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We have computationally studied the oxidative addition of,AtlPd (with A= C, Si, Ge, Sn, and
Pb) using relativistic density functional theory (DFT) at ZORA-BLYP/TZ2P. Our purpose is threefold:
(i) exploring the occurrence and competition between direct oxidative insertion (OxIn) into-tie A
bond and an alternativey3-type mechanism that is known to occur for oxidative addition of carbon
halogen bonds; (ii) exploring the trends in activation and reaction enthalpies as the atom Adegddnds
in group 14 from carbon to lead,; (iii) analyzing and understanding the emerging trends in terms of properties

of the reactants using the activation strain model.

We find that oxidative insertion of Pd proceeds via a

reactant complex and a central barrier only for theHCbond. For the heavier AH bonds, the process

is barrierless and significantly more exothermic. The higher barrier and smaller exothermicity in the
case of Pt CH,4 has two main reasons: (i) the higher strain associated with the strongdrbond

and (ii) the weaker PACH, interaction due to less attractive electrostatic interaction with the compact
and less polar charge distribution of methane. Backside nucleophilic attack proceeds in none of the cases
toward an {2-type mechanism for oxidative addition. Instead, the process evolves into a novel mechanism

for a-elimination of molecular hydrogen.

1. Introduction

Oxidative addition (eq 1) is a key step in many catalytic
reaction$ and has thus been intensively investigated both
experimentally and theoretically:*

ML ] + R=X oxidative addition “ML —X

reductive elimination n

@)

Previously, we have investigated oxidative addition eftg
C—C, C-Cl, and C-F bonds to Pd(0j-1! One of these model
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reactions has been the direct oxidative insertion (OxIn) of Pd
into the C-H bond of CH, In the present study, we extend
our previous investigations to the heavier group 14 analogues
of methane CHl i.e., to silane Sij germane Gelj stanane
SnH,;, and plumbane PhH Thus, we have explored and
analyzed in detail thétrinsic reactivity of the uncoordinated
Pd atom toward Al (A = Si, Ge, Sn, Pb) using relativistic
density functional theory (DFT) at ZORA-BLYP/TZ2P. This
approach has been recently shown to agree well with high-level
coupled-cluster benchmarks for-&i,8° C—C,1°and G-F bond
activation!! Palladium was chosen because this metal is widely
used in catalysi€ and because the atom has a stable closed-
shell d° ground staté;13which facilitates comparison with the
behavior of closed-shell transition metal complexes used in
practice.

A------H| — AHg—Pd—H @

We aim at three objectives. First, we wish to explore the
trends in activation and reaction enthalpies for-A bond
activation through direct oxidative insertion (OxIn) as the atom
A in AH,4 descends in group 14 from carbon to lead (eq 2).
The n2-coordination of the heavier AHanalogues to metal
complexes may serve as a model for methane and alkane
coordination with subsequent activation of the i€ bond, which
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has also been the subject of experimental studies involving SiH 2. Methods
GeH,, and SnH.1*15Understanding the factors that determine _ _ _
the trends in the kinetics and thermochemistry oftA bond All calculations are based on density functional theory (BP:%‘l).
activation may shed light on the underlying mechanisms and, and have been pz)erformed using the Amsterdam Density Functional
in this way, assist a more rational design of transition metal (ADF) program? MOs were expanded n a_large l_mcontrac_ted set
complexes that activate alkane-& bonds. of Slater-type orbitals (STO§§.Th¢ basis is of triple; quality,
i ) augmented with two sets of polarization functions on each atom:

A second purpose is the quest for an alternativ@-§pe 2p and 3d on hydrogen, 3d and 4f on carbon and silicon, 4d and 4f

mechanism for A-H bond activation. Such an \3-type

for germanium, 5d and 4f for tin, and 6d and 5f for lead. The
mechanism was found to occur for P CH;Cl.>7 Here, Pd palladium atom is represented by a trifiléspe basis set augmented
performs a backside nucleophilic attack that leads to the with 5p and 4f polarization functions. The core shells of carbon
expulsion of the Ct leaving group. The leaving group migrates  (1s), silicon (1s2s2p), germanium (1s2s2p2s3p), tin (1s2s2p2s3p-

either in a concerted manner or in a separate second reactior3d4s4p), lead (1s2s2p2s3p4s4p4d), and palladium (1s2s2p3s3p3d)

step toward palladium, leading again to the product for oxidative
addition. In the present case, we deal with theléaving group

(eq 3).

_—

AHg-Pd-H 3

The hydride anion is a poor leaving group with a significantly
higher proton affinity (PA) than the chloride leaving group.

were treated by the frozen-core approxima@ibAn auxiliary set

of s, p, d, f, and g STOs was used to fit the molecular density and
to represent the Coulomb and exchange potentials accurately in
each SCF cyclé&

Geometries and energies were calculated using the generalized
gradient approximation (GGA). Exchange is described by Slater’s
X o potential?® with nonlocal corrections due to BeckeCorrela-
tion is treated in the VoskeWilk —Nusair (VWN) parametrization
using formula V28 with nonlocal corrections due to Lee, Yang,
and Pare® Scalar relativistic effects were taken into account by
the zeroth-order regular approximation (ZOREA).

All energy minima and transition stétestructures were verified

Here, we anticipate that this does indeed lead to deviations frombY frequency calculation®:for minima all normal modes have real

the normal {2 reaction path, which evolves into palladium-
induced 1,1-elimination (1,1-E) of molecular hydrogen via a

novel mechanism. We discuss the significance of this reaction
channel in the dehydrogenation of alkanes, such as in the

reactions of M + CHj, that have been studied experimentally
in the gas phas¥:17In this context, we compare the novel2

frequencies, whereas transition states have one normal mode with
an imaginary frequency. The character of the normal mode
associated with the imaginary frequency was analyzed to ensure
that the correct transition state was found. Intrinsic reaction
coordinaté® (IRC) calculations have been performed, and the
resulting IRC paths were used to compute and analyze the
corresponding potential energy surfaces (PES) in the extended

type pathway with the better known stepwise mechanism that activation strain analyses (see Section 3.2). Bond enthalpies at

proceeds via initial oxidative insertion followed by a hydrogen
shift from carbon to the transition metal and, finally, reductive
elimination of K (see, for example, ref 18).

Finally, the trends in reactivity and competition between the

various mechanisms are analyzed using the activation strain

model of chemical reactivity1® In this model, activation
energiesAE* are decomposed into the activation StrAE sain
and the stabilizing transition state (TS) interactioB,;: AE*

= AFE%ain+ AE%n. The activation strait\E¥gyainis the strain
associated with deforming the reactants from their equilibrium
structure to the geometry they adopt in the TS. The TS
interaction AE¥; is the interaction between the deformed

298.15 K and 1 atm/AHyq¢) were calculated from electronic bond
energies AE) and our frequency computations using standard
statistical-mechanics relationships for an ideal Yas.
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Scheme 1. Reaction Mechanisms and Nomenclature of This

Study
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3. Results and Discussion

3.1. Reaction Profiles and Geometriedn this section, we
discuss the potential energy surfaces (PES) of our-PaH 4

model reactions. Scheme 1 provides an overview of the various®

van Stralen and Bickelhaupt

(see Scheme 1). Thus, oxidative insertion of Pd into thet5i
Ge—H, Sn—H, and Pb-H bonds proceeds spontaneously,
without prior formation of a stable reactant complex and without
encountering a transition state (see Table 1 and Figure 1). The
disappearance of the OxIn barrier from—8 to Si—H is
accompanied with a drastic increase in the overall exothermicity
of the reaction from—6.1 to —33.1 kcal/mol (see Table 1).
Thereafter, the reaction enthalpy changes more moderately from
—33.1 (Si-H) to —37.1 (Ge-H) to —45.0 (Sn-H) to —41.0
kcal/mol (Pb-H).3% Furthermore, as the -AH bond length in

the isolated AH substrate increases from 1.095<8, 1a) to
1.491 (Si-H, 2a) to 1.537 (Ge-H, 3a) to 1.723 (SA-H, 4a) to
1.785 A (Pb-H, 5a), the relative (but also the absolute)
elongation of the activated AH bond in the OxIn product
decreases from 126 (cH, 1d) to 59 (Si-H, 2d) to 61 (Ge-

H, 3d) to 44 (Sn-H, 4d) to 33% (Pb-H, 5d). The changes
from C—H (large stretching in TS) to SiH (less stretching in

TS) are again more pronounced than those along the heaty A
bonds (see Figures 1 and 2).

The enhanced reactivity of the heavier Atsubstrates
compared to methane agrees nicely with the experimental
observation that Ni atoms react spontaneously at 12 K with SiH
and SnH to yield the insertion products S§NiH and SnH-

NiH, respectivel\? It is, however, not clear in these experiments
if the barrier for Ni insertion into the SiH and Sa-H bonds

is completely absent or just very low. On the other hand, again
in agreement with our findings for Pd, the Ni atom doex
spontaneously insert into the-®& bond of CH,. The insertion
product of that reaction is only observed after photochemical
activation of the nickel ator#f

The barrier-free insertion of uncoordinated Pd into the silane
Si—H bond that we find contrasts with the behavior of the Pd-
(PHs)2 complex, which shows a barrier as found by Sakaki et
137 The introduction of two phosphine ligands in the latter

mechanisms and illustrates the nomenclature used to designat&2uses the metal system to form a stable reactant complex with
the stationary points. Our results are summarized in Figures 1 Silane prior to going through a transition state for insertion into

and 2 (geometries) and Tables 1 and 2 (thermochemistry) and

in Table S1 (thermochemistry) in the Supporting Information.
The trends are analyzed in Section 3.3 in terms of the activation
strain model that is presented in Section 3.2.

Direct Oxidative Insertion (OxIn). First, we discuss the
direct oxidative insertions (OxIn) of Pd into the-Ad bonds
(eq 2). Only for the methane-€H bond does the insertion of

Pd proceed via a central barrier (see Scheme 1). Insertion into

the heavier A-H bonds occurs spontaneously, that is, without
a barrier (see Scheme 1). The OxIn reaction of PdCH,
proceeds, via the=7.5 kcal/mol exothermic formation of
reactant complegb, toward the transition statkc at 0.5 kcal/
mol relative to reactants and 8.0 kcal/mol relative to the reactant
complex and, finally, to the OxIn produdid (all values are
298 K enthalpies, see Table 1). The reaction is exothermic by
—6.1 kcal/mol relative to reactants (Table 1). The prodad) (
is however slightlyless stableelative to the reactant complex
(1b). Note that in the reactant compledh), methane is
coordinated to the Pd in ajf-fashion via two G-H bonds (H,H
coordination, see Figure 2). This is relevant in view of the fact
that coordination complexes of Sildre used as models for the
activation of alkane €H bonds. They differ however from the
latter in that they do not form H,hj2 complexes as ilb but
Si,H-»2 complexes in which the metal center interacts side-on
with one Si-H bond!® For more details on the Pd CH,
reaction, see earlier investigatiohs.

The OxIn reaction barrier disappears as the central atom in

the Si-H bond. We have previous¥ related the reduced
reactivity of Pd after coordinating phosphine ligands to the
associated introduction of a catalyst component in the activation
strain (see Section 3.2). Thus, as the substrate binds via the
A—H bond to the metal center of the Pd(§# the phosphine
ligands must bend away, giving rise to an increased strain energy
in the metal complex. This increased “catalyst activation strain”
is one factor that reduces the reactivity of the metal complex
compared to the uncoordinated metal atom.

Nucleophilic Attack Leading to Dehydrogenation.We have
also explored the possible occurrence of an alternatiy2 S
mechanism for oxidative addition of P¢ AH, (eq 3). As
mentioned in the Introduction, such a mechanism (eq 3) has
been found for Pdt+ CHsCL.>7 Indeed, for all five model
substrates, we do find an alternative reaction channel that is
initiated by nucleophilic attack of Pd at the central atom A in
AH,, at the opposite side of the-AH bond that is activated. In
early stages, this reaction mechanism closely resembles a regular
Sn2 substitution: as the nucleophilic Pd approaches toward the
central atom A, the hydride leaving group begins to move away.

(35) Reaction energies (i.e., without enthalpy and zero-point vibrational
energy corrections) differ only a few kcal/mol from the enthalpies, but they
show a steady, monotonic increase in exothermicity along palladium-induced
C—H through Pb-H bond activation.

(36) Himmel, H. J.Chem. Eur2004 10, 2851.

(37) Sakaki, S.; Ogawa, M.; Kinoshita, M. Phys. Chem1995 99,

9933.
(38) Diefenbach, A.; Bickelhaupt, F. M. Organomet. Chen2005 690,

AH, changes from carbon to one of the heavier group 14 atoms2191.
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Figure 1. Geometries (in A, deg) at ZORA-BLYP/TZ2P of stationary points along the potential energy surfaces for oxidative insertion
(OxIn) and dehydrogenation of P8 AH, bond with A= C, Si, Ge, Sn, and Pb.

The reaction channel found is also very reminiscent of a no such structure for A= Si, Ge, Sn, and Pb from which Pd
metathesis reaction. can nucleophilically attack the backside of an intact substrate
There are however a number of striking differences between AH,. This is because, as mentioned above, the metal atom inserts
the present @-type reactions and the one that was found for spontaneously into the heavierA bonds under formation of
Pd-+ CHzCL>7 In the first place, while in the case of A C a Poxin(A) (see Scheme 1). Nevertheless, the system can evolve
regular reactant complex RC(C) exists for fdAH,, there is also from this structure to approach the geometry of g&-S
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Figure 2. Geometries (in A, deg) at ZORA-BLYP/TZ2P of the &&(C) 1¢, Poxn(C) 1d, and TSi—shir(C) 1h of Pd + CHa.

Table 1. Reaction Profiles for Oxidative Insertion (OxIn) and Two Dehydrogenation Reactions (&-ra and H-shift) of Pd +
AH4 (A = C, Si, Ge, Sn, and Pb): 298 K Enthalpies (in kcal/mol) Relative to the Reactarits

reactants RC T&i? Poxin TSg2-ra TSH-shift P Caehydr Pehyar
Pd+ CH, —-7.5 0.5(5.6) —6.1 46.8 (52.6) 47.0 (52.5) 28.2 38.1
Pd+ SiHg c c —-33.1 —5.5(0.9) d —-18.5 —-12.0
Pd+ GeH, c c -37.1 —11.8 (-5.5) d -32.1 —22.6
Pd+ SnH, c [ —45.0 —21.8 (-15.8) d —45.7 —36.0
Pd+ PbH, c c —41.0 —-23.2 (-16.2) d —56.5 —44.3

aSee Scheme 1. Computed at ZORA-BLYP/TZ2R98 K Gibbs free energies in parentheses (see also Tablé Bags not exist (OxIn reaction
proceeds without barrier).No alternative T§-snit leading to PGenyds

Table 2. Homolytic A—H Bond Dissociation AHnome) and demarcation between the reactions of methane and those of its
Dehydrogenation Enthalpies Leading to Singlet AHgenyar(S)) heavier analogues. TheStype dehydrogenation pathway of
and Triplet AH 2 (AHgenyar(®)) (A = C, Si, Ge, Sn, and Pb) Pd+ CH, proceeds via the same reactant comple) @s the
AH4 AHhomo AHdenya(S) AHgenya(t) OxIn reaction, but, thereafter, it goes through a high-energy
CH, 102.2 118.9 108.9 TSs2-ra (1€) that is 46.8 kcal/mol above the reactants (see Table
SiHy 87.8 50.2 73.1 1). In this TS, 2-ra (1€), the C-H bond with the hydrogen acting
Gehy 77.4 27.0 56.8 as leaving group has been stretched by 0.646 A (59%) and
ShH, 66.9 8.0 38.6

amounts to 1.741 A (see Figure 1). This leaving-group H is
binding to another H atom (HH = 0.844 A; compare this with

2 Computed for 298 K at ZORA-BLYP/TZ2P. See also eqs 5and 6 and () 746 A in free H) that is in the process of being abstracted,
Tables S2 and S3. having a relatively long A-H distance of 1.455 A. This latter
H atom is still distant from palladium, with a+HPd distance

type transition state in which the Pd atom approaches the centralf 2.392 A (H-Pd= 1.833 A in the product complex Ryar
atom A while the H atom on the other side begins to leave. (C) 1f, see Figure 1). Overall, flimination from methane is
Interestingly, however, as the reaction proceeds, the naturehighly endothermic, with a reaction enthalpy #88.1 kcal/
of our reaction channel begins to differ qualitatively from a Mol (see Table 1). On the other hand, if one goes to the heavier
normal %2 mechanism. It yields neither the product complex AHasanalogues, the enthalpy of the d5.r(A) (2e—5€) drops
of an SNZ reaction nor a Configuration rearranged to the be-low that of the reactants with values that range fr65‘|5
oxidative-addition product (as found for Pd CHsCI)57 in (SiHs) to —23.2 kcal/mol (Pbl); see Table 1. Accordingly,
which the leaving group has migrated around the substrate andth® TSs2-2(A) becomes more “educt-like” in the sense that
eventually coordinates to Pd, i.e., [Pd-&H H-] and AHs— both the absolute and relative stretchlr_wg of the leaving-group
Pd-H, respectively. Instead, we find palladium-induced dehy- A—H bond decreases further monotonically from 0.267 A, or

drogenation (or 1,1-elimination) of the substrate (eq 4): What 18% (SiH, 2€), to 0.221 A, or 12% (Pb 5); see Figure 1.
Note also that along this series the extent of-Hi bond

£ formation in the transition state decreases (i.e., thélHistance

PbH, 56.8 —16.8 21.8

H . . .
152" | M dehydr increases) and the agostic assistance by Pd becomes more
Pd + AHgH ——== | Pd---A | == PdAH, + H-H ) pronounced (i.e, the PeH distance becomes shorter); see Figure

v 1. In line with the decreasing barriers, the reaction becomes
exothermic with heats of reaction ranging fron12.0 (SiH)
happens is that the hydride leaving group is a sufficiently strong to —44.3 kcal/mol (Pbl); see Table 1.
base to abstract, in concert with its leaving the central atom, a The dehydrogenation pathway of Pd AH,, that is, the
proton from the AH cation that is coordinated to Pd (eq 4). formation of PdAH + Hy, is less exothermic than oxidative
This results in the formation of product complex [Pd(AH insertion, that is, the formation of AJRdH for A= C, Si, Ge,
(H2)1, in which H, binds weakly, i.e., by roughly 10 kcal/mol, and Sn, but for A= Pb, dehydrogenation isiore exothermic
to Pd (see Table 1). Eventually, PdAH H, are formed (eq than insertion: comparegfyar With Poyin in Table 1 (if one
4). The present dehydrogenation via 1,1-elimination is remi- compares thgroduct complexP Cyenyar With Poxin, the dehy-
niscent of the hydrogen fluoride elimination that occurs in the drogenation pathway becomes more exothermic than insertion
S\2-type mechanism of Pd- CHzF .1t already for A= Sn and is sdy more than 15 kcal/mdbr A
The reaction proceeds in all cases via the same type of= Pb). This trend of increasing relative stability of the
transition state, T§2>-ra(A), shown schematically in eq 4 and  dehydrogenation pathway is largely determined by the trend in
Scheme 1 and in scale in Figure 1. There is again a sharprelative stabilities of the carbene-type Aldpecies and Akl
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radicals. In Table 2, we have compared the reaction enthalpiesless so T&-shi(C) for Pd + CHa. In TSs2-a(C) (16), the

for homolytic A—H bond dissociation (eq 5) and:ldlimination A—H("leaving group”) bond breaking is ahead of the stretch
(eq 6) from AH, (see Table 2). in the second A-H bond that must be broken, and the shortest
H—Pd distance is significantly longer than in the product of

AH,— AH; + H’ (5) oxidative insertion Byn(C) (see Figure 1). In TiSshir(C) (1h),

it is the other way around: the-AH(“leaving group”) bond

AH,— AH,+H, (6) breaking lags behind the stretch in the secoreHAbond that

must be broken, which in addition has a-Rd distance that is
The A—H bond dissociation enthalp¥Hnomo decreases mono-  only somewhat longer than in the product of oxidative insertion
tonically from 102.2 (CH) to 56.8 kcal/mol (Pbl); see Table Poxin(C) (see Figure 2). Note that &o-ra(Si) (2€) for dehy-
2. This trend is even more pronounced for dehydrogenation of drogenation of Sild perfectly resembles T&%-r(C) (1€). But,
AH4 in which two A—H bonds are dissociated. Thus, the along GeH, SnH,, and PbH the resemblance of ES-ra(A)
dehydrogenation enthalpy decreases even more steeply fromwith TSs>-1a(C) decreases and that with TSH-shift(C)e(
108.9 kcal/mol for CH (which preferentially forms triplet increases (see Figures 1 and 2). In fact, what happens as we go
carbene) to—16.8 kcal/mol for PbH (all heavier AH, lead from A = C to Si is a merging on the PES of the two saddle
preferentially to singlet Ab); seeAHnomdS) andAHpomdt) in points TS, 2-ra(A) and TSy—snit(A). Our designation §2-ra for
Table 2. The fact that PiHt H; is more stable than PhHhas the dehydrogenation mechanism for #bSiH,;, GeH;, SnH,
been traced to a (scalar) relativistic effét¥e have confirmed PbH, is therefore not an exact categorization. It rather serves
that indeed the reactiagnergyAEgenyq:for conversion of Pbid as a reasonable choice of nomenclature to discuss the process.
into PbHy(s) + H2 is only exothermic £15.4 kcal/mol) if Finally, the OxIn product can undergo an automerization
relativistic effects are taken into account at ZORA-BLYP/TZ2P. reaction in which the hydride ligand at palladium is exchanged
It becomes endothermict8.0 kcal/mol) if relativistic effects ~ with a hydrogen of the AW moiety. The shape of the
are neglected at BLYP/TZ2P. Cy,-symmetric TS and the nature of the normal mode (see

Dehydrogenation via Oxidative Insertion.We are primarily arrows) are schematically depicted below:
interested in &H and A—H bond activation through OxIn or
Sy2 pathways (see Introduction). Nevertheless, the unexpected T
finding of the novel AH dehydrogenation mechanism described / —l
above prompted us to include for comparison the alternative H\Pd/"'\
and well-known stepwise mechanism for dehydrogenation,
which has been previously invoked in experimefftand
theoretical®1841 studies on the dehydrogenation (and other H,\\A\
H

pathways) of methane by transition metal cations Whis better
known mechanism proceeds via initial oxidative insertion,
followed by migration of a second hydrogen from A to the  The parrier relative to reactants associated with this TS
transition metal and, finally, reductive elimination of.H amounts to 36.7 (C)-7.4 (Si), —15.5 (Ge),—28.7 (Sn), and
Indeed, we find such a mechanism, but only forP€H..  _34 ¢ kcal/mol (Pb) (values not shown in Table 1) and is thus
However, as shown in Scheme 1, it differs from the mechanism gyyays lower than the barrier for subsequent dehydrogenation
found for Pt in that it proceeds, after oxidative insertion, via either via TS,z ra OF TSy_snit (Se€ Table 1).
only one additional transition state, W&r_,m(C), w_hich direc_tly Entropy Effects. Entropy effects at 298 K are important in
leads to the product complex Bé«(C), without prior formation e sense that they increase the magnitude of the activation free
of a dihydride intermediate [Pd(A{H)(H)]. The geometrical  gnergyAG* by a few kcal/mol, but they do not discriminate
nature of TS—shir(C) (Lh) differs from that of TS2—r(C) (1€) much between the various model reactions and mechanisms
with the evolving H being much closer to Pd in the former  ,nsidered (see Table 1). Thus, the 298 K activation entropies
than in the latter (see Figures 1 and S1). We have verified Act gre all negative and amount t617.1 cal/mol K for the
through IRC calculations that the two transition states correctly ,yiqative insertion of Pd in methane-19.6 to—23.8 cal/mol
connect the two different pairs of intermediates: 1T&in(C) K for the Sy2-type dehydrogenation mechanisms of-P&H4,
connects Byin With PCaenyas Whereas T§2—r(C) connects RC 5418 3 cal/mol K for the dehydrogenation of RACH, via
with PCaenyar Interestingly, the overall barrier of 47.0 keal/mol 1 5y shift occurring after initial OxIn (see Table S1). The
in the dehydrogenation of methane viaiT$i«(C) is slightly ~ ¢orresponding-TAS values are 5.1 (OxIn of Pé- CHy) to
higher than _that of our novel dehydrogenation mechanl_sm, 7.1 (S2-type dehydrogenation of Pé PbH;) kcal/mol (see
proceeding via T§2-r(C) at 46.8 kcal/mol (see Table 1). This  Tapje S1), which, in terms of relative activation free energies
suggests that transition metal-induced dehydrogenation ofAGﬂ;’ does essentially not change the picture that arises from
alkanes in the gas phase may also in other cases occur via OUfhe activation enthalpieAH* (see Table 1) or energieSE*
novel §i2-type mechanism. o (vide infra). Therefore, in the following, we focus on further
At this point, we wish to stress that our designation2s analyzing the origin of and difference between the energy
ra” for the dehydrogenation pathway of Pd SiH; and the barriersAE* of the reactions.
heavier congeners (vide supra) should not be overrated. This 3 5 Energy Profiles and the Activation Strain Model.To
designation is done on the basis of the geometrical nature of g5in insight into how the activation barriers of the different
the only TS for dehydrogenation of these £dAH, reaction reactions arise, i.e., insight into how they depend on the nature

systems, which more or less resembles that ¢{Z%(C) and of the concomitant geometrical deformation and electronic
re of | n r hey were analyz in
(39) Dyall, K. G.J. Chem. Phys1992 96, 1210. structu.e 0 catayst and subst ate,.t ey were a4?y eq using
(40) Irikura, K. K. Beauchamp, J. L. Am. Chem. S0¢991 113 2769. the activation strain model of chemical reactivit}?:#?In this
Irikura, K. K.; Beauchamp, J. LJ. Phys Chem 1991, 95, 8344.
(41) Perry, J. K.; Ohanessian, G.; Goddard, WOkganometallics1994 (42) Bickelhaupt, F. M.; Baerends, E. J.; Nibbering, N. M. ®hem.

13, 1870. Eur. J.1996 2, 196.
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Figure 3. Activation strain analysis along the reaction coordinate of the oxidative insertion (OxIn) f&d, with A = C, Si, Ge, Sn,
and Pb: (a) potential energy profileAE(C), and (b) their decompositiod\E() = AEgaidG) + AEin(8).

model, the activation energAE* is decomposed into the decomposition scheme developed by Ziegler and Réfrk.
activation straim\E¥gainand the transition state (TS) interaction
AE¥ (see eq 7): AE", = AV, + AEp,,;i+ AE, 8)
+ + + . .
AE" = AE gyan T AET, (7) The term AVes corresponds to the classical electrostatic
. interaction between the unperturbed charge distributions of the
The activation straithE*syainis the strain energy associated with  deformed reactants and is usually attractive. The Pauli repulsion
deforming the reactants from their equilibrium geometry to the AEp,,;comprises the destabilizing interactions between occupied
geometry they acquire in the activated complex. The TS orbitals and is responsible for the steric repulsion. The orbital
interactionAE¥ is the actual interaction energy between the interactionAE,; accounts for charge transfer (interaction between

deformed reactants in the transition state. occupied orbitals on one moiety with unoccupied orbitals of

In the present work, we use an extension of the activation the other, including the HOMOGLUMO interactions) and
strain model: the decomposition of the eneryi#*(¢) of the polarization (empty-occupied orbital mixing on one fragment
reaction system into straif\Esyai(G) of and interactiomAEy- due to the presence of another fragment).

(§) between the reactants is now carried out along the entire 3.3, Analysis of the Energy Profiles and Activation
reaction coordinatg, i.e., from reactants (or reactant complex) Barriers for Bond Activation. Direct Oxidative Insertion
to product (or product complex). This enables us to also (OxIn). The energy profileAE(Z) of the OxIn reactions of Pd
investigate why oxidative insertion of Pd into the-& bonds + AH, are shown in Figure 3a with the stretch of the activated
proceeds via a central barrier with a TS (first-order saddle point), A—H bond (relative to isolated Ap) as the reaction coordinate
whereas such a barrier is absent for the heavieHAbonds. £. The figure shows how oxidative insertion of Pid CHy
The reaction coordinate is determined through IRC computa- proceeds from RC(C)1p) via a barrier, TSxn(C) (10), to the
tions. In the case of P¢t CHy, the IRC computations start from  product Ryn(C) (1d), while the OxIn reactions of the heavier
the TS«n(C) (seelc in Figures 2) and lead to the reactant AH, occur barrier-free to the producihbh(A) with A = Si,
complex1b (Figure 1) and the produdtd (Figure 2). In the Ge, Sn, and Pb. In Figure 3b, we show the extended activation
case of the heavier AHsubstrates, the oxidative insertion strain analysis in which the net energy of the reaction system
proceeds barrier-free; that is, there is naJiRA) from which AE(£) is decomposed into the strain enery¥#()stain Of the
the IRC computations can start. In these cases, the IRCsubstrate Al (the bundle of five upper curves) plus the
computations were started from an artificial reactant complex interaction energy\E(%)in; between Pd and AlH(the bundle of
in which Pd coordinates end-on to ar-A bond, yielding a  five lower curves). Not all the details of the energy curves are
Cs,-symmetric species (see Figure S1). This species is a secondvisible on the scale of Figure 3b. But the two essential effects
order saddle point with two degenerate imaginary frequencies, causing the energy profilAE() of Pd+ CH, to proceed via
both corresponding to a mode that leads to the prodggh P a barrier are clear: (i) the strain energyE(%)syain for the
(see2d—5d in Figure 1). In addition to the OxIn reactions (eq reaction of methane is much higher than that of all otheg,AH
2), we also subjected the novekBtype dehydrogenation  which show smaller mutual differences; (i) the -Pslibstrate
mechanism of Pd- AH, to such an extended activation strain  of Pd+ CHy interactionAE({)in: is less stabilizing than that of
analyses along the reaction coordinate. all other AH;, in particular in the early stages of the reactions.
The TS interactioAE¥;,; between the strained reactants is The higher-energy strain curveE(f)syain for methane is the
further analyzed in the conceptual framework provided by the direct consequence of the well-known fact that theHCbond
Kohn—Sham molecular orbital (KS-MO) modékfor the OxIn is stronger than the SiH bond. To illustrate this, we compare
pathways of the heavier Atiwhich proceed without encounter-  the A—H bond dissociation enthalpies (eq 5) computed at
ing a TSun(A), we have chosen for this bonding energy
decomposition the point along the reaction coordinate at which  (43) Ziegler, T.; Rauk, ATheor. Chim. Actal977, 46, 1.
the A~H Stelch is equal to the GH strelch in TS.(C) (19 ¢ (44 Bckehaupt P M van Honmes, I, 3, R Fonseca Guerr,
of Pd + CHy). Thus, AEf is further decomposed into three  andgraaf, J. W.; Baerends, E. J.; Bickelhaupt, F.JMComput. Chem
physically meaningful terms (eq 8) using a quantitative energy 2004 25, 189.
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Figure 4. Schematic representation of the valence orbitals of AH
arising from the interaction between Bind AHs* (A = C, Si, Ge,
Sn, Pb).

Table 3. Activation Strain Analysis of the Oxidative
Insertion (OxIn) of Pd + AH, (A = C, Si, Ge, Sn, and P

CHs SiHa GeHs SnHy PbH,
Energy Decomposition (in kcal/mol)
AEF 3.9 —30.5 —31.0 —-38.1 —40.8
AE¥gtrain 52.2 38.8 37.3 31.3 29.5
AEFint —48.3 —69.3 —68.2 —69.3 —70.3
AEpauii 201.8 213.0 217.0 205.5 197.3
AVelst —159.2 —191.0 —194.5 —190.4 —181.1
AEq —90.9 —91.3 —90.8 —84.5 —86.5
VDD Atomic Charges in AH Fragmertt
A —0.031 +0.326 +0.302 +0.360 +0.329
He —0.014 —0.114 —0.120 —0.144 —0.144

aComputed at ZORA-BLYP/TZ2P. For Si, Ge, Sn, and Pb, the point
along the energy profile that corresponds to the saméi/stretching as
CHj, experiences is chosehVoronoi deformation density (VDD) atomic
charges; see ref 44H atom of the activated AH bond.

ZORA-BLYP/TZ2P: they decrease monotonically from 102
(C—H) to 88 (Si-H) to 77 (Ge-H) to 67 (Sn-H) to 57 kcal/

Organometallics, Vol. 25, No. 18, 2008657

Table 4. Activation Strain Analysis of the Dehydrogenation
Reaction of Pd+ AH4 (A = C, Si, Ge, Sn, and P

CH4 SiH4 GeH4 SnH4 PbH4
Energy Decomposition (in kcal/mol)
AEF 52.6 -2.3 —-4.1 —13.0 —21.6
AEFstrain 104.2 55.4 52.5 50.5 47.1
AEFin —51.6 —57.7 —56.6 —63.5 —68.6
AEpauii 222.4 213.2 190.9 184.0 176.2
AVelst —186.0 —195.6 —167.2 —164.9 —153.7
AEgi —87.9 —75.3 —80.3 —82.6 —-91.1
VDD Atomic Charges in AH Fragmerit
A —0.089 +0.110 +0.096 +0.123 +0.144
He +0.052 +0.017 —0.004 —0.012 —0.054
Hd +0.047 +0.061 +0.075 +0.066 +0.055

aComputed at ZORA BLYP/TZ2P2Voronoi deformation density
(VDD) atomic charges; see ref 44H atom of the activated AH bond,
i.e., the A-H(“leaving group”) bond9 H atom closest to Pd (sde—5ein
Figure 1).

amounts to 104 kcal/mol compared to-455 kcal/mol for the
heavier substrates. The TS interactis?kE*,; is also less
favorable for Pdt+ CHy, but the differences are not that much
pronounced (see Table 4). There is in fact also not a clear trend
in the repulsive and bonding componemEbay, AVeistas and
AE,) of the TS interaction along the various substrates.

An extended activation strain analysis, along the reaction
coordinate, confirms the above picture and also sheds some extra
light on the origin of the trend in activation strain (i.e., the sharp
decrease from methane to silane) and the absence of a
pronounced trend in TS interaction. The energy profi&%¢)
of the Sy2-type dehydrogenation reactions of PdAH, are
shown in Figure 5a with the stretch of the activatedA(“le-
aving group”) bond (relative to isolated AHas the reaction
coordinateZ. The figure shows how all reactions proceed via a
barrier, TS,2-a(A), to a situation in which an intactHnolecule
has been formed. The IRC computation drives aground on an
extremely shallow part of the PES just before the pronounced
product well of PGenyaris reached. It is also clear from Figure
5a that the barrier for Pe- CH, is much higher than for all
other reaction systems.

The more interesting information is contained in Figure 5b.
It shows the results of the extended activation strain analysis
in which the net energy of the reaction systehk(() is
decomposed into the strain enerd¥(C)swain Of the substrate
AH4 plus the interaction energq&E(&)int between Pd and AH

mol (Pb—H). The reason for this is the decreasing bond overlap Not all the details of the energy curves are visible on the scale
between the hydrogen 1s AO with the, along this series, still of Figure 5b, which is even a bit more messy than Figure 3a.

more diffuse AH 2g singly occupied molecular orbital (SOMO)
and the concomitant reduction in stabilization of the bonding
1s+ 2a combination in AH (see Figure 4). The less stabilizing
Pd—methane interactiodE({)in; is mainly due to the weaker
electrostatic interactiomMVeisiar between Pd and the more
compact carbon-based @hholecular orbitals and also because
of the less polar character of the-€l compared to the heavier
A—H bonds (see Table 3). This follows from the energy
decomposition of the Pemethane TS interactioAE";; in the
TSoxin(C), which is compared in Table 3 with the decomposition
of the Pd-substrate interaction at the point along the reaction
coordinate at which the AH stretch is equal to the-€H stretch
in TSoxin(C) (1¢) of Pd+ CHa.

Nucleophilic Attack Leading to Dehydrogenation. The
results of the activation strain analysis of th@S8ype pathway

But, again, the essential effects causing the energy pElg)
of Pd+ CHj, to proceed via a significantly higher barrier (and
to be significantly more endothermic) become very clear: (i)
the strain energAE(&)swainfor the reaction of methane is much
higher than that of all other All which show smaller mutual
differences; (i) the strain energ¥E(S)stain for the reaction of
methane increases monotonically, while that of all other; AH
increases at first much more steeply but then, actually before
reaching the T§2-ro(A), goes through a maximum and
afterward decreases; and (iii) the Pslibstrate interaction
AE(Q)inr of Pd + CH4 becomes more stabilizing along the
reaction coordinate, while that of Pelthe heavier AHbecomes
less stabilizing and does still so in the region around the
transition state T&y—ra(A).

The first two issues (i and ii) are related to both the different

leading to dehydrogenation as well as the decomposition of the starting points in this reaction step for methane (frompRE

TS interactionAE¥ are collected in Table 4. They suggest

that the main source of the much higher barrier for dehydro-

(C), 1b) and the heavier substrates (from«R(A), 2b—5b) as
well as the much stronger-€H bond (vide supra). The former

genation of methane is the much higher activation strain, which causes the straiNE(Z)syain to already start at a higher energy
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Figure 5. Activation strain analysis along the reaction coordinate of the dehydrogenation-bfAdl, with A = C, Si, Ge, Sn, and Pb:
(a) potential energy profileAE(§), and (b) their decompositiod\E(8) = AEsyaid&) + AEin(S)-

because effectively, in d&3in(A), one A—H bond is already due to less attractive electrostatic interaction with the compact
broken, while in RGyn(C), no C-H bond is broken. The latter ~ and less polar charge distribution of methane.

translates into an even largdifferencen stability between Chl Interestingly, and in contrast to previous findings for chlo-
and the heavier Ak which are about 60 (Sigl to 135 kcal/ romethane, backside nucleophilic attack of-P&€H, does not
mol (PbH) more stable (see Table 2). Thus, after an initial yield an alternative @-type mechanism for oxidative addition
increase of the strain, the formation of the-H bond can cause  in which the leaving group (here: Bimigrates around the GH

the AE(&)sraincurve of the heavier substrates to go down again, moiety toward Pd. Instead, the process evolves into a novel
i.e., to become more stable (see Figure 5b). It can however notmechanism for-elimination of molecular hydrogen in which
turn the trend in the case of methane, resulting in the monotonicthe H~ leaving group abstracts a proton from €Hrhis

increase in strain along the reaction coordinate. dehydrogenation pathway is however not competitive with
The third issue (iii), i.e., opposite trends WE(L)in for oxidative insertion due to a significantly higher barrier.
methane and the heavier substrates, is again related to the Yet, the novel {2-type dehydrogenation has a barrier that
different starting points in this reaction step, namely,dg¢ is essentially of the same height as that of the better-known
(C) (1b) for the former and Bun(A) (2d—5d) for the latter. stepwise dehydrogenation that proceeds via consecutive oxida-

The TS interactio\E()in: of Pd with methane becomes more tive insertion and H migration from GHo Pd. Therefore, the
stabilizing as this initially (in RGyn(C)) intact molecule gets  question arises whether such ag28ype mechanism might
more and more deformed. On the other hand, the TS interactionbecome feasible and active (besides the regular stepwise
AE(Z)int of Pd with the heavier Ahlis from the outset (in &n- mechanism) in those reactions (see, for example, M
(A)) relatively stabilizing and becomes only less stabilizing as CH,)16-18 in which dehydrogenation is know to occur.
we approach the situation with a relatively poorly ligating Finally, for Pd+ SiH, and the heavier congeners, there is
molecular hydrogen ligand in Rgrya(A). This also implies that only one TS for dehydrogenation. On the basis of the geo-
the AE()inx curves of methane and those of the heavier metrical resemblance (especially for Q)tdf this TS with the
substrates approach each other as the reaction proceeds towanabvel TS 2-2(C) found for Pd+ CH,, we have categorized
the transition state. However, the relatively great similarity in the dehydrogenation pathway of the heavier substrates as the
TS interaction valueAE" in Table 4 is probably a matter of  novel S2-type mechanism. We stress however that what
coincidence. happens in fact is a merging on the PES of the two saddle points
TSs2-ra(A) and TSi—shir(A), and our categorization agy&-ra
4. Conclusions of the dehydrogenation mechanism forPISiHs, GeH,, SnH,,

. . . PbH, should thus not be overrated.
Methane, silane, and the heavier AEbngeners react with

palladium preferentially via oxidative insertion into the-Al Acknowledgment. The authors would like to thank the
bond, as follows from our theoretical investigation at ZORA- Netherlands Organization for Scientific Research (NWO) for
BLYP/TZ2P. The reaction proceeds for methane via a small financial support.

barrier, while the process is barrierless and significantly more

exothermic for silane and the heavier Adubstrates. Using
the activation strain model of chemical reactivity, we have trace
the higher barrier and smaller exothermicity in the case of Pd
+ CHa to two main factors: (i) the higher strain associated with
the stronger €H bond and (ii) the weaker PdCH, interaction OM060274G
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