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ABSTRACT: Copper-mediated allylic substitution reactions are widely used in
organic synthesis, whereas the analogous reactions for silver and gold are
essentially unknown. To unravel why this is the case, the gas-phase reactions of
allyl iodide with the coinage metal dimethylmetallates, [CH3MCH3]

− (M = Cu,
Ag and Au), were examined under the near thermal conditions of an ion trap
mass spectrometer and via electronic structure calculations. [CH3CuCH3]

−

reacted with allyl iodide with a reaction efficiency of 6.6% of the collision rate
to yield: I− (75%); the cross-coupling product, [CH3CuI]

− (24%); and the
homo-coupling product, [C3H5CuI]

− (1%). [CH3AgCH3]
− and [CH3AuCH3]

−

reacted substantially slower (reaction efficiencies of 0.028% and 0.072%). [CH3AgCH3]
− forms I− (19%) and [CH3AgI]

− (81%),
while only I− is formed from [CH3AuCH3]

−. Because the experiments do not detect the neutral product(s) formed, which might
otherwise help identify the mechanisms of reaction, and to rationalize the observed ionic products and reactivity order,
calculations at the B3LYP/def2-QZVP//B3LYP/SDD6-31+G(d) level were conducted on four different mechanisms: (i) SN2;
(ii) SN2′; (iii) oxidative-addition/reductive elimination (OA/RE) via an M(III) η3-allyl intermediate; and (iv) OA/RE via an
M(III) η1-allyl intermediate. For copper, mechanisms (iii) and (iv) are predicted to be competitive. Only the Cu(III) η3-allyl
intermediate undergoes reductive elimination via two different transition states to yield either the cross-coupling or the homo-
coupling products. Their relative barriers are consistent with homo-coupling being a minor pathway. For silver, the kinetically
most probable pathway is the SN2 reaction, consistent with no homo-coupling product, [C3H5AgI]

−, being observed. For gold, no
C−C coupling reaction is kinetically viable. Instead, I− is predicted to be formed along with a stable Au(III) η3-allyl complex.
These results clearly highlight the superiority of organocuprates in allylic substitution reactions.

■ INTRODUCTION
Copper-mediated allylic substitution reactions, Scheme 1, are
both synthetically useful and most interesting from a
mechanistic viewpoint.1 Corey and Posner first reported
stoichiometric reactions between cuprates and allylic substrates
in the late 1960s in their classic exploration of C−C coupling
reactions with Gilman reagents,2 and Rona et al. employed the
reaction for the synthesis of steroid derivatives.3 A major
research front in the past two decades has been the
development of diastereoselective and enantioselective catalytic
variants.1d,e,4 These have been used as key steps in a number of
synthetic applications5 including the synthesis of a butenolide
natural product5a and in the formal synthesis of (−)-naprox-
en.5b

One of the most fascinating aspects of these “allylic
alkylation” reactions is that they exhibit a range of chemo-,
regio-, and stereoselectivities.1 With regards to regioselectivity,
attack by the nucleophilic carbon can occur at the α carbon to

give product 1, or at the γ carbon to give product 2 (Scheme
1).
A key challenge in developing robust and predictable copper-

mediated allylic alkylation reactions is that the relationship
between the copper reagent (e.g., structure, cluster size, nature
of auxiliary ligand (L), overall charge, etc.), the allylic substrate,
and the reaction medium (solvent, counterions etc) is often
poorly understood. Thus, in many synthetic studies, (i) ill-
defined reagents are used, and (ii) only the final organic
product(s) are isolated and characterized. Mechanistic insights
into these reactions have been hard won through the use of
theoretical calculations,6,7 and in rare instances, NMR has been
used to examine the intermediates and products of organo-
cuprate reactions with allylic substrates.8

The generally accepted mechanism for copper-mediated
allylic alkylation reactions is shown in Scheme 2. It involves

Received: July 28, 2011
Published: January 26, 2012

Article

pubs.acs.org/JACS

© 2012 American Chemical Society 2569 dx.doi.org/10.1021/ja2069032 | J. Am. Chem.Soc. 2012, 134, 2569−2580

pubs.acs.org/JACS


oxidative addition of the substrate to the organocuprate
complex, which takes place with anti-stereochemistry. This
oxidative addition may be regioselective depending on the
ligands. For example, if a heterocuprate bearing a less σ-
donating ligand such as CN − is used, then the reaction is γ-
selective.7e Isomerization between η1-allyl intermediates 3 and
3′ at the α- and γ- positions can proceed via the η3-allyl
intermediate, 4 (Scheme 2). If the α- and γ-carbons have
different substituents and are nonequivalent (e.g., R ≠ H in
Scheme 2), reductive elimination will occur to a different extent

at the α- and γ-positions.7a A previous theoretical study has
revealed that the barrier for reductive elimination from the η3-
allyl intermediate 4 is lower than those for the η1-allyl
intermediates 3 and 3′. Thus, 4 is predicted to undergo
reductive elimination more rapidly.7a Indeed, it is now generally
accepted that reductive elimination directly from the η3-allyl
intermediate is the preferred mode of C−C bond couplin-
g.7a,e,8a

Despite the use of stoichiometric, “well-defined” reagents,
organocuprates continue to yield unexpected results. For

Scheme 1. Allylic Alkylation Reactions of Organocopper Complexesa

aL = ligand(s); LG = leaving group.

Scheme 2. Suggested Mechanism of Copper-Mediated Allylic Alkylation Reactions

Scheme 3. Substrate-Directed Outcomes in Reactions of Organocuprates with Allyl Halides: (A) Cross-Coupling versus Homo-
Coupling Products; (B) Formation of CuIII Complexes, η3-Allyl versus Tetramethylcuprate
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example, recent reports have highlighted that the substrate can
control the preferred reaction pathway (Scheme 3). Thus,
Norinder et al. reported that dialkylcuprates react with allyl
iodide via the expected cross-coupling pathway, but that
perfluoro allyl iodide exclusively yields the homo-coupling
product (Scheme 3A).7d More recently, Bartholomew et al.
have used NMR to observe the formation of different types of
Cu(III) intermediates in the reactions of halo-Gilman reagents
with allyl chlorides (Scheme 3B).8 In their experiments when
allyl chloride was used, the η3-allyl intermediate was observed.8a

In contrast, when 2,3-dichloropropene was used, tetramethyl-
cuprate was observed.8b

Although there is widespread interest in silver and gold-
mediated C−C bond-forming reactions,9 remarkably little is
known about their potential in allylic alkylation reactions.10 To
date, there appears to have only been a theoretical report
comparing the reactions of allylic substrates with all three
coinage metal dimethylmetallates.7b It was found that
[CH3AgCH3]

− does not benefit from an allylic π-interaction
as effectively as does [CH3CuCH3]

−, thereby disfavoring
reductive elimination. Because of lower lying 5d-orbitals, such
a π-interaction is completely absent for [CH3AuCH3]

−. Thus,
the silver and gold dimethylmetallates were theoretically
predicted to be less effective reagents for C−C coupling of
allylic substrates as compared to copper.
Gas-phase studies represent a powerful way of uncovering

the intrinsic reactivity of organometallic ions and the
mechanisms of metal-mediated C−C bond-coupling reac-
tions.11−14 There are several benefits from combining the
multistage mass spectrometry (MSn) capabilities of an ion trap
with quantum mechanical calculations.12 These include:

(i) Fundamental reactivity is probed because the complicat-
ing effects of solvent and counterions are absent.

(ii) Gronert’s pioneering studies on the temperature of ions
trapped in an ion trap mass spectrometer without ion
activation have shown that their temperatures are at near
thermal conditions (i.e., room temperature).15 Further-
more, the organometallates [CH3MCH3]

− (where M =
Cu, Ag, and Au) can be isolated and stored in an ion trap
mass spectrometer for 10 s without any decomposition.16

In fact, these ions only undergo fragmentation when
subjected to collisional activation.17,16d This contrasts
with solution, where organocuprates are only stable over
a narrow temperature range (typically well below room
temperature), and can readily undergo decomposition
above these temperatures.18

(iii) The desired ionic organometallic reactant can be
confidently assigned via the unique mass and often-
distinctive isotopic signature of the metal. It can then be
mass-selected using well-established tandem mass
spectrometry-based approaches,19 and its reactivity can
be directly probed by monitoring the changes in its
abundance as well as the formation of ionic products.12

This contrasts with solution, where the reactive species is
generally not easily isolated and characterized. Because
many stoichiometric organometallic reagents are prone
to forming oligomeric species, the relationship between
oligomeric structure and reactivity is often poorly
understood.20,21An even worse scenario can occur for
metal-catalyzed reactions, where trace metal impurities
may be the actual catalysts. Recent examples in metal-
catalyzed cross-coupling reactions have highlighted that

copper impurities may be the reactive catalyst rather than
iron,22 and palladium impurities may be responsible for
gold(I) Sonogashira coupling.23 These important issues
are thus circumvented in gas-phase studies.

(iv) In multistage mass spectrometry experiments, the ionic
reactants are directly linked to the ionic products and
there are no solvent molecules. This narrows the scope of
theoretical calculations to be performed. This contrasts
with theoretical studies based on condensed phase data,
where crystal structures of the organometallic species and
the nature of the isolated organic product(s) are used to
guide theory, and where the role of solvent molecules
needs to be explored.

Previous studies have focused on the gas-phase chemistry of
two classes of organo-coinage ions, both formed via
decarboxylation reactions of appropriate precursor
ions:16,24−26 (i) dimethylmetallates, [CH3MCH3]

− (M = Cu,
Ag, and Au), which are directly related to “Gilman”
reagents;16d,27 and (ii) alkyl metal cluster cations, [CH3M2]

+

(M = Cu and Ag).28 For the anionic systems, dimethylcuprate
was observed to promote carbon−carbon bond formation in
ion−molecule reactions with methyl iodide, while dimethy-
largentate and dimethylaurate did not.16d,27 For the cationic
systems, both [CH3Cu2]

+ and [CH3Ag2]
+ were shown to

undergo carbon−carbon bond formation with allyl iodide.28

Here, a combination of mass spectrometry-based experi-
ments and electronic structure calculations is used to examine
the gas-phase reactivity and mechanisms of coinage metal-
mediated allylic alkylation reactions between dimethylmetal-
lates and allyl iodide.

■ EXPERIMENTAL SECTION
Reagents. Gold(III) acetate was obtained from Alfa Aesar. Allyl

iodide, methyl iodide, sodium bromide, copper(II) acetate, and
silver(I) acetate were obtained from Aldrich. Acetic acid-d4 was
obtained from Cambridge Isotope Laboratories. All chemicals were
used without further purification.

Mass Spectrometry. Ion−molecule reactions were performed on
a modified Finnigan LCQ quadrupole ion trap mass spectrometer
equipped with a Finnigan ESI (electrospray ionization) source, as
previously described.29 Methanolic solutions of metal acetate with
concentrations of 0.5−1.0 mM were injected into the ESI source at a
flow rate of 5 μL/min. The gold(III) acetate methanol solution was
acidified with acetic acid and chilled, but decomposed at a moderate
rate, and therefore dilution followed by immediate electrospray was
required. Typical electrospray source conditions involved needle
potentials of 3.5−4.5 kV and a heated capillary temperature of 180 °C.
Mass selection, collisional activation, and ion−molecule reactions were
carried out using the “advanced scan” function of the LCQ software,
which allows the Q value and the reaction time to be varied. The
neutral substrate allyl iodide was introduced at various concentrations
into the ion trap via the helium inlet line. Rates were measured by
varying the time delay between isolation of the [CH3MCH3]

− (M =
Cu, Ag, and Au) reactant ion and its mass analysis (“reaction delay”,
RD). The decay of [CH3MCH3]

− was monitored over at least six
values of RD. The intensity of the reactant ion was calculated by
integration of its ion count within the mass-selected window. Pseudo
first-order rates were estimated by extrapolation of plots of
−ln([CH3MCH3]

− intensity/total ions) versus RD. Rate constants
were calculated by dividing the pseudo first-order rate coefficient by
the calculated concentration of allyl iodide in the ion trap. The rate
constants reported are the average of at least nine independent
measurements conducted on at least three separate days.30 Standard
deviations in rate constants were typically around 7% for M = Cu, 40%
for M = Ag, and 20% for M = Au, larger for the latter two metals as a
result of much slower reaction rates. A conservative estimate of error is
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±25%, but relative rates are expected to be more accurate due to
cancellation of errors.
Theoretical Calculations. Theoretical calculations were carried

out to provide insights into the bimolecular reactivity of the
dimethylmetallate anions. Gaussian 03,31 utilizing the B3LYP hybrid
functional,32 was used for all geometry optimizations and vibrational
frequency calculations. The Stuttgart Dresden (SDD) basis set and
effective core potential (ECP) were used for the copper, silver, gold,
and iodine atoms, while the 6-31+G(d) all electron basis set was used
for carbon and hydrogen.33 This combination was chosen because (i)
it has been shown to be effective in calculating organometallate
systems while being less demanding than higher levels of ab initio
theory;34 and (ii) to allow comparison with previous work.16d

Optimized B3LYP geometries of the metalate complexes were
previously compared to those determined from X-ray crystallogra-
phy.16b−d,34 There was excellent structural agreement between the
calculated geometries and those determined experimentally.35

All transition state (TS) geometries were characterized by the
presence of a single imaginary frequency, and intrinsic reaction
coordinates (IRC) were examined to ensure smooth connection of
reactants and products.
Single point energies calculated with successively more complete

basis sets (Supporting Information Tables S1−S4) did not alter the
relative ordering of predicted energetic pathways. Energetics presented
were calculated with B3LYP utilizing the Def2-QZVP basis set (C, H =
all electron; Cu, Ag, Au, and I = incl. ECP),36 defined as B3LYP/Def2-
QZVP//B3LYP/SDD6-31+G(d). All quoted relative energies (E0)
include zero-point vibrational energy (unscaled) calculated at the
optimization level, without correction for basis set superposition error.
To assess the robustness of the B3LYP results, key stationary points

were calculated with the M06 functional37a and the B2PLYPD double
hybrid functional37b,c (Supporting Information Tables S6−S17). For
the copper system, the predicted energetic trends are entirely
consistent between all three methods. The energetic results for silver
and gold also are in agreement with the comparative lack of reactivity
of these systems. Discussion of these results is available in the
Supporting Information (p S38).
Visualizations of the molecules appearing in this Article were

created using MacMolPlt.38

Collision rates were calculated via the Average Dipole Orientation
(ADO) theory of Su and Bowers using the COLRATE program.39

■ RESULTS AND DISCUSSION
1. Experimental Reactivity of Allyl Iodide with

Coinage Metal Dimethylmetallates. Organometallate pre-
cursor ions were generated via multistage mass spectrometry
methods using a double decarboxylation strategy. Decarbox-
ylation was induced by collisional activation (Scheme 4). As
this process has been described in detail in previous
reports,16,27 here the focus is on the bimolecular reactivity of
the organometallates with allyl iodide (MS4 experiments for M
= Cu, Ag; MS5 experiments for M = Au).
1.1. Experimental Reactivity of Allyl Iodide with

Dimethylcuprate. Ion molecule reactions (IMR) were
conducted between the dimethyl cuprate anion (m/z 93) and
allyl iodide (Scheme 4, MS4 experiment). An examination of
Figure 1a reveals the formation of three primary product ions:
I− (m/z 127), [CH3CuI]

− (m/z 205), and [C3H5CuI]
− (m/z

231). In addition, [ICuI]− m/z 317 is observed, the product of
a secondary reaction, as confirmed by mass isolation and

reaction of [CH3CuI]
− (data not shown). These assignments

were confirmed via the reaction of allyl iodide with the
isotopically labeled cuprates [CD3CuCH3]

− (m/z 96, Figure
1b) and [CD3CuCD3]

− (m/z 99, Supporting Information
Figure S1a). The organometallic ions [CH3CuI]

− and
[C3H5CuI]

− arise from C−C bond-coupling reactions occur-
ring via cross-coupling and homo-coupling pathways, respec-
tively (Scheme 4, where M = Cu).
The kinetics and branching ratios for the reaction of

[CH3CuCH3]
− with allyl iodide are summarized in Table 1.

The rate of reaction for dimethylcuprate and allyl iodide was
found to be 8.63 × 10−11 cm3 molecules−1 s−1, which is more
than double the rate for the reaction with CH3I (3.74 × 10−11

cm3 molecules−1 s−1).27 The ADO reaction efficiency was 6.6%,
corresponding to a reaction occurring approximately once in
every 15 collisions. The branching ratios for the primary
product ions were determined from plots of the integrated ion
intensity as a function of reaction time (Supporting
Information Figure S2). The iodide anion is the major product,
with a branching ratio of 75%. The cross-coupling product
[CH3CuI]

− is the next most abundant product, with a 24%
overall yield. Homo-coupling is found to be a relatively minor
pathway in comparison to cross-coupling, with only a 1% yield
of [C3H5CuI]

−.

Scheme 4. Generation and Gas-Phase Bimolecular Reaction of Organometallates

Figure 1. MS4 mass spectra showing ion molecule reaction between
allyl iodide, C3H5I, and (a) dimethylcuprate anion [CH3CuCH3]

− (m/
z 93); (b) deuterated dimethylcuprate anion [CD3CuCH3]

− (m/z 96).
The mass-selected ion is marked with an “*” in each case.
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Finally, a secondary deuterium kinetic isotope (kH/kD) effect
for the cross-coupling channel can be determined by comparing
the integrated ion abundances of the product ions [CD3CuI]

−

(m/z 208) and [CH3CuI]
− (m/z 205). Because this product

ion undergoes secondary reactions, the isotope effect was
determined at a range of reaction times. Before any significant
secondary reaction had occurred, the measured isotope effect is
kH/kD = 1.2 ± 0.1. This contrasts with the inverse secondary
isotope effect kH/kD = 0.82 ± 0.05 previously measured in the
C−C bond-coupling reaction between [CD3CuCH3]

− and
CH3I.

27 While mechanistically complex to interpret, these
contrasting isotope effects may reflect different mechanisms for
these two reactions.40

1.2. Experimental Reactivity of Allyl Iodide with
Dimethylargentate and Dimethylaurate. Next, the reactions
of mass-selected dimethylargentate and dimethylaurate with
allyl iodide were examined (typical spectra are given in the
Supporting Information, Figure S1b,c). While there is no
evidence of the product arising from homo-coupling,
[CH3AgCH3]

− reacts with allyl iodide at a rate of 3.2 × 10−13

cm3 molecules−1 s−1 (reaction efficiency of 0.028%) to form I−

and the product arising from cross-coupling, [CH3AgI]
−, with

branching ratios of 19% and 81%, respectively.41 This reaction
efficiency is around 3 orders of magnitude less than that of the
cuprate, corresponding to a reaction in around 1 in every 3600
collisions. [CH3AuCH3]

− also reacts slowly with allyl iodide
(7.4 × 10−13 cm3 molecules−1 s−1, reaction efficiency 0.072%) to
yield I− (branching ratio >99%). Essentially none of the ionic
product associated with cross-coupling, [CH3AuI]

−, is observed
(branching ratio <1%). The aurate reaction efficiency is around
the same order of magnitude of that of the argentate,

corresponding to a reaction once in every 1400 collisions. It
is interesting to note that previous studies have shown that
[CH3AgCH3]

− and [CH3AuCH3]
− both are unreactive toward

methyl iodide in the gas phase,16d,27 highlighting the enhanced
reactivity of the allylic substrate.

2. Electronic Structure Calculations To Gain Insight
into Reaction Mechanisms of Allyl Iodide with Coinage
Metal Dimethylmetallates. Scheme 5 summarizes the
possible mechanistic pathways: concerted nucleophilic sub-
stitution at the SN2′ (path A, γ-carbon) or SN2 (path B, α-
carbon) position; stepwise σ-type oxidative addition (α-carbon)
followed by reductive elimination (path C); and stepwise π-
type oxidative addition followed by reductive elimination (path
D, γ-carbon). Homocoupling (eqs 7 and 8) may only occur via
the M(III) intermediate formed in path D as the T-shaped
intermediate of path C has both methyl groups in an
unfavorable trans relationship.
The experiments highlighted important differences in the

reactivity of allyl iodide with the three metallates. However, the
mechanisms of reaction remain shrouded due to (i) the fact
that neutral products are not detected; thus iodide can be a
product of cross-coupling, homo-coupling (Scheme 4), or,
more simply, oxidative addition (eqs 3 and 4); and (ii) that
there may be more than one mechanism that can give rise to
identical coupling products (for example, eqs 1, 2, and 5,
Scheme 5). Specifically, [CH3MI]− can arise from four different
mechanisms: concerted nucleophilic substitution (path A or B,
eq 1 or 2) or via reductive elimination after oxidative addition
(path C or D, eq 6). By contrast, [C3H5MI]− can only arise
from reductive elimination (eq 8) that proceeds from a π-
oxidative addition (path D).

Table 1. Kinetics and Branching Ratios of Ionic Products for the Gas-Phase Ion−Molecule Reactions of Allyl Iodide with
Dimethylcuprate, Dimethylargentate, and Dimethylaurate

[CH3CuCH3]
− [CH3AgCH3]

− [CH3AuCH3]
−

rate data kmeasured 863 × 10−13a,b 3.2 × 10−13a,c 7.4 × 10−13a,d

kADO 1.30 × 10−9 1.16 × 10−9 1.03 × 10−9

reaction efficiencye 6.6% 0.028% 0.072%
product ion branching ratios I− (m/z 127) 75% 19% >99%

[CH3MI]− m/z 205, 24% m/z 249, 81% m/z 339, <1%
[C3H5MI]− m/z 231, 1% not observed not observed

aIn units of cm3 molecules−1 s−1. b±61 × 10−13. c±1.3 × 10−13. d±1.6 × 10−13. eReaction efficiency = (kmeasured/kADO) × 100.

Scheme 5. Possible Mechanistic Pathways for C−C Coupling Reactions
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To establish which of the mechanisms shown in Scheme 5
accounts for the experimentally observed product ions, the next
sections report on the predictions of electronic structure
calculations.
2.1. Dimethylcuprate Reactivity. The calculated potential

energy surfaces for the concerted nucleophilic substitution
reactions (Scheme 5, paths A and B) are shown in Figure 2.
Although substitution at the SN2′ position (path A) is predicted
to be exothermic overall, the activation barrier is above that of
the separated reactants (+11.4 kJ mol−1, Figure 2) and thus is
not expected to be viable. Substitution via the SN2 position
(path B) has a slightly lower barrier (+2.2 kJ mol−1, Figure 2),
consistent with the α-carbon being more electrophillic. These
concerted mechanisms alone cannot account for the homo-
coupling side product [C3H5CuI]

− (Figure 1).
The potential energy diagrams for the oxidative addition/

reductive elimination pathways are given in Figures 3 and 4.
While the current focus is on iodide-assisted pathways,
additional data for reductive elimination pathways in the
absence of iodide are shown in the Supporting Information
(Figures S8−S11). Because these pathways are found to be
higher in energy in all cases, they are not discussed here.
The oxidative addition/reductive elimination pathway

proceeding via the η1-allyl Cu(III) intermediate (Figure 3 and
path C, eqs 3 and 5 of Scheme 5) is energetically favored over
the SN2 and SN2′ reactions (Figure 2). The rate-controlling step
is oxidative addition (−27.3 kJ mol−1, α-carbon); however, the
reductive elimination is similarly high in energy (−37.5 kJ
mol−1) as compared to the exit channel (−278.1 kJ mol−1). The
reaction is σ-bond oriented, as supported by the linear nature of
the transition state (Figure 3b, TS5−6, OAσ), which suggests
that the copper dz

2 orbital is involved in the interaction with the
C−I σ* orbital. Because there is no opportunity for homo-
coupling via this η1-allyl intermediate, path C also cannot
account for the formation of [C3H5CuI]

−.
The alternative oxidative addition/reductive elimination

pathway, path D, involving an η3-allyl Cu(III) intermediate, is
shown in Figure 4. The barrier for the π-oxidative addition is
lower (−26.0 kJ mol−1) than those of the concerted SN2 and
SN2′ reactions pathways (Figure 2) and is essentially equivalent

to the σ-oxidative addition pathway (barrier of −27.3 kJ mol−1,
Figure 3). This oxidative addition may be considered addition
at the γ-carbon, although strictly the π-interaction involves both
the β- and the γ-carbons. The copper complex is bent in the
transition state (TS8−9, OAπ, Figure 4ci) to allow for this
interaction. Because the formation of an η3-allyl Cu(III)
intermediate (IMC9, −92.2 kJ mol−1) is thermodynamically
favored over an η1-allyl Cu(III) intermediate (IMC6, −27.9 kJ
mol−1), π-addition is the preferred pathway of oxidative
addition. This η3-allyl intermediate may undergo reductive
elimination resulting in a cross-coupling product or homo-
coupling product (Figure 4b). The theoretical prediction that
the cross-coupling pathway is preferred (lower activation
barrier of −45.4 kJ mol−1, TS9−10) over the homo-coupling
pathway (barrier of −30.0 kJ mol−1, TS9−12) is consistent with
the experimental observation that [CH3CuI]

− is formed in
greater abundance than [C3H5CuI]

− (Table 1).

Figure 2. (a) Calculated B3LYP/Def2-QZVP//B3LYP/SDD6-31+G(d) relative energies (kJ mol−1) for minima and transition states relevant to
bimolecular reactions of [CH3CuCH3]

− + C3H5I via paths A and B; and (b) structures of minima and transition states relevant bimolecular reactions
of [CH3CuCH3]

− + C3H5I via paths A and B of Scheme 5.

Figure 3. (a) Calculated B3LYP/Def2-QZVP//B3LYP/SDD6-
31+G(d) relative energies (kJ mol−1) for minima and transition states
relevant to bimolecular reactions of [CH3CuCH3]

− + C3H5I via path
Cii (σ-oxidative addition). (b) Structures of minima and transition
states relevant bimolecular reactions of [CH3CuCH3]

− + C3H5I via
path Cii of Scheme 5.
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As noted previously, the iodide anion can be a product of
cross-coupling, homo-coupling (Scheme 4), or, more simply,
oxidative addition (eqs 3 and 4). Calculations predict that while
the SN2 and oxidative addition/reductive elimination reactions
are all thermodynamically viable (entry 1 of Tables 2 and 3),
the kinetically and thermodynamically most preferred pathway

for formation of I− proceeds via the formation of the η3-allyl
intermediate.
2.2. Comparative Reactivity of Coinage Metal Dimethyl-

metallates: M = Cu, Ag, and Au. Not only are the

experimentally observed reaction rates of allyl iodide with
dimethylargentate and dimethylaurate dramatically reduced
relative to dimethylcuprate, but the types of ionic products
formed vary (Table 1). Thus, the role of the metal center on
the energetics associated with each of the mechanisms (Scheme
5) has been examined. Key data for all three metallates are
summarized in Tables 2, 3, and 4, while the potential energy
surfaces for [CH3AgCH3]

− and [CH3AuCH3]
− are given in the

Supporting Information (Figure S3). These data are discussed
in sections 2.3 and 2.4 in terms of the reactivities of
dimethylargentate and dimethylaurate, respectively.

2.3. Dimethylargentate Reactivity. Table 2 compares the
energies for paths A and B (Scheme 5). Because the transition
state barriers for concerted nucleophilic substitution of
dimethylargentate (entry 2, path A, +13.7 kJ mol−1, path B,
+4.9 kJ mol−1) are very similar to those of dimethylcuprate
(entry 1, path A, +11.4 kJ mol−1, path B, +2.2 kJ mol−1), the
role of the metal is unimportant in these reactions. In contrast,
both barriers for oxidative addition to the argentate via paths C
and D (eqs 3 and 4, Scheme 5) are higher than those to the
cuprate (Table 3). The σ-oxidative addition (eq 3, −2.0 kJ
mol−1) is preferred over the π-addition (eq 4, +13.0 kJ mol−1),
which contrasts with the cuprate where this trend is not
observed (thermodynamically favoring formation of the η3-allyl

Figure 4. Calculated B3LYP/Def2-QZVP//B3LYP/SDD6-31+G(d) relative energies (kJ mol−1) for minima and transition states relevant to
bimolecular reactions of [CH3CuCH3]

− + C3H5I via path D (π-addition) of Scheme 5. (a) π-Oxidative addition; (b) reductive elimination from the
intermediate IMC9; blue line, path Di, cross-coupling; red line, paths Diii and Div, homo-coupling; and (c) structures of minima and transition states
relevant bimolecular reactions of [CH3CuCH3]

− + C3H5I via (i) path D, π-addition; (ii,iii) path Di, cross-coupling; and (iv) paths Diii and Div,
homo-coupling.

Table 2. Calculated B3LYP/Def2-QZVP//B3LYP/SDD6-
31+G(d) Energies (kJ mol−1) for Concerted Nucleophilic
Substitution of [CH3MCH3]

− and C3H5I

nucleophilic substitution separated products

M TS SN2′, path A TS SN2, path B eqs 1 and 2

Cu +11.4 +2.2 −278.1a (−127.4)b

Ag +13.7 +4.9 −282.3a (−132.1)b

Au +32.8 +23.5 −248.8a (−92.1)b
aProducts [CH3MI]− + C3H5CH3.

bThe numbers in parentheses refer
to products [CH3M] + C3H5CH3 + I−.
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intermediate). While formation of an η3-allyl intermediate
(−5.0 kJ mol−1, Table 3) is thermodynamically favored over an
η1-allyl intermediate (prohibitive at +47.8 kJ mol−1, Table 3),
the kinetic barrier (OAπ, +13.0 kJ mol−1) is higher in energy
than that of the concerted reaction via path B. The RE
mechanisms (paths C and D) via Ag(III) intermediates also
suffer from kinetic barriers that are substantially higher in
energy (+16.1, +12.4, and 18.7 kJ mol−1; path C, Dii and Div,
respectively, Table 4, eqs 5−8) than those from Cu(III)
intermediates. Thus, OA/RE is not expected to be responsible
for the experimentally observed product ions.
The experimental observation that dimethylargentate only

reacts with allyl iodide via cross-coupling is nicely rationalized
by the computational data. The most likely source of the
product arising from cross-coupling, [CH3AgI]

−, is via the SN2
mechanism (path B, +4.9 kJ mol−1). Thus, the argentate
reaction is also predicted to be α-selective. Finally, the
substantial difference in the experimentally observed kinetics
of the reactions of allyl iodide with [CH3CuCH3]

− and
[CH3AgCH3]

− (Table 1) can also be rationalized by the
calculations. Because the nucleophilic substitution barrier via
path B is predicted to be much higher in energy for the
argentate than the rate-limiting steps in the cuprate cross-
coupling reaction, the overall rate of reaction is expected to be
slower.
2.4. Dimethylaurate Reactivity. In comparison to the

cuprate and argentate, concerted nucleophilic substitution

with the aurate is much higher in energy (Table 2, path A,
+32.8 kJ mol−1, path B, +23.5 kJ mol−1) and thus should not
occur under the experimental conditions of the ion trap. The
higher barriers for dimethylaurate given in Table 2 likely arise
from the relativistic shortening of Au−C bonds, as shown in
Supporting Information Figure S4. The shortening of the gold
bond lengths relative to copper and silver is observed for both
the concerted SN2 and SN2′ reaction TSs.
The barrier for σ-oxidative addition of allyl iodide to

dimethylaurate (Table 3) resides slightly beneath the energy
of the separated reactants (path C, −2.0 kJ mol−1), and the π-
oxidative addition barrier (path D, +6.5 kJ mol−1) is only
slightly above. This contrasts with the reaction energetics for
copper, but parallels the preferences of silver for σ-oxidative
addition. The trend for π-oxidative addition barrier matches the
known trend in d-orbital energies (Cu ≫ Au > Ag), as
discussed further below.
Despite the kinetic viability of oxidative addition, the

resultant ion−molecule complexes are unable to undergo
reductive elimination as the kinetic barrier is substantial (Table
4, path C, +23.7 kJ mol−1) or the connecting transition state is
completely absent (path D). This is consistent with previous
predictions for reductive elimination from Au(III) intermedia-
tes.7b,16d Because there is no opportunity for homo-coupling or
cross-coupling, the aurate is predicted to be unreactive in all
C−C bond-forming reactions with allyl iodide.

Table 3. Calculated B3LYP/Def2-QZVP//B3LYP/SDD6-31+G(d) Relative Energies (kJ mol−1) for Oxidative Addition of
[CH3MCH3]

− and C3H5I

oxidative addition M(III) species

M TS OAσ path C TS OAπ path D η1-allyl (eq 3) η3-allyl (eq 4)

Cu −27.3 −26.0 −27.9a (+6.3)b −92.2c (−58.9)d

Ag −2.0 +13.0 +3.1a (+47.8)b −44.4c (−5.0)d

Au −2.0 +6.5 −6.1a (+36.6)b −54.8c (−22.5)d
aIon−molecule complex [η1-C3H5M(CH3)2](I

−). bSeparated products [η1-C3H5M(CH3)2] + I−. cIon−molecule complex [η3-C3H5M(CH3)2](I
−).

dSeparated products [η3-C3H5M(CH3)2] + I−.

Table 4. Calculated B3LYP/Def2-QZVP//B3LYP/SDD6-31+G(d) Energies (kJ mol−1) for Stepwise Oxidative Addition and
Reductive Elimination of [CH3MCH3]

− and C3H5I

separated products

cross-coupling homo-coupling cross-coupling homo-coupling

M TS REσ path Cii TS REπ path Dii TS REπ path Div eq 6a eq 5b eq 8c eq 7d

Cu −37.5 −45.4 −30.0 −278.1 −127.4 −303.9 −136.0
Ag +16.1 +12.4 +18.7 −282.3 −132.1 −307.0 −142.8
Au +23.7 n/a n/a −248.8 −92.1 −265.2 −99.2

aProducts [CH3MI]− + C3H5CH3.
bProducts [CH3M] + C3H5CH3 + I−. cProducts [C3H5MI]− + CH3CH3.

dProducts [C3H5M] + CH3CH3 + I−.

Figure 5. B3LYP/SDD6-31+G(d) optimized transition state geometries for σ-oxidative addition, [CH3MCH3]
− with C3H5I, M = (a) Cu, (b) Ag,

and (c) Au. Bond lengths are shown are in angstroms (Å).
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The only kinetically and thermodynamically viable pathway is
π-oxidative addition (+6.5 kJ mol−1) with formation of I− and
an η3-allyl intermediate (Table 1, −22.5 kJ mol−1). This is
consistent with the experimental observation of I− as essentially
the sole product (Supporting Information Figure S1c and Table
1). Because the rate-limiting step is much higher in energy than
that of the cuprate reactions, the aurate is predicted to react
more slowly with allyl iodide, consistent with the experimental
observations.
2.5. Transition State Properties. The properties (structure

and energy) of the transition states associated with oxidative
addition and reductive elimination for [CH3MCH3]

− (where M
= Cu, Ag, and Au) are worthy of further comment. Figure 5
shows those associated with the σ-oxidative addition pathway.
Inversion of the stereochemistry of the α-carbon center is
consistent with the SN2-like nature of the addition transition
state. The degree of distortion from linearity of the metal
complex follows the order: Cu (175.6°, Figure 5a) > Ag
(176.4°, Figure 5b) > Au (177.0°, Figure 5c). This is the same
order as that previously reported for the analogous reaction
between [CH3MCH3]

− and methyl iodide,16d although the M =
Cu complex is less distorted in the case of methyl iodide. A
possible reason for this is the increased steric hindrance at the
reaction site.
The transition state vibration in Figure 5 is of the typical SN2

variety, where the M−C bond is forming as the iodide leaves,
combined with an inversion of the stereochemistry of the α-
carbon. Only in Figure 5a is there an associated “twist” to this
motion of the H atom, indicating some form of interaction
between it and the copper center. The bond-forming molecular
orbital for M = Cu is the HOMO (formed by σ-3dz2), while
that for M = Ag and Au is the HOMO−1 orbital (the HOMO
having an antibonding interaction).
The π-oxidative addition transition state for each of the

dimethylmetallates is shown in Figure 6. One of the most
pronounced features is the change in energies relative to
reactants: −26.0 kJ mol−1 for dimethylcuprate (Figure 6a);
+13.0 and +6.5 kJ mol−1 for dimethylargentate and
dimethylaurate, respectively (Figure 6b and c). This marked
difference is a direct effect of the lower lying 4d and 5d orbitals
of these latter two species. The transition states exhibit
substantially more bending from linearity than those associated
with the σ-oxidative addition pathway (Figure 5). Interestingly,
the ordering of degree of distortion from linearity of the metal

complex is reversed: Au (145.5°, Figure 6c) > Ag (149.4°,
Figure 5b) > Cu (151.1°, Figure 6a). The deformation energy
required of the metal complexes is more than that of the two
reactions previously studied (σ-oxidative addition of allyl iodide
and methyl iodide),16d due to the bending that is required of all
three structures to expose the d orbitals suitable for π-
interaction. The π-oxidative addition TS also requires a greater
deformation energy associated with allyl iodide than does the σ-
oxidation addition TS, because the C−I bonds in the former
transition states are elongated (>3 Å for Cu, Ag, and Au; Figure
6) as compared to those in the latter transition states (<3 Å for
Cu, Ag, and Au; Figure 5). These deformation energies should
be well compensated by beneficial metal−carbon d−π*
interaction, particularly for the reaction of dimethylcuprate.
The TSs for reductive elimination from the M(III) species

have been analyzed previously,7b but it is worth noting that the
presence of an iodide anion assists these processes42 by
reducing the energetics associated with transition states,
intermediates, and final products (Supporting Information
Figures S8−11). To summarize, the TSs to cross-coupling via
reductive elimination from either η1-allyl or η3-allyl Cu(III)
intermediates are energetically viable, while from Ag(III)
intermediates they are much higher in energy. For M = Cu
and Ag, all of the cross-coupling TS RE geometries are a
distorted T-shapes bearing iodide at the metal center. No
reductive elimination is possible from the η1-allyl Au(III)
intermediate as the barrier for TS REσ is prohibitively high; this
is a Y-shaped TS where iodide is not interacting with the metal
center. No TS geometry to reductive elimination from the η3-
allyl Au(III) complex is viable.
The homo-coupling pathway only occurs via the η3-allyl

intermediate, with the ligand opening up into a η1-allyl product.
While this path is kinetically viable for copper (−30 kJ mol−1),
this analogous barrier is too high for silver (+18.7 kJ mol−1),
and this process should not occur for dimethylaurate because
no TS was found on the singlet surface.

2.6. Substrate Effects: Allyl Iodide versus Methyl Iodide.
How does the allylic substrate influence the reactivity of
dimethylmetallates in C−C bond-forming reactions? It is useful
here to briefly compare the reactivity of allyl iodide with that of
methyl iodide.16,43 An obvious mechanistic difference is that
paths A and D of Scheme 5 are not available for methyl iodide.
Does the substrate influence the energetics associated with
paths B and C? The overall trend for all three metals for path B

Figure 6. B3LYP/SDD6-31+G(d) optimized transition state geometries for π-addition of [CH3MCH3]
− with C3H5I, M = (a) Cu, (b) Ag, and (c)

Au. Bond lengths shown are in angstroms (Å).
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(Scheme 5) is that there is essentially no difference in barrier
between both substrates, a consequence of a similar hybrid-
ization of the carbon forming the bond in the SN2-like
transition state. For path C, the barrier associated with σ-
oxidative addition to [CH3MCH3]

− is also virtually the same for
both substrates, as is the relative stability of the resultant M(III)
intermediate. However, the kinetic barrier for reductive
elimination is significantly lowered by the allylic substrate.
Because the barriers for paths B and D tended to be

significantly lower than those of paths A and C, the allylic
substrate exhibits increased reactivity (as compared to methyl
iodide) in C−C bond-forming reactions of the cuprate and
argentate. The stabilization of M(III) intermediates by the η3-
allyl ligand allows for the following: a lower energy reductive
elimination pathway for the cuprate, when compared to that of
the η1-allyl ligand; the formation of the homo-coupling product,
[C3H5CuI]

−; and the formation of a stable Au(III)
intermediate.

■ CONCLUSIONS
Coinage metal-mediated C−C bond-coupling reactions are
widely used in organic synthesis, and new variants continue to
be actively explored. Yet remarkably little is known about how
the nature of the metal center influences reactivity and
mechanism. Here, the first gas-phase experimental comparisons
of the reactions of allyl iodide with the dimethylmetallates,
[CH3MCH3]

−, of the copper triad are reported. In addition,
detailed density functional theory (DFT) calculations were
carried out on a range of possible mechanisms (Scheme 5) for
this important model of the prototypical, synthetically valuable
“allylic alkylation” reaction.
Dimethylcuprate was found to be the superior reagent,

reacting 3 orders of magnitude faster than dimethylargentate
and dimethylaurate. Also, the types and yields of primary
product ions detected via mass spectrometry differ for all three
systems, suggesting a change of mechanism on moving down
the group. Thus, for M = Cu, the following products were
observed: (i) I− (branching ratio = 75%); (ii) [CH3CuI]

−

(branching ratio = 24%); and (iii) [C3H5CuI]
− (branching ratio

= 1%). When M = Ag, solely the cross-coupling product
[CH3AgI]

− (branching ratio = 81%) is formed along with I−

(19%), while for M = Au, only I− is detected, which can arise
from oxidative addition.
As neutral product(s) are not detected in these gas-phase

experiments, they cannot be used to differentiate between
various mechanisms. Thus, DFT calculations play an important
role in gaining insights into potential pathways that yield the
observed product anions. For Cu, the energetically preferred
mechanism involves oxidative addition and reductive elimi-
nation. This may occur competitively via two pathways: either
via an η3-allyl or via an η1-allyl Cu(III) intermediate. However,
the former path is the thermodynamically and kinetically
preferred, due to stabilization of the Cu(III) intermediate and
RE TS. A key finding is that both transition states for cross-
coupling from the η3-allyl and η1-allyl Cu(III) intermediates are
lower in energy than that for homo-coupling, which is
consistent with the experimentally observed branching ratios
for these product channels. In contrast, for M = Ag, the
concerted nucleophilic substitution reaction at the SN2 position
is favored. This is consistent with the experimental observation
that [CH3AgI]

− is detected but [C3H5AgI]
− is not. Thus,

reactions utilizing the argentate should be α-selective and are
slowed by the comparatively high kinetic barrier to C−C bond

formation. When M = Au, the predicted mechanism is oxidative
addition to form an η3-allyl Au(III) intermediate and iodide, in
which the former is stable with respect to reductive elimination.
Oxidative addition is thus consistent with the observation of I−

as the sole ionic product. Furthermore, the experimentally
determined reactivity orders of [CH3CuCH3]

− ≫
[CH3AgCH3]

− ≈ [CH3AuCH3]
− are consistent with the DFT

calculations, which show higher barriers for the transition states
associated with the key reaction pathways for [CH3AgCH3]

−

(path B, +4.9 kJ mol−1) and [CH3AuCH3]
− (π-oxidative

addition, +6.5 kJ mol−1) as compared to [CH3CuCH3]
− (via

both OA/RE pathways, with σ-oxidative addition, −27.3 kJ
mol−1, and π-oxidative addition, −26.0 kJ mol−1).
The current and past work16d,27 clearly shows that the

reactions of [CH3MCH3]
− are influenced by both the metal

and the substrate. For example, [CH3CuCH3]
− only reacts via

cross-coupling when methyl iodide is the substrate, while
homo-coupling also occurs when allyl iodide is the substrate,
due to the involvement of the η3-allyl Cu(III) intermediate.
Because gas-phase decarboxylation reactions (eq 9) have
provided a cornucopia of organometallic ions, [RMLn]

−/+,44

the door is now open to detailed experimental and theoretical
studies of the mechanisms of known and previously unexplored
C−C bond-coupling reactions as a function of the properties of
organometallic reagent ion (e.g., charge; nature of the metal, M;
nature of the organic group, R; type of auxiliary ligand(s), L)
and the organic substrate.

→ +− + − +[RCO ML ] [RML ] COn n2
/ /

2 (9)
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