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Abstract

The effects of spin changes on the efficiencies and product distributions of gas-phase ion–molecule reactions are analyzed, and the
examples discussed include metal- as well as non-metal containing systems, with some emphasis on various types of bond activation by
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‘naked’ transition-metal cations and structurally simple cationic transition-metal oxides. Whenever possible, comparison of the expe
findings with computational studies will be made, and the agreement is generally good if not excellent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The mental representation of chemical reactions relies
on the paradigm of the potential energy surface (PES): the
reactive systems move from the reactant minimum of the
PES through transition states and intermediates to the prod-
uct minimum. Reactions, which involve a change in total
electronic spin, appear to violate this paradigm, since they
must necessarily occur on two or more PESs. While spin-
nonconserving reactions are often referred to as ‘forbidden’,
it is in fact more appropriate to ascribe to them a certain
degree of spin-forbiddeness which is controlled by the mag-
nitude of the spin–orbit coupling (SOC) term of the system’s
Hamiltonian operator. There is actually a continuum of ‘for-
biddeness’ being largest when the affected electrons are lo-
calized on light atoms, such as first row elements and much
less so for the heavier 4f, 5d and 5f elements. Transition met-
als from the 3d block, the gas-phase ion chemistry of which
will form the central part of this review, constitute interme-
diate cases. Clearly, in the limit of very strong spin–orbit
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coupling between the different states involved, such a
action occurs on a single adiabatic potential energy surf
whose spin character changes smoothly in the course of
chemical transformation. When SOC is weaker, the react
will behave in a non-adiabatic way, and several electro
states determine the outcome. While many ‘spin-forbidde
processes are well-recognized, encompassing, e.g., pred
ciation in spectroscopy[1a,b], the role of spin-inversion in
photochemistry[1c–f], and spin-crossover in transition-meta
chemistry[2], just to mention a few, misconceptions abo
the role of spin in chemical reactivity are common despite e
cellent review articles highlighting the problem, presentin
convincing examples and proposing computational means
how to clarify the situation[3].

Nevertheless, it is true that often the Wigner–Witmer sp
conservation rule accounts for the observed low probabi
of a number ofexothermicion–molecule reactions in which
electronic spin angular momentum is not conserved. For
ample, the spin-forbidden reactions (1) and (2) proceed w
rates at least 102 times slower than similar but spin-allowed
reactions[4].

CO2
+(2Π) + N(4S) → NO+(1Σ) + CO(1�) (1)
1387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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NO+(1�) + O3(1A) → NO2
+(1�) + O2(3�) (2)

Exceptions can arise in the presence of strong coupling
of the electronic spin and orbital angular momentum as is
apparently the case for the spin-forbidden reaction (3) which
occurs with efficiency close to the collision rate[5a,b]. For
interesting spin–orbit effects in the O+/N2 system, see Ref.
[5c].

O+(4S) + CO2(1�) → O2
+(2�) + CO(1�) (3)

In this Review examples ofthermalgas-phase reactions
of ionic species from three areas will be discussed, com-
mon to which is the central role of an apparent electronic
spin-violation. We shall begin with a brief discussion of both
bimolecular and unimolecular processes of systems, which
are comprised of only main-group elements. This section will
be followed by a thorough presentation of the intriguing role
‘naked’ transition-metal cations play in the activation of var-
ious X−H bonds (X = H, C, Si, O, N, etc.). The chapter on
bond activation by metal ion–molecule reactions is preceded
by mentioning a few examples of metal–ligand association
and ligand-exchange processes, the efficiency of which is also
affected by spin–orbit coupling factors. Finally, some aspects
of the rich gas-phase ion chemistry of cationic transition-
metal oxides will be highlighted, and for a few systems the
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Tanaka et al.[8] have examined and identified in detail
such spin-forbidden reactions:

C−(4S) + XH(singlet)→ X−(singlet)+ CH(2Π) (4)

However, the violation of the spin conservation rule can
be avoided for the more exothermic members of this series
by the spin-allowed production of CH in the low lying4Σ
excited state:

C−(4S) + XH(singlet)→ X−(singlet)+ CH(4Σ) (5)

As the term energy of CH(4Σ) is around 17 kcal/mol[9],
reactions with an exothermicity (�rH) less than 17 kcal/mol
were expected to show a low reaction probability and that with
�rH larger than 17 kcal/mol should exhibit an increase in re-
action probability. These expectations were born out in flow-
ing afterglow experiments, for the ‘weak’ acids CH3COCH3
and SiH4 possess reaction efficiencies of only 1.9 and 3.6%;
in contrast, the probability of proton transfer was enhanced
by more than a factor of 10 for the more exothermic reactions
of C− with XH = H2S, HCN and HCl. This enhancement was
attributed to the spin-allowed production of excited CH(4Σ)
according to reaction (5).

In the same vein, the different rates with which triplet
NO− is protonated, depending on the acidity of the proton
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relevance of this seemingly esoteric chemistry and its b
ing on selected fundamental chemical transformations,
C−H bond oxygenation under homogeneous, heterogen
and enzymatic conditions, will be outlined. Whenever po
ble, experimental and theoretical findings will be compa
Most of the experiments employed advanced, if not s
of-the-art, mass spectrometric methods that allow the g
ation of mass-selected, electronic ground state specie
to explore their chemistry under well-defined unimolec
and/or (mostly) single-collision conditions. Rather than
ing a description of the various experimental techniques
interested reader is referred to the original references. S
larly, no computational details are presented on how to lo
the minimum energy crossing points (MECPs) between
ferent states, an aspect which is absolutely crucial for a s
quantitative description of reactions in which different s
surfaces are involved. For leading references and a s
discussion of the underlying principles, concepts and tec
cal problems, consultation of references[1a,b,3h,j,k,1,6]is
recommended.

2. Unimolecular and bimolecular spin-forbidden
gas-phase processes of metal-free systems

Proton transfers between anions and neutral acid
among the most ubiquitous reactions in chemistry, and
simple, i.e., non-resonance stabilized, anions exoergic
ton transfer in the gas phase generally proceeds with n
collision rate[7]. However, spin-conservation aspects cle
matter as has been demonstrated in a series of elegant s
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source, can be accounted for by spin considerations.
weakly exothermic reaction of NO− with CH3NO2 (�rH
= −6 kcal/mol) is not observed under thermal conditio
[10a] and this absence of reactivity is ascribed to the s
forbiddeness to produce ground-state HNO in its singlet s
In contrast, reaction of NO− with HCl is very rapid[10b](For
a detailed study of various aspects of spin-forbidden de
tonation ofaqueousHNO), and it is likely that in a spin
allowed process due to the large exothermicity (�rH = −
35 kcal/mol)3NO− is converted to excited3HNO; as3HNO is
only 18 kcal/mol less stable than1HNO it is energetically ac
cessible in the reaction with HCl but not with CH3NO2 [10c].

Further, while the details of the spin dynamics are not
fully resolved[11], there is no doubt that a spin change
involved in the proton transfer reaction (6), which is qu
efficient for this slightly exothermic (�rH = −8 kcal/mol)
process despite the modest spin–orbit coupling in isol
NO. The authors believe that the lifetime of the intermed
[FHNO]− complex is long enough to allow for SOC, a
the energy required to reach the curve crossing region i
proton transfer between the encounter complexes F−·1HNO
and FH·3NO− is low.

Another remarkable gas-phase example of a conju
organic acid–base pair with different spin multiplicities,
situation, which is exceedingly rare[12], was described b
Squires and co-workers[13]. The proton affinity (PA) o
(3-oxyphenyl)methylene anion (1) was experimentally de
termined to PA = 343.0 kcal/mol. This number is in excell
agreement with the value predicted by extensive calcula
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for oxygen-protonation ofsinglet1 to give thetriplet of (3-
hydroxyphenyl)methylene (2), but is significantly different
from the values calculated for any other conceivable spin-
state conversions of1and2. Consequently, in this system the
‘spin barrier’ for adiabatic proton transfer to ion1, Eq. (7),
cannot be very large and the intersystem crossing must be
fast on the time scale of the intermediate’s lifetime.

HC̈C6H4O−(11) + HX(singlet)

→ HC̈C6H4OH(32) + X−(singlet) (7)

The kinetic energy dependence of the cross-sections for
the reactions of ground and excited state atomic sulfur ions
with H2, Eq. (8), and its isotopic variants HD and D2, has
been studied experimentally and computationally[14].

S+ + H2 → SH+ + H (8)

For the4Sground state of S+, the cross-section exhibits
two distinct features: The low-energy endothermic feature
has a threshold consistent with the thermodynamic limit of
reaction (8), and based on the isotope distribution in the re-
action of S+ with HD, a statistically behaved intermediate is
implied. This pathway is attributed to a spin-forbidden tran-
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example which has formed the subject of numerous studies
[15] is the unimolecular decomposition of triplet methoxy
cation (3CH3O+) to form H2 and formyl cation (HCO+),
both singlet species. The process can occur in a stepwise man-
ner,Eq. (9), i.e., first hydrogen shift, concurrent with or fol-
lowed by a spin change, to form singlet hydroxymethyl cation
(1CH2OH+), then the well-documented [1.2]-elimination
[16] to yield 1HCO+ and H2. While this two-step reaction
was favoured for quite a while, aconcerted(‘direct’) path-
way,Eq. (10), involving simultaneous spin change and [1.1]-
elimination from3CH3O+ had been suggested[17], but not
established.

3CH3O+ → 1CH2OH+ → 1HCO+ + H2 (9)

3CH3O+ → 1HCO+ + H2 (10)

However, a combination of detailed isotope effect analy-
sis, extensive electronic structure calculations of the potential
energy surfaces and the application of non-adiabatic RRKM
theory[15,18]has clarified the situation in favour ofEq. (10).
As can be seen inFig. 1, the direct pathway (Eq. (10)) in-
volves migration of two hydrogen atoms towards each other
and away from carbon, to lead, after spin inversion at the min-
imum energy crossing point MECP1, directly to the product
channel. The indirect route (Eq. (9)) involves migration of one
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sition between the reactant4A′′(A2) potential energy surfac
and a2A′′(B1) surface, which correlates with the electron
ground state of the H2S+ intermediate. As expected for
formally spin-forbidden process, the efficiency of this lo
energy pathway is rather small as found in the guided
beam experiments.

Spin aspects can also matter inunimoleculardissocia-
tions, and the discussion of a few cases may suffice. A typ

Fig. 1. Schematic singlet and triplet potential energy curves of the [CH3O]+
of theory. Relative energies in kcal/mol. See references[15,18] for further d
-

l

stem, calculated at the CCSD(T)/CC–pVTZ(–d)//B3LYP/6–311+G(d,p) l
ls. Reproduced fromPhys. Chem. Chem. Phys. 1 (1999) 5555.

hydrogen atom away from carbon and towards oxygen. A
spin change at MECP2 this leads to1CH2OH+, which in turn
can dissociate adiabatically through a cyclic transition sta
give HCO+ and H2. What is important is that (i) the spin–orb
coupling between the PESs is of the same magnitude at
crossing points[15,19] and (ii) at all levels of theory em
ployed[18] MECP1 is located below MECP2, thus resulti
in higher rate coefficients for the direct pathway,Eq. (10) [18].
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In many respects closely related to the CH3O+ system is
the gas-phase chemistry of the thiomethoxy cation CH3S+,
for which the prevailing unimolecular dissociation corre-
sponds to the spin-forbidden dehydrogenation:

CH3S+(3A1) → HCS+ (1Σ+) + H2(1Σ+
g ) (11)

Mechanistic insight was recently provided by two in-depth
theoretical studies[20] of the potential energy surface and a
consideration of various dynamical aspects with regard to
reaction (11). It turned out, that for the dehydrogenation of
metastable CH3S+ two distinct spin-forbidden paths exist,
which are mechanistically comparable to the ones charac-
terized for the CH3O+ system; however, in contrast to the
latter, depending on the degree of ro-vibrational excitation of
CH3S+ both spin-forbidden reactions, i.e., the ‘direct’ con-
certed [1.1]-elimination and the ‘stepwise’ process compete
with each other. Not unexpectedly, the spin–orbit coupling el-
ements of the MECPs are larger for CH3S+ than for CH3O+,
i.e., 221 and 256 cm−1 versus 50 and 56 cm−1 for MECP1
and MECP2, respectively.

Some of the controversies related to the existence of a
long-lived triplet state of CH3CH2S+ were resolved recently
in a combined experimental/theoretical study[21]. It was
found that all exothermic or thermoneutral unimolecular iso-
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mon to reactions (12) and (14) is that the crossover from the
singlet to the triplet surfacesprecedesthe isomerization to the
weakly interacting ionic complexes (Eq. (15)), whereas for
the unsymmetrical precursor1HONH3

+ the spin flip singlet
→ triplet takes place only after the first hydrogen migration
(Eq. (16)).

1HXXH2
+ (1) S→T−−−−−→

(2)∼H

3X · · · 1XH3 → 3X + 1XH3
+

(X = NH, O) (15)

1HONH3
+ (1)∼H−−−→ 1H2ONH2

+ (2) S→T−−−−→
(3)∼H

1H3O+ · · · 3NH

→ 1H3O+ + 3NH (16)

3. Bond activation by atomic transition-metal cations

3.1. The initial phase: metal ligation

Activation of a bond A–B by a bare transition-metal ion
M+, Eq. (17), is often preceded by oxidative addition[25]
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merizations or fragmentations of C2H5S were hampered b
spin barriers imposed by the spin-forbiddeness of the var
triplet → singlet conversions of the C2H5S+ potential en-
ergy surfaces, and for triplet CH3CH2S+ ions with less than
10 kcal/mol of internal energy the cation should be long-li
as inferred from experiments[21,22].

The unimolecular gas-phase reactions of the proton
isoelectronic molecules of hydrazine (NH2NH2), hydroxy-

lamine (NH2OH), and hydrogen peroxide (HOOH) have be
studied experimentally and computationally[23], and those
dissociation reactions in which crossovers from the singl
the triplet electronic states take place are summarized inEqs.
(12)–(14).

1NH2NH3
+ → 1NH4

+ + 3NH (12)

1HONH3
+ → 1OH3

+ + 3NH (13)

1HOOH2
+ → 1OH3

+ + 3O (14)

For all three reactions not only the lowest energy pathw
were calculated, more importantly, the MECPs at which
crossing from the singlet to the triplet surfaces en rout
product formation occurs were located and the SOC te
determined; the latter are in the range of 57–73 cm−1 which is
typical for systems involving first-row elements[1,24]. Com-
s

d

s

which itself follows the formation of an encounter compl
As will be outlined in Chapters 3.2 and 3.3, the combi
effects of electronic and kinetic energy, spin, electron c
figuration and spin–orbit coupling are responsible for the
served variations of rate coefficients, branching ratios,
kinetic isotope effects, and as stated by Weisshaar[3d], for
these (and related) bond activation processes by M+ “each
electronic state is potentially a different chemical”.

Ligation of M+ constitutes the very first step in the bo
activation of AB, and therefore it is legitimate to look into t
role the electronic structure of M+ plays at this early stag
of Eq. (17)—or to put things in a more general context:
which extent are the energetics and kinetics of (sequen
ion ligation affected by the intrinsic electronic properties
M+?

While detailed theoretical calculations[26] indicate that
the transition-metal ion bonds to ligands as different as H2O
and CO are primarily electrostatic, a comparison of the b
dissociation energies of Co+ and Fe+ with various ligands L
reveals one trend immediately: the Co+−L bonds are invari
ably stronger than the analogous Fe+−L bonds[17]. This dif-
ference is a direct consequence of the different ground-
configurations of Co+ and Fe+, with Co+ having a 3d8(3F)
and Fe+ a 4s13d6(6D) configuration. Because the 4s orbita
larger than the 3d one, the difference in 4s orbital occupa
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causes a smaller metal–ligand repulsion for Co+ than for Fe+,
and the ligand can approach the Co+ metal core more closely,
thus resulting in a stronger bond. Promotion to the strongly
bonding 3d7(4F) configuration would remove this problem,
but it requires energy of ca. 7 kcal/mol; so in either case,
ligands bind less strongly to naked Fe+ than to bare Co+.

Other electronic as well as spin effects come into play
for the sequential ligations of some of the transition-metal
cations. For example, several laboratories reported[27,28]
that thesecondH2O ligand is bound more strongly to most
of the first-row transition-metal cations than the first one,
and a convincing explanation to these counter-intuitive ob-
servations was provided by ab initio calculations for all of
the first-row transition-metal complexes M(H2O)n+ (n = 1
and 2)[26a]. According to these computational studies, the
bonding for thefirst water molecule is primarily electrostatic
because such a bond will balance the competition of attrac-
tive ion-induced dipole interaction and the electron–electron
repulsion of M+ and the ligand. For one H2O molecule bound
to M+, the metal ion can minimize the repulsion in two ways:
4s3d or 4s4p hybridization and 4s→ 3d promotion. The rel-
ative importance of these two options depends on the energy
difference between the low-lying 3dn and 4s3dn−1 states of
M+. For the particular case of Fe(H2O)n+ (n = 0−2) the
ground state of Fe(HO)+ is 6A arising from the6D(4s3d6)
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k1 = 7.7× 10−12, k2 = 3.6× 10−10, k3 = 5.3× 10−11, k4 =
3.6× 10−10cm3molecule−1 s−1.

Spin aspects have also been made responsible for the ki-
netics of the ligand association/dissociation gas-phase chem-
istry of neutraltransition-metal complexes, and the textbook
case of CO association with Fe(CO)n (n= 3 and 4) fragments
may serve as an example,Eqs. (19) and (20)([30]).

Fe(CO)3 + CO → Fe(CO)4 (19)

Fe(CO)4 + CO → Fe(CO)5 (20)

While reaction (19) proceeds essentially at the collision
rate, addition of CO to Fe(CO)4 is by a factor of 500 slower.
As the rate of reaction (20) is not appreciably temperature
dependent, this difference in rates between these two seem-
ingly similar association reactions cannot be blamed on the
existence of a barrier for reaction (20). However, Fe(CO)3
and Fe(CO)4 have triplet ground states, whereas the 18 elec-
tron complex Fe(CO)5 is a singlet. Obviously, reaction (19)
is spin-allowed, while the addition of the next CO ligand
is spin-forbidden, and the spin–orbit coupling is not suffi-
ciently efficient to accelerate the crossing of the two poten-
tial energy surfaces. Many other reactions exhibiting similar
features have been studied, e.g., the associations of Fe(CO)4
with ligands such as H2, C2H4, N2 [31]. Clearly, spin aspects
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ground state of Fe+. For a single H2O ligand, promotion of
the cation to the4F(3d7) state does not increase the bondi
to an extent necessary to compensate sufficiently for the
motion energy; actually, the4A1 state of Fe(H2O)+ is a few
kcal/molaboveits 6A1 state. However, upon addition of th
secondH2O ligand the situation changes dramatically in th
the calculated4B1g ground state of Fe(H2O)2+ is more than
20 kcal/mol below the available sextet states. Quite clea
in the adiabatic hydration of Fe+ – as well as in its reverse
process[27] – spin–orbit coupling must play a decisive rol

Effects of spin-surface crossing on the kinetics of sequ
tial ligation of Ru+ with ammonia,Eq. (18), were reported
recently by Bohme and co-workers[29]. Selected ion flow
tube experiments, complemented by DFT calculations of
ation free energies for the sequential ammonia ligation
ground-state Ru+(4F) and of excited Ru+(2D) indicate a dis-
continuity in the relative ligation free energy that implies
quartet→ doublet spin conversion upon the addition of t
fourth NH3 molecule. The ligation free energy for this ste
amounts to�G298= −18.8 kcal/mol for generating a double
state and to only−6.4 kcal/mol to form, in a spin-conservin
process, a quartet state of Ru(NH3)4+. Since therateof liga-
tion inter alia is dependent on thefree energyof ligation, the
observed increase in rate constant by nearly one order of m
nitude,Eq. (18), points to an efficient spin–orbit coupling, th
actual amount of which is, however, unknown.

Ru+(4F )
NH3−→
k1

Ru(NH3)+(s=3/2)
NH3−→
k2

Ru(NH3)2
+(s=1/2)

NH3−→
k3

Ru(NH3)+(s = 3/2)
NH3−→
k4

Ru(NH3)4
+(s = 1/2) (18)
-

,

-

-

do matter! This is also corroborated by the generally slugg
if not absent, reactivity in the association of bareneutral3d
atoms with alkanes and alkenes[3d], and a discussion o
the Ni/C2H4 system may suffice. Bonding in a metal–alke
complex follows the conventional Dewar–Chatt–Duncan
mechanism[32] which is characterized by the simultaneo
formation of two donor–acceptor bonds (Fig. 2). The�-bond
involves donation of electrons from the olefin 2p� orbital to
the empty metal 4s orbital along the axis of C2v approach,
and the�-bond forms by ‘back-donation’ of electrons fro
the metal 3dxz orbital to the empty 2p�* orbital of C2H4.
Obviously, the Ni ground state has both the wrong orbital

Fig. 2. Donor–acceptor model of M–C2H4 bonding, showing both�- and
�-bonds, according to Ref.[32].



80 H. Schwarz / International Journal of Mass Spectrometry 237 (2004) 75–105

Fig. 3. Simplified potential energy curves for the approach of atomic Sc
(a) and Ni (b) to C2H4 in C2v-symmetry. Bold lines are adiabatic curves,
and light lines are diabatic curves that conserve electron spin and metal
configuration. The two diabatic curves have the same electron spin for Sc
but different spin for Ni. Reproduced fromAcc. Chem. Res. 26 (1993) 213.

cupancy (4s2 instead of empty 4s) and the wrong spin (triplet
instead of singlet) to form strongly-bonded NiC2H4 in its
singlet state (1A1) [33].

However, 3d84s2 → 3d94s1 promotion permits sd hy-
bridization of Ni, and this hybrid allows to form the new
bonds in the NiC2H4 complex[33,34]. While the interaction
of C2H4 and the3F ground state of Ni results in adiabatic
repulsive potential energy surface (Fig. 3), the 3d94s1(1D)
excited state is well suited to bind to C2H4 and it provides
diabatic surfaces that areattractive. Crossing of the two di-
abatic surfaces of different spin will be weakly avoided and
spin–orbit coupling will generate two newadiabaticsurfaces,
shown as the bold lines inFig. 3. On the lower adiabatic sur-
faces, the electron configuration and electron spin chang
smoothly in the course of the reaction. In a first approxi-
mation, the barrier of the reaction has been related to the
→ d promotion energy, and the latter can be approximate
by the atomic’s excitation term�Esd [35]. Ni reacts effi-
ciently because�Esd amounts only to 6 kcal/mol, compared
with 67 for Mn, 34 for Fe, and 20 kcal/mol for Co, metals
which are inert at 300 K. Observation of the NiC2H4 forma-
tion at this temperature implies anadiabaticbarrier height
no larger than 5 kcal/mol, which correlates well with a cal-
culated 10 kcal/mol barrier for thediabatic curve crossing
above ground-state reactants.
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smaller adiabatic barrier heights and, consequently, enhanced
reactivity.

3.2. The bond activation step: some general
considerations

Why do atomic transition-metal cations M+ from the left-
hand side (‘early’ metals) of the 3d block preferentially at-
tack C–H bonds of alkane, while those on the right hand of
the periodic table (‘late’ metals) activate both C−H and C−C
bonds? How to account for the observation that excited states
of some 3d cations are more reactive than the ground states
(e.g., Ti+, V+, Cr+, Mn+, Fe+), while the opposite holds
true for other metals (e.g., Co+, Ni+, Cu+)? Obviously, en-
ergetics alone is not the dominant factor in determining reac-
tivity. Also counter intuitive is the observation that for some
transition-metal cations the product distribution MH+ versus
MD+ in the reactions of M+ with HD is strongly affected
by the particular electronic and spin states of M+. Further,
how does it come that electronic excitation of Fe+ to its 4F
states brings about rate acceleration (in comparison to the
electronic ground state6D), while the branching ratios, for
example C−H versus C−C bond activation of a particular
substrate, were essentially identical for all electronic states
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The reason why atomic Sc, Ti and V – despite their large
�Esd which are comparable to the excitation energies of
inert metals Mn, Fe, and Co – react slowly with C2H4 is
due to the fact that these ‘early’ transition metals need
change their electron spin to bind to C2H4 (Fig. 3a for Sc). As
crossing of diabatic surfaces of the same spin will be m
strongly avoided than crossing between surfaces of di
ent spin, for a given�Esd value one can reasonably expe
es
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examined? No doubt, the repeated observation that d
ences in electronic energy and spin multiplicities affect
constants butnotbranching ratios is inconsistent with a p
ture invoking perfectly separated hypersurfaces for each
state—and there are sometimes many: In the reaction o2
with Sc+, for example, there exist 65 low-lying spin and a
gular momentum components for Sc+ that might contribute
to the reaction via each of two (parallel versus perpend
lar) reaction geometries[36]. In practice, however, only a fe
states are important at low energies and spin may not al
be a good quantum number.

Despite the mounting evidence for the relationship
tween spin aspects and chemical reactivity, the crucial ro
spin inversion was often neglected, if not regarded as inap
priate, in particular for a mechanistic description of reacti
in organometallic chemistry[37]. Although the necessity t
explicitly consider ‘surface hopping’ as a mechanistically
cisive step in metal-mediated chemical transformations
pointed out more than a decade ago[3a,3b,3c,3d,32,38], the
assumptions of either strict spin conservation or its comp
neglect pervaded many chemistry and physics textbooks
pioneering experiments, notably from the laboratories of
mentrout, Beauchamp, Bowers and Weisshaar, in conjun
with thorough theoretical analyses, have changed the pic
It is now recognized that it is the subtle interplay of el
tronic and kinetic energy, the effect of spin and spin–o
coupling efficiency, as well as the electronic configuratio
M+, which determines the course and outcome of bond
tivation by a bare transition-metal ion according to Eq. (1
Of course, this also holds true for the gas-phase chemis
neutral[3d] and doubly-charged[39] metal atoms.



H. Schwarz / International Journal of Mass Spectrometry 237 (2004) 75–105 81

Some of the characteristic features of an elementary pro-
cess will be discussed in the next chapter that deals with the
deceptively simple cleavage of a H−H bond, i.e., reaction
(21), and reactions (21a) and (21b) for the H−D variant of
molecular hydrogen.

M+
(
s± 1

2

)
+ H2(0) → MH+(s)+ H

(
1
2

)
(21)

3.3. Reactions of atomic M+ with molecular hydrogen

Activation of H2 by an atomic transition-metal ion M+
(or any atomic ion[40a]) is controlled by a combination of
molecular orbital (MO) and spin considerations as well as
spin–orbit coupling[3a,b,c]. Based on work by Mahan[41]
and Elkind and Armentrout[42], H2 bond cleavage can be
viewed as a process in which the bonding electrons of H2,
�g(H2), are donated to the metal centre, which in turn do-
nates electrons into the anti-bonding orbital of H2, �∗

u(H2),
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energy – arelessreactive than the ground states. For these
three metal cations, the ground states are low-spin thus not
relying on efficient spin–orbit coupling in the oxidative in-
sertion. As first elucidated by Elkind and Armentrout[40b]
and later summarized by Armentrout and Beauchamp[3a],
based on these relatively simple ideas, three categories of re-
activity exist for 3d transition metal cations: (1) States such as
Ti+(4F, 3d3) react efficiently, and based on the reactions with
HD, the nearly 1:1 ratio in the formation of TiH+ and TiD+
(Fig. 4a) indicates a statistical behaviour of the H−Ti+−D
intermediate. This situation seems to hold true in general for
metal ions with 3dn (n < 5) configurations[40a]. (2) If either
the 4s or 3d� orbital is occupied and the ion is low-spin, the
systems react via adirectreaction mechanism. The behaviour
of the low-lying excited state Fe+(4F, 3d7), Fig. 4b, is typ-
ical, and the product distribution favouring the formation of
FeH+ over FeD+ is controlled by angular momentum conser-
vation[40a,46]. (3) If either the 4s or 3d� orbital is occupied
and the ion is high-spin, the systems react very inefficiently,
consistent with the repulsive surfaces predicted by the MO
concept. Ground-state Fe+(6D, 4s3d6) is an example. The
reaction commences at an elevated threshold and produces
much more FeD+ than FeH+ which is indicative for anim-
pulsivebehaviour[40a]. Obviously, in the Fe+/HD system,
the two electronic states of the metal must react with HD
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thus weakening the H−H bond. For atomic metal ions, th
primary acceptor orbital is the s orbital (with contributio
from d�), while the donor is a doubly-occupied d� orbital. If
the s orbital is occupied, the state is relatively unreactive.
most reactive species are those in which both the s an
d� orbitals are empty, as in ‘early’ transition metal ions h
ing orbital configurations (s0d�2) that should lead directl
to the formation of ground state MH2+. A related consid-
eration concerns the role of electronic spin, which is ea
conservedoverall in Eq. (21)(where the spin quantum num
bers are given in parentheses) since M+ can be in either of two
spin quantum numbers (s± 1/2) and still forms ground state
MH+(s) in a spin-allowed process. For example, ground-s
FeH+ (5�, s = 2)[43] can be generated from both Fe+(6D)
and Fe+(4F); however, the favourable s0d�2 configuration
can only be achieved for low-spin (s− 1/2) metal ion states
e.g., Fe+(4F, 3d7). High-spin states, resulting from s1d�1

etc., e.g., Fe+(6D, 4s3d6) should have PESs that are mo
repulsive. In addition, they can only access ground stat
termediates via spin–orbit coupling. That not only the ove
spin of reaction (21) but the spin of thereaction intermedi-
ate, i.e., H−M+−H, needs to be considered is also verifi
by the reactivity of other metal ions. For M+ = Cr+, the quar-
tet states react more readily than the sextet state[44], and as
the product CrH+ has a5Σ ground state[38,43–45], reac-
tion (21) is spin-allowed forboth states of Cr+. However,
when the reaction proceeds via an intermediate H−Cr+−H,
a spin change is necessary for high-spin Cr+, because forma
tion of ground-state intermediates is only spin-allowed for
low-spin metal. This consideration also explains whyexcited
states of Co+, Ni+ and Cu+ – in spite of their extra excitatio
e
e

e

-
l

through entirely different reaction mechanisms which refl
state-specific features. Of course, mixing of PESs (i.e.,
adiabatic effects) can bring about changes in reactivity.
example, the category 3 ions of Sc+ and Ti+ having ground
states Sc+(3D, 4s3d) and Ti+(4F, 4s3d2), were observed t
react like category 1 ions, i.e., Sc+(3F, 3d2) and Ti+(4F, 3d3)
because therepulsiveground-state PESs undergo stron
avoided crossings with theattractiveexcited-states of iden
tical electronic spin[47].

As a final example of this Chapter some aspects of the
cinating Sc+/H2 couple will be mentioned; this system h
met the interest of theoreticians[36,38]and experimentalist
[47b,48]alike. Atomic Sc+(3D, 4s3d) is by far the most re
active of the 3d metal ions[46,49]. Exothermicinsertion of
Sc+ into H2, forming two Sc−H �-bonds, was first predicte
by Tolbert and Beauchamp[48a], and the ability to gener
ate exothermically metal hydride bonds was attributed to
fact that the 3d4s configuration of Sc+ allows the formation
of two equivalent sd hybrid bonding orbitals and greatly
duces the loss of exchange energy on the metal in the c
of �-bond formation. This exothermic insertion distinguish
Sc+ from other metal cations, e.g., Co+, V+, Na+ or K+, all
of which bind a hydrogen molecule mainly by electrosta
forces[50], resulting in a complex in which the H2 bond
is only slightly perturbed from the isolated molecule[51].
At elevated kinetic energy, reaction of Sc+ with H2 under
single-collision conditions brings about H−H bond cleav-
age, according toEq. (21) [46,47b,52]. Detailed theoretica
work [36,38] helped to uncover part of the uniqueness
Sc+. The inserted Sc(H)2

+ structure was confirmed to co
respond to the ground state (1A1), and the intermediate
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Fig. 4. Cross-sections for the reactions of (a) Ti+ and (b) Fe+ with HD (Eqs. (21a) and (21b)) as a function of collision energy in the laboratory (upper scale)
and centre-of-mass (CM, lower scale) frames. Reproduced fromAcc. Chem. Res. 22 (1989) 315.

formed adiabatically from a low lying first excited state (1D,
4s3d) through an avoided crossing with the third excited state
(1D, 3d2). The effects of spin–orbit coupling between sur-
faces of Sc(H)2+ that correlate to the atomic ground state of
Sc+(3D, 3d4s) and the two first excited2D states were es-
timated. While the calculations indicated that formation of
an inserted H−Sc+−H+ structure was probably exothermic
with respect to the Sc+ ground state asymptote, a large bar-
rier of 19 kcal/mol will prevent facile bond activation. Some
relevant parts of the potential energy curves are depicted in
Fig. 5.

Additional insight on the details of�-bond activation
of H2 by Sc+ was provided in a combined experimen-
tal/theoretical approach by Bowers and co-workers[48b]
using temperature-dependent equilibrium measurements for
reaction (22).

(22)

Both experimental and theoretical analyses of the data
indicate that Sc+ is inserted exothermically into the first
H2 ligand although the rate is very slow (k = (3–13) ×
10−17 cm3 s−1). More interestingly, this rate constant has a
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Fig. 5. Potential energy curves modelled after the results of Rappé and Upton
(Ref. [36]) for the C2v approach of atomic Sc+ and H2. The two1D states
undergo an avoided crossing, allowing an entry to the formation of Sc(H)2

+
(1A1). The circle denotes a spin–orbit mediated coupling between the3D
ground state and the first excited1D state. Reproduced fromJ. Am. Chem.
Soc. 116 (1994) 9710.

negativetemperature dependence which is incompatible wit
a simple insertion energy barrier as suggested inFig. 5for the
reaction occurring under single-collision conditions betwee
Sc+ and H2.

The negative temperature dependence requires to have
rate-determining transition state be at slightlylower energy
than the ground state asymptote energy. How can this
achieved? Bowers and co-workers provided a convincing r
tionale by theoretically examining the effect of sequentia
H2 clustering on various energy states of Sc+. In the present
context the important finding is that sequential addition o
H2 molecules to these states leads to a lowering of the ins
tion barrier relative to the asymptotic energy of the groun
state [Sc+ 3D, 4s3d, +nH2], and it takesthreeH2 molecules
to pull the insertion barrier below the asymptotic limit. Ob
viously, it is not the bare Sc+ ion that brings about H−H
bond activation but the cluster3D Sc+(H2)2 which, upon lig-
ation with a third H2 molecule, is ready to undergo formation
of the inserted H−Sc+−H(H2)2 intermediate and eventually
the H−Sc+−H product itself. This oxidative addition is a
rare example of a cluster-mediated�-bond activation.

3.4. Bond activation of XH4 (X = C, Si) and small
aliphatic hydrocarbons by bare M+

n

s

contemporary catalysis[54]. Not surprisingly, methane acti-
vation by bare transition-metal cations has been at the focus
of a number of fundamental gas-phase ion studies[3d,55].
While several electronically excited ions M+ were reported
to dehydrogenate methane[56], reaction (23), and to form
metal-carbene complexes MCH2

+, thermalized ground-state
mono-atomic 3d- and 4d-elements do not react with methane
(atomic Zr+ seems to be an exception in that in guided ion
beam experiments at low energies slightlyendothermicde-
hydrogenation of CH4 has been observed)[3a,3d,57].

M+ + CH4 → MCH2
+ + H2 (23)

Interesting ‘exceptions’ to the generally non-reactive be-
haviour of 3d- and 4d-cations towards CH4 were recently
reported using quite different concepts. For example, Bow-
ers and co-workers demonstrated that methane activation can
be achieved by means of a ‘ligand-assisted’ reaction[58].
Bondybey’s laboratory reported that dimeric Rh2

+, in dis-
tinct contrast to atomic Rh+ as well as larger clusters, ef-
ficiently dehydrogenates CH4 [59a], and the same reaction
is observed for the heteronuclear clusters RhPt+ [59b] and,
with small efficiency, RhCu+ (M. Schlangen, H. Schwarz,
unpublished results). Further, a detailed analysis of the gas-
phase performance of Bergman’s catalyst[53e]with regard to
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Methane functionalization constitutes an importa
timely topic of research[53], and catalytic conversion of CH4
to CH3OH has been listed as one of the ten challenge
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methane activation was conducted by Chen and co-wor
[60].

The unreactivity of bare metal ions, especially from
first row, is due to the repulsive properties of the occupie
orbital and unfavourable thermodynamics, and it takes th
row transition-metal cations M+ (M = Ta, W, Os, Ir, Pt) to
make reaction (23) exothermic, as demonstrated for the
time by Irikura and Beauchamp[61] and later confirmed by
other laboratories[55b]. In these cases, reaction (23) is driv
by the formation of extraordinarily strong metal–carbe
bonds (D0(M+−CH2) >111 kcal/mol), and these remarkab
bond strengths can be attributed to relativistic stabilizatio
the cationic complexes MCH2+ [62]. Similar effects exist for
the chemistry of homo- and heteronuclear cationic clus
composed of platinum and coinage metals, some of w
exhibit unusual cluster size effects for reaction (23)[63].

A question of obvious interest is whether the electro
and spin considerations so crucial for the activation of H2 by
3d- and 4d-metal cations M+, Eq. (21), continue to play a
role for alkanes as well.

Methane is the simplest system whereendothermicC−H
bond cleavage can be studied, Eq. (24), and ethane
propane extend this to the competitive activation of a C−C
bond. Possible spin quantum numbers in the metal-med
reactions of CH4 are given in parentheses of Eq. (24).
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State-specific results for the ion–molecule processes of
excited Ti+, V+, Cr+ and Fe+ with methane indicate that
the MO concepts discussed above for H2 activation remain
valid for the cleavage of C−H bonds[49,52,56b,64], and
the three categories of reactivity pattern derived can be ap-
plied. Reactions (24a)–(24c) all take place for Sc+−Cr+,
this is indicative for the formation of a long-lived interme-
diate H−M+−CH3. Fe+ does not dehydrogenate CH4, Eq.
(24a), but undergoes reactions (24b) and (24c) which sug-
gest direct processes, and the4F state of Fe+ is much more
reactive than the6D ground state in generating FeH+. For
the Fe+/CH4 system recent extensive computational studies
[65] do not only agree nicely with most of the experimen-
tal findings, but also reveal a crucial detail with regard to the
spin-crossover. In disagreement with the previous assignment
of a sextet state to the FeCH4

+ complex[66], the ground state
of the complex is characterized by a quartet spin state with a
binding energy that is consistent with the measured value[67]
and other high-level computational findings[68]. Thus, the
crossing point occurs quite likely at the entrance channel and
the system stays on the quartet surfaces without any changes
in multiplicities. As dehydrogenation, reaction (24a), is as-
sociated with an energetically substantial and entropically
demanding barrier in excess to endoergicity, it is not surpris-
ing that the Fe+/CH4 couple prefers formation of FeH+ and
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Fig. 6. Variation of product cross-sections with kinetic energy of Sc+ in the
laboratory frame (upper axis) and centre-of-mass frame (lower axis). The
arrow indicatesD0(H−CH3) at 4.54 eV. Reproduced fromJ. Am. Chem. Soc.
111 (1989) 3845.

cause ScCH2+ cannot decompose until 4.8 eV. Qualitative
MO considerations[52] suggest a quite complex potential en-
ergy surface due to the existence of various electronic states
of Sc+ [36] and the fact that the hypothetical intermediate
H−Sc+−CH3 must correspond to a singlet ground state. This
conjecture has been validated in two extensive high level ab
initio [62h] and density functional (DFT) theory[70] calcu-
lations (Fig. 7).

According to Morokuma’s multi-reference studies[62h],
which compare favourably with DFT-derived findings[70]
and exhibit good agreement with available experimental data
[48a,52], the reaction of the ground state Sc+ with CH4
proceeds as Sc+(3D, s1d1) + CH4 → ScCH4

+(3A′′) →
TS2(1A′) → HScCH3

+(1A′) → TS1→ (H2)ScCH2
+(1A1)

→ ScCH2
+(1A1) + H2 and is calculated to be endothermic by

24.8 kcal/mol. After formation of an ion–molecule complex
ScCH4

+, the reaction cannot continue on the triplet surface
because of a high barrier; rather it has to cross over to the sin-
glet surface. The minimum energy crossing point, denoted
by XM in Fig. 7 and corresponding to a�3C2v structure,
is located some 10 kcal/mol above the ScCH4

+ triplet com-
plex but still 13 kcal/mol below singlet TS2. The latter is
28.6 kcal/mol above the entrance channel. From the crossing
point onwards the system stays on the singlet potential energy
surface. Thus, the reaction of the first excited state of Sc+(1D,

of
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h M
FeCH3
+ the spin-dependent branching ratio of which is

some extent, also controlled by angular momentum co
vation[64c,69]. Alternatively, it can be argued that FeH+ is
formed in a direct ‘stripping’ reaction proceeding via a co
ear M+−H−CH3 intermediate[3a]. For the Ti+/CH4 system
[64b], the study of the electronic and translational energy
pendence augmented by extensive qualitative MO consi
tions provides good support for the idea that the endothe
formation of TiH+ and TiCH2

+ proceeds primarily through
doublet H−Ti+−CH3 intermediate which is efficiently pop
ulated from the s2F excited state of the metal ion; this st
is significantly more reactive than the a4F ground and b4F
first excited states of Ti+. As the latter states also dehyd
genate CH4, and as this process is spin-forbidden for th
two quartet states, the doublet intermediate H−Ti+−CH3 is
accessed via spin–orbit coupling of the doublet and qu
surfaces.

The last example to be discussed in this Chapter con
the reactions of the ‘early’ 3d cation Sc+ with CH4, which
has been studied by guided ion beam mass spectrometr[52]
and thoroughly analyzed theoretically at different level
theory[62h,70].

At low kinetic energy of Sc+, the dominant process co
responds to dehydrogenation, Eq. (24a) (M = Sc); at hi
energy the cross-section of this reaction falls off as the c
sections for the formations of ScH+ (Eq. (24b)) and ScCH3+
(Eq. (24c)) rise, with the former one predominating (Fig. 6)
[52]. The smooth appearance of the total cross-section
gests that reactions (24a) and (24b) are closely coupled
the decline of the ScCH2+ product above 1.9 eV must
a result of competition with the other two processes,
r
-

-
d

-

s1d1) is predicted[62h] to take place more easily, because
extra initial electronic energy and because it would not req
the intersystem crossing via rather inefficient spin–orbit c
pling. On the other hand, as outlined above, occupation o
orbital gives rise to a repulsive interaction and the metal is
expected to insert easily into a C−H bond. In any case, from
the insertion product HScCH3+ the reaction branches o
into three different channels (reactions (24a)–(24c), wit
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Fig. 7. Potential energy profiles for the Sc+/CH4 system calculated at the MR-SDCI-CASSCF(6/10)/BSII + DC level. Reproduced fromJ. Phys. Chem. 28
(1996) 11600.

= Sc). The energetically most favoured process corresponds
to dehydrogenation and formation of ScCH2

+; this path is
clearly preferred at low kinetic energies as observed experi-
mentally[52]. Productions of ScH+ and ScCH3+ are ener-
getically more demanding; however, both channels have an
entropic advantage (‘loose’ transition states), and are there-
fore easier accessible at higher kinetic energies. In addition, a
small fraction of the ScH+ product may be formed in a direct
process via a colinear Sc+−H−CH3 alignment, as suggested
earlier[52], thus bypassing formation of the insertion inter-
mediate. This direct reaction is spin-allowed from both high-
and low-spin states of Sc+.

Before continuing with a discussion of the gas-phase
chemistry of bare M+ with C2H6 and C3H6, which serve
as representative examples for competitive C−H/C−C bond
activation, brief comparison of CH4 with its heavier analogue
SiH4 should be made with an emphasis on mechanistic as-
pects of the Si−H bond cleavage steps by the 3d metal cations
Sc+ [71], Ti+, V+, Cr+ [72], and Fe+, Co+, Ni+ [73]. Com-
mon to these guided ion beam studies is an attempt to unravel
the role of electronic excitation, molecular orbital concepts
and spin considerations on the cross-section as a function of
kinetic energy.

For the Sc+/SiH4 couple the major low-energy process
corresponds to formation of ScSiH2

+ + H2, Eq. (25), while

ys-

tem compared to Sc+/CH4. Not unexpectedly, the Sc+(a3D)
ground state is an order of magnitude less reactive than the
Sc+(a1D, a3F) states, and formation of ScH2

+/SiH2, which
is entirely absent in the Sc+/CH4 couple, is only observed
for reaction of SiH4 with Sc+(a1D). All these findings can
be understood in terms of simple MO and spin conservation
concepts, as discussed above for the Sc+/CH4 system, and
augmented by the fact that (i) the Si−H bond is significantly
weaker than a C−H bond and (ii) the enhanced hydrogen
mobility at silicon centres[74].

The singlet insertion product H−Sc+−SiH3 is suggested
to act as common intermediate for most of the products
formed. While spin–orbit coupling, not unexpectedly, is quite
inefficient for Sc+, the increased reactivity of the heavy metal
La+ in its reaction with SiH4 [71] has been attributed to a
much more efficient spin–orbit coupling between the unre-
active high- and the reactive low-spin surfaces.

Similar observations were reported for the reactions of
M+ = Ti+, V+, and Cr+ with SiH4 [72], with MSiH2

+ as the
major product at lower translational energies and the forma-
tion of MH+/SiH3 at higher energies. Further, the reactions
are more efficient for the low-spin doublet (Ti+), triplet (V+),
and quartet (Cr+) excited states of the metal ions, and this
probably explains why dehydrogenation exhibits the largest

ation
but
ri-
at higher energies the products ScH+/SiH3 and ScH2+/SiH2
dominate. The overall reactivity is greater in the silane s
enhancement for the three metal cations. Spin-consider
shows that reaction (25) is spin-allowed for low-spin
not high-spin states of M+ [75]. Consequently, the expe
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mental observation that the high-spin ground states of Ti+,
V+ and Cr+ react with SiH4 to form MSiH2

+/H2 implies
that spin–orbit coupling between the high- and low-spin sur-
faces is operative. However, the relative inefficiency of the
ground-state reactions compared with the low-spin excited
state demonstrates that, like for Sc+, coupling is rather poor
also for Ti+, V+ and Cr+. Basically the same holds true for
the chemistry of SiH4 with the ‘late’ transition metal ions
Fe+, Co+, and Ni+ [73].

M+
(
s± 1

2

)
+ SiH4(0) → MSiH2

+
(
s− 1

2

)
+ H2(0) (25)

Let us now return to a discussion of some aspects of hydro-
carbon chemistry. As mentioned above, the metal-mediated
reactions with ethane (and propane) are ideal to probe one of
the central challenges in this field, i.e., the competition be-
tween C−H and C−C bond activation. Earlier work has been
summarized in Refs.[3a,3b,3d,25], and some more general
aspects relevant to the topics addressed in this Review will
be discussed here. In addition, brief attention will be paid to
a few original publications[76–78]which highlight part of
the fundamental problems associated with these seemingly
simple bond activation processes.

For C2H6 depending on the metal cation and its trans-
lational energy, reactions (26a)–(26g) have been observed,
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trast, the ‘early’ transition metals Sc+, Ti+, and V+ show
no barrier and exhibit large cross-sections for dehydrogena-
tion of C2H6. In general, the cross-sections of reaction (26c)
are dependent on the spin state of the metal: low-spin states
are more efficient than high-spin states[76,79]. Formation of
MH2

+ is observed uniquely for metal ions with two valence
electrons, i.e., Sc+, Y+, La+, and Ln+ [52], and the exclusive
formation of ScHD+ from CH3CD3 is indicative for highly
specific consecutive C−H(D) bond activation steps, the effi-
ciency of which, however, is rather low due to the inefficient
spin–orbital coupling between the triplet-singlet surfaces. If
the rate limiting step for reactions (26a)–(26g) is insertion of
M+ into a C−H or a C−C bond, then electron spin conserva-
tion and electronic occupancy restrict which reactant states
provide under low-energy collisions a low-energy path for the
M+/alkane system to the intermediate. Again, ions in low-
spin states quite generally have a spin-allowed entry while
those with high-spin ground state have an efficiency which is
subject to spin–orbit coupling.

With larger alkanes, many of their reactions with
transition-metal cations exhibitexothermic features with
cross-sections approaching the collision limit near thermal
energies. Further, crossings between surfaces of different
metal ion states (including different spins) often occur at en-
ergiesbelow the reactant asymptote such that the reactions
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and both the efficiencies and the branching ratios are hig
metal specific.

Expulsions of CH3 and CH4, reactions (26a) and (26b)
involve C−C bond cleavage, and process (26a) domina
at high translational energy for all metal ions investigate
Demethanation is observed only for the 3d metals Sc+−Cr+,
and as these two C−C bond activation processes compete
has been suggested that they proceed through a commo
sertion intermediate M(CH3)2+ which eliminates CH4 via
a tight four-centre transition state or CH3 via direct metal-
carbon bond fission. All remaining reactions involve at o
stage C−H bond activation. Processes (26f) and (26g) do
inate again at higher translational energy, and they can o
directly from an insertion intermediate H−M+−C2H5. Not
surprisingly, their branching ratio will be controlled by th
ionization energies of MH and C2H5. While dehydrogena-
tion, reaction (26c), is exothermic for all 3d cations it is n
observed for Cr+, Mn+ or Cu+ but occurs for Fe+, Co+,
and Ni+ though with substantial activation barriers. In co
y

s

n-

r

can be largely insensitive to spin considerations. In gen
the difference in reactivity between ground and excited s
is often seen to decrease as the system evolve from sm
larger sizes. This is due to an increase of reactivity of
ground states rather than the excited states become less
tive. One might anticipate that for a sufficiently large syst
all state-specific reactivity differences eventually disapp
however, this limit has not yet been reached.

As a good example for a ‘larger’ alkane, the reaction
M+ with n-butane, Eq. (27), are perhaps instructive.

Again, and as expected for exothermic processes, bra
ing ratios are highly metal specific[80], as demonstrated b
the following few examples: First-row, ‘late’ cations read
activate C−H and C−C bonds. Metals with two valence ele
trons like Sc+, are unique in that formation of Sc(CH3)2+ is
prominent[48a,81]. Ground-state Cr+ and Mn+ are unre-
active with C4H10 at low translational energy, because f
mation of an insertion product requires two relatively stro
�-bonds which would imply a disruption of a stable d5 shell.

One of the most detailed gas-phase experiments ever
ducted concerns thetotalcross-section determination of ele
tronic state-specified reactions of V+ with C2H6, C3H8, and
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Fig. 8. Schematic representation of various V+/C2H6 potential energy
curves leading from quintet and triplet asymptotes towards the insertion
intermediate H−V+−C2H5. Reproduced fromJ. Chem. Phys. 92 (1990)
3498.

C2H4 [76]. At a kinetic energy of 0.2 eV, for all three hydro-
carbons, dehydrogenation is the dominant process, and a truly
dramatic dependence of cross-section on the V+ electronic
terms was observed. The second excited term,3F(3d34s) is
more reactive than either lower energy quintet term5D(3d4)
or 5F(3d34s) by a factor of≥270, 80 and≥6 for C2H6,
C3H8 and C2H4 reactions, respectively. Electronic excitatio
to 3F(3d34s) is far more effective at promoting H2 elimina-
tion than addition of the same total kinetic energy to reactan
Electron spin is undoubtedlythekey determinant of the V+
reactivity with small hydrocarbons, and the higher efficien
of triplet V+ – in comparison to the quintet states of V+ – is
due to its ability to conserve total electron spin along paths
bring about oxidative insertion of the metal in a C−H bond.
The essential details are depicted inFig. 8, and for a thorough
discussion the reader is referred to the original publication
Ref. [76a].

Further insight into the mechanistic details of competiti
C−H/C−C bond activation by ground-state Ti+ and V+ and
the factors that govern this competition was provided by
investigation of deuterium-labeled propanes, product kine
energy release distribution, reaction cross-section determ
tion, and qualitative considerations of potential energy s
faces of different states[77]. The major experimental find-
ings are as follows: For ground state Ti+, loss of H and
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features[77] permit to construct schematic potential energy
curves for the two systems,Figs. 9 and 10.

Common to either metal is that formation of the initial
H−M+−C3H7 intermediate requires a spin–orbit mediated
crossing from the high-spin ground state to an excited low-
spin surface. Because both Ti+ and V+ eliminate H2 at ther-
mal energies, these crossings must occur below the reactant
asymptotic energies as shown inFigs. 9 and 10. In the case
of Ti+ no further spin changes are implied for producing H2
and CH4 and the corresponding Ti+ complexes. As signif-
icant isotope effects are observed in the Ti+ cross-sections
at lower energies, while SOC is expected to have little iso-
topic dependence, the energies of the respective multi-centre
transition-states[82] play a crucial role in both the overall
reaction efficiency and the branching ratio, as revealed ex-
perimentally.

Similar arguments apply to H2 elimination in the
V+/C3H8 reaction except that now two crossings are in-
volved. The reaction commences on the quintet surface,
crosses to a surface and returns to the quintet surface because
only the latter gives rise to an overall exoergic reaction. In-
spection of the PESs also reveals that for demethanation it is
the last step, i.e., the reductive elimination, which is rate lim-
iting. Further, the reactivity difference between the Ti+ and
V+ systems is caused by a more favourable covalent bond-
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tes, as
2
CH4 both occur at thermal energy with reaction efficienc
of 17 and <1%, respectively. For ground-state V+, dehydro-
genation is observed at thermal energy with an efficie
of <1%, whereas demethanation requires a 0.7 eV thresh
The deuterium labelling indicates that�−H(D) transfer to
form the metal propene dihydride complex constitutes
rate-limiting step for dehydrogenation while reductive eli
ination of CH4 is shown to correspond to the rate-limitin
event for demethanation. These observations and many
n
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ing for Ti+ due to facile sd hybridization, which pulls dow
transition states as well as intermediates involved en rou
products.

The last example, to be discussed in this chapter, d
with electronic effects in competitive C−H/C−C bond acti-
vation by excited Cr+ [78]. Cr+ has been one of theleast
studied metal ions, largely because the stable d5 shell of
its ground state (6S, 3d5) renders the metal quite unreacti
[83]. This further suggests that excited states of Cr+ hav-
ing either 4s13d4 or low-spin 3d5 configurations should b
more reactive, which was later actually observed for re
tions of electronically excited Cr+ with H2 and CH4 [56,84].
It was also shown that in these systems bond activation ca
achieved by translational excitation of electronically ‘co
Cr+ [56b,84b]. These earlier studies were complemented
observations that tuning the electronic states of Cr+ provides
a handle for controlling the C−H/C−C branching ratios in
the activation of alkanes like C3H8, C4H10, and C5H12 [78].
While the6S(3d5) ground state and the6D(4s3d4) first excited
state of Cr+ activates only C−C bonds, the excited quart
states4D(4s3d4) and 4G(3d5) bring about both C−H and
C−C bond cleavage, and these remarkable selectivity ef
can be explained, once more, by relatively simple conc
employing electronic state, atomic occupancy and spin–o
coupling considerations, which are summarized inFig. 11
[78].

Given the reasonable assumption that the Cr−H and
Cr−C bonds in all initially formed insertion intermediat
H−Cr+−CH2R and H3C−Cr+−R are covalent, there ar
three remaining non-bonding 3d electrons on the metal. C
sequently, these species should have quartet ground sta



88 H. Schwarz / International Journal of Mass Spectrometry 237 (2004) 75–105

Fig. 9. Schematic reaction profiles for the reactions of Ti+ with C3H8 to eliminate (a, top) H2 and (b, bottom) CH4. MCTS stands for multi-centre transition
states; for details, see Ref.[82]. Reproduced fromJ. Am. Chem. Soc. 120 (1998) 5704.

confirmed by electronic structure calculations for Cr(CH3)2+
[85]; thus, C−C and C−H bond activation is spin-forbidden
from the sextet states of Cr+ and spin-allowed from the quar-
tet states. Differences in reactivity between these different
states can thus be readily explained. Further, while the initial
interaction between all states of Cr+ and the alkanes is attrac-
tive due to long-range ion-induced dipole forces, at closer
distances the surfaces arising from the6D and 4D terms
become fairly repulsive due to the 4s occupations; in con-
trast, those states with empty 4s orbitals, i.e.,6S and 4G,

evolve into surfaces that are less repulsive. The4G state is
the lowest state of Cr+ having both the correct spin and elec-
tron configuration to correlate directly to the ground states
of the insertion intermediates. Since the two quartet sur-
faces4D and 4G cross one another and are close in en-
ergy, they are likely to mix and thereby allow the4D state
to also react efficiently. The branching ratios of the C−H
versus C−C bonds is by and large the result of differences
in Cr+−H versus Cr+−C bond strength favouring the latter
one.
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Fig. 10. Schematic reaction profile for the reaction of V+ with C3H8 to eliminate H2 and CH4. Triplet surfaces are dashed, and quintet surfaces are solid lines.
X andYcorrespond to the energies of the triplet−quintet splitting for (C3H6)VH2

+ and (C2H4)VCH4
+, respectively. Reproduced fromJ. Am. Chem. Soc. 120

(1998) 5704.

3.5. Activation of NH and H2O by atomic metal
ions—still more to learn

Activation of N−H bonds is of topical interest. In the
gas phase,exothermicdehydrogenation of NH3 by ground-

ofw

state atomic metal ions M+, Eq. (28), is confined to group
3, 4, and 5 transition metals. They react at thermal ener-
gies to generate MNH+ [86] which impliesD(M+−NH) >
101 kcal/mol[87,88]. Atomic metal ions from group 6–11
undergo slow condensation to form MNH3

+ adducts[86],
Fig. 11. Qualitative generalized energy curves for the reactions+
 Crith alkanes RCH3. Reproduced fromJ. Am. Chem. Soc. 114 (1992) 2049.
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and for these ‘late’ transition metals dehydrogenation is end-
othermic.

M+ + NH3 → MNH+ + H2 (28)

The electronic and translational energy dependence of
NH3 dehydrogenation was studied for M = V in a guided
ion beam experiment[87], and the results indicate that the
most likely reaction mechanism proceeds via oxidative ad-
dition of a N−H bond to yield H−V+−NH2. Simple bond
cleavage forms VH+ and VNH2

+ in endothermic processes,
producing preferentially the former one due to better conser-
vation of orbital angular momentum. Exothermic formation
of VNH+ occurs via four-centre elimination of molecular
hydrogen. The a3F state of V+ is found to be substantially
more reactive than the a5D ground and a a5F first excited
state even after accounting for differences in available en-
ergy. These reactivity dependences on electronic states have
been explained by using the same concepts as outlined above
for the reactions of early transition-metal cations with CH4,
and the much higher reactivity of the triplet state reflects spin-
allowed oxidative insertion of V+ in the N−H bond coupled
with a favourable thermochemistry. In contrast, all reactions
emerging from quintet states are spin-forbidden, and the poor
efficiency suggests rather small spin–orbit coupling for this

th
e

tem a picture emerges which substantiates what has been
described above for the related V+/NH3 reactions. In par-
ticular, spin–orbit mediated crossing between the triplet and
singlet surfaces is essential and occursafter formation of the
ScNH3

+ encounter complex (Fig. 12) [70]; the reaction pro-
ceeds then adiabatically on this surface towards ScNH+/H2
[70,89]with H−Sc+−NH2 serving as intermediate[90].

The experimentally observed differences in the behaviour
of ‘early’ versus ‘late’ 3d cations M+ with regard to dehy-
drogenation of NH3, Eq. (28), are also born out by theo-
retical studies[65,89], and brief mentioning of four aspects
obtained for the Fe+/NH3 system[65] may suffice: (1) De-
hydrogenation of NH3 by Fe+ is very endothermic and thus
will not occur under thermal conditions[86]. (2) The asso-
ciation complex FeNH3+ corresponds to a quartet state with
a calculated binding energy of 46.6 kcal/mol, relative to the
Fe+(6D) ground state, in excellent agreement with the ex-
perimental value of 46.7 kcal/mol[91]. Surface crossing be-
tween the sextet and quartet manifolds occurs close to the
entrance channel of the reaction. (3) If insertion of Fe+ into
the N−H bond, to generate H−Fe+−NH2, proceeds on the
quartet surface, the corresponding transition structure is en-
ergetically located below the entrance asymptote, contrary to
the behaviour of the sextet FeNH3

+ complex. (4) In distinct
contrast to ‘early’ transition-metal cations, e.g., Sc+, the rate

n
en-
particular system.
More refined theoretical studies on several aspects of

metal-mediated ammonia activation have been perform
for M+ = Sc+ [70,89], Fe+ [65] and Ni+, Cu+ [89], and
some features will be presented next. For the Sc+/NH3 sys-
Fig. 12. B3LYP/DZVP singlet and triplet potential energy surfaces for the re
2588.
e
d

limiting step in the dehydrogenation of NH3 corresponds i
the Fe+/NH3 system to the four-centre-transition state to g
erate Fe(NH)(H2)+, in which H2 is only weakly interacting
with the FeNH+ core.
actions of Sc+(1D, 3D) with NH3. Reproduced fromJ. Am. Chem. Soc. 123 (2001)



H. Schwarz / International Journal of Mass Spectrometry 237 (2004) 75–105 91

Dehydrogenation of H2O by M+, Eq. (29), constitutes the
reversal of H2-oxidation by diatomic metal oxides, and as
Chapter 4 is reserved to describe in detail various aspects
of this metal oxide mediated process, the many experimen-
tal and theoretical studies reported on reaction (29) will be
discussed here only briefly.

M+ + H2O → MO+ + H2 (29)

The ‘early’ transition-metal ions Sc+, Ti+ and V+ re-
act exothermically with water, and in line with the related
M+/NH3 system, for all three metals the low-spin excited
states react more efficiently than the high-spin ground states
[88,92]. This is indicative for the formation of a low-spin
insertion intermediate H−M+−OH. Mechanistic details of
reaction (29), as derived from extensive theoretical studies,
are in many ways surprisingly similar to the profile shown
in Fig. 12for dehydrogenation of NH3 by M+, and in-depth
computational analyses for the M+/H2O couples exist for
Sc+ [3h,70,93,94], Ti+ [95], and V+ [94]. Here, only the
Sc+/H2O system will be presented. Common to all computa-
tional studies is that key stationary points on the singlet and
triplet PESs had been characterized, and these include the
ScH2O+ association complex, the transition state (TS) lead-
ing to the intermediate H−Sc+−OH, the H2 elimination TS,
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lyzed more rigorously (J.N. Harvey, unpublished results men-
tioned in[3h]); the results are depicted inFig. 13. The MECP
is indeed found to be lower in energy than the Sc+/H2O
asymptote, and very close, both in geometry and in energy,
to the TS that separates3ScH2O+ and1HScOH+ located on
the3A′ and1A′ PESs. However, the actual triplet→ singlet
crossing occursafterpassing the TS on the triplet surface.

Both state-specific reactions[96] of Fe+(a6D, a4F) and ex-
tensive calculations[65,97]have been employed in the hope
to unravel at least a few of the many intriguing features of
the Fe+/H2O system, the detailed discussion of which will
be postponed to Chapter 4.

For the late transition-metal oxides M+ (M = Cr, Mn, Fe,
Co, Ni, and Cu), reaction (29) is endothermic. Some mecha-
nistic aspects of both high- and low-spin components of these
metal ions were uncovered by computational studies[97,98];
for example, an increase in endothermicity exists through the
3d metal series from the left to the right. Fe+ is significantly
different from the entire Sc+−Mn+ series because both its
low- and high-spin terms involve paired electrons and both
states are engaged in the reaction (‘two-state reactivity’ be-
haviour[3g]), and Mn+ exhibits some deviations because of
the complete half-filling of its valence shell in the high spin.
What is, however, quite unsatisfying is the lack of precise
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lude
and the resulting ScO−H2 ion–molecule complex, with th
latter three points all having singlet ground states. The e
of spin on this reaction has only loosely been discussed,
Irigoras et al.[94] claimed that the singlet PES crosses
low the triplet one somewhere between the reactant com
ScH2O+ and the insertion intermediate HScOH+, at an en-
ergy below the entrance channel. In a more recent study u
a procedure for localizing minimum energy crossing po
MECPs[18], the issue of the crossing behaviour has been

Fig. 13. Simplified potential energy curves for Sc+(1D, 3D) and H2O. En
Ref. [94] and the numbers in italics from Ref.[3h]. The excitation energy
Reproduced from Ref.[3h].
t
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ies are in kcal/mol relative to reactants, with the numbers in bold taken
Sc+ is the experimental value. For further computational details, see Ref.[3h].

information on the exact location of the MECPs as well as
the efficiency of spin–orbit coupling, which, admittedly, is
but trivial to obtain given the enormous electronic comple
of these deceptively trivial molecules.

3.6. Activation of double bonds in X=C=Y by atomic M+

Systems being studied in detail in the gas phase inc
the following couples: V+/CS2 [99], V+/CO2 [100,101],
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V+/COS[101], Cr+/CS2 [102], Cr+/COS[102], Mn+/CS2
[102], Mn+/COS[102], Fe+/CS2 [103a], Fe+/COS[103a],
Co+/CS2 103a], Co+/COS [103a], Sc+/COS [103b],
Sc+/CS2 [103b], Ti+/COS[103b], Ti/CS2 [103b], and Ni+,
Cu+ and Zn+ reacting with COS and CS2, respectively
[103c]. For all these examples, two-state reactivity (TSR)
has been either proven or implied to play a decisive role in
the bond activation step.

The by far most convincing study concerns an intriguing
situation which was found for the endothermic sulfur atom
transfer from CS2 to atomic V+, Eq. (30). This process is a
textbook example for the operation of TSR and, therefore,
deserves special mentioning.

V+ + CS2 → VS+ + CS (30)

The kinetic-energy dependence of this, as we shall see,
competitive spin-allowed and spin-forbidden, reaction was
examined using guided ion beam mass spectrometry, and by
systematically varying the V+ electronic state distributions,
the reactivities of both the ground and excited state of V+
were determined. Extensive DFT calculations and determi-
nations of the Landau–Zener surface crossing probabilities
were instrumental in obtaining a quite comprehensive pic-
ture of this elementary chemical transformation[99].
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a 3Σ− ground state for VS+ with the first quintet state (3Π)
lying 1.37 eV higher in energy. Thus, the formation of ground
state products from ground-state reactants is spin-forbidden,
Eq. (31a)while at higher energies the spin-allowed produc-
tion of excited VS+ can occur,Eq. (31b).

V+(5D) + CS2(1Σ+
g ) → VS+(3Σ−) + CS(1Σ+) (31a)

V+(5D) + CS2(1Σ+
g ) → VS+(5Π−) + CS(1Σ+) (31b)

The calculated energy difference of 1.37 eV between the
two VS+ states in question is in good agreement with the
observed threshold difference of 1.45 eV between the two
features inFig. 14. The distinct fall and secondary rise of
the cross-sections are consequences of the spin-forbidden
character of reaction (31a), which leads to the decline above
1.2 eV, combined with an enhanced reaction efficiency once
the spin-allowed process (31b) is energetically accessible.

Further insight about the surface-crossing behaviour is
provided by the computed potential energy surfaces for
processes (31a) and (31b),Fig. 15 [99], together with a
Landau–Zener analysis[104] of the cross-section.

As expected, the VCS2+ encounter complex1 has a5A′′
ground state correlating with V+(5D) + CS2 reactants. How-
ever, coordination of CS2 to V+ significantly lowers the
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The bimodal kinetic energy dependence of reaction
observed in the low-energy part of the VS+ cross-section
Fig. 14, is very unusual. The first endothermic feature co
sponds to the formation of ground state VS+. This process
has an apparent threshold near 0.4 eV, peaks around 1
and falls to ca. two-thirds of its maximum intensity before
rise of a second endothermic feature near 2.3 eV. Becau
products other than VS+ and CS are feasible in this ener
regime[101], the second feature must correspond to the
mation of electronically excited VS+. Electronic excitation o
the CS neutral product can be ruled out. Clearly, the rout
the two cationic products in question must differ in some f
damental way. Electronic structure calculations[101]predict

Fig. 14. Cross-section for the formation of VS+ in the reaction of V+ with
CS2 as a function of centre-of-mass energy (for details, see Ref.[100]).
Reproduced fromAcc. Chem. Res. 33 (2000) 139.
)
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triplet surface compared to atomic V+, and1(3A′′) is pre-
dicted to be 0.67 eV below the ground-state entrance cha
For the product complexes SVCS+ (2) the order of stability
is reversed, and the differences between the3A′′ and 5A′′
states simply reflect the relative stabilities of the respec
fragmentation channels. Thus, for the V+/CS2 system, the
lowest-energy adiabatic surface is quintet-like in the re
tant region and triplet-like in the product region, and sp
inversion must occur en route to products. While the ME
for this event has not been explicitly located, indirect ar
ments have been developed[99] to position this point betwee
the closely spaced1 (3A′′) and TS1/2 (3A′′) species with an
estimated spin–orbit coupling constant of 20 cm−1; this value
lies in the weak-coupling limit[105].

Equipped with these information (and additional con
erations[99]) the explanation of the bimodal cross-sect
of Fig. 14 is straightforward. At low kinetic energies, th
reactants pass slowly through the crossing region, allow
the electrons to adjust to different configurations along
reaction coordinate. Under such conditions, spin inver
can take place, and adiabatic behaviour is expected. A
nuclear motion speeds up at elevated kinetic energies
reactants pass more quickly through the crossing region
electrons have less time to adapt, and the Born–Oppenh
approximation begins to fail. Thus, it becomes increasin
likely that the reactants will stay on their initial surfa
and behave diabatically, and the enhanced probability
spin-conserving behaviour appears to be responsible
the premature decline of the first feature associated
the formally spin-forbidden reaction (31a). Consequen
the VS+ cross-section decreases from the maximum
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Fig. 15. Potential energy curves for the V+/CS2 system calculated at the B3LYP/6-311 + G* level of theory. Energies are given in eV, and experimental energies
for the reactant and product asymptotes are given in italics. Reproduced fromJ. Chem. Phys. 110 (1999) 7858.

1.2 eV until diabatic formation of the excited quintet state
VS+(5Π) is energetically feasible near 2 eV.

4. The gas-phase world of cationic metal oxides

4.1. General remarks

The enormous interest in the chemistry of transition-metal
oxides (and also sulfides) evolves primarily from their numer-
ous applications, e.g., as catalysts, lubricants, support mate-
rials, or superconductors, to mention only a few[106]. More-
over, transition-metal chalcogenides are found in the reaction
centres of many enzymes[107], and metal sulfides have even
been postulated to be essential for the evolution of life[108].
Also the gas-phase chemistry of small charged metal chalco-
genides has been studied in great detail, both experimentally
and computationally. For example, the fascinating binding
situation in neutral and cationic 3d and 4d MX0/+ species (X
= O, S) has been summarized by Kretzschmar et al.[109].
A categorization and the characterization of orbital descrip-
tions, as well as the analysis of reactivity pattern of transition-
metal oxides form the theme of a review by Schröder et al.
[110], and a comprehensive collection and an in-depth discus-
sion of the electronic structure of metal oxides can be found
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in reactivity. Finally, an overview on C−H and C−C bond
activation by gaseous metal-oxide cations, summarizing the
then known experimental work, was published in 1995 by
Schr̈oder and Schwarz[112].

In the following the focus will be on the reactions of binary
MO+ with molecular hydrogen and small hydrocarbons,Eq.
(32), with an emphasis on those systems in which two-state
reactivity patterns are crucial.

MO+ + RH → M+ + ROH (R= H, alkyl) (32)

Note, that reaction (32) is the reversal of ROH deoxy-
genation by bare M+, Eq. (29), which has been analyzed in
Chapter 3.5. Some of the arguments already presented there,
in particular those for the couples M+/H2O and M+/CH4,
respectively[65,96–98], hold true for reaction (32) as well
and, therefore, will not be repeated here in detail.

Generally speaking, comparative studies of M+/MO+
with RH (R = H, CH3) often reveal an inverse reactivity pat-
tern: For highly reactive metal ions M+ their corresponding
metal oxides react sluggishly and vice versa, and the couple
Mn+/MnO+ represents perhaps an extreme example: Mn+
is the least reactive 3d transition-metal cation toward alka-
nes, whereas MnO+ is the most reactive one[113]. Further,
as has been repeatedly suggested[109–112,114], the overall
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rly’
in an exhaustive review of Harrison[43]. Further, the anal
ysis of the electronic structure constitutes the subject o
early theoretical investigation by Carter and Goddard[111].
In this latter study, fundamental differences in the nature
the metal-oxo bond in ‘early’ and ‘late’ metal-oxo complex
were described that were used to explain observed tr
 s

reactivity of the MO+ species seems to inversely correl
with its stability. For example, for the metal oxides CrO+
[114], MnO+ [113,115], FeO+ [55,116]and OsO+ [61a] it
has been shown that the oxo ligand increases the reac
of the bare metal. However, for systems involving the ‘ea
metals Sc+ [117,119], V+ [118,119], and Ti+ [119], oxida-
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tion of these metals to MO+ suppresses the reactivity relative
to M+ [112].

Finally, Chapter 4 will close with brief mentioning of some
aspects relevant for an understanding of the formation and
the reactivity of a few metal dioxides to the extent that their
chemistry is TSR-controlled.

4.2. Oxidation of molecular hydrogen

For the ‘early’ metal oxides ScO+, TiO+, and VO+,
cross-section measurements in a guided ion beam experiment
demonstrate that for all three MO+ cations their reactions
with D2 to form M+ and D2O areendothermic[119], and
M+ are primarily formed in an excited low-spin electronic
state. Production of ground-state M+ is also observed via
spin crossing from a low-spin to a high-spin surface, exactly
in analogy to the reverse reaction depicted inFig. 13. The in-
efficiency of forming the ground-state metal ions in these sys-
tems indicates a rather poor spin–orbit coupling. Further, this
model can rationalize why the amount of M+ produced de-
creases from the Sc+ to the Ti+ to the V+ system. Because the
energy splittings between the high- and low-spin M+ states
increase from Sc+ (0.3 eV) to Ti+ (0.6 eV) to V+ (1.1 eV),
the coupling efficiency between the reaction surfaces evolv-
ing from these states decreases and the cross-section of M+
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Fig. 16. Guided ion beam (GIB) results for the variation of the rate constant
for the reaction of FeO+ with D2 to form Fe+ and D2O as a function of
kinetic energy in the centre-of-mass frame. Reproduced fromInt. J. Mass
Spectrom. Ion Process.161 (1997) 175.

sidered, and based on a comparison with the experimental
findings, the potential energy profile depicted inFig. 17
[125] emerged as the most likely scenario—obviously, this
is yet another prototype of two-state reactivity for athermal
reaction[122].

The process involves two spin inversion (SI) junctions be-
tween sextet and quartet states, one near the FeO+/H2 cluster
at the entrance channel and one near the Fe+/H2O complex
at the exit channel. Spin–orbit coupling calculations indicate
a continuous decrease of the SOC value from being signifi-
cant at the entrance to become negligibly small at the prod-
uct exit. The results further show that while the quartet sur-
face provides a low-energy path, the SI junctions reduce the
probability of the reaction significantly, and the suggested
interplay between spin inversion and chemical barrier height
in the FeO+-mediated oxidation of molecular hydrogen is
confirmed by the pleasing agreement of the experimentally
determined kinetic isotope effects of reaction (33) (with HD
and D2) with the computed data[126]. Finally, quite clearly
without the intervention of spin inversion at thermal condi-
tion, reaction (33), shouldnot take place at all, and the ob-
servation of it, though being quite inefficient, is a convincing
example for the concept of a ‘spin-accelerated reaction’[3k],
the essence of which is sketched inFig. 18.

It is not without irony (or satisfaction, depending on one’s
f the
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rves
formed gets smaller.
One of the best studied couples, both experimen

and computationally, concerns the oxidation of H2 (and its
isotopologues HD and D2) by diatomic FeO+, Eq. (33)
[96,120–126].

FeO+(6Σ+) + H2 → Fe+(6D) + H2O (33)

This reaction is very exothermic (�rH0 = −37 kcal/mol),
even so when excited Fe+(4F) is formed, orbitally unre
stricted, and spin-allowed—and yet the reaction efficie
is <1% [124]. Further features of the molecular hydrog
oxidation by FeO+ are the very small intra- and intermolec
lar kinetic isotope effects on the reaction efficiencies for2,
HD, and D2 [121,123]. The most intriguing finding is tha
in the vicinity of the threshold the cross-section of reac
(33) (with D2 being used in order to enhance mass res
tion in the GIB experiment[124]) slightly diminisheswith
increasing energy (Fig. 16).

While the small reaction efficiency (<1%) could be int
preted in terms of a classical Arrhenius activation ba
[123], this assumption perhaps does not seem justifie
view of the results of the guided ion beam experiment w
shows that the cross-section monotonically decreases
increasing collision energy below 0.2 eV (Fig. 16). Hence
the vanishingly low reactivity of FeO+ toward molecular hy
drogen may well be related to the inefficiency associated
switches between surfaces of different spin. This scena
in line with extensive computational studies conducted
Shaik and coworkers[120,122,125,126].

In a comprehensive computational undertaking[126,127],
various mechanistic variants for reaction (33) were c
h

s

view point) to recall, that the gas-phase studies of one o
smallest molecular systems conceivable, i.e., the four-at
FeO+/H2 couple, have paved the way to resolve some o
puzzling questions associated with the mechanisms by w
the enzyme cytochrome P-450 brings about oxygenatio
a C−H bond[3i,31,128,129]. Aspects of the timely topic o
C−H bond oxygenation will be addressed in the next cha
and we shall see that the two-state reactivity concept se
well as a guiding principle.
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Fig. 17. Schematic potential energy profile for reaction (33). Relative energies are given in kcal/mol. The dashed lines indicate areas unexplored computationally.
Some energies were taken from Refs.[121,128]. The meaning of the abbreviation employed is as follows: CR reactant complex; SI spin inversion; I insertion
intermediate; and CP product complex. Reproduced fromJ. Am. Chem. Soc. 119 (1997) 1773.

Fig. 18. Qualitative energy profile for a spin-accelerated reaction. Repro-
duced fromChem. Soc. Rev. 32 (2003) 1.

4.3. Oxygenation of C−H bonds by MO+: a “holy grail
in chemistry”

Relating Sir Derek Barton’s famous dictum about“Holy
Grails in Chemistry” (A whole issue of theAccountsofChem-
ical Researchhas been devoted to this topic)[130,131]to the
oxygenation of C−H bonds in alkanes,Eq. (34), is not un-
justified given the challenging complexity of this deceptively
trivial reaction which only on paper looks so easy[132].

R − H + 〈O〉 → ROH (34)

In the reactions of diatomic MO+ with CH4, three princi-
pal product channels are conceivable, Eq. (35), the efficien-
cies and branching ratios of which are controlled by thermo-
chemical and spin considerations. It should be mentioned,
that reaction (35c) is unimportant for 3d metal oxides, in
contrast to 5d metal oxides[113].

The most detailed study, both in regard to experimental and
computational efforts, has been conduced for FeO+ reflecting
the particular role this metal plays in oxidation chemistry in
general[106b,107,132,133]. Rate constants and branching
ratios, obtained by using three different mass spectrometric
methods, are reported inTable 1, and a thorough discussion
of the experimental findings can be found in Ref.[124].

As described above for the related FeO+/H2 system
(Fig. 16), the most intriguing experimental observation is
the rate constants dependence for the FeO+/CH4 reaction,
Fig. 19 [124], as a function of kinetic energy.

Similar to reaction (33), at very low kinetic energy the
efficiencies for the formation of FeOH+ and Fe+ from CH4
decreasewith increasingenergy, thus displaying a signifi-
cant kinetic bottleneck in a reaction which is exothermic for
channel 35a (M = Fe) and thermoneutral for process (35b)
(M = Fe). As in the case of the FeO+/H2 couple, the unusual
behaviour of FeO+/CH4 can be traced back to the existence
of a spin barrier in the crossing from the sextet to a quartet
surface close to the entrance channel. This picture has been
corroborated by extensive potential energy surface calcula-
tions, including an analysis of the relevant spin–orbit cou-
pling terms[120,122,125,134]. In Fig. 20a potential energy

Table 1
−11 3 −1 +

d ion
Rate constantsk (in 10 cm s ) for the reactions of FeOwith methane
and branching ratios between Fe+ and FeOH+ in the ICR, GIB, and SIFT
experiments

Method k Fe+:FeOH+

ICR 8.5± 2.6 39:61
GIB 2.8± 0.8 29:71
SIFT 7.4± 2.2 81:19

ICR: ion cyclotron resonance, GIB: guided ion beam, and SIFT: selecte
flow tube. Only in the ICR experiment, the product FeCH2

+ is formed with
very small abundance (<1%).
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Fig. 19. GIB results for the variation of the rate constants,kCH4, for the
reaction of FeO+ with CH4 to form FeOH+ + CH3 (closed circles) and
Fe+ + CH3OH (open circles) as a function of kinetic energy in the centre-
of-mass-frame. Reproduced fromInt. J. Mass Spectrom. Ion Process.161
(1997) 175.

diagram, taken from one of the more recent theoretical studies
[134e], is given.

From the three crossing points calculated, the one be-
tween the encounter complex (CH4)FeO+ and the transition
state towards the quartet intermediate H3C−Fe−OH+ ex-
hibits the largest spin–orbit coupling element (133.6 cm−1),
the energetically feasible interconversion between the sex
tet and quartet states of the insertion intermediate has a
SOC of 21.4 cm−1, and the one at the exit channel is the
smallest with 0.3 cm−1 only. Provided the crossing points
reported inFig. 20correspond to the true minimum energy

hway gies
e C ssing

crossing points and the respective SOC calculations are re-
liable, one arrives at the conclusion that in the experimen-
tally demonstrated formation of Fe+ in its 6D ground state
[124], the rate-limiting step in the multi-sequence event cor-
responds to the quartet→ sextet spin inversion at the exit
channel, and not the one close to the entrance as argued in
Ref.[134e]. Alternatively, the system changes back from the
quartet to the sextet state at the stage of the insertion interme-
diate H3C−Fe−OH+, and will then proceed adiabatically at
the sextet surface via TS2 towards Fe+(6D) and CH3OH.

Computational studies of all 5d-metal-oxide cations
ScO+−CuO+ and their role in the methane–methanol con-
version have been performed by Shiota and Yoshizawa
[134d], and these exhaustive computations are quite revealing
concerning mechanistic details, reaction efficiencies as well
as product ratios depending on the nature and the electronic
structure of the diatomic metal oxide. Before briefly address-
ing these theoretical findings[113,134d]it is appropriate to
summarize the experimental data obtained under ICR condi-
tions for M = Mn, Fe, Co, and Ni in reactions of their metal
oxides MO+ with CH4, Eq. (35a) and (35b). The relevant
data are given inTable 2and taken from Refs.[112,124].

The high efficiency, defined according to Su[135], and
the product selectivity for the MnO+/CH4 couple can be eas-
ily explained in terms of the potential energy surface[134d]

ion-
intet

xit

ally
eld
Fig. 20. DFT-calculated potential energy curves along the reaction pat
are given in kcal/mol; values in parentheses are results obtained at th
Reproduced fromJ. Chem. Phys. 118 (2003) 5872.
-
n

s FeO+ + CH4 → FeO+ + CH3OH in the quartet and sextet states. Relative ener
ASSCF level. The closed circles indicate crossing points along the croseams.

and spin considerations[113,122,125]. MnO+(5Σ+,5Π) un-
dergoes a spin-conserving bond insertion via a transit
state located below the entrance channel to form the qu
insertion intermediate H3C−Mn−OH+, but had to cross a
spin-inversion junction with a small SOC value at the e
channel to produce Mn(7S) and CH3OH. This bottleneck is
bypassed by the spin-allowed, barrier-free and entropic
favoured dissociation of the insertion intermediate to yi
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Table 2
Reaction efficiencies (ø) and relative yields for the reactions of MO+ with
CH4 under ICR conditions

MO+ φa M+/CH3OH MOH+/CH3

MnO+ 0.40 <1 100
FeO+ 0.20 39 61
CoO+ <0.01 100 −
NiO+ 0.20 100 −

a φ = kr /kc, with kc = collision rate[136].

MnOH+/CH3. In contrast, CoO+ and NiO+, which possess
a SI junction for bond insertion, do not have to invert spin
at the elimination step because the ground state of the corre-
sponding metal ion is of 3dn configuration. While both metal
oxides undergo good to inefficient bond activation, the dif-
ferences in efficiency are being caused by details of the in-
dividual barrier for the insertion-step and also presumably
different SOC terms, they nevertheless produce exclusively
M+/CH3OH. The behaviour of FeO+ is in-between, and as
indicated by the computational studies, it is the most difficult
of all 3d metal oxides to be described quantitatively in its
bond activation reactions.

Before presenting some TSR cases for metal dioxides
MO2

+, a short detour to the chemistry of FeS+ with methane
is in order at this place, as this cationic metal sulfide can be
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with minor channels leading to FeSCD3
+ and FeCD3+ [138].

All species are formed in endothermic processes. DFT stud-
ies suggest that for the two competing insertion pathways,
the lowest path involves a formal addition of H3C−H across
the Fe−S bond to generate a CH3−Fe−SH+ intermedi-
ate. As clearly shown inFig. 21 [138], this bond activation
step involves once more spin inversion from the sextet to
the quartet surface en route to products. The occurrence of
the second conceivable pathway resulting in formation of
H−Fe−SCH3

+ as an intermediate can be ruled out, because
of the extremely high energy demands associated with over-
coming the insertion barriers for either spin state of FeS+.

4.4. Cationic metal dioxides MO2+: more than
appetizers?

The metal dioxides MO2+ (M = Ti, V, Zr, Nb) in their
gas-phase reactions with structurally simple substrates, e.g.,
water or small hydrocarbons, can be classified according to
their reactivity patterns[139]. The singlet ground-state diox-
ides VO2

+ and NbO2
+ behave as closed-shell species in

that no neutral radical products are produced. In contrast,
the doublet-ground states for TiO2

+ and ZrO2
+ are bet-

ter described as oxygen-centred radicals[140]. However, a
closer look, augmented by extensive DFT calculations for the
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regarded as the smallest conceivable model system for m
larger iron–sulfur clusters[136].

In the endothermic hydrodesulfurization of FeS+ by
molecular hydrogen, ICR and GIB experiments, comp
mented by electronic structure calculations, demonstrat
predominance of kinetic over thermodynamic control[137].
The lowest energy path for Fe−S bond activation involve
[1.2]-addition of hydrogen across the Fe−S bond along with
two spin inversions. The first one occurs close to the entra
channel and describes the sextet→ quartet change in con
verting the encounter complex to the insertion intermed
and the second one is located at the exit channel in produ
ground-state Fe+. Thus, while the overall reaction,Eq. (36),
conserves spin, as far as details are concerned, spin ch
do matter en route to products and bring about an ov
rate-acceleration.

FeS+(6Σ) + H2 → Fe+(6D) + H2S (36)

Except for thermochemical aspects, methane
methanethiol conversion by FeS+, Eq. (37a), has man
features in common with the oxygenation of metha
discussed above.

In the reaction of FeS+ with D4-methane, under GIB con
ditions the two major products are Fe+ and FeSD+, along
ic

a

e

,
g

es
ll

,

VO2
+/C2H4 [141] and VO2

+/C2H6 systems[142], reveals a
Pandora’s box of complexity in that, once more, two-state
activity prevails the whole chemistry. In addition, increas
complexity is not only encountered at the electronic struc
level, also reactivity patterns of a given metal dioxide can
hibit a unique dependence of product formation by slig
changing the substrate. This is clearly evidenced by the
tions of VO2

+ with some of the most simple alkanes un
ICR conditions,Fig. 22 [143].

In marked contrast to oxidative dehydrogenation follow
by liberation of neutral ethene in the reaction with C2H6,
the gas-phase chemistry of VO2

+ with C3H8 mainly af-
fords elimination of molecular hydrogen concomitant w
the formation of an allyl complex (�-C3H5)C(O)OH+. In
the case of the next higher homologue,n-C4H10/VO2

+, the
combined losses of H2 and H2O provide yet another produ
channel—and preliminary calculations leave no doubt a
the crucial role of several spin-inversions in the various b
activation steps[143].

5. Miscellaneous systems and outlook

Two- or multistate reactivity is also the characteristic f
ture of the following examples: The site-selective C−H bond
activation of norbornane (exoversusendoface attack) by bar
FeO+ and the different kinetic isotope effects for activat
of anexo-versus anendo-C−H bond of this substrate hav
been traced back to a high-spin/low-spin scenario of F+
[144]. Radical-like activation of small alkanes by the liga
formal CuIII oxide (phenanthroline)CuO+ and in particula
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Fig. 21. B3LYP/6-311+G* potential energy curves for the FeS+/CH4 system. Note, that all relative energies are given in eV. C1 and C2 denote tentative crossing
points between the sextet and quartet surfaces. Reproduced fromJ. Phys. Chem. A105 (2001) 2005.

Fig. 22. Reaction efficiencies (φ) and primary product branching ratios for
reactions of VO2+ with small alkanes. Reproduced fromOrganometallics
22 (2003) 3933.

the oxygenation of simple alkanes by this oxide, is also af-
fected by a two-state reactivity pattern in the course of which
the3A2 precursor metal oxide is converted to the1A1 product
complex (pheanthroline)Cu+ [145].

Similarly, the iron-mediated amination of hydrocarbons
by FeNH+, e.g., CH4 → CH3NH2, C6H6 → C6H5NH2, or
C6H5CH3 → C6H5CH NH, is very likely affected by the
interplay of the6Σ+ and the4A′ state of FeNH+, the latter
state being only 0.14 eV higher in energy than the sextet
state[146].

The energetics of the interconversion of Fe(C2H5)+ and
HFeC2H4

+, a prototypical example of an organometallic
�-hydrogen elimination/�-insertion process, can be lowered
by a quintet→ triplet → quintet hopping mechanism[147],
in perfect analogy to spin-accelerated reactions as depicted
in Fig. 18.

The rates, by which Mo+ is sequentially oxidized by N2O,
Eq. (38), exhibit quite some variation for the individual oxi-
dation steps, all of which are strongly exothermic[148a].

Mo+ + N2O → MoO+ + N2 (38a)

k < 6 × 10−13 cm3 s−1 molecule−1; �rH0 = −78 kcal/mol.

MoO+ + N2O → MoO2
+ + N2 (38b)

up-
i-
s es-
k = 5.6× 10−10 cm3 s−1 molecule−1; �rH0 = −87 kcal/mol.

MoO2
+ + N2O → MoO3

+ + N2 (38c)

k< 3.7× 10−10 cm3 s−1 molecule−1; �rH0 = −26 kcal/mol.
Quite clearly, kinetic barriers must be operative in the

take of oxygen atoms by Mo+. For reaction (38a), an obv
ously inefficient crossing from sextet to the quartet state i
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sential to make the reaction exothermic. A different situation
is encountered for the next oxidation step,Eq. (38b), because
formation of the quartet state of MoO2

+(4A2) is not too en-
ergy demanding with regard to the MoO+(4Σ−) precursor;
thus, a spin-conserving reaction is feasible, and curve cross-
ing to the low-spin dioxide MoO2+(2A1) can occur at a later
stage. The reaction of the latter with N2O to MoO3

+(2A1)
is not subject to any spin constraints and indeed takes place
relatively efficiently despite having the lowest exothermicity
of reactions (38a)–(38c). In an exhaustive study, Bohme and
co-workers investigated the thermal reactions of 46 different
atomic cations M+ with N2O, and the interesting periodici-
ties observed in the oxygen-atom transfer to generate MO+
are not only controlled by the thermochemistry of this pro-
cess; rather, spin conservation is a deciding factor for the
reactivity of first- and second-row metal ions while for the
heavier third-row cations, as expected, spin is no longer a
good quantum number[148b,148c].

The rate of CO oxidation to CO2 by gaseous AuO−n (n =
1–3) exhibits features, which are controlled by both thermo-
chemical and spin conservation aspects[149]. Triplet AuO−
(1Σg) shows the highest reactivity due to a very exothermic
spin-allowed oxygen atom transfer to CO. In contrast, the
reaction of AuO2

− proceeds with an extremely low rate due
to a relatively high-barrier involved in the formation of the

ss-

the reactivity of spin-allowed CO oxidation is in-between;
while the reaction is not impeded by spin-restrictions, rel-
atively high barriers cause a decrease of the exothermic
process.

Spin problems also seem to be the cause for the inertness
of many transition-metal alkyl ions towards O2. For exam-
ple, while MCH3

+ species (M = Mn, Fe, Co) are capable
of activating a broad variety of organic substrates, includ-
ing the inert alkanes[150], they fail to react with O2 at ap-
preciable rates (I. Kretzschmar, D. Schröder, H. Schwarz,
unpublished results). Even the cyclopentadienyl magnesium
cation MgC5H5

+ – a prototype organometallic species – re-
mains unoxidized by O2 in the gas phase[151], in contrast
to the vigorous decomposition of metal alkyls in solution
when exposed to air. In view of the favourable thermochem-
istry of M−C bond activation by O2 [110], significant kinetic
barriers must be operative in the gas-phase ion–molecule re-
actions, and the most obvious reason is failure to circum-
vent efficiently the spin-inversion bottleneck associated with
dioxygen activation[132].

Also the activation of O2 by atomic Cr+, is heavily affected
by a sequence of curve crossings. For example, due to spin
conservation the direct formation of the doublet ground state
OCrO+(2A1) from the ground state reactants Cr+(6S) and
O2(3Σg

−) is not possible; rather, two curve crossings from
the
AuO2

−(CO) encounter complex and a spin-forbidden cro
ing between the singlet and triplet surfaces. For AuO3

−,
Fig. 23. Potential energy surface at the CASPT2D/BSII/LSD/DZP level of th
of the corresponding ground states. All energies are given in kcal/mol. Rep
the sextet via the quartet to the doublet surface occur in
sequence6Cr+ + 3O2 → 6Cr(O2)+ → 4OCrO+ → 2OCrO+,
eory. Crosses denote excitation energies for the various states at the LSD geometries
roduced fromJ. Am. Chem. Soc. 118 (1996) 9941.
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and the potential energy surface depicted inFig. 23reveals
part of the complexity in this ‘trivial’ bond activation busi-
ness of molecular oxygen[152a]. The role of asinglewater
molecule acting as a catalyst in the conversion of6Cr(O2)+
→ 2OCrO+ has been studied en detail by Beyer et al.[152b].

Some of the controversies associated with the binding
energies of Fe+ to pyridine (py) and benzene (bz), derived
from threshold-collision experiments of FeL+ (L = py, bz)
[153] versus competitive ligand evaporation from bisligated
Fe(bz)(py)+ [154] using Cooks’ kinetic method[155], have
been resolved in a detailed theoretical study[156]—and spin
conservation aspects seem to matter a lot: starting from the
bisligated4Acomplex Fe(bz)(�-py)+, in the kinetics-method
experiments in a spin-allowed dissociation the quartet states
Fe(bz)+ (4A1) and Fe(�-py)+ (4A1, 4A2) are produced, whose
binding energies are comparable. Adiabatic formation of the
much stronger bound ground state Fe(�-py)+ (6A2), which
would require a spin flip, seems to be hindered kinetically.

Various aspects, including the potential role of spin con-
servation/spin violation in the thermal reactions of H3

+/O
and of small cations with atomic or molecular nitrogen were
studied using selected ion flow tube mass spectrometry[157].

Among the numerous examples of smallneutral
molecules for which the gas-phase chemistry is strongly af-
fected by spin aspects, two systems deserve to be mentioned.
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As amply demonstrated in this review, multi-state reac-
tivity patterns are much more important than generally ac-
knowledged and, as expressed by Harvey et al. in a related
context “spin-forbidden reactions can end up being as fast
as spin-allowed ones, or slower or faster! The devil is in the
detail. . .” [3j] . This statement certainly holds true.

Note added in proof

In a combined experimental and theoretical study, the
reactions of atomic Re+ with H2, HD, and D2 have been
analyzed, and the findings suggest that Re+ reacts largely
via a statistical intermediate[161]. The increased reactiv-
ity of this third-row transition metal towards dihydrogen and
the stronger M+−H bond, in comparison to the first row
congener (M Mn) has been attributed to efficient coupling
among surfaces of different spin along with lanthanide con-
traction and relativistic effects[161,162].

More recently, the earlier observation[162] that “bare”
Zr2+ brings about dehydrogenation of methane (Eq. (40))
has been studied computationally[163], and it was demon-
strated that this quite unusual thermal reaction is controlled
by a spin change, in the course of which a triplet→ sin-
glet conversion occurs right after formation of the encounter

let

mic
d
al-
lves
n of

d for

ction
ts

oduct

d on

(re-
the

by
aft
The notorious elusiveness of C2O2 (ethylene dione)[158]
has found a straightforward explanation by a considera
of the potential energy curves in conjunction with the locat
of the minimum energy crossing point (MECP) between
singlet/triplet states of C2O2 and an estimate of the hoppin
probability to cross surfaces[158b]. The combined experi
mental/computational findings suggest that neutral C2O2 is
intrinsically unstable having a maximum lifetime of ca. 0.5
for triplet ground state C2O2(3Σg

−,v = 0). This, for conven-
tional mass spectrometric experiments much too short
time of bound3Σg

− C2O2, is essentially a consequence
the low-lying crossing point and its structural similarity to
repulsive C2O2 singlet state, which facilitate efficient triple
→ singlet curve crossing, followed by a fast, spin-allow
dissociation to 2CO.

A classics in spin-forbidden processes is reaction (
and in an extremely detailed theoretical study Cui et al.[159]
arrived at the far-reaching conclusion by stating “it may b
poor assumption that spin-forbidden transition takes p
with uniform probability on the seam of potential ener
surfaces” of the mechanistically complex, multi-step bo
breaking and bond-forming reaction (39). Rather, a car
look at each minor facet seems to be essential.

CH(2Π) + N2 → HCN + N(4S) (39)

Finally, also the thermal reactions of ‘hydrated electr
clusters (H2O)n−, n = 15–30, with several neutral electro
scavengers, e.g., CO2, O2, NO exhibit reaction efficiencie
the differences of which have been rationalized on the b
of spin considerations[160].
n
n
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complex Zr(CH4)2+ and prior to the generation of the sing
insertion intermediate HZr(CH3)2+.

3Zr2 + CH4 → 1ZrCH2
2+ + H2 (40)

A topological analysis of the gas-phase reactions of ato
Mn+(7S, 5S) with H2O, NH3, and CH4 has been conducte
within the framework of electron localization function an
ysis, and the crucial part of the dehydrogenation invo
a spin crossover in the course of the oxidative insertio
the metal into the XH bond (X HO, H2N, H3C) [164].
The same computational approach has been employe
studying the reactions of NH3 with VO+ (3Σ, 1∆, 5Σ) and
FeO+ (6Σ, 4∆) to produce H2O. While for the NH3/VO+
couple the spin is conserved throughout the whole rea
sequence, for the FeO+/NH3 system several crossing poin
between the sextet–quartet surfaces occur on way to pr
formation[165].

Density functional studies have been recently reporte
the mechanisms of the reactions of OsOn

+ (n = 1−4) with
methane[166]. For the systems OsOn (n = 1, 2)/CH4, the
minimum energy reaction pathways of dehydrogenation
action (41)) are found to involve two spin inversions in
entrance and exit channels, respectively.

OsOn
+(n = 1, 2) + CH4 → Os(O)nCH2

+ + H2 (41)
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mitted for publication.

[60] (a) C. Hinderling, D.A. Plattner, P. Chen, Angew. Chem. Int.
Engl. 36 (1997) 243;
(b) C. Hinderling, D. Feichtinger, D.A. Plattner, P. Chen, J. A
Chem. Soc. 119 (1997) 10793.

[61] (a) K.K. Irikura, J.L. Beauchamp, J. Am. Chem. Soc. 111 (19
75;
(b) K.K. Irikura, J.L. Beauchamp, J. Am. Chem. Soc. 113 (19
2769;
(c) K.K. Irikura, J.L. Beauchamp, J. Phys. Chem. 95 (1991) 8

[62] (a) D.G. Musaev, K. Morokuma, Isr. J. Chem. 33 (1993) 307;
(b) D.G. Musaev, N. Koga, K. Morokuma, J. Phys. Chem.
(1993) 4064;
(c) D.G. Musaev, K. Morokuma, N. Koga, K.A. Nguyen, M.
Gordon, R. Cundari, J. Phys. Chem. 97 (1993) 11435;
(d) M.R.A. Blomberg, P.E.M. Siegbahn, M. Svensson, J. P
Chem. 98 (1994) 2062;
(e) C. Heinemann, R. Hertwig, R. Wesendrup, W. Koch,
Schwarz, J. Am. Chem. Soc. 117 (1995) 495;
(f) J.J. Caroll, J.C. Weisshaar, P.E.M. Siegbahn, C.A.M. Wittb
M.R.A. Blomberg, J. Phys. Chem. 99 (1995) 14388;



H. Schwarz / International Journal of Mass Spectrometry 237 (2004) 75–105 103

(g) C. Heinemann, H. Schwarz, W. Koch, K.G. Dyall, J. Chem.
Phys. 104 (1996) 4642;
(h) D.G. Musaev, K. Morokuma, J. Phys. Chem. 100 (1996) 11600;
(i) M. Hendrickx, M. Ceulemans, L. Vanquickenborne, Chem.
Phys. Lett. 257 (1996) 8;
(j) M. Pavlov, M.R.A. Blomberg, P.E.M. Siegbahn, R. Wesendrup,
C. Heinemann, H. Schwarz, J. Phys. Chem. A 101 (1997) 1567;
(k) U. Achatz, M. Beyer, S. Joos, B.S. Fox, G. Niedner-Schtteburg,
V.E. Bondybey, J. Phys. Chem. A 103 (1999) 8200;
(l) For a recent review on the role of relativistic effects in gas-
phase ion chemistry, see: H. Schwarz, Angew. Chem. Int. Ed. 42
(2003) 4442 (and references therein).

[63] (a) A. Kaldor, D.M. Cox, Pure Appl. Chem. 62 (1990) 79;
(b) U. Achatz, C. Berg, S. Joos, B.S. Fox, M.K. Beyer, G. Niedner-
Schatteburg, V.E. Bondybey, Chem. Phys. Lett. 320 (2000) 53;
(c) K. Koszinowski, D. Schr̈oder, H. Schwarz, J. Phys. Chem. A
107 (2003) 4999;
(d) K. Koszinowski, D. Schr̈oder, H. Schwarz, Chem. Phys. Chem.
4 (2003) 121;
(e) K. Koszinowski, D. Schr̈oder, H. Schwarz, J. Am. Chem. Soc.
125 (2003) 121;
(f) K. Koszinowski, D. Schr̈oder, H. Schwarz, Angew. Chem. Int.
Ed. 43 (2004) 121;
(g) K. Koszinowski, D. Schr̈oder, H. Schwarz, Organometallics 23
(2004) 1132.

[64] (a) N. Aristov, P.B. Armentrout, J. Phys. Chem. 91 (1987) 6178;
(b) L.S. Sunderlin, P.B. Armentrout, J. Phys. Chem. 92 (1988)
1209;
(c) R.H. Schultz, J.L. Elkind, P.B. Armentrout, J. Am. Chem. Soc.
110 (1988) 411;

060.
so,
04)

7.
.
107

3.

57.
4)

64.
96

s. 92

s. 92

ut,

049.
86)

1987)

15.
w.

6)

4;
Ion

[84] (a) W.D. Reents, F. Strobel, R.B. Freas, J. Wronka, D.P. Ridge, J.
Phys. Chem. 89 (1985) 5666;
(b) J.L. Elkind, P.B. Armentrout, J. Chem. Phys. 86 (1987) 1868.

[85] M. Rosi, C.W. Bauschlicher, S.R. Langhoff, H. Partridge, J. Phys.
Chem. 94 (1990) 8656.

[86] (a) S.W. Buckner, J.R. Gord, B.S. Freiser, J. Am. Chem. Soc. 110
(1988) 6606;
(b) D.E. Clemmer, P.B. Armentrout, J. Phys. Chem. 95 (1991)
3090.

[87] D.E. Clemmer, L.S. Sunderlin, P.B. Armentrout, J. Phys. Chem. 94
(1990) 3008.

[88] B.C. Guo, K.P. Gerns, A.W. Castleman Jr., J. Phys. Chem. 96
(1992) 4879.

[89] Y. Nakao, T. Taketsugu, K. Hirao, J. Chem. Phys. 110 (1999)
10863.

[90] (a) A. Mavridis, F.L. Herrera, J.F. Harrison, J. Phys. Chem. 95
(1991) 6854;
(b) S. Kapellos, A. Mavridis, J.F. Harrison, J. Phys. Chem. 95
(1991) 6860.

[91] D. Walter, P.B. Armentrout, J. Am. Chem. Soc. 120 (1998) 3176.
[92] (a) Y.-M. Chen, D.E. Clemmer, P.B. Armentrout, J. Phys. Chem.

98 (1994) 11490;
(b) D.E. Clemmer, Y.-M. Chen, P.B. Armentrout, J. Phys. Chem.
98 (1994) 7538.

[93] J.L. Tilson, J.F. Harrison, J. Phys. Chem. 95 (1991) 5097.
[94] A. Irigoras, J.E. Fowler, J.M. Ugalde, J. Am. Chem. Soc. 121

(1999) 574.
[95] A. Irigoras, J.E. Fowler, J.M. Ugalde, J. Phys. Chem. A 102 (1998)

293.
[96] D.E. Clemmer, Y.-M. Chen, F.A. Khan, P.B. Armentrout, J. Phys.

21

, J.

,

4.
ut,

,

n-

ni-

75)

fur
96;
es,

96)

e

m
el

v.

91.
(d) R. Georgiadis, P.B. Armentrout, J. Phys. Chem. 92 (1988) 7
[65] S. Chiodo, O. Kondakova, M. del Carmen Michelini, N. Rus

E. Sicilia, A. Irigoras, J.M. Ugalde, J. Phys. Chem. A 108 (20
1069 (and reference therein).

[66] D.G. Musaev, K. Morokuma, J. Chem. Phys. 101 (1994) 1069
[67] R.H. Schultz, P.B. Armentrout, J. Phys. Chem. 97 (1993) 596
[68] M. Hendrickx, K. Gong, L. Vanquickenborne, J. Chem. Phys.

(1997) 6299.
[69] R.H. Schultz, P.B. Armentrout, J. Phys. Chem. 91 (1987) 443
[70] N. Russo, E. Sicilia, J. Am. Chem. Soc. 123 (2001) 2588.
[71] B.L. Kickel, P.B. Armentrout, J. Am. Chem. Soc. 117 (1995) 40
[72] B.L. Kickel, P.B. Armentrout, J. Am. Chem. Soc. 116 (199

10742.
[73] B.L. Kickel, P.B. Armentrout, J. Am. Chem. Soc. 117 (1995) 7
[74] B.L. Kickel, E.R. Fisher, P.B. Armentrout, J. Phys. Chem.

(1992) 2603.
[75] T.R. Cundari, M.S. Gordon, J. Phys. Chem. 96 (1992) 631.
[76] (a) L. Sanders, S.D. Hanton, J.C. Weisshaar, J. Chem. Phy

(1990) 3498;
(b) L. Sanders, S.D. Hanton, J.C. Weisshaar, J. Chem. Phy
(1990) 3485.

[77] P.A.M. van Koppen, M.T. Bowers, C.L. Haynes, P.B. Armentro
J. Am. Chem. Soc. 120 (1998) 5704.

[78] E.R. Fisher, P.B. Armentrout, J. Am. Chem. Soc. 114 (1992) 2
[79] (a) N. Aristov, P.B. Armentrout, J. Am. Chem. Soc. 108 (19

1806;
(b) L. Sanders, S. Hanton, J.C. Weisshaar, J. Phys. Chem. 91 (
5145.

[80] J.L. Beauchamp, ACS Symp. Ser. 333 (1987) 11.
[81] J.B. Schilling, J.L. Beauchamp, J. Am. Chem. Soc. 110 (1988)
[82] (a) M.C. Holthausen, A. Fiedler, H. Schwarz, W. Koch, Ange

Chem. Int. Ed. Engl. 34 (1995) 2282;
(b) M.C. Holthausen, W. Koch, Helv. Chim. Acta 79 (199
1939.

[83] (a) B. Schilling, J.L. Beauchamp, Organometallics 7 (1988) 19
(b) R. Georgiadis, P.B. Armentrout, Int. J. Mass Spectrom.
Process. 89 (1989) 227.
Chem. 98 (1994) 6522.
[97] A. Irigoras, J.E. Fowler, J.M. Ugalde, J. Am. Chem. Soc. 1

(1999) 8549.
[98] A. Irigoras, O. Elizalde, I. Silanes, J.E. Fowler, J.M. Ugalde

Am. Chem. Soc. 122 (2000) 114.
[99] C. Rue, P.B. Armentrout, I. Kretzschmar, D. Schröder, J.N. Harvey
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[144] N. Harris, S. Shaik, D. Schröder, H. Schwarz, Helv. Chim. Acta
82 (1999) 1784.

[145] D. Schr̈oder, M.C. Holthausen, H. Schwarz, J. Phys. Chem. A 108
(2004).

[146] M. Brönstrup, I. Kretzschmar, D. Schröder, H. Schwarz, Helv.
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