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Well-designed gas-phase reactions of transition-metal frag-
ments using advanced mass-spectrometric techniques in
conjunction with theoretical studies have greatly helped in
uncovering mechanistic aspects underlying metal-mediated
bond activation, in particular that of saturated hydrocar-
bons.! While factors like the significant energies required for
both homolytic and heterolytic C—H bond cleavage, negli-
gibly small (if not negative) electron affinities, large ioniza-
tion energies, and extremely high pK, values of the organic
substrates” make the selective activation of, for example,
methane, quite difficult, there is compelling evidence that
transition-metal complexes help to surmount some of the
obstacles.*”!

For thermal gas-phase reactions of transition-metal ions
with methane, two strategies have proven useful: 1) In the
spontaneous dehydrogenation of CH, by “bare” atomic or
cluster metal ions [Eq. (1)], advantage is taken of the huge

M* + CH, — M(CH,)* + H, (1)

relativistic stabilization exhibited by 5d transition-metal
cations in forming metal-carbon bonds.'"" 2) Ligand effects
have been employed either to alter the electronic structure of
the metal-ion core or to prepare reactive centers, which are
then capable to bring about homolytic C—H bond cleavage.
As an example of the former category, diatomic metal-
hydride cations MH" serve as an illustrative case. Whereas
the naked 3d metal ions M" (M =Fe, Co, Ni) do not bring
about thermal C—H bond activation, the corresponding MH*
ions give rise to efficient H/CH; ligand exchange [Eq. (2)],

MH" + CH, — [M(CH,)]* + H, 2)

with reactivities increasing from FeH* to NiH""

As to the second option, some binary (and higher order)
metal oxides, in contrast to their metal cations, often exhibit
room-temperature H-abstraction reactivity [Eq. (3)]; this is
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MO™ + CH, — [M(OH)]* + CHy 3)

because the presence of an oxygen-centered radical in the
oxide as well as significant O—H bond energies in the product
provide sufficient kinetic and thermodynamic driving
forces."** For example, Mn" is the least reactive 3d tran-
sition-metal cation toward alkanes, whereas MnO™ is the most
reactive one,® and other efficient systems include FeO*,/®!
MgO™,1l MoO,* . ReO;* 1 05O, [* and V,0,,5*9 the
latter serves as a rare example for a highly reactive cluster
oxide cation radical.

Much less is known about the potential role of 4d
transition-metal systems in thermal activation of methane,
and the prospects have been judged as less promising. For
example, atomic Pd™ is extremely unreactive in the gas phase
owing to the inability of its ground state to undergo oxidative
insertion, and its lowest excited quartet state is much too high
in energy to engage in thermal bond activation;" in fact,
none of the processes summarized in Equation (4) occur.”

— »  [PdCHy)]" +H,
Pd" + CHy /—t—= PdH"+CHy )
L— > [Pd(CH3)]' +H"

However, Pd" species exhibit contrasting behavior in their
gas-phase reactivity; for example, while Pd* reacts only
sluggishly even with the otherwise rather reactive substrate
CH,l, the Pd" alkyl complex [Pd(CH;)]" undergoes bond
activation with collision efficiency at room temperature
[Eq. (5)], thus pointing to an enhanced reactivity of this
oxidation state.[®)

[Pd(CH;)]* + CH;I — [Pd(CH,I)]* + CH, Q)

This observation and the previous findings that the
Group 10 metal-hydride cations NiH*™* and PtH* ' activate
methane at low temperature [Eq. (2)] prompted us to extend
our earlier studies**!”! to PAH*. While the latter hydride has
been characterized computationally at great length,™ to the
best of our knowledge its chemical reactivity toward C—H
bond activation has not been reported.

Here we will describe experiments with a quadrupole-
based mass spectrometer equipped with an electrospray
ionization (ESI) source (for details, see the Experimental
Section). Upon ESI of a solution of PdCl, in CH;0H, under
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harsh ionization conditions (cone voltage ca. 80 V) one can
generate PAH" in yields sufficient to permit reactivity studies
of mass-selected ions with methane. In distinct contrast to
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Figure 1. lon—molecule reaction of thermalized mass-selected PdH"
with CH, at E;;=0eV.

completely inert atomic Pd*, the cationic palladium hydride
undergoes at room temperature a H/CHj; ligand exchange
(Figure 1) with an efficiency of 120 % (relative to the rate of
methane activation by NiH").

As to the specificity of the ligand-exchange process
[Eq. (6)], isotopic-labeling experiments with the couples
described in Equations (7a-7d) are quite revealing.

PdH* + CH, — Pd(CH;)* + H, (6)
L [PA(CD5)]" + HD
PdH™+ CD, (72)
[21% [PA(CD,"+ D,
% [PA(CD,H)™ + H,
PAH'+ CHoDy — 4% o (PA(CDH,)]" + HD (7b)
2% [PA(CH;)|" + D,
20% _ pd(CH,D) + H,
PdD'+ CHy — (7c)
0,
80% o [Pd(CHy)[" + HD
S% L [PA(CD;)]" + H,
0,
PdD’+ CHyDy —— 1% o [PA(CD,H)| + HD (7d)
| 34% _ [pd(CDH,)] + D,

A detailed model'” of the labeling distributions for these
four couples demonstrates that the direct hydrogen/methyl
ligand exchange amounts to 70 %, and 30 % of all hydrogen/
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deuterium atoms undergo scrambling prior to loss of molec-
ular hydrogen (and its isotopic variants). For the direct
reaction an averaged kinetic isotope effect of KIE =1.6 and
for the latter process an averaged KIE = 1.2 are derived, thus
suggesting that breaking of the Pd—H(D) and C—H(D) and
forming the H-H(D) bonds contribute slightly to the rate of
the overall process. Given the limited set of data, a further
decomposition of the KIEs to individual components is not
warranted.

Insight into the mechanistic details of the C—H bond
activation of methane by PAH" has been obtained by B3LYP
calculations (for computational details, see the Experimental
Section). Coordination of the alkane with the cation is
associated with a relatively large gain of energy, —84 kJ mol ™
(Figure 2), resulting in n? coordination between the palladium

. o
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Figure 2. Energy diagram (in k) mol™") for the reaction of PdH" and
methane. The values are relative to the entrance channel and corrected
for zero-point vibrational energies.

atom and a C—H bond of the incoming hydrocarbon. Next,
this encounter complex 1 proceeds via a properly character-
ized, o-metathesis-like transition structure (TS 1/2): The
formal oxidation state of Pd" is retained in the [Pd-
(CH;3)(H,)]" intermediate 2 from which, in a barrier-free
process, molecular hydrogen is liberated with an overall
exothermicity of —21 kJ mol ™ relative to the reactants. As the
transition structure TS 1/2 is located energetically below the
entrance and exit channels and rotation around the (H,)Pd—
(CH;)" bond in 2 requires at most only a few kJmol ™, the
energy profile depicted in Figure 2 also explains qualitatively
the occurrence of hydrogen/deuterium scrambling processes
[Eq. (7a-7d).®! Inspection of the geometric details (Table 1)
of the species involved in reaction (6) reveals a smooth
breaking and making of carbon-hydrogen, palladium-hydro-
gen, and hydrogen-hydrogen bonds, respectively. We note in
particular the features of the transition structure TS 1/2 in
which the migrating hydrogen atom H2 interacts with three
centers simultaneously, that is, the carbon, palladium, and
hydrogen H(1) atoms. As required for a o-metathesis process,
in TS 1/2 the atoms H1, H2, Pd, and C are coplanar; based on
internal reaction coordinate calculations,'¥ rotation of the
orthogonal Pd—H1 and C—H2 vectors in the encounter
complex [Pd(H)(CH4)]" (1) en route to the transition
structure occurs smoothly with a small rotational barrier
(<6 kImol™"); the latter does not contribute to the overall
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Table 1: Relevant bond lengths (in A) of B3LYP-calculated geometries of the species involved in the reaction: Pd(H)* +CH,—[Pd(CH;)]" + H,.

Bond PdH"/CH, [Pd(H) (CH)T" 1 TS1/2 [Pd(CH;) (H)]" 2 TS1/3 [Pd(H) (H)(CH5)]* 3 TS 3/2 [Pd(CH3)]"/H,
Pd—H1 1.477 1.480 1.592 1.731 1.499 1.505 1.527

Pd—H2 1.946 1.653 1.732 1.531 1.505 1.527

Pd—H3 2.167

Pd—C 2.342 2.143 2.015 2.106 2.040 2.035 1.999
C—H1 2.497 2.427 2474

C—H2 1.090 1.134 1.550 2.685 1.170 2.427 2474

C—H3 1.108

H1-H2 2.305 1.017 0.838 1.840 1.794 1.391 0.744

barrier. The nascent bond formation between H1 and H2 in
TS 1/2 is indicated by a bond length of 1.017 A;, in the
intermediate [Pd(CH;)(H,)]" (2) the H1-H2 bond length
(0.838 A) is almost comparable to that in free H,.

As the o-metathesis process 1=2TS1/2+2 is rather excep-
tional for a late-transition metal like palladium,’ we have
searched for alternative routes. In fact, in addition to the
direct equilibrium reaction 172, an independent oxidative
addition-type path exists (1=23=2). At the theoretical level
used, the relevant transition structure TS 1/3 is energetically
comparable to TS 1/2. The assignment of a formal oxidation
state IV for palladium in intermediate 3 is supported by the
rather long H1—H2 distance of 1.794 A, the short Pd—H bonds
(each 1.505 A), and a Pd—C bond length of 2.040 A. The
subsequent reductive elimination proceeds on a flat potential
energy surface via the practically isoenergetic TS 3/2 in a
process that is typical and facile for Pd™'® to give the
complex [Pd(CH;)(H,)]* (2) rather than reverting to 1. Thus,
path 1=3 does not constitute—as conjectured by a reviewer—
an alternative H/D equilibration variant but simply opens up
an additional channel to link 1=2.

While the thermal reactions of MH* (M = Ni, Pd, Pt)*!*!
with methane have many features in common, fundamental
differences exist with regard to the details of the potential
energy surfaces and thus to the actual reaction mechanisms:
As already shown by Zhang and Bowers,*! the Ni-mediated
H/CH; ligand exchange constitutes a textbook example for
the operation of “two-state reactivity” (TSR) ['*"1"l because
crossings between the high-spin and low-spin potential-
energy surfaces take place at both the entrance and the exit
channels of reaction (2) (M =Ni). Thereby, a pathway is
opened up that bypasses an energetically rather unfavorable
transition structure associated with a spin-conserving o-
metathesis process on the high-spin ground-state surface.
This TSR scenario is favored by the relatively small energy
separation (< 100 kJmol ') of the two relevant spin states of
NiH", that is, ground-state A and excited 'S". In distinct
contrast, the PdAH'/CH, couple can be fully explained without
invoking a multistate pattern. As the excited states of PdAH"
(A and °TI) are > 320 kJ mol™" higher in energy than the '=*
ground state, they are too high in energy to contribute to a
TSR scenario; instead, the whole reaction proceeds on the
singlet potential-energy surface in a spin-conserving manner.
Finally, for the PtH*/CH, system, one encounters yet another
electronic situation. Here, the 'S and A states are practically
isoenergetic!''®l and spin—orbit coupling for heavy elements
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is generally rather efficient;!™1"*" thus, a multitude of both
single- and multistate reactivity routes are accessible in the
course of the platinum-mediated H/CHj; ligand exchange.
Obviously, for the three formally related Group 10 metal-
hydride cations in their thermal reaction with methane and
with regard to the mechanistic details it seems appropriate to
use the phrase “the same and not the same” coined by
Hoffmann in a different context.

Experimental Section

The experiments were carried out using a VG BIO-Q mass
spectrometer with QHQ configuration (Q: quadrupole, H: hexapole)
equipped with an electrospray ionization source as described in detail
previously.”! In brief, the cations PAH" and PdD* were formed from
a millimolar solution of PdCl, in CH;OH and CD;OD, respectively.
The ions containing palladium were readily identified by their
characteristic isotope pattern. Experiments with PdH" were con-
ducted by mass selection of the isotopomer involving the most
abundant '*Pd isotope without isobaric interferences by other isotope
compositions. To avoid isobaric overlap, for the experiments with
PdD* the less abundant isotope 'Pd was employed. After mass
selection by means of Q1, the thermalized ions were exposed to react
with methane in the hexapole at room temperature and at pressures
on the order of 10~* mbar, which is considered to correspond to nearly
single-collision conditions, and the ionic products were detected using
Q2. Ion-reactivity studies were performed at an interaction energy in
the hexapole (E,,;) nominally set to 0 V.

In the computational studies the geometries of all species were
optimized at the B3LYP level of theory™ as implemented in the
Gaussian 03 program package!®! using basis sets of approximately
triple- quality. For H and C atoms these were the triple-§ plus
polarization basis sets (TZVP) of Ahlrichs and co-workers.”! For
palladium, Stuttgart-Dresden scalar relativistic pseudopotentials
(ECP28MWB replacing 28 core electrons) were employed in con-
junction with the corresponding (8s,7p,6d)/[6s,5p,3d] basis set describ-
ing the 4s5s4d valence shell of Pd.?**) The nature of the stationary
structures as minima or saddle points was characterized by frequency
analysis, and internal reaction coordinate calculations were per-
formed to link transition structures with the intermediates shown in
Figure 2.1
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