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A series of density functional theory (DFT) and wave function theory (WFT) methods were used in conjunction
with a series of basis sets to investigate the influence of the computational methodology on the relative
energies of key intermediates and transition states in potential reaction pathways in ruthenium-silylene-
catalyzed hydrosilylation reactions. A variety of DFT methods in a modest basis set and B3LYP calculations
in a variety of basis sets calculated the key transition in the Glaser-Tilley (GT) pathway to be energetically
favored. In contrast, with the smaller basis sets, the CCSD(T) method calculated the Chalk-Harrod (CH)
pathway to be favored; however, CCSD(T) results extrapolated to larger basis sets favored the GT pathway.

I. Introduction

Hydrosilylation reactions are widely used for the addition of
Si-H bonds across C-C, C-N, and C-O multiple bonds in
organic synthesis and organosilicon, polymer, and dendrimer
chemistry; thus, hydrosilylation reactions have been studied
extensively.1-5 Recently, Glaser and Tilley (GT) developed a
cationic ruthenium-silylene catalyst capable of facilitating
highly regioselective anti-Markovnikov hydrosilylation of al-
kenes (Scheme 1).6

The GT ruthenium-silylene catalyst system displayed several
unusual properties, including the ability to perform hydrosily-
lation on highly substituted alkenes such as 1-methylcyclohex-
ene, high selectivity for primary silanes over secondary and
tertiary silanes, and an absence of unsaturated side-products in
the reaction mixture.6 To account for these observations, Glaser
and Tilley proposed a new mechanism in which the key step is
alkene insertion into a silicon-hydrogen bond located in a
position remote from the metal center.6 This mechanism is unlike
any other proposed for late transition-metal-catalyzed hydrosi-
lylation, since, in all other commonly accepted proposals, both
silane and olefin coordinate to the transition metal.7,8 Since the
identification of a new hydrosilylation mechanism has important
ramifications for the design of new hydrosilylation catalysts and
potential applicability for the design of new catalytic processes,9

we investigated the catalytic hydrosilylation of alkenes by
cationic ruthenium-silylene complexes using a model system
consisting of [(Cp)(PH3)Ru(H)2(SiH2)]+, SiH4, and C2H4 with
the B3LYP density functional theory (DFT) method with a
relatively small basis set (BS1).10 These investigations indicated
that the mechanism proposed by Glaser and Tilley for the
formation of the Si-C and C-H bonds is favored in terms of
relative electronic energy by over 6.5 kcal/mol and in terms of
gas-phase relative free energy by over 8 kcal/mol compared to
the lowest energy Chalk-Harrod (CH) and modified Chalk-
Harrod (mCH) mechanisms at the B3LYP/BS1 level of theory,
and furthermore, served as the first theoretical evidence for this
exciting mechanistic proposal.10 It should be noted that the

lowest energy CH and mCH pathways both involve the same
high energy transition state for the oxidative addition of SiH4

to Ru; however, after this point, the CH mechanism is favored
over the mCH mechanism at the B3LYP/BS1 level of theory;
thus this work focuses on a comparison of the CH mechanism
and the GT mechanism.

As part of our ongoing interest in evaluating and comparing
computational methods using transition metal systems,11-13 we
sought to determine whether the conclusion that the GT
mechanism is energetically favored was influenced by the
computational methodology. To this end, the key reaction steps
that determine whether Si-C and C-H bond formation occurs
via the GT mechanism or the CH mechanism were examined
using a series of DFT and wave function theory (WFT) methods.
With BS1, all of the DFT methods tested herein calculated the
key transition state in the GT mechanism to be lower in
electronic energy than the key transition state in the CH
mechanism by at least 6.5 kcal/mol. In contrast, however, with
BS1, CCSD(T)14,15calculated the energy of the transition state
in the GT mechanism to have an electronic energy 3.7 kcal/
mol higher than the energy of transition state in the CH
mechanism.16 This result revealed a 10 kcal/mol discrepancy
between the CCSD(T)/BS1 calculations and all of the DFT/
BS1 calculations. Although it is well-known that small basis
set CCSD(T) calculations are not particularly accurate, these
results raise the question, Does the CCSD(T) method predict
that the CH pathway is energetically favored over the GT
pathway?

To investigate these contradictory results, B3LYP, HF, MP2,
MP3, MP4SDQ, CISD, CCSD, and CCSD(T) calculations were
conducted with a series of larger basis sets, and the results are
discussed in detail in this report. The basis set testing suggests* Corresponding author. E-mail: hall@science.tamu.edu.

SCHEME 1. Alkene Hydrosilylation Catalyzed by a
Cationic Ruthenium-Silylene Complex.
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that, for large basis sets, all of the methods except for MP2 and
MP4SDQ predict that the energy of the GT transition state (TS3-
4) is lower than the energy of the CH transition state (TS6-7).

II. Computational Details

All calculations were performed using the Gaussian 03 suite
of programs.17 Optimized gas-phase geometries were obtained
using the B3LYP method,18,19as implemented in Gaussian 03.
The basis sets used for geometry optimizations (BS1) and energy
calculations (BS1, BS2, BS3, BS4, BS5, BS6, and BS7) were
implemented as described in Table 1.

Basis sets 1-6 were constructed using various combinations
of basis sets for Ru, P, Si, C, and H (Table 1). The three Ru
basis sets used to construct basis sets 1-6 were (1) LANL2DZ
+ Couty-Hall 5p, in which a set of optimized 5p orbitals20

supplement the LANL2DZ basis set;21 (2) LANL2TZ* +
Couty-Hall 5p + f, which differs from LANL2DZ+ Couty-
Hall 5p in that the LANL2DZ valence d-orbitals were decon-
tracted to triple-ú, and f-polarization functions22 were added;
and (3) Stuttgart 1997 ECP+ f, in which the Stuttgart,
relativistic, small core effective core potential basis set23,24was
supplemented with f-polarization functions.22 For Si, P, C, and
H, the following basis sets were used to construct basis sets
1-6: (1) LANL2DZdp;21,24,25 (2) cc-pVDZ;26,27 (3) cc-
pVTZ;26,27 (4) 6-31G;28 (5) 6-31G(d′);29-33 and (6) 6-31++G-
(d′,p′).28-34 BS7 is a hypothetical basis set in which the basis
set for Ru is the Stuttgart 1997 ECP+ f and the basis sets for
P, Si, C, and H are extrapolated.

Calculating the harmonic vibrational frequencies at the
B3LYP/BS1 level of theory and noting the number of imaginary
frequencies (NImag) confirmed the nature of all intermediates
(NImag) 0) and transition state structures (NImag) 1). Single-
point calculations at B3LYP/BS1 geometries were used to
calculate relative energies with the DFT methods B3PW91,18,35

MPWPW91,35,36 MPW1PW91,35,36 OLYP,19,37 O3LYP,38

PBEPBE,39 and PBE1PBE,39 and the WFT methods HF,40

MP2,41,42 MP3,43,44 MP4SDQ,45 CISD,44,46 CCSD,14 and
CCSD(T).15 Relative energies are reported in kcal mol-1.

Representations of the intermediates and transitions states
shown in Figures 1 and 2 were created using the JIMP software
program.47

III. Results and Discussion

A. The GT and CH Hydrosilylation Mechanisms. Our
previous work on ruthenium-silylene-catalyzed hydrosilylation
at the B3LYP/BS1 level of theory (Table 2) revealed that the
two lowest energy pathways, in terms of the gas-phase relative
energies, were the GT pathway (Scheme 2) and the CH pathway
(Scheme 3).10 In the GT pathway (Scheme 2), coordination of
ethylene to the cationic ruthenium complex1 (0.0 kcal/mol)
generates the ethyleneπ complex,2 (-6.4 kcal/mol), in which
ethylene is weakly bound to Si. From2, the ethylene moves
closer to the Si atom viaTS2-3 (-6.4 kcal/mol) to form another
ethyleneπ complex,3 (-8.5 kcal/mol), in which ethylene is
bound more closely to Si. From3, ethylene inserts into the Si-H
bond via TS3-4 (-0.2 kcal/mol) to generate the insertion
product4 (-38.0 kcal/mol), in which the new Si-C and C-H
bonds have formed. From4, the catalytic cycle is completed

TABLE 1: Basis Sets Used in This Investigation

Rua,b,c P, Si C H from C2H4 and SiH4 H from PH3 and C5H5

BS1 LANL2DZ + Couty-Hall 5p LANL2DZdp 6-31G(d′) 6-31G(d′,p′) 6-31G
BS2 LANL2TZ* + Couty-Hall 5p + f LANL2DZdp 6-31++G(d′,p′) 6-31++G(d′,p′) 6-31++G(d′,p′)
BS3 Stuttgart 1997 ECP+ f LANL2DZdp 6-31G(d′) 6-31G(d′,p′) 6-31G
BS4 Stuttgart 1997 ECP+ f LANL2DZdp 6-31++G(d′,p′) 6-31++G(d′,p′) 6-31++G(d′,p′)
BS5 Stuttgart 1997 ECP+ f cc-pVDZ cc-pVDZ cc-pVDZ cc-pVDZ
BS6 Stuttgart 1997 ECP+ f cc-pVTZ cc-pVTZ cc-pVTZ cc-pVTZ
BS7d Stuttgart 1997 ECP+ f cc-pV#Z cc-pV#Z cc-pV#Z cc-pV#Z

a Couty-Hall 5p indicates that reoptimized 5p orbitals were used for Ru.b LANL2TZ* indicates that the d orbitals were split to triple-ú. c + f
indicates that f-polarization functions with an exponent of 1.235 were used for Ru (see ref 22).d BS7 is a hypothetical basis set in which the basis
set for Ru is the Stuttgart 1997 ECP+ f and the basis sets for P, Si, C, and H are extrapolated as described in the text.

Figure 1. Key structures in the Glaser-Tilley (GT) mechanism. Figure 2. Key structures in the Chalk-Harrod (CH) mechanism.

TABLE 2: Gas-Phase Relative Energies (kcal/mol) of the
Intermediates and Transition States in the GT and CH
Hydrosilylation Pathways at the B3LYP/BS1 Level of
Theory

structure ∆Ee
a ∆E0

b ∆H°c ∆G°d

GT mechanism
1 + C2H4 0.00 0.0 0.0 0.0
2 -6.41 -5.3 -5.1 3.8
TS2-3 -6.36 -5.6 -5.9 4.6
3 -8.50 -6.7 -6.8 3.9
TS3-4 -0.16 1.9 0.9 13.8
4 -38.00 -33.7 -34.2 -22.8

CH mechanism
1 + C2H4 0.00 0.0 0.0 0.00
5 -3.38 -2.8 -2.1 3.9
TS5-6 4.42 5.1 5.5 14.7
6 -16.95 -13.8 -14.1 -2.2
TS6-7 6.50 9.3 8.4 22.4
7 -12.34 -8.6 -9.4 4.0
TS7-8 -12.15 -9.1 -10.1 3.8
8 -17.59 -12.9 -13.8 -0.1
TS8-9 -5.99 -1.6 -2.5 10.8
9 -24.53 -20.0 -20.4 -8.7

a Based on the gas-phase relative electronic energy of1 + C2H4 set
to 0.00 kcal/mol.b Based on the gas-phase relative zero-point corrected
energy of1 + C2H4 set to 0.0 kcal/mol.c Based on the gas-phase
relative enthalpy of1 + C2H4 set to 0.0 kcal/mol.d Based on the gas-
phase relative free energy of1 + C2H4 set to 0.0 kcal/mol.
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through the release of H3SiCH2CH3 and the regeneration of the
starting metal complex1 via a multistep associative displace-
ment mechanism in which SiH4 coordinates to the Ru center
and H3SiCH2CH3 is subsequently released.10

In the CH pathway (Scheme 3), ethylene coordination to1
generates an ethylene complex,5 (-3.4 kcal/mol), in which
ethylene is very weakly bound to the Ru. From5, ethylene
coordinates to the Ru center viaTS5-6 (4.4 kcal/mol) to
generate6 (-17.0 kcal/mol), in which SiH4 is coordinated to
the Ru through aσ-complex interaction, and ethylene is tightly
bound to Ru. From6, oxidative addition of the Si-H bond via
TS6-7 (6.5 kcal/mol) generates the hydride complex7 (-12.3
kcal/mol), in which H and SiH3 ligands are on opposite sides
of the bound ethylene. From7, the new C-H bond forms via
TS7-8 (-12.2 kcal/mol) to generate8 (-17.6 kcal/mol), in
which the new ethyl ligand contains aâ-agostic interaction with
the Ru. From8, the new Si-C bond forms viaTS8-9 (-6.0
kcal/mol) to generate9 (-24.5 kcal/mol), in which the hydrosi-
lylation product is bound to Ru throughσ-complex interactions
with Si-H and C-H bonds. From9, rearrangement of the
H3SiCH2CH3 fragment through a series of intermediates and
transition states generates the same product species as that from
the GT mechanism (4), from which the release of H3SiCH2-

CH3 and the regeneration of the starting metal complex1 occur,
as described previously.10

Basis set superposition error (BSSE) can cause apparent
increases in the binding energy between two units through each
unit using unused basis functions from the opposing unit to
augment its basis set and lower the energy of each unit relative
to a calculation of each unit alone.48 In the GT and CH pathways
above, BSSE may be destabilizing the initial reactants1 + C2H4

relative to the rest of the structures in the pathways. The
magnitude of the BSSE can be estimated using the counterpoise
correction.49 In the first step of the GT mechanism (1 + C2H4

f 2) and the CH mechanism (1 + C2H4 f 5), the BSSE at the
B3LYP/BS1 level of theory, as calculated using the counterpoise
correction, is 1.90 and 1.35 kcal/mol, respectively. Fortunately,
the remainder of this paper focuses on the relative energies of
structures3, TS3-4, 4, 6, TS6-7, and7, all of which include
the same number of atoms and basis functions in each
calculation. Therefore, BSSE is not expected to dramatically
influence the energies of3, TS3-4, 4, 6, TS6-7, and7 relative
to each other. Furthermore, the relative electronic energies in
Tables 3 and 4 were adjusted to set the relative electronic energy
of 3 to 0.00 kcal/mol.

B. Influence of Theoretical Method on the Highest Energy
Transition Statess BS1.On the basis of the relative energies
of the highest energy transition states in the GT pathway (TS3-
4: -0.2 kcal/mol) and CH pathway (TS6-7: 6.5 kcal/mol) at
the B3LYP/BS1 level of theory, we concluded in our previous
communication that the GT mechanism is favored by over 6
kcal/mol with the model ligands that were employed.10 However,
the mechanisms for Si-C and C-H bond formation in two
pathways are very distinct from each other; in the GT pathway,
Si-C and C-H bond formation occurs via the insertion of
ethylene into the Si-H bond at a location remote from the Ru
atom, whereas, in the CH pathway, the Si-C and C-H bond
formation occurs in the coordination sphere of the Ru center.
In addition, the two highest energy transition states,TS3-4
andTS6-7, are quite different; in the GT transition state (TS3-
4), no new bonds are being formed to ruthenium, whereas, in
the oxidative addition transition state (TS6-7), new Ru-H and
Ru-Si bonds are formed. Thus, we sought to investigate if the

SCHEME 2. Glaser-Tilley (GT) Pathway.a

a Gas-phase relative electronic energies at the B3LYP/BS1 level of
theory based on the energy of separated1 and C2H4 set to 0.0 kcal/
mol are provided in parentheses in kcal/mol. Electronic energies, zero-
point corrected energies, enthalpies, and free energies are provided in
Table 2.

SCHEME 3. Chalk-Harrod (CH) Pathway.a

a Gas-phase relative electronic energies at the B3LYP/BS1 level of
theory based on the energy of separated1 and C2H4 set to 0.0 kcal/
mol are provided in parentheses in kcal/mol. Electronic energies, zero-
point corrected energies, enthalpies, and free energies are provided in
Table 2.

TABLE 3: Gas-Phase Relative Electronic Energies (kcal/
mol) of the Key Intermediates and Transition State
Structures in the GT and CH Pathways Calculated Using
BS1 at B3LYP/BS1 Geometries with the Relative Electronic
Energy of 3 Set to 0.00 kcal/mol

GT pathway CH pathway

method 3 TS3-4 4 6 TS6-7 7
TS

diff.a

DFT methods
B3LYP 0.00 8.34 -29.50 -8.45 15.00 -3.84 6.66
B3PW91 0.00 5.33 -29.78 -7.30 13.67 -5.38 8.34
OLYP 0.00 4.39 -28.83 -4.63 12.72 -3.05 8.33
O3LYP 0.00 3.33 -30.05 -6.44 11.82 -5.86 8.49
MPWPW91 0.00 3.84 -26.24 -6.15 10.45 -5.85 6.61
MPW1PW91 0.00 5.27 -30.62 -8.00 13.72 -6.10 8.45
PBEPBE 0.00 3.25 -26.26 -6.13 9.84 -6.50 6.58
PBE1PBE 0.00 4.73 -30.58 -7.92 13.20 -6.64 8.46

WFT methods
HF 0.00 16.71 -44.17 -16.82 32.22 0.45 15.51
MP2 0.00 8.55 -16.46 -7.30 -7.99 -17.93 -16.54
MP3 0.00 11.28 -32.50 -12.38 22.54 -4.67 11.26
MP4SDQ 0.00 11.34 -22.77 -11.59 -5.44 -14.61 -16.78
CISD 0.00 13.28 -37.12 -15.28 19.54 -6.07 6.26
CCSD 0.00 11.01 -29.73 -13.46 9.93 -9.41 -1.08
CCSD(T) 0.00 10.22 -27.21 -13.72 6.53 -11.34 -3.70

a TS diff. ) [E(TS6-7) - E(TS3-4)] (kcal/mol).
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conclusion that the GT mechanism is energetically favored was
unduly influenced by the choice of B3LYP/BS1 as the level of
theory.

For this investigation, the key steps in the GT and CH
mechanisms, namely, ethylene insertion into the Si-H bond (3
f TS3-4 f 4; Figure 1) and oxidation addition of the Si-H

bond to Ru (6 f TS6-7 f 7; Figure 2), respectively, were
examined using a range of DFT and WFT methods. The relative
energies of these structures were recalculated using the B3LYP/
BS1 geometries and BS1 with the DFT methods B3PW91,
MPWPW91, MPW1PW91, OLYP, O3LYP, PBEPBE, and
PBE1PBE, and the WFT methods HF, MP2, MP3, MP4SDQ,

TABLE 4: Gas-Phase Relative Electronic Energies (kcal/mol) of the Key Intermediates and Transition State Structures
Calculated Using Basis Sets 1-6 at B3LYP/BS1 Geometries with the Electronic Energy of 3 Set to 0.00 kcal/mol

GT Pathway CH Pathway

method basis set 3 TS3-4 4 6 TS6-7 7
TS

diff.a

DFT methods
B3LYP BS1 0.00 8.34 -29.50 -8.45 15.00 -3.84 6.66

BS2 0.00 8.34 -30.08 -8.56 14.60 -3.65 6.26
BS3 0.00 8.27 -28.12 -6.32 15.72 -2.71 7.45
BS4 0.00 8.27 -28.28 -6.13 15.88 -2.44 7.61
BS5 0.00 8.79 -26.47 -3.72 18.17 -0.60 9.38
BS6 0.00 8.79 -27.00 -3.22 17.99 0.12 9.20

B3PW91 BS1 0.00 5.33 -29.78 -7.30 13.67 -5.38 8.34
BS2 0.00 5.33 -30.35 -7.46 13.22 -5.26 7.89

OLYP BS1 0.00 4.39 -28.83 -4.63 12.72 -3.05 8.33
BS2 0.00 4.33 -29.48 -4.77 12.29 -2.92 7.96

O3LYP BS1 0.00 3.33 -30.05 -6.44 11.82 -5.86 8.49
BS2 0.00 3.32 -30.71 -6.58 11.36 -5.71 8.04

MPWPW91 BS1 0.00 3.84 -26.24 -6.15 10.45 -5.85 6.61
BS2 0.00 3.82 -26.95 -6.46 9.93 -5.81 6.11

MPW1PW91 BS1 0.00 5.27 -30.62 -8.00 13.72 -6.10 8.45
BS2 0.00 5.26 -31.26 -8.12 13.28 -5.96 8.02

PBEPBE BS1 0.00 3.25 -26.26 -6.13 9.84 -6.50 6.59
BS2 0.00 3.24 -27.00 -6.45 9.29 -6.47 6.05

PBE1PBE BS1 0.00 4.73 -30.58 -7.92 13.20 -6.64 8.47
BS2 0.00 4.73 -31.15 -8.05 12.73 -6.50 8.00

WFT methods
HF BS1 0.00 16.71 -44.17 -16.82 32.22 0.45 15.51

BS2 0.00 16.68 -44.40 -16.50 32.72 1.04 16.04
BS3 0.00 16.55 -42.08 -13.89 33.58 1.90 17.03
BS4 0.00 16.57 -42.07 -13.74 33.61 1.96 17.04
BS5 0.00 17.50 -40.74 -11.29 36.57 4.34 19.07
BS6 0.00 17.34 -41.04 -10.43 36.41 5.04 19.07

MP2 BS1 0.00 8.55 -16.46 -7.30 -7.99 -17.93 -16.54
BS2 0.00 7.44 -15.04 -6.41 -10.19 -18.77 -17.63
BS3 0.00 7.91 -12.56 -1.94 -6.27 -15.68 -14.19
BS4 0.00 7.91 -12.18 -2.37 -6.41 -16.04 -14.33
BS5 0.00 8.24 -11.14 0.40 -3.82 -13.57 -12.06
BS6 0.00 6.88 -9.18 3.12 -4.39 -13.15 -11.27

MP3 BS1 0.00 11.28 -32.50 -12.38 22.54 -4.67 11.26
BS2 0.00 11.06 -35.34 -13.18 24.77 -3.26 13.70
BS3 0.00 11.43 -32.50 -10.06 25.75 -2.27 14.32
BS4 0.00 11.30 -32.74 -10.27 26.45 -2.07 15.15
BS5 0.00 11.92 -31.12 -7.75 28.92 0.06 17.00
BS6 0.00 10.78 -30.38 -4.95 29.63 1.23 18.85

MP4SDQ BS1 0.00 11.34 -22.77 -11.59 -5.44 -14.61 -16.78
BS2 0.00 3.62 -21.50 -7.83 -1.63 -9.78 -5.26
BS3 0.00 9.83 -21.50 -6.80 -1.05 -11.84 -10.88
BS4 0.00 10.28 -21.55 -5.63 0.70 -10.03 -9.58
BS5 0.00 10.22 -20.03 -4.44 1.60 -9.58 -8.62
BS6 0.00 9.06 -19.30 -2.26 2.02 -8.66 -7.04

CISD BS1 0.00 13.28 -37.12 -15.28 19.54 -6.07 6.26
BS2 0.00 13.09 -38.37 -15.42 20.44 -5.47 7.35
BS3 0.00 13.18 -35.43 -11.91 22.02 -4.02 8.84
BS4 0.00 13.22 -35.73 -12.16 22.44 -3.97 9.22
BS5 0.00 13.87 -34.14 -9.52 25.01 -1.66 11.14

CCSD BS1 0.00 11.01 -29.73 -13.46 9.93 -9.41 -1.08
BS2 0.00 10.41 -31.02 -13.24 11.53 -8.54 1.12
BS3 0.00 10.69 -27.90 -9.54 13.50 -6.81 2.80
BS4 0.00 10.62 -28.36 -9.81 14.14 -6.66 3.52
BS5 0.00 11.12 -26.48 -7.21 16.44 -4.53 5.32

CCSD(T) BS1 0.00 10.22 -27.21 -13.72 6.53 -11.34 -3.70
BS2 0.00 9.03 -27.57 -13.18 6.77 -10.92 -2.27
BS3 0.00 9.71 -24.93 -9.84 8.99 -9.30 -0.72
BS4 0.00 9.63 -25.38 -10.11 9.63 -9.14 0.00
BS5 0.00 10.04 -23.56 -7.53 11.87 -7.10 1.83

a TS diff. ) [E(TS6-7) - E(TS3-4)] (kcal/mol).
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CISD, CCSD, and CCSD(T). These calculations aimed to
determine the influence of the theoretical method on the relative
energies of the reaction intermediates and transition states (Table
3).

All of the DFT methods tested herein with BS1 calculated
TS3-4 to be lower in energy thanTS6-7, with the difference
in energy, [E(TS6-7) - E(TS3-4)], ranging from 6.6 to 8.5
kcal/mol (Table 3, Figure 3). Thus, all of the DFT/BS1
calculations predict that the GT mechanism is favored over the
CH pathways that proceed through the oxidative addition
transition stateTS6-7. While all of the DFT methods tested
herein calculated similar energy differences betweenTS3-4
and TS6-7 with BS1, the WFT methods produced a much
larger range of energy differences [E(TS6-7) - E(TS3-4)]
(Table 3, Figure 3). The HF/BS1 and MP3/BS1 levels of theory
calculate the GT transition stateTS3-4 to be lower in energy
than the CH transition stateTS6-7 by the largest amounts (15.5
and 11.3 kcal/mol, respectively), whereas the MP2/BS1 and
MP4SDQ/BS1 levels of theory give the opposite results and
calculate the CH transition stateTS6-7 to be lower in energy
than the GT transition stateTS3-4 by over 16 kcal/mol. These
values for [E(TS6-7) - E(TS3-4)] are indicative of oscillatory
behavior in the Møller-Plesset perturbation series, which has
been observed previously in other transition-metal systems.12,50

CISD, CCSD, and CCSD(T) are considered to be the higher
accuracy WFT methods;13,51thus, these results are of significant
interest. The CISD/BS1 level of theory calculates the GT
transition stateTS3-4 to be 6.3 kcal/mol lower in energy than
the CH transition stateTS6-7, which is in good agreement
with the DFT/BS1 calculations. In contrast, the CCSD/BS1 and
CCSD(T)/BS1 levels of theory calculate the CH transition state
TS6-7 to be lower in energy than the GT transition state
TS3-4 by 1.1 and 3.7 kcal/mol, respectively. Thus, the CCSD/
BS1 and CCSD(T)/BS1 calculations predict the CH mechanism
to be favored, which directly contradicts all of the DFT/BS1
and CISD/BS1 calculations. Furthermore, CCSD(T)/BS1 cal-
culates an energy difference [E(TS6-7) - E(TS3-4)] of -3.7
kcal/mol; this energy difference is more than 10 kcal/mol less
than the difference calculated by all of the DFT methods, which
is somewhat disconcerting because of the widespread use of
DFT methods to study reaction mechanisms in transition-metal
chemistry.

C. Single-Point Calculations with Larger Basis Sets.One
possible cause of the discrepancy in the energy difference
betweenTS3-4 and TS6-7 calculated at the CCSD(T)/BS1
and DFT/BS1 levels of theory is the choice of basis set. WFT
methods that include electron correlation typically show larger
basis set dependence than DFT methods.13 Thus, to investigate

the possibility that the discrepancies in [E(TS6-7) - E(TS3-
4)] for the CCSD(T)/BS1 and DFT/BS1 calculations were due
to basis set effects, the relative energies of3, TS3-4, 4, 6,
TS6-7, and7 were recalculated at the B3LYP/BS1 geometries
using the B3LYP, HF, MP2, MP3, MP4SDQ, CISD, CCSD
and CCSD(T) methods with five larger basis sets (BS2, BS3,
BS4, BS5, and BS6). It should be noted that CISD, CCSD, and
CCSD(T) calculations could not be completed with BS6 because
of the large number of basis functions. However, HF, MP2,
MP3 and MP4SDQ single-point energies for all structures were
attained with BS6. The single-point energies were used to
calculate the relative energies and [E(TS6-7) - E(TS3-4)]
for all of the methods and basis sets. The relative energies of3,
TS3-4, 4, 6, TS6-7, and7 are provided in Table 4. Before
discussing these results in detail, we will describe how we
extrapolate these calculations to even larger basis sets.

D. Estimating the CISD, CCSD, and CCSD(T) BS6
Energies of TS3-4 and TS6-7. Because CISD, CCSD, and
CCSD(T) calculations could not be completed with BS6 for
TS3-4 and TS6-7, we sought to estimate the BS6 CISD,
CCSD, and CCSD(T) energies forTS3-4 and TS6-7 from
the HF, MP2, MP3 and MP4SDQ energies calculated with basis
sets 1-6 and the CISD, CCSD, and CCSD(T) energies
calculated with basis sets 1-5.

A general practice in computational chemistry to estimate
the energies of molecules at levels of theory that cannot be
explicitly calculated (i.e., expensive methods with large basis
sets) is to generate an estimate of the energy using a series of
calculations at lower levels of theory (i.e., the Gaussian-n (Gn)
theories52-55). For example, the energy of a molecule at a given
method (Method-A) and basis set (BSx) can be estimated from
the energy calculated using a less expensive method (Method-
B) with BSx and the difference in energies calculated using
Method-A and Method-B with a smaller basis set (BS(x-1))
using eq 1:56

Note that, for WFT methods that include electron correlation,
the WFT energies can be separated into Hartree-Fock (HF)
and correlation energy terms using eq 2:57

Thus, to estimate the BS6 CISD, CCSD, and CCSD(T)
energies forTS3-4 andTS6-7, only the BS6 CISD, CCSD,
and CCSD(T) correlation energies need to be estimated, since
the HF/BS6 energies were successfully calculated. To this end,
eq 1 can be expressed in terms of the correlation energies
obtained using Methods A and B and basis setsx andx - 1 as
follows in eq 3:

Equation 3 estimates the Method-A/BSx correlation energy
by assuming that the correlation energies from Methods A and
B increase the same amount upon increasing the basis set size,
and also that the difference in correlation energies from Methods
A and B are the same for the two basis sets. From our
calculations using basis sets 1-5, in which Method A is CISD,
CCSD or CCSD(T) and Method B is MP2, MP3, or MP4SDQ,
we observed that the difference in the correlation energies for
the methods was not the same for all of the basis sets. Thus, eq
3 was modified to remove the assumption that the correlation
energies from Methods A and B increase at the same rate by

Figure 3. Energy differences [E(TS6-7) - E(TS3-4)] (kcal/mol)
between key transition states in the GT and CH pathways, as calculated
with various DFT and WFT methods and BS1.
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adding the coefficientm and replacing the term

with the constant,b, to give eq 4:

in which the Corr-A term refers to the correlation energies from
the CISD, CCSD, and CCSD(T) methods, the Corr-B term refers
to the correlation energies from the MP2, MP3, and MP4SDQ
methods,mandb are determined from a linear fit of the Method
A and Method B correlation energies for basis sets 1-5, and
the accuracy of the fit is judged by theR2 value. Examination
of theR2 values of the linear fits revealed that the MP3 method
provided the bestR2 values; thus, the basis set 6 correlation
energies ofTS3-4 and TS6-7 for the CISD, CCSD, and
CCSD(T) were estimated using eq 5:

in which the Corr-A term refers to the BS6 correlation energies
for the CISD, CCSD, and CCSD(T) methods, the Corr-MP3
term refers to the MP3/BS6 correlation energies, andm andb
were obtained from linear fits of the basis set 1-5 data and are
provided for the CISD, CCSD, and CCSD(T) methods for
TS3-4 andTS6-7 in Figures 4 and 5, respectively. The BS6
CISD, CCSD, and CCSD(T) correlation energies forTS3-4
andTS6-7 that were estimated using eq 5 are provided in italics

in Tables 5 and 6, respectively. Adding the BS6 CISD, CCSD,
and CCSD(T) correlation energies to the HF/BS6 energies
generates estimates of the CISD/BS6, CCSD/BS6, and CCSD-
(T)/BS6 energies forTS3-4 andTS6-7, from which the energy
differences between the transition states [E(TS6-7) - E(TS3-
4)] for the CISD/BS6, CCSD/BS6, and CCSD(T)/BS6 levels
of theory were estimated (see Table S1 (Supporting Information)
and Figure 6).

E. Extrapolation to BS7.BS5 and BS6 both use the Stuttgart
1997 ECP basis set with added f-polarization functions on Ru.
However, BS5 and BS6 use correlation-consistent double-ú (cc-
pVDZ) and triple-ú (cc-pVTZ) basis sets on all other atoms;
therefore, we sought to extrapolate the HF, MP2, MP3,
MP4SDQ, CISD, CCSD, and CCSD(T) energies ofTS3-4 and
TS6-7 to the BS7 level, where BS7 is a hypothetical basis set
that consists of the Stuttgart 1997 ECP basis set with added
f-polarization functions on Ru and extrapolated basis sets on
all other atoms. The WFT energies forTS3-4 andTS6-7 were
extrapolated to BS7 using eqs 6, 7, and 8, which extrapolate
the HF energy (eq 7)58 and the correlation energy (eq 8)59

separately,57 while the B3LYP energy was extrapolated using
eq 8:

in which x ) 2 for BS5 andy ) 3 for BS6, since BS5 and BS6
use cc-pVDZ and cc-pVTZ basis sets, respectively, for Si, P,
C, and H.

The extrapolated correlation and HF energies forTS3-4 and
TS6-7 are presented in italics in Tables 5 and 6, respectively.
The extrapolated BS7 B3LYP and WFT energies forTS3-4
andTS6-7 were used to estimate the energy difference between
these transitions states [E(TS6-7) - E(TS3-4)]. The values
for [E(TS6-7) - E(TS3-4)] are presented in Table S1 and
Figure 6. These extrapolated BS7 results61 serve as the best
estimates for [E(TS6-7) - E(TS3-4)] as calculated by the
various WFT methods.

F. Summary of Basis Set Effects on the Difference in
Energy between TS3-4 and TS6-7. The energy differences
[E(TS6-7) - E(TS3-4)] between the CH transition state
TS6-7 and the GT transition stateTS3-4, as calculated using
a range of theoretical methods and basis sets, are presented in
Table S1 (Supporting Information) and Figure 6. The difference
in energy between the CH transition state and the GT transition
state [E(TS6-7) - E(TS3-4)] is highly dependent on the
theoretical method. For all basis sets tested herein, the B3LYP,
HF, MP3, and CISD methods calculated the energy ofTS3-4
to be lower than the energy ofTS6-7, which is indicated by
the positive value for [E(TS6-7) - E(TS3-4)]. In contrast,
for all basis sets, MP2 and MP4SDQ calculated negative values
for [E(TS6-7) - E(TS3-4)]. For CCSD, all basis sets except
BS1 yielded positive values for [E(TS6-7) - E(TS3-4)]. For
CCSD(T), basis sets 1-3 yielded negative values for [E(TS6-
7) - E(TS3-4)], basis set 4 yielded equal energies forTS3-4
andTS6-7, and basis sets 5-7 predicted positive values for
[E(TS6-7) - E(TS3-4)].

For all methods, the energy difference [E(TS6-7) - E(TS3-
4)] depends on the basis set, with the smallest basis set

Figure 4. Plots of the CISD, CCSD, and CCSD(T) correlation energies
vs the MP3 correlation energies forTS3-4 for basis sets 1-5.

Figure 5. Plots of the CISD, CCSD, and CCSD(T) correlation energies
vs the MP3 correlation energies forTS6-7 for basis sets 1-5.
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dependence observed for the B3LYP and HF methods. Exami-
nation of the basis sets reveals specific components responsible
for changing the relative energies ofTS3-4 and TS6-7 for
all theoretical methods. For example, BS1 and BS3 only differ
in the basis functions for Ru, with all other atoms represented
by the same basis functions. For all methods, [E(TS6-7) -
E(TS3-4)] is more positive for BS3 than for BS1, indicating
that the Stuttgart 1997 RSC+ f basis set on Ru lowers the
energy ofTS3-4 relative to that ofTS6-7. BS3 and BS4 have
the same basis functions for Ru, P, and Si; however, BS4 uses
diffuse and polarization functions on all C and H, whereas BS3
uses polarization functions on all C and select H, but does not
use diffuse functions on C or H atoms. Comparing the B3LYP,
HF, and MP2 results of [E(TS6-7) - E(TS3-4)] for BS3 and
BS4 reveals changes of less than 0.2 kcal/mol, whereas, for
MP3, MP4SDQ, CISD, CCSD, and CCSD(T) for BS3 and BS4
in all cases, [E(TS6-7) - E(TS3-4)] is more positive for BS4,
albeit by small amounts (0.4 to 1.3 kcal/mol). BS4 and BS5
use the same basis functions for Ru; however, BS4 uses
LANL2DZdp basis sets for Si and P and 6-31++G(d′,p′) basis
sets for C and H, whereas BS5 uses cc-pVDZ basis sets for Si,

P, C, and H. For all methods, [E(TS6-7) - E(TS3-4)] is more
positive for BS5 relative to BS4. BS5 and BS6 also use the
same basis functions for Ru; however, BS5 uses cc-pVDZ basis
functions for Si, P, C, and H, whereas BS6 uses cc-pVTZ basis
functions for Si, P, C, and H. For HF, [E(TS6-7) - E(TS3-
4)] does not change between BS5 and BS6; however, for MP2,
MP3, MP4SDQ, CISD, CCSD, and CCSD(T), [E(TS6-7) -
E(TS3-4)] is more positive for BS6 than for BS5. The BS5
and BS6 results indicate that, as additional basis functions are
added to represent the atoms, [E(TS6-7) - E(TS3-4)]
becomes more positive for the WFT methods other than HF,
which must be due to basis set effects on correlation energy
because [E(TS6-7) - E(TS3-4)] is essentially equivalent at
the HF/BS5 and HF/BS6 levels of theory.

Extrapolation of the MP2, MP3, MP4SDQ, CISD, CCSD,
and CCSD(T) energies ofTS3-4 andTS6-7 to BS7 from the
BS5 and BS6 results suggest that [E(TS6-7) - E(TS3-4)]
will continue to become more positive for these WFT methods
as the number of basis functions on the Si, P, C, and H increase.

G. Effects of Basis Sets and Methods on Barrier Heights.
Because the energies of structures3, TS3-4, 4, 6, TS6-7,

TABLE 5: HF Electronic Energies (hartrees) and MP2, MP3, MP4SDQ, CISD, CCSD, and CCSD(T) Correlation Energies
(hartrees) for TS3-4 for Basis Sets 1-7a

correlation energies

HF energy MP2 MP3 MP4SDQ CISD CCSD CCSD(T)

BS1 -377.294278 -1.476782 -1.489083 -1.579969 -1.086884 -1.550915 -1.622135
BS2 -377.321734 -1.813086 -1.802138 -1.919648 -1.292510 -1.868566 -1.959885
BS3 -378.306166 -1.723067 -1.673734 -1.771394 -1.218861 -1.739110 -1.821972
BS4 -378.323714 -1.786653 -1.773104 -1.877052 -1.272725 -1.840384 -1.928686
BS5 -997.879021 -1.767119 -1.722673 -1.820118 -1.244178 -1.786619 -1.871510
BS6 -997.988797 -2.072386 -2.006771 -2.099109 -1.428985 -2.076609 -2.179860
BS7 -998.005446 -2.200919 -2.126391 -2.216579 -1.506798 -2.198710 -2.309691

a Values in italics were extrapolated as described in the text in Results and Discussion sections D and E.

TABLE 6: HF Electronic Energies (hartrees) and MP2, MP3, MP4SDQ, CISD, CCSD, and CCSD(T) Correlation Energies
(hartrees) for TS6-7 for Basis Sets 1-7a

correlation energies

HF energy MP2 MP3 MP4SDQ CISD CCSD CCSD(T)

BS1 -377.269555 -1.527859 -1.495862 -1.631426 -1.101633 -1.577365 -1.652749
BS2 -377.296169 -1.866751 -1.805868 -1.953591 -1.306363 -1.892352 -1.989061
BS3 -378.279031 -1.772808 -1.678047 -1.815863 -1.231914 -1.761779 -1.850259
BS4 -378.296556 -1.836643 -1.776113 -1.919470 -1.285196 -1.861936 -1.955845
BS5 -997.848635 -1.816724 -1.725969 -1.864246 -1.256818 -1.808525 -1.898987
BS6 -997.958403 -2.120743 -2.007121 -2.140718 -1.440522 -2.095717 -2.205600
BS7 -997.975050 -2.248751 -2.125500 -2.257127 -1.517872 -2.216640 -2.334701

a Values in italics were extrapolated as described in the text in Results and Discussion sections D and E.

Figure 6. Energy differences betweenTS3-4 andTS6-7 [E(TS6-7) - E(TS3-4)] (kcal/mol) for various basis sets and theoretical methods.
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and 7 were calculated using a range of methods and basis
sets, the effects of the computational methodology on the two
forward and two reverse energetic barriers, namely,3 f TS3-
4, 4 f TS3-4, 6 f TS6-7, and7 f TS6-7, can be examined.
The energetic barriers for these four steps calculated with the
DFT and WFT methods with basis sets 1-6 are presented in
Table 7.

For the barrier heights from the DFT methods, results from
calculations using BS1 and BS2 reveal that the B3LYP method
calculates the highest barriers for3 f TS3-4, 4 f TS3-4,

and6 f TS6-7, whereas PBE1PBE and MPW1PW91 calculate
the highest barriers for7 f TS6-7. In general, the DFT
methods that do not incorporate HF exchange, namely, OLYP,
MPWPW91, and PBEPBE, calculated the lowest barriers for
these four transitions.

For the barrier heights from the WFT methods, results from
calculations using basis sets 1-6 for HF, MP2, MP3, and
MP4SDQ, and basis sets 1-5 for CISD, CCSD, and CCSD(T)
indicate that the HF and MP2 methods calculate the highest
and lowest barriers, respectively, for all of the transitions. Large
discrepancies between HF and MP2 barriers and oscillations in
the energies of the MPx series are often indicative of the
multireference character of the intermediates or transition states.
To examine this issue, the T1 diagnostic values60 of the species
involved were calculated. The results presented in Table 8
indicate that structures4 and 6 have more multireference
character than the corresponding transition states, as indicated
by the higher T1 values. Also of interest is that, in the GT
pathway, the multireference character increases as the reaction
proceeds in the forward direction from3 f TS3-4 f 4,
whereas in the CH pathway, the multireference character
decreases as the reaction proceeds in the forward direction from
6 f TS6-7 f 7. These changes in multireference character
cause large oscillations in the MPx series for the barrier of the
reverse reaction in the GT pathway,4 f TS3-4, and for the
barrier of the forward reaction in the CH pathway,6 f TS6-
7. In addition, the changes in multireference character cause
large oscillations in the MPx series for the exothermicities of
the forward reactions in the two pathways (i.e.,3 f 4 and6 f
7). However, also of interest is that the T1 calculations indicate
that the two transition states,TS3-4 andTS6-7, have similar
multireference character.

It is also informative to compare the B3LYP DFT and WFT
results for the barrier heights. For the basis sets tested herein,
the HF, MP3, and CISD methods calculate significantly higher
barriers than does the B3LYP DFT method for all four
transitions, with the MP3 and CISD methods giving better
agreement with the B3LYP values. For all basis sets, MP2 and
MP4SDQ calculate lower barriers than does B3LYP for4 f
TS3-4, 6 f TS6-7, and 7 f TS6-7, with the MP4SDQ
barriers typically being closer to the B3LYP barriers. For3 f
TS3-4, the barriers calculated using basis sets 1-6 and B3LYP,
MP2, and MP4SDQ are similar.

The CCSD method generally calculated slightly higher
barriers than the B3LYP method for all transitions, with the
largest difference in barrier height being only 3.01 kcal/mol.
For 3 f TS3-4, CCSD(T) calculated slightly higher barriers
than did B3LYP for basis sets 1-5. In contrast, however, for4
f TS3-4 and6 f TS6-7, CCSD(T) calculated slightly lower
barriers than did B3LYP for basis set 1-5, with the largest
differences observed for6 f TS6-7 (-3.21 kcal/mol with basis
sets 2 and 3). For7 f TS6-7, the CCSD(T) and B3LYP
barriers were within 1 kcal/mol for basis sets 1-5.

In terms of the basis set dependence of the methods,
examination of the results from basis sets 1-5, which allows

TABLE 7: Electronic Energy Barriers (kcal/mol) of the
Forward and Reverse Steps 3f TS3-4, 4 f TS3-4, 6 f
TS6-7, and 7 f TS6-7, Calculated with Various DFT and
WFT Methods for Basis Sets 1-6

GT pathway CH pathway

method
basis
set 3 f TS3-4 4 f TS3-4 6 f TS6-7 7 f TS6-7

DFT methods
B3LYP BS1 8.34 37.84 23.45 18.84

BS2 8.34 38.42 23.16 18.25
BS3 8.27 36.39 22.04 18.43
BS4 8.27 36.55 22.01 18.32
BS5 8.79 35.26 21.89 18.77
BS6 8.79 35.79 21.21 17.87

B3PW91 BS1 5.33 35.11 20.97 19.05
BS2 5.33 35.68 20.68 18.48

OLYP BS1 4.39 33.22 17.35 15.77
BS2 4.33 33.81 17.06 15.21

O3LYP BS1 3.33 33.38 18.26 17.68
BS2 3.32 34.03 17.94 17.07

MPWPW91 BS1 3.84 30.08 16.60 16.30
BS2 3.82 30.77 16.39 15.74

MPW1PW91 BS1 5.27 35.89 21.72 19.82
BS2 5.26 36.52 21.40 19.24

PBEPBE BS1 3.25 29.51 15.97 16.34
BS2 3.24 30.24 15.74 15.76

PBE1PBE BS1 4.73 35.31 21.12 19.84
BS2 4.73 35.88 20.78 19.23

WFT methods
HF BS1 16.71 60.88 49.04 31.77

BS2 16.68 61.08 49.22 31.68
BS3 16.55 58.63 47.47 31.68
BS4 16.57 58.64 47.35 31.65
BS5 17.50 58.24 47.86 32.23
BS6 17.34 58.38 46.84 31.37

MP2 BS1 8.55 25.01 -0.69 9.94
BS2 7.44 22.48 -3.78 8.58
BS3 7.91 20.47 -4.33 9.41
BS4 7.91 20.09 -4.04 9.63
BS5 8.24 19.38 -4.22 9.75
BS6 6.88 16.06 -7.51 8.76

MP3 BS1 11.28 43.78 34.92 27.21
BS2 11.06 46.40 37.95 28.03
BS3 11.43 43.93 35.81 28.02
BS4 11.30 44.04 36.72 28.52
BS5 11.92 43.04 36.67 28.86
BS6 10.78 41.16 34.58 28.40

MP4SDQ BS1 11.34 34.11 6.15 9.17
BS2 3.62 25.12 6.20 8.15
BS3 9.83 31.33 5.75 10.79
BS4 10.28 31.83 6.33 10.73
BS5 10.22 30.25 6.04 11.18
BS6 9.06 28.36 4.28 10.68

CISD BS1 13.28 50.40 34.82 25.61
BS2 13.09 51.46 35.86 25.91
BS3 13.18 48.61 33.93 26.04
BS4 13.22 48.95 34.60 26.41
BS5 13.87 48.01 34.53 26.67

CCSD BS1 11.01 40.74 23.39 19.34
BS2 10.41 41.43 24.77 20.07
BS3 10.69 38.59 23.04 20.31
BS4 10.62 38.98 23.95 20.80
BS5 11.12 37.60 23.65 20.97

CCSD(T) BS1 10.22 37.43 20.25 17.87
BS2 9.03 36.60 19.95 17.69
BS3 9.71 34.64 18.83 18.29
BS4 9.63 35.01 19.74 18.77
BS5 10.04 33.60 19.40 18.97

TABLE 8: T1 Diagnostic Values for Structures 3, TS3-4, 4,
6, TS6-7, and 7 for Basis Sets 1-5

GT pathway CH pathwaybasis
set 3 TS3-4 4 6 TS6-7 7

BS1 0.0193 0.0201 0.0224 0.0230 0.0204 0.0196
BS2 0.0184 0.0194 0.0216 0.0219 0.0191 0.0185
BS3 0.0191 0.0200 0.0223 0.0226 0.0196 0.0191
BS4 0.0189 0.0198 0.0222 0.0225 0.0195 0.0190
BS5 0.0189 0.0199 0.0223 0.0225 0.0195 0.0190
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B3LYP to be compared to the WFT results, suggests that the
Møller-Plesset methods, in particular MP2 and MP4SDQ,
display higher basis set dependence than do the other methods,
as indicated by larger ranges of barrier heights for basis sets
1-5. In contrast, the B3LYP and HF methods generally
displayed the smallest ranges of barrier heights for basis sets
1-5, whereas CISD, CCSD, and CCSD(T) displayed ranges
larger than the B3LYP methods for the four barriers with basis
sets 1-5.

IV. Conclusions

We have conducted an extensive evaluation of the influence
of computational methodology on the relative energies of key
intermediates and transition states in two potential hydrosily-
lation mechanisms. All of the DFT methods tested herein
calculated the transition state from the GT mechanism (TS3-
4) to be lower in energy than the transition state of the CH
mechanism (TS6-7) by 6.5 to 8.5 kcal/mol. Similarly, the HF,
MP3, and CISD WFT methods calculated the transition state
from the GT mechanism (TS3-4) to be lower in energy than
the transition state from the CH mechanism (TS6-7) for all of
the basis sets used herein. In contrast, the MP2 and MP4SDQ
WFT methods predicted the transition state from the CH
mechanism (TS6-7) to be lower in energy thanTS3-4 for all
of the basis sets we tested. For all basis sets, except the smallest
basis set (BS1), the CCSD WFT method calculatedTS3-4 to
be lower in energy thanTS6-7. Finally, the extrapolated basis
set results indicated that the CCSD(T) method also predicts
TS3-4 to be lower in energy thanTS6-7 for large basis sets.
These results suggest that initial discrepancies between DFT
and CCSD(T) results observed for these transition-metal-
catalyzed hydrosilylation pathways can arise because of basis
set effects. Furthermore, these series of calculations suggest that
large basis sets are required for CCSD(T) calculations on
transition-metal systems, which limits the size of the systems
that can be efficiently examined using CCSD(T) calculations,
but that extrapolation techniques can be used effectively to
extend the range of basis sets.
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