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ABSTRACT: Metal—carbon bond functionalization leading to C—O
bond formation is a promising component reaction that can ultimately
form the basis for production of methanol from natural gas. Two primary
pathways have been considered: (1) an organometallic Baeyer—Villiger
(OMBYV) pathway, and (2) a two-step, redox oxy-insertion. A series of
first-row transition metal—methyl complexes was modeled for these two
pathways to elucidate any trend therein. Several important conclusions
can be derived from this research. First, the OMBV mechanism for
oxy-insertion is only preferred over the redox pathway in those cases
when the metal-methyl’s d” electron count is such that the latter
mechanism would render a chemically infeasible formal oxidation state
for an oxo-methyl intermediate. Second, moving toward the so-called
oxo wall effectively ameliorates one thermodynamic “sink” (i.e., oxo-Me
intermediate) in the redox pathway. However, both oxy-insertion
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mechanisms suffer from the same feature that would thwart catalysis; i.e., the [M"]—methoxide product is in a thermodynamic
sink relative to the [M"]—methyl reactant. Third, future experiments in hydrocarbon partial oxidation catalysis should focus on
effecting oxy-insertion with the weakest oxidants and in establishing the linkage between thermodynamic and kinetic oxygen-

atom transfer potentials of oxidants.

B INTRODUCTION

Methanol is a highly desirable industrial product. Ideally,
one would wish to convert methane to methanol in a single
step using molecular oxygen as an oxidant at temperatures of
<200 °C in order to minimize capital expenditures for a facility
to perform this catalysis. Methanol can be used as a trans-
portation fuel (it has a higher octane rating and faster flame
speed in comparison to gasoline),' for wastewater denitrifica-
tion,' > to make DME (dimethyl ether, both a diesel substitute
and a precursor to gasoline),1 for biodiesel transesterification,
and as a fuel cell hydrogen carrier (methanol has more hydrogen
atoms per gallon than any other liquid that is stable under
ambient conditions)." Despite intense interest, a viable methane-
to-methanol (MTM) catalyst remains elusive. Identification of
catalysts for methane partial oxidation to methanol is a reaction
for which computational chemistry can play an important role in
elucidating key factors such as metal identity and metal d-orbital
occupation leading to improved MTM catalysts."*

There are two primary steps in a catalytic cycle to make
methanol: (1) C—O bond formation and (2) C—H activation.
Our motivation for focusing on C—O bond formation as
opposed to C—H activation lies in the relative paucity of
literature precedents for the former transformation.’ "'
Carbon—hydrogen bond activation is extremely well studied;
for example, Shilov and Shul’pin’s classic review'” has been cited
over 1800 times! Our approach to identify the chemical factors
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that control selective methane oxidation is 2-fold: (1) elucidate
trends as a function of metal identity in terms of preference for
certain reaction pathways'> and (2) discover promising systems
for C—O bond formation (oxy-insertion) within a catalytic cycle
that can ultimately form the basis for production of methanol
from natural gas.

The literature on oxy-insertion has been discussed at length
in previous publications by our group.'*'® The most salient
observation from these studies of metal-mediated C—O bond
formation is that there are two main nonradical, reaction
pathways: (1) an organometallic Baeyer—Villiger (OMBV)
pathway, ie., one-step, nonredox insertion of an oxygen atom
into an M—C bond, and (2) a two-step, redox reaction in
which an initial oxygen atom transfer (OAT) occurs to form an
oxo intermediate (formally raising the metal oxidation state
by 2 units) is followed by a methyl-migration (MM) to the oxo
ligand to yield methoxide product. The latter is hereafter
referred to as the OAT/MM mechanism. The precursor to oxy-
insertion is formed by coordination of the oxidant (YO,
pyridine-N-oxide in the present research) to the metal—methyl
reactant complex and is denoted as the metallo-Criegee
intermediate (MCI), L,MMe(YO), analogous to the Criegee
intermediate in the organic BV reaction.'*'¢
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A series of first-row transition metal methyl complexes
was modeled. One of the motivations for their selection is the
relationship between the relative Earth-abundance of said metals
and therefore their low cost and environmental “greenness.”
Using standard criteria, all 3d transition metals are green with
the exception of scandium.'” One may argue that construction
of a catalytic cycle for methane oxidation in which oxy-insertion
occurs via an OMBYV pathway opens up considerable flexibility
for using Earth-abundant 3d transition metals given the lack of a
formal redox step. The two-step OAT/MM process implies a
metal with stable formal oxidation states separated by two units,
which 3d metals do not typically possess. Additionally, in terms
of atom economy, a single-step OMBV mechanism is preferred
and potentially easier to control/design than a two-step OAT/
MM mechanism.

As noted above, there are few experimental examples in
which OMBYV occurs and of those that do, to our knowledge,
all occur in d° systems."*™>° An important question is thus
raised: are transition metal complexes other than those with a
d-count of zero capable of effecting oxy-insertion via an OMBV
pathway? In essence, the ultimate issue to be addressed in this
paper is how does the metal’s d-orbital occupation dictate the
preferred oxy-insertion pathway?

B COMPUTATIONAL METHODS

The Gaussian ‘09 software package*" is utilized to model ground and
transition states. Geometry optimizations and vibrational frequency
calculations were obtained with density functional theory (DFT).
The hybrid functional, combining Becke’s three-parameter exchange
functional, along with Lee, Yang, and Parr’s correlation functional
(B3LYP)**™>* was employed in conjunction with the CEP-31G(d)
basis set.® This standard level of theory has been used previously in
studies of oxy-insertion."*

Transition states were distinguished from minima by the presence
of a single imaginary frequency, obtained from the calculated energy
Hessians. Though other (higher energy) pathways may have been
identified, what is presented in this paper focuses on the lowest energy
pathways calculated for each metal.

All plausible spin states were modeled for each metal system.
Minimum energy crossing point (MECP) calculations were performed
for systems in which a spin “flip” was thought to be significant using a
code developed by Harvey and co-workers.”” >* The calculated MECP
energies and geometries implied that spin crossovers are expected to
have limited impact on oxy-insertion for 3d metals.

Energetics are reported as free energies in kcal/mol and are
computed at standard temperature and pressure (298.15 K and 1 atm).
Starting structures were obtained from the Cambridge Structural
Database (CSD).*

B RESULTS AND DISCUSSION

The so-called oxo wall, delineated more than 50 years ago by
Ballhausen and Gray,”' ™ is germane to the present research in
that it may be postulated that complexes with d-orbital occupa-
tion numbers that do not support a stable metal-oxo bond
will prefer oxy-insertion via a nonredox (i.e., OMBV) pathway.
To test this hypothesis, a series of complexes were modeled
that utilize the following metals, which in their reactant state,
[M]—Me ([M] = metal-f-diketiminate model ligand), possess
an even d-count: calcium (d°), titanium (d?), chromium (d*),
iron (d°), nickel (d®), zinc (d'°) and germanium (s*d'° or “d'*”)
in order to elucidate any trend contained therein. The
P-diketiminate supporting ligand was chosen for the present
study because examples of low-coordinate (3—4 most
commonly) alkyl complexes are known for these metals with
p-diketiminate supporting ligation.>*™*' Note that for this
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research the oxidant is pyridine-N-oxide (PyO), which thus
defines the leaving group as pyridine.

The set of metal centers modeled here is designed to
delineate which factors (in particular, d-orbital occupation)
influence the preferred oxy-insertion pathway. Each [M]—Me
reactant was modeled for both proposed catalytic pathways,
affording the possibility of either an OMBV or OAT/MM mec-
hanism. It will be shown that calcium-, zinc-, and germanium-
methyl complexes are calculated to prefer oxy-insertion via a
single-step, nonredox (OMBV) pathway. All other metals
calculated herein display a preference for the two-step, redox
(OAT/MM) pathway for oxy-insertion.

Calcium. All calcium stationary points are singlets, as expected
for a d° metal ion. Calcium was calculated to operate through
an OMBYV pathway. No oxo pathway was found; searches for an
OAT/MM pathway for the singlet calcium complexes always
collapse back to OMBYV stationary points, as expected for a metal
already in its highest stable oxidation state.

The coordination of the PyO oxidant to the trigonal planar
calcium-methyl reactant complex, '[Ca]Me, is exergonic by
—14.5 kcal/mol to form the metallo-Criegee intermediate
(MCI), '[Ca](OPy)(Me), Figure 1. Inspection of the CSD*°
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Figure 1. B3LYP/CEP-31G computed reaction coordinate (OMBYV)
for calcium—methyl complex. [Ca] = Ca-f-diketiminate model (see
Figure 2). Numerical values are computed free energies in kcal/mol.
The superscript prefix denotes the computed lowest energy multi-
plicity for that stationary point.

reveals that the Ca®" ion typically is 6- or 8-coordinate. Thus,
addition of PyO allows the calcium ion in '[Ca](OPy)(Me) to
be four-coordinate, and thus marginally closer to a more typical
coordination number for the Ca" ion.

As calcium complexes are atypical choices for catalyst
modeling studies, inspection of the calculated geometries was
undertaken. From the CSD, mean Ca—C bond lengths are
2.65 A with a sample standard deviation of 0.13 A for n = 152
samples. In our system, the calculated Ca—C bond lengths are
2.54 A (*[Ca]Me reactant), 2.59 A (*MCI), and 2.59 A
(*OMBV*), Figure 2, all in reasonable accord with the crystallo-
graphic examples. The product Ca—O bond length is 2.01 A.
From the CSD, the mean Ca—O bond length (for alkoxide O
ligands) is 2.29(13) A (n = 26). Note that the majority of
the experimental examples are six- or eight-coordinate about
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(c)'[Ca] OMBV* (d) '[Ca](Py)(OMe) product
Figure 2. Selected B3LYP/CEP-31G(d) optimized geometries of
calcium complexes calculated for the OMBV pathway. Bond lengths
in A. The superscript prefix denotes the computed lowest energy
multiplicity for that stationary point.

calcium, and so one would expect the calculated value for
trigonal planar '[Ca](Py)(OMe) to be closer to the low end of
the experimental range.

From the pseudotetrahedral metallo-Criegee intermediate,
Figure 2b, to the Baeyer—Villiger transition state, Figure 2c, is
calculated to be uphill by 35.1 kcal/mol and hence AG,
(free energy relative to separated PyO and methyl complex) =
20.6 kcal/mol, Fi%ure 1. As with previously modeled OMBV
transition states,*** the displacement in the imaginary
frequency of the transition state corresponds to the inserted
oxygen atom “ping-ponging” between the methyl carbon that
is to be oxy-inserted and the N of the pyridine leaving group,
v; = 578i cm™". Likewise, the C—O—N angle is obtuse and the
MCON active site of the calcium OMBV is near planar, Figure 2c.
Insertion of the oxygen atom into the Ca—C bond is highly
exergonic, as expected for a highly electropositive metal, the
products being AG,y = —86.9 kcal/mol, Figure 1. Given a free
energy barrier of ca. 30 kcal/mol, calcium organometallics would
seem to be intriguing candidates for oxy-insertion experiments,
although the thermodynamic “sink” that is '[Ca](Py)(OMe)
obviously limits its potential for incorporation into full catalytic
cycles.

The Ca—O bond may be used as a gauge of the OMBV
transition state’s “lateness” according to the Hammond Postulate
since the bond is maintained throughout the calculated reac-
tion coordinate, unlike the Ca—Me and Ca—Np, bonds. The
computed Ca—O bond lengths are 223 A (MCI), 2.14 A
(OMBV*), and 2.01 A (product), Figure 2. Thus, the overall
decrease in bond length from the metallo-Criegee intermediate
to the product is dry_o = 0.22 A. The calcium OMBV* is thus
calculated to be “early” based on a bond length ratio of ca. 41%
(0.09 A/0.22 A).
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Zinc. All modeled zinc complexes are singlets. Like the
calcium-methyl complex just discussed, the zinc variant was
calculated to oxy-insert via an OMBV pathway. OAT/MM
pathway searches for the singlet zinc complexes always collapse
back to OMBV stationary points. As with calcium, this is
expected for a metal already in its highest stable oxidation state.
The coordination of the PyO oxidant to the trigonal planar
1[Zn]Me reactant>*** is endergonic by 7.3 kcal/mol to form
the MCI, '[Zn](OPy)(Me), Figure 3. In the Zn MCI complex,
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Figure 3. B3LYP/CEP-31G computed reaction coordinate (OMBV)
for zinc-methyl complex. [Zn] = Zn-f-diketiminate model (see
Figure 4). Numerical values are computed free energies in kcal/mol.
The superscript prefix denotes the computed lowest energy multi-
plicity for that stationary point.

PyO is calculated to bind in the outer coordination sphere
of the '[Zn]Me complex, Zn—O = 4.79 A, Figure 4b, which
is consistent with the computation that '[Zn](OPy)(Me) is
uphill versus separated reactant and oxidant on the free energy
surface, Figure 3. These results for the Zn metallo-Criegee
intermediate are thus different from calcium. We propose that
the difference is due to Zn>* being a considerably smaller ion
than Ca®', suggesting that the ff-diketiminate ligand may more
easily enforce a lower coordination number at the former metal:
six-coordinate ionic radii, r,, = 88 pm (Zn*"), 114 pm (Ca’"),
87 pm (Ge?*), and 74 ppm (four-coordinate Zn?* ion).*

From the trigonal planar MCI to the Baeyer—Villiger
transition state (v; = 499i cm™"), is calculated to be uphill by
37.7 keal/mol (AG,, = 45.0 kcal/mol) for the oxy-insertion
transition state, Figure 3. Insertion of the oxygen atom into the
Zn—C bond is highly exergonic, AG,, = —41.2 kcal/mol.

The Zn—O bond is a tenuous gauge of the OMBV transition
state’s “lateness,” given that the PyO oxidant lies in the outer
coordination sphere of '[Zn]Me in the MCL In the MCI,
Zn—0 = 4.79 A; for the zinc OMBVY, Zn—0 = 1.90 A; in the
'[Zn](Py)(OMe) product, Zn—O = 1.88 A, Figure 4. Thus,
there is only a 0.02 A difference between the Zn—O bond
length in the OMBV* and the ensuing product. In comparison
to the calcium complex, dry_q = 0.13 A between the OMBV*
and its methoxide product. The computed data thus imply a
“later” TS for oxy-insertion by the zinc complex as compared to
the calcium model.

Germanium. The coordination of the PyO oxidant to
'{Ge]Me is endergonic by 6.0 kcal/mol to form the MCI,

dx.doi.org/10.1021/ic5015048 | Inorg. Chem. 2014, 53, 7789—7798
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Figure 4. Selected B3LYP/CEP-31G(d) optimized geometries of zinc
complexes calculated for the OMBV pathway. Bond lengths in A. The
superscript prefix denotes the computed lowest energy multiplicity for
that stationary point.

'[Ge](OPy)(Me). As with the zinc system just discussed, the
oxidant is calculated to lie outside the inner coordination
sphere of the metal for the germanium metallo-Criegee inter-
mediate. From the singlet MCI to the singlet OMBV? is cal-
culated to be uphill by 47.5 kcal/mol (AG,q = 53.5 kecal/mol),
Figure 5. Insertion of the oxygen atom into the Ge—3C bond is
highly exergonic as with all other metals thus far discussed,
AG,, = —44.3 kcal/mol. Interestingly, the exergonicity of
oxy-insertion for the p-block germanium model is more similar
to that computed for d-block zinc (AG,y; = —41.2 kcal/mol,
Figure 3) than the s-block metal calcium (AG,, = —86.9 kcal/mol,
Figure 1).

Inspection of the calculated geometries was undertaken.
From the CSD,* mean Ge—C bond lengths are 1.950(38) A
(n 1110). For [Ge]—Me complexes, two examples were
found in the CSD, with germanium—methyl bond lengths of
2.014 A3 and 2.002 A3 In the present models, the calculated
Ge—Me bond lengths are 2.04 A (reactant), 2.03 A (MCI), and
222 A (OMBV?), the former two being in reasonable accord
with the crystallographic examples, while the latter indicates
ca. 10% lengthening compared to the ground state minima
'[Ge]Me and '[Ge](OPy)(Me), Figure 6. The product Ge—O
bond length is 1.83 A in '[Ge](OMe); from the CSD, the
mean Ge—O bond length (three-coordinate Ge, alkoxide O
ligands, and f-diketiminate supporting ligands) is 1.84(2) A for
a very small number of examples (n = 5).

As with other metals, the Ge—O bond was used as a gauge
of the OMBV¥’s “lateness” via a Hammond Postulate analysis.
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Figure S. B3LYP/CEP-31G computed reaction coordinate (OMBV)
for germanium—methyl complex. [Ge] = Ge-f-diketiminate model (see
Figure 6). Numerical values are computed free energies in kcal/mol.
The superscript prefix denotes the computed lowest energy multiplicity
for that stationary point.
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Figure 6. Selected B3LYP/CEP-31G(d) optimized geometries of
germanium complexes calculated for the OMBV pathway. Bond
lengths in A. The superscript prefix denotes the computed lowest
energy multiplicity for that stationary point.

The computed Ge—O bond lengths are 3.99 A (MCI), 1.98 A
(OMBV?), and 1.83 A (product), Figure 6. Thus, the overall
decrease in bond length from the OMBYV transition state to the
methoxide product is Sry_o = 0.15 A, much more than the 0.02
A difference computed for the zinc congener and more similar
in magnitude to the dry_o = 0.13 A calculated for the calcium
reaction coordinate.

All germanium complexes are calculated to be singlets in
their ground spin states for the preferred oxy-insertion pathway.
The triplet multiplicity was considered but was always signifi-
cantly higher than the singlet. Known divalent germanium
compounds—for example germylenes (GeR,)—are singlets,*>*°

dx.doi.org/10.1021/ic5015048 | Inorg. Chem. 2014, 53, 7789—7798
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which is consistent with the computational prediction of a singlet
ground state for [Ge]Me and [Ge]OMe.

We note with interest that an oxo pathway was found for
the [Ge]Me + PyO reaction, albeit stationary points for an
OAT/MM pathway were always at least 10 kcal/mol higher in
free energy than corresponding OMBV stationary points. For
the OAT/MM pathway, the singlet state was lower than the
triplet, with the exception of the methyl migration transition
state (MM?¥), where the triplet TS was 7.8 kcal/mol lower than
the corresponding singlet transition state. Basic bonding
principles obviously heavily weigh against a formally Ca™- or
Zn"-oxo, but Ge"' does have a filled 4s shell that could con-
ceivably be further oxidized to yield formally Ge" complexes.
Indeed, inspection of the CSD yields seven Ge'V-oxo complexes,
suggesting that germanones, although rare in germanium
chemistry, are plausible under the right conditions and with
the appropriate supporting ligands.

Given the closed-shell electronic configurations of the metal
ions computed to operate via a nonredox organometallic-
Baeyer—Villiger pathway, Ca" (d°), Zn" (d'°), and Ge"(s?), it is
reasonable to conclude that orbital effects are less important
than other considerations such as atomic charge and ionic/
covalent radii. An oxy-insertion barrier of >53 kcal/mol for the
'{Ge]Me model is very large and hence unsuitable for both
catalytic and stoichiometric purposes. The barrier is approx-
imately double the height computed for oxy-insertion into the
metal—carbon bond of [ Ca]Me, which displays a more exergonic
oxy-insertion, Figure 1. What is perhaps more interesting is that
the computed thermodynamics and kinetics for oxy-insertion
with '[Ge]Me, Figure 5, and Zn]Me, Figure 3, are roughly
similar. Taken together, the DFT simulations imply that the main
determinant of the OMBV barrier is the exergonicity of the oxy-
insertion reaction to form methoxide product. For a given metal,
the [M]—Me + YO — [M]—OMe + Y thermodynamics will be
influenced to a great extent by the thermodynamics of the YO/Y
couple, ie., the OAT potential of the oxidant.*® Given that the
methoxide product is in a thermodynamic sink relative to the
methyl reactant, one may posit that identifying systems that oxy-
insert at appreciable rates with the weakest (in a thermodynamic
sense) oxidants possible is a key design ingredient for MTM
catalysis. Additionally, it may be argued that an important
experimental endeavor moving forward is better establishing the
linkage between thermodynamic and kinetic OAT potentials for
YO/Y couples.

Titanium. All titanium stationary points are computed to be
ground state triplets with the exception of the Ti oxygen atom
transfer transition state (OAT¥) and the Ti*'-oxo-Me inter-
mediate, which are singlets. From separated reactants, the
coordination of PyO is exergonic by 22.6 kcal/mol to form
the MCI, '[Ti](OPy)(Me), Figure 7. When starting with the
computed geometry of calcium’s OMBV transition state, the
titanium variant geometry optimized directly toward the OAT/
MM pathway for both singlet and triplet states. Indeed, in the
absence of geometric constraints, e.g, of the C—0 and N—O bond
lengths, an OMBV* could not be isolated for the titanium model
complex; only those of the OAT/MM variety were found.

The triplet OAT?* is —7.8 kcal/mol relative to the reactants.
For the initial OAT step, the calculated free energy barrier is
14.8 kcal/mol higher than the metallo-Criegee intermediate.
The [Ti]—Me pathway thus entails a spin crossover to the
singlet surface after the MCI The triplet state of the oxo-Me
intermediate was computed and is much higher, as expected for
ad° complex, being 48.6 kcal/mol above the singlet oxo.
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Figure 7. B3LYP/CEP-31G computed reaction coordinate (OAT/
MM) for titanium—methyl complex. [Ti] = Ti-f-diketiminate model
(see Figure 8). Numerical values are computed free energies in kcal/mol.
The superscript prefix denotes the computed lowest energy multiplicity
for that stationary point.

The MM (methyl migration transition state) that connects
'[Ti](O)(Me)-Py to *[Ti](OMe)-Py is uphill by an enormous
51.9 kcal/mol, Figure 7, and reverts the free energy surface back
to the triplet spin state. Even the Ti*’-methoxide product,
Figure 8f, is uphill by 12.8 kcal/mol relative to the Ti*"-oxo-Me
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Figure 8. Selected B3LYP/CEP-31G(d) optimized geometries of
titanium complexes calculated for the OAT/MM pathway. Bond
lengths in A. The superscript prefix denotes the computed lowest
energy multiplicity for that stationary point.

intermediate. It will be seen that titanium is the only metal
studied here that proceeds via an OAT mechanism in which the
methyl migration transformation is calculated to be endergonic,
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likely a reflection of the strong Ti—O z-bond in the formally d°
oxo intermediate.

Chromium. All chromium complex stationary points are
calculated to possess quintet ground states, Figure 9, with the

OAT*

PyO

[Cr]-Me

57.0
(Py)
o

Me
~
e, [ci—0”"

M

Figure 9. B3LYP/CEP-31G(d) computed reaction coordinate (OAT/
MM) for the chromium—methyl complex. [Cr] = Cr-f-diketiminate
model (see Figure 10). Numerical values are computed free energies in
kcal/mol. The superscript prefix denotes the computed lowest energy
multiplicity for that stationary point.

exception of the OAT* and [Cr](O)(Me), which are triplets
(though the difference between the triplet and the quintet is
only 0.8 kcal/mol for the OAT?, certainly within the error bars
of the DFT methods used here). For the oxo-Me intermediate,
the singlet state is 25.7 kcal/mol higher than the triplet ground
state, and the quintet [Cr](O)(Me)-Py is a further 30.6 kcal/mol
higher than the singlet.

From [Cr]Me and pyridine-N-oxide, the reaction coordinate
of the chromium complexes is downhill by 5.0 kcal/mol to form
the MCI, Figure 9; hence, oxidant binding is less exergonic than
the corresponding reaction for the titanium variant, Figure 7.
When starting with the computed geometry of calcium’s
OMBV?, the chromium analogue (as did the titanium analogue)
converged to the OAT/MM pathway for both singlet and triplet
states. For the quintet surface, however, an OMBV* was found
at AG,y = 222 kcal/mol, and thus the quintet OMBV* is
27.2 kcal/mol uphill from the MCI, [Cr](OPy)(Me).
The singlet OAT* is 34.7 kcal/mol higher than the triplet
OAT®. These computed free energies thus imply that the Cr'—
methyl complex would oxy-insert via a two-step, redox pathway
mediated by a Cr'V—oxo intermediate in preference to an OMBV
pathway.

The OAT/MM pathway for the chromium complex includes
a spin crossover from the quintet MCI to the triplet OAT?.
The quintet OAT? is only 0.8 kcal/mol higher in energy
than the corresponding triplet transition state, implying facile
spin crossover. The oxygen atom transfer barrier is only
6.2 keal/mol from the MCI (AG,, = 1.2 kcal/mol), Figure 9.
From the MCI to the triplet Cr''-oxo-Me intermediate is highly
exergonic (AG,y = —57.0 kcal/mol). On the way to the MM?,
the chromium triplet oxo-Me intermediate undergoes another
spin crossover from the triplet to the quintet surface, engender-
ing a barrier of 47.5 kcal/mol (AG, = —9.5 kcal/mol),
Figure 9. At the MM" stationary point, Figure 10e, the triplet is
calculated to be higher by only 4.6 kcal/mol than the quintet
TS, with the singlet 10.4 kcal/mol higher still. Thus, the MM
free energy barrier for the chromium MM? is only ca. 4 kcal/mol
lower than the methyl migration barrier for the Ti analogue, and
thus very large, even though the transformation is now mildly
exergonic. As with the titanium case, it is proposed that the large
methyl migration barrier reflects the intrinsic strength of the metal—
oxygen © bond that must be invested to convert an oxo-methyl
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Figure 10. B3LYP/CEP-31G(d) optimized geometries of chromium
complexes calculated for the OAT/MM pathway. Bond lengths in A.
The superscript prefix denotes the computed lowest energy multi-
plicity for that stationary point.

complex to the corresponding methoxide for a relatively early
transition metal with a low d-electron count.

Iron. A quintet was the lowest spin state found for the
[Fe]Me reactant, as found experimentally.41 All stationary
points are computed to be quintet ground states. The MCI is
uphill by only 0.8 kcal/mol versus separated reactants, Figure 11.
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G
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[Fe]-Me 08 201 “Me
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O
[Fel] -60.4

e —
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| _Me
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Figure 11. B3LYP/CEP-31G(d) computed reaction coordinate
(OAT/MM) for the iron complex. [Fe] = Fe-f-diketiminate model
(see Figure 12). Numerical values are computed free energies in
kcal/mol. Superscript prefix denotes the computed lowest energy
multiplicity for that stationary point.

Though triplet (AG,q = 29.6 kcal/mol) and quintet (AG,y =
20.1 kcal/mol) OMBYV transition states were found, iron
was calculated to preferentially oxy-insert via an OAT/MM
pathway. From the MCI, the SOAT* is 19.3 kcal/mol uphill
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(AG,, = 20.1 kcal/mol), and formation of the oxo-Me
intermediate is exergonic (AG,, = —14.1 kcal/mol). From
the oxo-Me intermediate the methyl migration barrier is only
13.5 kcal/mol, Figure 11, much less than for the titanium and
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Figure 12. Selected B3LYP/CEP-31G optimized geometries of iron
complexes calculated for the OAT/MM pathway. Bond lengths in A.
The superscript prefix denotes the computed lowest energy multi-
plicity for that stationary point.

chromium congeners. Given the computed free energy barriers,
the initial oxygen atom transfer from PyO to the metal is
predicted to be the rate-determining step in the two-step, redox
pathway for the model iron—methyl complex.

One important difference between the iron potential energy
surface and the OAT/MM reaction coordinates for the earlier
metals is that the Fe-oxo-Me intermediate has increased in free
energy relative to the MCI and is no longer in a thermo-
dynamic sink (as is the case with the titanium and chromium
complexes, cf. Figures 7, 9, and 11). Occupation of metal
dz—oxo pr antibonding orbitals has destabilized the formally
d*-Fe'V-oxo-Me intermediate. When compared with the titanium
and chromium complexes, the iron analogue has a higher OAT*
but still remains kinetically accessible with a computed free
energy barrier of only 20.1 kcal/mol.

Nickel. All nickel stationary points are computed to be
triplet ground states. Binding of PyO to [Ni]Me is uphill by
only 2.5 kcal/mol. Though a singlet (AG,, = 40.1 kcal/mol)
OMBV* was found, the lowest energy pathway for nickel goes
through the OAT/MM route. From the *MCI, the 30AT* is
24.1 keal/mol uphill (AG,, = 26.6 kcal/mol). The Ni-oxo-
methyl intermediate is mildly endergonic relative to PyO
oxidant and the starting methyl complex (AG,q = 3.3 kcal/mol).
From the triplet oxo-Me intermediate to the corresponding
MMi, a modest 4.0 kcal/mol barrier must be surmounted.
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As with iron, the methyl migration reaction is calculated to be
highly exergonic, Figure 13.
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Figure 13. B3LYP/CEP-31G computed reaction coordinate (OAT/
MM) for nickel-methyl complex. [Ni] = Ni-f-diketiminate model
(see Figure 14). Numerical values are computed free energies in kcal/mol.
The superscript prefix denotes the computed lowest energy multiplicity
for that stationary point.

o
®
&« = 1.94 g
o772 W17 g
w =
1.94 @
c =< e
/ &
& )
/9 ©
@
(a) 3[Ni]Me reactant (b) *[Ni](OPy)(Me) MCI
? .’ et ‘*‘; -
A 1.99
@ z.oz\“ 1 237 6 &
1.97 [ 191 Wi @ o-c € e
@ ¢ 1.98 181Q 197/ S‘
£ _( \;\9 cf v )\ o
u'/ ¢ @ ¢ \/’S a ‘o
U/ v o “ 3N
(d)  °[Ni](Me)(O)-(Py)
(c) *[Ni] OAT* oxo—Me intermediate
. s
Kc%_“ ) l./ 79 —‘“’
{ r ¥
‘)u ( ‘\ Z oG 1 as @
- « 1.92\ 2.10 . 2 /9’ ‘ C 208 c E
1.96 o 95 h
P ek 1 @ S‘\; ‘/‘j e e
'/,g" éd & ° a
(e) *[Ni] MM* () *[Ni] (Py)(OMe) product

Figure 14. Selected B3LYP/CEP-31G(d) optimized geometries of
nickel complexes calculated for the OAT/MM pathway. Bond lengths
in A. The superscript prefix denotes the computed lowest energy
multiplicity for that stationary point.

B SUMMARY, CONCLUSIONS, AND PROSPECTUS

Several important conclusions have emerged from the present
modeling study of oxy-insertion into metal-methyl bonds
by both redox and nonredox processes for a series of seven
P-diketiminate-methyl complexes spanning the 3d series from
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the s-block (Ca) to the p-block (Ge). The most important
among these are summarized here.

(1) The nonredox OMBV pathway was computed to be
preferred for two non-d° metals: the d'® Zn"—methyl complex
and the post-transition metal Ge''—methyl complex. Although
these are non-d° complexes, simulations suggest that the
organometallic Baeyer—Villiger mechanism for oxy-insertion is
preferred only in those cases when the d" electron count is such that
a formal two electron oxidation of [M]—Me reactant to yield a oxo-
methyl intermediate would render a chemically infeasible formal
oxidation state, e.g., Zn-oxo. Even for the GeH—methyl model,
the OMBV pathway, which requires oxidation of the 4s’
subshell, is found to be not much further lower in energy
than the competing redox (Ge" < Ge') pathway.

(2) From a catalytic standpoint, one would like to “flatten”
the reaction coordinate for oxy-insertion. The results for iron
and nickel suggest that increasing d" (n > 2) will destabilize
L,M(O)(Me) intermediates. Hence, by moving closer to the oxo

all, > the first thermodynamic sink (oxo-Me intermediate) in
the OAT/MM pathway is removed. However, with appropriate
metals and ligands, such entities remain kinetically accessible;
see Figure 15 for the iron (purple) and nickel (cyan) reaction

© Ca

oTi ©C ©Fe ©ONi Zn © Ge

> @ © oS & W 8 X »
Ny
© ® @ e® o o+°'<\@°‘° N o€
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<
Figure 15. B3LYP/CEP-31G(d) computed reaction coordinate for
[M"]—Me + PyO — [M"]—OMe + Py for M = {Ca, Ti, Cr, Fe, Ni, Zn,
Ge}. Numerical values are computed free energies (kcal/mol). Metals
computed to operate via an OMBV (oxo-mediated) mechanism are to
the left (right) of the reactants. Separated “PyO + [M]Me” reactants
define the zero free energy point. OMBV TS = organometallic Baeyer—
Villiger (nonredox) TS; product = [M]—OMe + Py; OAT TS = oxygen
atom transfer transition state; Oxo-Me = oxo-methyl intermediate,
[M](O)(Me)-Py; MM TS = methyl migration transition state; MCI
(metallo-Criegee intermediate) or [M](Me)(PyO) adduct.

coordinates. Additionally, methyl migration—which has
emerged as a difficult transformation in organic'® and organo-
metallic*’ Baeyer—Villiger oxidations—is facile with barriers
less than 14 kcal/mol for both iron and nickel f-diketiminate
models.

Table 1 lists the spin densities on the metal and oxygen
atoms for open-shell oxo-methyl intermediates ([Ti](Me)(O)
is a singlet). Both the iron and nickel species have substantial
spin density on the oxygen ligand. The present results, in
conjunction with previous contributions from our group,'* thus
identify two factors in facilitating methyl migration to form the
C—O bond needed for hydrocarbon functionalization. First,
there must be a reduction in the strength of the metal—oxygen
m-bond that is sacrificed as the methyl-oxo transforms into
a methoxide ligand. Second, reduction in nucleophilicity of
the oxygen ligand as it transforms more from an early transition
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Table 1. Atomic Spin Densities (e”) from a Mulliken
Population Analysis of the Lowest Energy oxo-Me
Intermediates for Open-Shell Species”

M Pspin (M) Pspin(o)
Ti singlet

3Cr 2.3 02
SFe 34 0.6
3Ni 0.8 1.1

“Multiplicity of the oxo-Me intermediate is indicated by the super-
script numeral.

metal oxide (O®7) to more of an oxyl (O°”) description for
midlater series transition metals is also important.

(3) There seems to be no inherent kinetic or thermodynamic
advantage between the OMBV and OAT/MM pathways,
Figure 15. Kinetically, the most feasible [M]Me show com-
puted oxy-insertion free energy barriers of ~20 kcal/mol for the
rate-determining step for either mechanism with pyridine-
N-oxide as the oxidant. In the present research for all transition
metals predicted to operate via a two-step OAT/MM pathway,
the transition state leading to L,M(O)(R) was computed to be
the highest point on the reaction coordinate for oxy-insertion.
The main challenge for d° complexes that operate via OMBV
pathways is that such species seem incapable of activating
stron‘g, aliphatic C—H bonds unless they are three-coordi-
nate.*”>° Thermodynamically, both oxy-insertion mechanisms
suffer from the same feature that would thwart MTM catalysis, i.e.,
the [M"]-methoxide product is in a thermodynamic sink relative
to the [M"]-methyl reactant with computed exergonicities of
40 kcal/mol or more for the reaction.

(4) The latter point raises a critical question moving forward
in methane-to-methanol catalysis: how may one destabilize the
L,M—OMe product while not making the barriers leading to it
too high? Consider the overall oxy-insertion reaction, eq 1.

L,M—Me + YO — L, M—OMe + Y (1)

Large exergonicities for oxy-insertion, eq 1, are computed for
all metals studied herein, regardless of d-orbital occupation,
mechanism of oxy-insertion, location within the periodic table,
and hence the relative covalent/ionic radii, oxophilicity, and
electronegativity of the metal etc. As such, it is evident that
the strength of the oxidant/leaving group (YO/Y) couple is
important in eq 1. What is perhaps paradoxical is the implica-
tion from the present computations that future experiments in
hydrocarbon partial oxidation catalysis should focus on effecting
the oxy-insertion transformations with the weakest oxidants (in a
thermodynamic sense) given the large thermodynamic driving
forces computed for oxy-insertion. Perhaps what is more
germane in terms of rational design of organometallic complexes
to perform selective oxy-insertion is a better understanding of
the correlation between thermodynamic and kinetic OAT
potentials. The former are abundant thanks to the classic review
by Holm and Donahue,*® as well as updates by Holm and Lee.”"
There is little pertinent information in regards to the correlation
between thermodynamic and kinetic OAT potentials, which
would seem to be an area in which computational chemistry
could greatly assist the hunt for new catalysts.

Figure 15 makes it obvious that the most encouraging
systems are Fe and Nj, the issue of methoxide product stability
notwithstanding. The OAT and MM barriers are both
reasonable, and while the oxo-Me intermediates are destabilized
relative to earlier, lower d-count metals, the DFT computations
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suggest they are still thermodynamically and kinetically
accessible. For iron, the OAT free energy barrier is 20 kcal/mol
while for the nickel variant it is 27 kcal/mol. Assuming AGH <
30 kcal/mol as a target for a low-temperature MTM process,
then there is more room for maneuvering in the Fe"" case than
the Ni"" model. Given the more or less methodical transforma-
tion of the curves in Figure 15 with d-count, one may also infer
that the intervening Co"—methyl complexes are worthy of
experimental and computational scrutiny. Preliminary simu-
lations of oxy-insertion reactions of [Co]Me and [Mn]Me with
PyO indicate that they follow the trends displayed by the even
d-count that flank them.

Simulations suggest that it is desirable to destabilize [M]—OMe
relative to [M]—Me if the ultimate goal is efficient catalysis.
In this regard, the [Ni]—Me/—OMe couple is only slightly less
exergonic than the iron complex, AG,,, = =56 (Fe), —60 (Ni)
kcal/mol. Moving closer to the oxo wall was computed to
remove the oxo-Me intermediate from its thermodynamic
“sink,” but of course, both [M]—OMe and [M]—Me have the
same formal oxidation state. Sterics would seem to be a less
profitable strategy to influence the thermodynamics of oxy-
insertion since both the ultimate reactant [M]—Me and product
[Me]—OMe are the same coordination number (assuming the
leaving group Y does indeed leave) and the OMe substituent
of the product should be smaller than the Me substituent of
the reactant (cf. a cone angle®® of PMe; ~ 120° and ~ 110°
for P(OMe);). Thus, the intrinsic thermodynamic favorability of
oxy-insertion could be ameliorated through a judicious choice
of supporting ligand (a) trans influence/effect (methyl is a very
strong trans influence/effect ligand while methoxide is less)
and/or (b) acid/base properties (methide is a stronger base
than methoxide), which thus also define profitable research
endeavors.
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