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To obtain a state-of-the-art benchmark potential energy sufRES for the archetypal oxidative
addition of the methane C-H bond to the palladium atom, we have explored this PES using a
hierarchical series ofb initio methods(Hartree-Fock, second-order Mgller-Plesset perturbation
theory, fourth-order Magller-Plesset perturbation theory with single, double and quadruple
excitations, coupled cluster theory with single and double excitati@@SD), and with triple
excitations treated perturbativglgCSD(T)]) and hybrid density functional theory using the B3LYP
functional, in combination with a hierarchical series of ten Gaussian-type basis sets,gup to
polarization. Relativistic effects are taken into account either through a relativistic effective core
potential for palladium or through a full four-component all-electron approach. Counterpoise
corrected relative energies of stationary points are converged to within 0.1-0.2 kcal/mol as a
function of the basis-set size. Our best estimate of kinetic and thermodynamic paramet8rs is
(—8.3) kcal/mol for the formation of the reactant complex, %381) kcal/mol for the activation
energy relative to the separate reactants, and-0182) kcal/mol for the reaction energgero-point
vibrational energy-corrected values in parenthesEsis agrees well with available experimental
data. Our work highlights the importance of sufficient higher angular momentum polarization
functions,f and g, for correctly describing metati-electron correlation and, thus, for obtaining
reliable relative energies. We show that standard basis sets, such as LANLPDEr palladium,

are not sufficiently polarized for this purpose and lead to erroneous COSBsults. B3LYP is
associated with smaller basis set superposition errors and shows faster convergence with basis-set
size but yields relative energiés particular, a reaction barrigthat are ca. 3.5 kcal/mol higher than

the corresponding CCSD) values. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1792151

I. INTRODUCTION into the C-H bond in alkanes has therefore received consid-
erable attention, both experiment&ll§ and theo-
The activation of the C-H bond in alkanes is a challeng-retically®>"°~In this work the insertion of the Pd° atom

ing and important goal of catalysis. It is often the first step injnto the C-H bond of methane as an important example of

the catalytic conversion of the abundant and nonreactive aljg type of reactions has been surveyed, see Chart 1.
kanes into more useful produét@hemical intuition tells us +

that it is difficult to let the C-H bond be activated by transi- H.
tion metal atoms, or to let it even be coordinated to them. Pd + CH, —= [Pd, CH| —= | '_:3Pd — CHyPdH
Alkanes are poor electron donors and acceptors. The alkane 7’\

o C-H bond is strong and nonpolar. Because #hhighest
occupied molecular orbital is low lying, it is unsuitable for
electron donation, whereas the high-lyiat) lowest unoccu-
pied molecular orbital is unsuitable for accepting electron Chart 1. Model reaction and nomenclature.

density? In the group of the transition metal elements palla-  Experimental investigations on the kinetics of the reac-
dium is one of the most important catalysts, mostly in con+jon of palladium with alkanes have been carried out by
junction with ligands’ The insertion of the palladium atom Weisshaar and co-workérs using laser-induced fluores-
cence(LIF) techniques and, most recently, by CampBell.
IFAX: +31-20-44 47629. Electronic mail: FM.Bickelhaupt@few.vu.nl These studies show that Pd forms collisionally stabilized

R RC TS P
(Reactants) (Reactant complex) (Transition state) (Product)
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TABLE |I. Literature values for relative energiés kcal/mo) of the stationary points along the reaction
coordinate for oxidative insertion of RAdCH,.

Basis set qualify

Reference Method Pd CandH RC TS P
9 GVB-RCI//HF DZP DZ 30.5 20.1
10 CCHQI/CASSCF TZP DzZP 25.1 17.6
10 CCHQI/CASSCF TZR- 214 TZP 15.4 9.1
12 MCPF//HF TZP-f© DzP -4 16 9
13 CCSOT)/IHF TZP+ 3ff TZP 10.6 5.6
7 PCI-80//HF TZP-f© DZP -5.1" 3.6 -2.3
15 BP86 TZB TZ2F -105 -1.6 -7.1
16 PBE TZP TZP -11.3 -3.8 -8.0

aMain characteristics of the basis set used in the higher-level single-point calculations. For Pd, DZP idouble-
for valence 41 shell +1 set of polarization functions forgsshell; TZP is triple¢ for valence 4l shell +1 set
of polarization functions for p shell. For C and H, DZP is doublé+1 set of polarization functions,dfor C
and 2p for H; TZP is triple{+1 set of polarization functions,dfor C, and D for H; TZ2P is triple{+2 sets
of polarization functions, 8 and 4f for C, and 2 and 3 for H.

PECP for[Kr] core; valence electrons: $3p3d)/[3s2p2d] (Ref. 47.

‘Augmented Huzinaga basiRef. 48. Raffenetti contraction scheni{Ref. 49: (17s13p9d)/[8s7p4d].
dSame as ¢ but with larger primitive and contracted basiss{3710d4f)/[8s7p5d2f].

€Same as ¢ but with larger primitive and contracted basiss139d3f)/[ 7s6p4d1f].

fSame as e but with thréefunctions uncontracted: ($13p9d3f)/[ 7s6p4d3f].

9Slater-type orbitals.

"With ZPE correction.

complexes with alkanes, in particular also methtiaad that These values and, in particular, the activation energies
the reaction rate is extremely small to negligible. The expo-appear to be highly sensitive to the level of theory used. A
nential decay of the Pd signal vs alkane pressure suggestsspectrum of values has been computed, for example, for the
complexation energy of at least 8 kcal/mol for Pd-alkaneactivation energy of this reaction that ranges frer80.5 to
complexe$. This provides us with an experimental boundary —3.8 kcal/mol(see Table)L In view of this situation, it is
condition for the stability of the reactant complex of Pd appropriate to explore to which extent the PCI-80 values are
+methane. converged with respect to both the order of correlation incor-
The purpose of the present study is twofold. In the firstporated into the theoretical method and the degree of flex-
place, we wish to obtain a reliable benchmark for the potenibility and polarization of the basis set. The present study
tial energy surfacéPES for the archetypal organometallic also serves to clarify this issue. Note also that, in addition to
reaction of methane oxidative addition to(Bd This is done the extrapolation procedure associated with PCI-80, the com-
by exploring this PES with a hierarchical seriesatif initio  putation of these benchmark values involves a further ap-
and hybrid density functional methodblartree-Fock(HF), proximation, namely the final scaled MCPF energies of the
the B3LYP functional, second-order Mgller-Plesset perturbaPCI-80 study were not computed at the MCPF but, instead,
tion theory (MP2), fourth-order Mgller-Plesset perturbation the HF optimum geometry* In the present study, we use a
theory with single, double, and quadruple excitationsconsistent set of equilibrium and transition-state structures
(MP4SDQ, coupled cluster theory with single and double that have been fully optimized at the BLYP/TZ2Z8ee Sec.
excitations(CCSD), and with triple excitations treated per- Il A) level of the generalized gradient approximati@GA)
turbatively [CCSIO(T)]) in combination with a hierarchical of density functional theoryDFT).
series of ten Gaussian-type basis sets of increasing flexibility A second purpose of our work is to find out how well
and polarization(up to g functions. The basis set superpo- standard basis sets designed for use with high-level corre-
sition error(BSSB is accounted for by counterpoise correc- latedab initio methods such as CC$D are suited for cor-
tion (CPQ.Y" Relativistic effects were shown before to be rectly describing correlation phenomena associated with or-
important for the present model reactithHere, they are ganometallic reactions involving bond breaking processes.
treated either with a relativistic effective core potential for The activation of the methane C-H bond by palladium serves
palladium or with a full four-component all-electron ap- as a test case. At this point, however, we anticipate that our
proach(see Sec. )l The existing computational benchmark findings have implications beyond the scope of this model
for oxidative addition of met?ane to palladium was obtainedreaction.
by Blomberg and co-worketswith the parametrized con-
figuration interaction method PCI-88jn which the effect of Il. METHOD AND COMPUTATIONAL DETAILS
correlation is estimated by an extrapolation procedure. Thé. Geometries

PCI-80 study arrives at.a I,d' ethane complexation energy Geometries of the stationary points were optimized with
of 5.1 kcal/mol, an activation energy of 3.6 kcal/mol with o Ape progrant®? using the GGA to DFT(Ref. 20 at
respect to separate reactants, and a reaction energy of 3vpP 2223 combination with a large uncontracted set of

keal/mol (see Table)l Slater-type orbitals(STO containing diffuse functions:
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TABLE II. Basis sets used in the present study. A1—A4 for computationscorresponds to cc-aug-pVDZ for C and H and the standard

with caussian; B1-B6 for computations witlbirac. See also Sec. Il C. LANL2DZ basis set for Pd in which. however. the original
Basis set Pd Cand H valencep ;hell has been decontra}cted to provide an indepen-

dent function for the empty b orbital, which was shown to

Al LANL2DZ cc-aug-pvDzZ ; : ; ; ;

> LANL2DZ + 1f cc.aug-pvDZ be important for accurch.IAs a fII’S.t extension, in bas!s set

A3 LANL2TZ + 1f cc-aug-pVTZ A2, one set of 4 polarization functions Wassgldded Wlth an

Ad LANL2TZ + 3f cc-aug-pVTZ exponent of 1.472, as suggested by Ehétral >° In basis set

B1 (24s16p13d)? cc-aug-pVD2 A3, the cc-aug-pVDZ basis sétouble{) for C and H is

B2 (24516p13d)"+ 11 CC-aUg-PVD§ replaced by cc-aug-pVTZ(triple-¢), and for Pd the

2431 é;iigﬁigaiﬂ zzzzzg:gﬁz LANL2DZ basis set of doublé-quality is replaced by the

B5 (24516p13d)%+ 4f + p cC-aug-pVT2 L.ANL2TZ basis set of triple¢ quality, with the same primi-

B6 (24516p13d)2+ 4f + p+g cc-aug-pVT2 tives but further decontracted, which according to Torrent
and co-workers? leads to an increased accuracy. Finally, the

&TZP quality.

largest basis set in this series, A4, was created by substituting
the single set of # polarization functions of Ehlerst al®
by four sets of 4 polarization functions, as reported by
TZ2P. The TZ2P basis is of triple-quality and has been Langhoff and co-worker®) with exponents 3.611217,
augmented with two sets of polarization functiong and  1.29541, 0.554 71, and 0.23753. They were contracted as
3d on hydrogen, 8 and 4f on carbon, and p and 4 on 211, resulting in three contracted 4unctions.
palladium. The core shells of carbong)land palladium The series B1-B6 in theIRAC calculations are based on
(1s2s2p3s3p3d) were treated by the frozen-core an uncontracted, Gaussian-type basis ses1@413d) for
approximatiort® An auxiliary set ofs, p, d, f, andg STOs  palladium, which is of triplef quality, and has been devel-
was used to fit the molecular density and to represent theped by Faegrt® Furthermore, Dunning® cc-aug-pvDZ
Coulomb and exchange potentials accurately in each selfnd cc-aug-pVTZ basis sets for C and H were used in un-
consistent-field SCH cycle!® Relativistic effects were ac- contracted form because it is technically difficult to use con-
counted for using the zeroth-order regular approximatioriracted basis sets in the kinetic balance procedurerinc.*?
(ZORA).%* Through a vibrational analysis, stationary points Basis set B1 corresponds to cc-aug-pVDZ for C and H and
were confirmed to be equilibrium structuréso imaginary the (2416p13d) basis set for Pd. As a first extension, in
frequenciesor a transition statéone imaginary frequengy  basis set B2, one set off polarization functions was added
with an exponent of 1.472 as reported by Ehletsl® In
B. Ab initio methods basis set B3, the cc—aug—pVDZ basis set for C and H is re-
placed by cc-aug-pVTZ. In basis set B4, the single setfof 4
Energies of the stationary points were computed with thgyolarization functions of Ehlerst al3® was substituted by
program packagesAussiAN? andpiRAc?® using the follow-  four sets of 4 polarization functions as reported by Lang-
ing hierarchy of quantum chemical methods: HF, MP2, hoff and co-worker? with exponents 3.611217, 1.295 41,
MP4SDQ?® CCSD*®**°and CCSDT).** Finally, DFT calcu- 0,554 71, and 0.237 53 that, at variance with the situation in
lations have been done with the B3LYP functiofidf” I pasis set A4, were kept uncontracted. Thereafter, going to
calculations with thesAussiAN program, relativistic effects pgsis set B5 an additional set of diffugefunctions was
are described using a relativistic effective core potentiafptroduced with exponent 0.141 196, as proposed by Osanai
(ECP for palladium(vide infra). On the other hand, in cal- gt a1* Finally, the largest basis set of this series, B6, was
culations with theiRAC program, relativistic effects are ac- created by adding a set gffunctions, with an exponent of
counted for using a full all-electron four-component Dirac- 1 031 690 071. This value is close to but not exactly equal to
Coulomb approach with a spin-free Hamiltoni€®FDO.**  the exponent of thg functions optimized by Osanai. Instead,

The two-electron integrals over the small components havg js equal to the value of one of the exponents ofdreet of
been neglected and corrected with a simple Coulombic corEaegri, which reduces the computational costs.

rection, which has been shown reliaBfe.

bCompletely uncontracted.

C. Basis sets lll. RESULTS AND DISCUSSION

For carbon and hydrogen, we used Dunning’s correlationA' Geometries of stationary points

consistent augmented douhjecc-aug-pVDZ and tripled First, we examine the stationary points along the reac-
(cc-aug-pVTZ basis sef® in bothGaussiaN andDIRAC cal-  tion coordinate of the oxidative insertion of Pd into the C-H
culations. For palladium, two different types of basis sets aréond of methane. The geometries of these species were fully
used for the two programs, which leads to two series of basieptimized at the ZORA-BLYP/TZ2P level of relativistic DFT
sets for our model system: A1-A4 in tleaussiAN calcula-  (where ZORA stands for zeroth-order regular approximation
tions and B1-B6 in thedIRAC calculations(see Table ). and agree well with earlier relativistic DFT studiese Fig.
The series A1—A4 in theAussIAN calculations are based on 1).1>1® The reaction proceeds from the reactants via forma-
the Gaussian-type LANL2DZ basis set of Hay and Wadt fortion of a stable reactant complex 65, symmetry, in which
palladium®® This basis set involves a relativistic ECP that methane coordinates in ajf fashion to Pd, followed by the
accounts for mass-velocity and Darwin terms. Basis set Alransition state o€4 symmetry, and finally a stable product,

Downloaded 02 Dec 2010 to 84.88.138.106. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 121, No. 20, 22 November 2004 Addition of CH, to Pd 9985

FIG. 1. Geometriegin angstrom, and
degreep and point group symmetries

1.095 of the stationary points along the reac-
109.5° tion coordinate for the oxidative inser-
tion of Pd into the C-H bond of CH
computed at ZORA-BLYP/TZ2P. See
also Chart 1.
Ty
R RC TS P

also of Cg symmetry. All species have been verified throughaddition product(P). Three striking observations can be

a vibrational analysis to represent equilibrium structyres  made:(i) the spread in values of computed relative energies,
imaginary frequencigsor a transition statéone imaginary depending on the level of theory and basis set, is enormous,
frequency: 77Bcm™1). Thus, we have a set of geometries up to nearly 70 kcal/mol(ii) the size of the BSSE is also
that, for all stationary points along the reaction coordinateremarkably large, up to ca. 30 kcal/md@ij) most strikingly,
have been optimized consistently at the same level of relaconvergence with basis-set size of the computed energies is
tivistic DFT (at ZORA-BLYP/TZ2H without any structural still not reached with standard basis sets used routinely in
or symmetry constraint. In the following, these geometriesCCSIOT) computations on organometallic and coordination

are used in the series of high-lexa# initio calculations that compounds. The lack of any correlation leads to a complete
constitute our benchmark study of the PES for the oxidativéaijlure at the HF level, which yields an unbound RC, a

addition reaction of P& CH;. strongly exaggerated activation barrier of ca. 45 kcal/mol,
_ _ _ and a reaction energy that differs by only a few kcal/mol
B. Energies of stationary points from the activation energy. In other words, the process is

As pointed out in the Introduction, the relative energieshighly endothermic and has essentially no reverse barrier at
of stationary points along the reaction profile of Pd insertionth® HF level for all basis sets used. The failure of HF for
into the methane C-H bond, especially the activation energ);,iescribing the PES of our model reaction is not unexpected
appear to be highly sensitive to the level of theory used, abecause electron correlation, which is not contained in this
witnessed by the large spread in values computed eéstier  @pproach, is importarff:“* The activation energy drops sig-
Table ). Here, we report the first systematic investigation ofnificantly when electron correlation is introduced. Along HF,
the extent to which the various thermodynamic and kineticCCSD and CCSDY) in combination with basis set A1, for
parameters depend on the quality of the method and the bagxample, the activation barrier decreases from 45.0 to 7.7 to

set as well as the extent to which these values are convergéeb kcal/mol. But also the correlated CCAD values ob-
at the highest level of theory used. The results of abr tained with standard basis sets, such as LANL2DZ or

initio computations are collected in Tables Ill and (x¢la-  LANL2TZ with one or threef functions(A2—A4 in Table II)

tive energies and BSSEnd graphically displayed in Figs. are questionable, as they are obviously not converged as a
2-5 (reaction profiles and BSSETable S.| in the supple- function of the basis-set size. For example, the activation
mentary materidf shows the total energies in a.u. of all energy of 3.6 kcal/mol at CCSD)/Al, which involves
species occurring at the stationary points as well as the totd/ANL2DZ for Pd, agrees exactly, that is, it coincides with
energies of the corresponding Pd and methane fragmentthat of the present benchmark of Siegbahn and coworkers
with and without the presence of the other fragment as ghosebtained with PCI-8Qsee Sec.)l This agreement is fortu-

In this way, we can calculate the BSSE and carry out a CPGtous. The CCSIDT) value for the activation energy drops

In Table S.1, one can note a difference of approximately 500drom 3.6 to—3.6 and further to-18.8 kcal/mol along basis
a.u. in the total energies of the palladium atom computedets Al, A2, and A3, as orfepolarization function is added
with GAUSSIAN and DIRAC. The origin of this difference is and, then, the flexibility of the basis set is increased from
the use of an ECP in theAussiAN calculations whereas double- to tripleé. Thereafter, going from basis set A3 to A4,
all-electron(SFDQ calculations have been carried out with the activation energy increases again frem8.8 to —9.4
DIRAC. kcal/mol as polarization is increased from one to tHrieec-

We proceed with examining the reaction profiles for oxi-tions (see Tables Il and IJI This is illustrated by Fig. 2,
dative insertion of Pd into the methane C-H bond, that is, thevhich shows the CCSO) reaction profiles and how they
energies of the stationary points relative to the reactants Pdary along basis sets A1-A4. Obviously, the energy values
+CH,, which are collected in Table Ill and, for CCED have not reached convergence. Also, an activation energy of
and B3LYP, displayed in Figs. 2 and 3. At all levels of theory —18.8 or —9.4 kcal/mol is not only much lower than the
except HF, the reaction profiles are characterized by the fopresent benchmark value of 3.6 kcal/mol but it is also too
mation of a stable reactant compléRC), which leads via low for a reaction that essentially does not proceed. Similar
the transition state for insertiofTS) to the oxidative- behavior is observed for other correlatald initio methods

Downloaded 02 Dec 2010 to 84.88.138.106. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



9986 J. Chem. Phys., Vol. 121, No. 20, 22 November 2004 de Jong et al.

TABLE Ill. Relative energiegin kcal/mol) of the stationary points along the reaction coordinate for oxidative
insertion of Pd-CH,, without (no CPQ and with counterpoise correctigwith CPQ.

RC TS P
Method Basis set no CPC  with CPC no CPC with CPC no CPC with CPC
HF Al 8.2 10.0 45.0 47.1 44.5 46.8
A2 8.0 9.9 44.4 46.5 42.7 45.0
A3 7.3 9.5 43.7 46.1 41.3 43.9
A4 7.2 9.4 43.2 45.7 40.2 42.9
MP2 Al -10.2 1.5 2.8 17.7 1.2 18.1
A2 -16.0 -0.9 -7.7 11.8 -10.5 11.4
A3 —27.8 —-4.9 —25.0 5.4 —29.5 3.1
A4 —-21.6 -7.5 —-15.8 2.6 —-16.9 2.4
MP4SDQ Al —-11.7 1.5 2.3 18.9 0.9 19.5
A2 —-14.7 0.6 -2.0 17.5 —-5.2 16.6
A3 —-25.2 -3.4 —-15.9 12.8 —-20.6 10.0
A4 -19.0 —4.8 —6.5 12.0 —-9.7 9.6
CCSD Al -9.1 3.0 7.7 23.0 2.1 19.1
A2 -12.7 1.7 2.2 20.6 —-4.3 16.2
A3 —-22.1 -1.9 -10.3 16.5 —-18.3 10.3
A4 -16.2 -3.3 -1.6 15.3 —-7.8 9.9
CCSsOT) Al -10.8 2.0 3.6 19.9 -1.5 16.7
A2 —-15.2 0.2 —-3.6 16.0 -10.0 11.9
A3 —26.4 —4.1 —18.8 10.7 —26.9 4.7
A4 -19.9 -5.7 -94 9.3 —-15.6 4.0
B3LYP Al -7.3 -4.1 7.5 11.0 2.3 6.1
A2 -7.5 —-4.3 6.9 10.4 1.4 5.3
A3 —-8.4 —4.7 6.5 10.6 0.8 5.0
A4 —8.6 —-4.8 6.1 10.2 0.1 4.3
SFDC-HF Bl 8.9 9.1 44.8 45.0 42.7 42.9
B2 8.8 8.9 44.2 44.4 40.8 41.1
B3 8.7 8.8 44.2 44 .4 40.7 40.8
B4 8.6 8.7 43.8 44.0 39.6 39.8
B5 8.6 8.7 43.8 43.9 39.6 39.8
B6 8.6 8.7 43.5 43.7 39.1 39.3
SFDC-MP2 B1 —-6.7 —2.4 4.2 11.5 2.6 11.2
B2 —-11.5 —-5.2 —-5.6 4.9 —-8.2 4.1
B3 -21.1 -7.6 -19.4 0.9 —-22.7 0.4
B4 -13.4 -9.7 —-6.4 -1.1 -5.8 0.1
B5 -12.0 -9.8 =51 -1.2 —4.5 0.0
B6 —-12.0 -10.2 —4.6 -1.8 —-3.2 0.1
SFDC-CCSD Bl —-5.0 —-0.6 11.3 18.5 5.0 13.3
B2 -7.7 —-2.1 6.6 15.7 —-0.6 9.8
B3 —-15.7 —4.2 —-4.3 12.8 —-12.4 7.0
B4 -8.3 =51 7.8 12.4 1.7 6.8
B5 —-7.2 —-5.2 8.8 12.2 2.7 6.6
B6 —-6.7 —-5.2 10.1 12.4 4.5 7.1
SFDC-CCSDT) B1 -7.5 -2.0 5.9 14.7 -0.1 9.9
B2 —-10.9 —4.1 -0.5 10.3 —-7.6 4.8
B3 —-20.1 —6.6 -13.0 6.9 —-21.0 1.4
B4 -12.3 -7.8 -0.1 6.1 -5.9 0.9
B5 -10.3 -7.9 1.9 5.9 -39 0.7
B6 -9.8 -8.1 3.1 5.8 —-2.3 0.8
SFDC-B3LYP Bl —-4.9 —-4.8 10.4 10.5 5.2 5.4
B2 -5.1 —-4.9 9.9 10.0 4.3 4.5
B3 —-5.2 =51 9.9 10.0 4.3 4.4
B4 —-5.3 —-5.2 9.5 9.6 3.7 3.9
B5 -5.3 —-5.2 9.4 9.6 3.7 3.8
B6 —5.4 -5.3 9.1 9.3 3.3 3.5

(MP2, MP4SDQ, CCSPboth in the relativistic ECP calcu- basis set along A1-A4 or B1-B4ee Table II).

lations with GAUSSIAN with basis sets A1-A4 and in the Next, we note that the BSSE takes on large values in the
SFDC calculations witlDIRAC with basis sets B1-B4see correlatedab initio methods, whereas it is negligible if cor-
Table Ill). On the other hand, the HF calculations in which relation is completely neglected, i.e., in H§ee Fig. 4 The
electron correlation is not accounted for are relatively insenBSSE values are summarized in Table IV and graphically
sitive toward increasing the flexibility and polarization of the illustrated by the bar diagrams in Figs. 4 and 5. The BSSE
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TABLE |IV. Basis set superposition err@BSSE, in kcal/molfor Pd and CH in the stationary points along the
reaction coordinate for oxidative insertion of PE&H,.

RC TS P
Method Basis set Pd CH, Total Pd CH  Total Pd CH  Total
HF Al 1.7 01 18 19 01 21 21 0.2 2.3
A2 1.7 01 1.8 19 01 2.1 21 02 2.3
A3 22 00 2.2 24 0.0 24 26 0.0 2.6
A4 23 00 2.3 25 0.0 25 26 0.0 2.7
MP2 Al 114 03 11.7 144 05 149 160 08 16.9

A2 148 03 151 189 0.6 195 211 0.9 21.9
A3 229 01 229 30.2 0.1 30.3 323 0.2 32.6
A4 140 0.1 141 181 0.2 184 189 0.4 19.3
MP4SDQ Al 12.9 0.3 13.2  16.2 0.5 16.6 179 0.6 18.6
A2 150 0.3 153 19.0 0.5 195 212 0.6 21.8
A3 217 01 21.8 286 0.1 28.7 305 0.1 30.6
A4 141 0.1 142 183 0.2 185 191 0.2 19.3
CCSD Al 11.8 0.3 121 149 0.5 153 165 0.6 171
A2 140 0.3 143 179 0.5 184  19.9 0.6 20.5
A3 202 01 20.2  26.7 0.1 26.8 285 0.1 28.6
A4 128 0.1 129 16.8 0.2 169 175 0.2 17.7
CCsOT) Al 125 0.3 128 15.8 0.5 16.3 175 0.7 18.1
A2 151 03 154 191 0.5 19.7 212 0.7 21.9
A3 222 01 223 294 0.1 295 314 0.1 31.6
A4 141 0.1 142 185 0.2 186 19.3 0.2 19.5

B3LYP Al 3.0 0.2 3.2 3.3 0.2 3.4 36 03 3.8
A2 3.0 0.2 3.2 3.3 0.2 3.4 36 03 3.8
A3 3.8 0.0 3.8 4.1 0.0 4.1 42 0.0 4.3
A4 3.8 0.0 3.8 4.1 0.0 4.1 42 0.0 4.2
SFDC-HF Bl 0.1 0.0 0.2 0.1 0.1 0.2 01 0.1 0.2
B2 01 0.0 0.2 0.1 0.1 0.2 0.1 0.1 0.2
B3 0.1 0.0 0.1 0.1 0.0 0.2 0.2 0.0 0.2
B4 0.1 0.0 0.2 0.2 0.0 0.2 0.2 0.0 0.2
BS 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.1
B6 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.2
SFDC-MP2 Bl 4.0 0.2 4.3 6.6 0.7 7.3 7.6 1.1 8.6
B2 6.1 03 6.3 9.8 0.7 105 113 11 12.4
B3 134 0.1 135 201 0.2 20.3 228 0.3 231
B4 36 0.1 3.7 5.0 0.3 5.3 55 04 5.9
B5 21 01 2.2 35 0.3 3.8 40 05 4.5
B6 16 02 1.8 24 03 2.8 28 05 3.3
SFDC-CCSD Bl 4.1 0.2 4.3 6.6 0.6 7.2 7.5 0.8 8.3
B2 53 0.2 5.6 8.5 0.6 9.1 9.7 0.8 10.5
B3 114 0.1 115 170 0.1 171 19.2 0.2 19.4
B4 31 0.1 3.2 4.3 0.2 4.5 48 0.2 5.0
B5 1.8 01 2.0 3.2 0.2 3.4 36 03 3.9
B6 1.3 01 1.4 2.1 0.2 2.3 23 03 2.6
SFDC-CCSDT) Bl 53 02 5.5 8.1 0.7 8.8 9.2 0.8 10.0
B2 6.6 0.2 6.8 10.1 0.7 10.8 115 0.8 12.3
B3 135 0.1 136 197 01 198 222 0.2 22.4
B4 44 0.1 4.6 6.0 0.2 6.2 65 03 6.7
B5 22 01 2.3 3.8 0.2 4.0 43 03 4.6
B6 16 01 1.8 25 0.3 2.7 28 03 3.1
SFDC-B3LYP Bl 0.1 0.0 0.1 0.1 0.1 0.1 01 0.1 0.2
B2 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.2
B3 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.1
B4 01 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.2
B5 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.2
B6 01 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.2

increases along A1-A3 and decreases from A3 to A4. At thémtroduced into the overall basis set by improving it for C
CCSOT) level, for example, the BSSE for the TS of the and H(from double- to triple¢) while leaving unchanged the
reaction amounts to 16.3, 19.7, 29.5, and 18.6 along the baséxtent of polarization for Pd. Thereafter, from A3 to A4, the
sets A1-A4, whereas the corresponding BSSE values at HBSSE decreases as the quality of the Pd basis substantially
are only ca. 2 kcal/mo[Table IV). The sharp increase in improves by increasing the number bpolarization func-
BSSE going from A2 to A3 reveals the imbalance that istions from one to three. The BSSE values obtained with basis
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FIG. 2. Reaction profiles for the oxidative insertion ofHP@H, obtained usingaussian with CCSO(T) and B3LYP for various basis sets, withdieft pane)
and with counterpoise correctidright pane).

sets B1-B4 are smaller than those obtained with A1—A4, butent with the large variation of values for the thermodynamic
they display a similar trend as the latteompare Figs. 4 and and kinetic parameters obtained in earlier theoretical studies
5). The BSSE increases along the reaction coordinate, i.ean the present model reactigsee Table ). One reason for
going from RC to TS to RFigs. 4 and % The reason for this  the increased sensitivity that we find toward the quality of
is that along this series of stationary points, the carbon anghe theoretical approach is that the presencepafiarization
hydrogen atoms and, thus, their basis functions come closgfinctions is only the minimum requirement for describing
too and begin to surround the palladium atom. This effeCyhe electron correlation of palladiumddelectrons. In this
tively improves the flexibility and polarization of the basis respect, the palladium basis sets in A3, A4 and B3, B4

S?t an? t:]hus t|r|1e d(_iescn:ahonl\(l)ftthe Iwa\t/r? ];utr;]Ct'%r'S'SnEthf "®Should be considered minimal and cannot be expected to
gion of the pafiadium atom. Note aiso thal i€ bosk SIMy 6 4chieved convergence. Furthermore, the consequences
nearly entirely from the improvement of the stabilization of . . . .

. ) of any inadequacy in the basis set shows up more severely in
palladium as methane ghost functions are addetble IV). rocesses, such as ours, which involve a bare, uncoordinated
The energy lowering of methane due to adding palladiumo " ' tal at ’ fh tant b, here th
ghost functions is in all cases small, i.e., less than 1 kcal/molt.ranSI lon meta a, 9m as ong ofthe reac ap S eca}use ere the

The above points out the prominent role that electroreffect of the additional assistance of basis functions on the

correlation plays in our model systems. And, more impor_substrate is more severe than in situations where the transi-

tantly, it also reveals the inadequacy of basis sets A1-A4 anHon metal fragment is already surrounded by, e.g., ligands.
B1-B4 for describing it. This may be somewhat surprisingThis shows up in the large BSSE values. Note that, in line
in view of earlier reports that basis sets of a quality compaWith this, the energies of the transition state and the product
rable to that of A3, A4 and B3, B4 yield satisfactory energiesvary much less along the basis set if they are computed rela-
for organometallic and coordination compourigee, for ex- tive to the reactant compleRC) instead of the separate
ample, the excellent reviews by Frenkireg al®® and by reactantR), see Table Il and Figs. 2 and 3, because along
Cundari and co-workef8. On the other hand, it is consis- RC, TS, and P, the assistance of basis functions on other
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FIG. 3. Reaction profiles for the oxidative insertion of+P@H, obtained usingirac with CCSD(T) and B3LYP for various basis sets, withdlgft pane)
and with counterpoise correctigright pane).

atoms than Pd changes much less than alongndrassis- further improvements because they are superior toAtke-
tance to RC (significant assistange ries(based on Hay and Wadt's LANL2TZ basis for)Rd the

We have been able to achieve virtual convergence of theense that they yield a significantly smaller BS@Empare
CCsSOT) relative energies by further increasing the flexibil- A1-A4 with B1-B4 in Figs. 4 and)5Indeed, along B3—-B6,
ity and polarization of the Pd basis set and by correcting fothe BSSE in, for example, the CCED activation energy
the BSSE through CPC; see Table Il and Figs. 2 and 3. Letlecreases monotonically from 19.8 to 6.2 to 4.0 to 2.7 kcal/
us first point out why the CCSD)/A4 and CCSDT)/B4  mol and is thus clearly smaller than the relative energies that
values cannot be trusted without further scrutiny. This is arwe compute(see Table Il and Fig. )5 The counterpoise-
important issue because inspection of Table Ill and Figs. Zorrected relative energies at CCSDare converged within
and 3 suggests that thmunterpoise-correcteénergies do a few tenths of kcal/mol along B1-B6. For example, the
converge from A3 to A4 and from B3 to B4. For example, counterpoise-corrected activation energy at CCSD
the counterpoise-corrected activation energies computedmounts to 14.7, 10.3, 6.9, 6.1, 5.9, and 5.8 kcal/mol. Our
with A3 and A4 at CCSDT) are equal within less than 2 best estimate, obtained at CCSYB6 with CPC, for the
kcal/mol. Note however that the BSSE of 14—-20 kcal/mol iskinetic and thermodynamic parameters of the oxidative in-
still larger than the effect we wish to compute. It is thereforesertion of Pd into the methane C-H bond-8.1 kcal/mol
necessary to explore the behavior of the reaction profile if théor the formation of the reactant complex, 5.8 kcal/mol for
basis set is further increased. In particular, we wish tahe activation energy relative to the separate reactants, and
achieve a situation in which the BSSE at least become8.8 kcal/mol for the reaction energy. If we take into account
smaller than the effects that are to be computed, i.e., theero-point vibrational energy¥ZPE) effects computed at
relative energies. Thus, we have introduced an additional difBLYP/TZ2P, this yields—8.3 kcal/mol for the formation of
fuse p function (going from B4 to BJ and ag polarization  the reactant complex, 3.1 kcal/mol for the activation energy
function (going from B5 to B§. We have chosen thHg series  relative to the separate reactants, antl2 kcal/mol for the
of basis setgbased on Faegri's 246p13d basis for Pdfor  reaction energy.
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FIG. 4. Basis set superposition errdBSSB for stationary points along the reaction coordinate of oxidative insertion f@), (in terms of these reactants
obtained usingsaussian with various methods and basis sets.

Our benchmark values agree well with those obtained byarization functions mainly play the much less delicate role
Siegbahn and co-workers at PCI-80, and therefore furtheof describing polarization of the electron density. Interest-
consolidate the theoretical reaction profile. They also agreagly, in the HF and B3LYP calculations withAUSSIAN, we
well with the experimental result, in fact slightly better so observe a small but non-negligible BSSE of 2—4 kcal/mol,
than PCI-80, that the reactant complex is bound by at least &hich does not decrease with increasing basis-set size along
kcal/mol. The fact that the experimental reaction rate is exAl—A4 (see Table IV and Fig.)4In the DIRAC calculations,
tremely small to negligible in spite of a moderate energyhowever, the BSSE for both HF and B3LYP is essentially
barrier of 3.1 kcal/mol is consistent with an important statis-zero (less than 0.2 kcal/mpfor all basis sets B1-B6. This
tical or entropic bottlenecdk (associated with the decrease in difference between theaussian and DIRAC calculations is
the number of available quantum states as one goes fromscribed to the fact that an ECP for palladium is used in the
reactants to transition statand the extremely short lifetime former whereas the latter are all-electron calculations. Ide-
of the internally hot reactant complex that has been invokedlly, the ECP should account for the fact that the valence
to explain why this complex has not been observed irorbitals must be orthogonal to the core orbitals. It is likely
experimentg. however that, effectively, the ECP used with the LANL2

Finally, we note that the BSSE is small not only in un- basis sets of Pd is not able to completely project out the
correlatedab initio calculations(HF) but also in the DFT palladium-core components of the methane orbitals. In the
calculations(B3LYP). This robustness of DFT is due to the DIRAC all-electron calculations this problem is of course not
wayin which the correlation hole is described in this methodpresent. We conclude that the best B3LYP reaction profile
rather than to thabsenceof correlation as in HF. In general, with an activation energy of 9.3 kcal/mol is obtained at the
correlatedab initio methods depend more strongly on the relativistic SFDC—-B3LYP/B6 level with counterpoise cor-
extent of polarization of the basis set because the polarizaection.
tion functions are essential to generate the configurations
through which the wave function can describe the correlatiodV: CONCLUSIONS
hole. In DFT, on the other hand, the correlation hole is  We have computed a benchmark for the archetypal oxi-
built-in into the potential and the energy functional and po-dative addition of the methane C-H bond to palladium that
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