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An extensive density-functional theory (DFT) study has been conducted to shed light on the
mechanisms of the recently reported gas-phase ion-molecule reactions of mass-selected [Ni(H)(OH)|*
with O, (M. Schlangen, H. Schwarz, Helv. Chim. Acta 2008, 91, 379). Except for the liberation of OH
from the encounter complex, all of the other highly atom-specific processes can be explained in a
consistent manner.

Introduction. — For the in vitro metal-mediated activation of molecular oxygen,
numerous efficient catalytic systems, often based on Pd" compounds, are available?!).
As to the mechanism, several variants have been proposed!)?)for the reactions of O,
with, e.g., Pd" hydride complexes (Scheme 1; M =Pd). While formation of genuine Pd"
hydroperoxides has been demonstrated experimentally to occur [3], for nearly all
systems studied it has been difficult to mechanistically unambiguously characterize how
triplet oxygen interacts with singlet Pd" hydrides to generate singlet Pd" hydro-
peroxides. The latter may serve as intermediates for the catalytic oxidations of various
substrates by O, or the in situ generation of H,O,. The favored mechanistic scenarios
suggested involve a direct insertion of O, into the Pd"-hydride bond, e.g., via Path a
(Scheme 1) [4], or the interaction of O, with a Pd® complex (Path b), generated via
reductive elimination of HX from L,M(H)X. Detailed computational studies, which
address also some extent aspects of the intriguing spin conversions from triplet to
singlet, as well as experimental findings imply that, depending on the nature of the
ligand L and the counterion X, in addition to Scheme I, quite a few mechanistic
alternatives are conceivable [1][2][5]. In particular, for the oxidation of the other late
transition-metal hydrides (e.g., with M =Rh, Pt, Co, and Ir) radical chain autoox-
idations seem to play a role [6]. Given the complexity of the solution experiments and
the manifold of conceivable mechanistic variants, experimental investigations of
structurally more simple (model) systems under well-defined conditions were
recommended to resolve the currently existing dilemma [1][2][5].

1) For review and highlight articles, see [1].
2)  For a detailed discussion of mechanistic aspects, see [2].
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In the context of gas-phase molecular oxygen-activation studies aimed at
uncovering intrinsic mechanistic features of this important class of processes, numerous
ionic systems have been investigated [7]. With regard to the above described
mechanistic questions in the reactions of metal hydride/O, couples, we decided to
explore the thermal reactions of molecular oxygen with structurally rather simple
transition-metal hydride ions [M(H)(OH)|* in the gas phase. These formal M cations
were chosen for the quite extraordinary reactivity some of them had exhibited; e.g.,
[Ni(H)(OH)]* brings about efficient, thermal activation of CH, (Egn. I). In contrast,
although thermochemically feasible, the analogous Fe™ and Co™ hydrides do not react
according to Egn. 1 [8].

[Ni(H)(OH)]* + CH, — [Ni(CH;)(OH)]*+ H, (1)

For the [Ni(H)(OH)]/O, system, it turned out that, under single-collision conditions,
rather efficient (k,,=22% with regard to collision rate) oxidation occurs at room
temperature (Egn. 2) [9].

— [Ni,O,H]* + HO; 7 %
——— [Ni,O2]* + H>0O 34 %
[Ni(H)OH)]* + O —— . (2)
— [Ni,H,02]" + HO 37 %

L——— [Ni,H2,02]* + O 22 %

While the actual structures of the ionic products generated remained by and large
unknown, details about the origin of the neutral molecules liberated in the course of the
ion-molecule reaction could be extracted from labeling experiments [9], which
revealed an extraordinarily high selectivity (Fig. I). For instance, in the formation of
HO,, the OH group of [Ni(H)(OH)]" is not involved at all, and the production of H,O
follows a path in which the O-atom is exclusively provided by molecular oxygen.
Similarly, the OH radical contains the H-atom of the Ni—H bond, and its O-atom
originates from O,; obviously, the OH ligand of the Ni complex remains attached
unaltered to the Ni-core throughout the oxidation. Finally, the O-atom liberated from
the encounter complex of the ion—molecule reactions (Egn. 2) also stems specifically
from molecular oxygen. Thus, O—O bond activation is crucial in the course of these
reactions.
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Fig. 1. Thermal ion-molecule reactions of mass-selected [Ni(H)(OH)J]* with 0, (black line),
[Ni(H)(OH)]* with "0, (red line), and [Ni(D)(OH)]* with 0, (blue line) at E,,=0eV (for
experimental details, see [9])

While HO, can be formed by direct H-atom abstraction (Scheme 2, Path a), other
product channels require the initial activation of both the Ni—H and the O—O bonds.
To obtain mechanistic insight in this scenario, we decided to perform density-functional
theory (DFT)-based calculations of the reaction network depicted in Scheme 2. Of
special interest are questions related i) to the role of spin states3), ii) the actual
pathways by which the conjectured hydroperoxide intermediates are generated, i.e.,

Scheme 2

OH 1+
[Ni(H)(OH)T* Patic [ i J
1

Path a l : Pa%‘

[Ni(OH)]* + H -

— [Ni(OH)I" +

= INO)(OH)]" + OH

|

[(O)Ni-0-OHy]*  ——  [Ni(0)5]" + Hyf

3)  For review articles, see [10].
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either directly (Path b) or via a loosely bound complex ( Path c), and iii) insight on the
isotope-specific generation of the neutral fragments H,O, OH, and O, respectively
(Fig. 1). Given the well-known limitations of DFT for a quantitatively correct
description of open-shell, ligand-deficient transition-metal fragments [11], the compu-
tational findings reported here only aim at a qualitative analysis of the ion—molecule
reactions depicted in Scheme 2.

Computational. — In the computational studies, the geometries of all species were optimized at the
unrestricted UB3LYP level of theory [12] as implemented in the Gaussian03 programme package [13].
For the Ni-atom, the aug-cc-pVTZ-DK set [14] was used; for the O-atom, we employed the au-cc-pVTZ,
and for the H-atom the cc-pVTZ basis sets [15]. Vibrational frequency analyses were performed at the
same level of theory to characterize the nature of the stationary points as minima or transition structures,
and to derive the zero-point energy (ZPE) and the entropy corrections (at 298 K). Intrinsic reaction
coordinate (IRC) calculations were performed to link transition structures with the intermediates shown
[16]. Whenever appropriate, the barrierless nature of association —dissociation paths were confirmed by
linear scans along the reaction coordinate. The accuracy of our qualitative approach is in the order of +
20 kJ mol~! for relative energies of isomers [17]. The free energies (in kJ mol~! in the Figures) are given
relative to the free energy of the ground-state entrance channel, i.e., O, (triplet) and [Ni(H)(OH)]*
(quartet)*); relevant geometric data are given in A (for bond lengths) and in degrees (for bond angles).
In the non-equilibrium, gas-phase environment of the ion—molecule reactions, species with energies less
than or equal to the free energies of the reactants are treated as accessible. While the dissociation paths
forming fragmentation products are considered to be irreversible, rearrangements are regarded as
reversible.

DFT, as shown by recent theoretical studies [5][20][21], is reliable enough to provide data consistent
with experimental results and CCSD(T) calculations on similar systems. On the other hand, this
performance is expected to decrease — as is well known — when the system under investigation has high
multi-reference character. CCSD(T) and MCSCEF calculations on [Ni(H)(OH)]* equilibrium structure
confirm the reliability of DFT in this system as well [19]. Our approach in this work aims at an
understanding of the potential energy surface (PES) within the limitations of DFT and leaving the points
which need to be treated more thoroughly to a subsequent, higher-level theory work. Therefore, B3LYP
instead of the computationally much more demanding ab initio tools was chosen for exploring the
reaction mechanisms for the processes depicted in Scheme 2.

Results and Discussion. — 1. Formation of HO, from [Ni(H)(OH)]*/O,. Based on
the simplified potential energy surface (PES; Fig. 2), the quartet state of
[Ni(H)(OH)[* (“1) forms the association complex “2 in a spin-allowed, exothermic
reaction. Next, in a practically barrier-free process, the H-atom transfer via *TS, ;
occurs to generate the separated products HO, and [Ni(H)(OH)]* (33) in an
energetically rather downhill path. The changes in bond lengths, Mulliken charges, and
spin densities in the course of the overall reaction do not exhibit any particular
anomalies. We have also located a reaction path which proceeds on the doublet surface.
While this process also occurs energetically below the entrance channel, the rather
substantial energy difference between the transition states for the H-atom transfer on
the doublet/quartet surfaces as well as the large triplet/singlet energy difference for the

4)  For a detailed ab initio study on [Ni,H,,0]" isomers, including [Ni(H)(OH)]" in different electronic
states, see [18]. Recent state-of-the-art calculations [19] point to a rather complex electronic-
structure situation of [Ni(H)(OH)]*, an adequate, satisfying treatment of which requires extensive
CCSD(T) or elaborate MRCAS calculations.
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Fig. 2. PES for the formation of [Ni,O,H]J* and HO,. Distances are given in A, Mulliken charges (blue)
and spin densities (green) are indicated in parentheses.

product ion [Ni(OH)[|* (*3 vs. *3) make the involvement of the doublet surface less
likely.

2. Pathways to the Nickel Hydroperoxide Intermediate [Ni(OH)(OOH)]" (5):
Direct interaction of 30, with 41 can give rise to the exothermic, spin-allowed
formation of the encounter complex 4 in its doublet, quartet, or sextet state (with
decreasing exothermicity). Provided the surfaces lie close, and spin-orbit coupling
(SOCQ) is high, the latter state, °4, may also undergo spin-inversions to generate the
energetically more favored quartet and doublet states 4 and 24, respectively. While we
did not find a transition structure for the rearrangement ®4 — 5, for the other spin
states we succeeded in locating 2TS, 5 and “TS, 5 with the latter being by 55 kJ mol™!
lower in energy (Fig. 3). The sextet state for a d’ Ni'' complex is energetically much
higher than the quartet and doublet states, and is, therefore, not considered any further
in the discussion. At the DFT level, the two spin states of the hydroperoxide § are
nearly isoenergetic as are their endothermic isomerizations to the isomers 246. A great
similarity exists also for the geometries (bond lengths) and charge distributions of 5,
TSs, and 6 for either spin state, and a major difference concerns only the spin
distributions in the OOH unit. As to the most likely reaction path, connecting the
entrance channel with the oxygen-insertion products § and 6, the DFT calculations
clearly favor a preferred involvement of the quartet spin surface. This may include two
crossings of the doublet and quartet surfaces before and after 2TS, 5 to utilize the more
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feasible path going over TS, s. In another alternative, 5 may form on the quartet
surface and then decay to 25. Given the structural and energetic similarity of
intermediates 24 and *4, and 25 and 45 intersystem crossings (ISCs) at 4 and 5 can be
expected.

3. Elimination of H,O from the Intermediate 5. As stated above, this reaction is quite
prominent in the thermal activation of O, by [Ni(H)(OH)]* and occurs with high
specificity with regard to the origin of the H,O constituents. The DFT calculations
(Fig. 4) suggest that the thermochemically preferred reaction will proceed on the
doublet surface, because the nickel dioxide product cation 28 is in its doublet state by
25 kJ mol~! more stable than the analog quartet electromer “8. Moreover, formation of
the latter is by 17 kJ mol~! endothermic with respect to the entrance channel. However,
a reversal of relative stabilities between the quartet/doublet states of the PES is
encountered for both the transition state TS ; as well as intermediate 7; based on an
analysis of the geometric data, the latter ion can be viewed as an ion-—molecule
association of cationic NiO+ and water oxide?), rather than H,O solvating [Ni(O),]*. If
the reaction were to preferentially proceed on the doublet surface, H,O loss from #7 to
produce the product 28 requires an SOC-mediated change of multiplicity. Alternatively,
47 may constitute a dead-end of the isomerization, and the actual elimination of H,O
occurs adiabatically via the energetically accessible, though less favored, transition
state 2TSs; to generate in a spin-conserving manner 27, and then its dissociation
products [Ni(O),]* (*8) and H,O. Not surprisingly, given the unfavorable high Ni¥
oxidation state, the nickel dioxide cations >48 are thermochemically much less stable
than the isomeric Ni!'-dioxygen complexes 249. Although the isomerization/dissocia-
tion route 7 — TS;,— 9+ H,O is energetically above the path 27— 28, it cannot be
ruled out definitively.

4. Liberation of OH from [Ni(H)(OH)]'/O,. The isotope-labeling experiments
(Fig. 1) leave no doubt as to the origin of OH generated from the [Ni(H)(OH)]*/O,
couple, in that the H-atom stems from the Ni—H bond, and the O-atom is provided by
molecular oxygen. The already present OH group in the Ni complex [Ni(H)(OH)]*
remains bound to the Ni-core. As will be shown, a satisfactory explanation of these
experimental findings within the framework of the present calculations is beyond what
DFT is capable to tell us. Based on the experimental results, a good starting point for
the computational exercise is the insertion intermediate 5, that can be formed in spin-
allowed processes in its practically isoenergetic quartet and doublet states (Fig. 3). As
indicated in Fig. 5, cleavage of the ‘correct’” O—OH bond in the doublet state 25 to
generate [Ni(O)(OH)]* (110) as well as to split the ‘wrong’ Ni—OH bond of 25 to
produce [Ni(OOH)][* (111) is thermodynamically too demanding on the ground that
the two dissociation products are located above the reactants initial free energy.
However, the situation looks completely different for the quartet hydroperoxide
intermediate 5. Here, cleavage of both the O—OH and the Ni—OH bonds can proceed
below the entrance channel with a clear energetic preference of the latter, i.e., the bond
is cleaved that leads to the ‘wrong’ isotope distribution. We have considered quite a few
alternatives to resolve this dilemma. For example, while the absolute free-energy

5)  For experimental and computational studies on the metal-free ‘elusive’ water oxide, H,OO, see [22].
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Fig. 5. PES for the liberation of HO from [Ni(H)(OH)]*10,

differences of *10 (the ‘correct’ product) vs. the more stable isomer *11 (the ‘wrong’
product) may vary by using different DFT functionals or by employing ab initio-based
calculations, their relative energetic ordering is not likely to change given the fact that
Ni prefers the formal oxidation state + II (asin 11) vs. the + IV state as in 10. Next, we
have searched for alternative pathways to link 45 with products that are compatible with
the isotope distribution obtained experimentally. While the PES is rather rich and
complex, we did not manage to locate a path that would resolve the discrepancy.
Further, an analysis of the change of spin densities in the course of OH formation from
[Ni(OH)(OOH)]* (*5) is also of no avail, because the electronic reorganization in
breaking either the ‘correct” O—OH or the ‘wrong’ Ni—OH bonds are comparable in
that the spin densities of the O-atoms in question change in a comparable manner, i.e.,
from 0.37 (for the former) or 0.44 (for the latter scenario) to 1.0. If there is a ‘hidden’
barrier in the process “5— 311+ OH, it obviously cannot be uncovered by DFT.
Moreover, severe spin contamination in *10 with (S?)=2.79 points to the need to
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further elaborate the electronic structures of the species of the PES as we are facing a
situation which indicates the limitations of the DFT-based approach employed®).

5. O-Atom Formation from [Ni(H)(OH)]'/O,. As mentioned earlier [9], this
reaction is also site-specific and involves an O-atom provided by the incoming O,
molecule; this experimental finding fits well with the DFT calculations (Fig. 6). As an
obvious candidate for a starting point, we considered intermediate 6 which, in two
different spin states, is accessible from [Ni(H)(OH)]* (*1) and O, (Fig. 3). For either
spin state of 6, expulsion of O-atom proceeds in spin-allowed processes by splitting the
O—-O(H) bond to generate the Ni'! dihydroxide cation 12. Both spin isomers 212 and
412 are located below the entrance channel and are, therefore, accessible in the
experiment. The isomerization >*12 = 2*13, i.e., the mutual conversion of a Ni'l
dihydroxide to a Ni™! oxide, ‘solvated’ by a H,O molecule, is not likely to occur under
thermal conditions given the rather energy-demanding transition states 24TS;, ;3 that
connects the two isomers 12 and 13 (Fig. 6).

6. The O,-Catalyzed Isomerization [Ni(H)(OH)]"— [Ni(H,O)]". Extensive
computational studies have demonstrated that the [Ni(H,O)]* complex, in its doublet
state, corresponds to the global minimum of the [Ni,H,,0]" PES [18], and providing an
answer to the obvious question why isomerization of the rather energy-rich quartet
state of [Ni(H)(OH)]* (*1) does not occur efficiently on the time scale of the
experiment [8][9] will form the subject of a forthcoming detailed theoretical study [19].
Here, we would like to mention, that — in addition to the unimolecular isomerization
[Ni(H)(OH)]* (*1) — [Ni(H,O)]* (*14) - there exists also an O,-catalyzed, bimolec-
ular variant, at least according to the DFT calculations (Fig. 7). The starting point
corresponds to the quartet and doublet states of the easily formed hydroperoxide
insertion intermediate 5; with regard to its isomerization, this species has at least three
options. On both the quartet and doublet surfaces, we located a direct path 45—
TS5 14— 214 + 30, as well as the more complex route 5 — 6 — TSq 1, — *14 +30,, with a
clear energetic preference for the former. IRC Calculation and an analysis of the
imaginary vibrations of TS, and TS, ;4 demonstrate the formation of O, and H,O via
a H-atom transfer from OOH to the OH moiety. However, it is interesting that no [H,O

--Ni--- O,]" intermediate could be located computationally. Rather, the transition
states 24TSs 4 lead to a direct expulsion of O,. When the triplet dioxygen departs from
24TS; 44 the two d spins of O, can either be coupled parallel or antiparallel to the total
spins in the resulting [Ni(H,O)|* complex 14. Therefore, the formation of the product
combination 214 + 30, is a spin-allowed process in both the quartet and doublet states.
Both the O,-catalyzed, exothermic isomerization [Ni(H)(OH)]* — [Ni(H,O)]* and
the easy access to various dissociation channels (Figs. 2 —6) may explain the absence of
a signal for a long-lived adduct complex [Ni(H)(OH)]*/O, in Fig. 1.

Conclusions. — DFT-Based calculations were employed — as a first approach — to
investigate the rich, complex, and yet highly specific chemistry in the gas-phase
reactions of [Ni(H)(OH)]* with molecular oxygen. A qualitative framework to

6)  We should like to point out that, in the otherwise extensive DFT analysis [5] of the related triplet/
singlet dichotomy of various L,Pd(H)(X)/O, systems, a thorough analysis of this fundamental
problem has not been included.
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understand the reaction mechanism has been established. The calculations reveal that
i) both direct H-abstraction as well as a dioxygen-insertion pathway are feasible as the
first steps. ii) The fragmentations to liberate O, OH, and H,O are likely to start from the
low-energy hydroperoxide intermediates 5 and 6. iif) Transition structures and barrier-
free fragmentation channels lying below the entrance free energy and leading to the
experimentally observed products were presented. iv) A major reaction path
corresponds to the O,-catalyzed, exothermic isomerization of [Ni(H)(OH)]* to
[Ni(OH,)]*. Finally, while the current DFT study sheds light on many facets of this
interesting system, some crucial points are still unexplained, such as aspects of crossings
between spin states and the magnitude of nonadiabatic coupling between surfaces.
More detailed calculations to address those issues are in progress.
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