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Density functional theory (DFT) studies were carried out on
[Fe(O),(L)]™ [L = qpy (1), simple amines (2), and tpy (3); qpy
=2,2"6"2":6"",2""":6""",2""""-quinquepyridine and tpy = terpy-
ridine; n = 1 or 2] to study how the coordination number of
the spectator ligand L affects the geometries and electronic
structures of the complexes. It was found that gpy can act as
both a tridentate and pentadentate ligand resulting in [Fe(O),-
(qpy)]** (1%*) having a trigonal bipyramidal (TBP) geometry
in the former case, and a pentagonal bipyramidal (PBP) geo-
metry in the latter case. The difference in coordination geo-
metries has a significant impact on the electronic structures
of 12*. With a TBP geometry, 12* adopts a [FeV(O),(qpy)*1**
formalism where a d® quartet FeV ion ferromagnetically and
antiferromagnetically couples to the gpy cation radical to
give close-lying triplet and quintet states (within ca. 0.2 eV).
With a PBP geometry, the FeV ion in 12* also formally has

three unpaired electrons (a d® quartet) with the fourth un-
paired electron localized on a single oxido ligand to give a
quintet state. The unoccupied orbital of 12* in PBP geometry
is lower lying in energy and has higher oxido character than
when the complex has TBP geometry. Thus, based on the
MO energies and oxido character of the unoccupied orbital,
12+ with PBP geometry is proposed to be a more reactive oxi-
dant than 12* with TBP geometry. On the other hand, 12* with
TBP geometry has a similar electronic structure to heme Cpd
I, and it is possible that these two compounds have similar
oxygen atom transfer reaction mechanisms. By varying the
ligand coordination number using different spectator ligands
L, the dioxido-iron complex [Fe(O),(L)]** can change from a
high-spin triplet when L = tpy, to a low-spin singlet when L
= simple amines, to a quasi-degenerate triplet and quintet
state when L = gpy.

Introduction

Oxido-iron complexes have been one of the most pursued
types of compounds in chemistry. This is partly due to their
relevance in bio-catalytic transformations!!~" and potential
use as green oxidants.®1% The literature shows that much
effort has been devoted to the study of six-coordinate
monooxido-iron(IV) and -(V) complexes as these species
are postulated to be key reaction intermediates in biological
and synthetic biomimetic systems.l”-!1-121 Only a few studies
of monooxido-iron complexes with coordination numbers
other than six have been reported. Bollinger, Neese, and
Krebs combined spectroscopic and DFT approaches to de-
duce the structural details of the C-H bond activation
step(s) in the TauD reaction cycle.'3! In addition to the six-
coordinate octahedral (Oh) model, five-coordinate trigonal
bipyramidal (TBP) and square pyramidal (SP) models have
also been considered as reactive Fe'V=0 intermediates.['3]
It was found that the calculated spectroscopic parameters of
iron(I'V)-oxido reaction intermediates are inconsistent with
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experimental data when an SP model is adopted, but in
agreement with the experimental values if either an Oh or a
TBP mode is applied. Que, Bominaar, Miinck, and Collins
reported the five-coordinate [FeV(O)(TAML)]" (TAML =
tetraamido macrocyclic ligand) complex with a SP geo-
metry; this complex is capable of oxidizing triphenylphos-
phane, thioanisole, styrene and cyclooctene to give the cor-
responding oxides, performing C-H bond hydroxylation of
ethylbenzene to give a mixture of 1-phenylethanol and ace-
tophenone, and oxidizing 9,10-dihydroanthracene to give
anthracene.!'¥ Studies of dioxido-iron complexes are sparse
compared to their 2"¢ and 3¢ row analogues. We have re-
cently detected a dioxido-iron complex, [Fe(O)(qpy)]**,
generated from the oxidation of [Fe(qpy)(MeCN),]** by
Oxone in MeCN under ESI-MS conditions.['>] Notably, we
found that 5mol-% of [Fe(qpy)(MeCN),J*" catalyzed the
oxidation of cyclohexane by Oxone to give a mixture of
cyclohexanol and cyclohexanone with turnovers of 8 and
3.2, respectively; this reaction was performed in MeCN for
a period of 2h at room temperature.'® We hypothesize
that [Fe(O),(qpy)]** is probably a key reaction intermediate
as related monooxido-iron(IV) complexes, such as
[Fe(Clsterpy),O]** generated in situ by the oxidation of
[Fe(Clsterpy),]** by Oxone, is not reactive towards the oxi-
dation of cyclohexane under similar experimental condi-
tions.['”) In silico, we have found that trans-[Fe(O),(NHj3),-
(NMeH,),]** could be a stable entity.l'3] Subsequently,
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Miinck and Que suggested the possible existence of a
trans-dioxido-iron(VI) species, [Fe(O),(TMC)]** (TMC =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane); their
rationale was based on this complex’s higher oxidizing
power compared to [Fe(O)(TMC)(NCMe)]** and drawing
an analogy with a ruthenium counterpart.['8] High-valent
dioxido metal complexes are of interest because four oxidiz-
ing equivalents could be transferred to a substrate with one
equiv. of dioxido metal complex, and when the oxido units
are displaced in a cis-fashion, 1,2-dihydroxylation of al-
kenes could be possible.

The ligand qpy has five pyridyl rings and, in principle,
acts as a pentadentate ligand. As such, [Fe(O)(qpy)]*" (1>")
could adopt a seven-coordinate geometry similar to its pre-
cursor, [Fe(qpy)(NCMe),]**, with qpy occupying the equa-
torial plane (1a, see Scheme 1).'%1 Thus, this dioxido com-
plex should have pseudo-Cs symmetry and the d-orbitals
should split in a 2-2-1 manner. The e, pair Fe(d,,.d,> )
is lowest in energy, followed by the e; pair, which are an
antibonding combination of Fe(d,..d,.) and O(p,,p,) orbit-
als (m*(Fe-0)). The a-type orbital, being an antibonding
combination of Fe(d..) and O(p.) orbitals (c*(Fe-0)), is
highest in energy (the z-axis is set along the O—Fe—O bond).
With this electronic configuration the ground state of 12* is
a triplet (S = 1) with the two electrons singly occupying the
e, orbitals. In contrast, the ground state of six-coordinate
trans-[Fe(O)>(NH3),(NMeH,),]** (2%%) is a singlet (S = 0)
with the two electrons doubly occupying the d,, orbital (see
Scheme 2). The difference in the ground state electronic
structures for these two species could have a significant im-
pact on their reactivity. For instance, the first step of C-H
or C=C bond activation involves the electron in the donor
orbital (¢cy or dcc) going into the n* (Fe-O) orbitals. As
this ©* orbital does not involve the equatorial ligand, its
orbital energy should be similar for the two complexes,
therefore the activation barrier for this first step should also
be similar for 1> and 2" based on their ground state orbit-
als. However, for the rebound step the second electron of
the ¢cy (or 0cc) orbital has to go into a nw*(Fe-O) orbital
in the case of 2°*, whereas for 1?* the electron can go into
the nonbonding e, orbital and this electron transfer step
requires no activation unlike the rebound step that occurs
in complex 2>*. Thus, C-H hydroxylation and C=C epoxid-
ation should be faster with 1% than with 22*. Therefore, it

o*(Fe-0)

7*(Fe-0)

Fe(dy 4.2 * f

[Fe(O)(apy)**
7-coordinated

Scheme 2.
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is of interest to study the electronic structures and spin state
energetics of 12*. To our surprise, the lowest energy struc-
ture of 1°* is not a seven-coordinate structure but a five-
coordinate one with qpy acting as a tridentate ligand, and
the O-Fe-O angle being ca. 120° instead of linear as in the
proposed seven-coordinate structure (see 1c, Scheme 1).

R =

1a (PBP) 1c (TBP)

Scheme 1. Geometries of complexes 12+,

Why does [Fe(O)»(qpy)]*" energetically prefer a five-co-
ordinate structure instead of a seven-coordinate one? In the
present work, we performed density functional theory
(DFT) calculations to examine the electronic structures and
spin state energetics of 12*. In addition, we have also car-
ried out similar calculations on [Fe(O),(tpy)]** (3**, tpy =
terpyridine) in which the two dangling pyridyl rings of 12*
in its TBP geometry were removed. Comparisons of the
electronic structures of 12* with that from our previous cal-
culations on 22*115] were also made.

Results

In what follows, we individually present the calculation
results for complexes 1"*-3"* . The geometries, relative spin
state energetics, and electronic structures of the complexes
for n =2 with S = 0, 1, and 2 will be given first followed
by those for n = 1 with S = 1/2 and 3/2. The electron affin-
ities (EA) of the dipositive ions 1>*-3%>" were calculated
with and without solvent included in the model. In general,
the relative energies from UOLYP single-point calculations
using a large basis set, BS2, agree well with those obtained

o*(Fe-0)
o*(Fe-L)

#*{Fe-0)

Fe(d,)

L

[Fe{0),(NHZ ;(NMeH,), 12
G-coordinated
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using a smaller basis set, BS1 (see computational details).
Hence, the data depicted below will be those from the
UOLYP/BSI calculations unless otherwise specified.

Hereafter, when the notation X"* (where X =1, 2, and 3
and n = 1 or 2) is used without a preceding superscript to
define the spin state of the complex, it refers to the general
form of the complexes i.e. no consideration has been given
to the spin states and geometries of the complexes.

L. [Fe(O)(qpy)I™ (1)

A. Optimized geometries and relative energies of the dif-
ferent spin states of 12*. The optimized geometries and rela-
tive energies of 1?* in different spin states are listed in Table
S1. Geometry optimization of 1?* led to three local mini-
mum energy structures for the triplet and quintet states:
1a>* with PBP geometry, and 1b** and 1¢?* with TBP ge-
ometry. Conformers 1¢** and 1b?* differ only in the orien-
tations of the dangling pyridyl rings: 1b>* has the 4" and
5% pyridyl rings moved toward the z-axis while 1¢>* has
these two pyridyl rings moved away from the z-axis (see
Scheme 1 and the Supporting Information). Conformer
1¢** is found to be slightly more stable than 1b** (ca.
0.12 eV for the triplet state and ca. 0.04 eV for the quintet
state), so only the results for 1¢>* are presented for the TBP
geometry unless otherwise stated.

The lowest energy state of 1% is 31¢>* with 1¢* ca.
0.17 eV higher in energy. The results from the UOLYP/BS1
calculations show that the 331a?* states are ca. 0.8 and
0.98 eV higher in energy than 31¢>*, respectively. However,
single-point energy calculations at the OLYP-optimized
geometries using B3LYP predict that the lowest energy state
is °1a*, ca. 0.18 eV lower in energy than the TBP 3°1¢**
structure. It should be noted that hybrid density functional
calculations are well-known to be biased towards high-spin
states,’?l and 31a®>" has the highest spin density on Fe (pg.
= 2.81) amongst the spin states and structures studied (see
Table S7 in the Supporting Information). Thus, the B3LYP
calculations may overestimate the d-d exchange stabiliza-
tion. The singlet state lies at ca. 0.44 eV higher in energy
than 31¢>*. Hence, 1>* prefers a five-coordinate TBP geom-
etry over a seven-coordinate pentagonal bipyramidal (PBP)
geometry according to the OLYP results.

The Fe-O bond lengths in 1?* with TBP geometry are
rather short, and are in the range of 1.596-1.615 A irrespec-
tive of the spin state being a singlet, triplet or quintet, on
the other hand, for >>1a>* with a PBP geometry the Fe-O
distances span a wider range of 1.614-1.763 A. Interest-
ingly, for 1¢>*, the O—Fe—O unit is not disposed symmetri-
cally about the plane defined by the three pyridyl rings co-
ordinated to Fe. The two N2-Fe-O angles are ca. 104° and
140° for the triplet states and ca. 100° and 142° for the
quintet states (N2 is the nitrogen atom of py2, the 2"¢ pyr-
idyl ring of the qpy ligand). Conversely, for '12*, the O-Fe—
O unit is almost symmetrically disposed about the plane
defined by pyl-py3 (N2-Fe-O1/02 angles: 125/116°). For
351a%* the O—Fe—O angle is essentially linear (176 and 172°
for the triplet and quintet states, respectively).
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B. Electronic structures of 12* in different spin states.
What is the difference between the electronic structures of
1?* in TBP and PBP geometries? Figure 1 shows the MO
diagram for 31¢>* (For MOs of *31b%>" and >1¢®* see the
Supporting Information). The lowest energy orbital is de-
rived from the antibonding combination of Fe(d,,) and
O(p,) orbitals, and the second lowest is formed by the anti-
bonding combination of Fe(d,.) and O(p,) orbitals. The
third lowest lying orbital involves the antibonding combina-
tion of a mixture of Fe(d,..d,>_,») and O(p,) orbitals. These
three lowest lying orbitals are n* in nature. The two highest
lying MOs involve the antibonding combination of Fe(d.-)
and O(p.) orbitals and the antibonding combination of
Fe(d,> ,»,d.») and O(p,) orbitals. These two MOs have
mixed o*/n* character, a consequence of the asymmetric
disposition of the oxido ligands relative to the pyl-py3
plane. There is also a low lying qpy-based ligand orbital,
denoted qpy(c*), which is key to the electronic structures
of the 3°1¢?* states. The three lowest lying n*(Fe—O) orbit-
als are singly occupied in the 331¢>* states, leaving the two
highest lying o*/n*(Fe-O) orbitals vacant. The low lying
qpy(c*) orbital is also singly occupied and the spin direc-
tion of the electron occupying this orbital determines
whether the state is a triplet or a quintet: if it is antiferro-
magnetically coupled to the n*(Fe—O) electrons it is a triplet
state, if it is ferromagnetically coupled it is a quintet state.
As such, the 31¢* states are best described as a quartet
FeV(0), moiety coupled with a qpy cation radical, [FeV(O),-
(qpy™)?* (see the spin densities given in Table S7 in the
Supporting Information). This MO picture closely corre-
sponds to that of the Cpd I iron(IV)-oxido Heme system,
where the triplet Fe!V-O moiety antiferromagnetically or
ferromagnetically couples to the porphyrin cation radical to
give a doublet or quartet state, respectively.l?!]

For 1a>* with a seven-coordinate PBP geometry only the
quintet state is described here, for there is severe spin-con-
tamination in the case of *1a>* (S? = 2.48, which is a devia-
tion from the ideal value of 2.00, while *1a>* has S? = 6.04,
which is only slightly deviated from the ideal value of 6.00).
There may be two reasons for the significant spin contami-
nation for the triplet state: (1) the optimized geometries are
a mixture of microstates derived from higher spin states,
i. e., they are made up of the triplet components of the
quintet, septet, etc states besides the “genuine” triplet state
(82 =2 and S. = 1); (2) the triplet state is multi-configura-
tional such that it cannot be described by a simple MO
picture of a single determinant.

Figure 2 presents the MO diagram of >1a>*. Considering
the d-block orbitals, the lowest lying a-spins involve the c-
antibonding combination of Fe(d,,,d,> ») and qpy orbitals
with the d,, orbital ca. 0.3 eV lower in energy. This is fol-
lowed by the Fe(d,.,d,.) pair interacting with the Ol(p..p,)
orbitals in a m*-fashion. The c-antibonding combination
between Fe(d.-) and the O(p.) orbitals lies highest in energy.
For the B-spins, the frontier MOs involving d-orbitals are
similar in energy, but with Fe(d,» ) ca. 0.2¢eV higher in
energy than the Fe(d,..d,.) orbitals, with the latter mixed
with some d,, character. Note that for the a-spins the m*
5115
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Figure 1. MO diagram for 31¢>*.

combination between the Fe(d,.,d,.) and O(p,.p,) orbitals
gives rise to an orbital mainly localized on O1, whereas for
the B-spins the corresponding interaction leads to an orbital
mainly localized on O2. In addition, there are two low lying
occupied MOs with significant O1/0O2 contributions that
have different compositions in the o- and B-spin states: a-
MOI111 and a-MOI112 are mainly of O2(p,) and O2(p,)
character, whereas for f-MO112 and -MOI115 (B-LUMO)
there are additional contributions from Ol1(p,,p,). The dif-
ference in MO compositions between the o- and B-spins
may be a result of spin polarizations. For 31a%* the first
three lowest lying d-orbitals are singly occupied such that
the Fe center could be described as FeY, with some spin
density delocalized onto the qpy ligand. Moreover, due to
spin polarizations, the O1 atom has partial negative spin
density (see Table S7 in the Supporting Information for the
spin density values).

C. Optimized geometries, relative energies, and electronic
structures for the different spin states of 1*. Upon one-elec-
tron reduction of 12* to give [Fe(O)»(qpy)]*, there are one
and two local minima for the doublet and quartet states,
respectively.

The optimized doublet state, denoted as >1*, has geome-
try similar to that of '1?*, with slightly elongated Fe-O dis-
5116
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apyic™)

B-spin

tances (1.609-1.615 A). The O-Fe-O unit is also nearly
symmetrically disposed about the plane defined by pyl—
py3. However, the py4 and py5 rings are displaced away
from the z-axis, as also observed for 31¢>*. For '1?* two
electrons doubly occupy the lowest lying n*(Fe(d,,)-O(p,))
orbital, and hence '1>* could be described as [FeV(O),-
(qpy)]** (see Supporting information). The additional elec-
tron thus goes into the LUMO of the singlet state, which is
a n*(Fe(d,.)-O(py)) orbital to give 1%, and hence causes
the elongation of the Fe-O bonds. This state is thus best
described as [FeY(O),»(qpy)]*.

For the quartet states the lowest energy is “1b*. This is
actually the lowest energy state amongst the optimized spin
states of 1% (ca. 0.30 eV below 21%). In this state the Fe-O
distances are similar to that of >>1b?*, with Fe-N4 and Fe—
NS5 distances in between those values observed for *1b**
and °1b**. The O-Fe—-O moiety is also asymmetrically dis-
posed about the pyl-py3 plane (see Table S1 in the Sup-
porting Information). It is not surprising that the geome-
tries of the O—Fe—O units of “1b* and 3>1b?>* are similar,
because the extra electron of the former is added to the
qpy ligand (qpy(c*) orbital). Therefore, “1b* could also be
described as [FeY(O)(qpy)]*, analogous to the Cpd 0
iron(IV)-oxido of the heme systems. As the spin densities

Eur. J. Inorg. Chem. 2010, 5113-5123
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Figure 2. MO diagram for 1a%*.

on Fe for both the quartet and quintet states are similar,
#1b* could also be described as a FeV complex (see Table
S7 in the Supporting Information).

“1a* has geometry similar to that of 3-*1a®*, and accord-
ing to the UOLYP/BSI calculations, is ca. 0.80 eV higher in
energy than “1b*. In this state the Fe-Ol and the Fe-O2
bonds are shorter and longer, respectively, than those of
S1a%*, but both are longer than those of *1a®*. Comparison
between the MO diagrams of “1a* and >1a>* (both have less
severe spin contamination; S” for “1a* is 3.81, and the ideal
value is 3.75) shows that the added electron goes into the
O(p,.p,) B-orbital, with the 7 interaction of Fe-O1 being
bonding, but for Fe-O2 being antibonding in character. It
is thus reasonable for the Fe—O1 and Fe-O2 bonds to be
shorter and longer, respectively, than those of 1a%*.

D. Electron affinities of 12*. The gas-phase adiabatic elec-
tron affinities (EA,4) are in the range 9.32-9.53 ¢V, span-
ning a range of ca. 200 meV. With solvent, MeCN, included
the EA,4 drops to 5.86-6.06 eV, with a similar redox poten-
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tial window. In general, the quintet states have the highest
electron affinities and the triplet states have the lowest elec-
tron affinities, irrespective of whether they are in the gas
phase or in MeCN.

2. [Fe(O)(tpy)I"* (3)

A. Optimized geometries and relative energies of the dif-
ferent spin states of 3%*. The optimized geometries and rela-
tive energies of 3" in various spin states are listed in Table
S3. There is only one minimum for each spin state, S = 0
and 1, with the triplet state being more stable than the sing-
let state by ca. 0.46 eV. The quintet state does not converge
to any local minimum. The geometries are similar for both
optimized singlet and triplet states, and are essentially TBP
structures. The Fe—O bonds are short, ca. 1.586 A, for both
the optimized singlet and triplet states. The O-Fe-O angles
for the two spin states, 119° for the triplet and 114° for the
5117
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singlet state, are similar. Contrary to *°1b*" and *31¢?*,
the O-Fe-O moiety is symmetrically disposed about the tpy
plane, with O1-Fe-N2 angle being ca. 121 and 123° for the
singlet and triplet states, respectively.

B. Electronic structures of the different spin states of 3**.
The key MOs for 3?* are depicted in Figure S1 in the Sup-
porting Information. The lowest energy d-orbital involves
the m-antibonding combination of the Fe(d,,) and O(p,)
orbitals, the second lowest is given by a n*-combination of
the Fe(d,.) and O(p,) orbitals, similar to that found for 1>*
with a TBP geometry (Figure 1). The third-lowest lying d-
orbital involves the m-antibonding interaction of the Fe-
(d,2,2, d.2) and O(p,) orbitals, instead of involving the
Fe(d,..d> 2) orbital as in the case of *51c**. Moreover,
both oxido ligands contribute equally to this MO in 3%",
whereas the O2 ligand contributes more in the cases of
331¢2* due to the asymmetrical disposition of the O-Fe-O
moiety about the pyl-py3 plane. The c-antibonding combi-
nation of the Fe(d,.) and O(p.) orbitals is the second high-
est energy d-orbital, and the MO comprising the 6* interac-
tion of the Fe(d..,d,» ,») and O(p,,p.) orbitals is highest in
energy. For 32" there are no mixed o*/n* interactions ob-
served in the frontier orbitals as found for *>1b** and
3’5102+.

For '3* the lowest-energy d,, orbital is doubly occupied,
leaving the other four d-orbitals unoccupied. Thus, !3**
could be described as [FeV!(O),(tpy)]**. For 33** the d,,
and d.. orbitals are singly occupied and hence it could also
be described as [FeV'(O),(tpy)]>*. As both singlet and triplet
states have electrons occupying orbitals with *(Fe-O)
character, it is not surprising that both states have similar
Fe-O bond lengths. The fact that the triplet state is more
stable than the singlet state may be attributed to the elec-
tronic structure of the triplet state, which has two unpaired
d-electrons and this extra d-d exchange interaction makes
332* more stable than the singlet state.

C. Optimized geometries, relative energies, and electronic
structures of 3* in different spin states. There is also one
minimum energy structure located for each of the doublet
and quartet states, with the quartet state being more stable
than the doublet state by ca. 0.45¢eV. The Fe-O distances
become longer upon one-electron reduction of [Fe(O),-
(tpy)]**: ca. 1.612 A for the doublet state, and 1.600 and
1.617 A for the quartet state. Noticeably, the O—Fe—O unit
is symmetrically disposed about the tpy plane for the doub-
let state, as in '-¥3%*, however, it is asymmetrically disposed
about the tpy plane for the quartet state: the N2-Fe-O1
angle is 145°, while the N2-Fe-O2 angle is 98° for “3* (see
Table S3 in the Supporting Information). Such asymmetric
disposition of the O-Fe—O unit about the plane defined by
the three pyridyl rings coordinated to the Fe has also been
found for 3>1b%*, 3°1¢*>*, and “1b>*.

Taking a look at the electronic structures of 243*, the
MO diagram of the doublet state is similar to that of the
singlet or triplet state with two electrons doubly occupying
the d,, orbital and one electron singly occupying the d..
orbital. Hence, 23* can be described as [FeV(O),(tpy)]*.
Since there is one more electron occupying the n*(Fe-O)
5118
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orbital in the doublet state, the Fe-O bonds are longer than
those in the singlet and triplet states. For the quartet state
the MO compositions are different from the singlet and
triplet states. The two lowest lying d-orbitals of 3" are sim-
ilar to those of the singlet, triplet, and doublet states. How-
ever, the three highest lying d-orbitals are derived from the
m* interaction between the Fe(d,.,d,> 2) and O(p,) orbitals,
o*/n* interaction between the Fe(d.»,d,> ,») and O(p,,p.) or-
bitals, and c*/n* interaction between the Fe(d,> ,»,d,.) and
O(p.) orbitals, respectively. Such MO compositions and in-
teractions are similar to those of 3°1b%*, 3-°1¢%*, and *1b>*.
All these structures (*3*, 3°1b?*, 331¢?*, and *1b>*) have
three unpaired electrons in the three lowest lying d-orbitals.
Indeed, the quartet state calculated with the triplet state
geometry of 3?* [with O-Fe-O symmetrically disposed
about the plane defined by Fe(tpy)] is less stable than the
optimized quartet state by as much as 0.53 eV. Thus, a d?
electronic configuration in TBP geometry may prefer an
asymmetrical disposition of the O-Fe-O unit about the tpy
plane. This preference may come from a decrease in the
energy of the (d,.,d,> ,») n*(Fe-O) orbital in the asymmetri-
cal geometry, such that the d-d exchange stabilization is
more enhanced (the orbital energy is lowered from
—7.495 eV for the triplet symmetrical optimized geometry
to —8.600 eV for the quartet asymmetrical optimized geom-
etry; the other two occupied d-orbitals are lowered by less
than 0.27 eV). Nevertheless, “3* could also be described as
[FeV(O)x(tpy)]*.

D. Electron affinities of 3**. The gas phase EA,4 values
are in the range 9.96-10.42 eV, spanning a range of ca.
460 meV. When the various states are placed in MeCN, the
electron affinities decrease to span the range 5.71-6.19 eV.

3. trans-[Fe(0),(NH;),(NMeH,),]"* (2)

We have previously reported calculations on 22*/* [13]
However, in order to compare the results of 2 with those of
1 and 3, we have redone the calculations using UOLYP/
BSI1.

A. Optimized geometries and relative energies of the dif-
ferent spin states of 2*. The optimized geometries and rela-
tive energies of 22* with S = 0, 1, and 2 are given in Table
S5 in the Supporting Information. There is only one local
minimum found for each spin state. As reported pre-
viously,'! the lowest energy state is the singlet, with the
Fe-O distances being within the range 1.607-1.613 A, and
the O-Fe-O angle being essentially linear. The quintet state
is the highest energy state (1.19 eV higher than '2?%) with
the longest Fe-O bonds (1.737-1.745 A) amongst the three
spin states, S = 0, 1, and 2, and with a O-Fe-O angle that
deviates significantly from linearity (ca. 164°). These geo-
metric features of 1" have been reported previously.'3] In
this study we have also located a minimum for the triplet
state. The Fe-O distances are between those observed for
the singlet and quintet states, being within the range 1.652—
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Figure 3. MO surfaces involving Fe(d,,) and O(p,) orbitals with the optimized geometries of 2"* (n = 2 for singlet, triplet, and quintet
states and n = 1 for the quartet state). The corresponding MO surfaces for the doublet state are similar to those for the singlet state.
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1.688 A. The O-Fe-O angle is also not linear in the triplet
state, and is ca. 166°. The 3227 state lies 0.84 eV above the
singlet state.

B. Electronic structures of 22* in different spin states. The
MO diagram of !22* has been reported previously.['”]
Herein, we only briefly mention the key MOs. The lowest
lying d-orbital is the nonbonding Fe(d,,) orbital, the sec-
ond lowest is created by a n* combination between the
Fe(d,-.d,.) and O(p,.p,) orbitals. The second highest lying
d-orbital is derived from the c* interaction between the
Fe(d,> ,») and amine N(c) orbitals. The highest lying orbital
is attributed to the o* combination of the Fe(d..) and O(p.)
orbitals. For the singlet state the d, orbital is doubly occu-
pied leaving other d-orbitals empty. Thus, '22* is described
as trans-[FeV(0),(NH3),(NMeH,),]**.

For the triplet and quintet states the key orbitals are sim-
ilar to those of the singlet state, except for the Fe(d,,) or-
bital and the nonbonding O(p,.py) orbitals. As the O-Fe-
O angle is bent in both the triplet and quintet states, the
Fe(d,,) orbital is no longer nonbonding as in the singlet
state, but has some = interactions with the nonbonding
O(p,) pair (see Figure 3 for the MO surfaces of these orbit-
als for the singlet, triplet, and quintet states). In the triplet
state the orbital with dominant d,,, character (¢-MO40 and
-MO41) is doubly occupied but the O(p,) orbital, which is
mixed with a significant amount of Fe(d,,) character, is sin-
gly occupied (a-MO42 is filled, but B-MO43 is vacant). The
other a-electron occupies the n*(Fe-O) orbital. As such,
32°* has two resonance structures: [FeV(O),]** «
[FeV(0),*7?*. For the quintet state the orbitals with domi-
nant Fe(d,,) and O(p,) characters are both singly occupied
(0-MO40 and 0-MO42 are filled, but B-MO42 and $-MO43
are empty). The n*(Fe-O) orbitals are also singly occupied.
Thus, there are a total of three unpaired electrons on Fe
and one unpaired electron on the oxido ligands. Hence, the
formulation of 32>* is described as trans-[Fe¥(NH;),-
(NMeH,),(0)," "

C. Optimized geometries, relative energies, and electronic
structures of the different spin states of 2*. We have found
one minimum energy structure for each of the doublet and
quartet states, with the latter state ca. 0.53 eV higher in en-
ergy than the former state. Compared with the singlet state,
the doublet state has longer Fe-O bond lengths (1.668—
1.686 A) that are comparable to those found for the triplet
state. The O-Fe-O angle of the doublet state is essentially
linear, as in the singlet state. For the quartet state the Fe—
O distances are longer than those of the triplet state, but
comparable to those of the quintet state (1.736-1.775 A).
The O-Fe-O angle is only slightly bent (ca. 173°) in the
quartet state. These results are in good agreement with
those obtained in a previous study.!'!

For the doublet state, the extra electron is added to the
n*(Fe—O) orbital of the singlet state. Thus, the Fe—O bonds
are elongated, and 22* could be formulated as trans-[FeV(O),-
(NH3)>(NMeH,),]".

For the quartet state, as the O—Fe—O angle is slightly bent
from linearity, there is mixing between the Fe(d,,) and
O(p,) orbitals, though to a lesser extent compared to the
5120
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case of *-°2%*. The orbital with dominant Fe(d,,) character
is doubly occupied, while the one with dominant O(p,)
character is singly occupied (i.e., 0-MO40, a-MO42, and B-
MO41 are occupied, but B-MO43 is unoccupied; see Fig-
ure 3 for the MO surfaces). The other two electrons each
singly occupy the n*(Fe—O) orbitals. Thus, as for 32%*, there
are two resonance forms for “2*: [FeV(0),]" <«
[Fe™(0),™*, with the [FeV(0),]" structure being prevalent.

D. Electron affinities of 22*. The gas phase EA,4 values
were calculated to be 10.77-11.43 eV, a redox potential win-
dow of ca. 660 meV. With solvent, MeCN, included the
electron affinities decrease to 5.50-5.89 eV with a concomi-
tant drop in the range to ca. 400 meV, contrary to the cases
for both 12" and 3" where the solvent does not alter the
redox potential range.

Discussions

A. TBP vs. PBP structures of [Fe(O)(qpy)]**. Geometry
optimizations with the functional OLYP predict that the
TBP structure is more stable than the PBP structure by at
least 0.7 eV. This may be due to the stronger Fe-O bonding
in the TBP structure compared to the PBP structure, as
reflected by the former having a shorter Fe-O bond length
and higher Wiberg Bond Indices (WBI) than the latter
[WBI values, which are correlated to the bond order, for the
3(3)1a%* PBP structure are 1.26 (0.88) and 0.87 (0.72) for the
Fe-O1 and Fe-O2 bonds, respectively; and for the 31¢*
TBP structure they are 1.24 (1.23) and 1.20 (1.17) for the
Fe-O1 and Fe-O2 bonds, respectively]. However, as men-
tioned above, *1a* is predicted to be the most stable struc-
ture according to the B3LYP functional calculations. High-
level ab initio calculations would thus be valuable for de-
termining the relative energies of these two structures.

Do the two different coordination geometries calculated
for 1?* influence the mechanisms by which this complex
undergoes reactions? Let us first take a look at the lowest
unoccupied orbital of the transition metal complex with ox-
ido contributions. This unoccupied orbital acts as an ac-
ceptor orbital in the oxygen atom transfer reaction and
overlaps with the substrate donor orbital, such as ¢c=c in
epoxidation reactions and ¢cy in hydroxylation reactions.
The lower the energy and the larger the oxido character of
this unoccupied orbital of the transition metal complex is,
the better the complex would be as an oxidant, and the
lower the activation energy will be for C=C or C-H oxi-
dation, based on the energetics of these ground state orbitals.
For the seven-coordinate *1a%* with PBP structure, both the
a and B-LUMOs have significant oxido character [64%
Ol(p,) character for a-LUMO and 34% O2(p,,) character
for B-LUMO] and are quasi-degenerate. For 31¢** the low-
est unoccupied orbital is the B-LUMO that lies ca. 1.2 eV
above the corresponding orbital of >1a>* (see Table S2 in
the Supporting Information) and have only ca. 16% and
11% OI1 and O2 character, respectively. The a-LUMOs of
31¢®* lie even higher in energy, ca. 2 eV above those of *1a*
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and have substantially less oxido character, with ca. 14%
O1 and 8% O2 orbital contributions. As such, based on
MO energies and the oxido contributions of the accepting
orbitals of the different geometries of 12*, 31a>* should act
as a better oxido-transfer reagent than 3>1¢>*. A similar
trend is also expected when solvent is taken into account.

However, from the OLYP calculations, °1a>* is substan-
tially higher in energy than *31b** and *31¢** by ca.
0.98 eV when in the gas phase and by 0.84 eV when in
MeCN. However, it should be noted that it may be possible
to generate 1a>* from high spin [Fe''(qpy)]** depending on
the oxidant used. Mechanistic calculations would thus be
valuable for deciphering whether such a reaction is viable.

B. Influence of the different spectator ligand L on the
properties of [Fe(0),(L)]**. Are any of the high-valent diox-
ido-iron complexes studied in the present work superior to
other compounds for catalyzing oxygenation reactions?
Does solvent play any role? We will try to address these
points based on the LUMO energies and EA,4 values
(which are correlated with the reduction potential) of
12* — 32*. Our discussion will mainly be focused on the
lowest energy states, i.e. the >>1¢2* (as they are close in
energy, being within ca. 0.2 eV of each other), 122, and
332* states.

1. LUMOSs and electron affinities. First, let us take a look
at the accepting orbital(s) of the different complexes studied
herein. The larger the oxido character and the lower the
energy of this acceptor orbital is, the better the overlap be-
tween the substrate donor orbital and the complex acceptor
orbital is. The oxido character of the accepting orbitals of
31¢2*, 122% and 332* are ca. 10-16%, 24%, and 9-17%,
respectively. As shown in Tables S2, S4, and S6, the energies
of the acceptor orbitals (LUMOs with oxido character) of
the states in the gas phase are in the order: 122+ (LUMO:
-13.687¢V) < 33?* (a-LUMO: -12.264¢V; B-LUMO:
-12.700eV) < 31¢** (a-LUMO: -10.953 eV; B-LUMO:
-10.003eV) < *1¢** (a-LUMO: -9.301eV; B-LUMO:
~11.334 ¢V). Hence, '22* should have the most effective
overlap with the substrate donor orbital and thus the lowest
activation barrier for oxygen atom transfer reactions in the
gas phase.[*?l A similar order of MOs was found when sol-
vent (MeCN) effects were taken into account, except in the
case of 31¢>* where the B-LUMOs are comparable in energy
to the LUMO of '22*; the LUMO energies of the states in
MeCN are in the order: '22* (LUMO: —6.388 ¢V) < 33%*
(a-LUMO: —6.282 ¢V; B-LUMO: —6.340eV) < 51¢** (a-
LUMO: —4.637¢V; B-LUMO: -6.334¢V) < 31c** (o-
LUMO: -6.177 eV; B-LUMO: -5.311 eV). Indeed, this is in
concordance with the EA,q4 values in the gas phase where
122* has the highest EA,q (10.77 eV) and both the 331b**
states have the lowest EA,4 values (9.32 and 9.41 eV for the
triplet and quintet states, respectively. We have not com-
puted the EA,4 of >31¢?* states, as their py4 and py5 orien-
tations are different from that of “1b*). Moreover, as the
331¢%* states are lower in energy than the corresponding
spin states of 1b** the EA,4 values estimated for 3°1¢*
should be even smaller than those for >>1b%*. However, in
MeCN, 33?* and °1b®* have the highest EA,q values
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(6.05 eV for the former and 6.06 ¢V for the latter), with the
second highest being 1b*>* (5.88 V), and '2>* has the low-
est EA,4. Hence, changing the polarity of the solvent may
induce a change in the redox behavior of the three com-
plexes studied. Why are such solvent effects observed?
When MeCN is included in the DFT calculation with a
polarizable continuum model (PCM), the electronic states
of 1?* are shown to be stabilized by ca. 5.59-5.75 eV, while
the 17 states are stabilized by ca. 2.08-2.37 eV, irrespective
of the coordination geometry of the complex. The solvent
stabilization is substantial for 22*, ca. 8.09-8.42¢V, but
MeCN stabilizes the states of 2* by ca. 2.82-2.87 ¢V, which
is comparable to the level of solvent stabilization experi-
enced by the electronic states of 1*. The states of 3°* also
have a larger solvent stabilization than those of 1°*, but not
as much as those of 22*, being ca. 6.52-6.54 ¢V, while the
states of 3" are stabilized by a similar amount as the states
of 1* and 2%, ca. 2.18-2.30 V.

Solvent effects are usually explained in terms of the di-
pole moment and polarizability of the complex. However,
it seems that such an explanation could not be applied to
the present results. First of all, irrespective of the spin states
and coordination geometries (either TBP or PBP) of 1%*
where the dipole moment varies from 1.4192 D for *1a* to
19.6301 D for 1¢*, the solvent stabilizations are similar.
Furthermore, '2%*, being a highly symmetric structure, has
the smallest dipole moment (1.925 D) and should thus have
the smallest solvent stabilization amongst the complexes
studied in this work. However, as described above, the stabi-
lization of '2%* is the largest amongst all the states for the
complexes 12*-3?*. Secondly, states >>1b>" and 3°1¢>*, all
of which have a qpy cation radical, should be the easiest to
polarize, and hence have large polarizability values. Thus,
these species should have the largest solvent stabilizations,
but 1?* is the least stabilized by MeCN. So why is 17" the
least stabilized and 2%* the most stabilized by MeCN? As
the magnitude of solvent stabilization is a function of the
spectator ligand, we envisioned that this unusual effect is a
result of the nature of the spectator ligands. Simple amines,
NH; and NMeH,, are stronger bases than pyridines. Thus,
the electron densities on the N atoms are higher with amine
ligands (as in 2) than ligands with pyridyl rings (as in 1 and
3). The NBO charges confirmed that this is the case: —0.26
to —0.51 for N1-N5 in 1?*; —0.41 to —0.43 for N1-N3 in
32*; —0.77 to —1.00 for N1-N4 in 2%*. Thus, this solvent
effect arises from a classical electrostatic effect: the higher
the charge, the stronger the stabilization will be. Complex
3%*, though having slightly lower charge densities on its ni-
trogen atoms than calculated for those of 1°*, has a slightly
larger solvent stabilization than 1?*. This may be explained
by the shorter Fe-N distances in 3°* than in 12" (see Tables
S1 and S3 in the Supporting Information), leading to the
slightly larger solvent stabilization of 32* with respect to
12*. As the monopositive ion has a smaller overall charge
compared to the dipositive ion, the solvent stabilization is
less pronounced. Thus, a reverse trend in electron affinity
(and hence the reduction potential) order was found when
these three complexes are placed in a polar solvent.
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2. Implications to [Fe(O),(L)]"* Reactivity

As complexes 1¢2* and 32" have the oxido ligands bound
in a cis-fashion, they may undergo alkene cis-1,2-dihydrox-
ylation. However, in the electronic structures of 1b** and
1¢** the n* orbital (d,.), which can overlap with the C=C
m-orbital, is singly occupied in both the triplet and quintet
states (see Figure 1). The Woodward-Hoffmann 4n+2 rule
tells us that this interaction, which involves three electrons,
is unfavourable (see Scheme 3). On the other hand, 3** has
a vacant m*-orbital (dxz,yz,dzz) that can interact with the al-
kene C=C n-bond and this interaction will involve only two
electrons. Indeed, we have not been able to obtain cis-diol
products from the reactions of electron-deficient alkenes
with Oxone when [Fe(qpy)]*" is employed as a catalyst.

¥, X

wr{Fe-0)
oo

oo

24
1b? or 12 3

Scheme 3.

Conclusions

In this work we have employed DFT to study [Fe(O),-
(L)]**, with L = qpy, simple amines, and tpy, in order to
see how the coordination number of the spectator ligand L
affects the electronic structure and hence the reactivity of
these oxido-iron complexes. It was found that qpy, though
a pentadentate ligand in [Fe''(qpy)(NCMe),]**, can adopt
two geometries when the two acetonitrile ligands are re-
placed by two oxido ligands, and these two geometries are
TBP and PBP. In the former, gpy acts as a tridentate ligand
with the oxido ligands positioned in a cis fashion; in the
latter case, gpy acts as a pentadentate ligand with the oxido
ligands trans to each other. Such differences in the coordi-
nation geometries have a significant impact on the elec-
tronic structures of 1. With TBP geometry (1b>* or 1¢*),
1 adopts a [FeV(O),(qpy)"J*" formalism and the electronic
structure resembles that of heme Cpd I: a d* quartet Fe ion
ferromagnetically and antiferromagnetically coupled to the
qpy cation radical in 1b** and 1¢*>* to give the quintet and
triplet states, respectively (Cpd I has the d* triplet ferromag-
netically and antiferromagnetically coupled to a porphyrin
cation radical to give doublet and quartet states, respec-
tively).?! Thus, it is likely that 1% in a TBP geometry will
display similar reactivity properties as heme Cpd I. With a
PBP geometry (*1a”") the acceptor orbitals, n*(Fe-O), are
5122
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at least 200 meV lower in energy than those for the TBP
geometry. In addition, the oxido character is more localized
and contributes more to the acceptor orbital of 12* with
PBP geometry (1a>*) than with TBP geometry (1b** and
1¢%*), such that oxygen atom transfer reactions may be
more efficient in the former case than in the latter case.

With variation in the coordination number, dioxido-iron
complexes can change from a high-spin triplet with L =
tridentate tpy to a low-spin singlet with L = amines occupy-
ing the four equatorial positions, and to quasi-degenerate
triplet and quintet state with L = qpy. The former two com-
plexes could be described as [FeV(O),]**, whereas the latter
as [FeV(0)y(qpy)*>* with a TBP geometry. The electron
affinity was found to follow the order '22* > 33%* > 351p>*
in the gas phase, but 122" is slightly more difficult to reduce
in MeCN than 33?* and *°1b*".

Computational Details

Herein, we studied [Fe(O),(L)]"* with L having different coordina-
tion numbers: (1) L = gqpy, which can at most have 5 coordination
sites; (2) L = simple amines NH; and NMeH, occupying the equa-
torial positions; and (3) tpy, where the ligand has three coordina-
tion sites. Spin states of S =0, 1, and 2 forn =2, and S = 1/2 and
3/2 for n = 1 have been considered for all three complexes.

All calculations were performed with the G03 suite of programs!??!
with the density functional OLYP,[*#?3] which has been found to
be reliable in reproducing relative spin-state energetics of complexes
containing iron and ligands with different ligand field strengths.[?¢]
Unrestricted formalism was applied for all calculations involving
the singlet states. For the geometry optimizations and subsequent
frequency calculations the following basis sets, denoted as BSI,
were used: 6-31G* for C and H atoms, 6-31+G* for N and O
atoms,'?72) and Stuttgart relativistic pseudopotentials and its ac-
companying basis set for Fe.?311 As no imaginary frequencies were
found, all optimized geometries for the different spin states were
found to be at true local energy minima. The wavefunctions were
also found to be stable after stability test.

Solvent effects were included with PCM as implemented in G03.[2%

Herein, we used the solvent, MeCN, as most of the experimental
reactions involving the nonheme iron-oxido complexes were carried
out in this solvent, and the oxidation reactions with Oxone cata-
lysed by [Fe(qpy)(MeCN),]** were performed in MeCN.

Single-point energy calculations with a larger basis set (BS2) have
also been employed: 6-311G* for all non-Fe atoms!®*?! and the same
pseudopotential and basis sets as BS1 for Fe. It was found that
the relative spin state energetics computed using UOLYP/BS2 are
essentially the same as those calculated with UOLYP/BS]. Single-
point energy calculations with a hybrid density functional
B3LYP,[2%:33:34] have also been performed with the large BS2 basis
set.

Supporting Information (see also the footnote on the first page of
this article). Optimized geometries, frontier orbital energies, elec-
tron affinities, spin densities, and MO diagrams for 1-3 are given
in the Supporting Information.
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