling reactions of coinage
metal organometallic ions with methyl iodide26a,b and allyl
iodide26c,d have been reported, and by changing the leaving
group from iodide, we uncovered catalytic cycles (Scheme 3)

for the decarboxylative coupling of allyl acetate (eq 1, R = CH3)
utilizing dimethyl cuprate, [CH3CuCH3]

−, or the cluster
[CH3Cu2]

+ as the catalyst.26e,f,27 Unlike the decarboxylative
allylation reactions developed by Tunge6,7 and Chruma,19 these
copper catalyzed reactions (Scheme 3) involve the formation of
an organometallic species via decarboxylation (step 1 of

Scheme 3) followed by subsequent C−C bond coupling
(step 2).
We have recently described a catalytic cycle for the gas phase

protodecarboxylation of acetic acid (eq 9 and Scheme 4, where

R = H) that is catalyzed by group 10 organometallics,
[(phen)M(CH3)]

+,28 which are formed by decarboxylation
(eq 10) in competition with loss of an acetate radical (eq 11).29

In the case of Ni, a competing water mediated catalytic cycle
was discovered (cycle 2, Scheme 4), which involves an initial
hydrolysis reaction (eq 12) followed by reaction with acetic
acid (eq 13).

Here we describe a catalytic cycle for the gas phase
decarboxylative allylation of allyl acetate (eq 1, R = CH3)
catalyzed by the same group 10 organometallics. The first step
of both catalytic cycles is decarboxylation (eq 10 and step 1 of
Scheme 4), so here we focus on the allylation reactions of
[(phen)M(CH3)]

+ with allyl acetate (eq 14). Of particular
interest is whether these coupling reactions proceed via
mechanisms involving the formation of metal(IV) intermedi-
ate30 by oxidative addition followed by reductive elimination31

or via an isohypsic mechanism32 within a Pd(II) manifold
related to that proposed by Sawamura (steps 2−4 of Scheme
2a)18 and whether [(phen)Ni(CH3)]

+ undergoes a competing
catalytic cycle for the water catalyzed decomposition of allyl
acetate (eq 15, cycle 2 of Scheme 4, R′ = CH2CHCH2)
proceeding via hydrolysis (eq 12) followed by reaction with
allyl actetate (eq 16).

Scheme 3. Copper Catalyzed Decarboxylative Allylation of
Allyl Acetate (eq 1) Involving Formation of the
Organocopper Intermediate26e,f

Scheme 4. Competing Catalytic Cycles for
Protodecarboxylation, R = H (eq 9), and Decarboxylative
Allylation of Allyl Acetate, R = CH2CHCH2 (eq 1, R =
CH3)

a

aIn the case of acetic acid, the outcome of cycles 1 and 2 is equivalent
(eq 9). In the case of allyl acetate, cycle 2 is a competing catalytic cycle
for the water catalyzed decomposition of allyl acetate (eq 15).
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■ RESULTS AND DISCUSSION
The organometallic complexes [(phen)M(CH3)]

+ were gen-
erated in the gas phase in a series of MS2 experiments via
decarboxylation of the acetate complexes [(phen)M-
(O2CCH3)]

+ under conditions of collision-induced dissociation
(CID). This process has been described in detail previously,28

so the focus herein is on establishing whether [(phen)M-
(CH3)]

+ reacts with allyl acetate via allylation (eq 14 and step
2a of Scheme 4).
Gas Phase Ion−Molecule Reactions of [(phen)M-

(CH3)]
+ with Allyl Acetate. The organometallic cations

[(phen)M(CH3)]
+, 4, were mass selected in a series of MS3

experiments and allowed to undergo ion−molecule reactions
with allyl acetate introduced into the LTQ mass spectrometer
(Figure 1). Product ion assignments were confirmed by high-
resolution mass spectrometry experiments (Supporting In-
formation, Table S1), as well as by using the deuterium labeled
analogue [(phen)M(CD3)]

+ (Supporting Information, Figure
S1).33 Each of the organometallic ions [(phen)M(CH3)]

+

reacted with allyl acetate to regenerate the carboxylate, (eq
14) completing a catalytic cycle for the decarboxylative

formation of 1-butene via carbon−carbon bond formation
(eq 1, where R = CH3).
The major product formed via reaction between [(phen)Ni-

(CH3)]
+ (m/z 253, Figure 1a) and allyl acetate is [(phen)Ni-

(O2CCH3)]
+ (m/z 297, eq 14). Formation of the adduct

[(phen)Ni(C6H11O2)]
+ (m/z 353, eq 17) is also observed, and

the structure of this adduct was interrogated via CID as
discussed below. The hydrolysis product [(phen)Ni(OH)]+

(m/z 255, eq 12) and the water adduct [(phen)Ni(CH3)-
(H2O)]

+ (m/z 271, eq 18) are both minor products that arise
from the presence of adventitious water and have been
previously examined in detail.34

+

→

+

+

[(phen)M(CH )] CH CO CH CH CH

[(phen)M(C H O )]
3 3 2 2 2

6 11 2 (17)

+ →+ +[(phen)M(CH )] H O [(phen)M(CH )(H O)]3 2 3 2
(18)

The main products in the reaction of [(phen)Pd(CH3)]
+

with allyl acetate (m/z 301, Figure 1b) are the carboxylate,
[(phen)Pd(O2CCH3)]

+ (m/z 345, eq 14), as well as the adduct
[(phen)Pd(C6H11O2)]

+ (m/z 401, eq 17). A minor product
arising from addition of water to form [(phen)Pd(CH3)-
(H2O)]

+ (m/z 319, eq 18) is also detected.34

The reaction of [(phen)Pt(CH3)]
+ (m/z 390, Figure 1c)

with allyl acetate gives a richer spectrum. In contrast to the
nickel and palladium cases, the carboxylate ion, [(phen)Pt-
(O2CCH3)]

+ (m/z 434, eq 14), is a minor product. The most
abundant products arise from addition of allyl acetate to
generate [(phen)Pt(C6H11O2)]

+ (m/z 490, eq 17) and loss of
methane from the adduct to give the ion [(phen)Pt(C5H7O2)]

+

(m/z 474, eq 19), a reaction that is unique to platinum. There
are two possible structures for this ion which depend on the site
of H loss from allylacetate: the metal enolate complex,

Figure 1. LTQ-FT-ICR MS3 spectra of ion−molecule reactions of mass selected organometallic ions with allyl acetate (∼5 × 109 molecules/cm3) for
a period of 100 ms in the linear ion trap: (a) [(phen)58Ni(CH3)]

+; (b) [(phen)106Pd(CH3)]
+; (c) [(phen)195Pt(CH3)]

+. The mass selected
organometallic ions are denoted by ∗, # represents the product of hydrolysis for [(phen)M(CH3)]

+, ∧ represents the product formed via addition of
water to [(phen)M(CH3)]

+, & represents the product formed via addition of N2 to [(phen)M(CH3)]
+. % represents the product

[(phen)Pt(C5H7O2)]
+ formed via loss of methane from the adduct.
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[(phen)Pt(CH2CO2CH2CHCH2)]
+,35 or the allyl complex,

[(phen)Pt(CH2CHCHO2CCH3)]
+.36 Reactions with adventi-

tious neutrals, which have been previously described,34a include
addition of water, [(phen)Pt(CH3)(H2O)]

+ (m/z 408, eq 18),
hydrolysis, [(phen)Pt(OH)]+ (m/z 392, eq 12), and addition
of N2 to yield [(phen)Pt(CH3)(N2)]

+ (m/z 418, eq 20).

+

→ +

+

+

[(phen)M(CH )] CH CO CH CH CH

[(phen)M(C H O )] CH
3 3 2 2 2

5 7 2 4 (19)

+ →+ +[(phen)M(CH )] N [(phen)M(CH )(N )]3 2 3 2
(20)

Isotope labeling was used to establish the reaction channels.
Reaction of [(phen)M(CD3)]

+ with allyl acetate (Supporting
Information, Figures S1) and of [(phen)M(CH3)]

+ and
[(phen)M(CD3)]

+ with the two deuterium labeled allyl
acetates, CD3CO2CH2CHCH2 (Supporting Information,
Figures S2 and S3) and CH3CO2CD2CHCH2 (Supporting
Information, Figures S4 and S5) allowed us to (i) confirm that
the acetate in the product complex, [(phen)M(O2CCH3)]

+,
comes from the allyl acetate, (ii) establish that methane loss (eq
19) can operate by both mechanisms, with deuterium isotope
effects favoring the formation of the allyl complex, [(phen)Pt-
(CH2CHCHO2CCD3)]

+ (m/z 477) , in the case
CD3CO2CH2CHCH2 (Supporting Information, Figures S2
and S3) and the metal enolate complex, [(phen)Pt-
(CH2CO2CD2CHCH2)]

+ (m/z 476), in the case
CH3CO2CD2CHCH2 (Supporting Information, Figures S4
and S5).
CID of the Adducts. The fact that adduct formation (eq

17) is observed in all cases raises an interesting question: what
are the structures of these adducts?37 A number of scenarios are
possible, including that they are (i) reactant association
complexes formed between the organometallic ion and allyl
acetate, [(phen)M(CH3)(CH3CO2C3H5)]

+, that have failed to
go on to C−C bond formation, (ii) intermediates (cf.
complexes formed from steps 2 and 3 of Scheme 2A) along

the C−C bond formation pathway that have been trapped via
collisional cooling by the helium bath gas, or (iii) product
association complexes between the metal acetate complexes
and 1-butene, [(phen)M(O2CCH3)(C4H8)]

+. In order to
further interrogate the structures of these [(phen)M-
(C6H11O2)]

+ complexes, they were mass-selected and subjected
to CID in a series of MS4 experiments (Figure 2).38 The
dominant product for the Ni and Pd complexes arises from loss
of 1-butene (eq 21). In addition for Pd, a minor channel arises
from loss of acetic acid (eq 22). The observation of these two
product channels suggest that they arise from a common
intermediate, which corresponds to the product association
complex, [(phen)M(O2CCH3)(C4H8)]

+, or an intermediate
along the pathway to C−C bond coupling. In the case of Pt,
loss of 1-butene (eq 21) and acetic acid (eq 22) are minor,
while loss of methane (eq 23) is the major reaction channel.
This suggests that the Pt complex is a mixture of the reactant
association complex, [(phen)Pt(CH3)(CH3CO2C3H5)]

+, and
the product association complex, [(phen)Pt(O2CCH3)-
(C4H8)]

+.

Formation of “Off Cycle” Byproducts: Reactions of
[(phen)Ni(OH)]+and [(phen)M]+• (M = Ni and Pd) with
Allyl Acetate. A competing product in the first stage of CID is
the radical cation, [(phen)M]+• (M = Ni and Pd), which is
formed via bond homolysis (eq 11). In addition, the
organometallic ions [(phen)M(CH3)]

+, 4, can react with
background water to form the hydroxide (eq 12), a reaction
that can close a competing second cycle (cycle 2 of Scheme 4),
especially in the case of Ni. Thus, it was of interest to examine
the reactions of mass selected [(phen)M]+• (M = Ni and Pd)

Figure 2. LTQ-FT-ICR MS4 spectra of mass selected ions undergoing CID at a normalized collision energy of 25 (arbitrary units) in the linear ion
trap: (a) [(phen)58Ni(CH3)(CH3CO2C3H5)]

+; (b) [(phen)106Pd(CH3)(CH3CO2C3H5)]
+; (c) [(phen)195Pt(CH3)(CH3CO2C3H5)]

+. The mass
selected precursor ions are denoted by ∗, @ represents the product arising from loss of acetic acid (eq 22).
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and [(phen)Ni(OH)]+ with allyl acetate since these could lead
to the formation of “off cycle” byproducts.
The main product of the reaction of [(phen)Ni(OH)]+ with

allyl acetate is the adduct (eq 24), while only a trace amount of
the acetate (eq 16) is formed (Supporting Information, Figure
S6a). Mass selection of the adduct followed by CID mainly
regenerates [(phen)Ni(OH)]+ (Supporting Information, Fig-
ure S6b), which is indicative of the reactant association complex
[(phen)Ni(OH)(CH3CO2C3H5)]

+ (eq 25), although a minor
amount of the acetate is also observed, which likely arises from
the product association complex, [(phen)Ni(O2CCH3)-
(C3H5OH)]

+ (eq 26). These results suggest that step 3 of
cycle 2 is inefficient.

+

→

+

+

[(phen)Ni(OH)] CH CO CH CH CH

[(phen)Ni(C H O )]
3 2 2 2

5 9 3 (24)

→ +

+

+

[(phen)Ni(OH)(CH CO C H )]

[(phen)Ni(OH)] CH CO C H
3 2 3 5

3 2 3 5 (25)

→ +

+

+

[(phen)Ni(O CCH )(C H OH)]

[(phen)Ni(O CCH )] C H OH
2 3 3 5

2 3 3 5 (26)

The radical cations [(phen)M]+• (M = Ni and Pd) react with
allyl acetate via adduct formation (eq 27) and to regenerate the
acetate via loss of an allyl radical (eq 28; Supporting
Information, Figure S7). CID of the adduct leads to allyl
radical loss (eq 29), as well as regeneration of [(phen)M]+• (eq
30; Supporting Information, Figure S8). Reactions 11 and 28
thus close a catalytic cycle for the metal catalyzed radical
induced decomposition of allyl acetate, most likely related to
that observed for pyrolysis (eq 2).9,29

Scheme 5. Kinetic Model for the Competing Reactions of [(phen)M(CH3)]
+ Used To Extract Kinetic Data for the Formation of

the Collisionally Stabilized Adduct, [(phen)M(CH3)(C3H5O2CC3H5)]
+, the Product Arising from CH4 Loss,

[(phen)M(C5H7O2)]
+, and the Carbon−Carbon Bond Formation Product, [(phen)M(O2CCH3)]

+a

aNote that adduct formation (eq 17) was found to be irreversible.
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Extraction of kinetic Data for the C−C Bond Coupling
Reaction via Modeling of the Kinetics Associated with
Competing Reaction Pathways. The reactivity orders of
[(phen)M(CH3)]

+ toward allyl acetate were established via
kinetic measurements in which the [(phen)M(CH3)]

+ ions
were isolated within the ion trap for varying periods of time in
the presence of a known concentration of allyl acetate. Due to
the occurrence of multiple competing (i.e., eqs 12, 14, 17, 18,
19, and 20) and sequential reactions (e.g., eqs 12 and 16)
within the ion trap, the extraction of rate constants for the
primary reactions of [(phen)M(CH3)]

+ with allyl acetate alone
is nontrivial. To help establish which secondary reactions are
important, additional MS4 experiments were performed in
which the primary product ions [(phen)M(OH)]+, [(phen)-
M(CH3)(H2O)]

+, and [(phen)M(CH3)(N2)]
+ formed via eqs

12, 18, and 20 were mass selected and allowed to undergo
further reaction. While [(phen)Ni(OH)]+ reacts via adduct
formation (eq 24) and C−O bond coupling (eq 16; Supporting
Information, Figure S6), both four-coordinate complexes
[(phen)M(CH3)(H2O)]

+ and [(phen)M(CH3)(N2)]
+ were

unreactive (Supporting Information, Figure S9). This allowed
us to formulate the reaction mechanism (Scheme 5) of all
potentially significant pathways associated with the reaction of
[(phen)M(CH3)]

+ and allyl acetate and background gases in
the ion trap mass spectrometer. A phenomenological kinetic
model was then constructed featuring individual rate constants
for each identified step, and the rate constant values were
determined numerically by fitting experimentally measured
concentration (ion abundances) vs time data for the ions
[(phen)M(CH3)]

+, [(phen)M(O2CCH3)]
+, [(phen)M(CH3)-

(H2O)]
+, [(phen)M(OH)]+, [(phen)M(CH3)(N2)]

+, [(phen)-
M(OH)(H2O)]+, [(phen)M(CH3)(CH3CO2C3H5)]

+, and
[(phen)M(CH3CO2C3H4)]

+ based upon a least-squares
regression. These calculations were performed using the
DynaFit program39 and are similar to other kinetic modeling
efforts described previously.38a The results are summarized in
Table 1 along with the reaction efficiencies determined by
comparison of the experimental rate constants to the
theoretical ADO rate constants as determined using the
program Colrate.40−42

DFT Calculated Mechanisms for Reaction of[(phen)-
M(CH3)]

+with Allyl Acetate. Potential mechanisms for
carbon−carbon bond formation (eq 14) between [(phen)M-
(CH3)]

+ and allyl acetate and formation of the enolate (eq 19)
were explored using DFT calculations.43

Mechanisms for Carbon−Carbon Bond Formation. Two
different general mechanisms were examined for carbon−
carbon bond formation with initial interactions involving
oxidation of the metal center44 or alkene insertion18 because
these are observed protocols with other reagents in the
organometallic chemistry of these metals. Six mechanisms for
oxidation were explored, summarized in Figure 3 showing three
precursor species (2_M, 5_M, 7_M) and the transition
structures arising from them. The lowest energy process is
shown in detail in Figure 4b for Pd.
Two mechanisms were explored, oxidative addition followed

by reductive elimination (Figure 4a) and insertion, followed by
a β-OAc elimination pathway,45 leading to Markovnikov and
anti-Markovnikov products, and as anticipated, the former
occurs with a lower energy requirement and is shown in Figure
4b for Pd. All higher energy mechanisms are described in detail
in Supporting Information (Supporting Information, Figures
S15−S17). The manifolds shown for palladium in Figure 4 are

similar to those for nickel (Supporting Information, Figures
S10−S14) and platinum (Supporting Information, Figures
S18−S21), although they indicate a possibly different outcome
for platinum compared with nickel and palladium.
For all three metals, insertion followed by a β-OAc-

elimination pathway is favored over oxidative addition followed

Table 1. Rate Constants (kexpt) and Efficiencies (φ) for the
Reaction of [(phen)M(CH3)]

+ with Allyl Acetate

reactants products
eq
no. kexpt

a
φc

(%)

[(phen)Ni(CH3)]
+

+ CH3CO2C3H5

[(phen)Ni(O2CCH3)]
+

+ C4H8

14 9.51 × 10−10 36

[(phen)Ni(CH3)
(CH3CO2C3H5)]

+
17 3.03 × 10−10 11

[(phen)
Ni(CH3CO2C3H4)]

+

+CH4

23 b

[(phen)Pd(CH3)]
+

+ CH3CO2C3H5

[(phen)Pd(O2CCH3)]
+

+ C4H8

14 7.11 × 10−10 28

[(phen)Pd(CH3)
(CH3CO2C3H5)]

+
17 5.41 × 10−10 21

[(phen)
Pd(CH3CO2C3H4)]

+

+CH4

23 b

[(phen)Pt(CH3)]
+

+ CH3CO2C3H5

[(phen)Pt(O2CCH3)]
+

+ C4H8

14 3.88 × 10−11 2

[(phen)Pt(CH3)
(CH3CO2C3H5)]

+
17 6.06 × 10−10 24

[(phen)
Pt(CH3CO2C3H4)]

+

+CH4

23 2.32 × 10−10 10

aThe collision rate was calculated using the theory of Su and Bowers40

using the program COLRATE.41 Errors are conservatively estimated as
±25%. The numbers listed represent the average of 3 runs. bModeling
suggests that the rate is negligible. cReaction efficiency (φ) = kexpt/
kADO × 100.

Figure 3. Overview of the six mechanisms explored for oxidative
addition of allyl acetate to [(phen)M(CH3)]

+ (M = Ni, Pd, Pt). For all
three metals, the lowest energy process is via transition structure
4TS_M, noting that 2_M is the lowest energy structure for the three
potential precursors shown here.
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by reductive elimination (Table S2 and Supporting Informa-
tion, Figures S10−S21).
In addition to the lowest energy potential oxidative pathway,

the structure of the simple allyl acetate complex (2-Pd) is also
shown in Figure 4a in view of its role in the more favorable
insertion process (Figure 4b).46 In the oxidative process,
addition of allyl acetate to [(phen)Pd(CH3)]

+ (1_Pd) gives the
O-coordinated [(phen)Pd(CH3)(CH3CO2C3H5)]

+ (5_Pd),

endergonically favored (ΔG −17.8 kcal mol−1). However, the
energy of subsequent key transition states is above that of the
separated reactants for both oxidative addition pathways shown
here, in particular 5TS_Pd to form the PdIV complex 6_Pd, and
reductive elimination from this via 6TS_Pd. Accordingly, the
reaction is not expected to occur via this mechanism under the
near thermal conditions of the ion trap;47 thus although the
details of this oxidative mechanism and others were explored

Figure 4. Results of DFT calculations at the M06/SDD6-31+G(d) level of theory. Plot of the potential energy diagram for the reaction of the
complex [(phen)Pd(CH3)]

+ with allyl acetate via (a) oxidative addition followed by reductive elimination or (b) an insertion reaction. Energies ΔG
(ΔE) are given in kcal mol−1.
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(Supporting Information, Figures S15−S17, S22), they are not
discussed in detail.
In contrast, in Figure 4b the addition of allyl acetate as a

conventional η2-alkene donor in [(phen)Pd(CH3)]
+ (1_Pd) is

more favorable (25.4 vs 17.8 kcal mol−1 below the energy of the
separated reactants).48 All subsequent steps are also below the
energy of the reactants. Insertion proceeds via transition
structure 10TS_Pd, conforming to the normal structure
expected for insertion to give 9_Pd containing an agostic
interaction. A facile isomerization process then occurs via

11TS_Pd to give 10_Pd, which is finally followed by β-OAc
elimination via 12TS_Pd.45 This insertion mechanism is similar
to that proposed by Sawamura for the reaction of [(phen)Pd-
(Ar)]+ with allyl acetates18 and is the most likely pathway for
the carbon−carbon bond formation reaction (eq 7). This same
mechanism is also predicted to occur for the reaction of allyl
acetate with [(phen)Ni(CH3)]

+ (−8.0 kcal mol−1) and
[(phen)Pt(CH3)]

+ (−8.2 kcal mol−1).
The Case of Pt: Competing Mechanisms for CH4 Loss and

Relationship to C−C Bond Coupling. Two different general

Figure 5. Results of DFT calculations at the M06/SDD6-31+G(d) level of theory. Plot of the potential energy diagram for the reaction of the
complex [(phen)Pt(CH3)]

+ with allyl acetate via (a) loss of CH4 involving enolate formation (left) or allyl complex formation (right) or (b) C−C
bond coupling via the insertion reaction. Energies ΔG (ΔE) are given in kcal mol−1.
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mechanisms were examined for C−H activation of allyl acetate
via addition with loss of CH4 (eq 19): formation of the enolate,
23_Pt (Figure 5a, left),35 or the allyl complex, 19_Pt (Figure
5a, right).36,49 Both mechanisms proceed via insertion into a
C−H bond to give the Pt(IV) complexes 21_Pt (Figure 5a,
left) and 17_Pt (Figure 5a, right). Both reactions are
exothermic overall. The enolate pathway has a slight kinetic
barrier (16_TS and 17_TS, 5.6 and 2.1 kcal mol−1

respectively). The deuterium labeling experiments, however,
showed that the loss of methane can occur with loss of a
hydrogen from the allyl group from the adduct to give
[(phen)Pt(CH2CHCHO2CCD3)]

+ (Supporting Information,
Figures S2 and S3) or from the acetyl group to give
[(phen)Pt(CH2CO2CD2CHCH2)]

+ (Supporting Information,
Figures S4 and S5). These experimental results highlight that
the deuterium isotope affects the bond energies and thus directs
CH4 loss from the nonlabeled site. Related CH4 loss via C−H
activation is a high energy process for Ni and Pd (Supporting
Information, Figure S22), consistent with the fact that these
reactions are not observed in the ion−molecule experiments
(Figure 1a,b and Supporting Information, Figures S1−S3).
Inspection of Figure 5a,b, respectively, indicates that for the

two competing pathways, 1_Pt to 19_Pt and 1_Pt to 11_Pt,
the former can be regarded as the thermodynamic pathway and
the latter as the kinetic pathway. Thus, although the initial
intermediate 16_Pt in Figure 5a is at substantially higher
energy than the initial adduct 2_Pt in Figure 5b, it leads to the
thermodynamically preferred product 19_Pt. All species
formed in Figure 5b are lower in energy than 1_Pt, and thus
under the mass spectrometry conditions, the species preferred
kinetically are able to equilibrate leading to 19_Pt.
Comparisons with Previously Reported Decarboxyla-

tive Allylation Reactions of Allyl Acetate Catalyzed by
Organometallic Ions in the Gas Phase. We have now
described the decarboxylative allylation reactions of allyl acetate
catalyzed by three different classes of organometallic ions: (1)
the dimethyl cuprate anion, [CH3CuCH3]

−;26e (2) the clusters
[CH3M1M2]+ (M1 = M2 = any combination of Ag and Cu);26f

(3) the group 10 organometallic complexes, [(phen)M(CH3)]
+

(this work). Table 2 summarizes these C−C coupling reactions.
[CH3CuCH3]

− is formed in high yield via CID, consistent
with it having the lowest decarboxylation barrier.25a It reacts
with allyl acetate via several competing channels26e including
C−C cross-coupling reactions, which is the most favored
channel (Table 2, 81% yield), generating the product ion
[CH3CO2CuCH3]

−, and thus completing a catalytic cycle.
However, the rate of the reaction was slow (11 × 10−13 cm3·
molecules−1·s−1) with reaction efficiency of only 0.032%. The

lowest energy path found from DFT calculations involves
stepwise π-oxidative addition proceeding via an η2-
(C3H5O2CCH3) intermediate with extrusion of the acetate
leaving group, followed by a reductive elimination where the
acetate is recomplexed to the copper center.26e

All of the bimetallic systems [CH3M1M2]+ are formed upon
decarboxylation, although the yield of [CH3Cu2]

+ is highest
(83.3%). The allylic alkylation reactions of the bimetallic
systems [CH3M1M2]+ with allyl acetate strongly depend on
the nature of the metal. When one or both of the metals (M1
and M2) were silver, the C−C cross-coupling reaction channel
either was very weak (1.2% yield, M1 = Cu and M2 = Ag) or
did not proceed at all (M1 = Ag and M2 = Ag). The dicopper
system ([CH3Cu2]

+)26f appears to have a good efficiency, good
selectivity for the C−C cross-coupling reaction and the ability
to complete a catalytic cycle. DFT calculations suggest that the
most likely mechanism of this reaction involves discrete
oxidative addition and reductive elimination steps, with both
metal centers playing a role in both steps.26f

All of the group 10 organometallic cations [(phen)M-
(CH3)]

+ are formed upon decarboxylation, and all undergo C−
C bond coupling to close a catalytic cycle. In contrast to
[CH3CuCH3]

− and [CH3M1M2]+, these reactions proceed via
insertion followed by β-OAc elimination, which is similar to
that proposed by Sawamura (Scheme 2a).18 Of all the catalysts
studied thus far, the organometallic cations [CH3Cu2]

+ and
[(phen)Pd(CH3)]

+ are the best catalysts for both steps of the
catalytic cycle. [(phen)Ni(CH3)]

+ is also a promising catalyst.

■ CONCLUSIONS

A decarboxylative allylic alkylation carbon−carbon bond
forming catalytic cycle using group 10 metal carboxylates in
the gas phase has been demonstrated. The first step of the
reaction occurs through decarboxylation of [(phen)M-
(O2CCH3)]

+ to form [(phen)M(CH3)]
+, similar to a

previously described protodecarboxylation reaction.26 Mass
spectrometry experiments, kinetic modeling, and DFT
calculations were used to gain insights into the second step
of this catalytic cycle, which involves C−C bond formation (eq
7). Experiments identified three types of products formed in
the reactions of [(phen)M(CH3)]

+ allyl acetate: (i) reformation
of the carboxylate, [(phen)M(O2CCH3)]

+, completing the
carbon−carbon bond formation catalytic cycle, which is the
favored reaction for nickel and palladium; (ii) addition of allyl
acetate to form an adduct [(phen)M(C6H11O2)]

+; (iii) addition
with concomitant loss of methane to form the ion [(phen)-
M(C5H7O2)]

+ for platinum. Rate measurements show that the
organometallic complex most favored to undergo carbon−

Table 2. Summary of Decarboxylativeallylation Reactions of Allylacetate for Different Organometallic Catalysts

decarboxylation (step 1) allylic alkylation (step 2)

catalyst
experimental yield

(%)
DFT calculated activation energy

(kcal mol−1)
experimental reaction efficiency (%) for C−C

bond coupling
mechanism from DFT

calculations

[CH3CuCH3]
− >99a 38.5a 0.032b OA/REb

[CH3Cu2]
+ 83.3c 46.4c 52.7c OA/REc

[CH3CuAg]
+ 20.4c 42.7c 1.2c OA/REc

[CH3Ag2]
+ 44.5c 47.5c 0c OA/REc

[(phen)Ni(CH3)]
+ 87d 45.0d 47e insert./β-OAc elim.f

[(phen)Pd(CH3)]
+ 95d 42.9d 49e insert./β-OAc elim.f

[(phen)Pt(CH3)]
+ 100d 42.7d 2f insert./β-OAc elim.f

aFrom ref 25a. bFrom ref 26e. cFrom ref 26f. dFrom ref 28. eThis work. The efficiency of adduct formation and C−C bond formation are added
together since CID on the adducts yields the C−C bond formation product. fThis work.
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carbon bond formation upon addition of allyl acetate is
[(phen)Ni(CH3)]

+ followed by [(phen)Pd(CH3)]
+ and then

[(phen)Pt(CH3)]
+.

Density functional theory calculations were used to examine
two possible types of mechanisms for C−C bond formation:
(a) oxidative addition, followed by reductive elimination, which
involves changes in the oxidation state of the metal center; (b)
an insertion reaction, which does not involve changes to the
oxidation state of the metal center. For all metals, insertion
mechanisms are predicted to be the most likely pathway for the
C−C bond coupling reaction. It is of interest to consider the
implications for solution phase chemistry of this mass
spectrometric study of gas phase reactions. Similar conclusions
can be drawn for nickel and palladium, in particular the
oxidative process requires energies to reach transition structures
that would be regarded as too high for all three metals (Ni,
33.8; Pd, 35.5; Pt 40.7 kcal mol−1), linked to the positive charge
on the reagent species. For platinum, DFT indicates kinetically
(Figure 5b) and thermodynamically preferred pathways (Figure
5a) in competition for which, under mass spectrometry
conditions, equilibration allows the thermodynamic pathway
to be favored resulting in loss of methane and formation of an
η3-allyl platinum(II) product (Figure 5a). In solution, the
thermodynamic pathway is considered to be inaccessible
because the low energy adduct 2_Pt initially formed by the
reactants (Figure 5b) would require 36.9 kcal mol−1 to reform
the isolated reactants to enter the process resulting in the
thermodynamically preferred products. (Figure 5a).
Finally these gas-phase results coupled with a consideration

of the previously reported cross coupling reactions shown in
Scheme 2 suggest that the following new decarboxylative
coupling reactions should be explored in solution: (i)
[(phen)Pd(O2CAr)]

+ with ArCO2Allyl; (ii) [(phen)Ni-
(O2CAr)]

+ with ArCO2Allyl.

■ EXPERIMENTAL SECTION
Materials. Pd(OAc)2, Ni(OAc)2, K2PtCl4, and 1,10-phenanthroline

were obtained from a chemical supplier (reagent grade). All solvents
were HPLC grade. All purchased materials were used without further
purification. [(phen)Ni(O2CCH3)2],

50 [(phen)Pd(O2CCH3)2],
51 and

[(phen)Pt(O2CCH3)2]
52 were prepared via literature methods and

were characterized by exact mass measurements and examination of
the isotopic pattern of the metal from high resolution mass
spectrometry experiments on the mono acetate cations, [(phen)M-
(O2CCH3)]

+, formed via electrospray ionization in the positive ion
mode (ion assignments available in Supporting Information, Table
S1).
D3 allyl acetate, CD3CO2CH2CHCH2, was prepared by an iron

catalyzed reaction of allyl alcohol with D6 acetic anhydride using a
modified literature procedure.53 Briefly, FePO4 (0.0075g, 0.05 mmol)
was added to a mixture of allyl alcohol (0.058 g, 1.0 mmol) and
deuterated acetic anhydride (0.270g, 2.5 mmol). The mixture was
stirred overnight at room temperature with the product identified by
TLC. CH2Cl2 (15 mL) was added, and the catalyst was filtered off.
The product was neutralized by 15 mL of sodium bicarbonate (10%)
and extracted with CH2Cl2. The organic phase was then dried using
Na2SO4 and evaporated to give the product CD3CO2CH2CHCH2.
1H NMR: (CDCl3, 600 MHz, TMS) δ 5.89 (dd, 1H), 5.30 (d, 1H),
5.21 (d, 1H), 4.54 (d, 2H).
Allyl-1-D2 acetate, CH3CO2CD2CHCH, was prepared using an

adapted literature procedure.53b A mixture of anthracene (4.10 g, 23.0
mmol), methyl acrylate (5.90 g, 68.5 mmol, 6.22 mL), and xylene (100
mL) was stirred under reflux for 50 h. Solvent was removed in vacuo,
and crystallization from pentane at 0 °C led to a light yellow solid
(2.15 g, 8.07 mmol). The solid (5.07 g, 19.0 mmol) was dissolved in
diethyl ether (150 mL), added slowly to a refluxing suspension of

LiAlD4 (1.20 g, 28.5 mmol) in diethyl ether (150 mL), and stirred at
80 °C for 16 h. The reaction was quenched with water and HCl
solution (10%, 50 mL). The metal salt was filtered off, the organic
layer was washed with saturated NaHCO3 solution (2 × 40 mL) and
dried with MgSO4, and solvent was removed in-vacuo to give a pale
yellow solid (4.55 g, 18.9 mmol). The solid (2.65 g, 11.0 mmol) was
dissolved in dichloromethane (60 mL), and pyridine (1.40 g, 17.7
mmol, 1.43 mL) was added. Acetyl chloride (1.06 g, 13.5 mmol, 1.00
mL) in dichloromethane (25 mL) was slowly added at 0 °C, and the
mixture was stirred at room temperature for 12 h. The reaction was
quenched with water. The organic layer was washed with water (40
mL), HCl solution (10%, 40 mL), and saturated NaHCO3 solution
(40 mL) and dried with MgSO4. Solvent was removed in vacuo to give
a white solid (2.87 g, 10.2 mmol). The solid was heated with a bunsen
burner under a vigreux column and an atmosphere of nitrogen gas.
The product, which distilled off, was collected in a liquid nitrogen trap.
Distillation of the product resulted in clear liquid CH3CO2CD2CH
CH (0.458 g, 4.48 mmol). 1H NMR: (CDCl3, 600 MHz, TMS) δ 5.90
(dd, J = 17.1, 10.5 Hz, 1H), 5.31 (d, J = 17.2 Hz, 1H), 5.23 (d, J = 10.4
Hz, 1H), 2.07 (s, 3H).

Mass Spectrometry Experiments. Mass spectrometric experi-
ments were conducted on a Thermo Scientific (Bremen, Germany)
LTQ FT hybrid mass spectrometer consisting of a linear ion trap
(LTQ) coupled to a Fourier-transform ion cyclotron resonance (FT-
ICR) mass spectrometer modified to allow ion−molecule reaction
studies to be undertaken.54 A recent study has demonstrated that
under ion−molecule reaction conditions, collisions with the helium
bath gas quasi-thermalizes the ions to room tempearture.47

The metal acetate complex cations, [(phen)M(O2CCH3)]
+, were

formed via direct electrospray ionization of solutions of the acetates
[(phen)M(O2CCH3)2] in water (∼0.5 mM). The solution was
introduced into the ESI source of the mass spectrometer at a flow
rate of 5 μL/min. ESI conditions used were as follows: spray voltage
4.0 kV; capillary temperature 300 °C; nitrogen sheath gas flow rate ca.
10 arbitrary units. The three coordinate organometallic cations,
[(phen)M(CH3)]

+, were “synthesized” in the gas phase in a MS2

experiment via low-energy collision induced dissociation (CID) of the
mass selected metal carboxylate complex cations, [(phen)M-
(O2CCH3)]

+ in the linear ion trap. The helium bath gas was used
as the collision gas at atmospheric pressure, and the CID conditions
used included the following: a Q value of 0.25; an excitation time of 30
ms, with the normalized collisional energy varied from 0.3 to 1.1 V.
Ion−molecule reactions between the mass selected organometallic
cations, [(phen)M(CH3)]

+, and allyl acetate were carried out in a
series of MS3 experiments with reaction times varying between 1 and
1000 ms. Single isotopes were selected (58Ni, 106Pd, and 195Pt) to allow
for distinction between complexes with similar mass to charge ratios
such as [(phen)60Ni(CH3)]

+ and [(phen)58Ni(OH)]+.
Kinetic Modeling. The kinetics for the reaction between the

organometallic ions of the form[(phen)M(CH3)]
+ and allylacetate

were examined using the LTQ FT hybrid mass spectrometer. Ion−
molecule reaction rate measurements were conducted by isolating the
reactant ion, [(phen)M(CH3)]

+, in a MS3 experiment and then
allowing it to react with allylacetate, similar to previously reported
ion−molecule reactions.28,34 Single isotope peaks were used and three
independent measurements were taken over 3 days. The mass
selection windows and scan mass range were kept constant
throughout. Theoretical rates for the reaction were calculated with
the program COLRATE41 using the average dipole orientation (ADO)
theory of Su and Bowers.40

Theoretical Methods. Geometry optimizations and electronic
energy calculations were performed using the Gaussian 09 molecular
modeling package55 to provide insights into the reactions of the
organometallic cations, [(phen)M(CH3)]

+, with allyl acetate.
Structures of minima and transition states were optimized using the
M06 hybrid functional.56 The M06 functional was used because it
reproduces properties in the Transition Metal Energetics (TME53)
database to within 5.5 kcal mol−1, on average (∼0.24 eV),57 to allow
comparisons to previous work on the reactions of [(phen)M(CH3)]

+

with water34b and acetic acid.28 The Stuttgart Dresden (SDD) basis set
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and effective core potential were used for the nickel, palladium, and
platinum atoms, while the 6-31+G(d) all electron basis set was used
for carbon, nitrogen, oxygen, and hydrogen. All optimized structures
were subjected to vibrational frequency analysis to ensure they
corresponded to true minima (no imaginary frequencies) or transition
states (one imaginary frequency). IRC calculations were performed on
transition states to confirm that minima and transition states
correspond to the same potential energy surface.
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