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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
‘naked’ transition-metal cations and structurally simple cationic transition-metal oxides. Whenever possible, comparison of the experimental
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 coupling between the different states involved, such a re-
action occurs on a single adiabatic potential energy surface
The mental representation of chemical reactions relies whose spin character changes smoothly in the course of the
on the paradigm of the potential energy surface (PES): thechemical transformation. When SOC is weaker, the reaction
reactive systems move from the reactant minimum of the will behave in a non-adiabatic way, and several electronic
PES through transition states and intermediates to the prod-states determine the outcome. While many ‘spin-forbidden’
uct minimum. Reactions, which involve a change in total processes are well-recognized, encompassing, e.g., predisso-
electronic spin, appear to violate this paradigm, since they ciation in spectroscopjla,b], the role of spin-inversion in
must necessarily occur on two or more PESs. While spin- photochemistrylc—f], and spin-crossover in transition-metal
nonconserving reactions are often referred to as ‘forbidden’, chemistry[2], just to mention a few, misconceptions about
it is in fact more appropriate to ascribe to them a certain the role of spin in chemical reactivity are common despite ex-
degree of spin-forbiddeness which is controlled by the mag- cellent review articles highlighting the problem, presenting
nitude of the spin—orbit coupling (SOC) term of the system’s convincing examples and proposing computational means on
Hamiltonian operator. There is actually a continuum of ‘for- how to clarify the situatiof3].
biddeness’ being largest when the affected electrons are lo- Nevertheless, itis true that often the Wigner—Witmer spin
calized on light atoms, such as first row elements and muchconservation rule accounts for the observed low probability
less so for the heavier 4f, 5d and 5f elements. Transition met-of a number oexothermidon—molecule reactions in which
als from the 3d block, the gas-phase ion chemistry of which electronic spin angular momentum is not conserved. For ex-
will form the central part of this review, constitute interme- ample, the spin-forbidden reactions (1) and (2) proceed with
diate cases. Clearly, in the limit of very strong spin—orbit rates at least Zdtimes slower than similar but spin-allowed
- reactiond4].
* Tel.: +49 30314 23483; fax: +49 30314 21102.
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NO+(1E) + Os(tA) — NO T (LX) + 0,(3%) 2) Tanaka et al[8] have examined and identified in detail

_ o ~such spin-forbidden reactions:
Exceptions can arise in the presence of strong coupling

of the electronic spin and orbital angular momentum as is C~(*S) 4+ XH(singlet) - X~ (singlet)+ CH?IT) 4)
apparently the case for the spin-forbidden reaction (3) which o ) )
occurs with efficiency close to the collision rgfa,b] For However, the violation of the spin conservation rule can
interesting spin—orbit effects in the'@N, system, see Ref. be avoided for the more exothermic members of this series
5c]. by the spin-allowed production of CH in the low lyirfge
excited state:
0" (%5) + COx(*%) — O (?M) + CO(x) ©)
C~(*S) + XH(singlet) > X~ (singlet)+ CH(*X) (5)
In this Review examples dhermalgas-phase reactions

of ionic species from three areas will be discussed, com-  As the term energy of CHE) is around 17 kcal/mdp],
mon to which is the central role of an apparent electronic reactions with an exothermicity\¢H) less than 17 kcal/mol
spin-violation. We shall begin with a brief discussion of both were expected to show a low reaction probability and that with
bimolecular and unimolecular processes of systems, which A;H larger than 17 kcal/mol should exhibit an increase in re-
are comprised of only main-group elements. This section will action probability. These expectations were born out in flow-
be followed by a thorough presentation of the intriguing role ing afterglow experiments, for the ‘weak’ acids gEOCHs
‘naked’ transition-metal cations play in the activation of var- and SiH, possess reaction efficiencies of only 1.9 and 3.6%;
ious X—H bonds (X = H, C, Si, O, N, etc.). The chapter on in contrast, the probability of proton transfer was enhanced
bond activation by metal ion—molecule reactions is preceded by more than a factor of 10 for the more exothermic reactions
by mentioning a few examples of metal-ligand association of C~ with XH =H>S, HCN and HCI. This enhancement was
and ligand-exchange processes, the efficiency of which is alsoattributed to the spin-allowed production of excited ¢HY
affected by spin—orbit coupling factors. Finally, some aspects according to reaction (5).
of the rich gas-phase ion chemistry of cationic transition-  In the same vein, the different rates with which triplet
metal oxides will be highlighted, and for a few systems the NO~ is protonated, depending on the acidity of the proton
relevance of this seemingly esoteric chemistry and its bear-source, can be accounted for by spin considerations. The
ing on selected fundamental chemical transformations, e.g.,weakly exothermic reaction of NOwith CH3NO, (A/H
C—H bond oxygenation under homogeneous, heterogeneous= —6 kcal/mol) is not observed under thermal conditions
and enzymatic conditions, will be outlined. Whenever possi- [10a] and this absence of reactivity is ascribed to the spin-
ble, experimental and theoretical findings will be compared. forbiddeness to produce ground-state HNO inits singlet state.
Most of the experiments employed advanced, if not state- In contrast, reaction of NOwith HCl is very rapid 10b] (For
of-the-art, mass spectrometric methods that allow the gener-a detailed study of various aspects of spin-forbidden depro-
ation of mass-selected, electronic ground state species andonation ofaqueousHNO), and it is likely that in a spin-
to explore their chemistry under well-defined unimolecular allowed process due to the large exothermicityH = —
and/or (mostly) single-collision conditions. Rather than giv- 35 kcal/mol®NO~ is converted to excitetHNO; as’HNO is
ing a description of the various experimental techniques, the only 18 kcal/mol less stable tharINO it is energetically ac-
interested reader is referred to the original references. Simi-cessible in the reaction with HCI but not with GNO [10c].
larly, no computational details are presented on howto locate  Further, while the details of the spin dynamics are not yet
the minimum energy crossing points (MECPs) between dif- fully resolved[11], there is no doubt that a spin change is
ferent states, an aspect which is absolutely crucial for a semi-involved in the proton transfer reaction (6), which is quite
quantitative description of reactions in which different spin efficient for this slightly exothermicA;H = —8 kcal/mol)
surfaces are involved. For leading references and a superlprocess despite the modest spin—orbit coupling in isolated
discussion of the underlying principles, concepts and techni- NO. The authors believe that the lifetime of the intermediate
cal problems, consultation of referendés,b,3h,j,k,1,6js [FHNO]~ complex is long enough to allow for SOC, and
recommended. the energy required to reach the curve crossing region in the
proton transfer between the encounter complexe$HNO
and FH3NO™ is low.
2. Unimolecular and bimolecular spin-forbidden F+ 'HNO <= [FHNO] < HF + NO  (6)
gas-phase processes of metal-free systems
Another remarkable gas-phase example of a conjugate
Proton transfers between anions and neutral acids areorganic acid—base pair with different spin multiplicities, a
among the most ubiquitous reactions in chemistry, and for situation, which is exceedingly raf&2], was described by
simple, i.e., non-resonance stabilized, anions exoergic pro-Squires and co-workergl3]. The proton affinity (PA) of
ton transfer in the gas phase generally proceeds with nearly(3-oxyphenyl)methylene aniorl) was experimentally de-
collision ratg7]. However, spin-conservation aspects clearly termined to PA = 343.0 kcal/mol. This number is in excellent
matter as has been demonstrated in a series of elegant studieagreement with the value predicted by extensive calculations
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for oxygenprotonation ofsinglet1 to give thetriplet of (3-
hydroxyphenyl)methylene?}, but is significantly different

from the values calculated for any other conceivable spin-

state conversions dfand2. Consequently, in this system the
‘spin barrier’ for adiabatic proton transfer to idn Eq. (7)

7

example which has formed the subject of numerous studies
[15] is the unimolecular decomposition of triplet methoxy
cation ECH30™) to form H, 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-

cannot be very large and the intersystem crossing must belowed by a spin change, to form singlet hydroxymethyl cation

fast on the time scale of the intermediate’s lifetime.

HCCsH40~ (*1) 4+ HX(singlet)

— HCCsH4OHE2) 4+ X~ (singlet) (7)

The kinetic energy dependence of the cross-sections fors
the reactions of ground and excited state atomic sulfur ions

with Ha, Eqg. (8) and its isotopic variants HD and;Phas
been studied experimentally and computationHl4j.
ST +H; — SH" +H (8)

For the*S ground state of §, the cross-section exhibits

(!CH,OH"), then the well-documented [1.2]-elimination
[16] to yield THCOt and H. While this two-step reaction
was favoured for quite a while, @ncerted(‘direct’) path-
way, Eq. (10) involving simultaneous spin change and [1.1]-
elimination from3CH3zO" had been suggestéti7], but not
established.

CH30" — 'CH,OHT — HCO' + H, (9)

3CH30" — HCO" + H, (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 Bfy. (10)

two distinct features: The low-energy endothermic feature As can be seen iffig. 1, the direct pathwayHg. (10) in-
has a threshold consistent with the thermodynamic limit of yolves migration of two hydrogen atoms towards each other

reaction (8), and based on the isotope distribution in the re-

action of " with HD, a statistically behaved intermediate is
implied. This pathway is attributed to a spin-forbidden tran-
sition between the reactah’(A,) potential energy surface
and aA’(B1) surface, which correlates with the electronic
ground state of the $8" intermediate. As expected for a
formally spin-forbidden process, the efficiency of this low-

energy pathway is rather small as found in the guided ion-

beam experiments.
Spin aspects can also matter unimoleculardissocia-

and away from carbon, to lead, after spin inversion at the min-
imum energy crossing point MECP1, directly to the product
channel. The indirect rout&g. (9) involves migration of one
hydrogen atom away from carbon and towards oxygen. After
spin change at MECP2 this leads-®H,OH*, which in turn
candissociate adiabatically through a cyclic transition state to
give HCO" and H. Whatis important is that (i) the spin—orbit
coupling between the PESs is of the same magnitude at both
crossing pointg15,19] and (ii) at all levels of theory em-
ployed[18] MECPL1 is located below MECP2, thus resulting

tions, and the discussion of a few cases may suffice. A typical in higher rate coefficients for the direct pathwiy, (10) [18]

MECP1 (13.2) —»=

CH,O*
(0.0 kcal mol~Y)

HCO* + H, (-51.8)

.H .

H,C —o*

o MECP2(143) Mooy

HC ——O*
TS (2.5)

HCO* + H, (-51.8)

CH,OH* (-85.6)

Fig. 1. Schematic singlet and triplet potential energy curves of the{i}H system, calculated at the CCSD(T)/CC—pVTZ(-d)//B3LYP/6-311+G(d,p) level
of theory. Relative energies in kcal/mol. See refererfitdgl 8] for further details. Reproduced froRrhys. Chem. Chem. Phyis(1999) 5555.
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In many respects closely related to the {LH system is mon to reactions (12) and (14) is that the crossover from the

the gas-phase chemistry of the thiomethoxy cation&H singlet to the triplet surfacgsecedeshe isomerization to the
for which the prevailing unimolecular dissociation corre- weakly interacting ionic complexe&q. (15), whereas for
sponds to the spin-forbidden dehydrogenation: the unsymmetrical precursbHONHz* the spin flip singlet
3 1ot 1t — triplet takes place only after the first hydrogen migration

CH3S™(PA1) - HCS™ (*=7) + Ho(* 27) 1) (Eq.(16).

Mechanistic insight was recently provided by two in-depth 4 L (DS->T 3 1 3 1 n
theoretical studief20] of the potential energy surface and a HXXH2 2)~H X "XHg = "X+ "XHs3
consideration of various dynamical aspects with regard to (X =NH, 0)  (15)

reaction (11). It turned out, that for the dehydrogenation of
metastable CkB"™ two distinct spin-forbidden paths exist,
which are mechanistically comparable to the ones charac- 1 ()~H 1 @)S-T 1 5
terized for the CHO* system: however, in contrast to the ~HONH3™ —— "HONH,™ W HzO" -+ - °NH
latter, depending on the degree of ro-vibrational excitation of
CHsS* both spin-forbidden reactions, i.e., the ‘direct’ con- — H30" 4+ 3NH (16)
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 €5t than for CHO™,
i.e., 221 and 256 cmt versus 50 and 56 cnt for MECP1
and MECP2, respectively.

Some of the controversies related to the existence of a
long-lived triplet state of CHICH,S*™ were resolved recently
in a combined experimental/theoretical stu@i]. It was
found that all exothermic or thermoneutral unimolecular iso-
merizations or fragmentations 0fBsS™ were hampered by
spin barriers imposed by the spin-forbiddeness of the various
triplet — singlet conversions of the £l5S™ potential en-
ergy surfaces, and for triplet GE&H,S* ions with less than
10 kcal/mol of internal energy the cation should be long-lived
as inferred from experimenf21,22]

The unimolecular gas-phase reactions of the protonate
isoelectronic molecules of hydrazine (MNH2), hydroxy-

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 additi@3]
which itself follows the formation of an encounter complex.
As will be outlined in Chapters 3.2 and 3.3, the combined
effects of electronic and kinetic energy, spin, electron con-
figuration and spin—orbit coupling are responsible for the ob-
served variations of rate coefficients, branching ratios, and
dkinetic isotope effects, and as stated by Weisskzdi; for

these (and related) bond activation processes by ‘&#ch

electronic state is potentially a different chemical”.
— MA"+B

M' + A-B —» [M"(A-B)]* ——»A-M'-B (17)

—> MB"+A

lamine (NF,OH), and hydrogen peroxide (HOOH) have been Ligation of M+ constitutes the very first step in the bond
studied experimentally and computationg®g], and those activation of AB, and therefore itis legitimate to look into the
dissociation reactions in which crossovers from the singlet to '0l€ the electronic structure of Mplays at this early stage

the triplet electronic states take place are summarizeg@n  ©f EQ. (17)—or to put things in a more general context: To

(12)—(14) which extent are the energetics and kinetics of (sequential)
ion ligation affected by the intrinsic electronic properties of
INH2NH3™ — INH4 ™ + 3NH (12)  M*t?

1 L1 .3 While detailed theoretical calculatiofi26] indicate that
HONH3™ — “OHs™ + “NH (13) the transition-metal ion bonds to ligands as different g®H
1HOOH,* — *OHs* + 30 (14) and CO are primarily electrostatic, a comparison of the bond
dissociation energies of Coand F& with various ligands L
For all three reactions not only the lowest energy pathways reveals one trend immediately: the GeL bonds are invari-
were calculated, more importantly, the MECPs at which the ably stronger than the analogousd. bondg[17]. This dif-
crossing from the singlet to the triplet surfaces en route to ference is a direct consequence of the different ground-state
product formation occurs were located and the SOC terms configurations of Cb and Fe, with Co* having a 38(°F)
determined; the latter are in the range of 57—-73 tmhich is and Fe a 483d0(®D) configuration. Because the 4s orbital is
typical for systems involving first-row elemerjis24]. Com- larger than the 3d one, the difference in 4s orbital occupancy



H. Schwarz / International Journal of Mass Spectrometry 237 (2004) 75-105 79

causes a smaller metal-ligand repulsion fot @an for Fe, ki=7.7x 1012 ky=3.6x 10710 k3=53x 10711 k, =
and the ligand can approach the'Quetal core more closely, 3.6 x 10~°cm3molecule ls1.
thus resulting in a stronger bond. Promotion to the strongly ~ Spin aspects have also been made responsible for the ki-
bonding 3d(*F) configuration would remove this problem, netics of the ligand association/dissociation gas-phase chem-
but it requires energy of ca. 7 kcal/mol; so in either case, istry of neutraltransition-metal complexes, and the textbook
ligands bind less strongly to naked*Fthan to bare Cb. case of CO association with Fe(GQh = 3 and 4) fragments
Other electronic as well as spin effects come into play may serve as an examplggs. (19) and (20)[30]).
for the sequential ligations of some of the transition-metal
cations. For example, several laboratories repof2&¢R8] Fe(CO} + CO — Fe(CO) (19)
that theseconcH 0O ligand is bound more strongly to most  Fe(CO), + CO — Fe(CO} (20)
of the first-row transition-metal cations than the first one, ) ) ) o
and a convincing explanation to these counter-intuitive ob-  While reaction (19) proceeds essentially at the collision
servations was provided by ab initio calculations for all of ate; addition of CO to Fe(CQj)s by a factor of 500 slower.
the first-row transition-metal complexes M{&),* (n = 1 As the rate of_ regctlon (20_) is not appreciably temperature
and 2)[26a]. According to these computational studies, the dependent, this difference in rates between these two seem-
bonding for thefirstwater molecule is primarily electrostatic  "dly similar association reactions cannot be blamed on the
because such a bond will balance the competition of attrac-€Xisténce of a barrier for reaction (20). However, Fe(£0)
tive ion-induced dipole interaction and the electron—electron @nd F&(COj have triplet ground states, whereas the 18 elec-
repulsion of M and the ligand. For one4® molecule bound  ton complex Fe(CQ)is a singlet. Obviously, reaction (19)
to M+, the metal ion can minimize the repulsion in two ways: 'S SPin-allowed, while the addition of the next CO ligand
4s3d or 4s4p hybridization and 4s 3d promotion. Therel- 1S Spin-forbidden, and the spin—orbit coupling is not suffi-
ative importance of these two options depends on the energyciently efficient to accelerate the crossing of the two poten-
difference between the low-lying 3cind 4s3t-1 states of tial energy surfaces. Many other reactions e_xhlbmng similar
M. For the particular case of FeB),* (n = 0—2) the fe_atu_res have been studied, e.g., the assomatlo_ns of Fg(CO)
ground state of Fe(D)* is 64 arising from thé®D(4s3¢) with ligands ;ugh as # CyHg, N2 [31]. Clearly, spin aspect;
ground state of Fe. For a single HO ligand, promotion of QO matter! Thisis a|§9 C(_)rroborated l_)the generally sluggish,
the cation to théF(3d") state does not increase the bonding ' NOt absent, reactivity in the association of baritral3d
to an extent necessary to compensate sufficiently for the pro-2oms with alkanes and alkenggd], and a discussion of
motion energy; actually, th#; state of Fe(HO)™ is a few the Ni/GH4 system may suff!ce. Bonding in a metal-alkene
kcal/mol aboveits 6A; state. However, upon addition of the ~CcOmMPplex follows the conventional Dewar—Chatt-Duncanson
secondH-0 ligand the situation changes dramatically in that Mechanisni32] which is characterized by the simultaneous
the calculatedBlg ground state of Fe(0);* is more than formatlon of tvv_o donor—acceptor bondsd. 2)_. Theo—.bond
20 kcal/mol below the available sextet states. Quite clearly, Nvolves donation of electrons from the olefin2prbital to
in the adiabatic hydration of Fe— as well as in its reverse e empty metal 4s orbital along the axis ofy@pproach,
procesg27] — spin—orbit coupling must play a decisive role. and thew-bond for_ms by ‘back-donation’ of_electrons from
Effects of spin-surface crossing on the kinetics of sequen- theé metal 3¢, orbital to the empty 2p* orbital of CaHa.
tial ligation of Rut with ammonia,Eq. (18) were reported Obviously, the Ni ground state has both the wrong orbital oc-
recently by Bohme and co-workej29]. Selected ion flow
tube experiments, complemented by DFT calculations of lig- o-bond
ation free energies for the sequential ammonia ligation of
ground-state Rt(*F) and of excited Rti(2D) indicate a dis-
continuity in the relative ligation free energy that implies a
quartet— doublet spin conversion upon the addition of the
fourth NH3 molecule. The ligation free energy for this step
amounts taA Gpgg = —18.8 kcal/mol for generating a doublet
state and to only-6.4 kcal/mol to form, in a spin-conserving
process, a quartet state of Ru(}ki*. Since theate of liga- m-bond
tion inter alia is dependent on tfiee energyof ligation, the
observedincrease in rate constant by nearly one order of mag-
nitude, Eq. (18) points to an efficient spin—orbit coupling, the
actual amount of which is, however, unknown.

R (*F) =% RU(NHE)* (s=3/2) -2 Ru(NHg);  (s=1/2)
1 2

NH3 +ro NH3 Yo Fig. 2. Donor—acceptor model of M-8, bonding, showing botlkr- and
73) RU(NHs)™ (s = 3/2) 74) RU(NHe),"(s = 1/2)  (18) m-bonds, according to Reff32].
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Sic {3d24s1,2F) smaller adiabatic barrier heights and, consequently, enhanced
+CgH,

(a) reactivity.

3.2. The bond activation step: some general
considerations

Sc (3d14s2,2D) Why do atomic transition-metal cations™rom the left-

(:?:t?t:ﬁ t GzH,y hand side (‘early’ metals) of the 3d block preferentially at-
e tack C—H bonds of alkane, while those on the right hand of
() Ni (3d4s1,1D) the periodic table (‘late’ metals) activate both-8 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¥, Crt, Mn*, Fe"), while the opposite holds
Ni (34 aZ.9F) true fpr other metals (e.g., CtpNi*, Cu*)’_? Obvious_,ly, en-
+CHy ergetics alone is not the dominant factor in determining reac-
tivity. Also counter intuitive is the observation that for some
Fig. 3. Simplified potential energy curves for the approach of atomic Sc transn_lon-metal C?‘tlons the perUCt dI,St”bUtlon MMersus
(a) and Ni (b) to GHg4 in Cay-symmetry. Bold lines are adiabatic curves, MD™ in the reactions of M with HD is strongly affected
and light lines are diabatic curves that conserve electron spin and metal by the particular electronic and spin states of Mrurther,
configuration. The two diabatic curves have the same electron spin for Sc how does it come that electronic excitation of F® its 4F
but different spin for Ni. Reproduced frofcc. Chem. Re26 (1993) 213. states brings about rate acceleration (in comparison to the
electronic ground stat®D), while the branching ratios, for
cupancy (4%instead of empty 4s) and the wrong spin (triplet example G-H versus G-C bond activation of a particular
instead of singlet) to form strongly-bonded Nidy in its substrate, were essentially identical for all electronic states
singlet stateA;) [33]. examined? No doubt, the repeated observation that differ-
However, 3845 — 3d%4s' promotion permits sd hy-  ences in electronic energy and spin multiplicities affect rate
bridization of Ni, and this hybrid allows to form the new constants buhot branching ratios is inconsistent with a pic-
bonds in the NiGH4 complex[33,34] While the interaction ture invoking perfectly separated hypersurfaces for each spin
of CoH4 and the3F ground state of Ni results in diabatic state—and there are sometimes many: In the reactionp of H

NICH,(1A,)

repulsive potential energy surfacgig. 3), the 3d4s'(D) with Sct, for example, there exist 65 low-lying spin and an-
excited state is well suited to bind tgB,4 and it provides gular momentum components for'Sthat might contribute
diabatic surfaces that asgtractive Crossing of the two di-  to the reaction via each of two (parallel versus perpendicu-

abatic surfaces of different spin will be weakly avoided and lar) reaction geometrig86]. In practice, however, only a few
spin—orbit coupling will generate two neadiabaticsurfaces, states are important at low energies and spin may not always
shown as the bold lines Fig. 3. On the lower adiabatic sur-  be a good quantum number.
faces, the electron configuration and electron spin changes Despite the mounting evidence for the relationship be-
smoothly in the course of the reaction. In a first approxi- tween spin aspects and chemical reactivity, the crucial role of
mation, the barrier of the reaction has been related to the sspin inversion was often neglected, if not regarded as inappro-
— d promotion energy, and the latter can be approximated priate, in particular for a mechanistic description of reactions
by the atomic’s excitation terrhEgqg [35]. Ni reacts effi- in organometallic chemistr7]. Although the necessity to
ciently because\Egg amounts only to 6 kcal/mol, compared explicitly consider ‘surface hopping’ as a mechanistically de-
with 67 for Mn, 34 for Fe, and 20 kcal/mol for Co, metals cisive step in metal-mediated chemical transformations was
which are inert at 300 K. Observation of the N forma- pointed out more than a decade 48a,3b,3c,3d,32,38the
tion at this temperature implies adiabaticbarrier height assumptions of either strict spin conservation or its complete
no larger than 5 kcal/mol, which correlates well with a cal- neglect pervaded many chemistry and physics textbooks. But
culated 10 kcal/mol barrier for theiabatic curve crossing  pioneering experiments, notably from the laboratories of Ar-
above ground-state reactants. mentrout, Beauchamp, Bowers and Weisshaar, in conjunction
The reason why atomic Sc, TidV — despite their large  with thorough theoretical analyses, have changed the picture.
AEgq which are comparable to the excitation energies of the It is now recognized that it is the subtle interplay of elec-
inert metals Mn, Fe, and Co — react slowly withH is tronic and kinetic energy, the effect of spin and spin—orbit
due to the fact that these ‘early’ transition metals need not coupling efficiency, as well as the electronic configuration of
change their electron spin to bind telds (Fig. 3afor Sc). As M™, which determines the course and outcome of bond ac-
crossing of diabatic surfaces of the same spin will be more tivation by a bare transition-metal ion according to Eq. (17).
strongly avoided than crossing between surfaces of differ- Of course, this also holds true for the gas-phase chemistry of
ent spin, for a givem Esq value one can reasonably expect neutral[3d] and doubly-chargefB9] metal atoms.
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Some of the characteristic features of an elementary pro-energy — ardessreactive than the ground states. For these
cess will be discussed in the next chapter that deals with thethree metal cations, the ground states are low-spin thus not
deceptively simple cleavage of a-HH bond, i.e., reaction  relying on efficient spin—orbit coupling in the oxidative in-
(21), and reactions (21a) and (21b) for the Bl variant of sertion. As first elucidated by Elkind and Armentr¢40b]
molecular hydrogen. and later summarized by Armentrout and Beauch§Baf

based on these relatively simple ideas, three categories of re-

M+ (si %) + Hy(0) - MH*(s)+H (%) (21) activity exist for 3d transition metal cations: (1) States such as

Ti* (*F, 3P) react efficiently, and based on the reactions with
—> MH' + p (2la) HD, the nearly 1:1 ratio in the formation of TiHand TiD"

(Fig. 4a) indicates a statistical behaviour of the-FHi+—D
M* + HD intermediate. This situation seems to hold true in general for
metal ions with 38 (n < 5) configuration$40a]. (2) If either
the 4s or 3d orbital is occupied and the ion is low-spin, the

—— MH" +H @Ib) systems react viadirectreaction mechanism. The behaviour
of the low-lying excited state F&*F, 3d’), Fig. 4b, is typ-
3.3. Reactions of atomic Mwith molecular hydrogen ical, and the product distribution favouring the formation of

FeH" over FeD' is controlled by angular momentum conser-

Activation of Hp by an atomic transition-metal ion ™ vation[40a,46] (3) If either the 4s or 36 orbital is occupied
(or any atomic iorf40a)) is controlled by a combination of  and the ion is high-spin, the systems react very inefficiently,
molecular orbital (MO) and spin considerations as well as consistent with the repulsive surfaces predicted by the MO
spin—orbit couplind3a,b,c] Based on work by Mahaja1] concept. Ground-state £€D, 4s3d) is an example. The
and Elkind and Armentrou#2], H, bond cleavage can be reaction commences at an elevated threshold and produces
viewed as a process in which the bonding electrons 9f H much more FeD than FeH which is indicative for arim-
og(H2), are donated to the metal centre, which in turn do- pulsivebehaviourf40a]. Obviously, in the F&/HD system,
nates electrons into the anti-bonding orbital gf, la};(Hz2), the two electronic states of the metal must react with HD
thus weakening the HH bond. For atomic metal ions, the through entirely different reaction mechanisms which reflect
primary acceptor orbital is the s orbital (with contributions state-specific features. Of course, mixing of PESs (i.e., non-
from do), while the donor is a doubly-occupieer@rbital. If adiabatic effects) can bring about changes in reactivity. For
the s orbital is occupied, the state is relatively unreactive. The example, the category 3 ions of Sand Tit having ground
most reactive species are those in which both the s and thestates S¢(°D, 4s3d) and Ti (*F, 4s3d), were observed to
do orbitals are empty, as in ‘early’ transition metal ions hav- react like category 1 ions, i.e., 8€F, 3d?) and Tit (*F, 3cP)
ing orbital configurations fsiw?) that should lead directly ~ because theepulsiveground-state PESs undergo strongly

to the formation of ground state MFi. A related consid- avoided crossings with thettractive excited-states of iden-
eration concerns the role of electronic spin, which is easily tical electronic spij47].
conserveaverallin Eq. (21)(where the spin quantum num- As afinal example of this Chapter some aspects of the fas-

bers are given in parentheses) sinced4n be in eitheroftwo  cinating S¢’/H, couple will be mentioned; this system has
spin quantum numbers §s1/2) and still forms ground states  met the interest of theoreticiaf®6,38]and experimentalists
MH ™ (s) in a spin-allowed process. For example, ground-state [47b,48]alike. Atomic S¢ (3D, 4s3d) is by far the most re-
FeH" (°A, s = 2)[43] can be generated from both HED) active of the 3d metal iongl6,49]. Exothermicinsertion of

and Fé (*F); however, the favourablé®dm? configuration Sct into Hy, forming two Se-H o-bonds, was first predicted
can only be achieved for low-spin {s 1/2) metal ion states, by Tolbert and Beauchan{d8a], and the ability to gener-
e.g., F&(*F, 3d’). High-spin states, resulting fromtdr! ate exothermically metal hydride bonds was attributed to the
etc., e.g., F&(®D, 4s3@) should have PESs that are more fact that the 3d4s configuration of Sallows the formation
repulsive. In addition, they can only access ground state in- of two equivalent sd hybrid bonding orbitals and greatly re-
termediates via spin—orbit coupling. That not only the overall duces the loss of exchange energy on the metal in the course

spin of reaction (21) but the spin of theaction intermedi- of a-bond formation. This exothermic insertion distinguishes
ate i.e., H-MT—H, needs to be considered is also verified Sct from other metal cations, e.g., €pV+, Na© or K+, all
by the reactivity of other metal ions. Forv= Crt, the quar- of which bind a hydrogen molecule mainly by electrostatic

tet states react more readily than the sextet $4de and as forces[50], resulting in a complex in which the Hoond
the product CrH has a>¥ ground statd38,43-45] reac- is only slightly perturbed from the isolated molecy].
tion (21) is spin-allowed foboth states of Cr. However, At elevated kinetic energy, reaction of Sevith Hy under
when the reaction proceeds via an intermediateQr —H, single-collision conditions brings about-HH bond cleav-

a spin change is necessary for high-spifi Grecause forma-  age, according t&q. (21) [46,47b,52]Detailed theoretical
tion of ground-state intermediates is only spin-allowed for the work [36,38] helped to uncover part of the uniqueness of
low-spin metal. This consideration also explains vebkgited Sct. The inserted Sc(H) structure was confirmed to cor-
states of C6, Nit and Cu —in spite of their extra excitation  respond to the ground stat&y), and the intermediate is
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Fig. 4. Cross-sections for the reactions of (a) @ind (b) F& with HD (Egs. (21a) and (21b)) as a function of collision energy in the laboratory (upper scale)
and centre-of-mass (CM, lower scale) frames. ReproducedAmnChem. Re®2 (1989) 315.

formed adiabatically from a low lying first excited stat®( Additional insight on the details of-bond activation
4s3d) through an avoided crossing with the third excited state©f Hz by Sc" was provided in a combined experimen-
(*D, 3cP). The effects of spin—orbit coupling between sur- tal/theoretical approach by Bowers and co-workgi8b]
faces of Sc(H)™ that correlate to the atomic ground state of Using temperature-dependent equilibrium measurements for
Sct(®D, 3d4s) and the two first exciteD states were es-  reaction (22).

timated. While the calculations indicated that formation of . s -

an inserted H-Sc™—H™ structure was probably exothermic Se(H)s™ 4+ Hy «  Sct), (22)

with respect to the Stground state asymptote, a large bar- ~ Both experimental and theoretical analyses of the data
rier of 19 kcal/mol will prevent facile bond activation. Some indicate that St is inserted exothermically into the first
relevant parts of the potential energy curves are depicted inH, ligand although the rate is very slok € (3—13) x

Fig. 5. 10~ cm®s~1). More interestingly, this rate constant has a
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contemporary catalys[4]. Not surprisingly, methane acti-
vation by bare transition-metal cations has been at the focus
of a number of fundamental gas-phase ion stufies55].
While several electronically excited ions'™Mwvere reported

to dehydrogenate methaf&6], reaction (23), and to form
metal-carbene complexes MGH, 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 sligtalydothermiae-
hydrogenation of Chihas been observeffa,3d,57]

L sc*'p (3d%)
EVE

20

| sct3E (3d)

Energy (kcal/mol)

10 M* + CH; — MCHo" + Hy (23)

| sc*lp (4s3d)
Interesting ‘exceptions’ to the generally non-reactive be-

haviour of 3d- and 4d-cations towards g¢Mere recently

T sct3p (4s3d) reported using quite different concepts. For example, Bow-

B set? H ers and co-workers demonstrated that methane activation can

[+ Hy('Zy H be achieved by means of a ‘ligand-assisted’ reacffis].

B Bondybey's laboratory reported that dimeric Rhin dis-

tinct contrast to atomic Rhas well as larger clusters, ef-

ficiently dehydrogenates GH59a], and the same reaction

is observed for the heteronuclear clusters RhBob] and,

Fig. 5. Potential energy curves modelled after the results of&apg Upton with small efficiency, RhCt (M. Schlangen, H. Schwarz,

(Ref.[36]) for the Gy approach of atomic Scand k. The two'D states o hlished results). Further, a detailed analysis of the gas-

undergo an avoided crossing, allowing an entry to the formation of S&(H) , .

(*A1). The circle denotes a spin—orbit mediated coupling betweerDhe phase perfor_mar_lce of Bergman's catalg8e]with regard to

ground state and the first excitéd state. Reproduced froth Am. Chem. methane activation was conducted by Chen and co-workers

Soc 116 (1994) 9710. [60].

The unreactivity of bare metal ions, especially from the
negativeemperature dependence which is incompatible with first row, is due to the repulsive properties of the occupied 4s
asimple insertion energy barrier as suggestédgnSfor the orbital and unfavourable thermodynamics, and it takes third-
reaction occurring under single-collision conditions between row transition-metal cations M(M = Ta, W, Os, Ir, Pt) to
Sct and H. make reaction (23) exothermic, as demonstrated for the first

The negative temperature dependence requires to have théme by Irikura and Beauchanif1] and later confirmed by
rate-determining transition state be at slighdwer energy other laboratoriefb5b]. In these cases, reaction (23) is driven
than the ground state asymptote energy. How can this beby the formation of extraordinarily strong metal-carbene
achieved? Bowers and co-workers provided a convincing ra- bonds Do(M*—CHy) >111 kcal/mol), and these remarkable
tionale by theoretically examining the effect of sequential bond strengths can be attributed to relativistic stabilization of
H> clustering on various energy states of St the present  the cationic complexes MGH [62]. Similar effects exist for
context the important finding is that sequential addition of the chemistry of homo- and heteronuclear cationic clusters
H, molecules to these states leads to a lowering of the inser-composed of platinum and coinage metals, some of which
tion barrier relative to the asymptotic energy of the ground exhibit unusual cluster size effects for reaction (EE3).
state [S¢ 3D, 4s3d, +1H5], and it takeghreeH, molecules A gquestion of obvious interest is whether the electronic
to pull the insertion barrier below the asymptotic limit. Ob- and spin considerations so crucial for the activation pbif
viously, it is not the bare S€ ion that brings about HH 3d- and 4d-metal cations M Eq. (21) continue to play a
bond activation but the clustdD Sc*(Hy), which, uponlig-  role for alkanes as well.
ation with a third B molecule, is ready to undergo formation Methane is the simplest system wherelothermicC—H
of the inserted H-Sct—H(H>); intermediate and eventually bond cleavage can be studied, Eqg. (24), and ethane and
the H-Sc™—H product itself. This oxidative addition is a propane extend this to the competitive activation of-aCC

Reaction Coordinate

rare example of a cluster-mediateebond activation. bond. Possible spin quantum numbers in the metal-mediated
reactions of CH are given in parentheses of Eq. (24).
3.4. Bond activation of Xi(X = C, Si) and small MCH," (s-%4) + H,(0) (24a)

aliphatic hydrocarbons by bare W

e oL . .
Methane functionalization constitutes an important, Mi(s £42) + CHy(0) MH" (5) + CHy()  (24b)
timely topic of researcfb3], and catalytic conversion of GH ’
to CHOH has been listed as one of the ten challenges of MCH;" (s) + H(%) (24¢)
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State-specific results for the ion—molecule processes of
excited Ti", VT, Crt and F& with methane indicate that
the MO concepts discussed above far attivation remain
valid for the cleavage of €H bonds[49,52,56b,64] and

the three categories of reactivity pattern derived can be ap-
plied. Reactions (24a)—(24c) all take place forrS€rt,

this is indicative for the formation of a long-lived interme-
diate H-MT—CHjs. Fe™ does not dehydrogenate GHEq.
(24a), but undergoes reactions (24b) and (24c) which sug-
gest direct processes, and thestate of F& is much more
reactive than théD ground state in generating FéHFor

the Fe"/CH, 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 FeGHcomplex66], the ground state

of the complex is characterized by a quartet spin state with a
binding energy thatis consistent with the measured Jj&ltie

and other high-level computational findinf8]. Thus, the
crossing point occurs quite likely at the entrance channel and
the system stays on the quartet surfaces without any change
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 F&/CHjy couple prefers formation of FeHand

ass Spectrometry 237 (2004) 75-105
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Fig. 6. Variation of product cross-sections with kinetic energy df Bcthe
laboratory frame (upper axis) and centre-of-mass frame (lower axis). The
Srrow indicate(H—CHs) at 4.54 eV. Reproduced frofnAm. Chem. Soc
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cause ScChi" cannot decompose until 4.8 eV. Qualitative
MO considerationfs2] suggest a quite complex potential en-

FeCH* the spin-dependent branching ratio of which is, to ergy surface due to the existence of various electronic states
some extent, also controlled by angular momentum conser-of Sc™ [36] and the fact that the hypothetical intermediate
vation[64c,69] Alternatively, it can be argued that F&Hs H—Sc™—CHs must correspond to a singlet ground state. This
formed in a direct ‘stripping’ reaction proceeding via a colin- conjecture has been validated in two extensive high level ab

ear M —H—CHjs intermediatg3a). For the Tit/CHj4 system
[64b], the study of the electronic and translational energy de-

pendence augmented by extensive qualitative MO considera-

tions provides good support for the idea that the endothermic
formation of TiH" and TIiCH* proceeds primarily through a
doublet H-Ti*t—CHjz intermediate which is efficiently pop-
ulated from the F excited state of the metal ion; this state
is significantly more reactive than the' ground and BF

first excited states of Ti. As the latter states also dehydro-
genate CH, and as this process is spin-forbidden for these
two guartet states, the doublet intermediateTi™—CHjz is
accessed via spin—orbit coupling of the doublet and quartet
surfaces.

initio [62h] and density functional (DFT) theofy0] calcu-
lations Fig. 7).

According to Morokuma’s multi-reference studig2h],
which compare favourably with DFT-derived findinfi&0]

and exhibit good agreement with available experimental data
[48a,52] the reaction of the ground state 'Sevith CHg
proceeds as S¢°D, s'd') + CHy; — ScCHT(CA") —
TS2EA) — HScCHT(AA) — TS1— (H2)ScChT(*A1)

— ScCh* (A1) + Hy and is calculated to be endothermic by
24 .8 kcal/mol. After formation of an ion—molecule complex
ScCH; ™, 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

The last example to be discussed in this Chapter concernsby XM in Fig. 7 and corresponding to §3C,y structure,

the reactions of the ‘early’ 3d cation Swith CHy4, which
has been studied by guided ion beam mass spectrofbeiry
and thoroughly analyzed theoretically at different levels of
theory[62h,70]

At low kinetic energy of St, the dominant process cor-
responds to dehydrogenation, Eq. (24a) (M = Sc); at higher
energy the cross-section of this reaction falls off as the cross-
sections for the formations of SCHEQ. (24b)) and ScChi"

(Eq. (24c¢)) rise, with the former one predominatifgg 6)

is located some 10 kcal/mol above the SeCHriplet 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 {32,

stdl) is predicted62h] to take place more easily, because of
extrainitial electronic energy and because itwould not require
the intersystem crossing via rather inefficient spin—orbit cou-
pling. Onthe other hand, as outlined above, occupationofans

[52]. The smooth appearance of the total cross-section sug-orbital gives rise to a repulsive interaction and the metal is not
gests that reactions (24a) and (24b) are closely coupled, andexpected to insert easily into a-®& bond. In any case, from

the decline of the ScCH product above 1.9 eV must be
a result of competition with the other two processes, be-

the insertion product HScG#t the reaction branches out

into three different channels (reactions (24a)—(24c), with M
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Fig. 7. Potential energy profiles for the '9€H, system calculated at the MR-SDCI-CASSCF(6/10)/BSII + DC level. ReproducedJréthys. Chen28
(1996) 11600.

= Sc). The energetically most favoured process correspondsem compared to S¢CH,. Not unexpectedly, the $¢a®D)
to dehydrogenation and formation of ScgH this path is  ground state is an order of magnitude less reactive than the
clearly preferred at low kinetic energies as observed experi- Sct(alD, &F) states, and formation of Sek/SiH,, which
mentally[52]. Productions of ScH and ScCH* are ener- s entirely absent in the $¢CH, couple, is only observed
getically more demanding; however, both channels have anfor reaction of SiH4 with Sct(alD). All these findings can
entropic advantage (‘loose’ transition states), and are there-pe understood in terms of simple MO and spin conservation
fore easier accessible at higher kinetic energies. In addition, aconcepts, as discussed above for th&/S¢ls system, and
small fraction of the ScH product may be formed in a direct augmented by the fact that (i) the-S#l bond is significantly
process via a colinear Se-H—CHz alignment, as suggested  weaker than a €H bond and (i) the enhanced hydrogen
earlier[52], thus bypassing formation of the insertion inter-  mobility at silicon centre§74].
mediate. This direct reaction is spin-allowed from both high-  The singlet insertion product-HSct —SiHz is suggested
and low-spin states of Sc to act as common intermediate for most of the products
Before continuing with a discussion of the gas-phase formed. While spin—orbit coupling, not unexpectedly, is quite
chemistry of bare M with CoHs and GHe, which serve  inefficient for S¢', the increased reactivity of the heavy metal
as representative examples for competitivelIC—C bond  La* in its reaction with SiH [71] has been attributed to a
activation, brief comparison of CHwith its heavier analogue  much more efficient spin—orbit coupling between the unre-
SiH4 should be made with an emphasis on mechanistic as-active high- and the reactive low-spin surfaces.
pects of the Si-H bond cleavage steps by the 3d metal cations  Similar observations were reported for the reactions of
Sct [71], Tit, V*, Crt [72], and F€, Co", Ni* [73]. Com- M+ =Ti+, v+, and Cr with SiH, [72], with MSiH,* as the
mon to these guided ion beam studies is an attempt to unraveajor product at lower translational energies and the forma-
the role of electronic excitation, molecular orbital concepts tion of MH*/SiHz at higher energies. Further, the reactions
and spin considerations on the cross-section as a function ofare more efficient for the low-spin doublet {7 triplet (V*),

kinetic energy. and quartet (CF) excited states of the metal ions, and this
For the S¢/SiHs couple the major low-energy process probably explains why dehydrogenation exhibits the largest

corresponds to formation of ScSiH + Hy, Eq. (25) while enhancement for the three metal cations. Spin-consideration

at higher energies the products SgB8iHz and ScH*/SiH; shows that reaction (25) is spin-allowed for low-spin but

dominate. The overall reactivity is greater in the silane sys- not high-spin states of M [75]. Consequently, the experi-
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mental observation that the high-spin ground states of Ti  trast, the ‘early’ transition metals $¢Tit, and V" show
V+ and Cr react with SiH to form MSiH,*/H, implies no barrier and exhibit large cross-sections for dehydrogena-
that spin—orbit coupling between the high- and low-spin sur- tion of CoHe. In general, the cross-sections of reaction (26c¢)
faces is operative. However, the relative inefficiency of the are dependent on the spin state of the metal: low-spin states
ground-state reactions compared with the low-spin excited are more efficient than high-spin staféé,79] Formation of
state demonstrates that, like for'Scoupling is rather poor ~ MH>™ is observed uniquely for metal ions with two valence
also for Ti*, VT and Cr". Basically the same holds true for electrons, i.e., S¢, YT, Lat, and Ln" [52], and the exclusive
the chemistry of Sild with the ‘late’ transition metal ions  formation of ScHD™ from CH;CDj is indicative for highly
Fet, Co", and Ni [73]. specific consecutive €H(D) bond activation steps, the effi-
ciency of which, however, is rather low due to the inefficient
M+ (si %) + SiHg(0) — MSiH,* (s— %) +H,(0) (25)  spin—orbital coupling between the triplet-singlet surfaces. If
the rate limiting step for reactions (26a)—(269) is insertion of
Let us now return to a discussion of some aspects of hydro-M™ into a C-H or a C-C bond, then electron spin conserva-
carbon chemistry. As mentioned above, the metal-mediatedtion and electronic occupancy restrict which reactant states
reactions with ethane (and propane) are ideal to probe one ofprovide under low-energy collisions alow-energy path for the
the central challenges in this field, i.e., the competition be- M*/alkane system to the intermediate. Again, ions in low-
tween G-H and G-C bond activation. Earlier work has been spin states quite generally have a spin-allowed entry while
summarized in Ref§3a,3b,3d,25]and some more general those with high-spin ground state have an efficiency which is
aspects relevant to the topics addressed in this Review will subject to spin—orbit coupling.
be discussed here. In addition, brief attention will be paidto ~ With larger alkanes, many of their reactions with
a few original publication$76—78]which highlight part of transition-metal cations exhibiéxothermicfeatures with
the fundamental problems associated with these seeminglycross-sections approaching the collision limit near thermal
simple bond activation processes. energies. Further, crossings between surfaces of different
For GHe depending on the metal cation and its trans- metal ion states (including different spins) often occur at en-
lational energy, reactions (26a)—(26g) have been observedgrgiesbelowthe reactant asymptote such that the reactions
and both the efficiencies and the branching ratios are highly can be largely insensitive to spin considerations. In general,

metal specific. the difference in reactivity between ground and excited states
. is often seen to decrease as the system evolve from small to
—— MCHy" + CH; (26a) larger sizes. This is due to an increase of reactivity of the
» MCH, + CH 26b ground statgs rathtj:r.than the excited st.a_tes become less reac-
! 4 (26b) tive. One might anticipate that for a sufficiently large system,
— MGH,” + H, (26¢) all state-specific reactivity differences eventually disappear;
M*+ C,Hg > ML + GH, (26d) however, this limit has not y(-:\t beer] reached. _
. As a good example for a ‘larger’ alkane, the reactions of
—> MGH,” + 2H,  (26¢) M+ with n-butane, Eq. (27), are perhaps instructive.
— MH" + GC,Hs (261)
+ ,
MH 4 C2H5+ (26g) —» MC,Hg + H, (2721)
—— MC,H¢* + 2H, (27b)
Expulsions of CH and CH, reactions (26a) and (26b), \* + y.c,H,, ——— MC:Hs" + CH, (27¢)
involve C-C bond cleavage, and process (26a) dominates o,
at high translational energy for all metal ions investigated. > MGH  + GHg (27d)
Demethanation is observed only for the 3d metals-SCr, L——» M(CH:)," + CH; (27¢)

and as these two-€C bond activation processes compete, it

. Again, and as expected for exothermic processes, branch-
has been suggested that they proceed through a common INe o ratios are hiahly metal s ecifig0], as demonstrated b
sertion intermediate M(C¥J>™ which eliminates Cl via 9 ghly P ' y

. o o the following few examples: First-row, ‘late’ cations readily
a tight four-centre transition state or @hlia direct metal- . .
. L ; . activate G-H and G-C bonds. Metals with two valence elec-
carbon bond fission. All remaining reactions involve at one

: ) . . 4
stage G-H bond activation. Processes (26f) and (26g) dom- trons like SC', are unique in that formation of Sc(GH™ is

; . . . rprominent[48a,81] Ground-state Cr and Mn™ are unre-
inate again at higher translational energy, and they can occu active with GH1o at low translational energy, because for-
directly from an insertion intermediate-HM* —C,Hs. Not 10 24

surprisingly, their branching ratio will be controlled by the mation of an insertion product requires two relatively strong

ionization energies of MH and fEis. While dehydrogena- o-bonds which would '”?p'y a disruption of a s_tabF'ésheII.
. . : . . " One of the most detailed gas-phase experiments ever con-
tion, reaction (26c), is exothermic for all 3d cations it is not

observed for Ct, Mn™ or Cu" but occurs for F&, Co", ?rg(;ltiiigtgf rr;iitff::(;a:l:;g;z-nsseg?%i?hetcerlr_‘r|1 mgnan o;reuljec-
and Nit though with substantial activation barriers. In con- P 2116, 818
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featureq77] permit to construct schematic potential energy
curves for the two systembijgs. 9 and 10

Common to either metal is that formation of the initial
H—M*—-CzHy intermediate requires a spin—orbit mediated
crossing from the high-spin ground state to an excited low-
spin surface. Because both*Tand V* eliminate H at ther-
mal energies, these crossings must occur below the reactant
asymptotic energies as shownkhigs. 9 and 10In the case
of Ti* no further spin changes are implied for producing H

quintet-triplet 3d%4s : ) Vs
Intersections quntet = s gnd Ql-h and the corresponding T |gomplex¢s. As S|gn|f-
N surfaces icant isotope effects are observed in thé Tross-sections
Z = 3d" at lower energies, while SOC is expected to have little iso-

aii?f:f &D topic dependence, the energies of the respective multi-centre
transition-state$82] play a crucial role in both the overall

H-V+-CoHp reaction efficiency and the branching ratio, as revealed ex-

(triplet) perimentally.

Similar arguments apply to H elimination in the
Fig. 8. Schematic representation of various/@;He potential energy V+/C3Hg reaction except that now two crossings are in-
curves Ie_ading from quintet and triplet asymptotes towards the insertion yglyed. The reaction commences on the quintet surface,
g‘;;med'ate RV —CaHs. Reproduced frond. Chem. Phys92 (1990) ¢ gqes 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
CoH4 [76]. At a kinetic energy of 0.2 eV, for all three hydro-  the last step, i.e., the reductive elimination, which is rate lim-
carbons, dehydrogenation is the dominant process, and atruliting. Further, the reactivity difference between thé &ind
dramatic dependence of cross-section on theelectronic V+ systems is caused by a more favourable covalent bond-
terms was observed. The second excited téf(3d®4s) is ing for Ti* due to facile sd hybridization, which pulls down
more reactive than either lower energy quintet t83d") transition states as well as intermediates involved en route to
or °F(3d?4s) by a factor of>270, 80 and>6 for CyHs, products.
C3Hg and GH4 reactions, respectively. Electronic excitation The last example, to be discussed in this chapter, deals

to 3F(3d*4s) is far more effective at promotinghlimina- with electronic effects in competitive-&H/C—C bond acti-
tion than addition of the same total kinetic energy to reactants. vation by excited Cf [78]. Cr™ has been one of thieast
Electron spin is undoubtediye key determinant of the ¥ studied metal ions, largely because the stalSleshill of
reactivity with small hydrocarbons, and the higher efficiency its ground stateS, 3cP) renders the metal quite unreactive
of triplet V™ — in comparison to the quintet states of . is [83]. This further suggests that excited states of @av-
due to its ability to conserve total electron spin along paths to ing either 483d* or low-spin 3@ configurations should be
bring about oxidative insertion of the metal in a8 bond. more reactive, which was later actually observed for reac-

The essential details are depictedig. 8 and for athorough  tions of electronically excited Crwith H, and CH, [56,84]

discussion the reader is referred to the original publication in It was also shown that in these systems bond activation can be

Ref.[76a]. achieved by translational excitation of electronically ‘cold’
Further insight into the mechanistic details of competitive Cr+ [56b,84b] These earlier studies were complemented by

C—H/C—C bond activation by ground-state*Tand V* and observations that tuning the electronic states df @hovides

the factors that govern this competition was provided by an a handle for controlling the €H/C—C branching ratios in

investigation of deuterium-labeled propanes, product kinetic the activation of alkanes like4Elg, C4H10, and GH12 [78].

energy release distribution, reaction cross-section determina-While the?3d°) ground state and tf®(4s3d') first excited

tion, and qualitative considerations of potential energy sur- state of CF activates only G-C bonds, the excited quartet

faces of different statelg7]. The major experimental find-  states*D(4s3d") and *G(3cP) bring about both GH and

ings are as follows: For ground state*Tiloss of B and C—C bond cleavage, and these remarkable selectivity effects

CHg4 both occur at thermal energy with reaction efficiencies can be explained, once more, by relatively simple concepts

of 17 and <1%, respectively. For ground-state, dehydro- employing electronic state, atomic occupancy and spin—orbit

genation is observed at thermal energy with an efficiency coupling considerations, which are summarizedig. 11

of <1%, whereas demethanation requires a 0.7 eV threshold [78].

The deuterium labelling indicates thgt-H(D) transfer to Given the reasonable assumption that the-iErand

form the metal propene dihydride complex constitutes the Cr—C bonds in all initially formed insertion intermediates

rate-limiting step for dehydrogenation while reductive elim- H—Cr"—CH;R and C—Crt—R are covalent, there are

ination of CH, is shown to correspond to the rate-limiting three remaining non-bonding 3d electrons on the metal. Con-

event for demethanation. These observations and many othesequently, these species should have quartet ground states, as
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Fig. 9. Schematic reaction profiles for the reactions of With C3Hg to eliminate (a, top) bland (b, bottom) Ckl. MCTS stands for multi-centre transition
states; for details, see R€82]. Reproduced fromd. Am. Chem. Sod.20 (1998) 5704.

confirmed by electronic structure calculations for CreQ evolve into surfaces that are less repulsive. TBestate is
[85]; thus, G-C and G-H bond activation is spin-forbidden  the lowest state of Grhaving both the correct spin and elec-
from the sextet states of Ciand spin-allowed from the quar-  tron configuration to correlate directly to the ground states
tet states. Differences in reactivity between these different of the insertion intermediates. Since the two quartet sur-
states can thus be readily explained. Further, while the initial faces*D and G cross one another and are close in en-
interaction between all states of Cand the alkanes is attrac-  ergy, they are likely to mix and thereby allow tAB state
tive due to long-range ion-induced dipole forces, at closer to also react efficiently. The branching ratios of the i€
distances the surfaces arising from # and “D terms versus G-C bonds is by and large the result of differences
become fairly repulsive due to the 4s occupations; in con- in Crt—H versus CF—C bond strength favouring the latter
trast, those states with empty 4s orbitals, % ,and *G, one.
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3.5. Activation of NH and (D by atomic metal state atomic metal ions M Eq. (28) is confined to group
ions—still more to learn 3, 4, and 5 transition metals. They react at thermal ener-
gies to generate MNH [86] which impliesD(M+—NH) >
Activation of N—H bonds is of topical interest. In the 101 kcal/mol[87,88] Atomic metal ions from group 6-11
gas phasegxothermiadehydrogenation of Nkiby ground- undergo slow condensation to form MNH adducts[86],

Cr*(*G) + RCH,

Cr*(*D) + RCH;, products

products

Cr*(*D) + RCH, H-Cr*-CH,R

Cr*(*s) + RCH,

Cr* » RCH,

Fig. 11. Qualitative generalized energy curves for the reactionsofa@th alkanes RCH. Reproduced frord. Am. Chem. Sod 14 (1992) 2049.
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and for these ‘late’ transition metals dehydrogenation is end- tem a picture emerges which substantiates what has been
othermic. described above for the related™¥NH3 reactions. In par-
M* + NHz — MNH™ + Hy (28) tipular, spin—orbi_t mediatgd crossing between the triplet and
singlet surfaces is essential and ocaftsrformation of the
The electronic and translational energy dependence of SCNH™ encounter complexdig. 12) [70]; the reaction pro-
NH3 dehydrogenation was studied for M = V in a guided ceeds then adiabatically on this surface towards Stk
ion beam experimer{87], and the results indicate that the [70,89]with H—Sct —NH; serving as intermedia{80].
most likely reaction mechanism proceeds via oxidative ad- ~ The experimentally observed differences in the behaviour
dition of a N—H bond to yield H-V*—NH,. Simple bond of ‘early’ versus ‘late’ 3d cations M with regard to dehy-
cleavage forms VH and VNH* in endothermic processes, drogenation of NH, Eq. (28) are also born out by theo-
producing preferentially the former one due to better conser- retical studie465,89], and brief mentioning of four aspects
vation of orbital angular momentum. Exothermic formation obtained for the F&/NH3 system[65] may suffice: (1) De-
of VNH* occurs via four-centre elimination of molecular hydrogenation of Ni by Fe™ is very endothermic and thus
hydrogen. The #F state of \* is found to be substantially ~ will not occur under thermal conditior{86]. (2) The asso-
more reactive than the°® ground and a %F first excited ciation complex FeNBit corresponds to a quartet state with
state even after accounting for differences in available en- a calculated binding energy of 46.6 kcal/mol, relative to the
ergy. These reactivity dependences on electronic states havée' (°D) ground state, in excellent agreement with the ex-
been explained by using the same concepts as outlined abovg@erimental value of 46.7 kcal/m{@1]. Surface crossing be-
for the reactions of early transition-metal cations with/ZH  tween the sextet and quartet manifolds occurs close to the
and the much higher reactivity of the triplet state reflects spin- entrance channel of the reaction. (3) If insertion of Feto
allowed oxidative insertion of V in the N—H bond coupled ~ the N—H bond, to generate HFe" —NH_, proceeds on the
with a favourable thermochemistry. In contrast, all reactions quartet surface, the corresponding transition structure is en-
emerging from quintet states are spin-forbidden, and the poorergetically located below the entrance asymptote, contrary to
efficiency suggests rather small spin—orbit coupling for this the behaviour of the sextet FeNHcomplex. (4) In distinct
particular system. contrast to ‘early’ transition-metal cations, e.g. Sthe rate
More refined theoretical studies on several aspects of thelimiting step in the dehydrogenation of Nitorresponds in
metal-mediated ammonia activation have been performedthe F& /NH3 system to the four-centre-transition state to gen-
for Mt = Sct [70,89] Fe' [65] and Nit, Cut [89], and erate Fe(NH)(H)™, in which H; is only weakly interacting

some features will be presented next. For the/Sti3 sys- with the FeNH" core.
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Fig. 12. B3LYP/DZVP singlet and triplet potential energy surfaces for the reactions ¢t3cD) with NH3. Reproduced frond. Am. Chem. So23 (2001)
2588.
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Dehydrogenation of WO by MT, Eq. (29) constitutes the  lyzed more rigorously (J.N. Harvey, unpublished results men-
reversal of H-oxidation by diatomic metal oxides, and as tioned in[3h]); the results are depictediig. 13 The MECP
Chapter 4 is reserved to describe in detail various aspectsis indeed found to be lower in energy than thet§t,0
of this metal oxide mediated process, the many experimen-asymptote, and very close, both in geometry and in energy,
tal and theoretical studies reported on reaction (29) will be to the TS that separatéScH, O™ and*HScOH" located on

discussed here only briefly. the3A” and*A’ PESs. However, the actual triplet singlet
N N crossing occurafter passing the TS on the triplet surface.
M™ +H0 — MO™ +Hp (29) Both state-specific reactiof@6] of Fet (a°D, &*F) and ex-

tensive calculationf65,97]have been employed in the hope
g tounravel at least a few of the many intriguing features of
d the Fe'/H,0 system, the detailed discussion of which will
be postponed to Chapter 4.

For the late transition-metal oxides™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 stufig8},

The ‘early’ transition-metal ions 3¢ Tit and V' re-
act exothermically with water, and in line with the relate
M*/NH3 system, for all three metals the low-spin excite
states react more efficiently than the high-spin ground states
[88,92] This is indicative for the formation of a low-spin
insertion intermediate HM*—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 Nilby M+, and in-depth for example, an increase in endothermicity exists through the

computational analyses for the'NH,O couples exist for 3d metal series from the left to the right. s significantly
Sct [3h,70,93,94] Tit [95], and V* [94]. Here, only the different from the entire Sc—Mn™ series because both its
Sct/H,0 system will be presented. Common to all computa- low- and high-spin terms involve paired electrons and both

tional studies is that key stationary points on the singlet and States are engagednir the reaction (‘two-state reactivity be-
triplet PESs had been characterized, and these include thd1aviour[3g]), and Mrr™ exhibits some deviations because of

ScHO* association complex, the transition state (TS) lead- the complete half-fillin_g of its vz_ilen_ce §hel| in the high spi_n.
ing to the intermediate HSCF—OH, the k elimination TS, What is, however, quite unsatisfying is the lack of precise
and the resulting ScO—H, ion-molecule complex, with the information on the exact location of the MECPs as well as on

latter three points all having singlet ground states. The effect tN€ &fficiency of spin—orbit coupling, which, admittedly, is all
of spin on this reaction has only loosely been discussed, andbut trivial to obtain given the enormous electronic complexity

Irigoras et al[94] claimed that the singlet PES crosses be- of these deceptively trivial molecules.
low the triplet one somewhere between the reactant complex o . )
ScH,O™ and the insertion intermediate HScOHat an en- 3.6. Activation of double bonds in X=C=Y by atomic¢'M
ergy below the entrance channel. In a more recent study using
a procedure for localizing minimum energy crossing points

MECP418], theissue of the crossing behaviour has been ana-

A

Systems being studied in detail in the gas phase include
the following couples: V/CS, [99], VT/CO, [100,101]

Sc* (D) + H,0

Sc* (D) + H,0

0.0
0.0

Potential Energy

-60.9
-57.1

|

Reaction Coordinate

Fig. 13. Simplified potential energy curves for'§tD, 3D) and HO. Energies are in kcal/mol relative to reactants, with the numbers in bold taken from
Ref.[94] and the numbers in italics from Rg8h]. The excitation energy of Scis the experimental value. For further computational details, seeBRgf.
Reproduced from Ref3h].
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VT/COSJ[101], Cr/CS; [102], Crt/COS[102], Mnt/CS,
[102], Mn*/COS[102], Fe"/CS; [103a]} Fe"/COS[103a]
Co"/CS, 103a] Co"/COS [103a] Sct/COS [103b],
Sct/CS, [103b], Tit/COS[103b], Ti/CS, [103b], and Nit,
Cut and Zn" reacting with COS and GS 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 C$ to atomic V*, Eq. (30) This process is a
textbook example for the operation of TSR and, therefore,
deserves special mentioning.

VF+CS — VSt +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 b
systematically varying the ¥ 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 transformatjeAy].

The bimodal kinetic energy dependence of reaction (30)
observed in the low-energy part of the VSross-section,
Fig. 14, is very unusual. The first endothermic feature corre-
sponds to the formation of ground state %S his process
has an apparent threshold near 0.4 eV, peaks around 1.2 e
and falls to ca. two-thirds of its maximum intensity before the
rise of a second endothermic feature near 2.3 eV. Because n
products other than VSand CS are feasible in this energy
regime[101], the second feature must correspond to the for-
mation of electronically excited V'S Electronic excitation of
the CS neutral product can be ruled out. Clearly, the routes to
the two cationic products in question must differ in some fun-
damental way. Electronic structure calculatifh®1] predict

4 -
< + +
g "y, V¥ +CS; — V8T +C8
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5 . ™
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Fig. 14. Cross-section for the formation of ¥ the reaction of V' with
CS as a function of centre-of-mass energy (for details, see [Ref]).
Reproduced fronf\cc. Chem. Re83 (2000) 139.
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a3y~ ground state for V$ with the first quintet state’(7)

lying 1.37 eV higher in energy. Thus, the formation of ground
state products from ground-state reactants is spin-forbidden,
Eqg. (31a)while at higher energies the spin-allowed produc-
tion of excited VS can occurgq. (31b)

V(D) +CS('zf) - vstPzT)+Ccstrt)  (3la)

VD) +C('xy) > vst(Crm) + csfzt)  (31b)

The calculated energy difference of 1.37 eV between the
two VST states in question is in good agreement with the
observed threshold difference of 1.45eV 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.

y Further insight about the surface-crossing behaviour is

provided by the computed potential energy surfaces for
processes (31a) and (31bjig. 15 [99] together with a
Landau—Zener analysj$04] of the cross-section.

As expected, the VCS encounter comples has a®A”
ground state correlating with*(°D) + CS, reactants. How-
ever, coordination of CSto V* significantly lowers the
triplet surface compared to atomicty and 1(3A”) is pre-
dicted to be 0.67 eV below the ground-state entrance channel.
For the product complexes SVC$2) the order of stability
is reversed, and the differences between 3aé and °A”
states simply reflect the relative stabilities of the respective
fragmentation channels. Thus, for the LS, system, the

?owest-energy adiabatic surface is quintet-like in the reac-

tant region and triplet-like in the product region, and spin-
inversion must occur en route to products. While the MECP
for this event has not been explicitly located, indirect argu-
ments have been develod88]to position this point between
the closely spacet (3A”) and TS/2 (3A”) species with an
estimated spin—orbit coupling constant of 20 ¢nrthis value
lies in the weak-coupling limif105].

Equipped with these information (and additional consid-
erations[99]) the explanation of the bimodal cross-section
of Fig. 14 is straightforward. At low kinetic energies, the
reactants pass slowly through the crossing region, allowing
the electrons to adjust to different configurations along the
reaction coordinate. Under such conditions, spin inversion
can take place, and adiabatic behaviour is expected. As the
nuclear motion speeds up at elevated kinetic energies, the
reactants pass more quickly through the crossing region, the
electrons have less time to adapt, and the Born—Oppenheimer
approximation begins to fail. Thus, it becomes increasingly
likely that the reactants will stay on their initial surface
and behave diabatically, and the enhanced probability for
spin-conserving behaviour appears to be responsible for
the premature decline of the first feature associated with
the formally spin-forbidden reaction (31a). Consequently,
the VS' cross-section decreases from the maximum near
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Fig. 15. Potential energy curves for the \CS; system calculated at the B3LYP/6-311 + G* level of theory. Energies are given in eV, and experimental energies
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1.2 eV until diabatic formation of the excited quintet state in reactivity. Finally, an overview on €H and G-C bond

VST (°I) is energetically feasible near 2 eV. activation by gaseous metal-oxide cations, summarizing the
then known experimental work, was published in 1995 by
Schibder and Schwarfd12].

4. The gas-phase world of cationic metal oxides Inthe following the focus will be on the reactions of binary
MO™ with molecular hydrogen and small hydrocarbdag,
4.1. General remarks (32), with an emphasis on those systems in which two-state

reactivity patterns are crucial.
The enormous interest in the chemistry of transition-metal

oxides (and also sulfides) evolves primarily from their numer- MO"™ + RH — M* + ROH (R= H, alkyl) (32)
ous applications, e.g., as catalysts, lubricants, support mate-
rials, or superconductors, to mention only a {8@6]. More- Note, that reaction (32) is the reversal of ROH deoxy-

over, transition-metal chalcogenides are found in the reactiongenation by bare M, Eq. (29) which has been analyzed in
centres of many enzymgR07], and metal sulfides have even Chapter 3.5. Some of the arguments already presented there,
been postulated to be essential for the evolution of 1is]. in particular those for the couples™H>O and M"/CHy,

Also the gas-phase chemistry of small charged metal chalco-respectively\{65,96—98] hold true for reaction (32) as well
genides has been studied in great detail, both experimentallyand, therefore, will not be repeated here in detail.

and computationally. For example, the fascinating binding  Generally speaking, comparative studies of /MO™
situation in neutral and cationic 3d and 4d RIX species (X with RH (R = H, CH) often reveal an inverse reactivity pat-

= 0, S) has been summarized by Kretzschmar €tLaB]. tern: For highly reactive metal ions Mtheir corresponding

A categorization and the characterization of orbital descrip- metal oxides react sluggishly and vice versa, and the couple
tions, as well as the analysis of reactivity pattern of transition- Mn*t/MnO™ represents perhaps an extreme examplet Mn
metal oxides form the theme of a review by Sidher et al. is the least reactive 3d transition-metal cation toward alka-
[110], and a comprehensive collection and an in-depth discus-nes, whereas Mn©is the most reactive orf@13]. Further,

sion of the electronic structure of metal oxides can be found as has been repeatedly sugge$i€®—-112,114]the overall

in an exhaustive review of Harrisqd3]. Further, the anal-  reactivity of the MO™ species seems to inversely correlate
ysis of the electronic structure constitutes the subject of anwith its stability. For example, for the metal oxides CrO
early theoretical investigation by Carter and GoddardL]. [114], MnO™ [113,115] FeO" [55,116]and OsC [61a]it

In this latter study, fundamental differences in the nature of has been shown that the oxo ligand increases the reactivity
the metal-oxo bond in ‘early’ and ‘late’ metal-oxo complexes of the bare metal. However, for systems involving the ‘early’
were described that were used to explain observed trendsmetals S¢ [117,119] V* [118,119] and Ti" [119], oxida-
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FeO*+ D, — Fe* + D0

.....

tion of these metals to MOsuppresses 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.

]0-1044

4.2. Oxidation of molecular hydrogen

o
1

For the ‘early’ metal oxides ScQ TiO*, and VO,
cross-section measurements in a guided ion beam experiment
demonstrate that for all three MOcations their reactions
with D, to form M™ and DO areendothermid119], and
M are primarily formed in an excited low-spin electronic
state. Production of ground-state™™s also observed via
spin crossing from a low-spin to a high-spin surface, exactly
in analogy to the reverse reaction depicte#ig. 13 The in-
efficiency of forming the ground-state metal ions in these sys- Fig. 16. Guided ion beam (GIB) results for the variation of the rate constant
tems indicates a rather poor spin—orbit coupling. Further, this for the reaction of Fe® with D to form Fe" and DO as a function of
model can rationalize why the amount oﬁMroduced de- kinetic energy in the centre-of-mass frame. Reproduced framl). Mass
creases fromthe Sdo the Ti* to the V+ system. Because the Spectrom. lon Process61 (1997) 175.
energy splittings between the high- and low-spirt Btates
increase from St (0.3eV) to Ti" (0.6eV) to V" (1.1eV), sidered, and based on a comparison with the experimental
the coupling efficiency between the reaction surfaces evolv- findings, the potential energy profile depicted Fig. 17
ing from these states decreases and the cross-sectiort of M [125] emerged as the most likely scenario—obviously, this
formed gets smaller. is yet another prototype of two-state reactivity faharmal

One of the best studied couples, both experimentally reaction[122].
and computationally, concerns the oxidation of tand its The process involves two spin inversion (SI) junctions be-
isotopologues HD and £ by diatomic Fed, Eq. (33) tween sextet and quartet states, one near the fégxluster
[96,120-126] at the entrance channel and one near the/lfgO complex

6 46 at the exit channel. Spin—orbit coupling calculations indicate
FeO"("X™) + Hz — Fe"(°D) + Hz0 a continuous decrease of the SOC value from being signifi-

This reaction is very exothermia¢H® = —37 kcal/mol), cant at the entrance to become negligibly small at the prod-
even so when excited F€'F) is formed, orbitally unre- uct exit. The results further show that while the quartet sur-
stricted, and spin-allowed—and yet the reaction efficiency face provides a low-energy path, the Sl junctions reduce the
is <1% [124]. Further features of the molecular hydrogen probability of the reaction significantly, and the suggested
oxidation by FeO are the very small intra- and intermolecu- interplay between spin inversion and chemical barrier height
lar kinetic isotope effects on the reaction efficiencies for H  in the FeG -mediated oxidation of molecular hydrogen is
HD, and » [121,123] The most intriguing finding is that  confirmed by the pleasing agreement of the experimentally
in the vicinity of the threshold the cross-section of reaction determined kinetic isotope effects of reaction (33) (with HD
(33) (with Dy being used in order to enhance mass resolu- and D) with the computed datid 26]. Finally, quite clearly
tion in the GIB experimenf124]) slightly diminisheswith without the intervention of spin inversion at thermal condi-
increasing energyHig. 16). tion, reaction (33), shouldot take place at all, and the ob-

While the small reaction efficiency (<1%) could be inter- servation of it, though being quite inefficient, is a convincing
preted in terms of a classical Arrhenius activation barrier example for the concept of a ‘spin-accelerated reaciii],
[123], this assumption perhaps does not seem justified inthe essence of which is sketchedHig. 18
view of the results of the guided ion beam experiment which  Itis not without irony (or satisfaction, depending on one’s
shows that the cross-section monotonically decreases withview point) to recall, that the gas-phase studies of one of the
increasing collision energy below 0.2 e¥i¢. 16. Hence, smallest molecular systems conceivable, i.e., the four-atomic
the vanishingly low reactivity of FeDtoward molecular hy- FeO"/H; couple, have paved the way to resolve some of the
drogen may well be related to the inefficiency associated with puzzling questions associated with the mechanisms by which
switches between surfaces of different spin. This scenario isthe enzyme cytochrome P-450 brings about oxygenation of
in line with extensive computational studies conducted by a C—H bond[3i,31,128,129] Aspects of the timely topic of
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Shaik and coworkerd20,122,125,126]
In a comprehensive computational undertaKi?f5,127]
various mechanistic variants for reaction (33) were con-

C—H bond oxygenation will be addressed in the next chapter,
and we shall see that the two-state reactivity concept serves
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 umegptatiechaty.
Some energies were taken from Réi21,128] The meaning of the abbreviation employed is as followsr€actant complex; Sl spin inversion; | insertion
intermediate; and £product complex. Reproduced fralnAm. Chem. Sod 19 (1997) 1773.

spin S+1
intermediate

reagents spin $

products

Fig. 18. Qualitative energy profile for a spin-accelerated reaction. Repro-
duced fromChem. Soc. Re®2 (2003) 1.

4.3. Oxygenation of €H bonds by MO a “holy grail
in chemistry”

Relating Sir Derek Barton’s famous dictum ab6ttoly
Grails in Chemistry” (A whole issue of theccounts of Chem-
ical Researcthas been devoted to this top[d0,131]to the
oxygenation of G-H bonds in alkane<q. (34) is not un-
justified given the challenging complexity of this deceptively

trivial reaction which only on paper looks so e4%82].
R —H + (O) - ROH (34)

In the reactions of diatomic MOwith CHy, 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 oxidg$13].

—» M + CH;OH (35a)

MO* + CHy ——» MOH' + CH, (35b)

L——» MCH," + H,O (35¢)

The most detailed study, both in regard to experimental and
computational efforts, has been conduced for Feélecting
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 fable 1 and a thorough discussion
of the experimental findings can be found in R&éR4].

As described above for the related FeBl, system
(Fig. 16, the most intriguing experimental observation is
the rate constants dependence for the H&bi, 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 FeOHand F& from CHs
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 FeTH; couple, the unusual
behaviour of Fe®/CH, 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

Rate constants(in 10-11 cm?® s~1) for the reactions of FeOwith methane
and branching ratios between'and FeOH in the ICR, GIB, and SIFT
experiments

Method k Fet: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: selected ion
flow tube. Only in the ICR experiment, the product FeHs formed with
very small abundance (<1%).
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bty crossing points and the respective SOC calculations are re-
10| FeO"+ CHy liable, one arrives at the conclusion that in the experimen-
] tally demonstrated formation of Edn its 6D ground state
FeOH* [124], the rate-limiting step in the multi-sequence event cor-
1e . responds to the quartet sextet spin inversion at the exit
‘o..g. channel, and not the one close to the entrance as argued in
Fot j Ref.[134e] Alternatively, the system changes back from the
° S quartet to the sextet state at the stage of the insertion interme-
S
00

_.

=4
o
]

diate hC—Fe—OH™, and will then proceed adiabatically at
the sextet surface via TS2 towards'f&D) and CHOH.
0 ; Computational studies of all 5d-metal-oxide cations
ScOF—CuO" and their role in the methane—methanol con-
version have been performed by Shiota and Yoshizawa
0 [134d], and these exhaustive computations are quite revealing
o 1o 10 concerning mechanistic details, reaction efficiencies as well
Mean Relative Energy (eV) as product ratios depending on the nature and the electronic
structure of the diatomic metal oxide. Before briefly address-
Fig. ;9. GIB result.s for the variation of the rate constakt,m, for the ing these theoretical finding$13,134d]it is appropriate to
'r:eic"on of FeO with CHy to form FeOH" + CH (closed circles) and ¢y 4176 the experimental data obtained under ICR condi-
e + CH3zOH (open circles) as a function of kinetic energy in the centre- . .. . .
of-mass-frame. Reproduced framt. J. Mass Spectrom. lon Proced$61 tions far M = Mn, Fe, Co, and Ni in reactions of their metal
(1997) 175. oxides MO with CH4, Eqg. (35a) and (35b). The relevant
data are given iffable 2and taken from Ref§112,124]
diagram, taken from one of the more recent theoretical studies  The high efficiency, defined according to §iB5], and
[134e] is given. the product selectivity for the MniCHg couple can be eas-
From the three crossing points calculated, the one be-jly explained in terms of the potential energy surfft@4d]
tween the encounter complex (g}feO" and the transition  and spin consideratioff$13,122,125]MnO* (° <+ 517) un-
state towards the quartet intermediateCH-Fe—-OH* ex- dergoes a spin-conserving bond insertion via a transition-
hibits the largest spin—orbit coupling element (133.6¢Jn  state located below the entrance channel to form the quintet
the energetically feasible interconversion between the sex-insertion intermediate §€—Mn—OH, but had to cross a
tet and quartet states of the insertion intermediate has anspin-inversion junction with a small SOC value at the exit
SOC of 21.4cm?, and the one at the exit channel is the channel to produce Mﬁ@ and CHOH. This bottleneck is
smallest with 0.3cm’ only. Provided the crossing points  pypassed by the spin-allowed, barrier-free and entropically
reported inFig. 20correspond to the true minimum energy favoured dissociation of the insertion intermediate to yield

10122

Rate Constanls (cmafs)

10'13

HaC o]
Fe/ +
Fe* + CH3;OH
FeO* + CH, TSH Hac_/:}OH 33.4
31.1 .
Quartet 288 ./

Sextet 228

Reactant complex

-21.1

-22.2
(17.3) o
OH (—43.5)

HC—Fe L
Hydroxo intermediate Fe—0Q

H
Product complex

Fig. 20. DFT-calculated potential energy curves along the reaction pathways#+€8, — FeO" + CH3OH in the quartet and sextet states. Relative energies
are given in kcal/mol; values in parentheses are results obtained at the CASSCF level. The closed circles indicate crossing points along seamssing
Reproduced frond. Chem. Physl18 (2003) 5872.
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Table 2
Reaction efficienciesdj and relative yields for the reactions of MQwith
CHjy under ICR conditions

MO+ @2 M*/CHzOH MOH*/CHs
MnO™ 0.40 <1 100

FeO" 0.20 39 61

CoO* <0.01 100 -

NiO+ 0.20 100 -

8 ¢ = ki/ke, with ke = collision rate[136].

MnOHT/CHs. In contrast, Co® and NiO", which possess
a Sl junction for bond insertion, do not have to invert spin

97

with minor channels leading to FeS@Dand FeCR* [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 o§E&—H across

the Fe-S bond to generate a GHFe-SH' intermedi-
ate. As clearly shown iifrig. 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-SCH;* 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

at the elimination step because the ground state of the corre-

sponding metal ion is of 3dconfiguration. While both metal

4.4, Cationic metal dioxides MO : more than

oxides undergo good to inefficient bond activation, the dif- appetizers?

ferences in efficiency are being caused by details of the in-
dividual barrier for the insertion-step and also presumably

The metal dioxides M@" (M = Ti, V, Zr, Nb) in their

different SOC terms, they nevertheless produce exclusively gas-phase reactions with structurally simple substrates, e.g.,

M™/CH3OH. The behaviour of FeOis in-between, and as

water or small hydrocarbons, can be classified according to

indicated by the computational studies, itis the most difficult iy reactivity patternf39]. The singlet ground-state diox-
of all 3d metal oxides to be described quantitatively in its jges VO,+ and NbQ* behave as closed-shell species in

bond activation reactions.

that no neutral radical products are produced. In contrast,

Before presenting some TSR cases for metal dioxides e doublet-ground states for O and ZrQ* are bet-

MO, ™, a short detour to the chemistry of Fe@&ith methane

ter described as oxygen-centred radida#0]. However, a

is in order at this place, as this cationic metal sulfide can be ¢|oser look, augmented by extensive DFT calculations for the
regarded as the smallest conceivable model system for mimiCV02+/C2H4 [141] and VO */CoHg systemg142], reveals a

larger iron—sulfur clusterd 36].
In the endothermic hydrodesulfurization of Fe®y

Pandora’s box of complexity in that, once more, two-state re-
activity prevails the whole chemistry. In addition, increasing

molecular hydrogen, ICR and GIB experiments, comple- complexity is not only encountered at the electronic structure
mented by electronic structure calculations, demonstrated ajeye|, also reactivity patterns of a given metal dioxide can ex-

predominance of kinetic over thermodynamic conft@7].
The lowest energy path for F& bond activation involves
[1.2]-addition of hydrogen across theF8 bond along with

hibit a unique dependence of product formation by slightly
changing the substrate. This is clearly evidenced by the reac-
tions of VO,™ with some of the most simple alkanes under

two spininversions. The first one occurs close to the entrance|cr conditions Fig. 22 [143]

channel and describes the sextetquartet change in con-

In marked contrast to oxidative dehydrogenation followed

verting the encounter complex to the insertion intermediate, by liberation of neutral ethene in the reaction withHg
and the second one is located at the exit channelin producingine gas-phase chemistry of YO with CgHg mainly af-

ground-state Fe. Thus, while the overall reactio&g. (36)

fords elimination of molecular hydrogen concomitant with

conserves spin, as far as details are concerned, spin chang&ge formation of an allyl complexn-CsHs)C(O)OH*. In
do matter en route to products and bring about an overall {he case of the next higher homologueCsH1o/VO, ™, the

rate-acceleration.

FeS (®X) + H, — Fe"(®D) + H,S (36)

Except for thermochemical aspects, methane
methanethiol conversion by FESEqg. (37a), has many

features in common with the oxygenation of methane,

discussed above.

—» Fe' + CHiSH (37a)

— FeSH®™ + CH, (37b)
F@S+ + CH4 ]

— FeSCH;" + H (37¢)

L—» FeCH:" + SH (37d)

In the reaction of FeSwith D4-methane, under GIB con-
ditions the two major products are Fand FeSD, along

combined losses of Hand HO provide yet another product
channel—and preliminary calculations leave no doubt about
the crucial role of several spin-inversions in the various bond

to activation step§l43].

5. Miscellaneous systems and outlook

Two- or multistate reactivity is also the characteristic fea-
ture of the following examples: The site-selective &bond
activation of norbornanekoversusendodface attack) by bare
FeO" and the different kinetic isotope effects for activation
of anexo-versus arendeC—H bond of this substrate have
been traced back to a high-spin/low-spin scenario of FeO
[144]. Radical-like activation of small alkanes by the ligated
formal CU" oxide (phenanthroline)CuDand in particular
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reactions of V@' with small alkanes. Reproduced frobrganometallics
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
the3A, precursor metal oxide is converted to g product
complex (pheanthroline)Cu[145].

Similarly, the iron-mediated amination of hydrocarbons
by FeNI—ﬁ, e.g., CH — CH3NHj, CgHg — CgHsNHo, or
CsHsCH3z — CgHsCH=NH, is very likely affected by the
interplay of the® ¥+ and the*A’ 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 Fgig)* and
HFeGH4™, a prototypical example of an organometallic
B-hydrogen eliminatior@-insertion process, can be lowered
by a quintet— triplet — quintet hopping mechanisfh47],
in perfect analogy to spin-accelerated reactions as depicted
in Fig. 18

The rates, by which Mbis sequentially oxidized by O,

Eq. (38), exhibit quite some variation for the individual oxi-
dation steps, all of which are strongly exotheriiid8al

Mot + N,O — MoO" + N, (38a)
k<6 x 10 38cmi s I molecule’l; A,H? = —78 kcal/mol.

MoO™ 4+ N,O — MoO; " + N3 (38b)
k=5.6x 107 1%cm3 s~ molecule’!; A;H® = —87 kcal/mol.
MoO,+ + N2O — MoOs* + Ny (38¢)

k<3.7x 10 19cm3s I molecule’; A;H® = —26 kcal/mol.
Quite clearly, kinetic barriers must be operative in the up-

take of oxygen atoms by Ma For reaction (38a), an obvi-

ously inefficient crossing from sextet to the quartet state is es-
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sential to make the reaction exothermic. A different situation the reactivity of spin-allowed CO oxidation is in-between;
is encountered for the next oxidation stEp, (38b) because  while the reaction is not impeded by spin-restrictions, rel-
formation of the quartet state of Me®(*Ay) is not too en- atively high barriers cause a decrease of the exothermic
ergy demanding with regard to the M@ £ ) precursor; process.

thus, a spin-conserving reaction is feasible, and curve cross-  Spin problems also seem to be the cause for the inertness
ing to the low-spin dioxide Mo@'(?A;) can occur ata later  of many transition-metal alkyl ions towards, GFor exam-
stage. The reaction of the latter with,® to MoOz* (A1) ple, while MCH;™ species (M = Mn, Fe, Co) are capable
is not subject to any spin constraints and indeed takes placeof activating a broad variety of organic substrates, includ-
relatively efficiently despite having the lowest exothermicity ing the inert alkanegl50], they fail to react with Q at ap-

of reactions (38a)—(38c). In an exhaustive study, Bohme andpreciable rates (I. Kretzschmar, D. Seder, H. Schwarz,
co-workers investigated the thermal reactions of 46 different unpublished results). Even the cyclopentadienyl magnesium
atomic cations M with N,O, and the interesting periodici- cation MgGHs™ — a prototype organometallic species — re-
ties observed in the oxygen-atom transfer to generaté MO mains unoxidized by @in the gas phasgl51], in contrast

are not only controlled by the thermochemistry of this pro- to the vigorous decomposition of metal alkyls in solution
cess; rather, spin conservation is a deciding factor for the when exposed to air. In view of the favourable thermochem-
reactivity of first- and second-row metal ions while for the istry of M—C bond activation by @[110], significant kinetic
heavier third-row cations, as expected, spin is no longer abarriers must be operative in the gas-phase ion—molecule re-

good quantum numb¢t48b,148c] actions, and the most obvious reason is failure to circum-
The rate of CO oxidation to C£by gaseous AuQ, (n= vent efficiently the spin-inversion bottleneck associated with

1-3) exhibits features, which are controlled by both thermo- dioxygen activatiof132].

chemical and spin conservation aspgt#9]. Triplet AuO™ Alsothe activation of @by atomic Crt, is heavily affected

(129) shows the highest reactivity due to a very exothermic by a sequence of curve crossings. For example, due to spin
spin-allowed oxygen atom transfer to CO. In contrast, the conservation the direct formation of the doublet ground state
reaction of AuQ~ proceeds with an extremely low rate due OCrOt(?A1) from the ground state reactants™(%S) and

to a relatively high-barrier involved in the formation of the 02(329*) is not possible; rather, two curve crossings from
AuO,~(CO) encounter complex and a spin-forbidden cross- the sextet via the quartet to the doublet surface occur in the
ing between the singlet and triplet surfaces. For AuD  sequencéCrt +30, — 6Cr(0,)* — “OCro+ — 20Crot,

cro*t+0
(01, 2) ()

+
Cr 4‘02

‘o) 3zp)
cro*+0
(‘1 4z) (3P)
Cr' 402
6 -
(¢3) (3z)
-

»
»

Fig. 23. Potential energy surface atthe CASPT2D/BSII/LSD/DZP level of theory. Crosses denote excitation energies for the various statesebthettis® g
of the corresponding ground states. All energies are given in kcal/mol. Reproduced #om Chem. Sod 18 (1996) 9941.
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and the potential energy surface depictedrig. 23reveals As amply demonstrated in this review, multi-state reac-
part of the complexity in this ‘trivial’ bond activation busi- tivity patterns are much more important than generally ac-
ness of molecular oxyggi52a} The role of asinglewater knowledged and, as expressed by Harvey et al. in a related

molecule acting as a catalyst in the conversioA®f(O,)* context “spin-forbidden reactions can end up being as fast
— 20CrO" has been studied en detail by Beyer ef52b]. as spin-allowed ones, or slower or faster! The devil is in the
Some of the controversies associated with the binding detail...” [3j]. This statement certainly holds true.

energies of Fé to pyridine (py) and benzene (bz), derived

from threshold-collision experiments of Fel(L = py, bz)

[153] versus competitive ligand evaporation from bisligated Note added in proof

Fe(bz)(py) [154] using Cooks’ kinetic methofl55], have

been resolved in a detailed theoretical st{idy6}—and spin In a combined experimental and theoretical study, the

conservation aspects seem to matter a lot: starting from thereactions of atomic Re with H,, HD, and 3 have been

bisligated*A complex Fe(bz)t-py)*, in the kinetics-method ~ analyzed, and the findings suggest that Reacts largely

experiments in a spin-allowed dissociation the quartet statesvia a statistical intermediatgl61]. The increased reactiv-

Fe(bz)" (*A1) and Feg¢-py)* (*A1, *Ap) are produced, whose ity of this third-row transition metal towards dihydrogen and

binding energies are comparable. Adiabatic formation of the the stronger M —H bond, in comparison to the first row

much stronger bound ground state &gfy)* (°A2), which congener (MMn) has been attributed to efficient coupling

would require a spin flip, seems to be hindered kinetically. among surfaces of different spin along with lanthanide con-
Various aspects, including the potential role of spin con- traction and relativistic effec{d61,162]

servation/spin violation in the thermal reactions of tHO More recently, the earlier observati¢h62] that “bare”

and of small cations with atomic or molecular nitrogen were Zr?+ brings about dehydrogenation of methane (Eq. (40))

studied using selected ion flow tube mass spectroniEsi]. has been studied computationgl63], and it was demon-
Among the numerous examples of smaileutral strated that this quite unusual thermal reaction is controlled

molecules for which the gas-phase chemistry is strongly af- by a spin change, in the course of which a triplet sin-
fected by spin aspects, two systems deserve to be mentionedglet conversion occurs right after formation of the encounter
The notorious elusiveness 060, (ethylene dione]158] complex Zr(CH)?* and prior to the generation of the singlet
has found a straightforward explanation by a consideration insertion intermediate HZr(Cg?+.

of the potential energy curves in conjunction with the location 2 1 oy

of the minimum energy crossing point (MECP) between the Zr° + CHg — “ZrCH"" + Ho (40)

singlet/triplet states of 0, and an estimate of the hopping Atopological analysis of the gas-phase reactions of atomic
probability to cross surfacg458b]. The combined experi- Mn*(’S, 59 with H,O, NHs, and CH, has been conducted
mental/computational findings suggest that neutggDLis within the framework of electron localization function anal-
|ntr|r!5|cally unstable havm%amammumhfejume ofca.0.5ns ysis, and the crucial part of the dehydrogenation involves
for triplet ground state §;(* g™, v = 0). This, forconven- 5 gnin crossover in the course of the oxidative insertion of
tional mass spectrometric experiments much too short life- yha" metal into the XH bond (X=HO, HN, HzC) [164].

time of bc.>und329*. C20, is essentially a consequence of The same computational approach has been employed for
the low-lying crossing point and its structural similarity to a studying the reactions of NHwith VO+ @3, 1A, 55) and
repulsive GO» singlet state, which facilitate efficient triplet FeO" (63, 4A) to produce HO. While for the NH/VO+

— singlet curve crossing, followed by a fast, spin-allowed ¢ ple the spin is conserved throughout the whole reaction

dissociation to 2CO. sequence, for the FE@NH3 system several crossing points

A classics in spin-forbidden processes is reaction (39), pepyeen the sextet—quartet surfaces occur on way to product
and in an extremely detailed theoretical study Cui €l&l9] formation[165].

arrived at the far-reaching conclusion by stating “itmaybe a  pensity functional studies have been recently reported on
poor assumption that spin-forbidden transition takes place ina mechanisms of the reactions of Qgan = 1-4) with
with uniform probability on the seam of potential energy methane[166]. For the systems OsQn = 1, 2)/CHy, the

surfac_es" of the mechan.istically qomplex, multi-step bond- hinimum energy reaction pathways of dehydrogenation (re-
breaking and bond-forming reaction (39). Rather, a careful 4¢tion (41)) are found to involve two spin inversions in the
look at each minor facet seems to be essential. entrance and exit channels, respectively.

CHEIT) + Na — HCN + N(%$) (39)  0sQ,*(n =1, 2)+CHs— Os(O),CHo" +H,  (41)

Finally, also the thermal reactions of ‘hydrated electron’
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