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ABSTRACT: Understanding the comparative oxidative abilities of Proximal Attack (P)
high-valent metal-oxo/hydroxo/hydroperoxo species holds the key to R\ /R' R\ /R'

robust biomimic catalysts that perform desired organic transformations
with very high selectivity and efficiency. The comparative oxidative
abilities of popular high-valent iron-oxo and manganese-oxo species are
often counterintuitive, for example, oxygen atom transfer (OAT)

J =
-
Large steric hindrance

reaction by [(Me,EBC)Mn"'—OOH]*, [(Me,EBC)Mn'"Y"—OH]*, and /R
[(Me,EBC)Mn'V=0]** (Me,EBC = 4,11-dimethyl-1,4,8,11- |\ CHERD -4 I\ Distal Attack (D)
tetraazabicyclo[6.6.2]hexadecane) shows extremely high reactivity for R'

Mn"V—OOH species and no reactivity for Mn""—OH and Mn"V=0 ‘,(\‘4\‘“\\'1“‘“
species toward alkyl/aromatic sulfides. Using a combination of density St St
functional theory (DFT) and ab initio domain-based local pair natural
orbital coupled-cluster with single, double, and perturbative triples
excitation (DLPNO-CCSD(T)) and complete-active space self-
consistent field/N-electron valence perturbation theory second order (CASSCF/NEVPT2) calculations, here, we have explored
the electronic structures and sulfoxidation mechanism of these species. Our calculations unveil that Mn"™'—OOH reacts through
distal oxygen atom with the substrate via electron transfer (ET) mechanism with a very small kinetic barrier (16.5 kJ/mol), placing
this species at the top among the best-known catalysts for such transformations. The Mn"—OH and Mn"'=0 species have a much
larger barrier. The mechanism has also been found to switch from ET in the former to concerted in the latter, rendering both
unreactive under the tested experimental conditions. Intrinsic differences in the electronic structures, such as the presence and
absence of the multiconfigurational character coupled with the steric effects, are responsible for such variations observed. This
comparative oxidative ability that runs contrary to the popular iron-oxo/hydroperoxo reactivity will have larger mechanistic
implications in understanding the reactivity of biomimic catalysts and the underlying mechanisms in PSIL

Reactivity Order: Mn'Y-OOH > Mn'V=0 > Mn'V-OH

B INTRODUCTION attempted, and their catalytic abilities are tested.® As iron and
manganese metals are most commonly found in the active sites
of many metalloenzymes and possess potent catalytic abilities,
there is a growing interest in studying the structure and reactivity
of such species, which is evident from the large body of literature
reported in the last decade.*'"™"¢

The study of manganese chemistry is most momentous and
has gained much more attention because of its requisite presence
in the active site of the water oxidase (WO) enzyme, which
performs oxidation of water to dioxygen in the photosynthesis

Heme and nonheme high-valent metal-oxo and metal-hydroxo
species are proposed as key intermediates in various biological
processes such as photosystem-II,' peroxidases,” catalases,’
bleomycin,” and naphthalene dioxygenase.” These species can
also oxygenate many organic substrates and are of high relevance
to pharmaceutical industries.”~’ These metalloenzymes have
inspired a range of biomimetic studies, as these are expected to
shed light on complex biological processes and will also help us
to design new catalysts with increased efficiency and selectivity.
Recently, metal-hydroperoxo species are also gaining significant

attention as these species are a precursor in various chemical and Received: April 29, 2021 Tgaﬂf d]?["“"}‘
biotransformation reactions.”” These species are predicted to be Published: July 22, 2021 E“E ; o
a better oxidant than its corresponding oxo and hydroxo species. g oL ?
With this motive, the synthetic effort to prepare complexes with L;FTP&
high-valent metal-oxo, metal-peroxo, and metal-hydroperoxo e

units that mimic the catalytic activity of metalloenzymes is
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Scheme 1. (a) A Comparative Structure of Me,EBC with the Popular 14-TMC Ligand and (b) the cis-Configuration Structures of

NOPNG

)
A LR

Mn-Bound Models Studied Here

14-TMC

Bln'\

(SR

[(Me;EBC)Mn!V-O0H]*(1)

(@)
H

[

\hﬂ\

/N )

\\

[(Me,EBC)Mn'Y-OH?*(2)

(b)

Me,EBC

I

__————-\h

\J\

[(Me,EBC)Mn!Y=0]%*(3)

process (photosystem-II, PSIT)." The OEC (oxygen-evolving
complex) resides in an oxo-bridged tetranuclear manganese
cluster (Mn,Ca) surrounded by a hydrogen bonding net-
work."”"” Tt is also present in the other enzymes such as Mn-
catalase’ and Mn-superoxide dismutase (MnSOD).'®' A
growing interest in this study fascinated us to explore these
high-valent metal-hydroperoxo species as a possible oxidant in
various chemical reactions. Although various important species
such as Mn™-OOH, MnV-OOH, Mn"™=0/Mn™-0H,
MnV=0/ MnN—OH, and MnY=0 have been implicated in
reactivity corresponding to various metalloenzymes and their
biomimetic models, establishing a comparative oxidative ability
of these oxidants for a particular reaction is rare.”” In this
connection, the work of Yin et al. gains attention as they have
utilized the [Mn(Me,EBC)Cl,] precursor (here Me,EBC:4,11-
dimethyl-1,4,8,11-tetraazabicyclo[6.6.2 ]hexadecane ligand) to
generate various reactive species such as Mn"'—OOH, Mn"'=
0, and Mn"Y—OH to compare and contrast their oxidative
abilities.”" Their study concludes that Mn'Y—OOH is a powerful
oxidant compared to the other two species in hydrogen
abstraction and oxygenation reactions. It is important to note
here that the Me,EBC ligand is similar to the popular 14-TMC
ligand and is also called cross-cyclam. The only difference is the
presence of ethyl linker connecting two trans-nitrogen atoms in
the place of terminal methyl group and this link enforces the
folding of the macrocycle leading to a cis-configuration (see
Scheme 1).

To understand the relative oxidative abilities of Mn'¥—OOH,
MnV=0, and Mn'V-OH species, here, we undertake
theoretical studies based on density functional and ab initio
methods to answer the following intriguing questions: (i) what is
the ground state nature of the Mn"'—OOH species, considering
electromers such as Mn™—*OOH species? (ii) Is density
functional theory (DFT) calculation an unabated tool compared
to popular methods such as DLPNO-CCSD(T)? (iii) In the
sulfoxidation reaction by MnV-OOH species, what are the
exact mechanisms, and how large are the kinetic barriers? (iv)

12086

Why Mn"V=0 and Mn'"Y"—OH species are unreactive toward
oxygen atom transfer (OAT) reaction, whereas other equivalent
species perform such transformations at ease? (v) What are the
comparative oxidative abilities of these species, and why do they
differ in the way they do?

B COMPUTATIONAL METHODOLOGY

We have performed the calculations using the Gaussian 09 suite
of programs and ORCA 4.2.1 program packages.”” >* The

geometries were optimized using the B3LYP-D2 functional,
which incorporates the dispersion proposed by Grimme.”> Two
different basis sets were used: LanL.2DZ encompasses a double {
-quality basis set with the Los Alamos effective core potent1a1 for
Mn**"** and a 6-31G* basis set for the other atoms™’ and
optimized geometries were then used to perform single-point
energy calculations using a TZVP*”*" basis set on all atoms.
Frequency calculations were performed on the optimized
structures to verify that they are minima on the potential energy
surface (PES) and also to obtain free-energy corrections. The
quoted DFT energies are B3LYP-D2 solvation, including free-
energy corrections with the TZVP basis set at the temperature of
298.15 K, unless otherwise mentioned. The optimized geo-
metries were verlﬁed by animating frequency by using
Chemcraft software.”” The solvation energies were computed
at the B3LYP-D2 level using a polarlzable continuum model
(PCM) with t-butanol as a solvent.”® We have tested the D3
dispersion at B3LYP-D3/TZVP(all atoms)//B3LYP-D3/
LanL2DZ(Mn),6-31G*(C, H, N, O) level of theory for selected
species and only marginal differences are noted (see Table S8 in
ESI). Although the chosen methodology is shown to yield a
good numerical estimate of spin-state energetics and thermody-

namic/kinetic data,”'®>*™* it has been shown in several cases
that when two spin states lie very close to each other, the DFT
methods fail to predict correct ground state.”*™>° A limited
benchmarking was undertaken with BP86, TPSSh, PBEO, MO6L,
and wB97XD functionals to understand the small energy gap
computed, which suggests that the B3LYP method chosen is
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reliable if the gap is sufficiently large (see Table S9 in the ESI).
The ab initio DLPNO-CCSD(T) has recently gained popularity
because of its high accuracy in predicting the correct ground
state relative to experimental observations’”’' and its
affordability for larger molecules. Here we have employed
DLPNO-CCSD(T) methods to gain insight into the ground
state configuration of Mn"V—OOH moiety in comparison to its
electromers. We have followed the same protocol as reported in
our previous report.50 The DLPNO-CCSD(T) calculations
were performed using the ORCA 4.2.1 program package.””**
Here, we have used the optimized structure coordinates from
DFT and performed single-point gas-phase DLPNO-CCSD(T)
calculations with the Dunning et al. correlation-consistent cc-
PVTZ basis set for all atoms and employed TIGHTPNO criteria
and the RIJCOSX approximation in our calculations. The state-
average complete-active space self-consistent field (SA-
CASSCEF) calculations were carried out with an active space of
three (Mn") or four (Mn™) electrons in five 3d-orbital, i.e.,
CAS(3,5) [10-quartet and 40-doublets] or CAS(4,5)
quintets, 45-triplets, and 50-singlets] using the ORCA program.
The N-electron valence perturbation theory second order
(NEVPT2) incorporates the dynamic correlation in the
CASSCF part. Here, the relativistic effects are included via
zeroth-order regular approximation (ZORA) with ZORA-
contracted basis sets ZORA-def2-TZVP for Mn; ZORA-def2-
TZVP(—f) for N, O; and ZORA-def2-SVP for the rest of
atoms.””>” The Natural Population Analysis (NPA) charges,
Wiberg Bond Index (WBI), and Natural Bond Order (NBO)
analysis have been performed at the B3LYP-D2/TZVP (all
atoms) level of theory using the NBO program (version 3.1)
implemented in Gaussian 09.°*>> The energy decomposmon
analysis (EDA) was carried out using AOMix software.’
Herein, we have used notations for all the species such as
M[Symbol]sMn,SOOH, where superscript “M” denotes the total
multiplicities of the species, “Symbol” denotes the species, and
the subscript sMn represents the high-spin (hs), intermediate-
spin (is), and low-spin (Is) states while up and down radical for
sOOH is indicated u and d, respectively. For example, the
representation 61ahs‘“ indicates the sextet state (Multiplicity, M
=6 for $=5/2) of species 1a, where Mn is in high-spin (hs) state
(S=2) and u indicates the up radical on OOH. Time-dependent
density functional theory (TD-DFT) has been performed using
the ORCA program with ZORA and RIJCOSX at the B3LYP/
def2-TZVP level of theory and the electron paramagnetic
resonance (EPR) g-value for *1ay, 4is also computed at the same
level.

B RESULTS

We will begin our discussion with the geometry, electronic
structure, and bonding of [(Me,EBC)Mn"'—OOH]**(1),
[(Me,EBC)MnY—OH]**(2), and [(Me,EBC)Mn"V=0]**(3)
species. Experimental studies were carried out at pH = 1.5 (a
highly acidic condition). At this experimental condition, water
molecule, if any, coordinated to the metal center expect to cleave
leaving a five coordinate intermediate as hypothesized here. The
second part will expand the discussion to OAT reaction with
benzyl phenyl sulfide substrate that reacts the fastest among the
substrate tested.”’

Electronic Structure and Bonding Nature of High-
Valent Mn"—OOH (1), Mn"V-OH (2), and Mn"V=0 (3)
Species. In all three species, Mn''—OOH (1), Mn'V—OH (2),
and Mn"V=0 (3), the coordination environment and oxidation
states are similar. We have considered two possible spin states

for Mn", i.e, a quartet S = 3/2 state corresponding to a high-
spin ion and a doublet S = 1/2 state corresponding to a low-spin
ion.

[(MezEBC)Mn’V—OOH]“(I). For Mn'V—OOH, we have
considered a possibility that it may exist in one of its
electromeric forms, ie, Mn™—"OOH. The Mn™-"OOH
species can have § = 5§/2 (S = 3/2) state, if a ferromagnetic
(antiferromagnetic) coupling between high-spin Mn"" and
*OOH is assumed or an § = 3/2 (S = 1/2) state, if ferromagnetic
(antiferromagnetic) coupling, between low-spin Mn™ and
*OOH is assumed. We have computed all possible spin states
for Mn"™'—OOH, and computed energetics are summarized in
Table 1. In addition to spin-state divergence, there is also

Table 1. All the Possible Spin Configurations of Mn'""—*OOH
(1a) and Mn"™—OOH(1b) with Their Relative DFT Gibbs
Free Energies (AG) and DLPNO-CCSD(T) Energies (AE) in
kJ/mol

DFT AG DLPNO-CCSD(T) AE

species  Mn™ *O0OH (kJ/mol) (kJ/mol)
“la, MMM 1 10.9 27.7
lag MM 0.0 59.7
ag, M1 108.4°
agg ML 64.5 139.9
*lay,, ML 1 121.7 131.5

MnY  ~“OOH
*1by " 34 0.0
21b,, "l 118.7 171.0

Slngle point energy calculation over the optimized geometry of
2
13

s, d:

structural divergence, i.e., MnV—OOH can adopt two distinct
structures, Mn"—#'—*OOH (1a) (side-on) or Mn"V—#?—
OOH (1b) (end-on), both of which are modeled.

As discussed above, la has five possible electronic
configurations, whereas 1b has only two electronic config-
urations (see Table 1). The computed energetics for 1a suggests
the quartet spin state *1a, 4 (see computational details for the
explanation on the notatlon) where high-spin Mn'™" (S = 2)
antiferromagnetic coupled with hydroperoxyl radical (* OOH) is
the ground state. This is followed by ° lay,,, *1a; 4 and * lalsu
species at 10.9, 64.5, and 121.7 kJ/mol, respectlvely, hlgher
For 1b, our calculations reveal that the quartet state *1by as a
ground state with a doublet state 21b, is estimated to be 115.3
kJ/mol higher in energy. The energy difference between *lay, 4
and *1b, is estimated to be 3.2 kJ/mol, and such a small energy
difference suggests that these two species are nearly degenerate
and easily interconvertible (see Table 1, AG values). The
DLPNO-CCSD(T) method, on the other hand, predicts that
*1by,, as the ground state with other spin-state energies predicts
to lie further than the values estimated from DFT methods (see
Table 1). The low-spin S = 1/2 state of Mn ions is consistently
predicted to be very high in energy both in DFT and DLPNO-
CCSD(T) methods, suggesting that these states are unlikely to
participate in the reaction mechanism.

The computed eigenvalue plot for the ground state of 1a and
1b is shown in Figures Sla,b, respectively. The geometry around
the Mn ion in 1a is a distorted square pyramidal geometry, and
the o*,? orbital is found to lie along the vacant coordination
sphere resulting in less repulsion and hence are relatively
stabilized compared to the G*xz_yz orbital. As the —OOH group
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Figure 1. B3LYP-D2 computed optimized structure and its corresponding spin-density plots for species (a) *1ay 4, (b) *1by,, (c) *2, and (d) *3.

lies in the xy plane, the 7,
the hydroperoxy group leaving the d
nonbonding 6,, and 6,..

The electronic configuration for the ground state (S = 3/2) of
the species 1la is computed to be
((Sxy) f (5xz)T(7[*yz) f (”*OOH)l(G*zz) f (G*xz—yz)o (See Figure
Sla). For the Mn"“—n*~OOH species, the ground state
electronic configuration is
(8) (% )1 (7*,) (6% ) *(0*,>_,})" with a stronger 7 inter-
action with the d,, and d,, orbitals leaving d,, orbital, as &,,
bonding. For the interconversion of 1a to 1b, the 6*,* a-electron
pairs up with the f-electron in #*,oy orbital leading to a
Mn"'—77>~OOH species (see Figure Sla,b). It is an established
fact that Mn'" species show a multiconfigurational charac-
ter.”>**>” To understand the multiconfigurational character of
true Mn'" species, we have performed state-average CASSCF/
NEVPT?2 calculations on the S = 3/2 ground state of 1b. The
calculations su%gest a strong mixing of ground state config-
uration ((6,,) (n’*x},)T(ﬂ*yZ)T(a*zz)o(a*xz_yz)o 47.6%) with
three excited state quartet configurations ((5,,)'(7*, )T(ﬂ*yz)
“(o*.) (o*,2 )" 15.6%, (8,.)"(x*,,) (x%,.)
(o*,2)%(e*,>_ 7)1 13.3% and
(8)1 (%) (7% ) (6%.2) (6 2_2)T 12.0% see Table S$4).
Such strong mixing suggests a multiconfigurational character
for 1b. The NEVPT2 calculations also yield the zero-field
splitting (ZFS) parameter as +0.38 cm™' (D) and 0.33 (E/D),
and these are in the range expected for Mn'"" species reported in
the literature.”” A small D value obtained here is because of its
competing positive and negative contributions to the D arising
from the excitation of an electron among d-orbitals with the
same or different m, values. Further isotropic g-tensor calculated
for *1ay, 4 is to be 1.85S, which is in excellent agreement with the
g-value of 1.854 obtained from the EPR spectrum reported. The
TD-DFT calculations have been performed to thoroughly
understand the spectral parameters for *1a, 4 and *1b. The TD-
DEFT spectral features for these two species are very different
from each other. The TD-DFT spectrum for *lay,4 species

orbitals form a weak 7-bonding with

w and d, orbitals

shows only three important peaks at 404 nm (7*yoppc —
o*2_}), 833 nm (6%} — ¢*’_?), and 1263 nm (% —
7*oon), whereas *1b species spectrum shows several features
starting at 276 nm (7%, — ¢*_?), 320 nm (7%, — 7*,)), 362
nm (7%, = 6*,*_?),396 nm (7% — 6*,%), 484 nm (7% (4)-1
— 0*.%), 546 nm (7%, — 6*?), and 642 nm (7% — 6* %) (see
Figure S14a,b in EST). The Mn""—*OOH exhibits less ligand to
metal charge transfer (LMCT) transitions, whereas Mn" —
OOH exhibits many LMCT transitions, and this observation is
in excellent agreement with previous regorts, offering con-
fidence in the computed data/mechanism.®'

The optimized structure and spin-density plots of the ground
spin states of species 1a and 1b are shown in Figure la,b. The
Mn—O (O—0) bond length is 2.096 (1.321) A for *1a4 and
1.821 (1.433) A for *1by,, revealing variation in the oxidation
state as indicated. The shorter O—O distance found for 1a is
consistent with the hydroperoxy radical species (see Table S1-
S3). The spin density on the Mn and OOH groups of *1ay, 4 is
found to be 4.224 and —0.966, respectively, which indicates an
antiferromagnetic interaction between Mn and OOH moieties
(see Table S1-S3). In the *1by,, the spin densities on Mn and
OOH are 3.579 and —0.024, respectively (see Figure 1b). NBO
analysis indicates that the Mn—O bond is ionic with 77.14% Mn-
(d,?) (74.12%) contribution and 22.86% (25.88%) from O1(p,)
orbital for *1ay, 4 (*1by,). The WBI for Mn—O1 bond in *1ay, 4
is 0.343, which suggests that this bond is a weak single bond
while WBI for Mn—O1 and Mn—02 bonds in *1b,, is found to
be 0.742 and 0.335, respectively, which indicates the 7*-type
bonding of —OOH moiety (see Figure S2).

[(MezEBC)Mn’V—OH]3+(2). We have optimized all the
possible spin states of [(Me,EBC)Mn"'—OH]**(2). We have
also attempted to compute the electromeric form of Mn"V—OH,,
i.e, Mn™—°"OH but this has generated the radical at the nitrogen
atom of the Me,EBC instead of the expected oxygen atom whose
energy is also very high (see Table S10 in ESI). Furthermore, a
coordinate scan performed by varying the Mn—OH distance
also yielded radical electromeric species, which are very high in
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Scheme 2. Proposed Mechanism for the OAT Reaction of Benzyl Phenyl sulfide (S) Leading to the Formation of Oxidized
Product Benzyl Phenyl Sulfoxide (P) by an Attack on the (a) Distal Oxygen (O(2), Pathway a) and (b) Proximal Oxygen (O(1),

Pathway b) of [(Me,EBC)Mn"V—OOH]** (1)
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energy compared to the ground state structure. These additional
calculations suggest that such electromeric forms are unlikely for
the hydroxy counterparts (see Figure S12 in ESI).

Our calculations suggest that the quartet state *2 is the ground
state, with doublet state *2 lying higher at 111.0 kJ/mol. This gap
is much higher than that observed in [(Me,EBC)Mn" —
OOH]J**(1a) species. The optimized structure and spin-density
plot of Mn"'—OH are given in Figure 1c. The Mn—OH bond
distance for *2 is found to be 1.740 A, which is shorter than that
of *1ay, 4 (2.096 A) and *1by, (1.821 A), and this distance is also
within the range of Mn—O single bond. The spin-density plot of

12089

2 suggests that the spin polarization from the Me,EBC ligand
nitrogen and delocalization from oxygen leads to the 3.426 spin
density on Mn metal. Further NBO analysis reveals that Mn—O
o-bond is more ionic in *2 than in *1by,. For *2, the Mn—0 o-
bonding interaction is composed of 19.34% of Mn (d.*) and
80.66% of O (p,) orbitals (see Figure S3). The WBI is estimated
to be 0.906, revealing only a single 6-bond between the Mn and
oxygen atoms. The WBI for the Mn—O bond in *1b,, is lower
than that of *2, which suggests that the Mn—O bond is stronger
in the case of *2 compared to *1b,.
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Figure 2. B3LYP-D2 computed PES (AG in kJ/mol) for the OAT reaction of benzyl phenyl sulfide (S), leading to the formation of oxidized product
benzyl phenyl sulfoxide (P) by the attack on the distal oxygen (O(2), pathway a, red color) and proximal oxygen (O(1), pathway b, green color) of
[(Me,EBC)Mn"V—OOH]** (1). For clarity, the Me,EBC ligand is not shown. The AG for RC and PC is derived from IRC plots (see the Supporting

Information).

The geometry around the Mn ion in Mn'"—OH species is a
distorted square pyramidal geometry, leading to the stabilization
of 6*,* orbital compared to the ¢ >_ * orbital. The electronic
configuration for the ground state (S = 3/2) of the species
Mn'V-—OH is computed to be
(§xZ)T(ﬂ'*yz)T(zr*xy)T(G*Zz)o(a*xz_yz)o (see Figure Slc). The
CASSCE/NEVPT2 calculations for 2 also reveal a multi-
configurational character with 30.5% for the ground state
configuration (8,,)"(7*,,)1(7*,,)"(¢%,2)°(c*,>_,")°, which is
mixed with the three excited S = 3/2 states
(5..)" (1%, (2%,,)%(0%.2) (%2, 1),
BT, ) () (o ot 221, and (5.1 (%)

(7*,)1(6* ) °(c*,_2)" by 28.4%, 16.7%, and 11.2% con-
tributions, respectively (see Table S4). The computed D and E/
D values for this species are 1.31 cm™" and 0.11, respectively (see
Table S4). These D values are relatively small because of a
mixture of positive and negative contributions due to excitation
among the same/different m; level d-orbitals. The TD-DFT
spectrum for *2 also shows seven peaks nearly same as *1by, at
300 nm (¥ gy (41 = 0777, 346 nm (7%, — 7%,), 380 nm
(”*xz - G*xz—yz)) 410 nm (”*L - G*xz—yz)J 543 nm ”*Mn(dxy)—L
— ¢*%), 631 nm (7*,, > ¢*,%), and 750 nm (7% — 0*,) (see
Figure S14c in ESI). Like Mn"'—~OOH, Mn"'—OH also shows a
larger number of LMCT transitions, which agrees with previous
experimental reports.®’

[(MezEBC)Mn’V=O]2+(3). The well-known high-valent
Mn"V=0 species [ (Me,EBC)Mn""=0]%*(3) has been studied
to understand its role during the OAT reaction. The
optimization of all the possible spin states in this case also
suggests that the quartet spin state (*3) is the ground state with
respect to a doublet spin state (*3), which is $9.5 kJ/mol higher
in energy. In addition to these spin states, we have also
considered electromeric Mn"™—0*® of Mn"'=0. This species is
calculated to be higher in energy than in the ground state (§=5/

2 at 41.5 kJ/mol and S = 3/2 at 23.4 kJ/mol) and unlikely to
participate in the reaction mechanism (see Table S10). The
optimized structure and its corresponding spin-density plot of *3
are shown in Figure 1d. The Mn—O bond length for *3 is 1.599
A which agrees with the previously reported Mn—O bond length
in high-valent Mn'V=0 species.'>**~*” The spin density on the
Mn atom of *3 is 3.053, suggesting moderate spin-polarization as
the spin density is slightly larger than the expected value for
three unpaired electrons. The NBO analysis of *3 indicates one &
bond and one 7 bond, i.e., Mn=0 (see Figure $4). The Mn—O
o-bonding interaction is composed of 21.07% of Mn(d,*) and
78.93% of O(p,) orbitals, and this suggests an ionic character for
this bond. The Mn—O z-bonding interaction is composed of
d.,p, with 35.62 and 64.38% from Mn and O orbitals,
respectively (see Figure S4).

Unlike 1 and 2, the geometry around the Mn ion in Mn"V=0
species is a distorted trigonal bipyramidal geometry instead of a
distorted square pyramidal geometry. The electronic config-
uration for the ground state (S = 3/2) of the species Mn'Y=0 is
computed to be (5,,)'(6,>_,2)"(z*,,)(7*,,)°(c*?)° (see Figure
S1d). The CASSCE/NEVPT2 calculations for Mn'V=0
species suggest 66.3% contribution from the ground state with
23.2% contribution from an excited state
(5xz)T(5x2_y2)0(7r*yZ)T(ﬂ*x},)T(G*ZZ)O (see Table S4). The
computed D and E/D values for this species are 5.60 cm™
and 0.15, respectively (see Table S4), and the D value estimated
here is slightly larger than Mn""—OOH and Mn'""—OH, but the
sign of D remains the same as the dominant contributions to the
D arise from the same my level transition.”® The TD-DFT
spectrum for *3 shows five peaks at 275 nm (7% — 6*,%), 296
nm (7,, = 7% ,,), 405 nm (7% — 7*,)), 44 nm (7%, = 6% %),
and 694 nm (6*,>_,* — 7*,) (see Figure S14d in ESI), with last
two transitions are d-d, and the others are LMCT in character.
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(b)

Figure 3. B3LYP-D2 computed optimized transition state and intermediate structures with their corresponding spin-density plots (a) *TS1,, (b)

“Intlg, and (c) *TS2, for the distal attack.

Oxygen Atom Transfer Reaction by Mn'Y—OOH.
Experimentally, [(Me,EBC)Mn"'—OOH]** species is found
to oxygenate various substrates such as diphenyl sulfide, methyl
phenyl sulfide, and benzyl phenyl sulfide with turn-over
frequency of 13.8, 15.4, and 17.8 h™, respectively, at the pH
level of 1.5 at a slightly elevated temperature (50 °C). Isotopic
labeling experiments confirm that the oxygen atom from the
hydroperoxo group is transferred to the substrate. Further
control experiments prove that [(Me,EBC)Mn"'(OH),]*" as
well as species Mn'"—OH and Mn"'=0 are unreactive toward
OAT reactions.

To understand the reactivities of these species, we have
chosen the most reactive substrate, benzyl phenyl sulfide (S),
and tested its reactivity toward the OAT to form benzyl phenyl
sulfoxide (P). Our analysis and detailed intrinsic reaction
coordinate (IRC) analysis suggest that the first step of the
reaction involves the formation of the reactant complex (RC), as
depicted in Scheme 2. Analysis of the electronic structure of the
RC reveals that it had undergone one-electron reduction to
[(Me,EBC)Mn™—OOH]*. At the same time, the substrate is
oxidized to [PhCH,SPh]** species and the RC is exothermic
from the reactant by 7.5 kJ/mol. The nature of the species is
confirmed from the electronic structure and spin-density
analysis (see Figure SS). From the RC, there are two plausible
pathways for the OAT reaction. Among these two pathways, the
first pathway (see pathway a, Scheme 2) involves the direct
attack to distal oxygen (O(2)) by the sulfur atom of benzyl
phenyl sulfide (S) to form an intermediate Intl, through the
transition state TS14. This intermediate abstracts the hydrogen
from the sulfur hydroxyl group through hydrogen atom transfer
(HAT) transition state TS24 to form the product sulfoxide and
[(Me,EBC)Mn"Y—OH]**(2) species. Similarly, the attack to the
proximal oxygen (O(1)) by the sulfur atom of benzyl phenyl
sulfide (S) through the TS1, forms an intermediate Int1,. The
O—0 bond cleavage from the Intl, leads to the formation of
benzyl phenyl sulfoxide (P) and [(Me,EBC)Mn"—OH]**(2)
(see pathway b, Scheme 2).

Distal Attack (Pathway a). The distal oxygen of [ (Me,EBC)-
Mn"V—OOH]** (1) attacks via the transition state TS14. Among
all the three transition states, “TS1,4, *TS14 and *TS1,, the lower
energy transition state is *TS1, which has a barrier height of

16.5 kJ /mol with respect to the reactant, whereas the other two
transition states are 43.0 kJ/mol (°TS14) and 99.5 kJ/mol
(*TS1,), which is higher in energy (see Figure 2). The
optimized structure and spin-density plot of *TS14 are shown
in Figure 3a. The imaginary frequency corresponding to the
S...OH bond formation and Mn—0...OH bond cleavage is i530
cm™! for *TS1,4. The bond length of the Mn—O bond decreases
from 2.096 A (*1ay 4) to 1.735 A, whereas the O—O bond
length increases from 1.321 A (*1ay, 4) to 1.795 A, which clearly
suggests that the O...O bond is cleaved, and the S...OH bond is
formed with a distance of 2.295 A (see Figure 3a and Table S1).
The spin-density plot of *T'S1, suggests that the spin-density on
the Mn ion at the transition state decreases from 4.224 to 3.852
compared to the reactant. The sulfur atom and —OH group have
a spin density of —0.322 and 0.252, respectively.

The transition state TS1, leads to the formation of
intermediate Intl,. Here, we have found a quartet spin state
as the ground state (*Int1,) with a doublet spin state (*Int1,)
lying at 59.5 kJ/mol higher. We have observed that the Intl, is
equivalent to the Mn" =0 (3) species as the transfer of —~OH to
benzyl phenyl sulfide leads to the formation of cationic species
[PhCH,S(OH)Ph]*. A careful observation of the structure and
spin-density values *Int14 and *3 reveals that the *Int14 and *3
species are similar. The [PhCH,S(OH)Ph]" species is attached
through a weak hydrogen bonding interaction (O—H bond
length = 2.459 A) to *3, leading to *Intl, This hydrogen
bonding interaction with the substrate leads to a larger Mn—O
bond in the *Intl, than *3 (1.614 vs 1.599 A) with a smaller
change in the spin-density values (Mn = 3.084 vs 3.053, see
Figures 1d and 3b). The formation of *Int1 s highly exothermic
with —221.8 kJ/mol energy.

Finally, benzyl phenyl sulfoxide product formation takes place
through the HAT transition state TS24 A quartet spin state
*#TS2, is the lowest in energy transition state with an estimated
barrier height of 45.4 kJ/mol with respect to the *Intly
However, this is expected to be barrierless from the reactant
energy. The TS24 species is higher in energy by 121.7 kJmol
from *Int1,, suggesting that the reaction takes place solely in the
quartet surface as observed earlier in several Mn"'=0/Mn""'=
O chemistries." >3~ The (S)O—H bond length is found
to elongate from 0.979 to 1.084 A at the transition, whereas the
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Figure 4. B3LYP-D2 computed optimized transition state and intermediate structures with their corresponding spin-density plots (a) 4TSIP, (b)

4Intlp, and (c) 4TSZP for proximal attack.

Scheme 3. Proposed Mechanism for the Direct OAT Reaction of Benzyl Phenyl Sulfide (S) Leading to the Formation of the
Oxidized Product by (a) [(Me,EBC)Mn"Y—OH]** (2) and (b) [(Me,EBC)Mn"Y=0]** (3)

3-TS1 3-PC
R = Ph-, R' = PhCH,-

(Mn)O—H bond shrinks from 2.459 to 1.374 A at the transition
state. Also, the S—O bond length decreases from 1.684 to 1.614
A, whereas the Mn—O bond length increases from 1.614 to
1.681 A from the intermediate *Intl, to the transition state
*T824. All these suggest a partial HAT at the transition state (see
Figure 3c). The Mn spin-density value increases from 3.084 to
3.210 because of the spin polarization from the attached ligand
(see Figure 3b,c).

The IRC plots for *TS2, (see Figure S6) reveal that the
(S)O—H bond cleaves homolytically leading to the formation of
cation radical product {[(Me,EBC)Mn"'—~OH]**+[PhCH,S-
(=O0)Ph]**} (PC). The energetics of PC,4 was estimated using
the IRC structure and *PC was found to be slightly endothermic
with respect to *Intl4 (24.2 kJ/mol). A similar behavior is also

noted for the doublet surface.®
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At the final step, a one-electron transfer from [(Me,EBC)-
Mn"—OH]* to [PhCH,S(=0)Ph]** leads to the formation of
oxidized product benzyl phenyl sulfoxide (P) and [(Me,EBC)-
Mn"V—OHJ**(2) species. From the product complex, this is
found to be endothermic by 62.3 kJ/mol (86.5 kJ/mol from the
intermediate *Int1,) and is exothermic by —135.3 kJ/mol with
respect to the reactant.

Proximal Attack (Pathway b). The proximal oxygen of
[(Me,EBC)Mn"V—OOH]** (1) (oxygen attached to Mn)
attacks the sulfur through the transition state TS1,. This is
preceded by the formation of the RC, as mentioned earlier.
Here, we have observed that the proximal attack mainly
proceeds through Mn"™"—OOH, and so considering this, there
are only two transition states possible: quartet (4TSIP) and
doublet (ZTSIP) (multiplicity here is the combined multiplicity
of the metal center and the radical cation of the substrate in RC
with the radical spin-down is assumed). The lowest barrier
height for the proximal oxygen attack is 115.9 kJ/mol (*TS 1,)
with respect to the reactant, whereas *TS1,, has a barrier of 150.8
kJ/mol, and the lowest barrier height here is 99.4 kJ/mol higher
than pathway a (see Figure 2).

Both the Mn—O and Mn—OH bond lengths increase from
1.821 to 2.430 A and 2.108 to 2.158 A, respectively, if we move
from *1by, to *TS 1, species. The O—O bond marginally alters
during this transition state (see Figures 1b and 4a). Through the
spin-density plots of *1by, and 4TSIP, we have found that the
spin-density on the Mn atom decreases from 3.579 to 2.914, but
this decrease is due to the reduction in the spin polarization from
the attached Me,EBC ligand (see Figure 4a). The transition
state TS1, leads to the intermediate Int1, where O—O bond is
intact. This intermediate is endothermic by 83.8 kJ/mol
(*Int1,) with respect to the reactant. The Mn—OH and O—O
bond lengths in the ‘Intl, species are 2.171 and 1475 A,
respectively (see Figure 4b). The S—O bond length decreases
from 2.016 to 1.796 A, which suggests the formation of a single
bond between the sulfur and oxygen atoms in 4IntlP species.
The eigenvalue plot and the spin densities suggest that the Mn
atom is in a + 2 oxidation state (see Figure S7). The O—O bond
cleavage in the intermediate Intl, via transition state TS2, is
expected in the next step. This transition state is barrierless as
both the energies of 4IntlP and 4TS2,P are nearly the same (83.8
kJ/mol for 4IntlP and 82.8 kJ/mol for 4TSZP). The imaginary
frequency corresponding to this transition is found to be 286
cm™" which corresponds to O—O bond cleavage and S=0O
double bond formation as the S=O bond distance decreases
from 1.796 to 1.768 A (see Figure 4c). After this transition state,
the formation of sulfoxide product (P) and [(Me,EBC)Mn"'—
OHJ**(2) is expected, and this is found to be exothermic by
—197.56 kJ/mol on the quartet surface from the reactant as this
step is the same for both pathways a and b.

Oxygen Atom Transfer Reaction by Mn"Y—OH and
Mn"Y=0. To understand the reactivity difference between
[(Me,EBC)Mn'"Y—OOH]**(1) and [(Me,EBC)Mn'V—
OHJ**(2) and [(Me,EBC)Mn"Y=0]**(3), we have computed
the direct OAT using Mn"Y—OH and Mn"'=0 species with
benzyl phenyl sulfide as substrate (S) (see Scheme 3). In the first
step, the formation of the RC occurs, and its formation is
exothermic for 2 (—72.4 kJ/mol). For species 3, the RC
formation is endothermic and suggests that such species unlikely
exists for 3. The OAT transfer reaction for both the species
proceeds via TS1 (see Scheme 3a,b), and for 2, the barrier height
is estimated to be 137.7 kJ/mol from *2-RC (65.3 kJ/mol from
2) for the quartet transition *2-TS1 and the doublet transition

state (*2-TS1) lying at 123.9 kJ/mol from 2 (see Figure 5a). The
product formation is exothermic from the separate reactant but

R
d
R 0/H 123.9 124.8
111.0 ; 2
2 m /29 2-PC
2-\\ e Mn y; 2-TS1 94.0
S S ) 65.3 49-pC
w10 S 2eTsi
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Figure S. B3LYP-D2 computed PES (AG in kJ/mol) for the OAT from
(a) [(Me,EBC)Mn"V—OH]*" (2) and (b) [(Me,EBC)MnV=07]**
(3). The AG for 2-RC is derived from the IRC plot (see the Supporting
Information).

is endothermic from the RC. For product, our calculations reveal
sextet ®2-PC as the ground state (—41.7 kJ/mol from *2),
whereas other spin states are found to be higher in energy.

In the case of 3, the barrier height is computed to be 57.7 kJ/
mol for the quartet state (*3-TS1) with doublet at 115.3 kJ/mol
energy (*3-TS1) (see Figure Sb). The imaginary frequency
corresponding to this transition is i601 cm ™", which indicates the
direct transfer of oxygen from 3 to S. The Mn—O and S—O bond
lengths in the optimized structure of *3-TS1 (*3-PC) are 1.754
A (1.991 A) and 1.925 A (1.579 A), respectively (see Table S1
and Figure 6). The significant decrease in the S—O bond length
indicates the formation of the S=O double bond, and the Mn
ion interacts weakly with oxygen. The formation of the product
is exothermic by —87.1 kJ/mol (°3-PC) from the reactant and
the other two spin states of the product lie much higher in energy
(see Table S1 and Figure 6).

B DISCUSSION

Our DFT as well as DLPNO-CCSD(T) calculations affirm that
all the species Mn"'—OOH (1a, 1b), Mn"V—OH (2), and
Mn"=0 (3) have a high-spin (S = 3/2) ground state. Except
for 1a, where one f electron is located on the —OOH moiety,
the other species 1b, 2, and 3 have a small spin density on the
oxygen atom (—0.024(1b), 0.124(2), and 0.079(3)). DFT
calculations predict a very small energy gap between laand 1b at
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Figure 6. B3LYP-D2 computed optimized transition state structure and its corresponding spin-density plot for (a) “2-TS1 and (b) *3-TS1.
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Figure 7. Thermodynamics of ET process of 1, 2, and 3 species.
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S = 3/2 surface, and for these geometries, DLPNO-CCSD(T)—
computed gap is much larger, suggesting the importance of such
tools in quantifying energy gaps that are too small to predict
using conventional DFT methods confidently.>

The energy difference between the ground state (S =3/2) and
the excited state (S = 1/2) for these species is 171.0 k] /mol (1b),
111.0 kJ/mol (2), and 59.5 kJ/mol (3), and this suggests a
possible single-state reactivity for 1b and 2 while a possible two-
state reactivity (TSR) for 3 via low-lying S = 1/2 state. For
species 1a, on the other hand, there are two spin states (a sextet
and a quartet state which are related to the exchange coupling
between the Mn(III) and radical center located at the
hydroperoxo units) that are close-lying in energy (10.9 kJ/
mol) and offers a possible TSR scenario. Further state-average
CASSCEF calculations reveal the multiconfigurational character
of the ground state in 1b, 2, and 3. The species 1b (2) shows a
strong multireference character with 15.6% (28.4%), 13.3%
(16.7%), and 12.0% (11.2%) contributions arising from mixing
of various S = 3/2 states. These states arise due to the mixing of
o* % and G*xz_yz orbitals in both cases (see Table S4). Species 3
has a dominant single-reference character compared to the other
two species and contributes to its sluggish reactivity.®®
Calculated ZFS parameters for 1b (2) [3] were D = 0.38
em™! (1.31 em™) [5.60 cm™] and E/D = 0.33 (0.11) [0.15].
Although experimental D and E are not available for Mn"'—

OOH species, recorded X-band EPR reveals sharp features with
Mn-hyperfine centered around g ~ 1.85, and this suggests that
the D value is likely to be very small, and this is consistent with
the computed values. The computed g-tensor for the ground
state of 1la, i.e., *lay, is in excellent agreement with
experiments. The computed TD-DFT spectra for Mn"'—=*OOH
and Mn"V—OOH are distinguishable as the Mn"V—OOH, and
Mn"V—OH contains several LMCT bands compared to others.
The Mn'"Y=0 spectrum computed reveals a mixture of d-d and
LMCT, and these observations are consistent with similar
species reported in the literature.”' Furthermore, the computed
EPR parameters are also in line with the earlier MnV=0/0H
species with slightly different ligand backbone, offering
confidence in the chosen methodology.60 Among the § = 3/2
state of 1a, 1b, 2, and 3 species, the computed NPA charges
disclose the largest positive charge in the Mn ion that is located
in 1a followed by 2, 1b, and 3 (see Table SS). Similarly, the
radical character at the O—O moiety is extremely large for 1a,
whereas a very small spin density is detected for 1b, 2, and 3.
Both these quantities are correlated to the electrophilicity of the
species and suggest that 1a is expected to be more reactive than
the other species, and this is in agreement with the experimental
ﬁndings.21

Furthermore, EDA reveals that the Mn'—OOH and Mn'V—
OH have similar interaction energy (AE;,) between
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and (¢) MnV=0.

{(Me,EBC)Mn"'} fragment and {X} (here X = —OOH (1a,1b)
and —OH(2)). For species 3, on the other hand, the AE,,
energy is twice as much as of 1a/1b/2, and this is due to the
Mn=0 double bond character (see Table S6). Orbital
interaction energy (AE,y) and steric energy (AEg.) for
species 3 are —1640.5 and —2804.5 kJ/mol, and this is two times
larger than the estimate obtained for 1a/1b/2. Among 1a, 1b,
and 2, where Mn—O bond is a single bond, AE,, is found to be
1a > 2 > 1b, suggesting stronger Mn—O bond in 1a than that of
1b and 2.

To further understand the nature of electron transfer (ET)
from the substrate to the catalyst, we have computed the
thermodynamics of ET for all three species, Mn"'—OOH,
Mn"V—OH, and Mn""=0, as shown in Figure 7. These data
suggest that the ET from substrate benzyl phenyl sulfide to
Mn"'—OOH and Mn"V—OH is feasible as they are strongly
exothermic (—130.2 and —146.6 kJ/mol for Mn"™"—OOH and
Mn"V—OH, respectively). On the other hand, the ET in Mn"'=
O is an endothermic process with a steep energy penalty of 53.9
kJ/mol energy. It indicates that such a process unlikely occurs
here (see Figure 7). The CASSCF/NEVPT?2 calculations of
one-electron—reduced species of Mn'"—OOH and Mn'"Y"—OH
(Mn™-OOH and Mn"—OH, see Figure 7) suggest a decrease
in the multiconfigurational character upon reduction as the
added electron occupies the 6*,* orbital (see Table S4).

The reactivity of all the species modeled unveils that the
reaction occurs at the quartet surface. There are two pathways
for the OAT reaction of Mn'"—OOH with benzyl phenyl sulfide
involving distal and proximal oxygen atoms. Computed barrier
height suggests that the proximal oxygen pathway is unlikely to
occur as the kinetic barrier is significantly steeper. The reason is
straightforward: the distal oxygen is readily available for the
substrate, whereas proximal oxygen is closer to the Mn ion, and
this adds a significant steric strain to the transition state. This is
reflected in the computed barrier height with the mere 16.5 kJ/
mol (24 kJ/mol from the RC) for the distal OAT path compared
to 115.9 kJ/mol computed for the proximal OAT path.

Furthermore, in the second step of the reaction, Mn'V=0...
[PhCH,S(OH)Ph]* intermediate forms, which is significantly
exothermic. This formation eases out the kinetic requirement for
the subsequent reaction facilitating a facile product formation.

12095

Thus, the rate-limiting step is essentially the first step with a
barrier height of 16.5 kJ/mol. This barrier height is markedly
smaller than many other sulfoxidation reactions reported. For
example, [(TMC)Fe—OOH]** perform sulfoxidation in S =
5/2 state with the lowest energy barrier of 60.7 kJ/ mol,64
whereas a stronger [(bispidine)Fe'V=0]*" facilitate this
transformation with DFT-estimated barrier height of 75.0 kJ/
mol.”> Experimentally, the lowest barrier height estimated for
sulfog(()ldatlon reaction by Mn'=0 is reported to be 64.8 kJ/
mol.

For Mn'"Y—OH and Mn'"V=0 species, the computed barriers
are 64.5 kJ/mol (137.7 kJ/mol from RC) and 56.7 kJ/mol,
respectively. Although the barrier for Mn'V=0 is not
substantial, the formation of RC is very stable and enhances
the energy penalty for Mn'Y—OH, rendering this species
unreactive toward various substrates even at 50 °C. For species
Mn"V=0, on the other hand, the barrier computed is not
substantial and suggests the possibility of sulfoxidation. As the
experimental reactions were carried out at pH level 1.5 for the
sulfoxidation reaction, the Mn"V=0 species is likely to be
protanted, leading to a Mn"'—OH species. This is consistent
with earlier reports where Mn"'=0 formation was suggested in
a basic medium, not in an acidic medium.>"*%¢>¢”

To understand the estimated barrier heights further, EDA
analysis was performed on the computed transition states. A
lower AE ;. and a larger AE,, energy were expected to yield a
lower barrier height and vice versa. 9% Here, the AE;
computed for Mn"'—OOH, Mn"'—OH, and Mn"V=0 species
are 22.7 kcal/mol, 145.7 kcal/mol, and 118.9 kcal/mol,
respectively (see Table S7). The AE,, for Mn"Y—OOH,
MnIV—OH and Mn"V=0 species at S = 3/2 transition states
are —482, —274.5, and —93.3 kJ/mol, respectively (see Table
S7). The AE,, is exceptionally low in Mn"'—OOH species
compared to the other two and contributes significantly to its
lower barrier height estimate. The distal oxygen atom lies
relatively farther from the Mn center in Mn"'—OOH species
than Mn"V=0 and Mn'Y—OH species, and therefore, the
substrate approaches the catalyst much closer. This substantially
reduces the steric energy penality in the hydroperoxo species. As
the substrate approaches closer to the oxygen atom, the orbital
overlaps are more efficient, leading to a substantial AE energy
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Figure 9. Electron shift diagram showing the cleavage and formation of bonds in (a) distal and (b) proximal attacks of Mn"'—OOH, (c) Mn"V—OH,

and (d) Mn"=0 species.

for Mn"Y—OOH species compared to Mn"Y'—OH and Mn"'=0
species. This leads to a very small barrier height for this species in
general.

Following the IRC of the § = 3/2 transition states
corresponding to Mn"'—OOH species compared to Mn''—
OH and Mn" =0 species suggests that distal oxygen pathway,
proximal oxygen pathway of Mn'Y"—OOH species, and Mn"'—
OH species follow an ET mechanism, wherein one-electron—
reduced Mn"" species is stabilized prior to the O—S bond
formation. For Mn"V=0, on the other hand, the reaction was
found to occur in one step with a concurrent reduction to Mn"
with the O—S formation (as shown in Figure SS). A plausible ET
mechanism is postulated for Mn"'—OOH species as the sulfur
cation radical forms during the reaction. This is due to the
incorporation of oxygen from water and the formation of minor
C—S bond cleavage products in NMR. Furthermore, the
observation of kinetic isotopic effect (KIE) of 1.2 for the OAT
reaction with Mn'Y—OOH correlated with the highly bent
nature of the transition state, and in our calculations, the
transition state in question is found to have an Mn—O—O bond
angle of 118.8° and this is also consistent with the experimental
suggestions. Similarly, for Mn'Y=0 species, a concerted OAT
has been proposed, and this is well established for other ligand
architectures.”” Both these points support our mechanistic
findings.

From the orbital interaction and electron shift diagram (see
Figures 8a and 9a,b), the ET from RSR’ to MnV—OOH leads to
the formation of Mn™—OOH and [RSR’]** in both proximal
and distal attacks. For distal attack, the 6, O—O bond of Mn™—
OOH is cleaving homolytically to individual p, orbital on each
oxygen atom and interacts with the sulfur radical cation p,
orbital to form o, bonding [HO—S(R)(R’)]*. The left p, orbital
on proximal oxygen makes 7, double bond with d,, orbital of
Mn to form a stable species Mn V=0 species (see Flgures 8a
and 9a,b and Figures S8 and S9). This provides extra stability
and lower barrier height for this pathway.

The main reason for the reactivity difference between the
Mn"V—OOH, Mn"V—OH, and Mn"V=0 lies in sterics. In Mn"V —
OOH species, the O—O bond has to break, whereas in Mn''—
OH and Mn" =0 species, the Mn—O bond has to break. The
O—0 bond cleavage is energetically less demanding than Mn—
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O bond cleavage. In terms of the orbital interaction diagram,
Mn"V—OH undergoes an ET process and forms Mn"'—~OH
species (see Figure 8b) with a short Mn—O distance (1.786 A
for 2') and hence difficult to approach for the substrate
compared to Mn"—OH species. Borovik and co-workers
reported that Mn™-OH species are stable and often unreactive,
which supports our findings that Mn"'—OH is significantly less
reactive for OAT.”'~”> However, if the mechanism is via HAT or
concerted OAT, the reaction is expected to be facile. This is in
accordance with OAT reactions observed with substrates such as
phosphine with Mn'Y—OH species.””’® In the sulfoxiation
reaction studied, the ET pathway is observed where a strong o
bond is formed between d,>_ (Mn) and p, (O) atoms (see
Figures 8b and 9c¢ and Flgure S10) in the Mn"™—OH species.
This bond has to be cleaved for the OAT reaction to occur, and
this enhances the energy penalty suggesting sluggish/no
reactivity for this catalyst as observed in the experiments.

The Mn"V=0 species also has a large barrier, and this is
essentially due to a strong Mn=0 bond which has to cleave for
the OAT reaction to occur (see Figures 8c and 9d). As Mn=0
is a double bond, the 7z-bond cleaves at the transition state, and
the oxygen p, orbital overlaps with the sulfur atom, drawing a
partial bond (see Figure S11). As the Mn—O o bond is still
intact, the Mn—O bond is elongated marginally (0.155 A) at the
transition state compared to an elongation of 0.328 A in Mn"'—
OH species, offering a significant steric strain for the substrate
(see Figures 8c and 9d). This places the barrier for this species to
be higher than the Mn"'—OH species; however, the computed
barrier heights are relatively smaller. This is due to the adaption
of a concerted mechanism with a two-electron reduction of
Mn"V=0, leading to a relatively stable Mn" species. This eases
the electronic contribution to the barrier heights and facilitates a
relatively faster reaction than Mn"—OH species. Experimen-
tally, the Mn"V=0 species is also found to be unreactive for
OAT reactions with alkyl/aromatic sulfides, and this is due to
the following: (i) while the kinetic barrier is not substantial, the
barrier is twice as high compared to MnV-OOH species, and
hence, a sluggish reaction is expected and (ii) the reactions were
carried out in strongly reducing environment at a pH level of 1.5
where Mn'Y=0 is likely to get protonated leading to Mn""—OH
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species which is unreactive toward alkyl/aromatic sulfides as
shown above.

Bl CONCLUSIONS

Here, we have performed the DFT and ab initio DLPNO-
CCSD(T) and CASSCF/NEVPT?2 calculations to understand
the electronic structures of [(Me,EBC)Mn"V—OOH]*(1),
[(Me,EBC)Mn'V—OH]3*(2), and [(Me,EBC)Mn!V=
0]**(3). In addition to this, the mechanism of OAT by these
species has been explored. Our key findings are summarized
below.

(i) Our DFT as well as DLPNO-CCSD(T) calculations
affirm that all the species Mn'"—OOH (1), Mn"Y'—OH
(2), and Mn"'=0 (3) have a high-spin (S = 3/2) ground
state with the excited S = 1/2 very high in energy such that
the typical two-state reactivity scenario observed in
popular Fe"'=0 can be ruled out.

(ii) Multiconfigurational CASSCF calculations on the ground
S = 3/2 state geometries reveal that species Mn"V—OOH
and Mn"Y'—OH have a strong multiconfigurational
character with several excited S = 3/2 states close-lying
leading to a multistate reactivity that does not demand a
spin inversion. Species Mn'=0, on the other hand, has a
dominant single-reference character and is shown to react
via the S = 3/2 state. This is different from other MnV=0
species, which are strongly multiconfigurational in
character and perhaps hold the clue on relatively sluggish
reactivity of this species toward OAT reactions.

(iii) The OAT reaction of Mn"Y'—OOH species with alkyl/
aromatic sulfides suggests that the reaction proceeds via
an ET mechanism with the distal OAT pathway
computed to be lowest in energy (16.5 vs 115.9 kJ/mol
for proximal attack). The mechanistic findings are in
agreement with experiments.

(iv) The OAT transfer reaction in Mn'Y—OH proceeds via an
ET pathway leading to a stable Mn'"'—OH species with a
net barrier height of 137.7 kJ/mol, whereas species
Mn"V=0 obeys a concerted mechanism with a barrier
height of 57.7 kJ/mol. Both the values are much larger
than the Mn'Y—OOH species, rationalizing the absence of
any reactivity of these species toward the substrates
tested.

To this end, our combined DFT and ab initio study unveils
the puzzling higher reactivity of Mn'Y"—OOH species compared
to the popular Mn"'=0 and Mn"Y—OH species. It is apparent
that the O—O bond cleavage is more favorable than Mn—O
bond breaking and this is also contrary to the trend known in
high-valent iron-oxo chemistry, suggesting a greater implication
of the mechanistic findings to other metal-oxo catalysts and PSIIL.
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