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Mononuclear non-heme iron (NHFe) enzymes catalyze a number of key biological reactions
including hydroxylation, desaturation, ring closure and halogenation.[1-3] The reactive
intermediate that carries out many of the C–H bond activations is an S = 2 FeIV=O species
that has been observed and characterized in several enzyme systems.[3-5] Synthetic efforts
have yielded FeIV=O model complexes that exhibit an S = 1 ground state[6, 7] in all but three
cases: (H2O)5FeIV=O[8], (H3buea)FeIV=O[9] and (TMG3tren)FeIV=O (1).[10] 1 has an
FeIV=O unit ligated by TMG3tren in a C3ν trigonal bipyramidal geometry (Figure 1A), and
an S = 2 ground state replicating that of enzyme intermediates.[10, 11] 1 is reactive in oxo-
atom transfer and H-atom abstraction, but in the latter it is only as reactive as the
approximately-C4v S = 1 (N4Py)FeIV=O (2, Figure 1B) complex where both have the same
reaction rate with 1,4-cyclohexadiene (CHD).[10] Original studies from our group showed
that whereas S = 1 reaction coordinates only have a □-attack pathway, involving the β-d□*
orbital, available for electrophilic reactivity, S = 2 systems are predicted to possess an
additional -attack pathway involving the ⟨-dz2 orbital that is lowered in energy due to spin-
polarization.[12, 13] This has recently been referred to as an exchange enhancement.[14] In
this study, we utilize Nuclear Resonance Vibrational Spectroscopy (NRVS) to obtain
ground-state vibrational data on 1 for comparison to 2[15] and, through correlations to DFT
calculations, to understand the observed similar reactivities of 1 (S = 2) and 2 (S = 1). These
studies define the steric and intrinsic electronic contributions to the reaction barriers and
establish that both the S = 1 and S = 2 surfaces have significant steric contributions due to
the different directionalities of substrate approach and thus similar intrinsic reactivities.

NRVS uses the Mössbauer 57Fe nuclear excitation (14.4 keV) from a synchrotron source to
observe vibrational sidebands corresponding to the normal modes of the system being
studied.[16-19] The advantage of NRVS over other vibrational spectroscopies is that it
imparts spectral intensity only to normal modes involving Fe displacement (which
consequently means that it detects all vibrational modes with Fe motion), thus focusing on
the Fe active site with specificity and sensitivity.
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The partial vibrational density-of-states (PVDOS) spectrum of 1 is shown in Figure 2A. The
highest-energy peak in the 0 – 900 cm−1 region is at 821 cm−1. At lower energy is a pair of
prominent peaks at 363/296 cm−1. Finally, there is a broader peak at 199 cm−1.

DFT optimizations of 1 using both the BP86 and B3LYP functionals gave structures in good
agreement with X-ray crystallographic and EXAFS results (Figure 1A and Table S1,
Supporting Information).[10, 11] Note that the DFT calculations and the crystal structure
show that each guanidino group has its double bond delocalized over all three C—N bonds,
as indicated by their equivalent bond lengths.[11] The calculated NRVS spectra for the
structures optimized with BP86 (Figure 3A) and B3LYP (Figure S1, Supporting
Information) overlay well with the experimental data, providing a good correlation and
allowing assignment of the observed vibrational normal modes. The first-coordination-
sphere vibrational modes for a C3ν molecule are shown in Figure 4. The highest-energy peak
at 821 cm−1 is assigned to the Fe—O stretch ν [20]

1 and corresponds to the equivalent stretch
in 2 at 820 cm−1 (Figure 2B). At lower energy in Figure 3, the peak at 515 cm−1 originates
from the antisymmetric equatorial stretches ν5, and is lower in energy than the same mode in
2 at 653 cm−1 because 1 has fewer and slightly-longer Fe—Neq bonds.

The next peak at lower energy is the most intense feature in the experimental data at 363
cm−1. From DFT calculations, this corresponds to the trans-axial bends  in Figure 4,
predicted to be a degenerate E pair at 352/353 cm−1; in 2 these were split (Figure 2B,
342/367 cm−1) due to the equatorial asymmetry of the N4Py ligand caused by the axial
chelate[15]. The collapse of these peaks into a single peak in 1 reflects the high equatorial
symmetry imposed by the TMG3tren ligand on the Fe center.

Separated from this peak by 64 cm−1 is another prominent peak in the experimental data in
Figure 2A at 296 cm−1, which has no corresponding feature in 2 (the broad feature at ~ 280
cm−1 has a much lower integrated intensity). Calculated to be under the envelope of this
peak (in Figure 3A) are three normal modes: the pair of trans-axial shears ν8 at 289/292
cm−1 and the mixed  “trans-axial stretch” at 288 cm−1. From Figure 4, the motion in  is
ligand-based (N and O) with the Fe not making a significant contribution to the overall
displacement in the modes. NRVS intensity is proportional to the contribution of Fe motion
to the total mass-weighted mean square motion of the normal mode,[18] so the ν8 peak is not
expected to be intense and in fact the analogous ν10 mode in 2[15] does not have significant
intensity in its NRVS spectrum (calculated to be at ~ 210 cm−1). The high intensity of  in 1
is attributed to the terminal guanidino methyl groups, as evidenced by the following: (i)
replacing the methyl groups in 1 with H’s (1′, Figure 3B) results in the calculated NRVS
intensity of  dropping from 39% to 15% of ’s intensity; (ii) conversely, adding ortho-
methyl groups to 2’s pyridines increases the corresponding ratio from 1% to 41% (Figure
S2, Supporting Information). Thus, the presence of an axial “steric wall” of methyl groups
around the oxo moiety hinders its motion in the  modes, thereby increasing the Fe motion
and thus the NRVS intensity of the  modes. This Fe displacement in  derives from mixing
with  which has predominantly Fe—O motion.

The mixed  mode is also under this peak, calculated to be at 288 cm−1, lower than the
equivalent mode in 2 at 379 cm−1 due to longer Fe—N bonds and the loss of one Neq in 1
compared to 2.

Finally, the modes in the PVDOS for the 150 – 200 cm−1 region involve predominantly
ligand motion with  mixed in, giving them NRVS intensity. Note that as  loses intensity
from the introduction of the steric effect of the methyl groups, about one-third of that
intensity shifts into  at ~ 290 cm−1 and the rest distributes over modes in this low-energy
region.
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It should be noted that the 477 cm−1 peak in 2 resulting from Neq angle bends has analogous
weak ν6 modes in 1 predicted to fall under the shoulder at 380 cm−1 (Figure 3A).

The DFT-based NRVS spectral assignments of 1 demonstrate that the sterics around the
FeIV=O bond are responsible for the shift of intensity from  into the low-energy symmetric
bending mode, leading to the presence of an intense trans-axial shear feature at 296 cm−1

not present in the NRVS data for the S = 1 FeIV=O models (including 2 in Figure 2) studied
previously.[15] This steric wall evident from the NRVS data can also restrict axial access to
the FeIV=O unit in 1 for a substrate approaching in a σ-trajectory, presenting an axial steric
constraint affecting reactivity. We thus sought to determine the contribution of steric effects
to the reactivity of 1 (S = 2) and 2 (S = 1), by computationally evaluating their CHD H-atom
abstraction reaction coordinates. Our DFT calculations for their reaction energetics (Figure
5) are in agreement with the reaction barriers determined from experimental kinetics[10] as
well as a recent DFT study.[21]

From Figure 5, both 1 along an S = 2 (quintet) surface and 2 along an S = 1 (triplet) surface
have similar electronic and Gibbs free energies associated with this reaction and similar O–
H bond strengths of their initial FeIII–OH products. We estimated the steric contribution to
these total reaction energies using two methods: (i) with the FeIV=O core frozen at the
transition state structure, an undistorted CHD (from the reactants) at the transition state is
allowed to geometry-optimize away from the FeIV=O core; (ii) with the same frozen core,
the undistorted CHD is moved stepwise away (linearly) from the FeIV=O core (Scheme S1,
Supporting Information). Both methods produce similar results showing that 1 has a steric
contribution to its overall barrier of 7.1/6.8 kcal/mol (1st/2nd method) and thus an intrinsic
electronic contribution of ~ 7 kcal/mol (Figure 5A). Importantly, for the S = 1 reaction
coordinate of 2, there is also a steric contribution to the barrier due to the orientation of the
CHD in π-approach. Following the above procedures, there is a significant steric
contribution of 8.9/8.8 kcal/mol resulting in an intrinsic electronic barrier of ~ 4 kcal/mol
(Figure 5B). It should be noted that in the case of 1, the undistorted CHD has a minor
interaction between the C–H bond and the reactive ⟨-dz2 orbital, implying that the calculated
value of 7.1 kcal/mol represents a lower limit for the steric contribution to the barrier. Thus,
we observe that the S = 1 (π-attack) and S = 2 (σ-attack) FeIV=O species in these model
complexes have similar steric contributions to their reaction barriers (see Figure S3,
Supporting Information for electron density surfaces demonstrating steric clashes at the
transition state), and upon removal of this steric component, the electronic component of
their reaction barriers becomes comparable.

We have taken the above approaches to evaluate the steric barrier to preserve the identity of
the original ligand and because the reactions of 1 and 2 with CHD result in FeIII–OH
products with similar O–H bond strengths, which thereby takes into account any exchange
effect on the energies of the products. The alternative approach used in Ref. [19] involved
elimination of the tetramethylguanidino groups to form Neq ligating atoms of imine (sp2,
double-bonded) character. This in fact results in a species that performs hydride-abstraction
from CHD (to form a high-spin FeII–OH and CHD+) rather than H-atom abstraction, with an
artificially-low barrier ΔG‡ of 2.3 kcal/mol and a highly-exergonic reaction free energy ΔG°
of −35.7 kcal/mol, resulting from poorer ligand donation to the Fe (Figure S4 and Table S2,
Supporting Information).

A significant result from these DFT calculations is that the S = 1 FeIV=O unit in 2 also has a
steric barrier to substrate approach. This steric barrier results from the Fe–O–H angle of
128° required to orient the substrate C–H bond for π-attack in the S = 1 species, leading to
close substrate approach to the equatorial pyridine ligands of 2. Removing this steric
contribution lowers the barrier to ~ 4 kcal/mol, which is comparable to and in fact slightly
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lower than that of 1 (~ 7 kcal/mol). Thus, the intrinsic electronic reaction barriers of 1 (S =
2) and 2 (S = 1) are of comparable magnitude, and the additional steric barriers stem from
the different orientations required for substrate attack. It has been postulated that the quintet
surface should be more reactive due to the exchange stabilization associated with electron
transfer;[21] however, the DFT calculations show that only ~ 40% of the electron has been
transferred at the transition state, and as mentioned above, the FeIIIO–H bond strengths for
the products that include the differences in exchange contributions are almost equivalent.
From frontier molecular orbital (FMO) theory, the H-atom abstraction reaction requires a
low-lying acceptor Fe orbital with a significant oxo coefficient to achieve favorable
overlap.[22] For 2, the reactive β π*-FMO has 42% O px/y character (at 2.0 eV above the C–
H donor), which is significantly higher than the 27% O pz character of the reactive α σ*-
FMO of 1 (at 2.2 eV above the C–H donor), providing a larger bonding contribution to
lowering the barrier for reaction on the triplet surface.

In summary, we have used a combined NRVS and DFT methodology to probe the geometric
and electronic structures of the S = 2 FeIV=O species 1 relative to the S = 1 FeIV=O species
2. The NRVS spectra of 1 and 2 differ in that the presence of a steric wall around the oxo
moiety in 1 results in the shift of NRVS intensity out of the trans-axial bends, resulting in an
intense low-energy trans-axial shear feature not observed for 2. This steric wall raises the
barrier for H-atom abstraction by σ-attack in 1. In the case of 2, there is no axial steric effect
observable in the NRVS data; however, for the reaction along the S = 1 surface, the
equatorial pyridine ligands sterically hinder π-attack. Estimates of steric contributions to the
reaction barriers of both the S = 1 and S = 2 species show that the π- and σ-pathways have
similar activity for the H-atom abstraction reaction, suggesting that the σ-pathway represents
an additional but not necessarily more-reactive pathway available to the S = 2 species; this
however does make the oxo moiety more accessible in NHFe enzymes because it possesses
a σ- as well as the π-pathway for reactivity. This NRVS study on 1 thus defines a spectral
probe for this axial σ -steric effect on the S = 2 FeIV=O intermediates in NHFe enzymes.

Experimental Section
Samples were prepared as previously reported.[10, 11] NRVS spectra were collected at
beamline 3-ID of the Advanced Photon Source. DFT calculations were performed using the
Gaussian 03 package (see the Supporting Information).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of A) 1 and B) 2, with bond lengths (Å) determined by DFT/[X-ray
crystallography]/(EXAFS).
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Figure 2.
NRVS PVDOS spectra of A) 1 and B) 2 (adapted from Ref. [14]).
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Figure 3.
A) DFT-calculated spectrum (red) of 1 overlaid with NRVS spectrum (blue) and ΔFe (black
bars). Important normal mode assignments are labeled, with calculated energies in square
brackets. B) Comparison of DFT-calculated spectra of 1 (red) and 1′ (green), with ν8 modes
indicated by solid asterisks and ν7 modes indicated by hollow asterisks. Removing the steric
wall transfers intensity from ν7 to ν8.
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Figure 4.
First coordination sphere vibrational modes calculated (DFT) for a C3ν L4FeO molecule.
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Figure 5.
Potential energy (ΔE/ΔG, with solvent correction) surfaces for the reactions of A) 1 and B) 2
with CHD, showing decomposition of activation barrier into steric (method 1) and electronic
components.
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