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Introduction

The commonly invoked mechanisms for transition-metal-
mediated C�H bond activation include oxidative addition/
reductive elimination (OA/RE) and s-bond metathesis (s-

BM; Scheme 1). Although the latter is typical for d0 metals
and requires no intermediates, the former is inherently a
multistep reaction and is associated with a change of formal
oxidation states. Examples of OA/RE processes often in-
clude complexes of electron-rich, late transition metals.[1]

More recently, quite a few systems surfaced in which late-
transition-metal complexes were reported to bring about,
for example, isotope exchange without exhibiting the fea-
tures characteristic of an OA/RE reaction.[2] Therefore,
based on experimental data and computational studies, a
mechanistic variant was suggested in which s complexes un-
dergo a metathesis process, and the term s-complex-assisted
metathesis (s-CAM) has been introduced to distinguish the
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Abstract: The degenerate ligand ex-
change in [M ACHTUNGTRENNUNG(CH3)]

+/CH4 couples
occurs in the gas phase at room tem-
perature for M=Ni, Ru, Rh, Pd, and
Pt, whereas the complexes containing
Fe and Co are unreactive. Details of
hydrogen-atom scrambling versus
direct ligand switch have been uncov-
ered by labeling experiments with CD4

and 13CH4, respectively. The reactivity
scale ranges from unreactive (M=Fe,
Co) or inefficient (M=Ni, Pd) to mod-
erately (M=Ru) and rather reactive
(M=Rh, Pt). Quite extensive, but not
complete, H/D exchange between the
hydrogen atoms of the incoming and
outgoing methyl groups is observed for
M=Pt, whereas for M=Ni and Pd a
predominantly direct ligand switch pre-
vails. DFT calculations performed at
the B3LYP level of theory account well
for the thermal nonreactivity of the Fe

and Co couples. For [Ni ACHTUNGTRENNUNG[CH3)]
+/CH4, a

s-complex-assisted metathesis (s-
CAM) is operative such that, in a two-
state reactivity (TSR) scenario, two
spin flips between the 3A ground and
1A excited states take place at the en-
trance and exit channels of the encoun-
ter complexes. For M=Ru and Rh,
only oxidative addition/reductive elimi-
nation (OA/RE) is favored energetical-
ly, and the reaction is confined to the
electronic ground states 3A and 2A. In
contrast, for the [Pd ACHTUNGTRENNUNG(CH3)]

+/CH4

system, on the 1A ground-state poten-
tial-energy surface both the OA/RE
and s-CAM variants are energetically
comparable, and the small reaction ef-

ficiency for the ligand switch is reflect-
ed in transition states located energeti-
cally close to the reactants. For the [M-
ACHTUNGTRENNUNG(CH3)]

+/CH4 complexes of the 5d ele-
ments, the s-CAM mechanism does
not play a role. For M=Pt, the ener-
getically most favored path proceeds in
a spin-conserving manner on the 1A
potential-energy surface, which ac-
counts for the extensive single and
double hydrogen-atom exchange pre-
ceding ligand exchange. Although for
M=Os and Ir the [M ACHTUNGTRENNUNG(CH3)]

+ com-
plexes could not be generated experi-
mentally, computational studies predict
that both systems may undergo thermal
reaction with CH4, and an OA/RE
mechanism will commence on the re-
spective high-spin ground states; how-
ever, the bond-activation and ligand-
exchange steps will occur on the excit-
ed low-spin surfaces in a TSR scenario.

Keywords: ligand exchange · meta-
thesis · methane · reaction mecha-
nisms · transition metals
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route 1!7!5 from a direct four-center s-BM rearrange-
ment proceeding through 6 (Scheme 1).
Although attempted distinctions of mechanistic variants

may be reminiscent of numerous, occasionally semantic, de-
bates about the role of concepts in chemistry or the nature
of chemical bonding,[3] technical distinctions seem to exist
and demarcation into categories can be useful provided one
does not forget that the “real” mechanism may well lie in a
continuum defined by the extremes of these classifica-
tions.[2,4]

A good example to underline the mechanistic manifold
operative in formally similar processes concerns the recently
reported thermal activation of methane by group 10 metal
hydrides [MH]+ [Eq. (1)].

Although the reactions of these diatomic [MH]+ ions with
methane have many features in common,[5] fundamental dif-
ferences exist with regard to the details of the potential-
energy surfaces (PESs) and thus to the actual reaction
mechanisms. As shown by Zhang and Bowers,[5c] the Ni-
mediated H/CH3 ligand exchange constitutes a textbook ex-
ample of the operation of “two-state reactivity” (TSR)[6] be-
cause crossings between the high-spin and low-spin surfaces
take place at both the entrance and exit channels of reac-
tion (1) (M=Ni). Thereby, a pathway is opened up that
avoids an energetically rather unfavorable transition struc-
ture associated with a spin-conserving s-metathesis process
on the high-spin ground-state surface. This TSR scenario is
favored by the relatively small energy separation
(<100 kJmol�1) of the two relevant spin states of NiH+ ,
that is, ground state 3D and excited 1�+ . In distinct contrast,
the [PdH]+/CH4 couple can be fully explained without in-
voking a multistate pattern. As the excited states of [PdH]+

(3D and 3Q ) are >320 kJmol�1 higher in energy than the
1�+ ground state, they are too high in energy to contribute
to a TSR scenario; instead, the whole reaction proceeds on
the singlet PES in a spin-conserving manner. However,
based on DFT calculations in reaction (1), both the OA/RE
and s-CAM mechanisms are indistinguishable energetical-
ly.[5f] Finally, for the [PtH]+/CH4 system, one encounters yet
another electronic and mechanistic situation. Here, the 1�+

and 3D states are practically isoenergetic[7] and, as spin–orbit
coupling for heavy elements is generally rather efficient,[8] a
multitude of both single- and multistate reactivity routes are
accessible in the course of the platinum-mediated H/CH3

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
is deemed appropriate to employ the phrase “the same and
not the same” coined by R. Hoffmann in a different con-
text.[9] Furthermore, based on theoretical considerations, a
continuum of mechanisms has also been suggested for the
condensed-phase reactions of methane with various organo-
metallic complexes including the transition metals Fe, Ru,
Rh, Pd, Os, Ir, and Pt.[4c,10]

Herein, we describe the degenerate ligand exchange of
seven late-transition-metal complexes with methane
[Eq. (2)] in the gas phase. To this end, [M ACHTUNGTRENNUNG(CH3)]

+ ions were
generated by different means (see Experimental Section),
mass-selected, and reacted at room temperature with CD4

and 13CH4. The experimental findings were compared with
DFT-based computational studies in the hope of revealing
the mechanisms operative in these thermoneutral ligand-ex-
change processes. Combined experimental/theoretical inves-
tigations of this type have been implicated and suggested as
appropriate models for probing qualitatively the mechanistic
aspects of the scenario depicted in Scheme 1.[2,4] Although
there have been numerous computational attempts to gener-
alize bond-activation mechanisms in terms of spin-state fea-
tures,[5a,f, 6, 7] a systematic approach for describing coherently
a set of related reactions, for example, degenerate ligand ex-
change processes, has not yet been reported [Eq. (2)].

Scheme 1. Mechanistic variants for transition-metal (ML)-mediated C�H bond activation of hydrocarbons RH: oxidative addition/reductive elimination
(OA/RE), s-bond metathesis (s-BM), and s-complex-assisted metathesis (s-CAM).
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Experimental and Computational Details

In the present gas-phase studies two different mass spec-
trometry-based techniques were employed.[11] In one set of
experiments a Spectrospin CMS 47X Fourier transform ion
cyclotron resonance (FTICR) mass spectrometer[12]

equipped with a Smalley-type[13] cluster-ion source[14] was
used. In brief, the beam of a pulsed Nd:YAG laser operating
at 1064 nm is focused on a rotating pure metal target to gen-
erate a hot metal plasma entrenched in helium to bring
about (partial) thermalization. After transfer of the thus-
produced ions to the ICR cell by means of a set of electro-
static potentials and lenses, the cationic species of interest
are mass-selected using the FERETS ion-ejection proto-
col,[15] collisionally thermalized, and reacted by pulsing-in a
mixture of methyl iodide and argon (1:2 ratio) to generate
[M ACHTUNGTRENNUNG(CH3)]

+ ions, according to Equation (3).

For M=Fe, Co, and Pt the formation of the cationic metal–
methyl complexes is exothermic[16] and does occur; for the
other transition-metal cations this route fails because the re-
action is either endothermic, hindered by a barrier or, as for
palladium, the transiently produced [Pd ACHTUNGTRENNUNG(CH3)]

+ cation un-
dergoes an extremely efficient secondary reaction with the
substrate [Eq. (4)][17]:

thus preventing the buildup of sufficiently large concentra-
tions of [Pd ACHTUNGTRENNUNG(CH3)]

+ for probing the ligand exchange accord-
ing to Equation (2).
For iridium, yet another problem was encountered. Al-

though atomic Ir+ reacts with CH3I upon expulsion of IC, the
resulting cationic product has the structure of an iridium hy-
dride carbene complex [Ir(H) ACHTUNGTRENNUNG(CH2)]

+ , as evidenced by colli-
sion-induced dissociation (CID) experiments and ion–mole-
cule reactions. Finally, for osmium all attempts so far have
failed to produce the required [OsACHTUNGTRENNUNG(CH3)]

+ ion.
For probing the ligand exchange, the mass-selected and

thermalized [M ACHTUNGTRENNUNG(CH3)]
+ ions were subjected to ion–molecule

reactions with leaked-in CD4 at stationary pressures of the
order of 10�8 mbar. The experimental second-order rate con-
stants k are evaluated on the basis of the pseudo-first-order
approximation with an absolute error of �30%;[18] ion-

gauge sensitivities[19] and calibration factors[18] were taken
into account. The reaction efficiencies frel are given relative
to the [Pt ACHTUNGTRENNUNG(CH3)]

+/CH4 system, which itself has an absolute
efficiency of 2% when expressed by the ratio of the bimo-
lecular rate constant k and the rate constant derived from
the average dipole orientation (ADO) approach.[18,20]

Except for Ir+ and Os+ , some of the [M ACHTUNGTRENNUNG(CH3)]
+ com-

plexes that could not be generated by reacting atomic M+

with CH3I in the FTICR experiments were produced by
ESIMS using a commercial VG BIO-Q mass spectrometer
with QHQ configuration (Q: quadrupole, H: hexapole)
equipped with an ESI source, as described in detail previ-
ously.[21] In brief, the [M ACHTUNGTRENNUNG(CH3)]

+ ions were formed from mil-
limolar solutions of metal halides in methanol or ethanol,
respectively, under relatively harsh ionization conditions
(typical cone voltages were around 70–100 V).[22] After mass
selection by Q1, the thermalized [M ACHTUNGTRENNUNG(CH3)]

+ ions (identified
by their characteristic isotope pattern and by CID experi-
ments) were exposed to react with CD4 or

13CH4 admitted
to the hexapole collision cell at room temperature and at
pressures on the order of 10�4 mbar; this pressure regime is
considered to correspond to nearly single-collision condi-
tions. Ionic products were analyzed by using Q2. The ion-re-
activity studies were performed at an interaction energy in
the hexapole nominally set to 0 eV.[5d,23] With these two
techniques, except for M=Os and Ir, all other group 8–10
transition-metal complexes [M ACHTUNGTRENNUNG(CH3)]

+ could be generated
and studied experimentally.[11]

In the computational exercise the geometries of all spe-
cies were optimized at the B3LYP level of theory,[24] as im-
plemented in the Gaussian 03 program package[25] using
basis sets of approximately triple-x quality. For H and
C atoms these were the triple-x plus polarization basis sets
(TZVP) of Ahlrichs and co-workers,[26] and for Fe, Co, and
Ni atoms the TZVP basis sets were augmented by f func-
tions as developed by Wachters.[27] For the transition metals
Ru, Rh, Pd, Os, Ir, and Pt, the Stuttgart–Dresden scalar rel-
ativistic pseudopotentials were employed in conjunction
with the corresponding basis sets.[28]

The nature of the stationary structures as minima or
saddle points was characterized by frequency analysis, and
intrinsic reaction coordinate (IRC) calculations were per-
formed to link transition structures with the intermediates
shown.[29] Relative energies (given in kJmol�1) are corrected
for unscaled zero-point vibrational energy contributions;
bond lengths are given in Sngstroms and angles in degrees.

Results and Discussion

We will proceed in three steps. First, the relative efficiencies
frel of the degenerate ligand exchange for the [M ACHTUNGTRENNUNG(CH3)]

+/
CH4 couples will be presented (Table 1); this is followed by
a discussion of the labeling experiments (Table 2). Finally,
the experimental findings will be contrasted and compared
with the outcome of the computational studies (Table 3, Fig-
ures 1, 2, and 3). In the latter, we will also include a brief
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analysis of the [Ir ACHTUNGTRENNUNG(CH3)]
+ and [Os ACHTUNGTRENNUNG(CH3)]

+ systems, although
they could not be investigated experimentally.
As shown in Table 1, the [M ACHTUNGTRENNUNG(CH3)]

+ ions of the third-row,
late-transition-metal cations Fe+ and Co+ do not undergo

thermal ligand exchange with methane, that is, their rate
constants must be <10�14 cm3molecule�1 s�1. For the [Ni-
ACHTUNGTRENNUNG(CH3)]

+/CH4 couple, however, the ligand switch occurs with
a relative efficiency that is rather small (frel=7%). These
observations are somehow analogous to the behavior of the
related [MH]+/CH4 systems [Eq. (1)], which also exhibit a
significantly higher reactivity for the nickel complex com-
pared to those containing iron and cobalt.[5c] In contrast to
the complexes of the 3d metal ions, the 4d analogues possess
higher reactivities for [Ru ACHTUNGTRENNUNG(CH3)]

+ and [Rh ACHTUNGTRENNUNG(CH3)]
+ but, sur-

prisingly, a rather modest efficiency of only frel=2% for
palladium. Finally, the [Pt ACHTUNGTRENNUNG(CH3)]

+/CH4 couple undergoes
ligand exchange with the highest efficiency (f=2% in
terms of ADO).
Some insight into the course of the reactions is provided

by labeling experiments (Table 2). Irrespective of their quite
varying efficiencies, for the complexes with M=Ni, Ru, Rh,
and Pd the contribution of a direct ligand exchange CH3!
CD3 is rather high; nevertheless, single and some double hy-
drogen/deuterium-atom exchange between the incoming
and outgoing methyl groups precedes the actual ligand
switch. In contrast, for the Pt system the fraction of direct
ligand exchange is negligible. Instead, the labeling data
reveal extensive single, double, and even some triple H/D

exchange without reaching a complete scrambling of all
seven hydrogen/deuterium atoms. Interestingly, extensive H/
D exchange has also been reported for the Pt+-based meth-
ane activation in solution.[30] A quantitative analysis of the
individual contributions of direct ligand exchange, hydro-
gen/deuterium scrambling, and the possible operation of ki-
netic isotope effects is not meaningful for the systems inves-
tigated given the limited set of data available.[22b,31] For the
[M ACHTUNGTRENNUNG(CH3)]

+ ions with M=Rh, Pd, and Pt, thermal reactions
with 13CH4 have been performed as well. These three com-
plexes were chosen on the grounds that they cover systems
that exhibit low (M=Pd), intermediate (M=Rh), and
higher (M=Pt) reaction efficiencies and—with regard to the
competition of hydrogen-atom scrambling versus direct ex-
change—encompass scenarios of very extensive H/D ex-
change (M=Pt) as well as high contributions of a direct
ligand switch (M=Pd, Rh). Without any exception, the oc-
currence of the thermal exchange process [Eq. (2b)] has
been verified, and for M=Rh and Pd the reaction efficien-
cies are comparable to those measured for their deuterated
analogues, whereas for the [Pt ACHTUNGTRENNUNG(CH3)]

+/13CH4 system we note
a drop in reactivity. This finding is in line with the hydro-
gen/deuterium scrambling results, which are rather extensive
for the [Pt ACHTUNGTRENNUNG(CH3)]

+/CD4 couple, thus demonstrating the oper-
ation of a set of forward/backward reactions; of course,
these do not show up in the experiment with 13CH4.

[31d] Fi-
nally, from Table 2 we note a very close labeling distribution
for the [Pt ACHTUNGTRENNUNG(CH3)]

+/CD4 couple irrespective of the mode of
[M ACHTUNGTRENNUNG(CH3)]

+ formation, that is, through reacting atomic M+

with CH3I (FTICR) or generation from solutions of plati-
num halides in CH3OH (ESI); this finding suggests that we
are probing the inherent features of the reactions. If there
are any internal energy effects, at least for the present case,
they are not significant.
In Table 3 the relative energies, based on B3LYP calcula-

tions, are given for all nine [M ACHTUNGTRENNUNG(CH3)]
+/CH4 couples in their

two lowest electronic spin states. Except for Ru ACHTUNGTRENNUNG(CH3)
+ , the

assignments for the most stable spin state concur with previ-
ous theoretical studies performed at higher levels of
theory.[32] In these previous, detailed investigations, in addi-
tion to making a comparison of computational methods, the
focus was on a rigorous description of the electronic struc-
tures and the energetic features of [M ACHTUNGTRENNUNG(CH3)]

+ ions; mecha-
nistic aspects, as depicted in Scheme 1, were not addressed.
As the reaction profiles of the degenerate ligand exchange
are symmetrical, for the sake of clarity we only include one
half of the profiles; for illustrative purposes, for the three
systems their two-dimensional half-reaction profiles are de-
picted in Figures 1–3 (the notation used refers to Scheme 1).
In view of the fact that gas-phase ion–molecule processes of
the type considered here by definition proceed through en-
counter complexes, the direct s-metathesis process, involving
transition structure 6, has not been addressed in the compu-
tational studies. Rather, the focus is on a comparison of the
OA/RE versus the s-CAM variants. Finally, the geometrical
details of all species considered are available as Supporting
Information; only a few structural aspects that are indicative

Table 1. Rate constants (k) and relative reaction efficiencies (frel) for the
degenerate ligand exchange in [M ACHTUNGTRENNUNG(CH3)]

+/CH4 couples.

[M ACHTUNGTRENNUNG(CH3)]
+ k [cm3molecule�1 s�1] frel

[b]
[%]

Fe [a] –
Co [a] –
Ni 1.6U10�12 7
Ru 5.1U10�12 23
Rh 1.6U10�11 72
Pd 4.4U10�13 2
Pt 2.2U10�11 [c] 100

[a] No thermal reaction observed at the detection limit. [b] Relative to
M=Pt with frel=100%. [c] This corresponds to f=2% in terms of
ADO.

Table 2. Deuterium distribution in the degenerate ligand exchange ac-
cording to Equation (2a).

Precursor ion Product ions[a,b]

[M ACHTUNGTRENNUNG(CH3)]
+ [M ACHTUNGTRENNUNG(CH2D)]

+ [M ACHTUNGTRENNUNG(CHD2)]
+ [M ACHTUNGTRENNUNG(CD3)]

+

Ni 27 12 61
Ru 37 24 39
Rh 30 35 35
Pd 11 2 87
Pt 41 (42)[c] 42 (45)[c] 16 (13)[c]

[a] Expressed in %. [b] For a complete scrambling of three hydrogen and
four deuterium atoms, ignoring kinetic isotope effects, after renormaliza-
tion one expects for the [M ACHTUNGTRENNUNG(CH3�xDx)]

+ (x=1–3) signals a ratio of
12:53:35. [c] For the [Pt ACHTUNGTRENNUNG(CH3)]

+/CD4 couple experiments were conducted
using FTICR and ESIMS. The numbers in parentheses refer to the latter.
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of the mechanisms under consideration are included. Even
though the accuracy of the energetic data provided by DFT
calculations should not be overestimated,[33] the results ob-
tained provide interesting and useful qualitative insight into
the mechanistic issues described in the Introduction.
The experimental observation that the 3d metal com-

plexes of [Fe ACHTUNGTRENNUNG(CH3)]
+ and [Co ACHTUNGTRENNUNG(CH3)]

+ do not react thermal-
ly with CH4 can be accounted for by the computed energet-
ics. For the 5A ground state of [Fe ACHTUNGTRENNUNG(CH3)]

+ , the transition
state for a s-CAM reaction is located 122 kJmol�1 above
the entrance channel. All at-
tempts to map out an OA/RE
process failed in that they re-
sulted in geometries typical for
a s-CAM mechanism. Consid-
eration of the 3A excited state
does not improve the energeti-
cally unfavorable situation, be-
cause both mechanistic path-
ways are so demanding in
energy that they are not acces-
sible thermally either. The [Co-
ACHTUNGTRENNUNG(CH3)]

+/CH4 couple exhibits a
similar pattern in that for the
4A ground state the s-CAM
path requires 128 kJmol�1, and
an OA/RE variant, once more,
does not exist for this high-spin
system. For the excited 2A
state, the transition state of a

s-CAM path is located below the entrance channel of the
low-spin system as well as the s-CAM transition state of the
ground-state high-spin electromer, thus indicating a possible
TSR scenario.[6] However, the calculated energy demand of
75 kJmol�1, relative to the entrance point of the electronic
4A ground state, is still much too high to bring about a ther-
mal ligand switch. For the [Ni ACHTUNGTRENNUNG(CH3)]

+/CH4 system, the situa-
tion is qualitatively reminiscent of that for [Co ACHTUNGTRENNUNG(CH3)]

+/CH4

in that on the 3A high-spin ground-state surface, the adiabat-
ic ligand exchange through a s-CAM transition state is
rather high in energy (91 kJmol�1) and the OA/RE variant
does not exist. Whereas for an OA/RE path a transition
state was found for the low-spin 1A surface, the transition
state for a s-CAM mechanism is at 28 kJmol�1, about
13 kJmol�1 lower in energy and only slightly above the
ground-state entrance channel. If this computed number is
realistic, some thermal energy of the reactants is required to
surmount the transition-state barrier. Thus, in a TSR scenar-
io (Figure 1) with spin flips at both the entrance and exit
channels, the high-energy transition state of the 3A ground-
state PES can be bypassed; this variant accounts for the in-
efficient, but experimentally clearly detectable, ligand ex-
change. Although there are some quantitative differences,
the behavior of the third-row complexes [M ACHTUNGTRENNUNG(CH3)]

+ (M=

Fe, Co, Ni) towards methane expresses features that were
noted earlier for the related [MH]+/CH4 couples [Eq. (1)],
in that for the latter it was also the [NiH]+/CH4 system that
exhibited the highest reactivity due to an energetically fa-
vorable TSR pattern involving a s-CAM mechanism.[5c]

The [M ACHTUNGTRENNUNG(CH3)]
+ complexes of the 4d transition metals

M=Ru, Rh, and Pd differ in several interesting and some-
how surprising aspects from their 3d congeners. As stated
earlier in a different context,[7a,b] their electronic ground
states prefer low-spin configurations[32b] and are thus more
prone to OA/RE reactions than the high-spin electromers.
In fact, in line with the experimental findings (Table 1), all
three complexes bring about thermal methyl ligand ex-

Table 3. B3LYP-calculated relative energies [kJmol�1] for the degenerate
ligand exchange [M ACHTUNGTRENNUNG(CH3)]

+ +*CH4Q[M ACHTUNGTRENNUNG(*CH3)]
+ +CH4.

[a]

Intermediates/transition structures
[M ACHTUNGTRENNUNG(CH3)]

+/CH4 1 2 3 7

[Fe ACHTUNGTRENNUNG(CH3)]
+ 5A 0 �61 [b] [b] 122

[Fe ACHTUNGTRENNUNG(CH3)]
+ 3A 90 25 117 116 118

[Co ACHTUNGTRENNUNG(CH3)]
+ 4A 0 �62 [b] [b] 128

[Co ACHTUNGTRENNUNG(CH3)]
+ 2A 88 �8 [c] 101 75

[Ni ACHTUNGTRENNUNG(CH3)]
+ 3A 0 �65 [b] [b] 91

[Ni ACHTUNGTRENNUNG(CH3)]
+ 1A 73 �22 41 38 28

[Ru ACHTUNGTRENNUNG(CH3)]
+ 3A[d] 0 �71 �40 �69 �21

[Ru ACHTUNGTRENNUNG(CH3)]
+ 5A[d] 9 �68 [c] 85 124

[Rh ACHTUNGTRENNUNG(CH3)]
+ 2A 0 �76 �39 �45 [e]

[Rh ACHTUNGTRENNUNG(CH3)]
+ 4A 13 �36 [c] 109 118

[Pd ACHTUNGTRENNUNG(CH3)]
+ 1A 0 �59 �2 �17 9

[Pd ACHTUNGTRENNUNG(CH3)]
+ 3A 87 29 [c] 145 77

[Os ACHTUNGTRENNUNG(CH3)]
+ 5A 0 �33 40 25 [e]

[Os ACHTUNGTRENNUNG(CH3)]
+ 3A 116 �30 �19 �119 [e]

[Ir ACHTUNGTRENNUNG(CH3)]
+ 4A 0 �48 [c] 19 [e]

[Ir ACHTUNGTRENNUNG(CH3)]
+ 2A 42 �68 �52 �154 [e]

[Pt ACHTUNGTRENNUNG(CH3)]
+ 1A 0 �114 �96 �194 [e]

[Pt ACHTUNGTRENNUNG(CH3)]
+ 3A 2 �49 25 12 [e]

[a] Energies are given relative to the separated reactant couples [M-
ACHTUNGTRENNUNG(CH3)]

+/CH4. For each metal complex, the relative energies refer to the
ground state of [M ACHTUNGTRENNUNG(CH3)]

+ . For the structural assignments, see Scheme 1
and text. [b] Transition state 2 and insertion product 3 have not been lo-
cated. [c] Transition state 2 has not been located. [d] According to refer-
ence [32b], the quintet state corresponds to the electronic ground-state
configuration. [e] Transition state 7 has not been located.

Figure 1. Schematic half-reaction profiles for the s-CAM reactions of [Ni ACHTUNGTRENNUNG(CH3)]
+/CH4 in the

1A and 3A states
of the cation.
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change with methane and, ac-
cording to the DFT calcula-
tions, it is the OA/RE mecha-
nism that is energetically supe-
rior to the s-CAM variant. Ac-
tually, for the Ru and Rh sys-
tems in their high-spin states, a
s-CAM mechanism has been
identified; however, as shown
in Table 3 and schematically in
Figure 2 for the [Ru ACHTUNGTRENNUNG(CH3)]

+/
CH4 couple, this rather energy-
demanding process is not
likely to play a role in the ex-
periments. For the [RuACHTUNGTRENNUNG(CH3]

+/
CH4 couple, this variant is also
accessible for the 3A state but
is higher in energy than the
OA/RE mechanism. The palla-
dium complex deviates some-
how in that both the OA/RE
and the s-CAM variants in-
volve the 1A low-spin ground state of [Pd ACHTUNGTRENNUNG(CH3)]

+ with a
small energetic preference for the former, at least at the
B3LYP level. A definitive distinction would require much
more elaborate theoretical investigations,[33] for example, ad-
vanced CCSD(T) calculations employing large basis sets.
Nevertheless, the fact that the transition states of both
mechanisms are energetically quite close to the entrance
channel of [Pd ACHTUNGTRENNUNG(CH3)]

+/CH4 may account for the decreased
efficiency of the ligand exchange (relative to that of the Ru
and Rh analogues) as well as the rather high contribution of
a direct ligand switch. Given the shape of the energy surface,
the potential well is simply not deep enough to provide
ample time for an extensive backward–forward shuttle of
the hydrogen/deuterium atoms
in the [Pd ACHTUNGTRENNUNG(CH3)]

+/CD4 en-
counter complex.
As already stated, from the

three [M ACHTUNGTRENNUNG(CH3)]
+ complexes of

the 5d transition metals M=

Os, Ir, and Pt, it was only the
platinum system that could be
investigated experimentally
(Tables 1 and 2). The fact that
this complex reacts at room
temperature with CH4 at an
appreciable rate and that the
process is accompanied by ex-
tensive hydrogen/deuterium
atom exchange in the [Pt-
ACHTUNGTRENNUNG(CH3)]

+/CD4 couple (Table 2)
can be accounted for by the
computational investigations
(Table 3 and Figure 3). For the
1A state, which is nearly isoe-
nergetic with the high-spin 3A

state (as is also the case for the related [PtH]+ cation[7]), all
minima and transition states of the OA/RE path are located
well below the entrance channel (Figure 3) and thus do not
create a kinetic impediment. Furthermore, in the deep po-
tential well of the singlet surface the trapped encounter
complex has ample time to exchange the hydrogen/deuteri-
um atoms. For the triplet state, the scenario is different in
that both the transition state 2 and the insertion product 3
of an OA are located above the entrance channel. Common
to either electronic state of [Pt ACHTUNGTRENNUNG(CH3)]

+ is that a s-CAM
pathway could not be located.
As shown in Table 3, we also investigated computationally

the degenerate ligand switch for the [OsACHTUNGTRENNUNG(CH3)]
+ and [Ir-

Figure 2. Schematic half-reaction profiles for the OA/RE (green) and s-CAM (red) reactions of [RuACHTUNGTRENNUNG(CH3)]
+/

CH4 in the
3A and 5A states of the cation.

Figure 3. Schematic half-reaction profiles for the OA/RE reactions of [Pt ACHTUNGTRENNUNG(CH3)]
+/CH4 in the

1A and 3A states
of the cation.
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ACHTUNGTRENNUNG(CH3)]
+ complexes. The analysis of these data reveals that if

the two cations were accessible experimentally, both systems
are predicted to undergo ligand exchange with methane
under thermal conditions. As to the energetically preferred
mechanism, for the [OsACHTUNGTRENNUNG(CH3)]

+/CH4 couple we predict a
TSR scenario because the 5A ground state, close to the en-
trance channel, undergoes a spin flip to the excited low-spin
3A PES, on which an OA/RE reaction will occur until, close
to the exit channel, the system switches back to the high-
spin 5A ground state. There is no evidence for the involve-
ment of a s-CAM component. The same holds true for the
[Ir ACHTUNGTRENNUNG(CH3)]

+/CH4 couple, which in the course of an OA/RE
process also experiences two switches from the 4A ground
state to a 2A low-spin state and then back to the 4A state.

Conclusion

In a combined experimental/computational gas-phase study
various mechanistic aspects of the degenerate ligand ex-
change in [M ACHTUNGTRENNUNG(CH3)]

+/CH4 couples have been addressed for
M=Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt. In line with earli-
er notions,[7] for the late 5d systems an OA/RE mechanism
is operative. For the [Pt ACHTUNGTRENNUNG(CH3)]

+/CH4 couple, the reaction is
confined to the singlet state; in contrast, for the complexes
containing M=Os and Ir, the OA/RE variant is entangled
with a TSR scenario such that close to the entrance and exit
channels, the system switches from the high-spin ground to
the excited low-spin states. s-CAM mechanisms are not op-
erative for any of the 5d complexes investigated. In contrast,
for the 3d congeners with M=Fe, Co, and Ni, it is this very
mechanism which is favored energetically over the OA/RE
variant. Although the Fe and Co systems do not bring about
thermal ligand exchange due to energetically rather de-
manding transition structures, in the rather inefficient reac-
tion of the [NiACHTUNGTRENNUNG(CH3)]

+/CH4 couple a s-CAM reaction
occurs that involves two spin states. The ligand exchange
commences and finishes at the high-spin triplet surface, but
the actual bond activation takes place at the excited singlet
state (TSR scenario). For none of the three 3d complexes
do OA/RE variants play a role in either their high- or low-
spin states. Finally, for the 4d systems with M=Ru, Rh, and
Pd, yet another situation has been uncovered. For the ruthe-
nium and rhodium complexes, the OA/RE mechanism is
feasible energetically, and for these two couples the ligand
switch is confined to their low-spin electronic states. In con-
trast, for the [Pd ACHTUNGTRENNUNG(CH3)]

+/CH4 couple, in the
1A ground-state

PES both the OA/RE and the s-CAM mechanisms are ener-
getically comparable, as noted earlier for the related
[Pd(H)]+/CH4 complex.

[5f] Although a quantitative correla-
tion of the computational findings with the experimental
data has not been intended in the present study, trends in re-
activity or in the details of the reaction, for example, hydro-
gen-scrambling versus direct ligand switch, can be accounted
for in qualitative terms by the computational results.
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