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Transition-metal complexes are crucial in the selective
activation of C�H bonds and the functionalization of
saturated hydrocarbons, in particular, of methane. Although
economically competitive and attractive large-scale processes
have yet to be developed, rather detailed insight has been
obtained into the particular role of the electronic structures of
transition-metal complexes in the elementary steps involved
in these reactions.[1] Gas-phase reactions of mass-selected
transition-metal fragments monitored by advanced mass-
spectrometric techniques in conjunction with theoretical
studies have greatly helped in uncovering mechanistic aspects
underlying metal-mediated bond activation.[2] Notable in the
present context is the Shilov system, that is, the platinum(II)-
mediated activation of hydrocarbons under ambient condi-
tions;[3] gas-phase experiments have provided insights into its
intrinsic features. For example, in the thermal dehydrogen-
ation of methane by atomic Pt+ [Eq. (1)],[4] relativistic effects
are of great importance.[5]

Ptþ þ CH4 ! ½PtðCH2Þ�þ þ H2 ð1Þ

Carbene–platinum complexes are also formed under
thermal conditions in the reaction of methane with small
platinum clusters in different charge states, namely, Ptn

0/�/+.[6]

Likewise, platinum complexes with covalently bound ligands,
such as gaseous [Pt(CH2)]

+, [PtO]+, [Pt(O)2]
+, [PtL]+ (L=H,

Cl, Br, CHO), and [PtCl2]
+, react thermally with methane

under single-collision conditions.[4b,f,7, 8] Although the nature
and number of ligands certainly have some influence on the
methane activation, the overall reactivity of the platinum
systems seems to be controlled mainly by relativistic
effects.[5b] With regard to the much debated role of the
oxidation state of platinum in the Shilov system, it is notable

that the formal PtIV species [PtCl3]
+ does not react with

methane in the gas phase.[8]

Perhaps the most striking ligand effects are observed in
the gas-phase reactions of 3d transition metals.[9] Thus,
thermalized ground-state 3d monoatomic cations do not
activate methane,[2a,d,f,9, 10] but some of the corresponding
binary metal oxides exhibit remarkable reactivity;[2e,11] for
example, Mn+ is the least reactive 3d transition-metal cation
toward alkanes, whereas [MnO]+ is the most reactive one.[12,13]

An extraordinary ligand effect was also reported for diatomic
[MH]+ ions (M=Fe, Co, Ni) [Eq. (2)]:[14] Whereas the naked

½MH�þ þ CH4 ! ½MðCH3Þ�þ þ H2 ð2Þ

metal ions M+ do not bring about thermal C�H bond
cleavage, [NiH]+ activates methane at temperatures as low
as 80 K, [CoH]+ reacts at room temperature, and for [FeH]+

temperatures above 600 K are required for the H/CH3 ligand
exchange, which is exothermic for all three metal–hydrides.[15]

Computational studies revealed that the different activation
parameters reflect the differences in the energy separations
between the 3dn�1 4s and the 3dn states for Fe+, Co+, and Ni+;
the crossings of the potential-energy surfaces of the high- and
low-spin states are higher in energy with increasing separation
of the high- and low-spin states of the cations. The transition
from one potential surface to the other takes place during the
course of the reaction at both the entrance and the exit
channels[15] (“two-state reactivity” concept).[2h,16]

Herein, we extend these studies on ligand effects and
describe the reactivity of a series of cationic NiII and NiIII

complexes. We performed our room-temperature experi-
ments with a quadrupole-based mass spectrometer equipped
with an electrospray ionization (ESI) source (for details, see
the Experimental Section). From solutions of the NiII halides
NiF2, NiCl2, NiBr2, and NiI2 dissolved in CH3OH/H2O
mixtures, among others, a series of bare and solvated [NiL]+

ions (L= halogen, H, CHO, OCH3, etc.) could be prepared
and their gas-phase reactivity studied by the ESI methods.

In line with earlier findings,[14, 15] [NiH]+ generated by ESI
reacts efficiently with methane [Eq. (3)], and the same holds
true when additional “inert” ligands such as CO and H2O are
coordinated to the {NiH}+ core [Eqs. (4) and (5)].[29] The
presence of these ligands is associated with a slight decrease
of the relative rate constants, relative to that for Equation (3).
The kinetic isotope effects (KIEs), derived from various
isotope variants (see note added in proof), suggest that C�H
bond breaking contributes to the rate-limiting step of the
overall process.[17] Not unexpectedly, a mixture of [Ni(CH3)]

+
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and CD4 leads to degenerate H/D exchange [Eq. (6)] with a
distribution of x= 3 (55%), x= 2 (15%), and x= 1 (30%).

½NiH�þ þ CH4
krel¼100
����! ½NiðCH3Þ�þ þ H2 ð3Þ

½NiðHÞCO�þ þ CH4
krel¼97
���! ½NiðCH3ÞCO�þ þ H2 ð4Þ

½NiðHÞH2O�þ þ CH4
krel¼75
���! ½NiðCH3ÞH2O�þ þ H2 ð5Þ

½NiðCH3Þ�þ þ CD4
krel¼40
���! ½NiðCH3�xDxÞ�þ þ ½CHxD4�x� ð6Þ

Thermal activation of methane [Eq. (7); L=OH, OCH3,
F, Cl, Br, I] has not been observed under our conditions for

½NiðLÞ�þ þ CH4 6! ½NiðCH3Þ�þ þ HL ð7Þ

several [NiL]+ cations with higher or lower binding energies
than [NiCH3]

+ (bond-dissociation energy= 40.6 kcal
mol�1).[18] As the reactions are predicted to be exothermic
for some complexes (e.g., L=OH, OCH3, and F),[18,19] the
absence of activation points to the existence of kinetic
barriers.

An unexpected and unprecedented reactivity toward
methane has been encountered for the system [Ni,H2,O]+.
High-level electronic-structure calculations predict the exis-
tence of several structural isomers, namely, [Ni(H2O)]+,
[Ni(O)(H2)]

+, and [Ni(H)(OH)]+, two of which are of interest
in the present context.[20] The global minimum of the system
corresponds to a C2v-symmetric 2A1 state of the [Ni(OH2)]

+

complex; the structurally analogous 4A2 state (C2v) is
41.7 kcalmol�1 higher in energy, and the formal NiIII insertion
complex [Ni(H)(OH)]+ (4A’’) is even less stable by additional
12.8 kcalmol�1. Whereas the quartet state of [Ni(H)(OH)]+ is
separated by a barrier of 17.6 kcalmol�1 from the quartet-
state [Ni(H2O)]+ complex, on the doublet surface, the 2A’’
insertion species [Ni(H)(OH)]+ undergoes spontaneous iso-
merization to 2A1 [Ni(H2O)]+ as a result of the negligibly
small barrier of less than 0.2 kcalmol�1.[20] Experimental
confirmation of these predictions has not yet been reported.
However, the collision-induced dissociation (CID) spectra
shown in Figures 1 and 2 reveal that two structurally different,
non-interconvertible isomers with the composition [Ni,H2,O]
must indeed exist in the gas phase. Whereas the CID
spectrum in Figure 1 is compatible with the presence of a
[Ni(H2O)]+ complex (1), the spectrum in Figure 2 is in

keeping with the insertion product [Ni(H)(OH)]+ (2).[21]

The structural assignments of 1 and 2 are further supported
by ion/molecule reactions of the [Ni,H2,O]+ isomers with D2O
and D2. In the reaction of D2O with [Ni(H2O)]+, generated at
a cone voltage of 60 V, complete ligand exchange is prefer-
entially (78%) observed, whereas the isomer [Ni(H)(OH)]+,
generated at 40 V, gives rise exclusively to [Ni(D)(OH)]+ and
[Ni(H)(OD)]+ upon reaction with D2 and D2O, respectively.
Although we cannot determine the actual spin states of the
two isomers, in conjunction with UgaldeIs theoretical work,[20]

it is obvious that, depending on the cone voltage and the
composition of the solution, ESI of a solution of [NiL2]/
CH3OH/H2O (L=F, Cl, Br, I) produces two structurally
distinct [Ni,H2,O]+ species.[22]

In line with expectations, activation of the C�H bond is
not observed in the reaction of the NiI aqua complex with
methane (Figure 3). In contrast, the NiIII isomer 2 undergoes
H/CH3 ligand exchange (Figure 4) with a relative rate
constant greater than or equal to 45 (relative to the system
[Ni(H)]+/CH4). The hydroxy group does not participate in this
reaction and remains intact, as reaction of [Ni(H)(OD)]+ with
CH4 [Eq. (8a)] liberates exclusively H2. In contrast, the
reaction with other isotopologues show that partial exchange
of the hydrido ligand with the incoming hydrocarbon occurs
prior to or during the formation of the nickel–carbon bond.
For example, HD and D2 are produced from [Ni(H)(OH)]+/
CD4 [Eq. (8b)], HD and H2 from [Ni(D)(OH)]+/CH4

[Eq. (8c)], and H2, HD, and D2 from [Ni(H)(OH)]+/CH2D2

[Eq. (8d)]. A modeling study[23] of the labeling distributions in
the products of these three reactions pairs reveals that direct

Figure 1. CID spectrum of the NiI complex cation [Ni(H2O)]
+ at

Elab=10 eV.

Figure 2. CID spectrum of the NiIII complex cation [Ni(H)(OH)]+ at
Elab=10 eV.

Figure 3. Mass-selected [Ni(H2O)]
+ allowed to react with methane at

Elab=0 eV: no reaction.
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hydrogen/methyl ligand exchange amounts to 46%, while
54% of the H and D atoms undergo scrambling prior to loss
of molecular hydrogen. For the former the kinetic isotope
effect is 1.9, and for the latter KIE= 1.4, thus suggesting that
breaking of the nickel–hydrogen and carbon–hydrogen bonds
are involved in the rate-limiting step.

Finally, the thermal activation of methane by both
[Ni(H)(OH)]+ [Eq. (8)] and the diatomic cations [MH]+

(M=Fe, Co, Ni) [Eq. (2)] prompted us to extend our studies
to the complexes [Fe(H)(OH)]+ and [Co(H)(OH)]+. Both
these ions can be generated—and distinguished from their
structural isomers [M(H2O)]+—under ESI conditions; how-
ever, thermal reaction with methane according to Equa-
tion (9) (M=Fe, Co) does not take place at any measurable

½MðHÞðOHÞ�þ þ CH4 6! ½MðCH3ÞðOHÞ�þ þ H2 ð9Þ

rate. Exploratory B3LYP/TZVP calculations[24] predict[25,26]

the ligand exchanges in Equations (8) and (9) to be exother-
mic, and, thus, a kinetic barrier could be the reason that this
process is not observed for the iron and cobalt systems.

Experimental Section
The experiments were carried out by 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.[27] In brief, the nickel ions were produced by ESI as
follows: [NiL]+ (L=F, Cl, Br, I) from a solution of NiL2 in pure
methanol, [NiOH]+ from NiI2 in H2O, and the remaining [NiL]+

complexes investigated (L=H2O, OCH3, HCO) from a solution of
NiI2 in a mixture of CH3OH and H2O (1:3). Labeled solvents
(CD3OD, 13CH3OH, and D2O) were used where necessary to avoid
isobaric overlap. The cone voltage of the ESI source is a crucial
parameter, which determines the amount of collisional activation of
the ions evolving from solution in the differential pumping system of
the ESI source and thus controls the nature of cluster ions formed.[22]

For the methane-activation study, the ions containing 58Ni were mass
selected by means of Q1 and were exposed to methane in the
hexapole at room temperature and pressures of approximately
10�4 mbar, which is considered to correspond to nearly single-
collision conditions. The ionic products were detected by using Q2.
Ion-reactivity studies with methane as well as the ion–molecule
reactions of the [Ni,H2,O]+ isomers with D2 and D2O were performed
at an interaction energy in the hexapole (Elab) nominally set to 0 eV.[28]

For the collision-induced-dissociation experiments (Figures 1 und 2),
the collision energies amount to Elab= 10 eV, and xenon was used as
the collision gas. All experiments were performed with 58Ni as well as
60Ni. As identical results were observed, artifacts due to isobaric
interferences can be ruled out.
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