Organometallics2007,26, 1241-1249 1241

Free Energy ab Initio Metadynamics: A New Tool for the
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Metadynamics and static DFT calculations have been performed on-ttht @hd C-C reductive
elimination from Pt(IV) octahedral complexesRt(CHs)sX (X = H or CH;s, L, = diphosphine ligand,
viz., a model of a dppe and dppbz ligand). The use of metadynamics simulations is shown to be a powerful
tool to describe the reactivity of organometallic compounds and provide us with the activation free energy
of the different processes involved in these reactions: ligand dissociatie@; &d C-H formation.
The computational results bring to the fore three mechanisms: direct and dissociative pathways, but also
a concomitant mechanism with a simultaneousHCformation and PtP dissociation. The dissociative
pathway, which proceeds through a five-coordinate intermediate, is favored for-tke r€ductive
elimination, whereas the two other mechanims are observed for t¢ @ductive elimination. The
basicity of the phosphine used as much as its intrinsic rigidity strongly influences the mechanism of the
C—H reductive elimination: direct or with concomitant dissociation of one arm of the diphosphine ligand.
On the contrary, it has no influence on the-C reductive elimination. The computed free activation
energies from metadynamics calculations are in good agreement with experimental values measured for
the different complexes. We also report computed activation free energy with inclusion of the entropy
effect for the dissociation of the diphosphine ligand, a necessary step fort@a€luctive elimination.

these efforts, the detailed mechanism for this reaction especially
for the Pt(IV) octahedral complex is still a matter of intense
debaté®32The key question concerns the initial ligand dissocia-
tion and the formation, or not, of an intermediate prior to the
reductive elimination.

The lack of unambiguous evidence for a direct elimination
for reductive C-H and C-C elimination from & octahedral
' Pt(IV) complexes has strongly supported the belief that such

Introduction

Reductive elimination leading to a carbecarbon or carbon
hydrogen bond is the usual product-forming step in organo-
metallic catalytic cycles to generate various organic compounds.
Like its microscopic reverse, the oxidative addition of a carbon
carbon or carbornhydrogen bond, reductive elimination is a
key activation step of metal-mediated organic transformations
both stoichiometric and catalyticThus, the quest for the reductive eliminations occur only in conjunction with ligand

unders}andmg of the mechanism of these bond Cleavage/dissociation and formation of a five-coordinate intermediate.
formation processes from Pt complexes has produced a IargeFor C—C reductive elimination from octahedral Pt(IV) com-

amount of experimental and theoretical studigsDespite all
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plexes with phosphine ligands, the inhibition role of added
phosphine has been edrlinterpreted as a clue in favor of
formation of a five-coordinated intermediate prior to the
reductive elimination. In the presence of a chelating diphosphine
ligand, reductive elimination still occurs through a five-
coordinate intermediate but with dissociation of the group
(with X~ = |~ or carboxylate, for example) fdiac-(diphos-
phine)-PtMesX complexe$ or dissociation of an arm of the
diphosphine ligand for (diphosphinePtMe, systemg:42aC—H
reductive elimination was not supposed to proceed through a
different mechanism, and most of the proposed mechanisms
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Scheme 1. Postulated Pathways for €H and C—C
Reductive Eliminations
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indeed suggest a dissociative pathwakhis hypothesis was

Michel et al.

mechanism was assumed for-C reductive elimination and a
direct mechanism for the -€H reductive elimination.

From a general point of view, this work provides pertinent
and accurate experimental data (choice of the complexes,
activation enthalpy, activation entropy, and X-ray data), which
can allow comparisons with theoretical free energy calculations.
To study these reactions and to introduce entropy effects which
come along with a possible ligand dissociation, these reactions
have been studied kb initio metadynamicksas implemented
in the DFT CP2K-QuickStep code using Gaussian plane waves
(GPW) orbitals and by quantum chemistry methods with the
Gaussian03 code. With such a theoretical strategy, we study
the mechanism of the -€H and C-C reductive eliminations,
we analyze the role played by the biphosphine ligand, and we

highly supported by the discoveries of thermally stable hydride investigate the mechanistic assumptions of Crumpton-Bregel and
alkyl Pt(IV) compounds$. The synthesis of these compounds Goldberg? Indeed, for such reactions, which can occur with or
seems related to the use of chelating ligand, which does notwithout ligand dissociation, the knowledge of the minimum
easily undergo dissociation and so prevents the system fromreaction path and of the free energy along this pathway can be

forming the necessary five-coordinate intermediate. However crucial.

Crumpton-Bregel and Goldbergopened a breach in this
belief: they focused on the comparison between-teand
Me—Me reductive eliminations from octahedral Pt(IV) com-
plexes with two different chelating diphosphine ligands;- L
PtMe&R (R= Me or H) with L, = dppe (bis(diphenylphosphino)-
ethane, PPICH,),PPh) or dppbz ¢-bis(diphenylphos-
phino)benzenep-PPh(CsH4)PPh), which is a less fluxional

Moreover, due to the heights of the barriers, a
spontaneous reaction cannot be realistically observed during the
finite simulation time of an ordinary molecular dynamics
simulation. Thus, the use of metadynamics appears to be a
natural choice.

In this paper, we report the results of oalp initio meta-
dynamics calculations and compare them with the experimental
data on the €C and C-H reductive eliminations from

ligand compared to dppe because of its benzene backbone. Thectahedral diphosphine Pt(IV) complexes. The novelty of the

difference in reactivity between €H and C-C reductive

application of this method to organometallic reactivity suggests

elimination and from one chelating phosphine to the other one comparing theab initio metadynamics calculations to standard
led them to the mechanistic assumptions summarized in Schemsstatic calculations. On the basis of those results, we present

1.

possible pathways for these reactions and discuss the origin of

These conclusions were motivated by converging observa-the observed differences between-C and C-H reductive

tions. A dramatic temperature difference betweenHCand
C—C reductive elimination is observed: for methane elimina-
tion, whatever the ligand used, a rate constant af 1074 s71

is achieved at 50C versus 4.2« 106 s1 at 150°C for ethane
elimination from (dppe)PtMgl. Moreover, the €C reductive
elimination is strongly dependent on the phosphines used:

elimination in conjunction with the chelating ligand used.

Computational Details

The ab initio Born—Oppenheimer dynamics calculations were

if performed using the CP2K-QuickStep progtamat the DFT level

the more rigid chelating ligand dppbz is used, no elimination is With the BLYP"* functional. QuickStep is an implementation of
observed. Therefore, a prior dissociation of the phosphine is the Gaussian Plane Waves (GPW) method based on the-Kohn
necessary but impossible with this rigid ligand and prevents Sham formulation of the density functional theory (DFT). Itis a

the ethane elimination from (dppbz)PtM& On the other hand,
the rate constant of €H elimination from (dppe)PtMg 4 or
(dppbz)PtMeH 5 is not sensitive to the use of one phosphine

compared to the other one, and similar activation parameters

(AH* &~ 26 kcatmol™* and AS' ~ 3—6 catmol~%K™1) are

observed for both rigid and nonrigid ligands. This seems to
imply that the phosphine ligand does not play any role in these

C—H reductive elimination reactions. Thus, a dissociative
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E. Nature2002 417, 507. (g) Wik, B. J.; Lersh, M. Tilset, Ml. Am. Chem.
S0c.2002 124, 12116. (h) Norris, C.; Reinart, S.; White, P. S.; Templeton,
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hybrid method using a linear combination of Gaussian-type orbitals
to describe the KohaSham orbitals, whereas an auxiliary plane
waves basis set is employed to expand the electronic charge density.
The basis set used was a doublealence set of Gaussian orbitg&ls
with a set of polarization added for all atoms except platinum in
conjunction with the Goedeckeil eter—Huttef*3 pseudopotentials.
The auxiliary PW basis set was defined by a cubic box of 32 A
and by a density cutoff of 300 Ry for the larger grid. The quantum
chemistry calculations were carried out with both the CP2K-
QuickStep program and the Gaussiati@Bogram. With this latter
code, we used both the BLYP and B3L¥Runctional with the
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sdd” basis sets, and a set of polarization functi®msas added for Me

all atoms, platinum included. In this article, this level of calculation - P, Me
will be referred to as B3LYP/sdd*. ( P(‘,Pl
To understand the role of the diphosphine ligands, especially D h €

the benzene backbone versus the substituants on the phosphorus,
we used different model complexes. The simplest one uses

H,P(CH),PH, and HP(CHRPH, to model dppe and dppbz,
respectively. Since it was previously shoWithat the model of

the phosphine can influence strongly the mechanism, we also used /P |

the same model but with GHo model the phenyl substituents:
(CH3),P(CH,).P(CHs), and (CH),P(CH)LP(CH;), as dppe and

dppbz ligands, respectively. As the benzene backbone is supposed

to prevent the ring opening of the chelating ligand, we have also
used the previous models but with explicit inclusion of the benzene.
To identify these complexes, we followed the nomenclature

setd

set ¢
Figure 1. Sets of collective variables used for the metadynamics

presented in Scheme 1 for the numbering of the complexes followed simulation.

by m if the simplest model is used and followed lde if the phenyl

group of the phosphine ligand is modeled by a Me group. We added able MassKinetics prograf.The algorithm was originally devel-
bz when the benzene backbone of the dppbz ligand is included in oped for modeling complex reaction kinetic systems for mass

the model.

spectrometrdt (i.e., for nonthermal, nonequilibrium situations), but

Metadynamics has been used to overcome the problem ofcan be used for thermal systems as well. Energy differences and
observing rare events in conventional molecular dynamics and of Vibrational frequencies necessary for RRKM were extracted from
finding the reaction coordinate. A series of small repulsive Gaussian the DFT calculations at the B3LYP/sdd* level.
potentials centered on the values of some collective variables are

added during the dynamics, preventing the system from revisiting

the same points in configurational space and creating a history-

dependent multidimensional biasing potential. A time step of 1 fs
is used for the dynamics, and the hills were added every 10 fs.
In the present study, we explicitly considered coordination

Results and Discussion

Characteristics of the Complexes.As presented in the
Computational Details part, the complexes have been optimized
using different levels of calculations and software. The results

numbers (cn) as collective variables instead of selected bondare shown Table 1. The agreement between the X-ray data, the

distances in order to avoid enforcing a specific reaction pathway.
Following Ensing et alt? the coordination number between atoms
a and atoms b is defined ag = (1/Na)Y a(1/Np) > p[(1 — (ragro)?)/

(1 — (radro)9], wherery, is the distance between the two atoms
andp andq are set equal to 3 and 6, respectively, except for the
study of Pt-P dissociation, where they are set equal to 4 and 8,
respectively. We used two different sets of collective variables for
the models of typd and5. The set (a) is built from two collective
variables and does not contain explicitly the-Ptbond. The first
collective variable is the coordination numtmer(H,Ceq) between

CP2K BLYP GPW method, and the B3LYP and BLYP
functionals as implemented in CP2K and Gaussian03 is excel-
lent. The agreement between the theoretical results is also
remarkable for the thermodynamic data shown in Table 2.
Another striking fact is the exothermicity of the reductive
elimination, which remains the same aroun83 kcatmol~!
whatever the reductive elimination performed; & or C—C,

and the ligand use#. Test calculations performed without any
modelization of the ligand show that the exothermicity remains
similar, with values of—35.4 and—35.8 kcaimol~* with the

the H atom linked to the Pt atom and the C atoms of the equatorial gnne and dppbz ligand, respectively, for the-I€ reductive

methyls, which favors €H bond formation. The second collective
variable of set (a) is the dihedral andgle-P—C—C. In the set (b),
we replaced the dihedral angle-P—C—C by the coordination

numbercn(Pt,P) between Pt atom and P atoms. We have to choose
two others sets to study the elimination of ethane from complexes

1 and 2. The first one, set (c), is the coordination numiser-

(Pt,P) between the Pt atom and one of the P atoms, which was

aimed at studying the P# dissociation. For the €C bond

formation from the pentacoordinate complex we used two collective |

elimination and—39.2 and—39.9 kcaimol™! for the C-C
elimination. Also the comparison of the dynamics of thma
and4m complexes and of them and5m complexes exhibits
no obvious difference in the behavior of the chelate ligand. But,
the similarity of the thermodynamic costs with the strongly
different kinetic experimental data supports two different
mechanisms.

Mechanism of the Reactions: C-H Reductive Elimina-

variables designed to avoid any predetermination of the reactanttion. We have performed metadynamics at 350 K using set (a)

methyls. The first collective variable is the coordination number
cn(Ceqgs)between the three C atoms in the equatorial position. The
second one is the coordination numbafCax,Ceqgs)between the

C atom of the axial methytransto the phosphine ligand, and the

as collective variables, namely& coordination between the
hydride and the carbon atoms in the equatorial plane and the
dihedral P-P—C—C angle. Fo#dm and5m, the C-H elimina-

tion is effectively directly observed at 350 K with an activation

C atoms of the equatorial methyls. These different sets of collective free energy of~16 kcatmol™?! starting from the4m complex

variables can be visualized in Figure 1. Constant temperdture
has been enforced by velocity rescaling.

The kinetic study was carried out using the RRK and RRKM
approximation. Calculations were performed with the freely avail-

(16) Becke, A. D.J. Chem. Phys1993 98, 5648.

(17) (a) Dolg, M.; Stoll, H.; Preuss, H.; Pitzer, R. M. Phys. Chem.
1993 97, 5852. (b) Dunning, T. H., Jr.; Hay, P. J. Modern Theoretical
Chemistry Schaefer, H. F., Ill, Ed.; Plenum: New York, 1976; Vol. 3, pp
1-28.

(18) A set of polarizations was used for each atom Pt, P, C, and H with
the respective values of 0.993, 0.364, 0.75, and 0.8.

(19) Ensing, B.; Laio, A.; Parrinello, M.; Klein, M. L1. Chem. Phys. B
2005 109, 6676.

and ~17 kcatmol~! from the 5m complex. But surprisingly,
this C—H elimination occurs with the simultaneous ring opening
of the diphosphine chelate ligand dppe 4on and dppbz ligand
for 5m, although the PtP bonds werenot defined as a
collective variable. This fact proves the efficiency of the

(20) Drahos, L.; Vekey KMassKinetics computer program Version 1.6
(http://www.chemres.hu/ms/masskinetics), 2006.

(21) Drahos, L.; Vekey, KJ. Mass Spectron2001, 36, 237.

(22) The energy product has been computed as the sum pplokithe
Pt(Il) complex. A complex between methane and the Pt(Il) is formed, but
the interaction is so weak that the influence on the exoenergeticity of the
reaction is negligible; see ref 4a for example.
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Table 1. Selected Bond Lengths (&) and Angles (deg) for the dppePtMe4 Complex and for Its Simplest Model 1m at Various
Levels of Calculations

im dppePtMe4
BLYP/GTH-DZVP BLYP/sdd* B3LYP/sdd* BLYP/GTH-DZVP BLYP/sdd* X-ray

Pt—Cax 2.220 2.200 2.175 2.139 2.206 2.139(7)
Pt—Ceq 2.144 2.124 2.101 2.129 2.115 2.115(6)

Pt—P 2.394 2.414 2.394 2.441 2.458 2.3359(7)

bite 3.199 3.222 3.198 3.320 3.320

P—PtP 83.9 83.7 83.8 85.5 85.1 85.94(5)

Table 2. Reaction Energy (kcaimol~?) of the Reductive for the dppe and dppbz ligands, respectively, at the B3LYP/

Elimination from the Simplest Model Complexes sdd* level. Finally, the trajectories started from the transition
BLYP/GTH-DZVP BLYP/sdd* B3LYP/sdd* state like structure have also confirmed the role of the dissocia-

m 334 303 304 tion of the platinum-phosphorus bond. Thus, from a compu-
1Me -33.4 —30.4 —31.8 tational point of view, the metadynamics has proved to be an
1 —39.2 efficient method to determine the pathway of a reaction, even
o e e e if one of the key contributions isotincluded in the collective
oMe 337 308 304 varlgbles. Frpm a chemical point of view, with these not strongly
2Mebz ~35.0 —31.2 ~3238 basic chelating ligands, the formation of the-B bond occurs
2 —39.9 simultaneously to the dissociation of the platinuphosphore
am —334 _31.4 _323 bondtransto the forming C-H bond. The possibility of a five-
4Me —33.8 —-30.3 —-30.9 coordinated intermediate complex induced by Pissociation
4 —354 has also been investigated: none of the resulting five-coordinate
gmb :gg:g :gg:g :gg:g complexes was found to be a minimum of the potential energy
5Me _325 ~308 315 surface, and the €H reductive elimination took place from
5Mebz -32.3 -31.0 -31.7 all the starting geometries investigated. ThekCbond forma-
5 —35.8 tion concomitant with the PtP opening was observed for the

two diphosphine ligands with similar activation free energy,

metadynamics simulations for the understanding of reactivity. = " ; A
The simultaneousness of these two actions can be easinWh'Ch is in agreement with the kinetic data of Crumpton-Bregel

perceived from the evolution of the PP and C-H distances and Golqlberg}, bUt. seems to .be n dllsagreement W'th. the
presented in Figure 2. Such a mechanism with bond dissociationas.Sumptlon of an impossible dissociation of the dppbz ligand

concomitant wih the €H bond formation was aiready sug- P28, % R BECEISE THE T TR
gested by Borden et &t.but with different Pt(IV) complexes P

and with a loss of chlorinérans to the Pt-H bond. Starting for preventing ring opening. The results obtained withSire>z

from the metadynamics’s guess, transition state (TS) structuresg?:Tg%xeﬁ;eersl:amt')ls(;:g;zgssu?%ﬁwzdc\g:;h%ut;ghﬁé?:gdgf 23”7
have been obtained at the B3LYP/sdd* level using Berny’s P ’

. - kcalmol~t at the B3LYP/sdd* level with a PtP bond distance
algorithn?® and are shown in Figure 3. Indeed they present an : 1
important contribution of the PtP bond in the reactive of 3.23 A and a free energy barrier of 17.5 keabl™* at 350

coordinate computed from a harmonic vibrational analysis. No K ugmg §et (a) as collective varlables.' ) .
transition state without PtP contribution, namely, through a  Since it was also showfthat the basicity of the phosphine
direct pathway, has been found for betim and5m complexes.  li9ands has an important role, and that the use of a not
This fact was also confirmed by the metadynamics calculations Sufficiently basic phosphine favors the dissociative pathway,
performed using set (b) as collective variables-t€and Pt-P we have also studied the reactivity of tiMe and SMe
coordination number). Indeed the use of these two coordination COMPlexes.

numbers allows the free energy surface as a function of the two For 4Me, the metadynamics performed at 350 K with set
chemically important parameters to be reconstructed and more(2), so without the inclusion of the PP bond distance as
insight into the pathway to be gained. The comparison of the collective variable, gives a-€H reductive elimination occurring
ab initio activation energy with the free energy barriers gives With ring opening and a computed free energy of around 20

values in the same range of energy: 18.5 and 18.6 csi? kcaFmol~1. The inclusion of the PtP bond distances as a
collective variable, set (b), gives a free energy in the same range,

— C-H distance 23 kcatmol™, with a concomitant €H bond formation and

— PR distance /_/\ Pt—P dissociation. In this complex, preventing the—Pt
/ \ collective variable from reaching dissociation by means of a

5 repulsive wall, we were able to compute the free energy
/ activation of the G-H reductive elimination without PP

7

6

/ dissociation. The barrier found at 350 K using the same
] parameters is higher in energy: 28 koabl™l. This is in

m agreement with the previous metadynamics calculations, which
: had no restriction on P{P values. We used the guesses from
;_ these metadynamics calculations to perform the B3LYP TS

o A o e i (23) Schlegel, H. BJ. Comput. Cheml982 3, 214. _
time (fs) (24) (a) Schmid, R.; Herrmann, W. A.; Frenking, Grganometallics

. . . . 1997, 16, 701. (b) Staley, R. H.; Beauchamp, JJLAmM. Chem. So4974

Figure 2. Time evolution of C-H and PtP bonds o#4m during 96, 6252. (c) Henderson, W. A.; Streuli, C. A.Am. Chem. Sod96Q 82,

metadynamics at 350 K using set (a) of collective variables. 5791. (d) Weston, R.; Bigeleisen, J. Am. Chem. S0d.954 76, 3074.

distance (&)

w

"~
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C1-PtH 162.3 TS4m C1-PtH 157.6 TS4Me CI-PtH 2187  Tsamei
C1-Pt-C2 128.7 C1-Pt-C2 134.7 C1-Pt-C2 122.4 i nehnct

) O
C1-Pt-H 161.4 TS5m Ci-Pt-H 157.9 TS5Me C1-Pt-H 202.4 TS5Me-direct
C1-Pt-C2 130.0 C1-Pt-C2 135.0 C1-Pt-C2134.7

C1-Pt-H 162.0 TS5mbz C1-Pt-H 158.8 TS5Mebz C1-Pt-H 218.1 TS5Mebz-direct
C1-Pt-C2 129.0 C1-Pt-C2 133.0 C1-Pt-C2 101.4

Figure 3. Transition state structures leading to reductive elimination of methane at the B3LYP/sdd* level. Distances are indicated in A,
angles in deg.

Table 3. Energy Activation and Free Energy Activation of Reductive Elimination of Methane from 4 and 5 Type Complexes
(kcal-mol™1) (values in parentheses correspond to the direct mechanism)

BLYP/DZVP-GTH
metadynamics

set (b) 350 K BLYP/sdd* BLYP/sdd* B3LYP/sdd* B3LYP/sdd* exptl data, ref 2
AF* AEF AG* AEF AGF

am 162 16.2 13.2 18.6 14.6

5m 17 16.2 13.8 18.5 15.7

5mbz 16 17.2 15.4 19.7 17.6

4Me 23 (28) 22.7 (26.9) 20.1(24.6) 25.0(28.7) 22.4(26.2)

5Me 22 21.9 20.6 25.1(28.5) 23.6 (26.52)

5Mebz 27) 25.0 (26.6) 24.2 (25.1) 28.0 (28.5) 26.1 (26.1)

4 22.6-26.7

5 23.4-25.6

aSet (a) used.

optimizations. Two TSs were indeed identified: one corre- included explicitly the benzene backbone in 8ide complex.
sponding to a direct mechanism and the other one with thelC ~ The results in thésMebz complex are the following. At 350
bond formation occurring simultaneously with the—Pt dis- K, using set (b), thus with the PP explicitly included, the
sociation. The energy values calculated follow the same patternmetadynamics calculation gives a free energy activation of about
of the free energy. The B3LYP activation energy of the 27 kcatmol™! but via adirectpathway. The B3LYP results for
combined pathway is 25.0 keadol™2, which is 3.7 kcalmol 1 the two TS structures give an energy activation of 28.0
lower than that of the direct mechanism. The agreement betweenkcal-mol~?! for the combined pathway and 28.5 keabl~! for
the free energy calculations and the B3LYP static calculations the direct pathway. Thus, the direct mechanism is only observed
seems to tip the balance in favor of the pathway including the in the5Mebz complex but not in th&mbz and5Me complexes.
Pt—P dissociation even if the existence of an alternative direct This highlights the necessity of both the benzene backbone and
mechanism cannot be excluded. of proper phosphorus substituents to determine its reactivity.
For 5Me, the same kind of results were obtained: meta- From these different calculations, we can see that meta-
dynamics using the set (a) of collective variables gives-4iC dynamics is an efficient tool to describe the reactivity of
formation concomitant with the PP bond dissociation and a organometallic compounds and is quite able to deal with the
free energy of 18 kcamol™! at 350 K. The B3LYP results also  complexity of the reactive coordinates. The different types of
give similar results with two TS structures characterized: one calculations of Table 3 show that the metadynamics values
corresponding to the combined pathway with an activation obtained are consistent with the different data available both
barrier of 25.1 kcamol™! and the other one corresponding to experimentally and theoretically. Similarly, the order of reactiv-
a direct mechanism with a barrier of 28.5 keabl~1. We also ity is well reproduced compared to the free Gibbs energy
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Table 4. Energy Activation and Free Energy Activation of
Reductive Elimination of Ethane from 1 and 2 Opened Type
Complexes (kcaimol1)

BLYP/DZVP-GTH

metadynamics B3LYP/sdd* B3LYP/sdd*
set (d) 300 K static static
AF* AEF AGF

im 9 12.7 13.1
2m 14 12.4 13.4
2mbz 11 12.9 13.1
1Me 17 16.3 17.6
2Me 16 14.4 154
2Mebz 12 8.6 7.7

obtained at the B3LYP or BLYP level. From this table, it can
also be shown that BLYP/sdd* results underestimate activation
values compared to the corresponding B3LYP results. From a
chemical point of view, the reductive elimination frahoccurs
with a concomitant PtP bond dissociation, whereas for
complex5, a direct pathway is preferred. The computed BLYP
free energy barriers between 20 and 25 koal™! at 350 K
are in very good agreement with the experimental Gibbs energy,
which range between 22 and 27 keabl™! at the same
temperature.

Mechanism of the Reactions: G-C Reductive Elimina-
tion. Metadynamics calculations performed at different tem-
perature, until 450 K, oiim and2m?5 using the same type of ~ Figure 4. Transition state structures leading to reductive elimina-
Collective Variables as fo‘:m and5m—number Of Coordination tion of ethane at the B3LYP/sdd* level. Distances are indicated in

of C—C bonds and dihedral anglefP—C—C—did not lead to A, angles in deg.

a reductive elimination or dissociation but to a Berry pseudoro- Table 5. Thermodynamic Cost of Ring Opening of a
tation. This pseudorotation of the Me groups is in agreement Diphosphine Ligand for 1 and 2 Type Complexes
with the observations of Crumpton-Bregel and Goldberg on (kcal-mol™Y)

complex3 of ref 2, a tetraalkyl complex similar tbm, (dppe)- BLYP/DZVP-GTH B3LYP/sdd
PtMesEt, which coexists in dac andmer conformation. Thus static static
from this type of metadynamics, no direct or kinetically favored T AE T AE

pathway for reductive elimination has been observed. Similarly,

no pathway with a PtP dissociation concomitant to a—~C %m 12:2 i;:z
bond formation was found whatever the set of collective 2mbz 18.7 19.4
variables used. On the other hand, switching to the dissociative 1Me 19.4 23.2
pathway, five-coordinated complexes can be optimized and 2Me 24.6 26.0
characterized as minima on the potential energy surface. 2Mebz fg'; gg'g
Metadynamics performed on these open structures can undergo 5 285 304

reductive elimination. At 300 K, we used the two collective aB3LYP calculations on the optimized structures at the BLYP/DZVP-
variables described previously in the Computational Details part, 11 evel. P

namely, the coordination number between the three equatorial
carbons and the coordination number between the axial and the
equatorial carbons. The corresponding activation barriers are 9
and 14 kcalmol~! for 1m and2m, respectively, and 17 and 16

. —1 i
kcabmol™for 1Me and2Me, respectively, at 300 K. Compared kcalmol~1. But as expected, switching to more realistic model

to the experimental activation energies of around 40- ka2, ) . X .
these results seem much too small, but it should be pointed outfor the calculations of the platinusphosphorus bond dissocia

that this computed barrier does not include the cost for thd>Pt tion (see Table 5), we clearly see .the. influence of the model
. o . A for the type2 complexes, whereas its influence for the type
dissociation. As for the €H reductive elimination, we have

also performed the corresponding static calculations at the comp_lexes is less important. The |n_cIu3|on of both methyl
B3LYP/sdd* level. The results for the different models are substituents and benzene backbone is necessary for a proper

gathered in Table 4, and the TS structures are represented "ﬁescnlptlon dqf tr;e dé)pbz Illlgand, dwhe:jegs fr?r co mﬁ>1e>the del
Figure 4. The striking facts are as follows: first, the similarity Ppe ligand IS already well reproduced | yt € simp est model.
of the results between the two complexies and2m and the Indeed2m exhibits a thermodynamic dissociation cost of 16
. . : ) -mol-1 i

absence of influence of the ligands used, while the experimentalkcarmol ,_ciompared with a cost for the real complex of zirlound

reactivity is quite different; second, the agreement between static30 kcatmol™. For complexim, the cost reaches17 kcatmol™,

and metadynamics calculations; third and last the “apparentqu'te close to the value of the real complex, which is between
disagreement” with the experimental data: the apparent one-17 and 20 kcamol~. These results also corroborate the results
step activation enthalpy of 43 keaiol~! determined with obtained for thel and5 type complexes and the-¢H reductive

complex1 and the nonreactivity observed for complx elimination: for complex4, the simplest model is already a
good approximation, whereas modeling the dppbz ligand is more
(25) The same results are observed wiMe and 2Me. demanding.

To explain this disagreement, one can compute the dissocia-
tion cost of the phosphine arm (see Table 5). This cost is nearly
the same forlm and2m with an energy difference of only 2




Free Energy ab Initio Metadynamics

Finally, we have also computed, by initio metadynamics,
the free energy cost of the PP bond dissociation. The free
energy barriers at 100X are 19 kcalmol~! for 1Me and 31
kcalmol™! for the 2Mebz complex. Compared to the thermo-
dynamic dissociation cost, the free energy activation costs are
only a few kcaimol=1 higher in energy, which corresponds to

a nearly barrierless process. From the energy profile obtained |

by metadynamics, we were able to determine theFPdistances
around the TS-like structure. The-H® distance is 3.4 and 4.2
A for the 1Me and2Mebz, respectively. The longer distance
found for the2Mebz compound is in accordance with the higher
computed barrier. To our knowledge, this is one of the first
calculations of a dissociation activation process that give both
an estimation of the activation free energy including entropic
effects and an estimation of the transition state structure.
Thus concerning the mechanism of-C reductive elimina-
tion, we can see that whatever the ligand used, labile or
nonlabile, the & C reductive elimination occurs through a two-
step pathway via the formation of a five-coordinate complex
successive to a ligand’s dissociati®nThese results are in
accordance with some recent experimental restltghich
propose for G-C bond formation from cationic Pt(IV) com-
plexes the same two-step pathway, viz., dissociation of one
ligand to form a five-coordinate intermediate prior te-C bond
formation. They also revisited some earlier regdltand

suggested that these results could be explained in terms ofFigure 5.
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dissociative pathways rather than in terms of some assumedmetadynamics at 350 K within set (b) of collective variables. (b)

direct C-C reductive elimination pathways. We propose a two-
step mechanism, a PP dissociation with a free energy cost
ranging from 19 to 31 kcamol~! depending on the ligand and
a C-C bond formation from the five-coordinate complex of
around 12-17 kcatmol=%. To reconcile these computed results
with the apparent one-step experimental kinetic datel fand
the absence of reactivity f@&; kinetic modeling has been carried
out. The RRK/RRKM modeling of the theoretical two-step
mechanism ofLlMe, dissociation followed by reductive elimina-
tion with an activation energy of 20 and 14 kgabl™1,
respectively, can be reproduced by a RRKM modeling of a
theoretical one-step reaction @Me but with one activation
barrier of 44 kcaimol~. The inclusion of the first demanding
step of complex2 did not allow the reaction to produce a
significant yield.

Thus, this two-step mechanism is in good agreement with
the experimental data for complexgésind 2.

Role of the Pt—P Dissociation.Two different mechanisms,
direct and dissociative, were postulated by Crumpton-Bregel
and Goldberg, but metadynamics calculations have brought to
the fore a third mechanism: the concomitant mechanism with
a simultaneous €H formation and PtP dissociation. That is
why we wanted to gain more chemical insight into this latter
mechanism and understand the role of the Pidissociation
using the convergent data given by the dynamic and static
calculations. First, we wanted to check if a synergy exists
between the €H formation and the PtP dissociation for the
4m and5m complexes. The optimizations of tHen, or 4Me,
complex with C-H or Pt=P constrained distances confirmed

(26) At higher temperature the velocities of the atoms were too high to
obtain a precise enough estimation of the barriers.

(27) Estimations of transition state structure for CO dissociation have
already been computed; for example see: Sztaray, B.; BagrAm. Chem.
Soc.2000 122,9219.

(28) A direct mechanism was found usihlyle but with an energy barrier
of 57.7 kcaimol~1 (B3LYP/sdd*), obviously less favorable than the two-
step mechanism proposed.

(29) Dicker-Benfer, C.; van Eldik, R.; Canty, A. Drganometallics
1994 13, 2412.

B3LYP/sdd* energy surface. Energy in kaabl=.

that there was no synergy between these two bonds and that
there is no transition state for a direct-@ reductive elimina-
tion. When the G-H is shortened to 1.7 A, no dissociation of
the PP is observed and the energy of the complex is
approximately 4 kcamol™! higher than the energy of the
transition state structure. When the-8 is finally shortened
even further to 1.4 A, the optimization leads to the Pt(ll)
complex plus methane, giving the appearance of a cliff to the
energy potential surface shown in Figure 5. The energy surface
computed at the B3LYP/sdd* level and the free energy surface
lead to the same conclusion that the reactive pathway is through
a dissociative structure.

If no trans/ciseffect confers a synergy between the- i@
bond and the PtP bond, why cannot this €H reductive
elimination proceed through a six-coordinate structure for these
model complexes? A close examination of the structures and
of the metadynamics trajectory shows a significant modification
of the reactive H-Pt—C part of the complex going from the
six-coordinate structure with a constrained-ig distance of
~2.0 A to the TS structure and to the reactive complexes’
structure along the metadynamics trajectory (see Figure 3). The
six-coordinate structure exhibits an octahedral-like structure,
whereas the TS structure has for the reactive parPHC a
more Y-shaped structure. This difference is also obvious if we
compare the structure of the two TSs obtained for the two
mechanisms, direct and concomitant, obtained for IMe
complex (see Figure 3). The TS structuf&1Me for the
concomitant mechanism exhibits a+4®t—C angle of 67 and
the H-Pt—C1 and C-Pt—C1 angle values are close to the ideal
values (~15C°) for a Y-structure with values of 18&nd 135,
respectively. This Y structure compared to the octahedral one
can undergo reductive elimination, as it presents a clearly more
favorable molecular orbital (MO) diagram. The simplified
correlation diagram for the reductive elimination of &8 bond
is represented in Figure®.
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Figure 6. Simplified correlation diagram of €H reductive
elimination.

Figure 7. Molecular orbitals ofTS4m involved in the reductive
elimination of methane.

These orbitals exist as d orbitals in a five-coordinate complex
in a Y conformation: they are the contributions of thg ahd
de-y2 orbitals. These contributions can clearly be seen form the
cross section of the molecular orbitllof the TS structure
TS1mrepresented in Figure 7. Reductive elimination can also
be obtained from an octahedral comptékut in this case, some
of the orbitals involved are lower in ener§yand the cost is
higher3#

This Y-shaped structure can only be obtained from the
octahedral Pt(IV) complex through at least a partial but yet
important dissociation of the PP bond or, of course, directly

(30) (&) Jean, YLes orbitales mdleulaires dans les complexekes
éditions de I'zole Polytechnique: Palaiseau, 2003. (b) Albright, T. A,;
Burdett, J. K.; Whangbo, M.-HOrbital Interactions in ChemistryJohn
Wiley & Sons: New York, 1985. (c) Tatsumi, K.; Hoffmann, R;
Yamamoto, A.; Stille, J. KBull. Soc. Chim. Jpn1981, 54, 1857.

(31) Drawings done thanks to Molden: Schaftenaar G.; Noordik, J. H.
J. Comput.-Aided Mol. De00Q 14, 123.

(32) Akermark, B.; Ljungqvist, AJ. Organomet. Chemi979 182 59.

(33) Some orbitals involved are the ligand orbitals lower in energy than
the d orbitals.

(34) The cost of a reductive elimination is higher from the six-coordinate
complex than from a five-coordinate complex. But from a global mechanistic
point of view, to conclude about the favored pathway for the reactions under
study, the cost of the dissociation to obtain the five-coordinate complex
should be taken into account.

Michel et al.

through a five-coordinate complex with such a Y-shaped
structure or after deformation fno a T structure. Effectively,
two main conformers exist for the five-coordinate complex: Y
and T structures. It is worth noting that for a five-coordinate
complex h a T conformation the d orbitals are less favorable
for a reductive elimination. But, depending on the ligand sphere,
the deformation cost to join the two conformers Y and T can
be very low or quite high especially for bulky ligands involved
in agostic interactions with the metal center.

Thus, the calculations of ref 4 starting from the five-
coordinate complex present TS structures that have such a
Y-shape and exhibit long-€H distances and early TS structures
in accordance with the low barriers found. Low barriers are
especially expected for reductive elimination from a Y-shaped
five-coordinate comple®® But even if the G-H reductive
elimination should proceed very easily from a five-coordinate
complex or with a five-coordinate TS structure, the cost of the
dissociation necessary to obtain the five-coordinate complex
should be added. In the case of the concomitartPopening
and C-H bond formation observed for thetype complexes
and for some models of complé&x the computed total barrier
can be seen as an important contribution from thé’®pening
and a smaller contribution from the-E formation as the long
C—H distance observed in the TS structure indicates. The
comparison of the PtP bond distance in the TS structure of
the PtP dissociation from th&Me complex and in the TS of
the concomitant PtP opening/C-H reductive elimination from
4Me, around 3.4 A in both cases, supports this assumption.
When R-PH, ligands are used, the cost of the ring opening of
the chelate ligand is not important, and no alternative direct
mechanism can be found, whereas when the more basic
R—PMe, ligand is used, the balance between the two mecha-
nisms is subtler. As can be seen from the calculations (see Table
5) of the cost of the ring opening of the chelating ligand for the
1 and2 type compounds, the cost for the dppe ligand is around
3 kcatmol™! higher than for the simplest model, for a total cost
of 20 kcatmol=t. On the contrary, for the dppbz ligand the
simplest model underestimates this cost by 13 -keal %, to
finally reach a total cost of around 30 kealol~1. This large
difference explains the direct mechanism found for theHC
reductive elimination for comple®s, whereas for compleA,
the concomitant pathway is more likely due to the lower cost
of dissociation. This difference also explains the nonreactivity
of complex2 toward C-C reductive elimination compared to
complex 1, which can undergo the successive steps: ring
opening of the chelate ligand to give the suitable five-coordinate
complex and &C formation.

Conclusions

Detailed theoretical studies have been performed in order to
understand the reactivity of platinum(lV) complexes toward
C—H and C-C reductive elimination. Free energy metadynam-
ics barriers have been computed for all the reactions involved:
C—H and C-C bond formations and ring opening of the chelate
ligand. These results have been compared both to the available
experimental data and to static B3LYP/sdd* calculations. The
agreement between the experimental and theoretical data is
excellent and proves metadynamics to be a powerful and useful
tool for the study of larger inorganic compounds. In particular,
we have been able to compute free energy activation not only

(35) Y structures are usually favored kydonor ligands such as Cl
for example, structurd2b of ref 4b, whereas T structures are favored by
m-acceptor ligands such as phosphine ligands. Riehl, J.-F.; Yves, J,;
Eisenstein, O.; Rissier, M. Organometallics1992 11, 729.
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for the C-H and C-C reductive elimination but also for the  which both increase the cost of dissociation and therefore favor
dissociation of one arm of the diphosphine ligand. We were the direct pathway. Finally, we would like to emphasize the
able to estimate the free energy cost thus including entropy efficiency of theab initio metadynamics calculations both to
effects and the PtP distance of the TS structure. From a determine some new pathways and to compute accurate free
mechanistic point of view, the-€C reductive elimination occurs  energy barriers even for extremely difficult cases, such as the
through a two-step dissociative pathway with barriers of around dissociation of ligands.

19 and 16 kcamol~! when the less rigid ligand dppe is used.
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