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ABSTRACT: The oxidative addition/reductive elimination of
polar molecules such as methyl iodide at late metal centers has a
strongly supported SN2 mechanism for many key organometallic
complexes, including important industrial catalysts. In the reductive
elimination direction, it is proposed that a ligand initially
dissociates, typically a halide, followed by subsequent nucleophilic
attack at the ligand trans to the now vacant site. The prevailing
view is the metal reduction occurs upon transferring the
electrophile in the SN2 step. Herein, we report the use of an
ensemble of computational techniques to characterize the electronic structure of the reactants and intermediates along this reductive
elimination pathway. These calculations demonstrate, unexpectedly, that the initiating loss of an anionic ligand from the octahedral
highly oxidized structure leads to an electronic rearrangement that shifts electron density from the apical ligand back toward the
metal resulting in an inversion of the electron flow between the metal and apical ligand. The anisotropic shift in electron density to
the metal disproportionately affects the apical position, which is best described as a Pt → Me dative bond. With this Pt → Me
bonding description, our interpretation of the IUPAC oxidation state formalism would assign the intermediate as PtII. Although
counterintuitive, the formal and functional reduction of the metal thus occurs upon halide dissociation.

■ INTRODUCTION
The oxidative addition/reductive elimination of polar molecules
at metal centers is an essential reaction in organometallic
chemistry and a critical step in numerous large-scale industrial
processes.1,2 The mechanism of nucleophilic reductive elimi-
nation or the microscopic reverse, oxidative addition, has been
studied for a wide variety of complexes, particularly complexes of
Rh, Ir, and Pt.3−8 TheMonsanto and Cativa processes undergo a
nucleophilic reductive elimination of acetyl iodide as well as an
oxidative addition of methyl iodide in key steps of their catalytic
cycles (Scheme 1A).9,10 Some classic complexes and catalysts,
including Vaska’s complex4,11−13 and the Shilov system,14,15

undergo oxidative addition or reductive elimination of polar
molecules via SN2-like mechanisms. Perhaps, the most studied
example of the SN2 oxidative addition/reductive elimination
reaction comes from Goldberg.8,16,17

The two-step reductive elimination of methyl iodide from
(dppe)PtMe3I (dppe = 1,2-bis(diphenylphosphino)ethane) and
corresponding reverse, SN2 oxidative addition of methyl iodide
to (dppe)PtMe2, is covered in several organometallic textbooks
as it is representative of a broad class of redox reactions wherein
a polar reagent oxidatively adds to a metal center and becomes
activated.1,2 The reductive elimination direction occurs over two
steps, with the first being iodide dissociation to form a common
cationic platinum intermediate (B, Scheme 1B), which is
susceptible to iodide attack at the methyl group trans to the now
vacant site on the metal center.17

As shown in Scheme 1B, the five-coordinate intermediate
reacts by nucleophilic attack of I− at the apical methyl position,
obviously, implying this methyl group is electrophilic. In this
case, the traditional description of the Pt+/Me− bond and its
reactivity diverge. A preponderance of reductive elimination
mechanisms in octahedral geometries ascribe a special reactivity
to (and need for) the five-coordinate intermediate. It is
conceivable that the square pyramidal geometry is somehow
enabling electrophilic reactivity by virtue of microscopic
reversibility considerations or by an electronic structure bias,
or both.
Our study began with a careful charge analysis of intermediate

B (Table 1). As will be discussed, iodide loss dramatically alters
the apical methyl group, inverting its charge from negative in A
(∼−0.15) to positive in B (∼+0.15). In addition to being
consistent with observed reactivity, this change suggested a
more extreme description, namely, a reverse dative interaction
between Pt and Me, i.e., Pt → Me. The divergence of this
description from a more conventional formalism prompted a
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series of additional electronic structure calculations specifically
focused on the nature of the Pt−Me bond.
The energy decomposition analysis (EDA) and localized

orbital bonding analysis (LOBA) methods together (vide infra)
revealed a structure wherein the apical Pt−Me bond in B is a PtII
→ Me reverse dative bond and the equatorial Pt−Me bonds are
more traditional by every measure. Consequently, the electronic
structure calculations support a situation wherein B is
significantly reduced (PtII) and the apical ligand is significantly
positive. This flow of electron density in A from the apical Me
ligand to the metal fragment on the loss of the trans I− suggests
that the actual metal redox step is intraligand and occurs upon
iodide loss.

■ RESULTS AND DISCUSSION
Charge Analysis. The Goldberg mechanism of methyl

iodide loss from (dppe)PtMe3I was investigated to probe the
electronic structure of the key complexes in reductive
elimination. Our initial calculations sought to understand how
electronic populations around platinum and its ligands changed
with the removal of iodide in a system analogous to
(dppe)PtMe3I. For computational ease, we focused on (dmpe)-
PtMe3I (dmpe = 1,2-bis(dimethylphosphino)ethane). Optimi-
zation and subsequent charge analysis of the octahedral
(dmpe)PtMe3I (A) and cationic five-coordinate (dmpe)PtMe3+
(B) were performed. Somewhat surprisingly, Bader18,19 charge
analysis revealed that the charge at platinum in cationic B was
less positive than that of A. This observation ran counter to our
expectations as a cationic, coordinatively unsaturated PtIV
complex would logically carry a more positively charged metal
center than a neutral PtIV complex, particularly with platinum as
the most electropositive atom in the molecule. It is important to
state that these calculated charges/electronic population
analyses do not reflect oxidation state or formal charge and as
expected the total charge is delocalized over the entire molecule.
As a result, the computed differences in charge at Pt are quite
small. The noteworthy factor in this analysis is that the positive
charge on platinum decreased after loss of an anionic ligand
suggesting, paradoxically, that electron density increased around
platinum on loss of iodide. Further analysis of the charges
revealed negligible changes in each of the equatorial atoms
directly bound to platinum; however, the apical methyl now
carried a more positive charge in B than in A. This is not to say
that other atoms in the molecule do not change their charge, but
the most significant increase in positive charge occurs in the
apical methyl group. Given the unexpected result of these
calculations, we were skeptical of the robustness of the
computational methodology, so calculations were repeated
with multiple independent factors considered. The charge
trends remain consistent for different density functionals or
wavefunction methods (level of theory 1, 3, 4, 8), using an all-
electron basis set with Douglas−Kroll relativistic treatment
(level of theory 2, note this all-electron treatment leads to a
larger magnitude of charge on platinum, but if measured based
off the relative number of electrons included in the basis set it is
in line with other levels of theory discussed), and use of different
basis sets (level of theory 1, 6, 7). From the lowest to the highest
levels of theory, the trend of the platinum center being less
positive or unchanged and the apical methyl more positive in
charge on going from A to cationic B was consistent (Table 1).
As has been discussed in previous articles, charge and oxidation
states are not the same, and it would be inappropriate to
conclude from this analysis any change in the oxidation state.20

Similarly, this does not suggest that there is an inversion of bond
polarity as platinum remains more positively charged than the
apical methyl group. However, the analysis does lead to the
conclusion that iodide loss causes an increase in electron density
at the metal center and a decrease in electron density at the
apical methyl group.Moreover, the bulk of the changes are in the
apical and not in the equatorial methyl groups.

Electron Density Analysis. To better illustrate the
electronic changes in A vs B, an electron density difference
plot was made using MacMolPlt (Figure 1).21 This was
accomplished by taking the difference in electron density
between a fully optimized calculation of A and the same
structure with the I− ligand excised (i.e., unoptimized B). This

Scheme 1. (A) Monsanto Process for the Synthesis of Acetic
Acid; (B) Reversible Mechanism of Addition/Elimination of
MeI to (dppe)PtMe2

Table 1. Bader Charge Analysis at Various Levels of Theorya

theory A, Pt A, Me1 A, Me2 B, Pt B, Me1 B, Me2

1 0.35 −0.10 −0.16 0.31 0.13 −0.12
2 2.19 −0.11 −0.18 1.84 0.11 −0.14
3 0.42 −0.14 −0.18 0.42 0.11 −0.14
4 0.60 −0.15 −0.22 0.54 0.13 −0.19
5 0.35 −0.05 −0.21 0.35 0.13 −0.17
6 0.30 −0.09 −0.15 0.27 0.13 −0.11
7 0.30 −0.09 −0.16 0.26 0.15 −0.12
8b 0.37 −0.15 −0.20 0.36 0.11 −0.16

aLevel of theory definitions: (1) M06-2X/Def2-TZVP(H,C,P,I)/
SDD(Pt), (2) M06-2X/Def2-TZVP(H,C,P)/Sapporo-TZP(Pt,I)/
Douglas−Kroll−Hess, (3) B3LYP/Def2-TZVP(H,C,P,I)/SDD(Pt),
(4) HF/Def2-TZVP(H,C,P,I)/SDD(Pt), (5) M06-2X/Def2-TZVP-
(H,C,P,I)/SDD(Pt)/COSMO(acetone), (6) M06-2X/6−311+
+G**(H,C,P)/Def2-TZVP(I)/SDD(Pt), (7) M06-2X/aug-CC-
pVQZ(H,C,P)/Def2-TZVP(I)/SDD(Pt), (8) wB97X/Def2-TZVP-
(H,C,P,I,Pt). bBader charge analysis performed with Multiwfn 3.7.
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approach maximized atomic overlap between calculations and
focused the visualization. This subtractive analysis creates an
inconsequential large void of electron density (blue) in the
original position of the I. More illustrative are the remaining blue
and red regions, which report on changes in electron density
accompanying iodide loss. The total electron density around the
platinum center has increased after the loss of iodide (more red
than blue), while the electron density around the apical carbon
has decreased (more blue than red); all other atoms in the
system remained largely unchanged. Clearly, there are regions of
electron density gain and loss in both platinum and the apical
carbon, and the shape of the gain and loss is directed along z,
suggestive of some change of polarization upon loss of iodide.
This analysis is related to the conclusions discussed in the Bader
charge analysis and better supports the notion that loss of iodide
increases the electron density at platinum.
Electron Flow/Energy Decomposition Analysis. The

results of the charge/population analysis suggested that a view of
the apical Pt−Me as a purely covalently bonded unit was
insufficiently nuanced. Since the above Bader analysis only
yielded information about charges/electron population, a third
approach was used to compare the electron configurations of A
and B. Energy decomposition analysis (EDA) enables one to
calculate the energy of interacting a ligand (L) with the rest of
the compound (M)22 within a geometry-optimized structure.
Splitting the electrons of the bond to sit either on the ligand
(L−/M+) or themetal fragment (L+/M−) allows one to compute
interaction energies for both (extreme) heterolytic forms of the
M−L bond. The smaller of the two energies corresponds to the
L−M bond’s more favorable heterolytic splitting direction. The
difference between the two interaction energies additionally
provides a semiquantitative measure of this preference. It is
important to note what EDA values are not. First, they do not
provide oxidation state information as different ligands on the
same molecule can give different heterolytic cleavage prefer-
ences, and second, they are not a bond dissociation energy. This
methodology was inspired by the work of Frenking et al. in their
similar application of EDA-NOCV methods for evaluating

bonds.23 Frenking used the term electron flow to describe
whether an M−L was best described as M → L or L → M.
Our implementation of this technique performed two EDA

calculations, splitting 2 electrons to either sit on the apical
methyl group or on platinum for bothA andB. The outcome is a
preference for either the PtII/Me+ or the PtIV/Me− interpreta-
tion of the electron splitting (Scheme 2). Unsurprisingly,

octahedral A preferred the PtIV/Me− configuration by 59.9 kcal/
mol. The same analysis of cationic B unexpectedly revealed the
apical PtII/Me+ combination to be preferred by 224.8 kcal/mol.
EDA calculations consequently reveal that the electron flow of
the apical Pt−Me bond is inverted upon converting A to B.
While we have depicted/described this as an oxidation state

change on platinum, it is important to reiterate that electron
splitting in the EDA calculations places the electrons on the
entire fragment, i.e., CH3 or (dmpe)PtMe2I, and these two
electrons cannot be distinguished as sitting on any single atom in
either fragment. The preference for B to localize positive charge
on the apical methyl group rather than potentially being
distributed on platinum and the multiple other ligands in that
fragment is noteworthy and suggests that electrons, upon iodide
loss, flow from the apical CH3

− ligand to the metal center rather
than away from it. In contrast, if an equatorial methyl group is
put through the same analysis, the preference is for the
fragmentation to prefer the traditional PtIV/Me− configuration.
To be clear, this is not in contention with our results with the
apical methyl group assignment (favored PtII/Me+), as this is not
a method for assigning oxidation states, but rather demonstrates
the preferred heterolytic fragmentation of that bond in
particular. The diversity of electron flow changes reinforces
the notion that a dogmatic view of B does not capture the
polarized apical Pt → Me reverse dative bond implied by
computation. Due to some criticism of the EDA methodology
used in this context, we have also calculated the fragments of this
heterolytic bond cleavage and determined the same results,
namely that the PtII/Me+ fragmentation direction is the more
favored in the five-coordinate species.

Localized Orbital Bonding Analysis. The consistency of
the PtII →Me+ bond formulation across the various methods led
us to shift our analysis to directly assessing the oxidation state of
platinum in B. The localized orbital bonding analysis (LOBA)
method was previously developed to assess the oxidation state of
transition metal compounds,24 and while the LOBA method

Figure 1. Electron density difference map between A and an
unoptimized cationic five-coordinate platinum species (see text).
Blue depicts a loss of electron density; red depicts an increase in
electron density. The large blue portion at the bottom of the figure is the
result of I− removal from A.

Scheme 2. Depiction of the Two Modes of Electron Splitting
in the Pt−Me Bond Used in the EDA Calculations
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does not give a single unique answer to the oxidation state, it has
been utilized to assign or confirm oxidation states for a wide
variety of compounds including difficult and nonobvious
oxidation states such as transition metal oxo species and around
transition metals with redox noninnocent ligands.25,26 The
approach examines localized MOs and applies an electron
population analysis analogous to the Bader analysis to assign
these localized orbitals to an atom. Key to the LOBA analysis is
the choice of a threshold at which an orbital is considered
localized on a given atom. In works exploring this concept, it has
been found that the appropriate threshold value can vary, but it
has generally been concluded that a threshold value of ∼50% is
reliable.24,27

The LOBA method was utilized with a few localization
methods, Pipek−Mezey28 and Fosters−Boys,29 using a thresh-
old value of 50% (see SI for extended analysis). The LOBA
method was used on a variety of calculations using both ECPs
and all-electron relativistic methods for both A and B. In each
case, the six-coordinate A returns a PtIV outcome, while the
cationic five-coordinate B is in the PtII oxidation state. The
LOBA results are therefore fully consistent with EDA and
electron density calculations and suggest a PtII oxidation state for
B. These outcomes are ultimately a consequence of a significant
shift in electron density from the apical CH3 to Pt on loss of
iodide from A.
Qualitative Molecular Orbital Analysis. To state the

obvious, these data run counter to the traditional view of
oxidative addition/reductive elimination of polar reagents
around late metal centers. The above calculations indicate that
it is the dissociation of an anionic ligand, iodide, which triggers
an electron density enhancing reduction of the metal center.
Approaching this sequence from the microscopic reverse of
oxidative addition and assessing the involved molecular orbitals
provides a useful perspective. In the oxidative addition of methyl
iodide to square planar (dppe)PtMe2, the mechanism is widely
agreed to first involve nucleophilic addition of the Pt center
along z to the electrophilic methyl iodide.1,2 From this
formulation, an MO diagram can be constructed rationalizing
why a PtII oxidation state is not unreasonable (Scheme 3). The
filled dz2 is the highest occupied molecular orbital (HOMO) of
(dppe)PtMe2 for the nucleophilic attack on the lowest
unoccupied molecular orbital (LUMO) of methyl iodide, as

confirmed by calculation of the two species individually. Since
unoccupied orbitals are inherently higher in energy than
occupiedMOs, the new bonding molecular orbital consequently
has more platinum character, and the new antibonding orbital
has more methyl character (Scheme 3). Understandably, a filled
MO with more Pt character would tend to localize those
electrons on Pt, i.e., more PtII character.
This MO argument and each computational method brought

to bear on the electronic structure of B support the notion that
the apical methyl ligand is an M → L dative bond. The modified
IUPAC rules for assigning oxidation states30 consequently lead
to a PtII assignment for B. In the reductive elimination direction,
this indicates that the reduction of PtIV actually begins upon
iodide dissociation and not upon loss of Me+. This view, which
in the microscopic reverse suggests that the oxidation state of
platinum does not functionally (and formally since the apical Me
is an M → L dative bond) increase from PtII to PtIV until iodide
coordination, reveals nonobvious redox triggers.

Other Compounds. To determine whether this outcome
reflected a broader phenomenon in organometallic chemistry,
the samemethodologies were applied to several other complexes
with important historical or practical utility. A more electron-
poor system was explored in the reductive elimination of MeI
from the PMe3 version of Vaska’s complex (Scheme 4A). In the

reductive elimination direction, the charge on iridium was
unchanged upon iodide dissociation from octahedral IrIII. This
lack of positive charge buildup upon generating a cationic
structure reinforces the notion of a flow of electron density from
the remaining ligands to the metal center, particularly the apical
methyl ligand. Like the Goldberg system, EDA and LOBA
calculations additionally suggest that the five-coordinate
structure is IrI with an apical M → Me datively bound, i.e.,
iodide dissociation triggered an IrIII to IrI reduction. Similar
outcomes were obtained with other d6/d8 catalytically relevant
complexes. For example, the RhI/RhIII and related IrI/IrIII
catalysts are responsible for generating 60% of global acetic
acid (Monsanto and Cativa processes, Scheme 4B)31 and the
proposed intermediate of the well-studied Shilov system
(Scheme 4C) both showed a decrease in positive charge at the

Scheme 3. MO Diagram Describing the Interaction of a
Square Planar PtII Species with Methyl Iodide To Form the
Five-Coordinate Intermediate

Scheme 4. (A) Iodide Dissociation from Iridium in a Model
for Vaska’s Complex; (B) Iodide Dissociation in the
Monsanto Acetic Acid Catalyst; and (C) Chloride
Dissociation in the Shilov System
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metal upon loss of an anionic ligand. In both cases, EDA and
LOBA studies showed that loss of the trans anionic ligand
triggered a functional, and formal, metal reduction.

■ CONCLUSIONS
Our analysis provides insight into the sequence of electronic
structure changes accompanying the stepwise reductive
elimination of small molecules from multiple d6/d8 textbook
complexes. Computational analysis of the charge at a series of
octahedral metal centers revealed that loss of an anionic iodide
(or chloride) ligand triggered an increase in the metal’s electron
density at the expense of the trans axial ligand, enough to
consider the apical Pt−Me bond to be a Pt → Me dative bond.
The IUPAC definition for assigning oxidation state is therefore
relevant: “oxidation state equals the charge of an atom after its
homonuclear bonds have been divided equally and hetero-
nuclear bonds assigned to the bond partners according to Allen
electronegativity, except when the electronegative atom is
bonded reversibly as a Lewis-acid ligand, in which case it does
not obtain that bond’s electrons.”30 Although it is debatable
what constitutes a reversibly bound Lewis acid ligand (CH3

+ loss
is clearly unfavorable but a more stabilized carbocation could be,
e.g., Gabbai ̈ et al.32), a series of characterization methods
describing the key bond as Pt → Me implies an alignment to the
IUPAC description. If one accepts the argument (and data) that
the CH3 ligand is a Lewis acid, then both the IUPAC formalism
and the LOBA analysis indicate the metal has been functionally
and formally reduced upon dissociation of I−. Even if one does
not accept the argument of reversibility, the data clearly
demonstrate a Lewis acid apical ligand in the five-coordinate
intermediates. Finally, the root cause of the inversion of electron
flow along z in the studied five-coordinate structures is
ultimately the empty coordination site. More than just a
potential position to coordinate a ligand, the electronic
perturbation caused by this vacancy creates the electrophilicity
along z. The potential for altering fundamental reactivity in this
manner is the subject of current efforts.33
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