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ABSTRACT: A detailed density functional theory (DFT) study / ,, \
of the protonation and subsequent methane elimination reac-

tions of dimethylplatinum(II) complexes in presence of triflic | bowlocalizwﬂ

acid in various solvents has been undertaken to contribute to the

debate concerning the mechanism of the electrophilic cleavage i / /‘\“CH‘
of the Pt—C bond in Pt(II) complexes. Both mechanisms of o’é

direct one-step proton attack at the Pt—C bond (Sg2) and d metal based ““ 1 'NW
stepwise oxidative-addition on the central metal followed by ’ Se(ox) L*CH

reductive elimination (Sg(ox)) have been explored for a series \ », L /
of dimethylplatinum(II) complexes changing the nature of the

ancillary ligands and the solvent. Theoretical calculations show that the most likely mechanism cannot be predicted on the basis of
spectator ligands donating properties only. A one-step protonolysis pathway is characteristic for complexes containing P based
ligands, whereas for complexes containing N based and, in general, hard poor-donor ligands a common behavior cannot be
indicated. Solvent nucleophilicity can influence the rate of the Sg(ox) rate mechanism, whereas its steric hindrance can induce a
change of the preferred mechanism. The hypothesis that five-coordinate methyl hydrido platinum(IV) intermediates might be
formed along the Sg(ox) pathway is not supported. Only six-coordinate Pt(IV) hydride complexes are calculated to be stable
intermediates generated by direct protonation at the platinum center. Formation and experimental detection of six-coordinate
Pt(IV) hydrides, nevertheless, cannot be considered a definite evidence that a Sg(ox) mechanism is operative because such
intermediates can be also generated by a hydrogen migration to Pt from the carbon atom of the 0-complex methane molecule
formed by a Sg2 attack. For all the examined complexes methane loss occurs by an associative mechanism. Both solvent and anion of

the acid can assist methane displacement. Calculations have been also carried out to probe whether the preference for a concerted or
a stepwise mechanism should be predicted on the basis of two proposed criteria: metal-complex charge distribution as a

,d'\"“

consequence of the Pt—C bond polarization and the nature of the highest occupied molecular orbital (HOMO).

1. INTRODUCTION

Alkanes are the main constituents of oil and natural gas, and
have been utilized as raw materials in industrial processes and
for the production of energy for many decades. However, the
possibility to selectively activate and functionalize saturated
hydrocarbons to form more valuable products under mild
conditions is one of the desirable goals of the current chemical
research.’

Extensive research over the past 40 years has discovered many
examples of inter- and intramolecular C—H bond activation by
homogeneous transmon metal complexes, often under remark-
ably mild conditions.” A particular interest has been focused on
Pt(II) square planar metal complexes that have proven to be
good candidates as homogeneous systems able to activate alkane
C—H bond in mild conditions.> Since the early work by Shilov
and coworkers established that a mixture of Pt(II) and Pt(IV)
salts in aqueous solution is capable to convert alkanes (including
methane) to mixtures of the corresponding alcohols and
chlorides,>*® many studies on these and model systems have
provided significant mechanistic details, 134 that have led to an

v ACS Publications ©2011 American chemical Society

10091

increased understanding of the reaction mechanism. Numerous
experimental and theoretical studies have shown that of the three
steps of the whole catalytic cycle proposed by Shilov and cow-
orkers, the C—H activation step governs the overall rate as well as
the selectivity of the catalytic cycle.” Because of the inherent
difficulties in studying C—H bond activation directly, much of
the insight into alkane activation reactions has come from the
investigation of the microscopic reverse reactions of the activa-
tion step, namely, protonolysis of well defined model systems,
such as alkylplatinum(II) complexes.’®

Two alternative routes have been proposed in the literature
for the electrophilic attack of the proton at alkylmetal complexes
(as shown in Scheme 1 in the case of a Pt(II) complex): the direct
protonation by a concerted attack at the platinum—carbon bond
(Sg2 mechanism, the microscopic reverse of electrophilic C—H
activation), or a stepwise prior oxidative addition on the central
metal to generate a platinum(IV)-hydride followed by reductive

la4a,7

Received:  May 12,2011
Published: September 22, 2011
dx.doi.org/10.1021/ic201004n | Inorg. Chem. 2011, 50, 1009110101



Inorganic Chemistry

Scheme 1. Alternative Reaction Pathways for the Protono-
lysis of Alkylplatinum(II) Complexes
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elimination (Sg(ox) mechanism, the microscopic reverse of
oxidative C—H cleavage). Both pathways involve the formation
of a methane C—H o-complex before the liberation of
methane.”***® Methane loss can occur through both either an
associative or a dissociative substitution pathway.**

In spite of the numerous investigations on the protonolysis of
alkyl- and arylplatinum(1I) compounds, which have taken into
account many parameters,” whether the attack by the proton
takes place on the metal center or directly on the Pt(II)-C bond is
rather difficult to establish only on the basis of kinetic evidence.
Very recently, Bercaw et al. have suggested that kinetic isotope
effect (KIE) behavior, consistent with tunnelling, can be an
experimental indicator of the concerted S;2 mechanism.'® The
issue of the preferred protonation site has been for the first time
theoretically investigate by Li et al.'" for the benzene C—H bond
activation mediated by a diimine Pt(I) complex.

The preference for the Sg(ox) pathway has been considered
plausible by the detection of Pt(IV)-H intermediates in the
protonolysis of many alkylplatinum complexes. The mere ob-
servation of Pt(IV) hydrides does not definitively prove, how-
ever, that protonation occurs at the metal since, as underlined by
Tilset’s group,6d only the thermodynamic site of protonation is
identified. Unobserved kinetic products can be formed by a Sg2
attack that rapidly rearrange to give observed hydrides. The same
authors have provided the first unambiguous evidence that the
metal center of Pt(II) dialkyl complexes is also the kinetically
preferred site of protonation. On the other hand, since the
possibility to detect hydride intermediates is strongly dependent
on many factors, failure to observe hydridoplatinum(IV) inter-
mediates does not allow to definitely exclude their involvement.

After the isolation of some platinum(IV) aryl hydrido com-
plexes in the early 1990s,"* several research groups®’™"'* have
observed formation of hydridoalkylplatinum(IV) intermediates
under low-temperature protonation of alkyl Pt(II) complexes
containing hard N-donor ligand or trans-activating groups
supporting the hypothesis of an oxidative addition mechanism
to be operative in such cases.

Evidence of this trend, has been presented more recently by
Tilset and co-workers, which have carried out a detailed kinetic
study of the protonolysis reaction of a (N—N)PtMe, complex
(where N—N is the ArN=C(Me)-C(Me)=NAr diimine ligand
with Ar = 2,6-Me,C¢H;) in MeCN/CH,Cl, solvent mixtures
and have indicated the Sg(ox) mechanism as the preferred one.*
Even in absence of a direct evidence for the existence of a
pentacoordinate hydrido dimethylplatinum(IV) intermediate,

the authors have assumed that the reaction proceeds via forma-
tion of such a complex. Nevertheless, the results of their analysis
are equally consistent with a mechanism that involves proton-
ation and acetonitrile ligation at Pt occurring in a concerted
fashion.

This mechanism is not the preferred one for the protonolysis
of the cis-dialkyl, cis- and trans-diarylplatinum(1I) and mixed
alkyl-aryl complexes containing phosphane, for which measured
kinetic parameters provide strong evidence that the concerted
attack at the Pt(I)-carbon bond is the most likely mechanism.®
A detailed kinetic study of platinum(II) alkyl complexes of the
type with monodentate and chelating phosphane ligands has
demonstrated that the protonolysis occurs following a one-step
mechanism of proton transfer.”

In view of the fundamental mechanistic relevance of the
protonation of the Pt—C bond as the microscopic reverse of
C—H bond activation by platinum complexes, we have consid-
ered of interest to probe how changes in the Pt(II) ligand
environment affect the protonolysis process. With this aim, we
have investigated the protonolysis reaction mechanistic details of
two dimethylplatinum(II) complexes in presence of triflic acid in
acetonitrile solvent. The former one is the model (N—N)Pt(Me),
complex, very similar to that studied by Tilset et al,,”® where the
diimine N—N is MeN=C(Me)—C(Me)=NMe, containing a
hard nitrogen-donor ligand. The latter one is the platinum(II)
complex cis-[Pt(Me),(PMe;),] containing soft ligands as tri-
methylphosphine. We have used Density Functional Theory
(DFT) calculations to gain useful insight and understanding of
the factors that affect every step of the protonolysis process. Our
aims are 4-fold: (i) to evaluate the influence of the change from
hard poor- to soft good-donor ligands on the protonation step
that could occur at Pt or at the methyl group; (ii) to assess the
involvement of a pentacoordinate platinum(IV) hydrido inter-
mediate in the multistep Sg(ox) mechanism; (jii) to address the
issue of whether the reacting methane leaves (or enters) the
coordination sphere by an associative or a dissociative mechan-
ism; and, also connected to the previous topic, (iv) to establish
which is the role of both the solvent and the anion of the acid that
releases the proton. Special note should be made concerning the
effect of the presence of an explicit solvent molecule and of the
anion of the acid. A series of preliminary calculations carried out
by using hard NH; and soft PHj ligands to reduce the computa-
tional cost have clearly shown that inclusion of solvent and anion
species is mandatory to correctly reproduce both the mechanism
and the energetics of the process.

The situation is summarized in Scheme 2 that illustrates the
explored alternative pathways. For both investigated model
platinum(II) complexes calculated energy barriers have been
compared with literature data for closely related compounds.éb’7
Moreover, in the effort to indicate the factors that could play a
role in determining the site of attack, additional computations
have been carried out for a series of platinum(II) complexes
changing the nature of the solvent and of the ancillary ligands.
It is worth mentioning that, for many systems examined
here, simulation of the solvent effects does not reproduce the
experimental conditions in terms of solvent characteristics and
temperature.

2. COMPUTATIONAL DETAILS

All the electronic structure calculations involved in the protonolysis
reaction of the cis-[PtMe,(PMes),] and (N—N)PtMe, (N—N is
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Scheme 2. Unified Scheme for Electrophilic Proton Attack at Dimethylplatinum(II) Complexes
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MeN=C(Me)—C(Me)=NMe) complexes have been carried out using
the Gaussian 03 program package'* at the DFT level by use of the hybrid
exchange functional by Becke (B3) 'S in combination with the Lee, Yang,
and Parr (LYP) correlation functional.'®

All equilibrium structures and transition states have been fully
optimized using 6-311+G** standard basis sets for all atoms except the
platinum atom, for which the double-¢ basis set LANL2DZ has been
employed. The relativistic LANL2DZ pseudopotential is the typical
basis set used for structural calculations of transition metal com-
plexes, and it is known to give close agreement between opti-
mized and experimentally determined structures for organoplatinum
complexes.'”

All stationary points have been characterized as minima or transition
states by a vibrational analysis performed within the harmonic approx-
imation at the same level of theory, ensuring that every transition state
had only one imaginary frequency. The zero-point vibrational energy
corrections have been included in all of the reported relative energies.
The reaction pathways have been investigated more closely following
the intrinsic reaction coordinate (IRC)'®** starting from transition state
structures and leading to the corresponding minima.

NBO charge analysis was carried out on the structures of some
intercepted stationary points.20

Single-point calculations on optimized structures have been also
carried out to estimate the impact of the solvent employed in the
experiments. Whereby, the acetonitrile environment has been mod-
eled using the Conductor Polarized Continuum Model (cpCcm)*!
as implemented in Gaussian 03 and the UAHF set of radii has been
selected to build up the cavity. Enthalpies and Gibbs free energies
have been obtained at 298 K at 1 atm from total energies, including
solvent, zero-point, and thermal corrections, using standard statis-
tical procedures.”> However, such approach does not reflect the real
entropic cost under catalytic conditions.”> Following a common
approach in theoretical catalysis, the solvation entropy has been
estimated as two-thirds of its gas-phase value.”*** Indeed, for
catalytic reactions solvation entropy of the starting material and
the adduct can be regarded as being similar. The difference in
reaction entropy between the gas-phase and the condensed-phase
is mainly due to substrate solvation. For polar solvents the entropic
contribution of the substrate in solution is about two-thirds of the
gas-phase value. Thus, it is reasonable to assume that the solvation
entropy for catalytic systems is approximately two-thirds of the gas-
phase value.

3. RESULTS AND DISCUSSION

3.1. Protonolysis of the Pt—C Bond of the (N—N)PtMe,
Complex. The geometric structures of the Pt species (B3LYP
optimized in the gas phase) which are stationary points along the
pathway for the protonolysis reaction of the (N—N)PtMe,
complex and selected geometrical parameters are reported in
Supporting Information, Figures S2 and S3, respectively. The
calculated potential energy surface (PES) for the protonolysis
process is drawn in Figure 1, where relative energies in gas-phase
and relative free energies in solution are calculated with respect to
the sum of the energies of the separated reactants, that is
(N—N)PtMe, complex, triflic acid, and one explicit molecule
of acetonitrile solvent. Relative enthalpies (AH) at 298 K and
free energies in MeCN (AG,,;) are provided. Unless otherwise
noted, in what follows, the discussed energies are B3LYP free
energies in MeCN. Both transition states for the proton transfer
along the stepwise Sp(ox) pathway have been intercepted,
whereas all the attempts to locate the transition state involved
in the one-step Sg2 mechanism have failed. Protonation of the
Pt—C bond of a Pt(II) alkyl complex takes place by oxidative
addition on the central metal atom followed by reductive
elimination. Geometrical structures reported in Supporting In-
formation, Figure S2 show that the acetonitrile solvent molecule,
which in the initial complex I, is far from the metal center of the
complex, comes close in the transition state TS1,, to assist the
release of the proton from the acid. No stable minimum
corresponding to the five-coordinate Pt(IV) hydrido complex
has been intercepted, and the only calculated stable minimum is
the six-coordinate platinum(IV) hydrido complex (II,,) stabi-
lized by the axial MeCN ligand. The barrier that is necessary to
overcome to form the intermediate II_, is 1.2 kcal/mol. The
calculated imaginary frequency of 48i cm™ ' is mainly associated
with the proton transfer from the oxygen atom of the acid to the
Pt atom of the complex and the movement of the MeCN
molecules that approaches the metal center. Full optimization
in the solvent could clarify whether the TS1,, really exists or the
surface is very flat in this region of the energy profile. Inter-
mediate II,, is more stable than the first intermediate I,, by
4.1 kcal/mol. Formation of the o-methane complex III,,, takes
place overcoming an energy barrier, corresponding to the TS2,,
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Figure 1. Calculated energy profile for the proton attack at the (N—N)PtMe, complex in presence of triflic acid in acetonitrile solvent leading to
methane loss. Relative free energy in CH;CN (AG,,) and enthalpies (AH) at 298 K are reported. Relative energies are in kcal/mol.

transition state, of 12.4 kcal/mol. The normal mode associated to
the imaginary frequency, calculated to be 567i cm ™', corre-
sponds to the proton transfer from the metal center to the carbon
atom of one of the methyl groups. The MeCN molecule appears
to be completely detached. Calculated values of the energy
barriers for the model complex can be favorably compared with
the experimental activation energies obtained for the specific
complex used in ref 6b (3.6 and 18.2 kcal/mol for the first and the
second step, respectively). For the metal-methane complex III,,,
we have explored different coordination modes of the 0-CH,
ligand. In analogy with previous investigations** only coordina-
tion corresponding to the so termed 7*(C,H)**** mode has been
found as a stable minimum (see Figure 1) lying about S kcal/mol
lower in energy with respect to separate reactants asymptote.

Concerning the methane loss we have investigated the two
alternative scenarios corresponding to (a) a dissociative pathway
involving formation of a coordinatively unsaturated 14-electron
intermediate [(N—N)PtCH;]" followed by coordination of the
solvent or the anion of the acid and (b) a solvent- or anion-
assisted associative pathway that occurs by simultaneous depar-
ture of the leaving ligand and entering ligand approach to the
platinum atom.

For the transition state of the associative mechanism, TS3,
(corresponding to a five-coordinate platinum), we have considered

two different alternatives, one where the MeCN solvent molecule
replaces methane (TS3_S,,) and another where methane is
replaced by the anion, OTf , of the acid (TS3_A,,). In agree-
ment with experimental findings, the square-planar complex
[(N—N)Pt(MeCN)CH;]*, named IV_S,, obtained in the
former case is less stable than the square-planar complex
(N—N)Pt(OTf)CHj;, named IV_A,,, formed by methane re-
placement in the latter case. Gas-phase calculations are not able
to reproduce this trend and a reversed ranking of IV_S,, and
IV_A,, is obtained. The barriers that hamper the formation of
the IV_S,, and IV_A, complexes are comparable in solution. In
addition, we have evaluated also the energy barrier for the
transition state, TS4,,, that should allow the interconversion
between IV_A,, and IV_S,; complexes. The transition state
between these two minima is 15.1 above the IV_A,, least stable
minimum, indicative of a slow process (see Supporting Informa-
tion, Figure S4).

Considering now the dissociative mechanism, the reaction
should proceed by a tricoordinate transition state corresponding
to methane bond breaking to generate a 14-electron intermediate
with a vacant coordination site that should be occupied by the
solvent or the anion. We have repeatedly tried to intercept the
tricoordinate intermediate and the transition state leading to it,
but without success. Owing to the lack of any stabilizing effect of
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Figure 2. Calculated energy profile for the proton attack at the cis-[PtMe,(PMe;),] complex in presence of triflic acid in acetonitrile solvent leading to
methane loss. Relative free energies in CH;CN (AG,,;) and enthalpies (AH) at 298 K are reported. Relative energies are in kcal/mol.

the labile existence of these species, the empty site is immediately
occupied by the incoming MeCN or OTf species. So this
establishes that methane entering or leaving the coordination
sphere is an assisted associative process.

From an examination of the energy profile in Figure 1 we
conclude that the rate-determining step of the whole process is
the reductive C—H coupling to the ¢ adduct, to which the
highest energy barrier corresponds to.

3.2. Protonolysis of the Pt—C Bond of the cis-[PtMe,-
(PMe3),] Complex. Fully optimized structures of stationary
points intercepted along the pathway for the protonolysis of
the model cis-[PtMe,(PMe;),] complex and some selected
geometrical parameters are reported in the Supporting Informa-
tion, Figures S5 and S6, respectively. The corresponding energy
profile is sketched in Figure 2 where relative enthalpies and
relative free energies in acetonitrile solvent are calculated with
respect to the sum of the energies of the complex, the triflic acid,
and one solvent molecule. Discussed energy values are the
B3LYP solvent free energies (AG).

Even though the current literature strongly supports the
hypothesis that phosphane trans-activating ligands promote the
Sg2 mechanism, we have performed calculations aiming to locate
minima and transition states along both stepwise and con-
certed mechanisms. Only the six-coordinate Pt(IV) hydride

intermediate involved in the Sg(0x) mechanism has been located,
whereas along the one-step Sg2 protonation pathway the transi-
tion state has been easily intercepted. After formation of the first
adduct I, protonation proceeds by a one-step electrophilic attack
at the Pt—C bond with the formation of the 0 methane adduct,
that takes place overcoming a free energy barrier of 5.6 kcal/mol,
corresponding to the transition state TS1. The imaginary fre-
quency that characterizes this stationary point is calculated to be
1305i cm™ " and corresponds to the transfer of the proton from
the oxygen atom of the acid to the carbon atom of one of the
methyl groups and the weakening of the Pt—C bond. As
expected the explicit solvent molecule plays no role and can be
considered one of the molecules of the solvent environment. The
o methane 77°-bonded complex II is formed that is computed to
be considerably more stable than the I complex.

In analogy with the methane loss step from the [(N—N)Pt-
(CH;3)(CH,)]" adduct we have explored both dissociative and
associative mechanisms and for the associative pathway the
possibility that the substitution takes place by methane exchange
for both a solvent molecule and the anion of the acid. It results
that the methane displacement occurs by an associative mechan-
ism that could involve as incoming species both the solvent and
the anion. The calculated barrier for the methane removal from
the coordination sphere of the metal is found in both cases to be
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Table 1. Calculated NBO Charges for the Proton Attack at (N—N)PtMe,, cis-PtMe,(PMe;),, (dmpe)PtMe,, (tmeda)PtMe,, and
(COD)PtMe, Complexes in Acetonitrile Solvent, at (N—N)PtMe, and (PMe;),PtMe, Complexes in Methanol Solvent, and at

(N—N)PtMe, Complex in Ethyl Ether Solvent

NBO charges

solvent complex N P

CH;CN (N=N)Pt(Me), —0.441
cis-[PtMe,(PMe),] 1.070
(tmeda)Pt(Me), —0.525
(dmpe)Pt(Me), 1.096
(COD)Pt(Me),

CH;OH (N—N)Pt(Me), —0.427
cis-[PtMe,(PMe),] 1.120

(C,Hs),0 (N=N)Pt(Me), —0.418

Caam Pt H C e
0.290 0491 —0.813 —0.380
—0.293 0.508 —0.828 —0.367
0253 0.492 —0.800 —0.380
—0319 0.516 —0.831 —0.386

—0.194 0.262 0.517 —0.806 —0.370
0.229 0.500 —0.813 —0.738
—0.331 0.505 —0.822 —0.732
0.306 0.502 —0922 —0.614

X is the nucleophile atom of the solvent molecule: O for both CH3;0H and (C,Hs),O solvent and N for CH3CN solvent.

very low, less than 1 kcal/mol, indicating an almost barrierless
process.

The overall process leads to the elimination of methane and
formation of cis-[PtMe(MeCN)(PMe;),]", indicated as III_S,
and cis-[PtMe(OTf)(PMe;),], named III A, square planar
complexes is exothermic by 35.7 and 34.9 kcal/mol, respectively.
The rate-determining step is the proton attack of the Pt—C bond,
and the calculated energy barrier of 5.6 kcal/mol compares
favorably with the experimental value of the enthalpy of activa-
tion of AH" = 6.3 kcal/mol obtained from the kinetic analysis of
the protonolysis reaction of the cis-[PtMe,(PEt;),] complex.”

Now, by the principle of microscopic reversibility, looking at
the two energy profiles reported in Figures 1 and 2 from the right
to the left side we can draw some conclusions on the relative
efficiency of Pt(II) complexes containing N- and P-based ligands
in activating C—H bonds. In presence of a soft P-donor ligand in
trans position the first step of the C—H bond activation, that is
coordination of CH, to the metal to form the o-complex, occurs
much more easily than in presence of a hard N-based ligand.
However, the ease of access of the methane molecule to the
coordination sphere of the metal is balanced by its much easier
removal. Therefore, once the o-complex is formed the phos-
phane complex is more likely to release the methane molecule
than to proceed toward proton dissociation. The energetics,
instead, are more favorable for the diimine complex (Figure 1)
that, from the formed 0-complex, can proceed to transfer the
proton to the metal center. The efficiency of diimine Pt(II)
complexes in comparison with phoshane complexes in activating
the C—H bond has been anticipated by Puddephatt et al.** and
Romeo and D’Amico.”

3.3. Can the Preferred Protonolysis Mechanism Be Pre-
dicted? The preference for a stepwise oxidative route or a con-
certed one in the protonolysis of dialkylplatinum(II) complexes
has been explained by invoking both the charge distribution” and
the character of the metal complex highest occupied molecular
orbital (HOMO).*”

Regarding the first criterion, Romeo and D’Amico’ have
proposed that the viability of a “one-step” electrophilic proton
attack should increase with the increase of the electron donation
from soft trans-activating groups because of an electron
enrichment at the Pt-alkyl o-bond of the four-coordinate
starting complex combined with a significant L,Pt>*-C%~ bond
polarization.

5o

4

Tox I

Figure 3. HOMO plot for (N—N)PtMe, (on the left) and cis-[PtMe,-
(PMe3),] (on the right) complexes in presence of triflic acid and an
explicit acetonitrile solvent molecule.

According to the second criterion,”” the favored protonolysis
mechanism should be equally well predicted on the basis of the
relative accessibility of metal-based (nonbonding) and M-C
o-bonding orbital electron density. That is, for complexes having
a HOMO with M-C o-bonding character cleavage of this bond
occurs according to the Sg2 mechanism, whereas complexes
having the HOMO with nonbonding d orbital character typically
follow the two step mechanism (Sg(ox)).

Aiming to prove whether one of these two criteria or both
could be used to indicate which is the most likely pathway, NBO
charge distribution and frontier molecular orbitals examination
have been carried out on the optimized geometrical structures of
(N—N)Pt(Me), and cis-[PtMe,(PMe;),] model complexes.
NBO charge analysis and molecular plots for both complexes
are reported in Table 1 and Figure 3, respectively.

The first investigated model complex (N—N)Pt(Me), is
characterized by a d metal-based HOMO and, hence, a stepwise
oxidative Sg(ox) mechanism is predicted to be the preferred
one. NBO charge analysis shows that the presence of the hard
N—N diimine ligand causes a Pt°*-C° bond polarization. This
information can be interpreted assuming that poor electron-
donor ancillary ligands reinforce the Pt—C bond and favor the
concerted protonation/solvent coordination on the metal
center.
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Table 2. Calculated Activation Energies (kcal/mol) for the Proton Attack at (dmpe)PtMe,, (tmeda)PtMe,, and (COD)PtMe,
Complexes in Acetonitrile Solvent, at (N—N)PtMe, and cis-PtMe,(PMe;), Complexes in Methanol Solvent, and at (N—N)PtMe,

Complex in Ethyl Ether Solvent”

x F
<L“‘”"‘Pt""““‘CHa +HX L, f;..M\‘CHa
- \CH;_ = cn,
Solvent
L CPMeZ +
<L' Pie, E=0 AE' =104
L _ (NMez +
<L- NMe, E=0 AE' =146
L +
CH:CN <L: E=0 AE'=139
L NMe +
= = E=0 AE =15.9
(C2H5)_70 < L INMe
L
<L:2PM93 E=0 AE*=10.0
x ¥ ¥
b .

H
i, o CHa <L'm, LM\\\\CHa L, £
- — : = Pt
N \ - L/‘ \CHG N,
S

/ CHy

CHy

L NMe
CH;OH < =f E=0
L NMe

“HX is the triflic acid and S is the methanol solvent.

AE=3.8 AE = 16.4

The second model system cis-[PtMe,(PMe3), ] has a o-bond
localized HOMO (see Figure 3) and, in fact, a direct M-C bond
electrophilic displacement, Sg2, has been observed. NBO anal-
ysis shows (see Table 1) that the soft character of strong donor
phosphine ligands induces formation of partial negative chargées
on both carbon and platinum atoms weakening the PO -CO”
bond. Bond weakening is supported by the difference in Pt—C
bond distances calculated for I (2.113 A) and I, (2.056 A)
complexes (see the Supporting Information, Tables S3 and S6).
The carbon atom becomes the favorable site of protonation.

It is worth underlining that, although the calculated charge
distribution does not follow the surmised behavior,” the ensuing
polarization of the Pt—C bond can be used to discriminate
between alternative, Sg(ox) and Sg2, protonolysis pathways, at
least for both complexes considered so far in presence of triflic
acid and acetonitrile.

To provide further mechanistic insights into the key step of the
protonolysis process of dimethylplatinum(1I) complexes and the
extent to which a change in solvent and coordinative environ-
ment can promote a mechanism change, other spectator ligands
and solvents with different, either electronic or steric, character-
istics have been investigated. The same tools, NBO charge
distribution and HOMO analysis, have been used. NBO charges
are reported in Table 1 and HOMO plots in the Supporting
Information, Figure S7.

The dimethylplatinum(II) complexes ligand environment
has been changed with N,N,N’,N'-tetramethylethylenediamine
(tmeda), 1,2-bis(dimethylphosphino)ethane (dmpe), and 1,5-
cyclooctadiene (COD) ligands in the same acetonitrile solvent.
Additional calculations for (N—N)Pt(Me), in methanol and

10097

ether and for cis-[PtMe,(PMe;),] in methanol have been carried
out. For all the investigated systems both direct and stepwise
protonation mechanisms have been considered viable and the
corresponding pathways explored. Activation energies calculated
for the proton attack are schematically summarized in Table 2.
The energies reported in this table are the relative ZPE corrected
electronic energies (AE) obtained at the same level of theory of
previous calculations.

As it clearly appears at a first glance from Table 2, only for the
(N—N)Pt(Me), complex in MeOH solvent have both transition
states along the stepwise Sg(ox) pathway been located. Accord-
ing to calculations in acetonitrile solvent, no stationary points
along the concerted pathway have been intercepted. This is the
expected behavior on the basis of nonbonding d orbitals char-
acter of the HOMO (see Supporting Information, Figure S7) and
NBO calculated charges (Table 1). Comparison between the
calculated energy barriers in gas-phase for the protonation at the
metal center (3.1 kcal/mol in MeOH vs 3.6 kcal/mol in
CH;CN) and the reductive coupling (16.4 in MeOH vs
12.8 kcal/mol in CH;CN) indicates that acetonitrile solvent
better assists the protonolysis reaction than methanol. Since the
oxygen atom of methanol bears a negative charge greater than the
negative charge on the nitrogen atom of acetonitrile, the ener-
getic cost of the solvent nucleophile molecule release during the
shift of the proton from the metal to the carbon atom should be
consequently higher. In an analogous way the protonolysis
reaction of the cis-[PtMe,(PMes), ] complex assisted by a solvent
methanol molecule proceeds following the Sp2 concerted
mechanism. The Pt—C o-bonding nature of the HOMO
(Supporting Information, Figure S7) and the bond polarization
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Figure 4. Schematic representation of the pathway for the conversion of the (N—N)PtMe, complex to the [(N—N)Pt(CH,)(CH;)]" o-complex, in
presence of triflic acid in ether solvent. Geometrical structures have been obtained by an intrinsic reaction coordinate calculation starting from the

transition state structure.

remain unchanged, in accordance with the prediction of a single
step protonolysis mechanism. Since the solvent does not play
any role, the calculated barrier associated to the concerted
transition state is nearly unchanged (10.0 in MeOH vs 9.0 in
CH;CN).

For the three (dmpe)Pt(Me),, (tmeda)Pt(Me),, and (COD)-
Pt(Me), complexes in CH3CN solvent the concerted proton
attack at the Pt—C bond is the preferred one, although the
inductive effects on the metal center are of different sort. In fact,
from the electronic point of view, the complex containing the
hard tmeda ligand is characterized by a Pt>*-C°" bond polariza-
tion that should be a sign of a stepwise oxidative mechanism. On
the basis of the o-bonding character of the HOMO (Supporting
Information, Figure S7), instead, a one-step proton transfer
should be predicted. In fact, the transition state for the concerted
hydrogen transfer has been intercepted and characterized as well
as the six-coordinate Pt(IV)-hydrido complex. All attempts to
intercept, instead, both transition states involved in a Sg(ox)
mechanism have been unsuccessful. Since (tmeda)Pt(Me),
protonolysis experimental findings™ point to the formation of
an observed alkylhidridoplatinum(IV) intermediate we have
explored the hypothesis that a six-coordinate intermediate
should be formed prior to methane loss from the o-complex. A
concerted transition state for the simultaneous shift of a methane
hydrogen atom from carbon to the metal center and coordina-
tion of the anion of the acid should be intercepted. The results of
our investigation are reported below.

The complex containing the dmpe soft donor ligand, as
expected, is characterized by a Pt°—.C” charge distribution,
which favors the direct formation of the 0-complex. In addition,
also in this case, the HOMO character of such complex is that
anticipated by the ligand nature, which is of o-bonding type as
reported in the Supporting Information, Figure S7.

The electron withdrawing nature of the third chelating ligand,
COD, should favor the Sg(ox) pathway We have observed that,
while the NBO calculations give a Pt°*-C°” bond polarization,
the HOMO (Supporting Information, Figure S7) is of 0-bond-
localized type. Only the transition state corresponding to the
concerted proton transfer to the substrate has been located and
characterized according to the HOMO nature. In this case the
steric hindrance of the ligand seems to play a role in directing the
proton attack at the carbon atom.

Finally, a very interesting behavior is revealed by the (N—N)-
Pt(Me), complex in ether solvent. In this solvent the complex
shows the same Pt>*-C°~ charge distribution and HOMO
character (Supportmg Informatlon, Figure S7) as in both
CH;CN and CH3;OH solvents. However, the Et,O solvent
molecule, because of its steric hindrance, can hardly have access
to the metal center and the direct Pt—C bond protonation is the
only observed pathway. This should represent the ideal situation
for the formation of a five-coordinate intermediate. Nevertheless,
as a consequence of the partial positive charge on the Pt center,
transfer of the proton to the metal can occur only if it is assisted
by the concomitant coordination of a nucleophile molecule. For
this particular situation, the normal mode associated to the only
imaginary frequency corresponding to the intercepted transition
state seems to show a proton transfer from the Pt atom to the
carbon atom of the methyl ligand. IRC calculations have been
carried out to locate minima connected to the transition state.
The analysis of the structures along the reaction coordinate from
the transition state to the methane complex reveals that, as
sketched in Figure 4, the proton is transferred first to the Pt atom
and from this to carbon atom of the methyl ligand to form
the product in one step. Only for the protonolysis of the
(N—N)Pt(Me), in ether solvent a disagreement is observed
between the mechanism (Sg(ox)) that should be predicted on
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the basis of the HOMO nature and the mechanism (Sg2) that the
system is constrained to follow as a consequence of the inacces-
sibility of the sixth coordination by the steric hindered solvent
molecule.

Our calculations suggest that the spectator ligand character-
istics that are directly connected with the o-bond localized or d
metal based nature of the HOMO are crucial in promoting the
mechanism of Pt—C bond protonolysis of dimethylplatinum(IT)
complexes, but also steric effects are implicated to impose the
mechanism by which the attack of the proton at metal—carbon
bond occurs.

3.4. Formation of Five- and Six-Coordinate Pt(IV) Hydride
Intermediates. Investigations of protonolysis of Pt(Il) alkyl
complexes and its reverse are all consistent with the proposal that
when methane release occurs following a Sg(ox) mechanism, the
reaction step sequence is as follows: initial protonation to
generate a six-coordinate Pt(IV) hydride, dissociation of the
solvent or anion of the acid to provide a five-coordinate species,
and reductive coupling to give the o-methane species.*

It is noteworthy that the five-coordinate Pt(IV) methyl
hydrides postulated to be involved in such processes have never
been observed and their existence has been inferred and only
indirectly supported by a few literature reports on isolable, five-
coordinate Pt(IV) alkyl complexes.”® Moreover, in light of the
results of the present investigation, theoretical characterization of
five-coordinate Pt(IV)-H intermediates is the consequence of
an inappropriate simulation of the reaction environment that is
due to unavailability of a sixth ligand. In fact, the reactions to yield
the five-coordinate products are always calculated to be uphill
in energy, whatever the species is from which they are
generated.'***

There is, instead, a good number of quite stable six-coordinate
methyl Pt(IV) hydride complexes, which have been isolated
and characterized. Although their detection does not provide
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definitive evidence that protonation occurs at the metal center,*®
failure to detect such intermediates does not necessarily exclude
their involvement, because of the difficulty in observing short-
lived intermediates.

On the basis of the outcomes of our computational analysis we
can add a further piece to the puzzle. No five-coordinate
hydridoplatinum(IV) intermediates have been intercepted both
in presence of nucleophiles such as CH;CN and MeOH solvents
able to trap the five-coordinate intermediate to form the corre-
sponding six-coordinate complexes, and in presence of species,
such as the sterically hindered Et,O solvent, unable to access the
apical coordination site. In this latter case, moreover, the steric
congestion prevents the six-coordinate intermediate formation
and induces, as shown above, a change, from Sg(ox) to Sg2, of the
preferred protonolysis mechanism. Another important piece of
information concerns the formation of six-coordinate methyl-
hydridoplatinum(IV) intermediates and involvement in the
protonolysis process. Unmistakable evidence for their formation
does not necessarily imply that the Sg(ox) mechanism is the
preferred one. We have examined this hypothesis for the
(tmeda)Pt(Me), complex to reconcile experimental observation
of a six-coordinate Pt(IV) intermediate™ and theoretical results
supporting a Sg2 mechanism that does not involve any inter-
mediate prior to form the o-methane complex. The possibility
has been explored that a six-coordinate Pt(IV) hydride complex
might be formed from the o-complex by a hydrogen shift from
the carbon atom of the methane molecule to the Pt ion together
with coordination of the anion of the acid. The calculated PES for
the one-step protonolysis of the (tmeda)Pt(Me), complex, in
presence of triflic acid and in MeOH solvent, and subsequent
formation of a six-coordinate complex (tmeda)Pt(CHj),-
(H)OTf from the corresponding [(tmeda)Pt(CH;)(CH,4)]"
o-complex is sketched in Figure S. Calculations give an activation
energy barrier of 7.3 kcal/mol. Since the barrier for the elimination
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Figure 6. Comparison between the calculated energy profiles for the
six-coordinate cis-[PtMe,(PMes),]-(H)OTf complex formation (left)
and methane loss (right) starting from the cis-[PtMe(PMe;),(CH,)]"
o-complex in presence of the OTf ™ anion and CH;CN solvent. Relative
free energies in CH3CN (AG,,) and enthalpies (AH) at 298 K are
reported. Relative energies are in kcal/mol.

of CHy, shown in the same Figure S, is 8.9 kcal/mol experimental
detection of deuterium scrambling between hydride and alkyl
positions prior to methane elimination and subsequent genera-
tion of the full range of methane isotopomers is consistent with
the computational results reported here.

To address the issue of whether the hydrogen migration from
the methane molecule to the platinum center should compete with
methane elimination, calculations have been performed to locate
stationary points along the pathway leading to the six-coordinate
intermediate by a hydrogen shift from the methane molecule of
the o-complex for the cis-[PtMe,(PMe;),] model complex. The
calculated energy profile is depicted in Figure 6 compared with the
corresponding alternative pathway that leads to methane loss.
Expectedly, the energy barrier to methane loss is significantly lower
than that for the six-coordinate complex formation. The proton-
ation rate determining step is followed by rapid methane loss in
agreement with the experimental findings that CH;D has been the
only deuterated methane isotopologue observed.

As already underlined (see Figure 1), the estimated energy
barrier for methane release from the [(N—N)Pt(Me)(CH,)]"
o-complex is about 3 kcal/mol higher with respect to the energy
barrier for the formation of a six-coordinate Pt(IV)-hydride
complex. Extensive H/D scrambling between hydrido and
methyl sites has been observed when the (N—N)Pt(Me), has
been treated with DOTS in polar solvent. The estimation of a
difference of about 3 kcal/mol is compatible with the experi-
mental observations.

For all the considered complexes calculations have been
carried out to ascertain whether five-coordinate species might
be generated. Hydrogen transfer is always subordinated to the
coordination of the sixth ligand.

Summarizing the results of this last part of our computa-
tional work we can conclude that, even when the protonolysis
reaction is likely to occur by a Sg2 mechanism because of
ancillary ligands' donating ability, steric congestion, and
environmental conditions in terms of nucleophilicity of
solvent and counteranion, six-coordinate hydrido-intermedi-
ates can be formed by a hydrogen transfer to the metal center
from the o-complex methane molecule. Nevertheless, for
platinum (II) complexes containing soft electron-rich ligands
the energetics of methane release are definitely more favor-
able, whereas for complexes containing hard poor-donor
spectator ligands, methane loss and scrambling proceeds at
comparable rates.

4. CONCLUSIONS

The calculations reported in this study address the points
raised in the Introduction. First, the outcomes of our computa-
tional analysis show that although a one-step protonolysis
pathway is characteristic for complexes containing P-based
ligands, for complexes containing N-based and, in general, hard
poor-donor ligands a common behavior cannot be indicated.
Therefore, which the most likely mechanism is cannot be
predicted on the basis of the spectator ligands' donating pro-
perties. Second, the involvement of a five-coordinate platinum-
(IV) hydrido intermediate in the multistep Sg(ox) mechanism
is not supported by computational results. Proton transfer to
the metal center invariably occurs concomitantly to coordina-
tion of a sixth ligand. It is worth underlining that formation and
detection of six-coordinate hydrido-intermediates should not
be considered an unmistakable evidence that a Sg(ox) mechan-
ism is operative since they can be also generated by a hydrogen
migration from carbon atom of the o0-complex methane
molecule formed by Sg2 attack. Third, the methane elimina-
tion from the formed o-complexes occurs by an associative
mechanism in all the examined cases. Both solvent and anion of
the acid can assist the methane displacement. Finally, it has
been shown that the electronic structure and donor ability of
the spectator ligands of dimethylplatinum(II) complexes is
directly connected to the nature of the HOMO. For all the
examined systems the relative accessibility of d metal based or
o-bond localized HOMO in turn is the main factor in deter-
mining the preferred protonation site. Solvent nucleophilicity
influences only the rate of the reaction when the Sg(ox)
mechanism is operative. On the contrary, solvent steric hin-
drance can even induce a change of the mechanism that
appears to be the preferred one on the basis of the HOMO
characteristics. The sign of the partial charges induced on the
polarized Pt and C atoms, instead, is not a criterion always
suitable to explain the preference for one of the two proto-
nolysis mechanisms.
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