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ABSTRACT. Iron (IV) oxo complexes have been implicated in key biological oxidations
with heme and non-heme enzymatic systems. Related to these, a non-heme iron (lil)
oxo complex has recently been described. Intriguingly, the Fe(lll)-oxo interaction was
proposed to consist of one o bond, while the absence of 1 bonding would be
compensated by three hydrogen bonds between the oxo atom and the ligand scaffold
surrounding the iron. Here, we report density functional calculations unambiguously
indicating that hydrogen bonding weakens the Fe-O bond, and Fe-O mtbonding does in
fact exist in the above-mentioned Fe(lll)-oxo adduct.

INTRODUCTION

Iron (IV) oxo complexes have been implicated in key biological oxidations
with heme and non-heme enzymatic systems**°. Related to these, the S=5/2 iron
(111 oxo complex 1 (Figure 1) has recently been described***?. 1 featured a 1.81-A
Fe-O bond, which was shorter by ~0.1 A than the Fe-OH bond in the homologous
Fe(lll)-OH complex'**2. Intriguingly, the Fe(lll)-oxo interaction in 1 was proposed
to consist of one o bond, while the absence of 1t bonding would be compensated
by three hydrogen bonds between the oxo atom and the ligand scaffold surrounding
the iron2. Here, we report density functional calculations unambiguously indicating
that, contrary to previous reports, hydrogen bonding weakens Fe(lll)-O bonding.
Additionally, we demonstrate that Fe(lll)-O 11 bonding does in fact exist in the
above-mentioned Fe(lll)-oxo adduct.

RESULTS AND DISCUSSION

Table 1 shows key geometrical parameters for 1, obtained from X-ray
diffraction'™** and DFT (UBP86/6-31G**)'*> unconstrained geometry optimization.
Also shown is data for the model 1-H, formally obtained via protonation of the oxo
atom in 1 to yield a ferric-hydroxo adduct. Additionally, since NH---O hydrogen
bonding has been proposed to play a key role in iron-oxo bonding within 1'2,
we also report geometry optimization of 1-t (cf. Figure 1), which is formally obtained
from 1 by removing the three hydrogen bond-donating termini of the urea ligands.
For 1 and 1-H, the calculated Fe-O bond lengths are in good agreement with
experiment and with previously reported B3LYP results*. In this respect, our
data further supports the idea that the experimentally-observed 1 is an oxo, not a
hydroxo, compound***2.
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Table 1
Key geometrical parameters for S=5/2 1, 1-H and 1-t
Fe-O Fe-Na® | Fe-Ne,” | HID®
1 (exptl) 1.81 2.27 2.06 1.91
1 (DFT) 1.82 2.14 2.09 1.69
1-H (extpl) 1.92 2.19 2.02 2.13
1-H (DFT) 1.95 2.07 2.30 2.14
1-t (DFT) 1.75 2.62 2.12 2.72

% nitrogen atom trans to (hydr)oxo. ® urea nitrogens, average of three values.® NH---O hydrogen
bonds, average of three values (cf. Figure 1). The X-ray crystal structures of 1 and 1-H each
feature two short (~ 1.75 A) such hydrogen bonds and a longer one (elongation of the latter is
due to steric clash between the hydroxo and NH protons in 1-H). DFT-optimized 1 features
three identical hydrogen bonds at ~1.7 A; this latter result would seem to indicate the
presence of a hydroxo, not oxo, ligand in the crystal structure of 1.

tBu tBu

Fig. 1. Models employed in the present study.

Figure 2 shows molecular orbitals illustrating Fe(lll)-oxo bonding
(orbitals shown for 1-t rather than for 1, for simplicity). For the o, m, and 1,
interactions, the bonding orbitals are all doubly-occupied, while the antibonding
orbitals are all singly-occupied. This then amounts to a formal bond order of 1.5,
arising from 1/2 o bond and two 1/2 ttbonds. Similarly, for 1-H the bond order is
1, with 1/2 ¢ bond and 1/2 rtbond. Others have by contrast reported that the Fe-O
bond order in 1 was in fact ~1, and that this arose from one single o bond and
no net Tt bonding™**°. To compensate for the absence of Ttbonding, a key role for
NH----O hydrogen bonding in stabilizing the Fe(lll)-oxo bond was proposed®?.
Table 1 instead shows that when the three hydrogen bonds are removed (i.e., in
model 1-H), the Fe-O bond shortens by 0.06 A. This is consistent with the
hydrogen bonds competing with the iron for the oxo p orbitals. Thus, the formal
iron-oxo bond order in 1 is 1.5, and NH---O hydrogen bonding contributes to
weakening, rather than strengthening of the iron-oxo interaction.
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Fig. 2. Molecular orbitals illustrating the Fe(lll)-oxo interaction (isocontour 0.045).
We use convention of labeling the five singly-occupied orbitals on iron
as SOMO1 through SOMOS5.

1 was proposed™*? to have relevance for the Fe(IV)-oxo complexes
widely invoked in biological processes™®. Scheme 1 shows a comparison of the
molecular orbital diagrams for experimentally observed S=1 Fe(IV)-ox0®° and
S=5/2 Fe(lll)-oxo complexes. Notably, S=5/2 Fe(lll)-oxo contains one additional
electron in a o* orbital, compared to S=1 Fe(IV)-oxo. Thus, while the latter features
one o bond and two 1/2 1t bonds (a formal bond order of 2.0), the former
features 1/2 o and two 1/2 1t bonds (amounting to a formal bond order of 1.5).
Consistent with this, the iron-oxygen distance in 1 is longer by ~0.1 A than
typical Fe(IV)-oxo bonds*"**.

Notable in Fe(IV)-oxo complexes is the high covalence of the iron-oxo
Tt interaction. Thus, within the singly-occupied Ti,* and 1v,* orbitals, 50% of
each electron formally resides on the oxo atoms’*°. The Fe(lll)-oxo interaction
in 1 is less covalent, with only ~30% of the o*, T.* and 1i,* electrons delocalized
onto the oxygen. Fortuitously, in both Fe(IV)-oxo and Fe(lll)-oxo, a total of
~one spin unit is localized on the oxygen.
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Scheme 1

Thus, 1 features an iron-oxo bond even weaker than Fe(IV)-oxo bonds
invoked in substrate oxygenation by highly reactive species such as cytochrome
P450 Compound | (which undergoes the reaction shown in Scheme 2)%. 1 also
features as much spin density on the oxo atom as P450 Compound 1*°. Why
doesn’t 1 exhibit P450 — like reactivity? It has been proposed®? that the protecting
hydrogen-bonding scaffold around the oxo atom stabilizes the oxo ligand
electronically and protects it sterically. Alternatively, the more ionic character of
Fe(lll)-oxo bond compared to Fe(IV)-oxo, outlined above, may disfavor P450-
type chemistry (which, as shown in Scheme 2 and as largely ignored in current
literature®, consists of oxygen atom and not an O ion transfer).

[FeO)** + R-H — R-OH + Fe**

Scheme 2

EXPERIMENTAL

Geometries were optimized with the BP86 functional, which uses
the gradient-corrected exchange functional proposed by Becke (1988)", the
correlation functional by Perdew (1986)'°, and the DN** numerical basis set
(comparable in size to 6-31G**), as implemented in Spartan'®. For the SCF
calculations, a fine grid was used, and the convergence criteria were set to 10°®
(for the root-mean square of electron density) and 10® (energy), respectively.
For geometry optimization, convergence criteria were set to 0.001 au (maximum
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gradient criterion) and 0.0003 (maximum displacement criterion). Charges and spin
densities were derived from Mulliken population analyses after DFT geometry
optimization.
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