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Introduction

High-valent iron oxo complexes are postulated to be key re-
active intermediates in many biological oxidation reactions
mediated by both heme and non-heme enzymes.[1–7] The
electronic properties of non-heme FeIV=O complexes was
the subject of debate, but over the past several years a
number of cationic mononuclear FeIV=O complexes have
been structurally characterized.[8–12] Recent experimental in-
vestigations and DFT calculations revealed that the reactive
intermediate in the oxidation of hydrocarbons by [FeII-

ACHTUNGTRENNUNG(TPA)]2+ (TPA= tris(2-pyridylmethyl)amine) could be FeV=

O,[13,14] and it was noted that the reactivity of the chemically
generated FeIV=O species was not compatible with that of
iron-containing enzymes.[15] Reactive iron(v) oxo complexes
with macrocyclic corrole[16] and tetraamido[17] ligands have
been reported recently. However, despite these advances, no
iron(VI) oxo complexes have been experimentally charac-
terized apart from the tetrahedral FeVIO4

2� anion.[18–21] Theo-
retical calculations by Dey and Ghosh revealed that
[FeVI(O)ACHTUNGTRENNUNG(Cor)X] (Cor=corrole, X= suitable monoanionic
ligand) should be experimentally detectable on the basis of
the clean and significant HOMO–LUMO gaps of [FeVI(N)-
ACHTUNGTRENNUNG(Cor)] and [Fe(N) ACHTUNGTRENNUNG(Por)(F)] (Por=porphyrin) in their DFT
optimized singlet states.[22]

The chemistry of the ground and excited states of both
trans-dioxo ruthenium(VI) and trans-dioxo osmium(VI)
complexes have been extensively studied over recent de-
cades; the dioxo ruthenium(VI) complexes are usually reac-
tive towards oxidation of organic compounds,[23–27] whereas
the dioxo osmium(VI) complexes are strong oxidants on
light irradiation.[28] One might expect that the corresponding
trans-dioxo iron(VI) complexes, if they exist, would be more
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reactive than their Ru and Os counterparts. Recently, an oc-
tahedral cationic FeVI�N complex was synthesized by photo-
chemical means and characterized by Mçssbauer and X-ray
absorption spectroscopies.[29] We pose the question: would a
cationic trans-dioxo iron(VI) complex be a stable entity? As
part of our efforts to study the spectroscopic and redox
properties of reactive d2 trans-dioxo metal complexes in
both ground and excited states, we set out to determine
their electronic structures by using DFT. In general, DFT
provides excellent descriptions of the electronic structures
of a variety of high-valent Fe complexes.[30–32] It has also
been successfully applied to study the electronic structures
of d2 dioxo metal complexes of the second- and third-row
transition metals, which include Mo, Tc, W, Re, Ru, and
Os.[33–35] After completion of this computational work, we
were able to detect the [FeACHTUNGTRENNUNG(qpy)(O)2]

n+ ions (qpy=

2,2’:6’,2’’:6’’,2’’’:6’’’,2’’’’-quinquepyridine; n=1, 2) in the gas
phase by high-resolution electrospray ionization mass spec-
trometry (ESI-MS).

Results and Discussion

As the focus of the present work is on the electronic struc-
ture of trans-dioxo iron(VI) and its spectroscopic and redox
properties, we performed calculations on trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ using several commonly used DFs and
two different basis set sizes (6-31G* and 6-311+G*). The
optimized structures obtained for each spin state using the
same DF, but different basis set sizes are within 0.013 M and
38 for the bond lengths and angles, respectively. Hence,
herein, we present the DFT results with only the 6-31G*
basis set (DF/6-31G*) (for the structures optimized with dif-
ferent DFs and the 6-311+G*
basis set, see Table S32 in the
Supporting Information).

Relative spin-state energetics of
trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ with different
DFs : The optimized geometries
and the relative energies of
trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ in various spin
states for different DFs are pre-
sented in Table 1.

Except for the hybrid DFs
B3LYP and PBE1PBE, which
predicted a quintet ground
state, both pure GGAs and
meta-GGAs gave a singlet
ground state for trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ . It is
known that pure GGAs tend to
artificially lower the energy of
low-spin states, whereas hybrid
DFs are biased towards high-

spin states. To validate the present DFT results, we calculat-
ed the singlet–quintet spin splittings of the recently charac-
terized high-valent iron(VI) complex [(Me3cy-ac)FeN]2+

(Me3cy-ac=N-methylated cy-ac; cy-ac=1,4,8,11-tetraazacy-
clotetradecane-1-acetate)[29] and the experimentally well-
documented isostructural trans-dioxo ruthenium(VI)[27,36]

and osmium(VI)[37–39] complexes with saturated amine li-
gands using the pure GGA, PW91, and the hybrid DF,
B3LYP. Consistent with the experimental findings, both
PW91 and B3LYP calculations gave a d2 singlet ground state
for these three complexes, with PW91 always predicting
larger singlet–quintet spin splittings than B3LYP by as much
as about 1 eV (see Tables S37 and S45 in the Supporting In-
formation). Why are the results of pure GGA and meta-
GGA calculations on the trans-dioxo iron(VI) complex dif-
ferent from those of hybrid DF ones? A close look at the
geometries of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ optimized
with different DFs indicated that both pure GGAs (PW91,
BP86, and OLYP) and meta-GGAs (VSXC and HCTH407)
gave a bent O-Fe-O angle in the quintet state (ca. 164–
1688), whereas a linear O-Fe-O unit was found for the quin-
tet geometries optimized with the hybrid DFs B3LYP and
PBE1PBE (see Table 1). If we used B3LYP to calculate the
singlet–quintet spin splitting of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ on the PW91 optimized structure, the quintet
state would be marginally higher in energy than the singlet
state (the singlet–quintet splitting is ca. 0.03 eV). Indeed,
similar bent angles along the X-M-Y axes (X, Y=axial li-
gands; M=Fe, Ru, Os) for [(Me3cy-ac)FeN]2+ , trans-
[Ru(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ , and trans-[Os(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ were obtained from both PW91 and B3LYP
quintet-state geometry optimizations (see Table S46 in the
Supporting Information). It remains unclear why a linear O-

Table 1. Selected geometrical parameters (bond lengths [M] and angles [8]) and relative energies (Erel) of
trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

2+ in various optimized spin states S with different DFs.[a]

DF S r ACHTUNGTRENNUNG(Fe�O) rACHTUNGTRENNUNG(Fe�NH3) r ACHTUNGTRENNUNG(Fe�NMeH2) a ACHTUNGTRENNUNG(O-Fe-O) Erel [eV][b]

PW91 0 1.614 1.613 2.059 2.059 2.095 2.095 180 0.00 (0.00)
1 1.670 1.667 2.025 2.039 2.078 2.139 166 0.87 (0.80)
2 1.740 1.736 2.016 2.054 2.051 2.107 164 1.18 (1.07)

BP86 0 1.615 1.614 2.065 2.065 2.102 2.102 180 0.00 (0.00)
1 1.671 1.670 2.033 2.042 2.085 2.143 166 0.88 (0.81)
2 1.742 1.737 2.021 2.060 2.055 2.114 164 1.22 (1.11)

OLYP 0 1.612 1.607 2.091 2.091 2.143 2.143 180 0.00 (0.00)
1 does not converge
2 1.742 1.737 2.048 2.081 2.088 2.176 163 0.98 (0.88)

B3LYP 0 1.595 1.592 2.059 2.059 2.088 2.088 180 0.00 (0.00)
1 does not converge
2 1.748 1.761 2.045 2.046 2.064 2.064 180 �0.14 (�0.26)

PBE1PBE 0 1.582 1.580 2.031 2.032 2.055 2.054 180 0.00 (0.00)
1 1.718 1.704 2.024 2.024 2.021 2.021 180 �0.36 (�0.48)
2 1.744 1.754 2.015 2.015 2.029 2.029 180 �0.46 (�0.58)

HCTH407 0 1.605 1.601 2.090 2.090 2.145 2.145 180 0.00 (0.00)
1 does not converge
2 1.737 1.735 2.048 2.085 2.102 2.165 164 0.87 (0.79)

VSXC 0 1.612 1.624 2.060 2.055 2.086 2.081 179 0.00 (0.00)
1 does not converge
2 1.719 1.794 2.033 2.042 2.053 2.071 168 0.56 (0.45)

[a] DF/6-31G* results. [b] The energy of the optimized singlet state is set to zero. The values in parentheses
are the relative thermal Gibbs free energies.
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Fe-O angle at the quintet state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ was predicted by the B3LYP and PBE1PBE
hybrid DFs. Because we have not been able to resolve the
ground state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ to be a sin-
glet or a quintet, herein we will discuss the electronic struc-
tures, spectroscopic properties, and redox potentials of
trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ for both PW91 and
B3LYP calculations.[40] For trans-[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+

complexes with M=Ru and Os, only the PW91 results are
given because both PW91 and B3LYP calculations were
found to give similar results. The calculations on [M(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ (M=Ru and Os) will be compared with
the literature data of trans-dioxo ruthenium(VI) and os-
mium(VI) complexes with saturated amine ligands.

Electronic structure of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ :

The ground-state geometrical parameters, vibrational fre-
quencies of the symmetric (nsym) and asymmetric (nasym) vi-
brational modes of the O-M-O unit, and the force constants
of the M�O bond (kM�O) from PW91 computations are
listed in Table 2. The calculated M�O distances of 1.736 and
1.760 M on average for M=Ru and Os, respectively, are
slightly longer than the corresponding X-ray data (Ru�O
1.718(5) and 1.705(7) M in trans-[RuVI

ACHTUNGTRENNUNG(15-TMC)(O)2] ACHTUNGTRENNUNG(ClO4)2

and trans-[RuVI
ACHTUNGTRENNUNG(16-TMC)(O)2]ACHTUNGTRENNUNG(ClO4)2, respectively,[27] and

Os�O 1.735(6) M in trans-[OsVI
ACHTUNGTRENNUNG(14-TMC)(O)2]ACHTUNGTRENNUNG(PF6)2;

[37] 14-
TMC=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetrade-
cane, 15-TMC=1,4,8,12-tetramethyl-1,4,8,12-tetraazacyclo-
pentadecane, 16-TMC=1,5,9,13-tetramethyl-1,5,9,13-tetraa-
zacyclohexadecane), but comparable to the results of the
recent DFT studies on trans-[MVI(O)2ACHTUNGTRENNUNG(NH3)4]

2+ by Gray and
co-workers (Ru�O 1.724–1.752, Os�O 1.752–1.777).[33] The
largest difference between the calculated and experimental
distances is about 0.033 M for the Ru�O bond, which is a
typical accuracy for metal–ligand multiple bonds from DFT
calculations.[41] The computed Ru�Namine distances are
2.176–2.197 M, which are comparable to those found in the
crystal structures of trans-[Ru ACHTUNGTRENNUNG(15-TMC)(O)2]ACHTUNGTRENNUNG(ClO4)2 and
trans-[Ru ACHTUNGTRENNUNG(16-TMC)(O)2] ACHTUNGTRENNUNG(ClO4)2 (2.17(1)-2.24(1) M).[27] How-

ever, the calculated Os�Namine distances are longer by as
much as 0.076 M when compared with those in trans-[OsVI-
ACHTUNGTRENNUNG(14-TMC)(O)2] ACHTUNGTRENNUNG(PF6)2.

[37] Similar M�Namine distances to those
from our DFT studies were also obtained by Gray and co-
workers (2.152–2.182 M for Ru�Namine and 2.164–2.193 M for
Os�Namine in trans-[MVI(O)2ACHTUNGTRENNUNG(NH3)4]

2+).[33]

From PW91 optimizations, the calculated Fe�O bond
length for the ground state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ is about 1.613 M, which is shorter than that in
K2FeVIO4 (1.666(2) M on average)[18] and the reported FeIV=

O distances of 1.639(5) and 1.646(3) M for [FeIV(O)-
ACHTUNGTRENNUNG(N4Py)]2+ and [FeIV(O)ACHTUNGTRENNUNG(14-TMC) ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(SO3CF3)2, re-
spectively (N4Py=N,N-bis(2-pyridylmethyl)-N-bis(2-pyri-
dyl)methylamine).[9,12] This is consistent with the bonding
picture that, in the tetrahedral d2 FeVIO4

2� anion, the two d
electrons reside in the Fe�O antibonding e orbitals[21] and in
the non-heme d4 FeIV=O complexes, two of the d electrons
go to the Fe�O p-antibonding orbitals [Fe(dp)�O ACHTUNGTRENNUNG(pp*)],
whereas the other two d electrons occupy the nonbonding
Fe ACHTUNGTRENNUNG(dxy) orbitals.[42] On the other hand, the PW91 calculated
ground state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ has a d2

electronic configuration in which the two d electrons reside
in the nonbonding FeACHTUNGTRENNUNG(dxy) orbitals (see below). The Fe�
Namine distances were calculated to be 2.059–2.095 M, compa-
rable to the Fe�N14-TMC distances of 2.067(3)–2.117(3) M
found in [FeIV(O)ACHTUNGTRENNUNG(14-TMC) ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(SO3CF3)2

[9] as well as
the Fe�Namine distances of 2.05–2.07 M obtained from DFT
calculations on [Fe(O)(L)4ACHTUNGTRENNUNG(NCCH3)]

2+ (L=NH3,
NMeH2).

[42] Because the 14-TMC ligand is not involved in
Fe�O p-antibonding orbitals,[42] removal of two electrons
from these antibonding orbitals, which are composed solely
of Fe(dp) and O(pp), that is, oxidation of oxo iron(IV) to
oxo iron(VI), would not result in a significant change in Fe�
Namine distances. Similar Ru�Namine distances in both RuIV

and RuVI oxo complexes with macrocyclic tertiary amine li-
gands were previously reported.[27] In general, the M�O and
M�Namine distances increase down the group. The increase is
more pronounced from Fe to Ru than from Ru to Os (more
than 0.12 M in the former, but less than 0.03 M in the latter

case), which is a consequence
of shell-size expansion versus
relativistic contraction when
one goes from second- to third-
row transition metals.[43] The O-
M-O angles of the ground
states obtained from PW91 cal-
culations are linear in all cases,
which is consistent with X-ray
data.[27,37]

From B3LYP optimizations,
the ground state of trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ is a
quintet with Fe�O distances of
1.748 and 1.761 M, which are
longer than those of ferrate(VI)
and iron(IV) oxo (less than
1.67 M, see above) by more

Table 2. Optimized ground state geometrical parameters (bond lengths [M] and angles [8]), vibrational fre-
quencies (ñ), and force constants (kM�O) for trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

2+ (M=Fe, Ru, Os) from PW91 cal-
culations.[a]

M r ACHTUNGTRENNUNG(M=O) r ACHTUNGTRENNUNG(M�Namine) a ACHTUNGTRENNUNG(O-M-O) ñasym ACHTUNGTRENNUNG(O-M-O) ñsym ACHTUNGTRENNUNG(O-M-O) kM�O [Nm�1]

FeVI 1.613 (1.748) 2.059 (2.045) 180 (180) 965 (533) 857 (656) 626.2 (263)
1.614 (1.761) 2.095 (2.064)

2.059 (2.046)
2.095 (2.063)

RuVI 1.734 2.176 179 914 877 662.3
1.738 2.197

2.178
2.196

OsVI 1.762 2.182 180 906 920 729.1
1.758 2.203

2.182
2.203

[a] The values in parentheses are from B3LYP calculations on the quintet state (the lowest energy state from
B3LYP calculations).
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than 0.07 M. This is because in the B3LYP optimized quintet
state of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ 1) there are two
unpaired electrons in the Fe�O p antibonding orbitals, as in
the case of iron(IV) oxo complexes; and 2) the Fe�O p

bonding orbitals (see Figure 1 for MOs) are each singly oc-

cupied, whereas the analogous Fe�O p-bonding orbitals are
doubly occupied in the ground states of both ferrate(VI)
and iron(IV) oxo complexes. Because the Fe�O p-bonding
and antibonding orbitals are not quasidegenerate or close-
lying, the energy gain in an electronic structure with Fe�O
p-bonding and antibonding orbitals in parallel spins (by
HundNs rule) in trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ (the quin-
tet state) should not be large enough to override the energy
penalty of promoting two electrons from the p ACHTUNGTRENNUNG(Fe�O) bond-
ing orbital, which is fully filled, in its singlet state to empty
p* ACHTUNGTRENNUNG(Fe�O) antibonding orbitals.

The calculated frequencies of the asymmetric (nasym) and
symmetric vibrational (nsym) modes for trans-[Os(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ in its singlet ground state are 906 and
920 cm�1, respectively. These values are slightly higher than
the experimental data of 875 (nasym) and 917 cm�1 (nsym) ob-
tained.[39,44] For trans-[Ru(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ , the nasym

and nsym stretching vibrations are calculated to be 914 and
877 cm�1, respectively, which are higher than the experimen-
tal values of 840–860 (nasym) and approximately 820 cm�1

(nsym) by more than 50 cm�1.[45,46] The O-Fe-O asymmetric
and symmetric stretching frequencies from PW91 calcula-
tions were calculated to be 965 and 857 cm�1, respectively,
with the former value higher than the FeIV=O stretching fre-
quency of 834 cm�1 in [FeIV(O) ACHTUNGTRENNUNG(14-TMC) ACHTUNGTRENNUNG(NCCH3)]-
ACHTUNGTRENNUNG(SO3CF3)2.

[9] Similar behavior could be found in the related
ruthenium oxo complexes: nasym ACHTUNGTRENNUNG(O-Ru-O)=840–860 cm�1

for the trans-dioxo ruthenium(VI) complexes, which are
higher than the RuIV=O stretching frequencies of 815–820
and 792 cm�1 in oxo ruthenium(IV) complexes supported by
macrocyclic N-donor[27] and polypyridyl[47] ligands, respec-
tively. The O-Fe-O asymmetric vibration is at a higher fre-
quency than its symmetric counterpart, similar in magnitude,
and consistent with the trend of O-M-O stretching frequen-
cies of other linear 3d transition metal dioxides (CoO2: 954
(nasym) and 772 cm�1 (nsym); NiO2: 955 (nasym) and 750 cm�1

(nsym)).[48] In the B3LYP optimized quintet state, the O-Fe-O
asymmetric and symmetric stretching frequencies drop to

656 and 533 cm�1, respectively, owing to lengthening of the
Fe�O bond.

To obtain a quantitative description of the M�O bond,
normal coordinate calculations were carried out on the
linear O=M=O moieties, and the force constants (kM�O) are
listed in Table 2. The calculated force constants are in the
order Fe<Ru<Os (irrespective of whether the ground state
for M=Fe is a singlet or a quintet from PW91 and B3LYP
optimizations, respectively), that is, the Os�O bond is the
strongest and the Fe�O bond the weakest.

Atomic-charge analysis can give information about the in-
teractions between the metal ion and axial oxo ligands.
Table 3 presents the NBO analysis of the trans-[M(O)2-

ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ complexes (M=Fe, Ru, and Os) in the

PW91 optimized singlet states. The NBO charges of the
metal ions are all less than +6, that is, the interactions be-
tween M and O atoms are covalent. In addition, as the
NBO charges for both M and O in trans-[M(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ increase down the group, the M�O bonds of
trans-dioxo iron(VI) have the highest covalency. This is also
revealed by the electronic populations of the dxz, dyz, and dz2

orbitals by NBO analyses (also listed in Table 3). Based on
the data in Table 3, both p and s donations from the oxo li-
gands occur. Because the electronic populations of these d
orbitals are in the order Fe>Ru>Os, the covalent interac-
tion between the metal ion and oxo ligands also follows the
same order (Fe>Ru>Os), in accordance with the expecta-
tion that FeVI should have the highest electron affinity when
compared with RuVI and OsVI.

Orbital descriptions are useful in understanding spectro-
scopic behavior and reactivity. The orbital energies and
atomic compositions of the frontier molecular orbitals
(FMOs) of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

2+ with M=Fe,
Ru, and Os from PW91 computations are listed in Tables 4
to 6, and the MO diagram is depicted in Figure 2. In a dis-
torted octahedral environment with strong axial metal–oxo
interactions, the lowest lying d orbital is M ACHTUNGTRENNUNG(dxy), followed by
an almost doubly degenerate pair of p-antibonding combi-
nations of M(dp) and OACHTUNGTRENNUNG(pp*) orbitals. The highest energy d
orbital results from a s-antibonding combination of M ACHTUNGTRENNUNG(dz2)
and Namine(ps) orbitals. In addition, two low-lying nonbond-
ing orbitals are composed of O(pp) and Namine ACHTUNGTRENNUNG(ps*) orbitals

Figure 1. Two of the MO surfaces of the singly occupied orbitals of trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ in the B3LYP optimized quintet state (iso-
value=0.05 a.u.).

Table 3. NBO charges and d-orbital electronic populations in trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

2+ (M=Fe, Ru, Os) in the PW91 optimized
ground-state geometries.

Fe Ru Os

M +0.84 +1.01 +1.23
dxz 1.26e 1.21e 1.19e
dyz 1.26e 1.20e 1.13e
dz2 1.18e 1.09e 1.03e
O �0.24 �0.32 �0.39

�0.22 �0.30 �0.41
amine ligands +1.62 +1.61 +1.57
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along the x and y axes and one nonbonding orbital that is of
OACHTUNGTRENNUNG(ps*) character (see Figure 2).

Essentially, the present PW91 calculations, as well as
other pure GGA and meta-GGA calculations performed in
this work, predict a d2 ground state electronic configuration,
with only the MACHTUNGTRENNUNG(dxy) orbital doubly occupied (see Figure 2),
so that the MVI oxidation state is an appropriate formalism
for trans-[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ complexes. With the
exception of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

2+ , MACHTUNGTRENNUNG(dxy) is the
HOMO and the orbital energy increases down the group
due to increasing energy of the d valence shell. For trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ , Fe ACHTUNGTRENNUNG(dxy) is the HOMO�2 orbi-
tal, whereas the nonbonding O(pp)–Namine ACHTUNGTRENNUNG(ps*) orbitals are
the HOMO and HOMO�1 orbitals. On the other hand, for

trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ (M=Ru and Os), these

nonbonding orbitals correspond to the HOMO�1 and
HOMO�2 orbitals. The metal–oxo bonds are formed by s

overlap between the M ACHTUNGTRENNUNG(dz2) and ps orbitals of both Namine

and O atoms (MO30, MO32, and MO31 for M=Fe, Ru,
and Os, respectively; for orbital diagrams, see Tables S47–
S49 in the Supporting Information) and p overlap between
M(dp) and O ACHTUNGTRENNUNG(pp*) orbitals with the electron density delocal-
ized over M and the two oxygen atoms (MO33 and MO34,
see Tables S47–S49 in the Supporting Information). The cor-
responding s- and p-antibonding orbitals are LUMO+3
and LUMO/LUMO+1 orbitals, respectively. The s M�O
bonding orbitals are dominated by ligand functions (see Ta-
bles S47–S49 in the Supporting Information); which is re-
flected in the greater metal character in the corresponding
s* orbitals (LUMO+3, see Tables 3–5 for atomic contribu-
tions). The M�O p bonds have an appreciable contribution
from the M(dp) orbitals, with metal character in the order
Fe (45–47%)>Ru (37–44%)�Os (36–42%). This indicates
strong mixing between M(dp) and O(pp) orbitals, which im-
parts covalency on the M�O bond and decreases the effec-
tive cationic charge on M, in agreement with the NBO anal-
yses discussed above (all of the metal atoms have NBO
charges less than +6, of which Fe is the least positive and
Os is the most positive). As the metal character in both s

and p M�O bonds decreases from Fe to Ru to Os, charge
transfer from the oxo ligands to the metal ion should be the
least for Os and the most for Fe. Hence, the Fe�O bond has
the strongest covalency and the decrease in effective cation-
ic charge resulting from Fe�O bond covalency may contrib-
ute to stabilization of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

2+ .

Table 4. Orbital energies and atomic contributions of the FMOs of trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ in the PW91 optimized ground state struc-
ture.

MO Energy
[eV]

Fe
[%]

O16
[%]

O17
[%]

NMeH2

[%]
NH3

[%]

HOMO�4 �9.14 7 19 21 52 0
HOMO�3 �8.85 3 49 47 1 0
HOMO�2 �8.30 95 0 0 3 2
HOMO�1 �8.07 1 35 35 1 28
HOMO �7.91 1 21 22 56 0
LUMO �6.32 47 26 27 0 0
LUMO+1 �6.27 47 26 26 1 0
LUMO+2 �5.15 53 0 0 26 21
LUMO+3 �3.54 49 15 15 12 9

Table 5. Orbital energies and atomic contributions of the FMOs of trans-
[Ru(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ in the PW91 optimized ground-state struc-
ture.

MO Energy
[eV]

Ru
[%]

O16
[%]

O17
[%]

NMeH2

[%]
NH3

[%]

HOMO�4 �9.00 6 23 24 47 0
HOMO�3 �8.47 4 48 47 0 0
HOMO�2 �8.36 2 36 36 0 26
HOMO�1 �8.18 3 21 20 56 0
HOMO �8.02 90 1 1 6 3
LUMO �5.52 48 26 26 0 0
LUMO+1 �5.48 48 26 26 1 0
LUMO+2 �4.03 53 0 0 25 22
LUMO+3 �1.81 60 8 8 13 11

Table 6. Orbital energies and atomic contributions [%] of the FMOs of
trans-[Os(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

2+ in the PW91 optimized ground-state
structure.

MO Energy
[eV]

Os
[%]

O16
[%]

O17
[%]

NMeH2

[%]
NH3

[%]

HOMO�4 �9.01 6 16 15 63 0
HOMO�3 �8.36 4 47 49 0 0
HOMO�2 �8.35 2 39 40 0 19
HOMO�1 �8.23 1 28 30 41 0
HOMO �7.64 91 0 0 5 4
LUMO �4.86 50 25 25 0 0
LUMO+1 �4.82 50 25 24 1 0
LUMO+2 �3.14 58 0 0 23 19
LUMO+3 �1.59 67 1 2 16 14

Figure 2. MO diagram of trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ (M=Fe, Ru,

Os). Note that for M=Fe, the M ACHTUNGTRENNUNG(dxy) and O(pp)–Namine ACHTUNGTRENNUNG(ps
*) orbitals

switch in order (see text).
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Spectroscopic properties : Time-dependent DFT (TDDFT)
calculations with the PW91 DF were employed to examine
the spectroscopic properties of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ complexes (M=Fe, Ru, and Os) in their opti-
mized singlet ground-state geometries with solvent approxi-
mated as a dielectric medium by using the conductor-like
polarizable continuum model (CPCM). For M=Fe, the tran-
sition energies were also computed for the B3LYP opti-
mized quintet ground-state geometry. For M=Ru and Os,
the calculated excitation energies were compared with ex-
perimental UV/Vis absorption spectra of trans-[M(O)2L]2+

(M=Ru and Os; L=14-TMC, 15-TMC, and 16-TMC). The
simulated absorption spectra for trans-[M(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ (M=Fe, Ru, and Os) in water are shown in
Figure 3. Selected calculated transition energies contributing
to the observed bands in the simulated absorption spectra
(bands I and II, see Figure 3) are listed in Table 7. For a
complete list of the TDDFT results, see Tables S50–S52 in
the Supporting Information. Note that singlet–triplet transi-
tions were not included in the spectral simulations because
spin–orbit coupling was not explicitly included in the
TDDFT calculations.

The simulated spectra reveal a broad band (band I) at
about 510, 380, and 300–330 nm for M=Fe, Ru, and Os, re-
spectively, and the intensity of this band increases down the
group. Examination of the calculated electronic transitions
contributing to band I revealed that, with the exception of
M=Fe, this band is comprised of two types of transitions:
the higher energy band IA (l=363 and 300 nm for Ru and
Os, respectively), arises from HOMO�4!LUMO+1 and
HOMO�2!LUMO transitions, in which both HOMO�4
and HOMO�2 are nonbonding orbitals composed of O(pp)
and Namine ACHTUNGTRENNUNG(ps*) orbitals (see Figure 2 and Tables S47–S49 in
the Supporting Information for orbital diagrams); the lower
energy band IB (l=388 and 384 nm for Ru and l=333 and
329 nm for Os), is derived from HOMO�3 [OACHTUNGTRENNUNG(ps*)]!
LUMO and HOMO�3 [OACHTUNGTRENNUNG(ps*)]!LUMO+1 [M(dp)–O-
ACHTUNGTRENNUNG(pp*)] transitions. Bands IA and IB are both of ligand-to-
metal charge-transfer (LMCT) nature. The energies of bands
IA and IB compare well with those of the experimental ab-
sorption bands at lmax�375–390 nm for trans-[RuVIO2(L)]2+

(L=14-TMC, 15-TMC, 16-TMC, or (NH3)4)
[27,36] and lmax

�300–315 nm for trans-[Os(O)2(L)]2+ (L=14-TMC, 15-
TMC, and 16-TMC),[38,39] both of which have previously
been assigned as 1[O(pp)–M(dp)] LMCT transitions.[49, 50]

Weak absorptions with e�
102 dm3mol�1 cm�1 were also observed at l�350–370 nm in
the UV/Vis absorption spectra of trans-[OsVIO2(L)]2+ (L=

14-TMC, 15-TMC, and 16-TMC)[38,39] and were previously
assigned as 3[O(pp)–Os(dp)] LMCT transitions.[49] As our
TDDFT calculations did not take spin–orbit coupling into
account, all spin-forbidden transitions have zero oscillator
strength, and only spin-allowed singlet transitions are con-
sidered in the spectral simulations depicted in Figure 3. The
calculated singlet–triplet transition energies for 3[O(pp)–
Namine ACHTUNGTRENNUNG(ps*)!Os(dp)–O ACHTUNGTRENNUNG(pp*)] and 3[O ACHTUNGTRENNUNG(ps*)!Os(dp)–O ACHTUNGTRENNUNG(pp*)]
are about 310 and 395–400 nm, respectively. Another

3LMCT transition calculated at about 360 nm is derived
from HOMO�2!LUMO and HOMO�1!LUMO+1
transitions and is 3[O(pp)–NamineACHTUNGTRENNUNG(ps*)!Os(dp)–O ACHTUNGTRENNUNG(pp*)] in
nature.

In the case of M=Fe, band I at about 510 nm is attributed
to HOMO�4!LUMO+1 and HOMO�1!LUMO transi-
tions, similar in nature to band IA 1[O(pp)–Namine ACHTUNGTRENNUNG(ps*)!
M(dp)–O ACHTUNGTRENNUNG(pp*)] discussed above for M=Ru and Os. The cor-

Figure 3. Simulated absorption spectra in water at the PW91 optimized
singlet-state geometry for a) trans-[FeVI(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ , b) trans-
[RuVI(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

2+ , and c) trans-[OsVI(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ .

The vertical lines are individual electronic transitions.
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responding band IB (HOMO�3!LUMO and LUMO+1;
OACHTUNGTRENNUNG(ps*)!M(dp) at l�447 and 441 nm) for trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ is masked by the stronger band II when
each electronic transition is simulated as a Gaussian peak
with a full width at half maximum (fwhm) of 3000 cm�1.
There is a substantial shift in the absorption energy of
band I when one goes from Os to Fe: about 14000 cm�1 (ca.
1.7 eV) for band IA [O(pp)–NamineACHTUNGTRENNUNG(ps*)!M(dp)–O ACHTUNGTRENNUNG(pp*)] and
about 8000 cm�1 (ca. 1.0 eV) for band IB [O ACHTUNGTRENNUNG(ps*)!M(dp)].
This large shift is due to the fact that HOMO�3,
HOMO�4, and HOMO�2 (HOMO�1 for M=Fe) are
nonbonding in nature and are composed mainly of oxo and
amine ligand functions, and hence, their energies change
only slightly among Fe, Ru, and Os. However, the LUMO
and LUMO+1 are M�O p* orbitals, which become more
high lying as one goes down the group, since the d-valence
shell energy increases from 3d to 4d to 5d. Hence, the
LUMO and LUMO+1 orbitals increase in energy from Fe
to Ru to Os, and this leads to a blueshift of both bands IA
and IB from Fe to Os (see Tables 3–5 for orbital energies).
When M=Fe, the lowest energy spin-allowed singlet ab-
sorption band is not the O ACHTUNGTRENNUNG(ps*)!Fe(dp) transition, as is the
case of M=Ru and Os, but the O(pp)–Namine ACHTUNGTRENNUNG(ps*)!M(dp)–
OACHTUNGTRENNUNG(pp*) transition.

The next lower energy bands (band II) of trans-[M(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ are calculated at about 392, 274, and
233 nm for M=Fe, Ru, and Os respectively. This band is de-
rived from HOMO�1 and HOMO�2 (for Fe, HOMO and
HOMO�1)!LUMO+2 transitions. The occupied orbitals
are nonbonding in nature and are of O(pp)–Namine ACHTUNGTRENNUNG(ps*) char-
acter, whereas the LUMO+2 orbital is a s-antibonding
combination of Namine ACHTUNGTRENNUNG(ps*) and M ACHTUNGTRENNUNG(dx2�y2) orbitals. Thus, this
band is described as an O(pp)–Namine ACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–M-
ACHTUNGTRENNUNG(dx2�y2) transition. Intense absorption bands for trans-
[M(O)2L]2+ with M=Ru[27] and Os[38,39] (L=14-TMC, 15-

TMC, and 16-TMC) with lmax

at about 250–310 and 260 nm,
respectively, have previously
been reported, and these ab-
sorption bands may correspond
to the calculated band II in the
present work. We previously re-
ported that for trans-
[Ru(O)2L]2+ (L=14-TMC, 15-
TMC, and 16-TMC) variation
of the position and relative ex-
tinction coefficients of the two
intense absorption bands at
about 220–260 and 250–310 nm
with the ring size of the tetraa-
za macrocycle suggests involve-
ment of Namine character in
these transitions.[27] Our present
assignment of band II to an
O(pp)–NamineACHTUNGTRENNUNG(ps*)!NamineACHTUNGTRENNUNG(ps*)–
M ACHTUNGTRENNUNG(dx2�y2) transition is consistent
with such an effect of the mac-

rocycle ring size,[27] since the LUMO+2 orbital involves an-
tibonding interactions between M and Namine with substantial
Namine(ps) character (>40%).[51] Band II shows a significant
blueshift in absorption energy by about 17000 cm�1 (ca.
2.2 eV) from Fe to Os. This is because the excitation is from
a nonbonding ligand MO (HOMO�1 and HOMO�2 for
M=Ru and Os, and HOMO�1 and HOMO for M=Fe) to
a s-antibonding orbital (LUMO+2) that is mainly com-
posed of M ACHTUNGTRENNUNG(dx2�y2) and Namine ACHTUNGTRENNUNG(ps*) orbitals. As the composi-
tions of the LUMO+2 orbitals for M=Fe, Ru, and Os are
similar, the increase in LUMO+2 orbital energy is attribut-
ed to the increase in orbital energy of the d valence shell :
3d<4d<5d.

Because the hybrid B3LYP and PBE1PBE DFs predicted
a quintet ground state for trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ ,
we also computed the electronic transition energies in the
B3LYP quintet-state optimized geometry by TD-B3LYP.
The transition energies with f>0 are given in Table 8.[52]

The three lowest intense transitions (with f>0.01) for
trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)]

2+ at the B3LYP optimized
quintet state geometry are at 515, 429, and 378 nm. These
three absorption peak maxima are similar to those obtained
from TD-PW91 calculations at the PW91 optimized singlet-
state geometry (l=509, 394, and 391 nm), except for the
peak maximum at 515 nm in the B3LYP optimized quintet
state, which is predominantly a p!p* (Fe�O bond) transi-
tion (the 509 nm peak in the PW91 optimized singlet state is
an LMCT transition). The absorption peaks at 429 and
378 nm are both of LMCT character. This is similar to the
assignment of the 394 and 391 nm absorption peaks ob-
tained in the PW91 optimized singlet-state geometry, though
the orbital characters contributing to these two transitions
are not the same in the two different DFT calculations. The
weaker transitions (f>0.001) with peak maxima at 462, 447,
and 440 nm obtained from TD-B3LYP calculations on the

Table 7. Selected calculated transition energies (l) and oscillator strengths (f) of trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ (M=Fe, Ru, Os) by TDDFT/CPCM in the PW91 optimized singlet ground-state geometries in
water. Major contributions are shown along with the nature of the transitions.

M l [nm] f Major contributions[a] Nature of transition Band

Fe 509 0.0038 HOMO�4!LUMO+1 (�0.39) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O ACHTUNGTRENNUNG(pp*) I
HOMO�1!LUMO (0.46)

447 0.0016 HOMO�3!LUMO (0.67) O ACHTUNGTRENNUNG(ps*)!Fe(dp)
441 0.0017 HOMO�3!LUMO+1 (0.69) O ACHTUNGTRENNUNG(ps*)!Fe(dp)
394 0.0572 HOMO!LUMO+2 (0.62) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2) II
391 0.027 HOMO�1!LUMO+2 (0.66) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–M ACHTUNGTRENNUNG(dx2�y2) II

Ru 388 0.0029 HOMO�3!LUMO (0.68) O ACHTUNGTRENNUNG(ps*)!Ru(dp) I
384 0.0033 HOMO�3!LUMO+1 (0.68) O ACHTUNGTRENNUNG(ps*)!Ru(dp) I
363 0.0042 HOMO�4!LUMO+1 (�0.46) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Ru(dp)–O ACHTUNGTRENNUNG(pp*) I

HOMO�2!LUMO (0.47)
275 0.0846 HOMO�1!LUMO+2 (0.60) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)-Ru ACHTUNGTRENNUNG(dx2�y2) II
274 0.0434 HOMO�2!LUMO+2 (0.68) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Ru ACHTUNGTRENNUNG(dx2�y2) II

Os 333 0.0041 HOMO�3!LUMO (0.68) O ACHTUNGTRENNUNG(ps*)!Os(dp) I
329 0.0047 HOMO�3!LUMO+1 (0.68) O ACHTUNGTRENNUNG(ps*)!Os(dp) I
300 0.0060 HOMO�4!LUMO+1 (0.56) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Os(dp)–O ACHTUNGTRENNUNG(pp*) I

HOMO�2!LUMO (-0.38)
234 0.0570 HOMO�1!LUMO+2 (0.61) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Os ACHTUNGTRENNUNG(dx2�y2) II
232 0.0372 HOMO�2!LUMO+2 (0.68) O(pp)–NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)-Os ACHTUNGTRENNUNG(dx2�y2) II

[a] CI coefficients in parentheses.
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optimized quintet-state geometry have mixed LMCT and
MLCT character (mainly derived from Fe(dp)–O ACHTUNGTRENNUNG(pp*)!
Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2) and Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O ACHTUNGTRENNUNG(pp*) transi-
tions), whereas the transitions at 447 and 441 nm in the
PW91 optimized singlet-state geometry are solely of LMCT
character (see above).

Redox properties : Because trans-dioxo ruthenium(VI) com-
plexes are well-documented to be strong oxidants,[53] it is of
interest to estimate the reduction potential of the FeVI/V

couple for trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ . We thus opti-

mized the geometries of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
+

with both S= 1=2 (doublet state) and S= 3=2 (quartet state)
using PW91. For calculations with the PW91 functional, the
doublet state is lower in energy than the quartet state for all
M (M=Fe, Ru, and Os; see Table 9). This is consistent with
magnetic moments for trans-[M(O)2ACHTUNGTRENNUNG(14-TMC)]+ of 1.93 and
1.89 mB for M=Ru,[27] and Os,[39] respectively, that is, a dou-
blet ground-state electronic configuration. Structural param-
eters of the PW91 optimized doublet ground-state geome-
tries of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

+ are presented in
Table 9.

Addition of an electron to trans-[MVI(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ leads to elongation of the M�O bond, which is
in accordance with the MO picture depicted in Figure 2 that
the added electron goes to the antibonding p orbitals of
M(dp)–O ACHTUNGTRENNUNG(pp*) character (LUMO or LUMO+1). Such a
change in the M�O distance is the smallest for M=Fe
(0.057–0.068 M), but comparable for M=Ru and Os (0.073–
0.076 and 0.075–0.078 M for Ru and Os respectively). On

one-electron reduction of trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ to
trans-[M(O)2(NH3)2(NMeH2)2]

+ ,
the O-M-O angle remains es-
sentially linear for M=Fe, but
changes from a linear to a bent
geometry when M=Ru and Os
(see Tables 2 and 9). Bending
of the O-M-O unit decreases
the s-bonding interactions be-
tween M ACHTUNGTRENNUNG(dz2) and O(ps) orbitals
and causes a greater elongation
of the M�O bonds for M=Ru
and Os.

The reduction potentials of
trans-[MVI/V(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ /+ couples were es-
timated by Equation (1) (see
Computational Methods). If we
relate the calculated Gibbs
free-energy change to the re-
duction potential of +0.56 V
versus NHE measured experi-
mentally for the RuVI/V couple
of trans-[Ru(O)2ACHTUNGTRENNUNG(14-TMC)]2+ [27]

(Gibbs free-energy changes are listed in Table S58 in the
Supporting Information), the reduction potential of the
OsVI/V couple of trans-[Os(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ would be
estimated to be +0.01 V, which is consistent with the experi-
mental data of + (0.048�0.01) V (vs. NHE) found for trans-
[Os(O)2ACHTUNGTRENNUNG(14-TMC)]2+ /+ .[37] The corresponding FeVI/V couple
of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ is estimated to be
+1.30 V versus NHE, that is, it is a strong oxidant capable
even of oxidizing solvent water, based on energetics. On this
basis, it is conceivable that cationic dioxo iron(VI) com-

Table 8. Selected transition energies (l) and oscillator strengths (f) of trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ calcu-

lated by TDDFT/CPCM in the B3LYP optimized quintet ground-state geometries in water. Major contribu-
tions are shown along with the nature of the transitions.

l

[nm]
f Major contributions[a] Nature of transition Band

515 0.0291 b-HOMO�1!b-LUMO (0.68) Fe(dp)–O(pp)!Fe(dp)–O(pp) (Fe�O bond p!
p*)

I

b-HOMO�2!b-LUMO+1
(�0.45)
b-HOMO�4!b-LUMO (�0.38) NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O(pp)

462 0.0013 a-HOMO�2!a-LUMO (0.59) Fe(dp)–OACHTUNGTRENNUNG(pp*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2)
a-HOMO!a-LUMO (0.42) NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2)
b-HOMO!b-LUMO+1 (-0.35) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O(pp)
b-HOMO!b-LUMO+2 (-0.58) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O ACHTUNGTRENNUNG(pp*)

447 0.0018 a-HOMO�1!a-LUMO (0.61) Fe(dp)–OACHTUNGTRENNUNG(pp*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2)
b-HOMO!b-LUMO+3 (�0.57) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O ACHTUNGTRENNUNG(pp*)

440 0.0028 a-HOMO�2!a-LUMO (0.47) Fe(dp)–OACHTUNGTRENNUNG(pp*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2) II
a-HOMO!a-LUMO (0.30) NamineACHTUNGTRENNUNG(ps*)!Namine ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dx2�y2)
b-HOMO!b-LUMO+1 (0.35) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O(pp)
b-HOMO!b-LUMO+2 (0.66) Fe ACHTUNGTRENNUNG(dxy)!Fe(dp)–O ACHTUNGTRENNUNG(pp*)

429 0.0353 b-HOMO�4!b-LUMO (0.83) NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O(pp) II
b-HOMO�2!b-LUMO+1 (-0.38) Fe(dp)–O(pp)!Fe(dp)–O(pp) (Fe�O bond p!

p*)
380 0.0015 a-HOMO�1!a-LUMO+1 (0.56) Fe(dp)–OACHTUNGTRENNUNG(pp*)!O ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dz2)

b-HOMO�5!b-LUMO+1
(�0.48)

NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O(pp)

378 0.0129 a-HOMO!a-LUMO+1 (�0.32) NamineACHTUNGTRENNUNG(ps*)!O ACHTUNGTRENNUNG(ps*)–Fe ACHTUNGTRENNUNG(dz2)
b-HOMO�5!b-LUMO (0.82) NamineACHTUNGTRENNUNG(ps*)!Fe(dp)–O(pp)

[a] CI coefficients in parentheses.

Table 9. Optimized ground-state geometrical parameters of trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

+ from PW91 calculations and energy difference
(DEQ–D) between the optimized quartet and doublet ground states of
trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

+ (M=Fe, Ru, Os).[a]

M DEQ–D [eV] r ACHTUNGTRENNUNG(M=O) [M][b] r ACHTUNGTRENNUNG(M�Namine) [M][b] a ACHTUNGTRENNUNG(O-M-O) [8][b]

FeV 0.63 (0.61) 1.671 2.027 180
2.063

1.681 2.029
2.060

RuV 1.33 (1.29) 1.811 2.145 170
2.184

1.811 2.138
2.159

OsV 1.73 (1.66) 1.837 2.160 171
2.186

1.837 2.149
2.167

[a] EQ–D =E(quartet state)�E(doublet state). The values in parentheses
are thermal Gibbs free-energy differences. [b] Only the optimized dou-
blet ground-state geometries are given. For the optimized quartet-state
geometries, see Tables S55–S57 in the Supporting Information).
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plexes supported by saturated amine ligands could only be
prepared in redox-inactive reaction media.

Because a quintet state is predicted to be the ground state
for trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ with hybrid DFs
B3LYP and PBE1PBE, we have also optimized the geome-
try of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

+ (M=Fe and Ru) by
employing B3LYP. As in the case of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ , the high-spin quartet state of trans-[Fe(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

+ is more stable than the low-spin doublet
state by about 0.28 eV, whereas in the case of trans-[Ru(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

+ the low-spin doublet state is, as predict-
ed from PW91 calculations, the more stable state (by
0.74 eV; see Table 10).

As the b-LUMO of trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]
2+ in

the B3LYP optimized quintet state has both Fe�O p bond-
ing and antibonding character (see Figure 1 for the MO sur-
faces), addition of an electron to this LUMO would result in
elongation of one Fe�O bond and shortening of the other
(1.748 and 1.761 M in the quintet state, and 1.756 and
1.746 M in the quartet state). Because the LUMO does not
have significant amine character, the Fe�Namine distances
only increase slightly (by ca. 0.01 M). For trans-[Ru(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ , the geometrical parameters are all in
agreement with the PW91 results: the electron is added to
the antibonding Ru�O orbital and leads to elongation of
both Ru�O bonds. Since the change in charge distribution
for the two systems trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ and
trans-[Ru(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ on one-electron reduction
are not the same from the B3LYP calculations, we did not
estimate the reduction potential of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ from the Gibbs free energies obtained from
B3LYP calculations by using Equation (1).

Detection of [Fe ACHTUNGTRENNUNG(qpy)(O)2]
n+ ions in the gas phase by high-

resolution ESI-MS/MS : The reaction of [FeII
ACHTUNGTRENNUNG(qpy)-

ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2 with PhI ACHTUNGTRENNUNG(OAc)2 in acetonitrile was fol-
lowed by ESI-MS for 15 min. New peaks at m/z 475.0758
(peak separation of 1 mass unit), 459.0416 (peak separation
of 1 mass unit), 237.5347 (peak separation of 0.5 mass

units), and 229.54 (peak separation of 0.5 mass units) were
detected in positive-ion mode. Based on accurate mass mea-
surement and isotopic-pattern matching, the elemental com-
position of the most abundant isotopic ion peaks at m/z
475.0758 (Figure 4a) and 237.5347 (Figure 4b) were deter-

mined to be [C25H17N5O2
56Fe]+ (theoretical mass=475.0732)

and [C25H17N5O2
56Fe]2+ (theoretical mass=237.5366), which

are consistent with the formulations [FeACHTUNGTRENNUNG(qpy)(O)2]
+ and

[Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ , respectively. Experiments involving colli-

sion-induced dissociation of these [FeACHTUNGTRENNUNG(qpy)(O)2]
n+ ions fur-

ther confirmed these formulations (Figure 5). The isotopic
ion peaks at m/z 459.0509 and 229.5355 were determined to
be [C25H17N5O

56Fe]+ (theoretical mass=459.0783) and
[C25H17N5O

56Fe]2+ (theoretical mass=229.5391), which are
consistent with the formulations [FeACHTUNGTRENNUNG(qpy)O]+ and [Fe-

Table 10. Optimized ground-state geometrical parameters of trans-
[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

+ from B3LYP calculations and energy differ-
ence (DEQ–D) between the optimized quartet and doublet ground states
of trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

+ (M=Fe, Ru).[a]

M DEQ–D [eV] r ACHTUNGTRENNUNG(M=O) [M][b] r ACHTUNGTRENNUNG(M�Namine) [M][b] a ACHTUNGTRENNUNG(O-M-O) [8][b]

Fe �0.28 (�0.35) 1.756 2.075 173
2.072

1.746 2.051
2.080

Ru 0.74 (0.67) 1.796 2.158 169
2.196

1.795 2.152
2.169

[a] EQ–D =E(quartet state)�E(doublet state). The values in parentheses
are thermal Gibbs free-energy differences. [b] Only the optimized
ground-state geometries are given (doublet for M=Ru and quartet for
M=Fe).

Figure 4. a) ESI-MS measurements on [Fe ACHTUNGTRENNUNG(qpy)(O)2]
+ . A) Accurate mass

measurement. B) Reference mass of Leucine Enkephalin. C) Isotopic
pattern of [C25H17N5O2Fe]+ . b) ESI-MS measurements on [Fe-
ACHTUNGTRENNUNG(qpy)(O)2]

2+ . A) Accurate mass measurement. B) Isotopic pattern of
[C25H17N5O2Fe]2+ .
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ACHTUNGTRENNUNG(qpy)O]2+ , respectively (see Figures S1 and S2 in the Sup-
porting Information). The differences between the experi-
mental and theoretical masses for these [FeACHTUNGTRENNUNG(qpy)(O)m]n+

(m=1, 2; n=1, 2) ion peaks are less than 6 ppm.
We examined the formation of [FeACHTUNGTRENNUNG(qpy)(O)m]n+ (m=1, 2;

n=1, 2) ions in the gas phase (see Figure S3 in the Support-
ing Information). The abundance of these ions during the
first 10 min was in the order [FeACHTUNGTRENNUNG(qpy)O]+ > [Fe ACHTUNGTRENNUNG(qpy)O]2+ �
[Fe ACHTUNGTRENNUNG(qpy)(O)2]

+ @ [Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ . The signal intensity of

[Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ was at least eight times less than that of

[Fe ACHTUNGTRENNUNG(qpy)(O)2]
+ and thirty times less than that of [Fe-

ACHTUNGTRENNUNG(qpy)O]+ . We attribute this finding to the reactive nature of
[Fe ACHTUNGTRENNUNG(qpy)(O)2]

2+ , which could be decomposed to [Fe-
ACHTUNGTRENNUNG(qpy)(O)2]

+ , [Fe ACHTUNGTRENNUNG(qpy)O]2+ , and [Fe ACHTUNGTRENNUNG(qpy)O]+ .

Conclusion

We have examined the properties of trans-dioxo metal com-
plexes supported by saturated amine ligands, trans-[M(O)2-
ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ (M=Fe, Ru, and Os), using a DFT/
TDDFT approach. Electronic structures, spectroscopic data,
and reduction potentials were computed, analyzed, and
compared. Different ground-state structures were obtained
when different types of DFs were used in the calculations
on trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ : pure GGAs and meta-
GGAs predicted a singlet d2 ground state, and hence, the ex-
istence of trans-dioxo iron(VI), whereas with hybrid DFs, a
quintet state is predicted to be the most stable. We favor the
PW91 results on trans-[Fe(O)2 ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ for the
following reasons:

1) Hybrid DFs tend to favor high-spin states.
2) Another DF, namely, OLYP, also known to favor more

spin polarized descriptions and has been successful in
predicting the spin-state energetics of a number of FeII

systems that contain ligands with different ligand-field
strengths,[54] also gave a singlet d2 ground state for trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ .

3) The well-separated Fe�O bonding and antibonding MOs
are singly occupied in the ground quintet state, whereas
the former is fully filled and the latter is empty in the
singlet state obtained from the hybrid DF optimization.

These reasons lend credence to the PW91 results that

trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ has a d2 singlet ground

state for M=Fe, Ru, and Os. Hence, we conclude that trans-
dioxo iron(VI) could be stabilized in an octahedral environ-
ment with saturated amine equatorial ligands, at least theo-
retically. Interestingly, although different DFs predicted dif-
ferent spin ground states of trans-[Fe(O)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NMeH2)2]

2+ , the transition energies found with pure GGA
PW91 and hybrid DF B3LYP are similar, though the nature
of the lowest transition is not the same: PW91 predicted it
to be of LMCT character, whereas B3LYP predicted a p-
ACHTUNGTRENNUNG(Fe�O)!p* ACHTUNGTRENNUNG(Fe�O) transition. As the Fe�O bond is predict-
ed to be the weakest and the redox potential of trans-
[Fe(O)2ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NMeH2)2]

2+ is estimated to be about
+1.30 V versus NHE, if dioxo iron(VI) species could be
generated in solution, they may function as a class of versa-
tile oxygen-transfer agents. Indeed, after the completion of
this work, we were able to detect [FeACHTUNGTRENNUNG(qpy)(O)2]

n+ (n=1, 2)
ions in the gas phase by high-resolution ESI-MS/MS.

Computational and Experimental Section

Computational details : Despite many successful cases of using DFT to
probe the electronic structures of high-valent Fe complexes, DFT is far
from infallible, in particular when the ancillary ligands are noninnocent.
For instance, Por and Cor are more appropriately formulated as p-cation
radicals in Fe ACHTUNGTRENNUNG(Por)F2

[55] and Fe ACHTUNGTRENNUNG(Cor)Cl,[56] respectively. In the present
work, we chose simple amines, NH3 and NMeH2, as ancillary ligands. As
modeling of the relative spin-state energetics by DFT methods remains
elusive,[32,54, 57] the calculations on trans-[M(O)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]

n+ (M=

Fe, Ru, and Os) were performed in different spin states (S=0, 1, 2 for
n=2; S= 1=2 and 3=2 for n=1) with the Gaussian 03 program package.[58]

The z axis is defined along the O=M=O unit, and the x and y axes are
set along the two Namine-M-Namine axes. Two different amine ligands, NH3

and NMeH2, along the x and y axes, respectively, were chosen to lift the
degeneracy of the metal dxz and dyz orbitals because a spin state with
only one of these two degenerate orbitals occupied would be multiconfi-
gurational in nature. As the DFT method is a single-reference based
method, these two dp (dxz and dyz) orbitals are required to be nondegen-
erate in the calculations.

The accuracy of DFT calculations depends on the functional and basis
set used. Therefore, we employed different exchange-correlation DFs,
which included 1) GGAs PW91,[59–61] BP86,[62,63] and OLYP;[64,65] 2) meta-
GGAs VSXC[66] and HCTH407;[67] and 3) hybrid DFs B3LYP[68,69] and
PBE1PBE.[70–72] Two different basis sets were used for each DF: the

Figure 5. Collision-induced dissociation of [Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ recorded at a

collision energy of 25 eV (laboratory frame).
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smaller 6-31G* basis set (double-zeta quality with polarization functions
on non-H atoms)[73,74] and the larger 6-311+G*[75,76] (triple-zeta quality
with both polarization and diffuse functions added to the non-hydrogen
atoms) for all atoms except transition metal atoms, which were described
by the Stuttgart relativistic small-core effective-core potentials with their
accompanying basis sets in all calculations.[77,78]

Full geometry optimizations were performed without symmetry con-
straints followed by frequency calculations to ensure that the optimized
structures were true energy minima. Restricted formalism was used for
the closed-shell spin state, whereas an unrestricted formalism was used
for the open-shell spin states. Electronic structures of the complexes stud-
ied in the present work were also investigated by using the natural bond
orbital (NBO) approach.[79] Spin-allowed excitation energies of the
model complexes were computed at the optimized ground-state struc-
tures in solvent water by using the TDDFT method implemented in
Gaussian 03.[80,81] Solvation effects were taken into account by the
CPCM.[82,83] The absorption spectra were simulated with Gaussian func-
tions with a fwhm of 3000 cm�1 for all electronic transitions with l>

200 nm by using GaussSum[84] to allow direct comparison with the experi-
mental data.

The reduction potential (E0) for the trans-[M(O)2 ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NMeH2)2]
2+ /+

(m2+ /+) couples (M=Fe, Ru, and Os) are related to the Gibbs free-
energy G change of the monocationic (m+) and dicationic (m2+) com-
plexes by Equation (1):

E0 ¼ GðmþÞ�Gðm2þÞ þ C ð1Þ

G(m+) and G ACHTUNGTRENNUNG(m2+) were calculated at the respective optimized ground-
state structures of m+ and m2+ , respectively, in solvent water with a de-
fault temperature and pressure of 298 K and 1 atm. C is a constant that is
related to the reference electrode used.

Experimental section : [FeII
ACHTUNGTRENNUNG(qpy) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2 was prepared accord-

ing to a literature method.[85] Positive ESI mass spectra were obtained
from a Waters Micromass Q-Tof Premier quadrupole time-of-flight
tandem mass spectrometer (Waters Corporation, Milford, USA). A solu-
tion of [FeII

ACHTUNGTRENNUNG(qpy) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2 (1.5 mg, 2.1 mmol) in acetonitrile was
treated with PhIACHTUNGTRENNUNG(OAc)2 (2.67 mg, 8.3 mmol) in a ratio of 1:4. The reaction
mixture was introduced into the ESI source by a syringe pump operating
at a flow rate of 10 mLmin�1 after 30 s of mixing. For accurate mass meas-
urements, an internal reference compound, namely, Leucine Enkephalin,
was diluted 200 times and then introduced into the ESI source through
an independent electrospray probe to avoid any chemical interference
with the reaction mixture. The mass resolution was set at about 8000 (full
width at half-height), and mass accuracy was within 10 ppm. The TOF-
MS mass spectra were acquired in the mass range of 100–1200 Th with an
accumulation time of 1 s and interscan time of 0.1 s.

In the MS/MS experiment, the parent ion at m/z 475.0 corresponding to
[Fe ACHTUNGTRENNUNG(qpy)(O)2]

+ and 237.5 corresponding to [Fe ACHTUNGTRENNUNG(qpy)(O)2]
2+ were sepa-

rately mass-selected by the first quadrupole mass analyzer (operating at
about unit mass resolution). The selected ion was transmitted into a T-
wave collision cell (filled with argon gas at 7.01Q10�3 Torr, measured in
the quadrupole mass-analyzer housing) where it underwent collision-in-
duced dissociation at a collision energy of 25 eV (laboratory frame). The
parent ion and fragment ions were mass-analyzed by the TOF mass ana-
lyzer and detected by a multichannel plate (MCP) detector at 1.8 kV.
The MS/MS spectrum was obtained by averaging about 200 scans.
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