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The focus of this Forum Article highlights work from our own laboratories and those of others in the area of biochemical
and biologically inspired inorganic chemistry dealing with nitric oxide [nitrogen monoxide, •NO(g)] and its biological
roles and reactions. The latter focus is on (i) oxidation of •NO(g) to nitrate by nitric oxide dioxygenases (NODs) and (ii)
reductive coupling of two molecules of •NO(g) to give N2O(g). In the former case, NODs are described, and the
highlighting of possible peroxynitrite/heme intermediates and the consequences of this are given by a discussion of
recent works with myoglobin and a synthetic heme model system for NOD action. Summaries of recent copper
complex chemistries with •NO(g) and O2(g), leading to peroxynitrite species, are given. The coverage of biological
reductive coupling of •NO(g) deals with bacterial nitric oxide reductases (NORs)with heme/nonheme diiron active sites
and on heme/copper oxidases such as cytochrome c oxidase, which can mediate the same chemistry. Recently
designed protein and synthetic model compounds (heme/nonheme/diiron or heme/copper) as functional mimics are
discussed in some detail. We also highlight examples from the chemical literature, not necessarily involving biologically
relevant metal ions, that describe the oxidation of •NO(g) to nitrate (or nitrite) and possible peroxynitrite intermediates
or reductive coupling of •NO(g) to give nitrous oxide.

Introduction

In this Forum Article, we overview certain aspects of the
biological inorganic chemistry and associated synthetic “bio-
mimetic” chemistries relevant to transformations carried out
on nitrogen monoxide (nitric oxide; •NO, indicating that it is
a radical odd-electron species). These are, in order of cover-
age in this article, (i) oxidation of •NO(g) to a nitrate anion
(NO3

-; eq 1), (ii) oxidation of •NO(g) to a peroxynitrite anion
[OdNOO-; oxoperoxonitrate(1-) eq 2], or (iii) reductive
coupling of two molecules of •NO(g) to give nitrous oxide
(“laughing gas”, dinitrogen oxide, N2O; eq 3). Thus, •NO(g),
the reductive derivative N2O, or the gaseous aerobic sur-
roundings of oxidation products, such as nitrogen dioxide
(•NO2) and nitrous anhydride (dinitrogen trioxide, N2O3),
occur naturally but are also important pollutants that have
deleterious environmental and atmospheric chemistries. In
nature, the reactions described by eqs 1 and 3 occur enzyma-
tically and are part of the biochemistry of nitric oxide, which
involves heme proteins. As we will point out, we speculate
that the process describedby eq 2might aswell take place as a
metal ion (iron, copper, or manganese) center mediated
reaction.

•NOðgÞ þMnþðO2Þ f Mnþ1 þNO3
- ð1Þ

•NOðgÞ þMnþðO2Þ f Mnþ1ðOdNOO- Þ ð2Þ

2•NOðgÞ þ 2e- ðfrom metal ionsÞþ 2Hþ f N2OþH2O

ð3Þ
Bioinorganic chemists from a variety of subdisciplines

have taken recent interest in such chemical reactivity, given
their biological importance as well as the fact that these
processes involve very interesting and important metal-ion-
mediated electron-transfer and/or atom-transfer conver-
sions. We will describe here a number of recently described
chemical systems that are structural and/or functional mod-
els for these transformations, while placing our discussions
into the context of the biochemistry that is known. However,
first we need to provide some background on •NO(g).
Nitric oxide can be produced in vivo from a variety of

sources (Figure 1) including (i) nitric oxide synthase (NOS)
[as members of a class of heme-containing monooxygenases,
NOSs specifically catalyze the oxidation of L-arginine to
L-citrulline, producing •NO(g)],

1-3 (ii) nitrite reductase (NiR)
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[in bacteria, nitrite reduction to formnitric oxide is the second
step during anaerobic bacterial denitrification, which is cat-
alyzed by two genetically unrelated classes of NiRs: heme
NiRs (cytochrome cd1 nitrite reductase, cd1-NiR) or copper
nitrite reductase (Cu-NiR)],4,5 (iii) reductions of nitrite
(NO2

-) with various metalloproteins,6 all of whose main
functions are not nitrite reduction, such as hemoglobin/
myoglobin (Hb/Mb) (oxygen transport/storage),7-9 xanthine
oxidoreductase (XOR),10,11 cytochrome c oxidase (CcO) (O2

reduction: proton translocation),12,13 and possibly soluble
guanylate cyclase (sGC)],14 (iv) reductions of organic nitrates
[R-O-NO2; e.g., nitroglycerin has been widely employed
for cardiovascular therapy accredited to its ability to gene-
rate •NO(g), and although the mechanism of reduction
to •NO(g) is ill-defined, it is thought to be mediated by

cytochrome P450 (P450) and cytochrome P450 reductase in
mammals],15 and (v) nonenzymatic nitrite reduction aswell as
acidic disproportionation.
The production of •NO(g) is critical to living systems in a

number of biochemical processes that include blood pressure
regulation, neurotransmission, and immune response to
protect against pathogens.16-18 Perhaps the most well-
known function of nitric oxide is the signaling agent role it
plays in the critical process of smooth muscle relaxation
involved in vasodilation (blood pressure regulation). •NO(g)

is biosynthesized fromNOS and is able to act on the enzyme
sGC, converting guanosine triphosphate to cyclic guanosine
monophosphate, which is a secondary messenger in smooth
muscle relaxation and similarly in neurotransmission. An-
other important role of •NO(g), or other oxides of it, is
assisting in the destruction of invading microorganisms;
although production of •NO(g) and its oxidation products
is used to protect against these pathogens/diseases, local
environments of high concentrations can lead to deleterious
or inhibitory effects even on the host cells themselves.19,20

Nitric oxide also plays a role in regulating (P450) enzymatic
activities during inflammation by inhibiting its catalytic
activity.21,22 Inhibition of other enzymes such as terminal
oxidases and catalase has also been suggested. At high
enough concentrations in vivo or through the use of •NO(g)

releasing agents, it is suggested that nitric oxide can
reversibly inhibit the catalytic functions of these enzymes
by binding to the heme, or it can irreversibly inhibit the
enzyme if nitrogen oxides derived from •NO(g) oxidation;
e.g., peroxynitrite anion (-OONdO; PN) or the nitrogen
dioxide radical (•NO2) react with and alter the overall
structure of the protein, e.g., via protein tyrosine nitra-
tion.17,23,24 A 2009 symposium was to discuss advances in
the understanding of the roles that nitrite and nitrate may
play in therapeutics, nutrition, and, more generally, bio-
logy.6 Because the reduction of nitrate to nitrite and nitrite
to •NO(g) are now known to be catalyzed by numerous
enzymatic and nonenzymatic pathways, as discussed
above, these species are now quickly becoming increas-
ingly interesting to nutritional researchers as well as
possessing possible therapeutic applications regarding
various cardiovascular diseases including ischemia reper-
fusion and hypertension.25

Nature has developed ways to maintain •NO(g) homeo-
stasis in vivo by both oxidative and reductive pathways of
removing •NO(g). Certain bacterial andmammalian enzymes
possess nitric oxide dioxygenase (NOD) activity, the ability
to catalyze the reaction of •NO(g) and O2 to yield the
biologically benign nitrate (NO3

-). The copper enzyme

Figure 1. Chemistry of •NO(g): sources of production in biological
systems, its functions and roles, and multiple oxidation and reduction
pathways, leading to the formation of a variety of species thatmay effect a
diverse range of biomolecules and functions. See also the text.
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ceruloplasmin, normally oxidizing the FeII ion, has recently
been shown to oxidize •NO(g) to nitrite, perhaps to remove
excess •NO(g) and “store” it in the nitrite pool.26,27 Other
enzymes possess nitric oxide reductase (NOR) activity, the
ability to reductively couple two molecules of •NO(g), giving
N2O and water. Both NOD and NOR pathways will be
discussed in more detail below, highlighting some recent
work in the field done in our laboratory as well as others.

Nitric Oxide, PN, •NO2, and Hemes

NOD. Given the variety of sources of •NO(g) produc-
tion in vivo, it is necessary that living systems possess
a defense against excess concentrations of •NO(g)

(Figure 2), possibly analogous to an antioxidant defense
system protecting against hydrogen peroxide and other
reactive oxygen species (ROS). Indeed, Hb and Mb
appear to possess this type of reactivity, and it has
been suggested that •NO(g) detoxification may have
been a more ancient function of the two heme proteins.28

Hb and Mb are major sinks of •NO(g) in mammals,
and it has been shown that truncated Hbs (trHbs) and
microbial flavohemoglobins (flavoHbs) exhibit NOD
activity.28,29

Gardner and co-workers used electrospray ionization
mass spectrometry (ESI-MS) to analyze the stoichio-
metric product nitrate in the reaction of doubly 18O-
labeled red blood cell oxyHb [Hb(FeIII-18O2

•-)], sperm
whale oxyMb [Mb(FeIII-18O2

•-)], and Escherichia coli
oxyflavoHb [flavoHb(FeIII-18O2

•-)] with •NO(g), seeing
greater than 99% incorporation of the labeled O2.

30

These data support a mechanism that involves a rapid
reaction of the oxyheme [FeIIIO2

•-] with •NO(g) to form a
transient PN species [FeIIIOONdO-], which then rapidly
forms the NO3

- anion. Amore detailed understanding of
this final step is being investigated by a number of groups,
and the most commonly accepted mechanism (Scheme 1)
is thought to involve (after PN formation) isomerization
via homolytic O-O bond cleavage, producing an oxoferryl

(FeIVdO) species and •NO2, which within the cage
attacks the ferryl O atom to produce NO3

-.24,31-37 How-
ever, recent reactive molecular dynamics simulations on a
trHb structure suggest O-O bond cleavage is likely too
slow to be involved in the dioxygenation mechanism.38 An
intermediate species detected by UV-vis and electron
paramagnetic resonance (EPR) spectroscopy has been
assigned to a PN complex, but a recent resonance Raman
study clearly supports its reassignment to a heme/nitrate
(product) complex.34

NOD Model Compound with Implication for PN For-
mation. Recent work from our group using a synthetic
oxyheme that exhibits NOD reactivity has been explored
with the hope of adding to the understanding of the above
mechanism.39 A reduced heme (F8)Fe

II [F8 = tetrakis-
(2,6-difluorophenyl)porphyrinate(2-)] reacts reversibly
with O2 to give a diamagnetic iron(III) superoxo species
(S)(F8)Fe

III(O2
•-), which is stable in solutionbelow-40 �C

in coordinating but nonaqueous solvents (S).40,41 The
addition of 1 equiv of •NO(g) [at-80 �C in tetrahdydrofur-
an (THF)] produces the five-coordinate nitratoheme com-
plex (F8)Fe

III(NO3
-) in near-quantitative yield, as is seen in

the NOD reactions. To further investigate the possible
proposed intermediates in this reaction,we sought chemical
evidence that might suggest the formation of a PN species.
In fact, we observed effective nitration chemistry when 2,4-
di-tert-butylphenol (DTBP; 1 equiv) was added prior to the
addition of 1 equiv of •NO(g) to the superoxo species
(Scheme 2). Workup of the reaction solution revealed that
the ferric hydroxo product (F8)Fe

IIIOH formed (∼85%
yield) alongwith high yields (>82%) of 2,4-di-tert-butyl-6-
nitrophenol (NO2DTBP). These findings, along with ap-
propriate control experiments, indicated that an as yet
unobserved heme/NOx intermediate must have formed,
and it was able to effect a phenol nitration reaction faster
than its own isomerization to the nitrate complex.39

PeroxynitriteMyoglobin Chemistry.Recent work from
Groves’ laboratory indicates that a PN/heme, generated
by the reaction of PNwith oxidized (met) horse heartMb,

Figure 2. Various deleterious effects of •NO(g) and formationof reactive
nitrogen species (RNS) in vivo.Adaptedwithpermission fromGardner.28
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produces nitrate along with other RNS.42 Stopped-flow
spectrophotometry evidence was presented to show that
ferrylMb (i.e., a high-valent compound II like the
FeIVdO species) and •NO2 are formed in this reaction.
In these experiments, a large excess of PN relative to
oxidizedMb allowed for multiple reaction cycles between
metMb and PN such that the ferrylMb species could
accumulate to high concentrations and produce unam-
biguous results. Fluorescein (Fl) was used to trap •NO2

escaping from the protein active-site “cage”; Fl was
nitrated by •NO2 to form NO2Fl, the formation of which
was followed by its spectral changes. The ratio of the rates
of in-cage rebound to cage escape (kr/ke) was approxi-
mately 10 (Figure 3). Groves’ results are thus also con-
sistent with the primary mechanism mentioned above,
that is, by the typically described NOD process where
oxyMb reacts with •NO(g) to give a ferryl and •NO2;
however, the latter may escape and effect nitration of a
nearby tyrosine (phenol) moiety.
PN, discussed above with respect to NOD chemistry and/

or heme/PN interactions, is known to form from the near-
diffusion-controlled reaction of superoxide anion (O2

•-)
with •NO(g) (Figure 4). This RNS can form other free radi-
cals such as nitrogen dioxide, a hydroxyl radical, and, in the
presence of CO2, a carbonate radical anion. All of these are
strong oxidants and, in the case of •NO2, also a nitrating
agent. A variety of biomolecules are oxidized/nitrated by
PN-derived radicals including, tyrosine, thiols, unsaturated-
fatty-acid-containing lipids, and DNA. Such oxidations/
nitrations have been associated with a number of disease
states; PN- and/or •NO2-derivednitrationof protein tyrosine
residues may interfere with critical cell-signaling func-
tions.43-45 Metal ions react with PN, can form com-
plexes,35,46 and, as described above, carry out chemistry with
hemes. PN interactions and nitration chemistry have also

been described with respect to manganese47,48 and copper/
zinc superoxide dismutases.49-51 Other heme enzymes in-
clude cytochrome P450 monooxygenases.52 For example, in
separate experiments, reactions of PN with various ferric
P450 enzymes led to generation of an appreciable amount
of compound I [i.e., (P•þ)FeIVdO; P = porphyrinate],

Scheme 2

Figure 3. Depiction of the Mb active site following reaction of the
oxidized heme with PN [or which would form from an oxyheme plus
•NO(g) reaction], which generates a caged radical pair, [FeIVdO •NO2].
Nitrogen dioxide can either attack the oxo group, leading to nitrate anion,
or escape, which may result in tyrosine nitration. Adpated with permis-
sion from Su and Groves.42

Figure 4. PN chemistry showing formation of a nitrogen dioxide radi-
cal, a hydroxyl radical, and a carbonate radical anion. These species can
effect protein tyrosine nitration, protein oxidation, DNA, lipid and thiol
oxidation/nitration, and reactionswithmetalloproteins includingFe/Mn/
Cu. As discussed, metal ions may also react with PN, for example, met-
hemes, to give [FeIVdO •NO2] caged radicals. Adapted from ref 56.
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and compound II [(P)FeIVdO] derivatives along with the
more stable FeIIINO species, as determined by UV-vis,
M€ossbauer, andX-rayabsorptionspectroscopies.52-55These
reactions also led tonitration of approximately three tyrosine
residues within the enzyme.52

While •NO(g) oxidations by oxyheme [FeIII(O2
•-)] are

discussed with respect to heme NOD reactivity, there
exists an inorganic chemistry wherein metal nitrosyl
complexes [derived from metal ion (Mn) complexes plus
•NO(g)] react withO2 to generate eithermetal nitro/nitrito
species (Mnþ1NO2), metal nitrates (Mnþ1NO3), or both.

37

While not detected previously, these reactions are
thought to proceed through PN [Mnþ1(-OONO)] inter-
mediates. The first example of this comes from Clarkson
and Basolo, where they described the kinetics of
the O2 reaction with a cobalt nitrosyl complex in the
presence of coordinating bases to give the correspond-
ing nitro complex (eq 4); the reaction mechanism has
been suggested to involve an N-coordinated PN species
as an intermediate, before transfer of one of its O atoms
to a second 1 equiv of cobalt nitrosyl.57 A similar O2

reaction was carried out with an iridium nitrosyl com-
plex, and formation of an N-coordinated PN was
also suggested as an intermediate before its isomeri-
zation to the iridium nitrate complex final product
(eq 5).58 Additionally and more recently, when a re-
duced nitroprusside was reacted with O2, the authors
suggest that its reaction proceeds through an N-coor-
dinated PN complex, as suggested from their density
functional theory (DFT) calculations, before decompo-
sition (eq 6).46,59

2CoðsalenÞðNOÞþ 2pyþO2 f 2CoðsalenÞðNO2Þ ð4Þ

IrðPPh3Þ2ðCOÞðClÞðXÞðNOÞþO2

f IrðPPh3Þ2ðCOÞðClÞðXÞðNO3Þ ð5Þ

FeIIðCNÞ5ðNOÞ3- þO2

f FeIIIðCNÞ5ðNðOÞO2
- Þ3- f f ð6Þ

Given the known inorganic chemistry of metal nitrosyl
complexes and O2 (vide supra) and the abundance of
metalloproteins in biological systems, it would seem
possible that biological PN generation could occur via
other (e.g., copper,manganese)metal-ion-mediated path-
ways, rather than only from O2

•- þ •NO(g) (Figure 4) or
heme reactivity. For example, does a M(O2) complex
(M = Mn or Cu) react with •NO(g) to give PN-like
chemistry; conversely, does a M(NO) complex react with
O2, giving similar results? This led us to initiate investiga-
tions of (ligand)CuI/•NO/O2 chemistry.

Copper Peroxynitrite Generation, Characterization, and
Transformation

Copper Peroxynitrite Complexes and Chemistry. Discrete
metal peroxynitrite complexes are rare,35 but as discussed
above, they are suggested to form as transients frommetal-
NO þ O2(g) or metal-O2 þ •NO(g) reactions.

35,37,46 How-
ever, we have recently been able to generate discrete copper-
(II) peroxynitrite complexes via two approaches:60,61 the
reaction of •NO(g) with the copper superoxide species
[(TMG3tren)Cu

II(O2
•-)]þ (eq 7)62,63 or the complementary

reaction of O2 with a copper nitrosyl species [CuI(AN)-
(NO)]þ (eq 8).

½ðTMG3trenÞCuIIðO2
•- Þ�þ þ •NO

f ½ðTMG3trenÞCuIIð-OONdOÞ�þ

f ½ðTMG3trenÞCuIIð-ONOÞ�þ þ 0:5O2 ð7Þ

½ðANÞCuIðNOÞ�þ þO2 f ½ðANÞCuIIðOdNOO- Þ�þ

f ½ðANÞCuIIðNO2
- Þ�þ þ 0:5O2 ð8Þ

Starting with the copper/dioxygen species [(TMG3tren)-
CuII(O2

•-)]þ, bubbling •NO(g) at -80 �C results in the
formation of a yellowish-green complex, formulated as the
PN species [(TMG3tren)Cu

II(-OONdO)]þ, the first exam-
ple of such a species. The formulation was, in part, con-
firmed by the ESI-MS evidence.60 This species’ EPR
spectrum is distinctly tetragonal, which is consistent with
the square-pyramidal (SP) geometry predicted by DFT
calculations (B3LYP), which also led to the lowest-energy
structure possessing a cyclic bidentate κ2-O,O0-OONOmoi-
ety (Figure 5).
Upon warming to room temperature or just prolonged

storage at-80 �C, [(TMG3tren)Cu
II(-OONdO)]þ trans-

forms to the nitrite complex [(TMG3tren)Cu
II(-ONO)]þ

in high yield, along with O2 in 30-35% yield (50%
theoretical; see eq 7). The X-ray crystal structure of
[(TMG3tren)Cu

II(-ONO)]þ shows an η1-O-nitrito bound
to the CuII ion in an overall trigonal-bipyramidal (TBP)
environment, which is in accordance with the reverse
axial EPR spectrum. The dramatic spectroscopic differ-
ences between the -OONdO (peroxynitrito) and ONO-

(nitrito) complexes highlight the distinctly different
nature of these species (Figure 5).
The complementary reaction to that just described

involves the complex [CuI(AN)(NO)]þ, formed at -80 �C
by reaction of the precursor copper(I) compound with
•NO(g) (Scheme 3).61 As is nowwell appreciated,64-68 this

(55) Newcomb, M.; Halgrimson, J. A.; Horner, J. H.; Wasinger, E. C.;
Chen, L. X.; Sligar, S. G.Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 8179–8184.

(56) Bauer, G.; Chatgillaloglu, C.; Gebicki, J. L.; Gebicka, L.; Gescheidt,
G.; Golding, B. T.; Goldstein, S.; Kaizer, J.; Merenyi, G.; Speier, G.;
Wardman, P. Chimia 2008, 62, 704–712.

(57) Clarkson, S. G.; Basolo, F. Inorg. Chem. 1973, 12, 1528–1534.
(58) Kubota, M.; Phillips, D. A. J. Am. Chem. Soc. 1975, 97, 5637–5638.
(59) Videla,M.; Roncaroli, F.; Slep, L. D.; Olabe, J. A. J. Am. Chem. Soc.

2007, 129, 278–279.

(60) Maiti, D.; Lee, D.-H.; Narducci Sarjeant, A. A.; Pau, M. Y. M.;
Solomon, E. I.; Gaoutchenova, K.; Sundermeyer, J.; Karlin, K. D. J. Am.
Chem. Soc. 2008, 130, 6700–6701.

(61) Park, G. Y.; Deepalatha, S.; Puiu, S. C.; Lee, D.-H.; Mondal, B.;
Narducci Sarjeant, A. A.; del Rio, D.; Pau,M.Y.M.; Solomon, E. I.; Karlin,
K. D. J. Biol. Inorg. Chem. 2009, 14, 1301–1311.

(62) W€urtele, C.; Gaoutchenova, E.; Harms, K.; Holthausen, M. C.;
Sundermeyer, J.; Schindler, S. Angew. Chem., Int. Ed. 2006, 45, 3867–3869.

(63) Maiti, D.; Lee, D.-H.; Gaoutchenova, K.; W€urtele, C.; Holthausen,
M. C.; Sarjeant, A. A. N.; Sundermeyer, J.; Schindler, S.; Karlin, K. D.
Angew. Chem., Int. Ed. 2008, 47, 82–85.

(64) Ghosh, S.; Dey, A.; Usov, O. M.; Sun, Y.; Grigoryants, V. M.;
Scholes, C. P.; Solomon, E. I. J. Am. Chem. Soc. 2007, 129, 10310–10311.

(65) Usov, O. M.; Sun, Y.; Grigoryants, V. M.; Shapleigh, J. P.; Scholes,
C. P. J. Am. Chem. Soc. 2006, 128, 13102–13111.
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is best described as a CuI(•NO radical) species. Bubbling it
with O2(g) at -80 �C results in a light- to deep-blue-
colored species formulated as themononuclear PNcomplex
[CuII(AN)(OdNOO-)]þ, which possesses a typical tetra-
gonal CuII EPR spectrum. DFT calculations suggest
that the lowest-energy structure for [CuII(AN)(Od
NOO-)]þ favors a cyclic bidentate κ2-O,O0-OdNOO moi-
ety (Scheme 3). These computations also indicate that the
overall chemistry proceeds via •NO(g) dissociation from
[CuI(AN)(NO)]þ, O2 interaction to give a transient
[CuII(AN)(O2

•-)]þ species, followed by reattack by •NO(g)

to give [CuII(AN)(OdNOO-)]þ.61 The same sort of chem-
istry is thought to occur in a protein (heme)Fe(NO)þO2(g)
reaction to give nitrate.35,37

While [CuII(AN)(OdNOO-)]þ is moderately stable in
solution at -80 �C, it also thermally transforms to the
copper nitrite complex [CuII(AN)(NO2

-)]þ, as identified
by EPR and UV-vis spectroscopies along with X-ray
crystallography.O2 is also released as per eq 8. Because an
initial homolytic O-O cleavage is most often associated
with PN chemistry, a plausible mechanism of reaction, as
adapted from that proposed by Babich and Gould69 in a
copper(II) plus peroxynitrite aqueous system is shown in
Scheme 4.

Another possibility is a disproportionation reaction
involving PN because peroxynitrate is a known “decom-
position” product of PN, however, producing singlet
oxygen (eq 9).70-72 Thus, we speculate that the peroxy-
nitritocopper(II) to nitritocopper(II) conversion might
proceed according to eq 10.

ONOO- þONOOH f O2NOO- þNO2
- þHþ

O2NOO- f NO2
- þO2ðgÞ

Effective Net Reaction : 2ONOO- f 2NO2
-

þO2ðsingletÞ ð9Þ

Figure 5. Peroxynitrito complex [(TMG3tren)Cu
II(-OONdO)]þ formed from Cu/O2/•NO(g) chemistry and its formulation confirmed by ESI-MS

experiments including 18O labeling (O is 18O). An X-ray crystal structure of the nitrite product [(TMG3tren)Cu
II(-ONO)]þ was obtained. Dramatic

differences in the EPR spectra of the -OONdO and -ONO species (SP vs TBP) are observed, and the calculated lowest-energy structure for the
peroxynitritocopper(II) complex is shown.60

Scheme 3

Scheme 4

(66) Wasbotten, I. H.; Ghosh, A. J. Am. Chem. Soc. 2005, 127, 15384–
15385.

(67) Fujisawa, K.; Tateda, A.; Miyashita, Y.; Okamoto, K.; Paulat, F.;
Praneeth, V. K. K.; Merkle, A.; Lehnert, N. J. Am. Chem. Soc. 2008, 130,
1205–1213.

(68) Merkle, A. C.; Lehnert, N. Inorg. Chem. 2009, 48, 11504–11506.
(69) Babich, O. A.; Gould, E. S. Res. Chem. Intermed. 2003, 29, 343–348.

(70) Miyamoto, S.; Ronsein, G. E.; Correa, T. C.; Martinez, G. R.;
Medeiros, M. H. G.; Mascio, P. D. Dalton Trans. 2009, 5720–5729.

(71) Gupta, D.; Harish, B.; Kissner, R.; Koppenol, W. H. Dalton Trans.
2009, 5730–5736.

(72) Goldstein, S.; Lind, J.;Merenyi,G.Chem. Rev. 2005, 105, 2457–2470.
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½ðANÞCuIIðOdNOO- Þ�þ þ ½ðANÞCuIIðOdNOO- Þ�þ

f ½ðANÞCuIIðO2NOO- Þ�þ þ ½ðANÞCuIIðONO- Þ�þ

½ðANÞCuIIðO2NOO- Þ�þ

f ½ðANÞCuIIðONO- Þ�þ þO2ðgÞ ð10Þ

Possessing PN-like oxidative capability, [CuII(AN)-
(OdNOO-)]þ effects exogenous phenol substrate oxida-
tive coupling chemistry, such as the oxidation ofDTBP to
form a bisphenol with a yield of 80%. A small amount
(∼5%) of o-nitrated phenol is also observed (Scheme 3).
The main copper product is the nitrito complex
[CuII(AN)(NO2

-)]þ, as identified by comparison with
authentic material. After the addition of chloride
(tBu4NCl) to replace the OdNOO- group on CuII, it is
suggested that a free PN group or species derived from
[CuII(AN)(OdNOO-)]þ is (are) present and this is sup-
ported by the observation that added DTBP is now
primarily nitrated (Scheme 3). Thus, under the solvent
and reaction conditions employed, peroxynitritocopper-
(II) complex [CuII(AN)(OdNOO-)]þ and free PN react
differently, but both in a manner consistent with the PN
formulation for [CuII(AN)(OdNOO-)]þ.
With these works, we have accomplished the genera-

tion of PN via (ligand)CuI/•NO/O2 reactivity studies.
Clearly, mechanistic insight is lacking for the thermal
transformation chemistry of peroxynitritocopper(II)
compounds. It is notable that both systems lead to nitrite
plus O2 products and not the isomerization that would
give nitrate. We suspect that a change in the ligand
environment around the copper ion might alter the PN
reactivity.73 Further studies will focus on reaction me-
chanisms, (ligand)CuI/•NO/O2, with differing ligands and
examination of how copper binding affects the inherent
reactivity of the PN anion or peroxynitrous acid. Given
the presence of a copper ion and copper protein active
sites present in biological fluids, we speculate that Cu(O2)
or Cu(NO) species that form transiently may generate
PN-type chemistry.

Bacterial NORs, Models, and Inorganic Chemistry

It has been long known that microorganisms transform
nitrogen-containing oxyanions to gaseous products.74,75

Anaerobic denitrifying bacteria use nitrogen oxides to dump
metabolically derived reducing equivalents, starting with
nitrate, finally releasing N2. All of the enzymes in this path-
way are metalloenzymes, including molybdenum, iron, or
copper (Scheme 5). NORs effect the third reaction, media-
ting the reductive coupling of 2 mol equiv of •NO(g) to
N2O(g).4,76-78 Via such chemistry, NORs also serve to
reduce toxic levels of •NO(g). We should note that in fungi

NOR enzymes are amononuclear heme/iron of the P450 type,
that is, with a cysteinate sulfur axial ligand.4,79,80 Another type
of NOR is shown to exist in strict or facultative anaerobic
bacteria, Archaea, and also in some eukaryotes such as
microaerobic protozoan parasites.77,81 Here, the active sites
are nonheme/diiron (i.e., no heme); they are flavodiiron
proteins (one is a so-called flavorubredoxin)77,81-85 which
contributes resistance to the potential toxic effects of •NO(g).

75

Inorganic/Organometallic •NO(g) Reductive Coupling.
For the purposes of this bioinorganic-oriented article, our
focus will be on chemical mimics of heme/nonheme/
diiron or heme/copper enzymes. However, we note some
examples from the inorganic/organometallic literature,
studies carried out to make fundamental advances con-
cerning •NO(g) interactions with metal ions, and for
potential environmental chemistry applications.86 In the
1970s, a stoichiometric iridium-bound NO reduction to
form N2O was reported, accompanied with the oxidation
of CO to CO2, during which dinitrogen dioxide (N2O2)
(or perhaps more accurately a N2O2

2- hyponitrite di-
anion)87-89 was detected as an intermediate that trans-
ferred an O atom to CO (eqs 11 and 12).86,90-93

½IrðNOÞ2ðPPh3Þ2�þ þ 4CO f ½IrðCOÞ3ðPPh3Þ2�þ
þCO2 þN2O ð11Þ

2•NOðgÞ þCO f N2OþCO2 ð12Þ

Scheme 5

(73) We have observed that if the ligand AN is changed to MeAN, with a
methyl group input to the 2� central N atom, analogous chemistry leads to
substantial amounts of nitrate; unpublished observations.

(74) Zumft, W. G. Microbiol. Mol. Biol. Rev. 1997, 61, 533–616.
(75) Poole, R. K. Biochem. Soc. Trans. 2005, 33, 176–180.
(76) Zumft,W.G.RespiratoryNitric OxideReductases, NorB andNorZ,

of the Heme-Copper Oxidase Type. In The Smallest Biomolecules:
Diatomics and their Interactions with Heme Proteins; Ghosh, A., Ed.; Elsevier:
Amsterdam, The Netherlands, 2008; pp 327-353.

(77) Mo€enne-Loccoz, P. Nat. Prod. Rep. 2007, 24, 610–620.
(78) Zumft, W. G. J. Inorg. Biochem. 2005, 99, 194–215.

(79) Daiber, A.; Shoun, H.; Ulrich, V. Nitric Oxide Reductase (P450nor)
from Fusarium oxysporum. In The Smallest Biomolecules: Diatomics and
their Interactions with Heme Proteins; Ghosh, A., Ed.; Elsevier: Amsterdam,
The Netherlands, 2008; pp 354-377.

(80) Daiber, A.; Shoun, H.; Ullrich, V. J. Inorg. Biochem. 2005, 99, 185–
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(82) Silaghi-Dumitrescu, R.; Kurtz, D. M.; Ljungdahl, L. G.; Lanzilotta,
W. N. Biochemistry 2005, 44, 6492–6501.
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Eisenberg and co-workers showed that, in an aqueous
solution of HCl and ethanol, the anionic complex
[RhCl2(CO)2]

- catalytically mediated the CO reduction
of NO. There it was shown using isotope labeling
studies that water played the role of an O-atom transfer
agent.91,94,95 It has also been shown by others that
chloride salts of palladium, copper, or platinum could
catalyze NO reductive coupling to N2O, using either CO
or olefins as reducing agents.86

In a significant work, Trogler and co-workers96 carried
out detailed kinetic mechanistic studies of a palladium/
copper-catalyzed reduction of •NO(g) in an aqueous
solution, where, in a rate-limiting step, a cuprous salt
reduces the dinitrogen dioxide species PdCl3(N2O2)

2- to
give PdCl4-,N2O, andwater. The proposedmechanism is
outlined in Scheme 6 (adapted from ref 96). The remark-
able resemblance here to biological •NO(g) reductive
coupling from either diiron bacterial NORs or heme/
copper-containing CcO’s (see detailed discussions below)
is that the second metal ion, here copper, does not bind
•NO(g) very strongly and seems primarily to serve as a key
reductant; the first metal ion, here palladium (but heme in
biological systems), binds the first •NO(g) ligand.
A very exciting chemical system illustrating N-N

coupling from metal nitrosyl fragments and crystallo-
graphic characterization of the {N2O2} intermediate was
recently described for a pyrazolylborate-bridged diruthe-
nium complex.97 A “curious” N-N bond distance ob-
served for the coupled product was 1.861(3) Å, which is
shorter than the cis-NO dimer (2.18 Å) but longer than
the typical N-N single bond (1.42 Å). Remarkably,
reversible oxidation gave the dinitrosyl complex
[{TpRu(NO)}2(μ-Cl)(μ-pz)]

2þ (Scheme 7, adapted from
ref 97). Preliminary results showed that acidification
produced a μ-oxo compound (21% yield) with release
of nitrous oxide (5% yield). As will be seen from the
further discussion (vide infra), this chemistry bears a
remarkable resemblance to what is known for the enzy-
matic diiron NOR chemistry.

An interesting example of another type is where a
terminal osmium nitride complex [Tp = hydrotris-
(pyrazolyl)borate] reacts with 2 equiv of •NO(g), first
transferring an “N atom” to generate N2O and finally
(Tp)Os(NO)Cl2 (eq 13).98 See a recent review for more
inorganic examples of metal complex •NO(g) reduction,
including cases where the N-O bond is cleaved.86

ðTpÞOsðNÞCl2 þ •NOðgÞ f fðTpÞOsðN2OÞCl2g
f N2OþfðTpÞOsCl2g f •NOðgÞ f ðTpÞOsðNOÞCl2

ð13Þ
Bacterial NORs.4,76-78,99 In fact, bacterial NORs pos-

sess a binuclear active site with a high-spin heme b3 and
adjacent nonheme/FeB that catalyzes the reduction of
nitric oxide to nitrous oxide (Scheme 8). The electron
source derives from soluble cytochrome c. FeB is coordi-
nated by N atoms from three histidine ligands. This
NorB subunit, which includes the heme/nonheme/diiron
active site, exhibits weak homology to subunit I of CcO.
CcO and other members of the heme/copper oxidase
(HCO) superfamily serve in the mitochondrial electron-
transport chain of aerobic organisms to couple the
reduction of O2 to water with membrane proton translo-
cation; the latter is utilized for ATP synthesis, the cell’s
energy carrier.100,101 In fact, the four histidine residues
that ligate heme a3 and CuB in CcO (Scheme 8)
are conserved in NORs. In essence, the CuB site of CcO
has been replaced by a nonheme/iron (FeB) in NOR.
HCOs and NORs are structural and functional homo-
logues, and it is found that someHCOs andNORs reduce
both O2(g) and •NO(g) (also see below) with different
selectivities.
There are as yet no published bacterial NOR X-ray

structures. The three conserved histidine residues clearly
serve as FeB ligands, while an additional O-atom donor
from a glutamate residue carboxylate has been proposed
or discussed. Recent investigations, including a computer
model alignment of a NorB catalytic subunit from
Pseudomonas denitrificans with evolutionarily related
HCOs, suggest that while a series of conserved glutamic acid
residues act as a proton entrypoint andpathwayproceeding

Scheme 6 Scheme 7
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(92) Bhaduri, S.; Johnson, B. F. G.; Pickard, A.; Raithby, P. R.;

Sheldrick, G. M.; Zuccaro, C. I. J. Chem. Soc., Chem. Commun. 1977,
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to the active site, the nearest glutamate is still too far away
from FeB to be ligated.102,103

NOR Reaction Mechanism. Scheme 9 depicts three
possible mechanisms that have discussed likely steps in
NOR action.77,104 In a trans mechanism, the binding of
two NO’s to separate Fe atoms leads to N-N coupling
and a hyponitrite N2O2

2- intermediate. Supporting this
mechanism are the known strong affinity of •NO(g) for
reduced hemes,105 and observations that both Fe atoms
can bind CO [νC-O = 1972 and 2068 (FeB) cm-1] or
NO.106,107 For cis-FeB, twoFeB-boundNO’s couple to give
a hyponitrite, which eliminates N2O and H2O following
protonation/N-O cleavage; the heme serves in electron
transfer and perhaps stabilizes the N2O2

2- ligand. This
mechanism can be seen as reasonable in that it would not
involve a generally highly stable “dead-end” heme/FeII-

NO species.77,108 For cis-heme b3, an initial heme b3-NO
reacts directly with NO to give a hyponitrite radical and
then (or simultaneously) is reduced and coordinated by
FeB. Siegbahn’s calculations

104 favor this scenario; N-O
bond cleavage (f N2O) is aided by FeIVBdO formation.
The “timing” of N-O scission, further electron transfer,
protonation (by a nearby Glu?), and possible N2O2

2-

isomerization to an O-bound form are events that remain
to be defined.77 Other mechanisms can be envisioned,
for example, one that is initiated by a “mixed-valent”

hemeIII 3 3 3Fe
II
B species.77,108 Also, note that there is

general agreement that the oxidized form of the enzyme,
which might be involved in actual turnover,77 is a high-
spin heme coupled to FeB via a μ-oxo (O2-) ligand; here,
the heme’s proximal histidine may be dissociated
(Scheme 9).

CcO to μ-Oxo Diferric NOR Models. Our own entry
into heme/metal NO chemistry derived from our early
efforts in HCO modeling and the design and synthesis of
heterobinucleating ligands. For example, the synthesis of
5L and the introduction of excess FeCl2 led to our gene-
ration and structural characterization of [(5L)FeIII-
OFeIIICl]þ.109 The nonheme/iron in the tetradentate tris-
(2-pyridyl)methyl coordination environment can be
(reversibly) removed by the addition of base and “rust-
ing”, giving [(5L)FeIIIOH] (Scheme 10). This high-spin
complex could be “reconstituted” with iron or copper, in

Scheme 9Scheme 8

Scheme 10
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the latter case, to give an interesting heterobinuclear
complex with a FeIIIOCuII core structure.110

In fact, we were able to generate two other μ-oxo heme/
nonheme/diiron(III) complexes to compare and contrast
(Chart 1).
Both heme and nonheme irons are in their high-spin

states but are magnetically strongly antiferromagneti-
cally coupled, as shown from M€ossbauer, 1H or 2H
NMR spectroscopies, and SQUID susceptometry for
[(6L)FeOFeCl]þ (J = -115 cm-1 and S = 0),111,112 and
the structural parameters are consistent with these find-
ings.113 This includes the fact that the heme Fe atoms are
well above (∼0.5 Å) the heme plane.111 These complexes
are very stable and do not react with pyridine or imidazole
bases, in line with the conclusion from enzyme studies
that the heme’s proximal histidine in the oxidized NOR
active site is dissociated.
Thus, these synthetic diiron complexes have been good

first-generation models for the presumed μ-oxodiiron-
(III) enzymes (Chart 1). Such μ-oxo complexes may be
important in the enzyme mechanism and turnover. We
speculate that, once the diiron active site becomes fully
reduced and is able to react with the •NO(g) substrate, the
timing of active site protonation is such that the enzyme
can first employ a driving force associated with a reaction
to form the μ-oxo complex, i.e., 2FeII þ 2•NO(g) f (heme)-
FeIIIOFeIIIþN2O(g). Subsequentprotonationandreduction
would give fully reduced enzyme plus water as byproducts.

Reduced Diiron(II) Complexes and Reactivity. The
heme/nonheme/diiron(II) complex [(6L)FeII 3 3 3Fe

IICl]þ

was generated by the reduction of [(6L)FeIIIOFeIII-
(Cl)]þ.114 Interestingly, its reaction with the enzyme sub-
strate surrogate O2 at-80 �C gives a product formulated

as [(6L)FeIII(O2
-)(THF) 3 3 3Fe

IICl]þ {λmax= 418 (Soret),
536 nm; νO-O = 1176 cm-1, νFe-O = 574 cm-1}, i.e.,
where the nonheme/iron does not react with O2, nor does
it participate in bridge bonding to the O2-derived frag-
ment. The heme O2 adduct, formally an iron(III) super-
oxide species, models the spectroscopic and physical
properties of oxyHbs or oxyMbs. In the reaction with
CO (Scheme 11), a heme/carbonyl complex is formed,
[(6L)FeII(CO)(THF) 3 3 3Fe

II-Cl]þ. This observation sug-
gests that future generations of model compounds need
an altered coordination environment for the nonheme Fe
atom, perhaps without a chloride ligand and with one less
N donor, to enable this “FeB” center to bind CO as the
enzyme does.77,115

However, the reaction of carefully purified •NO(g) with
[(6L)FeII 3 3 3Fe

II-Cl]þ leads to the dinitrosyl complex
[(6L)Fe(NO) 3 3 3Fe(NO)-Cl]þ (Scheme 11). This complex
is quite stable, and thus far we have not been able to
induce it to couple the nitrosyl fragments to produceN2O
and the hoped for μ-oxo complex [(6L)FeIIIOFeIII(Cl)]þ.
The addition of protons also does not effect the formation
of nitrous oxide, and with an excess of a base such as
1,5-dicyclohexylimidazole, •NO(g) is liberated: [(6L)Fe-
(NO) 3 3 3Fe(NO)Cl]þ þ excess “base” f FeII 3 3 3Fe

II þ
2•NO(g).

114

Functional Model for the Stoichiometric Reaction. On
the other hand, Collman’s group has succeeded in this
regard. In recent exciting reports,116,117 a fully reduced
heme/FeH

II
3 3 3FeB

II synthetic complex reacts with 2
equiv of •NO(g) to yield 1 equiv of N2O(g) and a bis-
ferric complex. A similar reduction of •NO(g) was not
observed upon reaction of a mixed-valent complex heme/
FeH

III
3 3 3FeB

II. The product N2O(g) was quantified by
use of the enzyme nitrous oxide reductase, and the bis-
ferric species was identified by Fourier transform infrared
(FT-IR) and EPR spectroscopies.116 A follow-up inves-
tigation for possible intermediates during this •NO(g)

Chart 1

(110) Obias, H. V.; van Strijdonck, G. P. F.; Lee, D.-H.; Ralle, M.;
Blackburn, N. J.; Karlin, K. D. J. Am. Chem. Soc. 1998, 120, 9696–9697.

(111) Wasser, I.M.;Martens, C. F.; Verani, C.N.; Rentschler, E.; Huang,
H. W.; Moenne-Loccoz, P.; Zakharov, L. N.; Rheingold, A. L.; Karlin,
K. D. Inorg. Chem. 2004, 43, 651–662.

(112) Karlin, K. D.; Nanthakumar, A.; Fox, S.; Murthy, N. N.; Ravi, N.;
Huynh, B. H.; Orosz, R. D.; Day, E. P. J. Am. Chem. Soc. 1994, 116, 4753–
4763.

(113) Scheidt, W. R.; Reed, C. A. Chem. Rev. 1981, 81, 543–555.
(114) Wasser, I. M.; Huang, H. W.; Moenne-Loccoz, P.; Karlin, K. D.

J. Am. Chem. Soc. 2005, 127, 3310–3320.

(115) Hayashi, T.; Lin, M. T.; Ganesan, K.; Chen, Y.; Fee, J. A.; Gennis,
R. B.; Mo€enne-Loccoz, P. Biochemistry 2009, 48, 883–890.

(116) Collman, J. P.; Yang, Y.; Dey, A.; Decr�eau, R. A.; Ghosh, S.; Ohta,
T.; Solomon, E. I. Proc. Nat. Acad. Sci. U.S.A. 2008, 105, 15660–15665.

(117) Collman, J. P.; Dey, A.; Yang, Y.; Decre~AÅau, R. A.; Ohta, T.;
Solomon, E. I. J. Am. Chem. Soc. 2008, 130, 16498–16499.
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reductive coupling reaction suggested the existence of two
nitrosyl intermediates, in the form of heme/FeH

II
3 3 3FeB

II-
NO at -80 �C and heme/FeH

IINO 3 3 3FeB
IINO at -40 �C,

as monitored by EPR, resonance Raman, and IR spectro-
scopies (Scheme 12). These authors suggest that their results
support the trans mechanism (Scheme 9).117

Carboxylate-ContainingLigands for FeB inNORModels.
Collman and co-workers,101,118 who have in recent years
moved to emphasize the use of “faithful” or “accurate”
mimics, i.e., use of imidazole ligand donors both proximal
and distal (i.e., for a nonheme iron or copper ion), have
also now generated binucleating ligands with a distal
RCO2

- group, which is speculated to be an FeB ligand
(but see above). One should be reminded that it is by
definition not possible to deduce enzyme chemistry from
model system investigations. This can only be accom-
plished from studies on the enzyme itself, in part because
nomodel can trulymimic an enzyme’s local environment,
i.e., with respect to the exact geometry and juxtaposition
of groups, local polarity, or dielectric (and resulting redox
potential) and because of second coordination sphere
modulating effects. Models are not meant to duplicate
data but to “sharpen the questions” being asked119 or, if
possible, to build/create something that works so the
system can be truly understood119 and to carry out
systematic investigations where input synthetic modifica-
tions are tested for structure, spectroscopic properties,

and/or function, so as to enhance our fundamental under-
standing.120-122 It will be most interesting to learn of
diiron/NO(g) reactivity studies, which may be carried out
on the synthetically sophisticated ligands depicted in
Chart 2.

Engineered Protein Bacterial NOR Model. Using pro-
tein design/engineering,123 Lu and co-workers124 used
sperm whale Mb as a scaffold to engineer an FeB binding
site into the distal pocket of the heme showing the
resulting heme/nonheme/diiron protein to be a structural
and functional mimic of the NOR active site. The non-
heme “FeB” atom was inserted and from X-ray crystal-
lography was found to be bound by three histidines and a
glutatmate O atom, as may occur in NORs. Exposure of
excess •NO(g) to the deoxy (FeII 3 3 3Fe

II) FeBMb protein,
formed by the addition of two reducing equivalents,
yielded∼30%N2O(g), and the process could be repeated
stepwise. Most recently,125 this group’s protein engineer-
ing has been further developed to include two glutamates,
one new one (I107E; Figure 6) near the active site. A
number of NOR protein glutamates are conserved and
known to be critical for activity,102,126 likely facilitating a
hydrogen-bonding network and providing proton deliv-
ery for NO reduction. For Lu’s engineered protein,
introduction of the second glutamate (nonbonding to
FeB; Figure 6) increased the yield of N2O by ∼100%,

Scheme 11 Scheme 12

(118) Collman, J. P.; Boulatov, R.; Sunderland, C. J.; Fu, L. Chem. Rev.
2004, 104, 561–588.

(119) These quotes or paraphrases come from physical scientists from
other disciplines, commenting on “models” in scientific research: “sharpen
the questions”, see http://www.gap-system.org/∼history/Biographies/
Karlin.html; “... so the system can be truly understood”, see http://www.
goodreads.com/quotes/show/8414.

(120) Karlin, K. D. Science 1993, 261, 701–708.
(121) Holm, R. H.; Solomon, E. I. Chem. Rev. 2004, 104, 347–348.
(122) Lee, Y.; Karlin, K. D. Highlights of Copper Protein Active-Site

Structure/Reactivity and Synthetic Model Studies. In Concepts and Models
in Bioinorganic Chemistry; Metzler-Nolte, N., Kraatz, H.-B., Eds.; Wiley-VCH:
New York, 2006; pp 363-395.

(123) Lu, Y.; Yeung, N.; Sieracki, N.; Marshall, N. M. Nature 2009, 460,
855–862.

(124) Yeung, N.; Lin, Y.-W.; Gao, Y.-G.; Zhao, X.; Russell, B. S.; Lei, L.;
Miner, K. D.; Robinson, H.; Lu, Y. Nature 2009, 462, 1079–1082.
(125) Lin, Y.-W.; Yeung, N.; Gao, Y.-G.; Miner, K. D.; Tian, S.;

Robinson, H.; Lu, Y. Proc. Natl. Acad. Sci. U.S.A. 2010, 107, 8581-8586.
(126) Butland, G.; Spiro, S.; Watmough, N. J.; Richardson, D. J.

J. Bacteriol. 2001, 183, 189–199.
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suggesting the importance of the second coordination
sphere as well as the dual roles of the two glutamates.
Their finding125 that redox-active Fe2þ or Cuþ (vs Zn2þ)
in the FeB site is necessary for NO reduction also suggests
the importance of electron donation andmediation of the
heme/NO intermediate.
Thus, there now exists heme/nonheme/diiron synthetic

and engineered protein NOR functional models that
signify considerable accomplishments and advances, pro-
viding insights and promise for more in the near future.
Notwithstanding all of these research efforts from the
perspective of microbiology, biophysics, biochemistry,
and model compound synthetic coordination chemistry,
there is still much to learn about bacterialNOR chemistry
and their chemical mechanisms. In particular, aspects
concern the coordination chemistry of •NO, CO, and
evenO2 at this binuclear but unsymmetrical diiron center,
the nature of the intermediates and their redox states,
protonation events and their timing, all of which are
related to the important N-N bond-forming and N-O
bond-breaking steps. Fundamental characteristics of
such NO chemistries apply to many other subareas, e.g.,
PN formation and reactivity,127,128 biological nitrite re-
duction to •NO(g) (a research area that has undergone
explosive growth),6,128 N2O reduction to N2,

129 and even
to fundamental aspects of O2 reduction to water or O2

utilization for oxidation-oxygenation reactivity.
•NO(g) Interactions with Heme/Copper-Containing

CcO, IncludingReductive Coupling.Asmentioned,NORs
and CcO’s are evolutionarily related, both considered as
part of a heme/M genetic superfamily. Specifically, cer-
tain types of CcO’s such as ba3 and caa3 oxidases from
Thermus thermophilus, cbb3 oxidase from Pseudomonas
stutzeri, and bo3 from E. coli also carry out •NO(g)

reductive coupling, that is, NOR chemistry (Scheme 13),
although at reaction rates much lower than for the diiron
NORs.
However, the study of CcO-mediated •NO(g) reductive

coupling has recently received considerable attention
from the biophysical-biochemical and computational

research communities.34,115,130-132 This interest certainly,
in part, derives from the fact that X-ray structures are
available for a good number of HCOs, and the study of
these systems can/should provide valuable fundamental
insights.
In mammalian systems, the study of CcO interaction

with •NO(g) interactions has a long history;133-136 NO is
thought to be a (reversible) cellular CcO respiration
inhibitor, and CcO/•NO(g) interactions have physiologi-
cal and pathological consequences, including influencing
the NO signaling and cell death.135,136 •NO(g) can react at
the heme and/or CuB,

131,135 and NO conversions to iron
nitrosyl and/or nitrite (via CuB redox chemistry) are
known.135-137 Recent literature suggests that •NO(g)

reversible inhibition of CcO’s and •NO(g) oxidation to
nitrite at CcO active sites are natural functions and occur
as a consequence of the availableO2(g) concentrations (i.e.,
organ or tissue hypoxia vs hyperoxia), all to lead to proper
•NO(g) homeostasis via production of an appropriate
nitrite [as source of •NO(g)] pool.

12,13 Recent papers even
suggest that •NO(g) oxidation to nitrite and not CcO
inhibition is a primary CcO/•NO(g) interaction.

138,139 For
NO2

- formation, PN (OdNOO-) may form as an inter-
mediate,140 but this has been partially disputed.141 Nitrite-
dependent •NO(g) production appears to occur under
hypoxic conditions, and this •NO(g) may be involved in cell
signaling via tyrosine nitration.12

CcONORActivity.Concerning heme/Cu •NO(g) reduc-
tive coupling (bio)chemistry, recent biophysical studies and
DFT calculations from Varotsis, Kitagawa, Ohta, and co-
workers130-132,142 have led to the suggestion of what is
referred to as a trans mechanism (Figure 7). This was
adopted on the basis of their biophysical and DFT studies,
with reference to the literature on the diiron NORs (see
Scheme 9). Rate-limiting addition of •NO(g) and a proton
to a heme/nitrosyl complex leads to a “N2O2H” intermedi-
ate, one-electron-oxidized from a hyponitrite dianion
(N2O2

2-) and protonated, that possesses a N-N bond.
Note that reduced CuIB is proposed to be present, and
a DFT-calculated structure for this intermediate that is
N-bound to both the heme iron and copper ions has been
presented.132 These researchers also assert direct detection
of the a3 nitrosyl and hyponitrite species via resonance

Chart 2
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Raman spectroscopic interrogation; we note that the latter
hyponitrite complexwasgenerated by adding excess •NO(g)

to anoxidized (FeIII 3 3 3Cu
II) formof the enzyme.Finally, it

is suggested that further protonation leads to N2O(g)
generation.
The computational studies carried out by Blomberg,

Blomberg, and Siegbahn143 favor a NOR cis-heme-like
mechanism (Figure 7 and Scheme 9). The heme/nitrosyl
complex would undergo direct attack by •NO(g) because
the latter is expected to bind the cuprous ion only weakly
at best. The hyponitrite complex formed is suggested to be
O-bound toCuIIB. These latter two suggestions are also in
line with recent studies by Mo€enne-Loccoz and co-work-
ers.77,115 From studies using FT-IR spectroscopy, follow-
ing photolysis of the heme/nitrosyl moiety, it was
demonstrated that NO binds to CuB weakly and in an
η2 side-on or η1 O-bound (end-on) form for CcO from
T. thermophilus, but noCuB interaction is observedatall for
the CcO bo3 from E. coli. Such observations suggest how a
second •NO(g) molecule might slip in to form an N-N
bond with the nitrosyl/heme already N-bound to iron but
leave a hyponitrite product O-bound to the CuB ion.
One of many foci for future studies on the proteins or

models (designed protein or synthetic, vide infra) will be
on the nature of the putative hyponitrite complex inter-
mediate, its structure, and redox or protonation state.
There are very few hyponitrite metal complexes known
from inorganic chemistry, but they may coordinate or
bridge metals in many different ways.87,89 A very recent

complex from Richter-Addo and co-workers89 may be
relevant (Scheme14).They reportedon the first structurally
characterized heme/hyponitrite complex, a stable bimetal-
lic species from theμ-oxo species [(OEP)Fe]2(μ-O) (OEP=
octaethylporphyrinate) complex and hyponitrous acid. It is
notable that the N2O2

2- anion is O-bound to the FeIII

atoms, suggesting that this is a stable bonding arrangement.

Figure 6. Depiction of two X-ray crystallographically determined forms of the engineered protein FeII-FeBMb (left) and FeII-I107E FeBMb (right),
both exhibitingNOR activity.124,125 Both structures possess the “distal” histidine (H64) fromwild-typeMb plus the designed (i.e., mutated) new histidines
(H29 and H43) and glutamate residues (E68) that serve as nonheme/iron ligands. The right structure reveals the new glutamate, which is not bound to the
FeB (E107) but which leads to dramatically enhanced protein activity. See the text for further discussions.

Scheme 13

Figure 7. Proposedmechanisms for •NO(g) reductive coupling in heme/
Cu CcO’s: (top) proposal from Varotsis, Kitagawa, Ohta, and co-work-
ers, based on biophysical studies and DFT calculations; (bottom) com-
putationally derived mechanism from Blomberg, Blomberg, and
Siegbahn. See the text for further discussions and references.

(143) Blomberg, L. M.; Blomberg, M. R. A.; Siegbahn, P. E. M. Biochim.
Biophys. Acta 2006, 1757, 31–46.
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Theadditionofacid to their complex releasesN2O(g), andso it
will be interesting to eventually know if the structure here is
relevant to theNORand/or heme/copper oxidase (CcO)mec-
hanisms and intermediate structures proposed (vide supra).

Model Systems, Protein and Synthetic. Lu and co-
workers,144 in a protein-based model system, demon-
strated CcO type NOR chemistry coming (again) from
a modified/engineered Mb protein from sperm whale.
They designed in histidine residues which serve as copper
ion ligands (i.e., the CuB), leading to a binuclear heme/Cu
center. With an added external reductant (ascorbate with
tetramethylphenylenediamine (TMPD), they demon-
strated •NO(g) to N2O(g) conversion (Scheme 15). From
their studies, the presence of Cu was seen to weaken the
proximal His interaction with the heme-iron, allowing for
the ability to form a 5-coordinate heme-NO species,
which was seen as being critical for the chemistry.
In the last two years, efforts have been made toward the

study of •NO(g) interactions with synthetic HCO (e.g., CcO)
model compounds. Collman et al.100,101,118 have over the
years generated numerous such constructs, many as func-
tional models which electrocatalytically reduce dioxygen to
water. In a recent study by that group145 however, a reduced
heme-Cu complex was shown to bind •NO(g), but it did not
give reductive coupling chemistry; further O2-reaction with
the NO-adduct gave an oxidized heme product, and it was
suggested that the reaction involved formation of nitrate
anion (although this was not directly detected).145

In the last year, our research group has in fact been able
to demonstrate NOR functional modeling, i.e, employ-
ment of heme-copper synthetic complexes to effect the
coupling of two •NO(g) molecules to give N2O. In our
initial efforts, we employed a binucleating ligand 6L,
whose iron and heme-copper derivatives have been pre-
viously used in our investigations involving O2

- chemis-
try.146 In the presence of protons, two equivalents •NO
which bind to the heme are reductively coupled to yield
one equivalent N2O (Figure 8).147

The starting point was the reductive nitrosylation of
(6L)FeIII(OH) to straightforwardly give the iron(II) ni-
trosyl compound (6L)Fe(NO) (Figure 8, red EPR
spectrum), possessing the expected classic three-line

hyperfine split EPR spectrum. The affiliated bis-nitrosyl
species, (6L)Fe(NO)2, was generated via the addition of
•NO(g) to (6L)Fe(NO). (6L)Fe(NO)2 is EPR silent, as
expected, and only stable at low-temperature; warming
releases one mol-equiv •NO(g) and (6L)Fe(NO) is re-
formed (Figure 8). (6L)Fe(NO)2 was deemed an ideal
starting point, as addition of a copper(I) source would
result in this ion’s binding to the uncoordinated tris-
(pyridylmethyl)amine “tether” portion of 6L and facil-
itate further chemistry. This indeed was the case and with
the addition of [CuI(MeCN)4]

þ and twomole-equivalents
of acid, N2O(g) is indeed produced in high yield (80%), as
determined from gas-chromatographic analysis. Consis-
tent with this stoichiometry expected and that each metal
ion is a source of one reducing equivalent, the oxidized
metal complex product is [(6L)FeIII 3 3 3Cu

II(D)]3þ (D =
water or solvent), as demonstrated by UV-vis and EPR
spectroscopies (Figure 8).147

By contrast, if acid is not added along with the copper-
(I) source, the chemistry occurring is that of the well-
known4,86 copper(I) complex mediated disproportiona-
tion of •NO(g):

3•NOðgÞ þ ½ðLÞCuI�þ f N2OðgÞþ ½ðLÞCuIIðNO2
- Þ�þ
ð14Þ

Because the binding of one •NO(g) to the heme is very
strong, i.e., in (6L)Fe(NO), only the other 1 equiv of
•NO(g) is available, and the “upper” copper(I) chelate
effects its disproportionation. The amount of copper(II)
complex present should be at a level of one-third of the
amount of heme/nitrosyl complex present (see eq 14 and
Figure 8); thus, the g = 2.0-2.3 region of the EPR
spectrum for this reaction mixture (Figure 8) is domi-
nated by the heme/nitrosyl complex signal on top of a
typical copper(II) tetragonal EPR signal. The yield of
N2O(g) was 90%, based on this expected stoichiometry,
and the presence of a nitrite anion was proven using ion
chromatography. Further supporting evidence was that a
close analogue of just the copper(I) chelate present in the

Scheme 14 Scheme 15
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6L-containing heme/copper metal complex does, in fact,
disproportionate •NO(g) according to eq 14.147

More recently,148 a similar •NO(g) reductive coupling
reaction was shown to occur when the component com-
plexes are employed, (F8)Fe

II and [(tmpa)CuI(MeCN)]þ

[tmpa = tris(2-pyridylmethyl)amine] as metal complexes
and sources of electrons, i.e., one from each. Formation
of the heme/dinitrosyl complex (F8)Fe(NO)2 by the
-80 �C addition of excess •NO(g) to (F8)Fe

II [vacuum-
purge removal of any excess •NO(g)] and the addition of
the copper(I) complex and acid effect the reductive cou-
pling and production of nitrous oxide (Scheme 16). Here,
more detailed UV-vis, EPR (Figure 9), and NMR char-
acterizations were described, such as those for the heme/
nitrosyl (pentacoordinate, νN-O=1691 cm-1 in CH2Cl2;
hexacoordinate with a THF axial base ligand, νN-O =
1670 cm-1 in THF) and heme/dinitrosyl complexes
(EPR-silent; Figure 9). The overall chemistry is essen-
tially the same (Figure 10), as described by Figure 8.
Again, without acid present, only disproportionation of

1 of the 2 mol equiv of •NO(g) present at the beginning
took place.
For both chemical systems described above (Figures 8

and 10), acid alone plus the heme/dinitrosyl complexes
does not effect •NO(g) reductive coupling. The copper ion
has a critical role in this NOR mimetic chemistry. We
suggest possible steps in the chemistry described here. A
likely first one would be the attack of the copper(I)
complex moiety on the •NO(g) ligand in the heme/dini-
trosyl fragment. This may release one •NO(g) molecule,
which now attacks a binuclear heme/FeII(NO) 3 3 3Cu

I

species to give a hyponitrite-type species. Then, proto-
nation, electron transfer from the copper ion, and N-O
cleavage could giveN2O(g), water, and the hemeFeIII and
CuII complexes observed. As yet, we do not possess any
direct mechanistic information, nor have we yet been able
to detect any intermediates. However, we expect new
insights to be made from further low-temperature monito-
ring and/or kinetic studies, and hopefully these will
provide useful information on this fundamentally impor-
tant nitrogen oxide chemistry and possibly provide
further clues to the mechanistic details associated with
the enzymatic reactions.

Figure 8. Reductive coupling chemistry mediated by the heme/copper complex with a binucleating 6L ligand. The addition of a copper(I) source to the
heme/dinitrosyl complex, with acid, leads to •NO(g) reductive coupling to give N2O(g). The EPR spectrum (blue) for the oxidized heme/Cu product
[(6L)FeIII 3 3 3Cu

II(D)]3þ shows the presenceof a g=6signal for high-spinFeIII anda typicalCuII spectrum in the g=2.0-2.3 region. See the text for further
explanations.147.

Scheme 16

Figure 9. EPR spectra of (F8)Fe(NO) ligand (g1 = 2.113, g2 = 2.078,
g3=2.025; blue) and the dinitrosyl species (F8)Fe(NO)2 (EPR-silent; red)
at the same concentration in acetone, recorded at 77 K.148.

(148) Wang, J.; Schopfer, M. P.; Puiu, S. C.; Sarjeant, A. A. N.; Karlin,
K. D. Inorg. Chem. 2010, 49, 1404–1419.
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Conclusions

In this Forum Article, we have emphasized recent works,
especially fromourown laboratories, pertaining to iron- and/
or copper-mediated chemistry with nitrogen oxides. At the
center of the picture is •NO(g), and although it was not
emphasized here, its formation from sources other than
NOSs, especially nitrite, is a particularly important and right
now a “hot” subject. We have focused on bioinspired
inorganic chemistry and biochemistry involved with either
•NO(g) oxidation or reduction. For the former, oxidation by
heme-containing NODs, including Hb and Mb, which carry
out this function, nitrate is the product. However, PN and/or
•NO2(g) may form as intermediates and may leak from the
center of action, i.e., the enzyme active sites. Because these
species have their own chemistry, other types of products
might appear, such as nitrite, a hydroxyl radical, or O2.
Concerning the reduction of •NO(g), we have emphasized its
heme/nonheme/diiron- or heme/copper-mediated reductive
coupling to give N2O(g) and inorganic/model systems, which
give rise to this biologically interesting and important reaction.
There is considerable current interest and activity in the

subjects discussed here. From the synthetic bioinorganic
perspective,we suggest that a considerable increase in activity
will soon take place. There is already a strong history of
nitrogen oxide research in the literature, but there are many
fundamental aspects to still be uncovered, having chemical,
biological, medicinal, and environmental implications. As

the very exciting biology continues to be unraveled, inorganic
chemists, certainly ourselves, will watch with great interest
and be inspired to carry out new inorganic chemistry.

Note Added in Proof. Very recent reports bear on
subjects discussed in this review. A detailed vibrational
spectroscopic analysis and DFT modeling of •NO(g)

bonding to ferric hemes {J. Am. Chem. Soc. 2010, 132,
4614-4625} includes a discussion of the NOR N-N
coupling mechanism and possible heme FeIII-N-O
bending in the presence of a nucleophile such as that
from an FeB-coordinated NO-. Of broader interest and
in the context of nitrogen oxide metabolism, another
account {Nature 2010, 464, 543-548 and Nature 2010,
464, 500-501} provides an intriguing proposal for the
existence of an as yet unknown “NO dismutase”. This
would explain the finding of an anaerobic methane
oxidizing bacterium which is linked to nitrite utiliza-
tion. The latter is reduced to •NO, which dismutates,
2 •NO -> N2 + O2, supplying the O2 required for CH4

oxidative metabolism. Note that elsewhere the term “NO
dismutase” has a different meaning {Angew. Chem., Int.
Ed. 2008, 47, 8735-8739}.
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Figure 10. Outline of the •NO(g) reductive coupling chemistry mediated by the component system, starting with 1:1 mixtures of heme and copper
complexes (F8)Fe(NO) and [(tmpa)CuI(MeCN)]þ. When the dinitrosyl species (F8)Fe(NO)2 is reacted with [(tmpa)CuI(MeCN)]þ and acid, the products
obtained are shown in panel A, associated with EPR spectrum A (blue). The TBP nature of [(tmpa)CuI(MeCN)]2þ leads to the expected “reverse” axial
spectrum,while the g=6 feature is associatedwith a high-spin [(F8)Fe

III]þ. SpecturmA0 is amade-up 1:1mixture of authentic compounds showing amatch
with spectrum A. EPR spectrum B is a mixture ascribed to that product of the reaction without acid (panel B). See the text for further explanation.148.


