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Abstract

Hydrogen bonds (H-bonds) have been shown to modulate the chemical reactivities of iron centers
in iron-containing dioxygen-activating enzymes and model complexes. However, few examples are
available that investigate how systematic changes on intramolecular H-bonds within the secondary
coordination sphere influence specific properties of iron intermediates, such as iron-oxido/
hydroxido species. Here, we used °/Fe nuclear resonance vibrational spectroscopy (NRVS) to
probe the Fe—~O/OH vibrations in a series of Fe!!'-hydroxido and Fe'V/'"'_oxido complexes with
varying H-bonding networks but having similar trigonal bipyramidal primary coordination
spheres. The data show that even subtle changes in the H-bonds to the Fe—~O/OH units result in
significant changes in their vibrational frequencies, thus demonstrating the utility of NRVS in
studying the effect of the secondary coordination sphere to the reactivities of iron complexes.
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Hydrogen bond strength to iron(111)-oxido/hydroxido (Fe'!'-O/OH) units in nonheme iron
complexes is revealed by ®’Fe nuclear resonance vibrational spectroscopy through the detection of
Fe!ll-O/OH stretching vibrations, thus providing a methodology to elucidate the influence of
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hydrogen bonds in the secondary coordination sphere to the stability of Fe!''-O/OH units, and
potentially connecting it to the reactivities of Fe!V-O units towards substrates.

Keywords

hydrogen bonds; non-heme iron-oxo/hydroxo complexes; °’Fe nuclear resonance vibrational
spectroscopy; secondary coordination sphere; C-H activation

The primary and secondary coordination sphere interactions to the metal centers of
metalloenzymes are strong determinants of chemical properties that promote a wide range of
function.[2-81 While the primary coordination sphere ligands and their geometry tune the
metal redox potentials for substrate reactivity, secondary coordination sphere interactions,
such as H-bonds, have been shown also to affect function.l”-8] Among dioxygen-activating
enzymes, H-bonds between nearby residues and metal bound oxygen species can influence
function to support a variety of reaction pathways. For instance, in heme-containing proteins
proximal residues to the heme center stabilize the binding of O, in hemoglobins and
myoglobins.[>-14] In contrast, H-bonds facilitate O-O bond cleavage in heme peroxidases
and cytochrome P450 dependent enzymes.[15-20] |n nonheme iron enzymes, H-bonding
networks have been shown to affect the stabilization of the iron bound O, intermediate,
thereby lowering the energetic barriers for O, activation[21-23] and substrate oxidation.[24:2°]
H-bonds are also proposed to affect the reactivity of high valent Fe!V-oxido intermediates
for the homolytic cleavage of C—H bond and subsequent stabilization of the resultant Fe!!'—
OH species.[26.27]

These examples from biology have inspired the development of synthetic systems to further
investigate the influences of intramolecular H-bonds on the properties of metal ions. For
dioxygen binding and activation, synthetic systems have been employed to systematically
alter the ligand structure to correlate changes between the primary coordination sphere and
H-bonding networks within the secondary coordination sphere of metal center(s).[28-30]
Because of the relationships to protein intermediates, Fe!V/!l—oxido and Fe'''-hydroxido
complexes have been utilized to probe the relationship between H-bonds to the iron-oxido/
hydroxido units and their reactivity.[1531-341 However, there are still few examples that
examine how systematic changes within the secondary coordination sphere affect specific
properties of Fe complexes.

Here we describe the effects of intramolecular H-bonds on the vibrational properties of
monomeric Fe—O(H) complexes. We have prepared a series of Fe!!'-hydroxido and Fe!V/!!l—
oxido complexes with varying H-bonding networks but similar trigonal bipyramidal primary
coordination spheres. These structural properties were achieved using a set of tripodal
ligands that contain at least two mono-deprotonated urea groups (Figure 1): the ligands
differ by the functional group on the third tripodal arm. The symmetric [H3buea]3- contains
a third deprotonated urea group, whereas [Hopout]3- and [Hobupa]®- have phosphinic amido
and carboxyamidopyridyl groups, respectively. Characterization of the Fe!!! complexes by
electron paramagnetic resonance (EPR) and Mdssbauer spectroscopies (Table S3, Figures
S2-6) showed that all ligands provide similar electronic environment to the Fe center. °Fe
nuclear resonance vibrational spectroscopy (NRVS)[35-371 was used to measure the Fe—O(H)
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vibration of each complex to assess the strength of H-bond between the functional group on
the third tripodal arm and the Fe—O(H) unit. The advantage of NRVS over other vibrational
spectroscopies is that it detects all vibrational modes with iron motion, thus having high
specificity and sensitivity to the iron centers. Because the Fe complexes have similar
electronic structures and primary coordination spheres, we reasoned that any change in the
Fe—O(H) vibrations would be attributed to the strength of this single intramolecular H-bond.

The NRVS derived ®’Fe partial vibrational density of states (PVDOS) spectrum of
[Fe'"'{H3buea}(0)]? recorded on solid powder is shown in Figure 2 (Data measured on
solid powder and in frozen solution for the same complex do not show significant difference.
For example, please see Figure S9 for the results on [Fe!V{H3buea}(0)]"). The major
spectral features are separated into three regions. In the high-energy region above 450 cm™1,
only one intense peak is observed at 660 cm~1 [38] and is assigned as 1{Fe!!'-0) stretching
mode based on the similar energy obtained for this vibration from FTIR measurements
(Fe!"'-0) = 670 cm™1).[39] The strongest 5"Fe PVDOS features are observed in the low-
energy region (100-300 cm™1), where two peaks are observed with frequencies of 213 cm™1
and 236 cm™L. In the mid-energy region (300-450 cm™1), a broad feature with
distinguishable peaks at 324 and 361 cm™1 is observed. These >’Fe PVDOS features are
assigned mainly to N-Fe-N/OFe-N bending modes (100-300 cm™1) and Fe-N stretching
modes (300-450 cm™1) based on DFT calculations (infra vide). Similar assignments have
been reported for the NRVS data of another trigonal bipyramidal Fe!V—oxido complex,
[Fe!V{TMGtren}(0)]?*.[40]

DFT calculations (BP86/TZVP) provided additional support of the spectral assignments.
The DFT optimized structure closely resembled the molecular structure of [Fe!''{Hsbuea}
(0)]? obtained from X-ray diffraction methods (Table S4, Figure S8), which showed a C5
symmetric species. Based on the DFT derived structure, the calculated °’Fe PVDOS
spectrum reproduced the experimental spectrum well (Figure 2a) to allow assignment of the
spectral features to specific vibrational modes. The major vibrational modes of the
[Fe!"'{H3buea}(0)]? complex can be explained by the normal modes of vibration of a
simplified OFe(X3)(YZ3) type molecule with C3, symmetry. The normal modes derived
from DFT frequency calculations are listed in Figure S7, selected modes and the
corresponding assignments are presented in Figure 2b. In particular, the DFT calculated
UFe!'l-0) stretching mode (v42(A1) mode in C3,) showed a strong °’Fe PVDOS intensity at
638 cm™1, consistent with the experimental observation (see the supporting information for
more analysis).

Upon protonation of the Fe!ll-oxido complex to form [Fe!!'{Hsbuea}(OH)], the 5Fe
PVDOS spectrum obtained on solid powder (Figure 3a) still consisted of three major
features with intensities similar to those of the [Fe!''{H3buea}(0)]? spectrum, indicating
similar overall geometries for the two complexes. However, one feature has shifted to a
significantly lower energy (660 to 477 cm™1). When compared with the spectrum measured
on the isotopically labeled complex [Fe'''{H3buea}(*8OH)]~ (Figure 3a dashed trace), a 15
cm™1 red shift of the band at 477 cm™ to 462 cm™! was observed, identifying this feature as
belonging to the /Fe!''-OH) vibration (A(180/180) = 20 cm~1 based on Hook’s law). The
~200 cm™1 red shift in the Fe—O stretching frequency from 1(Fe'''-0) to Fe!''-OH) is
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associated with the significant elongation of Fe-O bond distance from 1.813(3) A to
1.932(2) A, which was determined from the XRD derived molecular structures of the two
complexes (Table S4).3941 DFT calculations reproduced this difference in Fe-O bond length
(1.81 A for Fe!"'-O and 1.95 A for Fe!!'-OH) and the 160/180 isotope shift on L (Fe!l'-OH)
(483 cm™1 to 468 cm-1 with Av= 15 cm™1, Figure S10). In addition, the longer Fe—OH bond
in [Fe!!'{H3buea}(OH)]~ also results in a shortening of Fe—Npica) bond length by 0.1 A
which is consistent with a hydroxido ligand having a weaker trans influence than an oxido
ligand.*1 As a consequence, the Fe!!! center shifts into the equatorial plane formed by the
three deprotonated N-donors of [Hsbuea]®", which in turn strengthens the Fe—Neq bonds
(Table S4). These structural changes were also observed in the NRVS spectra. The peaks in
the 300-450 cm™1 region were blue shifted by ~10 cm™1 in [Fe!''{H3buea}(OH)]~ spectrum
relative to those of [Fe!!'{H3buea}(0)]%.

We also used the NRVS detected 1{Fe—O(H)] as a probe to examine the effect of H-bonds on
the strength of the Fe!''-OH bond. The 5’Fe PVDOS spectra of [Fe!''{H,pout}(OH)]~ and
[Fe!"'{H,bupa}(OH)]~ measured on frozen solutions are shown in Figures 3b,c. Together
with [Fe!''{H3buea}(OH)]~, these complexes represent a series of Fe!l-OH species that are
structurally nearly identical except for a single intramolecular H-bond (vida supra, Figure 1).
In [Fe!''"{H3buea}(OH)]", the hydroxido ligand is not a H-bond donor and only two H-bonds
are formed. However, in [Fe!"'{H,pout}(OH)]~ and [Fe!''{H,bupa}(OH)]" the hydroxido
ligand can be a H-bond donor to form a third H-bond (OH...X (X = O, N7), Figures 1 and
S8). The NRVS spectra reflect these differences within the secondary coordination spheres:
the observed V[Fe-OH] were located at 556 cm~? for [Fe!''{H,pout}(OH)]~ and at 594 cm~1
for [Fe!""{H,bupa}(OH)]~. Compared to [Fe!''{Hsbuea}(OH)]™, the vibrations represent a
blue shift of 79 cm™1 for the former complex and 117 cm™2 for the latter complex. These
assignments were confirmed by DFT calculations (Figures S11-S12).

The energy increases of the Fe—OH vibrations correlate with a strengthening of the Fe-OH
bond, which we attribute to the effect of the additional Fe—OH...X H-bond in
[Fe!'"{H,pout}(OH)]~ and [Fe!""{H,bupa}(OH)]~. Two lines of evidence support this
assertion: (1) The XRD determined Fe-O bond length of 1.893(2) A for [Fe!!'{H,pout}
(OH)] is contracted by 0.046 A to that found in [Fe'''{Hsbuea}(OH)]~ (Tables S1-S4,
Figure S1); and (2) DFT calculations showed that among the three Fe!''-OH complexes,
[Fe'"'{H,bupa}(OH)]~ formed the strongest H-bond to afford the shortest OH...N distance,
the longest O—H bond, and the shortest Fe-OH bond (Table S4), which results in the highest
Fe-O(H)]. The spectral features observed in the lower-energy regions were also
considerably more complicated for [Fe!''{H,pout}(OH)]~ and [Fe!"'{H,bupa}(OH)]~, which
is consistent with the lower symmetry of these complexes compared to [Fe!!'{H3buea}
(OH)I™.

The correlation between the Fe—O(H) bond length and /{Fe-O(H)] was extended to include
a Fe!V species [Fe!V{Hsbuea}(0)]". {Fe=0] was reported to be 794 cm™1 for this complex
from the NRVS data recorded on a frozen solution,[38:42] which is also consistent with the
Fe'V=0] of 799 cm™1 reported from FTIR measurements.[43] Here, both 160 and 180
isotopomers were further recorded on solid powders (Figure 3e) to confirm its origin as
Fe!V=0] vibration with A*60/180) = 30 cm™1 (Av =35 cm~! based on Hook’s law).
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Figure 4 shows the correlation between the Fe—O(H) bond length and the NRVS-derived
Fe-O(H)] based on all 5 complexes studied here, which spans an energy range of ~400 cm
~Land bond length differences of ~0.3 A. This correlation can be explained by Badger’s
rule, which is an empirical rule correlating bond length with stretching vibrations. The
extracted Badger’s rule constants from this work are also similar to the ones reported for Fe—
O(H) of heme containing systems.[44]

The results described in this study demonstrate the sensitivity of NRVS to probe the
properties of Fe—O(H) units within varied secondary coordination spheres. Through a series
of synthetic complexes that span Fe!!'—oxido and Fe!!'-hydroxido cores, our work revealed
effects of protonation and a single H-bond on the Fe!''-oxido interaction. Protonation of the
oxido ligand in [Fe""{Hsbuea}(0)]? to form [Fe!!'{H3buea}(OH)]~ cause a 183 cm~! red
shift in energy of the 1{Fe-O]. The Fe—oxido bond character was partially restored by
changing the cavity architecture to include a lone H-bond acceptor. With the hydroxido
ligand now also serving as a H-bond donor, higher Fe—O(H) vibration energies were
observed. For instance, [Fe-O(H)] is only red shifted by 66 cm™1 for [Fe!!'{H,bupa}(OH)]~
relative to that for [Fe!''/{Hsbuea}(0)]?". The interplay between an Fe~OH...X H-bond and
[Fe-0] was further illustrated in the trend observed for the three Fe!''—-OH, in which a
stronger H-bond correlated with a higher Fe—O vibrational frequency. H-bonding
interactions in Fe!l'-hydroxido complexes can affect chemical transformations that include
C-H bond functionalization by high valent Fe!V—oxido intermediates. One factor governing
this reactivity is the O-H bond dissociation energy of the Fe!ll-hydroxido intermediates.[4°]
The stability of the O—H bond acts as a driving force in C—H bond cleavage. The
spectroscopic results presented here provide a quantitative measurement of the modulation
of Fe—O bonding and incipient Fe—~OH...X H-bond formation and thereby provide a basis
from which to understand the stability of O—H bonds in Fe!!'-OH species. This information
in turn can be used to model the reactivity of different complexes involving Fe!V—oxido units
and substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
5TFe PVDOS spectra of [Fe!''{Hsbuea}(0)]? and the vibrational mode assignments. (a): the

experimental derived (upper trace) and the DFT predicted (lower trace) spectra; (b): the
selected mode pictures and the corresponding irreducible representations from a Cs,,
OFe(X3)(YZ3) molecule calculated by DFT (see Figure S7).
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Figure 3.

57Fe PVDOS spectra (black traces) of (a) [Fe!''{Hsbuea}(OH))]~, (b) [Fe'"'{H,pout}(OH)]",
(c) [Fe"{H3bupa}(OH))]-, (d) [Fe''{H3buea}(0)]%, and (e) [Fe'V{H3buea}(0)]~. The
spectra measured on the corresponding 10-atom labelled samples are shown with grey dash

lines. The spectral features correspond to 1{Fe-O(H)] are indicated.
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The correlation plot between the Fe—O(H) bond length and its stretching frequency. The data

points belong to different complexes are indicated in the figure. The experimentally and
DFT obtained data points are shown in circles and squares, respectively. The black curve

represents a fit to the DFT derived data using Badger’s rule with the expression shown in the

figure. The constants used for this fit are: Greo(H) = 56.692, dreo(H) = 1.038.
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