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Introduction

Deciphering the mechanism of oxygen atom
transfer by non-heme Mn'V—-oxo species:
an ab initio and DFT explorationt

Asmita Sen,? Nidhi Vyas, & *1° Bhawana Pandey?® and Gopalan Rajaraman @ *2

Oxygen atom transfer (OAT) reactions employing transition metal-oxo species have tremendous signifi-
cance in homogeneous catalysis for industrial use. Understanding the structural and mechanistic aspects of
OAT reactions using high-valent metal-oxo species is of great importance to fine-tune their reactivity.
Herein we examine the reactivity of a non-heme high-valent oxo-manganese(v) complex, IMn'VHzbuea(O)]~
towards a variety of substrates such as PPh,Me, PPhMe,, PCys;, PPhs, and PMes using density
functional theory as well as ab initio CASSCF/NEVPT2 methods. We have initially explored the structure and
bonding of [Mn'VHsbuea(O)]™ and its congener [Mn'VHsbuea(S)|~. Our calculations affirm an S = 3/2 ground
state of the catalyst with the S = 5/2 and S = 1/2 excited states predicted to be too high lying in energy to
participate in the reaction mechanism. Our ab initio CASSCF/NEVPT2 calculations, however, reveal a strong
multi-reference character for the ground S = 3/2 state with many low-lying quartets mixing significantly
with the ground state. This opens up various reaction channels, and the admixed wave-function evolves
during the reaction with the excited triplet dominating the ground state wave-function at the reactant
complex. Our calculations predict the following pattern of reactivity, PCys < PMes < PPhz < PPhMe, <
PPh,Me for the OAT reaction with the MnV=0 species which correlates well with the experimental obser-
vations. Detailed electronic structure analysis of the transitions states reveal that these substrates react via
an unusual low-energy 8-type pathway where a spin-up electron from the substrate is transferred to the
8*_, orbital of the Mn'V=0 facilitated by its multi-reference character. The unusual reactivity observed
here has implications in understanding the reactivity of [Mn4Ca] species in photosystem 1.

photosystem II (PSII).>**° and also as an intermediate in
certain catalases®® and peroxidases.>’ Moreover, these high-

There is considerable interest in the study of oxygen, sulphur
and nitrogen atom transfer reactions in high-valent transition
metal complexes, due to their vital role in many important
biological enzymatic systems such as cytochrome P450,
sulfite oxidase, phosphine oxides, nitrate reductase, dimethyl
sulfoxide (DMSO) reductase and most importantly photosyn-
thetic water oxidation in photosystem II.'™ In this direction,
Mn-oxo complexes have been broadly explored and have
proven to be very efficient. For instance, high-valent Mn-oxo
species are involved in the oxidation of water by a tetra
manganese cluster in the oxygen-evolving complex (OEC) in
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valent metal oxo species have inspired a range of biomimetic
studies, such as oxygen atom transfer and C-H bond acti-
vation reactions”'® and a detailed understanding of the
mechanisms of these types of oxidative reactions will be
helpful in the design of catalysts with increased efficiency
and selectivity. Due to its biological and industrial ponder-
ability, much attention has been paid to the study of oxygen
atom transfer (OAT) reactions involving high-valent metal oxo
complexes.’®* For these oxidative transformations, tertiary
phosphines have become the reagents of choice, due to their
high solubility in organic solvents and the ability to tune
their reactivity through substitution at phosphorus.'****#
Therefore, it is important to investigate the factors that
control the reactivity of high-valent metal complexes with
terminal oxo ligands. Based on the conclusions drawn from
the above studies, several experimental groups have syn-
thesised biomimetic models of these types of naturally occur-
ring systems, which are also proposed to be competent oxi-
dants in many organic transformations.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Chem-draw structure of the [Hsbueal®>~ ligand employed here.

Towards this direction, several experimental research
groups have made considerable efforts in the generation and
characterisation of high-valent manganese-oxo species.'>'*?*77
For more than two decades Borovik and his group have been
actively working on the development of non-heme Mn-oxo
complexes with varying oxidation states of the metal, for
instance, [Mn'""H;buea(0)]>~ and [Mn"H;buea(O)]”, and
their related Mn-OH complexes, [Mn'"H;buea(OH)]*>~ and
[Mn""H;buea(OH)|” (where Hsbuea is tris[(N'-tert-butylurea-
ylato)-N-ethylene]aminato, see Fig. 1) and thoroughly charac-
terised them using X-ray and spectroscopic methods.'**%7%3

Computational studies have been proven to be extensively
useful to gain insights into this area by exploring the struc-
tures, bonding and reactivity of the high-valent oxo
species.**™** Recently, our group has elucidated the mecha-
nism for the formation of the Mn""=0 and Mn"“=0 com-
plexes starting from [Mn'""H,buea]”~ using molecular oxygen as
the oxidant at room temperature.’® Our group has also
explored the mechanism of the hydrogen atom abstraction
(HAT) reaction from DHA by Mn™=0 and Mn"V=0 complexes
and examined the role of basicity in the reaction.** Borovik
and co-workers also showed various sets of experiments that
the [Mn"VH;buea(O)]™ species perform very efficient OAT reac-
tions while the corresponding [Mn""Hzbuea(0)]*~ was unreac-
tive.'"* Oxygen labelling studies further confirm that phos-
phine-oxide generated in the reactions are indeed from the
oxygen atom of the Mn"V=0 species. However, these OAT reac-
tions are selective with some aryl phosphines readily yielding
the corresponding phosphine-oxide while others do not. The
mechanism of OAT reactions by Mn""=0 has not been well

d,*®383% and there is a clear need to establish the

documente
factors which control the reactivity of the metal-oxo moieties
towards oxygen transfer. This leads us to pursue a compu-
tational investigation for the formation of phosphine oxide
using the [Mn'VH;buea(0)]” complex with various substrates.
Furthermore, we have explored the isoelectronic Mn'Y=S$
species and its ability to perform sulphur atom transfer (SAT)
reactions. There is a vast body of literature documenting SAT
reactions with various catalysts, including some dinuclear Mn
systems,”* ™ however there is no report on high-valent
Mn"V=S species while the high-valent analogues of Fe are well
characterised.*°

In this manuscript, we have studied the intricate mechanis-
tic details of oxygen atom transfer reactions using the

This journal is © The Royal Society of Chemistry 2020
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[Mn"VH;buea(O)]” complex with a variety of substrates such as;
PPh,Me, PPhMe,, PCy;, PPh;, and PMe; forming phosphine
oxides. By probing the structure and bonding properties of the
Mn"V=0 species and the corresponding transition states, we
would like to comment on the reactivity of high-valent manga-
nese-oxo species. In addition, we have investigated computa-
tionally a relatively unexplored sulphur atom transfer reaction
(SAT) by Mn"™=S$ species. In this work, we aim to address the
following questions using a combination of DFT and ab initio
CASSCF/NEVPT2 method (i) what is the ground state electronic
structure of the Mn™=0 and Mn"V=S species, and how do
they differ? (ii) What is the exact mechanism by which the OAT
reaction takes place and why do the Mn"™V=0 species exhibit
differential oxidative abilities with substrates such as PCys,
PPh;, PPh,Me, PPhMe, and PMe;? (iii) How do SAT and OAT
reactions differ and is SAT reaction with [Mn"VHzbuea(S)]”
species feasible with PR; substrates?

Computational methods

Density functional theory (DFT) calculations were carried out
using the Gaussian 09 suite of programs.”*® Geometries of all
global minima and the transition state in the gas phase were
optimised without any symmetry constraints using the unrest-
ricted B3LYP hybrid functional®®™" as this hybrid density func-
tional has been proven to provide an accurate description of
structure and energies for such reactions.*®*° Moreover,
earlier benchmarking performed by us also indicates the
superiority of this functional for predicting correct spin-state
ordering, spectroscopic parameters and reactivity trend.*' Two
different basis sets were used; LanL2DZ encompasses a
double-¢ quality basis set with the Los Alamos effective core
potential for Mn®>*® and a 6-31G** basis set for the other
atoms such as C, H, N, O, P and S.>* Refinement of the elec-
tronic energies have been performed via single-point calcu-
lations on the optimised geometries using the TZVP basis set
for all atoms at the same level of theory. The harmonic
vibrational frequency calculations were performed to charac-
terise all the stationary points at the temperature of 298.15 K.
Both the global minima and the maxima in the potential
energy surface were verified by visualising the vibrational
modes where all the minimum energy structures are character-
ised by all positive frequencies. In contrast, the transition
states were characterised by a single negative frequency.
Intrinsic reaction coordinate (IRC) calculations were carried
out to confirm the fact that, all the calculated transition states
are connecting to the corresponding intermediates. The role of
solvent on the gas phase energetics was studied at the B3LYP
level using Solvation Model Based on Density (SMD).>®> Here
dimethyl sulfoxide (DMSO) is used as a solvent. Grimme’s D3
version of dispersion with the original D3 dumping function
has been incorporated via the DFT-D3 method in the gas
phase optimisation as well as in the single-point
calculations.’®>” The quoted DFT energies are B3LYP-D3 elec-
tronic energies, including zero-point energy corrections, which
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were obtained from the frequency calculations. NBO analysis
was performed using the G09 suite to calculate the Wiberg
bond order.”® Calculations of spectroscopic properties such as
UV-VIS spectra and EPR parameters were performed using the
ORCA 3.0.1 program package.>® For these calculations, relati-
vistic effects were taken into account via zeroth-order regular
approximation (ZORA),*>®* which was used both in the
Hamiltonian as well as in basis functions. In the configuration
interaction (CI) step,®® state-averaged complete-active space
self-consistent field (CASSCF) wave functions have been
employed with the 10-quartet and 40-doublets considering
three active metal electrons in five metal d-orbitals using the
def2-TZVP basis set on Mn, def2-TZVP(-f) basis set for N and
def2-SVP basis set on C, O, S and H. Further to incorporate
dynamic correlation, N-electron valence perturbation theory
(NEVPT2) was performed on top of the CASSCF wave-function.
Increased integration grids (Grid 5 in ORCA convention) along
with tight SCF convergence were used. The hybrid B3LYP func-
tional has been used for both TD-DFT and CASSCF/NEV
calculations.

In this study, the complete active space self-consistent-field
(CASSCF) method has been used to expand the electronic
wave-function in all possible configuration state functions by
the distribution of electrons in the active space. Although com-
putationally costly, this method is more simplified and accu-
rate than the DFT method to determine both the ground state
and the excited state wave-functions by state-specific configur-
ation interaction (CI).”® It is important to note here that when
the mixing of the wave function is significant as seen in the
performed CASSCF calculations, DFT calculations may not
yield accurate results. However, to compensate this factor, we
have explored various reaction channels o, n, and 8 which
indirectly captures the multi-reference character observed in
CASSCF calculations to some extent. In general, the
DLPNO-CCSD(T) methods proposed recently for the estimation
of spin-state energies offer a viable alternative to DFT
methods.”* However, this method may not yield a good
numerical estimate of energies in the present case, given the
strong multi-reference character of the Mn"Y=0 species
(vide infra).

To understand the origin of kinetic barrier heights
observed with different substrates, we have performed the
energy decomposition analysis (EDA) using AOMIX software.®®
The spin-density plots were generated using Chemecraft version
1.6.°" In this study, we have calculated the rate constant of
these oxygen transfer reactions following the Eyring equation
depicted by eqn (1), where AG* is the activation free energy, k
is the transmission coefficient (which can be treated as a unit
for the sake of simplicity).

ach
k= KkBTTe*W (1)

We have computed Wiberg bond indices from the natural
atomic orbital analysis (NBO) and bond formation index (BF;)
or bond cleavage index (BC;) have been calculated from the
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calculated bond orders, following the equation described
below,
BO/S — BO}

L %100

BF; or BG; = — 45—
! 7 BO? — BOR

From the above calculated BF; and BC; values, Bond
formation-cleavage average (BFCyy) values have been calcu-
lated as,®’

BFCpe = 1/2(BF; + BCy)

Here, we have used notations for easy understanding of the
various spin states, for instance, **"'[species name]y/o),
where, S is the spin state of the metal, and x denotes the
number representing the substrates such as 1 for PPh,Me, 2
for PPhMe,, 3 for PPh;, 4 for PCy; and 5 for PMe;. The nota-
tion ***'[species name]s has been used for all reactions. If two
types of pathways are involved, this is represented by (8) or (o)
after the substrate notation in the subscript. Also, to reduce
the computational cost and time, we have replaced the term-
inal tertiary-butyl groups of the [H;buea] ligand by the methyl

group.

Results and discussion

In the first section, electronic structure, bonding and com-
puted EPR parameters for the [Mn"VHzbuea(O)]” and
[Mn™VH;buea(S)]” species will be discussed followed by the
mechanism of OAT reaction by this species in the next section.

Electronic structure of [Mn" H;buea(X)]™ (X=0O and S) species

We have optimised [Mn"VH;buea(O)]” species in all possible
spin states i.e. S = 3/2 and S = 1/2. In addition, we have also
computed the energy of Mn™-O" form where we performed
calculations on an S = 5/2 state which corresponds to a Mn™"
centre ferromagnetically coupled with the oxyl radical centre.
While there is a possibility of obtaining an S = 3/2 state when
there is antiferromagnetic interaction between the Mn™ centre
and the oxyl radical, all our attempts to obtain such species
converged to the S = 3/2 Mn"Y=0 species with no concomitant
negative spin density at the oxygen atom as expected. This
suggests that such a configuration is unlikely to be stable as
there is a global minima for the S = 3/2 state.*® In recent
reports on the reactivity of Mn"Y=0 species, the reactivity was
suggested to be generated from the excited S = 3/2 state
instead of the ground state.>*> We have also computed this
excited state to obtain a good numerical estimate of the barrier
heights for the OAT reaction. DFT calculations predict the S =
3/2 state as the ground state with the high-spin § = 5/2 and
low-spin S = 1/2 states lying 70.4 k] mol™" and 98.8 kJ mol™*
higher in energy, respectively (see Fig. 2). The optimised struc-
ture for the ground S = 3/2 state along with the respective spin
density plots are shown in Fig. 3a and b. In the S = 3/2 state,
the Mn-O bond distance is computed to be 1.68 A (see
Fig. 3a). Unlike the popular Fe™=0 species for which detail
structural information is available, there are only scarce

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 DFT/B3LYP-D3 computed energy profile diagram (kJ mol™) of the oxygen atom transfer reactions for (a) PPh,Me, (b) PPhMe,, (c) PPhs, and

(d) PCys using the [Mn'VHsbuea(O)]™ catalyst.

Mn = 2.789
0=0.243
o~
os
Q®o
onN

Z.N-Mn-S=163.38

Fig. 3 DFT optimized structures and spin density plots of (a and b) the
[Mn'"VH3buea(O)]~ complex in the S = 3/2 ground state, (c and d) the
[Mn'"VH3buea(S)]~ complex in the S = 3/2 ground state.

reports on the geometry of the analogues Mn"'=0 species. So
far there is only one report on the X-ray structure of Mn" =0
species, [Mn"(0)(ditox);]” (where Hditox = ‘Bu,MeCOH), with
the Mn"Y=0 centre being four coordinate in a pseudo-tetra-
hedral C;, geometry with the Mn-O distance reported to be
1.628 A possessing S = 3/2 ground state affirmed by SQUID and
EPR data.®® In addition, a series of six-coordinate Mn"V=0

This journal is © The Royal Society of Chemistry 2020

species has been characterised using XAFS study revealing the
Mn-O distance in the range of 1.68 to 1.78 A.*>°° This distance
is also consistent with EXAFS data reported for the square pyr-
amidal five-coordinate [Mn"(0)(Tpiv)] species (here Tpiv =
meso-tetrakis(a,o,a,a-0-pivalamidephenyl)porphyrin).'>®”  The
Mn-O bond in the S = 3/2 state is 0.05 A shorter than the
Mn"™-O" species (S = 5/2) indicating a stronger Mn-O double
bond character for this species in the S = 3/2 state (see
Table S1 of the ESIT for geometrical parameters). This fact is
also supported by the Wiberg bond index of 1.573 (see
Table 1). Furthermore, the oxo centre of the Mn-O moiety
makes a hydrogen bonding cavity of ~1.80 A radius interacting
with the dangling hydrogen atoms from the nitrogen sites of
the buea-ligand. This bond is weaker than the Mn"-O’
species, where the radius is ~1.74 A. The other optimised para-
meters, for instance, N1-Mn-N2, N2-Mn-N3 and N3-Mn-N1,
N-Mn-O angles are computed to be 103.1°, 137.9°, 112.3°,
175.0° respectively. These angles suggest a strong deviation
from the trigonal symmetry. This distortion in the trigonal
plane is expected as the Mn"" system having a d* configuration
with trigonal bipyramidal geometry is Jahn-Teller active and
expected to undergo structural distortion. Spin density on the
Mn atom is found to be 2.789 along with a significant spin
density of 0.243 on the oxygen atom (see Fig. 3b and Table S2
of the ESIY).

Dalton Trans., 2020, 49, 10380-10393 | 10383
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Table 1 Computed NBO, EDA (in kJ mol™), WB index and ZFS values for the [Mn'VHsbuea(O)]~ and [Mn'VHsbuea(S)I~ species

EDA EPR
NBO Hsbuea(Mn) + O(S)

Species Metal (%) 0 (%) AEin AEgieric AEqm WB index D(em™) E/D

Mn"V=0 23.65 76.35 —2713.7 982.4 -731.3 1.573 4.01 0.26

Mn"vV=s 30.02 69.98 —-1731.3 802.1 -929.3 1.556 3.05 0.22

The DFT computed ground-state electron occupancy for the
Mn"V=0 species in the d-block orbitals is 8y, n*, 1% ;'8 "
o*,.°, as depicted in Fig. 4a. The degeneracy of the two = orbi-
tals (n*, and n*);) is lifted, and these are destabilised by 0.2
eV and 0.5 eV, respectively from the lowest-lying 5, orbital.
The empty 6*,._,» and ¢*,. orbitals are found to be very high in
energy lying at 3.4 eV and 5.1 eV compared to the lowest 5,
orbital. The UV-VIS absorption spectrum for the [Mn"VH;buea
(O)]” catalyst computed from TD-DFT analysis consists of low
energy weak bands at 930 nm (band @) and 779 nm (band b),
an intense band at 596 nm (band c), a high energy sharp band
at 404 nm (band d) and higher energy features above 400 nm
(see Fig. S1 in the ESIT). Here the feature noted as band a in
the near-IR region (930 nm) corresponds to the transition from
‘E > “B (from n*,,/n*), to 8*,._,» orbital) and this is in agree-
ment with earlier experiments®® reporting such unique fea-
tures for Mn"™ =0 species. The TD-DFT computed sharp band
at 596 nm is in accordance with the experimental absorption
at 635 nm.** The band ¢ also corresponds to d-d transition
while band d belongs to LMCT transitions (see Fig. S1t).

Similar to the band d, the high energy bands also originate
due to the strong ligand to metal charge transfer.

To further understand the underlying electronic structure
of the ground state S = 3/2 geometry, state-average CASSSF/
NEVPT2 calculations were performed on the S = 3/2 ground
state geometry. Here we have included ten quartet and 40
doublet states. Calculations reveal a strong mixing of the
ground state electronic structure. Particularly, the dominant
ground state electronic structure “B is found to have
By ¥y ¥, 8% 2 12%6% 20 configuration with mere 32% contri-
bution and is found to mix strongly with “E states with
By ¥y ¥ 8% oy 6%20 and 8, 'm* ), 1%, "0% 212 %0% ! excited
states contributing 18% and 17%, respectively to the ground
state (see Fig. 4b and Table S37). Such strong mixing reveals
the multiconfigurational character of the Mn"™'=—0 species and
such complex electronic features are unlikely to be captured by
single determinant methods such as DFT. To assess the utilis-
ation of the CASSCF/NEVPT2 method to obtain a detailed elec-
tronic structure, we have calculated zero-field splitting para-
meters for [Mn'VHzbuea(O)]” species using the CASSCF/

"2 3.0 -

*
5 X2-y2

32% 18% 17%
A

Fig. 4 (a) DFT computed and (b) CASSSFT/NEVPT2 based frontier d-based orbital energies of the S = 3/2 state for [Mn'VHzbuea(O)]~ species. All the

energy values are in eV unit.
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NEVPT2 method. The D and E/D values are found to be
4.01 cm™" and 0.26, which fits well with the experimental esti-
mate of D ~ 3.0 cm ™" and E/D = 0.26."* Here both the magni-
tude, as well as the sign of D, are reproduced. The calculations
estimate a strong, easy plane anisotropy arising perhaps due to
the splitting of the n*,, and n*,, orbitals. A significant contri-
bution to the ZFS parameter D arises from n*,, to ¢*.
(—0.412 em™) and *),/n*,, to the 8% j/c*, (+0.919 cm™)
quartet states. Much larger and dominant positive contri-
butions are found to arise from spin—flip doublet states aided
by the strong mixing of the wave function at the ground state.
Particularly doublet transition from 8, to 6*,._y. orbitals con-
tributing + 1.80 cm ™" and n*,, to *,» contributes + 2.45 cm ™
to the overall D value. The electronic g-tensors for the S = 3/2
state is calculated to be g, = 1.623, g, = 2.357 and g, = 5.116.
This reveals a rhombic pattern of g-tensors, and this is also
consistent with experimental reports.'*>%%8

Although synthesis and characterisation of [Mn" Hzbuea
(S)]” species is not reported, analogues of [Fe""Hzbuea(S)]”
species have been reported earlier.*® This prompts us to look
into the congener of the oxo analogue and the relevant
sulphur atom transfer reactions. The [Mn"Hzbuea(S)]™ species
also possess an § = 3/2 ground state with the S = 5/2 and § =
1/2 lying at 8.6 k] mol™" and 113.9 k] mol™" higher in energy
(see Fig. 5). A significant difference in the sextet/quartet
energy gap for oxo (70.2/0.0) and sulphido (8.6/0.0) species
suggests that the spin state energetics are greatly affected by
the substitution. Particularly the S = 5/2 state is very close to
the S = 3/2 state, suggesting a strong contribution of Mn™'-§’
to the ground Mn"V=S species. This also indicates that
increasing the covalency of the donor atom is likely to stabilise
the higher oxidation state at the metal due to enhanced elec-
tron donation. The computed Mn-S bond length for this

113.9

2R¢+PPh,Me

6Rg+PPh,Me
4Rg+PPh,Me
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complex on the § = 3/2 state is estimated to be 2.20 A (see
Fig. 3c), which is 0.52 A longer than that of Mn'Y=0 species
on the same surface. A slightly higher value of the WB index
for Mn-O (1.573) than that of the Mn-S (1.556) reflects a
higher double bond character in the Mn-O bond. The com-
puted spin density on the Mn atom in Mn" =S is observed to
be 3.170, and this is significantly larger than that found at the
Mn centre of the Mn"V=0 species in the ground S = 3/2 state.
This increase in spin density at the Mn centre is accompanied
by a drastic reduction of spin density at the sulphur centre
(—0.041) suggesting the absence of radical character at the S
atom (see Fig. 3d). Further NBO analysis reveals that the o-
bonding interaction in the Mn"™Y=0 species is composed of
23.65% of Mn-d,. and 76.35% of O(P,) orbitals while that for
the Mn"=S$ species is 30.02% of Mn-d,. and 69.98% of S(P,)
orbitals (Table 1). These contributions suggest the greater
covalent nature of the Mn-S bond than that of the Mn-O. We
have further calculated the zero-field splitting parameters for
the [Mn"VHzbuea(S)]” species at the § = 3/2 state and the
values are found to be D = 3.05 cm™" and E/D = 0.22. The elec-
tronic g-tensors for the ground state of the Mn"-S complex are
estimated to be g, = 1.716, g, = 2.589 and g, = 5.033, indicating
a rhombic pattern of g-tensor similar to the Mn™-O species.
Further EDA analysis performed (see Table 1) revealed that the
Mn"=0 bond is nearly 1.56 times stronger than the Mn""=S$
bond and this stabilisation essentially arises from significant
orbital stabilisation energy as oxygen 2p orbitals overlap very
efficiently with the metal orbitals than the sulphur 3p orbitals.

Mechanism of oxygen atom transfer reactions

Experimentally, it is found that [Mn"VH;buea(O)]™ species do
not react with substrates such as PCy; and PPh; at room temp-
erature in DMSO solvent. In contrast, it reacts with PPh,Me

-161.6 U

Fig. 5 DFT/B3LYP-D3 computed energy profile diagram (kJ mol™) for the S-atom transfer reactions for the substrate PPh,Me with [Mn''Hsbuea

(S)]™ species.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic diagram from the oxygen atom transfer reaction.

and PPhMe, substrates producing corresponding phosphine
oxides and the reduced form of the catalyst, [Mn"Hzbuea]",
via a two-electron transfer process under the same reaction
conditions.'? The average yield for the reaction with PPh,Me is
50-70% while that of PPhMe, is ~50%. Oxygen atom transfer
reactions to the phosphine complexes with other metal-oxo
species employ PMe; as a substrate;'” thus we have considered
all five substrates to understand the electronic as well as struc-
tural reasons behind their reactivity pattern. The schematic
mechanism adapted for the oxygen atom transfer reaction is
shown in Scheme 1. The overall reaction comprises of initial
reactant complex formation, ®**RC, between the free catalyst
and the phosphine substrates, followed by simultaneous bond
breaking (r bond of Mn"V=0) and bond formation (O---PR3)
events involved in the synchronous oxygen-transfer transition
state (>**TS) and eventually leads to the formation of the Mn"'-
phosphine oxide product complex, [Mn"Hzbuea(OPR;)]”
(**?P). In the next section, we will thoroughly discuss the
mechanistic and structural aspects of the individual sub-
strates. The DFT computed potential energy diagrams for the
PPh,Me, PPhMe,, PPh; and PCy; substrates are given in Fig. 2.

Starting from the PPh,Me substrate and the free catalyst
[Mn'VH;buea(0)]”, interestingly, we have found two reactant
complexes with varying intermediate spin configurations,
*RCy(e) which is exergonic by 24.2 k] mol™" having the elec-
tronic configuration of 6*,2'8,,'6%2_."n%),'1*,.° (see Table S47)
and the other one “RC;s) with the 8%, "%, '1%,,'8,,"0* 2" con-
figuration (see Table S5 in the ESIf) is 41.6 k] mol™*
exothermic.

To understand the multiconfigurational character of the
reactant complex, CASSCF calculations were performed on
both geometries. The calculations reveal a strong multi-deter-
minant characteristic of ground state S = 3/2 (see Table S3 in
the ESIT) at the RC with the ground state electronic configur-
ation 8,,'m* ), ' m* ;8% 2_2%6*,." contributing less than 6% with
8y M), 1%, 0% 2_y2"6* 2" dominating the ground state wave-
function (38%) for the “RC, ) species. This suggests that as we
move along the reaction coordinate, the composition of the
ground state electronic structure predicted changes, with the
electronic configuration contributing 17% to the ground state
for the free catalyst becoming dominant at the reactant
complex stage as this configuration is driving the reactivity
further yielding a lower energy transition state.

10386 | Dalton Trans., 2020, 49, 10380-10393

R = Ph,Me/ PhMe,/ Ph;/ Cy;/ Me;

It is important to compare our results to the earlier results
reported by Jackson and co-workers on [Mn'(O)(N4Py)]**
species using CASSCF/NEVPT2 methods.** As this is an octa-
hedral Mn"™V=0 species, clearly the orbital ordering is
different compared to ours. Further on the 5*,._. orbital did
not have any contribution from the oxygen atom and therefore
the & pathway is unlikely in this case, and the lowest barriers
are estimated on the o channels. In addition, CASSCF/NEVPT2
analysis reveals that the ground state has dominant
By M) ' T* 1, 0% 2_ya"6* 2" character (77%) with little mixing
seen with other quartets, however, a small (6%) but important
Mn"™-O" mixing has been unveiled. This is very different from
our results with strong mixing with other quartet states has
been witnessed suggesting diverging reactivity for the TBP-
Mn"V=0 compared to octahedral-Mn"V=0 species. This kind
of behaviour was reported earlier for Fe™"=0 species wherein
TBP-Fe'V=0 was found to be aggressive in its reactivity com-
pared to octahedral Fe™V=0 species.”*

The energy barrier for the oxygen atom transfer is estimated
to be 43.1 k] mol™" ("RCy() = *TSy(5) in the quartet (S = 3/2)
energy surface (see Fig. 2a). The energy barrier associated with
the “RC;5) is quite high, 83.5 k] mol™". Therefore, the pathway
associated with the higher energy barrier can be eliminated
from our calculations. Other spin states such as S = 5/2 and S
= 1/2 are lying at 56.1 k] mol™" and 98.0 k] mol™" higher in
energy than that of 'RC,(,) (see Fig. 2a). Therefore, we can
easily discard the possibility of these two spin-surfaces too
from taking part in the reaction kinetics for PPh,Me. The Mn-
O bond distance (1.67 A) is not altered much in the “RCy(,) as
compared to the bare catalyst (‘R). However, the hydrogen-
bonding cavity is distorted in one side (2.05 A) in the reactant
complex to allow the substrate to approach oxygen closely at
the transition state. In 4T51(5), the Mn-O bond is elongated to
1.72 A which is comparable with the Mn"'=0 bond length
(1.73 A) (longer than the Mn"-O double bond but shorter
than that of Mn"~O" single bond).>**> The limiting P---O dis-
tance in 4Tsl(5] is found to be 2.33 A which is much longer
than the regular P-O single bond length (see Fig. 6a and
Table S1 in the ESI{). The above bonding parameters are
indicative of the fact that in the transition state, neither the
Mn-O double bond is breaking completely nor the P-O bond
is fully forming, but a synchronous type of oxo-transfer is
taking place. This low-lying transition state follows the
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§-pathway, where the Mn-O-P angle is estimated to be
123.49°. In “TS,s), the spin density on the Mn centre is found
to be 3.591 with the O and P centre possessing a spin density
of —0.277 and —0.270 (see Fig. 6a and f). A significant increase
in the spin density of 0.762 on the Mn centre and negative
residual spin densities on the O and P centres indicate the
transfer of a-electron from the respective 3S and 2P orbitals of
the P and O centres to the metal 8*,._,. orbital. The higher
energy 'TSye) is 23.0 k] mol™' uphill compared to that of
TS,(5) (see Fig. 2a and Fig. S27). Fig. 7a depicts that there are
three-unpaired spin-up electrons in the n*y,, 8, and c*,. orbi-
tals and with the occupancy of 0.23 and 0.14 in 8*,._,. and 7%,
orbitals, respectively in “RC (). As argued before, after electron
transfer in the 4T81(5) state, the d-block of the metal gains an
electron into the partially vacant 8*,._. orbital of the metal
while the 2p of O and 3S orbital P is left with a significant
amount of spin-down electrons (see Fig. 7b).>>*> The spin
density of 3.567, —0.207, —0.287 on the metal, O and the P
centres and the Mn-O-P bond angle of 158.3° in this high-
lying transition state is indicative of the transfer of a-electron
to the metal vacant 6*,. orbital in a similar fashion (see Fig. 7c
and d). This alternative high energy transition state is associ-
ated with the c-pathway and designated as *TS;(). Due to
transfer of a-spin to the metal d-orbital from the O and P
centres in both the transitions states, the increase of the
exchange term (Kyq) will be equal (3Kyq) in both cases (see
Fig. 8). Therefore, the stability of the “TS;(s) over TS, is not
due to the exchange enhance reactivity (EER)*> but orbital
dependent.

Our results from the DFT along with ab initio CASSCF/
NEVPT2 calculations are consistent with the observations
depicted by Shaik and co-workers while studying the C-H
bond activation catalysed by a non-heme Mn"Y=0 species.’®
They have also pointed toward the interplay of the two S = 3/2

This journal is © The Royal Society of Chemistry 2020

states for the reactivity of the Mn""=0 species and the involve-
ment of higher energy S = 3/2 configuration to the catalytic
reactivity. Although the Mn"™=0 complexes in the heme
environment may not involve these higher energy states in
their reactivity.”>

After the oxo-transfer, the product formation takes place
where a spin-crossover between the S = 5/2 and S = 3/2 states is
expected to occur. The formation of the product is highly
exothermic from the free catalyst as well for the reactant
complex and lies 180.8 k] mol™" downhill compared to that of
the reactant complex on the § = 3/2 surface. In °P;, the Mn-O
bond further elongates to 2.25 A, and P-O bond is fully formed
(1.51 A). We have calculated the rate of this oxo-transfer reac-
tion for the substrate PPh,Me using Eyring equation and the
DFT estimated rate is 1.7 x 10° M~ s'. This very high rate
coincides with the experimental observation, and we can con-
clude that PPh,Me reacts very fast with the Mn"Y=0 catalyst
towards the formation of phosphine oxide.

Similar to the PPh,Me, the reactant cluster formation for
PPhMe, is also exothermic by 24.4 k] mol™" from the free cata-
lyst in the ground S = 3/2 state (‘RC,). The other two spin
states are lying 53.3 k] mol™ (S = 5/2) and 76.2 k] mol™" (S =
1/2) higher in energy (see Fig. 2b). From these energy values, we
can ignore the participation of the higher energy doublet state.
The lowest energy barrier for the oxygen atom transfer (*RC, —
TS,) in the present case is associated with 44.8 k] mol™" in
the quartet (S = 3/2) energy surface (see Fig. 2b). Therefore, we
can conclude that the reaction is occurring in the S = 3/2
surface only. The barrier height computed here is roughly
1.7 k] mol™" higher than the PPh,Me substrate. The calculated
rate of the oxo-transfer reaction for the substrate PPhMe, is
estimated to be 8.5 x 10* M™" s7!, which is nearly two times
lower than the rate of PPh,Me. This slightly higher barrier
compared for the PPh,Me is also in line with the experimental
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observation of lower yield for the PPhMe, compared to
PPh,Me.'* The Mn-O-P angle is computed to be 117.59° along
with the spin density of 3.616 on the Mn centre, leaving a sig-
nificant amount of negative spins on the O and P centres in
TS, (see Fig. 6b and g). Spin natural orbitals reveal that the
computed pathway in PPhMe, (see Fig. S3 in the ESI}) is also
the 8-pathway. The Mn-O bond is elongated by 0.01 A than
that in *TS,), and the limiting O---P distance is also length-
ened by 0.04 A.

PPh; forms a very stable reactant complex (*RC;) with the
catalyst [Mn'VHzbuea(O)]” which is exothermic by 43.4 KJ
mol ™" in the lowest-lying S = 3/2 spin state (see Fig. 2c). The
formation of the reactant-complex in the other § = 5/2 (°RC;)
and S = 1/2 (°RC3) states are also significantly exothermic com-
pared to the free catalyst, but these states are lying 67.5 k]
mol ™" and 90.8 k] mol™" up-hill compared to that of “RC; (see
Fig. 2c). This extra stability of RC plays a crucial role in the
reaction kinetics of this species. Compared to the other two
substrates, PPh,Me and PPhMe,, the stability of the reactant
complex species in the S = 3/2 spin state is ~2 times higher

10388 | Dalton Trans., 2020, 49, 10380-10393

making “RC; comparatively reluctant to take part in the
oxygen transfer mechanism. The intrinsic barrier (‘RC; —
TS;) for the OAT reaction with PPh; is estimated to be 63.3 k]
mol ™" associated with the S = 3/2 surface (see Fig. 2c). This
energy barrier is 20.0 k] mol™" and 18.5 kJ mol™" higher than
that of the PPh,Me and PPhMe, substrates, respectively in the
same surface. The DFT optimised structure of the transition
state, “TS;, along with the spin density plot is shown in Fig. 6c
and h. The Mn-O distance at *TS; is elongated to 1.72 A, and
at the transition state, the O---P distance is calculated to be
2.40 A. In the rate-limiting transition state, the spin density on
the Mn centre is increased by 0.728 with the residual spins of
—0.257 and —0.238 on the O and P centre, respectively (see
Fig. 6¢ and h). The Mn-O-P angle of 120.61° suggests the &
pathway for the oxo-transfer which is manifested by the trans-
fer of a significant amount of spin-up electron to the metal
8*,2_, orbital from the phosphorus 3S and oxygen 2P orbitals,
respectively (see Fig. S4 in the ESIf). Here only two H-bonds
are found to be stronger while the third one is broken as PPh;
approaches from this side. Similarly, the product formation

This journal is © The Royal Society of Chemistry 2020
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step is exothermic maintaining the two-state reactivity trend
between the high-lying S = 5/2, and the low-lying S = 3/2 state
and °P; is stabilised by 207.3 k] mol~" as compared to the free
catalyst. The DFT computed rate of the oxygen atom transfer
reaction is calculated to be 58 M~ s™* which is ~3 x 10> times
lower than that of the most facile PPh,Me. This DFT computed
lower rate for the PPh; substrate is in accordance with the
experiments where PPh; was found to be unreactive with the
[Mn"VH;buea(O)] catalyst.

For the PCy; substrate, the cluster RC, is of higher energy
than the separate reactants and therefore, we can assume that
there was no stable reactant complex formation here and we
can ignore it for this species from the reaction kinetics. The
intrinsic barrier for oxygen atom transfer (*RC; — *TS,) from
the free catalyst and the substrate is estimated to be 65.5 kJ
mol ™" in the quartet energy surface (see Fig. 2d). In the limit-
ing step, the 7(Mn-0) and r(O---P) are estimated to be 1.71 A
and 2.60 A, respectively (see Fig. 6d). The Mn-O bond elonga-
tion is the smallest for PCy; as compared to the other sub-
strates while the limiting value of the O---P bond is the highest
among all indicating the fact that, the approach of bulky PCy;
to the metal-oxo centre causes significant steric repulsion
which results in the contraction of Mn-oxo unit towards the
H-bonding cavity as well as to minimise the steric cost, PCy;
attacks the oxo-centre from a larger distance. This is supported
by the decrease in the H-bond length cavity to 2.07 A in one
side, which is distorted in all complexes (see Table S1}). The
Mn-O-P angle in the TS, is found to be 118.5° with the spin
densities on metal, O and P centres are 3.599, —0.274 and
—0.314, respectively (see Fig. 6i). Here also in PCys, the
a-electron is transferred to the metal 6*,._y. orbital leading to

This journal is © The Royal Society of Chemistry 2020

a &-type pathway (see Fig. S51). Here the formation of the
product, °P, is 150.9 k] mol™" exergonic than that of the free
reactants in the ground state. The DFT calculated rate for the
PCy; substrate is found to be 19.2 M~ s™'. Here, the low rate
for the oxygen-transfer along with the lowest formation energy
for the product, results in a lack of driving force for the reac-
tion and this is in line with the experimental observation that
PCy; does not react with the catalyst.

For PMe; the formation of the reactant complex is exother-
mic by 30.3 k] mol™" in the quartet surface followed by the oxo-
transfer transition state, “TS; associated with the intrinsic
barrier of 63.5 k] mol™" in the S = 3/2 spin state (see Fig. S6 in
the ESIT). The elongation of the Mn-O bond in *TS; is found to
be 1.72 A which is comparable with the PPh;. The respective
spin densities on the Mn, O and P centres in the transition
state are 3.598, —0.294, and —0.271 and the Mn-O-P angle is
found to be 115.4° suggesting a &-type pathway (see Fig. 6e, j
and Fig. S7 in the ESIt). The distance between the O and the P
centre in *TS; is found to be 2.44 A. The comparatively higher
O---P distance in the limiting condition is similar to the case of
PPhMe,, ie., with a decrease in the steric hindrance the sub-
strate will come closer to the Mn-O moiety and get repulsed
due to the destabilising electrostatic interaction from the dan-
gling polar group of the buea. The calculated rate for the PMe;
is 42.7 M™' s7', which is quite low from a reaction perspective,
and we can conclude that PMe; is not suitable enough for the
oxygen atom transfer reaction by the Mn""=0 catalyst.

Comparison between oxygen and sulphur atom transfer reaction

The structure and bonding of [Mn"VHjbuea(S)]” species was
discussed in the earlier section, and here we have attempted to
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compute the transition states for the sulphur atom transfer
(SAT) reaction by this species with PPh,Me as the substrate.
The SAT reactions are typical of metal ions such as V'Y, Mo"
and Re" possessing terminal sulphido bridges and are
common also in dinuclear Fe and Mn chemistry.**™*®”® Our
work has been motivated by a similar type of Fe'™=S species
which is known to be involved in the sulphur atom transfer
reactions.”® The DFT computed potential energy surface
diagram for the sulphur atom transfer (SAT) is depicted in
Fig. 5. As we have discussed in the previous section, unlike the
oxygen atom transfer, SAT involves both the § = 5/2 and S = 3/2
spin states in the reaction kinetics as the energy gap between
these two states is marginal (8.6 k] mol™"). This gap decreases
and becomes nearly degenerate when we consider reactant
complex formation (energy gap of 0.1 k] mol™). Upon careful
investigation on the structures of the reactant complex, the
Mn-S bond lengths in the S = 5/2 and S = 3/2 do not differ
much, 2.34 A and 2.33 A, respectively (see Table S1f).
Moreover, the spin density values of 3.907/0.763 and
4.034/—0.904 on the Mn/S centres in the °RCg and “RCg are
indicating towards the existence of the Mn"'-S" species with
spin-up and spin-down on the sulphido radical in the °RCg
and “RCg, respectively (see Table S6t). All our attempts to
obtain the °TSg transition state collapsed to the product
suggesting a flat potential energy surface with no/very small
barrier height. To affirm the barrier height, we performed a
relaxed potential energy surface scan along the S and P bond
from 2.25 A to 2.8 A (see Fig. S8 in the ESI{) and this yielded a
barrier height 0.4 k] mol™" (°RCg — °TSg), reflecting a barrier-
less reaction for the SAT on the sextet surface. The barrier
height in the quartet surface is estimated to be 16.8 k] mol™*
(*RCg — *TSs) (see Fig. 5). Minimal/no barriers for the SAT
reaction compared to OAT suggest a very facile and fast trans-
fer of sulphur compared to the OAT reaction, while there is no
experimental proof for this observation, SAT reactions are
found to be faster for Fe"™=S species compared to Fe™V=O0,
suggesting a similar trend could be possible also in Mn
systems. In the transition state, the r(Mn-S) is found to be
2.46 A, and the distance between the P and the S centres is
2.70 A (see Fig. 9). It is seen that the H-bond cavity around
the metal centre is distorted in both in °TSg and “TSg (see
Fig. S9 in the ESIY); as a result, the Mn-S bond is elongated
and provides more room for the approach of the substrate
PPh,Me, making the S-transfer more facile. The enhanced
spin density of 4.363 on Mn with the significant amount of
residual spins of 0.266 and 0.216 on the S and P centres in
TSy reveals the fact that there is a considerable rearrange-
ment of spins that take place during the transition (see
Table S6t and Fig. 9). A f-spin electron from phosphorus has
been transferred to the 5, orbital of the Mn atom suggesting
a different 8 pathway being operational here compared to the
Mn"V=O0 species. As the Mn atoms already exist in the Mn™
state here, the low lying 8*,._,. orbital is already occupied
leaving only the o*,. orbital empty. As the ¢*,. is strongly
destabilised, reaction channels prefer a p-electron transfer to
the &,, orbital. However, this is expected to reduce the EER
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Fig. 9 DFT/B3LYP-D3 optimised structures and spin density plot of
TS species.

at the transition state, suggesting strong orbital control
reactivity.

Comparative reactivity pattern among the PR; substrates

In this section, we have concentrated on the comparisons
across the substrates, and we have explored the reasons for the
variation in the computed barrier heights. For all substrates,
the S = 5/2 state is found to be higher in energy, suggesting
OAT to be taking place via the S = 3/2 surface. The OAT reac-
tions are two-electron reduction process and occur at one step.

As per the computed barrier heights at the S = 3/2 state, cal-
culations predict the following reactivity pattern PCy; < PMe; <
PPh; < PPhMe, < PPh,Me. To understand the origin of the
difference in the barrier, EDA analysis was performed which
reveal that the trend in the barrier heights is correlated to the
computed electronic interaction energy (Ei,), orbital inter-
action energy (Eop), and steric energy (Egeric) between the two
fragments PR; and [Mn"VH;buea(O/S)]” species (see Table S7
in the ESIT and Fig. 10 in the main manuscript). The steric
repulsive energies between two reacting species follow the
trend PPh,Me > PPhMe, > PPh; > PCy; > PMe; while the trend
in the electronic interaction energies is as PPh,Me > PCy; >
PPh; > PPhMe, > PMe;. Moreover, the orbital interaction
energy decreases as PPhMe, > PPh,Me > PPh; > PCy; > PMe;.
The first contribution is surely the destabilising one, and the
next two are the stabilising contributions to the estimated
transition state energies. For PPh,Me substrate, the energy
penalty due to the highest steric repulsion is more than com-
pensated by the energy gain due to stabilising electronic inter-
action and orbital interaction energies, making it the most
reactive among all substrates. On the other hand, although
steric energy for PPh; is not the highest, the lower amount of
orbital energy makes this substrate less reactive. Similarly, the
lower reactivity of PMe; is explained by the lowest orbital as
well as the electronic interaction energies (see Table S7 in the
ESIT and Fig. 10 in the main manuscript). Furthermore, at the
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quartet transition state, transfer of one electron from the sub-
strate to the catalyst leaves a radical character at the substrate
and substrates which can stabilise this radical character are
likely to yield a lower barrier. At this front, both PMe; and
PCy; having aliphatic substitutions at the phosphorous atom
offer very little delocalisation and hence add significant
barrier heights with PCy; being weaker than PMe;. While PPh;
with three phenyl groups has the lowest radical character at
the phosphorous atom (see Fig. 6f—j), it is expected to stabilise
the radical character but suffer from significant strain in

4TS, 4
27 53

~
o
L
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approaching the oxygen due to its bulkiness. The PPh,Me sub-
strate thus offers the best balance between these two ends, sta-
bilising the radical character with two available phenyl groups
and the presence of one methyl offers a closer approach to
oxygen making it the most reactive among all. The PCy; turns
out to be the worst as it neither provides delocalisation of the
radical present at the phosphorous atom (the largest radical
character at the P atom, see Fig. 6i) nor ease the sterics (the
longest P---O distance) to enable a strong overlap between the
P and O atoms. While the difference in estimated barrier
heights between PPh,Me and PPhMe, is marginal, the smaller
barrier for PPh,Me reveals that stabilisation of the radical
plays a vital role compared to the sterics, suggesting a delicate
balance between various factors that are played in controlling
the reactivity with different substrates.

To further understand the nature of transition states with
respect to various substrates, we have calculated the bond
make-break average at the transition state with respect to the
reactant and the product. While this has been utilised earlier
for several organic reactions, there are only a few examples of
such analysis for transition metals.”” We have plotted the
BFC,,, with the corresponding transition state barrier com-
puted for all species in Fig. 11. As the BFC,,, represents the
reaction coordinate, this is taken in the x-axis while the y-axis
represents the corresponding barrier height. A larger BFCyy,
indicates that the transition state is a product-like while a
smaller value indicates a reactant-like transition state. From
Fig. 11, it is clear that PCy; is least reactive as it possesses a
very early transition state compared to all (BFC,y, is 21.7),
while the PPh,Me is most reactive as its transition states are
product-like (BFC,y, is 30.5 for *TS, () and 35.8 for “TS; ). The
trend observed in the reactivity pattern is well reflected in the

4TS1(°)
35.8

|
1
0.0 30.0 60.0

BFC,.e

Fig. 11 B3LYP-D3 computed energy profile of TS barrier vs. BFC,,. for the oxygen (with PPh,Me, PPhMe,, PPhs, PCys, PMes substrates) and sulphur
(with PPh,Me substrate) atom transfer reactions using [Mn'VHsbuea(O)]~ as well as [Mn'VHsbuea(S)]™ catalyst.
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computed BFC,,,, offering a potential tool to predict reactivity
based on this analysis (Table S8 in the ESI). A late transition
state is found with the PPh,Me substrate when reacting with
the [Mn'"VH;buea(S)]™ catalyst (see Fig. 11).

Conclusions

Here using a combination of ab initio CASSCF/NEVPT2 and
DFT calculations, we have explored the mechanism of OAT by
[Mn"H;buea(O)]” and its congener [Mn'VHzbuea(S)]”. The
conclusions derived from this work are highlighted below,

(i) The detailed ab initio multi-reference CASSCF/NEVPT2
calculations reveal that the ground S = 3/2 state is strongly
admixed with several low-lying quartets. Particularly the
By ¥y ¥, 8% 12_2"6% 2" configuration was found to mix strongly
with the other two triplets, namely 8,'n*),'1*,"6%=_."c*,." and
By ¥y M* ;' 8% 22 6*2" configurations. This admixing of wave-
function was found to alter upon the approach of the substrate,
i.e. at the reactant complex when the substrate attached to the
catalyst by dispersive forces, the 8,," 1%, '1*,°6%2_."c*,2" con-
figuration dominates the ground state triplet. While a tra-
ditional two-state reactivity was unfounded here, a strong multi-
reference character of the ground state quartet suggests multi-
state reactivity scenario involving various triplet states.

(ii) The OAT reaction with PPh,Me, PPhMe,, PCy;, PPh;,
and PMe; substrates was performed, and the barrier height at
S = 3/2 surface was found to decrease in the following order
PCy; > PMe; > PPh; > PPhMe, > PPh,Me and this was consist-
ent with the experimental observations. In all cases, a domi-
nant spin-up electron transfer from the substrate to the metal
8*»_y» orbital is noted at the transition state suggesting a low-
energy &-type pathway. While this is unusual, a strong multi-
reference character of the ground state with significant oxyl
radial character at the 6*,._. orbital facilitates such a transfer.

(iii) Mechanism of SAT with the [Mn"Hzbuea(S)]™ catalyst
using PPh,Me species is predicted, and this species is found
to react via the p-electron transfer path and is thus expected to
respond faster than the corresponding Mn"™=0 species.

To this end, here we have proposed for the first time, intri-
cate electron transfer paths in OAT reactions and how this con-
tributes to the reactivity of the Mn" =0 species and the
mechanism and the concepts established here have scope
beyond the examples studied.
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