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Oxyl radical character in the Mn=0 group of the title system is shown from a density functional theory study to
be essential for efficient C—H cleavage, which is a key step in C—H oxidation. Since oxyl species have elongated
Mn—0 bonds relative to the more usual oxo species of type Mn=0, the normal expectation would be that high
trans-influence ligands X should facilitate oxyl character by elongating the Mn—O bond and thus enhance both
oxyl character and reactivity. Contrary to this expectation, but in line with the experimental data (Jin, N.; Ibrahim,
M.; Spiro, T. G.; Groves, J. T. J. Am. Chem. Soc. 2007, 129, 12416), we find that reactivity increases along the
series X = 0% < OH™ < H,0 for the following reasons. The ground-state singlet (S) is unreactive for all X, and
only the higher-energy triplet (T) and quintet (Q) states have the oxyl character needed for reactivity, but the higher
trans-influence X ligands are also shown to increase the S/T and S/Q gaps, thus making attainment of the needed
T and Q states harder. The latter effect is dominant, and high trans-influence X ligands thus disfavor reaction. The
higher reactivity in the presence of acid noted by Groves and co-workers is thus rationalized by the preference for

having X = H,0 over OH™ or 0%~

Introduction

Metal-catalyzed C—H bond oxidation has a prominent
place in modern chemistry," synthetic metalloporphyrins?
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being among the best known catalysts for this challenging
transformation. Iron porphyrin complexes® are relevant to
C—H hydroxylation in heme enzymes like cytochrome
P450.* Synthetic manganese porphyrins are excellent C—H
hydroxylation catalysts in their own right, usually outper-
forming their iron analogues.®

Groves’’ rebound mechanism (Scheme 1) is generally
accepted for Mn,%° for Fe in cytochrome P450,'° and for a
variety of Ru catalysts,'' although alternatives have been
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Scheme 1. The Rebound Mechanism for Mn(por)-Catalyzed C—H
Oxidation (Square Box = Vacancy)
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proposed for Mn'? and Fe.'> The rebound mechanism
consists of (1) oxidation of the Mn"(por) (por = porphyrin)
catalyst to MnYO(por), (2) H atom abstraction from the
substrate C—H bond, leading to an organic radical and a
Mn™VOH(por) intermediate, and (3) OH-rebound by OH
transfer to the organic radical.

The key intermediate that initiates C—H hydroxylation in
the rebound mechanism is MnYO(por), analogous to the
FeVO(por) postulated for cytochrome P450.'* MnYO(por)
compounds were first isolated and spectroscopically char-
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acterized by Groves and co-workers.'>'® This pioneering
work was extended by Nam and co-workers'’ and Newcomb
and co-workers.'® Other highly oxidized oxomanganese
species have been studied in relation to biochemical systems,
such as haloperoxides'® and the oxygen-evolving complex
of photosystem I1.2° Moreover, Mn(V) oxo complexes con-
taining nonporphyrin ligands have also been characterized.*!

Although experimental studies have established that the
key intermediate contains the MnYO group, the identity and
even the presence of an additional axial ligand trans to the
oxo is uncertain.’> Very recently, Groves and co-workers
found strongly pH-dependent O-transfer reactivity for
MnVO(TMP) (TMP = tetramesitylporphyrin).>* At a high
pH, with bases like ‘BusNOH, the oxo complex is
unreactive, whereas at a low pH, with acids like
CH;3;COOH, O transfer takes place. This behavior can be
associated with acid—base equilibria involving three
protonation states of the MnYO system (Scheme 2),
[MnO(por)(H,0)]*, MnO(por)(OH), and [MnOs(por)],
the latter being the first known example of a trans-
dioxomanganese compound.”*?* Each of these species
contains a different O-bound ligand trans to the oxo group
and is thus likely to have different reactivity. De Angelis
and co-workers showed that the increased reactivity by
protonation in oxygen transfer to bromide is associated
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Scheme 2. Acid—Base Equilibria Involving the [MnO(por)(X)]* (X =
H,0, OH™, and O?") Species
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with the reduction of the low-spin/high-spin energy gap.?
The critical role of the axial ligand has been well
established for FeO—porphyrin systems.*°

The spin state can strongly influence the reactivity of metal
complexes.'®?’ This is the basis of the two-state reactivity
model proposed by Shaik for cytochrome P450.%® Very
recently, we reported a computational density functional
theory (DFT) study on the rebound mechanism for the
oxidation of toluene by MnO(tHp)(X) (tHp = tetrahydro-
genporphyrin), with X = CI~.® The calculations showed that
both the H-abstraction and OH-rebound steps have low
barriers and are exothermic (see Scheme 3), supporting the
rebound mechanism for this reaction. The energy barrier of
H abstraction is higher than that of OH rebound. This study
also showed that the MnO(por)(Cl) intermediate has three
possible spin states, a low-spin singlet state, a high-spin
triplet state, and a high-spin quintet state. These spin states
all occur within an energy span of only ca. 10 kcal mol™!,
and hence they are all thermally accessible. The Mn=0
group requires radical oxyl character for efficient homolytic
C—H cleavage, but the singlet state, having no oxyl character,
is unreactive. In principle, singlet oxo complexes could also
be reactive by transfer to the high-spin potential energy
surface, if this surface is easily accessible. The oxyl character
increases with the total spin of the system, and both the triplet
and quintet states undergo H abstraction with very low energy
barriers of ca. 2—4 kcal mol~!. Although the oxyl character
of the triplet is low, it is sufficient to promote H abstraction.
Mayer and Gardner have shown that even diamagnetic oxo
groups can have some activity for H-atom abstraction via
proton-coupled electron transfer,” but the long times and
high temperatures needed in this case compared to the very
fast reaction occurring at room temperature suggest that a
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Scheme 3. Energy Profile (kcal mol™!) for the Rebound Mechanism in
MnO(tHp)(Cl)-Catalyzed Toluene Oxidation, from ref 8¢
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reagent with oxyl character is significantly more reactive.

Although this work provided mechanistic insight into the
rebound mechanism for oxo-MnY—porphyrin complexes,
only MnO(tHp)(Cl) was considered, so the critical role of
the axial ligand remained unclear. Here, we present an
extended study of toluene hydroxylation by [MnO(por)(X)]*,
with X = H,O, OH~, and O?". The electronic structure,
stability, and reactivity of the different spin states are
explored, and the axial ligand effect is discussed, helping to
clarify the origin of the experimental results of Groves and
co-workers.”® A detailed molecular orbital analysis on the
unprecedented frans-dioxomanganese species is also presented.

Oxyl character elongates Mn=0 bonds, so it might be
thought that higher trans-influence ligands (H,O < OH™ <
0?7) should elongate the trans-Mn=0 bond and thus enhance
both oxyl character and reactivity. In fact, the opposite is
true—the weakest trans-influence X = H»O case shows the
highest reactivity. We now show that this is because the
higher trans-influence X ligands increase the low-spin—high-
spin energy gap, leading to a slower reaction. These results
are consistent with the experimental requirement for acidic
pH found by Groves and co-workers®* because this prevents
deprotonation of the low trans-influence X = H,O ligand.

Computational Details

Unrestricted DFT calculations were carried out using the BP86
functional.®® Two different basis sets, I and II, were used. Basis
set I (Stuttgart-Bonn scalar relativistic ECP with associated basis
sets>! for Mn and Cl and the all-electron 6-31G>2 for O, N, C, and
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Scheme 4. Model Reactants

CHj;

[MnO(tHp)(X)]" tHp =

X =H,0, OH", 0%

H) was used to optimize the geometries, and basis set II (the same
as I but with added polarization functions®® on all atoms) was used
to refine the energies of the stationary points through single-point
calculations. Geometry optimizations were carried out without any
symmetry constraints. The geometries were fully optimized for each
X ligand and each spin state. The nature of all stationary points
was confirmed by an analytical calculation of frequencies. Each
transition state was relaxed toward reactants and products using
the vibrational data to confirm its nature. All energies given in the
text are potential energies obtained with basis set II. Spin densities
were evaluated by means of the natural population analysis
approach,> using basis set II. All calculations were carried out
with Gaussian 03.%3 This DFT methodology has been previously
successfully applied by us in the study of toluene hydroxylation
by MnO(por)(Cl).® Similar DFT methods have been also success-
fully used in the study of Mn-catalyzed olefin epoxidation.*®

The catalytic system was simplified in order to reduce the
computational cost (Scheme 4). The substituents of the porphyrin
ligand were replaced by hydrogens, leading to the model tHp
(tetrahydrogenporphyrin) ligand. Toluene was considered as a model
substrate, and three different axial ligands (X = H,O, OH™, and
0?7), trans to the oxo group, were considered.

The rebound step of the mechanism (Scheme 1) was character-
ized for X = OH in the triplet state at the basis set II level, which
showed that the energy profile is very similar to that of X = CI~
(Scheme 3);® that is, the energy barrier of H abstraction is higher
than that of OH rebound. Solvent effects were modeled by means
of single-point calculations with the conductor-like polarizable
continuum model method*” considering acetonitrile as the solvent
at the basis set II level. The presence of negatively charged species
(X = 0?") prompted the introduction of diffuse 6-31++G(d,p)
functions®® through single-point calculations. The introduction of
either solvent effects or diffuse functions did not alter the gas-
phase energy profiles at the basis set II level to any great extent.
The results of all these calculations are given with more detail in
the Supporting Information.
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Figure 1. Manganese—oxygen bond distances in Angstroms and local spin
densities (bold) for [MnO(por)(X)]* (X = H,O, OH™, and O>").

Results

Structure and Spin of the Oxo Intermediates. Three
different spin states, the singlet, triplet, and quintet, were
computed for [MnO(tHp)(H,0)]*, predominant in acidic
conditions (Figure 1). The main change is the Mn=0O
distance, which elongates with the total spin of the system:
1.55 A in the singlet, S-H,O; 1.61 A in the triplet, T-H,O:;
and 1.68 A in the quintet, Q-H,O. The Mn—O elongation
is compensated by shortening of the trans Mn—OH, bond
from 2.22 A in S=H;0 t0 2.17 A and 2.16 A in T-H;0 and
Q-H,O, respectively.

The geometry of the neutral species, MnO(tHp)(OH), was
also optimized for the three spin states (Figure 1). Regardless
of the spin state, the Mn=0 distances are longer than those
found for [MnO(tHp)(H,O)]", owing to the stronger trans
influence of the OH axial ligand. As in the case of X =
H,O0, the Mn=0 distance elongates as the total spin of the
system increases, from 1.59 AinS-OH to 1.83 A in Q-OH.
Interestingly, this Mn=O bond elongation is no longer
compensated by a shortening of the trans Mn—OH bond,
which instead elongates, from 1.83 A in the singlet to 1.88
A in the two high-spin states.

The Mn=0 bond distances of the frans-dioxo species,
[MnOy(tHp)]~ (Figure 1), are longer than the Mn=0O
distances of [MnO(tHp)(H,0)]" and MnO(tHp)(OH), owing
to the much higher trans influence of the oxo ligand versus
H,0 and OH™. As the spin state of the system increases, the
Mn=0 bonds again become longer: 1.67 A in S-0O, increas-
ing to 1.74 A in T-0, and to 1.84 A in Q-O.

The local spin densities of [MnO(tHp)(H,O)]t were
computed for the triplet and quintet states (Figure 1). In
T-H,0, most of the spin is concentrated on the metal, with
Mn having a local spin density of 1.58. Interestingly, the
apical oxygen of the water ligand has no spin density,
whereas the oxo oxygen has a small spin density of 0.10,
meaning that T-H,O has oxyl character. The rest of the spin
density, 0.32, is delocalized over the porphyrin. In Q-H,O,
the local spin density on manganese, 2.22, is even higher.
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Table 1. Relative Energies of the Different Spin States for Each Axial
X Ligand in Kilocalories Per Mole

X singlet triplet quintet
H>O 0.0 4.7 12.1
OH™ 0.0 9.2 22.4
(O2m 0.0 27.3 39.1

The spin density on the porphyrin also increases, in this case
to 0.98. The oxyl character also intensifies since the spin
density on the oxo group, 0.79, is much higher than in the
triplet. Only the apical oxygen of the aqua ligand remains
unaffected, with an almost null spin density of 0.01.

The local spin densities of MnO(tHp)(OH) are also given
in Figure 1. The triplet state has almost null spin densities
on the OH (—0.05) and porphyrin (—0.02) ligands, and most
of the spin is localized on manganese (1.92). Both T-OH
and Q-OH have oxyl character, as shown by the spin
densities on the oxo group, 0.15 and 1.13, respectively, which
also indicates that, as in [MnO(tHp)(H,O)]*, the oxyl
character is much higher in the quintet than in the triplet.
The oxygen atom of the axial OH ligand has significant spin
density only in Q-OH (0.24).

The spin density of [MnO,(tHp)]~ was also analyzed
(Figure 1). In this case, the local spin density on the
porphyrin remains almost null in the triplet (0.02) and quintet
(—0.12) states. In both T-O and Q-O, a spin density of ca.
2.00 is associated with the metal. The local spin densities
on the oxygen atoms are very low in the triplet (0.04),
pointing to low oxyl character. In contrast, the oxyl character
is much stronger in the quintet state, with local spin densities
of 0.96 on both oxygens.

The geometries of the S-H,O, S-OH, and S-O complexes
show the strong trans influence of the axial ligand. The
Mn—X distance shortens from 2.22 A, for X = H,0, to 1.67
A, for X = O?", whereas the Mn=0 distance elongates from
1.55 A to 1.67 A. Thus, as the z-donor character of X
increases, the Mn—X bond becomes stronger and the trans
Mn=0 bond becomes weaker. The same trend applies for
the triplet and quintet states. The nature of the axial ligand
also has an influence on the Mn—tHp bond. The maximum
value of the Mn—N—N—N dihedral angle is 0.0° in S-O,
3.9° in S-OH, and 12.4° in S-H,0. The out-of-plane
displacement of Mn with respect to the four-nitrogen centroid
of the porphyrin was 0.0 A (S-0), 0.10 A (S-OH), and 0.26
A (S-H,0). The trans influence of X decreases from X =
0% to X = H,0, accompanied by a motion of the metal
center out of the tHp plane away from X.

With the singlet ground state always assigned zero energy,
the triplet and quintet states of [MnO(tHp)(H,O)] " are found
at 4.7 and 12.1 kcal mol™!, respectively (see Table 1). For
MnO(tHp)(OH), they are at 9.2 (triplet) and 22.4 (quintet)
kcal mol™!, and for [MnO,(tHp)]~, they are at 27.3 (triplet)
and 39.1 (quintet) kcal mol.”! Hence, the energy ordering is
always singlet below triplet below quintet, regardless of the
axial ligand. Nevertheless, the axial ligand has a strong
influence on the energy gap between the singlet and the high-
spin states. This gap becomes significantly wider as the trans
influence and s-donor character of the axial ligand increase
from X = H,0 through OH™ to O?> . For instance, the
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singlet—triplet energy gap increases from 4.7 kcal mol™!,
for X = H,0, to 9.2 kcal mol™!, for X = OH™, and to 27.3
kcal mol™!, for X = O?". This trend has also been observed
by Ghosh and co-workers® and by De Angelis and co-
workers,” in similar MnYO(por)(X) systems (X = H,0,
OH™, and O?"). Similar spin patterns with multiple possible
spin states*” have been found in Mn-catalyzed epoxidation.*®

Electronic Structure of the Oxo Intermediates. The
electronic structures of S-H,O, S-OH, and S-O can be
understood in molecular orbital terms (Figures 2—5). Re-
gardless of the axial ligand, the d22, d2—y?, d., and d,; atomic
orbitals of Mn are involved in bonding molecular orbitals.

(39) (a) Ghosh, A.; Gonzalez, E. Isr. J. Chem. 2000, 40, 1-8. (b) Ghosh,
A.; Vangberg, T.; Gonzalez, E.; Taylor, P. J. Porphyrins Phthalo-
cyanines 2001, 5, 345-356. (c) Ghosh, A.; Taylor, P. R. Curr. Opin.
Chem. Biol. 2003, 7, 113-124.

(40) de Visser, S. P.; Ogliaro, F.; Gross, Z.; Shaik, S. Chem.—Eur. J. 2001,
7, 4954-4960.



The Axial Ligand Effect in C—H Oxidation

The d.2> makes a o bond with the p, orbitals of the oxo group
and the axial ligand, while the d,2—y? is involved in a o bond
with the lone pair of the porphyrin nitrogens. These bonding
orbitals, mostly centered on either O or N, are well below
the frontier level. Closer to the frontier, we find the 5t bonding
orbitals associated with the X—Mn=O fragment, which
involve the d,. and d,; orbitals. The fifth d metal orbital, d,,,
remains as a nonbonding doubly occupied orbital, close to
the frontier level. Thus, to the extent such assignments are
meaningful, the metal center in S-H,0O, S-OH, and S-O can
be formulated as d>-Mn(V) in all three cases.

To describe the electronic structure of the X—Mn=0
moiety, we consider the interaction of Mn=0 and the axial
ligand, X. Figure 2 shows this interaction diagram for X =
0?". The 7 bond of Mn=0 is represented by the bonding
7T, (dy; + py) and 7y, (dy; + p,) and the antibonding 7. *
(dy: — p») and m,.* (d,; — p,) orbitals. The axial ligand
participates to the Mn=0 s bonding with two lone pairs, p.
and p,, lying in energy between the 7(Mn=O0) and 7*(Mn=0)
levels. Combining the m(Mn=0) orbitals with the X lone
pairs leads to all in-phase orbitals, 7, (X—Mn=0) and
7, (X—Mn=0). A second set of molecular orbitals, higher
in energy, arises from the mixing of the X lone pairs with
both #(Mn=0) and s7*(Mn=0). These orbitals can be
formulated as p(X) — m(Mn=0) + *(Mn=0). The relative
weight of 7(Mn=0) and 77*(Mn=0) depends on the energy
level of p(X). When p(X) has high energy, the contribution
of #*(Mn=0) is important. In the X = O>  case, this
combination yields the nonbonding 7+ p. and 7z,y+p, orbitals
represented in Figure 2. Finally, the highest-energy combina-
tion corresponds to the all out-of-phase 7,.*(X—Mn=0) and
7, *(X—Mn=0) orbitals. This interaction diagram is also
qualitatively valid for X = H,O and OH".

The double degenerate set of four-electron—three-orbital
interactions represented in Figure 2 transfers electron density
from X to 7*(Mn=0) and weakens the MnO bond. Where
this interaction is very weak, such as for X = H,0, the
transfer is negligeable and the MnO bond is very short and
best described as a triple Mn=O bond. Where the interaction
between X and 7*(Mn=0) increases (X = OH™), the transfer
of electron density is larger and the MnO bond lengthens.
At the extreme case (X = 0O?7), the participation of
7*(Mn=0) is maximal, and the MnO bond significantly
lengthens. Thus, although there is always a degenerate set
of zz-type orbitals for describing the two manganese—oxygen
bonds, in the case of X = 0%, each of them is best viewed
as a double Mn=0 bond.

For S-H,O (Figure 3), the highest occupied molecular
orbitals (HOMOs) are two 5t orbitals of the porphyrin ligand,
ajy (given in the Supporting Information) and a,, which are
doubly occupied and have the same energy, located above
that of the doubly occupied Mn d,, orbital. The lowest
unoccupied molecular orbitals (LUMOs) are two degenerate
*(Mn=O0) orbitals (7r,;* and 7,.*). Interestingly, the axial
aqua ligand does not mix with the 7(Mn=0) and r*(Mn=0)
orbitals. In this case, the lone pair of water, s, is far
removed in energy from the s7%*(Mn=O0) orbital and does
not overlap with the manganese orbitals. If one ignores the
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Figure 4. Molecular orbitals for the singlet state of MnO(tHp)(OH).

deeper orbitals mostly centered on O and N and having o
Mn—ligand character, the electronic configuration of S-H,O
can be described as (7.)*(7y.) 2(7Tp) H(dry) *(320)*(210)%. S-H20
has a small HOMO—LUMO gap of only 0.34 eV.

The electronic configuration of T-H,O is described as
(712 X(7,)*(7Tp)*(a20)*(210)*(dsy) (77, *)!, which means that one
electron is promoted from the d,, Mn orbital and not from
the porphyrin despite the energy ordering of the molecular
orbitals in the singlet state. The configuration of the quintet
state, Q'HZO; is (nxz)z(ﬂyz)2(npx)2(alu)z(dxy)l(aZU)l(ﬂxz*)l(nxz*)l-
These data suggest that the high spin states of
[MnO(tHp)(H,O)]* are generated by promoting one electron
from the metal d,, orbital to the 7*(Mn=0) orbitals.*! The
population of the antibonding 7*(Mn=O0) orbitals accounts
for the elongation of the Mn=0 bond and the oxyl character
found in the high-spin states (Figure 1). In the case of
Q-H,0, one additional electron is promoted from the a,(7T)
orbital of the porphyrin to a 7*(Mn=Q0) orbital. Since the
7*(Mn=0) orbital is mostly centered on the metal, the
manganese spin density is always higher than that on
the oxygen (Figure 1). The two bonding 7(Mn=O0) orbitals
remain doubly occupied in both T-H,O and Q-H,O.

The molecular orbital structure of S-OH is very similar
to that of S-H,O (Figure 4). Two degenerate st orbitals of
the porphyrin, a;, and ay,, lie at the frontier energy level,
and immediately below in energy is the doubly occupied Mn
d,, orbital. The bonding 7., and 7. orbitals remain much
deeper in energy. In between the 7., 7T,., and d,, levels there
is a nonbonding combination of the p, lone pairs of the apical
oxygens (7Tpr+px). In this case, the lone pairs of X = OH™
are more diffuse and closer in energy to 7*(Mn=0), which
favors the overlap with the metal d orbitals. As a conse-
quence, the axial OH ligand participates in the s orbitals of
the HO—Mn=0 moiety (Figure 4) and thus raises the energy
of the all out-of-phase combinations, 7, *(HO—Mn=0) and

(41) Contrary to what was said in ref 8, the d,, orbital of manganese is
half-occupied in both the triplet and quintet states of MnO(tHp)(Cl).
Using the same notation as in the article, the electron configurations
of the singlet, triplet, and quintet states are (7T, )z(n) )Z(dx)) (7Tpr)*-
(ﬂp}*)z(aIU)2(aZU)zs (nxz)2(ﬂyz)2(npx)2(nf )z(alu) (aZu) (dn) (nu )1 and
(ﬂxz)z(ﬂyz)z(ﬂpx)z(npy)z(alu)z(dxy)l(ah) (7T, x) (7T *)1 respectively.
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Figure 5. Molecular orbitals for the singlet state of [MnO(tHp)] .

7, *(HO—Mn=O0). As a result, compared to S-H,O, S-OH
has a wider HOMO—LUMO energy gap of 0.97 eV. Ignoring
the deeper energy levels, the electronic configuration of
S-OH can be described as (77..) (7,0 2(ptpr) (dy) *(a20) X@10).>

The orbital analysis of T-OH and Q-OH shows that the
electronic configurations of these species are (7.)*(7t,,)*-
(”px+px)2(a2u)2(alu)z(dxy)](ﬂxz*)] and (ﬂxz)2(ﬂyz)2(32u)2(alu)z'
(Tt p) (diy) (77 %) (72, %), respectively. Hence, as in the case
of X = H,0, the high-spin states are generated from the
singlet by promoting one electron from the d,, orbital of
the metal to the s7* orbitals of HO—Mn=O0. In the case of
the quintet, one electron is promoted from the nonbonding
Trpr+px OIbital and not from the porphyrin. The presence of
singly occupied 7*(HO—Mn=0) orbitals in the high-spin
states accounts for the oxyl character and the Mn=0 bond
elongation in T-OH and Q-OH (Figure 1). In addition, the
participation of the axial OH ligand in these s* orbitals
accounts for the oxyl character of the OH group as well as
the elongation of the Mn—OH bond.

The electronic structure of [MnO,(tHp)]~ around the
frontier level (Figure 5) is clearly different from that seen
for MnO(tHp)(OH) and [MnO(tHp)(H,0)]" (Figures 3 and
4). In this case, the HOMO is the doubly occupied metal
d,. Next below comes the porphyrin st orbitals a,, and ay,
but not at the same energy as for X = H,O and OH™, and
between these a pair of doubly occupied orbitals, 7T,-+px and
Trpy+py, consisting of nonbonding combinations of the p,
and p, orbitals of the trans oxygens (Figure 5). As for X =
H,0 and OH™, the bonding 7t orbitals of X—Mn=0 lie much
deeper in energy, far below the frontier energy level. But in
contrast, these st orbitals and their antibonding partners, 7, *
and 7, * (Figure 5), have equal and thus larger contributions
from both apical oxygens. In contrast with the X = OH~
case, the overlap between the metal d orbitals and the oxygen
p orbitals is optimal. Indeed, these orbitals correspond to
the whole trans-O=Mn=0 moiety rather than just to Mn=0.
The LUMO is the degenerate set of e,(7*) orbitals of the
porphyrin, while the LUMO+1 is the degenerate set of
7*(O=Mn=O0) orbitals. The energy gap between the HOMO
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and the m,;* and 7,;* orbitals, 1.98 eV, is ca. twice as large
as that of S-OH and ca. 6 times as large as that of S-H,O.
The electronic configuration of S-O can be described as
(nxz)z(ﬂyz)z(alu)z(ﬂpx+px)2(7tpy+py)2(azu)z(dxy)z-

The electronic configurations of T-O and Q-O are
(ﬂxz)z(ﬂyz)z(al u)z(ﬂvapr)z(ﬂp)'ery)z(aZu)z(dxy) ! (ﬂxz*) ! and (ﬂxz)z'
(nyz)z(al u)2(ﬂpvapy)z(aZu)z(ﬂvapr) ! (dxy) ! (ﬂxz*) ! (ﬂ)'z*) ! ’ feSpeC'
tively. Hence, as for X = H,O and X = OH™, the r* orbitals
associated with X—Mn=0 become singly occupied in the
high-spin states, which explains the weakening of this bond
and the gain in oxyl character (Figure 1). In this case, the
participation of both oxygens in the m,.;* and s, orbitals
explains that the elongation of the Mn=0O bond and the
delocalization of oxyl character affect the whole O=Mn=0
fragment. The other singly occupied orbitals are d,,, in T-O,
and d,, and 7ye+py, in Q-O, which are doubly occupied in
S-0. The high-spin states of [MnO,(tHp)] ™~ are thus generated
by promoting electrons from the d., and 7Tp,+p, orbitals.

Reactivity of the Oxo Intermediates. The reactivity of
[MnO(tHp)(H,0)]*, MnO(tHp)(OH), and [MnO,(tHp)]~ in
the C—H oxidation of toluene was explored by computing
the corresponding intermediates and transition states. To
compare reactivity, we always take the singlet ground state
as having zero energy (Figure 6). The reaction has two
successive elementary steps: radical hydrogen abstraction
followed by OH rebound (Scheme 1). Only radical H
abstraction is analyzed in detail since H abstraction has by
far the highest energy barrier for the closely related case of
MnO(tHp)(C1)®* (Scheme 3). The fast subsequent OH-
rebound step42 is much more exothermic, and once the
PhCH; radical has been generated, it collapses promptly to
give the final product. This is also confirmed for X = OH™
in the triplet state (see the Supporting Information). In this
case, the H-abstraction barrier (4.3 kcal mol™!) is clearly
higher than that of the OH rebound (0.4 kcal mol™!). As in
the case of MnO(tHp)(Cl), no H-abstraction transition state
is found for the singlet states of any of the three Mn—oxo

(42) (a) Bowry, V. W.; Ingold, K. U. J. Am. Chem. Soc. 1991, 113, 5699—
5707. (b) Atkinson, J. K.; Ingold, K. U. Biochemistry 1993, 32, 9209—
9214. (c) Newcomb, M.; Letadic, M. H.; Putt, D. A.; Hollenberg, P. F.
J. Am. Chem. Soc. 1995, 117, 3312-3313.



The Axial Ligand Effect in C—H Oxidation

Figure 7. Optimized geometries of selected stationary points for toluene
H-abstraction. See Figure 6 for notation.

complexes, regardless of X. None of these oxo species can
therefore hydroxylate toluene in their singlet states. Indeed,
some unreactive Mn(V)—oxo—porphyrin complexes have
been characterized as stable, diamagnetic singlet com-
pounds.?*** In contrast, both the triplet and quintet states
undergo H abstraction. A similar effect of spin on reactivity
has been also found in Mn-catalyzed olefin epoxidation.*?

The triplet state of [MnO(tHp)(H,O)]* interacts with
toluene, giving rise to a prereaction complex, T-H,0-1, lying
5.7 kcal mol~! below T-H,O + toluene (Figure 6). In this
species, a benzylic C—H of the substrate and the oxo group
of the catalyst are weakly bound through a C—H---O
hydrogen bond, with a H+++O distance of 1.71 A (Figure
7). This intermediate undergoes radical H abstraction,
yielding T-H,0O-2 through the transition state T-H,O-TS.
The reaction is exothermic (AE = —3.7 kcal mol™!) and has
a very low energy barrier of only 0.4 kcal mol~'. This process
consists of concerted cleavage of the benzylic C—H bond
and the formation of a new O—H bond, as shown by the
metric parameters. The C—H elongates from 1.15 A in
T-H,0-1 to 1.83 A in T-H,0-2, while the O—H shortens
from 1.71 A in T-H,0-1 to 1.03 A in T-H,0-2. At T-H,0-
TS, the C—H and O—H distances have intermediate values
of 130 A and 1.28 A, respectively. The intermediate
T-H,0-2 can be formulated as the hydroxo [Mn(OH)(tHp)-
(H,0)]*" complex bound to the PhCH, radical by a weak
CH-*--O bond. The transformation of the Mn=0 group into
Mn—OH in T-H,0-1 — T-H,0-2 involves the elongation
of the Mn—O bond, from 1.66 A to 1.77 A, accompanied
by shortening of the trans Mn—OH,; bond, from 2.16 A to
2.12 A. The bond between manganese and the tHp porphyrin
is unaffected by the reaction, and the four Mn—N bond
distances of ca. 2 A (2.00—2.06 A) do not undergo significant
change along the reaction pathway.

The quintet state of [MnO(tHp)(H,O)]" follows a reaction
pathway analogous to that of T-H,0O. The S-H,O — Q-H,O
transformation is followed by the formation of a moderately
exothermic prereaction complex, Q-H,0O-1, with AE = —4.9

(43) (a) Strassner, T.; Houk, K. N. Org. Lett. 1999, 1, 419-421. (b) Cavallo,
L.; Jacobsen, H. Eur. J. Inorg. Chem. 2003, 89, 2-902. (c) Abashkin,
Y. G.; Burt, S. K. Org. Lett. 2004, 6, 59-62.

kcal mol™! (Figure 6). In Q-H,0-1, toluene is bound to the
oxo group through a weak CH-+--O hydrogen bond
(d(CH+++0) = 2.04 A). In the C—H activation transition
state, Q-H,O-TS (Figure 7), C—H bond cleavage (d(C++<H)
=1214A) accompanies O—H bond formation (d(O++-H) =
1.48 A). The geometries of T-H,O-TS and Q-H,O-TS are
very similar, the latter being more reactant-like. As in the
triplet surface, the H transfer is exothermic (AE = —8.6 kcal
mol~!) and has a low energy barrier (AE* = 2.2 kcal mol ™).
The transition state connects with Q-H,0-2, an intermediate
in which the PhCH, radical interacts with the MnOH
fragment with a long C+++H distance of 1.98 A. The reaction
pathway from Q-H»O-1 to Q-H,0O-2 also involves the
elongation of the Mn—O bond associated with the Mn=0
— Mn—OH transformation, whereas the Mn—N bonds of
the Mn(tHp) part remain unaffected. The whole quintet
pathway lies above the triplet in energy.

The energy profiles for the C—H activation of toluene
with MnO(tHp)(OH) and [MnO,(tHp)]~ were also com-
puted. The structures of the stationary points and the
change in the geometrical parameters are very similar to
those for X = H,0. Therefore, only the geometries of the
triplet transition states, T-OH-TS and T-O-TS, are given
in detail in Figure 7.

In the case of X = OH™, the C—H oxidation is also
preceded by the formation of an intermediate with a weak
CH--+O bond between the oxo complex and the substrate.
This species is formed in both the triplet and quintet surfaces,
with favorable albeit very small values of AE (—1.6 kcal
mol ™! for T-OH-1 and —1.5 kcal mol™! for Q-OH-1; Figure
6). Both T-OH-1 and Q-OH-1 undergo H transfer from
toluene to the oxo group, leading to T-OH-2 and Q-OH-2,
respectively. These reactions are exothermic and involve very
low energy barriers;** for instance, on the triplet surface,
AE is —4.2 kcal mol™! and AE* is 4.3 kcal mol™'. In the
triplet transition state, T-OH-TS (Figure 7), the formation
of the new O—H bond and the cleavage of the benzylic C—H
bond are concerted, as pointed to by the O<++H and C-+-H
distances of 1.24 A and 1.32 A, respectively. These distances
are almost the same as those in T-H,O-TS. In fact, the main
geometrical differences between T-H,O-TS and T-OH-TS
are shown by the Mn—O bonds: in T-OH-TS, the Mn—0O
bond is longer and the axial Mn—O(H) bond is shorter, due
to the higher coordination strength and trans effect of X =
OH™ versus X = H,0.

Toluene coordinates weakly with T-O, giving rise to
intermediate T-O-1, in which a benzylic C—H makes a
CH---O hydrogen bond with one of the oxo groups. This
initial exothermic step (AE = —6.4 kcal mol™!; Figure 6) is
followed by radical H abstraction, leading to T-O-2, which
consists of the PhCH, radical weakly bound to the hydroxo
group of Mn(OH)(tHp)(O). The H-abstraction step is exo-

(44) The energy barrier associated to Q-OH-1 — Q-OH-TS in Figure 6 is
—0.7 kcal mol~!. This result is associated with the single-point
calculations of the energies at the DZP (double- + polarization; basis
set II) level. The energies at the DZ (double-¢ without polarization;
basis set I) level, at which the geometries were optimized, gave a
reasonable energy barrier of 0.4 kcal mol~!. These results clearly
indicate that H abstraction has a very low energy barrier.
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thermic (AE = —6.3 kcal mol™!) and has a low energy barrier
(AE* = 8.0 kcal mol™"). A benzylic hydrogen of toluene is
transferred to an oxo group of [MnO,(tHp)]™ in the transition
state, T-O-TS (Figure 7), as shown by the C++-H (1.38 A)
and O---H (1.18 A) distances. The reaction pathway on the
quintet surface is analogous to that of the triplet, but with a
lower energy barrier of 2.0 kcal mol ™! and a more exothermic
result (AE = —19.4 kcal mol™').

Discussion

The oxidation of bromide by the isomeric oxo-Mn(V)-2-
TMPyP and oxo-Mn(V)-4-TMPyP (TMPyP = tetra-N-
methylpyrydil porphyrin) complexes has been analyzed in a
combined experimental/theoretical study by De Angelis and
co-workers.? The unexpectedly higher reactivity of the more
electron-rich 4-TMPyP isomer was attributed to the higher
proton affinity and smaller singlet—quintet energy gap with
respect to 2-TMPyP. Linear transit scan calculations of the
potential energy surface along the Mn=O0 coordinate showed
that both the singlet and triplet states are unreactive, whereas
the quintet promotes oxo-transfer to Br~ through a low-
energy barrier.

Our calculations, with all transition states fully character-
ized, show that only high-spin complexes promote H
abstraction. Thus, in contrast to O transfer to bromide, triplet
as well as quintet states of the manganese—oxo—porphyrin
complexes are reactive, because they both have oxyl
character. Even a small oxyl character permits H abstraction,
as shown by the fact that the triplet and quintet states, which
differ greatly in oxyl character, have similar barriers above
their respective prereaction complexes. The key factor that
dominates the reactivity, however, is the promotion energy
from the unreactive singlet ground state to the higher spin
states that permits reaction. Where this is small, as in X =
H,O0, the reaction is fast.??

The DFT methodology is not able to rank different spin
states when they are close in energy. Thus, the result that
the ground states of all three complexes are singlet is most
likely valid for larger low-spin—high-spin energy gaps (X
= OH™ and O%"). Indeed, the [MnO,(TMP)]~ (TMP = tetra-
mesityl porphyrin) complex was characterized as a diamag-
netic singlet species.”> However, in the case of the aqua
complex, where the triplet state is only 4.7 kcal mol~! above
the singlet, the reverse ordering of these states cannot be
eliminated. Even with this limitation, our calculations clearly
indicate that C—H oxidation is very facile for [MnO-
(tHp)(H,O)]™ and increasingly difficult for MnO(tHp)(OH)
and [MnO,(tHp)]~. These results agree with experimental
results: isolable complexes of the general formula MnO
(TDCPP)(X) (TDCPP = tetra-(2,6-dichlorophenyl) porphy-
rin), in which the nature of X may be uncertain, were shown
to be singlet diamagnetic species, consistent with high-
spin species being reactive. In agreement with our findings,
O-transfer reactions were shown to be strongly pH-dependent
and to prefer acid.”® In such a case, the equilibrium of
Scheme 2 is shifted toward the aqua complex, which is
indeed calculated to be the most reactive.
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The energy ordering found at our level of calculations, S
< T < Q, arises from the promotion of electrons to the
antibonding 77*(X—Mn=O0) orbitals. Thus, the low-spin—high-
spin energy gap is mainly determined by the energy of these
orbitals. Axial X ligands with a high trans influence increase
the energy of the 7*(X—Mn=O0) orbitals, thus widening the
S/T and S/Q energy gaps. The widening of the low-
spin—high-spin energy gaps by increasing the trans influence
has been also reported by De Angelis and co-workers for
Mn-catalyzed bromide oxidation.*’

Our results are counterintuitive in the sense that higher
trans-influence X ligands might have been thought to
elongate the trans Mn=O bonds and make them more
reactive. Here, we show that the dominant factor is the large
increase in the S/T and S/Q gaps caused by high trans-
influence ligands. This entirely dominates the reactivity so
that the lowest trans-influence X ligand, H,O, now gives the
highest reactivity.

The molecular orbital analysis of the singlet states reveals
that the manganese dy, orbital is doubly occupied in all
systems, and therefore the metal center is formally Mn(V)
in all cases. The high-spin states are generated by promoting
electrons from the frontier orbitals of the MnO(tHp)(X)
complexes. For all Xs, the 7(Mn=0) orbitals are too deep
in energy to be the source of electrons. The two high-spin
states are generated by promoting electrons from the dy,(Mn)
orbital to 7#(X—Mn=0). In the case of the quintet state, an
additional electron is promoted from either a porphyrin 7
orbital, ay, in Q-H20,25 or a nonbonding combination of the
oxygen lone pairs, 7Tp.+px in Q-OH and Q-O. In this manner,
the axial ligand and the porphyrin ring both may play a role
in the reactivity of the Mn=0 bond.

Regardless of X, the singlet ground state is not able to
hydroxylate toluene. These results suggest that the radical
oxyl character found in the high-spin states is needed for
C—H activation. In this case, the Mn—oxyl radical species
react with toluene, generating the benzyl PhCH, radical. Even
a small amount of oxyl character permits a low-energy barrier
reaction; the triplet and quintet are both equally reactive even
though the triplet has much lower oxyl character. The need
for oxyl character is also crucial in the manganese-catalyzed
oxidation of water* and in methane activation by (ALLO3),"
(x=3,4,5) clusters.*®

Conclusions

The reactivity of [MnO(por)(X)]* (por = porphyrin; X =
H,0, OH™, and O?") for H abstraction from toluene, the key
step in C—H oxidation, has been analyzed with DFT
calculations. Transition states have been identified for the
reactive triplet (T) and quintet (Q) states of all complexes,
while singlet (S) states are always unreactive. Oxyl character,
found only in the triplet and quintet states, is thus essential
for efficient C—H activation. The much smaller oxyl

(45) (a) Siegbahn, P. E. M.; Crabtree, R. H. J. Am. Chem. Soc. 1999, 121,
117-127. (b) Lundberg, M.; Blomberg, M. R. A.; Siegbahn, P. E. M.
Inorg. Chem. 2004, 43, 264-274.

(46) Feyel, S.; Dobler, J.; Hockendorf, R.; Beyer, M. K.; Sauer, J.; Schwarz,
H. Angew. Chem., Int. Ed. 2008, 47, 1946—1950.
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character of the triplet is sufficient for high reactivity. We
find that the lowest trans-influence X ligand, H,O, gives the
most reactive complex. This is counterintuitive because high
trans-influence X ligands would be expected to elongate the
Mn=0 bond and increase the oxyl character, thus enhancing
reactivity. Contrary to this expectation, but consistent with
experimental results, we show that reactivity in fact increases
along the series X = 0%~ < OH~ < H,0; that is, reactivity
increases as the trans influence of X decreases. We find that
the dominant effect of the higher trans-influence X ligands
is the increase of the S/T and S/Q energy gaps that they
cause, thus making attainment of the needed high-spin states
harder. The higher reactivity at acidic pH is thus rationalized
by the preference for having [MnO(por)(H,O0)]* over MnO(p-
or)(OH) or [MnOx(por)]~.
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