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Abstract: We report a reparameterization of PM6 parameters for fluorine and chlorine using our
training set containing transition metal complexes. Spin unrestricted calculations with the resulting
rPM6 (UrPM6) were examined quantitatively using two test sets: (i) the description of magnetic
interactions in 25 dinuclear metal complexes and (ii) the prediction of barrier heights and reaction
energies for epoxidation and fluorination reactions catalyzed by high-valent manganese-oxo species.
The conventional UPM6 and UPM7 methods were also evaluated for comparison on the basis of
either experimental or computational (the UB3LYP/SVP level) outcomes. The merits of UrPM6 are
highlighted by both the test sets. As regards magnetic exchange coupling constants, the UrPM6
method had the smallest mean absolute errors from the experimental data (19 cm−1), followed by
UPM7 (119 cm−1) and UPM6 (373 cm−1). For the epoxidation and fluorination reactions, all of the
transition state searches were successful using UrPM6, while the success rates obtained by UPM6
and UPM7 were only 50%. The UrPM6-optimized stationary points also agreed well with the
reference UB3LYP-optimized geometries. The accuracy for estimating reaction energies was also
greatly remedied.

Keywords: semiempirical method; magnetic exchange coupling; oxidation reaction

1. Introduction

In oxidation reactions, mononuclear metal-oxo species such as Fe(IV)=O and Mn(IV)=O are
considered to be key intermediates that activate inert C–H and C=C bonds to generate alcohols
and epoxides [1]. Halogen atoms may be involved as axial ligands in an enzyme active site, and
can control the catalytic reactivity. Biomimetic studies sometimes introduce halogen atoms for the
purpose of enhancing their target reactions [2–5]. For instance, chiral MnIII-salen complexes achieve
enantioselective epoxidation of olefins, so-called the Jacobsen-Katsuki epoxidation (see Scheme 1a) [2,3].
This type of epoxidation reaction is expected to start with the attack of a MnV=O on one of the carbon
atoms of the C=C bond. The chloride ion is crucial to keep conversion rates, especially for an analogue
without substituents [4].

Among the halogens, fluorine can play an important role in drug design and development [6,7].
The notable physical properties of fluorine are its high electronegativity and small van der Waals radius,
thus, fluorine-containing molecules affect the metabolism of drugs and show high bioavailability.
The 18F isotope-labelled molecules, and above all, 2-[18F]-fluoro-2-deoxy-D-glucose, are widely used as
positron emission tomography tracers [6]. Since the number of fluorine-containing natural products
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are limited, many strategies for introducing fluorine into a molecule have been proposed including
fluorination and trifluoromethylation reactions [8–10]. Groves and co-workers developed a late-stage
process for the 18F fluorination into the benzylic position of a molecule [10]. They revealed that a
Mn(salen) complex with p–toluenesulfonate significantly outperforms that with chloride, affording
the highest radiochemical conversions. The reactive species of this benzylic C–H fluorination process
may be mediated by [F–MnV=O(salen)], responsible for hydrogen abstraction as depicted in Scheme 1b.
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Scheme 1. (a) Ethylene epoxidation catalyzed by 3[Cl–MnV=O(salen)] and (b) toluene fluorination
catalyzed by 3[F–MnV=O(salen)]. The superscripts 3 and 5 on the left side denote triplet and quintet
spin states, respectively.

Polynuclear complexes may catalyze challenging oxidation reactions with high selectivity [11–13].
However, even for dinuclear systems, less information is available on the electronic and geometric
structures of reactive intermediates compared to mononuclear complexes. Spectroscopic studies of
magnetic exchanges between spin centers are capable of contributing to the characterization of an
active species [14,15]. In addition to catalytic activities, magnetic properties of polynuclear complexes
have also been studied with the aim of developing promising candidates for quantum computing
and high-density magnetic storage devices [16,17]. To understand fundamentally the mechanism of
magnetic coupling, studies on dinuclear complexes with fluoride and chloride bridges have been
carried out as well as those with oxo and hydroxo bridges [18–38].

On the theoretical side, the first-principles spin unrestricted density functional theory (UDFT)
calculations may help determine reaction pathways by locating transition state (TS) structures and by
computing activation barriers and reaction energies [39]. The computational prediction of magnetic
exchange coupling constant (J) values is also one of the important issues, because the sign and
magnitude of the magnetic property is sensitive to a change in electronic structures and local geometries
of metal centers [40–43]. Unlike thermochemical properties, few benchmarks have been established
using semiempirical quantum mechanical (SQM) methods, not to mention transition-metal-containing
complexes [44–47]. The reason is simple: there is no SQM method that has been designed for strongly
correlated electron systems.
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Very recently, we proposed the rPM6 method [48–52], which is a reparameterization variant of
PM6 [53], and tested the spin unrestricted PM6 (UrPM6) against organic diradicals and iron– and
manganese–catalyzed C–H and C=C bond activation reactions. It turned out that UrPM6 outperforms
the original UPM6 and spin unrestricted density functional-based tight binding (UDFTB) methods
for calculating J values for organic diradicals. The examination on the oxidation reactions also
demonstrated its improved performance for TS searches. In the present work, the reparameterization
and subsequent evaluations of the parameter sets for fluorine and chlorine are reported. We check
whether our UrPM6 can be applied to the quantitative prediction of magnetic interactions, reaction
energies, and barrier heights on the basis of a test set. One test set contained 25 dinuclear complexes
associated with magnetic coupling (see text below and Figure 1). The other set was composed of the
two oxidation reactions as already noted above (see Scheme 1).

2. Computational Details

2.1. rPM6 Parameters for F and Cl

The reparameterization of PM6 involves the optimizations of electronic parameters and
parameters for the core-core interaction. The electronic parameters for fluorine are composed of
the one-electron one-center integrals (Uss and Upp), the resonance integrals (βs and βp), and the Slater
orbital exponents (ζs and ζp). Due to hypervalent compounds, chlorine includes the additional three
parameters for d-orbitals (Udd, βd, and ζd) [54]. The optimization was not performed for the other
electronic parameters including one-center two-electron integrals, in analogy with Pairwise Distance
Directed Gaussian (PDDG)/PM3 [55]. As such, the six and nine electronic parameters were optimized
for fluorine and chlorine, respectively. The core-core interaction is written using the charge of the
nucleus (Zi), the two-electron two-center integral ( 〈sisi

∣∣sjsj〉 ), the distance between atoms i and j (Rij),
and the optimizable Voityuk’s diatomic core-core parameters (αij and xij) [56]:

En(i, j) = ZiZj
〈
sisi

∣∣sjsj
〉(

1 + xije
−αij(Rij+0.0003R6

ij)
)

(1)

Using this equation meant that the two parameters corresponding to each atom pair, such as F–O
and Cl–Mn, were optimized. Fluorine and chlorine both had 12 optimizable core-core parameters,
resulting in the 18 and 21 parameters in total for fluorine and chlorine, respectively (for details,
see Table 1). During the optimization, the parameters for H, C, N, O, Mn, and Fe remained frozen at
the values determined in our previous studies [48,49,52].

The parameters for fluorine were first refined on the basis of the training set 1, followed by those
for chlorine using training set 2. Details of the training sets 1 and 2 are collected in Table S1 and
Figure S1 in the Supplementary Materials, and are summarized as follows:

1. Geometric parameters of four open-shell and 11 closed-shell species [9,57,58] with 72 reference
data points. Nine subsets for general chemical problems taken from the GMTKN30 database with
52 reference data points, which covered ionization potential (G21IP), electron affinity (G21EA),
atomization energies (W4-08), decomposition energies (MB08-165), proton affinities (PA), barrier
heights and reaction energies (BH76, BH76RC, and G2RC), and radical stabilization energies
(RSE43) [59–61]. The total number of reference data points (N) is 124.

2. Geometric parameters of three open-shell and 15 closed-shell species [56,62–64] with 86 reference
data points. Nine subsets for general chemical problems taken from the GMTKN30 database
with 50 reference data, which covered ionization potential (G21IP), electron affinity (G21EA),
atomization energies (W4-08), decomposition energies (MB08-165), barrier heights and reaction
energies (BH76, BH76RC, and G2RC), self-interaction error related problems (SIE11), and
isomerization energies (ISOL22) [59–61]. The number of reference data points (N) totaled 136.
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For each training set, reference data for geometric variables were obtained at the UB3LYP/SVP
level of theory [65–68] using the Gaussian 09 program package [69]. Then, a response function S, which
represents a sum of the square of the difference between calculated values (Qcalc(i)) and reference data
(Qref(i)), was minimized to find the best set of parameters P:

S = ∑N
i (Qcalc(i)−Qref(i))

2. (2)

2.2. Evaluation of rPM6 on Calculating Magnetic Interactions, Reaction Energies, and Barrier Heights

Upon obtaining the optimized parameter sets, we evaluated the applicability of UrPM6 to the
quantitative prediction of magnetic interactions, reaction energies, and barrier heights. The original
UPM6 and UPM7 methods were also tested for comparison [70]. As aforementioned, our test set
specifically consisted of (i) dinuclear 14 dimanganese (from FEBKOM to BARFOQ) and 11 diiron
(from YOCKAC to RITHAD) complexes corresponding to the Cambridge Structural Database
reference codes as depicted in Figure 1 [18–38], and (ii) an ethylene epoxidation reaction catalyzed by
3[Cl–MnV = O(salen)] and a toluene fluorination reaction catalyzed by 3[F–MnV=O(salen)] [2,10,71].
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Figure 1. Twenty-five dinuclear manganese and iron complexes (for details, see also Tables S1 and S2).

Note that the superscript 3 on the left side denotes a triplet state. Concerning the test set (i),
geometry optimizations were carried out on the low-spin (LS) states, except those for CULSOR and
ARUGOK, which exhibit ferromagnetic interactions, that were performed on the high-spin (HS) states.
For the ARUGOK and ARUGUQ systems, two ClO4

= counter anions were included in the models
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because they form hydrogen bonds with the water molecules coordinated to Mn. To calculate J
values using an approximate spin projection formula in Equation (3) [72–75], the single point energy
calculations were performed at the optimized geometries on the corresponding HS states of 23 metal
complexes and LS states of CULSOR and ARUGOK.

J =
ELS − EHS

〈Ŝ2〉HS − 〈Ŝ2〉LS
(3)

For the test set (ii), geometry optimizations were performed to locate local minima and TS
structures. We assessed whether the results of the SQM methods agree with those of the density
functional theory (DFT) in the optimized geometries of the stationary points, reaction energies,
and barrier heights. In the present study, the UB3LYP/SVP model was chosen as the reference.
All the quantum chemical calculations were done with the Gaussian 09 (UPM6, UrPM6, and
UB3LYP/SVP) [69] and Gaussian 16 (UPM7) program packages [76], while reparameterizations were
carried out by our own code [48]. The geometry optimizations were performed using the default
convergence criteria.

3. Results and Discussion

Two sets of optimized parameters, for rPM6 and those for the original PM6, are presented in
Table 1.

Table 1. Comparison of parameters a between rPM6 and PM6 b.

rPM6 PM6

αF-H 3.293972 3.136740
xF-H 0.851422 0.815802
αF-C 2.984681 3.027600
xF-C 0.736305 0.732968
αF-N 2.899491 2.856646
xF-N 0.567813 0.635854
αF-O 3.051565 3.015444
xF-O 0.694847 0.674251

αF-Mn 2.920150 2.799150
xF-Mn 1.077996 1.113070
αF-Fe 4.261457 4.294707
xF-Fe 3.657350 3.657350
αCl-H 2.575944 2.402886
xCl-H 0.946833 0.754831
αCl-C 2.208931 2.162197
xCl-C 0.550541 0.515787
αCl-N 2.198862 2.172134
xCl-N 0.586460 0.520745
αCl-O 2.379828 2.323236
xCl-O 0.642703 0.585510

αCl-Mn 1.951202 1.657010
xCl-Mn 0.162889 0.201850
αCl-Fe 1.574455 1.229793
xCl-Fe 0.004971 0.019473

F Cl F Cl

Uss −137.738801 −63.941830 −140.225636 −61.389930
Upp −98.295972 −54.599897 −98.778044 −54.482801
Udd −33.686857 −38.258155
βs −71.770655 −4.283409 −69.922593 −2.367988
βp −29.432906 −12.99524 −30.448165 −13.802139
βd −1.426944 −4.037751
ζs 5.975874 2.645837 6.043849 2.637050
ζp 2.932020 2.084940 2.906722 2.118146
ζd 1.291613 1.324033

a In Å−1 for α, eV for U and β, and bohr−1 for ζ. b From Ref. [53].



Molecules 2018, 23, 3332 6 of 17

This section continues with the calculated results of magnetic interactions, followed by those of
the ethylene epoxidation reaction and toluene fluorination reaction.

3.1. Test Set (i): Magnetic Interactions

Table 2 summarizes the computed and experimental J values for 25 dinuclear metal complexes
used as the test set (i). The statistical evaluation based on mean absolute errors (MAEs) and mean
absolute relative errors (MAREs) is also presented. Note that the results of ARUGUQ and BARFOR are
excluded from the statistical analysis because geometry optimizations for these complexes failed using
UPM6 and/or UPM7. The first four systems, namely FEBKOM, FEBKUS, HUYGAJ, and GAVWIJ,
contain a [Mn2(µ–O2)] unit responsible for an antiferromagnetic interaction with a negative J value.
The pairs FEBKOM and FEBKUS as well as HUYGAJ and GAVWIV differ in their oxidation states of
each of the Mn ions.

Table 2. Magnetic exchange coupling constants (in cm−1) for 25 dinuclear metal complexes.

System Expt. UPM6 UrPM6 UPM7

FEBKOM MnIV
2(µ–O)2 −144 −9 −130 −39

FEBKUS MnIIIMnIV(µ–O)2 −148 −49 −132 −32
HUYGAJ MnIV

2(µ–O)2 −45 14 −70 −30
GAVWIJ MnIIIMnIV(µ–O)2 −114 −10 −110 −21
VEGTEG MnII–OH–MnII −9 −6 −6 −14
TIPFED MnII–OH–MnIII −9 −0.4 −5 −17
PIZWIG MnIII–F–MnIII −17 −16 −12 −470
EDEWIV MnII–F–MnII −3 −354 −5 −121
CULSOR MnIII–O–MnIII 9 −5 3 −18
ARUGOK MnIII–O–MnIII 3 −5 7 −25
ARUGUQ MnIII–O–MnIII −13 −8 −35 N.A. 1

ILELEQ MnIIMnII −4 7 −6 −5
KEJWIG MnIIMnIII −4 6 6 2
BARFOQ MnIIMnIII −1 N.A. 1 −27 N.A. 1

YOCKAC FeIII
2(µ–O)2 −27 −955 −95 −804

sMMOQ 2 FeIV
2(µ–O)2 −224 3 −1311 −201 −27

UCANAP FeIII
2(µ–OH)2 −18 −1217 −33 −104

CEPBEF FeIII–OH–FeIII −42 −1252 −27 −91
EDEVAM FeII–F–FeII −8 −194 −0.2 −191
KASPEC FeII–Cl–FeII −17 −38 −16 −187
KEYXOC FeIII–O–FeIII −106 −1149 −93 −72
QEZHIN FeIII–O–FeIII −212 −360 −118 −98

GUQMUA FeII–O–FeIII −119 −459 −114 −70
RINXUJ FeIIIFeIII −29 −648 −51 −74
RITHAD FeIIIFeIII −10 −1010 −98 −78
MAE 4 373 19 119

MARE 5 18.5 1.0 7.0
1 Geometry optimizations failed to converge. 2 A model complex for the active site of soluble methane
monooxygenase Q (sMMOQ). 3 The value in parenthesis is obtained by the UB3LYP calculation taken from
Ref. [77]. 4 Mean absolute errors (MAEs) are calculated excluding the results of BARFOQ and ARUGUQ.
5 Mean absolute relative errors (MAREs) are calculated excluding the results of BARFOQ and ARUGUQ.

The experimental observations indicate the mixed-valence MnIII, IV complexes exhibit a stronger
antiferromagnetic coupling, and the existence of Cl atoms may make the trend more prominent (−45
vs. −114 cm−1). The J values calculated by both the conventional UPM6 and UPM7 methods are
significantly different from the experimental values. The UPM6 method gave a positive J value for
HUYGAJ, which is qualitatively incorrect. The latest UPM7 method can qualitatively reproduce
the antiferromagnetic couplings, but the calculated data considerably underestimated their strength.
Our UrPM6 method is obviously superior to these conventional ones in that the quantitative agreement
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with the experimental measurements was also obtained, albeit with a slight overshoot of the J value
for HUYGAJ.

Unlike the bis(µ–oxo) species, the magnetic interactions in µ–X–bridged (X = OH, O, F) systems are
weak regardless of the oxidation states of Mn ions, as was found, for example, in TIPFED and ARUGOK.
All SQM methods examined here performed relatively well for the VEGTEG and TIPFED complexes
with the [Mn–OH–Mn] core, whereas substantial deviations were given in the Mn–F–Mn systems with
the UPM6 and UPM7 methods. The performance of the original UPM6 was patchy. It worked well for
PIZWIG with a small absolute error of 1 cm−1, but failed totally to describe the interaction in EDEWIV.
The UPM7 method tended to overestimate the antiferromagnetic interactions significantly for both
the PIZWIG and EDEWIV. We found that a possible origin of these errors was a large deviation in
the optimized structures. As can be seen in Figure S2, the bridging F atom in the UPM6-optimized
EDEWIV complex resulted in binding to only one of the Mn ions. The optimized distances between
Mn and F were 1.86 and 3.76 Å, which was far from those in the X-ray crystallographic data (2.07 and
2.07 Å). On the other hand, UPM7 provided a short Mn–F distance (1.78 and 1.72 Å), leading to a
stronger superexchange interaction with a J value of −121 cm−1. The overestimation of the magnitude
was also observed for PIZWIG with the [MnIII–F–MnIII] core (−470 cm−1). UrPM6 succeeded in
yielding reasonable estimates of J values for Mn–F–Mn systems as opposed to UPM6 and UPM7,
because of its much better reproducibility of the structures.

The superior performance of UrPM6 was also found in the Mn–O–Mn complexes, where CULSOR
and ARUGOK showed weak ferromagnetic behavior. The experimentally observed J value for
ARUGUQ (−13 cm−1) was closer to the result of UPM6 (−8 cm−1) than to that of UrPM6 (−35 cm−1),
but the agreement must be fortuitous. In fact, unlike UrPM6, the UPM6 calculation was unable to
reproduce ferromagnetic coupling for its spin isomer, i.e., ARUGOK. The ILELEQ and KEJWIG
complexes are classified as a phenolate-bridged dimanganese complexes, while the two acetates bridge
the Mn ions in BARFOQ. The UrPM6 method outperformed UPM6 and UPM7 as far as ILELEQ and
BARFOQ are concerned. All the SQM computations predicted that the KEJWIC complex may exhibit a
weak ferromagnetic coupling, which is incorrect. Such an inaccuracy is not surprising since estimating
J values for complexes with a small energy splitting is challenging even for UDFT [40–43].

Now let us look at the performance of the three methods for diiron complexes. The presence of
a high-valent [FeIV

2(µ–O2)] core in sMMOQ is known to show a relatively strong antiferromagnetic
coupling (J <−30 cm−1), but no specific value was determined. Here, we took a DFT-calculated value of
J = −224 cm−1 as the reference provided in the literature [77]. It is obvious that the magnitude of the
J values obtained with UPM6 were much larger than those obtained with experiments by at most
two digits, excluding the case of KASPEC. Our recent study revealed that the UPM6 optimization
made a Fe···Fe separation in sMMOQ too short [52], and the same is also true for other diiron
complexes. As such, the poor reproducibility in the geometries of the diiron centers is responsible
for the overwhelmingly large deviations of J values. The calculated results of UrPM6 and UPM7
were much closer to the experimental values, presumably due to the improved description of Fe–Fe
repulsion in a LS state. Nevertheless, the weak antiferromagnetic interactions in YOCKAC as well as
EDEVAM and KASPEC were not treated properly by UPM7. The ligands of the latter two complexes
are the same as that of EDEWIV (see Figure 1). This clearly demonstrates that UPM7 is not suitable
for fluoride- and chloride-bridged complexes, though the average differences in the Fe–F and Fe–Cl
distances between the computation and the experiment (0.06 and 0.07 Å) were much smaller than
the Mn–F counterparts in EDEWIV (0.32 Å). By contrast, such problems were not seen when using
UrPM6. Its performance for all of the diiron complexes was stable and not susceptible to the type of
bridging species.

Overall, on the basis of the statistical errors (MAEs and MAREs), our UrPM6 method performed
the best, followed by UPM7 and UPM6. The subsets including diiron complexes caused considerable
increases of these errors for UPM6, while fluoride- and chloride-bridged systems, namely PIZWIG,
EDEWIV, EDEVAM, and KASPEC, deteriorated the reliability of UPM7. If these subsets are disregarded
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from the statistical evaluation, the MAEs/MUREs are reduced to 67.0/13.0 and 96.0/3.3 for UPM6
and UPM7, respectively. The large MAEs obtained with UPM7 are attributed to its poor performance
for YOCKAC. The UrPM6 method was still better than UPM6 and UPM7, even provided that these
values were used for comparison. It should also be noted that all the geometry optimizations using
UrPM6 were successful. Therefore, we anticipate that UrPM6 can be useful as a convenient and fast
pre-screening tool to predict J values, alternative to the first-principles UDFT approach.

3.2. Test Set (ii): Oxidation Reactions

3.2.1. Epoxidation of Ethylene

As illustrated in Scheme 1a, for simplicity, the epoxidation of ethylene with 3[Cl–MnV=O(salen)]
on the triplet surface was examined in accordance with Ref. [70]. The sum of the isolated ethylene and
the complex is defined as the reactant (3Ra). The reaction starts with the electrophilic attack of the
MnV=O species on the π-bond of ethylene to generate an O–C1 bond via 3TS1a. The resulting radical
intermediate (3Ia) undergoes formation of the product complex (3Pa) involving a ring-closure barrier
(3TS2a). Figure 2 shows the potential energy profiles (including zero-point energy corrections) for the
epoxidation reaction computed at the UB3LYP/SVP, UPM6, UrPM6, and UPM7 levels of theory.
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Figure 2. Potential energy profile with zero-point energy corrections (in kcal/mol) relative to the
isolated 3[Cl–MnV=O(salen)] complex and ethylene (3Ra) obtained at the UB3LYP/SVP, UPM6, UrPM6,
and UPM7 levels of theory. The superscript 3 on the left side denotes triplet spin state, and N.A.
represents not available (Geometry optimizations failed).

The rate-limiting step 3TS1a was calculated to lie 2.7 kcal/mol above 3Ra at the UB3LYP/SVP
level, and can be viewed as an early TS with a long O–C1 distance of 2.18 Å as depicted in Figure 3.
The results of all SQM methods were similar to each other but significantly different from that of
UB3LYP. The barrier heights were 15.4, 16.8, and 19.6 kcal/mol computed by UPM7, UrPM6, and
UPM6, respectively, all of which considerably deviate from the reference UB3LYP value. The O–C1
separations at 3TS1a, namely 1.83, 1.89, and 1.86 Å, indicate a late TS, but they did not decrease
with increasing barrier height. The relative energies for 3Ia were also underestimated by more than
10 kcal/mol compared to the UB3LYP result. We are not surprised at the differences because previous
statistical evaluations revealed that errors in barrier heights and reaction energies with SQM methods
generally exceed 10 kcal/mol for organic molecules [46,48]. In addition, the difference in electronic
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structures of the 3[MnV=O] and 3[MnIV(O)(ethylene•)] moieties at 3TS1a and 3Ia can also be related to
the deviations.
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Figure 3. Selected optimized structural parameters of critical points in the epoxidation reaction of
ethylene catalyzed by 3[Cl–MnV=O(salen)], with bond lengths (in Å) obtained at the UB3LYP/SVP,
(UPM6), {UrPM6}, and [UPM7] levels of theory, and with heavy-atom root-mean-squared deviation
(RMSD) values from the reference UB3LYP-optimized structures. N.A. represents not available
(The optimization failed to converge).

At 3TS1a, the UB3LYP method favors an electronic configuration 3[Mn(↑↑↑)O(↓)], where an
α-electron is transferred from ethylene to generate an intermediate 3[Mn(↑↑↑)(O)(ethylene•↓)]
corresponding to 3Ia(see also computed spin densities listed in Table S3). The UPM6 calculation
yielded a similar configuration for 3TS1a, but ended up being 3[Mn(↑)(O)(ethylene•↑)] at 3Ia. In the
UrPM6 and UPM7 cases, the 3[Mn(↑)O(↑)] configuration is favorable over 3[Mn(↑↑↑)O(↓)], and the
former species yields another configuration for 3Ia, i.e., 3[Mn(↑)(O)(ethylene•↑)], by abstracting a
β-electron from ethylene. Leaving aside quantitative inaccuracies, additional vibrational frequency
calculations at the UB3LYP/SVP level ensure that the geometries optimized by the SQM methods
tested here are acceptable as an initial guess for a successive refinement by UDFT. Specifically,
we confirmed that an optimized geometry has only one frequency (or one large imaginary frequency,
followed by much smaller one(s)), and the corresponding motion indicates the correct direction.
The UrPM6-optimized stationary points can serve as the best initial guesses, because of the smallest
heavy-atom root-mean-squared deviation (RMSD) values from the UB3LYP-optimized structures for
3TS1a (0.18 Å) and 3Ia (0.12 Å).

After formation of 3Ia, the reaction proceeds smoothly. The second TS for the ring-closure
(3TS2a) that leads to 3Pa is 7.5 kcal/mol higher in energy than 3Ia, whereas the state is more stable
relative to 3Ra. The overall reaction is found to be exothermic by 37.8 kcal/mol at the UB3LYP/SVP
level. For the latter stage, the SQM calculations show different tendencies. All attempts to locate
3TS2a failed using UPM6 and UPM7. Considering the stability of ethylene oxide, both the UPM6
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and UPM7 methods indicate that the relative energies at 3Pa are slightly higher than 3Ia by 2.3
and 4.6 kcal/mol, respectively. Besides, 3Pa obtained with UPM7 is found to lie above even 3Ra,
which shows that the epoxidation is an endothermic process. In sharp contrast to UPM6 and
UPM7, our UrPM6 is able to describe the overall reaction qualitatively, though the calculated relative
energies for 3TS2a and 3Pa are higher by 17.9 and 17.5 kcal/mol, respectively, than the UB3LYP data.
A possible reason for the large differences is that the change of the electronic configuration from
3[Mn(↑)(O)(ethylene•↑)] to an unfavorable 3[Mn(↑↑↑)(O)(ethylene•↓)] should occur at 3TS2a to form
3Pa. Another reason is that UrPM6 appears not to stabilize 3Pa, where Mn–O bond length is somewhat
elongated (2.14 Å). To confirm our assumption, additional energy minimizations were performed
for the isolated 3[Cl–Mn(III)(salen)] complex and ethylene oxide, called 3Pa

′. Then, the sum of each
minimum energy was calculated. The difference between UrPM6 and UB3LYP values is decreased to
9.3 kcal/mol as expected, but the error is still large. Interestingly, the energies for 3Pa

′ obtained
with UPM6 and UPM7 are 11.9 and 17.9 kcal/mol higher than 3Ra, respectively, reconfirming these
conventional SQM methods are incapable of stabilizing ethylene oxide.

3.2.2. Fluorination of Toluene

Next, let us turn to the discussion about the fluorination reaction of toluene with
3[F–MnV=O(salen)]. According to Groves and co-workers, a high-valent MnV=O is the key active
species in the fluorination process, and the reaction is initiated by a hydrogen abstraction from
the benzyl position of toluene via 3TS1b that leads to an intermediate 5[F–MnIV(OH)(salen)(benzyl
radical•)] (5Ib) involving intersystem crossing (see Scheme 1b). As in the ethylene epoxidation case
discussed above, the sum of the isolated toluene and the complex is defined as the reactant (3Rb).
Subsequently, F atom transfer occurs directly from the 5[F–MnIV(OH)] complex to the benzyl radical via
5TS2b to form the 5[F–MnIII(salen)] complex and benzyl fluoride (5Pb). Figure 4 displays the potential
energy profiles (including zero-point energy corrections) for the fluorination reaction computed at the
UB3LYP/SVP, UPM6, UrPM6, and UPM7 levels of theory.
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Figure 4. Potential energy profile with zero-point energy corrections (in kcal/mol) relative to the
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spin states, N.A. represents not available (Geometry optimization failed), and ISC is the acronym of
intersystem crossing.
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The first TS for hydrogen abstraction from the substrate (3TS1b) is just 1.4 kcal/mol uphill from
3Rb computed at the UB3LYP/SVP level. This is probably because of the unstable active species
3[F–MnV=O(salen)] and weak C–H bonds of the benzylic position [78]. The optimized C–H and
O–H distances of 1.20 and 1.39 Å, respectively, suggest an early TS, as can be seen in Figure 5.
As we indicated in a previous work [51], attempts to find 3TS1b failed. The latest UPM7 as well as our
UrPM6 can avoid such failure, but they characterize both the electronic and geometric structures of
3TS1b differently from the reference data obtained at the UB3LYP/SVP level. The barrier heights of
18.0 and 13.4 kcal/mol computed by UrPM6 and UPM7, respectively, significantly overestimate that
by UB3LYP (1.4 kcal/mol), again due to the nature of SQM methods. Speaking of the reproducibility
in geometry, the UrPM6-optimized TS structure is close to the UB3LYP-optimized one with a small
RMSD value of 0.14 Å, whereas the local structure of the reaction site does not match well. The C–H
and O–H distances obtained with UrPM6 (1.33 and 1.22 Å) indicate a late TS in contrast to the UB3LYP
result. The UPM7 method appears to give a slightly better description, but the C–H–O angle of 143.9◦

is smaller than the value from UrPM6 (161.7◦) and is far from the linear structure, leading to a larger
RMSD value of 0.43 Å.
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Figure 5. Selected optimized structural parameters of critical points in the epoxidation reaction of
ethylene catalyzed by 3[F–MnV=O(salen)], with bond lengths (in Å) and angles (in deg.) obtained at
the UB3LYP/SVP, UPM6, UrPM6, and UPM7 levels of theory, and with heavy-atom root-mean-squared
deviation (RMSD) values from the reference UB3LYP-optimized structures. Only 5[F–MnIV(OH)(salen)]
is shown for 5Ib. N.A. represents not available (The optimization failed to converge).

Again, the difference in electronic configurations can give rise to differences in geometry and
energy in the fluorination reaction studied. The electronic configuration of 3TS1b was calculated by
UB3LYP is 3[Mn(↑↑↑)O(↓)], whereby an α-electron is transferred from toluene to generate a transient
intermediate 3[Mn(↑↑↑)(OH)(benzyl radical•↓)] that is then changed to an energetically favorable
5[Mn(↑↑↑)(OH)(benzyl radical•↑)] (5Ib) via intersystem crossing (see also computed spin densities
listed in Table S3). In contrast, the 3[Mn(↑)O(↑)] configuration is preferred to 3[Mn(↑↑↑)O(↓)] when
using UrPM6 and UPM7. During the hydrogen abstraction, a β-electron of toluene is transferred
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to generate an intermediate 3[Mn(↑)(OH)(benzyl radical•↑)] that eventually turns to a quintet state
identical to 5[Mn(↑↑↑)(OH)(benzyl radical•↑)]. The energies of 5Ib relative to 3Rb calculated by UrPM6
(−19.1 kcal/mol) and UPM7 (−15.3 kcal/mol) are close to that by UB3LYP (−18.0 kcal/mol) owing to
their analogous electronic structures and the similarity in geometry. The exception, as already noted in
Section 3.1, is that UPM7 favors a substantially short Mn–F bond length (1.49 Å) at 5Ib, while values
from the other methods are in the range 1.81–1.82 Å. When using UPM6, an agreement with the
UB3LYP result is not satisfactory. 5Ib is unlikely to be stabilized (1.0 kcal/mol above 3Rb), despite a
small RMSD value of 0.13 Å, and the spin density distributions are presented in Table S3.

The UB3LYP calculation shows that the subsequent CH2–F bond formation via 5TS2b requires
a barrier of 7.0 kcal/mol, which is 11.0 kcal/mol below 3Rb. The rebound process provides the
fluorinated product 5Pb with a large reaction energy of −41.2 kcal/mol. A linear Mn–F–C angle of
177.8◦ at 5TS2b derives from the interaction between the σ* (dz

2) orbital of MnIV–F and the singly
occupied molecular orbital of the benzyl radical [10]. Both the Mn–F and F–C separations are
calculated to be 1.96 Å by means of UB3LYP. UPM6 succeeded in finding 5TS2b, whereas the
corresponding TS could not be located using UPM7. The trend is somehow the opposite to the
case of 3TS1b, and in addition, it should be strongly emphasized that neither UPM6 nor UPM7 can
apply to the whole reaction. At 5TS2b, the UPM6-optimized F–C bond length (1.57 Å) is much shorter
than the Mn–F separation of 1.96 Å, and the RMSD value is calculated to be 0.25 Å. The inferior
performance on the description of 5TS2b, especially for the balance between the Mn–F and C–F bonds,
causes the underestimation of the stability of 5Pb. The computed energies for 5TS2b and 5Pb are 26.6
and −1.1 kcal/mol, respectively, relative to 3Rb. The deviation is more prominent in the case of UPM7.
The crucial drawback of UPM7 is that it strongly prefers the Mn–F interaction, leading to a significant
destabilization of 5Pb. The computed relative energy for 5Pb differs with the reference UB3LYP value
by 107.8 kcal/mol. Our UrPM6 approach does not suffer from the inaccuracy of the conventional
UPM6 and UPM7 that inherently underestimates the stability of oxidized products. Considering the
characterization of 5TS2b, the error is obviously large with a barrier of 20.7 kcal/mol, despite the
better Mn–F and F–C distances of 1.91 and 1.75 Å, respectively, and a small RMSD value of 0.13 Å.
In contrast, the reaction energy calculated by UrPM6 (−44.4 kcal/mol) is in good agreement with that
by UB3LYP (−41.2 kcal/mol).

Overall, we see that our UrPM6 method provides the most accurate results for the epoxidation
and fluorination reactions examined here. As regards the TS searches, we had a 100% success rate
from our UrPM6 and 50% from the conventional UPM6 and UPM7 methods. The UrPM6-optimized
stationary points also agree well with the reference UB3LYP-optimized geometries, with an average
RMSD value of 0.13 Å. Thus, these geometries can, of course, be employed as an initial guess for
the following refinements by UDFT without requiring additional changes in geometric parameters.
The relative energies for local minima are reproduced well. The estimation of barrier heights is a
difficult issue for UrPM6, as the deviations from the reference UB3LYP results were exceeded more than
10 kcal/mol. Nevertheless, it cannot be ruled out that the B3LYP function inherently underestimates
barrier heights both for closed-shell [79,80] and open-shell [81] systems.

4. Conclusions

As a continuation of our recent work, we presented the reparameterization of the PM6 parameter
sets for fluorine and chlorine, both of which can play an important role in catalytic reactions. To avoid
the degradation of the reparameterization’s accuracy for general chemical problems, several subsets
in the GMTKN30 database were adopted in our training set. Then, we carried out two types of
assessments. First, the UrPM6 method was applied to 25 dinuclear metal complexes to compute their
J values. Comparison between UrPM6 and the conventional methods (UPM6 and UPM7) clearly
demonstrate the superior performance of UrPM6. The MAE value obtained by UrPM6 was just
19 cm−1. The original UPM6 method cannot provide local minima of diiron complexes properly,
and thereby strongly overestimates the experimental values by at most two digits. The latest UPM7
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method performs better than UPM6 with respect to most of the dinuclear complexes tested, except
for fluoride-bridged systems. Consequently, the MAEs are much higher at the UPM6 (373 cm−1)
and UPM7 (119 cm−1) levels. Second, barrier heights and reaction energies for epoxidation and
fluorination reactions catalyzed by manganese-oxo species were evaluated. Our UrPM6 method
succeeded in locating all of the TS structures with a 100% success rate, while the success rates obtained
by UPM6 and UPM7 were only 50%. The UrPM6-optimized stationary points were close to the
reference UB3LYP-optimized geometries, as the maximum RMSD value was 0.18 Å. The conventional
UPM6 and UPM7 inherently underestimates the stability of oxidized products, whereas the UrPM6
method can circumvent such problems. Therefore, the accuracy for estimating reaction energies is also
greatly improved. The findings of this study suggest that UrPM6 can serve as an easy-to-handle and
fast pre-screening method to predict J values, and that it has high usability for pre-optimizations of
stationary points.

Supplementary Materials: The following are available online. Table S1: Compounds with charge, spin multiplicity
used in training sets 1 and 2 for fluorine and chlorine, Figure S1: Illustration of the Mn and Fe complexes
in Table S1, Table S2: List of names used in the test set to evaluate the performance on magnetic interactions,
Figure S2: Illustration of local minima for EDEVIW optimized by UPM6, UrPM6, and UPM7, Table S3: Spin density
distributions for stationary points obtained at the UB3LYP/SVP, UPM6, UrPM6, and UPM7 levels of theory.

Author Contributions: T.S. conceived and designed the research, and drafted the manuscript; T.S. and M.F.
performed the calculations and analyzed the data; T.S. and Y.T. reviewed and edited the manuscript. All authors
discussed the results and commented on the manuscript.

Funding: This work was supported by JSPS KAKENHI Grant-in-Aid for Young Scientists (B) (No. JP16K17856 to T.S.),
by JSPS KAKENHI Grant-in-Aid for Scientific Research (C) (No.JP15KT0143 to T.S. and No. JP16K07325 to Y.T.),
by CREST, JST (No. JPMJCR14M3 to Y.T), and by MEXT Grants-in-Aid for Scientific Research on Innovative Areas
“3D Active-Site Science” (No. JP26105012) (to T.S. and Y.T.).

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Que, L., Jr.; Tolman, W.B. Biologically inspired oxidation catalysis. Nature 2008, 455, 333–340. [CrossRef]
[PubMed]

2. Zhang, W.; Loebach, J.L.; Wilson, S.R.; Jacobsen, E.N. Enantioselective epoxidation of unfunctionalized
olefins catalyzed by salen managanese complexes. J. Am. Chem. Soc. 1990, 112, 2801–2803. [CrossRef]

3. Irie, R.; Noda, K.; Ito, Y.; Katsuki, T. Enantioselective epoxidation of unfunctionalized olefins using chiral
(salen)manganese(III) complexes. Tetrahedron Lett. 1991, 32, 1055–1058. [CrossRef]

4. Samuelsen, S.V.; Santilli, C.; Ahlquist, M.S.G.; Madsen, R. Development and mechanistic investigation of the
manganese(III) salen-catalyzed dehydrogenation of alcohols. Chem. Sci. 2018, in press. [CrossRef]

5. De Visser, S.P. The axial ligand effect of oxo-iron porphyrin catalysts. How does chloride compare to thiolate.
J. Biol. Inorg. Chem. 2006, 11, 168–178. [CrossRef] [PubMed]

6. Purser, S.; Moore, P.R.; Swallow, S.; Gouverneur, V. Fluorine in medicinal chemistry. Chem. Soc. Rev. 2008, 37,
320–330. [CrossRef] [PubMed]

7. Gillis, E.P.; Eastman, K.J.; Hill, M.D.; Donnelly, D.J.; Meanwell, N.A. Applications of Fluorine in Medicinal
Chemistry. J. Med. Chem. 2015, 58, 8315–8359. [CrossRef]

8. Furuya, T.; Kamlet, A.S.; Ritter, T. Catalysis for fluorination and trifluoromethylation. Nature 2011, 473,
470–477. [CrossRef]

9. Liu, W.; Huang, X.Y.; Cheng, M.J.; Nielsen, R.J.; Goddard, W.A.; Groves, J.T. Oxidative Aliphatic C-H
Fluorination with Fluoride Ion Catalyzed by a Manganese Porphyrin. Science 2012, 337, 1322–1325. [CrossRef]

10. Huang, X.; Liu, W.; Ren, H.; Neelamegam, R.; Hooker, J.M.; Groves, J.T. Late Stage Benzylic C-H Fluorination
with [18F] Fluoride for PET Imaging. J. Am. Chem. Soc. 2014, 136, 6842–6845. [CrossRef]

11. Acheson, J.F.; Bailey, L.J.; Brunold, T.C.; Fox, B.G. In-crystal reaction cycle of a toluene–bound diiron
hydroxylase. Nature 2017, 544, 191–195. [CrossRef] [PubMed]

12. Umena, Y.; Kawakami, K.; Shen, J.-R.; Kamiya, N. Crystal structure of oxygen–evolving photosystem II at a
resolution of 1.9 Å. Nature 2011, 473, 55–60. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature07371
http://www.ncbi.nlm.nih.gov/pubmed/18800132
http://dx.doi.org/10.1021/ja00163a052
http://dx.doi.org/10.1016/S0040-4039(00)74486-8
http://dx.doi.org/10.1039/C8SC03969K
http://dx.doi.org/10.1007/s00775-005-0061-x
http://www.ncbi.nlm.nih.gov/pubmed/16331402
http://dx.doi.org/10.1039/B610213C
http://www.ncbi.nlm.nih.gov/pubmed/18197348
http://dx.doi.org/10.1021/acs.jmedchem.5b00258
http://dx.doi.org/10.1038/nature10108
http://dx.doi.org/10.1126/science.1222327
http://dx.doi.org/10.1021/ja5039819
http://dx.doi.org/10.1038/nature21681
http://www.ncbi.nlm.nih.gov/pubmed/28346937
http://dx.doi.org/10.1038/nature09913
http://www.ncbi.nlm.nih.gov/pubmed/21499260


Molecules 2018, 23, 3332 14 of 17

13. Okamura, M.; Kondo, M.; Kuga, R.; Kurashige, Y.; Tanai, T.; Hayami, S.; Praneeth, V.K.K.; Yoshida, M.;
Yoneda, K.; Kawata, S.; et al. A pentanuclear iron catalyst designed for water oxidation. Nature 2015, 530,
465–468. [CrossRef] [PubMed]

14. Castillo, R.G.; Banerjee, R.; Allpress, C.J.; Rohde, G.T.; Bill, E.; Que, L.; Lipscomb, J.D.; DeBeer, S.
High-Energy-Resolution Fluorescence-Detected X-ray Absorption of the Q Intermediate of Soluble Methane
Monooxygenase. J. Am. Chem. Soc. 2017, 139, 18024–18033. [CrossRef] [PubMed]

15. Cutsall, G.E., III; Banerjee, R.; Zhou, A.; Que, L., Jr.; Lipscomb, J.D.; DeBeer, S. High-Resolution Extended
X-ray Absorption Fine Structure Analysis Provides Evidence for a Longer Fe···Fe Distance in the Q
Intermediate of Methane Monooxygenase. J. Am. Chem. Soc. 2018, in press. [CrossRef] [PubMed]

16. Leuenberger, M.N.; Loss, D. Quantum computing in molecular magnets. Nature 2001, 410, 789–793.
[CrossRef] [PubMed]

17. Vitali, L.; Fabris, S.; Conte, A.M.; Brink, S.; Ruben, M.; Baroni, S.; Kern, K. Electronic Structure of
Surface-supported Bis(phthalocyaninato) terbium(III) Single Molecular Magnets. Nano Lett. 2008, 8,
3364–3368. [CrossRef]

18. Stebler, M.; Ludi, A.; Buergi, H.B. Tetrakis(phenanthroline)di-.mu.-oxodimanganese(III,IV)
tris(hexafluorophosphate).cntdot.acetonitrile and tetrakis(phenanthroline)di-.mu.-oxodimanganese(IV)
tetraperchlorate.cntdot.acetonitrile: Crystal structure analyses at 100 K, interpretation of disorder, and
optical, magnetic, and electrochemical results. Inorg. Chem. 1986, 25, 4743–4750. [CrossRef]

19. Bhaduri, S.; Tasiopoulos, A.J.; Bolcar, M.A.; Abboud, K.A.; Streib, W.E.; Christou, G. Symmetric and
Asymmetric Dinuclear Manganese(IV) Complexes Possessing a [MnIV

2(µ-O)2(µ-O2CMe)]3+ Core and
Terminal Cl– Ligands. Inorg. Chem. 2003, 42, 1483–1492. [CrossRef]

20. Bashkin, J.S.; Schake, A.R.; Vincent, J.B.; Chang, H.-R.; Li, Q.; Huffman, J.C.; Christou, G.;
Hendrickson, D.N. Mixed valence manganese-(II, III) and -(III, IV) dinuclear complexes: Preparation,
structure, magnetochemistry, and e.s.r. spectra of Mn2(biphen)2(biphenH)(bpy)2 and Mn2O2Cl2
(OAc)(bpy)2(biphenH2 = 2,2′-biphenol, bpy = 2,2′-bipyridine). J. Chem. Soc. Chem. Commun. 1988, 700–702.
[CrossRef]

21. Bossek, U.; Hummel, H.; Weyhermüller, T.; Wieghardt, K.; Russell, S.; van derWolf, L.; Kolb, U. The [Mn(µ
-O)(µ-PhBO2)2]2+ Unit: A New Structural Model for Manganese-Containing Metalloproteins. Angew. Chem.
Int. Ed. 1996, 35, 1552–1554. [CrossRef]

22. Bossek, U.; Wieghardt, K.; Nuber, B.; Weiss, J. Bioinorganic model complexes for the active site in
manganese containing catalases. The crystal structures of [L2MnII2(µ-OH)(µ-O2CCH3)2] (PF6)•CH3OH and
[L′2MnIII

2(µ-O)(µ-O2CCH3)2] (I3)I•H2O. Inorg. Chim. Acta 1989, 165, 123–129. [CrossRef]
23. Gultneh, Y.; Tesema, Y.T.; Yisgedu, T.B.; Butcher, R.J.; Wang, G.; Yee, G.T. Studies of a Dinuclear Manganese

Complex with Phenoxo and Bis-acetato Bridging in the Mn2(II,II) and Mn2(II,III) States: Coordination
Structural Shifts and Oxidation State Control in Bridged Dinuclear Complexes. Inorg. Chem. 2006, 45,
3023–3033. [CrossRef] [PubMed]

24. Blanchard, S.; Blain, G.; Rivière, E.; Nierlich, M.; Blondin, G. Temperature Dependence of X- and Q-Band
EPR Spectra of the Dinuclear Manganese(II) Complex [(NO2Bpmp)Mn2(µ-OAc)2]+: Determination of the
Exchange Constant and of the Spin Parameters for the S = 1, 2, and 3 Spin States. Chem. Eur. J. 2003, 9,
4260–4268. [CrossRef] [PubMed]

25. Pedersen, K.S.; Sigrist, M.; Weihe, H.; Bond, A.D.; Thuesen, C.A.; Simonsen, K.P.; Birk, T.;
Mutka, H.; Barra, A.-L.; Bendix, J. Magnetic Interactions through Fluoride: Magnetic and Spectroscopic
Characterization of Discrete, Linearly Bridged [MnIII

2(µ-F)F4(Me3tacn)2](PF6). Inorg. Chem. 2014, 53,
5013–5019. [CrossRef] [PubMed]

26. Reger, D.L.; Pascui, A.E.; Smith, M.D.; Jezierska, J.; Ozarowski, A. Dinuclear Complexes Containing
Linear M-F-M [M = Mn(II), Fe(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II)] Bridges: Trends in Structures,
Antiferromagnetic Superexchange Interactions, and Spectroscopic Properties. Inorg. Chem. 2012, 51,
11820–11836. [CrossRef] [PubMed]

27. Wieghardt, K.; Bossek, U.; Ventur, D.; Weiss, J. Assembly and structural characterization of binuclear
µ-oxo-di-µ-acetato bridged complexes of manganese(III). Analogues of the di-iron(III) centre in hemerythrin.
J. Chem. Soc. Chem. Commun. 1985, 347–349. [CrossRef]

http://dx.doi.org/10.1038/nature16529
http://www.ncbi.nlm.nih.gov/pubmed/26863188
http://dx.doi.org/10.1021/jacs.7b09560
http://www.ncbi.nlm.nih.gov/pubmed/29136468
http://dx.doi.org/10.1021/jacs.8b10313
http://www.ncbi.nlm.nih.gov/pubmed/30398343
http://dx.doi.org/10.1038/35071024
http://www.ncbi.nlm.nih.gov/pubmed/11298441
http://dx.doi.org/10.1021/nl801869b
http://dx.doi.org/10.1021/ic00246a032
http://dx.doi.org/10.1021/ic020570v
http://dx.doi.org/10.1039/C39880000700
http://dx.doi.org/10.1002/anie.199615521
http://dx.doi.org/10.1016/S0020-1693(00)83411-8
http://dx.doi.org/10.1021/ic060039q
http://www.ncbi.nlm.nih.gov/pubmed/16562958
http://dx.doi.org/10.1002/chem.200304759
http://www.ncbi.nlm.nih.gov/pubmed/12953212
http://dx.doi.org/10.1021/ic500049w
http://www.ncbi.nlm.nih.gov/pubmed/24601580
http://dx.doi.org/10.1021/ic301757g
http://www.ncbi.nlm.nih.gov/pubmed/23043562
http://dx.doi.org/10.1039/C39850000347


Molecules 2018, 23, 3332 15 of 17

28. Gómez, V.; Corbella, M.; Aullón, G. Two Temperature-Independent Spinomers of the Dinuclear Mn(III)
Compound [Mn(H2O)(phen)2(µ-2-ClC6H4COO)2(µ-O)](ClO4)2. Inorg. Chem. 2010, 49, 1471–1480. [CrossRef]

29. Baffert, C.; Collomb, M.-N.; Deronzier, A.; Kjaergaard-Knudsen, S.; Latour, J.-M.; Lund, K.H.; McKenzie, C.J.;
Mortensen, M.; Nielsen, L.P.; Thorup, N. Biologically relevant mono- and di-nuclear manganese ii/iii/iv
complexes of mononegative pentadentate ligands. Dalton Trans. 2003, 1765–1772. [CrossRef]

30. Reger, D.L.; Pascui, A.E.; Foley, E.A.; Smith, M.D.; Jezierska, J.; Wojciechowska, A.; Stoian, S.A.; Ozarowski, A.
Dinuclear Metallacycles with Single M-X-M Bridges (X = Cl–, Br–; M = Fe(II), Co(II), Ni(II), Cu(II), Zn(II),
Cd(II)): Strong Antiferromagnetic Superexchange Interactions. Inorg. Chem. 2017, 56, 2884–2901. [CrossRef]

31. Bruijnincx, P.C.A.; Buurmans, I.L.C.; Huang, Y.; Juhász, G.; Viciano-Chumillas, M.; Quesada, M.;
Reedijk, J.; Lutz, M.; Spek, A.L.; Münck, E.; et al. Mono- and Dinuclear Iron Complexes of
Bis(1-methylimidazol-2-yl)ketone (bik): Structure, Magnetic Properties, and Catalytic Oxidation Studies.
Inorg. Chem. 2011, 50, 9243–9255. [CrossRef] [PubMed]

32. Jullien, J.; Juhász, G.; Mialane, P.; Dumas, E.; Mayer, C.R.; Marrot, J.; Rivière, E.; Bominaar, E.L.; Münck, E.;
Sécheresse, F. Structure and Magnetic Properties of a Non-Heme Diiron Complex Singly Bridged by a
Hydroxo Group. Inorg. Chem. 2006, 45, 6922–6927. [CrossRef] [PubMed]

33. Zang, Y.; Dong, Y.; Que, L.; Kauffmann, K.; Muenck, E. The First Bis(.mu.-oxo)diiron(III) Complex. Structure
and Magnetic Properties of [Fe2(.mu.-O)2(6TLA)2](ClO4)2. J. Am. Chem. Soc. 1995, 117, 1169–1170.
[CrossRef]

34. Mitra, M.; Maji, A.K.; Ghosh, B.K.; Raghavaiah, P.; Ribas, J.; Ghosh, R. Catecholase
activity of a structurally characterized dinuclear iron(III) complex [FeIII

2(L)2]
[H3L=N,N′-bis(3-methoxysalicylaldimine)-1,3-diaminopropan-2-ol]. Polyhedron 2014, 67, 19–26. [CrossRef]

35. Min, K.S.; Arif, A.M.; Miller, J.S. Synthesis, structure and magnetic properties of an oxo-bridged dinuclear
iron(III) complex [(TPyA)FFeIIIOFeIIIF(TPyA)](BF4)2•0.5MeOH (TPyA=tris(2-pyridylmethyl)amine)
containing the FFeIIIOFeIIIF linkage. Inorg. Chim. Acta 2007, 360, 1854–1858. [CrossRef]

36. Majumder, A.; Pilet, G.; El Fallah, M.S.; Ribas, J.; Mitra, S. Isolation of a singly oxo-bridged Fe(III) dinuclear
complex: Synthesis, crystal structure, spectroscopic and magnetic studies. Inorg. Chim. Acta 2007, 360,
2307–2312. [CrossRef]

37. Scarpellini, M.; Neves, A.; Bortoluzzi, A.J.; Vencato, I.; Drago, V.; Ortiz, W.A.; Zucco, C. A new
FeIII(µ-OCH3)2(µ-OAc)FeIII complex containing phenolate and imidazole ligands as a structural model for
the active site of non-heme diiron enzymes. J. Chem. Soc. Dalton Trans. 2001, 2616–2623. [CrossRef]

38. Payne, S.C.; Hagen, K.S. Steric Control of Reactivity of Non-Heme µ-Hydroxo Diiron(II) Complexes with
Oxygen: Isolation of a Strongly Coupled µ-Oxo Fe(II)Fe(III) Dimer. J. Am. Chem. Soc. 2000, 122, 6399–6410.
[CrossRef]

39. Cramer, C.J.; Truhlar, D.G. Density functional theory for transition metals and transition metal chemistry.
Phys. Chem. Chem. Phys. 2009, 46, 10757–10816. [CrossRef]

40. Ruiz, E.; Rodriguez-Fortea, A.; Tercero, J.; Cauchy, T. Exchange coupling in transition-metal complexes via
density-functional theory: Comparison and reliability of different basis set approaches. J. Chem. Phys. 2005,
123, 074102. [CrossRef]

41. Valero, R.; Illas, F.; Truhlar, D.G. Magnetic Coupling in Transition-Metal Binuclear Complexes by Spin-Flip
Time-Dependent Density Functional Theory. J. Chem. Theory Comput. 2011, 7, 3523–3531. [CrossRef]
[PubMed]

42. Saito, T.; Yasuda, N.; Nishihara, S.; Yamanaka, S.; Kitagawa, Y.; Kawakami, T.; Okumura, M.; Yamaguchi, K.
Broken-symmetry natural orbital (BS-NO)-Mk-MRCC study on the exchange coupling in the binuclear
copper(II) compounds. Chem. Phys. Lett. 2011, 505, 11–15. [CrossRef]

43. Yamanaka, S.; Kanda, K.; Saito, T.; Kitagawa, Y.; Kawakami, T.; Ehara, M.; Oku- mura, M.; Nakamura, H.;
Yamaguchi, K. Does B3LYP correctly describe magnetism of manganese complexes with various oxidation
numbers and various structural motifs? Chem. Phys. Lett. 2012, 519–520, 134–140. [CrossRef]

44. Thiel, W. Semiempirical quantum–chemical methods. WIREs Comput. Mol. Sci. 2014, 4, 145–157. [CrossRef]
45. Gaus, M.; Cui, Q.; Elstner, M. Density Functional Tight Binding: Application to Organic and Biological

Molecules. WIREs Comput. Mol. Sci. 2014, 4, 49–61. [CrossRef]
46. Dral, P.O.; Wu, X.; Spörkel, L.; Koslowski, A.; Thiel, W. Semiempirical Quantum chemical

Orthogonalization-corrected Methods: Benchmarks for Ground-state Properties. J. Chem. Theory Comput.
2016, 12, 1097–1120. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/ic901719t
http://dx.doi.org/10.1039/b300823a
http://dx.doi.org/10.1021/acs.inorgchem.6b02933
http://dx.doi.org/10.1021/ic200332y
http://www.ncbi.nlm.nih.gov/pubmed/21902227
http://dx.doi.org/10.1021/ic0604009
http://www.ncbi.nlm.nih.gov/pubmed/16903750
http://dx.doi.org/10.1021/ja00108a050
http://dx.doi.org/10.1016/j.poly.2013.08.064
http://dx.doi.org/10.1016/j.ica.2006.09.020
http://dx.doi.org/10.1016/j.ica.2006.11.015
http://dx.doi.org/10.1039/b100913n
http://dx.doi.org/10.1021/ja991885l
http://dx.doi.org/10.1039/b907148b
http://dx.doi.org/10.1063/1.1999631
http://dx.doi.org/10.1021/ct200393s
http://www.ncbi.nlm.nih.gov/pubmed/26598250
http://dx.doi.org/10.1016/j.cplett.2011.02.018
http://dx.doi.org/10.1016/j.cplett.2011.11.025
http://dx.doi.org/10.1002/wcms.1161
http://dx.doi.org/10.1002/wcms.1156
http://dx.doi.org/10.1021/acs.jctc.5b01047
http://www.ncbi.nlm.nih.gov/pubmed/26771261


Molecules 2018, 23, 3332 16 of 17
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