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Mononuclear Nonheme Iron(IV)-Oxo and Manganese(IV)-Oxo 
Complexes in Oxidation Reactions: Experimental Results Prove 
Theoretical Prediction† 
Junying Chen,‡ Kyung-Bin Cho,‡ Yong-Min Lee, Yoon Hye Kwon, and Wonwoo Nam*

Reactivities of mononuclear nonheme iron(IV)-oxo and 
manganese(IV)-oxo complexes bearing a pentadentate N4Py 
ligand, [MIVO(N4Py)]2+ (M = Fe and Mn), are compared in 
hydrogen atom transfer (HAT) and oxygen atom transfer (OAT) 
reactions; theoretical and experimental results show that FeIVO is 
more reactive than MnIVO. The latter is shown to react through 
excited state reactivity (ESR). 

 High-valent metal-oxo intermediates have been invoked as key 
intermediates in biological and chemical oxidation reactions.1-3 
Recently, mononuclear nonheme FeIVO complexes have been 
well studied in a variety of oxidation reactions;3 factors that 
affect the reactivities of the FeIVO complexes have been 
extensively studied, such as the structure and topology of 
supporting ligands, the spin state of metal ions, and the 
cooperation of Lewis acid and axial ligand.3-6 In contrast to the 
well-studied nonheme FeIVO complexes, there are only a few 
number of mononuclear nonheme MnIVO complexes synthesized 
in biomimetic systems,7-11 although Mn-oxo species are known 
to play a decisive role in enzymatic and catalytic oxidation 
reactions, such as in oxygen-evolving complex (OEC) in 
Photosystem II.12 Recently, we have shown that mononuclear 
nonheme MnIVO complexes are capable of oxidizing the C−H 
bonds of alkanes as strong as cyclohexane9 and that the oxidizing 
power of the MnIVO complexes could be enhanced even beyond 
that of FeIVO oxidants by binding redox-inactive metal ions or 
triflic acid.10,11  

From a theoretical perspective, MnIVO was shown to perform 
hydrogen atom transfer (HAT) reactions by using an excited state 
configuration,13 referred below as excited state reactivity (ESR) 
for convenience. In ESR, the electron in the π*xz orbital of the 
MnIVO moiety is excited into the σ*xy orbital, and the substrate 

is subsequently interacting with the empty π*xz orbital. This ESR 
is higher in energy at the reactant state, but may have lower 
transition state (TS) than the other alternatives and avoids 
potentially inefficient spin flips.13 For instance, to use the 
otherwise low energy barrier of S = 1/2 state, spin flips are 
required both before and after the reaction to produce the S = 2 
MnIIIOH product, raising questions about its efficiency. A more 
detailed description of ESR is found in the previous 
publication.13 

In the case of FeIVO, most synthetic species are known to 
have S = 1 spin state as reactants, but both S = 1/2 and S = 5/2 
are possible at the FeIIIOH stage, depending on the external 
conditions.14 Hence, a spin state may or may not occur. As the 
energy barriers are usually lowest in the S = 2 state due to 
exchange enhanced reactivity,2 this reaction has been mostly 
assumed to be perfomed in the S = 2 state through two state 
reactivity (TSR), but this would ultimately depend on the spin 
inversion probability.15 

 
Fig. 1  Schematic drawing of the chemical structures of (a) [FeIVO(N4Py)]2+ (1) and (b) 
[MnIVO(N4Py)]2+ (2), N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine. 

 Comparisons between FeIVO and MnIVO therefore contains 
many interesting questions, such as the reactivity of the both 
species, and consequently the efficiency of ESR versus TSR. 
Indeed, comparisons between these two species are seen 
scattered throughout the previous studies. For instance, Georgiev 
et al. have compared two dioxygenase reactions theoretically, 
each containing an Fe and Mn active centre, respectively.16 They 
found that the reaction mechanisms are similar, albeit with 
different rate-determining steps (r.d.s.). Barman et al. reported 
the influence of ligand structures on oxidation reactions by 
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MnIVO species with two isomers of a bispidine ligand which 
showed an inversed order of reactivities compared with that of 
FeIVO.7 In addition, we have published earlier the reactivities of 
FeIVO and MnIVO species bearing N4Py or Bn-TPEN ligands, 
although the reactivity studies were done separately and under 
different experimental conditions.4,6,9-11,13-15 Herein, we report a 
theoretical comparison of the reactivities of high-valent metal-
oxo species, [FeIVO(N4Py)]2+ (1) and [MnIVO(N4Py)]2+ (2) (Fig. 
1), towards HAT and oxygen atom transfer (OAT) reactions 
under identical settings. This is followed by experimental results 
obtained by carrying out the reactions under identical conditions. 
The results provide evidence that FeIVO (1) is more reactive than 
MnIVO (2) in the HAT and OAT reactions.  

The DFT energy barrier for the HAT reaction with 1 and 1,4-
cyclohexadiene (CHD) is calculated to be 13.4 and 12.3 kcal 
mol-1 for S = 1 and 2, respectively. We have earlier estimated the 
spin inversion of 1 to correspond to 3.4 kcal mol-1 in additional 
barrier, if using cyclohexene.15 The use of CHD in our present 
study has the potential of modifying this value somewhat, but the 
correction should still be minor compared to the targeted error 
margins of DFT (±3 kcal mol-1). Hence, we add this value to the 
barrier as is, if making a spin state transition. We would therefore 
theoretically expect an S = 2 barrier of about 12.3 + 3.4 = 15.7 
kcal mol-1. This would make the S = 2 barrier larger than the S = 
1 barrier, hence it becomes unfavourable. Complicating the 
matters is that there probably are some tunnelling in this 
reaction,17 but its magnitude is not expected to change our 
conclusions as we have shown before in the FeIVO case that its 
effects do not exceed 2 kcal mol-1.15 Therefore, from the current 
data, the reaction is predicted to occur at the S = 1 surface over a 
barrier of about 13.4 kcal mol-1, but the S = 2 reaction cannot be 
excluded as the barrier height and overall reaction energy 
differences are small. 
 In the reaction with 2, a low S = 1/2 barrier of 16.2 kcal mol-1 
was found (Fig. 2, black), which is in line with other MnIVO 
studies.7,13 For the S = 3/2 state, no less than three reaction 
pathways were found. The first alternative transfers an α-electron 
to the σ*z2 orbital during the HAT (Fig. 2, red), utilizing the so 
called σ-channel, confirmed by an Mn-O-H angle of 170° at the 
TS (Table S20, ESI†). This electron relaxes down to the σ*xy 
orbital at the intermediate stage. Direct electron transfer to σ*xy 
from the substrate is not possible as this orbital lacks spin density 
on O. The second alternative transfers a β-electron to the π*xz 
orbital, which subsequently relaxes down to δ (Fig. 2, green). 
The third pathway utilizes ESR by first exciting the π*xz electron 
to σ*xy (Fig. 2, grey). In our previous work with cyclohexane as 
substrate, the presence of substrate stabilized this excited state 
and allowed us to locate this species 15.5 kcal mol-1 higher in 
energy than the ground state.13 In the present case with a weak 
C-H bond (78 kcal mol-1)18 CHD as substrate, no stabilization of 
this excited state was found. Instead, the reactant either reverted 
to its ground state configuration, or it broke the weak C-H bond 
to abstract a proton and an α-electron to π*xz (Fig. 2, blue). 
However, albeit not stable, it was clear that there was an energy 
plateau about 15.3 kcal mol-1 up in energy which corresponded 
to this excited state (see ESI,† DFT section - Free Energy 
Calculations). As this value is lower than the S = 1/2 barrier of 

16.2 kcal mol-1 and two spin inversions are avoided, we propose 
that this transition to the excited state of 15.3 kcal mol-1 is the de 
facto energy barrier, which will optimize directly to the MnIIIOH 
structure. Despite this interesting feature of 2, it is however clear 
that the reactivity of 1 is predicted to be one or two order of 
magnitudes larger than 2 in terms of rates. 

 
Fig. 2 Reaction energy profile for the HAT reaction by 2 in the S = 1/2 state (black, short 
dashes, +), S = 3/2 α-electron transfer (red, solid, X), S = 3/2 β-electron transfer (green, 
long dashes, ), and the S = 3/2 excited state (x) reaction (blue, dots, ). The x-axis is 
projected along the shrinking O-H bond length. The energy values are indicated at a 
stationary point. The inset shows the electron occupation at either S = 1/2  (δ2,π*xz

0,π*yz
1) 

or S = 3/2 (δ1,π*xz
1,π*yz

1) state and the subsequent electron transfer during the HAT 
reaction in the different states (see the text for details). The lowest energy pathway is 
proposed to be an α-electron excitation from π*xz to σ*xy (grey, dash-dot) in the S = 3/2 
state, whereby the reaction relaxes directly to the intermediate FeIIIOH structure. 

 In experiments, 1 and 2 were generated by reacting their 
corresponding MII(N4Py) complexes with iodosylbenzene 
(PhIO) in a solvent mixture of CF3CH2OH-CH3CN (v/v = 19:1) 
at 298 K, as reported previously (Fig. S1a, ESI†).4,10 Subsequent 
studies on the HAT reactivities with substrates having BDEs18 
between 77 kcal mol-1 (9,10-dihydroanthracene) and 90 kcal 
mol-1 (toluene) by 1 and 2 were carried out. Addition of these 
substrates to the solutions of 1 and 2 at 298 K resulted in the 
disappearance of the absorption bands at 695 nm for 1 and 940 
nm for 2, respectively (Fig. S1b and S1c, ESI†). The first-order 
rate constants (kobs), determined by pseudo-first-order fitting of 
the kinetic data for the decay at 695 nm due to 1 and at 940 nm 
due to 2, increased proportionally with the increase of substrate 
concentration, whereby second-order rate constants (k2) were 
determined (see Table S1 and Fig. S2 and S3, ESI†). In the case 
of CHD, the second-order rate constants for 1 and 2 were 64(5) 
and 6.2(4) M-1 s-1, indicating that 1 is, by a factor of 10, more 
reactive than 2 (Fig. 3a). The same trends were obtained with 
other substrates, and Fig. 3b shows a good linear correlation 
between log k2′ and the C-H BDEs of the substrates. In addition, 
a kinetic isotope effect (KIE) value of 44 and 11 were obtained 
in the oxidation reactions of cumene-h12 and -d12 by 1 and 2, 
respectively (Fig. S4, ESI†). The large KIE value and the good 
correlation between log k2′ and the substrate BDEs clearly 
indicate that the C-H bond activation of alkanes by 1 and 2 
occurs via a HAT which is the r.d.s. Using the Eyring equation, 
the experimentally obtained k2′ values for CHD above 
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correspond to 16.2 and 17.2 kcal mol-1 in energy barrier at 298 
K. This is to be compared to our “best” DFT calculated values of 
13.4 and 15.3 kcal mol-1, in agreement with experiments that 1 is 
a better oxidant showing higher reactivity than 2. 

 
Fig. 3 Oxidation reactions by 1 (black circles) and 2 (red circles) in CF3CH2OH:CH3CN (v/v 
= 19:1) at 298 K. (a) Plots of the pseudo-first-order rate constants (kobs) against the 
concentration of CHD to determine k2 in the oxidation reaction of CHD. (b) Plots of log 
k2’ against the C−H BDEs of various hydrocarbons. k2’ were obtained by dividing k2 by the 
number of equivalent target C-H bonds in the substrates. 

 Turning our attention to sulfoxidation reactions, a deeper 
insight can be gained by investigating the participating orbitals 
in this reaction. Upon M-O bond elongation, the πxz and π*xz 
orbitals break up into their localized constituent orbitals, dxz on 
M and px on O. The πyz/π*yz and σz2/σ*z2 pairs undergo similar 
decomposition, forming dyz and dz2 orbitals on M and py and pz 
on O, respectively. Meanwhile, if the reaction occurs through the 
so-called π-channel, px starts to form the bonding (and anti-
bonding) σ-orbitals with the hybrid sp2 lone pair orbital of S. The 
M-O-S angle in this case would ideally be 90° due to the orbital 
overlap between px and sp2. Due to steric constraints, this angle 
is around 130° with the N4Py ligand. However, if the reaction 
occurs through the σ-channel, the pz orbital is interacting with 
sp2 instead, resulting in an ideal attacking angle of 180°. We 
detail in ESI† a more in-depth discussion about the interacting 
orbitals and electron transfers (Fig. S5, ESI†). 
 The DFT calculated barrier for thioanisole reaction with 1 is 
19.7 and 10.5 kcal mol-1 for S = 1 and 2, respectively. Given that 
the product FeII is an S = 2 species, while 1 is S = 1, it is clear 
that a spin transition has to occur during the reaction. Hence, if 
making a spin state transition before the TS, we would therefore 
theoretically expect an S = 2 barrier of about 10.5 + 3.4 = 13.9 
kcal mol-1, adding the energy required for spin inversion. This 
barrier would still be smaller than the S = 1 barrier. In addition, 
we found that sulfoxidation in the S = 1 state utilizes ESR as well 

(see ESI† DFT section for details). Due to the much lower S = 2 
energy barrier, we suggest that this reaction occurs through the S 
= 2 TS, which utilizes the σ-channel.  

 
Fig. 4 Reaction energy profile for thioanisole sulfoxidation by 2. The x-axis is along the 
shrinking O-S distance of this reaction. The interacting orbitals in π- and σ-channel 
reactions are also shown (see text and ESI†). The excited S = 3/2 state (green, marked as 
“(x)”) has the lowest TS at 18.5 kcal mol-1, but the MECP (15.2 kcal mol-1, marked in grey) 
may act as a lower TS, depending on the spin inversion probability.  

 For 2, the calculations show a multitude of possible 
pathways. Here, while the reactant 2 is in the S = 3/2 state, the 
product MnII is an S = 5/2 species. Hence, a spin state change has 
to occur along the reaction. While the bare S = 5/2 state of 2 is 
unattainable due to its high energy (32.1 kcal mol-1; Fig. 4, 
brown), it immediately abstracts an electron from the substrate 
upon complexation to form MnIIIO and a substrate radical, which 
lowers the system energy by 10.1 kcal mol-1. However, this is 
still too high to be relevant at this stage of the reaction. Instead, 
the S = 3/2 excited state (“x”; Fig. 4, green) was found to be 
stable upon complexation. The reason for this stability is that a 
partial electron transfer occurs upon complexation, lowering the 
system energy by 7.3 kcal mol-1 to become 9.3 kcal mol-1 above 
the ground state. This is seen through Mulliken spin density 
distribution (ESI†, Table S14), where the substrate has 
developed a β-spin of 0.4. The TS for this spin state is at 18.5 
kcal mol-1, which is energetically lowest of them all and features 
a π-channel interaction. A spin state change is then required at 
the end of the reaction to reach S = 5/2. Alternatively, the spin 
state change could occur before the TS, at the minimum energy 
crossing point (MECP) which was found to be at 15.2 kcal mol-1 
(Fig. 4, grey). This value would then be the r.d.s. Indeed, r.d.s. 
spin crossing TS has been postulated before in a Mn-containing 
dioxygenase system.16 As this value is likely to be adjusted up 
somewhat due to spin inversion probability, the r.d.s. barrier 
value is best given as a range value between 15.2 and 18.5 kcal 
mol-1. The normal S = 3/2 ground state is deemed to have too 
high TS (25 kcal mol-1) to be feasible (Fig. 4, red) and the S = 
1/2 state would require an initial spin flip before the reaction, 
followed by two β-electron flips after the reaction to obtain an S 
= 5/2 product, which was deemed unlikely. The overall 
conclusion, however, is that 1 has a lower barrier than 2 in 
sulfoxidation reactions as well. 

Page 3 of 5 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 The reactivity of 1 in OAT reactions was investigated 
experimentally in CF3CH2OH:CH3CN (v/v = 19:1) at 273 K, as 
the reactivity of 2 in OAT reactions was reported previously.10 
Addition of para-X-thioanisoles (X = OMe, Me, H, F, and Br) to 
the solution of 1 resulted in the disappearance of the absorption 
bands at 695 nm due to 1 (Fig. S6, ESI†). The first-order rate 
constants (kobs) increased linearly with increasing substrate 
concentration, leading us to determine a second-order rate 
constant (k2; see Table S2 and Fig. S7, ESI†). In the oxidation 
reactions of thioanisole by 1 and 2, 1 (k2 = 1.1(1) M-1 s-1) is ~120 
times more reactive than 2 (k2 = 9.2(7) × 10-3 M-1 s-1).10 Further, 
as shown in Fig. 5, when log k2 were plotted against the oxidation 
potential (Eox) of thioanisole derivatives, a good linear 
correlation with slopes of –6.2 for 1 and –8.2 for 2 was obtained 
(see also Fig. S8 for Hammett plots). The experimental k2 values 
should correspond to 15.8 and 18.5 kcal mol-1 in energy barrier 
at 273 K for 1 and 2, respectively, to be compared to the 
theoretical values obtained above (13.9 vs. 15.2 kcal mol-1).  

 
Fig. 5 Plots of log k2 against one-electron oxidation potentials (Eox) of para-X-thioanisole 
derivatives (X = MeO, Me, H, F, and Br) for 1 (black circles) and 2 (red circles)10 in 
CF3CH2OH-CH3CN (v/v = 19:1) at 273 K (see Table S2). 

 In summary, we have conducted a combined theoretical and 
experimental study for the reactivity comparisons of FeIVO and 
MnIVO complexes in HAT and OAT reactions. Both theory and 
experiments agree that under the investigated conditions with the 
N4Py ligand, FeIVO is a stronger oxidant than its MnIVO 
counterpart. In addition, MnIVO is again confirmed to be likely 
to react through ESR rather than TSR, as found earlier.13 

This work was supported by the NRF of Korea through CRI 
(NRF-2012R1A3A2048842 to W.N.), GRL (NRF-2010-00353 
to W.N.) and MSIP (2013R1A1A2062737 to K.-B.C.). 
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Graphical abstract. The HAT and OAT reactivities of FeIVO 
and MnIVO species with N4Py ligand are compared both 
theoretically and experimentally and shown to be faster for 
FeIVO.  
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