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ABSTRACT: Platinum(0) complexes with the chelate ligand
bis(di-tert-butylphosphino)methane, ‘Bu,P-CH,-P'Bu,
(dtbpm), generated in solution from appropriate precursors,
are the only known transition metal species that selectively
activate epoxides (oxiranes) by inserting the Pt fragment into
their carbon—carbon bond. The mechanism of this unprece-
dented reaction is studied theoretically using the random phase
approximation. We find that the reaction is kinetically
controlled and is caused by the formation of a monocoordinate
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(dtbpm-x'P)Pt(0) fragment rather than a (dtbpm-k*P)Pt(0) chelate complex. Insertion into epoxide C—C bonds occurs without
energy barrier. Conceivable competing reactions, oxirane C—O and C—H activation, both proceed via formation of a o-complex,
followed by small but significant barriers for insertion steps. A reversible formation of the o-complexes would perfectly explain
the observed reactivity. For an irreversible formation, we find that intramolecular rearrangement of these o-complexes toward C—
C activation products is faster than both C—O and C—H activation. In principle, the same reactivity should be expected for other
monocoordinated platinum(0) phosphine complexes. However, only the specific properties of dtbpm cause the subsequent,
rapid, and irreversible closing of the chelate ligand yielding stable, square-planar Pt(II) C—C activation products.

B INTRODUCTION

Platinum complexes with the small bite-angle, bulky, and very
electron-rich ligand bis(di-tert-butylphosphino)methane ‘Bu,P-
CH,-P'Bu, (dtbpm) show a unique reactivity toward epoxides:
they selectively activate the C—C-bond. The stable neopentyl
hydride complex (dtbpm-x’P)Pt(Np)H (A2) reductively
eliminates neopentane already under ambient conditions and
reacts with various epoxides to the corresponding 3-
platinaoxetanes F2 (see Scheme 1.3

Kinetic measurements show’ that the rate of these reactions
corresponds precisely to that of a first-order elimination of
neopentane from A2 both in absence and in the presence of
epoxides and is practically independent of the solvent used

Scheme 1. Experimentally Observed Reactivity of (dtbpm-
K*P)Pt(Np)H (A2)

(AG* ~ 100 kJ/mol). This suggests a two-step process where
neopentane is first eliminated in the rate-determining step and
the generated [(dtbpm)Pt(0)] fragment (C1 or C2) reacts
with epoxides in a very fast consecutive step.

Reactions with substituted epoxides of defined stereo-
chemistry (cis- and rac-trans-2,3-dimethyloxirane) show that
the reaction to the corresponding 3-platinaoxetanes F2 occurs
under retention of stereochemistry. This excludes free rotation
around the C—O bonds on the reaction itinerary, which one
would expect for a nonconcerted insertion of the metal
fragment into the C—C bond via radical or zwitterionic
processes. From experimental evidence, one would therefore
deduce a concerted mechanism."

The elimination of neopentane from (dtbpm-x*P)Pt(Np)H
(A2) in the absence of epoxides or other substrates occurs at
approximately the same rate and results in dimerization of
[(dtbpm)Pt(0)], giving a dtbpm-ligand bridged dinuclear
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dtbpm-complexes with a four-membered chelate bonding
situation at the metal atom (angles P-M-P around 75°), such
a reaction is more likely for this ligand than for other
bisphosphine ligands with larger bite angles. While the basic
properties of the closed chelate fragment, [(dtbpm-x*P)Pt(0)]
(C2), have already been described some time ago,” CI is
expected to behave differently and its investigation as a reacting
species by quantum chemistry at a state-of-the art level has so
far not been reported. Other activation reactions initiated by
the elimination of neopentane from (dtbpm-x*P)Pt(Np)H
(A2) have been studied and C2 has been proposed as the
reactive intermediate, but no direct experimental evidence for
either intemediate C1 or C2 exists.”>”*

Carbon—carbon bond activation of epoxides has recently
been studied for Rh(I) complexes but has been considered
irrelevant in that context due to the thermodynamic instability
of the product.” Several metal-catalyzed reactions that are
believed to proceed via 2-metallaoxetanes D3— (formally) C—
O activated epoxides—have been reported and we refer to a
recent review for details.'® The products of C—C activation, 3-
platinaoxetanes F2, have been prepared independently on other
routes."'? Related reactions of strained alkanes, however, in
particular of cyclopropanes, have been studied both exper-
imentally and theoretically. The first activation of the
cyclopropane carbon—carbon bond has been found already in
1955" and many other examples including substituted
cyclopropanes have been described since then.'* This reactivity
pattern has been discussed in terms of the cylopropane Walsh-
orbitals'> and similar qualitative arguments can be made for
oxirane due to the related orbital structure (see below).
Notably, however, cyclopropane C—C bond activations with Pt
as the metal work with Pt(II) complexes. Accordingly, C—C
bond activation chemistry of cyclopropane is believed to
require electrophilic transition metal complexes'® and reduc-
tion of the nucleophilicity of cyclopropane by substitution with
electron-withdrawing groups has indeed led to a systematic
decrease of the reaction rate.'®'” Interestingly, the reverse
reactivity of the C—C activation of a cyclopropane, the
elimination of 1,1-dimethylcyclopropane from a (Cy,P),Pt-
(3,3-dimethyl-cyclobutane) complex has been found to proceed
via initial dissociation of a Cy;P-ligand through a T-shaped d°-
ML, species.'® In analogy, this could suggest C—C bond
activation of epoxides via intermediate C1. In the context of
epoxide C—C activation treated here, using the neopentyl
hydride A2, we note parenthetically that this precursor also
leads to direct insertion reactions of the [(dtbpm)Pt(0)]
fragment (C1 or C2) into the C—C bonds of a wide variety of
cyclopropanes. We will report this fascinating chemistry of C—
C activations with Pt(0) separately.

It has been debated to which extent “activation strain” is
responsible for relative barrier heights of C—C and C—H
activation processes.'” However, it is self-evident that carbon—
carbon bond activation is favored thermodynamically for
strained reactants such as cyclopropane or epoxides.
Furthermore, one should expect reduced barrier heights due
to less “activation strain”, as the reactant is already strained. The
insertion of metal complexes or metal atoms into cyclopropane
C—C bonds has been studied by different authors. Early studies
on palladium have been carried out by Siegbahn and co-
workers.”*™>* C—C bond activation barriers with atomic
Palladium were found for cyclopropane to be lower than for
ethane and also for cyclobutane by more than 63 kJ/mol. The
insertion of the model complex (PH;),Pd into the C—C bond
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of a substituted cyclopropane has more recently been
computed with a feasible barrier of 75 kJ/mol.*®

In this work we will study the reaction of (dtbpm-
K*P)Pt(Np)H (A2) with unsubstituted ethylene oxide (oxir-
ane) to clarify the origin of the unusual reactivity. As we will
show in this manuscript, the reactions studied are very fast and
the activation barriers of competitive reactions differ by only
very small amounts of energy. The same applies to the
comparison of relevant energy minima. We will discuss the
methods we use to compute sufficiently accurate energies first
and continue with an investigation of the thermodynamics of
the reaction in question. The equilibrium of proposed reactive
intermediates, [(dtbpm-x'P)Pt(0)] and [(dtbpm-x*P)Pt(0)],
(C1 and C2) will be discussed along with relevant molecular
orbitals followed by investigation of the formation of these
intermediates by reductive elimination of neopentane from the
precursor, (dtbpm-k*P)Pt(Np)H (A2). Finally, we will study
how the fragments can react in various ways with oxirane and
take a short look at related systems.

Computational Details. Molecular structures and thermo-
dynamic gas-phase corrections, AGg,,ppss, Were obtained at the
BP86/def2-SV(P) level of density functional theory (DFT)
using the resolution-of-the-identity (RI) approximation with
appropriate auxiliary basis sets** ™" with TURBOMOLE.>" All
calculations with Gaussian basis sets were carried out with
effective core potentials®” for Pt to account for scalar relativistic
effects.

The choice of method for geometry optimizations was not
found to be too critical for the accuracy of the results:
Reoptimization with B3LYP/def2-SV(P)** had no significant
effect on reaction energies as compared to single point energies
for the respective structures. The opposite is true for electronic
reaction energies, where different methods give varying results
for some reactions. Fortunately, model systems with smaller
ligands, i.e., PH; or dhpm (t-butyl groups in dtbpm substituted
by hydrogen atoms) can be studied for benchmark comparisons
to gauge the accuracy of methods applicable to the real system.
For systems of this size, coupled-cluster single point
calculations at the CCSD(T)/def2-TZVPP level of theory are
feasible, and D1-diagnostic (always <0.15, usually <0.10)** and
basis set convergence compared to the def2-QZVPP>® basis for
CCSD indicate that this method is a good reference for
benchmarking. Out of the conventional DFT-methods, typical
hybrid functionals (B3LYP, M06*) performed best in general,
although, as also reported recently,”® we found significant errors
with M06 for oxidative additions. The best approach tested was
to compute the correlation energy within the random phase
approximation (RPA) based on PBE/def2-QZVPP KS
orbitals®”*® using the implementation in the TURBOMOLE
program package,®”*® and this is how absolute energies, Egpy,
were obtained throughout. In CCSD(T) and RPA calculations
orbitals with orbital energies below —3 E;, were frozen.

The influence of solvation was taken into account by
computing free energies of solvation, AG,, s With the SMD
model*' and M06/def2-TZVP//BP86/def2-SV(P) single-point
calculations with GAMESS-US*™* for pentane as the least
coordinating of the experimentally studied solvents. As one
should expect, the influence of solvation was found to be in
general rather small. The largest influence on reaction free
energies (<10 kJ/mol) was found when comparing free
[(dtbpm)Pt(0)] fragments with their activation products of
either oxirane or neopentane. The most important questions
addressed in this manuscript involve mainly a comparison of
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different activation routes, in general isomeric compounds. The
impact of solvation on these reaction free energies was usually
below 5 kJ/mol.

To summarize, we will discuss standard Gibbs free energies
(T =298.15 K; ¢ = 1 mol/L) in pentane, Ghpentanes COmputed as

G = Egpa + AGgas,BPSé + AGsolv,MOé

pentane

KS wave function analysis was carried out with ADF
2012.01* with single-point calculations at the BP86/TZ2P
level of theory, treating relativistic effects with ZORA*~** and
the “small” frozen core option (Pt: 1—4s, 2—4p, and 3—4d;
main group elements: all inner shells). The complexes were
partitioned into epoxide and [(dtbpm)Pt(0)] fragments. All
complexes and fragments were computed with closed-shell
singlet KS wave functions. The relaxation of the fragment KS
wave functions toward the interacting wave functions was
studied in terms of gross occupation numbers on the basis of
the fragment orbitals and by applying the bond-energy
decomposition analysis>*~>* as implemented in ADF.

B RESULTS AND DISCUSSION

Thermodynamic Considerations of Overall Reactions.
Experimentally, reductive elimination of neopentane from the
neopentyl-hydride complex A2 gives either the dtbpm-bridged
[(dtbpm)Pt(0)],-dimer C3, or—in the presence of epoxides—
the C—C-activated products F2. According to our calculations,
formation of the (dtbpm)Pt-dimer C3 is exergonic with AG =
—232 kJ/mol®® (i.e.,, —116 kJ/mol per monomer) relative to
the precursor A2. C—O-activation of the epoxide is comparably
favorable (AG = —115 kJ/mol), C—C-activation is less
favorable (AG = —54 kJ/mol), and C—H-activation is least
favored (AG = —28 kJ/mol). We therefore conclude that the
observed reactivity of epoxides has to be kinetically controlled.

Equilibrium and Structure of [(dtbpm-x'P)Pt(0)] (C1)
and [(dtbpm-x?P)Pt(0)] (C2). Our calculations predict that
C1 rearranges with a barrier of only 44 kJ/mol to C2, which is
less stable by 19 kJ/mol. These findings are similar to those for
dhpm where they are supported by coupled-cluster calculations.
The dangling phosphine arm upon dissociation from Pt is
rotated out of the plane, which the four-membered chelate ring
spans in C2 (see Figure 1). This is reflected in the torsional

Figure 1. Computed structures of C1 (left) and C2 (right). Bond
distances in pm, both are minimum energy structures.

angle defined by the ring atoms (Pt—P1—C—P2) which—upon
dissociation of P2 from Pt—increases from 0.0° (C2) to 72.0°
(C1). The small barrier (~20 kJ/mol) required for
recoordination of the dangling phosphine arm is associated
with the rotation around this torsional angle due to steric
hindrance. This geometry and the barrier for recoordination are
also observed for almost all three-coordinate, T-shaped Pt(1I)
complexes discussed below. The bite angle in the strained
chelate C2 is 84.5° about 10° larger than in many experimental
structures of Pt(II)-dtbpm-complexes, such as A2. In the open
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structure, the angle of the dtbpm backbone, £(P1-C—P2),
increases from 104.9° (C2) to 123.3° (C1) and the P—Pt bond
is shortened from 228.7 pm (C2) to 215.2 pm (C1).

Coordinatively unsaturated metal complexes are often
stabilized by agostic interactions. A Bader analysis (BP86/
TZ2P//BP86/def2-SV(P)) indeed shows bond paths to the
two closest hydrogens for C1. On the other hand, the shortest
Pt—H distance in C1 is 255.4 pm, which is much longer than,
for example, in the T-shaped (dtbpm-x'P)Pt(Np)H-complex
Al (2154 pm, see below), where the agostic interaction is
obvious. Furthermore, Al shows a significant elongation of the
C—H bond (~2 pm) which is not the case for C1. It therefore
seems unlikely that the stability of C1 is caused by agostic
interactions, as suggested in initial theoretical work." This is in
agreement with the fact that the properties of dhpm-complexes,
which certainly do not have an agostic interaction, are similar.
The short Pt—P bond (~220 pm) and the absence of agostic
interactions (Pt—H distances >250 pm) are typical also for
linear, two-coordinate Pt(0) complexes investigated below. An
interesting feature of Cl is that the dangling phosphine still
shields the metal to some extent and can recoordinate rapidly
and with low barrier, when a reaction takes place at the
platinum(0) atom to give Pt(II) (see below).

Figure 2 shows the orbitals most relevant for the reaction.
The HOMO-1 (6a;) of the epoxide lies in the plane defined
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Figure 2. Relevant KS orbitals (BP86/def2-SV(P)) of [(dtbpm-
K*P)Pt(0)] (C2), oxirane, and [(dtbpm-x"P)Pt(0)] (C1) with orbital
energies, s, in eV. Hydrogen atoms of dtbpm have been omitted for

clarity. For C1 many occupied KS-orbitals have contributions from
appropriate d-orbitals; only the one with highest energy is depicted.

by the C and O atoms and has the highest charge concentration
at the C—C bond. The HOMO (2b,) is essentially the out-of
plane p-type oxygen lone pair (as beautifully visible in UV PE
spectroscopy)®® and is therefore expected to give rise to
nucleophilic reactivity centered on the oxygen atom. Both 6a,
and 2b, are suitable to donate charge via o-type interactions
into virtual orbitals (LUMO) of either C1 or C2. This
interaction is expected to be slightly stronger for C1 which is
more electrophilic, since the unoccupied orbital is clearly lower
in energy (by 0.6 €V). The LUMO+1 (4b,) of the epoxide has
the right symmetry for accepting charge via in-plane z-
interactions with the HOMO of C2 or with two d-orbitals of
C1. Here, C2 is expected to be more reactive because the
appropriate orbital for 7-back-donation is higher in energy and
C2 is therefore more nucleophilic. Given the literature
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precedent for electrophilic C—C bond activation of cyclo-
propanes,13 however, one should expect C1 to be more reactive
in C—C bond activation of epoxides as well.

Reductive Elimination of Neopentane from (dtbpm-
KZP)Pt(Np)H (A2). Although C1 is—according to our
calculations—certainly more stable, C2 is accessible with a
rather small barrier of 44 kJ/mol (see Figure 3). As the

120 14 1

100 I

G/ [kJ/mol]

0

Figure 3. Free energy diagram (kJ/mol) for elimination of neopentane
from A2 (center) and equilibration of [(dtbpm)Pt(0)] (C1, C2, left).

activation barriers for the reaction of the fragment with
epoxides are of similar magnitude or even smaller (see below),
it is important to find out if reductive elimination of
neopentane from A2 gives C1 or C2.

There are many cases known where metal complexes lose a
monodentate ligand before reductive elimination reactions. For
Pt(IV) complexes, even the o7pening of an unstrained chelate
complex has been reported.”” Reductive elimination without
ligand dissociation is more common for Pt(II) complexes and
has, for example, been found experimentally for (PPh,),Pt-
(Me)H®® and also in theoretical investigations of model
complexes such as (PH;),Pt(Me)H.*”*® For carbon—carbon
bond formation by reductive elimination from Pd(II)
complexes, a computational study has shown that, depending
on the type of phosphine ligand, elimination from either three-
or four-coordinated complexes can be favored.®’ A general
qualitative and elucidating analysis of reductive elimination
from three- and four-coordinate d®-metal complexes at the
extended Hiickel level of theory was presented by R. Hoffmann
and co-workers a long time ago.”

According to our calculations, elimination after chelate ring
opening via (dtbpm-x'P)Pt(Np)H (Al) is more favorable
(AG* = 86 kJ/mol) than via (dtbpm-*P)Pt(Np)H (A2) (AG*
= 105 k/mol) and the barrier for x'/x* isomerization of the
neopentyl-hydride is certainly lower (AG* = 70 kJ/mol). This
trend is observed for all computational methods tested. The
underestimation of the barrier compared to the experimental
barrier for reductive elimination is also found for a model
system, (dhpm)Pt(Me)H, if one compares to coupled-cluster
reference calculations. The errors for k' (k%) are 6 (—3) kJ/mol.
If one assumes a comparable error in the dtbpm system, it
would give barriers of 92 kJ/mol (102 kJ/mol), which is in
reasonable agreement with the experimental barrier of 100 & 7
kJ/mol (in benzene)." Overall, all calculations indicate that
elimination via a k'-coordinated complex is more favorable and
that formation of [(dtbpm-x'P)Pt(0)] (C1) is therefore
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favored kinetically and thermodynamically. Furthermore,
relative to the precursor A2, the barrier for equilibration of
C1 and C2 should already be slightly too high for this reaction
to compete with the epoxide-activation reactions of C1 (see
below). As already noted above, Al exhibits an agostic
interaction with a Pt—H distance of 215.4 pm (see Figure 4).
This as well as the Pt—P bond distance of 238.4 pm are typical
for the T-shaped (dtbpm-x'P)Pt(II) complexes investigated
here.

Figure 4. Computed structures of Al (left) and A2 (right). Bond
distances in pm.

We also tested whether an interaction with oxirane could
facilitate the reductive elimination of neopentane. We obtained
a four-coordinated complex [(dtbpm-x'P)Pt(Np)H(C,H,O-
k'0)], which is endergonic by AG = 65 kJ/mol relative to A2.
The epoxide coordinates via the O-lone pair trans to the
hydride. Our attempts to find a transition state (TS) for
reductive elimination starting from this complex failed, since
the oxirane always dissociated first, indicating that its
coordination is not very strong in the first place.

Reaction with Oxirane. According to the considerations
above, the k'-fragment C1 is formed first and is thermodynami-
cally more stable. However, the k’-fragment C2 could
kinetically still be accessible and we have therefore studied
the reactions of oxirane with both C1 and C2. The epoxide can
in principle be activated at the C—C, C—H, and C—O bonds,
and we discuss all three possibilities below (for an overview, see
Figure S). Free energies will be given relative to the free oxirane
and the more stable fragment, [(dtbpm-x'P)Pt(0)] (C1), if not
noted otherwise.

C—C Bond-Activation with [(dtbpm-x'P)Pt(0)] (C1).
Starting from separated molecules, the C1 fragment can insert
into the epoxide C—C-bond, without electronic energy barrier
at the BP86/def2-SV(P) level of theory. This has been
confirmed by single point energy calculations at the RPA
PBE/def2-QZVPP level along the obtained path (see Figure 6).
The same results are found for a [(PH;)Pt(0)] + oxirane model
system, where single point calculations at the coupled-cluster
level were feasible. The platinum fragment attacks the epoxide
C—C bond within the epoxide-molecular plane, along the P—
Pt-bond axis. The epoxide-fragment is then asymmetrically bent
to give the T-shaped activation product F1 (see Figure 7). The
dangling phosphorus arm recoordinates with a negligible barrier
to give F2 (see Figure S), which makes the formation of F1
essentially irreversible.

C—C Bond Activation with [(dtbpm-x?P)Pt(0)] (C2). A
path for insertion of this platinum fragment into the C—C bond
can be obtained by a relaxed potential surface scan along
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Figure S. Free energy diagram (kJ/mol) for the reaction of (dtbpm-
k'P)Pt (C1) with oxirane.
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Figure 6. Observables and fragment analysis of the KS-wave function
for the C—C activation of oxirane as a function of the £(C—Pt—C)
angle for [(dtbpm-<*P)Pt(0)] (C2, dotted blue line) and [(dtbpm-
k'P)Pt(0)] (C1, solid red line). From bottom to top: C—C distance of
the epoxide fragment in pm, reaction energy in kJ/mol relative to the
corresponding fragment (k'/k*), charge on the (dtbpm)Pt fragment
according to Voronoi deformation density analysis and gross
occug;ltion numbers of the relevant epoxide fragment orbitals (4b,,
6a,).

different values of the £(C—Pt—C) angle, where C refers to the
two epoxide carbons. The structures along the path exhibit C,-
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Figure 7. Computed structures of F1 (left) and F2 (right). Bond
distances in pm.

symmetry. After a shallow minimum, a small barrier is passed.
Relative to the [(dtbpm-x*P)Pt(0)] fragment C2, only a slight
activation barrier (AG* = 20 kJ/mol) is found, mainly due to
entropic effects (AE* = —14 kJ/mol).

However, from the analysis above we know that C2 is
unstable with respect to dissociation of one phosphorus arm.
Extending the relaxed potential surface scan in one dimension
above to a second dimension, which describes the ¥ — &'
process, shows indeed that the barrier for opening of the x*
dtbpm ligand is very low in the vicinity of the TS (see Figure
8). The vibration corresponding to opening of a phosphine arm

» E / [k)/mol]
{dorprdoymn }H 3y o

{0.5(dey pitdey.pe)-derc}/ 3

Figure 8. Reduced PES (BP86/def2-SV(P)) for the C—C activation of
oxirane by [(dtbpm-x*P)Pt(0)] (C2) as a function of the approximate
reaction coordinate for C—C bond activation, 0.5(dc;_p; + dca—pr) —
dci—cy and of the coordinate for opening of a phosphine arm, dp;_p, —
dpy—p. Energy in kJ/mol, coordinates in aj.

is only 18 cm™ at the TS. In fact, at the B3LYP/def2-SV(P)
level of theory, the PES is slightly different, so that the TS and
the C,-symmetric path in its vicinity are unstable with respect
to symmetry-breaking. The curvature corresponding to opening
the phosphine arm becomes negative and the energy-maximum
of the C,-symmetric path is a second-order saddle point. This
indicates that interaction of the C—C bond with [(dtbpm-
K*P)Pt(0)] might as well result in an opening of the chelate,
followed by C—C activation and recoordination of the dangling
phosphine.

The energy-curves for C—C activation of the epoxide as a
function of the C—Pt—C angle are compared for k' and &*
fragments in Figure 6. Other structural properties, such as both
Pt—C and the C—C bond distances, are very similar for both
fragments along the path, so that the chosen angle is an
appropriate coordinate to describe the reaction. As one can see
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from Figure 6, the epoxide C—C distance is similar for the k'
and «* fragments along the path and begins to exceed the
equilibrium distance significantly around an £(C—Pt—C) angle
of 30°. The energy profile is quite different: While there is a
small but significant energy barrier for the x*-fragment C2 at
roughly 38°, the reaction energy for the k'-fragment Cl1 is
considerably negative with about —50 kJ/mol.

In order to understand these findings, the KS wave functions
have been computed for the epoxide and the (dtbpm)Pt(0)
fragments along the reaction path, and the relaxation toward
the KS-determinant of the interacting molecule has then been
studied. The orbital mixing is analyzed in terms of the gross
occupation numbers of the occupied (6a;) and unoccupied
(4b,) orbitals of the noninteracting epoxide fragment as basis
functions in the interacting KS wave function (see Figure 6). At
large separation, the epoxide and (dtbpm)Pt are of course not
interacting, so that the occupation numbers equal those of the
fragments, 2 and 0. Starting around £(C—Pt—C) of 20°, the
occupation number of the 6a;-orbital drops, indicating o-
interaction with the metal fragment. The occupation number of
the virtual orbital suitable for z-back-donation toward the
epoxide begins to rise at around an angle of 30°, precisely
where the C—C bond length begins to increase. In an analysis
of the charge flow that occurs upon relaxation of the
noninteracting fragment densities, the Voronoi deformation
density*®® shows that, starting at around 30°, charge is
significantly donated from the metal into the epoxide fragment,
as one would expect for oxidative addition.

The different energy profiles of the C—C-activation of the
two fragments for £(C—Pt—C) angles larger than 40° can be
explained in terms of a more favorable z-orbital interaction/
Pt—C bond formation that leads to a steeper energy curve
toward the more stable product for the [(dtbpm-x*P)Pt(0)]
fragment C2. This is also reflected in a higher occupation of the
4b, epoxide fragment orbital in the interacting KS wave
function. The differing energy curve at £(C—Pt—C) angles
smaller than 40° cannot—based on our data—be interpreted as
arising from different o-type interactions as the occupation of
the 6a, orbital (Figure 6) is basically identical. Further
information can be gained by performing the bond energy
decomposition analysis (EDA) as implemented in ADF, where
the reaction energy can be broken up into several contributions
(see Supporting Information for details). This analysis shows
that the ‘orbital interaction energy’ is identical for C1 and C2
for £(C—Pt—C) angles smaller than 30° and becomes more
favorable for C2 at larger angles. This is in agreement with our
conclusion above, that o-type interaction is similar and z-back-
donation is more favorable for C2. According to the bond
energy decomposition analysis, the difference in energy curves
is due to Pauli repulsion and the energy required to bring the
fragments from their equilibrium structure into the actual
interacting geometry (“activation strain”), which is less
favorable for C2.

C—0 Bond Activation. According to our results, this
conceivable process is preceded by the formation of the o-
complex D1, (dtbpm-«'P)Pt(C,H,0-c'0), in which platinum
is coordinated in a linear fashion by one dtbpm phosphorus
atom and the epoxide oxygen atom (Figure 9). The bond
formation can be understood as a Lewis acid/base reaction
where the HOMO of the oxirane (essentially the out-of-plane
oxygen lone-pair with some contribution from the CH,-group
orbitals, see Figure 2) interacts with the LUMO of the metal
fragment of the right symmetry for interaction. There is an
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Figure 9. Computed structures of D1 (left) and D2 (right). Bond
distances in pm.

additional interaction of the Pt-centered LUMO with the
second oxirane sp™-type lone pair located in the plane of the
three-membered ring, not displayed in Figure 2. These two
interactions explain the geometry of the complex, where the
epoxide ring is significantly tilted with respect to the Pt—O axis.
The complex D1 is formed without barrier if the epoxide
attacks either C1 or C2, which means that we have not found a
path for C—O activation without opening of the dtbpm chelate.
We obtained a (dtbpm-x*P)Pt(C,H,0-k'O) complex that is the
transition state for exchange of the two phosphorus atoms, i.e.,
it connects the two isomeric, degenerate (dtbpm-xk'P)Pt-
(C,H,0-'0) minima, D1.

Insertion of Pt into the C—O bond occurs roughly within the
epoxide molecular plane and therefore requires a rotation of the
coordinated epoxide. Relative to D1, the activation free energy
barrier is 65 kJ/mol. Both possible isomers of the product,
(dtbpm-x'P)Pt(C,H,0-K*C,0), are T-shaped, where the P-
trans-C isomer is less stable (G = —62 kJ/mol) than the P-trans-
O products, D2, (G = —128 kJ/mol), and the reaction barrier
refers to the latter. The barrier required for subsequent
recoordination of the dangling phosphorus of the dtbpm ligand
is negligible.

C—H Bond Activation. The platinum atom can attack a C—
H-bond from the side that is directed either toward or away
from the epoxide oxygen (see Scheme 2).

Scheme 2. Possible Directions of Attack at an Oxirane C—H
Bond

H
C-O side ’“‘/&, ., C-C side
o)

The first variant is slightly preferred (AAG* = 9 kJ/mol) for
the reaction with [(dtbpm-«'P)Pt(0)] (C1) and is the one
depicted in Figure S. The insertion into the C—H bond is
preceded by the formation of a o-complex E1 where the C—H
bond is coordinated to platinum (see Figure 10). Formation of
E1 is only slightly exergonic (AG = —5 kJ/mol). The barrier for
C—H activation relative to E1 is very low (AG* = 14 kJ/mol).
The (dtbpm-x'P)Pt(C,H;0-'C)H complex formed, ie., E2,
readily reacts under coordination of the dangling phosphine
arm to give E3.

C—H-activation starting from C2 is in general less favored
but occurs also with a low barrier (AG* = 18 kJ/mol), relative
to the [(dtbpm-x*P)Pt(0)] fragment C2. The activation barrier
in this case is even lower than for the corresponding C—C
activation. The barrier given for C2 refers to attack at the C—H
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Figure 10. Computed structures of E1 (left) and E2 (right). Bond
distances in pm.

bond on the side directed away from the oxygen, since attack
on the other side led to dissociation of one phosphine arm.

Intramoleclar Rearrangement of o-Complexes for C—O
and C—H Activation. The results above have shown that
insertion into the C—C bond is irreversible and occurs without
an energetic barrier. Formation of the -complexes D1/E1 that
must precede C—O/C—H activation also occurs without any
barrier. Since we do not have access to possible free energy
barriers,*® none of these processes can be a priori excluded or
considered as favored. The barriers for both C—O and C—H
activation are only slightly above (<20 kJ/mol) the free
energies of separate oxirane and [(dtbpm-x'P)Pt(0)] frag-
ments. Due to the principal error in the entropic contribution
for condensation of molecules in solution, and since we cannot
exclude a free energy barrier for dissociation/formation of the
o-complexes, it is not clear whether their formation is reversible
or not.

If D1/E1 are formed reversibly (as one would expect from a
straightforward interpretation of Figure S5), the selectivity for
C—C bond activation is easily explained in terms of the lower
(nonexisting) barrier for insertion into the C—C bond. If D1/
E1 are formed irreversibly, this selectivity can at this point not
be explained in simple terms since it is not clear why the
formation of D1/E1 should be disfavored.

We therefore studied intramolecular mechanisms for C—C
activations starting from D1/E1. Our calculations (see Figure
5) show that the O-coordinated o-complex D1 rearranges to
the C—H coordinated o-complex E1 with a lower barrier than
that for C—O activation (AAG* = 14 kJ/mol). E1 rearranges to
the C—C activated product F1 with a barrier slightly lower than
that for C—H activation (AAG* = 6 kJ/mol).

In order to test the accuracy of the RPA for this particular
problem, we computed the corresponding mechanism for
Pt(PH;) with single point calculations at the CCSD(T)/def2-
QZVPP level of theory. The influence of the level of theory on
the geometry was probed by reoptimizing the transition states
with B3LYP/def2-SV(P) for dtbpm and B3LYP/def2-TZVPP
for Pt(PH,) and was again found to be negligible for relative
barrier heights. For Pt(PH;), C—O/(C—H) activation is
disfavored by AAG* = 12(18) kJ/mol relative to C—C
activation at the coupled-cluster level of theory. The RPA
reproduces these results quite well: AAG* = 8(13) kJ/mol.
Assuming the same systematic error for the dtbpm system
increases the selectivity for C—C activation to AAGT > 11 kJ/
mol. We therefore believe in the significance of the energy
differences, although they are certainly within the error range of
conventional DFT methods.

In fact, a similar intramolecular rearrangement between
Cp*(PMe;)Rh(C;Hs-k'C)H and Cp*(PMe;)Rh(C;H4-k*C,C),
the C—H and C—C activated complexes of cyclopropane, has
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been found by Bergman et al®” Subsequent isotope labeling
studies®® have led to the hypothesis of an intermediate C—H o-
complex, similar to what we found above. However, while for
the platinum complexes we find C—C activation to be
thermodynamically and kinetically favored, C—H insertion is
kinetically favored for the Rh complexes studied by Bergman,
and rearrangement toward C—C activation takes place only at
around 0 °C. We were therefore interested to see if our
methodology can reproduce these results and we find indeed
that the barrier for C—C activation is 18 kJ/mol higher than
that for C—H activation in the Bergman system. The barrier for
intramolecular rearrangement (88 kJ/mol) is in good agree-
ment with the experiment.

Epoxide Activation in Related Systems. To see how the
small bite-angle (84.5° in C2, 74.2° in A2) and chelate lability
of the dtbpm-ligand affect the reactivity toward epoxides, we
have studied ‘Bu,P—CH,—CH,—P'Bu, (dtbpe), the corre-
sponding ligand with two methylene units in the backbone. The
reactivity of the [(dtbpe-k*P)Pt(0)] fragment is similar: It can
activate C—C, C—H, and C—O bonds of epoxides with
essentially the same (AG* ~ 40 kJ/mol) low barrier. The main
difference is that the [(dtbpe-k'P)Pt(0)] fragment is much less
stable and probably of little importance. However, interestingly
its computed chemistry is similar: It inserts into the epoxide
C—C bond without an energy barrier, like Pt(PH;) and
[(dtbpm-k'P)Pt(0)] C1. In this case, however, the chemistry
should be determined by the closed chelate fragment [(dtbpe-
K*P)Pt(0)]. Although there is no experimental oxirane
chemistry with dtbpe instead of dtbpm we are aware of, ie.,
using a precursor analogous to A2, Whitesides et al. have
studied the chemistry of the cyclohexyl system [(dcpe-
K*P)Pt(Np)H’°"7* and have found this precursor, after
reductive elimination of neopentane, to exclusively C—H
activate a wide variety of substrates. Unfortunately, epoxides
were not looked at.

The homologous palladium(0) fragments [(dtbpm-x'P)Pd-
(0)] or [(dtbpm-x*P)Pd(0)] are also of interest, because when
made from appropriate precursor compounds”> they have been
experimentally found to exclusively form the red d'°—d'® Pd(0)
dimer like C3 mentioned in the beginning, without any
activation of epoxides. The open structure (corresponding to
C1) is computed to be S kJ/mol more stable than the closed
structure (corresponding to C2). Our calculations show that
the reactivity of [(dtbpm)Pd(0)] is similar to the Pt case, with
the important difference that C—H and C—C activation
products are much less stable and their formation is reversible.
Even if they were formed, the activation products would
therefore be expected to react to the more stable [(dtbpm)-
Pd(0)],-dimer.

Our findings also resonate with the recent computational
work on C—H bond activation by d'°-M(L), complexes by
Bickelhaupt et al.”* The authors concluded that the behavior of
Group 11 M(L), complexes is governed by a “c-regime”, in
which the complex—substrate interaction is dominated by the
orbital interaction of the occupied oc_y orbital and the
unoccupied s-derived acceptor orbital of the metal complex.

B CONCLUSIONS

We have shown that [(dtbpm-x'P)Pt(0)] C1 is thermodynami-
cally more stable (AG = —19 kJ/mol) than [(dtbpm-
K*P)Pt(0)] C2 and is furthermore the kinetic product of the
reductive elimination of neopentane from the precursor,
(dtbpm-x*P)Pt(Np)H (A2). Reductive elimination occurs via
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dissociation of one phosphorus atom trans to the hydride,
followed by the actual reductive hydrocarbon elimination
through o-complex A3. This mechanistic picture concluded
from theory—under the reasonable assumption, that the
calculated numbers are reliable—solves a long-standing
problem of [(dtbpm)Pt(0)] chemistry (and of some reactivity
patterns of its Ni(0)- and Pd(0)-congeners) not amenable to an
experimental solution. The original motivation and impetus to
employ the dtbpm ligand was to create highly reactive (dtbpm-
K*P)M(0]) intermediates (M Ni, Pd, Pt) with a four-
membered chelate structure, as far as possible deviating from
the linear groundstate geometry of d'°-ML, systems.

First, on the basis of qualitative MO theory considerations,
[(dtbpm-k*P)Pt(0)] (C2) was believed to be the active species
for various very unusual types of bond activation reactions
when created from (dtbpm-«x*P)Pt(Np)H (A2) by elimination
of neopentane or from other appropriate precursors. Soon,
however, it became clear, that the reactivity of [(dtbpm)Pt(0)]
(C) observed experimentally did not allow differentiation
between [(dtbpm-<*P)Pt(0)] (14 VE, C2) and [(dtbpm-
«'P)Pt(0)] (12 VE, C1). As mentioned in an accompanying
experimental paper,' earlier attempts to tackle this question
using theoretical methods did not allow any safe conclusions.
We are confident that the level of quantum chemistry applied in
the present work is sufficiently reliable to give a consistent
interpretation of experimental findings. It is the [(dtbpm-
k'P)Pt(0)] fragment C1, which inserts into the carbon—carbon
bond of epoxides without a significant electronic energy barrier.
Both C—O and C—H activation require an activation barrier
and the first step in both cases is the formation of a 6-complex.
A reversible formation of these o-complexes would also
selectively lead to C—C activation. The accuracy even of the
methods applied here is insufficient to address this question of
reversibility conclusively. However, we found that intra-
molecular rearrangement of the o-complexes toward C—C
activation is faster than both C—H and C—O activation.
Therefore, irrespective of how epoxides and [(dtbpm-k'P)Pt-
(0)] (C1) react in a first step, successive C—C activation is
favored.

The [(dtbpm-x*P)Pt(0)] fragment C2 would, according to
our calculations, react with epoxides first under dissociation of
one phosphorus arm of the four-membered chelate unit. Out of
the reactions that retain bidentate coordination of dtbpm, C—H
bond activation is slightly favored over C—C activation. Our
results agree with the view in the literature that C—C bond
activation of strained rings such as cyclopropanes is a reaction
of electrophilic metal complexes. The electrophilic nature of the
zerovalent [(dtbpm-x'P)Pt(0)] C1 is perhaps most evident in
the formation of o-complexes where the epoxide-oxygen or an
epoxide C—H-bond coordinate to platinum.

Our calculations indicate that the preferred C—C bond
activation of epoxides should also be expected for other
monocoordinated Pt-posphine complexes, such as Pt(PR;) or
[(dtbpe-x'P)Pt(0)]. However, the unique properties of dtbpm,
which destabilizes small bite-angle Pt(0) chelate-complexes,
make the formation of such a monocoordinate intermediate
favorable. Also, fast stabilization of the C—C bond activated
intermediates is required to avoid the reaction to thermody-
namically more stable products. This is achieved by rapid
recoordination of the dangling phosphine arm with its P center
close to Pt. Finally, we note here, that the neopentyl hydride
(dtbpm-x*P)Pt(Np)H (A2) also easily C—C activates a large
number of cyclopropanes to yield the corresponding
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platinacyclobutanes. Here, a direct C—C activation without
preceding C—H activation intermediates could be proven
experimentally. The reactive species [(dtbpm-x'P)Pt(0)] C1
also explains the completely selective C—Si activation chemistry
of organosilanes. These experimental findings and their
theoretical background will be reported separately.”>”®
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Cartesian coordinates, absolute energies, gas-phase thermody-
namic corrections, solvation free energies, and benchmark
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