HEeLVETICA CHIMICA ACTA — Vol. 78 (1995) 1393

108. Two-State Reactivity in Organometallic Gas-Phase Ion Chemistry

by Sason Shaik®)*, David Danovich®), Andreas Fiedler®), Detlef Schrider?), and Helmut Schwarz®)*

#) Department of Organic Chemistry and the Fritz Haber Center of Molecular Dynamics,
The Hebrew University, Jerusalem 91904, Israel
b) Institut fiir Organische Chemie der Technischen Universitit Berlin, Strasse des 17. Juni 135, D-10623 Berlin

Dedicated to Sir Derek H.R. Barton

(21.VIL.95)

In contrast to organic reactions, which can almost always be described in terms of a single multiplicity, in
organometallic systems, quite often more than one state may be involved. The phenomenon of two states of
different multiplicities that determine the minimum-energy pathway of a reaction is classified as two-state reactiv-
ity (TSR). As an example, the ion/molecule reactions of ‘bare’ transition-metal-monoxide cations with dihydrogen
and hydrocarbons have been analyzed in terms of the corresponding potential-energy hypersurfaces. It turns out
that, besides classical factors, such as the barrier heights, the spin-orbit coupling factor is essential, since curve
crossing between the high- and low-spin states constitutes a distinct mechanistic step along the reaction coordi-
nates. Thus, TSR may evolve as a new paradigm for describing the chemistry of coordinatively unsaturated
transition-metal complexes. This concept may contribute to the understanding of organometallic chemistry in
general and for the development of oxidation catalysts in particular.

Introduction. — The role of concepts which can provide new insight in chemical
problems can hardly be overemphasized, and the present article describes the two-state-
reactivity (TSR) paradigm and its manifestation in H—~H and C—H bond activation by
‘bare’ oxo-cations MO™ of the late, first-row transition metals Mn—Cu [1] [2].

With a few notable exceptions, for example O, and CH,, organic species generally
possess low-spin ground states, and their reactions proceed on a single potential energy
surface; this will be referred to as single-state reactivity (SSR). To conceptualize the key
features of SSR, it is in principle sufficient to understand the transition structures (TSs),
their entropic requirements, and the associated barrier heights. Indeed, the arsenal of
reactivity paradigms that has evolved in organic chemistry, such as linear free energy
relationships [3], frontier molecular orbital theory [4], the Woodward-Hoffmann rules [5],
and the valence bond (VB) crossing diagrams [6], all are related to SSR. Thus, our
intuition derives from the experience with surfaces of a single multiplicity. In fact, even
photochemical reactivity in the sense of cleavage and formation of chemical bonds is
basically treated on a single (though excited) potential-energy hypersurface. Neverthe-
less, it is clear that SSR is only one aspect in chemical reactivity.

Coordinatively unsaturated transition-metal compounds often possess high-spin
ground states and nearby low-spin excited states [7-9]. As a result of the adjacency of
these spin states, the reactivity of these compounds may generally involve (at least) two
states in which the ground state must not necessarily be the most reactive one. TSR is
characterized by a crossing of two potential-energy hypersurfaces of different multiplic-
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ities in which the crossing represents a distinct mechanistic step along the reaction
coordinate. Therefore, entirely new reactivity factors evolve due to different bonding
requirements in both states as well as due to the transition probabilities between the
surfaces. It is the interplay of these TSR factors with the classical SSR features, such as
transition structures and barrier heights, that makes TSR not only intriguing and chal-
lenging, but also of fundamental importance for organometallic chemistry.

Gas-phase ion chemistry provides a straightforward experimental and theoretical
framework for the study of SSR and TSR due to the fact that there are no interfering
effects of solvents, aggregation phenomena, counter ions efc. [2). In 1994, Armentrout and
coworkers [10] and we [1] [11] have independently encountered manifestations of TSR in
the bond activation of dihydrogen and of simple alkanes by the ‘bare’ metal-oxide cations
FeO' and CoQ", reactions which represent a model for C—H bond activation and
functionalization of alkanes [12].

In this article, we outline the key features of the TSR paradigm as compared to the
classical SSR approach. First, we will address R—H bond activation by MO" cations
(M = Cr—Cu), and the electronic structures of the metal oxides will be discussed. Then,
the different features of SSR and TSR will be described for hydroxylations of R—H
(R = H, alkyl) by MO™, and components which influence reactivity in bond activation
and product formation will be analyzed. Finally, the probability for spin-inversion
processes in these reactions will be addressed together with ways how to circumvent the
spin-inversion bottleneck.

R—H Bond Activation by MO*: A Brief Description. — Here, we would like to give an
overview of the features of gas-phase reactions of MO* cations with organic substrates [1]
[2]. Due to the relevance of iron-oxenoids in catalysis and biochemistry [13], as well as the
fact that most of the experimental studies deal with FeO*, we will focus on iron. While
reactivity studies have also been performed for other MO™ cations, the gas-phase chem-
istry of CuO* has not been studied yet.

Scheme I illustrates the richness of the chemistry of FeO* with dihydrogen [10a] [11a],
alkanes [14], benzene [15], toluene [16], and other arenes [17]. In the reaction with H,, the
products Fe* and H,O are formed via an initial insertion (/) process which is extremely

Scheme I
FeO*+R-H
R = CgHsCH,
H7 or H/ET
R=CgHg
A FeOH + CgHsCHS'
I FeOH* +R’ [CeHgFeO]*

E

CO, H,0, etc.
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inefficient and occurs only once in every 100-1000 collisions'). In contrast, the reactions
with alkanes [14] are more efficient and appear to commence with H-atom transfer (H 7).
While CoO™ and NiO* behave quite similar to FeO" [10b] [11], the MnO~ cation [19]
reacts efficiently with alkanes and also H, involving the 7 as well as the H channels.

Yet another mechanism is operative in the reactions of FeO* with ethene [20] and
benzene [15a], and this can be classified as an addition-elimination (4 E) type. Here, FeO*
first adds to the n system of the reactant, then undergoes oxidative additions, and
subsequently eliminates the products. On the other hand, in the reaction of toluene with
FeO", the benzyl cation [16] is produced by either a hydride transfer (H7;) process or by a
combination of H' and electron transfer (£7). This archetypal reactivity scheme shows
that FeO™ (and its other first-row MO* relatives) promotes two fundamentally different
types of reactions [1]: The first type involves a many-bond initiation step, such as 7 and
AE, and the second type involves one-bond reactions, e.g. H, or ET. Since FeO* exhibits
a high-spin ground state (°2*), H;, and ET will conserve the total spin, while 7 and 4AE
are not likely to do so; similarly, H; and the H,/ET combinations are by necessity not
spin-conserving. Moreover, upon reductive elimination of the product from the insertion
intermediate of an I process, e.g. water from the quartet ground state of {H—Fe—OH]",
the minimal energy path continues to the Fe*(°*D) ground state and neutral water. Thus,
the overall reaction FeO* (°2*) + H, (*2*) » Fe*(°D) + H,0O('A)) is indeed spin-conserv-
ing. Therefore, at least two different spin states of FeO* can participate in the processes
displayed in Scheme 1, and hence, more than one multiplicity may be involved in the
reaction coordinate, such that it reflects TSR rather than SSR.

Electronic Structures of MO* Cations. — The origin of TSR can be traced back to the
electronic structures of the MO* cations [1] [21], for which a qualitative molecular-orbital
diagram is shown in Fig. I. The valence orbitals can be subdivided?) into bonding (1, 24,
1x), nonbonding (14, 3¢), and antibonding (27, 40) blocks. However, the 14, 27, and 30
orbitals are close enough in energy (within 1 eV) that they become quasi-degenerate and
are subject to the interplay of orbital gap effects, Hund’s rule, and electron correlation.

In the MO" cations of the early transition metals, e.g. ScO*, TiO*, and VO©, the
bonding block (1, 20, 17) will be filled first, and the remaining electrons will populate
the nonbonding orbitals (16, 3¢), while the antibonding block is empty (2x, 40): Thus,
the ground states of these cations can formally be represented by a triple bond, in analogy
to the description of the carbon-monoxide molecule [21]. Accordingly, the bond dissocia-
tion energies (BDEs) of the MO* cations are quite high [23], such that, on thermodynamic
grounds, the oxides of the early transition-metal are much less capable for C—H and C—-C
bond activation as compared to those of the late transition-metals onwards from MnO™.

) Although there is no reasonable doubt for the actual occurrence of the reaction FeO™ + H, » Fe* + H,0 at
thermal energy, the measured reaction efficiencies (defined as the ratio of the experimental rate constants to
the gas-kinetic collision frequency) differ by almost an order of magnitude, depending on the method
employed: Our FTICR measurements yielded an efficiency of ca. 0.01 {11a], while Bohme and coworkers
reported a value of 0.006 [18] using a flowing afterglow technique, and 4rmentrout and coworkers obtained an
efficiency of ca. 0.002 based on cross-section data [10a]. In collaboration with Armentrout’s and Bohme’s
groups, we will try to resolve these discrepancies in the near future.

) The transformation from configurations based on complex orbitals to those based on real orbitals (Fig. I) was
carried out by an expansion of the appropriate determinant expressions. Each angular momentum state, with
the exception of £%, gives rise to two species of different symmetries; for the expansion technique, see [22].
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With one additional electron, the ground state of CrO" is either the triply bonded ‘X~
or the *IT state which populates are 27z orbital instead of 35. Both states suffer from
instabilities which considerably weaken the CrO* bond. Thus, *2* must involve bonding
between Cr’ and O*. Similarly, /T involves the s'd* excited state of Cr* in the bonding.
CrO* occupies, therefore, an intermediate situation between the early and late transition-
metal oxides.

In the series from MnO* to CuO", the bonding situation is more complex (Table).
With respect to the quasi-degenerate 19, 2n, and 3¢ orbitals, these binary metal-oxide
cations possess ground states of high-spin multiplicities, while the first excited states are
low-spin coupled. For MnO*, the ground state is either °/7 or °X’*, depending on the level
of calculation, and these two states only differ for the occupation of the 2z and 3¢
orbitals. In any event, these two states represent a quasi-degenerate manifold. Notewor-
thy, MnO" also has a low-lying state of even higher multiplicity, i.e., MnO* ("IT), which
derives from an excitation of one electron in "MnO" from the bonding block into the non-
or anti-bonding block (see below).

A first step in the conceptualization of the reactivity patterns of MO" cations is
provided by the use of analogies from main-group chemistry. MnO* (°X*), and the
ground states of FeO*—CuO" involve the electronic configuration 16°2¢°1x,*1n,2n,'2x,".
Since the lo orbital is mainly the 2s orbital of oxygen, these ground states possess one
o bond and two n-type and mutually perpendicular three-electron bonds, i.e., 1z, 2%},
and 1x,°2z,". This bonding manifold has a close analogy with the 2, high-spin ground
state of triplet oxygen, O, C2)) [1] [21].
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Table. Bond Lengths ty,_o [A] and Excitation Energies AE [eV] of the Low-Lying States of the MO Cations for
M = Mn—Cu as Obtained at the NLSD®) and CASPT2D®) Levels of Theory®)

State) Occupancy rv—o [Al AE[NLSD] AE [CASPT2D]
MnO* I 162621741607 30! 1.59 0.0 0.1
Syt leRa17*162n%36° 1.58 0.1 0.0
s 1626217%16%27 730! 1.83 0.5 1.0
34, 1626°12°1627 %30 1.51 1.5 3.0
SA,PE~ leR617%1627%36° 1.59 1.6
FeO* 63+ 16R26%172%162n%30! 1.62 0.0 0.0
4, l6R20°17*16%21%36° 1.56 1.0
‘e 16R26%172*16%27 30! 1.57 1.2 0.5%
‘riia, 162621216221 %30! 1.61 13
VD lo226%17*1627 236 1.56 1.4
CoO™" 4 leR26%172%16%27%30! 1.63 0.0
o 1626%1n*16*2n%36° 1.55 1.0
n leR26%17*16%2n 130} 1.55 1.2
3Pz 1626%17%16%2n 230! 1.63 1.4
NiO* r- 16%20217%16%21%30 ! 1.63 0.0
] 1261 72*16%2n 2162 1.74 1.1
425 16%26%172%16%27%30"! 1.62 13
B4 1626%17%16%2n 362 1.63 1.4
CuO™* 3y- 16%20%17*16%2n 2367 1.76 0.0
n 1626174161736 1.75 0.8
apzs+ 16%26%17%16%2n 302 1.73 1.4

%) NLSD stands for non-local spin density and refers to a density functional theory approach; for further details
of our computation, see [1].

%) CASPT2D stands for complete active space — 2nd order perturbation theory — using a diagonal zero-order
Hamiltonian ; for details, see [1] [24].

©)  Data taken from [1] [2]{19] [25].

9)  In some cases, the computed real determinants transform to combinations of two complex configurations
which are used to designate the term symbols; see [22].

®)  Here, the CASPT2D approach separates the two states; “® is at JE = 0.5 eV [26}.

The O, analogy carries over to the low-spin 4-type excited states of MO" which
possess the valence configuration 16°20°17,’17n,2n,* and 16°26°1n17,2n,°, resembling
the '4, state of dioxygen. Much as in singlet oxygen, the perfect-pairing low-spin 4 states
of MO suffer from four-electron repulsion in the filled 7 subshell (Scheme 2, a). To avoid
the repulsion, all MO* cations trade off perfect-pairing with the more favorable high-spin
situation (Scheme 2, b) that possesses a ¢ and two resonating three-electron z bonds
[27), as the triplet ground state of dioxygen does. The °I7 state of MnO™ and its analogs,
i.e., FeO* (*® and *IT), CoO* (IT), and NiO* (*II), share the same valence shell
(16212 ’1n 2n,', or 16°26%1717,727,") and can be classified as z-type radicals in
analogy to the *IT ground state of the NO' radical (Scheme 2, ¢). All other low-lying
excited states in the Table, ie., FeO™ (*4 and *I"), CoO* (*X7), NiO* (*4), can be
represented by the *0,-like o—x valence character in Scheme 2, b.

Despite these similarities of the electronic structures of the metal oxide cations, MnO*
is an exception to some extent. At first, it has a quasi-degenerate *X*/*IT ground state, and
secondly, it exhibits a low-lying state of even higher multiplicity, i.e., MnO* ("IT), while
the *4 low-spin states are energetically more demanding (Scheme 3). This distinction of
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MnO* can be traced back to its electronic structure which exhibits a hole in the quasi-
degenerate block, such that the *Z* and the °IT states also attain near degeneracy.
Moreover, the corresponding 1z — 2r (30) excitations to the "J7 state of MnO™ are not
very demanding, since the energy difference between the 1z and 27 (30) orbitals is not too
high, and it is compensated in part by exchange energy in the high-spin state. In contrast,
the MO™ cations of the other late transition metals are neither quasi-degenerate nor
exhibit low-lying states of larger multiplicities, simply because of the number of electrons.
For example, for FeO™ the lowest possible excitation to an octuplet (*I7) involves promo-
tion from the 1z to the highly anti-bonding 4o orbital (Scheme 3).
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Principles of SSR and TSR in C—H Bond Activation. — As a case in point, we would
like to analyze the role of TSR in the H—H and C—H bond activation by MO*. The
general mechanism [1] [10] involves an initial bond-activation phase ((@)) which is fol-
lowed by an exit-phase ((5)) as depicted in Egn. / with no allusion to the spin situation.

MO*+ R—-H —®—> R—M*"-OH or R/MOH" @b M*+ R—-OH (0

For all MO cations considered here (M = Mn—Cu), Reaction 1 is highly exothermic
[2]. Therefore, the exit phase is located in the down-hill portion of the potential-energy
hypersurface and, most likely, will not constitute a bottleneck. This conclusion is further
supported by the magnitude of the intramolecular kinetic isotope effects associated with
C—H bond activation of alkanes by MO* which range from &,,/k;, = 2-5, indicating that
bond activation ((a)) is rate-determining [11b] {14b, c, €] [19]. In addition, our previous
NLSD calculations [1] indicated rather low barriers in the exit channel ((®)) for the
FeO*/H, system.

The Principle of Spin Conservation. In a series of elegant studies, Armentrout has
demonstrated that the reactivity of ‘bare’ transition-metal cations is highly dependent on
the initial spin of the reactant [28]; for example, the excited *F state of Fe* was observed to
react ca. 50 times faster with H, than the Fe*(°*D) ground state {29]. Thus, similar to
main-group chemistry, spin conservation is important for reactions in organometallic
chemistry as well.

From a more general point of view [30], the principle of spin-conservation determines
the bonding capabilities, namely, the maximum number of covalent bonds which can be
Jformed for a given multiplicity. There exist two ways in which a substrate can be activated
under spin conservation. The first way involves the utilization of the unpaired electrons
for single-bond abstractions (e.g. H;) or ET. For example, the *O,-like ground states of
MO* are capable to abstract a H-atom from alkanes and form R + MOH* which
conserves the total spin. However, these processes are either only weakly exothermic or
even endothermic for the metals under study, since they are associated with a net loss of
resonance energy in the *O,-like ground states. Thus, atom abstraction is not very
favorable much as O, (X,) itself does not easily promote abstraction reactions with
closed shell molecules [31]. ET Reactions could have been feasible for all MO™ species;
however, the ionization energies (/E£s) of the neutral metal oxides are well below ( <9 eV
[2b]) those of most organic substrates.

In general, it is more favorable to prepare two covalent bonds in the transition
structures associated with R—H bond activations by MO" leading to inserted species of
the type [R—M—OH]*. Under the conditions of spin conservation, the *O,-like ground
states of MO* can only achieve this bonding, when two electrons are unpaired and
singlet-coupled with the triplet state of the reactant [6][27) [32]. As an example, we refer to
the VB crossing diagram for the formation of R—Mn—OH" from MnO™ (*/T) and R—H
(singlet) (Fig. 2): In the VB scheme, avoided crossing of the MnO* + R—H surface with
the "IT state of MnO", and the triplet ‘RH allows for the formation of two new bonds
while conserving spin; similar considerations apply for MnO* (*X*). Thus, R—H bond
activation can proceed as SSR vig avoided crossing with a ‘prepared’ excited state [32]
which involves the MO™ species in a higher spin situation relative to the ground state.
While for MnO* the high-spin septet state is relatively low in energy, for FeO™—CuO™ this
option does hardly exist, as it would require excitations into the antibonding 4¢ orbitals.
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Fig.2. Schematic valence-bond crossing diagram for the ionjmolecule reaction of a substrate R—H with MnO™* (°I1)
to yield the insertion product [ R—Mn—OH]* via crossing with the MnO™ (7I1) + *[R—H] surface

As a consequence, the avoided crossing diagrams of these metal-oxide cations will involve
larger promotion energy gaps (G) between the ground and the ‘prepared’ excited states,
thus, a higher barrier, and also lead to less stable [R—M—OH]" species.

The Bond-Activation Phase. Recently [1], we have computed the relative energies of
the reactant complex 1, the inserted species 2, and the associated TS 1/2 connecting them
(Fig.3). Indeed, on the sextet surface TS 1/2 (*A") ist 19 kcal/mol higher in energy as
compared to the entrance channel of isolated FeO* (°2™) and H, ('2'), such that no
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Fig. 3. Calculated geometries (bond lengths in A and angles in degrees, NLSD level of theory) of the sextet and
quartet electromers in the reaction of FeO™ with H,. Taken from [1].
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reaction can occur via SSR at thermal energies. In fact, the relatively long bonds in the
sextet TS and also in the insertion product 2 (°A’) manifest the antibonding interactions
imposed by the spin-conservation principle, since in the high-spin states two covalent
bonds cannot be formed efficiently.

How can the late transition-metal oxide cations FeO*-CuO* circumvent the unfavor-
able bond-activation phase on the high-spin surface? The answer to this question is latent
in Scheme 3 which shows that excitation to low-spin states requires only ca. 1 eV for these
MO cations. Since the low-spin states possess low-lying empty orbitals (Table), each of
these has a closely spaced ‘prepared’ high-spin state. In analogy to the VB crossing
diagram in Fig.2, these will lead to energetically favorable low-spin TS and low-spin
insertion products, which obey spin conservation. Let us illustrate this point for the */7,
*®, and *4 states of FeO* which lie ca. 1 eV above the °2* ground state. In the VB crossing
scheme, these states have the 71, °®, and °A ‘prepared’ excited states [32] which are
obtained via 1m — 2% promotions. These excitations will break the 7 bond of FeO* and
provide the quartet states with two-bond capabilities while conserving spin when these
interact with R—H. Thus, according to the VB scheme (Fig. 2), the low promotion energy
gaps will result in low barriers for bond activation. Indeed, the computations reveal
that TS 1/2 (*A”) is 16 kcal/mol below the entrance channel of the quartet asymptote
‘FeO" + H, and even only slightly above the ground state entrance channel FeO*
(CZ*) + H, ('Z*)*). Moreover, the *A” state represents the ground state of the insertion
product 2. The more compact geometries of the low-spin structures as compared to the
sextet species (Fig. 3) are in line with this description.

The situation outlined for the reaction of FeO™ with H, is representative for the other
MO*/R—H combinations as well (M = Co, Ni, and Cu). As a result of this relationship
between the low-spin and the high-spin surfaces, the bond-activation phases will be
typified by the spin-state intersections and conform to TSR. These features are exempli-

a) b)

MnO* FeO*- CuO*
@0
% low-spin (LS)
2 Reactants 518
2
2
K]
)
i DA high-spin (HS)

Reactants

Sproduct(s)

Wj
o

HSproduct(s)

LSproduct(s)

Fig. 4. Qualitative features of single and two-state reactivity (SSR and TSR) in bond activations of R—H molecules by
metal-oxide cations. a) SSR in the reactions of MnO™ (*X* or I7). b) TSRs in the reactions for FeO*-CuO™*.

3 Relative energies at the CASPT2D level of theory (isolated FeO* (°Z%)+H, (") =0): 1 (*A")=-5
keal/mol, 1 (*A") = 3 keal/mol, TS 1/2 (°A’) = 19 keal/mol, TS 1/2 (*A”) = 6 kcal/mol, 2 (A") = —14 kcal/mol,
2 (“A”) = —25 kcal/mol. For a complete discussion of the energetics as well as an error analysis, sce [1].
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fied in Fig.4 in which the SSR in the case of *"MnO* (Fig. 4, a) contrasts the need of TSRs
for FeO"-CuO* (Fig. 4, b).

Energetic Features of SSR. In the SSR picture, the reaction of MO* with R—H follows
a classical point of view, and its efficiency will depend on the lifetimes (stabilities) of the
reactant complexes, the heights of the barriers associated with the transition structures,
and the stabilities of the insertion products on the corresponding single spin surfaces.

Primarily, these energetics will depend on the intrinsic thermodynamics of the reac-
tants, i.e., MO*—O and R—H bond dissociation energies as well as the overall reaction
exothermicities. According to Fig. 2, the heights of the barriers are related to the sizes of
the promotion energy gaps between the reactants and the corresponding ‘prepared’
excited states and the singlet/triplet gaps of the R—H bonds. Hence, for a given MO™*
cation, the reaction will become more efficient, the smaller the triplet excitation of the
R—H bond is [33]. A second important energetic factor is related with the charge-transfer
stabilization in the TS, which arises from mixing of the charge-transfer configurations
into the TS [34]. For example, the configuration jMnO/R—H*] which involves electron
transfer from the o_ orbital to either the 3o orbital in MnO* (°2’*) or to the 2z orbital in
MnO* (*IT) will mix with {MnO*/R—H] as well as the corresponding ‘prepared’ excited
states (Fig.2); all these effects will stabilize the TS. Thus, besides thermochemistry and
lifetime effects [11][19], two additional fundamental quantities affect the bond-activation
phase in SSR, namely, the singlet/triplet gap of the R—H bond and the ionization energies
of R—H and MOQ. This conclusion is in line with the experimental observation that the
reactivity of MO™ species increases when proceeding from H, to CH, and larger alkanes.

A case in point is the poor activating ability of CrO*. Here, the low electron affinity
[2b] render the process inefficient. Thus, CrO™ is a poorer acceptor relative to all the late
MO species, and, consequently, the corresponding TS for insertion enjoys less stabiliza-
tion due to charge-transfer mixing,.

Features of TSR. Unlike the MnO"/R—H system, in the bond-activation phases of
FeO'-CuO", TSR must involve a barrier crossing and a spin-inversion junction along the
reaction coordinate (Fig.4, b). For example, in the reaction of FeO* (*X*) with H,, the
initially formed or vibrationally excited encounter complex 1 (°|A’) in Fig. 3 has to invert
spin and pass over to the barrier on the low-spin surface in order to achieve reactivity at
room temperature').

As far as the barrier heights on the low- and the high-spin surfaces are concerned, the
previous discussion reveals that for the low-spin excited states of MO* (M = Fe—Cu)
R—H bond activation will be more facile as compared to the high-spin surfaces. How
does the barrier height depend on the nature of the metal? Let us make a simplifying and
reasonable assumption that unpairing the = bond in MO* (Fig. 2) will require roughly the
same amount of energies for FeO*~CuQO*, Then, simply the number of electrons deter-
mines reactivity, and the more electrons MO™ has, the more repulsive interactions with
RH will arise, and as such the barrier heights will increase in going from Fe to Cu. This
conclusion is indeed supported by the experimental observation that FeO® is much more
effective in R—H bond activation as compared to CoO™ and NiO*. Moreover, since the
spin-orbit coupling constants increase from Fe* to Cu* [35], the high reactivity of FeO*
doesindeed seem to reflect barrier height rather than spin-inversion probabilities. Thus, it
is obvious that TSR is not described by the SI junction alone, but ‘classical’ parameters,
such as barrier heights, are also essential.
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The spin-inversion probability (Pg) [36] between both surfaces is of fundamental
importance for TSR. One important factor which influences Py, is the spin-orbit coupling
(SOC)YH. In the MO*/R—H systems the metal-related SOC terms are significantly larger
than those of the other atoms. Therefore, we can expect that the corresponding matrix
elements {Hy,», which determine SOC, will depend on the degree of electron delocaliza-
tion in the intermediates and will be fractions of the corresponding atomic constants of
M* (see e.g. [37]). The latter quantities increase with nuclear charge from Fe* to Cu®, i.e.,
416 cm™, 530 cm™’, 663 cm™', and 828 cm™', respectively [36b]. As a very rough and
zero-order approximation in order to assess to what extent the SI junctions exercise
control over the bond-activation phases, we may use the Landau-Zerner formula (Egn. 2)
[38] for a semi-classical treatment of Py at the point of intersection of the high- and
low-spin states [4] [25].

Py = 1 —oxp { — 4™ Hyo ?/[hvIFis — Fill @

Here, {Hy,> is the spin-orbit matrix element, v the velocity of the nuclei reaching the
spin-inversion junction, and |F,s — F 4| the absolute difference in the slopes of the corre-
sponding curves near the crossing point. Thus, large Pg require large SOC matrix
elements, low velocities (lower temperatures), and small differences in the slopes of the
intersecting curves. Indeed, preliminary calculations [39] of the reaction of FeO" with H,
reveal SOC matrix elements between 28 and 235 cm™ (i.e. ~ 7-50% of the Fe* atomic
constant) for the *A” and “A” states of the reactant complex 1, which leads to values of Pg;
between 0.003 and 0.3.

As the matrix elements increase with the effective nuclear charge, Py, is expected to rise
from Fe to Cu. As we have argued before, FeO" is a more reactive bond activator than
CoO™* and NiO* which may reflect the favorable barrier of the low-spin surface for FeO™.
Thus, with regard to the experimentally measured efficiency of 0.001-0.01 for the reac-
tion of FeO" with H,, the calculated P indicates that the SI junctions may contribute to
the bottleneck in the bond-activation phases. However, the entire MO*/H, series exhibits
reactivity which is influenced by the interplay of Py, the barrier heights, and lifetime
effects. Thus, the observation that NiO* is more reactive than CoO* may indeed be a
manifestation of the SI bottleneck, while the FeO* reactivity is a manifestation of the
preferred energetics. Within this context, it is intriguing that PtO* (formally isoelectronic
to NiO™*) reacts quite efficiently with alkanes including methane [40] which is in line with
the fact that the Pt" atomic constant is very large, such that the SI bottleneck vanishes.

The Exit Phase. For the completion of a hydroxylation process the inserted species
[R—M—OH]* has to separate out into the products M* and R—OH via reductive elimina-
tion [1][2][10]. The TSR paradigm accounts for the observed reactivities of the high-spin
ground states for FeO", CoO*, and NiO" with R—H, in that bond activation involves the
low-spin potential-energy surfaces. Accordingly, the products should also evolve as
low-spin products, even if these do not correspond to the ground states, e.g. electronically
excited Fe*(*F) together with H,O('A|) as opposed to Fe'(*D) and H,O which is the
6-kcal/mol more-stable exit channel. This means that the reaction FeO* 4+ H, has an

%) However, in the present systems there exist additional perturbations which give rise to non-zero off-diagonal
matrix elements, i.e., rotational couplings [30b] [36]. Therefore, the Born-Oppenheimer approximation, i.e., the
separation of nuclear and electronic motions, is no longer an adequate description.
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additional SI junction in the exit phase for Fe*, while Co*-Cu* which possess low-spin
ground states [1] [41b] do not have this additional SI junction. Notwithstanding, MnO”
and FeO™ are the most reactive MO* cations which further supports the notion expressed
in the outset that the bond-activation phase is rate-determining while the spin constraints
of the exit phase are not efficiency-rate-determining.

The MnO*'/R—H systems do not dispose entirely of the spin-inversion dilemma, they
simply postpone it to the exit channel (Egn. 3), where the septuplet ground state of Mn*
necessitates spin-inversion. An alternative without a necessity for any change in multi-
plicity involves formation of excited *Mn* cations (Egn. 4).

R—Mn*—OH(’A") » Mn* (°S) + R—OH ('S) 3)
R—Mn*—OH(°A’) - Mn* (°S or °D) + R—OH ('S) (@)

Since the excited states of Mn* cation (*S, *D) lie 27 and 42 kcal/mol above the 'S
ground state, the spin-conserving channel (Egn.4) will be accessible only for those
systems where hydroxylation is at least 27 kcal/mol exothermic with respect to ground
state products (Egn. 3). This reasoning explains the experimental finding [19] that for the
MnO*/H, system (4Hy =—50 kcal/mol), besides hydrogen abstraction leading to
MnOH", significant amounts of Mn* cation are formed. In contrast, for the MnO*/CH,
couple (4H, = —22 kcal/mol) the H; channel predominates, while formation of Mn" is
hardly observed, since the latter cannot proceed with spin-conservation (Egn. 3).

The Radical Behavior of MnO”. Until now, we have regarded the bond-activation
phase as a two-bond process leading to '[R—Mn—OH]*. Nevertheless, the major product,
which is observed in the ion/molecule reactions of MnO* with H, and CH,, is MnOH*
and the corresponding radicals [19], and MnOH" formation is also significant in the
reactions of larger alkanes. This experimental finding implies that the bond-activation
phase follows Eqn.5:

MnO* +R—H ->MnOH" + R AH; = —10 to —20 kcal/mol 5

However, since MnOH™" cation exhibits a °A” ground state [19], and the radical R’ is
necessarily a doublet, Reaction 5 is spin-conserving and may simply be represented as the
bond dissociation of the insertion product (Egn.6).

R—Mn*—OH (°A’) - MnOH* (‘A’) + R’ (A") (6)

Since the overall reactions (Egn. 5) are exothermic, and there exists no spin restriction,
MnOH~ can simply arise from dissociation of rovibrationally excited R—Mn"—OH. As a
consequence, in the gas phase MnO* cation reacts with hydrocarbons predominantly by
H. and may, therefore, also be described as an oxygen-centered radical (right-hand
resonance structures in Scheme 2, b and ¢).

SSR Options for MO*/R~H (M = Fe, CO, Ni). A conceivable way to bypass the
SI bottleneck is by means of a one-bond activation, directly to a pair of radicals, e.g.
[R/MOH']. For example, FeO*(°2'*) can abstract a hydrogen atom from the substrate to
yield FeOH*(CA”) and R'(*A). Thus, although the insertion product exhibits a low-spin
ground state, e.g. 2 (*A”), the radical pair may collapse to the high-spin addition product
and proceeds directly to the product complex R—OH/Fe*, as exemplified in Fig.5 by the
guiding arrows in the potential-energy hypersurface. This option suffers from the en-
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FeOH* (5A") /R’

R

RFeOH* (6A)

N

Fe*(*F)+ ROH

RFeOH™* (4a™) Fo*(°D) + ROH

Fe*/ROH (Ba1)

Fig. 5. Competition of SSR and TSR in the reactions of FeO™ with an R—H molecule. The arrows illustrate how the
radical pair may bypass the spin-inversion bottleneck on the high-spin surface.

ergetic disadvantage in comparison with the two-bond route, such that, energetically,
there exists a strong bias for the TSR pathway. However, in situations where that R—H
bond is weak, and the complexation energy of the reactant to the metal oxide cation is
large [1][2], the high-spin pathway may become energetically accessible. If so, a one-bond
SSR pathway may effectively compete with TSR, especially since the SI bottleneck limits
the efficiency of the latter mechanism.

Conclusions. — This article describes the features of TSR as compared to the classical
SSR model in the bond activation of R—H by ‘bare’ MO" cations. It is shown that the
superior reactivity of MnO™ is related to the SSR mode of its bond-activation phase. The
lower efficiencies in the reactions of FeO*, CoO*, and NiO* derive in part from TSR in
the bond-activation phases of these MO" cations. In general, SSR deals with a uniform
spin surface on which reactivity is dominated by energetic factors as the height of the
barrier and the reaction exothermicity. While these factors do also play a role in TSR, the
latter involves in addition the probability factors for the crossover of the spin-inversion
junction from one multiplicity to another. Although we only address the MO*/R—H
systems in this article, there exists independent evidence [41] for the fact that spin
inversion seems to be quite a common [28], though not general, route in gas-phase
organometallic chemistry.

In the future, systematic studies of trends along and down the periodic table are
indicated in order to discern rules of the barrier/multiplicity interplay in TSR. Further-
more, probing spin interconversion by selective population of spin sublevels [42] together
with detailed theoretical treatments [43] will be required for a deeper understanding of
spin-orbit coupling in polyatomic molecules. Notwithstanding these uncertainties, two-
state reactivity appears to be a new paradigm in organometallic chemistry which offers
wide perspectives, as it may help to describe seemingly different topics from ligand effects
which tune reactivity in the gas phase, e.g. ‘bare’ vs. complexed FeO™ [44] or FeX* cations
bearing different covalently linked ligands X [45], all the way down to applied catalytic
oxidations or to biochemistry, e.g. P-450 [13a].
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