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This review summarizes recent developments in the investigation of the electronic structures, spectroscopic properties,
and reactivities of ferrous and ferric heme-nitrosyls and how this relates to important biological processes. Ferrous
heme-nitrosyls show interesting variations in electronic structure as a function of the different types of proximal ligands,
as is evident from electron paramagnetic resonance, magnetic circular dichroism, and vibrational spectroscopy. In
particular, coordination of imidazoles like histidine (His) increases the radical character on NO and, in this way, could
help activate the bound NO for catalysis. Vice versa, the bound NO ligand imposes a strong o trans effect on the
proximal His, which, in the case of soluble guanylate cyclase (sGC), the biological NO sensor protein, induces breaking
of the Fe''—His bond and activates the protein. The possibility of SGC activation by HNO is also discussed. Finally, the
properties of ferrous heme-nitrosyls with proximal cysteinate (Cys) coordination are evaluated. It has been known for
some time that ferric heme-nitrosyls are intrinsically more labile than their ferrous counterparts, but the underlying
reasons for this observation have not been clarified. New results show that this property relates to the presence of a low-
lying excited state that is dissociative with respect to the Fe'"—NO bond. On the other hand, the ground state of these
complexes is best described as Fe''=NO™, which shows a very strong Fe—NO bond, as is evident from vibrational
spectroscopy. NO, therefore, is a weak ligand to ferric heme, which, at the same time, forms a strong Fe—NO bond. This
is possible because the thermodynamic weakness and spectroscopic strength of the Fe—NO bond relate to the
properties of different electronic states. Thiolate coordination to ferric hemes leads to a weakening of both the Fe—NO
and N—O bonds as a function of the thiolate donor strength. This observation can be explained by a o backbond into the
o* orbital of the Fe—N—O unit that is mediated by the thiolate o-donor orbital via orbital mixing. This is a new interaction
in heme-nitrosyl that has not been observed before. This also induces a bending of the Fe—N—0 subunit in these
cases. New spectroscopic data on a corresponding model complex are included in this paper. Finally, the mechanism of

NO reduction by cytochrome P450nor is elucidated based on recent density functional theory results.

A. Introduction

Historically, nitric oxide (nitrogen monoxide, NO) has
always been viewed as an environmental pollutant, generated
from the burning of fossil fuels, because of its toxic and
corrosive properties. Together with its homologue nitrogen
dioxide (NO,), itis one of the main contributors to smog. NO
is poisonous to humans at very low concentrations of only
100 ppm in air. This dose is rated as immediately dangerous
to life or health by the National Institute for Occupational
Safety and Health. The general view of NO as an environ-
mental pollutant and toxin changed dramatically in the 1980s

*To whom correspondence should be addressed. E-mail: lehnertn@
umich.edu.

(1) Moncada, S.; Palmer, R. M.; Higgs, E. A. Pharmacol. Rev. 1991, 43,
109-142.

(2) Snyder, S. H. Science 1992, 257, 494-496.

(3) Butler, A. R.; Williams, D. L. H. Chem. Soc. Rev. 1993, 233-241.

(4) Bredt, D. S.; Snyder, S. H. Annu. Rev. Biochem. 1994, 63, 175-195.

(5) Lancaster, J. R., Jr. In Encyclopedia of Inorganic Chemistry; Bruce,
R. B., Ed.; Wiley: Chichester, U.K., 1994.

© 2010 American Chemical Society

when it was first realized that humans are capable of NO
biosynthesis for the purpose of immune defense and sig-
naling.'~” In 1992, NO was therefore voted the molecule of
the year by the magazine Science,® followed by the Nobel
Prize in Medicine in 1998.

NO Biosynthesis. In mammals, NO is generated by
nitric oxide synthase (NOS) isozymes, which belong to
the cytochrome P450 family.” ' For the purpose of
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signaling, NO is produced by endothelial (e-) NOS in the
endothelial cells that line the inner surface of arteries
(blood pressure control) or by neuronal (n-) NOS in the
brain for nerve signal transduction.'”> NO is also pro-
duced in macrophages by inducible (i-) NOS for immune
defense.'®™2° NO is very effective in this respect: for
example, exposure of cultures of Mycobacterium tubercu-
losis to <100 ppm of NO killed >99% of the bacteria in
the culture.?' In all cases, the biosynthesis of NO starts
from vr-arginine, which is first hydroxglated and then
oxidized to yield citrulline and NO.**~2

In denitrifying bacteria or fungi, NO is produced by
copper- or iron-containing nitrite reductases (NIRs).”
Denitrifying organisms live in soil and seawater under
anaerobic conditions and use the stepwise reduction of
nitrate to N, for anaerobic respiration.”* ** The iron
enzyme, referred to as heme cd; NIR, contains a heme ¢
and a heme d; per subunit, the latter being the catalytically
active site.?’ In the reduced, ferrous oxidation state, five-
coordinate (5C) heme d; binds nitrite, supposedly via its
N atom,** 8 followed by reduction and dehydration of
this ligand, yielding water and a ferric heme d; nitrosyl as
the enzyme—product complex. A loss of NO and electron
transfer from heme ¢ completes the catalytic cycle. A
corresponding NIR reaction has also been invoked for
the generation of NO upon curing of meat, i.c., by the
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reaction of nitrite with deoxy-Hb and -Mb.*~*! This
reaction has gained significant attention recently as a
means to generate NO in vivo in the process of hypoxic
vasodilation.**** Since nitrite is present in plasma
(50—500 nM) and tissues (0.5—25 uM), it is readily
available to react with deoxygenated Hb to form NO
and ferric met-Hb,*#® which could then bind additional
nitrite and react with NO to generate N,Oz as an NO
carrier and nitrosylating agent.*’ In this way, blood flow
could be directed to hypoxic tissue. This process might
also be involved in the production of S-nitrosylated Hb
(SNO-HD), which, by itself, is invoked as an alternative
mediator for hypoxia sensing.**~

Biological NO Sensing. The important cardiovas-
cular re§ulati0n (vasodilation) by NO (produced by
e-NOS)>*>? is then mediated by soluble guanylate cyc-
lase (sGC).>* % This enzyme serves as the general bio-
logical NO sensor/receptor in mammals. In its active
form, sGC contains a 5C heme with proximal histidine
(His) coordination in the ferrous oxidation state. Upon
binding of NO, a six-coordinate (6C) ferrous heme-
nitrosyl is believed to form as an intermediate. Because of
the strong o trans interaction between NO and the axial
His ligand,®' ~%® the Fe'"—His bond is broken, leading to
the corresponding 5C ferrous heme NO complex. This is
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accompanied by large structural changes of the enzyme,
which activates the catalytic site of sGC for the con-
version of guanosine triphosphate (GTP) to the sec-
ondary messenger cyclic guanosine monophosphate
(cGMP). Recently, evidence has been presented that
sGC has a second, lower-affinity binding site for NO, but
the nature of this binding site is unclear.””*° Cytochrome
¢/, which is an unusual heme protein found in different
bacteria, exhibits a similar 6C to 5C transition upon NO
binding to the ferrous heme active site and has been used
as a model for sGC.”~7?

Biological NO Transport. The identification of small
heme proteins, called nitrophorins, in the saliva of certain
blood-sucking insects in the early 1990s that function as
transporters for NO was certainly a surprise.”*’> The first
protein of this class was found in Rhodnius prolixus (the
triatomid bug). The saliva of this insect contains four
nitrophorin isozymes designated as rNp1—rNp4,’® which
form corresponding 6C ferric heme-nitrosyl complexes
with proximal His coordination.”’ % When the victim is
bitten by R. prolixus, the nitrophorins are injected into the
wound as part of the insect’s saliva. Because of the lower
concentration of NO in the area of the bite (dilution), and
triggered by an increase in the pH, NO is then released
into the wound,”*®™% activating sGC and inducing
vasodilation, and, hence, causing an increase in blood
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flow via the victim’s natural blood pressure control
mechanism (vide supra). A few years after the discovery
of the rNp protein family, it was found that the saliva of
the blood-sucking insect Cimex lectularius (the common
bedbug) also contains a nitrophorin,®* which is desig-
nated as ¢cNP.® The active site corresponds to a ferric
heme with axial cysteine (Cys) coordination. Binding of
NO to cNP then generates a corresponding 6C ferric
heme-nitrosyl complex. The fact that the nitrophorins
from both R. prolixus and C. lectularius transport NO
in the ferric oxidation state is not arbitrary. Equilibrium
binding constants Keci of NO to ferric hemes are in the
range of 10°—10° M ™", which is several orders of magni-
tude lower compared to the corresyonding ferrous com-
plexes (Keq = 10'°—10"2M~1).#% This differenceis to a
large extent due to increased dissociation rate constants in
the ferric case. The ferric oxidation state is therefore
required to allow for the release of NO from the nitro-
phorins, whereas the presence of either a His or thiolate
(Cys) as the proximal ligand to heme does not seem
to play an important role for the function of the nitro-
phorins.

NO in Biological Catalysis. Besides its central role in
mammalian physiology, NO is also an important inter-
mediate in bacterial and fungal dissimilatory denitrifi-
cation.’®*! Here, NO is produced by the reduction of
nitrite (vide supra) and then further reduced to nitrous
oxide (N,O) by the NO reductase (NOR) family of
enzymes.”*”> In the process of NO biosynthesis by
NOS or heme c¢d; NIR, 6C ferric heme-nitrosyl species
are generated as enzyme—product complexes. As in
the case of the nitrophorins, the ferric oxidation state
is critical to ensuring that NO is readily lost from the
heme center to complete the catalytic cycle. Interest-
ingly, this lability is in contrast to the spectroscopically
observed strong Fe—NO bonds in ferric heme-nitrosyls,
as is evident from their large Fe—NO stretching fre-
quencies. This puzzling contradiction is explained in
Section C.1.

The next step in the denitrification cycle, i.e., the
reduction of NO to N,O catalyzed by NORs, is parti-
cularly interesting since heme-nitrosyls serve as the
reactive species in this case. Bacterial NO reductase
(NorBC) is found in denitrifying bacteria like Pseudomonas
stutzeri that live in terrestrial soil.’* Detailed analyses
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of the amino acid sequences of NorBCs of different
organisms”’® "’ and spectroscopic investigations'® 1%
have shown that these enzymes are closely related to the
cytochrome ¢ oxidases (CCOs).'” The active sites of the
CCOs available from several crystal structures,'** %7 as
shown in Figure 1A,'% therefore constitute blueprints for
the active sites of the NorBCs, where crystallographic
data are still lacking. However, in NorBC, the co(;pper
ion (Cug) is replaced by a nonheme iron (Feg).'**'%!
The molecular mechanism of the NorBCs is not well
understood. Electron paramagnetic resonance (EPR)
spectroscopic investigations under turnover conditions
revealed the formation of a “high-spin” nonheme ferrous
nitrosyl with a S = 3/, ground state.'®' Vibrational data
indicate binding of a second molecule of NO to the
ferrous heme,'**'%? in agreement with the extremely large
association constants of hemes for NO.?! On the basis of
these findings, the mechanism in Figure 1B has been
proposed.' In this case, two molecules of NO are bound
to the diferrous active site, and then a radical-type
N—N bond formation is postulated. After the release of
N>O, the two ferric iron centers are bridged by an oxo
group.'%%197 12 However, no intermediate of this me-
chanism has ever been observed, which renders its central
part, the N—N coupling, speculative. From density func-
tional theory (DFT) calculations''® and in analogy to
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Figure 1. (A) Crystal structure of the active site of mitochondrial
CCO."% (B) Proposed mechanism for NorBC.''?

the proposed mechanism for the reduction of NO by
CCO,"*116 3 bridging hyponitrite complex is antici-
pated as the intermediate. Alternative mechanisms have
also been proposed in which, for example, only one of the
two metal sites (heme or nonheme) reacts directly with
NO, whereas the other metal only serves as an electron
reservoir.”H!13 177120 Apother important question, the
coordination number of the heme-nitrosyl, is an additional
issue (see Section B.5).%*19%12! Model complex studies present
further evidence that the catalytically active species indeed
corresponds to the ferrous heme (NO)/monheme (NO)
dinitrosyl complex, in agreement with Figure 1B.'*>~'%*
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However, no intermediates of the reaction were detected,
and catalytic turnover was not achieved. Recently, Lu and
co-workers have succeeded in engineering a nonheme iron
binding site into the distal pocket of Mb that provides the
His;Glu ligand environment anticipated for Fep.'>® Interest-
ingly, the diiron form of this protein is, in fact, catalytically
active in the reduction of NO to N,O, although at a very
slow rate. The results show that Glu is required for stable
coordination of Feg, implying that a similar carboxylate side
chain might bind the Feg center in NorBC.

Fungal NOR is a member of the P450 family and is
therefore designated as P450nor. Several crystal struc-
tures of the enzyme from Fusarium oxysporum have been
determined. These show a heme b with axial cysteinate
coordination, as illustrated in Figure 2A.'2°"'%® Binding
of one molecule of NO to the catalytically active, ferric
form then leads to a 6C ferric heme-nitrosyl as the first
intermediate.'**~'¥ Stopped-flow kinetic investigations
have demonstrated that this species undergoes two-
electron reduction with NADH, forming the so-called
“intermediate I”,"** which corresponds to an iron(Il)-
nitroxyl or Fe'—=NO complex.'* The reaction of this species
with a second molecule of NO then closes the catalytic
cycle."*® The most important question with respect to this
mechanism governs the exact nature of intermediate I.%°
Recently, strong evidence has been ?resented that
this species is actually protonated.'*>'*® Model com-
plex studies on P450nor suffer from the instability of
the Fe—S bond in ferric heme-nitrosyls (vide infra)."*’
Only two stable ferric heme-thiolate NO model com-
plexes have been synthesized so far, but these comgounds
are incapable of catalyzing the reduction of NO.!3%13?

The interaction of NO with cytochrome P450s and the
potential implications for human physiology have, in
general, gained attention in recent years. As one would
expect, NO is able to reversibly inhibit cytochrome P450s
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Figure 2. (A, tog)) Crystal structure of the ferric active site of P450nor
with bound NO."?” (B, bottom) Proposed mechanism.'*

by binding to their heme active sites."**'*! This might also
contribute to the antimicrobial effect of NO, as exploited
by the human immune system (vide supra) via inhibition
of cytochrome P450s in pathogens.'*

Model Systems. Because many of the biologically
important functions and transformations of NO are
mediated by heme proteins, many corresponding model
complexes have been synthesized and structurally and
spectroscopically characterized in detail."**~'*® In parti-
cular, tetraphenylporphyrin (H,TPP), octaethylporphy-
rin (H,OEP), and protoporphyrin IX diester (H,PPDE),
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as shown in Scheme 1, and their corresponding derivatives
have been widely used. Studies of model systems are very
useful to investigate and understand the fundamental chemi-
stry of hemes with NO and its derivatives (termed NO, in the
following; this includes nitrite, nitroxyl, peroxynitrite, etc.)
and to structurally and spectroscopically characterize corres-
ponding heme-NO, complexes.”>'*~ 13! This provides the
foundation to identify, understand, and predict correspond-
ing reactions in biological systems, to critically evaluate
proposed mechanisms for heme-NO, interactions, and,
based on the spectroscopic signatures of heme-NO, model
complexes, to identify corresponding species in proteins.
Model systems can also be used to investigate reaction
mechanisms under conditions that cannot be applied to
biological species, for example, low reaction temperatures
(—80 °C) or strictly water-free environments, and in this
way, intermediates that are impossible to observe in the
actual enzymatic reactions might be accessible. This is
particularly true for proton-dependent processes. Finally,
model complexes can form the basis for the development of
new therapeutics.'*® In summary, model complex studies
can contribute much to the understanding of biologically
important processes, and the insight that can be obtained
is only limited by our creativities and abilities as (bio-
inorganic) chemists. The ultimate achievement in this re-
spect is to build a functional model that is able to carry out
the same reaction as the corresponding protein. Because
a great way to understand how a machine works is not
just to take it apart and look at each of its components,
it is to actually build your own.
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B. Ferrous Heme-Nitrosyls

B.1. 5C Ferrous Heme-Nitrosyls.

Geometric and Spectroscopic Properties. 5C ferrous
heme-nitrosyls of the general formula [Fe(Porphyrin)(NO)]
in proteins and model complexes exhibit low-spin ground
states of S = '/, total spin. The geometries of the Fe—
N—O units in these compounds do not show much varia-
tion as a function of the porphyrin ligand, as indicated
in Table 1. The general (average) structural features of
these species are summarized in Scheme 2, left.®' Impor-
tant structural parameters are short Fe—NO distances
of ~1.73 A, bent Fe—N—O units of ~140—145°, and a
distinct displacement of the iron center from the porphyr-
in plane by ~0.3 A. High-resolution crystal structures of
corresponding model complexes also reveal a slight tilting
of the Fe—NO bond vector from the heme normal and an
asymmetry of the Fe—N(pyrrole) bond distances, as
indicated in Scheme 2."

5C ferrous heme-nitrosyls exhibit characteristic EPR
spectra with average g values of about 2.10, 2.06, and
2.01 (see ref 66 for details). The spectrum of [Fe(TPP)-
(NO)] is shown in Figure 3, left, as an example. Single-
crystal EPR measurements on the model complex
[Fe(OEP)(NO)] have revealed that the principal axis of
the minimum g value, g, 1S closely aligned with the
Fe—NO bond vector'>® and, therefore, corresponds to g.
in the coordinate system shown in Scheme 3. With NO in
the xz plane, gmax (~2.1) is then equivalent to g, and guiq
(~2.06) corresponds to g,. In addition, three strong
hyperfine lines due to the presence of the '*N nucleus of
NO are typically resolved on g, giving rise to the very
characteristic EPR signal of 5C ferrous heme-nitrosyls, as
shown in Figure 3, left. The three-line hyperfine pattern
originates from the nuclear spin 7 = 1 of "*N. The "N
hyperfine tensor components, available for a few model
systems, are quite isotropic in the 5C case, as discussed in
ref 66.

Vibrational spectroscopy is another key technique to
study ferrous heme-nitrosyls because the vibrational pro-
perties of these complexes are very sensitive to the co-
ordination number, oxidation state, spin state, etc., of the
metal. In general, the N—O stretching frequency v(N—O)
is very intense in the IR spectra and, hence, is easily
identified with this method. Resonance Raman and Nu-
clear Resonance Vibrational Spectroscopy (NRVS),!>*1%?
on the other hand, can be used to assign the Fe—NO
stretching, v(Fe—NO), and the in-plane Fe—N—O bend-
ing, d;,(Fe—N—0), modes. NRVS is particularly valu-
able in this respect because ferrous heme-nitrosyls are
potentially photolabile and, in addition, »(Fe—NO) and
Oip(Fe—N—O0) are usually very weak in the resonance
Raman spectra of these compounds.®®*'*® In contrast,
NRVS is ideal for the identification of metal—ligand
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= 6 S Scheme 2. General Structural Motifs of 5C [Fe(Porphyrin)(NO)] and 6C
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Figure 3. Left: EPR spectrum of the 5C complex [Fe(TPP)(NO)]. Reprinted with permission from ref 67. Copyright 2005 Elsevier. Right: EPR spectrum of
the 6C complex [Fe(To-F,PP-BzIM)(NO)] using a porphyrin ligand with a covalently attached imidazole tail. Reprinted with permission from ref 65.
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Scheme 3. General Coordinate System Applied to Heme-Nitrosyls in
This Paper”

“In the case of ferrous heme-nitrosyls with bent Fe—N—O units, the
NO ligand is located in the xz plane, as indicated on the left (red
rectangle).

Feltham in their classic paper on the electronic structures
of transition-metal nitrosyls.'®> These complexes were
classified as {FeNO}’, where the superscript “7” refers
to the number of d electrons of the metal plus the one
unpaired electron of NO (cf. Scheme 4, left). The general
description of the electronic structure of {FeNO}’ sys-
tems developed in this paper is also applicable to ferrous
heme-nitrosyls and explains basic features of these com-
pounds. However, the {FeNO}’ formalism leaves room
for a large variation of the electronic structure mediated
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Computational Inorganic and Bioinorganic Chemistry; Solomon, E. L., King,
R. B., Scott, R. A., Eds.; John Wiley & Sons: Chichester, U.K., 2009; pp
123—140.

(162) Enemark, J. H.; Feltham, R. D. Coord. Chem. Rev. 1974, 13, 339—
406.
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Figure 4. Vibrational density of states (VDOS) for powder samples
of [*’Fe(OEP)(NO)] (top) and [*’Fe(TPP)(MI)(NO)] (bottom). Black:
nai = natural abundance isotopes NO. Red: "’N'®0-labeled complex.
Reprinted with permission from refs 159 and 64. Copyright 2010 and
2008, respectively, American Chemical Society.

by metal—ligand covalency: variation all of the way from
an Fe"'=NO™ extreme, on the one side, to an Fe'=NO™
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Table 2. QCC-NCA Results for Five- and Six-Coordinate Heme-Nitrosyls in Comparison
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vibrational frequency [cm '] ¢

force constant [mdyn/A]

method »(N—-O) v(Fe—NO) Oip(Fe—N—0) b fN-o fFe—NO SFe-N-0° ref
>’Fe(OEP)(NO)]: EXP. 1671 (1595) 522 (508) 388 (381) 159
Fe(OEP)(NO)]: BP86/LanL2DZ* 1712 620 414 12.798 3.854 0.469 159
>"Fe(OEP)(NO)J: QCC-NCA 1671 (1598) 522 (508) 388 (381) 12.148 2.938 0.346 159
Fe(TPP)(NO)]: EXP. 1697 (1625) 532 (515) 371 (365) 62,63
Fe(P)(NO)J: BP86/TZVP 1703 595 427 12.709 3.619 0.415 62, 63
Fe(P)(NO)J: QCC-NCA 1698 (1624) 531 (517) 371 (365) 12.530 2.975 0.336 62,63
STEe(TPP)(MI)(NO)]: EXP. 1630 (1556) 437 (429) 563 (551) 62, 63, 64
Fe(TPP)(MI)(NO)]: BP86/TZVP 1668 606 485 12.219 3.241 0.694 181
>TFe(TPP)(MI)(NO)]: QCC-NCA 1630 (1558) 438 (429) ~562 (547) 11.55 2.574 0.773 181
Fe(P)(MI)(NO)]: BP86/TZVP 1662 609 482 12.224 3.257 0.680 62,63
>TFe(P)(MI)(NO)]: QCC-NCA 1628 (1557) 439 (427) 560 (545) 11.55 2.380 0.799 64
STFe(TPP)(MI)(NO)]|(BF,): EXP. 1896 (1816) 578 (~569) 586 (~575)° 182
Fe(P)(MI)(NO)]": BP86/TZVP 1933 639 606/598 15.62 4.82 ~0.46 182
>TFe(P)(MI)(NO)|*: QCC-NCA 1897 (1815) 580 (566) 587 (573)" 15.178 3.922 0.368/0.406 182

“Values in brackets are for the corresponding 15Nch)—labeled complex. ? For [*’Fe(TPP)(MI)(NO)](BE,), this refers to the degenerate linear bending

mode. “ The force constant fr._n—_o is given in mdyn-A.

Scheme 4. Electronic Structure of Ferrous Heme-Nitrosyls: How Is
the Unpaired Electron of NO Distributed between Fe'' and NO?
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extreme, on the other side, is possible, with the Fe'l—-
NO(radical) case being intermediate. Although all of
these possibilities fall into the {FeNO}’ regime, they will
lead to very different spectroscopic properties and reactiv-
ities of the complexes. With the spectroscopic and theoretical
methods at hand in the 21st century, we shall therefore aim at
going past the Enemark and Feltham classification and
achieving more precise descriptions of the electronic struc-
tures of transition-metal nitrosyls that reflect the electron
distribution in the complexes and the nature of the me-
tal—NO bond, hence allowing one to draw conclusions with
respect to the potential reactivities of the complexes. It is one
objective of this article to provide the first steps in this
direction.

Scheme 4, left, illustrates the central question with respect to
the electronic structure of ferrous heme-nitrosyls: where is the
unpaired electron of NO? As will be shown in the following
paragraph, the answer to this question depends on the
coordination number (5 or 6) of the complex and the
nature of the axial ligand. Scheme 4, right, shows a simpli-
fied (restricted open-shell) sketch of the electronic struc-
ture of ferrous heme-nitrosyls. Initial theoretical work by
Patchkovskii and Ziegler has shown that ferrous heme-nitrosyls

(163) Patchkovskii, S.; Ziegler, T. Inorg. Chem. 2000, 39, 5354-5364.
(164) Zhang, Y.; Gossman, W.; Oldfield, E. J. Am. Chem. Soc. 2003, 125,
16387-16396.

show radical character on the bound NO,'® which was later
supported by results from the Oldfield group.'®* On the basis
of more detailed, experimentally calibrated electronic struc-
ture descriptions presented in refs 62—64, 66, 67, 136,
and 159, the spectroscopic properties of these complexes
with different types of axial ligands can be understood.

In [Fe(Porphyrin)(NO)] complexes, iron is in the
+II oxidation state and low-spin (as evident from EPR),
which leads to a [d,., d,., dxz,yz]6 ~ [t,]° electron confi-
guration of the metal, as indicated in Scheme 4, left.'6
NO is a diatomic radical, with one unpaired electron
occupying its ¥ orbitals. Because ferrous heme-nitrosyls
exhibit a total spin of S = !/,, the spin-unrestricted
scheme has to be applied, which distinguishes bet-
ween majority (o) and minority () spin orbitals.'®® The
unpaired electron of NO occupies the orbital a—s*;, (h =
horizontal), which is located in the Fe—N—O plane.
Since the t, orbitals of Fe' are fully occupied, o donation
from a—m*;, to the metal is only possible into the d,
orbital. In the 5C case, the mixing between 7%, and d,.
is very strong, as evident from the corresponding bonding
combination 7t*, _d,» (the singly occupied molecular orbi-
tal, SOMO), which has 23% z*,, and 39% d contribution
(plus additional porphyrin orbital admixtures; from BP86/
TZVP).®? Because of mixing with porphyrin orbitals, an
additional 18% d,. occurs in an occupied molecular orbital
(MO) at lower energy. In total, this corresponds to a net
transfer of about half of an electron from 7*;, to d,. of the
Fe'' center. Accordingly, the unpaired electron of NO is
fully delocalized over the Fe—N—O subunit due to this
covalent interaction (cf. Figure 5, left). In agreement with
this, calculated spin populations are about 40.5 on iron
and +0.5 on NO.%* Besides this strong Fe—NO ¢ bond,
the unoccupied 7* orbital of NO, s*, (vertical), forms

(165) In the applied coordinate system (cf. Scheme 3), the d ... orbital
can formally be identified with one of the t, orbitals, whereas d ., undergoes a
o bond with the porphyrin and can therefore be classified as an e orbital.

(166) Open-shell transition-metal complexes have to be treated in a spin-
unrestricted scheme, where the orbitals occupied by the majority (usually o)
and minority (/) spin electrons can differ (spin polarization). For a rigorous
analysis, both the a- and f-MO diagrams therefore need to be considered.
Corresponding molecular orbitals are labeled accordingly as, for example,
o-m,* and f-m,*. In the case of § = '/, systems as considered here, spin-
polarization effects are usually small.
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[Fe(P)(NO)]

[Fe(P)(MD(NO)]
+0.78

N(imidazole)

Figure 5. Top: Contour plots of the SOMOs of [Fe(P)(NO)] and [Fe(P)(MI)(NO)] calculated with B3LYP/LanL2DZ*. Calculated for the fully optimized
structures obtained with BP86/TZVP. The calculated spin densities reflect the shape of the SOMO in both cases. Spin densities on Fe and NO are indicated.
Bottom: Calculated orientation of the principal axes of the g tensor relative to the molecular frame. Reprinted with permission from ref 63. Copyright 2006

American Chemical Society.

a medium-strong s backbond with a fully occupied
d,, orbital (d,. in Scheme 4) of the F e'" center. The strength
of this interaction is estimated best from the corresponding
antibonding combmdtlon m*,_d,., which has about 25%
metal d character.%® In a spin-unrestricted scheme, an addi-
tional st backbond results from the interaction of the
(unoccupied) f—a*, orbital with d... In summary, NO acts
as a strong o donor and medium-strong w-acceptor ligand in
5C ferrous heme-nitrosyls. Because of the strong o donation of
NO, these complexes have noticeable Fe'—=NO™ character.
On the basis of this electronic structure description, trends
in the properties of different SC ferrous heme-nitrosyls can
be understood.

Modulation of 7z Backbonding. As shown by Spiro and
co-workers, the strength of the s backbond can be
systematically varied in 5C ferrous heme-nitrosyls by
adding electron-withdrawing or -donating groups to the
phenyl substituents of TPP* -type ligands."®” This leads
to the typical inverse correlation of Fe—NO and N—O
bond strengths and corresponding stretching frequencies,
where, for example, a strengthening of the & backbond
(by introduction of an electron-donating substituent)
leads to a stronger Fe—NO bond and a higher v(Fe—NO)
frequency. This goes along with a larger occupation of the
a* orbitals of NO involved in the ;x backbond and, in this

(167) Vogel, K. M.; Kozlowski, P. M.; Zgierski, M. Z.; Spiro, T. G. J. Am.
Chem. Soc. 1999, 121, 9915-9921.

way (because 7* orbitals are N—O antibonding), leads to
a weaker N—O bond and lower v(N—O) frequency. In this
way, Spiro and co-workers were able to modulate the N—O/
Fe—NO stretching frequencies between 1663/530 cm ™! for
the most electron-donating substituent and 1703/514 cm ™!
for the most electron-withdrawing substituent.'®” The most
likely explanation for this finding is that the electron-with-
drawing and -donating phenyl substituents modulate the
energy of the occupied porphyrin 7 orbltals of e, symmetry,
which interact with the d., orbitals of Fe'', responsible for
the 7z backbond.'® For example, electron- donatlng phenyl
substituents likely increase the energy of these porphyrin e,
(7r) orbitals, Wthh in turn, “push” the d, (d,. and dyz)
orbitals of Fe'" to higher energy and, in this way, closer in
energy to the w*-acceptor orbitals of NO. In this way, the
7 backbond is strengthened, which increases the Fe—NO
bond strength.

B.2. Binding of Imidazole and Other N-Donor Ligands
to Ferrous Heme-Nitrosyls: Weak Ligands with Strong
Electronic Effects.

Geometric and Spectroscopic Properties. Scheme 2,
right, shows the general structural motif of 6C ferrous
heme-nitrosyls [Fe(Porphyrin)(N-donor)(NO)] with axial
N-donor coordination trans to NO (see Table 3 for struc-
tural information), which is very similar to the observed
geometries of 5C compounds (Scheme 2, left). Based on this
comparison, one could conclude that there is likely not a
large difference in the electronic structure between 5C and
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6C ferrous heme-nitrosyls and, hence, the coordination
number of the corresponding intermediate in the catalytic
mechanism of NorBC (cf. Figure 1B), for example, is likely
of minor importance. This is further substantiated by the
long Fe—(N-donor) bond lengths of ~2.18 A as listed in
Table 3, indicating that the N-donor is only weakly
attached to the iron center and, therefore, should only have
a small effect on the electronic structure. This is also in
agreement with the small binding constants K.q of proximal
N-donor ligands trans to NO, which are generally in the
range of 1—50 M~'.9187170 Correspondingly, a large
excess of the N-donor ligand is generally required to
generate the 6C complex. The consequences of this issue
for the modeling of NorBC are discussed in Section B.5.
The expectation that the weakly coordinated N-donor
ligands only have a minor effect on the properties of
ferrous heme-nitrosyls is in contrast to spectroscopic
findings. From EPR measurements, as shown in Figure 3,
it has been known for a long time that binding of an
N-donor ligand frans to NO has a profound effect on the
Fe—N—0 unit.!”! Typical g values for 6C complexes are
about 2.08, 2.00, and 1.98 (cf. ref 66 for details) and,
hence, are markedly smaller than those for their 5C
analogues. This can be explained based on results from
magnetic circular dichroism (MCD) spectroscopy. MCD
on 5C and 6C model complexes [Fe(TPP)(NO)] and
[Fe(TPP)(MI)(NO)] indicates a distinct decrease of the
spin density on iron in the 6C case, as is evident from the
appearance of strong diamagnetic MCD signals for the
6C complex.®? This decrease in the spin density on Fe''
generally reduces spin—orbit coupling matrix elements
and, in this way, leads to the observed decrease in the
g shifts.'®® In addition, EPR data of the 6C complexes
exhibit the well-resolved hyperfine lines of '*N of NO on
the medium g value, g4, as indicated in Figure 3, right,
whereas the well-resolved hyperfine lines in the
5C case are observed on g.,;,. Note that the three-line
hyperfine gattern of "N(0) is further split by interaction
with the '*N of the proximal N-donor ligand in the 6C
case, generating the nine-line hyperfine pattern evident
from Figure 3, right.'”? This distinct difference in the
appearance of the EPR spectra of the 5C and 6C com-
plexes is due to a rotation of the g tensor in the 6C case,
as evident from single-crystal EPR data on Mb—NO and
Hb—NO'"*!'"* and DFT calculations (vide infra).®>%3163
In the 6C complexes, the principal axis of g,,;q is closest to
the Fe—NO axis, whereas in the 5C case, the principal axis
of gmin 1s aligned with the Fe—NO vector (cf. Figure 5,
bottom). Hence, the hyperfine lines are well resolved only for
the g value whose axis is aligned closest with the Fe— NO bond.

(168) Bohle, D. S.; Hung, C.-H. J. Am. Chem. Soc. 1995, 117,9584-9585.

(169) Choi, I.-K.; Ryan, M. D. Inorg. Chim. Acta 1988, 153, 25-30.

(170) Liu, Y.; DeSilva, C.; Ryan, M. D. Inorg. Chim. Acta 1997, 258, 247—
255.

(171) Wayland, B. B.; Olson, L. W. J. Am. Chem. Soc. 1974, 96, 6037—
6041.

(172) Henry, Y. A. Utilization of Nitric Oxide as a Paramagnetic Probe of
the Molecular Oxygen Binding Site of Metalloenzymes. In Nitric Oxide
Research from Chemistry to Biology: EPR Spectroscopy of Nitrosylated
Compounds; Henry, Y. A., Guissani, A., Ducastel, B., Eds.; Landes Company:
Austin, TX, 1997.

(173) Hori, H.; Ikeda-Saito, M.; Yonetani, T. J. Biol. Chem. 1981, 256,
7849-7855.

(174) Utterback, S. G.; Doetschman, D. C.; Szumowski, J.; Rizos, A. K.
J. Chem. Phys. 1983, 78, 5874-5880.
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KBr (N—0), solid

KBr
KBr
buffer
buffer
buffer
buffer

MI

ref

62, 64
62, 64
61

209

180, 211
212-214
215

188, 216, 217
181

181

62

181

67

563°¢
551¢
547

553

4859
550¢
4824
539¢
531/
4657

o)
(Fe—N—0)
554

429°¢
443

6067
416°
6097
417¢
4407
569/

vibrational frequencies [cm ']
437¢

1(Fe—NO)

1630
1556
1624
1653
1618
1613
1615
1610
1591
1661
1787
1662
1824
1599
1617

(N—O0)

ref
61
63
61
194
193
208

Fe—L,
2.173
2.188
2.278
2.11
2.18
na

2.012
2.006

2.008

N-Donor Ligand or Thiolate; n = 0, 1) Complexes in Model Systems and Proteins (See refs 80, 143, 145, and 206 for Additional Examples)
FCANP

ZFe
—N-0
138
138
140
145

geometric parameters [A]”
147

A
N-O
1.182
1.202
1.170

1.750
1.752
1.758

molecule?

(TPP)(MI)(NO
(TPP)(MI)(NO)] (calcd: BILYP/TZVP)

(P)(MI)(NO)] (caled: BP86/TZVP)
[Fe'(P)(MI)(NO)] (caled: B3LYP/LanL2DZ*)

(To-F>PP)(MI)(NO)]
(TPP)(Me,NPy)(NO)]
(PPDME)(MI)(NO)]
(TPP)(MI)(NO)] (caled: BP86/TZVP)

[Fe(P)(SMe)(NO)|~ (caled: BPS6/TZVP)

I

(TPP)M 1)(‘51\1?]50)]

—NO

11
11
11

Table 3. Geometric and Vibrational Properties of Selected 6C [Fe(Porphyrin)(L)(NO)]"™ (L

[Fe(P)(SPh)(NO)] ™ (calcd: BPS6/TZVP)

bovine heart CCO"-NO

Hb"'-NO
P450cam"—NO

[Fe
[Fe
|Fe
[Fe
[Fe
Mb
[Fe
[Fe
[Fe
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!is equally

mixed. ¢ From the PED, the mode at ~420 cm ™" has 30—40% Fe—NO stretching character, but only ~2% Fe—N—O bending contribution. The feature at ~550 cm ™' has ~30% Fe—N—O bending and ~20%

Fe—NO stretching character.” The Fe—NO stretching and Fe—N—O bending coordinates are equally mixed in the calculation.

—N—0) appear about 1—2 cm™ ! shifted to

[Fe—N(porphyrin) distance] are averaged; AFe—L,, = bond distance between iron

.a.i) Fe, the modes v»(Fe—NO) and 6;,(Fe
has 50—60% Fe—NO stretching and 20—30% Fe—N—O bending contributions. The mode at 485 cm™

d used for calculations. ” The values for AFe—Np
57Fe. Compared to natural abundance isotopes (n

Porphine® ™ ligan
From the potential energy distribution (PED) matrix, the mode at ~610 cm ™"

protoporphyrin IX dimethylester®™; P
and the axial (proximal) ligand trans to NO. “ Determined from NRVS using

lower energy. ¢

“PPDME
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Figure 6. EPR spectrum of [Fe(To-F,PP-BzIM)(NO)] in frozen dimethyl sulfoxide at 77 K (black). Left (red): Fit of the spectrum using the program
SpinCount. Fit parameters: g, = 2.077, g, = 2.009, g. = 1.978. "N hyperfine: %4, = 37 MHz, N°4, = 62 MHz, N°4. = 39 MHz;'"™4, = 19 MHz g
strain: Ag, = 0.008, Ag, = 0.001, Ag. = 0.006. Right (blue): Fit with the same parameters but with the following g strain: Ag, = Ag, = Ag. = 0.001.

Because all three components 4,, 4,, and 4. of the 4N
hyperfine tensor are clearly nonzero for both 5C and
6C ferrous heme-nitrosyls, we believe that this difference
is actually due to the well-known disorder of the NO
ligand in these compounds: here, the bound NO ligand
rotates around the Fe—NO bond,'”>!7% leading to diffe-
rent conformations of the complex that are almost iso-
energetic.'>'% This changes the orientation of the prin-
cipal axes of the g values located in the porphyrin plane
and, hence, induces slight variations in their magnitudes
(the “g strain”), whereas the orientation of the axial
g value remains almost invariant. Because of this disor-
der, the g strain for the in-plane g values is larger, which
washes out the hyperfine splittings. This is demonstrated in
Figure 6: the fit of the EPR spectrum of the 6C model
complex [Fe(To-F,PP-BzIM)(NO)] is shown in red on
the left.® If the g strain in gp,.x and g, is reduced to
the much smaller value of g4, the blue spectrum on the
right is obtained, where hyperfine lines are now clearly
resolved for all three g values. Hence, the change in the
g tensor orientation, combined with the disorder of NO, is
responsible for the different appearances of the EPR
spectra of the 5C and 6C complexes.

Vibrational Spectroscopy. Whereas the vibrational as-
signments for 5C ferrous heme-nitrosyls are well estab-
lished as described above, there has been a long-standing
controversy about the energies of the Fe—NO stretch
v(Fe—NO) and the Fe—N—O bend 6;,(Fe—N—O) in

(175) Silvernail, N. J.; Barabanschikov, A.; Sage, J. T.; Noll, B. C.;
Scheidt, W. R. J. Am. Chem. Soc. 2009, 131, 2131-2140.

(176) Silvernail, N. J.; Pavlik, J. W.; Noll, B. C.; Schulz, C. E.; Scheidt,
W. R. Inorg. Chem. 2008, 47, 912-920.

the 6C case.'””"'”” The Fe—NO stretch in Mb"—NO was
initially assigned to a band at ~550 cm ™', and correspond-
ing features have been observed via resonance Raman
for 6C ferrous heme-nitrosyls in other proteins. NRVS
and resonance Raman spectroscopy on Mb"—NO later
identified »(Fe—NO) at 443 cm™ ' and Oip(Fe—N—0) at
547 cm™ ' in agreement with Benko and Yu’s initial
(re)assignment of the ~550 cm™ ' feature in Mb"—NO
and Hb"-NO to the Fe—=N—O bending mode.'” In
parallel work, we assigned these modes in the 6C model
complex [Fe(TPP)(MI)(NO)] using IR, resonance Raman,
and NRVS measurements combined with '*N'%0 isotope
labeling and QCC-NCA simulations of our data.®? 68!
Two isotope-sensitive features at 437 and 563 cm™ ' were
identified from NRVS (cf. Figure 4, bottom). To assign
these bands, the vibrational energies and isotope shifts of
these features were simulated using our QCC-NCA ap-
proach. Accounting for the strong out-of-plane polarization
of the 437 cm™ ! feature from single-crystal NRVS measure-
ments, 38! y(Fe—NO) was unambiguously assigned to the
band at 437 cm™', and &;,(Fe—N—O) was identified with
the feature at 563 cm™ '.%* In this way, NRVS measure-
ments have resolved a long-standing controversy in the
literature about the assignment of ¥(Fe—NO) in 6C ferrous
heme-nitrosyls in proteins and model complexes.

(177) Tsubaki, M.; Yu, N. T. Biochemistry 1982, 21, 1140-1144.

(178) Benko, B.; Yu, N. T. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 7042—
7046.

(179) Tomita, T.; Hirota, S.; Ogura, T.; Olson, J. S.; Kitagawa, T. J. Phys.
Chem. B 1999, 103, 7044-7054.

(180) Zeng, W.; Silvernail, N.J.; Wharton, D. C.; Georgiev, G. Y.; Leu, B.
M.; Scheidt, W. R.; Zhao, J.; Sturhahn, W.; Alp, E. E.; Sage, J. T. J. Am.
Chem. Soc. 2005, 125, 11200-11201.
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The simulation of the vibrational energies for ¥(N—0),
Y(Fe—NO), and d;,(Fe—N—O) using our QCC-NCA
approach and the porphine approximation described
above delivered N—O and Fe—NO force constants of
11.55 and 2.38 mdyn/A, which were later improved by
including the phenyl substituents of TPP*>~ in the QCC-
NCA fit. This led to N—O and Fe—NO force constants of
11.55 and 2.57 mdyn/A as shown in Table 2.!

In contrast to these assignments, it was recently sug-
gested, on the basis of resonance Raman spectroscopy,
that v(Fe—NO) in [Fe(TPP)(MI)(NO)] is located at
582 cmfl, and no feature around 440 cm™ ! was ob-
served.'* However, our powder and single-crystal NRVS
data of this comPlex, as described above, clearly show
that this 582 cm™ ~ Raman band cannot correspond to the
Fe—NO stretch because this mode is, in fact, located at
~440 cm ™. More likely, the 582 cm ™! Raman band from
ref 156 belongs to 0ip(Fe—=N—0), and one could propose
that the 19 cm ™' difference in frequency compared to our
NRYVS data might be due to the different conditions
asgplied for the measurements (the NRVS data of
['Fe(TPP)(MI)(NO)] are taken on microcrystalline so-
lids, whereas ref 156 presents solution Raman data).
However, the N—O stretching frequency seems quite
unresponsive to this change in conditions: v(N—O) is
observed at 1623 cm™ ' in solution'*® and at 1630 cm ™"
in a KBr disk and in the pure solid.** In addition, recent
NRVS measurements on [57Fe(TPP)(MI)(NO)] in tetra-
hydrofuran solution do not show any shift in O;p(Fe—
N-—0)."8! Alternatively, the 582 cm™ ' Raman band ob-
served in ref 156 could belong to an impurity of the
corresponding ferric comPlex It is striking that the vibra-
tional energy of 582 cm™ ' is very similar to »(Fe—NO) of
the ferric complex [Fe(TPP)(MI)(NO)J(BF,4), observed
at 580 cm ™' via NRVS."®? Further work is necessary
to fully understand the puzzling difference between
the NRVS and resonance Raman results for 6C ferrous
heme-nitrosyl model complexes. Note that this is in contrast
to 5C heme-nitrosyls and 6C ferrous heme-carbonyls, where
the two techniques deliver comparable vibrational energies.

Electronic Structure. The spectroscopic results des-
cribed above reveal important differences in the electronic
structures of 5C and 6C ferrous heme-nitrosyls. Binding
of an N-donor ligand frans to NO induces a reduction
of the spin density on the iron center, as is evident from
EPR and MCD spectroscopies®*®® 171 and DFT calcula-
tions.®*'%? In addition, both the N—O and Fe—NO bonds
are simultancously weakened, as documented by a shift
of ¥(N—O) and v(Fe—NO) from 1670—1700 and 520—
540 cm ™! in the 5C complexes to 1610—1630 and ~440
cm™ ! for the 6C systems (cf. Tables 1 and 3), respectively.
Force constants provide an even better measure of the
bond strength changes (in closely related complexes)
because they are independent of mode mixing.'®" The
N—0O and Fe—NO force constants for 5C [Fe(TPP)(NO)]
of 12.53 and 2.98 mdyn/A drop to 11.55 and 2.57 mdyn/A
upon binding of MI in the 6C complex [Fe(TPP)(MI)-
(NO).5*%* This direct correlation of the N—O and

(181) Lehnert, N.; Sage, J. T.; Silvernail, N. J.; Scheidt, W. R.; Alp, E. E.;
Sturhahn, W.; Zhao, J., submitted for publication.

(182) Praneeth, V. K. K.; Paulat, F.; Berto, T. C.; DeBeer George, S.;
Nather, C.; Sulok, C. D.; Lehnert, N. J. Am. Chem. Soc. 2008, 130, 15288—
15303.
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Fe—NO bond strengths indicates a change (weakening)
of the Fe—NO o bond upon coordination of the N-donor
ligand, whereas a change in r backbonding would lead to
an inverse correlation (vide supra).®® The weakening of
the Fe—NO bond in 6C complexes is further evident from
an increase in the NO dissociation constant.'®® "TH-NMR
spectroscopy has also been used to elucidate the resulting
denitrosylation of the complexes.®?

DFT calculations show that binding of an N-donor
ligand in trans position to NO reduces mixing of the
singly-occupied 7%}, orbital of NO with d,. of Fe' due to a
o trans interaction with the proximal N-donor ligand®*¢?
(see also ref 183 for a qualitative description). In addition,
d,» is rotated off the Fe—NO axis by admixture of d..
character, which further reduces the overlap of 7*, with
the resulting d,/d.. combination. This weakens the
Fe—NO o bond, as reflected by the lower Fe—NO
stretching frequency of ~440 cm™' compared to the 5C
case. Because of the reduced donation from the z*,
orbital of NO, the N—O bond is also weakened, as is
evident from »(N—O) observed around 1610—1630 cm ™
for the 6C compounds. This explains the experimentally
observed direct correlation of the N—O and Fe—NO
bond strengths in 5C and 6C heme-nitrosyls as described
above (cf. Table 2). This change in the electronic structure
isillustrated by the contour plots of the SOMOs of the 5C
and 6C complexes in Figure 5. The reduced o donation
from NO to Fe" in the 6C case also causes a shift in the
spin-density distribution with spin populations of about
+0.8 on NO and only 40.2 on iron in 6C complexes, in
agreement with the EPR and MCD results.®*%*® Earlier
DFT calculations found a qualitatively similar trend, but
the spin densities are too iron-centered in this case (see
Section B.3).'®® On the basis of these descriptions, the 6C
complexes correspond to the prototype of an Fe''—=NO-
(radical) adduct, whereas NO is a stronger o donor in the 5C
case, giving this complex noticeable Fe'=NO™ character. On
the other hand, the 7t backbond is of comparable strength in
analogous 5C and 6C complexes.®*** Our DFT calculations
also reproduce the rotation of the g tensor in the 6C
complexes, as shown in Figure 5, bottom, and, hence, are
in agreement with all available experimental data.%>%

In conclusion, although N-donor ligands only bind
weakly to Fe""=NO complexes, they have a measurable
effect on the electronic structures of these compounds.
This counterintuitive effect is explained by the contour
plot of the SOMO of the 6C complexes in Figure 5, right:
the interaction of d, with the sp> o-donor orbital of Mlin
the SOMO is actually antibonding, directly reflecting the
o trans interaction/competition between NO and MI
for d,.. This weakens the Fe''—(N-donor) bond thermo-
dynamically, leading to the experimentally observed
small N-donor binding constants, but at the same time
allows the N-donor ligand to substantially affect the
electronic structure of the Fe""—NO unit.

Modulation of ¢ Bonding. Because this change of the
Fe—NO o bond upon binding of an N-donor ligand is
mediated by metal—ligand covalency, the magnitude of
this effect depends entirely on the o-donor strength of
the N-donor ligand. In other words, the observed weak-
ening of the Fe—NO and N—O bonds in the 6C complexes

(183) Enemark, J. H.; Feltham, R. D. J. Am. Chem. Soc. 1974, 96, 5002.
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correlates with the o-donor strength of the bound N-donor:
the stronger this ligand binds to the Fe'' center, the more
pronounced is the reduction of the Fe—NO and N—O
bond strengths. For example, in [Fe(TPP)(NO)], the
N-—O stretching frequency is observed at 1697 cm ™',
which drops to 1630 cm™ ' upon coordination of the
strong N-donor ligand MI, whereas coordination of the
weaker 4-(dimethylamino)pyridine ligand (Me,>NPy)
only reduces »(N—O) to an intermediate position of
1653 cm ™' In this respect, the N—O stretching frequency
serves as a direct and very sensitive probe for the donor
strength of the proximal N-donor ligand, as documented
first by Scheidt and co-workers.'®* In addition, the magni-
tude of the "N hyperfine coupling constant of the proximal
N-donor ligand available from EPR measurements is also a
(more indirect) measure of the Fe'—(N-donor) bond
strength.® This is due to the fact that the covalency of the
Fe""—(N-donor) bond directly correlates with the amount
of spin density transferred from the Fe'—NO unit to the
N-donor atom of the ligand,**'®® which then correlates with
the contact shift and, hence, the magnitude of the '*N hy er-
fine coupling constant of the proximal N-donor ligand.®

Correlation of the N—O Stretch and the Fe—N—O
Bend? 6C ferrous heme-nitrosyls exhibit a Raman band
at ~550 cm ™!, assigned to Oip(Fe—N—0), which has been
proposed to show an inverse correlation with ¥(N—O) in
different heme protein NO adducts.'*® Scheme 5 shows a
corresponding correlation plot between »(N—O) and
Oip(Fe—=N—0) that includes a number of proteins as
well as wild-type (wt) Mb and corresponding active site
mutants. These data indicate a quite limited correlation of
these vibrational frequencies, which, overall, could be
characterized as slightly inverse. On the other hand, if
only wt Mb and distal His64 mutants are considered
(green data points), the correlation becomes direct.'>®
When other Mb mutants are added to the picture, the
situation again becomes less defined. Therefore, it is fair
to say that the overall correlation between J;,(Fe—N—0)
and »(N—O) is limited. A recent single-crystal NRVS
study on [Fe(TPP)(MI)(NO)] that includes a QCC-NCA
fit of the complete NRVS spectrum of this compound
(cf. Figure 7) provides more insight into this observation.
Although the principal assignments of the 437 and
563 cm features to ¥(Fe—NO) and d;,(Fe—N—0) do
not change,'®' these results show that the Fe—N—O
bending internal coordinate is distributed over a number
of porphyrin-based vibrations in the 520—580 cm ™'
region because of strong mode mixing, and the main
feature assigned to O;,(Fe—N—O) is observed at 563
cm ! (cf. Figure 4, bottom). These modes also show quite
strong admixtures of the Fe—NO stretching internal
coordinate, as evidenced by their out-of-plane polarized
intensity as shown in Figure 7, inset. A similar situation is
likely encountered in other 6C ferrous heme-nitrosyls,
based on the similarities of the vibrational energies. Thus,
the complex and strongly mixed nature of 0,,(Fe—N—O)
explains the observed lack of correlation with v(N—0). In
contrast, the Fe—NO stretch appears as a much cleaner
mode at ~440 cm ™" and shows only a small admixture of
the Fe—N—O bending coordinate.'®!

(184) Scheidt, W. R.; Brinegar, A. C.; Ferro, E. B.; Kirner, J. F. J. Am.
Chem. Soc. 1977, 99, 7315-7322.
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Scheme 5. Correlation Diagram for ¥(N—O) and d;,(Fe—N—0) in 6C
Ferrous Heme-Nitrosyls in Proteins and Model Systems, Using Data
from refs 156, 179, and 196. Data for wt Mb""—NO and [Fe(TPP)-
(MI)(NO)] are taken from refs 64 and 180¢
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“Black: heme proteins with proximal His coordination. Blue: model
complexes with bound l-methylimidazole (MI). Red: Mb mutants.
Green: Mb mutants where the distal His64 has been altered to remove
the potential hydrogen bond to the coordinated NO.
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Figure 7. Experimental powder data (black) of [*’Fe(TPP)(MI)(NO)]
and total NRVS VDOS intensity from a simulation using the QCC-NCA
approach (orange). Inset: NRVS VDOS spectra in the 500—600 cm ™' range.
Black: powder spectrum. Blue and red: normalized single-crystal in-plane
(blue) and out-of-plane (red) polarized spectra. Green: predicted powder spec-
trum from the single-crystal data. Adapted from ref 181.

B.3. Ferrous Heme-Nitrosyls: a Challenge for DFT
Calculations. DFT calculations are generally able to
reproduce the geometries and vibrational frequencies of
the [M(Porphyrin)] core of metalloporphyrin complexes
[M(Porphyrin P(LP(L’gl well, as has been demonstrated in
the literature. On the other hand, the properties
of the axial L—M—L’ subunit are more of a challenge.
This is particularly true for heme-nitrosyls because of the
“noninnocence” of this ligand, the presence of an unpaired

(185) Rush, T. S., III; Kozlowski, P. M.; Piffat, C. A.; Kumble, R.;
Zgierski, M. Z.; Spiro, T. G. J. Phys. Chem. B 2000, 104, 5020-5034.

(186) Paulat, F.; Praneeth, V. K. K.; Nather, C.; Lehnert, N. Inorg. Chem.
2006, 45, 2835-2856.
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electron, and the fact that NO also undergoes significant N E87°
backbonding interactions. Gradient-corrected functionals o<t 5= §
like BP86, BLYP, or PW91 generally overestimate metal— 5 aad § é =
ligand covalencies and, hence, predict too strong metal— - =28 4 TEs
ligand bonds. This is particularly true for the Fe"'—NO bond Som— NSNS i axs EE B
in both 5C and 6C ferrous complexes, where both of the NHNNZERECCD 2On 288 ﬂgﬁ £
. — o8
Fe—NO o and 7 bond strengths are overestimated. Corres- T 8= 2
pondingly, as shown in Tables 1 and 3, BP86 calculations 5l 3 ZE3
generally predict too short Fe—NO bonds and Fe—NO 8|9 23S é s &
stretching frequencies around 600 cm ™!, compared to experi- RR-BE: S o S
mental values of 520—540 cm ™' (5C) and ~440 cm ™" (60), 1218 25 zaw T:%
respectively. The same trend is evident from the Fe—NO g el :;% aF SOg %& 5
force constants, which are overestimated by 0.6—0.8 mdyn/A = § R s § =
compared to the QCC-NCA results (cf. Table 2). S|E| - g S2
In the case of the N—O bond strength and vibrational g5 S >~ E 2 2
frequency, the situation is more complicated (and less <7 L= aax 8 sy cxm axy 2 P!
insightful) because an overestimation of the Fe—NO ¢ < £l S Al ARG REA 88F Tws
bond (donation from an N—O antibonding s* orbital) E 5 § 5
would result in a too strong N—O bond and, hence, a too g . 8 18*%‘
high N—O stretching frequency, whereas an overestima- g Cf B QRLLOTANS 782 233 5 2 ;
tion of the Fe—NO s backbond (donation into an N—O < |22 ZEXRRZZZ ZEX 2= J 83
antibonding sr* orbital) would lead to a too weak N—O = ° E <28
bond and, correspondingly, a too low N—O frequency. -  lwo - o ~ww B §§
Gradient-corrected functionals like BP86 are able to find & CISES a - LS8 =% E
a good balance between these interactions, leading to A %% 8
predicted »(N—O) values of 1700—1720 cm ™' (5C) and = 3 g f)—q’i
1660—1680 cm ™' (6C), as shown in Tables 1 and 3, which < L § g § = § § 8 %E e
are in good agreement with experiment. = < —dl - o cicicl §Z g
In the case of the hybrid functional B3LYP, the cova- %" 2 § ;
lency of the Fe—NO & backbond is underestimated and, S| - l'ré” 5
correspondingly, the balance of Fe—NO o and 7 bonding 5|< T £ S 2 ZRY 7 g
is disturbed. This leads to calculated N—O stretching gl 2] = = o ddia A58
frequencies of about ~1800 cm ™' in both the 5C and 6C I z1- % g2
complexes (cf. Tables 1 and 3), which is a substantial < § o R
error. On the other hand, the calculated Fe—NO bond S| & Eg 8
lengths and stretching frequencies from B3LYP are g = % == 2 8 852 F0¢
better compared to BP86 in the 5C case, as evident Z| 8|2 a 250
from Table 1. This indicates that B3LYP is able to REAR EZE
generally reduce the Fe—NO covalency, leading to a = f % =
better result for the description of the Fe—NO bond. A 2 Q | 3 5 588 g E =
similar improvement is also observed for the 6C com- £ Z == = ZZIZZ Zs5s
plexes, but the competition between 7%, of NO and the S E% &
o-donor orbital of the proximal N-donor ligand for d,. of = - % TQTE
iron adds additional complexity in this case. In fact, the % LI3E g g 383 B 5 °
balance between the Fe—NO and Fe—(N-donor) bond a & == = - —== B8&%&

strengths is not described well with B3LYP either. A g <8 E .

comparison of the calculated and experimental Fe—NO ) ~ 2 § =

force constants for [Fe(TPP)(MI)(NO)] shows that the g 5 'gé g >

reality lies, in fact, between the BP86 and B3LYP results: & z 5 g %—E

E ) (‘\'au = S;‘

fre-no :  BP86 (3.24) > QCC-NCA (2.57) £ - §‘§§

> B3LYP (2.18) [in mdyn/A] & B 53z%

= ESE [ 8EZ

where BP86 gives a too strong and B3LYP a too weak g B _ §§§ qu E é ~

Fe—NO bond. In the case of the Fe—Npy; bond, the trend g Eﬂ = AEE Cﬁgﬁﬁ %g '5&%

is roughly inverse: % g ¥8~6 5?‘“ 5 :g?g/g ;; g \@E
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fre-nam © B3LYP (0.72) ~ QCC-NCA (0.78) 2 9995977 oizin £42%

= S Rem=e) Zhx ziL Ep S

> BP86 (0.56) [in mdyn/A] 3 22822352502 /82 E55 T3

< MEELEREESTY BER 228 -pEi
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to determining reliable force constants, normal-mode = EERLEEEEETST AR DR zn O
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Table 5. Calculated (BP86/TZVP) Geometric and Vibrational Properties of [Fe(P)(L)(NO)]"™ Complexes (L = MI or SMe™; n=1,2) and of Corresponding Protonated

Species Compared to Experiment

geometric parameters [A]”

vibrational frequencies [cm ']

molecule “ AFe—N AN-O ZFe—N-0 AFe—L,, »(N—0) v(Fe—NO) ref
[Fe(TPP)(NO)]~ 1496 549 226
[Fe(Tper-FsPPBrg)(NO)] ™~ 1550 227
Mb—HNO 1.82 1.24 131 2.09 1385 651 200
P450nor: intermediate I 596 134
[Fe(P)(SMe)(NHO)] (3a, S = 0) 1.824 1.252 133 2.354 1386 601/430 136
[Fe(P)(SMe)(NOH)]™ (3b, S = 0) 1.746 1.401 117 2411 833 649 136
[Fe(P)(SMe)(NHOH)] (4, S = 0) 1.810 1.397 125 2.230 952 609/544 ¢ 136
[Fe(P)Y(MI)(NHO)] (S = 0) 1.789 1.236 132 2.082 1459 651/464 d

“MI = l-methylimidazole; P = Porphine®;* AFe—L,, = bond distance between iron and the axial (proximal) ligand trans to NO. € Both modes at
609 and 544 cm™! are strongly mixed with in-plane and out-of-plane Fe—N—H bends. ¢ This work.

descriptions, and vibrational assignments for ferrous
heme-nitrosyls.

In summary, gradient-corrected functionals like BP86
lead to an overall better description of the bond lengths
and vibrational frequencies in ferrous heme-nitrosyls.
Spin density and total energy calculations are better
performed with B3LYP because gradient-corrected func-
tionals clearly overestimate metal—ligand covalencies
and, hence, deliver wrong spin distributions and ligand
binding energies in these complexes. The ideal solution is
therefore to perform geometry optimizations with BP86,
followed by spin density and/or total energy calculations
with B3LYP on the BP86 structures, and this strategy has
proven successful in the analysis of the spectroscopic
properties and electronic structures of heme-nitrosyls in
a number of cases.®*'®

Due to the large size of substituted metallopor-
phyrins, many researchers have used the porphine (P*~;
cf. Scheme 1) approximation for the analysis of axial
ligand binding to hemes. Tables 1 and 3 contain DFT
results for porphine complexes in direct comparison with
calculations that include the complete porphyrin ligands.
Surprisingly, the calculated properties of the porphine
models are very similar to the complete molecules if only the
axial Fe—N—O subunits are considered, but at a fraction of
the computational cost. This emphasizes that porphine is a
good approximation for OEP?~ and TPP*>~ for the inves-
tigation of axial ligand properties. This approach is also
useful for the screening of functional/basis set combinations
for following large-scale computations.

Recently, DFT calculations with gradient-corrected
functionals were used to predict trends in the Fe—NO
vibrational energies in 6C ferrous heme-nitrosyls, for
example, upon porphyrin ring substitution or the forma-
tion of hydrogen bonds to the coordinated NO.'®” How-
ever, this approach is problematic because gradient-
corrected functionals predict that the ~600 cm ™' mode
of the Fe—N—O subunit (cf. Table 3) used in these
comparisons has more dominant Fe—NO stretching
character with little contibutions from porphyrin-based
vibrations. Experimentally, very different normal-mode
descriptions are obtained where the vibration at higher
energy (540—560 cm™') has more dominant Fe—N—O
bending character and shows strong contributions from
porphyrin-based vibrations.'®! Hence, because the pre-

(187) Xu, C.; Spiro, T. G. J. Biol. Inorg. Chem. 2008, 13, 613-621.

dictions derived from these DFT calculations are based
on incorrect vibrational energies and normal-mode de-
scriptions, the conclusions drawn from these calculations
have to be treated with some skepticism. Better insight is,
in fact, available from the analysis of the structural
changes,'®” as further discussed in Section B.5.

B.4. The Effect of Thiolate Coordination on Ferrous
Heme-Nitrosyls. In contrast to the wealth of information
available for 6C ferrous heme-nitrosyls with axial N-donor
coordination, data on corresponding thiolate-bound spe-
cies are rare. Kincaid et al. showed that the N—O stretch
in the ferrous cytochrome P450,,, NO adduct is observed
at 1591 em ™', which is 25—40 cm ™' lower compared to
imidazole-bound 6C species. An additional isotope-
sensitive feature was observed at 554 cm™ ! in P450.0m
(and 542 cm ™! in chloroperoxidase).'**!*° These features
were originally assigned to the Fe—NO stretch but, in
light of the above discussion, likely belong to the
Fe—N—O bending mode similar to the 6C complexes
with proximal N-donor coordination. This point requires
further study. BP86/TZVP calculations on the model
system [Fe(P)(SR)(NO)]” (R = Me, Ph) reproduce the
trend in ¥(N—O), as shown in Table 3: the predicted N—O
stretching frequencies of 1599 (R = Me) and 1617 cm ™!
(R = Ph) are clearly lower in energy compared to [Fe(P)-
(MI)(NO)] (1662 cm™!; from BP86/TZVP).%” The calcula-
tions also indicate that the thiolate-bound species have
weaker Fe—NO bonds; i.e., the calculated Fe—NO force
constant drops from 3.26 mdyn/A in [Fe(P)(MI)(NO)] to
2.38 mdyn/A in [Fe(P)(SMe)(NO)] . This indicates a change
in 0 bonding where thiolate leads to an even stronger o trans
interaction (effect) with the bound NO.%” Correspondingly,
the SOMO of [Fe(P)(SMe)(NO)] ™ has 41% z*}, and only
24% d,» contribution, which corresponds to a reduction in
the Fe—NO covalency compared to [Fe(P)(MI)(NO)] (cf.
Scheme 6). However, this is not the whole story. The BALYP-
calculated spin densities for [Fe(P)(SMe)(NO)]™ of > 1.0 on
NO and <0 on Fe are certainly alarming, whereas “normal”
values of +0.78 (NO) and +0.21 (Fe) have been obtained for
[Fe(P)(MI)(NO)] (cf. Figure 5). In addition, the B3LYP
wavefunction for [Fe(P)(SMe)(NO)]™ shows a distinct
amount of spin contamination. We therefore performed a
Lowdin—Amos—Hall paired orbital (LAH-PO) analysis of
the spin-contaminated wavefunction using the approach of

(188) Hu, S.; Kincaid, J. R. J. Am. Chem. Soc. 1991, 113, 9760-9766.
(189) Hu, S.; Kincaid, J. R. J. Biol. Chem. 1993, 268, 6189-6193.
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Scheme 6. Comparison of the SOMOs of Model Complexes [Fe(P)(NO)], [Fe(P)(MI)(NO)], and [Fe(P)(SMe)(NO)] ~, Calculated with BP86/TZVP®>¢7
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Zilberberg et al.,'”*!°! and we found that the observed spin

densities reflect the admixture of Fe'"=NO~ character into
the ground state of [Fe(P)(SMe)(NO)] . LAH-PO analysis
predicts the ground state to have 74% Fe"'—NO(radical)
character with 18% admixture of Fe'"'=NO™ and 6%
contribution from a ligand-field excited state.'*® This origi-
nates from the stabilization of Fe' by the anionic thiolate
ligand. In contrast, LAH-PO analysis of the B3LYP wave-
function of [Fe(P)(MI)(NO)] delivered a ground state with
88% Fe''=NO(radical) character and a 12% admixture of a
ligand-field excited state,'*® in agreement with the electronic
structure description of this complex developed above.

EPR spectra of ferrous heme-nitrosyls with axial thio-
late coordination have been reported for the ferrous NO
adducts of P450nor, P450cam, and P450; 5. *"'%? The
obtained g values as well as the well-resolved '*N hyper-
fine lines on g,;q both closely resemble the properties of
6C ferrous heme-nitrosyls with N-donor ligands (vide
supra). On the other hand, the addition of thiophenolate
or tetrahydrothiophene to solutions of the 5C complex
[Fe(TPP)(NO)] led to EPR spectra that more closely
resembled the spectrum of the 5C starting material.®’
These findings indicate that the interaction of the thio-
phenolates and thioethers (cf. also ref 68) with the
Fe""=NO center is much weaker compared to N-donor
ligands like imidazole and cysteinate in P450 proteins.

B.5. Implications for NO Binding to Globins, Signaling,
and Catalysis.

Implications for NO Binding to Globins. On the basis of
the observation that the strong distal hydrogen bond of
His64 to dioxygen is crucial for stable Fe—O, adduct
formation in globins, the effect of the distal His on CO
and NO binding to ferrous hemes has also gained con-
siderable attention. Crystallographic investigations on
ferrous Mb"—NO,'”*~"% in fact, implicate the presence
of a hydrogen bond between the distal His and NO (cf.
Scheme 7), but the strength of this interaction, and,
correspondingly, its effect on the properties of the co-
ordinated NO, is not clear. Vibrational spectro-

(190) Zilberberg, I.; Ruzankin, S. P. Chem. Phys. Lett. 2004, 394, 165—
170.

(191) Zilberberg, 1.; Ruzankin, S. P.; Malykhin, S.; Zhidomirov, G. M.
Chem. Phys. Lett. 2004, 394, 392-396.

(192) O’Keeffe, D. H.; Ebel, R. E.; Peterson, J. A. J. Biol. Chem. 1978,
253, 3509-3516.

(193) Brucker, E. A.; Olson, J. S.; Ikeda-Saito, M.; Phillips, G. N., Jr.
Proteins: Struct., Funct., Genet. 1998, 30, 352.

(194) Copeland, D. M.; West, A. H.; Richter-Addo, G. B. Proteins:
Struct., Funct., Genet. 2003, 53, 182.

(195) Copeland, D. M.; Soares, A. S.; West, A. H.; Richter-Addo, G. B. J.
Inorg. Biochem. 2006, 100, 1413-1425.
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Scheme 7. Proposed Hydrogen Bond for NO Bound to Ferrous
Globins (See, for Example, refs 41 and 205)
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scopy is a great method to gain further insight into this
issue since metal—NO stretching frequencies are very
sensitive reporters of changes in the metal—NO bond,
asdescribed above. If the distal His64 in wt Mb is mutated
to bulky leucine (H64L) or isoleucine (H64I) to remove
the hydrogen bond and (potentially) block the distal
pocket, a moderate increase of ¥(N—O) from 1613 to
1635—1640 cm ™' is observed, accompanied by a distinct
shift of d;,(Fe—N—O) from 547 to ~560 em ! (cf.
Scheme 5, indicated in green),'”® but, unfortunately, the
difference in v(Fe—NO) is not known. Interestingly, the
vibrational properties of these His64 mutants, especially
His64L, are very close to those of the model complex
[Fe(TPP)(MI)(NO)], indicated in blue in Scheme 5.
Hence, this compound is a great model for Mb"—NO in
the absence of hydrogen bonding, i.c., for the H64L and
H641 mutants. Assuming that the Fe—NO stretching fre-
quency in the model complex and the His64 mutants is also
similar, then the energies of ¥(Fe—NO) at 443 cm™ ' in wt
Mb"—NO and at ~439 cm™ ' (437 cm ™! with *’Fe) in the
model complex do not indicate significant changes in the
electronic structure because of the presence of the hydrogen
bond. Hence, the hydrogen bond is likely relatively weak in
the NO case. DFT calculations estimate the hydrogen bond
to 3—4 kcal/mol."’

In comparison, the lower »(N—O) frequency in wt Mb—
NO might then be due to a simple polarization of the 5/m*

(196) Coyle, C. M.; Vogel, K. M.; Rush, T. S.; Kozlowski, P. M.;
Williams, R.; Spiro, T. G.; Dou, Y.; Ikeda-Saito, M.; Olson, J. S.; Zgierski,
M. Z. Biochemistry 2003, 42, 4896-4903.

(197) Tangen, E.; Svadberg, A.; Ghosh, A. Inorg. Chem. 2005, 44, 7802—
7805.
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Figure 8. Trans effect of NO and HNO in 6C ferrous heme complexes: HOMO and SOMO of the model systems [Fe(P)(MI)(NHO)] (left) and

[Fe(P)(MI)(NO)] (right), calculated with BP86/TZVP.

orbitals of NO by the hydrogen bond with His64."®! The
larger deviation in vibrational energies observed for the
Fe—N—O bend, obtained at 547 cm™' in Mb—NO and
at ~560 cm ™ in the His mutants and the model complex,
might either be due to the sensitivity of this mode to
changes in porphyrin vibrations (see Section B.2) or the
fact that the polarization of the NO z/7* orbitals by the
hydrogen bond makes the Fe—N—O subunit less stiff and
“easier” to bend. The relatively weak hydrogen bond with
His64 in Mb—NO is in agreement with the bonding
description of ferrous heme-nitrosyls developed above,
where NO binds as a neutral NO(radical) ligand. In
contrast, coordination of O, leads to the formation of an
Fe"—0,~ complex, where the negatively charged super-
oxide ligand then undergoes a much stronger hydrogen
bond with the distal His."”®

Recently, DFT calculations have been used to obtain
further insight into the effect of h%/drogen bonding of a
distal His on the coordinated NO."*"'*” The results show
that different hydrogen bonding geometries are possible
that all lead to a slight weakening of the N—O bond in
agreement with experiment, whereas in the case of the
Fe—NO bond, the effect (strengthening or weakening)
depends on the mode of hydrogen bonding. Scheme 5
seems to indicate a weakening of the Fe—NO bond in the
hydrogen-bonded case, but one has to keep in mind that
the reporter frequency used here at around 550 cm™
actually belongs to the Fe—N—O bend, and, hence, this
does not represent conclusive evidence for changes in
the Fe—NO bond. On the other hand, the Fe—NO stretch
in wt Mb"—NO and the model complex [Fe(TPP)-
(MI)(NO)] is quite similar (vide supra), indicating that
the effect of hydrogen bonding on the Fe—NO bond is
relatively weak.

NO Signaling. In the case of sGC, binding of NO to the
ferrous heme active site of this protein leads to the
intermediate formation of a 6C complex, followed by
transformation of this species into a 5C ferrous heme-
nitrosyl due to a breaking of the Fe''—His bond.** A
similar situation is likely encountered in cytochrome ¢’.”°
Whereas it would be quite difficult to measure binding
constants of His to the ferrous heme centers in these
proteins, this observation can be straightforwardly

(198) Sigfridsson, E.; Ryde, U. J. Biol. Inorg. Chem. 1999, 4, 99.

explained using model complexes. In this case, it has
been demonstrated that coordination of NO leads to a
substantial weakening of the Fe''—imidazole bond, as
reflected by the binding constants of imidazole trans to
NO of only 10—50 M ™", This relates to the competition of
the o-donor orbitals %), of NO and Im(o) for d,- of iron,
which explains the trans effect of NO on axially bound
N-donor ligands. In the case of the globins, the position of
the axial His is restrained, such that stable 6C ferrous
heme-nitrosyls are obtained.

It has also been proposed that HNO produced in vivo
could activate sGC."” However, a careful consideration of
the model system [Fe(P)(MI)(HNO)] shows that the trans
effect of HNO is much weaker than that of NO. Figure 8,
left, shows the contour plot of the highest occupied
molecular orbital (HOMO) of this model system, which
has 73% sr*}, and only 7% d,»/d.. character. Although this
orbital is antibonding with respect to IM, the contribution
of d,> to this MO is much smaller compared to the SOMO
in the corresponding NO model system [Fe(P)(MI)(NO)],
which shows 42% d./d,. character (Figure 8, right). The o
trans effect is therefore much smaller for HNO, and, hence,
this molecule is not likely to activate sGC.*® This trend is
further reflected by the optimized lfeH—NMI bond distance
in these models, which is 2.179 A for NO compared to
2.082 A for the HNO complex (compared to 2.09 A for
Mb-HNO?®). Finally, the calculated binding constant of
Ml is about 3—4 orders of magnitude larger for the HNO
compared to the NO complex.

Implications for Catalysis. As shown in Figure 1B, a
ferrous heme-nitrosyl is catalytically active in the forma-
tion of N»,O from NO in NorBC, but details of the N—N
coupling mechanism are unknown. In addition, it is not
clear whether the heme-nitrosyl is 5C or 6C; in light of the
above discussion, both coordination numbers seem pos-
sible. Our results have demonstrated that the presence of
an axial ligand (of N- or S-donor type) trans to NO
weakens both the Fe—NO and N—O bonds relative to
the corresponding SC species and, in this way, could help
to activate NO for catalysis by increasing the amount of

(199) Miranda, K. M. Coord. Chem. Rev. 2005, 249, 433-455.

(200) Immoos, C. E.; Sulc, F.; Farmer, P. J.; Czarnecki, K.; Bocian, D. F.;
Levina, A.; Aitken, J. B.; Armstrong, R. S.; Lay, P. A. J. Am. Chem. Soc.
2005, 127, 814-815.
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Scheme 8. Radical versus Dipolar N—N Coupling Mechanism in
NorBC*
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“On the basis of the obtained electronic structure descriptions for
ferrous heme-nitrosyls (see the text), it can be expected that the 6C
complex is more reactive in a radical-type reaction, whereas the 5C
complex could potentially be advantageous for a dipolar-type coupling.

radical character (spin density) on the coordinated NO.*?
This finding could be of key importance for the activation
of NO in NorBC because ferrous heme-nitrosyls are
generally stable and quite unreactive.”® In the proposed
radical-type N—N coupling mechanism in Figure 1B, a
6C ferrous heme-nitrosyl would then be expected to be
more reactive due of the increased radical character on
the bound NO. On the other hand, the electronic struc-
ture of ferrous nonheme nitrosyl complexes might be best
descrlbed as Fe"=NO™, where the high-spin ferric center
(S = °/,) and the NO~ hgand (S = 1) are antiferromag-
netically coupled to give the § = 3/, ground state.””! A
similar Feg—NO complex witha S = ®/, ground state has
also been observed for NorBC.'”! On this basis, the N—N
coupling process might be better described as a dipolar
reaction between the nonheme Feg™'—NO™ species and
the heme-nitrosyl, which would then be expected to be
more reactive in the 5C state that shows noticeable
Fe'-NO™ character. Scheme 8 shows both possible
N—N coupling mechanisms.

Since the coordination number influences the electronic
structure and reactivity of the bound NO ligand, further
experimental studies on corresponding 5C and 6C model
complexes are desirable. These experiments are challenging
in the 6C case because the synthesis of a ferrous heme-
nitrosyl that is 6C in solution at room temperature in the
absence of excess N-donor ligand (which could influence the
reactivity studies) is difficult because of the strong o trans
effect of NO. We recently succeeded in the synthesis of a
corresponding model complex (cf. Scheme 9) where the axial
imidazole ligand is covalently linked to the porphyrin macro-
cycle.® This result is based on a detailed study of the binding
properties of N-donor ligands to 5C ferrous heme-nitrosyls,
and it was shown that coordination of the N-donor ligand is
facilitated by (a) the choice of IM as the axial ligand, (b) the
application of a slightly electron-poor porphyrin derivative,
and (c) the usage of a rigid benzyl linker. With these results in
hand, further reactivity studies can now be performed.

(201) Brown, C. A.; Pavlosky, M. A.; Westre, T. E.; Zhang, Y.; Hedman,
B.; Hodgson, K. O.; Solomon, E. I. J. Am. Chem. Soc. 1995, 117, 715-732.
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Scheme 9. Stable 6C Ferrous Heme-Nitrosyl Model Complex in the
Absence of Excess Axial Ligand, [Fe(To-F,PP-BzIM)(NO)] (Reprinted
with Permission from ref 65. Copyright 2009 American Chemical
Society)

C. Ferric Heme-Nitrosyls

C.1. NO as a Weak Ligand That Forms a Strong Metal—
Ligand Bond.

Geometric and Spectroscopic  Properties.  Ferric
heme-nitrosyls with axial N-donor coordination are char-
acterized by extremely short Fe—NO bond lengths of ~1.65
A and linear Fe—N—O units, as listed in Table 4. Vibra-
tional spectroscopic studies of proteins and model com-
plexes show N—O stretching frequencies in the 1900 cm ™!
region and Fe—NO stretching energies of ~590 cm™" (cf.
Table 4). For example, ferric Mb-NO exhibits "(N—O) at
1927 em™ ! and »(Fe—NO) at 595 cm ™!, which compares
well to the model complex [Fe(TPP)(MI)(NO)]|(BFy,),
where N—O and Fe— NO stretching frequenmes of 1896
and 580 cm™ ! (578 cm™! measured with >’Fe) have been
found.'® From NCA, force constants of 15.18 mdyn/A for
N—-Oand 3.92 rndyn/A for the Fe—INO bond, respectively,
have been determined for this model complex, based on IR
and NRVS measurements.'®* These geometric and vibra-
tional properties are in agreement with the widely accepted
Fe''-NO™ descnptlon of the electronic structures of ferric
heme-nitrosyls.”” Because the ground states of these com-
pounds are diamagnetic, no additional information is avail-
able from EPR or MCD spectroscopies. DFT calculations
using gradient-corrected functionals and sufficiently large
basis sets are able to reproduce these ground-state properties
well (cf. Table 4). Asin the ferrous case (see Section B.3), the
metal—ligand covalency is overestimated by this method,
and, correspondingly, the Fe—NO stretching frequency is
predicted somewhat too high in energy, although the devia-
tion from experiment is noticeably smaller here compared to
the ferrous case. On the other hand, the N—O frequency is
obtained quite close to the experimental value. Again, the
porphine approximation works very well if only the proper-
ties of the axial Fe—N—O unit are considered.

Electronic Structure and Comparison to Ferrous
Heme-Nitrosyls. The Fe—NO interaction in the Fe''—
NO™ ground state of ferric heme-nitrosyls is entirely
dominated by strong s backbonding between two d,
orbitals of the metal (d,. and d,. in the principal coordi-
nate system applied here; cf. Scheme 3) and two empty 7*
orbitals of NO™. Figure 9, left and middle, shows the
corresponding antibonding combinations, which have
about 70% metal and 30% s* character, corresponding
to a very strong interaction. In this respect, NO™ is, in
fact, a stronger backbonding ligand than CO. The strong
o backbond leads to a net transfer of the charge density
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Figure 9. Contour plots of key molecular orbitals of ferric heme-nitrosyls in the Fe'"~NO™ ground state. Reprinted with permission from ref 182.

Copyright 2008 American Chemical Society.

of one electron from the metal to the ligand*** and
explains the lowering of the N—O stretching frequency
from 2390 cm ™' in free NO™ to ~1900 cm ™' in these
complexes. In contrast, the Fe—NO o interaction in ferric
heme-nitrosyls is weak because of the generally poor
donor abilities of the o}, orbital in diatomics with multi-
ple bonds (cf. Figure 9, right). Corresponding to this
strong s and weak ¢ bonding description, the Fe—N—0O
unit is linear and short to maximize the 7 interaction.

This quantitative description of the Fe—NO bond in
ferric heme-nitrosyls allows for a detailed comparison
with the corresponding ferrous complexes described
above. The one-electron reduction of ferric heme-
nitrosyls is mostly ligand centered, in agreement with their
Fe'"=NO™ electronic structure, resulting in a shift of
v(N—0) from 1896 cm™' in [Fe(TPP)(MI)(NO)](BF,)
to 1630 cm ™' in [Fe(TPP)(MI)(NO)], for example. The
strong Fe—NO o bond in the ferrous complex explains the
large thermodynamic stability of the Fe—NO bond in this
case and the observed trans interaction of the NO ligand
with axially coordinated N-donor ligands, which induces
long Fe"—=Njy bond lengths compared to the corres-
ponding bis(imidazole)-ligated iron(II) porphyrins.®!
In contrast, the o bond is clearly much weaker in ferric
heme-nitrosyls, which explains the very short Fe—NO
bonds and the lack of a significant trans effect of NO in
these compounds.'®?

A more rigorous comparison of the Fe—NO bond
strength in ferrous and ferric heme-nitrosyls could be

(202) This corresponds to an effect of covalency because the electron
density transferred to the iron center has the charge of approximately one
electron but no spin due to the transfer of equivalent amounts of o and f3 spin
density. Hence, this does not correspond to an electron transfer since an
electron has a charge and a spin.

(203) It should be noted that the equilibrium constant of NO binding
relates to the difference in free energy, AG°, between the NO-bound complex
and the dissociation products upon NO release. Therefore, the major
contribution to AG® comes from the strength of the heme—NO bond.
However, as pointed out by Ford and co-workers, a small part of the
difference, at least in a coordinating medium such as an aqueous solution,
comes from the fact that NO is replaced by a solvent molecule, which
contributes to the stability of the product. Indeed, the difference in the
mechanism of NO binding between Fe"'(Porphyrin) and Fe"(Porphyrin)
complexes in aqueous media can be largely attributed to the role of
coordinated solvent in the former case. See: Laverman, L. E.; Hoshino,
M.; Ford, P. C. J. Am. Chem. Soc. 1997, 119, 12663-12665. Laverman, L. E.;
Ford, P. C. J. Am. Chem. Soc. 2001, 123, 11614-11622.

based on either thermodynamic or spectroscopic criteria.
Experimental complex formation constants K.q of fer-
rous compared to ferric heme-nitrosyls differ, in gene-
ral, by 4—5 orders of magmtude The corresponding
NO adduct formation energies AG with respect to the
reaction, [Fe(Porphyrin)(N-donor)] + NO — [Fe(Porphyrin)-
(N-donor)(NO)] are about —15 to —16 kcal/mol for
ferrous (K., = 10"'—=10"> M™") versus —4 to —7 keal/mol
(Keq = 10°—10°> M ") for ferric heme-nitrosyls,”” and this
trend is reproduced by DFT total energy calculations.'®?
Therefore, the Fe—NO bond is thermodynamically much
stronger in the ferrous compared to the ferric case. In con-
trast, a quantitative evaluation of the vibrational data via
NCA shows that the Fe—NO force constant is 3.92 mdyn/A
for ferric [Fe(TPP)(MI)(NO)]* compared to 2.57 mdyn/A
for ferrous [Fe(TPP)(MI)(NO)] (cf. Table 2). This means
that, spectroscopically, the Fe—NO bond is stronger in the
ferric compared to the ferrous case, which contradicts the
observed thermodynamic trend. Hence, NO is a weak ligand
to ferric heme (from thermodynamics) but at the same time
makes a strong Fe—NO bond (from spectroscopy)! The
basic understanding of NO binding to ferric hemes deve-
loped so far is therefore clearly incomplete.

The Energy Landscape of NO Binding to Ferric
Hemes.'®” To understand the above-described properties
of ferric heme-nitrosyls, two key excited states have to be
considered. Figure 10 shows the calculated potential
energy surfaces (PESs) for (a) the Fe"-NO™ (§ =
blu ) ground state, (b) the open-shell singlet low-spin (ls)

—NO(radical) alternative ground state, where Is Fe'!!

is antlferromagnetlcally coupled to NO (S = 0, red), and
(c¢) the corresponding high-spin (hs) Fe''—NO(radical)
state (S = 2, black), which corresponds to the product
state upon dissociation of NO (because the 5C ferric
heme-imidazole complex is high-spin). The PES for the
Fe"—=NO™ ground state is very steep, with an estimated
dissociation energy of > 30 kcal/mol. This is not surpris-
ing since the dissociation of the complex into Fe'' and
NO™ is energetically unfavorable. This explains the spec-
troscopically observed strength of the Fe—NO bond in
ferric heme-nitrosyls: this is, in fact, a property of the
Fe'"-NO™ ground state of these complexes.

The elusive, alternative ground state ls-Fe'"—NO-
(radical) (S = 0) does, in fact, exist as an energy mini-
mum and is observed surprisingly close in energy to the
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Figure 10. Calculated potential energy surfaces (PESs) for 6C ferric
heme-nitrosyls using the model system [Fe(P)(MI)NO)]" (P =
porphine®™; MI = I-methylimidazole). The following states are consid-
ered: (a) closed-shell Fe"=NO™ (blue); (b) low-spin (Is) Fe'" antiferro-
magnetically coupled (AFC) to NO (open shell S = 0; red); (c) high-spin
(hs) Fe™ AFC to NO (S = 2; black). Reprinted with permission from
ref 182. Copyright 2008 American Chemical Society.

Fe'"=NO™ ground state (DFT energy separation: only
~1 kcal/mol). However, the calculated energy difference
between these states is likely underestimated by a few
kilocalories per mole, as is evident from the vibrational
properties, which do not indicate the presence of the
Is-Fe""'—NO(radical) state close to the ground state. In
addition, the ground state is likely stabilized by config-
uration interaction (CI) via the corresponding, doubly
excited electronic state within the Fe—NO 7z backbond.
Taking this into consideration, the energy surfaces of
the Fe'=NO™ ground state and the Is-Fe'''-NO-
(radical) state cross at an Fe—NO distance of about
1.70—1.76 A; i.e., the ground state of the complex
changes (cf. Figure 10), accompanied by the transfer
of one electron from Fe'' back to NO™.

Importantly, the properties of the two states,
Fe""=NO™ and Is-Fe'"—NO(radical), are very different,
as illustrated in Scheme 10. From the calculations, the Is-
Fe"—=NO(radical) state has a weaker (longer) Fe—NO
bond and, hence, a lower Fe—NO stretching frequency.
Because of the electron transfer from Fe'! into a 7z* orbital
of NO™, the N—O bond is also weaker, giving rise to
v(N—O) at lower frequency. Compared to experiment, it is
therefore apparent that all ferric heme-nitrosyl complexes
characterized so far fall into the regime of the Fe''—NO™
ground state. Upon a further elongation of the Fe—NO
bond, the Is-Fe"'—=NO(radical) crosses the hs-Fe''—NO-
(radical) energy surface (S = 2) at a Fe—NO distance
of ~1.9 A. This transition corresponds to a spin crossover
of Fe'" and is related to the fact that the 5C ferric heme
product is actually high-spin. Importantly, the hs-
Fe''— NO(radical) PES is dissociative with respect to the
Fe—NO bond. This dramatically lowers the thermody-
namic stability of the ferric Fe—NO complex, from about
—10 kcal/mol on the Is-Fe"—NO(radical) surface to
only about —4 kcal/mol (calculated) in the hs-Fe''—
NO(radical) state. Therefore, the properties of the
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Scheme 10. Electronic Structures of Ferric Heme-Nitrosyls (Reprinted
with Permission from ref 182. Copyright 2006 American Chemical
Society)
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hs-Fe'™'—NO(radical) energy surface determine the ther-
modynamic weakness of the Fe—NQO bond in ferric
heme-nitrosyls and the large dissociation rate constant of
NO. This means that once the system has entered the
hs-Fe—NO(radical) electronic state the dissociative
nature of this energy surface will actually drive the NO
away from the metal center. Hence, the experimentally
derived Fe—NO force constant is not a measure for the
stability of the Fe—NO bond in this case. These quantities
are actually completely unrelated because they depend on
the properties of different electronic states. In this way, NO
can form a strong Fe—NO bond and at the same time be a
weak ligand to ferric hemes.

C.2. The Effect of Thiolate Coordination: a o
Backbond into the Fe—N—Q ¢* Orbital. The first indica-
tion that thiolate coordination to ferric heme-nitrosyls
might lead to interesting changes in the properties of these
complexes came from the crystal structure of ferric
P450nor with bound NO."?” As shown in Scheme 11, left,
this structure exhibits a bent Fe—N—O unit with an
Fe—N—0 angle of ~160°. This result led to speculations
on whether this is due to (a) a steric effect of the protein’s
active site pocket that would force the Fe—N—O unit to
bent or (b) an electronic effect. In 2006, Richter-Addo
and co-workers showed that the bent Fe—N—O unit is, in
fact, an intrinsic feature of these complexes. As shown in
Scheme 11, right, the crystal structure of the complex
[Fe(OEP)(SR-H,)(NO)] [SR-H;, = S-2,6-(CF;CONH),-
CgH;] shows the same bending of the Fe—N—O unit
(angle: 160°),"* which provides strong evidence that
this is due to an electronic effect related to the pre-
sence of the thiolate ligand trans to NO. Another con-
sequence of thiolate coordination becomes apparent from
the vibrational data, as shown in Table 4: N—O and
Fe—NO stretching frequencies of about 1820—1850 and
510—530 cm™' are observed, respectively, for ferric
heme-nitrosyls with cysteinate coordination, which are
distinctively lower in energy compared to the imidazole
ligated proteins, where ¥(N—O) and v(Fe—NO) are found
at ~1900 and ~590 cm ™', respectively. To determine
whether this trend also holds for model compounds, we
then investigated the complex [Fe(OEP)(SR-H»)(NO)]
using resonance Raman spectroscopy. The precursor,
[Fe(OEP)(SR-H,)], was reacted with 1 equiv of NO at
low temperature, and the formation of the corresponding
NO adduct was first monitored using in situ UV—Vis
spectroscopy. As shown in Figure 11, upon NO exposure,
the Soret band of [Fe(OEP)(SR-H,)] at 380 nm disappears
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Scheme 11. Ferric Heme-Thiolate NO Complexes: (Left) Crystal Structure of P450nor'™—NO;'?’ (Right) Model Complex, [Fe(OEP)(SR-H,)(NO)]'**
(Reprinted with Permission from ref 139. Copyright 2006 Royal Society of Chemistry)
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Figure 11. UV—Vis titration of the ferric precursor [Fe(OEP)(SR-H,)]
(blue) with NO (final spectrum: red).

while at the same time new features at 430, 536, and 567 nm
grow in, indicative of the formation of [Fe(OEP)(SR-H,)-
(NO)]. Raman samples prepared from the reaction mixture
show the Fe—NO stretch at 549 cm ™!, which shifts to 535
em” ' if "N'0 is used, as shown in Figure 12. From IR
spectroscopy, ¥(N—O) of this complex has been observed
as a very weak feature (due to decomposition) at ~1850
em "' The model complex data therefore support
the above conclusion that the coordination of a thiolate
ligand trans to NO lowers both the N—O and Fe—NO
stretching frequency compared to imidazole-bound ferric
heme-nitrosyls. This direct correlation of the N—O and
Fe—NO frequencies and, hence, bond strengths is indica-
tive of a change in the Fe—NO o bond, whereas a change in
the 7t backbond would lead to an inverse correlation (see
Section B.1). In summary, the axially coordinated thiolate
ligand imposes a o trans effect on the coordinated NO,
which weakens both the Fe—NO and N—O bonds and
induces a bending of the Fe—N—0O unit.?**

(204) Paulat, F.; Lehnert, N. Inorg. Chem. 2007, 46, 1547-1549.
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Figure 12. Resonance Raman spectra of [Fe(OEP)(SR-H,)(NO)]
(black) and of the corresponding '*N'®0O-labeled complex (red).

This effect was further investigated computationally using
a series of model systems [Fe(P)(SR)(NO)], from which,
starting from the original ligand SR-H,™ (Fizgure 13, left),
the hydrogen bonds were stepwise removed.”** This leads to
a stepwise increase of the thiolate donor strength and, hence,
the strength of the Fe—S bond as reflected by the Fe—S force
constant shown in yellow in Figure 13, which increases along
the series: SR-H, < SR-H;,” <SR™ = SPh™ < SMe . At
the same time, both the Fe—NO (red) and N—O (black)
force constants are stepwise reduced, indicative of a o
trans interaction with thiolate. However, as discussed
above, the o-donor bond between o,, of NO and d,. is
intrinsically weak, and so it is hard to envision how a
change in this interaction could generate these effects. A
closer inspection of the MO diagram of the model systems
provides, in fact, a different explanation. The anionic
thiolate ligand has a o-donor orbital at high energy (close
to the d manifold), as shown in Figure 14, that mediates
the Fe—S o bond. This orbital shows an admixture
of an (unoccupied) Fe—N—O o* orbital that is anti-
bonding with respect to both the Fe—NO and N—O
bonds.”** Hence, partial occupation of this orbital by a
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a o trans effect of the coordinated thiolate on the Fe—IN—O moiety in ferric heme-nitrosyls. Calculated with BP§6/TZVP.

covalent admixture into the occupied Fe—S o-bonding
MO weakens both the Fe—NO and N—O bonds simulta-
neously. The correlation of this effect with the strength of
the Fe—S bond is due to the fact that a stronger donating
thiolate ligand has the Fe—S bonding orbital at even
higher energy, which increases mixing with the Fe—N—0O
o* orbital. Hence, the o trans effect of thiolate on the
coordinated NO in ferric heme-nitrosyls is due to the
formation of a o backbond into the o* orbital of NO,>**
which is a new type of interaction in heme-nitrosyl
chemistry. The partial occupation of the o* orbital also
explains the bending of the Fe—N—O unit in the thiolate-
coordinated case, which somewhat reduces the Fe—NO

(205) Eich, R. F.; Li, T.; Lemon, D. D.; Doherty, D. H.; Curry, S. R.;
Aitken, J. F.; Mathews, A.J.; Johnson, K. A.; Smith, R. D.; Phillips, G. N.,
Jr.; Olson, J. S. Biochemistry 1996, 35, 6976—6983.
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Figure 14. Contour plot (left) and schematic drawing (right) of the key
molecular orbital A,, + p.(S)_d,:/d,._o* of [Fe(P)(SPh)(NO)], which
illustrates the ¢ backbond into the ¢* orbital of the Fe—N—O subunit,
mediated by the S-donor orbital p.. Reprinted with permission from
ref 204. Copyright 2007 American Chemical Society.

antibonding effect, as illustrated in Figure 14B. However,
this bending is only worth about 1 kcal/mol.***

C.3. Implications for NO Transport and Catalysis.
NO Transport. Recently, it was proposed that the ferric
heme NO adducts in nitrophorins might have an electro-
nic structure that corresponds to Fe''—NO(radical) in
order to prevent autoreduction.’® However, the experi-
mental data available for ferric heme NO adducts
with axial N-donor coordination in proteins and model
complexes show that these species have the assumed
Fe'"-NO™ ground state (from Fe—NO bond distances
and the Fe—NO and N—O stretching frequencies). For
example, the N—O stretching frequency of ferric
rNpl—NO of 1917 ecm™' is very close to the values
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Scheme 12. Calculated Mechanism of P450nor.'¢ Free energies given
are relative to species 3a
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obtained for other ferric proteins and model complexes
with axial N-donor coordination (cf. Table 4). Hence,
this indicates that the ferric nitrophorin NO adducts do
not differ in their electronic structures from the other
ferric nitrosyl species.'®* The necessity to use ferric com-
pared to ferrous hemes for NO transport relates to the
fact that NO is easily dissociated from ferric hemes as
described above. Because the lability of the ferric heme
NO bond is an intrinsic feature due to the low energy of
the dissociative hs-Fe'"—NO(radical) state, both prox-
imal His and Cys are suitable ligands for NO transport in
nitrophorins.

The Catalytic Mechanism of P450nor.'*® Scheme 12
shows the catalytic cycle of P450nor obtained from DFT
calculations including relative free energies as indicated.
Importantly, the two-electron reduction of the ferric
heme-nitrosyl complex (2) leads to a formal iron(II)-
nitroxyl intermediate that is extremely basic. This
means that the reaction of the iron(IIl) nitrosyl with
NADH has to be considered as a hydride transfer (see also
ref 135) The Fe"-NHO complex (3) generated is still
basic enough to pick up a proton from aqueous solution.

Goodrich et al.

The basicity of this species is due to the axial thiolate
ligand, which is an attractive explanation for the function
of the cysteinate in the active site of P450nor for cata-
lysis. This leads to the generation of a formal Fe'¥—
NHOH intermediate (4), which is ideally set up for the
reaction with the second molecule of NO. We believe
that intermediate I in the original mechanism in
Figure 2B corresponds to this NHOH complex. Experi-
mentally, vibrational spectroscopy could be used to
determine the protonation state of intermediate 1. As
shown in Table 5, the singly protonated NHO and NOH
tautomers and the doubly protonated NHOH complex
show significant differences in their Fe—N and N—O
stretching frequencies. Previous experiments identified
the Fe—N stretch of intermediate I at 596 cm™',!**
which rules out the NOH tautomer. Identification of
the N—O stretch would allow one to distinguish between
the NHO and NHOH options. The following reaction
of the Fe'Y—NHOH species with NO can be interpreted as
a two-step process, where outer-sphere electron transfer
takes place first from the incoming NO to reduce the
formal Fe'Y center. The generated NO™ then attacks the
bound NHOH ligand, resulting in N—N bond formation.
After rearrangement, an Fe'"—N,H,0, (N,H,0, = hy-
ponitrous acid) complex (7b) is obtained, which is pre-
dicted to be quite stable. Decomposition of this species
then produces the products N,O and water.

D. Conclusions

In recent years, great progress has been made in the
understanding of the electronic structures and reactivities
of ferrous and ferric heme-nitrosyls. New results allow one to
determine the electron distribution in these complexes and to
better classify the bound NO ligands as NO™, NO(radical),
or NO ™. These electronic structure descriptions are directly
related to reactivity as a coordinated NO™ reacts with
nucleophiles (base), NO™ is protonated by (weak) acids,
and NO(radical) has been proposed to undergo radical
reactions with superoxide or another coordinated NO. As
new biological roles of NOyy, species emerge, these results will
be useful in understanding the reactivities of these species in
biological systems.

Note Added in Proof: A very recent paper by Olson,
Czernuszewicz, Spiro, and co-workers (J. Am. Chem. Soc.
2010, /32, 4614—4625), shows an inverse correlation of
(N—O) and v(Fe—NO) in ferric Mb—NO complexes of
wt and mutants. This is in agreement with the idea that the
Fe"-NO™ ground state of ferric heme-nitrosyls is domi-
nated by &t backbonding.
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