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. Introduction

As an alternative to photosynthesis or aerobic
respiration, many microbial species can respire anaer-
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obically to gain energy for cell growth.!~# A variety
of bacteria employ a process referred to as denitrifi-
cation. Denitrification is the four-step, five-electron
reduction of nitrate (NO3") to dinitrogen (N,) (Figure
1) to support oxidative phosphorylation (ATP syn-
thesis) in the absence of dioxygen.?35~7 A similar
process is also found in certain archaea.®~1? A differ-
ent form of denitrification yielding nitrous oxide
(N2O) as the end product from nitrate (NO3~) or
nitrite (NO;") is catalyzed in the mitochondria of
several fungi and yeasts.>13~17 In bacteria and ar-
chaea, each of the four reduction steps is catalyzed
by one (or more) distinct metalloenzyme complexes,
employing various transition metals (Mo, Fe, Cu)
that are found in varying ligand environments (i.e.
heme, histidine ligation, sulfide ligation, etc.).

In recent years, bioinorganic researchers, including
biophysicists, biochemists, and synthetic inorganic
chemists, have joined forces to elucidate the funda-
mental coordination chemistry of the metal ions and
their interactions with NOy species. This information
adds insight into aspects of the active site structure
or reaction mechanism for each of these metallo-
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enzymes. Over the past years, it has become evident
that nitric oxide (NO) is a compulsory intermediate
in bacterial denitrification.?® The study of bacterial
NO-binding (and -releasing) enzymes and relevant
model complexes might provide valuable structural,
spectroscopic, and mechanistic information also rel-
evant to other important NO-binding enzymes. For
example, heme proteins that interact with NO in-
clude soluble guanylate cyclase, which utilizes NO
to regulate signal transduction in mammals,®1% and
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the nitrophorins of the blood-feeding insect Rhodnius
prolixus, which reversibly transports NO.2°~22 There-
fore, it is of great interest to study both the metal-
loenzymes that produce NO from nitrite, nitrite
reductase (NIR),%2725 and also the metalloenzymes
that reduce NO to nitrous oxide, nitric oxide reduc-
tase (NOR).27426-28 Nitrous oxide reductase (N,OR),
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Figure 1. Four consecutive reduction steps of bacterial
denitrification, converting nitrite to dinitrogen. (I) NAR:
nitrate reductase; (I1) NIR: nitrite reductase; (111) NOR:
nitric oxide reductase; (IV) NoOR: nitrous oxide reductase.

which will not be discussed here, is nonetheless of
great interest; recent X-ray structural insights reveal
a novel active site containing a Cu,(S)(His); catalytic
core, the first example of a copper-sulfide cluster in
biology.?®=3! This review has a two-part focus, fol-
lowing an initial introductory section on relevant
bioenergetics: (1) an examination of metalloenzyme
reactivity with NO, specifically, metalloenzymes that
both produce NO from nitrite (nitrite reductases) and
those that reduce NO to nitrous oxide (nitric oxide
reductases); and (2) a review of the inorganic coor-
dination complex reactivity with NO, including
Cu—NOy and Fe—NOy redox chemistries, since these
metals are cofactors for the NO-producing (NIR) and
NO-consuming (NOR) enzymes.

A. Bioenergetic Aspects of Respiration and
Denitrification

All microorganisms have evolved to adapt to vary-
ing environmental conditions. Depending on the
microbial species, microbes are capable of expressing
a vast array of photosynthetic, anaerobic, and aerobic
respiratory chains to meet their bioenergetic de-
mands. The diversity of life on this planet is embed-
ded in these chains of electron-transferring enzymes
that enable the microbes to either utilize sun light
as an energy source or make use of the redox free
energy difference between complex organic com-
pounds (carbohydrates, proteins, lipids, etc.) or in-
organic electron donors and terminal electron accep-
tors (N-oxyanions, dioxygen, sulfate, sulfite, CO,,
etc.). If complex organic compounds are used as the
energy source, they are transported into the cell via
the microbe-specific transport systems. Within the
cell, the organic compound is oxidized to an end
product, which is consequently released to the envi-
ronment. The resulting reducing equivalents (“H”-
atoms, i.e., electron plus proton pairs) enter the
respiratory chains and are transferred to the termi-
nal electron acceptor either via diffusable soluble
carriers (NAD, c-type cytochromes, or blue copper
proteins) or by membrane-bound carriers (ubiquino-
ne, menaquinone, plastoquinone, or membrane-
bound c-cytochromes).

The anaerobic denitrification pathway and the
aerobic respiration pathway share two respiratory
enzyme complexes that are linked to energy conser-
vation: the NADH dehydrogenase and the cyto-
chrome bc; complex (Figure 2). Thus, in a physiologi-
cal sense, denitrification is an anaerobic analogue to
dioxygen-based respiration. The key enzymes in
aerobic respiration are cytochrome c¢ or quinol oxi-
dases acting as terminal oxidases. The nitrate,
nitrite, NO, and N;O reductases fulfill this same
“terminal oxidase” function collectively or individu-
ally in the denitrification pathway.
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There are two general mechanisms3?~36 by which
membrane-bound redox enzymes conserve the redox
free energy in the form of a proton motive force,
AuHT. The proton motive force itself is the sum of a
concentration term (ApH) and the electrical potential
gradient Ap (AuH*= Ap + ApH). According to one
mechanism, the enzymes catalyze transmembrane
electron transfer (AuH"= Ap). Proton binding and
release on one (bacterial photochemical reaction
center) or both (NAR, Q-cycle of the bc; complex)
sides of the membrane may follow the initial electron
transfer, but this does not change the thermodynam-
ics, i.e., uAHT remains the same, and part of Ap is
transformed into ApH. Enzymes acting according to
this mechanism do not actually translocate protons;
only proton binding (generally by quinones or hy-
droxide) and release of protons (from the substrate)
occurs. Nevertheless, the overall reaction can be
written as “net” proton translocation from cytoplasm
to periplasm (see Figure 2),3334 e.g., for NAR:

QH, + NO; +2H" —
Q-+ NO, +2H" ,;+ H,0
charge stoichiometry: 1g/e” (1)

peri

This particular mechanism leads to a stoichiometry
of 1H™ (or one charge, q) translocated per electron
transferred. In the other mechanism, the enzyme
catalyzes a true proton translocation from the cyto-
plasm to the periplasm involving “proton channels”.
Examples of such redox-linked proton pumps are the
cytochrome oxidases and the Complex | NADH
dehydrogenase.?23%37~44 This mechanism can yield
H*/e~ stoichiometries of 2 (see Figure 2).

In denitrification, the NIR and N»O reductases are,
in general, water-soluble enzymes, and the free
energy of the reaction catalyzed by these enzymes is
lost as heat. NOR, though membrane bound, does not
translocate protons, because the protons and elec-
trons enter NOR from the same (periplasmic) side of
the membrane. As a consequence, in NO reduction,
the redox free energy is wasted.»*® Only nitrate
reduction catalyzed by the membrane bound NAR is
associated with transmembrane electron transfer and
the net translocation of protons.»87 As a summary,
the overall reactions for bacterial aerobic respiration
and denitrification with NADH as the electron donor
and the H*/e™ stoichiometries shown in Figure 2 can
be written as:

2NADH,, + 22H" , + O, —
2NAD" + 2H,0 + 20H"
charge stoichiometry: 5g/e” (2)
5NADH + 35H" + 2NO; ™ —
5NAD" + N, + 6H,0 + 28H"

charge stoichiometry: 3g/e (3)

peri

The efficiency expressed as charges (q) translocated
per electron transferred equals 5 for oxygen respira-
tion (4 when using a quinol oxidase as the terminal
reductase versus a cytochrome c oxidase) and 3 for
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Figure 2. Comparison between the bioenergetics of bacterial aerobic respiration and denitrification. The overall proton
translocation stoichiometries per electron transferred of the various membrane-bound enzyme complexes are indicated by
vertical arrows crossing the membrane. Electron transport is indicated by the other arrows and the symbol “e”. Note that
in the case of the membrane-bound NOR, protons and electrons (from cyt ¢ and/or pseudoazurin) come from the same

(periplasmic) side, making the overall reaction nonelectrogenic.

The precise identity of the carrier(s) involved in transport

of nitrate and nitrite is currently unknown. NADH DH, NADH dehydrogenase (complex 1); UQ(H;), ubi(hydro)quinone;
MQ(H2), mena(hydro)quinone; ps.az, pseudoazurin; cyt c, cytochrome ¢ (NB: membrane-bound cytochrome ¢ has been

omitted from the figure). Protons liberated upon oxidation of

UQ(H;) or MQ(H>) by the bc; complex, NAR, or the bog

quinol oxidase are ejected into the periplasmic space. Peri, periplasm; cyt, cytoplasm.

denitrification. In other words, aerobic metabolism
is more efficient. Facultative (an)aerobic microorgan-
isms have evolved “sensors” for NO3;~, NO,~, NO, and
O, to switch between aerobic and anaerobic metabo-
lism, opting to express those enzymes active in the
more efficient aerobic metabolism when dioxygen is
present.36:46-49

Comparing the efficiencies between denitrification
and aerobic respiration more directly, i.e., from the
level of quinone, the stoichiometries are 1H*/e~ for
denitrification and 3H'/e~ for oxygen respiration
(2H"/e~ for respiration with quinol oxidase), a sub-
stantial difference. Given the toxicity of nitrite and
nitric oxide, the biological driving force to evolve
enzymes to convert these metabolites might have
been both in the context of detoxification and in
cellular bioenergetics.

Il. Metalloenzymes

A. Nitrite Reductase

General Considerations. In bacterial denitrifi-
cation, two genetically unrelated enzymes carry out
the one-electron reduction of nitrite to nitric oxide:

NO,” + 1le” + 2H" — NO + H,0 (4)

These are either copper- or heme-containing nitrite
reductases produced from the structural genes nirK
or nirS, respectively. Current studies indicate that
all denitrifying bacteria opt for one out of these two
biological apparatus, but the taxonomic distribution
appears to be random. The reason behind this
redundancy and the rules of selection are not known.3

1. Cytochrome cd; Nitrite Reductase:

Heme-containing nitrite reductases are soluble
enzymes located in the periplasmic space of the
bacteria. NIR-cd; has been purified to homogeneity
from a wide variety of denitrifying bacteria, including
Pseudomonas aeruginosa, Paracoccus denitrificans,
Paracoccus pantotropha, and Pseudomonas stutzeri.33!
The enzyme is a homodimer of ~120 kD that contains
one heme c and one heme d; per subunit. The ¢ heme
acts as the electron entry of the enzyme and accepts
electrons from soluble cytochrome css; and azurin.
The d; heme is the site of nitrite reduction and is a
unique prosthetic group, a dioxoisobacteriochlor-
in.5%51 The saturation of two pyrrole bonds and the
addition of two keto groups and one acrylate periph-
eral group conjugated to the wz-macrocycle severely
alter the physical properties of this heme (Figure 3).
This unique cofactor requires a specific biosynthetic
pathway.? Partly saturated porphyrins are prone to
nonplanar deformations, and polar peripheral groups
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Figure 3. Structure of the heme d; of heme cd; NIR.

offer an additional source of noncovalent anchorage
to the protein moiety. The Fe"'/Fe'' reduction poten-
tial of d; heme models are ~200 mV less negative
than iron porphyrins.5!

The reaction mechanism (outlined in Figure 4) of
NIR-cd; is proposed to involve NO,~ coordination
through its nitrogen to the ferrous d; heme and
dehydration leading to the formation of a [Fe''-NO™
< Fe"-NO"] (reactive NO* species will herein be
referred to as simply NO) nitrosyl d heme intermedi-
ate,> an { FeNO} ¢ species in Enemark and Feltham
formalism (discussed further in section 111.A).>® Re-
lease of NO and heme ¢ to heme d; intramolecular
electron transfer complete the catalytic cycle. X-ray
crystal structures of the dithionite (S,04%")-reduced
enzyme where a reaction byproduct SO; is S-bound
to the d; heme support the N-coordination geometry
of nitrite.>* Stopped flow absorption and rapid-freeze
quench EPR experiments on P. aeruginosa NIR
indicate the formation of an EPR silent species within
the ms dead time of the mixing apparatus that was
assigned to such an {FeNO}®¢ d; heme nitrosyl
intermediate.> An { FeNO} ® species was also detected
by its ¥(N—0) at ~1910 cm™? in FTIR difference
spectra obtained during the back-reaction of NO with
the fully oxidized enzyme of P. stutzeri,>® and the
same spectroscopic sighature was detected in time-
resolved FTIR measurement with cd; NIR from P.
pantotropha.’

The study of the NIR-cd; mechanism is severely
hindered by the buildup of a ferrous d; heme nitrosyl
{FeNQO}’ complex during in vitro assays. Stable
{FeNO}’ (i.e., Fe''-NO) d; heme species can form as
dead-end products if electron transfer occurs before
NO release from {FeNO}5, or via product inhibition
if released NO rebinds to the reduced enzyme. The
mechanisms by which the enzyme regulates internal
electron transfer and promotes NO release have wide
relevance to NO chemistry in hemoproteins. The first
detailed three-dimensional structure of NIR-cd; was
obtained from P. pantotropha.>*%® The two subunits
of the functional homodimer are related by a 2-fold
symmetry (Figure 5). As previously shown from
limited proteolysis,® each heme is located in a
distinct domain, an N-terminal o-helical domain
containing the ¢ heme and a C-terminal eight-blade
pB-propeller domain containing the d; heme. Iron-to-
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Figure 4. Proposed mechamsm for the reduction of nitrite
at the heme d; active site, showing the involvement of Tyr-
25 in promoting the release of NO.

Figure 5. Heme cd; structure and ribbon representation
of oxidized nitrite reductase from Pseudomonas aeruginosa.
The two identical subunits are composed of an N-terminal
domain containing the ¢ heme (yellow) and a C-terminal
domain that forms a f-propeller domain that carries the
d; heme (green). The first ~20 residues of each subunit
form an a-helix engaged in interdomain and intersubunit
interactions.

iron and edge-to-edge distances between ¢ and d;
hemes within a monomer are ~20 and ~10 A,
respectively, whereas they are greater than 40 A
when hemes from different subunits are considered.
The heme—heme edge distance within one monomer
correlates well with the submillisecond electron-
transfer rate measured in pulse radiolysis and CO
photodissociation studies.59-62

The crystal structure clearly identified His-345 and
His-388 as important residues in the distal pocket
of the d; heme. These two histidines are likely to
favor ligation of anions to the ferrous d; heme and
act as proton donors in the nitrite dehydration step
of the catalytic cycle.>® They are also believed to cause
the unusual high affinity of the reduced enzyme for
cyanide.®® However, the unprecedented feature of the
crystal structures of NIR-cd; from P. pantotropha is
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the variation in iron ligands with oxidation state. The
ferric ¢ heme iron is coordinated to two histidines,
His-69 and His-17, rather than the common His-Met
ligation of c-type cytochromes. It confirms early
spectroscopic data showing variable coordination of
the heme c¢ depending on the source of the en-
zyme.54%5 Within the a-helical domain and contiguous
to Cys-65 and Cys-68 that covalently bind the ¢ heme,
His-69 is an expected ¢ heme ligand. On the other
hand, His-17 is part of a short loop that includes Tyr-
25, one of the axial ligands of the hexacoordinated
ferric d; heme (Figure 4). The first 30 residues and
both of these unusual ligands become disordered in
the crystal upon reduction of the enzyme leaving the
ferrous d; heme pentacoordinated to His-200 and the
¢ heme with a classic c-type ligation set that includes
Met-106 and His-69. Understandably, these ligand
exchanges were initially proposed to play a role in
the coupling of electron transfer and substrate bind-
ing during catalysis.>* However, the lack of a homolo-
gous N-terminal loop in other sources of cd;-N1R%~69
led to the proposal that the X-ray structure of the
oxidized enzyme represented a resting state of the
enzyme.’® Recent monitoring of the reduction of
hydroxylamine by P. pantotropha NIR-cd; and elec-
tron transfer from pseudoazurin confirmed that the
ferric bis-His coordination of the ¢ heme corresponds
to an “as isolated” resting configuration.”* NIR-cd;
catalysis can be summarized as shown in Figure 4.

Shortly after the first X-ray crystallography study,>
NIR-cd; from P. aeruginosa was also character-
ized.”?7® The overall architecture of NIR in P. aerugi-
nosa was shown to be the same as that in P.
pantotropha, except for the N-terminal tails. In P.
aeruginosa-NIR, the first 29 residues form an arm
that wraps around the interface between the two
domains of the opposite subunit. No ligand switch is
observed at the ¢ heme of P. aeruginosa-NIR, a His-
Met coordination being present in both oxidation
states. As expected, the ferric d; heme is hexacoor-
dinated in the NIR-P. aeruginosa crystal structure,
but the sixth ligand is a hydroxyl group. Interest-
ingly, Tyr-10 from the opposite subunit engages a
hydrogen bond with the coordinating hydroxyl,”>73
but mutation of this tyrosine to a phenylalanine was
reported to have no significant effect on the enzyme
catalysis.’

After relegating unusual Fe'"! ligands to a resting
state rather than an active form of the enzyme NIR-
cd,, catalysis by P. aeruginosa NIR is very similar
to that already discussed. Two distal (protonated)
histidines enhance the nitrite binding affinity of the
ferrous d; heme, donate protons for the nitrite
dehydration reaction, and form a hydrogen bond
network that includes a mobile tyrosine to favor the
competitive coordination of a hydoxyl group to the
ferric d; heme and promote release of NO. Since at
neutral pH both hemes have similar reduction
potentials,”> "7 minor changes of solvent exposure,
local charges, or nonplanar distortions of the d; heme
could be sufficient to regulate the internal electron-
transfer rate’® 8 and the equilibrium (away from
unwanted states, Fe''-NO). Resonance Raman stud-
ies of both NO- and CO-bound d; heme have sug-
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gested a novel heme-substrate environment in cd;-
NIR, significantly different from previously studied
heme proteins.®* Recently, mutants of the active site
histidines have been described in NIR-cd; from P.
aeruginosa.® In both mutants, the nitrite reductase
activity is impaired with rapid formation of the
{FeNO}’ dead-end product. The loss in hydrogen
bonds is proposed to impair the hydroxyl-mediated
removal of NO from the ferric d; heme. Mutation of
the histidine sitting directly above the d; heme iron
is also shown to result in a large decrease in
substrate affinity.®

Stabilizing an {FeNO}¢ d; heme nitrosyl and
promoting the release of NO are challenges also met
by nitrophorins, the reversible NO-binding ferric
heme proteins from the saliva of blood-sucking
insects.?~2286 How nitrophorins prevent the autore-
duction of the Fe'""—=NO complex is still unclear. The
release of NO is pH dependent, faster at the neutral
pH in the host blood than in the acidic insect saliva.
It is also facilitated by the competitive binding
of histamine produced by the host immune re-
sponse.?187:88 Some evidence in favor of a reversible
binding of NO to the ferrous cytochrome c¢' of P.
denitrificans has led to the proposal that this peri-
plasmic hemoprotein might shuttle NO from NIR-
cd; to NOR.8 However, recent experiments with
Rhodobacter capsulatus have shown unchanged deni-
trifying growth whether the strain produces cyto-
chrome ¢’ or is cytochrome c' deficient.®® Cytochrome
¢’ is not required for the denitrification process and
may instead play a protective role against elevated
NO levels.1~%

Apart from its physiological reaction, cd;-NIR can
also catalyze the four-electron reduction of O, to
water. Recent freeze-quench EPR experiments indi-
cated the formation of a d; heme Fe'V-oxo species
along with a protein radical proposed to be a tyrosine
residue.® Such a species is reminiscent of the P-
intermediate in the reaction cycle of cytochrome c
oxidase.®® However, the unspecific character of this
O reductase activity in NIR-cd; is underlined by its
lack of sensitivity to mutations of either active site
histidine to alanine.®®

2. Copper Nitrite Reductases

Copper-containing nitrite reductases catalyze the
one-electron reduction of nitrite (NO, ") to nitric oxide.
While the iron-containing NIRs are more abundant
in nature, copper NIRs are found in a greater variety
of ecological systems and therefore demonstrate more
physiological diversity.>% Copper-containing NIRs
comprise roughly one-third of the total denitrifiers
found in terrestrial soil.? To date, no biological system
has been shown to contain both Fe— and Cu—NIRs.
This section will briefly recount some findings re-
garding Cu—NIR, while the more interested reader
is directed to several recent reviews?4°7:332 and a
recent account®® on this subject.

The first X-ray structure of a Cu—NIR was solved
at 1.9 A resolution by Adman and co-workers.249
This green NIR isolated from Achromobacter cyclo-
clastes is composed of three identical subunits of 37
kD that bind a total of six coppers. A comparable
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structure was subsequently obtained from the green
Cu—NIR of Alcaligenes faecalis.?>190191 More recently,
a blue Cu—NIR isolated from Alcaligenes xylosoxi-
dans was also characterized by X-ray crystallog-
raphy.102-1%4 |n agreement with extensive homologies
in primary sequences,®”% both blue and green Cu—
NIRs exhibit very similar structural features. The
overall structure exhibits a 3-fold axis with a 5—6 A
central channel. Each monomer folds into two do-
mains and bind one type 1 and one type 2 copper per
subunit. Coppers from the same subunit are sepa-
rated by ~13 A, while Cu—Cu distances are 30 A or
more when considering metals from different sub-
units. Type 1 coppers are buried ~4—6 A away from
the protein surface in one of the two j-barrel do-
mains. The type 2 copper centers are bound in the
second domain at the interface between two subunits.
The latter site is accessible to the surrounding milieu
through a 12 A channel.

The green and blue colors of Cu—NIRs relate to
their type 1 copper. The absorption spectrum of a
type 1 copper site is usually dominated by an intense
sulfur-to-copper LMCT band near 600 nm (¢ > 3000
M~1cm™1) that leads to a blue color. Green Cu—NIR
arises from an additional Amax at ~460 nm also
identified as a sulfur-to-copper LMCT band by reso-
nance Raman spectroscopy.’®® The green and blue
type 1 Cu'' also exhibit different EPR signals with
more rhombic or axial parameters, respectively.
Despite these spectral differences, the structure of
these type 1 Cu centers is nearly identical in the blue
and green NIR; both are four-coordinate, ligated by
a methionine thioether, a cysteine thiolate, and two
histidine imidazoles. The geometry of the green type
1 copper is described as a flattened tetrahedron with
a short Cu—Sne bond length of 2.55 A (for compari-
son, plastocyanin has a Cu—Spe length of 2.82 A). It
is suggested that the color difference is influenced
by a variation in the His—Cu—Met angle. The blue
Cu NIRs have His—Cu—Met angles near 115°, while
the green Cu NIRs have His—Cu—Met angles near
132°.106

In oxidized NIR, the type 2 copper centers are
tetrahedral with three histidine imidazole ligands.
The fourth ligand position is occupied by a water
molecule. It is interesting to note that two of the
histidine imidazole ligands are from one subunit,
while the third histidine imidazole is from an adja-
cent subunit. This bonding arrangement positions the
type 2 copper centers directly between monomer
units. Within the same subunit, the type 1 and type
2 copper centers are linked by adjacent amino acid
residues in the same polypeptide chain. The cysteine
ligand of the type 1 center is sequentially adjacent
to one of the histidine ligands of the type 2 center
(Cys-136 and His-135 in A. cycloclastes). This cova-
lent link between metal centers may facilitate elec-
tron transfer. The type 1 copper centers are likely to
be the electron entry of NIR, accepting electrons from
pseudoazurin. Electron transfer from the type 1 to

type 2 sites has been studied using pulse radioly-
Sis_1077110

The active site for nitrite reduction clearly involves
the type 2 copper center. Type 2 Cu-depleted enzyme
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Figure 6. General mechanism for Cu-mediated reduction
of nitrite.

lacks enzymatic activity.*** NIR activity is efficiently
inhibited by cyanide and carbon monoxide.® Site-
directed mutagenesis studies of direct copper ligands
further support the involvement of the type 2 copper
ion as the active site.?>1% ENDOR, EXAFS, and X-ray
crystallography have shown that nitrite bound to the
oxidized enzyme in an asymmetric 7?-O,0 bound
nitrito ligand to the type 2 copper center in place of
the coordinated solvent,99.10%.112,.113

Two distinct mechanisms for Cu-mediated nitrite
reduction have been proposed. The first mechanism,
proposed by Hulse and Averill, >4 is similar to the
mechanism of nitrite reduction in cytochrome cd;
NIR. This mechanism, outlined in Figure 6, involves
the binding of nitrite to a reduced Cu(l) center
(although NO,~ may bind to Cu(ll), which could then
be reduced to Cu(l)). Protonation of nitrite to yield
water and a Cu(l)-bound NO* (NOT is of an oxidation
state equivalent to NO, ™) species would be followed
by the formation of an unstable { CUNO}*° (equivalent
to Cu''—NO) system (again, see section I11.A for more
discussion of Enemark—Feltham notation), which
would readily release NO and continue the catalytic
cycle.

Although not depicted in the Figure, the copper—
nitrosyl intermediate may interact with additional
NO to form the dispropotionation products NO, and
N.O. There is evidence that Cu—NIRs may produce
N>O when the concentration of NO becomes high,*®
and the production of N,O might be from dispropor-
tionation.

On the basis of crystallographic results revealing
amino acid residues in close proximity to the type 2
copper active sites, another mechanism first sug-
gested by Adman and co-workers®®101 and later
supported by Suzuki and co-workers®16 and oth-
ers'’ has been recently discussed. This mechanism
involves amino acid residues Asp-98 and His-255 (in
A. cycloclastes) as general acid—base catalysts. These
two residues are in close proximity to the copper-
bound water ligand in the enzyme. The mechanism,
shown in Figure 7, invokes nitrite binding prior to
reduction of Cu(ll) to Cu(l). Initially, the aspartate
residue deprotonates the copper-bound water and
nitrite displaces the hydroxide ligand, with nitrite
bonding in an #2-0,0' fashion to a Cu(ll) ion. In the
second step, reduction of Cu(ll) to Cu(l) is followed
by a third step where the bound nitrite is protonated
by the aspartate residue. The reaction is completed
by the breaking of an N—O bond and concomitant
protonation to form water, electron donation from
copper to a formally NOT (equivalent to NO;")
moiety, and subsequent release of NO(g). Finally, the
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Figure 7. Second alternate mechanism for Cu-mediated nitrite reduction, involving both Asp-98 and His-255.

catalytic cycle is restarted by the donation of an
external proton to the catalytic histidine residue.

This alternative mechanism supports the finding
that oxidized Cu—NIR binds nitrite in an asymmetric
7?-0,0’ fashion.’®* In addition, recent studies by
Shapleigh, Scholes, and co-workers!8119 along with
work by Hasnain and co-workers!?° have suggested
that nitrite binding to the oxidized type 2 copper
center might increase the redox potential at the type
2 copper site, thereby facilitating both the electron
transfer from the type 1 copper and nitrite reduction.
However, dehydration of the putative cuprous O-
bound nitrito presupposes the formation of an O-
bound Cu-nitrosyl species, which is unprecendented
in inorganic copper chemistry (see section I11). More-
over, mutagenesis studies that identified Asp-92 and
His-255 as essential residues to the catalytic activity
are being reevaluated,'6117 although there is recent
evidence that site-directed mutagenesis of His-255
to Asn results in a novel mode of nitrite binding, as
determined by X-ray crystallography.?? Using the
physiological electron donor azurin, the specific activ-
ity of the D92N mutant protein was shown to be
~60% of that of the wild-type protein.?> The conser-
vation of NIR enzymatic activity despite the substi-
tution of the carboxylate group by a nonionizable side
chain thus casts doubt on the mechanism shown in
Figure 7. Recent findings by Tolman'?3124 (also see
section 111.A.2) have shown that Cu(l) binds NO,~
in an #*-N fashion; it would seem more likely that
nitrite binds to a reduced Cu(l) center during cataly-
sis via #-N coordination. Such an interaction would
expose the nitrite oxygen atoms to protonation and
avoid a needed isomerization (from O-bound to N-
bound) step in the mechanism.

B. Nitric Oxide Reductase

1. Structure

Genetic and biochemical analyses have shown that
nitric oxide reductase and cytochrome oxidase have
evolved from a common ancestor, assumed to be an
anaerobic, NO-reducing enzyme.'?5-13! The denitri-
fying NO reductases and the respiratory heme-copper
cytochrome oxidases are members of the same su-
perfamily, called the heme-copper oxidase superfam-
ily. NOR is structurally most closely related to the
cbbs-type oxidases. At present, three different bacte-
rial NORs have been characterized. All three are
integral membrane metalloenzymes containing a
unigue non-heme iron center (Figure 8).

The best studied NORs are the cytochrome bc
complexes (cNOR) purifed from gram-negative bac-
teria, e.g., P. stutzeri, P. denitrificans, and Paracoccus
halodentrificans.?6132-137 The purified cNORs consist
of two subunits and use membrane or soluble c-type
cytochromes or small blue copper proteins (azurin,
pseudoazurin) as physiological electron donors (Fig-
ure 8).1513% Another type of NOR, gNOR, uses ubi-
hydroquinone or menahydroquinone as an electron
donor, consists of one subunit, and is not only present
in soil and marine bacteria or in archaea but also in
pathogenic microorganisms such as Neisseria men-
ingitides, Neisseria gonorrhea, and Corynebacterium
diphteriae, which do not denitrify.13°-141 A third type
of NOR has been described recently that is present
in the gram-positive bacterium Bacillus azotofor-
mans.'? This NOR uses menahydroquinone as an
electron donor, consists of (at least) two subunits, and
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Figure 8. A: Topview of the putative structure of NorB
and of SUI of cytochrome c oxidase.137:140 Arrows indicate
proton movements; those of the oxidase move vectorially
from bottom to top crossing the cytoplasmic membrane. In
contrast, the scalar protons in NO reduction move from top
to the heme b;—FeB center, located halfway in the mem-
brane. Roman numerals refer to established and putative
(NO reductase) transmembrane a-helices. Histidine ligands
are located in the dark helices. B: Side view of cNOR
showing the putative pathway of electron transfer from
soluble electron donors via heme c of NorC to the binuclear
center of NorB where the reduction of NO occurs (see text
for further details). C: Proposed structure of the binuclear
oxo-bridged heme/non-heme iron active site of NO reduc-
tase. Upon reduction, a bond is formed between the heme-
iron and the histidine nitrogen atom (cf. Figure 9).

contains Cua.'* It is called qCuaNOR. The properties
of these three types of NOR are treated below.

2. ctNOR

Purified cNORs consist of two subunits, a smaller,
heme c containing subunit, NorC (17 kDa), and a
large, heme b containing subunit, NorB (53 kDa). On
the basis of its amino acid sequence, NorB is homolo-
gous to the large subunit (SUI) of cytochrome
oxidases.?6:132.133,135,136,144-146 Comparison of the genes
present in the putative nor operons of various bac-
teria suggests that cNOR might consist of four
subunits, NorE, a homologue to SUIII of cytochrome
oxidases and NorF.2144146 However, if the physiologi-
cal protein complex includes the NorE and NorF gene
products, they are lost upon extraction of the enzyme
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from the membrane by detergents. Similarly, puri-
fication of an active proton-pumping cytochrome aas
oxidase complex of P. denitrificans does not retain
the bulk of SUIII and SUIV.147148 Thus, the function
of these additional polypeptides is not clear. In cNOR
purified from P. denitrificans, an equilibrium is
observed between a heterodimeric NorC/NorB and a
heterotetrameric form of the NorC/NorB complex.t%
Both the heterodimer and the heterotetramer exhibit
comparable activities. In artificial membranes, the
enzyme is heterotetrameric;**® however, the type of
complex formed in the native membrane is uncertain.

The primary sequences of the NorBC complexes
and terminal cytochrome oxidases reveal the pres-
ence of six conserved hisitidine residues. In cyto-
chrome ¢ oxidases, these histidines ligate heme a,
heme a3, and Cug.*144149-152 ¢cNOR contains b hemes
and non-heme iron in a 2:1 stoichiometric ra-
1i0.26135145 In analogy to cytochrome oxidases, the six
conserved histidine residues in NOR are proposed to
coordinate heme b (bis-His) and heme bz (mono-His)
and the non-heme iron (tris-His). The non-heme iron
is labeled Feg and assumed to be structurally and
functionally similar to Cug of cytochrome oxidase (cf.
Figures 8 and 9).

NorB is an extremely hydrophobic subunit, which
contains twelve putative transmembrane a-helices in
accordance with the homologous SUI of cytochrome
oxidases.?8 Electron cryomicroscopy studies of two-
dimensional crystals of cNOR have shown that the
three-arch structure detected in the SUI of cyto-
chrome oxidases is also present in cNOR (cf. Figure
8)'%% and is also likely to be conserved in the qNOR
and gqCuaNOR-type enzymes. The NorC subunit
contains only a single, putative transmembrane
o-helix. The low-spin ¢ heme is most likely located
in the periplasmic portion of the subunit. The bi-
nuclear center in NOR is presumed to be located
within the membrane at a similar position as the
binuclear center in cytochrome oxidase (cf. Figure
8A). Electrons from soluble or membrane-bound c
cytochromes or pseudoazurin are first transferred to
the heme c group of NorC and then via a low-spin
heme b in NorB to the binuclear heme/non-heme iron
active site where NO is reduced to N,O (Figure 8B).
If the binuclear center is accessible only for protons
from the periplasmic side of the membrane, then the
overall reaction catalyzed by NOR does not lead to
the generation of a proton motive force because
electrons and protons enter the catalytic center of the
enzyme from the same, periplasmic side.

2NO + 2cyt ¢®*  +2H i —

N,O + H,0 + 2cyt ¢** i (5)

peri

EPR, MCD, resonance Raman, and UV—vis spec-
troscopy methods have been used to demonstrate that
one heme b is low-spin, while the other, heme b, is
a pentacoordinated high-spin heme. The latter heme
displays a unique absorbance at 595—600 nm in the
oxidized enzyme.?6:27.135145.153 |n jts reduced state,
heme bs is pentacoordinated, high-spin, and mono-
His ligated.?” However, upon binding of CO or NO,
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it becomes low-spin and hexacoordinated.'>41%5 The
high-spin heme b; and Feg are EPR silent in the
oxidized enzyme and are suggested to form an
antiferromagnetically coupled oxo-bridged heme/non-
heme diiron center (Figure 8C).?"% The fully reduced
enzyme is EPR silent, but partial reduction can lead
to a loss of the magnetic coupling and the signals
centered at either g ~ 6.0 or g ~ 4.3 have been
assigned to high-spin heme b3 or the non-heme iron
Feg center, respectively.’3® However, in general, these
EPR signals are weak, amounting to less than 10%
of the enzyme concentration, and difficult to dif-
ferentiate from signals resulting from the presence
of adventitious heme and non-heme irons.

Direct evidence for the proposed u-oxo diiron center
in NOR came from resonance Raman experiments
performed with the fully oxidized enzyme, in which
an asymmetric Fe—O—Fe stretching mode was iden-
tified at 810 cm~* that downshifts ~30 cm™! in H,80.
This assignment was confirmed by the detection of a
similar signal in a synthetic oxo-bridged dinuclear
model complex.?8156.157 The pentacoordinated state of
the heme iron, the strong resonance enhancement
and frequency of the v,s(Fe—O—Fe), and the absence
of changes with D,O are all consistent with the
presence of a u-oxo rather than a hydroxo bridge. An
Fe—Fe distance of 3.5 A and an (Fe—O—Fe) angle of
~145° could be deduced from the observed fre-
quency.?®

3. gNOR

The first single-subunit, quinol-dependent gNOR
was purified as a histidine-tagged enzyme from
Ralstonia eutropha.’®*1%8 The enzyme consists of a
single subunit with a molecular mass of 84 kDa.
While the enzyme lacks heme c, it contains heme b
and non-heme iron in an approximate 2:1 ratio,
respectively. A reduced minus oxidized difference
spectrum shows sharp a- and -bands characteristic
of low-spin heme and a decrease in absorbance at
~580 nm assigned to a charge transfer band from a
high-spin b heme. An additional transition was
observed at ~600 nm, but its origin is unclear.
Despite the presence of some background signals
from contaminants, the EPR spectrum displays reso-
nances characteristic of a low-spin heme center.
Stoichiometric signals for a high-spin heme center
and a non-heme iron are lacking, suggesting an
antiferromagnetic coupling between these groups as
found in ctNOR. The enzyme is inactive with cyto-
chrome c as an electron donor, but can use menahy-
droquinone as a donor, classifying it as a gNOR. This
activity is not inhibited by the quinone analogue
HOQNO (2-heptyl-4-hydroxyquinolone-N-oxide). The
most intriguing feature of gNOR is its N-terminal
extension of about 280 amino acid residues. Sequence
analysis indicates that this extension can fold into
two transmembrane a-helices, separated by a large,
relatively hydrophilic domain, which may contain the
quinone binding site.'3® Although this domain has no
sequence similarity to the quinol-oxidizing subunit
of the terminal quinol oxidases, a thorough analysis
indicates, surprisingly, sequence similarity to the
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NorC subunit of cNORs.*®® Thus, gNOR is apparently
a fusion of NorC and NorB. In this fusion the NorC-
like domain could have lost the heme ¢ center and
obtained a quinol-binding site in the process of
evolution. Alternatively, the opposite evolutionary
scenario is possible, where gNOR could precede
cNOR and the quinone-binding site evolved to a heme
¢ anchoring domain.

Several archaea are capable of denitrification and
were shown to reduce nitrate as in bacteria, via
nitrite, NO, and N,O to N,.258-12 Pyrobaculum aero-
philum is a hyperthermophilic archaeon growing
optimally at temperatures of 100 °C utilizing nitrate
or oxygen as terminal electron acceptors for growth.8°
The NO reductase from this organism has been
purified and exhibits MQH,:NO oxidoreductase ac-
tivity at temperatures as high as 95 °C.'%° The
enzyme consists of a single subunit and contains
heme and non-heme iron in a 2:1 ratio. Absorption
spectra obtained on this enzyme indicate the pres-
ence of one low-spin and one high-spin heme. As in
other NORs, the high-spin heme and non-heme iron
are EPR silent due to antiferromagnetic coupling. In
all these respects, the enzyme is similar to that of R.
eutropha. However, reversed-phase chromatography
of heme extracts of the pure enzyme revealed modi-
fied hemes containing a peripheral hydrophobic tail.
Heme Op; and Op,'! ethenylgeranylgeranyl and
hydroxyethylgeranylgeranyl derivatives of protopor-
phyrin IX, respectively, are present in an approxi-
mate 1:1 stoichiometry. The archaeal qNOR is the
first example of a NOR that contains a modified heme
reminiscent of bo; and aas oxidases rather than heme
b. Whether this modification reflects an adaptation
to life at high temperatures or serves another purpose
remains to be established.

The presence of genes encoding gNORs in patho-
genic microorganisms or marine bacteria, which do
not denitrify, suggests that their physiological role
may be to scavenge ambient toxic NO. As to the
pathogenic bacteria, upon infection, the macrophages
of the human defense system, for example, will
generate micromolar concentrations of NO via the
inducible NO synthase, iINOS. The toxicity of NO and
the bactericidal potential of the macrophages are
greatly increased because along with NO, the mac-
rophages produce superoxide, the two compounds
reacting to yield peroxynitrite, which is more toxic
than either of the individual reactants.'#1162 Thus,
microorganisms containing a gNOR will have a
selective advantage to escape from the host's immune
system. So far, none of these gNORs have been
purified. A similar protective role toward high levels
of NO was also assigned to bacterial flavohemoglobin
and cytochrome c.%0.93163,164

4. qCuaNOR

Recently, the first purification of a NO reductase
from a gram-positive bacterium B. azotoformans was
described.1#?143 The purified enzyme consists of two
subunits and contains one non-heme iron, two copper
atoms, and two b-type hemes per enzyme complex.
Heme c was absent. One of the hemes is a low-spin
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heme b in which the two axial hisitidine imidazole
planes are positioned at an angle of 60—70° instead
of the normal “parallel over meso” position in other
NORs and cytochrome oxidases. The second heme b
is high spin, binding CO in the reduced state. The
high-spin heme center and the non-heme iron are
EPR silent as in the other types of NOR. Surpris-
ingly, the enzyme contains copper in the form of
copper A, with a binuclear Cu,(u-Cys),(His), core,
which effects one-electron transfers cycling between
(Cup)?t and (Cup)®" delocalized mixed-valent
states,4%151.165 3 metal cofactor previously detected
only in cytochrome oxidases and nitrous oxide reduc-
tases. Like the gNOR, the qCunNOR enzyme uses
menahydroquinone as electron donor, while no activ-
ity could be detected with cytochrome c. Copper A
and both hemes are reduced by menaquinol. On the
basis of its prosthetic group composition, the B.
azotoformans NO reductase appears to be a true
hybrid between copper A containing cytochrome
oxidases and NO reductases present in gram-nega-
tive bacteria.

The structural and functional variation observed
in cytochrome oxidases is also present in the NORs.
In both classes of enzymes, quinol and cytochrome c
oxidizing variants are found. In addition, similar
prosthetic groups, copper A and c-type hemes, serve
as the electron entry.

5. Catalytic Mechanism and Comparisons to
Heme—Copper Oxidases

Spectroscopic studies have demonstrated the pres-
ence of a heme/non-heme diiron center in the active
site of cNOR. Resonance Raman data show that in
the fully reduced enzyme the catalytic heme is
pentacoordinated to a neutral histidine, while this
histidine ligand is lost in the oxidized state. Indeed,
the ferric heme remains five-coordinated and its sole
axial ligand is an oxo group bridging the two irons.
From the description of the oxidized and reduced
state of the enzyme, a catalytic cycle was proposed
(Figure 9).26728 Reduction of the diiron site weakens
the oxo bridge and favors the formation of the heme
Fe(Il)—His bond. The enzyme can bind one NO
molecule per ferrous iron. As observed in several
hemoproteins, e.g., hemoglobin or soluble guanylyl
cyclase,®6167 the heme Fe(l1)—His bond is broken
after the binding of NO, forming an initial six-
coordinate heme—nitrosyl, which then goes on to
form a pentacoordinate heme nitrosyl complex.1%® The
close proximity of the two nitrosyl groups destabilizes
these otherwise poorly reactive { FeNO}” species and
promotes formation of the N—N bond. The product
N.O leaves the active site while formation of the oxo
bridge completes the catalytic cycle. Redox potenti-
ometry of the P. denitrificans cNOR yielded midpoint
potentials of 310 and 345 mV for the heme ¢ and low-
spin heme b, respectively. The non-heme iron center
was not monitored directly optically or by EPR, but
its midpoint potential was inferred from a shift in
the optical spectrum of the high-spin heme b center,
yielding redox potentials of 60 and 320 mV for the
high-spin heme b and the Feg non-heme iron, respec-
tively.*>® The low redox potential of heme bz was
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Figure 9. Putative catalytic cycle of NO reductase.

proposed to prevent the two-electron reduction of the
heme bs/non-heme iron binuclear center and avoid
the formation of a stable Fe(l1) heme b3—NO complex.
These authors favor an alternative catalytic mecha-
nism where only the non-heme iron binds NO and
forms a dinitrosyl complex.>1° However, according
to this proposal, a significant catalytic role for the
high-spin b heme, other than in electron transfer, is
lacking.

Incubation of oxidized or reduced P. denitrificans
cNOR with NO under turnover conditions revealed
EPR signals around g = 2.0 and 4.0. These signals
are typical for ferrous heme nitrosyl and non-heme
ferrous nitrosyl complexes, respectively.’3® EPR evi-
dence was also obtained for a pentacoordinated
ferrous heme nitrosyl, in agreement with resonance
Raman spectroscopy.?”1%> The concentrations repre-
sented by the g = 2.0 and 4.0 signals are apparently
low. Formation and decay rates of these spectroscopic
signatures will be needed to assign these species to
true intermediates of the catalysis.

So far, there has been no pre-steady-state kinetic
analyses of NOR. Steady-state turnover kinetics of
cNOR vyielded a sigmoidal relation between [NO] and
activity, as expected for an obligatory two-substrate
(i.e., two molecules of NO) reaction.?6:133.135 At high,
nonphysiological concentrations of NO (about 10 uM),
substrate inhibition by a single NO molecule is
observed for all three types of NOR. The site of
inhibition is unknown, but the inhibition is due to
binding of NO to the oxidized enzyme, most likely to
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the heme b3.26 Maximal turnover rates of purified
NOR amount to about 200 NO/s, a value approxi-
mately 2-fold lower than the steady-state turnover
rate during denitrification in the cellular membrane.
The use of nonphysiological electron donors and the
detergent extraction procedure are probable causes
for the lower rates observed in the enzymatic assay.
Consequently, the apparent K, value for NO of 250—
500 nM should be considered as an upper limit.26.133
Since the free concentration of NO in soil, for
example, is generally much lower, below 10 nM, the
true K, for NO may be closer to this latter value.

cNORs are also capable of catalyzing the four-
electron reduction of dioxygen to water.’33170 The rate
of this reaction (40 electrons per second) is about
5-fold lower than that of NO reduction. The reported
apparent Ky, for dioxygen is very high (0.9 mM)!33
but was recently measured to be much lower (20
uM),*1 yielding a specificity constant (Keat/Km) of
about 2 x 10 M~1 s~1. Terminal cytochrome oxidases
are capable of reducing NO to N,O. Mitochondrial
oxidases perform only a single or very few turnovers
before becoming, reversibly, inhibited.'”>17® The
prokaryotic oxidases, which may be structurally more
related to the NO reductases than the mitochondrial
enzymes, can sustain catalysis, but the rate is only
0.5 NO/s at 50 uM of NO, i.e., giving a specificity
constant of 10* M~1 s~1.174 Thus, although NORs and
oxidases each catalyze both NO and dioxygen reduc-
tion, oxidases have evolved to catalyze efficiently
dioxygen reduction (250 O,/s; Kn = 5—100 nM;
specificity constant >10° M~1s~%) and NO reductases
to efficiently catalyze the reduction of NO (specificity
constant >5 x 108 M1 s71),

Sequence comparison of the primary structures of
NorB subunits from several bacteria reveals several
conserved glutamic acid residues that are absent
from SUI of terminal heme copper oxidases.?® These
carboxylate groups of one or more of these glutamate
residues may play a role in non-heme iron binding,
providing a possible fifth or sixth ligand. Along with
the formal charge from the porphyrinate (—2) and
the u-oxo bridge (—2), the ligation of two carboxylates
would yield an electroneutral diferric active site.
Alternatively, the vicinity of these charges may
modulate the redox potential of the metal centers;
the glutamate residues may also participate in proton
binding.'’® Resonance Raman and FTIR spectroscopy
of the reduced CO-binding enzyme indeed suggests
a negatively charged active site.?” Glu-198 in NorB
is predicted to be located in helix VI, one helical turn
away from His-194, a putative ligand to Feg. The
replacement of Glu-198 by Ala caused an inactivation
of the enzyme. However, the effect on the non-heme
iron content was not determined.’’® Likewise, a
replacement of Glu-125 by Ala rendered the enzyme
inactive. This latter residue is predicted to be located
on a periplasmic surface close to helix 1V and, thus,
distant to any of the metal centers. It is posible that
this glutamate residue is involved in the binding of
protons coming from the periplasm en route to the
active site.1’?

The heme Fe—Feg distance of approximately 3.5
A in cNOR is much larger that the 5 A heme Fe—
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Cug distance in cytochrome oxidase. Instead of the
diferric u-oxo bridge observed in NOR, the binuclear
center of cytochrome oxidase has been proposed to
contain a peroxo bridge, or hydroxy and aqua ligands
between the heme az and the Cug.**1">176 In the bas-
cytochrome ¢ oxidase from Thermus thermophilus,
the electron density between the heme az and the Cug
is consistent with a single oxygen atom (oxo, hydroxo,
or aqua) but the heme Fe—Cug distance of 4.4 A is
still large.'®° Despite the difference in metal—metal
distance and metal composition, NOR and cyto-
chrome oxidase are both capable of catalyzing NO
and O, reduction to N,O and HO, respectively, albeit
with significantly different specificities. There seems
to be no a priori chemical reason iron would be
preferred over copper for NO reduction.

An important feature in the active site of oxidases
is the presence of a cross-linking between a tyrosine
side chain and one of the histidine ligands of
Cup.#180.182.177 The (His—Tyr) cross-link is likely to
be catalyzed by Cug itself in the premature active
site. On the basis of the primary sequence of NorB,
this tyrosine is absent in NORs. Requirement of
copper and dioxygen for the posttranslational modi-
fication of tyrosine to topaquinone is well documented
in amine oxidases.'”® In the copper-containing galac-
tose oxidase, it is a cysteine that is cross-linked to
one of the two tyrosine ligands.'”® In cytochrome ¢
oxidases, the cross-linking of the tyrosine may secure
its close proximity to the two metals and allows it to
provide one of the four electrons reducing O, to
H,0.180.181  Another important difference between
NOR and terminal oxidases is in the conservation of
the redox free energy of their respective reactions
(which are quite similar in value) and in the intricate
coupling of proton translocation to electron trans-
fer.3%42 The greater possible range of ligation states
of reduced and oxidized copper as compared to iron
may make copper a more suitable metal to couple
proton binding and translocation to changes in the
redox states of the heme iron.

lll. Coordination Compounds

The synthesis of inorganic “model” complexes'®? is
driven by the notion that the fundamental chemistry
of a metal ion is inherently intact in a metalloenzyme
or metalloprotein environment. The chemistry of a
protein active site is governed by both the immediate
and the second coordination shell environment around
the metal ion, as provided by the protein amino acid
sequence and secondary structure(s).18318 While the
exact protein ambience cannot always be mimicked
exactly in a synthetic model (or not even closely,
sometimes), the local structure and geometry with
the corresponding spectrochemical properties can be
modeled. The overall goal is to construct synthetic
analogues capable of predicting and/or reproducing
key aspects of structure, spectroscopy, magnetic and
electronic structure, and chemical reactivity of bio-
logical systems.182185 As such, first-generation models
consist of reasonably reproducing metal identity,
oxidation state, coordination number, and donor-
ligand identity (e.g., N-donor, O-donor, S-donor) at
the active site. Following structural and spectroscopic
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characterization, future models are then synthesized
to either corroborate or refute a given spectral or
structural feature proposed in biological systems, as
applicable. Finally, “functional” models that mimic
biological reactivity are always exciting prospects
from the standpoint of (i) the future design of efficient
small molecule catalysts and (ii) providing insights
into protein biochemical structures and mecha-
nisms.182

A. NIR Model Compounds

The focus of this section is to discuss biologically
relevant (i) copper—nitrite complexes, (ii) heme—
nitrite complexes, and (iii) oxidized Fe(lll)—nitric
oxide species. Each of these species has been invoked
as an intermediate in bacterial nitrite reductase
mechanisms. A more complete treatment of copper
nitric oxide interactions and chemistry (111.C) and
reduced Fe(ll)—nitric oxide compounds (I11.D) is
presented in the later sections.

1. General Considerations

A key step in Averill's proposed reaction mecha-
nism for the reduction of nitrite to nitric oxide,
applicable to both iron- and copper-containing NIRs,
is the presence of a reduced enzyme metal—nitrite
(E)M—NO,~ complex.?% For iron enzymes, this would
be (E)Fe''-NO;™, while copper would present (E)Cu'—
NO,~. Subsequent protonation, dehydration, and
electron transfer (not necessarily in that order) would
yield an oxidized (E)M—NO system. According to
Enemark—Feltham notation,> for iron, this latter
species would be (E)Fe'"—NO, or an {FeNO}® com-
plex. For copper, the species (E)Cu''—-NOr is classified
{CuNO}.*® The MNO fragment is treated as a single,
3-atom unit that counts one electron from the z*-
orbital of NO, plus the valence-shell d-electrons from
the metal (remembering that for transition metal
complexes, the nd orbital resides lower in energy
than either the (n + 1)s or (n + 1)p orbitals), yielding
the total electron count n for {MNO}". In either the
Fe or the Cu system, the “oxidized” MNO moiety is
less stable than the corresponding reduced MNO
system (e.g., { FeNO}6 or { CUNO} ¥, formally Fe(111)—
NO or Cu(l1)—NO, form less stable M—NO adducts
when compared to the “reduced” analogues, either
{FeNQO}’ or {CuNQO}!). Therefore, the formation of
the more reactive, (E)Fe'""-NO or (E)Cu'"—NO reac-
tion intermediate facilitates NO release from NIR
(leaving behind either Fe(l11) or Cu(ll)), prohibiting
the formation of a stable metal—nitrosyl complex.
Incidentally, the inclusion of an (E)M—NO interme-
diate in the reaction mechanism in some sense
supports the notion of an N-bound nitrite adduct
precursor during the enzyme reaction cycle; other-
wise, a rearrangement would be needed to accomplish
the formation of an N-bound nitrosyl, which is the
normal mode of transition metal binding of nitric
oxide.

A general equation for the copper(l)-mediated
reduction of nitrite to nitrogen monoxide involves two
protons:

cu(l) + NO,” + 2H" — Cu(ll) + NO + H,0 (6)
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However, studying this reaction can be complicated
by several other reactions, which might otherwise
consume NO or yield quantities of NO that are
stoichiometrically inconsistent with the proposed
biomimetic reaction scheme. The two major, compet-
ing reaction pathways that can skew this reactivity
are the following:

3H" + 3NO,” — 2NO + HNO, + H,0  (7)
3NO — N,O + NO, ©)

The first reaction is simple acid-catalyzed decomposi-
tion of nitrite, where (presumably) 3 equiv of nitrous
acid dissociates into nitric oxide, nitric acid (or nitrate
and a proton), and water.*® The second reaction is
classical nitric oxide disproportionation, to give ni-
trous oxide and nitrogen dioxide. As will be discussed
later, copper, iron, and other transition metals may
act as catalysts in NO disproportionation reactions.8¢

2. Synthetic Copper Complexes: Models for the Type 2
Cu of NIR

The modeling of the copper nitrite reductases
begins with consideration of the structure around the
copper ions in the native enzyme; see section 11.C for
full details. The active site is comprised of a type 11
copper center, containing a copper ion ligated by
three cofacial histidine residues and a water (or
possibly a hydroxide). Synthetic modeling of this
active site would generally consist of three key
features: (1) a mononuclear Cu ion complex, (2) a
tridentate, nitrogen-donor ligand framework, and (3)
an accessible Cu(l)-NO,~ adduct.

2H"  H0

Ecd —N9%2 o EcyNos &l

[¢7%

E-Cu'NO* =— ECU"+NO (9)

The proposed course of reaction for nitrite reduc-
tion in Cu NIRs is summarized in eq 9. A key step in
this mechanism is the formation of a reduced en-
zyme—substrate complex, E—Cu'-=NO,~. Numerous
copper(ll)—nitrite complexes exist,'8"-202 while none
of these have demonstrated the ability to mimic the
enzymatic reduction of nitrite to nitric oxide and
water. Copper(ll)—nitrite systems actually form rather
stable complexes that do not support nitric oxide
formation. The key challenge was the synthesis of a
reduced Cu(l)—nitrite adduct or intermediate (pos-
sibly generated in situ) that showed biomimetic
reactivity and further supported the mechanism
purported by Averill (see Figure 6).2 As will be
discussed below, copper- and acid-catalyzed nitrite
reduction, similar to the above mechanism, has now
been accomplished by several research groups.

Structurally speaking, nitrite may coordinate to a
mononuclear Cu ion in one of four ways.'®” As
demonstrated in Figure 10, monodentate coordina-
tion of nitrite may occur through either nitrogen, 7*-N
(A), or oxygen, n*-O (B). Binding of nitrite in a
bidentate fashion to Cu would yield either an oxygen,
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Figure 10. Bonding modes of mononuclear metal—nitrite
and metal—nitrito complexes.

oxygen bound species, 72-0,0 (C), or a mixed nitrogen/
oxygen-coordinated complex, n>-N,O (D). In addition,
one must also consider the possibility of an asym-
metric, #?-O,0'-bound moiety (similar to C) contain-
ing only one formal M—O bond and a second, “long-
contact” M—O interaction (generally with a Cu—0
length >2.5 A). On the basis of the hard—soft acid—
base theory (HSAB), it should be expected that
Cu(l) would prefer N-ligation, while the harder
Cu(ll) would prefer O-ligation, considering purely
monodentate bonding modes. In fact, nearly all of the
known Cu"—NO;~ crystal structures contain an
O-bonded nitrito moiety,'®” while the only known
Cu(l)—nitrite adduct is an N-bonded nitrite.123203
These are discussed below.

Functional Models: Mononuclear Copper—
Nitrite Complexes. The first functional, mono-
nuclear biomimetic model of copper NIR reactivity
was developed by Tolman and co-workers.'?3203 Their
system featured an isolable Cu(l)—nitrite adduct that
could be reacted with acid (or acid equivalent) to yield
nitric oxide and water, a reaction identical to the
scheme proposed by Averill (see Figure 6).2 As seen
in Figure 11, the complex [((i-Pr)sTACN)Cu(CH3;CN)]-
PFs ((i-Pr)sTACN = 1,4,7-triisopropyl-1,4,7-triazacy-
clononane) (1) reacts with sodium nitrite to afford the
dinuclear, bridged dicopper(l,I)—nitrite complex
[[((i-Pr)sTACN)Cu]2(u-NO,)]PFs (2). Complex 2 may
be converted to a mixed-valent Cu(l,ll) species 2a,
with a bridging nitrite, by oxidation using ferro-
cinium ion, e.g., (Cpz2Fe)(PFe); this dinuclear copper
product has been both spectroscopically (UV/vis,
resonance Raman, EPR, and FTIR) and structurally
characterized.?®®> The subsequent reaction of the
bridged Cu(l,I) complex (2) with triphenylphosphine,
to remove one of the Cu(l) ions of the binuclear
complex, yielded the mononuclear, reduced Cu(l)—
nitrite adduct ((i-Pr)sTACN)Cu(NO) (3) and the
Cu(l)—phosphine complex [((i-Pr)sTACN)Cu(PPh3)]-
PFs (4). Incidentally, the copper—phosphine adduct
4 may be synthesized by the direct reaction of 1 with
1 equiv of triphenylphosphine. Also of note is that
the mixed-valent Cu(l,ll) species 2a may be gener-
ated by reacting complex 3 with a Cu(ll) species.
Compound 3 was the first example of a mononuclear
copper(l)—nitrite complex, and its formulation and
structure were confirmed by X-ray crystallography;
nitrite was bound in an #*-N fashion, as indicated.

To pursue nitrite reductase-like reactivity, com-
pound 3 reacts with 2 equiv of acetic acid to yield
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Figure 11. Synthesis of a stable, mononuclear 7!-N-nitrite

copper(l) complex (3) by reaction of triphenylphosphine
with a u-NO,~ dicopper(l) complex (2).
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Figure 12. Evolution of NO from Cu(l)—nitrite adducts,
facilitated by acid or acid equivalent.

[((i-Pr)sTACN)Cu(O,CCHy3);] (5) and also nitric oxide
(Figure 12), as detected by gas chromatography. This
reaction is biomimetic, as it models the reactivity of
NIRs by converting nitrite to nitric oxide, by starting
from a Cu(l)—nitrite complex and yielding an oxi-
dized Cu(ll)—nitrosyl product that dissociates NO-
(g). The use of the Lewis acid Me3SiO3SCF3 also
promotes NIR activity. The copper-containing prod-
uct of this reaction is [((i-Pr)sTACN)Cu(O3sSCFs3);] (6)-
(Figure 12). It is presumed that these reactions
proceed by way of Lewis acid interaction with bound
nitrite followed by dehydration to give a { CUNO}*°
species, possibly a Cu(ll)—nitrosyl adduct that then
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dissociates to yield NO(g) and a Cu(ll) ion. However,
attempts to characterize the putative {CuNQ}1°
intermediate proved to be unsuccessful.124:203

During the course of these studies, Tolman also
reported the preparation of a mononuclear, Cu(ll)—
nitrite complex with a tris(pyrazolyl)borate ligand.*%?
The coordination compound [Tp®B“H]Cu(NO,) (7) (Tpt-
BuH = tris(pyrazolyl) hydroborate; substituent tBu in
3-pyrazolyl positions) was synthesized and character-
ized by X-ray crystallography. The most notable
feature in the structure is the (nearly) symmetrically
bound, #?-O,0-bonded nitrite ligand. The overall
geometry of the complex is a five-coordinate, distorted
trigonal bipyramidal configuration. The reported
EPR spectrum contains a rhombic EPR signal, in-
dicative of the unusual geometry about the copper-
(I1) ion (in typical five-coordinate Cu(ll) complexes,
the observed EPR signal is generally axial). Interest-
ingly, the nitrite ligand is quite labile, being displaced
by addition of either (PPN)CI or Me;SiOTf (—OTf =
~“03SCF3) to afford the respective Tp®“HCu''Cl or
Tp®Bw“HCu"OTf complexes.

Casella and co-workers were also able to success-
fully synthesize and characterize reduced Cu(l) com-
plexes that demonstrated biomimetic reactivity.?04-206
Copper(l) and copper(l1) complexes were synthesized
utilizing the six ligands shown in Figure 13. These
include bis[(1-methylbenzimidazol-2-yl)methyl]-amine
(1-BB), bis[(2-(1-methylbenzimidazol-2-yl)ethyl]amine
(2-BB), N-acetyl-2-BB (AcBB), tris[2-(1-methylbenz-
imidazol-2-yl)ethyl]lnitromethane (TB), bis(2-(3,5-
dimethyl-1-pyrozolyl)ethyllamine (ddah), and N,N-
bis(2-ethyl-5-methyl-imidazol-4-ylmethy-10-
aminopropane (biap). Several of the corresponding
Cu(l1) complexes, including three Cu(l1)—nitrito com-
pounds and a bis(nitrito) Cu(ll) complex, were char-
acterized by X-ray crystallography. The mononuclear
Cu(ID)—nitrite complexes are coordinated in an asym-
metric #7?-0,0' fashion, with one oxygen formally
bonded to copper (2.037(2) A for Cu(ddah)(NO,),
1.962(6) A for [Cu(1-BB)(DMSO)(NO,)]*, and 2.008-
(6) A for [Cu(2-BB)(NO)]"), while a long contact to
the other oxygen of nitrite is observed (2.390(3) A for
Cu(ddah)(NO,), 2.678(8) A for [Cu(1-BB)(DMSO)-
(NO»)]*, and 2.439(8) A for [Cu(2-BB)(NO2)]*).204206
The bis(nitrito) complex, Cu(biap)(NO,),, features one
nitrite coordinated in an asymmetric #?-O,0' bonding
fashion, while the second nitrite is #*-O bonded. For
the asymmetric, bidentate nitrite, the formally bonded
oxygen is significantly closer (2.012(5) vs 2.648(6) A)
than the long-contact oxygen. Incidentally, the Cu—0O
bond distance for the monodentate nitrite oxygen is
exceptionally long (2.348(6) A).295 Unfortunately,
during the course of these studies, no Cu(l)—nitrite
adduct structures were successfully solved by X-ray
methods. This could be due in part to extremely high
reactivity of any formed Cu(l)—nitrite adducts. None-
theless, the [LCu'|PFs complexes were reacted with
NaNO; and HBF4-Et,0 in acetonitrile to yield NO
and the oxidized, Cu(ll) complexes (eq 10a). All six
ligand systems accomplished nitrite reduction, with
the best results obtained using the long-armed 2-BB
ligand (overall rankings, according to ligand type:
2-BB > 1-BB > ddah > TB > AcBB). Casella
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Figure 13. N-donor ligands used by Casella and co-
workers to study Cu(l) and Cu(ll) complexes, which are
functional Cu—NIR models systems.

supposes that the two methylene spacers linking the
benzimidazole to the central amine nitrogen of the
2-BB ligand are better able to accommodate the
Cu(l) to Cu(ll) geometric interconversion and, there-
fore, enhance the observed reactivity (note: ligands
providing for six-membered chelate rings provide
stabilization to Cu(l) (relative to Cu(ll)) as deduced
from measuring complex redox potentials electro-
chemically).?97:298 Mechanistic investigation into the
reduction of nitrite supports eq 10, and the reactivity
is first order in [Cu'] and [H*] and demonstrates
saturation Kinetics based on [NO,7].2°% The data
favors a mechanism that involves an inner-sphere
electron transfer that follows protonation of the
bound nitrite ligand.204-206

CH,CN

[LCu(1)]PF, + NaNO, + HBF,
[LCu(I](PFL)(BF,) + NO + H,O (10a)

- Ky H+  H+
Cu(l) + NO, = [Cu(l)—NO,] P

Cu(ll) + NO + H,0O (10b)

Casella’s work is rather interesting, in terms of not
only his successful biomimetic reactivity but also the
reported structures of his copper(ll)—nitrite com-
plexes. These systems feature O-bonded nitrite ad-
ducts, similar to the O-bonded nitrite observed in the
reaction of Cu(ll) NIR with nitrite. This mode of
bonding contrasts the N-bound nitrite—Cu(l) adduct
determined by Tolman.'?320% Controversy still re-
mains as to whether the nature of the nitrite inter-
mediate(s) is N- or O-bound in reduced biological NIR
systems.

Another recent copper—nitrito complex includes
work by Schugar and co-workers.??® Use of the ligand
tris[(2-(1-methyl)imidazolyllmethoxymethane (TIMM)
led to the synthesis of the bis(nitrito) complex (TIM-
M)Cu"(NO,), (8). From the X-ray crystal structure
of this complex, it was revealed that both nitrito
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ligands were bound in an asymmetric #?-O,0 fashion.
The formal Cu—O bonds (1.990(2) and 1.993(3) A)
were considerably shorter than the Cu—O long
contacts (2.488(3) and 2.513(3) A).2%? Interestingly,
the Cu(ll) ion is of distorted octahedral geometry and
is only coordinated by two of the three imidazoles of
the tridentate TIMM ligand.

A highly interesting, solvent-induced interconver-
sion between 7*-N-bound nitrite and asymmetric #?-
0,0'-bound nitrito was demonstrated by Tanaka and
co-workers.*** The complex [(TMPA)Cu"(NO,)]|(PFs)
(9) (TMPA = tris((2-pyridyl)-methyl)amine) recrys-
tallizes from water to yield an #*-N-bound nitrite that
has been characterized by X-ray crystallography.
However, the complex formed by recrystallization
from methanol is [[TMPA)Cu"(ONO)](PFs) (10), fea-
turing an asymmetric #2-O,0'-bound nitrite, as also
demonstrated by the X-ray crystal structure. The
asymmetric #?-O,0’-bound nitrite has a Cu—0 bond
length of 1.938(2) A.

o—l + O\ —I +
/

(TMPA)Cu"—N\ -« (TMPA)CU" N
o] 0

9 10

The long-contact oxygen has a Cu—0 length of 2.79
A and manifests a lengthening of the trans-pyridyl
nitrogen-to-copper bond length (2.253 A for the trans
Cu—Npy vs 2.039(5) and 2.049(5) A for the other two
Cu—Npy, bonds).1% The authors go on to demonstrate
the electrocatalytic reduction of NO,~ to N,O (and
small amounts of NO) in the presence of [(TMPA)-
Cu(H20)]>" (11) at a potential of —0.40 V (vs Ag/AgCl)
in H,O at pH = 7.0. Interestingly, the starting
material [(TMPA)Cu(H,0)]?" (11) can be recovered
after electrolysis. The exact mechanism of this cata-
lytic reduction of nitrite to nitrous oxide is not fully
understood. However, the authors speculate that a
bound nitrite or nitrito ligand is dehydrated to give
[(TMPA)Cu(NO)]*, which possibly dimerizes to form
a bridging N,O, moiety. Decomposition of the N,O,
species would then yield N,O.'%* This proposed
dimerization is similar to the mechanism proposed
by Karlin and co-workers?® in the reaction of
[(TMPA)Cu(CH3CN)]* (48) with NO, as discussed
below (see 111.C).

Later work by Tanaka and co-workers involved the
systematic comparison of methyl-substituted (TM-
PA)Cu complexes and catalytic NO,~ reductase activ-
ity.?* The methyl groups were introduced to the
6-position of the pyridine rings of TMPA, the ligands
are designated (Me,-TMPA) with n =0, 1, 2, and 3.
Reaction of the [(Me,-TMPA)CUuCI]* complexes with
nitrite afforded only nitrito complexes, as evidenced
by FTIR spectroscopy (observation of v(N=0O) near
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1400 cm™! and v»(N—O) near 1090 cm™* for each
complex), although X-ray crystal structures were not
obtained. The efficiency of electrolytic catalytic re-
duction of nitrite was found to decrease in the order
TMPA > Me;-TMPA > Me,-TMPA > Mez-TMPA 211
This loss of reactivity is not attributed to the increas-
ing steric hindrance about the copper ions but rather
is due to electronic effects and molecular structure
variations imposed by the methyl substitutions.

N | =
Me, TMPA = N A
R

R=-CHjor-H 3

Ford and co-workers?*? report the use of nitric oxide
to reduce the copper(ll) complex [(dmp).Cu]?>" (12)
(dmp = 2,9-dimethyl-1,10-phenanthroline) to copper-
(1) when dissolved in protic solvents and exposed to
excess NO. In addition, when methanol was used as
a solvent (or cosolvent), it was observed that CHs;-
ONO was formed quantitatively, according to eq 11.

- | ra

N N
7 IN Z SN
x ™ |
dmp

phen
Cu(dmp),”" + ROH + NO =
Cu(dmp),'™ + RONO + H" (11)

It is interesting to note that a similar reaction
utilizing the closely related complex [(phen),Cu-
(H20)1?" (13) (phen = 1,10-phenanthroline) is much
slower, possibly due to its lower redox potential.?'3
Performing the above reaction in water yielded free
NO,~, presumably by the same reaction involved for
R = H. The equilibrium of the above reaction is nicely
demonstrated in aqueous solvents; in acidic solutions,
the complex [(phen),Cu(H,0)]" (13) reacts with NaNO,
to quantitatively yield NO(g).?*® This reaction is a
direct example of nitrite reductase reactivity; nitrite
interacts with a reduced cuprate complex, resulting
in the production of water and presumably a Cu(l1)—
NO (i.e., {CuNQO}'9) species. The cupric-nitrosyl
would then readily dissociate NO(g).

Binuclear Systems. Interesting and related stud-
ies employing binuclear copper complexes and NOy
species have been described by Karlin and co-work-
ers.?1021 The dinuclear Cu(l)/Cu(l) complex, [Cu,-
(XYL-O)]* (14), reacts with nitrosonium (NO™) salts
(equivalent in oxidation state to NO,™) to afford the
bridging nitrosyl complex [Cu,(XYL-O)(NO)]>" (15)
(a dicopper(ll) complex with a bridging NO~ ligand),
which has been characterized by X-ray crystal-
lography (Figure 14). Reaction of 14 with nitrite and
two protons also gives 15 and water, a reduction and
dehydration similar to the reactivity of NIR. The fact
that a bridging nitrosyl is readily formed between two
adjacent copper centers possibly suggests why the
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Figure 14. Reaction of dicopper (I) complex 14 with nitrite
and nitrite equivalents, producing the u-NO~ dicopper(ll)
complex 15.
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Figure 15. Reaction of bridging nitrosyl complex 15 with
nitrite to yield nitrous oxide and an oxygen atom equiva-
lent.

12.5 A Cu---Cu separation in NIR is a desirable
structural feature. In the enzyme, the formation of
a stable, bridging nitrosyl could prevent the release
of NO(g) and, therefore, make NIR less effective at
nitrite reduction. The binuclear Cu(I1)/Cu(ll) site in
15 does not readily dissociate NO(Qg).

Subsequent reaction of 15 with nitrite affords the
oxo-dicopper(l1) complex 16, dioxygen, and nitrous
oxide (Figure 15). The stoichiometry of 0.5 equiv of
O, released was confirmed by the addition of tri-
phenylphosphine, which acts as an O-atom transfer
acceptor. It is supposed that the direct attack of
nitrite on the bridging nitrosyl leads to N—N coupling
and, therefore, N,O formation.

To probe the nature of nitrite binding in proteins,
synthetic nitrite complexes were examined with
electron spin—echo envelope modulation (ESEEM)
spectroscopy for comparison with enzyme—nitrite
systems.?®! The synthesis of amine-bridged poly-
pyridyl Cu(ll)—nitrite complexes led to the observa-
tion of the asymmetric 72-O,0' bonding of nitrite to
copper. The complex [(TEPA)CuU"(NO,)]PFs (17) (TEPA

17
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= tris((2-pyridyl)-ethyl)amine) is similar to other
(TEPA)CU" complexes?®~217 with distorted square
pyramidal geometries.

Interestingly, the pyridyl nitrogen in the apical
position (and trans to the long-contact oxygen of
bound NO;") has a lengthened bond to copper relative
to the equatorial pyridyl nitrogens. To probe the
nature of the solution-state bonding of nitrite in 17,
ESEEM spectroscopy was utilized. In frozen solu-
tions, ESEEM spectroscopy indicated O-ligation of
nitrite to copper, as in the solid state. Subsequent
attempts to observe similar ESEEM signals from
nitrite-soaked hemocyanin failed to confirm the
coordination of nitrite to hemocyanin in a manner
consistent with the mode in complex 17.1%1

3. Synthetic Cu Complexes: Models for the “Perturbed”
Type 1 Cu Center in NIR

An advanced structural model for the type 1, blue
copper center in NIR (and in other blue copper
proteins)?218-221 has also been recently synthe-
sized.'85222 This complex features a copper(ll) ion
with an NS, donor-ligand periphery containing both
a thiolate and thioether moiety. The copper complex
is the first of its kind, being coordinated by a thiolate,
a thioether, and two nitrogen ligands. Complex 18
contains a pseudotetrahedral coordination geometry
similar to the “distorted” tetrahedral geometry of the
“type 1.5” copper centers in NIR.%® These type 1.5
centers in NIR have also been called green copper
centers, with a slightly distorted geometry relative
to the more familiar blue copper centers. Notable
spectroscopic features, which differentiate this model
from previous models, included a rhombic EPR
signal, similar to the observed rhombic EPR signal
in biological type 1.5 copper centers.'%® In addition,
the sulfur-to-copper LMCT band appears at 691 nm
in the UV/vis spectrum. As discussed in section I1.A
(vide supra), blue copper sites are not directly in-
volved in NOy redox chemistry (i.e., they are not the
“active site”); they are essential to the functioning of
native NIR enzymes, serving an electron transport
(or electron donation) role.
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v
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4. Synthetic Fe Complexes: Heme-cd; NIR Synthetic
Models

This section will detail heme nitrosyl and heme
nitrite complexes with direct relevance to nitrite
reductase activity. A subsequent section of this
review (111.D) will discuss heme—nitrosyls in some-
what more detail. The interested reader is referred
to other reviews??3224 for more thorough discussions
of heme—nitrosyl compounds.

Heme Iron(l11)—Nitrite Complexes. Early work
by Scheidt and co-workers on Fe(lll) porphyrin
complexes and their interactions with nitrite have
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shown that Fe(lll)—nitrite complexes are rather
unstable, indicating the suitability of hemes for
mediating redox reactions on nitrite anion as a
substrate.??> Addition of nitrite to solutions of [(P)-
Fe'""CIO, (19) (P = porphyrin; tetraphenylporphyrin
(TPP), octaethylporphyrin (OEP), or tetratolylpor-
phyrin (TTP)) yielded an Fe(11)—NO complex along
with nitrate anion product, eq 12.

[(P)Fe'"(NO,)(ONO)]” + NO,” —
[(P)Fe'(NO)(ONO)]” + NO,~ (12)

The reaction is believed to proceed via an O-atom
transfer from a bound nitrite ligand to free nitrite in
solution. Subsequent use of a picket fence porphyrin
allowed for the isolation of an Fe(lll) bis(nitro)
complex, [(TpivPP)Fe(NO,).][K(18-crown-6)(H,0)]
(20).2%6 Similar O-atom transfer reactions were not
observed in this hindered porphyrin system, but only
when used in conjunction with a potassium crown-
ether counterion. The reasons for this are evident
from the crystal structure, which showed two 7*-N
nitrite ligands bonded to the iron porphyrin: (i) one
on the picket side, situated within the picket fence,
and (ii) one on the unhindered face of the porphyrin,
stabilized by a tight ion-pairing interaction with the
potassium crown-ether cation complex.??® Later at-
tempts to isolate a five-coordinate, mononitro Fe(l11)
porphyrin complex failed.??” In these reactions (egs
13 and 14), BF3;-OEt, was reacted with the bis(nitro)
complex 20.

[Fe"!(TpivPP)(NO,),] + BF;-OEt, —~
[Fe'“(TinPP)(Noz)] + [BF;NO,] (13)

2[Fe"(TpivPP)(NO,)] —
[Fe'"'(TpivPP)(NO,)] + [Fe''(TpivPP)(NO)] (14)

EPR spectroscopic characterization of the reaction
progression led to the postulation of a [(TpivPP)Fe-
(NOy)] intermediate on the basis of an observed
rhombic, low-spin EPR spectrum. Decomposition of
this intermediate yielded [(TpivPP)Fe(NO)] (21) and
the O-atom transfer product [(TpivPP)Fe(NO3)] (22),
the latter of which was structurally characterized.??’

Scheidt and co-workers have also employed EPR
spectroscopy (coupled with Mdssbauer spectroscopic
characterization) to extensively characterize heme—
nitrite complexes. The bis(nitrite) complex 20 shows
a very large rhombicity parameter (V/A) (rhombicity
is described by Blumberg and Peisach).??® Replace-
ment of a nitrite ligand by a neutral nitrogen-
donating ligand (on the nonpicket fence side of the
porphyrin) leads to the complexes [(TpivPP)Fe''-
(NO2)(Im)] (23) and [(TpivPP)Fe"'(NO,)(Py)] (24).2%°
Both of these complexes were characterized by X-ray
crystallography. The loss of the second nitrite ligand,
a strong s-acceptor, leads to an observed decrease
in rhombicity. In addition, Mdssbauer spectroscopy
revealed a nuclear quadropole splitting AE, > 2.0.
The replacement of a second nitrite ligand from
complex 20 by a sulfur-donor thiol ligand, 2,3,5,6-
tetrafluorothiophenolate, led to the isolation and
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structural characterization of the mononitrite com-
plex [(TpivPP)Fe(NO,)(SCsHF4)][K(18-crown-6)(H20)]-
(25).2%% This possessed an increased rhombicity pa-
rameter relative to the mixed-ligand N-donor systems.
Incidentally, reaction of 20 with thiols yielded not a
sulfur-ligated complex but rather a ferrous nitrosyl
species.?® Mossbauer spectroscopy was used to con-
firm the large rhombicity of these systems, revealing
a AEq > 2.0 mm/s for all of the studied six-coordinate
ferric-nitro complexes.??®23%0 These studies are ex-
tremely valuable toward understanding the electronic
structure of ferric-nitrite complexes and might be
applied toward understanding the electronic struc-
ture in heme-cd; NIRs.

Heme Iron(ll)—Nitrite Compounds. Extensive
studies on reduced iron—nitro compounds have also
been undertaken by Scheidt and co-workers. The five-
coordinate complex [(TpivPP)Fe!''(NO,)][K(222)] (26)
is inert to O-atom transfer reactions (and subsequent
NOy redox chemistry) and has been characterized by
X-ray crystallography.?3 This complex has unusually
large quadropole splitting (AE; = 2.28 mm/s) as
determined by Mossbauer spectroscopy and is a low-
spin system. The five-coordinate ferrous-nitro com-
plex reacts with nitric oxide to yield a six-coordinate
complex, [(TpivPP)Fe''(NO2)(NO)]~ (27), with dimin-
ished nuclear quadropole splitting (AEq < 2.0 mm/
s).232 The low-spin, mixed (nitro)(nitrosyl) complex 27
crystallized in two forms, and X-ray structures have
been obtained for each.?®2 These studies revealed the
coordinated nitrite ligand to be inside of the picket
fence pocket. It should be noted that ferric porphyrin
(nitro)(nitrosyl) complexes have also been isolated
and structurally characterized,?? and in these sys-
tems, Mossbauer spectroscopy exhibits smaller qua-
dropole splittings (AE; = 1.35—1.55 mm/s) and
diamagnetic ground states compared to those of 27.233
Finally, mixed-ligand ferrous nitrite complexes have
been synthesized using neutral nitrogen- and sulfur-
donor ligands, including [(TpivPP)Fe!'(NO,)(PMS)]~
(28) (PMS = pentamethylene sulfide) and [(TpivPP)-
Fe'"(NO2)(Py)]~ (29) (Py = pyridine).?** Both com-
plexes have been structurally characterized. In ad-
dition, Mossbauer spectroscopy indicates a normal
quadropolar splitting (AEq < 2.0 mm/s) for 28 and
29, which contrasts with the five-coordinate ferrous
nitrite complex [(TpivPP)Fe"(NO2)]~ (26).2%* The
combination of these data suggests a strong correla-
tion between electronic structure and coordination
number in ferrous nitrite complexes. The addition of
a sixth, w-donor ligand to complex 26 results in the
lengthening of the Fe—N(NO,) bond and a weakened
m-interaction between iron and nitrite. The Moss-
bauer data also support the notion of decreased
m-bonding to nitrite when 26 is six-coordinate. These
findings reveal stark contrasts in the heme Fe(ll) vs
heme Fe(l11) chemical nature of six-coordinate nitrite
complexes.

O-Atom Transfer by Heme—Nitrite Com-
pounds. Castro and co-workers have also observed
instability in interactions of Fe(l1l) porphyrins with
nitrite ion and have utilized this to carry out inter-
esting reactivity studies. They have shown that
nitrite activation by Fe(l11) porphyrins allows for the
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stoichiometric transfer of an oxygen atom to a
number of substrate species:?35-237

PFe(lll) + NO,” = (PFeNO,) ——
rate
PFe(I1)(NO) + SO (15)

Utilizing chloroiron(l11) octaethylporphyrin (30)
and potassium (crown ether) nitrite, the authors were
able to achieve both selective oxygen atom insertion
into allylic, benzylic, and aldehydic C—H bonds (e.g.,
allyl chloride, allylbenzene, cyclohexene, cyclohex-
anol, toluene, and propionaldehyde) and epoxidation
of olefins (e.g., styrene and cis-stilbene).?®” In addi-
tion, the iron porphyrin nitrite complex reacted with
inorganic substances to yield O-atom transfer prod-
ucts. Among such reactions were the conversions of
(i) nitric oxide to nitrogen dioxide, (ii) carbon mon-
oxide to carbon dioxide, (iii) triphenylphosphine to
triphenylphospine oxide, and (iv) dimethyl sulfide to
dimethyl sulfoxide. Ferric-nitrite complexes were also
found to react with dioxygen, yielding ozone (O3) as
an O-atom transfer product. Olefins were used to trap
the highly reactive ozone intermediate, and these
“trapping” products were then converted to the cor-
responding ketones by reduction.?®*® The driving force
for these O-atom transfer reactions appears to be the
formation of a stable, ferrous heme nitrosyl end-
product, the {FeNO}7 species. Again, the notion of
ferrous nitrosyls as stable complexes further supports
the idea that their formation should be precluded in
NIR to allow facile release of NO(g) product. The
possibility that simple ligand exchange is occurring
in these systems has been ruled out by isotopic
labeling experiments. Recently, the thermochemistry
of O-atom transfer reactions from picket fence por-
phyrin iron—nitrite complexes was examined in
detail,>®® revealing that the oxo-transfer free energy
for the addition of oxygen to [Fe'(TpivPP(NO)(NOy)]~
to form [Fe'"'(TpivPP)(NOy),]~ is —50 kJ/mol, sup-
porting the findings of Scheidt (vide supra) on the
stability of dinitroiron(l11) picket fence porphyrins.

Heme—Nitrosyl Complexes. To better under-
stand and characterize the putative Fe(l111)—NO
intermediates, possibly formed during the catalytic
cycle of NIR, it is necessary to first understand and
characterize synthetic { FeNO}® species in the labora-
tory. The synthesis of { FeENO}® heme—nitrosyl model
complexes is difficult due to the inherent instability
of ferric nitrosyls with respect to reductive nitrosy-
lation.239240 An example of this latter reaction is given
in eq 16.

(TPP)Fe'"'—Cl 4+ 2NO + HX —
(TPP)Fe'"=NO + NO-X + HCI (16)

This reaction involves a formal reduction of iron, and
an acceptor species (HX) is essential for the redox
process to occur.?*t From X-ray crystallography, it is
known that { FeENO}® complexes contain nearly linear
Fe—N—O moieties with short Fe—N(NO) bond lengths
(1.63—1.64 A).24! Infrared spectroscopy is extremely
useful for the study of M—NO systems, and generally
speaking, the N—O stretching frequencies of five-
coordinate {FeNQO}® complexes range from 1665 to
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1690 cm™?1, while those of six-coordinate {FeNO}®
complexes fall between 1740 and 1937 cm~1.241 While
these values are indicative of the coordination envi-
ronment about the heme, they may not be used to
definitively assign an Fe—N—O angle in these com-
plexes.

Despite the lack of stability for { FeNO} ¢ complexes
(relative to that for { FeNQO}7), Scheidt and co-workers
have been successful in synthesizing both five- and
six-coordinate iron(l11)-nitrosyl compounds. The ear-
liest, structurally characterized examples of { FeNO}6
complexes were [(OEP)Fe(NO)]* (31) and [(TPP)Fe-
(NO)(H20)]" (32).2#2 Many years later, the six-
coordinate complexes [(OEP)Fe(NO)(1-Melm)]* (33)
(1-Melm = 1-methylimidazole), [(OEP)Fe(NO)(Pz)]*
(34) (Pz = pyrazole), and [(OEP)Fe(NO)(12)]" (35) (Iz
= indazole) and the dimeric [(OEP)Fe(NO)](Prz) (36)
(Prz = pyrazine) were synthesized and structurally
characterized.?*® These four complexes featured short
Fe—N(NO) bond lengths (1.627(2)—1.6465(17) A) and
nearly linear Fe—N—O bond angles (176.6(3)—
177.6(3)°), typical for {FeNO}® systems.?**> Most
recently, the five-coordinate complex [(OEP)Fe(NO)]-
(ClO,) (37) was synthesized and structurally char-
acterized.?** This complex was found to differ struc-
turallyfromanearlier reported complex [(OEP)Fe(NO)]-
(Cl104)(CHCI5) (38),242 most notably by solvation and
unit cell arrangement. It is interesting to note that
both complexes have nearly linear Fe—N—O geom-
etries (176.9(3)° for 38 and 173.19(13)° for 37) but
quite different N—O vibrational frequencies (vno =
1838 cm™! for 37 and 1868 cm™? for 38).24

Recently, Richter-Addo and co-workers?*> were able
to observe the direct conversion of a heme—nitrosyl
to a heme—nitrite, in the absence of excess NO(Qg).
These reactions were performed using the picket
fence porphyrin heme complex [Fe(TpivPP)(NO)]
(39), which directly forms [Fe(TpivPP)(NO,)] (40) in
chloroform when exposed to pyridine in air. Exclusion
of the axial base pyridine results instead in the
isolation of a porphyrin ferric-chloro complex, while
using nonpicket fence porphyrins leads to the forma-
tion of u-oxo ferric porphyrin dimers. The reactions
represented the first demonstrated conversion of a
heme—nitrosyl to heme—nitrite complex. The biomi-
metic reactivity is realized upon the addition of
triphenylphosphine to complex 40, which results in
O-atom transfer to form triphenylphosphine oxide
and regeneration of the heme—nitrosyl complex 39.245

Heme—NO and Heme—Nitrite Electrochemis-
try. Interest in heme—nitrosyl electrochemistry has
existed for some time, due to the involvement of
iron—nitrosyls in the reduction of nitrite. The elec-
trochemistry of metalloporphyrin-NO compounds is
reviewed elsewhere, by Kadish,?*® and his research
group carried out early electrochemical and spectral
studies on iron porphyrin nitrosyl complexes.247—249
Meyer and co-workers?59251 have also examined the
electrocatalytic reduction of nitrite to ammonia (and
nitrous oxide) using water soluble iron porphyrins.
Most recently, Ryan and co-workers have extensive-
ly examined the electrochemistry of both heme-—
nitrosyl?®2-2%* and heme—nitrite®5-261 complexes,
successfully characterizing various redox states in
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these systems. An ongoing debate as to the stability
of ferric heme nitrite complexes was recently reevalu-
ated.?8* Under the proper reaction conditions, it was
found that both ferrous and ferric heme synthetic
complexes are stable in the presence of nitrite anion
even in nonpicket fence porphyrin systems. Products
from these reactions are suggested to be ferric- and
ferrous-nitrite compounds. However, under voltam-
metric conditions, whereby a mixture of iron oxida-
tion states (11/111) become present, nitrite is reduced
to form a ferrous nitrosyl and u-oxo-bridged porphy-
rin product, as outlined in eqs 17—19.26!

(OEP)Fe(Il) + (OEP)Fe(I11)(NO,), —
(OEP)Fe(11)~0O,N—Fe(l11)(OEP) + NO,™ (17)

(OEP)Fe(11)~0,N—Fe(l11)(OEP) —
(OEP)Fe(NO) + (OEP)Fe(O) (18)
(OEP)Fe(Il) + (OEP)Fe(O) — [(OEP)Fel,O (19)

A detailed Kkinetic examination of these reactions
showed no dependence upon nitrite concentration,
supporting the notion of a coordinated or possibly a
bridging nitrite intermediate in the first step, eq 17.
Subsequent O-atom transfer to the Fe(ll1l) moiety
yields the reduced ferrous nitrosyl and an Fe(IV)=0
species, eq 18. Finally, the u-oxo porphyrin dimer is
formed from the reaction of the ferryl heme with a
second equivalent of ferrous heme, eq 19. This work
contrasts with the findings of Scheidt and co-work-
ers,??® suggesting rather intricate and complicated
reactivity between nitrite and iron porphyrins in
synthetic systems. Invariably, this same delicate
chemistry is also present in enzymatic NIRs.

It should be noted that several authors have
reported in situ spectroscopic characterization of
heme—nitrosyls, claiming the presence of metastable
{FeNQ} & heme species,?47:249.262-267 g|though none of
these cases involved structurally characterized ex-
amples. However, [(TPP)Fe(NO)(HO-i-CsH11)]" (HO-
i-CsHq; = isoamyl alcohol) (41), a mixed nitrosyl—
alcohol {FeNO}® complex, was amenable to X-ray
crystallography.?%® Most notable in regard to this
complex is a nearly linear nitrosyl moiety (Fe—N—O
177.1(7)°) along with a relatively high N—O vibra-
tional frequency (vno = 1935 cm™%, KBr). Kadish and
co-workers have also structurally characterized the
iron—corrole {FeNO}® complexes [(OECor)Fe(NO)]
and [(OECor)Fe(NO)](FeCl,) (OECor = octaethylcor-
role).?®® Both of these complexes have nearly linear
Fe—N—O moieties, with Fe—N-O angles of
176.9(3)° and 171.4(9)°, respectively.?®

Recently, Olabe and co-workers?” have shown that
the inorganic coordination complex [Fe!''(CN)s(H,0)]*~
(42) demonstrates similar reactivity to the dissimila-
tory nitrite reductases. It is believed that 42 reacts
with nitrite to form the mononitro complex [Fe'-
(CN)s5(NO2)]* (43), which is rapidly converted to a
bound NO* species, [Fe''(CN)s(NO)]?>~ (44), with
concomitant loss of water (presumably after the
addition of two protons). It was noted that a one-
electron reduction of 44 leads to the evolution of free
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NO(qg), although the conditions for this reaction were
not evaluated in detail.?’®

B. NOR Model Systems

1. General Considerations

The modeling of the heme/non-heme diiron active
site in NOR begins with a close examination of the
ligand environment about each iron center in the
active site of the reduced enzyme (see section 11.B).
The non-heme iron ion is most likely coordinated by
three histidine residues and possibly a carboxylate
moiety. The heme iron is coordinated by four pyrrole-
nitrogen donors from the porphyrin macrocycle, along
with an axial histidine residue. In the oxidized
enzyme, these two metals are magnetically coupled
through bridging ligand(s). On the basis of these
observations, synthetic modeling of the active site
consists of three key features: (1) a porphyrin ligand
for the heme iron, (2) a multidentate, nitrogen donor
chelate for the non-heme iron, and (3) a close proxim-
ity of the two irons.

2. Synthetic Heme/Non-Heme Diiron Complexes

Functional Models. The only model for the heme/
non-heme diiron active site in NIR has been synthe-
sized by Karlin and co-workers.?8156.157 The complex
[CL)Fe—O—Fe—CI](ClO,) (45) was synthesized as a
mimic of the oxidized state of the enzyme and has
been characterized by X-ray crystallography (see
Figure 16).157 A second analogue, [(°L)Fe—O—Fe—Cl]-
(BArF) (BArF = tetrakis(3,5-bis-trifluoromethyl-phe-
nyl)borate) (46), was later synthesized utilizing a
different counteranion for greater solubility in or-
ganic solvents.**® The corresponding diferrous com-
plex [(°L)Fe"---Fe'"-CI](BArF) (47) was synthesized
by sodium dithionite reduction of the oxo-bridged
complex 46 to study the reactivity of the diiron
system with nitric oxide (and dioxygen). Thorough
characterization of both the oxidized and the reduced
diiron complexes was performed using UV/vis and
NMR spectroscopies. The oxidized model complex 46
was dissolved in a 4:1 acetonitrile/water (both 6O-
and 8O-water) mixture for examination by resonance
Raman spectroscopy. These studies identified an
asymmetric Fe—O—Fe stretch at 841 cm™! that
downshifted to 801 cm™! in O-water. Comparison
of these data with the resonance Raman character-
ization of NOR further supports the presence of an
oxo-bridged diiron moiety in the oxidized enzyme.?®

The reduced complex [((L)Fe'---Fe""—CI|(BArF) (47)
was reacted with both high and low concentrations
of NO at low temperatures. When performed on the
UV/vis scale (<10 uM), complex 47 reacts with NO
to afford the oxo-bridged species [(°L)Fe—O—Fe—Cl]-
(BArF) (46) and presumably N;O. It has been sug-
gested by Trogler and co-workers?’1272 (who have
effected the palladium-catalyzed reduction of nitric
oxide to nitrous oxide) that nitrous oxide may be
produced by the electrophilic attack of free NO on
the lone electron pair of a transition metal-coordi-
nated, bent nitrosyl. This newly formed species, a
hyponitrite complex, could then decompose to yield
N,O and H,O (in the presence of protons).?’* In the
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(CLyFe"...Fe-C1)* A
47

1. Na,8,04 (aq)
2. CH,Cl, extraction

<10 uM complex
1. THF, -80°C

2.NO (xs removed)
3.RT

A
(CLyFe'™o-Fe"Cy)

45 ClI04
46 BArF
Figure 16. Heme/non-heme diiron reduced (47) and u-0xo

oxidized (45, 46) complexes as functional models for nitric
oxide reductase (NOR) reactivity.

NOR model system, described above, it is possible
that both a heme—nitrosyl and a non-heme iron—
nitrosyl may form, with one coordinated nitrosyl
electrophilically attacking the other bound nitrosyl,
resulting in a diiron-bridged hyponitrite species that
ultimately decomposes to N.O and an oxo-bridged
complex. (Similar reactivity, whereby the siloxy
complex W,(OSiMe,;BuY)s reacts with NO to yield a
bridging oxo intermediate and nitrous oxide, has been
reported by Chisholm and co-workers.)?”® However,
at higher complex concentrations, reaction of 47 with
NO vyielded a stable ferrous nitrosyl complex, in
addition to both N,O and NO; (as detected by gas
chromatography). Exposure of [(°L)Fe"---Fe''-Cl]-
(BArF) (47) to dioxygen in THF at room temperature
generates [(°L)Fe—O—Fe—CI](BArF) (46), while a
spectroscopically detectable stable intermediate can
be trapped at —80 °C. The reactions are summarized
in Figure 16 and represent a novel, first-generation
modeling of the NO4 and O, reactivity of the active
site of bacterial NORs.

C. Copper-Mediated NO(g) Chemistry

While the interaction of nitric oxide with copper
ions in biological systems is important to the global
nitrogen cycle, few copper—nitrosyl species have been
characterized. The first copper—nitrosyl species (a
binuclear, bridging nitrosyl) was synthesized by
Karlin and co-workers (section I111.A.2) but was not
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N—Cu'—CH,CN
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+2 NO

CH,Cl,
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Amax = 403, 493, 610,
610, 820 nm

Vo = 1460 cm’!

\m

[{Cu"(TMPA)},(0)** (49) + N,O

Figure 17. Reaction of 48 with nitric oxide gives a
nitrosyl—copper complex intermediate that further reacts
to produce u-oxo complex 49 and N,O.

made by direct reaction with NO(g) but rather using
NO™ or NO, .210214 | agter efforts, also discussed
below, revealed the possibility of synthesizing
{CuNO}" species using reduced Cu(l) complexes and
NO(g).

The mononuclear compound [(TMPA)Cu'(RCN)]*
(48) reacts with NO(g) to form a stable purple-colored
intermediate at low temperature, proposed to possess
a nitrosyl group (vno = 1460 cm™1) bridging the two
Cu ions (Figure 17).21° The low-energy stretching
frequency (vno) and the observed EPR silence of the
intermediate species are consistent with the proposed
dinuclear Cu"—(NO™),—Cu'" imtermediate. This re-
action intermediate was also the first example of a
copper nitrosyl complex generated from a Cu(l)
complex and NO(g). Warming of this intermediate
yields N,O(g) and an oxo—dicopper(ll) complex (49).
It may be that the putative Cu''—(NO~),—Cu'" inter-
mediate brings together in close proximity the coor-
dinated nitrosyl groups and facilitates (NO™) coupling
and subsequent elimination of N,O.

In another related example from the Karlin group,?©
it was shown that the binuclear dicopper(ll) complex
14 reacts with excess NO(g) in methylene chloride
at low temperatures to form an unstable purple-
brown intermediate (Figure 18), characterized by UV/
vis spectroscopy with a Amax = 380 nm.?1° The end
product, the oxo—dicopper complex 16 (see Figure
15), is formed upon warming the solution to room
temperature. In addition, N—N coupling and the
subsequent release of N,O(g) is observed in the end
products.

As has been discussed (section Il11.A.2), a mono-
nuclear copper—nitrosyl species is seen as a key
intermediate in biological NOy reduction chemistry;
i.e., in NIR. The first mononuclear copper—nitrosyl
complex was synthesized by Tolman and co-workers,
utilizing the dimeric (Tp®*®“HCu), (50) complex and
NO(g) (Figure 19).274275 The dicuprous complex reacts
with nitric oxide to yield the mononuclear cuprous—
nitrosyl complex [(Tp®“H)Cu(NO)] (51), formally a
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Cu‘—j -Py
Py

<%,
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14

+xNO

CH,Cl,

-80 °C

Intermediate
Amax = 380 nm

RT

16 + N,O(g)

Figure 18. Reaction of xylyl dicopper(l) complex (14, see
also Figure 14) with nitric oxide yields a low-temperature
stable putative copper—nitrosyl adduct, which upon warm-
ing releases N,O and forms the u-oxo complex 16 (see
Figure 15).

{CuNO}* system. The isolated nitrosyl was charac-
terized by X-ray crystallography and featured a bent
Cu—NO moiety (163.4(6)°) and a pseudotetrahedral
geometry about copper. The complex was stable for
extended periods but lost NO upon application of a
vacuum or an argon purge.?’

Using bis(phenyl)-substituted tris(pyrazolyl)hy-
droborate ligands (52: a, diphenylimidazole ligated;
b, acetonitrile ligated) also allowed for the observa-
tion of a mononuclear nitrosyl complex 53 (Figure
19).276¢ However, 53 was not structurally character-
ized but nonetheless was consistent in formulation
based on other spectroscopic techniques (FTIR, UV/
vis, EPR, and MCD) and comparison with 51. From
a comparison of UV/vis, EPR, and MCD properties
with known Cu(ll) complexes (each employing the
ligand Tp®Y), it was confirmed that these nitrosyl
complexes (51 and 53) indeed contain reduced Cu(l)
and are best formulated as { CUNO}!! systems.

It was later found that reducing the steric hin-
drance around the CuNO moiety in [(TpRR)Cu'(NO)]
systems promoted NO disproportionation.?’” The
neutral complexes [(TpMsH)Cu'(THF)] (54) (THF =
tetrahydrofuran) and [(Tp©F=CHs)Cu'(CH3CN)] (55)
(Figure 20) were structurally characterized and the
corresponding nitrosyl adducts studied by FTIR,
EPR, NMR, and UV/vis spectroscopies. These com-
plexes catalyzed disproportionation in an NO(g)
environment to give N,O (confirmed by gas chroma-
tography) and the corresponding Cu'"(NO,") com-
plexes. The nitrito complexes [(Tp®FCHs)Cu'' (NO,7)]
(56) and [(TpCHaCH:)Cu"'(NO, )] (57) were character-
ized by X-ray crystallography and featured a sym-
metric #%-0,0 nitrite bound to square-pyramidal
Cu(ll) ions.?7278 This is in sharp contrast to the X-ray
structure of the independently synthesized a [(Tp®“H)-
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Figure 19. Reaction of pyrazolylborate copper(l) com-
plexes with nitric oxide, yielding mononuclear Cu—NO
adducts 51 and 53.

Cu(NO;7)] (58) complex, which demonstrated asym-
metric #?-O,0’ coordination of nitrite to a distorted
square-pyramidal copper.t®?> The use of EPR spec-
troscopy also revealed differences in geometries
between the nitric oxide adducts of [(Tp®“H)Cu'(NO)]
(51), [(Tp=CHs)CU'(NO)] (59), and [(TpHaCHs)Cul-
(NO)] (60) systems; the sterically hindered Tp®uH
(51) and [(TpP"PMCu'(NO)] (53) complexes demon-
strated rhombic EPR signals with significant hyper-
fine splitting and low g values (g < 2.0), each showing
distinct Cu(l)—(NO-) character. The N—O stretching
frequency vno was 1712 cm™t for TptBuH (51) (Cu—
N—O angle of 163.4(6) °) and 1720 cm~* for TpPhPh
(53).276 The Tp©HsCHs (59) and Tp©F+CHs (60) complexes
each produced axial EPR signals, while the N—O
stretching frequency vno was 1753 cmt for 60 (but
not reported for 59). The [(TpMsH)Cu'(NO)] (61)
complex was found to be EPR silent, but had sharp
IH NMR signals and an N—O stretching frequency
vno Of 1712 cm~1.277:278 |t was concluded, on the basis
of steric influence and electron donation, that the
nature of substituents R and R' greatly affected
spectroscopic properties of { CUNO}!! systems and the
NO(g) disproportionation facility of Cu(l) complexes.
Stronger electron-withdrawing substituents (e.g., R
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54 S = THF

Figure 20. Scheme proposed for the reaction of mono-
nuclear copper complexes with nitric oxide and subsequent
N—N coupling to give nitrous oxide plus a nitrito copper-
(I1) product 62.

= phenyl) and functional groups of greater steric bulk
(e.g., R = tert-butyl, mesityl) slowed the rate of NO
disproportionation. Mechanistic investigations sug-
gested an electrophilic attack of a second NO mol-
ecule upon an initial Cu—NO adduct giving a Cu—
(NO), species (Figure 20), followed by N—N coupling
(to yield N,O) and O-atom transfer to NO to give
NO,~ coordinated to copper(ll) (62).

The synthetic copper complexes discussed thus far
are ligated by either pyridyl-, pyrozolyl-, imidazolyl-,
or amine-containing chelates. Recently, a complex
with mixed-ligand molecular scaffolds was also re-
ported.?”® One such Cu(l) complex (63) to be reacted
with NO utilizes the ligand 1,4-diisopropyl-7,2-py-
ridylmethyl-1,4,7-triazacyclononane and is shown in
Figure 21. The triflate salt of the TACN-derivatized
complex disproportionates excess NO, yielding a
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Figure 21. Reaction of mixed-ligand copper(l) complex
with nitric oxide gives a nitrito copper(l1) compound 64 and
NO.

Cu(ll)—nitrito complex (64). This compound was
characterized by X-ray crystallography and featured
an asymmetric #2-O,0'-bound nitrito ligand. Such
reductive disproportionation reactivity differed from
similarly ligated RsTACN systems in alcohol solvents,
suggesting that both ligand denticity and ligand
electronic structure, combined with solvent effects,
strongly influence NO reactivity with copper ion
complexes.?”®

Copper complexes have also been employed for NO
disproportionation in reactions using alcohols as
reducing agents.?®® The complex [LCu(CH3sCN)]PFs
(1), where L = (iPr);TACN, reacts with excess NO in
alcohol solutions (MeOH, EtOH, 'PrOH, and PhCH.-
OH) to yield nitrous oxide and the corresponding
aldehyde or ketone products. For the related LCu'Cl
complex, some mechanistic information is also avail-
able. Low-temperature (=78 °C) reaction of the
parent complex LCuCl in methanol, with excess NO,
led to the observation of a putative hyponitrite-
containing complex [(LCu)s(N2O2)CI]* (65), detected
from cold solutions by electrospray ionization mass
spectrometry (ESI-MS). Subsequent warming to room
temperature yielded nitrous oxide. The mass spec-
trometry results also suggested the involvement of
mutlicopper species during catalysis, on the basis of
the identification of a multinuclear complex such as
65.280

It should be noted that two distinct forms of
copper—nitrosyl chemistry are evidenced by Karlin
and Tolman. In the Karlin systems, the formation of
nitrous oxide from nitric oxide is accompanied by the
assembly of oxo-bridged copper species, while there
is no evidence for nitrite or nitrogen dioxide produc-
tion. Tolman’s systems present the formation of nitric
oxide and concomitant formation of a copper—nitrite
adduct, with reactivity similar to classic nitric oxide
disproportionation. Clearly, more Cu(l) and Cu(ll)
nitrosyl complexes need to be studied to gain a better
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understaning of the subtleties that underlie Cu—NO
interactions and reactivity patterns.

D. Iron Complex-Mediated NO(g) Reactivity

Heme Complexes. The catalytic disproportion-
ation of NO to N,O and NO, requires an N—N
coupling to form the required N,O product. It has
been proposed that two intermediates are plausible
precursors to formal N—N coupling:28*

(o]
0 I o

O,
\\N N// N\N//
\ / [
M M
| ]

In form 1, a dinitrosyl, the metal center and
corresponding ligand framework would have to ac-
commodate a cis-dinitrosyl, a scenario precluded in
heme systems. Form 11, termed hyponitrite or hypo-
nitrous, is formed by electrophilic attack of NO to a
bound metal—nitrosyl. Following N—N coupling, the
next step would be O-atom abstraction (by NO) to
yield NO; and NO.

Ford and co-workers?2283 have used laser flash
photolysis techniques to study NO binding kinetics
with heme systems; a recent review on the photo-
chemistry of metal nitrosyl complexes has also ap-
peared.?8* Specifically, they measured rate constants
for NO coordination (k.n) and NO dissociation (Ko)
and, therefore, determined the corresponding entro-
pies of activation for the association (AS..¥) and
dissociation (ASy") processes. These experiments,
using the water soluble porphyrin (Fe(ll) or Fe(l11))
complexes [(TPPS)Fe]”* (66) and [(TMPS)Fe]?* (67),
further demonstrated the greater affinity of Fe(ll) for
NO bonding, as compared to Fe(l11) bonding with NO
(see section I11.A.4). The ferric complexes are believed
to be six-coordinate with axial water ligation. As
such, ligand dissociation is required prior to NO
binding; this dissociative process yields large calcu-
lated AS,,* values for overall NO binding (100 & 4 J
mol~* K1 for TPPS and 86 + 2 J mol™* K™t for
TMPS). However, the ferrous systems, which are
typically five-coordinate in water and, therefore, do
not require ligand dissociation prior to NO bonding,
have much smaller entropies of activation, AS,,* (12
+ 10 J mol~* K™ for TPPS and 16 4+ 20 J mol~* K™
for TMPS). The observed rate constants for NO
bonding for the ferrous porphyrins are 3 orders of
magnitude greater than the rate constants for NO
bonding to ferric porphyrins. These results add
guantitation to the generally accepted views that (i)
NO requires a free coordination site prior to bonding
to heme and (ii) NO bonds to Fe(ll) with a greater
affinity as compared to NO bonding to Fe(l1l).

Recently, Farmer and co-workers?®® were able to
demonstrate N—N coupled intermediates in (TPP)-
Fe systems. While the end product from the reaction
of [(TPP)Fe(NO)] (68) (see also eq 16) and excess NO
is the nitrosyl—nitrite complex (TPP)Fe(NO)(NOy)
(69), limiting the amount of free NO in the reaction
allowed for the observation of transient N,Oy species
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Figure 22. Proposed reaction mechanism for the dispro-
portionation of nitric oxide using heme—nitrosyls.

during the course of the reaction by utilizing FTIR
spectroscopy. The overall, proposed course of reaction
is given in Figure 22.

In step 1, the iron nitrosyl reacts reversibly with
an additional equivalent of NO to yield an N—N
coupled intermediate (B). Subsequent O-atom trans-
fer to NO yields the ferrous-heme complex C, N0,
and NO; products. Reaction with additional NO, can
reform the mononitrosyl (A). However, in the pres-
ence of NO; gas (generated in the second step), the
heme nitrosyl nitrite complex D is formed, which
reversibly binds NO, as shown in the final reaction
equilbrium step.?8®

The above mechanism was further supported by
the use of PPh; as a competitive O-atom acceptor. In
the presence of a 100-fold excess of PPhs, N,O
production becomes catalytic with concomitant for-
mation of OPPhj;. In effect, the generation of N,O has
been uncoupled to the formation of NO,. The mech-
anism of O-atom transfer was examined by in situ
FTIR spectroscopy. By using **N/**N mixed labels, it
was possible to identify isotope-sensitive bands that
are consistent with each proposed intermediate,
including an N—N coupled hyponitrite (e.g., 11, vide
supra).?ss

However, Ford and co-workers?6:192 have reported
that heme—nitrosyls such as [(TPP)Fe(NO)] (68) do
not react with excess NO(g) at room temperature,
contrasting intermediate B, Figure 22, and Farmer’s
observations.?®® Ford further suggests that the ob-
servation of a mixed nitrosyl/nitrite product is due
to trace NO, contamination from commercial NO(g)
cylinders. Researchers typically purify NO(g) streams
with cold traps to “freeze out” contaminants such as
N2O, NO,, and N;Os, so it is uncertain how NO;
contamination would occur. Thus, controversy still
remains as to the NO disproportionation ability of
68; it seems that the exact reaction conditions (e.g.,
solvent, presence of water, temperature, and purifi-
cation efficiency) dictate the observed heme—nitrosyl
chemistry.

Ford and co-workers?®” describe the reversible
formation of trans(dinitrosyl) complexes, [(TPP)Fe-
(NO),] (70) (TPP = 5,10,15,20-tetrakis(phenyl)por-
phyrin) and [(TmTP)Fe(NO),] (71) (TmTP = meso-
tetra-m-tolyl-porphyrin), which are not susceptible to
NO disproportionation. Such dinitrosyl compounds
are formed at low temperatures and exist in thermal
equilibrium with the corresponding mononitrosyl
complexes, [(TPP)Fe(NO)] (68) and [(TmMTP)Fe(NO)]
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(72), which predominate at room temperature. The
equilibrium in these systems has been nicely followed
with the use of variable-temperature 'H NMR, UV/
vis, and FTIR spectroscopic experiments.

Non-Heme Iron Nitrosyls. It has been found that
non-heme, high-spin Fe(ll) containing enzymes are
typically EPR silent, using common EPR spectrom-
eters.?88.28 Thus, nitric oxide has been employed as
an EPR “probe”, as it readily binds to Fe(ll) sites in
enzymes and coordination complexes. The bonding
of NO to ferrous ions allows for the direct EPR
examination (and comparison) of S = 3/2, {FeNO}’
systems in both metalloenzymes and synthetic com-
pounds. A recent examination by Solomon and co-
workers?8 suggested that these systems are best
described as Fe3" (S = 5/2) antiferromagnetically
coupled to NO~ (S = 1), for a net spin of S = 3/2.
Examination of two model complexes, [(MesTACN)-
Fe(NO)](N3). (73) and [(EDTA)Fe(NO)] (74) by X-ray
absorption, resonance Raman, UV/vis, MCD, and
EPR spectroscopies, combined with magnetic suscep-
tibility data from SQUID susceptometry, yielded a
picture consistent with the overall S = 3/2, { FeNO}~
system.?8 Subsequent examination of the non-heme
Fe enzyme (coordinated to NO) soybean lipoxygenase
by MCD spectroscopy yielded similar electronic struc-
tural findings.

Recently, a systematic study of NO and O, bonding
to Fe(ll) complexes chelated by EDTA-derivatized
ligands (aminocarboxylates) was completed.?®® The
EDTA-based ligands were systematically varied,
resulting in a total of thirty eight ferrous-chelate
complexes used for the investigations. The complexes
all formed stable nitrosyl adducts (as observed by UV/
vis and FTIR spectroscopies), and the reversibility
of NO binding was explored. The results of this work
suggested that the more electron-rich chelates fa-
vored the conversion of Fe(ll) to Fe(lll), creating a
more O,-reactive and NO-reactive species. It is of
interest to note that the rate of nitrosylation was
typically found to be nearly 3 orders of magnitude
faster than that of corresponding oxygenation reac-
tions. Several of the ferrous nitrosyl complexes were
reported to decompose, over the course of hours, to
yield nitrous oxide and a ferric ion complex.?%°

Iron complexes utilizing the ligand H,TC-5,5, a
tropocoronand ligand, have been employed in studies
involving the catalytic disproportionation of NO. This
macrocyclic ligand is bis-anionic and contains four
nitrogen donors, similar to porphyrins. However, the
tropocoronand ligand is nonplanar and tends to favor
a trigonal bipyramidal metal ion geometry.

(CHyJ5
)
W

N N
&(CHz)BJ

HoTC-n,m
n=m=>5

The complex [Fe(TC-5,5)] (75) reacted with 1 equiv
of NO to yield an isolable ferrous nitrosyl (76), Figure
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Figure 23. Summary of the reactivity of Fe(11)TC-5,5 (75)
with nitric oxide.

23.2°%1 The structure of compound 76 was confirmed
by X-ray crystallography, while Mdssbauer and EPR
spectroscopy, combined with SQUID susceptometry,
identified the complex as a low-spin Fe(l11)-NO~
species. This iron nitrosyl (76) reacts with excess NO
to form an intermediate species (77), which further
reacts with additional NO to give N—N coupling (and
N.O) along with a mixed nitrosyl—nitrito complex
(78). Species 78 was monitored by in situ FTIR
spectroscopy at —78 °C (vno = 1850 cm™?) but
decomposed upon warming to room temperature.
However, warming reforms the ferrous nitrosyl (76),
which continues to react with NO (to produce N,O
and NO,). The formation of free NO; in the reaction
mixture eventually induced ligand nitration (of the
aromatic tropolone rings) to yield a catalytically
inactive nitrosyl compound 79.

Complexes were also prepared utilizing the H,TC-
5,5 ligand and manganese(l1) to form [Mn(THF)(TC-
5,5)] (80) (Figure 24), a trigonal bipyramidal complex
with coordinated tetrahydrofuran in the equatorial
plane.?®? Reaction of 80 with 1 equiv of NO forms a
stable manganese nitrosyl (81), an {MnNO}® system
that has been characterized by X-ray crystallography.
As depicted in Figure 24, compound 81 is believed
to react with 1 additional equiv of NO to form a
dinitrosyl or hyponitrito intermediate. Mixed labeling
studies, using both *NO and 'SNO, support a dini-
trosyl that rearranges to a hyponitrite intermediate
(82) (although they could not rule out the formation
of intermediates such as 83). Finally, N,O is produced
once 1 or 2 more equiv of NO is added, with
concomitant isomerization to an O-bonded nitrito,
nitrosyl complex (84). It is also noted that 80 reacts
with AgNO, to afford 85 directly, and reaction of 85
with NO leads to the observed formation of 84,
further supporting the equilibrium suggested in the
final step of the proposed mechanism. Analysis of the
reaction headspace using gas chromatography sup-
ported the 1:4 manganese to NO stoichiometry de-
scribed in the reaction scheme.

Additional attempts to model nitric oxide binding
to non-heme ferrous ions have employed tetradentate
nitrogen-donor chelates. Borovik and co-workers?93.2%4
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Figure 24. Summary of the reactivity of MnTC-5,5 (80)
with nitric oxide.

have synthesized a series of iron nitrosyl complexes
86—89 utilizing derivatives of the tripodal ligand tris-
(N-R-carbamoylmethy)amine. Variations in R al-
lowed for refinement of steric interactions with bound
NO, based upon the cavity size around the iron ion.
Each of the systems exhibited a net S = 3/2 spin state
with a formal assignment of Fe(lll) supported by
Mossbauer spectroscopy for complexes 87—89. Each
of the nitrosyl complexes has been characterized by
X-ray crystallography, revealing trigonal bipyramidal
geometries with nitric oxide bound in the apical
position. Compound 86 was found to crystallize with
four crystallographically distinct species in the asym-
metric unit. Interestingly, each of these Fe—NO
moieties in the structure had a different Fe—N—0O
angle, ranging from 157.5(5) to 175.6(5)°. It was
found that the more symmetrically formed cavities
(and presumably smaller-diameter cavities) sup-
ported linear NO coordination, while deviations from
Cs symmetry allowed for Fe—NO bending. In com-
plexes 87—89, the Fe—NO angles varied from
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Figure 25. Reaction of Que’'s non-heme iron complexes
(90 and 91) with nitric oxide, as model systems for o-keto
acid dependent non-heme iron enzyme reactions with nitric
oxide.

160.3(2)° (in 89) to 178.2(5)° (in 87). These angular
differences were directly attributed to cavity size,
which was measured to be ~3 A in diameter for 87
and 88, while compound 89 was much larger (~8 A
in diameter). The general preference for five-coordi-
nate nitrosyls is to have an equatorial-bound NO;
however, as demonstrated in these systems, NO may
be forced into an apical (and linear) position by steric
constraints.

Coordinatively saturated non-heme iron—nitrosyl
complexes have been synthesized by Que, Jr. and co-
workers.?% In an attempt to model mononuclear NO
adducts for o-keto acid dependent non-heme iron
enzymes, ferrous complexes were synthesized using
the tetradentate ligands TPA (TPA = tris((2-pyridyl)-
methyl)amine) and 6-TLA (6-TLA = tris((2-pyridyl-
6-methyl)-methyl)amine), along with the added coli-
gand benzoylformate for both systems (Figure 25).
These complexes were found to react with nitric
oxide, yielding characteristic S = 3/2 EPR signals.

Iron(11) compound 90 was found to reversibly bind
NO but was not amenable to X-ray crystallography.
Compound 91 irreversibly binds NO, forming 93. The
X-ray structure revealed two conformers, with
Fe—N-—0O angles of 155(2) and 162(2)°; in each, the
overall geometry was a distorted octahedron with NO
bonded equatorially, trans to the amine nitrogen. The
Fe!''/Fe'' redox potentials measured for ferrous com-
plexes 90 (+0.87 V vs NHE) and 91 (+0.34 V vs NHE)
might explain why the latter irreversibly binds NO,
if we consider that binding NO involves redox chem-
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istry with the iron(ll) precursor complexes leading
to an {FeNO}’ product fragment, formally considered
Fe(l1)-NO~.

94

Another model for non-heme iron enzymes that is
relevant to non-heme iron—nitrosyls that are pro-
posed in the catalytic mechanism of NOR was pre-
pared and characterized by Que, Jr. and co-work-
ers.?®6 The enzyme isopenicillin N-synthase (IPNS)
contains a single non-heme Fe(ll) center and cata-
lyzes an oxidative ring closure of J-(L-o-aminoadi-
poyl)-L-cysteinyl-p-valine (ACV; effectively a sulfur-
donor ligand to Fe(ll)) to isopenicillin N. The synthetic
model complex [(TpzA)Fe''(NO)(CI)](BPhy) (94), a
high-spin, S = 3/2 ferrous nitrosyl, was examined by
Fe K-edge X-ray absorption spectroscopy (XAS), and
the results were compared with the nitrosyl-bound
IPNS enzyme complex. The results of these EXAFS
observations further supported the Fe(ll) coordina-
tion environment in IPNS.2%6 The reduced iron(11)—
nitrosyl complex (94) was also characterized by X-ray
crystallography, revealing an Fe—N-O angle of
157.1(8)°. Additional synthetic Fe(ll) complexes were
synthesized to model the Fe'"IPNS—ACV complex
and their reactivities with NO examined.?®” The
complexes [Fe(TPA)(SAr)]" (95—98) (Ar = CgH,-2,4,6-
Mes; CsHs-4-Me; CgHs; CsHy4-4-Cl) were each synthe-
sized and reacted with NO in order to model aspects
of the enzymatic active site thiolate coordination
under turnover. Characterization of the NO adducts
revealed S = 3/2 signals by EPR spectroscopy and
large rhombicity parameters that were attributed to
thiolate ligation.?®”

Another model claiming NOR reactivity that did
not include a heme/non-heme diiron system was
presented by Jabs and co-workers.?®® The polymeric
complex [(ascorbate)Fe'']y (99) reacts with NO in
ethanol or methanol to yield a dinitrosyl complex
[(ascorbate)Fe'"'(NO),]«x (100) and both N,O and NO..
A mechanistic possibility that was put forth to
explain the formation of nitric oxide and nitrogen
dioxide was an electrophilic attack of free NO on a
coordinated nitrosyl to produce both N,O and NO..
This reactivity may be suppressed by the addition of
nitrogen-donor (;r-acceptor) ligands, presumably by
reducing the negative charge on coordinated NO.?%

Diiron Non-Heme Nitrosyls. Que, Jr. and co-
workers??97303 have also synthesized non-heme diiron
complexes as models for proteins such as hemeryth-
rin, methane monooxygenase, and ribonucleotide
reductase. The diferrous complex, [(6-Mes-TPA)Fe'',-
(u-OH)2]?* (101), was found to react with NO and
form mononuclear ferrous nitrosyls, as ascertained
from their S = 3/2 EPR signal.®®* UV/vis spectroscopic
properties similar to those of the monoiron nitrosyl
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complex 93 (Figure 25) were found for the nitrosyl
adduct of 101, supporting the formulation of an [Fe-
(6-Mes-TPA)(NO)(OH)]™ complex (102), presumably
with a structure similar to 93. The reaction of 101
with NO was performed using stopped-flow UV/vis
spectroscopy, and kinetic information was obtained
to compare the relative affinity of Fe(ll) binding of
both NO and O.. It was found that the diiron complex
101 reacts with NO nearly 108 times faster than with
0,, similar to the findings of Schneppensieper et al.??°

N N
\ WO, | _N
(N\Fe“\ u,,Fe< )
N /N / \o c! \N N

104

As model compounds for the same protein active
sites, Lippard and co-workers3%-3% have synthesized
non-heme diiron complexes, including [(Et-HPTB)-
Fe,(0,CPh)](BF,4), (103).319 It should be noted that
both the diiron-containing enzymes methane mo-
nooxygenase3!! and ribonucleotide reductase3!? are
known to react with NO to produce nitrous oxide. The
nitric oxide intermediate (in ribonucleotide reduc-
tase), believed to be a dinitrosyl complex, is EPR
silent because the {FeNO}” moieties are antiferro-
magnetically coupled.?*> Complex 103 reacts with
nitric oxide to form a dinitrosyl species, [(Et-HPTB)-
Fe2(NO)2(O,CPh)](BF,). (104), which was structur-
ally characterized. The Fe—N—O angles are nearly
linear (166.6(7) and 168.3(7)°), while the NO is found
to bind trans to the amine nitrogen of the chelates.
The use of EPR spectroscopy revealed that the
nitrosyl adduct is EPR silent, presumably from the
antiferromagnetic coupling of the diiron nitrosyls.
From SQUID susceptometry, it was found that each
iron was a net S = 3/2 spin center, with vyo = 1785
cm™! as determined by FTIR spectroscopy. These
results, combined with Mdssbauer data, suggest an
{FeNO}’ system. The dinitrosyl complex did not react
to produce N,O and a corresponding Fe—O—Fe
bridged complex, as mentioned above and proposed
in the reaction of ribonucleotide reductase with
NO.32 However, it is interesting to note that the
exposure of 104 to dioxygen led to the formation of a
bis(nitrato) complex, [(Et-HPTB)Fex(NO3).(OH)](BF,)2
(105), possibly via a peroxynitrite intermediate.31°

E. Transition Metal Nitric Oxide Sensors,
Scavengers, and Delivery Agents

NO Sensors. Free nitric oxide in biological sys-
tems and its detection have become a hot topic in
recent years.3137315333 One of the ways being devel-
oped for the in vivo detection of NO has been the use
of transition metal-based NO sensors. Lippard and
co-workers?®? have recently developed a novel NO
sensor using Co'' and a fluorescent ligand H,DATI-
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Figure 26. Cobalt complex nitric oxide sensor, complex
106, involving a ligand with appended fluorescent dansyl
groups.

4, complex 106 (Figure 26). The ligand features two
nitrogen donors from each aminotroponiminate ring,
and each ring is linked to dansyl fluorophores (dansyl
= 5-(dimethylamino)naphthalenesulfonamide). The
aminotroponiminate rings are linked by a 4-methyl-
ene spacing bridge. The cobalt(ll) ion has a partially
filled d orbital, and when the metal ion and ligand
are fully bonded, the dansyl group fluorescence is
guenched. In the presence of nitric oxide, NO binds
to the Co ion to form a dinitrosyl species (107) and
subsequently displaces two nitrogen donors of the
tetradentate ligand. This dissociation, as depicted in
Figure 26, results in fluorescence enhancement (A
= 350 nm; Aauwer = 505 nm) and, therefore, NO
detection. Several unlinked systems, of the general
formula [Co(DATI),] (DATI = dansyl-substituted
aminotroponimate), have also been synthesized and
evaluated for NO-sensing abilities.3!® These systems
bind two NO molecules and show an increase in
fluorescence upon NO binding and ligand dissocia-
tion. However, the nontethered systems react slower
with NO, over the course of days, compared to the
faster [Co(DATI-4)] systems.316

NO Scavengers. Transition metal—nitrosyl com-
plexes have also been prepared with the potential to
afford the controlled release (or capture) of nitric
oxide in vivo. Borovik and co-workers®'” have syn-
thesized a porous methyacrylate coplymer incorpo-
rating a classical Schiff base N,O, ligand that ligates
cobalt(ll), forming compound 108 (Figure 27). These
cobalt centers, which are stable to air, reversibly bind
NO to form mononitrosyl adducts (Figure 27) that
have been characterized by EPR, UV/vis, and X-ray
absorption spectroscopies.3'” The systems readily lose
NO upon application of a vacuum at high tempera-
tures but, more importantly, slowly evolve free
NO(g) at room temperature over the course of a

Wasser et al.

108

Figure 27. The monomeric cobalt complex unit (108)
within a polymeric matrix, employed in reversible NO
binding.

month. Such compounds might be useful in vivo for
the slow release of NO and/or as an NO scavenger.

/N \o/ \O \O/N\
Et
EtsN NEt,

NO Delivery: NONOates. The controlled release
of NO using non-nitrosyl transition metal species in
reactions with other potential NO* sources has also
been explored. The use of N-nitroso compounds,
namely, the diazeniumdiolate X—N,O,~ (NONOate)
ligands, is promising due to the potential for releas-
ing 2 equiv of NO (when X is a secondary amine).
Keefer and co-workers38-326 have examined the pos-
sibility of using transition metals coordinated to
NONOates as potential pharmacological NO delivery
agents. Using the secondary amine NONOate Et,N—
N.O,~ as a ligand for copper ions led to several
complexes of the general formula Cuy(L)y(Et:N—
N.O,),*~ (where L = OMe or OELt).319320 The N,O;"
fragments are coordinated to Cu in an #2-O,0 fashion,
as revealed by X-ray crystallography. Examination
of the NO-releasing ability in these compounds
revealed that copper coordination enhances the quan-
tity of NO release from NONOates, relative to the
sodium salts. The vasorelaxant effects of these com-
plexes were examined in vitro using rabbit aorta,
demonstrating an increased vasorelaxant potency
relative to that of the sodium NONOates.3%°

Tolman and co-workers have synthesized copper—
NONOate complexes using the (‘Pr)sTACN ligands
in an attempt to probe how the copper ion complex
environment may control or influence the release of
NO from copper—NONOate compounds.®?7328 The
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complex [(((Pr)sTACN)Cu(Et;N(N,0,)](OSCFs3) (109)
was synthesized and characterized by X-ray crystal-
lography.®?” The NONOate was found to bond to
copper in a symmetrical #?-O,0 fashion. Complex 109
was found to be stable for extended periods of time
at ambient temperatures. However, upon addition of
protic acids or thiols, NO is released (~80% yield of
NO).327 The evolution of NO was found to be slower
than that for sodium NONOate, suggesting a stabi-
lizing influence from the copper ion supported by a
tridentate ligand. Extending these investigations and
using TACN-derivatized ligands with pyridine, amide,
or phenolate pendant tethers allowed for the study
of tetradentate mixed-ligand systems. In the pyri-
dine-tethered and amide-tethered ligand systems,
[Et2N(N2O,)]~ was also found to coordinate to copper
in the usual 7°-0,0 bidentate bonding mode, as
revealed by X-ray crystallography. Interestingly, the
phenolate-tethered TACN ligand was revealed to
have a monodentate-bound [Et,N(N,O,)]~ ligand.3%®
However, these structural variations had little effect
on the rate of NO release from these tetradentate
compounds.

Metalloporphyrin complexes have also been pre-
pared with X[N,O.]~ ligands. Richter-Addo and co-
workers®?® have utilized the NONOate analogue
Cupferron, where X = Ph (as opposed to the second-
ary amine in NONOates). They successfully synthe-
sized both [(TPP)Fe(72>-ON(Ph)NO)] (110) and the
methoxy-derivatized [(T(p-OCH3)PP)Fe(#>-ON(Ph)-
NO)] (111) complexes, the first structurally charac-
terized stable metalloporphyrins with an X[N,O,]~
functionality. It is interesting to note that protonation
of 110 with triflic acid yielded the corresponding
heme—nitrosyl complex 68 (see section I11.D). Scheidt
and co-workers33° have also employed NONOates as
nitrosylating agents in the synthesis of heme—
nitrosyls.

IV. Concluding Remarks

In this article, we have presented a current view
of bacterial denitrification and the metal sites in-
volved in these enzymatic processes, with a particular
focus on the catalytic metal centers that interact
directly with nitric oxide. We have discussed the
bioenergetics of denitrification with a particular
emphasis on the parallels and the contrasts between
denitrification and aerobic respiration. The fact that
nature may accomplish three of the four steps of
biological denitrification with the involvement of only
two transition metals, iron and copper, can in part
be rationalized in terms of the known coordination
chemistry and reactivity of these metal ions. Both of
these metals have two readily accessible and stable
oxidation states, are capable of binding and activat-
ing nitric oxide (and dioxygen), and may participate
in electron-transfer processes. It is rather remarkable
that both iron and copper NIRs can perform the exact
same reductions, while there is no clear evidence why
some organisms prefer one over the other. It is also
perplexing that both the heme/non-heme active site
of NOR and the heme/copper active site of cytochrome
¢ oxidase can perform the same reactions reducing
either nitric oxide or dioxygen. Clearly, nature has
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evolved the appropriate enzymes and active site
chemistries to deliver the optimum function in a
given organism, but it appears that an initial choice
in metal ions is available. The associated research
problems relevant to the iron/copper-mediated steps
in denitrification are of profound interest to both
chemists and biologists. As such, attempts to com-
pletely understand the nature of these enzymatic
transformations employing the quite limited set of
metals and ligands available to living organisms
requires a close collaboration between scientists in
the disciplines of microbiology, bioenergetics, bio-
chemistry, biophysics, bioinorganic chemistry, and
inorganic coordination chemistry.

The reduction of nitrite by the heme-cd; and the
copper-containing NIRs is proposed to proceed via a
common mechanism. It involves the binding of nitrite
to a reduced metal (Fe'' or Cu') center with concomi-
tant dehydration/oxidation to yield a putative “oxi-
dized” M—NO moiety (Fe'"-NO or Cu'"—NO) that
then dissociates NO(g). From relevant synthetic
chemistry, it is known that both copper(l) and
iron(ll) ions may in fact participate, in various ways,
to yield nitrosyl complexes and, in some cases, free
NO(g). Several novel nitrosyl complexes have been
discovered in recent years, including the elusive
{CuNO}° and { CUNO} ™ species, which had not been
characterized prior to “model” investigations of NIR
reactivity. Alternatively, a catalytic cycle in which
substrate binding occurs before reduction of the E—S
complex is also possible. In this proposal, nitrite ion
binds in an #*-O fashion to the oxidized metal center
rather than in an »*-N fashion to the reduced center.
A better assessment of the reaction steps implied in
these two very distinct proposals and their relevance
to the physiological cycle of these enzymes are
challenging goals for the coming years.

The NO reductases and cytochrome oxidases are
evolutionarily related. Recent developments indicate
that the structural and functional diversity observed
in cytochrome oxidases is also present in NORs. In
both classes of enzymes, substrate quinol and cyto-
chrome c oxidizing variants are found. In addition,
similar prosthetic groups, copper A and c-type hemes,
serve in electron entry. However, all NORs charac-
terized so far contain a non-heme iron instead of
copper at the active site. It is not known what
determines the metal specificity; both enzymes have
three conserved histidines. Future research may
entail metal substitutions at the enzyme active site
to study the changes in chemistry. The synthesis of
model compounds will provide further insight into the
roles played by both the non-heme iron and copper
ions in catalyzing NO or O, reduction. For instance,
the synthetic NOR analogue 47 (section 111.B.2) may
be synthesized with either Fe'' or Cu' in the non-
heme tether, allowing for a direct comparison of
copper vs iron reactivity using both nitric oxide and
dioxygen as substrates.

We have also tried to cover recent developments
in the coordination chemistry of M—NOy species,
particularly those involved in NOy redox processes.
Such chemistry is relevant to fundamental issues of
structure, spectroscopy, bonding, and reactivity in
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both the limited coordination environments of syn-
thetic compounds and may often be applied and/or
compared with the metal site properties in the native
proteins and enzymes. Particular attention has been
paid to heme—nitrite compounds and heme iron(l11)-
nitrosyl species, both relevant to the putative NIR
reaction mechanism. A large body of electronic struc-
tural information is now available on such species,
including EPR and Mdgssbauer spectroscopic charac-
terization, for numerous heme systems with varying
axial ligand environments. From these studies, we
have a better understanding of the delicate nature
of iron(l1l)—nitrite interactions. Attention was also
given to copper—nitrite complexes, particularly those
copper(l) species that were found to reduce nitrite to
nitric oxide. A section has also been devoted to Cu—
NO(g) interactions, an area of chemistry that has
received virtually no attention until the last 10 years.
From these studies, it has been clearly defined that
the detailed nature of the ligand environment and
the solvent dictate nitric oxide redox chemistry.
Several non-heme mono- and diiron complexes were
considered on the basis of their interesting interac-
tions with NO(g). Special attention was given to NO
delivery agents; for instance, the copper-coordinated
NONOates release free NO(g) in solution. Finally, we
have mentioned transition metal complexes that may
be used as (potential) in vivo nitric oxide sensors.
Clearly, while a good start has been made in syn-
thesizing and characterizing both iron and copper
nitrite and nitrosyl complexes, much work remains
ahead.

Obviously, understanding bacterial denitrification
is relevant to the complex role of NO in human
health. It can also be so in the design of iron and
copper coordination complex-based systems with the
abilities to limit or reduce NOyx emission in the
environment. Nitric oxide, produced in automotive
exhaust, readily reacts with dioxygen to yield NO,
an active component in smog. In addition, nitrous
oxide is a known greenhouse gas that is also respon-
sible for ozone depletion. Hence, the careful design
and synthesis of NOy selective iron or copper com-
plexes might be extremely useful in the production
of pollution-reducing components that might be
employed at the source of NOy emissions (e.g., in an
automobile muffler).
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VI. Abbreviations

1-Melm 1-methylimidazole
BarF terakis(3,5-bis-trifluoromethyl-phenyl)bo-
rate
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dmp 2,9-dimethyl-1,10-phenanthroline

EDTA ethylenediaminetetraacetic acid

Et-HPTB N,N,N’,N'-tetrakis(N-ethyl-2-benzimidazolyl-
methyl)-1,3-diaminopropane

Iz indazole

MS mesityl

NOx gaseous substrates related to NO by way of
a redox process, including NO, and N,O

NAR nitrate reductase

NIR nitrite reductase

NOR nitric oxide reductase

N,OR nitrous oxide reductase

OEP 2,3,7,8,12,13,17,18-octaethylporphine

OTf trifluoromethanesulfonate

phen 1,10-phenanthroline

PMS pentamethylene sulfide

Prz pyrazine

Py pyridine

Pz pyrazole

TEPA tris((2-pyridyl)-ethyl)amine

TMPA tris((2-pyridyl)-methyl)amine

TpzA tris(3,5-dimethylpyrazolyl-1-yImethyl)-
amine

TMPS meso-tetrakis(sulfonatomesityl)porphyrin

TmTP meso-tetra-m-tolyl-porphinato

TpivPP 5,10,15,20-tetrakis(o-pivalamidophenyl)por-
phyrin

TPP 5,10,15,20-tetrakis(phenyl)porphyrin

TPPS meso-tetrakis(4-sulfonatophenyl)porphyrin

TpRR tris(pyrazolyl) hyrdroborate; substituent R in
3-pyrazolyl position, substituent R' in
5-pyrazolyl position

TTP 5,10,15,20-tetrakis(tolyl)porphyrin
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