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Abstract: The mechanism of the biomimetic nonheme complexes has been
experimentally and theoretically studied in recent years, owing to their capability to
activate various substrates. According to the previous studies, the mechanisms were
different in the presence/absence of acid. In this paper, we used density functional
theoretical (DFT) methods to study the mechanism of the sulfoxidation of sulfide by a
nickel acylperoxo complex [Ni-(Tp™Me)(1>-mCPBA)] in the presence of the
m-chloroperbenzoic acid(mCPBA). Both the concerted and the stepwise radical
mechanisms were proposed and it was demonstrated that the former is preferred.
AMS subiject classifications: 65D18, 74M40, 78M50
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Introduction

In the past few years, a large number of biomimetic nonheme complexes have been
designed and developed to catalyze the hydroxylation, epoxidation, or cis-dihydroxylation
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of hydrocarbon substrates with high stereoselectivity [1-3]. Despite intensive research efforts,
the catalysis mechanism was still a formidable challenge to chemists, especially for the
genuine oxidant and intermediate involved. Thus, experimental and theoretical studies have
been performed to investigate the mechanism, which may lead to new insight in biocatalysis
as well as enlighten new approaches for industrial catalysis.

According to the previous studies, it was found that the mechanisms were different
with and without acid. In 2001, Que et al. proposed a general mechanism for alkane
oxidation by Fe'(TPA) (TPA=tris(3,5-dimethyl-4-methoxypyridyl-2-methyl)amine) family of
catalysis in combination with H202, in which both Fe"-OOH and FeV(O)OH oxidants could
play a vital role in alkane hydroxylation [4]. In 2006, Que et al. characterized a family of
nonheme iron catalysts and performed olefin epoxidation, cis-dihydroxylation using H2O2 as
the oxidant. The resultant intermediate was observed as the ferric hydroperoxo complex
Fe-OOH, whose spin state was modulated by the electronic and steric properties of the
ligand environment. In Fe'(TPA)/H202/H20 system, the intermediate is Fe-OOH, which
decays via water-assisted heterolytic O-O bond cleavage to form a real oxidant FeV(O)OH [5,
6]. The kinetic evidence for such pathway and the mass spectral evidence of the oxidant has
been reported [7,8]. Overall, the available data reveal a surprising complex reaction
landscape that the transformation is carried out by the common FeV(O)OH oxidant.

The addition of acetic acid could alter the mechanism and improve both catalytic
activity and selectivity [6, 9-11]. In the Fe'(TPA)/H202/AcOH system, Que et al. [12] have
observed the intermediate and it was proposed that the oxidant was the
[(TPA)FeV(O)(OC(O)CHzs)], Talsi et al. performed EPR spin trapping and found that g=2.7
[13]. The further support has also been built on the basis of DFT calculations. Gopalan et al.
explored two possible high-valent species generated from the cleavage of O-O bond of
Fel'-OOH species, which revealed that the species underwent heterolytic cleavage to form a
transient FeV=O oxidant, then it underwent an electrophilic attack and eventually led to the
ortho-hydroxylated product [14]. Wang et al. also performed the calculations, and the results
showed that the oxidant was an oxoiron (V) species [(TPA)FeY(O)(OC(O)CHs)] which was
isomerized by [(TPA)FeV(O)(OC(O)CHzs) radical] [15]. Que et al. observed the change in
olefin oxidation products when the acetic acid replaced the water and they proposed the
modification of the water-assisted mechanism to a carboxylic-acid-assisted version [16]. In
the Fel(S,5)-PDP/H202/AcOH system [17], the catalyst was the cyclic ferric peracetate
complex and it could convert to a transient oxoiron (IV)-ACO species that performed alkane
hydroxylation. Elena and co-workers observed the unusual g=2.7 EPR signal in the presence
of carboxylic acid and postulated that this chromophore was an acylperoxoiron(III)
intermediate and the oxidant might be unobserved higher-valent oxidant [18].
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Nickel has recently emerged as an attractive transition metal for the development of
catalysts. It is reported that nickel acylperoxo complexes have strong oxidative activity.
Recently Hikichi Shiro and co-workers had characterized the nickel(Il)-acylperoxo complex
which showed electrophilic oxygenation toward sulfides and olefins with the addition of
mCPBA [19]. It could catalyze a variety of substrates via oxygenation transformations, such
as selective partial of alkane, olefin epoxidations and sulfoxidatons. Besides, the electronic
and steric hindrance properties of the supporting ligands affect the catalytic activity as well
as the alcohol/ketone(A/K) selectivity [19-22]. For nickel acylperoxide, it is generally
believed that the Ni -O. free radical is formed through O - O homolysis, followed by the
attack from the radical to the substrate [22,23]. However, there is no exact theoretical or
experimental evidence for the existence of the radical. To shed light on the mechanism of the
nickel(II)-acylperoxo, we performed the theoretical calculations. In this paper, (Tp<Me) was
employed as the Ni-supporting ligand because the proximal trifluoromethyl groups exhibit
an electron-withdrawing nature, high oxidation resistance, and moderate steric hindrance.
The versatility of Tp©Me for the stabilization of metal-dioxygen species was revealed by the
Cu complex [23]. Therefore, we choose [Ni-(TptMe)] as the catalyst.

According to the previous studies, herein we proposed two possible mechanisms as
shown in Scheme 1. Firstly, [Ni-(Tp©3Me)(k2-mCPBA)] is formed as precursor. Then, there
are two possible pathways. Path a, O-O bond homolysis may occur to give the [TP<Me Nil
(O)] and ArCO:2 moieties. The former is the active oxidant and can react with sulfide directly
to generate sulfoxide and [Ni-(Tp“¥Me)(k2-mCBA)]. Path b, the precursor reacts with
substrate via a concerted mechanism through concomitant O-O rupture and oxygen atom
transfer.
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Scheme 1 Two possible mechanisms proposed for the sulf-oxidation.
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Methods

The coordinates of [Ni-(Tp“fMe)(xk>-mCPBA)] was obtained from Cambridge
Crystallographic Data Centre. DFT calculations were performed with the Gaussian 09 suite
of quantum chemical packages using the B3LYP/LACVP* computational level under the
temperature of 233.15K in toluene solvent. All optimizations and single-point calculations
were performed with solvation using the self-consistent reaction field (SCRF) calculations in
the polarizable continuum model (PCM). Experience has shown that the obtained structures
using such methods were adequate for the calculations [19]. The transition states were
ascertained by vibrational frequency analysis to possess a single mode along the reaction
path with only one imaginary frequency. The spin populations reported were derived from
the Mulliken population analysis.

Results and discussion

In this paper, we studied the singlet and triplet states of compound 1. The triplet state is
found to be the ground state, with the singlet and quintet 18.0 and 61.7 kcal/mol higher in
energy respectively (Table S1 in SI).

spin

Ni: 0.00/1.66
01: 0.00/0.11
TP: 0.00/0.17
mCBA: 0.00/0.06 01

Ni-O1: 1.831/1.930 A
Ni-O3: 1.876/2.030 A ©2
01-02: 1.456/1.445 A

r(Ni-N)/avg: 2.135/2.077 A

Figure 1: UB3BLYP/LACVP* optimized geometries and spin densities of complex 1 with selected structural

parameters. Hydrogen and fluorine atoms are omitted for clarity.



H.-L. Song et al. / Commun. Comput. Chem.,3(2015), pp.35-43 39

As shown in Table 1, the difference of bond length between experiment and calculation
is less than 0.033 A(Ni-N2), which indicates that our calculations are reasonable. The
compound 1 is a penta-coordinated compound with three N atoms from pyrazole ring and
two O atoms from mCPBA. The compound 1 is a neutral complex in which the oxidation
state of Ni is +2. The optimized structure parameters are consistent with previous
experimental findings [19]. As Figure 1 revealed, Ni of °1 has large spin density whereas

mCBA has small one.
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Figure 2: UB3LYP/LACVP* computed relaxed potential-energy scan for the O1-O2 cleavage of singlet and
triplet of complex 1.

To better elucidate the electronic structures of 31, the spin natural orbitals (SNOS) have
been shown in Figure S2. According the previous studies, we proposed two proposals on the
reaction paths, one is radical stepwise manner, the other is concerted.

Path a. First, we performed the relaxed scan of O1-O2 cleavage as shown in Figure 2.
The barrier of O1-O2 cleavage is computed more than 35kcal/mol for both singlet and triplet
spin state. Considering the large barrier height is encountered in path a, we can definitely

ignore the possibility of path a.

Table 1 The difference between experiment and calculation on the bond distance.

Bond distances/A Ni-N2 Ni-N4 Ni-N6 r(Ni-N)/avg Ni-O1 01-02 Ni-O3

experiment 2.037 2.041 2.058 2.045 1.914 1.445 2.040
calculation 2.070 2.070 2.089 2.077 1.930 1.445 2.030

d/A 0.033 0.029 0.031 0.032 0.016 0.000 -0.010
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Path b: As previously proposed and shown in Scheme 2, we considere that the
mechanism is concerted. O1-O2 bond cleavage occurs along with the sulphur atom close to
O1 and the computed profile is shown in Figure 3.

As shown in Figure 3, the barrier height for O1-O2 cleavage is computed to be 12.6 and
16.5 kcal/mol for the triplet and singlet spin states. Figure 3 also depicts the structural
parameters. As shown in Figure 3, as the sulphur atom attacks O1, S-O1 is decreased from
2.215 A of the transition state to the 1.567 A of the product, O1-O2 bond is increased from
1.445 A to 1.767 A simultaneously. Ni-O1 bond is also increased from 1.942 A to 1.987 A. We
also analyze the vibrational frequency of the transition and find both the triplet and the
singlet states possess a single mode with only one imaginary frequency.
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Figure 3: Energy profiles (kcal/mol) and geometries and spin densities of the transition state. Hydrogen and

fluorine atoms are omitted for clarity.
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Scheme 2 path b: the concerted mechanism.

Conclusions

DFT calculations have been performed to explore the mechanism of sulfoxidation of
thioanisole with 1. We have explored various possible reaction pathways in the course of
sulfoxidation. According our calculations, path a is impossible due to the large energy
barrier height, and the sulfoxidation is performed by the attack of 1 to the sulfide directly.
The results indicate that the radical-mediated manner proposed preciously is impossible.
This study can provide guidance to the design of the nonheme biomemic catalysis.
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