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Abstract
We have prepared and thoroughly characterized, using X-ray crystallographic, spectroscopic, and
computational methods, the diazide adduct of [FeIII(dapsox)(H2O)2]1+ [dapsox=2,6-
diacetylpyridinebis(semioxamazide)] (1), alow-molecular weight, functional analogue of iron
superoxide dismutase (FeSOD). The X-ray crystal structure of the dimeric form of 1,
(Na[FeIII(dapsox)(N3)2] DMF)2 (2) shows two axially coordinated, symmetry inequivalent azides
with differing Fe–N3 bond lengths and Fe–N–N2 bond angles. This inequivalence of the azide
ligands likely reflects the presence of an inter-dimer H-bonding interaction between a dapsox NH
group and the coordinated nitrogen of one of the two azide ligands. Resonance Raman (rR) data
obtained for frozen aqueous solution and solid-state samples of 2 indicate that the azides remain
inequivalent in solution, suggesting that one of the azide ligands of 1 engages in an intermolecular
hydrogen bonding interaction with a water molecule. Density functional theory (DFT) and time-
dependent DFT calculations have been used to study two different computational models of 1, one
using coordinates taken from the X-ray crystal structure of 2, and the other generated via DFT
geometry optimization. An evaluation of these models on the basis of electronic absorption,
magnetic circular dichroism, and rR data indicates that the crystal structure based model provides
a more accurate electronic structure description of 1, providing further support for the proposed
intermolecular hydrogen bonding of 1 in the solid state and in solution. An analysis of the
experimentally validated DFT results for this model reveals that the azides have both σ- and π-
bonding interactions with the FeIII center and that more negative charge is located on the Fe-
bound, rather than on the terminal, nitrogen atom of each azide. These observations are
reminiscent of the results previously reported for the azide adduct of FeSOD and provide clues
regarding the origin the high catalytic activity of Fe-dapsox for superoxide disproportionation.

Introduction
As a result of its ability to generate a wide variety of reactive oxygen and nitrogen species
(ROS and RNS), the accumulation of the superoxide radical anion  poses a significant
threat to aero-tolerant organisms due to the devastating reactions of ROS and RNS with a
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wide variety of biological macromolecules, including DNA, proteins, and the cellular lipid
bilayers.1,2 To help prevent the formation of ROS and RNS, these organisms produce
enzymes called superoxide dismutases (SODs) that catalyze the disproportionation of two
equivalents of superoxide and two protons to O2 and H2O2.1,3,4 While several distinct
classes of SODs are known, each differs with respect to their metal cofactor(s) (i.e., Cu/Zn-,
Fe-, Mn-, and NiSODs). However, all SODs use ping-pong type mechanisms for 
disproportionation, in which the metal center cycles between two oxidation states (see eqs.
1a and 1b).1,3–7

(1a)

(1b)

Though distinct from the Cu/Zn- and NiSODs, Fe- and Mn-containing SODs are structurally
homologous, possessing virtually identical protein folds and active site structures.6,8–11 In
each enzyme, the metal ion resides in a trigonal bipyramidal ligand environment with one
aspartate and two histidines in the equatorial plane, and a third histidine residue and a
solvent molecule, which is OH− in the oxidized (MIII) state and H2O in the reduced (MII)
state, in the axial positions.12 Elevated cellular levels of superoxide have been implicated in
a variety of diseases, including several inflammatory disorders, familial amyotrophic lateral
sclerosis, Parkinson’s disease, and Alzheimer’s disease.13–16 Consequently, there is a
significant interest in the discovery and optimization of synthetic, low molecular weight,
functional analogues of SOD enzymes. One of the more promising enzyme mimics has been
developed by Ivanović-Burmazović and co-workers, based on the so-called dapsox ligand
[dapsox=2,6-diacetylpyridinebis(semioxamazide)].17,18 Dap-sox is a rigid acyclic dianion
that will ligate to a metal in a roughly planar, pentachelate fashion; with the additional
ligation of two axial molecules this yields a heptacoordinate, pseudo-pentagonal bipyramidal
metal complex.18 Previous studies have shown that Fe(dapsox) catalyzes 
disproportionation at a rate approaching that of FeSOD to within about an order of
magnitude.18 On the basis of our combined spectroscopic and computational studies of
[FeIII(dapsox) (H2O)2]1+ (see Figure 1) and [FeII(H2dapsox)(H2O)2]2+, we have recently
proposed a two-pronged mechanism in which a combination of a proton uptake coupled to
FeIII ion reduction and π-backbonding in the FeII state are employed by the dapsox ligand to
properly tune the FeIII/II redox potential for catalytic activity.19

To probe further the molecular mechanism employed by Fe(dapsox) for superoxide
dismutation, it would be desirable to trap and characterize the actual catalytic intermediates.
Unfortunately, the high turnover rate (kcat ∼ 107M−1 s−1)18 prevents the trapping of such
species. However, it possible to employ the same approach used in the study of the SOD
enzymes, which is to probe the enzyme’s interactions with an appropriate substrate
analogue. In the case of SOD, the azide  ion is a commonly used analogue, as it
possesses the same charge and similar frontier orbitals as  6,9,20–28

Hence, to gain additional insight into the mechanism of catalytic superoxide
disproportionation by Fe(dapsox), we have prepared the azide adduct of [FeIII(dapsox)
(H2O)2]1+, and examined the geometric structure of its solid-state dimer, (Na[FeIII(dapsox)
(N3)2] DMF)2 (2) using X-ray crystallography. The electronic structure of the anionic
complex, [FeIII(dapsox)(N3)2]1− (1), was probed with electronic absorption (Abs), magnetic
circular dichroism (MCD), and resonance Raman (rR) spectroscopies. Additionally, we
carried out density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations
to generate an experimentally validated bonding description for 1. The results obtained in
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these studies provide detailed insight into the substrate analogue/FeIII(dapsox) interactions
and reveal some interesting similarities between 1 and the azide adduct of FeIIISOD (N3-
FeIIISOD).27,29

Experimental
Synthesis and Materials

Oxamic hydrazide was obtained from TCI America (Portland, OR) , while all other reagents
including 1 – 15N isotopically labeled sodium azide (98%) were obtained from Sigma-
Aldrich (St. Louis, MO). All reagents were used as received unless otherwise noted.
Electrospray ionization mass spectrometry (ESI-MS) data were obtained using a Waters
(Micromass) LCT spectrometer equipped a time-of-flight analyzer. IR spectra were taken on
a Bruker TENSOR 27 using ATR techniques.

[FeIII(dapsox)(H2O)2]NO3—[FeIII(dapsox)(H2O)2]NO3 was synthesized as previously
reported 19 with the exception that the product was not purified by recrystallization prior to
the reaction with NaN3.

[FeIII (dapsox)(N3)2]1− (1)—550 mg (1.13 mmol) of [FeIII(dapsox)(H2O)2]NO3 was
dissolved in 10 mL DMF and 735 mg (11.3 mmol) NaN3 was added to yield a dark red
solution. The solution was then filtered and the product isolated by addition of Et2O until a
dark red microcrystalline material was formed. Yield: 421 mg (79%). ESI-MS: m/z = 441
[M −(N3)2 +MeO +Na]+. IR (ATR, cm−1): 3443 (w), 3330 (w), 2051 [vs (N3)], 1698 (vs),
1615 (m), 1589 (w), 1564 (s), 1551 (s), 1518 (m), 1371 (w), 1296 (s), 1206 [w (N3)], 1150
(w), 1023 (w), 813 (w). Red block crystals suitable for crystallographic analysis were
obtained by four rounds of crystallization by vapor diffusion of Et2O into a concentrated
DMF solution of 1.

X-ray Crystallography
X-ray Crystal Structure Data—X-ray crystallographic data for (Na[FeIII(dapsox)(N3)2] ·
DMF)2 (2) were collected at 100 K using a Bruker SMART APEXII diffractometer with Cu
Kα (λ = 1.54178 Å) radiation. The full sphere data collection routine was employed to
survey the reciprocal space to the extent of a full sphere to a resolution of 0.82 Å. A total of
21682 data points were harvested by collecting 22 sets of frames with 0.7° scans in ω with
an exposure time of 3,5, or 10 sec per frame. These highly redundant data sets were
corrected for Lorentz and polarization effects. The absorption correction was based on
fitting a function to the empirical transmission surface as sampled by multiple equivalent
measurements.30 A successful solution by direct methods provided most non-hydrogen
atoms from the E-map. The remaining non-hydrogen atoms were located in an alternating
series of least-squares cycles and difference Fourier maps. Standard uncertainties of the
bond distances and angles were computed from the variance-covariance matrix obtained for
the structure refined to convergence with the least-squares method. All non-hydrogen atoms
were refined with anisotropic displacement coefficients. All hydrogen atoms were included
in the structure factor calculation at idealized positions and were allowed to ride on the
neighboring atoms with relative isotropic displacement coefficients. Relevant
crystallographic data are summarized in Table 1 and selected bond distances and angles are
listed in Table 2. Complete crystallographic information is provided as Supporting
Information in CIF format.

Spectroscopy
Electronic Absorption (Abs) and Magnetic Circular Dichroism (MCD) Data—
Room temperature Abs spectra were collected using a Varian Cary 5e spectrophotometer
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while low temperature Abs and MCD spectra were obtained with a JASCO J-715
spectropolarimeter in conjunction with an Oxford Instruments SM-4000 8 T
superconducting magnetocryostat. Circular dichroism and glass-strain contributions to the
MCD spectra were removed by subtracting the −7 T data from the +7 T data. All data were
collected from either solution samples dissolved in 20:80 (v/v) 100 mM phosphate buffer,
pH 2:glycerol or from solid-state mulls prepared by grinding solid 2 and adding
polydimethylsiloxane.

Resonance Raman (rR) Data—Samples for rR spectroscopy were prepared as either an
∼18 mM solution of 1 in 100 mM phosphate buffer, pH 2 or as a powdered solid by
grinding a sample of 2 with an excess of KBr, and were immediately frozen in liquid N2. rR
data were obtained at 77 K upon excitation with an Ar+ ion laser (Coherent I-90) with ∼40–
60 mW of laser power at the sample, using a ∼135° backscattering arrangement. The
scattered light was dispersed with an Acton Research triple monochromator (equipped with
300, 1200, and 2400 grooves/mm gratings) and analyzed with a Princeton Instruments Spec
X: 100BR deep-depletion, back-thinned CCD detector.

Computations
Geometry Optimizations—The ORCA 2.9.1 software package developed by Dr. Frank
Neese31 was used to perform spin-unrestricted density functional theory (DFT) single-point
calculations and geometry optimizations for 1 starting from coordinates taken from the X-
ray crystal structure of 2. On the basis of the spectroscopic data obtained in this work, 1 was
described as a high-spin (S=5/2), FeIII complex. The calculations were performed with
Becke’s three-parameter hybrid functional for exchange32,33 and the Lee-Yang-Parr
functional for correlation (B3LYP)34 and an integration grid of size 4 (302 Lebedev points).
The polarized split-valence SV(P) basis set35 and the SV/C auxiliary basis set36 were used
for all atoms except for the Fe ion and the ligating nitrogen and oxygen atoms, for which
Ahlrich’s polarized-triple-ζ-valence (TZVP) basis set37 with one polarization function was
employed. The geometry-optimized coordinates for the two computational models of 1
described in the text are provided in Tables S1 and S3.

Time Dependent DFT (TD-DFT)—TD-DFT calculations within the Tamm-Dancoff
approximation38,39 were also performed with the ORCA 2.9.1 software package31 on both
the geometry-optimized and the X-ray crystal structure based models of 1 using the same
basis sets and functionals as for the single-point and geometry-optimization calculations. A
total of 50 excited states were constructed from all MOs within ±3 hartree of the highest
occupied molecular orbital (HOMO)/lowest unoccupied molecular orbital (LUMO) energy
gap. The TD-DFT results were used to simulate Abs spectra assuming that each electronic
transition gives rise to a Gaussian band with a full width at half-maximum of 3330 cm−1, a
value that was chosen on the basis of our spectral analysis of the experimental data.
Isosurface plots of the molecular orbitals (MOs) and electron density difference maps
(EDDMs) were generated using the PyMol program with isodensity values of 0.05 au and
0.003 au, respectively40

Frequency Calculations—Vibrational frequencies as well as the IR and normal Raman
intensities were calculated with the Gaussian ‘09 software package41 using same geometries,
basis sets, and functionals as for the TD-DFT calculation. These results were used to
construct Raman spectra by assuming that each vibrational transition gives rise to a
Gaussian band with a full width at half-maximum of 13 cm−1.
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Results
Experimental Studies

Crystal Structure—The 0.83 Å resolution X-ray crystal structure of (Na[FeIII(dapsox)
(N3)2] · DMF)2 (2) reveals a dimer of pentagonal bipyramidal complexes, where in each the
dapsox ligand coordinates equatorially in a pentachelate fashion and two azide ions
coordinate axially (Figure 2). The unit cell also contains a Na+ counter-ion located between
the two “arms” of the dapsox lig-and, where it forms favorable polar contacts with the four
carbonyl oxygens, and a DMF solvent molecule disordered over two positions, with the
major component present 81.4(3)% of the time. The two [FeIII(dapsox) (N3)2]1− (1) units
have identical geometries as a result of the dimer occupying a crystallographic inversion
center. The dapsox ligand adopts a fairly planar configuration around the FeIII center with
the five ligating atoms having a mean deviation from planarity of 0.054 Å and the central
FeIII ion being 0.0251(6) Å displaced from this plane. Additionally, the sum of the four
chelate angles and the O1–Fe1–O3 angle (Table 2) for the dapsox ligand is 360.19°, close to
the ideal value of 360° for a planar structure.

The two azides complete the pseudo-pentagonal bipyramidal geometry around the central
iron ion with a close to linear N8 – Fe1 – N11 bond angle of 175.84(5)° and a N9-N8-N11-
N12 torsion angle of 73.529(6)°. They are symmetry inequivalent and bind to the iron center
in a bent manner with Fe–N–N2 bond angles of 119.02(10)° and 121.08(11)°. Further
highlighting the inequivalence of these azides are the Fe –N3 bond lengths of 2.0531(13) Å
and 2.0990(13) Å. The distinct nature of the two aizde ligands likely reflects the presence of
an inter-dimer H-bonding interaction between the H(N7) group of one molecule of 2 and the
N8 (azide) of an adjacent molecule of 2 (the H(N7)…N8 and N7…N8 distances in the
refined structure are 2.300 and 3.151 Å, respectively). This hydrogen bonding interaction
would be expected to weaken, and thus lengthen, the Fe-N8 bond relative to the Fe–N11
bond, which is indeed observed experimentally (bond distances of 2.099 and 2.053 Å,
respectively).

Abs and MCD Spectra—The room temperature (RT) Abs spectrum of 1 (Figure 3, top)
exhibits a prominent band centered at 31 500 cm−1 (ε ≈ 20000M−1 cm−1) and a more
intense feature peaking at > 40000 cm−1 (ε ≥ 25 000M−1 cm−1) as well as two shoulders
located at 25 000 cm−1 (ε ≈ 5000 M−1 cm−1) and 34 700 cm−1 (ε ≈ 18 800 M−1 cm−1). In
the corresponding 4.5 K, frozen solution MCD spectrum (Figure 3, bottom), four broad
bands with alternating signs are observed at ∼ 17 300, 24 500, 31 600, and 37 200 cm−1.
The intensities of these bands are temperature dependent (Supporting Information, Figure
S1), indicating that the corresponding transitions gain MCD intensity via a C-term
mechanism, as expected for a paramagnetic species like 1. To resolve the individual
transitions contributing to the Abs and MCD spectra, these data were iteratively fit with the
minimum acceptable number of Gaussian bands of constant width. Good agreement between
the experimental and simulated spectra over the entire 11000–40 000 cm−1 range was
achieved with 10 Gaussian bands (Figure 3 and Table 3). The low C/D ratios42 associated
with the features observed in the Abs and MCD spectra indicate that the corresponding
transitions have primarily ligand-to-metal charge transfer (LMCT) character. Specific
spectral assignments are provided below.

rR Spectroscopy—On the basis of our previous study of N3-FeIIISOD,27 a single azide
that is terminally bound to an iron atom will give rise to three characteristic rR features.
These features are the Fe–Nazide stretch (v(Fe–N3)) located around 370 cm−1, the symmetric
intra-azide stretch  at ∼1350 cm−1, and the asymmetric intra-azide stretch

 near 2050 cm−1. Alternatively, a detailed characterization of a synthetic FeIII
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complex possessing two symmetry in-equivalent, cis-bound azides revealed two pairs of
azide related rR features centered ∼375 and 2060 cm−1.43 These features were assigned as
the v(Fe–N3) and  modes associated with the two azides. Notably, no features
associated with the  mode were observed.

In the frozen-solution rR spectrum of 1 obtained with 20 490 cm−1 (488 nm) laser
excitation, four features are observed that are sensitive to 1–15 N isotopic substitution of the
coordinated azide ligands (Figure 4 and Table 5). The feature centered at 331 cm−1 is
attributed to the v(Fe–N3) mode involving the coupled motion of the two azides, while the
feature centered at 1210 cm−1 is attributed to the in-phase  motion of the azides
ligands. The remaining features at 2035 and 2055 cm−1 are assigned to the individual

 stretches of the two azide ligands. Examination of the rR spectrum of a solid-state
sample of 2 obtained under the same conditions shows four analogous features (Supporting
Information, Figure S5), indicating that the geometry of this complex in the solid state is
preserved in solution. Additionally, rR spectra obtained with both lower and higher laser
excitation energies (19 460 and 21 830 cm−1, respectively) show that the intensity ratio for
the pair of features near 2050 cm−1 remains constant as a function of excitation energy
(Supporting Information, Figures S3 and S4). It can thus be concluded that these features
arise from independent  stretches associated with two distinct azide ligands rather
than from in-phase and out-of-phase combinations of the coupled vibrations, as in the latter
scenario the in-phase combination would be preferentially resonance enhanced44 and as
such the intensity ratio of the 2035/2055 cm−1 features would change as a function of
excitation energy used in the rR experiment.

Computational Studies
Computational Models—To assign the observed Abs and MCD features and to obtain a
quantitative bonding description for 1, electronic structure calculations were performed
using two different models. The first model (1xtal) was constructed using the coordinates for
one of the [FeIII(dapsox)(N3)2]1− units from the X-ray crystal structure of 2, while the
second (1opt) was obtained by a DFT geometry optimization of 1xtal. As seen in Table 4, the
geometry-optimized model differs from the crystallographically determined structure in two
important ways: (i) the Fe–N/O(dapsox) bond lengths are significantly elongated (by up to
0.13 Å) compared to those in the crystal structure and (ii) the two axial azides have become
symmetry equivalent with identical Fe–N3 bond lengths (2.04 Å) and Fe–N–N2 bond angles
(129.4°). Because of these differences, the computed ground-state and excited-state
properties of both models will be presented below.

Calculated MO Diagrams—Spin-unrestricted single point DFT calculations were carried
out to compute the MO energies and compositions of 1xtal and 1opt. Due to their reduced
exchange-stabilization, the unoccupied Fe 3d-based spin-down MOs are higher in energy
than their occupied spin-up counterparts45 and, consequently, less strongly mixed with the
ligand frontier orbitals. Therefore, for ease of analysis, only the spin-down MOs will be
discussed here.

The splitting pattern of the unoccupied Fe 3d–based spin-down MOs of either model is as
expected for a complex with approximate D5h symmetry (Figure 5). Lowest in energy are
the Fe 3dyz (118b) and 3dxz (120b and 119b in 1xtal and 1opt, respectively) based MOs,
followed by the Fe 3dx2−y2 (122b) and 3dxy (123b) based MOs and, highest in energy, the
Fe 3dz2 based MO (124b). Notably, the splitting of the Fe 3d–based spin-down MOs is
significantly smaller in 1opt than in 1xtal. This difference reflects the weaker Fe – dapsox
antibonding interactions in 1opt as a result of the significantly larger average Fe – N/
O(dapsox) bond length in this model.
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As expected from the different orientations of the axial ligands in 1xtal and 1opt, the azide
based MOs are significantly altered between the two computational models studied. Each
azide ligand has two πnb orbitals, one of which is oriented in-plane (ip) and the other out-of-
plane (op) with respect to the Fe–N3 plane. In 1xtal, the two azides are geometrically
inequivalent and, as such, the calculated MO diagram (Figure 5) shows two sets of azide
based, Fe – N3 σ- and π-bonding MOs (MOs 114b/116b and MOs 115b/117b for the upper
and lower azides, respectively). Alternatively, in 1opt the azides have reoriented so as to
become geometrically equivalent. Thus, both azide ligands now contribute equally to the
frontier MOs; that is, the πnb (ip) and πnb (op) orbitals on the two azide are coupled either
symmetrically or antisymmeterically with respect to reflection about the equatorial pseudo-
mirror plane. This results in four frontier MOs of 1opt having significant azide character: the
strongly Fe–N3 σ-bonding and symmetric πnb (ip) based MO 114b, the weakly Fe–N3 π-
bonding and antisymmetric πnb (ip) based MO 115b, the strongly Fe–N3 π-bonding and
antisymmetric πnb (op) based MO 116b, and the non-bonding, symmetric πnb (op) based
MO 117b (Figure 5).

Calculated Electronic Absorption Spectra—To calculate the electronic transition
energies and Abs intensities for 1xtal and 1opt, TD-DFT computations were performed. In
each case, the calculated Abs spectrum is in good agreement with the experimental spectrum
(Figure 6). The nature of the calculated electronic transitions (e.g. ligand field, LMCT, or π
→ π*) was determined on the basis of electron density difference maps (EDDMs), which
provide visual representations of how the electron density changes between the ground and
excited states during an electronic transition. The EDDMs for the relevant transitions
(identified by Roman numerals I-IV) corresponding to experimental bands 2, 3, 5, and 6, are
shown in Figure 7. Examination of these plots reveals that the low energy features in the
computed Abs spectra are due to charge transfer (CT) transitions that are primarily

 in nature. Alternatively, the transitions associated with the higher-energy bands
have predominant dapsox2− → FeIII CT character. These computational predictions are
consistent with the fact that the occupied MOs with significant azide character are higher in
energy than those derived from the dapsox ligand (Figure 5).

While the TD-DFT calculated Abs spectra for both models appear quite similar to each other
and, as a whole, are in good agreement with the experimental data, a closer examination of
the computational results reveals some interesting differences. First, a comparison of the
EDDMs for the low-energy transitions I-III (Figure 7) indicates that the compositions of
these transitions vary significantly depending on which model is used. As expected from the
geometric and electronic equivalencies of the axial ligands in 1opt, transitions I-III are
predicted to involve near-equal charge transfer from both of the azides to the FeIII center.
Alternatively, for 1xtal these transitions have distinct contributions from the azides. Second,
by comparing the high-energy region of the computed spectra (above 30 000 cm−1) it is
apparent that the results for 1opt are in better agreement with the experimental data.
Examination of the EDDMs for both models (Figure 7) reveals that transitions III and IV are
mostly dapsox2− → FeIII CT in nature. However, in the case of 1xtal, they additionally
contain a substantial amount of π → π* character. This finding, combined with the general
lack of pure π → π* excitations at higher energy, indicates that the energy splitting of the
the dapsox2− π and π* orbitals is somewhat underestimated in 1xtal.

Calculated Raman Spectra—To aid in the interpretation of the experimental rR spectra
of 1 and to further evaluate our computational models, additional DFT computations were
performed to predict the Raman spectra of 1xtal and 1opt. As shown in Figure 8 and Table 5,
both models reproduce the experimentally observed frequencies and isotopic shifts upon 14N
→15 N substitution of the Fe-bound N atoms of the azides quite well for the v(Fe – N3)
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vibration, but to a lesser degree for the  vibration. Because of the different
orientations of the azide ligands in 1opt and 1xtal, the computed Raman spectra in the region
of the  vibration are significantly different. For 1opt, two distinct  based
features are predicted; however, they are separated by only 6 cm−1 while the experimental
splitting is 20 cm−1. Additionally, the lower energy feature is much less intense than the
higher energy one, with an intensity ratio of ∼1:5 versus ∼1:2 determined experimentally
Finally, due to the symmetry equivalence of the two azides in 1opt, the lower and higher
energy vibrations correspond to, respectively, the out-of-phase and in-phase combinations of
the individual  stretches of the two azides. Since only the in-phase combination is
totally symmetric (as confirmed by the calculated depolarization ratios of 0.75 versus 0.32
for the lower and higher energy vibrations, respectively), the higher energy feature should be
strongly enhanced in the rR spectrum over the lower energy one,44 an effect not observed
experimentally (vide supra). In comparison with 1opt, the results obtained from the Raman
calculation for 1xtal agree much better with the experimental data. Again, two 
stretches are calculated; however, the frequency difference of 29cm−1 and intensity ratio of
∼1:3 are much closer to the experimental values. Because in 1xtal the azides are symmetry
inequivalent, each of the two calculated  vibrations is associated with only one of

the azides. For this reason, along with the fact that the  charge transfer transitions
for both azides have comparable energies (Figure 6), neither vibration would be
preferentially resonance enhanced over the other, and thus, the relative rR intensities of the
corresponding features should not vary substantially as a function of excitation energy. This
prediction is consistent with the experimental results obtained for 1 (vide supra).

Effect of Intermolecular Hydrogen Bonding—As mentioned above, the inequivalence
of the two azide ligands in the X-ray crystal structure of 2 likely reflects the presence of an
inter-dimer hydrogen bonding interaction between the H(N7) group of dapsox of one
monomeric complex 1 and the azide nitrogen N8 of another monomer. On the basis of our
analysis of the MCD and rR spectra of frozen-solution samples of 2 within the framework of
DFT calculations, we conclude that this inequivalence persists in solution. To evaluate the
possibility that in aqueous solution N8 accepts a hydrogen bond from a water molecule, we
performed an additional DFT geometry optimization for a model of 1 containing an outer-
sphere water molecule (1opt ·H2O) that was originally placed at an N8…H(OH) distance of
2.30 Å (corresponding to the H(N7)…N8 distance in the X-ray crystal structure of 2).
During the geometry optimization, the N8…H(OH) distance decreased to 2.02 Å, signifying
a relatively strong hydrogen bonding interaction. Importantly, as summarized in Table 4, the
presence of this hydrogen bond in the optimized 1opt⋅H2O model causes the two azide lig-
ands to become inequivalent, with Fe–N3 bond lengths of 2.031 and 2.075Å (vs. 2.053 and
2.099 Å in 1xtal) and Fe–N–N2 bond angles of 129.9° and 126.4° (vs. 121.1° and 119.0° in
1xtal). Thus, the differences in Fe–N3 bond lengths and Fe–N–N2 bond angles observed
experimentally for 1 are well reproduced in 1opt⋅H2O, lending strong support to the
hypothesis that an intermolecular hydrogen bonding interaction is largely responsible for the
inequivalence of the azide ligands in the solid-state structure and aqueous solutions of 2.

Discussion
As elevated cellular levels of superoxide have been implicated in a variety of diseases,13–16

the development and optimization of functional SOD mimics has recently attracted
significant research interest. To improve the existing SOD mimics, it would be desirable to
have a detailed knowledge of their catalytic mechanisms. However, the most promising
mimics react so rapidly with  that the reaction intermediates are too short lived to be
trapped and characterized. As a resort, it is useful to study the interaction of SOD mimics
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with substrate analogues, such as the azide ion. In this study we have determined the first X-
ray crystal structure of the azide adduct of one promising small molecule functional mimic
of FeSOD, (Na[FeIII(dapsox)(N3)2] · DMF)2 (2). The structure of 2 reveals that upon
addition of NaN3 to a solution of [FeIII(dapsox)(H2O)2]1+, both of the axial solvent ligands
are replaced by azide ions, while the dapsox ligand remains coordinated in a planar,
pentachelate fashion. The presence of a single sodium ion per monomeric complex 1
indicates that the dapsox ligand is doubly deprotonated, as in the case of [FeIII (dapsox)
(H2O)2]1+.18,46 Interestingly, the two axial azides of 1 are inequivalent, with differing Fe –
N – N2 bond angles and Fe – N3 bond lengths. Presumably, this inequivalence reflects the
presences of an inter-dimer hydrogen bonding interaction involving one of the coordinated
azide nitrogens, as described in the Results section.

Evaluation of our Computational Models
In the course of our studies of 1, two different computational models were considered;
namely, the geometry-optimized 1opt and the crystal structure based 1xtal. These models
differ in two significant ways: (i) 1opt features weaker Fe – N/O(dapsox) bonding
interactions, as indicated by the increased bond lengths, and (ii) the axial azides in 1opt are
symmetry equivalent and bound in a more linear fashion, with increased Fe – N – N2 bond
angles of 129° vs 119° and 121° in 1xtal. An examination of the TD-DFT predicted Abs
spectra reveals that both models accurately reproduce the energies and intensities of the

 and dapsox2− → FeIII CT transitions, though the energies of the dapsox2− π →
π* transitions are somewhat underestimated with the 1xtal model. However, the calculated
Raman spectrum for 1xtal is in much better agreement with the experimental results than that
obtained with 1opt (see Results section).

As a major goal of this study was to obtain quantitative insight into the Fe – N3 bonding
interactions in 1, the best suited computational model to consider is the one that best
reproduces all of the spectral signatures of the diazide-FeIII unit. While both models

successfully predict the energies and intensities of the  CT transitions, only 1xtal
adequately reproduces the experimentally observed rR behavior for the Vas(N3) vibrations of
1. The use of the crystal structure based model is further justified by the fact that our
experimental MCD and, in particular, rR spectra are relatively unchanged when collected
using either frozen solution or solid-state samples (cf. Figures 3 and S2 for the MCD spectra
and Figures 4 and S5 for the rR spectra). On the basis of these considerations, we propose
that the inequivalence of the two azide ligands revealed by the crystal structure of 2 persists
in aqueous solution. In support of this proposal, the differences in Fe–N3 bond lengths and
Fe–N–N2 bond angles observed experimentally are well reproduced in the optimized model
1opt ⋅ H2O, which features an outer-sphere water molecule at an N8…H(OH) distance of
2.02 Å (see Table 4).

Nature of Fe – N3 Bonding in 1 and Related Species
As the two πnb orbitals on each azide of 1 are oriented either in-plane (ip) or out-of-plane
(op) with regards to Fe–N3 plane, they engage in distinct bonding interactions with the FeIII

ion. Specifically, the πnb (ip) orbitals have significant overlap with the Fe-3dz2 orbital,
leading to strong σ-bonding interactions, while the πnb (op) or-bitals are able to interact with
Fe-3d based orbitals in a π -bonding fashion. This pattern of both strong σ- and π -bonding,
due to the end-on, bent coordination geometry of the azide ligands, is consistent with the
FeIII – N3 bonding description established previously for N3-FeIIISOD.27,29 The two Fe–N3
bonds in 1 are quite similar in terms of both their natures and strengths, which is quite
different from what we found in a previous study of another diazide iron(III) complex with
an FeSOD-like coordination sphere.43 In this latter complex, the two azide ligands are
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located cis (as opposed to trans in 1) to each other and thus engage in distinct Fe – N3
bonding interactions, with differing Fe–N–N bond angles (123.7° and 132.8°) and Fe–N3
bond lengths (1.98 Å and 2.00 Å). These differences resulted in the energies of the πnb

based MOs for each azide to differ by ∼4000 cm−1, causing the appearance of two sets of

 CT transitions associated with the two distinct azides. As a result, in the rR
spectrum of this complex the two features arising from the individual v(Fe – N3) stretches of
each azide are preferentially resonance enhanced at different laser excitation energies.43

Implications for the Mechanism of SOD Catalysis
Consistent with the bonding description established for N3-FeIIISOD,27 our DFT results
suggest that in 1 the FeIII-bound nitrogen atom of each azide ion carries more negative
charge than the terminal nitrogen, as judged on the basis of a Loewdin atomic charge
analysis. The computational prediction of larger negative charges on the coordinated versus
terminal nitrogen atoms of the azide ligands is corroborated by the experimental observation
of an inter-dimer H(N7)…N8 hydrogen bonding interaction in the crystal structure of 2 (see
above). This prediction is also consistent with the composition of the Fe-3dz2 based spin-
down MO (see Figure 9). As this orbital is unoccupied, any contributions from the azide πnb

(ip) orbitals is due to delocalization of hole character from the FeIII center and reflects the

degree of  charge transfer within the azide πnb (ip) based, occupied MOs. In the
case of the Fe-3dz2 derived spin-down MO, it is the terminal nitrogen of each azide ligand
that provides the largest contribution, and thus donates the most charge to the FeIII center.
This charge distribution suggests that if superoxide binds in a similar manner as azide, as
expected, then (i) a large degree of electronic coupling will exist between  and FeIII,
thereby reducing the Frank-Condon barrier to electron transfer, and (ii) the proximal oxygen
will be activated towards protonation over the terminal one. Protonation of the proximal
oxygen would yield a significantly weaker Fe–hydroperoxide bond, thereby facilitating
product release. The combination of these two factors is likely to play a key role with
regards to the rapid reaction between [FeIII(dapsox)(H2O)2]1+ and superoxide. Notably, our
results also provide indirect experimental support for the inner-sphere mechanism of
disproportionation proposed previously in the literature.47

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structure of [FeIII(dapsox)(H2O)2]1+.

Gutman et al. Page 13

Inorg Chem. Author manuscript; available in PMC 2014 August 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Thermal ellipsoid representation (50% probability boundaries) of the X-ray crystal structure
of 2. All hydrogen atoms and the minor components of the disordered DMF molecule are
omitted for clarity. One of the two equivalent [FeIII(dapsox)(N3)2]1− (1) units is highlighted
in green.
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Figure 3.
RT Abs (top) and 4.5 K 7 T MCD (bottom) solution spectra of 1 (thick black lines).
Individual Gaussian bands are shown as thin dotted red lines and the simulated spectra are
shown as thick dashed red lines.
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Figure 4.
Frozen-solution rR spectra of 1 at 77 K obtained with 20 490 cm−1 (488 nm) laser
excitation. Spectra of 1 synthesized with natural abundance azide are shown in black while
spectra of 1 prepared with 15N terminally labeled azide are shown as dashed, red lines.
Selected regions are shown to highlight the four isotopically sensitive features arising from
the  stretches (top), the  stretch (middle), and the v(Fe–N3) stretch (bottom).
For ease of comparison the spectra have been normalized using the v(Fe–N3) peak.
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Figure 5.
Energy-level diagrams of the frontier spin-down MOs, as obtained from spin-unrestricted
DFT calculations on the geometry-optimized (1opt, left) and the crystal structure derived
(1xtal, right) models of 1. For ease of comparison the energies of all MOs have been shifted
so as to align the LUMOs. Isosurface plots of the unoccupied Fe 3d–based MOs and the
occupied azide based MOs are shown to the sides.
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Figure 6.
Experimental RT Abs spectrum of 1 (top) and TD-DFT computed Abs spectra for the 1opt
and 1xtal models (middle and bottom, respectively). Selected transitions in the
computational spectra are labeled with Roman numerals.
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Figure 7.
EDDMs for selected TD-DFT calculated electronic transitions of 1opt (left) and 1xtal(right).
White and green represent electron density loss and gain, respectively.
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Figure 8.
Selected regions of the DFT calculated Raman spectra for models 1opt and 1xtal (upper and
lower, respectively). Fe(N3) spectra are shown in black and the Fe(15NN2) spectra are
shown as red, dashed lines. The vertical sticks (black and red for Fe(N3) and Fe(15NN2) ,
respectively) depict the energies and intensities of individual vibrations.
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Figure 9.
Isosurface plot of the unoccupied Fe 3dz2 based spin-down MO (124b) of 1xtal.
Contributions from the Fe 3d and azide N 2s and 2p orbitals are indicated.

Gutman et al. Page 21

Inorg Chem. Author manuscript; available in PMC 2014 August 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gutman et al. Page 22

Table 1

X-Ray Crystallographic Data for (Na[FeIII(dapsox)(N3)2]·DMF)2 (2)

(Na[FeIII(dapsox)(N3)2]·DMF)2

Empirical formula C32H42Fe2N28Na2O10

Formula weight 1134.6

Temperature 100(1) K

Wavelength 1.54178 Å

Crystal system Triclinic

Space group P1̄

Unit cell dimensions     a = 9.6720(9) Å α = 101.746(8)°

    b = 10.2084(9) Å β = 90.285(6)°

    c = 11.7514(10) Å γ = 91.305(6)°

Volume 1135.64(17) Å3

Z 1

dcalcd 1.659 Mg/m3

abs. coeff 6.082 mm−1

F(000) 582

Theta range 3.84 to 72.26°

Reflections collected 21682

Independent reflections 4252 [R(int) = 0.0250]

Resolution 0.83 Å

Goodness-of-fit (F2) 1.011

Final R indices [I>2σ(I)] R1 = 0.0251, wR2 = 0.0679

R indices (all data) R1 = 0.0256, wR2 = 0.0683

diff. peak and hole 0.551 and −0.373 e− Å−3
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Table 2

Selected Bond Lengths (Å) and Angles (deg) from the X-ray Crystal Structure of 2

Bond Lengths

Fe–O1 2.1092(10) Fe–O3 2.0521(10)

Fe–N3 2.1648(12) Fe–N11 2.0531(13)

Fe–N4 2.1776(12) Fe–N8 2.0990(13)

Fe–N5 2.1828(12)

Bond Angles

O1–Fe–N3 71.82(4) N8–Fe–O1 91.92(5)

N3–Fe–N4 70.76(5) N8–Fe–N3 86.66(5)

N4–Fe–N5 71.13(5) N8–Fe–N4 88.87(5)

N5–Fe–O3 71.93(4) N8–Fe–N5 90.07(5)

O3–Fe–O1 74.55(4) N8–Fe–O3 88.98(5)

N11–Fe–O1 90.59(5) N11–Fe–N8 175.84(5)

N11–Fe–N3 90.97(5) Fe–N11–N12 121.08(11)

N11–Fe–N4 87.11(5) Fe–N8–N9 119.02(10)

N11–Fe–N5 89.68(5) N11–N12–N13 178.10(17)

N11–Fe–O3 94.89(5) N8–N9–N10 179.68(17)
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Table 3

Spectral Parameters from the Iterative Fits of the Abs and MCD Data of 1

band E
(cm−1)

ε
(M−1 cm−1)

Δε
(M−1 cm−1)

C/D
Ratioa

1 17515 814 −31.7 0.037

2 20639 1401 14.0 0.010

3 23713 3033 71.0 0.022

4 26599 5216 51.6 0.009

5 29643 7178 35.4 0.004

6 31276 13132 −121.2 0.009

7 33224 8626 −38.5 0.004

8 34872 10425 109.0 0.010

9 37200 13207 388.3 0.028

10 40123 21716 150.4 0.007

a
C/D = (kT/βH)(Δε/ε) = 0.9576(Δε/ε) when H = 7.0T and T = 4.5K
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Table 4

Selected Geometric Parameters for the Different Computational Models of 1

X-ray
Crystal

Structure
1xtal

DFT
Optimized

1opt

DFT
Optimized
1opt·H2O

Bond Lengths Å

Fe–O1 2.109 2.121 2.149

Fe–N3 2.165 2.290 2.256

Fe–N4 2.178 2.305 2.295

Fe–N5 2.183 2.262 2.285

Fe–O3 2.052 2.151 2.101

Fe–N11 2.053 2.042 2.031

Fe–N8 2.099 2.041 2.075

Bond Angles (deg)

O1–Fe–N3 71.8 70.5 70.6

N3–Fe–N4 70.8 68.6 68.8

N4–Fe–N5 71.1 68.6 68.7

N5–Fe–O3 71.9 70.6 70.5

O3–Fe–O1 74.6 81.8 81.2

N11–Fe–N8 175.8 170.2 171.6

Fe–N11–N12 121.1 129.4 129.9

Fe–N8–N9 119.0 129.4 126.4

Torsion Angles (deg)

N9-N8-N11-N12 73.61 1.88 2.70
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