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ABSTRACT: The detoxification of nitric oxide (NO) by
bacterial NO reductase (NorBC) has gained much attention
as this reaction provides a paradigm as to how NO can be
detoxified anaerobically in cells. However, a clear mechanistic
picture of how the heme/non-heme active site of NorBC
activates NO is lacking, mostly as a result of insufficient knowl-
edge about the properties of the non-heme iron(I[)—NO
adduct. Here we report the first biomimetic model complexes
for this species that closely resemble the coordination environ-
ment found in the protein, using the ligands BMPA-Pr and TPA.
The systematic investigation of these compounds allowed us to
gain key insight into the electronic structure and geometric
properties of high-spin non-heme iron(Il)—NO adducts. In
particular, we show how small changes in the ligand environ-
ment of iron could be used by NorBC to greatly modulate the
properties, and hence, the reactivity of this species.

Nitric oxide (NO) is an important biomolecule that serves as
a signaling and immune defense agent in the human body,
and as an intermediate in denitrification. Importantly, since NO
is acutely toxic to cells," efficient mechanisms for the detoxifica-
tion of NO must be in place wherever NO is produced in order to
avoid cellular damage. One viable pathway is the reduction of NO
to less toxic N,O, as observed in denitrifying bacteria.> To
elucidate the biological pathways for control of NO levels in
cells, much research has been aimed at understanding one key
enzyme, bacterial NO reductase (NorBC).? This protein con-
tains a dinuclear active site with both a heme and a non-heme
(Fep) iron center in close proximity. In the first step of catalysis,
each ferrous iron center binds one molecule of NO,Zb but
the following steps remain elusive. The basic properties of the
ferrous heme—nitrosyl component of the active site are now well
understood.* To advance our knowledge of the mechanism of
NorBC, it is of critical importance to develop a better under-
standing of the properties of the non-heme Feg (1) ~NO adduct.
A recent crystal structure of NorBC has clarified the coordination
environment of the Fep site (Scheme 1) and provides a basis
for moving forward in this direction.” Here we report the first
close spectroscopic and structural model complexes for the
Fep(II)—NO center of NorBC and systematically elucidate the
factors that control the electronic structure, and hence, the
reactivity of this species.
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Scheme 1. Structural Comparison of the Fey Site within
NorBC (left) and the Model Complex 1-Cl (right)

Model complexes aimed at non-heme iron enzymes frequently
employ derivatives of the ligand tris(2-pyridylmethyl)amine
(TPA).® However, this ligand does not accurately model the
coordination environment of the Feg center of NorBC. We
therefore substituted one of the methylpyridyl arms of TPA with
a carboxylate group, yielding the biomimetic ligand N-propano-
ate-N,N-bis(2-pyridylmethyl)amine (BMPA-Pr). As shown in
the following, non-heme iron(II)~NO complexes with BMPA-
Pr and TPA show amazing versatility of both the complex
geometry and the properties of the bound NO unit as a function
of small alterations in the counterion and coligand. Synthesis of
the BMPA-Pr ligand was carried out via previously published
procedures.” Metal insertion by reaction with ferrous salts gave
yellow-orange complexes [Fe(BMPA-Pr)|X (X =Cl~, ClO, ™, T,
CF3SO; = OTf ) with characteristic absorption bands in
the 300—450 nm region [Figure S1 in the Supporting Infor-
mation (SI)]. The isolated iron complexes are EPR-silent in
accordance with their Fe(II) oxidation states. Addition of NO gas
generates brown complexes [Fe(BMPA-Pr)(NO)]X (1-X) that
show EPR activity (S = 3/,). [Fe(TPA)(CH;CN),](ClO,),
was synthesized similarly to published procedures,® and exposure
to NO gas then yielded [Fe(TPA)(CH;CN)(NO)](ClO,), (2).
Interestingly, the ferrous BMPA-Pr precursor complexes show
Fe(II)/Fe(Ill) redox potentials of 200—250 mV vs SHE in
CH;CN, which is very close to the value of 320 mV reported
for the Fey center of NorBC.>* In contrast, the redox potential of
the ferrous TPA complex is 860 mV in CH;CN,? indicating that
the carboxylate group in BMPA-Pr has a strong influence on the
properties of the resulting ferrous complexes. In aqueous media,
the Fe(Il)/Fe(Ill) couple for [Fe(BMPA-Pr)]X shifts to
potentials of ~500 mV vs SHE (Table 1). Besides the general
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Table 1. Comparison of Midpoint Potentials” for Selected
Non-Heme Iron Complexes and Nitrosyl Derivatives

Iron Complex Fe(II) /Fe(III)
[Fe(BMPA-Pr)]Cl 203/508
[Fe(BMPA-Pr)]ClO, 200/497
[Fe(BMPA-Pr)]OTf 242/513
[Fe(TPA)(CH;CN),](ClO,)," 860/ —

Nitrosyl Derivative Fe—NO oxidation* Fe—NO reduction

1-OTf 589/1292 —290/—366
1-ClO, 609/1323 —296/—386

“Values are given in mV vs SHE. The first value was obtained in CH;CN
solvent and the second in H,O. ®Data from ref 8. € As the oxidations of
1-OTf and 1-ClOy are irreversible, only the oxidation peaks are given.

effect of the solvent dielectric, we believe that this shift is also
related to hydrogen-bonding interactions of water with the
carboxylate group, which result in a “less anionic” BMPA-Pr ligand
and thus a more cationic Fe center [shifting the potential closer to
that seen for Fe(TPA) derivatives]. The nitrosyl complexes 1-OTf
and 1-ClO, show clear semireversible Fe—NO reductions and an
irreversible oxidation peak. Data obtained for 1-Cl and 2 show
multiple redox processes in water and require further study.
Elucidation of the exact coordination environment of the 1-X
complexes (X = Cl, OTf , ClO, ) was carried out by X-ray
crystallography. Excitingly, the refined structure of 1-Cl revealed
a geometry very similar to that of the non-heme Fey center of
NorBC® (Figure 1, left), in which the three histidine ligands form
a trigonal face and a carboxylate residue occupies a position trans
to one of the histidine rings. The model 1-Cl shows a nearly
identical coordination environment, with pyridine and amine
groups in the place of histidine. The NO and Cl ligands then
complete an octahedral geometry (Figure 1, left). 1-Cl shows a
bent Fe—N—O unit with an angle of 152° and Fe—NO and
N—O distances of 1.783 and 1.154 A, respectively. The strongly
coordinating Cl~ counterion remains bound upon NO addi-
tion and prevents coordination of solvent to the Fe center.
In comparison, crystals of both 1-ClO4 and 1-OTf show
the surprising propensity of these complexes to form unique metal-
lacrown’ hexamers (Figure 1, right). Here, the open coordination
site left by the noncoordinating counterion is not occupied by a
solvent molecule. Rather, the carboxylate group of each unit bridges
two adjacent iron centers, giving ring structures wherein all six NO
moieties point toward the center of the ring. The oxygen atoms of
the six NO ligands form an empty octahedron (volume ~ 20 A?).
The geometries of the individual {Fe(BMPA-Pr)(NO)} units also
differ from that seen in 1-CL. Whereas 1-ClI shows a trigonal-facial
arrangement of the N-donor groups of BMPA-Pr, 1-OTf and
1-ClO, show the alternative meridional binding mode (see
Figure 1). Density functional theory (DFT) calculations show
that the total energies of the facial and meridional isomers of
1-Cl differ by only ~3 kcal/mol, indicating that the BMPA-Pr
ligand can easily reorient its binding mode. The hexameric
metallacrowns 1-ClO,/1-OTf show average Fe—NO and
N—O bond distances of 1.72/1.76 A and 1.18/1.17 A, respectively,
and an average Fe—N—O angle of 152°/149°. Interestingly,
the bridging carboxylate groups in the hexameric structures show
equivalent Fe—O distances of ~2.07 A to both iron centers, which is
slightly longer than the Fe—O bond length of 2.02 A observed for
1-Cl. This strong Fe—OCO—Fe linkage causes the hexameric

(-

Figure 1. (left) Crystal structure of 1-Cl, which has a ligand arrange-
ment very close to that seen in the Fey center of NorBC. (right) Crystal
structure of 1-ClO4 showing an unexpected metallacrown hexamer. All
of the solvent molecules and H atoms have been omitted for clarity. A
complete list of geometric parameters is available in the SI.

structures to be quite robust. Our current data indicate that the
metallacrown is maintained even in solution. "’

EPR spectra were recorded for all of the nitrosyls 1-X and 2.
Both 1-Cl and 2 show typical S = 3/, signals at liquid He
temperatures with effective g values of ~4 and ~2 (Figure S3).
These data are in accordance with the well-established electronic
structure of non-heme ferrous nitrosyls, which show Fe(IlI)—NO
ground states where the high-spin (hs) Fe(IIl) and NO™ (S=1) are
antiferromagnetically coupled."' Interestingly, the solution EPR
spectra of the hexameric complexes 1-OTf and 1-ClO, show
evidence of weak electronic coupling between the {Fe(BMPA-Pr)-
(NO)} units (Figure S4), further indicating that these hexamers
remain intact in solution.

Vibrational spectroscopy was used to further characterize
the nature of the Fe—N—O unit in 1-X and 2. Importantly,
the IR spectra of the 1-X complexes show N—O stretching
frequencies which are significantly affected by small changes in
the coordination sphere. 1-Cl has the lowest energy N—O
stretch, V(N—0Q), at 1726 cm ™' (in the single crystal). Exchange
of chloride for iodide shifts (N—O) to 1769 cm ™. Noncoordi-
nating counterions such as ClO, and OTf further shift
»(N—O) to 1777 and 1784 cm™ ', respectively. The N—O
stretch of 1-1is somewhat intermediate, which could result either
from iodide being a weaker donor than chloride, or from the
formation of a metallacrown structure. Finally, replacing the
carboxylate in 1-X with another pyridine, as in 2, leads to an
N—O stretching frequency of 1810 cm™'. An important hall-
mark of ferrous non-heme nitrosyls is therefore the dramatic
tunability of the N—O bond strength, which results in an
impressive 84 cm ™' difference between the ¥(N—Q) values in
2 (1810 cm™ ") and 1-Cl (1726 cm ') as observed here."?
Consequently, the carboxylate ligand present in the Fey site of
NorBC seems to play an important role in tuning the reactivity of
the Feg—NO complex, and does not simply provide a stable
coordination sphere for iron as previously proposed.®

Determination of the Fe—NO stretching modes was challen-
ging as these vibrations are IR-silent and the complexes show
decomposition upon laser irradiation. Therefore, to probe the
iron-centered vibrations, Nuclear Resonance Vibrational Spec-
troscopy (NRVS) was employed.'* NRVS is ideally suited for this
purpose, as the spectral intensity of a vibration is proportional to
its amount of *’Fe motion with this technique. Through "N'*0
isotope labeling, the S’Fe—NO stretching vibrations in 1-Cl, 1-OTf,
and 2 were identified at 484, 495, and 502 cm ™’ respectively. While
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Figure 2. Overlay of the NRVS spectra of *’1-Cl containing natural-
abundance isotopes NO and "*N'®0. The large isotope-sensitive band
at 484 cm ™' is assigned to v(Fe—NO).

analysis of the NRVS data for both *"1-Cl (Figure 2) and 571-
OTfis straightforward, °”2 shows a split >’Fe—NO stretch at 495
and 509 cm ™. In view of this, we tentatively assign the “pure”
vibration to the average position of ~502 cm™ . Figure 3 shows a
correlation plot of ¥(Fe—NO) versus ¥(N—O) for all these
complexes. Importantly, the observed correlation between
v(Fe—NO) and ¥(N—O) is not inverse, as would be expected
for a change in Fe—NO back-bonding along this series. In fact, a
clear direct correlation is observed.

To gain a better understanding of the nature of the Fe—NO
bond and the observed trends in Fe—NO and N—O bond
strengths (frequencies), DFT calculations were employed. The
BP86/TZVP-optimized structure of 1-Cl shows excellent
agreement with experiment; for example, an Fe—NO distance
of 1.74 A and Fe—N—O angle of 153° are observed. The
calculated N—O stretching frequency of 1733 cm ™" is close to
the experimental value of 1726 cm™'. The Fe—NO stretch is
overestimated at 522 cm ™' relative to experiment (484 cm '),
which is not unusual, as gradient-corrected functionals commonly
overestimate metal—ligand covalencies and hence, bond
strengths.'* For the hexameric complexes 1-OTf and 1-ClO,, a
single {Fe(BMPA-Pr)(NO)} unit was constructed by terminat-
ing the carboxylate bridges with Li" ions. This model also
reproduces the experimental geometries well (see Figure S2)
and produces ¥(Fe—NO) and ¥(N—O) values of 530 and
1788 cm ™}, respectively. Finally, calculation of the vibrational
properties of [Fe(TPA)(CH;CN)(NO)]*"  predicts
v(Fe—NO) and ¥(N—O) values of 537 and 1791 cm ™, respec-
tively. Thus, the DFT (BP86/TZVP) results replicate the experi-
mental vibrational frequencies of 1-X and 2 well and, in particular,
reproduce the direct correlation between ¥(Fe—NO) and
v(N—O) (Figure 3).
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Figure 3. Correlation plot of ¥(Fe—NO) vs ¥(N—O) for 1-X and 2.
The experimental (black) and DFT-predicted (red) trends are shown.
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Figure 4. Contour plots of antibonding 3-spin MOs showing the interac-
tions of the occupied NO f-7* orbitals with the d,. and d,,, orbitals of iron.

Because of the close agreement between experiment and DFT,
the computational results can be used to gain insight into the
electronic-structural reasons for the observed vibrational correla-
tion. Analysis of the molecular orbital (MO) diagram of 1-Cl
reveals an electronic-structural description that is in agreement
with the hs Fe(III) —~NO~ bonding scheme previously proposed.""
Correspondingly, in the o-spin MO diagram, all of the iron d
orbitals are (singly) occupied. In the applied coordinate system
(Fe—NO vector corresponding to the z axis), the d,, and d,,
orbitals form back-bonds with the two unoccupied 0.-77* orbitals of
NO, 7t} and 7f;. This interaction is relatively weak; as is evident from
the corresponding antibonding MOs a102 (72% %), 0103 (33%
1), and 0104 (48% st3;), which have relatively small iron d-orbital
contributions (Figure SS). Notably, the bending of the Fe—N—O
unit also allows for back-bonding of 7f; with d.;, as can be seen
from the occupied MO 1100 (41% d,», 19% 713;). In the 3-spin MO
diagram, all of the iron d orbitals are empty, whereas the f—r*
orbitals of NO are now occupied, in accordance with the NO™
(S =1) description of the NO ligand. The occupied f—* orbitals
of NO are ideally suited to donate into the empty 3-spin d,. and d,.,
orbitals of iron. The strength of this interaction is again best
estimated from the corresponding antibonding combinations
100 (58% /e, 30% 7%) and 102 (30% d,., 24% 7%), which
show significant iron d-orbital and NO 77* character (see Figure 4).
As a result, the 77 donation from NO ™ into the iron 3-d,, and 3-d,,
orbitals is significant. In summary, NO ™ acts as a weak sr-acceptor
(0-spin) and strong 7t-donor ([3-spin) ligand in these complexes. The
calculated spin density distribution is in agreement with this
description, delivering values of +3.19 and —0.64 for Fe and NO,
respectively. These values reflect the strong donation of negative (/3)
spin density from NO to iron and the relatively weak back-donation
of positive (@) spin density from iron to NO. Importantly,
the direct correlation between the Fe—NO and N—O bond
strengths and vibrational frequencies can therefore be explained
by variations in the amount of 77 donation from the NO ™ ligand to
the iron center. Since this donation originates from N—O anti-
bonding (77*) orbitals, a strengthening of this interaction (ie., an
increase in donation) results in the strengthening of both the
Fe—NO and N—O bonds simultaneously and hence, an increase in
both ¥(Fe—NO) and ¥(N—O). Interestingly, the observed trend in
Figure 3 correlates with the number of anionic ligands bound to the iron
center; which is two for 1-Cl, one (on average) for 1-OT£" and
none for 2. Hence, this effect seems to be correlated with the
effective nuclear charge of iron, where a more negative iron center is
less likely to accept electron donation from bound NO ™. Conse-
quently, TPA complexes should exhibit the highest N—O stretch-
ing frequencies due of the lack of an anionic donor. The data
support this trend, as 2 shows ¥(N—O) at 1810 cm™ ' and
the related complex [Fe(TPA)(BF)(NO)]ClO, containing the
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delocalized, weak anionic benzoylformate (BF) ligand shows
»(N—O) at 1794 cm .6

To conclude, we have presented structural, spectroscopic, and
theoretical data on the first biomimetic model complexes for the
non-heme Feg(I1)—NO adduct of NorBC. Our results have
uncovered a surprising tunability of the properties of the Fe—NO
bond in these systems based on the number of anionic donors
bound to the iron center.'* This tunability is synthetically easy to
access, as simple changes in the coligand and counterion lead to
dramatic effects on the Fe—NO unit, as evidenced by the shift of
84 cm ™" in ¥(N—O) between 1-Cl and 2. Notably, the observed
shift does not relate to the difference in BMPA-Pr binding mode
(see Figure S2). Further vibrational studies show that this
tunability in the Fe—NO bond manifests itself as a direct
correlation between the Fe—NO and N—O bond strengths
(frequencies). Specifically, changes in 77 donation from the
bound NO™ (S = 1) ligand to hs Fe(III) are responsible for
the observed correlation. These results have important conse-
quences for NorBC catalysis, as our data suggest that the protein
has the ability to control the properties of the Fep(II)—NO
center in a similar fashion, that is, by adjusting the number and
donor strengths (via hydrogen bonding) of anionic ligands
bound to the Feg center. Unfortunately, v(N—O) for the
Feg—NO complex is not known, so comparison with our model
systems cannot be made. Considering redox potentials, the Fep
center is only slightly more oxidizing than our BMPA-Pr model
systems in CH3CN, which indicates (a) that glutamate remains
bound to the Fep center upon reduction to the ferrous form and
(b) that hydrogen bonds to the bound glutamate are likely
to be present and responsible for the increase in redox
potential. Considering this scenario, we predict that the Feg—
NO complex of NorBC has properties similar to those of the Fe—
NO units in 1-OTf and 1-ClO,. This aspect requires further study.

Initial reactivity studies with five-coordinate [Fe(Porph)(NO)]
(Porph27 = TPP*", To-F,PP*") and six-coordinate [Fe(To-
F,PP-BzIM)(NO)] complexes™ show no reactivity upon simple
mixing of the heme- and non-heme iron—nitrosyls in organic
solvents. In view of the fact that these complexes by themselves are
also unreactive toward additional NO gas, the frequently cited
radical-type N—N coupling mechanism of NorBC is unlikely
(compare with ref 14). Current studies are focused on adjusting
the redox potentials in the heme- and non-heme iron—nitrosyl
complexes to investigate the possibility of (proton-assisted) re-
ductive coupling between the two NO ligands of the heme and
non-heme iron components.
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