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Abstract: A density functional theory (DFT) study of the Mal

reaction of [MezPt(u-NN)(u-dppm)PtMez] (1) (NN = ’—’ Ve \/i/Nrj P\PR Me

phthalazine, dppm = bis(diphenylphosphino)methane) %I\/

with two equivalents of iodomethane in acetone (A) and M‘R;i \Me

benzene (B) reveals a mechanism in agreement with A~ o 2ah  acelone /g\ php”” peh

A - : g thP Pth Vel ~ P 2aB . benzene PhP PPh ¥

spectrocopic and kinetic data reported earlier by Rashidi o |V| NNl g Me |vl/ olvme Me- |1~ iy e

and coworkers, for which computation permits additional ! ;" Pl‘" Me‘j“"”\‘ ool in acetone & benzene /l € i S

insights. Following initial oxidation at one platinum(Il) Mo Me Me Me W Me o Me
) : i honai 1A : acetone SA " 10A acetone 4A : acetone

centre o form”mlxe,:g yalence_ outer sphe(rg ion-pairs 1B b Sh aoctone _ Top oone. i acetone

containing a Pt"'—Pt"V interaction, [MesPt®)(u-NN)(p- | in acetone A

dppm)PtMe2-10)] (6A, 7B), two competing mechanisms NN Q

are found for the second oxidative addition at the NN Mel

remaining platinum(11) centre. In one mechanism (Path 1),

a rearrangement of intermediate 6A and 7B to form [MesPt(K!-NN)(u-dppm)(u-1)PtMe2] (2aA, 2aB) occurs prior to oxidative addition
giving, after subsequent steps, outer-sphere ion-pairs [MesPt(K'-NN)(u-dppm)(u-1)PtMes™)-10] (10A, 10B), followed by dissociation of
phthalazine and formation of the product complex [MesPt(u-dppm)(u-1)2PtMes] (4A, 4B) containing two PtV centres.. In the other
mechanism (Path 11), oxidative addition occurs at the Pt" centre of 7A and 7B, leading also to 10A and 10B. Paths I and Il are competitive
in acetone, but Path | is preferred in benzene. The first oxidative addition computes as having a lower barrier than the second, in accord
with experiment, and we attribute this to the occurrence of a Pt---Pt® interaction assisting the first oxidative addition at Pt°.
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1. INTRODUCTION The Rashidi group have made seminal contributions to
A rich organoplatinum(I1,111,1V) chemistry based on the this field,” including computational studies by his
binuclear manifold "Pt(L):Pt", has been developed in colleagues.®* We report here a computational study of the
recent decadesfL often emp]oying reagents such as a|ky| system illustrated in Scheme 1a, which attracted our
halides as two-electron oxidants. A wide variety of attention for several reasons: (i) the potential for a Pt---Pt
ligands have been utilised, including rigid ligands that interaction in an assumed initial cationic intermediate in
ensure separation of platinum centres, and others that the reaction of 1 with Mel, (ii) the potential involvement
allow platinum atoms to be adjacent and participate in of mixed valence in 2, 2a, or other species, noting the
Pt.--Pt interactions inc|uding pth-pti bonding_ assumed ﬂEX|b|I|ty of the weak donor phthalazine

bridge and (iii) extensive spectroscopic and kinetic data
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Scheme 1. (a) Simplified schematic illustrating stepwise oxidation of binuclear Pt" complexes, and (b) a contribution by Mehdi Rashidi’s group
illustrating a proposed mechanism based upon spectroscopic and kinetic data [2a]
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available,?® including in both acetone and benzene
imparting solvent effects on kinetic data, to benchmark
mechanisms explored using density functional theory
(DFT) methods.

2. RESULTS AND DISCUSSION
First Oxidative Addition in Acetone and Benzene

We commenced this study by examining the first
oxidative addition in both acetone (A) and benzene (B) to
allow an initial assessment of complementary
experimental and computational data. Optimised
structures for the binuclear complex 1 exhibit Pt---Pt
3.450 A in acetone and 3.476 A in benzene (1A and 1B,
respectively, in Fig. 1), so that this interaction is
considered to be very weak (van der Waals radius for Pt
1.73 A)%. Oxidative addition by iodomethane occurs via
an initial adduct (5A, 5B) followed by the anticipated
Sn2-like transition state (TS-5A/6A. TS-5B/7B) leading
to products 6A and 7B (Fig. 1). During optimisation of 7B
the iodide ion migrated to form an outer-sphere ion-pair in
which iodide interacts with ortho-hydrogen atoms of
phenylphosphine groups linked to the two platinum
centres. In contrast, an ion-pair 6A with a different
structure was obtained in acetone, in which the iodide ion
interacts with a hydrogen atom of the phthalazine ligand.
Reoptimisation of 6A in benzene also provided 7B,
illustrating a facile rearrangement between ion-pair
structures. The Pt---Pt distances decrease on going from
1A,B to 6A and 7B, such that the distances in 6A and 7B
are reduced by ca. 0.5 A. The shortening reflects the
presence of a donor interaction from the Pt" centre to Pt',
Pt'—Pt"V, and thus in a formal sense a contribution of
Pt'"-Pt" bonding.
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Fig. 1. Computed energy profile for oxidative addition of iodomethane
to the binuclear platinum(1l) complex [Me,Pt(pu-NN)(p-dppm)PtMe;] (1)
in acetone (a) and benzene (b). The formal oxidation state for “Pt'V” in
6A and 7B is shown for simplicity of presentation, noting additional
complexity associated with the Pt---Pt interaction. Selected interatomic
distances (A) are shown; energies AG (AH) are in kcal mol™ referenced
to 1A and 1B.
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The barrier for oxidative addition is computed to be lower
in acetone (AG' 15 6 kcal mol?) than in benzene (AG' 16.8
kcal mol?), consistent with the trend found
experimentally (AG' 17.7 and 18.0 kcal mol?). The
agreement between experimental and computational data
provided encouragement for tackling the second oxidative
addition.

Second Oxidative Addition in Acetone

Noting the proposed involvement of 2 and/or 2a
(Scheme 1), we explored removal of iodide from the ion-
pair 6A providing 8A, and adding iodide to the Pt' centre
to give 2A (Fig. 2a, Path I). The Pt---I distance in 2A is
3.667 A, suggesting the presence of a weak interaction. A
subsequent process for dissociation of the bridging
phthalazine group from the Pt" centre of 2A to give 2aA
(Fig. 2a) was found from potential energy scans
increasing the Pt'"-N distance, and subsequent
optimisation of a transition state. The barrier for the
formation of 2aA, G 16.6 kcal mol? relative to 6A, is
higher than the barrier for the initial oxidation (15.6 kcal
mol?, Fig. 1a).
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Fig. 2. Computed energy profiles for the second oxidative addition of
iodomethane to the binuclear platinum(ll) complex [Me,Pt(u-NN)(u-
dppm)PtMe;] (1) in acetone, commencing from 6A via (a) Path | and (b)
Path 11. Selected interatomic distances (A) are shown; energies AG (AH)
are in kcal mol referenced to 1A.
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Oxidative addition occurs readily at the square-planar Pt"
centre for 2aA, via adduct 9A and TS-9A/10A, to give the
ion-pair 10A (Fig. 2a). Coordination of iodide at the
square-pyramidal PtV centre of 10A provides 11A,
followed by ring-closure with expulsion of phthalazine
resulting in formation of the experimentally isolated
complex 4A.

Path | is consistent with the experimental observation that
the second oxidative addition has a higher barrier than the
first.2

Path Il (Fig. 2b) does not proceed directly from the outer-
sphere ion-pair structure 6A, as a transition state
computed for this ion-pair is higher than that found for
TS-7TA/12A (AAG' 1.8 kcal mol?). Instead, the process
modelled on reaction with the higher energy ion-pair 7A,
as an analogue of the ion-pair formed 7B formed in
benzene (Fig. 1b), provided TS-7A/12A and its product
(12A). Structure 12A exhibits ion-pair H---1 interactions
for the iodide ion adjacent to the newly formed Pt'V centre
that are ca. 0.2-0.4 A longer than the iodide ion
interacting with the phenylphosphine groups. In a
situation where two five-coordinate Pt centres are
adjacent in 12A, it is anticipated that the more weakly
interacting iodide would migrate to form the lower energy
iodo-bridged structure 13A. Two pathways from 13A to
structure 10A appear feasible: directly to 10A via
migration of iodide in 13A to the bridging position, or via
dissociation to give 3A followed by formation of 10A.
Structure 10A could then form 11A, allowing completion
of reaction as in Path I.

Path | and Path Il compute as having identical barriers,
and in both cases these barriers are for the oxidative
addition step: AG' 21.1 kcal mol™* for Path | (TS-9A/10A)
and AG' 21.0 kcal mol* for Path 1l (TS-7A/12A) (Fig. 2).
It is assumed that reaction can occur via both paths.

Second Oxidative Addition in Benzene

Reaction in benzene was explored in a similar manner
to reaction in acetone, resulting in profiles for Path | and
Path 11 that exhibit analogous intermediates and transition
states to those for acetone, as shown in Fig. 3. However,
for benzene as the solvent, structures directly analogous to
fully separated cations and iodide, i.e. analogues of 3A
and 8A (Fig. 2), compute as very high energy (G 26.2
kcal mol™) owing to the poor solvation of iodide by
benzene, and are thus omitted from Fig. 3.
Except for these differences related to the absence of
separated cations and iodide in benzene, the profile for
Path | is similar to that in acetone. For Path | and I, the
reference point for estimation of the barrier for oxidative
addition is 2aB, as the barrier for interconversion of 2aB
and 6B (AG' 13.4 kcal mol?) is lower than that for the
first oxidative addition (16.8 kcal mol?) and the second
oxidative addition (18.1 kcal mol? for Path I), allowing
equilibria between 2aB and 7B.
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Fig. 3. Computed energy profiles for the second oxidative addition of
iodomethane to the binuclear platinum(ll) complex [Me,Pt(u-NN)(u-
dppm)PtMe;] (1) in benzene, commencing from 6B via (a) Path | and (b)
Path 11. Selected interatomic distances (A) are shown; energies AG (AH)
are in kcal mol™ referenced to 1B.

In contrast with the reaction in acetone, for which Paths |
and |1 are indistinguishable on the basis of AG', Path Il for
benzene as solvent is clearly disfavoured (AAG' 7.6 kcal
mol™?). We attribute this to the inability of ion-pairing to
compensate for the lower ability of non-polar benzene
than acetone to stabilise transition structure TS-15B/12B
which has adjacent positively charged platinum centres.
This aspect is also evident in the product 12B, which
computes as having similar energy to the transition state.
A comparison of experimentally and computationally
obtained activation energies is provided in Table 1. For
both acetone and benzene, both methods exhibit the first
oxidative addition with a lower barrier than the second
oxidative addition. Also in agreement, the first oxidative
addition has a lower barrier in acetone.

3. CONCLUSIONS

The computational study elaborates in detail the
mechanism of the reaction of MePt(u-NN)(p-
dppm)PtMe;] (1) to form [MesPt(u-dppm)(p-1)PtMes] (4)
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Table 1. Comparison of Experimental [2a] and Computation Values for Activation Energies for the First and Second Oxidative Addition of
lodomethane to [Me,Pt(u-NN)(u-dppm)PtMe,] (1) in Acetone and Benzene

AG' (kcal mol™) AH' (kcal molY)

Experiment Computation Experiment Computation
First oxidative addition
Acetone 17.7 15.6 6.0 3.7
Benzene 18.0 16.8 8.0 5.9
Second oxidative addition
Acetone 18.7 Path I: 21.1 53 Path I: 9.2
Path 11: 21.0 Path 11: 11.1
Benzene 19.1 Path I: 18.1 10.8 Path I: 8.8
Path Il: 25.7 Path 11: 16.1
Path |
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Scheme 2. Computed mechanism for the reaction of 1 with two equivalents of iodomethane to form 4, illustrating the initial oxidative addition (Fig. 1)
and competitive Paths I and 1 in acetone (Fig. 2), but only Path I in benzene

(Scheme 2) in benzene. The results are broadly consistent
with a mechanism proposed on the basis of kinetic and
spectroscopic studies (1 — 2 — 3 — 4, Scheme 1).

The first oxidative addition forms ion-pairs 6A (in
acetone) and 7B (in benzene) which exhibit Pt---Pt
distances (3.020 A in acetone, 2.981 A in benzene),
consistent with a weak donor interaction Pt"—Pt'V.
Structures 6A and 7B enable entry to two Paths (I and I1)
for acetone and Path | for benzene, leading to structures
10A and 10B, and thus to 4A and 4B.

The barriers for oxidative addition in the alternative Paths
I and Il are essentially identical for acetone as the solvent,
so a distinction between these is not considered feasible.
These barriers are higher than the barrier for the first
oxidative addition, in agreement with experiment.

We attribute the higher barriers for the second oxidative
addition as a result of the absence of the presence of a
Pt'—Pt"V interaction to assist oxidative addition at 2aA
and 7A, an interaction noted for the first oxidative
addition to 1A and 1B (Fig. 1).

For benzene as solvent the computed barrier for the first
oxidative addition is higher than that for acetone, and the
second barrier in benzene is higher than the first,
consistent with experiment.

The study indicates the role of a Pt---Pt interaction in the
initial oxidative addition, flexibility of the diimine ligand

Inorg. Chem. Res. 2022, 6, 93-97

in converting between monodentate and bridging roles,
the formation of outer-sphere ion-pairs to stabilise
cationic species as key intermediates, the complementary
role of experimental (spectroscopy, Kkinetics) and
computation in determining mechanism in organometallic
chemistry, and illustrates the important role of Mehdi
Rashidi’s contribution to modern binuclear
organometallic chemistry.

4. EXPERIMENTAL

Gaussian 16 was used® to fully optimise all structures at the
MO6 level of theory.® For all the calculations, solvent
effects were considered using the SMD solvation model”
with benzene as the solvent. The SDD basis set® with
effective core potential (ECP) was chosen to describe
palladium. The 6-31G(d) basis set was used for other
atoms. This basis set combination will be referred to as
BS1. Frequency calculations were carried out at the same
level of theory as those for the structural optimisation.
Computation included application of the ultrafine grid as
the default in Gaussian 16. Transition structures were
located using the Berny algorithm, contained one imaginary
frequency, and exhibited atom displacements consistent
with the anticipated reaction pathway. The nature of the
transition structures was confirmed from the potential
energy surface scans. Transition structures were examined
by Intrinsic Reaction Coordinate calculations, and where
necessary precursors to and products from transition states
were obtained by optimisations after small displacements in
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the direction of the normal mode corresponding to the
imaginary frequency. To further refine the energies
obtained from the SMD/MO06/BS1 calculations, we carried
out single-point energy calculations in dichloromethane
using the MO6L functional method®® incorporating
Grimme’s D3 computation to account more completely for
dispersion.1° for all of the structures with a larger basis set
(BS2). BS2 utilises the def2-TZVP basis set'! on all atoms
with an effective core potential including scalar relativistic
effect for palladium and iodine. An additional correction for
the compression of 1 mol of an ideal gas from 1 atm to the
1 M solution phase standard state (1.89 kcal mol?)!? was
applied.
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