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A density functional theory study has been carried out for oxidative addition of th€HH bond to
coordinatively unsaturated 14-electron T-shaped M{L's-n) complexes, where M= Ru or Os, and L and

L' = PH; or CO. All the stationary points were determined at the B3LYP/LANL2DZ level of theory. It has
been found that there should be two competing pathways in those reactions, which can be classified as a
or ot approach. The former was proved to be more favorable with a very low activation energy. A configuration
mixing model has been used to develop an explanation for the origin of the barrier heights as well as the
reaction enthalpies. Considering the substituent effect and the nature of the metal center, the following
conclusions therefore emerge: for a 14-electron T-shaped-M(L")L, complex (L' = ligand trans to the
incoming methane), a better electron-donating ligatigduch as Pkland Cl) with a heavier transition-metal
center (third-row) will be a potential model for the oxidative addition of saturateti ®onds. In addition,
transition-metal fragment Mi_containing more electron-releasing alkylphosphines ligands can facilitate the
oxidative addition.

I. Introduction is influenced by Ru and Os metals and ancillary ligands. (ii)
The carbor-hydrogen bond activations of alkanes brought Although much_work has been done by organic resee_lrchers
regarding substituent effects on the rates and mechanisms of

about by transition-metal complexes are of fundamental interestOr anic reactions. few studies of this tvpe have been attempted
in various areas of chemical research, such as organometallic 9 ’ typ P

chemisty, biocheisiry, organic chemisty, and, most mpor- C T9RISE RS, K e et
tantly, catalytic research. Unsurprisingly, the importance of Y

. 8 i
this reaction has resulted in the accumulation of a large body ﬁ:fe eocr;tic::nal tsr':S d 14Weel$](grzn(a§j':gl‘;btsaﬁt;rg;a”ggﬁ)nu dgehrs’;[g:? din
of experimental and theoretical resifs.Nevertheless, mecha- of the C-H o yo]at' e a?dd't'on 10 14-electron®dML ~ tvpe 9
nistic studies of carbonhydrogen bond activation reactions xidativ " ) 3 YP

have been difficult because of low quantum yields, which make complexes, (b) to _investigate ‘h? influencg of differgnt ligands
it impossible to observe reactive intermedidedheory is upon the geometries and energies of the intermediates, as well
therefore a potentially useful partner to experi.ment in the 85 the transition states, (c) to elucidate the differences between

investigation of the mechanism of the oxidative additions of Ru and Os, (d.) to pro_be electronic effec_ts on the reactivities_in
C—H bonds numerous variations in the metals and ligands, and (e) to bring
A decade ago, Flood and co-workers reported that the out the determined factor that controls the activation barrier for

. : _ . oxidative reactions. It is our intention to show clearly that the
tmhg?a?:'\ész é)(; gi’:;‘gfé'}?f%figﬁ;tig'n of 48(3%23322%{:;] sin_glet—triplet_gap of the _14-electron8d\/_IL3 spe(_:i_es can b_e a
which was recognized as one of the first observations of a non_gwde to predict |Fs reactl\{lty for oxidative addition reactlorls.
cyclopentadienyl-containing methyl hydride complex from The order of thls paper is as follows. After the Introduction
reaction of a soluble complex with methahelhis aroused our ~ @nd the electronic structures of the model systems, we present
interest to investigate the potential energy surfaces of suchin the third and fourth sections the calculational results of eq 1

reactions using the density functional theory (DE.study for Ru and Os, respectively. The origin of the barrier heights
of the important G-H activation reaction, eq 1, was thus and reaction enthalpies for oxidative addition of coordinatively

undertaken. unsaturated transition-metal complexes is discussed in section
V. Section VI contains brief concluding remarks. Details of
M(L)(L'5_) + H—CH;— M(L )(L's_)(H)(CHy) (1) the calculations are given in the Appendix.

For the present, the focus is on-@ activation by 14-electron || Ejlectronic Structure of ML 3 + CHy
complexes of the form M{)(L's-n), where M= Ru or Os,
and L and L = PHz or COS$ Before discussing the geometrical optimizations and the

The reasons for choosing eq 1 as the model are the following. potential energy surfaces for oxidative additions, we shall
(i) Many theoretical studies have been performed on-eHC discuss the bonding in the complex. From this, one may then
oxidative addition to Rh, Ir, Pd, and Pt organometallic build a frontier molecular orbital (FMO) model on the basis of
speciesk!s35 However, only a few have actually been carried a set of fragment MOs. This has been proven to be a good
out on oxidative additions by other transition-metal complexes. approach that allows one to predict the approximate reaction
Very little is known on how much the €H oxidative addition trajectory and transition-state structure for the insertion of the
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CHART 1

carbene-like species into the saturated-Cbonds! Note that
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Figure 1. Insertion of 14-electron Miinto hydrocarbons can proceed

this concept for the insertion mechanism was expressed for thealong acc, path, where the empty Mis/p/d orbital is aligned with

first time by Bach. In this work, we shall therefore use the
FMO model to search for the transition states of the oxidative
addition reaction of the 14-electron Mtomplex that is isolobal

to methylené.

It is convenient to divide the reactants intd @, ML3 and
CH,4 fragments and to begin a discussion of the bonding by
looking briefly at the valence orbitals of the Miand CH, units.
The orbitals of a & C,, ML 3 fragment, displayed in Chart 1,
have been extensively discussed elsewhéteAt low energy
are three closely spaced levels;(thy), 1a(dy,), and 1b(dy,),
which are essentially pure metal d orbitals. The occupiad la
orbital, which consists primarily of metal 2dorbital, lies

somewhat higher in energy than the others because it is

destabilized by the ligand orbitals. At higher energy is an
empty orbital termed 2awhich is primarily d2-2. Further-
more, metal pand s characteristics are mixed into it. This
hybridization is done so that the orbital is directed away from

the three ligands toward the empty coordinate site. Those

fragment orbitals in Chart 1 are appropriate for any ligand set
of o donors. Neverthelessy effects can be introduced to
influence the ordering of levels for thé €,, ML 3 fragment,
thus allowing various configurations to be made (vide infra).
Since a 8 C,, ML 3 fragment is isolobal with CkJ then each
should have two valence orbitals with the same symmetry
properties These are shown i, in which each fragment has

Q g
-ﬁbg = <%
é. =

bz —— — A1
~a = OO
>O =
ar =H- ++= b2
CH2 14-electron ML3
1

one orbital of a and b symmetry. Note that the ordering of
the two orbitals aand b differs for CH, and MLs. This is a
natural consequence of the fact that in Mhe major contribu-
tion to the b orbital is the metal d character, while in the a
orbital, it is a hybrid of metal s, p, and d characteristics, as
mentioned earlier. Therefore, for a singlet £ifagment one
would assign the two electrons to the arbital, while for a

the carbon p orbital of acw, fragment orbital, or along acw, path,
where the Mls orbital is aligned with arcy, fragment orbital.

singlet 14-electron T-shaped MLthe two electrons would go
into the b level.

On the other hand, in a canonical MO description of a
hydrocarbon, there are no isolated MOs that describe a particular
C—H o bond. For instance, in methane there is a lower lying
2A; orbital and three degenerate drbitals!! In a tetrahedral
array, both hydrogens directly bound to thé sprbon occupy
a common plane, and they are related by symmetry and may
comprise an orbital witly or 7 symmetry as ir2 (ocnz) and3
(7rch2), respectivelyt?

CANTIE
(OcHz) (TtcHz)
2 3

From the above discussion, it is clear that the main relevant
orbitals on the metal center of thé @, ML 3 fragment are the
empty hybrid orbital (i.e., aas shown inl), pointing toward
the vacant site of M4, and the filled b orbital, which interact
with a hydrocarbon fragment orbital, as giverRior 3, to serve
as the terminus for a concerted 1,2-hydrogen migration. As
seen in Figure 1, the FMO model therefore suggests that the
starting geometry of 14-electron T-shaped Mhay approach
methane from two unique directions. One is thattack. That
is, the empty aorbital of ML3 overlaps with acn, hydrocarbon
orbital along the axis of its filled atomic p orbital and a 1,2-
hydrogen migration to the adjacent pair of electrong {akes
place in concert with metalcarbon bond formation. The other
is the & attack, which proceeds by attack of a filletky,
hydrocarbon orbital along the axis of the empfyreetal orbital
with a concerted hydrogen migration to the Mbne pair (b).

Both of these attacks are stabilizing because of the two-electron
interactions, and they entail the same important results: the
formation of a new metatcarbonos bond as well as a new
metak-hydrogenc bond, accompanied by the breaking of the
C—H o bond. This s a typical example of the oxidative addition
reaction of a transition-metal complex into the-8 bond! We

shall see the calculational results supporting these predictions
below.
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) o o Figure 3. B3LYP/LANL2DZ optimized geometries (in angstroms and
Figure 2. B3LYP/LANL2DZ optimized geometries (in angstroms and  gegrees) of the reactants (singlet and triplet), precursor complex,
degrees) of the reactants (singlet and triplet), precursor complex, transition state, and product of RC and Ru-D cases. Values in

transition state, and product of RA and Ru-B cases. Values in  parentheses are the relative energies at the B3LYP/LANL2DZ level.
parentheses are the relative energies at the BSLYP/LANL2DZ level. The heavy arrows indicate the main atomic motions in the transition-
The heavy arrows indicate the main atomic motions in the transition- state eigenvector.

state eigenvector.

. . Rea have been calculated both as low-spin (singlet) and as high-
The six sets of reactants used in the present work are shown pin (singlet) g

. i ) . . spin (triplet state) complexes. It turns out that the complexes
in 4 with M = Ru, Os: A (all ligands cis)B (two PH; ligands RFL—A—FF)eea, erB—Rer)a, and ReE—Rea, with a P|3lliganpd

occupying the equatorial position, possess a triplet ground state,

|PHa |PH3 rHa ‘PHS (‘:0 (|:° whereas the other complexes, having a CO ligand in the
HaP—M H:P—M OC—M OC—M HaP—M OC—M equatorial site, prefer the singlet ground state. This is because
\ } | | | ‘ the accessibility of an electron-donatingorbital on the PH
PH3 co PH3 co co co group is responsible for the decrease in energy of theital
A B c D E F (see Chart 133 Additionally, thiso-donor ligand also pushes
the 13 up in energy:* Thus, these two effects will lead to a
4 smaller HOMO(18—LUMO(2a) energy difference. In con-

trast, ar-acceptor ligand such as CO will stabilize theand

& orbitals and then lower their energies , while the energies of
other orbitals are kept relatively constant. Consequently, the
open-shell triplet state is of lowest energy for the complexes
Ru—A—Rea, Ru-B—Rea, and RttE—Rea, whereas the closed-
In this section the results for four regions on the potential shell singlet state is of lowest energy for the complexes-Ru

cis), C (two PH; ligands trans)D (two CO ligands cis)E (two
CO ligands trans), ang (all ligands cis).

Ill. Geometries and Energetics of Ruls + CHy4

energy surfaces will be presented: 14-electron RW(s—n) C—Rea, Ru-D—Rea, and RutF—Rea.
plus free CH (Rea), a precursor complex (Cpx), the transition Second, in the triplet state of a 14-electron, T-shaped,ML
state (TS), and the oxidative addition product (Pro) Ru(ls—n)- one electron is situated in the 2arbital, in which antibonding

(H)(CHs). The fully optimized geometries for those stationary interactions exist between the metal and the three ancillary
points calculated at the B3LYP/LANL2DZ level are given in ligands, whereas this orbital is empty in the singlet state. The
Figures 2-4, respectively. Total and relative energies are distancer(M—L) between the metal atom and the ligand, L, is
collected in Table 1. therefore expected to be larger for the triplet compared to the
Several interesting conclusions can be drawn from these singlet. This prediction qualitatively agrees with our B3LYP/
figures and the table. First, compoundsRA—Rea-Ru—F— LANL2DZ results for all cases as given in Figures-2
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Singlet  Triplet singlet  Triplet E—Reaisomer. The electronic preference forfi+Rea and
Droes  vees Doy Lo Ru—D—Rea can be explained by the relative strength of CO
®23a0 (@) 2499 @1.831 1917 and PH as trans-destabilizing ligands with CO PH;.1°

AE: 0 -1.7 kcal/mol

~¢ +4.9 kcalt/mol

Third, since the DFT calculations suggest that the complexes
@ o) Ru—A—Rea, Ru-B—Rea, and R#E—Rea should adopt a
Ru-F-Rea triplet ground state, this implies that those complexes might
+CHs insert into the saturated €H bond via a diradical-type

mechanism. Nevertheless, it is well established that whenever
a reactant contains a heavy atom center, which is not necessarily
directly involved in the reaction, a strong spiarbit coupling
(SOC) may occut® In other words, a triplet reactant, via the
agency of the heavy atom, can undergo a spin-inversion process
for transformation to the singlet reactant and then proceed along
the singlet reaction. In addition, our DFT results in Table 1
also suggested that those reactants with the triplet ground state
would have a small excitation energy to the first singlet state;
i.e., AEss = —12 — —1.7 kcal/mol. Thus, owing to the fact
that Ruls has a small singlettriplet splitting AEs and that a
heavier transition metal is involved, the SOC is expected to be
\' substantial in those oxidative additions and would wash out

differentials based on singlet and triplet distinctions. For these
reasons, it could well be that the oxidative addition reactions
proceed on the singlet surface, even if the reactants start from
the triplet state. We shall therefore focus on the singlet surface
from now on.

Fourth, the precursor complexes (RA—Cpx—Ru—F—Cpx)
all display very similar Ru+(CH,) bonding characteristics. The
methane ligand is coordinated to Ru in ghfashion via two
C—H o bonds with the HC—H plane nearly orthogonal to
the Ruls coordination plane and thé'ERu—CH, (L" = ligand
trans to methane) angle close to 180n addition, the distance
between the carbon and the migrating hydrogen in the methane
Figure 4. B3LYP/LANL2DZ optimized geometries (in angstroms and moiety, for the precursor complexes StUdleq here, is slightly
deggrees) of the reactants (Singlet agd triplet), Earecugrjsor complex, eIongate_d (1.131.13 A).’ compared to 1.10 Ain free GHThe
transition state, and product of RE and Ru-F cases. Values in ~ RU—C distance to Ckiin the precursor complexes RA—

parentheses are the relative energies at the B3LYP/LANL2DZ level. Rea, Ru-B—Rea, and RtE—Rea is 2.52, 2.55, and 2.55 A,
The heavy arrows indicate the main atomic motions in the transition- respectively, whereas RIC—Rea, Ru-D—Rea, and RuF—

Ru-F-SOSP
(+12 keal/mol)

®
Ru-E-SOSP
(+7.9 kcal/mol)

Ru-F-Pro
® :‘_‘g’?;i’gal mol) (~0.74 kcal/mol)

state eigenvector. Rea have a RuC distance of 2.62, 2.63, and 2.61 A,
TABLE 1: Relative Energies for Singlet and Triplet ML 5 respectl\_/ely. W(_a attribute the weak intermediate bond and long
Fragments and for the Process Ml; + H—CH3 — Precursor Ru—C distance in the latter three precursor complexes to the
Complex — Transition State — Product? stronger trans-destabilizing effect of CO compared te.PH
singlet, AEq" reactant, AEn® AEaq®  AHS Fifth, as shown in Figures-24, theocn, andzicn, approaches

system kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol can lead to a transition state (with one imaginary frequency)
RU-A 0 -118 0 864 -157 -218 and a second-order saddle point (with two imaginary frequen-
Ru-B 0 —6.58 0 —-854 +1.79 —14.8 cies), respectively, as determined by the frequency calculations
Ru-C 0 +2.81 0 -6.30 +9.32 -5.17 at the B3LYP/LANL2DZ level. The transition-state vectors
Ru-D 0 +5.56 0 —7.41 +11.3  -0.912 represented by the heavy arrows in the complexesRuTS
Ru—E 0 —1.70 0 —4.83 +5.68 —8.55 _ e ; ; ; ;

Ru—F—TS all are in accordance with the insertion process,
Ru—F 0 +4.86 0 —8.94 +10.9 —0.744 . . . . . .
Os—A 0 —3091 0 —701 -614 -389 primarily the C-H bond stretching with a hydrogen migrating
Os—B 0 _2097 0 —933 -554 —35.0 to the metal center. Examination of the conformations of those
Os-C 0 +8.51 0 —5.52 +0.398 —24.8 saddle points (RtA—TS—Ru—F—-TS and Rt-A—SOSP-
83—2 8 iggéo g —1?-958 +é-§§ —gili-g Ru—F—SOSP) for each oxidative addition reaction provides

S— . —11. —-3. —26. ; i ; it

Os—F 0 a7 0 _108 4220 —210 excellent confirmation of the earlier prediction where ML

attacks theocy, and zcn, fragment orbitals along the axis of
At the B3LYP/LANL2DZ level.” Energy relative to the corre-  the central metal spd hybrid orbital. It is noted that such
sponding singlet state. A negative value means the triplet is the ground characteristic three-center transition states have been observed

state.c The stabilization energy of the precursor complex relative to in oxidative additions of ©€H bonds to 16-electron CpML7a

the corresponding reactantS.he activation energy of the transition Z of b
state relative to the corresponding reactafitee exothermicity of the and CpML’® and 14-electron Mg’ and ML, systems.’>c

product relative to the corresponding reactants. Moreover, Comparing the attack and ther attack in Figure 1,

one can readily anticipate that the Minsertion in theocp,
Additionally, the DFT results also indicate that the -Rti— orientation has fewer steric interactions thamay, approach
Rea complex is 9.4 kcal/mol more stable than the-Bu-Rea because of the steric effect and produces the insertion product
isomer in the singlet state. Likewise, the singlet-H—Rea in its staggered lower energy conformation. This prediction is

complex is 10 kcal/mol lower in energy than the singlet-Ru  confirmed by our calculational results as given in Table 1. For
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instance, the activation barrier of they, approach is lower in
energy than that of thecy, insertion by about 3:60.37 kcal/
mol for the Rulg cases at the B3LYP level of theory.

Sixth, as expected in the transition-state structure, thel'C
(H" = the migrating hydrogen atom) bond length is generally
increased, while the forming RtH' and Ru-C bonds are also
quite long. For reactions of CHwvith Ru—A—Rea, Ru-B—
Rea, and ReE—Rea, the breaking-€H' bond lengths are 1.46,
1.52, and 1.58 A, respectively, while the forming-Rd’ (Ru—

C) bond lengths are 1.64 (2.25), 1.63 (2.24), and 1.62 (2.21)

A. The changes in the-€H', Ru—H', and Ru-C bond lengths

in the transition structure are more reactant-like forRy Ru—

B, and Ru-E systems, in accordance with the large exother-
micity of the oxidative addition process. However, in the case
of Ru—C, Ru—D, and Ru-F, the breaking €H' bond length
(i.e., 1.57,1.62, and 1.61 A, respectively) is significantly longer
than in the case for RuA, Ru—B, and Ru+-E. Similarly, the
forming Ru—H" (Ru—C) bond lengths are shorter, i.e., 1.63
(2.24), 1.62 (2.23), and 1.61 (2.24) A, respectively. This
suggests that the transition structures forf+TS, Ru-D—

TS, and Ru-F—TS take on more productlike character than
for the Ru-A—TS, Ru—B—TS, and Ra-E—TS cases. Thisis

in accordance with the greater endothermicity of the former three .
reactions (see below) than in the case of the latter three systems \’

Seventh, our DFT results given in Figures£2show that all
the products Ru(@})(H')(CHz) adopt a trigonal-bipyramidal
geometry. By examination of those conformations of products,
it is obvious that the methane fragment {+HCHs) is poised in
a ocw, fashion, which is consistent with the above findings for
the transition states, where tlwey, orientation was slightly
favored over thercn, approach. Thus, the reaction trajectory
for C—H insertion suggested by this FMO model (Figure 1)
appears to be set in motion in the final product.

IV. Geometries and Energetics of Osk + CH4

The fully optimized geometries of the agostic complex, the
transition state, and the product for the insertion of Q¢(ls—)
into the C-H bond of methane are shown in Figures Also,
their relative energies at the B3LYP/LANL2DZ level are
collected in Table 1.

Two points are noteworthy. First, the computational results
of the Oslg reaction are in principle similar to those noted above
for the Ruls system in many aspects. Our theoretical investiga-
tions suggest that reactants -93—Rea and OsD—Rea are
lower in energy than their corresponding isomers-B8s-Rea
and Os-E—Rea by 13 and 12 kcal/mol, respectively, because
of the trans-destabilizing ligands involved, with GOPHs.1®
Likewise, the Osk reactants with the triplet ground state would

J. Phys. Chem. A, Vol. 102, No. 49, 19980163

Singlet  Triplet Singlet  Triplet
@258 2375 ®2488 2.480
@2358 o 2376 @1.852 1.868

@2.319 2430

iL 3.9 keal/mol -3.0 keal/mol

Os-B-Rea +CHa

G
0Os-A-Cpx
{-7.0 kcal/mol)

X
a

0s-A-SOSP

(-2.1 kcal/mol) 0s-B-SOSP

(-3.9 kcal/mol)

0 Os-A-Pro
(-39 kcal/mol)

(-35 kcal/mol)

Figure 5. B3LYP/LANL2DZ optimized geometries (in angstroms and
degrees) of the reactants (singlet and triplet), precursor complex,
transition state, and product of ©4 and Os-B cases. Values in
parentheses are the relative energies at the B3LYP/LANL2DZ level.
The heavy arrows indicate the main atomic motions in the transition-
state eigenvector.

C) bond lengths of the former three structures are 1.72 (2.33),
1.69 (2.31), and 1.67 (2.25) A, which are longer than those of
the latter three structures, i.e., 1.69 (2.30), 1.67 (2.28), and 1.67
(2.29) A. Thus, these results strongly suggest that®sTS,
Os—B—TS, and OsE—TS should be described as early
transition states, whereas ©6—TS, Os-D—TS, and Os-F—

TS are relatively late transition states. As will be shown below,
this is in accordance with the larger exothermicity of the former
three reactions than in the case of the latter three reactions.

have small excitation energy to the first singlet state as (seeV_ Discussion of the Potential Energy Surfaces

Table 1); i.e. AEst= —3.9 — —3.0 kcal/mol, implying that the
transition from the triplet to the singlet state would be easy
because of a large spiorbit coupling caused by a heavy
transition metal.

Second, the B3LYP results also indicate that ihgs,
orientation for Osk insertion into a saturated-€H bond will
be preferred to thecy, approach, which will lead to the second-

The potential energy profiles based on the data in Table 1
are summarized in Figure 8. Three interesting conclusions can
be drawn from this figure.

First, it is apparent that the RHgand, which is trans to the
incoming methane, can enhance the kK oxidative addition
reactions. In particular, for the same metal center, complexes

order saddle point. The former transition states were calculatedcontaining more electron-releasing alkylphosphines are consid-

to be 4.71.4 kcal/mol lower than the latter transition states as
shown in Table 1. When the structure of the transition state
for each Osk oxidative addition reaction was checked, it was
found that the breaking-€H' bond lengths of OSA—TS (1.33

A), 0s—B—TS (1.39 A), and OsE—TS (1.49 A) are in general
shorter than those of G<—TS (1.45 A), Os-D—TS (1.49

A), and Os-F—TS (1.52 A). Again, the forming OsH' (Os—

erably more reactive. Namely, this may lead to a lower
activation energy and a larger exothermicity for the oxidative
addition of H-CHz compared to 14-electron T-shaped ML
complexes (left to right in Figure 8). For instance, as
demonstrated in Table 1, the barrier height for€Hjs activation
with M = Ru increases in the order RA (—1.6 kcal/mol)<
Ru—B (1.8 kcal/mol) < Ru—E (5.7 kcal/mol) < Ru—C (9.3



10164 J. Phys. Chem. A, Vol. 102, No. 49, 1998 Su and Chu

Singlet  Triplet Singlet  Triplet Singlet  Triplet Singlet  Triplet
@2.385 2.410 ®2501 2503 ®1.898  1.031 ®1.950 1.950
2)2.385 2.410 @1.875 1.892 %1.898 1.929 @1.950 1.950
®1.803 (@) 1869 @1.815 0 1.883 2329 2.436

0 .
AE: 0 +8.5 kcal/mol AE: 0 G +8.3 kealimol(H) AE: 0 +0.80 keal/mol
I

0Os-C-Cpx
(-5.5 kcal/mol)

{ Os-F-SOSP
Os-E-SOSP
0s-D-SOSP / (¥ 5o Kealimol) (+18 keal/mol)

(+4.5 keal/mol)

Os-C-Pro 0Os-D-Pro 0Os-E-Pro Os-F-Pro
® (-25 kcal/mol) (-21 kcal/mol) (-27 kcal/moli) (=21 keal/mol)

Figure 6. B3LYP/LANL2DZ optimized geometries (in angstroms and ~ Figure 7. B3LYP/LANL2DZ optimized geometries (in angstroms and
degrees) of the reactants (singlet and triplet), precursor complex, degrees) of the reactants (singlet and triplet), precursor complex,
transition state, and product of ©€ and Os-D cases. Values in  transition state, and product of ©& and Os-F cases. Values in
parentheses are the relative energies at the B3LYP/LANL2DZ level. Parentheses are the relative energies at the BSLYP/LANL2DZ level.
The heavy arrows indicate the main atomic motions in the transition- The heavy arrows indicate the main atomic motions in the transition-
state eigenvector. state eigenvector.

kcal/mol) < Ru—D (11 kcal/mol)~ Ru—F (11 kcal/mol) and third-row homologue. Since there are no relevant experimental
for M = Os, Os-A (—6.1 kcal/mol)< Os—B (—5.5 kcal/mol) and theoretical data on such systems, the above results are

< Os—E (~3.7 kcal/mol)< Os—C (0.40 kcal/mol)< Os-p  Predictions.
(1.8 kcal/mol)< Os—F (2.2 kcal/mol). Note that the activation

barriers for the Os reactions are smaller than those for their Ru V- Origin of the Barrier and Reaction Enthalpy for
analogues. Oxidative Addition of ML 3

Second, as seen in Table 1, all the oxidative addition reactions In this section, an interesting model for interpreting the
are thermodynamically exothermic. The order of exothermicity reactivity of oxidative addition reactions is provided by the so-
follows the same trend as that of the activation energy-Ru called configuration mixing (CM) modéf-1° According to
(—22 kcal/mol)< Ru—B (—15 kcal/mol)< Ru—E (—8.7 kcal/ the conclusions of this model, the energy barriers governing
mol) < Ru—C (—5.2 kcal/mol)< Ru—D (—0.91 kcal/mol)< processes as well as the reaction enthalpies should be propor-
Ru—F (—0.74 kcal/mol) and OsA (—39 kcal/mol) < Os—B tional to the energy gapEst (=Ewipiet — Esingle) between the
(—35 kcal/mol) < Os—E (—27 kcal/mol)< Os—C (—25 kcal/ singlet and the triplet states of 14-electron Miomplexes. _In
mol) < Os—D (—21 kcal/mol)~ Os—F (—21 kcal/mol). Again, other words, the smaller th&Eg; of ML 3, the lower the barrier

the Os reactions are more exothermic than their Ru counterparts.he'ght and the larger the exothermicity and, in turn, the faster

i ) ~ 7 "the oxidative addition reaction.
Third, our model calculations also suggest that oxidative Our model calculations confirm the above prediction. For

additions involving a third-row transition metal (such as OS) he B3LYP/LANL2DZ calculations on the aforementioned six
should be preferable to those of a second-row transition metalsystemS a plot of activation barrier versagy is given in

(such as Ru), since it has been demonstrated not only that thq:igure 9: the best fit isAE* = 0.753AEy + 7.10 andAE* =
former are thermodynamically more favorable but also that the 0.661AE,; — 3.44 for Ru and Os cases, respectively. Likewise,
kinetic barriers associated with them are typically smaller. On the linear correlations betweeXEs and the reaction enthalpy
the other hand, the reductive elimination (right to left in Figure (AH), also obtained at the same level of theory, Atd =

8) of the second-row metal is more favorable than that of the 1.20AEg — 7.49 andAH = 1.28AEg — 31.8, respectively. This
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AErel (kcal/mol) state. Itis therefore reasonable to conclude that the promotion
20+ energy from the singlet state to the triplet state, used to form
the strongest covalent bonds, should be smaller for the Os
complex than for the Ru complex.
10 Considering the substituent effect, our theoretical findings
suggest that better electron-donating ligands (such asdte
a lower barrier for oxidative addition, while stronger electron-
withdrawing ligands (such as CO) give a lower barrier for
0 o, reductive elimination. In addition, our calculational results have
. RuF shown that complexes containing more electron-releasing phos-
N Ruc phines are considerably more reacti¥eThe reason for these
o AUE can also be simply understood in terms of the singlaplet
10 gap AEs) of the reactants. Qualitatively, since oxidative
addition involves charge transfer from the metal center oML
¢ Au-B to the incoming methane, a strong electron-donating L, which
can increase the electron density on the central metal, would
-20 N\ ocF stabilize its transition state and thus lower the barrier height.
\ A Furthermore, as mentioned earlier, thesfgand, which is trans
Tg::g to the incoming methane, can lead to a smaller HOM@(1a
LUMO(2&) energy difference. This would result in a smaller
-30 AEgtand, in turn, allow a more facile oxidative addition te-8
0sB bonds of alkanes than the Mkeactants with a CO ligand trans
to the incoming methane.
-40 ' , , ) OsA In summary, with the above analysis on the 14-electron
Reactants Precursor Transition Products T-shapedransM(L")(L)2 (L" = ligand trans to the incoming
Complex  State methane) reactant in mind, one may then anticipate that a better
Figure 8. Potential energy surfaces for the activation ef €Hz bond electron-donor ligand 'L (such as Pgland Cl), and a heavier

by MLs (M = Ru, Os; L= PH,, CO). The relative energies are taken  transijtion metal (i.e., third-row), will lead to a small&Eg and,
from the B3LYP/LANL2DZ values as given in Table 1. For optimized i, 4, will facilitate oxidative addition reactions to saturated
structures of the stationary points see Figures 2 C—H bonds. Moreover, the more the electron-donating ligands
20 are attached to the central metal, the more rapid the oxidative
addition. Conversely, a complex with a strongeaccepting
ligand L' (such as CO) and a lighter transition metal (i.e.,
second-row) will be a good candidate for reductive coupling of
C—H bonds. Additionally, the more the electron-withdrawing
ligands are attached to the central metal, the faster the reductive
elimination.
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AEst (kcal/mol)

Figure 9. AEg (=Etriplet - Esinglet) for ML3 (M = Ru, Os; L= PH;,

CO) fragments (see the third column in Table 1) vs the activation energy ~ All geometries were fully optimized without imposing any
for oxida_tive addition of I\/_Ilgfragments _to H-CHs (see the last second symmetry constraints, although in some instances the resulting
column in Table 1). The linear regression equatios = 0.756\E« i ;cture showed various elements of symmetry. Furthermore,

+ 7.09 and isAEFf = 0.636AE; — 3.45, with a correlation coefficient e . .
R=0.998 ancR = 0.858, for Ru and Os cases, respectively. All values the transition states were characterized by normal-mode analysis

The Activation Energy (kcal/mol)

Appendix: Computational Details

were calculated at the B3LYP/LANL2DZ level. See the text. to identify them as real transition states (one imaginary

frequency) or second-order saddle points (two imaginary
investigation provides strong evidence that the singiéplet frequencies). The DFT calculations used the Becke hybrid
gap plays a significant role in determining the reactivity of the functional (B3LYP¥? as implemented in the Gaussian 94
reactants. program?®

Considering the nature of the central metal, our DFT  Effective core potentials (ECP) were used to represent the
calculations have shown that oxidative addition to ©kas a 28 innermost electrons of ruthenium (up to the 3d skéll).
lower activation energy than addition to RyiLThe reason for Likewise, ECPs were used to represent the 60 innermost
this can be traced back to the singlétiplet gap of MLs. electrons of the osmium (up to the 4f shell) at&m.For
According to the experimen# the Ru atom has a quintetd phosphorus and chlorine we also used the Hay and Wadt
ground state with a low excitation energy of 19 kcal/mol to the relativistic ECP?* For these atoms, the basis set was that
triplet d’s! state. For the Os atom, the ground state is quintet associated with the pseudopotential with a standard LANL2DZ
dbs?, but with a relatively high excitation energy of 32 kcal/ contractior?® For hydrogen, carbon, and oxygen atoms the
mol to the triplet ds! state. This implies that Os would prefer double¢ basis of Dunning-Huzinaga was uset¥. Moreover,
to remain in a high-spin state, whereas Ru favors a low-spin the unrestricted B3LYP approach was used in this work to
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describe the triplet states of reactants. Hence, all the B3LYP
calculations are denoted by B3LYP/LANL2FZ.
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