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Abstract
Methane hydroxylation by metal-oxo oxidants is one of the Holy Grails in biomimetic and biotechnological chemistry. The 
only enzymes known to perform this reaction in Nature are iron-containing soluble methane monooxygenase and copper-
containing particulate methane monooxygenase. Furthermore, few biomimetic iron-containing oxidants have been designed 
that can hydroxylate methane efficiently. Recent studies reported that μ-nitrido-bridged diiron(IV)-oxo porphyrin and phth-
alocyanine complexes hydroxylate methane to methanol efficiently. To find out whether the reaction rates are enhanced 
by replacing iron by ruthenium, we performed a detailed computational study. Our work shows that the μ-nitrido-bridged 
diruthenium(IV)-oxo reacts with methane via hydrogen atom abstraction barriers that are considerably lower in energy (by 
about 5 kcal mol‒1) as compared to the analogous diiron(IV)-oxo complex. An analysis of the electronic structure implicates 
similar spin and charge distributions for the diiron(IV)-oxo and diruthenium(IV)-oxo complexes, but the strength of the O‒H 
bond formed during the reaction is much stronger for the latter. As such a larger hydrogen atom abstraction driving force 
for the Ru complex than for the Fe complex is found, which should result in higher reactivity in the oxidation of methane.
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Abbreviations
DFT  Density functional theory
Cpd I  Compound I
BDE  Bond dissociation energy
EA  Electron affinity
IE  Ionization energy

Introduction

Heme monoxygenases are common enzymes in biology with 
a variety of functions related to biosynthesis and biodegra-
dation. In general, they react through oxygen atom transfer to 
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substrates on an iron(III)-heme co-factor that binds molec-
ular oxygen, but uses two reduction and two protonation 
equivalents in the catalytic cycle. The most extensively 
studied heme monoxygenases are the cytochromes P450, 
which initiate the biodegradation of drug molecules in the 
liver as well as the biosynthesis of hormones [1–10]. During 
their catalytic cycle, the iron(III)-heme reacts with molecu-
lar oxygen and using two external electrons and protons, a 
high-valent iron(IV)-oxo heme cation radical species called 
Compound I (Cpd I) is formed [11–13]. Although Cpd I is 
able to hydroxylate a large range of aliphatic and aromatic 
C–H bonds, it is not known to hydroxylate methane, which 
has the strongest C–H bond in nature. However, work of 
Sorokin et al. on biomimetic porphyrin and phthalocyanine 
complexes (Fig. 1) found evidence of methane hydroxylation 
by μ-nitrido-bridged diiron(oxo) porphyrin and phthalocya-
nine [14–16] and as such these complexes are unique and 
highly reactive as well as the supramolecular diiron phthalo-
cyanine–porphyrin conjugates recently published [17, 18]. 
In previous work, the synthesis of several μ-nitrido-bridged 
diiron(III) phthalocyanine and porphyrin complexes was 
reported, and using terminal oxidants such as hydrogen per-
oxide or m-chloroperbenzoic acid, they were converted to a 
μ-nitrido-bridged diiron(IV)-oxo species [19]. These short-
lived intermediates were efficient in a reaction with aliphatic 
substrates (cyclohexane, adamantane, and ethylbenzene) 
leading to substrate hydroxylation [19]. Furthermore, meth-
ane hydroxylation to methanol was observed with several 
complexes, which implicates that these oxidants are more 
powerful than cytochrome P450 Cpd I [20, 21].

Unprecedented reactivity of µ-nitrido diiron tetrapyrrolic 
complexes has initiated synthetic development of this plat-
form involving different metals supported by various mac-
rocyclic ligands [17, 18, 22–27]. In parallel, several detailed 
computational studies on μ-nitrido-bridged diiron(IV)-oxo 
phthalocyanine and porphyrin complexes have been reported 
by us and others [28–32]. In general, these studies showed 
that the electron-donating ability of the μ-nitrido group 

lowers the acidity of the corresponding iron-hydroxo spe-
cies, and consequently, the strength of the O–H bond of the 
iron(III)-hydroxo group is large. As the driving force for a 
hydrogen atom abstraction reaction is larger when a stronger 
O–H bond is formed [33–35], this implies that a significant 
enhancement of the rate constant for hydrogen atom abstrac-
tion will be observed. In this context, it is of great interest to 
probe how the nature of metal sites might influence on the 
catalytic properties of µ-nitrido binuclear construction. To 
gain further insight into the properties and reactivities of 
μ-nitrido-bridged dimetal-oxo porphyrins and phthalocya-
nines, we decided to create the analogous diruthenium com-
plexes, and compare the structure, electronic properties, and 
catalysis with the diiron complexes. We predict that these 
diruthenium(IV)–oxo phthalocyanine complexes if they can 
be formed will react with methane even more efficiently than 
their corresponding iron complexes.

Methods

The work presented here uses computational methods and 
procedures as reported and discussed previously on biomi-
metic model complexes that reproduced experimental data 
well [36, 37]. Overall, density functional theory (DFT) 
approaches were used as implemented in the Gaussian-09 
program package [38]. The full potential energy profile was 
calculated with two unrestricted DFT methods, namely the 
hybrid density functional method UB3LYP [39, 40] and the 
pure density functional UBP86 [41, 42], for all geometry 
optimizations, geometry scans, and frequencies. Geometry 
optimizations and potential energy scans were performed 
with a double-ζ quality LACVP basis set (with core poten-
tial) on ruthenium and 6-31G on the rest of the atoms, basis 
set BS1 [43, 44]. All local minima and transition states were 
optimized without constraints and characterized with an ana-
lytical frequency that confirmed the status of the structures 
with all transition states having a single imaginary frequency 
for the correct mode. Calculations include a polarized con-
tinuum model (CPCM) as implemented in Gaussian using 
a dielectric constant of ε = 35.688 mimicking acetonitrile. 
Energies were improved through a single-point calculation 
with an LACV3P + (with core potential) basis set on ruthe-
nium and 6-311 + G* on the rest of the atoms: basis set BS2. 
These methods were used previously and reproduced experi-
mentally determined free energies of activation and kinetic 
isotope effects well [45, 46]. In the past, we validated our 
computational methods and showed that these procedures 
can reproduce experimental free energies of activation to 
within 3 kcal mol−1. Moreover, changing the basis set for 
geometry optimizations from BS1 to BS2 gave little changes 
to the optimized geometries, relative energies, and chem-
oselectivities of the reaction [47–49]. Finally, the effect of 
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Fig. 1  Examples of μ-nitrido-bridged diiron(IV)-oxo phthalocyanine 
(Pc, left) and porphyrin (Por, right) complexes
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dispersion on the optimized geometries of μ-nitrido-bridged 
diiron(IV)-oxo porphyrins was tested for the defluorination 
reaction of  C6F6 and found to give little changes in geometry 
and energetics, and hence, dispersion was not used in this 
work [50].

Results and discussion

In this work, we focus on the chemical properties of the 
μ-nitrido bound diruthenium(IV)-oxo porphyrazine (Pz) 
complex 2,4,6[O=RuIV(Pz+·)NRuIV(Pz)]0 (or 2,4,6[O=RuV(Pz)
NRuIV(Pz)]0), 1, whereby all side chains of the macrocycle 
are abbreviated to hydrogen atoms. The complex is charge 
neutral and was calculated in all low-lying doublet, quartet, 
and sextet spin states using two density functional theory 
methods (UB3LYP and UBP86). In addition, the reactivity 
patterns of the complexes with methane was compared with 
the analogous diiron(IV)-oxo complex 2,4,62 reported previ-
ously [29–31].

Before we show the results on the catalytic proper-
ties of oxidant 2,4,61, let us investigate the electronic and 
structural properties of the reactant species in more detail. 
Figure 2 displays the optimized geometries and relative 
energies of 2,4,61. In both complexes, the doublet spin state 
is the ground state and well separated from the quartet 
and sextet spin states by at least 10 kcal mol−1. This is 
independent on the density functional method chosen and 
implicates that the quartet and sextet spin states will play 
no role in catalysis. As such, the reactivity with substrates 
is expected to take place on the doublet spin state only and 
the oxidants will react through single-state reactivity [51, 
52] selectively. Mononuclear iron(IV)-oxo oxidants, by 
contrast often have close-lying spin-state surfaces, where 
reactivity patterns appear on multiple accessible electronic 
and spin states. It is not surprising that the ruthenium 
complexes react through single-state-reactivity patterns 
as  RuIV=O complexes tend to have well separated metal 
4d orbitals and hence usually stabilize low-spin states 

[53–55]. Indeed, previous studies on mononuclear  RuIV=O 
complexes showed the high-spin states to be considerably 
higher in energy than the lower spin states [56] in agree-
ment with what is seen here.

In structures 2,42, the  Fe1‒O and  Fe2‒μ–N distances were 
found to be about 1.65 Å in length, which indicates that 
both bonds will be formally a double bond. In the ruthenium 
complexes, both of these bonds have significantly elongated 
with respect to those of the diiron complexes as expected for 
a heavier element. However, the  Ru1‒O distances are signifi-
cantly longer than the  Ru2‒μ–N distances, which implicates 
that they have different bonding character. Furthermore, 
the ruthenium atom of the  Ru1‒O group is located below 
the plane through the four nitrogen atoms of the equatorial 
ligand, while in the iron complexes, the  Fe1 atom remains 
above the plane. Finally, particularly in the low-spin state, 
the bridging nitrogen atom is close to the center of the  Ru1‒
Ru2 interaction, whereas in the corresponding diiron(IV)-
oxo species, it is closer to  Fe2 than to  Fe1.

To understand the differences in geometry between the 
diiron and diruthenium complexes, we analyzed the molecu-
lar orbitals, which are displayed in Fig. 3. The orbitals are 
dominated by the π-interactions in the xz and yz molecular 
planes, where we take the z-axis along the Ru–O bond. Thus, 
the  4dxz and  4dyz atomic orbitals on both Ru atoms interact 
with the  2px and  2py atomic orbitals on the oxo and bridging 
nitrogen atoms to form four sets of orbitals: π1,x/π1,y π2,x/π2,y 
π*3,x/π*3,y π*4,x/π*4,y. The lowest two sets of orbitals rep-
resent the bonding interactions for the Ru‒O and Ru‒N 
interaction. The π*3,x and π*3,y orbitals have a bonding 
interaction between the top Ru atom and the axial ligand, 
but are antibonding for the Ru‒O and Ru‒N interactions. 
The doublet spin state for both 21 and 22 has orbital occu-
pation π2

1,x π2
1,y π2

2,x π2
2,y π*2

3,x π*1
3,y π*0

4,x π*0
4,y. These orbital 

occupations are quite different from typical mononuclear 
heme complexes, i.e.,  FeIV=O(heme+·) or P450 Cpd I, that 
have a heme radical with singly occupied  a2u orbital. In the 
μ-nitrido-bridged complexes, by contrast, the  a2u orbitals are 
lower in energy and are doubly occupied.

Fig. 2  Optimized geometries of 
2,4,61 (left-hand side) and 2,4,62 
(right-hand side) as obtained in 
Gaussian-09 at UB3LYP/BS1 
(UPB86/BS1). Bond lengths 
are in angstroms and relative 
energies (calculated with BS2 
basis set with zero-point energy 
(ZPE) correction) in kcal mol‒1. 
Data for 2,4,62 taken from Ref. 
[29]

21 (41) [61] 22 (42) [62]

∆E+ZPE = 0.0 (16.0) [45.9]∆E+ZPE = 0.0 (11.1) [40.0]
{0.0 (14.8) [44.2}

1.648 (1.646) [1.651]

2.173 (2.262) [2.219]
1.662 (1.660) [1.845]

1.952 (1.805) [1.806] {1.847 (1.811) [1.816]}

1.832 (2.313) [2.321] {1.909 (2.164) [2.189]}
1.732 (1.725) [1.736] {1.747 (1.717) [1.737]}



1130 JBIC Journal of Biological Inorganic Chemistry (2019) 24:1127–1134

1 3

Group spin densities of the doublet spin-state reactants 
give dominant oxo radical character (ρO = 0.90 at UB3LYP 
and 0.56 for the UBP86 calculation). Nevertheless, in both 
cases, the radical refers to a singly occupied π*3,y molecu-
lar orbital. These two results give  S2 values of 0.792 and 
0.775 and hence include very little multiconfiguration 
perturbations.

Subsequently, we investigated methane hydroxylation by 
2,4,61 and 2,4,62 and the results are depicted in Fig. 4. Simi-
lar to methane hydroxylation by iron(IV)-oxo complexes 
[57–63], the reaction is stepwise with an initial hydrogen 
atom abstraction (via transition state TSHA) to form a radi-
cal intermediate (IHA). Thereafter, an OH rebound barrier 
(via transition state TSreb) gives alcohol product complexes 
(PHA). The free energies obtained with B3LYP and BP86 
are very similar particularly for the transition states and also 
analogous structures are found. Therefore, the density func-
tional method appears to have little effect on the structure 
and energies of the reaction mechanism. This contrast the 
spin-state ordering and relative energies of mononuclear iron 

and manganese-oxo complexes that often give strong vari-
ations depending on the density functional method chosen 
and particularly the amount of Hartree–Fock Exchange that 
is included in the method [45, 64, 65]. In all cases, the dou-
blet spin state is well below the quartet and sextet spin state, 
and hence, the reaction takes place via single-state reactiv-
ity on the doublet spin-state surface and no spin crossing to 
another spin state is expected. Thus, the doublet spin hydro-
gen atom abstraction barrier is 7.8 (10.2) kcal mol−1 above 
isolated reactants as calculated with UB3LYP (UBP86), 
while the quartet spin barriers are at 30.0 (32.0) kcal mol−1 
and the sextet spin ones at 57.7 (61.8) kcal mol−1. At room 
temperature, the quartet and sextet barriers will be inacces-
sible and the reaction will take place on a dominant dou-
blet spin state only. Therefore, we focus on the doublet spin 
results from Fig. 4 in the following only.

Optimized geometries of the rate-determining doublet 
spin transition states (2TSHA) are given in Fig. 4. The tran-
sition states are late with long C‒H distances (1.375 and 
1.471 Å at B3LYP and BP86 level of theory) and short O‒H 

Fig. 3  High-lying occupied and 
low-lying virtual orbitals of 21 

π1,x π1,y

π2,x π2,y

π*3,y

π*4,x π*4,y

π*3,x
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distances (1.157 and 1.117 Å at B3LYP and BP86 level of 
theory). Late transition states often related to high energy 
barriers. Thus, for a series of hydrogen atom abstraction 
barriers by the same metal(IV)-oxo oxidant, it was shown 
that the barrier height correlated with the strength of the 
C‒H bond that was broken [58, 59, 66, 67]. It was found that 
reactions with substrates with strong C‒H bonds gave more 
product-like transition states, whereas with substrates with 
weak C‒H bonds, more reactant-like transition states were 
found. As methane has a strong C‒H-bond strength with 
bond dissociation energy  (BDECH,methane = 101.6 kcal mol‒1 
at UB3LYP level of theory), it is not surprising that the 
hydrogen atom abstraction barriers are high.

The rate-determining step in the reaction mechanism 
is hydrogen atom abstraction with a free energy of activa-
tion of 7.8 kcal mol−1, which is well lower in free energy 
here than that found for the analogous μ-nitrido-bridged 
diiron(IV)-oxo phthalocyanine complexes reported before 
[29], where a value of 15.7 kcal mol−1 was found. Therefore, 

the diruthenium complex is expected to react with hydrogen 
atom abstraction barriers that are almost 8 kcal mol−1 lower 
in free energy, which would correspond to a rate enhance-
ment of over  106. Clearly, the diruthenium(IV)-oxo spe-
cies is a considerably better oxidant that the correspond-
ing diiron(IV)-oxo species. We will analyze the differences 
in structure and reactivity in detail in the following. Note 
that the rebound barrier is 7.2 (3.7) kcal mol−1 in energy 
above the radical intermediate 2IHA as calculated at UB3LYP 
(UPB86) level of theory. These barriers are considerable and 
may implicate a finite lifetime of the radical intermediates, 
which in the case of ethene activation by iron(IV)-oxo com-
plexes was shown to lead to by-products [68, 69]. Further-
more, the radical could be released from the intermediate 
complex as dissipate into solution as suggested for nonheme 
iron reactivities [70].

Figure 5 gives the orbital energy changes during the 
methane hydroxylation reaction on the doublet spin state in 
a valence bond description. Thus, we describe electrons as a 

Fig. 4  Potential energy land-
scape of methane hydroxyla-
tion by 2,4,61 as obtained with 
DFT. Data obtained through 
full geometry optimization with 
UB3LYP [UBP86] level of the-
ory. Free energies (at BS2 level 
of theory) are in kcal mol‒1 
with solvent, thermal, entropic, 
and ZPE corrections included. 
Optimized geometries give 
bond lengths in angstroms and 
the imaginary frequency in 
 cm‒1

2TSHA,B3LYP [2TSHA,BP86]

1.375 [1.471]
1.157 [1.117]

2.016 [1.997]

1.805 [1.828]
1.740 [1.755]

i1488 [i596] cm‒1
0.0 [0.0]
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61 + CH4
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6TSreb
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7.8 [11.1]

35.4 [42.1]

57.7 [61.8]

30.0 [32.0]
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38.8 [58.5]
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Fig. 5  Orbital occupation 
changes along the doublet spin 
reaction mechanism in valence 
bond description
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dot and a line bordered by two dots is a bonding orbital occu-
pied by two electrons. These schemes were used previously 
to rationalize regioselectivities through analysing the elec-
tronic configurations of oxidants [34, 71–73]. As mentioned 
above in Fig. 3, the μ-nitrido-bridged diruthenium(IV)-oxo 
complex has electronic configuration of π*2

3,x π*1
3,y. Upon 

abstraction of a hydrogen atom from substrate, a σCH bond 
of methane is broken and splits into atomic orbitals:  2pC and 
 1sH. The hydrogen atom pairs up with one electron from the 
π*3,y molecular orbital to form the σO–H orbital with two 
electrons, while the πy set of orbitals splits into a new set of 
three orbitals (π′1,y π′2,y π*′3,y) that only spread over the Ru, 
N, and Ru atoms and contain four electrons. During the OH 
rebound process, also the π orbitals along the x-axis lose the 
oxygen contribution and split into a new set of orbitals π′1,x 
π′2,x π*′3,x with four electrons. One electron from the Ru‒O 
interaction pairs up with the radical on the  CH3 group to 
form the new σO–C orbital, whereas the second one is pro-
moted to a virtual π orbital on the porphyrazine group. As a 
consequence, the product has spin density on the ligand but 
not on the metals.

We also did a thermochemical analysis on the hydro-
gen atom and electron abstraction ability of the μ-nitrido-
bridged diiron and diruthenium-oxo complexes, see Fig. 6. 
First, we calculated the bond dissociation energy of the 
O–H bond  (BDEOH) in the  MIV(OH) complex (M = Fe, Ru) 
as defined in Eq. (1), where we compare the energy of the 
 MIV(OH) complex relative to that of the  MV=O complex and 

a separate hydrogen atom. For the iron complex, a value of 
86.7 kcal mol−1 was reported for the structure without axial 
ligand and 82.3 kcal mol−1 when an axial acetate was present 
[29]. Interestingly, using the same methods and techniques, a 
value of 134.9 kcal mol−1 is found for the  RuIV(OH) system. 
Therefore, based on the relative BDE values, the μ-nitrido-
bridged diruthenium-oxo complex is expected to be a con-
siderably better oxidant than the corresponding iron com-
plex and should react with methane even faster. The relative 
energies of the hydrogen atom abstraction transition states 
discussed above indeed confirm this:

Technically, a hydrogen atom abstraction is the sum of 
a proton transfer and an electron transfer; therefore, we 
split the  BDEOH further into the sum of the acidity of the 
reduced oxidant (ΔGacid), the electron affinity (EA) of the 
starting complex, and the ionization energy of a hydrogen 
atom  (IEH). The latter was taken from the literature [74]. 
Interestingly, the acidity of the iron and ruthenium-hydroxo 
complexes are alike and the differences in electron affinity 
compensates for stronger O–H-bond formation. As a par-
ticularly strong O–H bond is formed after hydrogen atom 
abstraction, this results in a large driving force for hydrogen 
atom abstraction and consequently low-energy hydrogen 
atom abstraction barriers.

Conclusions

Computational  studies on a μ-nitr ido-br idged 
diruthenium(IV)–oxo porphyrazine complex were per-
formed and its reactivity with methane investigated. Our 
studies show that the complex is in a doublet spin ground 
state that is well separated from other spin states and with 
significant radical character on the oxo group. The electronic 
configuration of the μ-nitrido-bridged diruthenium(IV)-oxo 
complex is analogous to the corresponding diiron complex; 
however, it reacts with substrate with considerably lower 
barriers due to a more favorable hydrogen atom abstraction 
reaction. These differences are rationalized with thermo-
chemical cycles and valence bond schemes.
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