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We have theoretically studied the oxidative addition of HX andd{palladium for X=F, Cl, Br, | and At,

using both nonrelativistic and ZORA-relativistic density functional theory at BLYP/QZ4P. The purpose is
3-fold: (i) to obtain a set of consistent potential energy surfaces (PESSs) to infer accurate trends in reactivity
for simple, archetypal oxidative addition reactions; (ii) to assess how relativistic effects modify these trends
along X=F, Cl, Br, | and At; and (iii) to rationalize the trends in reactivity in terms of the reactants' molecular-
orbital (MO) electronic structure and the+X and X—X bond strengths. For the latter, we provide full
Dirac—Coulomb CCSD(T) benchmarks. All oxidative additions to Pd are exothermic and have a negative
overall barrier, except that of HF which is approximately thermoneutral and has a positive overall barrier.
The activation barriers of the HX oxidative additions decrease systematically as X descends in group 17 of
the periodic table; those of Xirst increase, from F to Cl, but then also decrease further down group 17. On
the other hand, HX and show clearly opposite trends regarding the heat of reaction: that of HX becomes
more exothermic and that of Xlessexothermic as X descends in group 17. Relativistic effects can be as
large as 1520 kcal/mol but they do not change the qualitative trends. Interestingly, the influence of relativistic
effects on activation barriers and heats of reaction decreases for the heavier halogens due to counteracting
relativistic effects in palladium and the halogens.

1. Introduction SCHEME 1: Model Reactions and Nomenclature (X=

Oxidative addition and reductive elimination (eq 1) are halogen, Y= H or X)

ubiquitous as elementary reaction steps in homogeneous X. —I
catalysi¢~* and have been intensively investigated both .

+

: _ Pd+X-Y —= [P4,X-Y] —> | pg —> X-Pd-Y
experimentall§~7 and theoreticallyf.8-14 [ ] S
¥
oxidative addition R RC TS P

ML, + X—Y X-ML,~Y (1)

reductive elimination
to assess how relativistic effects affect these trends alorg X

F, Cl, Br, | and At. In the third place, we wish to rationalize
the trends in reactivity in terms of the reactants' molecular-orbital
?MO) electronic structufé and the H-X and X—X bond
fstrengths. Here, it is an asset of our model systems that they
are simple because this facilitates the analyses and puts emphasis
on the essential features in the electronic structure. Thus, we

A well-known class of processes involving oxidative addition
is catalytic C-X bond activation21>The catalytically active
species in these reactions are generally coordination complexe
of palladium or other transition-metals.

In the present study, we focus on the related processes o
hydrogenr-halide and dihalogen oxidative addition to palladium,
for all halogens from fluorine to astatine (see Scheme 1). Apart o -
from being involved in various catalytic proces$@s,the have explored the PES for oxidative addition of HX angtX

oxidative addition of hydrogen halides is also a model for the Palladium for X=F, CI, Br, | and At, using both nonrelativistic
addition of more complex HX species in which X is, for and ZORA-relativistic density functional theory at BLYP/QZ_4P.
example, formate or acetatt Furthermore, the reactant (or [N the course of our work, we have also computed highly
precursor) complexes of dihalogen (in particulaycomplexes ~ accurate full Dirac-Coulomb CCSD(T) benchmarks for X
have been studied not only theoretically but also experimentally 2ahd X=X bond energies that take sptorbit coupling into
as models for early stages of the oxidative addition mechaffism. account. One of our findings is that, interestingly, relativistic
Our purpose is, in the first place, to obtain a set of consistent effects on activation barriers and heats of reaction decrease for
potential energy surfaces (PESs), which enable us to inferthe heavier halogens. In this study, we focus on the overall
accurate trends in reactivity for these simple, archetypal reaction barrier, that is, the difference in energy between the
oxidative addition reactions. A second purpose of this study is transition state and the separate reactants, which is decisive for
the rate of chemical reactions in the gas phase, in particular, if

fm*biccf(gﬁ]z%%’%’f‘gw Vﬁuntlhor- Fax: +31-20-59 87629. E-mail:  they occur under low-pressure conditions in which the reaction
t Scheikundig Laboratorium der Vrije Universiteit. system Is (in good approximation) thermally isoldt€t(see
* Budapest University of Technology and Economics. also section Il of ref 21).
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2. Method and Computational Details
2.1. DFT Calculations.All density functional theory (DF P}

de Jong et al.

relativistic calculations using the unmodified Dira€Coulomb
Hamiltonian, which includes spirorbit coupling (DC-CCSD-

(T)). The two-electron integrals over the small components have
been neglected and corrected with a simple Coulombic correc-
tion, which has been shown relialsfeThe basis sets used were
for hydrogen, fluorine and chlorine Dunning’s correlation
consistent augmented triple(aug-cc-pVTZ) basis setd,and

for bromine, iodine, and astatine Dyall's relativistically opti-
mized triple¢ basis set$3

calculations have been carried out with the Amsterdam Density
Functional (ADF) program?324 Calculations were done either
nonrelativistically or with scalar relativistic effects accounted
for using the zeroth-order regular approximation (ZOR®For

the dissociation energies of the dihalogens and hydrogen halides
where spir-orbit coupling is expected to be important, also
single-point calculations using double-group symmetry including
spin—orbit effects were done. The BLY®density functional . )
was used, in combination with the QZ4P basis set for all 3. Results and Discussion

elements except hydrogen for which the TZ2P basis was used. 3.1, Reaction Profiles and Geometriesn this section, we

The QZ4P basis set is a large uncontracted set of Slater-typegiscuss the fully relativistic potential energy surfaces of the
orbitals (STOs) containing diffuse functions. Itis of quadruple-  yarious oxidative insertion reactions as well as the geometries
quality and has been augmented with several sets of polarizationgf the stationary points, that is, all computed at ZORA-BLYP/
functions on each atom: two 3d and two 4f sets on F, three 3d QZ4P//ZORA-BLYP/QZ4P, designated R//R in the tables.
and two 4f sets on Cl, two 4d and three 4f sets on Br, one 5d stryctural results are summarized in Figures 1 and 2 and Tables
and three 4f sets on |, one 6d and two 5f sets on At, and two 1 and 2 and results about reaction profiles in Figure 3 and Table
Sp and two 4f sets on Pd. The TZ2P basis set, only used for 3 |n Tables S1 and S2 in the Supporting Information energies
hydrogen, is of triplez quality and has been augmented with  th zero-point vibrational energy correction and enthalpies at
two sets of polarization functions: 2p and 3d in the case of H. 29815 K are reported. In section 3.2, we examine how
An auxiliary set of s, p, d, f and g STOs was used to fit the ye|ativistic effects have affected the trends in reactivity. Finally,
molecular density and to represent the Coulomb and exchangep section 3.3, we try to understand the trends in reactivity in
potentials accurately in each SCF cy&leAll electrons were  terms of the electronic structure of the reactants and th H
treated variationally (i.e., no frozen-core approximation). Closed- znd X=X bond strengths.
shell and open-shell systems were treated by using the Spin- Fjrst the oxidative addition reactions of HX¥ Pd are
restnctepl and spin-unrestricted formalism, respec_tlvely. The axamined. They may all proceed from the reactants (R) via a
electronic structures of Pd, HX and; Were analyzed in terms  yeactant complex (RC) to a transition state (TS) that connects
of the quantitative molecular orbital (MO) model contained in  {ha RC with the product (P) in which the-HX bond is broken
Kohn—Sham DFT:® Recently, it has been shown that our (see Figure 1 and Table 1). For all HX except HF, there is also
approach agrees in general satisfactorily with high-level rela- 5 girect approach, perpendicularly to the-M bond, without a
tivistic ab initio calculations for oxidative addition reactions of  py5rier possible (vide infra). In the reactant complex, Pd binds
C—H,*° C~C/2 C~F,** and C-CI** bonds to palladium. _ to the halogen atom X with a P&X—H angle close to 100for
Equilibrium and transition state geometries were fully opti- 5| hydrogen halides except hydrogen fluoride (see Table 1). In
mized using analytical gradient techniques. All SITUCIUTES Were e case of the latter, Pd binds to the hydrogen atom and forms
verified by frequency calculations: for minima all normal modes g jinear Pa-H—X structure. The substrates HCI to HAt have a
have real frequencies, whereas transition states have one normaisnor jone pair (LP) orbital on the halogen, which is fitted well
mode with an imaginary frequency. The character of the normal ¢, gonation of electronic charge from the LP to the empty Pd
mode associated with the imaginary frequency was analyzedgg orbital, which causes Pd to bind to the halogen. The fluorine

to ensure that the correct transition state was found. Enthalpiesj, 4E is very electronegative and donates less well. Therefore
at298.15 K and 1 atm were calculated from electronic energies py will bind to the hydrogen, where it can donate electronic,

assuming an ideal gas according to charge to the empty antibonding*n—r, which is strongly
located on the hydrogen. The complexation energies between
Pd and HX (i.e., the energy of RC relative to R) range from
—4.9 kcal/mol for HF to—20.2 kcal/mol for HAt (see Table 3,
R//R data). Activation barriers and reaction energies also show
Here,AEians 208 AErot 20sandAEi o are the differences between — a pronounced trend: both decrease systematically fromX
products and reactants in translational, rotational and zero-pointto At. Only Pd + HF has a positive overall barrier and is

AHpg = AE + AE a5 2081 AE 2051 AE i +
A(AE,j 0)208 T A(PV) (2)

vibrational energy, respectivel§(AE,ib0)208 is the change in
the vibrational energy difference going from 0 to 298.15 K.
The vibrational energy corrections are based on our unscaled
frequency calculations. The molar work term(pV) is
(ANRT, An = —1 for two reactants (Pe- HX or Pd + Xj)
combining to one species. Thermal corrections for the electronic
energy are neglected.

2.2. Ab Initio Calculations. Based on the ZORA-BLYP/
QZA4P optimized geometries, ab initio dissociation energies of

approximately thermoneutral. The other reactions have all
negative overall barriers and are pronouncedly exothermic. For
example, the activation energies atd1.9 (F), —10.4 (Cl),
—12.7 (Br),—18.3 (I) and—18.5 kcal/mol (At) (see Table 3,
R//R data).

Interestingly, the TS of Pd- HF is found to be of a different
nature than the TS of the other Pe HX reactions. For the
latter, there is in fact no barrier for a direct approach of the
palladium perpendicular to the-HX bond. Thus, for Pda+- HCI,

Xz and HX were calculated at the advanced correlated CCSD-HBr, HI and HAt the energy increases as Pd is moving away
(T) leveP” with the program package DIRAB.A full all- from the equilibrium position of the RC because this weakens
electron four component Dirag€Coulomb approach was used, the coordination bond. The TS is reached as Pd is arriving at
which allowed nonrelativistic calculations with the \ye- the rim of the reactive zone that surrounds theXdbond: if
Leblond approximatiot? (designated here as CCSD(T)), rela- Pd moves across this border, it spontaneously inserts (in a sense,
tivistic calculations without spirorbit coupling using a spin- it falls) into the H-X bond, which then spontaneously gives
free Dirac-Coulomb Hamiltoniaf? (SFDC-CCSD(T)), and way and breaks. At variance, the TS for /HF is inherently
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Figure 1. Structures of stationary points on the potential energy surface for the oxidative addition of Pd to hydrogen halides HXVi{CK
Br, | and At (see Table 1 for values). Note that structures involving HF differ from those of other HX.

R RC TS P P. triplet

Figure 2. Structures of stationary points on the potential energy surface for the oxidative addition of Pd to dihalpgetisXX= F, ClI, Br, |
and At (see Table 2 for values).

connected with the movement of insertion into the Hbond to —27.6 kcal/mol for At. The nature of the transition states

and it is also present in the case of a direct approach of Pdresembles that of the correspondingPdX reactions in the

perpendicular to the HF bond. sense that they occur only if one proceeds from the RC while
Next, we inspect the oxidative addition reactions of X oxidative addition proceeds again barrierless if Pd approaches

Pd. Similar to the situation of the hydrogen halides, the the dihalogen side-on, that is, perpendicular to theXxbond.

dihalogen additions may all proceed from the reactants (R) via Contrary to the situation for P¢ HX, the oxidative addition

a reactant complex (RC) to a transition state (TS) that connectsof X, to Pd becomes systematicalgssexothermic along %=

the RC with the product (P) in which the-XX bond is broken F—At (see Figure 3). Thus, the reaction energy for P&

(see Figure 2 and Table 2). In the reactant complex, Pd bindsgoes from a very exothermie101.3 kcal/mol for X= F up to

to the halogen atom X with a P&K—X angle that decreases the less exothermie-49.5 kcal/mol for At (see Table 3). For

systematically from 180for F, to 113 for At, (see Table 2). comparison, in the case of Pd HX, the reaction energy goes
Regarding the energetics, there are striking differences from approximately thermoneutrat;0.1 kcal/mol, for X= F

between oxidative addition of Xand HX. The complexation  to a clearly exothermie-40.4 kcal/mol for X= At.

energies between Pd and HK.e., the energy of RC relative to Now, we come back to the barrier for P& F,. The
R) are considerably more stabilizing than in the case offPd  computation of an accurate value for this barrier is hampered
HX: they range from—44.0 kcal/mol for iz to —29.4 kcal/mol by the fact that, only for this reaction, the triplet surface drops
for At (see Table 3, R//R data). Activation barriers for fd below the singlet one as we proceed along the reaction
X, are also generally lower than those for PdHX. Further- coordinate to the TS. This is illustrated in Figure 4, which shows
more, the barriers of Pét X, first increase from X = F to Cl, the singlet and triplet PESs for P¢t F, (upper) and, for

but then decrease along % Cl, Br, | and At (see Figure 3).  comparison, those for Pét |, as a function of the PdX—X
The activation energy goes up from approximately (vide infra) angle; the latter has been varied, in steps 4f feom 180
—32 kcal/mol for F, to —22.6 for Ch and, thereafter, goes down (corresponding to a linear RC) t6 Qlinear P) while optimizing
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TABLE 1: Geometry Parameters? (in A, Degrees) of Stationary Points on the Potential Energy Surface for the Oxidative
Addition of HX to Pd with X = F, Cl, Br, | and AtP

H—X Pd—X Pd—H O(Pd—X—H) O(H=Pd-X)
substrate NR R NR R NR R NR R NR R

H-F R 0.934 0.935

RC 0.967 0.974 3.000 2.969 2.033 1.995 0.0 0.0 0.0 0.0

TS 1.665 1.497 2.085 2.083 1.531 1.538 46.5 47.5 52.1 45.8

P 2.468 2.487 1.966 1.925 1.525 1.511 38.2 37.4 89.0 91.6
H—-CI R 1.291 1.291

RC 1.300 1.306 2.480 2.343 3.052 2.922 103.2 102.7 24.5 25.9

TS 1.307 1.317 2.515 2.373 2.575 2.466 7.7 78.1 29.7 315

P 2.532 2.627 2.284 2.236 1.528 1.511 36.5 35.0 80.6 86.8
H—Br R 1.437 1.435

RC 1.451 1.458 2.553 2.439 3.221 3.103 103.7 102.6 26.0 27.3

TS 1.457 1.467 2.577 2.461 2.650 2.575 76.6 77.4 32.3 33.8

P 2.447 2.668 2.418 2.366 1.535 1.513 36.8 34.3 72.7 83.8
H—I R 1.634 1.630

RC 1.653 1.658 2.613 2.532 3.402 3.300 103.5 101.9 28.2 29.4

TS 1.666 1.671 2.638 2.555 2.637 2.610 71.5 72.9 36.8 37.7

P 1.987 2.674 2.640 2.527 1.616 1.519 37.7 33.8 48.7 78.4
H—At R 1.738 1.726

RC 1.758 1.759 2.675 2.619 3.474 3.397 101.2 99.9 29.8 30.7

TS 1.773 1.769 2.697 2.635 2.672 2.705 70.0 72.8 38.5 38.7

P 2.120 2.668 2.705 2.616 1.609 1.524 36.5 335 51.6 75.1

2 See Figure 1 for definitior? NR = computednorrelativistically at BLYP/QZ4P; R= computedrelativistically at ZORA-BLYP/QZ4P.

TABLE 2: Geometry Parameters® (in A, deg) of Stationary Points on the Potential Energy Surface for the Oxidative Addition
of X, to Pd with X = F, Cl, Br, | and AtP

X=X Pd—X O(Pd—=X—X) O(X—Pd—X)

substrate NR R NR R NR R NR R
F—F¢ R 1.433 1.433

RC 1.787 1.822 1.978 1.945 180.0 180.0 0.0 0.0

P 2.926 2.973 1.919 1.891 40.3 38.2 99.3 103.6

linear P (tripl) 3.866 3.806 1.933 1.903 0.0 0.0 180.0 180.0
Cl-ClI R 2.040 2.041

RC 2.257 2.269 2.331 2.257 158.6 136.4 10.5 21.9

TS 2.302 2.351 2.333 2.241 88.7 89.6 45.2 46.6

P 3.384 3.453 2.252 2.215 41.3 38.8 97.4 102.4

linear P (tripl) 4,586 4.448 2.293 2.224 0.0 0.0 180.0 180.0
Br—Br R 2.348 2.346

RC 2.523 2.532 2.466 2.384 139.2 126.9 20.6 27.4

TS 2.561 2.599 2.452 2.367 88.1 87.6 47.2 49.0

P 3.508 3.591 2.390 2.351 42.8 40.2 94.4 99.6

linear P (tripl) 4.878 4.723 2.439 2.362 0.0 0.0 180.0 180.0
I—I R 2.742 2.737

RC 2.872 2.881 2.592 2.513 123.1 116.2 30.0 34.3

TS 2.901 2.931 2.580 2.507 87.1 85.4 50.0 52.1

P 3.612 3.724 2.565 2.522 45.2 42.4 89.5 95.2

linear P (tripl) 5.181 5.078 2.590 2.539 0.0 0.0 180.0 180.0
At—At R 2.953 2.923

RC 3.066 3.052 2.662 2.604 116.3 113.1 34.3 36.4

TS 3.092 3.096 2.655 2.594 86.5 84.2 51.4 53.5

P 3.662 3.786 2.660 2.614 46.5 43.6 87.0 92.8

linear P (tripl) 5.367 5.257 2.683 2.629 0.0 0.0 180.0 180.0

2 See Figure 2 for definitiorP NR = computednorrelativistically at BLYP/QZ4P; R= computedrelativistically at ZORA-BLYP/QZ4P ¢ No
TS found because of lower-lying triplet PES; see text.

all other geometry parameters in every step (linear transit). The singlet PES until and including the product P. Only as we
value of approximately—32 kcal/mol (mentioned above, in  proceed to a linear product geometfyRd—1—1 = 0°) does
Table 3 and indicated in Figure 3) for the barrier of fd~ the triplet PES become more stable than the singlet PES. We
refers to the highest point on the linear-transit PES of the singlet have verified that this happens for all products of dihalogen
spin state. However, before that point, the triplet PES, which is addition but not for the hydrogen halides. The linear triplet-
characterized by the absence of a reaction barrier, drops belowstate products of the dihalogen reactions turn out to be
the singlet PES. It is beyond the scope of this explorative approximately equally stable as (At, I) up to ca. 12 kcal/mol
investigation to resolve the intricate problem of how this (F) more stable than the bent products on the singlet PES (see
singlet-triplet crossing affects the precise mechanism and shapeTable 3).

of the effective PES for Pd+ F, reaction. It is, however, 3.2. Relativistic Effects.Relativistic effects are significant,
instructive to compare the singlet and triplet PESs oftPH; but they do not change the relative order of reactivity of HX
with those of Pdt I,. In Figure 4, it can be nicely seen that for and X oxidative addition to Pd along the series of halogens.
the reaction with 4, the triplet PES is always clearly above the Relativistic effects can be revealed by comparing the fully
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Figure 3. Relative energies (in kcal/mol) of the stationary points for oxidative addition of HX antbXd with X= F, Cl, Br, | and At, at
BLYP/Qz4P, without (dashed lines) and with ZORA relativistic effects (straight lines). For thie Pdiransition state: value is an upper bound.
For the P+ X, product: filled circles refer to singlet states, unfilled circles to triplet states.

TABLE 3: Energies (in kcal/mol) Relative to Reactants of Stationary Points along the Potential Energy Surface for Oxidative
Addition of X, and HX to Pd with X = F, CI, Br, | and At2

RC TS P Linear P, triplet
substrate  NR/NR  R//NR R/IR NR//NR  R/INR R/IR NR//NR R//INR R/IR NR//NR R//INR R/IR
H-F —-4.1 —-4.9 —-4.9 23.1 11.3 11.9 16.7 0.5 0.1 b b b
H—-CI —-6.2 -10.3 -11.1 —-5.7 —-9.6 —-10.4 —6.2 —-22.1 —22.6 b b b
H—Br —-8.4 —-129 -13.6 -7.8 -12.1 -12.7 —-14.2 —29.0 —-30.0 b b b
H—I —-14.4 —-19.5 -20.0 —-13.0 -17.9 —-18.3 —-23.3 —33.8 —-37.3 b b b
H—At -16.7 —-20.0 -—20.2 —-15.1 —-18.3 —-18.5 —-27.1 —38.0 —40.4 b b b
F—F —-39.3 —43.8 —44.0 c c (—32y —85.8 —-100.7 -101.3 —96.6 -112.9 -113.3
Cl-ClI -21.9 —-26.4 —27.8 —-14.7 —-21.8 —22.6 —46.3 —61.2 —61.8 —48.2 —65.3 —66.5
Br—Br —-21.8 —-27.7 —28.6 -17.5 —-245 -25.1 —-42.3 —-56.0 —56.6 —41.4 —58.8 —60.1
-1 —22.5 —-29.4 —-30.0 —20.5 —27.6 —28.0 —-40.0 —-52.3 —-52.9 —-35.9 —52.8 —53.3
At—At -23.0 —29.2 —29.4 —-21.7 —-27.4 —27.6 —-39.6 —-49.1 —-49.5 —-33.8 —48.6 —-49.1

aNR//NR = computed fullynorrelativistically at BLYP/QZ4P//BLYP/QZ4P; R//INR: energy computecklativistically but with nonrelatwistic
geometriegat ZORA-BLYP/QZ4P//IBLYP/QZAP; R//R= computed fullyrelativistically at ZORA-BLYP/QZ4P//ZORA-BLYP/QZAP. For definition
of stationary points, see Figures 1 and®Rlo equilibrium structure¢ Accurate determination hampered due to near-degeneracy of singlet and
triplet PES (see text). R//R value ef32 kcal/mol is upper bound, estimated from singlet energy profile in Figure 4.

relativistic PESs discussed above (R//R data in Table 3) with for the reactions involving the heavier halogens. This expectation
the corresponding fully nonrelativistic PESs derived from is born out of the observation that relativistic effects onrX
nonrelativistic energies and nonrelativistic geometries of station- and X—X bond strengths increase substantially along=X,

ary points (NR//NR data in Table 3). Here, we discuss the ClI, Br, | and At (vide infra; see also Table 4). Interestingly,
relative electronic energy PESs summarized in Table 3. Note, however, the relativistic stabilization of transition states and
however, that the PESs including zero-point vibrational energy products becomes overall smaller, not stronger, along this series
corrections (Table S1 in the Supporting Information) and those in X (see Figure 5). The relativistic effects originating from
based on relative enthalpies (Table S2 in the Supporting the halogen atoms obviously counteract and partially cancel
Information) give rise to the same trends and relativistic effects. those originating from palladium.

Relativistic effects stabilize the PES of all HX and; X Relativistic effects also affect the geometries of all species
oxidative addition reactions relative to the reactants as illustratedinvolved in the HX and X oxidative addition reactions. The
by the bar diagram in Figure 5. Reaction barriers are stabilized most striking and general effect is a shortening of the-Rd
by up to 11 kcal/mol (for Pd- HF) and reactions become more and, in most cases, also the-Fd bond distance (Tables 1 and
exothermic by 17 kcal/mol (for Pd- HF) (see Table 3). The  2). For example, the PeX distance in the transition states of
effect increases in most cases as one proceeds along the reactiord+ HX contracts relativistically by-0.002 (F),—0.142 (ClI),
coordinate (see Figure 5). Thus, in the case oftPHIF, the —0.116 (Br), —0.083 (I) and—0.062 A (At). Likewise, the
RC, TS and P are relativistically stabilized b¥.8,—11.2 and Pd—X distance in the transition states of Rd X, contracts
—16.6 kcal/mol (compare R//R with NR//NR data in Table 3). relativistically by —0.092 (Cl),—0.085 (Br),—0.073 (I) and
One might expect relativistic effects to be more pronounced —0.061 A (At). Note that the relativistic effects on geometries
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The above suggests that relativistic effects strengthen the Pd
substrate interaction. However, the primary effect on the
energetics is not directly visible because it also induces
geometrical changes that may amplify or attenuate the overall
effect. To separate the initial relativistic effect on the—Pd
substrate interaction from geometry relaxation effects, we have
again computed all PESs at ZORA/BLYP/QZA4P//BLYP/QZA4P,
that is, relativistically but with the nonrelativistic geometries
(designated R//NR in Table 3). Now, it is immediately clear
that the overall relativistic effects, of the order of up to 17 kcal/
mol, are hardly affected by geometrical relaxation processes,
which are typically in the order of 1 kcal/mol or less (they only
reach larger values of 3.5 and 2.4 kcal/mol for the reaction
energies of Pd- HI and Pd+ HAt, respectively). In conclusion,
the relativistic stabilization of RC, TS and P of the oxidative
addition reactions of Pd- HX and Pd+ X, can indeed be
attributed directly to a strengthening of the Pd-substrate interac-
tion. This is in nice agreement with similar findings for the
oxidative addition reactions of P¢t CH3X.°

3.3. Analysis of Trends in Reactivity and Relativistic
Effects. In the previous sections, we have found, among others,
that the activation barrier for HX oxidative addition decreases
along X=F, CI, Br, | and At, and that the activation barrier
for X, oxidative addition first increases, from % F to Cl but
then decreases from % Cl to At. We also found that relativistic
effects further reduce the activation barrier for all model
reactions. In this section, we try to rationalize these trends in
terms of the reactants’ electronic structures and thexthnd
X—X bond strengths (see Figure 6 and Table 4).

The homolytic dissociation energi&s;—x andDx_x of HX
and X are shown in Table 4. They have been computed both
with BLYP/QZ4P and, to have an accurate benchmark, also
with CCSD(T) in combination with a Gaussian tripiebasis
set (see section 2.2 for details). Furthermore, relativistic effects
have been investigated by carrying out both the BLYP and
CCSD(T) computations nonrelativistically (BLYP, CCSD(T)),
scalar relativistically, i.e., without spiforbit coupling (ZORA-

are not largest for the systems with the heaviest halogens: alongBLYP, spin-free Dirae-Coulomb or SFDCG-CCSD(T)), and
Cl, Br, I and At, they even decrease systematically. This more relativistically including spir-orbit coupling (SO-ZORA-BLYP,
or less parallels the trend in the relativistic effects on the Dirac—Coulomb or DC-CCSD(T)) (see section 2.2 for details).

activation barriers discussed above.

The BLYP values agree well with those of CCSD(T) at any
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Figure 5. Relativistic effects on energies (in kcal/mol) of stationary points for the oxidative addition of HX amal Xd with X= F, ClI, Br, |
and At, at BLYP/QZ4P, between nonrelativistic computations and computations with scalar relativistic effects included by ZORA.
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TABLE 4: Dissociation Energies (in kcal/mol) of HX (Dy-x) and X, (Dx-x) for X = F, Cl, Br, I, and At, Computed at Various
Levels of DFT and ab Initio Theory?

DH*X DX*X
method F Cl Br | At F Cl Br | At

BLYP//BLYP® 140.9 104.5 91.5 79.5 73.9 49.0 58.1 51.6 45.8 42.9
BLYP 140.9 104.5 91.5 79.5 73.9 49.0 58.1 51.6 45.8 42.8
ZORA-BLYP 140.8 104.3 91.0 78.4 71.8 49.0 58.0 51.4 45.3 42.2
SO-ZORA-BLYP 140.7 104.0 87.5 71.3 55.5 49.0 57.5 44.9 32.4 17.5
SO-ZORA-BLYP AH?2%)c 136.0 100.9 84.8 69.0 53.5 48.4 57.5 45.0 32.7 17.7
CCSD(T) 137.1 103.2 91.0 77.8 73.1 34.3 51.9 45,5 41.3 39.0
SFDC-CCSD(T) 136.9 103.0 90.3 76.7 70.6 34.3 51.8 45.0 40.5 36.9
DC—CCSD(T) 136.5 102.2 86.8 70.6 54.5 33.5 50.1 38.5 28.5 12.4
experimertt 136.4 103.2 87.5 71.3 37.9 58.0 46.1 36.1

a Geometries optimized at ZORA-BLYP/QZ4P unless stated otherwise. BEY®nrelativistic BLYP/QZ4P. ZORA-BLYPR= scalar ZORA-
relativistic BLYP/QZ4P. SO-ZORA-BLYPR= spin—orbit ZORA-relativistic BLYP/QZ4P. CCSD(TF nonrelativistic CCSD(T). SFDECCSD(T)
= CCSD(T) with relativistic spin-free DiracCoulomb Hamiltonian excluding spiforbit coupling. DC-CCSD(T)= CCSD(T) with relativistic
unmodified Diraec-Coulomb Hamiltonian including spirorbit coupling. All CCSD(T) values have been counterpoise corrected (CPC) for the

basis-set superposition error (BSSEEeometries optimized nonrelativistically at BLYP/QZ4MEnthalpy.d Obtained from corresponding enthalpies
of formation at 298 K from ref 35.

0

° _ P
-4

£ - -;;;;;:ﬁ::::ﬁ: T | ”H _____ ﬁ: ;;jiét
ol bR FrE R
12 + I .ﬂ- ------- ‘ﬂ' nu ‘ﬂ' ........

14 anﬂ | -ﬂ:""o . ﬂ:}%

F a Br I At F al Br I At F cl Br I At
Figure 6. Orbital energies (in eV) of the frontier orbitals of X, HX and Xwith X = F, CI, Br, | and At, at ZORA-BLYP/QZ4P.

level of treating relativistic effects. For exampl&y—a: amounts hydrogen halidesOy-x = 141-56 kcal/mol at SO-ZORA-

to 73.9, 71.8 and 55.5 kcal/mol at BLYP, ZORA-BLYP and BLYP) are significantly stronger than the->X bonds of the
SO-ZORA-BLYP, which agrees within 1.2 kcal/mol with 73.1, dihalogensDx-x = 49—18 kcal/mol at SO-ZORA-BLYP); (ii)
70.6 and 54.5 kcal/mol obtained at CCSD(T), SFBTCSD- both H—X and X—X bond strength decrease along=XF, ClI,

(T) and DC-CCSD(T), respectively, including counterpoise Br, | and At, with one exception for #which has a smaller
correction (CPC) for the basis-set superposition error (BSSE) bond strength than g(vide infra). The decrease along this series
(see Table 4). Counterpoise correction is more important for is significantly more pronounced for HX than for,XThis is
coupled-cluster calculations than for DFT calculations, as was so because in the former, a strong contribution to the trend is
shown in our benchmarking studies on the insertion of Pd into provided by the decreasing charge-stabilization that goes with
the C-X bond; see for example ref 14. FBi—x and Dx—x, the decreasing electronegativity difference across thexXH
the BSSE can reach values of up to 3.7 kcal/mol (in case of bond; this feature is completely absent in the homonuclear X
Dy-1). The same trends foDy-x and Dx—x were found in series. The relatively weak-H bond originates from the very
previous calculation®! The DG-CCSD(T) benchmark tends  compact nature of the fluorine 2p AOs (which lack a p-type
to yield slightly too weak bond energies (by a few kcal/mol up core, at variance with the np valence AOs of higher periods) as
to 7.9 kcal/mol for Cj) if compared to the available experi- a result of which a favorablBp,|2p,[lbond overlap occurs at

mental values® Note that relativistic effects oBy—x andDx_x a relatively short FF distance at which there is already
are essentially caused by spiarbit coupling. The spirorbit significant antibondind2s2sJoverlap (see Kowes et alf® for
term stems from the atoms (ldnd X, or X* and X) that have a full account of the bonding inJy

a doublet open-shell configuration. Spiarbit coupling is a The above trends in HX and X—X bond strengths contribute
minor term for all closed-shell systems, Pd, HX; & well as in a straightforward manner to the trend in the activation
the species at the stationary points along the PES of our modelenergies. According to the Activation Strain mddél of
reactions. For example, the relativistic enevgyh spin—orbit chemical reactivity, the activation energyE* is decomposed

coupling of the product P of Pd At; relative to R is—51.2 into the activation straimMEgys; of and the stabilizing TS

kcal/mol (not shown in Table 3), which is only marginally interactionAE;,* between the reactants in the activated complex:

different from the scalar relativistic value ef49.5 kcal/mol

(see Table 3). This leads us to suggest that the scalar relativistic AE* = AEstrai,fF + AEimjF 3

relative energies reported here for the stationary points for the

reaction of Pd with the substrates are reliable whereas reliableHere, the activation strain is entirely due to substrate bond

dissociation energies can only be obtained if sgirbit coupling stretching which requires more energy for HX than fos. X

is taken into account. Furthermore, the HX bond strength decreases along=XF,
Now, we examine the trends Dy—x andDx—x (see Table Cl, Br, I and At whereas the XX bond strength first increases,

4). Two observations can be made: (i) the-X bonds of the from X = F to Cl, and thereafter also decreases alorng X,
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Br, | and At. This is exactly the trend in activation energies
that we find for the model reactions of PeHX and for Pd+
X5 (see Figure 3 and Table-3%).

The overall trend in activation energies is also dependent on

the Pd-substrate interaction, that is, the TS interactid®,*,
which is provided, among others, by the donacceptor orbital
interactions between Pd 4d AOs and the substodte x or
0*x—x LUMO. These interactions are strengthened by relativistic
effects that lead to the well-known destabilization of Pd 4d AOs
and thus to a smaller, more favorable HOMOUMO gap

de Jong et al.

ascribed to the weakening of the-Pslibstrate interaction along
this series which, in the case of Pd Xy, is strong enough to
reverse the trend of decreasing-X bond strength.

Relativistic effects reduce activation barriers and make all
reactions more exothermic. This is the result of a relativistic
strengthening of the Pesubstrate interaction. Interestingly, the
influence of relativistic effects on activation barriers and heats
of reaction decreases for the heavier halogens due to counteract-
ing relativistic effects in palladium and the halogens.

between Pd and the substrate (the effect is further reinforced Acknowledgment. We thank the Nederlandse Organisatie
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