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Using theoretical calculations to predict the redox
potential of mononuclear manganese complexes†

Juan L. Puzzolo, a Salvador I. Drusin, bc Verónica A. Daier, ad

Sandra Signorella ad and Diego M. Moreno *ad

The rational design of biomimetic complexes of metalloenzymes involved in redox processes is of great

interest in bioinorganic chemistry. Its purpose is to utilize the redox properties of mimics and use them

as redox-active catalysts. To obtain efficient artificial catalysts, it is necessary to model structurally and

electronically the active site of the enzymes. In particular, for redox catalysis, it is necessary that the

biomimetic complexes achieve a certain redox potential so their prediction is a valuable tool to improve

the rational design of catalysts with specific properties. In this work we set out to predict the one

electron redox potential for a series of mononuclear Mn models of Mn superoxide dismutase enzymes

using density functional calculations of low computational cost. We obtained an excellent linear

correlation between calculated and experimental redox potentials referenced against the ferrocene/

ferrocenium (Fc/Fc+) couple, when solvation effects were included. Additionally, we validated the

strategy predicting the redox potentials of two complexes synthesized in our laboratory.

Introduction

Numerous biological reactions are catalyzed by metalloenzymes
that exploit the redox properties of their metal site.1 Among
them manganese superoxide dismutase (MnSOD) enzymes
catalyze the dismutation of a superoxide radical into oxygen
and hydrogen peroxide according to Scheme 1 using a redox
cycle Mn(II)/Mn(III). MnSOD is essential in eukaryotic cells since
it is located in the mitochondria of aerobic organisms.2

The active site of MnSOD is formed by the Mn ion in a distorted
trigonal bipyramidal environment, N3O2, generated by coordina-
tion with three histidine and one aspartate residue, and one OH�

or H2O molecule. This particular environment establishes the
redox potential of the Mn ion at 8 mV (vs. Ag/AgCl KCl 0.1 M).3

There are numerous pathologies and cellular processes that
cause MnSOD inactivation, which disrupts the redox homeo-
stasis in the cell. The treatment with the native enzyme gives
rise to a variety of immunological problems due to the nonhuman
origin of the enzyme, thus, the use of alternative therapeutic

agents is needed.4 This has led to great interest in the develop-
ment of functional biomimetic models of MnSOD. The aim is
to find complexes that are easy to synthesize with structural
and electronic features which can be easily modified, in order
to modulate their catalytic activity. Considering this, these types of
complexes can also be used to catalyze reactions in fine chemistry
and industrial processes.5,6

Many manganese mononuclear complexes have been reported
to have SOD activity, which can be classified according to the ligand
type: macrocyclic, Schiff’s base, porphyrin, corrole derivatives,
acyclic multidentate, or peptide based-ligands.7–13 It is important
that these biomimetic complexes have a redox potential similar
to the natural enzyme so that the redox process associated with
catalytic activity can take place.3

Schiff bases, or imines, have long been known to be useful
metal ligands,14,15 where salpn = 1,3-bis(salicylidenamino)propane
has been studied in detail.16,17 This type of ligand makes it
possible to modify the electronic features of the complexes by
inserting different substituents in their aromatic rings (Fig. 1).
The redox potential of the complexes can be adjusted through
these modifications. Therefore, the ability to adjust the redox
potential allows control of the catalytic activity.

Scheme 1 Redox cycle of MnSOD.
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Computational methods have become a valuable tool for
describing the electronic properties of biomimetic complexes.18,19

One of the applications of these methods in modern chemistry
is the prediction of the redox potentials of chemical species such
as metal complexes.20–22

In this work, a low computational cost model based in the
thermodynamic cycle shown in Scheme 2 was applied to obtain
the redox potentials of a series of manganese complexes of
salpn ligand derivatives (Fig. 1 and 2) using density functional
calculations and the free energy change of the half reaction.
The results were compared with those reported in the literature
and we obtained a linear correlation that allowed us to predict
with great accuracy the redox potential of two complexes
synthesized in our laboratory.

Theoretical and computational details

All calculations were performed using the hybrid B3LYP23

functional as implemented in the Gaussian 09 package.24

This functional was used successfully in theoretical studies
that involved manganese complexes.25–28 In this work we have
employed the 6-31G** basis set for the first-row to the third-row
atoms and LANL2DZ ECP for Mn and Br atoms.29,30 The solvent
effects were computed by the polarizable continuum model
(PCM)31 and the continuum solvation model SMD32 with the
dimethylformamide DMF dielectric constant. All the optimized
structures are proved to be local minima using frequency
calculations.

Using the thermodynamic cycle depicted in Scheme 2, we
obtained the calculated redox potential of a family of Mn
complexes derived from the 1,3-bis(salicilidenamine)propane
ligand (salpn). First, the structure optimization under vacuum
of each complex at the two redox states was performed, and then
the free energy in solution (G(soln)) of these ones was calculated by
geometry optimization and frequency calculations. The analytical

vibrational frequencies required to compute the G(soln) value were
obtained by frequency calculations over local minima structures
of each complex in solution. These structures were optimized
using the self-consistent reaction field (SCRF) approach, with the
dielectric constant of DMF, starting from the gas-phase local
minima structure. All these methods were used as they are
implemented in the Gaussian 09 package by default. These data
were employed to obtain the calculated redox potential (E0

calc)
using the eqn (1) and (2).

DGðsolnÞ ¼ G
½MnIIL�
ðsolnÞ � G

½MnIIIL�
ðsolnÞ (1)

E0
calc ¼ �

DGðsolnÞ
nF

(2)

Complexes studied: model building

The complexes studied in this work are summarized in Fig. 2
and the experimental redox potentials were taken from the
literature.17 This series of complexes was used to build the
model system.

Validation complexes

Two complexes (8 and 9) previously synthesized by our group
were used in order to validate the applied strategy.33 Complex-8
is the difluoro-substituted (R1 = R3 = F) and complex-9 is the
dichloro-substituted derivative (R1 = R3 = Cl).

Results and discussion

A family of mononuclear manganese complexes derived from
the salpn ligand and their phenyl substituted derivatives was
selected to perform our studies. These complexes have been
correctly characterized in the literature and their catalytic
activities have been reported.17

Structural and electronic properties

Geometry optimizations were performed considering the
effects of the DMF solvent using two models, PCM and SMD,

Fig. 1 Schematic representation of the Schiff base ligand used in this
work.

Scheme 2

Fig. 2 The series of mononuclear Mn complexes derived from the
X-salpn ligand used in this work.
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of all complexes. The optimized structure of complex 4 is shown
in Fig. 3. Table 1 summarizes the most relevant structural
parameters together with the crystallographic data.17 Both solvent
models studied gave similar results (see Table SI-I, ESI†).

The coordination around the Mn ion in the optimized
complexes may be described as elongated octahedral, with
the axial H2O–Mn–H2O bond distances (Mn–O 2.29 to 2.33 Å)
distinctly longer than the equatorial Mn–O/N bond distances
(1.87 to 2.05 Å), a signature of Jahn–Teller distorted MnIII

ions.34 The bond distances and the angles of the optimized
structures correlate very well with the data obtained from the
crystallographic studies as shown in Table 1. The parameters of
all the complexes follow the same trend as shown in the ESI†
(Fig. S1 and Table SI-II).

Table 2 summarizes the Mulliken charges and the spin
populations of the Mn ion in each complex in both oxidation
states. As expected, the spin population is close to the number
of unpaired electrons of a high spin d4 ion (Mn3+) and d5 ion
(Mn2+). On the other hand, since the Mulliken charge does not
reflect the formal charge of the metal ion, it is diminished by its
delocalization over the ligand. The calculated Mulliken charges
are B0.95 and B0.75 for the Mn3+/Mn2+ central ion.

Spin densities are not altered by the electron donor effect of the
substituents, whereas the charge suffers a slight change in accor-
dance with the electron donor or acceptor effect of the substituent.

A direct relationship is observed when we compare the redox
potential values (Table 3) with the Mulliken charges on the Mn
ion of each complex, there exists a direct relationship between
them. This is in accordance with the effect over the metallic
center due to the substituents in the aromatic rings; thus the
electrophilic substituents subtract electronic density from
the metallic ion to increase its charge and redox potential.
Although there is a correct correlation between the Mulliken
charge and the redox potential of the complexes, the fact that
the charge variation is very small does not allow us to use it as a
parameter for the theoretical predictions.

Redox potentials of the manganese complexes

The calculated redox potentials (E0
calc), as well as the corres-

ponding experimental values (E0
exp), of the complexes are

summarized in Table 3. All cited potentials were referenced
against the ferrocene/ferrocenium (Fc/Fc+) couple as suggested
by IUPAC.35 To obtain the redox potentials we performed
theoretical calculations at the B3LYP/6-31G**/LANL2DZ level
using two solvent models, PCM and SMD. The E0 of the couple
Fc/Fc+ was calculated using the same protocol.20 The results
obtained with both solvent models are compared in Fig. 4.
There is a good linear correlation between the experimental
data and calculated values for both models of solvents.

We performed a correlation and regression analysis of both
systems. The determined relationship was linear according to
the calculated statistics, Fcal = 533.4 (PCM) and 1344.3 (SMD)
(Fcrit(0.05;1;5) = 6.6). The ordinate to the origin turned out to be
non-significant in the B3LYP/6-31G**/LANL2DZ/PCM calcula-
tions. The resulting slope is 0.60 with a standard deviation (SD)
of 0.02. When we fit the B3LYP/6-31G**/LANL2DZ/SMD data

Fig. 3 Optimized structure of complex 4. Carbon atoms are shown in
cyan, nitrogen atoms are shown in blue, manganese atoms are shown
in green, oxygen atoms are shown in red and bromine atoms are shown in
purple.

Table 1 Relevant geometrical parameters of the crystal17 and optimized
structures of complex-4 with PCM as the solvent model

Distance
(Å)

Crystal
structure

Optimized
structure

Angles
(1)

Crystal
structure

Optimized
structure

Mn–O1 1.863 1.88 O1–Mn–O2 86.5 89.4
Mn–O2 1.868 1.87 O1–Mn–O3 89.8 92.4
Mn–O3 2.275 2.29 O1–Mn–O4 93.3 92.0
Mn–O4 2.203 2.33 O1–Mn–N1 176.5 178.0
Mn–N1 2.026 2.05 O1–Mn–N2 90.6 88.3
Mn–N2 2.017 2.05 O2–Mn–O3 91.2 94.1
Angles (1) O2–Mn–O4 90.5 88.6
N1–Mn–N2 91.8 93.6 O2–Mn–N1 91.1 88.7
N2–Mn–O3 87.8 88.2 O2–Mn–N2 177.0 176.7
N2–Mn–O4 90.5 89.2 N1–Mn–O3 87.7 88.2
O3–Mn–O4 176.5 174.7 N1–Mn–O4 89.3 87.5

Table 2 Spin populations and Mulliken charges (in parentheses) for
manganese complexes at B3LYP/6-31G**/LANL2DZ/PCM. Q = complex
charge, S = spin multiplicity

MnIII–(X-salpn) Q = +1, S = 5 MnII–(X-salpn) Q = 0, S = 6

Complex-1 3.87 (0.91) 4.79 (0.69)
Complex-2 3.88 (0.91) 4.78 (0.71)
Complex-3 3.88 (0.94) 4.78 (0.73)
Complex-4 3.88 (0.93) 4.79 (0.73)
Complex-5 3.89 (0.96) 4.79 (0.75)
Complex-6 3.90 (0.97) 4.79 (0.76)
Complex-7 3.90 (0.99) 4.79 (0.78)

Table 3 Experimental and calculated redox potential of complexes 1–7

E0 (MnIII/MnII) (mv) vs. Fc/Fc+

E0
exp

E0
calc

B3LYP PCM B3LYP SMD

Complex-1 �714 �1127 �1124
Complex-2 �516 �967 �889
Complex-3 �469 �735 �711
Complex-4 �422 �738 �720
Complex-5 �365 �527 �567
Complex-6 �207 �370 �418
Complex-7 �106 �155 �205
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the slope is 0.66 with a SD of 0.04 and the ordinate is 35.9. The
regression coefficient (R) is 0.99 in both cases. The accurate
linear fit obtained allows us to use the regression data to
predict redox potentials of new manganese complexes.

With the aim of further reducing the computational cost,
we decided to perform calculations without considering
the effects of the solvent. In Fig. S2 (ESI†), the data of the
predictions carried out in a vacuum are shown. It is well
observed that this simplification does not provide good results,
thus, it is necessary to take into account the effect of the solvent
with an implicit model that does not significantly increase the
computational cost.

Validation of the model

In order to validate our strategy, we employed two novel
complexes synthesized and characterized by our group,33 to
evaluate the performance of the linear regression equation.
The redox potential values measured in DMF solvent of complexes
8 and 9 are shown in Table 4.

In both cases the absolute error is B50 mV which is lower
than the error in the redox potential estimation using single
ab initio calculations.20,22 This calculation on complexes obtained
in a different laboratory demonstrates the suitability of the
strategy, which allows comparison of a series of analogous
complexes.

Conclusions

In this work, a strategy was applied to predict redox potentials
of a family of manganese complexes through computational
chemistry calculations. We studied the electronic properties of
a series of mononuclear manganese complexes. Through a
thermodynamic cycle we were able to estimate the redox
potential values of the complexes and we could correlate them
with the experimental data. An excellent correlation was found
between experimental and theoretical data that correctly fit
through a linear regression. This relationship is important to
design new complexes with a desired redox potential. The
model developed successfully predicted the E0 of two complexes
synthesized in our laboratory demonstrating the aptness of the
strategy.

In this way, using a low-cost computational method for
calculating redox potentials of transition metal complexes,
researchers may facilitate the rational design of biomimetic
complexes optimizing resources.
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M. W. Dewhirst, Dalton Trans., 2006, 617–624.

12 U. P. Singh, R. K. Singh, Y. Isogai and Y. Shiro, Int. J. Pept.
Res. Ther., 2006, 12, 379–385.

13 S. Signorella, C. Palopoli and G. Ledesma, Coord. Chem. Rev.,
2018, 365, 75–102.

14 P. G. Cozzi, Chem. Soc. Rev., 2004, 33, 410–421.
15 A. Erxleben, Inorg. Chim. Acta, 2018, 472, 40–57.
16 D. Moreno, V. Daier, C. Palopoli, J.-P. Tuchagues and

S. Signorella, J. Inorg. Biochem., 2010, 104, 496–502.
17 M. Maneiro, M. Bermejo, A. Sousa, M. Fondo, A. González,
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