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Summary

A theoretical analysis of the dissociative reaction cis-PtH(CH;)(PX5), —
Pt(PX;), + CH, is presented. Several aspects of the effect on the mechanism of
this reductive elimination when the substituent X is changed (X; = (CHj3);, case
I and X3 = CH,Cl(CH;),, case II), are considered and compared with the corre-
sponding experimental facts. This indicates the following: the kinetic barrier
for case I is small and even if a concerted mechanism is implied, an almost spon-
taneous process is strongly indicated. The activation energy is lowered in case II,
where the presence of an electronegative substituent makes even easier the per-
formance of a spontaneous process. The study of the reaction pathway was
carried out through an Extended Hiickel calculation.

1. Introduction

The hydrogenation of alkenes catalyzed by organometallic complexes, very
often implies the formation of cis-hydridoalkylmetal complexes during some
intermediate stages of the process. Thus intramolecular reductive elimination
of the alkane is assumed to occur during such reactions [1]. Recently, the syn-
thesis and characterization of cis-hydridoalkylphosphineplatinum compounds
have been reported [2]. In ref. 2 the kinetics of the reaction gave evidence for
an intramolecular reductive elimination of the alkane product, as follows:

cis-PtH(CH,)(PX;), - Pt(PX;). + CH, 1)
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where the X moieties were para-substituted phenyl groups. These groups
showed a notable influence on the kinetics and thermodynamics of the process.

A recent theoretical work [3] fairly agrees with such experimental results,
albeit referring to other metals. An ab initio study [4] of the Ni(CH;),(H,O),
system suggestis that the same tendencies are present in similar organometallic
complexes. In addition, an important theoretical analysis [ 5] has been carried
out providing the symmetry requirements for reductive elimination regarding
the concerted reactions:

R,ML, -~ R—R + ML,

in which the forbidden and allowed processes, depending upon the d-orbital
spin state of the metal, are discussed.

In the present paper we shall report a study of the process kinetically char-
acterized in ref. 2, based on a molecular orbital analysis of the organometallic
complex. In the following section we discuss the structure chosen for this
complex and its evolution during the reductive elimination reaction plus some
details of the calculational methcd used. In section 3 the results concerning the
energy changes and wave functions for the system are used to describe the reac-
tion pathway and to derive the bond orders and the nature of the molecular
orbitals. Finally, there is a section devoted to the discussion of these results
and their application to the understanding of the process.

2. Theoretical method and model

The method used here for the molecular orbital study of the elimination
process is based on the Extended Hiickel approximation. This method has been
thoroughly discussed in the literature [6] and the parameiers necessary for the
present calculations are the same reported by Thorn and Hoffmann [7]. The
method and parameters appear in Appendices A and B. The geometry of the
complex and the movements that the moieties undergo during the intramolecu-
lar reaction of eq. 1 are depicted in Fig. 1. The geometrical parameters that
describe these movements comprise: the angle between the reacting groups (p);
the separation from the metal to the methyl (R); the angle between the phos-
phines (0); the separation from the metal to the H (r) and the rocking angle
between the local three-fold axis of the methyl group and the extension of the
axis of the P{—CH; bond (a). A more complete geometrical optimization would
of course be desirable, but it is beyond our means since it represents the optimi-
zation of all of the degrees of freedom of the system. Furthermore, it is gener-
ally accepted from the experimental data [2] that the reaction pathway mainly
consists of the concerted variation of @ and ¢ (see Fig. 2). Thus we optimized
the initial structure for case 1, i.e. the complex PtH(CH,)(P(CH,);s), and then
followed an optimal pathway leading to the linear complex Pt(P(CHs,)3), and a
released methane, as represented in Fig. 2. Such a trajectory was assumed to be
the same for case I in order to allow for a consistent comparison between both
cases, as shall be discussed below.

For convenience the reaction pathway was divided in six successive steps
starting from step 0 (the initial configuration of the complex). The geometrical
changes in the relevant parameters for each of these steps are reported in Tabie
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posed geometrical movements.

Fig. 1. Scheme of the PtH(CH3)(PX3), complex, showing the degrees of freedom associated to the pro-
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Fig. 2. Representation of the injtial and final steps of the process. The former shows the coordinated

complex and the latter illustrates the products obtained through the reductive elimination. The (C])
represent the positions where chlorines replace the hydrogens in Case II.
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TABLE 1
VARIATION OF THE GEOMETRICAL PARAMETERS THROUGHOUT THE REACTION

Lengths are given in 2

In i 2 3 4 5 Fin.

6 115° § 128° 7 141° | i54° | 167° | 180° | 180O°

¥ | 65° | 52° | 39° | 26° | 18° | 7° 0°-

R 2.10 | 224 2.37 | 2.5 264 | 278 | 411}

a 0° 2° q° 6° 8° 10° 0°

1, Steps 0 and 7, called Initial and Final in Table 1, correspond to the geome-
tries represented in Fig. 2.

3. Results

We now shall proceed to present the results of the calculations by discussing,
first, the evolution of the energies, the most relevant information given by any
quantum mechanical calculation and then the overlap populations as well as the
characterization of the molecular orbitals, o further supplement this informa-
tion.

a. Energy of the system

In Fig. 3 we represent the evolution of the energy during the reductive elimi-
nation reaction of eq. 1, for case I (i.e. X; = (CH3)3). The energy is plotted as a
function of the seven steps discussed in section 2 and defined in Table 1. For
this case, where ail of the three phosphine substituents are simply CH; groups,
it is seen that the reaction coordinate implies the surmountal of a relatively
small activation barrier (25 kcal/mol). Furthermore the evident final stabiliza-
tion implies an exothermic process, yielding over 50 kcal/mol. Thus the
Extended Hiickel results lead to the prediction of a kinetically feasible reaction
and also to a thermodynamically facile reaction, while in contrast, the reverse
process would present a strong thermodynamical immpediment. All these results
fit extremely well the experimental data of the process [2], as shall be discussed
in section 4. In Fig. 4 the corresponding energy evolution for case II is reported.
We remind that case IT differs from case I in the substitution of one of the
methyls pertaining to the phosphines by a CH,Cl group. The reason for this
choice was based on the experimental results of ref. 2, where it was shown that
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Fig. 3. Energy evolution for Case I: X3 = (CH3)3. as a function of the reaction steps. Units are given in
kcal/mol.
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Fig. 4. Energy evolution fo_r Case II: X3 = (CH,;CI)(CH3);. Units are given in keal/mol.
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electron withdrawing substituents in the phosphine (notably Cl) increases the
driving force of the reaction. Aithough in ref. 2 phenyl groups were used for X
while we used methyls, we believe that our cases I and II should model this
effect (this type of representation of larger hydrocarbons by smaller ones is, on
the other hand, quite common in this type of theoretical studies [7,8]).

Figure 4 shows, in effect, that a more electronegative substituent does indeed
imply an apparent lowering of the barrier (surmounting 14 kcal/mol), as
expected. The mechanism becomes also an essentially spontaneous process.
Again, in section 4 we shall relate this effect to the results of ref. 2.

It is also interesting in Fig. 4 that the exothermicity of the process appears
to be even larger in case II (in fact, over 63 kcal/mol).

It should be mentioned that the initial configuration was optimized for case
I, and then also used for case II in order to properly compare between them.
However, we must remark that within the same configuration the Cl position in
the substituted methyl groups was very carefully chosen, to avoid the possibility
of spurious steric repulsion effects.

b. Overlap population

The evolution of the reaction is more easily visualized by looking at the over-
lap populations as given in Fig. 5. Only the most relevant bonds during the pro-
cess are reported, as they change in the sequence of seven steps, both for cases I
and II. A comparatively smooth change in these overlap populations is evident,
with the Pt—H and Pt—CH; bonds gradually breaking (especially the latter due
to the rapid depopulation of the Pt—CH; overlap) and the formation of a new

a=Pi—H
b= P1-CH,
¢= H- CH,

Ia. 4 Fin.

Fig. 5. Gverlap population for the relevant bonds as a function of the reaction stages, shown for both
cases,
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C—H bond between the methyl and hydrogen moieties originally coordinated
with the metal. Step 2 evidently corresponds to a transition state where the
new bond replaces the old ones. Interestingly for both cases step 2 is precisely
the top of the activation barrier, and when the system surmounts it, the energy
monotonically goes down (see Fig. 3). The parallel behaviour between both
cases points out undoubtedly to the same chemical image.

c. Molecular orbital analysis
The reductive elimination takes place from a cis-tetracoordinated complex

of the type
d®*-MRR'L, -~ d'°-ML, + RR'.

Such type of reactions are inherently of low symmetry [9]. In the present
study this indeed occurs from the initial step and is enhanced durirg the sub-
sequent geometrical movements, resembling rather an alkyl insertion mechan-
ism. Therefore, the system does not allow the classification of the orbital
energy levels, but rather the establishment of each of the atomic orbital con-
tributions associated with the relevant bonds Pt—CH;, Pt—H and CH;—H
throughout the reaction. In Fig. 6 we depict such atomic orbital participation,
in the manner of an energy correlation diagram, illustrating only the initial
and final steps.

Figure 6 depicts some of the highest occupied molecular orbitals of the
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Fig. 6. Correlation diagram illustrating the molecular orbital contributions associated with the elimination
of methane, shown for both cases. Only the initial and final steps of the process are represented. Orbital
energies are given in eV,
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complex plus a single virtual orbital (the lowest unoccupied molecular orbital
LUMO). The latter is not very relevant to the process, being at the beginning
of the reaction an antibonding orbital between the metal atom and the reacting
moieties and at the end antibonding between these moieties themselves. The
occupied states represented in Fig. 6 are mostly related to the Pt d-states.
Among these the d,2, d., and d,, i.e. the metal atom orbitals not directly
related to the reaction plane (xy) evolve as expected, remaining virtually un-
changed throughout the reaction, for both cases. The d,, orbitals are essentially
concentrated in the highest occupied molecular orbital (HOMO) in both cases.
It is notable that this HOMO is antibonding with respect to the CH; and H
groups. In other studies of organometallic complexes the HOMO is usually
[10,11] associated to the most labile bonds of the organometallic complexes,
either giving an antibonding [10] or bonding [11] contribution to these

bonds. For the second type of complexes, the lability comes from the possi-
bility of thermal depopulation of the HOMO, thus labilizing the bond it repre-
sents [11] while for the first type, which is the one that applies to the present
study, the weakness of the bonds is even greater, because the antibonding state
is doubly occupied in the initial complex. For such complexes, energy barriers
are small [10].

The d., character is also slightly manifested by one of the lower orbitals
where it is bonding towards the CH3; and H groups. Thus at the initial stages the
metal d,., state is acting as an agent for the bonding between these reacting
moieties. At the end, of course, the d., participation on this molecular orbital
is gone and the latter becomes the new C—H bond.

The main difference between our cases I and I in Fig. 6 is the evolution of
the d_»_ ., orbital which is bonding to the CH; and H groups. For both cases
this molecular orbital is noticeably destabilized towaxrds the end of the process,
but somewhat less in case II. Actually, for the latter case the molecular orbital
energy difference is 0.12 eV smaller than for case 1.

We conclude that the energy increase of the d.2_,2 orbital, which implies a
destabilization, is related to the activation barriers and therefore it explains why
this barrier is lower in case II, in which this energy increase is also smaller. This
is in accordance with the conclusions of Tatsumi et al. [ 3] who among other
findings report the notable participation of the d-orbital levels of Ni and of Pd
(notably a d., destabilization which due to their choice of coordinates plays a
similar role as our d,2—,2 orbital}.

We can sumnmarize the present discussion noting that the facility of the
reductive reaction is reflected in the low-lying antibonding orbitals for the
metal—reactants bonds (they are the HOMO and LLUMO of Fig. 6). Further-
more, the electronic effect caused by the chlorine substitution is then inter-
preted in a natural manner at a molecular orbital level.

4. Conclusions

The main conclusion derived from the results of the preceding section is
essentially that the reductive intramolecular reaction appears to be not only
feasible but in fact facile, due to the smaliness of the energy barrier for both
cases. This is in excellent agreement with the experimental data [2] on this
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system, which is one of the first cases where such simple intramolecular reduc-
tive eliminations have been observed and kinetically characterized. Furthermore
the fact that it proceeds even at quite low temperatures has led Abis et al. [2]
to conclude that the energy barrier is small, and if electron-withdrawing substi-
tuents (particularly Cl) are included in the phosphine ligands the reaction rate
increases quite notably. This again is well described by the present calculations
where the inclusion of Cl substituents relaxes the kinetic impediment for the
reaction, in case II.

For both cases a very important stabilization of the energy towards the
valley of the products is evidenced in Fig. 3 and 4, providing a justification of
the assumption [2] that the reverse reaction (oxidative addition of methane)
is not feasible due to thermodynamic rather than kinetic considerations.

It also should be mentioned that a recent paper [3] using the same theoreti-
cal method reached among others, the following conclusions: the activation
energy is enhanced by having stronger donor ligands ¢rans to the reacting
groups and by the electron donation from the latters towards the metal com-
plex. Furthermore, the barrier in tetracoordinated complexes, such as the one
studied here, was found to be controlled by the energy of the metal levels,
notably the antisymmetric d,, orbital [3]. Not only is the latter result evident
in the molecular orbital analysis of the preceding section, but in the closely
parallel substituent effects in both studies. Evidently if electron donation by
the trans-groups would augment the barrier an electron-withdrawing CI would
be expected to have an opposite effect, as we have obtained. This excellent
agreement is not surprising because in both cases the same quantum mechan-
ical model was utilized, but the equally good agreement found with the experi-
mental conclusions of Abis et al. [2] gives confidence that the Extended
Hiickel approximation can represent adequately these processes, at least as
concerns the present study.
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Appendix A
The method used here is the Extended Hiickel theory developed by Hoff-

mann [6], based on the expansion of the molecular orbitals of the system into
a linear combination of atomic orbitals:

v, = Z; Cii o
k)
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These wave functions are then used to optimize a Hiickel-type Hamiltonian,
free of the assumption of zero differential overlap. This yields, on minimiza-
tion of the total energy, the set of Hiickel equations:

27 {Hi; —ES;1C;;=0 i=1,2,..,n
i=1

This method is particularly adequate for conformational predictions, charge
distributions, etc. Of course it is limited in several aspects such as spectral pre-
dictions and also needs a careful choice of parameters, especially in its recent
extension to organometallic molecules [3].

Appendix B

The parameters of the Extended Hiickel calculation are listed in Table 2. A
“weighted H;;’” formula was used [12]. The H;; values, the Pt 5d, C 2s and 2p,
H 1s, Cl 3s and 3p were taken from ref. 7, while those of Pt 5d, P 3s and 3p
were from ref. 13. .

TABLE 2
PARAMETERS OF THE EXTENDED HUCKEL CALCULATION
The Orbital energies, H;;, are given in eV

ATOM ORBI!ITAL H ii ORBITAL EXPONENT o
Pt 6 s -9.077 2554
6 p - 5.475 2.535
5 d -12.59 6013 (0.6334) 2696 (0.5513)
P 3s —18.6 .75
3p -14.0 1.30
c 2s -21.4 1.625
2p ~11.4 1.625
H s -136 1.30
cli 3s -30.0 2.033
3p -15.0 2.033

& For the d functions & double zeta expansion was used.
The expansion coefficients are given in parenthesis.
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Geometrical assumptions included the following: Pt—C 2.1, Pt—H 1.7, Pt—P
2.3, P—C 1.82, C—H 1.11 and C—Cl 1.76 A, P(CH,);, P(CH,Cl)(CH;),, CH; and
CH_,CIl systems were assumed tetrahedral.
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